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ABSTRACT: A combined experimental and theoretical study is
reported on the vibrational properties of tenorite CuO and
paramelaconite Cu,O;. The optically active modes have been

measured by Raman scattering and infrared absorption spectros- . /\-\ ‘.,

copy. First-principles calculations have been carried out with the \;/ \\, . N

LDA+U approach to account for strong electron correlation in the J\ /\/ \

copper oxides. The vibrational properties have been computed ab "’* "f?,' «

initio using the so-called direct method. Excellent agreement is TL ; Tp

found between the measured Raman and infrared peak positions / L //: W ) o
: X

and the calculated phonon frequencies at the Brillouin zone center, an <
which allows the assignment of all prominent peaks of the Cu,O; f~— \I
spectra. Through a detailed analysis of the displacement
eigenvectors, it is shown that a close relationship exists between

the Raman modes of CuO and Cu,O;.

B INTRODUCTION

Copper oxide is a fascinating class of inorganic solids that has
been the subject of intensive research for the past two decades.
It has aroused considerable interest for multiple applications,
including spintronic devices,' > optoelectronic,4 and photo-
catalysis.”® In particular, the two main copper oxide phases,
which are cupric (CuO) and cuprous (Cu,O) oxide, are
considered among the most important semiconductors with a
band gap E, in the range of 1.7-2.2 eV.””® Cu,0 is a Bloch
semiconductor, while CuO is usually regarded as a Mott or
charge-transfer insulator driven by strong electron correlation.
Because copper oxides are at the basis of most high-T,
superconductors, it is important to understand their electronic
and vibrational properties. Furthermore, both Cu,O and CuO
appear as ideal oxygen carriers for chemical looping combustion
applications,"® and they have also been used as gas sensors'" in
solar energy conversion'>"® and catalysis.'*"'” The lattice
dynamics of Cu,O and CuO has been studied experimentally
by infrared (IR) and Raman spectroscopy, exciton lumines-
cence, and inelastic neutron scattering.ls_24 From the
theoretical side, first-principles calculations have been reported
for Cu,O, while for CuO only semiempirical schemes were
used.”" These studies helped to gain understanding of the
nature of the electron phonon interaction and the negative
thermal expansion (NTE) in Cu,0."”** They provided
information about the spin—phonon interaction®**” and the
size-dependent electron—phonon coupling in CuO.*®

In addition to cupric and cuprous oxide, an interesting
intermediate phase, paramelaconite Cu,O;, was found in 1890
in specimens from the Copper Queen mine, Arizona.”> Thin
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films of pure Cu,O; have recently been obtained by reactive
magnetron sputtering.>® In Cu,O;, which may be written as
Cu3Cu3"O;, copper is present in both oxidation states Cu(I)
and Cu(Il). Therefore, also paramelaconite has potential
applications in catalysis, for example, for low temperature
conversion of organic contaminants present in air stream.”’

Despite its importance, many properties of paramelaconite
Cu;0, are poorly understood, and its lattice dynamics have, to
the best of our knowledge, not been investigated yet. In this
Article, we report a combined experimental and theoretical
study on the vibrational properties of the copper oxides phases
CuO and Cu,O;. The structural parameters and zone-center
phonons have been calculated from first principles using the
local density approximation with Hubbard-U correction (LDA
+U) to account for strong electron correlation. The calculated
frequencies are compared to experimental infrared and Raman
spectra, and all prominent peaks could be assigned for both
Cu,0O; and CuO.

B EXPERIMENTAL DETAILS

Copper oxide films were deposited on glass and silicon
substrates by magnetron sputtering of copper target (50 mm
diameter, 3 mm thick, and purity higher than 99.9%) in Ar—0,
reactive mixture. The experimental device is a 40 L sputtering
chamber pumped down via a mechanical pump and a
turbomolecular pump, allowing a base vacuum of 10™* Pa.
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The films were deposited without external heating, and the
deposition temperature was close to 50 °C. Further details on
the deposition reactor, substrate cleaning, and deposition
procedure have been reported previously.”’ Moreover, pure
CuO films were also obtained by air annealing of para-
melaconite films up to 400 °C.>* The crystal structures were
checked by X-ray diffraction. Cu,O, CuO, and Cu,O; films
about 200 nm thick grown on glass substrates were used for the
micro-Raman analyses, while a 500 nm thick paramelaconite
Cu,O; film deposited on a Si substrate was used for IR
absorption measurements.

Raman spectra were obtained with a HORIBA T64000
spectrometer equipped with a confocal microscope and a
nitrogen-cooled CCD detector. The spectra were recorded in a
backscattering configuration. The excitation was provided by an
Spectra-Physics Stabilite 2018 Ar—Kr laser. The excitation line
was at 514 nm, and the laser power was kept low enough to
avoid heating of the samples. Transmission IR spectra were
obtained with a BRUKER Vertex 70v spectrometer.

B COMPUTATIONAL DETAILS

Calculations were performed within the framework of density
functional theory (DFT) using the VASP package.**** The
projector-augmented-wave (PAW) method was employed with
6 and 11 valence electrons for oxygen and copper atoms,
respectively. The plane-wave cutoff was 600 eV.*® As exchange-
correlation function, the local spin density approximation
(LSDA), was used, together with the “LDA+U” correction for
the on-site Coulomb interaction of Cu-3d states.’” The
structures were relaxed to equilibrium geometry using the
RMM-DIIS algorithm to achieve cell stress and atomic force
convergence.>® The self-consistent electronic loop was stopped
when the total (free) energy change was smaller than 107 V.
The ionic positions and the lattice constants were optimized
until the forces acting on each atom were less than 1076 eV/A.
The vibrational properties were determined by the direct
method,® with forces calculated ab initio via the Hellmann—
Feynman theorem. The forces were computed for independent
displacements required by the symmetry of the unit cell. The
displacement amplitudes were 0.03 A. Positive and negative
atomic displacements along «, y, and z directions were used for
all of the structures. With the chosen numerical settings, high
structural accuracy was achieved, ensuring stable results for
vibrational quantities.

B RESULTS AND DISCUSSION

Structural Optimization. We start with a short description
of the crystal structures of the considered phases. CuO tenorite
has monoclinic symmetry with space group C2/¢;***' see
Figure 1. There are four Cu—O molecules in the unit cell, and
two Cu—O units in the primitive cell. The copper and oxygen
sites have C; and C, symmetry, respectively. Each copper atom
is located in the center of an oxygen parallelogram. Each
oxygen atom, in turn, has a distorted tetrahedral copper
coordination. Paramelaconite Cu,O; crystallizes in the
tetragonal space group I4,/amd** with four inequivalent sites
(see Table 1) and four formula units in the tetragonal cell
(Cuy401,); see Figure 1. Cu,O; is an intermediate compound
between CuO and Cu,O and contains an equal number of
magnetic Cu(II) and magnetically inert Cu(I) ions. It consists
of chains of edge-sharing, square-planar CuO, units, as in CuO,
and zigzag chains of CuO, units with linearly coordinated

Figure 1. Ball-and-stick model of the tenorite CuO (left) and the
paramelaconite Cu,O; (right). O in red, Cu** in blue, and Cu" in gray.

Table 1. Reduced Atomic Coordinates and Wyckoff Symbols
of Paramelaconite Cu,O;

atom Wyckoff x y 2

Cu(1) 8(c) 0 0 0
Cu(2) 8(d) 0 0 1/2
0o(1) 8(e) 0 1/4 z
0() 4(a) 0 1/4 3/8

Cu(I) ions, as in Cu,O. The orientation of both chain types
alternates between the a and b crystal axes.

Both CuO and Cu,O; have antiferromagnetic insulating
ground states, but the local spin-density approximation (LSDA)
to DFT describes them as paramagnetic metals.”> To correct
this shortcoming of the LSDA, electron correlation has herein
been taken into account in the LDA+U approach. For the Cu-
3d Coulomb integral U and the exchange integral J, generally
accepted parameter values for CuO, U = 7.5 eV, J = 0.98 eV
have been used. The lattice structures were fully optimized in
the proper magnetic supercell. The optimized structural
parameters, listed in Table 2, agree well with experiment. For

Table 2. Lattice Parameters and Internal Coordinates [y(b)
and z(c)] of CuO and Cu,O,

system parameter calculation (this work) experiment

CuO a (A) 4.548 4.684,* 4,653
b (A) 3.305 3.423,°3.410"
c (A) 4.903 5.129,*5.108*
B (deg) 99.652 99.54,% 99.483*!
y (b) 0.4137 0.416*

Cu,0; a (A) 5.595 5.873,%5.817%°
¢ (A) 9.650 9.932,*9.861%
z (c) 0.115 0.12%

CuO, the lattice constants a,b,c are slightly underestimated by
2.9%, 3.4%, and 4.4%, respectively. For Cu,Os, the error is 2.4%
for a and 1.8% for c. Note that the LDA+U correction is needed
not only for the correct electronic ground state, but also for
obtaining equilibrium structures in agreement with experiment.
This is a crucial requirement for a good description of the
vibrational properties.

Phonon Spectra. Figure 2 shows the experimental Raman
spectra of CuO and Cu,O; along with that of Cu,O for
comparison. The CuO and Cu,O spectra agree well with the
literature,*>**%’ Although the Cu,O; phase is a chemical and
structural intermediate of CuO and Cu,0, its Raman spectrum
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Figure 2. Experimental Raman spectra of Cu,O, CuO, and Cu,O;.
The calculated frequencies of Raman active vibrational modes are
indicated by vertical bars.

Table 3. Calculated Frequencies @ of Zone-Center (T")
Phonons for Tenorite CuO, As Compared to Experimental

Values (@,) in cm™

la

sym activity . , (this work) , (other)

B, IR 141 1474
A, IR 164 16122
A, Raman 319 296 301-303%7*
A, IR 327 32120
B, Raman 382 346 348-350"7*
A, IR 457 4782124
B, IR 503 5337124
B, IR 568 587224
B Raman 639 631 633—636>"*

o

“Symmetries (sym) and Raman or infrared activity are indicated.

Table 4. Calculated (w.) and Measured (@) Frequencies (in
cm™') of the Zone-Center Modes of Cu,O,

Raman IR silent

Sym . e sym . e sym (OF
E, 321 318 E, 50 B,, 59
By 448 E, 99 B, 104
E, 484 E, 121 A, 107
E, 506 510 Asy 127 By, 130
Ay s21 541 E, 168 164 Ay 154
B, 627 651 E, 214 212 By, 160

A,y 224 B,, 305

A, 309 322 By, 348

E, 454 463 B, 603

E, 538 548

Asy 576

E, 603 607

Ay, 649

looks completely different and can thus be a very useful probe
for phase analysis.

The vibrational properties of CuO have been analz'zed before
using group theory and semiempirical calculations.”’ CuO has
12 phonon branches because there are four atoms in the
primitive cell. A factor-group analysis gives the following zone-
center modes:

Ly = Ay + 2B, + 4A, + SB,

The three acoustic modes are of A, + 2B, symmetry. Among
the nine optical modes, three (A, + 2B) are Raman-active, and
the remaining six (3A, + 3B,) are [R-active.** In the A, and B,
Raman modes only the oxygen atoms move, with displacements
in the b-direction for A; and perpendicular to the b-axis for B,
modes. The infrared active modes involve the motion of both
the O and the Cu atoms. The induced dipole moment is along
the b-axis for the A, modes and perpendicular to it for the B,
modes.

Here, the vibrational modes of the copper oxides were
calculated ab initio using the direct method® from the
theoretical equilibrium structures. Depending on crystal
symmetry, 12 or 22 displacements were used in negative and
positive direction for CuO and Cu,Oj, respectively. In Tables 3
and 4, the calculated zone-center modes of CuO and Cu;0, are
listed and compared to the present Raman (Figure 2) and IR
(Figure 3) experiments and to literature data. Because both
CuO and Cu,O; have inversion symmetry, Raman and IR

Transmittance (%)

700 600

500 400 300
Wavenumber (cm')

200

Figure 3. Experimental infrared absorption spectrum of Cu,O;
measured in transmittance. The calculated frequencies of infrared
active vibrational modes are indicated by vertical bars.

active modes do not mix. The present ab initio results on CuO
agree very well both with experiment (Figure 2) and previous
semiempirical calculations (Table 2). We have also calculated
the structural and vibrational properties of cuprite Cu,O.
According to the group theoretical selection rules, the cuprite
structure allows only a single Raman-active mode (T,,). Its
calculated frequency is indicated in Figure 2 and corresponds to
the broad feature seen in experiment at @ ~ 500—550 cm™.
For further details, including a discussion of the additional
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Figure 4. Calculated vibrational modes of Cu,O5 labeled by symmetry and frequency given in parentheses in cm™". The atomic displacements are

shown by arrows in log 10 scale.
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Figure §. Comparison between calculated Raman modes of CuO and Cu,O;. (a) E;' and E,” are a particular choice of eigenvectors of the 2-fold

mode E,(321). (b) Top view of the topmost oxygen layer.

peaks observed in the Cu,O Raman spectrum, see the
Supporting Information.

Now we turn to the vibrational properties of Cu,O; for
which we are not aware of any works in the literature. For the
paramelaconite structure, group theory predicts 42 vibrational
modes with the following irreductible representations at the I'-
point of the Brillouin zone:

Lo = 3B + Ay + 2B, + 9, + 6A,, + SB,, + 2By,
+ 24,

A,, + E, are the acoustic modes. All others are optical modes,
among Wthh nine are Raman active (Alg, By, and E ), 21 are
IR active (A,, and E_), and nine are silent (A, B, and B,,).In
the Raman spectrum (Figure 2), four peaks are clearly
observed, which can all be assigned to particular vibrational
modes through comparison with the calculated frequencies; see
Table 4. The most intense Raman line at 541 cm™" corresponds
to an A;; mode, while the weaker peaks at 318, 510, and 651
cm™" correspond to E;, Ey, and Bj; modes, respectively.
Likewise, the six most prominent peaks of the IR spectrum

10235

(Figure 3) could be assigned to IR-active modes; see Table 4.
Among them, five are of E, and one is of A,, symmetry. While
all of the calculated E, modes above 150 cm™ are observed as
distinct peaks in the experimental spectrum, most A,, modes
are not, probably due to low intensity. Note, however, that the
weak shoulder structures on the left and right sides of the
dominating E, peak at 603 cm™" roughly coincide with two A,,
frequencies; see Figure 3.

For all experimentally observed modes, the atomic displace-
ment vectors are shown in Figure 4. In the Raman active gerade
modes, only the O atoms move. For the one-dimensional
modes A;; and By, the O motion is along the crystal axis c,
while in the two-dimensional modes (E,), the O atoms move in
the ab plane. In the A;; mode, which dominates the Raman
spectrum, only the O(1) atoms oscillate along the 2-fold axis of
the tetrahedron formed by two Cu** and two Cu* neighbors of
O(1). Note that this is the only possible motion for the fully
symmetrical mode (A;,) because the z-coordinate of O(1) is
the only internal structural parameter. Similarly, in CuO, where
the only internal parameter is the y-coordinate of the O site, the
strongest Raman peak corresponds to the fully symmetrical A,

dx.doi.org/10.1021/jp303096m | J. Phys. Chem. C 2012, 116, 10232—-10237
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mode where the O atoms move along b. The large intensity of
the A}, mode in Cu,O; is related to the fact that the moving
O(1) atom is located at a low symmetry site and the mode
involves the asymmetric stretching of inequivalent Cu—O
bonds (see the Supporting Information for details). In the By,
mode, all O atoms move along ¢ with comparable amplitude
such that the width of the square-planar CuO, chains oscillates.
In the E, modes, all O atoms move in the ab plane. In the
E,(510) mode, the O(1) atoms move perpendicular to the
CuO4 chains that they are part of, and the O(2) displacement
has a much smaller amplitude. In the Eg(321) mode, all O
atoms vibrate with comparable amplitude.

The paramelaconite and tenorite structures are closely
related. Cu,O; can be viewed as a CuO crystal without
monoclinic distortion and where one-fourth of the oxygen
atoms has been removed.**~*’ As a consequence, a strong link
exists between the vibrational properties of the two structures
as we shall now show for the Raman modes. When lowering the
point symmetry from the Dy, to Cy, Blg evolves to B, and E,
splits into A, and B, modes. As seen in Figure 2 and Table 4
the Cu,O; peak at a) = 627 cm ' (Byg) is very close to the
CuO peak at . = 631 cm” (B ) The corresponding
vibrational modes are almost the same, see Figure 5. The
only difference is that in CuO the displacement vectors have a
small x-component due to the monoclinic distortion of the
lattice. Also, for the other two CuO modes, at @, = 296 cm™"
(Ap) and o, = 346 cm™! (B,), the frequencies are close to those
of the double degenerate Eg mode of Cu,O; at @, = 321 cm™
In the CuO modes, the O atoms vibrate along the b axis for
A,(296), and approximately along a in B,(246). Also, for the
Cu,0; mode E,(321), all O atoms are dlsplaced in the xy plane.
Figure 5 shows a set of two orthogonal eigenmodes (E E ") of
the Cuy05-E,(321) manifold. E," has been chosen such that its
0(2) dlsplacement vector is allgned with that of CuO- Ag(296)
The O(1) vectors are turned away from those of O(2) by about
+45°. Nevertheless, the total vibrational modes E," and A, are
very similar. The same observations hold for the modes Cu,O5-
E," and CuO-B,(346). This comparison clearly shows that the
Cu403 mode B1 ¢(627) corresponds to the CuO mode B (631),
and that Cu4O3 mode E (321) is split into the CuO modes
Ag(296) and B (346)

While the Cu atoms are immobile in the Raman-active
gerade modes, they show small but nonzero displacements in
the IR-active ungerade modes. The O atoms move along the ¢
axis in the A,, mode, and perpendicular to it in the E, mode.
The most intense IR-active mode, E,(603), is a sort of bending
mode of the square-planar CuO, units, where the O(1) has
maximum displacement perpendicular to the CuO, plane.
Substantial amplitude is also found on the Cu(1) atoms, and
the mode appears as an asymmetric stretching of the CuO,
zigzag chains. The second strongest IR peak, E,(454), also
appears like a bending mode, within both the CuO, and the
CuO, chains. Here, the O(1) atoms show large displacements
along the CuO, chains.

B SUMMARY AND CONCLUSIONS

We have presented an experimental and theoretical inves-
tigation of the vibrational properties of the copper oxides CuO
and Cu,O;. The Raman and infrared spectra of parmamela-
conite Cu,O; were measured for the first time. They are very
different from those of CuO and Cu,O, and may thus serve as
fingerprints in structural analyses. The structural and vibrational
properties of the tenorite and paramelaconite copper oxide

phases were calculated from first principles, and good
agreement with experiment was obtained in all cases. The
peak assigmnent of the CuO Raman spectrum, which had
previously relied on semiempirical modeling, has herein been
confirmed by ab initio calculations. All prominent peaks of the
Raman and infrared spectra of Cu,O; coincide with calculated
frequencies and could thus be assigned to the normal modes of
the paramelaconite crystal. By comparison of the calculated
displacement vectors, it has been shown explicitly that several
Cu,O; Raman modes directly derive from CuO.

B ASSOCIATED CONTENT

© Supporting Information

Additional calculations on cuprous oxide Cu,O are reported for
comparison. Furthermore, a qualitative explanation is given for
the large intensity of the A;, peak in the Cu,O; Raman
spectrum. This material is available free of charge via the
Internet at http://pubs.acs.org.
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