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Ferroquadrupole ordering and I'g rattling motion in the clathrate compound Ce;Pd,Geg
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Lattice effects in a cerium based clathrate compoungP@gGe; with a cubic Cp,Cs-type structure have
been investigated by ultrasonic and thermal expansion measurements. Elastic softenhgs-&f;6)/2 and
Ca4 proportional to the reciprocal temperaturel Idbove To,=1.25 K are well described in terms of the
quadrupole susceptibility for the ground stdtg quartet. A huge softening of 50% irC¢,—C,,)/2 and a
spontaneous expansiarl_/L =1.9x 10" along the[001] direction in particular indicate the ferroquadrupole
ordering of og below To,. The elastic anomalies associated with the antiferromagnetic orderifig,at
=0.75 K and the incommensurate antiferromagnetic ordering are also found. Notable frequency dependence of
C,4around 10 K is accounted for by the Debye-type dispersion indicatlngrattling motion of an off-center
Ce ion along thd111] direction with eight fractionally occupied positions around the 4a site in a cage. The
thermally activated's rattling motion obeying a relaxation time= 7, exp E/ksT) with an attempt timer,
=3.1x10 ! sec and an activation enerdy=70 K dies out with decreasing temperature, and then the
off-center tunneling state of Ce ion in the 4a-site cage will appear at low temperatures.

DOI: 10.1103/PhysRevB.68.184109 PACS nuni®er62.20.Dc, 71.2%-a, 65.40.De

[. INTRODUCTION equivalent sites in crystallography. As shown in Fig. 1 the Ce
ion, at the 4a site in a cage consisting of 12 Pd atoms and six
4f-electronic systems with spin and orbital degrees ofGe atoms, possesses a point group symmegryvihile the
freedom in rare earth compounds frequently reveal electri€e ion at the 8c site in a cage of 16 Pd atoms has a symmetry
quadrupole orderings in addition to magnetic dipole order-T4. The 4a sites form a face-centered-cubic lattice, while the
ings at low temperatures. The cubic compounds based oBC sites make a simple cubic lattice. Inelastic neutron scat-
Cée" ion with aT'g quartet ground state in particular have tering on CePd,Ge; revealed two overlapping peaks for the
received much attention because competitive phenomena a@ystalline electric field CEF potentials, which correspond
sociated with magnetic dipole, electric quadrupole, and magl® magnetic dipole transitions from tfig; ground quartet to
netic octupole degrees of freedom are expected. The direff€1'7 excited doublet at 60 K of the 4a site and from fhe
product of g Ty is reduced to a direct sufi;®T,®T 5 grou_nd quartet to thE; at 46 K of thg 8c sité.The entropy
2T ,@2I's. The magnetic dipoled,, J,, andJ, belong- obtained by Iow_—ter_nperature specific heat measurement on
ing toI", symmetry are order parameters for magnetic order-CQ"PdZOG% also indicates the ground stdtg quartet at both

) . . 4a and 8c site$.
ings. The quadrupole orderings &f and O3 with I'; or h -

. ) ) . e low-temperature specific heat of £e,Ge; shows a
Oy, O,x, andO,, with I'5 are interesting phenomena in the P P 5%

yz! e rounded small peak aly;=1.25 K and a sharp.-peak at
I's system. We refer to CeAg exhibiting a ferroquadrupoler ~_ g 75 K 9 Magnetic susceptibility shows a clear cusp at

(FQ) ordering ofO; at To=15 K12 CeBs is known as an 1 ° 1t exhibits no sign of anomaly dly,.° In addition to
antiferroquadrupole ordering @, tyg)g: with the propaga- hese experimental results, an elastic softening ©f; (
tion vector ofk=[111] at To=3.2 K=" The octupole mo-  _ ¢ 15 in our preliminary paper suggests that the paramag-
mentsT,, with T'; symmetry, Ty, Ty, andT; with T'; and  petic phase | transforms to the FQ phase ITat and suc-
T, T{, andT% with ', may play a role in th&'s systen.  cessjvely changes to the antiferromagnéa&M) phase il

A cerium-based ternary compoundLeboGe; with al's  at Ty,.1° The neutron scattering on gRd,Ge; reveals a
ground state has received much attention because the cofparamagnetic state of Ce ions at both 4a and 8c sites even in
petition between quadrupole and magnetic orderings is eXphase |I betweeiTo; and Ty,. The AFM ordering in phase
pected at low temperatur@sCe;Pdy,Ges crystallizes in a || with a propagation vectok,=[001] for cerium ions at
cubic ChiCe-type structure with a space grofm3m con-  the 4a site is observed beldly,.* Even in phase Ill below
sisting of four molecular units with 116 atoms in a unit cell. Ty,, the 8c site still remains the paramagnetic state. The
The 12 Ce sites located in cages are divided into two nonAFM ordering with incommensurate structure at the 8c site
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FIG. 2. Temperature dependence of the elastic constntand

C. and the bulk modulu€g of Ce;Pd,(Ge;. The inset shows the
anomalies ofCy; around the ferroquadrupole transitidiy,=1.25
K and the antiferromagnetic transitidn;,=0.75 K.

fth ite with o " ratus consisting of a phase difference detector. Piezoelectric
FIG. 1. Cage of the 4a site withBymmetry consisting of Ge 5165 of LiNbQ for the ultrasonic wave generation and de-

and the Pd2 atoms and the cage of the 8c site wjtbfTPd1 and .

Pd2 atoms in the clathrate compound;R& Ge;. The 4a site Ce2 tection are bon(_ded on plane_ parallel surfaces of Sample._The
; i ) . ; x-cut plate of LINbQ is available for transverse ultrasonic

forms a simple cubic lattice, while the 8c site Cel makes a facé d the 36 t plate is for | itudinal Th

centered cubic one. The ferroquadrupole ordering bélgyis rel- waves an € 369-cut plate is for longitudinal waves. The

evant for the 8c sites and the antiferromagnetic ordering b&lgw u_Itrasonlc velocityy was measured. by_ fundamental frequen-
occurs at the 4a sites. TH, rattling motion originates from the Ci€S 0f 10 MHz and overtone excitations of 30, 50, and 70

off-center Cel atom in the 4a-site cage. MHz. In the estimation of the elastic consta®t=pv?, we
use the mass densipy=10.254 g/cm for Ce;Pd,Ges with
a lattice parametea=12.457 A®
A homemade®He-refrigerator equipped with a supercon-
eﬂpcting magnet was used for low-temperature measurements
own to 450 mK in magnetic fields up to 12 T. #le*He
dilution refrigerator with a top-loading probe was used for
Itrasonic measurements in the low-temperature region down
0 20 mK in fields up to 16 T. The low input-power condition
provides low-temperature ultrasonic measurements free from
a self-heating effect in the ultrasonic transducers. The sample
length as a function of temperature or applied magnetic field
was measured precisely by a capacitance dilatometer in the
3He refrigerator.

appears only belowy=0.45 K.

Clathrate compounds exhibiting rattling motion or off-
center motion in a cage have received attention because th
remarkable reduction of thermal conductivity is favorable for
application to thermoelectric device with a high figure of
merit!2 The ultrasonic waves are scattered by the rattlin
motion in an oversized cage of a semiconduct@Gay¢Ges
and a filled skutterudite compound PyS8;,.13* The off-
center tunneling motion of an OH ion doped in NaCl gives
rise to elastic softening at low temperatutéghe rattling
motion in the present compound {&a,,Ge; with a clathrate
structure has not been reported so far.

In the present paper we show ultrasonic measurements on
Ce;Pd, Ge; in order to examine lattice effects associated IIl. RESULTS AND DISCUSSIONS
with the quadrupole ordering and rattling motion in the sys-
tem. The thermal expansion measurement is also employed i
to detect the spontaneous distortion belGy;. In Sec. I, The elastic constants ofCy; and C =(Cy+Cyp
the experimental procedure and apparatus are described. THe2C44)/2 of C&PdGe; in Fig. 2 were measured by longi-
results of the elastic constant, magnetic phase diagram, théddinal ultrasonic waves with frequencies 10 MHz propagat-
mal expansion are presented in Sec. IIl. The ultrasonic disNd @long the[100] and [110] directions, respectively. The
persion due to rattling motion is also argued in Sec. Ill. In€lastic constant@,,—C,)/2 of CePd,(Ge; in Fig. 3 was
Sec. IV, we present concluding remarks. measured by a transverse ultrasonic wave of 10 MHz propa-
gating along the¢110] direction polarized to th€110] one.

The elastic constar@,, of Ce;Pd,(Ge; in Fig. 3 was deter-
mined by a transverse wave of 30 MHz propagating along

Single crystals of C#d,;Ge; used in the present mea- [100] polarized to [010]. The bulk modulusCg=(Cy;
surements were grown by a Czochralski puling method. Wet-2C4,)/3 in Fig. 2 was calculated b, in Fig. 2 and
have made ultrasonic velocity measurements using an appé€,;—C;,)/2 in Fig. 3.

A. Temperature dependence of the elastic constants

II. EXPERIMENT
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0~ 0 B. Quadrupole susceptibility
(G )
4.0F s In order to analyze the elastic softening @(— C;,)/2
f Co.Pd..Ge andCy, in CePd,Ge; of Fig. 3, we introduce the coupling
8 20 of the quadrupolér., of Ce ions to the elastic strair.,
H _ 6
3.0 (C41=Cyp)r2 a
o lgrsl = 107 K _
S 20f Urs=001K | Hos== 20 9rOry(i)ery, &y
2 c o where the summatiol; takes over Ce ions in unit volume,
~ 3.42 44 Cu . . : . . .
& _ 89K anc_Jgr isa c_oupllng constant. The intersite qgadrupole inter-
|9,F5| :0 19K action mediated by phonons and conduction electrons is
3.38 915 =0 - written in a mean field approximation as
3.34 Hoo=~ 2 9iOr,)Or,()). 2
3.30/9 B ‘.T.(*.OI 2 . : where(Oy,) denotes a mean field of the quadrupole and
0 ' 50 T 100 150 means a cogpling constant for the intersite quadrup_olg inter-
T(K) action. By differentiating the total free energy consisting of

4f-electron and lattice parts with respect to the elastic strain

FIG. 3. Temperature dependence of the elastic const@is ( er,, we obtain the temperature dependence of the elastic
—C1)/2 andC,, corresponding to shear waves inPe,(Ge;. The Cor);StanlCF(T) ad®

inset shows the anomalies @f;, around the ferroquadrupole tran-

sition To;=1.25 K and the antiferromagnetic transitid,=0.75 N2 (T)
K. Solid lines are the calculation by the quadrupole susceptibility CF(T)=C°— grxr _ 3)
for the I'g ground state and thE, state at 46 K of Ce ions. The r 1-grxr(T)

broken lines are backgrour@), as shown in the text. A shoulder 0 ) .
in C,, around 30 K means an ultrasonic dispersion due toltpe Here Cr(T) denotes a background elastic constant without

rattling motion. the quadrupole-strain interaction aNdis the number of Ce
ions in unit volume. The quadrupole susceptibility)af(T)

It is remarkable that@,,— C45)/2 exhibits a huge soften- in Eq. (3) is written as

ing of 50% with decreasing temperature downilig,=1.25 5°E. 1 JE. |2 JE. \ 2

K. In phase Il belowT, the ultrasonic echo signal of the —G%Xr(T)=<—2'> - _+<( i ) >_< [ > ]
(C11—C12/2 mode completely disappears due to a marked dery kT dery Jery

ultrasonic attenuation. The softening of the longitudi@a)

and C_. modes in Fig. 2 originates from the softening of whereE; is a second-order perturbation energy with respect
(C11—C1))/2, becaus€y; andCy involve (C;3—Cy1p)/2in to ey, for the CEF staté® The first part on the right-hand
part. The softening of@,,—C,,)/2 aboveTy; and the spon-  side of Eq.(4) corresponds to the Van Vleck term and the
taneous tetragonal distortion beldW,, that will be shown second part to the Curie term. The Ce ions at both 4a and 8¢
in Sec. Il D, provide evidence for the FQ ordering in phasesites in CgPd,(Ge; have al'g ground state, while thé’;

Il. C44in Fig. 3 also exhibits a softening of 2.5% down to State has excited energies of 46 K at the 8c site and 60 K at
To1. The low-temperature behavior 6%, andC,, shown in the 4a site. As already mentioned, the neutron scattering re-
insets of Figs. 2 and 3 indicates the transition to the FQealed thatthe FQ ordering of 8c sites occurg=1.25 K

phase Il afTo; and successive transition to the AFM phaseand the AFM ordering of 4a sites appearsTab=0.75 K.
Il at Ty,=0.75 K. On the other handz shows a mono- These facts indicate that the intersite quadrupole interaction

tonic increase with decreasing temperature. of Eq (2) among the Ce ions at 8c sites dominates the soft-

Neutron scattering on GBd,,Ge; revealed paramagnetic €ning of (C;;—C;,)/2 as a precursor of the FQ ordering at
state for Ce ions at both 4a and the 8c sites in phase II, whiclio:- In the following analysis we simply assume a
is consistent with the present scenario of the FQ ordering auadrupole-strain interaction of E€l) and a quadrupole in-
8c site in phase Il beloW, .** AFM ordering in phase Ill at  teraction of Eq(2) for the 8c site with the CEF splitting of
the 4a site belowl, has been detected by neutron scatter!'s (0 K) andI'; (46 K).
ing. It has been proposed that the intersite quadrupole inter- The solid lines for C1;—C15)/2 andCy4 with Eq. (3) in
action among 8c sites brings about the FQ ordering at 8€ig. 3 reproduce well the softening in the paramagnetic
sites in phase Il and Ce ions at 4a sites still remain in @hase | abovelq;. It should be noted that the softening
parastate even in phase Il. The intersite magnetic interactioAboveTq;, proportional to the reciprocal temperaturd 1/
among 4a sites gives rise to the AFM ordering in phase llloriginates from the Curie term of E(4). The coupling con-
below Ty,. The magnetic ordering at 8c sites appears onlystants were determined to bgy3|=107 K, gy,=0.01 K for
below 0.4 K. We discuss this transition in Sec. Ill C. (C11—C1)/2, and|grs|=89 K, g5=0.19 K for Cy,. The
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FIG. 4. Low-temperature behavior @f;; of Ce;Pd,(Ge; under
magnetic fields along thgD01] direction. Downward arrows indi-
cate the ferroquadrupole ordering temperaiflge, and the upward
arrow means the antiferromagnetic ordering temperalyse

FIG. 5. Low-temperature behavior &f,, of Ce;Pd,;Ge; under
magnetic fields alon§001]. Downward arrows indicate the ferro-
quadrupole ordering temperatufg,, and the upward arrow means
the antiferromagnetic ordering temperatiig .

6 shifts slightly to lower temperatures with increasing mag-
netic fields. In Fig. 7 the anomalies associated with the tran-
sition between phase Il and Ibelow T, have been found.

background C9;,—C9,)/2=(4.12-0.001T) X 10*° J/n? and
C%,=(3.44-0.0007T) X 10'° J/n? indicated by broken lines

in Fig. 3 was used. The positive value gjf;>0 are consis- For the investigation of low-temperature and high-field
tent with the FQ ordering in GPdGe. A shoulderlike behavior in FQ Il and AFM IllI phases, we have measured

anomaly inC,, around 10 K results from ultrasonic disper- -
sion that is caused by a rattling motion of the rare-earth iorﬂ ?T:d Igﬁgenﬁleengﬁuggéhiﬁi a;rgtg#_lr(lclzliﬁgl\fvzzsiéé)bf
at the 4a site in an oyersized cage of Fig. 1. We discuss thi\%rzus)llﬂ agt 30 mK in fields %p to 1'2 T apgblied anrI[QOl]4
remarkable behavior in Sec. Il E. The inset of Fig. 8 is an expanded view below 2.5 T. An
anomaly of the phase II-1ll boundary at 2.1 T indicated by a
vertical line has been observed. Furthermore, several anoma-
es at 0.5, 1.2, and 1.6 T associated with subphases of phase
| have been found. It should be emphasized that appre-
ciable hysteresis phenomena between increasing and de-
creasing field sequences have been found only in phase llI.
In Fig. 9 we show the low-temperature field dependence

of the C, in fields up to 16 T applied alon§l10]. The

C. Magnetic phase diagram

In order to examine the magnetic phase diagrams of th%
FQ and AFM orderings in G&d,(Ge;, we have made low-
temperature ultrasonic measurement<Cof, C,, and (Cy;
—C1,)/2 under magnetic fields. The softening®f; of Fig.

4 reduces with increasing fields applied along f8e1] di-
rection parallel to the propagation direction of longitudinal
wave. The FQ transition poinfky,, indicated by downward

arrows in Fig. 4, shift to higher temperatures and become 3.8l I I I : oo
indistinct in high fields up to 6 T. In Fig. 5, the FQ transition
points Ty, also shift to higher temperatures, accompanied by . )
a reduction of the softening i€,, with increasing applied "’g 3.4 i
fields along thg001] direction. > Ly Ce;Pd,,Geg

In Figs. 6 and 7, we show the field dependence @f,( © H// [001]
—C1,)/2 applying fields along thg001] and[110] directions, ~ s.0r u// [110]
respectively. In a zero magnetic field, theé,(— C;5)/2 mode & kol
exhibits a considerable softening of 50% and a strong ultra- ? o6l ¥ 5T
sonic attenuation, losing the echo signal in the vicinity of the & MLY: Z ?gT
FQ transitionTq,=1.25 K. The magnitude of the softening - I ,,4 91T
decreases abruptly with increasing fields along H@®1] 2.2 To ooT
and [110] directions. In magnetic fields, clear minima of I DE
(C11—C42)/2 corresponding to the transitiofgy, from the (') é 4'f é é 1'0 1'2
paramagnetic phase | to the FQ phase Il shift to higher tem- T(K)
peratures. Only broad round anomalies arodigl have
been observed in hlgh fields of 5 T. This behaviorTQfl is FIG. 6. Low temperature behavior of C(;—C;5)/2 of

similar to the results of the FQ ordering accompanied by thece,Pd,Ge; under magnetic fields along tH801] direction. The
soft C,, mode in HoR.!" The Neel temperatur€,, in Fig. successive phase transitions I-lI-lll are indicated by arrows.
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FIG. 7. Low temperature behavior ofC(;—C,)/2 of B SR NP T
Ce;PdyGe; under magnetic fields along tHa10] direction. The | | 0 . 1 H(T) e .
successive phase transitions I-11-Hre indicated by arrows. 0 4 8 12 16

low-field behavior below 2.5 T is shown in the inset of Fig. .

9. We have observed a new phase boundary around 8.2 T in FIG. 9. Field dependence of @, =(Cy1+C1,+2C,0)/2 at
phase 11, which is probably a subphase of the FQ phase |l/2rious temperatures in fields alofig0 up to 16 T. The inset is an
However, this phase boundary is absent in fields a[@d] expanded view below 2.5 T indicating the magnetic transitions.

as shown in Fig. 8. At low field in phase IIl, we have found

several anomalies i€, of Fig. 9 showing a hysteresis be- [110] direction in Fig. 11. The FQ subphase Was added
havior. As can been seen in the inset of Fig. 9, this hysteresi® the phase diagram and the upper limit at 8.2 T of the phase
becomes pronounced with decreasing temperature. Thede newly determined in fields alond 10] of Fig. 11. How-
subphases with hysteresis behavior in phase Ill in magnetigver, the FQ subphase is absent in fields al@@j] of Fig.
fields along bot§001] and[110] are very consistent with the 10. This result indicates strong anisotropy of the quadrupole
results of neutron scattering experiments that detect wealkteraction ofO3 in Ce;Pdh,Ges.

incommensurate magnetic Bragg peaks with a propagation The series of BPd,pXs compounds usually show two suc-

vectork=[0 0 1- 7], (7~0.06) at the 8c sit&*
The magnetic phase diagrams of;d,;Ge; in Figs. 10
and 11 are obtained in fields along 1] and[110] direc-

measurements together with the results of thermal exparn=10.2 K, T\,=4.1 K

sions in Sec. Il D. It is of importance that the FQ phase Il is
stabilized in fields for th¢001] direction in Fig. 10 and the

| CeyPdyGeg
3.36 H//k//[001]
w/[100]
30 mK
E
o
o 3.34 i
3
&)
3.32 ]
1 1 1 1 1
0 2 4 6 8 10 12
H(T)

FIG. 8. Field dependence &f,, at 30 mK in fields along001]

the magnetic transitions.

cessive AFM orderings of the 8c site Bt; with a propaga-
tion vectork;=[111] and of the 4a site aly(<Tyy) With
k,=[001], NdPdhGes (Ty1=1.75 K, Ty, = 0.58 K) 18
tions, respectively. We present the results of the ultrasoni®ldsPdySis (Ty1=2.4 K, Typ=0.7 K) 19 ThPdheSis (T
Dy3PdyoSis (Tn1~5.8 K, Ty

12

10

) ’20

Ce;Pd,Geg
H//[001]

O Elastic constant
® Thermal expansion

FIG. 10. Magnetic phase diagram of £e,,Ge; under fields
along the[001] direction. The boundary from paramagnetic phase |
to the ferroquadrupole phase Il shifts to higher temperatures with
up to 12 T. The inset is an expanded view below 2.5 T indicatingincreasing fields, while the boundary from phase Il to the antiferro-
magnetic phase Il shifts to lower temperatures in fields.
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FIG. 11. Magnetic phase diagram of £e,,Ge; under fields
along the{110] direction. The subphase’ lexists in the AFQ phase FIG. 12. Thermal expansioAL/L in CePd,yGe;. The inset
1. shows the thermal expansion coefficientand thermal expansion
AL/L at low temperatures.

~1.8 K),%'and so on. One can reasonably expect that the

transition temperatur€y, at the 8c site is always higher than eter age,) =Ngr5(02)[2/(C3;,— C,)] in the mean-field ap-
Ty at the 4a site since the distances.2 A between rare- proximation. BelowTy,=0.75 K, the AL/L along [001]
earth ion of the 8c site is much shorter than the er&8 A slightly shrinks. The inset of Fig. 12 is an expanded view of
of the 4a site. In the present {RehGes, at first the FQ  AL/L and the coefficient of the thermal expansierat low

ordering at the 8c site with a structural change from a cubigemperatures. A sharp anomaly in the coefficierftas been
lattice to a tetragonal one occursTas;=1.25 K. Therefore,  found at the FQ transitiof ;.

the AFM ordering at the 8c site takes place with difficulty  peasurements ofAL/L versusT in various magnetic
because the favorable propagation ve&icr [ 111] of the 8¢ fig|ds parallel tq001] are shown in Fig. 13. The magnitude

site does not match the tetragonal lattice in phase Il. In othesf the expansiomL/L in fields exhibits a noticeable in-
words, the AFM ordering at the 8c site is replaced by the FQyre55e up taAL/L=2.5x 104 compared with that in zero
ordering in CgPdiGe;. However, the AFM ordering of the  magnetic field. The sharp increasedE/L at the transition
4a site with a propagation vectd,=[001] occurs easily point to the FQ phase Il has been observed in low magnetic
even in a tetragonal structure beldly,. Neutron experi- fie|ds below 1 T. On the other hand, the gradual increase in

ments detected a large enough value of saturation ceriuffe thermal expansionL/L above 5 T up to 12 T indicates
momentu(4a)=(1.1+0.1)ug/Ce that is expected from the an gpscure character of the I-Il phase boundary in high

ground state quartdfs perpendicullair to thé;=[001] in  fields. This is consistent with the fact that the elastic con-
Ce;PdyGe; far below Ty, at 50 mK: stants in fields of Figs. 4, 5, 6, and 7 show obscure transi-

D. Thermal expansion 2.5x10™

Ce;Pd, Geg
AL/H/T001]

In order to examine the structural change due to the FQ )
ordering atT ;= 1.25 K, we have measured the thermal ex- 2.0
pansion along thE001] direction in CgPd, Ge;. The sample
lengths along th¢001] and[111] directions are written by 1.5
the symmetry strains asA(/L)[po1)=€,,~¢&s/3+ su/\/§

and  AL/L)(11=¢€s/3+2(ey,+&,xt £4,)/3. Here, &g -4 10

=gyt eyyte,, IS @ volume strain withl’; symmetry, s, 3

=(Zezz—exx—syy)/\/§ is a tetragonal strain witl';, and 0.5

&y IS @ shear strain witl's. The length along001] in Fig.

12 shows a monotonic decrease with decreasing temperature 0.0

in the paramagnetic phase | abolg, and abruptly expands

aboutAL/L=1.9x10* below Tq;. The thermal expansion 05F o okt

along[001] in phase Il and the huge softening of 50% in L . -
(C11—C1p)/2 of Fig. 3 indicate theDJ-type FQ ordering 0 5 T1(?<) 15 20
accompanied by the structural transition from cubic lattice to

tetragonal one with the spontaneous straip) in phase Il. FIG. 13. Thermal expansioAL/L along[001] in Ce;Pd,,Ge;

This spontaneous strain is proportional to the order paramunder fields up to 12 T along tH€01] direction.
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T T
3.38| () Experiment

also been found, but is not discussed here. We describe this
frequency dependence of the elastic const@ﬁ;(w) in
terms of Debye-type dispersion as

Ce,PdyGeg

Cax(*) — C3y(0)
S f2oMHz COw)=CO o) — 4~ 2077

A 50MHz p 1+ w?7?
v 30MHz
¢ 10MHz

oy where CR,() and C},(0) are the elastic constants of the
high frequency limit and the low frequency one, respectively.
Here w is an angular frequency of the ultrasonic wave and

, ®)

3.38| (b) Calculation 150MH22§QMHZ

P —
= ’ ] means the relaxation time of the system. In fittings of Fig.
S " somHz 14(b), we take into account the superposition of two suscep-
o 3370 oWbe 0,0 - 3.44-0.00074T tibilities by the quadrupole one of E@3) and the Debye-
< lal=gok type dispersion of Eq5) asCg,=C$+ Chy(w). The inflec-
© AC = 0.004x10™ J/m® T tion points around 10 K irC4,, indicated by arrows in Fig.
Lo= 2 0™ sec 14(a) show the temperatures wherecoincides withw as
33 || L L o7t=1. The ultrasonic attenuation is expected to be maxi-
0 5 10 15 20 25 30 mum at the temperatures farr=1. The solid lines of Fig.
T (K) 14(b), being calculations made with E¢p), well reproduce

_ the experimental results of Fig. (4. The relaxation time
FIG. 14. Frequency dependence of the elastic constant of ttheying the Arrhenius-type temperature dependence
transverseC,, mode in CgPd,Ge;. (a) represents the experimental _ . . —31x10 1
results with the frequencies from 10 MHz up to 250 Mida).is the 7o €XP CE/!(BT). with the alttempt timero=3.1 10. Sec
calculation in terms of the Debye-type dispersion of E5).in the and the activation energy=70 K has been determined. The
' parameter of AC=C},(oc) — C%,(0)=0.004x 10'° J/n? is

text.
used.

tions in fields. This behavior is similar to the liquid-gas tran- 1 N€ ultrasonic dispersion due to electron thermal hopping
sition near the critical end point under hydrostatic pressured12s already found in the inhomogeneous valence fluctuation
The thermal expansion along th@01] direction in fields ~compounds of ~ SgX, (X=248e, Te), YR (Aso7:Shy 293
parallel to[001] and the considerable softening o,  (Ref 23 and SiCaCuyO4™. It is remarkable that the
—Cy,)/2 of 50% in CaPdy,Ge; strongly suggests that the Very slow relaxation timer and extrgmely low activation
order parameter of the FQ ordering in phase 10 with a ~ €Nergy E for CesPd,Ge; are exceptional as compared to
T'5 symmetry. The relatively small softening of 2.50%@,  0Se of charge fluctuation compoundssSi® (Ref. 23 and
in Fig. 3 means that the quadrupole ©f,-type with T’ is ~ SMsTes " 70~2.5<10 = sec ~and E~1600 K, and
irrelevant for the transition ao,. The thermal expansion of Sf12C&CUaOs1, 7o=1.01x10 ™ sec andE=1900 K:
Ce,PdyGe; along[111] is required to examine an interplay This discrepancy, of the order of, and E- between the
of the spontaneous strai, for the phase II. We refer to our Présent CgPcGe; and the charge fluctuation compounds,
recent study of the FQ transition in HgBnd the phase IV in indicates that a thermally activated rattling motion of the
Cela, By (x=0.75 and 0.70'7%2 where the trigonal heavy mass partlcle, which is prob.ably a rar.e-earth ion in a
straine,,= e,4= £,y plays a significant role and the tetrago- cagGel, gives rise to the ultrasonic dispersion inRGe;.
nal straine, is irrelevant. These facts are very consistent, ©!aSS materials and charge fluctuation compounds exhibit

with the pronounced elastic softening@, of 70% in HoB; ILequerllltIy ﬂ:.e l:lt(rjasor:_ic d_ispeésiogl, Whiﬁh resulltt_s f:|0m a
and of 31% in Cela, B (x=0.75 and 0.7D ermally activated motion in a double-well or multiwell po-

tential. The compounds such as $tm (X=S, Se, Te) with
different valence of SAT and Sm* ions and
Sr,CaCu 04, With Ci?* and C3" ions cause the ultra-
The C4, mode associated with the elastic straip, &, sonic dispersions due to thermally assisted charge fluctuation
and e, of I's symmetry of CgPd,;Ge; in Figs. 3 and 5 in the temperature region between 100 and 200 K. The two-
exhibits a shoulderlike anomaly around 10 K in addition tolevel systemTLS) due to an atomic tunnelifgor electron
the characteristic softening due to the quadrupolar couplingunneling® manifests itself in glass materials at low tempera-
aboveTq;=1.25 K. It should be noted that this anomaly is tures, where the thermally activated motion dies out. The
absent for the C,;,—C15)/2 mode associated with; elastic  TLS yields the decrease in the elastic constant proportional
straine, and the bulk modulu€g with T'; volume strain  to InT,?8 the specific heat td@, and the thermal conductivity
eg. In order to examine the origin of this anomaly, we haveto T2.2° In the case of SgTe,, a remarkable logarithmic
measured the frequency dependenc&gf from 10 to 250 decrease in the elastic constant appears below about 15 K
MHz. The elastic constar€,, of Fig. 14@a) exhibits shoul- down to the spin glass transition &=1.5 K, which sug-
ders showing a remarkable frequency dependence. An irgests the existence of a 4f-electron tunneling motion between
crease in the ultrasonic attenuation around the shoulder h&?™ and Smi™ ions situated at the charge glass state.

E. Ultrasonic dispersion of Cy,
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TABLE I. Rattling modes with eight off-center positions along the threefaltl] direction in the 4a-site
cage with @ point group symmetry. Corresponding elastic strains are also listed. Thef& isattling mode
coupled to thes,-type strain of theC,, mode. This is contrary to the absence of therattling mode to the
e4,8, Of the (C1;—C1,)/2 mode. The present ultrasonic dispersiol€Ciy of Ce;Pd,oGe; originates from the
I's-type rattling at the 4a site.

Symmetry Rattling mode Strain

Iy pri=pi1tp2tpstpatpstpstprtps eg=exxT eyyt ez
I pr2=p1tp2tpstpa—ps—ps—pP7—Ps

Is 8u:(zszz_sxx_“J‘yy)/\/g

8, = Exx— Eyy
ry Prax=p1— P2~ pP3tpstps—pstpr—ps

Pray=p1= P2t pP3—pPatpPs—Pe— P7T P8

Pr,z=P1tP2=P3 = Pa—pPs—pPeT P7 T Ps

I's Pryyz=P1~ P2~ P3tT pa—pstpe—p7tps &yz
Pry,zx=P1~ P2t P3— P4~ PstT Pt pP7—ps €2x
Pryxy=P1t P2~ p3—Patpst pe—pP7r—pPs Exy

The present clathrate compound;Re,Ge; is a crystal  also defined. When 48 symmetry operators of thep@int
possessing an ideal periodic arrangement of cages in spaggoup act on the atomic densitigs, one can derive the
The stable trivalent Ce ions in cages of;8e,,Ge; are free  transfer representation matrices wittx 8 elements. Conse-
from the valence fluctuation phenomena. As shown in Fig. 1guently, one obtains the charactw{,é%” for the rattling mo-
the clathrate compound gRed,,Ge; is made up of a cage at tjon by tracing the diagonal elements of the representation
the 4a site consisting of Pd and Ge with distandgs,.ce  matrices. Using the charactegsii!! and the character table
=3.332 A anddce;.paz=3.067 A, and the cage at the 8c site for the irreducible representations of, & the rattling mo-
of Pd with deep pgi=2.868 A anddce, paz=3.373 A. The  ion gver the eight off-center positions along fHé 1] direc-

trivalent Ce ion with radila=1.7—-1.8 A inside the 4a-site tion is reduced to the direct sum dfy(1D)&T,(1D)
cage in particular is expected to show the rattling motion@r4 (3D)®I'5(3D).

over the off-center positions being away from the center of Employing projection operators on appropriate atomic
the cage. Actually, neutron scattering onsfhoGes and  gensityp,, we obtain the rattling modes for the irreducible

Nd;Pdy(Ge; revealed sharp transition peaks, indicating arepresentations as listed in Table | together with the elastic
stable CEF splitting at the 8c site and no indication for CEFgirains ... One can see the presence of thg rattling
)

state at the 4a sifeThese results may imply the obscure mode prsyz.prsz and prsy, coupled to the strains
CEF state due to the off-center Ce ion at the 4a site contrar k ' ’

_ " ) _ ¥yz, €,x,» andeyy, contrary to the absence of tiig rattling
to the well-defined CEF splitting at the 8c site being a stablg,,5qe coupled to the strain,, e,. This is consistent with
Ce ion position. i

the fact that the ultrasonic dispersion reveal<Ciyy and is
. ' absent in C;;—Cq5/2. The Ce atom in the cage of
F. I's rattling motion Ce;PdGe; obeys a harmonic oscillation  ofZ(z)

A notable finding of Fig. 14 is that the ultrasonic disper- = (1/72o)1/2 exp (-Z/2z§) with a mean square displace-
sion in theC,4, mode associated with,,-type strain indi- ment zy=(1/2m)(h7o/M)Y2 The attempt timer,=3.1
cates a rattling motion with a specifiEs symmetry in X 10! sec and the maddl = 140m, wherem,, is a proton
Ce;Pd,Ge;. It is expected that the Ce ion in the 4a cagemass, leads to the mean square displaceragiieing ap-
with cubic symmetry @ favors off-center positions along proximately twice of off-center distancea as z,=2a
one of the three principal directions §100], [110], and  =0.48 A3
[111]. As one can see, the cage at the 4a site in Fig. 1 is of The full symmetryI'; rattling mode pr;=p;+p,+p3
particular interest in that no atom exists along the three foldt+ p4+ ps+ pg+ p7+ pg Means a uniform atomic distribution
[111] directions, while the Ge atom occupies the fourfoldwith a fraction 1/8 at each of eight off-center positions.
[100] directions and the Pd atom along the twof¢l0] ~ While the I's rattling mode, for instancersy,=p1+p,
directions. This crystallographic character may promise a flat- p3— ps+ps+pe—p7—ps, represents the anisotropic
potential along the threefolfl11] directions and profound atomic distribution being quadrupof@,, at the lowest order
potentials along the fourfolfil00] and twofold[110] direc- such as fraction 1/4 at,, r,, r5, and rg and zero at
tions. Presumably the Ce ion at the 4a site prefers the offrs, r,, ry, andrg, as shown in Fig. 15. The present group
center eight positions along th&11] directions, which are theoretical analysis for the rattling mode is essentially the
defined as r;=(a,a,a), r,=(—a,—a,a), rz=(—a,a, same treatment previously argued for the charge fluctuation
—-a), r,=(a,—a,—a), rs=(a,a,—a), re=(—a,—a, mode??*3|n the present system GRd,Ge;, the ther-
—a), r,=(a,—a,a), andrg=(—a,a,a). The atomic densi- mally activated 5 rattling mode may be a ground state and
ties p;=p;(r;)(i=1-8) at the eight off-center positions are I';, I',, andI", may be excited states.

184109-8



FERROQUADRUPOLE ORDERING ANII's RATTLING . . . PHYSICAL REVIEW B 68, 184109 (2003

istic elastic softening in©¢,;—C;,)/2 andC,, is well de-
scribed in terms of the quadrupole susceptibility for the
ground state. The important finding is that,(—C;,)/2
shows the huge softening of 50% towarlg;=1.25 K, and
that C,, exhibits a softening of 2.5% only. This result
strongly indicates a FQ ordering with an order parameter of
the I'; symmetry in phase Il belowy,. Actually we have
successfully observed the sharp increase Adf/L=1.9

X 10" in length along thg001] direction belowT ;. This

is evidence ofog—type FQ ordering accompanied by the
structural change from cubic lattice to tetragonal on& &t

= D= b D e —r— in Ce;Pd,Ge;.
Prsxy=P17P2"P3~P4TPsTP6 P77 P8 For the investigation of the magnetic phase diagram con-

FIG. 15. Schematic view for thE; rattling modepysy, due to ceming the FQ _phase Il'and the AFM phase _”I |r_1
the off-center Ce ion along the three-fold11] direction in the ~C8&P®Ges, elastic constants and thermal expansion in
4a-site cage. Theys,, represents that fractional atomic density 1/4 fields have been measured. We have found that the boundary
is located at, r,, rs, andrg and null atrs, r,, r7, andrg. The  fromthe paramagnetic phase I to the FQ phase G)g)éhifts
freezing of the thermally activated motion of thig rattling mode  to higher temperatures with increasing magnetic fields. The
brings about the atomic tunneling state at low temperatures. result that the I-Il phase transition becomes obscure in fields

is similar to the liquid-gas transition approaching the critical

Our group recently found a similar ultrasonic dispersionend point under pressure. This result is consistent with the
around 30 K in a heavy fermion superconductor B&bs,  fact that the FQ order paramet& in Ce;Pd,,Ge; has a
with a filled skutterudite structure. It should be noted thattotal symmetry under fields along tfi601] direction® The
ultrasonic dispersion in thed;;— C;,)/2 mode of PrOgShi,  boundary from phase Il to the AFM ordering shifts to lower
indicates &’ rattling motion of a Pr atom over six fraction- temperatures, similar to the conventional AFM ordering.
ally occupied positions alongl00]. The dispersion of €4 We have found an ultrasonic dispersion in tbg, mode,
—Cy)/2 in PrOgShy, is contrary to the one o€,, in the indicating a rattling motion witlH'5 symmetry. Taking into
present compound of GBd,(Ges;.* The attempted time,  account the absence of the atom along|thd] direction in
=8.8x10 ! sec, activation energf=168 K, and mean the 4a-site cage, we have successfully picked up the specific
square displacemer,=0.80 A in PrOsSh,, are compa- T'; rattling modersy,, Prszx, andprsy, With a fractional
rable to the present results of & Ge;. atomic density over the eight minimum positions of potential

The thermally activated's rattling motion with fractional  gjong the fourfold[111], [111], [111], and[111] direc-
atomic state in C#dy,Ge; dies out with decreasing tem- tions. The dispersion of th€,, mode obeying the Debye
perature. At further low temperatures, the off-center tunnelformula revealed the thermally activated-type relaxation time
ing state of Ce ions in the 4a-site cages will appear, whichys = 70 €xp E/kgT) for theT's rattling mode with an attempt
means a quantum state being occupying four positions, fofime 7,=3.1x 10 ! sec and an activation energy="70 K.
instance ary, ry, s, andre for the case Oprsyy, at the  The estimated mean square displacenzgnt0.48 A for the
same time. The charge glass state in the inhomogeneoygmonic oscillation of the Ce atom leads to the distance of
mixed valence compound Sife, revealed a Iow- the potential minima along thEL11] direction asa=zq/2
temperature softening in elastic constants proportional®o In — 24 A. In order to confirm the anisotropic atomic distri-
resembles a structural gla?sThe present scenario of the pytion in the 4a-site cage, neutron or x-ray scattering is re-
atomic tunneling of Ce ions in 4a-site cages inR®Ge is  quired. The freezing of the thermally activated motion due to
also expected to show an elastic softening at low temperane rattling mode with lowering temperature brings about
tures. However, the low-temperature quadrupole and maghe atomic tunneling state. By analogy of the charge glass
netic orderings in C#Pdy(Ge; may mask the character of the compound SniTe,, Ce-ion tunneling is expected at low tem-
tunneling state in the present case. In order to clarify th)eratures. The ultrasonic investigation onsPe,Ge; free
tunneling and rattling in the present clathrate compounds, om the long-range ordering due to 4f-electrons is now in

low-temperature thermodynamic and ultrasonic measuresrogress to shed light on the tunneling and rattling in cages.
ments on LaPd,Ge;, without 4f-electron in particular, is

required.
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