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The off-diagonal elements of the permittivity tensor of hematite in the 1 to 5.5 eV range have been determined
by the magneto-optical method. A new magneto-optical transition at £ = 1.5 eV was found and corresponds
to the crystalline transition °4 ,, —*T',, (‘G). The temperature dependence of the equatorial Kerr effect (EKE)
was measured in the range 300 < T < 900 K. The temperature dependence of the EKE peaks turned out to be
the same: they all drop rapidly in amplitude and shift to the low energy region by about 0.15 eV. It was
deduced from the temperature variation of the EKE that over the range studied it is determined by pair
transitions in the exchange-coupled Fe®*ions. The quadratic magneto-optical effect (linear birefringence) was
measured in hematite for the first time in reflected light in the range from 2 to 5 eV. The mechanisms
(transitions) responsible for the spectral dependence of the linear and circular birefringence are different. The
automatic magneto-optical apparatus, with a sensitivity of ~ 1077, used for the measurements is described.

PACS numbers: 78.20.Ls

1. INTRODUCTION

The magneto-optical properties of hematite (a-Fe,0,)
were first studied by Pisarev et al.! The magnitude of
the linear magnetic birefringence (LMB) at a wave-
length A =1.15 um, for light propagating along the crys-
tallographic c-axis, is independent of the orientation
of the sponteneous magnetization in the basal plane,
and is surprisingly large, exceeding the circular bire-
fringence (the Faraday effect) by an order of magnitude.
It is suggested that the LMB in hematite is determined
primarily by exchange interaction, and this gives a
qualitative explanation of the large observed values.

A study of the magneto-optical properties of hema-
tite in reflected light was first carried out by Krinchik
et al.® using the equatorial Kerr effect (EKE). It was
found that the EKE in hematite is comparable to mag-
nitude with the EKE in ferromagnetic dielectrics, al-
though the spontaneous magnetization in hematite is a
thousandfold less than the sum of the magnetiza-
tion of its sublattices. In an earlier work® it was shown,
by recognizing two physically different types of mag-
netization of a hematite crystal, that the anomalously
large magneto-optical effects in weak ferromagnets
were produced neither by the absolute magnitude of the
resulting magnetic moment nor by its reorientation,
but by the reorientation of the antiferromagnetism vec-
tor accompanying the magnetic reversal of a weak fer-
romagnet,

An LMB odd with respect to the field was observed
in the single domain antiferromagnetic state of he-
matite* and was related to the deviation of the antifer-
romagnetism vector for the trigonal axis which was
linear with field.

In the present work the study of the magneto-optical
properties of hematite have been continued in the
spectral range from 1 to 5.5 eV. The off-diagonal ele-
ments of the permittivity tensor for hematite have
been determined by measuring the equatorial and polar
Kerr effects, the temperature dependence of the EKE
has been measured in the range 300< 7'<900 K, and the
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magneto-optical effect in reflected light, quadratic in
the magnetization, has been measured.

2. AUTOMATIC MAGNETO-OPTICAL APPARATUS OF
INCREASED SENSITIVITY

Measurements both in the dynamic (magnetic rever-
sal of the specimen in an alternating magnetic field)
and static regimes can be carried out inthe apparatus.
Since the measuring sensitivity is mainly limited by
fluctuations in the intensity of the light source, a com-
pensation method is used in both the dynamic and static
modes of operation to reduce them. A high-pressure
DKsSh-1000 xenon lamp is used as light source. The
light beam is split in two past a DMR-4 monochroma-
tor; the main beam falls on the specimen placed be-
tween the poles of an electromagnet, the other is the
reference beam. The light is recorded by a pair of
identical photodetectors (photomultipliers or photo-
diodes for different parts of the spectrum). A dia-
phragm in the reference channel controls the light in-
tensity in it, and is driven by an electric motor with a
tracking (servo) system to equalize the light fluxes in
both channels.

Operational amplifiers (OA) in the form of integra-
ted microcircuits® are used as the basic components
in the measuring system. By using up-to-data OA’s
it was possible to construct the basic components (input
differential amplifiers, selective amplifier, dividing
unit) satisfying the exacting demands made on the mea-
suring channel: low noise level and drift, high input
impedance, stable transmission coefficient etc.

The operating system of the measuring part of the
apparatus is shown in Fig. 1. The signals from the
photodetectors are fed to the input amplifiers A;-A4,.
The alternating components of the signals in both
channels go to the differential amplifier 4,, which am-
plifies the useful signal (I.), thereby suppressing the
noise in the light. I. is then amplified by a narrow-
band amplifier A4, is rectified by the phase-sensitive
detector 6 and reaches the dividing unit 7 (the numera-
tor input). The d.c. components 7, and I, are fed to
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FIG. 1. Operating system of the measuring part of the appara-
tus; A—input differential amplifier; A;, A;—input constant
current amplifiers; A,—differential constant current amplifier;
Ag—narrow-band amplifier; 6— V9-2 phase-sensitive detector;
7—dividing unit.

amplifiers A, and A; and then to the differential amplif-
ier A, and the dividing unit (the denominator input).
Amplifier A, only lets through the difference signal Al
=I, —=I, which characterizes the unbalance of the chan-
nels. This signal is governed by the tracking circuit
which equalizes the light intensities in both channels
with the aid of a diaphragm which limits the light flux
in the reference channel.

When operating in the static mode the tracking circuit
is disconnected after equalizing the light fluxes with
H=0. The difference signal AI which appears when a
constant magnetic field is turned on is proportional to
the change in the light intensity reflected from the
specimen and is fed to the numerator input of the divid-
ing unit.

The dividing unit produces the magneto-optical signal
8=I./1 or 8=AI/I (I,~I,=I), which goes to the x-y
chart recorder. The sweep voltage, proportional to
the energy of the light quanta or to the strength of the
magnetic field in the electromagnet gap etc., is
supplied to the second input of the recorder.

The input amplifiers A;-A, are based on low-noise
544UD2A field effect OA’s, selected according to their
drift. The coefficient of suppression of the in-phase
signal of the differential amplifier 4, is 70 dB. A pre-
cision K140UD13 integrated circuit is used at the input
in the differential amplifier A, and has a sufficiently
large suppression coefficient for the in-phase signal,
~120 dB, so that a difference signal AI~107%[ can be re-
corded.

The narrow-band amplifier A, consists of amplifier
U2-6 and an additional selective amplifier (SU) based
on K1UT402A integrated circuits with a balanced twin-T
network in a feedback loop.” The @ of the SU at reso-
nance frequencies in the operating range from 30 to
300 GHz is about 500, which is about 30 times greater
than the @ of the commercial U2-6. The high @ value
is caused by the higher frequency stabilization require-
ments of the master oscillator. A G3-49A oscillator
with frequency stability 1077 was used for this. The
noise at the input of the phase-sensitive detector could
be reduced by more than an order of magnitude by
using the SU.

The analog-signal dividing system 7 was constructed
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on the “logarithm-antilogarithm” principle® using a

544 UD1A OA. Matched 159NT1V monolithic transistors
with transdiode connection were used as the logarith-
mic components, The counter has a nonlinearity 0.2%
for input signals from O to +10V; the resulting error
does not exceed 1% in a denominator dynamic range

60 dB.

The sensitivity of the apparatus is §~1077 in the dy-
namic regime and ~107° in the static regime.

The magneto-optical effect (6,), quadratic in the
magnetization, measured in this work is the relative
difference in the intensity of light reflected from the
specimen in the two cases: e L m,and e |m,, where e
is the electric vector in the light wave and m, is the
spontaneous magnetization vector. Measurements were
made on the basal face of hematite for the light incident
at an angle close to zero. In the region of strong at-
tenuation 6, is caused by a difference in complex refrac-
tive indices () for the two cases of the relative orien-
tations of the vectors e and m; mentioned above. To a
first approximation §, is determined by the terms in
the expansion of # in the components of the vector m,
which are quadratic inthe magnetization.

For observing the quadratic effect, periodic tilting
of the magnetic moment in the specimen plane by 90°
from the equatorial to the polar directions of magnet-
ization was carried out. Since a uniaxial surface aniso-
tropy withan effective field of ~1 kOe is observed on nat-
ural basal faces of hematite,® an alternating magnetic
field is applied perpendicular to the easy anisotropy
axis (EA) to tilt the magnetization vector. Measure-
ment of the alternating component of the intensity of
the light reflected from the specimen was carried out
at the frequency of the change in the projection of the
magnetization on the EA and HA (hard axis), which is
double the frequency of the magnetization reversal field.
The sign of the effect was determined from measure-
ments in the static regime.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Measurements were carried out on natural basal (111)

and non-basal (100) faces of synthetic hematite single
crystals grown from a molten solution. The magneto-

optic spectra taken for different specimens practically
coincide (the scatter in the magnitude of the effect at
the maxima did not exceed 10 to 15%).

The components of the permittivity tensor € are
written in the following form

ax=6y;=€=8;—I8;, €;; =8,
Ey=—Epe=—1I8 =—1i(g,—ig,").

The EKE was measured for very different angles of
incidence of the light onto the specimen (¢, =15° and

¢, =170°) in order to obtain linearly independent equa-
tions for €, and €] for determining the imaginary and
real parts of the off-diagonal components of € for
hematite. Figure 2 shows the spectral dependence of
the EKE for the two angles given. When compared with
Ref. 9, a new spectral maximum was found at E =1.5 eV
and the existence of the peak in the region of 4.1 eV
was reliably established. Figure 3 shows the spectral
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FIG. 2. The equatorial Kerr effect in hematite for two angles
of incidence of the light on the specimen: 6;—¢;=15"; 06,—¢,
=70°.

dependences of € and €, calculated, with the aid of a
computer, according to equations given earlier by one
of the authors.!® Values of the diagonal components of
the € tensor, required for the calculation, were taken
from Ref. 11 for the near infrared region and from

Ref. 12 for the visible and ultraviolet parts of the spec-
trum. Analysis of the formulae for EKE shows that for
€, « g, the value of the EKE is determined by the imag-
inary part (g;) of the off-diagonal component of £ and,
as a result, an accurate measurement of €] using the
EKE is not possible in the region of relatively weak
attenuation, For the same reason &; cannot be deter-
mined over the same region from the meridional (MKE)
and polar Kerr effects and the intensities of the mag-
neto-optical effects.’® For this reason, values of ¢, are
shown in Fig. 3 over the whole range studied but of €]
for E>2.3 eV.

The values of €; and &, obtained were used to calculate
the MKE. Experimental and calculated spectral depen-
dences of the MKE for ¢ =45° are shown in Fig. 4.

The agreement between calculation and experiment is
entirely satisfactory.

The temperature dependence of the EKE in the tem-
perature range 300< T< 900 K was measured in order to
explain the mechanism of the magneto-optical transi-
tions in hematite. EKE curves for ¢ = 35° for a number
of temperatures are shown in Fig. 5. It can be seen that
the spectral maxima are rapidly reduced in magnitude
on raising the temperature and shifting the spectrum to
the low energy part by about 0.15 eV. The band broad-

FIG. 3. The real and imaginary parts of the off-diagonal ele-
ments of the permittivity tensor for hematite.
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FIG. 4. The meridional Kerr effect. Solid curve, experimen-
tal; dashed curve, calculated.

ening with increasing temperature is small, Figure 6
shows the temperature dependence of the value of the
EKE for E=2.3 and E =2.8 eV. For comparison, the
temperature dependence of the magnetization (dashed
curve) of hematite, according to the data of N€el and
Pauthenet,'* is shown. The fall-off in the EKE with in-
creasing temperature takes place considerably faster
than the fall-off in magnetization [the 6(T) dependence
for E = 1.5 eV could not be measured up to 900 K because
of thermal radiation at high temperatures]. The tem-
perature dependence of the magnitude of the EKE
spectral maxima at different energies are approximate-
ly the same and only the spectral maximum at E =4,1
eV falls faster than others in the region TS T),.

It was shown by Krebs and Maisch!* that the strength
of the optical attenuation for a number of crystal line
transitions in Fe** ions in Al,0,:Fe®*, which is iso-
morphous with hematite, is connected with pair excita-
tion of the Fe®** ions. The spin and parity restrictions
which exist for electric dipole crystalline d-d transi-
tions in Fe®* ions are lifted for pair (exciton-magnon
and two-exciton) transitions.!®> The rate of pair transi-
tions is very sensitive to the relative orientations of
the spins of the Fe®* ions which take part in the transi-
tion. Petrov and Gaididei'® showed that the transition
rate in an exchange-coupled pair of ions is proportional

590 £19°

T=3i0K
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FIG. 5. The equatorial Kerr effect at different temperatures.
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FIG. 6. The temperature dependence of the magnitude of the
EKE; O—E=2.3, A—2.8eV,

to the coefficient
p=sin‘[(8.—05)/2],

where 6, and 6, are the angles which the spins of
neighboring magnetic ions make with some chosen di-
rection. The frequency of a pair transition is a maxi-
mum when 6 , - 65 =7, i.e., when the spins of ions A and
B are antiparallel. Thermal motion destroys the strict
antiparallel arrangement of neighboring spins in an
antiferromagnet, The mean values of 6 ,(T) and 8(T),
which are determined by the mean values of magnetiza-
tion of the antiparallel sublattices of hematite (I*(T)
=I9(T) =1,(T)) must be substituted into the argument of
the sine to evaluate the rate of pair transitions. To this
approximation, the rate of pair transitions is propor-
tional to IYT)~m3(T). It is clear thatat T~ T, the
m4(T) dependence decreases the rate compared with the
mean value of p, since Plp- ,.N#O (the averaging is over
all possible values of the angles 6, and 6,) while
m3(T,) =0. Since the linear magneto-optical effects are
proportional to the magnetization, the EKE, produced
by pair transitions in magnetic ions, must bé propor-
tional to m5(T). Figure 6 shows the m3(T) dependence.
It can be seen from the figure that the dependence of
the magnitude of the EKE at the spectral maxima is
very satisfactorily represented by the m3(T) curve for
temperatures not too close to T,.

The assumption that the observed magneto-optical
transitions are of two-particle nature thus explains the
temperature dependence of their rate. On the basis of
this it can be deduced that the magneto-optical transi-
tions in hematite in the ragne from 1 to 5.5 eV are con-
nected with crystalline d—d transitions in iron ions
being permitted, and are not produced by transitions
with charge transfer from O*~ to Fe®**. (We have not
discussed here charge transfer processes between
Fe’* ions from different magnetic sublattices,!” for
which the theory is insufficiently developed.)

The shift in the EKE maxima towards lower energies
can be explained by the reduction in magnetization of the
hematite sublattices with increasing temperature and
a corresponding reduction in the effective exchange
field. In the molecular field approximation (assuming
for simplicity that H., in the excited state of the Fe®*
ion is equal to H_, in the ground state) the maximum
energy shift of pair transitions due to the reduction in
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magnon energy on changing T from 0 to Ty, must be
AE=~2gugH, =0.24 eV (H, ~10" Oe in a-Fe,0;, Ref.
18). In the temperature range from 300 to 900 K, m,
and consequently H. decrease by 60% from the maxi-
mum value (Fig. 6) and the energy shift of pair transi-
tions must therefore be 0.14 eV, which is very close
to the experimentally observed value (~0.15 eV)."

1t is difficult to identify the magneto-optical transi-
tions in hematite by using the data from optical mea-
surements presently available.’?*'” Only the transition
at E=1.5 eV can be definitely connected with the optical
transition at 1.5 eV observed by Bailey!! and attributed
to the crystalline transition %A,,—~*T,, (*G) (Ref. 19).
There are several reasons for the difficulties in iden-
tification. Firstly, the natural frequencies of the
magneto-optical transitions are not known; secondly,
the optical transitions shift with temperature (the shift
in the 1.5 eV transition was observed by Bailey*!) and
all the optical transitions were observed at helium
temperatures; thirdly, the number of optical transi-
tions in the visible and ultraviolet regions of the spec-
trum is rather large and the energies of these transi-
tions are very close together,

The increase in sensitivity of the magneto-optical
measurements enabled the spectral dependence quadra-
tic in magnetization of the magneto-optical effect with
reflected light to be obtained in the region of strong
attenuation. Figure 7 shows a record of the quadratic
effect in hematite at an angle of incidence ¢ ~ T of the
light to the specimen. The calculated effect which is a
result of the existence of circular birefringence in
hematite is shown by the dashed curve. Calculation of
the contribution quadratic in magnetization was carried
out in the range from 2.3 to 5.5 eV using the appropriate
equations given by Krinchik,!® making use of the off-
diagonal elements of the £ tensor obtained in the present
work (Fig. 3). Measurements carried out in the static
regime showed that the quadratic effect in the spectral
maximum at E =2.5 eV for the (111) face does not change

sq-10%

6+

i d
-
LY

FIG. 7. The quadratic magneto-optical effectin reflected light.
Solid curve—experimental, dashed curve—-calculated quadra-
tic magneto-optical effect accompanying circular magnetic
birefringence.
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when the specimen is rotated around the C, crystal
axis.

The effect quadratic in magnetization thus has a large
anomaly in the visible and ultraviolet part of the spec-
trum (as it does in the infrared region!). The large
value of the quadratic effect found immediately in the
region of the natural frequencies of the transitions would
evidently lead to an anomalously large MLD in the range
where hematite is transparent.

1) Egtimates show that the reduction in the strength of the
crystal field due to a change in the crystal lattice parame-
ters of hematite with increasing temperature is small, and
cannot explain the observed shifts in the magneto-optical
maxima,
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