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Magneto-optical (MO) Kerr effect (MOKE) magnetometry is one of the most widely employed techniques
for the characterization of ferromagnetic thin-film samples. Some information, such as the magnitude of
coercive fields or anisotropy strengths, can be readily obtained without any knowledge of the optical and MO
properties of the material. On the other hand, a quantitative analysis, which requires precise knowledge of the
material’s index of refraction n and the MO-coupling constants K and G, is often desirable, for instance, for the
comparison of samples which are different with respect to ferromagnetic layer thicknesses, substrates, or
capping layers. While the values of the parameters n and the linear MO-coupling parameter K reported by
different authors usually vary considerably, the relevant quadratic MO-coupling parameters G even for Fe are
completely unknown. Here, we report on measurements of the thickness dependence (0—60 nm) of the linear
and quadratic magneto-optical effects in epitaxial bcc-Fe(001) wedge-type samples performed at a commonly
used laser wavelength of 670 nm. By fitting the thickness dependence we are able to extract a complete set of
parameters n, K, (G;;—G,), and G4y for the quantitative description of the MOKE response of bce-Fe(001).
We find the parameters n, K, and G to significantly differ for films thinner than about 10 nm as compared to
those for thicker films, which is indicative of a thickness dependence of the electronic properties or of surface
contributions to the MOKE. The magnitude of the quadratic magneto-optical effect is found to be about

one-third of the record values reported recently for Co,FeSi.
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I. INTRODUCTION

The magneto-optical (MO) Kerr effect (MOKE) of ferro-
magnetic (FM) thin films has been a field of intensive studies
over the last 3 decades. This interest in MOKE was moti-
vated by three aspects: (i) its importance as an experimental
magnetometric tool, (ii) its being a means of measuring the
band structure of FM materials, and (iii) its application in
MO storage media. MOKE is probably the tool most widely
employed for the magnetometric characterization of thin-film
samples employed for spintronics. Among its most common
applications are the quantitative determination of the coer-
civity, magnetic anisotropy, and interlayer exchange coupling
from the analysis of hysteresis loops recorded with the
MOKE signal. Other prominent applications are the investi-
gation of spin dynamics in the time domain and magnetic
domain imaging. The main advantages of the MOKE over
other techniques are its compatibility with high magnetic
fields, surface sensitivity with a typical information depth of
some 10 nm, a time resolution down to the subpicosecond
regime, a reasonable spatial resolution on the order of about
0.5 wum, and robust and inexpensive experimental setups.

Many applications neglect the absolute magnitude of the
Kerr effect, which is given by the magnitude and phase of
the complex Kerr angle. Instead they describe the depen-
dence of the normalized Kerr angle on the magnetization
angle by means of adjustable response coefficients. This type
of description has the advantage that it does not require any
knowledge of the materials’ optics, yet it is sufficient to ex-
tract a lot of information, such as the magnitude of the mag-
netocrystalline anisotropy of FM single-layer systems,'? or
the antiferromagnetic interlayer exchange coupling of FM
double-layer systems.>* On the other hand, the absolute
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magnitude of the complex Kerr angle provides valuable in-
formation, which can support the experimental data, and can
be employed to quantitatively compare samples with, for in-
stance, different FM layer thicknesses, substrates, or capping
layers and to determine the thickness of the FM layers, the
MOKE information depth, etc. However, the full quantitative
MOKE information is generally not linked by simple ana-
lytic formulas to the material properties, which are the indi-
ces of refraction n and the linear and quadratic MO-coupling
parameters K and G of all involved layers. Even in ultrathin
films of only some nanometers of thickness, a linear depen-
dence of the size of the MOKE response on the FM layer
thicknesses, known as additivity law—which was claimed by
Qiu et al. in Ref. 5—is generally not valid.®

Therefore, a general numerical treatment of the MOKE by
solving Maxwell’s equations and the standard boundary con-
ditions is indispensable for the quantitative interpretation of
the Kerr angle. A prerequisite for this calculation is the pre-
cise knowledge of the optical and magneto-optical material
parameters. Although spectroscopically determined values
for n and K are available for many materials, the overall
agreement of the data from different sources is often, as, for
instance, in the case of bcc-Fe,” rather poor. The strong
variation in the tabulated optical constants is frequently at-
tributed to surface contamination or oxidation of the ex situ
measured samples, but thickness or quality variations of the
films are also plausible. For instance, (i) in Ref. 8 the Kerr
angle of Fe has been found to oscillate as a function of the
thickness of a capping Au layer due to quantum-well states;
(ii) spectroscopic MOKE data of thin Fe films show features
which cannot be explained by the bulk electronic band struc-
ture of Fe (Ref. 9); and (iii) there is strong evidence for
interfacial contributions in the MOKE.'?
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Moreover, the literature values are almost exclusively lim-
ited to the first-order linear MO-coupling parameter K. For
many FM materials, e.g., from elementary Fe (Refs. 1 and
11-13) to the more complex Heusler alloy Co,FeSi,'* how-
ever, the second-order quadratic coupling constants G have a
comparable impact on the Kerr angle. To our knowledge the
only published value of a second-order MO-coupling con-
stant is the imaginary part of G4/K of Ni of about
Im(G,4/K)=-0.02 at the wavelength A\=514 nm, which was
experimentally determined from Brillouin light-scattering
data by Giovannini et al.'> The second-order magneto-
optical parameters, which are G;, G, and Gy, for systems
with cubic symmetry, give rise to MO effects quadratic and
even in the magnetization M. These effects are known as
quadratic magneto-optical Kerr effect (QMOKE) or Voigt
effect in reflection, and have recently received a lot of
attention."!'-14 Effects quadratic in M also turn out to be
important in magnetization-dependent second-harmonic gen-
eration (MSHG),'® x-ray magnetic linear dichroism, and the
closely related x-ray Voigt effect.!” All the more it is surpris-
ing that to our knowledge no one has yet determined a full
set of corresponding material parameters G to describe the
QMOKE.

Apart from their practical significance for MOKE magne-
tometry, the MO-coupling parameters are also important in
fundamental research. From a microscopic point of view the
MO coupling is due to the interplay of the exchange interac-
tion leading to a splitting of the bands and the spin-orbit
(SO) coupling. It is therefore closely related to the magneto-
crystalline anisotropy energy, which also arises due to SO
coupling. The MO-coupling parameters may be seen as an
important probe for the fundamental electronic interactions
in FM materials; e.g., spectroscopic MOKE is a widely used
standard tool to evaluate the band structure in FM metals.’
While the linear MO effect is due to first-order SO coupling,
the quadratic MO coupling is thought to be caused by
second-order SO coupling terms. The SO coupling is known
to be altered at the interfaces and in ultrathin films, which
gives rise to the well-known thickness dependence of the
magnetocrystalline anisotropy energy, e.g., in Fe,'® and inter-
facial MOKE contributions, which have been observed by
various authors.'?

In this contribution we report on a magnetometric study
of the magneto-optical response of bce-Fe(001) wedge-type
samples with thicknesses ranging from O to 60 nm. We have
determined both components of the complex Kerr angle, the
Kerr rotation and the Kerr ellipticity. Effects linear and qua-
dratic in M, linear magneto-optical Kerr effect (LMOKE)
and QMOKE, respectively, are separated by fitting the hys-
teresis loops to a single domain model. The QMOKE, which
is known to be anisotropic (i.e., it depends on the sample
orientation with respect to the plane of incidence), has been
determined for both Fe(001)[110] and Fe(001)[100] direc-
tions parallel to the plane of incidence. By fitting the thick-
ness dependence of LMOKE and QMOKE we are able to
extract a full set of Fe material parameters n, K, (G|;—G1,),
and Gy, at a light wavelength of 670 nm. We find a sizable
thickness dependence, which, however, seems to be mainly
of nonmagnetic origin. The main effect is an increased index
of refraction for Fe film thicknesses below about 10 nm as
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compared to thicker films. A large maximum absolute value
of the quadratic Kerr effect (QMOKE) of 0.37 mrad is found
at about 22 nm Fe thickness. This value is of a comparable
order of magnitude as the recently reported record QMOKE
values for Co,FeSi.!*

The paper is organized as follows. In Sec. Il A we de-
scribe briefly the sample preparation. Details of the experi-
mental MOKE setup and the data recording are given in Sec.
II B. Section III deals with the modeling of the MOKE and
the hysteresis loops. The results are presented and discussed
in Sec. IV. Finally, we summarize our results in Sec. V.

II. EXPERIMENTAL DETAILS

A. Sample preparation and experimental MOKE setup

Epitaxial bce-Fe(001) (wedge)/Ag (1 nm)/Au (2 nm) have
been prepared by molecular-beam epitaxy on top of a GaAs/
Ag(001) buffer system. The Au capping layer has been cho-
sen to be thick enough to prevent oxidation and thin enough
to be able to determine large Kerr angles. The Ag interface
layer has been introduced in order to prevent a possible al-
loying of Fe and Au. The preparation is described in detail
elsewhere.!®?0 All thicknesses have been precisely deter-
mined using a calibrated quartz-crystal monitor. The Fe
thickness has been varied continuously between 0 and 8 nm
for sample A and stepwise for sample B with discrete Fe
thicknesses of 5, 8, 12, 18, 24, 32, 44, and 60 nm.

B. MOKE setup

The MOKE measurements were performed using light
from a Toshiba TOLD9231M multimode laser diode with a
wavelength of 670 nm and a spectral half-width of less than
2 nm. An in-plane magnetic field with a maximum strength
of 0.7 T is generated by a Broker electromagnet with FM
yoke and measured with a Hall probe. The sample is
mounted on a manually rotatable holder with an angle scale,
which allows a determination of the angle with respect to the
plane of incidence with a precision of about *=2°.

The optical setup consists of a light beam with its plane of
incidence parallel to the external field direction illuminating
the sample under an angle of incidence of 15° with respect to
the sample normal (see Fig. 1). The incident light is polar-
ized in p direction (electric field component in the plane of
incidence) employing a rotatable Glan-Taylor-type polarizer.
The phase of the reflected light is modulated at a frequency
f=50 kHz with a HINDS PEM-90 photoelastic modulator
(PEM) at diagonal modulation axis (rotated by 45° with re-
spect to the p direction) and at a retardation of 90°. A quarter
wave plate with its retardation axis parallel to the p direction
can be placed between sample and PEM. Consecutively the
light passes through an analyzer of the same type as the
polarizer, but oriented in § direction. The light intensity is
then converted into an electrical voltage by a homemade
diode detector. In order to avoid possible multiple reflections
between the sample and the optical elements in the reflected
beam path, which might impair the data by parasite signals, a
diaphragm with a diameter of about 2 mm is placed right
after the sample. Analyzer, PEM, and quarter wave plate are
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FIG. 1. Experimental MOKE setup. The quarter wave plate is
introduced to measure the Kerr rotation 6 instead of the Kerr ellip-
ticity e. For clarity, the diaphragm is not shown.

slightly tilted with respect to the optical axis so that the light
reflected back to the sample is blocked by the diaphragm.

With this setup the small f (50 kHz) component deter-
mined with a lock-in amplifier is to first order proportional to
the p ellipticity € times the reflected intensity, while the
much larger 2f (100 kHz) and dc components (the latter is
recorded simultaneously with a multimeter) are to first order
proportional to the reflected intensity alone.?! By introducing
a quarter wave plate between sample and PEM, we are able
to measure the p rotation 6 instead of the ellipticity. The two
Kerr angle components (6 and €) are calculated by dividing
the measured f component by the 2f component.

As the amplification factor of the detector is frequency
dependent, the measured Kerr angle has to be calibrated. For
this purpose, we have used a thick Au sample and turned the
analyzer out of the p direction by an angle ¥ while recording
the ellipticity and rotation signal. The data are then adjusted
such that the measured dependence of the resulting rotation 6
and ellipticity € as a function of the polarizer angle ¥
matches the theoretical relationship

O(W) + ie(W) = 2 gin(W), (1)
Tpp

where ry and r

»p are the diagonal Fresnel reflection coeffi-
cients. A value r/r

»p=1.0003-0.0379; has been calculated
using the Fresnel formulas and taking the literature value®?
n=0.100+3.653i for the index of refraction of Au at our
laser wavelength. We have performed the calibration proce-
dure for both the real and imaginary parts of Eq. (1), i.e.,
with and without quarter wave plate, and find excellent
agreement for the calibration factors (less than 2% differ-
ence). This corroborates that the calibration works properly
and possible detriments of the measurement by multiple re-
flections are indeed well under control.

III. NUMERICAL MODELING OF THE MOKE
AND HYSTERESIS LOOPS

The optical and MO material properties can be described
by the permittivity tensor €;;, which can be expanded in a
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power series of the Cartesian direction cosines m; of the
magnetization M:

Gij(M) = 61(-1M=0) + K,-jkmk + Gijksmkms + o (2)

The numbers of independent linear and quadratic MO-
coupling constants, K;;; and Gy, respectively, are reduced
by the symmetry of the crystal and the Onsager principle
€;(M)=¢;(-M). For cubic symmetry the permittivity tensor
is completely defined by five quantities: the nonmagnetic
part of the permittivity e™=0=pn2 which is given by the
square of the index of refraction n; the linear MO-coupling
constant K=Kj;; and the three independent quadratic MO-
coupling parameters G;;;;=Gy, G;;;;=G, and G;j;;=Gyy. In-
stead of the linear MO coupling K, the Voigt parameter Q
=iK/ €M=Y is frequently used. The complex Kerr angle,
which is a measure of the magnitude of the MOKE signal,
can be calculated using the standard 4 X 4 matrix formalism
as explained in Refs. 23-25. Our open-source computer pro-
gram developed for the calculation of the MOKE can be
downloaded from Ref. 26.

The small complex Kerr angle is generally defined as the
off-diagonal Fresnel reflection coefficients divided by the di-
agonal ones. For instance, for incident p-polarized light:
D,=E"/ E ) =r,/1,,=60+ie*’ We would like to point out
that this definition is insufficient as it does by no means
define the sign of the Kerr angle, which depends on the
choice of coordinate system, relative orientation of the p and
§ directions, the in-plane wave vector of the light, and the
sign of the wt term in the exponent of the wave function, i.e.,
the time convention. The sign convention in magneto-optics
is indeed a long-standing problem; i.e., different authors re-
port different signs for the complex Kerr and Faraday rota-
tion angles.” Even worse hardly any paper gives a clear defi-
nition of the employed sign conventions. Therefore, we will
here briefly define the convention used in this paper. The
orientation of the coordinate system is defined as depicted in
Fig. 1 with positive m;, which is also the direction of a posi-
tive external field pointing to the right; m, pointing up; and
ky, which is the direction of the in-plane light wave vector,
pointing to the left when looking onto the sample. The p and
§ directions of the incident and reflected beams are chosen to
be parallel to m; and m,, respectively, for perpendicular inci-
dence, and a time convention of ki—wt is assumed. Using
this convention a positive Kerr rotation corresponds to a ro-
tational vector pointing in the propagation direction of the
reflected light; i.e., the polarization vector (p direction) is
rotated in clockwise direction when looking in the direction
of the reflected beam. For a 60 nm Fe film the Kerr rotation
due to a positive m; results in a negative Kerr rotation 6 and
a positive Kerr ellipticity €. From an experimental point of
view, the negative Kerr rotation is equivalent in sign to a
counterclockwise turn (looking in the direction of the inci-
dent beam) of the polarizer and the positive ellipticity € to a
clockwise turn of the polarizer out of the p direction, respec-
tively.

It is convenient to expand the Kerr angle ® as a function
of the directional cosines of the magnetization vector M
(Ref. 13); e.g., for in-plane magnetization,
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D= D [limy;+qmym,;+ QZ,imzz,i +0(mY)], (3)

layers i

where [; are the longitudinal (LMOKE) response coefficients
and g, ; and g, ; are the quadratic response coefficients. Simi-
lar relations hold for the more general case including out-of-
plane magnetization, the Faraday effect, and even the calcu-
lation of Brillouin light-scattering intensities,”® which are
closely related to the MOKE problem. Note that some au-
thors use a different form for the second quadratic term,
namely, g,(m7—m?), which is equivalent to our term if the
magnetization is in a single domain state except for a factor
of —2 and a constant offset of 1. In the case of a multidomain
state this kind of description does not generally hold as ad-
ditional significant MO effects due to the magnetization
gradient” can be present. The longitudinal coefficients I;
stem from the linear MO-coupling parameter K alone and are
known to be isotropic, i.e., independent on the sample orien-
tation, as long as the FM layers have cubic symmetry. By
contrast, the quadratic coefficients are due to a combined
effect of the linear and quadratic MO couplings and are an-
isotropic; i.e., they depend on the relative orientation of the
sample with respect to the plane of incidence. For cubic sys-
tems the resulting g coefficients have been found to have the
form'3

1= qo01 + (qo11 — Goor)sin*(2), (4)

1 .
q4r= 5(‘]011 — qo01)sin(4y), (5)

where 7 is the angle between the in-plane component of the
light wave vector and an in-plane Fe[001] direction (positive
v corresponds to a counterclockwise sample rotation in Fig.
1), and ggo; and g, are QMOKE constants for the planes of
incidence parallel to the [001] and [011] directions, respec-
tively. The anisotropy of the QMOKE stems from the sym-
metry of the effective second-order MO-coupling tensor
Gijks» Which is closely related to the symmetry of the crystal.
For Fe(001) with in-plane magnetization, (G,,—G;,) and
2Gy, are the relevant second-order MO-coupling parameters
for the [011] (y=45°) and [001] directions (y=0°), respec-
tively. The parameter AG=(G,— G ;) —2Gy44 is a measure of
the anisotropy strength.!3

The ¢, coefficients have an isotropic and an anisotropic
contribution. They depend on the sum of —K*/n* and G,
—G,—AG cos?(2y)."3 In some cases the first term is much
smaller than the second term; however for our system and
experimental setup both terms have a comparable order of
magnitude. Therefore, errors in the determination of n and K
affect the accuracy of the G values. A wrong sign of the ¢,
value will not simply lead to wrong signs, but to wrong
values of the second-order MO-coupling constants. On the
other hand, the g, coefficients stem purely from the G pa-
rameters, namely, from AG/2 sin(4y),'® and vanish if the
plane of incidence is parallel to the symmetry directions
[001] and [011].

The response coefficients can be determined
experimentally—at least for single-layer systems—with a
suitable setup, for instance, by rotating the field.'3° They
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FIG. 2. (Color online) Field dependences of measured (con-
nected open circles) and calculated (lines) Kerr ellipticities (center
graphs) and Kerr rotations (top graphs) for a 60 nm Fe film. The
bottom graphs show the components corresponding to the /, ¢, and
g, terms of the Kerr ellipticity loops. The left curves correspond to
a sample orientation with hard axis parallel to external field (y
~45°), while for the right curves the field is parallel to an interme-
diate direction (y=22.5°). The field is swept first from positive to
negative values and then back. The magnetization alignments are
shown with short arrows; the easy axis directions of the magneto-
crystalline anisotropy are shown with crossed long arrows.

can also be calculated numerically from the optical and MO
material parameters n, K, and G. As our MOKE setup does
not allow for a field rotation, we choose here the alternative
approach of analyzing remagnetization loops recorded at dif-
ferent sample orientations.

Typical MOKE loops for a 60 nm Fe film are shown in
Fig. 2. The experimental Kerr rotation (top graphs) and el-
lipticity (center graphs) are plotted with connected open
circles. We have determined the MOKE response coefficients
1, g1, and g, by fitting experimental remagnetization loops to
a single domain model taking into account the sample orien-
tation y and the cubic anisotropy parameter K./M, and de-
scribing the Kerr angle via Egs. (3)—(5). While the left loops
recorded at an angle y=45° (i.e., with field parallel to a hard
[011] direction) depend on [ and ¢g;;, the right loops are
recorded at y=22.5° and, therefore, depend on / and both
qo11 and ggp;. Thus, a simultaneous fitting of the loops for
both orientations yields a full set of MOKE response coeffi-
cients /, ggo;, and goy;-

IV. RESULTS AND DISCUSSION
A. Linear MOKE

The thickness dependence of the experimental linear
MOKE extracted from the hard axis loops is marked in Fig.
3 by circles and triangles for samples A and B, respectively.
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Fe thickness (nm)

FIG. 3. (Color online) Thickness dependences of the measured
(circles and triangles for samples A and B, respectively) and calcu-
lated (lines) linear ellipticities € (upper curves) and rotations 6
(lower curves). Error bars are comparable to the symbol size. Dot-
ted curves result from a calculation with material parameters from
literature. A fit to the data of sample A with thickness range of 0-8
nm (dashed curves) yields a clearly different behavior from a fit to
the data of sample B with a larger thickness range of 5-60 nm
(solid curves). Inset: Magnification of the low-thickness region.

The data for thicknesses of 5 and 8§ nm measured for both
samples are in excellent agreement, indicating that the
sample qualities and thickness calibrations of samples A and
B are very similar. The upper and lower curves correspond to
the imaginary and real parts of the Kerr angle (ellipticity €
and rotation ), respectively. In agreement with the results of
previous publications on similar systems,’ the Kerr ellipticity
increases linearly with the film thickness below 5 nm, which
is indicative of the law of additivity of the MOKE effect size
being valid in this regime. On the other hand, there is no
such linear behavior for the Kerr rotation, which changes
sign at about 4 nm, meaning that the additivity does not hold
for the Kerr rotation. This breakdown of the additivity law is
due to the dominant imaginary component of the Kerr angle
found for ultrathin Fe layers on noble-metal substrates. In
contrast, on semiconducting substrates, e.g., GaAs, the Kerr
angle of Fe is mainly real and the additivity holds for the
rotation, but not for the ellipticity.® For thicker layers, the
phase of the electromagnetic wave inside the Fe layer
changes due to the real part of the perpendicular wave-vector
component k, and, therefore, gives rise to negative Kerr
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ellipticity contributions coming from Fe layers buried deeper
than about 12 nm, where the slope changes sign. On the
other hand, the imaginary part of the wave vector k, leads to
a decreasing intensity of the electromagnetic wave with in-
creasing depth inside the film, which determines the infor-
mation depth of about 40 nm, where the slope begins to
asymptotically flatten.

The thickness dependence calculated using literature val-
ues of the indices of refraction from Refs. 22 and 31, n Ag
=0.27+4.66i, n,,=0.10+3.65i, and ng,=3.57+4.02i, and the
linear MO coupling from Ref. 32, 0=0.0437+0.0040i, is
plotted as dotted lines. As found earlier by Qiu et al.,’ the
material constants from literature approximately reproduce
the Kerr ellipticity, which is insensitive to small phase
changes of Q. However, the literature data fail to describe the
Kerr rotation.

We have fitted our experimental data employing the full
4 X 4 matrix formalism?*?* using fixed indices of refraction
for Ag and Au from literature as specified above, and treating
the index of refraction and the MO coupling of Fe as free
parameters. The dashed and solid curves in Fig. 3 correspond
to the data of samples A and B, respectively. The fit results
are listed in Table I. It turns out that a satisfactory fit over the
whole thickness range with only one thickness-independent
set of material parameters is impossible. The fit to the data of
sample A with smaller thicknesses results in a significantly
about 10% larger index of refraction with different phase as
compared to the thicker sample B. On the other hand, the
MO-coupling parameter Q mainly differs in phase by about
10°, while the absolute values are in rather good agreement
within less than 3% difference. Thus, it seems that the dif-
ference between thin and thick Fe layers is mainly of optic
rather than of magneto-optic origin.

Our value of the index of refraction of Fe determined
from the data of the thicker sample B, ng.,=3.53+3.72i, com-
pares reasonably well with the value n=3.57+4.02i of
Yolken and Kruger.3! While the real part is in excellent
agreement, our imaginary part is about 7% smaller, which is
probably within the range of the systematic experimental er-
rors. On the other hand, our value for the linear MO coupling
Q for sample B is significantly by about 20% smaller and has
a phase difference of about 17° compared to the data of
Krinchik and Artemev.*?

The curve fitted to the data from the thinner sample de-
parts from the experimental data at about 15 nm, which cor-
responds to approximately half the penetration depth of the
light. This circumstance might hint at an improper descrip-
tion of the optical properties of the Ag substrate as a reason

TABLE 1. Indices of refraction (n) and linear (Q) and quadratic (G;;—G, and G44) MO-coupling

constants derived from data of samples A and B.

Parameter Sample A (0-8 nm) Sample B (5-60 nm) Literature?

n 4.06 = 0.03+(3.85 = 0.03)i 3.53+0.03+(3.72+0.03)i 3.57+4.02i
(@) 0.0331 +0.0002—-(0.0127 =0.0002)i  0.0356 == 0.0004—(0.0074 = 0.0003)i  0.0437+0.004i
G 1-G;, —0.0544 +0.0005-(0.0287 = 0.0005)i —0.0358 +0.0002-(0.0382 = 0.0002)i

Gy —-0.0117 +0.0003-(0.0349 = 0.0003)

4References 22 and 31.
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FIG. 4. (Color online) Thickness dependences of the measured
(circles and triangles for samples A and B, respectively) and calcu-

lated (lines) QMOKE:s for the Fe[011] direction (hard axis) parallel
to the plane of incidence.

for the apparent thickness dependence of the index of refrac-
tion of Fe. The substrate mainly influences the Kerr angle for
Fe thicknesses below 15 nm as the light reflected from the
substrate can reach the sample surface. In order to test this
conjecture, we have additionally fitted the data with the in-
dices of refraction of the substrate and capping layers as free
parameters. However, we could not substantially improve the
overall quantitative agreement of the fits. Therefore, im-
proper optical parameters of the nonmagnetic layers can be
ruled out as a reason for the encountered thickness depen-
dence of the optical Fe properties. Possible explanations for
the thickness dependence are: (i) the tensile strain of the Fe
due to the small lattice mismatch of 0.7% between Fe and
the Ag substrate leading to an anisotropic permittivity tensor;
(ii) a relaxation of the lattice constant of Fe for larger thick-
nesses resulting in a thickness dependence of the optic prop-
erties of the Fe layer; (iii) altered electronic properties of the
thin Fe layer due to the proximity to the noble-metal sub-
strate and the capping layers, which can have a sizable
influence;*!° and (iv) interfacial MOKE contributions,'?
which have been neglected in the theoretical description.

B. Quadratic MOKE

The thickness dependences of the QMOKE coefficients ¢
for the hard axis (Fe[011] direction) and the easy axis
(Fe[001] direction) configurations are plotted in Figs. 4 and
5, respectively. In contrast to LMOKE, in this case the real
part (Kerr rotation 6) is the quantity which depends linearly
on thickness for ultrathin Fe layers, while the slope of the
imaginary part (Kerr ellipticity €) changes sign at approxi-
mately 7 and 2 nm for the [011] and [001] configurations,
respectively. Thus, taking into account the significant
QMOKE contribution the additivity holds for neither com-
ponent of the Kerr angle. It should, however, be noted that
the additivity holds for the complex Kerr angle if the layers
are sufficiently thin.

The extracted relevant second-order MO-coupling con-
stants, G;;— G, and Gy, for the hard and easy axis configu-
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FIG. 5. (Color online) Thickness dependences of the measured
(circles and triangles for samples A and B, respectively) and calcu-

lated (line) QMOKE:s for the Fe[001] direction (easy axis) parallel
to the plane of incidence.

rations are listed in Table I. They have been determined by
fitting the data taking into account the n and Q parameters
from the fits to the LMOKE data (Fig. 3). The determination
of the gq; parameter depends on both the values of gy;; and
[ [see Eq. (3)]. Therefore, the propagation of errors results in
a significantly poorer quality of the experimental data. As a
consequence we could not reliably determine the G,4 param-
eter for sample A.

We find maximum absolute values |g,| of the QMOKE at
about 22 nm of 0.23 and 0.37 mrad for the hard and easy axis
configurations, respectively. These values should be com-
pared to the record QMOKE value of about 1.05 mrad (Ref.
33) recently found in Co,FeSi alloys in Ref. 34. These com-
parable orders of magnitudes of the QMOKEs of Fe and
Co,FeSi imply that the maximum QMOKE value of Fe in
the visible wavelength region might be even larger than that
of Co,FeSi as both materials are expected to have distinct
frequency dependences resulting from their electronic band
structures.

In Fig. 2 of Ref. 13 Postava et al. gave the dependence of
LMOKE and QMOKE contributions on sample orientation
for a 50-nm-thick bce-Fe(001) sample capped with 1.5 nm
Pd and measured at an incident angle of 3.25°. Based on our
fitted optical and MO material constants we have calculated
the Re(l), Re(go;), and Re(ggy;;) constants for the sample
structure and experimental configuration of Ref. 13 and as-
suming npy=1.87+4.44i. We find a value of Re(l)=
—0.066 mrad, which is comparable but about 20% smaller
than the value of Re(l)=-0.09 mrad (Ref. 33) determined
by Postava et al.'> On the other hand, our QMOKE data
differ more distinctly, although they are of a similar order of
magnitude. While we find Re(gy,;)=0.079, which is about
30% larger than the value Re(gg;)=0.06 determined by
Postava et al.,'* our value for Re(gy;)=—0.073 is about a
factor of 2 smaller than Re(ggy;)=~—0.16 determined by
Postava et al.'®> This difference of the QMOKE is clearly
larger than the experimental errors caused by uncertainties in
the layers thicknesses, the optical properties of the capping
layers, and the calibration of the MOKE setup. Although
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both the sample of Postava et al.'* and our samples are epi-
taxial bce-Fe(001), a possible explanation could be a strong
structural dependence of the QMOKE as described in Ref. 14
for Co,FeSi.

V. CONCLUSIONS

The thickness dependence of the linear and quadratic
MOKESs of wedge-type thin Fe(001) films magnetized in the
sample plane has been measured. Good quantitative agree-
ment of the experimental data with calculations assuming
bulk-type optic and MO material constants indicates that the
thickness dependence of the MOKE is mainly due to bulk-
type magneto-optical coupling. On the other hand, we found
a sizable departure from theory for thicknesses below about
10 nm. This can be explained by thickness-dependent optic
and MO material parameters, which are possibly due to MO
surface effects or thickness-dependent features of the band

PHYSICAL REVIEW B 79, 064402 (2009)

structure, e.g., quantum-well states. By fitting the experimen-
tal data to results of a numerical model, we extracted a com-
plete set of material constants n, K, (G,;—G,), and Gy, for
the quantitative description of the MOKE of bec-Fe(001) at
the laser frequency employed. These second-order MO-
coupling constants of Fe are comparable to the first-order
constants and, thus, of general significance for the theoretical
description of the MOKE. The index of refraction n is in
excellent agreement and the linear MO-coupling constants K
agree reasonably with previous works. In contrast, a com-
parison of the second-order constants with earlier QMOKE
data from Postava et al.'3> demonstrates a remarkable differ-
ence. This suggests that the anisotropic second-order MO
coupling might strongly depend on the sample properties.
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