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Inverse transverse magneto-optical Kerr effect

V. I. Belotelov1,2 and A. K. Zvezdin1

1Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow 119991, Russia
2Lomonosov Moscow State University, Faculty of Physics, Moscow 119991, Russia

(Received 25 June 2011; revised manuscript received 25 September 2012; published 18 October 2012)

It is shown theoretically that a static in-plane magnetic field is generated in a ferromagnetic film by p-polarized
light obliquely incident on the film. This phenomenon can be called the inverse transverse magneto-optical Kerr
effect. The femtosecond laser pulse of peak intensity of 500 W/μm2 generates in nickel an effective magnetic field
of about 100 Oe. The value of the effective magnetic field can be increased by more than an order of magnitude
at the surface plasmon-polariton resonance excited in smooth metal dielectric structures or in plasmonic crystals.
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I. INTRODUCTION

The exciting possibility of ultrafast control of a medium
magnetization at the subpicosecond time scale via light was
demonstrated recently.1–3 It is of prime importance for modern
magnetic storage systems demanding very large operation
rates. In particular, the optical way of magnetization control
is possible due to the fact that a circularly polarized light
induces static magnetization in a gyrotropic medium. This
phenomenon is called the inverse Faraday effect. It was
theoretically predicted by Pitaevskii4 and Pershan5 about 50
years ago. Its experimental evidence in paramagnets was
delivered in Ref. 6. The inverse Faraday effect is related to
its well-known counterpart, the Faraday effect, or magnetic
circular birefringence, resulting in rotation of the light polar-
ization through a magnetic medium. In the approximation of
nonabsorbing media they both are proportional to the same
magneto-optical constant.7

It is not the only Faraday effect which was shown to have an
inverse counterpart. Thus, the inverse Cotton-Mouton effect
was observed recently in terbium gallium garnet crystal.8

Due to this effect, the medium magnetization is induced in
a medium by a linearly polarized light propagating in the
presence of a transverse magnetic field.

Apart from the Faraday and Cotton-Mouton effects there are
effects belonging to a family of magneto-optical Kerr effects.
Among them the transverse magneto-optical Kerr effect
(TMOKE) is of prime importance, providing an efficient tool
for magnetization monitoring in different types of magnetic
samples.9,10 Furthermore, TMOKE can be used for optical
reading in magnetic storage systems based on media with
in-plane magnetization.

TMOKE is observed for oblique incidence of a p-polarized
electromagnetic wave in the plane perpendicular to the sample
magnetization.11 It is measured by a relative change of the
sample reflectivity when the sample is remagnetized. Thus
TMOKE belongs to the class of the magneto-optical intensity
effects in contrast to the Faraday and polar Kerr effects,
which are related to the light polarization rotation. The origins
of the effect are associated with the magnetization-sensitive
boundary conditions at the surface of the magnetic layer. The
TMOKE takes place only for absorbing media.

In analogy to the case of the Faraday effect a question arises:
whether the inverse counterpart of TMOKE exists. Here we
address this problem and demonstrate by rigorous solution of

Maxwell’s equations that this question has a positive answer.
We show that the static effective magnetic field is generated in
a metal ferromagnet if it is illuminated by light in the TMOKE
configuration. The strength of the generated magnetic field
is directly proportional to the incident intensity and is about
120 Oe for the incident light intensity of 500 W/μm2, which
approximately corresponds to the fluence of 10 mJ/cm2 for
a 100-fs laser pulse. It should be noted that a laser pulse of
similar intensity (103 W/μm2) was used in recent experiments
on the inverse Faraday effect.2 The inverse TMOKE can be
significantly enhanced up to 5000 Oe by using plasmonic
structures.

II. INVERSE TMOKE IN A SMOOTH MAGNETIC FILM

Within the macroscopic theory of magneto-optical phe-
nomena the properties of the magnetically ordered media
are defined by ε̂ and μ̂ tensors. However, at the optical
and near-infrared frequencies a magnetic dipole response
is very weak, and the μ̂ tensor is close to a scalar form
and can be taken to be unity.7 Magneto-optical properties
of the medium are mainly governed by the gyration vector
g, which is a function of the medium magnetization M.
For ferromagnetic crystals gi = aijMj , where tensor aij is
defined by the crystallographic symmetry and i,j = x,y,z. In
the case of an absorptive medium, the gyration vector and
tensor aij become a complex-valued function of frequency:
g = g′ + ig′′, aij = a′

ij + ia′′
ij . In the linear in magnetization

approximation the ε̂ tensor of a ferromagnet is given by

εij = ε0
ij − ieijkgk, (1)

where eijk is the Levi-Civita tensor12 and i,j,k = x,y,z.
The light-induced effective magnetic field is defined

by Heff = −∂UM/∂M, where UM = i
16π

eijkg
′
kE

∗
i Ej is the

gyrotropic part of the energy of a ferromagnetic sample
illuminated by light.2,7 Here (1) is taken into account. It leads
to the following expression for Heff :

H eff
i = − ia′

ij

16π
ejklEkE

∗
l . (2)

For the case of a ferromagnetic crystal with cubic symmetry
(2) simplifies to

Heff = − ia′

16π
[E × E∗]. (3)
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FIG. 1. (Color online) (a) Configuration for the inverse TMOKE:
p-polarized light is obliquely incident on the ferromagnet film and
generates an effective magnetic field Heff inside the film. (b) The
inverse TMOKE near the surface (at a point 5 nm in depth) of magnetic
films of iron (black solid line) at λ = 630 nm, nickel (red dotted line)
at λ = 630 nm, and bismuth iron garnet (blue dashed line) at λ =
400 nm vs angle of light incidence. It is assumed that the samples are
illuminated with a 40-fs duration laser pulse with a peak intensity of
500 W/μm2.

This formula is similar to the one for light-induced
magnetization of paramagnets.4 The cross product of [E × E∗]
is not zero for elliptically polarized light, which is the ground
of the inverse Faraday effect’s existence. In the TMOKE
configuration the incident light is linearly polarized. But due
to the boundary conditions at the interface between a dielectric
and a medium with absorption or with negative permittivity
linearly polarized light is transformed into elliptical light, so
in such a medium the quantity [E × E∗] is not zero. Indeed, if
an electromagnetic wave with the electric field Ei is obliquely
incident in the xz plane, the angle of incidence is ϕ, and
the magnetization vector M is along the y axis [Fig. 1(a)],
then the electric field of the electromagnetic wave inside the
ferromagnet is given by11

(
Ex

Ez

)
= −Et

(
cos ϕt

sin ϕt + ig/ε cos ϕt

)
exp(−iγ z), (4)

where Et = t12E
i , t12 = 2 cos ϕi/(ñ cos ϕi + cos ϕt ), ϕt is

the angle defined by Snell’s law sin ϕt = ñ−1 sin ϕ with
a complex refractive index of the ferromagnet ñ =
n (1 + iκ), and γ = k0ñ cos ϕt . The angle ϕt is generally
complex valued. It is convenient to take cos ϕt in the
form13 cos ϕt = q exp(iδ), with q = (α2 + β2)1/4, α = 1 −
(1 − κ2)n−2(1 + κ2)−2 sin2 ϕi , β = 2κn−2(1 + κ2)−2 sin2 ϕi ,
tan 2δ = β/α.

Equation (4) is written for p-polarized incident light (the
electric field lies in the plane of incidence). It should be noted
that s-polarized light (the electric field is perpendicular to

the incidence plane) has only one component of the electric
field in a medium and, consequently, induces no effective
magnetic field (provided that weak magnetic-dipole transitions
are neglected).

Substituting electromagnetic field components inside the
magnetic medium defined by Eq. (4) in Eq. (3), one gets the
effective magnetic field in the form

Heff = ia′|Ei |2|t12|2 exp(2γ ′′)
16π

[sin ϕt (cos ϕt )
∗

− (sin ϕt )
∗ cos ϕt ]ey, (5)

where γ ′′ is the imaginary part of γ and ey is the unit
vector along the y axis [see Fig. 1(a)]. Here we assumed
that the ferromagnet has cubic crystal symmetry and retrieved
only terms linear in magnetization (linear in a). Usually, the
refractive index of the metal ferromagnets has rather large
real and imaginary parts, so that cos ϕt ≈ 1. The vector ey

is perpendicular to the light incidence plane defined by the
incident wave vector k0 and normal to the ferromagnet surface
N. Therefore it is represented by ey = [k0 × N]/(k0 sin ϕ).
Taking these two points along with Snell’s law into account
modifies (5) as

Heff = a′ |Ei |2 |t12|2 κ exp(2k0nκz)

8πn(1 + κ2)k0
[k0 × N] . (6)

As in the linear in a approximation g is not present in
Eq. (6), and Heff does not depend on M and appears in
demagnetized ferromagnets and paramagnets as well. The
direction of Heff is determined by the cross product [k0 × N],
which means that Heff reverses for the incident angle change
from ϕ to −ϕ.

It is vivid that for the considered configuration the effective
magnetic field appears only for the materials having an
imaginary part of the refractive index. This means that the
electromagnetic wave has to decay inside the ferromagnetic
medium, which is the case if the material exhibits optical
losses and/or has a metallic nature with a negative real part
of the dielectric permittivity. However, if the magnetic film is
sufficiently thin that light reaches its bottom face and reflects
back, then the effective magnetic field does not vanish even
for the medium with a purely real refractive index.

There is an important difference between inverse TMOKE
and the well-known inverse Faraday effect. The inverse
Faraday effect field Heff is induced by circular polarized light
and is directed along the wave vector k. On the contrary, in
accordance to Eq. (6) Heff generated in the inverse TMOKE
is oriented along the cross product of [k0 × N]; i.e., Heff is
perpendicular to k0. The latter broadens experimental possi-
bilities for investigation of the optically induced femtosecond
magnetism. Note that the difference of these effects follows
from different dependences on relative orientations of k0 and
M (or an external magnetic field) of the corresponding linear
magneto-optical effects. The Faraday angle ψ ∼ (k · M), but
in TMOKE R/R ∼ (k0 · [M × N]), where R/R is the
relative change of reflection.11,14

The inverse TMOKE is also not related to the magnetic
dichroism. Indeed, the magnetic dichroism is determined by
the imaginary part of the medium gyrotropy constant, whereas
it follows from Eq. (2) that the inverse TMOKE is related to the
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real part of the gyrotropy and thus exists even in the medium
without any absorption or dichroism. The inverse TMOKE
is also quite different from the inverse Cotton-Mouton effect
because the latter is even with respect to time inversion, which
requires the presence of an external magnetic field to produce
a magnetic torque. On the contrary the inverse TMOKE can
be observed without any external magnetic field.

The Heff generated by the electromagnetic field pulse in
iron, nickel, and bismuth iron garnet films is shown in Fig. 1(b).
The effect acquires its maximum values at an oblique incidence
of about 60◦. At the maxima Heff is rather strong and is
about 120 Oe near the film surface. For normal incidence the
effect vanishes due to the absence of the Ez component in the
excitation electromagnetic field. Gyration of the dielectric iron
garnets is usually much smaller than the gyration of metallic
ferromagnets. However, near the absorption resonance at
a wavelength of about λ = 370 nm the gyration can be
rather large (g ∼ 0.1), and Heff is compared to the one for
ferromagnetic metals [see blue dashed curve in Fig. 1(b)].

The generated magnetic field exists only during the illumi-
nation of the sample and can be identified, for example, by its
influence on M. Namely, if M is not directed along the y axis
Heff can lead to its precession around the external magnetic
field. Similar to the inverse Faraday effect, magnetization
dynamics can be observed experimentally in the pump-probe
technique by measuring TMOKE and the Faraday effect in the
probe beam.1,2

III. ENHANCEMENT OF THE INVERSE TMOKE
IN PLASMONIC STRUCTURES

Recent progress in magnetoplasmonics demonstrated that
most of the magneto-optical effects can be significantly
enhanced due to excitation of surface plasmon polari-
tons (SPP).14–19 Moreover, SPP-assisted magnetization of a
nanohole array in noble metals was demonstrated recently by
excitation of SPPs by circularly polarized light.20 The most
gain coming from the SPP generation takes place in structures
with relatively low optical losses. One of the examples of
such structures is a system of a structured noble metal and
a magnetic dielectric operating at a light frequency far from
the electronic transitions.14,15 That is why the enhancement
factor for plasmonic structures with ferromagnet metals like
nickel or cobalt is rather small.17 Nevertheless, if the structure
incorporates a combination of noble and ferromagnetic metals,
the SPP significance can be partly rescued.18,19 In what follows
we consider the inverse TMOKE in several plasmonic struc-
tures. The electromagnetic modeling was performed using the
rigorous coupled-wave analysis (RCWA) technique.21,22 For
this technique, special factorization rules are used to improve
the algorithm’s convergence.22

In the simplest case the SPP can be excited on a smooth
ferromagnetic metal surface using a prism in a Kretschmann
or Otto configuration (Fig. 2).23 This increases Heff by about 4
times with respect to the nonplasmonic case. Further enhance-
ment of the inverse TMOKE can be achieved if a periodic
composite of alternating gold and nickel subwavelength stripes
is considered (see inset in Fig. 2). For a wavelength of
630 nm gold and nickel permittivities have close real parts, but
their imaginary parts greatly differ (εAu = − 8.9 + 1.1i and

FIG. 2. (Color online) The inverse TMOKE at the SPP resonance
in a Au/Ni periodic composite (shown in the inset) vs the filling factor
of the nickel part f (λ = 630 nm). Effective magnetic field Heff is cal-
culated at 5 nm depth of the composite. Composite period d is 200 nm,
thickness is 200 nm, and substrate is a dielectric of ε = 5 (lower blue
region). The SPP is excited in the Otto configuration via a prism of
ε = 5 (upper blue region) by a p-polarized laser pulse incident at
28◦. Pulse peak intensity is 500 W/μm2. Pulse duration is 40 fs.

εNi = − 9.2 + 14.4i).24 So the wavelengths of the SPPs waves
at the gold and nickel surfaces are almost the same, but SPPs
absorption coefficients are much different. The wavelength
of SPP for the gold-nickel composite is 595 nm (at λ =
630 nm). If the period of the structure is much less compared
to this value, then the gold-nickel structure acts as a kind
of an effective medium. The smaller filling factor of nickel
in the composite is, the larger the efficiency of the SPP
excitation is.

Uniform nickel film corresponds to the filling factor f = 1,
where f determines relative volumetric fraction of nickel in
the composite. If f gets smaller, then Heff increases, which

FIG. 3. (Color online) (a) Near-field distribution of the abso-
lute value of the electromagnetic wave magnetic field |Hw| in
the plasmonic crystal (shown in the inset above) normalized to
the magnetic field of the incident light |Hwi |. (b) Distribution of the
effective magnetic field Heff generated in the plasmonic crystal by the
laser pulse. Three periods of the structure are shown. A laser pulse
with a peak intensity of 500 W/μm2 is p-polarized and is obliquely
incident at 10◦. Period d is 400 nm, slit width is 120 nm, and nickel
film thickness is 100 nm.
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is due to the enhancement of the SPP-assisted electromag-
netic field concentration near the composite interface. The
value of Heff reaches 3000 Oe for very thin nickel stripes
(f < 0.1). Consequently, the SPP introduces a significant
increase of the inverse TMOKE by more than an order of
magnitude.

If gold stripes are eliminated from the considered composite
and the period of the composite is made comparable to the SPP
wavelength, then the effects of the structure periodicity prevail,
and the structure can be referred to as a plasmonic crystal.
Plasmonic crystals of perforated gold and smooth iron garnet
were shown recently to provide significant enhancement of
TMOKE.14 Though nickel plasmonic crystal has much larger
optical losses, it can also concentrate electromagnetic energy at
the SPP resonance conditions [Fig. 3(a)]. The electromagnetic
energy density near the nickel-silica interface increases by an
order of magnitude with respect to the one of the incident
wave.

The generated effective magnetic field in the plasmonic
crystal also increases and exceeds 5000 Oe near the nickel
interface, which corresponds to an almost twofold further
increase of Heff . The prominent feature of the inverse TMOKE
in plasmonic crystals is that Heff has opposite directions in
different parts of the nickel stripe cross section [shown with
blue and pink colors in Fig. 3(b)]. This opens a new opportunity
for the magnetization control of ferromagnetic materials.

IV. CONCLUSION

To conclude we have shown analytically and numerically
that if a magnetically ordered material is obliquely illuminated
with p-polarized light, then the inverse TMOKE takes place,
and a static effective magnetic field is generated. It is directed
perpendicularly to the incidence plane. If the laser pulse is of
high intensity (of about 500 W/μm2), Heff in nickel is about
100 Oe (at λ = 630 nm). The effective magnetic field exists
only during the laser pulse propagation inside the medium. It
can be detected, for example, via observation of the magneti-
zation dynamics caused by the inverse TMOKE. Since Heff is
determined by the near-field electromagnetic field distribution,
the inverse TMOKE can be substantially enhanced at the
SPP resonances providing significant electromagnetic energy
concentration. Large values of the effective magnetic field
generated in the inverse TMOKE can allow efficient all-optical
magnetization control of magnetically ordered materials.
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