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The optical reflectance of the ternary rare-earth intermetallic material LusRh,Si;y has been measured over a
wide frequency range (50—55 000 cm™') and at temperatures between 15 and 300 K. The charge-density-wave
(CDW) transition (Tcpw~ 147 K) in this compound manifests itself as a progressive transfer of the Drude
spectral weight into the midinfrared absorption bands, leading to the formation of a pseudogap with 2A
~5.9kgTcpw. Moreover, calculations of the effective number of electrons from the optical conductivity and the
fits to the reflectance indicate that approximately 4% of the Fermi surface is destroyed at Tpyw. The rest retains
its three-dimensional metallic characters. All of these observables support the suggestion of a strongly coupled

CDW transition in LusRhySij.
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I. INTRODUCTION

Since they were first synthesized in the 1980s,' the sub-
ject of superconductivity and other competing broken-
symmetry ground states in the ternary rare-earth transition-
metal silicides RsT,Si;, (R=rare-earth ions; T=Co, Ir, Rh,
and Os) has been of continued interest to experimentalists
and theorists alike.*~!3 In this class of materials, the highest
superconducting transition temperature (7,) to date is 9.1 K
in Y50s,Si;."* More recently, an interesting aspect of these
systems is the observation of the multiple charge-density-
wave (CDW) instabilities occurring at temperature above
T,.'>16 This particular feature of the ternary silicides is espe-
cially intriguing in view of a delicate balance of competing
interactions producing density-wave and superconducting
pairing.

Among a number of the ternary silicides with various
combinations of (R, T), LusRh,Si,, is considered to be a pro-
totypical and reference material. It crystallizes in the
ScsCo,Si;, structure type> (the tetragonal space group
P4/mbm) where Sc atoms occupy three different sites. The
Lul atoms form a chainlike structure along the ¢ axis that is
embedded in a network of closely bonded Lu2, Lu3, and Rh
atoms. Most probably, the chains of Lul atoms carry a quasi-
one-dimensional electronic band. The interplay between
CDW and superconductivity has been demonstrated by the
temperature-pressure phase diagram of LusRh,Si;o.°> At am-
bient pressure Tcpw=147 K and superconductivity develops
below 7.=3.4 K. Increasing the pressure gradually sup-
presses the CDW transition but 7. jumps from
34 Kto4.3K at 17.9 kbar. There have been also several
recent experimental investigations of the nature of the CDW
transition in LusRh,Si;y.!”!8 Anomalies at Tcpyw with ther-
mal hysteresis of about 3 K have been observed in the tem-
perature dependence of the electrical resistivity, magnetic
susceptibility, specific heat, thermal conductivity, and ther-
moelectric power.!”!® The CDW character is suggested by
the fact that these anomalies are in agreement with a de-
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crease of the density of states at the Fermi level. Further-
more, the CDW transition in LusRh,Si;, is unconventional,
as exemplified by the spike-shapes specific heat jump and by
a huge entropy change.'”!® This has led to the speculation
that LusRh,Si;, is a strong interchain coupled CDW system
with a first-order phase transition. Here we provide measure-
ments of a key missing property, the electrodynamic re-
sponse, which enables the CDW in this material to be fully
characterized.

Infrared and optical spectroscopic methods are an ideal
bulk-sensitive tool to explore the electronic structure and
charge dynamics lying behind the CDW transition.!® To our
knowledge, there have been no reports on the optical prop-
erties of the ternary silicides. In this paper, we describe the
first comprehensive study of the infrared and optical proper-
ties of LusRh,Si;y over a broad spectral range and as a
function of temperature. The analysis of the electronic spec-
tral weight and its distribution at low 7, as well as the tem-
perature dependence of the scattering rate and the plasma
frequency of the itinerant charge carriers extracted from
the optical measurements, will be the main goal of this
work. The results presented here on LusRh,Si;, will also
provide an interesting counterpoint to other class of low-
dimensional conducting systems such as transition-metal
trichalocigenides®® and dichalcogenides.?'~%3

II. EXPERIMENT

The preparation and characterization of polycrystalline
LusRh,Si;, have been described elsewhere.’ Briefly, samples
were grown by arc-melting stoichiometric mixtures of high-
purity elements in a Zr-gettered argon atmosphere. The re-
sulting ingots were turned and remelted at least five times to
promote homogeneity. Samples were then sealed in quartz
ampoules with about 160 Torr of argon and annealed at
1250 °C for one day followed by three days at 1050 °C. The
typical grain size of the samples is about 1 um in diameter.
These ceramics were then polished with 0.05 wm grain size
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AL, O3 powders until an optically reflecting surface was
achieved. An x-ray analysis taken with CuK radiation on
powder specimens was consistent with the expected
ScsCo,Sig-type structure, with no other phases present in
the diffraction spectrum.

Near-normal optical reflectance measurements were car-
ried out over a wide frequency range using two different
spectrometers. A Bruker IFS 66v Fourier transform infrared
spectrometer was used in the far-infrared and midinfrared
regions (50—6000 cm™'), while the near-infrared to nearul-
traviolet regions (4000—55000 cm™!) were covered using a
Perkin-Elmer Lambda-900 spectrometer. The modulated
light beam from the spectrometer was focused onto either the
sample or an Au (Al) reference mirror, and the reflected
beam was directed onto a detector appropriate for the fre-
quency range studied. The different sources and detectors
used in these studies provided substantial spectral overlap,
and the reflectance mismatch between adjacent spectral
ranges was less than 1%. For low-temperature measure-
ments, the sample was mounted in a continuous flow helium
cryostat equipped with a thermometer and heater near the
cryostat tip, regulated by a temperature controller.

The optical properties [i.e., the complex conduct-
ivity o(w)=0(w)+io,(w) or dielectric function €(w)
=1+4mio(w)/w] were calculated from a Kramers-Kronig
analysis of the reflectance data.?* Because a large frequency
region was covered, a Kramers-Kronig analysis should pro-
vide reasonably accurate values for the optical constants.”
To perform these transformations one needs to extrapolate
the reflectance at both low and high frequencies. At low fre-
quencies the extension was done by modeling the reflectance
using the Drude-Lorentz model and using the fitted results to
extend the reflectance below the lowest frequency measured
in the experiment. The Hagen-Rubens relation was also used
as an extrapolation to low frequencies. Above 60 cm™' the
optical conductivity is not sensitive to the choice of low-
frequency approximation. The high-frequency extrapolations
were done by using a weak power law dependence, R~ w™
with s~ 1-2.

III. RESULTS AND DISCUSSION

Figure 1 shows the measured optical reflectance of
LusRh,Si;, over the entire spectral range at 300 K and 15 K.
Note the logarithmic scale. The general shape of room-
temperature reflectance displays a metallic character, but the
exact position of the plasma minimum is obscured because
the free-carrier response overlaps with interband transitions.
The inset of Fig. 1 illustrates the optical reflectance from
~50 to 1500 cm™! at several temperatures above and below
Tcpw- When the sample is cooled from 300 K to 200 K, we
do not observe any sharp changes in the optical spectra but
rather a continuous evolution-the reflectance increases at
most 1%. However, upon crossing Tcpw=147 K, we see a
suppression of far-infrared reflectance and there is an in-
crease in the reflectance in the frequency range between
2000 and 5000 cm™!, indicating that important changes occur
in the electronic structures near the Fermi level as a result of
the CDW transition. It is worth mentioning that no hysteresis
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FIG. 1. The reflectance spectra of LusRh,Si;y at 300 K and
15 K. The data at frequencies above 5000 cm™ do not show any
temperature dependence. The inset shows the optical reflectance
data of LusRh,Sij, from 50 to 1500 cm™' and at temperatures
above and below Tcpw.

effects in the reflectance data were observed within our reso-
lution.

The temperature dependence of the real part of the optical
conductivity o;(w), obtained from a Kramers-Kronig analy-
sis of the reflectance, is shown in Fig. 2. There are several
important features to these spectra. First, the room-
temperature far-infrared conductivity shows canonical metal-
lic behavior, with a line shape in accord with a Drude theory
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FIG. 2. The real part of the optical conductivity for LusRh,Si;,
at several temperatures, calculated through a Kramers-Kronig
analysis of the reflectance spectra presented in Fig. 1. The upper
inset shows the 300 K optical conductivity compared to the Drude-
Lorentz model calculations. The various terms in the fits are also
shown (dashed line): the Drude band and four Lorentz oscillators.
The lower inset shows the ratio of o;(w) well below the CDW
transition by o(w) just above the transition. This plot shows the
transfer of the spectral weight that accompanies the formation of a
CDW state.
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FIG. 3. The real part of the dielectric function €;(w) (from a
Kramers-Kronig transformation) for LusRh,Si;, at several
temperatures.

at least for w<<400 cm™'. Several interband transitions can
be identified at higher frequencies (see below for detailed
analysis of interband absorption). Second, with decreasing
temperature from 300 K to 200 K, the spectral change is
very small-only the low-frequency conductivity increases, in
agreement with the metallic dc resistivity behavior. Third,
below Tcpw, there is a progressive suppression of the optical
conductivity in the far-infrared region, which is very remi-
niscent of the expected scenario for the opening of a gap. In
contrast, at high frequencies, o;(w) does not show much
temperature variation: all the curves draw together around
5000 cm™!.

Figure 3 displays the real part of the dielectric function at
several temperatures above and below Tcpw. The rapid de-
crease in €(w) of all temperatures at low frequency is an
indication of the metallic behavior (characteristic of free car-
riers). In a purely Drude system, the zero crossing corre-
sponds to the location of the screened plasma frequency,
0,=w,/ Ve, where €, is the background dielectric associated
with the high-frequency interband transitions, and the plasma
frequency w, i; related to the free carrier density n through
w,= v4mmne®/m”. But for LusRh,Si,, the presence of a num-
ber of excitations in the midinfrared will tend to shift the
zero crossing to a lower frequency, leading to the uncertainty
in the estimation of the value of free carrier density. Thus,
we model the reflectance data using the classical Drude-
Lorentz dispersion theory?*:

v N >
" .
elw)=———"L s —+e. (1)
o +iw/tp o W - e —iwy;
where w,,;, and 1/, are the plasma frequency and the scat-

tering rate of the Drude component; w;, ¥;, and w,; are the
frequency, damping, and oscillator strength of the j" Lorent-
zian contribution; and €, is the high frequency limit of e(w)
which includes interband transitions at frequencies above the
measured range. The parameters used to fit the measured

optical data are listed in Table I. At each temperature the
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TABLE 1. Parameters of a Drude-Lorentz fit for the optical re-

flectance data. All units are in cm™'.

T=300K T=200K T=140K T=I5K

@y 11820 11870 10710 10200
/7 143 130 116 107
@1 18390 18595 19290 19590
o, 486 480 524 528
Y 1067 1030 1228 1304
oy 53370 54193 54718 56019
w, 3442 3440 3180 3180
¥ 15704 16094 16878 17687
®)3 96179 95143 94260 93233
w; 29120 29120 29120 29120
¥ 56510 56517 57380 57006
©p4 48923 52660 50425 51910
w, 50660 50660 50660 50660
Y 36197 39110 38330 38360
€ 3.1 3.1 3.1 3.1

spectrum is well reproduced by considering a Drude-type
component due to itinerant charge carriers and four Lorent-
zian oscillators representing the electronic interband transi-
tions. The fitting results are compared to the 300 K () in
the inset of Fig. 2.

The temperature evolution of w,, and 1/7, is shown in
Figs. 4(a) and 4(b). One first observes that the Drude plasma
frequency exhibits very little temperature dependence be-
tween 300 K and 150 K, whereas the scattering rate mono-
tonically decreases with decreasing temperature. Such be-
havior is typical of conventional metals.?* Indeed, the
absolute value of the room-temperature Drude plasma fre-
quency implies a carrier density as n~2.38 X 10?! cm™, un-
der the estimation of m"/m,~1.52 (m, is a free-electron
mass) from the specific heat measurements.'* Using the ex-
perimental value of 1/7,, we estimate the carrier mean free
path €[=7ph(37n)"*/m*]~117 A at room temperature,
which is much larger than the lattice constant. Second, below
Tcpw, w,p is rapidly suppressed and 1/7;, shows little varia-
tion with temperature down to 15 K. Notably, the estimated
Drude resistivity [podez(wiDTD/ 60)~!, in unit Q) cm],
shown in Fig. 4(c), is in reasonable agreement with the direct
dc measurements. This reveals that the dc electrical resistiv-
ity anomalies at Tcpw are mainly due to changes in the free
carrier concentration and not in the lifetime.

Further insight into the charge dynamics can be achieved
by exploring changes of the electronic spectral weight in the
conductivity,*

w
Neff(w)<m_i> = zme—‘/zcellf o(0)dw’, ()

m e 0
where m, is taken as the free-electron mass, and V. is the
unit cell volume. N g(w)(m,/m") is proportional to the num-
ber of carriers participating in the optical absorption up to a
certain cutoff frequency w, and has the dimension of fre-

205102-3



LIU et al

12000 ——————1———
| (&)

i
i
-+

T

11500

£
£ 11000

[
il F "

10500~ it

10000 —t

A
1

140-
130+ . " : .

120 D §

1/7, (cm™)
W

110F ) ; 7

Y

100 t f t } +— t } t } t }
#  Drude -~
70-

t
t
'
'
t
t
'
t
t
'
v
t
t

Pt ‘
ot Tty F
e i ] + B

. e
50+

p (uQ cm)

'
'
'
t
'
'
t

L 1

40 L | 1 [ 1] L [ 1 1
0 50 100 150 200 250
Temperature (K)

I
300

FIG. 4. (a) and (b) The temperature dependence of the Drude
plasma frequency w,p and the Drude scattering rate 1/7, from the
Drude-Lorentz fit to the optical reflectance spectra of LusRh,Sij.
(c) The Drude resistivity (symbols) from the infrared measurement
of LusRh,Si;y and the dc transport data (solid line) of a similar
sample (Ref. 18).

quency squared. Using this procedure we calculated
Neg(@)(m,/m") for four temperatures (7=300, 200, 140, and
15 K) and the results are presented in Fig. 5. There are two
relevant ranges: the first one above 5000 cm™' up to
10000 cm™! and the second one below 5000 cm™'. In the first
range the N ¢(w)(m,/m”) is temperature independent. In con-
trast, there is some temperature variation of the spectral
weight in the second range. Interestingly, the variation is
largest through the CDW transition. The reduction of the
spectral weight with decreasing temperatures down to 15 K
of the low frequency components of the spectrum, i.e., below
600 cm™!, is fed by a weight gain at higher frequencies ex-
tended over an order of magnitude spectral range, i.e., be-
tween 600 and 5000 cm~!. We have used finite-frequency
sum-rule analysis in Eq. (2) and then calculated the effective
number of carriers in the low-frequency region below
5000 cm™! as N, the Drude or free-carrier part as Nppyge
and the midinfrared spectral weight as Nyyr. The inset of
Fig. 5 shows the fraction changes of the spectral weight
among the Drude and midinfrared Lorentz terms as a func-
tion of temperature. It is intriguing to note that integration of
the conductivity up to @=5000 cm™'-provides only 10% of
the spectral weight we measure when w is extended up to our

PHYSICAL REVIEW B 72, 205102 (2005)

5 T T T
0.20 T T T
4t 0.181 ] -
5 OO o 1
E 0.16- O —
o g . B L T
e 3 014_' . " 1 |
E o.12F ORI
€l 0.10 ' L
5 2 00 05 10 15 -
z TIT
AAAAA 300 K
1k - 200 K
- 140K
— 15K
O 1 .v.IA 1 L TR T T T | L
100 1000 10000

Frequency (cm™)

FIG. 5. The temperature dependence of the sum-rule spectra
Neg(w)(m,/m”) for LusRh,Si, at several temperatures. The inset
shows the temperature dependence of the fraction changes of the
spectral weight among the Drude and midinfrared Lorentz terms.

experiment limit of 55000 cm™!. The Drude term contains
about 18% of the total carriers involved in the CDW transi-
tion. Furthermore, the strength of the Drude term looses
about 4% (i.e., the corresponding plasma frequency de-
creases) below Tepw. The suppressed Drude weight is trans-
ferred to high energies and in particular to the midinfrared
absorptions.

We now discuss the implications of the optical data. As
mentioned above, in addition to the coherent response of free
carriers at w=0 we observe four absorption bands in the
optical conductivity of LusRh,Si;o. All these interband ab-
sorption peaks are seen at low temperatures but can be iden-
tified even in the 300 K data, which rules out their direct
connection to a CDW gap. By lowering the temperature and
crossing the CDW transition, a key feature in the data is the
evolution of the spectral weight [area under o (w) curve]—
the Drude spectral weight lost by the onset of the CDW state
is shifted to the midinfrared frequency range. We propose
that the origin of this feature is a pseudogap in the density of
states of the quasiparticles that opens in the vicinity of the
Fermi level at T<Tcpy. This can also be seen in the inset of
Fig. 2 where (15 K)—at which temperature the CDW is
almost fully formed-is divided by (160 K), just above
Tcpw- The ratio clearly demonstrates the transfer of spectral
weight in the CDW state. At frequencies below ~600 cm™,
o(w) is reduced from the high temperature value while
concomitantly increasing at the higher energy region. It is
reasonable to take the point that this ratio crosses unity as
an approximated upper estimate of the pseudogap
(~600 cm™'). Notably, the ratio of 2A/kgzTcpw is ~5.9,
which is larger than the mean-field gap parameter value of
3.52. The large difference between the characteristic energy,
2A, and the temperature scale for the CDW transition, Tcpws
in LusRh,Siq is a property exhibited by the strong-coupled
CDW system.'?2627 Similar evidence has been also inferred
from the specific heat measurements,'®!7-13

Significantly, the development of the CDW pseudogap in
o(w) of LusRh,Siy at T<Tcpw suggests that a small frac-
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tion of the Fermi surface is gapped by the CDW phase tran-
sition. In strict one-dimensional systems, like the well-
known blue-bronze K;;MoO;, the metal-insulator CDW
transition manifests itself as a complete transfer of the Drude
spectral weight into the CDW gap feature, leading to the
formation of a peak at the gap energy. The formation of the
peak in the optical conductivity at the gap is also the conse-
quence of the so-called coherence factors.!” In contrast with
the one-dimensional case, however, two-dimensional dichal-
cogenide materials remain metallic in the presence of CDW
since the Fermi surface driven instabilities are generally
weaker than in one-dimensional systems. In these two-
dimensional conductors, energy gaps can open only at dis-
crete fragments of the Fermi surface, where nesting
occurs.”'=23 This leads to a less intensive peak for the CDW
gaps in o (w). In the case of LusRh,Si;, with a strong inter-
chain coupling, the observed pseudogap-like structure in the
charge excitation spectrum is therefore not unexpected due to
the three-dimensionality of this material. The depletion of
the Drude spectral weight in o (w) below Tcpy is indicative
of a progressive gapping of the Fermi surface, which gets
partially destroyed at the CDW transition. From the fraction
change of the total Drude weight as a function of temperature
(the inset of Fig. 5), it is clear that approximately 4% of the
Fermi surface in LusRh,Si;, is destroyed at Tpy, while the
rest retains its metallic characters. Other methods for probing
the electronic band structure of LusRh,Sij,, such as angle-
resolved photoemission spectroscopy and de Haas—van Al-
phen measurements, would be useful for corroborating our
optical data.

Finally, it is worthwhile to ask how CDW fluctuations
influence the electrodynamic response of LusRh,Sijq. It is
unlikely that the development of the pseudogap we observe
in the optical conductivity reflects a precursor fluctuation
response associated with the formation of short range CDW
segments: while such response should develop above, be-
come maximum near, and diminish below the CDW transi-
tion temperature T-pyw-. Rather, our optical results display the
pseudogap feature that evolves at Tpw and grows with de-
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creasing temperature below Tcpw. For a quasi-one-
dimensional CDW system, one would expect strong fluctua-
tions above Tcpw.2® However, the strong coupling between
the chains in LusRh,Si;; would make the problem more
three-dimensional and therefore suppress these fluctuations.
Further x-ray scattering experiments currently under way
could help to find the conclusive evidence for pretransition
fluctuations in LusRh,Si.

IV. SUMMARY

In summary, we have performed the first complete optical
investigations of LusRh,Si;o. In the high-temperature phase,
T> Tcpw, the optical conductivity consists of a free carrier
absorption at zero frequency that narrows rapidly with de-
creasing temperature, and a much weaker temperature varia-
tion of four interband transitions near 486, 3442, 29120, and
50600 cm™!. Below Tcpy. the Drude spectral weight is sup-
pressed and transferred to the midinfrared absorption bands,
suggesting the opening of a pseudogap 2A ~ 600 cm™!. The
large gap ratio 2A/kpTcpw ~ 5.9 associated with this gap is
indicative of a strongly coupled CDW transition in
LusRh,Si;,. Moreover, a sum-rule evaluation finds that only
about 4% of the oscillator strength of the Drude spectral
weight is lost due to the CDW formation. Therefore, in ad-
dition to the small gapped portions of the Fermi surface in-
volved in the CDW instability, a three-dimensional Fermi
surface must also be present, as a result of the strong inter-
chain interactions in LusRh,Si;o. These results highlight ex-
otic metallic properties of LusRh,Si;, in the broken symme-
try ground state.
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