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Single crystals of magnetite were grown and annealed under a controlled oxygen atmosphere to
produce homogeneous, single phase samples. Heat capacity studies revealed a single, sharp first or-
der heat capacity transition at the Verwey transition T =121 K, no anomaly at 10 K, no evidence
for short range order, and an entropy of transition of AS,=R In2 per mole of Fe;O0,;. A model ac-

counting for this numerical result is discussed.

I. INTRODUCTION

The Verwey electrical transition in Fe;O,4 has been in-
vestigated numerous times, ever since the orlgmal report
on this phenomenon by Verwey and co-w workers.! As is by
now well established, the electrical resistivity changes by
two orders of magnitude over a small temperature interval
(<0.1—0.9 K) in the neighborhood of T}, =120 K; the
precise value of T, depends on the . oxygen
stoichiometry."? Despite intense theoretical analysis over
a period of several decades the microscopic origin of the
electrical transition is not well understood; it seems to be
closely linked to charge ordering, but the precise nature of
the ionic configuration is still in doubt.>

One of the fundamental techniques for investigating the
Verwey anomaly is the measurement of heat capacities.
Unfortunately, widely discordant results have been report-
ed in the literature, which makes the resolution of these
differences an urgent problem if one is to gain a better
understanding of the fundamentals of the transition.

Heat capacity measurements reported in the literature
may be divided into three general categories: papers de-
voted to a study of spin-wave excitations in the cryogenic
temperature region,*—% studies which extend over a signi-
ficant temperature range,’!4 and publications devoted
prllrélagly to the mvestlgatlon of the Verwey anoma-
ly.

Two schools of thought have emerged with respect to
results obtained both at low temperatures and in the vicin-
ity of the Verwey transition. Todo and Chikazumi'? have
encountered a specific heat anomaly centered on 11 K for
a single crystal Fe;O, specimen which had been annealed
in CO/CO, for 10 days at. 720°C. However, in other mea-
surements in this temperature range”!>!* on single crys-
tals, no such peak was detected.

Another controversy has arisen concerning the thermal
anomaly accompanying the Verwey transition. Westrum
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and collaborators, —19.23 Rigo and co-workers,
and Kamilov et al.?° all have encountered bifurcation ef-
fects, i.e., the existence of two closely spaced heat capacity
peaks in the temperature range from 100 to 125 K. The
precise position of the peaks on the temperature scale,
their relative intensities, and their width were found to de-
pend on the nature of the sample (whether single crystal
or polycrystalline), the thermal treatment of the speci-
mens, and the extent and nature of the doping levels. In
all these cases each peak extended over a temperature in-
terval ranging from 2 to 11 K. These results are con-
sidered to provide experimental support for. various
theories?*~2® requiring Fe;O, to undergo a series of close-
ly spaced transitions.at the Verwey point. By contrast, no
bifurcation effects were reported either in the early inves-
tigations”®!> on natural single crystals or.in the later mea-
surements!*2! on a variety of single crystal or polycrystal-
line specimens that had been thoroughly annealed. The
widths of the peaks in the later studies ranged from 0.3 to
1 K. A final difference of opinion concerns the shift in
baseline: Whereas Matsui et al.?! detected a very marked
shift which they interpreted as showing the persistence of
short range order up to 400 K, all other investigators re-
port that the heat capacity peak is situated on top of a
smoothly contmumg background trace.

That the various qualitative differences in results may
be associated with sample annealing problems under con-
trolled oxygen atmospheres seems indicated by several
preliminary investigations!*#?! which show that the heat
capacity peaks .can be shifted or altered qualitatively by
changes in sample treatment. In particular, the earlier
studies suggest that careful sample handling might nar-
row the temperature range of the heat capacity anomaly
near the Verwey transition temperature. Consequently,
the condition of sample growth and preparation will be
described in detail, before turning to the discussion of the
heat capacity measurements and results.
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II. EXPERIMENTAL TECHNIQUE

Samples of magnetite were grown in a skull melter
whose operation is discussed elsewhere.?’ The skull cruci-
ble consists of cylindrical arrangement of closely spaced,
individually water-cooled copper tubes on a split base.
The crucible was loaded with initially 99.9% pure Fe,04
powder. An rf generator operating at 3 MHz and 50 kW
was used as the source of high frequency electromagnetic
radiation which was fed to a work coil surrounding the
crucible. A graphite ring was used as the susceptor; after
coupling to the radiation it heated the contiguous Fe,O,
powder sufficiently to initiate coupling of these regions to
the radiation source. An avalanching process then ensued
such that all of the powder became molten except for a
very thin, sintered skull close to the water-cooled con-
tainer base and crucible fingers. The graphite ring ulti-
mately burned off in the CO, atmosphere maintained over
the melt.

Single crystals were then produced by a modified
Bridgman technique in which the crucible containing the
molten Fe;O, was slowly lowered out of the stationary
work coil, thereby gradually freezing the melt and form-
ing large single crystals. Pure CO, gas was slowly passed
through the system during the course of the run to control
the composition. The resulting crystals within the boule
were slightly cation deficient but remained well within the
stability range?® of Fe;0,. The characterization of these
crystals is also described in Ref. 29.

In addition, neutron activation studies’® on some sam-
ples revealed the following major impurities: 100 ppm Cr,
100 ppm Na, 30 ppm Pb, 30 ppm Ni, and 20 ppm Mn.

After cooling, a small section of a single crystal was
reannealed under an appropriate CO/CO,
whose partial oxygen pressure was monitored with a solid
state electrochemical cell.’! Annealing conditions were
determined from the thermogravimetric data of Dieck-
mann.’? Most samples were annealed at 1400°C and in
the oxygen fugacity range —5.1<logifo,<—4.2 to

yield samples close to the ideal 3/4 iron-to-oxygen
stoichiometry ratio.

Two methods of annealing and quenchmg were em-
ployed, one for slow quench in a horizontal furnace, and
the second, for fast quench in a vertical furnace. In both
cases, the fugacity and temperature were monitored with a
solid electrolyte cell containing a type-R thermocouple.
Circuitry™® to calculate and display log;of 0, and tempera-

ture was used to monitor and adjust annealing conditions.

In the first method, a thin sample ( <0.5 mm) was
placed in a Pt boat suspended by Pt wire over an alumina
boat. Since the solubility of Fe in Pt is a function of tem-
perature and oxygen fugacity, Pt boats were presaturated
by filling with Fe;O4 powder and annealing at a particular
fugacity and temperature. Subsequently, each boat was
used only for annealing samples under its appropriate
condition. The sample was quenched by quickly pulling
(1—2 sec) the sample from the hot zone (1400 °C) to a re-
gion of lower temperature (~ 1000 °C). The sample was
then gradually cooled to room temperature over the next
15 min.

In the second method, relatively thick samples (3—5

atmosphere

mm) were placed in a basket of 40-gauge Pt wire; the wire
basket was attached to 24-gauge Pt wire at the top of an
alumina rod. To quench the sample, current was passed
through the Pt wires, thus severing the thin Pt wires and
dropping the sample onto fiberfrax matting in a water-
cooled end cap.

After quenching, a specimen approximately 5X5x0.7
mm?® in dimension (40—80 mg) was cut, polished, and.
mounted in a relaxation calorimeter designed by Griffing
and Shivashankar.>* The temperature reservoir consisted
of .a large copper block which was connected by a heat
leak rod to a container filled with cryogenic fluid. The
temperature of the reservoir was stabilized by a PAR
Model 152 temperature controller that utilized a separate
control light emitting diode (LED) temperature sensor.
The sample was placed on a sapphire substrate connected
by four lead wires to the temperature reservoir. The op-
posite side of the sapphire contained an evaporated gold
heater pattern; an attached, unencapsulated LED tem-
perature sensor>> served as the thermometer. To measure
the heat capacity at a particular temperature, constant
power was applied to the heater for sufficient time to al-
low the substrate and sample to reach a steady state tem-
perature AT above the baseline temperature T, of the
reservoir. When the power was turned off, the tempera-
ture decayed exponentially to 7T,. The heat capacity is
determined from the equations

7=Cp/k, P=kAT , (1)

where Cp is the heat capacity of the sample and substrate,
P is the applied power, and « is the thermal conductance
of the wires. The latter is found from the measured tem-
perature difference AT and from the electric power input.
Griffing and Shivashankar3* estimated that the accuracy
of the heat capacity measurement was +5% below 30 K
and +2% above 30 K. Heat capacity measurements of a
large sample of oxygen-free copper agreed with those in
the literature to within 19%.3

To investigate first order transitions, the calorimeter
was also operated in a transition mode so as to obtain
cooling and heating curves in the vicinity of the Verwey
temperature. The change in enthalpy AH} of the transi-
tion is calculated from the thermodynamic relation

AHy= [ Cpdt= [ [P—k(T —T,)]dt . ¥)
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FIG. 1. Plot of In(T —T,) /AT versus time used to determine
the starting point ¢, and the ending point ¢, of the first order la-
tent heat region of the cooling curve.
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For the heating curve, P is the applied constant power; for
the cooling curve, P is zero. The operation of the
calorimeter in the transition mode was checked’* by deter-
mining the heat of fusion of mercury at 234 K; experi-
mental values obtained in these runs were within 2% of
the heats of fusion quoted in the literature.

To pick the starting and ending points of integration
for the calculation of the change in enthalpy of the cool-
ing curve, In[(T —T,)/AT] was plotted against the time
t. The initial decay, the flat transition region, and the fi-
nal decay were fitted by least squares to a set of three
straight lines. The intersection of these lines gave the
starting and ending times. Figure 1 illustrates the tech-
nique.

The change in entropy ASy of the transition is given by
ASy=AHy /Ty, where Ty is the average Verwey transi-
tion temperature. The estimated accuracy of the change
in entropy is +5%. The slight ambiguity in the choice of
the starting and ending integration points account for
most of the error. The greater error cited here is due to
the larger inhomogeneity of Fe;O, relative to the pure
mercury sample used by Griffing and Shivashankar®* in
their evaluation of the transition mode.

The temperature scale was determined by calibrating
the diode against a calibrated Ge resistance thermometer
in the temperature range from 4.2 to 100 K and against a
Pt thermometer from 75 to 350 K. The accuracy of the
temperature measured by the diode varies over the full
4.2—350 K range. The absolute accuracy of the diode
temperature is estimated to be better than 0.05 K below
40 K and better than 0.1 K above 40 K. The relative ac-
curacy of the diode temperature is limited to 5 mK by the
diode preamplifier unless signal averaging is used.

III. RESULTS AND DISCUSSION

Heat capacity curves for two nearly stoichiometric
Fe;0, specimens in the range 5—340 K are shown in Figs.
2(a) and 2(b), respectively; these are quite typical of the
remaining measurements on three other samples. The
base curves all coincide within experimental error. The
various curves differ only in the shape of the heat capaci-
ty peak. In all samples, very small premonitory and post-
monitory effects were encountered in a +3-K interval
about the Verwey transition at 121 K. As explained
below, no evidence was found for short range order out-
side this interval. The entropy change in this range is of
the order of AS =0.25 J/mol K of Fe;Oy,, less than 5% of
the entropy change corresponding to the latent heat. By
contrast to these very shallow shoulders, the principal
heat capacity anomaly resides in a very narrow peak cor-
responding to the latent heat of the Verwey transition.
This peak tends to be vestigial [as in Figs. 2(a) and 3(a)]
because of the problem of spacing successive measure-
ments over sufficiently small temperature intervals for
proper scanning of the peak. Our heat capacity measure-
ments agree with the results of most other experiments,
except in the region near the Verwey transition, to better
than +5%. The crucial differences near the Verwey tran-
sition can be attributed to sample preparation and are dis-
cussed below.

To analyze the first order transition, one must resort to
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FIG. 2. (a) Specific heat of stoichiometric Fe;O,4 from 5 to
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350 K. (b) Specific heat of a stoichiometric sample with a
broader transition. The small dip in the heat capacity at ~310
K is due to a slight error in the thermometer fit in that region.

the use of cooling or heating curves as detailed below. A
more detailed view of the anomalous region is provided in
Figs. 3(a) and 3(b); it is seen that the temperature span at
the base of the heat capacity spike is in the neighborhood
of +2-3 K, which again is typical of all the studies in
this series. :
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FIG. 3. (a) Specific heat showing the Verwey transition in de-
tail. Note the vestigial peak in this sample. (b) Specific heat
anomaly at the Verwey transition of a sample with a broader
transition.
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FIG. 4. Heating curves showing the first order transition of
two stoichiometric samples, (a) and (b).

More insight on the transition is gained by examining
the heating and cooling curves shown in Figs. 4(a) and
4(b) and 5(a) and 5(b), respectively. These clearly show
the interruption of the exponential decay curves typical of
first order transitions. One should note the temperature
scale on the ordinate: The transformation takes place
over an interval of not more than 0.4 K; also, the hys-
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FIG. 6. Specific heat of two samples (a) and (b) in the region

0 to 30 K. There is no indication of any specific heat anomaly
at 10 K.

teresis for the heating as opposed to the cooling cycle is in
the neighborhood of 0.3 K. The above values are quite
typical for the entire series. Finally, Figs. 6(a) and 6(b)

show an enlargement of the low temperature range be-

tween 0 and 30 K; no specific heat anomaly is detectable
in this range. This is also the case for all of the remaining
measurements listed in Table I.

A summary of all the experimental findings is provided
in Table I. The following general conclusions may be
drawn:

(1) For all the specimens investigated in this series a
heat capacity anomaly is encountered in the range
120—122 K. From independent measurements of resis-
tivity and from thermomagnetic analysis of specimens
prepared under the same experimental conditions,”’ it is
evident that the heat capacity peak is associated with the
Verwey transition.

The results cited in Table I should be compared with
those shown in Table II as assembled from the literature.
The Verwey temperatures T) reported for carefully an-
nealed single crystals of reasonable purity fall in the range
121.7 to 123.6 K (Refs. 14 and 21) which is somewhat
higher than the values cited in Table I; however, because
of the general absence of published information on tem-
perature calibrations, it can be argued that the results of
Refs. 14 and 21 and those reported here are comparable.
The marked decrease in Ty with increasing dopant or va-
cancy concentration should also be noted: this is a univer-
sal phenomenon, showing the sensitivity of the phase
transition temperature to the Fe’-to-Fe3t ratio in the host
lattice.

(2) In conformity with the data reported in Refs. 7, 8,
14, 15, and 21, we observed only a single heat capacity
peak, a fact which seems to render dubious the applicabil-
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TABLE I. Experimental results on the Verwey transition. Values listed are the entropy of transition
(+ variance), average transition temperature, upper limit on the width- of the transition, hysteresis be-
tween heating and cooling transitions, and the total temperature difference the sample traversed during

the measurement. ,
S Ty Width Hysteresis AT
Sample (J/mol K)* (K) (K) (K) (K)
1 5.88(+0.05) 121.3 0.37 0.5 1.83
1 5.98(+0.05) 120.8 0.49 0.5 2.22
2 5.98(+0.14) 120.7 0.4 0.26 2.00
2 5.96(+0.13) 120.5 0.5 0.26 2.00
2 5.84(10.07) 120.7 0.35 0.25 1.00
2 5.83(+0.01) 120.5 0.35 0.25 1.00
3 6.08(+0.03) 121.1 0.5 0.18 2.00
3 6.00(10.07) 120.9 0.5 0.18 2.00
3 5.63(+0.09) 120.9 0.5 0.18 1.50

*Statistical error is shown. The experimental error is estimated to be below 5%. The contribution
AS =0.25 J/mol K of Fe;O, due to the premonitory and postmonitory effects is not included.

TABLE II. Summary of the literature data pertaining to the Verwey transition and the entropy of
transition. DTA denotes differential thermal analysis.

Ty (K)
Peak of Cp ASy Sample
Reference anomaly (J/mol Fe;04K) treatment?®
7 ~115.0 5.44 Natural crystal
8 . , 114.2 4.39 Natural crystal
15 (DTA) ~ 115.0
9 113.0, 119.0 5.65 Natural crystal
17 117.0, 123.0 7.53 0.2 at.% Mn
18 113.3, 118.9 5.86 Ceramic Fe;O,
10,19 (119), 117.3 5.02 Natural crystal
i containing Zn
110.6, 119.1 4.60 0.5 at% Zn
80.0 3.64 0.66 at. % Zn
114.7 5.44 0.5 at. % Cd
105.7 4.11 1.0 at. % Cd
11 117.0, 123.0 4.93 0.8 at. % Mn
21 122.7 5.444.2 Single crystal, well
annealed
22 114.0, 122.0 2.88 Fe;O, powder
119.0 2.88 Fe;04_,F,, x=0.1
120 2.88 Fe;O4_,F,, x=0.25
23 103.0, 107.0 4.77 to 5.40 0.2 at. % Cd
107.0, 121.0 4.94 : 1 at. % Zn
24 114.0, 122.0 5.86 Fe;04 powder
14 123.6 6.24 Single crystal,
c<5x107¢
116.6 5.44 Single crystal,
c=1.5x10"2
122.8 4.77 Powdered crystal,
c=10"?
122.8 5.40° Powdered crystal,
c=10"3
121.6 4.73 Polycrystalline,
. c=4x10"*
- 118.4 4.14 Polycrystalline,
c=2%x10"3
13 113.5, 125.0 7.95 Single crystal

¢ represents the fractional vacancy concentration.
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ity of models for multiple phase transformations.

(3) The transition occurs over an interval of less than
0.5 K. These results agree very well with those reported
for carefully annealed specimens in one earlier experiment
by Chikazumi and co-workers?! and in subsequent work
by Gmelin et al.,'* published just prior to completion of
our own experiments.

(4) The transition is of first order; this is evident not
only from the sharp heat capacity peaks but also from the
heating and cooling curves which are of the standard
form expected for first order phase changes accompanied
by latent heat effects. As far as could be ascertained, this
is the first published report of such curves for Fe;O,.

There are slight hysteresis effects as revealed in the
temperature aspects of the cooling versus the heating
curves. The hysteresis encountered here is no greater than
0.3 K, as compared to 2—3 K hysteresis effects reported
by Gmelin et al.'* The reasons for this discrepancy are
not presently understood.

(5) There is no offset in the baseline above as compared
to below the transition temperature; thus, claims?' con-
cerning the occurrence of short range order which disap-
pears in a temperature range of 50 to 275 K above the
transformation could not be substantiated.

(6) Lastly, the entropies of transition could be directly
determined from the various cooling or heating curves.
As shown in Table I, these average values range from 5.6
to 6.0 J/molK Fe;04 Entropy values for individual
curves ranged from 5.57 to 6.22 J/molK Fe;O,. The er-
rors given for the entropy are statistical errors; experimen-
tal errors couild be as much as 5%. The entropy contribu-

tion from the small premonitory and postmonitory re--

gions near the transition was estimated by spline fitting*®
the heat capacity data in the temperature regions 20—110
K and 130—200 K; this spline was subtracted from the
data and the entropy was calculated in the region from
110 to 130 K. In all cases, the entropy contribution from
this region was less than 5%.

The lower limit for the entropy was approached under
conditions where the heat exchange rate is minimized, i.e.,
when the temperature rise through the heat pulse is less
than 1 K. The values of Table I approach the entropy
change of ASy=R In2=5.765 J/molK of Fe;04 This
result may be compared to the AS} values listed in Table
II, which range from 2.88 to 7.95 J/molK; for the best
crystals listed in that tabulation, the AS} values are 5.4,
6.24, and 5.44 J/mol K.'*2! It should be noted that many
values compiled in Table II were calculated from areas
under the heat capacity peaks; this procedure is subject to
considerable error in situations where such peaks are nar-
row and tall. Nonetheless, it is evident from Table II that
either departures from the strict 4/3 oxygen-to-cation ra-
tio or the doping of the host lattice with foreign substi-
tuents drastically reduces the ASy values.

We lack a unique explanation for our observed values
of ASy=R In2. However, it is clear that the commonly
cited theoretical estimate of AS)=2R In2/mol Fe;0; is
based on a simulation in which the Verwey transition is
modeled by the formation of a binary random mixture
from two pure phases, 4 and B. )

One way of rationalizing our experimental values for

AS} is to take account of the structural features of the
Fe?*+,Fe’t distribution below the Verwey transition. As
shown by Kita et al.,* one structural arrangement of
A=Fe’t and BEFe3+ sites for T < T which satisfies
the neutron and x-ray diffraction results, as well as the
NMR studies, is a configuration of chains of the type...,
AA,BB,AA,BB,AA,BB, ... along one of the [110] direc-
tions in the B planes of the cations. The interchain dis-
tance is almost 1.8 times the value of the intrachain dis-
tances and will be ignored. This type of ordering may be
modeled by use of order-disorder theory as developed by
Hijmans and de Boer;* for reviews, see Refs. 41 and 42.
In general terms, the entropy for a lattice represented as a
collection of “bonds” and “points” is given by

S =
kL

~Z (B nfo+26, 1B, + B 1n)

—(1—=Z)aglnag+a;1na;) . (3)

In addition, the consistency and normalization relations
ao=Po+B1, a1=Bi+B apt+a;=1 (4)

are relevant. In the above, kp is Boltzmann’s constant; L
is the number of octahedral sites in the spinel lattice occu-
pied by cations (L =2N 4, where N, is Avogadro’s num-
ber for one mole of Fe;0,); Z is the coordination number;
Bos 281, and [, are the probabilities of encountering the
AA, AB or BA, and BB bond configurations, respectively,
and o and a; are the probabilities of encountering the 4
and B site configurations, respectively.

In the situation under discussion, the ordered configu-
ration of Kita et al.> is represented by the numerical as-
signments Z =1, ao=a1=%, B1=0, Bo=,62=%, which
immediately leads to the value Sy;=R In2.

In the disordered phase one considers the lattice as a
collection of sites for which

s .
kBL =—(aolna0+allna1) . (5)

For L =2N, and ay=a,=7, this leads to the value
Sy=2RIn2. Thus ASy=S;—So=R In2/mol Fe;Qy, in
conformity with observation.

Scant physical significance should be paid to the details
of the above treatment. The exposition is meant to render
plausible the interpretation of ASy, =R In2 as being con-
sistent with (among other possibilities) a segregation of ca-
tions into Fe?*-Fe** and Fe*+-Fe’t pairs along specific
directions on B planes in magnetite. Many other types of
pairings have been proposed, though the configurations of
Mizoguchi*® and Iida®? have been criticized® as being in-
compatible with structural information.

It should be recognized that ASpy=R In2 should
represent an upper limit to the entropy change as specified
by the above crude model. Any deviations from strict
stoichiometry, as well as interactions among electrons
which lead to a less than complete random distribution of
electrons in the disordered phase, would diminish ASj.
The present theory is too crude to provide a reliable esti-
mate of these factors; a more sophisticated theory would
have to be invoked to settle these delicate matters. Addi-
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tionally, it would seem premature to make more detailed
calculations until the nature of the ordered state in mag-
netite is properly settled.

IV. CONCLUSIONS

It has been established in this work that through careful
preparative methods stoichiometric Fe;O4 samples of suf-
ficient homogeneity can be prepared such that a single
first order phase transition is encountered near 121 K.
The latter is associated with an entropy change of approx-
imately R1In2 per mole of Fe;O4. No evidence is found
for the existence of other thermal anomalies, bifurcation
effects, or the existence of short range order above the
Verwey transition temperature. Deviations from the exact

Fe;0, composition result in a lowering of the transition
temperature and of the concomitant entropy change. A
model invoking the alternation of Fe?t-Fe?* and Fe’t-
Fe’* pairs along [110] directions on B planes provides a
rationalization of the observed entropy changes.
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