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The temperature dependence of the reversible magnetocaloric effect was studied on magnetic
single crystals between 80 and 290°K. Two minima have been discovered and are attributed to
a change in the anisotropic properties of the crystal. The effect of the conditions of cooling
of the magnetite on the magnitude of the magnetocaloric effect has been studied. An irrevers-
ible change of the temperature in a relatively narrow temperature range (95 — 115°K) has

also been detected.

INTRODUCTION

AS is well known, magnetite (Fe3O,) has a cubic
structure of the inverted-spinel type. At tempera-
tures close to 110°K, a transformation takes place
in magnetite and leads to a sharp anomalous change
in its electric,!-3 ma.g.g:netic,:*'4 galvano- and thermo-
magnetic,®® and also thermal? properties. As a
result of this transformation, the magnetic symme-
try also changes from cubic to uniaxial.® Lee® has
shown that if the single crystal of magnetite is
cooled in a sufficiently strong magnetic field, then
one of the axes of the cube, closest to the direction
of the external field, becomes the direction of easy
magnetization or the symmetry axis at temperatures
below the transformation temperature. On going
through the transformation region, the magnetiza-
tion in weak fields changes radically, while the
saturation magnetization remains practically un-
changed.

The nature of this low-temperature transforma-
tion of magnetite is still not fully explained. Verwey
et al.! have shown that the transformation is due to
the ordering of divalent and trivalent iron ions over
the octahedral lattice sites. This ordering is due to
the change in the structure, in which the crystal
symmetry goes from cubic at temperatures above
the transformation into orthorhombic.’ Bickford!?
investigated the temperature dependence of the
anisotropic constant of a single crystal of magnet-
ite, starting with room temperatures and below, and
found that the anisotropy constant increases sharply
in the region of the low-temperature transforma-
tion. As follows from the theory,!! in the temper-
ature region where the anisotropy constant of the
crystal experiences a sharp change with tempera-

ture, one can expect a large reversible magnetoca-
loric effect in the region of the rotation fields. On
the other hand, an investigation of the magnetoca-
loric effect permits a qualitative study of the behav-
ior of the anisotropic constant.

The purpose of this investigation was to ascer-
tain the singularities in the behavior of the magne-
tocaloric effect in the region of the low-temperature
transformation of magnetite, and also to investigate
qualitatively the temperature dependence of the
first anisotropic oonstant in this temperature region.

As is well known, adiabatic magnetization is
always accompanied by a change in the temperature
of the magnetized body, the value of which can in
general be represented in the form

AT:AT1+AT2 -+ ATz + AT4» (1)

where ATy, ATy, and AT; are the changes in tem-
perature due respectively to the reversible proc-
esses of displacement, rotation, and true magnet-
ization, while AT, is the temperature change due to
all other irreversible processes. The contribution
made by each term in (1) depends, in particular, on
the temperature and on the applied magnetic field.
In the region of sufficiently low temperature
(T« ®f, where @; is the Curie temperature), the
value of ATj3 is relatively small for magnets in
which the susceptibility of the para process tends
to zero as T— 0°K. In the region of rotation fields
H< Hg (Hg is the saturation field), in the absence
of irreversible processes, the main contribution to
AT is made by AT,, i.e., the change in temperature
is determined essentially by the magnetic energy
of the crystallographic anisotropy.

It follows from the work of Akulov et al.!! that in
this case AT is connected with the derivative of the
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anisotropy constants with respect to the tempera-
ture, 0K/8T, by the following relation (we discard
terms containing 82K/8T? and derivatives of higher
order):

AT =— (T/Cp)) (OK/0T)u A ) oo,

it ]

(2)

where Cpp is the specific heat at constant p and
magnetization I, while @i and oj are the direction
cosines of the spontaneous magnetization relative
to the cubic axes of the crystal. We can thus assume
that, subject to several conditions, the experimen-
tally-measured magnetocaloric effect AT is essen-
tially determined by (2), and that the magnitude of
the effect is a function of both the temperature and
the intensity of the applied magnetic field. If the
measurements are carried out at constant fields,
the value of AT is proportional to the derivative
9K/8T for the corresponding temperature, and this
makes possible a qualitative investigation of the
temperature variation of the anisotropy constant.

MEASUREMENT SETUP AND PROCEDURE

We investigated two natural single crystals of
magnetite of different stoichiometric composition.
The samples were in the form of spheres, 9.50 +
0.5 (sample 1) and 10.64 + 0.2 (sample 2) mm
in diameter. The measurements of the magnetocal-
oric effect for sample 1 was with a potentiometer
circuit of sensitivity 5 X 1078 v/mm, corresponding
to a change of 3 x 1073 deg in the sample tempera-
ture. Sample 2 was investigated with the aid of
another potentiometer circuit, including a dc photo-
electron-optical amplifier (type FEOU-18) and a
EPP-09 automatic recorder. The sensitivity of the
second setup was 1078 v/mm, corresponding to a
temperature change of approximately 1 x 1073 deg.
The measuring element was a copper-constantan
thermocouple, soldered to the surface of sample 1
or inserted inside sample 2. To reduce heat losses,
the thermocouple wires were made of the smallest
diameter possible without allowing the wire resist-
ance to decrease greatly the sensitivity of the
apparatus.

The sample was placed inside a silvered Dewar
vessel 20 mm in diameter, the open end of which
was immersed in a second Dewar of larger diam-
eter.® The sample temperature was varied by
means of a bifilar heating coil located inside the
inverted Dewar. The coil was fed with alternating
current through a ferroresonant voltage stabilizer.
A cryostat of this kind maintains the temperature
stable within + 1073 deg over a time sufficient to
perform a measurement cycle.
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The experimental difficulties with measuring
small values of adiabatic temperature changes in
ferromagnetic semiconductors of low thermal con-
ductivity have been described, in particular, by
Clark and Sucksmith.!? In our procedure these
difficulties were coped with by measuring AT in
several samples with different thermocouple loca-
tions, by choosing thermocouple wires of different
thickness, and also by using a Dewar with reflect-
ing walls.

After the equilibrium temperature of the sample
was established, the electromagnet was turned on
and the change in the sample temperature was de-
termined from the deflection of the galvanometer.
After 20 minutes, the sample again assumed its
initial temperature and the electromagnet was
turned off. A temperature change in the opposite
direction was then observed. The absolute changes
in the sample temperature due to turning the
magnetic field on and off were equal, within the
limits of experimental accuracy, and their average
was taken as the value of the magnetocaloric effect
AT. To eliminate the ballistic overshoot of the
galvanometer coil, a compensating coil with a small
number of turns was connected in the thermocouple
circuit.

The same procedure was used to investigate the
temperature dependence of the magnetocaloric
effect in both samples. The sample was first de-
magnetized at room temperature and then cooled to
the boiling temperature of liquid nitrogen in the
absence of a magnetic field. The temperature de-
pendence of the magnitude of the effect was investi-
gated as the sample was heated. This was followed
by an investigation of the influence of conditions of
cooling in a magnetic field of different intensity on
the magnitude of the effect. The sample, previously
demagnetized at room temperature, was cooled in
a magnetic field of given intensity H, to the boiling
temperature of liquid nitrogen, and then the tem-
perature was raised to a value somewhat lower than
the transformation temperature. The dependence
of the magnitude of the effect AT on the intensity
of the magnetic field was plotted in the transforma-
tion region, the measurement being started with the
lowest value of the field and terminated with the
largest. The sample was then heated to room tem-
perature, demagnetized, and cooled in a magnetic
field of different intensity.

We know that magnetite displays a jump in mag-
netization in weak magnetic fields, and consequently
this effect must be investigated in fields strong
enough to produce saturation. Our measurements
of the temperature dependence of the magnetization
I of the investigated specimens in the interval
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from 85 to 125°K have shown that a plot of

I(T) measured in a field of 15,000 oe, no longer

has a jump. The direction of the magnetic field in
all the measurements coincided with the crystal-
lographic [111] direction of the single crystal. The
absolute error in the measurements of AT did not
exceed 2 x 1072 deg in the entire temperature inter-
val.

MEASUREMENT RESULTS AND THEIR DISCUSSION

Figure 1 shows the temperature dependence of
the magnetocaloric effect AT for samples 1 and 2.
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FIG. 1. Temperature dependence of the magnetocaloric
effect for samples 1 (curve 1) (H = 13,800 oe) and 2 (curve 2)
(H = 17,000 oe).

Both curves show the course of heating of samples
first demagnetized at room temperature and then
cooled to 80°K in the absence of a magnetic field.
The curves for samples 1 and 2 were obtained in
magnetic fields of 13,800 and 17,000 oe, respec-
tively. As can be seen from the figure, a reversible
temperature change of opposite sign takes place at
low temperatures, i.e., the sample temperature
decreases as the field is turned on. The effect
vanishes at T = 125°K for sample 2 and T = 145°K
for sample 1. Further increase in the temperature
makes the effect positive. A striking fact is the
presence of a sharp minimum of the curve at

T =104° for samplel (| AT|pax = 0.100°) and at
T = 110°K for sample 2 (] AT|pax = 0.105).

It must be noted that a ¢‘first measurement
effect’’ is observed in the region of the minimum of
the curves. If the specimen was kept at the meas-
urement temperature in the absence of a magnetic
field for approximately 20 minutes, the first turning
on of the magnetic field led to an irreversible re-
duction in the temperature, the value of which was
approximately double that obtained in the subsequent
applications of the magnetic field. In all the sub-
sequent applications, the magnitude of the magneto-
caloric effect was always reproducible and fully
reversible. The results of the measurements of the
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reversible change in temperature and of the ¢‘first-
measurement effect’’ are shown in Fig. 2 for sample
1, cooled in the absence of a magnetic field. The
same phenomenon was observed also for sample 2,
but in the vicinity of 110°K. As can be seen from
Fig. 2, the “‘first-measurement effect’’ (curve 2)
reaches a minimum in the vicinity of 105°K, as
does the reversible change in the temperature
(curve 1). At this temperature the difference be-
tween these curves reaches a maximum value. On
both sides of the minimum, the curves tend to come
together and the ‘‘first-measurement effect’’ prac-
tically disappears at 95° and 115°K.
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The dependence of the magnitude of the effect
AT on the intensity of the magnetic field is shown
for sample 2 in Fig. 3 (the curves were taken at
T =109.6°K). As can be seen from Fig. 3, in weak
fields (up to 3,000 oe) the magnetocaloric effect is
positive. The magnitude of this effect is relatively
small (on the order of 0.01°) and reaches a maxi-
mum at the weakest field (to 1,000 oe), vanishing
at approximately 3,000 oe. Above 3,000 oe, the
effect is negative and increases with increasing
field. Curve 2 of Fig. 3 shows the influence of
cooling the sample on the magnitude of the effect.
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The sample was cooled to a temperature below that
of the magnetic transformation in a field Hy = 17,000
oe (parallel to the [111] crystal axis). As can be
seen from a comparison of curves 1 and 2, cooling
in a magnetic field reduces the effect substantially,
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without influencing the dependence of the effect on
the field. Cooling the sample in a magnetic field of
lower intensity leads to analogous curves, located
between curves 1 and 2. It must be indicated that
as the sample is cooled in a magnetic field, the
“first-measurement effect’’ is retained; all that is
observed is a reduction in both the reversible and
irreversible effects. The relation between the mag-
nitudes of these effects remains the same. The
value of AT for sample 1 depends analogously on H
and on the method of cooling the sample with and
without a field.

The reversible negative temperature change
shown in Fig. 1 is undoubtedly connected in the main
with the rotation processes. In this temperature
region the para process has a relatively small in-
fluence. It makes a contribution on the order of
+ 0.01°, as estimated with the aid of the values of
Cp and Ig taken from references 7 and 10. With
increasing temperature, the influence of the para
process increases relative to the rotation processes,
as a result of which the magnetocaloric effect re-
verses sign and becomes positive. The presence of
a sharp minimum on the temperature-dependence
curves of the magnetocaloric effect is connected
with the low-temperature transformation of magnet-
ite, at which the crystallographic symmetry of the
lattice changes. The curve taken for sample 2 has
still another minimum, near 90°K, which is much
smaller in magnitude than the first. No second
minimum was observed for sample 1, (possibly
because of the lower sensitivity of measuring appa-
ratus), but a sufficient dispersion of the experimen-
tal curves was observed in the vicinity of 90°K. In
the same temperature region, as already indicated,®
one observes anomalies of the electric, galvanomag-
netic, and thermomagnetic properties. We cannot
exclude the possibility that the magnetite experi-
ences a transformation, which has not yet been
investigated, in this temperature region.

It seems to us that an unequivocal explanation of
the difference between curves 1 and 2 of Fig. 2 is
at present still impossible. We can only assume
that the irreversible effect (curve 2) is connected
with the occurrence of an orthorhombic structure in
the magnetite. Narovskaya!® has shown that the
irreversible thermal losses, in the region of the
magnetite transformation and below, may be due to
a shift of the ¢ axis of the orthorhombic crystal from
its initial direction to a direction along the edge of
the cube closest to the direction of the applied field.
However, we did not observe this effect at tempera-
tures below 95°K.

The character of the dependence of AT on the
intensity of the magnetic field (Fig. 3) can be appar-
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ently attributed to a shift in the predominance of
certain magnetization processes over others. At
fields from 0 to 3,000 oe, where the effect is posi-
tive, the main contribution should be made by the
irreversible displacements of the domain boundaries.
It is possible here to correlate our measurements
with the results of Bryukhai:ov,14 who has shown, by
measuring the magnetic moments in a rotating mag-
netic field, that in magnetite the hysteresis losses
have a maximum at H~ 1,000 oe and vanish at

H= 3,000 oe. In fields of 3,000 oe and above, rota-
tion processes predominate and lead to a reversible
change in the temperature (except for the first meas-
urement) with a negative sign. In this range of
fields, the magnitude of the effect is in the first ap-
proximation linear in H~!. The indicated character
of the connection between AT and H indicates that
the contribution of the displacement processes pre-
vails over those of true magnetization, for according
to theory, the magnetocaloric effect due to the para
process should depend linearly on the intensity of
the magnetic field in the region of low temperatures.
In particular, as shown by Ivanovskii,!5 the mag-
netocaloric effect for crystals with hexagonal sym-
metry depends linearly on H! in the range of rota-
tion fields.

The influence of prior cooling of the sample in
a magnetic field on the magnitude of the effect,
shown in Fig. 3, can be apparently explained by the
fact that cooling in a strong magnetic field leads to
the appearance of an easy-magnetization axis, while
cooling without a field makes the magnetite magnet-
ically harder. The occurrence of an easy-magnet-
ization axis causes the processes of rotation and
orientation of the spontaneous magnetization along
this axis to be accompanied by much smaller
changes in the crystal temperature.

By using relation (2), it is possible to explain
the temperature variation of the derivative of the
anisotropy constant K and thereby obtain a quali-
tative idea of its variation with temperature. As
was shown by Bickford,!® only the first term (Kq) of
the series expansion of the anisotropy energy need
be considered, owing to the smallness of the remain-
ing terms compared with K;. The corresponding
results for sample 2 are shown in Fig. 4, where
the values of the specific heat are those given by
Millar.”

It is seen from the figure that the derivative of
the anisotropy constant with respect to temperature
reaches its maximum value in the transformation
region (110°K), and experiences thereby a sharp
variation with temperature in a relatively small
temperature interval (on the order of 15°). In the
temperature region below the transformation point,
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the crystal lattice of the magnetite has no longer a
cubic but a rhombohedral symmetry, and here it is
necessary to take into account!® the presence of
several anisotropy constants, which are nearly
equal in order of magnitude.
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