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Strain-induced magneto-optical anisotropy in epitaxial hcp Co films
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We investigate the existence and origin of magneto-optical anisotropy in epitaxial hcp Co films. Our results
show that a significant magneto-optical anisotropy exists in our samples and, more importantly, they reveal that
its amplitude is directly correlated with epitaxial strain. We find a linear coefficient of 16.8% magneto-optical
anisotropy per every 1% epitaxial strain, which is in stark contrast to an isotropic magneto-optical coupling factor
Q, a very frequent and common assumption in magneto-optics of metallic thin films and multilayers. In addition,
the Co films exhibit a similar strain-induced increase of the magnetocrystalline anisotropy energy, evidencing the
fact that both magneto-optical anisotropy and magnetocrystalline anisotropy are dependent on the modification
of the spin-orbit coupling introduced by anisotropic lattice distortions.
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I. INTRODUCTION

Since its establishment as a convenient tool for the study of
magnetism and magnetic materials, the magneto-optical Kerr
effect (MOKE) [1,2] has led to many relevant findings, such
as the critical behavior in monolayers [3], the understanding
of oscillatory interlayer exchange coupling [4], the spin
reorientation transition [5], and the first detection of spin
Hall states in semiconductors [6]. In recent years, MOKE
has acquired further importance due to the emergence of
novel research fields such as magnetoplasmonics [7,8] and the
development of ultrafast lasers [9], which allow investigations
on extremely short time scales [10,11], including all-optical
magnetization reversal [12–14].

In nearly all MOKE studies, it is assumed for the sake
of simplicity that the strength of the magneto-optical coupling
factor Q, which defines the magnetization dependent elements
in the dielectric tensor, is independent from the magnetization
orientation, which essentially means that crystallographic
structure and symmetry are not considered. Under this approx-
imation, the dielectric tensor of a material exhibiting first-order
magneto-optical Kerr effects is [2]

↔
ε = N2

⎛
⎜⎝

1 iQmz −iQmy

−iQmz 1 iQmx

iQmy −iQmx 1

⎞
⎟⎠ , (1)

where mx , my , and mz are the normalized magnetization
components along the x, y, and z axis, while the complex quan-
tities N and Q are the refractive index and magneto-optical
coupling factor of the material, respectively. It is evident
from Eq. (1) that the off-diagonal elements of the dielectric
tensor depend on the magnetization orientation, and it is this
dependence from the individual magnetization components
that leads to the well-known longitudinal, transverse, and polar
Kerr effects [1,2]. However, a single complex factor Q is
sufficient under this approximation to describe the coupling
between the magnetization vector and the optical properties
of the material. In the following, we refer to a material that
possesses the dielectric tensor of Eq. (1) as a magneto-optically
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isotropic system, while we will refer to materials that cannot
be described in this way as magneto-optically anisotropic
systems.

The utilization of the dielectric tensor in Eq. (1) is generally
understood to be a reasonable assumption for metallic systems,
where optical anisotropies overall are weak [15], and very few
experimental studies have observed only moderate deviations
from this assumption [16–20]. However, all these prior works
on magneto-optical anisotropy relied on different experimental
geometries or even different samples in order to obtain Q

values along different magnetization orientations. This has
caused severe limitations for the accurate determination of
magneto-optical anisotropy so far, and more importantly it
has prohibited the investigation of magneto-optical anisotropy
in conjunction with other materials properties, so that its
underlying physical origin is unexplored [21]. It should also
be mentioned that the accuracy and reliability of the widely
utilized magneto-optical magnetometry could be diminished
or even compromised if magneto-optical anisotropy effects
were significant and not properly taken into account. Thus,
this very popular methodology is actually reliant on the
knowledge of magneto-optical anisotropy or the confirmation
of its absence, both of which have been explored in very few
individual cases only.

Here, we present our detailed study of magneto-optical
anisotropy in epitaxial Co films of varying thickness. We
observe magneto-optical anisotropy in all our films and we
find a direct correlation between the amplitude of magneto-
optical anisotropy and the magnitude of strain in our samples.
In order to quantify the magneto-optical anisotropy in a
precise and reliable way, we used generalized magneto-
optical ellipsometry (GME) [22,23]. This technique’s main
advantage lies in its ability to simultaneously obtain optical and
magneto-optical constants as well as magnetization orientation
information with unprecedented precision. Furthermore, we
take advantage of the vector magnetometry capability of GME
to measure magnetic anisotropy, which in turn allows us to
study the relation between magnetocrystalline anisotropy and
magneto-optical anisotropy, which was also reported by the
few earlier studies available on this subject [18–20]. In the
following, we present the experimental aspects of our work in
Sec. II, which includes the sample growth and measurement
procedure. Then, our results are shown in Sec. III, where
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ARREGI, GONZÁLEZ-DÍAZ, IDIGORAS, AND BERGER PHYSICAL REVIEW B 92, 184405 (2015)

we demonstrate that magneto-optical anisotropy is increased
by epitaxial strain. This observation is furthermore compared
to the magnetocrystalline anisotropy features of our samples.
Finally, we summarize the key aspects of our work and discuss
their relevance in Sec. IV.

II. EXPERIMENTAL DETAILS

For our experimental study, we fabricated epitax-
ial hcp Co films with in-plane c axis orientation
via sputter deposition onto hydrofluoric-acid-etched sili-
con substrates [24]. We followed the epitaxial sequence
Si(110)/Ag(110)/Cr(211)/Co(1010), for which we deposited
75 nm of Ag and 50 nm of Cr as template layers and a
sample-dependent thickness of Co. We also deposited 10 nm
of amorphous SiO2 on top of the Co films for oxidation
protection. These particular samples are motivated by the
fact that their magnetization reversal behavior is very simple
given their uniaxial magnetocrystalline in-plane anisotropy.
Correspondingly, quasistatic magnetization reversal occurs by
means of magnetization rotation, followed by a sample-sized
switch [25–27], so that an analysis of GME data sets in terms
of uniform magnetization states is straightforward. Taking
the specific nature of our samples and our experiment into
account, the film magnetization will lie in the film plane
throughout the entire reversal process. This is corroborated
by our GME measurements, which determine the out-of-plane
magnetization components to be less than 0.07% of the
saturation magnetization in all cases. Thus, our analysis can
be limited to in-plane magnetization orientations only [28].

Our magneto-optical characterization experiments utilize
a setup that is schematically shown in Fig. 1(a). Light
coming from a laser (λ = 635 nm) at 45º of incidence passes
through a first rotatable Glan-Taylor polarizer (P1), is reflected
by the sample, and finally detected by a photodiode after
passing through a second rotatable polarizer (P2). The absolute
orientation of the rotatable polarizers with respect to the plane
of incidence is given by angles ϕ1 and ϕ2, and the sample
is placed inside the gap of an electromagnet. The fractional
intensity change upon magnetization reversal δI/I = [I (H ) −
I (−H )]/( 1

2 )[I (H ) + I (−H )] that is measured by this type
of setup is dependent on the reflection matrix R̃ of the
sample and the polarizer orientations [22,23]. In order to
reliably characterize R̃, measurements for different (ϕ1, ϕ2)
configurations are carried out, building δI/I (ϕ1, ϕ2) maps for
each applied field value [23,28,29].

Experimental δI/I (ϕ1, ϕ2) maps for the applied field
strengths of 1700 Oe, 0 Oe and −300 Oe, are shown in
Figs. 1(b)–1(d), respectively, for a 30 nm thick epitaxial Co
film. Here, the GME sensitivity with respect to the magne-
tization orientation is well illustrated, which was facilitated
by the fact that the sample was oriented at an angle of
β = 75◦ between the applied field and the easy axis (EA)
of magnetization. Longitudinal and transverse Kerr effects are
superimposed in δI/I maps and hence their pattern changes as
the magnetization rotates upon sweeping the field [23,29]. For
high fields [Fig. 1(b)] the longitudinal effect dominates, and
the map shows two main lobes with opposite sign around the
crossed polarizer configuration (ϕ1 = 90◦, ϕ2 = 0◦) [30]. As
the field is decreased and then inverted [Figs. 1(c) and 1(d)] the

FIG. 1. (Color online) (a) Schematic of the GME setup. (b)–(d)
Experimental δI/I maps for a 30 nm thick epitaxial Co film at
different applied field strengths H with the sample easy axis (EA)
being oriented at β = 75 ◦. (e)–(g) Least-squares fits of δI/I maps
using the sample reflection matrix R̃ as fit parameter (R2 goodness
as indicated).

magnetization rotates, so that the transverse effect dominates
causing the emergence of two positive lobes. All experimental
δI/I (ϕ1, ϕ2) maps were fitted with the elements of the optical
reflection matrix R̃ as fit parameters, achieving excellent
agreement with the experimental data. Exemplary fits are
shown in Figs. 1(e)–1(g) side by side with the corresponding
experimental maps. The goodness of the fit shows values better
than R2 > 0.99 in all cases.

III. RESULTS AND DISCUSSION

A. Magneto-optical anisotropy

To extract the dielectric tensor of our Co films, we used
an appropriate optical model and applied the transfer matrix
method [31–33] to calculate R̃ as a function of the optical
model parameters. The optical model for our analysis is shown
in the inset of Fig. 2(a). We use the measured refractive
index of n0 = 1.46 [34] for the SiO2 cap layer and set
NCr = 3.13 + 3.31i for the Cr underlayer [35], which we
consider to be the substrate in our optical model, because
the light penetration depth at λ = 635 nm is significantly
smaller than the combined thickness of the Co and Cr films.
We first assume a conventional dielectric tensor for the Co
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FIG. 2. (Color online) Optical model analysis for a 30 nm thick
epitaxial Co film. (a) Optical constants n and κ , (b) Qr , and (c) Qi vs.
the magnetization angle γ , for datasets with β = 65◦, 75◦, and 85◦.
The inset in (a) displays the multilayer structure of the optical model.
(d) n and κ , (e) Qr and (d) Qi vs. the angle 	. The inset in (d) defines
the angles between the c axis of Co, the magnetization orientation,
and the applied field. The solid lines in (e) and (f) represent the
least-squares fits of the general dielectric tensor, Eq. (2), to the data.

film, in which Q is isotropic [Eq. (1)], in order to check for
inconsistencies to occur in the presence of magneto-optical
anisotropy. For every experimentally determined R̃, we obtain
the best-matching model parameters for the optical (N =
n + iκ) and magneto-optical (Q = Qr + iQi) constants of
the Co film and its magnetization orientation γ [see Fig. 2(d)
inset] [36]. Results for the 30 nm thick Co film are shown in
Figs. 2(a)–2(c) for β = 65◦, 75◦, and 85◦. The data in this
figure correspond to applied magnetic field values in the range
from +2000 Oe to −400 Oe, for which the magnetization
follows a field-dependent rotation at the angles β utilized here.
While both n and κ [Fig. 2(a)] are magnetization orientation
independent within our level of precision, the Qr [Fig. 2(b)]
and Qi [Fig. 2(c)] values show a clear modulation with respect
to the magnetization orientation γ , thus indicating the presence
of magneto-optical anisotropy. However, the datasets for
different β do not overlap and therefore indicate that γ , which
is defined by the plane of incidence, is not a good variable
to describe this anisotropy. Instead, a consistent description is
achieved, if one uses the sample’s crystallographic orientation
as a reference frame. Figures 2(d)–2(f) show our experimental
data vs. 	, which is the magnetization angle with respect to
the crystallographic c axis [see Fig. 2(d) inset]. While the
trend of the optical constants is unaffected by this change in
representation [Fig. 2(d)], the Qr [Fig. 2(e)], and Qi [Fig. 2(f)]
vs. 	 data now exhibit a consistent behavior by collapsing onto
the same line and showing symmetric behavior with respect to
	 = 0◦. This confirms that we observe here a magneto-optical
anisotropy effect that is due to crystal symmetry.

In order to properly describe the observed behavior, we
have to consider the following dielectric tensor for the Co film
as defined in the crystal lattice reference frame

↔
ε = N2

⎛
⎜⎝

1 iQz cos ψ −iQ⊥ sin ψ sin 	

−iQz cos ψ 1 iQ‖ sin ψ cos 	

iQ⊥ sin ψ sin 	 −iQ‖ sin ψ cos 	 1

⎞
⎟⎠ , (2)

which represents an optically isotropic material, but has
the most general form to account for magneto-optical
anisotropy [37]. In our experiment, the angle ψ between
the z axis and the magnetization is 90◦, while the in-plane
angle 	 varies during the magnetization reversal. Hence,
we access a two-dimensional projection of the dielectric
tensor, while not measuring Qz [38]. The quantities Q‖
and Q⊥ denote the magneto-optical coupling strength for
magnetization orientations parallel and perpendicular to the
crystallographic c axis within the surface plane. For in-plane
magnetization orientations in our experimental geometry, one
can derive from Eq. (2) that

Q(	) = Q⊥ + Q‖
2

(
1 − τ

2
cos 2	

)
(3)

with τ = (Q⊥−Q‖) /[(Q⊥ + Q‖)/2] being the fractional
modulation amplitude of Q. We find our experimental data
to be fully consistent with this crystal symmetry-induced Q

anisotropy, as demonstrated by the overlap of the experimental
data with the solid lines in Figs. 2(e) and 2(f), which are

least-squares fit to the Q(	) functional form shown in
Eq. (3) [39]. Specifically, the anisotropy amplitude for Qr

is 11.1%, and 88.1% for Qi .
For the purpose of investigating the general relevance and

the origin of magneto-optical anisotropy, we repeated this type
of measurement and data analysis scheme for an entire series
of epitaxial hcp Co samples with 5, 15, 50, 100, and 150 nm
thicknesses. The good epitaxial quality of our samples in the
entire thickness range is clearly demonstrated by Fig. 3(a),
where θ−2θ scans for the different samples are shown. While
the Ag and Cr peaks look virtually the same for all samples, the
Co peak changes substantially in its relative intensity due to
the varying sample thickness. X-ray diffraction measurements
of the ω-scan peak width for Co(1010) and φ-scan peak width
for Co(1011) do not show any substantial sample-to-sample
variation, which corroborates that the crystalline quality for all
our epitaxial Co films is independent from their thickness.

In all these Co films, we observe a magnetization orientation
dependence of Q = Q̃eiϑ = Qr + iQi . Hereby, it is primarily
the modulus Q̃ that varies strongly with the magnetization
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FIG. 3. (Color online) (a) θ−2θ x-ray diffraction data for epitax-
ially grown Si(110)/Ag(110)/Cr(211)/Co(1010) samples of varying
Co thickness; (b)–(d) magneto-optical coupling constant Q̃ vs. 	 for
samples with (b) tCo = 15 nm, (c) 50 nm, and (d) 150 nm. For all
datasets, β = 75◦ was used. The solid lines show the least-squares
fits of the general dielectric tensor, Eq. (2), to the data.

orientation, while the angle ϑ remains relatively constant.
Figures 3(b)–3(d) display the magnetization orientation de-
pendence of Q̃ for the 15 nm, 50 nm, and 150 nm thick Co
films, respectively. The solid lines represent the best match to
Eq. (3), from which we determine the modulation amplitudes
of Q̃ to be 18.8%, 12.0%, and 2.9% for the 15 nm, 50 nm,
and 150 nm thick Co films, respectively. Thus, we observe a
very strong reduction of the magneto-optical anisotropy with
increasing film thickness.

In order to understand this behavior, we have determined
the level of strain in our epitaxial Co films. Fig. 4(a) displays
how the Co(1010) peak position shifts towards higher values
as the Co film thickness is increased. Furthermore, it is
obvious that the peak position approaches 2θbulk = 41.56◦
for thicker films. Correspondingly, the out-of-plane strain
ezz = (a − abulk)/abulk, with a being the hcp lattice constant
in the basal plane, varies from positive 1.5% to nearly
zero in our samples [Fig. 4(a)]. For comparison, Fig. 4(b)
shows the thickness-dependent magneto-optical anisotropy
amplitude τ̃ . It is evident that both quantities show very
similar thickness-dependent behavior. The inset in Fig. 4(b)
shows the direct comparison of τ̃ with ezz. The data display
a clear correlation between both quantities, and thus provide
evidence that the increase of magneto-optical anisotropy is
directly connected to the epitaxial strain in our hcp Co films.
The least-squares fit of these data to a straight line reveals a τ̃

slope of 16.8 ± 1.4% for every 1% strain increase, as well as
an estimated residual magneto-optical anisotropy amplitude
of 3.3 ± 0.8% for the bulk case.

B. Magnetic anisotropy

Due to the fact that the main experimental as well as
theoretical studies investigating magneto-optical anisotropy

FIG. 4. (Color online) Thickness dependent Co film properties:
(a) x-ray diffraction peak position (circles) and associated strain
values ezz (squares). The dotted lines indicate the bulk values.
(b) Magneto-optical anisotropy amplitude τ̃ ; the inset shows τ̃ vs.
ezz. (c) Uniaxial magnetocrystalline anisotropy energy density Ku;
the inset shows Ku vs. ezz.

also emphasized its correlation with magnetocrystalline
anisotropy [18–20,40,41], we have also studied this aspect
here and compared both features with the structural properties
of our samples. For this purpose, we have utilized the
experimentally determined magnetization angle data 	 =
	(H, β) of our Co films and matched them to the free-energy
expression

E = K1 sin2	 + K2 sin4	 − MSHcos (	 − β) (4)

utilizing a magnetocrystalline anisotropy energy expansion up
to the fourth power term. Hereby, the magnetic anisotropy
energy densities K1 and K2 are determined by treating them
as fit parameters [42], which allows us to determine the total
uniaxial magnetic anisotropy energy density Ku = K1 + K2.
This quantity describes the energy difference between the
magnetization being aligned along and perpendicular to the
c axis of Co, corresponding to the minimum and maximum
energy state in the absence of an applied magnetic field [43].
Figure 4(c) displays the thickness dependence of Ku, revealing
a decline of about a 25% in its value upon increasing the
film thickness as it changes from 1.67 × 106erg/cm3 for
the thinnest film to 1.25 × 106erg/cm3 for the thickest one.
Remarkably, the magnetic anisotropy energy shows a similar
thickness-dependent decrease as the one we found for the
magneto-optical anisotropy τ̃ , even if Ku does not approach
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zero at high Co film thicknesses. Correspondingly, we observe
a linear correlation also between Ku and ezz, which is clearly
visible in the inset of Fig. 4(c). A least-squares fit of these
data to a straight line exhibits a slope of the magnetic
anisotropy energy density of (0.34 ± 0.05) × 106erg/cm3 per
1% increase in strain, as well as a zero-strain offset value of
(1.25 ± 0.02) × 106erg/cm3.

C. Strain-induced magneto-optical anisotropy
and magnetic anisotropy

As shown above, we observe in our experiments on thin
epitaxial Co films that the response to epitaxial strain for
magneto-optical anisotropy and magnetocrystalline anisotropy
is very similar. Indeed, it is well established that strain induces
magnetocrystalline anisotropy by means of magnetoelastic
coupling [44,45]. In the same way, theoretical reports on hcp
Co explain the increase of the magnetocrystalline anisotropy
energy upon the reduction of the crystallographic c/a ratio
in terms of the strong correlation between this ratio and the
splitting of the electronic d bands, which in turn lowers the
band-filling factor [46,47].

While the connection between magnetocrystalline
anisotropy and magneto-optical anisotropy has already been
reported for Co films of different lattice symmetry, such as
for fcc versus hcp Co [18,19], we demonstrate here that
even small distortions of the crystal structure due to epitaxial
strain can act as a most significant source of magneto-optical
anisotropy. In prior studies of magneto-optical anisotropy for
fcc Ni, it was suggested that its appearance was related to either
second-order magneto-optical effects or magnetostriction [48].
We find these interpretations not to be applicable to our
results. The GME methodology that we use removes any
second-order magneto-optical effect from the data, so that the
here observed magneto-optical anisotropy cannot be caused
by them. Magnetostriction, on the other hand, should show
a thickness dependence opposite to what we find here, since
thicker epitaxial films can undergo larger shape changes than
thinner ones due to the reduced relevance of the mechanical
coupling to the substrate. In addition, it has also been suggested
that magneto-optical anisotropy in bcc Fe can arise from
third-order magneto-optical effects, given that the cubic crystal
symmetry excludes the possibility of an anisotropic dielectric
tensor for first-order magneto-optical effects [49]. While those
effects could in principle be present in our experiment, there
is no need to consider higher-order magneto-optical effects
for hcp Co, as the hexagonal character of the crystal structure
matches the specific symmetry that we found for the dielectric
tensor. This fact is highlighted, for instance, in Figs. 2(e)

and 2(f), where the consideration of an anisotropic dielectric
tensor solely based on first-order magneto-optical effects
proved to be sufficient to mimic the magnetization orientation
dependence of the measured parameters. Moreover, we think
that it is unlikely that third-order magneto-optical effects can
add up to variations as large as the 25% of the total magneto-
optical signal, given that it is well known that second-order
effects are already one to two orders of magnitude weaker
than first-order magneto-optical effects in hcp Co [50,51].

IV. CONCLUSIONS

In conclusion, we observe magneto-optical anisotropy in
epitaxial Co films and find a direct correlation between the am-
plitude of this magneto-optical anisotropy and the film strain.
Furthermore, our observations show very clearly that magneto-
optical anisotropy effects are not generally small, even in only
weakly strained metallic materials, for which the Q isotropy
assumption is very widely utilized. Thus, relevant corrections
to many past, present, and future MOKE experiments have to
be contemplated. This is especially true for most common thin
and ultrathin epitaxial films, for which strains that are far in
excess of the 1.5% range explored here are typical. We also
found that the magnetocrystalline anisotropy energy density
exhibits a similar strain-dependent behavior if compared to the
magneto-optical anisotropy, highlighting the fact that both ef-
fects are closely interrelated and originate from spin-orbit cou-
pling, which is modified upon introducing lattice distortions in
magnetic films. We observe this correlation between magneto-
optical anisotropy and magnetocrystalline anisotropy, despite
the fact that the magnetic anisotropy is an energy-integrated
property involving all occupied electronic orbitals, while
magneto-optical effects will arise only from certain electronic
states that match the specific wavelength-dependent elec-
tronic transition condition [40,41]. Under these circumstances,
we envision that the joint study of wavelength-dependent
magneto-optical anisotropy and magnetic anisotropy exper-
iments might provide a very relevant spectroscopic tool for
the study of spin-orbit coupling effects in magnetic materials.
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