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Interactions between electrons (charge or spin) and a distorted
lattice may give rise to a variety of physical properties, such as
superconductivity,' magnetoresistance,” ferroelectricity,® charge
density waves (CDWs),* etc. A collective electron—phonon cou-
pling in CDWs is thermodynamically favorable through a Peierls
distortion. The understanding of electron instabilities, correlations,
and electron—phonon interplay in matter is of fundamental impor-
tance. For example, manipulation of a CDW state by increasing
the number of intercalated Cu atoms can lead to a superconducting
state in Cu,TiSe,.”

Polytelluride compounds with square nets of tellurium have been
reexamined recently because of their ability to distort through
CDWSs.® Orthorhombic RETe; (RE = rare-earth element) in
particular has been recognized through angle-resolved photoemis-
sion spectroscopy (ARPES) as a model system for the study of
Fermi-nesting-driven CDW distortions.” The length and orientation
of the CDW modulation vector in the polytellurides depend on the
electronic structure and Fermi surface topology. A single incom-
mensurate q vector showing an anomalous behavior with temper-
ature exists in most RETe; compoundsﬁ’8 A common feature in
RETe; is the presence of van der Waals gaps between the layers
that contain the distorted Te nets. Prying the distorted Te nets apart,
as manifested in the compounds AMRETe, (A = K, Na; M = Cu,
Ag; RE = La, Ce) by intercalating neutral AMTe layers between
RETes layers, showed a unidirectional elongation of the CDW
modulation vector.’ In tetragonal RETe,_, where no van der Waals
gaps exist and vacancies in the Te net are found, two symmetry-
related orthogonal q vectors are formed.'®

Here we report a new type of CDW observed in the polytelluride
compound Cuge3EuTe,, which exhibits two superimposed, inde-
pendent, and collinear incommensurate CDW vectors."' The
expression of CDW in this fashion, where the distortion is
dominated by two apparently independent waves propagating in
the same direction, to the best of our knowledge has not been seen
in any known CDW system. Density functional theory (DFT)
calculations suggest a favorable Fermi-nesting distortion brought
about by the stoichiometry of Cu.

The undistorted structure of Cugg;EuTe,'? adopts the space group
P4/nmm according to the CaMnBi, structure type (Figure 1A). It
consists of Eu atoms surrounded by eight Te atoms in a square-
antiprismatic geometry (Figure 1B). The Eu atoms are sandwiched
between an anti-PbO-type layer of [CuTe]™ and a square net of Te
atoms (Figure 1C). The Cu site was found to be partially occupied
with a refined fraction of 0.63(2). Although partial occupancy on
this Cu site is unusual in the polytelluride family, it has been
observed in the family of antimonides M,LaSb, (M = Zn, Co, Mn,
Cu; x = 0.52—0.87)." The formula can be more expressly written
as [M,Te]® 9 Eu?"[Te]*", with an average electron count of 0.63(2)
on the square-net Te atoms.'* The Eu—Te distances in the antiprism
are 3.3193(6) A and 3.4705(8) A (Figure 1B), and the Te—Te
distances in the square net are 3.1648(4) A at 100 K (Figure 1C).
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Figure 1. (A) Average structure of a Cugg;EuTe, subcell. (B) Coordination
geometry of Eu in Cugg;EuTe,. (C) Square net of Te atoms in the average
structure of Cugg3;EuTe,. (D) Part of a synthetic precession photograph of
the (4kl) plane. A unit subcell is indicated with a dashed box. An intensity
scan plot along the 440 line (upper dotted box) shows the vector q; + qa.
An intensity scan along the 4k'/, line (lower dotted box) shows the two
different vectors q; and q,. (E) CDW-distorted Te net in Cug¢3)EuTe, at
100 K with q; = 0.2910(2)b* + /,¢*, q; = 0.3557(3)b* + !/»¢*, and a
bonding threshold of 3.118 A.

Surprisingly, Cug;EuTe; possesses two incommensurate modu-
lation q vectors, q; = 0.2910(2)b* + /,¢* and q, = 0.3557(3)b*
+ '/,¢* (Figure 1D), and crystallizes in the Pm(083,'/,)(083,'/,)0 (3
+ 2)-dimensional superspace group.'' Temperature-dependent
single-crystal X-ray diffraction showed that both q vectors persist
up to 500 K, which suggests a relatively wide energy gap.'® Their
orientations remain unchanged, but their lengths increase with
temperature. Specifically, the vectors are q; = 0.3051(3)b* + 1/,¢*
and q; = 0.3471(4)b* + '/,¢* at 300 K, q; = 0.3145(3)b* + /,c*
and q, = 0.3446(4)b* + /,¢* at 400 K, and q; = 0.3388(3)b* +
/,¢* and q, = 0.3604(4)b* + '/,¢* at 500 K.

The distortion is mainly located in the planar nets of Te (Figure
1C). The distribution of Te—Te distances has minimum, maximum,
and average values of 2.922(5), 3.285(6), and 3.151(6) A, respec-
tively. The CDW in the Te net can be seen conveniently as a
sequence of mainly trimers, dimers, and single Te atoms (Figure
1E). The minimum Te—Te distance in the zigzag chains is 3.070(5)
A and the maximum distance 3.116(5) A. The zigzag chains are
oriented perpendicular to the modulation direction. A similar type
of atom interconnection found perpendicular to the modulation
direction was observed for the RETe; family, but only very close
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Figure 2. (A) Fermi surface topology for the average CuLuTe, structure
(no CDW or vacancies). (B) Fermi surface topology for Cuz,LuTe,. The
two distinct nesting vectors along the Y direction are indicated.

to the CDW transition temperature.®® In Cugg;EuTe,, this intercon-
nection between oligomers (monomers to form chains) in a direction
normal to the modulation wave occurs at a low temperature (100
K) far from the CDW transition temperature (>500 K).

That Cuge;EuTe, has two CDW q vectors pointing in the same
direction despite the fact that it possesses only one type of Te net
is very unusual. Canonically, only one such vector is expected.® '°
Multiple hybrid q vectors have been observed in Sm,Tes, but in
that case, two separate and distinct Te nets with different electron
counts exist.'” A possible weak, long-range ordering of Cu
vacancies cannot be responsible for the appearance of the second
q vector in CuggEuTe,. The modulated structure refines with no
problems without the application of occupational waves on the Cu
site, and the change in the residual intensities (electron density map)
is negligible. The agreement factor based on all observed reflections
(main and satellites) is essentially unchanged when ordering of Cu
vacancies is assumed.

In order to understand the CDW distortions and the role of
vacancies in the Cu layer, we performed calculations at the DFT
level. The average structure of CuLuTe, (no CDW or vacancies)
was used as a model. We observe that the bands around the Fermi
level that have Te p-orbital character are more dispersed than those
found in the layered RETe; polytellurides.'® This makes the Fermi
surface more complex and very sensitive to small changes in the
Fermi level.!® The calculated Fermi surface of CuLuTe, (x = 1)
does not favor nesting of the bands since the topology does not
have enough parallel regions in which nesting can occur (Figure
2A). However, this surface changes dramatically when Cu vacancies
are present. In order to calculate more accurately the Fermi surface
topology of the Cu-deficient structure, a threefold supercell (1 x 1
x 3) was created, and one Cu atom was removed from it to create
the correct stoichiometry of “Cugg;LuTe,”. There are 24 bands that
cross the Fermi surface. The Cu-deficient model reveals a very
different overall Fermi surface topology, with two possible parallel
nesting vectors with lengths of 0.39(2) and 0.44(2) (Figure 2B)."”

The results of the calculations qualitatively account for the
experimental observations and give some insight into the stability
of the Cu-deficient compounds vis-a-vis the fully stoichiometric
ones. It seems that it is necessary to remove electrons from the
CuLuTe, system in order to have the Fermi energy level in a
position where nesting is favorable, which can lead to the lower-
energy CDW state. The system then accomplishes this required
configuration by creating vacancies in the Cu plane.

In conclusion, Cug¢:EuTe, possesses two observable superim-
posed, incommensurate, collinear modulation vectors, a feature that
is unique among reported CDW materials. Theoretical consider-
ations suggest the presence of a favorable Fermi-nesting-derived
CDW distortion that is brought about by the presence of vacancies

on the Cu site. This discovery suggests that there are unanticipated
nuances in the nature of the CDW state. It raises new questions
about current understanding of CDW systems and how order
emerges from electron correlations in the parent undistorted states.
On the basis of the results reported here, examination of the
structurally related but more complex quaternary AM,EuTe,'?
family is in progress in order to further probe the origin of this
unique CDW behavior.
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