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Ionic size and atomic disorder effects on the charge-density-wave transitions
in R5Ir 4Si10„RÄDy-Lu …
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We report the systematic investigations of specific heatC, thermal conductivityk, and thermoelectric power
on the rare-earth–transition-metal ternary compoundsR5Ir4Si10(R 5 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-wave~CDW! transition temperatureTP in these compounds~exceptR5Yb). 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 thatTP decreases linearly with the decreasing
ionic radius of rare-earth elements from Dy5Ir4Si10 to Lu5Ir4Si10, but it increases nonlinearly withx in
(Lu12xErx)5Ir4Si10. 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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I. INTRODUCTION

Ternary rare-earth–transition-metal silicidesR5T4Si10(R
5 rare-earth elements;T5Co, Ir, Rh, and Os!, crystallized
in the three-dimensional tetragonal Sc5Co4Si10-type struc-
ture, have attracted considerable attention due to their va
of phase transitions. Especially, the interplay between su
conductivity and long-range magnetic ordering at low te
peratures~below 10 K! in these materials has been studied
detail.1–15 High-temperature phase transitions attributed
the charge-density-wave~CDW! formation were also discov
ered in theR5T4Si10 system.3–8 The direct evidence of the
CDW formation in this class of materials was not availab
until the successful growth of single crystals by Beckeret al.
and Galli et al., with which the CDW superlattices in th
x-ray diffraction were indeed observed in Lu5Ir4Si10 and
Er5Ir4Si10.16–18 The result of x-ray diffraction on the singl
crystal of Er5Ir4Si10 has revealed the formation of an incom
mensurate CDW state atTP 5 155 K, which locks into a
pure commensurate state below the incommensurate to
commensurate transition temperatureT0555 K.17 For
Lu5Ir4Si10, one CDW transition atTP580 K was found, and
the experimental signature for the CDW ground state is
sociated with an incommensurate state belowTP .16

Our results of thermal measurements reported recentl
Lu5Ir4Si10 show that the anomalous responses at the C
transitions (TP;80 K) are rather unusual in the followin
ways:19 ~1! An extremely sharp transition withDTP /TP
;1% with no resolvable thermal hysteresis was found;~2! a
quantitative specific-heat analysis for Lu5Ir4Si10 near the
fluctuation region yields a critical exponenta;2, much
larger than the predicted mean-field valuea50.5; and~3! a
giant excess thermal conductivityDk/k;15% and a rapid
change in the sign of thermoelectric power atTP were
observed.19 However, similar studies on its isostructur
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compound Lu5Rh4Si10 yield a different observation in som
ways. For example, a clear thermal hysteresis (DTP;5 K)
in Lu5Rh4Si10 was observed near its CDW transitionTP
;147 K by transport and thermodynamic measurements.
detectable magnetic-field~H! effect on the phase transitio
was found withH up to 8 T.20,21

To further understand the anomalous nature of the CD
transitions in this class of materials, we perform systema
investigations on the rare-earth–transition-metal tern
compoundsR5Ir4Si10 (R5Dy–Lu) near their CDW transi-
tions. It is found that a sharp anomaly inC was observed in
each compound~exceptR5Yb), ranging fromTP5210 K
~Dy! to 80 K ~Lu!. However, multiple anomalies were ob
served in Dy, Ho, Er, and Tm by thermal transport measu
ments. By comparing the anomalous responses on these
mal properties, both normal-incommensurate~at TP) and
incommensurate-commensurate~at T0) CDW transitions are
expected to exist in these materials. BothTP andT0 decrease
quasi-linearly with decreasing lattice parameter of rare-ea
ions from Dy to Lu. In addition,TP was found to increase
nonlinearly withx in the (Lu12xErx)5Ir4Si10 system. These
observations indicate that both ionic-size and atom
disorder effects play important roles for the CDW transitio
in this class of materials.

II. EXPERIMENTAL METHODS

The preparation and characterization of polycrystall
R5Ir4Si10 have been described elsewhere.8 Briefly, samples
were prepared by arc-melting stoichiometric mixtures
high-purity elements in a Zr-gettered argon atmosphere.
resulting ingots were turned and remelted at least five tim
to promote homogeneity. Samples were then sealed in qu
ampoules with about 160 Torr of argon and annealed
1250°C for one day followed by three days at 1050°C.
©2003 The American Physical Society01-1
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Relative specific heatsC were determined with a high
resolution ac calorimeter, using chopped light as a h
source. The absolute value of the specific heat for Lu5Ir4Si10
has been determined by measuring a powder samp
(;200 mg) using a differential scanning calorimetry, as d
scribed in detail in Ref. 19. The absolute values ofR5Ir4Si10
(R5Dy–Lu) are then assumed to be all equal at 300
Thermal conductivityk and thermoelectric power~TEP!
measurements were carried out simultaneously in a cl
cycle refrigerator over temperatures ranging from 8 to 300
using a direct heat-pulse technique. The details of the m
surement techniques can be found in Refs. 19–21.

At least two samples of each compound were measure
check experimental reproducibility. All presented features
this paper are reproducible for different experimental runs
the same sample, but the observed anomalies of each sa
are slightly different from batch to batch with a variation le
than 10%. We thus present results on the sample with
sharpest anomaly atTP for each compound. In addition, a
experiments were performed on both warming and coolin
a rate of 30 K/h to check any possible thermal hysteresi

III. RESULTS AND DISCUSSION

A. Specific heat ofR5Ir 4Si10 „RÄDy–Lu …

Measured temperature-dependent specific heatsC for
R5Ir4Si10 (R5Dy–Lu) were illustrated in Fig. 1. In genera
the observed specific heatC is a combination of lattice back
ground and anomalous peaks. Clearly, one sharp peakC
was found in each compound~exceptR5Yb), ranging from
TP5210 K ~Dy! to 80 K ~Lu!. TP was determined from the
temperature of the peak position, and the transition wi
DTP was defined by the temperature width of half the pe
height for each material. It is noted thatTP determined from
C measurements are consistent with the previously repo
temperature-dependent resistivity (r-T) results.8 Since the
observations of CDW superlattices from the x-ray diffracti
in Lu5Ir4Si10 and Er5Ir4Si10 have been provided as the dire
evidence of the CDW formations belowTP’s,16,17 the nature
of these phase transitions found in theR5Ir4Si10 system is
presumably associated with the formation of a CDW.

The specific-heat jumpsDC near the transitions in thes
materials can be estimated by subtracting a smooth la
background of Yb5Ir4Si10, which has no transition at high
temperatures. The values of entropy changeDS for other
compounds are then obtained by integrating the curves u
DC/T vs T with a temperature range covering the transiti
region. No thermal hysteresis near the phase transitio
observed within the resolution limit of our apparatus. This
in contrast to that of its isostructural compound Lu5Rh4Si10,
in which pronounced thermal hysteresis loops between h
ing and cooling cycles have been observed in the vicinity
its CDW transition temperatureT0;147 K.21 A summary
regarding the characteristics of the specific-heat anoma
on R5Ir4Si10 is tabulated in Table I. For comparison, we i
cluded the reported values for Lu5Ir4Si10 in the table. Gen-
erally the sharpness of the transitionDTP /TP;1% ~Lu!–
2.4%~Dy! and excess specific-heatDC/C;14% ~Dy!–26%
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~Lu! were estimated for these materials. These values co
tute the series compounds with the sharpest transition am
all existing CDW materials ever reported. It is noted that t
specific-heat jump and the entropy change at the transitio
our polycrystalline Lu5Ir4Si10 samples are somewhat small
than those obtained from single crystals.16 It is presumably
due to this reason that these single crystals have a b
sample quality than that of our polycrystalline samples, ev
though the transition width of our samples is close or ev
narrower than that presented by Becker and co-workers.

For Er5Ir4Si10, in addition to the spike-shaped pea
found near the CDW transition temperatureTP5152 K, a
weaker secondaryC anomaly~slope change! was detected in
Er5Ir4Si10 at 60 K, as demonstrated in Fig. 2~b!. These re-
sults are consistent with those observed in resistiv
measurements.7,8 The x-ray diffraction on the single crysta
Er5Ir4Si10 has also confirmed the formation of an incomme
surate CDW state atTP5145 K, which locks into a purely
commensurate state belowT0555 K.17

For Tm5Ir4Si10, two possible CDW transitions atTP

5138 K andTP8 5115 K, and two magnetic phase trans
tions at 0.86 and 1.91 K were reported previously.8 For the
upper two transitions, a sharp peak (DTP /TP;1.1%) was
found atTP5138 K, while no noticeable anomaly was ob
served atTP8 5115 K in specific-heat measurements. Ho
ever, as we will discuss in the following section, sha
anomalies were found in thermal conductivity and therm

FIG. 1. The temperature dependence of specific heats
R5Ir4Si10 (R5Dy–Lu). No thermal hysteresis was observed with
the resolution limit of our apparatus.
1-2
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TABLE I. Summary of specific-heat anomalies of theR5Ir4Si10 system.

TP ~K! T0 ~K! DTP /TP ~%! DC ~J/mol K! DC/C(%) DS ~R!

Dy5Ir4Si10 211.2 Undetectable 2.4 55 14 0.26
Ho5Ir4Si10 180.0 Undetectable 1.7 40 13 0.16
Er5Ir4Si10 151.8 60 2.0 60 18 0.38
Tm5Ir4Si10 137.7 35 1.1 45 15 0.17
Yb5Ir4Si10 48.0 Slope change Slope change
Lu5Ir4Si10

a 79.8 1.0 55 26 0.12

aValues are taken from Ref. 19.
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electric power measurements at both 138 K and 115 K.
possible that the anomalies found in transport measurem
at TP8 is related to a second CDW transition that occurred
a different crystallographic direction, while only very littl
amount of entropy change is involved. The phase transi
at 35 K observed in presentC studies, as shown in the inse
of Fig. 2~a!, should arise from the same mechanism as tha
T0;60 K in Er5Ir4Si10. Single-crystal x-ray diffraction mea
surements in this material are needed to confirm this po

For Yb5Ir4Si10, a small bump accompanied by a sudd
slope change inC near 48 K was observed, while no visib
anomalies at high temperatures were detected for this m
rial. This observation is consistent with the transition feat

FIG. 2. ~a! The agreement between the data points~open circles!
and the fit~solid curve! in the vicinity of the CDW transition for
Tm5Ir4Si10. The inset shows the blow-up plot at low temperatur
~b! Low-temperature specific heat for Er5Ir4Si10. A noticeable slope
change is observed around 60 K.~c! A close-up C2T plot for
Yb5Ir4Si10 near the transition. The straight lines are guides to
eyes.
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found previously in resistivity measurements.8 The transition
temperature of Yb5Ir4Si10 lies significantly below the linear
depression ofTP for other compounds, as earlier reported
Ref. 8. This deviation was attributed to a valence fluctuat
of Yb ions at low temperature. As a result, the ionic-si
change is not as dominant as the electronic-configuration
ference on the influence of the anomaly. This also expla
that there are many different features between Lu5Ir4Si10 and
Lu5Rh4Si10 though they have almost identical lattice para
eters.

The specific-heat data ofR5Ir4Si10 near the CDW transi-
tions were analyzed via a least-squares-fitting procedure
model of critical fluctuations in addition to the BCS mea
field contributions.19 In this respect, the specific heatC con-
sists of three terms

C5CL1CMF1Cf l , ~1!

whereCL is the lattice background,CMF is the mean-field
term belowTP , andCf l is associated with fluctuation con
tributions. We assume that the lattice specific heat has
form of the Einstein model:

CL5a1S a2

T D a3 ea2 /T

~ea2 /T21!2
. ~2!

The fitting functions are expressed as

C25CL1g* TP~11bt !1b2utu2a2
, T,TP ;

C15CL1b1utu2a1
, T.TP . ~3!

In Eq. ~3!, the mean-field term belowTP is represented by

CMF5g* To~11bt !, ~4!

and the fluctuation part is

Cf l
25b2utu2a2

, T,TP ;

Cf l
15b1utu2a1

, T.TP . ~5!

Herea1 , a2 , a3 , g*, b, b2, b1, a2, anda1 are effec-
tive fitting parameters, wherea2 anda1 are known as criti-
cal exponents, andt5(TP2T)/TP is the reduced tempera
ture. The detailed fitting procedure was described in Ref.
In this work, a representative fitting result for Tm5Ir4Si10
regarding Eq.~3! is shown in Fig. 2~a!. A satisfactory agree-

.

e
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TABLE II. Fitting parameters of the specific-heat ofR5Ir4Si10 to a model of critical fluctuations in
addition to the mean-field contributions.

Background term Mean-field term Fluctuations contribution

a1~J/mol K! a2~K! a3 g* (J/mol K2) b b2 ~J/mol K! a2 b1~J/mol K! a1

Dy5Ir4Si10 409 205 1.82 2.031022 5.0 631021 0.8 2.631022 1.5
Ho5Ir4Si10 417 224 1.80 8.531023 6.0 6.231021 0.8 4.731023 1.8
Er5Ir4Si10 415 218 1.81 1.031022 4.0 1431021 0.7 1.531021 1.1
Tm5Ir4Si10 398 204 1.72 3.031022 6.0 6.531021 1.1 1.231023 1.8
Lu5Ir4Si10

a 306 115 1.46 7.731022 6.0 1.5431023 1.8 4.831024 2

aValues are taken from Ref. 19.
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ment between the fit and the measured data can be cle
seen. A similar quality of fitting results was also obtained
Dy5Ir4Si10, Ho5Ir4Si10, and Er5Ir4Si10 ~not shown here!.
The fitting parameters of specific heats ofR5Ir4Si10 with this
model are listed in Table II. It is worthwhile mentioning th
the critical exponentsa2 and a1 extracted from the bes
fit for these materials are larger than the value due to
Gaussian fluctuations witha25a150.5, normally seen in
typical CDW materials.22–24 The higher powers of diver
gence inC nearTP8 reflect very narrow transition widths in
these materials. Besides, the coherence lengthj0 of the order
of 5 Å can be deduced for these compounds by using
Ginzburg criteria DTG5(TP/32)(kB /pDCpjo

3)2, DTG

;10 K is the temperature region where the fluctuations
important. Such a short coherence length seems to mee
criteria of McMillan’s model proposed for the strong
coupled CDW systems,25 an indication of the strong inter
chain couplings inR5Ir4Si10. As a result, the spike-shap
specific-heats near the CDW transitions and larger crit
exponents extracted from the specific-heat fits can be at
uted to the manifestation of strong interchain couplings
the studied compounds. This finding is similar to other CD
materials of 4.4 Å for K0.3MoO3 ~Refs. 22 and 23! and
4.5 Å for 2H-TaSe2 ~Ref. 24!. Besides, it was reported tha
the sharp specific jump in 2H-TaSe2 is presumably due to the
existence of a large number of soft phonon modes in
transition region, with which it provides a substant
specific-heat arising from their occupation.24 This soft pho-
non mode scenario could also explain the origin of hu
specific jumps exhibited in the titled system.

In Table II, it is noted that the important quantityg*,
ranging from 8.531023 J/mol K2 ~Ho! to 7.7
31022 J/mol K2 ~Lu!, was obtained from the fit. Her
g* TP , ranging from 1.53 J/mol K~Ho! to 6.16 J/mol K2

~Lu!, represents the electronic specific-heat jump of
mean-field term at the transition. The larger value ofg* TP
for Lu5Ir4Si10 is presumable due to a larger portion of t
Fermi surface nesting in Lu5Ir4Si10 as compared to othe
compounds. This is evident from the magnetic-susceptib
measurements in these materials,3,8 in which Lu5Ir4Si10 ex-
hibits a more pronounced anomaly inx at TP , and in turn
gives a larger change of the density of states associated
the CDW formation.
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B. Thermal conductivity and thermoelectric power
of R5Ir 4Si10 „RÄDy–Yb…

The temperature-dependent thermal conductivityk and
the TEP for R5Ir4Si10 (R5Dy, Ho, Er, Tm, and Yb! are
illustrated in Figs. 3–7. The values of room temperaturek
for these compounds are between 80 mW/cm K~Dy! and 150
mW/cm K ~Er!, reasonable for their metallic nature. At lo
temperatures,k increases with increasing temperature an
broad maximum appears at around 40 K forR5Ir4Si10. This
is a typical feature for the reduction of thermal scattering

FIG. 3. ~a! Thermal conductivity vs temperature of Dy5Ir4Si10.
A peak at 208 K and a slope change at 165 K are observed.
inset shows the details near the 208 K transition.~b! Thermoelectric
power vs temperature for Dy5Ir4Si10. Sharp increases are found
both 208 K and 165 K. The low-temperature maximum around
K is attributed to the phonon-drag effect.
1-4
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IONIC SIZE AND ATOMIC DISORDER EFFECTS ON . . . PHYSICAL REVIEW B67, 195101 ~2003!
lower temperatures for solids. Pronounced anomalies w
found in thermal conductivity measurements~except Yb! in
this system. The properties of the thermal conductiv
anomalies for theR5Ir4Si10 system were summarized i
Table III. For the TEP results, the data in the normal st
show a quasilinear behavior with positive slopes for all st
ied materials. The values of the TEP forR5Ir4Si10 (R
5Dy–Tm) are positive for the entire temperature range, s
nifying that hole-type carriers dominate their thermoelec
powers. On the other hand, Yb5Ir4Si10 is an exception in this
series with negative TEP, an indication of the electronl
carriers. Rapid changes on the thermoelectric power in
vicinity of phase transitions were seen. In the following, t
details of the observed thermal transport features will be
dressed case by case.

a. Dy5Ir4Si10. As shown in Fig. 3, anomalies at 211
were found by thermal conductivity and TEP measureme
in Dy5Ir4Si10. This phase transition was associated with
CDW formation, consistent with the observation in specifi
heat measurements. The excess thermal conductivityDk/k
;2.7% was estimated. In addition, thermal transport m
surements show secondary anomalies at 165 K, as indic
by a slope change ink and a sudden increase inTEP. How-
ever, there is no noticeable anomaly observed inC at this
temperature.

FIG. 4. ~a! Thermal conductivity vs temperature of Ho5Ir4Si10.
A peak at 180 K and a slope change at 118 K are observed.
inset shows the details near the 180 K transition.~b! Thermoelectric
power vs temperature for Ho5Ir4Si10. Sharp increases are found
both 180 K and 118 K.
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b. Ho5Ir4Si10. The anomalous features in Ho5Ir4Si10 are
very similar to those in Dy5Ir4Si10 on thermal transport prop
erties, as illustrated in Fig. 4. The correspondingTP for this
material is about 180 K, consistent with the value determin
by the specific-heat. The excess thermal conductivityDk/k
;2.8% was obtained. Secondary anomalies indicated b
slope change ink and a sudden jump in TEP at 118 K we
also found.

c. Er5Ir 4Si10. Sharp anomalies at around 152 K were o
served by thermal transport measurements in Er5Ir4Si10, as
shown in Fig. 5. The anomaly at this temperature has b
confirmed to be a commensurate CDW phase transition,
cording to the observation of the CDW superlattices from
x-ray diffraction in Er5Ir4Si10 single crystals.17 The excess
thermal conductivityDk/k;6.3% was estimated. In add
tion, secondary anomalies accompanied by an abrupt s
change ink and a sudden jump in TEP were discovered at
K for this compound.

d. Tm5Ir4Si10. The compound of Tm5Ir4Si10 exhibits very
complicated thermal transport features, as shown in Fig
The CDW phase transition occurs atTP5138 K, as indi-
cated by a huge peak ink with Dk/k;14% and a clear
maximum in TEP. In addition to the anomalies atTP , we

he
FIG. 5. ~a! Thermal conductivity vs temperature of Er5Ir4Si10. A

peak at 152 K and a slope change at 60 K are observed. The d
curves represent the combination of lattice and electronic contr
tions to kT . Note that the calculated results have been vertica
shifted down by 20 mW/cm K for clarity. The inset shows the d
tails near the 152-K transition.~b! Thermoelectric power vs tem
perature for Er5Ir4Si10. Sharp increases are found at both 152 a
60 K.
1-5
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also observed a smaller peak (Dk/k;3%) in k and an
abrupt increase in TEP at 113 K, in spite of the absence
the specific-heat anomaly at this temperature. Besides, w
defined peaks are found ink and TEP for Tm5Ir4Si10 at 20.5
K ~peaks position!, which is 15 K lower than the anomal
found in C.

e. Yb5Ir4Si10. Yb5Ir4Si10 exhibits exceptional behaviors i
thermal transport properties, as compared to other c
pounds in this series. A kink-shaped anomaly atTP548 K in
TEP was observed, as shown in Fig. 7~b!. However, there is
no noticeable anomaly ink at this temperature@Fig. 7~a!#,
within the resolution of our apparatus. Besides, the abso
values of TEP at 300 K for Yb5Ir4Si10 (uTEPu;15m V/K) is
about an order of magnitude larger than that ofR5Ir4Si10
with R5Dy–Tm(uTEPu;2). Most interestingly, the sign o

FIG. 6. ~a! Thermal conductivity vs temperature of Tm5Ir4Si10.
Three sharp peaks are observed at 138 K, 113 K, and 21 K, res
tively. ~b! Thermoelectric power vs temperature for Tm5Ir4Si10.
19510
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TEP for Yb5Ir4Si10 is negative, in contrast to the positiv
TEP values for other compounds in the temperature range
measured. Such a result suggests that the dominant ca
for the thermal transport in Yb5Ir4Si10 have an opposite char
acter than that of all other members inR5Ir4Si10.

Now we discuss the features of thermal transport prop
ties in the studied compounds. Due to the metallic nature
these compounds, the total thermal conductivitykT can be
expressed as a sum of lattice (kL), electronic (ke), and
anomalous terms (Dk):

kT5kL1ke1Dk. ~6!

The lattice partkL is expected to follow 1/T behavior,
while the electronic contributionke can be determined by

ec-

FIG. 7. ~a! Thermal conductivity vs temperature of Yb5Ir4Si10.
No noticeable anomaly ink is observed.~b! Thermoelectric power
vs temperature for Yb5Ir4Si10. A kink in TEP is observed around
48 K.
TABLE III. Summary of thermal conductivity anomalies of theR5Ir4Si10 system.

TP ~K! DkP /kP ~%! T0 ~K! Dk0 /k0 ~%!

Dy5Ir4Si10 211 2.7 165 Slope change
Ho5Ir4Si10 180 2.8 118 Slope change
Er5Ir4Si10 152 6.3 60 Slope change
Tm5Ir4Si10 TP5138, TP8 5113 14(TP), 2.8(TP8 ) 21 12
Yb5Ir4Si10 Undetectable
Lu5Ir4Si10

a 80 15

aValues are taken from Ref. 19.
1-6
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IONIC SIZE AND ATOMIC DISORDER EFFECTS ON . . . PHYSICAL REVIEW B67, 195101 ~2003!
means of the Wiedmann-Franz law:ker/T5Lo . Here,r is
the dc electrical resistivity and the Lorentz numberLo

52.4531028 WV K22. It was suggested previously that th
significant reduction ink at the transition is mainly due to
the deficiency of conduction electrons, and the anomal
change in k has essentially an electronic origin
Lu5Ir4Si10.19 This scenario is also perfectly applicable in t
Er5Ir4Si10 case, where a reduction ink at 152 K and an
increase at 60 K correspond well to the increase and re
tion in r at these phase transitions. The result of deta
calculations of Eq.~6! to the measuredk for Er5Ir4Si10 is
plotted in Fig. 5~a!. The thin line represents the calculatedk
for Er5Ir4Si10, in good agreement with the observed res
except near the anomalous peak. This analysis provid
clear confirmation that the anomalousk changes in these
materials are of electronic origin. However, the appeara
of giant Dk ~for examples,Dk/k;14% for Tm5Ir4Si10 at
138 K and 15% for Lu5Ir4Si10 at 80 K! cannot be simply
explained by changes in electron-or phonon-scattering
cesses at the transitions. Such anomalies in thermal con
tivity were also observed in K0.3MoO3 and (TaSe4)2I at the
CDW transitions, but with much broader and smaller pea
Kwok and co-workers associated the peak~5%! in k with the
specific-heat jump~6%! in K0.3MoO3 as a result of heat car
ried by the soft phonon and mode occupation.26 Since the
softening modes near 2kF are propagating, the heat carrie
by the soft phonons is considerable and is responsible for
giantDk. Hence, bothC andk features aroundTP could be
qualitatively understood in terms of this picture.

Another common feature of the thermal conductivity
the studied compounds is their high-temperature variation
the normal state (T.TP), thek data increase monotonicall
with temperature for all compounds. Such a behavior
also been found in K0.3MoO3 and (TaSe4)2I ~Ref. 26!, which
was attributed to the quasiparticle scattering due to fluc
tions, and in turn gives a linear increase ink at higher
temperatures.27 Consequently, a large number of soft Koh
Peierls phonons would contribute to the high-temperat
thermal conductivity. In fact, the lack of linear increase ink
at high temperatures in their isostructural compou
Sc5Ir4Si10 ~with no CDW formation! further supports that the
high-temperature variation ink in these compounds is re
lated to the CDW formation and due to the quasiparti
excitations.28

For the TEP measurements, rapid changes of TEP in
vicinity of transitions are generally observed in these ma
rials ~except Yb5Ir4Si10). Since the TEP measurement is
sensitive probe of energy relative to the Fermi surface,
rapid changes of TEP inR5Ir4Si10 are attributed to the sud
den change of the band structure, associated with
electron-hole asymmetry at the transitions. In the norm
state (T.TP), the TEP varies rather linearly with temper
ture in these materials. Thus, one can try to extract the v
of EF through the classical formulaS5p2kB

2T/2eEF , as-
suming a one-band model with an energy-independent re
ation time. The values ofEF between 2.7 eV~Er! and 5.9 eV
~Dy! for R5Ir4Si10 were obtained from this simple mode
Note that this value represents a lower limit, because o
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effects such as the CDW fluctuations could contribute to
ditional high-temperature TEP with a linear temperatu
variation. However, this estimate is in good agreement w
the metallic nature of these compounds. A summary rega
ing the characteristics of the TEP properties forR5Ir4Si10
(R5Dy–Lu) is tabulated in Table IV.

Finally, one could deduce the possible nature of the m
tiple phase transitions found in these materials by compa
the anomalous responses on their thermal properties.
high-temperature anomalies found atTP in R5Ir4Si10 (TP
5211 K for R5Dy, 180 K for Ho, 152 K for Er, and 138 K
for Tm! are most likely due to the normal-incommensura
CDW formation, while the anomalies found at lower tem
peratures (T05165 K for R5Dy, 118 K for Ho, 60 K for Er,
and 21 K for Tm! are the incommensurate-commensur
lock-in transition. The common features of the anomalies
the lock-in transition in these materials are that only we
~or no! anomalous responses in their specific-heats but sh
increases in their thermoelectric powers are observed. If
the case, bothTP and T0 have a linear depression with de

TABLE IV. Summary of thermoelectric power anomalies of th
R5Ir4Si10 system.

TP ~K! T0 ~K! EF ~eV! Temperature range fitted~K!

Dy5Ir4Si10 208 165 5.9 210,T,300
Ho5Ir4Si10 180 118 4.7 210,T,300
Er5Ir4Si10 152 60 2.7 160,T,300
Tm5Ir4Si10 138 21 3.8 200,T,300
Yb5Ir4Si10 48 0.7 220,T,300
Lu5Ir4Si10

a 80 2.2 100,T,300

aValues are taken from Ref. 19.

FIG. 8. The transition temperaturesTP ~close circles! and T0

~open circles! for R5Ir4Si10 (R5Dy–Lu). Apparently, Yb5Ir4Si10 is
an exception in this series. Notice that this figure is in agreem
with Fig. 4 of Ref. 8.
1-7
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creasing lattice parameters with rare-earth ions from Dy
Lu ~except Yb!, as shown in the Fig. 8. The anomaly o
served in Tm5Ir4Si10 at 113 K is probably a second CDW
transition that occurred in a different crystallographic dire
tion. Nevertheless, direct evidences such as single-cry
x-ray diffraction or neutron-scattering measurements
needed to clarify this scenario.

C. Thermal properties of „Lu1ÀxEr x…5Ir 4Si10

The temperature-dependent specific-heats of the su
tuted system~Lu 12xErx)5Ir4Si10 (x50, 0.1, 0.8, 0.9, and
1.0! are illustrated in Fig. 9. We note that theTP determined
by presentC measurements are consistent with the pre
ously reportedT-dependent resistivity (r-T) results.8 After
subtracting a smooth background, estimated by fitting a
tice background through the data far from the transition,
can obtain the specific heat jumpsDC, entropy changesDS,
and an excess specific heatDC/C at the transitions. A sum
mary regarding the characteristics of the specific-h
anomalies for these alloys is listed in Table V. It is clea
seen that the excess specific heatDC/C at TP is suppressed
and the transition widthDTP /TP is broadened by the E
substitutions for Lu. Besides, it has been reported previou
that the Fermi-level density of states of Lu5Ir4Si10 is very
sensitive to both external pressure2 and internal pressure~im-
purity effects!.6 If one plots TP ~K!, DTP /TP ~%!, and
DC/C ~%! vs x for (Lu12xErx)5Ir4Si10 ~see Fig. 10!, a pro-

FIG. 9. The temperature dependence of specific-heats
(Lu12xErx)5Ir4Si10.
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nounced deviation from Vegard’s law is clear seen. In t
respect, the effects of both atomic disorder and internal p
sure, introduced by substituting Er, for Lu play importa
roles for the CDW transitions found in th
(Lu12xErx)5Ir4Si10 system.

The T-dependentk and TEP of (Lu12xErx)5Ir4Si10 are
illustrated in Figs. 11 and 12, respectively. According to o
experimental uncertainty, the values ofk for
(Lu12xErx)5Ir4Si10 alloys are essentially unaffected wit
variousx, except the anomalous features near phase tra
tions. In the normal state (T.TP), k rises monotonically
with temperature, tending to a linear variation for all comp
sitions. Such a peculiar behavior has been discussed in
preceding section. Anomalies were also found in therm
conductivity measurements in these alloys. Forx50, 0.1,
and 1, a jump accompanied with a sharp peak ink was
observed atTP in each compound. Forx50.8 andx50.9,

or

TABLE V. Summary of specific-heat anomalies of th
(Lu12xErx)5Ir4Si10 system.

TP ~K! DTP /TP ~%! DC ~J/mol K! DC/C(%) DS ~R!

x50.00a 79.8 1.0 55 26.0 0.12
x50.10 81.6 2.0 26 11.1 0.10
x50.80 122.5 6.5 21 7.0 0.23
x50.90 137.4 5.5 22 6.6 0.18
x51.00 151.8 2.0 60 18.0 0.38

aValues are taken from Ref. 19.

FIG. 10. TP ~K!, DTP /TP ~%!, and DC/C ~%! vs x in
(Lu12xErx)5Ir4Si10. The lines are guides to the eyes.
1-8
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however, milder slope changes ink were found at about 120
K and 130 K~see inset of Fig. 11!, respectively, somewha
lower than what were observed in specific-heat meas
ments. The excess thermal conductivityDk/k;15% (x
50), 13% (x50.1), and 6.3% (x51) atTP8 are estimated. It
has been discussed previously that the significant reduc
in k at transition is mainly due to the deficiency of condu
tion carriers, and the anomalous change ink is essentially of
electronic origin. Forx50.8 andx50.9, only milder slope
changes ink were found at their CDW transitions. This ob
servation is expected as weaker resistivity anomalies t
exhibit.8

The T-dependent TEP exhibits the most complex featu
among all measured physical properties
(Lu12xErx)5Ir4Si10. The values of TEP are positive in th
normal state, signifying that hole-type carriers dominate th
thermoelectric powers in these alloys. Generally, ra
changes in the thermoelectric power in the vicinity of pha
transitions are observed. Forx50 and x50.1, the TEP
changes sign from positive values aboveTP8 to negative val-
ues belowTP8 , indicating a change of conduction mechanis
or dominant carrier at transitions. Forx51, a minor increase
at TP5152 K and an even larger increase in TEP at 60
were observed. Notice that resistivity measurements also
veal two sharp transitions on single-crystal Er5Ir4Si10 at TP
5155 K, andT0555 K, respectively.17 Anomalies in TEP

FIG. 11. Thermal conductivity vs temperature f
(Lu12xErx)5Ir4Si10. Inset: slope changes ink were found at about
120 K and 130 K forx 5 0.8 ~up triangles! and x 5 0.9 ~down
triangles!, respectively.
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were found at about 124 K and 137 K forx50.8 andx
50.9, respectively, and kinks around 90 K were also o
served for both compounds. The origin for these ex
anomalies found in TEP is not understood at this mom
and warrants further investigations. A summary regarding
characteristics of thermal transport anomalies for
(Lu12xErx)5Ir4Si10 system was listed in Table VI.

Finally, it would be instructive to study the correlation
among superconductivity~SC!, magnetic order~MO!, and
the CDW formation in thisR5Ir4Si10 series using our previ-
ous and present data. It is preseted as follows.

~1! There is not one single pure compound inR5Ir4Si10
(R5Dy–Lu, Y, and Sc! exhibiting both SC and MO, indi-
cating that the SC and MO are strongly correlated and m
tually incompatible, just as what we commonly understoo

~2! The SC (TC;3.5 K) and CDW (TP;80 K) coexist
in the single pure compound Lu5Ir4Si10. However, it is re-
minded that an interplay between SC and CDW was found

FIG. 12. TEP vs temperature for (Lu12xErx)5Ir4Si10.

TABLE VI. Summary of thermal transport anomalies of th
(Lu12xErx)5Ir4Si10 system.

TP ~K!
~taken fromk)

DkP /kP

~%!
TP ~K!

~taken from TEP!
EF

~eV!

x50.00a 80.2 15.0 80 2.2
x50.10 82.4 12.8 82 2.4
x50.80 120.0 Slope change 124 3.6
x50.90 130.0 Slope change 137 2.7
x51.00 152.5 6.3 152 2.7

aValues are taken from Ref. 19.
1-9
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KUO, HSU, LI, HUANG, HUANG, LUE, AND YANG PHYSICAL REVIEW B 67, 195101 ~2003!
(Lu12xScx)5Ir4Si10 ~Ref. 7! and external pressure effec
were observed in Lu5Ir4Si10.3 Thus, the SC and the CDW
compete for the density of states in the Fermi surface, an
turn the SC and CDW suppress each other.

~3! TN found inR5Ir4Si10 (R5Dy–Tm) basically follows
the scale of de Genne’s relation, suggesting that
Ruderman-Kittel-Kasuya-Yosida interactions dominate
magnetism between the magnetic rare-earth ions.8 Our pre-
vious results also show thatTP of Tm5Ir4Si10 was suppressed
by an external pressure, but itsTN was not.8 In addition,TP
for R5Ir4Si10 (R5Dy–Lu) depends linearly on the ionic ra
dius of rare-earth elements, no matterR is magnetic or not.
This implies that the MO at low temperature correlates
significantly with the CDW in thisR5Ir4Si10 system.

IV. CONCLUSIONS

Thermal properties including specific-heat, thermal co
ductivity, and thermoelectric power in the rare-eart
transition-metal ternary compoundsR5Ir4Si10 (R5Dy–Yb)
were studied in details. Generally, pronounced anoma
responses in their thermal properties are observed nea
charge-density-wave transitions. The observed spike-sh
specific heats near the CDW transitions and larger crit
exponents extracted from the specific-heat fits can be at
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