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We report the systematic investigations of specific iathermal conductivity, and thermoelectric power
on the rare-earth—transition-metal ternary compouRgk,Si;o(R = Dy, Ho, Er, Tm, Yb, and Lu as a
function of temperature. For all measured thermal properties, pronounced anomalous responses were observed
near the charge-density-wa(@DW) transition temperatur€p in these compound@&xceptR=Yb). Particu-
larly, the complex temperature-dependent thermal transport properties observed in these materials indicate very
complicated heat transport processes during the phase transitions. Although these phase transitions can be
associated with the CDW formation, the measured anomalies are considerably large, in contrast to those found
in other weak-coupled CDW materials. In addition, it is found thatdecreases linearly with the decreasing
ionic radius of rare-earth elements from 4DySi;y to Luglr,Siyg, but it increases nonlinearly witk in
(Luy_«Er)slrsSig. These observations indicate that both ionic-size and atomic-disorder effects play important
roles for the CDW transitions in this class of materials.
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. INTRODUCTION compound LyRh,Si;, yield a different observation in some
ways. For example, a clear thermal hysteredid 4~5 K)
Ternary rare-earth—transition-metal silicidBgT,Si;o(R  in LusRh,Si;; was observed near its CDW transitians
= rare-earth element§;=Co, Ir, Rh, and Op crystallized ~147 K by transport and thermodynamic measurements. No
in the three-dimensional tetragonal ;80,Si;type struc- detectable magnetic-fieltH) effect on the phase transition
ture, have attracted considerable attention due to their varietyas found withH up to 8 T2%%
of phase transitions. Especially, the interplay between super- To further understand the anomalous nature of the CDW
conductivity and long-range magnetic ordering at low tem-transitions in this class of materials, we perform systematic
peraturegbelow 10 K) in these materials has been studied ininvestigations on the rare-earth—transition-metal ternary
detail:~'® High-temperature phase transitions attributed to€0mMPoundsRsir,Si;o (R=Dy—-Lu) near their CDW transi-
the charge-density-way€DW) formation were also discov- tions. It is found that a sharp anoma!yﬁhwas observed in
ered in theRyT,Siyo systent 2 The direct evidence of the ©ach compoundexceptR=Yb), ranging fromT,=210 K

CDW formation in this class of materials was not available(PY) tg ,80DK (I:U)'EHOWZV'?'E rEultLple ar}omalies were ob-
until the successful growth of single crystals by Beogeal. served in Dy, Ho, Er, and Tm by thermal transport measure-

and Galli et al, with which the CDW superlattices in the ments. By cgmparing the anomalous responses on these ther-
x-ray diffraction were indeed observed in Jly,Sijg and mal properties, both normal-incommensurdé T.P) and
Erslr,Sij. 22718 The result of x-ray diffraction on the single incommensurate-commensurgi To) CDW transitions are

57 4~010- ; : ; expected to exist in these materials. B&thand T, decrease
crystal of Eglr,Si;g has revealed the formation of an incom-

mensurate CDW state at- = 155 K. which locks into a quasi-linearly with decreasing lattice parameter of rare-earth
P — ’

. ions from Dy to Lu. In addition,Tp was found to increase
pure commensurate state below the incommensurate to thé

commensurate transition temperaturg,=55 K.1 For nonlinearly withx in the (Lu_,Er)slr,Sijg system. These

Luglr,Sio, One CDW transition af»=80 K was found, and o_bservatlons |nd|cat_e that both ionic-size and atomic-
. ) . disorder effects play important roles for the CDW transitions

the experimental signature for the CDW ground state is as-_ ", . :

. . . 16 in this class of materials.
sociated with an incommensurate state belaw

Our results of thermal measurements reported recently in
LuslrsSiyg show that the anomalous responses at the CDW
transitions Tp~80 K) are rather unusual in the following
ways™® (1) An extremely sharp transition witdATp/Tp The preparation and characterization of polycrystalline
~1% with no resolvable thermal hysteresis was fou@la  Rslr,Si;o have been described elsewh&mBriefly, samples
quantitative specific-heat analysis for JluSi;o near the were prepared by arc-melting stoichiometric mixtures of
fluctuation region yields a critical exponemat~2, much  high-purity elements in a Zr-gettered argon atmosphere. The
larger than the predicted mean-field value:0.5; and(3) a  resulting ingots were turned and remelted at least five times
giant excess thermal conductivityx/«x~15% and a rapid to promote homogeneity. Samples were then sealed in quartz
change in the sign of thermoelectric power Bf were ampoules with about 160 Torr of argon and annealed at
observed® However, similar studies on its isostructural 1250°C for one day followed by three days at 1050°C.

II. EXPERIMENTAL METHODS
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Relative specific heat€ were determined with a high-
resolution ac calorimeter, using chopped light as a heal
source. The absolute value of the specific heat fajil,Si; o
has been determined by measuring a powder sample
(~200 mg) using a differential scanning calorimetry, as de-
scribed in detail in Ref. 19. The absolute valuesglr,Si;q
(R=Dy-Lu) are then assumed to be all equal at 300 K.
Thermal conductivityx and thermoelectric powe(TEP)
measurements were carried out simultaneously in a close
cycle refrigerator over temperatures ranging from 8 to 300 K,
using a direct heat-pulse technique. The details of the meag
surement techniques can be found in Refs. 19-21. =

At least two samples of each compound were measured t(g
check experimental reproducibility. All presented features in=,
this paper are reproducible for different experimental runs on©
the same sample, but the observed anomalies of each samf
are slightly different from batch to batch with a variation less
than 10%. We thus present results on the sample with the
sharpest anomaly &ty for each compound. In addition, all
experiments were performed on both warming and cooling al
a rate of 30 K/h to check any possible thermal hysteresis. Each curve is offset
by 100 (J/mol K)

100 +
I1l. RESULTS AND DISCUSSION 50 —
A. Specific heat ofRslr ,Si;o (R=Dy—Lu) 07 T l T T T
0 50 100 150 200 250 300

Measured temperature-dependent specific h&atéor
Rslr4Si;o (R=Dy—-Lu) were illustrated in Fig. 1. In general,
the observed specific he@tis a combination of lattice back-
ground and anomalous peaks. Clearly, one sharp pe&k in Re
was found in each compouridxceptR=Yb), ranging from
Tp=210 K (Dy) to 80 K(Lu). Tp was determined from the
temperature of the peak position, and the transition widtH{Lu) were estimated for these materials. These values consti-
ATp was defined by the temperature width of half the peakiute the series compounds with the sharpest transition among
height for each material. It is noted thB$ determined from  all existing CDW materials ever reported. It is noted that the
C measurements are consistent with the previously reportespecific-heat jump and the entropy change at the transition in
temperature-dependent resistivitg-T) results® Since the our polycrystalline Lylr,Si;o sSamples are somewhat smaller
observations of CDW superlattices from the x-ray diffractionthan those obtained from single crystHidt is presumably
in Luslr,Si;o and Eklr,Si;o have been provided as the direct due to this reason that these single crystals have a better
evidence of the CDW formations beloWig's, ' the nature ~ sample quality than that of our polycrystalline samples, even
of these phase transitions found in tRelr,Si;, system is  though the transition width of our samples is close or even
presumably associated with the formation of a CDW. narrower than that presented by Becker and co-workers.

The specific-heat jumpAC near the transitions in these ~ For Eglr,Siyg, in addition to the spike-shaped peaks
materials can be estimated by subtracting a smooth latticeound near the CDW transition temperatufe=152 K, a
background of Yhlr,Si;;, which has no transition at high weaker secondar§g anomaly(slope changewas detected in
temperatures. The values of entropy charg® for other  Erslry,Sijg at 60 K, as demonstrated in Fig(b2. These re-
compounds are then obtained by integrating the curves undétlts are consistent with those observed in resistivity
ACIT vs T with a temperature range covering the transitionmeasurements® The x-ray diffraction on the single crystal
region. No thermal hysteresis near the phase transition iErslr,Sijo has also confirmed the formation of an incommen-
observed within the resolution limit of our apparatus. This issurate CDW state alp=145 K, which locks into a purely
in contrast to that of its isostructural compounciRl,Si;p, ~ commensurate state beldlig=55 K.''
in which pronounced thermal hysteresis loops between heat- For Tmlr,Siyg, two possible CDW transitions aip
ing and cooling cycles have been observed in the vicinity of=138 K and Tp=115 K, and two magnetic phase transi-
its CDW transition temperatur@,~147 K2' A summary tions at 0.86 and 1.91 K were reported previofsior the
regarding the characteristics of the specific-heat anomaliespper two transitions, a sharp peakTp/Tp~1.1%) was
on Rslr,Siyq is tabulated in Table I. For comparison, we in- found atTp=138 K, while no noticeable anomaly was ob-
cluded the reported values for lu,Siyg in the table. Gen-  served atTp=115 K in specific-heat measurements. How-
erally the sharpness of the transitidTp/Tp~1% (Lu)-—  ever, as we will discuss in the following section, sharp
2.4%(Dy) and excess specific-heAC/C~14% (Dy)-26%  anomalies were found in thermal conductivity and thermo-

T(K)
FIG. 1. The temperature dependence of specific heats for

Ir4Sijg (R=Dy-Lu). No thermal hysteresis was observed within
the resolution limit of our apparatus.

195101-2



IONIC SIZE AND ATOMIC DISORDER EFFECTS ON.. .. PHYSICAL REVIEW B7, 195101 (2003

TABLE |. Summary of specific-heat anomalies of tRelr,Si;, system.

Tp (K) Ty (K) ATp/Tp (%) AC (J/mol K) AC/C(%) AS (R
Dyslr,Siig 211.2 Undetectable 2.4 55 14 0.26
Hoslr,Siy 180.0 Undetectable 1.7 40 13 0.16
Erslr,Sigg 151.8 60 2.0 60 18 0.38
Tmslr,Siyg 137.7 35 11 45 15 0.17
Ybslr,Siyg 48.0 Slope change Slope change
Luslr,Siy o 79.8 1.0 55 26 0.12

a/alues are taken from Ref. 19.

electric power measurements at both 138 K and 115 K. It i$ound previously in resistivity measuremeffEhe transition
possible that the anomalies found in transport measurementsmperature of Y#r,Si;q lies significantly below the linear
atTp is related to a second CDW transition that occurred indepression off for other compounds, as earlier reported in
a different crystallographic direction, while only very little Ref. 8. This deviation was attributed to a valence fluctuation
amount of entropy change is involved. The phase transitiowf Yb ions at low temperature. As a result, the ionic-size
at 35 K observed in presefit studies, as shown in the inset change is not as dominant as the electronic-configuration dif-
of Fig. 2(a), should arise from the same mechanism as that derence on the influence of the anomaly. This also explains
Ty~ 60 K in Exlr,Si;. Single-crystal x-ray diffraction mea- that there are many different features betweegli,&i;o and
surements in this material are needed to confirm this point.LusRh,Si;o though they have almost identical lattice param-
For YbslIr,Si;g, a small bump accompanied by a suddeneters.
slope change i€ near 48 K was observed, while no visible  The specific-heat data &slr,Si;, near the CDW transi-
anomalies at high temperatures were detected for this matéions were analyzed via a least-squares-fitting procedure to a
rial. This observation is consistent with the transition featuremodel of critical fluctuations in addition to the BCS mean-
field contributions® In this respect, the specific he@tcon-

T(K) sists of three terms
110 120 130 140 150 160 170
350 T T T T T C:CL—’_CMF"_CH ’ (1)
340 - Tm,Ir,Si whereC, is the lattice backgroundZy is the mean-field
574710
330 | term belowTp, andCy, is associated with fluctuation con-
320 |- tributions. We assume that the lattice specific heat has the
< form of the Einstein model:
= 30f
g 300 (a) 2 a2 ag ea2/T
5 200 100 CL=a1 ? T—lz. (2)
o 0T TmglSi,, (e )
280 §8° The fitting functions are expressed as
270 37 -
260 'l""" 060 C_:CL+ 'y*Tp(1+Bt)+b_|t|_a y T<Tp,
50 -
20| , _ Cr=C_+b*|t| ", T>Tp. 3)
Er,lrSi,, Yb,Ir,Si,, 1
200 160 In Eq. (3), the mean-field term beloW, is represented by
3 &
= 180 | - —_
g - Cur=7*To(1+ 1), 4)
S 160} 1 t 2 35
° 160 K T.-48 K Ji0 © and the fluctuation part is
L -~ o~
B b - 80 L —ar ]
120 T R N N N (I )I I I I I | I(cl) 60 Cﬂ_b |t| “ ! T<TP’
40 45 50 55 60 65 70 75 80 8530 35 40 45 50 55 60 65 70
T T® Ch=b*[t| ", T>T,. (5)

FIG. 2. (a) The agreement between the data po{ofgen circles . _ oy 4
and the fit(solid curve in the vicinity of the CDW transition for ~_ He€réai, az, as, v*, B, b~, b", @ anda” are effec-
Tmglr,Siro. The inset shows the blow-up plot at low temperatures. tive fitting parameters, where~ anda ™ are known as criti-

(b) Low-temperature specific heat fordfit,Si;o. A noticeable slope ~ €al exponents, ant=(Tp—T)/Tp is the reduced tempera-
change is observed around 60 K) A close-upC—T plot for ~ ture. The detailed fitting procedure was described in Ref. 19.
YbslIr,Sijo near the transition. The straight lines are guides to theln this work, a representative fitting result for Fim,Si;g
eyes. regarding Eq(3) is shown in Fig. 2a). A satisfactory agree-
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TABLE IlI. Fitting parameters of the specific-heat Blr,Si;q to a model of critical fluctuations in
addition to the mean-field contributions.

Background term Mean-field term Fluctuations contribution

a;(I/mol Ky ayK) a3 7* (Imolk®) B b J/molK) o« b'A/molK) o

Dyslr,Sijo 409 205 182 28102 50 6x10! 0.8 26x102 15
Hoglr,Si;o 417 224 180 8%10°% 6.0 62x10! 08 4710 18
Erslr,Siyo 415 218 181 1810° 40 1410' 07 1510' 1.1
Tmslr,Siyg 398 204 172 38102 60 6510! 11 1.2x10° 1.8
Lusglr,Si; o 306 115 146 7102 6.0 15410° 18 4810% 2

&/alues are taken from Ref. 19.

ment between the fit and the measured data can be clearly  B. Thermal conductivity and thermoelectric power
seen. A similar quality of fitting results was also obtained for of Rslr 4Siyo (R=Dy-Yb)

DysIrsSiyo, HOslIrySho, and EElrsSio (not shown here The temperature-dependent thermal conductivitynd
The fitting parameters of specific heatsRafir;Sijo with this 1o TEP for RsIr,Siy (R=Dy, Ho, Er, Tm, and Yb are
model are listed in Table II. It is worthwhile mentioning that j istrated in Figs. 3—7. The values of room temperatudre
the critical exponentsy~ and a* extracted from the best for these compounds are between 80 mW/ctiD) and 150

fit for these materials are I_argei than the value due to the,/cm K (Er), reasonable for their metallic nature. At low
Gaussian fluctuations with® =a” =0.5, normally seen in o mperaturesy increases with increasing temperature and a
typical CDW materialé: The higher powers of diver- p.oa4 maximum appears at around 40 K Rylr,Siyo. This

gence inC nearTp, reflect very narrow transition widths in s a typical feature for the reduction of thermal scattering at
these materials. Besides, the coherence leggtf the order

of 5 A can be deduced for these compounds by using the
Ginzburg criteria ATg=(Tp/32)(kg/TAC,£D)?, ATg
~10 K is the temperature region where the fluctuations are
important. Such a short coherence length seems to meet th slope change

. . around 165 K
criteria of McMillan’s model proposed for the strong- & gg \l’
coupled CDW systen®, an indication of the strong inter- £ T(K)
chain couplings inRslr,Si;p. As a result, the spike-shape 2 7490 195 200 205 210 215 20 225 240
specific-heats near the CDW transitions and larger critical vl
exponents extracted from the specific-heat fits can be attrib~ 3¢ |
uted to the manifestation of strong interchain couplings in

90
Dy,Ir,Si,,

k (MW/cm K)

the studied compounds. This finding is similar to other CDW f (a)

materials of 4.4 A for KMoO; (Refs. 22 and 28and ‘
4.5 A for 2H-TaSe (Ref. 24. Besides, it was reported that 0 L ®
the sharp specific jump in 2H-TaSis presumably due to the 47

existence of a large number of soft phonon modes in the
transition region, with which it provides a substantial
specific-heat arising from their occupati#hThis soft pho-
non mode scenario could also explain the origin of huge
specific jumps exhibited in the titled system.

In Table I, it is noted that the important quantity*,
ranging from 8.%10 3Jmolk> (Ho) to 7.7
X102 J/mol K? (Lu), was obtained from the fit. Here
¥*Tp, ranging from 1.53 J/mol KHo) to 6.16 J/mol K 1 : : : : :
(Lu), represents the electronic specific-heat jump of the 0 50 100 150 200 250 300
mean-field term at the transition. The larger valueydfTp T(K)
for Luslr,Siyg is presumable due to a larger portion of the
Fermi surface nesting in lsr,Siyo as compared to other  gig. 3. (a) Thermal conductivity vs temperature of B Sio.
compounds. This is evident from the magnetic-susceptibilitys peak at 208 K and a slope change at 165 K are observed. The
measurements in these materfafsn which Lusir,Siig €X-  inset shows the details near the 208 K transitih Thermoelectric
hibits a more pronounced anomaly inat Tp, and in turn  power vs temperature for Rir,Si;o. Sharp increases are found at
gives a larger change of the density of states associated witibth 208 K and 165 K. The low-temperature maximum around 40
the CDW formation. K is attributed to the phonon-drag effect.

TEP (uV/K)
w
|

(b)

n
|
0'3%‘
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100 160
H05|r4SI10 Er5Ir4Si10 Measured curve
—_ 80 1 slope change ,_\120 7]
4 around 118 K v
slope change
& T(K) g around 60 K T(K)
~ 60 170 175 180 185 190 195 ~ 80 140 145 180 185 160
; T T T T T T ; ¢ T T T T
E 2 E <
v’} 4 E “ €0l
40 - § 2 40 -} s
(a) Calculated curve g
g ; 90 -
* 10 (a)
20 | 0 | | | 1
3 -
Ho,Ir,Si g EraliaSho
< 2 g 5410 X g g
> 7 H > H
el : > g
o 2 4
] i =
~ 14
(b) 2 1
(b)
0 T T T T T 0 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T(K) T(K)
FIG. 4. (8 Thermal conductivity vs temperature of Ki,Siyo. FIG. 5. (a) Thermal conductivity vs temperature of i Sijg. A

A peak at 180 K and a slope change at 118 K are observed. Thgeak at 152 K and a slope change at 60 K are observed. The dotted
inset shows the details near the 180 K transitidn Thermoelectric  curves represent the combination of lattice and electronic contribu-
power vs temperature for Hiv,Si;o. Sharp increases are found at tions to x1. Note that the calculated results have been vertically
both 180 K and 118 K. shifted down by 20 mW/cm K for clarity. The inset shows the de-
tails near the 152-K transitior{b) Thermoelectric power vs tem-
rature for Eyir,Si;g. Sharp increases are found at both 152 and

lower temperatures for solids. Pronounced anomalies Wer%g K

found in thermal conductivity measuremefiéxcept YD in
this system. The properties of the thermal conductivity
anomalies for theRslr,Si;, system were summarized in  b- Haslr,Sko. The anomalous features in koS, are
Table IIl. For the TEP results, the data in the normal state/€y Similar to those in Dyir,Siyo on thermal transport prop-

show a quasilinear behavior with positive slopes for all stud-rties, as illustrated in Fig. 4. The correspondingfor this
ied materials. The values of the TEP f6tsIr,Sijo (R material is about 180 K, consistent with the value determined

by the specific-heat. The excess thermal conductidiky «

—Dy~Tm) are positive for the entire temperature range, Sig~2 8% was obtained. Secondary anomalies indicated by a

nifying that hole-type carriers dominate their thermoelectric : . .
powers. On the other hand, ¥lb,Si;qis an exception in this leggefocl:‘r?;ge i and a sudden jump in TEP at 118 K were

series with negative TEP, an indication of the electronlike c. Erlr Siro. Sharp anomalies at around 152 K were ob-

carriers. Rapid changes on the thermoelectric power in thgerved by thermal transport measurements iirEBiy,, as

vicinity of phase transitions were seen. In the following, theshown in Fig. 5. The anomaly at this temperature has been
details of the observed thermal transport features will be ad(';onfirmed to be a commensurate CDW phase transition, ac-
dressed case by case. _ cording to the observation of the CDW superlattices from the
a. Dyslr4Sho. As shown in Fig. 3, anomalies at 211 K y_ray diffraction in EElr,Siy, single crystald’ The excess
were found by thermal conductivity and TEP measurementghermal conductivityA x/ k~6.3% was estimated. In addi-
in DyslrySiyo. This phase transition was associated with thetion, secondary anomalies accompanied by an abrupt slope
CDW formation, consistent with the observation in specific-change ink and a sudden jump in TEP were discovered at 60
heat measurements. The excess thermal conducthviti K for this compound.
~2.7% was estimated. In addition, thermal transport mea- d. Tmlr,Si,. The compound of Tagir,Si, exhibits very
surements show secondary anomalies at 165 K, as indicatemplicated thermal transport features, as shown in Fig. 6.
by a slope change ir and a sudden increaseTiEP. How- The CDW phase transition occurs 8p=138 K, as indi-
ever, there is no noticeable anomaly observeiat this cated by a huge peak iR with Ax/xk~14% and a clear
temperature. maximum in TEP. In addition to the anomalies B, we
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Yb.Ir,Si
Tm,Ir,Si,, 100 57470
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£ T(K) ©
60 — - &
(3] ; 90
- 110 120 130 140 c 60 .
= — | T T 1 = sl
g L4 « § 80
v 40 — g 40 (a) E 754
(a) =2 * 2
E 20 . .
20 b -
3 1 1 §
-5 - 3
Tm,Ir,Si,, - ,Ej 8}
- § 10
§ 27 : 2
= E -15 _1225 3Io 3|5 4Io 4|5 5Io sls 60
o
IR
-20 ~ ]
(b) (b) Yb,r,Si,,
0 25 T T T T T
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0 50 100 150 200 250 300 TK
T(K) (K)

FIG. 6. (a) Thermal conductivity vs temperature of ThySiyg.

FIG. 7. (a) Thermal conductivity vs temperature of ybSi;q.

Three sharp peaks are observed at 138 K, 113 K, and 21 K, respegs temperature for Y4r,Siyo.

No noticeable anomaly i is observed(b) Thermoelectric power

A kink in TEP is observed around

tively. (b) Thermoelectric power vs temperature for JImSi.

48 K.

also observed a smaller peald (/x~3%) in « and an  TEP for Yhlr,Si;, is negative, in contrast to the positive

abrupt increase in TEP at 113 K, in spite of the absence ofgp values for other compounds in the temperature range we
the specific-heat anomaly at this temperature. Besides, wellneasured. Such a result suggests that the dominant carriers
defined peaks are found inand TEP for Trglr,Si;q at 20.5

K (peaks positiopy which is 15 K lower than the anomaly gcter than that of all other membersRalr,Siyo.

_ ] . ) . Now we discuss the features of thermal transport proper-
€. YRBIr4Sho. Yhslr,Siyo €xhibits exceptional behaviors in  ties in the studied compounds. Due to the metallic nature of

thermal transport properties, as compared to other comnese compounds, the total thermal conductivitycan be

found inC.

pounds in this series. A kink-shaped anomalypt=48 K in
TEP was observed, as shown in Figb)7 However, there is

anomalous termsAx):

no noticeable anomaly i at this temperaturgFig. 7(a)],

within the resolution of our apparatus. Besides, the absolute

k1=Kt ket Ak.

values of TEP at 300 K for Y4ir,Si;o (| TEP ~15u V/K) is

about an order of magnitude larger than thatRafr,Si;

for the thermal transport in g ,Si; o have an opposite char-

expressed as a sum of lattice (, electronic ), and

(6)

The lattice partk, is expected to follow I/ behavior,

with R=Dy-Tm(/]TEP ~2). Most interestingly, the sign of while the electronic contributio, can be determined by

TABLE Ill. Summary of thermal conductivity anomalies of tRgIr,Si; system.

Te (K) Axplrp (%) To (K) Akol kg (%)
Dyslr,Siig 211 2.7 165 Slope change
Hoslr,Siy 180 2.8 118 Slope change
Erslr,Siyg 152 6.3 60 Slope change
Tmglr,Sipg Tp=138, Tp=113 14(Tp), 2.8(Tp) 21 12
Ybslr,Siyg Undetectable
Luslr,Siy? 80 15

a/alues are taken from Ref. 19.
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means of the Wiedmann-Franz lawgp/T=L,. Here,p is TABLE IV. Summary of thermoelectric power anomalies of the
the dc electrical resistivity and the Lorentz numbegs  RslraSi system.

=2.45x10 8 WQ K 2. It was suggested previously that the
significant reduction irk at the transition is mainly due to

Tp (K) To (K) Ef (eV) Temperature range fitteK)

the deficiency of conduction electrons, and the anomaloupy,r,Si,, 208 165 5.9 21€ T<300
change in x has essentially an electronic origin in Hogr,Si,, 180 118 4.7 218 T<300
Luslr,4Siyo. " This scenario is also perfectly applicable in the ErIr,Siy,, 152 60 2.7 1660 T<300
Erslr,Siyo case, where a reduction ik at 152 K and an  Tmglr,Si, 138 21 3.8 206:T<300
increase at 60 K correspond well to the increase and reduceb,Ir,Si,, 48 0.7 226<T<300
tion in p at these phase transitions. The result of detailed ugIr,Si,2 80 2.2 108<T<300

calculations of Eq(6) to the measured for Erslr,Siyq is
plotted in Fig. %a). The thin line represents the calculated ~°Values are taken from Ref. 19.
for Erslr,Siyg, in good agreement with the observed result
except near the anomalous peak. This analysis provides
clear confirmation that the anomalouschanges in these

materials are of electronic origin. However, the appearanc

. e :
of giant A« (for examples,A«/x~14% for Tmylr,Sho at ing the characteristics of the TEP properties Ryir,Si;,
138 K and 15% for Lulr,Si;q at 80 K) cannot be simply (R=Dy-Lu) is tabulated in Table IV

explained by changes in electron-or phonon-scattering pro- Finally, one could deduce the possible nature of the mul-

cesses at the transitions. .SUCh anomalies in thermal condu&—)'e phase transitions found in these materials by comparing
tivity were g!so observe_d in §gM0O; and (TaSg),l at the  yhe anomalous responses on their thermal properties. The
CDW transitions, but with much broader and smaller peakshigh—temperature anomalies found B in Rglr,Siy (T
Kwok and co-workers associated the péa#) in « withthe %11y torR—py, 180 K for Ho, 152 K for Er and 138 K
gpemﬂc—heatwmij%) in Ko dVIoO; as a result of_heat car for Tm) are most likely due to the normal-incommensurate
ried by the soft phonon and mode occupafibrSince the v formation, while the anomalies found at lower tem-
softening modes nearkg are propagating, the heat carried peratures To= 165 K forR=Dy, 118 K for Ho, 60 K for Er,
by the soft phonons is considerable and is responsible for th&nd 21 K for T are the incommensurate-commensurate
giantA . Hence, botfC and « features aroundp could be ¢y in transition. The common features of the anomalies at
qualitatively understood in terms of this picture. — he |ock-in transition in these materials are that only weak
Another common feature of the thermal conductivity in o g anomalous responses in their specific-heats but sharp

the studied compounds is their high-temperature variation. lf, e ases in their thermoelectric powers are observed. If it is
th_e normal stateT>Tp), the x data increase monotom_cally the case, botfp and T, have a linear depression with de-
with temperature for all compounds. Such a behavior has

also been found in KM0O; and (TaSg),! (Ref. 26, which 250
was attributed to the quasiparticle scattering due to fluctua-
tions, and in turn gives a linear increase inat higher
temperature$’ Consequently, a large number of soft Kohn- -
Peierls phonons would contribute to the high-temperaturex, 200
thermal conductivity. In fact, the lack of linear increasexin ¢
at high temperatures in their isostructural compound g
SGlr,Siyo (with no CDW formation further supports that the
high-temperature variation ir in these compounds is re-
lated to the CDW formation and due to the quasiparticle
excitations?®

For the TEP measurements, rapid changes of TEP in th
vicinity of transitions are generally observed in these mate-,
rials (except YRIr,Si;g). Since the TEP measurement is a *
sensitive probe of energy relative to the Fermi surface, the
rapid changes of TEP iRslr,Si;q are attributed to the sud-
den change of the band structure, associated with the .
electron-hole asymmetry at the transitions. In the normal Y, (exception)
state T>Tp), the TEP varies rather linearly with tempera- 0 1 | I N |
ture in these materials. Thus, one can try to extract the value
of Er through the classical formul&= 7°k3T/2eE:, as- Dy Ho Er Tm Yb Lu
suming a one-band model with an energy-independent relax- F|G. 8. The transition temperatur@s (close circles and T,
ation time. The values df between 2.7 eVEr) and 5.9 eV (open circles for Rglr,Siyo (R=Dy—Lu). Apparently, YRIr,Si; is
(Dy) for Rslr,Sio were obtained from this simple model. an exception in this series. Notice that this figure is in agreement
Note that this value represents a lower limit, because othexith Fig. 4 of Ref. 8.

ects such as the CDW fluctuations could contribute to ad-
ditional high-temperature TEP with a linear temperature
ariation. However, this estimate is in good agreement with
e metallic nature of these compounds. A summary regard-
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650 TABLE V. Summary of specific-heat anomalies of the
(Lu1_xErx)5Ir4Si1o . (Luy_4Er)s5lrsSiso system.
800 7 To (K) ATp/Tp (%) AC (I/molK) AC/C(%) AS (R)
550 x=0.0" 79.8 1.0 55 260 0.2
x=0.10 81.6 2.0 26 111 0.10
x=0.80 1225 6.5 21 7.0 0.23
5007 x=090 1374 55 22 66 0.8
x=1.00 151.8 2.0 60 18.0 0.38
. 450
X &/alues are taken from Ref. 19.
2 4
% o0 nounced deviation from Vegard's law is clear seen. In this
o respect, the effects of both atomic disorder and internal pres-
350 sure, introduced by substituting Er, for Lu play important
roles for the CDW transitions found in the
300 4 (Luq_yEr,)5lrsSiyg system.
The T-dependentk and TEP of (Ly_,Er)slr,Siyp are
illustrated in Figs. 11 and 12, respectively. According to our
250 7 Each curve offset experimental uncertainty, the values of« for
by 50 (J/mol K) (Luy _Er)slIrsSipp alloys are essentially unaffected with
200 variousx, except the anomalous features near phase transi-
tions. In the normal stateT(>Tp), « rises monotonically
150 | : : | V\{it.h temperature, tending toa I!near variation f_or all compo-
50 100 150 200 250 300 sitions. Such a peculiar behawor has been dlscqssed in the
TK) preceding section. Anomalies were also found in thermal

conductivity measurements in these alloys. Kker0O, 0.1,

FIG. 9. The temperature dependence of specific-heats fo?nd 1, a jump accompanied with a sharp peakciwas

(Lug—»Er)slraSise.

creasing lattice parameters with rare-earth ions from Dy to
Lu (except YbB, as shown in the Fig. 8. The anomaly ob-
served in Tmlr,Si;o at 113 K is probably a second CDW
transition that occurred in a different crystallographic direc- 3
tion. Nevertheless, direct evidences such as single-crystg-~
x-ray diffraction or neutron-scattering measurements are
needed to clarify this scenario.

C. Thermal properties of (Lu;_yEr,)slr 4Sijg

The temperature-dependent specific-heats of the substi
tuted system(Lu;_,Er)slr,Sig (x=0, 0.1, 0.8, 0.9, and
1.0) are illustrated in Fig. 9. We note that tig determined
by presentC measurements are consistent with the previ-
ously reportedT-dependent resistivityg-T) results® After
subtracting a smooth background, estimated by fitting a lat-
tice background through the data far from the transition, we
can obtain the specific heat jump<, entropy changed S,
and an excess specific he®€C/C at the transitions. A sum- &
mary regarding the characteristics of the specific-heat§
anomalies for these alloys is listed in Table V. It is clearly §
seen that the excess specific hA&/C at T is suppressed,
and the transition widtlAT,/Tp is broadened by the Er
substitutions for Lu. Besides, it has been reported previously
that the Fermi-level density of states of JlySi;q is very
sensitive to both external presstiemd internal pressur@n-
purity effecty.® If one plots Tp (K), ATp/Tp (%), and
AC/C (%) vs x for (Luy_,Er,)5lrsSiyg (see Fig. 19 a pro-

AT T, (%)

195101-8

observed aflp in each compound. For=0.8 andx=0.9,
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FIG. 10. Tp (K), ATp/Tp (%), and AC/C (%) vs x in
(Luy_4Er)slrsSig. The lines are guides to the eyes.
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240 8
Lu, Er ).r,Si [\ i
(Lu,Er)slr Siyg R (Lu,Er)lr,Si,,
200 f .
[
b
160 — g
X
) 2
£ Y
o w
2 120 1
= ~
E
« T (K)
100 110 120 130 140
90 T T T T
80 -
T, ~130K
L] Q 80 -
£
S
40 | s
Each curve offset £ T ok 4 , , , | ,
« e ~
by 20 (mWjem K) F s x-0s 0 50 100 150 200 250 300
v x=09
T (K)
0 T T T T
0 50 100 150 200 250 300 FIG. 12. TEP vs temperature for (LUEr)slr,Sio.
T(K)

were found at about 124 K and 137 K far=0.8 andx
=0.9, respectively, and kinks around 90 K were also ob-
served for both compounds. The origin for these extra
anomalies found in TEP is not understood at this moment
and warrants further investigations. A summary regarding the
however, milder slope changesinwere found at about 120 Ccharacteristics of thermal transport anomalies for the
K and 130 K(see inset of Fig. 1] respectively, somewhat (LU1-xErJ)slrsSiyo System was listed in Table VI.

lower than what were observed in specific-heat measure- Finally, it would be instructive to study the correlations
ments. The excess thermal conductivityx/xk~15% (x  among superconductivitySC), magnetic orde(MO), and
=0), 13% =0.1), and 6.3%X=1) atT} are estimated. It the CDW formation in thiRsIr,Si, series using our previ-
has been discussed previously that the significant reductiofUs and present data. It is preseted as follows. _

in « at transition is mainly due to the deficiency of conduc- _ (1) There is not one single pure compoundRgir,Si;o
tion carriers, and the anomalous change iis essentially of (R=Dy-Lu, Y, and Sg exhibiting both SC and MO, indi-
electronic origin. Fox=0.8 andx=0.9, only milder slope catlng_that the _SC qnd MO are strongly correlated and mu-
changes inc were found at their CDW transitions. This ob- tually incompatible, just as what we commonly understood.
servation is expected as weaker resistivity anomalies they (2) The SC Ic~3.5K) and CDW {Tp~80 K) coexist

FIG. 11. Thermal conductivity vs temperature for
(Luy_4En)slrsSiyg. Inset: slope changes i were found at about
120 K and 130 K forx = 0.8 (up triangle$ andx = 0.9 (down
triangles, respectively.

exhibit® in the single pure compound kli,Si;o. However, it is re-
The T-dependent TEP exhibits the most complex featuregninded that an interplay between SC and CDW was found in
among all measured physical properties in

(Luy_Er)slr,Si;p. The values of TEP are positive in the TABLE VI. _Summary of thermal transport anomalies of the
normal state, signifying that hole-type carriers dominate theifLui—xEng)slr4Siio system.
thermoelectric powers in these alloys. Generally, rapid

changes in the thermoelectric power in the vicinity of phase Te (K) Akplrp Te (K) Er
transitions are observed. Far=0 and x=0.1, the TEP (taken fromx) (%) (taken from TER (eV)
changes sign from positive values abdMeto negative val-  y—q o 80.2 15.0 80 22
ues belowT, indicating a change of conduction mechanismy=g.10 82.4 12.8 82 24
or dominant carrier at transitions. Por=1, a minor increase yx=0.80 120.0 Slope change 124 3.6
at Tp=152 K and an even larger increase in TEP at 60 Ky—0.90 130.0 Slope change 137 27
were observed. Notice that resistivity measurements also rg—1 gg 1525 6.3 152 27

veal two sharp transitions on single-crystaklEfSi;o at Tp
=155 K, andT,=55 K, respectively/ Anomalies in TEP  alues are taken from Ref. 19.
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(Lu;_,Sc)slr,Sio (Ref. 7) and external pressure effects uted to the manifestation of strong interchain couplings in
were observed in Lgur45ilo_3 Thus, the SC and the CDW RslrsSiyg. By comparing the anomalous responses on the
compete for the density of states in the Fermi surface, and ithermal  properties  in RslrySijg, both  normal-
turn the SC and CDW suppress each other. incommensurate and incommensurate-commensurate CDW
(3) Ty found inRglr,Si;, (R=Dy—-Tm) basically follows transitions are expected to exist in these materials. Besides,
the scale of de Genne's relation, suggesting that théoth Tp and Ty decrease quasilinearly with the decreasing
Ruderman-Kittel-Kasuya-Yosida interactions dominate thedonic radius of rare-earth ions from Dy to Lu. It is also found
magnetism between the magnetic rare-earth foBsr pre-  that Tp (K), ATp/Tp (%), and AC/C (%) depend nonlin-
vious results also show th@p of Tmglr,Si;owas suppressed early onx in (Lu;_,Ern)slrsSi;g. These observations indi-
by an external pressure, but ity was not In addition, Tp cate that the effects of ionic size and atomic disorder play
for Rslr,Si;o (R=Dy—Lu) depends linearly on the ionic ra- important roles for the CDW transitions in this class of ma-
dius of rare-earth elements, no matkeis magnetic or not. terials. In addition, our results suggest that the superconduc-
This implies that the MO at low temperature correlates in-tivity and magnetic order are strongly correlated and mutu-

significantly with the CDW in thiRslr,Si; system. ally incompatible, the superconductivity and the CDW
suppress each other, and the magnetic order at low tempera-
IV. CONCLUSIONS ture correlates insignificantly with the CDW in tH&gIr,Si;q
system.

Thermal properties including specific-heat, thermal con-
ductivity, and thermoelectric power in the rare-earth—
transition-metal ternary compoundlr,Si;o (R=Dy-Yb) ACKNOWLEDGMENTS
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