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Possible mechanism for glass-like thermal conductivities in crystals with off-center atoms
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In the filled Ga/Ge clathrate, Eu and Sr are off center in site 2 but Ba is on center. All three filler atoms
(Ba,Eu, Sy have low-temperature Einstein modes; yet only for the Eu and Sr systems is there a large dip in the
thermal conductivity, attributed to the Einstein modes. No dip is observed for Ba. Here we argue that it is the
off-center displacemenhat is crucial for understanding this unexplained difference in behavior. It enhances
the coupling between the “rattler” motion and the lattice phonons for the Eu and Sr systems, and turns on/off
another scattering mechanigifior 1 K< T<20 K) produced by the presence/absence of off-center sites. The
random occupation of different off-center sites produces a high density of symmetry-breaking defects which
scatter phonons. It may also be important for improving our understanding of other glassy systems.
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An important, universal, characteristic of glass-like sys-a very low value ofk is crucial for thermoelectric applica-
tems is a low thermal conductivity; «(T) varies roughly as tions because the figure of meAT=TS 0./« (Sis the See-
T? for T<1 K, forms a plateau/dip region somewhere in thebeck coefficient,o,, the electrical conductivitycan be sig-
range 5—40 K, and then increases slowly at higher temperanificantly increased. Hence, understanding the mechanisms
tures. The lowT behavior(<1 K) is well understood, and is that lead to a smalk, and particularly their ranges of valid-
attributed to a broad distribution of tunneling centg¢es  ity, is very important.
two-level systemp both in glasses and in some disordered Here we considek(T) for the (type I) Ga/Ge clathrates
crystals that exhibit glass-like behavior such aswhose structure is formed of two cages with internal voids
(KBr);—.:(KCN),,> while at high temperatures, Rayleigh large enough to house another atgsites 1 and § atoms
scattering becomes important. However, the intermediat@laced in them, such as Eu, are referred to as Eul and Eu2.
plateau/dip region is less well understood. Several explandh the larger site 2 cage, Eu2, Sr2, and Ba2 all form rattlers
tions for the plateau have been proposed, but the model ofith quite low Einstein temperaturéshowever, Ba2 is on
Grannanet all for the mixed KBr:KCN system has an im- center while both Eu2 and Sr2 move off cerifer.”
portant general mechanism and appears to be applicable for In Fig. 1(@), we replot the thermal conductivity data of
both glassy and disordered crystalline materials. In theiNolaset al;*  is small for Eu and Sr, and there is a well-
model, the plateau/dip is produced by a nearly localizedefined dip associated with the Einstein temperatures of the
mode(the libration modes of the CN ion about its center of rattlers* Nolas et al. model the low thermal conductivity
mass, at THz frequencigshat resonantly scatters phonons below 20 K for the Eu and Sr compounds using a broad
very effectively. Similar models have been applied to glassyistribution of off-center tunneling states. At slightly higher
seleniund and disordered garnetsThe same approach has temperatures, they used two resonant scattering tétwes
also been used to describe the glass-like thermal conductivitzinstein temperaturgso explain the dipnear 25 K, plus a
in the off-center Eu and Sr-filled clathratb@ this case a Rayleigh scattering term which dominates at highUsing
“rattler” mode with a low Einstein temperature in the rangethis sum of terms, they were able to fi(T) for both
30-150 K (i.e., at THz frequencigsplays the role of the EuGagGey and SgGagGey over the range 5-100 K.
nearly localized mode. However, this model fails in explain-However, a problem arises in using a tunneling model with
ing the difference in behavior between the Ba and Eu/Skunneling splittings up te~15 K; first, the inferred distribu-
filled clathrates—no dip is observed for the on-center Bdion of tunneling states from ultrasonic measurements is
system. It also cannot explain tike: T dependence observed much narrower than in a glas$and secondmore impor-
from roughly 1-10 K& Here we will argue that it is the tantly), very recent Mossbauer measurements indicate that
off-center displacement of Eu and Sr that leads to théhe tunneling frequency is at most 0.44 GHz, i.e.,
plateau/dip region in these systems. ~0.02 K1 If one cuts off the tunneling density of states

In several compounds with large unit cefiskutterudites ~ with a step function even at 1 K, them rises too rapidly
and type | clathratgslarge cages or voids occur in the struc- below 15 K.
ture which can be “filled” with several types of atoms. This ~ Similar experimental results foe(T) of these filled clath-
dramatically alters their physical propertfe8.When the rates have also been observed by Setes® [see Fig. 1b)];
“filler” ion is considerably smaller than the void, it is loosely however, at lowT, « is considerably lower and the dip is less
bound and can “rattle” around—hence its name. The weakronounced. More importantly, for the Eu and Sr daid;)
binding leads to a nearly local modedescribed by a low decreases nearly linearly with below 10 K, which cannot
Einstein temperature. A low thermal conductivity has beerbe fit with the above model.
found in a number of such systef?g! and in a glass-like The T-dependence for B&a;¢Geyg in which Ba2 ison
model for«(T), used for the Eu and Sr clathratellote that  centet® is more perplexingsee Fig. 1b)]. For this systemi
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6 — T T T dence at low and medium temperatures. A likely more im-
a) s IPELETN, - portant consequence of this bonding is that the motions of
5t Tl . the off-center rattler atom are coupled more strongly to just a
1 sr_ 4 ] few of the closest atoms in the surrounding Ga/Ge frame-
— 46 T i work and hence to the phonon modes, i.e., the motions of the
¥ AN oy Mf’::u Eu2 and nearest Ga/Ge atoms are positively correlated.
£ / ~ e i We first address the use of the tunneling model and the
= 3k Tl Mae T range of reasonable tunneling splittings. Sethna and
~. Tt~ ] co-workers$ suggest that for the light CN molecule the tun-
¥ 2+ TTe-—- A neling splittings(for reorientations of the CN axisnight
s L J extend to about 1 K; measured tunneling splittings on simi-
1l K SriGa,Ge,, lar, more dilute systemgCN~ and OH) are less than
i oot e — | 3 K.2422 For heavy off-center ions such as Agnd Cu in
0 M Eu,Ga, Ge,, the alkali halides, the observed tunneling energies are also
0 20 40 60 80 100 low, much less than 1 K2 only for the light off-centerLi*

ion does the tunneling splitting reach 1.2 K at normal
pressure$® The tunneling behavior can be finely tuned by

| l;) g i ] applying hydrostatic pressure to reduce the potential barrier
Ba between equivalent off-center sités?® but even in such
ST I /fi> 1] cases the tunneling splittings for heavy atoms such as Ag
I Sy ’ are about 1 K when the off- to on-center transition begins to
g4 % f 1 occur?
£ - /E“ i1 Within the simple two-well tunneling model, having a
S 3 o 100500 ] tunneling splitting(~10-15 K) tha‘F |S~1Q% of thg attempt
N 1 frequency(the rattler frequenoyis inconsistent with the as-
) - sumptions for the model; for a heavy mass such as Eu, it
leads to an unreasonably low potential barrier between the
1 wells [<1 meM12 K); i.e., less than the tunneling splittihg
4 On the experimental side, a broad distribution of tunneling
0 — S JO6 W, ! states should also lead to a linear contribution to the heat
0 50 100 150 200 250 300 capacity at lowTl when the tunneling states are excited; how-

Temperature (K) ever, the heat capacity for the Ba, Sr, and Eu systems at low
T is exponential and can be fit to an Einstein modtius
there is no evidence for tunneling states extending up to
10-15 K in such data. With the recent observations that the
tfunneling frequencies are at most 0.02Ref. 19 for the Eu

FIG. 1. (a) The lattice thermal conductivity for EGa ¢Gesp and
SrsGa ¢Gey from Ref. 4. Solid lines—the new fits discussed be-
low; dashed line—the calculated result fogSe ¢Gey if the reso-

nant scattering contribution were reduced by a factor of 10. It show : . .
a dependence similar to that of &8y sGeq in (b). The inset shows system, another mechanism is needed to deserdtdow T.

a log-log plot.(b) Similar data for the Eu, Sr, and Ba clathrates _ SINCe atomic forces are generally a very strong function
from Ref. 5. Solid lines show the fits; for Eu and Sr the same modeff the distance between the atoms/ions, the force between the
is used as fofa) but G and theC; are larger; for Ba, th€; are small ~ central atom(e.g., Sr2 or EuR and each of the nearest

and a finite sample size and an Umklapp term are needed af.low €quivalent Ga/Ge atoms in the cage, will increase substan-
tially for an off-center displacement. The resulting vibrations

is much higher overall and there is no clear dip&(l),  of the off-center rattler/cage system then depend on the ri-
although the Einstein temperatures are only slightly largenidity of the cage(the Ga/Ge cage is quite sfiff, the
than those of Eu and Srthus the rattler-phonon coupling Eu2-Ga/Ge bond strength, and the number of Eu2-Ga/Ge
must be greatly reduceéd.Also, the T dependence below bonds. In the limit of an idealized rigid cage, there would be
10-12 K is faster(k~T%?) for the Ba clathrate. These re- no motion of the cage atonise., no phonon couplings the
sults raise two important issuegl) what determines the rattler atom vibrates; the reduced mass of the local mode
strength of the coupling between the rattlers and the phononsould be that of the rattler atom as assumed previotishy.
and(2) how can one understand tliedependence of from For the opposite extreme of a very soft cage, the local mode
1-15 K? We propose another mechanism to explain thiseduced mass for motion along the bond direction would
temperature range; it may also contributectin other glassy approach the reduced mass of the atom pair involved, e.g.,
systems. Eu and Ge in EgGa¢Gey. In this case, there would be large
The off-center displacement appears to play two addimotions of the nearest cage atof@e) as a result of a local
tional, crucial roles in increasing the phonon scatteriing mode vibration, which would couple directly to the phonons
addition to producing tunneling centgr&irst, from XAFS, of the clathrate framework. Because the clathrate cage is
the off-center atom is partially bonded to the nearest-quite stiff, the reduced mass is expected to be c{bsé not
neighbor Ga/Ge atoms on the side of the cegierming a  equa) to the free rattler mass.
random array of symmetry-breaking defects. We show below To further understand this coupling, consider a one-
that a high density of such defects can lead to-aT depen- dimensional1D) model of a cagémassM) connected to a
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rattler (massm), and let the respective displacementsxbe exhibits glass-like behavior. This model has similar features
andX. ThenMx=mX; we expect the matrix element for scat- to the disorder introduced via irradiation of a quartz
tering to be proportional ta/X=m/M, and the coupling to crystal?’22but there is a key difference—the atoms are ran-
(x/X)%. The effective mass of the cage decreases when th@éomly displaced in the irradiated sample, which leads to a
rattler moves off centefbecause only a small fraction of the range of bond lengths and hence to the possibility of a broad
cage atoms are directly bonded to the raftiend thus the distribution of tunneling states. For the Eu/Sr clathrates the
coupling to phonons increases. Also note that for the off-off-center displacement is well defined; the disorder arises
center case, rattler vibrations could be eitheradial(along  from a random occupation of the four off-center sites. Lo-
the bond or perpendicular to the bond. The latter are similarcally, such disorder changes the speed of sound as the pho-
to libration modes and would have a low®g than for radial non wave passes a rattler atom; the resulting phase changes
motion, which was not considered for the KCI: KCN system.must then be included. Note that in this case there is an
To investigate the various contributions towe first re-  interference in the scattering between different rattler sites,

produced the calculation of Nola al? « is given by whereas Rayleigh scattering assumes a single scattering pro-
cess.
1 Ziman has considered this t f scattering i
-z c (e T)do, 1 ype of scattering in some
o 3[0 Clo Do Ndo @ detail?® In his model, the effective mean-free path for this

contribution is

l(0,T) = (AR + A+ A7 ™1+ | nins 2) A 2

Adlsordel(Q) (5CS )2, (4)
AR = D(haolk)®, <
whereq is the wave numbeijc, is the variation of the sound
res 2 C 2T/ (w? Wl - w?)? - 7’Ei( we )2, speedLl is the smallest distance between scatterers Aaisd

a numerical constant of order 1. For very short wavelengths
N<L, Agisorder 90€S t0 a constant—but that is already in-
-1_ -17-3\-1 cluded in the model of Nolast al? by thel,,;, term. Using
Ars= Alhwlkgltaniifio/2keT) + (A/2) (keffiw + BT the Debye modelw=cg) we replaced the tunneling contri-
() pution A7Lin Eq. (3) by
wherec; is the speed of soun@(w,T) is the heat capacity AL -G 5)
of phonons with frequency, andl(w,T) is the total mean- disorder~ 2"
free path which has three components—Rayleigh scattering In Fig. 1@ we show that withGg,=3.7xX107° $?/m
(AR), resonant scattering from the Einstein motes,), and  (Gg,=6.4x 10729 s>/m), and a slight change of tt@, param-
a contribution from a broad distribution of tunneling stateseters, this model describes tiebehavior ofk (of Ref. 4
(At9); the lower limit is constrained td,,, The Einstein just as well as by using the tunneling model. Taking 5
frequencieswe, were obtained from structural data and the X10'°m, these numbers implyscs/cs~7% (Eu) and
constantsA, B, Cl,cz,D e, andlp, are given in Ref. 4. We 3%(Sr). Note that this disorder mechanism is important at
obtained similar fits although the constants varied slightlymoderately long wavelengths, i.e., for temperatures up to
We then reduced the coupling to the resonant modes-Gthe 20—30 K, and alone would yielg(T) ~T.
constants—by a factor of 10 and left the other terms un- Attempts to fit the data of Sales al.for Eu and St using
changed. This result is shown by the dashed [Fig. 1(@)]  the model of Nolaset al* were not successfdf. The data
and is very similar in shape to the data of Salésr from 2-10 K vary nearly linearly wit and cannot be fit by
BagGaysGey [Fig. 1(b)]. Thus, a major part of the difference the ~T2 dependence for the tunneling model at [dwHow-
in the T dependence o between BgGa;sGey, and the Eu  ever, we can fit the data quite wéfig. 1(b)] using Agig.rger
or Sr compounds can indeed be explained by a decreasédit larger values foG and theC; are needed to fit the lower
coupling between on-center Ba2 and phonons in the Ga/Géermal conductivity.
framework as described above. For Ba, much smaller values fdg; are needed, which
An important parameter for probing the rattler-phononconfirms the earlier assertion that the coupling between
coupling is the reduced mags of the local mode oscillator: phonons and the rattler vibrations is reduced. In addition, the
however, i is not an easy parameter to obtain. One recent\ isorqer t€rm cannot fit the lowl data for Ba below 12 K
study of rattlers in the skutterudité%,found the reduced is higher and the fasteF dependence suggests that a finite
mass to be somewhat less than the atomic mass of the rattis@mple size contribution is needed at I&wdetails will be
(error ~20%), but more measurements are needed. given in a separate pap&rThe lack of aA(},SOmer term is
A second consequence of the rattler being part|a||ycon5|stent with Ba being on center, as in that case the
bonded to a side of the cage is the formation of a high-Agieer term should disappear.
density, random network of symmetry-breaking mass de- In summary, we have pointed out that an off-center rattler
fects, i.e., one of the four off-center orientations is occupiedgnhances the scattering of phonons in two ways. First, the
but the off-center site varies randomly throughout the crystaloff-center displacement increases the coupling of the rattler
The disorder introduced by the random occupation of one ofnotion to the phonons and hence increases a dip in the ther-
the off-center minima provides insight as to why the crystalmal conductivity near-30 K. This provides an explanation
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for the lack of a dip in«(T) for the on-center Ba system. an investigation of variations in the rattler-phonon coupling?
Second, the off-center atom on the side of the cage, intro€an these systems be optimized for thermoelectric applica-
duces a quasirandom set of “extra” atoms that will produceions over a particulai range, by varying the off-center
local changes in the sound velocity. This in turn leads to aattler’s mass and/or Einstein temperatures? More generally,
mean-free path that varies as? which provides an alter- does the off-center displacement play a role in producing the
native explanation for the reduction of the thermal conducplateau/dip regions in other glassy systems?
tivity for 1 K <T<20 K. It results in a lineall dependence
in this range which fits the data of Salesal® well. We thank J. Rudnick and S. Shastry for helpful discus-
Several questions remain to be answered: For the clattsions. The work at UCSC was supported in part by NSF
rates, what are the effective masses of the local Einsteirant No. DMR0071863. The experiments were performed
modes and what are the actual tunneling splittittgere will ~ at SSRL, which is operated by the DOE, Division of Chemi-
be three levelsin these systems? Can the Sr system becal Sciences, and by the NIH, Biomedical Resource Technol-
moved on center via high hydrostatic pressure and thus allowgy Program, Division of Research Resources.
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