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Abstract

Abstract

Correlated quantum materials are playing a significant role in condensed matter
physics, exhibiting many exotic quantum states including high temperature
superconductivity, Mott insulators, and heavy fermions, etc. These materials can also
host topological electronic structure, revealing fascinating physical properties as
observed in topological Kondo insulators. As typical correlated quantum materials,
rare-earth based intermetallic componds attract much attention because of the strong
interaction between 4f electrons and conduction electrons.

In this thesis, aiming at discovery of new quantum states of correlated materials,
we focus on sample exploration and physical properties investigation of rare-earth
based quasi-one-dimesional and low-carrier concentration Kondo lattices, and potential
magnetic topological semimetals. The main results obtained in this work are as follows:

1. Based on the previous research, we found that CeAuzlns is a new candidate of
quasi-one-dimensional Kondo lattice compound. Needle-like single crystals of
CeAuzlns have been grown from In flux and characterized by crystallographic,
magnetic, transport and specific heat measurements down to very low temperatures.
This compound is found to undergo an antiferromagnetic transition at Ty = 0.9 K with
a large Sommerfeld coefficient of the specific heat, y = 369 mJ mol™* K2, and a highly
non-mean-field profile of the specific heat peak. The Kondo temperature Tk was
estimated to be 1.1 K, being low and comparable to Tn. While Fermi liquid behavior is
observed deep into the magnetically ordered phase, the Kadowaki-Woods ratio is much
reduced relative to the expected value for Ce compounds with Kramers doublet ground
state. Markedly, this feature shares striking similarities to that of the prototypical quasi-
one-dimensional compounds YbNisP2 and CeRhsGes that have tunable ferromagnetic
quantum critical point. Given the shortest Ce-Ce distance along the needle direction,
CeAuzlns appears to be an interesting model system to investigate the unconditional

antiferromagnetic quantum critical behavior in a quasi-one-dimensional Kondo lattice
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with enhanced quantum fluctuations.

2. Exploration of low-carrier density Kondo lattice compounds is significant in
studying the exotic properties of Kondo semiconductors, semimetals, and
underscreeened Kondo compounds. The previous investigations on CeCuAs;
polycrystalline samples suggested it might be a low-carrier density Kondo system. Here
we have synthesized Single crystals of CeCuAs; by Bi-flux and solid state reaction
method. Combined electric transport, magnetic, and specific heat measurements reveal
it to be a heavy fermion semimetal. The two different grown techniques yield two kinds
of samples with rather different physical properties. One type is metallic, with
antiferromagnetic phase transition at 7.9 K. The other is semiconductor-like, with a
clear feature of short-range magnetic interaction at low temperature observed in both
susceptibility and specific heat. Single crystal x-ray diffraction analysis indicates the
metallic sample employs a stoichioetric HfCuSi, type structure. While the
semiconductor-like sample forms a stuffed HfCuSi> type structure with slight excess of
Cu occuping the “2¢” site. The above results suggest CeCuAs: is an adjustable low-
carrier Kondo system, which can be used to study Kondo screening effect by tuning
carrier concentration. A key point in the future investigation is to smoothly tune this
compound from a Kondo semimetal to a Kondo semiconductor.

3. PrAlSi was predicted to be a potential ferromagnetic Weyl semimetal, which
can be an ideal system to study the relationship of f-electron magnetism and topological
electronic band. Here we have syntesized single crystral of PrAlSi and comprehensively
investigated its structural, magnetic, transport, and thermodynamic properties, in
comparison to its nonmagnetic analog LaAlSi. PrAlSi exhibits a ferromagnetic
transition at Tc = 17.8 K, which, however, is followed by two weak phase transitions at
lower temperatures. The two reentrant magnetic phases can be suppressed by a small
magnetic field of about 0.4 T and are proposed to be spin glasses or ferromagnetic
cluster glasses based on dc and ac magnetic susceptibilities. At higher magnetic fields,
PrAlSi show a large anomalous Hall conductivity amounting to ~ 2000 Q' cm™. Both
PrAlSi and LaAlSi reveal large, nonsaturating magnetoresistance as a function of field.

While Shubnikov-de Haas oscillations are absent in LaAlSi, they are clearly observed

v



Abstract

below about 25 K in PrAlSi, with an unusual temperature dependence of the dominating
oscillation frequency F. It increases from F =18 T at 25 Kto F =33 T at 2 K, hinting
at an emerging Fermi pocket upon cooling into the ordered phase. These results suggest
that PrAlSi is a interesting system where a small Fermi pocket is strongly coupled to
local-moment magnetism. On the other hand, due to the complicated magnetic phase at
low temperature and the comparable crystal electric field splitting energy to ordering
temperature, PrAlSi exhibites a giant magnetocaloric effect, with -ASuy = 22.6 J/kg K
near the Curie temperature under a magnetic field change of uoAH = 5 T along the

magnetic easy c axis, and can be a promising magnetocaloric material.

Key Words: Heavy femion, Kondo effect, Magnetic phase transion, magnetic topology
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Ho, y Mg i Rs 7 LRI T HREL. 1y = Vukerdm®/3R2%, V, &
NEEIRR, ke RORPOKBR, m* Form T ERRE. B, EIOK T RRE
A DG I U B AIGIR EL B, A4S 21 7 EE AR By SRR AE .

Hl<e)E, nieds, eI IGE y B8 1mImolt K2 4, T 3 K744
BHE y (ER#825 100 mImol™* K2 L F. Hi Andres 2 API7E 1975 4F R I —A
KT AR CeAls ) y i ik 1620 md molt K2, Wil 1.1 Fiow, v {8 A LA
IR S A3 . 2 ), BE#E Steglich 2 NBIfE 1979 RIS — A E P
KT Sk CeCuzSiz (1.2 iR, Te~ 0.5K), EIK T RIFMHTE ALK
RGBTSR . 2N, B2 A8 8 O\ e A 3 f AN AT RRAE [R] — Mk e
FAAE. TAE CeCuzSiz MY, Af HL-T ) JRy SR A 38 i 1A% T B (10 A A T 5 o
RPE. BKHE 1986 4F, i To HELE AR N R I . BRUA il T 44 (1 B4
e SRR IR SRR AL A, AR R B il AR B oK 1 Sk — 4, B RE
PSSR . SRS R P BN LB R AR — DRk, DT E PR
KFHRAREENTFYE, W LU I SR — e 1 B .

Wi L4 R (B S i R B T O A R f BT e )= (o Ce® 4ft, b
4f 13), AT Af R AR RN 2 I SR IR, TR AT P 2T R RS PR 5 D
TE R e ) B B oK 7 REAT o AR AT A0 R 5 M 10 o R 2 ) 4 2 B o A
A B A% e e AR TR A A AR T, X2 BT iB Y Rudderman-Kittel-
Kasuya-Yosida (RKKY) tHEAEA . AN RKKY HEAEH 2 B 5842
FRE PR TR R & 2K E R E TSR LA
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Fig. 1.1 Specific heat of CeAls at very low temperature in zero field and in 10 kOel?,
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(a) CeCuzSi, FHIREAEILIHEEA, T, = 0.6 + 0.03 K. K ERI2 3% TSRk
R, T, = 0.54 + 0.03 K. (b) CeCusSir fEE 7 T IEE/R ELH, REASRIR B BON H b b Hi
AR R TR, T, =0.51+0.04 K. B ERIZ SN RS L.

Fig. 1.2 Superconductivity of heavy fermion system CeCu,Si, [,

(a) Electric resistivity (main part) and low-field susceptibility (inset) of CeCu,Si; as a function
of temperature, with 7 = 0.6 +£ 0.03K and T = 0.54 + 0.03 K. (b) Molar specific heat of
CeCu,Si; at B = 0 T as function of temperature on logarithmic scale, with T¢ = 0.51 4+ 0.04 K.

Inset shows a C/T versus T plot for another two CeCu,Si, samples.

111 RSN SiERRE T

S AMERME R EE S, W2 RKKY M EAER, Bk E -1 1
FERT LA A ST (), DRI AE L BE AT A% S e T R AR M LR . SR
X LERE R R IAHG L B I e, (AR — R IEIR . CEBRRE T BUF,
REFEANAE T i 7P A BAE L, AR 3 R TR U ) B AR A B e 0 B 2% ot
e JE Bl A1 2% 00 AR AR A W o IR AME T H DR A TR R PR R
At A I BERY. (Kondo effect) [, i HARER G422 Jun Kondo T 1964
R ITERNAE S F RIS B AR 1. WAACSR T LR 35 7 1)
H AN 20 H T REVE R BUANME ST R AR A BAE AT, AR 1) LT
SPREOR, AR AR A S AN —0, 5 JInT J <0) 2IEEE, J2)R
Sl RS FE NI 3 R T B AC A 5 2
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(a) E E
‘ X P(E)  Kondo . p(E)
effect =
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a
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p(E) Lattice Kondo o(E)
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Figure 1.3 The formation of Kondo singlet and Kondo latticel®l.
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TEMPERATURE, "

1.4 MoxNb i M E K TAHEH s
(a) Nb B BUb I, AR IR MEBLR B, (b) B3R FRPRH H B A AEAIR
N 2R B, RIS T T AR B
Figure 1.4 Resistivity of MoxNb;—x and heavy fermion materials.
(a) When Nb doping is small, a clear resistivity minimum is observed(®l. (b) The resistivity
drops dramatically at low temperatures in heavy fermion materials, indicating the formation of

coherent Kondo singlets®l.

AT R 5 S AE A A 4 T (KA B IR TT DUFH PR T AR R kAl A, fnlA] 1.3
() Az, AR R B el B B A S il B, e S P A% E s
A — ARG (Kondo resonance) B, TR BE AL o Bl & 41 o PH 1]
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Mk 1.4 (a) Pios, RIER 2 Bl MR ME, il 5 o RH 24 Bl i L P T 28 i 1
Ko EHEIORTARRA, RN ALAFRE A% A0 E HE 2 2], Bl iR A
BEAMTA . EATHRE T LN, S A LT IR A RO 2, (5
HUBE A TR N B, sl 1.4 (o) BosPle B 3Kk AL BAT B AR T R 2K
7RI b 2L, DRI BB AR NI i T (Kondo lattice) k&40, ¥ 1.3 (b)
S e B ST TR T A B PR Y, B R RS B SR 1 TR ] T 4 5 v T A
HAEH, e #sh KA R0 & B RRHERL T, R RS 9K T AR A1 K
AR T ORI AR AL Sl T 5 f L2 MgRoE, BT

1.1.2 JHIRHEE

HIKR T AV IR RCRM 3d W IEREE—FE, RIVHIREK

A, AT AR S
PSR ILE [Ar]3d™s? (n=0-10)
WARILER [Kr]4f "5s25p®5d'6s> (n=0-14)
WRITR [Xe]5f "6s%6p®6d'7s> (n=0-14)

BT TSI R W (1, 6, @) T LUK IR B FE R T2 A iz s, BRiE
X N: W(r,0,¢) =R()Y(O,¢), R() MY, p) 53 Hl &k bR HAE—NERTE S
V(r) AR I 23 A0 R BERE 2 o A2 ) LT 25 R |rR () |2 PT80S SRR T THD PR e 159
TitEEE,

2 2
_h_ii(rz d_R) +V(r)R + L+ Dn R = R cevveveverenracns (13)

2mr2dr dar 2mr2

Hrpv(r) FERECHNTTHR, FoUHRMZEOH. 3d BFNAE TR
2, T 4f A Sf BT A E T HEE 3. RSN FAE Ni, Ce Al U JEFHI4& M
LT3 A 2 B0 1.5 (a), (b) AT (o) Fionll, ML Nif93d 7, Ce
(¥ 4f BT EE A MIEER 7 5d A1 6s 7N EERIAME (i 1.5
(b)), XZHT 4f BFEXRWEOHIGE KA, WY 4f B 3d L+ 5 s

WK FACE Y Af EFE R R — AR, BT Af BT R R O
H2ER, FrUA 4f W7 RERsE 2 A R A B AR . R, JATEHE T
DAE B H Sk F AR A AT, XRFER 4f T ARBSGE S ET
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1B BB, RAAFER N RKKY AHIEM . U Eadi 5f |5
TR 3d T AR A B T2 18] 3R 1.1 MR 1.2 73 Al 1 3d AN
Af LI T, AR L Tl E R IE 3 (R, MU,
Np £ Pu &7 A LURLIE #5525 4F #2000 Pré*, Nd®*, Sme*AHXS R,

(a) 2 T T T T T T T (b)l —T T T T
B Ni (3d* 457) — - AL 4f Ce (4" 5d" 65%)

Lof fi3s 1 osf |

[rR(r) :
\J‘R{J‘)F

0.8F b n
w3d i
0.4F¢ 4\ --ds .
0 ¢ e lTe—po ! Pii— T
0 2 4 6 8
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Fig.1.5 Effective radial charge densities of Ni, Ce, and U,
FLITESRTER 3d BRI
Table 1.1 3d configuration in transition metal elements(€]
Ground  Electron m Hett
Ton state  number 2 1 0 -1 -2 S L J g5 g;\/J(J+1) 2/S(S+1)
Tid+ vyt Dy;s 1 1 /2 2 3/2 4/5 1.55 1.73
vt 3F, 2 T 1 3 2 2/3 1.63 2.83
VECrT Mt tFy ), 3 T T 3/2 3 3/2 2/5 0.77 3.87
Cr¥tMn’* "Dy 4 T T 7 2 2 0 - 0 4.90
Mn?*Fe®t %S5/2 5 T 1T T 1 1 5/2 0 5/2 2 5.92 5.92
Fe?t "Dy 6 T T T 2 2 4 3/ 6.70 4.90
Co*t 4Fy/a 7 oo 1T 1 32 3 9/2 4/3 6.54 3.87
Ni%t 3y 8 £ A A A 1 3 4 5/4 5.59 2.83
Cu?t Ds/a 9 ottt 1 12 2 5/2 65 3.55 1.73
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Table 1.2 4f configuration in rare earth elements(tl

my
Ground  Electron

Ton state number 3 2 1 0o -1 -2 =3 S L J 97 giJ  pesr = gi/J(J+ 1)
Cet *Fs/a 1 1 1/2 3 5/2  6/7 214 2.54
prit SHy 2 T 7 1 5 4 4/5 3.2 3.58
Nd** *Tosa 3 T 1 3/2 6 9/2 8/11 3.27 3.62
Pm?*t 51y 4 ) 1 (. 2 6 4 3/5 2.4 2.68
Sm*™  CHy, 5 1T 1T 1 5/2 5 5/2 2/T 071 0.85
Eu?t Fo 6 0 T T 0 1 T 3 3 0 - 0 0
Gd** 857 /2 7 T T 7 T T TooT/2 0 7/2 2 7 7.94
Th3+ Fe 8 T 7 T T 1 1 1 3 3 6 3/2 9 9.72
Dy*t  ®Hisse 9 1L 1 7 1 T T 5/2 5 15/2  4/3 10 10.65
Ho®* g 10 T 1L 1L 7 T 1 1 2 6 8 5/4 10 10.61
Erdt M5/ 11 S R VU W ) T ) T 3/2 6 15/2 6/5 9 9.58
Tm** SHe 12 (R A A WA o} T 1 1 5 6 7/6 7 7.56
Yb?+ *Fr/2 13 ottt 2 3 72 87 4 4.54

1.1.3 Rudderman-Kittel-Kasuya-Yosida (RKKY) #HE{ER

HIOK TS AF B SR B SR, P LS R e AN ARG R i 4f
HL 2 [A) AN T e B2 A AR AR AR B AT L@ e AR Ak Jod L A S v 7 A T 4%
MHEAEH, XMe2ETRAKATIERFT RKKY MHEEH. RKKY AHE1F X #E %
KT AR RS BN g PEAERT

£ RKKY HHEAEM Y, f B-7H R E e SAME T 71 B g s fHEAEH,
L T B e, XA HAEH T LR A

Hop = —Jop S+ S wmmmmemmemememememeamemeamemeneees (1.4)

TE RS AT I AS A AR A Al & 8 o0, 16 S <. b )a it
TR — Mg AEEYRIRE A EAE L, ATk E] Si A0S 2 TA) TRl FE AR AR
My KANEEET =] (2xpRyj) Si Sjo XA AFARBAE W LUE e 2RI AL &, I
H.PA Friedel #R3% 050 1K 1.6 E/RHIR — N IESZH 2reRi IR0, X B
J (2xeRij) = I (X) AT AR IR A :

—X cosx+sinx

J() v TECTEIE s (15)

i AL S EIE R LR M Ce £ Gd BiE M Yb £ Gd, 4f 7 (70 %
BRI IHIG, KRB R IZHIE R, A RKKY A EE okl . Rk, R4
FE (I LA B P B REAT 5L FE 2 FELE FR)3 A2 de Gennes X R, S2=(gs- )2 (I +
1) &M Lt o R K BIEE g K5 9o MU A& J 415k 1.2 Fios.
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J(R;)

R; (A)

F 1.6 RKKY M EAEAF ) Friedel IRFGHEEL,

Figure 1.6 Friedel Oscillation in the RKKY interaction[®l,

1.1.4 Doniach fH[&

EICK TR RS, BN RKKY FHEAER R ELE, W2 A B3
4, MR Doniach AHEM 0 (|8 1.7 (a)). Mottt™F1 Doniachl?4g H i3 7 Fil 4

HAEFR R A E LR R, R iRE Ty = De”/@JP) F1 RKKY &

(b) 27 40 2.8GPa
5
10 o
- (<] %.ZO -I;c
8 i e <« .
o % 0 102030
: 6 AF % TLZ (KLZ)
CePd,si, %
o °
°
%
24 °
Jp Jpe °
i AA“Q;
: 0 T T ASCJ 3TC T
: 0 1 2 3 4
Tx < Trkky Tx > Trrxy p (GPa)
& 1.7 Doniach HHH.

(a) Doniach #HEM, (b) CePd,Siy fifi [ 7744k HIAH EI1SY, 4 &1 o 1 /2 H P 2R AE Il 5
[ 71 P = 2.8 GPa ACBEIR B R AaEUR LI OC £
Figure 1.7 Doniach phase diagram.
(a) Doniach phase diagram[*°. (b) P-T phase diagram of CePdSi,*%. The inset is a power-

law temperature dependence of the resistivity, at the critical pressure, P. = 2.8 GPa.
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FE Triy = J?D, Hh D NESHETEEE. WA 17 (@ Fir, 2T < Trgy
I, RKKY MIEAFH 53T, ISR o 2 Te > Trgwy N TRV 5 3
T, BN EPOK TR, BN R B RS IR A AT B e
R 2R ERALBIRETS, SN Teo 2 Ty = Trey B, MOSCBRIEAS 21 I R B 5% K
THRERTHAE, Bl NETIRS S BTN RKKY AR
ZIEIsES, AR TR R RIS HEF E IS, ORERRTE, 4R
AW, & E AR AN E TR 7SS, 517 (b)) RRMZERAT
T4 CePd2Siz B & 772 L IAR KT, & 1.7 (a) PR OARRE, o BT,
LA A ) BB IR, A BRI AR IR L T BT S, BRI S
71 Pc=2.8GPa, M. [HAFERZ, Doniach K H 2 52 RE 1T
Pl RO 2 18] 1 LRSS, 50 SR AL B 9% K 725 5 JRy 3l R S R 2 2 TR R P 4
EFNR, PUONEIR ZILER TS, B P A E SR AT N RN A7 4 .

1.1.5 Kadowaki-Woods (KW) X%

BAE SRR B IO 2 PR 4 8 R R B T R AR B, BRI iR T
@SBRI, SR AN R T B TR R R,
HPOR TR RN 8, fEFORARIRAESL T, F PHL R (Y AR P F 7 - T U T
S RUEL, p(T) = po + AT?, b po ARIRHEHZE, A NHIE T F
T EBHE A o m*?, T AT DA A € = yT, Hdy oo m® o X [ | 5 5%
KPR T — NERFRE: AEAEER. B2, ASy2 IE A/y» &—
MNER, SHTASRE m* %, Kadowaki Al Woods #561E & 3| k#6759
KFUEDN A/ y? R —EEL B A/y? = 1x107° uQ em (Kmol/mJ)?,
FIt LLIX A AR B 77 ) Kadowaki-Woods % £ 191,

SRT, WATER S EIOK AL G AT R KW KR, Rl Yb &,
ELU1 YbCus, YbInCus Al YbCUAI %5, "EAI1f) KW LLIEIREaE, 4ERFE A/ y? ~
0.4 x 107 pQ em (K mol/mJ)?. H&R LA —LE Ce B Sm AW, HIRE T KW
KEHR, WE 1.8 (@) Fim. N.Tsujii % AN T EBIXA KW B IS, 5T 27
KIBAEFRL, $RH T —MHC R

A/7? =1 x107° pQ cm (K mol/mJ)?

A=A/%N(N—1), )7=y/§N(N—1) ----------------------- (1.6)
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Forpr N OHERL 7 RRIIEEG AR 7 23 AL JE I A Ry o X T — AN RELIY
B, N=23+1, J REMshE . FEREIR e, NI TRk B R ek E
SiE R Tk Z B34 X T < E B, (RIRMETAT DUERENIT B N = 2
(S =1/2), XK EIOKTMER KW HAEABRIERE, B ST
AN TE PR HE A 34 (Kramers doublet) . 24 Ty > E I, SRS 2R/,
AERL 7 8] R LA R 4 A 1 AR, 8] 1.8 (a) W4k, AL LR,
PR N=4, 6, 8,

10° F—rTrrrmm

10° T T T T T
(a) F N=2 UBe,, ® (b) UBey; @ ceal, 3
2 . CeCuy S S . ‘(‘c(‘uh h
Ay =1x107 CeAl, M' =1%x10" Yth:S‘:‘“T’l__:
uQem(K mol/mJ)” ! 2 CeCu,Si, 4 -
, YbRh,Si, 10 1Qem(K mol/mJ)~ | E
10 F E E
F & N=8 UPt,
m N=6 _ ¢ Ce P ) b
N=4 YONIB,C 1 i CeB, g YORASi, (6T) ]
® N=2 YbRh,Si, _ CeRu,Si, 3
® 5f H= A Eu USn, # YbNi,B,C
10° E . A ® Yb UAIL, @ .2
3 N=6
[ CeRu,Si, 10' E ® U Uy SmOs,Sb,, -
_ SmOs,Sb, a £ £ up 3
€ UAL/ZZ I SmFe,P, » - ]
= YbCu, = U(ia,:‘.-"‘ o h
g0k oo H o OF YbCuAl /T Yess E
= fXbCo0 “Bu(Pty Niy ,),Si, G 3 SN ! : 3
< * = =% Yb,CoGay, %, YbCu, (Ag, ]
CePds @ Uln, YbCu, Ag, < < o Y E
FUGa, o - o CePd, |
5 il % Eu(Pty7¢Nig 25),Si, 3 E
10" \\\ (e E YblnAu 3
[ Ybhau NN YCuAg e
L 2 A A # YbNi,Ge,
L N CeNiySi, 107 . ; -
L . YbNi,Ge, /® cesn, E
\
107 N 4 & YvinCy,
E (N=8 P ® / yoal,
E > 10° YbAL / 3 -
[ ¢ AlY =0.36x10 4 3
[ YbAL uQem(mol K/mJ)®
10" /2 - T N 10 .f'i.....lu . .......1I el .......lz ——
10 10 10 10° 10 10

100
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1000
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1.8 Kadowaki-Woods 3¢ &2,
(a) ARV IE L 2K AR BB R (IR B P 7 REL A BEHL T EE RS v 1
Tiho (b) EIKFHRAMUGEMAEN A~7 2k, H A/7? =1 x 1075 pQ cm (K mol/mJ)>2.
Figure 1.8 Kadowaki-Woods relation(?],
(a) T2 coefficient of electrical resistivity A vs T-linear coefficient of specific heat y for heavy-
fermion systems with various ground-state degeneracy. (b) The renormalized A ~ 7 plot with

A/7? =1 x 1075 pQ cm (K mol/mJ)2

1.8 (b) FORMREMTENIEN A~y Mg, JLFHAREICK TR R

10
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DU B — 2 B2k b, (ERAEJLAMIS0 . Lhin CePds, RE TRF & BB KW X
R, HETER NEA 6, FTCMmeEs 7A~y MLk, XalvFmre R 7k
JEA ORI AL P B ff B9 AT O AEAIREIA T AT e K 2R CeNiSn il 52 3129,
MR — L AR RIS, 41 YbInAu?, YhoCosGaol®l LA K A% i STA 7t 1 1k —
UEFTEL CeAuzlng, WAWE | KW K F&, H T AR BA R EF HIfRE .

12 ETHESETFIRAR

W) 1) B AR AR T H SE A AR AR S A R AR . e AT RIS
FARIS , 2 HEREAA &I SR 7 A, (RN R B S B T & Bk
EHKEBINAT Y. B, N TRZEFTETYE, ETHRIRAERZ
REVFHET 2T, S To i ik B8 7Rk R 2 E K
TAEVRN FUE T AAR AR RE, OSBRI RE R RUZIR /N, R S il i
PEAMR SR (WRAEETD KR ETARAL, M4 8l S 1 2628,

121 BRMEEAEFIRFS

FANE K TIRBA KRS (Kondo singlet) A% —ANEWE T 214k
Kg, BT EREE -7, XMETFEHE T HETFSENE. B
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Figure 1.9 Quantum critical point involving a Kondo breakdown.

(a) 1sotherms of the scaled Hall coefficient as a function of scaled tuning magnetic field in the
heavy fermion compound YbRh,Si, [*31. The jump (as seen in the thick lines) represents the limit of
extrapolating the data to T = 0 K. (b) T-B phase diagram for YbRh,Si,[?”], where T* line is the

crossover line of Kondo breakdown. The horizontal error bars represent the fitting errors.
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Figure 1.10 A global phase diagram for heavy fermion metals.

(a) A global phase diagram for heavy fermion metals(®?, where Jx tunes the Kondo coupling
and G varies the degree of frustration (dimensionality). P and AF stand for paramagnetic and
antiferromagnetic phases, and the subscripts L and S denote the Fermi surface being large. (b) T-B

phase diagram for geometric frustration system CePdAl*4,
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Figure 1.11 Band dispersion for the Kondo lattice by mean-field theory™?.
A hybridization gap (Ag~Ty) is formed after the band renormalization. When chemical
potential crosses the renormalized band, it should be a heavy fermion metal. When chemical

potential lies at the hybridization gap, it should be a Kondo insulator.
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Figure 1.12 Physical properties of SmBe.
(a) Temperature dependence of resistivity on logarithmic scale for SmBg™*’1. (b) The magnetic

ordering temperature varies with the applied pressurel’®l,
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Figure 1.13 Physical properties of CesBisPts.

(@) The normalized electrical resistivity of La-doped CesBisPtsl®.(b) The temperature
dependence of the gap in the mean field solution (solid line) 7). The other two lines represent the
gap estimated from resistivity and thermopower, respectively. (c) Specific heat divided by
temperature versus T2 for different magnetic fields up to 60 T, (d) Sommerfeld coefficient y,

versus magnetic fields!®l,
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Figure 1.15 The formation of topological Kondo insulator(7,

an

The left side represents topologically trivial band insulator. The right side represents
topological insulator with band crossing of even- and odd-parity states (d band and f band) at an
odd number of highsymmetry points. Each band crossing generates a Dirac cone of spin-momentum

locked surface states.
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Figure 1.16 Surface state Hall effect in SmBel®].
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Figure 1.17 Band structure and Weyl-point distribution for CeRuSn[®el.
The left side is the renormalized band structure calculated from LDA+Gutzwiller. The inset
shows Wey! points existing nearby the small gap. The right side show the distribution of the eight

pairs of WPs in the Brillouin zone of CeRuaSne.
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Figure 1.18 Physical properties of CesBisPd3 58],
(a) The scaled resistance of Pt doped CesBisPds, which changes from a Kondo insulator to a

Kondo semimetal. (b) Specific heat divided by the temperature versus T2 withB=0, 7 T.
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Figure 1.19 Hall effect and ARPES results for CosSn;S.

(a) Temperature dependences of the anomalous Hall conductivity (a7), the longitudinal
conductivity (o), and the anomalous Hall angle (o} /o) *4. (b) Comparison between the calculated
Fermi surface (i) and the experimentally measured Fermi surfaces (ii). The magenta and green dots
in (i) represent the Weyl points with opposite chirality™. (c) Linear band crossing at a Wey! point

probed by the ARPES measurements at 10K,
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BTN B2 21 7 R T SR IRAN SR AR I et R Re s el (&1 1.19 (b), (e)),
IER Co3SnaSe & — MEHEANR - -

MnsSn & — /NG I SR, Ty ~ 420 KIMO, RSB A AR
/I (~0.002 pg /M), MHRILH T BRI S 8 /R 8808 MO 2 e e kw92
HbAl, ETEREA AN AT I R I IE G S AT AT, X R R i P R
FERIINRIORFERF R, 108 RISMRS IR A ARPES SERHIFSRMY, 71X
MR, ANFRE SOC I L7~ R BETT A X, 7E K s EEE—4> £ (nodal
ring). RN SOC, B[] SIS FRAs = 42 i B e 17 9 2, A 33 ae i 22 X
FEAEANR B BT ANRS B T OS2 4SS XA E, 15 4R
(Weyl cones) J= iRl JERTE S —RIVREEE (B 1.200. [H15 371
& AR EY) MnsGe 4 K B2 RIS R 4 @ A R,

E-E, (eV)

Bl 1.20 MnsSn SR KK AR AIAT H-K-H X HRER K & oL,
Figure 1.20 Distribution of Weyl points and dispersion along H-K-H high symmetry line for

MnsSnltol,

A — R A MR s T3S 5 AN R, ARk R T < B RE R
P PRI 8] S R R, L AnAEMA L 6 i NasBi A2k e HEAE SN2
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AN 2B R B AL T L TR BS R %, L AL 7 s i) Chalf Heusler) {b&4)
GdPtBi je — T REMTAIHENE - Sk, RERMIARARIRE Tn=9.2K, ERFE il
AR = AR AR s REYE AR, GAPtBI 141 R4S AT FR NS M B R AT,
UG TAE SR 512 20 16 BB ELRN 5K R AR AIE S 2 AR 3OS, i ) 1.21 o
SRACATI AL FL A [R] 25 440 (¥ 2 0 S Ak &5 40 g W22 21, 41 NdPtBi Al ThPtBIltel,

& 1.21 GdPtBi FIE H S BERH AN = 5 B R B SR 18],
(a) GAPtBi FIh R T iERHAT N . (b) FE/RHL SR IE 2K 31| 40 K 8] FE G720 B 2 .

Figure 1.21 Longitudinal magnetoresistivity and anomalous Hall conductivity of GdPtBil5],

(a) Longitudinal magnetoresistivity behavior of GdPtBi. (b) Colour plot of Ag,,, for T between

2Kand 40 Kand B from0Oto 14 T.
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B2 F HablEFSRIE

2.1 @& SE

FEBRASYEB T, B & R R EZE AT ARYE B AR S R 2 ot
RIPBEAC AT, RS PRGN H s T BN E AN B R, TR
LRI BIIE . Czochralskiv ~URHARH . G5 X0 IR RN AETTE . A
WU Fe M 1 3 5 g [ A S AR A RE, 3X — SRR i T2 s 3R I s
FEL TR B BV PR, B DL SR A U = Fha 77 UGB AL [
2y DL K B 7R
2.1.1 EME R A

LI 20 6 2 e il SR BT AR R TR (3 FH I 7 7% E& T8
Hh S R R AR A . FEXA TR T, EREE R OLHESR) K
NP S CanE 2.1 (b o), B kREHRS 3 2 4%,
R B m B AR ARG NTEN 0.7 MKAEMES, TR HH R
IRIIZR B, TR . H S F AR I 5 R 1 30 8] 7= AR 1) v T R o 5 s oA 9 Y

& 2.1 IR,
(a) M REARIERL. (b) fEfRtais, RG2S, N2,

Figure 2.1 Arc furnace.
(a) The overall accessories of arc furnace. (b) The configuration of furnace chamber, where the

upper is tungsten electrode and the lower is copper crucible.
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A AE RN, Skas BRI, iR B R] LAk 2000-3000°C « #5#k H FRFE S AT
SR I H 0 FC A L P9 RS U (R BS Fr DABR AR N RIS P R}
HIBAE I — DN ERI, B IFRY AR, Frdd 20 S fORE B, SR A A 6
B 7, HEATE ERHNE A 513 R H ARFE

AN, Gead TR AR I A RE f ol T EE R IIR AR K, DUBERATH
BRI FE A o IR KIS R A r A R JE R e B o S I
o QOIRAFE AN S ES SOR IR0, AT DU B BERE G, B NA SR T
SRJE TR T g AR — e IR S, IR ORISR SLIR B TLR BLIR BB K I H 1. H
SV I LU BT B, T H PR RAR T 8, & R R DRI o (H, AR [ 25 S R vk
NS FNE, A DA DUB R EHARARL, Rl xt T — R 5 R TR, A
TovEiEH
2.1.2 BIS R A

[F 745 e M2 BE AT DA R SRR, R AT DA R S . TR, SR
RN R4 HARAE S A 27 30 7 G 47 1 JEORE ek BRI B O R, TR
G5 NETRE EM ARG ERERAN (B 220 JFEEAHL (& 2.20)
AT, BRI R RS « WRA SLRESH R S AR 5
WA, W RATEFEBRNIAT . 3 T RFUZIE RIS i R ki 1
FIA S R, Ja O BB P 4 B e R R, BT U 1Y) et o T I A2 18 £ R

22FER%E.

(@) EHEHR. (b MK
Figure 2.2 Pelleting equipment.

(a) Pelleting mold. (b) Hydraulic press.
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FHAEM I LY BB R H Ar A o (AR 4RI, [ OBE & R i i
NI A, T ERROIN AL S AR S R REEATIE, R, BE
R E MR =R, A REAFBIAM . AR VA & B R R 1, R R B
IR N A R R, Bial R RIAi, AR ERERE,

2.1.3 BRIEFIE

TERERAVIA S, BT 2 M, BRI RE . nEe
FALARE L, FRATTSE A G d s AT 10 5 AR B RN (0 AR 2 R . AN, ZEPEN &
o, T A St B A A [ B 7 e R, A5 ) S R R
DI E 0 8B 70 7 1 BT AR o B 7105 2 o) % L o 5 o e 4 B4 2 B o P 10
V2, T L R TR BE A IR A R I B R AR K H R B R
RN, HIEARBCKES, KA (Sn) (EBER], ERKABIMEIK IR
P48 CeRusSns HLan i (8 2.3) R 300-500 oK fa . T LR #67 FRAE I
B2 A A B FE A K Ce ALY R A R R BIPAaigR
N Ixdmm?, AT RLE B LN RS EREE Imm 2 .

-

CeRhsGey CeCuAs, CeRu,Sng
CeAlSi

a
#® 0

CeCuGa, CePd;Gag CeAu,In,

& 2.3 BEFIEE KBS ERRT

Figure2.3 Some single crystals prepared by flux method.

29



o IGO0 A B T AR R

B FNE AR f o2 FE AR e SR IB I T 2 s ST S B R AR AE K I
AR I RE AT o AN A A2 s 06 B K B WL 7, I 3L A B 53 O
MERL &R, iR . 18 2.4 ORI B TR A K R JEH AR
PR E AR A E AL R, VRS BIE R AR 2 O, AR B A R K
REVIE . R N BB A8 T, B8 T/ Z A
E A R AT, (ENHIR S A SR IR Gt R BT Lk A R L
P ity 55 BRI A S R o B0 AT SR TEON ) I P AR B0 8 e R RE 13
o R IR IE LS PRI BRIR, (815 SR U T IZHT IR, X R 7R 2
JUREEJUE . BEEREF INAIFIE BRI, FFahiJa OREFAE T BIE S R
IR FEA S R A RN B O LA RO R, AAERL ) B AR 2
ERZN SRS

i fot
FIEE

I

|‘ Hi I\I I!

BHA Fite

JE ) gl

2.4 B BERERMAEKERE.

Figure2.4 Schematic of a self-flux crystal growth process.
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R 2.1 ERTRIET N R IEE A

Table 2.1 Properties and applicabilities of common elementary flux

Bk & (°C) (ER &
Al 660.3  HIE TRRBGAW, WML RS T A RS RS AT
BREDIER, AT SARBIERN . 4, B0 RBs, R AL ITER.
Ga 29.7 WA, Wb, BERIEEOE, T R T EREEREY.
SERBRI N, Fy i PR R T
In 156.6  FAMG WTIR, W ERZEEE  EMTE M ThCraSi: JEM LK
Wt 4, HMSRAREANIAK. SN s = EY.
Sn 2319 ARG, R WTR, BEREAE @l TE BRI ML E Y
IEHN 3.72 K. wE.
Pb 3274 RAK TR, EEEFIE RIS S TS R G
FRAVBUEUK R &M% FR, S
FARIRIEN 7.193 Ko
Sb 630.6  MEmiE, Wi NASRAAERM. @A R RN o
=EE.
Bi 2713 AR MEhReE, AR EHE SR TSI e &SR

EEEEREY), ANETIR.

ML EEREAEY.

2.2 HREEMIRIE

FES 5 S UG, B TR A M BT RAE . WIS AR X 5
ZRATET R A XS RAT S NT . R X SR ATH R IR R B RO AR, MR
PR b, SRERE IR R RATSHURE R &, MR, BATLE =& K
el HA A (SHIMADAU) 4wl 4] XRD-7000 X SF4 AT (Kl 2.5,
FIFH Cu () KaBUREF= A 1 X S ER1E =0 N & i R . REF RN
HHE v CLASR A A RE it 4B R, DL R E0d = v U R d A . B ok X 5
LRAT S Bt RT DA ST B AR, B in POWDER X, 5 i 4 435 1 A0 it s 5 20
AN AT G B RE SR ASE A, B T EER T B X S AT SRR I 7 R A
n ARG R LA BITVER ) f AR S A i X ST ZRAT SO P DA SR 45 B di e it
SERRIAl. BEAh, RERE L X SFERRETE (EDX) Wi ISR <2 ke i i Ak 22 3l 2
R E
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B 2.5 ¥R X S ERATHAN

Figure 2.5 Powder X-ray diffractometer.
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B SO 2R F B R AN R A 2.6 Fis,  ANAFIIN 51 AR N LR 2R
Hh () AR 51 R VB LR 28, 51 2 mT LA B 22 B0 22, 3 P BRI 7R i 3R T
X TARAGIR T &, A TR AT Rk N Ak B REL, A IR B AR S R
FERE b

2 K PL Ry A i R R AR LR S I & R 48 e . 1% & (K] 2.7(a))
R AR AR R, B LA B Sk O T SRR DL K 2 1.8 K BRI -
ARYEAS R B0 5 75 SR AT A% PPMS LA % R R R 1, e dn # B PRt 404 i BEL
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# (Resistivity). L# (Heat Capacity) Fl#4iiz (Thermal Transport) .
PR, R EG R AR FT (B 2.7 (b) SN PPMS HLBHFD) GRS,
FRAEFE AR E IR GEE <ImA), FE 2 5% 15 e 271217 B

@ |

B 2.6 LA B FHEME /R AR E .

Figure 2.6 Four-contact schematics for resistivity and Hall measurement.

& 2.7 LB YA
(a) ZEBvEm A L/ rE. (b) FBHIIESG.

Figure 2.7 Physical property measurement system (PPMS).
(a) PPMS and it’s accessories. (b) Resistivity puck.

AR B AR, X B 2 2 *He-"He MFEHANL. &1 2.8 Ny
AT = I RRE A v AL, RS R AR TT LARE 2 30 mK, #id s miib 2] 14 T FikE
HVRHLE IR . He-*He MR A MUATEIELE =T 0.86 K N, A *He fELME
B HEBIVE RIS *He o MRS EREZCT 0.86 K 5, WA WA H
FRPRIAH, & PHe 2 HIAHRRONIRAGAH, 112 *He D RIARIFR NFBEAH . 7£ 0.86 K
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PUR AL — I LA B — € SHe & B RIMBAIRIRGIAE, JFIX B 2 P . 24
MRl *He I, O T OREFPIAIT- 7, R 48 A Hh B SHe 38 1 A 5 i ik
NRREAARAN RN AE 1K) *He ST o e tH 30 AT LLAIIE 3He FERRREAR o (10 ) A6
PR IR A P 2R, P DO R R B A 7 2R v, R 2 JN I H

& 2.8 3He-*He FBEHIA L.

Figure 2.8 *He-*He dilution refrigerater.
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0.2 mm fify, FREAMHIRLREXIAR: 3. MEARRIR A s, Jy 73285 n)
WL HLRAR 5, 51 2 SRR R A ik F PH B wT et /s, R AN 1 BRI, el
KH AR

2.32 HREzNE
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ORI SRR AN B R R, P MORHIBOA TR A, BROK I AT ) vl 25 2 P 4%
RO B R AR A B TR T o FRATT I s MR A 2 56 T PPMS S8R, SEBR
b, PPMS HH A Mg s 1k, WIERRIET 7708, RAAER—AN
W, N THRATTE, WEAET, B TN 0.8 mm AR &AME NG, Fr
PAUR BRI 3mm LU ERRES . X T E/ANERE i, FRATH O 8 T — % PPMS 4ME
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BRI S RAGE, @I Ni ARFERRHESS , B/ el BAIE] 1 mm RIRE . i
e SR JEHEE 2.9 Frox, SinvEiliERm, mAEREQ). PURFEREM,
PR IR (V)RR FE 22 (AT) o e 3 O FAGTR N 1 8 ST il 1) R v R 2 DL SR e
MRS 2 o AR RMER TR (0 = QIAT)IE A I IA(S = VIAT), MR HAET
e 75 AERRIN A O IR 22 (AT, AT PPMS 7 A &K A IR B TR 22, 3.
ITH FE BRI 2 F S 2- R A R R IR 2. A TR be#, HELR
1 20 fOK IR 4R 22 . B 2.10 73053 5319 R v 4 P R I #Aania puck 1 PPMS
[ 1 ARTE puck, A5 R B R R g R .

V.

- Fh
%YJ—L j:”:]nn EELBE

AT

A 2.9 #sia i 2R EE.

Figurre 2.9 Schematic of thermal transport measurement.

(@) g

& 2.10 Pz P B W FE.
(@) KA ERIIFERSE, A2 PPMS HAFHEESFE. (b) F1 (o) 452 % H
IR iR 2

Figure 2.10 Pucks for thermal transport measurement.
(@) The left two are home-made pucks, the right one is PPMS puck. (b) and (c) are sample

wiring schemes.
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s E WA JVMESE R R R 1 REERE M L IR 22 1 P A R
T ATRERIE, R ZE AR, T REIGERIEEE . 2. I BRI PR ARE
KK, BREEEAKRT 0.25mm, EHMEFMENEG. 3. Fniaaswd, Jf
fERH BN E, B

2.3.3 LEIME
B Al & 56 SRR L 5 R RO R M AR AR R — TR B B R AETF B, &
AR I T PPMS 71 5E BT - PPMS [ 5 EE B 15 F AR At 75002 £ L
Fo RSt FRIE I B LA T o, HE ST M AR, AR J) e T DAAS B4 1 S5 4404
K 2.11 Z2LEHGEEEE, —HhSdTER/MERH SRR (N-grease)
HEEEAFEME B (8 2.11a B, FEahE R N MARGEAREE T, JF BP0
KRG RLE M E, 18 FLREAERMFHEIIG. B TS FLAEE IS,
%u%%#%%%%@%%pmMEEWw%@L,#%~A$%%W§%(E

2.11b Fo) IR RS, IS AR 6 SR AR b, R
(®)

Bl 2.11 LERAMESE
() FL#FERFE. (b)) /NIRPER.
Figure 2.11 Equipments for specific heat measurement.

(a) Specific heat puck. (b) Small absorption pump.

RS AIRE B & IR A LU, (AR IR — E R ZE T, ek
BAF SR 2 — T AR A FUA SR . W& 212 () fis, 2 — TR 5]
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T, FOG L AR 7 R R

P(t) = a ;t( ) + kl[T (t) TO] + k2 [Ta(t) - Tp(t)]
e R LGN H()] E—— 2.1)
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For1,C, =2 puck TS StELHR, C) RFE M ELRR, TR EIR L, T, (6) —FE i & IR,
T, () RAE SR L, ey Rk, 73 R PRI 2 2 [R]R # 3 28

BB T,(0) =T, — Aje™ ™ — Tye /%, ¢ fllr, R FHLFE 2 A1)

st LI 1R], AT I 0L TR AR B 45 e o T2 BLDIER O PRI RS I # s B -
HT AT DU s 1 B A

kit
Cp = kg (1 - 2/Ca) + k Ty, — C, ==mmmmmmmmmmmnenes (2.2)
@ T,(t)
k2 (b)
P(t) st T,(t) P(t) s Talt)

ky ky
Ty Ty

A 2.12 Bk RN E R EE.

(a) 2 — MR, (b) 1— 1A,
Figure 2.12 Schematics of specific heat measurement by thermal-relaxation method.

(@) 2 — tmodel. (b) 1 —t model.

HFEaL S G 2 B A R A, MRS AE TP R R IR, BE A
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— AN AR ) R S T — AN D A SN R o ZE PRI A, R A
R, SR A ERZE . 55 /ME LR & I 2 b el B, AT R
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W/ 28 1 *He-*He FRREHIAHLAT 58 5L, R FH 142 B il 6 X002 22 P 9 485 5 B
PNGOPRr N

38



52 5 PR S RAE

& 2.13 BB B .
() HIFETFTWACIRSIFESBERT . (D) FEMFF, LIHRA%A, T8,
Figure 2.13 Device for magnetic susceptibility measurement.

(@) SQUID-VSM. (b) Sample holders. The upper is quartz holder, the lower is copper holder.
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Figure 3.1 Critical phase diagram for several typical quasi-one-dimensional materials.

(@) T - x Phase diagram for YbNisP1-xAsx*2%], where x ~ 0.1 is FM QCP. (b) T - P phase diagram
for CeCo,Gas'?4, which is proximity of QCP at ambient pressure. (c) T - P phase diagram for
CeRhsGe4*?], where the quadratic coefficient A of electric resistivity and Sommerfeld
coefficient y are diverging at P = 0.8 GPa, means a FM QCP emerges.
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HATER T CeAualng ME HIAEREIEZIRY) LaAuaing F 5 FE R, FFAF40T 5T
TEARIRACERYIVE . @i X CeAuzlng PR ZE A2 WAL 2 A L A AR AICIR (3
0.1K) Ve, FRATHINEERE 0.9 K RA RREAAR, T HAER FAH A
B EL RSy AR K, A3 369 mImolt K2, fEAHASIAE TN LR, AT 223
T HKTARAT A, R AT LS 3] Kadowaki-Woods EEAE (KWR), 447 =1.47 x10°°
uQ cm (K mol/ml?. 4 NEAMIIE, CeAualng f) KW LUAR ELH WL &4 vahi 8k
MEAILSN Ce HEIAK TG E N —MES. Kbr b, XANMH KWR

42



3 F BRI A% T CeAualna B fi i AL KA PERT FE

EAEHE WAL T BB T I SR v —4ER R YDNiaP'IF1 CeRheGea' 21

WHWE R, HEF] CeAuzlns FEITLRHT Ce-Ce JE T EFE M AIET HHA, K

A EAR AT RERE — N S Bk A AT P 550 1 Tk T 0] ) — 4 FRA% 1AL & 0,
b AR P REAEE I E T IR IG

(a) 05 T T ] (b) F
HI00) 2o+ PIELSESIT, [
_odft -mip] [/ m”[ 1ok
3 <~ HiIo0] 2 il [mu] RV
£ 3.0 <Hioo 1| 5 [
E 03 Cemuhr, 5 ;oo 1] E gl
8 02k % SkOe £ = [
X ) 1 O [ CeAu,In
01k ., 0 20 4 6 50 100 120 04r o
’ e H (k0e)
0 s e ——;::::;:- OI- M -.7L L M B B
0 10 20 30 40 50 0 5 10 15 20
Temperature (K) Temperature (K)

Bl 3.2 SCERHRIE 17 CeAuzlng FIBEAL ZE T EL Hh it 281428,
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Figure 3.2 Magnetic susceptibility and specific heat plots of CeAuzIns reported in
referencel28,
(a) Magnetic susceptibility of CeAuzlns with fleld parellel to the three crystallographic
directions. The inset shows the magnetic isotherm at T = 1.8 K. (b) Low temperature specific heat

C/T versus T.
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e B EDX RAE, ESERRATAIFESN R FLEFl 2 Ce : Au: In=1: 2 : 4,

3.2.2 GiREEH
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RHEFR 3.1, CeAuzlns KEUHZ IEAZ A5, 23 [E#E N Pnma (No. 62), XA

GCHRIRIE I — 2028, AR SN a=18.4704 A, b=4.6553 A, c=7.3688
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LLETTRHARE 1xImm?,

AR Ce-Ce FillTABIIEE 2 (4.655 A) MIXTLLEK, (HAKSRTE Ce JERIA T #4
ELHE) Ce JRTIAIBRARTG I Z N o GnS2 7 4581 Celns, EHIIRIT4R Ce-Ce R
[ FE N 4.69 A, ERLFEARE Tn=10 KB, gbah, RATEM T =HE FHRHE
X SHERATHHIN R, MEFTREMEN (K 3.4) 5HTE 3.1 M BsRiHEN
Bragg U536 T, 15 B FRATT A SR d B i B AT AT A4 A
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& 3.1 CeAuzIn, L EEITREIE S H R SR

Table 3.1 Single crystal XRD refinement data and results for CeAuzlIna

EZ ZHUH

Rl RV CeAuzln,

HX 72 993.33 g/mol

T S 273K

LNV RIS Mo Ka (0.71073 A)

STUNZR A EAR

eal lE1F 2 Pnma

Fir i T AR a=18.4704 A, b=4.6553 A, c=7.3688 A

a=B=y=90°

F AR 633.61(5) A3

Z1H 4

HG S 10.413 g/cmd

MR AT 2 67.310 mm

F(000) 1648

hkl 3 [l —24<h<23,-6<k<6-8<1<9

MRS 1 Z H A

75 RiicE 6031

R(int) 0.0692

PRSI 1.167

& R B 880 data, 1>20(l) R1=0.0641, wR2 = 0.1661
all data, R1=0.0641, wR2 = 0.1661

Iy = w=1/[c2(Fo?)+(0.1192P)2+11.2708P]
where P=(Fo>+2F:?)/3

It HRE 0.0041(6)

SERFETHOR HE

SER TR Y SHELXT 2014/5 (Sheldrick, 2014)

FEIETER SHELXT 2018/3 (Sheldrick, 2018)

45



o IGO0 A B T AR R

2 3.2 CeAuaIn, B AL B MSEH0E&  [F R T s 24 (A)

Table 3.2 Atomic coordinates and equivalent isotropic atomic displacement parameters (A2)

for CeAuzlng

R+ Wyck x/a y/b zlc U(eq)

Ce 4c 0.14109(6)  0.25 0.52058(15)  0.0178(4)
Aul 4c 0.53789(4) 0.75 0.75656(11)  0.0192(4)
Au2 4c 0.28212(4) 0.75 0.53142(11)  0.0188(4)
In1 4c 0.68448(8) 0.75 0.6765(2) 0.0174(4)
In2 4c 0.18876(8)  0.75 0.23177(19)  0.0163(4)
In3 4c 0.46518(8) 0.25 0.8534(2) 0.0184(4)
In4 4c 0.43244(9)  0.75 0.4878(2) 0.0204(4)

& 3.3 CeAualn, ¥ AL .

(@) W5 b Bl (FESERAD WS CeAuzlng SRZER . JIRZHR 7y at AN /2 Ce JR 1 [H
MEAIEE, TBOREM (b) fizs. (o) #YE b MidERA 2 ik, Ce-Ce JE rHEM G Hrh.
(D BHIR B R B R o

Figure 3.3 Crystal structure of CeAuzIna.

(a) Crystal structural of CeAuzIns viewed along the b axis, i.e., the needle-like crystal growth

direction. The shaded part highlights the coordination environment of the Ce atom and is enlarged

in panel (b). Panel (c) shows the polyhedral unit extending along the b axis, Ce-Ce chain is

surounded in the stacked polyhedral. Panel (d) displays the photo image of the single crystals.
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& 3.4 CeAualns FPBYR X ST ERATH B .

Figure 3.4 Powder x-ray diffraction pattern of CeAuzlna.

33.1 HiLER

AT T WA A PAT R T b 0 BRI, EEZXIFTE 2 - 300
K, W& 3.5 (&) frox. BRI T U8 BT IR AR s i) & 1) e 1, T=
2 KB, xy/xy = 640 %ML RSP —5, BifbAAE 2 K DL R B3
Wi P IE. N TR CeAuzlng 7E SEARIR B IREYE, FRATTERGREHIAHL P I &=
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FIEIE (), BAEE 100 K LA B ZRMERH MBS /& B -4 e i, HRianE
b AE B8 FLIREE NIE(E . LA 100 K DLERJE B4 7R, AT LS 2IRE T
17T b Bl BT b Bl E RO 5 G 2.53 up 1 2.59 g, HIEZA Ce B
(O S 2.54 pp BRI o S Ak, NG LR R AT DL kAR B, Wi AT T
b HAITEEL T b HH 4> 54 8.57 K M- 42.6 K, ZFRHIXAMEAY) LA 1R R AR &
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& 3.5 CeAuzlns IREALER Bh4E .
(a) ANMEESTE EAPAT T b MR B R # 2k, H B=0.1T. K B rIRiLER K
{EIE a2 A2 . (b)) CeAuzing BURIR MBI E, T = 1.1 K (2RI MY i) S BkmiAH
AR -
& 3.5 magnetic susceptibility plots of CeAuzlna.
(a) The dc magnetic susceptibility y measured in a magnetic field of B = 0.1 T applied parallel
and perpendicular to the b axis, respectively. Inset: Inverse susceptibility 1/y as a function of

temperature. (b) The ac susceptibility at low temperatures, revealing a cusp at T = 1.1 K,

characteristic of an antiferromagnetic phase transition.

20

_—Bn’/b T=2K
1.6

B(T)

K 3.6 CeAu2lns 7E T = 2 K HIREAL B 26 o

Figure 3.6 Magnetization plots of CeAuzlns measured at T =2 K.
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A DLUESE), 3% K BRI REFE B A e I R SN AR 55, T H CEF UK B [RIFE
RN

a T T T T T b 50 T T T T T
(a) N (b)
304 —p, 3
—_, 4.5-50
z - :
G 204 tED 4.0 00
9 g :
= 3 Ky
Q
® 35
10 #
3.n-f =
0 : ; . T T - —
0 50 100 150 200 250 30 0 4 8 12 16 20
T(K) T(K)
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(a) CeAuzlns FIERAFMIMET 57 LaAuaing HIHIFHAR#I 2R, DLACHTH HIME STk 70, %
o HPIE R ZESH. (b) CeAualng MK HLFHZ8 AT LA H M2 2R 1) P oK IR AT Judtiidk p =
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Figure 3.7 Resistivity plots of CeAuzln,.

(a) Resistivity p(T) of both CeAu.lns and LaAuzlns, as well as the magnetic contribution
pm(T) to the former estimated by their difference. (b) The low-temperature part of p(T) for
CeAuzlIns. The dashed line is a fitting to the Fermi liquid description p = p, + AT? at T < Ty, with
A=0.20 uQ cm K2, Inset shows the low temperature variation of the temperature derivative of the

resistivity, where the maximum marks the position of the AFM transition at Ty = 0.9 K.
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Figure 3.8 Specific heat measurement results for CeAuzlna.

(@) low-temperatures specific heat of CeAuzlns and LaAuzlns, as well as the magnetic
contribution C,,(T) to the former estimated by their difference. (b) Magnetic entropy of cali,
estimated by integrating C,,,/T with respect to T. (c) C(T)/T vs T? below 1 K, from which the
Sommerfeld coefficient can be estimated as y = 369 mJ mol* K2 by extrapolating the linear part

to zero temperature.
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Figure 3.9 CEF fitting the specific heat of CeAuzln..
Magnetic contribution to the specific heat, Cn/T, shows a Schottky anomaly at 19 K. The
dashed line calculated simply from three doublets CEF scheme with E; = 50 K and E> = 400 K is

shown and can describe the Schottky anomaly reasonably well.
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[ 3.10 CeAuzlIn, FE#EIA T HIFR AR
(a) WA FHER A2, B/j/b. (b) T=12 LUTHIHAEH p(B).
Figure 3.10 Electric resistivity plots of CeAuzlns under the magnetic fields.
(@) p(T) of CeAuzlns measured at various external magnetic fields with B / j // b. (b)

Magnetoresistivity p(B) below T=1.2 K.
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Kl 3.10 () JE/RIZE CeAuzlng TEA RIS NI IR po(T)REIRE (T<1.2
KD §1224k, B//j//bo B BAREA RS, AR BOA R B AR . E
4 0.7 T<B<0.85 T I, HIFHRAEME T HI—MME (FikdBmal), 21U
1L RAE B4 KL CePd AIMSHAN B84 A7) URULSMON i gl 22 21, Ji5
(47 At AR REPEAIAE (metamagnetic transition, MMT) SI#2MH . ZEREBH o(B)H
M2 (8 3.10 (b)), FATFEFEMER] T MMT FIRHE. iR ERT Tn
I, p(B)Je e i G Ingetg o, BEJS7EIR 54 B A SR B, Be Jy MMT
AR L

0.0 D.‘E 1‘.0 1.‘5 2.0
T(K)

3.11 CeAu,In, FEREIH T HI3Z MR (L FOLL AR LR
(a) BN 2 IR HA 2RI S8 ¢ R EL 3 CIT iR B2 AL IR, B//b. (b) ANF
RPN AT AR BRI AR AL, R LATE 2047 W2 ) [P . JAi R RAFHAE T= 0.3 K
Ak, AT I Bl o

Figure 3.11 ac susceptibility and specific heat plots of under the magnetic fields.

(@) The upper and lower figure represent the real part of ac susceptibility ' and specific heat
CIT, respectively, with B //b. (b) The ac susceptibility y’' as a function of magnetic fields, the
hysteresis behavior are clearly observed. The inset plot of MR at T = 0.3 Kalso shows the hysteresis

phenomena.

K 3.11 &I NS y AEL# C/T #hizk, B/b. 40 3.11 (a) fr
7~ (T CITMERRILE T R AR R AE0E,  ELARFAEVE B 25 SN IR 37 38 in
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3 F BRI A% T CeAualna B fi i AL KA PERT FE

FMRIRAS B, FRUGIESE CeAualns 7E T=0.9 K KA T BkHIAHAS . 24 B=0.8 T i,
7/ (YA CIT(T) I AHAR U ERAR AR BN, B IR AL T RER A T —ZAHAER, AN
T ) FRLE R AFAE S B o 6 AR, AR R (] 3.11 (b)) DA HFH (14 3.11 (b)
FED IR EIAT At R CeAualng 7EI F37 N T g 24— G PR AZ

26K 3.10 A1 3.11 HIREI T, FAIAS 2] 1 CeAuzlng K125 L7 -ifk BEAH
B, il 3.12 s . BEEREIAIEIN, AR SRR 12 B A, SRS 7E 0.8T
B30 E - T AR P A B — R PR AR AR, R B A A AE — A = AR 5
s (tricritical point, TCP). X /MHEIF YbRhSI:MUTE K /) P = 2.3 GPa K i
JE£ -3 FE AR AR B o A SCRRDAYI i 18, 22 B LA YbRh2Sia 1 811 547 Ak
AR, IR A EME R &7 A IR 5 A (quantum tricritical point, QTCP).
Bl R g m 282 P33R R AR Ty(H) = Ty(0)[1 — (H/H)? &35,
B=125T RIIFFHIE TG s, Sbr b, WK~ CeAuzlns (LA 7 1ERIY AT
A BER BRI S, TR MMT 278 TCP Ab%45. FIREHIE

XA, 7R T 3RAT B A LI 2 B B 4R KA AT . 8T CeAualng
PLIS AR RO R A i P82 DA B0 T 1 = AR N 5 AL S, 1Rk vl R LU AR S il i T
PR RTINS . EJI RS H i BT

T T T T T T T
1.4 B/lb = p(B) T
] s oM
1.2 " Z(B) T
16 = (D ]
1 = D]
< . i _
N 0.8_ g
0.6 =‘\ -
1 AFM 1
0.4 L 1
0.2 B. wm 1
] s
0.0 . ; —— - .
0.0 0.5 1.0 1.5
B(T)

3.12 CeAuIns EEE T AR E-HiIAEE .
23t RUZARER T 1 3 R U 1) S A AR AR TR
Figure 3.12 T-B phase diagram of CeAuzlnsat ambient pressure.

The green point line represent the AFM transition temprature predicted by mean-field theory.
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3.5 KRE/N

BATH EBERIR 7RG T CeAuzing F1'E I AEREPE T 5t LaAuzling 15 &
P, P HR R R . B0 X ST 2R AR AT 10 45 R B CeAuaing BAT IEAZ 4514,
2 [a) 8 Pnma, 1 HLIRUEAR Ce-Ce J&UT I PEVRE £ )T ). 45 G AR R
PHER, Ui ZE DA LR &, FRATUESE CeAuzing 7£ T = 0.9 K kA [ LT AH
A5, HBL R A RETTHRIEE R R -InT 478, B CeAuzlng [T HE 3R 1R
W55 . 73— J7 T, MIZEVINRAGIER L AR I 515 2 1 B 7 EE A &R 2y =ik 369
md/mol K2, HREERETE Tn ARG /N T RIN2. BR T S5 BERON LA, FRATIN A
TXMIHE—ZEPE 51 2 ) ek v 25N 25 D AH 5% - b Ak, FATTIE K I CeAualng [ KWR
A (Aly?) W FUE ok ARG BN —ANEGR S, T RIRER IR AE e
S UE— AEIT RS T S A EE S, 40 YDNIsP2 1 CeRheGes. XM
5 I — YT A TR AT 5 TR R SR R AR y EI R R A, i

S KWR H, EHN . W X AR R DL TE R AR R IR AT, %

CeAuzlng itk — L (Wt FUK A T R R DLSE A B B 4 .

BT R I SL I A 7E CeAuzlng =L 21 #1784 1) &1l AT
Ao B, WATRBIBEAE WA I, ZA R ] R BO—A ARG S, JRAE
WAL B — A R AR I I B — AR AR AR . BB H] CeAualng ML iR JE (Ty
=0.9K) PARRAEZAHIG IR M 0.58 KD #BIRME, FRATIEF WIfsE: ok
F) e 3 U 2 SR8 e SR PR A S5 5 e I A G, TR ESR IR,
[FSE 1) RAU2ING (R = Prfl Nd) P25 2 K DL %A R #EME, 1X— fU2
MAMRYER %, [FIFE A0 — B AT 5T
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BA4E KERFRELBERTF CeCuAs: MRAEKTIMERR

41 ARE=

T RRE D — KA A R f TR BRCERA R SR f T RETT S T
TREM A 2T R IR A RERR, RS L R 4 S AR 2 B P OK T & B L T 9K
REZAI AL BERR AR AL B o 9K TR &R RN T I AR M E oK TR
A —RIT R &R . AR O 2R E K TS B R, R4Sk
HIK T mAEZ S NERKMTT, Wk RACRERR . BRI RN (1%
TR 1 5 A A 1 S AT 48 95, Ty T A TR B LU AUIR, X — MR A AEWS
FERTIRE R RN, (Underscreening) 149, S8R w REYIME. oAb, B
AR B E TR T &8 | T o B IRPUE R G LA W Be AR B9 Hh RE
[74.87.89], jx — fUE AR G T ATA D B2

FESCHR AR AR, FRATR I CeCuAsy & — MNEA R T4 8, thAHT
TR PRI R 1R R . Kausik. S 58 NMSIR JE E4E N & T CeCuAs: 4
Y, RIVE DR RE TR —H LI, GRNERE SR, HEHREBHX
RN, MR ESCKRTFE&EIT RN (K 4.1 (), WALRINE TR Ce & IE=Ar,
A RIALTREA FAT . 556, el CIT ih4R7E 25 K fHEH — AR
e (1841 (b)), HERHETHRRBURK,

N T HREF LRGSR E TR T2 R &Y, K5/ EET CeCuAs,
XAFEL. CeCuAsy BATIUJT HfCuSi, JRAREGH, Horb Si AT LIHBEIRITER (P,
As, Sb, Bi) fUE. sLbr b, KERILY) RMAs MERELY) RMSb, (R Af+
TLE, MONHELER) R4, SR, B CeCuAsy #b, & [F 45
ML G WERIH T HAA FAT N, AR 2-15 K Z[8). A S E 5
TEY, CeCuAsy KIMNTEM A -

N T fiBE CeCuAs, KIS H WM, E.V. Sampathkumaran 25 A\ M8 34T 1 %
1E1E (tunneling spectroscopic) vy He SR, B TE i (1) S 46 45 5 i 7k CeCuAs2 i
FRIUE T REREBRARAE ORI 4.1 (@) FALSTFRICB BTN o TR F1HSE5:
&8 9L 07 F BH 2R U AR R IR (P < 10 GPa) T AR AR Jyrm & (P >
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—~. 204 CeCuAs, 0 = (i
E | i CeCulsy .-"..-
o 164 ® 2 .
E e T 5 -
a 124 \ = .
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K] 4.2 CeCuAs; fipige43,

(a) v (&I v BE A B BE ARV E A B3e A, R i DA A 3 9384k (b) bR

—IEE AL CL CIT FIREL#Y Cr 145

Figure 4.1 Physical properties of CeCuAs,['43l,

(a) The upper and middle figure represents electric resistivity as a function of temperature at

linear scale and log scale, the lower figure is thermal power (S) data. (b) The plots of heat-capacity

(C) as a function of temperature (upper), C/T versus T (middle), and the magnetic contribution Cr,

(lower).

(a) 15 T . : (b)20 ———

218K

dl/dV (mS)
=
——
<@c
(5]
-~
L
p(T)p (300 K)

T=42K

(<0.1)

CeCuAs,

-1.0 -0.5 0.0 0.5 1.0 0 100

Voltage (V) T(K)

4.1 CeCuAs; FIBEE 1A s 7 SER 45 R 1481,

200 300

(a) CeCuAs; bR S, T=4.2 KMl T=21.8 K [543 0HFRE [5a & B8 B RS [ H-AE.

(b) CeCuAs; [ HIFHRAEA R K1 T R

Figure 4.2 Tunneling spectroscopy and high pressure measurenents results for CeCuAs,[*48],

(a) Tunneling conductance for CeCuAs;, where symmetry sholder at T=4.2 Kand T =21.8

K represent typical gap effect. (b) Electric resistivity of CeCuAs, under varing high pressures.
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10 GPa) NHJIEMA (1E 4.2 (b)), X% RE R 2T ) LR OC M . R, AbAl
W CeCuAs; W RE 2 — MRk, RS M H B 2R B R H IR AT
N

CeCuAs; AFLAAN R — NI 1, BAHKRREA TR Z A5 FTH
FER R 2 S ARL, ST EN] . S T i — PR CeCuAsy F i MM AALE
JEEA, FRATT ST & s T BB A A, TR IR B T — R RALE
FRATTH) . S50 25 SR R CeCuAs ITEBEE Cu & B AL R A B E . 1%
FORHEE AT DUE AL 25 R LR “HfCuSiy” 454, thal DUE L & Cu s fE“2c”
A E AR TR L “HFCuSi:” 451 . BRI Z M E R, — MR H K
YA FRERAT AN, 51— MR SARR I AR BB RAT . 5i4h, K
B T Cu & & HE ) CeCuxAse £ fftil, KI x % Hagik] 1.2,

4.2 CeCuAs; RIS K FLEMFRE
421 BAFEEK

FRATTR T P ARAS [5] (4 75 925K 4 B CeCuAs, BB . —Fit Bi fBha 7
ks PR RS . Bi A FNE A R R m Al R R SRR
Ce. Cu. As fl Bi #ZBE/R& 1: 1: 2: 4 WLLBIRCLL, 2Rdtbamin, SREH
NEETRAREEN . BRI AREADRPEH 8 NN ZE AT
600 °C, 7E 600 °CIZ=FE 10 AN/, Btk As MIZE RIS K, #BA 5. FH 6
AN/INEF AR 1050 °C FORIR 24 AN/, ARUEJERN AR 2 TS H IR RN . B S
118 AR 31 550 °C, AN 1°C/h, fF1E 550 °CIRK—KR, FREL. LRI
ABhER Bi 1F 550 °C il N R B ORI TVE R, BUGTE RV 2 RIL M
AN, RSHE 0.8% 0.3x0.2mmd 245, Wi 4.3 () B SEbr ERATE S
AR B4R (Sn B P LA % Fel A ] i Bh i 71 LU A5 K 1l 4 CeCuAsy B s
B )5 RO Bi EBHAR H Ce: Bi=1: 4 IR IRIF. T 115 3 1 5 RS
TR B L&), JATik T 5 BFE L il EDX RAE, KILFTA HI#L 2 CeCuAsy,
HEepidzr 1 1: 2, 1 4.4 AR,

[ 265 5 2 () B ) 4 SRR A0 T . el LR IEURE Cey Cu AT As $2 /K
B 1 1: 2 MHBIRCEHE, Sk ERIIN, R ANEESMAREN. EHHR
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BHE A ZEE AL D IR B 8 N/INRFZ2 18 k3] 600 °C, 7£ 600 °CH5 8 10 /M.
FH 8 AMN/PBIIn#AE] 1150 °C FEORIR 4 AN/, RIE JFURN 7R 73 LI T8 OB
2ROk MR 2] 1000 °C, A 3°Ch, UL 1°Ch (il SRR S 550 °C,
B JE E ARV H B SR . 72 R] DS BEC R SRR AL, A 4.3 (b)) FR,
JREZA] Lk 2 5-6mm

N T BT CeCuAs, T, AL S [ A& )R B A UL Cu &
EAMHIZ SR K Ce.Cu F1 As HJ#3 K $% CeCuo.sAsz. CeCuroAsz. CeCur1As,.
CeCu1.2As2. CeCu1zsAs2. CeCursAsy (1 ELFIFLENH B m B2 A 98
Bl R W R S 12 /N InFAE] 600 °C, 7 600 °C15 B 24 A~/ ARG 1
H 5 AN/NE#AE] 900 °C, £ 900 °CiR 10 K, SRJ5 A oo U Hh B it
KRV K oA USSRy, A 0 L FRR K 7 R, B KIRLEE S 900 °C,
B Jri 1331 CeCuxAs, £ fiff i

4.3 CeCuAs; B 5k B .

(a) H Bi &G S B dm ke i (So. (b)) [ R SVES RS (S2).

Figure 4.3 Single crystal photo images of CeCuAss.
(a) Single crystal (S1) grown from high temperature Bi-flux method. (b) Single crystal (Sz)

grown from solid-state reaction method.

2 4

0
H12 358 cts YR 0.000 keV|

& 4.4 CeCuAs, B 5 (Bi BIAFIEE) ¥ EDX geig.

Figure 4.4 The EDX result of CeCuAs; (Bi-flux).

60



54 5 AREIR T IR D% T CeCuAs, ) db i A= KA T 5L

4.2.2 LEHIFRAE

N T 433 CeCuAs RIS HL, AN T S8 TSRS X G2 56l
W, WEERIRERIATH RS, FERA SHELXL-2014/7 FEFX 45 MR T F 2 3HT
SRR RN T RIE IS KNG B LE N . 2R 4.1 R 4.2 435919 FH B 7092 R0 [ 2 S
V2B BT BR AR R B R R B S B DR ALAE R

MK 4.1 F0 4.2 AT LG R, BIRASH7VE G BUORE S SR VR 2200, TR e 2
A E IR CR IR 28 . BB A AR i Sq 2 7 &k
THE b 1:1:2 (1) HfCuSi: 458 (4.5 (a)), Tl R kA BRIKFER S2 ', Cu
Rt &, FLIXSeid ¥ Cu (HHEAE<2c A1 B I, 15 Sy I FE I HFCUSI. £544

(] 45 (b))

Kl 4.6 RARHIRIB KRG CeCuxAsy 2 fff o A X S RAT 5 B, x 3L
e R ATRAE ] 4 x BUEBUN ORI 1.2), WA tbi e 5 H L
FEA KM M x KT L2 0, 20 f7E 35 BT 1 EIEE Frik, Hoah i E b
Ao, YiTEAERE R BALE M IIESL T Cu SrERZ AT 1.2, 46K
ORI x = 1.00 11 L2 0, R BRBORE. v I RE BIREE x 3,
FUEAF, R Cu &= M INAER Ak HCE K.

& 4.1 Bi BIEFIES B CeCuAs, S EFE B BE R

Table 4.1 Refinement results of CeCuAs; single crysal grown from Bi-flux method

’TJC#Z—& CeCug.gsAS:
mfRgEr D477 HFCuSi: 4514
eal lE1F 2 P4/nmm (No.129)

gL a=b=4.0011(3) A, ¢=10.1390 (6) A
AR 162.31(3) A3

R 453k R=0.0364, WR2 =0.0864

JiF Wyck.2 X y z Ueg® 0.p.°
Ce 2c 0.75 0.75 0.75845  0.00983 1
Cu 2b 0.75 0.25 0.5 0.01287 0.983
Asl 2a 0.75 0.25 1.0 0.01987 1
As?2 2c 0.25 0.25 0.64967  0.0103 1
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aWyckoff 11 & .
b & AR R A 2 H
¢ A,
K 4.2 BB RFVEE ) CeCuAs B EHE R B4 R

Table 4.2 Refinement results of CeCuAs; single crysal grown from solid-state reaction

method
th27 2 CeCui.05AS2
ekt DUJTIEFE R HFCUSI, 2514
Eallkics P4/nmm (No.129)

g Al a=b=4.0133 A ,c=10.0975 A

AR 162.636 (19) A3

R $8%k R=0.0251, wR2=0.0546

Ji¥ Wyck. X y z Ueq 0.p.
Ce 2c 0.75 0.75 0.7586 0.00757 1
Cul 2b 0.75 0.25 0.5 0.0107 0.987
Cu2 2c 0.25 0.25 0.8883 0.00067 0.058
Asl 2a 0.75 0.25 1.0 0.0195 1
As? 2a 0.25 0.25 0.6495 0.00765 1

o OCe
p ® Cu

@ As

& 4.5 CeCuAs, [ F 451 .
(a) fbit B HfCuSI, 454, (b) T Cu 3HFEAE “2¢” fir B HFCuSI, 45H4 .
Figure 4.5 Crystal structure of CeCuAs,.

(a) Stoichiometric HfCusSi; - type structure. (b) Stuffed HfCuSi, structure.
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T T T T T T
5000{ CeCUAS,
4000 - .
g 15 kb
830004 195 :
= 25
2 1.2
20004
[em
< 11,
10004 1.0
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0+
T T T T T T T T T T T
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20

&l 4.6 CeCuxAs, £ FFE R KPR X STRATHHEE .

Figure 4.6 Powder XRD pattern for CeCuxAs; polycrystalline samples.

4.3 CeCuAs; UMM E Faitie
4.3.1 BEARMERYN

AT E T ZHFE S H L p(T), KI Bi BHEFIEE RS (S» B
BHARAT A EEAR—BL, TS RVES B FRLKEE (S2, S’ Al S” ) RiEH
BHERAT N AR, Wl 4.7 fivs. SR R B E TR 88T 8 (K 4.7
(@), FIZBiSCRRIRE 1 56 A . AN iR ARIRA 20, PR ERZMT TR, 76
60 K i A5 tH BT R RN AR SG ) -InT B FHAT O o KA EAEF 5 T UA SUR TR,
FE T =79 K I AT, TR RAE T RN ST RIS,
SIS AT AIESD) o So A M FEPH 2 AE 10 K LA BRI InT 478 (B 4.7 (b)),
FISCHRARE R — 3. (H2, S BRI A BORIRE RN, i,
TEARIR T, BERD So —HE bBFb: Sof AUMBRIZWIAZF; T So” M HPHAEIA B AE
JEHFUE NI, X F CesBisPts 5 La MUHIFHZAT N (] 1.13 (@) A e,
CesBisPts /& AT R4 MK, 5 La JE R LRERRBEIIHI, BB B — A TF
(disorder) MEFKTE)E. FEIFR—ANIZ Bi BIEHTNE G UK FELett e
MR T So FFE S L IIBHRAT A
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& 4.7 CeCuAs, i i FH R FEIR 3R 4L .
(a) AR EURES Su (BIEFNERI &) KRR, Tn=7.9 K Jy SOBRRIAH A .
(b) AR AT RN So, So' A1 Sy” (A B4 ) B PHARHZL .
Figure 4.7 Electric resistivity plots of CeCuAs.
(a) Electric resistivity for stoichiometric sample S; (prepared by flux method), where Ty = 7.9
K represents antiferromagnetic phase transition. (b) Electric resistivity for non-stoichiometric

samples Sz, S’ F1S," (prepared by solid-reaction method).

N T B AR CeCuAsy IXFPAUNTefk, F & @ I A ATy, FATI
&S, SoMSy MERHEEZEpy, K 4.8 Fin. 1£2 K5 KE, St
1E AT MHERA — MU AT, BRE 1ZAM R ] B A7 L R R AR s 3 5
IR . ZIMRAE So FER P A BAFEL S, AR PIRA. LT
s, FRATEZ SIS T I IR 8 RN AT UKL, BAR S
S 1 HLBH 247 R 2 AR K, AREATT ) IE 3 B AR US4 — 3. &1 4.8 (d)
JEIRI) 2 MR LML 7 A 45 H (0 /R R 3L Re BEIELE AR i 2k . ARHE Ru,
FATAT AT B SeFl So fE T = 50 K G B WA 3 BURG R AR OCBRIFIEL D) M
FIREE, 4358 3.96 x 1021 cmB A1 1.06 x 102 cm™®, X2 A &R IR 7
WRE . BRVF IR CeCuAsy s — ML @8, It LUB A R I i i 4 S A48
FROR A LA

CeCuASsy Xl [ I 25 75 2L 4 8 A 21 s L BEL 6 (R A7 AR 25 5 1k NI AR )
HEPKT A48 CeNiSnl®, ZMEED (o) FiFRIMH - FARIT NUULLE a fh3
M E)EAT )y (B 1.14), 23 mif NERERR AT AN SC T HUL AT WL, Sa AT fE
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& 4.8 CeCuAs, FIE RIML .
(a), (b # (e 7RI akE Sty So Ml SPPEAN RN N BVE /R FFHE pyy e (d) =K
BIRRH.
Figure 4.8 Hall effect of CeCuAs;.
(a), (b) and (c) represent the Hall resistivity p,, of S1, S;and S;' at varying temperatures. (d)

The Hall coefficent as a function of temperature for three samples.

432 HELER
Kl 4.9 FORIZ S M S Y ELIRREAL AR, ANt 0 1 ELANFAT T ¢ .

PHASRE AR R U T B R 0045 1) S, HLAE 100 K LA L3 2 8 BLAMYT & x(T) =
Yo+ C/(T—0p), CHJEREL. thknl DA 2% H AT RO Cuer) FITRE JE
HIREE (0p), Kl 4.9 hiE BRI R ab TH A MREAGRBEIE () thZk: Si
A AN JE R T2 N perr= 2.62 up/Ce Al Op=-17.7 K; So B4 WA prest = 2.54
uslCe Al Op=-22 K. W35 HIAE S0 HEFE AN Ce® B8 1) B R BER (2.54 uglCe) 1R$Z
T, T ELE IR R, WA RERBEORIRAZAE « xs1 (T) TE ¢ HhJ7 175 A A
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Figure 4.9 dc susceptibility plots of CeCuAss.
(@) and (b) represent dc susceptibility of S; and S, respectively. The applied magnetic field
is pependicular and parallel to c-axis, and B = 50 Oe. Inset: Inverse susceptibility 1/y in ab-plain as

a function of temperature for S; and S.
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Figure 4.10 ac susceptibility plots of CeCuAs; (Sz).

(a) Real part of ac susceptibility. (b) Imaginary part of ac susceptibility.
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Figure 4.11 Specific heat measuremetal results for CeCuAss.
(a) Specific heat curves as a function of temperature for S; and S,. (b) C/T versus T2. (c) and

(d) represent magnetic entropy for S; and Sy, respectively, which is roughly calculated from

integrating C/T with respectto T.
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Figure 4.12 Electric resistivity as a function temperature for CeCuxAs; polycrystalline

samples.
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Figure 4.13 Hall effect of CeCuAs; polycrystalline samples.
(a) Hall resistivity as a function of magnetic field at varing temperatures. (b) Hall coefficient

R as a function of temperature.
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Figure 5.1 Crystal structure of RAIXI55],
The left figure is noncentrosymmetric, 14:md, LaPtSi type structure, where Al (yellow) and X
(blue) atoms are arranged in order. The right figure is centrosymmetric 141/amd, a—ThSi, type

structure, where Al and X atoms (green) are randomly arranged.

# 5.1 LIRS B2 RAIX A& W0 S5 Ha AR 1

Table 5.1 Crystal structure and magnetism of typical RAIX compounds reported in literature

RAIX e ap A
CeAlGe NCSYAFMP[161]; CSY/AFM[164]; CS/FM[162]
PrAlGe NCS/SG¢[156]; NCS/FM[160]
CeAlSi CS/FM[164]; CS/AFM[162]
PrAlISi NCS/FM[160];CS/FM[163] #1432
a e rfr SR 4G 1
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Figure 5.2 Powder x-ray diffraction pattern of PrAlSi.
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& 5.2 PrAlSi FiH LY HR I o-ThSi, BB 4R

Table 5.2 Refinement results of PrAlISi based on centrosymmetric a-ThSi, type

(R=2S-" PrAly 13Sios7
pfRZER) D477 a-ThSi 574
EallEyiss 141/amd (No.141)

g AL a=b=4.2255 A ,c=14534 A

JiF Wyck. X y z Un Uz Uss 0.p.

Pr 4a 0.5 0.75 0.375 0.0069 0.0069 0.0050 1
Al 8e 0.5 0.25 0.2082 0.019 0.002 0.003 ~0.6
Si 8e 0.5 0.25 0.2082 0.019 0.002 0.003 ~0.4

# 5.3 PrAISi FFEH-LXTFR LaPtSi SRE B4R

Table 5.3 Refinement results of PrAISi based on noncentrosymmetric LaPtSi type

=-5v PrAl;.19Sio.s1
pufkeER) DUy LaPtSiZeA!
ol [E1F 2 14;md (No.141)

PEFS Rl a=b=4.2255 A ,c=14534 A

JRF Wyck. X y Z Un U Uss 0.p.
Pr 4a 05 05 0.4162 0.0061 0.0061 0.0043 1
All 4a 0 0 0.4997 -0.0062 -0.0069  0.0150 1
Si 4a 0 0.5 0.5838 0.058 0.0106 -0.007 ~0.8
Al2 4a 0 0.5 0.5838 0.058 0.0106 -0.007 ~0.8
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Figure 5.3 Experimental results of dc magnetic susceptibility measurements for PrAlSi.

(a) The magnetic susceptibility measured in FC and ZFC mode with B = 50 Oe for B || c. The
inset shows y, . curve, Tuiv Tme and Tc can be clearly observed in both figures. (b)The inverse
susceptibility for both B || ¢ and B L c. (c) and (d) show FC and ZFC susceptibility y(T),
respectively, measured in varying dc fields oriented along c. Inset of (c) displays the derivative
dy/dT of the FC »(T) curve measured in B = 50 Oe. Inset of (d) displays the ZFC and FC y(T) results

obtained forB=05T.
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Figure 5.4 Experimental results of ac magnetic susceptibility measurements for PrAlSi.
(@) Real (x") and imaginary (x") component of ac susceptibility, the corresponding derivatives
of dy'/dT and dy"/dT are shown in panel (b). (c), (d) Temperature dependence of x'(T) (c) and y"(T)
(d), measured with various frequencies f in zero dc field. While Tc is robust to the change of ac
field frequency, the anomalies corresponding to Twi and Twmz shift to higher temperature upon
increasing f. (e), (f) Temperature dependence of x'(T) (e) and dy'/dT (f) in varying dc fields. It can

be clearly seen from panel (f) that Tc increases, whereas Tw1 decreases, with increasing dc field.
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Figure 5.5 Magnetization as a function of field (B || c) for selected temperatures.

Arrows indicate critical field B. at which the low-field magnetic glassy phase changes to the
high-field FM phase. Magnetization for B L ¢ (T = 2 K) is also shown in order to illustrate the large
magnetic anisotropy. The inset panel shows M(B) measured up to a higher field of 7 T for T = 10,

17, and 20 K.
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Figure 5.6 Experimental results of heat capacity measurements for PrAlSi and LaAlISi.

(a) Specific heat as a function of temperature for PrAlSi and LaAlSi. In addition to the A-type
peak observed at Tc, a broad shoulder at T = Tw1 and a weak feature at T = Tmz (highlighted by
comparing to the straight line) are also visible, see inset. (b) Magnetic contribution to the specific
heat, Cm, to estimate the probable CEF splitting energy, a solid line calculated simply from a ground
state doublet and an excited doublet at 60 K is also shown. (c) Magnetic entropy Sm, obtained by

integrating Cin/T with respectto T.
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Figure 5.7 Temperature-field magnetic phase diagram of PrAlSi
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Figure 5.8 p(T) of PrAlSi and its nonmagnetic analog LaAlISi.

The green solid line represents magnetic contribution p,,, the inset zooms p(T) around Tc.
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Figure 5.9 Isothermal magnetoresistivity p(B) of PrAlSi.
(a) Isothermal magnetoresistivity p(B) of PrAlSi measured from 2 K to 300 K. (b) Comparison

of p(B) and M(B) at 2 K. (¢) MR comparison of PrAlSi and LaAlSi at T =2 and 100 K.
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Figure 5.10 SdH quantum oscillation analysis for PrAlSi.

(a) Magnetoresistivity p(B) measured at T = 2 K in the configuration Bllcand | Lc and a
smoothed background (red line). Their difference dp(B) reveals significant SdH oscillations (blue
line). (b) SdH oscillations at selected temperatures, shown as dp vs B. An apparent change of the
oscillation period with temperature can be observed. (c) FFT spectrum below 25 K. (d) Temperature
dependence of the SdH oscillation frequency. Inset: SdH oscillation amplitude as a function of
temperature. A theoretical fitting for T < 17 K based on the standard Lifshitz-Kosevich formula

yields a small cyclotron effective mass m¢* = 0.0765 mo.
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Figure 5.11 the experimental results of Hall effect measurements for PrAlISi.

(a) The Hall resistivity p,,,(B), measured with B || ¢ and I L ¢, is shown for a field window
|B] <2T for varying temperatures. Inset: p,, (B) measured at T =2 K in a large field range up to
9 T. (b) The measured p,,(B) for 2 K is decomposed into a normal and an anomalous part,
assuming p,, = pxy + p4,. Panels (c) and (d) show normal and anomalous Hall conductivities.
Inset of (c) display a two-band model best fit to the normal Hall conductivity at T = 2 K. (g)
Anomalous Hall conductivity |a,§‘y| read from oy, (B) shown in panel (d) and the total Hall
conductivity |0xy| read off at B = 1 T. (f) Carrier concentration and Hall mobility (inset) as best

fitting results based on the two-band model on o3, (B).
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Figure 5.12 Magnetocaloric effect curves for PrAlSi.

(a) Isothermal magnetization M(H) measured for H// ¢ in the temperature range 2-35 K, at
each 3 K step. (b) Isothermal M(H) for H_L ¢, which was measured in only limited temperature and
field ranges. Panels (¢) and (d) show the calculated isothermal magnetic entropy change ASm based
on the magnetization isotherms for H//c and H _L c, respectively. (e) The adiabatic temperature
change ATaq in different fields with H applied along c. For comparison, -ASy and ATag curves for 5
T estimated from the heat capacity is also shown in (c) and (e). (f) Relative cooling power estimated

from the maximum value of ASw(T) near Tc, as a function of field.
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Figure 5.13 Arrot plots for PrAlSi.

The inset shows Semi-log plots of M 2 vs H/M, which clearly show negative slopes at low fields.
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Figure 5.14 Specific heat of PrAISi measured in various magnetic fields and the CEF
analysis.

(a) Specific heat of PrAlSi measured in various magnetic fields with H// c, black solid line

represents specific heat for LaAlSi. (b) Cw(T) plots with x,H =0, 5 and 9 T, the inset shows the
corresponding magnetic entropy. The both red lines are estimated CEF contributions with two-level

and three-level CEF scheme.
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Table 5.4 Comparison of MCE of PrAlSi to that of other Pr-based magnetic materials for a

field change of 5 T.

MR Tc (K) -ASm (J/kg K) ATad (K) SCHR
PrAlSi 17.8 22.6 6.0 AL

PrAlSi 17.8 16 [182]
PrNi 19 6.1 1.7 [185]
PrsNi1.oSis 50 8.5 2.4 [185]
PrCo2B: 18 8.1 8.1 [186]
ProCusSis 12 7.6 [187]
PrSi 52 18.4 [188]
PrAl; 325 4.2. 6.2 [189]
PrsSis 47 11.6 [190]
PrNis Para. 2 (7D [191]
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