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ABSTRACT 

Above the Verwey transition the conduction elec- 
trons in Fe304 are described best by a band model. 
Those experimental data interpreted as indicating 
localized hopping conduction are either not suscep- 
tible to definitive interpretations or" have been 
incorrectly interpreted. A band model is also appro- 
priate above the N@el temperature and the influence of 
magnetic order on the conduction mechanism is only of 
minor significance. The Verwey transition is complex 
and involves both electronic and structural aspects. 
The temperatures of these transitions may he different 
or identical depending upon the purity of the Fe304. 
Good correlations exist between MSssbauer effect and 
thermal properties measurements concerning the complex- 
ity and qualitative characteristics of the Verwey tran- 
sition. Resistivity measurements appear to confirm the 
MSssbauer effect and thermal properties measurements. 

INTRODUCTION 

i-3 
There have been several timely reviews of elec- 

trical conduction mechanisms in transition metal oxides, 
including Fe304, whose electrical conductivities under- 
go dramatic changes in a small temperature interval. 
And while one review has been devoted exclusively to 
Fe3044~ a comprehensive and critical appraisal of most 
of the available electrical, magnetic and thermal pro- 
perties data of Fe304 has been lacking. Nonetheless, 

• _ o  . 

the previous revlews I ~ do provlde an adequate apprals- 
al of the electrical properties measurements that were 
available as of 4 to 6 years ago. Since these earlier 
reviews, however, there has been a great increase in 
investigations, both experimentally and theoretically, 
of Fe304; and consequently, considerably more facts 
and different ideas have been generated regarding the 
electrical properties and low temperature polymorphism 
in Fe304. These new results will be the primary con- 
cern of this inquiry. Even though these new data when 
simply juxtaposed are rather confusing and contradic- 
tory, it will be shown in the following that a reason- 
ably consistent picture as to the electrical conduction 
mechanism and the low temperature polymorphism emerges 
from a critical analysis of these data, especially when 

compared with the results of some very recent studies. 
It is encouraging that most of the data resulting 

from earlier studies of the electrical and magnetic 
properties of Fe304 above and in the region of the 
Verwey transition 5~6, TV, have been confirmed by recent 
investigations 7,8. Therefore, our consideration of 

data obtained in the temperature interval Tv<T<TN, (T N 
= N4el temperature) will be directed primarily at re- 
solving several alternative interpretations of the con- 
duction mechanism rather than a detailed consideration 
of the data thermselves. Ideas concerning the struc- 
ture of the low temperature phase 9, below TV, have, 
however, been substantially altered by more recent 
studies I0. Thermal property measurements in the region 
of the Verwey transition have also indicated a com- 
plexity beyond that previously reported I i. The second 
major objective of this paper is to establish that the 
low temperature phase transition is a complex one. In 
this instance, data only recently available must be 
considered; these data result from different property 
measurements on identical samples and the complexity 
of the phenomena appears to be firmly established. 

The principal conclusions of this investigation 
are the following. For the temperature interval 

Tv<T<TN, a band description is appropriate f o r  the con- 
duction mechanism in Fe304. Previous data cited as 
indicating a hopping mechanism are found to be either 
incorrectly interpreted or to have resulted from poor 
samples. The conclusion reached for the temperature 
interval Tv<T<T N receives additional support from 
MGssbauer and resistivity measurements for T>T_. For 
T<Tv, a band description of the conduction mechanism 
is also supported by the available data, but this con- 
clusion is less definitive than that reached for 
Tv<T<T N. In the region of the Verwey transition, there 
appear to be two phase transitional phenomena: one 

related in the limiting case to purely electronic 
phenomena and another related to purely structural 
(crystal symmetry, site symmetry and atomic positional 
coordinates) phenomena. The phase transitional phe- 
nomena associated with the electronic state of the 
conduction electrons are more sensitive to the pres- 
ence of impurities and defects than the structural 
transition. As expected for a structural transition 
in which there is a substantial lowering of the 
sy-n~netry of the structure and changes in the atomic 
positional coordinates of most, if not all, of the 
ions, impurities on either the A or B sites have signi- 
ficant influences on temperatures and energy changes 
associated with the transition. 
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Fig .  1. Temperature dependence of  the DC conduc- 
t i v i t y  of single-crystal magnetite (ref. 6). 

TEMPERATURE INTERVAL Tv<T<T N 

As might be expected, most of the available data 
of any sort has been obtained in this temperature in- 
terval 6. The most important result in this region is 
the temperature dependence of the resistivity 6 shown 
in Fig. i. Recent investigations have confirmed 
the early measurements 7, and provided more precise Hall 
effect and thermopower data 12. The central question 
regarding the electrical conductivity in this region 
has been whether to describe it in terms of a localized 
hopping model or in terms of a band model. Until rela- 
tively recently, the description of the conduction 
mechanism in terms of a hopping model was rather qual- 
itative and appeared to he based almost wholly on the 
conductivity being activated, apparently, and on the 
early suggestion 5 that the high electrical conduc- 
tivity resulted from rapid electron interchange 

2+ 3+ 57 between the B site Fe and Fe ions. Fe nuclear 
gamma-ray resonance 13 measurements soon after the dis- 
covery of the MGssbauer effect demonstrated the ab- 
sence of distinct Fe 2+ and Fe 3+ ions on the octra- 
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hedral site in Fe304. This result was interpreted in 
terms of a hopping model but is equally consistent with 
a band model in which there is significant screening of 
the ion cores. That the isomer shift and hyperfine 
field of the 57Fe B site pattern are intermediate to 
those of an isolated Fe 3+ and Fe 2+ ion offers no unique 
support of a hopping model. Similar hyperfine fields 
and isomer shifts can be produced by appropriate 
screening. In addition, the hyperfine field and isomer 
shift of a hypothetical Fe 2+ ion in Fe304 are of rather 
uncertain magnitudes and the magnetic hyperfine 
splitting of what may be considered an Fe 2+ ion below 
TVId, 16 corresponds to a magnetic hyperfine field some- 
what larger than that observed in other spinels that 
contain Fe 2+ ions 17. 

The crucial experiment in establishing support for 
a hopping model was the measurement of the temperature 
dependence of the linewidth of the 57Fe B site 
~6ssbauer spectrum 18. It has been confirmed in almost 
every M6ssbauer study of Fe304, that the B site pattern 
has larger linewidths, FB, than those of the A site 
pattern, F A. On the assumption that there was no 
broadening of the A site linewidth, some function of 
the difference between F A and FB, given by Eq. i, could 
be taken as measure of the Fe3+(B) - Fe2+(B) electron 
hopping relaxation time 

AF = ~ A2/2 
s (i) 

where AF = F_-F.; ~ is the difference in the assumed 
frequencies ~f ~e unrelaxed Fe 2+ and Fe 3+ lines asso- 
ciated with F B of the relaxed line and T is the elec- 

tron hopping relaxation time. Questionable assump- 
tions regarding the h~perfine field isomer shift 
of an hypothetical Fe z~ ion in Fe304 figured promi- 
nently in this interpretation of the data. At any 
rate, the quantity (F~ - F~) increased with decreasing 
temperature and at 29~ K a hopping time of about 1 
nanosecond was deduced 18. The conductivity calculated 
on the basis of this measurement of the relaxation 
time for the hopping mechanism was found to be two 
orders of magnitude less than the experimentally 
measured conductivity. This first linewidth study 

4 0 -  

2 0 -  

T 
"6 
0 

"~ I O -  E 

4 -  

I I I I I 
2 4 6 8 12 

I O 0 0 / T  (K'h 

Fig. 2'. Temperature dependence of the linew{dth 
difference, AF, of the A and B site patterns of 
Fe30~, determined from lines IA and IB of the Moss- 
bauer spectrum, as reported in ref. 19. 
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Fig. 3. 
the linewidth difference, AF, of the A and B site 
patterns of Fe304, determined from lines IA and IB 
of the M6~sbauer spectrum. This study. 
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Temperature dependence of the magnitude of 

was conducted only for temperatures below 300 K. A 
later study 19 extended these measurements over a 
larger temperature range; and in contrast to the 
earlier study 18, the difference between FIA and FIB was 
found to be independent of temperature below 250 K 
(Fig. 2). However, it was just in this temperature 
interval that the temperature dependence of (F~ - F~) 
was used to deduce the relaxation time in the earlier 
study 18. Disagreement between the temperature depen- 
dence of (FIB - FIA) and the temperature dependence of 
the conductivity was also noted in this latter study. 
Our measurements of the temperature dependence of the 
linewidths of the A and B site 57Fe ~6ssbauer patterns 
reveals the temperature dependence shown in Fig. 3. 
These results are in contrast to those reported in 
Reference 19 inasmuch as FIB - FIA is found to be 
temperature dependent over the entire temperature range 
from 800 K to temperatures just above the Verwey tran- 
sition. However, for T>300 K, the decrease in (FIA - 
FIB) is not due to a decreasing F B as demanded by a 
hopping model but rather to an increase in F A (cf- 
Fig. 4). In another recent study 20 the decrease in 
(F A - FB) with increasing temperature above 300 K was 
also found to be due more to an increase in F A than to 
a decrease in F B. For example, at 296 K FIA = 0.349 
mm/sec and FIB = 0.392 mm/sec and at 703 K FIA = 0.376 
mm/sec and FIB = 0.371 mm/sec 20. Therefore, in the 
temperature interval 300<T<TN, the decrease in (FIA 
- FIB) is not simply related to electron hopping among 
the octahedral sites; and it is reasonable to conclude 
that the temperature dependence of F B - F A is not indi- 
cative of electron hopping. 

Further, it has been found that F B is larger than 
F A even in spinels that have very low electrical con- 

21,22 ductivities . Then too, there is rather straight- 
forward interpretation for F~ being larger at some 
temperatures than F A. Evans L3 was the first to sug- 
gest that the apparent broadening of the B site lines 
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was not due to electron hopping but rather resulted 
from the different quadrupole splittings at the B site 
as a consequence of the different angles between the 
principal axis of the electric field gradient tensor 
and the magnetic hyperfine field. That is to say, the 

shift of the absorption lines due to the electric quad- 
rupole interaction is given by 

£ = (_l)(ImlJ + 1/2) e2qQ(3 cos2e_l)/8 (2) 
ml 

where e isthe angle between the magnetic field and 
the principal axis of the electric field gradient ten- 
sor; and for spinel ferrites with the easy axis of mag- 
netization being [lll], there are two values of e, 0 = 
0 and ~ = 70°5h '', occurring with a relative frequency 
of i and 3, respectively. Therefore, there will be 
two patterns for the B site iron ions. A similar 
analysis would also apply for any anisotropy in the 
magnetic hyperfine field. Susequently, another 
M~dssbauer investigation of Fe30424 has led to a similar 
conclusion to that of Evans 23 regarding the broadening 
of the B site lines. 

Two B site patterns have also been resolved using 
NMR 16,25 but in these instances the splitting of the B 
site pattern is observed to rise from the anisotropy 
in the magnetic hyperfine field. The results of the 
two measurement techniques are, however, in accord; 
the lattice sums that lead to the anisotropy in the 
magnetic hyperfine field are also the ones that lead 
to a non-vanishing electric field gradient tensor. 
The.different interpretations are due, on the one 
hand, to the much higher resolution of the NMR mea- 
surements, and on the other hand, to the fact that the 
electric quadrupole interaction is not detected in the 
NMR measurements. There is in all probability a 
splitting of the B site pattern due to both an aniso- 
tropic magnetic hyperfine field and a non-zero electric 
quadrupole interaction. 

As has been recognized previously 26 if the conduc- 
tion mechanism could be described by a localized 
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Fig. 6. 57Fe Mossbauer spectrum of Fe304 above TN, 
ref. 28. 

hopping mechanism, the magnetic double exchange mecha- 
nism would also be operative. The available data, 
which is rather definitive, indicate that the double 
exchange mechanism is not essential to the electron 
transport in Fe304. In materials in which the double 
exchange mechanism is operative, the conductivity 
decreases vary rapidly at the Curie temperature as 
shown in Fig. 5 for some Lal_xPbx Mn03 perovskites 27. 
As shown in Fig. l, this is not the case in Fe304; the 
decrease in the conductivity for Fe304 at T N is barely 
discernible. Also if the double exchange mechanism, 
and therefore localized hopping, was essential to the 
electron transport, one would expect the electron 
hopping relaxation time to be greater above T N than 
below T N. In which case, the Fe 2+ and Fe 3+ B site ions 
would give rise to more or less distinct hyperfine 
patterns. This is not the case, Fig. 6. These data 
which were reported earlier 28 have been verified by 
more recent unpublished studies. The surprising aspect 
of these data, however, is that not only are there no 
distinct Fe 2+ and Fe 3+ B site patterns above T N but the 
A site Fe 3+ pattern is also unresolved. 

Finally, recent resistivity, Hall effect and 
thermopower measurements all lead to the conclusion 
that the conduction mechanism in Fe30~ does not in- 
volve localized hopping 12. The conduction electrons 
are best described by band states, albeit of rather 
narrow widths. The apparent activation of the conduc- 
tivity and the broad maximum in the conductivity can be 
understood in terms of a degenerate semiconductor. 
Theoretical studies also lead to the same conclusions 29. 

The neglect in the above discussion of much of the 
data on so-called "non-stoichiometric magnetites" has 
been deliberate. First of all, several investigators 
have demonstrated the doubtful character of the mate- 
rials used in these studies 30. It has also been shown 
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that these "non-stoichiometric magnetites" are fre- 
quently multiphase materials and/or chemically inhomo- 
geneous 30,31. Microscopic measurements such as the 
~dssbauer effect can be understood in terms of the 
different phases present but macroscopic measurements 
such as electrical conductivity represent intractably 
complex convolutions of phenomena and their inter- 
actions. Many new ideas regarding conduction mechanisms 
in such non-stoichiometric materials resulted from 
these studies but it is not certain that these ideas are 
particularly germane to the intrinsic conductivity of 
Fe304. As we shall see in what follows, the technique 
of doping Fe304 with small quantities of other elements 
whose local crystal chemistries in spinel oxides are 
well understood and simple leads to considerably more 
tractable phenomena than non-stoichiometric materials. 

T = T V 

Associated with the decrease in the conductivity 
at the Verwey transition is also a k-type anomaly in the 
heat capacity $2 and changes in unit cell volume and 
crystal symmetry SS'9. More recent measurements have, 
however, indicated considerably more complexity in 
phenomena occurring at the transition than previously 
thought. First of all, instead of one k-type anomaly 
in the heat capacity versus T curve, two anomalies have 
been observed II. Both the temperature and heat content 
of these anomalies depend on the amounts and kinds of 
impurties in FEB043~. Secondly, the lattice of the low 
temperature phase is of lower symmetry than the orthor- 
hombic or rhomhohedral lattices deduced from earlier 
studies I0. Finally, resistivity measurements for very 
slow heating or cooling rates in the region of the 
Verwey transition also exhibit two maxima 35. 

The main objective of the following discussion is 
establish the complexity of the Verwey transition and 
to present a possible interpretation of the systematics 
of the available data. 
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Fig. 7. Heat capacity of pure Fe304( -) and 

Mn.008Fe2.99204 ~---9. Note the upward shift of the 

high temperature anomaly and the smearing of the 

lower one for Mn.oo8Fe2.99204. 

The Cp versus T curves of Fe304 and ~0.009Fe2.9904 
in the viclnity of Verwey transition are shown in Fig. 
7 II. The bifurcated nature of the peaks and the depen- 
dence of the peak shapes on composition are noteworthy 
features. The enthalpies, line profiles and tempera- 
tures of the anomalies are seen to depend sensitively 
upon the presence of impurities: For Mn0.008Fe2.99204 
the temperature of the maximum Cp in the high tempera- 
ture anomaly is shifted h K from that of Fe30J I, and 
the enthalpy content is 71 cal/mol compared to 98 
cal/mol for Fe30J 6. The low temperature anomaly is 
less sensitive to impurities; at low dopant levels its 
enthalpy is essentially independent of temperature but 
the temperature of the maximum in Cp increases 34. With 
these new thermal data it may be concluded that (i) 
substitutions of closed shell ions on the A site are not 
innocuous; (2) the increase in temperature of the 
maxima in the heat capacity with decrease in Fe 2+ con- 
tent and/or increase in lattice constant holds for Zn 2+ 
and Cd 2+ dopant level less than 0.i atom percent; for 
Cdo.oos, it appears that the two anomalies occur at the 
same temperature; (3) at dopant levels much above 0.i 
atom percent, the magnitudes of the heat capacity anoma- 
lies decrease rapidly, i.e., both anomalies are absent 
in a material with the composition Zn0.066Fe2.g3404. 

Th@re is a body of literature 37 that ascribed such 
furcation of k-type anomalies to inhomogeneities; and 
this as a possible interpretation of the new thermal 
properties data cannot be rejected out of hand. The 
samples used in our studies have, however, been prepared 
with sufficient care to insure against inhomogeneities. 
Further, the furcation persists for samples prepared by 
a variety of different techniques and exhibits a cogent 
dependence on the systematics of the crystal chemistry 
of the dopants 38. 
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Fig. 8b. First two A and B site lines of the 

57Fe Mossbauer spectrum of Zn.005Fe2.99504 
as a function of temperature. 

The thermal properties measurements have proven to 
be crucial in delineating the complexity of the Verwey 
transition in Fe304, but by themselves, they provide 
little phenomenologieal insight into the crystal physics 
of the thermal properties variations. Therefore, 5'Fe 
~dssbauer measurements have been made in the region of 
the Verwey transition on the pure Fe30 ~ and Zn0.005 
Fe2.99504 samples used in the thermal properties mea- 
surements tI,35. The most significant changes in the 
57Fe MOsshauer spectrum occur for the Am = I, + i/2 ÷ 
+ 3/2 and Am = 0, + 1/2 + + i/2 transitions whose ab- 
sorption lines occur in negative velocity region, Fig. 
8. These four lines have been used previously to 

monitor the Verwey transition 30 and changes in their 
positions and profiles have been used to confirm the 
complexity of the Verwey transition 11 . Some additional 
studies on non-stoichiometric magnetites have led to 
the conclusion that these lines are not reliable inci- 
cators of the Ver~ey transition 39 but conclusions drawn 
from measurements on non-stoichiometric magnetites are 
to be accepted with great caution. At any rate, it is 
demonstrated below that a good correlation exists 
between the temperature of the A-anomalies and changes 
in the MSssbauer spectrum for the above mentioned lines 
in the negative velocity region. A weak absorption 
line between +2mm/sec and +4mm/sec, which is believed 
to be associated with more or less distinct Fe 2+ 
species 18, has not been used in these measurements 
because of the long counting times necessary for good 
statistics and consequent stringent requirements on 
temperature stability. 

0 0 6 -  

0.05 

- -  0 . 0 4  

._1 

R 0.03 

m 

W 

0.02 • 

0.01 
' ,~o ' ,~o ' ,~o ' ,;o ' 2 ;o '  2~o ' ~4 ' 2~ ' 2~o 

Temperoture (K) 

Fig. 9. Temperature dependence of the integrated 
intensity of lines I (m) and 2 (I~) of the B site 
57Fe ~6ssbauer spectrum of pure Fe^O_. Arrows indi- 
cate the temperatures of the %-anomalies in C . 

P 

E 
E 

j 

B 
R 

.d 

3.80 

3.60 

3.40- 

3.20 

° o  • 

• • o ° o  • 

o" 

t5 
• • i l  I |  

I 
11o ]2o 

,Temperature (K) 

Fig. i0." Temperature dependence of the line separa- 
tion, AI2 , (cf.Fig. 8a) of the B site (m) and A site 

(@) M~ssbauer patterns of Zn 005Fe2.99504. Arrows 

indicate the temperatures of the X-anomalles in C . 
P 

As shown in Figs. 9 and i0, the intensities and 
splittings A]2 of the four lines show fundamental 
changes in the vicinity of the Verwey transition. At 
temperatures corresponding to the high temperature 
A-anomalythe relative intensities of the lines undergo 
rapid change whereas the splittings, AI2 while showing 
a greater scatter of values, has nearly the same value 
above and below the temperature corresponding to this 
first A-anomaly. At the lower temperature heat 
capacity anomaly, however, AI2 and the relative line 
intensities, both, undergo very rapid changes. There 
is, thus a l:l correspondence between dramatic changes 
in the relative line intensities, the splittings, AI2, 
or both and the anomalies in the heat capacity. It is 
possible to advance a tentative explanation of these 
results which are consistent with and lend support to 
a band description of the conduction electrons above 
and below the Verwey transition. 

If the Verwey transition is a semimetal or degen- 
erate semiconductor÷nondegenerate semiconductor transi- 
tion 12, then the differences in the electronic struc- 
ture above and below T V are primarily quantitative and 
not qualitative in nature. Therefore, this transition 
is to be associated with the change in the relative 
intensity of the lines in the MSssbauer pattern at a 
temperature roughly the same as that of the high tem- 
perature heat capacity anomaly. The extreme sensitivity 
of the temperature and line profile of this anomaly to 
impurities is consistent with its being associated with 
the degenerate-nondegenerate semiconductor transition 
since this transition is expected to be rather sensi- 
tive to changes in the electron concentration. 

The changes in the splittings, AI2 , of the B site 
pattern results either from a change in the electric 
quadrupole splitting, the magnetic hyperfine field, or 
both and are indicative of major changes in the overall 
structure and local site symmetries since changes in 
local site symmetry are expected to influence substan- 
tially the orbital angular momentum contribution to the 
magnetic hyperfine field and the electric quadrupole 
interaction. It is concluded that the low temperature 
heat capacity anomaly and the changes in the MSssbauer 
spectrum are associated with major structural changes. 
The relative magnitudes of the maxima observed in 
resistivity measurements 32 are consistent with this 
interpretation of the heat capacity anomalies and the 
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M6ssbauer spectra. REFERENCES 

SUMMARY 

A reasonably consistent description of the elec- 
trical conduction mechanism and Verwey transition in 
Fe30 ~ seems to be the following: Above the Verwey 
transition Fe30 ~ is a semimetal or degenerate semi- 
conductor with the conduction electrons being appro- 
priately described by a band model. There are no data 
that uniquelg support a localized hopping model. There 
is a semimetal or degenerate semiconductor+nondegenerate 
semiconductor transition at =120 K that is accompanied 
by a small increase in the resistivity. This transi- 
tion may be related in its origin to a Mott-Wigner 
metal-nonmetal transition. Previous concerns 26 about a 
Mott-Wigner description of the transition were based on 
measurements of impure magnetites that were in fact too 
impure to provide a test of the effect of a decrease in 
electron density on the temperature of the electronic 
transition. Impurity levels sufficiently low that they 
can be regarded as small perturbations on the lattice 
and electron concentration yield an increase in the 
transition temperature as expected for a Mott-Wigner 
transition. 

At a lower temperature, there is a phase transition 
that is accompanied by major structural changes, as well 
as changes in the electrical properties. The tempera- 
ture interval between these two transitions is affected 
by the amounts and kinds of impurities. Hence, the two 
transitions may occur at the same temperature for some 
impure samples. Below the Verwey transition the conduc- 
tion electrons are in band states and distinct Fe 2+ and 
Fe 3+ oxidation states for all of the iron species do not 
obtain. Whether the absence of distinct Fe 2+ and Fe 3+ 
states for all of the iron atoms is due to the complex- 
ity of the structure of the low temperature phase or to 
charge density waves 40 is one of the questions to be 
resolved by further study. 

Further measurements on samples with A site 
impurity levels slightly below and above 0.i atom per- 
cent would be useful. The kind of dopant should also 
be extended to include those that occupy the octra- 
hedral sites. A particularly important measurement 
would be the determination of the resistivity at very 
slow heating and cooling rates in the vicinity of the 
Verwey transition. Lastly, further conductivity and 
~C6ssbauer measurements on pure and doped Fe30 ~ samples 
above the N@el temperature are desiderata; the 57Fe 
~Cdssbauer spectrum above T N is consistent with a band 
theoretical description of the conduction process but 
the spectrum is sufficiently perplexing and suggestive 
of extensive electron delocalization over both the A 
and B sites to warrant further studies. 
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