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High-pressure cycling of hematite «-Fe,3: Nanostructuring, in situ electronic transport,
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We studied electronic transport properties of hematite (a-Fe,O3;) at room temperature under cycling of
high pressure up to ~22 GPa. The original samples and those recovered after high-pressure experiments were
examined by x-ray diffraction and Raman and optical absorption spectroscopy. At ambient pressure the original
samples were also characterized by temperature measurements of electrical and galvanomagnetic properties.
Upon compression, the original single crystals underwent a sluggish structural deconfinement starting above
5 GPa into a nanometric state. Above 5—7 GPa, the nanostructured hematite showed a reversible transition to
a state with enhanced electrical conductivity and moderate values of thermoelectric power (Seebeck effect) of
about — 150 nwV/K. This electronic phase corresponds to neither conventional trivalent oxidation state of the
iron ions in hematite nor metallic conductivity. Analysis of the electronic transport data in the frameworks of two
models, of polaron hopping, and of intrinsic semiconductor conductivity, revealed a change from the electron
conductivity to two-band electrical conductivity and suggested that the observed enhancement of the electrical
properties in nanocrystalline «-Fe,O3; above 5-7 GPa is related to the mixed-valence state of the iron ions.
Since a-Fe, 03 is believed to undergo a “spin-flop” (Morin) transition near 2-5 GPa at room temperature, we
discuss potential contributions of magnetoelastic and other effects to the observed high-pressure properties of

hematite.

DOI: 10.1103/PhysRevB.86.205131

I. INTRODUCTION

Iron oxides, Fe, O, are composed of two the most abundant
elements in the Earth, and these materials are crucially impor-
tant for basic and applied sciences, as well as for industry. The
iron oxides are represented by Fe, O3, Fe; 04, FeO, and Fe4Os;
the last oxide has been recently synthesized in high-pressure—
high-temperature conditions.' The valence state of Fe ions has
amajor influence on properties of Fe, O, systems. In particular,
their electronic transport may be described in the framework
of the model of small-polaron conductivity—charge exchange
between Fe?t and Fe*' ions,>* and hence, the Fe’t/Fe?t
ratio is a key parameter. Besides structural transformations,
an applied pressure can induce intriguing electronic/magnetic
crossovers, e.g., near 5—10 GPa in FeO,* and 6-15 GPa in
Fe;0,.3° However, the nature of these features is still a point at
issue.

At ambient conditions, Fe,O3 normally adopts a corundum
lattice (a-Fe,03, space group #167, R3c). Undoped hematite
with an optical band gap of ~1.8-2.3 eV, shows very low
electrical conductivity. However, intrinsic conductivity may be
enhanced by annealing in reducing conditions, which leads to
the appearance of oxygen vacancies and related Fe>* ions.>%1°
Polaron conductivity models tightly bind the Fe?*/Fe?* ratio
to a thermopower value.>™ Intrinsic a-Fe,O3 was therefore
suggested to be a sensitive “thermoelectric gas sensor” of
oxygen partial pressure.'!

At temperatures near Ty ~ 255 K, hematite exhibits a
“spin-flop” (so-called Morin) transition.'® At this transition,
the spins below Ty are reoriented from being aligned
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perpendicular to the ¢ axis to be aligned parallel to the
c axis.!? This leads to changes in magnetic (from ferromagnetic
to antiferromagnetic)'®!? and elastic properties (bulk modulus
reduces by ~10%).'*!* Pressure—temperature boundaries
of the Morin transition seem to be very sensitive to
sample mesostructure and pressure conditions. Thus, in
nanocrystalline samples, the transition temperature (7y)
drops below 160 K, and a hysteresis loop between the direct
and return transitions significantly extends.'>!® Even the
shape of hematite particles can affect the course of the
Morin transition and Ty.!” Additionally, in nanostructured
samples, this transition was found to be accompanied by
dramatic changes in magnetic properties, which stimulated
speculation about the possible existence of new intermediate
magnetic and structural phases.'® With pressure application,
Ty rises and reaches room temperature at ~2-5 GPa, as
found by variation of magnetic'*~>* and elastic properties.'>!*
A high-pressure neutron diffraction study suggested
stabilization of an “intermediate” orientation of the spins
above ~2.5-3 GPa.?’ However, hitherto electrical resistivity
studies of «-Fe, O3 under pressure could not detect any effect
of this spin-flop transition on the electronic band structure of
Ol—F6203.24

In this work, we examine the electronic transport in
a-Fe,03 crystals under pressure cycling up to 22 GPa
(i.e., across the spin-flop transition). This treatment led to
nanostructuring of the samples. We find evidence of a
mixed-valence state of the iron ions in nanostructured hematite
compressed above 5-7 GPa.

©2012 American Physical Society
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FIG. 1. (Color online) Temperature dependencies of (a) electrical
resistivities along the ab or ¢ axis, and of (c) carrier concentration, and
(b, d) magnetic field dependencies of the Hall resistivity of «-Fe,Os.
(a) The bulk arrow indicates the Morin transition. (b) Separation of
normal and anomalous (below 1 T) Hall effects [see Eq. (1)]. (c) Big
squares, concentrations determined from the normal Hall effects in
plot (d); small points, rough estimations from full Hall signal at 13.6 T.
(d) Determination of carrier concentration from the normal Hall effect
at several temperatures, for both increasing and decreasing values of
the magnetic field.

II. DETAILS OF EXPERIMENT

In this work, we used chemically pure quasi-single-
crystalline ingots of hematite (e-Fe,O3). At ambient pressure
the original samples were also characterized by temperature
measurements of electrical and galvanomagnetic properties
carried out by a conventional Montgomery method (a modifi-
cation of a Van der Pauw method) using an Oxford Instruments
setup (Fig. 1),% covering a range of temperatures from 200 to
380 K and of magnetic fields up to 13.6 T.

The high-pressure experiments were carried out in anvil-
type high-pressure cells [Figs. 2(a) and 2(b)], loaded in an
automated high-pressure setup (minipress), connected with
nanovoltmeters and a computer.”® This automated setup
smoothly generated a force applied to a high-pressure cell and
automatically registered the electrical signals from a sample
and environment for both pressurization and decompression
cycles.”® A force applied to a high-pressure cell was measured
by means of a digital dynamometer with resistive-strain
sensors. Pressure values were estimated from a calibration
curve based on the well-known and distinctly observable
pressure-induced transitions with a possible uncertainty in the
maximal pressure value below ~10%.%6

The high-pressure anvils made of synthetic diamonds had
culets of ~600—1000 pm in diameter (Fig. 2).>’ A microscopic
plate-shaped sample ~200 pm in diameter and ~30 pm thick
was loaded in a container made of lithographic stone (soft
CaCOs-based material) [Fig. 2(c)]. This container served both
as a gasket and a pressure-transmitting medium [Fig. 2(c)].?’
The Seebeck effect was measured by the conventional method
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FIG. 2. (Color online) Side views of high-pressure cell with
(a) conventional “flat” and (b) concave “toroidal” anvils, and
(c) photograph of a container with a sample (black rectangle in
the center) recovered after high-pressure cycling experiments. 1,
sample; 2, container made of the lithographic stone; 3, anvils (in
thermoelectric measurements, the upper anvil is heated—shown in
red); 4, supporting hard-alloy matrices made of tungsten carbide; 5,
electrical probes to a sample. A ringlike bulge of container 2 provides
a supporting pressure P (up to 10 GPa) around the tips of the anvils;
high, quasihydrostatic pressure P is being created in the central part
of the container around a sample.

by generating a temperature difference (AT) between two
edges of a sample and measurement of a thermoelectric voltage
between these edges.”® We generated this AT along a sample
thickness by electrical heating the upper anvil [Figs. 2(a)
and 2(b)].?° A AT value was determined from a temperature
difference between the upper and lower anvils, which was
directly measured by means of the thermocouples.’®? A
(thermo-)electrical signal from a sample was measured by
thin Pt-Ag electrical probes. In order to monitor changes in
the electrical conductivity characteristics of the samples under
pressure cycling, we measured electrical resistance (Fig. 3)
from the same Pt-Ag electrical probes with a quasi—four-probe
technique (two bifurcated wires) [Figs. 2(a) and 2(b)]. Since
the wide-band-gap «-Fe,O3 had low electrical conductivity,
the conductivity of microscopic parts of the high-conductive
Pt-Ag electrical probes could not affect the measurements.

The merits of the thermopower method we employed in
this study were as follows: (i) a uniform thermal flow went
exclusively through the sample bulk from the upper “hot”
to the lower “cold” anvil [Figs. 2(a) and 2(b)], and (ii) the
lithographic stone container provided good thermal isolation
for a sample. We measured the Seebeck effect in three regimes
as follows: (i) at a fixed pressure value under gradual variation
in AT (Fig. 4); (ii) at a fixed AT under gradual variation
in pressure [Fig. 5(a)]; and (iii) at simultaneous variations
in both pressure and AT. All three methods gave identical
results. We carried out comparative studies on several samples
cut from the same ingot of w-Fe,O; for several pressure
cycles up to ~17-22 GPa.

Before and after the pressure experiments, the samples
were examined by x-ray diffraction (XRD) and Raman and
optical absorption spectroscopy studies (Figs. 6—8). The XRD
studies were performed using an in-house high-brilliance
Rigaku diffractometer (wavelength, A = 0.7108 A) equipped

with Osmic focusing x-ray optics and a Bruker Apex CCD
detector. The Raman spectra were excited with red and green
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FIG. 3. (Color online) Electrical resistance dependencies of two
a-Fe, 05 samples (a) 1 and (b) 2 under high-pressure cycling at 295 K.
The pressure cycle numbers are given near the curves. The thin arrows
show the direction of pressure variation. The bulk arrows indicate
characteristic kinks in the curves.

laser lines and were recorded in a backscattering geometry.
The spectra excited with the red 632.8-nm line of a He-Ne
laser were recorded using a LabRam spectrometer, whereas
the spectra excited with the green 514.5 nm line of an Ar
laser were recorded using a T64000 Jobin—Yvon triple grating
monochromator. The Raman signal from the hematite samples
was rather strong, and the high-quality spectra were collected
for 5-20 minutes. Optical absorption spectra were recorded
using a Bruker IFS 120 Fourier-transform spectrometer cou-
pled to an all-reflecting Bruker microscope. The original
single-crystalline sample was polished from both sides to a
thickness of ~15 um. The samples recovered after the high-
pressure experiments had a similar thickness and flat surfaces.
The absorption spectra were measured in a range of 8000—
25000 cm™! (1 eV A 8065 cm™!) by use of a tungsten source,
a Si-coated CaF, beam splitter, and a narrowband mercury-
cadmium-telluride detector. Each spectrum was obtained by
averaging over two spectra, each consisting of 200 scans. The
spot size on the sample was varied from 30 to 350 ;vm to make
sure of the absence of noticeable edge effects. Other details
may be found in previous works.*"
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FIG. 4. (Color online) Examples of determination of Seebeck
effect from linear slopes of dependencies of (a) thermoelectric current
and (b) thermoelectric voltage on a temperature difference along a
sample, AT. (a) Plot shows data collected on the first pressurization
cycle of sample 3. (b) Plot shows data collected at samples 1 and 3.
Most of the curves combine increasing and decreasing AT cycles.

III. RESULTS AND DISCUSSION

Single-crystalline hematite samples show a tiny jump in
conductivity ratio, p./paup, at ~250 K [Fig. 1(a)] that could be
attributed to the Morin transition.'® From the p(T) curves
[Fig. 1(a)] we estimated an activation energy as of E, =
0.14 eV. Like Fe;04, «-Fe,0; exhibits both normal and
anomalous Hall effects [Fig. 1(b)]; hence, Hall resistivity, py,
is summed as®

o = RNB + RapoM, (1)

where, Ry (Rp) is the normal (anomalous) Hall coefficient,
o 1s magnetic susceptibility, and M is magnetization. Hence,
Ry is determined from a linear slope of a py(B) curve after
magnetization has saturated (i.e., >1 —2 T) [Figs. 1(b) and
1(d)]. Following this procedure, we determined the electron
concentrations, n, at several temperatures [Fig. 1(d)]. From
these n(7') data points, we found a bit lower activation energy
of E, ~ 0.13 eV. Using the known expression, u = 1/(e X
n X pup) (Where, e is the electron charge) we established a
carrier mobility value at 300 K as of ~0.05 cm?/(B x ¢), in
agreement with previous reports.'? Notice that previous studies
documented that mobility also has an activation character.'®

In general, the electrical and thermoelectric studies under
pressure were carried out on three samples of hematite cut
from the same ingot and labeled 1, 2, and 3. Samples 1 and
2 were examined by the electrical resistance technique to
monitor changes in the electrical conductivity characteristics
under pressure cycling (Fig. 3). Direct measurements of
thermopower under pressure were possible when the sample
resistance became low enough. We performed thermopower
studies starting from the decompression runs of the fourth
cycle both on samples 1 and 2 (Figs. 4 and 5). Sample
3 was examined by combined thermopower and electrical
resistance studies (Figs. 4, 5, and 9). We could not verify
sample orientation before the transport measurements.

One can see that the pressure dependencies of the electrical
resistance, R(P), measured on samples 1 and 2 strongly vary
with pressure cycle (Fig. 3). These resistivity data (Fig. 3)
correlate with the discrepancies in previous high-pressure
resistivity studies of a-Fe,03.2* On the first cycle, the R(P)
curve of sample 2 showed a decrease in the resistance value up
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FIG. 5. (Color online) (a) Pressure depen-
dencies of thermoelectric power (Seebeck effect)
for two samples, 1 and 3, of a-Fe, 05 at 295 K.
Typical thermopower curves of Fe;O, (from
Ref. 3) and Fe;_,O (from Ref. 4) are shown
for comparison. The notations are the same
as in Fig. 3. Several of the larger symbols
correspond to values found from the linear slopes
of dependencies of thermoelectric voltage on
a temperature difference along a sample (like
those shown in Fig. 4). (b) Dependencies of
thermopower (ordinate) on Fe>*/(Fe** + Fe’*)
ratio, calculated by Eq. (3) for 8 =1 and 2.
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to ~1.5-3 GPa, and then a gradual rise to a flat maximum near
13 GPa (Fig. 3). The successive pressure cycles demonstrated
a gradual lowering of resistance with pressure, with a kink
down above 5-7 GPa [Fig. 3(b)]. In the first cycle, sample 1
was compressed only up to ~10 GPa, and this could explain
the difference in the second cycles between samples 1 and 2
[Fig. 3(a)]. Although, in this case, we can also notice a ten-
dency of resistance to growth on the first pressure cycle above
~6 GPa [Fig. 3(a)]. Near ambient conditions, the thermopower
values in our samples were S ~ —(500-1000) uV/K, as
expected for intrinsic stoichiometric a-Fe,03.2!%113! Direct
thermopower measurements performed on the fourth and fur-
ther pressure cycles found values of § ~ — (130-250) uV /K at
15-22 GPa [Fig. 5(a)]. Upon decompression, the thermopower
returned to values below — 400 'V /K [Fig. 5(a)]. Notice, that
in situ thermoelectric measurements under pressure remain
challenging, and so far there were no reports on «-Fe;O3. As
seen from Figs. 3 and 5(a), the pressure-driven changes in the
transport properties look to some extent reversible.

All the samples recovered after pressure cycling to
17-22 GPa exhibited pronounced signatures of nanostruc-
turing, as seen from XRD and Raman studies (Figs. 6-8).
The original, shiny, single-crystalline samples deconfined
into bulk nanometric samples that could readily crumble to
reddish nanoparticle dust (Fig. 6). The unit cell parameters
in the recovered sampl/es were similar to tho§e in the original
crystal [a = 5.033(2)A and ¢ = 13.747(4)A]. The Rietveld
refinement of the XRD patterns of the recovered samples
(Fig. 6) could propose only a minor shift in the oxygen
x coordinate. To estimate an average size of nanograins in
the recovered samples by the XRD data, we applied the
well-known Williamson—Hall method of separation of grain
and strain effects, as follows:2

{Bobs — Binst} €08 0 = A/ Dy + deg.{sin 0}, (2)

Fe?* (%)

where Bops and Binse are the observed and instrumental
integrated breadths (in radians 20) of a reflection located at 26,
respectively; Dy is the volume-weighted crystallite size; and
e 18 the weighted average strain. To account for instrumental
resolution, in the same conditions, we measured the XRD
of a commercial microcrystalline powder of «-Fe,O; and
used this pattern as a reference. Using Fullprof software, we
refined the XRD patterns of the recovered samples (Fig. 6) and
determined averaged reflection breadths (Fig. 7). Following
the Williamson—Hall method in Eq. (2), we estimated average
size of crystallites as Dy ~ 10-20 nm (e.g., Dy ~ 15-17 nm
[12-13 nm] in sample 1 [3]) (Fig. 7). It should be also
stressed that compression itself may not be a reason for
nanostructuring. For instance, metastable Fe;_,O subjected
to the same pressure cycling up to 20 GPa did not show that.*

In order to determine conditions of hematite nanostruc-
turing, we investigated two more samples and verified that a
multicycle pressure treatment up to only 5 GPa (sample 4) does
not lead to nanostructuring [Figs. 6(c) and 7(c)], but one pres-
sure cycle up to 17 GPa (sample 5) does lead to nanostructuring
(Dy ~ 15 nm) [Figs. 6(f) and 7(d)]. Taking into account the
apparent difference in second-cycle behavior between samples
1 and 2 (Fig. 3), we can conclude that structural deconfinement
is a sluggish process that happens between 5 and 17 GPa.
Therefore, the second and further pressure cycles (Figs. 3-5)
show property changes in nanostructured hematite. The first-
cycle R(P) curve of sample 2 should reflect changes related
to the deconfinement process (Fig. 3). After the electrical
resistance of sample 2 reaches the maximum near 13 GPa, its
further behavior resembles that of the second-cycle curve [Fig.
3(b)]; hence, it seems that the process is nearly completed at 13
GPa. Sample 1 in the second pressure cycle shows rather simi-
lar behavior [Fig. 3(a)]. Variations in the behavior of electrical
resistance on further pressure cycles (Fig. 3) correlate with
very strong dependence of the Morin transition temperature,
Ty on nanocrystallite size.!> Gradual growth in the electrical
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FIG. 6. (Color online) X-ray diffraction (XRD) patterns and
photographs of the original and recovered samples of «-Fe,O3 after
high-pressure experiments at 295 K. (a—f) Examples of azimuth XRD
images in the full range of 0-360°. (g) Examples of integrated 2D
XRD patterns. (a) The large single crystal of a-Fe,O5. The ordinate
azimuth axis has been strongly shrunk to assemble XRD images
of several samples inside one figure. Five small upper insets show
the spotlike single-crystal diffraction reflections in a regular scale.
(b) Commercial microcrystalline powder of «-Fe, O3 (Dy > 100 nm).
(c) Sample 4 recovered after multicycle pressure experiments up to
~5 GPa. (d) Sample 1 recovered after multicycle pressure experi-
ments up to 17 GPa [Fig. 3(a)]. (e) Sample 3 recovered after multi-
cycle pressure experiments up to 22 GPa [Figs. 5(a), 9(a), and 9(b)].
(f) Sample 5 recovered after the one-cycle run-up to 17 GPa. To
improve the quality of the XRD patterns, some samples were slowly
rotated during data acquisition. The photographs of the original and a
couple of the recovered samples are given at the right side of the figure.
(g) The tick marks are calculated peak positions for the corundum
lattice. The widening of the XRD peaks of the samples recovered
after the high-pressure experiments suggests their nanostructuring.
Typical average sizes of the nanograins are estimated in Fig. 7.

resistance value is a characteristic feature of a structural
disordering process that affects the scattering of charge
carriers. It has been shown on example of silicon that structural
deconfinement leads to enhancement of nanoplasticity as
“nanoparticles are less constrained and display dislocation-
driven plasticity.”*> Well-documented compression curves
of hematite show that its plastic deformation begins
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FIG. 7. (Color online) Williamson—Hall plots for four o-Fe,O3
samples recovered from high-pressure experiments after the mul-
ticycle experiments up to 17 GPa (a, sample 1), up to 22 GPa
(b, sample 3), and up to 5 GPa (c, sample 4) and after the one-cycle
run-up to 17 GPa (d, sample 5). Microcrystalline powder (Dy >
100 nm) was used as a reference material, which permitted estimation
and accounting for an experimental instrumental widening of the
diffraction peaks.

above ~4—6 GPa;'* a single-crystal study up to 5 GPa did not
detect that. >

Nonhydrostatic pressure effects should favor structural
deconfinement. It is interesting to notice that nonequilibrium
and nonhydrostatic shock-wave treatment up to ~8-27 GPa
was already revealed to be an effective method of nanometric
hematite preparation.'® A very recent neutron diffraction
study has also demonstrated that a slight deviation from
pressure hydrostaticity above the Morin transition leads to
nanostructuring.”® In addition, this study has detected the
reappearance of the main magnetic (003) reflection that
should not be observable beyond the spin-flop transition.”?
On the contrary, on very slow and perfectly hydrostatic
pressurization of a hardened sample, potentially one can avoid
sample nanostructuring beyond the above critical pressures.®
This particular behavior of hematite under moderate pres-
sures is probably the main source of discrepancies in the
phase-transition scenarios and properties at higher pressures
documented in different studies.>*3¢

Nanostructuring of bulk materials under pressure is possible
in the course of reconstructive phase transitions that are
accompanied by significant volumetric changes (e.g., GaN).?’
At room temperature above 30-60 GPa, hematite transforms
to a Rh, O3 (II)-type phase with metal-like conductivity, but its
behavior under higher pressures remains a point at issue.>*3°
Compression in nonhydrostatic conditions did not lead to
any noticeable downward shift in the transition pressure.?
Nanometric hematite that was prepared during a pressure-
driven phase transition from nanometric maghemite (y-phase
of Fe,O; having a spinel crystal structure with vacancies at
the iron sites) also did not exhibit any transformation up to 30
GPa.*° Thus, no structural phase transitions could occur in our
samples upon compression up to 17-22 GPa. Our electronic
transport data (Figs. 3-5) apparently do not correspond
to a metal-like conductivity found in the Rh,O3;(ID)-type
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FIG. 8. (Color online) (a) Raman and (b) optical absorption
spectra of the original and recovered sample 1 of a-Fe,O; after high
pressure at 295 K. (a) The inset shows a full Raman spectrum of the
original crystal. (b) The x axis units were converted from [cm~!] into
[eV] (8065 cm™! = 1 eV). The upper inset shows the absorption edge
in the recovered sample. The lower inset shows determination of the
optical band gap in the original sample in the direct-gap model.

phase.?* Therefore, we can supposedly link the structural
deconfinement in hematite to the strong magnetoelastic
effects that emerge in the course of the magnetic spin-flop
transition.'>!%1623 Nanostructuring in the course of a
magnetic transition seems to be a unique case requiring further
investigation and is beyond the scope of the present work.

In bulk «-Fe,03, the beginning of the spin-flop transition
at room temperature was seen at 2—-3 GPa.'31%19.20 Therefore,
the minimum in the first-cycle R(P) curve of sample 2 near
1.5-3 GPa [Fig. 3(b)] could be related to the beginning of
this transition. However, at ambient pressure, the spin-flop
transition in bulk «-Fe, O3 is accompanied by only very minor
changes in electronic transport properties [Fig. 1(a)]>3"*" and
does not lead to structural deconfinement. This fact hints that
the nature of the pressure-driven magnetic transition may be
different (to some extent), as was proposed earlier.2’ Here,
we notice a correlation with documented nonequivalence
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FIG. 9. (Color online) Determination of the ratio of electronic to
hole conductivity (b = 0,/0,) in a-Fe,O3 under pressure at 295 K.
Upper plots show pressure dependencies of the electrical resistance
and thermoelectric power of sample 3 measured simultaneously at
fifth (a) and sixth (b) cycles, respectively. The thermopower data were
already partly presented in Fig. 5(a). (¢) A parametric dependence
of “electrical resistance vs thermopower” constructed by the data
presented in panels (a) and (b). This curve points a kink near
—215 nV/K and suggests the ratio b = o, /0, to be ~2.1 above
~7 GPa.

of temperature- and pressure-driven “insulator-metal”-type
transitions in similar oxides, V,03 and Ti,Os.*' In addition,
in nanocrystalline samples, some new features might emerge
(e.g., superparamagnetism in nanograins).*’> As mentioned
above, in nanometric samples, Ty drops dramatically (which
would suggest an upward shift in transition pressures), and
the transition hysteresis loop extends; !’ these two facts have a
good correspondence with our findings (Fig. 3).

The Raman [Fig. 8(a)] and optical absorption [Fig. 8(b)]
spectra of the original and recovered samples corroborate
a strong disordering in the latter, in agreement with the
XRD data (Fig. 6). The Raman spectra of the recovered
samples demonstrated a pronounced softening of the phonon
frequencies [Fig. 8(a)], in line with earlier reported spectra
of nanocrystalline a-Fe,03.** The optical absorption spectra
of the original crystals exhibited an exciton at ~1.45 eV
and an absorption edge at higher energies [Fig. 8(b)]. It has
been established that the electronic band structure of «-Fe, O3
has an extremum in the valence band and almost parallel
lower edge of the conductance band, suggesting a (nearly)
direct band gap.® A linear absorption edge in our samples
also indicated that. Using the well-known expression, o =
aol(E — E,)/Eg]" + C (where « is the absorption coefficient,
ay is a constant, E is energy, C is an instrumental shift, and
n ~ 1/2 for direct gaps), we find a band-gap value of E, =
1.68 eV [Fig. 8(b)]. This value is a bit lower than previous
estimations, E; ~ 1.8-2.3 eV.7® The nanostructured sample
1 with Dy ~ 15-17 nm [Fig. 7(a)] recovered after the
high-pressure experiments exhibited traces of the absorption
edge at nearly the same energy [Fig. 8(b)]. This agrees with
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reports documenting a band-gap widening for nanocrystallites
with Dy less than ~8 nm only.*

The decrease in R and | S| in nanostructured hematite with
pressure (Figs. 3-5, and 9) clearly indicates an enhancement
of conductivity. For thermopower data analysis, we employed
models of small polaron hopping [Eq. (3)]*** and of intrinsic
semiconductor [Eq. (4)],%® as follows:

s kl <ﬂFe3+> 3
= ——1n _— s
le| Fe**
P k [b—1 5 E, N +5 b
e E— P In Al T 1
le| |b+1 " 2kT 2)b+1
5 1 3 m}
_ ~)—— 2], 4
(r”+2>b+1 4nm;] @

where E, is the band gap, k is Boltzmann’s constant, e is the
electron charge, B is the degeneracy factor including both spin
and orbital degeneracy of electron carriers (typically 1 < 8 <
2), b = 0, /0, is a ratio of partial conductivities of electrons
and holes, and r,,(r,) and m;(m;) are the scattering parameter
and the effective mass of electrons (holes), respectively.

The electrical conductivity mechanism in o-Fe, O3 may be
described in terms of polaron hopping between the Fe’* and
Fe’* ions, located in crystallographically equivalent sites.
This hopping in the basal ab plane was calculated to have
a low activation barrier of ~0.11-0.14 eV.?> Using Eq. (3)
for sample 1 at 15 GPa, we can roughly estimate Fe?*/Fe’* as
~0.1 and ~0.2 for B = 1 and 2, respectively (Fig. 5). Likewise,
for sample 3 at 22 GPa, Fe?t/Fe3t ~ 0.25 and 0.43 for 8 =
1 and 2, respectively (Fig. 5). Such a “mixed-valence” state in
stoichiometric hematite might be formed due to charge dispro-
portionation of a group of the Fe3* ions (i.e., 2Fe’T — Fe*t +
Fe?*). At normal conditions, this charge disproportionation
in a-Fe, 03 is known to have a very high energy barrier of
~2 eV,* and likely for this reason, we did not observe it in
bulk or partially nanocrystalline «-Fe, O3 in this work. Hence,
one can surmise that the density of grain boundaries would
play a key role in this process. This supposition agrees with our
observations: sample 3, having average nanocrystallite sizes
of Dy ~ 12-13 nm, exhibits the lower |S| values and the
higher Fe>*/Fe** ratios (Fig. 5) than sample 1 with Dy ~
15-17 nm (Figs. 6 and 7). The mechanism of such a charge
disproportionation in nanostructured material is not obvious
and requires further extensive investigations. We can propose
that in the course of the magnetic transition, the activation
barrier for the charge disproportionation is greatly reduced for
the Fe?* ions located at or near the grain boundaries (i.e.,
in the less constrained areas). It is worth mentioning that
some ferrites are known to show charge disproportionation
under pressure [e.g., 2Fe*"—Fe** 4+ Fe>* in CaFeOs3 and
(Sr,La)Fe03].* Potentially, the Fe** ions could also contribute
a bit to the charge transfer process in hematite. A very recent
discovery of signatures of exotic “trimerisation” (Fe3*-Fe”*-
Fe’*) in the charge ordering of another iron oxide, Fe;0,
below the Verwey transition at ~120 K,* hints that the charge
redistribution in nanostructured hematite potentially might be
tricky as well. Our findings have a good correlation with
those of a very recent study of electrical properties of bulk
and nanocrystalline maghemite (y-Fe,O3) powders probed
by means of impedance spectroscopy under pressures of up
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to ~30 GPa.*® This study separately investigated pressure
evolution of “grain” and “grain boundary” resistivities and
found that the latter dramatically decreased with pressure in
nanocrystalline maghemite and became immeasurably small
above 7.4 GPa;* however, bulk maghemite powder did not
show such effects.*

Expressing an “effective” E, in Eq. (4) via electrical
resistivity p = poexp[Eg/(2kT)] (where E, is the band gap
and k is Boltzmann’s constant),?® one can find a relation
between S and p as follows: S~ —(k/e)[(b—1)/(b+1)]
(In p —In pyp). Since pressure dependence of pg is much weaker
than p, the former could be neglected. This approach permits
direct determination of the b = 0, /0, ratio from the “p vs
S” parametric curve. On the fifth and sixth pressure cycles of
sample 3, we carried out simultaneous measurements of elec-
trical resistance and thermopower under pressure [Figs. 9(a)
and 9(b)] and constructed such an “R vs §” dependence
[Fig. 9(c)]. This curve shows an apparent slope change near
— 215 nV/K that corresponds to ~7 GPa (Fig. 9). Thus, above
~7 GPa, the b = 0, /0, ratio in sample 3 may be estimated
as ~2.1. Therefore, the electrical conductivity in hematite
changed from pure electron to a mixed p-n conductivity with
0,/0, ~2.1 (Fig. 9). This estimation correlates with the above
findings from the polaron hopping model Eq. (3) for sample
3 (Fig. 5).

IV. CONCLUSION

In this work, we have investigated the electronic
transport properties of hematite in situ under cycling of high
quasihydrostatic pressures up to ~22 GPa. We have established
that the original single-crystalline hematite compressed above
5 GPa undergoes a sluggish structural deconfinement,
eventually into a nanometric state, with average grain sizes
of about ~12-17 nm. High-pressure behavior of as-prepared
bulk nanostructured samples demonstrated a remarkable en-
hancement of electrical conductivity above 5—7 GPa. Detailed
analysis of the thermoelectric power and electrical resistivity
data above 5-7 GPa has revealed the pronounced features
of two-band electrical conductivity that could be related to
the mixed-valence state of the iron ions in nanostructured
hematite.

Our findings have some correspondence with a recently
revealed dramatic difference in scenarios of pressure-induced
magnetic and structural transitions between bulk and nanocrys-
talline iron;* in the latter, a structural bcc — hcep transition
shifts to higher pressures, and a state with antiferromagnetic
fluctuations is formed as an “intermediate phase.”*’ Nanocrys-
talline «-Fe,O3 compressed above 5—7 GPa is also expected
to exhibit intriguing magnetic and electronic properties.
Notice that magnetic and electronic properties of compressed
bulk nanostructured samples and deconfined nanoparticles of
hematite might differ.
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