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Abstract

Magneto-optic (MO) ellipsometry of ferromagnetic materials is extremely sensitive to ultra-thin films, multilayers,and nanos-
tructures. It gives a possibility to measure all componentsof the magnetization vector in the frame of the magneto-optic vector
magnetometry and enable us to separate magnetic contributions from different depths and materials in nanostructures, which is re-
viewed in this article. The method is based on ellipsometricseparation using the selective MO Kerr effect. The figure of merit used
to quantify the ellipsometric selectivity to magnetic nanostructures is defined on the basis of linear matrix algebra. We show that
the method can be also used to separate MO contributions fromareas of the same ferromagnetic materials deposited on different
buffer layers. The method is demonstrated using both: (i) modeling of the MO ellipsometry response and (ii) MO measurement of
ultra-thin Co islands epitaxially grown on self-organizedgold islands on Mo/Al2O3 buffer layer prepared using the molecular beam
epitaxy at elevated temperatures. The system is studied using longitudinal (in-plane) and polar (perpendicular) MO Kerr effects.
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1. Introduction

Complexity of recent magnetic nanostructures requires im-
provement of characterization techniques and developmentof
new measurement procedures. Among nondestructive and non-
invasive techniques, the ellipsometric methods propose high
sensitivity to films with thicknesses down to an atomic layer.
Magneto-optical (MO) effects, i.e. change of optical proper-
ties originating from magnetized state of materials, enables ap-
plications of ellipsometric methods to magnetic measurement.
The magneto-optical ellipsometry profits from all advantages of
standard ellipsometry and moreover it is less affected by surface
roughness and nonmagnetic films in a structure.

Basic application of MO ellipsometry is thehysteresis loop
measurementbased on detection of the MO signal proportional
to magnetization as a function of external magnetic field. The
method is used to monitor the magnetization reversal, magnetic
anisotropy, hysteresis properties etc [1]. Its combination with
microscopic observation, often calledKerr microscopy[2], is
used to observe magnetic domains during magnetization rever-
sal. Despite observed domain size is limited by the resolution
of optical microscopy, the Kerr microscopy has significantly
contributed to understanding of domain nucleation and domain
wall motion. Important information related to electronic struc-
ture of a material is obtained from spectral dependence of MO
effect.Magneto-optic spectroscopic ellipsometryusually based
on modulation technique can be combined with standard ellip-
sometry to obtain spectral dependence of the complete permit-
tivity tensor. Specific techniques based on MO ellipsometryare
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ultrafast magneto-optics, Brillouin light scattering[3], or sec-
ond harmonic MO generation.

All the above mentioned applications of MO ellipsometry
techniques profits from high near-surface sensitivity, nonde-
structive character, and possibility to measure all components
of the magnetization vector in the frame of the magneto-optic
vector magnetometry [4, 5]. Moreover, the magneto-optic Kerr
effects enable us to separate magnetic contributions from differ-
ent depth [6–10] and from different materials [11, 12] in multi-
layer systems and self-organized nanostructures [13].

In this paper, the MO ellipsometry is applied to characterize
cobalt ultra-thin film deposited on self-assembled gold islands
on Mo buffer layer. Selective sensitivity of both the longitudi-
nal and polar MO effect to ferromagnetic Co grown on Au is-
lands and Co grown directly on Mo buffer in the nanostructure
is demonstrated experimentally and explained using model.In
Sec. 2 we review some aspects of MO ellipsometry and MO
vector magnetometry crucial for measured data understanding
and processing for selectively sensitive MO ellipsomety. Sec-
tion 3 deals with depth and material sensitivity of MO ellip-
sometry, procedure of separation of MO effect from different
phases, and definition of the figure of merit for the separation.
Section 4 presents the main original results of MO selectivesen-
sitivity affected by buffer layer. Separation of magnetic contri-
bution is explained using model and processing of experimental
MO data of Co film grown on nanostructured Au/Mo buffer.

2. Magneto-optical ellipsometry

In this section we define the magneto-optical angles, discuss
basic MO configurations and possibility of magnetization com-
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ponent separation in the frame of the MO vector magnetome-
try [4]. Careful separation of magnetization components and
different MO effects is the first step, which precede to separa-
tion of contributions from different materials.

2.1. Basic definitions

Usual description of MO response of a sample is based on
the Jones reflexion matrix

R =
[

rss rps(MP,ML)
rsp(MP,ML) rpp(MT )

]

, (1)

where r i j , i, j = s, p denote the amplitude reflection coeffi-
cients. The ratios of the off-diagonal and diagonal reflection
coefficients are used for definition of two MO ellipsometric an-
gles

rsp

rss
= tanψspexp(i∆sp) =

tanθs + i tanǫs

1− i tanθs tanǫs
≈ θs + iǫs,

rps

rpp
= tanψpsexp(i∆ps) =

tanθp + i tanǫp

1− i tanθp tanǫp
≈ θp + iǫp. (2)

The first forms define the generalized ellipsometric angles
ψsp,ps (related to the amplitudes) and∆sp,ps (represent the
phases) defined in Refs. [14–16]. Similar definitions were
also used in Refs. [17–19]. Note that the ratiorpp/rss =

tanψ exp(i∆) defines the standard ellipsometric angles [20].
The second definition of the magneto-optic anglesθs,p andǫs,p

has clear meaning: For the incident linear polarizations inthes
andp direction, the reflected light is elliptically polarized with
the slight azimuth rotationθs,p and ellipticity ǫs,p. The mode
conversion originates for isotropic sample from the magneto-
optic effect. Only experiments measuring both quantity can
provide complete ellipsometric information about the MO ef-
fect. The MO angles are mostly much smaller than 1 degree
and therefore using the approximate formulas in Eq. (2), the
MO rotation and ellipticity can be represented as the real and
imaginary parts of the complex ellipsometric ratios. Then the
quantityθs,p, ǫs,p andψsp,ps, ∆sp,ps represents the complex el-
lipsometric ratios in the Cartesian and polar coordinates,re-
spectively. Precise measurement of such small angles usually
requires specific ellipsometric configurations different from the
standard one or from the Mueller matrix polarimeter, which
usually equivalently distribute experimental and calibration er-
rors between components of the Mueller matrix. Frequently
used MO ellipsometry configurations use: (i) differential in-
tensity measurement based on Wollaston prism and differential
signal between two photodetectors, (ii) polarization modulation
technique using the photoelastic modulator (PEM), and (iii) the
azimuth modulation and nulling method based on Faraday mod-
ulator cells. Another aspect of the MO ellipsometry is the mea-
surement of MO angles differences related to given magnetiza-
tion state (usually saturated state by external magnetic field).

Small amplitude of MO effect has also important conse-
quences inadditivity of various MO contributions. MO effect
can be usually understood as a small perturbation of optical
properties (for instance small anisotropy or gyrotropy) origi-
nating from magnetization in materials. Therefore, the total

MO effect can be obtained as addition of particular contribu-
tions. Here we consider MO contributions from different depth,
films, materials, constituents, etc. Additivity of MO effects will
be used in Sec. 3 and 4 for separation of different materials in
magnetic nanostructure. This linear approximation is usually
fulfilled (in all cases discussed in this paper) and it can be con-
firmed by a model.

2.2. Magneto-optic vector magnetometry
Contributions of different magnetization components (usu-

ally mixing of polar and longitudinal MO effects) appear in
a similar way as the contributions from different materials.
Therefore, important task of magneto-optical ellipsometry is
careful separation of different magnetization components. We
usually distinguish three basic components of the magnetiza-
tion vector (see Fig. 1): the polar componentMP is perpen-
dicular to the film (surface), the transverse componentMT is
perpendicular to the plane of incidence, and the longitudinal
one lies in the plane of film and in the plane of incidence. De-
pendencies of the amplitude reflection coefficients on different
magnetization components is schematically shown in Eq. (1).
We note that discussion here is restricted to linear MO effects in
systems with cubic or higher symmetry, the effects of quadratic
MO terms were discussed in Refs. [5, 21, 22]. The transverse
Kerr effect can be observed only using therpp reflection coeffi-
cient [23].

On the other hand, both the longitudinal and polar Kerr effect
can be monitored using the conversion reflection coefficients
rsp, rps, or using the MO angles defined by (2). For their separa-
tion, one can use property of in-plane longitudinal and transver-
sal effect, which disappear for normal incidence (for films with
higher symmetry). However, changing the angle of incidence
can be inconvenient and exactly normal incidence is hard to be
used experimentally. Another possibility is based on different
symmetries of polar and longitudinal Kerr effects [24]. Inter-
esting method was proposed by Ding et al. [25] based on two
measurement for reversed incidence geometries. In this paper,
we use modified approach based on rotation of the sample and
magnetic field around the sample normal by the angle of 180◦.
Figures 2a,b show two configurations used for polar and lon-
gitudinal MO effect separation by addition and substraction of
both measured signals, respectively. Note that both the sam-
ple and also the magnetic field have to be rotated. Daboo et
al. [26, 27] proposed to measure both in-plane magnetization
components by rotation of the sample and magnetic field by
90◦. The method has significant advantage of direct compari-
son of both components, because both are measured using the
longitudinal MO effect. Therefore, measurements of four sam-
ple orientations shown on Fig. 2 result in separation of three
magnetization components denotedMP, ML, andMT . Table 1
summarizes the effects of the sample and magnetic field rota-
tion on different off-diagonal permittivity tensor elements. The
polar MO effect is symmetric by 180◦ rotation, while longitu-
dinal and transverse effects are antisymmetric. Note that the
quadratic (second-order) effect related to productMLMT ap-
pears inεxy, has the same symmetry as the polar MO effect (see
Table 1), and can be separated from the longitudinal one [28].
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Figure 1: Basic MO configurations – polar, longitudinal and transverse compo-
nent of magnetization vector.
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Figure 2: Separation of the magnetization components usingsample rotation.
Magnetic field has to rotate together with the sample.

Table 1: The off-diagonal permittivity tensor components as a function of sam-
ple rotationϕ used for magneto-optic vector magnetometry. Transformation of
permittivity tensor was obtained by rotation of the coordinate system around
z-axis. Component notation corresponds to the coordinate system shown on
Fig. 1.

measured by ϕ = 0◦ ϕ = 90◦ ϕ = 180◦ ϕ = 270◦

εxy rsp, rps εxy(MP) εxy(MP) εxy(MP) εxy(MP)
εxz rsp, rps εxz(ML) −εyz(MT ) −εxz(ML) εyz(MT )
εyz rpp εyz(MT) εxz(ML) −εyz(MT) −εxz(ML)

3. Selective sensitivity of MO ellipsometry

In this section, the basic principle of MO selective sensitivity
is described using an example of depth sensitivity in reflection
from a magneto-optic bulk material. We discuss extension of
the method to distinguish MO contributions from constituents
in nanostructures (periodic multilayers or self-organized nanos-
tructures).

3.1. Basis of MO selectivity to magnetic nanostructures

Basic idea of MO selective sensitivity is demonstrated on the
case of depth sensitivity of the MO effect in a cobalt bulk. The
model is based on additivity of MO effects discussed in Sec. 2.1.
Figure 3 shows a model of magneto-optical ultrathin (1 Å thick)
Co film buried in non-magneto-optic Co bulk in the deeptht.
The similar modeling was originally proposed by Traeger [6]
and Hubert [7]. Fig. 3 shows the complex polar Kerr effect
obtained for normal incidence. Upper subplot of Fig. 3 shows
dependence of the Kerr rotationθ and ellipticity ǫ as a func-
tion of the buried MO film depth. While the sensitivity of the
rotationθ monotonically decrease due to absorption in Co, the
ellipticity ǫ shows more complex behavior and even changes
sign. The different behavior is essential for depth selective sen-
sitivity and comes from phase change by propagation through
Cobalt above the film. Even more illustrative is a plot in the
complex magneto-optic plane, where thex and y axis corre-
spond toθ andǫ, respectively (lower subplot of Fig. 3). Each
point corresponds to the film in different depth. The points far
from the origin represent films close to the surface, while the
points close to the origin correspond to deeper films (amplitude
of the effect decrease due to absorption and limited penetra-
tion depth). However, also the phase of the complex MO effect
change, which is used for depth selectivity. For example two
vectors show contributions from different depths. We note that
optimal separation is obtained for perpendicular vectors of the
same length.

Based on above discussed dependence of the Kerr rotation
and ellipticity one can separate contributions from different
depths using several methods. One possibility is to adjust some
parameter (the angle of incidence, wavelength [8]) in such a
way that the measured MO quantity becomes insensitive to
the contribution from one depth and only sensitivity to desired
depth remains. However, this method is not very convenient
because of complicated alignment of the parameter. More ef-
fective technique was proposed by Ferré et. al [8, 9] using ad-
justable compensating element into the MO ellipsometer. The
authors used the Babinet-Soleil compensator, which enables
continuous transformation of the Kerr rotation into ellipticity
and vice verse. Such adjustment corresponds to rotation of the
complex MO plane (lower subplot of Fig. 3) around the ori-
gin. Despite of general applicability, the method requiressev-
eral repetition of measurement and difficult adjustment of the
compensator parameter. Another approach, used in this paper,
is based on a post-measurement data processing by linear com-
bination of all measured MO quantities. Significant advantage
of this method, described in details in next subsection, comes
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Figure 3: Depth sensitivity to Co buried layer in nonmagnetic Co bulk for
normal-incidence polar Kerr effect. Optical and magneto-optical constants of
Co were taken for 670 nm from Refs. [29, 30]

from flexible numerical adjustment of weight coefficients after
measurement.

Magneto-optical depth sensitivity was used for various sys-
tems. Separation of polar MO signal from films in different
depth was presented by Ferré et al. [8] and Hamrle et al. [9]
in the case of Co films separated by Au spacer. The authors
demonstrated separation from hysteresis loops of different Co
layers showing different coercivity. The depth sensitivity of
longitudinal Kerr effect in Fe/Cr/Fe structure was demonstrated
by Nývlt [31]. The depth sensitivity of soft x-ray resonant
magneto-optical Kerr effect was reported by Lee et al. [32] and
Kim et al. [33]. Moreover, energy adjustment of the x-ray res-
onant magnetic scattering can give element specific sensitiv-
ity [34].

Selective sensitivity of the complex MO effect was obtained
also for nanostructures consisting of different magnetic materi-
als [11–13]. Material selective sensitivity of polar magneto-
optic Kerr effect was described and experimentally demon-
strated in NiFe/Au/Co/Au multilayers [11]. Despite the fact
that the ferromagnetic NiFe and Co layers alternate in the mul-
tilayer structure, we were able to separate magnetic response of
Co and NiFe films using MO measurements. Such possibility
originates from different optical and MO constants of both ma-
terials and consequently their different phases in the complex
MO plane.

Material selectivity of MO ellipsometry was also observed
in self-organized nanostructures. In Ref. [13] we demonstrated
material selective sensitivity of a MO polar Kerr effect to mag-
netic contributions from different inclusions in self-organized
magnetic nanostructures. The method is supported by modeling
of the magneto-optic response based on the effective medium

approximation and by hysteresis loop measurement of the mul-
tiferroic BiFeO3–CoFe2O4 (BFO–CFO) self-assembled nanos-
tructure. On the other hand, the longitudinal MO Kerr ef-
fect was applied to distinguish contribution of Fe nanocrystal
from amorphous soft magnetic matrix in near-surface regionof
FeNbB amorphous ribbons [35, 36].

3.2. Methods for separation of different contributions

Separation of MO effects from different depths or materials
is obtained in three steps [11, 13]: (i) measurement of differ-
ent MO quantities (for example the MO Kerr rotationθ and
ellipticity ǫ) showing different sensitivity to the contributions,
(ii) determination of weight coefficients from the model of the
structure or from some knowledge of magnetic behavior, and
(iii) numerical separation of contributions from different depth
or materials in the nanostructure. This section describes this
procedure in details.

Based on additivity of MO effects the obtained signals can be
expressed as weighted sums of MO contributions from different
magnetic phases. Here we describe dependence of the Kerr ro-
tationθ and ellipticityǫ on two magnetic phases, however gen-
eralization to more measured quantities (different incident po-
larizations, angles of incidence, or inspected light wavelengths)
and more magneto-optic phases is straightforward. Based on
linearity θ = a1m1 + a2m2 and ǫ = b1m1 + b2m2, wherem1

andm2 are the normalized magnetizations of two phases. It is
convenient to write the relations in the matrix form:

Φ =

[

θ

ǫ

]

=

[

a1 a2

b1 b2

] [

m1

m2

]

= A M, (3)

whereΦ represents the vector consisting of measured signals
by different MO quantities,M is the vector of normalized mag-
netizations of different phases in the structure, and the matrix
A contains the weight coefficients. The length of the vectorM
has to be less than or equal to the length of the vectorΦ. In
the following we expect the same length and squareness of the
matrix A. If we determine the elements of the matrixA, which
will be discussed later, the magnetization of both phases can be
obtained using the matrix inversion:

M = A−1Φ. (4)

There are two aspects of the inversion (4). Firstly, the proce-
dure to determine elements of matrixA is discussed. We have
two possibility: (i) calculation of the weight constantsa1,2 and
b1,2 from a model, which is straightforward, but it is affected by
precision of input optical, magneto-optical, and geometric pa-
rameters of the structure. In many cases of practical interest the
model is approximate and gives only qualitative agreement with
the experiment. Therefore we often use the second possibility
(ii) estimation of weight coefficients in theA matrix directly
from experimental data using our knowledge of magnetic be-
havior of magnetic phases [11, 13]. We, for example know, that
for maximal external magnetic field both magnetic phases are
saturated and we may expect that for a certain field one phase
is already saturated, while the other is not. Separation on this
basis was applied in Refs. [11, 13].
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Secondly, we have to care, whether the matrix inversionA−1

is mathematically possible and how the experimental errorsin
measurement ofΦ and imperfect determination of the matrix
A influence errors in obtainedM. It is clear, that if two vec-
tors in the complex MO plane (see Fig. 3) are collinear (both
MO quantity is identically sensitive to two magnetic phases),
the lines in the matrixA are linearly dependent. The matrix is
singular and inversion is not possible. On the other hand, ifthe
vectors in the complex MO plane are perpendicular, the matrix
is well conditioned and the matrix inversion can be calculated.
We can define the figure of merit describing possibility of mag-
netic phases separation using thematrix condition numberκ(A).

When we measure the MO effectΦ with the tolerance∆Φ,
then relative error of magnetic contributions

‖∆M‖
‖M‖

≤ κ(A)
‖∆Φ‖

‖Φ‖
(5)

is proportional to the condition numberκ(A) [37, 38]

κ(A) = ‖A−1‖ ‖A‖ =
σmax(A)
σmin(A)

, (6)

where‖A‖ is the norm of the matrixA. In our calculations we
used the spectral norm [37, 38] and the condition number is
expressed from the ratio of the maximalσmax(A) and the mini-
malσmin(A) singular numbers obtained from the singular value
decomposition of the matrixA. κ(A) is closed to 1 for well con-
ditioned matrix and magnetic contributions are well separated.
However, for largeκ(A), the MO ellipsometry is not selectively
sensitive to different magnetic phases [36].

4. Experimental demonstrations

This section deals with demonstration of the selective sen-
sitivity in the case of ferromagnetic cobalt film deposited on
the self-organized Au islands on the Mo buffer layer. Figure 4
shows schematically the sample structure. The sample was
grown on a monocrystalline sapphire (1120) substrate in molec-
ular beam epitaxy (MBE) system. The Au islands are self-
assembled on the 20 nm thick Mo(110) epitaxial layer at ele-
vated temperature of 500◦C. Such patterned buffer was covered
by the ferromagnetic Co (0001). The measured data presented
in this paper were obtained for Co film thickness of approxi-
mately 2 nm. The system was capped by 5 nm thick Au film to
protect Co from oxidation. Therefore, two ferromagnetic sub-
systems coexist in the sample: (i) Au/Co/Au sandwiches – for
the part where the Co layer is deposited on the Au islands and
(ii) Au /Co/Mo sandwich – as the Co layer is grown between
islands on the surrounding Mo surface. Direct growth of Co on
Mo buffer results in uniaxial magnetic anisotropy originating
from lattice mismatch between Co and Mo [39].

MO selective sensitivity of the sample was modeled using
coherent summation of contribution from both subsystems. The
total Jones matrix (1) was obtained by weighted summation of
particular Jones matrices ofRAu/Co/Au andRAu/Co/Mo:

R = pRAu/Co/Au + (1− p) RAu/Co/Mo, (7)

wherep is the surface fraction of Au islands. MO angles were
calculated from the totalR using Eq. (2). Figure 5 shows the
modeled MO contributions of both magnetic fractions in the
complex MO plane as a function of the surface fractionp. Left
and right subplots represents the polar and longitudinal Kerr ef-
fects, respectively. Blue circles and red squares correspond to
contributions of Co on gold islands and Mo buffer, respectively.
Both the polar and longitudinal MO effects show clear possibil-
ity of selective sensitivity to two magnetic subsystems.

The sample was studied using MO Kerr ellipsometer based
on differential intensity detection. Semiconductor laser beam of
wavelength 670 nm modulated using Polarizer/PEM/Polarizer
system at 100 kHz incident at the angle of incidence of 60◦ on
the sample. Polarization of the reflected beam is measured us-
ing the achromatic quarter-wave compensator and the Wollas-
ton prism with two detector systems. In-plane direction of ex-
ternal magnetic field is computer controlled together with mo-
torized rotation of the sample. In this paper, we present data
obtained forp-polarized incident light.

sapphire substrate

Co (2 nm)

Mo(110) (20 nm)

Au (5 nm)

Au islands

Figure 4: Schematic plot of the sample structure of Co grown on self-assembled
Au islands
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Figure 5: Contributions to Kerr rotation and ellipticity ofAu/Co/Au islands and
Au/Co/Mo surrounding are modeled and plotted in the complex MO plane.

Figure 6 shows MO hysteresis loops after separation of all
three components of the magnetization vector measured using
the Kerr rotationθp and ellipticity ǫp (separation procedure is
described in Sec. 2.2, Fig. 2). The loops obtained using the
Kerr rotationθp (upper line in Fig. 6) are significantly different
from the loops of the Kerr ellipticityǫp. Therefore, existence of
two contributions from different magnetic systems is clearly ev-
ident. We suppose that the upperθp-loops comes mainly from
the Au/Co/Au islands. They contribute also to the lowerǫp-
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Figure 6: Separated MO hysteresis loops for p-polarized incident light mea-
sured usingθp (first line) andεp (second line). Three columns correspond to
polar, longitudinal, and transverse contributions separated using procedure de-
scribed in Sec. 2.1.

loops, but the effects of the surrounding Cobalt deposited on
Mo buffer dominate in the lowerǫp-loops. In the following
we discuss magnetic behavior: (i) both magnetic phases ex-
hibit the polar magnetization components for in-plane magnetic
field. However, the polar components are relatively small and
the magnetizations are only slightly inclined out of the plane.
(ii) Co grown on Mo buffer shows coherent magnetization rota-
tion and strong in-plane magnetic anisotropy, which is explain
by lattice mismatch [39]. (iii) Longitudinal loop for Au/Co/Au
islands is wider and smoother indicating the higher coercitive
field its distribution for individual islands.

5. Conclusions

Magneto-optical selective sensitivity is described on theba-
sis of rigorous modeling and experimental observation in ultra-
thin Co films on nanostructure of self-assembled gold islands.
Despite the fact that the lateral dimension of nanostructure is
smaller than inspected light wavelength, we are able to separate
magnetic response of Co deposited on Au island and on sur-
rounding Mo buffer. Such possibility originates from different
MO phase resulted from effect of buffer layer, which signifi-
cantly affect also magnetic properties. The presented method is
general and we believe that it is applicable for various systems
of multilayers, periodic structures, and nanocomposites mea-
sured by different MO effects.
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[2] A. Hubert, R. Schäfer, Magnetic domains: the analysis of magnetic mi-
crostructures, Springer, Berlin, 1998. P. 369, Ref. 818.
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pakiewicz, M. Urbaniak, B. Szymański, F. Stobiecki, Material selec-
tive sensitivity of magneto-optical Kerr effect in NiFe/Au/Co/Au periodic
multilayers, IEEE Trans. Magn. 44 (2008) 3261–3264.

[12] P. Vavassori, V. Bonanni, A. Busato, D. Bisero, G. G. A. O. Adeyeye,
S. Goolaup, N. Singh, C. Spezzani, M. Sacchi, Magnetostaticand ex-
change coupling in the magnetization reversal of trilayer nanodots, J.
Phys. D: Appl. Phys 41 (2008) 134014.
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Depth-sensitive characterization of surface magnetic properties of as-
quenched FeNbB ribbons, Appl. Surf. Sci. 255 (2008) 3322–3327.
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