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Another mechanism for the insulator-metal transition observed in Mott insulators
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The two widely accepted mechanisms of the insulator-metal Mott—Hubbard transitions which have been
considered up until now are driven by the band-filling or bandwidth effects. We found a different mechanism
of the Mott—Hubbard insulator-metal transition, which is controlled instead by the changes in the Mott—
Hubbard energy U. In contrast to the changes in the bandwidth W in the “bandwidth control” scenario or to the
variations of the band-filling n parameter in the “band-filling” scenario, a dramatic decrease in the Mott—
Hubbard energy U plays the key role in this mechanism. We have experimentally observed this type of the
insulator metal transition in the transition metal oxide BiFeOs. The decrease in the Mott—Hubbard energy is
caused by the high-spin—low-spin crossover in the electronic d shell of 3d transition metal ion Fe** with &’
configuration under high pressure. The pressure-induced spin crossover in BiFeO3; was investigated and con-
firmed by synchrotron x-ray diffraction, nuclear forward scattering, and x-ray emission methods. The insulator-
metal transition at the same pressures was found by the optical absorption and dc resistivity measurements.

DOI: 10.1103/PhysRevB.77.155112

The insulator-metal transition (IMT) in strongly corre-
lated d-electron systems has been widely discussed since the
ground-breaking work by Mott.! The commonly accepted
mechanisms are the bandwidth controlled IMT, driven by the
broadening of the d bands (e.g., by pressure), and the filling-
controlled IMT, induced by the doping of charge carriers into
the parent insulator compound.?> However, up until now, the
possibility to induce IMT Mott transition by the variation of
the Hubbard correlation energy U has never been considered.
We report here a mechanism of the insulator-metal transition,
which is driven by the spin-crossover effects at high pres-
sures in BiFeO;. Our results shed light on a mechanism of
IMT which is induced by the suppression of the effective
Hubbard correlation energy U, at the Fe** high-spin to low-
spin crossover (HS-LS) transition. These findings reveal ad-
ditional complexity of electron-electron correlation effects in
the d-electron system subjected to a lattice compression suf-
ficient to overcome the Hund exchange energy; as such, the
IMT mechanism is expected to be important in other spin-
crossover systems. We tentatively describe this mechanism
as the Hubbard energy control scenario. Notably, the HS-LS
spin crossover in other Fe’* oxides such as RFeO; (R is a
rare earth ion)>* and in FeBO; (Ref. 5) is not accompanied
by the IMT, which is briefly discussed below.

Transition metal oxides constitute a very large class of
materials of considerable importance for both fundamental
science and practical applications. They include high-
temperature superconductors, manganites with colossal mag-
netoresistance, multiferroics, and materials for spintronic and
optoelectronic applications. Moreover, mixed iron oxides
and perovskites are very important for geophysics. The prop-
erties and behavior of transition metal oxides are mainly
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governed by strong electron-electron correlations. It is pos-
sible to control the correlation effects by applying high pres-
sure, and the pressure variable provides an important addi-
tional degree of freedom to study the magnetic, electronic,
and optical properties of solids.

Bismuth ferrite (BiFeO;) is a typical representative of
transition metal oxides with strong electron correlations. It
belongs to a class of multiferroic materials (ferroelectric an-
tiferromagnet) which have both spontaneous electrical
polarization and spontaneous magnetization.’ Due to a
record high for multiferroic antiferromagnetic Néel tempera-
ture (Ty=643 K) and ferroelectric Curie temperature
(T-=1083 K),%? the BiFeO; crystal is most attractive for
both fundamental and applied studies. It has the rhombohe-
drally distorted perovskite structure with space group R3c,
and the unit cell parameters a=5.58 and ¢=13.9 A.'%!! We
have applied several high-pressure techniques'>!* to investi-
gate the electronic, magnetic, and structural properties of
BiFeOj; in highly compressed state.

The BiFeO; powder samples were prepared by the ce-
ramic technique from stoichiometric amounts of Bi,Os
(99.99%) and a-Fe,O5 (99.99%) initial powders. Purity of
the sample was controlled by x-ray diffraction. The details of
the synthesis procedure could be found elsewhere.!> To per-
form the resistance measurements, optical absorption, x-ray
emission spectroscopy (XES),!3 nuclear forward scattering
(NFS),'* and x-ray studies at high pressures, the BiFeO,
plate with the dimensions about 70X 70 um? was placed
into a high-pressure cell with diamond anvils (DACs). The
working volume of the cell was filled with the helium pres-
sure medium for x-ray diffraction and NFS studies. Silicon
oil and sodium chloride were used as pressure medium in the
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FIG. 1. (a) The unit cell structure and (b) local
crystal structure of BiFeO5 at normal conditions
could be considered as distorted perovskite with
strongly distorted FeOg4 octahedrons. (c) The evo-
lution of x-ray patterns of BiFeO; measured in
helium pressure medium does not show any
change of crystal symmetry up to 70 GPa. (d)
Solid lines V| and V, are the Biirch—-Murnaghan
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by the spin crossover of Fe3* ion. We expect a
first-order-type structural transition at 7—0 K
due to the difference in volume of Fe** ions in
HS (§=5/2) and LS (§=1/2) states. However,
due to thermal (HS<«=LS) fluctuations in the re-
gion of the spin crossover at 7=300 K, the tran-
sition is broadened to about 10 GPa pressure
range. Thus, we observe a broad anomaly in V-P
relation indicating the transition from the high-
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optical absorption and resistance measurements, respectively.
The pressure was measured by the standard ruby fluores-
cence technique. Several ruby chips with dimensions of
about 1 um were placed into the cell along with the sample
at different distances from the center of the working volume
to evaluate the pressure gradient in the chamber. The pres-
sure gradient was less than 0.2 GPa at all pressures for he-
lium pressure medium and less than 2 GPa in experiments
with silicon oil and sodium chloride pressure media. In the
resistivity experiments, we used insulating gasket made of
the mixture of cubic boron nitride with epoxy. The beryllium
gasket was used in the XES measurements, and rhenium foil
was used in all other types of experiments as a gasket mate-
rial.

The angular-dispersive x-ray diffraction was used to in-
vestigate the crystal parameters and unit cell volume V in
BiFeO; at high pressures of up to ~70 GPa at room tem-
perature (Fig. 1). We have observed an anomaly in V-P re-
lation in the pressure range between 40 and 50 GPa indicat-
ing a structural transition. From the Biirch-Murnaghan
approximation, the bulk modulus of BiFeO5; was estimated to
be Bgs=75.5 *15.5 GPa before the transition and B](js
=292+ 9 GPa after the transition [see functions V;(P) and
V,(P) in Fig. 1(d), respectively]. We have found that during
decompression measurements, the V-P relation is completely
reversible.

The NFS measurements at °'Fe (Fig. 2) clearly show a
collapse of iron magnetic moments at pressures near 50 GPa.
At room temperature, this magnetic transition is broad (from
45 to 55 GPa), and it is getting narrower with temperature
decrease.

The high-pressure XES experiments [x-ray K3 emission
of Fe (see Ref. '3)] have discovered dramatic changes in the
spin states of iron ion Fe** in the range from 40 to 55 GPa
(Fig. 2). These changes definitely indicate a spin crossover in
Fe** ions from the HS state (S=5/2) to the LS state (S
=1/2). The critical pressure of the spin crossover is deter-
mined by the condition Eyg=E;g, where Eyg and Ejg are

spin to the low-spin state.

energies of system in HS and LS states, respectively. We
believe that the observed broad pressure range of the spin-
crossover transition at room temperature [Fig. 2(b)] is due to
thermal spin fluctuations between HS and LS states.!® Such
broadening was recently discovered in Gd-iron borate
[GdFe;(B0O5),] for Fe** ions'® and in magnesiowiistite [(Mg-
Fe)O] for Fe?* ions.!” We have investigated the NFS spectra
at high pressures and low temperatures down to 14 K and
observed a dramatic decrease in the width of the spin transi-
tion [Fig. 2(d)], in agreement with the model of thermal fluc-
tuations between the HS and the LS states.'® These are not
spin-flip fluctuations of the spin wave type resulting from the
spin vector rotations in magnetics. Instead, here we have
fluctuations of the spin value between S=5/2 and S=1/2.

The effect of pressure-induced metallization was found
from the optical absorption spectroscopy and the resistance
measurements at high pressures both at room and low tem-
peratures. Evolutions of optical absorption spectra and the
pressure dependence of the optical gap under compression
and decompression are shown in Fig. 3. At room tempera-
ture, an electronic transition is observed at pressures from
45 to 55 GPa with the optical gap decreasing to zero value
[Fig. 3(c)]. This implies an insulator-metal transition in
BiFeO;. It is obvious that the optical gap behavior under
compression follows the change of the average spin of Fe**
ions during spin-crossover transition, and the gap drops to
zero when the spin transition to LS state is complete.

The observed IMT was supported by the direct measure-
ments of resistance in DAC. Pressure dependence of the re-
sistance at room temperature is shown in Fig. 3(d). In the
pressure range from 40 to 55 GPa, we observed a drop in
resistance by nearly 7 orders of magnitude. The plot of the
logarithm of resistance versus —i power of temperature at
several pressures is shown in Fig. 4(a). It is clear from Fig. 4
that at the onset of the transition, the temperature depen-
dence of the resistance can be fitted well to the Mott
formula' for the variable-range hopping,
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FIG. 2. [(a) and (b)] The complex scenario of electronic transition in BiFeOj5 at high pressure and low temperature. The evolution of XES
spectra at room temperature (a) demonstrates the decrease in the satellite peak intensity in the region of 45—55 GPa (b) indicating the HS-LS
spin crossover (Ref. 24). The 1, is the integrated intensity of satellite peak in arbitrary units (located on the left side from the main peak),
being the measure of the high-spin value. (c) We show different types of NFS spectra observed in high-pressure-low-temperature measure-
ments. The spectra of type I correspond to magnetic phase of Fe3* ions in HS state. The spectra of type II belong to an intermediate state in
the region of HS-LS spin crossover close to the HS state, type III belongs to an intermediate state in the region of HS-LS spin crossover close
to the LS state, type IV is pure LS state, type V is an intermediate state at the boundary of transition from the LS (HS) state into a metal,
and type VI belongs to the pure metallic phase. (d) The complex P-T diagram of electronic states which has the region with intermediate
electronic states due to HS-LS fluctuations, the regions with pure HS (insulator) and LS (semiconductor) states, and finally, the region with
LS metallic phase. At room temperature, the start and the end of the transition are bracketed by XES (gray squares) and resistance (gray
circles) data. The width of the intermediate region (hatched) decreases at low temperature. The transition is narrow at 100 K [see also Fig.

4(c)]. Further experiments are required to constrain the transition width and position below 100 K.

R:Roexp<<T—;>V>, (1)

where V=J¢ and T, is the parameter of fit.

At pressures higher than 46 GPa, in the spin-crossover
regime, the temperature dependence of resistance becomes
more complex due to thermal spin fluctuations between the
HS and the LS states. At about 55 GPa, the temperature de-
pendence of resistance shows metallic behavior [see Fig.
4(b)] indicating the onset of the metallic state. Thus, at room
temperature, the insulator-metal (IM) transition is spread
over pressure range of 45—55 GPa. At lower temperature,
the width of the IM transition becomes substantially reduced
[Fig. 4(c)], in agreement with the thermal spin-fluctuation
model.'® In Figs. 4(d) and 4(e), we show a change of trans-
parency of BiFeO; under pressure.

Mott! proposed the insulator model for transition metal
oxides with partially filled d band. Combined with the Hub-
bard theory, this model predicts that the conductivity is sup-
pressed by the strong Coulomb interaction when additional
electron is added to the cation site. The effective Mott—
Hubbard energy of such electron repulsion is U.g(d?)
=E(d® +E(d*)-2E(d’), where E(d") is the low term energy
of the d" configuration.’? Below, we use a single effective
Hubbard band U, (Ref. 18) without distinguishing between
the Hubbard energy U and the charge-transfer energy A."°
The kinetic energy of electrons is determined by the width of
the d band W. In this case, the fundamental gap of the insu-
lator is equal to (U.s—W). The criterion of the transition
from the insulating to the metallic state is W~ U.!

Considering the pressure-induced HS-LS spin crossover
in the iron borate (FeBOs), Gavriliuk et al.?*?! have found
that the high-pressure Mott—Hubbard energy of the low-spin
state U, g for Fe** ion is much less than the energy of the
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FIG. 3. The evidence for the insulator-metal
transition from optical absorption and resistance
measurements. The evolution of optical absorp-
tion spectra at (a) compression and (b) decom-
pression reveals a drop of the optical gap to
nearly zero in the (c) pressure range from
45 to 55 GPa. This decrease in the optical gap
correlates well with the drastic drop of resistance
of the sample (almost by 7 orders of magnitude)
in the (d) same pressure region. The transition is
continuous, and its width could be explained by
the thermal HS-LS fluctuation model (Ref. 16).

It appears that in the case of BiFeOs;, the decrease in U,
at the spin crossover is sufficient to transform the crystal into
the metallic state and the W/ Uyg<<1 regime transforms into

the W/ U; > 1 regime,
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FIG. 4. (Color online) The insulator-metal
transition invoked from the evolution of tempera-
ture dependence of the resistance under pressure.
(a) The temperature dependence of log(R) is fit-
ted well to the Mott dependence ~1/T"*. At
pressures higher than 46 GPa, the temperature
dependence becomes more complex due to the
mixing of the HS and LS states in the intermedi-
ate region of the spin crossover where thermal
fluctuations between the HS and LS states play an
important role. (b) At about 55 GPa, the tempera-
ture dependence of resistance is changing to me-
tallic behavior (the upturn in the resistance curves
at low temperatures may be due to the nonuni-
form pressure distribution, when some parts of
the sample remain insulating at the pressures
close to IMT). The width of the insulator-metal
transition at 100 K becomes substantially lower
at 295 K (c) thus supporting the thermal HS-LS
fluctuation model. Images of the sample at (d)
7.2 GPa and at (e) 55 GPa show the change in
optical transmission of BiFeOj5 at the IMT. The
four Pt leads are connected to the BiFeO5; sample
in the central hole of the cBN gasket. (d) Reddish
crystal is in the center of the image; a transparent
part of NaCl pressure medium is visible on the
top of the sample. (¢) In the image, BiFeOj
sample becomes opaque because of the transition
into the metallic state. At these pressures, the
¢BN gasket becomes nearly transparent.
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Thus, we conclude that the electronic transition in BiFeO; is
of the Mott type and it is driven by the transition of iron ions
from the HS state to the LS state (spin crossover), which
suppresses the Coulomb correlation energy U, enabling the
insulator-metal transition according to the Mott mechanism
[Eq. (2)].

The driving mechanism for the observed transition is the
reduction in the Hubbard energy U in the low-spin state.
Such scenario is very different from the widely discussed
band-broadening mechanism under pressure”?? (bandwidth
control) or filling (doping) mechanism (e.g., in cuprates,
manganites, etc.).2??

In all experiments, we observe very similar broadening of
magnetic, structural, and electronic transitions because of the
unique underlying mechanism—thermal fluctuations be-
tween the HS and the LS states in the region of the spin-
crossover transition. This interpretation is supported by our
low-temperature data, which show the decrease in the tran-
sition width from the resistance measurements and from the
low-temperature NFS experiments in helium pressure me-
dium (Figs 2 and 4).

At the onset of the pressure-induced transition, the resis-
tance can be fitted well to the Mott function for the variable-
range hopping conductivity [Eq. (1)]. The temperature de-
pendence of the resistance is more complex when thermal
fluctuations become more important at higher pressures due
to the increased concentration of the metallic phase. For ex-
ample, at 47.8 GPa, there are two temperature regions, which
could be fitted to the 1/7"* dependence with different pa-
rameters [Fig. 4(a)].

Now, we discuss why the spin crossover induced decreas-
ing of Uy results in the IMT for bismuth ferrite (BiFeOs)
and in the semiconductor state in iron borate (FeBO3). The
difference between FeBO; and BiFeOj; is as follows: strong
s-p bonding in BO; group in FeBO; results in negligible
small covalency of Fe and O, thus the d-electron bandwidth
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is small, W~0.1 eV.?° The pressure-induced increase in the
bandwidth in FeBOj; is also small. On the contrary, in
BiFeOs;, the covalent mixture of oxygen p and iron d elec-
trons is not small, and the bandwidth is W~ 1 eV, typical for
d-metal oxides. Our calculations have shown that the band-
width control scenario with pressure independent U, would
require pressure of 250 GPa for IMT, while the spin cross-
over induced decrease in U,y with simultaneous increase in
the bandwidth results in the critical pressure of 45 GPa,
which is quite close the experimental value in BiFeOs;.

In summary, structural, electronic, and magnetic proper-
ties have been studied at high pressures in BiFeOj; crystal.
The reversible insulator-metal Mott transition was observed
at pressures higher than 55 GPa. The insulator-metal transi-
tion has a complex mechanism and is induced by the HS-LS
crossover in the Fe3* ion subsystem, which drives the effec-
tive correlation energy U, below the threshold for the IMT.
The pressure-induced transition is broad and continuous at
room temperature and becomes much sharper at temperature
below 100 K due to suppression of thermal fluctuations be-
tween the HS state (§=5/2) and the LS state (S=1/2). The
main key result of this investigation is the discovery of a
mechanism of the insulator-metal transition in the Mott—
Hubbard systems, which we tentatively describe as the Hub-
bard energy control scenario.
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