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Tetragonal piezoelectric copper metaborate CuB,0y (space group 742d, Z = 12) became a subject of active
research during the last decade because it demonstrates unique magnetic, optical, and magnetooptical properties.
We report results of the optical studies of polarized infrared reflection and transmission spectra and Raman
back-scattering spectra in the range from 20 to 2500 cm™'. In accordance with the symmetry analysis, infrared
studies allowed us to identify all polar B,(z), and E(x,y) normal vibrational modes. Frequencies of all longitudinal
(LO) and transverse (TO) optical phonons were determined by fitting the observed infrared reflection spectra.
Raman measurements revealed the frequencies of the majority of nonpolar A;(xx,yy,zz) and B;(xx,yy) modes
and polar B,(z) and E(x,y) LO modes. We show that several groups of closely spaced spectral lines observed in
the vibrational spectra of CuB,0, can be considered as a result of the Davydov splitting, which takes place in
the case of several equivalent molecular units in a primitive crystal cell. Multiphonon absorption in the range of
1200-2500 cm™! was analyzed and a tentative assignment of some features was given. Ab initio calculations of
all zone-center polar and nonpolar modes were performed using density functional theory (DFT). The computed
frequency distribution is in a good agreement with observed line positions in the infrared and Raman spectra.
All these results allowed us to suggest reliable identification of all zone-center phonon modes thus providing a
firm basis for further experimental and theoretical studies of this material with complex crystal, magnetic, and
electronic structures and fascinating physical properties.
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I. INTRODUCTION

Many of copper compounds exhibit exotic behaviors, and
during the last decade, a copper metaborate CuB,0O4 has
become one of the most actively studied materials. Though it
is known for quite a long time, " its crystal structure was solved
only in 1971 and refined later.>® Quite recently, CuB,0,
was found as a mineral in a Chile mine and was named
santarosaite.* From the crystallographic and chemical point of
view, this unique material is characterized by a large unit cell,
complex crystal and magnetic structures, and several phase
transitions at low temperatures. It is one of a few known
examples where twelve copper Cu®* ions (3d° outer shell,
S =1/2) in the unit cell occupy two crystallographically
distinct positions (see detailed discussion in Sec. II), and
interaction between them leads to several interesting physical
properties markedly different from those in other cuprates.”~!”
At low temperatures below Ty =21 K, CuB,04 shows
an antiferromagnetic ordering and a rich magnetic phase
diagram with several phase transitions. Commensurate and
incommensurate magnetic structures are observed as a result
of intra-sublattice and inter-sublattice mutual interactions.

Along with interesting magnetic, acoustic, dielectric, and
other properties, this material demonstrates a rich variety of
linear and nonlinear optical and magnetooptical properties.
The absorption spectrum in the visible range, related to
the crystal field split d-d transitions, was first reported in
Ref. 18 and discussed in more detail recently.!” Several
recent publications reported unusual phenomena of magnetic-
field-induced optical chirality and magnetoelectric dichroic
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signals.’®?! However, these reports were followed by a strict
symmetry analysis of observed magnetooptical phenomena,?
which raised a conflicting “Comment-Reply” dispute in
which the main arguments inevitably involved analysis of
the macroscopic crystal symmetry, magnetic symmetry, and
the microscopic nature of electronic transitions in copper
metaborate.”>?* Another example of an interesting optical
property is the spectroscopic observation of crystallographic
and magnetic-field-induced second harmonic generation in
CuB,0,.'%>?7 One more example of interest to optical
properties of copper borates is a recent paper on CuB,O4
and Cu3B;,0Og in which the photocatalytic behavior of intrinsic
electronic d-d midgap states in the visible spectral range was
studied for a better understanding of the process of water
splitting.”8

The study of low-temperature optical absorption spectra
and second harmonic generation spectra allowed assignment
of six zero-phonon (ZP) lines related to electronic transitions
between crystal-field-split levels within two different 4b and
8d copper sublattices.'®? Each of these ZP lines in the
range of 11000-19000 cm~' (1.4-2.4 eV) is followed by an
exceptionally rich vibronic structure covering the full range
of phonon frequencies up to 1200 cm™". Such a rich structure
when phonon sidebands are observed at all six ZP lines is
quite unique for the 3d compounds. We did not succeed
in finding any similar example in the literature. Evidently,
no analysis of these rich vibronic structures could be done
without a detailed knowledge of the lattice dynamics, which
is replicated in phonon frequencies over the entire Brillouin
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zone. This task is complicated by the large unit cell of CuB,04
(Z = 12), which results in the expected total number of 126
normal phonon modes, see symmetry analysis in Sec. II. To the
best of our knowledge, only a part of the unpolarized infrared
phonon absorption spectrum in the range of 400-2000 cm™!
was reported without any analysis of the data and any list of
phonon frequencies.>? Evidently, these partial and qualitative
data cannot be of any help for understanding the lattice
dynamics and the exceptionally rich vibronic spectra of this
unique compound. These arguments motivated the present
experimental and theoretical study of lattice dynamics of
copper metaborate.

In this paper, we report a detailed study of the polarized
infrared reflection and absorption spectra and polarized Raman
scattering spectra of copper metaborate CuB,04. Symmetry
analysis is done in order to classify infrared active transverse
and longitudinal phonons and Raman active phonons. The
experimental study allowed us to determine most of the
phonons and their symmetries at the center of the Brillouin
zone. Theoretical ab initio calculation of infrared and Raman
active phonon frequencies was performed and results are
discussed in relation to the experimental data.

The paper is organized as follows. In Sec. II, we analyze
in detail the crystal structure emphasizing the characteristic
structure elements. A symmetry analysis of the Raman and
infrared active phonons is given. In Sec. III, we describe
the experimental facilities used for the measurements of
the infrared reflection and transmission spectra and Raman
scattering spectra. The single-crystal growth and preparation
of samples is briefly discussed. In Sec. IV, we consider the
infrared spectra. The Raman scattering spectra are presented
in Sec. V. In Sec. VI, the results of ab initio calculations of
polar and nonpolar modes are given. In Sec. VII, we discuss
the experimental and theoretical results, which are followed
by conclusions and acknowledgements.

II. CRYSTAL STRUCTURE AND LATTICE MODES
OF CllB204

A. Crystal structure and particular structure elements

Copper metaborate CuB, Oy crystallizes in a noncentrosym-
metric tetragonal structure with the point group symmetry
42m, the space group 142d (No. 122).23>30 The unit cell
contains 12 formula units and the lattice parameters are
a=b=11.484 A and ¢ = 5.620 A Slightly different values
were given in Refs. 3 and 28. Figures 1 and 2 show different
projections of the unit cell. The structure consists of a strongly
coupled three-dimensional (3D) network of BO, tetrahedrons
with cavities between them occupied by copper ions in the
4b and 8d positions. There are two types of boron atoms
B1(16¢) and B2(8d) positioned at the centers of tetrahedrons,
and the bond lengths B-O vary between 1.444 and 1.487 A. The
tetrahedrons BO4 are shown in Figs. 1 and 2 by dark-blue (B1)
and cyan (B2) colors. All tetrahedrons are linked by common
oxygen ions. There are four nonequivalent oxygen ions in the
unit cell, O1(16¢), 02(8d), 03(8d), and O4(16¢).>*°

An interesting feature of the 3D boron-tetrahedron network
is a formation of spiral chains twisting in the direction of
the c¢ axis. These helixes are divided into 3(BOy4) and 4(BOy)
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FIG. 1. (Color online) Three-dimensional view of the unit cell of
CuB, 0, along the z axis. The B104 and B20, tetrahedrons are shown
by dark blue and cyan colors, respectively. Brown lines represent
Cu-O bonds.

groups, which are shown in Fig. 2 by blue and cyan colors,
respectively. The combination of two 3(BOy) and two 4(BO4)
spirals forms groups of triple spirals. In each group, the sign of
spiral twisting of 3(BO,4) and 4(BO,) tetrahedrons is opposite.
Namely, if the sign of 3(BO,) twisting is right-handed, then
the sign of 4(BO,) twisting is left-handed, and vice versa. The
unit cell contains two inequivalent groups with opposite sign of
twisting, which in accordance with the point group symmetry
42m are transformed to each other by the symmetry operation
S4(4). The spiral groups are linked between each other by rings
composed of three (BO,) tetrahedrons, which can be seen in
Fig. 2.

Other interesting features of the CuB,0; structure are the
broad tunnels formed by the 8-element rings at the centers
of which are 4b copper Cu* ions. These 4b ions are linked
by four short Cu(4b)-O1 bonds (1.9988 A) to the (BO,) rings.
The angles between these bonds are close to 90°. Besides these
short bonds, the 4b copper ions are linked by longer bonds of
2.864 A to the apexes of almost ideal [Cu(4b)][O4]4 squares.

The 8d copper Cu”* ions are also positioned at the centers
of the eight-element rings, which are more difficult to see.
Their planes are parallel to the (xz) and (yz) planes as can
be seen in Fig. 1. There are rings formed by the B1-O3-B1-
01-B2-04-B1-03-B1-02-B1-03-B1-04-B2-0O1 chains. The
8d copper Cu* ions at the centers of these rings form four
short Cu-O bonds. These bonds are the Cu(8d)-O3 of 1.8857
A, Cu(8d)-02 of 1.9029 A, and two bonds Cu(8d)-O4 with
the length of 1.9810 A, and the angles between the bonds are
close to 90°. Thus regardless of the difference in the formal
symmetry of the 4b and 8d positions of Cu?*, namely, S, for
4b ions and C, for the 8d ions, in both of them, Cu®t ions are
at the centers of almost ideal planar squares. Each 8d copper
Cu’* ion is linked by six long bonds directed to the apexes of
distorted octahedra [Cu(8d)][O1]4[O3],. These six long bonds
are two bonds of 2.939 A with O1, two bonds of 3.067 A with
03, and two bonds of 3.070 A (with O1).

024301-2



LATTICE DYNAMICS OF PIEZOELECTRIC COPPER ...

PHYSICAL REVIEW B 88, 024301 (2013)

FIG. 2. (Color online) (a) The (xy) and (b) (yz) projections of the CuB,0y unit cell. Numbers in panel (a) indicate z positions of the boron

atoms. Yellow arrows show orientations of the spiral links.

B. Symmetry analysis of the lattice modes

The primitive unit cell contains 42 atoms, which results in
126 normal modes. The group-theoretical analysis®'3? gives
the following set of the zone-center lattice modes:

1267 = 13A, + 17A, + 14B, + 18By(T.) + 32E(T,, T,).
(1)

After subtracting B,(T;) + E(T,,Ty) acoustic modes, we
get 123 optical vibrational modes. Among them, A, modes
are silent; the polar B»(T,) and E(T,T,) modes are infrared
active for E(w)||z and E(w)|x polarizations of the incident
radiation, respectively. The Raman tensors for the relevant
modes are

a 0 O c 0 O

Ar:10 a O0); B :|10 — 0],
0 0 b 0O 0 O
0 d O

B,:{d 0 0]; 2)
0 0 O
0 0 O 0 0 e

E.: |0 O e]; E, 0 0 0]. 3)
0 ¢ O e 0 O

The characteristic structural groups of the CuB,0Oy unit cell
are BO, tetrahedrons, which form a 3D network with cavities
occupied by 4b and 8d copper ions. Other characteristic groups
are CuOQy planar squares. In order to get a deeper insight into
the lattice dynamics of copper metaborate, it is instructive to
discuss in brief internal modes of these two groups.

C. Internal modes of BO, tetrahedrons

Internal modes of an isolated BO, tetrahedron possessing
the T; symmetry are shown in Fig. 3.3 There are two triply
degenerate F, vibrations v; and v4, one doubly degenerate
E vibration v, and one nondegenerate totally symmetric A
vibration v;. The v3; mode at 950 cm~! and the v; mode
at 747 cm~! are related to the valent boron-oxygen B-O

vibrations and have the highest frequencies. In the v; mode,
the boron atoms exhibit the largest displacements whereas in
the v; mode oxygen atoms oscillate with the largest amplitude,
which explains the difference in the frequencies of the v3 and
v; modes. The triple degeneracy of the v3 mode is completely
lifted by placing the BO, tetrahedron into each of the 16e or
8d positions in the crystal lattice. There are twelve BOy tetra-
hedrons per primitive cell. Correspondingly, the vibrational
spectrum of CuB,0,4 must contain 36 modes originating from
the v; vibration of an isolated BO, tetrahedron and, hence,
having frequencies around 950 cm~!. To get the symmetries
of these crystal modes, we note, first, that the F, representation
of the 7,; point symmetry group (an isolated BO4 tetrahedron)
splits into A + 2B representations of the C, point symmetry
group for the 84 sites and into 3A representations of the C
point group for the 16e sites of the CuB,0, crystal lattice.
Then, by correlating the site symmetry group representations
to those of the Dy, unit cell symmetry group, we take into
account the presence of several BO, tetrahedrons within the
unit cell interacting with each other®' and find that the v3
vibration of an isolated BO, tetrahedron gives rise to the

V3 Vl
950 cm™ 747 cm’
v, v,
533 cm’ 379 cm’”

FIG. 3. (Color online) Normal vibrations and relevant frequencies
of an isolated BO, tetrahedron.?
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following crystalline modes at the Brillouin zone center:
36v(B) =4A, +5A, +4B; + 5B, + 9E. @

A pulsation mode v; involves a synchronous stretching of
all B-O bonds due to motions of mainly oxygen atoms. In the
crystal, there are twelve such modes positioned near 747 cm™!
and distributed by symmetry as follows:

12\)(O)=2Al +1A2+2Bl +132+3E. (5)

In total, there are 48 high-frequency crystalline modes corre-
sponding to valent B-O vibrations:

480(B — O) = 6A; + 6As + 6B, + 6B, + 12E.  (6)

The v, mode at 533 cm~! and v, mode at 379 cm~! of
an isolated BO, tetrahedron are related to the motions that
change O-B-O and B-O-B valent angles. They induce 60
crystalline modes (36 modes originating from the v, vibration
and 24 modes arising from the v, vibration) positioned at lower
frequencies.

D. Internal modes of CuQO, planar squares and
the Davydov splitting

24 valent Cu(4b)-O and Cu(8d)-O bonds define the 24
frequencies of the modes below the frequency range of the B-O
vibrations. According to symmetry rules, they are distributed
as

24v(Cu-0) =4A, +2A, +4B; + 2B, + 6E. 7)

The frequencies of these modes depend on what atom, Cu
or O, is involved in a particular vibration. The first group
of vibrations is mixed with v(O) modes, whereas the second
group of v(Cu) vibrations possesses lower frequencies in the
range of 400-500 cm~'. By symmetry rules these modes are
distributed as

150(Cu) = 1A, +2A, + 2B, + 2B, + 4E. 8)

Copper ions in CuB,0y reside at the centers of almost regular
CuOy planar squares, with their planes parallel to the (xy)
plane for Cu(4b)O4 and to the (xz) and (yz) planes for
Cu(8d)0y4. There are two Cu(4b)Oy4 units and four Cu(8d)Oy4
units in a primitive crystallographic cell of CuB,04. As all
these units are well isolated one from another, not having
common oxygen atoms, it seems appropriate to analyze their
vibrations starting from the normal vibrational modes of
“a free CuO4 molecule” possessing the Dy, symmetry and,
then, to trace a transformation of these modes into Davydov
multiplets in the crystal. The group theoretical analysis gives
the following normal modes of an isolated CuQy4 planar square:

15T = Ay + Aog +2A0, + Big + Biy + Bog + 3E, + E,.
©))

Among them, (Ay, + E,) are pure translations and (A, + E,)
are rotations.

When a CuOy unit is placed into a certain crystallographic
position, the symmetry of vibrational modes changes in
accordance with the local site symmetry; translations and
rotations transform into translational and librational modes of
the crystal, respectively. Interaction between several equivalent
molecular units in the primitive cell results in the so-called
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FIG. 4. Correlation scheme for the Cu(84)O4 group placed into
the C, symmetry position of the CuB,0, unit cell (D,; symmetry).

Davydov multiplet in a crystal originating from a particular
normal mode of a molecular unit.** In the case of weak
interaction, the splitting is small and, analyzing the spectra,
one finds lattice modes of different symmetries having close
frequencies. The scheme in Fig. 4 illustrates, on the example
of an isolated CuQO,4 planar square placed into the 8d(C>)
position of the CuB,0y crystal lattice, how a single molecular
vibration transforms into a Davydov multiplet. By consulting
the correlation scheme in Fig. 4, we get thateach of the A, (v),
B14(v3), and By, (v4) vibrations splits into the (A; + B, + E)
Davydov triplet; the A,(v2) and By,(vs) vibrations deliver
the (A, + B, + E) Davydov triplet each; and the E,, (vg or v7)
vibration transforms into the (A; + A, + By + B, + 2F)
Davydov sextet. In addition, one (A, + B, + E) triplet and one
(A1 4+ A, 4+ By + B, 4+ 2E) sextet correspond to librations;
one more such combination described translational modes. In
total, the following set of Davydov multiplets results from
CuOy units in the 84 positions:

3(Ai+B+E)+4A+ B+ E)
+4(A; + B + Ay + By + 2E). (10)

Being placed into the 4b(S4) positions of the Dy, unit
cell, the CuO4 quasimolecule delivers the following Davydov
doublets:

3(A1 + A) +4(By + By) + 4(E + E). an

The doublets (A} + Ay) and (E + E) correspond to li-
brational motions, but the doublets (By + B>) and (E + E)
represent translational motions. All rest doublets are of purely
vibrational nature.

III. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Infrared (IR) reflection spectra at the nearly normal inci-
dence (10°) and transmission spectra at normal incidence were
registered in a broad spectral range using a Fourier-transform
infrared spectrometer Bruker IFS 125HR. Helium-cooled
bolometer for the far infrared spectral region (FIR, 10—
500 cm™!) and a liquid-nitrogen cooled MCT detector for the
middle infrared spectral region (MIR, 400-3000 cm~') were
used. Samples were measured, mainly, at room temperature.
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Several transmission measurements at 6 K were performed
using a closed-cycle helium cryostat Cryomech ST403. A
wire-grid polarizer and a KRS-5 polarizer were used in the
FIR and in the MIR spectral regions, respectively.

Raman scattering spectra were measured in the range of
20-1500 cm~! with the use of a Jobin-Yvon spectrometer
equipped with a cooled charge-coupled device (CCD) camera.
An argon-laser line A = 514 nm was used for the excitation.
All measurements were done in the back-scattering reflection
mode and multiple geometry/polarization settings were used
such as x(zz)x, z(xx)Z, z(xy)Z, y(xx)y, x(zy)X, etc. Several
measurements were done in mixed polarizations, e.g., z(x +
v,y +x)z.

Large single crystals of about several cubic centimeters
of good optical quality without any visually seen defects
were grown by a Kyropulos method from the melt of B,Os3,
CuO, Li,0, and MoOj3 oxides.!! Plane-parallel polished plates
of (010) and (001) orientation with thickness between 100
and 1000 um were prepared from x-ray oriented single
crystals. The precise orientation of the sample faces and
crystallographic axes was an important factor to avoid mixing
of modes in infrared and Raman measurements. In particular,
samples of different orientations and thicknesses were used
in Raman scattering experiments and the precise orientation
of the x and y axes, and obviously the z axis, was important.
Infrared reflection and transmission spectra were measured
for (xz) samples with thickness of 784 and 104 pm. This
approach, using samples of different orientations and thick-
nesses, allowed us to make a more reliable assignment of the
observed modes and correlations between infrared and Raman
scattering measurements, where it was possible.

Copper borate is optically uniaxial crystal and therefore
is birefringent. As it is well known, in a general case, the
birefringence can destroy the linear polarization making it
elliptical, and therefore can lead to a mixing of modes in
the infrared and Raman spectra. The refractive index n was
evaluated earlier from reflectance measurements in the visible
spectral range from an undetermined as-grown face of a single
crystal and was found to be in the range of n = 1.75-1.77
(at photon energy 2.0 eV) and n = 1.78-1.80 (at 3.0 eV).!?
A close value n = 1.75 was recently reported for a mineral
santarosaite identified as CuB,0,4.* These values were used as
starting values in the fitting procedure when analyzing the
infrared reflectance data. Our data show that the expected
linear birefringence is of the order of An,. = n,—n, ~ 1072
Other values n, = 1.69 and n, = 1.582 were reported®
which, on one hand, are lower than the values given above,
and on the other hand, the birefringence in this case is notably
higher. In Sec. IV, we show the values of the index of refraction
evaluated from our infrared reflection measurements.

The density functional theory (DFT)*-3® was applied to
simulate the atomic structure and vibrational frequencies of
CuB,04. We discuss the results of the DFT calculations
and use them for interpreting the experimental infrared and
Raman spectra. The atomic orbital based DMol3-program?”
was employed for the ab initio calculations. The Perdew-Wang
(PVC) exchange-correlation functional*” in the local density
approximation (LDA) was used. The DNP atomic basis*' was
applied to ensure high accuracy of computations. The DFT
semicore pseudopotential method was chosen as a compromise
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between computational cost and accuracy of the simulations.
A Monkhorst-Pack grid of 3x3x2 points in the k space was
used for the Brillouin zone sampling.

IV. INFRARED REFLECTION, TRANSMISSION AND
MULTIPHONON ABSORPTION SPECTRA

A. Far infrared reflection and transmission spectra of CuB,0,

Figure 5 shows the room-temperature infrared reflection
spectra of a CuB,0, single crystal measured with the
polarization of the incident light (a) parallel to the z axis
E(w)||z and (b) parallel to the x axis E(w)|x. These two
measurements allowed us to probe the B,(z) and E(x,y) polar
optical modes, respectively. Experimental data are presented
by solid lines. 128, and 18 E modes are clearly observed as
typically shaped features in the reflection spectra. We found
that single crystals of CuB,O4 are well transparent below
200 cm™!, however, as we show below, several weak phonons

were detected in transmission measurements below 200 cm™!.

200 400 600 800 1000 1200
—— —— —
(a) CuB,0, B,(z) modes E(w)||z Exp. ------ Osc. model
2Y4 P2
1.0 -
I 1 Y O [111l | <— DFT
Py 4 o~ calculations |
08F | B Lo : L ; \ N
~ : !
g | i 1 !
S 06 | 1064 i
R
% . :
& 04r | J J .
0.2 ’M /) Ry 175+107 h
Ablsiﬁl‘;pstion e at 1275 cm-1
0.0 f+ T e L P B e e L TPV
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(b) CuB,0, E(xy) modes E(w)[x =~ —— Exp. ------ Osc. model
S R O A U [ NV E )
v A Voo R {14 calculations]|
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806 |- i 4
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2 | | !
0.4 o 1176 B
02 Ll .
*Absot-plifm
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Wavenumbers (cm'l)

FIG. 5. (Color online) Reflection spectra of CuB,0, measured
with the polarization of the incident light (a) E(w)||z (solid marine
line), which probes the polar B,(z) modes, and (b) E(w)||x (solid cyan
line), which probes the polar E(x,y) modes. Spectra are compared
with fitting calculations (red dashed lines) based on a model of
damped oscillators, see Eq. (13). Lines above the spectra show results
of ab initio DFT calculations (see Sec. VI) of polar (a) B,(z) and
(b) E(x,y) modes. Frequencies of B,(z) and E(x,y) modes evaluated
from infrared and Raman experiments (Sec. V) are confronted in
Tables I and II where results of DFT calculations (see Sec. VI) are
presented numerically.
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Reflectance

Transmittance

Transmittance

Wavenumbers (cm_l)

FIG. 6. (Color online) Comparison of the reflection (a) and transmission (b)—(d) spectra of CuB,0y in the range of 50-850 cm~'. The
transmission spectra were measured using 104 and 784-pm (xz) samples at 6 and 300 K. Vertical cyan dashed lines for E(w)||x and blue dotted
lines for E(w)||z indicate phonon modes for the two main polarizations, which are very weak or even unobservable in the reflection spectra.

Interference in the transmission spectra is clearly seen in the regions of good transparency. Above 850 cm™
the 104-um sample at 7 = 6 K and no measurements could be done.

Back-side reflection gives an additional contribution to the
reflectance in both E(w)||z and E(w)|x polarizations. Weak
phonon modes are observed as small dips in the reflectance
spectra at 110 and 150 cm™! for E(w)||z and 142 cm™' for
E(w)||x. Additional dips are present on the tops of the strong
highest-frequency reststrahlen bands in both polarizations,
at 1064 cm™! for E(w)||z and 1176 cm™! for E(w)|x, due
to interference between a strong phonon and a weak one
whose frequency is within the TO-LO splitting of the strong
phonon.*

It was evident that reflection measurements provided us
only with frequencies of sufficiently strong phonons. Thus, in
order to unhide weak phonons, we have measured infrared
transmission spectra, which are shown in Fig. 6. For a
better comparison, Fig. 6(a) shows results of the reflection
measurements. Transmission measurements have delivered an
important information, namely, they clearly confirmed the
presence of already mentioned weak phonons at 110, 150
[both for E(w)]|z], and 142 cm™' [E(w)||x]. Moreover, they
have allowed us to reliably detect several more weak phonons,
which were either not observed at all or observed as small
peculiarities in the reflection spectra, see Fig. 5. Those are
phonons with TO frequencies 490, 588, and 745 cm~! in
E(w)||z polarization, and phonons at 190, 263, 360, 444, 480,
503, 559, 573, 779, and 796 cm™', all in E(w)||x polarization.
An interesting very weak phonon at 503 cm~! indicated by
an arrow in the bottom panel of Fig. 6(d) is observed as a

!, absorption was too high even in

very narrow absorption line with FWHM ~ 1.1 cm~! detected
in the 104-pum thick sample only in the low-temperature
transmission spectrum at 7 = 6 K. Evidently, such a phonon
with very low oscillator strength could not be detected in
reflection measurements but its existence was also confirmed
by Raman scattering studies (see Table II and Fig. 13).
The detailed study of the evolution of phonon spectra with
temperature is out of the scope of the present work. We only
note that while phonon frequencies show very small changes
with lowering the temperature from 300 to 6 K, all phonon
lines demonstrate a considerable narrowing, as a comparison
of the middle (b) and lower, (c) and (d), panels in Fig. 6 shows.

For extracting the parameters of phonons that markedly
contribute to the reflection spectra, we have performed the
dispersion analysis using the REFFIT program.*} The measured
spectra were least-squares fitted by the spectra computed
according to the expression

R(w) =

2
Je(w) — 1’ (12)

Je(@) + 1

where the dielectric function e(w) was represented by the
dispersion formula of J classical damped oscillators

J

£() = €00 + Z . (13)

a) —a)z—lyj
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Here, w; are phonon frequencies, y; are damping constants,
and f; are oscillators strengths. Results of the fitting are
presented by red dashed lines in Fig. 5. The fitting procedure
has yielded the values o) = 3.15 £ 0.01 and e, = 3.09 £
0.01 for dielectric constants &, in Eq. (13), corresponding
to the directions of polarization parallel and perpendicular to
the z axis, respectively. These values allowed us to calculate
Neoj = 1.775 and ny; = 1.758 with An = 0.017, which is
consistent with An = 0.02 for the visible range data given
in Sec. IIL.'" From the interference pattern observed in the
middle infrared (3800-6000 cm™") transmission spectra (not
shown) of the 104-pm thick sample, dielectric constants for
this frequency range were found according to the relation

1 2
6@) = (@) = (ﬁ) , (14)

where n is the refractive index, ¢ is the sample thickness, and
A is the interval in cm ™! between the neighboring interference
maxima. The obtained values e, = 3.09 £ 0.01 and €5, =
3.02 £0.01 correlate very well with those calculated from
Eq. (13) using the parameters obtained from the fitting of the
reflection data.

Tables I and II summarize the phonon parameters. Frequen-
cies of longitudinal optical (LO) phonons were found as zeros
of the dielectric function given by Eq. (13). Transverse TO
frequencies of weak phonons are indicated as those obtained
from the far infrared transmission spectra. All the 17B,
modes and 30 of 31 F modes were found from the infrared
measurements. LO phonon frequencies observed in Raman
scattering measurements (see Sec. V) are also included into
Tables I and II, together with TO phonon frequencies found

TABLE I. Room-temperature parameters of the polar B,(z)
modes found from the infrared spectra, Raman spectra, and ab
initio DFT calculations. Frequencies w;, damping constants y;,
and oscillator strengths f; were found from infrared spectra using
the Lorentz model of attenuated oscillators according to Eq. (13).
g0y = 6.06 and e = 3.15 (see text).

Frequency w;(cm™")

j Raman IR(LO) IR(TO) DFT(TO) f;  yjlem™)
1 110 . 110° 108

2 150 . 150° 1499 ... .
3 213 214 207.7 2065 0411 13
4 265 265 263.2 2456  0.108 3.2
5 292 293 282.6 265.6  0.470 14
6 333 333 317.0 3062 0336 3.4
7 430 430 4277 3984  0.038 45
8 491 491 490.5 4575 0.009 4.0
9 588 . 587.90 5626 ... .
10 703 703 693.9 6684  0.166 3.1
11 745 7455 74438 710.1  0.002 2.0
12 865 865 863.1 839.3  0.036 5.0
13 894 895 894.2 878.0  0.034 5.5
14 913 915 911.4 909.7  0.092 8.1
15 973 972 963.9 9444  0.295 4.8
16 1192 1189 995.9 9726 0905 154
17 1060 10638 10458 0025  23.6

2Observed in transmission spectra.
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TABLE II. Room-temperature parameters of the polar E(x,y)
modes found from the far infrared spectra, Raman spectra, and ab
initio DFT calculations. &y, = 5.77 and £, = 3.09 (see text). (“sh”
stands for shoulder.)

Frequency w;(cm™")

j Raman IR(LO) IR(TO) DFT(TO)  f; y;(ecm™)
1 142 ... 14200 1423

2 190 ... 190.0 1829 . .
3 213 2135 2124 2044 0.123 24
4 220 222 2210 2100 0069 28
5 263 ... 263.1* 2497 0.004 14
6 283 280 2788 2683 0.108 23
7 318 3165 3022 290.1 0428 15
8 359 ... 360.0° 3392 . .
9 397 397 3900  372.6 0161 27
10 427 427 4261 402.1 0.020 43
11 443 ... 4440° 4196 . .
12 480 ...  479.6° 4513 0.001 2.0
13 503 ...  503.08° 474.8 . .
14 560 ...  5589°  537.1 0.003 24
15 573 ... 573.0° 5464 0.005 35
16 627 628 6250  595.1 0042 49
17 676 677 6762  649.1 0.006 5.0
18 729 730 7293 6964 0018 45
19 778 ... 7788  750.6 0.005 58
20 796 ... 796.0°  766.4 .. .
21 876 8755 869.8  840.5 0244 47
22 890 890 8862  878.6 0121 77
23 915" 917 9083  887.9 0417 82
24 969 969  929.0 9014 0440 53
25 993 ... 917.9
26 1013 1009 9794 9519 0.100 9.3
2728 1066 1065 1027.9  978.7,998.0 0.106  15.8
29 ... 1086 1083.0  1052.8 0.013 110
30 1228 1227 11223 1098.8 0.182 132
31 . ... 11765 11350 0.011  25.0

2Observed in transmission spectra.
®Observed at 6 K.

by ab initio DFT calculations (see Sec. VI). Correspondence
between experimental and calculated frequencies is discussed
in Sec. VI. Substituting the oscillator strengths from Tables I
and II into Eq. (13), we find gy = 6.06 and &9, = 5.77 for
static dielectric constants (w = 0), in good agreement with
the values gg) = 6.05 £ 0.10and gg; = 5.76 & 0.10 evaluated
from the interference patterns observed in the 784-um thick
sample in the spectral range of (15-80 cm~') where copper
metaborate is transparent (not shown).

As it was mentioned in Introduction, only a part of the
unpolarized infrared phonon absorption spectrum in the range
from 400 to 1600-2000 cm~' was reported without any
list of phonon frequencies or any analysis of the data.>?’
Nevertheless, we can, at least qualitatively, compare the
most prominent spectral features in these unpolarized spectra
with our results evaluated from polarized reflection and
transmission spectra (see Tables I and II). The spectra in
these two papers are similar though differ in some details.
In both papers, a well defined absorption band was reported
at 2425 cm~!, which can be confronted with the B,(z) TO
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mode at 427.7 cm~! (see Table I and Fig. 6) and E(x,y) TO
mode at 426.1 cm™! (see Table II and Fig. 6). Another well
resolved intense feature>? at ~695 cm~! can be compared
with the B,(z) TO mode at 693.9 cm™! (see Table I). The most
intense broad absorption bands were observed in the range
from 850 to 1200 cm~', which is exactly the range of the
strongest phonons observed in our reflection spectra in both
polarizations of the incident light, see Fig. 5. The strongest
absorption feature in this spectral range>?° is at ~946 cm™!,
which can be correlated with overlap of the E(x,y) TO mode at
929.0 cm ™! (see Table II and Fig. 5) and the B,(z) TO mode at
963.9 cm™! (see Table I). One more example is the highest
frequency intense absorption band at ~1128 cm™!, which
is consistent with the E(x,y) TO mode at 1122.3 cm™' in
Table II. We restrict this confrontation by the given examples.

B. Multiphonon absorption spectra of CuB,0,

Figure 7 shows infrared absorption spectra of the 104 um
thick sample at 300 and 6 K, in the range from 1200 to
2600 cm~!, with both main polarizations of the incident
light E(w)||z and E(w)||x. Above a high-energy edge of the
one-phonon spectra ~1200 cm™!, relatively intense features
were observed, which can be assigned to multiphonon bands.
The frequencies of the observed features differ for the two
types of incident polarization. The features in the E(w)lz
spectra are more narrow than in the E(w)||x spectra. It is
natural to assume that the more intense features in this spectral
range correspond to two-phonon absorption. In this case, the
wave vector conservation rule allows participation of phonons
with opposite k and —k vectors, throughout the Brillouin
zone. In addition, the symmetry selection rules require that
the direct product of irreducible representations for phonons

1200 1400 1600 1800 2000 2200 2400 2600
500 ———1——— :

I I
CuB,0, |
E(0)|z

400 - 1790

,". 1893
11826 1920
1400 1628 1741fF A
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1507 1676 _J

300 - if

B, (z) modes 7

200

100
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E des |
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FIG. 7. (Color online) Multiphonon absorption spectra of
CuB, 0y, for the two polarizations of light £ (w) measured in a 104-um
thick sample at 7 = 6 and 300 K.
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involved contains the B, representation for the E(w)|z and
the E(x,y) representation for E(w)||x two-phonon spectra.
A complete analysis of two-phonon spectra is out of the
scope of this paper because it requires knowledge of phonon
dispersion curves that remain unknown. Nevertheless, it is
straightforward to list combinations of phonons with £k =0
at the Brillouin zone center that might result in two-phonon
absorption features. Those are (A; + B,), (A2 + Bj), and
(E 4 E) pairs for the E(w)||z polarization and (A; + E),
(A + E), (Bi+ E), and (B, + E) pairs for the E(w)|x
polarization. Since the number of phonon modes in copper
metaborate is quite large, one might expect 220 features even
for the (A; + B;) combination. 120 of these features are
expected to lie in the spectral range of 1250-2200 cm~!. Even
taking into account only phonons with £ = 0, one finds many
combinations with sum frequencies close to the frequency of
a particular feature in the multiphonon absorption spectra. For
example, the following combinations of kK = 0 phonons could
contribute to the pronounced band at 1790 cm~! [underlined
in Fig. 7(a)] in the E(w)||z spectrum: 898(A;)+ 865(B,,
LO); 596(A;) + 1189(B,, LO); 725(A;) + 1063(B»); 560 (E,
LO) + 1227(E, LO); 676 (E, TO) + 1122 (E, TO); etc.

V. RAMAN SCATTERING SPECTRA

Symmetry analysis presented in Sec. II shows that
Ai(xx,yy,z2), Bi(xx,yy), Ba(xy,yx), and E(xz,yz) types
of the Raman active modes must be studied. We begin
with the x(zz)X¥ spectrum shown in Fig. 8. This spectrum
is characterized by the highest intensity and the smallest
number of the observed modes. In Table III, we summarize
the experimental Raman data modes and compare them with
13A; modes according to DFT calculations. The spectrum
covers the range from the lowest mode at 250 cm™! up to the
highest mode at 1123 cm™~!. Symmetry analysis predicts 13A;

r T I I ]
r 471 CuB,O, x(zz)x |
45 2.5) 2% () i
_ A (zz) modes
é r 333 1 &) 1
L o ]
= 3k 9 401 .
F- (2.6) i
5 [ 1123 i
= [ (15) i
£, _
2 . 4
gt - ]
g [ 72\1 B
(=]
g I+ 250 596 704 785 898 1009 = m
< L 4
o~ (1.9) U \
I I Y A I | I O 1 I I WOV
L L R P P P L ]
200 400 600 800 1000 1200

Raman shift (cm'l)

FIG. 8. (Color online) Raman scattering spectrum of CuB,0O, for
the polarization x(zz)X, which reflects the A;(zz) modes. Results of
DFT calculations of the A;(zz) modes (see Sec. VI A) are shown in
the lower part of the figure. In Table III, experimental data and DFT
results are confronted. Numbers in brackets for several lines refer to
the FWHM.
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TABLE III. Experimental Raman frequencies of the A;(zz)
modes as observed in the x(zz)X and z(xx)Z spectra and computed
DFT frequencies (see Sec. VIA). Column “Odds (%)” shows
inequality between experimental and DFT frequencies. (“sh” stands
for shoulder.)

Frequency w; (cm™")

j Raman A, DFT Odds (%)
1 250 239.2 4.3
2 333 313.6 5.8
3 401 380.8 5.0
4 471 441.2 6.3
5 596 569.4 4.5
6 704 670.4 4.8
7 725 690.5 4.8
8 785 754.0 39
9 898 874.1 2.6
10 ? 902.4 e
11 1009 995.5 1.3
12 ~1102%" 1067.2 32
13 1123 1103.3 1.7

#In the z(xx)Z spectrum, this line is observed at 1117 cm™".

1

modes for this choice of phonon propagation directions and
polarizations, however, only 12 modes are reliably detected.
The mode at 725 cm™! has the lowest intensity in this
spectrum but it was well reproduced in several samples
with a different choice of experimental conditions (see, e.g.,
Fig. 9) thus making its existence unambiguous. A 1067.2
cm™! DFT-calculated mode can be reliably assigned to a well
pronounced shoulder at 71102 cm™!. The only missing mode
is a DFT mode at 902.4 cm~!, which is marked by a question
mark in Fig. 8. According to the general tendency of the shift
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L u

33| 47 274
r (A +B)) modes 1
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FIG. 9. (Color online) Raman scattering spectrum of CuB,0O, for
the z(xx)z polarization, which reflects the A;(xx) and B;(xx) modes.
Blue underlined numbers show A; modes observed also in the x(zz)x
spectrum in Fig. 8. Results of DFT calculations of the A;(zz) and
Bi(zz) modes (see Sec. VI A) are shown in the lower part of figure.
Numbers in brackets for several lines refer to the FWHM.
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between experimental data and DFT calculations (see Table 11T
and Sec. VI), this mode is expected to be approximately
at 920-940 cm~!. However, no hint of any mode could be
seen in this part of the spectrum. The observed 12A; modes
are presented graphically in Fig. 13 where modes of other
symmetries are also summarized.

We would like to note that many lines in the Raman spectra
of CuB,0, for all modes are very narrow, on the order of
~1 cm™!, or even narrower because this value is approximately
the resolution of our spectrometer. Such narrow Raman lines
are not typical for transition-metal oxides. Moreover, as we
noted above, very narrow lines with FWHM = 1 cm~! were
observed in absorption spectra, e.g., a 503 cm~! line in
Fig. 6(d). In the x(zz)X Raman spectrum, the lowest frequency
line at 250 cm™! is the narrowest in the whole spectrum with
FWHM = 1.6cm™!. A group of three intense lines is observed
at 333, 401, and 471 cm™!. The first one in this group is the
narrowest with FWHM = 2.2 cm™!. The characteristic feature
of the spectrum is the most intense line at 471 cm™! with
FWHM = 2.8 cm™!. In the high-energy range, one intense
mode is observed at 1123 cm~! with FWHM = 16.2 cm™!.

Next, let us discuss the Raman spectra taken with (xx) and
(yy) polarizations. These two polarizations produced identical
spectra, as expected, and thus we discuss only the spectrum
taken under z(xx)z geometry and polarization settings. In this
case, the incident and scattered light propagates along the
well defined z axis where the crystallographic birefringence
vanishes. This spectrum is shown in Fig. 9. According to
the symmetry analysis given in Sec. II, this spectrum should
reflect 13A; modes similar to those discussed in the previous
paragraph and additionally 14B; modes. 10A; modes are
observed at the same frequencies as in the x(zz)x¥ spectrum
shown in Fig. 8 (see Fig. 9, the first ten underlined numbers).
However, in the high-frequency region, instead of the two
A; modes observed at 1102 (shoulder) and 1123 cm™! in
the x(zz)% spectrum, only one strong line at 1117 cm™' is
observed in the z(xx)Z Raman spectrum. Noting that the
relative intensities of other A; modes are not the same in these
two spectra, we suppose that the line at 1117 cm™! results from
the A; modes at 1102 and 1123 cm™~' having close intensities
in the z(xx)Z geometry. In the group of three intense A; lines
at 333, 401, and 471 cm™!, the middle one becomes strongly
suppressed in the z(xx)Z spectrum whereas the intensity of the
725 cm~! line is strongly increased. All lines attributed to the
A modes in the z(xx)Z spectrum are marked by underlined
numbers. Other lines we attribute to the B; modes. In Table IV
we summarize the experimental Raman data for the 14B;
modes and compare them with 14B; modes according to DFT
calculations (see Sec. VI A). Among these 14 B; modes, ten
are well resolved and four are detected as well pronounced
shoulders. The observed 14 B modes are presented graphically
in Fig. 13, along with modes of other symmetries.

Figure 10 shows the experimental z(xy)z Raman spectrum
measured in the same geometry as the previous one in Fig. 8
for the incident and reflected scattered light propagating along
the z axis but in crossed (xy) polarizations. This spectrum
should reflect 17B, LO modes. A characteristic feature of
this spectrum is the strongest line at 265 cm™! with FWHM =
3.8cm™'. Spectrain crossed (xy) polarizations are less intense,
however, weak lines from other polarizations could be readily
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TABLE IV. Experimental Raman frequencies of the B(xx;yy)
modes and the DFT-computed frequencies (see Sec. VI). Column
“Odds(%)” shows inequality between experimental Raman and DFT
frequencies. (“sh” stands for shoulder.)

Frequency w; (cm™!)

J Raman B, DFT Odds(%)
1 146 147.2 —0.8
2 264 247.7 6.3
3 357 341.6 43
4 386 362.3 6.1
5 534 505.2 54
6 ~600°h 573.3 4.4
7 627 588.5 6.1
8 695 660.3 5.0
9 ~797%h 775.3 2.7
10 855 828.8 3.1
11 1019 1000.0 1.9
12 ~1037% 1010.7 2.5
13 ~1095%" 1042.5 4.8
14 1200 1170.5 2.5

identified when comparing all sets of the Raman spectra.
Some of them are noted in Fig. 10. On the other hand,
one gets important information from the infrared reflection
and transmission data, which provide us with independent
attribution and allow reliable identification of the B»(z) TO
and LO modes. Good examples are the modes at 332 and
703 cm™!. At a first glance, they could be attributed to the
Aj(xx) nonpolar modes seen in Figs. 8§ and 9 at 333 and
704 cm~!. We note that in the crossed z(xy)z polarizations
these two lines are ~1 cm™! lower with respect to the A;

265
38) CuB,0,

;(xy)z;

2l 150 Polar B,(z) LO modes (17) |

3.0
30 973
292 (8.6)

491
332

703
(4.8)

213

Raman intensity (arb. units)

894

110 |
865 | 913
Y

el el ; ! .
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Raman shift (cm'l)

R
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T
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FIG. 10. (Color online) Raman scattering spectrum of CuB,0,
for the z(xy)Z polarization, which reflects the polar B,(z) LO modes.
Frequencies of these modes are given in Table I where we compare
them with relevant frequencies obtained in infrared studies and in
DFT calculations. Lines at 332 and 703 cm™! with frequencies very
close to those of the nonpolar A; and B, modes are nevertheless
attributed to the B,(z) modes (see text). Several leaks from other
polarizations are shown by red vertical numbers.
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lines. More important is their presence in the infrared reflection
spectrum for E(w)|z, thus, supporting their attribution to the
B>(z) LO modes but not to leaks of A; or B; modes. Another
example is a very weak mode at 110 cm™! in the scattering
spectrum, which is not observable in the reflection spectra but
is readily observed in the infrared absorption spectra in a thick
sample as seen in Fig. 6. We note that this mode at 110 cm™!
is the lowest frequency phonon because no other features were
detected at lower frequencies down to 20 cm™!. As aresult, 17
lines in the Raman spectrum can be unambiguously assigned
to the B»(z) LO modes in perfect agreement with 17 expected
modes. They are summarized in Table I in comparison with the
infrared data and DFT calculations. In most cases, agreement
between frequencies of Raman lines and infrared LO phonons
obtained by fitting is quite satisfactory.

Figure 11 shows the y(xz)y Raman spectrum, which should
reflect the E(x,y) LO modes. According to Eq. (1), this
spectrum should contain 31 modes thus being characterized
by the largest number of the observed modes in comparison
to other spectra. A characteristic feature of this spectrum
is the strongest line at 397 cm~'. The lowest frequency
line at 142 cm~! shows FWHM = | c¢cm™!, which is the
limit of spectral resolution of our spectrometer. We note that
this spectrum shows the highest-frequency LO phonon at
1228 cm~!. Some remarkable features of this Raman spectrum
are several intense lines, which are practically unobservable
in the reflection spectra and could be detected only in
transmission spectra. Examples are the lines at 142 (FWHM =
lem™), 190 (FWHM = 1.6cm™), 263,360 cm™!, and others
(see Table II). On the other hand, several lines in the infrared
spectra, such as 796, 915, 1086, and 1180 cm~! can be hardly
distinguished in the Raman spectra as weak shoulders in the
vicinity of more intense lines. They are marked by arrows in
Fig. 11.

—
y(xz)y
Polar E(x,y) LO modes (31) T

(114_1(% 397 CuB,0,

263 443

1228
969 (10)1

Raman intensity (arb. units)
427

1066 1180
1086 \

[ I |
400 600 800

Raman shift (cm_l)

PR i
1000 1200

FIG. 11. (Color online) Raman scattering spectra of CuB,0, for
the polarization y(zx)y, which reflects the E(x,y) polar modes.
Frequencies of these modes are given in Table Il where we compare
them with relevant frequencies obtained in infrared studies and in
DFT calculations. Note a very narrow 1 cm™' line at 142 cm™'.
Several leaks from other polarizations are noted in red by vertical

numbers.
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FIG. 12. (Color online) Mixed Raman scattering spectrum of
CuB,0, for the polarization z(x'y’)z (see text), which reflects the
sum of A, By, and B, modes.

In order to make more reliable assignments of the Ra-
man lines, we performed supplementary measurements using
mixed polarizations. Figure 12 shows a Raman spectrum
measured for the z(x'y’)Z polarization where x” and y’ axes
are rotated by 45° with respect to the x and y axes around the
z axis of the crystallographic unit cell. This mixed spectrum
shows the presence of A, By, and B, modes. For example, in
the low-frequency region, we see a B; mode at 146 cm™~! and a
B, mode at 151 cm™!, whereas in the proper polarizations only
one or another lines are observed. Though in the tetragonal
crystal, the (xy) plane is optically isotropic, it is important
to remind, and we observed in many measurements, that the
Raman spectra are very sensitive to small misalignments of
the incident/scattered polarizations with respect the equivalent
x and y axis, and obviously with respect to the z axis. The
ratio between intensities in the mixed spectra can be varied
by changing the angle between crystallographic axes and
polarization of the exciting/scattered light. Obviously, another
important factor was precise orientation of the sample faces.

Figure 13 graphically summarizes experimental infrared
and Raman data for nonpolar A, By, and polar B;, and E
modes. In Table V, we summarize numerically the Raman
data obtained with five orientation-polarization settings as it
was described in this section.

TABLE V. Summary of the Raman spectra measured with five
different settings. Raman modes and their presence in each of the
setting are shown. Numbers in brackets in the first line show the
number of expected modes (see Sec. II). Numbers in lines 2 to 5
show numbers of experimentally detected modes shown in columns
2t05.

Geometry A(13) B(14) By (z)(17) E(x,y)31)
x(zz)X 11 .

72(xx)Z 11 14 ..

z(xy)z 17
y(xz)y 30
z(x'y")Z 11 14 17
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FIG. 13. (Color online) Comparative summary of the A;, By,
B,, and E modes observed in CuB,O, in infrared reflection and
absorption spectra, and Raman scattering spectra.

V1. AB INITIO CALCULATIONS OF THE
VIBRATIONAL MODES

A. Nonpolar A; and B; modes

According to Eq. (2), A modes are active in the Raman
spectra with (xx), (yy), and (zz) polarizations whereas B
modes are active with (xx) or (yy) polarization. These spectra
are shown in Figs. 8 and 9 where Raman data are compared
with the results of DFT calculations. Dotted lines in these
figures show tentative assignments which seem to be quite
reasonable for the A; modes in the low-frequency region.
The best numerical correspondence is observed for the lowest
mode, which is at 250 cm™! in experiment and 239.2 cm™!
in calculations. In fact, there is unequivocally one-to-one
correspondence between the theoretical line distribution and
line positions in experimental spectra, even if the computed
frequencies are systematically lower by about 30 cm~'. At
higher frequencies, above 600 cm ™!, there are eight computed
lines but only seven spectral lines are observed. Only one mode
at 902.4 cm~! according to DFT calculations is lacking. This
lack may be attributed to its low intensity. Experimental Raman
and computed frequencies of the A; modes are collected in
Table III. The last column in this table shows the inequality
between experimental and DFT data for each mode.

By extracting from the z(xx)Zz spectrum the lines observed
in the x(zz)Xx spectrum, one discriminates the lines related to
the B; modes. Tentative assignment of these modes is shown
in the lower part of Fig. 9. Experimental Raman and computed
frequencies of the B; modes are collected in Table I'V. Again,
we note that the best numerical correspondence is observed for
the lowest mode at 146 cm™! in experiment and 147.2 cm™! in
calculations. The divergence between theory and experiment
in this table suffers the same general discrepancy; namely, for
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the most part, the computed frequencies are lower than the

experimental ones on the average by ~25 cm™'.

B. Polar B,(z) modes polarized along the tetragonal z axis

The B,(z) modes are polarized along the z axis and are
active in the Raman spectra with the (xy) polarization. Thus,
only the B,(z) LO modes contribute to the z(xy)z Raman
spectrum. Unfortunately, our computational facilities allow
calculations of only TO modes and therefore we are unable
to make a direct comparison of the z(xy)Z Raman spectrum
with the computational results. However, we can compare
the computed frequencies of the B;(z) TO modes with the
positions of singularities in the infrared reflectance spectrum
registered in the E(w)||z setting as it is shown in Fig. 5 and
in Table I. We should note an exact coincidence between the
number of computed modes and the observed spectral lines
within all frequency intervals. It is remarkable to note that
according to Table I the lowest experimentally observed B;(z)
mode in Raman and infrared studies is at 110 cm~! whereas it
is at 108 cm™! in the DFT calculations. At higher frequencies,
as in the case of the nonpolar modes, there is a systematic
discrepancy, namely, the computed frequencies are lower than
the experimental ones by 30 cm ™! on the average.

We have made an attempt to confirm these assignments
by analyzing the infrared intensities. Oscillator strengths were
obtained from fitting the experimental reflectance spectrum
within the harmonic oscillator model. Theoretical estimates of
the infrared intensities were done within a rigid ion model with
formal ionic charges ¢(O) = —2e, g(B) = 43¢, and g(Cu) =
+2e. Analysis of intensities in the infrared spectra allows us
to select the most intense polar B,(z) modes. According to
our computations, there are four such modes, all positioned
within the high-frequency interval of 900-1100 cm~!. This
conclusion is in line with experimental data. At the same time,
experiment reveals one additional intense line at 694 cm™! in
the infrared spectrum [see Fig. 5(a)] and at 703 cm™! in the
Raman spectrum (see Fig. 11). However, no such prominent
mode could be found in the computed spectrum. We assume
that this discrepancy might indicate inadequacy of the rigid
ion model below the high-frequency region.

C. Polar E(x,y) modes polarized along the x axis

The E(x,y) modes are polarized in the (xy) plane and
therefore they contribute to the infrared reflectance spectrum
registered in the E(w)||x setting. Besides, the E(x,y) modes
are Raman active. Those polarized along the x axis are active in
the Raman spectra with (xz) polarization, and those polarized
along the y axis are active with the (yz) polarization. Therefore
Raman spectra recorded in the y(xz)y and x(zy)X settings both
are related to the E(x,y) LO modes. The infrared reflectance
spectrum recorded in the E(w)||x setting is shown in Fig. 5(b)
in comparison with the computed frequency distribution of
the E(x,y) TO modes. Corresponding numerical values are
presented in Table II.

Dotted lines in Fig. 5(b) show tentative assignment for the
E(x,y) modes. Table II shows results of experiments and
calculations. The assignment is more or less evident within
the whole frequency interval. The problem aggravates in
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the high-frequency range, which includes the most intense
phonons. To overcome this difficulty, we have estimated
infrared intensities of the E(x,y) modes by using the same
rigid ion model discussed above. This analysis allows us to
select the most polar E(x,y) modes and correlate them with
the most prominent spectral features.

VII. DISCUSSION

The experimental infrared and Raman data and the cal-
culated DFT frequencies of all zone-center modes are sum-
marized in Tables I-IV and presented graphically in Figs. 13
and 14. In Table I, we see a very good agreement of the order
of 1-2% between the first three low-frequency experimental
and calculated B,(z) modes. The difference increases for the
modes of higher frequency and on the average it is 3.3% when
all modes are taken into account. Analysis of the difference
between experimental and DFT data in Table II gives the
inequality of 3.7%. In Tables III and IV, the odds between
experimental and DFT data are shown for each mode in the
last column. On the average, the odds are 3.7% and 4.0% for
A and B, modes, respectively.

Conventionally, the frequency distribution of phonons over
the whole spectral range can be divided into several zones.
They are labeled by majuscule Roman numbers I to V at
the top of Fig. 14. Their borders and numbers of modes
are 1170-829 cm™! (44 modes), 775-750 cm™' (six modes),
710-649 cm™! (nine modes), 605-239 cm™! (49 modes), and
210-108 cm™! (15 modes) for zones I-V, respectively. Trying
to rationalize this frequency distribution we turn to the internal
modes of the BO4 tetrahedron, which are the basic units of the
crystal lattice. Frequencies of these modes in an isolated BO4
tetrahedron are discussed in Sec. II and shown in Fig. 13.

Three modes of the highest frequency involve predomi-
nantly oscillations of boron atoms around their positions at the
centers of tetrahedrons. There are twelve BO, tetrahedrons
per unit cell. Correspondingly, the vibrational spectrum of
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FIG. 14. (Color online) Frequency distribution of all five types of
the zone-center modes according to DFT calculations. The A, modes
are neither infrared nor Raman active.
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CuB,0,4 must contain 36 such modes. Evidently, these modes
must belong to zone I. The large frequency range of zone I
might be certainly related to a wide scatter of the B-O bond
lengths from 1.444 to 1.487 A.

Taking into account the frequencies of normal modes of
the BO, tetrahedron, zone II must contain the modes related
to vy vibrations. That is a pulsation mode, which involves a
synchronous stretching of all B-O bonds. In the framework
lattice of the CuB,04 crystal, the tetrahedrons are linked
by common apexes. This imposes some constraints on the
vibrations predominantly augmenting their frequencies. This
structural peculiarity may cause “migration” of several v
modes from zone II to zone I. In total, zones I and II should
contain 48 modes. They must be separated presumably by a
rather wide gap of about 200 cm™' from the lower zones of
the spectrum. However, the calculated frequency distribution
corresponds to 50 modes and does not confirm a presence of
such a wide gap. Hence, there should be another factor for
augmenting frequencies of the v4 and v, modes. Evidently,
these are the Cu-O interactions. To verify this hypothesis,
we have analyzed the calculated eigenvectors representing
them in terms of the bond-length variations. Amplitudes of
such variations averaged over the unit cell for the B-O and
Cu-O bonds are shown in Fig. 15. Note the difference in
scales between the panels in this figure. Evidently, the largest
amplitudes are for the boron atoms.

It can be seen that all modes with frequencies above
900 cm~' involve quite insignificant variations of the Cu-O
bonds. Therefore these modes can be referred to as pure B-O
stretching vibration. While approaching the low-frequency
border of zone I down to 830 cm ™!, variations of the Cu-O bond
amplitudes are markedly augmented. The relevant modes can
no longer be classified as pure bond stretching vibrations of the
boron-oxide framework. The effect of the Cu-O interactions
results in mixing and augmentation of the frequencies of these
modes.

The largest Cu-O bond amplitudes are inherent to the modes
within zones II and III. This result confirms our hypothesis
about the origin of the systematic blue frequency shift of
experimental modes with respect to calculated ones in the
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FIG. 15. (Color online) Average per unit cell square amplitudes
of B-O and Cu-O bond-length variation vs normal mode frequency.
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middle part of the vibrational spectrum of CuB,0,4. Namely,
this shift is due to the presence of copper atoms, which
makes the boron-oxide tetrahedrons elastically harder with
respect to many normal middle-range vibrations. It should be
emphasized that cooper atoms do not oscillate within these
modes. This is evidenced by the calculated atomic amplitudes
for Cu(4b) and Cu(8d) atoms shown in two upper panels (a)
and (b) in Fig. 16.

One can see that amplitudes of both Cu(4b) and Cu(8d)
atoms are very small for the modes above 300 cm™!, but
they are considerable for the modes around and below 200
cm~!. Moreover, there are four modes that can be considered
as characteristic modes of Cu(4b) atoms. Two such modes
of the E(x,y) type with DFT frequencies 204 and 210 cm™!
involve the Cu(4b) oscillation in the (xy) plane, two others
of the B(xx) and B»(z) types with DFT frequencies 147 and
149 cm™! involve the Cu(4b) oscillations along the z axis.
These modes almost do not mix with other types of vibrations.
The presence of such perfectly localized modes is due to spe-
cific positions of Cu(4b) atoms at the centers of planar squares.
By contrast, there are no such modes for the Cu(8d) atoms.

The discussed above modes correspond to the experimen-
tally observed E(x,y) modes at 212 and 221 cm™! and B;(xx)
and B,(z) modes at 146 and 151 cm™!, respectively (see
Tables I, II, and IV). The members of each pair of these modes
have close frequencies, which enables to interpret them as
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FIG. 16. (Color online) Average per unit cell squared amplitudes
of different atoms vs normal mode frequency.

024301-13



R. V.PISAREV et al.

PHYSICAL REVIEW B 88, 024301 (2013)

TABLE VI. Observed groups of crystal vibrational modes with close frequencies and their tentative assignment to Davydov multiplets
originating from vibrations of the Cu(4b)O, and Cu(8d)Oy units in the structure of CuB,0y,.

4b(Sy) 8d(C»)

3(B) + By) 4%2F 3(Ai + B+ E) 4(B, + E +[Az]) 4(Ay + B + B, +2E + [Az)])
146 + 151 212+ 221 401 4 386 + 390 428 + 426 2504264.4 +263.2 +263 +279
695+ 694 5594573 596 + 627 + 625 491 + 503 333 +332+357+359+318
855+ 863 779 + 796 1123 + 1095+ 1122 863 + 870 704 4 695 4+ 694 + 676 + 729
1037 + 1064 870+ 886 894 + 886 898 + 855 + 863 + 870 + 886

Davydov doublets originating from oscillations of the copper
atom residing at the center of the Cu(45)O, molecular unit (see
Sec. I C). Inspection of Tables I-IV shows that also other pairs,
groups of three and even five close frequencies are observed
in the spectra. Figure 13 illustrates this statement. Table VI
summarizes the observed groups of modes and gives their
tentative assignment to Davydov multiplets originating from
vibrations of the Cu(4b)O4 and Cu(8d )0y units in the structure
of CuB,0y4. The above discussed doublets at (212 4+ 221) and
(146 + 151) cm™! are indicated in bold. Frequencies of modes
that could be put into different columns of Table VI are in
italics. One has to keep in mind that Cu-O vibrations with
frequencies higher than 900 cm™! are strongly mixed with
B-O vibrations.

VIII. CONCLUSIONS

The results presented in this paper show a very rich
structure of phonons in CuB, Oy, revealed by polarized infrared
reflection and transmission spectra and by Raman scattering
spectra. In accordance with the symmetry analysis, infrared
studies allowed us to detect all polar 17B;,(z)- and 31 E(x,y)-
type normal vibrational modes. Several very weak phonon
polar modes were not detectable in the reflection experiments
but were reliably observed in the absorption experiments
using 104 and 784-um thick samples. The dispersion analysis
has been applied to the infrared reflectance data, and the
frequencies of longitudinal (LO) and transverse (TO) optical
phonons at the center of the Brillouin zone were obtained
using the Lorentz model of attenuated oscillators. Raman
scattering spectra allowed us to determine the LO phonons
belonging to the polar B>(z), and the E(x,y) modes and the
obtained frequencies are consistent with the infrared results.
The frequencies of the majority of nonpolar A;(xx,yy,zz) and
Bi(xx,yy) modes were obtained from the Raman scattering
spectra. Several groups of observed closely spaced modes
were assigned to Davydov multiplets originating from the
interaction between several CuO4 molecular units present in
the primitive crystallographic cell of CuB,0y.

We applied the density functional theory for simulating
the atomic structure and calculating vibrational frequencies of

CuB,04. The computed frequency distribution was found to
be consistent with the observed line positions in infrared and
Raman spectra. In particular, a very good agreement is present
for the lowest frequency modes, as can be seen in Tables I-
IV. For the modes of higher frequencies, a systematic shift
between experimental and computed frequencies is observed.
On the average, the difference between experimental and DFT
phonon frequencies lies between 3.3% [B»(z) modes] and
4.0% [B;(xx) modes] that can be regarded as a satisfactory
result for such a complex material with a huge amount of
polar and nonpolar phonons. This allowed us to attribute
all prominent spectral features to zone-center phonons of
particular symmetries and to particular atomic displacements.
Estimates of the infrared intensities performed within a rigid
ion model allowed selecting the most intense infrared active
modes. These estimates provide an additional justification of
the suggested phonon assignments.

In summary, all experimental and theoretical results and
their analysis presented in this paper have provided a reliable
identification of all zone-center phonon modes in CuB;,Qy,
a compound with a complex crystal structure, demonstrating
a rich variety of interesting magnetic, optical and magneto-
optical properties. We believe that these results constitute
a firm basis for further studies of not only the lattice
dynamics of this material but also of its magnetic, electronic,
optical, and magneto-optical properties. In particular, we are
convinced that our results will serve as absolutely necessary
information for interpreting unique vibronic spectra reported
in previous publications but which could not be subjected
to any serious analysis without knowledge of the phonon
spectra.
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