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A theoretical formalism that allows analysis of the magneto-optical response of nanocorrugated ferromag-
netic surfaces is presented and its validity checked with measurements in expressly fabricated structures. The
formalism uses conventional scattering theory to find the expressions that account for the power scattered per
unit area, and finds that for particular light-scattering directions and incidence polarizations the topographic
and the magnetic contributions to the scattered light can be separated. By comparing theoretical and experi-
mental results the magnetic state of the surfaces and its field evolution can be extracted.
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I. INTRODUCTION

Light scattering has been widely used as a method to
characterize different types of rough surfaces.1,2 The inten-
sity and polarization state of the scattered light depend not
only on the topography of the surface but also on its optical
properties. In the case of a ferromagnetic material the non-
homogeneous distribution of the magnetization in the surface
produces an extra mechanism of light scattering.3 Moreover,
the magnetic character of the material induces a magnetic
field dependence of the scattered light, which for the case of
periodic arrays of ferromagnetic elements such as gratings,
tiles, or dots has been used to analyze their magnetic
properties.4–10 In this work these studies are extended to ana-
lyze the magnetic response of nanocorrugated surfaces. First,
a theoretical formalism needed to treat these corrugated sur-
faces is presented, paying special attention to the transverse
Kerr configuration geometry. Second, experimental results
are obtained for periodically nanocorrugated Co surfaces,
and compared with the theoretical predictions.

II. THEORETICAL FORMALISM

In a ferromagnetic material the dielectric tensor can be
written as

� �xx − �̂xymz �̂xzmy

�̂xymz �yy − �̂yzmx

− �̂xzmy �̂yzmz �zz
� ,

with ml , l=x ,y ,z, the l component of the normalized magne-
tization, defined as ml=

Ml

Msaturation
. Msaturation is the value of the

magnetization at saturation and Ml the l component of the
magnetization; �̂ij is a magneto-optical parameter, which de-
pends on the nature of the material. For a material with cubic
symmetry �xx=�yy =�zz=� and �̂xy = �̂yz= �̂xz=�mo.

In those materials there are two different sources of light
scattering. One is due to surface roughness or fluctuation in
the refractive index. This source of scattering modifies the
diagonal components of the dielectric tensor ���ii , i=x ,y ,z�.
The other source of scattering is related to the fluctuations in
the magneto-optical properties of the material and modifies
the nondiagonal components of the dielectric tensor ���ij , i

� j ; i , j=x ,y ,z�. The magneto-optical fluctuations can be due
either to fluctuations in the chemical composition of the ma-
terial �which modifies the magneto-optical parameter �mo� or
to a nonhomogeneous distribution of the magnetization ml,
l=x ,y ,z. Therefore, the fluctuations of the dielectric tensor
take in general the form

��̄�r��� = ���xx�r��� ��xy�r��� ��xz�r���
��yx�r��� ��yy�r��� ��yz�r���
��zx�r��� ��zy�r��� ��zz�r���

� ,

with ��ij�r���=−�� ji�r��� ; i� j.
If only first-order scattering is considered, the electric

field component of the scattered light induced by these opti-
cal and magneto-optical fluctuations can be obtained from

the zero-order field �E� 0�r��, i.e., the electric field solution of
the problem without fluctuations� as follows:

E� scatt�r�� �� d3r�G� �r�,r�����̄�r���E� 0�r��� ,

where G� �r� ,r��� is a matrix Green function, satisfying the cor-
responding equation; see Refs. 11–13,

�
j
	2�

�
�ij�ij − 
1 +

2�

�
�ij�1 − �ij�� �2

�ri�rj
+ �ij�

2�Gjk�r̄, r̄��

= 4��ik��r̄ − r̄�� .

After some algebra, the scattered electric and magnetic com-
ponents of the electromagnetic field in the plane of incidence
�ky =0� can be obtained and are proportional to

E� scatt �� dkx��x̂kz − ẑkx�M�kx� + �2� � ��ŷN�kx��ei�kxx+kzz�,

H� scatt �� dkx��x̂kz − ẑkx�N�kx� − �2��0 � ��ŷM�kx��ei�kxx+kzz�,

where kx= 2�
� sin 	, kz= 2�

�
�0−sin2 	, �0 is the diagonal di-

electric constant of the incident medium, 	 the scattering
angle, and � the wavelength,

PHYSICAL REVIEW B 73, 205402 �2006�

1098-0121/2006/73�20�/205402�6� ©2006 The American Physical Society205402-1

http://dx.doi.org/10.1103/PhysRevB.73.205402


M�kx� = �2� � �kz� � dz�����g̃xxEx
0 + g̃xyEy

0 + g̃xzEz
0�

+ ��xy�g̃xxEy
0 − g̃xyEx

0� + ��xz�g̃xxEz
0 − g̃xzEx

0�

+ ��yz�g̃xyEz
0 − g̃xzEy

0��

and

N�kx� =� dz�����g̃yxEx
0 + g̃yyEy

0 + g̃yzEz
0� + ��xy�g̃yxEy

0

− g̃yyEx
0� + ��xz�g̃yxEz

0 − g̃yzEx
0� + ��yz�g̃yyEz

0

− g̃yzEy
0�� .

��
� are the Fourier-transformed component ���
��kx
0

−kx ,z��� of ��
��r̄��. The g̃ij are functions obtained from the
Fourier-transformed component gij�z ,z�� �see Appendix A�
of G� �r� ,r���: �gij�z ,z��= g̃ije

ikzz�, and E�
0 is the � component of

the zero-order electric field transmitted inside the reflecting

medium �E�
0 =E�1

0 eikz1
0 z� with kz1

0 =− 2�
�

�−sin2 	0, where � is
the diagonal dielectric constant of the reflecting medium and
	0 the incident angle�. It has been assumed ��xx�kx

0−kx ,z��
=��yy�kx

0−kx ,z��=��zz�kx
0−kx ,z��=���kx

0−kx ,z�� �for sim-
plicity their k0x-kx ,z� dependence will not be written in the
expressions.

Therefore, the power scattered per unit area along the
direction defined by the unit vector � kx

K ,0 ,
kz

K
�, K=kx

2+kz
2, is

proportional to

��NN*� + �MM*�� .

The � � stands for spatial average. The M term represents the
p-polarized scattered light and the N term the s-polarized
scattered light.

For an arbitrary direction of the magnetization all terms in
the N and M factors contribute to the scattering, but some
simplifications can be done for especial cases. In particular,
if the magnetization is aligned along the y axis �transversal
configuration, see Fig. 1�, the dielectric tensor of the homo-
geneous system can be written as

� � 0 �momy

0 � 0

− �momy 0 �
� .

Such dielectric tensor does not couple the P and S compo-
nents of the electric field and, therefore, an incident beam p
polarized �s polarized� will remain p�s� polarized in the ma-
terial. Furthermore, for this type of dielectric tensor some of
the gij functions are zero �see Appendix A�.

If the incident light is S polarized, the M and N terms take
the form

M�kx� = �2� � �kz� � dz������xyg̃xx − ��yzg̃xz�Ey
0�� ,

and

N�kx� =� dz����g̃yyEy
0� .

Notice that in this configuration the s component of the scat-
tered light �Is→s

scatt� �NN*�� is only originated by nonmagnetic
dielectric fluctuations ����. On the other hand, the p compo-
nent of the scattered light �Is→p

scatt � �MM*�� is solely originated
by magneto-optical fluctuations ���xy ,��yz�.

If the incident light is P polarized, the M and N terms can
be written as

M�kx� = �2� � �kz� � dz�����g̃xxEx
0 + g̃xzEz

0�

+ ��xz�g̃xxEz
0 − g̃xzEx

0��

and

N�kx� =� dz�����yzEz
0 − ��xyEx

0�g̃yy� .

In this case, the s component of the scattered light �Ip→s
scatt

� �NN*�� has only magneto-optical sources of scattering
���xy ,��yz�. On the other hand, the p component of the scat-
tered light �MM* term� has two types of scattering sources,
one which depends on the nonmagnetic dielectric fluctua-
tions ���� and the other which depends on the magneto-
optical fluctuations ���xz�. In a homogeneous material ��mo

=const.�, the magneto-optical fluctuations can be the result
of a nonhomogeneous distribution of the magnetization, like
one due to a magnetic domain structure present in the sample
���xz=�mo�my�r̄�− m̃y�, with m̃y the mean value of the y com-
ponent of the normalized magnetization�. However, at mag-
netic saturation, the fluctuations in ��xz arise solely from the
fluctuations in the magneto-optical properties of the surface.
If the fluctuations in the dielectric tensor are localized in a

FIG. 1. �Color online� �A� Transversal MOKE geometry shown
on an AFM image of the nanocorrugation: incident and scattered
light p polarized, external magnetic field applied perpendicular to
the incidence plane and along the stripes’ long axis �the diffraction
spots appear at the incidence plane�. �B� Sample structure with the
geometrical and optical parameters used in the theory

BENGOECHEA et al. PHYSICAL REVIEW B 73, 205402 �2006�

205402-2



very thin region, of thickness h, underneath the surface, the p
scattered light intensity is proportional to

Ip→p
scatt � ���surface�kx

0 − kx�h�2���fxxEx1
0 + fxzEz1

0 � + Qs�kx
0 − kx�

��fxxEz1
0 − fxzEx1

0 ���2,

where the f ij functions are defined in Appendix A, and Ex1
0 ,

Ez1
0 are the x and z components of the zero-order transmitted

electrical field, ��surface�kx
0−kx� is the Fourier transform

component of the optical fluctuations in this surface region,

Qs�kx
0−kx� is defined as Qs�kx

0−kx�=
��xz

surface�kx
0−kx�

��surface�kx
0−kx�

, and is re-

lated to the magneto-optical fluctuations at the surface re-
gion.

Therefore, the magneto-optical scattering ratio, MOSR, is

MOSR =
�Ip→p

Ip→p
=

Ip→p
scatt �my = 1� − Ip→p

scatt �my = − 1�
Ip→p

scatt �my = 1� + Ip→p
scatt �my = − 1�

,

and is obtained by measuring the intensity of the p→p po-
larized scattered light when the magnetization runs from
saturation in one direction, my =1, to saturation in the oppo-
site direction, my =−1, and can be written as

�Ip→p

Ip→p
=

S�kx
0,kx,�,�mo,Qs� − S�kx

0,kx,�,− �mo,− Qs�
S�kx

0,kx,�,�mo,Qs� + S�kx
0,kx,�,− �mo,− Qs�

,

with S�kx
0 ,kx ,�b ,�t

b ,Qs�= ���fxxEx1
0 + fxzEz1

0 �+Qs�kx
0−kx�

��fxxEz1
0 − fxzEx1

0 ���2.
The MOSR is a function of the incident angle �kx

0�, the
scattering angle �kx�, and depends only on the optical ��� and
magneto-optical ��mo� properties of the bulk, and on the
magneto-optical properties of the surface �Qs�. Therefore, it
is a fingerprint of the magnetic nature of the surface region.
If the magneto-optical fluctuations, ��xz

surface�kx
0−kx�, and the

optical fluctuations, ��surface�kx
0−kx�, of the surface have the

same spatial distribution, Qs does not depend on �kx
0−kx�.

III. RESULTS AND DISCUSSION

One-dimensional corrugated surfaces have been fabri-
cated using conventional “lift-off” techniques. On glass sub-
strates continuous layers of Co or Au �thick enough to be
opaque� were grown by triode sputtering. After that Co or Cr
arrays of stripes, with a height of 5–7 nm, were fabricated
on the top of the previous metallic layer by lift-off process-
ing. The stripes have a width varies between 2 and 4 m and
the separation between the stripes ranges between 4 and
8 m. Three different types of nanocorrugated structures
were fabricated. In the first type the Co stripes were depos-
ited on top of a continuous Au layer. In the second type Cr
stripes were deposited on top of a Co layer, and in the third
type Co stripes were deposited on top of a Co layer. There-
fore, the three type of structures obtained consist of �i� a
magnetic surface on top of a nonmagnetic substrate �Co
stripes on Au, termed type I�; �ii� a nonmagnetic surface on
top of a magnetic substrate �Cr stripes on Co, type II�; and
finally �iii� a magnetic surface on top of a magnetic substrate
�Co stripes on Co, type III�. Note that due to the fabrication
process a thin oxide layer will be located between the con-

tinuous layer of Co and the stripes. The Co grown on glass
by triode sputtering develops a uniaxial anisotropy parallel to
the plasma confining magnetic field, which for a thick
enough layer has an anisotropy field of about 30 Oe.

Figure 2 presents the experimental magneto-optical scat-
tering ratio as a function of the scattering angle for the three
types of structure �I, II, and III� obtained by the above-
mentioned methods �solid symbols�. The incident light angle
is 20 deg and its wavelength 638 nm �He-Ne laser�. As ob-
served, the experimental MOSR depends on the type of
structure. Also, in Figure 2 the theoretical MOSR ratio is
represented by lines. The solid line corresponds to a structure
where the substrate is magnetic and the surface is nonmag-
netic �Qs=0�, which fits the data for structures of Cr stripes
on Co, type II. The dotted line corresponds to a structure
where both the substrate and the surface are magnetic �Co
stripes on Co, type III�, and the dashed line corresponds to a
structure where the surface is magnetic and the substrate is
nonmagnetic �Co stripes on Au, type I�. The optical constant
of Co and Au used to calculate the MOSR were obtained
from Ref. 14, the magneto-optical constants of the continu-
ous Co layer were obtained from experimental magneto-
optical measurements performed in noncorrugated Co layers
��xy =0.14+ i .25�, and the Qs of the Co stripes was obtained
from a fit of the MOSR ratio for the Co stripes on Au �Qs

=−0.01i�. As observed, the theoretical curves reflect the dif-
ferent behavior of the three types of structures, providing
information about the magnetic nature of the surface.

Figure 3 presents the reflected and diffracted MOKE
loops for the three kinds of structures. The easy magnetiza-

FIG. 2. �Color online� Magneto-optical scattering ratio as a
function of the scattering angle for 20° incidence angle. The lines
are the theoretical results for �i� a magnetic surface on top of a
nonmagnetic substrate �Co stripes on Au, termed type I�; �ii� a
nonmagnetic surface on top of a magnetic substrate �Cr stripes on
Co, type II�; and finally �iii� a magnetic surface on top of a mag-
netic substrate �Co stripes on Co, type III�. The solid symbols are
experimental results for the fabricated structures.
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tion axis of the sputtered Co was parallel to the stripes’ long
axis. Depending on the type of structure, the magnetic field
dependence of the reflected and the diffracted MOKE inten-
sities is different. In particular, the shapes of the different
MOKE loops of the type I structure are very similar and
reflect the magnetic field dependence of the stripe magneti-
zation. For type II structures the continuous Co layer is the
only magnetic material and therefore the magneto-optic com-
ponent is that of the continuous Co layer. In these two struc-
tures the shape of the different reflected and diffracted loops
is very similar. However, in type III structures the magnetic
field dependence of the reflected and diffracted beams is
quite different. For this structure, the thin oxide layer be-
tween the stripes and the continuous layer exchange de-
couples their magnetization.15 Therefore, the magnetic field
dependence of the stripe and continuous magnetization are
independent and should be very similar to the one obtained
in type I and II, respectively. As seen in Figure 3, the mag-
netic field dependence of the reflected beam shows the evo-
lution of the magnetization of the continuous Co layer,
whereas the magnetic field dependence of the diffracted
beams intensities, which are generated by the nanocorru-
gated surface, reflect the evolution of both continuous layer
and stripe magnetizations.

In fact, if the only source of light scattering is the nano-
corrugated surface the magnetic field dependence of the dif-
fracted light is proportional to

S�kx
0,kx,�,�momy

b,Qs� = ���fxxEx1
0 + fxzEz1

0 �

+ Qs�fxxEz1
0 − fxzEx1

0 ���2, �A�

and, we can use this expression to calculate the theoretical
magnetic field dependence of the diffracted light intensity.
For that purpose we use for the magnetic field dependence of
the y component of the continuous layer magnetization �my

b�
the magnetic field dependence of the reflected beam, and we
assume that in the stripes the magnetization is homogeneous.

In that case Qs�k�= Q̃sm̃y
stripe, with m̃y

stripe the mean value of
the y component of the normalized stripe magnetization,
whose dependence on the magnetic field is similar to that

given by the type I loops, and Q̃s=−0.01i for our fabricated
Co stripes

As an example, Fig. 4 presents the experimental �Fig.
4�a�� and the simulated magnetic field dependence �Fig. 4�b��
of the intensity of the −1 diffracted spot for two type III
samples where the easy axis of the continuous Co layer is in
one case parallel to the stripe long axis �sample A� and in the
other perpendicular to that axis �sample B�. The simulated
Kerr loops of the diffracted spots �Fig. 4�b�� were obtained
as explained in the previous paragraph: the magnetic field
dependence of continuous layer magnetization my

b �Fig. 4�d��
is assumed to be the one given by the experimental reflected
Kerr loops of the structures �upper part of Fig. 4�a��, and we
use for the magnetic field dependence m̃y

stripe of the two
samples �Fig. 4�c�� the same magnetic field dependence as
that of type I loops.

As observed, the shape of the experimental �lower part of
Fig. 4�a�� and simulated Kerr Loops �Fig. 4�b�� are very
similar, which confirms the validity of the model and
strongly supports the suggestion that in type III structures the
stripes and the continuous Co layer are exchange decoupled.

IV. CONCLUSIONS

Summarizing, a formalism that accounts for the magneto-
optical response of a periodic magnetic nanocorrugation is
presented. The theory uses conventional scattering theory to
find the expressions that account for the power scattered per
unit area, and finds that for particular light-scattering direc-
tions and incidence polarizations the topographic and the
magnetic contributions to the scattered light can be sepa-
rated. This fact is used to find the magnetic state of the
nanocorrugated surface. Furthermore, with reasonable as-
sumptions using the reflected and diffracted MO compo-
nents, the detailed magnetic behavior �hysteresis loop� of the
surface can be extracted and compared with the bulk. This
opens interesting possibilities for the characterization of in-
terfacial magnetism and in particular buried interfaces which
cannot be obtained using other methods.
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FIG. 3. �Color online� Transverse Kerr hysteresis loops for the
direct �reflected� and the first and second diffracted spots, measured
at 20° incidence angle, for type I, type II, and type III structures.
The easy magnetization axis of the Co layer is parallel to the stripes
long axis.
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APPENDIX A

If we are interested only in the scattered light in the plane
of incidence �ky =0�, the functions gij satisfy the following
equations:

�
�̃0 +

d

d2z
0 − ikx

d

dz

0 �̃0 − kx
2 +

d

d2z
0

− ikx
d

dz
0 �̃0 − kx

2 ��gxx gxy gxz

gyx gyy gyz

gzx gzy gzz
�

= 4���z − z��I

for z�0 �incidence medium�, and for z�0 �magnetic mate-
rial� in the transversal configuration

�
�̃ +

d

d2z
0 �̃t − ikx

d

dz

0 �̃ − kx
2 +

d

d2z
0

− �̃t − ikx
d

dz
0 �̃ − kx

2 ��gxx gxy gxz

gyx gyy gyz

gzx gzy gzz
�

= 4���z − z��I ,

where kx= 2�
� sin 	, kz= 2�

�
�0−sin2	, kz1=− 2�

�
�−sin2	, �̃

=�� 2�
�

�2, �̃0=�0� 2�
�

�2, and �̃t=�momy� 2�
�

�2.
The solutions of these equations satisfy some conditions:

for z= ±� �waves with exponential decay� and for the inter-
face between the two media at z=0. In this case the boundary
conditions are obtained from the continuity of the electro-
magnetic fields and at z=0 they give rise to the continuity of
the following quantities:

�i� gxx, gxy, gxz;
�ii� gyx, gyy, gyz;
�iii� �zxgxx+�zygyx+�zzgzx;
�iv� �zxgxy +�zygyy +�zzgzy;
�v� �zxgxz+�zygyz+�zzgzz.
In particular gxy ,gyx ,gyz ,gzy are zero and

gxx =
�2

�
i

kz1
2 kz

�kzkz1� − �0kz1
2 � − �momykxkz

eikz1z�eikzz,

gzx = −
�2

�
i

kz1
2 kx

�kzkz1� − �0kz1
2 � − �momykxkz

eikz1z�eikzz,

gyy =
4�i

kz1 − kz
eikz1z�eikzz;

gxz =
�2

�
i

kz	kxkz1 − �momy
4�2

�2 �
�kzkz1� − �0kz1

2 − �momykxkz�
eikz1z�eikzz,

gzz =
�2

�
i

kx	kxkz1 − �momy
4�2

�2 �
�kzkz1� − �0kz1

2 − �momykxkz�
eikz1z�eikzz,

when z�0 �air� and z��0 �scattering sources�.

fxx =
�2

�
i

kz1
2 kz

�kzkz1� − �0kz1
2 � − �momykxkz

,

FIG. 4. �Color online� Experimental and simulated hysteresis
Kerr loops for the reflected and first-order diffracted spots for two
different orientations of the easy axis of the Co film with respect of
the applied field. �A� easy axis parallel to the stripe long axis. �B�
easy axis perpendicular to the stripe long axis. �a� Experimental
reflected Kerr loops �R�, and first-order diffracted Kerr loops �D−1�.
�b� Simulated first-order diffracted Kerr loops. �c� Magnetic field
dependence of the y component of the stripe magnetization.
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fxz =
�2

�
i

kz	kxkz1 − �momy
4�2

�2 �
�kzkz1� − �0kz1

2 − �momykxkz�
.

.

APPENDIX B

Let us consider a periodic one-dimensional structure, like
the nanograting shown in Fig. 1�b�, consisting of a periodic
stripe array located on top of a thick layer. We denote the
height of the stripe h �h is very small�, the width T1, the
interstripe distance T2, and the period T=T1+T2. We will
assume that the stripes have a dielectric constant and a
magneto-optical coefficient different from that of the bulk
material. Inside the stripes �=�stripe and �xz=�mo

stripemy
stripe,

with �mo
stripe the magneto-optical coefficient of the stripe ma-

terial and my
stripe the normalized y component of the stripe

magnetization, which may have a nonhomogeneous distribu-
tion inside the stripe. In the interstripe region of the nan-
ograting �=�0 and �xz=0.

Therefore, if we call k=kx
0−kx the Fourier transform com-

ponent of the optical fluctuations ���surface�k�
=�−�

+���surface�x�eikxdx� can be expressed as

��surface�k� = �2 � k�	��1 sin	 kT1

2
� + ei�kT/2���2 sin	 kT2

2
��

�	 �
n=−�

n=�

einkT� �B1�

with ��1=�bulk−�stripe and ��2=�bulk−�0.
Taking into account that �n=−�

n=� einkT= 2�
T �n=−�

n=� ��k− n2�
T

�,
which means that ��surface�k� is 0 for every k except for k
= 2n�

T , n=0, ±1, ±2, ±3, the expression �B1� can be simplified
to

��surface�k� = �4� � kT�	���2 − ��1�cos	 kT

2
�sin	 kT2

2
��

�	 �
n=−�

n=�

�	k −
n2�

T
��

or

��surface�k� = �2 � n�	��stripe − �0�cos�n��sin	n�T2

T
��

��	k −
n2�

T
� ; n = ± 1, ± 2, . . . ,

whereas for the magneto-optical fluctuation

��xz
surface�k� = 	�2 � n��mo

stripem̃y
stripe cos�n��sin	n�T2

T
�

+ �2� � T��mo
stripemy

stripe�k���	k −
n2�

T
� ;

n = ± 1, ± 2, . . . ,

with my
stripe�k�=�T−1/2

T1/2 �my
stripe�x�− m̃y

stripe�eikxdx, m̃y
stripe being

the mean value of the magnetization inside the stripe. There-

fore, Qs�k�=
��xz

surface�k�

��surface�k� .

Qs�k� = Q̂s�m̃y
stripe +

n�

T cos�n��sin	n�T2

T
�my

stripe�k�� ;

k =
2�n

T
; n = ± 1, ± 2, . . . ,

with Q̂s=
�mo

stripe

�stripe−�0
.

If the stripe is homogeneous magnetized my
stripe�k�=0 and

Qs�k�= Q̃sm̃y
stripe.
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