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A many-electron model is proposed for the band structure of FeBO; with regard to strong electron correlations
in the d*, d°, and d® configurations. Under normal conditions, FeBO, is characterized by a dielectric charge-
transfer gap in the strong correlation regime U > W. With increasing pressure, not only doesthe d-band Wwidth
grow but ssimultaneoudly the effective Hubbard parameter U sharply drops, which is due to the crossover of
high-spin and low-spin ground state terms of the Fe?*, Fe>*, and Fe** ions. It is predicted that atransition from
the semiconducting antiferromagnetic state to the metallic paramagnetic state will occur in the high-pressure
phase with increasing temperature. © 2003 MAIK “ Nauka/Interperiodica” .

PACS numbers: 71.20.-b; 71.30.+h; 71.15.-m

1. A first-order phase transition from the magnetic to
nonmagnetic state of FeBO; was observed at the pres-
sure P, = 46 GPain a series of recent works [1-3]. This
transition was accompanied by the structural transition
with a 8.6% decrease in volume. A number of indirect
data point to the metallization of the system at P > P,
however, no ultimate clarity in the problem of magnetic
and electric properties in the high-pressure phase has
been achieved so far. From the general point of view, the
metalization and the disappearance of localized mag-
netic moments with increasing pressure are not surpris-
ing, because the bandwidth W increases and the Mott—
Hubbard insulator with U > Wtransformsto the metallic
state with U < W [4]. However, in the case of FeBO;, as
in many other real substances, the simple picture based
on the Hubbard model becomes complicated because of
the presence of a great number of d(f) orbitals.

In thiswork, amany-electron model is proposed that
takes into account all d orbitals and the strong electron
correlations of d electrons. The energies of both high-
spin and various low-spin terms of the Fe**, Fe**, and
Fet* ionswere calculated. It turned out that the electron
system under normal conditions occurs in the strong
electron correlation regime with a dielectric charge-
transfer gap, as classified in [5]. Asthe pressure grows,
not only does the band width W change but the splitting
of the g, and t,, electronsinthe crystal field A increases
aswell. It is the growth of A that is responsible for the
crossover of the high-spin ®A, (S = 5/2) and low-spin
T,y (S= 1/2) terms of Fe** and high-spin and low-spin
terms of Fe?* and Fe**. As a result, not only does the
collapse of the magnetic moment take place, as was
found in [1-3], but a rearrangement of the diagram of
the d® — d* and d® — df excitations takes place as
well, so that the effective Hubbard parameter Uy =

E(d®) + E(d*) — 2E(d®) sharply decreases. In this fact,
we see the nontrivial feature of the phase transition in
FeBO; under pressure.

2. The first-principles one-electron band-structure
calculations of FeBO; by density functional methodsin
the local-density approximation [6] and in the general-
ized gradient approximation [ 7] and also the molecular
orbital calculation of the FeB;Oq cluster [8] reveaed
the following pattern of the electronic structure of
FeBO,;. The empty conduction band &, is mainly
formed by the boron sand p states, the valence band top
€, ismainly formed by the oxygen s and p states, and
the band gap between them E, in the antiferromagnetic
phase is 2.5 eV [6], which is sufficiently close to an
optical absorption edge of 2.9 eV [9]. The d-electron
band lies close to the valence band top with the width
2W, = 2.8 eV and the crystal-field parameter A = 1 eV
[6]. The hybridization of Fed electronswith O sand p
electronsis very small [6, 8], much smaller than in 3d-
metal oxides. Thisisdueto avery strong hybridization
inside the BO; group; in fact, the (BO;)*-ionisformed,
and the oxygen orbitals are closed on boron, which
determinesthe smallness of p—d hybridization. Thiscir-
cumstance significantly simplifies the many-electron
model, because one may calculatethed" (n =4, 5, and
6) terms of iron in the crystal field rather than the terms
of the metal—oxygen complex, asin copper oxides[10].

The intraatomic part of the d-electron Hamiltonian
can be written as

U
Ham = z %)\n)\o + ?}\n)\on)@%
Ao (1)
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where n,, = a,, a5, &, designates the creation opera-
tor of ad electron on one of the five orbitals A with the
spin projection g, ¢ =—0. The first term describes the
atomic d levels in the crystal field, the small uniaxial
crystal-field component is neglected, and it is assumed
that (t,y) = €4 — 2A/5 and €(gy) = €4 + 34/5. The other
termsin Eqg. (1) correspond to the Coulomb intraorbital
U, and interorbital V,,. repulsions and also to the Hund
exchange J,,. For the sake of simplicity, we will
neglect the orbital dependence of the Coulomb matrix
elements considering that there are three parameters U,
V, and J related to each other by the known condition
Uu=2v+J.

The energies Eg(d") of the lowest levels of the d"
configuration with spin Sequal

E,(d") = 4e,—3A/5+ 6V —6J,
E,(d") = 4e,—8A/5+U +5V-3J,
Eo(d*) = 4e,—8A/5+2U +5V 2],
Es,(d®) = 5g4+ 10V —10J,

Esn(d®) = 554—A+U +9V —6J, 2
Eyo(d5) = 5y — 20 + 2U + 8V — 4],

E,(d%) = 6g,—2A/5+ U + 14V —10J,

E,(d%) = 6g,—7A/5+2U + 13V —7J,

Eo(d®) = 6g,—12A/5+ 3U + 12V —6J.

The one-electron Green's function without regard
for interatomic hopping is calculated exactly with the
use of the Hubbard X operators XP4 = |p(lgj| constructed
on the eigenstates |gL{Eq. (2). Such functions were cal-
culated for the metals of the iron group in the limit
U — o intheworks[11, 12]. In this case, the energy
of the d-electron quasi particlesis determined not by the
many-electron terms themselves but by their differ-
ences

Q; = E(d") —E(d"). &)

It isthese energiesthat determine the one-electron band
structure of the substance along with the s- and p-elec-
tron bands of boron and oxygen. As distinct from the
ordinary band states, the quasiparticles specified by
Eqg. (3) have a variable spectral weight determined by
thefilling factors F;; = N, (d"* 1) + N;(d"), where N;(d")
isthefilling probability of theith term of the d" config-
uration. This probability is calculated self-consistently
through the equation for the chemical potential [11—
13].

3. In order to relate the quasiparticle energies (3) to
the conduction and valence bands, we will make use of
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Fig. 1. Diagram of Fe**, Fe®*, and Fe?* terms; the cross
marks the lowest °A, 4 term filled at T = 0. The numbers on

theleft indicate the spin, and the numbers aboveindicate the
energy (eV) of the term relative to the lowest term for each
configuration.

the results of the calculation [6], according to which the
valence-band top €, coincides with that of the one-elec-
tron d band. Thus, we obtain the condition €, = g4+ W,.
The U and J parameters are found by a comparison of
the energies AE; = E5,(d®) — E5,(d®) and with AE, =
E,»(d®) — E5»(d®) with exciton peaks at 1.3 and 1.9 eV
in the absorption spectra[14]. Asaresult, wefound U =
1.45eV and J = 0.35 eV and calculated the energies of
al termsgivenin Eqg. (2) (Fig. 1). Itisevident in Fig. 1
that, of all the intraatomic d quasiparticles, the transi-
tions Q, = Eg(d°) — Ex(d), Q, = Eg)p(d°) —E4(d*), and
Q, = Egy(d®) — Ey(d*) with electron annihilation and
also Q. = Ex(d°) — Egip(d°), Q¢ = Ey(d°) — Egp(cP), and
Q. = Ey(d®) — Eg,(d®) with electron creation have a
nonzero weight. All Q,, energieswere found to be lower
than the valence band top, and Q fell withinthe gap Ey,
(Fig. 2). The Q. and Q, energies are the centroids of the
upper and lower Hubbard bands, which are formed if

the d—d hoppingst are subsequently taken into account.
The effective parameter

Ugr = Q—Q, = Ey(d°) + Ey(d*) — 2E5,(d”)
=U+4J-A = 185¢eV.

(4)

The interatomic hopping in the antiferromagnetic
phase is suppressed because of the spin—polaron effect
[15]. Inthe case of hopping between nearest neighbors,
the effective hopping integral is determined by the
product of the filling factors on two sites belonging to
the opposite sublattices A and B [16]. Thus, for the
lower Hubbard band, we obtain

ti — t2( D(ZS/Z +5/2D+ D(ZZ, +2®

+5/2, +5/2 +2,+2 (5)
x (X" 70O+ X~ D),
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Fig. 2. Diagram of the density of states of FeBO3 at normal
pressure in the antiferromagnetic phase.
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Fig. 3. Diagram of the Fe™", Fe®*, and Fe* terms in the
high-pressure phase.

where |+5/20and [+2Care spin sublevels of the Eg,(d°)
and E,(d*) terms split in the internal molecular field
according to their spin projections. If level |+5/2(0sthe
lowest for sublattice A and isfilled, then thelowest level
for sublattice B |-5/2C0s unfilled at T = O (with neglect
of the =zero quantum functions). Therefore,

[Xg”* 0= 0at T =0, the occupation numbers of all

d* and d° sublevels also equal zero for FeBO;, so that
the widths of the Hubbard bands are close to zero. This
iswhy the diagram of density of statesin Fig. 2 can be
compared with the experiment in the antiferromagnetic
phase of FeBO;. Note that, according to this diagram,
FeBO; belongs to the class of dielectrics with a gap
caused by the charge-transfer processes. In this case,
we consider that a hole with the energy €, is created on
oxygen and a d electron with the energy Q. is created

oniron (d°p® — d®p® process).

4. As pressure is built up, the crystal-field parame-
ters A and theinteratomic hopping tincrease. The latter,
as we can see from Eq. (4), only dlightly affects the
band structure in the antiferromagnetic phase. The
growth of A is more important and leads to the cross-
over of high-spin and low-spin terms. It is evident from
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Eqg. (2) that, as A increases, the E,,(d°) term goes down
more rapidly than the E5,(d®) term; therefore, the cross-
over with spin 5/2 takes place for S = 1/2. It is this
crossover that was observed by the M dssbauer effect in
[1-3]. We do not study here the thermodynamics of the
system under pressure. Thiswas madein first principles
calculations [7]. We are interested in understanding
how the crossover is manifested in the electronic struc-
ture. Thus, we will consider the high-pressure (HP)
phase P > P, in which A(P) > A, = (U + 7J)/2. The
crossover of terms S= 2 and S= 1 for the d* configura-
tion also takes place at this pressure, and the crossover
of terms S= 2 and S= 0 for the d° configuration takes
place even earlier (at lower pressure). The schematic
diagram of many-electron levels in the HP phase is
shownin Fig. 3. Therearrangement of all termsleadsto
a change in the effective Hubbard parameter in the HP
phase

Uar = E;(d*) + Eo(d®) — 2E,,(d”)
= (U-3J)/2 =02¢eV,

so that, along with the growth of the bandwidth, the
importance of strong correlations decreases, and we
expect the metallization of the system in the paramag-
netic phase. Because we do not know the width of thed
band, we may speak with confidence only about a ten-
dency toward metallization. Consider two possible
variants.

(1) Asthe band width, wetake the result of the band-
structure calculation with W, = 1.4 eV. Then, at Ug=
0.2 eV, we expect the metallic paramagnetic state. If the
systemis characterized by Fermi surface nesting, it will
transform into a spin-density-wave state (band ferro-
magnet) [17-19] with decreasing temperature bel ow

_ o1 0

Ty = L14Wsexp NGO UL (7)
where N(gg) ~ /W, isthe density of states at the Fermi
level. The electrical properties below Ty, are character-
ized by adielectric gap Ey = 2U[FLIAssuming that,
a T=0, Z0= 1/2 in the HP phase, we obtain E, =
0.2eV. For Ty, a Ug = 0.2 eV and W, = 1.4 eV, we
obtain the estimate Ty, = 10 K from Eq. (7).

(2) It ispossible that the d band is narrower than the
overall bandwidth and than Ug. Then the system in the
HP phase will remain a Mott—Hubbard insulator and
will transform into the metallic state with further
growth of the pressure. For the Mott—Hubbard insula-
tor, Ty can be roughly estimated within the effective
Heisenberg model with S=1/2. Thismodel in the spin-
wave approximation gives [20]

Ty = 1(0)S(S+ 1)/3C, 8)

where C is the Watson integral and 1(0) is the Fourier
transform of the interatomic exchange interaction. If

(6)
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1(0) did not depend on the pressure, Ty, in the HP phase
would be lower than Ty at P = 0 by a factor of 35/3.
However, as the interatomic distance decreases, 1(0)
grows. According to [3], the growth islinear, and Ty =
600 K in thevicinity of P, (at P = 0, Ty = 348 K). With
regard to the increase in the exchange interaction, we
obtain the estimate Ty = 50 K for the HP phase. The
electronic structure of a Mott—Hubbard insulator is

characterized by the existence of local levels Q, =

Euo(d) — Ex(d) (filled) and Qc = E(dF) — Eyp(cF)
(empty at T = 0) and by the dielectric ground state with
the gap E; ~ U

Thus, both considered variants lead to the conclu-
sion that the HP phase is characterized by a dielectric
antiferromagnetic ground state with the gap E; =
0.2 eV. Both variants give values of T that are consis-
tent with each other by the order of magnitude. Thedis-
tinctions appear above Ty: the metal-insulator transi-
tion in the first variant and a semiconductor that trans-
formsinto ametal upon further buildup of the pressure,
in the second variant. It is necessary to note that al
quantitative estimates for the HP phase (for A, U, and
Ty vaues) should be considered as being qualitative, by
the order of magnitude, rather than quantitative. Thus,
the growth of the pressure will undoubtedly result in an
increase in the uniaxial component of the crystal field,
which will lead to further splitting of the g, and ty,
states. Hence, the energies of all terms can change by a
value comparable to A. Nevertheless, it is unlikely that
the qualitative conclusion that Ug significantly
decreases upon the inversion of high-spin and low-spin
terms will change if the model is refined. The conclu-
sion that antiferromagnetism is retained in the HP
phase, but with alowered magnetic moment of the sub-
lattice, was also obtained in [7]. In this work, the con-
clusion isdrawn that the ground state is metallic at P >
P.. The interplay between the electrical and magnetic
properties in the HP phase calls for further, primarily
experimental investigation.

5. In conclusion, we note that the proposed mode! of
the FeBO; band structure takes into account strong
electron correlations and describes the optical absorp-
tion spectrum. The main mechanism of the change of
the electronic structure with pressureis the increase in
the crystal field, which leads to the inversion of high-
spin and low-spin terms for the d*, d°, and d® configura-
tions. An unusua mechanism of the transition from the
strong correlation regime to the regime of weak corre-
lation is revealed. This mechanism involves a decrease
in the effective Hubbard parameter along with the usual
growth of the band width.
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