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Materials with one-dimensional properties are both a fasci-
nating topic and a challenging task in solid-state chemistry.
Among these materials, compounds with equidistant linear
one-atomic chains are often discussed as they can show
Peierls-type instabilities.[1] In crystalline solids that consist of
more than one structural building unit, however, the elec-
tronics, and thus the bonding situation, can be more
complicated.[2] CuTe, also known as mineral vulcanite, is
one of the rare binary phases in which equidistant linear
chains of a main-group element (tellurium in this case) were
found.[3] The Te chains run above and below a puckered
copper layer so that each copper atom has a distorted
tetrahedral environment (Figure 1). No manifestation of
a Peierls-like distortion of the Te chains has previously been
found for this compound, and metallic conductivity was
determined experimentally.[4, 5]

In recent X-ray diffraction experiments on single crystals,
however, we discovered that the structure of CuTe indeed
exhibits a charge density wave (CDW)-type modulation. The
modulation leads to a significantly different bonding situation
as compared to the average or non-modulated structure.

The diffraction images of CuTe crystals at ambient
temperature show previously unrecognized weak satellite
reflections beneath the main reflections of the orthorhombic
basic unit cell of a = 3.151(1) �, b = 4.089(1) �, and c =

6.950(1) � (Supporting Information, Figures S4 and S5). A
model of the modulated structure has been developed in the
(3+1)-dimensional superspace group Pmmn(a01=2)000 with
a modulation wave vector q = (a01=2) and a = 0.40(1) using

the superspace approach.[6] The modulation primarily influ-
ences the Te�Te distances in the Te chains, which were found
to vary from 305 pm to 326 pm at T= 295 K (average
structure: 315 pm). As a result, units of two or three tellurium
atoms with shorter distances alternate with single tellurium
atoms along [100] (Figure 2). Even though the shorter Te�Te
distances exceed the sum of the covalent radii of 276 pm,[7]

attractive interactions must be considered, as bonding dis-
tances between 290 pm and 310 pm are a well-known feature
in polytellurides, and especially in the so-called non-classical
polytellurides with multicenter bonds.[2, 8]

The modulation of the Te position also forces a distortion
of the corrugated Cu layers, leading to a slight deflection of
the Cu atoms along [001] (Supporting Information, Table S3).
The Cu�Cu distances, however, vary only slightly (265–
268 pm at T= 295 K; average structure 266 pm).

Figure 1. Crystal structure of CuTe.[3] The shortest interatomic Cu�Te
and Te�Te distances indicated as solid lines.

Figure 2. Section of the modulated structure of CuTe. The shortest
Cu�Cu, Cu�Te, and Te�Te distances indicated as solid and dashed
lines, respectively.
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The modulation vanishes at slightly elevated temper-
atures. At T� 350 K no satellite intensities with I> 3s(I) are
detectable. The non-modulated high-temperature phase cor-
responds to Pertlik�s model of the average structure.[3] Upon
cooling the satellite intensities, and thus the impacts of the
modulation, increase: The shortest Te�Te contacts range from
305 pm to 315 pm at T= 295 K and from 295 pm to 308 pm at
T= 20 K. The modulation wave vector itself does not change
in this temperature interval.

HRTEM studies reveal that the layers of CuTe are
perfectly ordered along the c axis (Figure 3). The dark
columns correspond to rows of atoms while the bright spots
represent cavities. The Fourier transform shown in the inset

(upper right in Figure 3) agrees well with the experimental
electron diffraction (ED) pattern of the [010]* zone (Sup-
porting Information, Figure S3). No satellites could be
recorded, as the extensive illumination leads to local sample
heating and to quickly vanishing satellite intensities. The ED
pattern thus corresponds to the average CuTe structure. No
evidence for additional Cu positions was found, in accordance
with chemical analyses and X-ray diffraction results.

How does the modulation now affect the chemical
bonding in CuTe? Apparently, a simplified electron count
based on a Zintl–Klemm approach is not straightforward,
even for the average structure. There is evidence for copper in
an oxidation state close to + 1 from X-ray absorption data
consistent with its distorted tetrahedral coordination environ-
ment.[9] However, tellurium should then either be Te� , and
thus a classical candidate for a Peierls-type instability, or it
should adopt an even lower oxidation state, in accordance
with its metallic conductivity, which can be rationalized by the

formula Cu+Te1�x(e�)x. A previous extended H�ckel consid-
eration based on the average structure of CuTe describes the
bonding features mainly by focusing on the molecular orbitals
of the (more or less) tetrahedral CuTe4 units.[4] This approach,
however, is too narrowly considered, especially for the
modulated structure (see below).

Periodic band-structure calculations[10] demonstrate no
significant differences in the band dispersions between
average and modulated CuTe structures (Supporting Infor-
mation, Figure S8). However, surprisingly high atomic
charges + 1.9 for Cu and �1.9 for Te have been computed
in the former using the ELIBON concept (electron-local-
izability-indicator-based oxidation numbers[11]). The modula-
tion is found to considerably rectify this unfavorable charge
distribution, which can be regarded as a major part of the
driving force: The partial oxidation in the tellurium sublattice
towards Te2

2� and Te3
2� anions and the concomitant increased

Cu�Cu interactions reduce the charges to + 1.4 for Cu and
�1.4 for Te (see the Supporting Information, Table S8, for the
details of charge distribution scenarios).

A closer look at the bonding situations, established from
the real-space topological analysis of the ELI-D field
(electron localizability indicator),[10d] reveals further decisive
differences between the average and modulated structures. In
the former, covalent bonding interactions between Cu and Te,
manifesting itself as ELI-D basins populated by 0.9 electrons
(Figure 4, left), are dominant. No direct interactions between

Te atoms in the linear chain are observed. For the modulated
structure, the bonding between those Te atoms having the
shorter interatomic distances (295–308 pm at T= 20 K)
becomes evident and the corresponding ELI-D basins now
host about 0.45 electrons (Figure 4, right). Moreover, the Cu�
Te bonding is also affected and turns out to be delocalized
among three Cu and one Te atom on top, all of them
constituting a joint bonding ELI-D basin bearing 1.8 elec-
trons. This intensified mutual interaction is also evident from
the increased bond strengths in the modulated structure
compared to the average one indicated by the integrated
crystal orbital Hamilton population values (�ICOHP;

Figure 3. Theoretical (dashed white outline) and experimental (010)
zone HRTEM images of CuTe. The theoretical contrast compares well
to the JEMS simulation with a defocus value of �100 nm, and appears
to be insensitive to the thickness and fits to a range between 2.4 and
8.6 nm. The corresponding Fourier transform is shown as an inset.
The dotted white line outlines the unit cell. An overlaid atomic row
depicts black Cu circles in gray Te4 tetrahedra.

Figure 4. Left: Bonding features (ELI-D basins) in the average struc-
ture of CuTe. 1’: Te (60%) + Cu (40%) populated by 0.9 electrons.
Right: Bonding features in the modulated structure of CuTe. 1: Te
(62%) + 3Cu atoms (38%) populated by 1.8 electrons; 2 : Te1 (51%)
+ Te2 (49%) populated by 0.45 electrons.
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numerical values given in eV/cell per contact): 0.49 vs. 0.30 for
Cu�Cu contacts, 1.61 vs. 1.31 for Cu�Te contacts. The Te�Te
interactions increase from 0.31 (linear chain) to 0.40 for Te3

2�

and 0.73 for Te2
2� units in the modulated phase (Supporting

Information, Figure S10).
The modulation, thus, not only increases the Te�Te

interactions considerably, but leads to multicenter Cu�Te
interactions that supersede the classical two-center bonds,
a situation habitually found in metal-rich compounds. Evi-
dence for the substantial multicenter Cu�Cu interactions in
the ab plane, accompanying the Cu�Te interactions, can also
be found (Supporting Information, Figure S11). Owing to the
degeneration in the Te chains, these interactions provide the
only continuous electron conduction path as evidenced also
by the increased Cu contribution to the density-of-states
(DOS) near the Fermi level. Whereas for the average
structure metallic conductivity is mainly provided by Te5px

states,[4] the modulated structure also demonstrates profound
contribution of Cu 3d states against the background of
prevalent Tep states at the Fermi level (Supporting Informa-
tion, Figure S9). The positional modulation also reduces the
DOS at the Fermi level, approximately by a factor of two. It is,
however, not strong enough to render CuTe a semiconductor
as would be expected for a true one-dimensional Peierls
system.

In summary, a CDW type modulation has been found in
CuTe that can be understood as a result of a competition for
electrons among copper and tellurium. The electronic balance
is attained by the formation di- and tritelluride anions
together with increased multicenter Cu�Te and Cu�Cu
interactions. Modulated CuTe thus combines typical bonding
features of polyanionic as well as metal-rich compounds.

Experimental Section
Synthesis: All manipulations with the starting reagents were carried
out under argon (Air Liquide, 99.999%). Copper (Chempur, powder,
99.95%, reduced at 670 K with H2, (Air Liquide, 99.99%)), and
tellurium (Fluka, chunks, 99.999%, reduced at 670 K with H2) were
mixed in a molar ratio of 1:1 and ground. Approximately 500 mg of
the mixture was loaded into a silica ampoule. The ampoule was filled
with 6 mL ethylenediamine (Merck, analytic grade) to an approx-
imate filling degree of 50 % and sealed under dynamic vacuum upon
cooling the suspension with liquid nitrogen. For safety reasons, the
ampoule was placed in a lockable steel tube. The sample was annealed
at 470 K, regularly homogenized by shaking and after 24 days cooled
to room temperature within one day. The solvent was decanted and
the product was washed with water and ethanol. Air-stable, gold-
colored, metallic lustrous crystals of CuTe were obtained (Supporting
Information, Figure S2).

Analyses: Phase purity of the reaction products was checked by
X-ray powder diffraction on a XPert PRO diffractometer (PANalyt-
ical) with CuKa1 radiation (l = 154.056 pm), Ge monochromator,
Bragg–Brentano setup). Data were analyzed with the WinXPow
program package.[12] The copper and tellurium content of a single
phase sample was probed via ICP-OES analysis and resulted in
a composition of Cu1.00(1)Te1.00(1). Energy dispersive X-ray analyses
(EDX, Philips XL30 scanning electron microscope with a Phoenix V
5.29 analytic unit, EDAX) and wavelength dispersive X-ray analyses
(WDX, Cameca SX100 microprobe, Cu and ZnTe standard) analyses
were performed on cleaved and polished faces of several crystals of

a sample with a Cu/Te starting ratio of 1:1. EDX results:
Cu1.01(1)Te1.00(1), PAP-matrix corrected WDX results: Cu1.05(2)Te1.00(2).

Single-crystal X-ray diffraction: CuTe, Orthorhombic, (3 + 1)D
superspace group Pmmn(a01=2)000[13] with a = 0.400(1); a =
315.12(2), b = 408.91(2), c = 694.96(4) pm; V = 89.55(1) � 106 pm3;
Z = 2; 1calcd = 7.09 gcm�3 ; Apex-II CCD diffractometer (Bruker-
AXS), Mo-Ka radiation (l = 71.073 pm), T= 295 K; multiscan
absorption correction,[14] m(Mo-Ka) = 27.6 mm�1; 5148 measured,
686 unique reflections (second-order satellites excluded from refine-
ment owing to very weak intensities), Rint = 0.022, Rs = 0.021;
structure solution by charge flipping,[15] refinements performed with
jana2006,[16] one harmonic modulation wave for the positional
modulation of Te and Cu atoms and for their anisotropic displace-
ment parameters, (Supporting Information, Table S2). Residuals: For
all reflections: R1 (413Fo> 3s(Fo)) = 0.020, R1(all Fo) = 0.038, wR2(all
Fo

2) = 0.050; GooF = 1.28; residual electron density: �0.91 to
+ 0.82 e � 10�6 pm�3. The results of the data collection performed at
T= 20 K are listed in the Supporting Information, Tables S5–S7.

The temperature dependence of the modulation was checked on
a Apex-II CCD diffractometer (see above) and at the D3 synchrotron
beamline at HASYLAB (Huber four-circle diffractometer, Mar CCD
165, Oxford diffraction Helijet). Apart from the thermal expansion,
the same diffraction images were observed in the interval 20�T�
300 K. At T� 350 K, no satellite intensities could be detected.

Further details on the crystal structure investigation(s) may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+ 49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-424929 (295 K) and CSD-424930 (20 K).

Electron microscopy and diffraction: Samples were prepared by
grinding phase-pure polycrystalline samples in ethanol and deposing
fragments on a holey carbon grid. High-resolution transmission
electron microscopy (HRTEM) and selected area electron diffraction
(SAED) studies were performed on a FEI Tecnai F20 with Cs-
correction operating at 200 kV. For image acquisition, a 1k Slow-Scan
CCD-Camera (Gatan) was used. Image simulations were carried out
with the JEMS software.[17]

Quantum-chemical calculations: Scalar-relativistic DFT calcula-
tions were performed by the full-potential LAPW method[10a] within
the generalized gradient approximation (GGA) employed for the
exchange-correlation functional.[10b] Chemical bonding was charac-
terized through the topological analysis of the electron density[10c] and
of the electron localizability indicator (ELI-D)[10d] for the local
density approximation. The COHP were calculated using the TB-
LMTO-ASA package.[10e]
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