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The relative conductivity of Fe3O4 single crystals very close to ideal stoichiometry has been measured as a
function of pressure up toP516 GPa and in the temperature range of 4.2 to 300 K. The pressure dependence
of the Verwey transitionTV and the mechanism of conductivity belowTV were the main issues addressed.
Three pressure regimes were assigned, based on the different behavior of the temperature derivative~DT! of
the conductivity curves throughTV : ~1! In the range 0–6 GPa the DT curves showsharpminima atTV
consistent with a first-order phase transition. In this rangeTV decreases linearly with pressure from 122 to
107.5 K. ~2! At P.6 GPa the DT minimabroadenconsiderably, consistent with a second- or higher-order
transition. At P'6 GPaTV changes discontinuously from 107.5 to 100 K and between 6 and 12.5 GPa
decreases linearly to 83 K.~3! At P.12.5 GPa no DT minima are detected;TV becomes indiscernible. It was
shown that the variation ofTV with rising P is in close analogy toTV changes with chemical composition
~d, x, y! of Fe3~12d!O4, Fe32xZnxO4, and Fe32yTiyO4 as compiled from previous studies. This information is
rationalized in terms of phase transitions associated with ‘‘Wigner structures.’’ Changes in the band gap with
rising P are discussed. Below 16 GPa and at 30 K,T,TV the conductivitys is typical of thevariable-range
hopping ~VRH! mechanism@s5s0 exp~T0/T!1/4# with T0 decreasing with increasing pressure. Below 30 K
s~T! deviates from theT1/4 law at all pressures.

INTRODUCTION

The Verwey transition in magnetite~Fe3O4! has been the
subject of numerous studies over many years, ever since the
initial work by Millar1 and by Verwey2 and co-workers.
Many mechanisms have been proposed to account for the
experimental data; this includes partial ordering under the
influence of Coulomb interactions among electrons which
transfer between iron atoms in octahedrally coordinated in-
terstices. This type of ordering is frequently referred to as
Wigner glass crystallization. Experimentally, the transition is
manifested as a discontinuity in the resistivityr at a fixed
temperatureT5TV'121 K in stoichiometric magnetite.2 It is
also detected as an anomaly in the heat capacity.1,3 Both in
very early work and again only much more recently4 it was
demonstrated that the Verwey temperatureTV in Fe3~12d!O4
diminishes with increasing deviationsd from the ideal com-
position. Moreover, beyond a critical valued.dc one en-
counters a discontinuity indr/dT rather than inr. This re-
flects a changeover from a first-order to a second- or higher-
order phase transformation; the arrangement of Fe21 and
Fe31 ions is more ordered belowTV than above that tempera-
ture. The nature of ordering is still in dispute; the original
proposal of alternating divalent and trivalent iron layers in
successive basal planes has been largely discredited in favor
of more complicated arrangements.5 Heat-capacity studies
have confirmed that the latent heat of the transition is sud-
denly lost in the switch from the first-order to a second- or
higher-order transition atdc50.0039.TV diminishes with in-
creasingd linearly up to a critical compositiondc ; there is a
discontinuous drop atd5dc of roughly 8 K, beyond which
TV again falls linearly with risingd ~see Fig. 4!. Neard53dc

the transition is lost; beyond that point Fe3O4 is unstable, one
enters the Fe2O3 region of the phase diagram. The low-
temperature crystal structure remains in doubt: x-ray-
diffraction work6 is consistent with a structural transition
from the spinel to the monoclinic configuration, whereas
magnetoelectric studies7–9 lead to the conclusion that the
low-temperature phase lacks a center of inversion and is in
fact triclinic.

In this paper we report detailed investigations of changes
in the Verwey transition when the sample is subjected to
quasihydrostatic pressure. This avoids the problem engen-
dered by the disorder generated in the cation sublattice in
nonstoichiometric magnetite or when Zn21 or Ti41 is intro-
duced to achieve variations inTV. High-pressure studies
have previously been reported by several authors, but only in
the range below 6 GPa and for temperatures between 77 and
300 K. All authors10–14 report thatTV drops linearly with
increasing pressureP; however, the reported slope fell into
two categories, namelydTV/dP522.4 to 22.7 K/GPa or
24.2 to 24.8 K/GPa. This may reflect the difficulties of
achieving quasihydrostatic conditions, the taking of measure-
ments without allowing sufficient time for relaxation, and/or
the use by some workers of samples of uncontrolled stoichi-
ometry. In the present publication the range of applied pres-
sure and of the temperature region has been greatly extended.
Great care has been taken to work with samples of uniform
and essentially stoichiometric Fe3O4.

EXPERIMENT

Resistance vs pressure studies have been performed on
crystals of pure~99.999%! Fe3~12d!O4 ~d50.0006;TV5122
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K! grown by the skull-melter technique,15 annealed at
1450 °C with annealing time varying from 0.5 to 24 h for
samples with thicknesses range from 0.5 to 5 mm. They were
subsequently annealed at 1200 °C in a CO/CO2 atmosphere
at a pressure of log10PO2~atm!526.64. Details of the
sample preparation have been provided elsewhere.16 For ap-
plication of pressure a miniature Merrill-Bassett-type
diamond-anvil cell17 was used with culet flat tip diameters of
;500mm. A;200-mm-diam hole, drilled in Ta90W10 gasket
preindented to a thickness of 45mm, served as the sample
cavity. The surrounding area was coated with epoxy and with
an insulating mixture of Al2O3 and NaCl for the resistance vs
pressure studies. Some CaSO4 was prepressed into the cavity
to help ensure a quasihydrostatic environment at pressure.18

A fragment of the original crystal of magnetite was ground
and a crystalline of dimensions 15031503150 mm was
loaded onto the CaSO4 powder at the center of the gasket
hole.

Contacts were fabricated onto the culet flat and pavilion
facets of one of the anvils to permit four-probe resistance
measurements. A thin layer of molybdenum carbide covered
with gold film was used as a contact. Formation of the car-
bide layer was activated by annealing of the Mo covering on
the diamond substrate.19 A mechanical mask placed over the
tip of the diamond was used to fabricate four leads on the
culet. The average distance between the contact regions
which overlap the area of the pressurized sample was;50
mm.

Small ruby chips were loaded into the cavity to measure
the pressure distribution using the rubyR1 fluorescence line
shift as an indicator. The pressure distribution in the cavity
was typically 10–20 % of the average recorded pressure
however the pressure gradient in the regions between con-
tacts overlapping the sample area during resistance studies
was typically 5–10 %. Pressure variation from 300 to 77 K
has been previously20 tested by cooling the miniature cell to
77 K and was found to be at most;1 GPa in the 1–30 GPa
range, within the experimental pressure uncertainty. A dip-
stick arrangement incorporating a miniature Si-diode tem-
perature sensor in close proximity to the anvils was used in a
liquid-helium storage Dewar to record the temperature de-
pendence of the resistanceR(T) of the pressurized sample.
Four-probe dc resistivities were measured between 4.2 and
300 K on both cooling and heating. To increase the accuracy
to which the transition temperature could be determined
~140>T>70 K! thus avoiding thermal lag the cooling and
heating rate was;0.3 K/min and with a measurement inter-
val of 0.1 K.

RESULTS

The conductivity~s! variations with temperature~T! in
arbitrary units were first plotted as lns vs T21 and then as
ln~sT! vs T21 ~Ref. 21!. In conformity with previous
observations4 no significant straight-line region was ob-
served in these graphs. We show in Fig. 1~a! plots of lns vs
T21/4 ~Refs. 22 and 23!, these being indicative of variable
range hopping.24,25The conductivity plots cover the pressure
range 0–16 GPa. Their general behavior, both above and
below the transition temperature, is similar at all pressures.
The main features of the electrical conductivity variation as a
function of pressure are the following:

At temperaturesT.TV the conductivity tends to rise
slightly with increasing pressure. The same observation was
reported in prior work10–13over the pressure range 0–6 GPa.
This is intuitively reasonable: The interatomic distances de-
crease with increasing pressure, thereby raising the conduc-
tivity. By contrast, three different effects were noted when
pressure was applied to samples forT,TV .

~1! Experiments on a massive sample at ambient pressure
indicate a sharp drop in the conductivity as the temperature
falls below TV5122 K; see Fig. 1~a!. These results are in
conformity with earlier work2,4 for strictly stoichiometric
samples and are characteristic of a first-order transition. For
pressure up to 6 GPa thes~T! plots exhibit distinct changes
in slope at the beginning of the transition; the results are
displayed in Fig. 1~a!; in Fig. 1~b! is shown a more detailed,
normalized plot over the range 65–300 K. Because of un-
avoidable pressure gradients in the cell the transition width is
broader at high pressure than under ambient conditions. In
this circumstanceTV may be located more accurately by ex-
amining the derivativeD5d~lns!/d(1/T1/4!. The transition
temperatureTV is detected by the pronounced minimum in a
plot of D vs 1/T1/4; representative data are shown in Fig. 2.
Very similar TV values were obtained from plots of lns vs
1/T and by visual inspection of the midpoint in the tempera-
ture range over which the transition is observed.

~2! On increasing the pressure beyond 6 GPa the Verwey
transition changes significantly in that it becomes quite dif-
fuse and can be detected only by examining theD vs 1/T1/4

plots in Fig. 2.

FIG. 1. Temperature dependence of the conductivity, in arbitrary
units, of magnetite under pressure. Temperature range~a! 25–300
K, ~b! 65–300 K. The data for different samples are normalized to
room temperature.
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~3! Beyond 12.5 GPa no unusual features are seen in the
derivative plot. This indicates that the transition is com-
pletely eliminated at pressuresP.12.5 GPa.

The above results are summarized in Fig. 3~a! as a plot of
TV vs applied pressureP. This graph bears a remarkable
resemblance to the variations inTV encountered by increas-
ing d in Fe3~12d!O4 or by lightly doping the magnetite with
Ti to form Fe32yTiyO4 or with Zn to form Fe32xZnxO4.

26

The corresponding composite graph is shown in Fig. 3~b!.
In Fig. 3~a! one clearly discerns two regions: the first

spans the temperature range 122–107 K in whichTV de-
creases linearly with rising pressure. The data by Kakudate
et al., obtained at pressure below 2 GPa,11 are in excellent

agreement with our own observations. However, the slope
reported here is numerically much smaller than that quoted
by other workers.10,12,13Such discrepancies can arise if sub-
stantial pressure gradients are allowed to be established
and/or if the time allotted for all relaxation processes to take
effect is insufficient. As has been established by earlier work
on magnetite under ambient conditions26 @see also Fig. 3~b!#
this region corresponds to the range of first-order transitions;
the slope of the line in Fig. 3~a! is 22.5 K/GPa. At the
critical valueP5Pc56.0 GPa there is a discontinuous shift
to the temperature range 100–82 K, in whichTV again drops
with rising pressure. Earlier experiments under ambient
conditions25 indicate that this region falls in the regime of a
second- or higher-order transition; the slope of the corre-
sponding straight line is22.9 K/GPa.

At a fixed pressure and from temperaturesTV down to 30
K the conductivity data fairly accurately obey the relation of
lns5lns02~T0/T!1/4; typical data are shown in Fig. 4 for
magnetite at a pressure of 12.4 GPa. With increasing applied
pressure the conductivity increases markedly, and the slope
of the straight line diminishes. The data are clearly consistent
with the Mott variable-range hoppinglaw; T0 values ex-
tracted from those data at various pressure are shown in
Table I;kBT0 range from 3.43104 eV at ambient pressure to
600 eV forP515.8 GPa~kB is Boltzmann’s constant!. The
above stands in contrast to the effects of fluorine doping,
whereT0 does not change significantly with alterations in F
content,22 and is supposed to be the result of band broaden-
ing and electron delocalization by decreasing interatomic
distances. Deviation from theT1/4 power law are encoun-
tered for all runs atT,30 K.

DISCUSSION

We compare our experimental results with recent electri-
cal transport measurements on magnetite samples with vari-
able oxygen stoichiometry,4 or on crystals lightly doped with
titanium,26,27zinc,28 or fluorine.22 In all cases the character of
the transition changes very much in the same manner as in
the present study; this is documented by comparison of Figs.
3~a! and 3~b!. We observed that the two temperature ranges
121.TV.108 and 101.TV.82 K for the first- and second-

FIG. 2. Typical temperature dependences of the derivative
D5d~lns!/d(1/T1/4! in the first ~3.6 GPa! and second order~9.2
GPa! pressure regimes. The solid line represents a Gaussian fitting
to the data.

FIG. 3. ~a! Pressure variation ofTV and pro-
posed pressure/temperature phase diagram for the
structural state of the electron gas in magnetite.
d corresponds to the data of Kakudateet al. and
s corresponds to the present work.~b! Composi-
tion variation ofTV at ambient pressure.d cor-
responds to the degree of stoichiometry ‘‘3d ’’ in
Fe3~12d!O4, , corresponds to composition ‘‘x’’ in
Fe32xZnxO4, and1 to the composition ‘‘y’’ in
Fe32yTiyO4 ~see text!.
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order regimes are exactly the same, whether the experiments
are carried out at ambient pressure via small changes in
sample composition or on stoichiometric Fe3O4 by altering
the pressure. There is nonetheless an important difference: on
increasing the pressuredTV/dP in the second-order regime
is greater than in the first-order range. By contrastdTV/dd
~or 1/3dTV/dx51/3dTV/dy for Zn- or Ti-doped magnetite!
is smaller in the second- as compared to the first-order case.
The significance of this distinction is presently not under-
stood, but may be related to the fact that the lattice parameter
is affected to a much greater degree by the application of
pressure than can be achieved by the very small degree of
doping required to alter the phase transformation.

The change in the character of the phase transition is de-
tected by differences in various physical properties: the first-
order regime is marked by discontinuities in electrical trans-

port, entropy, Mo¨ssbauer parameters, and the like. In the
second-order regime these changes are much more diffuse.
For sufficiently high doping levels the transition disappears
altogether, and the physical properties similarly change dras-
tically.

The alterations induced by doping all produce quite simi-
lar effects and can be correlated with a local loss of charge,
electrons through addition of oxygen and zinc, and holes
through doping with titanium and fluorine, on octahedrally
coordinated iron. However, such a mechanism does not ex-
plain the results obtained on application of pressure. We
therefore rationalize the coincidence of results by focusing
on the on-site repulsion between electrons which are charac-
terized by a Coulomb ‘‘gap’’V;e2/ka, wherek is the di-
electric constant;a is distance between the nearest-neighbor
sites. According to the one-electron picture of magnetite
band structure~Fig. 5! ~Ref. 29! the additional sixth electron
of Fe21 in theB site corresponds to at2g orbital contribution
to the minority-spin band. This band is perturbed by cubic
and trigonal components of the crystal field and the extra
electron is considered to occupy the lowest-lying~a1g! non-
degenerate band. The splitting of the singleta1g band is then
related to the energyV required for a carrier to hop from an
Fe21 site to an Fe31 site. Carriers are ‘‘frozen’’ into a charge-
ordered state atT,TV and there is thermal activation across
the gapV ~;40 meV!. At T.TV carrier transport is better
ascribed to asmall polaron hoppingmechanism.

Cullen and Callen condition30 have considered only the
Coulomb interaction between the ‘‘extra’’B-site electrons
and occupancy of thea1g band in the Hartree approximation

FIG. 4. Typical temperature dependence of the electrical con-
ductivity s ~in arbitrary units! of magnetite atP512.4 GPa in the
temperature range 5–300 K. Note the linear relationship of ln~s! vs
(1000/T21/4! in the 30–80 K range.

FIG. 5. Energy level scheme proposed for magnetite at ambient
pressure andT,TV . Dex is the exchange splitting between spin-up
and spin-down orbitals on the same cation. Shaded bands are occu-
pied states.

TABLE I. Pressure variation of the Mott temperatureT0 and the
ratio of the localization lengtha21 to that of theB-site nearest-
neighbor distancea.

Pressure
~GPa!

kBT0
~104 eV! ~aa!21

0 3.4 0.05–0.11
3.6 1.8 0.063–0.13
5.9 1.0 0.07–0.15
7.0 0.99 0.08–0.16
9.2 0.69 0.09–0.18
12.4 0.25 0.13–0.26
15.8 0.06 0.2–0.43
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whereas Ihle and Lorenz31 have explicitly taken electron cor-
relation effects into account. In either case an ordered insu-
lator will occur for V/B greater than a critical value~for
Cullen-Callen conditionV/B52.2!, whereB is the polaron
bandwidth. If the system is near the critical condition ofV/B
a small change of the Coulomb ‘‘gap’’ energy or in band-
width can bring about a loss of the ordered state, thereby
eliminating the Verwey transition. Such a change can be
achieved either by diminishingV via a decrease in the aver-
age charge per unit cell,32 through doping, or by broadening
the polaron band width on application of pressure. This pro-
cess also increasesV via the decrease ofa, but this effect is
very small@at P570 GPaDa/a;0.013~Ref. 33!#.

To understand the observed changes in conductivity atTV
we must consider the electronic state in magnetite under dif-
ferent temperatures and pressures. In earlier treatments of the
problem34 considerable emphasis was placed on the strictly
short-range, local configurations: using the order-disorder
formalism it was possible to rationalize the first- and higher-
order transitions within a single mathematical framework.
Here we revert to earlier models that to a greater degree
emphasize the global ordering aspects. For this purpose we
adopt the concept of ‘‘Wigner structures.’’ Mott35 proposed
that the electron assembly in magnetite aboveTV may be
characterized as a ‘‘Wigner glass,’’ electrons are in a local-
ized state generated through interactions with other localized
electrons or with impurities or defects. AtT5TV the Wigner
glass transforms discontinuously into a ‘‘Wigner crystal’’ at
lower T, so long as the electron assembly in the coordinated
sites is subject to long range order~V/B52.2!. This concept
has received considerable support through neutron-scattering
experiments:32 in pure Fe3O4 additional superlattice reflec-
tions set in at the~h,0,111/2! positions for temperatures be-
low TV . This ‘‘Wigner crystallization’’ process is accompa-
nied by the abrupt disappearance of diffuse planar scattering
characteristic of short-range order in a Wigner glass above
TV . Planar diffuse scattering was observed over a wide tem-
perature rangeT2TV,100 K, which increases rapidly in
intensity as the Verwey transition is approached from above.
According to our data this type of transition takes place at
pressures up toP56 GPa.

With further increase in pressure the correlation length
should diminish and the system should result in a low-
temperature state characterized exclusively by short-range
ordering. In terms of the band picture this is a regime in
which V/B is less than the critical value for gap formation
~V/B,2.2!. In this regime the transition to an ordered state is
bypassed and one can assign a Wigner glass state which will
cover the entire temperature range. Therefore, no anomalies
in the conductivity behavior are expected or encountered
such as we observed beyond 12.5 GPa.

To understand the results for the intermediate pressure
range we consider recent neutron-scattering experiment on
cation-deficient Fe3~12d!O4 with d50.006,32 in the regime of

the second- or higher-order transitions. Here one no longer
encounters long-range order; instead, forT,TV the material
breaks up into domains with finite correlation lengths of ap-
proximately 30 unit cells. Diffuse scattering now does not
disappear abruptly atTV but is present as well at lower tem-
peratures. Accordingly, we assume that in the pressure range
6–12.5 GPa Wigner glass belowTV transforms to a new
state characterized as a mixture of ordered and disordered
regions; the former are characterized by a small correlation
length. We refer to these as a ‘‘Wigner nanocrystalline state.’’
In terms of the band picture of Fig. 5 the pressure range
6–12.5 GPa is a regime in whichV/B is near to a critical
value such that there is incipient gap closure.

FromT0 values we can estimate a localization lengtha21

using the relation24

a215@kBT0N~EF!/16#1/3, ~1!

whereN(EF! is the density of states at the Fermi level. Ex-
pression for the ratio of the localization length to theB-site
nearest-neighbor distancea may be derived, namely,

~aa!21;5@kBT0N
* ~EF!#21/3, ~2!

whereN* ~EF! is a normalized density of states. If we as-
sume thatN* ~EF! is in the range of 1–10~eV!21 ~Ref. 36! at
any given pressure, we are able to calculate a range of values
for ~aa!21 at each recorded pressure, see Table I. The calcu-
lated value 0.05–0.11 of~aa!21 at ambient pressure does not
seem to be indicative of a simple variable-range hopping
process. This result is not just specific to the present set of
measurements; the sameT0 is found for magnetite at ambi-
ent pressure in the data of Refs. 22 and 23. AtP515.8 GPa
~aa!21;0.2–0.4 corresponding to a more significant overlap
of the original localized wave functions of the ‘‘extra’’
minority-spin carriers as a result of a decrease in theB-site
nearest-neighbor distance under compression. This is consis-
tent with the observed suppression ofTV at this pressure; the
extra electrons of the original Fe21 sites are now ‘‘shared’’
between nearest-neighborB sites at all temperatures.

ForT,30 K there are marked deviations from linearity in
the plot of Fig. 1. At the lowest temperature the conductivity
tends towards a constant value, see Fig. 4. This observation
is similar to that reported by Drabbleet al.23 and might be
linked35 to the idea suggested by Galeszkiet al.37 of the
purported presence of the unstable Fe1 and Fe41 species in
Fe3O4 below 20 K.
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