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Systematic investigations concerning the variation of the Verwey phase transition in magnetite
Fey( -0, on the metal-to-oxygen ratio by electrical resistivity, Seebeck coefficient, and magnetization
measurements are reported, together with electrical properties of Fe;_,Zn O, zinc ferrites. In confor-
mity with earlier heat capacity measurements it has been documented that the transition temperature
is significantly reduced with increasing 8. In the range 0 < 8 < 8. = 0.0039 the transition is of first
order, whereas for 8. < 8 = 0.012 it is of second (or higher) order. The electrical properties and
Verwey transition of Fe,_,Zn,0, and Fey; _50, were found to match very well with the compositional

correspondence x <> 38. Implications of the above findings are discussed.

1. Introduction

The low temperature transition of Fe,0O,,
termed the Verwey transition, is a transfor-
mation that has long been investigated but
is still not completely understood.

The existence of low temperature transi-
tion in magnetite was documented in 1929
when Millar (/) reported a peak in specific
heat curve at the transition temperature (cf.
Fig. 1) and when Weiss and Forrer (2) found
that the material is much harder to magne-
tize to saturation below this transition tem-
perature. Also the electrical conductivity
was found to decrease abruptly by a factor
of about 100 (3). In 1939 Verwey (4) re-
ported the electrical transition in Fe,O, near
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120 K that now bears his name. He pro-
posed that below the transition temperature
Ty the distribution of Fe?* and Fe’* ions
in octahedral sites changes from dynamic
disorder to long range order; he proposed
that Fe’" and Fe’* layers laminate alter-
nately along the c-axis. This ordered struc-
ture was thought to be orthorhombic, whose
c-axis coincides with one of the cube edges
and whose a- and b-axes lie along the or-
thogonal face diagonals. This particular in-
vestigation greatly increased interest in the
magnetite system, and the nature of this
transition has subsequently been the subject
of an enormous number of investigations
which continue to the present time. Because
Fe;0, is a prototype compound of the fer-
rites, even greater importance was attached
to investigations of this class of materials
since ferrites have found applications in in-
dustry as memory cores, high frequency
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Fi1G. 1. The molar heat capacity of Fe,O, (1).

communications materials, and magnetic
materials for recording media. Despite the
intense level of research involving many dif-
ferent aspects of the Verwey transition, as
reflected in extensive literature that has
been accumulated over a period of 50 years,
there is no consensus with respect to the
experimental results or theoretical interpre-
tation of this phenomenon. Particularly,
widely discordant results have been re-
ported concerning heat capacity measure-
ments, which is one of the basic techniques
for investigating the Verwey transition.
Westrum and collaborators (5-8) and Rigo
and co-workers (9-11) had reported the ex-
istence of two closely spaced heat capacity
peaks in the temperature range 100 to 125 K.
This width of the transition ranged from 2
to 11 K. By contrast no such effect was
found in early investigations (/, 3) on natural
crystals and in later, carefully repeated mea-
surements (/2, 13) on synthetic single crys-
tals and ceramics. It was clearly demon-
strated that in pure, stoichiometric
magnetite only a single sharp transition oc-
curs. Close examination of the experimental
data leads to the conclusion that many of
the discrepancies in the literature may be
traced to differences in sample preparation
rather than attributed to faulty measurement
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techniques. It is well known that properties
of many oxides depend critically on the oxy-
gen stoichiometry. For example, the metal-
insulator transition in V,0; varies from ap-
proximately 14 to 180 K as the oxygen con-
tent is changed (/4). Recent investigations
of high-T, superconductors show that the
superconducting transition temperature T,
is very sensitive to oxygen stoichiometry;
in YBa,Cu;0,_; compounds 7, decreases
monotonically with oxygen vacancy con-
centration 8, reaching finally the point at
which superconductivity is completely sup-
pressed (15).

Verwey and Haayman (I6) had already
reported that an increase in the oxygen con-
tent of the Fe,O, phase shifted the transition
temperature from 120 to 100 K and that the
jump in the resistance at the transition de-
creases as shown in Fig. 2. The transition
disappears altogether for a sufficiently large
oxygen excess. Later measurements of the
heat capacity on undoped Fe,0, led to the
conclusion that cation vacancies play a
dominant role in lowering T, and in broaden-
ing transition (/7). It is then clearly evident
that oxygen stoichiometry control is at least
as important as high purity and homogeneity
of the sample.
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FIG. 2. Variation of resistivity (p) with temperature
in magnetite (1) and in the same oxide with varying but
small amounts of iron deficit (2-6) (16).
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The first systematic investigations of the
dependence of the Verwey transition in
magnetite on the metal-to-oxygen ratio were
reported recently. The heat capacity mea-
surements (/8-21) were performed on
Fey _ 50, single crystals grown by the skull
melting technique (22) and reannealed under
a buffered CO-CO, atmosphere (23) using
an oxygen transfer cell (24) to monitor the
oxygen fugacity. The length of the anneals
and the requisite oxygen fugacities were de-
termined through the work of Dieckmann
and co-workers, who have carried out a se-
ries of detailed studies on the cation diffu-
sion to resolve the defects structure in mag-
netite (25-31). They determined the
deviation 8 from the stoichiometry in high
temperature equilibrium state as a function
of temperature and oxygen partial pressure.

In conformity with earlier published re-
sults the transition temperature was found
to be a maximum for pure stoichiometric
Fe;0, and to decrease from 120 K to about
81 K with increasing departure from stoi-
chiometric composition. The full circles in
Fig. 15 show the variation of T, with frac-
tional cation vacancy & as determined from
heat capacity data, in a plot of T, vs 38.
Additionally, a previously unreported, fun-
damental phenomenon was discovered,
namely that the Verwey transition is of first
order in the composition range —0.0005 <
8 =46.,8, = 0.0039 and of second (or higher)
order for 8, < 6 = 33.. The value 8, = 0.0039
corresponds to the critical value at which
one of the 32 ferrous ions per (doubled) unit
cell of the magnetite low temperature phase
has been converted to a ferric ion as a result
of the oxidation process. Representative
heat capacity data for magnetite samples
with 8 = 0 and 8 = 0.0049 are shown in Fig.
3. These data demonstrate that the Verwey
transition represents a well-defined phase
transformation in a thermodynamic sense.

In the present paper we review the electri-
cal and magnetic properties of magnetite,
emphasizing the dependence of these prop-

Z. KAKOL

— L T T T — 1 T T

%
= gof . g
9 /U"
(e} 8
g 8of ] Sl .
=S 00 .-
Z 70 ' v 1
- : . -J{D
g 6o} R 4
T PR
g %o e Fewsli
o] . °
o a4of ° 06=0 ﬁ
[=8 a ® 6 = 0.0049
m ° ° 1 1

80 90 100 110 120 130 14
Temperature ( K )

F16. 3. Heat capacity of Fey;_50, samples as a func-
tion of temperature (20). (O) 8 = 0; () & = 0.0049.

erties on the stoichiometry parameter 8.
Also, recent results on the influence of Zn
doping on Verwey transition are provided.

2. Background Information

Above the Verwey transition magnetite
is in the cubic inverse spinel (Fe3*)[Fe3*,
Fe?*]0, configuration (32) i.e., tetrahedral
sublattice is occupied exclusively by Fe3*
ions whereas both Fe?* and Fe** ions are
present in octahedral sites. Above T, mag-
netite has its magnetic hard, intermediate,
and easy axes along the cubic (001), (110),
and (111) directions, respectively (33). Two
octans of the spinel structure are shown in
Fig. 4. The crystal structure below the tran-
sition point was initially believed to be or-
thorhombic (32, 34); however, more recent
experiments, i.e., neutron diffraction (35)
and electron diffraction (36) suggested a mo-
noclinic symmetry, with magnetic hard, in-
termediate, and easy axes coinciding re-
spectively with the monoclinic a (cubic
[110]), & (cubic [110]), and ¢ (cubic [001])
directions. The monoclinic c-axis is actually
tilted ~0.20° away from the vertical toward
the —a direction due to a rhombohedral
elongation along the [111] or [111] axes (37),
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Fi1G. 4. Two octans of the spinel structure. The large
spheres represent the oxygen ions. The small black and
crossed spheres represent the iron ions on tetrahedral
and octahedral sites, respectively.

which results in twinning of the crystals
(37-39). The role of twinning is important
in the measurements and interpretation of
electric and magnetic data. Relationship be-
tween the monoclinic unit cell and the rhom-
bohedrally distorted cell is presented in Fig.
5.

3. Electrical Transport Properties

3.1 Experimental

The temperature dependence of the re-
sistivity for nearly stoichiometric magnetite

FiG. 5. Relationship between the monoclinic unit
cell (ay, by, cy) and the rhombohedrally distorted cell
(solid lines). The cubic unit cell is dashed.
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TABLE 1

THE COMPARISON OF TRANSITION TEMPERATURE T,
WITH THE CORRESPONDING RESISTIVITY CHANGE
A log p AT THE TRANSITION

125 2.4 37)
122 2.1 “0)
121 2.1 «n
120 2.1 (16, 42)
119 L9 “3)
113 1.7 “4)
109 1.5 (38)
109 1.5 «5)

was measured by many authors who re-
ported abrupt changes in resistivity of
roughly two orders of magnitude in the tem-
perature range 109 to 125 K. Some of the
results are presented in Table I as a compari-
son of transition temperature T, and the cor-
responding resistivity change A log p at the
transition. The noticeable trend, namely
that the lower transition temperature is ac-
companied by a smaller change in resis-
tivity, suggests according to results of Ver-
wey and Haayman (I6), Kuipers and
Brabers (46), and Gillot and Jemmali (44)
a departure from stoichiometry in samples
with low T, values. This tendency was
strongly confirmed in recent systematic in-
vestigations of the electrical properties of
magnetite as a function of metal-to-oxygen
stoichiometry (40, 47). The electrical resis-
tivity results for Fe;,_5;0, single crystal
specimens within the composition range
—0.0006 < & < 0.010 are presented in Fig.
6, as a plot of log p against inverse tempera-
ture. In agreement with heat capacity data
(19) the transition temperature was found to
be a strong function of 8. The change in
the nature of the transition is also clearly
evident. The first order transition is accom-
panied by a sharp discontinuity in electrical
resistivity for & < §_; only a change in slope
is seen for samples with 8§ > &_ and this is
accompanied by thermal hysteresis. Since
thermal hysteresis cannot be associated
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F1G. 6. Variation of resistivity (p) with temperature
in magnetite Fes,_50, for various & values (40). (a) &
= —0.00053; (b) 8 = —0.00017; (c) & = 0.00021; (d) &
= 0.00035; (e) & = 0.0017; (f) 8 = 0.0035; (g) 6 =
0.0050; (h) 8 = 0.0068; (i) § = 0.0097.

with a second order transition and similar
behavior is not observed in other physical
properties, the possible existence of a non-
ohmic contribution to p was suggested (40).

The temperature dependence of the
Seebeck coefficient («) presented in Fig. 7
leads to similar conclusions. The transition
is characterized by a decrease of a below
T,, which is discontinuous for 8 < §_ and
gradual for 8 > &.. T, is shifted to lower
temperatures with rising 8. The introduction
of nonstoichiometry defects in magnetite in-
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F1G. 7. Variation of Seebeck coefficient (a) with tem-
perature in magnetite Fe;_;0, for various & values
(40). (a,b) & = 0; (c) & = 0.00021; (d) 5 = 0.00069; (e)
8 = 0.0018; (f) & = 0.0036; (g) 8 = 0.0052; (h) &6 =
0.0070; (i) 8 = 0.0099; (j) & = 0.012.

Z. KAKOL

volves, during the annealing, the placement
of oxygen at regular anion lattice sites of
the crystal, followed by cation migration. In
Fey_504 = (Fe**)[Feils, FellgslO,; 68
additional Fe** ions and 96 fewer Fe?* ions
exist per formula unit than in Fe;O,. Thus,
35 holes have been generated through the
change in Fe?* /Fe** ratio on the octahedral
sites. The same change in carrier density
may be introduced in magnetite by substitu-
tion of Zn?* for Fe**. Zinc enters the tetra-
hedral sites exclusively, thereby introduc-
ing one hole per zinc ion on the octahedral
site, on the generally accepted assumption
that the remaining iron in the tetrahedral
sublattice remains in the trivalent state. It is
therefore of interest to investigate the
changes in the Verwey transition that arise
from Zn substitution,

Recently, systematic investigations of the
electrical properties of the single crystal
zinc ferrites Fe;_  Zn O, were reported (48).
Electrical resistivity data for Fe,;_,Zn,O,
single crystals in the composition range 0 =<
x = 0.04 are presented in Fig. 8 as a plot
of log p vs inverse temperature. All of the
crystals used in measurements were ren-
dered stoichiometric (i.e., with a 4/3 oxy-
gen-to-cation ratio) by appropriate subsoli-
dus annealing (49). The transition for
samples with 0 < x = 0.011 is marked by a
sharp discontinuity in p which decreases in
magnitude and moves toward lower temper-
atures with increasing x. As in undoped
magnetite this is taken to reflect the occur-
rence of a first order Verwey transition of
T,. Samples with 0.014 < x < 0.035 exhibit
an inflection point in the log p vs 1/T depen-
dence, as indicated by the arrows in Fig. 8,
identical with the inflection encountered in
plots of p vs T. This is taken to reflect the
occurrence of a second (or higher) order
Verwey transition in the above range of
composition. The change of the Verwey
transition temperature T, with x is compared
with the T, vs 38 dependence for nonstoi-
chiometric magnetite in Fig. 15. The obvi-
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F1G. 8. Variation of resistivity (p) with temperature in zinc ferrites Fe;_ Zn O, for various x values

“8).

ous correspondence x < 38 is very striking.
A similar correspondence is apparent in Fig.
9 where plots of the resistivity discontinuity
at the transition vs x and 38 are presented.
A further verification of the x < 38 corre-
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Fi1G. 9. Variation of the resistivity change Ap at the
transition in nonstoichiometric magnetite Fey;_;0,
and in zinc ferrites Fe,_,Zn, O, with 35 and x respec-
tively (48).

spondence was obtained from a comparison
of the Seebeck coefficients measured for
zinc ferrites and nonstoichiometric magne-
tite (48).

3.2 Discussion

The results of the electrical resistivity and
Seebeck coefficient measurements for
Fes;_50, single crystals indicate that even
small departures from the ideal 4/3 oxygen-
to-cation ratio strongly influence the Ver-
wey transition.

The electrical properties and the Verwey
transition for zinc ferrite single crystals
Fe;_,7Zn, O, match very well the data for
nonstoichiometric magnetite Fes, _50, with
the compositional correspondence x < 38,
This correspondence for Seebeck coeffi-
cients points to an equivalence in charge
carrier densities since the Seebeck coeffi-
cient in the nearly localized regime is di-
rectly related to the Fermi level, which in
turn is determined by the charge carrier den-
sity. Furthermore the close match of the
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resistivity data subject to the correspon-
dence x & 38 indicates that not only the
charge carrier densities but also the mobilit-
ies of the holes in the zinc ferrites and non-
stoichiometric magnetites must be compara-
ble. These findings suggest that conduction
occurs by charge transport involving va-
lence fluctuation on the cations in octahe-
dral sublattice and that any cations vacanc-
ies present at these sites do not greatly
impede the transport process.

4. Magnetic Properties

4.1 Experimental

There have been many investigations of
the magnetic properties of magnetite; a list-
ing of the more extensive studies is provided
in Refs. (37-39, 43, 50-53). Considerable
interest was centered on how the magnetic
properties of Fe,O, are altered at the Ver-
wey transition, where discontinuities or
anomalies occur in other physical character-
istics. Recently, systematic investigations
of the influence of deviation from ideal stoi-
chiometry on the magnetic properties of
magnetites Fey,_;0, were reported
(54-506).

Because the oxidation process generates
Fe’* ions (as well as vacancies) at the ex-
pense of Fe?™ ions, the saturation moment
i is a function of 8. In Fig. 10 the variation
of u, with & is shown at 4.2 K. The three
lines in Fig. 10 were calculated on the basis
that additional Fe3* ions were created (1)
exclusively at the octahedral sites, (2) ran-
domly on octahedral and tetrahedral sites,
or (3) exclusively on tetrahedral sites. The
experimental points fit extremaly well to
model (1) as is physically reasonable. This
is also in full agreement with data reported
by Ramdani et al. (57).

The magnetocrystalline anistropy param-
eters were determined for both cubic and
monoclinic phases as a function of 8§ and of
temperature from M(H) magnetization
curves either by fitting theoretical M(H)
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Fi1G. 10. Saturation moment () of Fes _50O,4 vs non-
stoichiometry & at 4.2 K (56). (A) Experimental data;
lines (1), (2), and (3) represent calculated values (expla-
nation in the text).

curves to the experimental data or from the
areas enclosed between M(H) curves mea-
sured along different crystal directions. Be-
low T, measurements were performed after
the sample had been cooled in a magnetic
field at an angle of ~35° from [001] in the
(110, or equivalently in the (111) plane. This
procedure defines a unique easy axis along
a specific [001] direction and also removes
a—b type of twinning (32, 52); however, the
a-a type of twinning is not eliminated. Sub-
sequently, samples were cooled in a mag-
netic field oriented along [001] and measure-
ments carried out in the (010) plane; here
both a-b and a—a twinning had to be taken
into consideration. Finally, it was also nec-
essary to take cognizance of axis switching.
When the external magnetic field was ro-
tated the easy axis of magnetization readily
switched from one cube edge to another.
This fact limits the fields that can be applied
at any given temperature and for any partic-
ular specimen, and thus restricts the range
of measurements of anisotropy parameters.
The reader is referred to several key surveys
(43, 52, 53) for further discussion of the axis
switching process. In Fig. 11 the resulting
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FiG. 11. Anisotropy parameter K, vs & for Fe;; 50,
in the temperature range 145-295 K (56).

K, cubic anisotropy parameter values are
shown as a function of the stoichiometry
parameter & for several temperatures in the
range 145 to 295 K. The temperature depen-
dence of K, for variety of Fe,,_;0, speci-
mens is presented in Fig. 12. The anisotropy
coefficient K, passes through minimum
(maximum anisotropy field) and vanishes
near 130 K for all 8. There is no discontinu-
ity or other anomaly at critical value .. The
present results for stoichiometric magnetite
are in good agreement with some earlier re-
sults based on both resonance measure-
ments (50) and on magnetotorque studies
(58, 59). The various calculated anisotropy
constants for the low temperature phase of
magnetites are shown in Fig. 13 as a plot of
K vs & at 4.2 K. The K, and K, are the
orthorhombic anisotropy constants modi-
fied by the term added to deal with the rhom-
bohedral distortion. For details see Refs.
(52, 53, 56). The temperature dependence
of the dominant anisotropy parameter K, is
presented in Fig. 14. The insert shows the
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F1G. 12. Temperature dependence of K; anisotropy
parameter for Fey;_5;0, series (56).

variation of the K, anisotropy parameter.
The temperature range of measurements is
increasingly narrowed with rising 8 because
of the progressively earlier onset of axis
switching. The data on stoichiometric mag-
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FiG. 13. Anisotropy parameters vs 8 for Fey 50, at
4.2 K (56).
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Fic. 14. Tempe{ature dependence of anisotropy pa-
rameters K, and K, for Fey;_50, series (56).

netite are in excellent agreement with earlier
torque measurements by Palmer (5/) and
differ only slightly from data reported by
Matsui and co-workers (53). One should
note the strong decrease of K, with rising &
and the fact that other anisotropy parame-
ters shown in Fig. 13 have nearly constant
values up to at least 0.007. As 8 — 0.012 all
K — 0. Note also, that K, values are not
sensitive to temperature changes whereas
K, rises with 7. The last finding, according
to Abe et al. (52), suggests some type of
ordering of the ions in the octahedral sublat-
tice below T, . Finally it is worth noting that
measurements of the temperature depen-
dence of the magnetization may be em-
ployed for the precise determination of T,
(55). To prevent the axis switching phenom-
enon the magnetization studies were carried
out in fields below 500 Oe. In these very

low fields the magnetic moments obey the
inequality ppyp < gy < Moy below T,
and are nearly equal above T,. The sudden
discontinuity in g and uyy at the Ver-
wey transition permits an accurate determi-
nation of T, to be made. The variation of T,
with 38 as read off from the magnetization
data is entered in Fig. 15 as a set of triangles.
The agreement with the data originally re-
ported on the basis of the heat capacity stud-
ies (20) is satisfactory.

4.2 Discussion

The above-presented results lead to sev-
eral conclusions. None of the anisotropy pa-
rameters shows a shift or slope discontinuity
at the critical value 8. where the change in
the order of the Verwey transition occurs.
It is then difficult to reconcile this fact with
any model in which the Verwey transition
is driven primarily by magnetic interactions.
This conclusion is reinforced by the fact that
the saturation moment changes by less than
0.1% at T, (60). All the anisotropy parame-
ters at the temperature 4.2 K approach zero
at the extrapolated value &, = 0.012 = 3§,
which also coincides with the highest value
of & for which a transition can still be de-

120 Fea(l-o)OA
& - magnetization data
® - heat capacity data
110 E
— N Fe, ,Zn 0,
R " \\\\ \\\ o - resistivity data
e 100 A .
90+ 4
[AL i 1
0.00 0.01 0.02 0.03
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Fi1G. 15. Dependence of the Verwey transition tem-
perature (7,) on composition of zinc ferrites (x) or on
oxygen stoichiometry of nonstoichiometric magnetite
(38) (48, 55, 61).
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tected (see Fig. 15). It was confirmed that
T, diminishes with rising 8, and that it exhib-
its a discontinuity near 8. = 0.0039.

5. Summary

It has been shown that the physical prop-
erties of magnetite depend critically on the
stoichiometry parameter 8 in Fey,_;0,
where 6 indicates the deviation of the oxy-
gen-to-metal ratio from its ideal value of 4/
3. By proper annealing of single crystals in
appropriate oxygen fugacity it was possible
to control systematically the dependence of
electrical and magnetic properties on 8.

The principal conclusion to be drawn
from above investigations is that the Ver-
wey transition is of first order in the range 0
=< 8 = §_ and of second (or higher) order for
8. < 8 = 38, and no transition is found for &
= 38,.

The electrical properties and the Verwey
transition of zinc ferrites Fe;_,Zn, 0, were
found to match very well the data for non-
stoichiometric magnetites Fe;,_;0, with
the compositional correspondence x <& 38.
This finding suggests that charge transport
occurs via valence fluctuations among iron
ions on the octahedral sites and that any
cation vacancies present at those sites do
not greatly impede the transport process.

Measurements of the magnetic properties
lead to the additional conclusion that the
Verwey transition is not driven primarily by
magnetic interactions.

Finally, the variation of the transition
temperature T, with 8, for nonstoichiomet-
ric magnetites, and with x, for zinc ferrites,
are compared in Fig. 15 as a plot of T, vs 38
and x. These data serve as important experi-
mental input data for the evaluation of sev-
eral of the parameters in the very recent
theoretical models dealing with interpreta-
tion of the Verwey transition (6/-64). In
these mean-field models the order parame-
ter is introduced which represents the por-

113

tion of frozen electrons in the ground state
configuration.
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