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Strongly coupled charge-density wave transition in single-crystal Lglr 4Si;g
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We report the observation of a strongly coupled first-order charge-density (@@/) transition in a
high-quality single crystal of the intermetallic compound;LtySi;o. The first-order nature is ascertained by a
very narrow and huge cugB60 J/mol K in the specific heat. The susceptibility and the resistivity also show
sharp jumps at the transitioh.p,=83 K. The periodic lattice distortion associated with the CDW is exem-
plified by the formation of x-ray superlattice reflections along the tetraana;kis with am(o,o,%) (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 proposk JSi,, as a paradigm of such strong-coupling
CDW systems[S0163-182609)05808-1

The occurrence of charge-density wav€®W's) in low- | uglr,Si;o at Tcpw=83 K. The single-crystal x-ray diffrac-
dimensional compounds was first addressed by Péiand  tion confirms the periodic lattice distortiaiPLD) by track-
Fr'()hlich,2 who showed that a one-dimensional electron gasing the appearance and growth of superlattice peaks along
coupled to phonons, is unstable at low temperatures againsttﬁle tetragonal¢ axis with g~(0,08)(T<83 K). The
periodic lattice distortion, which results in a metal-insulator
transition. Experimentally, this was initially observed in the
platinum chain compound #t(CN),0.3Br-xH,0,® and the

guasi-one-dimensiona(lD) organic charge transfer salt LUCIrASi dopt tet | Si P4/mb

TTF-TCNQ? The Peierls-Frblich theory is a weak electron- Uslr4Sigo adopts a tetragonal §C0;Siyg (P4/mbrmy
. . . . ._structure, and becomes superconducting below 3:9A¢om

phonon coupling approach in the mean-field scenario, Wh'd{'heir studies on polycrystalline samples, Shekorl 14 sug-

s equivalen.t.to the BCS. theory and preQicts a second-orded'ested a partial gapping of the FS which was inferred from
phase transition that attributes the formation of CDW's to th he increase of the resistivity and the decrease of susceptibil-

red“,ceg‘ d|men5|opal|ty of the Ferrm surfaQéS) anq its ity with decreasing temperature at the phase transition, 80 K.
nesting: However, in the absence of interchain coupling, 1D\ jjgh_nressure studiéSrevealed the progressive suppression
fluctuations shift the phase transition to 0 K. Finfigow ISt jower temperatures of this transition and its ultimate
observed only due to a weak 3D coupling between thgyyenching at 21.4 kbar, with a concomitant rise in the super-
chains, and the Peierls-Hrch transition is strongly reduced conductingT, from 3.9 to 9.1 K. This reflects the intimate
below its mean-field value. In some cases, such as ifhterplay of both transitions. Sheltat al’* claimed the pos-
NbSe;,® a substantial transverse coupling has induced &ibility of a CDW formation at 80 K in Lyir,Siyo. However,
semimetallic behavior. Many predictions for the propertiesall of these studies were made of polycrystalline samples,
of CDW's, such as nonlinear transport, in systems likeand, thus, contain no information on the anisotropy which is
quasi-1D NbSg(Ref. 7 or the quasi-1D blue bronz8have  expected for a CDW compound. Moreover, the metallic na-
been experimentally verified. However, the explanation forture of Lwlr,Si;o is in contrast to the behavior of typical
the thermodynamic properties reflecting the nature of theCDW systems. It is worthwhile to recall here that similar
CDW transition in TaSg (Ref. 9 and the blue bronze anomalies could arise due to Martensitic structural instabili-
Ko aM0oO; (Ref. 10 requires a description beyond the weak- ties. As an example, these instabilities in the A15 compounds
coupling theory. The first-order CDW transition in TaSe are attributed to the lifting of the degeneracy of electronic
(Ref. 1) can be semi-quantitatively understood via a micro-bands'®!” In order to elucidate the properties of 4l Siy,
scopic theory proposed by McMilla.This model invokes a and to prove the existence of the CDW, we have undertaken
short coherence length which leads to significant phonothermodynamic, transport and low-temperature x-ray-
softening (lattice entropy as measured by Moncton, Axe, diffraction measurements on single crystals.
and Di Salvd at Tcpy. The influence of structural defects  Single-crystalline samples have been grown in a tri-arc
on the first- or second-order CDW transition is poorly under-furnace using a modified Czochralski technitfugulling
stood, and often complicates the analysis. An experimentaite 10 mm/h; seed rotation. 20 rpm for the counter-rotating
search for new strong interchain coupled CDW systemsrucible. The purities of the elements melted in a stoichio-
would clearly give a better understanding of CDW behavior.metric ratio were Lu: &; Ir: 4N; and Si: N. Parts of the

In this paper we provide an observation of a first-ordersingle crystal have been sealed in a quartz tube, and annealed
CDW transition in stoichiometric single crystals of under high vacuum at 900°C for one week. All samples

specific-heat anomaly is sharper than those reported on other
CDW systems. We classify 5ir,Si;g as a strong interchain
coupled CDW system with a first-order phase transition.
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FIG. 2. Resistivity vs temperature of La,Si;o for i//a (O)
andi//c (V). Inset: dc susceptibility vs temperature ofslnySis,
in different magnetic fields along thea and c axes
05T @D1T@WO),2T(@A),3T(V),4T(O) and

T (+)]. The data have been corrected for 50-wt ppm of rare-
%arth impurities. Note the corrected susceptibility is independent of
magnetic field.

FIG. 1. Crystal structure of tetragonal 4lu,Si, (a
=12.4936 A, c=4.1852 A). Large, intermediate, and small
spheres represent Lu, Ir, and Si, respectively. The Lu-Lu bond
shorter than 4.3 A are indicated by the thick lines. Lu-Ir bonds
have an intermediate thickness, and other bonds shorter than 3.3
are drawn as thin lines.

have been analyzed by electron-probe microanalysis, whichonds to Si3 atoms, and form a chainlike structure along the
proved them to be single phaéecond phaset1%) and to ¢ axis. The Ir atoms separate the Lul chains from the Lu2
have the correct 5:4:10 stoichiometwyithin the 1% resolu- and Lu3 atoms (G;.,»=5.0574 A and ¢1u3
tion). The single crystallinity has been verified by x-ray Laue=5.460 A). Short Lu-Lu bonds occur between Lu2 and
diffraction. For transport and low temperature magnetization_u3 sites (¢,,..,s=3.676 A). As a first approximation, the
measurements, small bars have been cut by spark erosi@fucture Luylr,Sijo can be visualized as 1D chains of Lul
from the oriented single crystals. atoms(bonded to Ir and Si3 atormsvhich are embedded in a

Figure 1 illustrates the structure of lu,Si;o, where long  network of closely bonded Lu2 and Lu3 atoms.
solid lines indicate the tetragonal unit cell. Lu-Lu bonds are  Figure 2 displays the temperature dependence of resistiv-
shown by thick lines. Atomic positions in the unit cell are ity (p) along thea and ¢ axes. At 300 K the resistivity
refined using a single-crystal x-ray diffractometer with 2642, 7 o arep,~195 uQ cm and p,~60 wQ cm. The

! ) o . : a c .

reflections at 295 K. The e§t|mated positions are given '”p(T) data show a sharp upward jump at 83 K
Table | (R=0.05). Luwlr,Si;o has rgther good metallic _3, ©Q cmwithA T<15 K) with decreasing tempera-
properties [ p(295 K)~200 wQ cm],™ nevertheless we o The sample undergoes a superconducting transition at
can assume as in Ref. 7 that the bond length is a qualltat|v§_9 K with a width(10-90 % of +0.1 K. The inset of Fig.
measure for the “metallic” conduction along the bond direc- 5 <hows the de susceptibility, which is anisotropic, and ex-

tion. The Lu atoms occupy three different sites, of whichyhiis 5 sharp drop as the temperature is decreased below
Lul has the highest local symmetry with its fourfold axis, Tepw. The jump sizes arédy,=1x10"% emu/mol and
. a

and the nearest Lu neighbor of Lul lying along th&gxis Ax.=0.24x10~* emu/mol for magnetic fields along thie
(4.1852 A). The two Lul atoms are connected via short " °- .
andc axes, respectively.

TABLE |. Atomic positions lengths for Lglr,Si;q at 295 K. H?at'.capa.dty measurements'have been performed using a
Lattice parameters: a=12.4936-0.0012 A and c=4.1852 quasiadiabatic heat pulse technique. The temperature depen-
+0.0006 Ax,y, andz are the Cartesian atomic coordinates. dence of the specific heat) plotted in Fig. 3 shows a huge

spike (Ac,~160 J/molK) atTcpy. The transition is ac-

Site x/a yla Zc companied by an entropy change of R.&hereR is the gas
constant. The height of the peak e(T) indicates a first-

Lul 0 0 0 order phase transition.

Lu2 0.17411) —X+3 3 Single-crystal x-ray diffraction has been measured at 10 K

Lu3 —0.11531) X+3 3 by performing 6,0,£) scans withh=0,1,2,3. No tempera-

Ir 0.01871) 0.24541) 0 ture dependence of the structur&d4/mbm) peak intensity

Si1 0.06319) -X+3 0 was observed. X-ray superlattice peaks appear below 85 K,

Si2 0.20089) 0.1631) 0 which can be indexed agh,0l+(n/7)], where n

Si3 0.0041) 0.1561) i =1,2,...,6. Theelative intensities of the superlattice peaks

depend on the scans; however, among these the largest in-
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the superlattice modulation with a seven-unit-cell period

along thec axis. A lattice modulation along the axis im-
plies a quasi-1D PLD, and excludes a structural transition
driven by a lifting of an electronic band degeneratyhe

.n ] occurrence of the superlattice peak& demonstrates the
s " coexistence of CDW’s and superconductivity, which will be
discussed elsewhet?.

The magnetic susceptibility can be expressedyasyc
+ xp+ xi.L, Wherex is the isotropic core susceptibility
. is the isotropic Pauli susceptibility, arpéli,L is the aniso-
/ ] tropic Landau susceptibility. The direction of the magnetic

—_— field is indicated byi (B//a or B//c). x;, can be calcu-

0 20 40 60 80 100 . . !

K lated from the band structuf@ which is unfortunately not
known at the present. However, the anisotropic susceptibility

FIG. 3. Specific heat vs temperature ofslySiyo. Inset: Spe-  implies an anisotropic FS. The drop {T) at T¢py corre-

cific heat on an enlarged temperature scale with linear fit to “back-sponds to a change of the density of states at the FS. The
ground” (left axis), and calculated entropy change after the subtraCyg e drop along theaxis is consistent with the model of
tion of the “background” around 83 Kright axis. Boriack! which predicted a smaller Landdnegativé con-

- 5 ) tribution of the FS along the chain direction as compared to
tensities are observed for thh,0] = 2) peaks. Figure 4 ex- . S
tﬁat perpendicular to the axis.

hibits the temperature dependence of the superlattice pea The absence of a metakinsulator transitionTagy, im-

intensity as observed in (04), scans. The position of the i al : f th h t ical
two superlattice peaks, corresponding to the ijq and Mo plies a partial gapping of the '.:S' Furthermore, for typica
' CDW systems the anisotropy ip, measured as the ratio

K,» lines, do not shift with respect that of structural : R ;
. ] - parallel and perpendicular to the chain direction, is much

(P4/mbm)% peaks with temperature. This implies thatis large?? than observed for Lyir,Si;o. The behavior op(T)
along thec direction and isT independent. The inset of Fig. can be qualitatively understood within a simple model as-
4 shows the temperature dependence of the integrated intesaming two conductivity channels, one related to the Lul
sities. At 80 K nearly the full integrated superlattice peakchains and the other due to the Lu2-Lu3 network. The first
intensity is attained. channel atTcpy undergoes a metal-insulator transition,

The appearance of the superlattice reflectionghg®|  while the network remains metallic. The projection of the FS

+(n/7)] firmly establishes the PLD with a commensuratechange on tha axis governs,(T), thereby giving the step
lattice modulation of severR4/mbm) unit cells. The largest ¢ Teow-

(h,0] = 2) superlattice peak intensities indicaieu(0,0,g). Although the resistivity and the susceptibility can be un-
Nevertheless, the actual structural modulation is not simply @erstood within a conventional CDW scenario, the large
sine wave because of the presence of all the components ahomaly in the specific heat makes this CDW transition es-
pecially unusual. Most of the CDW systems have only small
¢, anomalies at theil cpw.2* They also have a significant
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) R 1 excess specific heat associated with the fluctuations of the
240r 56 o 5 o 2K 1 order parameter in the region spanning 5—-10 % of the re-
, §4 ol P e w1 duced temperaturg(T— Tepw/Tepw) ] In contrast, to the
or £ ‘ v 50K best of our knowledge, Ldir,Si;o exhibits the sharpest cusp
ol B2 g s s« | observed in any reported CDW system WIthiT/ Tpw

o X 82K | ~1%. It has been suggestédhat defects, etc., eliminate
120 Eq = * 85K the critical cusp, leaving milder corrections to the scaling

cusp. Clearly, defects seem to a play a minor role in
Luslr,Sijg. Our semiadiabatic technique restricts the analy-
sis of the sharpness of the transitionAd/T cpy~0.5%.

The temperature dependence of the x-ray peak intensities
distinctly shows a non-BCS-like dependence for the CDW
order parameter, indicating the nonapplicability of the
Peierls-Fralich theory. McMillart? proposed that when the

0.08) coherence length of the CDW state is short, the lattice plays
FIG. 4. X-ray-diffraction pattern of the superlattice reflections a dominant role in the thermodynamics of the CDW transi-

peaks of Lylr,Siy, at different temperatures. The lines indicate the 0N with a strong CrlFlcaI behavior. A large phonon contri-
best fit to two Lorentzian lines. The inset: Integrated peak intensiPutions toc, could arise from phonon softening that results
ties vs temperature of the superlattice reflections ofil,8i;, cal- N the Kohn anomaly.In the weak-coupling limi{diverging
culated from the best fits to the two Lorentzian lines. For compari-coherence length &tcpy) the energy gag corresponds to
son, the solid line represents the temperature dependence of thlee BCS expression (OK)=3.5KgT.. In order to apply
BCS gap. McMillan’s short coherence length model, one must have

«©
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A(0)>T7kgTcpw. Preliminary measuremeRtof the optical ~ fluctuations. Such strong coupling is not included in McMill-
reflectivity show a change in the spectral weight as a funcan’s theory:* The absence or weakness of precursor effects
tion of temperature below 500 cr which indicates charge indicates strong interchain coupling in 4lt,Siyg. Further-
(and structuralfluctuations with an increased number of car- more, in this stoichiometric single crystals defects seem to
riers forT>Tcpw. A gap of order 700 K £500 cm ) is  play a minor role as compared to the blue bronzesiev

in agreement with the prerequisites of the McMillan model.theoretical description beyond the McMillan model is re-
A qualitative description of Lgir,Si;o within the later theory  quired to understand the unusual CDW properties of
seems possible. Luslr,Siyo.

In the case of blue bronze Kwok, Gruner, and BroWn — To conclude, detailed bulk measurements along with
discussed their results in terms of McMillan’s model, al-y.ray studies suggest a strong interchain coupled first-order
though the changes in the Young’s modtre small2-3  cpw transition below 83 K in Lyir,Si, single crystals.
%). The analysis of the critical exponeffishows deviations This material could serve as a prototype for strong interchain
from the predictions of a CDW ftransition in a quasi-1D coypled quasi-one-dimensional CDW systems. Further ex-
metaf” due to defects wiping out the critical cusp in the perimentation on Liir,Si, concerning the structural fiuc-

specific he_:at. Here weak _pretransit_ion fluctuations have beetrlhations(synchroton radiationand the lattice softeningn-
observed in x-ray scattering experimefi@though they are elastic neutron scattering would lead to a better

strongly reflected in transport and thermodynamic dafd. ngerstanding of CDW's beyond the weak-coupling limit.
In Luslr,Siye, no indications of pretransition fluctuations ginajly, there exists a series of magnetic rare earth 5-4-10
are evident from our x-ray, thermodynamic, and transporgjjomorphg® that allow new investigations of the coexist-

studies. Note, e.g., in Fig. 4 at 85 K, the absence of suchnce and/or competition of magnetism and CDW.
(broad superlattice reflection within the resolution. For a

quasi-1D CDW one would expect strong fluctuations above This work was supported in part by the Dutch Stichting
Tepw- However, strong coupling between the chains wouldFOM. We wish to acknowledge S. Gorter for structure re-
make the problem more 3D and therefore suppress thesmements, and many fruitful discussions with J. Zaanen.
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