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We develop an ab initio computational approach to calculate the magneto-optical Kerr effect spectra of
layered and nanogranular compounds as a function of several structural and geometrical parameters: �i� com-
position, �ii� film thickness, and �iii� position, thickness, and number of the nonmagnetic interlayers. The case
of nanoparticles in a matrix is treated within the effective-medium approximation and compared to a model
�alternating composition layers approximation� that considers different compounds in a thin-film multilayered
structure. The magneto-optical filter-amplifier effect of a nonmagnetic overlayer or interlayer and the depen-
dence of the Kerr response on the specific sample composition suggest that our computational approach is a
good starting point to build up structures with the desired magneto-optical characteristics and can be used to
interpret experimental spectra to single out the microscopic structure and composition of the sample. The
model is applied to the Mn-Ge binary system, considering both Mn5Ge3 as a film or in a nanoparticle
arrangement and MnxGe1−x diluted semiconductor as possible phases in pure form or intermixed with Ge.
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I. INTRODUCTION

Magneto-optics is a physical phenomenon exploited to
characterize magnetic materials. In particular, the magneto-
optical �MO� Kerr effect �MOKE� is often used to determine
the magnetic response of films and multilayers due to its
surface sensitive nature. When dealing with multicomponent
materials, the way different chemical compounds aggregate
to form the final specimen structure greatly affects the actual
MO response since it acts on both characters �magnetic and
optical� of the phenomenon. Therefore, when using magneto-
optics to probe layered or nanogranular materials, particular
attention has to be paid to correctly interpret the results. A
large variety of systems may be found where intermixing of
different phases is required in order to take advantage of
peculiar magnetic phenomena; a few examples are spin
valves, magnetic recording, exchange bias, giant magnetore-
sistance, and spintronics. In this last field, which exploits the
quantum spin states of electrons as well as their charge state,
diluted magnetic semiconductors �DMS� have recently inter-
ested the scientific community due to their twofold
semiconductor-magnetic behavior1 and their highly spin-
polarized currents. In particular, the discovery that Mn acts
as a source of charge carriers and magnetic moments simul-
taneously, when doping III–V and group IV crystals, has
increased interest in this direction. For example, the study of
Mn-doped Ge DMS has gained a good deal of attention due
to the linear dependence of the Curie temperature on Mn
concentration.2 However, both standard molecular-beam ep-
itaxy �MBE� growth3 and ion implantation4–7 showed that
Mn dilution competes with the formation of amorphous or
crystal clusters. These aggregates have been unambiguously
identified as principally Mn5Ge3.5,8,9 Therefore, structural
homogeneity is a crucial point also in the area of DMS and

may influence the MO data. From the theoretical point of
view, unfortunately, it is difficult to treat systems with highly
inhomogeneous character. It is evident that in order to obtain
reliable optical and magneto-optical properties from ab initio
calculations, the sample’s nanoscopic structure needs to be
considered in detail.

The present work represents a step forward in this direc-
tion since it allows us to predict MO response of an inhomo-
geneous sample starting from ab initio calculations of the
constituents’ response in their bulk form. In the theoretical
framework presented, the intermixed phases are accounted
for within the theoretical MO treatment, using the effective-
medium approximation �EMA� �Ref. 10� or the “alternating
composition layers approximation” �ACLA�, to describe
nanogranular magnetic systems. The latter approximation,
defined below, is implemented by building on the Zak
model,11,12 which is shown to satisfactorily describe multi-
layered structures. In this regard, we need to remark that in
recent years a large effort has been made to gain a deep
understanding of the magnetic properties of nanogranular
films13 due to their potential use in device applications. In
particular, the modification of the magnetic properties as a
function of grain size14 and the interplay between the matrix
and the material particle has interested the scientific commu-
nity. Borcia et al.,15 for example, observed a reasonable
agreement between the MOKE experimental results obtained
on Au/Co-Ag/Ag granular thin films grown by ultrahigh-
vacuum �UHV� deposition, and simulations of the granular
structure of the system. Clavero et al.16 discussed the MO
response of Co nanoparticles embedded in MgO, grown by a
sputtering technique at different deposition temperatures, as
a function of their size and concentration. They associate the
changes in MO response with the decrease in the relaxation
time of the electrons in the Co grains, induced by a reduction
in the mean-free path due to the nanoparticle structure.
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Menéndez et al.17 studied the MOKE spectra of Fe nanopar-
ticles in Al2O3 as a function of particle shape and size and
obtained an acceptable agreement between theory and ex-
periments. Ahn et al.18 considered the optical properties of
SiC whisker-Al2O3 obtained by applying high pressure on
Al2O3 powders and SiC whiskers. The measured conductivi-
ties and the predictions obtained within the EMA limit of the
Maxwell-Garnet theory �MGT� �Ref. 10� are in good agree-
ment.

MOKE measurements and simulations have been carried
out on multifilm systems as well. Vashuk et al.,19 for ex-
ample, measured �Co0.45Fe0.45Zr0.1 /a-Si�n and
�Co0.45Fe0.45Zr0.1 /a-SiO2�n multilayers and analyzed the
MOKE spectra on the basis of EMA and macroscopic
Fresnel magneto-optics.20 They argued that the magnitude
and form of the MO spectra depend on the magnetic and
nonmagnetic layer thickness and the quantity of nonmagnetic
material.

Here we examine the Mn-Ge binary compound, and we
use it as a prototype system to develop a computational pro-
cedure to design engineered structures suitable for MO de-
vices. We use ab initio MO calculations adapted to the struc-
ture of different samples, including their layered and
nanogranular character. In Sec. II, we summarize the theo-
retical methods used to perform �i� ab initio simulations
�Sec. II A�, �ii� calculations of the MO response of multilay-
ers �Sec. II B�, and �iii� EMA to evaluate the optical conduc-
tivity of inhomogeneous media �Sec. II C�. Section III shows
our theoretical results based on different kinds of materials
and structural geometry. Then in Sec. IV, we draw our con-
clusions.

II. THEORY

A. Density-functional theory and magneto-optics

MOKE is the change in polarization experienced by light
when reflected by a magnetic sample. Linearly polarized
light becomes elliptically polarized; the resulting ellipse has
its major axis rotated by an angle �k �the Kerr rotation angle�
with respect to the initial polarization direction, and the ratio
between the minor and major axes is equal to �k �the Kerr
ellipticity�.21

Today, MOKE has become an important magnetic charac-
terization tool in the field of magnetic thin films and multi-
layers since magneto-optics is the result of cooperative ef-
fects of spin-orbit coupling and exchange interaction in
establishing the interband transitions involved. In fact, the
MOKE spectrum in a particular geometry can be derived
theoretically from the optical and MO coefficients, which are
specific to each material. These coefficients are related to the
conductivity tensor ����, which can be obtained at any in-
coming photon energy on the basis of the material band
structure. Therefore, this tensor can be computed from a
first-principles approach based on density-functional theory
�DFT�. We recall for cubic structures and in polar geometry
�i.e., when the magnetization is perpendicular to the reflect-
ing surface taken in the �x ,y� plane� that � has the form,

� = � �xx �xy 0

− �xy �xx 0

0 0 �zz
�, �M� 	 z� . �1�

The � tensor is calculated within linear-response theory by
solving self-consistently the Dirac-Kohn-Sham equations.22

The Kubo formalism is used to write the conductivity matrix
elements as follows:23

������� =
ie

m2�V


i,j

1

�ij� �ij
�� ji

��

� − �ij +
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−
�ij

�� ji
��
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where the sum is taken between the occupied and unoccu-
pied states �i and j, respectively�, �ij

� is the �th component
��=x ,y ,z� of the dipole matrix calculated between the i and
j states, 	 is the interband relaxation time, and ��ij are the
transition energies.

In order to include intraband contributions, we add a phe-
nomenological Drude term to the diagonal terms of the con-
ductivity tensor as24

�D��� =
�p

2

4
�1 − i�	D�
. �3�

Here, �p
2 = 4
e2

mV 
ik,����ik−EF�
�ii
�
2 is the plasma frequency,

with EF as the Fermi energy, and 	D= m
�ne2 is the Drude re-

laxation time �where � is the dc electrical resistivity�. The
value of the plasma frequency depends on the electron den-
sity n of the material considered: for an insulator with n
�1018 e /cm3, ��p�1 meV; for a metal with n
�1022 e /cm3, ��p�3.6 eV. Therefore, intraband contribu-
tions are usually negligible for semiconductors and insula-
tors.

In the calculations reported in Sec. III, we use accurate
DFT methods, namely, the all-electron full-potential linear-
ized augmented plane-wave �FLAPW� method,24 within the
local spin-density approximation �LSDA� to compute the
conductivity tensor of Mn5Ge3 and DMS MnxGe1−x. In the
simulations of the former material, we used muffin-tin radii
of 2.0 and 2.4 a.u. for Ge and Mn, respectively; wave func-
tions and charge-density cutoffs were set at 3.2 and 7.0 a.u.,
respectively. For MnxGe1−x, the muffin-tin radii were 2.1 and
2.3 a.u. for Ge and Mn, respectively; the charge-density cut-
offs were 3.8 and 8.0 a.u., respectively. For both systems,
4
4
4 k-points grid in the Brillouin zone were chosen
according to the Monkhorst-Pack model.25

The values of �p for Mn-doped Ge �Ref. 26� and Mn5Ge3
�Ref. 27� were calculated from first principles on the basis of
the band structure �in the same way shown in Ref. 28�, and
in accordance with these results, we take ��p=1.8 eV both
for MnxGe1−x and Mn5Ge3 compounds. Typical values of the
Drude relaxation time in metals are in the range 0.01
�� /	D�0.50 eV. Since in our formalism � /	D is a param-
eter, it is set at 0.45 eV in analogy with other published
calculations.28 Tests made on the effects of these quantities
on the diagonal conductivity ��xx� show differences of a few
percent in the low-energy range for both DMS MnxGe1−x and
Mn5Ge3, whereas, at high energy, the differences become
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negligible. The corresponding MOKE spectra �not shown�
maintain a similar behavior with appreciable differences lim-
ited to the low range of photon energies �below 1.0 eV for
MnxGe1−x and 0.5 eV for Mn5Ge3�. For these reasons, all our
calculations of the conductivity tensor �and then the MOKE
spectra� include only the interband transitions with a relax-
ation time � /	=0.40 eV �see Eq. �2��—a typical value
which accounts for experimental peak broadening and elec-
tron scattering with lattice defects, phonons, and magnons.
Finally, the conductivity tensor for pure Ge was derived from
optical data29 due to the well-known difficulties with DFT-
LSDA in obtaining a good description of the exited states in
semiconductors and insulators.

B. Zak model

In order to calculate the MO effects �i.e., rotation and
ellipticity for reflected and transmitted radiation� of geo-
metrically complex structures such as films and multilayers,
Zak et al.11,12 developed a universal approach that treats both
magnetic and nonmagnetic layers in a generalized way. This
approach is based on the definition of two 4
4 matrices for
each material present in the sample, regardless of their mag-
netic character: the medium boundary A and the medium
propagation D matrices. The former matrix contains the
boundary conditions for the radiation at the interface of a
medium, i.e., the requirements for the continuity of the elec-
tric and magnetic-field components parallel to the surface;
the latter defines the evolution of the same vectors when
traveling through a medium. The model leads to a set of
inhomogeneous linear equations for the optical and MO co-
efficients for each wave polarization �s or p� whose solution
provides the response in all possible configurations. Within
this model, a simple bulk magnetic material is represented as
a system composed of two semi-infinite media �air-magnetic
material� using the A matrix only. Multilayered samples re-
quire the presence of the D matrix for each layer with finite
thickness and a medium boundary matrix A for each mate-
rial, regardless of its thickness.

We can formalize the general problem of reflection as
follows: we have a sequence of layers �each made of an
arbitrary medium� and we want to compute the complex Kerr
angle �k=�k+ i�k. The electromagnetic radiation travels from
the initial �semi-infinite� medium �i� and is transmitted
through all layers, stacked along the z axis, before reaching
the final �semi-infinite� substrate medium �f�. The continuity
conditions in this process are given by the so-called 4
4 M
matrix,11,12

M = Ai
−1��

m=1

l

�AmDmAm
−1��Af � �G H

I J
� , �4�

where Ai and Af are the medium boundary matrices for the
initial and final media, respectively, Am and Dm are the me-
dium boundary and the propagation matrices, respectively,
for the mth layer, l is the total number of layers, and G, I, H,
and J are 2
2 properly defined block matrices of the 4
4
M matrix.

The elements of the M matrix contain all the information
needed to describe any MO effect. In particular, knowledge

of the G and I submatrices is enough to obtain the MO
Fresnel reflection �r� or transmission �t� coefficients,

�tss tsp

tps tpp
� = G−1, �5�

�rss rsp

rps rpp
� = IG−1. �6�

The first subscript in each coefficient identifies the perpen-
dicular �s� or parallel �p� component of the outcoming elec-
tric field with respect to the reflection plane; the second sub-
script indicates that the linear polarization of the incoming
wave is either perpendicular �s� or parallel �p� to the reflec-
tion plane. The complex MO Kerr angle is, then, defined as12

�s =
rps

rss
= �s + i�s, �7�

�p =
rsp

rpp
= − �p + i�p, �8�

in terms of the rotation ��� and ellipticity ���. Using this
formalism, we can calculate the Kerr response in all possible
geometries: any polarization of the incident light, any mag-
netization direction, and any angle of incidence of light with
respect to the sample surface can be considered on the same
footing. Moreover, this theory treats bulk systems and/or film
systems on the same basis, including the presence of non-
magnetic media as well.

C. Effective-medium approximation

In order to describe the optical and MO properties of nan-
ogranular systems, it is essential to work out a theory that
takes into account the composition inhomogeneities. This
problem is faced by the Maxwell-Garnet theory, which as-
sumes a randomly varying conductivity as a function of the
spatial coordinates. Then, the self-consistent solution for the
effective conductivity tensor �̄e of the entire medium is ob-
tained by solving10

���̄�1̄ − ��̄�̄�−1� = 0. �9�

Here, ��̄= �̄e− �̄�r�, with �̄�r� as the local conductivity ten-

sor, the brackets denote a volume average, and �̄ is a diag-
onal tensor whose elements depend self-consistently on the
effective conductivity and on the demagnetization factors30

of the material �i.e., on the shape of the grains�. When the
inhomogeneities consist of particles in an otherwise homo-
geneous matrix, we have that �̄�r�= �̄i, with i= p or h, for the
portion of the volume occupied by particles or host matrix,
respectively.

The EMA formalism can be applied to media composed
of particles of all shapes and sizes embedded in a matrix
under some assumptions.16–18 In particular, the wavelength
of the probing electromagnetic radiation must be much larger
than the cluster size. Also, we suppose that �̄p and �̄h are
tensors of the same form �i.e., with the same vanishing ele-
ments and symmetry�. This implies that the magnetization
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must have the same direction in both components of the
material and that this direction coincides with a symmetry
axis for both crystal structures with the same symmetry op-
erations. For spherical particles, we can write10

���� = −
����

3�e
���

, �10�

where ���� is the Kronecker delta. For highly symmetric con-
ductivity tensors such as in Eq. �1�, we can work out Eq. �9�
and convert it to a system of only two equations for the two
tensor elements �e

xx and �e
xy that, for spherical particles, re-

duce to

f
�p

xx − �e
xx

�e
xx + 1

3 ��p
xx − �e

xx�
+ �1 − f�

�h
xx − �e

xx

�e
xx + 1

3 ��h
xx − �e

xx�
= 0,

�11�

f
�e

xy − �p
xy

��e
xx + 1

3 ��p
xx − �e

xx��2 + �1 − f�
�e

xy − �h
xy

��e
xx + 1

3 ��h
xx − �e

xx��2 = 0,

�12�

where f is the volume fraction of the particles with respect to
the total volume �filling factor�. Since Eq. �11� contains only
the unknown �e

xx, we can solve it first, and then solve Eq.
�12� to obtain �e

xy. We emphasize that knowledge of the two
quantities, �e

xx and �e
xy, at all frequencies � determines un-

ambiguously the response since in the geometry considered
�polar magnetization� the term �e

zz �see Eq. �1�� does not
enter the expression for the optical and MO coefficients. Fi-
nally, we also remark that Eq. �11� is a quadratic equation
with two solutions: one of them does not have a physical
meaning and can be discarded31 since in the limit f →0 or
f →1, only one solution tends correctly to �h

xx or �p
xx.

III. RESULTS

We apply our method to the Mn-Ge alloy system, simu-
lating the MO response in different sample geometries and
structures. The final goal is to show how the sample structure
affects the MO response and to demonstrate that this method
is a powerful tool to understand actual experimental MOKE
results, possibly inferring from them the particular sample
structure. We consider both cases of diluted Mn in Ge and
precipitates of the Mn5Ge3 phase in the form of spherical
particles.

All our calculations are made in polar geometry and nor-
mal incidence �consequently, s and p polarizations coincide�,
which is the usual reference configuration, since it corre-
sponds to the maximum MO response. In this geometry, the
Kerr complex angle for a bulk �semi-infinite� magnetic ma-
terial is given by32

�K = �K + i�K =
− �xy

�xx
�1 + i� 4


� �xx�
. �13�

In the following subsections, we describe systematically
the results obtained for different geometries and structures of
the Mn-Ge system.

A. Mn5Ge3

Intermetallic Mn5Ge3 �Ref. 33� has an hexagonal crystal
structure of D88 type, with experimental cell dimensions at
room temperature, a=7.184 Å and c=5.053 Å. The spin
state configuration of this compound is likely noncollinear34

although our simulation assumes a perfect alignment of the
magnetic moments, which can be obtained experimentally
under a saturating magnetic field.

We remind that the MOKE is strictly linked to the con-
ductivity tensor and, therefore, is calculated on the basis of
the band structure,35,36 taking into account all possible elec-
tronic transitions from occupied to unoccupied states �see
Eq. �2��. Therefore, looking at the MOKE spectra, it is pos-
sible to identify the interband transitions that contribute to its
main features. The spectrum of bulk Mn5Ge3 �see Fig. 1,
solid line� shows a smooth behavior with a not too pro-
nounced feature at 2.3 eV. Electronic transitions at this en-
ergy mainly occur in the minority-spin band while the
majority-spin band, being mainly located below the Fermi
energy EF,27 is expected not to give large contributions
�roughly assuming a constant dipole transition matrix�.
Moreover, transitions mainly occur from states with Mn1-
Mn1 character toward Mn1-Mn2 hybridized ones.27 Since
the character of Mn5Ge3 is purely metallic, there are many
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FIG. 1. Polar MOKE spectra at normal incidence of bulk �i.e.,
semi-infinite medium� Mn5Ge3, showing the �a� Kerr angle, �b�
ellipticity, and �c� figure of merit �see Eqs. �14� and �15�� as a
function of the photon energy for different Ge overlayer thickness.
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other possible transitions in all the energy range considered,
thus leading to a MOKE spectrum with no prominent peak.
A detailed study of the MOKE spectrum of bulk Mn5Ge3 is
beyond the goal of the present paper and is left to Ref. 37.

Figures 1�a� and 1�b� show the MOKE spectra �rotation
and ellipticity, respectively� obtained for “bulk,” i.e., semi-
infinite Mn5Ge3. We also study the effect of capping the
magnetic material with a protective nonmagnetic Ge over-
layer. We remark that simulations on Mn5Ge3 films �not
shown� indicate that for thickness above 60 nm the spectra
are practically superimposed to the bulk case. This result is
due to the highly absorbing �metallic� character of the com-
pound: the radiation, at those film thicknesses, does not reach
significantly the Mn5Ge3-Ge interface, and the corresponding
behavior is merely bulklike.

The spectra of the samples with the nonmagnetic Ge cap
present very interesting features. First of all, at significant
values of its thickness, a sign change in both rotation and
ellipticity occurs, and there is evidence of an oscillating char-
acter which is enhanced as the thickness increases. More-
over, the Ge layer introduces a cutoff at an energy which
depends on its thickness; as this quantity increases, the ab-
sorption coefficient, which is a monotonically growing func-
tion above the absorption edge of Ge ��0.7 eV�, hinders
penetration of the radiation inside the Ge layer until the mag-
netic material becomes substantially hidden underneath the
capping layer. Upon increasing the overlayer thickness, the
first maximum of the Kerr rotation shifts toward lower en-
ergy and its amplitude is enhanced up to 2.8° at 0.6 eV for a
Ge cap of 100 nm. This is an important feature that com-
pared to previous MOKE results on PtMnSb and MnPt3 �Ref.
38� can be defined as Giant Kerr rotation; in fact, its magni-
tude is much larger than that found up to now for Mn based
compounds. In other words, the presence of a capping layer
strongly enhances the response, whereas its thickness tunes
the energy where the absolute maximum occurs.

In general, in order to definitely state that a Kerr enhance-
ment actually improves the MO performance for possible use
in device applications, we need to check the reflectivity be-
havior at the energy corresponding to the MOKE peak. In
fact, the multilayered structure usually induces an oscillating
character in energy to the optical response as well. As a
consequence, the MO amplification may be completely over-
whelmed by a reflectivity reduction since, in that case, the
actual detected signal would be weakened. For this kind of
evaluation, experimentalists often define a quantity called
figure of merit F �see, for example, Ref. 39�, which is pro-
portional to the reflectivity and to the second power of the
Kerr rotation. Here, we prefer to use a more general defini-
tion, which takes into account that all optical and MO pa-
rameters are complex quantities,

F��� = R����k
2��� . �14�

Here R is the reflectivity of the material, expressed in terms
of the reflection coefficients introduced in Sec. II B �see Eqs.
�5� and �6��, that is given by 
rss
2 or 
rpp
2, for s- or
p-polarized incident radiation, respectively; the complex
Kerr angle �k, i.e., �s or �p in Eqs. �7� and �8�, replaces the

mere Kerr rotation �k in Ref. 39. It is straightforward to
verify that Eq. �14� simply reduces to

F = 
rps
2, or F = 
rsp
2, �15�

for s- or p-polarized incident radiation, respectively.
We calculated this quantity for the uncapped and capped

compounds; the results are shown in Fig. 1�c�. The general
features are confirmed, including the reduction in the signal
at high energies �due to the presence of the Ge overlayer�
and the oscillating character at low energies �with pro-
nounced maxima whose spacing and position relate to the
overlayer thickness�. The enhancement of F for the capped
material could be exploited, in principle, for optical and MO
based devices although we recall that our calculations simu-
late the Mn5Ge3 properties at zero temperature, whereas the
Curie temperature of the material is close to room tempera-
ture. The physical explanation of a larger MO response can
be found in the decreased optical contrast �smaller relative
index of refraction� of the interfaces �air-Ge and
Ge-Mn5Ge3� in the presence of a capping layer with respect
to the air-Mn5Ge3 interface for the uncapped structure. This
phenomenon improves the weight that the magnetic charac-
ter of the underlying material has on the overall reflected
radiation.

Although the figure of merit defined in Eq. �15� is more
adequate to describe the true MO response enhancement, re-
assured by the results of Fig. 1, in the following we prefer to
report the Kerr rotation and ellipticity plots since these are
more suitable for direct comparison with real experimental
results.

B. MnxGe1−x

The next step is to calculate the Kerr spectrum of the
MnxGe1−x system in the hypothesis of perfect dilution, with
Mn atoms occupying substitutional lattice sites, as suggested
by total energy minimization calculations.40

The magneto-optical transitions responsible for the
MOKE spectra are again linked to the MnxGe1−x band struc-
ture: in particular, the main feature at 1.95 eV �2.15 eV� for
the x=0.0625 �0.125� Mn concentration can be associated to
transitions involving the t2g dangling-bond hybrid �DBH�
and the eg and t2g crystal-field resonances �CFR� above
EF.41,42 The same feature is also found in the diagonal �op-
tical� and off-diagonal �magneto-optical� conductivity tensor
elements.37 The Mn-concentration dependence seen compar-
ing the two cases can be related to changes in the band struc-
ture �mainly due to band-folding effects37� rather than to dif-
ferences in the nature of the MOKE interband transitions.

In order to achieve high magnetic ordering temperature,
the structure must contain enough dopant atoms �typically a
concentration of a few percent�, a situation that in principle
is achievable by standard epitaxial growth methods, such as
low-temperature MBE techniques, although rather difficult in
practice.43 From the computational point of view, we will
describe the MO properties of this material as a function of
the sample composition and geometry; we will also consider
alternative structures that might originate in the Mn-Ge sys-
tem growth, such as precipitation of Mn5Ge3 nanoparticles.
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First of all, we are interested in observing the effect of the
dopant concentration on the MO properties of DMS. We
have considered several Mn dilutions from x=0.0625 to 0.5.
In those simulations, we used the pure Ge lattice constant
�5.65 Å� since energy minimization calculations indicate
that no appreciable variation in the unit-cell parameter oc-
curs when Ge is substituted by Mn.40

The bulk MOKE spectra are reported in Fig. 2. We remark
that, of course, the largest concentrations, 25% and 50%, are
not experimentally achievable in diluted form. However,
they are useful for our purposes since they show that the
spectra are not merely linearly dependent on concentration:
this evidence sets a limit to the use of concentration as a
tuning parameter for MO response optimization. Both rota-
tion and ellipticity present several peaks and features which
are consequences of the spin-resolved electronic structure.
As in the Mn5Ge3 system due to the presence of dopants, the
optical absorbing character of the material causes the spectra
to remain almost unchanged if, instead of bulk DMS, films
down to about 150 nm thick are considered �not shown�.

Since only low concentrations have been experimentally
achieved so far, we selected the 6.25% DMS phase, which is
very close to typically reported experimental values,2–4,44,45

for additional analysis. Figure 3 shows the MOKE spectra at
this Mn concentration, comparing the result for the uncapped
and capped bulk material. The overlayer affects the spectra
similarly to that found for the Mn5Ge3 case; here, the peaks
of the spectrum are centered at slightly lower energies. How-
ever, the tuning effect of the capping layer thickness on the

MO spectrum is still present. Therefore, nonmagnetic cap-
ping layers are confirmed to enhance the MO response and,
at the same time, to tune the wavelength corresponding to the
maximum of the MO signal.

C. Mn5Ge3 nanograins in Ge

We now investigate the effect of Mn5Ge3 nanoparticles
dispersed into the Ge matrix. As mentioned before, this situ-
ation occurs very often during the growth of Mn-Ge
compounds,5 and we want to ascertain how this influences
the MO response. We assume that the mean size of the grains
is much smaller than the wavelength of the probing radia-
tion. This is a reasonable assumption since, for example,
experimental measurements on Mn-ion implanted Ge
samples report Mn5Ge3 particle size of the order of 10 nm,5

whereas in our simulations the minimum wavelength consid-
ered is 248 nm. Under these conditions, we can use the EMA
to calculate the � tensor of the effective medium composed
of matrix and particles, using the individual tensors of the
host Ge and Mn5Ge3 particles. Clearly, we also assume that
the latter system maintains the properties of the bulk mate-
rial; i.e., we neglect surface and size effects.

Before proceeding with the simulations, we must ascer-
tain whether the conductivity tensor of the particles and the
matrix have the same form. In fact, magnetic hysteresis loops
for high-quality single phase Mn5Ge3�0001� films grown via
solid-phase epitaxy on Ge�111� and GaAs�111� demonstrate
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that the easy axis of the film lies in plane due to shape
anisotropy.46 In-plane magnetization would make our calcu-
lations more cumbersome since it would result in a � tensor
of Mn5Ge3 that is not antisymmetric as the � tensor of the
Ge matrix, and the determination of the effective conductiv-
ity tensor would be much more complex than the one leading
to Eqs. �11� and �12�. However, we can make use of the
experimental evidence on Mn5Ge3 clusters in Ge�001�5,9

showing that the nanoparticles grow with their �0001� axis
parallel to the �001� Ge crystal-axis: this makes it reasonable
for us to assume polar geometry in our simulation since the
�0001� axis constitutes an uniaxial easy magnetization direc-
tion for crystal anisotropy. Therefore, the desired symmetry
of the conductivity tensor is assured.

In Fig. 4, we show the calculated MOKE spectra in the
framework of EMA, for Mn5Ge3 spherical particles in a pure
Ge matrix, with a uniform dispersion of the clusters inside
the matrix corresponding to several filling factors, f . We ob-
serve at low concentration an initial linear dependence of
both rotation and ellipticity as a function of Mn content. This

is evidenced in the insets where we plot the MOKE as a
function of f at fixed wavelength. At larger f values, before
recovering the response of pure Mn5Ge3, there is a departure
from this linearity. This is particularly evident in the elliptic-
ity spectrum.

We emphasize that some qualitative features of the pure
Mn5Ge3 response are preserved even at very low filling fac-
tors since the general structure of the spectrum and the po-
sition of maxima and minima are maintained. This consti-
tutes an important result in view of the possibility to infer
from MOKE measurements the presence of Mn5Ge3 precipi-
tates in the structure of binary Mn-Ge compounds. On the
contrary, as discussed in the previous section, the shape of
the spectra for the DMS phase �Fig. 2� is much more depen-
dent on the Mn dilution.

We further investigated the nanogranular system with a
particle filling factor equal to 7%, comparable to the values
obtained in experiments, as mentioned previously. Figure 5
shows the MOKE spectra obtained within EMA and the rela-
tive figure of merit for films constituted by spherical Mn5Ge3
particles in Ge at various film thicknesses. Here, and in all
following cases in which we treat film structures, the final
�substrate� material is germanium.

At variance with the systems described in the previous
subsections, there is a clear difference with respect to the
bulk calculation even at considerably large thickness. This is
due to the dominant features of the semiconducting Ge,
which assures that the effective medium maintains its trans-
parency for a large portion of the spectrum. At high energy,
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the various spectra tend to overlap as the incident beam does
not reach the second interface and the behavior of the film
becomes bulklike. This limit starts at the energy where the
penetration depth is equal to the thickness of the film. At low
energy, the thickness of the magnetic effective medium itself
exhibits filter-amplifier character, introducing oscillating fea-
tures in the spectrum and a selective enhancement of the MO
response. This behavior has a different origin with respect to
the analogous result observed in the presence of a capping
layer �see discussion in Sec. III A�. In the present case, the
finite thickness of the magnetic film enhances the real
MOKE response, as proven by the figure of merit spectrum,
since a significant contribution to the overall reflected radia-
tion comes from the fraction which crosses the magnetic
layer and is reflected back accumulating a MO variation in
polarization proportional to the thickness. Obviously, if the
magnetic layer becomes too thick, its absorption character
becomes overwhelming, canceling such a contribution. In
this way, we can infer that there must exist an intermediate
thickness such that the amplitude is maximum at a given
radiation energy.

The addition of a capping layer to such film structures
�not shown� introduces further modulation to the spectra; the
signal amplitude grows with a significant enhancement of the
oscillating character at low energies and with a reduction in
the cutoff energy which may be below 2 eV for even larger
thickness. This extends the conclusions already drawn con-
cerning the effect of nonmagnetic layers on the MO response
to all the materials.

D. Mn5Ge3 inhomogeneous distribution profile

The next step is to improve our model in order to simulate
samples with nonuniform MO active constituents since this
may constitute an additional contribution to MOKE engi-
neered design. In the previous sections, we studied in detail
the effect of the sample structure, considering an homoge-
neous Mn distribution over the entire sample thickness.
However, this may not be true for most real samples so we
extend our model to simulate nonuniform profiles as well.
We concentrate on films of intermediate thickness, which are
those typically found in the literature, since they are easily
obtained by usual growth techniques, such as MBE, or other
fabrication methods, such as ion implantation. We emphasize
that ultrathin films may not be well simulated by our calcu-
lations since in that limit the materials may lose their bulk
properties, acquiring anomalous structural and magnetic fea-
tures linked to reduced dimensionality effects. We choose, as
an example, a typical thickness of 150 nm, keeping in mind
that different values do not give qualitatively different results
but only variations on details of the spectra modulation.

As a simple attempt, we account for the inhomogeneous
distribution of Mn considering a system made of two layers,
each 75 nm thick, with Mn5Ge3 clusters in a Ge matrix cor-
responding to f =9.0% and 5.0%, respectively. In this way,
the average filling factor is kept at 7%. Both possibilities are
considered: if the Mn-rich layer is on top, we have what we
call “decreasing concentration profile;” if the opposite case
occurs, the resulting bilayer is defined as having an “increas-

ing concentration profile.” We show in Fig. 6 the results
obtained. In these spectra, we distinguish two energy inter-
vals: the region for E�2 eV, which we may consider bulk-
like, shows essentially the properties due to the first layer
exposed to the radiation and, therefore, resembles the results
already shown in the high-energy part of the spectra of Fig.
4; the interval for E�2 eV is dominated by the geometrical
�thickness� parameter of the film. We emphasize that the po-
sition of the minima and maxima for the curves �both rota-
tion and ellipticity� is almost the same, independent of the
concentration profile. This means that the significant param-
eter �compare with Fig. 5� is the overall thickness of the
magnetic film �150 nm in our case�. Remarkably, the specific
profile affects only the magnitude of the peaks. We observe
that the modulation of the spectra is larger for the increasing
concentration profile and smaller for the decreasing concen-
tration profile. This trend follows the previous discussion
regarding the capping layer: radiation reflected by more in-
ternal interfaces is more effective when the optical contrast
between the materials above is minimized. In our case, this
occurs for the increasing concentration, which represents the
situation where the interference effect is more evident.

Another interesting possible tuning of the MO response is
related to the effect of a nonmagnetic layer inside a multi-

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

θ k
(d

eg
)

uniform concentration
decreasing concentration

increasing concentration

0 1 2 3 4 5
E (eV)

-0.08

-0.06

-0.04

-0.02

0

0.02

ε k
(d

eg
)
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layered structure. For example, we can place such a layer
between two magnetic layers to obtain the sequence
magnetic/nonmagnetic/magnetic layers. In our simulation,
we consider a system consisting of two 75-nm-thick effective
media of Mn5Ge3 spherical particles in Ge separated by a
layer of pure Ge and placed on a Ge semi-infinite substrate.
The two magnetic layers are chosen assuming filling factors
equal to 9% and 5%, respectively, as in the decreasing con-
centration profile previously described, with the larger par-
ticle concentration in the topmost layer. The MO spectra, for
different values of the interlayer thickness, are shown in Fig.
7. Obviously, the presence of the interlayer changes the spec-
tra only at an energy below 2 eV: above this energy, the
spectra are all superimposed since the penetration depth is
lower than the thickness of the first magnetic layer, as previ-
ously discussed. At lower energies, where the Ge interlayer
contributes to the response, we find an amplification and
modulation effect similar to that described for the capping
layer in Sec. III A �Fig. 1�: the Kerr rotation and ellipticity
spectra present sharp and definite peaks, whose amplitudes
increase with the interlayer thickness, while their positions
shift toward lower energies. For example, for the larger in-
terlayer thickness reported in Fig. 7, the absolute value of the
Kerr rotation is 0.12° at about 0.8 eV, whereas the ellipticity
is 0.09° at 1.2 eV. In principle, this can be a useful feature to
exploit for device applications.

E. Alternating composition layers approximation

We can extend our modeling even further and build up
structures to increase the possibility of tuning the MO re-
sponse. What would happen if we make up a system of many
thin magnetic layers intercalated by layers made of a non-
magnetic material? Would this structure, in the limit of a
large number of alternating magnetic/nonmagnetic thin lay-
ers, coincide with a continuous medium constituting of mag-
netic inclusions homogeneously dispersed in a nonmagnetic
medium? If this were the case, this construction could be
used to simulate an arbitrary profile of nanoparticle concen-
tration dispersed in a matrix. In order to answer these ques-
tions, we approximate our sample by building up a stack
consisting of thin Mn5Ge3 layers separated by Ge layers �see
Fig. 8�. With this so-called alternating composition layers
approximation �ACLA�, we consider the multilayer as a se-
quence of several Mn5Ge3-Ge bilayers: at this point, the cor-
rect Mn concentration is assured adjusting the relative thick-
ness of the two layers constituting each bilayer, and we study
the MO response as a function of the number and thickness
of the layers.

For example, if we want to approximate the uniform Mn
distribution �7% particle filling factor, the reference value
used above� of a 150-nm-thick film with two Mn5Ge3-Ge
pairs, we have to consider films of Mn5Ge3 and Ge with
thickness 5.25 and 69.75 nm, respectively. Then, we can re-
fine the approximation by increasing the number of pairs
while decreasing accordingly the thickness of each film so as
to preserve the overall thickness of the stack. The resulting
spectra are shown in Fig. 9. We arbitrarily decided to start
each pair with the Mn5Ge3 layer on top, a choice that, of
course, affects the calculated spectra for a small number
�high thickness� of the pairs, but that becomes irrelevant in
the opposite limit. As shown in Fig. 9, as the number of pairs
increases, the ACLA MOKE spectra tend to converge to the
continuum limit, i.e., when the thickness of each layer be-
comes negligible with respect to the wavelength of the radia-
tion, and accordingly the number of layers tends to infinity.

We checked the convergence degree of the ACLA MOKE
spectrum by observing the absolute value of the Kerr rotation
as a function of the number of pairs considered at fixed en-
ergy values. As an example, in the inset to Fig. 9, we report
the results at 2.5 eV, a value corresponding to a peak with a
structural character �not affected by the geometrical oscilla-
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tory behavior observed in the lower portion of the energy
spectrum�. Comparing the converged spectrum with the
single layer EMA spectrum, we can see that they are not
identical although the general features are similar, with peaks
at the same energy positions. We attribute these differences
to the distinct geometrical characteristic of the magnetic in-
clusions. In particular, the spherical geometry of the clusters
considered in the EMA and the layered structure in the
ACLA imply different demagnetizing factors, which may ac-
count for the discrepancy in the spectra.

F. Mn5Ge3 grains in Mn0.0625Ge0.9375

A relevant issue to address at this point is to ascertain how
the presence of both diluted Mn and magnetic precipitates
affects the MO response. This is a very important question
since most experiments suggest that, in the attempt of grow-
ing DMS, a portion of the magnetic species produces pre-
cipitates. Therefore, the diluted phase often coexists with a
precipitate magnetic phase in the same sample. To this end,
we make use of the EMA approach once again: we replace
the Ge host with a DMS Mn0.0625Ge0.9375 matrix, where Mn
atoms occupy substitutional lattice sites of the Ge crystal, as
in Sec. III D, and we consider Mn5Ge3 particles with a filling
factor corresponding to 6.25% Mn concentration. The MO

calculations were made with the same procedure used in pre-
vious sections. In Fig. 10, we show the MOKE calculations
for the above mentioned system and compare it with two
others: �i� bulk Mn0.125Ge0.875 and �ii� Mn5Ge3 particles in a
pure Ge host with a filling factor corresponding to 12.5% Mn
concentration. In this way, we compare the MOKE spectra
for three samples with the same total Mn content. We ob-
serve that the MOKE response is very sensitive to the micro-
scopic compositional character of the sample. The features of
the two samples containing DMS are similar: the details in
the peak positions and amplitudes depend on the amount of
precipitated Mn, but the overall behavior is comparable. On
the contrary, when Mn is present only in the nanoparticles
�third sample�, the MO response is much lower and much
less structured. Therefore, the spectra can be used to obtain a
signature of the existence of a DMS structure.

G. Changing the magnetic material: Fe in Ge

Although we focused attention on the Mn-Ge system, our
methodology can be applied to any choice of magnetic/
nonmagnetic material. Actually, in order to optimize engi-
neered structures, an important objective is to understand the
relevance of the particular magnetic material chosen for a
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given geometry and sequence of the multilayered structure.
Moreover, it is interesting to understand how much the main
features of the MO spectra are merely due to the particular
geometry of the sample �thickness, capping, volume fraction
of magnetic precipitates, etc.� rather than to the structural
and magnetic properties of the specific material. For this rea-
son, as an example, we replace Mn5Ge3 particles with Fe
particles in the Ge matrix. Since iron has a cubic structure,
its � tensor fulfills the requirements of our theoretical ap-
proach �see Sec. II C�.

The conductivity tensor for Fe was derived with our ab
initio procedure and tested comparing the calculated bulk
MOKE spectrum with experimental data:26,47 the results are
in satisfactory agreement. As in previous calculations, we
consider spherical Fe particles in a nonmagnetic Ge matrix in
the EMA approximation. The results obtained for the EMA-
MOKE calculations at 7% Fe filling factor are reported in
Fig. 11 for bulk and a 150-nm-thick film and are compared
with analogous simulations for the Mn5Ge3 in Ge. As we can

see, the order of magnitude of the spectra is the same and the
main features of the film curves �peak positions� are the
same. The latter effect is due exclusively to the sample struc-
ture, i.e., film thickness. As a result of the higher MOKE
signal in iron with respect to Mn5Ge3 �see insets of Fig. 11�,
the presence of different magnetic inclusions in the host ma-
trix implies changes in the amplitude of the spectra. While
the geometrical structure of the sample dictates the shape of
the MOKE spectra, these findings show that the nature of the
magnetic material affects the magnitude of the spectra.

IV. CONCLUSIONS

We systematically studied the MO response of the Mn-Ge
binary system. MOKE spectra for different geometrical
sample structures, in the presence of perfect dilution of Mn
in Ge, precipitation of the magnetically relevant Mn5Ge3
phase, and intermixing of the two phases, were considered
and analyzed in detail. The problem of an inhomogeneous
composition was approached following two approximations:
�i� assuming a distribution of spherical magnetic inclusions
in a nonmagnetic matrix �EMA� and �ii� considering an al-
ternating arrangement of magnetic/nonmagnetic thin layers
�ACLA�. We showed that besides the choice of the particular
magnetic species and the host matrix the MOKE response
can be tuned, controlling several parameters such as the mag-
netic layer thickness, magnetic species concentration �aver-
age value and specific profile�, and thickness of possible
nonmagnetic overlayer or interlayer. This potentially allows
the prediction and design, using ab initio calculations, of
suitably engineered structures for MO device applications.
Moreover, systematic simulations of different arrangements
of composite systems and their comparison with experimen-
tal results may constitute a basis to use MOKE spectra as
fingerprints of the structural, magnetic, and geometrical
properties of the system, thus contributing to obtaining a full
characterization of magnetic materials.
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