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We report the observation of a new type of charge-density wave (CDW) in the large magnetic-moment
rare-earth intermetallic compound, Erslr,Si o, which then orders magnetically at low temperatures. Single
crystal x-ray diffraction shows the development of a 1D incommensurate CDW at 155 K, which then
locks into a purely commensurate state below 55 K. The well-localized Er** moments are antiferromag-
netically ordered below 2.8 K. We observe very sharp anomalies in the specific heat at 145 and 2.8 K,
signifying the bulk nature of these transitions. Our data suggest the coexistence of strongly coupled
CDW with local-moment antiferromagnetism in Erslr,Sijg.

PACS numbers: 71.45.Lr, 75.20.Hr, 71.20.Lp

Charge-density-wave (CDW) transitions occur in low-
dimensiona solids where it is possible to achieve nesting
of Fermi surfaces that |eads to the appearance of a periodic
lattice distortion with an accompanying energy gap A
[1-4]. These materials show striking nonlinear and aniso-
tropic properties as well as unusual elastic and dynamic
behaviors: This makes them an appealing field for experi-
mental and theoretical studies on Fermi surface gapping
and electron-phonon coupling. A number of such systems
have been previoudly studied, including quasi-1D organic
sdts (eg., TTF-TCNQ) [5] and inorganic chain com-
pounds (e.g., NbSe;) [2]. Here a Peierls—Fréhlich-type[4]
phase transformation is observed at a finite temperature
Tcopw: Above this temperature the coupled electron-
phonon system is unstable with respect to a deformation
of wave vector ¢ = 2kr. Below Tcpw, the ground state
is characterized by a gap in the single-particle excitation
Spectrum.

Although many of the properties of these quasi-1D
compounds could be understood within the framework
of this continuous phase transition with weak electron-
phonon and interchain coupling, the thermodynamic
behavior of the CDW transition in compounds such as
TaSe, [6] and the blue bronzes [3] requires a description
beyond the weak-coupling model. McMillan [7], using
strong electron-phonon coupling and small interchain
correlation lengths, was able to provide a microscopic
theory, which has given a semiquantitative explanation
for the peculiar behavior of these latter systems, like their
specific heat jumps and A/Tcpw ratios. In recent years
interest in this area has focused on detailed investigation
of these conventional CDW systems. However, in order
to probe the theory further and search for novel CDW
behaviors, especially those involving the interplay with
magnetism, new classes of materials are needed. To the
best of our knowledge there does not exist alocal-moment
magnet (mediated by the RKKY interaction between the
f and conduction electrons) exhibiting a CDW.
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We have begun a quest for new CDW systems in in-
termetallic rare-earth (RE) compounds and found indica-
tions in the literature [8—10] for such behavior in a series
of REslrySi|g materias. Polycrystalline samples showed
anomalies in the resistivity above 20 K, which were ten-
tatively attributed to CDW or SDW (spin-density-wave)
formation [8]. Recently, we have grown single-crystalline
samples of the tetragonal LuslrySi;g (P4/mbm). Un-
like the above mentioned chain or layered compounds,
LuslrySiyo is an intermetallic compound with nearly 3D
structure, and yet it undergoes a strongly coupled com-
mensurate CDW transition with ¢ vector (0,0,3/7). The
CDW coexists with weak-coupled (BCS) superconductiv-
ity below 3.9 K [11].

In this Letter, we present the first observation of a com-
bined commensurate structural transition and incommensu-
rate CDW (155 K) that locks into a purely commensurate
state at lower temperatures (55 K), and local-moment an-
tiferromagnetism (below 2.8 K) in high-quality ErslrsSiio
singlecrystalswhich areisostructural to LusIrsSijo. Asop-
posed to earlier canonical CDW systems[1-5], the anoma-
lies of the bulk properties at the 155 K CDW transition
are much sharper in ErslrySiig. Thus, we believe that
ErslrySiio supplies a unique experimental example of a
multiple phase transition system. The interplay of the f
electrons of the local moment magnetism with the conduc-
tion electrons involved in the CDW transitions, together
with the structural transformation, makes this metallic sys-
tem aparadigm for both experimental and theoretical study.

Two single-crystal samples of ErslrySij¢ have been syn-
thesized inatriarc crystal puller using the Czochral ski tech-
nique described elsewhere [12] (pulling rate 5 mm/h; seed
rotation 20 rpm). The purity of the elements (melted in a
stoichiometric ratio) was Er:4N, Ir:4N, and Si:5N. The
crystals were analyzed using el ectron-probe microanaysis
which proved them to be single phase (secondary phases
<1%) and to have the correct 5:4:10 stoichiometry (within
2% resolution). Powder x-ray diffraction measurements
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showed that the samples have a tetragonal structure (see
Fig. 1) and the lattice parameters are a = 12.543(1) A
and ¢ = 4.203(1) A. The single-crystalline nature of the
samples was verified using a Laue diffraction technique.
For transport and magnetization measurements small bars
have been cut by spark erosion from the oriented crystals.
The magnetic susceptibility (y) was measured, from 1.8 to
300 K, using a Quantum Design magnetometer (magnetic
property measurement system) whilethe resistivity (p) and
specific heat (C,) (1.8 to 300 K) were measured using a
Quantum Design physical property measurement system.
The high-resolution x-ray measurements were performed
with synchrotron radiation (A = 0.400 A) at beam line D3
of Hasylab at DESY in Hamburg, Germany.

ErsirySijo adopts the ScsCo,Siio-type structure (P4/
mbm) [13]. Three crystallographically independent Er
atoms are present in the unit cell, as shown in Fig. 1. The
Erl atoms form a chainlike structure along the ¢ axis that
is embedded in a network of closely bonded Er2, Er3, and
Ir atoms. Most probably, the Erl chains form the quasi-
1D electron band.

Figure 2 shows the temperature dependence of theresis-
tivity between 1.8 and 300 K along the a and ¢ axes. An
abrupt increase in p is observed at =155 K which, upon
further cooling, develops into a plateau and drops sharply
around 55 K. Thedramatic changesin p(T) clearly eluci-
date the presence of two transitions at 155 and 55 K. The
pronounced hysteresis observed between 40 and 120 K es-
tablishes the first-order character of the 55 K transition.
Note that the anisotropy in the resistivity is quite small
(pa/pec ~ 2.4). Thisratio is indeed much less than that
observed in canonical CDW systems, such as NbSe; [2]:
Low anisotropy indicates strong interchain coupling. The
behavior of p(T') could be understood in terms of two con-
ducting channels, one related to the Er1 sites and the other
due to the Er2-Er3 network. The first channel undergoes
a metal-insulator transition at 155 K while the networks

FIG. 1. Crysta structure of Erslr,Siio (Space group P4/mbm).

have finite conductivity that remains at al temperatures.
Below the lock-in transition (T < 55 K), the commensu-
rate modulation destroys the perfect nesting and p sud-
denly drops at this temperature.

The magnetic susceptibility y (7') obeysasimple Curie-
Weisslaw from 20 to 300 K with an effective local moment
of werr = 9.7up and a Curie-Weiss temperature 6, =
—3.0 K (datanot shown). No anomaly isfound at the tem-
peratures of the CDW transitions. Thisis explained by the
large local moment contribution to the susceptibility that
overwhelms any changes in the Pauli paramagnetism such
as were observed in LuslrySijo [11]. The low temperature
susceptibility data exhibit a peak at 2.8 K, thereby estab-
lishing the antiferromagnetic ordering of Er’* moments
below this temperature.

Figure 3 presents the specific-heat data between 2 and
160 K of the samecrystal. A huge peak in the specific heat
(AC, ~ 160 J/mol K) is observed at 145 K (see upper
inset of Fig. 3), while no anomaly is found at the lower
transition (55 K). The sharp (AT /Tcpw ~ 3%) upper
transition is accompanied by a large entropy change of
0.3R where R is the gas constant. This suggests strong
electron-phonon coupling in this phase transition which
could arise due to a contribution from phonon softening
that results in a Kohn anomaly [6]. In our earlier work we
have established the occurrence of such a strong coupling
CDW in theisostructural compound Luslr,Sijo [11] where
the gap is estimated to be around 700 K indicating that the
actual phase transition is suppressed well below the mean-
field value. A similar scenario is very likely applicable
to ErslrySijp. The sharp (AC, ~ 10 J/mol K) specific-
heat anomaly at 2.8 K, shown in the lower inset of Fig. 3,
reflects the bulk nature of the magnetic transition. More-
over, the transition could be easily suppressed by applying
amagnetic field of 1 T (data not shown).

High-resolution x-ray diffraction on a small homoge-
neous piece of single crystal was performed with syn-
chrotron radiation for temperatures between 10 and 300 K.
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FIG. 2. Temperature dependence of the resistivity (p) with
current along a and b axes from 1.8 to 300 K. The sharp jumps
reflect the two CDW transitions as explained in the text.
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FIG. 3. Temperature dependence of the specific heat (C,,) from
2 to 160 K. The upper inset shows the behavior of C, at
the upper CDW transition and the entropy estimated after the
background subtraction. The lower inset displays the specific-
heat data below 4 K.

Below Tcpw = 155 K, five superlattice reflections start to
develop along ¢* between consecutive Bragg reflections.
Upon cooling, the intensities of these reflections grow, and
hysteresis was not observed, suggesting a second-order
transition at 155 K (Fig. 4). In accordance with this in-
terpretation, the temperature dependence of the intensities
of the superlattice reflections is roughly proportional to
(Tcpw — T)'/2. However, because of the limited number
of data points, our experiment does not allow an accu-
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FIG. 4. Intensities vs temperature for the satellite reflections
(4,8,3.50),(4,8,3.25 — 8) and haf of the intensity of
(4,8,3.25) [(4,8,3.25 + &) not shown] from a w scan. The
lines show a (Tcpw — T)'/? dependence.
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rate determination of the critical exponent. The positions
of these reflections can be described by modulation wave
vectors ¢; = (0,0,1/4 — §8), ¢ = (0,0,1/4 + §), and
q; = (0,0,1/2). Figure 5 illustrates the development of
the incommensurate peaks beginning at 155 K and merg-
ing into a commensurate ¢ = (0,0, 1/4) single peak at
55 K. The inset of Fig. 5 displays the “incommensura-
bility” 6 which clearly varies continuously with tempera-
ture, thus indicating a truly incommensurate CDW state.
At 55 K alock-in transition is observed, whereby 6 jumps
to zero, and a fourfold superstructure results. The lock-
in transition is seen as a small increase of the intensity
of the (0,0, 1/2) satellite, as shown in the upper plot of
Fig. 4. Furthermore, the intensity of the (0,0, 1/4) satel-
lite (6 = 0), as found from the w-scan experiment, just
below Tock.in 1S @pproximately equal to the sum of thein-
tensities of the corresponding incommensurate satellites at
(0,0, 1/4 = 8) just above Tiock-in -

The simultaneous development of incommensurate and
commensurate modulations makes ErslrySijo an atypica
CDW system. Two scenarios can be envisaged to explain
thisfeature. Inthefirgt, it isassumed that at Tcpw the unit
cell doubles. The Fermi surface is modified accordingly,
and alows nesting, resulting in a 1D-incommensurate
CDW where ¢ip = (0,0,1/2 — 25) with respect to
the doubled unit cell. In the second scenario, it is as-
sumed that the Fermi surface permits nesting with both
(0,0,1/4 = &) and a 2D-incommensurate CDW develops.
The interactions between the two distortions are then
responsible for the distortion with g3 = ¢, + ¢». Infavor
of the first scenario is that it involves only a 1D CDW,
whereas, for the second hypothesis, two independent
nesting conditions are required with fortuitous relation
(1/4 = 8). The symmetry P4/mbm cannot be responsi-
ble for two nesting conditions along ¢* that are symmetry
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FIG. 5. Temperature dependence of the Q-scan x-ray reflec-
tions (4,8,[3.20,...,3.30]). The two peaks coming from the
incommensurate component merge into asingle peak in the com-
mensurate state at 55 K. The inset shows the temperature de-
pendence of the incommensurability § (as defined in the text).
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related. We note that a transition towards a structure with
a doubled ¢ axis is possible via a second-order phase
transition [14]. Therefore, we propose the first scenario to
explain the observations: At Tcpw = 155 K, a second-
order, structural phase transition occurs. The modified
electronic structure then induces the CDW transition,
whereby the order parameter of the CDW grows in concert
with the order parameter of the structural transition. The
CDW state might be favored in the doubled unit cell by
a better nesting condition or by an increased electron-
phonon coupling.

Polycrystalline and single-crystal neutron data suggest
the presence of a large magnetic moment on the Erl site
and smaller ones on Er2 and Er3 sites, below 2.8 K [15].
The presence and interaction of local moments in this
material classify ErslrySijo as the first intermetallic CDW
systemwith local moment ordering [16]. It isalso interest-
ing to note that the anisotropy in y increases below 20 K,
probably signifying the additional effects of crystal elec-
trical field.

Although it is possible to understand the behaviors of
p and y within the CDW and local-moment pictures, the
large peak in the C, at 145 K denotes this CDW tran-
sition as an unusua one, unlike conventional CDW sys-
tems where the anomalies in the bulk properties are quite
weak at the transition. It is generally believed that defects
tend to wipe out the sharp anomaly in conventional CDW
compounds. In stoichiometric single-crystal ErslrySiqo, we
expect that the influence of defects will be much smaller
making this system essentially disorder free. One does not
observe any anomaly in C,, around 55 K sinceit is alock-
in transition, which probably involves very small entropy
change but a large change in the resistivity due to the de-
crease of the energy gap.

In conclusion, we have established that ErslrsSijo ex-
hibits multiple CDW transitions (1D incommensurate at
155 K and lock-in a 55 K) and a transition towards a
magnetically ordered state at 2.8 K. We speculate that the
magnetic moments of the Er atoms play a definite role in
these transitions and further understanding requires band
structure cal cul ations to determine the possible nesting and
gapping of the Fermi surface which leads to the CDW tran-
sitions. Finaly, we stress that the series of REslrySijg
compounds offer a new and extremely convenient para-
digm with which to study strongly coupled CDW and co-
existing superconductivity or magnetism.
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