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Thermal properties of Luslr ,Si;o near the charge-density-wave transition
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We report the investigations of specific heat, thermal conductivity, as well as thermoelectric power on the
charge-density-wavéCDW) compound Lylr,Siyg as a function of temperature. All thermal measurements
consistently exhibit anomalous features around the CDW transition tempefigtt@0 K. Although the ob-
servations can be associated with the CDW formation, the measured anomalies are significantly large, in
contrast to those in weak-coupled CDW materials. A quantitative analysis for the specific-heat data near the
fluctuation region yields a critical exponesat-2, much larger than the predicted value: 0.5 in the extended
mean-field theory assuming three-dimensional fluctuations. We also obtained a*rafie 8.4, a factor of 6
larger than the BCS value 1.43 in the weak-coupling limit, indicating a strong coupling of this phase transition.
Besides, the observed giant excess specific A€at/C,~26% and thermal conductivity «/ k~15% atT,
further support this strong-coupling scenario. These large enhanceme@is and « are attributed to the
results of substantially thermal excitation and heat carried by the soft phonons at the transition. In addition, a
rapid change in the sign of thermoelectric poweT givas observed, which provides a better understanding of
the evolution of electronic band structure of the system below and above the CDW formation.
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[. INTRODUCTION ized as one-dimensional chains accompanied by possible in-
terchain interaction%®
The formation of charge-density wave€CDW) in In fact, Luslr,Si;g has been considered a strong interchain

Luslr,Si;o has been proposed with the observations of shargoupled intermetallic, as evidenced by the discovery of a
anomalies in the electrical resistivity and magneuc susceptihuge specific-heat jump AC,~ 160 J/molK) associated
bility at the transition temperatuf®,~ 80 K.! High-pressure  with an entropy changa S=0. 5R (whereR is the gas con-
resistivity experiments showed that, successively de- stanj atT, .8 Furthermore, the observed CDW transition has
creases with applied pressukre resulting in the complete been suggested to be first order due to the spike-shaped
suppressmn of this phase transition at a critical presByre anomaly inC, and have the sharpest cusp wifiT,/T,

=21 kbars! The removal of this phase transition by pressure~1% among any reported CDW systefnin contrast to
correlates to a sudden enhancement of the superconductingany weak-coupled CDW materials such as NpSethe
transition temperaturg, from 3.8 K at ambient pressure to 9 thermodynamic properties of the strong-coupled systems
K at the critical pressuréSuch pressure effects imply that usually require a description beyond the mean-field theory
the CDW ground state and superconductivity in this materiakince the corresponding short coherence length would lead to
complete with each other for the density of states as eacsignificant phonon softening near the CDW transition, as
opens up an energy gap over a portion of the Fermi surfacqroposed by McMillart! To further explore the thermody-
Other studies, such aS™Lu nuclear magnetic resonante, namic property of the transition in kk,Si, a denser and
thermal expansiofi, and impurity effects on smoother specific-heat measurement neawas performed
(Luq_4Sc)IrsSi;g and Lu(Ir;_Rh)4Siio (Ref. 5 all sup- and the measured data were analyzed in accordance with the
port this CDW scenario. Unlike the conventional CDW ma- critical-fluctuation model. In addition, we have also studied
terials usually found among low-dimensional systéms, the temperature-dependent thermal conductiyand ther-
Luslr,Siyg crystallizes in the three-dimension@D) tetrago-  moelectric power(TEP) of Luslr,Si;g to shed light on its

nal SgCo,Si;, structure. As far as we know, only few 3D peculiar CDW transition.

materials exhibit CDW behavior. For example, the spinel
compound CuVyS, is a 3D lattice claimed to form CDW
ground staté.Hence, a direct structural evidence to confirm
the CDW formation in Lylr,Si;o is crucial. More recently, The preparation and characterization of polycrystalline
Becker et al® and Galli et al® have successfully grown Luslr,Si;o have been described previous&Briefly, samples
single crystals of Ltlr,Si;, and Eglr,Si, with which the  were prepared by arch-melting stoichiometric mixtures of
CDW superlattices in the x-ray diffraction were indeed ob-high-purity elements in a Zr-gettered argon atmosphere. The
served. It is noted that there is no direct transition-metalresulting ingots were turned and remelted at least five times
transition-metal binding in the $€o,Si;, structure, while to promote homogeneity. Samples were then sealed in quartz
they are connected to each other through rare-earth or Simpoules with about 160 Torr of argon and annealed at
atoms. Therefore, the §20,Si;, structure could be visual- 1250 °C for one day followed by three days at 1050 °C.

II. EXPERIMENTAL DETAILS
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Relative specific heats were performed with a high-
resolution ac calorimetéf, using chopped light as a heat
source. Photoabsorbing PbS film were evaporated ol Luglr,Si,,
samples, which were sanded to a thickness of about 0.2 mr
to ensure “one-dimensional” heat flow. The averaged and 260 —
oscillating temperaturesi(,) of the sample were detected by 3
an E-type thermocouple of 2am diameter, attached with s
small amount of GE varnish. The frequency dependence 0% 549 |
T.c was measured at various temperatures to determine th'g
correct range of chopping frequencies. For appropriatelyg
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to the total heat capacitfincluding sample and addendum 40T
Three Lulr,Si;o specimens were examined to check experi-
mental reproducibility. 200
The thermal conductivity and thermoelectric power were
carried out simultaneously in a close-cycle refrigerator over © DS measurement
temperatures from 10 to 300 K, using a direct heat-pulse
technique. Samples were cut to a rectangular parallelepipe
shape of typical size of 1:61.5x5.0mn? with one end
glued(with thermal epoxyto a copper block as a heat sink. T (K)
A calibrated chip resistof100 () at room temperature with
size of 1.0<0.5x 0.3 mn?) served as a heat source was glued FIG. 1. Thg temperature dependeqce of specific heat meqsured
to the other end. The temperature difference was measuré¥ Poth warming and cooling for Llr,Siho No thermal hysteresis
by an E-Type differential thermocouple with junctions ther- was observed W|th|n the resolution limit of our apparatus. The inset
mally attached to two well-separated positions along the&"oWws the matching between DSC and ac data.
sample. The temperature difference was controlled to be less
than 1 K tominimize the heat radiation. During measure- calorimetry(DSC) with a precision better than 398.The ac
ments the sample space is maintained in a good vacuumesults were corrected for their addendum heat capacities
(better than 10 Torr). All experiments were performed on (GE varnish and thermocouple wjrand normalized to the
warming at a rate slower than 20 K/h. The reproducibility of DSC data at 180 K. The differences between DSC and ac
x and TEP measurements is better than 2%, while the absoesults are less than 2% at all matching temperatures, as
lute accuracy of is approximately 20%, mainly due to the shown in the inset of Fig. 1. The resulting temperature de-
uncertainty of sample dimensions. pendence and overall absolute values of specific heat are
It is worthwhile addressing that all measured temperaturesimilar to those reported in Ref. 8. After subtracting a
dependent features are reproducible for samples from variousnooth background, estimated by fitting a lattice background
batches, but the observed anomalies are somewhat differettirough the data far from the transition, we obtain the spe-
The sample dependence inand TEP is presumably due to cific heat jump AC,=55 J/molK, entropy changeS
the anisotropic effect for the heat transport and we thus=0.12R and an excess specific he&C,/C,~26% at the
present results on the sample with sharpest anomaly at  transition. These values are somewhat smaller than those ob-
tained from single-crystal sampl&sThe transition width
I1l. RESULTS AND DISCUSSIONS AT,, taking the temperature width of half-peak height, of
about 1 K is close or even narrower than that presented by
Becker and co-workerfSA summary regarding the character-
The T-dependent specific heat of §lt,Siyq is illustrated  istics of the anomaly in Lyir,Si;o compared to that of the
in Fig. 1. Notice that the ac technique does not give thaypical and well-studied CDW systemgkMoQs; is listed in
absolute value of specific heat without detailed knowledge offable I. It is found that the anomaly of the former is much
the power absorbed from the light pulse. The absolute valukarger and sharper than that of the latter.
of the specific heat above 130 K is determined by measuring Although the CDW transition in Lir,Si;o has been clas-
a powder samplé~200 mg using a differential scanning sified as first-order due to the spike-shaped anoma(:ypiﬁ3

C, (Jmol K)
W
8
T

180 T T T T T T
70 75 80 85 90 95 100 105 110

A. Heat capacity

TABLE I. Summary of specific-heat and thermal-conductivity anomalies afrk®i;, compared to the well-studied CDW system
Ko.sM0O;.

Ty (K) ATy /T (%) AC, (I/mol K) AS(R) AC,/C, (%) Al ke (%)
LuglrSiyo 79.8 1 55 0.12 26 15
Ko MoO3? 180 1 8 0.18 6 5

8Data taken from Refs. 15, 17, and 18.
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no thermal hysteresis near the phase transition is observe

I O > 280
within the resolution limit of our apparatU®ur resistivity Lulr.Si 1 } o measured C,
and magnetic susceptibility results also show no thermal hys: Usily=lio : | fitting background
teresis atT,.) The specific-heat data in the vicinity of the 260 | [ "gezafj;ﬁe‘? KJ'UT"P
transition was thus angl.yzed via a Igast-_square§ fitting proce By __. (Fié (ba:’k‘;ro)und
dure to a model of critical fluctuations in addition to BCS %) + critical term
mean-field contributions from 65 to 100 K. In this respect, 240 4 AC, = 55 Jimol K + mean-field term)
the specific heaC consist of three terms < : \tFATC
S 2 %
C= CL + CMF+ Cﬂ (1) g 220 y " =
S -
where C, is the lattice backgroundZ,,: is the mean-field s
term belowT,, andCy is associated with fluctuation contri- © 200 |
butions. In this temperature range, we assume that the lattic
specific heat has the form given from the Einstein model,
a, ag  gar/T 180 -
Co=ai| 7| (@m—q2: 2 -

) ) . 160 [ 7? 75 80 I 85 90
In order to fit the total heat capacity, we need fitting func- 70 75 80 85 90
tions expressed as T(K)

C =CL+y*To(1+Bt)+b7|t| ¢, T<T,
FIG. 2. The jump of specific hea&¥C, and the agreement be-
&) tween the data pointéopen circles and the fit points(broken

+_ i —at
= > . . S . . .
C'=C.+b |t| ’ T>To curves in the vicinity of CDW transition for Lylr,Si;o. The inset

Here the mean-field term beloW, is represented by shows the plots oAC,/T vs T and entropy changaS associated
with the transition.
Cvr= 7" To(1+ 1), 4
and the fluctuation part is near T¢c (T¢*=0.5K). These points would not follow a
- power law or logarithmic divergence due to the rounding
Cq=b7Jt|7*, T<T, effects by sample inhomogeneities. It turns out that the criti-
cal exponentse~ and a* extracted from the best fit are
CfT=b+|t|‘“+, T>T,. (5)  Close to 2, much larger than the extended mean-field expec-

tation of @~ = a* =0.5 (poor fit to these dajanormally seen
Herea;, a,, a3, v*, B,b™, b", a”, anda™ are effective in typical CDW material$*~*%A higher power of divergence
fiting parameters, where™ anda” are known as critical in C, near T, reflects the very narrow transition width,
exponents and=(T,—T)/T, is the reduced temperature. which in turn agrees with the fact that no pretransition fluc-
Since the temperature range for fluctuations that is signifituations was observed by x-ray scattering experiménts.
cant in our data is only about 5 K, a free least-squares fitting Another important quantityy* =7.7x 102 J/mol K was
process would underestimate the importance of the criticahlso obtained from the fit. Herg* T, represents the elec-
piece. The fitting procedures were then taken as follows: weronic specific-heat jump of the mean-field term at the tran-
first setT,=79.70K, and then used the specific-heat datasition. From the magnetic-susceptibility measurentetite
above and away frorfi, to find the best fitting values @;,  change of the density of states associated with the CDW
a,, andag in C_ . With the obtainedC, , the optimum val-  formation was estimated to be 0.1 states/eV atom per spin,
ues ofy* and B can be found by fitting the curve of specific corresponding to a bare Sommerfeld constay 9.2
heat below and near but not too closeTtpto the function of  x 102 J/mol K. It thus gives a ratio of*/ y= 8.4, about six
C_+Cpyr. We then determined the best-fitting valuesdof,  times larger than the BCS value 1.43 within the weak-
a” andb™ a™ by adjusting the functions@, + Cye+Cy) coupling limit, indicating the strong-coupling nature of this
and (C_+ Cy) for temperatures below and aboVg, respec- transition. Such enhancements in the specific-heat jumps
tively, to match the measured specific-heat curve. The satigrom their mean-field values have been also reported in other
factory agreement between the fit and measured data @DW systems, such as a factor of 5 for 2H-Ta8eef. 17
Luslr,Siyg is shown in Fig. 2. These extracted fitting param-and a factor of 3 for iK;MoOg (Ref. 18.
eters, providing important information about the characteris- The specific-heat anomaly can be related to the thermal
tics of transition, are listed in Table Il. Representative valuesxpansion in accordance with the Ehrenfest relation for a
of critical exponentsa™ and o™ and their corresponding second-order transition,
standard deviations are listed Table Ill. Notice that a loga-
rithmic divergence(Cy; =b~ Inft|, Ci =b™ In|t]) is also in-
cluded in the table for comparison. The standard deviations Aa= _(ﬁ) ( dTO) 6)
of the fit are calculated with exclusion of the data points very ’
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TABLE Il. Fitting parameters of specific heat of £lu,Si;o to a model of critical fluctuations in addition
to mean-field contributions.

Background term Mean-field term Fluctuations contribution
a; JimolK) a,(K) a; ¥ @/molkd) B b ImolK o  b* ImolK) o

306 115 1.46 7.%10°2 6.0 1.54<10°° 1.8 4.8<10°4 2

at T,. Substituting experimental valuésa=4x10 %K™, the Wiedmann-Franz law.p/T=L,. Herep is the dc elec-
dT,/dP=—1.4x10 3K/bar, and the mass density tric resistivity and the Lorentz numberl,=2.45
=5.04¢<10°mol/m® to the relation;* it yields AC, x10"8WQ K2 As plotted in Fig. 3 the lower line repre-
=4.5J/molK, close to the estimated mean-field value 6.%ents the calculated (combination ofk, and «,), which
J/mol/K but much smaller than the observed vall€,  matches very well to the experimental result, except for the
=55J/molK. In addition, taking the temperature regionanomalous peak and high-temperature deviatiblote that
ATg~5 K where the fluctuations are important, the coher-the calculated results were vertically shifted down by 10
ence lengthé, of about 4.6 A can be extrac;ced through the mw/cm K in Fig. 3 for clarity) This analysis provides a clear
Ginzburg criteria ATg=(To/32) (ke /mAC,£5)% Such @ confirmation that the abrupt drop mknearT, is essentially
short coherence length, indication of the strong interchainaysed by the reduction of electronic contributions. After
couplings in Lulr,Siyq, is similar to other CDW materials of subtractingk, and k. the feature of anomalous pati can

4.4 A for Ky gM0O; (Ref. 12 and 4.5 A for 2H-TaSg(Ref.  pe optained, as demonstrated in the insert of Fig. 3. An ex-
14). The deduced short coherence length iRlt4Biio SE€MS  (os5 thermal conductivititx/x was estimated to be approxi-

to meet the criteria of McMillan’s model proposed for the mately 15% afT,; to our best knowledge, this value repre-

strong-coupled CDW systemSAccordingly, there is a large sents the largest thermal-conductivity peak among CDW

number of soft phonon modes in the transition region, WhiChmateriaIs While defects and imhomogeneities may wipe out
provide a substantial heat capacity arising from their occu- ' 9 Yy WIp

pation. This could explain the origin of the huge specifict)hethcrr']t'Cal Cusp M« Ofo" r;u_ge peaks |rk|dem2nstratet;cha'ih
jump exhibited in Llr,Siyo, oth have a minor effect in our samples. Apparently, the

observation of this gianAx cannot be simply explained by
changes in electron-or phonon-scattering process at the tran-
sition. It is noted that the anomalies in thermal conductivity

The representative thermal conductivity observed in thevere also observed in $MoO; and (TaSe),l at the CDW
studied sample is shown in Fig. 3. At low temperatures, transitions, but with much broader pedR&wok and Brown
increases with temperature and a maximum appears arounfsociated the peak iR(5%) with the specific-heat jump
40 K. This is a typical feature for the reduction of thermal (goy) in the blue bronze as a result of heat carried by the soft
scattering at lower temperaturEsThe maximum takes place phonon and mode occupatidh.Because the softening
Modes near R- are propagating, the heat carried by the soft
%honons is considerable and is responsible for the giant
Hence, bothC, and « features around, could be qualita-
tively understood in terms of this picture.

Another peculiar feature of the measured data in thermal
conductivity is its high-temperature variation. As one can see
from Fig. 3, the highF « rises more rapidly than those ex-
pected from the electronic and phonon contributions. Such
behavior has also been discovered in3o0O; and
(TaSe),l (Ref. 18, which was attributed to the quasiparticle

K= Kpt ket Ak (7) ~ Scattering due to fluctuations, which gives a linear increase
in  at higher temperaturé8.Consequently, a large number
The lattice partc, is expected to follow IV behavior, while  of soft Kohn-Peierls phonons would contribute to the high-
the electronic contributior, can be determined by means of thermal conductivity.

B. Thermal conductivity

proximately equal to the crystal-site distance. After passin
through the maximums drops with increasing temperature,
following an 1T behavior. There is an abrupt jump associ-
ated with a well-defined peak ir near the transition. Be-
yond the transition regiony raises monotonically with tem-
perature, tending to a linear variation.

Due to the metallic nature of this compound, the total
thermal conductivityxt can be expressed as a sum of lattice,
electronic, and anomalous terms,

TABLE lIl. Representative values of critical exponents and «™ and their corresponding standard
deviations for the fit.

Critical a =a” a =a’ a =a” a =a’ a =a” Best fit b~ In]t]

exponents =05 =1.0 =15 =2.0 =25 a” =—18 Db*Inlt
at=20

Standard 11.47 7.75 0.85 0.69 29.45 0.15 10.95

deviations
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140 2 T hole-type carriers dominate the highFEP. With decreasing
d ¢ temperature, the TEF changes sign from positive values
aboveT, to negative values beloW,, indicating a change
of conduction mechanism or dominant carrier at this tem-
perature. Upon further cooling the TEP increases again, as-
cribed to the phonon-drag effect, which is positive for the
umklapp phonon-phonon scattering proc&sthe rapid de-
crease from a positive to a negative thermoelectric power in
the vicinity of T, is attributed to the sudden change of the
band structure associated with the electron-hole asymmetry.
The fact that the Fermi-level density of states ofltx5i, is
sensitive to both external presstirend internal pressute
(impurity effects is consistent with this scenario. Our
present TEP study further indicates thatslrkSi;o contains
light hole pockets and heavy electron pockets in its energy
band below the transition, but in the high-temperature
regime the holes are heavier and thus dominate the TEP. This
40 : ‘ : : : provides valuable information for future band-structure
0 50 100 150 200 250 300 calculations on L!.-,Ir4Si10 and related COI'TIpOUﬂdS. Similar
T(K behavior has been found in other CDW systems, such as
(K) TiSe, and monophosphate tungsten bron@s,),(WOs)5,,
and results were interpreted by the same argu t.

FIG. 3. Thermal conductivity vs temperature forsltySiyo. The Itis known that the TEP measurement is a sensitive probe
Iower cu_rves represent the combination of lattice and electron_i(bf energy relative to the Fermi surface and the results will
contrlbultlons tox. Note that the calculated .results have been Vert"yield information about the Fermi-level band structure. Since
cally shifted down by 10 mW/cmK for clarity. Insets: excess ther-y, o pighT TEP varies linearly with temperature, one can try
mal conductivityAx in the vicinity of the CDW transition. to extract the value oFs through the classical formuls

_ .22 ; :
C. Thermoelectric power =xkgT/2eE-, assuming a one-band model with an

. . energy-independent relaxation time. The value Bf
Figure 4 displays the temperature-dependent thermoelec=2 2 eV was thus obtained by fitting the data between 100

tric power for Lulr,Siyo. In the normal state, the data show and 300 K. Note that this value represents a lower limit,
quasilinear behavior with positive values, signifying thathecause other effects such as the CDW fluctuations could
_ contribute to additional high-TEP with a linear temperature
variation. However, this estimate is in good agreement with
5 . .
the metallic nature of Lgir,Si;,.
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4r Lu,lr,Si, IV. CONCLUSIONS
In conclusion, thermal properties including specific heat,
thermal conductivity, and thermoelectric power insltwSi; o
were studied in details. A hugeC, (AC,/C,=26%) with
sharp specific-heat anomali T, /T,=1%) is found afT, .
This is quite unusual, as milder and broader transitions are
normally seen in conventional CDW systems. No thermal
hysteresis has been observed n€grwithin the resolution
limit of our apparatus, suggesting a possible second-order
phase transition. Moreover, the specific-heat data were ana-
lyzed quantitatively in the framework of the critical fluctua-
tion model near it CDW transition temperature. The critical
exponenie~ 2 obtained from the best fit is much larger than
the extended mean-field expectationaof 0.5 assuming 3D
-2 I I I ' fluctuations. Also the ratig* / y=8.4 for Luslr,Siy is about
0 50 100 150 200 250 300 six times-larger than the BCS value 1.43 of the weak-
T(K) . coupling limit, indicating the strong-coupling nature of this
phase transition. An abrupt jump associated with a well-
FIG. 4. Thermoelectric power as a function of temperature fordefined peak & k/k=15%) in« is discovered nedf,. The
Luglr,Siyo. A rapid change of the sign in thermoelectric power in calculated«(= x,+ «.) matches very well with the mea-
the vicinity of T, is observed. The inset shows the details near thesured data, indicating that the significant reduction «in
transition. aroundT,, is mainly due to the deficiency of conduction elec-

S(uV/K)
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trons. Although the peak ik at T, cannot be simply ex- retical works are required to further verify whether this un-
plained by changes in the electron-or phonon-scattering praisual CDW transition occurs only in the $&,Si;ytype
cess, the observation of huge jumps in both specific heat andtermetallics, and whether it needs a new picture beyond the
thermal conductivity at the phase transition are consistentlassical CDW model to interpret these anomalous thermal
with the consequence of heat carried by the soft phonon angroperties exhibited in Lglr,Si; .
mode occupation. In addition, the rapid change in the sign of
thermoelectric power gives a better understanding of the
evolution of electronic band structure of the system below
and above the CDW formation. This provides valuable infor- We are grateful to Professor J. W. Brill for the assistance
mation for future band-structure calculations onglkSi;,  of the DSC measurement and Professor R. N. Shelton for the
and its isostructural compounds. early guidance of related projects. This work was supported
Apparently, the observation of CDW transition in by the National Science Council, Taiwan under Grant Nos.
Luslr,Siyg is unique and cannot be fully understood by con-NSC-89-2112-M-259-018(Y.K.K.) and NSC-89-2112-M-
ventional CDW models. Thus more experimental and theo110-043(H.D.Y.).
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