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Lattice dynamics and a magnetic-structural phase transition in the nickel orthoborate Ni3(BO3)2
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Nickel orthoborate Ni3(BO3)2 having a complex orthorhombic structure Pnnm (No. 58, Z = 2) of the kotoite
type is known for quite a long time as an antiferromagnetic material below TN = 46 K, but up to now its physical
properties including the lattice dynamics have not been explored. Six [NiO6] units of 2a and 4f types are
linked via rigid [BO3] groups and these structural particularities impose restrictions on the lattice dynamics and
spin-phonon interactions. We performed the symmetry analysis of the phonon modes at the center of the Brillouin
zone. The structural parameters and phonon modes were calculated using the DMOL3 program. We report and
analyze results of infrared and Raman studies of phonon spectra measured in all required polarizations. Most of the
even and odd phonons predicted on the basis of the symmetry analysis and theoretical calculations were reliably
identified in the measured spectra. Clear evidence of the spin-phonon interaction was found for some particular
phonons below TN. An unexpected emergence of several very narrow and weak phonon lines was observed in
the infrared absorption spectra exactly at the magnetic ordering temperature TN. Moreover, anomalous behavior
was found for some Raman phonons. The emergence of new phonon modes in the infrared and Raman spectra
exactly at TN proves the existence of a magnetostructural phase transition of a new type in Ni3(BO3)2. A possible
nature of this transition is discussed.
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I. INTRODUCTION

Oxyborates of transition metals and/or rare-earth metals
crystallize in a large variety of crystal structures and many of
them present interesting physical properties. These materials
are characterized by structural complexity due to the presence
of planar [BO3] or tetrahedral [BO4] highly covalent groups.
Depending on particular structural details, these groups play
an important role in the lattice dynamics, in modifying
the electronic structure, and in enhancing, decreasing, or
even destroying interactions between magnetic ions. Different
arrangements of the boron groups result in different dimen-
sionalities of crystallographic units and magnetic interactions
and lead to a rich variety of magnetic, optical, magneto-
optical, acoustical, and other properties. A good compilation
of experimental results on physical properties of magnetic and
nonmagnetic oxyborates published before the year 1993 was
given in Refs. [1,2].

Many oxyborates of transition and/or rare-earth metals have
crystal structures which originate from or are closely related
to minerals. In the trigonal mineral jeremejevite (eremeevite)
AlBO3 [3,4] the diamagnetic Al3+ ions can be totally replaced
by the magnetic Fe3+ ions resulting in an iron borate FeBO3,
which becomes antiferromagnetically ordered below TN =
348 K [5]. Another iron borate Fe3BO6, which is an antifer-
romagnet below TN = 508 K, is isostructural with the mineral
norbergite Al3BO6 [4,6]. Most of the other transition-metal
oxyborates are antiferromagnets with transition temperatures
much below the room temperature. In a magnesium-iron borate

mineral ludwigite Mg2FeBO5 [4,7], the diamagnetic Mg2+
ions can be substituted by the magnetic Mn2+, Fe2+, Ni2+,
and other ions making these materials magnetically ordered.
Several oxyborates with similar chemical composition crystal-
lize in the warwickite-type structure, for example, MgFeBO4

or a mixed-valence compound Fe2BO4 [4]. The orthorhombic
mineral kotoite Mg3(BO3)2 [8,9] is another example of
oxyborates in which the diamagnetic Mg2+ ions can be
substituted by several two-valence 3d ions leading typically to
an antiferromagnetic ordering in the range of TN ∼ 10 − 50 K
[1,2,10–12]. A very interesting particular case is a copper
metaborate CuB2O4 known for more than a century [13] but
only recently discovered as a mineral and named santarosaite
[14]. This material crystallizes in the noncentrosymmetric
tetragonal space group I-42d [15] and demonstrates a rich
variety of interesting and, in some sense, unique magnetic
and optical properties (see, e.g., Refs. [16–20] and references
therein). Surprisingly, only CuB2O4 crystallizes in this crys-
tal structure. Chemically similar transition-metal oxyborates
MB2O4 (M = Mn, Fe, Co, and Ni) can be synthesized
only under high-pressure and high-temperature conditions but
typically they possess a monoclinic structure (see, e.g., the
recent publication on MnB2O4 [21] and references therein).

There are two large interesting groups of oxyborates
which show multiferroic properties. In the mineral boracite
Mg3B7O13Cl [2,22], magnesium Mg2+ ions can be replaced
by bivalent 3d-magnetic ions resulting in numerous materials
with magnetoelectric and multiferroic properties [1]. The very
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recent publication [23] gives a remarkable review of this
group of materials. During the last decade, a large amount
of studies were devoted to structural, magnetic, dielectric,
and multiferroic properties of the rare-earth (R) oxyborates
RM3(BO3)4, where M = Fe3+, Cr3+, and Al3+. These mate-
rials crystallize in the noncentrosymmetric structure of the
mineral huntite CaMg3(CO3)4 [24,25]. Other examples of
complex magnetic oxyborates can be found in the literature,
for instance, an actively studied quantum antiferromagnet
SrCu2(BO3)2 [26,27], PbMBO4(M = Cr3+, Mn3+, and Fe3+)
[28,29], a recently synthesized LiMBO3 (M = Mn2+, Fe2+,
and Co2+) [30], and many others.

There are several cases which show that magnetic oxybo-
rates possess optical properties noticeably different from those
of simple transition-metal oxides. Let us fix on a couple
of examples. Thus, Fe3+ ion oxides, such as FeBO3 and
GdFe3(BO3)4, are highly transparent magnetic materials in
the visible spectral range [31,32], whereas the iron oxide
hematite α-Fe2O3 with the same crystal structure as FeBO3 is
completely opaque. On the other hand, Fe3BO6 is also opaque,
similar to α-Fe2O3, because of a larger relative concentration
of iron ions in comparison to FeBO3. In Sec. II D, we show
that the chemical “diluting” the cubic antiferromagnet NiO by
[BO3] groups leads to strong differences between the optical
properties of NiO and Ni3(BO3)2. Another example is an
opaque multiferroic antiferromagnet CuO with the band gap of
∼1.5 eV [33,34]. Broad d-d electronic bands due to transitions
between the states of the Cu2+ ions in the crystal field are ob-
served in RIXS experiments [35]. In contrast, CuB2O4, which
can be regarded as CuO “diluted” with [BO3] groups, demon-
strates a unique exceptionally rich fine electronic and vibronic
structure of d-d transitions [19,36,37]. Huntite-type rare-earth-
iron oxyborates show interesting optical properties of 4f ions
[38]. We conjecture that unusual optical properties of magnetic
borates are, at least in part, related to a particular distribution
of electronic density due to the presence of strongly covalent
[BO3] and [BO4] groups which serve as bridges between
magnetic groups. Several specific spectroscopic features of
electronic 3d and 4f transitions in oxyborates open up new
interesting opportunities for the studies of magnetic and
multiferroic materials (see, e.g., Refs. [17,18,32,38–41]).

In this paper, we present results on theoretical and ex-
perimental studies of the lattice dynamics of Ni3(BO3)2. An
antiferromagnetic (AFM) ordering in manganese, cobalt, and
nickel kotoites was reported for powder samples in Ref. [12].
Only recently, the results obtained on single crystals of
Ni3(BO3)2 and Co3(BO3)2 answered some questions about
the magnetic properties of these compounds [10,11]. However,
many other properties of magnetic kotoites remain unexplored.
Up to now, no reports are available on the phonon dynamics,
electronic structure, and optical properties of Ni3(BO3)2. In our
paper, we analyze the lattice dynamics at the � = 0 point of the
Brillouin zone (BZ) using the symmetry principles. We report
and analyze results on infrared reflection and absorption spec-
tra and Raman scattering spectra. The experimental results are
compared with ab initio theoretical calculations. We succeeded
in finding all even and odd phonons at the � = 0 BZ point of
this complex material. An unknown structural phase transition
has been found at the temperature TN = 46 K of the antifer-
romagnetic transition, which evidences an intriguing intrinsic
coupling between the lattice dynamics and magnetic ordering.

The paper is organized as follows. In Sec. II, we discuss
the crystal structure of Ni3(BO3)2 and give the symmetry
analysis of the phonon modes. Section III is devoted to the
description of experimental and computational details. In
Sec. IV, we present and discuss theoretical and experimental
results. Conclusions are given in Sec. V.

II. CRYSTAL STRUCTURE AND SYMMETRY ANALYSIS
OF THE PHONON MODES

A. Description of the crystal structure

The nickel orthoborate Ni3(BO3)2 and similar materials
with Ni2+ ion being replaced by the magnetic ions Mn2+
and Co2+ ions and nonmagnetic Mg2+ ion have been known
for quite a long time and their crystal structures at ambient
temperature were analyzed in several publications [22,42–45].
These materials crystallize in the orthorhombic system with
the kotoite-type structure. The point group is mmm(D2h), the
space group is Pnnm (No. 58), with two formula units in the
unit cell. The choice of the axes and their unit-cell values
slightly differ in published papers. In our paper, we adopt

FIG. 1. Visualizations of the Ni3(BO3)2 unit cell. (a) Isometric view, and projections of the unit cell, (b) along the a axis, (c) along the b

axis, and (d) along the c axis.
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the choice of the Pnnm group with the lattice parameters
a = 5.396 Å,b = 4.459 Å, and c = 8.297 Å, according to
Ref. [42].

Four pictures of the unit cell of Ni3(BO3)2 are shown in
Fig. 1. Projections along the three crystallographic axes allow
one to get clearer pictures of the coordination features. The
anionic structure consists of the corrugated oxygen planes
perpendicular to the [100] direction. These planes include
distorted triangular [BO3] units [see Fig. 1(b)]. Boron B3+
ions occupy the 4g positions with the m site symmetry. The
average B-O distance is equal to 1.38 Å, which is close to
the value 1.37 Å typical for other borates [46]. The chemical
bonding in these [BO3] units is predominantly covalent.

The Ni2+ ions in the unit cell are situated between the
anionic planes and occupy two different, Ni(2a) and Ni(4f ),
octahedral positions thus forming two nonequivalent sublat-
tices. The bonding within both [NiO6] groups is predominantly
ionic. We note that the 2a positions have the 2/m symmetry
possessing the center of inversion, and therefore the Ni(2a)
ions do not contribute to the Raman scattering process, whereas
the 4f positions have the symmetry 2 of the twofold axis with-
out the center of inversion. Octahedral arrangements at the both
positions are strongly distorted. These two octahedral groups
are linked together by their own edges and [BO3] units forming
a three-dimensional network. Therefore, Ni3(BO3)2 can be
considered as an ionic crystal and when analyzing its phonon
spectra we can separate the internal [BO3] modes and the
external lattice modes which include rotations and translations
of the [BO3] units and the displacements of the Ni2+ ions. A
more detailed description of the crystal structure with the bond
lengths and the valence angles can be found in Refs. [42–45].

B. Symmetry analysis of the phonon modes

Ni3(BO3)2 belongs to the point group mmm, space group
Pnnm (No. 58, Z = 2), and in our notations the z(c) axis is a
particular axis. There are 22 atoms in the primitive cell and the
symmetry analysis leads to the following distribution of the 66
phonon modes between the irreducible representations at the
� = 0 point of the Brillouin zone:

� = 8Ag(xx,yy,zz) + 8B1g(xy) + 7B2g(xz) + 7B3g(yz)

+ 7Au + 7B1u(z) + 11B2u(y) + 11B3u(x). (1)

After subtracting B1u(z) + B2u(y) + B3u(x) acoustic
modes, one gets 63 optical phonon modes. All four types of
the Raman modes, 26 infrared polar modes, and three acoustic
modes are nondegenerate. The seven Au modes are silent. All
four corresponding Raman tensors are symmetric and have the
following forms:

Ag =

⎛
⎜⎝

a 0 0

0 b 0

0 0 c

⎞
⎟⎠, B1g =

⎛
⎜⎝

0 d 0

d 0 0

0 0 0

⎞
⎟⎠,

(2)

B2g =

⎛
⎜⎝

0 0 e

0 0 0

e 0 0

⎞
⎟⎠, B3g =

⎛
⎜⎝

0 0 0

0 0 f

0 f 0

⎞
⎟⎠.

The [BO3] units have the m symmetry. However, they
are only slightly distorted with respect to the 6̄m2 planar

(a)

(b)

FIG. 2. (a) Six types of the normal modes of the [BO3]3− ideal
planar anion with the 6̄m2 symmetry [47]. (b) Distorted [BO3] group
with the m symmetry (dashed line). Numbers mark bond lengths (Å),
and out-of-plane shift of the boron ion.

configuration. Hence, one can suggest that their internal
vibrations must roughly obey the symmetry selection scheme
proposed for an isolated [BO3]3− anion (see Fig. 2). Fre-
quencies of normal vibrations of this anion were listed in
Ref. [47]. In the crystal lattice of Ni3(BO3)2, there are four
[BO3]3− anions in the unit cell, which results in the Davydov
(factor-group) splitting of each free-molecule vibration into
four crystalline modes. The correlational analysis shows that
the ν1 and ν2 modes, which are symmetric in respect to the
m plane, should manifest themselves in the Ag,B1g,B2u, and
B3u representations at about 939 and 765 cm−1, respectively.
The doubly degenerate ν3 and ν4 modes should split into
symmetric and antisymmetric components and appear at about
1260 and 672 cm−1, respectively. The symmetric components
are expected in the Ag,B1g,B2u, and B3u representations,
whereas the antisymmetric components must contribute to
the B2g,B3g,Au, and B1u representations. Thus, each Raman-
active vibration of the free [BO3] group generates a Raman
doublet in the crystal, either (Ag + B1g) or (B2g + B3g), but
each IR-active [BO3] vibration transforms into either a doublet
(B2u + B3u) or a singlet B1u in the infrared spectrum of the
crystal. All modes of the [BO3] group, derived using the
correlation analysis, are summarized in Fig. 3.

Among 12 Ni(2a)-O bond-stretching modes, one can
discriminate three pairs of TO-like modes, namely, 2(B2u +
B3u)+(Au + B1u), and six other modes (2Ag + B2g + 2B1g +
B3g), in which Ni(2a) atoms do not oscillate. The Ni-O bond
lengths in our compound are close to those in the cubic
NiO crystal (2.089 Å) [48]. Hence, one can suppose that
the TO-like Ni-O bond-stretching modes have frequencies of
about 400 cm−1, close to the TO frequency of the NiO crystal
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FIG. 3. Correlation scheme for the [BO3] group placed into the Cs symmetry position of the Ni3(BO3)2 unit cell having the D2h symmetry.

[49]. The 24 Ni(4f )-O bond-stretching modes are regularly
distributed over all eight symmetry representations with three
modes in each representation. No symmetry-based selection
rules exist for the Ni(4f )-O TO-like modes. In our analysis
of the results we will assume that all phonon modes with
frequencies below ∼400 cm−1 are external lattice modes. This
means that within these modes the [BO3]3−

anions oscillate
as quasirigid units and we should analyze rotations R and
translations T of the [BO3] groups and the displacements of
the Ni2+ ions (see Tables II–VIII).

III. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Infrared reflection and transmission experiments

Infrared reflection and transmission spectra were registered
in a broad spectral range using a Fourier-transform IR
spectrometer Bruker IFS 125HR. The measurements were
performed for different temperatures between 3 and 300 K
using a closed-cycle helium cryostat Cryomech ST403. A
helium-cooled bolometer for the far-infrared (FIR) spectral re-
gion 10–500 cm−1 and a liquid-nitrogen-cooled MCT detector
for the middle-infrared (MIR) spectral range 400–3000 cm−1

were used. A wire grid and a KRS-5 polarizer were used in
the FIR and MIR spectral regions, respectively.

Modeling of the reflection spectra using the REFFIT pro-
grams [50] allowed us to find parameters of the phonons.
The spectra were fitted by the least-squares method and
calculations were performed according to the equation

R(ω) =
∣∣∣∣
√

ε(ω) − 1√
ε(ω) + 1

∣∣∣∣
2

, (3)

where R(ω) is the reflection coefficient and ε(ω) is the complex
dielectric function, represented in the form of a sum of
independent damped oscillators as

ε(ω) = ε∞ +
N∑

j=1

fjω
2
j

ω2
j − ω2 + iγjω

. (4)

Here N is the total number of the oscillators and ωj ,fj , and
γj are the frequency, the oscillator strength, and the damping
constant of the j th oscillator, respectively. ε∞ is the high-
frequency dielectric constant.

B. Raman scattering experiments

Raman scattering spectra were measured in the range 40–
1600 cm−1 with the use of a Jobin-Yvon T64000 spectrometer
equipped with a cooled CCD camera. The argon-laser line
514.5 nm (2.41 eV) and the Nd:YAG-laser line 532 nm
(2.33 eV) were used for the excitation. A 50× objective was
employed both to focus the incident beam and to collect the
scattered light. Low-temperature spectra were recorded using
a helium closed-cycle cryostat (Cryo Industries, Inc.). All
measurements were done in the backscattering geometry for
various polarization settings.

C. Ab initio density functional theory calculations

In view of a mixed covalent-ionic bonding inherent to
the Ni3(BO3)2 compound we decided to use a computational
scheme based on the atomiclike basis sets. This implies using
the DMOL3 program [51] and the Perdew-Wang exchange-
correlation functional [52] within the local-density approxi-
mation. The double-numerical with polarization atomic basis
[53] was applied to ensure high accuracy of the computations.
The density functional theory (DFT) semicore pseudopotential
method was chosen as a compromise between computational
cost and accuracy of the simulations. The Monkhorst-Pack
grid [54] of 3 × 3 × 2 points in the k space was used
for the Brillouin zone sampling. In fact, we have tested
other DFT functionals and other basis sets implemented in
various program packages (CASTEP, ABINIT, CRYSTAL). Finally,
we have chosen the presented below DMOL3 results as best
agreeing with the available experimental data.

D. Samples

Several compounds are formed in the NiO-B2O3 system.
The nickel borate Ni3(BO3)2 has been known for more than
a century [13], whereas other borates, NiB2O4 and NiB4O7,
were synthesized only recently, under high-pressure and high-
temperature conditions [55,56]. For our studies, single crystals
of Ni3(BO3)2 were grown by a gas-transport method in the
evacuated quartz ampoules along with the nickel boracites
single crystals [16]. A polished rectangular-shaped sample
with dimensions of about 2 × 4 × 1 mm with the main
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TABLE I. Calculated optimized unit-cell parameters (Å), cell vol-

ume (Å
3
), and atomic positions in comparison with the experimental

data [42].

DFT Experiment [42]

a 5.39419 5.396
b 4.45751 4.459
c 8.29422 8.297
Volume 199.43 199.63
Ni(2a) 0 0 0 0 0 0
Ni(4f ) 0 0.5000 0.3150 0 0.5000 0.3157
B(4g) 0.2545 0.5418 0 0.2551 0.5439 0
O1(4g) 0.3239 0.2440 0 0.3243 0.2489 0
O2(8h) 0.2018 0.7023 0.1403 0.2011 0.7012 0.1399

orientations along the a(x), b(y), and c(z) axes was used for
all characterizations and measurements.

Structural characterization of the sample was done by x-ray
diffraction (XRD) using a SuperNova (Rigaku) diffractometer.
The measurements have confirmed a high quality of the sample
and have given lattice parameters a = 5.45, b = 4.46, and c =
8.36 Å in reasonable agreement with calculated and published
ones (see Table I). The heat capacity measurements were done
using a PPMS-14T (Quantum Design) system; the results are
shown in Fig. 4. These experiments in the temperature range 5–
300 K have revealed a phase transition at TN = 46.8 K, which
is in good agreement with previously published data [10].

No data are available in literature on the optical properties of
Ni3(BO3)2 in the near-infrared, visible, and ultraviolet spectral
regions, except a poorly resolved diffuse reflection spectrum
measured on a powder sample of Ni3(BO3)2 [57]. This
motivated us to perform preliminary ellipsometric and optical
absorption measurements using a Cary 2300 spectropho-
tometer. To make a comparison, similar measurements were
performed for a NiO single crystal in which the fundamental
band gap is positioned at 4 eV [58,59]. Our data showed a
strong shift of the band gap in Ni3(BO3)2 to a value more
than 5 eV. This resulted in a decrease of the refractive index
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FIG. 4. Molar specific heat of the Ni3(BO3)2 sample. Top inset:
Specific heat near the phase transition in zero magnetic field and with
a magnetic field B = 2 T along the z axis. Bottom inset: Single-crystal
XRD pattern for the h0l plane.

n = 1.91 in Ni3(BO3)2 in comparison to n = 2.39 in NiO,
both values at the photon energy of 2 eV.

Optical absorption measurements showed the presence of
three strong absorption bands at ∼1.07(3T2), 1.73(3T1

a), and
3.05(3T1

b) eV. These bands are due to the d-d transitions from
the ground 3A2 state of the Ni2+ ion in the crystal field [60,61].
These bands and a “green” transparency window around 2.3 eV
are similar to respective features observed in NiO and in other
nickel oxides [60–62]. The transparency window defines the
dark-green color of NiO and Ni3(BO3)2. We add that the above-
mentioned high-pressure borate NiB2O4 shows similar optical
features and is characterized as “light-green” [55].

IV. RESULTS AND DISCUSSION

A. DFT modeling of the structure and phonon states

The first stage of the calculations dealt with the geometry
optimization; the obtained structure parameters are listed in
Table I. An overall agreement is quite good, although the
computational results slightly underestimate the cell parame-
ters (by ∼0.1%).

The zone-center phonon states were calculated at the
theoretical equilibrium geometry. All frequencies were found
to be real. This result confirms the stability of the lattice (see,
however, Sec. IV D where we discuss a magnetostructural
phase transition at TN). The calculated frequencies and sym-
metry assignments of the IR and Raman phonons are listed in
Tables II–VIII. References to the corresponding [BO3] internal
modes are shown in the columns “Assignment” of the tables. It
is seen that the frequency and symmetry distributions of these
modes obey well the predictions put forward in Sec. III, even
though the frequency intervals between the ν2 and ν4 groups
are very close.

The atomistic pattern of the lattice modes below 400 cm−1

is shown in Tables II–VIII by indicating the predominant
types of motions, namely, translations Tx,Ty , and Tz of the
Ni ions and [BO3] units and rotations Rx,Ry , and Rz of the
latter. One can see that the lowest-frequency modes involve
predominantly translations, whereas the highest-frequency
lattice modes correspond to librations of the [BO3] units. The
modes with antiparallel translations of anions and cations,
which correspond to the largest oscillations of the dipole
moment, are highlighted in bold. Hence, the assignments of the

TABLE II. Parameters of the B1u modes found from the IR spectra
(T = 293 K) and ab initio DFT calculations. Frequencies ωj (cm−1),
damping constants γj (cm−1), oscillator strengths fj , and ε∞z were
found from the fitting calculations using the model of attenuated
oscillators, Eq. (4).

DFT Experiment Assignment

ωj (TO) γj fj Ni(2a) Ni(4f ) [BO3]

200.1 200a 5.2 0.006 Tz Tz

329.5 340 16.4 1.98 Tz Tz Tz

334.5 354 19.1 0.08 Ry

463.9 513a 13.6 0.02 Ry

572.2 603 4.7 0.033 ν4
1146.8 1146 20.6 0.765 ν3

aVery weak line.
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TABLE III. Parameters of the B2u modes found from the IR
spectra (T = 293 K) and ab initio DFT calculations.

DFT Experiment Assignment

ωj (TO) γj fj Ni(2a) Ni(4f ) [BO3]

128.6 132 1.8 0.071 Tx Tx Tx

203.1 208 2 0.161 Ty Ty

229.9 245 11.2 0.07 Tx Tx

325.8 342 3.1 0.65 Tx Tx

359.5 372 8.6 2.06 Ty Ty Ty

403.4 420 7.5 0.054 Rz

577.6 575a 55.6 0.023 ν4

642.1 691 10.5 0.164 ν2

872.0 896a 33.4 0.011 ν1

1232.9 1244 20.9 0.938 ν3

aVery weak line.

observed spectral lines to the calculated phonon modes were
done relying on the frequency and symmetry correspondence.
The established relations are discussed below.

B. Infrared reflection spectra

Figure 5 shows the infrared reflection spectra of Ni3(BO3)2

measured at room temperature for the three main polarizations
of light, E(ω) ‖ x, y, and z. All three spectra are different, thus
demonstrating a distinct infrared anisotropy as a consequence
of the orthorhombic crystal symmetry. The modeling of the
reflection spectra, performed as described in Sec. III A resulted
in the three sets of phonon parameters (TO frequencies ωj ,
damping coefficients γj , and oscillator strengths fj ) for the IR-
active phonons of the three different symmetries, B1u,B2u, and
B3u, as well as in the values of optical high-frequency dielectric
constants ε∞i ,i = x,y, and z, for the three polarizations of
light, E(ω) ‖ x, y, and z, respectively. Using thus obtained
sets of phonon parameters, we have calculated, according to
Eq. (4), the static dielectric constants ε0i and the real and
imaginary parts of dielectric function ε(ω) = ε1i(ω) − iε2i(ω).
They are represented in Fig. 6. Tables II–IV list the phonon
parameters obtained from the experimental reflection spectra.
The data on phonon frequencies are compared with the results
of theoretical calculations.

TABLE IV. Parameters of the B3u modes found from the IR
spectra (T = 293 K) and ab initio DFT calculations.

DFT Experiment Assignment

ωj (TO) γj fj Ni(2a) Ni(4f ) [BO3]

145.2 149 1.0 0.022 Ty Ty

198.9 202 2.6 0.043 Ty Ty

244.1 255 2.9 0.443 Tx Tx

309.3 327 7.4 1.98 Tx Tx Tx

358.8 375 5.3 0.187 Ty Ty Ty

371.6 396 5.1 0.174 Rz

576.8 611 9.9 0.614 ν4

650.6 696 13.7 0.395 ν2

873.1 – – – ν1

1239.6 1252 15 0.074 ν3

TABLE V. Comparison of calculated and experimental frequen-
cies (cm−1) of the Ag phonons.

Assignment

DFT Experiment Ni(4f ) [BO3]

223.20 238 Tz Tx

264.50 278 Ty

326.00 351 Rz

377.40 403 Tx

638.10 681 v4
708.20 766 v2
886.30 912 v1
1225.90 1238 v3

TABLE VI. Comparison of calculated and experimental frequen-
cies (cm−1) of the B1g phonons.

Assignment

DFT Experiment Ni(4f ) [BO3]

268.30 283 Tz

289.90 310 Ty

347.80 372 Rz

384.10 415 Tx

635.80 690 v4
708.70 777 v2
889.20 915 v1
1245.20 1256 v3

TABLE VII. Comparison of calculated and experimental frequen-
cies (cm−1) of the B2g phonons.

Assignment

DFT Experiment Ni(4f ) [BO3]

153.50 158 Ty

198.10 205 Tx Tz

275.40 287a,b Tz,Ry

321.5 337 Tz Tz,Ry

377.40 400a Rx

533.20 553 v4
1142.10 1142 v3

aShoulderlike phonon.
bClearly observed at low temperatures.

TABLE VIII. Comparison of calculated and experimental fre-
quencies (cm−1) of the B3g phonons.

Assignment

DFT Experiment Ni(4f ) [BO3]

146.80 151 Tx Ry

189.60 189 Ty Tz

225.60 231 Tz

308.2 311 Ry

397.90 421 Rx

557.10 584a v4
1127.00 1128 v3

aClearly observed at low temperatures.
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FIG. 5. Room-temperature infrared reflection spectra of Ni3(BO3)2 measured with the polarizations of the incident light (a) E(ω)‖z (thick
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modes. Here, an arrow points to a feature at 777 cm−1 (see the text, Sec. IV C). Spectra are compared with fitting calculations (thin black lines)
based on a model of damped oscillators [see Eq. (4)]. Vertical dashed lines show frequencies obtained from the ab initio DFT calculations.

Results presented in Tables II–IV show that for every
computed odd mode there is a counterpart among the observed
IR-active phonon modes. Some modes are very weak in the
reflection spectra but are clearly visible in the absorption
spectra (see, e.g., Fig. 9). Frequency differences between the
experimental and calculated values are ∼17 cm−1 on average.
In each of the B1u,B2u, and B3u spectra, one very intense IR
line dominates in the region of external lattice vibrations (these
lines are highlighted by bold in Tables II–IV). Evidently, the

corresponding phonon modes involve antiparallel oscillations
of the anions [BO3]3−

and cations Ni2+ in the three orthogonal
directions, x, y, and z. This suggestion is confirmed by the
analysis of the corresponding eigenvectors. We remind one that
the frequency of the TO mode in NiO is equal to ∼400 cm−1. A
lower value of the corresponding frequency in Ni3(BO3)2 may
be caused by a larger mass of the anions. The value of ε∞x =
3.6 obtained from IR experiments agrees well with the results
of the ellipsometry measurements, discussed in Sec. III D.

(a)

(b)

(c)

FIG. 6. Dielectric functions of Ni3(BO3)2 at room temperature calculated according to Eq. (4), with the use of phonon parameters obtained
from the modeling of reflectance spectra corresponding to polarizations of the incident light (a) E(ω)‖z, (b) E(ω)‖y, and (c) E(ω)‖x. Vertical
dashed lines show frequencies obtained from the ab initio DFT calculations.
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An interesting feature is observed in the E(ω)‖z reflection
spectrum of the B1u modes: the highest-frequency strong
reflection band originating from the ν3 internal vibration of the
[BO3]3−

group is split into two equally intense bands. Most
probably, we are dealing with the Fermi resonance between
the vibrational mode ν3(1146 cm−1, B1u) and the two-particle
excitation ν4(611 cm−1, B3u) + ν4 (553 cm−1,B2g) of the same
symmetry (B3u × B2g = B1u) [63,64] (for the frequencies of
the B2g Raman modes, see Table VII in Sec. IV C).

C. Raman scattering spectra

To the best of our knowledge, only one work dedicated
to Raman scattering of the kotoite M3(BO3)2 family was
published [9]. The authors studied infrared and Raman
unpolarized spectra of several samples of the kotoite natural
mineral Mg3(BO3)2. Both types of the spectra were very
complicated, first of all, as a result of overlap of modes
of different symmetries, and to some degree due to the
adsorbed water and impurities inevitably present in minerals.
No symmetry analysis was done. According to our analysis for
Ni3(BO3)2 [see Eq. (1)], there are 30 Raman-active modes at
the Г point, namely, eight Ag , eight B1g , seven B2g , and seven
B3g . Based on the crystal symmetry, the Ag modes are expected
to be observed in the diagonal polarization spectra, while Bg

modes should manifest themselves in the off-diagonal spectra.
According to orthorhombic Raman tensors [see Eq. (2)], the
intensities of the Ag modes for each parallel polarization
(xx),(yy), and (zz) should be different. We remind one that
no modes are expected in the scattering spectra related to the
Ni(2a) ions in the centrosymmetric positions.

Room-temperature polarized Raman spectra of Ni3(BO3)2

registered in various polarization settings are collected in
Figs. 7 and 8. The results of the ab initio calculations are
shown by vertical dashed lines with relevant frequency values

written in the upper part of the figures. Frequencies of the
observed modes are also indicated at the spectra. We note
that all Raman spectra show more lines than expected and we
relate this fact to the specificity of the micro-Raman technique
and to a possible small misalignment of the crystal axes.
It is obvious that results of the calculations underestimate
frequencies of all Raman-active phonon modes, with the
mean and the largest values of discrepancy 20 and 70 cm−1,
respectively. Nevertheless, unambiguous assignment of the
observed modes could be done, which was the main goal of
these first calculations on a complicated kotoite structure. In
fact, we have tested other DFT functionals and other basis sets
implemented in various program packages (CASTEP, ABINIT,
CRYSTAL). Finally, we have chosen the presented DMOL3
results as the best agreeing with the available experimental
data. The ab initio and experimental results are confronted in
Tables V–VIII. The most intense line for each polarization is
marked in bold.

Figure 7 shows Raman spectra measured in the y(xx)ȳ,
z(yy)z̄, and x(zz)x̄ parallel polarization settings in the spectral
range from 120 to 1300 cm−1. The first two spectra in Fig. 7
are similar in their general features except for small intensity
differences. They are characterized, first of all, by the most
intense 912 cm−1 line, and by five weaker lines 278, 351,
403, 681, and 1238 cm−1. Taking into account the results of
the ab initio calculations, the line 766 cm−1 from the doublet
766/777 cm−1 should be assigned to one of the Ag modes.

The third x(zz)x̄ spectrum in Fig. 7(c) shows significant
changes in comparison with the previous ones. First of
all, an intense 238 cm−1 line appears which is practically
missing in the previous spectra. The intensity of the 402 cm−1

line strongly increased, while the intensity of the 351 and
1238 cm−1 lines, on the contrary, decreased. Several weak
narrow lines are attributed to the leakage from off-diagonal
modes. Weak broad features in the region of about 600 cm−1
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FIG. 8. Room-temperature Raman scattering spectra of Ni3(BO3)2 measured in off-diagonal polarizations representing (a) B1g (red line),
(b) B2g (green line), and (c) B3g (blue line) modes.

and ∼1500 cm−1 can be related to multiphonon scattering
processes.

Figure 8 shows the off-diagonal Raman spectra which
should reflect the eight B1g (xy), seven B2g (zx), and seven
B3g (yz) modes. Characteristic marks of the z(xy)z̄ spectrum
are the most intense line at 310 cm−1 and a weaker one
at 690 cm−1. We assign the high-frequency line from the
766/777 cm−1 doublet to the B1g mode because the intensity
of the 777 cm−1 line exceeds that of 766 cm−1 for the given
polarization. Moreover, the existence of two close modes,
at 708.2 (Ag) and 708.7 cm−1 (B1g), corresponding to the
Raman Davydov doublet originating from the ν2 vibration of
a free BO3 molecule, is predicted by ab initio calculations.
According to the calculations, a pair of closely located Ag

and B1g modes is expected at 886 and 889 cm−1, respectively.
But in the experimental spectra we observe a strong feature
at 912–915 cm−1 which should be assigned to the calculated
modes. In fact, deconvolution of this feature confirms a
presence of the two overlapping modes, at 912 and 915 cm−1.
This strong line can be observed in all polarizations, which
may point to a partial breaking of the selection rules. In
particular, a local breaking of the inversion symmetry (due to,
e.g., lattice defects) could explain the presence of the mode
777 cm−1, assigned to the B1g Raman-active vibration, in the
B3u IR spectrum (see Fig. 5). The wide 1256 cm−1 line is the
highest-frequency line in the both the IR and Raman spectra.

Figure 8(b) shows a Raman spectrum taken in the y(zx)ȳ
setting. There are three intense lines, at 158, 205, and
337 cm−1, the latter being the most intense one for the given
polarization. Deconvolution of the spectra has revealed two
additional very weak shoulderlike lines, at 287 and 400 cm−1.
Figure 8(c) displays a Raman spectrum in the x(yz)x̄ setting.
A characteristic mark of this spectrum is a very intense line at
189 cm−1 with two other intense lines, at 231 and 1128 cm−1.
Also, a weak shoulderlike line at 311 cm−1, and a broad
low-intensity feature at 584 cm−1 are present in the B3g

spectrum. The line at 151 cm−1 is the lowest-frequency Raman
line in the spectra of Ni3(BO3)2.

Off-diagonal polarization spectra show a leakage of intense
lines from the diagonal polarization. For more reliable sep-
aration of all modes and for getting additional information
about their temperature dependence (see also Sec. IV D)
we have performed scattering experiments below the room
temperature. As the temperature is lowered, the phonon modes
sharpen and the presence of the B2g lines at 287 and 400 cm−1,
and B3g lines at 311 and 584 cm−1 becomes evident in
the spectra. Most phonon lines show usual hardening and
narrowing upon decreasing the temperature down to 10 K;
however, some of them behave anomalously and are discussed
next in Sec. IV D.

From the Raman scattering results shown above one
can deduce the following conclusions. For all the observed
Raman lines, counterparts among the computed Raman-active
modes can be found, although DFT computations system-
atically underestimate phonon frequencies. Computational
results suggest that the doublet spectral structure observed at
766/776 cm−1 corresponds to the Ag and B1g modes computed
at 708.2 and 708.6 cm−1. A similar case is with the broad line
near 912 cm−1. According to calculations, this line is derived
from overlapping of the Ag and B1g phonons that correspond to
the Raman Davydov doublet originating from the ν1 vibration
of a free BO3 molecule. These lines are observed in the spectra
for both parallel and crossed polarizations, which may point
to breaking of the selection rules.

D. Magnetostructural phase transition at TN = 46 K and the
spin-phonon interaction

Experimental observation of doubling of the magnetic cell
[12], competition between ferromagnetic and AFM exchange
interactions, and the existence of frustrating (disordering)
interactions between magnetic Ni2+ ions in nonequivalent
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transmission spectra are due to the interference of incident radiation in
a parallel-sided sample. The inset shows the temperature dependence
of the intensity of a new phonon line at 162 cm−1.

octahedral positions [10] may serve as a hint of coupling
between magnetic and lattice subsystems which may find
manifestation in the phonon spectra. Low absorption of
Ni3(BO3)2 in the FIR region provided us with a possibility
to measure the transmission spectra by using a sample with a
thickness of ∼1 mm. This allowed us to observe fine changes
in the phonon spectra nondetectable in the reflection measure-
ments. Figure 9(a) shows transmission spectra of Ni3(BO3)2

at temperatures 50 and 40 K, just above and below the
temperature of the AFM ordering at TN = 46 K, respectively,
measured with the polarization of the incident light E(ω)‖x.
The corresponding intensity map in the frequency-temperature
axes is presented in Fig. 9(b). Exactly at TN = 46 K, a striking
appearance of narrow weak satellites at 162 and 212 cm−1 in
close vicinity of two strong phonon absorption lines is clearly
visible. The new lines grow in intensity with further lowering
the temperature [see inset in Fig. 9(b)]. However, they do not
show any noticeable softening or hardening of their positions
and therefore cannot be regarded as “soft” phonon modes.
Both satellite lines at 162 and 212 cm−1 are very narrow and
have a width of about 1.0 and 0.5 cm−1, respectively. The
frequency and the temperature behavior of these new modes is
in favor of their interpretation as new phonons which appear
as a result of a structural phase transition into a less symmetric
crystallographic phase. The narrowness of the lines at 162 and
212 cm−1 is typical for the so-called folded modes associated
with a folding of the Brillouin zone due to a doubling of the
unit cell [65–67]. In this case, lattice phonons from the edge
of the BZ fold to the � = 0 point and become allowed and
observable in the FIR absorption spectra.

In contrast to the absence of any noticeable softening or
hardening of the new folded phonons, some of the “old”
phonons demonstrate an additional shift of their frequency
in the reflection spectra below the temperature of the mag-
netic phase transition. Figure 10 shows that, along with a
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FIG. 10. Frequency vs temperature dependence of the B3u mode
near 255 cm−1 (red dots) active in the E(ω)‖x polarization and
assigned to the Tx translations of the Ni(2a) ions and [BO3] groups.
Blue dots show the first derivative dω/dT of the phonon frequency,
which emphasizes a frequency-shift anomaly at TN. Lines are guides
to the eye.

regular hardening of the B3u phonon at 255 cm−1(T = 250 K)
assigned to the Tx translations of the magnetic Ni(2a) ions and
the [BO3] groups (see Table IV), a noticeable frequency shift of
0.7–1.0 cm−1 is observed below TN. Evidently, the mentioned
translations modulate the superexchange interaction between
the magnetic Ni2+ ions (see Fig. 1). This affects elastic
constants and, hence, phonon frequencies [39,65,68].

Next, we focus on the temperature dependence of the
B1g Raman-active phonon lines. The results were obtained
by fitting spectra to Voigt line shape profiles. The majority
of phonon lines show a usual hardening of about 2–4 cm−1

(mostly due to anharmonic phonon decay [69]) and line nar-
rowing upon decreasing temperature down to 10 K. However,
six phonons of different symmetries in the 20–600 cm−1 range
display an anomalous behavior. Figure 11 shows the Raman
spectra in the temperature range 10–50 K, which manifest a
strong increase of intensity of forbidden B2g phonons in the
B1g spectra below TN, but without any noticeable frequency
shift. It is important to say, that only B2g phonons show
such behavior but no other allowed and forbidden phonons.
This observation differs from a usual manifestation of the
spin-phonon interaction (shown, for example, in Fig. 10) and
strongly suggests a crystallographic symmetry lowering at TN.

All these observations of temperature dependences of
different phonons in the infrared and Raman spectra serve
as clear evidence that the magnetic ordering of Ni3(BO3)2

is accompanied by a structural phase transition. Although a
magnetic phase transition and a doubling of the magnetic unit
cell along the b and c axes were established in neutron and
magnetization measurements [12,10], no structural transition
was noticed. It is worth mentioning, however, that conventional
x-ray and neutron-diffraction experiments in many cases fail to
detect small atomic displacements. For example, it has recently
been demonstrated for the rare-earth (R) iron oxyborates
RFe3(BO3)4, using hard x-ray scattering technique [70].

Only a few examples are known of magnetostructural phase
transitions in nonmetallic compounds. The most known one
is probably the spin-Peierls transition in half-integer spin
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value AFM chain compounds. The appearance of folded
phonon modes was observed at the spin-Peierls transition
in CuGeO3(Cu2+ ion, S = 1/2) [66,71] and at the spin-
Peierls-like transition (accompanied by a charge ordering)
in α′-NaV2O5 [67]. Another example is a magnetostructural
transition in the geometrically frustrated Heisenberg antifer-
romagnet on the pyrochlore network ZnCr2O4, which has
been explained in terms of a spin-driven Jahn-Teller effect
bearing a resemblance to the spin-Peierls instability in spin
chains [72]. Thermally and light-induced magnetostructural
transitions were observed in so-called “breathing crystals”
(based on copper-organic-nitroxide exchange-coupled clusters
within the polymeric chains) and explained by an interplay of
exchange interaction between copper spins and the Jahn-Teller
nature of copper complexes [73].

The Ni2+ ion of Ni3(BO3)2 has an integer spin value S = 1
which rules out the spin-Peierls scenario. A singlet ground
state 3A2 of the Ni2+ ion in the octahedral crystal field [60,61]
eliminates the Jahn-Teller effect as well. All this suggests that
we are dealing with a new type of magnetostructural phase
transition which to the best of our knowledge has never been
observed before in the nickel nonmetallic compounds. Though
the data on Ni3(BO3)2 are scarce, in what follows we will
qualitatively discuss a possible mechanism of the observed
magnetostructural phase transition.

Neutron-diffraction patterns of Ni3(11BO3)2 powder sam-
ples (specially prepared with the 11B isotope to avoid a large
neutron capture cross section of 10B) taken at 6 K have revealed
magnetic reflections that could be indexed in a (a × 2b × 2c)
magnetic unit cell [12]. However, powder pattern intensity data
are insufficient for a complete determination of a complex
magnetic structure. Recently, magnetization measurements

on the Ni3(BO3)2 single crystals have shown that, below
TN = 46 K, magnetic moments of the nickel ion order along the
z(c) direction (in our notations, see Sec. II B). It was found that
the paramagnetic Curie temperature is very low � = −7.5 K
and does not depend on the direction of the applied magnetic
field [10]. The authors of Ref. [10] have performed a group-
theoretical analysis of possible magnetic structures and applied
a simple indirect-coupling model to analyze the magnetic
structures allowed by symmetry and to estimate the exchange
interactions. They have found competing ferromagnetic and
antiferromagnetic exchange interactions in the system, which
could explain a small value of � as compared to TN.
The magnetic structure compatible with both the symmetry
predictions and the (a × 2b × 2c) magnetic unit cell found
from neutron scattering powder data [12], as well as with
the results of magnetic measurements [10] can be described
as follows. The chains of interconnected triangles formed
by nickel ions -Ni(2a)-2Ni(4f )- are running along the x(a)
axis with the magnetic moments of both nickel subsystems
being oriented ferromagnetically along the z(c) axis. The
neighboring chains are coupled via multiple exchange paths
delivering competing ferromagnetic and antiferromagnetic
interactions, some of them being frustrated (see Fig. 6 in
Ref. [10]). In the magnetically ordered state, a collinear antifer-
romagnetic ordering of neighboring ferromagnetically ordered
chains along the y(b) and z(c) directions takes place, and the
antiferromagnetic phase possesses the Pa21/c magnetic space
symmetry group with a doubled primitive cell (2b, − a, b + c,
0, 0, 0) relative to that of the paramagnetic phase Pnnm.

On the basis of these findings, we could suggest the
following scenario for Ni3(BO3)2. Highly frustrated interac-
tions between the ferromagnetic nickel chains prevent a long-
range ordering in the system, whereas short-range magnetic
fluctuations develop. An interaction of these fluctuations with
lattice instability at some point of the BZ triggers a structural
phase transition which, in its turn, removes frustrations and a
long-range magnetic order is established.

On the assumption of the magnetic space group Pa21/c

(No. 14.80), we find that the corresponding group for atomic
positions is P 21/c (No. 14). In this case, the number of
phonon modes at the BZ center is doubled. The symmetry
analysis results in the following irreducible representations
and selection rules:

132� = 30Ag(xx,yy,zz,yz) + 36Au(x) + 30Bg(xy,xz)

+ 36Bu(y,z). (5)

Acoustic modes are Au + 2Bu. Correspondence of these
low-temperature (LT) modes relevant to phonons below TN

with those of the paramagnetic high-temperature (HT) phase
is described by the following relations:

30Ag(LT) = 8Ag(HT) + 7B3g(HT) + 15M,

30Bg(LT) = 8B1g(HT) + 7B2g(HT) + 15M,
(6)

36Au(LT) = 7Au(HT) + 11B3u(HT) + 18M,

36Bu = 7B1u(HT) + 11B2u(HT) + 18M,

whereМ stands for “the folded” modes from the (0,½,½) point
of the BZ, and x, y, and z refer to the axes of the paramagnetic
phase Pnnm).
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Inspection of the relations (6) shows that (i) IR- and
Raman-active modes from the paramagnetic phase do not mix
and remain separated; (ii) IR-active LT Au modes include
IR-inactive Au silent modes from the paramagnetic phase;
and (iii) Raman-active LT Bg modes consist of both B1g and
B2g modes of the paramagnetic phase, not counting folded
modes. Our experimental data are in agreement with all these
conclusions. In particular, the appearance of the B2g(HT)
modes in the (xy) LT Raman spectrum is observed (see
Fig. 11). The new 162 and 212 cm−1 IR modes (see Fig. 9)
could be either formerly silent Au modes (ab initio calculated
frequencies are at 161 and 199 cm−1), or folded modes.
Thus, the phase transition at TN = 46 K may be characterized
as a magnetostructural transition when both magnetic and
structural order parameters are involved. No doubt that further
detailed experimental and theoretical studies are necessary to
confirm or invalidate the suggested scenario for this intriguing
phase transition.

V. CONCLUSIONS

To summarize, we have carried out a comprehensive study
of the lattice phonons at the center of the Brillouin zone for
a multisublattice antiferromagnet Ni3(BO3)2 with a complex
orthorhombic crystal structure in which magnetic Ni2+ ions
occupy two distinct 2a and 4f positions. Single crystals
were characterized by a spectroscopic ellipsometry technique
in the range of 0.6–5.6 eV and showed substantial changes
of the dielectric functions in comparison to the simplest
nickel oxide NiO. Experimental studies were performed
using infrared reflection and transmission, as well as Raman
scattering spectroscopy. The obtained results were supported
by theoretical ab initio DFT calculations. All the odd and
even phonons predicted by the symmetry analysis were found
experimentally and their one-to-one correspondence to the
calculated modes was established. These results have delivered
knowledge on eigenvectors of particular observed lattice
vibrations. The appearance of several new phonon modes

and anomalous behavior of some of the “old” phonons at the
antiferromagnetic ordering temperature TN = 46 K and below
delivered clear proof of a structural phase transition intimately
related to magnetic ordering of Ni3(BO3)2. This structural
transition was not noticed in previous studies. Obviously, it
is associated with the interaction between magnetic and lattice
subsystems in Ni3(BO3)2. Coupling of magnetic fluctuations
in quasi-one-dimensional ferromagnetic chains formed by
Ni(2a)-2Ni(4b) triangles, interconnected by highly frustrated
antiferromagnetic interactions, to an unstable phonon branch
could be a driving force of this magnetostructural phase
transition. This force removes frustrations and, thus, promotes
a three-dimensional magnetic ordering. In addition, clear
evidence of the spin-phonon interaction was observed below
TN for particular phonons and these results support the
scenario of a complicated coupling between the lattice and spin
dynamics in Ni3(BO3)2. We believe that our observations and
conclusions will stimulate further theoretical and experimental
studies of not only Ni3(BO3)2 but also other materials with the
kotoite structure.
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[14] J. Schlüter, D. Pohl, and U. Golla-Schindler, Santarosaite,
CuB2O4, a new mineral with disordered structure from the Santa
Rosa mine, Atacama desert, Chile, Neues Jahrb. Mineral., Abh.
185, 27 (2008).

[15] M. Martinez-Ripoll, S. Martinez-Carrera, and S. Garcia-Blanco,
The crystal structure of copper metaborate, CuB2O4, Acta
Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 27, 677
(1971).

[16] R. V. Pisarev, V. V. Druzhinin, S. D. Prochorova, N. N.
Nesterova, and G. T. Andreeva, Crystal field theory and optical
absorption of xobalt and nickel boracites, Physica Status Solidi
B 35, 145 (1969).

[17] N. N. Nesterova, R. V. Pisarev, and G. T. Andreeva, Optical
absorption of ferroelectrical copper and chromium boracites,
Physica Status Solidi B 65, 103 (1974).

[18] R. V. Pisarev, V. V. Druzhinin, N. N. Nesterova, S. D.
Prochorova, and G. T. Andreeva, Optical absorption of ferro-
electrical iron boracites, Physica Status Solidi B 40, 503 (1970).

[19] K. N. Boldyrev, R. V. Pisarev, L. N. Bezmaternykh, and
M. N. Popova, Antiferromagnetic Dichroism in a Complex
Multisublattice Magnetoelectric CuB2O4, Phys. Rev. Lett. 114,
247210 (2015).

[20] R. V. Pisarev, I. Sänger, G. A. Petrakovskii, and M. Fiebig,
Magnetic-Field Induced Second Harmonic Generation in
CuB2O4, Phys. Rev. Lett. 93, 037204 (2004).

[21] S. C. Neumair, L. Perfler, and H. Huppertz, Synthesis and charac-
terization of the manganese borate α-MnB2O4, Z. Naturforsch.
66, 882 (2011).

[22] T. Ito, N. Morimoto, and R. Sadanaga, The crystal structure of
boracite, Acta Crystallogr. 4, 310 (1951).

[23] W. Schnelle and H. Schmid, Magnetic and structural phase tran-
sitions of multiferroic boracites M3B7O13X (M = 3d transition
metal Cr-Zn or Mg; X = halogen Cl, Br, I), Phys. Rev. B 91,
184411 (2015).

[24] J. A. Campa, C. Cascales, E. Gutierrez-Puebla, M. A. Monge, I.
Rasines, and C. Ruiz-Valero, Crystal structure, magnetic order,
and vibrational behavior in iron rare-earth borates, Chem. Mater.
9, 237 (1997).

[25] G. T. Faust, Huntite, Mg3Ca(CO3)4, a new mineral, Am.
Mineral. 38, 4 (1953).

[26] H. Kageyama, K. Yoshimura, R. Stern, N. V. Mushnikov,
K. Onizuka, M. Kato, K. Koguse, C. P. Slichter, T. Goto, and
Y. Ueda, Exact Dimer Ground State and Quantized Mag-
netization Plateaus in the Two-Dimensional Spin System
SrCu2(BO3)2, Phys. Rev. Lett. 82, 3168 (1999).

[27] K. Kodama, M. Takigawa, M. Horvatic, C. Berthier,
H. Kageyama, Y. Ueda, S. Miyahara, F. Becca, and F. Mila,
Magnetic superstructure in the two-dimensional quantum anti-
ferromagnet SrCu2(BO3)2, Science 298, 395 (2002).

[28] H. Park, R. Lam, J. E. Greedan, and J. Barbier, Synthesis,
crystal structure, crystal chemistry, and magnetic properties of
PbMBO4(M = Cr, Mn, Fe): A new structure type exhibiting
one-dimensional magnetism, Chem. Mater. 15, 1703 (2003).

[29] A. Pankrats, K. Sablina, D. Velikanov, A. Vorotynov, O.
Bayukov, A. Eremin, M. Molokeev, S. Popkov, and A. Krasikov,

Magnetic and dielectric properties of PbFeBO4 single crystal, J.
Magn. Magn. Mater. 353, 23 (2014).

[30] L. Tao, J. R. Neilson, B. C. Melot, T. M. McQueen, C. Masque-
lier, and G. Rousse, Magnetic structures of LiMBO3(M =
Mn, Fe, Co) lithiated transition metal borates, Inorg. Chem. 52,
11966 (2013).

[31] P. A. Markovin, A. M. Kalashnikova, R. V. Pisarev, and
T. Rasing, Optical study of the electronic structure and magnetic
ordering in a weak ferromagnet FeBO3, JETP Lett. 86, 712
(2008).

[32] A. M. Kalashnikova, V. V. Pavlov, R. V. Pisarev, L. N.
Bezmaternykh, M. Bayer, and T. Rasing, Linear and nonlinear
optical spectroscopy of gadolinium iron borate GdFe3(BO3)4,
JETP Lett. 80, 293 (2004).

[33] F. Marabelli, G. B. Parravicini, and F. Salghetti-Drioli, Optical
gap of CuO, Phys. Rev. B 52, 1433 (1995).

[34] T. Kimura, Y. Sekio, H. Nakamura, T. Siegrist, and A. P.
Ramirez, Cupric oxide as an induced-multiferroic with high-TC,
Nat. Mater. 7, 291 (2008).

[35] S. Huotari, L. Simonelli, C. J. Sahle, M. M. Sala, R. Verbeni,
and G. Monaco, Temperature dependence of crystal field
excitations in CuO, J. Phys.: Condens. Matter. 26, 165501
(2014).

[36] R. V. Pisarev, A. M. Kalashnikova, O. Schöps, and L. N.
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[44] W. Götz, Raumgruppenbestimmung des Nickelborates
Ni3(BO3)2, Naturwissenschaften 50, 567 (1963).

[45] H. Effenberger and F. Pertlik, Verfeinerung der kristallstrukturen
der isotypen verbindungen M3(BO3)2 mit M = Mg, Co und Ni
(strukturtyp: kotoit), Z. Kristallogr. 166, 129 (1984).

134306-13

http://dx.doi.org/10.1002/pssb.19660160140
http://dx.doi.org/10.1002/pssb.19660160140
http://dx.doi.org/10.1002/pssb.19660160140
http://dx.doi.org/10.1002/pssb.19660160140
http://dx.doi.org/10.1127/0077-7757/2008/0110
http://dx.doi.org/10.1127/0077-7757/2008/0110
http://dx.doi.org/10.1127/0077-7757/2008/0110
http://dx.doi.org/10.1127/0077-7757/2008/0110
http://dx.doi.org/10.1107/S0567740871002760
http://dx.doi.org/10.1107/S0567740871002760
http://dx.doi.org/10.1107/S0567740871002760
http://dx.doi.org/10.1107/S0567740871002760
http://dx.doi.org/10.1002/pssb.19690350112
http://dx.doi.org/10.1002/pssb.19690350112
http://dx.doi.org/10.1002/pssb.19690350112
http://dx.doi.org/10.1002/pssb.19690350112
http://dx.doi.org/10.1002/pssb.2220650108
http://dx.doi.org/10.1002/pssb.2220650108
http://dx.doi.org/10.1002/pssb.2220650108
http://dx.doi.org/10.1002/pssb.2220650108
http://dx.doi.org/10.1002/pssb.19700400207
http://dx.doi.org/10.1002/pssb.19700400207
http://dx.doi.org/10.1002/pssb.19700400207
http://dx.doi.org/10.1002/pssb.19700400207
http://dx.doi.org/10.1103/PhysRevLett.114.247210
http://dx.doi.org/10.1103/PhysRevLett.114.247210
http://dx.doi.org/10.1103/PhysRevLett.114.247210
http://dx.doi.org/10.1103/PhysRevLett.114.247210
http://dx.doi.org/10.1103/PhysRevLett.93.037204
http://dx.doi.org/10.1103/PhysRevLett.93.037204
http://dx.doi.org/10.1103/PhysRevLett.93.037204
http://dx.doi.org/10.1103/PhysRevLett.93.037204
http://dx.doi.org/10.5560/ZNB.2011.66b0882
http://dx.doi.org/10.5560/ZNB.2011.66b0882
http://dx.doi.org/10.5560/ZNB.2011.66b0882
http://dx.doi.org/10.5560/ZNB.2011.66b0882
http://dx.doi.org/10.1107/S0365110X51001033
http://dx.doi.org/10.1107/S0365110X51001033
http://dx.doi.org/10.1107/S0365110X51001033
http://dx.doi.org/10.1107/S0365110X51001033
http://dx.doi.org/10.1103/PhysRevB.91.184411
http://dx.doi.org/10.1103/PhysRevB.91.184411
http://dx.doi.org/10.1103/PhysRevB.91.184411
http://dx.doi.org/10.1103/PhysRevB.91.184411
http://dx.doi.org/10.1021/cm960313m
http://dx.doi.org/10.1021/cm960313m
http://dx.doi.org/10.1021/cm960313m
http://dx.doi.org/10.1021/cm960313m
http://dx.doi.org/10.1103/PhysRevLett.82.3168
http://dx.doi.org/10.1103/PhysRevLett.82.3168
http://dx.doi.org/10.1103/PhysRevLett.82.3168
http://dx.doi.org/10.1103/PhysRevLett.82.3168
http://dx.doi.org/10.1126/science.1075045
http://dx.doi.org/10.1126/science.1075045
http://dx.doi.org/10.1126/science.1075045
http://dx.doi.org/10.1126/science.1075045
http://dx.doi.org/10.1021/cm0217452
http://dx.doi.org/10.1021/cm0217452
http://dx.doi.org/10.1021/cm0217452
http://dx.doi.org/10.1021/cm0217452
http://dx.doi.org/10.1016/j.jmmm.2013.10.018
http://dx.doi.org/10.1016/j.jmmm.2013.10.018
http://dx.doi.org/10.1016/j.jmmm.2013.10.018
http://dx.doi.org/10.1016/j.jmmm.2013.10.018
http://dx.doi.org/10.1021/ic401671m
http://dx.doi.org/10.1021/ic401671m
http://dx.doi.org/10.1021/ic401671m
http://dx.doi.org/10.1021/ic401671m
http://dx.doi.org/10.1134/S0021364007230063
http://dx.doi.org/10.1134/S0021364007230063
http://dx.doi.org/10.1134/S0021364007230063
http://dx.doi.org/10.1134/S0021364007230063
http://dx.doi.org/10.1134/1.1825108
http://dx.doi.org/10.1134/1.1825108
http://dx.doi.org/10.1134/1.1825108
http://dx.doi.org/10.1134/1.1825108
http://dx.doi.org/10.1103/PhysRevB.52.1433
http://dx.doi.org/10.1103/PhysRevB.52.1433
http://dx.doi.org/10.1103/PhysRevB.52.1433
http://dx.doi.org/10.1103/PhysRevB.52.1433
http://dx.doi.org/10.1038/nmat2125
http://dx.doi.org/10.1038/nmat2125
http://dx.doi.org/10.1038/nmat2125
http://dx.doi.org/10.1038/nmat2125
http://dx.doi.org/10.1088/0953-8984/26/16/165501
http://dx.doi.org/10.1088/0953-8984/26/16/165501
http://dx.doi.org/10.1088/0953-8984/26/16/165501
http://dx.doi.org/10.1088/0953-8984/26/16/165501
http://dx.doi.org/10.1103/PhysRevB.84.075160
http://dx.doi.org/10.1103/PhysRevB.84.075160
http://dx.doi.org/10.1103/PhysRevB.84.075160
http://dx.doi.org/10.1103/PhysRevB.84.075160
http://dx.doi.org/10.1103/PhysRevB.88.024301
http://dx.doi.org/10.1103/PhysRevB.88.024301
http://dx.doi.org/10.1103/PhysRevB.88.024301
http://dx.doi.org/10.1103/PhysRevB.88.024301
http://dx.doi.org/10.1103/PhysRevB.75.224435
http://dx.doi.org/10.1103/PhysRevB.75.224435
http://dx.doi.org/10.1103/PhysRevB.75.224435
http://dx.doi.org/10.1103/PhysRevB.75.224435
http://dx.doi.org/10.1016/j.jmmm.2014.10.095
http://dx.doi.org/10.1016/j.jmmm.2014.10.095
http://dx.doi.org/10.1016/j.jmmm.2014.10.095
http://dx.doi.org/10.1016/j.jmmm.2014.10.095
http://dx.doi.org/10.1103/PhysRevB.90.121101
http://dx.doi.org/10.1103/PhysRevB.90.121101
http://dx.doi.org/10.1103/PhysRevB.90.121101
http://dx.doi.org/10.1103/PhysRevB.90.121101
http://dx.doi.org/10.1134/S1063776114010142
http://dx.doi.org/10.1134/S1063776114010142
http://dx.doi.org/10.1134/S1063776114010142
http://dx.doi.org/10.1134/S1063776114010142
http://dx.doi.org/10.1107/S0567740874002160
http://dx.doi.org/10.1107/S0567740874002160
http://dx.doi.org/10.1107/S0567740874002160
http://dx.doi.org/10.1107/S0567740874002160
http://dx.doi.org/10.3891/acta.chem.scand.03-0660
http://dx.doi.org/10.3891/acta.chem.scand.03-0660
http://dx.doi.org/10.3891/acta.chem.scand.03-0660
http://dx.doi.org/10.3891/acta.chem.scand.03-0660
http://dx.doi.org/10.1007/BF00660477
http://dx.doi.org/10.1007/BF00660477
http://dx.doi.org/10.1007/BF00660477
http://dx.doi.org/10.1007/BF00660477
http://dx.doi.org/10.1524/zkri.1984.166.14.129
http://dx.doi.org/10.1524/zkri.1984.166.14.129
http://dx.doi.org/10.1524/zkri.1984.166.14.129
http://dx.doi.org/10.1524/zkri.1984.166.14.129


R. V. PISAREV et al. PHYSICAL REVIEW B 93, 134306 (2016)

[46] J. R. Clark, Studies of borate minerals. IV. The crystal structure
of inyoite, CaB3O3(OH)5 · 4H2O, Acta Crystallogr. 12, 162
(1959).

[47] K. Nakamoto, Infrared and Raman Spectra of Inorganic and Co-
ordination Compounds, Theory and Applications in Inorganic
Chemistry (Wiley, Hoboken, 2008).

[48] S. Sasaki, K. Fujino, and Y. Takeuci, X-ray determination of
electron-density distributions in oxides, MgO, MnO, CoO, and
NiO, and atomic scattering factors of their constituent atoms,
Proc. Jpn. Acad., Ser. B 55, 43 (1979).

[49] R. A. Coy, C. W. Tompson, and E. Gürmen, Phonon dispersion
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