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Phonons in the cubic phase of Co;B,03X (X=Cl, Br, and I) boracites
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The phonon structure in the cubic paraelectric phase (F43c¢) of Co3B;0,5X (X=Cl,Br,I) boracites has been
studied theoretically by density-functional theory and experimentally by Raman spectroscopy. The calculated
Raman frequencies are in good agreement with those determined from the polarized Raman spectra. In addition
to the four Raman-allowed phonons of A; symmetry, a low-frequency broadband of same symmetry is ob-
served in the spectra of Co3B;0;53Cl and Co3B,03Br. The position and width of this band correspond to those
of the partial phonon density of states of the halogen vibrations: an indication for disorder and instability of the
halogen sublattice. In the case of Co3;B,;03l, an even greater number of spectral features reflecting the
underlying phonon density of states are observed. An “instability” F, mode that involves displacements of the
X atoms along (111) and of the Co atoms along (100) directions is also identified. It is shown that this mode
is closely related to the halogen and metal sublattice instabilities, which trigger the cubic to orthorhombic

transition at lower temperature.

DOI: 10.1103/PhysRevB.79.104115

I. INTRODUCTION

The increased attention to multiferroicity has revived the
interest in the properties of the first discovered multiferroic
materials—boracites, M3;B;03X (M=divalent metal, X
=Cl,Br,I), shortly denoted as M-X. These materials, which
are characterized by rich phase diagrams involving various
crystallographic and magnetic transitions,'"® may present
phases in which up to four types of ordering occur simulta-
neously: ferroelectric, ferroelastic, ferro(ferri)magnetic, and
ferrotoroidic (for a review see Ref. 5). The coupling of such
orders, already manifested in other multiferroics, is promis-
ing for applications, and a lot of efforts are currently dedi-
cated to collecting experimental data and creating theoretical
models for the description of the interplay between the mag-
netic, dielectric, and structural properties. As a part of these
efforts, the information on and understanding of lattice dy-
namics, spin-phonon, and electron-phonon coupling, and the
effects of structural and magnetic transitions are of definite
importance.

The phonon spectrum of boracites is scarcely studied. To
our knowledge, no results on calculations of lattice dynamics
of boracites have been reported so far. There are, however,
several earlier reports on the polarized Raman spectra of bo-
racites with cubic [Cr-Cl,” Ni-I,®° and Cu-Cl (Ref. 10)],
orthorhombic [Mn-Cl (Ref. 11)], and trigonal [Zn-Cl (Ref.
12)] structures, as well on the infrared spectra of Ni-L.'* In
the case of cubic boracites, the symmetry of experimentally
observed Raman lines has been determined, but no assign-
ment to particular atomic vibrations has been done. It has
been assumed?® that the observed broad low-frequency bands
correspond to zone-center Raman-allowed modes, which is
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unlikely, especially in the case of the A; spectra, as by sym-
metry considerations the A; modes involve vibrations of only
light boron and oxygen atoms. The symmetry assignment
proposed for the Raman lines in the spectra of noncubic bo-
racites has met the problem of coexistence of microtwins
with different crystallographic orientation with respect to the
incident light polarization.'*!> The twinning problem has
been solved only recently by Raman visualization of twin
structure, which makes it possible to measure the spectrum
of individual domains with known crystallographic
orientation. !

As a first step to better understand the phonon structure of
boracites, in this work the results of first-principles calcula-
tions of the lattice dynamics of cubic Co-I, Co-Br, and Co-Cl
are compared with those obtained from the Raman spectros-
copy experiments. The good agreement between the pre-
dicted and experimentally observed Raman frequencies al-
lowed an assignment of the Raman lines to definite phonon
modes. It was found that the additional broadbands in the
low-frequency part of the experimental Raman spectra of
Co-Cl and Co-Br mirror the calculated partial density of
states of halogen vibrations, thus providing evidence for
strong disorder of the halogen sublattice. Even more
disorder-induced structures were observed in the case of
Co-I. One of the Raman modes is found to involve displace-
ments of X atoms along (111) and of Co atoms along (100),
which correspond to the orthorhombic distortions in the
ferroelectric phase.

II. STRUCTURE AND I'-POINT PHONONS IN CUBIC
BORACITES

The structure of cubic boracites (space group F43c, Z
=8, No. 219) is illustrated in Fig. 1. The metal and halogen
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FIG. 1. (Color online) The elementary and primitive cells of
cubic M-X boracite: (a) M-X sublattice; (b) B-O sublattice; (c) cu-
bic elementary cell (space group F43c, Z=8, No. 219); and (d)
rhombohedral primitive cell (Z=2). The two nonequivalent BO,
and OBOj tetrahedral units are also shown. The Raman spectra
were collected from the cubic (100) surface.

atoms form a perovskitelike sublattice [Fig. 1(a)], whereas
boron and oxygen atoms are connected in a network of two
type of corner-sharing BO tetrahedra [Fig. 1(b)]. The rhom-
bohedral primitive cell, which contains 2 formula units (48
atoms) is also shown.

Table I summarizes the results of the group-theoretical
analysis for the I'-point phonons. Of the total of 58 I'-point
phonon modes, 34 (4A;+10E+19F,) are Raman active, 24
(6A,+ 18F;) are silent, and one (F,) is an acoustic mode. The
19F, modes are also infrared active. Given that the cubic
crystallographic directions X|[I[100], Y1I[010], X"1I[110], and

Y'II[110] are known, the symmetry of the Raman lines can
be determined experimentally by measuring the polarized
Raman spectra with different exact scattering configurations,
XX (A|+E), XY (F,), X'X' (A\+E+F,), and X'Y' (E). The
first and second letters in these notations stand for the polar-
ization direction of the incident and scattered lights, respec-
tively. Although there is no polarization configuration where
only the A modes are allowed, the pure A, spectrum can be
obtained by computing the difference between the XX (A,
+E) and X'Y' (E) spectra.

III. LATTICE DYNAMICAL CALCULATIONS, SAMPLES,
AND EXPERIMENTAL

For the lattice dynamical calculations, we used the spin-
polarized local-density approximation (LSDA) (Ref. 17) to
density-functional theory (DFT) as implemented in the VASP
code'® and employed the so-called “LDA+U” correction of
Dudarev et al.'® for a better treatment of the Co 3d electrons.
We used U=2 eV, as this was the minimal correction to the
LDA that allowed us to obtain, in a computationally robust
way, a qualitatively correct description of the magnetic state
of the Co ions.?? We studied in detail the Co-I compound and
checked that our quantitative results—as regards the relaxed
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TABLE 1. Wyckoff notations and irreducible representations for
the atoms in the cubic M-X boracides. The mode classification and
the nonzero elements of the Raman tensors are also shown.

Atom Wyckoff notation Irreducible representations
M 24c Ay+E+2F+3F,

X 8b Fi+F,

B(1) 32e A+A,+2E+3F+3F,
B(2) 24d A>+E+2F+3F,
o(1) 96h 3A,+3A,+6E+9F +9F,
02) 8a Fi+F,

Modes classification
NRaman=4A 1+ 10E+19F,
I';,=19F,
[ileni=6A,+ 18F,
1_‘acoustic=F2

Raman tensors

a 00
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b0 0 ||=V3 0
E=l0b 0 || o 3 0]

5
!
(e}
(e}
&
N

structure, Co’s mangnetic moments, and even phonon
spectrum—are not strongly U dependent. In particular, for
both U=2 eV and U=4 eV, we obtained a moment of about
2.6up for the Co ions; unfortunately, as far as we know there
are no experimental values to contrast this result.?! The com-
puted electronic structure shows that the top-valence and
bottom-conduction bands have a marked Co 3d character, the
hybridization with oxygen (and, to a lesser extend, the halo-
gen anions) being significant. We employed the projector
augmented wave (PAW) method??> to represent the ionic
cores, solving explicitly for the following electrons: 3d and
4s of Co, 2s and 2p of B and O, and the s and p valence
electrons of the halogen atoms (Cl, Br, and I). The electronic
wave functions were described with a plane-wave basis trun-
cated at 400 eV, and a 3 X3 X3 k-point grid was used for
Brillouin-zone integrations. These calculation conditions
were checked to render accurate results. For all Co-X com-
pounds, we considered the 48 atom primitive cell of the

F43c phase, taking the experimental result for Co-I (Ref. 23)
as a starting point for the structural relaxations, which we
considered to be converged when residual forces and stresses
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were smaller than 107> eV/A and 0.01 kbar, respectively.2*
For the ab initio relaxed structures, we computed the force-
constant matrix associated to the considered unit cell and
modeled it in terms of interatomic interactions in real space.
This allowed us to then approximate the dynamical matrix at
an arbitrary point of the Brillouin zone and thus compute the
phonon density of states (PDOS) from a dense grid of k
points.?> Note that all our Co-X boracites are magnetically
disordered in their cubic phases. Since modeling magnetic
disorder ab initio is unfeasible, as one would need to simu-
late the thermally fluctuating magnetic moments, here we
considered a ferromagnetic spin alignment, which has the
virtue of not breaking any crystallographic symmetry and is
thus a reasonable approximation.

The Raman spectra were collected from as grown (100)
cubic surfaces using triple T64000 spectrometer equipped
with microscope, heating stage, and liquid nitrogen cooled
charge coupled device (CCD) camera. Both 633 nm and 488
nm laser lines have been used for excitation, the spectra be-
ing practically the same. As of the three Co-X compounds
only Co-I is in its cubic phase at room temperature, the spec-
tra of cubic Co-Br and Co-Cl were measured at 500 and 673
K, respectively, well above the corresponding cubic to ortho-
rhombic transition temperatures of 458 and 623 K.

IV. RESULTS AND DISCUSSION

A. I'-point Raman phonons

Figure 2 shows the pure A;, E, and F, Raman spectra of
cubic Co-X (X=Cl,Br,I) boracites, as extracted from the
experimental XX (A,+E), XY (E+F,), X'X' (A|+E+F,),
and X'Y’ (E+F,) spectra at 673 K for Co-Cl, 500 K for
Co-Br, and 295 K for Co-I. The positions of the sharp lines
above 200 cm™! in the corresponding spectra of Co-X are
very close. This is not unexpected as the phonon frequencies
in this range are due to vibrations of light boron and oxygen
atoms within the rigid BO, and OBO; tetrahedra (see Fig. 1),
which are practically independent of X. The main difference
between Co-Cl and Co-Br spectra is the position of the broad
low-frequency band of A; symmetry, centered at 162 and
117 cm™, respectively. The Co-I spectra differ from those of
Co-Cl and Co-Br by more complex structure of the low-
frequency band (pronounced also in the E and F, spectra)
and by the presence near 1140 cm™' of a strong structureless
wide band, most intense in the E spectrum. Unlike the sharp
lines, the broad low- and high-frequency bands do not rep-
resent normal I'-point phonon modes; their origin will be
discussed in Sec. IV B.

In Table II are compared the experimental and calculated
frequencies of Raman-allowed modes of Co-X. As expected
the frequencies of most modes practically do not depend on
X. Indeed, by symmetry, mass, and mode mixing consider-
ations, the motions of halogen atoms contribute noticeable
only to lowest F, modes. The negligible effect of halogen
and Co vibrations on the higher-frequency modes is also
consistent with the frequency distribution of partial phonon
density of states for the nonequivalent atoms in Co-X (see
Fig. 3).
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FIG. 2. (Color online) A, E, and F, Raman spectra of cubic Col
(at 295 K), Co-Br (at 500 K), and Co-CI (at 673 K) as extracted
from the experimental XX A|+E, XY E+F,, X'X' A{+E+F,, and
X'Y" E+F, spectra.

The four A; modes involve strongly mixed vibrations of
only B(1) and O(1) atoms. The correspondence between the
calculated and experimentally observed phonon frequencies
for these modes is quite good. The A; atomic displacements,
as obtained from the DFT calculations for Co-I, are shown in
Fig. 4.

In what regards the E and F, modes, several points need
to be made. First, note that from the calculations we obtained
some modes with imaginary frequencies. Such imaginary
frequencies imply that the material can reduce its energy if
the cubic phase is distorted according to the imaginary-
frequency mode eigenvector; they are thus characteristic of
crystals undergoing structural phase transitions. Indeed, as
we will see below, the F, modes with imaginary frequencies
are directly related to the ferroelectric phase transitions in
our Co-X boracites. Second, a detailed comparison between
theory and experiment is difficult for the £ and F, modes
mainly because it was not possible to identify many of these
modes from the experimental data. Nevertheless, apart from
the uncertainty in the assignment, the correlation between
calculated and experimental values for the higher-frequency
E and F, modes seems quite reasonable.

B. Effects of structural disorder

The broadbands in the spectra of Co-X cannot be assigned
to I'-point Raman modes. This is particularly true for the A,
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TABLE II. Calculated (at 0 K) and experimentally determined
frequencies (in cm™!) of the Raman active modes in the cubic phase
of Co-I (at 295 K), Co-Br (at 500 K), and Co-CI (at 673 K).

Co-1 Co-Br Co-Cl

Theor  Expt.  Theor  Expt. Theor  Expt.
Mode 0K 295 K 0K 500 K 0K 673 K
A1) 383 376 383 374 377 374
A(2) 678 652 669 659 639 659
A(3) 897 894 929 899 934
A (4) 1077 1080 1037 1087 1079
E(1) 63 i27 i65
E(2) 226 230 240 227 232 222
E(3) 414 420 405 413
E(4) 452 457 460 458 456 459
E(5) 625 612 628 608 633 605
E(6) 759 734 758 734 767 725
E(7) 860 862 883 863 886 868
E(8) 1036 972 1049 1092 1051 1088
E(9) 1153 1189 1142 1177 1143
E(10) 1235 1252 1254
Fy(1) i79 i60 i122
F,(2) =~(0  acoust ~(0  acoust ~(0  acoust
F5(3) 92 99 176
Fy(4) 187 209 196 209 186 202
F,(5) 221 234 238
F,(6) 257 265 268 267 281 267
F,(7) 353 352 355 349
F,(8) 382 388 393
F5(9) 431 466 474
F,(10) 543 529 501 539 506
F,(11) 585 591 599
F,(12) 610 615 615
F,(13) 676 679 682
F,(14) 800 805 796 808 796
F,(15) 887 896 904
F,(16) 1005 956 1016 1024
F,(17) 1020 1027 1036
F,(18) 1082 1094 1079 1102 1060
F,(19) 1111 1134 1143
F,(20) 1191 1204 1216 1210 1216

spectra, where no phonons are expected below 300 cm™.

The frequency ratio of the low-energy A; bands of Co-Cl and
Co-Br, wcy.c1/ Wco.gr=162/117=1.38, roughly scales with
halogen mass ratio (mg,/mc)"?=1.50. Such correlation is a
strong indication that the bands are related to vibrations in-
volving mainly displacements of halogen atoms. A reason-
able explanation for observation of these, otherwise Raman
forbidden vibrations, could be a disorder of the halogen sub-
lattice.

The loss of translational symmetry in this case should
result in the breaking of the momentum conservation law and
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FIG. 3. (Color online) Partial phonon density of states related to
vibrations of the nonequivalent atoms Co, B(1), B(2), O(1), O(2),
and Cl in the cubic phase of Co-Cl. (Detailed information on the
computed interatomic force constants is available from the authors
upon request.)

the activation in the Raman spectra of all out-of-center pho-
non states of the corresponding phonon branches. The spec-
tral profile of disorder-activated scattering should roughly
represent the smeared partial density of states (PDOS) of
halogen vibrations in the ordered material. Under “smeared
PDOS” one understands PDOS where the delta functions
A wyn—w), used to characterize the frequency of individual
phonons in an ideal crystal, are replaced by normalized
Lorentzian functions L(w):;lT ()i where <y is the
Lorentzian’s half width, determined %y the finite phonon life-
time 7=1/7. That such density of states might be at the
origin of the broad low-frequency A; bands in Co-CI and
Co-Br is strongly supported by the fact that, as seen in Fig. 5,
the band position and width are in excellent agreement with
those of the partial PDOS for the CI and Br vibrations.

The interpretation of the low-energy part of the spectra in
terms of disordered-activated Raman scattering is consistent
with other experimental data on cubic boracites.’~?% Single
crystal x-ray data for the cubic phase of Mg-Cl have indi-
cated that the Cl and Mg atoms are disordered within ordered
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FIG. 4. (Color online) Atomic displacements of the A; modes as
obtained from the DFT calculation for Co-I.
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borate framework.?® X-ray diffuse scattering experiments on
Ni-I, Fe-Br, Cu-Cl, and Cr-Cl have shown that in the cubic
phase there are correlated displacements of halogen atoms
along the (111) and metal atoms along the {100) directions.?’
The temperature-dependent extended x-ray-absorption fine
structure (EXAFS) study through the orthorhombic to cubic
transition of Fe-Br has provided clear evidence that Br-Fe
atomic distribution in the cubic phase is similar to that in the
low-temperature ferroelectric phase, which indicates that the
cubic phase is essentially disordered.?®

Given that the halogen (Cl, Br or I) sublattice is disor-
dered, the natural question is to what extent the rest of the
structure is also affected and whether this is reflected in the
Raman spectra. The answer could be given accounting for
the interatomic distances in cubic boracites.??°732 As it fol-
lows from the structural data, the X-M distance between a
halogen atom and its nearest neighbors M is =~3.0 A, is
much larger than M-O(1)(=2.1 A), B(1)-0(1)(=1.4 A),
and B(1)-0(2)(=1.7 A) distances. It is, therefore, reason-
able to expect that only relatively strong displacements of
halogen atoms from their positions in the ideal sublattice will
have noticeable effect on the neighboring metal atoms and
indirectly on the next-nearest neighbors, the O(1) atoms. It
seems the latter is exactly what takes the place in Co-1. The
low-frequency band in this case has a complex profile and its
frequency range covers those of both I and Co partial PDOSs
(see Figs. 2 and 5). Moreover, a rather strong broadband
centered at =~1140 cm™' is pronounced in the Co-I spectra.
This band differs significantly from the spectral structures of
Co-ClI and Co-Br in the same frequency range and can hardly
be assigned to a single phonon or few overlapping phonon
lines. The most plausible explanation for these additional
broad spectral features is stronger disorder of Co-I structure,
which spreads not only over I, but also Co, and O(1) sites.

C. Instability modes

As already mentioned, the imaginary values of the E(1)
and F,(1) phonon frequencies obtained from the DFT calcu-
lations are indicative of structural instabilities. It is therefore
of definite interest to verify whether the displacements in-
volved in these computationally unstable modes are related
to the lattice distortions in the ferroelectric orthorhombic
phase.

Figure 6 shows a component of the triply degenerate

300 400

PHONON FREQUENCY (cm™)

F,(1) mode as obtained from the DFT calculations. Only X
and M atoms are shown as the displacements of B and O are
negligibly small. The vibrations of the X atoms in the F,(1)
mode are along the (111) diagonals of the cubic elementary
cell, whereas those of M atoms are along the cubic (100)
direction. These are exactly the displacements known to
freeze in the orthorhombic phase and to produce the ferro-
electric state.>? Therefore the F,(1) mode is closely associ-
ated with the dominant structural instability, and we call it
here the instability mode. Unfortunately, the F,(1) mode has
not been experimentally identified yet. More detailed studies
of the Raman spectra modification across the cubic-to-
orthorhombic phase transition are needed to clarify whether
this mode is an order-parameter soft mode that drives the
transition or it is simply a mode compatible with the cubic
phase structural instability. As regards the unstable modes
with E symmetry, they represent weaker instabilities of the
cubic phase (as already suggested by the relatively small
magnitude of their imaginary frequencies) that could either
(1) become stable once the material transits to its ferroelectric
phase or (ii) lead to structural phase transitions at lower tem-
peratures. Investigating such possibilities falls beyond the
scope of the present study.

[001],

]Fz(l) |

FIG. 6. (Color online) Atomic displacements of the triply degen-
erate F,(1) mode. The boron and oxygen atoms are not shown as
their motions do not contribute significantly to this mode.
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V. CONCLUSIONS

The combined experimental and theoretical studies of the
phonons in the cubic phase of Co-X (X=Cl,Br,I) boracites
allowed a reliable assignment of all features in the Raman
spectra to definite I'-point phonons or disorder-induced scat-
tering reflecting the density of states of selected phonon
branches. Given that the disorder scattering, related to X and
to some extent M, has been observed in all Raman studies of
cubic boracites, we conclude that the disorder over the halo-
gen sublattice is inherent for the cubic boracites. We also
identify computationally an instability F, mode that involves
exclusively motions of X and M atoms and atomic displace-
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ments mimicking the orthorhombic distortions of the ferro-
electric phase.
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