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We consider a new magneto-optic effect based upon spin-orbit interaction of the conducting electrons in
ferromagnetic metal with the electric field of plane polarized light wave. We calculated off-diagonal components
of conductivity tensor for this mechanism of a.c. conductivity. These components determine the current induced
by the light wave in the direction perpendicular to the plane of the light polarization. Numerical evaluation shows
that the conductivity for this new effect exceeds the off-diagonal components of conductivity tensor for ordinary
magneto-optic effect. The components appear to be still considerably smaller than the diagonal elements of the
conductivity tensor.
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1. Introduction

The first magneto-optical effects were discovered more
than a hundred years ago. Nevertheless, they still at-
tract great attention. Magneto-optical experiments can
be arranged for the transmitted wave (i.e., Faraday
magneto-optical effects) as well as reflected wave (i.e.,
Kerr magneto-optical effects) [1, 2]. Both the magnetic
sample and the non-magnetic material in external mag-
netic field demonstrate magneto-optical response. Also,
the magneto-optical effects differ by the mutual orienta-
tion of the polarization wave and magnetization of the
sample. These effects serve as a tool for the investigation
of electron band structure and details of magnetic state
of metals and semiconductors. Magnetic aspects of bulk
as well as surface electron structure can be investigated
with magneto-optic experiments. Depending on the ge-
ometry of the experiment, the reflection or transmission
of light through magnetized sample results in the change
of the light polarization and intensity, in particular, the
rotation of polarization vector of linearly polarized light
or appearance of the ellipticity can take place.

The field of magneto-optical research is growing
steadily. Whereas the first experiments were carried out
in optical range, now infrared range as well as x-ray range
are used in magneto-optical research. The new materials
that demonstrated unusual properties or new functional
potentials have become the subject of magneto-optical
studies. In particular, magnetic nanocomposites and the
multilayered films were investigated and the theory of
magneto-optical effects in multilayered structures was de-
veloped [3, 4]. Magneto-optical response of thin films of
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topological insulators [5] and graphene were studied [6].
Comparatively new branch of magneto-optical research
is the development of magneto-optical microstructure de-
vices [7].

It is well known that magneto-optic phenomena re-
quire spin-orbit coupling (SOC) [8]. The quantitative
analysis of the magnet-optical effects is based on calcu-
lation of the off-diagonal elements of permittivity tensor
or conductivity tensor which are connected by a linear
relation. The corresponding theory was developed in a
set of papers (see, e.g., [9, 10]). As a rule, the “intrinsic”
bulk spin-orbit coupling results in magneto-optical re-
sponse of magnetic crystal. In the present investigation,
we demonstrate that the SOC between the conducting
electrons of ferromagnetic material and the electric field
of the light can provide the basis for magneto-optical ef-
fects. We calculate the contribution into the conductivity
tensor originating from this type of SOC. We follow the
calculational scheme of [9].

2. Model and calculation

We describe the system of conducting electrons of
ferromagnetic metals and electromagnetic wave in one-
electron approximation:

HFM � H0 �H 1 �HSO, (1)
where we take into account the potential energy of an
electron in the crystal and the exchange splitting of con-
ducting band,

H0 �

�
�~2∆

2m � V prq � J
2 0

0 �~2∆
2m � V prq � J

2

�
(2)

The wave functions of (2), H0ψn � Enpkqψn are Bloch
functions, ψnpk, rq � p1{N1{2qe ikrunpk, rq, where n is
the band number and Enpkq is the energy of the state.
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Interaction of an electron with electromagnetic wave
includes two terms, the first one is proportional to the
scalar product of vector potential of electromagnetic wave
A and electron momentum p � � i~∇, the second one
is the SOC between the conducting electron and electric
field of the wave,

HSO � gpτ pE �∇qq, g � � ie~2{4m2c2, (3)
where τ is the vector consisting of Pauli matrices. In (3)
E is the electric field of the wave. In the common theory
instead of E, the gradient of electron potential energy
V prq is used. These contributions into conductivity ten-
sor are additive, therefore we calculate the off-diagonal
elements of the tensor for system (1)–(3). We consider
the geometry of the system, when the electric vector of
the harmonic wave, E0 e

iωt is perpendicular to the mag-
netization of the ferromagnetic sample.

Applying time-dependent perturbation theory to con-
struct wave function of (1), we find the following expres-
sion for the off-diagonal element of conductivity (σÒÒxyq
and polarizability (αÒÒxyq tensors in the first order in SOC:

σÒÒxy �
e2~2

16π3m3c2

¸
l�n

»
2ωnl

ω2
nl � ω2

|Pnl|
2dk, (4)

αÒÒxy �
e2~2

8π2m3c2

»
δpωnl � ωq

ω
|Pnl|

2
dk, (5)
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The summation in (4) is over the energy bands, factor
P ÒÒ
ln pkq is a matrix element of derivative between Bloch

functions un,kprq,

P ÒÒ
nl pkq �

»
uÒ�l,kprqBxu

Ò
n,kprqdτ0. (7)

We use the notation
³
. . . dτ0 for the integration over the

unit cell. To obtain (4) and (5) we used the averaging
proposed by Wilson in [11].

Total expression for off-diagonal element of the con-
ductivity tensor is the difference of (4) and analogous
expression for “spin-down” electrons. This difference is
proportional to the magnetization. The matrix elements
(7) are similar to those used by Argyres [9]. The essen-
tial difference between our expression for the off-diagonal
conductivity and those of [9] is following. In [9] the in-
teraction of an electron and the light is determined by
H 1 � pe{mcqApr, tq � p, whereas in our mechanism this
is spin-orbit interaction between an electron and electri-
cal field of the electromagnetic wave. We do not need
H 1 to get off-diagonal conductivity. Our expression for
off-diagonal conductivity (4) does not depend on electro-
magnetic wave frequency ω. The ratio of the calculated
tensor element (4) to the one, calculated in [9] is

�
ωmpEn � Emq

2~pgradV prqq xm| Bx |ny
(8)

Using the estimations for gradV prq and matrix element

xl| Bx |ny �

»
u�l prqBxunprqdτ0 (9)

presented in [9], we found that the ratio (7) is of the order
of unity for optical range. The total value of conductiv-
ity tensor element in the first order in SOC is the sum
of (4) and the corresponding expression for “spin-down”
electrons, which has opposite sign.

3. Conclusion

In conclusion, we have calculated the contribution into
off-diagonal elements of conductivity tensor originated
from the SOC between the conducting electrons of fer-
romagnetic crystal and the electrical field of the light.
Numerical estimation shows that the obtained matrix el-
ement is of the same order as the matrix element cal-
culated in the framework of standard theory [9] in op-
tical range. The off-diagonal elements of conductivity
and polarizability tensors determine the magneto-optical
response of the crystal. Therefore, we propose new mech-
anism of magneto-optical Faraday and Kerr effects which
does not depend on the bulk SOC of the crystal. The to-
tal magneto-optical response of magnetic crystal is deter-
mined by the sum of the contributions into off-diagonal
conductivity and polarizability, originated from standard
mechanism [9] and the mechanism based on SOC of
the electrons with electromagnetic wave presented in our
analysis. Correspondingly, complex indexes of refraction
and the characteristics of magneto-optical effects now
(Section 3 of Argyres article) are expressed through these
sums. Expression (5) for the elements of polarizability
tensor depends as ω�1 on light frequency, whereas the
Argyres theory gives ω�2. This difference can be useful
for the experimental test of the proposed theory. The
semiconductors demonstrate comparable large values of
polarizability. That is why they are more convenient
for the experimental testing of the suggested mechanism
than metals are.
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