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Strongly coupled charge-density wave transition in single-crystal Lu5Ir 4Si10
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~Received 13 November 1998!

We report the observation of a strongly coupled first-order charge-density wave~CDW! transition in a
high-quality single crystal of the intermetallic compound Lu5Ir4Si10. The first-order nature is ascertained by a
very narrow and huge cusp~360 J/mol K! in the specific heat. The susceptibility and the resistivity also show
sharp jumps at the transitionTCDW583 K. The periodic lattice distortion associated with the CDW is exem-

plified by the formation of x-ray superlattice reflections along the tetragonalcW axis with qW '(0,0,37 ) (T
,83 K). Although our results are in accordance with a quasi-one-dimensional CDW scenario, the first-order
transition suggests a strong interchain coupling. We propose Lu5Ir4Si10 as a paradigm of such strong-coupling
CDW systems.@S0163-1829~99!05808-7#
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The occurrence of charge-density waves~CDW’s! in low-
dimensional compounds was first addressed by Peierls1 and
Fröhlich,2 who showed that a one-dimensional electron g
coupled to phonons, is unstable at low temperatures agai
periodic lattice distortion, which results in a metal-insula
transition. Experimentally, this was initially observed in t
platinum chain compound K2Pt(CN)40.3Br•xH2O,3 and the
quasi-one-dimensional~1D! organic charge transfer sa
TTF-TCNQ.4 The Peierls-Fro¨hlich theory is a weak electron
phonon coupling approach in the mean-field scenario, wh
is equivalent to the BCS theory and predicts a second-o
phase transition that attributes the formation of CDW’s to
reduced dimensionality of the Fermi surface~FS! and its
nesting.5 However, in the absence of interchain coupling, 1
fluctuations shift the phase transition to 0 K. FiniteTCDW is
observed only due to a weak 3D coupling between
chains, and the Peierls-Fro¨hlich transition is strongly reduce
below its mean-field value. In some cases, such as
NbSe3 ,6 a substantial transverse coupling has induce
semimetallic behavior. Many predictions for the propert
of CDW’s, such as nonlinear transport, in systems l
quasi-1D NbSe3 ~Ref. 7! or the quasi-1D blue bronzes,8 have
been experimentally verified. However, the explanation
the thermodynamic properties reflecting the nature of
CDW transition in TaSe2 ~Ref. 9! and the blue bronze
K0.3MoO3 ~Ref. 10! requires a description beyond the wea
coupling theory. The first-order CDW transition in TaS2
~Ref. 11! can be semi-quantitatively understood via a mic
scopic theory proposed by McMillan.12 This model invokes a
short coherence length which leads to significant pho
softening ~lattice entropy! as measured by Moncton, Axe
and Di Salvo9 at TCDW. The influence of structural defect
on the first- or second-order CDW transition is poorly und
stood, and often complicates the analysis. An experime
search for new strong interchain coupled CDW syste
would clearly give a better understanding of CDW behavi

In this paper we provide an observation of a first-ord
CDW transition in stoichiometric single crystals o
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Lu5Ir4Si10 at TCDW583 K. The single-crystal x-ray diffrac-
tion confirms the periodic lattice distortion~PLD! by track-
ing the appearance and growth of superlattice peaks a

the tetragonalcW axis with qW '(0,0,37 )(T,83 K). The
specific-heat anomaly is sharper than those reported on o
CDW systems. We classify Lu5Ir4Si10 as a strong interchain
coupled CDW system with a first-order phase transition.

Lu5Ir4Si10 adopts a tetragonal Sc5Co4Si10 (P4/mbm)
structure, and becomes superconducting below 3.9 K.13 From
their studies on polycrystalline samples, Sheltonet al.14 sug-
gested a partial gapping of the FS which was inferred fr
the increase of the resistivity and the decrease of suscep
ity with decreasing temperature at the phase transition, 80
High-pressure studies15 revealed the progressive suppressi
to lower temperatures of this transition and its ultima
quenching at 21.4 kbar, with a concomitant rise in the sup
conductingTc from 3.9 to 9.1 K. This reflects the intimat
interplay of both transitions. Sheltonet al.14 claimed the pos-
sibility of a CDW formation at 80 K in Lu5Ir4Si10. However,
all of these studies were made of polycrystalline samp
and, thus, contain no information on the anisotropy which
expected for a CDW compound. Moreover, the metallic n
ture of Lu5Ir4Si10 is in contrast to the behavior of typica
CDW systems. It is worthwhile to recall here that simil
anomalies could arise due to Martensitic structural instab
ties. As an example, these instabilities in the A15 compou
are attributed to the lifting of the degeneracy of electro
bands.16,17 In order to elucidate the properties of Lu5Ir4Si10
and to prove the existence of the CDW, we have underta
thermodynamic, transport and low-temperature x-ra
diffraction measurements on single crystals.

Single-crystalline samples have been grown in a tri-
furnace using a modified Czochralski technique18 ~pulling
rate 10 mm/h; seed rotation. 20 rpm for the counter-rotat
crucible!. The purities of the elements melted in a stoich
metric ratio were Lu: 4N; Ir: 4N; and Si: 5N. Parts of the
single crystal have been sealed in a quartz tube, and anne
under high vacuum at 900 °C for one week. All samp
7266 ©1999 The American Physical Society
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have been analyzed by electron-probe microanalysis, w
proved them to be single phase~second phase,1%) and to
have the correct 5:4:10 stoichiometry~within the 1% resolu-
tion!. The single crystallinity has been verified by x-ray La
diffraction. For transport and low temperature magnetizat
measurements, small bars have been cut by spark ero
from the oriented single crystals.

Figure 1 illustrates the structure of Lu5Ir4Si10, where long
solid lines indicate the tetragonal unit cell. Lu-Lu bonds a
shown by thick lines. Atomic positions in the unit cell a
refined using a single-crystal x-ray diffractometer with 26
reflections at 295 K. The estimated positions are given
Table I (R50.05). Lu5Ir4Si10 has rather good metallic
properties @r(295 K)'200 mV cm#,15 nevertheless we
can assume as in Ref. 7 that the bond length is a qualita
measure for the ‘‘metallic’’ conduction along the bond dire
tion. The Lu atoms occupy three different sites, of whi
Lu1 has the highest local symmetry with its fourfold ax
and the nearest Lu neighbor of Lu1 lying along thecW axis
(4.1852 Å). The two Lu1 atoms are connected via sh

FIG. 1. Crystal structure of tetragonal Lu5Ir4Si10 (a
512.4936 Å, c54.1852 Å). Large, intermediate, and sma
spheres represent Lu, Ir, and Si, respectively. The Lu-Lu bo
shorter than 4.3 Å are indicated by the thick lines. Lu-Ir bon
have an intermediate thickness, and other bonds shorter than 3
are drawn as thin lines.

TABLE I. Atomic positions lengths for Lu5Ir4Si10 at 295 K.
Lattice parameters: a512.493660.0012 Å and c54.1852
60.0006 Å.x,y, andz are the Cartesian atomic coordinates.

Site x/a y/a z/c

Lu1 0 0 0
Lu2 0.1741~1! 2x1

1
2

1
2

Lu3 20.1153~1! x1
1
2

1
2

Ir 0.0187~1! 0.2454~1! 0
Si1 0.0631~9! 2x1

1
2 0

Si2 0.2003~9! 0.163~1! 0
Si3 0.004~1! 0.156~1! 1
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bonds to Si3 atoms, and form a chainlike structure along
cW axis. The Ir atoms separate the Lu1 chains from the L
and Lu3 atoms (dLu1-Lu255.0574 Å and dLu1-Lu3
55.460 Å). Short Lu-Lu bonds occur between Lu2 a
Lu3 sites (dLu2-Lu353.676 Å). As a first approximation, the
structure Lu5Ir4Si10 can be visualized as 1D chains of Lu
atoms~bonded to Ir and Si3 atoms! which are embedded in a
network of closely bonded Lu2 and Lu3 atoms.

Figure 2 displays the temperature dependence of resi
ity (r) along theaW and cW axes. At 300 K the resistivity
values arera'195 mV cm and rc'60 mV cm. The
r(T) data show a sharp upward jump at 83 K (Dr
'30 mV cm with D T<1.5 K) with decreasing tempera
ture. The sample undergoes a superconducting transitio
3.9 K with a width~10–90 %! of 60.1 K. The inset of Fig.
2 shows the dc susceptibility, which is anisotropic, and
hibits a sharp drop as the temperature is decreased b
TCDW. The jump sizes areDxa5131024 emu/mol and
Dxc50.2431024 emu/mol for magnetic fields along theaW

andcW axes, respectively.
Heat-capacity measurements have been performed us

quasiadiabatic heat pulse technique. The temperature de
dence of the specific heat (cp) plotted in Fig. 3 shows a huge
spike (Dcp'160 J/mol K) atTCDW. The transition is ac-
companied by an entropy change of 0.5R whereR is the gas
constant. The height of the peak incp(T) indicates a first-
order phase transition.

Single-crystal x-ray diffraction has been measured at 1
by performing (h,0,j) scans withh50,1,2,3. No tempera-
ture dependence of the structural (P4/mbm) peak intensity
was observed. X-ray superlattice peaks appear below 85
which can be indexed as@h,0,l 1(n/7)#, where n
51,2, . . . ,6. Therelative intensities of the superlattice pea
depend on the scans; however, among these the larges

s
s

Å

FIG. 2. Resistivity vs temperature of Lu5Ir4Si10 for iW//aW (s)

and iW//cW (¹). Inset: dc susceptibility vs temperature of Lu5Ir4Si10

in different magnetic fields along theaW and cW axes
@0.5 T: (h),1 T (s),2 T (D),3 T (¹),4 T (L) and
5 T (1)]. The data have been corrected for 50-wt ppm of ra
earth impurities. Note the corrected susceptibility is independen
magnetic field.
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tensities are observed for the (h,0,l 6 3
7 ) peaks. Figure 4 ex-

hibits the temperature dependence of the superlattice p
intensity as observed in (0,0,j) scans. The position of the
two superlattice peaks, corresponding to the MoKa1 and Mo
Ka2 lines, do not shift with respect that of structur
(P4/mbm) peaks with temperature. This implies thatqW is
along thecW direction and isT independent. The inset of Fig
4 shows the temperature dependence of the integrated in
sities. At 80 K nearly the full integrated superlattice pe
intensity is attained.

The appearance of the superlattice reflections at@h,0,l
1(n/7)# firmly establishes the PLD with a commensura
lattice modulation of seven (P4/mbm) unit cells. The largest

(h,0,l 6 3
7 ) superlattice peak intensities indicateqW '(0,0,37 ).

Nevertheless, the actual structural modulation is not simp
sine wave because of the presence of all the componen

FIG. 4. X-ray-diffraction pattern of the superlattice reflectio
peaks of Lu5Ir4Si10 at different temperatures. The lines indicate t
best fit to two Lorentzian lines. The inset: Integrated peak inte
ties vs temperature of the superlattice reflections of Lu5Ir4Si10 cal-
culated from the best fits to the two Lorentzian lines. For comp
son, the solid line represents the temperature dependence o
BCS gap.

FIG. 3. Specific heat vs temperature of Lu5Ir4Si10. Inset: Spe-
cific heat on an enlarged temperature scale with linear fit to ‘‘ba
ground’’ ~left axis!, and calculated entropy change after the subtr
tion of the ‘‘background’’ around 83 K~right axis!.
ak

en-

a
of

the superlattice modulation with a seven-unit-cell peri

along thecW axis. A lattice modulation along thecW axis im-
plies a quasi-1D PLD, and excludes a structural transit
driven by a lifting of an electronic band degeneracy.17 The
occurrence of the superlattice peaks at 2 K demonstrates the
coexistence of CDW’s and superconductivity, which will b
discussed elsewhere.19

The magnetic susceptibility can be expressed asxW i5xW C

1xW P1xW i ,L , wherexW C is the isotropic core susceptibility,xW P

is the isotropic Pauli susceptibility, andxW i ,L is the aniso-
tropic Landau susceptibility. The direction of the magne

field is indicated byi (BW //aW or BW //cW ). xW i ,L can be calcu-
lated from the band structure,20 which is unfortunately not
known at the present. However, the anisotropic susceptib
implies an anisotropic FS. The drop ofx(T) at TCDW corre-
sponds to a change of the density of states at the FS.
reduced drop along thecW axis is consistent with the model o
Boriack21 which predicted a smaller Landau~negative! con-
tribution of the FS along the chain direction as compared
that perpendicular to thecW axis.

The absence of a metal-insulator transition atTCDW im-
plies a partial gapping of the FS. Furthermore, for typic
CDW systems the anisotropy inr, measured as the rati
parallel and perpendicular to the chain direction, is mu
larger22 than observed for Lu5Ir4Si10. The behavior ofrc(T)
can be qualitatively understood within a simple model
suming two conductivity channels, one related to the L
chains and the other due to the Lu2-Lu3 network. The fi
channel at TCDW undergoes a metal-insulator transitio
while the network remains metallic. The projection of the F
change on theaW axis governsra(T), thereby giving the step
at TCDW.

Although the resistivity and the susceptibility can be u
derstood within a conventional CDW scenario, the lar
anomaly in the specific heat makes this CDW transition
pecially unusual. Most of the CDW systems have only sm
cp anomalies at theirTCDW.23 They also have a significan
excess specific heat associated with the fluctuations of
order parameter in the region spanning 5–10 % of the
duced temperature@(T2TCDW/TCDW)#. In contrast, to the
best of our knowledge, Lu5Ir4Si10 exhibits the sharpest cus
observed in any reported CDW system withDT/TCDW
'1%. It has been suggested24 that defects, etc., eliminate
the critical cusp, leaving milder corrections to the scali
cusp. Clearly, defects seem to a play a minor role
Lu5Ir4Si10. Our semiadiabatic technique restricts the ana
sis of the sharpness of the transition toDT/TCDW'0.5%.

The temperature dependence of the x-ray peak intens
distinctly shows a non-BCS-like dependence for the CD
order parameter, indicating the nonapplicability of t
Peierls-Fro¨hlich theory. McMillan12 proposed that when the
coherence length of the CDW state is short, the lattice pl
a dominant role in the thermodynamics of the CDW tran
tion with a strong critical behavior. A large phonon cont
butions tocp could arise from phonon softening that resu
in the Kohn anomaly.9 In the weak-coupling limit~diverging
coherence length atTCDW) the energy gapD corresponds to
the BCS expressionD(0K)53.53kBTc . In order to apply
McMillan’s short coherence length model, one must ha
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D(0).7kBTCDW. Preliminary measurements25 of the optical
reflectivity show a change in the spectral weight as a fu
tion of temperature below 500 cm21 which indicates charge
~and structural! fluctuations with an increased number of c
riers forT.TCDW. A gap of order 700 K ('500 cm21) is
in agreement with the prerequisites of the McMillan mod
A qualitative description of Lu5Ir4Si10 within the later theory
seems possible.

In the case of blue bronze Kwok, Gruner, and Brow10

discussed their results in terms of McMillan’s model,
though the changes in the Young’s moduli26 are small~2–3
%!. The analysis of the critical exponents26 shows deviations
from the predictions of a CDW transition in a quasi-1
metal27 due to defects wiping out the critical cusp in t
specific heat. Here weak pretransition fluctuations have b
observed in x-ray scattering experiments,8 although they are
strongly reflected in transport and thermodynamic data.10,26

In Lu5Ir4Si10, no indications of pretransition fluctuation
are evident from our x-ray, thermodynamic, and transp
studies. Note, e.g., in Fig. 4 at 85 K, the absence of s
~broad! superlattice reflection within the resolution. For
quasi-1D CDW one would expect strong fluctuations ab
TCDW. However, strong coupling between the chains wo
make the problem more 3D and therefore suppress t
ar
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fluctuations. Such strong coupling is not included in McMi
an’s theory.12 The absence or weakness of precursor effe
indicates strong interchain coupling in Lu5Ir4Si10. Further-
more, in this stoichiometric single crystals defects seem
play a minor role as compared to the blue bronzes. Anew
theoretical description beyond the McMillan model is r
quired to understand the unusual CDW properties
Lu5Ir4Si10.

To conclude, detailed bulk measurements along w
x-ray studies suggest a strong interchain coupled first-o
CDW transition below 83 K in Lu5Ir4Si10 single crystals.
This material could serve as a prototype for strong interch
coupled quasi-one-dimensional CDW systems. Further
perimentation on Lu5Ir4Si10, concerning the structural fluc
tuations~synchroton radiation! and the lattice softening~in-
elastic neutron scattering!, would lead to a bette
understanding of CDW’s beyond the weak-coupling lim
Finally, there exists a series of magnetic rare earth 5-4
allomorphs28 that allow new investigations of the coexis
ance and/or competition of magnetism and CDW.
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