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The spectral features of Kerr rotation and ellipticity of MnBi film have been found to greatly change with
temperature from 85 to 475 K, and the Kerr rotation at 700 nm increases over 50%. And the complex refractive
index at room temperature and the dielectric and conductivity tensors at 85, 300, and 475 K have been
determined with the reflectance of an opaque film, the transmittance of a semitransparent film and the Kerr
effect. There are two distinct peaks in thevsxy9 spectrum, corresponding well to that of Kerr rotation. By
comparing those results with the reported calculations, it becomes clear that the Kerr rotations originate
principally from the interband transitions of Mn 3d↓ electrons~\v,2.5 eV! and of Mn 3d↑ electrons~\v.2.5
eV!. And the changes of the exchange splitting and the spin-orbit interaction strength are responsible for the
strong temperature dependence of Kerr effect. Specific Faraday spectra at different temperatures have also been
calculated with the above optical and dielectric constants and are much different from the reported data.

I. INTRODUCTION

Since reading information from MnBi film with a laser
beam has succeeded in 1967,1 MnBi film has intensively
been investigated as a candidate of the magneto-optical
~M-O! recording media. In addition to its larger perpendicu-
lar crystalline magnetic anisotropy, MnBi film also has ex-
cellent M-O effects.2 The author has recently found that there
are two peaks in the Kerr rotation spectrum ranging from
ultraviolet to infrared: one peak reaching a maximum rota-
tion of 1.7° is located at a wavelength of 675 nm, and a
second peak with 1.4° rotation is centered at 375 nm.3 Al-
though MnBi film has not gotten its application to the M-O
recording yet because of its larger grain size which brings
out a high level of media noise when the signal is read out, it
still is a potential candidate for magnetic and/or M-O devices
when deposition technique of film is improved in the near
future. On the other hand, a recent technique can control the
growth of films in the atomic scale. So it is not impossible
for us to obtain new materials with designed M-O properties.
In order to approach that stage, it is essential to understand
the physical origins of large M-O effects, namely, to know
which kind of quantum interaction is most crucial in a given
solid, and how controlled atomic arrangements obtain large
M-O effects at the expected wavelength. Theoretically, many
calculations on M-O effects have recently been carried out
with the relativistic self-consistent spin-polarization theory4

or the first-principles method.5 In order to compare with
those calculations, experimental data have to be measured at
low temperature, since the calculations are generally for the
electronic states at 0 K and only describe the behaviors of
electrons at low temperature~strictly, at 0 K!. It is not
enough to assess if the theoretical models are suitable by
only comparing the calculations with the room-temperature
data. In fact, the Kerr effect at low temperature is much
different from that at room temperature.6,7 In addition, for
discussing the origin of the M-O effect, one needs to know
the off-diagonal conductivity. So it is also indispensable to
obtain experimentally the reliable optical and magneto-
optical constants. In the case of MnBi film, however, those

constants are sensitive to not only the film composite ratio of
Mn/Bi,8,9 but also the surface states of films since there al-
ways remain excess manganese and/or bismuth on the film
surface.10 That is why the ordinary optical constants of MnBi
films were reported very differently.11 It is better to measure
reflectance on the opaque films but not the semitransparent
films and from the substrate side but not the film surface
side. For the M-O parameters, one can measure the Kerr
effect instead of the Faraday effect. Because the latter, the
Faraday effect, has usually to be measured on thin films and
is generally enhanced by the interference waves inside films,
the reported Faraday rotations of MnBi film were apparent
values and hence greatly different from each other, depend-
ing on the preparations and compositions of films.12–14And
therefore, the intrinsic value of the Faraday effect of MnBi
film, to our knowledge, has never been cleared.

In this paper, the author reports the optical constant of
MnBi film determined from the reflectance measured on an
opaque film in conjunction with the transmittance on a sepa-
rate thin film, and shows the intrinsic Faraday effect derived
from the optical constant and the Kerr effect in a wavelength
range of 260–1500 nm. And the physical origins of the Kerr
rotation are discussed from the viewpoint of electronic struc-
ture by comparing the spectra of the dielectric and conduc-
tivity tensors at low temperature with the theoretical results
of the band-structure calculation by Coehoornet al.4

II. METHODS

A. Preparations and measurements

Samples were deposited on the fused quartz substrates of
0.3 mm thick in a vacuum of 231026 Torr with the method
described elsewhere,3 and surfaces of films were all covered
with a SiO protective layer of 70 nm thick for thick MnBi
films before drawing from the vacuum chamber. The Kerr
rotation uK and Kerr ellipticityhK were measured on thick
films ~.170 nm! from the substrate side. Sources of light
used in the measurement were Xe lamp for wavelength of
220–800 nm and W lamp for that of 800–1600 nm. Samples
were set in a liquid N2-cooled cryostat for the mea-
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surement below room temperature~84–300 K! and the mea-
surements above room temperature~300–475 K! were car-
ried out in air. After cooling them back to room temperature,
the Kerr rotations of the films used for high-temperature
measurement were found to be unchanged. This implies that
the films were not damaged during the high-temperature
measurement and therefore the data are reliable.

For the measurement of the Kerr effect from the substrate
side, the thickness of the substrate is optically much larger
than the coherence length of the incident light, and therefore
reflections within the substrate give rise to light waves which
must be added incoherently to determine the net intensities
of reflected waves. The multiple incoherent beams contribute
to the measured M-O signal in proportion to their reflected
intensities. So the measured Kerr rotation and ellipticity can
be defined as15

uKm5
SI nuKn

SI n
, hKm5

SI nhKn

SI n
, ~1!

whereIn is the intensity ofnth beam. For the MnBi film, we
can take, as a good approximation, only the first two beams
of I1 which is the beam intensity reflected from the front
surface of the substrate and contributes no M-O signal
~u1,h150!, andI2 reflected from the interface of the film and
substrate. Then the Kerr rotation and ellipticity~observed in
the substrate! can be determined as
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B. Evaluations of optical and M-O constants

Optical constantsn and k are determined by inverting
normal-incidence reflectanceR and transmittanceT. R were
measured on a thick opaque film~.170 nm! from the sub-
strate side, and therefore influence of a possible nonmagnetic
overlayer is negligible.T were measured on a separate thin-
ner film ~36 nm thick! which covered no SiO layer. It is
known that the effect of such a nonmagnetic overlayer on
transmittance is not so significant. The measurements forR
andT were carried out at room temperature with a spectro-
photometer~Hitach 340s! ranging from 190 to 2600 nm.

In finding n and k, we used the standard thin film
equations16 ~the effective Fresnel coefficient method! to de-
termine the complex reflectance amplituder and transmit-
tance amplitudet for the electric field of a light wave inci-
dent from quartz substrate~medium 1! onto MnBi film
~medium 2! normally. The back boundary of the film is an
interface with air~medium 0! ~for R from opaque film, this
back boundary can be neglected!. The total reflected and
transmitted intensities are obtained as below by calculating
the intensities resulting from each internal reflection in the
substrate and performing an infinite sum
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Nj5nj1 ik j and dj are the complex refractive index and
thickness of medium, respectively. As seen in Eq.~5! r is
equal tor 12 as seen from Eq.~3! for the thick opaque film.
The optical constantsn2 andk2 of MnBi film can, therefore,
be derived fromR andT with Eqs.~3! and~4! using standard
iteration technique. In measuring theR andT of MnBi film,
one has to check if the film composition is optimum because
R is also sensitive to the composition like the Kerr rotation
uK .

8 Figure 1 shows thatR decreases with the film compo-
sition approaching to the optimum value Mn/Bi555/45 ob-
served in our experiment. The thin films of 36 nm thick used
for measuringT in this experiment were checked to be in the
optimum composition and showed a Kerr rotation as large as
1.3° at 700 nm.17

The off-diagonal element of the dielectric tensore or con-
ductivity tensors were determined from the optical con-
stantsn2 andk2 obtained above, together with the Kerr rota-
tion uK and Kerr elliplicityhK . In this paper, we take a sign
convention in which right-circular polarized~RCP! light has
its electric field vectorE rotating in a clockwise sense at a
given point in space and the signs of Faraday rotationuF and
Kerr rotationuK are positive for a clockwise rotation of the
axes of the polarization ellipse, as viewed by an observer
who looks in1z direction when the incoming linearly polar-
ized light from a source is traveling along the1z direction

FIG. 1. Reflectivity measured on MnBi films with different
compositions. Kerr rotationuK were measured at 700 nm.
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~in this definition of sign, a negative Kerr rotation and a
positive Faraday rotation can be observed on Fe film in the
visible spectral region!. Thus we determined«xy andsxy in
terms of the following equation:
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2!N2
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inssxy

~ns
22N2

2!N2
. ~7!

The intrinsic specific Faraday rotation and ellipticity can be
determined from«xy with Eq. ~8! or from uK andhK directly
with Eq. ~9!,
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wherens andN25n21 ik25(«xx)
1/2 are the complex refrac-

tive indexes of the substrate and the MnBi film, respectively;
and«xy5«xy8 1 i«xy9 andsxy5sxy8 1 isxy9 .

III. RESULTS AND DISCUSSIONS

A. Ordinary optical constants

Figure 2 shows the reflectanceR measured on an opaque
film from the fused quartz substrate side and the transmit-
tanceT on a semitransparent film with incident light from
the substrate side. In the measured wavelength region,R falls
off monotonously with wavelength and does not vary steeply
except below 300 nm, andT fluctuates somewhat due to the
interferences of light inside the thin film. FromR and T,
ordinary optical constantsn and k are calculated with Eqs.

~3! and~4! as shown in Fig. 3. In the whole measured region,
k is larger thann. And bothn andk decreases monotonously
with wavelength and exhibit some structures near 700 and
300 nm.j and1 representn and k, which are evaluated
supposing the reflectanceR was measured 0.01–0.02
smaller, i.e.,R has an error of22.5 to25.6%. Considerable
differences cannot be observed between the two sets ofn and
k. Similarly, if T had aDT of 60.01 ~an error of 6–12%!,
thenDn,75% andDk,73%. So possible errors in ourn
and k are believed to be within610%. However, our data
are smaller than Atkinson’s data13 as shown in Fig. 3 which
were, to our knowledge, the most complete optical constants
for MnBi film reported before our experiment. This larger
difference is due to the fact that the interferences of waves
inside films were neglected in their calculations of determin-
ing N and magneto-optical parameterQ5Q81 iQ9.13 We
noted that Kerr effectsFK,F (FK5uK1 ihK) calculated
from theirN, Faraday rotationF8, and ellipticityF9 with Eq.
~9! are larger than our data but approximately equal toFK,Q
determined from theirN andQ («xy52 iN2Q) with Eq. ~7!.
If their N andQ are intrinsic values,FK,Q should be much
different fromFK,F , because theirFK,F is an apparent value
and therefore contains enhancement due to boundary effects.

Figure 4 shows frequency dependences of the real and
imaginary parts of diagonal component«xx(5«xx8 1 i«xx9 ) of
the dielectric constant at 300 K. The spectra are similar to
that of transition metals, Ni for instance, rather than that of
noble metals or Bi.«xx8 does not pass cross zero point («xx8
50) and is always negative and less than 1, whereas«xx9
falls off monotonically with increasing frequency and a faint
structure which may arise from interband transitions appears
near 1.8 eV. Therefore, so called plasma resonance frequency
is beyond our measured region, and the large magneto-
optical effect of MnBi film is not a resonancelike enhance-

FIG. 2. ReflectanceR and transmittanceT used for determining
the ordinary optical constantsn andk. R were measured on a 170
nm thick opaque film andT on a 36 nm thick semitransparent film;
T8 were calculated for a system of$0.3 mm quartz substrate/36 nm
MnBi film % using the determinedn andk to check if the calculation
for the determination ofn andk is correct.

FIG. 3. Optical constantn and k determined fromR and T
shown in Fig. 2j and1 are then andk determined supposingR8
is less thanR by 0.01 above 900 nm and 0.02 below 900 nm.. and
l are the reportedn andk for MnBi film ~Ref. 14!.
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ment in the investigated energy region, but stems mostly
from the interband transitions of bound electrons.

B. Magneto-optical effects

Figure 5 shows spectra of the Kerr rotation and ellipticity
of MnBi film with optimum composition at 85, 300, and 475
K. Two pronounce peaks center at 1.84 and 3.35 eV on the
Kerr rotation spectra. This spectral feature is similar to those
observed on Fe, Co, and Ni, all of which exhibit character-
istic double peak of the Kerr rotation in the energy range of
1–5 eV.18 The Kerr rotation decreases rapidly below 1.5 eV
and changes its sign at 0.91 eV at 85 K, and it is deduced to

approach zero at 0.79 eV for 300 K and at 0.67 eV for 475 K.
Corresponding to the variation of Kerr rotation, the Kerr el-
lipticity exhibits a minimum near 1.1 eV, a maximum near
4.3 eV, and singularity around 2.7 eV, and changes its sign
near 1.8 eV. Considerable temperature variations are ob-
served in the spectral features of both Kerr rotation and el-
lipticity. With increasing the temperature from 85 to 475 K,
there are two other characteristics in the spectral variation.
One is that the Kerr rotation stand up with different slopes at
different temperatures around 1 eV, and they cross at a point
A near 1 eV. The slope becomes gentle when temperature
increases, and the sloping curve behaves as if it rotates
around the pointA as a fulcrum, resulting in a 0.25 eV dis-
placement of the point where the Kerr rotation changes its
sign on the low-energy side. The other is that the spectrum of
the Kerr rotation varies in an unique way with temperature as
can be seen clearly from Fig. 5. At 85 K, the two peaks of
Kerr rotation are narrower and separate distinctly~the part of
the valley between the two peaks is deeper!. Corresponding
to this valley, the Kerr ellipticity displays two clear structures
around 2.7 eV. When temperature increases, the variation of
Kerr rotation spectrum can be roughly divided into two parts.
From 85 to 300 K, the two peaks decrease and broaden, and
the part of the valley does not vary so much in its magnitude.
The two spectra at 85 and 300 K still overlap one another at
the part of valley. And from 300 to 475 K, the Kerr rotation
spectrum translates vertically in the direction of the ordinate.
Simultaneously, the two peaks become even smaller and
broader, and the outline of the valley becomes obscure. The
peak at 3.35 eV shifts obviously in the low-energy direction
but no changes are observed on the location of the peak at
1.84 eV. Those variations will continue till the Kerr rotation
disappear as the temperature approaches the Curie tempera-
ture. Unfortunately, it is technically difficult to observe those
variations above 500 K because the coercive force becomes
so strong that samples cannot be saturated and the crystal
structure will experience a transition from the low-
temperature phase to the high-temperature phase. The varia-
tions of the Kerr rotation spectrum are similar to that of Ni
film above 300 K, but are much different from that of Ni film
below 300 K.7 It has been known that changes of the spin-
orbit interaction strength cause a simple translational motion
of the spectrum of the Kerr rotation in the direction of the
ordinate.5 So, the temperature dependence of the Kerr spec-
tra of MnBi film might originate a more complicated mecha-
nism than that of Ni film. It has also been known that an
exchange splitting of the electronic structure is also essential
to the Kerr rotation, in addition to the spin-orbit interaction.
For ferromagnetic materials, the electronic structure changes
with increasing temperature and gives rise to reductions of
the exchange splitting and the saturation magnetization. This
change will certainly affect the Kerr rotation. Recently Op-
peneer’s calculation has shown that the change in the ex-
change splitting causes spectral features of the Kerr rotation
to change.19 It is shown that when the exchange splitting
decreases, the structure of double peak tends to disappear,
and the peak at higher energy moves toward the peak at
lower energy and the point ofuK50 shifts much to the low-
energy side but part of the valley does not reveal a marked
variation in its magnitude. Those variations are very similar
to that of the Kerr rotation of MnBi film with temperature

FIG. 4. Frequency dependence of the diagonal component«xx

5«xx8 1 i«xx9 of the dielectric tensor for MnBi film at room tempera-
ture.

FIG. 5. Kerr rotationuK and Kerr ellipticityhK spectra of MnBi
film, measured at temperatures of 85, 300, and 475 K.
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below 300 K shown in Fig. 5. There another calculation
showed that the double spectral feature of Kerr rotation for
the transition metals Fe, Co, and Ni also changes similarly
with the relaxation timet.5 It is well known that thet is
generally affected by all kinds of scattering mechanisms.
MnBi can be expected to have a more complicated scattering
mechanism than Ni, for instance, because the electrical resis-
tance of MnBi is almost ten times larger than that of Ni and
decreases by a factor of 2 as the temperature decreases from
300 to 84 K~Chen and Gondo in Ref. 2!. This variation oft
will give rise to an additional temperature dependence of the
Kerr rotation spectrum. Therefore, the temperature variation
of the Kerr rotation spectrum of MnBi film is a synthetic
effect composed of the temperature dependences of the spin-
orbit interaction strength, the exchange splitting, and the re-
laxation time. In a practical solid, the three parameters may
change simultaneously with temperature, and therefore the
spectral variations cannot be simply specified. It is known
that the exchange splitting increases steeply with decreasing
temperature much below the Curie temperature, though the
saturation magnetization changes slowly.20 Oppositely, the
spin-orbit interaction strength changes greatly near the Curie
temperature, where the saturation magnetization quickly dis-
appears, due to the rapid reductions in the total quantum
numberS andL of atoms. Considering those calculated re-
sults, it is suggested for MnBi film that the change of the
exchange splitting dominates the spectral variation of the
Kerr rotation below room temperature but the change in the
spin-orbit interaction strength gives principal effects above
room temperature. The change of the relaxation time might
influence the whole temperature range.

In addition to those spectral variations, the magnitudes of
the peaks of Kerr rotation reveal a strong temperature depen-
dence. Figure 6 shows the temperature dependence of the

peak value at 1.84 eV, together with that of the saturation
magnetization. When the temperature decreases from 475 to
85 K, the increment of the saturation magnetization is less
than 30%, in essential agreement with the result reported by
Chenet al.,13 whereas the Kerr rotation increases over 50%.
This increment of the Kerr rotation is in agreement with the
reported result21 ~which was measured from the film surface
with an SiO antireflection coating therefore containing the
interference of light waves and showed an increment of
about 20% from 300 to 85 K!. It is obvious from Fig. 6 that
there are no simple proportional relationships between the
Kerr rotation and the saturation magnetization. This is a
natural result, because the saturation magnetization is rela-
tive to the spin orientations of electrons in the 3d bands but
the Kerr rotation depend not only on the spin orientations of
electrons but also on the details of their distribution in the
energy bands. And the saturation magnetization is a result
contributed by all the spin-polarized electrons in unfilled
shells, and the Kerr effect at given frequencies arises from
only a part of electrons which occupied some energy levels
and absorbed photons with the given energy. That is why the
Kerr effect depends on frequency and the electronic structure
can be investigated with the M-O absorption spectra.

The absorptions can be observed more clearly in the di-
agonal componentsxx of conductivity tensors as shown in
Fig. 7 than in«xx . We can see thatsxx8 spectrum is approxi-
mately composed of two broad absorption peaks located at
1.8 and 4 eV, respectively. The two peaks may be responsible
for strong interband transitions of electrons which result in
the corresponding large Kerr rotations at 1.84 and 3.35 eV,
sincesxx8 describes the ordinary optical absorption, namely,
represents a sum of absorptions for RCP and left-circular
polarized ~LCP! light. On the other side, the off-diagonal
componentsxy of conductivity tensors describes magneto-

FIG. 6. Temperature dependences of the Kerr rotationuK at 700
nm and the saturation magnetization for a MnBi film with the op-
timum composition.

FIG. 7. Frequency dependence of the diagonal componentsxx

5sxx8 1 isxx9 of the conductivity tensor for MnBi film at room tem-
perature.
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optical absorptions, and its imaginary part is proportional to
the difference in the absorptions for RCP and LCP light.
Figure 8 is spectra ofsxy for different temperatures. In de-
riving those spectra at 85 and 475 K, the ordinary optical
constantsn andk at the room temperature are used, since the
ordinary optical absorption depends very slightly on
temperature22 @for example, it is63% for Ni over a tempera-
ture range of 295–770 K~Ref. 23!# and also depends slightly
on the magnetization.24,25In thosesxy spectra, spectral struc-
tures appear more distinctly. The pronounced one is a dia-
magnetic structure centered at 0.9 eV, i.e., a peak ofsxy8 and
a dispersive line shape ofsxy9 . Another is a paramagnetic
structure located near 1.84 eV, a peak ofsxy9 and a dispersive
of sxy8 , wheresxy8 also changes its sign from positive to
negative. In addition, another diamagnetic structure appears
weakly near 2.9 eV and a paramagnetic structure at 3.35 eV.
The two peaks ofsxy9 correspond well to the two peaks of
Kerr rotation in Fig. 5.

It is known that magneto-optical effects arise generally
from both interband transitions of valence electrons in va-
lence bands and intraband transitions of free electrons in
conduction bands. In infrared and visual regions, the contri-
bution of free electrons tosxy9 is proportional to~vt!21.26,27

In vsxy9 spectrum shown in Fig. 9, hence, the free electron’s
contributions will be a constant proportional to 1/t. So, the
structure of double peak invsxy9 represent the magneto-
optical Kerr absorption due to the interband transitions of
valence electrons between occupied and unoccupied states,
and therefore reflect the density of state~DOS! distribution
of electrons near the Fermi level, sincevsxy9 scales both the
joint density of states and the joint spin polarization. Accord-
ing to the self-consistent spin-polarized band-structure
calculation,4 the Mn atoms in MnBi have an effective 3d5.5

configuration, being responsible for a magnetic moment of
3.6mB . The Mn 3d band is split about 3.5 eV by exchange

interaction. Its density of states for the majority-spin direc-
tion ~↑! 3d electrons shows a peak around 2.5 eV below the
Fermi level, and for the minority-spin direction~↓! 3d elec-
trons, a main peak situates at 0.5 eV above the Fermi level
and a weak peak is observed near21 eV. As a whole, the
number of the minority-spin electrons is larger than that of
the majority-spin electrons near the Fermi surface. The Bi 6p
band strongly hybrid with the Mn 3d band both below and
above the Fermi level. The electrons in the states below the
Fermi level will be excited up to the states above the Fermi
level after absorbing radiation energy. The initial and final
states for the possible transitions at a symmetry pointG of
the first Brillouin zone for the hexagonal lattice of MnBi was
given theoretically by Coehoorn and de Groot4,28as shown in
Fig. 10. For understanding easily, only the main states are
shown in this figure. The abscissa is the strength of the spin-
orbit interaction, whose magnitude has not been clear yet for
the MnBi compound. The ordinate is the electron energy. All
initial states~51 and 11! for the interband transitions have
positive parity, and the final states that are magneto-optically
active are 62 and 42 states which are split by the exchange
interaction and show a large spin-orbit interaction. The 62

states have strongly mixed majority-minority character. In
our Kerr measurement, the magnetic moment and the inci-
dence of the polarized light are all along thec-axis ~@001#
direction of NiAs-type structure!. According to Coehoorn,
the possible interband transitions are denoted with arrows in
Fig. 10. It is obvious that the contributions tovsxy9 or the
Kerr effect in region\v,2.5 eV are essentially from the
transitions of 3d↓ electrons at 51 and 11 states, marked with
dashed arrows. Therefore the difference between the oscilla-
tor strengths for the right- and left-circular polarized light is
large because of the absence of the up-spin electrons, and
explains the paramagnetic structure appearing insxy or vsxy
and therefore the large Kerr rotation around 1.84 eV. Simi-
larly, the peak ofvsxy9 or Kerr rotation at 3.35 eV arises
from the following interband transitions:

FIG. 8. Frequency dependence of the off-diagonal component
sxy5sxy8 1 isxy9 of the conductivity tensor for MnBi film at tem-
peratures of 85, 300, and 475 K.

FIG. 9. vsxy spectra of MnBi film at 85, 300, and 475 K,
respectively.
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Mn 3d↑~51,11!→Mn 4p↑~62!,Bi 6p↑~62!,

Bi 6p↑~51!→Bi 6d↑~62!.

We noticed that the peaks ofvsxy9 ~paramagnetic structure!
at 1.84 and 3.35 eV are corresponding well to the electronic
transitions from 51 states which are split by the spin-orbit
interaction near21.9 and23.6 eV in Fig. 10. In addition,
the final state 62 is split and goes down to the Fermi level
because of the large spin-orbit interaction. This large split-
ting might be the origin of the diamagnetic structure at 0.9
eV ~the transitions of electrons occupied at 51 and 11 lo-
cated at20.1 and20.5 eV! and at 2.9 eV~the transitions
from 51 and 11 located at22.7 and23.3 eV! of the spectra
of sxy or vsxy . When temperature increases, there will be
two variations in the electronic structure. One is that elec-
trons at lower-energy levels are excited thermally to higher-
energy levels, resulting in variations in the absorption
strength for RCP and LCP light. The other is that majority
electrons change their spin direction and become minority
electrons, which is represented by a decrease of the satura-
tion magnetization. Consequently, the spin-orbit interaction
strength and the exchange splitting change corresponding to
the two variations and result in great variations in the spec-
tral feature of Kerr rotation. We also noticed that the two
peaks ofvsxy9 almost have the same magnitude. It might
reveal a fact that the M-O absorption strength at 1.84 eV is
equal to that at 3.35 eV, and this feature is less dependent on
temperature.

For further understanding the details of the origin of the
large Kerr effect and its temperature dependence, it would be
helpful to perform anab initio calculation of the Kerr rota-

tion spectrum of MnBi film. By fitting the calculations to the
experimental data, the magnitudes and temperature depen-
dences of both the spin-orbit interaction strength and the
exchange splitting can be traced.

On the other side, Faraday rotation spectra of the low-
temperature phase MnBi film had been reported much differ-
ently in 1970’s.24,12 The differences are due to the different
preparations of films since those as-measured data were
mixed with the boundary effects and the influence of the
mica substrate. We are able to calculate intrinsic values of
the magneto-optical Faraday effect of MnBi film with Eq.
~8!. Figure 11 is the calculated results for the Faraday rota-
tion and ellipticity spectra at different temperatures, where
we assumed again the ordinary optical constants are approxi-
mately independent on temperature and therefore usedn and
k at room temperature. It has to be noted that those data are
the results of waves traveling in the positivez direction in-
side MnBi for 1 cm long, and without boundary effects. At
85 K, there are three main structures originating from inter-
band transitions in the Faraday rotation spectrum, which cen-
ter at 350, 700, and 1000 nm, respectively. The maximum
peak is at 700 nm and reaches 7.963105 deg/cm, anduF
changes its sign at 310 nm. Corresponding touF , Faraday
ellipticity hF get a peak of 7.953105 deg/cm at 330 nm and
another peak of 5.853105 deg/cm at 525 nm, and changes its
sign at 850 nm. With increasing temperature from 85 to 475
K, two peaks ofuF at 350 and 1000 nm seem to disappear,
and the maximum peak at 700 nm reduces to 3.683105

deg/cm and shifts its location to 800 nm. Correspondingly,
the peak ofhF at 525 nm disappears and that at 330 nm
reduces to 4.83105 deg/cm, and the point ofhF50 largely
shifts from 850 to 1050 nm.

Practically, the Faraday effect is usually measured on
semitransparent thin films and the results, hence, will be
much different from those in Fig. 11 due to the boundary

FIG. 10. Band structure atG as a function of the spin-orbit
parameterl for the case of spins along thec axis. —, states which
are predominantly of majority-spin character;––––––, states
which are predominantly of minority-spin character;•••••••••,
states which have a strongly mixed majority-minority spin character
~Ref. 4!.

FIG. 11. Specific magneto-optical Faraday rotationuF and Far-
aday ellipticity hF spectra of MnBi film at 85, 300, and 475 K,
calculated with Eq.~8!.
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effects ~or multiple interferences of waves!, depending on
the details of films. Figure 12 displays some stimulant results
of MnBi films with two types of practical structures. The
Faraday rotations and ellipticities are calculated from the
complex transmittance amplitudes in Eq.~6! for RCP and
LCP light with Connell’s equation,29 supposing the light
transmits through films from the substrate side. The case of
x550 nm* is for the structure of$quartz substrate 0.3 mm/
MnBi 50 nm/SiO 200 nm%; the others are for that of$quartz
substrate 0.3 mm/MnBix nm/Al 60 nm/SiO 200 nm~x536,
50 nm!%. The latter are a typical type of structure for MnBi
film, being similar, for instance, to those in Refs. 11 and 12,
in which there is an overlayer composed of excess Mn, Bi,
and/or their oxidations on the surface of MnBi, and a protec-
tive layer of SiO on the top of film. Here we used an Al layer
as a substitution of the overlayer sincen andk of the over-
layer are unknown. From Fig. 12, it is clear that resonances
occur near 600 nm and the Faraday effect can be greatly
enhanced if there is a protective layer and an overlayer. So,
the Faraday effect strongly depends on the method of prepa-
ration and the structures of films even if the composition of
MnBi film is optimum. That is why it was reported much
differently by different researchers.

IV. SUMMARY

Ordinary optical constantsn andk of MnBi film at room
temperature in a wavelength range of 220–2100 nm have
been determined from the reflectance measured on an opaque
thick film and the transmittance on a semitransparent thin

film. And the spectra of dielectric and conductivity tensor
have also been derived from then, k, and Kerr effect. The
frequency dependence of diagonal component«xx of the di-
electric constant at 300 K is similar to that of magnetic 3d-
transition metals. Because the plasma resonance frequency
does not appear in the measured region, the large magneto-
optical effect of MnBi film is not a resonancelike enhance-
ment. Invsxy9 spectrum at 85 K, there are two distinct peaks
at 1.84 and 3.35 eV, well corresponding to the two peaks of
Kerr rotation. The spectral features of the Kerr rotation and
Kerr ellipticity greatly change with the temperature from 475
to 85 K. And the Kerr rotation at 700 nm increases over 50%
whereas the increment of the saturation magnetization is less
than 30%, suggesting that the Kerr effect and the magnetiza-
tion depend on the electronic structure in different ways and
therefore show different temperature dependences.

By comparing the spectra of the dielectric and conductiv-
ity tensors with the reported calculations, it is clear that the
Kerr rotations of MnBi film are principally from the inter-
band transitions of Mn 3d minority electrons for\v,2.5 eV
and of Mn 3d majority electrons for\v.2.5 eV. Because
the electronic structure changes with temperature, the ex-
change splitting and the spin-orbit interaction strength de-
pend on temperature, which are considered to be responsible
for the strong temperature dependence of the Kerr effect.
Taking Oppeneer’s calculations into account, it is suggested
that the change in the exchange splitting dominates the
changes of the spectral feature of the Kerr rotation below
room temperature but that of the spin-orbit interaction
strength contributes great effects to the spectral change
above room temperature, since the exchange splitting in-
creases steeply with decreasing temperature much below the
Curie temperature and the spin-orbit interaction strength
changes greatly near the Curie temperature where the satu-
ration magnetization quickly disappears due to the rapid re-
ductions in the total quantum numberS andL of atoms. The
variation of the relaxation time will give the Kerr effect an
additional temperature dependence.

The intrinsic magneto-optical Faraday spectra at different
temperatures have been calculated with the ordinary optical
constants and the off-diagonal component of dielectric ten-
sor, and found to be different from the reported result. At 85
K, there are three main structures of the Faraday rotation
spectrum, which center at 350, 700, and 1000 nm, respec-
tively. The maximum peak is at 700 nm and reaches
7.963105 deg/cm, anduF changes its sign at 310 nm. With
increasing temperature from 85 to 475 K, two peaks ofuF at
350 and 1000 nm tend to disappear, and the maximum peak
at 700 nm reduces to 3.683105 deg/cm.

For the further understanding of the Kerr effect of MnBi
film, it is significant to carry out anab initio calculation and
to fit it to the experimental results. Thus the spin-orbit inter-
action strength and the exchange splitting and their tempera-
ture dependences could be understood.
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FIG. 12. Faraday rotation and ellipticity spectra, which were
simulated for some practical films at room temperature with taking
the bound effect into account., and n are for a structure of
$substrate/MnBi 50 nm/SiO 200 nm%; the other are for that of
$substrate/MnBix nm/Al 60 nm/SiO 200 nm% with x536 ~m and
L! andx550 ~h ands!.
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