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Abstract—The simple lattice and magnetic structure, the high Néel temperature, the narrow antiferromag-
netic resonance line of FeBO;, and the narrow electron paramagnetic resonance line of its isostructural dia-
magnetic analogs MBO3:Fe3 (M = Ga, In, Sc, Lu) make iron borate unique for investigations and applica-
tions. Iron borate is a model crystal for numerous experimental and theoretical studies, including spin cross-
overs and metallization at megabar pressures and many-electron effects in optics and X-ray spectroscopy.

The recent works dealing with the investigation of the properties of FeBOj; are reviewed.

DOI: 10.1134/S106377612007016X

1. INTRODUCTION

FeBO; crystals have two antiferromagnetic sublat-
tices with a low canting angle between them and rep-
resent a typical example of weak ferromagnets, the dis-
covery and investigation of which are related to A.S.
Borovik-Romanov and its works in the late 1950s. A
weak ferromagnet moment in transition metal carbon-
ates with a rhombohedral calcite structure MCO;
(M = Mn, Ni, Co), which are isostructural to the
FeBO; iron borate [1], was revealed in those works.
Before those works, weak ferromagnetism was only
observed in natural, i.e., rather dirty, hematite crystals
and was attributed to impurities. The use of high-sen-
sitivity experimental equipment and high-purity syn-
thetic crystals allowed Borovik-Romanov to compre-
hensively study this unusual phenomenon, to show
that the detected magnetism is the intrinsic property
of an antiferromagnetic structure, which is not associ-
ated with the contamination of samples, and to
advance an idea (which was unusual for that time) that
the spins in these antiferromagnets are not exactly col-
linear. Borovik-Romanov et al. [1—4] experimentally
studied the main static and resonance properties of
rhombohedral MCOj; crystals and hematite and laid
the basis of a phenomenological description of weak
ferromagnetism.

Bernal et al. [5] was the first to synthesize the
FeBO, compound in 1963 when studying the reactions
between metal and boron oxides. He described the
technology of solution—melt solidification of thin yel-
low—green single-crystal plates (in particular,
Fe,Ga; BO;) using a borate—lead solvent. In the

Soviet Union, Seleznev and Rudenko [6] were the first
to synthesize iron borate crystals in the Kirensky Insti-
tute of Physics in 1972, and the crystals were in great
demand in the leading scientific institutes of the coun-
try [7—9]. Later, Seleznev and Rudenko transferred
their technology to V.I. Vernadsky Crimean Federal
University (Simferopol). Large iron borate crystals
were synthesized using gas transport [10] and from a
solution—melt [11] (see also [12, 13]). Thin FeBO;
films on single-crystal GaBOj; substrates were recently
synthesized at V.I. Vernadsky Crimean Federal Uni-
versity [14].

FeBO; crystals occupy a specific place in the fam-
ily of borates. This compound has a simple trigonal

lattice (calcite structure) with space group R3¢, a high
Néel temperature (348 K), narrow antiferromagnetic
resonance line, and a series of isostructural diamag-
netic analogs. The isostructural crystals of nonmag-
netic MBO; (M = Ga, In, Sc, Lu) analogs with an
Fe3* impurity were used to study electron paramag-
netic resonance to quantitatively describe the anisot-
ropy of magnetically ordered FeBO; crystals [15].
Although the iron borate has been much studied, this
crystal attracts attention of researchers as a convenient
object for investigating new magnetic properties,
which manifest themselves, in particular, in experi-
ments of ultrafast magnetic dynamics [16] and at
ultrahigh pressures [17]. In addition, the investigations
of the magnetic properties of FeBO; crystals as mode
objects make it possible to extend our knowledge of
the nature of magnetic anisotropy, in particular, the
Dzyaloshinskii—Moriya interaction (DMI) [18]. The
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Fig. 1. (Color online) Local atomic and magnetic orders in
MCO3 (M = Mn, Ni, Co) and FeBO; (borrowed from
[27]).

experiments on these crystals [ 19—22] were performed
to stimulate and test the many-electron Mott—Hub-
bard theory of the electronic structure of insulators,
which is developed and known as the generalized
tight-binding method [23—26].

In this work, we briefly review the results of study-
ing FeBO; crystals which were published in recent lit-
erature, and obtained in our team. This article has the
following structure. In Section 2, we discuss the
results of determining the magnitude and sign of
DMI; in Section 3, we discuss new data on the nature
of magnetic anisotropy. Section 4 is devoted to a
review of the available data on magnetoelastic oscilla-
tions, Section 5 presents theoretical and experimental
results on electronic structure, and Section 6 consid-
ers the change in the magnetic and electronic proper-
ties during spin crossover in the high-pressure (ultra-
high-pressure) phase.

2. DETERMINATION OF THE MAGNITUDE
AND SIGN OF THE DZYALOSHINSKII—
MORIYA INTERACTION

Iron borate has a simple calcite lattice. The rhom-
bohedral unit cell has two trivalent iron ions, which are
coupled by antiferromagnetically with small DMI-
induced canting of sublattices magnetic moments
away from antiparallel configuration. In a two-sublat-
tice antiferromagnet with an even (with respect to the
principal axis) antiferromagnetic structure, DMI D[s;
% 's,], where s, and s, are the spins of neighboring ions
belonging to different magnetic sublattices, is charac-
terized by vector D. It should be noted that only the
modulus of vector D is usually determined in experi-
ments. The authors of [18] recently determined the
sign of the Dzyaloshinskii—Moriya vector in FeBO;
using an experimental approach based on the interfer-
ence of magnetic and resonance X-ray scattering,
which was supplemented with the rotation of antifer-
romagnetic moments by an applied magnetic field.
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These results were comprehensively considered in our
review [15]; therefore, in this work we focus on some
works published later. Both the sign and magnitude of
DMI in weak ferromagnets, in particular, FeBO;,
were qualitatively explained in [27]. DMI manifests
itself in magnetic materials at least when inversion is
locally broken [28, 29]. As a result, exchange energy,
which is described by the vector product of spins s; X
S,, appears; therefore, the exchange becomes antisym-
metric and brings about noncollinear ordering.

The ions of the two magnetic sublattices are shown
by blue (site /) and red (site 2) spheres in Fig. 1 with
alternating black arrows indicating the spin directions.
The oxygen atoms between two transition metal (TM)
ion layers are shown as yellow spheres. The dotted arcs
indicate the rotation of the oxygen layer. The left- and
right-hand sides show possible magnetic configura-
tions, which are stabilized depending on the sign of
DMI. S, indicates the antiferromagnetism vector
direction. The structural rotation of the oxygen layers
with respect to the TM layers shifts oxygen atoms from
the midpoint between TM atoms and violates the
inversion symmetry in oxygen sites, which leads to
DMI between the TM layers. The sign of this rotation
alternates from layer to layer, so that the crystal as a
whole remains centrosymmetrical. The magnetic
moments lie in the basal plane and are parallel inside
the TM layer and antiparallel between neighboring
layers. However, due to DMI, the antiferromagnetic
arrangement is incompletely collinear: small in-plane
canting exists in the same direction for all spins, which
causes macroscopic magnetization. The canting of
sublattice spins is the manifestation of DMI in both
magnitude and sign. Table 1 gives the experimental
and calculated DMI-induced deviations in degrees
[27].

The authors of [27] also performed experiments on
diffraction of polarized X rays to determine the sign of
canting of the magnetic moments of the sublattices in
FeBO; and compared their results with the results
obtained on three other weak ferromagnets (MnCO;,
CoCO;, NiCO;), which include ions with different
3d-state populations. Figure 2 shows the experimental
scheme and the main results.

The blue curves were obtained in measurements
below the resonance energy and illustrate the mag-
netic scattering intensity, which is symmetrical and
insensitive to the phase of scattering. The red curves
describe resonance and include a strong interference
term, which breaks symmetry and specifies the phase
of magnetic scattering (which reveals the sign of
DMI). The experimental data (symbols) are indicated
along with the fitting results (solid lines) calculated by
the expression [27]

I(E,p,m) = fysin’n +|0(E) cos’3y

1
+20,/,|O(E)|cos3ysinm, ()
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Table 1. Experimental and calculated angle of Dzyaloshinskii—Moriya deviation (in deg) and the number of electrons N,

in the 3d orbitals in FeBO;

Canting angle of the Canting angle of the
Composition Magnetic ion N3y moments of sublattices, |moments of sublattices,
deg (experiment) deg (calculation)
FeBO, Fe3* 5.8 -0.9 —0.8

where f,, is the real positive quantity related to the non-
resonance magnetic scattering amplitude, £ is the X-
ray energy, and @(F) is the complex expression related
to the elastic X-ray resonance amplitude. For nonres-
onance data, we have O(F) = 0 [27]. The calculations
by Eq. (1) were carried out with the FDMNES soft-
ware package for X-ray spectroscopy [30]. As follows
from Eq. (1), the sign of DMI (o, = %) can be deter-
mined by rotating a magnetic field at a retained fixed
azimuth of the crystal y and X-ray energy E. The sign
of the magnetic structure factor ¢, is determined from
the deviation of the measured intensity from n = 90°
orm = 270° (red rings in Fig. 2 go up or down, respec-
tively). As is seen in Fig. 2, the sublattice angularity is
negative in FeBO; and MnCO; and is positive in
CoCOj; and NiCOs;.

The canting angle given in Table 1was calculated in
the local density approximation with allowance for
Coulomb interaction U and spin—orbit coupling SOC
(LDA + U + SO) [27] in terms of the VASP software
package [31, 32]. The calculation is seen to reproduce
the experimentally detected sign and magnitude of
DMI in FeBO;. It should be noted that, for the FeBO;
insulator, the calculation showed an ion—covalent
bond rather than a purely ionic chemical bond.

3. MAGNETIC ANISOTROPY OF FeBO;

3.1. Weak Ferromagnetism along the Threefold Axis
and the Basal Anisotropy Induced by DMI
and the Cubic Electric Field of FeBO; Crystal [33]
FeBO; crystals are a convenient object for revealing
and studying new magnetic effects (as a rule, using
anisotropic interaction parameters). The basal anisot-
ropy and the weak ferromagnetic moment along the
threefold axis in FeBO; were calculated in [33]. The
free energy of an FeBOj; crystal can be written as

® = [l BM? +Lacos? 0+ dpy (LM, - L,M,)
2 2 )
+ gsin’ BcosOcos 3p+1tM, sin’ Osin 3@} ,
here, the following standard designations of antiferro-
magnetism and ferromagnetism vectors are used:
L=M,-M,)/M,
M=M, +M,)/M,
M =2M| = 2IM,| = NgBSBs/z(x)~
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Here, B is the exchange interaction parameter
expressed in the units of a magnetic field and 6 and ¢
are the polar and azimuth angles of the antiferromag-
netism vector, respectively.

The first term in Eq. (2) represents the exchange
energy; the second and third terms describe the uniax-
ial anisotropy and the DMI, respectively; and the last
two terms describe the basal anisotropy energy.
Although the crystal structure of FeBO; is relatively
simple, the behavior of the magnetic system during the
rotation of the antiferromagnetism vector in the (111)
plane when the last two terms in Eq. (2) are taken into
account is relatively complex. In particular, this state-
ment follows from the electron paramagnetic reso-
nance (EPR) data [34], which demonstrate the effec-
tive distribution of the cubic crystal field axes in the
MBO; + Fe3* (M = Ga, In, Sc, Lu) lattice (see also
Fig. 3in [33]).

The minimization of free energy (2) leads to the
following expressions for the basal anisotropy and the
weak ferromagnetic moment along the threefold axis,
respectively:

(gM)’
4M(a +dy,,/B)

M, = —%sin3 0sin 3¢.

E, sin® B cos 6¢ =— sin®  cos 60,

Fig. 2. (Color online) Schematic diagram of the X-ray dif-
fraction experiment (scheme and main results). Normal-
ized experimental diffraction intensities vs. 1, which is the
angle of magnet rotation about the ¢ axis of the crystal.
(thin solid lines) Fitting (borrowed from [27]).
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Site 1

Site 2

Fig. 3. Schematic distribution of the axes of cubic crystal
field for the two nonequivalent sites of M3" ions in the

MBO; lattice. Black BO? ions are above the figure plane

and white Boi‘ ions are below the figure plane (borrowed
from [15]).

To calculate “microscopic” expressions for the
basal hexagonal and the weak ferromagnetic moment
along the threefold axis, we write the following Ham-
iltonian to take into account two nonequivalent sites of
Fe*" ions in the FeBO; lattice [33]:

A eff 1 0 F;f 0
Ay 0 3 ~3 .
—rool0% - 20:72(0;; cos 30, — O sin30,5)]  (3)

+ dDM(lesyZ - sylst)a

_ ag Alr()/sPl1H py (O))/H*" (0)]sin 3, — (1/3) cos 30t}
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where the first term of the exchange interaction is
written in the molecular field approximation; s; is the
operator of the spin of the jth ion; D, F,, and a . are

axial and cubic constants, respectively; 0,',7 are the
equivalent spin operators, the form and matrix ele-
ments of which are given in, e.g., [35]; and the second,
third, and fourth (for Hamiltonian constant a, ) terms
describe the interactions of the axial and cubic sym-
metry, respectively. The last term describes DMI. In
Eq. (3), a,; is the angle between the projections of the
cubic crystal field axes and the projections of the
planes of symmetry of the crystal onto the (111) plane
at jth sites 1 and 2 (some planes of symmetry of the
crystal are indicated by thin solid lines in Fig. 3). This
distribution of the cubic crystal field axes follows from
EPR experiments on isostructural diamagnetic ana-
logs with an Fe3* impurity [34]. Note that the cubic
crystal field axes are taken to be crystallographically
preferred equivalent directions characterized by cer-
tain symmetry and physical properties. These direc-
tions can be determined, in particular, by X-ray dif-
fraction.

The eigenvalues of Eq. (3) were obtained by the
perturbation theory. The expressions for energy levels
were used to calculate the values and temperature
dependences of the basal magnetic anisotropy and the
weak ferromagnetic moment along the threefold axis.
The effective field for the basal magnetic anisotropy
has the form [33]

H, pm sin® O cos 6 =

Here,

5z _5-Y 43y -2y’ —2v*+3y -1
r¥)y=>-==7> 5 4 3 2
220 2 Y +Y ' +Y +Y +Y +1

is the function [36] introduced to calculate the single-
ion magnetic anisotropy of a cubic crystal, H*(0 K) =
(1/2)H-(0 K) is the exchange field (3 x 10° Oe),
H, = 10° Oe is the Dzyaloshinskii—Moriya field at
T=0K[37], op= 24°, a,= 130 Oe, and B;,(x) is the
Brillouin function for a spin of 5/2. The magnetic
moment calculated along the threefold axis per mole
of an FeBOj; crystal is
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2{H 4(0) + Hpy,(0)/ H z(0)} B 5(x)

sin® O cos 6.

o (T)= —\/ENgBSBS/z(x) M

a
2(Heff)2
rl)

cos 3, sin’ Bsin 3.
SBs/z(X)

X

From here on, we have o4 = o= o forj = 1 and
O = —0,= —0o forj = 2 (see Fig. 3). The hexagonal
anisotropy determined by Fe’* ions in FeBO; with
allowance for two mechanisms is estimated at
H,pu(0K) = —1.0 x 1072 Oe (according to EPR
data), and the experimental value is /(0 K) = —1.1 X
10~2 Oe (according to antiferromagnetic resonance
data).
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The experimental value of G, obtained for FeBO,
crystalsis 1.3 x 1073 G cm?/g [38]. This estimation was
carried out at 7= 77 K using the results from [9]. The
theoretical estimate [39] caused by the introduction of
Fe’" ions at T= 0 K gives 2.4 x 103 G cm?/g at con-
stants a,. = 130 Oe and o4, = 24° [15].

The authors of [40] considered the possibility of
experimental observation of the fact that the magnetic
moments of iron leave the basal plane by comparing
the theory of spin waves with NMR and Mossbauer
spectra. The application of rotation magnetometry to
rhombohedral weak ferromagnets [38] allowed a peri-
odic change to be detected in the magnetic moment
along axis ¢ M, = AMcos(3y), where y reflects the
rotation of a magnetic field in the basal plane about
one of the threefold axes and M; is the weak sponta-
neous magnetic moment. The measurements per-
formed on a few o-Fe,O; single crystals and one
FeBO; single crystal showed that the angle of inclina-
tion of magnetic moments to axis c is about 107 rad.
Parameter A in the ferroborate is lower than that in
hematite by a factor of 2—3.

Note that one angular constant o, is sufficient to
describe weak ferromagnetic moment G, along axis c;,
which was calculated in the second approximation of
the perturbation theory. For example, apart from the
cubic electric field, the weak ferromagnetic moment
along ¢, includes the DMI-induced contribution. As a
result, angle o, which enters into the G, expression,
corresponds to angle 60° — o, in Fig. 3 and, with
allowance for the threefold axis, angle 3(60° — o).
Then, we have cos[3(60° — o] = —cos3a., which
corresponds to the sign and magnitude of the o,
expression.

cfinc

3.2. Surface Magnetic Anisotropy in Iron Borate

Breaking the symmetry of the environment of
paramagnetic ions in the surface layer of a magnetic
crystal causes a number of phenomena, including the
appearance of surface magnetic anisotropy predicted
by Néel [41]. However, surface anisotropy had not
been experimentally detected for a long time because
of its smallness in most compounds. Favorable condi-
tions for its detection appeared during the investiga-
tion of weak ferromagnets with an easy-plane anisot-
ropy due to a low demagnetizing field because of a low
resulting magnetic moment and the absence (or low
value) of anisotropy in the basal plane; against this
background, the manifestation of surface anisotropy
turned out to be more pronounced. The authors of
[42] were likely to be the first to detect surface anisot-
ropy when studying the transverse Kerr effect during
the reflection of a light beam from the (111) basal
plane of a hematite crystal. Later, analogous measure-
ments were carried out on rare-earth orthoferrites [43]
and FeBO; [44]. In the next works (see, e.g., [45]),
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researchers comprehensively studied the nature of sur-
face anisotropy. For example, the theory of surface
magnetism of the FeBO; iron borate was extended
with allowance for the contribution of breaking the
symmetry of the crystal field to the anisotropy energy
[46]. For this purpose, a model of a distorted oxygen
octahedron with iron ions in the near-surface layer of

the (10 14) crystal face was considered. The contribu-
tion of the crystal field to the surface magnetic anisot-
ropy was calculated using the perturbation theory. The
calculations demonstrate that iron environment dis-
tortions bring about a significant contribution of the
crystal field to the surface magnetic anisotropy. As fol-
lows from the dipole contribution [47], the surface
magnetic anisotropy can be described on the assump-
tion of 1% distortions in the near-surface layer. Sur-

face energy density o (here, for the (1014) face)
includes the contributions of dipole (G, = @gg,Sin’®
[47]) and crystal field [46]. The distortions of the oxy-
gen environment of lattice ions, which are taken into
account in the general form, give rise to the surface

magnetic anisotropy G = — 0N Bsgsin’ = ag,sin’@.
Here, N=6.0036 x 10'"® m~2is the number of Fe3* ions

per unit surface on the (10 14) face and st is the spin
Hamiltonian constant. The total surface magnetic
anisotropy constant can be written as ag = agg;, + agf,
where the components depend on relative distortion
€ = Aa,/a, (a, is the rhombohedral cell edge length).
The authors of [46] found that the effective field on

the (10 14) face at 300 K (4, = 1 kOe) is much higher
than the field (0.2 kOe) calculated without regard for
the lattice distortions in the near-surface layer.

4. EXTREMAL INSTABILITY
OF THE MAGNETOELASTIC EXCITATIONS
IN FeBO; SINGLE CRYSTAL

Iron borate exhibits a strong magnetoelastic linear
interaction [48, 49]. The nonlinear magnetoelastic
excitations in an FeBOj; crystal were experimentally
and theoretically studied [50, 51]. The acoustic exci-
tations in antiferromagnetic crystals with an easy-
plane anisotropy, including FeBO;, occur in the form
of hybrid magnetoelastic waves, which are called
quasi-phonons. The strong acoustic nonlinearity of
such crystals creates possibilities for coupling a few
quasi-phonons. Such coupled states, namely, three-
quasi-phonon coupled excitations, were detected in a
weak o-Fe,0; ferromagnet during uniform radio-fre-
quency pumping [51, 52]. Later, the coupling of three
quasi-phonons was experimentally detected in an
FeBO; crystal [50]. The theoretical analysis [50]
revealed a number of specific dynamic characteristics,
which distinguish three-phonon parametric coupling
from the well-known parametric excitation of quasi-
phonon pairs. In particular, this is the dependence of
Vol. 131

No.1 2020



182

()
1s—4p
4p — —_—
ls 3d
i@y (@ -
ad ~
s -+ -0

Initial state Intermedlate state Final state

IR

OVCHINNIKOV et al.

Counts per second

(b)

On-site dd excitation
Spm flip
Not allowed

Charge transfer excitation

80

of = E(dﬁL) E(d5>

T L

R BT
0 2 4 6 8 10

U= E(d®) + E(d4 )= Energy loss g, eV

2E(d)

Fig. 4. (Color online) (a) Schematic diagram for the formation of the Fe K edge of RIXS. (b) Spectrum of pre-threshold specific

features in FeBO5 (borrowed from [21]).

5
(@) E,
5 ng 3 Tl d6L (d)
3 Tlg 11‘11 3
6 5
SEg mAlg\/_\ TZg y,/- """ T /&,/-:‘_‘_‘:;‘\\_‘
A N Y
&L
SE —
3 (b) :
T2g 3T1 (e)
3 Tlg lAl
5 *Ayq 5 S C A
Eg m ng , /bv . 4T
SE S oar B ’
o FA AR = 2T,
3T2g 3Tl ////,// R %*__»A 4T1
)/ Q)
Ty A, sp_yrEs 64,
Aig 5 a* &
SEg T2g Qv
at & d°

Fig. 5. Scheme of the many-electron excitations in FeBO5.

(a—c) Mott—Hubbard excitations d,-sdjs- g d,-4dj6~ associated
with pre-threshold features P1, P2, and P3 in RIXS spec-
tra. (d): (solid and dashed lines) Two types of charge-
transfer excitations and (dot-and-dash lines) Mott—Hub-
bard excitations (borrowed from [21]). (e) Virtual one-
electron states induced by excitations from unfilled d* term
to unfilled excited ¢ terms (borrowed from [20]).
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an instability threshold on both the pumping ampli-
tude and the number of initial quasi-phonons, i.e., the
amplitude of an initial magnetoelastic wave. The most
substantial difference is an explosive increase in the
number of quasi-phonons up to singularity of the cou-
pled-wave amplitudes in a finite pumping time inter-
val outside the instability threshold. The post-thresh-
old amplification for traveling magnetoelastic waves
was accompanied by spatial excitation localization.
The post-threshold limitation of the excited-wave
amplitudes was shown to be mainly caused by a non-
linear shift in the magnetoelastic mode frequencies.
An explosive instability was reached when the nonlin-
ear frequency shift was compensated by the quasi-sin-
gular modulation of the electromagnetic pumping
field phase.

5. THEORETICAL AND EXPERIMENTAL
MANIFESTATION OF THE MANY-ELECTRON
EFFECTS IN THE ELECTRONIC STRUCTURE

OF FeBO,

As many 3d metal oxides, FeBO; crystals are Mott
insulators due to strong Coulomb electron correlations
inside the cation. The more exact Zaanen—Sawatzky—
Allen classification [53] considers the following two
types of competing excitations: Mott—Hubbard exci-
tation with energy U and charge-transfer excitation
energy Eqp (see Fig. 5d). The insulator gap is deter-
mined by the lowest energy between them: at U < Ep,
we have a Mott—Hubbard insulator; at U > E., we
have a charge-transfer insulator. Experimental infor-
mation about these excitations in iron oxides can be
obtained from the resonant inelastic X-ray scattering
(RIXS) spectra of the Fe K edge [54—56]; these spec-
tra for FeBO; were recorded in [21]. The schematic
diagram of formation of the Fe K edge is shown in
Fig. 4.
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Fig. 6. Scheme of the electronic structure of FeBO;
obtained from RIXS experiments. (top panel) Contribu-
tions of charge-transfer excitations and (bottom panel)
contributions of Mott—Hubbard excitations (borrowed
from [21]).

The Mott—Hubbard excitations (d—d transitions)
are related to an electron jump from one cation to
another: for the Fe3* ion, this means the initial state

dfdf and the final state dfa’f. The crosses in Figs. Sa—
5c indicate the only high-spin state occupied at zero
temperature °4,. Excitations into the final states of

terms d? and d;’ are only possible from this state. It
should be noted that a large number of excited terms in
the final states leads to various Mott—Hubbard exci-
tation energies, which are visible in RIXS spectra
below the threshold (Fig. 4b). The Mott—Hubbard
excitations and the charge-transfer excitations in
FeBO; were described in detail in [21]. Figure 6 shows
the scheme of the density of states in FeBO;, which
was obtained in terms of the generalized tight-binding
(GTB) method [19, 57]. As follows from this scheme,
FeBO; is a charge-transfer insulator: the valence band
top is determined by the p states of oxygen, and the
conduction band bottom is determined by the d states
of iron. The insulator gap is smaller than the charge-
transfer gap by the half-width of the p band and the
half-width of the upper Hubbard band (UHB). Here,
the centers of gravity of the lower (LHB) and upper
(UHB) bands are determined by the energies

Q, = Ed",°A) - E(d*,’E),

4

Q. = EW@d’,’Ty) - E@d’,"4). @

Figure 5e shows the excitations that form LHB:
these are single-particle excitations (quasiparticles)
between filled ground state @ and unfilled ground
state d*. The spectral weight of such a quasiparticle is
the sum of the occupation numbers of the initial and
final states (in our case, 1). Figure 5e also depicts
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Fig. 7. (Color online) (a) IR room-temperature spectra of
FeBO; and (b) density of single-particle states with indi-
cated virtual levels (borrowed from [20]).

unusual single-particle excitations from unfilled
ground state d* to unfilled excited d° states with a zero
spectral weight, i.e., the so-called virtual states pre-
dicted in the GTB theory for doped cuprates [23]. As
is shown by the vertical wavy lines in Fig. 5e, optical
pumping A, B, and C of the excited terms of Fe3*ions
leads to nonzero occupation numbers of these terms
and to nonzero spectral weight of quasiparticles with

energies Q,, Q*, Q' and Q.". Such optically induced
quasiparticles were detected in the IR absorption
spectra of FeBO; single crystals (Fig. 7) [20].

An intense IR absorption line is shown in Fig. 7a
with decomposition into two Lorentzian lines with
energies of 0.15 eV (E, phonon at 1210 cm~! [58]) and

0.13 eV (electron excitation ). The density of states
in Fig. 7b refines the rough picture obtained from
RIVX and shown in Fig. 6: LHB and UHB are pres-
ent, and the valence band top lies above LHB and
determines a charge-transfer insulator gap. The virtual
states indicated by primes do not contribute to the
density of states when a sample in the ground state and
make a nonzero contribution in an optically excited
state.

6. CHANGES IN THE ELECTRONIC
AND MAGNETIC PROPERTIES
OF FeBO; AT HIGH PRESSURES

When the lattice parameters change because of an
applied pressure, all parameters that depend on the
interatomic distance and determine the electronic
structure also change. For Mott—Hubbard insulators,
the most important changing parameters are the crys-
tal field (10Dq in the case of isotropic compression)
and the interatomic electron jump parameters. The
Vol. 131
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Fig. 8. (Color online) (a) Pressure-induced changes in RIXS spectra indicating changes in the insulator gap (arrows), (b) Mott—
Hubbard excitation energies calculated from these spectra, and (c¢) insulator gap determined from RIXS data and optical absorp-

tion spectra [63] (borrowed from [22]).

first parameter determines the competition between
the high-spin (HS) and low-spin (LS) terms of ions &".
When the decrease in the HS energy induced by the
intraatomic Hund exchange interaction becomes
smaller than the increase in the crystal field energy
when pressure increases, the crossover of the HS and
LS states (i.e., intersection of their energy levels) takes
place for ions with n = 4—7 [59, 60].

The experimental investigations of the high-pres-
sure properties of FeBO; in chambers with diamond
anvils revealed an isostructural transition [61] and the
collapse of its magnetic moment according to Moss-
bauer spectroscopy data [62, 63] at room temperature
at a pressure P, = 47 GPa. At the crossover point, the
insulator gap changes jumpwise and the absorption
spectrum also changes [63], which indicates changes
in the electronic structure. The experimental data
available until 2009 were reviewed in [17]. Below, we
present some additional data appeared after review
[17]. Figure 8 shows the RIXS spectra of FeBO,
recorded at high pressures [22]; they demonstrate
changes in the electronic structure. The insulator gap
obtained from these data as a function of pressure
coincides with the data obtained from absorption
spectra recorded at high pressures [63] (see Fig. 8c).

Intraatomic Coulomb parameter U = E(0) +
E(2) — 2E(1) is known for the Hubbard model with
one orbital and three E(n) terms forn =0, 1, 2. Effec-
tive Hubbard parameter U= E(n — 1) + E(n + 1) —
2E(n) can also be introduced for multiorbital Mott—
Hubbard models of insulators with ionic configuration
d". This parameter includes the energies of the ground
terms for d” configurations; since these terms change
at the spin crossover, parameter U, changes jump-
wise. This jump for FeBOj; is not small, from 4.2 eV for
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the HS state to 1.4 €V in the LS state [63]. When pres-
sure increases further, both the electronic and mag-
netic properties change in the LS region [64] (Fig. 9).
A decrease in U,y gradually suppresses the charge-
transfer gap via a decrease in the UHB energy Q,
(Fig. 9a). The charge-transfer gap then vanishes at a
pressure P, > P, (Fig. 9b). As a result, all properties of
FeBO; are thought to undergo radical changes: a
metal with a variable valence, which is described by
the periodic Anderson model, is expected instead of a
Mott—Hubbard insulator. Such structures are often
called Kondo Iattices (Fig. 9c). Metals with a variable
cation valence can exhibit superconductivity below
critical temperature 7, similarly to the superconduc-
tivity of heavy fermions. Extrapolating the pressure
dependence of the insulator gap, the authors of [65]
estimated the semiconductor—metal transition point
at P, =210 GPa.

Direct measurements of the electrical properties of
FeBO; were performed by the four-probe method in a
cell with diamond anvils over wide pressure (up to
198 GPa) and temperature (4.2—300 K) ranges [66].
Figure 10 shows the electrical resistance as a function
of pressure. In the HS region at P < 46 GPa, the elec-
trical resistance even at 7 = 300 K is so high that it
cannot be measured; measurements are only possible
in the LS state. The following three characteristic
pressure ranges can be distinguished in Fig. 10a:
(i) rapid decrease in the electrical resistance in the
pressure range 46—100 GPa, (ii) exponential decrease
in the electrical resistance in the range 100—160 GPa,
and (iii) saturation in the range 160—198 GPa. Both
the resistance and the activation energy at room tem-
perature decrease, and this energy reaches 0.1 €V at the
highest pressure (Fig. 10b). The temperature depen-
dences of the electrical resistance to a pressure of
Vol. 131
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Fig. 9. (a) Fragment of the density of states in FeBO5 with indicated charge-transfer gap, which vanishes at point P,, (b). (c) Phase
diagram with regions of an HS insulator (HS-I) below P, and an LS semiconductor (LS-SC) in the range P, < P< P,,, which can
be in both antiferromagnetic (AFM) and paramagnetic (PM) states, and nonmagnetic metallic state of the Kondo lattice (NM-
KLM) above P,, with possible superconductivity (SC) below T, (borrowed from [64]).

100 GPa are described by a conventional activation
Arrhenius law; at higher pressures, the deviations from
the activation law become stronger at low tempera-
tures (Fig. 11a). These deviations are clearly visible in
the inset to Fig. 11a at a pressure of 163 GPa, where
measurements were carried out to the liquid-helium
temperature. When analyzing the temperature depen-
dences of the resistance at high pressures, we plotted
the activation energy as a function of temperature
(Fig. 11b). The activation energy at a pressure of
163 GPa tends toward zero at zero temperature. To
understand these results, we recall the transition into a
metallic state at point P,,, which was predicted in the
phase diagram in Fig. 9c. The estimate given above
(P,, = 210 GPa) was obtained in [65], where the pres-
sure dependence of the activation energy was mea-
sured up to 140 GPa and was rather inaccurately
extrapolated. The later data of this team [66] were
obtained up to 198 GPa; therefore, the data in Fig. 11b
and a value P, = 163 GPa are more reliable. As is
shown in Fig. 9b, d-level energy Q falls inside p band
g, at P > P,; in this situation, the periodic Anderson
model is more adequate. Due to the p—d hybridization
with parameter V,,, two electron bands

E* Z%[Q+8V + Q¢ +I7de, (5)

separated by the hybridized gap

E,=E —E ={|Q-¢) +V, (6)

form. Here, the hybridization parameter in the mag-
netically ordered phase is renormalized,

Voa =Voa(1£(S%)/S). (7)

In Eq. (7), the ferromagnetic phase undergoes spin
projection splitting [67] and the antiferromagnetic
phase undergoes sublattice splitting [68]. In any case,
the renormalized hybridization parameter at zero tem-
perature vanishes for either one spin subband in the
ferromagnetic phase or one sublattice in the antiferro-
magnetic phase. Therefore, the insulator gap vanishes

at zero temperature and degeneracy point Q = ¢,. This
unusual FeBO; metallization mechanism at a low
temperature was likely to be observed at pressures
above 163 GPa [66].

Note that the experimental data on the magnetic
order in FeBO; at high pressures in the LS region are
rather scarce. The authors of [64] give only two points
for the Néel temperature in the LS state, which were
determined from the effective field measured in the
Mossbauer effect. This method gives information only
on the local magnetic field at a nucleus and cannot be
used to separate ferromagnetic and antiferromagnetic
states. The conclusion regarding the antiferromag-
netic LS state in the phase diagram in Fig. 9¢ was
made on the assumption that the spin crossover only
changes the spin (5/2 <> 1/2) and does not change the
character of antiferromagnetic interaction. Using the
recently developed orbital-selective method for calcu-
lating the superexchange interaction in Mott—Hub-
bard insulators [69], the authors of [70] showed that
the exchange interaction in FeBO; is antiferromag-
netic in the HS state and changes its sign in the LS
state and becomes ferromagnetic. This behavior is
related to another set of d orbitals involved in the for-
mation of superexchange interaction through oxygen
ions. Thus, the question of the character of magnetic
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the magnetic ordering temperatures calculated from the phase diagram shown in Fig. 9¢ (borrowed from [66]).

order in FeBO; at pressures higher than 50 GPa is still
open and is to be experimentally verified.

The sign of exchange interaction changes during the
optical pumping of d—d transitions due to the same
cause. The authors of [70] showed that a pair of the
nearest neighbors of Fe?" ions in the ground state has an
antiferromagnetic exchange; however, if one of the ions
is excited into term *7, (which corresponds to the B
band in the absorption spectrum), its interaction with
the neighboring unexcited spin becomes ferromagnetic.
This optically induced change in the sign of exchange
interaction is likely to cause the unusual phenomena
observed in femtosecond magnetooptics [16, 71—73].
The relation between the changes in the exchange inter-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

action at spin crossovers at high pressures and during
optical excitation due to d—d transitions was recently
discussed [74]. During optical pumping in the Bband in
the absorption spectrum, the Fe*" ion comes from an
HS state with .§ = 5/2 to an intermediate-spin state with
S = 3/2, which can be considered as a dynamic spin
crossover. In this case, other d orbitals are populated
and the character of covalent bond changes (e.g., weak
7 bond appears instead of strong e, bond).
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