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Streszczenie

Niniejsza rozprawa doktorska dotyczy badania wiasciwosci nadprzewodzacych
w  wybranych  uktadach  miedzymetalicznych.  Zakres  przeprowadzonych  badan
eksperymentalnych obejmuje synteze zwigzkéw w formie poli- oraz monokrystalicznej, badania
strukturalne metodg proszkowej dyfrakcji rentgenowskiej oraz pomiary wiasciwosci fizycznych
(podatno$¢ magnetyczna, ciepto wtasciwe oraz opér elektryczny). Przedstawiong prace stanowi
zbiér 7 publikacji naukowych opublikowanych w czasopismach: Superconductor Science and
Technology (IF 3.067, 100 pkt MNiSW 2019), Physical Review B (IF 3.736, 140 pkt MNiSW 2019),
Journal of Alloys and Compounds (IF 4.65, 100 pkt MNiSW 2019), Chemistry of Materials (IF
9.567, 200 pkt MNiSW 2019) oraz Advanced Functional Materials (IF 16.836, 200 pkt MNiSW
2019). W ramach doktoratu opracowano metode syntezy oraz opisano wiasciwosci stanu
nadprzewodzgcego dla zwigzkéw miedzymetalicznych zawierajgcych metal alkaliczny it
(LiPd2Ge, LiGazlr oraz LiBi), a takze zwigzkéw miedzymetalicznych zawierajgcych wybrany metal
z rodziny platynowcow (Celrs, Thirs, CaRhz, NbiIrzB2 oraz TalrzB2). Na podstawie
przeprowadzonych badan okreslono typ nadprzewodnictwa (I-go lub Ill-go rodzaju) oraz
wyznaczono wartosci parametréw fizycznych opisujgcych stan nadprzewodzacy: temperature
krytyczng (Tc), sprzezenie elektron-fonon (Aep), dolne pole krytyczne (upoHc1(0)), gérne pole
krytyczne (PoHc2(0)), dtugosé koherencji (EcL), gtebokos¢ wnikania (AcL), parametr Ginzburga-
Landaua (kg, = AcL/€cL) oraz znormalizowang wielko$¢ skoku ciepta wiasciwego (AC/YTc).
W  przedstawionej rozprawie opisano osiem zwigzkow  wykazujgcych  zjawisko

nadprzewodnictwa, w tym cztery nowe nadprzewodniki odkryte przez autorke pracy.

Stowa kluczowe

Nadprzewodnictwo, zwigzki miedzymetaliczne, proszkowa dyfrakcja rentgenowska, badania
eksperymentalne, zwigzki typu Heuslera, fazy Lavesa, nadprzewodniki niecentrosymetryczne






Abstract

The doctoral dissertation concerns the study of superconducting properties in selected
intermetallic systems. The scope of the conducted experimental research includes the synthesis
of poly- and monocrystalline compounds, powder x-ray diffraction studies and measurements of
physical properties (magnetic susceptibility, heat capacity and electrical resistivity). The
presented thesis consists of 7 scientific articles published in the following journals:
Superconductor Science and Technology (IF 3.067, 100 pkt MNiSW 2019), Physical Review B
(IF 3.736, 140 pkt MNiSW 2019), Journal of Alloys and Compounds (IF 4.65, 100 pkt MNiSW
2019), Chemistry of Materials (IF 9.567, 200 pkt MNiSW 2019) and Advanced Functional
Materials (IF 16.836, 200 pkt MNiSW 2019). During the Ph.D. studies, the synthesis method and
the properties of the superconducting state for intermetallic compounds containing lithium
(LiPd2Ge, LiGazlIr and LiBi) and the selected metal from the platinum-group element (Celrs, Thirs,
CaRhz, Nblrz2B2 and Talrz2B2) have been described. Based on the research studies, the type of
superconductivity (type-l or type-Il) was determined and the physical parameters describing the
superconducting state were determined: critical temperature (Tc), electron-fonon coupling (Aep),
lower critical field (poHc1(0)), upper critical field (noHc2(0)), coherence length (EcL), penetration
depth (AeL), Ginzburg-Landau parameter (x;, = AcL/€cL) and renormalized specific heat jump
(AC/yTe). In the presented dissertation eight superconducting compounds have been described,

including four new superconductors discovered by the author of the thesis.

Key words

Superconductivity, intermetallic compounds, powder x-ray diffraction, experimental studies,
Heusler-type compounds, Laves phase, noncentrosymmetric superconductors






1. Wstep

Nadprzewodnictwo uznawane jest za jedno 2z najwazniejszych i najbardziej
fascynujgcych zjawisk w dziedzinie fizyki materii skondensowanej. Zaobserwowane po raz
pierwszy przez Heike Kamerlingh-Onnesa w 1911 roku, polega na zaniku oporu elektrycznego w
materiale schtodzonym ponizej odpowiedniej temperatury, zwanej temperaturg krytyczng (7¢). W
konsekwencji nadprzewodnik moze przewodzi¢ prad elektryczny bez strat. Zerowa rezystancja
nie jest jedynym zjawiskiem charakteryzujgcym stan nadprzewodzgcy. Drugg wazng cecha
materialu nadprzewodzacego jest diamagnetyzm polegajgcy na niemoznosci wnikniecia
zewnetrznego pola magnetycznego, o natezeniu mniejszym od granicznego, do wnetrza
materiatu, ograniczajgc sie do jego cienkiej warstwy przypowierzchniowej. Wykorzystanie tych
dwoch wiasciwosci (zerowy opor i idealny diamagnetyzm) w wielu dziedzinach nauki stanowi
niezwykle wazne wyzwanie intelektualne o ogromnym potencjale zastosowan
technologicznych [1,2].

Pomimo ponad stuletniej historii, nadprzewodnictwo w dalszym ciggu wzbudza duze
zainteresowanie zaréwno w $rodowisku naukowym, jak i gospodarczym. Odkrywane sa
nadprzewodniki z coraz wyzszymi temperaturami krytycznymi [3,4], a takze materiaty
o wlasnosciach innych niz znane wczesniej tj. nadprzewodniki niekonwencjonalne [5,6]. Obecnie
nadprzewodniki znajdujg  zastosowanie w NMR i MRI, czyli tomografii
z zastosowaniem elektromagneséw nadprzewodnikowych do badan jgdrowego rezonansu
magnetycznego w medycynie. Nadprzewodniki sg rowniez wykorzystywane w akceleratorach
czgstek elementarnych [3].

Gtéwnym celem niniejszej rozprawy doktorskiej jest opisanie stanu nadprzewodzgcego,
w oparciu o teorie mikroskopowe nadprzewodnictwa indukowanego oddziatywaniem elektronéw
z siecig krystaliczng, w wybranych zwigzkach miedzymetalicznych. Znaczna liczba
zsyntetyzowanych nadprzewodnikdéw, z szerokim spektrum przebadanych oraz opisanych
wiasnosci, jest uzupetnieniem stanu obecnej wiedzy w zakresie objetym pracg doktorska.
Szczegdlny nacisk zostat potozony na opisanie mechanizmu funkcjonujgcego w nowych
nadprzewodnikach odkrytych przez autorke pracy (LiPd2Ge, LiGazlr, Nbir2B2 oraz Talrz2Bz).
Przedstawiong prace stanowi zbior 7 publikacji opublikowanych w czasopismach naukowych
znajdujgcych sie w bazie Journal Citation Reports (JCR). Czes$¢ pierwsza pracy doktorskiej jest
wprowadzeniem teoretycznym i zawiera rowniez wybrane informacje o badanych
nadprzewodnikach. W czesci drugiej przedstawione zostaty artykuly poprzedzone krétkim
opisem.

Zakres przeprowadzonych badan obejmowat synteze oraz badania witasciwosci
strukturalnych i fizycznych zwigzkow Celrs (A1), Thirs (A2), CaRhz (A3), LiPd2Ge (A4), LiGa:lr
(A5), LiBi (A6) oraz NblrzB:z i Talr2B2 (A7). Dla materiatow A1, A2 oraz A4-A7, we wspotpracy
z grupg dr. hab. inz. Barttomieja Wiendlochy, prof. AGH, przeprowadzone zostaly obliczenia
numeryczne witasnosci elektronowych i fononowych, co pozwolito na petniejsze zrozumienie

wiasciwosci badanych zwigzkow.
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2. Czesc teoretyczna

Niniejszy rozdziat zostat poswiecony opisowi zagadnieh teoretycznych zwigzanych
z tematykg pracy doktorskiej. W pierwszej czesci krétko scharakteryzowano zjawisko
nadprzewodnictwa i opisano najwazniejsze parametry charakteryzujgce materiaty
nadprzewodzgce. Drugg czes¢ rozdziatu stanowi przeglad literatury umozliwiajgcy poglad na

obecny stan wiedzy badanych zwigzkow.

2.1 Charakterystyczne wlasciwosci nadprzewodnikow

2.1.1 Rezystywnos¢

Wiele zwigzkéw i stopow miedzymetalicznych po oziebieniu ponizej charakterystyczne;j
dla danego materiatu, tzw. temperatury krytycznej (T.) wykazuje wtasciwosci nadprzewodzgce.
Podstawowg cechg tego stanu jest zerowa rezystywnosé. Przyktadowy wykres opornosci
wlasciwej w funkcji temperatury dla niecentrosymetrycznego nadprzewodnika ResHf [7]

przedstawiono na Rys.2.1. Opér wiasciwy materiatu w stanie normalnym mozna opisa¢ formuig

Lo . _ T\* % x3dx . .
Blocha-Grineisena: p(T) = po + 4AT(5) ) , gdzie po jest oporem resztkowym

0 (e*-1)(1-e™%)
zwigzanym z rozpraszaniem elektronéw na domieszkach, a ©p jest temperaturg Debye.
Ponizej temperatury krytycznej T, = 5.96 K obserwuje sie spadek opornosci do zera (wstawka
Rys.2.1), przy czym zanik oporu jest bardzo szybki tzn. nastepuje w bardzo waskim przedziale

temperatur.

160 F
140
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— 100
: =
5 b o
G I
= 60
o L
40+~
201
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0 50 100 150 200 250 300
Temperature (K)

Rys.2.1. Zaleznos$¢ opornosci wiasciwej od temperatury dla nadprzewodnika ResHY.
Wstawka przedstawia przejscie do stanu nadprzewodzgcego w T = 5.96 K [7].
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2.1.2 Parametry krytyczne nadprzewodnika

Niemierzalnie matg warto$¢ oporu elektrycznego nadprzewodnika mozna zaobserwowac
tylko w przypadku, gdy materiat znajduje sie w odpowiednich warunkach. Jak wspomniano
wczesniej, nadprzewodnictwo obserwowane jest tylko ponizej pewnej, krytycznej temperatury,
réznej dla roznych zwigzkéw. Drugim istotnym parametrem jest natezenie zewnetrznego pola
magnetycznego. Nadprzewodnik traci wihasciwosci nadprzewodzace
w dostatecznie silnym, zewnetrznym polu magnetycznym (zwanym polem krytycznym), nawet
gdy znajduje sie w temperaturze mniejszej od T.[2,8,9]. Warto$¢ pola krytycznego (Hc) jest
zalezna od temperatury, zmniejszajgc sie monotonicznie z jej wzrostem, az do warto$ci zerowej
w T=T.. Relacje miedzy H., a temperaturg opisuje w przyblizeniu wzér (2.1):

T

H,(T) = H,(0) [1 - (T_C)Z], 2.1)

gdzie H.(0) jest warto$cig pola krytycznego w 0 K. Warto zaznaczyc, ze opisanie przedstawione;
zaleznosci przez parabole, jest wynikiem czysto doswiadczalnym i nie ma znaczenia
podstawowego. W rzeczywistosci krzywe eksperymentalne czesto nie sg idealnymi parabolami i
do ich opisu nalezy postuzy¢ sie wyrazeniem wielomianowym [8].

Trzecim i ostatnim parametrem krytycznym stanu nadprzewodzgcego jest gestosé¢ pradu
J ptyngcego przez materiat nadprzewodnika. Jezeli J przekroczy wartos¢ krytyczng (Je), to
materiat rowniez utraci wiasciwosci nadprzewodzgce, pomimo zachowania natezenia pola
magnetycznego
i temperatury ponizej ich wartosci krytycznych (H < Hcoraz T < T¢) [2,8,9].

Stan nadprzewodnictwa jest wiec charakteryzowany funkcjg trzech parametrow
krytycznych: temperatury (T;), natezenia pola magnetycznego (H.) oraz gestosci prgdu (Jc).
Na Rys 2.2 przedstawiona zostata powierzchnia krytyczna nadprzewodnika oddzielajgca dwa

stany materiatu: stan nadprzewodnictwa oraz stan normalny.

LBV

s prrrwrd e e

Rys.2.2. Powierzchnia J-H-T wyznaczona przez trzy parametry krytyczne

2.1.3 Zjawisko Meissnera-Ochsenfelda

Fundamentalng wasciwoscig materiatdw nadprzewodzacych oziebionych ponizej

temperatury T. jest wypychanie pola magnetycznego ze swego wnetrza. Efekt ten polega na
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powstawaniu prgdéw ekranujgcych, ptyngcych w cienkiej warstwie przypowierzchniowej, ktére to
generujg pole o takiej samej wartosci jak pole zewnetrzne, lecz przeciwnie do niego skierowane.
W efekcie nadprzewodnik zachowuije si¢ jak idealny diamagnetyk, tzn. indukcja magnetyczna (B)
wewnatrz nadprzewodnika wynosi zero [2,8-11]. Efekt ten zwany zjawiskiem Meissnera-

Ochsenfelda zostat zilustrowany na Rys.2.3.

Rys.2.3. Zjawisko Meissnera-Ochsenfelda, po lewej stronie nadprzewodnik w stanie
normalnym (T>T;), po prawej w stanie nadprzewodzgcym (T<T.) [12].

2.1.4 Nadprzewodniki | i ll-go rodzaju

Ze wzgledu na odmienne zachowanie materiatbw nadprzewodzacych w zewnetrznym
polu magnetycznym, wyrdznia sie dwie klasy nadprzewodnikow: pierwszego i drugiego
rodzaju [2,8].

Nadprzewodniki 1-go rodzaju, znajdujgce sie w temperaturze ponizej T; oraz
w zewnetrznym polu magnetycznym, wykazujg idealny diamagnetyzm, a gdy przytozone pole
osiggnie i przekroczy krytyczng wartos¢ (H:), wéwczas materiat przechodzi do stanu
normalnego [2,8]. Rys.2.4. przedstawia zalezno$s¢ namagnesowania w funkcji zewnetrznego

pola magnetycznego dla idealnej prébki nadprzewodnika I-go rodzaju.

Stan
normalny

Stan
Meissnera

&
L

Hc H

Rys.2.4. Zalezno$¢ namagnesowania od przytozonego pola magnetycznego dla
idealnej probki nadprzewodnika I-go rodzaju.
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Duzg role przy przejSciu nadprzewodnika I-go rodzaju do stanu normalnego pod
wplywem zewnetrznego pola magnetycznego odgrywajg efekty odmagnesowujgce. Jedynie dla
prébek w postaci cienkich, diugich pretéw ustawionych zgodnie z kierunkiem pola, efekty te sg
nieistotne. W konsekwencji w prébkach nadprzewodnika o skoriczonych rozmiarach wspofistniejg
dwie fazy: nadprzewodzgca oraz normalna. Stan, w ktdorym obie fazy wystepujg
w postaci sgsiadujgcych ze sobg obszaréw (domen), nazywa sie stanem posrednim [2,8].
Reakcja na przytozone pole magnetyczne dla nadprzewodnika o niezerowym wspotczynniku
odmagnesowania zostata przedstawiona schematycznie na Rys.2.5. Zakres pdl, dla jakich
pojawia sie stan posredni, zalezy od rozmiarow i ksztattu badanej prébki, a takze jej orientaciji

wzgledem kierunku zewnetrznego pola magnetycznego.

Stan Stan
Meissnera posredni

Stan
normalny

B
L

H Hc H

Rys.2.5. Zalezno$¢ namagnesowania od przytozonego pola magnetycznego dla
nadprzewodnika I-go rodzaju o niezerowym wspoéiczynniku odmagnesowania.

tatwo zauwazy¢, ze przejscie ze stanu nadprzewodnictwa do stanu normalnego ulega rozmyciu
i rozcigga sie na pewien przedziat natezenia pola magnetycznego, powyzej pola H;. Wraz
Z jego wzrostem obszary nadprzewodzgce zajmujg coraz mniejszg objetos¢, znikajgc catkowicie
po osiggnieciu wartosci krytycznej pola (H;). Warto wspomnie¢, ze tak dtugo jak istniejg domeny
nadprzewodzgce, tak dtugo probka wykazuje zerowy op6r elektryczny [2,8].

Dla probki o ksztatcie elipsoidy obrotowej wewnetrzne natezenie pola magnetycznego

(Hw) jest rowne [8]:

H, = H, — NM, (2.2)

gdzie H, jest polem zewnetrznym, M jest namagnesowaniem, a N wspotczynnikiem
demagnetyzacji. Poniewaz w stanie idealnego diamagnetyzmu namagnesowanie

nadprzewodnika jest réwne M = -H,, otrzymujemy:

M(N —1) = H,, (2.3)
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Nastepnie, korzystajgc z zaleznosci y = M/H; i wykonujgc proste przeksztalcenia, dostajemy
wyrazenie na zaleznos¢ podatnosci magnetycznej od wspotczynnika demagnetyzacii:

Xsc =( - )s (24)

1-N

gdzie y,. jest podatnoscig magnetyczng w stanie nadprzewodzacym.

Przez wiele lat sadzono, ze istnieje tylko jedna klasa nadprzewodnikéw, a anomalie
obserwowane dla nadprzewodzgcych stopdw czy zanieczyszczonych metali, przypisywano
wptywom domieszek. Jednakze w 1957 roku A. Abrikosow opublikowat prace [13], w ktorej
wskazat mozliwos¢ istnienia nowej kategorii nadprzewodnikdéw o nieco innych wiasciwosciach,
niz dotychczas znano. Okazato sie, ze obserwowane w wielu materiatach nadprzewodzacych
anomalie nie sprowadzajg sie do wptywu zanieczyszczen, a stanowig samoistng wkasnos$¢ nowej
klasy nadprzewodnikéw, ktére nazwano nadprzewodnikami ll-go rodzaju [8].

Materiaty bedgce nadprzewodnikami drugiego rodzaju charakteryzujg sie inng reakcjg na
przytozone pole magnetyczne niz nadprzewodniki pierwszego rodzaju. Jezeli natezenie pola jest
mniejsze od pewnej krytycznej wartosci (Hcs), nazywanej w tym przypadku dolnym (pierwszym)
polem krytycznym, to nadprzewodnik ll-rodzaju zachowuje sie jak nadprzewodnik
I-rodzaju, a wiec wykazuje idealny diamagnetyzm (stan Meissnera). Po przekroczeniu wartosci
H:1, przy powierzchni probki, a nastepnie w catej jej objetosci pojawiajg sie nici strumienia
magnetycznego, zwane worteksami lub wirami. Gesto$¢ wirow wzrasta wraz ze wzrostem
zewnetrznego pola magnetycznego, a po osiggnieciu wartosci gérnego pola krytycznego (Hcz),
sgsiednie wiry nachodzg na siebie, co prowadzi do przejscia materiatu w stan normalny [2,8—
10]. Strukture miedzy dwoma polami krytycznymi Hs oraz Hcz, nazywa sie stanem mieszanym.

Rys.2.6. ilustruje namagnesowanie nadprzewodnika Il-go rodzaju.

Stan Stan Stan
hleissnera » mieszany e normalny
o =
Hcl Hc Hez

Rys.2.6. Zalezno$¢ namagnesowania od przytozonego pola magnetycznego dla
nadprzewodnika Il-go rodzaju. Linia czerwona na wykresie reprezentuje pole krytyczne dla
nadprzewodnika I-go rodzaju o takiej samej temperaturze przejscia.
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Dla nadprzewodnikéw Il-go rodzaju definiuje sie réwniez termodynamiczne pole
krytyczne (Hc), przy ktérym wartos¢ energii swobodnej dla stanu catkowicie nadprzewodzgcego
jest rébwna energii swobodnej dla stanu normalnego [2,8]. Obrazowo H; jest roéwne
(w przyblizeniu) polu krytycznemu dla nadprzewodnika I-go rodzaju o takiej samej temperaturze
przejscia (czerwona linia na Rys.2.6.). Wz6r 2.5 przedstawia jako$ciowa relacje miedzy He, Hcq

oraz H:

Hc~\/ He Hey. (25)

2.1.5 Ciepto wlasciwe w stanie nadprzewodzacym

Pomiary ciepta wifasciwego znacznie rozszerzyty wiedze o nadprzewodzgcych
materiatach. Precyzyjne doswiadczenia wykazaty, ze w temperaturach nizszych od T,
przyczynek do ciepta wtasciwego zwigzany z elektronami przewodnictwa (Cq.) zalezy

ekspotencjalnie od temperatury (wzor 2.6):

C,; = aexp (;%;), (2.6)

gdzie a oraz A, to pewne state. Tego typu wyktadnicza zaleznos¢ swiadczy o wzbudzaniu
elektronéw do wyzszego stanu energetycznego, oddzielonego od ich stanu podstawowego
,odstepem energetycznym”, a wiec wskazuje na istnienie przerwy energetycznej w widmie
energetycznym elektrondw przewodnictwa w stanie nadprzewodzgcym [2,8,10]. Na Rys.2.7.
przestawiono zaleznos$¢ ciepta elektronowego w funkcji 7/T. dla nadprzewodnika ResHf. Powyzej

temperatury krytycznej zaleznos¢ Ce od T jest liniowa, tak jak w typowym metalu.

3.0 T T T T 7 T
5 - wave model
A0 =094(1) meV

I
Lh
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Rys.2.7. Zaleznos$¢ Ce/yn T w funkcji T/T. dla nadprzewodnika ResHf [7].

2.1.6 Gtebokos¢ wnikania pola magnetycznego

Zadowalajgcy opis nadprzewodnictwa przyniosta hipoteza zaproponowana przez braci
Heinza oraz Fritza Londondw [14], ktéra w oparciu o klasyczng elektrodynamike (réwnania
Maxwella i prawo Ohma), wyjasnita zjawisko Meissnera oraz =zakladata istnienie

charakterystycznej gtebokosci wnikania. Otrzymany model przewiduje, ze pole magnetyczne

20



wnika do nadprzewodnika jedynie na pewng niewielkg gtebokos$¢, zanikajgc ekspotencjalnie przy

wzrastajgcej odlegtosci od powierzchni prébki (wzér 2.7):

B(x) = Bexp(;—f), (2.7)

gdzie B(x) jest indukcjg magnetyczng na gtebokosci x wewngtrz materiatu, a A, jest londonowskag
glebokoscig wnikania. Parametr A, zdefiniowany wzorem 2.8, okresla gteboko$¢ wnikania
indukcji pola magnetycznego do wnetrza nadprzewodnika (na tej gtebokosci pole zmniejsza sie

e-krotnie wzgledem wartosci na powierzchni) [2,8,14]:

— ’ Me (28)
AL N uonse?’

gdzie me - masa elektronu, p, - przenikalnos¢ magnetyczna prozni, ns - koncentracja
nadprzewodzacych elektronéw oraz e — tadunek elektronu. Parametr ten o wymiarze dtugosci
jest charakterystyczny dla danego nadprzewodnika i odgrywa istotng role w okresleniu jego

wilasnosci.

2.1.7 Najwazniejsze wyniki fenomenologicznej teorii Ginzburga-Landaua
(G-L)

W latach piec¢dziesigtych XX wieku zostata przedstawiona kolejna teoria, ktéra
W sposob peflniejszy opisywata zjawiska zachodzace w materiatach nadprzewodnikowych.
Hipoteza, zaproponowana przed dwodch rosyjskich uczonych L. Landaua oraz
W. Ginzburga [15], powstata na bazie ogdlnej teorii przej$¢ fazowych drugiego rodzaju. Pomimo
tego, ze teoria nie opisywata zjawiska nadprzewodnictwa na poziomie mikroskopowym, Ginzburg
i Landau otrzymali doskonate wyniki pokazujgce zwigzek pomiedzy makroskopowymi
parametrami (dolnym i gérnym polem krytycznym), a parametrami mikroskopowymi (gtebokosé
wnikania pola magnetycznego do nadprzewodnika oraz dtugos¢ koherenciji) [2,8,10].

Bazujgc na teorii G-L otrzymano temperaturowg zalezno$¢ londonowskiej gtebokosci
wnikania (A) (wzor 2.9). W odrdznieniu od teorii Londonéw, teoria G-L dopuszcza przestrzenng

niejednorodnos¢ gestosci elektrondw:

2 e (2.9)

woa(T,—T) 2e?’

MT) =

gdzie a i b to wspotczynniki spetniajgce warunek: a > 0, b > 0. Zaleznos¢ A, od temperatury jest

wiec funkcjg potegowa (1 - %)—1/2-

Kolejnym istotnym rezultatem wynikajgcym z teorii G-L jest wyznaczenie drugiego
podstawowego parametru o wymiarze dtugosci charakteryzujgcego nadprzewodnik — dtugosci
koherencji ¢. Przedstawiong wielko§¢ mozna zdefiniowa¢ jako dtugos¢, na ktérej gestosc
elektronéw nadprzewodzgcych maleje do zera. Poniewaz zdefiniowana wzorem 2.9 gtebokos¢
wnikania zalezy od temperatury, a dlugo$¢ koherencji powinna mie¢ takg samg temperaturowg

zaleznosé, zatem parametr ¢ zalezy od temperatury w nastepujgcy sposob [2,8,10]:
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n2 )1/2 (2.10)

4mea(T.—T)

¢ = (

-1/2
Zaleznos¢ ¢ od temperatury w modelu G-L jest wiec réwniez funkcjg potegowg (1 — TE) .

Jedynym statym, niezaleznym od temperatury parametrem jest parametr Ginzburga-

Landaua x, bedacy stosunkiem przedstawionych powyzej wielkosci:

A m [ (2.11)
x=i=2e [8

Wykorzystujgc zatozenia wynikajgce z teorii Ginzburga-Landaua, mozna réwniez

oszacowac gorne i dolne pole krytyczne. Dolne pole krytyczne wyraza sie wzorem:

Hy = —2_Inx, (2.12)

4112

natomiast gérne pole krytyczne w teorii G-L wyraza sie za pomocg '« oraz termodynamicznego
pola krytycznego H.(T):
H,, = V2xH, = ®y—— (2.13)

no2mé2’

Rezultatem powyzszego réwnania jest to, ze stan mieszany moze pojawiac sie w polu wigkszym
od H, tylko wtedy, gdy parametr x jest wiekszy od 1/4/2 — co jest zgodne z wynikami otrzymanymi

eksperymentalnie. Na tej podstawie mozna stwierdzi¢, ze [2,8—-10]:

- jezeli x < 1/4/2, badany materiat jest nadprzewodnikiem pierwszego rodzaju (A<<€),

- jezeli x > 1/+/2, badany materiat jest nadprzewodnikiem drugiego rodzaju (A>>€).

Przedstawione powyzej parametry, powigzane sg ze sobg nastepujgca zaleznosciami:

H(DADET) = 5m = 2, (2.14)

oraz

HClHCZ = Hg In k. (215)

2.1.8 Najwazniejsze wyniki teorii BCS

Witasciwosci mikroskopowe nadprzewodnikdéw opisuje teoria zaproponowana przez
Johna Bardeena, Leona Coopera oraz Roberta Schrieffera, nazwana w literaturze teorig
BCS [16,17]. Podstawg tej teorii jest zalozenie, ze w stanie nadprzewodzgcym pomiedzy
nosnikami fadunku pojawia sie oddzialtywanie przyciggajgce, co prowadzi do utworzenia stanu
zwigzanego dwoch elektronéw. Utworzenie pary Coopera jest mozliwe za posrednictwem drgan
sieci krystalicznej (fonondéw). W uproszczeniu, poruszajacy sie elektron, obdarzony fadunkiem
ujemnym, deformuje strukture dodatnio natadowanych rdzeni atomowych, co powoduje
polaryzacje sieci tzn. zageszczenie dodatnich tadunkéw. W konsekwencji, drugi elektron
0 przeciwnym spinie i przeciwnie skierowanym wektorze falowym, moze by¢ przyciggany

w strone takich obszaréw, co bedzie zrodiem sprzezenia miedzy elektronami. Powstata w ten
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sposoOb para charakteryzuje sie mniejszg energig w porownaniu do sumarycznej energii dwéch
prawie swobodnych elektronéw [2,8—-10]. Przedstawiona teoria jest podstawg do zrozumienia
i opisu mechanizmu nadprzewodnictwa w nadprzewodnikach konwencjonalnych.

W ramach teorii BCS otrzymano wyrazenie na dtugos$¢ koherenciji, &o, interpretowang
jako $rednig odlegto$é miedzy elektronami tworzgcymi pare Coopera (rozmiar przestrzenny
pary):

hvg (2.16)

gdzie vy jest predkoscig Fermiego. Jak wida¢ ze wzoru (2.16), istnieje zwigzek miedzy dtugoscig
koherencji, a szerokoscig przerwy energetycznej. Zaniedbujgc elastyczne rozpraszanie
elektronow, powyzsza wielko$¢ jest powigzana z dtugoscig koherencji w teorii G-L wyrazeniem &
~ 0.74%o [18]. Dla przedstawionej sytuacji (ang. clean limit), wspoétczynnik rozpraszania jest niski,
a zatem elektrony majg dtugg Srednig droge swobodng (le) pomiedzy kolejnymi zderzeniami (/e
>> &o). Jednakze, kiedy wspétczynnik rozpraszania bedzie wysoki (ang. dirty limit), I << &, wtedy
¢ bedzie zwigzana z &orelacjg § « \/Eo—le

Z teorii BCS wyprowadzono takze wyrazenie na temperature krytyczng (2.17):

(2.17)

hwp
T. =114 exp(—

kg N(EF)V)

gdzie wp jest czestoscig Debye’a i z temperaturg Debye’a wigze sie relacja: hwplkg = ©p, N(Eg)
jest gestoscig stanéw elektronowych na poziomie Fermiego dla jednego kierunku spinu, a V jest
potencjatem parujgcym. lloczyn N(Ep)V réwny jest wielkosci Aep — bezwymiarowej statej
sprzezenia elektron-fonon. Parametr A, pomaga sklasyfikowa¢ badany materiat jako
nadprzewodnik stabo lub silnie sprzezony. Brak jest powszechnie akceptowanego kryterium
stopnia sprzezenia i najczesciej przyjmuje sie, ze dla stabo sprzezonych nadprzewodnikow
Aep < 0.5. Uzyteczng zaleznos$¢ opisujgcg temperature krytyczng przejscia do stanu
nadprzewodzgcego podat McMillan (2.18) [19]:

_ (6 1.04(1 + 2,p) (2.18)
¢~ <1_45) e [_ Aep — (1 +0.622,,,)]
gdzie p* jest parametrem o wartosciach z przedziatu 0.1 — 0.15, wynikajgcym z sity odpychania
Coulomba. Powyzszy wzor umozliwia oszacowanie A¢p wykorzystujgc tatwo mierzalne parametry
(Tc oraz ©p).
Jednym z wazniejszych rownan otrzymanych z teorii BCS jest relacja wigzaca wartos¢

szerokosci przerwy energetycznej A(0) z temperaturg krytyczng (2.19):

2A(0) = 3.52kpT.. (2.19)
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2.2 Przeglad literaturowy badanych zwigzkéw

2.2.1 Celrs oraz Thirs

Pierwsze doniesienia literaturowe o dwusktadnikowych zwigzkach Celrs oraz Thirs
pochodzg z lat szesc¢dziesigtych ubiegtego wieku [20]. T.H. Geballe i in. opublikowali prace,
w ktérej postulowali wystepowanie nadprzewodnictwa w temperaturach krytycznych
wynoszgcych odpowiednio T; = 3.34 K oraz T, = 4.71 K dla Celrs oraz Thirs. Nalezy podkresli¢,
ze W powyzszej pracy podano jedynie temperatury krytyczne i nie wyznaczono zadnych innych
parametréw charakteryzujgcych stan nadprzewodnictwa. Jon Ce3* jest magnetyczny, tym samym
wiekszos¢é zwigzkow, w ktorych zawarty jest Ce wykazuje wiasciwosci antyferromagnetyczne lub
ferromagnetyczne w niskich temperaturach. Poniewaz magnetyzm ma tendencje do zaburzania
nadprzewodnictwa, wystepowanie tego zjawiska w zwigzku z Ce jest niezwykle rzadkg i
interesujgcg osobliwoscia.

Struktura krystaliczna zwigzku Celrs okreslona zostata w pracach [21,22]. Sologub i in.,
zaproponowali, ze Celrs krystalizuje w trygonalnej strukturze krystalicznej (R-3m No.166)
i nalezy do serii zwigzkéw stanowigcych szereg homologiczny Rom+nT4m+sn, gdzie m oraz n
odpowiadajg kolejno liczbie warstw (blokéw) typu MgCuz oraz typu CaCus. Rys.2.8. przedstawia
strukture Celrs zaczerpnietg z publikacji [22]. Jesli m oraz n sg rowne 1, wowczas struktura

krystaliczna jest typu PuNis, tym samym charakterystyczne warstwy utozone sg naprzemiennie.

Wzajemne ufoZenie poszczegdlnych warstw moze znaczgco wptywaé na wystepowanie

nadprzewodnictwa, mieszanej walencyjnosci czy tez uporzgdkowania magnetycznego.

Calns Calus CaCus

MeCu2 Mg Cu2 Mg Cu2

Rys.2.8. Struktura zwigzku Celrs w rzucie na ptaszczyzne ac. Na rysunku zaznaczono
utozenie poszczegoélnych warstw typu CaCus oraz MgCus [22].

Co ciekawe, w literaturze nie pojawia sie informacja o danych krystalograficznych dla
Thirs [20,23]. Zwigzek nie znajduje sie rowniez w bazie materiatowej ICSD.

W 2018 roku ukazala sie praca Y.J.Sato i in.[24] dotyczaca wiasciwosci
nadprzewodzacych zwigzku Celrs. W publikacji [24] przedstawione zostaty wyniki badan
wiasciwosci  elektrycznych, cieplnych oraz  magnetycznych  (Rys.2.9), wykonane
na monokrysztatach Celrs otrzymanych metodg Czochralskiego. Autorzy pracy [24] sugeruja,
ze Celrs jest konwencjonalnym nadprzewodnikiem |l-go rodzaju z T, = 3.0 — 3.4 K (w zaleznosci

od pomiaru, z ktérego wyznaczona zostata temperatura krytyczna).
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Rys.2.9.a) zalezno$¢ oporno$ci elektrycznej i podatnosci magnetycznej od temperatury; c)
zaleznos¢ Co/T od temperatury dla monokrysztatu zwigzku Celrs [24].

Gorny panel Rys.2.9(a) przedstawia temperaturowg zalezno$¢ opornosci wiasciwe;.
W wysokich temperaturach autorzy zauwazajg tendencje oporu elektrycznego do nasycania.
W niskich temperaturach obserwowany jest gwattowny spadek p(T) do zera, Swiadczacy
0 przejsciu materiatu do stanu nadprzewodzgcego. Podatnosé magnetyczna w funkcji
temperatury dla pola magnetycznego przytozonego prostopadle do osi ¢ oraz rownolegle do osi
¢, przedstawiona zostata na panelu dolnym Rys.2.9(a). Zdaniem autoréw [24], niemalze
niezalezna od temperatury podatno$¢ magnetyczna w wysokich temperaturach (T > 100 K)
wskazuje na paramagnetyzm Pauli'ego. Wstawka przedstawia y(T) w poblizu temperatury
krytycznej, gdzie obserwowane jest przejScie materialu do stanu Meissnera. ObjetoSciowy
charakter nadprzewodnictwa w Celrs potwierdzono badaniami ciepta witasciwego, co zostato
przedstawione na Rys.2.9(b). Szacowany, znormalizowany skok ciepta wiasciwego otrzymany
przez autorow [24] wynosi AC/yT. = 1.39.

Dla zwigzku Thlrs, do roku 2019, w literaturze mozna znalez¢ jedynie informacje

o temperaturze krytycznej (T, = 4.71 K) [20].
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2.2.2 CaRh2

Chociaz informacje o wystepowaniu stanu nadprzewodzgcego w zwigzku CaRh2 pojawity
sie ponad 60 lat temu [25], do 2019 roku jedynym znanym parametrem charakteryzujgcym
nadprzewodnik byla temperatura krytyczna wyznaczona eksperymentalnie przez B.T.
Matthiasa [25] (T. = 6.4 K). W publikacji [25] brak jest jakichkolwiek informacji na temat syntezy,
metody pomiaru temperatury przejscia, innych parametréow stanu nadprzewodzacego.

Struktura krystaliczna zwigzku CaRh2 okreslona zostata przez E.A. Wooda oraz V.B.
Comptona w 1957 roku [26]. CaRhz krystalizuje w strukturze regularnej (Fd-3m No. 227) typu
Lavesa. Warto nadmienié, ze ze wzgledu na typ struktury, rodzine Lavesa mozna podzieli¢ na
trzy grupy: faze heksagonalng (C14) typu MgZnz, faze regularng (C15) typu MgCu: oraz faze
heksagonalng (C36) typu MgNiz2. W zwigzkach, o ogdlnym wzorze ABz, wiekszy atom A znajduje
sie w srodku wieloscianu zbudowanego z 16 atomow, natomiast mniejszy atom B miesci sie w
srodku  dwudziestoscianow. Wielosciany koordynacyjne zbudowane sg zaréwno
z atomoéw A jak i B, co przedstawia Rys.2.10. Struktura regularna, w ktoérej krystalizuje CaRhz,
przedstawiona jest na Rys.2.10(a). Liczba koordynacyjna wynosi 12 dla atomu Rh (Rys. 2.10(b))
oraz 16 dla atomu Ca (Rys.2.10(c)).

n."‘l'-"‘ 4]

Rys.2.10. a) struktura regularna fazy Lavesa z wyréznionymi tetraedrami; b) wielo$cian
koordynacyjny otaczajgcy atom Rh; c) wieloscian typu Franka-Kaspera otaczajgcy atom
Ca. Rysunek wykonany w programie VESTA.

W 2015 roku, N. Haldolaarachchige i in. [27] scharakteryzowali wtasciwosci fizyczne
izoelektronowego odpowiednika zwigzku CaRhz, tj. Calr2. W ref. [27] autorzy przedstawili wyniki
analizy strukturalnej, pomiaréw magnetycznych, cieplnych oraz elektrycznych. Rys.2.11
prezentuje dyfraktogram rentgenowski oraz wyniki badan wiasciwosci elektrycznych oraz
magnetycznych uzyskane przez autoréw pracy [27]. Calr2 rowniez krystalizuje w strukturze

regularnej typu Lavesa (Fd-3m No. 227).
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Rys.2.11. a) Dyfraktogram rentgenowski uzyskany dla zwigzku Calr»; b-d) struktura
regularna typu Lavesa wraz z wyréznionymi podsieciami; e) oporno$¢ wtfasciwa w funkcji
temperatury. Wstawki przedstawiajg zalezno$é p od T? (dolna wstawka) oraz objetosciowg
podatno$¢ magnetyczng w funkcji temperatury (wstawka goérna) [27].

Spadek opornosci do zera oraz przejscie do stanu Meissnera wskazujg na pojawienie sie
nadprzewodnictwa z T, = 5.8 K. Na podstawie usyskanych wynikéw, miedzy innymi dos¢ niskiej
wartosci znormalizowanego skoku ciepta wlasciwego (AC/yT:=0.89), autorzy [27] postulujg, Zze
Calrz jest stabo sprzezonym nadprzewodnikiem Il-rodzaju.

Obliczenia teoretyczne witasnosci elektronowych i fononowych dla CaRh: zostaty
przedstawione przez G. P. Srivastava i in. [28] w 2017 roku. Obliczona struktura pasmowa,
gestos¢ standéw elektronowych DOS(E) oraz krzywe dyspersji fonondw dla zwigzku CaRh:2
pokazano na Rys.2.12. Uzyskane wyniki sugerujg, ze dominujgcy wktad do DOS(E) w okolicy
poziomu energii Fermiego majg stany elektronowe pochodzgce od elektronéw 4d atomu Rh.
Potwierdza to wczesniejsze przypuszczenia, ze w badanym materiale nadprzewodnictwo
zwigzane jest z atomami metalu przejsciowego, podczas gdy rolg Ca jest stabilizowanie struktury.
Obliczone krzywe dyspersji fonondw, przedstawione na Rys.2.12(b) pokazuja, ze wszystkie mody
fononowe majg dodatnie czestotliwosci, co swiadczy o stabilnos¢ zwigzku CaRh2 w regularnej
strukturze typu MgCuz. Wida¢ rowniez, ze gatezie wypetniajg peten zakres czestotliwosci, nie
pozostawiajgc przerwy miedzy kolejnymi krzywymi dyspersiji fononow.
W szczegdlnosci, mody akustyczne oraz mody optyczne o niskiej czestotliwosci charakteryzujg

sie dos¢ duzg dyspersja.
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Rys.2.12. a) Obliczona struktura pasmowa oraz gestos$¢ stanéw elektronowych dla
CaRhy; b) Obliczone krzywe dyspersji fononéw [28].

2.2.3 LiPd2Ge oraz LiGazlr

Liczacg ponad 100 lat rodzine zwigzkdéw typu Heuslera tworzg materialy o szerokiej
gamie roznorodnych wiasnosci fizykochemicznych, ktére mogg znalezé zastosowanie
w obszarach spintroniki, fotowoltaiki, a takze zrédtach odnawialnych [29,30]. Petne Heuslery,
o stechiometrii X2YZ, krystalizujg w uktadzie regularnym $ciennie centrowanym (Fm-3m No. 225),
gdzie X jest najczesciej atomem metalu przejsciowego grup 9-11, a Y oraz Z to metal przejsciowy
grupy 3-5, ziemi rzadkiej lub metal z bloku p. Struktura petnego Heuslera przedstawiona zostata
na Rys.2.13. Kolorem czerwonym oznaczone zostaty atomy X obsadzajace pozycje 8c (¥4, V4,
a). Wbudowuja sie one w centrum komorki elementarnej tworzgc szescian. Atomy Y oraz Z, ktore

obsadzajag pozycje 4a (0,0,0) oraz 4b (%, V2, /2), oznaczono kolorem niebieskim i zielonym.

Rys.2.13. Struktura krystaliczna zwigzkéw typu Heuslera Rysunek wykonany
w programie VESTA.

Witasciwosci fizyczne faz Heuslera sg silnie zalezne od sktadu chemicznego oraz ilosci
elektronoéw walencyjnych (ang. valence electron count (VEC)) [30,31]. Dla ponad 70% Heuslerow
wykazujgcych nadprzewodnictwo VEC = 27 lub 28 [31,32], co odpowiada 6.5 oraz 6.75
elektronom na atom. Odpowiada to wartosciom lezgcym idealnie w trzecim maksimum zaleznosci
temperatury krytycznej od ilosci elektronédw walencyjnych na atom (VEC/at.) [33]. Powyzsza
zalezno$¢ zostata zaproponowana w latach 60-tych przez Matthiasa [33] i do$¢ dobrze sprawdza

sie dla czystych metali [33], zwigzkéw A15 [34] oraz peinych Heusleréw [31]. Nalezy podkresilic,
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ze do 2018 roku, dla wszystkich nadprzewodnikéw typu Heuslera VEC byto wieksze od 25, co
odpowiada 6.25 el./at.

Pierwsze doniesienia literaturowe dotyczgce zwigzku LiPd2Ge pojawity sie na poczatku
lat 70-tych. C.J. Kistrup oraz H.U. Schuster [35] opublikowali prace, w ktorej przedstawili dane
krystalograficzne dla kilkunastu zwigzkéw typu Heuslera na bazie Li, w tym réwniez dla LiPd2Ge.
Wyznaczona przez autordw stata sieci krystalicznej LiPd2Ge wynosi a = 6.01A.

W 2019 roku ukazata sie praca autorstwa S. Ayhana oraz G.K. Balcia [36] zawierajgca
obliczenia teoretyczne dla serii zwigzkoéw LiX2Ge (X: Rh, Cu, Ni, Pd). Rys.2.14. przedstawia
strukture pasmowa, a takze catkowitg oraz parcjalng gestos¢ stanéw elektronowych (DOS(E)) dla
zwigzku LiPd2Ge. W poblizu poziomu energii Fermiego dominujgcy wktad do DOS(E) pochodzi
od elektronéw stanu 4d metalu przejsciowego. Zgodnie z przeprowadzonymi obliczeniami
LiPd2Ge powinien wykazywaé charakter metaliczny, na co wskazuje brak przerwy energetyczne;j.
Wartos¢ DOS na poziomie energii Fermiego wynosi 0.99 stanéw/eV. Liczba elektronéw
walencyjnych dla powyzszego zwigzku wynosi 25, co daje 6.25 elektronéw na atom — wartos¢

lezgcag na poczatku trzeciego maksimum zaleznosci T. od VEC/at. [33].
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Rys.2.14. a) Obliczona struktura pasmowa; b) catkowita gestos¢ stanow
elektronowych; c) czeSciowa gestosc¢ standéw elektronowych dla zwigzku LiPd.Ge [36].

Struktura drugiego z badanych zwigzkéw, LiGazlr, po raz pierwszy zostata opisana
w publikacji A. Czybulkiiin. [37]. W pracy z 1990 roku [37] przedstawiono dane krystalograficzne
dla zwigzkéw typu Heuslera zawierajgcych Li, metal platynowca oraz Al, Ga lub In. Wyznaczona
eksperymentalnie stata sieci dla LiGazlr wynosi a = 6.0 A [37].

Obliczenia struktury elektronowej dla zwigzkéw A2MX oraz AMXz2 (A: Li; M:Rh, Pd, Ir, Pt;

X:Al, Ga, In) przedstawione zostaty przez L. Drews-Nicolai oraz G. Hohlneicher [38]. Struktura

29



pasmowa oraz catkowita gestos¢ stanow elektronowych (DOS(E)) dla LiGazlr zostaty pokazane
na Rys.2.15.
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Rys.2.15. a) Obliczona struktura pasmowa; b) catkowita gesto$c stanéw elektronowych
dla zwigzku LiGaglr [38].

Otrzymane przez autoréw [38] wyniki wskazujg, ze LiGazlr powinien by¢ metalem
z dominujgcym wktadem do DOS(E) pochodzacym od elektronéw stanu d atomu Irydu. Do 2021
nie pojawity sie dane eksperymentalne opisujgce wtasciwosci fizyczne LiGazlr.

W 2019 roku E.M. Carnicom i in. opublikowali prace, w ktorej opisali wkasciwosci fizyczne
LiGazRh, w tym wystepowanie stanu nadprzewodzgcego w T, = 2.4 K [39]. Rys. 2.16 prezentuje
wyniki z pomiaru ciepta witasciwego. Gtéwny panel przedstawia zalezno$¢ Cy/T
w funkcji temperatury (gtéwny panel) i w funkcji T2 (wstawka). Uzyskany znormalizowany skok
ciepta wtasciwego (AC/yT.=1.48) swiadczy o objetosciowym charakterze nadprzewodnictwa
w LiGazRh, jak réwniez o dobrej jakosci badanej probki. Zdaniem autoréw [39] LiGazRh jest stabo

sprzezonym (Aep = 0.52) konwencjonalnym nadprzewodnikiem Il-go rodzaju.
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Rys.2.16. Zaleznos$¢ Cy/T w funkcji temperatury dla zwigzku LiGaz:Rh. Wstawka: C,/T
w funkcji T? [39].
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Liczba elektronéw walencyjnych dla zwigzku LiGazRh wynosi 16, co daje 4 elektrony
na atom — wartos$¢ lezagcg na poczatku drugiego maksimum zaleznosci T, od VEC/at. [33].
Wedtug wiedzy autorki niniejszego doktoratu, jest to pierwszy zwigzek typu Heuslera, w ktérym

zaobserwowano nadprzewodnictwo dla VEC < 25.

2.2.4 LiBi

Pierwsze doniesienia literaturowe na temat zwigzku LiBi pojawiajg sie w pracy [40]
z 1935 roku, w ktérej E.Zintl oraz G. Brauer przedstawili informacje dotyczgce struktury
krystalicznej. LiBi krystalizuje w strukturze tetragonalnej (P4/mmm No. 123), a stale sieci
przedstawione w ref. [40] wynoszg a = 3.361A oraz ¢ = 4.247A.

17 lat pozniej pojawita sie informacja o wystepowaniu stanu nadprzewodzacego
w T; = 2.49 K [42]. Doniesienie to zostato potwierdzone w 1970 roku przez T. Sambongi [41],
ktéry badat zmiane T, pod wptywem ci$nienia dla zwigzkéw LiéBi oraz LinatBi. Wykres zaleznosci
T. od cisnienia (P) przedstawiono na Rys.2.17. Wyznaczona w warunkach normalnych
temperatura przejscia do stanu nadprzewodzgcego wynosi 2.455 K dla Li"@Bi oraz 2.47 K dla
LisBi. Otrzymana wartos¢ jest w znakomitej zgodnosci z T, zmierzong przez
N. I. Alekseevskii [42]. Wedlug T. Sambongi zmiana T, pod wptywem zewnetrznego ci$nienia
wynosi —2.9 X 10> K/bar i nie zalezy od masy izotopowej Li. Do 2020 roku jedynymi okreslonym
parametrami  charakteryzujgcym nadprzewodnik LiBi byty temperatura krytyczna

i jej zmiana pod wptywem cisnienia.

g [
T Plib b

Rys.2.17. Zaleznos$¢ T, od cisnienia zewnetrznego dla zwigzkéw Li®Bi oraz Li"?'Bi [41].

W 2014 roku zostaty opisane wiasciwosci nadprzewodzace izoelektronowego
odpowiednika LiBi — NaBi. W pracy [43] przedstawione zostaty wyniki eksperymentalne badan
wiasciwosci elektrycznych, magnetycznych oraz cieplnych dla monokrysztatu NaBi. Okreslona
wartos¢ temperatury krytycznej wynosi 2.15 K i jest nieznacznie nizsza niz dla analogu z Li.
Zdaniem autorow NaBi jest umiarkowanie sprzezonym nadprzewodnikiem Il-go rodzaju
(AC/T=0.78, Aep = 0.62).
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Rys.2.18. a) Temperaturowa zalezno$¢ oporu. Wstawka: przejscie do stanu
nadprzewodzgcego w zerowym i niezerowym polu magnetycznym; b) zalezno$c
namagnesowania od pola magnetycznego dla NaBi w stanie nadprzewodzgcym. Wstawka:
petla histerezy zmierzona w trzech temperaturach [43].

Rys.2.18 (a) przedstawia wyniki pomiaru oporu elektrycznego (R) uzyskane przez
S.K. Kushwaha i in. [43]. Uzyskana wartos¢ RRR (wartos¢ oporu w temperaturze 300 K/wartosé
oporu w 4.2 K) ~ 50 i $wiadczy o dobrej jakosci mierzonej probki. Wstawka przedstawia zaleznos¢
R od T w poblizu temperatury przejscia do stanu nadprzewodzgcego. Wraz
ze wzrostem przytozonego pola magnetycznego, T. przesuwa sie w strone nizszych wartosci, co
jest zgodne z oczekiwaniami. Panel (b) prezentuje zalezno$¢ namagnesowania (M) od
zewnetrznego pola magnetycznego (B) zmierzong w pieciu temperaturach (ponizej T;). Zdaniem
autoréw [43] uzyskane krzywe M(B) potwierdzajg nadprzewodnictwo 1l-go rodzaju

z wartoscig dolnego pola krytycznego, w 0.4 K, H¢s = 30+10 Oe.

2.2.5 Nblr2B2 oraz Talr2B2

Nblr2B2 oraz TalrzB2 sg nowymi zwigzkami miedzymetalicznymi krystalizujgcymi
w nieznanej wczesniej strukturze krystalicznej (Cc No.9), a zatem w literaturze brak jest informac;ji
0 badanych w niniejszej pracy zwigzkach. Nalezy réwniez podkresli¢, ze do 2020 roku nie opisano
ani jednego potréjnego borku w uktadach Nb-Ir-B oraz Ta-Ir-B.

W 2018 roku E.M. Carnicom i in.[44] opublikowali prace, w ktérej raportowano
wystepowanie nadprzewodnictwa w dwdch nowych zwigzkach boru: NbRh2B2 (T = 7.6(1) K) oraz
TaRhzB2 (T, = 5.8(1) K). Oba materiaty krystalizujg w uktadzie trygonalnym (P3; No.144).
Najwazniejszymi cechami struktury P3; jest jej chiralno$¢ oraz brak srodka symetrii [44],
co moze znaczgco wptywaé na charakter wystepujacego nadprzewodnictwa. Rys.2.19
przedstawia wyniki zaczerpniete z publikacji [44]. Panel (a) prezentuje temperaturowg zaleznos¢
opornosci elektrycznej (p) dla NbRh2B2. W niskich temperaturach zaobserwowano gwattowny
spadek opornosci do zera, $wiadczacy o przejsciu materiatu do stanu nadprzewodzgcego. We
wstawce przedstawiono wptyw zewnetrznego pola magnetycznego na temperature krytyczna.

Warto podkresli¢, ze spadek p do zera jest takze obserwowany dla maksymalnej wartosci
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przytlozonego pola magnetycznego (uoH = 14 T). Panel (b) pokazuje zalezno$¢ uoHc> od
temperatury dla obu zwigzkéw. Wyznaczone wartosci gérnego pola krytycznego wynoszg 11.7(4)
T dla TaRh2B2 oraz 18.0(4) T dla NbRh2B2. W obu przypadkach uoHc:2(0) przekracza tzw. limit
Pauli'ego (uoHa = 1.85T,), ktéry wynosi odpowiednio 10.7(2) T dla zwigzku z Ta oraz 14.1(2) T
dla analogu z Nb. Wigksza od oczekiwanej dla konwencjonalnego (BCS) nadprzewodnika
wartos¢ gornego pola krytycznego byta wczesniej obserwowana dla materiatéw, w ktérych nie
wystepuje $rodek symetrii (np. CePtsSi[45]) i moze $wiadczy¢ o niekonwencjonalnym

charakterze zjawiska nadprzewodnictwa w potrojnych zwigzkach NbRh2B2 i TaRh2B-.
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Rys.2.19. a) Temperaturowa zaleznos$c¢ opornosci elektrycznej dla NbRh2B,. Wstawka:
przejscie do stanu nadprzewodzgcego w zerowym i niezerowym polu magnetycznym; b)
zaleznosc gérnego pola krytycznego od temperatury dla dwdch zwigzkdw [44].

Wykorzystujgc technike spektrometrii relaksacji/rotacji mionéw (uSR), D.A. Mayoh
i in. [46] wykazali, ze TaRh2B2 jest nadprzewodnikiem Il-go rodzaju z dwoma nadprzewodzacymi
przerwami energetycznymi (tzw. multigap superconductor), co moze przektadaé sie na

obserwowang duzag wartosé gérnego pola krytycznego.
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3. Cel pracy

Celem niniejszej pracy jest opisanie stanu nadprzewodzacego, w oparciu o teorie
mikroskopowe nadprzewodnictwa indukowanego oddziatywaniem elektronéw z siecig
krystaliczng, w wybranych zwigzkach miedzymetalicznych. W pracy postawiono siedem hipotez
badawczych bedacych uzupetnieniem stanu obecnej wiedzy w zakresie objetym praca doktorska:

1. W miedzymetalicznym zwigzku Celrs mozna spodziewac sie wystepowania silnych
korelacji elektronowych i innych egzotycznych wlasciwosci fizycznych, jak np. mieszana
lub posrednia walencyjnos¢ (ang. mixed/intermediate valency), co w konsekwencji moze
wptywac na stan nadprzewodzacy.

2. Zwigzek Thlrs jest pierwszym przedstawicielem szeregu homologicznego Rom+nT4m+sn
(n=m=1) zawierajgcym pierwiastek aktynowca, w ktérym stan nadprzewodzacy
charakteryzuje sie silniejszym sprzezeniem elektron-fonon niz w izoelektronowych
odpowiednikach Lalrs oraz Celrs.

3. Postulowana dla zwigzku rodziny faz Lavesa CaRhz temperatura przejscia do stanu
nadprzewodzgcego powinna byé nizsza niz dla Calro.

4. Poniewaz znane sg LiPd2X, gdzie X = Ge i Sn, powinien wystepowac réwniez zwigzek
typu Heuslera dla X = Sj, tj. LiPd2Si. Co wiecej, biorgc pod uwage liczbe elektronéw
walencyjnych VEC = 25, materiaty te powinny wykazywa¢ metaliczny charakter
przewodnictwa i by¢ moze réwniez nadprzewodnictwo.

5. Poniewaz w niedawno opisanym zwigzku typu Heuslera LiGaz2Rh odkryto zjawisko
nadprzewodnictwa, izoelektronowy LiGazlr podobnie powinien by¢ nadprzewodnikiem, a
postulowana temperatura krytyczna bedzie wyzsza niz dla LiGazRh.

6. LiBi jest nadprzewodnikiem I-go rodzaju, w ktérym za nadprzewodnictwo odpowiadajg
kwadratowe sieci bizmutu,

7. lIstniejg izoelektronowe odpowiedniki potréjnych zwigzkéw (Nb,Ta)Rh2B:2 z irydem, ktére

wykazujg wiadciwosci nadprzewodzace.

Kazda z hipotez byla analizowana, a nastepnie weryfikowana poprzez badania
eksperymentalne obejmujgce synteze oraz pomiary wiasciwosci fizycznych. Na petniejsze
zrozumienie otrzymanych wynikéw pozwolity obliczenia numeryczne wtasnosci elektronowych
i fononowych wykonane przez grupe dr. hab. inz. Barttomieja Wiendlochy. Uzyskane efekty
zostaly przedstawione w publikacjach naukowych wchodzgcych w skitad niniejszej pracy
doktorskiej.

Zakres przeprowadzonych badah eksperymentalnych obejmowat synteze zwigzkéw
w formie poli- oraz monokrystalicznej (LiBi), badania strukturalne prowadzone metodg
proszkowej dyfrakcji rentgenowskiej oraz pomiary wiasciwosci fizycznych (podatnosc
magnetyczna, ciepto witasciwe oraz opér elektryczny). Synteze zwigzkéw polikrystalicznych
przeprowadzono metodg reakcji w fazie statej lub topienia w tuku elektrycznym, natomiast
materiat monokrystaliczny otrzymano metodg wzrostu z fazy cieklej. Badania strukturalne

obejmowaty pomiary proszkowg dyfrakcjg rentgenowska przy uzyciu dyfraktometru Bruker D2
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Phaser. Analize otrzymanych dyfraktograméw (metoda LeBaila lub Rietvelda) przeprowadzono
przy uzyciu oprogramowania Topas oraz Fullprof Suite. Wszystkie pomiary wiasciwosci
fizycznych przeprowadzono wykorzystujac system pomiarowy PPMS (Physical Property
Measurement System, Quantum Design) w zakresie temperatur 0.3 — 300 K oraz w polu

magnetycznym do 9 T.
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4. Wykaz artykutow wraz z ich opisem

W niniejszym rozdziale przedstawiono publikacje naukowe wchodzace w skiad rozprawy
doktorskiej. Artykuty opatrzone sg uzasadnieniem podjecia danego problemu badawczego,
wskazaniem konkretnej hipotezy badawczej, krotkim opisem otrzymanych rezultatow, ze
szczegllnym uwzglednieniem wynikow badan eksperymentalnych uzyskanych przez autorke
rozprawy, oraz zatgczong oryginalng wersjg artykutu opublikowanego

w czasopidmie (lub wystanego do recenz;ji).

A1. K. Gérnicka, E. M. Carnicom, S. Gotgb, M. tapinski, B. Wiendlocha, W. Xie, D. Kaczorowski,
R. J. Cava, T. Klimczuk,

Celrs: Superconductivity in a phase based on Tetragonally Close Packed (TCP) clusters

Superconductor Science and Technology 32 (2019) 025008 (13pp),

A2. K. Gérnicka, Das D., Gutowska S., Wiendlocha B., Winiarski M., Klimczuk T., Kaczorowski D.
Iridium 5d -electron driven superconductivity in Thirs
Physical Review B -Vol. 100,iss. 21 (2019), s.214514,
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41 (A1) Celrs: superconductivity in a phase based on
tetragonally close packed clusters

4.1.1 Cel badawczy

Blisko pét wieku temu, Ted Geballe i inni w ref. [20] podali temperatury przejscia do stanu
nadprzewodzgcego dla podwdjnych zwigzkdw nalezgcych do rodziny Rom+nT4m+sn: LaRhs, Lalrs,
Ylrs, YRhs, Lulrs oraz Celrs. Poniewaz wewnetrzny magnetyzm najczesciej prowadzi do
rozrywania par Coopera, istotng kwestig pozostaje opis mechanizmu nadprzewodnictwa
w zwigzku zawierajgcym cer.

Nalezy jednak pamietac, ze znane sg zwigzki miedzymetaliczne, w ktérych obserwowane
jest wspatistnienie nadprzewodnictwa i ferromagnetyzmu, np. zwigzki na bazie uranu UGez, Ulr,
URhGe oraz UCoGe [47-50]. Co najciekawsze, elektrony pochodzgce
z powtoki 5f atomoéw uranu, odpowiedzialne sg zaréwno za uporzadkowanie ferromagnetyczne,
jak i za pojawienie sie zjawiska nadprzewodnictwa. Przyktadem zwigzku o takich unikalnych
wlasciwosciach jest takze antyferromagnetyczny dwusktadnikowy zwigzek ciezkofermionowy -
Celns dla ktérego temperatura Néela Ty = 10 K (p = 0 GPa), T, = 200 mK (p = 2.6 GPa) [51].

Niezwykle waznym aspektem w nadprzewodnikach zawierajgcych Ce jest wartosciowos¢
tego jonu. Szczegdtowe badania wiasciwosci fizycznych Celrs sg niezbedne do weryfikaciji
hipotezy 1, ktéra zakfada wystepowanie mieszanej walencyjnosci jonu Ce.

Zwigzek Celrs w postaci monokrystalicznej zostat w 2018 roku zbadany przez autorow
ref. [24]. Badania zaprezentowane w artykule A1 dla polikrystalicznego Celrs rozszerzajg wyniki
pomiaréw otrzymanego przez Y.J Sato [24] dla monokrystalicznego odpowiednika.

Celem badan opisanych w_publikacji A1 bylo wyznaczenie parametréw

charakteryzujgcych stan nadprzewodzacy i normalny w Celrs, szczegdtowy opis struktury
krystalicznej oraz okreslenie walencyjnosci jonu Ce. Badania eksperymentalne obejmowaty
proszkowg dyfrakcje rentgenowska, rentgenowska analize strukturalng monokrysztatéw (prof.
Weiwei Xie), spektroskopie fotoelektronéw w zakresie promieniowania X (XPS) (dr inz. Marcin
tapinski), pomiary transportowe, cieplne oraz magnetyczne. Szczeg6towe badania wtasciwosci
fizycznych zostaty uzupetnione obliczeniami struktury elektronowej (mgr inz. Sylwia Gotgb,

dr hab. inz. Barttomiej Wiendlocha).

4.1.2 Opis rezultatow

Synteza polikrystalicznej prébki Celrs zostata przeprowadzona metodg topienia w piecu
lukowym w atmosferze argonu o bardzo wysokiej czystosci (5N), w potaczeniu z pdzniejszym
wygrzewaniem w temperaturze 1370°C przez 12 godzin w warunkach wysokiej prézni (p = 106
Torr). Tak otrzymang prébke utarto, sprasowano i ponownie wygrzewano w temperaturze 1400°C

przez 36 godzin w wysokiej prézni.
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Badania strukturalne metodag proszkowej dyfrakcji rentgenowskiej potwierdzity, ze Celrs
krystalizuje w strukturze trygonalnej (R-3m No.166). Jak wspomniano w rozdziale 2.2.1, Sologub
i in. [22], zaproponowali, ze Celrs nalezy do serii zwigzkdéw stanowigcych szereg homologiczny
Ram+nTam+sn, gdzie m oraz n odpowiadajg kolejno liczbie warstw (blokéw) typu MgCuz oraz typu
CaCus. Przeprowadzona przez nas szczego6towa analiza struktury krystalograficznej pokazuje,
ze jeden z blokéw odpowiada strukturze MgZnz, a nie jak dotychczas sgdzono regularnej
strukturze MgCuz, ktéra posiada inng symetrie niz romboedryczna struktura R-3m. Strukture Celrs
mozna rozpatrze¢ jako naprzemienne warstwy zwigzkéw Celr2 oraz Celrs krystalizujgce
odpowiednio w strukturach typu MgZn2z oraz CaCus.

Wykonane w pierwszej kolejnosci niskotemperaturowe badania podatnosci
magnetycznej, potwierdzity przejscie ze stanu normalnego w stan nadprzewodzacy w T, = 2.5 K.
Krzywe namagnesowania w funkcji zewnetrznego pola magnetycznego pozwolity na
wyznaczenie wartosci dolnego pola krytycznego (uoHc+(0) = 17.3 mT). Peina petla
namagnesowania, wykonana w T = 2 K, potwierdzita nadprzewodnictwo Il-go rodzaju w Celrs.
Badania wtasnosci transportowych oraz cieplnych potwierdzity wystepowanie przejscia do stanu
nadprzewodzgcego. Na temperaturowej zaleznosci opornosci elektrycznej zaobserwowano
spadek do zera w temperaturze krytycznej T. = 2.75 K, ktéra przesuwa sie w strone nizszych
wartosci wraz ze wzrostem przyktadanego pola magnetycznego. Uzyskane dane pozwolity na
okreslenie gornego pola krytycznego (uoHc2(0) = 3.5 T). Oszacowana wartos¢ jest nizsza od
oczekiwanej dla teorii BCS (uoHPawi(0) = 1.85T, = 4.6 T).

Na objetosciowy charakter nadprzewodnictwa w badanym zwigzku wskazuje skok ciepta
wlasciwego obserwowany w poblizu temperatury krytycznej (T = 2.46 K). Oszacowany
znormalizowany skok ciepta wtasciwego wynosi AC/T. = 1.24 i jest nieznacznie nizszy od
wartosci wynikajgcej z teorii BCS (AC/yT. = 1.43). Wykorzystujgc wzory przedstawione w czesci
teoretycznej wyznaczono: parametr sprzezenia elektron-fonon (Aep, = 0.65), dtugo$¢ koherencji
(€L = 97 A), gtebokos$¢ wnikania (Ac. = 1640 A) oraz parametr Ginzburga-Landaua (kg = 17).
Przedstawione w publikacji A1 wyniki wskazujg, ze Celrs jest umiarkowanie sprzezonym
nadprzewodnikiem Il-go rodzaju.

Wyliczona warto$¢ objetosci komorki elementarnej Celrs zdecydowanie odbiega od
liniowego trendu (V vs rre) obserwowanego dla innych zwigzkéw rodziny REIrs (RE = La, Pr, Nd,
Gd oraz Ce), dla ktérych walencyjnos¢ jonu ziemi rzadkiej wynosi +3. Wyrazne odchylenie od
liniowosci sugeruje, ze walencyjnosé Ce w Celrs nie wynosi +3, jak dla pozostatych lantanowcow.
Powyzsze stwierdzenie zostato potwierdzone eksperymentalnie przy uzyciu metody badania
XPS. Dla tréjwartosciowego Ce gtéwne linie fotoemisyjne pochodzg od stanéw elektronowych
3ad%f', natomiast na widmie XPS obserwuje sie réwniez maksima pochodzace od stanow 3d%41P,
€O sugeruje mieszang wartosciowos¢ jonu Ce w Celrs.

Mieszang walencyjnos¢ jonu Ce potwierdza rowniez analiza podatnosci magnetycznej
zmierzonej w zakresie temperatur 3 - 300 K (stan normalny). Podatno$¢ magnetyczna wykazuje
wiele cech charakterystycznych dla zwigzkéw miedzymetalicznych zawierajgcych Ce

z posrednig walencyjno$cia tj. nieznaczna wartos¢ y i jej staba zalezno$¢ od temperatury powyzej
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50 K. Wyrazny wzrost x(T) obserwowany w niskich temperaturach mozna przypisa¢ obecnosci
niewielkiej ilosci zanieczyszczen magnetycznych. Mogg to by¢ tlenki ceru i/lub
nieskompensowane jony Ce*? znajdujgce sie miedzy ziarnami krystalicznymi lub na powierzchni
badanego materiatu.

Obliczenia numeryczne wiasnosci elektronowych potwierdzajg posrednig walencyjnosc
jonu Ce, a takze pokazujg ze dominujgcy wktad do DOS(E) w okolicy poziomu energii Fermiego

majg stany elektronowe pochodzace od elektronéw 5d atomu Ir.
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Crovssbark
Abstract
We present the crysallographic snalvsis; superconducting and spectroscopic chamcienzation,
amd theoretical modeling ol Celry Latsce parameters ¢ = 5.2045¢1) Aoand e = 26,200 1) A are
found for the R-3m symmetry crystal simicture, which are close to the lslemature values, Celr, s a
moderabe type-11 superconductar (v, = L7, Ay = 0L63) below 2.5 K. Ceions exhibit a
strongly intermediate valence character a4 evidencesd by x-ray photoelectron spectroscopy, The
mwrml stabe magnetic suscepiibility is weakly empemture dependent and follows the inter-
eonfiguration fluctustion medel witl a singlet Ce—4 f " ground state. Theoretical caleulations
suppir i pon-nsagnetic grouned ste of the system amd reviesl tat Ie— 54 states wne dominant al

the Fermi level.

Keywords: superconductivity, mtermetallic compounds, erystal structure

(Some fipures may appear in colour only i the onling poamaly

1. Introduction

For several years, superconductivity emerging on the verge
ol electronde instabifity. eg. of o magnetic narwne, has
afiracied much atiention owing (o its possible asconven-
ticenal charscter. In this context, matenials bearing o and =
electrons are particuloly interesting, since their electronic
propertics are ofien dominaied by strong spin—orhil cou-
pling (S0C) Recemly, within the family of Ce-based heavy
fermion superconductors [ 1, 1], the most intensively studied
compounds have been those from n homologows. semes
Cey TN, 1y Where T = Cu, Rh, Ir, Pd or P1, fomming
with etragonil cr}'ldu.| structures buill of v layers of Celny
Ty typel wned e layers of Ty (HgTe: I}'pe'l

[F0-20080, 19, 23008+ 1351 00

45

A refated homsodopous series [3) % RES, 2T s Where
m oand o represent the number of MeCue- skl CoCuoe-type
blocks, respectively. In ts foenmla, RE stands for an early rare
canly metal (La-Gdy uml T is a mmsition metal: Ir or Rh, In
contrast 10 Ce, T, . this series has not been intensively
studfied and only 0 few compounds with the sinichiometry
RETy fm = 1, 0 = 1) and RE;T2 (m = 1, # = I} have been
reporied [4. 5], This i= hkely coused by o difficult syntheses
prscess. Albough a binory compouand i this group, Celry, was
reporied 4+ a superconductor more than 50 years age [5),
derails on i superconductng state wene repasted only recemly
fo]. Here, we describe the synthesis and chamclenizition of
polyerysialline Celry by mscans of de mugnetization, elecincal
resistivity and heat capacity  messurements In sddition, in

O N2 0P Pobashmg Uid  Prinied in the LK
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omer to examine the valence of Ce wms, an x-ray photoclectron
spectscopy (XPS) sdy was performed. The experimental
it ame supplemenied by elecimnic structare culeulabions.

2. Experimental

Polyorystaliine  samples of nominal  composition Celr,
City galrs and Cey jplrs were synthesized by arc-melting cer-
jum (4N angl drmBum (3NS5 noan o fumace (MAM-1
Edmumd Buhler GmbH} on o wober<cosded copper hearth
tsdng o Nengsien elecirode umber o hgh purity argon aomos-
phere, A piece ol sirconinm wis used as an oxygen getler.
Fird, o buiton of Ir wos prepared by arc-melting indium
powder alome. The Ir ingd was then melted with Ce preces
with 3% excess 10 compensabe for the expected lnss of Ce,
Afier the initial meb. the sample buron was wmed snd re-
melted four 1o Bve tmes Lo smprove homogensity. Mase lins
during the synthesis wis lower than 1%, and the sample
button formed was uniform, hoed and silvesy gray in cobor
The mmp|u wahinimed wene then wrapped in tantzlum foil and
annealed at 1370 °C for 12 b under high vacum {107 To),
Subsequently, the resubing maberial was groumd well, pressed
into a pellet wang o hydraolic press and then heated under
high vacuum o 1400 °C and held ar this temperasure for 36 h

The crystal stucture of Celry was conflmed using o
Bruker Apex 11 x-ray singhe crystul diffractometer with Mo
Knl sadintion (A= 0.T1073A). The room iemperamune
imtznsaty dats were collected for a crystal taken from the
nominally Cey galry snmple, over a full sphere of reciprocal
s with 057 scans bn w, 1y per framee of exposune Hme,
and o 20 mnging from 47 w0 75 The SAINT program [7] was
wsed b both extract inensitics and 1o comect Tor polurization
and Lopentz elfects and the XPREP progTanm [H| was psed o
perform  face-indexed  numencal  absorphion  cormections,
Twinmng of the ol cell was lested wsang the Cell_Now
program, The crystal structure of Celry wis solved using
direct methods and refived by foll-matris leost-squares on F
witly the SHELXTL package [9].

The strociure and Tltm r.||.l'i|‘_||l of the surriplzx ot room
tempernture was evalued by powder x-roy  diffroction
(pXRD) on o Bruker DE Advance Eeo diffracionsster (Cua
Ko, equipped with a LynxEye-XE detector. X-ry analysis
wis performed on well-ground powder of the Celrs sample.
KPS wis Pcrfl.lrrnnd using an Arpus [ Omicron Marno-
Technology ) x-tay photoelectron spectrometer, The phoio-
ehoctrons ware excited by a Mo-Ko x-ray sousnce operated
15 ke amd 300 W, The XPS measurement was performed o
rommn temperature under ultro-high vacuum conditions, a
prresstares below 11 % 10°% mbar, It i known that cerium on
surfaces tends tooexist oz Ce'" mather than Ce* [10), To
ovoid this: potential issue, the Celr; somple was sputher-
chenned by Ar wons dn vt (FIG 1500 ion source moanled in
the analytic chamber) before the NP8 messurement, Dhata
analyris wus performed with the CASA XPS software pack-
nge using a Shirley hackgroand suberction and Teast-square
Goussian—Lorentzian curve fiiting  alporthm. The specim

oblmined were colibroted 0 pive o hinding  erergy of
28500 eV for C | 5.

Blagnetization mexsurements were camed oul using a
Cuannvtam Diesign Dynacool Physical Propery Mensurement
System (PPMS5) with a wibrating sample  magnetometer
function. Both sera-field-cooled (ZFCY and field-cooled (FC)
duta were collected from 1.7 f0 3 K under an applied Geld of
200, The nagnetzalin was also measured at various
temperntures i the supercomdacting state os o function of
apphicd field. ZFC magnetic sasceptibility was measured from
3 1o MXVK under | k(e field, l-lumﬂnlll}l and hest cipicaly
measremens were performed on s PPMS Evercool 11
Tempersture- and magpetc Held-dependent cloctrical trans-
port mzpsumements wene made asing o standard four-probe
technique, For these experiments, 37 um diameter platinum
wine leads were spark-welded 1o thse sample surlfoee. The two-
7 fime-relaxation method was used 10 messure the specibic
heat in magnetic felds up o 2T,

Ebectronie structiere calculations were performed  ssing
the full-potential lineaneed augmented plane-wave method
with Jocal odbitals (LAPW + LO) and the Perdew—Burke—
Emzechol peneralized gr.nlil.-nt urrrmni:mnl'il:lrl [LE FEN]
exchanpe-comelation  podentinl, o= implemented  in the
WIENIE package |11]. To sccount for the possible strong
Coulenb mseraction effect due o the presence of the df
clectroms of cerium, the GGA+LU | 12] method was wsed. We
diepermined the mogniude of the U-parameter for dee 4 Fstates
af Ce with the help of the impurity method [13]. As o resalt,
bf = feV was obtained. which agrees with the typically wsed
vibue of the effective Uy = U=t = 5eV, a5 J is on the
arder of | eV [14], This wvalue of the effective Ly = SeV
wis then vsed bnoour siadies. We also performed sdditional
calcalaions wsing the onsite-exnct-exchange hybrdd Fock
approximation | F5], with the stundard value of the pammeter
o = (25 (s, [15]0, and both methods guve similar resubis,
The self-intersction commeciion  double-counting  comection
msthod was used, ax the arownd-mean field (AMEF) method
predicied  quite  large  mogneic  mosmends . on O abooms
{ih5-1 i), which were not observed m our experiment. The
anie cell volume was optimized mothe caleulations, bur the
m:pcrh'nznhl paramelers. changed |,1rt1:,.' hli_u;htly.' 4 by ahout
(L% nnal ¢ by phout 115, which did not significantly affect
the calecalaed electronse drcmre of this compound, To
clurify the eflect of Coulomb intemctions, both GGA and
GGA+U methods wene employed, with SOC inckuded in

each case.

3. Results and discussion

Thee singde crysaal diffracton experiients confiremed the crystal
stmsctare [4] of Celrs, which forms in the space groap B-3m
(Mo, 166}, where o = 53044 A and e =26273020) A
Crystallographic datn and the nefined positions for & erystal
ablained from the nominal e, .0, composition e mathened
n imbbes | ommd 2, respectively, b should be moed that dhe
refined  sioichiomeiry of 1he uingl: crysinl - stubed  was
Cepannlts {om the sample also wsed for all - physical
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Figure 1. Powder x-my diffrsction pattern ined poinisy together with
the: LeBail refmement profile ihlack solid line) for Celra. The preen
verical bars indicate the expected Bragp pesk posstions. The bioe
curve &5 the differere between experimental sl mode] resulis,

Table 1. Crysinllographic dma for Celr, o 1T502) K.

Celr,

FW. igmal i TIRT2

Space group. £ R-im (Mo, 1ohy, 8

Lattipe pammeters w = 5750 |4 A
o= M b (A

Valume (A" a8l

AT COrTECTHI Mumerical

) raige (dep) 2335 g0 33054

ki munges R b kxR
o [

Mo, reflections: 1, 1230 {1

Mo, imbependent peflectiong M7

No. panmebors 1%

ByowRy a1y OGS (L1185

Ciosmdisess ol it 1442

Deiffenction pesk ond bole ie” A7Y 5.150; <4140

s urenents b—within sy standand deviatzens of he deal
B3 composition, which is thus taken os the formuls of the
compouisl. The spoce grup amd lattice parumeters obtaimed
were tnken s the sianting point for the LeBal [ of the pXED
patiern shown i figure 1, The fit & excellent opd there B no
impurity phase observed i the pXRD pattem of (Be smple
whose properties were studied, The estimated lattice parn-
ineters T the LeBail it = 2045 1) A, ¢ = 262050 A)
are in very good agreement with the single crystl diffraction
resubis as well a5 with those repomed iy the liberture
[3, 4, 6 18]

An expanded view of the unit cell and the stomic coor-
dination polyvhedra for Celry are shown m hgore 20 1 has
previowsly been proposed that Celry con be considersd as o
stacking of cubic MpCus-type wmld CaCus-type layers [3] bux
the cubic MpCus-type and chombohedral Celry stectures
hnve different symmetry. Considering the similar polyhedml

envigomments i both cubic nind hexagonal Loves phases, we
rather deseribe Celry ns o combination of stacking hexagonal
MyZnpetype and CaCug-type layers {figure 2}

The polyhedml environments for all atomic sites in Celry
are Frank— Kasper polybedral [17] One Ce sibe s surroamded
by a Phveries polyhedron consisting of Ir atoms and 1he
ather Ce site is centered within a imncated setrmhedron of 12
Ir stoums, The Ir sdtes ane coordinsted by disoned eosahedrn
of six Ce ond six Ir atoans, three Ce and pine Ir sioms, ansd
five Ce and seven Ir atoms. Such Framk —Kasper polyhedra
are sigrul.ur: I'IJiIerg hbiscks of Iumhgthnlly chome 'pﬂl:lu:d
(bep) sofids, Typical examples of fop solids include the cubic
MpCug-type amd hesagonsl  MgZna-rype  Laves  phases,
Caluy-type compounds, and o-Mn, We argoe thal in this
context Celry can best be seen as consisting of stacked layers
af Celr: in a hexagoral Mgn.-tvpe structure and Calug-type
Celfre. These structere (ypes, consisting of densely packed
tetmahedral  clusters. are known o b good hosis  for
superconductavity .

For the purposes of the electronic structure calealations,
which will be discussed furthes, a priemdtive cell must be
considered, and w0 we also present an allernatrve dn:ﬂ:nr.n'mﬂ
of the structure of Celr,, The primitive cell of Celry contains
three formaula uies. There ans two no-egudvalent position of
Ce and three of Ir. In the crystal stucture shown schemab-
cally in the inset of figure | one can distinguish a metallic
plane consasting of le{15k) dad o plase consisting of hexagons
of Inlf) centencd ol Cel3a)—they are Kngome-like 20 sub-
lartbees that are abso found in tse Celry stucture. The loter
plame &5 sifualed m the midklle between too melallic plames
sich that ench Iri6e) hos six nearest peighbors {18k and
form with them two nesrly pon-distsed etrabedr (18-
In 18k with o distance equal o .64 A ansd Iri ) Ep-Trific)
~2.66 &), Ceifie) has six in-plane mearest neighbors. In 18h)
and In 1Ry hast four another el 1587 mearest rl.EiEhImn..

The remaining stoms (38} and Ce(6c) form a layer that
s sammilas (o lafbe-Cnd3a) plane: 1038 are siated between
the pwo metallic planes, gust like Infch, and loom a2t
hedron-like stricture with In{18&) (] 18&1-Ir(35) disance s
equil te L6H AL o8 is only 004 A bigger than the I 1Si-1r
{18 dhistonce ). The Ceife) stoms are moved from the in-
plane position closer o the metallic plane, such that they are
above the center of a bexagon, consisting of ils & nearest
neighbors Tril#h),

Figure 3 presents the unit cell volume (V) versus oova-
lem rodius of the rare earbh metal {RE} fizr & R.Elr_u, coin-
pounds; Lalry (18], Celry 3, 4. 6], Priry [1%], il [4] ansd
Gdlry [4]. 8Er; compounds for rare earths heavier than G
hive md been reported, As expecied, the volume increases
maactonically with on incrense in the covalent radivs of the
RE* metal. The trend is linear, except for Ce, for which the
amit cell vokume is much smaller and comparable with the onil
cell volome of Gdlry. This Clearly suggesis that the Ce oxi-
cation slate in Coelry 15 ool purul_'f +3, bl imtermedhaie
between +3 amd +4,

Figure 4 presents the results of the XPS {nvestipstions of
the Ce Jal come level spectrum recorded for the sputier-clesned
Celry sample, Due o spin—eehit internctions there are wo Ce
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(a)

CaCug - type Be;Nb - type MgZn, - type
(| PE/mmm) (R-3m) (P63/mmc)
Ca: 1a; Ce: 3a, 6¢; Mg: 41
Cu: 2¢, 3g Ir: 3b, 6ec, 18h Zn: 2a, 6h

Fgura 2 Crystul saructure af Celr, with polyhedral and slah lnyers emplasirad (o) 16-venex pelvhedron with o Ce mom center in
Calua-type Celrs, (b distosod icosihedra with Ir afom cenfers i CiaCuig-type Celra (oh 12 verien polvhedron with Ce alom cénter m
MeZn.-tvpe Celr, {di distomed scasahedra with Ir avons centers in MpZno-avpe Celr,.

Table 2. Refincdd siomic coondmates amd cquivalent sotropic displacement pasumeters of Celry (L s defined us one-thinl of the tree of ihe

onhogoaatied 1, tensar (A7),

A Wyek, gy v £ ey

Cel k' 1 1] 1] 1l (LA 10
Cel fic 1 1] ¥ Q3050 OAHMST)
Il ik 1 i 1¥ L] OANKETI TS
2 e 1 n L LU E ST EL T
I 15, 1 RSO0 040832 (kORI OAHNTHid)

Y photoenission lines, aitribisted o the 3 and 3d o
components. The splitting in ¢nergy beiween the 3dy ., and
iy lines is 1860V, while the peaks” imtensity mtio
s afdelyn dw 372 [H-22] The recorded spectrum wis
deconvoluted inte sin peaks, grooped o theee dooblets
cnmespending o dhe Ja"47 347 and 3407 sales. The
doablet with peaks at 9159 and 8069 eV 5 anribuoted w ibe
a4 staie, the doublet ot W6 and BE6.0 eV is attribated 1o

thee 347407 staie, while the peaks ol SO0 and 8817 eV are
atributed b0 the 3747 aae of Ce |1 X270 It is well
Enwown that the maan phedoemission lines omginating from
rivalent ceriam e 740, while e presence of 3074
peaks indicates that the valence of cerinm is langer than 34
120, 21). Fallowing |25, 29], the mesm {xl;l.muli-:m ol the Ce
s ground stuke can be estimated by comparing ibe muensity
of the laiter peuk b the sum of intensitics of all ihe
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Figura X Unii cell volime |V} versus covabomt radius for 881,
compiriads, where RE is a heavy rare canh metal (La Ce, Pr, Nd
and Gdy The unal cell valume values wepe Ankin from [4-6, 18, 19F.

Intensity (a.u.)

910 @00 B%0 88D
Binding energy (eV)

20

Figurg 4, X075 Co 3ol specmim ol n spumer-kamead Celry sampke ~
" aml £ refer to spectral charnceristics resubting from ebectron
iconipancy i e Foritals,

components 1o the Ce 3d spectam. In the case of Celry, the
ruio £ G G O 4 0P leads 1o the effective
occupancy of the 4™ level 1o be (095 al poom tempersture. In
mum. o0 the bosis of the Gunnarsson ond Schonhammer the-
ory [ I8, 29, the hybridizatin energy can be determined from
the rutin £ G TEOF" - 00T - F 0T thaot vields for Celry
o value of HEkbmeV. Both the reduced occupancy of the 4
stute gl SO0 K ond the large stremgth of the hybrdization
hetween the Ce 4 felectrons ond conduction electrons (mastly
the 54 electnms of Ir, see bebow), maniest the strongly
mtermedinle valence claracber of the Ce jons in thes maternl.

The inset of figure 5 shows the pormal stale magnetc
susceptibility data tnken over the moge 3-300 K in on applied
magnetic field of (L] T, Above ahout 50K, y(T) is weakly
temperniure . dependent and its magnitude is small, with a
small inerease on approaching wom lemperature, Thess

.00 Calr] i "JI ——
ot 1B
g il Ha f ke
£ pgd -E i l f .
i = | .
s —
Bl m wo F
T F H=MDw
104 2__/‘. _
1.3 i 21 24 z8
TK}

Figure 5 Main panel: sero-fiedd-coaled (ZFC) and feld-cooled (FC)
tempertunc-tependent voduime magnetic susceptbility s (T mea-
saremenis perfommed under o smalk applisd mognetc feld of 2000
Inset shoven ol atile magnetc susooplibility versus lemporaban
data pver the mnge 3-4HFK in o field of 149000 O Depils of the 6t
(anlicd Eine) arce explained i the esi

feamares are typical for Ce-based ineermetallics widh valence
fluctuations, The prenounced il seen sl low lemperbines
can be attribated o the presence in the specimen studied of o
simadl amount of magnetie impuries. These coubd be cerium
oxides and/or uncompensated e’ jons locnted on 1he
sample surfece. or between crystalline prains. as s oflen
abserved in imtermediale valence materials, Accondingly, the
experimental (T dain can be desenbed by the formula

VITH= el T+ Kl T + v [ 1]

whwere Yeepld ) i% the scl.m.:uplihi.'lily given by e ir.|I.E|'4:1:l1l1'g-
urntion fuctation mode] (1CF) of inlermediate valency [30],
Rk T3 15 the Curse-Welss impunty coninbution, assummed i
bive the Trm § (T} = Cig T = fh, and y epresents
tempertune  independent  contribations. e.g,  core-electron
diamagetisn, conductin-clectron paramagnetiem amd Yan
Vieck pursmagnetism, In the scope of the ICF model he
susceptibility of o Ce-based compound with & non-magpetic
4" ground sige configuration and o magnetse 4" exened
state configurntion is represemted by
Myl — 14T
FhalT + L
where & amd &y are the Avogadm's mmnber and the Bolgz-
mann constanl. respectively, g = 254 g is the effective
magnelic moment of the exited -1,|" slate, Ty % the spin
fluctuation tempernture and the facsor 117 stands for an
cffsctive thesmal population of the excited siate, where
1
1 4 dexpl —Ee SkptT + Fi ]

with £, being an encrgy gap between the ground and exciied
slales,

The least-sgquares fit of the experimentol dsa
equation (3} yiebded the following parametess: Ty = 223K,
By = 260 meY, Ciy = (HHH emu K mwd ™, Nimg = ~3 K

XxF (Y= (25

(T = (3
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Figura B {n] The Bekl-depenitent magnatization curves 800 for Celry mken o differsn temperntures, The insel shows the mognetizaan
Irpwtinzsas loop at 2 8. () =My, phosed a8 8 fusction of applied magoetbe leld amd de) the B values with the cormsspsding

lengreiires.

and yy = 5.5 = 1077 emw med !, The caloulnted y(T) is
represented i the mset of Agwe 3 by a solid Hoe. The large
mugninsde of £, clearly indicates that the excited 47 con-
fzieration in Celr, ik quite distant fom the son-magnetc 447
groumd stube, In consequence, the effective population of the
magnetc &' level, which s zem ot zero Kelvin, handly
champes with incrensing temperature reaching n valee of only
002 ar MK, Thas finding nuterally explains a Poul-like
character of (T below room femperature.

Anrtbuting the low remperaiure tall in (7 0 siable
Ce* " ioms only, the impurity concentration (n = Cirmgf Tt
whete: Cra, = poe/ 8 s estimated o be only 0.5 ar Ce*?
ions per mnl, ie. well helow the detection limit of standard
x-ray diffractbon.

The mugnetic charactenization of the sopercomnducting
propenties of Celry ls shown in tbe man papel of figure 5.
Both ZFC and FC l:mpemll:r\e-d:p:micnl wolurme mag el
susceptibility measurements, y, = oM/ dH where M 15 1he
mugnetization and § is the applicd field, were performed
under an applied rmagnetic Gekl of 20 Oe. The bifurcatiin of
the FFC and FC magnetic susceptibilities  indicates the
transitson bito the superconducting state, which is in agree-
ment with reporied data [5, 6, 16, 31]. 18 con be seen that for
the ZFC sigmol, the wansiton is slightly brogdened and
reaches saturation ot lower temperature, When cormrected for
the demagnetication effect, & = (052 eaunaved fom the A
LH) At discussed i the following section), ot the lowest
temperature T = 167 K. the damagnetic signal exceeds e
expected vy = — | 4x(1=N) value, indicating o full Meiss-
wer date, The FC sgmal 1 muich weaker, Jikely causedd by
strong flux pinning in our Celrs sample, The superconducting

critical tempernture (7.} wos estimoled &5 the inkersection
berween two lnes: the first one is an extrapolation of the
mormal stale oy W lower femperture and the secomld = the
sleepesl slope line of the supercobducting sagaal [32]. The T,
for Celry is 25K and is slightly lower than reported in the
Heertume |5, 6, 86, 31). Defining the eritieal wemperature as
the anset of the mnsition o the superconducting stule T, .
w aboul 2.7 K. It s worth petmg that o samphe with nomiial
compasition Celry did not show siperconductivity, and that
twoeale superconductivity 15 observed for nominal Cey gsles.
This suggests that supercomductivity in this system is very
sersitive o the chemicel composition.

In figure fink, the feld-dependent magnetization curves
MyiH) for Celr; messured ar differear wemperabares  ane
shown, Assuming that a linear response o an applied
msagnetie feld indicetes o full Messner effect, the demagne-
tiataon foctor N oo 052 wos obtoined. The N value is oon-
sistent with the sample shape with mespect o the magnetic
field, The mset shows the full magmetization versus applied
muagnetic feld loop cobected m the superconducting <iate a1
2K, It is evident that Celr, exhibits conventional type-1
superconductivity. The mevemable field (M, 1 estimated from
the plotbed corve is 4.5%0e of 2K aml for fekds i > My,
vorhoey are lunp.inrlnd. The lsnear Bt I 1y the nitial xlnpe-
in mognetizntion curves was wsed o construct the MM,
and plowed as o Dmetion of te applied magmetse Gebd (see
figure &b}h The field where these &5 the first deviation from a
linear response of the rrugm:lina'l.um curve (black dushed line)
is the lower crinenl fell Hop, w0 oeach lemperuture, A
T=1LTK, .H".L| e SO and decresses ||:'||:|1|m1,'l|1i-s;|:|||:|.- wilh
an increase in lemperre, i 23 0e wi T = 23K, The i,
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Figure 7. The emperatine depemndence of the ehoctmal neststiviry for
Celry beiween 185 amed 300 K in were magoetic feld. Inset: the
magnetic feld-dependent pesistivity of Celry i the vicinity of the
superconducting tramsitis

values with the comesponding temperatures are shown in
flgure e, As expected, B, vares as o Tunction of 75 in
necordunce with Gingharg-Landau (G} theory:

" . TY
R = H'“{-IJ][I - l;] ].

where M0} is the kower critica] ekl a8 0K aml T, is the
superconducting critical temperature, The quadmbic equation
fits the datn well and, for Celry, B ot 0K s estimaged 10 be
BM3pOe. Corrccting  for  the  demagnetization  factor
(% = 52y, the Jower critical field af 0K is calculated o be
Hoglth = 1730e (173 mThk This walue is larger than thot
reported for the Celry single crystal (4,000 = 510 [6].
The temperature dependence of the electrical resistivity
for Celry berween 185 and M0 K in wero magnetic field is
presented i the main panel of fgure 7. The overall p{T)
behavaor 15 typical of mtermetallic compoards [F8, 33, M][—
al low emperatres a residual resistivity (i) 15 observed and
the high temperitine dala show tendency lowards saturton
that would be expecied as the charge camicr mean-free path
becomes comparable o the uerstomic distnees [35-37]
Similar behavior has been reported for other Ir-based super-
comductirs e.g. Colr; [38] | Lalry [18]. TalryGe,; [33] and
Laglry [34] The other plausible soenario asumes s—d Mo
scattering [4042]. The residual resistivity ratio {300 K}/ o
(K} = 1.7 s found ws be rather small, which sugpests thut
the resistivity is dominaled by disorder in the polyerysilline
sample, A bow bemperutures, the resistivity of Celry indicaies
w supercoducting tramsation ot 275 K, where T, 15 taken as
5% of the resistivity drop. The slightly higher criticol
tempernture value obtained in the resistivity measurement is
likely due we the miluence of sorface siup:n.'ull'lm;!iwl_\'
emeTging in each cross-sectional area of the sample. The inset
of fgure T shows the mageetic fleld-dependent reststivity of
Celry arnsund the trnsition, As expected, the superconducting

(£3]
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tmnslion becomes broader aml the 7. shills 1o lower lemgp-
crature as the applied magnedc field &= increased. These data
wire msed 10 extract e wpper oritical field {jigh o), aken o
the midpoint of the resistivity tansition at each applied field,
Thse upper critical feld ppff AT of Celr; is presented in
figure 9 and will be discussed furiher

In arder to characterize the thermodymamic transition,
specific heat measurements were conducted on on fa
polished sample. Figure Bia) presents o closer view of the
transition temperature under gero magoetic field. The shamp
anommaly displaved o the xp:rill: heat data contirms bulk
superconductivity in Celry. In order o exiract the super-
conducting  tansiion lemperatore amd the value of the
specific heat jump, we used o linear approsimation of the
dafn just above and below the transition. The comesponding
graphical egual-aren  construction  (enfropy  conserving)
with the vertical line locaded uf the fransition lemperbare
T, = 246 K is shown by selid blue lines in figure #(a} and
w o slightly lower than the value oblained from resistivily
dotn fas  described abovel and comparable  with  the
T, estimated from the magnetic susceplibility measurement.
The specific heal pmp is found 0 be shout ACT, =
32ml mol 'K Inopon ¢bh of the same figure, the
normal state <pecific heat of Celry ds presented omder o
magnetic ficld of joff = 2T, The data plotied s /T
vessus T°ocan be fitled using the formuls Op/T = ~ 4 5T
12), where <1 and JT [3] are the electronic specific heat
coefficient and phonon contribation. respectively, A linear
least-sguares fit yields the Sommerdeld coefficient 4 = 251
ciml mal ' K and 3= 2726 mbmol 'K Inoa
simple Debye model for the phonon contribution, the o
coefficient s related 10 the Debye lempersiure By, through

12t A
s [ 53 "E] :

{55

whese B = B304 mol "K' and m =4 for Celrs. The
calculated Debye lemperatire @8 1421 K. which is very
close to the value obtained for Celry single erystaks [6]. The
specific beat smomaly observed o the superconducting
transition 15 useally normalized as AC /ST Using the value
of AC/T, =3.2m) mol 'K and 4 = 25.003md
mel K2 we ebtuined AC/AT. = 134, The caleulated
yvidue 1% gli;lul_-,- lovver than the BOCS value of 1,43, slg=
gesting that Celry is o weakly coupled supercondsctor,
however the value is very close w that for Lalrs [15]
(AT, = 132

Knowing the Debye wmperature, the clectron-phonon
coupling constand, A, . can be estimaled from the inveried
MeMillan equation [43]

1 + p* In{BL /1 A5T)

Moy = X 1
PN = 62 ) in B 1 AT — 1AM X

where p” 15 the repulsive screened Coubomb constanl, typi-
cally taken as p" = 13 for many intermelallic - super-
conductors |6, 33, 4446 Using the Debve temperaiurne
ﬂu = 1481} K amd L= 146K ifam the apecilic iz
measremensl, we oblain A, = 0,65, which supgests weak
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Figura 8. The empertare dependence of the upper ontical Beld of
Celry, deiermaned from hem capacicy (blue circles) and elecirical
resiskividy Lgreen squinesp messanmenis.

ehoctron—phonen coupling belavaor, [n addivon, for non-
inkeracting particles, the electronic specific heat coefficient is
propartional 1o the density of swbes & the Fermi energy
MEEL. Using the relatson
Iy

gl + dep)
whete ky i the Bolzmann constand, MER) s caleulited 1o be
6.5 states ¢ ' per formula umit for Celrs.

N (Egh - (7

Figune Sic) shows the specilic heal data ploted as /7

vemsus T i varioas magnetic fields. The vertical solsd lines
present the madpoines of the superconducting ransitions for each
appbieel fiekt from 0 0 2T, With meressng magnetic beld, the
sizg of the specific heat jump becomes smaller ond shifts 1o
lewwaer iemperatuees. Using the trusition temperiture cstimated 52
different magmetic fields, we can colealate the upper crigical feld
L AT Deermination of the upper eritical fiehd - vin

resistivity {green sqaures) wnd heat capocity (hloe cirches) men-
sureimenly b5 shown im figure 9. For a single-band type-11 BCS
superconductor, the orhital upper critical fheld ot DK cn be
estimmted From ike Wenhamer—-Helfind—Hohenberp expression
147, 48]

gt (0) = —ar Satla | ()
wheere A ds the punity Tactor given by 0693 for thee dary and 0.73
for the clean limit. Although the data points are shified, the
dlpldoo/ T shope deicrmined from the (T dam amd O data
are abmiost wdentical dypH s/l = —20121 T/K and —20806)
T/K. respectively, Taking T, = 246 K. for Celry we cstimiie
Jo a0 = 35T i e oty Himit s i 00 = 37T i the
clean limig, The vidue of the wupper critical field s smaller iham
the Puuli limiting feld for weak electron—phonon coupling
within the BCS ooy [49, 50] HL00) = 185 T, which [
T = A6 K pives HE (D= dbT for Celr,.

Assuming thai the upper eriibcal field is purely orbital, the
supercomductng coberence length is codeulated tobe £ = 97 A,
wsng the GLL formula [51] M = iIi...-’lrrEéL where @y, = he/ e
s the quontum flux. Similarly, from the relation

m'"]u

Amhiy - Eg

"'EL

Hy= {4
we fimd the superconducting penetmtion depth by = 1630 A for
Celry. The GL pammeier sgq = Mg, Bea. can then be estimased
a8 wgp = 17, supporting the vpe-ll nawee of e super-
conchictivity, Finally, the thermodynamic antical field can he
obeained from s o M, nd H - using the fommula

Hoala =87 In kg {1k

vielding piff. = 147 mT. A summary of all the memwed and
calcalmed superconducting parnmetiens detesrmmed here for Celr,
are gathered in whie 3

In the caloulations, the elecironic stucire for Celr B
comgared 1o that of Lale; [I8E which 15 an sosiroctosal
supercnductor with an unoccupicst Lo 2 shell, The densitics
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Tabie 3, Experiments superconducting sod normsl sate pusnciers
i Celry

Parumeier  Umit Yol
T K 14k
il T 35
fH i mT 173
s mT 147

. - 6%
E A a7

A (1) A 140
" I7

5 mimal 'K Y 200
4 ml el K 273i%)
By K 14201
RRER — .7
AT 124
DESCE) eV fa ! s

ol states (D05s) of Calr, caloulated without (labeled as no U7)
and with {labebed ns +U) electron—chectron  interactions,
together with the DS of Lalr, are pr:s:n'lnd i Hgure 10, The
partind DOSs are shown in figare |1, and the Fermi surface
(F5 ) and electronie dispersion relations of Celry ane slwn in
figuwre 12, The values of the DS at the Ferom level (S and
the accupancy of elecimonic orbitals are presenied in tahles 4
aeud § for Celry and Lalry, respectively, while the calculaed
Sommerfeld coeffickents. and the electron—phonon coupling
parnmeters are given in table 6.

Cerium atoms ([ Xeld 58"} contmbute four, while
iridinm -:I?'icl.‘id-"mﬁ At contribuge nine valence elecons
o the electronie sysiem, Owr spin-polanzed  caleulations
converged 0 a0 non-magretic stute, for bath types of caloa-
lations: with £ and withoor . This is scen in the DOS of
Celry in higune 1, whene the spin-up and spim-diowm parts ane
practically the same. The main valence band block (from
—eY w Ep) consisis manly of Ir 5 stives, with o samall
fruction of d-siaes of Ce and fs-states of I, with the latter in
the lower enerpy pan. 4 f electronic stales. of Ce form a large
DOS peak, seen ahove the Ferml bevel, whese also smalker
coninbutions from uruu:nlpi'ad: S stales of Oz and Ir ame
visibie,

Evidently, the mclusion of Coubemb mepuldion (caloula-
tions inchsfing [} shilts the 4fstates further above the Fermm
bewel, which strongly reduces the caleulated pecupancy of the
-l,f'-nrhiluh of Ce. Tomnl and partinl depsines of seaies at ghe
Fermi Jevel are collected in toble 4, The dominating
comribution o DOSIER) comes from 3d states of Ir aboms, as
ilen cun be dedwced Troan kgure 11, Among the I atoms, the
largest partial DIOS(E) is found on Inffe) stoms, which form
the Kagome-like 20 Llamice with Celda) in the crysial sinse-
ture. However, since there ane three times. more (180, in
compartson wigh {6, the total congribution from the Inf 184
sublaitice to the density of states al the Fermi level is the
largest one, The avernfl domination of Ir 34 sures o the FS
sropgly suggesis that the superconductlvity of Celry s
medliated by the d-stutes of Ir stoms, This siluation is similar
iy what wis previcasly found for Lalrs (which  has

T. = B2 KE, slightly larger than thut of Celry ), for which the
o-stases of br wene concluded o be the most imposant for
superconductiviy | 18] By comparing the densaties of stiles
af these two systems, plotted in Agures 1Nb) ol (e}, one can
see that the overall shape of the DOS function of Celrs bebow
the Fermi level s similar to the one of Lalr,, which
means that stales from I are hybridhzed with Ce/La in o
simiilar way. Thus, the mamn diffenence berween these aysiens
comes from the additional valence electron provided by the
cerium atom. As 4 consequence, the Fermi kevel s shified o
higher energies, towands the BROS aumimum seen Jusl above
Ep, making the DOS(E) value smaller in Celrs, This =
correlnled with is smaller superconducting ceitical wmper-
ature (2,46 K in Celry companed 10 3,32 K in Lalr)

Table 4 wlstv inclodes the orbital cccupation numbers,
comguied by integrating the angular momentumn decompisand
partial densities of stales inside the abomic spheres (B, = 2.9
o, My = 248 ay, op s the Bohr radivs), Due to hybridiza-
tion, wi observe an s-p tmnsfer of electromie sates Tor all of
the atoms, and importantly, stong reduction of the 4 f wchital
occupation, o abour 0.2, These resuls, ogether with the DOS
anid dispersion relabon plots, show radber strog h}'h'idiml'mﬂ
of the Ce 4 f slates, giving rise to the itimerant picture of the 4 1
clectrons in that material. Qualitatively. such a low occupa-
tiom of the 4 f shell condirms that Ce sons an Celry ane closer o
the O (4™ configuration, than io the magnetic Ce™ (477
slate, n sgreemenl with expenimental fndings, Concerning
the valence stube of the Ce aloms, our DFT 4 occupation
would comespond o 20% of Ce™' and $0% of Ce*' valence
states, giving the average valence of 3.2 This bs ot far from
the walue of 338, suggested in [16] o5 well os from 3,30,
amsummed ta be the lghest possable valence for the 4, s n
an intermetaliic compound [53),

To complete the discussion of the elecironic  band
siructure, I'lgu.n.- 1z [resEnls thee & becironic dixpcn.il:m relutions
und F5 of Celry, As our cobculagion resalied in a non-magn-
etic grownsd stake, ondy tae spin disection is prosented. D the
G calculutions, our hands cross the Fenmi level, building
up four pieces of the F5. When [V is included, one piece
comsisting of a small [-centered pocket (Agweee 1200)), asso-
cluted with the hord cobored in red in figure 12} di'.upfmu.rx.
The hole-like piece of the FS (figure 12{b}) consists of o -
centered pocket and dax pockes around the T-point, which
hecome disconnecied once the Coalomb repulsion is temed
on (figure 12iF1. This piece of the FS is built up fom the
Bl |:|||:H!I.L-|J in hlue i Iigu.r:t 12411 ancl UL The third rimoe of
the F5 (fipare 12(c)) s cyhinder-like in shape, with the
symmetry axis around the migonal direction, which becomes
mEse |1r|.1r|.|mrruul when (he U nepulsion s meladel. This
queasi-20 behavior of this pan of the FS may be connected o
e seguence of metallic Ir layers perpendicular 1o tee trigoial
axis. The associated band (plotted m purple in Agures 124006
and (jb) is almost lmear inin-plane directions (T-C—C"-T).
Thee last, electronslike prece of the F5 {Agures §24d) ond (h11)
consists of six-amall pockets wrourd the L-points, which are
associated with the orange band in figures 1240} and (j), and
oross Ep ool pwo nonchigh symmetry points in the YL
direction. In conclosion, the FS is mther complex, Celry is o
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ﬂa] Celry +50C, no U b) Celry +50C, +U  ¢) Lalry +50C, no U
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Figura 10, Density of smes of Celr, compoind eoloulated wigh S0C and {o) witham L () with 8 = 5 eV and 1) density of states ol
Lalrs. The main vabence hund is ahonm an the s while the DOS in e vicinity of Fermn Tovel is shovwns an the botam

Caibic|
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Figura 11. Prtinl dersity of ststes of Celry comang from all five non-equivalent stams, caleolated with £ = 5 eV and SO0 and the orystal
sructnre of Celry Celfeh und Cella) are marked with darkc and Hgka blise balls, whale the B 18, Tetted and 1603 soms ae marked by

vrange, med and yellow balls respectively.

multi-hand superconfucior, and in brpe areas of reciprocel
space, a steep and guasi-linear charmcier of the dispersion is
abserved, which 15 respomiahle far o rEl;‘:livdy small Bodal
temsily of stiles in tds compound. 1 1s wonlh soting that the
F5 of the sister compound Lalry {see [18]) consists of thwee
nnnlogous pans, however due o its different Fermi leved

position, only the cylinder-like pard (here presented i
figures 1 2{c) and (g looks somilar

Finally, we comgam ihe thearetical density of states with
the heat capucity measurements, The GGAHL value of dhe
Sommerfeld coefficient a0 = 5.7 md mol 'K {shown
m hle 6y B omuch smaller than ihe experimental one,

mw
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Figure 12 The Fermi surface of Celry caloulmed (0i—dy witkaur L7 F-(h) wigh Uy = 5V the smme for the electronic smacoune (1) snd 1))
Pase] o) shoas the location of the ligh-symmetry points. The Feriml sufsce wins plitied using XCrysDen |52]

Tabde 4. Orbitsl filling aced partial density of smabes

ai the Fernna level {in eV L e alom unats} of Celrs.

Celry (GA+HSOC

Celdry GGAH 50T+

Ceifey)  Cefhoy IR Iite) I3 Celbe) Cellal I8AE Ity by
{Per atomy) iPer aimm)
Valenee @ 4 4 a L] ] 4 4 h i ]
@ il 269 2" P T4 745 1M 183 76T THT T4
[ s-slales LIS 0.13 DA3 3z 034 (IR L] LUY 5] L33 52 1154
F pestates .33 03l 042 nig a9 03 .31 .43 03 o
[ dl-slutes 1.0 1aH [} o S) (LY 132 1.1 hal i Faitl
[ Fatanes 1.0 145 n21l 120
DEE 1.21 mn n32 noy sl nz 1% .59 M ns2

Yo = 2 mImol " K. This difference cannot be explained
by the renormalization due 1o the elecinon—phoman inlenwison
caily, sinice st would sequare having wery large A valise,
Mg = Yo wae—1 = 24, which strongly disugrees with the
value obtained using the expenimental T, and the MeMillun
foommila (A = (L65L Thas sugpests the presence of an addi-
Iwmal memrmabheabon of the elecinmic spealic heal doe 6
clevtronmic mieractions, teated 0 owr GGA U ealeulations 1o an
apgroximate way, It is also possible that the SIC method used o
deal with comelsied §eloctrons leads o oo swig reduction of

the prssence of 4 dmes near the Fermi level, In caloulnbons
withous £ the DOSGER is brger, equal o 438 eV ' per Lu,
which leads 0 o larger ee = 102 0n) mal K7 amd
A = 15 s siilll owboe g Jarge & expectsd from the Moilkan
formmula, Colcalations done using the AMF doable-counting.
method | 15] nesulied in @ . misch chiser o the expenimental
wvalue, hivwever, as mendioned above, thes method prechiiedd am
erroneous magnetic pround state of the sysiem. This nellects ihe
fact that denssty functionad calelotions wsually facc problems
with cenum compomids
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Tabis 5. Oibial illimg and paminl dessiny of simes atthe Feomi level
fin e¥ " per afam umitsy of Lalry,

Lalr; GGA + SO

Lafte)  La(da)  Bgi=hy  Enited  Indl
{Per mmm)

Valenes {2 3 3 4 w w
@ Ll 0ET 145 TS5l T.bh 1.50
O sestates OM {4x7 1154 52 054
@ prlabes 0.3z .31 G0 37 0a7
al-states @60 .53 (71 R X R .1
O JFstaies 1% LNE
DOSEE LI .20 124 129 1.27

Table 8. Densaty of stabés al the Ferml level, Somimerleld cocilicsl
and electron-phonan coupling cosstant caleulated From beat
ity alinlit 8 Ao p = oy e — 1o atid By using (b

experimental T, and mvemed Mobillan formaln dwith p* o= iL13

Celry Celry GliA LLadry
A+ KO +S0C4+U GOAHS0C
HISIE 41l 242 39
Toulk ({181 5T 52
e 0 1ns
s O Y 147 34 025
- |
AT 1163 1155

For the cose of Lalry, on the other hand, the compued
‘hare’ value of the Semmerfeld coeficient 4, = 9.2 (ml
ol K% is very chise (o the experimental Teapt = 11,5 (m}
mol " K [18] leaving room only for @ small renommiliza-
tion parsmeter A, = 025, This is smalier than expecied
from 1he mmagnitude of ¥ 1.1,,,. = {155} however the dfis-
ngrecment is pod as substantio as for the Ce-conaiming case.

4. Conelugion

In SHITHTATY, We have symhesived and siodied the l|:|I1:|_.-s.i|.':l.:|
propemies of polyerystalline Celry, Single crysial diffruction
amd o LeBail refinement of the pXED dsa confirm the
rhismbohedml strecture in centrosymmetnic space group R-3m
(Moo 166) with latice cell parameters o = 32045017 A,
= 220 .Iii. ot room lemperalune m agreement with the
literature. The eoleulated unit cell volume for Celry does e
fallew the trend expected for rare earth based compounds and
suggests that the Ce oxklation stale in Celry s nol +3, This
wis proven through our rosm temperatune XPS and magnetic
ssceptibility studies. The normal stale magiehe suscepl-
ihility was fitted by using the ICF madel of imtermediote
walency.

T-empnruhm:-rlk'[le-nd!ul gl xuq:qlliul:il:_!.l. resisiive
ity amd heat copacily messurements confimn bulk saper-
comcluctivity winth T, = 246 K. Analysis of the specific heat
dota gevesl tha Celry =0 o modemdely comelued  saper-
condactor (A, = 65), Detailed analysis of field-depemdent

mnagnetication allowed us o estimate the lower critical field =
T=0K (IT3mTh Resistivity and hest capacity messare-
mengx, pecformed under varkoas magnetic Gekds and bebow T,
give the upper critical field at 0K of obout 3.5 T, which is
EBebow the Pauli limin for Celrs H5(00 = 4.6 T. Our values arc
close 1o the superconducting panmn:rﬁ refimed by Sato of of
an g Celry crystal obtained by the Crochralski method [6]
Cur hand structhure: calculations condiom the non-magnetic
groand stobe of this compound, with a small oceupation of the
Cie 4 fshaell The computed FS inchicates & oultl-bond charcter
for this compoand, wiih ihe dominatmg contrbution 1o DSE)
coming from 5d' states of Ir atoms. The overnll domination of
Iricliom Sof states at the FS stromgly suggests that Celry is midesd
an Ir Sa-band supercondocior amd that 5d electrons play the
dommnanl role In the superconductivity, o simblar sinoaen s
abserved [16] for Cefus and Lalry, On the other hanid, the
cithanced Sommerfeld coeflicient ., of Celry compared 1o thist
al Lalrs, and the disspreement betwoen the computed il
messured v values shinw thit the hybridised 4 electmonic states.
af Ce m Celrs have a subtle mypact oa the physical propertics
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4.2 (A2) Iridium 5d-electron driven superconductivity in Thirs

4.2.1 Cel badawczy

Ted Geballe w pracy [20] poswieconej badaniom nadprzewodnictwa w podwdjnych
zwigzkach miedzymetalicznych, podat miedzy innymi temperature krytyczng dla Thirz (T. = 4.71
K) [20]. Okres$lona T.jest wyraznie wyzsza niz dla zwigzku Celrs, ktéry zostat opisany w artykule
A1. Wyniki przedstawione w publikacji A2 sg kontynuacjg badan nad zwigzkami bogatymi w Ir.
Hipoteza 2 zaklada, Zze Thirs krystalizuje w tej samej strukturze co jego izoelektronowe
odpowiedniki Lalrs oraz Celrs, a wiec jest pierwszym przedstawicielem szeregu homologicznego
Reom+nTam+sn (N=m=1) zawierajacym pierwiastek aktynowca. Jon Th** jest niemagnetyczny, zatem
wiele zwigzkow miedzymetalicznych, ktére tworzy wykazuje witasciwosci nadprzewodzace.

W zwigzku z tym, ze atom Th charakteryzuje sie wiekszg liczbg masowag niz atom Ce,
zasadnym byto pytanie, w jakim stopniu silniejsze oddziatywanie elektron-fonon bedzie wptywaé
na wiasciwosci nadprzewodzgce zwigzku Thlrs.

Celem badan opisanych w publikaciji A2 byto okreslenie struktury krystalicznej zwigzku

Thirs oraz wyznaczenie parametréw  charakteryzujgcych  stan  nadprzewodzacy
i normalny. Badania eksperymentalne obejmowaty proszkowg dyfrakcje rentgenowska, pomiary
elektryczne, cieplne oraz magnetyczne. Wyniki badan zostaty uzupetnione obliczeniami struktury

elektronowej (Sylwia Gutowska, dr Barttomiej Wiendlocha).

4.2.2 Opis rezultatow

Th jest pierwiastkiem promieniotwdrczym, zatem synteza Thirs zostata przeprowadzona
w Instytucie Niskich Temperatur i Badan Strukturalnych PAN we Wroctawiu. Polikrystaliczng
prébke otrzymano metodg topienia w piecu tukowym w atmosferze argonu o bardzo wysokiej
czystosci, bez pdzniejszego wygrzewania.

Na podstawie badan strukturalnych oraz analizy Rietvelda uzyskanego dyfraktogramu
rentgenowskiego wykazano, ze Thlirs krystalizuje w strukturze trygonalnej (R-3m No.166),
potwierdzajagc tym samym postawiong hipoteze 2 zaktadajgcg, ze Thirs jest pierwszym
przedstawicielem szeregu homologicznego RomnTam+sn (n=m=1) zawierajgcym pierwiastek
aktynowca. Przeprowadzona analiza Rietvelda pozwolita réwniez po raz pierwszy na
wyznaczenie statych sieci oraz pozycji atoméw w komérce elementarne;.

Pomiary wtasciwosci magnetycznych jednoznacznie wskazujg na przejscie materiatu do
stanu nadprzewodzgcego w T, = 4.5 K (temperatura wyznaczona z temperaturowej zaleznosci
podatnosci magnetycznej). Otrzymana temperatura krytyczna jest nieznacznie nizsza od wartosci
raportowanej w pracy T. Geballe (T. = 4.71 K) [20]. Analiza zachowania badanego materiatu w
zewnetrznym polu magnetycznym, a takze otrzymany ksztatt krzywych namagnesowania w
funkcji przytozonego pola magnetycznego, pozwolity na sklasyfikowanie Thirs jako
nadprzewodnika llI-go rodzaju. Wyznaczona warto$¢ dolnego pola krytycznego wynosi H¢1(0) =
60 Oe i jest nizsza od wartosci uzyskanych dla Lalrs (Hc1(0) = 110 Oe [52]) oraz Celrs (H¢1(0) =
173 Oe).
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Badania oporu elektrycznego oraz ciepta wtasciwego potwierdzity stan nadprzewodzacy
w Thirs. Pomiary opornosci elektrycznej w zerowym oraz niezerowym polu magnetycznym
pozwolity na wyznaczenie goérnego pola krytycznego (Hq2(0) = 47 kOe), ktdre jest prawie dwa razy
mniejsze od limitu Pauli'ego (HPawi(0) = 1.85T,;x 10 000 = 82 kOe). Objetosciowy charakter
nadprzewodnictwa potwierdza skok ciepta wiasciwego w T; = 4.41 K, a znormalizowana wartos¢
skoku ciepta wiasciwego wynosi AC/HT. = 1.6 i jest wieksza od wartosci okreslonegj
w teorii BCS dla stabo sprzezonych nadprzewodnikéw. Oszacowana z pomiaréw cieplnych
temperatura przejscia do stanu nadprzewodzacego jest w swietnej zgodnosci z wartosciami
uzyskanymi z badah magnetycznych i elektrycznych. Wykorzystujgc wzory przedstawione
w czesci teoretycznej wyznaczono: dtugo$é koherencji (§o. = 83 A), gtebokos¢ wnikania (AgL =
3150 A) oraz parametr Ginzburga-Landaua (x;;, = 38).

Parametr sprzezenia elektron-fonon, wyliczony ze wzoru McMillana, wynosi A¢, = 0.74.
Porownujac wartosci Aep oraz AC/yT. z wielkosciami uzyskanymi dla Lalrs (Aep = 0.57, AC//T.=
1.22) oraz Celrs (Aep = 0.65, AC/yT:= 1.24) mozna stwierdzi¢, ze w zwigzku Thlrs oddziatywanie
elektron-fonon jest najsilniejsze.

Przeprowadzone obliczenia struktury elektronowej pokazujg, ze dominujgcy wktad do
DOS(E) w okolicy poziomu energii Fermiego maja stany elektronowe pochodzace od elektronow

5d atomu Ir, z niewielkim udziatem elektronéw stanu 6d Th.
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Iridium Sd-electron driven superconductivity in Thir,
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A pubyervstalline sumpbe of supercondacting Thiry was obtained by snc-meliang Th and Ir metak. Posder x-
may diffraction revealed thal the compound crystalizes in o thombobechal cryetsl strociore (& 3w, sp #1661 with
the laitice parnmeters: @ = 5. 33064 | :.J'. and e 26 ATIRE) A Mormal and supercinductimg staies were studsed
by mugnetic sasceptbility. electricnl resistivity, und heol capacity meassrements. The results shomved that Thlr,
15 i bvpe-[l supercomducior (Cainzbeng - Landow paromeier & = 38 with ihe cntical emperaiare T, = 441 K. The
heat copncity dia vielded the Sommerfeld coefficient p = 176ml/imal K1 and the Debye temperature &), =
16% K. The miio AC/(pT 1= L6, where AC stonids for the gpecific heal jump ot 7, and the eleciron-phanon
compling constand A, = (L78 suggest that Thiry s & moderie-sength superconducion. The experimental
siuclies were supplemenied by band structure calculstions, which indicoted tha the supercomductivity in Thlr.
15 povermed mainly by 54 stles of imdiome The significanily smaller band-siruciure wilue of Scanmerfeld
coefficignt & well 25 the experineenially ohserved guadratic tempernture depenilence of resistivity and enhanced
mageetic susceptibility sugpest the presence of electronic interactions in the sysiem. which compese with

superconduciivity.

L0 DL QEEN PhysBevEL L0, 2145 14

L INTRODUCTION

Since the discovery of superconductivity over o century
ago, the investigation of superconductors i still one of
the most astractive opics i the condensed matter pliysies.
Diespite the fsct that several distinel superconducting fam-
ilbes have been found wsd stodied toroughly o the hope
of understunding vanous Cooper gainng mechanisms, new
findings still emerge even from simple, binary intermetallic
wystermns. L this respect, materials bearing o ond f eloctrons
are particulagly. immguing. since their electronie propertics
are often dominated by sireng spin-orbit coupling [1]. Re-
cently, a homologous sertes BBz Figeae. whene RE s a
light lanthanide metal, and T s & trassition metal, Ir or Bh
has atracted a lot of anention |2-8] The laner compouids
comstiute an important cliss of materials exhibiting o varlety
of physieal phenomen, like sopercondisctivity and differen
Lypes of magnetic ordering [3-12]. RE- 0, P eae compounds
crysiallize with a eentrosymmelrie shombohedrl structien
(spaace group &-Ym) of the PoMi-tvpe, buld of m MgCu,-
type blocks and r CaCus-type blocks. Andst m=n = |
representatives, superconductvity was Tound in Laley and
Celry below T, of 3.5 K ond 2.5 K, respectively [5-7). In
thie laner compound, Ce lons exlilbi a drongly 1akermediae
vitlence character, In turm, in Mdle; o ferromagnetic ground
staie was abserved with the Curie tlempersiure §- = 106K
|®].

' Carnesposdling author J kaczonwski @intihs pl
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FESIEN|

Recently, we succeeded m synthesising the sctinoid-
bearing representativie of the BEq, Ty .s, family, viz. Thir,
which was l'n'jl:ll_'f e cated by Gieballe o al 19} b
be a superoonductr with T, = 4.71 K. Though the laner
e s Tll.ll:lihhcd aver S years g, 1o e Tszst af awir
ko ledge, ni detailed stushies have been perfonmed as yet,
aimed 2l deternanmy te supercondseting parnmeters of tal
L":mr.':‘.lm.!.

In fhis paper, we report o the preparation of polycrys-
talhine sample |:||'T.h|r_1 and aur exhaustive LS THTES TR ol 1w
electremic properties by means of de magnetization, slecirical
resistivity, and heat capacaty messurements. The experimental
datn ane s.luppl:lm:mlud by the resulis of electromie band wme-
fuzre calowlations,

Il EXPERIMENTAL AND UALCULATIN BETAILS

Polycrystalline sample of Thir; was prepared by ar-
meBing stichiomeerie mixture of pore elements (purity: The
H9.7 wt G, Ir - WY wil %) under high-purily argon atmo-
sphere asing an are fumoce installed msde o Braan glove-box
with controlled oxygen and moasiure contents. To promole
homogenesty, the button was tamed over and remelted several
frmes. Final mess loss was bess thon 1%, The [mn;ll.:u:l WA
stable against air and maosstune, hard, and grey in color,

The crystal struclure and phase purity of the sample
was checked ot room temperatere by powder eray diffrac-
tiom (FXRDN asing a PAMalyticol diffmciometer equipped
with Cu Ko rachintion. The datn were analyzed by (he
Rigtveld method implemented in the FULLPROF package
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[13]. The crystal structure was deswn usineg the VESTA
software [ 14],

A Cuantum Design Dynacool Physical Progerty Measure-
ment System (PPMS) with a vibratmg sample magnetome-
fer and o Quaniem Design Magnetie Propenty Measurement
System (MPMS-XL) were used 10 maswre the magnetic
properies of the sample. The temperature dependences of
the rero-fickl-conled (ZFC) and feld-cooled (FC) magnetic
susceptibilivy (defined as dM A, whene M s e magnetizs-
tzon and H' is the applied Held sirength) were measieed noan
external neagnetic field of 20 Oe. Furthermore, the magnetic
thebd variations of the ZFC magnetization were measuned al
wariows ierperateres in te soperconducting state. In additson,
the temperatwre dependence of dM (dH was determined in the
moemuil state ol temperatures up o400 K in 3 mageetic Geld of
5 k0. Electrical reststivity and beal capacity measurements
were carried oul i the wemperature interval (04300 K usding
a Eamstum Desigan PPMS plaform equipgred with a Helium-3
refrigerator. Temperuture and magnetic-Gekl-depemdent elec-
trcal transport messarements were made psing o stasdand
Tour-probe techaique, in which P owires were anached 10 the
polished sample vang conductive silver epoxy Bpotek HXIE.
For the heut capacity messurements, o standand relasarion
technugue wis osed, The data were colbected im zero magnetic
Thebd and magnetc lhebds up 1o 60 ke

Electronic structure calculations were unclentaken o study
the orgin of electronic stafes building the Fermi surface
of Thiry, o bvestigate the behavior of 3 swaes of Th
amd 1 calcolate the band-structure values of the Sommer-
leld coeilicient and the Faub pasamagnetic s.muplihili'l}-.
We e the (UANTUM ESPRESSO package | 15,16, based
o presdopotentiol amd plane-waves methods, with Rappe-
kﬂt‘mﬂ(ﬂ.::mx-hwnmwuhx aillrassil pu:l.n']upmml'ulu ard
the Perdew-Burke-Emverhol generalized gradent approsi-
mabion lor e mhangc-l:nmhl:um pull,mfja| |I'J']. W
Jumitéon ancd l;llu.l;i: dlensily cutoll ermngies were st 10 6l)
amd G0 By, respectively. The latice parameters and the
aloemic Fum.ilil:lm. Werd tlplim'iml. using Lhe Bm_\-di:m-—}‘h:lrhu’-
Gioktlarh-Shannn algorthm implemented in the QUaNTUM
FSPRESSD pockage. The theoretical values of he thonbehe:
cral fattice parameters o amd ¢ were found shghily smaller
than the experimental ones, namely by —(0.2B% and —0L75%:,
I'l!xT.ﬂL‘l:in_l,l. Tex imvestigse the relativistic effects, twa types
of culculations were performed: scalar-relativistic and fully-
relalivistic with xpin ot i:m]pliﬂg {500 ) elMect eonsidered
Tiar busth Th aned Tr stoms.

Thir,
111 4
- Thiir,
.;'!. Thii,
= upd & -3 m (Mo, 1&h)
E =515 15 A
= o= e IIEH) A

m o b W gm
28:(%)

FIG. | Povider s-ray slilfnsction pattem {PXRD ined paoinds i
tgeiber with the LeBail refinement pratile (bluck solid line) for
Thire. The greem omd orsnpe verscsl bars indicate the expeotod
Frragp peak positions tor Thiv, snd Thiy ispariny, respectively, The
amount of the impurity plase is L3 st % e 3953 mol% . The
Bl curve s the difference betaeen the experimontal and medel
results. The mset shiws the crysial soructure of Thiln ingeiber with
Framk-Kasper polyhedrals with Th s m the cemter

The erystallographic and refinement paramseters ane Jaaed
in Table L The calculations ndicated that the compound erys-
Lalleees with o chombohednl crysal structure {spoce group
R, Moo 166a) of the PaMi; tvpe with the laftice paramensrs:
= 5203040 1) A and ¢ = 2642245 A, The refined values
ure larger than these reperrted for RE-based REIr: compouncds,
o, are= %32 .5; and ¢ = Zl‘l.Jdn}k fiar LarrJ [5|.. and @ =
529451 VA and ¢ = 26219 1) A for Celrs |71,

The crystallagraphic unit cell of Thirs is shewn in the el
1o P, 1. I contains three nonequivalent pasitions of Ir stoms
andd twor o Thatoms. Atemic environment of each of the sites
mn 'Fr.mk-l{;urp:r Iml:,lh:drnn f15]. In one of ifs I1l.1hili1l|15ﬁ| Th

TAHLE L. Cryssallographac dats for Thirs. The relinkdliy fac-
lors provided dne convenlicoal Bietsshl 8 foclors (oormecbed for
hackgromnd comribsstion) caloulated only for poings with the Bragy
contribaion. 8., staesls For sgunalent isolropie displacemen] parmm-
elers. Namhers in pureniheses wre stntisocs] unceriainties of the leen
sipnificant digits aml are nol corrected For e presence of possible
experimental emars,

1. RESULTS AND DISCUSSION Spuorgnmp #-dm (H166) Rl’:'iﬂ"ﬂit}' Fociors

Ao Crystal structare awihy 331 1% 154

iAl 264138IR) Rup 1 155

The PARD pattern of Thir: wgether with it Rietveld ;r.:&‘l 553 19 ,ﬂ: :q_]r e

figing profile and the Bragg positions are shown o Fig, L papein piem’'s 153 3 651
The datn indicated the rather god quality of the sample .‘c.hnml-jmcilnmk % # 7 B k%)
examined, although a small amoant of Thidy dess than 1% 19 30 I i i (L5073
wi) was detected as an imparity, An anisotropic brosdening  The i60) 1] 1] WA 136
ol reflections was observed, with the ((ZN) reflections being il i3] 1] 1] 1 (LA TIX)
naticeably broudes than expected, An anisotropic stoin model o M 0 1 5006
was introduced in the rl:ﬁrv.:mmt. which led to o significont g3 g 04UIS3) (50057 (ORI9 U753

inerense of the [t quakity § ¥ = reduced Fnom 11 10 6.5),
2I4R14-2

64



IRIDIUM Sa-ELECTRON DRIVEN ...

PHYSICAL REEVIEW B 1ML 214514 ¢ 249

0t ] T T T T I. ]
e .
11} - Dr=le—Cr—0r—0—0 J'.L‘-.'!Hc'f.—.w'_h'—!—'— 1
i iy K ¥
£kl - ,J_‘\ P=1K J i
E B '--.I:i e -:
= p3 878 Pl : A
?I: - 3 ._.1//- "
z:,:. hd 4 "l i E
E . ..:_:..:_.I:._I.:_...__. ]
L 1 il " Thh_‘
-kt S 2FE .‘l =20 O
o7 [ il 1
g e ] T
| 1.} 24 a5 34 15 4n 45 50
TiK)

G, 2. Temperature dependences of the sono-Hekl-=cwed (2T
anil field-conled (FC) wolume magnetic uscepishility: messured m
& mageetic feld of 20 O, The mw dats were correctad for ihe
denagneliation foctor, os described in the pan iext, The red sarmight
limes llasirale démvation of the orlical femporature, The meet shows
the: mothermal magnedizgtion versus appled magnetic fehd measured
at 2 K wilh incressing and decreasing fehl, as indicated by the
SRS

is coordinated by 16 Ir atoms, and in the other one by 12 Ir
utomis forming trancabed tetrmhedions,

Ome can distinguish three types of Loyers in the crysal
structure of Thirs, namely the plone consisting of Thi3a)
anpd Infée) otoms [with distances Thidao-Inbc) = Inbe)-
Inticd =308 Al the plane of IriI#hh moms [with In]&k)-
Ir 154 distince of 267 A)and o sundwich made of theee
planes of Thitick, Irikbh and Thidah soms [with Thilae)-
In3hi distance equal o 3,17 AJ The nhserved anisoironic
PXRI} peak broadening can likely be atributed o the pres-
ence of some disorder in the loyer stucking sequence.

The nearcst neighbors in the Thlry unit cell are Inf184)
atoms with In [8h ) stoms and In EEi) ptoms with Infe ) soms
located ot the same distance of 267 A A slightly larger
distance (271 A is hetween I and I 18k) amoms. As
cun be inferred Trom Fig. 1, two tvpes of polyhedra with
I 18] abems in the comers are formed, ooe i centersd @
Inte)d atom and the other one is comered at In 3 mome In
turn. Thi3a ) atoim has six Inife) uboms us its nearest neighbors
located ot a distance of 308 A Similarly, Thife) atom has
six In{ 184 ) aroms as the nearest poighbors with Thide)-In 184)
distance equal to 3.06 A In both cases Ir stoms are organized
into hexagons, in-plane and out-of-plane, for the Thi3a) end
Thide) enviroament, respectively (see Fig, 1)

B. Supercomducting properties
The muin pinel of Fig. I shows the bow-temperitons
mikgnetic spsceptibibity (¢ ) of Thirs measured in a small
applied feld of 20 Oe in the ZFC and FC repimes. Strong
dinmugnetic signnl observed in the AFC dala comebortes the
supercondwcting ground state, reported in Ref, [#], The super-
comslucting entical lemperibure, estimaled a5 an inlesection

E
e 4
E ’
- " m m W o
i " i :
= . . ]
= = | 2=
S N
IR ;- 3 \\
i o i
a
.'.
&y T ¥ f T L .
W W e EM e I f .;.-1 LI
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FIG. 3w Magnet: Held dependences of the magnetization of
Thir; tken at severnl different iemperamires i the superconduciing
stale wpon conking e sumgle in 2eno Geld The stralght line cmphs
wizes 0 linesr behovior of the isotherm mien s 1.7 K. (bl Analysiz ol
e magnetbeation isotberms from paned (ah s described in e main
el (e} Temperature varimion of he kwer critical field dermved from
pare] (b The red Fing represents the ficol Eg 15 b the expermental
hars

between the ling set by the steepest slope of the supercon-
ducting sagnal and the line obtained by extrapolation of the
nonmal dqate magnetic swsceplibilily o lower temperatines
[19], equals ¥, = 4.41 K. In tum, delining T, & an onset of
diamagnetie ZFC susceptibdlity veelds i value of 4.5 K, which
s clhoser to U litermtore data {7, = 471 K (9202, Ar2 K, the
d'tamaj:nulu."sunr\eprlhi'llly corrected for the leaiuel.ir.a'llnn
Tactor W = (155 [oblained From the MOH ) e discassed pext)
wnoiEils (o ahoul —[1.7 = {Efd= ), In comirast i the #FC data,
the FC dinrmagnetic suscephibility mensured in the superoon-
docting date s very small, Thas Bading implses & subslanteal
pEnming ellect, likely af grain boundaries in IJEI!'nI}tr_\'x‘Iallinz
simnple sudied. The insel i Fig 2 presemts the mignetic
field dependence of the mapnetrzation measured in the -
percomducting stale of Thin; with increasing and decreasing
the mngnetic field strength. 10 is apparent from the figare
that the compounid extibis & comventional 13,-Fn.:a'll SUpCTOm-
ductivity. Above T, Thics 15 a Pauliaype pammuagnel with
thee bzl mingnelic wx-l:r.-|lﬂ¥riiil}' of ahoit 48 = 10 H] :rnu,n':rm:ll
inol shavvnl,

i ondeer 1oy cletermine the lower ertical field of Thir, the
muighellon was mezsaned 35 o funcbon ol ma“ncl:i: Thekd
a several lemperatares below the supercopducting transition
temperature T, [see Fig. Mal|. For each temperature, the ex-
perimenal data ohtmned insmall magnetic felds were Atled
using the proportionality My, = —pli, appropriste for a full
shielding effect. Companng the valee of prefactor p derived
from the ssotherm taken at T om 1,7 K with the ideal diamag-
netism quantified as ;..l ihe demagietizlion fictor N = (055
wis Foumnd, fuirly consistent with shape of the sumple wsed in
the magnetic memsunements, In the next step, from the ph of
the difference M — My, versus I [see Fig. 3(b)]. the values
of the lower critical field were extracied for euch lemperaiure
(nobe the black dashed line). as displayed m Fig. 3ich, The

145143
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FI4E. &, in) Tempermure dependence of the electrical resistivity
al Thlrs measared e magnete fehl The nsel slows the k-
Semgperature resistivity dala taken in several dferenl magnetic fickds:
0, 80 M, 15, Jh 25,30, 35, and 40 kO teomseautive cunves from
mght 1o lefi ). The horizonial dashed line ilusirates the omienon wsed
for deriving the eritical 1enperamre, (b Temperaare dependence
af the upper critical feld, determined from the elearical resistivity
datin. The selid straight line represenis the innial slope of ke upper
critical field curve. (2 Low-rempe mimere electrcal resistivigy of Thin
measured i o Beld of # kOe, The salid red ling emphasizes a Forma
ligmid behuavior,

ao-obtained dite pants were analyasd with the expression:

HAiTk= H:[“I[l—(;)‘]. [A}]

whisch yi:l.l.l:!l. the parnmelers and T, = 465K and
Hep i = 2701 10, Correcting the lamer value Tor the deneag-
fictvealin elTect, the bvwer entical feld Hyithy = S0k wax
determined. Remarkably, the cotical temperature obtiiped
From thas analysis is very elose o 7 derived from tse magnetic
.-\.um,'.uptilnlll_', measirements, & well ot the values derived
from the electrical resistivity und heat copicity data (see
below], thus proving the coimeciness off the apprch applied.

The superconducting ransitisn for Thirs was further char-
acterized through temperature mmed magnetic field dependent
measurerens of the electneal mxix!ivi]y. As can be inferred
from the main panel of Fig, 40, the normal-stte nesistivity
reveals metalle belavior I:d._.u.."dT 2= [F); u!l.'lltlugh. thie reswud-
ual resistivity rati RRR = ol 30K )/ 05K = 1.6 = rather
small. The luter feature cun he attributed to polyerystalline
nadare af the ua.n'rplr.- mwvestiguted That WM}' eiminaped
muny macrscopic delects, The observed strongly curalinear
charncter of p(T1 may ongingte from steoble contnbabion
o M|H|-I3-|'u: mgerband scallening processes o the ebectneal
comduction i Thie: [21-23]. The onsel of the superconduwt-
ing state manifests itsell us a sharp drop in the resstivity
clepwn b ower, The cnbical lemiperatire detined as o 0%
decrense of the resistivity with respect B0 ils normal state
wvilue amownts fo T, = 44K, in good apreement with the
mugnetic susceptibility date, In opplied magnetic fields, the
width of the superconducting transition slightly increases and
T, systematicolly shifis 1o lower iempersture with increasing
the figld strength |see the insel o Fig. dia)], Applying the

sarmi criterion as for the rero-field pd T ) data, ome can derive
the temperature varation of the upper crnncal febd (uafa0,
shown in Fig. 4ib

According w the Werthamer-Helfand-Hohenberg approach
[24,25], the orbital upper critical Geld a0 K in o single-$and
type-11 Bardeen-Cooper-Schrictfer (BCS) superconductor can
b estimssed Troim the Tormula

M2
T |’

where A 1s the purty Tactor given by 0693 for the diny
and .73 for the clean limit. For Thiry ome liods di . pdT =
— 15400 kO /K note the red suadght Dine o Fig, db)),
which implies M o000 =47 and 49 ke b the diy and
clean limit scenarnio. respectively. The obtaimed values ase dis-
Lincely sealler than the Paali limiting field #%500) = 1857, =
A2 kO, caleulated for Thir assuming weak electron-phomon
coupling.

Thien. if vie assumes the upper critical 3ebd o be pusely or-
bitad, the coherence length can be derived from the Gouburg-
Latidtau fonmuka H.q = /22823 | where dy = b/ 2e is the
aquantuany fhus. This way, wee found Tor Thiey the value 5y =
&3 A within the dirty limdt seenario. In the nest step, from the
relution

Ha (= —AT,

2}

b g 3)
dniyn  bm

where we estimated the superconducting penetration depth
kol = 3150A. The so-shtained pammeters  vielded  the
Ginchurg-Landau parameter wq = A /8 = 38 commobo-
rating that Thirs is a iype-1 superconductor. Finally, from the
relationship

Hopm

Hotl e = H kg, (4}

ome can determing the thermodynamic critical field in the
studbed compound (o be K. = B84 Oe.

Figure dic) displays p(T'y of Thle; aseasured in appled
mapnedic feld of 40 KOe. These data, representing the else-
trical resistivity in the nommal state, can be approximated by
e futsction

pIT) = pg + AT, 51

where the fimst term is the residual resistivity due 0 crysial
defiets ind the second one accoumts For election-elécmon scal-
tering processes [26,27]. The least-squares fitting of Eg, {55 o
the experimental data in the rnge 3-7 K yvielded the parime-
ters: g = 1648601 ) € comoand A = 0,0HES4(3) r:ﬂl:ln.."H!.

The results of low-lemperdure best capscily  mensume-
mends are summanized i Fig. 5. The zero-fiekd raw dato
displayedt in pcmﬂﬂ (o) sewd [ ) were corrected for the in||'|:l.a|'i:13.I
conribution due to 1% wi, of Thids, based on the specific
heut data of the lmter material, reported by Magnani of af
| 2&]. The FII'I1I'I(H.|L'H;I:1J ahu.l]'r am:lmul}' m O/ ) conlirms
tailk nature of the superconductivity i Thirs. From the equal
entropy condruction shown in Fig, Siu), which reflects the
expected emropy balonce between the mormal state and the
supereonducting state ot the superconducting phase transition,
o fineds the criticul emperature T, = 4.41 K, which is almost
iddentical (o thase determinesd from the magnetic and resistivily
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FIG. 5. tn) Temperniore dependence of the specific heal mwer
temperaiiee mio of Thls, messured e magnets ekl n the
vicanify of the supercomducting phase transation, The thin selid lnes
Nusdrate the equal enropy constmacthom usad o dedve the eritieal
iempermure. {b) The specific beat over temperaiure mibe measursd
im o magneng ekl of 6 T and plomad w8 lancton of squared
iempermure. The red straight line represents the Debye fit dasoussed
I the msain ext, dc) Low-temperiture vastation of the electronic
cantributicn o the zero-fiekl speciic heat of Thir, The solid red
liene i thar BCS-1ypee fit described im e gonl

data, The so-determined specific heat jump ot T is abou
AC = 124 mly (molK ),

In an extermal magmetic field of 6 kDe, the supercon-
dfuctivity in Thiry is emirely suppressed [see Fig. 3ci],
apd thus the experimental data shown in Fig. 5(b) repre-
wends the normal stale of the compound. From the smn-
dard Debye formula C/F = ¥, + #7T7, applied in the 1em-
poralure range bp 1o 4 K. one obtains the Sommserfeld co-
efficient p, = 1%4H4yml/imol K ) and e parameter f =
L3905 md /imol K*), which gives the Debve tomperature
By = 1690 21K througlh the relationship

| (Ti]
)

where &= 83141 /imal K is the gas constont and n =4 s
the number of atoms per formaln unic

The dimensionless electron-phonon  coapling constant,
which s 3 measure of the strength of attractive ineraction
between ebectrons and phonons. can be estimated from the
Inverted McMillzn equation [29]

1.0 - e I d B3/ 1L ASTL)
(1 — 06201 In (B0 LAST ) — 147

H,,.:{ il

op = 7

where u* s the rq'rllls.'i'-': sereened Coulomb part, ussally
sl 40 " e 0013 for inbermetallic superconshictors [HLAE]
In the case of Thirs, ooe obtains i, = (L74 indicating a
muodermely coupled superconductor.

Figure 5{c) shows the electronic specific heat in the super-
comducting state up o 2 K, derived by subtmicting the laitice
AT contritution from the CUF ) datn. The solid reed line in
that tigure represent a least-squares iting 1o the experimental
results of the fumction CalV] = Pl + Bexp(=2a ke,
which considers some  contribution from a fraction of

TABLE 1L Supercondocing and nomal state purameters of
Thits, Celry [7], gl Lalry |3]

Parameier Unit Thilry Celr L.afry
T K 441 246 332
Hell) kihe 47 s 184
Hin O 2t 173 rng
, i B84 14708 1750
. s 174 65 0,57
£ A 53 0 92 50
bt (01 A 150 16400 Sl
K k] 17 10,37
¥ end il K5 174 251 1.3
] ml {mol K5 159 272 ;
Hy K 14 142 £
EER LA 1.7

& PT - I 1.24 1.22

nomsupercondecting imparity phase (the firg tenmp o ad-
dition o the standard fully gagped superconducrivity {the
exponential term, where by stands Tor the Boltnann con-
stamty, The wnalysis yeebded ypy = 18 md,/(mol Klpam A =
OS5 meY. 1 s worhwhile noting that the so-obtared
enstgy pap b osomewlhal smaller than the esthnate A =
176k T = (o7 meY provided by the BCS theosy.

By subdracting ppp from the Sommerfeld coefficient 3
ohiained 0 the mormal ate (see above)y one can diterming
the intrnste electronic specilic beat coefficient in Thlr w be

= 17.6md /ol KT) Using this value anc the afore-derived
specific heat jump ot T, another mpodtant superconducting
parameter can be caleulated namely the ratio AC T, = 16,
The ohlained vilue b luger than the expected value of 143
for o weakly coupled BCS superconductor, thus supporting
tise fieding from the Mebillan approsch (see above) Al the
superconducting and normal date parometens of Thile, are
Faﬂ!h:rul:l in Table 11

L. Elegtronie hand stracture

The density of states ([M35) in Thirs calealated withoul
umel with inchesion of the spin-orhit coupling is presented in
F'ig. &, Inveach cose, the maen comiribation s DOS somes from
Ir utosms, :'Ilrmugh Th afiims combnbuabion s also xia:mﬁm.
nfml."in]l_v above the Perm level, The overall shnp! all S
1% ot strongly affected by SO0, however some mportan!
differences are seen near the Fermi level, As shown in detail in
Fig. T, N Eg) ::mT.I.lbelﬂ with SO0 15 L‘lll'Lhi.dmbI!.' larger tham
that withoul S0 (346 and 245eY 1L, nespectively),
The small peak, which appears in DS an the full-relativistic
calculations, origmates from 5§ states of the Thile) stoms,
as cun b inferred from Fig. 8, where the partial DOS. de-
compased over atomic orbitals, s ploted for each Th and
Ir state (the partial denssties ot te Fermi level are bsted m
Takle 115, As expecied, the mam contributions 1o the overall
womic densities come from Ir-5d Aates and Th-6d siaies,
while The 51 states contmibute (o the longe DOS peak above
£ The larpest contribution o N(Ep) comes from the Tn6ey
wne Thl X} wioms, which form together o loyer in the crystal
struciure of Thiry {see the mset 1o Fig. | and the discussion in
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{a) IMORS witin SOHC
i S
= g l
E el
i il h v . .,‘.“
S \ ’lﬂ‘
& 8 7 & % 433101 23
E-Ep eV}
1o} DS with SO
" llll L, TR s [l T B
R
% 1 . *M'% J‘
W
m d.r’h'll fl.*_-'n-,:'.-'-r--.: -u’l.

B F T A F 4D

E-Ep (6V)

FIta. 6. Densicy of simes an Thir, coloulmed watheut daj and
with (b sgriv-orhit coupling effect fsolid black lisesh. The Th and
Ir comtribastions (sammed over all siomic positions) are murked by
clahed red amil doited preen Bnes, respectively.

Sec 111 AL This effect is related 10 the spin-orbil interction,
as the SOC sapnificantly increases DOS values for both types
EI“IIIN“H.

In Table L1, one can find the electric chinges dermved by in-
legrtimg partiad INIHEY iigw v By Indium, wath valence electron
comliguration Sl T, and thoriam, with valence configuration
67, are expecizd to contribute nine and four elecirans
1o the main valence hand, respeciively. For both elements,
chemical bomding and hybridization effect may cawse charge
transfer from 5 0.4 stales, aml charpe transfes froan I atoms
1o Th utoms, Some electric charge i also transferned o Th-5
orbitals, which are basically emply in elemental Th, vet ure
well known to exhibit much aptitude o hybridize with s and o
stutes |32). Depending on the experimental or computational
ftechmaque, hillmg of the 5 orbital i crystalline Th abom
was reporied in the litemivre 1o span between 0.5 and 1.3,
In the case of Thirs, the 57 orhital filling wax estimuted
o be phout (L8 per atom. However, these states ane of itin-
ernt mature, with eqoal spin-up and spin-gown occupation,
hence o mugnetic moment, associnled with 51 elécinons, s

i SOC
Wit SO0 ——

tr | My :
q-!'-. s il 5 La
E-Eyp eV}

Fiti, 7. Companson of e scolar-relabyastic and full-relonvisic
iensity of states in Thir; near the Fenmi level. The results compuaied
wighout aned with s pan-oehit coapling effec are shown by dashed red
anid solid block Bnes, respeciively.

observed, in agreement with the experimenial Andings. Fig-
ure f shows valence chorge density plois. where charge trans-
fers are elearly visable,

Figure % displays the Fermi surface (F5) and the elecironic
dispersion relations in Thiry caleulated withow 504 and with
SO (F8 was visualized using the program XCRYSDEN [33]),
Dt 1o large number of bands {there are 93 valence electrons.
per it cedl), only the energy range inthe vicinity of the Fermi
level is shown, Bands crossing Eg are ploted with color Fines.
Thazir mumbser is three inthe scalar-refativistic case and Toor in
the Full-relativistic case. As can be infermed from the figures,
S0 removes band degeneracy in high-symmetry poinis, sce
capecially the T point and L-T7 direction, and significantly

i .

& & 4 4 0
EEy i

DR e |

e ol |

I 03 A4 a
By i

& 3 & F
EEy i

FIG, B, Parthsl denssty of states m Thiry calealabed sl spli-
anbit couplimg inchuded. For each Th and Ir stom, the contributions
Cravim dalTerent orbitls are pomed sty differen coloss. 1 the upper
right comer, swn valence eleciron chorpe density plais ore shown,
They are plogted in 0ME aml (101 planes of the comestional unst
cell, respectively don o loparitmic scale, in mits of ¢feg1. The
Thi und Ir alons are marked with red sl green balle. respectively.
These plots show a metalle chamcier of br clusters, an in-plane
whurge tranafer between ThiZa) and ils meanest neighbor Ini6ce) and
an cat-if-plane charge irnsfer betwesn Thitw) and I 1500 ploms,
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TABLE L Orbatal filling m Thir; calculsted &s an antegml of DOS over enengy. wing DOS from scalur-relativistic amed fall relativisic
calevilatioes, Partial DOS at the Feemi level commbuted by each atom is alas glven in e¥ '),

wiioe SO with SO
Indby  Irifs) Il Thilal Thitis It Jh Inifa) In 180 Tl Jar) Tty

Mo af valence electrons i k! 49 4 4 k! B! 4 + 4
churge (ie) K37 B.68 L 454 A&l K53 K.ihd Bl 4hH 46t
2 of & sues 07 (1,801 %] nsd .50 (] .74 ] [IF 5] .50
{2 of pslales ki LA RE] 104 @22 .26 {04 LUATE] 204 025 28
(0 oof of stanes .40 784 .80 1an 193 178 182 1 300 194
( of § states 0.7k Kl [el] n&d
LHRS o 47 T il 1L A s 1.1 BTy 04 63
Total OIS m Ep 245 eV ffu) JdfifeV-" )

influences ovesall shape of the F5 sheets. All parts of FS have
a three-dinsensional charscter, except for the FS pockets plot-
ted fn panels (o) amd (gh, which are eylindncal-like in shape
with the trigomal axis ax their symmelry axis, This feane 15
a eonsequence of the presence of stomie lavers perpendicular
1o the wigonal direction, and the langest comtribution 1o tha
P sheet comes from metulbic Bvers of Inf 18} It iz worth
testing that similar FS wpelogy was foumd before in a sister
compound Celry [T).

From the aforementioned valoe of DS af the Fermd
level, Nikg) = 3dbel " M., one can cabculate the Som-
merfebd coefficient 1o be g, = 85155 ml/imol K23 This:
value |8 distoctly  smaller than the  expermental  one
|3 = 1T6mlmal K71, and he renormalizaton  Gactor

A=Y Yo — =116 & notably larger than the electron-
phonon coupling parmmeter &, = 0,74 caleutated frons the
BleBillan equation (see above ), However, if one assumes, theat
the electronic beat capacity is renormalized by the electron-
phonon inberaction anly, L = 116 would mmply the super-
conducting critbeal temperatiure T; 5 = Lo K, which s mmch
higher tean the experimental one. Soch o discrepancy can
b poasiily anribated o subaantal electrom-elecinn mtere-
tions, nlentified @n the low-temperatere electrical resistivity
data of Thir; a5 the Permi liguid behavior g oo ATT with

renarmalized A cocllicien {see above). In line with thes hy-
pothesas, o smilar diserepancy is observed for the magmetc
susceptibiliny values, The computed value of the Pauli pasaim-
agnetic susceptibility s xp = 11 = 1077

emuSmol, thus it

E-Ep 18V]
(=]

Y

ﬂUM‘I.I'lIl' r\.;_lr ] " j“‘xunl U \..u_ fﬂ"‘nu
e Gﬁ;\{:_ﬁ I'{‘JC:JF
L f ™ _.ff— ™ h e /f"'d + 4 -\'-r""‘-
o W b F
AN A a8/ A7/
¢ € T ¥L T LY@ €T ¥L TT Lo

PG, %, ia) Bollouen sone wsed for caloulation of the elecimonic smeture of Thic. The lneation of Bigh symmerry poinis i indicmed. (bj-(d)
Fermi srfuce pockets cilenlaled im scala-relativistic spproach. (ep=(h) Fermi surface calcalated with spm-orbal coupling effect included. (i)
Hand smscture in the wicinaty of the Fermi level caleulated seiibout spim-orhin coapling, (1) Band structure commsted in full-reluivisic approach
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TABLE IN. Analysis of the ¢lectmn-phimon interaction ond the
supercondicting crtleal emperntuse of Thin, sammimg the pres-
ence of effeciive depairing elsctron:paromagnon interactoms, T,
s the enifical lemporiure calvukbsl ssuming renommalization due
ut electmon-phainon interociion, il T 4 (s the effeciive critscal

comnpasted with of apan (e elfvet, Far
|hc r.nnmmg 1o all the dtker symibaols see the main et
Purnmeter LA Malue
L= K 16%
¥ CURTTER o 174
Vsl mlf{mol K} 5155
= — | - 1188
Tl = 0L13) K 1063
App - 04
- 0.l
iy - 0209
A - 0A62
T K 455
[ K 441

almiost four imes smialler than the experimental susceptibility
o = 10 ermumel. As the experimental susceptibilioy
adchtionally contains negative dimnignetic contributions, the
enhancement of the paramagnetc susceptibility is even larger,
wvalidating the picture of importunt electronic inleractions in
Thir;

To try te gpaneify this effect, we may follow the mube
proposssd for many o-bamd superconduciors, like vanadinm
aml its alloys [34-38], MosSby [39], LaaCo [40] or ¥3Rh
|41}, Assuming that the electromic comelations tnke mostly the
Torm of spin Auctuntions (electron-parumagnon inkercionsk,
charcierized by the coupling constant &, one can compate
the supercombucting criticul lemperature from the modified
MeMilkan’s formula [29,39]:

=141 + Ay )

T S i Ly, B G
= HS T Tm= p,ru-aﬁ_:,..,;] =

where gy = 1%& represends the effective coupling parmm-
eler and pigy = 5= is the effective Coulomb repulsion
constant [3]. Assuming the presence of wenk chectron-
pueramagnon interactions with postulated A, = 0,100 the
electron-phonon coupling parnmeter and the Coulomb re-
palsion parumeter become repormalized o by = 0.9 and
pop =021, yvielding T r = 4.5 K that is chose to the exper-
imental value. Also the renormalized Sommerfeld cocfficient

¥ = Fakell +dep+ Ay ) Bonow in g good agreement with
the experimental value (see Table [V )

IV, CONCLUSIHONS

The urnpfmud '|'|'|Ir... |..1'_'.l:1[a|.||:ux with a CETETRY Mmei o
rhomboledral uialt cell of the PaNiy-type. and can be consid-
ered e the Al actinobd-besed representative of tee homolo-
gous serdes REz, o Fie s Where RE was restnicted thss far
1 & Hght lanthanide element only, and T = Ir or Rh. The
crystal struciure 15 composed from alieenating 3pCue,- and
CaCus-type blocks. I contains tiree noneguivalent positions
ol 1r abodns wid two of Th atome. The chasbcteristie T
1% the presence of & lover formed by Inf6c) and Th 3a) stoms
with lairly short interstomic distaisee.

As its lanthanice comterpans Lalry, and Celrs, Thirg be-
cornes Ssupercoikluctmg al [ow lemperduares, The alk nature
ol Uhe supercoidacting stalé i this matenal i3 evidenl fram
thee promment anomalies 9 T, = 441 K in s thermodynamac
| magrnietae mqﬂ.i'hilii}'. hzal L:'pu:i.'ly'l und electrical tnmss
port charactenstics. Our analysis of the expenmental and
theoretical data revealed that Thirs oo o band, moderately
coupled type-ll superconductor with sslropic s-wave energy
gap, The main mle in the electronic propertes of Thie s
played by the Sd states of irddiom with contribaion from fuf
states ol thosinm, Cakealated occopation «of 5§ states of Th
15 conparabbe 5 that found m crystalline Th, although these
ane. ilmerunt and penmagnetic states. AR fow tempertures,
the normul-state elecineal L‘Iml]uﬂ"l.“-'il:,’ in thas materal s
el |}- p:lvemm.l by elecimon-elecinon intermcion with minor
yel nol negligible effective mas renormalizagion. The elec-
tromic abernctions alse additionally renormalize the electronie
specilic hest costheient 3 andl the pmma.g,nulii.: s:l.m:l:pmhila
ity, andd their competition with the electron-phonon coupling
effectvely lemds 1o hm‘cnn,u; ul' the superconcducting cribical
lemp Mo X of the mugnitide of
bavth 3 and T, wus reached wh:nn small electron-pammigion
interaction F||mﬂel¢r.i'.,. w Tk was assumsed, 1 wall be worth
mwestigating other actinid-hased counterparts (0 examine
possible interplay between superconductivity and magnetism
in these systems,
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4.3 (A3) The electronic characterization of the cubic Laves-phase
superconductor CaRh:

4.3.1 Cel badawczy

Dyskusja na temat wiasciwosci fizycznych faz Lavesa rozpoczeta sie w latach 20-tych
i 30-tych, kiedy opublikowana praca Lavesa zapewnita wglad w niezwykte cechy tej klasy
materiatow [53—-55] . W ostatnim czasie fazy Lavesa cieszg sie szczegdlnym zainteresowaniem
ze wzgledu na ich wtasciwosci fizyczne tj. uporzadkowanie magnetyczne, przejscia strukturalne,
wysokg anizotropie magnetokrystaliczng oraz duzg magnetostrykcie w temperaturze
pokojowej [56—60]. Ws$réd rodziny Lavesa mozna réwniez znalezé zwigzki wykazujgce
nadprzewodnictwo. Najwiekszg wartos¢ temperatury krytycznej, osiggajacg 10 K, odnotowano
dla V2HfosZros [61]. Dzisiaj, sposréd ponad 1000 znanych faz Lavesa, ponad 60% stanowig
zwigzki oparte na metalach ziem rzadkich. Pomimo tak duzej liczby znanych i przebadanych
materiatdw, wcigz istniejg nierozwigzane problemy dotyczace parametrow kontrolujgcych
stabilnos¢ faz Lavesa.

Motywacjg do przeprowadzenia badah zawartych w pracy (A3) byt brak szczegétowych
danych eksperymentalnych nt. wtasciwosci fizycznych nadprzewodnika CaRhz. Jak podano
w rozdziale 2.2.2, jedynym znanym parametrem charakteryzujacym stan nadprzewodzacy byta
temperatura krytyczna wynoszaca T = 6.4 K. Charakterystyka eksperymentalna
nadprzewodnikow, ktére wystepujg zaréwno w wersiji z Ir jak i Rh jest wazna, ze wzgledu na
mozliwos¢ zbadania wptywu sprzezenia spin-orbita na wlasciwosci nadprzewodzace. Kolejnym
czynnikiem motywujgcym, bylo opracowanie skutecznej i szybkiej metody syntezy faz Lavesa
z metalami ziem alkalicznych (Ca, Sr).

Celem badan opisanych w publikacji A3 byto opracowanie skutecznej metody syntezy

faz Lavesa z Ca oraz eksperymentalne wyznaczenie parametrow charakteryzujgcych stan
nadprzewodzgcy i normalny. Badania eksperymentalne obejmowaly proszkowg dyfrakcje

rentgenowska, pomiary elektryczne, cieplne oraz magnetyczne.

4.3.2 Opis rezultatow

Synteze polikrystalicznej probki CaRh2 przeprowadzono metodg reakcji w fazie statej. Ze
wzgledu na stosunkowo szybki proces utleniania metalicznego Ca w powietrzu, wszystkie
czynnosci zwigzane z otrzymaniem materiatu zostaty wykonane w komorze rekawicowej (ang.
glove box). Czynnikami, ktore zdecydowaty o sukcesie syntezy fazy Lavesa CaRh:z byty
odpowiednio dobrana nadwyzka metalu ziemi alkalicznej oraz proces chtodzenia prébki podczas
pierwszego wygrzewania. Metoda opisana w pracy A3 z powodzeniem zostata wykorzystana
przez autorke doktoratu do otrzymania innych faz Lavesa tj. CaPtz, Srir2 oraz SrRho.

Niskotemperaturowe pomiary podatnosci magnetycznej potwierdzity wystepowanie stanu
nadprzewodzacego w CaRhz. Wyznaczona temperatura krytyczna, T. = 5.16 K, jest
zdecydowanie nizsza od raportowanej w pracy Matthiasa (T = 6.4 K) i jednoczesnie nizsza niz

raportowana dla Calrz w ref. [27] T. = 5.8 K Potwierdza to stawiang hipoteze, ze zamiana Rh na
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Ir w zwigzkach miedzymetalicznych krystalizujgcych w tej samej strukturze, a tym samym mozliwe
wystepowanie silniejszego efektu sprzezenia spin-orbita, prowadzi do wzrostu temperatury
krytyczne;.

Na podstawie wynikéw pomiaréw magnetycznych wyznaczono dolne pole krytyczne
(Hc1(0) = 418 Oe). Oszacowana warto$c¢ jest porownywalna z wartosciami uzyskanymi dla innych
faz Lavesa tj. CeRuz (H:1(0) = 200-400 Oe [62]) oraz Calr2 (H:1(0) = 381 Oe [27]).

W celu wyznaczenia wszystkich parametrow charakteryzujgcych stan nadprzewodzacy,
wykonano pomiary ciepta wiasciwego oraz oporu elektrycznego. Na wykresie temperaturowej
zaleznosci opornosci elektrycznej w zerowym polu magnetycznym widaé gwattowny spadek p(7)
do zera. Ze wzrostem przyktadanego pola, T. przesuwa sie w strone nizszych wartosci, co
pozwolito na wyznaczenie gérnego pola krytycznego (uoH:2(0) = 3.37 T). Oszacowany parametr
jest prawie trzy razy mniejszy od limitu Pauli’ego (uoHP2“(0) = 1.85T. = 9.5 T).

Niskotemperaturowe pomiary ciepta wtasciwego jednoznacznie wskazujg na przejscie Il-
go rodzaju w T, = 5.13 K, potwierdzajac objetosciowy charakter nadprzewodnictwa w CaRha.
Znormalizowana warto$¢ skoku ciepta wiasciwego wynosi AC/yT. = 1.78 i jest zdecydowanie
wyzsza od wartosci wynikajgcej z teorii BCS (AC/yT.= 1.43). Parametr sprzezenia elektron-fonon
zostat wyznaczony zaréwno ze wzoru McMillana (A¢=0.63), jak i rownania Allena-Dynesa
(Aep=0.89) dla silnie sprzezonych nadprzewodnikdéw [63]. Uzyskane wyniki sugerujg, ze badany
zwigzek jest umiarkowanie, bgdz silnie sprzezonym nadprzewodnikiem IlI-go rodzaju.

Oprocz parametrow przedstawionych powyzej wyznaczono réwniez: dlugosé koherencji

(=98 A), gteboko$é wnikania (AL = 942 A) oraz parametr Ginzburga-Landaua (x;;, = 9.5).
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Laves phaar

Symitersm

EXperimentsl dharactenzaien

Wt present the synthesis amd sxgevieental characvenaation of e elegrrenic progeriss of 1k oabic
Ly plase sipbvvomductonr Calbg, 118 arystal serictuse was confirime) By peraden X-ray dalleaction and
iry asmlient temperaiune lAoe parameter (o 7532606) K] i m oo apresrent with the Berature
Mlagmetizabon, resistrafy and heat-capacity measurements mdicabe thai Calth; & a moderabe-coapling
type-dl supercondocton (b, = 089 with 2 ransition temperature To = 211K A sharp discontinuity at
I; im the heat capaoty showes tha the normualized speafic-beat ump = ACT T = 108, which exceeds the
watue prediceed by weak-coupling BES theory (1431

© 209 Elsevier BY. All nghis resernved.

1. Intraduction

Theere are mose than a theusand known binary compoands in
the Laves phase family | ||, Many of them show interesting physecal
bezhavsor such as long range magnetic ordering | 2] large magne-
tocaloric effects [3] and superconductivity [£ 7] Laves phase
compoands are also impoartant in engineening applications, e,
same can be used as a hydrogen storage system [8- 03] in this
famiily there are alsa compounds characterized by low densicy, high
medting temperature and high axidation resistance - the praperties
required far high-temperature applications {14 - 17],

A expressed by Fritz Laves [ 18], depending on the orystal
siructure there are three dafferent matenials structunes in this
[amily, ie. the foo C15-type cubic strocture {Fd-3m), the Cld-type
hexagonal strocture (Piyfmmc) aml the G6-type dilexagonal
structure (Pglmimc). Among them, the C15 one is considered (o be
lavarable for superconductivity, with critial tfemperatunes ranging
from 0.07 K for HVio: to above 10 K for VaHEn ofins | 19,20 May of
tsem wiere reported decades aga, with the supercanductivity
conlirmed only by resdstivity or magnetic neeasurements. Hence,
detailed snadies of the superconducting state in this important
family is often missed,

= ConTempanding atbor.
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BT Matthias and E. Corenawic [4] studied the alkaline earth
() metal based Laves phase compounds Aefhy amd Aelry and
Tound suiperconductivity with the critical temperature of 54 K and
4-R15 K for Calhz and Calr, respectively. The crystal structure of
CaRh; and Calry; was described by Wood of al |21)], Recemthe
Haaldolaarachohige, et al, [6] ssudied the superconducting prop-
erties of Calry, revealimg T, = 58K from susceptibility, resistivity
andl specific heat measurements, Although thearetical work can he
Tound, the detailed experimental charactenzaton af CaRhg s stll
lacking im the |terature [22,21]

Im this paper, we report symthesss and for the frst fime experi-
mental characterization of the electronic properties of the cubsc
Laves phase superconductar CaRhyg. We have used magnetizatian,
ressstivaly and heat capacity measurements o probe the Super-
conducting ground state

2. Experimental detalls

The polycrystalline sample of CaRhy was prepared  from
elemental Ca-pieces [4M; Adfa Aesar) and  Bh-powder {308,
Mennica-Metale, Poland] by @ two-step solid state reaction
methad. An exeess of calchem (25%) was added i order o
compensate for the Ca Ioss due 1o rvaporation, All the following
muanipulations were performed ina protective Aratmesphers in a
glove bax system (p{02] < 0.5 ppm), The starting materials were
alcled into an alumina crucible and then ssaled inssde an Ar-flled
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quartz fube. The ampaule was beated to 870°C, kepe st that tern-
perature for 12 b, and then slewdy cooled (20 °C per hour ) and hekd
at BIQ°C for Xh. The as-prepared outerial was thomooghly
regrownd dml pressed into a pellel. Subseguently, the pellét was
enchosed inan evacuated quarlz tube, showhy beated to 800 °C amd
held for 12 e Mo melting was ohserved and the resulling material
wias lard, dense and Wack in colon To avaid podsible decomposi-
tlon, the chrained material was kept inside the glove box until
characterizatian.

The chemical composition of the sample was examined using an
FEI Quianita 250 FEG scanning ¢lectran microscope |SEM) equlpped
with an Apalka-X 50D energy-dispersive specromerer (EDS) The
dara were anatveed wsing the EDAX TEAM™ software. The purity
and the crystal structure of the sample ar mom femperatine was
verified by powder X-ray diffraction (pXRD] using a PANalytical
diffractometer equipped with Cu Ke radiation, The data were
analyrzed by the LeBail method using the FullProf package [24]
Magnetic susceptibility and magnetizatian medsurements wens
performed using & Guantum Design Dynacoal PMoescal Property
Measurement System [FPRS] wath a vibrating sample magne-
tameter (W5M | function in the temperature range of 1.7-65 K un-
der various applied magnetic Belds, Resistivity and heat capacity
measurements were perfarmed on a PPWS Evercood 1 system. The
electrical resitiwity was measured by a comventional [owr-probe
metlsnd, mowhich simall dixmeter PEowires (SO0 pm ] were afaclsd
ta the previously polished samgple vsing condsctive epaxy’ [ Epotelk
H2DE]L A sample witls contacts was anmeaded af 110 °C [or 30 mdm in
A chamber lurnsce. Data were coflected froam 19 o 300K under
rern feld and in magnetic fields up to 2.4 T. The specific heat data
was measufed using e twio-r dme-relaxation method berween
19 and 300K At 07 and In magnetic felds up to 3 T. The sampée was
attachied to the measuring sage using Apsenan M grease 10 ensure
good thermal contacr,

3. Results

The Cakhy sample was first charactenized at room temperature
using an energy dispersive spectrometer (ENS} and the prwder X-
ray diffractson technique ( pxXRD]. The EDS analysis revealed that the
actual Ca:Rh ratso 2:1 is consastent with the nominal composition
(CaRhy | within experimental error, confirming the stoichmmetry of
the sample. The X-ray poveder difftaction pattern of CaRly is shawn
in Fig. L The pMRD confirmed o good quality sample with 2 snall
amount af impurity phase (denoted by sterdsksy In & more
detadled anahysis of the date the Fil-Tri phase was refined with the
Lefail method. The LeBail G0 to the powder diffrsction parien,
reprosented by the black solid loe lis By L gae the Jattice constant
4= 7532667 A This value i In a very good agreement with the
data publssbed previousty. by Wood et al, [21], The results abnined
confirm thar CaRh: crystallizes in the cubic Laves-phase crystal
strucore, inwhich Ca atoms are arranged on the diamond stmacture
sites, and Rh atems generate tetrabedra. The Bragg positons and
the diffevence piat between experimental and fitted daga [ Bue line)
are alzashown i Fig 1 An additonal pXRD scan was pecinrmed on
a pubverized samphe exposed o air for 12 The obtained pattern
canfirme stakality of Cakhy ower that time period.

To characterize the superconducting transitian of CaRhg, zero-
feld-ronded {2FC) and feld-coaled {FC) doc magneie suscephibality
(defined as ¥ — dM{dH where M i the magnetization and H is the
applied magnetic field) was measured in the temperature interval
2—GK under an applied field of 100, The plot of the wolume
magnetic susceptibility [xy] versus temperaturne is shown i P, 1
The clear diamagnelic signal observed confirms the occurrence of
supercandactivity in Lis material The superconducting transition
lemperature, T was determimed a4 the point at which the

"1 CaRh, ]
= . pRED
- T8 Fui-dm (Mo, 2275
3 i a=2.5326(5) A
Z 50 4
;]
o™ - i
‘r H— —
A28 i 1 .
20 i &0
26 angle (%)

Fig. 0. Poveder X-ray diflraction pavem ol Cakdy Dnal gokis) iogsihen with ile Lebal
erfiramer peofile (hisck ol Bl The green veitical Sar indicaie e rgperiid
Aragy peak positioms | spue group Si-nd, The e curve is fhe defeenoe beteen
experimental and mede| resuics, | (For mierpretaton of the refevences o mior in the
fgure legend, the reader s referred 0 the Web version of this aniclke)
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Fig. L Fevooleldcosled |ZFC) and Aefd -codled (FC) temperavare-dependent yolams

Algnetc sinceptildlity wAT) peiformed ender 4 mall appliod g
mEtic ek of W00

extrapalation of the normal-state magnetic susceptibiliy mersects
with the steepest slope lne afl the supsroonducting signal [29)
yielding T = 516 K The conservatively-determined walue thas ob-
tained is slightly bower than reported in fiterature (T, - G4 K) [4].
When corrected for the demagnetization factar, N = 865 (deter-
mimed from the volume magnetization, My{HL in applied felds
Beeloww Hp discussed in Uee feflowing section ], the sera-Tiekd-cooled
de suspeptthility (dxpe) approaches & value of -1 for T<4 K indi-
cating et the shielding valume raction is 100E. Compaied with
the ZFC data, the musch lewer Reld-tocked | FCdiamagnetic signa is
ypicaily observed in polyerystalling samples.

To determine the kower eritical fleld #H7,00), magnetization
curves, My{HL in low applied magnetsc fledds were measured for a
range of remperanres { L7 K =T < 425K) a5 shown in the inser of

78



&, damecke pr o/ ol af Allayy amd Compaings 70 G 016 Ly

Fig & Assurmang that the initial Kinear response to Gelds is perfectby
damagnetic, we obtain a demagnetization facor {N = .65] that is
consistent with te ssmple's shape. The value of the kewer critscal
Geld H, at éach temperatine i defined as the point of deviation
Tram ehe full Meissmer effect of the data curve. Abowve H |, mugnetic
Mux beging 1o penetrate the sample amd thias the magnetization
sgarts 1o deviate from lineasity. in order to precely calculate this
peaimt, wee Tolbow the methodalogy described eliowbere |26.27 ], The
makn paned of Fiz 1 presents the temperature variation of M7, (TL As
expected, the resulting values decrease monotonically with
Increasing remperature and can be described using the Ginzhurg-
Lansdau exquatson:

Hpj(T) = H |_n.~l1 {{_}zl i

where H (0] is the lower critical fiekd az 0 K and T, is the super-
conducting critical temperature, The experimental data are well
described with e sbove formula and a fit (red solad tine) yields
Ho 00 = 146 1] De. Cormecting for the demagnetization Lacrod
IM={B5], the lower oritical fledd at OK Is calculated 1o be
Hey{0] = 418 O¢ [4LBmT] The value obtained is comparable with
these reported for cubic Laves phases Celuy (Hiq(0] = 200400 De
[¥]) and Calrz [Heilkh = 381 Oc j5]}

Further evidence of the superconductivity in Cakhy 15 given by
the abrupt drop in resistivity, as summarized i Fy. 4, The main
panel shaws the electncal resistivity as a function of temperatune
far the ramge between 18 and 30K in zero applied magnetic field
The T} data decrease wath decreasing temperature, indscating
metallic behavior [dp/dT=01 At higher temperatures the re-
sistivity curve exhihits a tendency to saturate that suggests that
same aldditional scattering processes, eg. Matt interhand scattering
[2E--10) determines the eleciricsl resistivity of CaRhy andfor the
charge carrier mean free path becomes comparable to the inter-
atwmic spacing (the loffe-Regel Bimit [11-37]) The residual re-
apitivity ratio RRR o rather fow and is fownd bt be pi 30
0 = 4.3, which is typscal for a metal in 2 polycrystaliing faem
where grain boundaries conduct poorly. The red line through the
experimental data represents a (it called a paralled resistor moded
(PR 131.04-35] that comibines a Bloch-Grioeisen resistivity peg
together with a parallel, temperature independent resistor e

2004 Caﬂhz

pH=0T

it ek s

30+ wl FEEEFRLT Hitl 1
] .' B L] #
n-ld ' T ! :
r . L T - T
¥ 0 (L] 150 200 250 L]

TK)

Fig A M junck The termparatune dependint ristivily far CaRk; e & vide
Brmgeratier e The imed peeseeis e deisl of e supecondacting ramition =
the sesidmaty i zere field and i variou: appied ek

i Nh= l‘null.\"l'u"i-'ﬂc:". (2¥
il

T4 b
#an = “’“’*[a.] hﬁ:pm S 13

where Big s the Debye temperature obrained from fiming resisuvicy
measuremenss and B is 3 materiad-dependent constant Indepen-
dent of T The p(T) data above T, are well described by this model,
viesding the fit parametees pg = 563 6) 1 O Py = 424.708] pdd
o and Elg = TSR K

Ar low temperatures the electrical resistiviny dmps sharply o
zern an Ty = 5.2 K. where, for resistivity data, T; is defined by the
temiperature of the S0 drop of the p{T) data m 2ero magnetic fietd.
The superconducting transifion was measured In a varietry of
appleed Gelds for the same sample, a5 shown m the imsetof Fig 4, As
the magnetic fiedd is increased, T, shifis to lower temperature and

T T T T T T

wo4 CaRh, i

o HLTy = W

HC = B4 ) e
F,=51Wh K

2 3
T, (K)

P L The emperature dependence of the lower crrical el The imet @ows the
Tell-dependin!  osgsetation carves WAIHT for iRk sk ar differess
IS,
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the tr becames slightly broades. Using the criterion of the
508 normal state resistivity paint as the transition temperature, we
determine the wpper oritical feld pgH-{0} or CaRhg {see Fig 53 0tis
aviclent from the graph that the data obtaimed varies Brearly with
temperature. Given that tee indluence of span-orbit cowpling lor the
CaRhy o rather wiik, the data are Bt with the followiig Gindhurg-
Landau refation (37 -30)

%)

. [T-
igH Ty = J-Ioﬂqm:'ml'

(4
wihere £ = T/Teand T, is the trapsition temperatuee ap e magnets:
field. The salid line in Fig. 5 presents the best fitof the experimental
data by equation (4, The extrapolation yields ppHeA0] = 35T,
which s slighty lower than the walue ohtained for Calr
(mpHca(0) = 4T i) L The Pauli limiting feld within the BCS theary
for weak electron-phonon coupling [40.41] gives HP,(0) - 185
Te = 95T, which is almast three times larger than estimated opper
critical feld vahee for CaRhg. Conseguently, the coberence length,
Zpp. cam be estimated using the Gincbarg-landaw formmuba Hep =
o/ 2e7l,, where @y - boi®e fs the guantam  fest.  For
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upHe( U] = 3,37 T, we obtained §5,000 =98 A
The supercansducting penctration depeh ko (0] can then be ob-
tained fram He(0) and S50 using the relation:

e da
He = Eﬁ,_'“:a' (5}

The value is found (o be ie (D) = 942 A for Calthz. Moreover, the
Ginzborg-Landau parametencs, < hgy/fp =35> 12 confirming
that CaRhy f5 a type-1 superconductor |57, Finaldy, the thesnw-
dynamic eritical field can be abtained from &, Heo and Heg wsing
the formula
HeyHep = H Iy (6
yiedding pgHe = 250 mT,

The characterization of the superconcsdting Eransition by spe-
vilic heat measurernends is shown im Fig 6 and Fie 7 The pasel of
Fig. i depicts the ternperature dependence of Lhe speclic heat T, ol
CaRhy from 19K to 30K in zere magnetsc lield. A1 high tempes-
atured the heat capacity appeoaches the Dulong-Petit limit
(3l M8 ol 'K, where 63 and R - B3] ) mal KD are
the mumber of atoms per Foemols unit and the gas constant
respectively L which suggests that there are o magnetic degrees al
freedom in this magenal, There @ also no evidence for any anom-
alles that may correspond to a structural phase ransidon between
tase temiperature and room temperature. The red sobid line denotes
afir o a combéned model: Cp = 4T + {1 - KCErseis + Mneye, where
f is the Semimerfeld coefficent and

Comarn(1) = 308 ) 00 (%) () 1] ©

The Debye temperature obtaeed from the [ ois equal o
B = 3455 K the Einstein temperature Gy = 122(3) K, k = 0.75[2)
of the weight belongs to the Debye beal capacity Cpety | bue
dashwd limel, 0.25 of the weight belongs lo the Eimstein hest
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Fig, B, The speciic beai of Caka; wersus iemperaters m aerm mugmess Aeld wes o i
m g pomnbined model {red sobid Bne) weh TST of the weighn 15 Delrye model (bioe
dashed Bne) and I5E o Elsiein mode] [green solld Hael (For interpretatian of the
refereaces o oabr b chis fgiee legemd. fhe crader & relermed oo the 'Wel version af
[T TR B ]

CAPACiLY Crirmivin [green solid line) and y = 169(3) m] mod K2

The Fig. 7{a) presents C/T plotted a5 a function ol temperature,
characterizing the specific heat jump ag the thenmodynamdc tran-
sition. The bulk matuse of the superoonductivity and the good
guality of the sample are confirmed by o sharp, large Jmamaly at
S13E which §s consistent with the superconducting transition
temmperature determined by the magnetic and resistivity data The
apecillc beat jump & T, esimated by using e equal entropy
comstrucTion {bue solid lnes), 15 0T, = 44 mmed ' K7

The part (b] of the same figure shows e heat-capacity mes-
surements under applied magnetic fields. The magninede of fhe
discamtinuity and the mransifion emgeratune decrease a5 the
strength of the applied magnetic field is increased, The width of the
transition also becames braader in higher magnetic felds.

Panel {ci of Hi 7 shaws the normal-state specific heat data
plorted as LT versus T° under an applied magnetic fiekd of
pH =3T, 'ﬁw_ﬂ;prrirru.-nral data can he Atted using the squation
Cff = + [T, where the first and second terms are attsibated to
the electronic and lattice contnbutions to the heat capacity,
respectively. The extrapalatian gives v = 24.7(1) m} mol~' K- and
f = 0175(7) m] mol~ ! K~ Furthermore, the Debye temperatisee #p
can be calculated using the relatios

1254

8= (‘g jm

whernt B~ E31 | mol ' K- and n =3 for CaRhy, The resulting value
al By i J22(4), which is significantly larger than the Debye tem-
purature for Calrz {Bn — 160K [6]) and CeRuy (B = 173K [ 7)) anel

]
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iz close ta the value oitained from the At to the combined model.
Having the estimated Debye temperature S, the electzon.-phonan
constant ke o, which gives the strength ol the sttractive infetadion
letwieen the electron and phanon, can be calcolated from the
irvverted] Mobillan formula [42]:

. - :I.tﬂ + @ I By 1 45T | (10}
BT T 062 u" N 145 - 1.04

wivere p° is the Coulomb peeudopotential parameter, typically
taken as p* = D13 for many intermetallic superconductors
[37,3047.44 ] Using T, = 513K and Blp =322 K we obfained &
p=0B3,  indicating that CaRhy Is a moderate-coupling
superconductar,

Fig. id] displays the phonon commibution t heat rapacicy Cg,
divided by T° versus temperatune. where o =C, - ¥T. The
maximum tempermabare of Ly T is equal 10 T = O and heoce
the Einstrin temiperature is B =%« 14K = 120K -~ in a perfect
agreement with a whale temperature fit I

Using the specific heat jump value (ACT, = 44 m) mol ! K79
and the Sommerfeld cosfficient (y — 24,7 1] m] mal 'E'z].unthﬂ
important supercarducting parameter ACIYT: can be caboulated.
The normalized specific heat jump at T, is sqoal 1o L7 The valee
exceeds the weak coupling supercondocivity value predicted by
the BCS theory [ 143) suggesting moderabe or strong-coupling su-
perconductivity in CaRby Using the equation propesed by F. Mar-
siglio and | P Carbiotte for strong-coupling supesconducon [45):

81

ACy

Tie (1}

_ T 2 1]
-4 [1 N sa{E} |n{3—n}]
the loganthmic averaged phonaon frequency obsained sy, =105 Kis
smaller than calculared vy, = 12002 K or 1408 K (wirth the spin-
arbit coupling] [22], Then from the Allen and Dynes equation far
the strong-roupling supercenductors [46]:

_ [y 1.04(1 + k)
Te (Tz’]“r‘[' - +|:|.|5£"J...T,.|]'

we estimated bep = 089 which is larger than derived fram the
meerted MchMillan equation [be, = 0630

In addition, having calculated the Sommerfeld coefficient and
electron-phanon coupling constant, the non-interacing density ol
states at the Fermi level M{Ey) can be estimated from:

(12)

By
a1 4 dep)

where ky 1% the Boltzmann constant, The calculated WEp) = Gdd
states eV | per formiela unit (fu.} or 5.54 states &1 per [ for
o= 063 and 089, respectively. The superconducting and normal
atate parameters al CaRh; are gathered i Tahle L

Wik = (13}
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4. Summary

Wi e synthesized high quality polvenpestalbine Calthy using a
anlid seate reaction meethod. Powder XRD confirms the fee C15
orystal stiucture pe Tor this material, in the cubse Laves phase
structure, with the relined lamice parameter o - 7532506) A n
agresnent with répomed by Wood et al. [11] Heat capacity, mag-
netic susceptibiliny and resistvity measurements reveal super-
conductivity with T, = 313K The CaRhe materkal tested was the
purest in the Ca-Rh serses prepared. and the T, of the other syn-
thesized samples was repraducible and near 5.1 K, This value is
lpwwer than reported by B, T, Matthias and E Corepzwit (G4 K |41
but the omission af details from that report does ok allow us 1o
specubate about wiy the number they report for T, |s different From
ours. The T, far Cakth; is slightty lower than superconducring critical
temperature of Calrg (58 K) 6],

Comparison of the superconducting parameters for CaRbg and
Cairy {see Table 1L shows similar values of lower ax well as opper
critical fields, pemesration depth, coberence length and  the
Ginzburg-Landan parameler In contrast, the parameters reveaked
[ram the heat capacity measurements are diffevent. The twice
larger Debye temperature for Calthy might be due to much lower
mudar mass of Bh {103 gimol) werses Ir {192 gimol | The Sommer-
leld parameter, anel hence U density af states at the Ep, i again
larger for the Bh-based campound,

Recent theoretical studies on Calth; and Calr; Laves-phase ma-
terfals show the importance of the SOC eflect in this system, The af
imirio pseudopotential resulss reveal that including the S0C makes
the low-Trequency phanon maodes harder. and that the calculared
critical wemperature decreases from 908K 10 697K as one pro-
ceddds from the Bh tothe Ir matedal A simalar effect (s observed for
the ebecmon-phonan coupling constant, which changes from 117 te
(56, Howeeer, both T: and be.p are much higher than reparted in
thas wark, This discrepancy might be due to a different value of the
Ingarithmically averaged phanon frequency s, which is 105 K and
120 K from expeniment and calculations, respectively. A compara-
e study of the Sr analogs Srkhg and S6ir; s in progress f47]
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4.4 (A4) Soft-mode enhanced type-l superconductivity in
LiPd.Ge

4.4.1 Cel badawczy

W bazie Materials Project mozna znalezé okoto 30 zwigzkéow typu Heuslera
zawierajgcych atom litu w pozycji 4a, w tym rowniez LiPd2Ge i LiPd2Sn. Jednak do 2020 roku nie
opisano wilasciwosci fizycznych wspomnianych materiatldw. Sytuacja taka jest najpewniej
zwigzana z trudnosciami natury technicznej - wigkszo$¢é pomiardw fizycznych wymaga prébki
makroskopowej, podczas gdy badania strukturalne za pomocg dyfrakcji rentgenowskiej mogg byé
wykonywane na pojedynczym krysztale o rozmiarach dziesigtek mikrometréw. Ze wzgledu na to,
ze istniejg zarowno LiPd2Ge, jak i LiPd2Sn, postawiona zostata pierwsza czes$¢ hipotezy 4
zaktadajgca, ze powinien wystepowac rowniez zwigzek typu Heuslera z Si tj. LiPd2Si.

Co wiecej, jak wspomniano w rozdziale 2.2.3, liczba elektronéw walencyjnych (VEC) dla
LiPd2X (X = Si, Ge, Sn) wynosi 25, co daje 6.25 elektronéw na atom — warto$¢ lezgca na poczatku
trzeciego maksimum zaleznosci T. od VEC/at. zaproponowanej przez Matthiasa [33]. W zwigzku
z powyzszym, druga czes$¢ hipotezy 4 postuluje wystepowanie stanu nadprzewodzacego w
materiatach rodziny LiPd2X (X = Si, Ge, Sn).

Celem badan opisanych w publikacji A4 byto opracowanie skutecznej metody syntezy

faz Heuslera z Li, otrzymanie czystych fazowo probek zwigzkéw typu Heuslera LiPd2X (X = Si,
Ge, Sn) oraz eksperymentalne wyznaczenie parametrow charakteryzujgcych stan
nadprzewodzacy i normalny. Badania eksperymentalne obejmowaty proszkowg dyfrakcje
rentgenowskg, pomiary elektryczne, cieplne oraz magnetyczne. Szczegétowe badania
wiasciwosci fizycznych zostaty uzupetnione obliczeniami struktury elektronowej oraz fononowej

(mgr inz. Gabriel Kuderowicz, dr inz. Kamil Kutorasinski, dr hab. inz. Barttomiej Wiendlocha).

4.4.2 Opis rezultatéow

Synteze polikrystalicznych prébek LiPd2X (X = Si, Ge, Sn) przeprowadzono metodg
reakcji w fazie statej. W pracy A4 przedstawiono powtarzalng, szybkg, powtarzalng metode
syntezy, ktéra nie wymaga stosowania amput tantalowych lub innych. Synteza zaktada reakcje w
fazie statej wstepnie utartych proszkéw Pd i X, a nastepnie przygotowanie w komorze
rekawicowej pastylki, w ktérej fragmenty litu sg oddzielone proszkiem Pd2X. Tak przygotowana
pastylka jest zawinieta w folie tantalowg, aby zapobiec kontaktowi z amputg kwarcowg. Amputa
kwarcowa zostata nastepnie odpompowana i zatopiona z niewielkg iloscig wysokiej czystosci
argonu (5N). W opisanej procedurze niezwykle wazna jest nadwyzka metalu alkalicznego oraz
bardzo powolne grzanie (2.5°C/h), szczegdlnie w niskich temperaturach, tj. w okolicy temperatury
topnienia Li (180.5°C). Otrzymane za pomocg opisanej w pracy A4 metody syntezy materiaty,
charakteryzujg sie wysokim stopniem krystaliczno$ci.

State sieci krystalicznej dla LiPd2Ge i LiPd2Sn sg zgodne z raportowanymi w literaturze.

W publikacji A4, po raz pierwszy opisano zwigzek LiPd2Si, ktérego istnienie postulowane byto
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w hipotezie 4. Stata sieci a = 5.9059(4) A jest najmniejsza w rodzinie LiPd2X, co jest
konsekwencjg najmniejszego w serii promienia atomowego Si.

W publikacji A4 przedstawiono szereg parametrow zaréwno stanu nadprzewodzgcego
(LiPd2Ge) jak i normalnego (LiPd2Si, LiPd2Ge, LiPd2Sn). Powyzej temperatury 1.68 K,
nadprzewodnictwo zostato potwierdzone jedynie dla LiPd2Ge, jednakze rozwazania teoretyczne
przeprowadzone przez zespét dr. hab. Barttomieja Wiendlochy, jednoznacznie wskazujg, ze
nadprzewodnictwo powinno réwniez wystepowac¢ dla LiPd2Si i LiPd2Sn, z oszacowanymi
teoretycznymi temperaturami krytycznymi wynoszgcymi odpowiednio 0.76 K i 0.25 K.

Przejscie ze stanu normalnego do stanu nadprzewodzgcego dla LiPd2Ge
zaobserwowano na temperaturowej zalezno$ci podatnosci magnetycznej w T. = 1.96 K.
Szczegdtowa analiza wynikéw badarh magnetycznych tj. ksztatt krzywych namagnesowania
w funkcji przytozonego pola magnetycznego oraz ksztatt petli namagnesowania zmierzonej
w T = 1.67 K wskazujg, ze LiPd2Ge jest nadprzewodnikiem I-rodzaju. Zostato to potwierdzone
w obliczeniach przedstawionych w czesci teoretycznej pracy A4. Wedtug wiedzy autorki
doktoratu, LiPd2Ge jest pierwszym nadprzewodnikiem I-go rodzaju w rodzinie Heuslera i by¢
moze rowniez pierwszym wsrod trojsktadnikowych zwigzkéw miedzymetalicznych.

Pomiary opornosci elektrycznej i ciepta wlasciwego potwierdzity przejscie do stanu
nadprzewodzgcego w T. = 1.96 K. Na podstawie zaleznosci p(T), wyznaczona zostata wartos¢
RRR ~ 14, ktéra zdecydowanie przewyzsza wartosci uzyskane dla innych zwigzkéw typu
Heuslera (ZrNi2Ga ~ 2 [64], YPd2Sn ~ 2.5 [31]) i moze $wiadczy¢ o niskim stopniu zdefektowania
materiatu i/lub wysokim stopniu krystalicznosci.

Niskotemperaturowe pomiary ciepta wtasciwego potwierdzity objetosciowy charakter
nadprzewodnictwa (AC/yT. = 1.38). Dzieki obliczeniom wtasnosci fononowych, przedstawionych
w czesci teoretycznej, przeprowadzono szczegdtowg analize ciepta wiasciwego w catym zakresie
temperatur (1.85 — 300 K). Na wykresie krzywych dyspersji fononéw wystepujg mody akustyczne
oraz dwa wyraznie odseparowane mody optyczne. Na tej podstawie do dopasowania danych
eksperymentalnych ciepta wiasciwego (w petnym zakresie temperatur) zastosowano zaréwno
model Debye’a jak i Einsteina, przy czym liczbe moddéw ustalono w obu przypadkach jako 2.

Wyznaczony z zastosowaniem odwréconego wzoru McMillana parametr sprzezenia
elektron-fonon, A¢, = 0.53 sugeruje, ze LiPd2Ge jest stabo sprzezonym nadprzewodnikiem.

Badania teoretyczne rodziny LiPd2X wskazujg na wystepowanie tzw. miekkich modow
fononowych, ktére w zwigzkach typu Heuslera byly juz wczesniej obserwowane. Jakkolwiek
pochodzenie migkkich moddéw nie jest w tym przypadku ustalone, to zwracamy uwage na to, ze
nadprzewodnictwo jest z nimi wyraznie skorelowane.

Warte podkreslenia jest rowniez to, ze LiPd2Ge jest pierwszym nadprzewodnikiem typu
Heuslera, dla ktérego VEC = 25. Poniewaz dla materiatow typu Heuslera z VEC = 24,
obserwowane jest wystepowanie przerwy energetycznej [30,33], tym samym nadprzewodnictwo
w LiPd2Ge niejako domyka obszar tzw. trzeciego maksimum T,(VEC) postulowanego przez
Matthiasa.
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Soft-mode enhanced type-1 superconductivity in LiPd;Ge
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The synehesis, gryseal strueiure, and physicol properises {magneiaiimg, resstivity, heat capaciog ) n combimi-
tiom with theoretical caloufstions of he electronic sinacture und phonom properties are repored for inlermetnllic
compounds LIPd:X (¥ = i, Ge, and Snp LeBal refinement of powder x-ray diffrctian datn confirms. that all
compounds helong do the Heusler family (space groap £n-3m, Moo 225), The laitice parameter incresses with
aiimic size of X, and fix vulee waries from @ = 5.’.“15‘](-1_1.5; For LiPd:Ri omd o = HIKRNA A for TPl s e, 1
a= h,:M-"h;h.& for LiPdySm, The fitst compoand, LiFd; 53, has apparenaly por been Fsﬁnusl} repoaned. All
mensinal guaninies demomsrage that LiPd, Ge exhibiis superconducizvity helow T = | 946 K ond the nonmal-
andd supercomiducting-stule dan indicste thot it s 5§ weslsirength vpe-1 supercomduciar (/¢ 1) = 1,385 with
ebectron-phonon compling canstant b, = (L83 < 560 LiPd: S0 and LiPd:Sn are nog supercomducting above
14 K. The experimenial chservations are sapported by thenseiticsl culeulnions which show thet LiPd Ge hes
the highest compaited & and T of the grosmp, A strong sofienimg of the acogste phsan mode is calcalated, and
in e case of X = Ge and Sncimaginary phanon frequencies were eompued, The saft mode bs most pronosneed

! Faculty of Applied Pivesics weuf Matiermatics amd Achveaced Minterials Cemre, Gdansk University af Technolegy, Nantowieza T3,

2 Faeutre af Physics and Applied Compater Science, AGH Untversity of Science oo Fechnnlogy, Aleja Mickiewicsa 30 20059 Kraldw, Poland

in the ceseof LiPadyGe, which supgesas dis camelmion with superconductviey

00 0601 B0 PrysitevE, |02 024507

I INTRODUCTION

Although discovered mone than 100 years ago, the Heusler
mierial classes remain on exciting and setive research arsa,
The prototype compound, Mo AL is a ferromagnet at room
lemperature Uough it consiats of oee nonmagnetic metals
| 1) Mowadays, there are more tean 1000 repoied compounds
in this Farmly, and they reveal all kinds ol physieal prop-
erthes: oy fermeon, shape-memaory effect, thermoebectric,
anl Ferromugnetiam including hall-melallic fermomagnetlsm,
Rer_'énﬂ}' a gt erabical paoam I'Q[:I’:l and @ pew bype ol
interaction between charge density wave (CDW ) and super-
comductivily was found m LuiPy_ Pd, hin [2). Inriguing
prhysics hus been ohserved 0 the teal [-Hewsler i.ﬁmFHnLﬂl’Jh.
g, hand verdon [34] and the coexience of magneti
1:r|'1!=rirng Al M.Imml.‘lb';[il‘iﬂ}' |5.6).

The Heusler and half-Heosler ternary intermetalfic com-
pournde huve the chemieal femula AW anmd ATM, nespee-
Tvely, In the Tormala, A stands for rere-carth metal bug i can
alser be L, Be, Mg, and metals from growp IV, V, and ¥1. 7
1% o framseon metal Tnom group 1X-X1 and also Mn, Fe, R,
i, and Od, while M s an spometal or metalload (5, Bip, The
compounds form in a cuble crystal srocture, with the space
Joroaip Fare e (g, 225 for e Hewsder amd FodJar Is.g. 216)
For the hall=Heasler syslem, An excellent lj:w.:ri.]:liun wilhy o
COmpEirsoT off Lhe cl'_v:d:l] siruclines aff boil Gumalies, ag well

“karnbinagornicka# pe.edipl
'omase_klimcruk @ pg.edupl

2SO T2 TS 3
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as 2 discwssion conceming the chemical nomeneluture con be
fowrmk in Bed. 17

Supsrconductivity in this family & mafher uncommen,
There are cnly ahout 3 reported Hewsler superconductors,
Their physical properties can be lentatively predicled by
counting the number of valence electroms (%1, For example,
semiconducting behavior is expecied for Wy = 18, whereas
superombucivity 15 expecied for Ny = 27 [7.8], Intenes-
igly, the pumber of valence electrons per atom Ny /4 = 6.75
elecirons per atom s glose 10 e second maximum of T
versus the electron coant ebserved for rransition megals [9],
umd slightly higher than the moximwm of T ot 64 elecirons
per alom ohserved Tor Ag sl s compounds with the ARS
crysinl struciure | 10].

Recently we described o Li-based Heusler superconcduc-
tor, LiGagRh [11]. This compound is o Bardeen-Cooper
Bchrietfer (BCS) superconducior with four valence electrons
per otoom. which is at the onset of the first superconducting
dome proposed for superconducting metals [4,12] amd com-
poumids with the AlS crysinl structure [10], Motivated by
finding the Li-based Heusler supercombucior, we synthesized
and tested severn] LiPd, X moterinls (X = i, Ge, and Snj,
In this paper we report type-1 superconductivity in LiPd;Ge,
According o our know ledge, type-1 superconductivity among
Heuslers compoumds has not been ohserved,

I EXPFERIMENTAL AND THEORETICAL DETAILS

Polycrystalline sumples of LiPd:X were synihesized by
i two-step sofid-stute reaction. The starting elements were

AT Ameican Prysleil Soclery
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highepurity Li chunks (4N, Alfa Acsar), Pd powder (4NE,
Menmea-Meals, Polandi, Ge p|.1wdm' TdN, Alla Asesar), Si
paeces (3N, Alfa Aesar), and Snpellers (4N, Alfa Acsar). An
excess of [thaum (10%) was adided in ender 1o compeniale
for the loss duning synihess, The Taslbovovineg Thlmi.'pulu[imx
were peffommed in g prdective Ar atmosphere b a glove
box system [pi07) < 05 ppm]. Al duderials were mized
Together, pressed ifo o pelict S 0 hydraulic press, pluced
in o tomiofum crecible, ond then sealed inside an Ar-filbed
it tube. The a|'|||1|.|u|e Wik s|1mt_1r hewted go 240 “C a1 o rale
o 2.5°C /h and then heated 1 550°C (10 °C/h), held at that
lemperilure foF 12 b, @i arf q'l.l.lrk'h:n.l 10 mooan lEmpenidone.
The as-prepansd material was regronnd well and once mone
przmu:n:l anlra pcilr:l. The s:ﬂrn.phx were then emclosed inside &
Guiirts tube and anpeabed at 51000 for 3 da}'x. N mull|ng Wil
observed and the resulting materzals were dense and brown in
ey,

The chemcal compositin and phase punty of LiPd, Ge
woere mensured uxing on FEI Quanta 2500 FEG u.'.mn.ing
electnon i rosCape iSEM r.quipped wath an |'|.|1|.1|.||.r-.?{ LD
eneryy-chspersive spectrometer (EDS) The data were ana-
lvzed wang EDAX TEAM™ saltware, Room-tlemperaiure pow-
ler Rery dhiffraction rpj::m:n chiursclerzation was carmed gail
on & Bruker D2 phaser diffractoneter with Co Ko rdiation
b= | 5406 &) and o LynsEve-XE detector. The data were
collected fromm 1 —8F 20 over 120 minuwtes of scan time.
LeBuil refinement of the pXRE potern was performed 1o
determine the Intice parameters. using the IHFFRAC SUITE
ToPAS, Ternperature- and lield-dependent magnetization mea-
surements were performed in o Cuantum Design Dynocool
Fhysical Property Messurement System (PEMS) with a vi-
hrating sampbe magnetometer (VM) Function. The duta wene
collected in the lempernture mnge of 1.68-2.1 K ander varions
applicd magnetic felds. The heat copncity was measured
using the fwo-r time-relaxaion methad in o PPMS Evercool
I system in the temperture range | 81-300 K, The sample
was atbiched 1o the messuring stage using Apiezon N grease
o ensure pood thermal comtact,. The electrical resishivity
measurements were performed by o conventional four-probe
methid using the oo mansport option of the PPMS Evercoal
Il system from 1R 10 300 K, The electricnl lepds were
smiall-dinmeter Py wires attuched 1o the polished sample using
conductive silver epoxy (Epotek H20E),

Electromic structure, phonons, and the eleciron-phaonon
interuction functions were caleabated wsing density functional
theary with the plane-wave pseudopotentinl method as im-
plemented in the GUANTUM ESFRESSO (QE) packoge |13,14]
We used the projector sugmented wove pseadopotentinls
|15, 16] mngl the Perdevw-Burke-Emzerhof generalized grasdient
approximation exchange-comelation functional [17]. Energy
cwtoffs for wave functions and c'h\lr%r densitics were set
1o ) and 600 Ry, respectively. A 247 L-point Monkhorst-
Pack grid foa the electronic structure and 8 g-point grid for
the imerstomic force constant calculstions were employed.
Both scalar-relativistic and full-relaiivistic [inclading spin-
arbit coupling (SOCH caleulatiens of the electronic strscure
were done,

Firstly, LiPdyX (X = 5i, Ge, Sn) anit cells were reloned
with the Brovden-Flewcher-Goldfarb-Shanpo algorithm, The
experimental lattice constants and the caloulated ones ure

TARLE . Experimental aml calouluted fatice consiant o for ihe
Lild. X lamily.

(BT Lird; e Lifd:5n
Exprrimental Ay S804 G {HIEZ 31 G.2600] )
Calenlaned wio SO0 | A 4512 (T 3367
Caleularesd with 308 (A} 59518 {75 6,337

shawwn in Tible 1. The cabculated lattice constants are slightly
Larger thon the experimental ones, which is vsually the case
when wsing GGA fimctionals, The atomic positions are fixed
by the symmetry, and therefore they were nod changed in the
reluxation. The volume reluxation was repeated with S0C
included, but no important difference was. found. For the
reluned struciures, the electronic dispersion relations. den-
sithes of states (DOSF), ond Permi surfice were caloulued,
Using density functional perurbation theory | 18], phonons
nnd electron-phonon interaction functions (Elinskbery func-
tions) were computed. As SOC was found to hove o megligible
effect on the electronic stnsciure, phonon and ebectron-phonon
caleulntions were done in o scalar-relativistic way, with an
ndditivnal test of pheoon frequencies caleulated with SO for
i selected g-vector for LiPd;Ge.

111 RESULTS OF THE EXPERIMENTAL STUIMES

The sumiple of LiPyCe wis frst examaned using an energy
dispersive spectrometer IEDS) High-resolution SEM images
shaorwed that the sample is uniform and the EDS analysis
within experimental ervor confirmed PdiGe mtio pear ex-
pected 2:1, consistent with the nominnl compasition,

The LeBail refinement of the powder x-ray diffroction
pattern {Fig. 51 n the Supplermental Maderial (SM) [19]} for
LiPda5i, LaPsdzGe, wnd LiPd:5n confirms that all compounds
crystallize i the cobic LY crysal structare {space group
Fm-Gm, No. 215, Latie pammelers obtaned from the me-
finernents are @ = 5.905H4) A for LiPdaSi, & = 60082031 A
For LiPdaGe, and o = 62643011 A for LiPdaSn, We have mot
seen reports of LiPdiSi, and the cell parameser values for
the ather two compoonds are in very pood agreement with
previously published data [20], The pXRI} analvsis confirms
the gond cuality of the examined samples, The difference
plot (hetween experimental and fitted dadn) and the Bragg
positions is olso shown in Fig, 51 [19] Additions] pXRED
scuns wene performed on a pulvenized sample exposed 1o
nir for 12 h, The obtained putterns confirm stwbility of all
compounds over that time period,

The temperature-dependent volume magnetic susceptibil-
ity, defined as x = dM/dH where M is the magnetization
und M i the apphied magoetic fGeld, for LiPd:Ge is shown
in Fig. 1{m). Both zero-fichd-cooled (ZFC) ond Bekl-cooled
(FC) dotn show a sharp dinmagnetic iransition, corresponding
tor the onset of superconductivity. The cntical temperature,
o= 196K, wos delermined as the inlersection between
line drnwn ot the steepest slope of the superconducting signal
unil the extropolation of the normol-state magnetic suscepli-
hility [21]. Afier considering the demagnetization effect of
the sumple by using the formaln —4x g0 = 1001 = N, whene

E4517-2
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FIG. 1. Mapeetic charcterizolion of the wupereomductivity of LiPd; Ge. (a) Fen-feld-cooled (open cirches) anid Hebd-comed (Full cincles)
temperare-depencent magnetic susceptibility dai in & = 1000 () The emperatme-dependent magnesic sawepiibiliny duia for 5 0e <
1 = #pOe. 1¢) Ficld-dependemt magnetization data of vanous lemperatiunes. (i) Thermodynamic critical eld H° 000 determined from g7

{Fald gircles) and My (4 1 (open circles)

N =04 s the geomotrical demagnetization Tactor [estimated
from the My (8§ fit discwssed later], the ZFC dot are consis-
tent with o 1005 Meissper volume fraction, indicating blk
supereondoceivity in LiPdaGe. The FC diamagnetic signal
at the lowest temperatire i relatively sirong,. which might
sugpest that the grains are large and hence not much magnegse
field ks wapped st the grain boundaries. Figare 1(b) presents
the ZFC dam & variows exiernally applied meagnetic fields
150w = H < 4001, The application of the magnenc Geld
suppressed the eritical temperature gradually. Thas allows us
to extract the values of the criticol ficld M., represented with
full eircles in Fig. lid). The volume magnetization sothemms
My (H ), taken & different emperatures belosw T are shiwn
in Fig. Licr Assuming that the initial respoase 1o a magnets:
field is perfectly dinmiagmetic, we obtained a demapnetization
fuetor W = (k4. I s clear that tse phsned curves of My (H)
show a steplike jump (0 zero near the entical field, indicating
type-1 superconductivity in LiPd:Ge. The critical fiebd value,
H?, was determined a5 the emrance 10 the nomzal state, af
cach temiperature. The varation of A with temperatse s
depicted in Fig. 1(d), whene full ciicles are obiiined from the

#oi T analysis and open cirches are data points taken from the
My (H ) measuremenis. The solid red line gives the ft that oses
i )3

temperatuse dependence:
HATy=Hm 1 -[ =] |-
cnv=moi-(7)]

where H () s the ¢ritical field at 0 K and T, & the su-
pereondocting critical tempersture. The experimental data
are well descibed with the above formula amd o fit gives
iy = 050510 and T, = 2.00{11 K, Taking ivo account
the demagnetizstion factor decived abowve, the ¢ntical field
villue is H, = 342 0¢. The full magnetization loop Wy (H)
mensured ot 167 K is shown in Fip. I, The shape of the
My (Hy curve—similor (o other type-1 superconductors, such
ws KBix [22], YbSby [23], and ScGan and LuGay [24]—
topether with relatively small critical field 4, (00, implies that
LiPdsGee is a type-1 supercondductor, This is rather surprising
since tvpe-1 superconductivity is unique in the intermesallic
compoands and it is unusaal that LiPd:Ge, being o Hewsler
compound, would be a type-1 superconducios, 1t is therefore

{1y
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FIG. 2 Magnetiatica loopat = LETK for LiPd,Ge

immperrtinl i I'u]!l:,' chancierize the mq'u:n.'urh:lm;l'mg slle 1n
Lalely e

The mam panel of Fig, 1 shows the whole lempers-
fure mnge of the clectrical resistivity, p(T). 0 e applied
mugnetic tiell. In the normal state, the piT) dota decnease
with decrensing temperature, revealing metallichke chamcter
{dp/dT =), The roor-lEmperidare residivity is approxs
imtely 194 pQom and the residunl mesistivity, above the
crifical tempesature s 14 wf2em. Hence the residual resis-
ity matio RER is p{MX))/ 003} = B4, This volee is high in
comparison o those reporied for full-Heosler compoonds,
8. YPdaSm ~ 2.5 [B], rNiaGa =~ I[25] or LiGaRh ~ 1.2
111]. As shown my the mset of Fig. 3, the elecinical nesistivity
drops o fero ol T = 204 K, where, for resistivity data, T.
is delined by the temperture of the 50% drog of the o(T)
datn i werm magnetic field. The tansition lemperatune is
slightly higher than the critical temperature ohtuined from
the magnetic dot (T, = 196 K] When o magnetic lield 15
applicd, the saperconducting transition is quickly suppressed.
For o magnetic field H = 40 Oe, the ronsition width becomes
wider and the superconducting temperature is 185 K.

The supercombucting transition was  funther examined
throogh specific heal measurements, Panel (n) of Fig. 4
shows the specific hest of LiPd:Ge mensured from 1LE] o
M K in zero magnetic field. At high temperabunes, the
experimental hent capacity CLiT ) approaches the value of
Anf = 00T mol ! K- comsistent with the Dulong-Petit Inw.
Here n=4 and & =831Tmel™ K~ arc the number of
atoms per formuela unit and the kdeal gas constunt, respectively.
The hlne solid line comesponds 1o the whole temperaiine
lit of 0 combined model: €, = Cu. 4 Chsge + Crmieint +
Chiraienz, Where Oy is an electronic specific beat, whengsas
Chicte 00 Chisnt 306 Cimapieinz ire the phonom specific heat
contributions to Cy. Such a madel, with two Einstein terms.,
is required wo deseribe phonon contribstion e the specific
heat over a broad emperature range. because in the phenon
spectrom of LiPd:X we observed two groups of separated,
Einstein-like phonon mades (see below), Each consists of

200 T T v T - T
LiPd,Ge
H =100
07 RRR~ 14 1
E 100- -
2
50 - -
0 i g
1] o ] 300
T(K)

FIG. 3, The ehoctrical nesistivity of Lil'd:Che versus temnperatuse
measared in #ere apphied magnetic field. The inser shows the ex-
panded plor of T the viclmity of the supereosducing transdtion
tor different values aff 5 = 0, 20, ond 30 (e feld.

three optic macdes, gathered around characteristic agy and wgs
fresuencies, Thus, the contribution to the specific heat from all

' ()

(]
where fireg = kgt As the number of soms.in the umit cell
is equnl o 4, from the 1ot number of 12 phonon mides, the
contribution fram the resmaiming sis modes is describesd in the
Dehve approximation, is

2 expixd
L. A I (3

T A
L‘H.,,:T =7 "R{"—) f = ¢l
J Gt |expixd— 11 5

The multiplier 2 assures the correst fotal contribation b the
specific beat from the lower-frequency part of the spectrum, In
this fit we fined the Sommerfeld parumeter {y ) valse, obtained
from: the low-tempernture analysis discussed below,

The blue solid line ks the fitted sum of the all phopon
contribistions to the specific heat. The fit is excellent and the
obtuined parnmeters are By = 1820 1K, B = 16201 K,
and By = 53T 1K, A similar snalysis was performed for
the ather two compounds, LiPd;Si and LiPd:Sn, and the

By

foul 2
i B e o

Hy
=

Cluaga | T ) = .:W(
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FHCi 4, Punel qa) The specitic hem of L, Ge versus sempeeaiare in zero magesaic field with o fin e s combined model (hlue solid liner:
Cp = O+ Criige + Cimssnt + Ciliasea- 1) Zem-field specilic heul dvided by temperature (C,/T1 venas temperature, (c) O/ T versus ¥
mazisined a8 1000 O magnetse field, The red solisl lng represents the lnear e osed w0 estimabe the values of the elecizonic and phossin speciiic

hem coefficients,

results are presented in Figs, 3 amd 6. The characteristic
temperatures obtained are gathered in Tabic 11

As shown in the exponded plol of low-temperatre data
collected in zero magnetie field in Fig. 4ib), a sharp jump
is observied ar 196 K. confirming the bulk nature of the

IR . .
LiPd,Si a
g
a2
2
= a0
(=%
L
NI R
204 " i TS K &
» ' " LL} 1 » n -
i - , T=I!I1il

o
TiK)

PR 5. Main panel: the specific Beat of LiPd:5i measarned from
1% to 300 K umder zevo magnetic field. Inset: C, /T data versus T2

T ™ —
o am 3s HH A5l

superconductivity and good quality of the sample. The su-
perconducting Lransition temperarure (7, = 196 K) is in zood
agreement with the magnetization and resistivity measure-
menis. The specific heat jump at the critical tempernture,
catimated by wsing the equal entropy construction {Blue selid

1001 - i
LiPd,5n
==y
] e
= 60+ :

: |
= q04 ko |
= . |
L T S |

= u,ur" peadmd skt |
104 f Lo B IMTE i 1
f * [ " [ El
0 THET) -

T T T T T T ¥
Q A0 [ILH 150 MMk 250 30D 330
T K}

FIdi. 6 haan panel: the speciiic heal ol LiPdSn measured from
L.H o 300 K wniler zem magnetic fiell lnset: O T data versus T2
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TARLE [l Charscaeristic temperanmes derived from o oomhimned
Nt 1o ihe heat capaciy. The lurger dalferences between theoreiical
ansd experimental i W likely coussd by small coneribacion
al high-frequency plonem o specific heat up lo 300 K amd thermal
expunsbin effects, portis of higher iempertunes,

LiFd: X By (K Byt 1K1 Blimpaine: (K]
S 2IA W2 MN 2 JORi NI Rt LT
Ge (ERA DT 0 N2 LR ITLE LY
Sni (Rl R T RN SN2 AN BIGRTY

“Values exlimated from a lew-bemperiare fic
MTempertisnes esthmated from theoretical calculations as the moean
phoson frequencies arsund Einstein-like o) peaks,

Iy, 1 found o be abou AC/T, = 7.9md mol T2, Low-
temiperuture C,(1) dats eollected uder small magnetic Geld
fugr n A0 Oy are shown Fi!_ §7 1o the SM |I'-.||. Tl
Fa jl.lmp abserved under-5 O measusement 5 sl'igrﬂl}'
|nlg1:r than AT, at wer field, which might confirm lj.lpe-[
superconductivity proposed by feld-dependent magnetization
sbmbies,

Figure 4ic) presents the hest-capacity datn plobed as O /T
versus T2, under an applied magnetic field of B = 1O,
whech 15 shove H.. In lhe mormal stofe Che ul.;u:rimo:rb-
tal dutn can be fited wsing the formula /T =y + AT,
whese the st term s the ebectronic specific haal coelMcient
anel the second one aecownts for the lattice comrbution.
Fitting the data yiclds p = S8 Hmdmol~' K-* ond # =
G531 2 m) mol B, The Debye lemperaluns can be then
caleulaed vin the relation

14y

wheze 1= 2 cormesponeds 1o our combined Debye + Binstein
mindel, descnbed above, In suich a case, # comesponds o
the Debye emperature of 194031 K, in good agreement with
the value oblained From the whole temperature mnge fit 11,
insteml of using the combined model, one follows the stamdand
methodology (i.e., all the phonon modes are approximated
using the Debye model) and tkes 0 = 4 (number of atoms
per foemuala wmit) the resulting valoe of Hy s 2443 K,
which is comparable with those obtained for full-Heusler
compounds, e.g., LuPd:Sn (8p = 602K [E]), HIPd:In
(B = 2435 K 8] and Erlddy In (8 = 3651 K IR

The insets of Figs. 5 and 6 present the Irut—unElw;'ily
dadn iopether with the fitting formuln Co/T = y 4+ 677, The
extrapalation gives 3 = 5,101 md mol ™" K~ for LiPd: 51 ond
y =44 mdmel~' K-* for LiPdz5n. The caleuluted val-
ues of By (comesponding 10 the combined, Debye-Finstein
el are 23002) K and 17601} K for LiPdz&i and LiPd:Sa,
respectively. We do not observe uny transition down to 81K
for either material,

Using the Sommerfeld coefliciem [y = 58(1)
ml mol =" K% and the spacific hest jump value ot the critical
tempernture (AC/T, = 7.9mlmol = K%y, the normalized
specific heat jump was then calculoted. The obtnined value
{AC T, = 1 38} is slightly lower than the value predicied by

LT
&) g .
5 = il SO}
=
1
L
|
w
2L, 0% |
|
=4

4t

LiPdsGe

I |
e} g LiPd;5n
2

=
3
o
I
wi

-3kz

-4

T L K WD 4 B 12

Fid. 7. Electromic stroctore of LiPA.X calcalated aqibout S0
(hlack sudid lines ) ol mclsding SOC (red dushed lines).

Bardeen-Cooper-Schriciler (BCS) theory (1423) suggesting
'.wu.'h.-qmpling auT:ertnruhl.l:liv:ily i LiPadaine,

The ebectron-phonon coupling constant 3, i Can be esn-
maed (rom the mverted MeMillan formulo, which relaes the
Dihye winperidure Sy and the cdtical lemperaniee T, by the
Formala [ 24

104 + p* Ind By 1 45T )

. 5
T A L

Kep

where 4* is the repulsive screened Coulomb parnmeter. yp-
icnlly taken as i =013 for many metal systems |27-249],
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temiperuture C,(1) dats eollected uder small magnetic Geld
fugr n A0 Oy are shown Fi!_ §7 1o the SM |I'-.||. Tl
Fa jl.lmp abserved under-5 O measusement 5 sl'igrﬂl}'
|nlg1:r than AT, at wer field, which might confirm lj.lpe-[
superconductivity proposed by feld-dependent magnetization
sbmbies,

Figure 4ic) presents the hest-capacity datn plobed as O /T
versus T2, under an applied magnetic field of B = 1O,
whech 15 shove H.. In lhe mormal stofe Che ul.;u:rimo:rb-
tal dutn can be fited wsing the formula /T =y + AT,
whese the st term s the ebectronic specific haal coelMcient
anel the second one aecownts for the lattice comrbution.
Fitting the data yiclds p = S8 Hmdmol~' K-* ond # =
G531 2 m) mol B, The Debye lemperaluns can be then
caleulaed vin the relation
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wheze 1= 2 cormesponeds 1o our combined Debye + Binstein
mindel, descnbed above, In suich a case, # comesponds o
the Debye emperature of 194031 K, in good agreement with
the value oblained From the whole temperature mnge fit 11,
insteml of using the combined model, one follows the stamdand
methodology (i.e., all the phonon modes are approximated
using the Debye model) and tkes 0 = 4 (number of atoms
per foemuala wmit) the resulting valoe of Hy s 2443 K,
which is comparable with those obtained for full-Heusler
compounds, e.g., LuPd:Sn (8p = 602K [E]), HIPd:In
(B = 2435 K 8] and Erlddy In (8 = 3651 K IR

The insets of Figs. 5 and 6 present the Irut—unElw;'ily
dadn iopether with the fitting formuln Co/T = y 4+ 677, The
extrapalation gives 3 = 5,101 md mol ™" K~ for LiPd: 51 ond
y =44 mdmel~' K-* for LiPdz5n. The caleuluted val-
ues of By (comesponding 10 the combined, Debye-Finstein
el are 23002) K and 17601} K for LiPdz&i and LiPd:Sa,
respectively. We do not observe uny transition down to 81K
for either material,

Using the Sommerfeld coefliciem [y = 58(1)
ml mol =" K% and the spacific hest jump value ot the critical
tempernture (AC/T, = 7.9mlmol = K%y, the normalized
specific heat jump was then calculoted. The obtnined value
{AC T, = 1 38} is slightly lower than the value predicied by
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Bardeen-Cooper-Schriciler (BCS) theory (1423) suggesting
'.wu.'h.-qmpling auT:ertnruhl.l:liv:ily i LiPadaine,

The ebectron-phonon coupling constant 3, i Can be esn-
maed (rom the mverted MeMillan formulo, which relaes the
Dihye winperidure Sy and the cdtical lemperaniee T, by the
Formala [ 24
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FEG. 8, Fermu susrfnce of LiPd Ge, consisting of three sheets. Color represents the velecy of electrons Dimm)/'s ). Comirbatin of ench sheel
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Using 7. = |.96K amd the Debye femperature, we ob-
iwin A, =053 for B =24K or &, =056 fir By =
144 K, which implies that LiPd:Ge is a weak-coupling super-
compducion

With the electron-phonon coupling parameter A, -, and the
Sommeerfeld cocfficient y Enown, the density of states at the
Fermi energy DOS(Ey b can be coleulaied wsing the relation
[30

iy
DOSIE = —— 1hi
.-r-k;,[ (¥ dppl

where by is the Boltzmann constant. DOS{Eg ) is estimated 10
e 1t snabes e "' per formuks umit (£,

IV, AR INTTIO COMPUTATIONS
A, Electronle strociure

Figare 7 shows the computed elecironic band stractume
ard tolal density of stntes (D51 caleulmted with and withoue
span-orhit coupling (5001 The effect of SOC on the elec-
tromic structure near the Fermi energy (Er) was found o be
negligible for all three compounds, However, lor some upper-
amd lower-lying siates, band splitting, band anticrossings,
ard degeneracy removil due to SOC can be noticed, Thees
clectromic bamds are crmossing Ep, bualding up three Ferrm
surface (FS) sheets. presented in Fig. H for the nepresen-
tative exnmple of LiPdaGe. The other LiPd: X compounsds
sndied, which ore isostmciuml and iseelectronic, hove very
similar F&

The total DOS and partiol DOS for each atom in LiPd: X
are shown in Figs. Qa)-%c), whereas Figs, $d-900) display
the DOS projected om atomic orbitals for LiPd:Ge. Stntes near
the Fermi energy are-built up mainly from Pd-44 and X wtom
orbituls (5i-3p, Ge-4p, and Sn-3p), with the smallest contrib-
tion from Li. The Fermi level is becated on o decreasing slope
wf o local DS moximuom., associated with Pd-4d swees, and
thas doping LiPd:X with holes could be o promising strategy
for incrensing DOSIEF ) and, potentiallly, T, Total DOS(EE ),
Taned stnscture valoe of the Soommerfeld coeffcien! W, =
7 EEDOAEy ), ond the ehectron-phonon coupling constant
&y derived from the comparison of P tethe measured ¥ =
Peamadf | + 41 e collected in Tobke 11 In qualitative ngnee-

menl with experiment, the largest DOS(Ey } and pie is found
Tor LiPd:Ge and the hvwest for LiPd: Si, which comrelates with
the presence of supercenductivity, found above 1,68 K .only in
LiPds(ee. The compuied renommalization parameters & are
relmively small, 0.28, (037, and (016, for X = 50, Ge. amd
Sn. respectively. For the case of LiPdiGe, where 4 == 0055
wits - estimated experimentolly, the undercstimation is over
J0%, This suggests that the computed DOSIE: ) valae s too
large. which may be related o using the ideal Heusler crystal
structure in the caleulotions, while site-stomic disorder is
useally seen in this family |7,38), A structural diswsiion may
ilso be possible due to the unstabie phonon mode (sec belos ).

Our results for LiPdyGe, ax far as the shope of the
DOSIEry curve is concerned, are similar o recenly re-
ported ones by Ayhan and Kovak Balo [52]0 hewever their
D08 values are rouphly two times smaller, with DOS(E; § =
0.9 eV compared 10 our 181 eV~ As this difference
by o foctor of 2 oocurs for the whole DOS spectrum, we
suspect that the DOS in [32] s given per spin direction.
However. wo double-check and independently verify oar com-
puted densities, we performed calculations by using the same
full-potential lincarized sugmened plane-wave method {FP-
LAPW ) and the Wiy 2K peckage [33] as in [32]. The calculo-
thons gave almiost exoctly the sume electronde structure that we
obtained from the psesdopotential calculations in QUARTUM
psprEssc, and confirmed the DOSEy) = 1L8eY ™" wilue,

Tor suppéert our claim of the type-1 superconductivity in
LiPdyGe o theoretical estimation of the Gineburg-Landau pa-
rameier ki = Aga, f5ca. has been dooe, where Ly and £ ore
the Ginzhurg-Londaw penetration depth and coberence length,
respectively. Fird, we have to compare the BCS coherence
length &y [34],

£ = 0,080 TUE i

kT
with the electronic mean-free path &y = v 2o verfy whether
we are in the clean (i 3 En) or diny 1 < &) Hmie. In the
abowe formulas, vy 1s the Fermi velocity and 1 is the average
elecironic: scanering time Yalues of the Fenmi velocity, as
shiwn in Fig. 8, vary bevween Fermi surface shoets from § «

I mys i 193 10% mjs, and the sverspe .J’E?- 107 s,

(245077
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moar Ey for all three convpowmds.

This puts & in the ronge 35 000-130000 A, To properly
edtimate the electronic scattering time we have calenlated
the electrical conducivity of LiPd:Ge from the computed
hand structure wsing the Boltzmann formalism in the con-
stunt scallering lime approximation, ss implemented in the
BOLTZTRAP code |35] The resuliing value is o/t =95 »
1P £ m s Mext, taking the experimental vabue of the
residunl resistivity, measured in Fig. 3 just above transition
1o the superconducting state. oo = 13,7 pflom, we amive
al v =75= 107" s Combining v with the average Fermi
velocity we get fs = 7504 (or §; in the range H00-1400 A,
while using the minimam and maximum Fermi velocity from
different parts of the Fermi surface). much smaoller than the
BCS coherence length &, estimated whove, This puts our
analysis 1o the dirty limin, where [34]

PO | e )
I||

TABLE ML Calculsted density of slates ol Fermi eoengy
DOSE ), Semmereld coeMiclen 1, ol elecirn-phinon cog-
pling constant &, fromm the band stncture comparsd with the exper-
inerial rults. Agyp is wadculonad using the eapernneital T, amd the
Muidillan formula

hp g the zero-temperniure London penetration depeh, which
i= enlculated os
a 1

Ap=22 rl:nr'-'lli-Dﬂ‘Efl Erd’ &)
where DOS(Ey § s given per unit eoergy and volume. Calcu-
lated separutely for each FS shees &y = 30 — 60 A, whereas
the average vy and the wotal DOS(E, ) pive &, = 20A, The
final and conservative estimate oit the Ginsharg-Landau pa-
rameter i3 then (L] <wg < 0.1, being considerably smalber
than the critical value of 1/ 5007, Thes, LiPdGe is
indeed o type-1 supercondiscoo.

I, Phopuns sl the electron-phonen coupling

Figure 11F shows the computed phonon dispersion relations
nnd phomon density of stotes Fla in LiPd:X . In the dispersion
plots, the thick blue lines represent phonon linewidths 1y, .
which are o local mensure of the eleciron-phonon coupling,
discussed below, There are four atoms in the pimitive cell
ol LiPd: X, contributing to 12 phomon modes, three jcoustic
und nine ophic. The avernge todal and partial frequencies
are: ¢ollected in Table V. The globol pverage phonon fre-
quency decreases with the increpse of the mass of the X
element, in ngreement with expectations. As the partial ninmic
phonon NG shows, the well-seporated. Einstein-like highes-
fresuency oplic modes s sssocined with Li vibrations,
due (o the smallest Li atomic mass (M = 68580, My =

Lild:Si LiPdGe Lifd:Se 106420, My = 28080, Mo, =T2630, My = L1871l
| The avernge frequency of these modes also moves down when

DOS(Ey ey Le& 181 1L.6Z
H_‘,m;,l'l‘::ru ; -1y 109 e 147 the ateanic mass of the X element is chonged, from ~12.3 THe
el 5 1 sS4 T X =Sik, vin 1.2 THz (X = Ge), to 10 THz (X' = Sn}. The
;.'“: = 0155 - second growp of optic modes, also with o small dispersion,
e = Yopa ! Prast — | 0.8 na7 [N is locuted sround 7.5 THz for X = 5i and 5 THz in the two
- remaining cases, These maodes wre associated maosily with i
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FRG. M Phonon dispersion relstions with phonoe Bnewidibs m
THa miarked as thack red liges, and phonos depsity of sunes with
soamie conbributhing, Phaomon linewidihs Fyqu aFE multiplied by T to
Imprvae e visibiling. Arrows represent g vectars o which phoaaon
amemalies ocour: gy o= (103 1/ L vand qrg = (173173, 00

vibrations in LiPd:51, whereps in the two other cases they
teave a1 mixed Pd 4 Ge (5n) character. A similor situation is
found for the lowest pun of the phomon spectrum, consist-
ing of three acoustic and three low-frequency optic. modes,
For X = 8i it is contributed mosily by the tawo Pd atoms’
vibrtioms, whereas in the two remaining compounds, a langer
comribution from Ge (Sn) is found, To verify the comecimess
of the calculoted phonon specira, lottice specific heat was
gulculated, amld compared o the measured one. Results are

TARLE IV, Colculsied average phanon frequencies, clectrn-
phonon coupding constink, entical lemperture fusing @° = D10
ond  remormalized  Soenmerfeld  coefficiens, Por LiPdiGe and
LiPd: Sm, due o the prosece of the solt mode with imagimry
frequeaes, T {ur;;" v &, we glve 5 range of values, estimated
baseee] on extrapolation of the Efinshbeng fanclion, as discassed in the
Supplemental Maberal [ 19] The soft mode, bowever, has iegligible
illect o the averape .

LiPd, X X=5 X=0: X =5n
leen s ATHEY 659 545 505

g} {THE ) 12.1 1.2z 14h 02

{oemsn ) { THED a7 LRk 1012

|eepm | ( THEED 3aT 344 inz

o 4 (THz) 1.19 451 30
fesft 3 (TH 33 221295 202 -268
fosft 3 (K 145 i 142 o7 - 2
b piMiodes 2-12) LR .31 [0

B UTiodal) k41 L1 - 1052 k32 - 0.40
T AR Cabey L7 040 - |50 il =041
¥ Kb (Expa. = (K =

presented in the Supplemental Matermal [ 9], The differences.
seen ut higher temperatures, ane mest bikely dog to anhasmonic
ellects (thermal expansion) ond likely sne responsible for the
differences i the experimental and theoretical Emstean nwxde
tenperntiunes, as shown in Tohbe 11

The most intriguing featwres of the computed phanon
specin are |'ﬂ1-:||1|:|r|| pnomalees observed mothe acoustic modes
im each of the siudied compounds. A sofl mode is detecied
for the trmnsverse acowstic mode in the T-K direction, with
w maninmen frequency near gy s (103, 173, 0, denoted by
the wmow in Fig, 10 In the case of LiPdaSi, frequency is
sigmificantly Bowered, wherens for X o= Ge and 5o frequen-
cies become imaginary (plofted as negative in Fig, 10), We
label this mode as o “sofl” one in the remaining pare of
the paper, although in the X = 5i cise frequency is positive.
In ndkkition, in the T-L direction a1 ey = (13, 15 1300
weaker softening resembling, e.g., the Kohn onomaly in Ph
[30] is seen. To nule ont the possibility that the detected
imstahility is a result of the choice of pseudopotentinl or isuf-
ficient g-point sumpling {(equivalent to insufficient number of
neighboring atoms considersd in caleulations of inleralomic
force comstants), we have performed test enboulations for
LiPdyCe with three different sets of psewdopotentinds, and for
ull compiminds, using thres sizes of g-point grid: 47, 6%, 8%,
The resulis are summarized in the Supplemental Material [ 19],
As Far o5 the choice of psendopotential is concemed. only very
small differences in frequencies of higher-frequency miodes
were noticed (due o the slightly smaller laitice pammeter),
feaving the soft mode unchanged. Por the g-point grid test.
the 41 mesh was found o be too coarse, and starting from
the 6 mesh, convergent results were obtained, Additionally,
for LiPdyGe inclusion of spin-orhit coupling had mo effect on
either the soft mode or on the other phonon brunches: these
wre checked in culeulations for two sclected g-points: see Fig.
5211,
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Phoisen anomalies are Fregquemtly sbserved m Heasler cone-
pouikls. Among the podsible reasons Tor such behavior wie
may distinguish Kobn anomalies doe o Ferm surface nesting,
martensitic aatabilites wwands modilted strucines, or the
formation of charge densely waves [37-34]. lin pariicular, &
soft mode a the =K direction ol o similar wave veclor gy
Wi odbiserved i several mapmels :rﬁlmlhmlgmul'w miabe ks,
inchebing the widely studied magnetic shape-meémory alloy
NizMnCia, Martynoy and Kokorin [38], In g-ray daffrsction
shsbies, showed the resence of many |.I1I5|'II:|.“:F and sbress
indweed martensitic phase imnsitions and samocture. modaoele-
teois, Fheludey ef @l found woft modes m M MaCia b in-
elasdic nentron scattermng [39] ancd copciuded that the phaoaom
ancamalies  dne pmhuh!}' cumsenl by I.'J!ulnmaphu,mnn 3PS il
tions, Fayak of wl [37)] siudied with ab it calculations
amcnmalas vibrations in magnetic wnd nommagnetic Hewasler
cotmpounds, They observed that compoands with anomalies
in their phonon strocture also had bow-lving optcal modes
sl 7 Mudes of the same symmetiy nepel each other, so
they argued thai these optical modes pushed acoustic modes
clorwn whisch sedfiened them I..:M'-Iyingqﬂ:ii;ut mioikes conldd be
cased by additionnl covalent bonding in dominamly metallic
Wi MnCia, Both magnetic and nonmagneis: i:1:|||1Fn:ru|1d.x wine
found 1o bave solt wdes, ol therefore magnetic onder 1%
mot a condition Tor phomon ancmalies in these compoanids,
They also pointed out that valence electron number per
mlowm s an imporlant quanbty, because 1t could be uwsed w
classify stable and unstable ferromngnetic structures, where

stnhle |,'|.1r||g'u.n.|rubc bl this ratio beliow 7.4, In the case of

LiPcoX it is equal to 6,25, snd thus it does not follow
this rule. In oor work we have oof found any signs of
phase transition i LiPdoX in the heat-capacity or resistiv-
ity mensuremends, It is worth noting, that in recent work
on related LiGnaRh [45], aconstic mode softening, similar
o our euse of LiP:53, was defecied, without imaginary
Irequencies,

A for s the “awmic” character of the soft mode near
the minimum frequency is concemed, 0 all compounds
it has genemally equal contnibutioms from Pdl, Pd2, and
X opoms {gven for X o= 5i, where confribution of 51 o
remaining parts of the low-lreguency spectrom s small),
Phonon displacement patterns for the unstable mode st qry =
PR 1500 for LiPd:Ge wre wvispalized in Fig, 11, Pd
andl Ge vibrate in phase with each other and out of phase
with small-amplitude Li vibrutions. Thal could indicaie a
ftendency wwords o uniform distortion of the cubic strug-
ture. As the ongin of soft modes is a broad and interest-
ing isswe requiring deeper studies we beove il for fuine
worky, here pointing only 10 their possible conneciion o
superconductivity

To desenibe superconductivity in LiPdaX we assumed
an electron-phonon painng  mechanism with the Migdal-
Elinshberg theory. The electrosn-phonon interaction matrix
elements, computed wing penurbation theory in QE, ollow
us o calculate the phonon linewidihs yy, (5o, ez, [46,47]1
alrenady presented in Fig. 10, Besides on enhancement of 1y,
for Bi vibrations m Fig. HKa), we do ool see any specific
munde or direction dependence of linewidths. Weighted by on
inverse square frequency, vy, measures the kocal contribution
of a phanon 1o the global electron-phenon coupling parameter

®u

FIG, 1 1. Wisaslizaiion af mimic wibeniions with
g={1/ 17305, for the fird iaosverse scoustic mode  of
LiPdyGe, Red balls represem Li, orange balls in the madilbe of the
eldgex and one in the middbe of the o]l represent Ge, and yellow
halls inside the cube reprosent FE Pl and Ge vibrase i phase with
each uther amd out ol phase with Li,

Rt

y’l
hep= — (i
; TANCEy b |
where N(Ey ) s the wotal D05 o the Fermi level, By summing
over all phonon modes v and wave vectoss ¢, the Eliashbeng
electron-phonon intersction function e F (o) is calculated:

3 Vi
o F () - e Hlen = ag ==, (1
EJTHEE;}‘ZI g ﬁ.l'll:i.

which ubernatively allows us 10 calculate &, _,
g F
J.,_,,=1f i L (12)
0 w

The ohtnined o F (i) are plotted in Fig. 12, ond, similar
o Fied, the Elinshberg functions have o three-peak stnscture,
The phonon [0S &5 also plotted in the background in Fig. 12
ufter renormalization e the some volee a5 (he area onder
o’ F(oe). This allows us 1o analyze for which frequency range
Elinshberg function is enhanced. Some enhoncement is seen
for LiPd»8i [Fig. 12ia)] aroind 7.5 THz, due to lorge phonon
linewidthis, seen in Fig. 1040} However, this effect is nit very
strong due s relatively high frequency of silicon vibrations,
as o' Fiw) oc 22, On the other hand, in the low-frequency
range we see o dominating contribution from the fira “sofi”
made, pbotted using o dashed line in Fig, 12, which results
bioth from the bow frequency of vibeations and increased
phenon linewidths al grg. The incrensed p. are especially

(R45T- 1K
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FHO. 12 ERashbeny functions for LiPd: X Orange dashed lines denote Elinshberg funciions only for the first acoustic modee, whensus bloe
linees et total Funenn, summoed over all 13 modes. Panels i the secomd mow. show detadls near zeno freguengy,

segn an LiPdaCee, and thus the enhancement of the Eliashberg
faneton over the Fie is |:-5sp|e|.':iu.'l|.:,I seet for this caommpsisimid.
Thus, supsrcomductivity amd strong soft-mode behavior are
correlaged in LiFd: X, a8 the stremgest electron-phonon cou-
pling amd superconcluctivity aberve 168 K are foumd For
X m (e,

Drae 1 the presence of imaginary frequencies, Toand 4.,
cannal be caleulsted securagely for LiPdyGe and LiPd;Sn.
Even though the contribution of the imaginary part of the
specirim, cabeulated ns an arca under the phonon DOS curve,
1= anly S in L||’1.|3Gl! wndd QUSS: in L'ii’d:!i-ﬂ.. the en-
hanced values of &' Fta) for the soft mode and be_p o 22
dependencics make the contribation of the low-frequency
phonon modes (o A, especially imporam. To be able @
qumllif'}' il :Ibctn:ln—pllnmm coupling strengih and anolyre
its magnimde abong the series of compounds, @ first we
caleulated the contnbwition 10 4, from all the modes excep
the first, “soft”™ one, The values are shown in Tahle TV ps
Ay—p (mades 2-12) and Increase from 0.26 (X = Sn), via
M) (X == 54, 1o (L33 (X = Ged, The condnbution from the
first moude in LiPd:5i is equal o0 0,11, resulting in togal
Rpp = AL The direcs caleulation of &y, associated with
the first muxle in X = Ge and 30 s impossibie due s the
divergent behavior of w”F(w)/v pear = 0. To overcome
thas difficulty anc estimate st mode contrbutions, we have
extmapalited o Fiod in twn ways to sel approximate upper
and lower bounds for tle comguted &y the detnle are
deseribed in the Supplementsl Material [19]. The resulting
values are i the sange of Ay = 0.07 — 009 (X = Ge)
and A= 048 =004 (X = Sn). gving the ranges of
culculated fotal &, _, = (L4 ~ 0.52 for LiPdGe and 3, =
0.3 — (o) for LiPd,Sn. Within the same method, the log-
anthmic average frequency -:mé,',a":l vwas caloilibed (see Tahle
5-11 and the Supplemental Material [ 19]), as 5t ks alse defined
Taased on the El iuhbcrg fuiction,

The critical temperature T may now be approgimitely
l..'\GlI'DF.IH!IJ using the Alben-Diynes [4R] equation:

':w'f:'.!,’:' —1A40 A
t=T20 ‘“"[J.._,. — il +:r.b1.x.-,.:]' =)

where u* = (UKD, @ is the cose when the Allen-Dynes for
mula is used [435]

The results are presented in Table 1. For all compounds,
the theonetical &, computed from the Eliashberg functions
wre lurger than the &, extracted from the electronic specific
heat (see Tuble 11 For LiPdyCe, however, W5 closer b
the i %= 055 estmated from the experimental T The
computed vilee of T, being in the mnpe between (06l ol
1500 K, i visibly lower than experimental T, = 196 K. Mol
that the upper value of -:%F:l = 141K for T colculations
shoulid be wsed in combanntion with the lower estimation of
#eep = (L4, il wice versn

For the two other sidied Heuslers, where no superconcdae-
tivity above 168 K was experimentally Found, the compuied
T: is Jower, 0,76 K for X' = 5i and 0,26 £ 0015 K for X = 8o,
Taking inte pccount the inocouracy of the electron-phonon
coupling colculations cdoe to the presence of sofi maodes,
the quuliitative ngréement berween theory and experiment is
comsidesed satisfactory. Calcalations confirm that LiPd:Ge i
n weakly coupled electron-phonon superconductor, whereas
LiPd:58 and LiPd:5n are expecied to have T below | K.

Vo SUNMARY

‘We have optimized o solid-stute reaction method 1o obinin
polyerystalline LiPd: X, where X = 8i, Ge, and Sn. LeBail
unalysis of the powder x-ray diffrnction patterns confirm
that all three compounds belong fo the Heusler-type fumily.,
We have nod seen reponts of LiPdz8i The estimated Intice
parameters for LiPd:Ge and LiPd:Sn are in good agreement
wilh previous reporis. Superconductivity was observed for

1I24507-11
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LiFdGe with T, = 196K, LiPd:Ge ix another example of
a supereonducting matertal in the Pd-based Heusler-type fam-
iy Interestinly i1 15 o type-1 superconducion, anigue in this
aystem, snd it has the wlal valence electron number M, =
35, Theosencal cale slataons A e thiat the two other com-
pounds studied should alse reveal supercomducting behavi
bl with T = LTh aml 025 K fisr LH"IJ!RI e ]_1|"i.|3$|1,
respeclively,

Detailed stushes of the superconducting properies. show
that LiPd;Ge is a BUS weakly coupled superconducior with
a hest-capacity pnomaly ACYyT. = 138 and an electron.
phoiwen codpling constal A, ~ 0.55, Tvpe-l supercarmbic-
vty 35 rather rare monkermetallic comgounds and LiPd; Ge
15 uusuaal s 0 Heusler L'cm'l[mum.l thid 1% o l:q'u:-l supeTCin
dutior,

Detmibed thearetbcal caloulatbons show the presence of sl
modes whaeh |i.'|-c£|}- enhumee Elutl.nmq'lbtmm 1.:|.'|u'PJi|:g_ amil
can be respomsible for the enhanced superconductiviary for
LiPdsCe. Stucdies of the soft musdes will be continoed.
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Supplemental Material contains pXED patterns for LiPAX compounds. information on
pseudopotential and q-grid tesis for phonon calculations in LiPd2X and description of how we
dealt with the soft mode to estimate the electron-phonon coupling parameter ke, for LiPd:Ge

and LiPd;Sn. Comparison of the calculated and measured lattice specilfic heat is also shown.
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Powder x-ray diffraction

Figure 51 presents the powder x-ray diffraction pamtemn for LiPd:5i, LiFd:Ge and LiPdaSn
tngether with the LeBail refinement, All compounds crystallize in the cubic L2; crystal
sirecture (space group Fm-Je Moo 225)0 A small amount of impurity phase (LiPd: space
group P-fun2, Mo, 187} is only observed for LiPd.5i

@ Lipdsi 1
] a= 5.9059(4) A
£ o 1 .
i lL
2 P ] J A A Aok
S| Nl ! PO il S £
= "0 Likd Ge 1
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15 {1} 45 il T4 L]
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Figure S1. Powder x-ray diffraction pattern (pXRD) (red pointsy together with the LeBail
refinement profile (hlack solid Iine) for LiPd:X (X=51,Ce and Sn) compounds, The green wnd
violet vertical bars indicate the expecied Bragg peak positions for full Heusler (Fie-3m, No.
225) and LiPd impurity (P-fm2, No, 187},

Pseudopotentials and q-grid testing

T determine whether the appearance of the soft mode in LiPd:X s nota result of insulficient

accuracy of caleulations, two types of est caleulations were performed: with a different ses
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of pseudopotentials and for different g-point meshes in phonon caleulations, in a scalas-
relativistic  way, For LiPdsGe two  sets of Projecior  Augmented  Wave (PAW)
pseudopotentials (see, Ref [16] in the manuscnpt) with different number of valence electrons
for Pd atoms were aken (labeled os psesdol and pseudo?. see Table S5-1) and a set of
ultrasoft psewdopotentials, labeled as pseudod. Lattice parameter was independently relaxed
for each set of pseudopotentials, snd small differences are noticed in Table -1, Next, phonon
calculanions were done for each set of pseudopotentials. In density functional perturbuation
theory (See Refs [13.14,18] in the manuscript) fiest dynamical matrices in reciprocal space are
calculated on a chosen q-point grid and then interatomic force constants {IFC) are caleulated
in real space. Once [FC are caleulated. by Founer interpolation, phonon frequencies @ any 4-
point are computed, For pseudopotential testing, o B® g-point mesh was taken. Phonon
dispersion relations in I-K direction, computed for LiPd,Ge using 3 sets of pseudopotentials,
are shown in Figure S2(a). As one can s¢e, only small differences in frequencies are present.
and larger w tor preudo? wre related 1o smaller lattice parameter, with no changes to the soft
maxde.

Table 5-1 Pseudopotential files (see i opotentisls),
their number of vilence electrons (.4 ) and calculated Iattice parameter of LiPd-Ge for given
peeudopotentials, Pseudopotentials “psewdo ] ™ were used in further calculations.

pecwdol o | preudal Fow | pucudod Faul
psetdo- Li.phe-s- 3 Li.phe-s- El Li.phe-sl- 3
podentials | kjpaw_psl 1 0L0.UPF kjpaw_psl. 1LOLOLPF rrkjus_psh. LOULUPE

P‘d__pbe."- [{1] N.Pber"':lﬂ- 18 Ffl.phe-n- 10

kjpaw_pel 1L(LOUPE kjpaw_psl, | [L0UPE erkjus_psh. 1LO.0UPF

Ge pbe-dn- 14 | Ge.pbe-dn- 14 | Ge.pbe-dn- 14

kjpaw_psl 100 UFE kipuw_psl. 1 000.LPE rrigus_psl. LOLLUPE
(A GRS G569 608087

Next we have tested convergence of calculation: and presence of a soft-mode as a function of
q-mesh size, using 47, 6% and 8% grids, which correspends to 8, 16, and 29 ineguivalent q-
poines (and dynamical matrices) o be caleulated o obtain I[FC matrix in real space.
Additicnally, frequencies in phonon dispersion plots in Figure S2ib-d}, obtained by Fourer
interpaation from [FC. are compared with these obtained by divect. single-point caleulations
of phonon frequencies, done for a vector g={ 1/4.17/4.0) [open circles in Figure S2ih-d)], This
f-vector is close to the point, where minimum of the soft mode appears at ['-K direction.
Corresponding frequencies are marked with circles in Figure 52(b-d). From the figure we can
see, that 47 g-point mesh s msefficient to describe sofl-mode, as single-point caleulations

predict significantly different reguency. Also, on this mesh soft mode is predicted o appear
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in LiPd;5i. which is not the case for denser grids. On the other hand, dispersions caleulated on
6% and 8 prids do not change further and interpolated frequencies are equal 1o those from
single-point caloulations with an accuracy betier than 1%, Seeing that we concluded, tha 87
erid is sulficient.

To make sure that presence of the soft mode is not related w neglecting of the spin-orbit
coupling (S0C), we have computed phonon frequencies in LiPdaGe w g=(1/3,1/3.00 and
g=t L A including SOC (full relativistic versions of pseadopotentials for Pd and Ge from
the "peeudol” set were tiken), Results are marked with open squares in Figure 520h) and 1o

imporant changes are found.

a

(2] iP_'qu_; Ge pseudo e o) LiPd;Ge g gnid

1

k) LiPd;Si
] grid

1
—q4! —q 4
/i L == 67
o4 --g8? =g &2
c g}t o gi}. 4.0
r K r K

Figure 52 (a) The effect of chosen pseudopotential on phonons at T-K. Pseudopotentials are
listed in Toble SL (b)j-{d) The effect of grid sizes on phonon dispersion additionally comparned
with phonons calculated divectly ot vector g= 14, 14,00 (open circles). For highly-symmetric,
cubic LiPd:X structure grid sizes 47, 6%, B correspond to &, 16, and 29 inequivalent g-points
(dynamical matnces) used i calculations of TRC, In panel (b) open squares and open angles
show phonon frequencies in LiPdyGe at (13, 013,0) and g=0 14, 1400, computed including
spin-orbit coupling.
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Estimation of 4,_, lor the soft mode

Imaginary frequencies and enhanced phonon linewidths ¥y, of the soft mode in LiPd:Ge and
LiPd:5n lead 1o substantinl values of Eliashberg functions ¢®F(w) near w = 0. This function
should quickly approach zere for w — 0 otherwise electron-phonon coupling constant &
cannol be calculated due o divergent terms appearing when using formuls

T — alFiia)
@

'A;-—u =2 Ig

Similar preblem appears in caleulation of the logarithmic averape frequency

drr, (1]

(wfir } = exp (J3"™= @ F(a)tndan) 22/ [37* a?F () 22), 2)

which enters the Allen-Dynes formula for superconducting critical temperature T

kaT _“':'UF:J':' { ~L04(142) :] 3
Ble ™ 120 A-pri1+o62a10"
As the Eliashberg function is computed for egch of the phonon modes, we con caleulate the
lower bound of &, from the remaining 11 phonon modes and extmpolate @ Flw) function
for the first mode requiring that a®Flw) =+ 0 when @ — 0. Because LiPd:Si also has
slightly softened 1™ acoustic mode, however with no imaginary frequencies, we assumed that
Eliashberg functions of LiPd;Ge and LiPd;So should behave similadly o LiPdySic Low-
frequency part of @®F{w), coming from the 1%, 2" and 3 acoustic modes, is shown in

Figure S3.

1.0e-04 5
a1} ,II
- ]
80605 - O F i) + @ Falw) f
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2
=
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200054

1.08- = ;
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Figure 53, Partinl Elinshberg functions of LiPd,Si for the first acoustic mode, o (), and a sum ol
the functions for the other two acoustic modes, o° F;(w) + o Falw).

As we cin see, helow a characteristic frequency, equal to 0.25 THz in LiPdySi, o F ) bends
downwands to smoothly reach zem. Thus, for LiPdaGe and LiPdaSn we decided o divide
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X F ) Tunction into three parts, by selecting two characteristic frequencies, gy and ;. For

w = ary we take the as-calculated o F (w).

We chose two values of w,, one al a slope of the first peak of the Eliashberg function, located
aroumd 2 THz in X = Ge amd 1.5 THz in X = Sn, and the second at approximately 0.5 THe.
For the low-frequency part for g = wy  we used a sum of Eliashberg functions for the other
two acoustic modes, ina similar way o what we observed for LiPdoSi. In the middle pait, for
wy = w < we Eliashberg function is approximated with a third order polynomial which
connects the other two parts into a smooth function. By ditferent choice of wy and w, (see
Tahle 5-11 and Figure 54) we constructed two modified Eliashberg functions o find the
lower (“modified 1"} and upper ("modified 2") bounds for A, For the lower bound we
wanted o replace large part of the Eliashberg function of the fiest acoustic mode., 50 ayis

taken closely to a;. For the upper bound we chose ay equal approcimately 0.2 THz.

In Figure 55 we show cumulative electron-phonon coupling constant, computed from the
original (X = 5i) and modified (X = Ge, Sn) Eliashberg functions, 1t is a convenient quantity
showing contributions to &, from phonon modes at different freguency ranges. 0 s deflined

a5 follows:

o) = 3200 g 4)
Caleulated phonon linewidths in acoustic modes are the smallest. however modes at lower
frequencies contribute more to Eliashberg function and &, Acoustic modes below 4 THz i
LiPd-Ge and LiPda5n (with the largest contribution from Pdy contribute approximately S
of total A, . They contribuie less in LiPd:Si1. in approximately 0%, because upper-lving 5i

mirdes here have larger linewidths and are more strongly coupled than Ge and Snomodes.

Table S-11, Charsctensne frequencies used to calculated modified Elashberg funcions, resulting
electon-phonon coupling parameters b aod loganthmc average frequency

LiPd;Cie LiPd,Sn

wi(THz) | aa(THz) | iy {mﬁj{}l anfTH2) | gl THz) | ey {ﬂﬁff}

(THz) (THz)

Modified | | 1goes | 18094 040|295 | 13009 | 13160 | 032 268
= bower b,
H ¥

Modified 2 | 107 | pasas |os2| 221 02026 | 04935 | 040 202
- upper i,

6
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Figure 54, Onginal Elashberg functions of LiPd:Ge and LiPd:5n with o negative wils and

munlified ones used Lo approximate L. and T,
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Figure S5. Cumulative electron phonon coupling constant of LiPd.X.
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Figure S shows comparison of the caleulated constant-volume lamtice specific heat C, with
the measured constant-pressure C.. O, is calculated as:

hiat
T e ),
- o
c,_nj' P () —duw, m
C e () -]
e (57)

where R is the pas constant and Fw) is calculated phonon density of states. The calculated
C, ot higher temperatures 15 smaller than experimental Cp, which is coused by the
mnharmonicily of the crvstal:

Cpa (1 +ayeT), (2)

where piis the Grilneisen parameter and e is the volume thermal expansion cocfficient.
Otherwise the agreement is gond.

E

el iP5
— Lk €y

[ERRE Ml | {6l UPdGa
— ke &y |— Caie. C,

E

o Eapt. Cy

H

Latisew sgmctiie it € 4] s =L -ty
E B

o

|
|
o0 5 jo & S0 A0 350 200 250 300
s T IS

Figure 86. Culculated specific heat at constant volume and measured specific heat ot constant
pressure of LildzX .
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Heat capacity studies

Figure 57 presems field-dependent specific heat measurements performed in fields up o 30
Oe. The jump in specific heat at H = 5 Oe (the lowest applicd H) is slightly higher than that at
zero magnetc field, indicating a crossover from second- 1o the first-order phase ransition,
commaonly seen in vpe-l superconductors.

L[] T T T T
LiPd Ge

L
2
'E (=
=
?,_ 1

“ T ] T T

14 |4 0 | 52
TIK)

Figure 87, The dependence of the specific heat Cp on temperature in applicd magnetic fields
H op to 30 Oe,

Source material’s DOI: https://doi.org/10.1103/PhysRevB.102.024507
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4.5 (A5) Superconductivity in LiGazlr Heusler type compound
with VEC = 16

4.5.1 Cel badawczy

Podobnie jak dla zwigzkéw Heuslera opisanych w pracy A4, réwniez dla LiGazlr brak jest
danych eksperymentalnych nt. wiasciwosci fizycznych, natomiast podany jest typ struktury,
w ktorym materiat ten wystepuje i stata sieci krystalicznej a.

Jak wspomniano w rozdziale 2.2.3 liczba elektronéw walencyjnych dla LiGazlr wynosi 16,
co daje 4 elektrony na atom — wartos¢ lezgcg na poczatku drugiego maksimum zaleznosci T od
VEC/at. [33]. Postawiona hipoteza badawcza 5 w przypadku tego projektu zaktadata,
ze LiGazlr — podobnie jak jego izoelektronowy odpowiednik LiGa:Rh — bedzie wykazywaé
zjawisko nadprzewodnictwa, z prawdopodobnie wyzszg temperaturg krytyczng. Podmieniajgc Rh
na Ir mozna spodziewaé sie silniejszego wptywu efektdw relatywistycznych na strukture
elektronowg oraz fononowa.

Celem badan opisanych w publikacji A5 bylo otrzymanie czystej fazowo proébki

zwigzku typu Heuslera LiGazlr oraz eksperymentalne wyznaczenie parametrow
charakteryzujgcych stan nadprzewodzacy i normalny. Badania eksperymentalne obejmowaty
proszkowg dyfrakcje rentgenowska, pomiary elektryczne, cieplne oraz magnetyczne.
Szczegotowe badania wilasciwoéci fizycznych zostaty uzupetnione obliczeniami struktury

elektronowej oraz fononowej (mgr inz. Gabriel Kuderowicz, dr hab. inz. Barttomiej Wiendlocha).

4.5.2 Opis rezultatow

Podobnie jak zwigzki LiPd2X, omawiany w tym rozdziale LiGazlr zostat otrzymany
poprzez reakcje w fazie statej utartego proszku prekursora IrGaz oraz kawatkéw litu. Zaréwno
wazenie jak i prasowanie pastylki wykonano w komorze rekawicowej wypetnionej argonem.
Pastylka zostata owinieta w folie tantalows, ktorej zadaniem byta
separacja od kwarcowej amputy. Ampula wraz z umieszczong wewngtrz probkg zostata
podtgczona do systemu prézniowego, kilkukrotnie odpompowana i przeptukana czystym
argonem (5N) i na koniec zamknieta z niewielkg iloscig argonu. Zastosowany program
wygrzewania byt taki sam jak uzyty do syntezy LiPd2X. Otrzymany materiat doktadnie utarto,
sprasowano i ponownie wygrzewano w czesciowo wypetnionej argonem ampule.

Proszkowa analiza dyfrakcyjna potwierdzita strukture typu Heuslera dla LiGaalr,
a wyznaczona poprzez metode LeBail'a stata sieci krystalicznej a = 6.0317(1) A jest w dobrej
zgodnosci z danymi literaturowymi [37] i tak jak oczekiwano - nieznacznie wigeksza niz
oszacowana dla izoelektronowego LiGazRh (a = 5.9997(8) A) [39].

Przeprowadzone w pierwszej kolejnosci pomiary wiasciwosci magnetycznych zwigzku
LiGazlr ujawnity przejScie ze stanu normalnego w stan nadprzewodzacy w T, = 2.95 K,
potwierdzajac wysunietg hipoteze o istnieniu izoelektronowego odpowiednika LiGazRh
wykazujgcego nadprzewodnictwo. Stuszne okazato sie rdwniez przepuszczenie dotyczgce

temperatury krytycznej — obserwowana T; jest wyzsza dla zwigzku zawierajgcego Ir. Nalezy
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podkresli¢, ze zamiana Rh na Ir prowadzita do wzrostu temperatury krytycznej w innych
izoelektronowych i izostrukturalnych zwigzkach m.in. SrRhz vs. Srir2, CaRhz vs. Calr2 oraz IrGe
vs. RhGe [65]. Efekt ten jest najpewniej zwigzany z tym, ze wigksza masa atomowa Ir,
w poréwnaniu do masy atomowej Rh, prowadzi do zwiekszenia parametru sprzezenia elektron —
fonon, a w konsekwencji do wyzszej Te.

Pomiary namagnesowania w funkcji przytozonego pola magnetycznego pozwolity na
sklasyfikowanie LiGazIr jako nadprzewodnika IlI-rodzaju. Oszacowana warto$¢ dolnego pola
krytycznego wynosi Hg:(0) = 268 Oe i jest wyzsza od wartosci uzyskanych dla innych
nadprzewodnikéw w rodzinie Heusleréw, w tym LiGazRh (Hc+(0) = 59 Oe [39]).

Badania wtasciwosci transportowych i ciepta wiasciwego pozwolity na wyznaczenie
innych parametrow charakteryzujgcych nowy nadprzewodnik. Z niskotemperaturowych pomiaréw
ciepta wiasciwego wyznaczono T. = 2.94 K oraz znormalizowany skok ciepta wtasciwego
(AC/yT:=1.40), potwierdzajgc objetosciowy charakter nadprzewodnictwa
w badanym materiale. Oszacowana warto$¢ AC//T. jest niemal identyczna z wartoscig
oczekiwang dla stabo sprzezonych nadprzewodnikow wedtug teorii BCS (AC/KT. = 1.43).
Parametr elektron-fonon, wyznaczony z odwréconego wzoru McMillana, wynosi Ae, = 0.57,
co sugeruje ze LiGazlr jest stabo sprzezonym nadprzewodnikiem Il-go rodzaju. Gérne pole
krytyczne (uoHc2(0) = 0.31(1) T) wyznaczono na podstawie analizy niskotemperaturowych
pomiaréw opornosci elektrycznej w polu magnetycznym. Uzyskana wartosc jest osiemnascie razy
mniejsza od limitu Pauli’ego (uoHP2wi(0) =1.85 T. = 5.4 T), co réwniez wskazuje na stabo
sprzezony nadprzewodnik. Na podstawie przeprowadzonych badan wyznaczono réwniez:
dtugo$é koherencji (éa. = 322 A), gteboko$¢ wnikania (AL = 443 A) oraz parametr Ginzburga-
Landaua (k;;, = 1.38). Niska wartos¢ ostatniego parametru moze sugerowag, ze LiGazlr jest na
pograniczu nadprzewodnictwa |-go oraz ll-go typu.

Teoretyczne obliczenia struktury elektronowej wskazujg, Zze dominujgcy wkiad
do DOS(E) w okolicy poziomu energii Fermiego majg stany elektronowe pochodzace od
elektronéw 5d atomu Ir oraz 5p dwoch atoméw Ga. Dla LiGazlr obliczenia teoretyczne nie
wskazujg na wystepowanie migkkich modéw fononowych.

Praca A5 przedstawiona w niniejszej rozprawie doktorskiej jest wersjg nieopublikowana.
W momencie sktadania doktoratu, akrykut A5 znajdowat sie po pierwszej recenzji w Scientific

Reports.
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4.5.3 Tres¢ artykutu A5

4.5.3 Tresé artykutu AS
Tytut: Superconductivity in LiGaglr Hausber type compownd with VEG = 16
Autorzy: Karoling Gomigka, Gabrel Kudercwicz, Michal J, Winiarski, Barlomis] Wiendlocha,

Tomasz Klimczuk

Czasoplsmo; w recenzj

Impact factor: --—

Liczba punktow ministeriainych MMiSW; ——

Dol —

M) udzial polegal na synlezie probki pofkrystalicane). preeprowadzenie badan strukiuralnych
metody proszkowe) dyfrake|l rentgencowskle| wraz z analiza LeBaita, pomiarach wiasciwosc
magnatycinych, cieplnych oraz elekirycznych, analizie ofrzymanych wyndkdw, udziale w
dyskus|i uzyskamych rezulialow, wyznaczeniu parametrow charakieryzulgeyeh stan normalny i
nadprzewsdzgoy, preygoiowanu resunkow oraz tekstu manuskryphu czescl eksperymantaine].

mgr inz. Karolina Gomicka
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Superconductivity in LiGazlr Heusler type compound with VEC = 16
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Ahstract

Polverystalline LiGalr has been prepared by o solid ste resction methed, A LeBal refinement of
powder x-ray diffrsction data confirms a previously reported Heusler-type crystal structure {space
group Fm-dm, Mo, 2250 with lattice parameter @ = 60317010 AL The normal and superconducting state
properies were studied by magnetic susceptibility, heal capacity, and elecineal resistivity technigues,
A bulk superconductivity with T, = 2494 K was confirmed by detmled heat caopacity studies, The
measurements indicate that LiGaIr is 0 weak-coupling superconductor (3., = 0057, ACYT. = 141 on
the border between type-l and type-ll superconductivity (k= 1.38). Electronic structure, lattice
dynamics, and the electron-phonon intersction are studied from first principles calculations, Ir and two
G atoms equally contribute 1o the Fermm surface with a minor contribution from Li, The phoson
spectrum contains separated high frequency Li modes, which are seen clearly as an Einstein-like
contribution in the specific heat. The calculated electron-phonen coupling constant 7., = (L6
confirms the electron-phonon mechamsm for the superconductivity. LiGazlr and recemtly reporied
isoelectromic LiGa:Rh are the only two known representatives of the Heosler superconductors with the

valenge elestron count VEC = 16,
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I. Introduction

With more than o thowsand members reported in the teratere, the Hewsler fomily remins omne of
the most imleresting and mtensively studied imtermetallic systems in materials science [1). Among this
class of matenals we can [nd  catalysts (2], femomagnets  [34], thermoelectrie  [5-T] amd
magnetocalonic materials [B]. Unwavering interest in this class of materials is also caused by the
viarious propertics and rich physics they offer, such as heavy fermion behavior [3.4.8-10]. shape
memdary phenomena [11]. magneto-optical [12) and magneto-structural [13] etfects. Recently, the
charge density wave and a quantum cntical point were reported in Lu{Pt, . Pd, J-In sobid seluton [14).

‘What seems to be special for Heusler compounds is that their physical properties can often be
predicted just by simply counting the number of valence electrons. This valence electron count (VEC)
is frequently used 1o classify different groups of Heuslers. For example, for VEC = 24 semimetallic
behavior is expected [15] with vanishing net magnetic moment [ 16-22]. Adding three electrons (o the
system (VEC = 27} often reveals superconductivity, including the Heusler compounds containing
magnetic rare earth metals. e, TmPd:Sn and YbPd,Sn [23]. It is worth noting that as many as T0% of
known Heusler superconductons, including the T, -5 K record holder YPd:Sn, have VEC 27 o
28 [24], the numbers corresponding to 6.5 and 6,75 electrons per atom — exactly at the third maximuam
of T, propeosed for metals by Matthias [25],

The protyps compound MaCu:Al was discovered in 1903 by Frite Hewsler and appeared 10 be a
ferroamagnet af moom temperature, The crysaal structure of CusMnAl was first described more than 3
decades later by Taimes Bradley [26]. The Heusler X, YZ compoainds forin in a culbic space groap Fin-
Im sz W25 with three oceupied WyckolT positions, The Y and Z atoms are useally the most amd
the least electronegative metals and they are located n the da (0, 0, 0 and 4b (42, Y, ) sites, The X
wtoms ocoupy the Sc position (s, 5, %) and GILall the tetrahedral holes in the crvstal structure. In this
special erystallographic site, we can put a few transition metals from group 9, 10, and 11, as well as L
amd Mg. However, there are 16 full-Heusler compounds reported with Al Ga. and In in the 8¢ site and
except UALCY and MnGu,Co, all of them comtwin Li. In one of these compounds, LiGa:Rh, we
recently reporied superconductivity [27]. In this paper, we present details of o synthesis process and
superconducting properties of the iseelectronic compound — LiGa;Ir. This material was obtained by an
ordinary solid state reaction withowt using a Ta tube at rather low synthesis temperature. The observed
bulk superconductivity (T, = 294 K) was confirmed by the heat capacity. resistivity, and magnetic
susceptibility measurements. Theoretical caleulations based on Density Functional Theory (DFT) were
performed to study its electronic structure, lattice dynamics, and the electron-phonon interaction and

allow us to conclude on the electron-phonon mechanism of superconductivity.
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IL. Experimental and computational methods

The polyerystalline LiGoglr sample was prepared by conventional solid-state reaction, The
storting elements were high-punty Li chonks (4N, Alfa Aesar), Ir powder (388, Mennica-Metale,
Poliand), and Ga pieces (AN, Alla Aesar), Fust, the precursor of IiGas taken moa 1:2 molar ralio was
placed in an alumina crucible, sealed inside evacuated silica tubes, and annealed at TI0SC overnight.
The as-prepared material was thoroughly ground, mixed with Li chunks with 10% excess
compensate for the loss of some Li during the synthesis, and pressed into a pellet using a hvdreaulic
press. Complete sample preparation was performed in an argon-filled glove box system [p(Ch b < 03
ppm|. The pellet was then placed in a mntalum crucible in a sealed quartz wbe onder a partial
atmosphere of Ar gas. The tube was heated 1o 240 °C at a rate of 2.5 *C/ and then heated to 5530 °C
(107C, held ar that temperature for & b, and air quenched o room temperature. The as-prepared
material was reground well and onee more pressed into a pellet, Finally, the samples were sealed in
quarte tubes and annealed at 650°C for 3 days, The resulung matenals formed @ soft, brown pelle,
The compoand, although Li<containing, is stable i ar over tme and therefore was handled outside of
the glovebox for all performed expenments.

Powder x-ray diffruction (pXRED) measurements were performed o room temperature using
Cu Ko radiation (& = 1.5406 A) on a Broker D2 Phaser diffroctometer with o LynxEye-XE detector,
Structure refinement from pXRD datn was performed using the LeBail analysis method within the
TOPAS code [ref]. The magnetization measurements were carried out using o Cuantum Design
Evercool 1l Physical Property Measurement System (PPMS5) with a Vibrating Sample Magnetometer
I¥5M) function. The data were collected in the temperature range 1.95-3.2 K under various applied
magnetic fields, All thermodynamic and transport measurements were also performed  inoa PPMS
Everconl 11 system. The heat capacity was measured using the two-t time-relaxation method in the
temperature range 1LH53-300 K. Flat, polished, circular samples of around 15 mg were fined with
Apiczon N grease on the a-AlCs measurement platfonm. The ac electrical resistivity measurcments in
a tempersture range from 18 o 300 K were carried out using the standard four-probe method in
magnetic fields up to H = 1400 Oe (pH = 0.14 T). Platinum wires were attached o the surface of the
har-shaped polyervstalline samples using conductive silver epoxy (Epotek HIXOE). High pressure
magnetization measurements were performed using a copper-bervllium bronze, ¥ SM-compatible
piston cylinder cell manufactured by HMD, Daphne 7373 oil was used as a pressure iransmitting
medivm, A 15 mg sample was packed wogether with a small piece of high purity lead wire which was
emploved as o manometer, For calculang the actual cell pressure the pressure coefficient of the
crilical temperature for Phowas taken from ref, [28]. Measurements were perfommed af an applied feld
of 10 Oe in ZFC conditions.

Ab inirio computations were performed for LiGaslr using density functional  theory amnd
Migdal-Elashberg theory implemented in Quantum Espresso [29-31], We caleulated the electromic
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structure,  phonons  and  electron-phonon  interaction  functions.  Pmojector  avgmented  wave
pseudopotentials [32,33] and PBEsol exchange-correlation functional [34] were chosen. Energy
cutoffs of wavefunctions and charge densities were set to 100 Ry and 1000 Ry, respectively. A 12" k-
point Monkhorst-Pack mesh was used for self-consistent calculations, whereas the electronic density
of states (OS] and Fermi surface were calculated on 24 grid. Interatomic force constants were

calculated on a 6 g-point grid which corresponds to 16 independent g-poinis in this cubic struciure,

M. Results and discussion
A, Experimental studies

Fig.1 presents the pXRD pagern and results of the LeBail analysis for the synthesized LiGalr,
The pXRD analysis indicates an excellent quality of the examined sample and the refinement confirms
that the compound erystallizes in the cubic L2, orystal structure (space group Foe-Jm, Noo 22510 A
difference plot (hetwesn experimental and Doed data) and the Bragg positions are alse shown in Fig,
1. The refined lattice parameter @ = 60317011 A 15 in o good agreement with the previously reported
for LiGa:lr [35,36] and slightly larger than refined for LiGu.Rh (a = 5.9997(8) A) [27].

To characterize the superconducting transition of LiGaslr, we have measured the temperature
dependence of the volume magnetic susceptibility, defined as y = M/H where M is the mugnetization
and H 15 the applied magnetic field, with zero-field-cooled (£2FC) and field-cooled (FC) scan modes
under H = 10 Oe. As shown in the muan panel of Fig.20a), the raw data were scaled by 4m and
comected for the demagnetizing effect —4mye. = L1 — M), where the demagnetizing factor N is 0.58
lestimated from the My(H) fit discussed latery. A diamagnetic transition, corresponding to the onset of
superconductivity, appears at T, = 2.95 K. where the superconducting transition temperature (T,) was
estimated as the point at which the line set by the steepest slope of the superconducting signal in the
zero-field cooled data set intersects with the extrapolation of the normal-state  magnetic
susceptibility [37). The shiclding volume fraction at 1.95 K is < 100%, showing that the sample acted
as @ bulk superconductor. Compared with the ZFC data, the observed FC signal is much weaker,
which is typical for polyerysialline samples, In the inset of Fig.2{a). the low-field pars of the de
magnetization isotherms measured an various temperaiures (from 1.9 10 2.8 K} are presented. For each
temperature, (he experimental data obtuned in small magnetic Helds were fed using the
proportionality Mg, = —aH, appropriate for a fall shielding effect. Assuming that the initial response to
the magnenic feld s perfectly diamagnetne, the demagnetization factor N = 058 was foumd, The N
witlee 15 Grly consastent with the expected (theoretical) N, value derived for a circelar eyhinder sample
with the height to radius ratio of approx. 0.5 [38]. The value of the lower critical field HZ, at each
temperature is defined as the point of deviation from the full Meissner effect of the data curve.
Following the methodology described elsewhere [39], this point was precisely calculated, The HZ,
valises with the corresponding temperatures are shown in the maon panel of Fig bl At T = 13K,
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Hiy is 68 Oc and decreases monotonically with an inerease in temperature, o 10O at T = 2.8 K. The
data poants were analyzed with the equation:

Ha(r) = o |1 - ()] n

where H2000 15 the entcal held ot O K and T, 15 the superconductng oritical temperature. Chur
experimental data are well described with the abowve formula and the it (red solid line} gives HZ,(0) =
1133y Oe and T, = 2033) K. Taking wie account the demagnetization factor (N = (L53) denved
above, the lower critical fOeld vilwe is Hoy = 268 Oe (He., sHz A0-N1 The value obtained 15 slightly
larger with these reponted for the other full-Heuslers compounds [24.27). The inset in Fig.2{b) depicts
the full magnetization loop versus applied magnetic field collected in the superconducting state at 1.9
K. It is evident that LiCia,Ir exhibits conventional type-11 superconductivity.

Heat capacity measurements measuring the entropy changes during the superconducting
transition are reliable evidence of the presence of balk superconductiviry. Fig. 3a) shows a closer view
of the superconducting transiticn under zero magnetic field for LiGa:Ir plotted as CJT versus T. The
sharp anomaly displayed in the specific heat data confirms bulk superconductivity and the good
quality of the sainple, From the geaphical equal-area construction {green solid lines), which reflects
conserving entropy, the estimated critical temperature is equal 1w 2,94 K, consistient with the value
determined from magnetc susceplibility measurements, The seedetermined specific heat jump at T, 15
found to be about ACHT, = 7.7 m) mol'K~. Fig.3(b) illustrutes the heat capacity data plotted as CJT
versus T, under an external magnetic ficld of (.15 T. In the normal state, the experimental data can be
fitted using the formula CT =y + |5T! + &1, where the first term is the electronic specific heat
coefficient and the second and third terms are atinbuted to the lattice contributions o the heat capacity
{the &T” term in the heat capacity was added after analyzing the computed phonon spectum, discussed
below). The extrapolation, represented by the red solid line, gives ¥ = 3.5(1 mJ mol 'K, i = 0.366(1)
md mol 'K and & = 0.0052(3) md mol 'K, In a simple Debyve model for the phonon contribution, the

' 1/3
B coefficient 15 related to the Debye temperature )y through 8y = (IE—EHH} . where R = 85.31 )

mol "B and n =4 for LiGa:Ir. The resulting value of & is 27701} K, which is significantly smallei
than the Debye temperaiure for Rh analog LiGa;Rh (G = 320 K [27]). Using the previously derived
specific heat jump at T, and the Sommerfeld coefficient (v = 53.5(1) ml mol YK ), the ratio ACHT, =
140 can be caleulated. The calculmed value is alvsost equal 1o the BCS value of 1,43, suggesting that
LiGazlr 15 a weakly coupled superconductor and 15 close o thin of LiGa:Rh (ACHT, = 148 [27]).

With the Debye temperature avadlable, the electon-phonon coupling constant A, can be
estimated from the MeMillan®s equation [40];

= 104 + w'ln(8,/1.45T,.) (2}
“B T 1 - 062 g )In(8,/145T,) — 1.04
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where pe+ is the repulsive screened Coulomb par, usually set to ps = (.13 for intermetallic
superconductors [24.41], Taking T, = 2,94 K and €y, = 277 K, the caleulated A, is L57, implying
that LiGaslr is weakly coupled BCS superconductor,

The rain panel of Fig.da) presents the electrical resistivity for LiGazle, p(T), as a function of
temperature in the range 18 — 30 K without the application of an extemal magnete Deld, In the
norml state, the resishvaty reveals a metallic behavior (dp/dT > 00, although the residual resistiviry
ratio RER = p 300K VpESK) = 2.1 s rather simall, That Featire can be atabuted 1o the polyerystalline
nature of the sample investigated that probably contained many macrescopic defects, The oblained
vitlwe 15 comparable (o those reported for full-Heusler compounds [24]. The resistivilty undergoes a
sudden drop at 2.96 K. thut perfectly agrees with the T, oblmned from magnetic and heat copacity
measurements. The inset of Fig.dia) emphasizes the low-temperature resistivity under various
mugnetic fields from O o 1400 O, As expected, the superconducting transition becomes slightly
broader and the T, shitts to a lower temperature as the applied magnetic field is increased. Using the
criterion that the point with 50F% normal state resistivity (pg) is the transition temperature, we
determined the upper critical field pyH,(T) for LiGa,Ir at various temperatures (Fig-4ib)). The solid
lime 15 a fit to the Gingburg—Landau expression [42]:

_
pobea (1) = oM G 9 o
where 1 = T/T, and T, is the transition temperature at zero magnetic field. Equation {3) describes the
experimental data well, and  vields pH A0y = 0311 T, The Pauli limiting field within the BCS
theory for a weak electron-phonon coupling [4344] gives 5000 = 185 T. =54 T, which is eighteen
times larger than estimated wpper critical feld value for LiGa,lr, An identical value of uoH {0} has

been reponed for isostructural and isoelectronic  LiGaRh supercondwcior [27]. Consequenily,
assurming that the upper critical Geld 13 purely orbatal, wsing the GL formola H, = % where &, =
oL

he/Ze is the flux guantum, the superconducting coherence length is caleulated o be Eq= 322 AL
Ba

Stmalarly, from the relation i, = prrE
TAGr

In i:—:. a superconducting penetration depth L (00 = 3443 & b5

found for LiGudr. The GL parameter kg, = hea/Eq can then be estimated as kg,= 138 > 182,
confirming the type-11 nuure of the superconductivity. Finally, the thermodynamic eritical field can be
obtained from ko, Hey and He using the formula By Hea = B2 kg, The resulting value of H, is
1633 O (.= 0,16 T

Wath the Sommerfeld coeflicient ¢ and the electron-phonon coupling parmmeter ., known,
the mon-interacting density of states wt the Ferma level NiEg) can be calculuted using the formula:

3y (4

NiEp)l = ————mm.
B = A

where Ky is the Boltzmann constant, For LiGasr, MiEy) is estimated 1o be 1.4% states eV per formula

umit (fa.).
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Pressure dependence of the T, for LiGaglr is shown in Fig.5. LiGazIr shows an exceptionally
low pressure coctficient compared 0 other Heusler compounds for which high-pressure studies were
reported [24.45.46]. 1t is however worth noting that all of the compounds reported to date are Pd-based
systems with a valence electron count of 27 per fu. As in the case of RPd.Z (R=5c. Y. Tm, Yh. Lu
and Z=5n, Ph) [46] and HPA:AL [24] the suppression of T, by high pressure likely stems from the

stiffening of the lattice, vet in the case of LiGa,Ir the effect is much weaker.

B. Theoretical calculations

First, the unit cell was relaxed with the Brovden-Fletcher-Gaoldfarb-Shanmo algorithm starting
from the experimental latice constant. Atomic pasitions were fixed by the symmetry constraints of the
full-Heusler sireciure, The relasation was repeated including spin-orbit coupling (SOC) because the
effect might be important due o the presence of a heavy Ir atom, For calculations with SO0, the
sealar-relanvistic pseudopoiential of Ga and Ir were replaced with the Tull-relativisiic ones, The
obtained relaxed lattice constants are in a very good agreement with the expenimental one, and SOC
was found 1o have a neghgible effect on the lattice constamt,

Fig.6 shows the electronic dispersion relations and wtal OS5, Three bamds cross the Fermm
level forming three Fermi surface sheets visualized using XCrysDen [47] in Fig 7. S0C has a small
effect on the electoonic bunds and DOS near the Fermi energy (Ep), however much stronger SOC
effects are seen for electronic stses with energies below Ep, hke an anticrossing of bads m the F-K
direction around -1.5 ¢V. The itotal and partial DOS for each atom in LiGalr are shown in Fig 8.
States near Ep are built mainly from Ga-4p and Ir-54 orbitals, whereas the contribution to the DOS(Eg)
from Li is negligible. Interestingly, the Fermi level is located in the local minimum of the DOS(E),
formed from a superposition of a decreasing DOS of Ir and increasing DOS of Ga, From the caleulated
DOSIE) values, slightly increased in the relativistic case {see Table 111}, the bandstructure value of
the Sommerfeld electronic specific heat coefficient is caleulated, vy = “Tzkﬂﬂﬂ.i{ﬁ,.-}. and used o
estiniate the electron-phonon coupling parametes a5 Veepr = Fogna(1 + 430, This resulis in 4, = 0.48,
a slight underestimate when comparing to A, = 0.57 obtained from T, using McMillan's formula.

Phonon dispersion relations efg) and phonon density of states Fied of LiGaIr with atomic
contributions are shown in Fig.9, Modes associated with different atoms are well separsted because of
lurge differences in mass (M =6 940, M, =09.72u, M=192.22u). Three optic modes of Li form an
Einstein-like peak in Flwp around 11 THe, o much higher frequency than the Ga. and Ir-dominated
parts of the phonon spectrum. The acoustic part is mostly contributed by the heaviest Ir vibrations.
Although S500C had a small effect on the electronic DOS(ER, it affected phonons, slightly pushing the
Ir branches towards higher frequencies and visibly lowering the Ga and Li frequencies, This is shown
in Takle 1%, where the average phomon frequencies are collected. The global effect of SOC is a small
decrease in the average frequency, from 3.77 THz to 3,75 THz.
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Looking again at the phonon dispersion relations, we notice the presence of a small dip in the
first acoustic branch in the I'-K direction. Such an anomaly is frequent in Hewsler compounds, and was
already reporied in HiPd,Al [48], LiGa-Bh [49] or LiPd-X (X = 5i, Ge, Sn) [50], where in the last case
it evolved into a soft mode with an imaginary frequency for X = Ge and 5n. As our ongoing
investigation of the LiPd:Ge case showed [50], this may be related o the anharmonic features of the
crystal potential.

The theoretical phonon spectrum allows ws oo analyze the lattice specific heat in mone detail.

The constant volume C, is computed directly from the phonon density of states Flo) as:

enfte)

€, =R Flw) {%}2 . (5)
[eenliir)]
The computed curve (red line) is compared 1o the measured constant pressure C, data (open circles) in
Fig, 10, where we notice a good overall agreement,
IF one wishes to describe the heal capacity using an approximate model, a combination of
Debrye and Einstein erms (Cooye + Chimien) should be considerad:

. rad 2 gl
CraeD = 3108 (1) 28 ®

Cemseemn(T) = ngR (26)" exp (%) [exp (2£) — 1] ™
where ng and e are the number of phonon modes teated as Debyve and Einstem Lype, respectively,
Looking ot the phonon DOS in Fig, 9 we see that the three high-freguency Ly modes may be described
s am Emnstem term with the average freguency comesponding to about 5440 K, whereas the remiining
part. containing nine Ir and Ga modes, could be roughly approximated by the Debye spectrum. Hence,
we assume np = % and ng = 3 and we use only two ﬁll:ng purameters: the Debye und Emnstein
temperatures.  The fit in the temperature range 1B K — 200 K gave the values 8p = 242(1) K and
B =550 100 K, Contributions from each of these erms are shoswn in Fig, 10 and the combaned hea
capacity describes the experimental dita reasonably well. Deviations are seen in the lower temperature
range due 1o the non-Deboye-like phonon spectrum, captured accurately in the direct culeulation using
Exp. (50, Mote that the bow-tempersture £, deseribed before, vielded a larger valoe of @, = 277 K as
the whole heat capacity was ascribed to the Debye-like phonon spectrum (n = 4 in eq. 8 =
{%nﬂ]m corresponds 10 12 phomon mesdes, 3 per each of the atom), Since the Emstem term i our
case gives no contribution to the specific heat at low temperatures, adopting o the combined mode]
(1.e, changing 1o n = 3) we pel @ = 252 K, very close 1o the value obdained from the Gt for the broad
Temperalire nuge,
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Moving on to the electron-phonon interactions, the magnitude of the electron-phonon
interction for a given phonon branch is represented in Fig. 11 by the phonon linewidih y, which is

computed from the electron-phonon interaction matrix elements gg, as [$1-53]:

T'.T\- = E:I'I:ﬁ'-'q-p E” I% |qu“‘l f-f)lzat-EQJ - -EF:I E{El'fq'._f - Er}: {H)
where
%) 0o (LI py W LIZE
Hgv (k. i.j) = E:{ZMS‘““} {Q['J.t| T " Eul"nt"_.'.qu:l'- 9)

In the formulas above, wg,, is the phonon frequency at the wavevector g for the mode v, M. 15 muss of

wom 5, iy is an electron wavelunction for o given band § and wavevector k. &, 15 a phonon

- AdVory . . . .
polanzation vector and rr Lis achange of the electronic potential due 1o a displacement of the atom s
in the direction .

The strongest electron-phonon  interactions, seen as the largest phonon linewidths, are
associated with the optic modes of Ga near 5 THz and the Einstein-like Li branch around 11 THz.
Mext, the electron-phonon interaction function o'Fiw) {Eliashberg function) is calculated by summing

the contributions from each of the phonon branches, weighied by their inverse frequency:
. 1 ¥i
a Fiw) = ZmNiER) quv 6{“" - mqv] E:_.,' (10

wFim) is plomed in Fig. 11 and has three peaks associaied with enhanced electron-phonon
interactions: al 1,78 THz, 5.22 THe, and 11,49 THz . The first peak is associated with acoustic Ir
vibrations, having moderate phonon linewsdths but low frequencies, effectively increasing the
Elashberg function, The second and thard maxima are associated with the above-mentioned Ga and La
branches, Comparing @ Fin) with the phonon DOS function Fiw) isee also Fig. 111 we see, that the
Ehashberg lunction 15 enhanced over the phanon DOS at lower lequencies, and as a consequendce Lhe
height af all three @ Fiu) maxima become comparable,

The averall electron-phonon coupling parsmeter & is calculated from the Eliashberg function:
_ Logay & Flw)
A _zj:_I —dw, (11}

undd resiches & = (LG8, slightly lowered by the spin-orbit coupling from the scalar-relativistic value of

070 (see Table IV). The frequency distribation of &

Mw) = 2 [ o (12)

is plotted in Fig. 12 and the mode contribution from all 12 phonon branches is displayed in Table V.
The acoustic phonons contnibute in approximately 72% to the electron-phonon coupling constant,

therefore, Ir vibrations are the most important factor in the superconductivity of LiGa,Ir.
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The superconducting critical temperature T, is calculated using the Allen-Dynes formula [54]:

r‘:"?n?:l =104{144)
= 1 [j -1 +n.azj;]' (13)
where
{wﬁ:;:l' = axp [:Jl'nhhma i Fileadin () i_:fj'““’n..: RZF(UJ:] i_':’}l (14)

Taking the standard value of the Coulomb screening parameter /=013, the caleulated value T, = 2,85
K 1= in a very good agreement with the experimental value of 2.95 K. The experimental T, 15 exactly
reproduced using an only slightly smaller p” = (0121, The spin-orbit coupling has a small effect on the
calculated critical temperature, slightly decreasing its value to T, = 2.68 K. The agreement between
calcullations and experiment clearly confinms that superconductivity in LiGGa,lr is mediated by
phonons.

To investigate exceptionally low decrease of T, with pressure we have calculated electronic
struciure and lattice dynamics under the pressure of | GPa. All further caleulations were done
including S0C. The lamice constant relaxed under 1 GPa is a = 6.0021 A, Elecironic struciure was
almost unchanged, with only shght decrease of DOS(ER by 0016 eV (sex Tab, 1), Moreover, onlly
smiull changes were induced by the pressure in the phonon dispersion relations and in the electron-
phomon coupling, Small effect of the lstuce suffeming under the external pressure is observed in
phonon dispersion relations shown o Fig, 13, where Gooand L omodes moved towards hagher
frequencies. but modes of heaviest Ir changed only slightly. The small dip in the acoustic mode at I'-K
was nof affected either. Average phonon frequencies, electron-phonon coupling constant and cntical
temperature are collected in Tab, 1V, Assuming the same value of mu*, which reproduces the
expenmental Tc under ambient pressure. the obtained change of T, is equal -0.048 KAGPa, which is in
excellent agreement with the expenment.

To understand why the effect of pressure on T, is so0 weak in LiGazIr, comparing to other
Heusler compounds, we have to compare the values of characteristic parameters which determine the
response of superconductor to external pressure. In our analysis we will compare LiGa;Ir to MgPd,5h,
for which we have recently found much stronger response o pressure: 0,23 BAGPa [43]. The most
important parameeter which determines the change of T, with respect to pressure is the variation of the
clectron-phonon coupling constant &, which in the case of LiGa.Ir drops from (L6754 to 06708 at p =

I GPa. O the other hand, in MgPd.Sh the change is stronger as & decreases from (.61 1 to (L5382, As

Ao tav
g

(see equations -9 is composed of two factors, the frequency-independent clectronic

1
v

contribution expressed by phonon inewidths yg, and the phonon frequency g, we may analyze
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what is the ongin of such differences. To do so, we colculate the first moment of Eliashberg
function [440]:

r= J:Im“w a2 F(e) doo. -
This quainty is FFequency-independent because:
f= ;J“mudm Z e = argy Jrqu =
2rhN(Ep) J, — T
= ;J-”m“dm z ﬁ{r.l - “'"w] Z; *® (16}
2rhNEp) )y . 2N,

i

d'k :
x o= |[|||I"|.i:+q m'éwliﬁmﬂ 8(Ex; — Er )8(Exrqy — Er)
At hand 1 GPa the fiest moment of Eliashberg Function is equal respectively: 4.144 THz', 4.217 THz?
in LiGaadr and 1.869 TH®, 1,800 TH: in MgPd:Sh. Thus the changes in [ are +1.8% in LiGaylr and +

1.12% in MgPd:Sb, As far as the electrome pan of & is concerned, stronger increase i the electronic

contribation in the case of LiGaglr is foumd,
Much larger difference is found in the change of the “average square phonon frequency™ delined as

gy pd
waFladw [ U’ a J;(m}dm) (17
(1]

Ok
< = I
o

With such definition 4 = 20/< w? = and in the case of o weak Mrequency dependent electron-phomon

interaction < w? > is close to similar quantity determined from the pure phonon DOS [40]. For
LiGaslr we et 12,273 THe (0 GPaj and 12,574 TH2 (1 GPa), i.e. 2.4% increase, On the other hand,
for MgPd:Sh we have 6,116 THe® (00GPa) and 6,491 THe (1 GPa), which is 6.13% increase. When
amlogical quantities ane computed from the pure phenon DOS, the increases are 2,6% for LiGalr and
5.5% for MgPdsSk, conlirming the trend. Thus, the effect of lattice suffemng tukes over the increase
in electronie contnbution e electron-phonon coupling constant i both materials, explaning the
decrease of L with pressure, The much weaker effect on & in LiGaglr is expliined by stronger increase
in the electronic contribution (parameter f1 accompanied by the smaller increase in the average square
phonon fregquency, while compured 1o MgPd,Sh.

Two other global parameters are important in determining the pressure evolution of T, In the
McMillan or Allen-Dynes formulas for T, we have T, o g, with w,. being the characteristic phonon
frequency I:{LU?,;;F} in the Allen-Dynes formula and &g in McMillan formula). The evolution of the
exponential part of T, equation is governed by the evolution of L, discussed above, thus we should also
take a look on how the multiplicator in T, formula is affected by pressure, The more innitive picture s
provided by the Mcbillan formula, thus calculating the pressure denvative of Debye emperature we

gel:
dlnB;  13InBy  ¥g (18}

ddp B alnV 8

127



¥z 15 the average Griineisen parameter:

dn<w> ding, 19
dinlf dinl’

Yo =—

amd B is the bulk modulus defined by the approximate pressure-volume relation v=veespd-FR) which
holds in the small pressure ranges where the vanation in bulk modulus with pressure can be neglected.
In our case we fied this relation in the pressure ramge -5 GPa obluining B = 15103) GPa (see Fig,
14ibp for LiGaxlr and 118020 GPa in MgPd:Sh, whereas the average Grilneisen parameter 15 1.9 i
LiCrsIr compared to 2.7 in MgPd,5b. The larger B, along with the smaller y; additionally lower the
pressure dependence of T, in LiGa,Ir, compared to MgPd.5b and other Hewsler compounds.

To complete the analysis of bulk modulus for LiGa;Ir we have fitted piV) relation using the
Birch-Murnaghan equation of state [53]:

p(V) = 3Baf (1% 20)%% |1+ (B; - 9r]. (20)

where

f=1 I[%}m - 1] 21)

Pressure volume relation was obtained by reluxing cells up 1o 20 GPa with a | GPa step, whereby the
starting lattice constant was the one caloulated ot p=0 GPa. Fitted cquation of state and Bt parameters
with standard deviations are shown in Fig. 14iab. Bulk modulus By equal 139 GPa s gquite high and
confirms LiGa,Ir resistance to pressure. Similardy  calculated value for MgPd.5b s 106 GPa,

confirming the ditference between the two compounds.

Iv. Summary and conclusions

Most of the known Heuosler-type superconductors have the valence electron number VEC = 27
or 28, LiGGa,Ir is the second known superconductor in this Family with VEC below 24, for which the
semimetallic behavior is wsoally observed.

We have made high-quality polyerystalline LiGaIr wsing a selid state reaction method.
LiGaslr forms in a full-Heusler crysial structure type with a refined laitice parameter ¢ = 6.0317(17 A,
in agreemeni with thai reported by Ceybulka, et al. in ref. [35.36]. The heat capacity, elecirical
resistivity, and magnetic susceptibility confirm the bulk superconductivity with T, = 2.94 K. Analysis
of our data shows that LiGia,Ir is a weak-coupling superconductor (&, = (.57 from the McMillan
formula, ACHT, = 1.4) on the border between type-l and type-Il supercomductivity (k= 1,38},
Theoretical calculations show that 5d states of Ir and 4p states of Ga equally contribute o the Fermi
surface. which consists of three sheets. Although the compound contains heavy I the spin-orbit
coupling docs not modify the electronic structure near the Fermi level, with the influence only visible
fior the deeper-lying electronic states.  In the phonon spectrum we may distinguish three groups of

modes, lined up according o the atomic mass: high-frequency Einstein-like optic Li vibrations, a
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medium-frequency group of mostly Ga optic modes and a low-Irequency acoustic Ir part. The
calculotions of the Elinshberg function gave &= 063 with the dominating contribution from the
heaviest iridium. SOC slightly lowers the coupling constant, as the scalar-relativistic value is /=
0,700 The computed superconducting eritical temperature agrees very well with the measurements,
confirming the phonon mechanism of superconductivity,

Companng the superconducting properties of LiGaIr and LiGa,Rh (see Table 11 we see that
LiGaglr is another Ir-based superconductor with a T, higher than that observest Tor the sostructural and
tsoelectronic compound continmng Bh. The other examples are Srkhs vs. Srlre, CaRhy vs, Calrs, IrCGe
vi, RhiGe [56], This 1s cavsed by the luger electron-phonon couphing constants ., onginating from

the larger mass of Ir versus Rh. The heavier atom oscillates with lower trequency, thus the inverse

proportionility of 4 p ;}I? enhances A, 17 both compounds the Trequency-independent. phomon
linewidths y,, are similar.

The weak pressure dependence of T, in LiasIlr originates from the large bulk modulus,
relatively small Griineisen parameter and compensating increase of the electronie contribution 1o the
electon-phonon coupling constant

Futwre studies amd experimental effon (o hnd other Heusler superconductors with the valence

electron mumber 16 < VEC < 24 will be important in this regand
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Table . Experimental superconducting parameters of LiGi, T where T = Ir and Rh.

Parameter | Unit LiGaglr LiGayRh
Te K 2.04 2.4
wH(0) [ mT 26,8 59
uoHe(y [T 0.31 03l
wH™ T 54 14
Ea A 322 126
e A 443 2342
Kl 138 7.2
¥ m) mal ™ K A5 473
ACHT, 140 1.4%
ey — 01.57 0.52
Ehy K 2 320

Table 11 Calculated amd experimental Laee constant of LiGalr.

| Experiment wiln SO with SO0

A L RO3T 0161 f.0164
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Table 1. Calculpted DHIS(E), o and &, of LiGa;lr compared with experimental resulis obtained
from electronic heat and MeMillan formula.

Table

IV, Caleulated average phonon frequencies.  electron-phonon  coupling constant
superconducting transiton emperature from Allen-Dynes formula.
p=i) GiPa p=I GPa

wifnn SOC with S0C with SOC
tia) (THz) 577 574 582
fig b (THz) 1. 1108 [ i1}
ling, ) (THz) 4.70 458 4.65
fiaty} {THz) 267 273 278
(it F) (THz) 222 234 235
{iflf ) (K) 106,64 1231 112,69
A (L7000 0a754 (LATOE
T case (KD (p*=0.13) 245 269 164
Tecate (R (p*=0121) 31053 240447 2.R063
Tepxpe 1K) 295 .

p=i) GPa p=1 GPa
win SOC with SOC with S0

DOSIE) eV 1.545 1.574 1.558

ir () 0l K 364 KN 367

Yeup (] miol " K7 55010

i .51 0,48 01,50

Pt 0.57
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Table V. Electron-phonon coupling constant contributions from the 12 phonon modes.

. A ki ol L A e b Ay a Lin A ki
win |

a70i0 | 02679 | 01588 | 00905 | 00283 | 00391 | 00253 | 00260 | 00235 | 00304 | Co0BS | 00058 | O.006S
S
with

QTS | 02430 | Q9506 | 00FTE | 00010 | 0310 | Q037 | 00285 | GO2SE | 003N | 000BD | 00058 | DUOOET
SO
Figures:

LiGa,lIr

- pXRD
3 Fim=3m (No. 223)
E 20 a=6.0317(1) A
721
=
2
=
0 z T A
i | | | | 11 ]
& =
L
20 40 60 80) 100

20 angle (%)

Fig.1, Powder X-rny diffraction pattern of LiGa,lr (red points) together with the LeBail refinement
profile {black solid line). The blue curve is the ditference between experimental and model results.
The green vertical hars indicate the expected Bragg peak posifions {space group Fue-Jmb,
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Fig.2.in) Temperature dependences of the sero-held-cooled (ZFCh and fieldcooled (FCH volume
mngnetic susceptibility measured oo mognete freld of 10 Ge. The red sumight hines illusirne
denvation of the critcal temperatore. Inset: the field-dependent magnetication curves MydH) for
LiGaslr taken ot different temperatures, (b} The temperature dependence of the lower critical Belds
determined from My(H). Inset: Magnetization loop ot T = 1.9 K.
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Fig.3. (a) Specific heat divided by temperature (CUT ) vs. temperature of LaGa,lr measured in zero
mignetic field in the vicinity of the superconducting phise transition, (b) CyT vs, T' measured at (015
T magnetic field. The red steaight line represents the Debve it diseussad in the main text,
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Fig5, Pressure dependence of the T. for LiGadr. T, was tuken as the temperalure where the
extrapelation of the steepest slope of the normalized magnetiztion versus emperaure curves
inlersects the extrapokition of the normal state magnetization (nset),
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Fig.%, Phonon dispersion relation and density of states of LiCra:kr culealated with and without SOC,
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Tab 14, (8) Birch-Murmughon equation of state fited 0 coleulated cell volinmes of LaGasie under
pressaes and (b1 wpprosimste pressars-voelume relation m 0-5 GPa range.
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4.6 (A6) Superconductivity on a Bi Square Net in LiBi

4.6.1 Cel badawczy

Motywacjg do przeprowadzenia badan, ktérych wyniki zawarte zostaty w pracy (A6), byt
brak szczegétowych danych eksperymentalnych nt. wlasciwosci fizycznych nadprzewodnika LiBi,
ktory zawiera najlzejszy i najciezszy nieradioaktywny metal. Analizujgc strukture tetragonalng, w
ktorej krystalizuje LiBi, mozna zauwazy¢ kwadratowe sieci Bi odseparowane od siebie
ptaszczyznami Li. Na tej podstawie zostata wysunieta hipoteza 6 zaktadajgca, ze za
nadprzewodnictwo w LiBi odpowiadajg gtéwnie kwadratowe sieci Bi. Ponadto, majagc na uwadze
ksztatt krzywych M(H) dla izoelektronowego odpowiednika NaBi [43] zatozono, ze LiBi bedzie
nadprzewodnikiem I-go rodzaju.

Celem badan opisanych w publikacji A6 bylo otrzymanie monokrysztatu LiBi metodag

wzrostu z fazy ciektej, wyznaczenie parametréw charakteryzujgcych stan nadprzewodzacy
i normalny, a takze szczegdtowy opis struktury krystalicznej (dr inz. Michat Winiarski). Badania
eksperymentalne obejmowaty proszkowg dyfrakcje rentgenowskg, pomiary cieplne oraz
magnetyczne. Badania wtasciwosci fizycznych zostaty uzupetnione szczegdtowymi obliczeniami
struktury elektronowej i fononowej (mgr inz. Sylwia Gutowska, dr hab. inz. Bartlomiej
Wiendlocha).

4.6.2 Opis rezultatow

Krysztaty LiBi zostaty otrzymane metodg wzrostu z fazy ciektej. Wszystkie czynno$ci
zwigzane z otrzymaniem materiatu zostaty przeprowadzone w komorze rekawicowej wypetnionej
Ar. Pierwiastki Li oraz Bi, nawazone w odpowiednim stosunku (1:2), zostaty umieszczone w tyglu
niobowym przykrytym watg kwarcowa. Catos¢ zostata zamknieta
w ampule kwarcowej z niewielkg iloscig wysokiej czystosci argonu (5N). Tak przygotowang
ampute grzano (100°C/h) do temperatury 500°C. Po 6 godzinach rozpoczeto proces powolnego
chtodzenia (5°C/h) do temperatury 270°C, po czym odwirowano nadmiar Bi, uzyskujgc btyszczgce
krysztaty LiBi w ksztatcie ptytek.

Badania strukturalne potwierdzity, ze LiBi krystalizuje w strukturze tetragonalnej
(P4/mmm No. 123), ktérg mozna rozwazac¢ jako wariant regularnej struktury Pm-3m wydtuzonej
wzdiuz osi z. Z powodu tego znieksztatcenia, LiBi mozna rozpatrywac¢ jako zwigzek o quasi-
dwuwymiarowym charakterze struktury elektronowej, co uwidacznia sie w ksztatcie powierzchni
Fermiego oraz rozktadzie gestosci fadunku, gdzie metaliczne warstwy Bi odseparowane sg
ptaszczyznami Li.

Pomiary podatnos$ci magnetycznej w niskich temperaturach potwierdzity wystepowanie
nadprzewodnictwa w T, = 2.38 K. Petna petla namagnesowania, wykonana w T = 1.7 K, a takze
ksztatt krzywych namagnesowania w funkcji przytozonego pola magnetycznego M(H) wskazuja,
ze LiBi jest nadprzewodnikiem I-rodzaju. Wyznaczona wartos$¢ pola krytycznego wynosi H(0) =

157(2) Oe. Pole to jest nizsze niz szacowane dla NaBi (250 Oe) [43], przy czym nalezy zwrdcié
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uwage, ze autorzy ref. [43] najpewniej biednie interpretowali typ wystepujacego w NaBi
nadprzewodnictwa.

Objetosciowy charakter nadprzewodnictwa zostat potwierdzony w pomiarach ciepta
wlasciwego. Oszacowany znormalizowany skok ciepta wtasciwego wynosi AC/T.= 1.49 i jest
nieznacznie wyzszy od warto$ci BCS (AC/yT. = 1.43). Potwierdzeniem nadprzewodnictwa I-go
rodzaju sg réwniez wyniki nisko-polowych pomiaréw cieplnych. Skok ciepta witasciwego
w najmniejszym przytozonym polu (H = 10 Oe) jest nieznacznie wyzszy i ostrzejszy od AC/T
w zerowym polu. Takie zachowanie jest zwigzane z tym, ze w nadprzewodnikach I-go typu,
indukowane polem magnetycznym przejscie fazowe jest przejsciem pierwszego rodzaju [2].
Parametr sprzezenia elektron-fonon, wyliczony ze wzoru McMillana, wynosi A¢;,=0.66 co wskazuje
na stabo sprzezony charakter nadprzewodnictwa w LiBi.

Obliczenia teoretyczne wskazujg, ze stany elektronowe w poblizu energii Fermiego, sg w
zdecydowanym stopniu zwigzane z atomami bizmutu. Na tej podstawie mozna przyjgé, ze za
nadprzewodnictwo w LiBi odpowiada kwadratowa sie¢ Bi, co stanowito hipoteze badawczg 6. Co
wigcej, obliczenia pokazaty, ze stosunkowo silne sprzezenie elektron-fonon jest zwigzane nie
tylko z modami akustycznymi (drgania atoméw bizmutu), ale takze z modami optycznymi (drgania
atomow litu). Te ostatnie powodujg nieznacznie wiekszg, w poréwnaniu do NaBi, temperature
krytyczng dla LiBi.
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ABSTRACT: We present the crpstallographic analysis, super-
e Tk, Dt Superconductivity of square

contiim the lightest and the heaviest nonradioactive metal The Bi- network in LiBi
compound crystallizes in a tetragonal {CuAu-type) crystal strocture

with Fi square nets s d by 1 planes (parameters @ = 1.3636(1) -
Aand ¢ = 4245902} A cfa = 126} Superconducting state was

sudied in detail by magpetic susceptibility and heat capacity

measurenvents, The results reveal that LiBi is a modenately coupled

type-l speroanchictar (4, = 066) with T, = 148 K and a

tharmodyhantie eitled Bald H,[0) = 157 Ou. Theovetical shudies %‘

show that bésmath squane net 5 eespocsibde for sup lactivity in
this compound, bt the coupling bitween the Li planis and Bi planes
makes 3 sgnificas contribution b the soperconductivity.

B INTRODUCTION metals together in a It rtio, one gets the LiBi himary
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B HESULTS AND DISCUSSION

Single crystals of LiBi were grown by the flux method, using a
Bi Hux The obtained crysials show plabe-like shape and
metalic luster The typical SEM image of the as-grown LiBi
simple crystal @ presented im Figure | in the Sapporing
Infermiation (51). The purity and crpstallographic structare af
crushed crystals was tested by powder Xemy diffraction (see
510, All the Bragg lines can be indezed to the tetragomal erystal
struciure of LiBli, with centrosymmetrie space gronp Fddmmm
M, 123}, plas elensenial Bl {remalaing s ar decomposition
pradoct) present s empority, The sharpiess of diffraction
peaks peflects the good crystallinity of the samgle. A LeBall it
b the diffraction pattem wields the lattice pasamciers 4 =
,!\.Hij.&l:l] Ande= &Mﬂi:l A n snud agreemest with the
pn.‘ltn'udp r:p-urud vakues,"™ Additional ]'rH.'ED SCACE  WENE
Frﬁmdm;puhmnﬁumphupnuﬂmalrfwland 12
h. Althcmgh the patterns showed that the Lill phase is stable
after 2 b in: ais, the compound completely decomposes aftér the
longer time period, with andy Bi reflections observed

Loow-te: @-LiBi has a tetragonal Cufn-type crystal
structare’ " which can be viewed as variant of the cubic Pm-
Jm CsClaype structure ebongated abong the = axis (see Figure
ta}). Such a struchare &= di t to understand in the simple

square network

t

Cubic CsCi-type

v ! &
& n @
.

'

LiBi, NaBi

\ KBI, Nash

twisted zig-zag chain

Flgnre L li the liypothetica] e Colllppe Lilk, each Bi atoin
fvems s clowe ontacs with nelghboring B Ax dicissed = the
inamueript, the sisucture i madtable towand o Ssroridon clber o 4
wvarianl leaturisg planar Bi square detworks (seen b rocen-lempee.
sture sructuces of Ll sod MaBai) [h] uf 4 bwasked p.ip'.lg +hain
srangement (¢) found, eg, in KB anl MaSh, which also esemble
chiina founad in wlemenial fellurium, Both (k) and (¢} veriasts can he
domved from the cubic parent by sel ectively hreaking T or 4 bends at
wach Ba site, respechivehy,

framewark of dense p:.n:l:ing of hard spheres, which should lead
to 2 Cell or MaCltype structore. Moreowes, in the
soelectronic compounds sach as KBi, NaSh, and Lifs, one
dimensional spirals of prictogen atoms are found instead of the
wquare network. The occumrence of these spirals can be
understvod i the ramewark of the Zintl—Klemm concept:
with a single electron transter from K, Bi acquires a formal

ns

electron mf@urﬂim of Bi [.\h] et tp‘ and  becomes
oelectronic with chalcogems which, in case of lwavier
members {5, Te), feature infinie 1D chaine smibac to the
ones ohserved in KB, as well as in NaSh and Lids These
chaing can be derived from a simple cubic amangement of
pmictagen atams by a distortson that breaks four af the sx
beonds between nearest-neight From the viewp of the
VSEPR theory these 110 sparals suggest the presence of two o'
lene pairs on éach Bim, resulting in o bent-linear geometry of
pach [Bi=Hi=Hi] unit (the Jocal coordination of B s
distarted tetrabedral dus to lome pair repulsion being stronger
than the tendency to form bending pain),

Having the same electron count as KHi, LiBi {and
lanstroctural MaBi) shouhl sso form these spiral chaina ared
become semivonducting. Instead, we observe pecfect syaare
framewark of Bi~, which results from breaking only two of the
siz possible bonds, leaving a2 four-connected network, Ay
pointed out by Papoian and Hoffmann,” 3 sguare netwark with
ns' np? species (as 5B~ or BiT) is unstable toward at least three
types of distortion; ane of them being the formation of zigrag
chains. Mesper sagzested that the strcture of LiBi is stabilized
I::r 'rrh!:iv_'i!l.‘l.: eifects, na.rne|f {a} the contraction of s
orbitals, ™" which reduces the s-p ovedap and leaves only p
vabemee arbitals available for bonding (note that good s«p
cverlap is necessary fo produce sp hybrd atomic erbitals and a
|.n€l||r tetrahedral coordination), and {b) the l-ph'l.—urhil
spditting of triply degemerate p orbitals inte nondegenenate p,
and doubly degenerate p., the former being wgnibcantly
lower in energy. With six electrons per Bi, this results in 4 and
iy bansls being completely Glled, leaving two electrons for
twa pyy orbitals that available for forming Bi—=Bi bonds,

From the viewpoint al our electronic strdichere calculitions,
presented i the last part of the paper, this stabalization af the
sguare Bi network can be at least partially attributed to the
etfects of spin—ochit coupling thal strongly affects the shape af
Fermi surface (FS), weakening the possible F5 nesting. Such
an wffect wai previously pastulated to be responable for
stahbilization of the simple cubsc stracthere of Fo with respsect to
the trigonal strictisre of the isoelectronic elemental Te.™ On
the aither hard, Tremel and Hudfman ' have shown that in case
of the ivoelectromic compounds EuSby and Yhiby the
stabilization of the 5k square network in the latter stems
fram the small contribution of trivalest Yh in contrast to the
puarely divalent character of Eu in the former. This akso implies
that the effect = caused by 2 stronger covalent character of
Yh—5b bonding, in agreement with the electronegativity
differences (Euw 140 v Yo L0&Y. The same rEasaning can
b applied to the Liki-NaBi-KPi and MaBi-MaSh-Mahs series,
a5 K is more electropositive than both Li and Na, whereas bath
b and Az are more elec gative than B, ilting in a more
“ionic” bonding, lesding to a Peierls distortion, formation af
spiral prictogen palyanions, and opening of the band gap, m
agreement with the Zimtl picture,

A high-temperature §- phase has beon reported for Li, Tt
its struxture has pot been established due to s very narrow
temperature stability range,”” From simple entropic ressoning,
one may expect that the fi—g transformation oo cooling is a

-hreaking transition, and the Ekely higher-symmetry
vartanl of the CoAo-type struchare i o cobie CsCHype Libtice
with 1 simple cubic amangrment of Bi atoms. The related LiPh
compeamnd is known to underge 2 symmetry breaking
trarsition arcund 200 “C from CeChtype cubic strocture to
a trigonally distorted (elongated along the (1101) miz) Eim

ot i s 11§ 31 v s s 31 T
Chem, Mo, 1000, I, 1VA0-d1d%
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Fignre L (2} The mam panel shows werc-field-coobed (ZFC} and field-cooled (FC) semperature-dependent solume magnebc susceptitaity 1 { 7]
measurements performed imder 3 small apphed magnetic field of 10 G The inset p a il Jorp daaT= 07K (b

The temperature-dependent volume magnetic msceptibility in several rﬂEﬂ':n'rmpﬂx fiehds. {c}}fh.l.era.u:{ The temperabure vanation of e
thermodymamic critical field {H. ) Inset: mhuuumpemmﬂwwaphedﬂinmlmmﬁm L7 10 13 K (d) The specific heat

Iy in eero

petic ebd at low

with T, = 248 K. [rsel:

!T ws 7% meamared at: 1 ke, A red solid line represents a linear f

used to extimate the values of ghectivaic and phnnnnmcc.i:lﬂlmﬂlm (&) The dependence of the iped.ﬁ:huL‘,nnumpumm
applied maggetic felds H op o 50 Oe. () Map of the gpedfic heat of LRI as a fanction of temperapane and appled magnecic field.

structure, " LIPb has ome valerce sloctron less than LiBg,
ansl ane can expect that the bonding will be strenger as the
population of anfibanding states i lower. In fct the Ph<Fh
distares is of the order of 300 A in both bigh- and bow-
remperanuse phase,'" shorter than the average value ‘T* -
186 A in a-LiBL

As was proposed earlier for Se5aF and NbRaB, ™ a4
saperconducting transition s ane af the possible ways (besides

wstrucharal distortsan ora magnetic transition | of redusing the
total enengy of an ehectronic system, which is larger when the
valence electroms are in antibanding orbitals. The super
nubd.nwms; state for LiBl was imitally characterized wia
measaremsnts of it magnetic propertivs, The emperatare-
dependent volome magnetic swsceptihility 3 (T) i a small
applied field of 10 O 1s shown in Figare 2(a). Both zero-figld.
cocded (open clrche] and fied-cooled (full circlis ) data show a
sharp damagnetic transition at T, = 138 K. reflecting the

53 ot i s 11§ 31 s v v s s i T
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Table 1. Estimated and calculated parameters of Ll and MaBiL ™

ralgulations Eperimant

jaranes ursk Ll wie SO0 Lilli w SO8C Pale w. SO0 LM Ll sl
DWONELE, b L ] ST sl T .88
¥ ] mol & 159 159 153 190 14
e P (s =1 nee -3 ] 136
A, ' Fememdan) neL” et o o na” L
i K g e T4 A
¥, [0'F, ¢ o L) K Lo 24K 187 141 1AW 1%
T, [4'F, g = LA K LER L [E1] L
B, K (11 ™
AT, 149 TR

“Brom the cosnpuied Blashberg function &'F. *From the mwerted MeMillan fommula

occurrenee of supeaconductiviey in this matenal The ssper-
conduting critical temperature, T, & conservatively estimated
as being the iotersection betwesn the line obfained by
extrapolation of the pormal-state magnete suscopeibility. te
lower temperatures and the steepest sope line of the
digmagnstic superconducting signal, The estimated value of
T, =138 K is in very good agreement with the value reported
previously by Sambongt ' Afrer bildng It account the
demagnetization effect af the wimple by msing the formula
—dmpe = 11 — N], wlere N o= DTS i the dﬂmpﬂiuﬂnn
factar [ohtamed frem the MIH) 6t deoassed nest), the
superconducting valume fraction estimated from the 2eco-eld-
conlid de susceptibility in close 0 100%, o sipnature of the
bulk sapercanductivity in Liki. The relatively small diference
sttwien the FC and ZFC magnetic susceptibiling is dus 1o the
character of the tested sample, for which fhay pmming is weak:
Al n loop measwred at T = 1.7 K s shown in
the inset of Fignre _{I] The MI{H) curve mlhl]];r shows a
lingar & dence on the -"Ed.nl.a.nd'lﬁmlinpim
e et Ihll eritical Bl T!'ui- (L |.|'l.|.l-1{lrr|sul. feature al
type-l superconduactors, such '!'ShnJ 2 ]’CB:IE.”' SclGa,.
LusiGa, ™ amd ReAl,™ The brosdining of the M{H) data
from a pure sawicoth is Ekely o consequence of demagnet-
lration efecs,
Figure (b} shows the p

magnebc susceptibility in several d:Eer:n! :rug;ulh: E:H.l, H
= & 10, 20, 30, M, 50 and & Ov With leceeasing H, the
width of the superconducting transition increases slightiy and
T. wystematically shifts to Jower fenype rature. Diﬁmlnus ihe
critical temperature as the onset of amagnetic ZFC
mmptl:lll.rr for each feld, the walues obtamed were then
vl b debermane the thermadyramic critical Geld H, (see the
main panel of Figure 2(c}). The inset in Figure 2{c) presents
the kw-fiekl purts af the de magnetization sotherms mesured
at various bemperatures {from 1.7 to 2.3 K). Assaming that the
imicial Tesponse b Enagnetic feld i F«llil:n:r.'h.I d:umayetu:, the
demagnetization Bictor N = 0.75 was found, consistent with the
sample’s shape used in the magnetic mewsurenents. The
critical fields were extracted for cach temperature as being
where the matenal enters the normal state. Using these data,
the temperabare variation of the thermadynamic critical feld is
shown in the main panel of Figure X(c). The datz points
ehown as full circles are extracted from the p (T analysis and
the open circles are obtaired from the .H'-,I:'H] measarements.
The data it thus obtained were analyaed with the
follensing Farmmla

1 . i
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o
HLT) = Hio1 - [—] |
| T i

where Hi0) = the cribcal field at 0 K and T, is the
spercanducting critical temperature. The fit {sold red line} is
VETY g;um‘l and }idﬂs T, = 24301} K and Hr{ﬂ:l = 157{2] De.
The critical temperature obtained from this analysis s very
close to the T, abtained from the magnebc sceptibility
miEdsarements

Further mnformation an the superconducting transition af
Lifi can be gamed from specific-heal measumements, The
results of low-temperature heat cpacity measurdinents ane
whwvwn in Frgore 20al ). The zeno-field data of Lika are plotned as
CT wersus T, The balk soperconductivity in LB is
manifested by the proncunced amamaly in the specific heat
date. Froen the s'rz.ph.l.ul cqual-uu construction {bhe solisd
|Inu:|. which reflects the :l:pu:tud entropy balarce betwesn the
ormial and the superconducting states at the superconducting
plunu transition, the estmated criicsl temperabure i b.:|l.l.'|] ta
2148 K, consistemt with the value determimed from
susceptibility measurements. The sru:lﬁc beat jump at T, is
found e be &CT, = 4.3 m] mel 'K

The inset in Fegare 2{d) presents the variabion in C/T with
T at under magmetic febd of | kOe, which & above H; thus
the material i in its nonsuperconducting sate. The specific
hzat data provide an extrapalabon of the nonmal -state behavior
buT—tl]leli]-nwEh:dzt:rmin:rJnnufﬂuSunnnuﬂd
coetficient § from the equation C ¥ = BT, where the
second term is the phomon cuum[;uhun tor the specific heat.
The ht, n.1:|ru:n]:ﬂ:| h]- the red solid line, gives ¥ = 19(2) m]
mol K and = 16404} m] mol Y, Furstsmons, the
[ebye temperature B, can be determined usng the simple
rebrye mindel:

|
12x "R]

1%

where B = 251 J mal™"'K"" and n = 2 far LiBl. Using i =
Lé4i4) m] mol™ 'K, the caloulated Diebye temperature is
133(1} K, comparable with 8, = 14} K reported for MaBo™
With the estimated Dubye temperature By, in hand, the
!|¢ctr|:rn—p|u:|n-uu :nruphng multlrrh .1”, can be then

estimated from Meillan's lh!ol‘}"

=1
H]

LiM + p*In{ By, 1437 )

e 0627 By 14570 — 104

(5]
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Figare 3, Electronic sracture of LiBi in berms of |23 hand stroctmre, (b0 DS {with partial [HO5 coming from atoms: and from orhitads marked as 2
filled curve el colored lines respectivedy ], and (c—e} the Fermi mrfzce calosiated with S0 Brillouin zone (1) s alsa attached. Atumic okl
character of the Ferml mrface af Lilh calculased with S0 @ presented in panels g—j caloalated with SOC, while the propchons mio the

nonreativistic p,. p. and p, basis (cakenlated withowt S00C), are. presented in panels kL The p states of Bosmath are crocal o the electoonic
structure of Lillk around the Permi level and are only dightly hybndeed with 5 states.
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Fignre 4, Comparisos of Lifki and Malll comgonmds in ceems of (0} eleciron density, {g—h) Permi serface, ind (1) decron DOS. Due 1o smaller
distortion im Lili, Dismoth planes and LI aroms are less separated. wiich contributes o the stsonger dectron—phoron coupling and T, cossparnig
to Malhi,

where, p® i the reguilssve soreired Coubamb paramter, As shown in Figure o), fGeld-deperilent specific b
MII!"JE takits ag @* = (L13 for internatallic superconduc- masarements werg performed in Gelds up w30 0w A
tore " Taking T, = 245 K and 0}, = 133 K, the caboulated uxpected, the jump in specific heat at H = 10 O (the lowest

A, 1054, implying that LIB s weakly or moderately coupled applied H) i higher and sharper than that 8 zero magnetic
+ sugrerconductor, field, indicating a crossover fram second- to the firt-order
Lising the Sommerfel] coefficient y = 2902} m) mol~ 'K phase transition, commonly seen o bpe-l supsrcondog-
anel the vabue of the specific heat jump at T, (AC/T, = 3 m] tors, """ The panel of Figure 200 presents a map of the
mol KT, the eatio ACSPT, can be caleilated. The speciic hieat of LiBi as a fenction of temperstisne and applied
normalized specific beat mmp @ equal o 149, which i near magnetic feld {up to 30 Oe) in the vicinity of the
e the expected walue of 143 for 0 oweakly coupled BCS supercanducting transstion. The black solid &t line to o [ s
saperconductor, shown in a man panel of Figure 2{c) and comfirms the
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complemantarity of bath experimental metheds employed.
This is the bordedime between nonmal and superconducting
states. The estimated soperconducting amd normal  state
parameters of LiBi are gathered m Table 1, Our analysis
saggests weak-coapling type - 1 supercondsctivity for LiBi

We now disciss the electranis dructure of Libi and compane
it 1o MaBi Figure 1 presents the calculated electronic band
structure of LiBi m terme of it d.il-plrrnclrl relatioie, DO and
Fermi surface, Spin=orbit coupling [S0C) & inchaded in
cakulations. Additonally, Figores 3g=j) show the atomic
arhital character of the Fermi surface caloulated a2 a projection
of the wave function onto atomic wave hanctiors. The split of
the Bi p-orbatal it p, + p, and p, shown at Figure Mkl} is
cakoulated without SO, a5 sech desigrations correspond 1o 2
norretativistic basis. In Figume 4 the charge demsity plot, the
Fermd surface ane the DO are presentied and compared to the
same chazacteristics of MaBi As the charge density plots (see
Figure A1)} show, dise to the distarson Fram the abic ta the
!rtmguuﬂ structure aic-qs the [001] axis, the bismoath atoms in
both materials form metallic layers that are separated from
exch other, This is reflected in the shape of Fermi surface as
well as in the flling of the p arbitals, as shown below.

Atomic Bi bas 6 and a5 erbitals occugied by three and two
valence electrons respectively, for a total of five, while i the
casme o the alkali Li, mdnﬁmmﬂp&slnrﬂ‘bih}mdh
prorhital is emphy. This gives six electrons per fu, for the LiBi
eryatal. Bi s more elechonegative than Li, thay we expect the
transter af the electron from the s-orhital of Li to Bl Ths is
reflected quantitatively in the calculations, The Bader analysis,
performed with help of Critic? software,” indeed indicates
that (.83 of charge & transferred from the Li atom to the Bi
abora in LiBi As shown in Figgare Hal, in the ENECEY range
fram —17 1o =8 eV below Ep there is a semicore hybridized sp
band duminated by the 64 state af Bi with the contribation of
Ly states of Li The main valence band ock spans the range
between —5 eV and Ep, and consists af one comgletely filled
and twa partially filled bands. Figure b} shows these barwls
to ke duminated by the fp states of Bi hybridized with the 2=
and 2p states ol Li

The resulting Fermi surface consists of two pisces, a9 is
shown in Figure e, Figure 3e) presents the [001] view of
the Fermi surface. The hole-like band, marked in Figure 3{a)
with the blue line, 15 connected with the e piece ol Fermi
warface {Figure Mc k), which consstz of pockets centered at the
X point and the cuboid-like part, The electron-lie hand,
markesd with the red line in Figure 3(a}, is connected to secomd
piece of FS {Figune 3{d}), consisting of pockets contered at the
A-points. The cuboid-Bke part of Fermi surface is open in the
k, direction, which is a signature af the quasi-two-dimensanal
charscter for this dheet, A2 shown in Fiygmare J-Es—[l..pah af the
Furmi surface parallel to the [001] axis, mduding the cuboid-
life: part, come from the p, and p_states of Bi bybridued with
the s-states of Li and Bi, while the parts in the {001] plane have
. character hybridized with the p-states of Li. This stands in
agreement with the change density plots, which show bisnruth
layers to be metallic and separated from each odbver. These
caloulations show that the sgmare Bi planes have a kspace
signatuare.

The tesalis of scalar-relativistic calenlations (ie., neghecting
SO are shown in the 51, Comparisen with relativistic results
shows that 500 mngl:r modiftes electronic dructure of LiBi,
ar expected for o Bicontaining compoand. This inflaence,
however, is not in the vicinity of the Fermi level Thus, the
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cabeulations igroring the 500 and inchiding the 500C lead to
almast the same Fermi sarface vhape and DO% (Ee) walues
(068 eV~ versus 067 eV, see Table 1),

There are many sinvilarities behween the electranic sructunes
of LiBi and NaBi,""! which supercondncts at a T, = 215 K.
The electranic structuzes of these compounids are compared m
Figure 4. The DS at By (our calculated values are 061 eV}
fu for MaBi and 067 e‘n"'_-’f.n far La'ﬂi]' and the electron—
phomon coupling pasameters are similar, The ditferences are as
tollows. First of all, the structural distoctivn aleng the [001]
darection i.ﬂ:ligg;lr i case of MaBi {¢/a = 1.3%) than in LiBi {¢/
a = 126}, This fact is reflected in the charge density plots,
where the Bismnth layers are mare separated from each other
(see Fagure 4{2)} than in LiBi {see Figure 4(d}). Becauss of
that, the pockets arcund X point found in the Fermi sarface
{see Figure 4(h}) of LiBi desappear in NaBi (see Figare 4{g}),
which 15 reflected in a slightty smaller value of DIOS at Fermi
leved in MaBi {Figuse 4(i)). Moreaver, the charge density i
the ;lh.neu!‘m&lnm [Figu:': 4(c)) = smaller than i the plane
of [thium [Figure 4(f}), while atomic plane of bismuth is
metallic-like in both cases (Fegure 4{b,2}), thus it cannoz be an
effect af a slightly bigger lattice parameter in the cse of MaBi
{a =341 A) m comparison to LiBi (u = 337 A), it may rather
() consequence of the smaller ehh:u'nneg,:nﬂly af sosdivm,
Thus, the elecirons may be more infensively transferred to
bismuth in the case of MaBi than m Lili. Thus, there is a lower
electromic demsity around sodiom than arvand lithiame, which
Is Irupn.rtanl fur the dectrnn—'punnn n:,nuplhg, as disosssed
b

Resides supercondoctivity, topological surface states have
Peen mn to exist i MaBi” The analysis of the
tapalogical praperties in ref 34 has been performied wsing the
22 invarint, however, which & not well-defised In o three-
dimensional metalli case w‘bﬂennbandgip I.|-'|1n:ﬂ.r|d.1n the
eurrent gnaterial, therefore, due 1o the absence af 2 band g n
ln:fnl"lh:phnu im the Brdlowin zone, ﬂ'\H‘IMﬂkMFIIlBFGﬂ
Insulating propesties are not expected

Oy caloalated pbnmm dkpcﬂlnn refabinms, with phnnr.m
lime widths p, marked ab each wave vecior g and phonon
beransch 1, the densiry of states Fl:m:l- dunwmﬁd Iieto Ao
contributicns, and the El.u.l.lﬂ::r:g_ :&cr.rnn.—pbm-un. muph'l.g
fumetion o Fla), decompased pver phonon modes, are shown
It Figare 5, A there are two atems in the wnit cell of L, s
phimon brasschis, three scoustic and three optsc, are seen. Due

(¥
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Fagmre 4. Phanons and slectron—phooen coupling of LiBa shown in
terma of (&} phonon dispersion relabon with phonon line wadth
marked 2 @ fathand, (h) phosen TS decomposed o atomic
contnbution marked 25 & flled corve amd Fomction o Fim)
normalized be phonon des (¢} partial o'F,(w) where # mins over
phonon modes and (d) the cumuliver dectron—phanon coupleg
wonstant &,
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toe the hage mass differance [y, = 30,1, the lw-froquency
part arises mostly fram Bi and the optic part from Li vibrations
These twa groups af pli!mun maides are well separaved: the
i part has caleul e in the rarge from O e
1.5 THe, while the optic modes are founid between 4.5 and 7
THu. Both these ranges, as well as the gap between them, are
il igger tham (i the cas of NaBi™ (0 to 2 THe for the
acaustic and 225 1o 5§ THz for the aptic medes, respeatively).
Clur computational results far NMali are presemted in the 51
The mervase of LI frequencies with respect te Na
freqiincion i in agreemend with a ssmple diatomic chain
moddel, Having the chain of two types of ataens: B plas Li or
Nq.mguu:ht Ifnqu:mnrpﬂwnmﬂwnm-
Ly, = g ) ) = D840 [C is @ cosstant] in case af
LiBa and iy = A0 in cage of MaBi 1t ratie 5 equal o
Wy g, = 174, Calculations pﬂﬁsmud e thds work and in
el 54 shivw the i ] "'ﬂrm[’u g ¥ borwer
optical medes to be vy, = 439 TH :mdm,m, = 370 THzx,
which ves the ratio of wygfong, = 175 in excellent
agreement with the chale mendel
The=e twa described nptlul branches have 2 comsiderable
dispersian, while the highess optical branch is rather narrow
and well- ated from the ptber branches. As shown in the
a1, the fourth and fifth phooons with wave vector g = (0,004
{paint Z in the Brillouln zone) are associated with the
displacement of Li atoms along the [110] direction. The same
holds for phonans at the I A points in the Brillouin zone.
Since the unit cell is shorter along the [ 100] and [010] axes in
comparisan to the (01 ] axs, in the {001) plane the Li atoms
are much clvser bo each other than in the [001] direction and
the Bi—1i and Li-Li distances are nearly eqgual Ths can
explain the agreement with predictions of the chain model as
well as the considerable dispersian of these heo branches. Oin
the other hand. the smth phooon mode = associated with
vibration of atoms along the [001] direction, where the lattice
parameter is lager and the aloms are more separated, making
the highest phonon mode an Einstein-like less dispersive one.
As far as the electron—phonon interaction is comcerned, the
largest phenon lme width r,, (corresponding to the stroegest
eoapling, see ref 15} is ohserved for the above-mentioned
highest frequency optical mode at the 2 point. Here both the
phemon propagation veckor and Li stomic digplacement sre
along the z-axie. This vibratson will strongly affect the Bi-Li
bonding, and thus a strong efect an the comresponding
electromic states s expectedd. Especially, thas may simongly
inflmence the p, orhitale of Bi, which are ewsantial far the
teiragonal distartion af the crystal strochare of thss compoismil
Large phoncn Mne widths contrilaiie 1o the Eliashleng
function o' F{u), which & defmed s o gsm over all the
pi'.udlmi.—

3 |
)= ———— % B —
e mlm? - )

and which is used ta nl:u.hbr the dectran—phonan coupling
constant 4,

J.-F“::T- due to this [ng\e phonon line width the

contribution from this high-frequency branch is important. A
total A,y = 066 parameter is computed from the Eliashbeng
coapling function and s frequency distribubion, a8 shown in
Figure 3 The acoustic part of the phonon spectrum,

L1110
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damimated by Bi vibrabons, conibuses about 85% o the
total A, leaving 15% {00 = ahsolute value} for the optic
Iranches

The Allun Dipines Riemniale™
1

—L0#(1 + 4,
= WL+ 062, )

LT

S i

151
is next uved o compute the superconducting critical
Dmipﬂirur:ﬂlunhsbnwnh:'rﬂhhl.J,_.F:ﬂﬁmuk:
in an experimental valie of T, = 248 K; when the Coulomb
prendopotential parsmeter is set to @* = 0,11, which confirms
that spercosductivity m LiBi & acoarately deseribed withn
the glectran=phanan mechaninm, The caleulated vale of 4,
is alightly smaller thais extracted from the ::pvrhmmli
Soummerisld parameter with the help of calealsted DOS(E:)
vabuo, which is &, = B8] but both valees correspond b0
Imtgrmediabe coupling regime.

As far oas the spin—orbit coupling (SOC) effects are
cancerd (see SE), b the seslar-relanvistic caloulations 4,
Ie smialler in aboutr 8%, which iz censed by the shift of the
h‘]‘lﬂt Fh-unan. mode ba I'Ll.i,llu frequeunti. Thas, in the
present case, S0C weakly enkances the electron—phonon
|mteraction dnnﬁth, m contrast to the recently stodied CaBi,
supercanductor,

Companng now the coupling strengths in LiBi and NaBi
{see 51 for the figures), both 4, (0,66 and (L2 dor Lili ard
Bal, re-:pechu:l‘r‘.l and T, {2ddf and 215 K, rﬂ'pen:m-dﬂ are
higher in the case of LiBi It may seem surprising that the
strong hardenmg in the phoson spectram of LiBi, resulting n
much larger phonon frequency range (0—75 THz for LiBi ard
B—4.5 THz for NaBi) does not result in the apposite trend, ax

i .,c;i:_:_ In fact, though, this s caused by substandial

L |
tifferences in the Eliashberg function. While in the acowstic
part of the spectrum r.r:'.Ffvl.u} does ot differ much betwesn the
BFaBhi and Libi cases, giving simalar (and even slightly langer for
NaBi] comtribution to the total A, (427" = 036 m LiBi,
.Lf"""‘ = {58 in MaBa), the :ﬂnrri:uhm from ke npbm]
Izlﬂrll:l'ms especially from the frst ane, i 2.5 finses larger (425

= DD in LaBi, 475 = 0404 i NaBa).

Ad shown in ﬂ'le 51 for the Z-point, where the phonon line
witltha are the brgest in both composneds, the frst fwo
degeirate optical modes in LiBE ane associatid with tramsvene
phoneeas, where Li atom vibeates i the gy Li=Li plane, while
the third one is 3 langitudal mode aling 2, whene Li vibrates
perpendiculis 1o gy LI planes and towand the planes of Al
atamss, In Mali the same atomic displacements are found. As
discussed befare, due 10 the smaller ¢/ ratio of LIl and larger
electrom density around Li, when c,n'mp.'lm& to the Ma case, the
Li sbomas’ wibpabioms ml.l.Flt mware effectively to Bismauth
electronic states. This fives an addiztional, 'Iﬁnugh nomdnally
lessexpected contribution of the Ll.gﬁd: atom wibrations to the
total 4, n Lili compared o Malla

In both cases of Libi and MaBi, the thearetical { calculated
from Elmshberg coupling Ranction) and experimental {caboe-
lated froe Mcbdillan equ:hnn] values d}.bp with each
cther (both equal to 0.66 for LiBi and 052 for NaBi), while
the values estimated as a resormalization factor of the
electronic heat capacity seem to be nverestimated (0.82 for
Lifi and |36 for MaBi), We consider "I11' abtained from the
Eliashberg function and T, 25 a maore accorate ane, and the
larger discrepancy ohserved for NaBi s lkely related o

i i s 111 #91 faq nch domi i
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inscuracy of povakie due w0 oa wvery dilfosh measanamem
process in ref 26,

Irs the previous repon on supercondactivity in LiBi' the Li
isatatpe et was studied, Replacing natural abundance L
limy, = 654 u) with Li* was found 10 inerease the eritical
temperatuse by aboot (002 K This can be used te sddivonally
wrlﬁr out calculations, the Botope effect sxparbments were

d by the sppropeiate change in the abomic mass of L5,
with the resalts ﬂm\-‘n in Table 1. The compated critical
temperamune incressed by 00126 K and taking into account the
small shsolote walues of those increases, the agreemnent is
consldered as wery Eamf‘ wﬂ.h{:ung our theoretical resalis.

B CONCLUSIONS

It sarnmary, wo have grown single crysmali of LiBi, which
contalns the lightest snd the Beaviest pansadicactive metallic
eleiments € er, This n,ml.pwnd Foema in & Mlﬂﬂlut
{l.":l.l.ﬂ.mt'ppt crystal structure with Bi sgnare P'lam*.-: uptr;hd.
by Li phnﬂ. Thie distortion from an ideal cubec Ce structare,
yielding ¢fa = 126, Is rather large. Due fo this distortsan,
which we anjue i derven by the lower enengy of a structare that
reduces the degeneracy of the p, oebitals from the p, and p,
orbitals of Bi, 2 quasi-two-dimemsional chamacter of the
electronic stracture is seen in baoth Fermi surface shape and
charge density distribation, where metallic Bismuth Liyers are
separated by Lithinm planes.

Detailed expersmental and theoretical studies of the
waperconducting and normal stabe parameters for Lifi are
prezented. We hind LiBi 1o be a moderately coupled bope:l
sapercanductor with T, = 248 K and a eritical field H,[0) =
[57 O Our caloulations show that the electron—phonan
compling i strongest for the acoustic phononx (Bi vibratiors},
with, importantly, an adifitional (15% of the total 4]
contribution froen Li modes, which is respandible for the larger
T, of Libg compared 1o MaBi, As Bismuth stoms provide
majoeity of bath the dh:tﬂrm: PETTEY ﬂw Fereni suerfacy and

phi fior Abve wlect i Wit canclade thit
the Be square net ls mp-:-ndhl-n far lupcrmm!un.M;f of LItk
bt that the o I" D" i Ihtllyu ] anad the

Ireavy elemsent plines makes & sggailicant contribation 10 the
saperconductivity. As this compeund is electronically dami-
mated Ty B wquare Phru::s with PI.I'ﬂ'" filled thm.ll. sz]ur.l.lmi
by the lightest pessible metalle element L, it ofers 3 nndgque
oppartunty to shady the superconductivity of Bl square planes
using VATINIR Spechroscopac methods, thus studies like ARPES
shiould be of future |nterest.

B MATERIALS AND METHODS

Singhe crystabe of LiBi were grows by the il methad, using Bi e
Elernwertal Li ey 093 0%, AN Acar) and Hioehoy (9999, Ally
A} in oan abomic ratin 11 were pucked in o neobies crucble,
covered with o phig of Guaets wool snd seakid meide o ailles nibe
umder & gurtial of Ar. Complelr sample peeg ik
peticemed s wn Arlled glovebeo without exposing tee Li metal o
i, The ampule wis heated vo 500 *Cat a pabe of 100 °C'h seed kept
i that temperature for 6 b After cooling ot @ e of 5 °C/h o 270
“, sy crvsials were separated by decasning the exoms of Bi flux
uslng & centrifiige.
mmmmddhrumﬂewudemdbrhlaﬂd
£ of room-semg powider Xoray difaction (pXRO)
data for oushed single arystals collected on a Bruker DR Advance Boo
difftactometer with Cu Kar radiation and LynsEye XE detector, The
I..Lh.l.luﬁn:mntdﬂu_pm;lmun wirs perfommed using the code
TOPAS, bE i | wsing 1 Cmantum

Py

nsr

Lhesigm Dyracool Physical Property Messuremem Swsrem | PPS)
with & wibrating sample magretometer (VEM) system & the
temperature mnge of L7-3% K under vanoos appliod magnetic
liefds, The temperature dependincies of the pero-fiedd-cooled (ZFC)
and fiedd-cooled (FC) magnetic susceptibilty {defined 2= dd/dH,
where M s the mageetcation and H is the applied field strength)
were mreasured in an exiermal magnetic feld op o B0 De
Furth o the magr firld hepemd s af the mags
wore maasurgd at various hemperaberes in the supeeconducting state,
The heat capasity measuremenis were carind oot sang the wo-¢
timme - pelazation pwthed e PPMS Evercool [1owtem, The dats wers
collected hetweren 13 grd 3 E 5t D O and m m.lp“tic Enﬂlqﬂn
30 Oz The erptal of LiRi vz mounbed 1o the meassing stage wsmy
Apieaos N i 5 daiiny poaced thermal contacy
The brand wai calodated with help ol
pu—udniumu-l and Jﬂ-ru- wave mwihod mplemenied in Quastum
T Ulrascl® abi bave beem chisen, ™ alang with
Hie Perdiw=Burke-Emseteed ™ schis o7 exchinge-correbation
eiecty Foe lithium the scalas-relativisrse ;u-udnpmmrl.-l. I lreen
used, whiile fop hisvath, die flly seative tial his besa
chosen bermme relativisic effecrs, un:ldng_ |p|.|1—nd:L|: corplineg
(ST ), muy be essential for lu.dm a heavy elesent
The ph e elect are calculated with
help uf density . funciional p:rlu.rhlluu theory (DFFT) as
implemented in Cpantem Espresso. Phonoss were cadoulated on
the mesh of & & & 3 & g paints om the basis of the band strocmre
cabculated o the mesh of 19 = 1% % 1B & points. Electron—phonon
coupling was ohtmmed on the bass of the phonors, and the bhand
structere cikulabed on a meesh of X6 = 56 % 36 & point.
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Figure 151 Left: Powder X-ray diffraction patiern of LiBi (red poinis) wogether with the LeBail refinement
profile (block solid line ), The green and orunge vertical bors indicate the expected Bragg peak positions for LiBi
anad elememtal Bi. respectively, The blue curve i the difference between expenimental and model results. Righi:
The SEM image of LiBi single crystal.

Figure 2. Struciure of KBi fenturing Bi spieal chains. K atoms were omitied for clarity.
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The influence of spin-orbit coupling (SOC) on the electronic structure of LiBi

Here we analyze the influence of the S0OC by comparing the electronic structure of LiBi caleulated
without and with S0C, both shown in Fig.3. and, in the smaller energy range in Fig. 4.

The main valence band (MY B consisis of three bands and stars -4.5 eV below the Fermi level, S0C
significantly changes MVE, bands are separated and several peaks in DOS appear. The reason is that
in the scalar-relativistic case one can observe many band crossings, marked with arrows in Fig. 4. Asa
consequendcs, the scalar-relativistic DOS of MVEB has essentially only one peak placed at the energy,
where the lowest two bands are crossing each other, When S0C is included, the bands are repulsed
{hand anticrossing) such that the gap appears between them at these particular points of the Brillowin
zone. Due to appearance of the local band extrema, individual peaks in DOS appear, thus there are
three peaks instewd of a one. The bands, however, especially the highest two of them, are sull well-
dispersed and their energy ranges are not separated from each other,

Quite surprisingly, this sigmficant change in the band structure almost does not affect the Ferm
surface, as shown in Fig. 3. The oaly change is in the secomd piece of the Ferim surface, where the gap
in [110] direction is opened when SOC is incleded, It is connected with the anticrossing of bamds in
I’ direction of the Brillouin zone, shown in Fig. 4. As a conseguence, the D05 (Figo 4.0 is almost
unchanged around the Fermi level. The wvalue of DOS is equal NEp) = 0674 eV amd
N(Er) = 0676 eV in the scalar- and fully-relativistic case, respectively.

161



LiBi
a) band structure w/'o S0OC b} Farmi surface wia SOC

“
d) Fnrrrli surface with S0C
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Figure 3, Electronic structure of LiBi caleulsed in scabar- {a-b) and fully-relativistic {c-d) way interms of

bamad struciore and DOS (i, ¢ s well s the Permi surface (b, d),
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Figure 4, Zoomed picture of the band structure of LiBi calculmed in the scalar- (a0 and fully-relabvistic
(d way, wiwd the DIOS calculated in both ways (¢h,

LiBi versus Nalii: phonons and the electron-phonon coupling

Fig. 5 shows phonon dispersion relations, phonon linewidths, phonon DOS and Ehashberg function
for MuBa. The phonon stroctures of LiBa and NaBi are much different. The phonon requency range in
MNaBi is from 0 to 5 THz, while in the case of LiBi up 1o 7 THz. It is not surprising, as Sodium s
simply heavier than Lithium. In the scoustic part of the specirum, up to 2.5 THz in LiBi, three peaks in
phonon 0% are formed, while in the case of NaBi there is one peak contributed from all acoustic
phonons amd the frequency range 15 squessed up w 2 THe This change of the aconstc phonons,
contributed by Bismuth stoms, can be dssocuited with the change of the crystal and eélectronic
structure, As described in manuscript, the crystal structure of NaBi is more distoned (c/a=1,34) than
Lili (cfa=1.26), hence the highest phonon mode, which involves out-of-plane Bi vibrations {sce
below ), 15 less dispersive in the case on Nali, than m Lili,

The optical phonons, contributed by Li / Na atoms, spread the frequency range from 4.5 THz 10 7 THz
in case of Lili and are from 2.5 THz to 5 THz in the case of MaBi. As discussed in the manuscript, in
spite of this drastic lowering of frequency, the electron-phonon comstants, zenerally proporional
Ao B % is lower in MNaBi (4,_, = 0,62} than in the caze of LiBi (4,_, = 0.66), due 1o enhanced
contribution of the optical mode in the laner system.
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Flgure 5. Phonon structure and eleciron-phomon coupling in NaBi in eems of () phobon dispersion
refation with phonon lincwidih marked as “fathands™ (h) phonon DOS and Eliashere function, (c)
contribution of the modes do the Eliashberg function, (d) frequency distribation of &, The figure shoald be
comparcd with fig. 5 of the manuscript, where these properties of LiBi are shown.
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Figure 6. The phonon displacement patterns of the six phoron modes for q=((L0,0.5) {2 point in the Brillouin
zomed of LaBi inol m the scale)l. We can distinguish two fransverse acoustic in-plane Br modes (1 & 2), one
longitudal acoustic Bi mode (31, two transverse optical in-plane Li modes (4 & 5) and one longitudal optical Li
mude (61, The sixth mode, which has the biggest phonen Imewidib, = along the direciion where the unit cell 15
dhstorred.
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Source material’s DOI: https://pubs.acs.org/doi/abs/10.1021/acs.chemmater.0c00179
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4.7 (A7) NbirB2 and Talr.B2 — New Low Symmetry
Noncentrosymmetric Superconductors with Strong Spin—-Orbit
Coupling

4.7.1 Cel badawczy

Nosnikami prgdu elektrycznego w nadprzewodnikach sg tzw. pary Coopera. Teoria
Bardeena-Coopera-Schriefera (BCS) zaktada, ze nos$niki tworzgce pare Coopera charakteryzujg
sie przeciwnie skierowanymi spinami (stan singletowy). Zewnetrzne pole magnetyczne, o warto$¢
powyzej limitu Pauliego (H:24), powoduje przeorientowanie jednego ze spindw, co w
konsekwencji prowadzi do rozerwania pary Coopera i zaniku nadprzewodnictwa. Rozwazania
teoretyczne wskazuja, ze w uktadach niecentrosymetrycznych, w ktérych dodatkowo wystepuje
silne sprzezenie spin-orbita (SOC), mozliwe jest mieszanie symetrii par Coopera. Oznacza to, ze
obok skfadowej singletowej wystepowac bedzie réwniez sktadowa trypletowa, a dla takiej limit
Pauli’ego nie ma zastosowania, a co za tym idzie drugie pole krytyczne moze przewyzszac¢ Hc au,

Odkrycie dwoch nadprzewodnikéw (Nb,Ta)RhzB2 bytlo motywacjg do postawienia
hipotezy badawczej 7 zaktadajgcej, ze istniejg izoelektronowe odpowiedniki potréjnych
zwigzkéw (Nb,Ta)Rh2B2 z irydem, ktdre rowniez wykazujg wtasciwosci nadprzewodzace.

Otrzymanie borkéw irydowo-niobowych i irydowo-tantalowych byto mozliwe dzigki
gruntownej eksploracji potréjnych diagramow fazowych Nb/Ta-Ir-B. Silny sygnat diamagnetyczny
Swiadczacy o wystepowaniu nadprzewodnictwa z T. okoto 7 K (dla ukladu
z Nb) byt bezposrednia motywacjg aby przygotowaé blisko kilkadziesigt prébek o roznej
stechiometrii, ktére byty syntetyzowane w réznych temperaturach w piecu wysoko-prézniowym.

Celem badan opisanych w publikacji A7 byto otrzymanie czystych fazowo prébek

zwigzkow {Nb,Ta}lr2B2, opis struktury krystalicznej (dr Xin Gui, prof. Weiwei Xie, prof. Robert J.
Cava) oraz eksperymentalne wyznaczenie parametrow charakteryzujgcych  stan
nadprzewodzgcy i normalny. Badania eksperymentalne obejmowaty proszkowg dyfrakcje
rentgenowska, analize strukturalng za pomocg czterokotowego dyfraktometru rentgenowskiego,
pomiary elektryczne, cieplne oraz magnetyczne. Szczegdtowe badania wtasciwosci fizycznych

zostaty uzupetnione obliczeniami struktury elektronowej (dr hab. inz. Barttomiej Wiendlocha).

4.7.2 Opis rezultatow

Jednym z wyzwan podczas badan zwigzkéw NblrzB2 oraz TalrzBz2 bylo rozwigzanie
struktury krystalicznej, co bezposrednio wigze sie z tym, ze struktura tego typu nie byta
w literaturze opisana. Otrzymany materiat, 0 znanym skfadzie nominalnym, byt badany za
pomoca techniki dyfrakcji na monokrysztatach. W kolejnym kroku, proponowany model struktury
krystalicznej byt weryfikowany poprzez analize LeBaile’a i Rietvielda proszkowych
dyfraktograméw rentgenowskich, a takze wyniki analizy EDX. Ostatecznie ustalono, ze Nblr2B>
oraz Talr2B2 krystalizuja w nowej, jednoskosnej, niecentrosymetrycznej strukturze krystalicznej
(Cc No.9). Warto wspomnie¢, ze nadprzewodniki bardzo rzadko wystepujg w strukturze

jednoskosne;j.
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Izoelektronowe zwigzki nadprzewodnikowe: NbRh2B2 i TaRh2B2 krystalizujg
w trygonalnej strukturze, wykazujgcej chiralnos¢. W obu typach struktur krystalicznych cechg
wspolng sg dimery atomoéw boru, ktére oddalone sg od siebie o ok. 1.7A. Wystepuje jednak
réznica utozen dimeréw, tak ze dla zwigzkéw na bazie Rh obserwuje sie dwa (X, Y), podczas gdy
dla zwigzkéw na bazie Ir trzy (X, Y, Z) charakterystyczne sposoby utozenia dimeréw boru.

Drugim wyzwaniem bylo opracowanie powtarzalnej metody syntezy, tj. ustalenie
optymalnego nominalnego sktadu pierwiastkowego, temperatury i czasu wygrzewania.
Czynnikami, ktére zdecydowaty o sukcesie syntezy nowych zwigzkéw byly odpowiednio dobrana:
nadwyzka boru, a takze temperatura wygrzewanie prébek (1100°C). Proces prowadzony byt w
warunkach wysokiej oraz dynamicznej prozni (p = 106 Torr).

Niskotemperaturowe badania podatnosci magnetycznej, ujawnity przejscie ze stanu
normalnego w stan nadprzewodzacy w T, = 7.16 K dla Nblr2B2 oraz T, = 5.07 K dla Talr2Ba.
S3 to temperatury tylko nieznacznie nizsze od podanych dla NbRh2Bz i TaRh2B2. Dalsze pomiary
magnetyczne tj. namagnesowanie w funkcji zewnetrznego pola magnetycznego, pozwolity na
sklasyfikowanie NblrzBz i TalrzB2 jako nadprzewodnikéw Il-go rodzaju. Oszacowana warto$¢
dolnego pola krytycznego wyniosta poH:1(0) = 13.0 mT dla Nblr2B2 oraz poHc1(0) = 6.0 mT dla
analogu z Ta.

Pomiary ciepta wiasciwego potwierdzity objetosciowe nadprzewodnictwo w obu
zwigzkach. Wyznaczony znormalizowany skok ciepta wtasciwego (AC/yT.) wynosi 2.94 oraz 1.44
odpowiednio dla Nblir2B2 oraz Talr2B2. Skok dla zwigzku z Nb ponad dwukrotnie przewyzsza
wartos¢ wynikajagcg z teorii BCS (AC//T. = 1.43) co sugeruje, ze za nadprzewodnictwo
odpowiadajg silnie sprzezone nosniki tadunkoéw. Powyzszy wniosek znajduje potwierdzenie w
uzyskanej wartosdci parametru sprzezenia elektron-fonon A¢, = 0.74 (Nblrz2B2) oraz As, = 0.70
(Talrz2B2).

W nastepnej kolejnosci wykonano pomiary oporu elektrycznego. W przypadku zwigzku
NblirzB2 opornos¢ wiadciwa maleje wraz z obnizaniem temperatury, natomiast dla analogu z Ta
obserwowany jest wzrost krzywej p(T). Takie zachowanie najpewniej spowodowane jest stabg
lokalizacjg nos$nikéw tadunku na skutek wystepujgcego nieporzgdku struktury krystaliczne;.
W niskich temperaturach (ponizej T;) zaobserwowano spadek opornosci do zera, swiadczacy
0 przejsciu obu zwigzkéw do stanu nadprzewodzgcego. Przytozenie pola magnetycznego
skutkuje przesunieciem temperatury przej$cia w strone nizszych wartosci. Wyznaczona warto$¢
gornego pola krytycznego wynosi poHc2(0) = 16.3(2) T dla Nblrz2B2 oraz poHc2(0) = 14.7(1) T dla
Talr2B2. W przypadku obu nadprzewodnikow poH:2(0) przekracza limit Pauli’ego (uoHPaui =
1.85T,), ktéry wynosi 13.3(1) T dla zwigzku z Nb oraz 9.5(1) T dla analogu z Ta. Uzyskane wyniki
moga Swiadczy¢ o niekonwencjonalnym charakterze nadprzewodnictwa

w badanych zwigzkach.
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Nblir,B; and Talr;B; — New Low Symmetry
Noncentrosymmetric Superconductors with Strong

Spin-Orbit Coupling

Karaling Gdrnicka, Xin Gui, Bartlomiej Wiendlocha, Loi T. Nguyen, Weiwei Xie,

Robert |. Cava, and Tomasz Klimczuk*

Superconductivity was first abserved more than 3 contury 2o, but the seanch-
'Er new mm&mm-hhrm: Mﬂﬂ. "I'hgﬁnnr m
mnﬂ hﬂﬂmbﬂ hﬁhhﬁqﬁ-ﬂh
condensed matier and for pﬂﬂi;lpﬁludmhhnmﬂqm
Here twa previausly unreparted materials, Nbir;B; and Talr,B;. are presented
with supsrconducting transitions at 7.2 and 5.2 K, respectively. Thay display
mﬂumﬂmmmﬁhﬂwm
Wﬂtﬂiﬂwawﬂudﬂmﬁmm

1. Introduction

Supercenducting compounds continue to challenge our jdeas
abost how bo understand the behavior of electronic materals,

K. Gamicha, Prof T. Ehencrub

Facuity of Apphed Physscy and Mathermatcs
Colansh Lrsversity of Tachnology

ul, Harutnwdeza 1512, Coad=k 8)-311, Potand
E-ruail: auas. ke ptgipp aiu

K, Cdmicka, Prof T gbmiczub

Aghranced Kataraly Carite

Ccansk Univessity of Technologs

ul, Harutnwicss 11113, Gelarxh 80-731, Potand
O . Gl L T Mgayen, Prof . ). Cae
Cmpartment nf Chermniskry

Frinceton Linnprity

Princeton, M| 0BS540, LISA

Oe B. Wiendlacha

Facuty of Physics and Appled Computer Science
AGH Univeriity of Sesrics and Techrmalogy

Aleja Mickewiczs 30, Krakdw 10-0%3, Poland
Praf, W K

Depatment of Chemistry end Chemical Baiogy
Rusigery Limfwersty

Flscatiway, M| DEES, LISA

P The O8I0 idestithcation numder(s| for the authorls) of this adide
U5 pan be foand undir hitps. §jdolesg 10,9002 fadlm 202007560

DO 10,9002 fadfm 202007960

A fusd Mot 2081, 11, 200NRS

ﬂmnw

2007960 (1 oF10)

Meraes e many supercondietons knowi,
there are two fundamental paametes of
moel general interest; the temperatune
bolow which the miperconducting stabe
cocirs (1) and the cribical magneiic feld
recuuired bay fully suppress the supercon
ductivity. (Hog), The second perameter,
which iz oructal from the practical point
of weew, must, af B K in a comventional
pichure, be below the so called “Pauli
fimit” (g A0 = LEST). which s derived
frizit a wirmple relation sseeming that the
Fecnan energy up'lil.'hu.# mtst be lower
than the supercondscting energy pp!!
This is not necessarily the @se for super
conductors that lack a center of ayemamwtey
{MNCS), bowever The absence aof mver
sl symimetry, when present in syslems
topether with spin orbit couphing (S0C),
imreduces an antlsymimettic spin-arbit
cmapling (ASCC ! term into the descrip
ton of the electronic system that leads to o aplitting of elec-
tronic bands. As o result, a mixture af singlet and triplet pairing
e be obsersed™ 4 and the upper critical field can potentially
be larger than predicied by the Pauli relation. For this reasen,
KOS superconductars are of gignificant fnterest 1715

Here we describe two previously unreported compounds,
NhilrgBy and TalrgH,. the first known femary compounds in the
Kb-Er-B and Ta-1r-B chemical systenm. They form in an anre-
ported, low symimetty: {F noncentrosymmmetric crystal strciune.
Magnetization. heal capacity imd resistivity measurements con-
firm presence af superoonductivity with Ts = 22 and 5,1 K. The
eatirnated upper critical Aelds ol 80 = 16.3 and BT T reapes-
tively, significantly exoeed the Paudi lomit (which for Nbir B, =
13,3 T ol for Talr By b 9.5 T). Our electronde band sirichune
calculations show that the Fermi surface is nostly formed by
1t-5if othitals aed i@ aplit by sirong SOC The theotetical results
wupport a multigap scenario for Mblr B —which we speculate
10 b present based en the analysis of the heat capacity data in
the supercondocting state of that material.

2. Results and Discussion
2. Crystal Structure

Nbir By adopts a previously unreported strichure type in the
space group O (e 9}, determined by single crystal X-ray

i) HI Wiey WCH CombH
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(b) . . .
Mb3-B4 distorted six-member ring layers  Nb3-B5 six-member helical rings

Ir1-84 six-member helical rings Ir1-B5 distorted six-member ring layers

Figure 1. ) The sinatirad comparisan between Tiy By and TR with emphass on e stacking patien difference. 5) The coordirabion enpmnments
o the Roron moms in Thel

difftaction fuee Table S8 o the Supporting Informnation).  edge-shacing Mhidley polybedm (pee Figure 1a). Nhinh,
shown in Figure la. Details of the oystal structure, e, aod TalrgB) are soelectronic to noncentrosymmetnic super-
plomic. coordinates amd anigutiopic therrmal displmmrm; conducters WhRhB; and TaRh, B, which are found in the
are provided in Tables 52 and 53 in the Supporting Informa-  chinal space group F1,, instead of the comrent monoclinic
fion, m:ptﬂmcl}'. The =i nglo- crvstal structure determinatian space gn:mp.“' TT B (T = Wb and Ta; T" = Bh and 17} share
shows that Boron dimers occopy the voids in the five  common structural features, a5 shown in Figure la. Two

Adh: Fumel Muier. 2021, 11 200550 200T0R0 [ of 107 B 2030 Wi lep NTH GrobH
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repeating units are present in Tl By, labelled as X and ¥
There 5 a third type of repeating uniy, marked as Z, found
in TR, Mote that the difference betwesn ¥ and Z s thay
the B dimers sre net sligned in paraliel. Therefore, TlegBy
can be imterpreted as o stacking systern with a pattern of
KARYEY while TRh By stacks ns XYEXYZNYE, The dif
[eremee between Ir and Rh atoms plays an important role
in d.l-.hrnnmlng_ that the stahility of the repeating anit F.18
Figure T ehows coordination of twa distinct boron sites
(B and B5) in MblrB, to diferent atoms {Nb3, 11, and
Ie2y. Ome can find that Nb3-B8 amd 111-B5 constrsct edpe-
ghar=d distorted  shomember ring Lvers while Mhi-ES5
and 1r1-B4 build up sie-members helical rings. 1o these
four frameworks, borom atoms  are three  conrdinated
to Wbijirl atoms, While turning o the other Ir wibe,
marked 2& Ir2, boron atoms become bwoecoordinated with
Ir slamr and comstruct quasl-1D disioed 1B 2lg-zag
chains,

W abso perfarmed powder X-ray diffraction (pXRDL on pow-
derized Mblo, B and Tale By, Rietveld rehnements of the pXRD
diffractinn. patiems |Figure 51, Supporting Information) con-
firm that both cornpounds orystallize in the same monodinic,
noncenirasymmetric sfrocture and ghow that replicement of
the 4d elerient Nb by the 5d elerment Ta catiees o denall deorease
(=0.5%) af the unit cefl vofume

The crergy dispersive Xeray spectroscopy (EDS) analysis of
these materials reveals that the Nb[Tallr |1I:i'u-_, 1=}, &= consisteni
with the normingl compostion MbTxlnBh, confirming the
refined structural model ffor the Nb(Ts) and [c the B cotlent is
et guantitatively determined by this methiesl),

waw.afm:journal.de

The superootductivity in MhilnE, and Taley By i revealed through
s magnets measements shown in Figure 20, Figsre 2ab
present the bemperature depridence of the volume de magnete
susceptibility g dT) with a clear mansition to the superconducting
state, Supercondiscting critcal temperatare determined from the
'rnagmrl:i: susceptihility is esfimated as the pqln:l at which the
lime et by ihie seepest shope of the supercondicting skgnal in
the zero-field cnoled data set intersects with the r.u'rupulariun.
al the notmal-state magnetic susceptihility w bawer bempen-
tures."M The critical temperahure s estimated to he T, =71 K and
=51 K for NbirgB; and Tale, By, respectively, Correcting the de
suscepsbility data tor the demmagnetization facor {derived from
MigH) sradies as it is deseribed tnibe Suppening Information).
M = {48 Eor the Wb variant and ¥ = .55 for the Ta variant, the
EFC ineasurements are conaisient with 100% Melsener volumse
fractian. The N wvalues are fairly consistent with the expected
{thecretical) N, value devived for o cirular ofinder sample with
thse hieight to radins ratio of approx. 0.5 fsee ref. [T, Compared
with the ZFC data, the abserved PC sagnal & much weaker,
which i typical for polycrystalline samples.

Descussing the L]nmrrrlﬂ'umi of the sup-rrmndmrnrr-
it miore detail the magr versus applied magnetc
Tkl Mg H) curves over a range nF R'm'P{'ﬂtl-lIﬂ' below the
supercamduciing critical temperature are shown i be inset
of Figare Xed. The first deviation from [nearity from the .
tial glope i wken 5 the basia 1o detesmine the value of e
lower critical Beld (gyb) in these pe-ll superconduciors.
In eeder 1o prectsely calculate tds polnd, and alse ol#ain 4

(al It
e ] —
g = T,=TI6K f E pC T, =587K
E = £ . Tals, i
Z 7 | mi=ImT i
;;: Ll f AN .
I — v v v i e
] 7 a - L] L) ] ¥ 1 1 3
i) : : Wy — - ;
i NBIEB, AT = T AT = GO TalrB,
| e . el = 31 - X =8
= * Ml = e 1 PRy
E_ i T '.-\. =10 E__ = i @ (el
Wt ' i . \ @
= i1 - - | : R a i
nE i % L e
T | WS ) VR
e ke q.l--T S ..'L " _.,u'.'.r. = &
il Ll ; L] - i H ] [l ) '_r
TiK} Tk
L. Ve 3 of the field -ooohed (2FC) snd feld coofed {FC) volume magnetic suscoptibility measured in a magnetic fieid

of a} | mT for 'NblrJB-, and b 2mT for TalrgB, The bemiperature dependesce

of the loiwer crikical felde for ¢| NbinB, and dj Take,B;. The insel shows

the field-depend et magneti zabon curees M,y H) aken ot different temperstures.

Az funcl Mt 301, 11, X000
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demagnetization factur N, we follow the methodalogy described
in the Supperting Information and in the HteetoreS1H The
ressulting estimabed valoes of M, are depicted in the main
panel of Figure 2o.d, An addibonal paint Far H = @ s the 2ero
tield tramuition emperabore faken from the resistivity measare
ment. The datn podnts are medeled vsing the expression

s 7= 1m[1 -{é]] m

whiere goH 0 = the |oaer ceitical feld a0 0 K ame T is the
supercomducting critical temperature. A typical gy M| T) relaticn
has parabolic charscter {n = 2) abheugh there is no fundamental
significance of the parabolic shape "™ Our experimental data are
well described with the above formula and the fit fred salid G
yields n= LA(M. T, = F23{5) K and g7 0 = 6.5(1) mT for the Nb

(al

0 b [P S Nhir,
& "
ol T
_E g e
£
o

=]

i o

L] ] - L]
i r = T

ind Tule,B, i' wp= T
= kol B
o S e
L =] i
E W v < 3
= ()
E T=51K
& i'-Hj:l ALHT = 184

" § LY 1 L]

TiKi

Tk}
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varfant. and & = 2.53), T, = 5.416) K and g @) = 2715) miT
far the Ta variant. Taking into account the demapnetizatson
factar W for each sumple, the bower critical feld o, 1) ot 0K
wass calculuted from the Tarmuki

e Fy (0= g (0011 M) 12

The ohtaired values are -, (0] = 1.0 mT for Mbir B, and
b0 = 60 T e Talsgky,

The low-temperature heat capacity measurements were per-
faretied 8 confirm the balk aature of the saperconductivity
and in order to obtain impartant superconducting parameters,
foec, the pormalized specific et juinp |ACYT) aml dectron—
phonnn coupbing constant (4, ). The resulis are shawn in
Figure 3a-c. A pronounced, luge anomaly in the zero-held
/T data confirms the bulk nature of the supercanductivity

I Nhir.R,

=
=
w

i e}

=4

O 1Y P T RO
] N
1

M h, NHInk
"

| %, u bl i BT

[ 3
Talr, i, L
g T WY 'l"\. 3

i
Tk}

Figure 3. Further charactenzation of the supemonductors. The specdic heat jump in zero magretic field at low temperatures with a) T, = L1585 for
HblegBy anal by ¥, = 591 K for Talrgli,. inset: © (T versus T measured in & T field (o B normal state) fitted to G077 = P+ B1% ) Temperature.
dependent electronic spedfic heat Oy for WhirgH, with a fit of a single gap ioaropic swaie moded (bee dashed ling) and an isodropic eosgap {341 wave
roode {ned solid bres) 1o the data. The temperature dependen ce of the elsciricsl resstivity of d| Mble 8, and &) Talrg8, measueed im 2ero magnetic fild.
That |nset shoavs tae how teev peraiure resistisity dets takea in seversd diferent mugnetic fields. 1) Temperatuee dependenis of the upper crtiesi field,
drimrn ined from the electrical ressstiviy (opesy painia] and kel capacily (Rl pesers) daia.

Adh: Funcl Muder. 2021, 11 200550
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for both compounds. From the equoal entropy construction
(hiue sofid lines} ane finds the critical emperature T, = 718 K
for the Mi-based compound (Figure 32) and T, = 5.1 K for the
Tu-based cormpound |Figure M), The wariationg of C/ T with
T* at lower temnperature and under § T magnelic field are pre-
sented in the insem of Figure dah, The nonmal state specbic-
heat data can be Ated using the equation C,(T= y+ 5T, where
the fivss and second tevms are attributed. to the: electronic and
lattice contributions to O, respectively, The extrapoalation gives
p=d WY m] mod " K2 and #= 049207 m] mol " K for NhiraB,
andl p= 5203 il mol? K g 0= 08000 ) mol? K far
Talr;By,. Having caboulated the Sommerdeld coeflicient (9
and the specific lwal jump (ACIT] at T, another jopporiant
superconducting parameter can be obtined. The normal
lzed gpecific beal jump [AC]YT) §s equal 294 and 144 For
Mblrel, and Talr,B;, respectively. In the cse of Nb variant
compound, the caloulaied value (294 5 musch lasger than
the expected walue of L43 {or the Bardeen—Cooper-Schrieffer
(BCS] weak coupling Bmit and suggests that stongly couplied
elections are inwalved in the supercomluctivity in this com-
ponand. Such a large valae of ACYHT, was reported for Mo, AL
(2145 WM (171 KOs, (L8 RhpSs RO
o InGe (3,041

It the et glep, the Debye femperature By, was calculated
using the relation

i
ﬂ“'{s_p“] 13

where =331 ) mal ™' K" ls 4 pas constamt, 1= 5 & the number
of atoms per formuds umit. The values of @y were estimated to
e Z74[0) K for NbirBg ard 230003 K for TalrH;, Heving the
calculated Debye emperature &), the ebesctron-phonon con-
stant A g, a dimenslonless nember that describes the coupling
between the electzon and the phonon. can be caloulated from
the Invirted Merdillan formukal*?

_ L IniE, 1457 )
T ih=Dd2u Y In {6y 1457, j-104

where p* is the Coulomb peeudopotential parameter having
typical maienial specific vafues in the mange 0.1 £ p* < 015,
whete B0 s wpically wsed for intermetallie supettonduic
tors T The canstant 4, = 074 for Kbir®y and &, =030
For Tale B, supgesting that both compounds are mederately or
strongly coupled supercondhscinm,

The temperatune dependence of the electronic specific heat
(.l Below T, bor WhirB,; is shown in Figure 3c. The €, was
then anahvmed by Riting the data with a slngle gap satrople
sowave model and an isolropic twogap (sHjwave model. Both
fits were done bedow 5 K, which (s about 0.7 T, and the expected
by BLCS theory value energy gap is 24, = 352G:T, = LI7 meV.
An swave single gap BCS model (Wlue deshed lingd pglves
24 = L7006} meV, A better fit was obtained agsuming a mul
HEgap [ekip soenario with D = LA2(S) mel sl 2, = 9.111)
mel. represented by a red loe. The dashed and sobid fines
in the inket represent the difference between the experiment
and a gingle and doulde swave gap model, respectively. Far
A gap with nodes, theary predicts powerlbiw dependence,

]

Ach funcl Mt 301, 1 2000RS
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which does not work here: the fits are shown in Figore 53
[Supporting  Infarmation) of the Supporting Infarmation
Muore experiments that shed light an the gap symmetry ane
roquired, For esample. multigap superconductivity, prabed by
the SR technigue, has been reported for isoelectronic but nat
isastrictural Takhy B, ™

The last experimental technigque wed {or charactenzation
af the new supsreonductors was temperature dcymdmr resis-
tivity with the results shown in the main paned of Figure 3d
for Mhlrk, and Fuypare e for TalesB;. Nbirgl, hehaves fike
a perot matal, with a shallow negative gradient for the resis-
tivity upon cooling from ropm temperature. The residual
resiglivity ratko (RRR), pyofitn = L3, i amall, which can be
attributed 1o the palycrystalline nature of the sample don-
tatived graln boundaries and macroscopic defects. In the case
al Ta variant, one olwerves an ncrezse i @p{T) 2 the tem
perature wis decieased. Comparing p (300 K| and g (a0 K,
renistivity increases about 509 This behavior could be due o
a weak localization (W) of charge carriers due o disarder
The experimental data were Ahed with the fonction'™*
pT =1 (me #aTF |+ AT, where o = 1w k= the residual
comductivity, p is relabed po the temperature dependence ol
the inclastic scattering time and the second ferm describes
the high tesnperature part. The experimental data are very
well described with this madel (8 = 05996, yiclding the
i parameters o = 0.02(1) = W gl em''. & = 652 =
W em ! K e 29200 and f= LT12) 2 em KL

AL low vermperatures the electrical vestativity droge sharply 1
Fera at T = 724 K for Nblr,B, and ot T, = 5.38 K for Talr,By
where T, is defined a5 the midpaint of the mansiion, The
:I.!g;hr}:,- highier Fl.l.'p:rcmdl.u'!i.ﬂg temperature value ohixined
i the resistivity measusement s by due 1o the influence
af surface superconductivity emerging in each cross-sectional
area af the sample, The effect of applying o magnetic fiekd on
T, is shown in the insets of Figure 3d,e. As expected, the transi-
tan becemes broader, and T shifts fo lower lemperature, a8 the
applied field & increased. 1t should be noted that a transition to
a geyo-resistance state was obtained even at 9 T and above 3 K
lor Wbt By vr I K for Tale By, Indicating o large upper critical
fied.

Using the midpoint resistivity, the upper critical foebd (ug P )
for besh compounds, photied a5 a fundtion of temperatune.
is llliistraled in Figure 30 For TalryB, one observes a small
comcave-upwards curvetune curve of M, versus T, Such
behavior b3 a wypial featune cheerved for conventional auper-
ennductore with an anizatropic Fermi surface, and has been
abservdd in multigap superconductors, as well ag in ancon-
vemtional supercondociors 1 The  sofid bine, presented in
Figuare 31 is a fin o the Gireburg-Lincan espresgion

HalT)= () 02 5
e (T h= g, (147 15
where + = TJT, and T, i the tansiton tempersiure at zero
mapnetic field, Oy experimental data fit Equation |5) fairly
well. The oltained valies of pH W are 1632 T and
171 T for MbirBy and Talrgl,, respectively According to
the BCS thenry, the Pauli-limiting feld can be oblaised from
JigHS 0 = LRST. which for Mblr B, gives poHT (0= 1331}

0 20 Wiey MCH CembiH
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T and g b7, (0= 25{1) T for TalrgB,. The experimentally esti-
mated pH, i) values obtained for the curment materisls ane
mu.lh]y 207 and "iﬂ%:l.lru,n than the i.l'.,.l'l".",. and hence sugpes
that the materials may rchibit nen-BCS superconductiviey, The
cratical fesmperatures extracted from the anomaly in O T at the
auperconducting fransition are zlso. added o Figure 36 (filled
cirches and squares). The thermodyramic data were Bried with
Fepaation |5 (dashed line), vielding p M 00 = 1581 T for Kb
warian] and g H 00 = 16,5(2) T for Th varant, Table 57 {Sup-
porting Infermation) gathers pH (0] vahees abtained from GL
and WHH melels. In all coses the jigH 10} esceeds the Pauli-
hirmiting held

Consequently. the charscieristic Gingbasg-Landau cober-
ence length, S5, can be obrined nsing the relation

by,
ol (0= mEE

(]

where = hejde i the quanium Fux, and M,y were tken
from the GL B 1o the resistivity data. This way, the valee of £y
was extimated to be 45 A for Wbz B, and 47 A far Tale B, In
tle mext step, the Ginzburg-landan penetration depth Ag, i)
can be ralculsted froo the relation

Y
HaHafli= il m:u (]

The walue 19 fownd 1o be Aoy 10) = 2230 A for Hb varian ard
Agg () = M0 A far Ta variant. From the equation s = 4 &,
the Gineburg-Landsu parameter 5, 18 about 50 for MbirnH,
and 71 for Talryll; and therefore. it 3 clear that each super
condiscting material 8 o type-ll superconductor (8 = 1+2)
Fimally, the thermodymamic critical field can be chiined from
Wiz Mg amd Hyy using the feemnla

HulH-l'—”-lh'ﬁa |'$|
viekding pyH, = 152 mT for Wbl B, and M. = 194 mT for

Taleyfy ARl the supercamducting snd pormal stawe parameters
al Mhir By amd Talr By sre gathered in Talde 1.

Tabde 1. Suparcanducting paramirton af TleoBy whem T = 8bond Ta,

www.afm-{ournal.de
2.3 Electronic Band Structure

Tie et an dnsight into the electronic stnscture of our come-
pounln, dengity functianal theery (IFFT) calmibatians wore per-
farmied. Figure & shows the computed elecronic bands Efk)
el densities of states {DOS), whereas Fermi surface b= dis-
played in Figure 5. A% seen from the atootic chatacer of OS5
mear Ep. the Fermi surface will he mainly formed from Wbedd
(Ta5al) ard Ir-5al ochitale, and due to larger atoanic popalation,
contribution from Iris larger. Figure 4a.c shows that two hanads
are crosging By b 8 solaerelatvistic case, and due w combl-
nation of spin-orhit coupling and bck of inversion symmetry,
bands are split. The value of eoergy band splitling |Easocl ie
strongly kdependent and ranges from 15 to 150 meV, as lage
& s geen i ColSior Lyt B (=200 meV) and larger than
im LaMiCy, " (mdlh meV), when: nommitary triplet pairing
Tuas been proposed " Generally, epstermie with large Basee ste
pramising to look at for singlet-triplet midng™ S0C has a
negligible effect on the DOS{E) in NblrgBy, but, for TalrBy,
the relativistic value & redoced by abowt 20% due o a2 shift
im the 35 peak pasition. This is correlated with the smaller
T, in this compound, which additionally enhances the mtio
of Basoe to &gT, the most fundamental superconducting
paramicter correlated with the presesice df an undomeentional
pairing symmetry! 'Y

In Figare 4y the band struciure is projected on the spin
darectiane, l]lnwing the mizxed spin charcter

Figure 5 shows the caleulsed Ferosd surface [FS) and
F5 crosssectiona lor Hbir B, (Figure 3a-f} and TalrB,
[Figure Sk-u). Spin—erbil couping nol ealy splis each FS
sheet inin two pieces, hut alsn thie mpulngy of the Fermi sur
face {a strongly offected, Especully the second F5 sheet, shawn
im Fagure 5k, is visshly modsfed after ineoducing S0C, see
Figure Sd.F and Figure Snp for Nb anabog and T analeg,
respectivedy, The reason for such @ strong modification of the
FS I seen In the bandstraciure plats in Fipure 40 Due b
500 the highest band {among those which cross By is shifted
towanls higher energy and the number of peinte where this
band crosses Fp s reduced, leading 1o a srnaller area of this F5
sheet, F& cross-eections, shown i Figuare Sg—{r-u, sddion-
ally vimualize the Fermi surface mismatch and sbseration, tha
SO efect an FS in the snadied materials & meee than spitting
of the Fernil surface titn a set af sionlar parallel sheets,

m-hu'nir:s_h: the densities of states, the comiputed hand struc-
tare DOS{E walues fwith S0C Inchided) are agual e 238 eV

Picanictes Lail i By Tali By
= = o e [Nl aralegg) and 206 8V T ammlog, wiich resalt in the hand
; vales of the Sommerield electronic specific leat parumcter
L i d b Howng = 505 ] ol K2 for WD and i, = 485 m) mal K-
M T 1E3 ur for ThlfB; The ewpetiniental walies are equial v 49 and
pgH=E T 123 By SJerrﬂ"K"'.mrpmﬂplﬁﬂ:l:ﬂdxhapmﬁngm
& A & i tiean, glisce almost equal “bare” hapdstmiciene and experimerial
i i +ite i ¥ values leawe no mom for the elecrom-phonon renoemalizs-
teny Sctom, where p = fuil = 4 The estinruted fiven
E ced o the critical temperatare via the McMillan feemula i bt
r m| wal | 3 51 k7 in bath materials, thies we expect either 3 smaller .4
AC A, - T Vi vales, of the onler af 3 mf mul ' B~ for hiath u:!m'ptmnds.. ar
L B e s shouy W% Lrper than the measured praalues, As the acoumcy of
X the measured ¥ i certainly moch better than 109 other expha-
M o i 2 nations misst be considered. As we have shown in Figure 4h-d
Ach: st Mty 20E1, J1 2000960 200T0E0 (6 of 100 TR Wik VTH GrobH
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Figure 4. Calculaied slectronic stnectures of the suprroonducian o,c) Flecinams dinprruion wlabory Eik}, comprated with and withaut spn-orbif cou-
pling, hend splitting dur to SOC &5 dearky wisible: b d] derstties of states ({DOS); &) 2oam of E[K) where spin characier of esch band i marked with
coior, Bandy have a mixed, spin “up” — “dewn” characier. bn cwculptiom monodinic f-axs way chosen a5 3 magnalizaton deection, Cur compaunds
are nonmagnesic matemaly, the time everssl sprmmetry is preserved thus in spinsplit bands £(§] = £]-§) degeneracy & kept; howeyes spin dimction (s
flipped. when & is charged to —k; f] the Briflowe rone: i) evolutan of the compubed value of the Sommerdfeld perameter . with te boron vacancy
roncemtrabion win (Wb Tajlgly . KER-CP& calcdstioes were performed for Mbirl, ., Tore=0, 0.0 0.02, G0, 004 and 0,05, and parfectly folow the
gt band mindel predichion, whene L is shifted in the stoidoometne o= 1 0505 aciomimg o the reduced number of slectrons o ihe system.

in both compounds Ep i locted at the sheep DOS slope. 1 we
assume that the studied samples are stightly elecirom-deficient,
L H due gt formation of boroh vacxacies, we Ly :kplllh
the dim:n-.panq.' in the yvalies, as in such sit@tion G will
mave o the lower enengles, considerably decreasing DOS{E ]
values. Quanttatively this analysis &= shawn m Figure 4h. Boron
vecancles are expected o rgldly shifi Fe downwords, with cach
vacancy delivering three hodes to the system. s horon is a triva.
stk edermiemit, T piely o = 3 e med ™ K it s siffcient b
assume having at mast L5% of boron defciency |ie., 1N|'r.'.lh|-
iralhyail. To cross-check the compubed o, values and werify
the assumption of riged-hand-like bebxvior in the boran-deh.
clent systerm, additional caloulations were done for NhirH,
‘We used the Korrimga-Kohn-Rostoker method, and the pres-
enve of horon vacancies was explicitly taken into accoun wsing
the coherent potential apprendmation ™4 KER-CPA caleuls-
tinms confirmed that boron wacancy rwdlr shifie Fermi level
position keading io the decresse in DOG] Ep) value, see Figure 54
in the Supporting Infermation, As shown in Figure 4h the

Ach funcl Mt 301, 1, 2000

2007960 (7 of 1)

x = ) value of F, obfoed from KKR-CPA perfecly agrees
with the one obiained using FP-LAPW Thus, the observed dis-
crepancy ti the Sommerfeld parameter valies supgests that a
srmall amoant od B vacancies ang present in the sysiem

Such a small baron deficiency [2.5%) B certadnly not possible
o detect by EDS or pXRD fechnigue. 1t is worth noting that
for the MgChi supercotlucton & powder peubron diffeection
amalysis reveals that the carbon eccupancy is 0978(E], though
2590 encees af cirbon liss beop wused In e synidbess '™ Hepce,
similar sinution might ocour in preparation of [N Tajl B,

If we acoept the hypothesie, hat By in the snedbed me-
rals is rgidly shifted b lower energies, the required shift 1o
match the experimental and renormalized iboolawed - Sami-
merdeld prrameter i equal o 85 meY (MblnB) and 73 meV
[TalryByh, I such & case the contribution of the first wo FS
ahests {Figure 5S¢ nuof o the matal Fermp surface will increass,
Timiting the rede of the third [Figure Sdn) and ﬁrhe;iaﬂ':,- 1]
fmirth [Figure 5f,p) one 0 ebectronic stracture of the materials.
The asymmetry hetaeen the last twe FS sheetr will alss be

i HI Wiey WCH CombH
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loneycomb layer foe Mgl and edpe-shared fve-member ring
withy seven-member ring for YhAlR,, the boron dimers present
in noncentrosvmetric TTB, superconductors may lesd o a
el design rale fie horan-hased siepercanductsm,

The most impartant common characteristic of bath families
of pancenirosymmetric TT B, auperconductors is their brpe
value of the wpper critbcal fedd. For the current materials, the
exttmated upper critical fiedds are gioH o = 163 and 14.7 T, hoth
of whichk exceed their so-called Paudi lmits. Anabysia of ke
capacity data in the superconducting state for Nbic B, supgests
A podsilde 2 gap (k) paliing symmetry fandction, In soncen-
trosymmetric compounds, the degree of admidure of span-
ginghet amd gpue-triplet sates in the supercorductor depends
o the stremgth of the spin orbit coopling.. Wb, TalrB;
therefare appear 1o form a good family for investing the impact
of atomsc make up on the degree af spin crbit coupling at the
Fermi surface and i effect en supercanductivity,

4, Experimental Section

The statmg raterialy for the synthess of MhicB; and Tair B, wors
wiomental niohivrm [N 00 mesh Sgrma-fldnch]. tenislom (IN,
WKl mawh, Al Adsar], induem (AN, Meemice - Maiale, Poland] and
harem (submicron particles, Celery Chemnical). Powders of Wb ir
ol | were weighed out in g 1:2:2 35 matin, pround thomoeghly g a
maartar ard pestle ared pressed imte 2 pellet using a kydraabc prevs. The
samples [o2(H) mgh were then weapped in tantalum &, placed in an
ssmina crucible and heat preated at 1100 °C for B b wunder high vaosum
{0 tor|. Mass boss. daring the synthesis wax negligible,

Mudtiple crystala (of size =30 = 30 » 10 pm'y were mezsuzed
at 300 K to get precise stroctwal information, & Sruksr Apes 0
difractometer eguipped with Mo madiaton (4, = 0.78073 &) was
emplaged ab room teperature The amall crystals were stuck
i a Kaplon loop wiith glyoemol Tem different detecior podeices
were chosen to take the deffraction wiensity measurements with
an pipoiure time of 20 & per frame and & scenned 28 widib of
0.3 Direct matkads snd ull-meris aszequares on 77 within the
SHELXTL package weor eenploysd 10 solve the struciure ¥ Lorents
and palanzacan affects wire modided by the SANT program, wnd
nemprical sbysiplion corrections won accomplivhed with XPREP,
whigh |i havad an leee-indie modsling " Powder X.ray dilfraction
anbpsri on well-growsd powdes of & poriion of wmples was caried
ouf on @ Bruber DR Advence oo diffaciomeier sith Cu Ko sadiaion
and & Lpnxfee-XE detector Having the IIT!LI"D‘FIPHE data of new
pompoungy, Rigtveld rebnemant of tha data was pc-ﬁ:rrmrd b:r
emplaping the aoftware Topan The Whilr ar Taskr ratio wis

wew.afm journal.de

The slectiome mneciure wmid ciloulited wsing the Tulbpateniial
finearived augmnented plane wiee mighod |FRLAPW) implerenied in
rhe WIENTE package ™ yiireg the Perdew—Burke-Ernmeihal genmakemd
gradnl  approvmalion'®  (PRECGA] for the  sechan ge-corelilios
peeril  Calruliions wens dine utisg the speamendsl laitice
garienetery, and lar both the ewporimantsl and computed [rofaned)
abornic pusian, however e relgcation procens does not lesd tooany
winibile thanges im thn calrsitated siestronic hoed siractiee. Caloulstinns
ware dore in g scalar-mlabrigte (3 pin—orbd svberaction s neglected ) and
relabyighe [ypin—arst svieacbon mcluded| way. Fermi swrface plaly and
5 cromy-sectinns were prepared wsing HCrpaDert™ pnd FermiSurder™®l
software. To simdate the effect of boron wacandes on the [HOS{E).
the . Kominge—Konn-Roswoier method  with the coherent potentisl
approsimation!™ ¥l was spoied.
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using -3 FEI Quamta I50 FEG scanming electom mioosoope ﬂﬂl:l
equipped with an Spallp-X 500 EDS. The dots were colected for
]-H : arwd analyzed using the EDAX TEAM software.
ation  and gneti umpulnlrtr EAsUrETETY  Wene

perﬁ:wn':ed wsing @ Physcal Property & t Spsbem (Qranic
Cresign PPMIS} with & vibwating sample magnetometer (5] in
the temperabure range of 1,7-60 K under various applied magnetc
fields. Both specific heat and slectnal resistivity were measured in
the temgerature range beteran 300 and L33 K m magnetc figlds up
= 3T inthe PEOMS. The lower lemperatuie hest capaoty of NediB,
was measured in @ Oyeacoo Physacal Praperty Messurement Sysiem

with a "He attachmest. The resitiviey was detormined using a
smardard four-geobe techemgue, with foe 17 am-diameter platinum win
leads spackowelded mo the Bat pelisked sampss wwrfece Spacific-kea
mumunsment were prrformsd uiiey 1he iwerEneelination method.
The sarrgile wik ariached te the messuring platfoem by & sl ameam
al Apieena M. Thi addentdum hisal dapicity wan masaied in 6 wigaidls
v wilheut § ample ard wis wubtractsd b the dite
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S5M-1. single-crystal X-ray diffraction studies

To determineg the crystal structure of the new Nb-1r-B phase, we camied out a single-crvstal X-ray
diffraction structure refinement at room temperature. A summary of the erystallographic daia from
the structure refinement, and the atomic coordinates, can be found in Tables 51 and 52 respectively.
The anisotropic thermal displacements are gathered in Tahle 53, Since this method tests & micro-
meter size crystal, we also performed the powder X-ray (pXRID) diffraction for the samples used for

phivsical properties characterization,

Table 51. Single crvstal refinement for Mbir:Bs an 300/(2) K,

Refined Formula MNhlr:B-
F.W. (g/mal) AUE 93
Space group; £ Ceod
a A} #1580105)
b} 477403
ci(A) 6,0067 (3)
A 102256 (3)
WA 22R65(2)
Extinction CoeMicient (.0029 12)
0 range (deg) 4.977-34 982
R 0563
l3=h=12
hk] range TE=k=T
L==9
No. reflections: R, 3557, 00435
Moo independent reflections G0
Mo, parameters 48
Ry el (I=2a(f)) 0.0254; 0.0433
Goodness of fif 08835
Diffraction peak and hole (7 A% 2.359; -1.937
Absolute struciure parameter .04 {2)
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Tahle 52, Atomic coordinates and equivalent isstropic displacement parameters of NhiraBs system,
(U, is defined as one-third of the trace of the orthogonalized LT tensor (A

Atom Wyek. Ot x ¥ s Uy
Irl 4a 1 0.1945 (2) 06125 (2) 0. 189 (2} 00073 (2)
Ir2 da 1 0.3463 (1) ron )y 00965 (2) 0.0075(2)
Nb3 da 1 (U000 {23 oI115(4) (0000 (33 00062 (3)
B4 4a 1 (018 (3) 0370 (5) (L1355 (4) (A3 (4)
B35 4a I 0,198 (3) 0.193 (5} 0.354 (4) 0011 (4)
Table 53. Anisotropic thermal displacements from Nhblr Bz,
Atom un U2z L33 U3 U3 iz
Irl (L0061 (3) (LKIFE (3} 00095 (4} OAKIZE(Ty  DODOT (33 -D001007)
Ir2 0.0050 {3) (.0056 (3} 00118 (3} 00017 ¢Ty Q0018 (2 -000124(7)
Mh3 (K53 (6) 00054 (T) (L0078 (T) 00025 0% 00010 (5)  -0.0006 (9)
B4 OLY 10y (L1 {10y A1 (10} {006 (8] (LMK (7) (007 (3)
B3 0,00F (£) 0011 (99 0001 (10} L0047} -0.002 (7) 006 (T)
3
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The DFT-relaxed atomic positions for MbiroB: and Talr:By, see Table 54, do not differ much and are

close to the X-ray structure determined refined values,

Table 54. Relaxed atomic positions of Mblr:Ba and Talr:B;

Mblr:B; Talr:B:
Irl 19440 0.61362 [N EELE] 019558 (LalSZ] 0184927
Mh'Ta (oole 011202 (oni7z OLMET 0.1 1280 000147
S e
B2 019995 0149284 0L.35576 0194963 1910 035605
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Tahble 85. Sclected mteratomie distances for Nblr:Bs,

Atom] Atom2 Distance (A}
Bl B2 .69 (4)
Nb Il 2953 (2)/ 2.962 (2} / 2.997 (2)
Nb "2 2761 (2)/ 2815 (2)/ 2819 (3)
Irl "2 2777 (1) 2791 (1) / 2.810(1)

Selected interatomic distances i Nbir:By are listed in Table 55, Based on the differences in atomic
radius, Wb-Ir and Ir-Ir bond lengths are comparable to what are present in previously reported
superconducting M/ TaRh:B. ' Turning to the B-B distance, in the rhodium materials it is 177}
A between two boron atoms in each boron dimer. In our case their separation isl 69(4) A which is
slightly smaller but still in the standard deviation range. The short B-B distance in the boron dimers
may result from the ncreasing of atomic radii from Rh to Ir, which furthermore compresses the
space for boron dimers in between Nb@lr® polvhedra, Moreover, considering the quality of our
single crystal diffraction results where the highest diffraction peak (2339 e AT and deepest
diffraction hole {-1,957 r,:':'.-;;';:l are 1.24 A from Nb and 0.76 A from Ir2, respectively, and the Flack
parameter 15 (L0402 with small standard deviation, the noncentrosymmetric model in Cc space
group is highly likely correct. Besides, the powder XRD pattern measured for both compounds are
fitted well with the refined crystal structure with no missing peaks which also supports that the

miodel 15 correct,

SM-2. Powder X-ray dilfraction analysis (pXRD)

The pXRD patterns with the Rietveld refinement are shown in Figure S1{a) and Figure 51(h) for
Mhblr:B: and Talr:Ba, respectively, The pXRD data were analyzed by the Rietveld method with the
starting model obtained by a single-crystal refinement. The quantities of impurity phases are as
follows: TaB; (3.5% wi.) and Talrs (2.5% wit.) for Talr:B; and NbBa (4. 8% wt.) for Nblr:B;. An

additional impurity phase is 510y, which 15 often present if a boron reach, very hard sample 15
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ground in an agate morar~, The refined lattice and siructural parameters {Table $6) are in good

agreement with those obtained by the single-crystal X-ray diffraction method,
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Figure 51. Powder x-ray diffraction pattern (pXEI) (red points) iogether with the Rietveld
refimement profile (black solid line) for NbiraB: (upper panel) and Talr:B: (lower panel), The green,
orange and vielet vertical bars indicate the expected Bragg peak positions for (Nb/Ta)r:B: (Ce (no,
an, (NBbTa)B; impurity (Phidene (no. 191)) and Tale: impurity (Pim-Jem (no. 2219, respectively.
Arrows indicate the broad reflections coming from SiCh: {mortar and pestley. The blue curve is the
difference between experimental and model resulis,
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Table %6. Refined structural parameters for Mbir:HB: and TalrB: obtained from the powder
refinements. Background-corrected Rietveld refinement reliability factors: profile residual &, =
12.4%. weighted profile residual Ryp = 16.4%, expected residual ., = 7.6%, GOF = 2.2 for the
Nb analog and &, = 9.3%, Rap = 12.1%0, B = 7.0%, GOF = 1.7 for the Ta analog,

Nhblr: B2 Talr:B;
Atom x ¥ £ x ¥ z
Irl 0.22826 60475 0.19022 19682 061293 019139
Ir2 0.35654 010757 010100 034676 0.11346 009765
Nh/Ta WEETITE r. 11337 00042 LOO0RT 011285 000147
Bi 0.01434 037005 035286 001348 0.365993 0.35199
B2 0.19995 19284 035576 159963 0191594 35603

5M-3. Estimate of the phvzical properties for Nhlr:B; and Talr:B:

In order to determine the lower crtical feld (pefZ (00, the magnetization was measured as a
function of magnetic field at several temperateres below the superconducting transition temperature
T.. For each temperature, the experimental data obtained in small magnetic fields were finted using
the proportienality Mg, = —pll, appropriate for a full shielding state. Comparing the value of a
prefactor p derived from the isotherm taken at T = 1.7 K with the ideal diamagnetism quantified as
=i . the demagnetization factor N = 0,49 for the Nb variant and N = 0,535 for the Ta vanant was
estimated. Those values are fairly consistent with the expected (theoretical) N, value denved for a
circular evlinder sample with the height o radivs ratio of approx. 0.5 (see teT‘.”'}. The low-field
linear fit to the magnetization data (Mg) was used to construct the My Mg, plot. In the next step,
the values of the lower critical field poH, i T) were extracted as is shown in Figure 52, Note that
the hlack dashed lines AM=My —Mgz= 0.2 emu em™ (Nbir:B;) and 0.1 emu e {Talr:B,) were
chosen carefully and they are s small as possible (AM is less than 2% of the magnetization value M

for applicd field of H,," obtained at T = 1.7 K, for cach compound). The resulting values of puHZ,

e |
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estimated in this manner are depicted in the main panel of Figure 2ic) and Figure 2(d). An
additional point for H = 0 is & zero field transition temperature taken from the resistivity

Measurement.
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Figure 52, The field dependence of the difference between volume magnetization M, and Mg ut
various lemperaiures below T, The dashed line is a line used for obwining pH," a1 each
temperature, An anomaly scen for H =40 Og (pant (x)) is possibly cansed by a supercondocting
vortex avalanche effect,
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The temperature dependence of the clectronic specific heat (Cg) below T, for Mbir:B; s shown in
Figure 53 (a) and (b). Cy. was ealeulated by subtracting the phonon contribution {C b from the total
specific heat Cp. The Ca was then analyzed by fitting the data with a single gap isotropic s-wave
model and an isotropic two-gap (sts)-wave model (panel (a)), and power-law model (C,) = T"'}
expected Tor point nodes (panel (b All s were done below 5K, which is about 07T, An s-wave
single gap BCS model (blue dashed ling) gives 24, = 2.7006) meV, with a coefficient of
determination B* = 0.9991_ The expected by BCS theory value 15 24, = 3.52kpT, = 2,17 meV. A
better fit {R2 = 0999492 ) was obtained assuming a multigap (s+<) scenario with 24, = 2.32(5) meV
and 2Ag = 9.0012) meV, represented by a red line. A solid and dash line in an inset represent
difference between expeniment and a single and double s-wave gap model, respectively. For a gap
with nodes, theory predicts power-law dependence, with n = 2 or 3 for hine or pomt nodes,
respectively. A green ling in a panel (b) is a Co o T fit, and its low quality does not support a point
nodes scenario for NblraBa, A betier fit (Y = 0,9988), but still worse than obiained for the gap
models, was obtained for Cy = T and a refined n value is 1.65(2), which is close o n = 3.3
repoited for WAL, The difference between experiment and power-law models are shown in an

inset. Mote that the scale here is twice larger comparing o an inset in an upper panel.
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Figure 53, Temperature-dependent electionic specific heat Cu. for NblnBa, (a) a At of a single gap
isotropic s-wave model (blue dashed line) and an isotropic two-gap (245 -wave model (red solid
line) to the data, (B) 4 G of & power-law model (Cy o« T} to the data.

The last experimentul techmique wsed for charsctenzation of the new superconductors was
temperature dependent resistivity, NhirB: behaves like a poor metal, with a shallow negative
gradient for the resistivity upon cooling from room temperature. The residual resistivity matio
(RRERY, pape'pon = 13, &5 small, which can be attmbuted (o the polycrystalline nature of the sample
contained graim boundaries and macroscopic defects. In the case of Ta vanant, one ohserves an
merease i pl 1) #s the temperature was decreased, Comparning 300 K) and pL10 K, resistivity

ingreases about 50%. A non-metallic behavior is hikely caused by disorder scattering and the charge
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carmier localization effect. At low temperatures the electrical resistivity drops sharply to zero at T, =
7.24 K for MhirsB: and at T, = 538 K for Talr:B: Supercondecting critical temperature T, 15
defimed by the temperature of the 50% drop of the p{T) data in zero magnetic field. The slighily
higher superconducting temperature value obtained in the resistivity measurement is likely due to
the influence of surface superconductivity emerging in each cross-sectional area of the sample. The
effect of applving a magnetic field on T, is shown in the inset of Figure 3(d) for Nb analog and
Figure 3¢} for Ta analog. As expected, the transition becomes broader, and T, shifis to lower
temperature as the applied Geld was inereased. [t should be noted that a transition W a zero-
resistance state was obtained even at 9 T and above 3 K for NblrBs or 2 K for Talr:B:, indicating a

larze upper critical field.

To estimate the upper critical field at O K, poH(0), we fit the data shown in Figure 3(f) to the
Grinzburg-Landau (GL) expression

(1—t% {1}
HHa (T = Fquzw:'m

where t = T/T, and T, is the transition temperature at zero magnetic Geld. The fit of the resistivity
data 15 represented by a solid line and the obtamed values of pgH (00 are: 16302 T and 1401 T
fior Mblr:B. and Talr:Ba, respectively. For the thermodynamic data the values of the upper critical
fields are poH-00) = 15801 T for Nb variant and pgll 2000 = 165025 T for Ta varant ithe dashed
line). Furthermore, a conservative evaluation of the upper critical fields at 00 K was performed using
the Werthamer-Helfand-Hohenberg (WHH) approximation in the dirty limit'™";

dptg M 2}

H.;.Hﬂ[ﬂ} = _-"!Tc T =T

where A s the purity factor given by (L6493 for the dirty linit. Table 57 presents the expected

ppH 0 value obtained from WHH and GL models.
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Tahle 7. The upper critical field pyHo(0) estimated from WHH and GL models,

paHe () Unit | NblrsB; Talr,B;
WHH rgisieviy T 13,302y 11.6{1)
GL resiviiy T 153{2 } |4.'..|r{ 1h
WHH peat Cugaiciny T 14.2(2) 12.8(1)
GL st capainy T | 1581} 16.5(2)
Mo (0} T | 1331y 951
S5M-4. Electronic structure calculations
13435 of NblrB,
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Fipure 54, Evolution of DOS near the Fermu level in NkirsB, a5 a function of boron concentration,
obtained using the KER-CPA method. For the sioichiometric compaosition (x = 1) KKR-CPA DOS

very well agrees with the FP-LAPW result,
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Figure 85, Fermi surface of Nbir:B: calcolated with spin-orbit coupling, for the shifted Fermi
encrgy, =0 a8 the expenmental and renormalized calcolated Sommerfeld parameters match. Ep shift,
comparing o Fig. 5 15 equal to -84 meV. The contribution from the third and fourth FS sheet (pancls
b,d} 15 considerably reduced. as compared to Fig. 5 (d,0.

(a) NbirzBz with 50, shifted Er {h)
{
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{a) ____ TalrzB2 with SO, shifted Er __ (b)

Figure 56. Ferm surface of TalrB: calculated with spin-orbit coupling, for the shifted Fermi
energy, so a5 the experimental and renormalized calculated Sommerfeld parameters match, Ep shift,
comparing to Fig. 5 is equal to -T3 meV. The contribution from the third and fourth FS sheet (pancls
b.d} is considerably reduced, as compared to Fiz. 5 (n,p).
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5. Podsumowanie

W doktoracie przedstawiono wyniki badah zwigzanych z poszukiwaniem nowych, badz
opisem czesciowo znanych, nadprzewodnikéw miedzymetalicznych. Opisane w 7 publikacjach
(1 w recenzji) wyniki mozna podsumowacé poprzez modng obecnie klasyfikacje, w ktérej brane sg
pod uwage istniejgce informacje na temat badanego zwigzku.

W przypadku Celrs, CaRhz i LiBi dostepne byty informacje na temat struktury
krystalicznej, a takze podana byta temperatura przej$cia do stanu nadprzewodnictwa. Otrzymane
probki polikrystaliczne (Celrs, Thirs, CaRhz) i monokrystaliczne (LiBi) charakteryzowaty sie bardzo
dobrg jakoscig i pozwolity na okreslenie najwazniejszych parametréw stanu nadprzewodzacego,
w tym typu nadprzewodnictwa (pierwszego lub drugiego rodzaju). Dla wymienionych wyzej
czterech nadprzewodnikéw zastosowane podejscie mozna okresli¢ jako znane / znane (known /
known).

Dla miedzymetalicznego zwigzku Thirs literatura naukowa podawata jedynie temperature
obserwowanego przejscia do stanu nadprzewodzacego. Wszelkie inne informacje, w tym rowniez
na temat struktury krystalicznej, pozostawaty nieznane. Tym samym zastosowane podejscie
mozna okresli¢ jako nieznane / znane (unknown / known).

Dla badanych zwigzkéw typu Heuslera, LiGazlr oraz LiPd2Ge, prowadzone badania
mozna okresli¢ jako znane / nieznane (known / unknown). W obu przypadkach w literaturze
opisana byla struktura krystaliczna, nie podane byly jednak informacje dotyczace wtasciwosci
fizycznych. W publikacjach A4 oraz A5 przedstawione zostaly szczegoly powtarzalnej
i stosunkowo prostej metody syntezy opierajgcej sie na reakcji w fazie statej. Metoda pozwala na
uzyskanie objetosciowych, polikrystalicznych prébek zwigzkéw typu Heuslera na bazie litu, ktére
poddano badaniom wiasciwosci fizycznych. Nadprzewodnictwo dla LiGaz2lr byto
w pewnym sensie oczekiwane. LiGazlr jest drugim, obok LiGazRh, nadprzewodnikiem typu
Heuslera, dla ktérego liczba elektronéw walencyjnych (VEC) jest réwna 16 i znajduje sie ponizej
granicznej wartoéci VEC = 24. Warto w tym miejscu nadmienic, ze dla VEC = 24 obserwuje sie
odejscie od metalicznego zachowania.

Drugi z opisanych w pracy doktorskiej nadprzewodnikéw typu Heuslera, LiPd2Ge,
podobnie jak niemal wszystkie nadprzewodniki tej rodziny znajduje sie powyzej granicznej
wartosci VEC. Jest to pierwszy opisany nadprzewodnik Heuslera z VEC = 25. Pomiary podatnosci
magnetycznej wskazujg, ze LiPd2Ge jest nadprzewodnikiem pierwszego rodzaju. Jest to z calg
pewnoscig pierwszy znany przypadek nadprzewodnictwa pierwszego rodzaju w rodzinie
nadprzewodnikéw typu Heuslera i prawdopodobnie pierwszy wsréd tréjsktadnikowych zwigzkéw
miedzymetalicznych. Kolejna intrygujgca obserwacja jest zwigzana z wystepowaniem tzw.
migkkich modow fononowych, ktére najpewniej prowadzg do wzmocnienia zjawiska

nadprzewodnictwa.
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Wreszcie dla ostatnich dwdch nadprzewodnikéw opisanych w doktoracie, sklasyfikowane
podejscie to tzw. nieznane / nieznane (unknown / unknown). Projekt polegat na poszukiwaniu
nieznanych zwigzkéw, w niezbadanym dotad uktadzie potrojnym Nb—Ir—B. Sukces projektu byt
mozliwy dzieki opracowanej metodzie syntezy z zastosowaniem wysokotemperaturowego pieca
komorowego w warunkach wysokiej i dynamicznej prézni. Réwnolegle prowadzone byty badania
krystalograficzne, ktére pozwolity na okreslenie nowego typu struktury (Cc No.9), w ktérym brak
jest srodka symetrii. Wazng witasciwoscig obu nadprzewodnikéw jest réwniez bardzo wysoka
wartos$¢ gornego pola krytycznego przewyzszajgca limit Pauliego. W konsekwencji materiaty
mogg charakteryzowac sie niekonwencjonalnym typem nadprzewodnictwa.

Projekty bedgce podstawg rozprawy doktorskiej, fgczy zjawisko nadprzewodnictwa
w materiatach miedzymetalicznych. Dla wszystkich 8 nadprzewodnikéw, opisano sposob syntezy
materiatow, badania strukturalne i wtasciwosci fizyczne. Obliczenia struktury elektronowej, a w
niektorych przypadkach réwniez fononowej, przeprowadzone przez grupe
dr. hab. Barttomieja Wiendlochy, pozwolity na petniejszy opis badanych zwigzkéw. Wykonane
badania pozwolity na potwierdzenie stawianych hipotez, ale jednoczesnie zostawity nowe,
intrygujgce pytania, w tym miedzy innymi: dlaczego obserwowane w LiPd2Ge nadprzewodnictwo
jest pierwszego rodzaju? Czy dla LiPd2Si i LiPd2Sn bedzie wystepowaé, sugerowane przez
obliczenia teoretyczne, nadprzewodnictwo ponizej 1.8 K? Czy istniejg inne nadprzewodniki typu
Heuslera, dla ktérych VEC jest nizsze niz 24, i dla ktérych T. bedzie tworzy¢ tzw. drugie
maksimum T,(VEC) proponowane przez Matthiasa? Czy mozna wytworzy¢ roztwory state Nb(lr1-

xRhx)2B2 i jak zmienia¢ sie beda wiasciwosci nadprzewodnikowe?

Prace eksperymentalne prowadzone na Politechnice Gdanskiej, ale takze na Princeton
University (NJ, USA) i Louisiana State University (LA, USA) byty finansowane w ramach
Diamentowego Grantu Ministerstwa Nauki i Szkolnictwa Wyzszego, a takze OPUS-14

Narodowego Centrum Nauki.
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6. Oswiadczenia

POLITECHNIKA
GDANSKA

WYDZIAL FIEVEI TECHNICZNE]
I MATEMATYHI STOSOWANE]

Gdarisk, 02.06.2021 r.

Dotycry: ofwiadczenie o wkladzie Pani mgr ini. Karoliny Gornickie] w przygotowanie
publikacji stanowigcych podstawe rozprawy doktorskiej

We wsrystkich nizej wymienionych publikacjach wystepuje w rofi autora korespondencyjnego
i poswiadczam wkiad Doktorantki zgodny 1 opisem.

T j//.-"f. /

¥ i L
'_I_.':I_-_l_.-_,; I — FIwr g ee i

Prof. dr hab. Inz. Tomasz Klimczuk
promotor rozprawy
Panl mgr ink. Karoliny Garnickief

1 Tytul publikacii wraz & jeo| danymi bibliograficznymi:

Celry: superconductivity in a phase based on tetragonally close packed clusters; Supercond. 5cl. Technol.
32 {2019) 025008 (13pp)

Opis mergtaryenego wkladu doktoranthi wiw publikacie:

Udzial doktorantki polegal na syntezie probki polikrystalicznej, preeprowadzeniu badan strukturalnych
metody proszkowej dyfrakeji rentgenowskiej wraz @ analizg LeBaila otrzymanego dyfrakiogramu,
pomiarach wiadeiwoicl magnetycenych, cieplnych, elektrycenych wraz ¢ analiza wynikdw, udziale w
dyskusji otreymanych rezultatdw, wynaczeniu parametrow  charakteryzufgeych stan normalny |
nadprzewodzacy, prygetowaniu rysunkiw oraz tekstu manuskryptu wo czedel eksperymentalne|
obejmujgce] wynikl wyiej wymienlionych pomiardw. Doktorantka pelnita rofe autora korespondencyjnego
oraz brala udrial w proygotowaniu odpowiedzi na recenzje. Doktorantks kierowata rowniez projektem
naukowyr |Diamentowy Grant, MNISW] obejmisjacym badanla oplsane w pracy
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2. Tytut publikac)i wraz z jej danymi bibliograficznymi:

fridium 5d-electron driven superconductivity in Thirg; PHYSICAL REVIEW B 100, 214514 (2019}

Opis merytoryeznego widadu doktorantki w/w publikacje:

Udziat doktorantki polegal na przeprowadzeniu badan strukturalnych metoda proszkowej dyfrakeji
rentgencwskiej, czesciowych pomiarach wtasciwoscl magnetycznych, ciepinych oraz elektrycznych,
analizie otrzymanych wynikow, udziale w dyskusji uzyskanych rezultatéw, wyznaczeniu parametrow
charakteryzujgcych stan normainy i nadprzewodzacy, przygotowaniu rysunkow oraz wybranych
fragmentow tekstu manuskryptu w czesci  eksperymentalnej, Doktorantka brata udziat
w przygotowaniu odpowiedzi na recenzje. Doktorantka kierowata rdwnie: projektem naukowym
{Dlamentowy Grant, MNiSW] chejmujacym badania opisane w pracy.

3. Tytut publikacji wraz z Jej danymi bibliograficznymi:

The electronic characterization of the cubic Laves-phase superconducter CaRhg; Journal of Alloys and
Compounds 793 (2019) 393-399

Opis merytorycznego wktadu doktorantkl w/w publikacje:

Udziat doktorantki polegat na syntezie probki polikrystalicznej, przeprowadzeniu badan strukturalnych
metady proszkowe] dyfrakeji rentgenowskiej wraz z analizg LeBaila otrzymanego dyfraktogramu,
pomiarach wiasciwosci magnetycznych, cieplnych, elektrycznych wraz z analizg wynikdw, udziale w
dyskusji otrzymanych rezultatéw, wyznaczeniu parametréw charakteryzujaeyeh stan normalny i
nadprzewodz3cy, przygotowaniu rysunkdw oraz tekstu manuskryptu. Doktorantka petnita role autora
korespondencynego oraz bratfa udziat przygotowaniu odpowiedzi na recenzje.

4. Tytut publikacji wraz z jej danymi hibliograficznymi:

Soft-mode enhanced type-l superconductivity in LiPd;Ge; PHYSICAL REVIEW B 102, 024507 (2020)

Opis merytorycznega wkiadu doktorantki w/w publikacje:

Udziat doktorantki polegat na syntezie prébek polikrystalicznych, przeprowadzeniu badan strukturalnych
metoda proszkewej dyfrakcji rentgenowskie] wraz 2z analizg leBaila, pomiarach wiadciwosci
magnetycznych, cieplnych oraz  elektrycznych, analizie otrzymanych  wynikdw, udziale
w dyskusji uzyskanych rezultatow, wyznaczeniu parametrdw charakteryzujgcych stan normalny
i nadprzewedzgcy, przygotowaniu rysunkéw craz tekstu manuskryptu w czescl eksperymentalnej.
Doktorantka peinita role autora korespondencyjnego oraz brata udziat w przygotowaniu odpowiedzi na
recenzje.
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5. Tytut publikacji wraz z jej danymi bibliograficznymi:

Superconductivity in LiGa:lr Heusler type compound with VEC = 16
Opis merytorycznego wkiadu doktorantki w/w publikacje:

Udziai doktorantki polegat na syntezie probki polikrystalicznej, przeprowadzeniu badan strukturalnych
metodyg proszkowej dyfrake]l rentgenowskie] wraz z analiza LeBaila, pomiarach wilasciwosci
magnetycznych, cieplnych  oraz  elektrycznych, analizie  otrzymanych  wynikdw, udziale
w dyskusjt uzyskanych rezultatow, wyznaczeniu parametrdw charakteryzujacych stan normalny
i nadprzewodzacy, przygotowaniu rysunkdw oraz tekstu manuskryptu w czesci eksperymentalnej

6. Tytut publikacii wraz z jej danymi bibliograficznymi:
Superconductivity on a Bi Square Net in LiBi; Chemistry of materials 2020, 32, 3150-3159

Opis merytarycznego wktadu doktorantki w/w publikacje:

Udziat doktorantki polegat na syntezie prokki monokrystalicznej, przeprowadzeniu badar strukturalnych
metody proszkowej dyfrakcji rentgenowskiej wraz z analizg LeBaila, pomiarach wiasciwosci
magnetycznych oraz ciepinych, analizie otrzymanych wynikow, udziale w dyskusji uzyskanych rezulttatdow,
wyznaczeniu parametrow charakteryzujacych stan nermalny
i nadprzewodzacy, przygotowaniu rysunkow oraz tekstu manuskryptu w czedci eksperymentalnej.
Doktorantka brata udziat przygotowaniu edpowiedzi na recenzje.

7. Tytut publikacji wraz z jej danymi bibliograficznymi:
New Low Symmetry Noncentrosymmetric Superconductors with Strong Spin-Orhit Coupling; Adv.
Funct. Mater. 2021, 31, 2007960
Opis merytorycznego wkiadu doktorantki w/w publikacje:

Udziat doktorantki polegat syntezie prébek polikrystalicznych metodg syntezy w fazie state],
przeprowadzeniu badania metody proszkewej dyfrakeji rentgenowskie] wraz z analiza Rietvelda,
pomiarach i analizie wynikéw wiadclwosci magnetycznych, elektrycznych oraz cieplnych. Doktorantka
odpowiadala za przygotowanie wykresdw, rysunkéw w czesci eksperymentalne] i fragmentdw tekstu
dotyczgcych syntezy, wiasciwosci magnetycznych, cieplnych oraz elektrycznych.
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OSWIADETENIE O WHEADZIE AUTORSKIM W ZWIAZKU 2 DOKTORATEM MGR INZ. KAROLINY
GORNICKIEL

1. Tytut publikacji wraz z jej danymi biblograficznymi:

Celry: supercenductivity in a phase based on tetragonally close packed clusters; Supercond.
Sci. Technol. 32 (2019) 025008 (13pp)

Zespid pod maobm Kierownictwem (Svlwia Godab, Banlomie) Wiendiocha) preeprowadzil,
przeanalizowat, opisal | zwizualizowal na odpowiednich rysunkach zawarne w publikacji
tearetycEne abliczenia strukiury elektronowej badanych materiahing.

2. Tytut publikacji wraz z jej danymi bibBograficznymi:

Iridium Sd-electron driven superconductivity in Thir;; PHYSICAL REVIEW B 100, 214514 (2019)
Zespdd pod moim kierownlcowem (Sylwda Gutowska, Bartbombe] Wiendlocha) praeprowadzil,
przeanalizowal, opisal i zwizvalizowal na odpowiednich rvsunkach zaware w publikacji
tearetyczne obliczenia struktury elektronowej badanych materialiw.

3. Tytut publikacji wraz z jej danymi bibliograficznymi:
Soft-mode enhanced type-1 superconductivity in LiPd.Ge; PHYSICAL REVIEW B 102,
024507 (2020)

Zespd pod moim kiemwnictwem  (Gabriel Koderowice, Kamil Kuotorasinski, Barlomie
Wiendlocha) preeprowadzil, przeanalizowal, opisal | zwizualizowal na odpowiednich rysunkach
zawarte w publikacji teoretyczne obliczenia strukiury elekironowej 1 fononowej badanych
materiabiuw,

4. Tytul publikacji wraz 2 jej danymi bibliograficznymi:

Superconductivity in LiGaIr Hensler type compound with VEC = 16

Zespdl pod malm kierownictwem (Gabriel Kuderowlez, Bartiomie] Wiendlocha) preeprowad i,
prreanalizowal, opisal | zwizualizowal na odpowiednich rysunkach zawarte w pubfikaci
teoretycone abliceenia struktury elektronowsej | fononowej badanych materialow.
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5. Tytul publikacji wraz z jej danymi bibliograficznymi:
Supercondisctivity on & Bi Square Net in LiBi; Chemistey of matecials 2020, 32, 3150-3159

Zespht pod moim kierownictwem (Sylwia Gubtowska, Bartiomie] Wiendlocha) preeprowadszil,
przeanalizowal, opisal | rwizuadizowal na odpowiednich rysunkach zawarte w publikac
teoretycrne ablicrenia struktury elekironowej | fenonowe] badanych materialdw,

f.  Tybul publikacji wraz 2 jej darymi bibliograficznymi:

New Low Symmetry Nompcentrosymmetric Superconductors with Strong Spin-Orbit
Coupling: Adv. Funct, Marter, 2021, 31, 2007960

Prreprowadzilem  przeanalizowalem, opisalem | rwizualizowalem na odpowiednich rysunkach
zawarte w publikacji tecretyczne obliczenia struktury elektronowe] badanych materialoiw,
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OSWIADCZENIE O WKEADZIE DOKTORANTKI MGR INZ. KAROLINY GORNICKIE

W NIZE) WYMIENIONE PUBLIKACIE:

1. Tytul publikacji wraz z jej danymi bibliograficznymi:

Celry: superconductivity In a phase based on tetragonally close packed clusters; Supercond. Sci.
Technol. 32 (2019) 025008 (13pp)

Opis merytorycznego wikadu doktorantki w/w publikacjg:

Udzia! doktorantki polegal na  syntezie  probki  polikrystalicene), przeprowadzeniu  badad
strukturalnych metody proszkowe) dyfrakell rentgenowskie] wraz 2 analizg LeBaila otrrymanego
dyfraktogramu, pomiarach wilasciwosci magnetycznych, cleplnych, elektrycznych wraz z analizg
wynikow, udziale w dyskusji otrzymanych rezultatow, wynaczeniu parametrow charakteryrujgcych
stan normainy | nadprzewodzgcy, prevegolowaniu rysunkdw orad tekstu manuskryptu w chgsc
eksperymentalng] obejmujgce] wynikl wyiej] wymienionych pomiardw, Doktorantka peinita rolg
autora korespondencyjnego oraz brala udzial w przygotowaniu odpowiedzi na recenzje. Doktorantka
kierowala rownier projektem naukowym (Diamentowy Grant, MNISW) obejmujgoym  badania
OpEane W pracy,

2. Tytul publikacji wraz z jej danymi bibliograficzmymi:
Iridium S5d-electron driven superconducthvity in Thir,; PHYSICAL REVIEW B 100, 214514 (2019)

Opis merytorycinego whkiadu doktorantki wiw publikacje:

Udziat doktorantkl polegat na przeprowadzeniu badan strukturaingch metody proszkowe] dyfrakcji
rentgenowskiej, coetciowych pomisrach wladciwodci magnetycenych, cieplnych oraz ebektrycznych,
analizie otrzymanych wynikdw, udziale w dyskusil uzyskanych rezultatdw, wyznaczeniu parametriw
charakteryzujgoych stan normalny | nadprzewodzgcy, prrzvgotowaniu rysunkdw oraz wybranych
fragmentdw  tekstu  manuskryptu  w  ciedci  eksperymentalnej. Doktorantka  bralta  udzial
w przygotowaniu odpowiedzi na recenzje. Doktorantka kierowala rdwnied projektem naukowym
[Mamentowy Grant, MNISW) obejmujaocym kadania opisane w pracy.
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7. Lista osiagnie¢ naukowych doktorantki

Projekty:

1. Kierownik projektu Nadprzewodnictwo i magnetyzm w nowych zwigzkach podwdjnych R-Rh
i R-Ir (R-ziemia rzadka) finansowanego w ramach programu Ministerstwa Nauki i Szkolnictwa
Wyzszego ,Diamentowy Grant” (nr projektu 0205/DIA/2017/46, okres realizacji: 29.08.2017 —
28.08.2020);

2. Kierownik projektu Nadprzewodnictwo w zwigzkach Lavesa na bazie metali ziem alkalicznych
finansowanego w ramach programu Narodowego Centrum Nauki PRELUDIUM-17 (nr projektu
UMO-2019/33/N/ST5/01496, okres realizacji: 29.01.2020 — 28.01.2023).

Publikacje naukowe:

1. MJ. Winiarski, G. Kuderowicz, K. Gérnicka, LS. Litzbarski, K. Stolecka, B. Wiendlocha, RJ.
Cava, T. Klimczuk: MgPd2Sb: : A Mg-based Heusler-type superconductor; Phys. Rev. B 103,
214501 (140 pkt);

2. Catherine Witteveen, Karolina Gérnicka, Johan Chang, Martin Mansson, Tomasz Klimczuk,
Fabian O von Rohr: Polytypism and superconductivity in the NbS2 system; Dalton Trans., 2021,
50, 3216-3223 (140 pkt);

3. K. Gérnicka, X. Gui, B. Wiendlocha, L.T. Nguyen, W. Xie, R.J. Cava, T. Klimczuk: NbIr2B2
and Talr2B2 — New Low Symmetry Noncentrosymmetric Superconductors with Strong Spin-Orbit
Coupling; Advanced Functional Materials 2021, 31, 2007960 (200 pkt);

4. Shu Guo, Ruidan Zhong, Karolina Gdérnicka, Tomasz Klimczuk, RJ Cava: Crystal Growth,
Structure, and Magnetism of the 2D Spin 1/2 Triangular Lattice Material Rb3Yb(PO4)2, Chemistry
of Materials 2020 DOI: 10.1021/acs.chemmater.0c03850 (200 pkt);

5. Justyna Ignaczak, Yevgeniy Naumovich, Karolina Gérnicka, Jan Jamroz, Wojciech Wrébel,

Jakub Karczewski, Ming Chen, Piotr Jasinski, Sebastian Molin: Preparation and characterisation
of iron substituted Mn1. 7Cu1. 3-xFexO4 spinel oxides (x= 0, 0.1, 0.3, 0.5); Journal of the
European Ceramic Society Volume 40, Issue 15, December 2020, 5920-5929 (140 pkt);

6. Makarova |., Ryl J., Sun Z., Kurilo I., Gérnicka K., Laatikainen M., Repo E.: One-step recovery
of REE oxalates in electro-leaching of spent NdFeB magnets; Separation and Purification
Technology -Vol. 251, (2020), s.117362, (140 pkt);

7. Nasser Y Mostafa, Mohsen M Qhtani, Saad H Alotaibi, Zaki | Zaki, Sarah Alharthi, Mateusz
Cieslik, Karolina Gornicka, Jacek Ryl, Rabah Boukherroub, Mohammed A Amin: Cathodic

activation of synthesized highly defective monoclinic hydroxyl-functionalized ZrO2 nanoparticles
for efficient electrochemical production of hydrogen in alkaline media; International Journal of
Energy Research - 2020;1-15., (100 pkt)

8. Gornicka K., Kuderowicz G., Carnicom E., Kutorasinski K., Wiendlocha B., Cava R., Klimczuk
T.: Soft-mode enhanced type-l superconductivity in LiPd2Ge; PHYSICAL REVIEW B -Vol.
102,iss. 2 (2020), s.1-13, (140 pkt)
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9. Lankauf K., Cysewska K., Karczewski J., Mielewczyk-Gryn A., Gérnicka K., Cempura G., Chen
M., Jasinski P., Molin S.: MnxCo3-xO4 spinel oxides as efficient oxygen evolution reaction
catalysts in alkaline media; INTERNATIONAL JOURNAL OF HYDROGEN ENERGY -Vol. 45;iss.
29 (2020), s.14867-14879, (140 pkt)

10. Gui X., Gérnicka K., Chen Q., Zhou H., Klimczuk T., Xie W.: Superconductivity in Metal-Rich
Chalcogenide Ta2Se// INORGANIC CHEMISTRY -Vol. 59,iss. 9 (2020), s.5798-5802, (140 pkt)

11. Gérnicka K., Gutowska S., Winiarski M., Wiendlocha B., Xie W., Cava R., Klimczuk T.:
Superconductivity on a Bi Square Netin LiBi; CHEMISTRY OF MATERIALS -Vol. 32,iss. 7 (2020),
s.3150-3159, (200 pkt)

12. Iga Szpunar, Sebastian Wachowski, Tadeusz Miruszewski, Kacper Dzierzgowski, Karolina
Goérnicka, Tomasz Klimczuk, Magnus Helgerud Serby, Maria Balaguer, José M Serra, Ragnar
Strandbakke, Maria Gazda, Aleksandra Mielewczyk-Gryn: Electric and magnetic properties of
Lanthanum Barium Cobaltite; Journal of the American Ceramic Society 2020;103:1809-1818
(100 pkt)

13. Gérnicka K., Das D., Gutowska S., Wiendlocha B., Winiarski M., Klimczuk T., Kaczorowski
D.: Iridium 5d -electron driven superconductivity in Thir3; PHYSICAL REVIEW B -Vol. 100,iss. 21
(2019), s.214514, (140 pkt)

14. Jasiewicz K., Wiendlocha B., Gérnicka K., Gofryk K., Gazda M., Klimczuk T., Tobola J.:
Pressure effects on the electronic structure and superconductivity of (TaNb)0.67(HfZrTi)0.33 high
entropy alloy; PHYSICAL REVIEW B -Vol. 100,iss. 18 (2019), s.184503; (140 pkt)

15. Marshall M., Gérnicka K., Mudiyanselage R., Klimczuk T., Xie W.: New Tetragonal ReGa5(M)
(M = Sn, Pb, Bi) Single Crystals Grown from Delicate Electrons Changing; Crystals -Vol. 9,iss. 10
(2019), s.527, (70 pkt)

16. M. A. Mezni, M. Alsawat, T. Kumeria, M. R. Das, S. Alzahly, A. Aldalbahi, K. Gérnicka, J.
Ryl, M. A. Amin, T. Altalhi, ,Enhanced hydrogen evolution reaction on highly stable titania-
supported PdO and Eu203 nanocomposites in a strong alkaline solution”; International Journal
of Energy Research 43 (10), 5367-5383 (100 pkt)

17. K. Gérnicka, R. J. Cava, T. Klimczuk, ,The electronic characterization of the cubic Laves-
phase superconductor CaRh2”; Journal of Alloys and Compounds 793 (2019) 393e399 (100 pkt)
18. B. Kamecki, T. Miruszewski, K. Gérnicka, T. Klimczuk, J. Karczewski, ,Characterization
methods of nickel nano-particles obtained by the ex-solution process on the surface of Pr,
Ni-doped SrTiO3 perovskite ceramics”; SN Applied Sciences (2019) 1:322

19. E. M. Carnicom, W. Xie, Z. Yang, K. Gérnicka, T. Kong, T. Klimczuk, R. J. Cava, ,Importance
of Specific Heat Characterization when Reporting New Superconductors: An Example of
Superconductivity in LiGa2Rh”; Chemistry of Materials 2019, 31, 2164-2173 (200 pkt)

20. K. Goérnicka, W. Xie, E.M. Carnicom, R. J. Cava, T. Klimczuk, ,Synthesis and physical
properties of the 10.6 K ferromagnet NdIr3”; Physical Review B 99, 104430 (2019) (140 pkt)
21. K. Gérnicka, E. M. Carnicom, S. Gotgb, M. Lapinski, B. Wiendlocha, W. Xie, D. Kaczorowski,

R. J. Cava, T. Klimczuk, , Celr3: Superconductivity in a phase based on Tetragonally Close
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Packed (TCP) clusters”; Superconductor Science and Technology 32 (2019) 025008 (13pp) (100
pkt)

22. K. Gérnicka, K.K. Kolincio, T. Klimczuk; Spin-glass behavior in a binary Pr3Ir intermetallic
compound; Intermetallics 100, 63-69 (100 pkt)

23. EM Carnicom, K Gérnicka, T Klimczuk, RJ Cava: The homometallic warwickite V20BO3;
Journal of Solid State Chemistry 265, 319-325 (70 pkt);

24. T Kong, K Gérnicka, S Gotgb, B Wiendlocha, T Klimczuk, RJ Cava: A family of Pb-based
superconductors with variable cubic to hexagonal packing; Journal of the Physical Society of
Japan 87 (7), 074711 (70 pkt)

25. Elizabeth M Carnicom, Weiwei Xie, Tomasz Klimczuk, Jingjing Lin, Karolina Gérnicka,
Zuzanna Sobczak, Nai Phuan Ong, Robert J Cava: TaRh2B2 and NbRh2B2: Superconductors
with a chiral noncentrosymmetric crystal structure; Science advances 4 (5), eaar7969 (200 pkt);
26. KK Kolincio, K Gérnicka, MJ Winiarski, J Strychalska-Nowak, T Klimczuk: Field-induced
suppression of charge density wave in GANiC2; Physical Review B 94 (19), 195149 (140 pkt)
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