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Abstract

Abstract

Strong correlated electron systems are a large class of quantum materials where
quantum many-body physics plays a crucial role. There include high temperature
superconductors, Mott insulators, and heavy-fermion materials etc., and form one of
the most cutting-edge research fields in condensed matter physics. Among them, heavy-
fermion materials are intermetallic compounds usually containing rare earth or actinide
elements. In heavy-fermion compounds, the f~electrons in rare earth or actinides show
local magnetic moments, and a large number of local magnetic moments arranged
periodically form a Kondo lattice. The local magnetic moment on each lattice site takes
part in the Kondo effect simultaneously as that in a single magnetic impurity. In 1977,
Doniach proposed the basic framework (Doniach phase diagram) for understanding the
ground state of heavy fermion materials. Considering the two basic interactions related
to the coupling strength of f-electrons and conduction electrons in heavy-fermion
materials, namely, the competition between Kondo effect and RKKY interaction,
Kondo lattice can show two different ground States. When RKKY interaction plays a
leading role, the system enters an antiferromagnetic phase; on the contrary, when Kondo
effect plays a leading role, the local magnetic moment is screened and the system forms
Fermi liquid state. When the energy scales of the two interactions are approximately
the same, the antiferromagnetic order is suppressed to absolute zero temperature,
forming a quantum critical point. The existence of quantum critical point is closely
related to non-Fermi liquid behavior and even unconventional superconductivity.

On the other hand, spin frustration effect is an important research direction of
insulating quantum magnetic materials. Due to the existence of geometric frustration,
when the nearest neighbor spin exchange interaction at all sites cannot meet the
minimum energy condition at the same time, there will be a large degeneracy in the
ground state. The quantum fluctuations between different degenerate states may form
strange quantum states such as spin liquid. Due to the existence of conducting electrons

and the large total angular momentum quantum number, Kondo systems are not
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expected to be good candidates of frustrated quantum magnets. However, recent theory
and some preliminary experiments show that when the Kondo lattice has a
geometrically frustrated structure, the quantum fluctuations caused by the frustration
will affect the competition between the Kondo effect and RKKY interaction, and
interesting phenomena may occur in the ground state of heavy-fermion system, such as
metal spin liquid state. Compared with Mott insulator with frustrated structure, the
competing energy scales of frustrated heavy-fermion materials are very low, and are
suitable for ground-state manipulation through pressure and magnetic field. By
introducing spin frustration into heavy-fermion system, what kind of phase diagram
will appear, and how to understand this new phase diagram are new physical problems
in the field of heavy-fermions and form the main topic of this paper.

CePdAl is a rare heavy-fermion metal with geometrically frustrated structure
(distorted Kagome lattice). The material exhibits antiferromagnetic order at 2.7 K, but
neutron diffraction shows that only 2/3 of Ce atoms participate in the formation of
magnetic order, and the other 1/3 may be screened by Kondo effect, although all Ce
atoms occupy the same lattice site. The behavior of partial magnetic order is considered
to be the direct manifestation of spin frustration. In this study, we control the ground
state of CePdAl by means of pressure and magnetic field, and study the quantum critical
behavior of CePdAl in detail. The research results are as follows:

1: Quantum critical phase of CePdAl under the influence of frustration

Under finite pressure and magnetic field, the partial magnetic order of CePdAl can
be continuously suppressed to zero temperature. After that, the ground state does not
enter the Fermi liquid phase immediately, but forms a quantum critical phase, which is
shown to be induced by geometric frustration in a wide range of magnetic field and
pressure. This intermediate phase is a quantum paramagnetic phase between the
antiferromagnetic order and the Fermi liquid state. It shows non-Fermi liquid behavior
in the resistivity and specific heat, but reveals antiferromagnetic spin correlation in AC
susceptibility. Although similar behavior has been shown in the doping system before,
our work demonstrates the close relationship between spin frustration and the quantum

critical phase for the first time. The observation of a quantum critical phase go beyonds
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the theoretical framework of the traditional heavy-fermion material, i.e., the Doniach
phase diagram. More theoretical and experimental studies are needed to understand this
novel quantum state.

2: Quantum critical elastic softening behavior in CePdAl

Elasticity probed by ultrasonic propagation can detect the response of magnetic
and electronic states by changing the local symmetry deformation of the lattice. In order
to further understand the relationship between spin frustration and quantum critical
behavior, we have developed an experimental method to measure the elastic constants
of CePdAl and then measured the elastic constants of CePdAl in the quantum critical
region. It is found that a strong elastic softening behavior can be observed only when
the acoustic vibration direction is in the frustrated Kagomé plane. Corresponding to the
quantum paramagnetic phase, a strong elastic softening behavior can be observed. This
result further indicates that the quantum paramagnetic phase in CePdAl is directly

related to spin frustration. The related research is still in progress.

Key Words: Heavy-fermion metal, Geometrical frustration, Quantum critical phase
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FEEAMLEEMRITCENEBASY T, UM BF P R ICR P& A R
TR SRR, 2B R AL, IR R SR JE B HE ST B A AR
R IGHEMAEAERP, JREAE SRR A SETEIRIR N R AR E
T, SRR R T TR R, T B R T REAT o X SRR T 10 AU B A H
1 H A RO B K 1000 45 A b, BRITIRR 9 8 o 7B B 27K T Cheavy fermion) [
U, EIRTHRR RGN T 2EE, SRR LA T R 1L 5 i 2l
BB, P LLE B 2ok 7 SR BURE B Sk, HERS— Mo et . 1n4e
K, T H ROR A FR M AT A P R R B A R I S AT O DA
W RAAEEMETK TS, ST R 5%

53T AR GRS PR RS FEAN AR PR P A Ak 5, )
. M= SR B IR R GEHh B e AR B P D R DGR, =AM p
I B EASRE R R SRCPATHES, X IE S S0E e R A . S Y B RS
A& i FE T IE I, S NS B IERTIFAS o 24 B e 25 (A AE 2R AR 5 10 Tk T
HiE RGN TR TR T, 1M Bk N — P RR v i 7 e #E  (quantum
spin liquid) &R FAY, &R TSRV RR, XAAEK
FEME BRI, HIUR A2 7 s .

Ak, kR 2 (M EE A LG SR B LT B4 (geometrical frustration) 7E
—UORER N E PR TSR R R EE R, REEIRTFEE PR
SRR BT BAT AT BE P S5 46 10030 7 i, LR Aol R 2 ) A7 A S B A LA
F R AT B 3ok 7 4 8 . (HR B PR TR R IR P @i 4 S
THTEA 1) RKKY [AAH AR P4, XARE - — MK EAEH, fE—E
JE 5GP SRR RN . (Rlitk, BESK TR R — B N JUAIRRRE, R
AR AR, R R OK AR I — A 5 2% (T 1]

JUAT FELA4 2 38 K 4 5% b BRI S0 00 S P DR 28 i i 2] — Sf i) 3t 2 L AT BEL A 1)
FALEXS T 5 SRR 2 o (1 LR I B IR s o B SRR AR R P R I A



JUART BEL 4 5 3R K T4k 2% CePdAL H (1 5 I S PE R 5T

A% 0 BRI HESEAE 1977 4F B Doniach #2 H3, RIYE H 98 K144k & h A7-7E P Pl
KEER N, VBRI Tk M1 RKKY (Ruderman-Kittel-Kasuya-Yosida) A8 H.1E
(IRE R Trikyo TR RON BF SR 80, RKKY AHEARF S80E T (24
THOLR RN MR . P R RBEAHIT I 5, SO BRI 7 I B 0 o 31
TR, SRMEAT 3 A KA 2 Tt B 5 s U500 2 LT PR 5 RS 1 e Tk
VR R R R KR, HaS 5RIMEN TS 2 H, KI5 Doniach AH K
AFIER, 51 BRI, 55— 28 ) R 5 SR TR R LA P
FRMETFETE LA P AR S SRR ENTRRETE, M
FEEIOR TR R, AMUAFE RS T B ARES  R) I I A7 1E R A A
FIJE AL 5 7 2 M RS, DRTT7E 3 90K Tk R PR AP TE S8 F ek
A VLR AN S A 1) B WA 18] SUA A A AT, g — 2R AR (B AR B 70 14 1) R

FEETOR AR TSI A TR, — @ RERE A4 58 4Bl Sr ) 9 KAt 7 4
KT RRA AR R, BER Tk, AT P IRA TR & e xhid & 3 11X
PRSI FC AT T S5 AR AT (R, SR 5 P55 ) U] BELA8 B 2 oKk 25 1 i A O
W IEAT 4

1.2 EBRKXFHEENARER

HIKTFIHRR, ANUERNER AR, &KL R DAL RIS
(RS RE AR IR 45 8, X R I R ok B A LB I R TR ORISR f T
L3140, CeAls BNy 25 BRI — N EIK T8J%, Andres 55 NIPIEHFFT
SJRAMEAY) CeAls FEARIR R AR FHETIN, 76 150 mK PUR B35 E XI5 py,
B LR, MAERIREERIE TR ERE y = 1620 mI/mol K2, 4
I Andres 55 AW IX—IMRIALE N 4f BTN BRI . B34S Steglich 4
NUHEREFE CeCuaSia AR LTINS, ZEMRT T"=10K EAR, Hefh EHWER] 1
R T LE AR By, AATTHE X b B B8 2 BT 4 AR S T
B« H SRR gl ) . AT E e B AT R U, HAKIE T H TR
#y 7€ 1 mJ/mol K2 &L, TM7E CeCuaSir FHL T LE R EL y EFTIE 1 J/mol K2,
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Figure 1.12 DC susceptibility as a function of InT for Pr2Ir,07 (B = 20 mT//[111]) [72]
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Figure 1.13 Kondo effect and Kondo lattice effect!?!
(a) When a localized moment is immersed in the conduction sea, its spin entangles with the

conduction electrons forming a local singlet. (b)Kondo lattice effect builds Fermi resonance on the

conduction sea, and finally forms the heavy electron band.
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Figure 1.14 Schematic diagram of RKKY interaction between two local moments!?!
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Figure 1.16 Schematic phase diagrams showing two types of QCP“l
(a) QCP of spin-density-wave type, (b) QCP of Kondo breakdown type. Ty represents the
initial temperature of Kondo screening. 7w represents the Neel temperature and T the onset of the
low-temperature FL regime, E),, marks an energy scale related to delocalization of f electron, QCP

means quantum critical point.
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— Ce(2)
’/ & —r —— O

—e
o \ /' A
/Cc(S‘) 1 ® / ¥ ‘e F /I
Cc(l)Q;". R 1 i

"a—e — [ 4
i "’ \ ,7/ \ "’ \ ::'-/
/ ® ‘e / height[ 0 [172
&--' \\.‘~V V"— ~~~O C“
~. 0 !\ .o
/ i | cra\ L ‘r_v Pd
—o—)——o—)— Al =

(b) magnetic structure of CePdAl
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Figure 2.1 The crystal structure and magnetic structure of CePdA1l¢7]

(a) The crystal structure of CePdAl (ZrNiAl type) plotted as a view onto the hexagonal a—b plane.
The heights of the atoms are in units of (z/c). Dashed lines illustrate the triangular lattice of the
magnetic Ce atoms. (b) The basal plane of the magnetic structure of CePdAl for 1.3 K< 7'<2.7 K. The
magnetic Ce moments are partly ordered (parallel (+) and antiparallel (—) to the c-axis) and partly

disordered (0). The unit cell for the orthorhombic description of the crystal structure is highlighted by

the grey colour.
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Figure 2.2 Temperature dependence of 777! of CePdAl between 30 mK and 15 K. The

applied magnetic field is along the c-axis!'!®!
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Figure 2.3 Temperature dependence of the incommensurate component T and magnetic
moment for CePdAl%®!
Temperature dependence of the incommensurate component T of the magnetic propagation
vector k =[1/2, 0, 1] for CePdAl, showing the lock-in behavior around 1.9K(*). Temperature

evolution of the ordered magnetic moment of Ce(1) and Ce(3) in CePdAl (°).
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Figure 2.4 Magnetization curve and magnetoresistivity of CePdAl at low temperature!123]
(a) Magnetization curve of CePdAl at 0.51 K, magnetic field direction along c axis.(b)
Resistivity of CePdAl in magnetic field at 0.60 K, magnetic field and current direction along ¢

axis.
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Figure 2.5 Temperature dependence of C/T under different pressures in CePdAll!?3]
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Figure 2.7 (a) Kagomé lattice (b) Three dimentional structure of CePdAl
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Table 2.1 General information of CePdAl
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Table 2.2 Cell paramerers of CePdAl

ALY St BENEN N
a 0.7214 nm
b 0.7214 nm
c 0.4231 nm
o 90°
§ 90°
Y 120°
a/b 1.000
b/c 1.705
c/a 0.586
V 0.1907 nm?
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Figure 2.8 The x-ray diffraction from the (001) plane of the CePdAl single crystal
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Figure 2.9 Temperature dependence of DC suscepetibility in ¢ axis and ab plane
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Figure 2.10 (a)Temperature dependence of the heat capacity of CePdAl revealed as C/T vs T*

(b) Temperature dependence of electronic heat capacity and entropy at low temperature
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Figure 2.11 Temperature dependence of the electrical resistivity p and derivative of the
resistivity dp/dT for CePdAl
Tmrepresents the temperature at which the short-range correlation state begins to set in, 7n
represents the antiferromagnetic phase transition temperature, and 7o represents the temperature of

partial Kondo screening.
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Figure 2.12 Temperature dependence of DC susceptibility y and the first derivative to

temperature of DC susceptibility dy/d7 for CePdAl
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Figure 3.1 The phase diagram of *He/*He mixtures, x is the 3He concentration!1?8!
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Figure 3.2 The parts of a continuously operationg dilution refrigerator!!23l
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(still heat exchanger) (0.6-0.8 K). ZELEHITH4% (continuous heat exchanger)
o AT H 2% (step heat exchanger), HEANVREAE (mixing chamber) B 7R &
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Figure 3.3 Photograph of the dilution refrigerator in our lab
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Figure 3.4 Photograph of the pressure cell providing hydrostatic pressure
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o ZEJT NG FEE T.=2.83 K, WAL A
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Hrp To(0)=3.73 K, #3215 /Lo s 70 iE A R SEFRE /109 P~ 2.1 GPa.

3.4 T T T T T T T

3.3 7

X (au.)

2.75 2.80 2.85 2.90
T(K)

B 3.5 EATHRZREAE EGRESFHERES
Figure 3.5 The signal of superconducting phase transition for Sn in AC susceptibility

under pressure

32 YIMEMErE

AR P P A2 00 2 AN T 2 W 9 AR R DA R 2 I AT I A
FB. WAGRMEL, BCAMAE X IR R RIZ S8, R RS EA
Al T A A FE AT FE A PT e o FRATTES BRI SRR FH s X = A H i
UGS AT, hF CePdAl @ FE b AT T A S AR & . Fa v is D 26
5 R BEURIEE JR &2 17385 W7 DA M i 7 1 I AL R SRR AT g, 2R
i ) L A S B Dy 2K TS A AT DA AT R I SRR Pk T AR . b, AR
T YbRhaSix (UAFFEHT,  AATIEIE 8 R SR AR R AL &1 I 57 s b B oK T 11
GEARAT B, El T AR S A A SR A, 7E RPN B T THRAT R IR T AT R I
W&, ALK E 1PN ERAR, RS T TUAT FH 4 Ja 7 2 o i & 1l 5
WEFL. A TR LA L ff & 07 78— 41

3.2.1 HHENE

B BELU R P AR v DY Bl 7 =X, Gk 3.6 (a) Ptz AN T 199 B AR 2l B

43



JUAR BEL P4 B 2R K 74K 2R CePd AL H (¥ 5 Il S PERE 5T

BEL, PO R 325 TT LA A 200 ) G S 2 FELE R i e BEL PR R, KT A2 00 e /s
BEL PR 3 75925 o %of T DY E AR T PR LR — SR AR R 1 7 20 A3, 0 T
IR R UL, Dy T R 0] B I8E G Bz i pL BRIk K 51 R IR AL, FRAT T T F AR
FH AR 0 77 2 Y A 0 2 v B2 s 43 1 B P R FT R I PR B 0, o
$ v L LI B PR A P . TEXT CePdAL 1 SE BRI I S P b, ATt b FEL IR K
/NHIYEHEDY 100 pA-1 mA, SO0 R T R EE BT ¢ By, inwsds Oy a AT 1
¢ il o FRAT T R BELIN B 3 S AT T N [RNELE R 3 I AU IR T iR A
1E *He-*He MR MM & Eovf B BT B4 0L 2= 48— 9 PRI

BRI EAR VY s b2 R, i 3.6 (b) Fian. P i F s AR S R
BEIXS 55, AEL2 SR8 AR AL B AR KR DL, £ S i B ] e 0, 25 28 /K H B
FOREBE PR SY, DRI 5 B0 IE OB T &, SR BRBERE 47 -

(a)

(b)
H&

I ¥ I
K13.6  (a) NUBRENERESZEMZHE (b) MEFENEERFRE
A&
Figure 3.6 (a) Four electrode method for resistance measurement (b) Four

electrode method for hall measurement
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Figure 3.7 Schematic and physical diagram of AC susceptibility coil
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Figure 3.8 Schematic diagram of ultrasound measurement by phase

comparison method!!3!!
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Figure 4.1 Partial magnetic order with magnetic sites and non-magnetic sites in metal

Non-magnetic sites originates from Kondo screening in the Kondo system.
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Figure 4.2 (a) Magnetoresistivity of CePdAl at different temperatures (b) The first derivative

of magnetoresistivity at different temperatures (c) A round-trip field scan of the resistivity at

T'=01K
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Figure 4.3 Temperature dependence of resistivity(a) and the first derivative of resistivity(b)

for CePdAl at different magnetic field

The field is along c-axis, Tn is the crossover temperature to enter the short-range order, 7 is

the temperature of antiferromagnetic phase transition, and 7 is the temperature at which the local

magnetic moment of partially disordered state begins to be Kondo screened.
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Figure 4.5 (a)Magnetic field dependence of hall resistivity pyy for CePdAl at different
temperatures between 0.08 K and 4 K (b)Magnetic field dependence of hall coefficient
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Three metamagnetic phase transitions show as Bap, Bve and Bep in low temperature region
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breakdown.
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Figure 4.6 (a) Magnetic field dependence of the real part of AC susceptibility for CePdAl at

different temperatures (b) Temperature dependence of the real part of AC susceptibility for

CePdAl at different magnetic field
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CePdAl at ambient pressure
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Figure 4.8 The results of specific heat measurement at very low

temperature by the Japanese research group[137]
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Figure 4.9 The phase diagram of CePdAl in magnetic field
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Figure 4.11 The temperature-magnetic field phase diagram of

CePdAl from German research group[136]
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Figure 5.1 Temperature dependence of resistivity for CePdAl at different pressure

(a) Temperature dependence of resistivity at different pressure for CePdAl between 0 GPa
and 2.12 GPa, T1, is the temperature entering the short range order, 7rr is the Fermi liquid
temperature. (b) Temperature dependence of the first derivative of resistivity at different pressure

for CePdAl below 0.9 GPa, Tx is the Neel temperature, 7o is the temperature entering Kondo

screening of 1/3 disordered local moment.
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Figure 5.2 Temperature dependence of resistivity at different pressure (0.93
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Figure 5.3 Pressure dependence of the residual resistivity po and the coefficient 4 (4'is in the

non-fermi liquid region), the insert is pressure dependence of the exponent »
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Figure 5.4 Temperature dependence of AC susceptibility at different pressure for CePdAl
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Figure 5.5 Temperature dependence of electron heat capacity at different

concentration x for CePd;..Ni.Al
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Figure 5.6 phase diagram of CePdAl under pressure
Blue 7 dotted line and black 7w solid line represent the evolution of crossover from
paramagnetic state to short range ordered state and antiferromagnetic phase transition under

pressure respectively, there is a quantum critical phase between Pc; and Pco.
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Figure 5.7 Magnetic field dependence of resistivity and AC susceptibility at 100 mK for
CePdAl at P < P

(a) Magnetic field dependence of resistivity at 100 mK for CePdAl at different pressure

below Pc1 = 0.9 GPa. (b) Magnetic field dependence of AC susceptibility at 100 mK for CePdAl

at different pressure below Pci = 0.9 GPa. By, Bye and Bep represent the positions of the

metamagnetic transitions. B” represents the position of the change of the fermi surface. By

represents the position of the antiferromagnetic phase transition.
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Figure 5.8 Temperature dependence of resistivity at different magnetic field for CePdAl at

0.82 GPa
(a)Temperature dependence of resistivity p and the first derivative of resistivity dp/dT at

different magnetic field for CePdAl at 0.82 GPa with magnetic field applied in ¢ axis.
(b) Temperature square dependence of resistivity at different magnetic field for CePdAl at 0.82

GPa with magnetic field applied in ¢ axis.
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Figure 5.9 Temperature dependence of the real part of AC susceptibility at different

magnetic field for CePdAl at 0.82 GPa
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Figure 5.10 The residual resistivity, resistivity coefficient and resistivity exponent in
magnetic field at P = 0.82 GPa
(a)Magnetic field dependence of resistivity p at P = 0.82 GPa, T= 100 mK. (b) Magnetic
field dependence of resistivity coefficient 4 obtained by p~AT? fitting in the low temperature.
(c)The phase diagram of CePdAl under magnetic field at P = 0.82 GPa.the colour code indicates

the exponent # in p~T". T, and T obtained in resistivity and AC susceptibility data.
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Figure 5.11 Magnetic field dependence of resistivity and AC susceptibility at 100 mK for
CePdAlat P <P <Py
(a) Magnetic field dependence of resistivity at 100 mK for CePdAl at Pe; < P < Peo.
(b) Magnetic field dependence of AC susceptibility at 100 mK for CePdAl at P < P < Pc).

B represents the position of the change of the fermi surface.
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Figure 5.12 Temperature dependence of resistivity at different magnetic field for CePdAl
at 0.93 GPa
(a)Temperature dependence of resistivity p at different magnetic field for CePdAl at 0.93
GPa with magnetic field applied in ¢ axis. (b) Temperature square dependence of resistivity at

different magnetic field for CePdAl at 0.93 GPa with magnetic field applied in ¢ axis.
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Figure 5.13 Temperature dependence of the real part of AC susceptibility at different

magnetic field for CePdAl at 0.93 GPa
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Figure 5.14 The residual resistivity, resistivity coefficient and resistivity exponent in
magnetic field at P = 0.93 GPa
(a) Magnetic field dependence of resistivity p and dp/dB at p = 0.93 GPa, 7= 100 mK.
(b) Magnetic field dependence of resistivity coefficient 4 obtained by p~AT? fitting in the low
temperature. (c)The phase diagram of CePdAl under magnetic field at p = 0.93 GPa.the colour
code indicates the exponent n in p~T". Ty, represents crossover temperature to the short range

order. Trr represents the fermi liquid temperature.
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Figure 5.15 Temperature dependence of resistivity at different magnetic field for CePdAl at
1.15 GPa
(a)Temperature dependence of resistivity p at different magnetic field for CePdAl at 1.15
GPa with magnetic field applied in ¢ axis. (b) Temperature square dependence of resistivity at

different magnetic field for CePdAl at 1.15 GPa with magnetic field applied in ¢ axis.
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Figure 5.16 Temperature dependence of the real part of AC susceptibility at different

magnetic field for CePdAl at 1.15 GPa
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Figure 5.17 The residual resistivity, resistivity coefficient and resistivity exponent in

magnetic field at P =1.15 GPa

(a) Magnetic field dependence of resistivity p at p = 1.15 GPa,T= 80 mK. (b) Magnetic field
dependence of resistivity coefficient A obtained by p~AT? fitting in the low temperature. (c)The
phase diagram of CePdAl under magnetic field at p = 1.15 GPa.the colour code indicates the
exponent n in p~T". T represents crossover temperature to the short range order. Trr represents

the fermi liquid temperature.
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Figure 5.18 Temperature dependence of resistivity at different magnetic field for CePdAl
at 1.44 GPa
(a)Temperature dependence of resistivity p at different magnetic field for CePdAl at 1.44
GPa with magnetic field applied in ¢ axis. (b) Temperature square dependence of resistivity at

different magnetic field for CePdAl at 1.44 GPa with magnetic field applied in ¢ axis.
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Figure 5.19 Temperature dependence of the real part of AC susceptibility at different

magnetic field for CePdAl at 1.44 GPa
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Figure 5.20 The residual resistivity, resistivity coefficient and resistivity exponent in

magnetic field at P =1.44 GPa

(a) Magnetic field dependence of resistivity p at p = 1.44 GPa, T'= 80 mK. (b) Magnetic field
dependence of resistivity coefficient 4 obtained by p~AT? fitting in the low temperature. (c) The
phase diagram of CePdAl under magnetic field at p = 1.44 GPa. The color code indicates the

exponent n in p~T". Trr represents the fermi liquid temperature.
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CePdAl, the colour code indicates the exponent n
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Figure 5.22 The pressure-magnetic field phase diagram for the ground state of CePdAl
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Figure 6.1 (a) Temperature dependence of lattice elasticity in different axes at 0 T

(a)Temperature dependence of the variation AC/C with elastic constant C; for CePdAl at 0
T. (b) Temperature dependence of the variation AC/C with elastic constant C33 for CePdAl at 0 T,
shown in red curve. The black curve is the first derivative of elastic constant C33. The positions

of Twand Ty, are represented by different dashed lines.
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Figure 6.2 Magnetic field dependence of lattice elasticity in different axes at 2 K
Field dependence of the variation AC/C and the first derivative of AC/C with elastic constant
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Figure 6.3 Magnetic field dependence of lattice elasticity in different axes at 100 mK

(a) Field dependence of the variation AC/C with elastic constant Cj; for CePdAl at 100 mK,

shown in blue curve. (b) Field dependence of the variation AC/C with elastic constant C33 for CePdAl
at 100 mK, shown in red curve. The positions of Ba,, Bue and B, are represented by different dashed
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