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Effects of valence fluctuation and pseudogap formation on phonon thermal conductivity
of Ce-based compounds withe-TiNiSi-type structure

J. Kitagawa, T. Sasakawa, T. Suemitsu, Y. Echizen, and T. Takabatake
Department of Quantum Matter, ADSM, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima 739-8530, Japan
(Received 9 May 2002; published 19 December 2002

We have measured the thermal conductivity of isostructural compounds CePtSn, CeNiSn, CeRhSb, and
CeRhAs with the orthorhombie-TiNiSi-type structure. It is found that the phonon thermal conductivity is
reduced in a systematic way with increasing Kondo temperdfiureThe scattering of phonons by valence
fluctuations should play a dominant role in such a reduction. The gap formation in the electronic density of
states enhances the phonon thermal conductivity significantly in CeRhAs with a gap width of 280 K, while it
is weak in CeNiSn or CeRhSb with a pseudogap of 20—30 K. A phenomenological model is proposed for the
unusual temperature dependence of phonon thermal conductivity by taking account of the strong dependence
of the electron-phonon scattering rate on b®thand the energy gap.
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I. INTRODUCTION rhombic e-TiNiSi-type structure. We further discuss on the
possibility of the PGEC state.

Recently, many efforts were devoted to explore materials CePtSn is a metallic system where Ce ions are in the
with high thermoelectric efficiency exceeding that of thetrivalent state withTx=10 K, and undergoes two magnetic
state-of-the-art systems based on Bi-Te alloys. One of thghase transitions at 7.5 K and 5.0°kCeNiSn and CeRhSb
central issue in this research field is how to reduce the theire VF semimetals witfT, =50 and 90 K, respectivefy*®
mal conductivityx, maintaining good electrical conductivity. On cooling below a characteristic temperatdie, of 15 K
Slack has proposed the concept “phonon glass and electrdRl CeNiSn(20 K for CeRhSh a pseudogap of 20 K30 K)
crystal(PGEQ” to reconcile these incompatible conditiohs. 1S formed Ieawrllg_% residual density of states at the Fermi
This concept insists that an extremely short phonon mealfVel: Dres(Eg). CeRhAs with Ty=1350 K is a VF

free path(mfp) caused by a phonon glassy state leads to éin_]icondu%(’)zro W:ere afpseud_ogqp of Zﬁo K opens b?low
significant reduction of the phonon thermal conductivityTIf[3ci7? K. T ggaph Ofmf‘“"”.'t.” CeRhAs is |nt|matt|a 3&.
kph, While the longer charge carrier mfp is secured in g c1ated 1o successive phase transitions accomparnying fatlice

crystalline part of the material. According to this conce tmodulations alr; =370 K, T,=235 K, andT,=165 K/
Y b : 9 P ’qu rapid development of the pseudogap occurs balg®’

one has to add an extra phonon scattering source, and sevefal - ihese facts. one can expect that the effect of ph-VF

H HIH “ H 8 “ H 14
good posj'b:“t'es SUChI af] ;‘“'”5' Eang dgorder dafe scattering onc,’'s of the four compounds primarily depends
suggested. In some clathrate@.g., EyGa,Geyg) and in on the value ofTy, without perturbing significantly other

filled skutterudite3 (e.g., CeFgSby,), a rattling motion of a phonon-scattering processes.
rather heavy atom caged in a rigid polyhedron causes an s reported that,, of CeNiSn and CeRhSb is enhanced
extra phonon scattering while charge carrier well conduct vigyhen the pseudogap is formed beld. 2123 This enhance-
the polyhedron’s frame. The atomic disorder in NaGpcan  yant was attributed to the increase of the phonon mfp by the
be considered as point defects for phonons. In this comgiminishing of the charge carrier density, in analogy to high-
pound, a layer composed of Na atoms and vacancies is sangt syperconductors below the superconducting transition
wiched by electrical conducting CoQayers. temperaturesTc. However, a systematic study af,, by

It has been claimed that phonon scattering by a ValencehangingT* has not been reported so far. Thus, the second

fluctuating (VF) state is also a promising process to reduceyim in this study is to investigate the relationship between

5-7 ; i
Kpn.~ " For eng‘ple' '”dihe skutterudite RyPchsShs, the o enhancement of,, and the magnitude of*. In this
VF between Rt” and RU™ states is believed to scatter heat naner e present experimental results soffor CePtSn,

carrying phonon$:’ But the role of the phonon-VEph-VF)  cenign, CeRhSb, and CeRhAs, and discuss the effect of
scattering inkpy, is less understood compared to that of thep iy the VE and the pseudogap formation .
rattling and the atomic disorder, probably due to the absence

of sophisticated experiments for VF compounds. Therefore it
stimulated us to carry out systematic experiments«obf
isostructural VF compounds. Ce-based VF compounds with
Ceé** and Cé" states showing good electrical conductivity ~ Single crystalline samples of CePtSn and CeNiSn were
are characterized by the Kondo temperatdig, which  grown by the Czochralski pulling method in a radiofre-
ranges from 50 to 1000 K. Aiming to obtain better insight quency furnace. On the other hand, the Bridgman technique
into the influence of the ph-VF scattering with a change ofusing a sealed tungsten crucible was employed to prepare
Tk, we focus on the isostructural systems CePtSn, CeNiSrsingle crystals of CeRhSb and CeRhAs with high vapor pres-
CeRhSb, and CeRhAs, all of which crystallize into the ortho-sures. Details of the crystal growth were reported in separate

II. EXPERIMENTAL METHODS
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FIG. 1. The temperature dependencepdbr CePtSn, CeNiSn,

CeRhSb, and CeRhAs.

100
T (K

PHYSICAL REVIEW B 66, 224304 (2002

larger than those of the previous repbrneasured between
1.5 K and 100 K. This difference amounting to 15% at 40 K
cannot be adjusted by multiplying either data with an appro-
priate factor and is probably caused by the better sample
quality in this study than that used in the previous one. In the
case of CeNiSn or CeRhSb, the differencecibetween the
present value and the previous &his at most 5%, which,
however, can be adjusted by multiplying either data by an
appropriate factor. Therefore, these differences are ascribed
to geometrical uncertainties. The thus combined data are
given in Fig. 2 for CeNiSn and CeRhSh. For CePtSn, a
shoulderlike structure around 40 K is the main feature in
k(T). This structure is significantly reduced (T)’s of
CeNiSn and CeRhSb with an increaserlgf. On going from
CePtSn, CeNiSn, CeRhSb, to CeRhAs along the enhance-
ment of T, x above 150 K is also considerably reduced by
an order of magnitude. These facts signal a strong effect of
the VF onk(T). At low temperatures, a highly contrasted

paper$192024The measurement of in the range 4.2—300 effect of the pseudogap formation is revealed by comparing
K was performed by the conventional steady-heat-flowx(T) of CeRhAs with those of CeNiSn and CeRhSh. While
method with a radiation-shielded vacuum probe. The accua pronounced enhancement efbelow T;=165 K is ob-
racy within =5% of the absolute value was checked by theserved in CeRhAs witi* of 370 K, CeNiSn and CeRhSb
separate measurement of a standard steel sample purchaggih of which posses$* of 15-20 K exhibit rather faint

from NBS. In this study the thermal gradieAtQ was ap-

ones below 10 K for CeNiSn and 20 K for CeRhSb, respec-

plied along the orthorhombib axis for all compounds. The tively. For CeRhAs, the jump i (T) at T;=165 K corre-

typical sizes of the samples were 8.6.6x3 mn?. The

sponds to the occurrence of a structural phase transition with

electrical resistivityp along theb axis was measured in the the lattice modulation.
range 1.5-500 K by a conventional four-probe method to The reduced Lorenz numbgrL, is given in the inset of
estimate the electronic contribution o

IIl. RESULTS AND DISCUSSION

Figures 1 and 2 show(T) and «(T) of all compounds

Fig. 2. The Lorenz numbel, is defined byxp/T, andL is

the Sommerfeld value of 24.5 nWK 2. ThelL/L, of CeR-

hAs increases rapidly on cooling and reaches a value as high
as 5x 10° at 4.2 K, reflecting the semiconducting behavior of
p. On the contraryl/Ly's of other compounds are situated

studied in this work, respectively. As mentioned in the Intro-petween 2 and 20 in the measured temperature range, which
duction, metallicp(T) for CePtSn, semimetallic ones for s ascribable to the metallic behavior @f It should be noted
CeNiSn and CeRhSb, and semiconducting one for CeRhAghat the values of/L,’s for CeNiSn, CeRhSb, and CeRhAs
are clearly observed. The presaffT) values of CePtSn are are larger than those of typical heavy-fermion compounds
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FIG. 2. The temperature dependence«dr CePtSn, CeNiSn,

such as CeGuand CeRuSi,.>>?°In CeRySi,, the inelastic
scattering of charge carriers lff spin fluctuations leads to

the reduction ofL/L, below 12° The largeL/L, indicates

that the dominant heat carriers are phonons, and spin scatter-
ing of charge carriers would not play a significant role in
L/Lo. Therefore, in these VF systems one can extract a pre-
cise phonon contribution, and it guarantees a reliable discus-
sion on the effects of the VF and the pseudogap formation on
Kpn- This criterion may be applied also for CePtSn at least
up to 100 K, above whicl/Ly has a rather small value.

The temperature dependencegf, for all compounds are
shown in Fig. 3. The data ot were obtained by subtract-
ing the electronic contributior,, from the measured data.
Thereby, the validity of the Wiedemann-Franz lamy,
=LyT/p is assumed, and,, is calculated by using the data
of p(T) shown in Fig. 1. For CePtSn, the shoulderlike struc-
ture in k(T=40K) (see Fig. 2 is converted to a broad
maximum in k,(T=30 K) in Fig. 3. This maximum may

CeRhSb, and CeRhAs. The thermal gradient was applied along th@present the. crossover from dominating phonon-phonon
orthorhombidb axis. The inset shows the reduced Lorenz number of(ph-ph scattering above about 30 K to electron-phoiteh

each compound.

ph) interaction below 30 K. The broad maximum agp(T)
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T N " TABLE |. Physical properties of CePtSn, CeNiSn, CeRhSb and
oL al//b T CeRhAs.

a b c T« T* nx10® 65 vy
A A A K K (M) K (my

E S 1 CePtSn  7.463 4.628 8.016 10 4.33 188 1798
= LS CeRhSb A : c

g P ceNisSn CeNiSn 7.54D 4.602 7.614 51° 15 4.54 228 2147
s 'S5, CeRnAs 5 CeRhsb 7.415 4619 7.857 8F 20 446 275 2606

* i~ CePtSn CeRhAs 7.53% 4.308' 7.365' 1350 370 5.02 306 2787
aSee Ref. 8.
bSee Ref. 10.
01 e ‘See Ref. 11.
o 10 dSee Ref. 41.
T K

FIG. 3. The temperature dependence mf, for CePtSn, Mav="—""72— (2
CeNiSn, CeRhSb, and CeRhAs. The solid curvesiqrg’s of re-
spective compounds. The dashed and dash-dotted lines represent the
T2 and theT ! dependences, respectively.

I(X)=2> ¢——5——, ®3)
m

of CeNiSn and CeRhSb with higher values Bf is de-

pressed compared to that for CePtSn. At temperatures aboaad

165 K, xpp, is systematically reduced on going from CeNiSn,

CeRhSb, to CeRhAs in line with the enhancement pf It

should be noted that the lattice modulation may contribute to My = 2 CiMyi , (4)

the reduction ofk,, of CeRhAs as well. '
We discuss now the origin of the reduction ef}, with

increasingTy . At high temperaturesx,, is dominated by

ph-ph scattering, and thus depends essentially on the Deb

temperaturédp, . In isostructural compounds with the same

ph-ph scattering ratex,, becomes larger with increasing

0p.%" Since ®p’s of none of the present compounds are

reported, we use th®p’s of the La counterparts; LaNiSn

- 1 , ;
E:_ Iiisst};) and LaRhSdbt% 2b75tr}1<). Iffet)ﬁ SLOf CeNltSn and due to the isotope effect in CeNiSn is an order of magnitude
€ are assumed to be those of the La countergafts, larger than that in CeRhSb. This would lead finally to a

OT CeRhSb is expectec_i to be larger than th"’.‘t of CeNiSn a.ltarger value ofk,;, for CeRhSb in comparison to CeNiSn.

high temperatures, which, however, contradicts the eXperiance. neither Eh-ph scattering nor the isotope effect can
mental result. The second important process of phonon Scaékplair; the experimental relationk,(CeNiSN}> x
tering at high temperatures is that by isotope atoms; th?CeRth as shown in Fig. 3 for high t%hmperatures Elbhus
mechanism of which is similar to that of point defect ) . '

- o829 . . . - the most probable mechanism in reducikg, of CeRhSbh
scattering”** The scattering rate associated V_V'lth the IsEfmpebelow that of CeNiSn should be the stronger ph-VF scatter-
effect can be expressed by 7iso=Disow

- 3 4 _ _ ing in CeRhSbh. The above brief discussion combined with

= (VlAmupp) Lave”, whereVis the unit cell volumey ph the e oyerall systematic trend with leads to the idea that the

average phpnon velocity, .y the averaged scatterlnzggparam- strength of the ph-VF scattering dependsTan. Based on

eter given in Eq(1), andw the phgonon frequency: “The  this idea, we will propose a phenomenological model as de-

vpn is obtained fromv ,,=kg®p /% 672N, wherekg is the  scribed below.

Boltzmann constant; the Planck constant divided byn2 In order to examine the possibility of the PGEC state, we

andn the number of atoms per unit volume. Theis ob-  have calculated the minimu,,, «mi, for each compound.

talngd by using Iatjuce constants listed in Table I. Thg for Kmin iS @ lower limit of k5, which was proposed to describe

CeNiSn is determined as follows: the phonon glassy states in amorphous systems especially at

high temperatures*! This was applied to judge the degree

5 ) of the phonon glassy states in rattling systemsg(®yGe;,

Mee) (¢ 1/ my T(Ni and CeFgSh;,)>® and disordered systems (Naf®).* In

(Ce)+ (Ni) :

May 3\ May these systemsy,, approachescy, at high temperatures.

5 Provided no distinction is made between the longitudinal and

< Msn (s 1 transverse acoustic phonon modes, the phenomenological ex-
May pression fork i, is given by

wheremy means the mass of an atom denotedbyny; that

of an isotopeX atom of typei, andc; is the concentration of
¥fe atom denoted bxi. Thel' oy of CeRhSb is calculated by
the same method. Using the isotope atoms tabulated by
Stromingeret al.,*® and®’s andn’s listed in Table I, one
obtains Dis,=42.5x10 % (s°) for CeNiSn and 3.87

X 10" (s%) for CeRhSb. Therefore, the reduction ®fy,

1

+
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3n\BKET? fop/T  x3e
Kmm_(477> hOpJo (ex—l)zdx' © E
wherex is a dimensionless parametgrs7 w/kgT. The ®p
values of CePtSn and CeRhAs are tentatively calculated by
the relatio® ®px1//M3V, where M is the molecular
weight, from those of CeNiSn and CeRhSb, respectively, and
are tabulated in Table I. The respectivg;,'s calculated by
Eq. (5) are plotted in Fig. 3. Th&,;,'s of CePtSn, CeNiSn,
and CeRhSb are an order of magnitude smaller #)afs of o
these compounds at high temperatures. Thus, the PGEC state &
is not realized in the present Ce compounds. =

It is interesting to compare the experimental results of £
xpn(T) with the representativé-power dependence, e #
andT ! as depicted in Fig. 3 at low and high temperatures,
respectively. At low temperatures,,(T) of CeNiSn and
CeRhSb follows nearly &2 dependence. An exadt® de-
pendence was observed in CeNiSn only below 2 K, where TE
the el-ph scattering becomes dominant in the presence of i
Dres(Ef).* At high temperaturesi,, of CeRhAs follows
approximately theT ~! dependence between 40 K and 140
K. The T~ dependence means that the ph-ph scattering is
dominant. The development of the pseudogap in the elec- 0.1
tronic density of states would reduce the el-ph scattering so
that the phonon mfp associated with the el-ph scattering T K
(pmfpeipn) becomes longer than that determined by the
ph-ph one (pmfp,,p,) in this temperature range.

We propose a phenomenological model to explain the un
usual behavior ofc,n(T) by taking account of ph-VF scat-
tering. At the first step, the effect of the pseudogap formatio
is neglected. Let us use conventional formula gy, given
by the Debye modet*

0.1
w0l (b)

CeRhSb

<— (eRhAs

1 10 100

FIG. 4. (@ The temperature dependence mf, for CePtSn,
CeNiSn, CeRhSb, and CeRhAs. The solid curves represent the fit-
ted results with Eq(6) for each compound without taking into
account the pseudogap formatigh) The temperature dependence
bt Kph Calculated by Eq(6) for CeNiSn, CeRhSb, and CeRhAs by
taking into account the pseudogap formation.

electrons and allows one to assume that the ph-VF scattering
Kg kg)® Op /T x%e is equivalent to the el-ph scattering as the first approxima-
Koh=—"7—| 5| T3 ———7(x,T)dx, (6) ) .
P 2w2vph h 0 (eX—1)2 tion. It should be noted that the el-ph scattering
rate in VF compounds described in Ref. 5 is identical

where 7(x,T) is the phonon relaxation time. All employed © *tgez general expression fo: ‘the el-ph scattering,
parameters in the calculation &fy, are listed in Table I. We (M) "Uger@/2mDmp o ", wherem™ is the effective elec-

consider four processes of phonon scattering as follows: tron maS_SU;ief the deformation potential, arfd,, the mate-
rial density>” The termTx is generally dominant at low tem-

peratures and causesTa dependence ot,,. Therefore the
+B+CTx+Dx4T4, @ enhancement of this term would depress the broad maximum

observed ink,, around 40 K, and moreover, it should be

also responsible for the reduction gf;, above 100 K(see
The first term represents the umklapp ph-ph scattering, thEig. 3. These considerations suggest that the ph-VF scatter-
second one boundary scattering, the third one the el-ph scafg rate is proportional t@ x, and the coefficienC increases
tering, and the fourth one the point defect scattering involv-with increasingTy . The fitted results, keeping this assump-
ing the isotope effect as discussed above. In CePtSn, magjon in mind, are given in Fig. @); and the obtained param-
nons may also carry heat and crystalline-electric-field effecteters are listed in Table Il. For CePtSn, CeNiSn, and
also affectxpp,, but they are tentatively ignored. In VF com- CeRhSb, the broad maxima are well reproduced. Since the
pounds, it is well known that the el-ph interaction is very pronounced enhancement af,, of CeRhAs belowT;
strong®® The term proportional t@x in Eq. (7) was invoked =165 K obscures the fitting, we have adjusted g value
to explain why thex value of a heavy-fermion compound is at Ts. It should be noted again that the lattice modulation in
lower than that of the La counterpaPtA strong hybridiza- CeRhAs affectscpn(T).
tion betweerf electrons of Ce ions and conduction electrons In Table Il, the ratiosT /C are the same order of magni-
occurs in VF compounds. This indicates that the el-ph intertude for the four compounds, implying thé&t is roughly
action of the VF state retains the nature of the conductiorproportional toTy . Thus, the reduction o, by the ph-VF

)
—1_ AT3y2 __Db
T ATX exr{ 5T
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TABLE 1. Coefficients in Eq.(7) giving the fitted results shown leads to theT? dependence in,,(T) at low temperatures.

in Figs. 4a) and 4b), and T /C. Therefore it may be asserted that the large difference be-
tween the enhancement ef, belowT* in CeRhAs and that
Tk/C in CeNiSn or CeRhSb is caused by a competition between
A(X10° C(x10° D(x10° (X10"  the pmfgynpr and the pmfg oy . As noted above, the ef-
31 —1 11 41 2 ph-ph) ph) . i
K™s") B(s) K's7) K'%s™) Ks) fect of both the VF and the pseudogap formationgp is
CePiSn 11 0 10 4.0 10 taken into account by a _modlflcatlon of the el-ph coupling
. constant. In order to confirm the proposed model, more sys-
Ccenisn 13 0 13 35 3.4 tematic studies ok(T) on isostructural VF compounds with-
CeRnhSb 1.6 0 2.0 3.2 4.5 out pseudogaps are necessar P
CeRhAs 1.6 &K10° 50 1.0 27 P gap Y-

IV. SUMMARY

h We have performed measurements of the thermal conduc-
an experimental observation of the pronounced softening igvity for isostructural compounds CePtSn, CeNiSn, CeRhSb,

acoustic phonon branches of a typical VF compound CeN?Lnd Cf:feRhAsf vt\)/itrE-ENiSi—typ% s:]ructure (ijn ordefr to stydy
compared to those of the La counterpirT.he softening of the effects of both the VF and the pseudogap formation on

acoustic phonon branches in CeNi means a small gradient i‘r?}nh' L” this series of compounds with no r::ltOl’l’;]iCVC::iSOI’der,
the dispersion curve. Therefore the group velocity of acoust"€ P ogon-sg:att?rlng prhocesses, excehpt the p - or;]e, are
tic phonons becomes slower, and thug would be reduced, €XPected to be almost the same. Furthermaig, is muc

The extremely hug€ value of CeRhAs may be consistent larger thank,,, especially below 100 K. It is noteworthy that
not only with the highTy but also with a strong el-ph cou- these facts assure us of the systematic and precise discussion

pling, leading to the observed lattice modulation. Equatior00Ut the effects of the VF and the pseudogap formation on

(6) could not reproduce the upturn gf,’s of all compounds kpn- Infact, it is evidenced that,, is progressively reduced

above 100 K. This may be due to the uncertainty stemmin ith in_creasingTK.due to .the enhancement of the ph-VF
from the rather small difference betweep, and ko, above cattering rate. This assertion may be concluded for CeRhAs

100 K and/or the negligence of the detailed phonon fre.2boveTs, but the effect of the lattice modulation cannot be

quency spectrum. We note here that similar uptums jp neglected. A PGEC state is not realized in all these com-

were observed in several Ce-based VF compodntfs. pounds. The enhancement ©f;, due to the pseudogap for-
Let us consider the effect of the pseudogap formation ofnation is also manifested in this study. In CeRhAs iith
Kkpn. We assume that the coefficie@ depends onT as =370 K, the pronounced enhancementxqf, is observed.
C(T)=Cy+C4(T/T*)? below T* due to the lacking of the On the other hand, the'snlaller enhancememquocc.urs in
precise information of the temperature dependence of thE€NiSn or CeRhSb witl™ of 15-20 K. Such a different
pseudogap. This temperature dependendg isfan analogy behavior may originate from the Competmon between the
of the model proposed to explain the enhancement(@)  PMPReipny and the pmfgnpny, i€,  pmMigynpn
below a charge-density-wave transition temperaftirehe ~ <PMfPepry in CERNAs, f‘nd PM{Bh-pry = PMfPer-pny N
term C,, reflects the presence Bf,.(E¢), which is assumed CeNl_Sn or CeRhSb peIoW , respectively. The rese_arch on
to be zero for CeRhAs. In order to reprodueg,(T) below the s_lgnlflcant reductlo_n Ok o by the ph-VF scattering has
about 4 K,C,’s are taken to be 13% and 15% 6{T*) for only just pegun, an_d this study is expected tc_) serve as one of
CeNiSn and CeRhSb, respectively. The thus calculatetpe clues in searchlng .for novel thermoelectric materials with
curves render fairly well the qualitative behavior sgf,(T), low thermal conductivity.
as illustrated in Fig. @). This model therefore confirms that
the prolonged phonon lifetime due to the reduction of the
el-ph scattering rate actually enhanoes,. In the case of We thank M. Sera for valuable discussion and T. Yoshino
CeRhAs withT* of 370 K, theT ! dependence Ok pn(T) for the preparation of CeRhSb single crystal. This work was
below T* is observed since pmfph.pry<PMfpeipn below  supported by a Grant-in-Aid for Scientific Reseal@@OE
T*. On the other hand, in CeNiSn and CeRhSb withof = Research, Grant No. 13CE200®f MEXT, Japan, and
15-20 K, the relation of pm{gp.pry>pmfpei.prn below T* NEDO International Joint Research Grant Program.

scattering is confirmed. This result would be consistent wit
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