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Tunneling and rattling in clathrate crystal
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We present tunneling and rattling motions of an off-center guest atom in a cage referring to a clathrate
crystal LaPd,(Ges. The elastic constar,, of LasPd, Ge; shows a Debye-type dispersion of around 20 K
obeying a relaxation time=r, exp(E/kgT) with an attempt time of,=2.0x 107? s and an activation energy
E=197 K. At low temperatures below 3 K down to 20 mK, ti®&, shows a softening 0C44=C24(T
-T2)/(T-0) with T2=-337.970 mK and®=-338.044 mK. These facts are attributed to two different types
of off-center motions withl's symmetry in the 4-site cage of LgPdGe;, a thermally activated rattling
motion over the potential hill, and a tunneling motion through the potential hill at low temperatures.
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I. INTRODUCTION II. EXPERIMENT

It has recently been found that filled skutterudites an image furnace equipped with two ellipsoidal mirrors
RM,Shy, (R: La or Ce, M: Fe or Cp(Ref. 1, clathrate a5 employed to grow a single crystal of ab Ge; with
semiconductor compounds ¢SieGey (Ref. 2 and  regiqual resistivitypy=2.7 xQ cm. The plane parallel sur-
EuGayGey, (Ref. 3 show a considerable reduction of the ¢, a4 \yith(100) or (110) orientation were determined by an

thermal conductivity. The rattling motion of an off-center , 5\ hhotograph. The sound waves were generated and de-
guest atom over a potential hill in an oversized cage in thesﬁected by the piezoelectric LiNbOtransducers bonded on

clathrate compounds brings about a reductlo_n n th?rmathe surfaces of specimen. The change of sound velacity
phonon transport by resonant phonon scattering, which is

favorable for thermoelectric devices with a profitable figureWas detected by a phase comparator b_ased on mixer technol-
of merit? Furthermore, the low-temperature behavior of ther-0%Y The elastic consta@=pv® was estlmated .by the mass
mal COI'.ldUCtiVityK(T)’LTZ and ultrasonic attenuatioa(T) density p=10.179 g/csrﬁ of LagP0ygGe; with lattice param-
T3 in Sr.Ga.Ge.. (Ref ind f the two-level etera=12.482 AL A He-evaporation refrigerator down to

I SKgGayGey (Ref. 9 reminds us of the wo-level 50 o hq e 4He dilution refrigerator down to 20 mK
system due to tunneling motions in glasses with a structur

) o ere employed for low-temperature ultrasonic measure-
8 - B - . . .
disorder”®It should be noted that the off-center guest atornsr‘?ents. An observation of the de Haas oscillation in elastic

of c_Iathrate _compounds are located i_n cages forming an ide%onstanté2 ensures good quality of the present single
periodic lattice. The off-center tunneling in clathrate CryStals’c%ystal

therefore, may be regarded as a new quantum degrees 0
freedom associated with a local Einstein phonon with a large

density of state. IIl. RESULTS AND DISCUSSIONS
Quite recently, our group has found the frequency depen- _
dence in the elastic consta@l, of Ce;Pdy,Ges showing a We show temperature dependence of elastic constants

ferroquadrupole orderifig® and in (C;;—Cy,)/2 of a filled  Ci1, (C11=Ci2)/2 andCyy of LagPdGes in Fig. 1. Here the
skutterudite PrOSb, showing a heavy fermion longitudinal sound wave with frequencies of 70 MHz was
superconductivity! The ultrasonic dispersion in these com- €mployed for measurements 6§, and transverse one with
pounds shows the fact that a relaxation time for the rattling?O MHz for (C;,-C;5)/2 andCyy. With lowering tempera-
motion obeys thermal activation-type temperature depenture we have found a step-like increase around 20 K4p
dence. We have successfully projected out the off-centefhile other modes o€y; and(Cy;—C;,)/2 exhibit monoto-
mode in cage, which couples to appropriate ultrasonic modeé)ous increase only.

The phenomena associated with the tunneling motion are The elastic constant,, of transverse acoustic mode in
expected at low temperatures, where the thermally activatedasPtheGes; in Fig. 2@) exhibits a marked dependence in
rattling motion dies out completely. However, the ferroqua-frequencies for 9, 40, and 150 MHz. This result indicates the
drupole ordering aTo=1.25 K in CePd,;Ge; and the super-  ultrasonic dispersion in th€,, mode as similar as that in
conductivity atT-=1.85 K in PrOsSh;, smear out the char- isomorphous compound GRd,;Ge; (Ref. 9. These results
acteristic low-temperature properties due to tunnelingshow the fact that BPd,(Ge; (R=La, Ce exhibit commonly
motions. In the present paper, we have made ultrasonic mea-thermally activated rattling motion of the off-center rare-
surements on Li#®d,(Ge; with a cubic CpsCs-type structure earth ion. As was noted in Fig. 1, the ultrasonic dispersion
in order to examine the tunneling and rattling motions in thehas been found only €4, but no sign of dispersion in
system being absent of thd électron. (C11—C49)/2 andC;;. This result immediately means that the
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FIG. 1. Temperature dependence of elastic const@pts(Cy; -

—C1)/2, andCy, of LagPd,Ge;. A step-like anomaly irC,, around

20 K indicates the ultrasonic dispersion. FIG. 2. (a) Frequency dependence of the elastic cons@nt

measured by the transverse ultrasonic waves with frequencies of 9,

. 40, and 150 MHz. Arrows iifa) indicate the temperatures satisfying
off-center motion ha¥'s symmetry. Consequently, the charge it the resonance condition afr=1. The inset ina) represents a

fluctuation due to the off-center motion couples to the acoust py the Debye-type dispersion of E¢t) for frequencies of 9, 40,
tic transverseC,, mode. On the other hand, a filled skutteru- and 150 MHz.(b) shows the Arrhenius plot of relaxation time
dite PrQaSl:_le of a hgavy fermion superconductor exhibits =7, expE/ksT) in LagPdhoGe; together with the results of
ultrasonic dispersion i6C;;—-C;,)/2 indicating thel',3 sSym-  Ce;Pd, Ge; and PrOsShy, (Refs. 9,11.

metry of the off-center mode in a cagfelt is worthwhile to

emphasize that the symmetry transverse ultrasonic mode iSfection. The latterC,, mode is scattered by the rattling
useful probe to determine the symmetry of the off—centermotion' while the forme€;; mode propagates transparently

motion in a cage. _ ___ without any scattering by the rattling. In the case of thermal
The frequency dependence of the elastic constant in Figshonon transport along tha11] direction, the longitudinal
2(a) is described by the Debye-type dispersion as (Cy1+2C;,+4C,,)/3 as well as the transverd€,;—2C,,
Cas() = Cy4(0) +Cy4)/3 are scattered by the rattling, because both modes
_ 44 44, . . . .
Caslw) = Cyy() = T va2? (1) contain the pur€,, mode in parf3 These anisotropic prop-

erties of the acoustic phonon may bring about the anisotropy

The calculation of inset of Fig.(8) reproduces well the of the thermal conductivity by phonons. The investigation of
experimental results in Fig.(®. Here w is the angular fre- the ratting by ultrasonic measurements would be a profitable
quency of the sound wave. The relaxation timef the rat- way to develop the thermoelectric device with a high figure
tling motion in Fig. Zb) revealed the thermally activated- of merit.
type temperature dependendey,(0) and Cyy() are low- As one can see in an Arrhenius plot of Figbg the
and high-frequency limits, respectively. Arrows in Figag relaxation time 7 of LagPd Ge; obeys the thermal
indicate the temperatures being satisfied with the resonamctivation-type temperature dependenceryexp(E/kgT)
condition, where the relaxation time coincides with the with an attempt timer,=2.0x 1012 s and an activation en-
sound frequencyw as wr=1. The ultrasonic attenuation of ergy E=197 K. The relaxation times in Ce;Pd,;Ge; with
the transvers€,, mode, that is not presented here, shows ar,=3.1X10!'s, E=70 K (Ref. 9 and in PrOsSh;, with
peak at the temperatures satisfied with=1. This resonance 7,=8.8x10''s, E=168 K (Ref. 11) are also presented in
scattering of the ultrasoni€,, wave by the rattling motion Fig. 2(b) for a comparison. These relaxations originate from
in a cage may bring about a reduction of thermal conductivihe thermally assisted rattling motion of the off-center rare-
ity by the phonon transport. earth ion over a potential hill with heigli=70~100 K. It

It should be noted that the specifitd symmetry of the is of importance to contrast with the charge fluctuation time
transverseC,, wave may give rise to anisotropic phonon of a 4f electron in inhomogeneous mixed valence compound
transport depending on the crystallographic orientation. Th&nTe, showing the activation-type temperature dependence
longitudinal C,; mode as well as the transver€a, mode  with 7,=2.5X10*3s andE=1600 K1* The relatively slow
participates in the thermal phonon transport along[fGo)] relaxation timer,=0.2~8.8x 107 ''s as well as relatively
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FIG. 3. The low-temperature softening in elastic cons@ytof X
LagPdoGe; below 3 K down to 20 mK. The solid line is a fit by
Caa=Cay(T-TQ)/(T-0) with the parameters in the text. Inset pre-  FIG. 4. (Colon A schematic view of thel's off-center mode
sents low-temperature behavior @, and (C;,—Cq5)/2. Prsxy=P1+P2—pa—pa+ps+ps—pr—pg Possessing fractional states

of the Lg ion over eight off-center potential minima along the

small activation energyE=70~200 K in LaPd, Ge;  threefold[111] axis in a 4-site cage of LgPdhGes.
CePd,Ge;, and PrOgShy, indicate the rattling motions of
the off-center rare-earth ions with heavy masses. The motioAnd six Ge atoms withl, , _=3.350 A forms a face center
of the rare-earth atom described by a harmonic oscillation o€ubic lattice. The &-site cage with La atom consisting of
{(2)=(1/m2y)""? exp(~7*/2Z) in a cage spreads in space with sixteen Pd atoms withd ,, pq=2.884 A and di,, pq,
a mean square displacemegt (1/2m)(h7y/M)¥2 (Ref. 15.  =3.392 A forms a simple cubic lattid8 The trivalent La ion
The attempt timer,=2.0x 102 s and the masM=139n,  with radii 1.88 A in the former oversizedadsite cage may
of the La atom in LaPd,,Ges, wherem,, is the proton mass, favor the rattling motion over off-center positions. Actually
leads to a mean square displacemgrt0.12 A being com- neutron scatterings on ;Rd,Ge; (R=Ce,Pr,Ngl observed
parable to z,=0.48 A of CegPdyGe;, 2=0.79 A of well-defined crystalline electric field excitations of the 8
PrOsShy, (Refs. 9,1}). Furthermore neutron scattering on site, while they detected an obscure peak only foaaite!’
EugGa,¢Geyo showsz,=0.8 A 16 These facts are consistent with the off-center motion of the

In order to examine low-temperature properties due taare-earth ion in the asite cage of RPd,;Ge;. Because the
tunneling motions of LgPd,Ge;, we have made ultrasonic absence of a Pd or Ge atom on the three-fddll] axis
measurements down to 20 mK. As shown in Fig. 3, we havén the 4a-site cage, the potential for the Ldon may
observed a remarkable softening Gf, with a relative possess off-center minima at=(a,a,a), r,=(-a,-a,a),
change of 200 ppm below 3 K down to 20 mK by use of ther;=(-a,a,-a), r,=(a,-a,-a), rs=(a,a,-a), rg=(-a,-a,
dilution refrigerator. ThelCy;-Cy,)/2 mode in the inset of -a), r,=(a,-a,a), rg=(-a,a,a) with a~z/2=0.06 A.
Fig. 3 shows a softening of 20 ppm, which is much smallerHerer;(i=1,2, ...,8 denotes the distance from the center of
than the 200 ppm softening @f,,. The characteristic soften- the 4a-site cage.
ing in Cyy of Fig. 3 in particular promises thEs symmetry It is useful to project out the irreducible representation for
of the off-center tunneling motion in a cage. The tunnelingthe off-center modes consisting of the atomic densities
frequency is estimated to be about 60 GHz corresponding tep(r,) at the off-center positions in the 4a-site cage with
the onset temperature 3 K in the elastic softening of Fig. 3the site symmetry Q%181°The off-center motion over the
The present ultrasonic measurements with frequencies 1§ight off-center positions is reduced into the direct siim
~ 200 MHz are able to observe the static strain susceptibilityp ", & ', @ I's. Because th€,, mode withT's symmetry in
for the off-center tunneling mode. Magnetic fields up to 8 T a,Pd,Ge; shows the ultrasonic dispersion around 20 K in
do not make any appreciable change in the low-temperaturgig. 2(a) and the appreciable low-temperature softening be-
softening of C44. This result, which ie not presented here, low 3K in Fig. 3, theT's off-center modeprs,,=p;~p,
ensures that the soften.mg (O is an intrinsic effect being - po+p,— ps+ pg—p7+ pa, Prs.2x=P1— P2+ P3— Pa—Ps+ Pe+ P
independent of magnetic impurity effects. . —Pg, Proxy=P1+P2—pa—patpstps—pr;—pg IS relevant for

In the present clathrate compound;Pa,,Ges with space  the ground state in the present system. Thenode consists
group symmetryFm3m, there are two different types of of anisotropic fractional atomic state over eight off-center
cages containing a La ion. The unit cell of JPab Ge; with positionsr; (i=1,2,...,8. The prs,, mode of Fig. 4, for
a lattice parametea=12.482 A consists of four molecular instance, has fraction 1/4 at,r,,rs,rs positions and null at
units with 116 atoms. Theadsite cage with a Laatom con-  r3,l4,r7,rg. Other modes witi'y, I',, or I’y symmetry prob-
sisting of twelve Pd atoms with distancd,;l_pdz:3.084 A ably correspond to excited states and hence they are disre-
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garded here. The Schrodinger equation for the off-cented- or f-electron syster@®2*Employing the number of thea4
atom in multipotential wells is a faithful way to analyze the site in unit volume,N=2.057x 10** cm™®, one obtains the
off-center tunneling stat&:?! The present group theoretical deformation coupling energy=9.3 K corresponding to the
analysis is a proper way instead of rigorous treatment. ~ energy shift for thel’s mode by unit external strain. It is
Because the La ion is trivalent, the charge density associemarkable that the deformation coupling of about 10 K for
ated with thel's off-center mode in the asite cage is de- the present tunneling mode is order of magnitude smaller
scribed ashp=Q,prs .+ Quors et Quyrs -1 Here Qy,, than that of 100 K in the #electron system of rare-earth
Q.. andQ,, denote the normal coordinate describing the c_o_mpounds and of 1000 K in thellectron system of tran-
off-center mode in Fig. 4. It is notable that the hexadecapol&!ion metal compounds. This means that the charge fluctua-
as well as the quadrupole are relevant for the charge distr ion due to t_he tunneling motion is well screeneq by the cage.
bution of thel's off-center mode. As the temperature is low- ar?t?fernrgg-]t?/trl)\éein}c/:rl-li:zg(e)f??]t_ej(iisdgélgf Tﬂé rlr?(()jtljceafr?]o:%e
ered, the phase tran5|t|orpa&0 due to the condensgtlon.of the 4a-site cages with nearest neighbor distance 8.8 A.
the symmetry breakind’s mode would be expected in prin-

. » The tunneling motion in the two-level system of many
m%le..W?BreLer YhAs; to the phahse transition dhue to charge g cqyral glass&g” provides the principal concept to eluci-
ordering.® The present system, however, no phase transitioyase the off-center tunneling motion of the clathrate crystals.

has been observed down to 20 mK. Consequently, the tUnrhe two-level system in the random potential of structural
neling motion of the off-center La-ion through the potential gjases loses its symmetry property. This is strikingly differ-
hill in keeping the @ site symmetry is relevant even at low ent from the specifi¢’s symmetry of the off-center tunneling
temperatures. motion in periodically arrayed cages of the clathrate crystal
The interaction of thd’s off-center tunneling mode in | a;Pd,Ge;. As was already shown, the off-center tunneling
cage to the elastic straify,e,,.&y, Of the Cyy mode is de- in the present LiPd,Ge; has small antiferro-type inter-cage
scribed a&2* interaction®=-338.044 mK. Therefore, the collective mo-
_ . . tion of the off-center tunneling in periodically arrayed cages
Hos= —gr52 {Qudi)ey, + Quli)ent Qulidext. (2)  is expected to show a flat dispersion being mostly indepen-
! dent of the wave vector. The triply degeneratetunneling
Heregr5 is a Coup"ng constant arﬁi means summation State-may be regarded as a |Oca| Einstein phonon W|th a Iarge
over cages at site The inter-cage coupling of thEg off-  density of state. _ o
center tunneling mode accompanying the charge fluctuation It is expected that the off-center tunneling motion in the

is introduced as cage of LgPd,(Ge; interacts to the conduction electron con-
sisting of the 4d orbit of Pd and 4p orbit of Ge of the cage.
Hoo=- gfsz {{Qy2QyAi) +(Q0Qui) +(Quy)Quy(i)}. This interaction of the local Einstein phonon to the electrons
i

may play a crucial role to bring about the small activation
3) energyE=197 K and the appreciable mean square displace-
mentz,=0.12 A. We noted many theoretical investigations
Here grs is a coupling constant anQ;;) (i,j=X,y,2)  showing that in a strong electron-phonon coupling regime,
denotes a mean field. The low-temperature elastic softeninghe renormalized potential for a guest atom may favor off-
in C4, below 3 K in Fig. 3 is described by center positions and a reduction of the excitation
energy*>2829 The screening of the off-center tunneling
C, =0 — Ng%SXFS(T) (4) mode, namely the local Einstein phonon, is mapped to the
44=baa™ -gp xr(T)’ multi-channel Kondo model of the non-Kramers doublet in
sTe f-electron system¥
HereN is the number of cages in unit volume. The strain In the case of the heavy Fermion superconductor
susceptibility for thd's off-center mode in cage is written as PrOsSh,,, the ultrasonic dispersion has been found in the
Ofsxrs(T)=Co/ T=8%/T. Here isd=(Co)Y2 is a deformation  (C;;~Cy,)/2 mode!! The doubly degenerat,; tunneling
coupling energy for thel's ground state. Consequently, state accompanying the charge fluctuation may couple
one obtainsCy=Co,T-T2)/(T-0) with ©=(g/s/g%s)Co  with the quadrupole fluctuation of thé‘l—l‘f) pseudo
and Te=NCq/C3,+0. The solid line in Fig. 3 is a fit quartet CEF state as well as the conduction barithis
by the characteristic temperaturé3=-338.044 mK, Tg interaction of the local phonon to the electrons is of crucial
=-337.970mK, and a background C2,=3.33085 importance for the formation of the heavy fermion state and
X 100 J/n?. The low-temperature softening @f,, propor-  its Cooper pair of the superconductivity. The tunneling state
tional to the reciprocal temperature in JPa,,Ge; is attrib- ~ with double or triple degeneracy in the cage of clathrate
uted to thel's tunneling mode with the symmetry breaking compounds may be regarded as new quantum degrees of
character in the present system. This is strikingly differenfreedom leading to exotic low-temperature properties con-
from minima in elastic constants of NaCl, which has an off-cerning the symmetry breaking phase transition, supercon-
center tunneling motion with B, singlet ground state of the ductivity, and the multi-channel Kondo effect.
impurity OH ion?2526
The value ofNCQ/CM:Tg—G):O.OM mK corresponds to IV. CONCLUSION
the energy gain due to the coupling of theoff-center mode In conclusion, the present ultrasonic measurements on the
to the elastic strain as similar as the Jahn-Teller energy in thelathrate compound L®d,Ge; revealed the dispersion in
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the transvers&€,, mode around 20 K due to the thermally metallic clathrate compounds is an interesting issue of
assisted rattling motion over the potential hill. We have alscstrongly correlated physics in the future.

found the appreciable elastic softening @f, below 3 K
down to 20 mK attributed to the off-center tunneling motion

through the potential hill. The off-center motion in the e thank M. Goda, H. lyetomi, K. Miyake, and @no
present clathrate crystal fRad,Ge; is an ideal local Einstein  for stimulating discussions. The present work was supported
oscillator with triple degeneracy in periodically arrayed by a Grant-in-Aid for Scientific Research Priority Ar@so.
cages. The clarification of the exotic properties of the locall5072206 of the Ministry of Education, Culture, Sports,
Einstein phonon being strongly coupled to electrons inScience, and Technology of Japan.

ACKNOWLEDGMENTS

1V. Keppens, D. Mandrus, B. C. Sales, B. C. Chakoumakos, P. Dai, Compd. 322, 127(2001).
R. Coldea, M. B. Maple, D. A. Gajewski, E. J. Freeman, and S17L. Keller, A. Dénni, M. Zolliker, and T. Komatsubara, Physica B

Bennington, NaturéLondon 395 876(1998. 259-261 336(1999.
2V. Keppens, B. C. Sales, D. Mandrus, B. C. Chakoumakos, and Cs Goto, Y. Nemoto, A. Ochiai, and T. Suzuki, Phys. Rev5B,
Laermans, Philos. Mag. Let80, 807 (2000. 269 (1999.

3S. Paschen, W. Carrillo-Cabrera, A. Bentien, V. H. Tran, M. 1o

Baenitz, Yu. Grin, and F. Steglich, Phys. Rev. @, 214404 T. Goto and B. Luthi, Adv. Phys52, 67 (2003.

20), Zerec, V. Keppens, M. A. McGuire, D. Mandrus, B. C. Sales,

2001).
4|_F Mihgly, Nature(London) 395 839(1998. and P. Thalmeier, Phys. Rev. Le@2, 185502(2004).
5R. C. Zeller and R. O. Pohl, Phys. Rev. 8 2029(1971). 213, Tanaka, H. Yamada, and Y. Kayanuma, J. Phys. Soc.3n.
6p. W. Anderson, B. I. Halperin, and C. M. Varma, Philos. Mag.  1430(1983.

25, 1 (1972. 22p, Thalmeier and B. Liithi, irHandbook on the Physics and
"W. A. Phillips, J. Low Temp. Phys7, 351 (1972. Chemistry of Rare Earthdited by K. A. Gschneider, Jr. and L.
8T. Nakayama, Rep. Prog. Phy85, 1195(2002. Eyring (North-Holland, New York, 199\ Vol. 14, Chap. 96.

9Y. Nemoto, T. Yamaguchi, T. Horino, M. Akatsu, T. Yanagisawa, 23p, Fulde, J. Keller, and G. Zwicknagl, Solid State Phy4, 1
T. Goto, O. Suzuki, A. Donni, and T. Komatsubara, Phys. Rev. B (1988.

68, 184109(2003. 24K. I. Kugel and D. I. Khomskii, Usp. Fiz. Nauk 36, 621(1982.
103, Kitagawa, N. Takeda, and M. Ishikawa, Phys. Re\6B5101  2°E. Kanda, T. Goto, H. Yamada, S. Suto, S. Tanaka, T. Fujita, and
(1996. T. Fujimura, J. Phys. Soc. Jp®4, 175(1985.

1T Goto, Y. Nemoto, K. Sakai, T. Yamaguchi, M. Akatsu, T. ?°H. Yamada, S. Tanaka, Y. Kayanuma, and T. Kojima, J. Phys.
Yanagisawa, H. Hazama, K. Onuki, H. Sugawara, and H. Sato, Soc. Jpn.54, 1180(1985.

Phys. Rev. B69, 180511R) (2004. 27R. Q. Pohl, X. Liu, and E. Thompson, Rev. Mod. Physl, 991
12M. Kataoka and T. Goto, J. Phys. Soc. Ji2, 4352(1993. (2002.
13C. Kittel, in Introduction to Solid State Physio@Viley, New  28K. Vladar and A. Zawadowski, Phys. Rev. 88, 1564 (1983.
York, 1996, Chap. 3. 29C. C. Yu and P. W. Anderson, Phys. Rev.Z®, 6165(1984.
14y Nemoto, T. Goto, A. Ochiai, and T. Suzuki, Phys. Rev6®,  3CH. Kusunose and K. Miyake, J. Phys. Soc. Jp6, 3032(1996.
12 050(2000. 31T. Goto, Y. Nemoto, K. Onuki, K. Sakai, T. Yamaguchi, M.
15D, L. Cox and A. Zawadowski, Adv. Physt7, 599 (1998. Akatsu, T. Yanagisawa, H. Sugawara, and H. Sato, J. Phys. Soc.

16B, C. Chakoumakos, B. C. Sales, and D. G. Mandrus, J. Alloys Jpn. 74, No. 1(2005.

184126-5



