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It is found that an external magnetic field applied in the basal (111) plane of a single crystal of a-Fe;03
causes the Morin transition temperature to be depressed. The detection of the transition was accomplished
by observing the appearance of one of the two A =0 lines in the Méssbauer spectrum of Fe®7 as the crystal
warmed through the transition region. From the measurements, the temperature dependence of the anti-
ferromagnetic anisotropy energy can be determined and compared with that predicted on the basis of the
Dzyaloshinsky treatment of the weak ferromagnetism in a-FeyOs.

I. INTRODUCTION

HE magnetic properties of hematite, a-Fe;O3, have
been a subject of wide-spread interest and inten-
sive investigation for many years. Most of this interest
is due to the fact that a-FeyOs, a rhombohedral anti-
ferromagnet, exhibits a weak ferromagnetism between
about 260°K and its Néel point of 950°K.. Below 260°K
the spin orientation of the antiferromagnet is parallel to
the [111] crystallographic axis, while above 260°K it is
perpendicular to the [111] direction.! The existence of
the weak ferromagnetism is thought to be a result of
canting of the two magnetic sublattices of the anti-
ferromagnet and has received a thermodynamic justi-
fication by Dzyaloshinsky and Moriya.?? At the tem-
perature of the transition between the two phases,
usually referred to as the Morin transition,* the dipolar
and fine structure anisotropy forces (which are respon-
sible for the spin orientation in the crystal) are of com-
parable magnitude and opposite in sign.

If a strong magnetic field (60-70 kOe) is applied along
the [1117] direction at temperatures well below the
Morin transition, the antiferromagnetic structure of
a-FeyO3 can be induced to “flop” into the high tem-
perature configuration. This spin-flop has been observed
in an antiferromagnetic resonance experiment,’$ by
means of the Mdssbauer effect,” and in the magnetiza-
tion study of a hematite single crystal.®:? Moreover, the
induced transition for this particular configuration of
applied magnetic field and crystal axes can be ex-
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plained in terms of the thermodynamic arguments of
Dzyaloshinsky.

Magnetization studies with the applied magnetic
field oriented in other directions give a more complicated
behavior.®?® Nevertheless, they can be interpreted in
terms of two induced transitions which are predicted
from the Dzyaloshinsky theory. Starting with the low
temperature antiferromagnetic phase a spin flop to the
weak ferromagnetic state occurs when some critical
magnetic field strength is applied. As the applied field
strength is increased further a second transition back to
the original antiferromagnetic phase is predicted to
occur at a second critical field. The critical fields are
dependent upon the orientation of the applied field with
respect to the crystallographic axes. In this investiga-
tion the first of these transitions (antiferromagnetic to
weak ferromagnetic) is observed directly using the
Méssbauer effect. With the applied magnetic field in
the basal (111) plane, the spin-flop temperature is
measured as a function of magnetic field, from which
the temperature dependence of the anisotropy energy
can be determined for temperatures near the Morin
transition.

II. EXPERIMENTAL

Synthetic single crystals of a-FeyO; of 99.6%, purity
were used for the present study.’® The crystals were
thin platelets about % in. in diameter and 0.002 in.
thickness with the [111] direction perpendicular to the
crystal plane.

The observation of the spin-flop by the Mdssbauer
effect is based on the angular dependence of the relative
spectral-line intensities for a single-crystal absorber.
The two lines in the Méssbauer spectrum of 5Fe corre-
sponding to Am=0 transitions have intensities propor-
tional to sin?g, where 0 is the angle between the spin
orientation axis and the y-ray direction. The crystal
was oriented so that the vy radiation propagated along
the [1117] axis. Thus, the two Am=0 lines were absent
below the Morin transition temperature and appeared

1 We wish to thank Dr. R. Barks of the Materials Research
Laboratory of The Pensylvania State University for providing us
with these crystals.
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¥ic. 1. The ap-
pearance of a Am=0
transition in the
r * Méssbauer spectrum
of a single crystal of
a-FesO3 as it is
warmed through the
+ the Morin transition
in zero applied mag-
netic field.
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on warming through the transition. The spin-flop
temperature was measured by setting the Mdassbauer
spectrometer to the resonance velocity of one of the
Am=0 lines and measuring the intensity of transmitted
radiation as a function of temperature while the crystal
was warmed through the transition. All measurements
were made by first cooling the crystal until the anti-
ferromagnetic state was achieved and then warming
through the spin flop.

The results of the measurements at 0 and 5000 Oe
applied parallel to the (111) plane are shown in Figs. 1
and 2. From these it is clear that with the magnetic
field turned on the spin flop occurs at a lower tempera-
ture than the zero-field transition temperature. Meas-
urements were also made at several other fields up to
9000 Oe. The transition temperatures, determined at
various fields from the inflection points (denoted by *)
of plots such as Fig. 1 are listed in Table I.

III. DISCUSSION

The experimental results can be explained by follow-
ing the argument given by Kaneko and Abe® for the
field dependence of the magnetization of a-Fe.0;. The
Dzyaloshinsky treatment of weak ferromagnetic mate-
rials? applies Landau’s theory of second-order phase
transitions! to these materials and results in an expres-
sion for the thermodynamic potential in terms of the
magnetic interaction parameters and the orientation of
the antiferromagnetic sublattices in the crystal. At the
Morin transition temperature 7'y the thermodynamic
potentials of the two phases are equal under equilibrium
conditions:

P(0=0°) 15 =2(6=90)1y, M
where 6 is the angle between the [111] axis and an anti-
ferromagnetic spin axis vector. In the presence of an

171, D. Landau and E. M. Lifshitz, Statistical Physics (Per-
gamon Press, Ltd., London, 1958).
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TaBiE I. Antiferromagnetic to weak ferromagnetic spin-flop
transition temperatures for different magnetic field strengths ap-
plied perpendicular to the [1117 axis in a-Fe2O3 together with the
corresponding anisotropy energies determined with the Dzyalo-
shinsky thermodynamic treatment of weak ferromagnetism.

H; (kOe) Tu (°K)  —(a+g/2) X107 erg/g
0.0 26341 0.835
2.5 2561 1.03
5.0 2541 1.22
7.0 25341 1.37
7.5 2521 141
9.0 2461 1.52

applied magnetic field the same relation holds:
<I>(00711)7’M=(I)(goc}ylf)TM‘ (2)

With the magnetic field applied in the basal plane H.,
the thermodynamic potential can be expanded?®®?:

a 4
®(0,H,)=- cos20+; cos?*
2

1 (¢ sind+H.,)?
—d cosf sin3g—-— —
2 B+J cos?d

where the notation is the same as that used by Dzyalo-
shinsky,? and the small anisotropy of the weak ferro-
magnetic moment has been neglected (m,=0). The
coefficients in the expansion correspond to magnetic
interaction energies and mixed interactions of fourth
order have been retained. From the expansion it is found
that at a given temperature a transition between the
two phases §=0° and 6=90° will occur at critical
magnetic field strengths of®

BJ q2 g 1/2
)
B+J\B 2

H,*= N C))
J/(J+B)

Thus, at temperatures below the normal Morin transi-
tion, the antiferromagnetic phase will be induced to flop

Fic. 2. The ap-
pearance of a Am=0
transition in the
Moéssbauer spectrum
of a single crystal of
a-Fe)O; as it is
warmed through the
Morin transition with
210 71 a magnetic field of
r 5000 Oe applied in
r the (111) plane.

215+ -
*

103 x RELATIVE COUNTING RATE

205 -

1 } 1 : 1 : 1 } L : 1 :
O 220 230 240 250 260 270
T(°K)

2



153

to the weak ferromagnetic phase at the critical magnetic
field H,.*, and at a higher critical field H,;~ it will flop
back to the antiferromagnetic phase. Without the in-
clusion of the fourth-order mixed-interaction term only
one critical field is obtained and transitions from the
antiferromagnetic to the weak ferromagnetic phase
would be expected to occur at temperatures above the
Morin transition. Consequently, the results in Table I,
which show a decrease in Ty with increasing H,, can be
explained only if the fourth-order term is retained in the
expansion of the thermodynamic potential.

From magnetic-susceptibility measurements® the
magnetic interaction parameters B, J, and ¢ can be
determined to be 5.2)X10* erg/g, —1.03X10% erg/g, and
2.08X10% erg/g at 295°K. In addition, if spin-flop exper-
iments are performed with the applied field perpendicu-
lar to the [111] direction, the magnetic anisotropy
energy (a+g/2) for a-FexO; can be evaluated. The
present experiments with the applied field perpendicular
to the [111] direction also can be used to arrive at
values for the anisotropy energy. Using the previously
determined values of B, J, and ¢ together with the
measured transition temperatures for different applied
magnetic fields, the anisotropy energies in Table I were
determined. It was assumed that the values of J, ¢, and
B were independent of temperature near the Morin
transition. Actually, the parameter g is temperature-
dependent but can be reasonably assumed constant
over the small temperature range considered here be-
cause of the high Néel point in comparison with 7.8

The results for the anisotropy energy obtained in this
work are plotted in Fig. 3 together with some of the
results obtained by Kaneko and Abe” which were ob-
tained with the spin-flop field applied parallel to the
[1117 direction in a natural single crystal of a-Fe Os.
The two sets of results obtained by quite different tech-
niques and with different orientations of the spin-flop
field can be connected with a smooth curve.

Kaczér and Shalnikova® have observed substantially
the same effect as reported here using torque measure-
ments. Using very pure single crystals of a-Fe O3 they
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FiG. 3. The temperature dependence of the anisotropy energy
of @-Fe;0; near the Morin transition. Comparison is made with
magnetic-susceptibility data from Ref. 7.

observed a depression of the Morin transition in the
presence of an external magnetic field. From a study of
the dependence of the critical magnetic field strength
as a function of its orientation with respect to the
crystal axes, they were also able to show that the mixed
invarient mentioned above had to be retained in the
Dzyaloshinsky treatment in order to explain the experi-
mental results. Their result of the field dependence of
the Morin transition upon external magnetic field of
—1.5 kOe/deg, extrapolated from data taken with the
applied magnetic field not parallel to the (111) plane, is
alittle larger than that indicated by the data in Table L.
However, the qualitative features of these three experi-
ments, the magnetization study of Kaneko and Abe,
the torque measurements of Kaczér and Shalnikova,
and the present results, are consistent with Dzyalo-
shinsky’s thermodynamic approach to the description
of the magnetic behavior of a-Fe,O; with the inclusion
of the fourth-order mixed invarient.
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