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Abstract

A giant magneto-optical anisotropy (MOA) in a magnetic monoatomic Fe/Au multilayer structure is reported. The depen-
dence of the off-diagonal part of the optical conductivity tensor on the angle between the magnetization and crystallographic
axes is evidenced by measurements of both the polar and longitudinal Kerr effects. The microscopic origin of the MOA is
elucidated on the basis of the first principles’ band-structure calculations. A relationship of the MOA with the predicted strong
anisotropy of Fe d orbital magnetic moment and the magnetocrystalline anisotropy is discussed.q 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Many important physical properties of crystals depend on
the relative orientation of the magnetization and the crystal-
lographic axes as the spin subsystem is coupled to the lattice
by the spin–orbit (SO) interaction. The magnetocrystalline
anisotropy (MCA), which is the energy that directs the
magnetization along a certain crystallographic axis, is a
ground state property of a crystal. The magneto-optical
anisotropy (MOA), defined as the dependence of the off-
diagonal part of the optical conductivity on the magnetiza-
tion direction, arises as a result of electronic excitations and
is due to the spin and orbital polarizations of initial and final
states.

Whereas the MCA has been widely studied both experi-
mentally [1] and theoretically [2–5], the investigations of
the MOA are still elementary. Theoretical calculations were
performed for Co, FePt, CoPt [6], CoPd [7], and CrO2 [8].
Experimentally, the MO anisotropy was investigated in
details only for Co [9–11]. In particular, Weller et al. [10]
studied the orientation dependence of the magneto-optical

(MO) properties measuring the MO Kerr effect in polar
geometry (PKE) for two (0001) and�11�20� epitaxial hcp
Co films. The maximal anisotropy of the Kerr rotation of
,20% was observed.

In recent years, artificial multi-layered structures (MLS)
attract a lot of interest due to their unique physical proper-
ties. They exhibit simultaneously large MO Kerr rotation
and strong MCA and thus one can expect a large anisotropy
of MO response from these compounds. However, the MOA
in the MLS has not been observed so far as the above
mentioned method of the experimental investigation of the
MOA is inapplicable in this case because there exist only
one probed surface, i.e. the film plane. The only way to
study the MOA in MLS is to measure both the polar
(where sample magnetization lies perpendicular to the
sample plane) and longitudinal Kerr effect (LKE) (where
sample magnetization lies in the plane of the sample and
also in the plane of incidence of the light). This approach is
more complicated as additional data on the optical constants
are required to extract the off-diagonal optical conductivity.
Besides, the amplitude of the LKE signal is much smaller
than that of the PKE and a very sensitive registration method
is required.

The present work provides the first direct experimental
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observation of the MOA in MLS. The giant MOA as high as
200% has been observed in Fe(001)/Au(001) MLS and its
origin quantitatively explained by the first-principles band-
structure calculations. These calculations correctly describe
the amplitude and the shape of the MOA spectra, identify
the contributions coming from different interband transi-
tions and demonstrate a very strong sensitivity of the
MOA to the actual atomic structure at the interfaces.

The Fe/Au structures were chosen for the present study as
they were investigated experimentally [12–14] and theore-
tically [15–17] and they demonstrate a unique combination
of a high magnetic moment with a high Curie temperature
and a high perpendicular anisotropy. These properties are
connected with the formation of theL10 ordered structure,
which does not exist in the Fe–Au phase diagram near
equiatomic composition, but can be fabricated layer-by-
layer by molecular beam epitaxy (MBE) [12,13,18,19].
Experimentally derived order parameter [12,13] was much
lower than it could be expected from the layer-by-layer
growth observed for the Au(001)/Fe(001) system [20].
Recently, the deterioration of the orderedL10 structure in
the monoatomic Fe(001)/Au(001) MLS was explained by
the conversion electron Mossbauer spectroscopy (CEMS)
[18,19], involving the Au self-surfactant effect [20,21].
The vertical mass transport accompanying the multilayer
growth leads to Fe aggregation, so that the resulting struc-
ture may be regarded as a mixture of a monolayer and
double-layer (and to a less extent also the tri-layer) MLS.

2. Results and discussion

For the present studies, the well-characterized epitaxial
�Fe1=Au1� × 20 MLS, investigated previously by CEMS
[18,19], was used. The sample was grown by the MBE in

UHV conditions (base pressure during preparation below
5 × 10210 mbar� on a 30 nm (001)Au buffer layer (preceded
by a 4 nm Fe(001) seed layer), deposited on a MgO(001)
cleaved substrates in a multi-stage process [20]. The whole
structure was finally covered by a 5 nm Au cap-layer. The
Fe and Au monolayers were deposited alternately at 340 K
at the rate of about 0.2 mn/min, as controlled by a quartz
microbalance with an accuracy of̂5%. The sample growth
was monitored in situ by LEED, which documented epitax-
ial growth with the (001) orientation across the whole
sample. The MO Kerr rotation and ellipticity spectra were
measured at room temperature under saturation condition in
the photon energy range of 0.8–5.8 eV at 2 and 758 inci-
dence in PKE and LKE geometry, respectively, using a
polarization modulation method [22,23]. The optical proper-
ties were measured directly by spectroscopic ellipsometry
with the use of the rotating analyzer method. The correct-
ness of the experimental procedure was checked by
performing the measurements for the cubic YIG crystal
and no spurious MOA was observed in this isotropic case.
To extract the off-diagonal tensor components of the MLS
from the measured effective optical and MO spectra, the
multireflection calculations based on the Zak et al. formal-
ism [24] were applied. The input data used for the MLS
underlying layers were measured on the MgO(001)/4 nm
Fe/30 nm Au control sample.

To provide a theoretical description of the observed
MOA, we carried out ab initio band structure calculations
for model Fe1/Au1 and Fe2/Au2 MLS. Fe1/Au1 is of L10 type
structure [12,13]. In-plane lattice parameter�a� 4:066 �A�
was taken so that the interatomic distances were equal to the
average between bulk Au and Fe values. Interplanar spacing
for Fe1/Au1 MLS was taken from the experiment [25]�c=a�
0:960�: For the Fe2/Au2 MLS, we chose the interplanar
spacing which minimize the total energy�c=a� 1:889�: As
the details of the computational method are described in our
previous paper [22] we mention only some aspects here. The
electronic structure of the compounds was calculated self-
consistently using the local spin density approximation
(LSDA) [26] and the fully relativistic spin-polarized
LMTO method [27–30]. Thek- space integrations were
performed with the improved tetrahedron method [31].

Magneto-optical effects are determined by the off-diago-
nal components of the dielectric tensor of the material,
whose amplitude is roughly proportional to the product of
magnetization and SO coupling strength. Fig. 1 shows the
experimentally obtained off-diagonal optical conductivity
spectra in the MLS of nominal Fe1/Au1 structure for two
orientations of magnetization:M k �001� �s koff for PKE),
and M ' �001� �s'

off for LKE), together with the
corresponding spectra calculated for the ideal Fe1/Au1 L10

structure. Considering as in Ref. [10] the ratio�s koff 2
s'

off �= 1
2 �s koff 1 s'

off �; we found that the measured anisotropy
reached 200% at the photon energy 4.7 eV corresponding to
the minimum ofs koff : The spectral dependence and the large
value of the MO anisotropy were confirmed by the
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Fig. 1. Experimental absorptive (a) and dispersive (b) parts of the
off-diagonal optical conductivity of Fe/Au MLS compared with the
theoretically calculated ((c) and (d)) off-diagonal conductivity for
Fe1/Au1 MLS.



measurements performed for several other films of the
nominal Fe1/Au1 structure. Overall, the experimental
features are reasonably well reproduced in the LSDA calcu-
lations both in the spectral shape and the magnitude of the
anisotropy. However, the position of the calculated promi-
nent peaks at 3.8 and 5.2 eV is shifted towards smaller ener-
gies as compared to the experiment. One of the possible

reasons is that due to the non-exact treatment of the electron
exchange and correlation the LSDA underestimates the
binding energy of d states and the threshold of interband
transitions in noble metals compared to photoemission and
optical measurements [32,33].

Even more important source of the discrepancies is that
the studied structure is not ideal monoatomic Fe1/Au1 MLS
but rather a mixture of mono- and double-layer structures.
Having this in mind we modeled the effective optical
conductivity of the structure by a weighted average of the
conductivities calculated for the Fe1/Au1 and Fe2/Au2 MLS:
soff � xs 1=1

off 1 �1 2 x�s 2=2
off : The best agreement between

the theory and the experiment, both in the MOA (presented
asvs koff 2 vs'

off in Fig. 2) and the shape of the off-diagonal
optical conductivity (not shown) is achieved withx� 0:3:
This value agrees well with the results of the CEMS analysis
which estimate the contribution of Fe1/Au1 MLS in the
structure studied to be 32% [18,19]. As an opposite case
to the structure with well defined mono- and double-layers,
we examined also the effect of a possible alloying at the
interfaces by calculating the MO spectra for MLS composed
of Fe and Au monolayers separated by a single layer of
Fe1Au1 ordered planar alloy. We found that the MO aniso-
tropy is considerably reduced in this case. This clearly
demonstrates the importance of actual atomic structure in
the interface region for the determination of the MO spectra
in the MLS and the ability of the MO spectroscopy to probe
the microstructure on the monoatomic scale.

To understand the microscopic origin of the MOA better,
let us consider in detail the electronic structure of the Fe1/
Au1 L10 MLS. Spin-projected densities of Fe and Au d states
are shown in Fig. 3 and the calculated spin and orbital
magnetic moments are summarized in Table 1. Due to the
smaller number of nearest neighbors of the same type, both
Fe and Au d states are much narrower than in corresponding
bulk metals. As a result, the majority spin Fe d states are
fully occupied which leads to a significant enhancement of
Fe spin magnetic moment (2.90mB) compared to the value
of 2.2mB for bulk Fe. This enhanced magnetization has
been observed [25] but the experimental value of 2:75^
0:25mB is somewhat smaller than the calculated one.

Comparing the values of the magnetic moments calcu-
lated for different magnetization directions one can see
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Fig. 2. (a) Experimental absorptive; and (b) dispersive part of the
MOA of Fe/Au MLS in comparison with the theory (see text).

Fig. 3. LSDA spin-projected fully relativistic partial DOS (in states/
(atom eV spin)) of theL10 ordered Fe1Au1 MLS.

Table 1
Calculated spinMS and orbitalML magnetic moments (inmB) of
Fe1/Au1 versus magnetization direction

Atom State M k �001� M ' �001�

MS ML MS ML

Fe d 2.894 0.099 2.895 0.063
Total 2.903 0.098 2.905 0.062

Au d 0.103 0.028 0.105 0.029
Total 0.024 0.030 0.026 0.034



from Table 1 that Fe spin moments are almost independent
of the magnetization direction. At the same time the aniso-
tropy of Fe orbital moment, which is determined mainly by
Fe d states, is quite large and is of the same order of magni-
tude as it was experimentally observed in Co/Au MLS [34].
This behavior could be expected as in the presence of SO
coupling the anisotropy of the orbital moment is of the order
of j=D; wherej is a SO parameter andD is crystal field
splitting, while the anisotropy of the spin moment is propor-
tional to �j=D� 2 [35]. As Au d states are fully occupied, the
spin and orbital moments at Au site are small and depend
weakly on the magnetization direction. The total energy
calculations show that the energy of the MCADEMC ;
Ektot 2 E'

tot in Fe1/Au1 is equal to20.55 meV per formula
unit and the easy magnetization axis is perpendicular to the
surface in agreement with the experimental data of Ref.
[12,13].

It is well known that the MO effects and the orbital
magnetic moment are both caused by the SO coupling.
However, the dependence of the MOA on the SO coupling
and hybridization strengths is very complicated (see, e.g.
Ref. [36]) and does not allow to introduce a simple model
consideration as in the case of the MC anisotropy [2,3]. So,
the only way to obtain a realistic description of the MOA is
to perform numerical calculations. We examined the depen-
dence of the MOA on the exchange splitting and the SO
interaction as it is described in Ref. [37]. We found that
the SO coupling of Au is equally responsible for the large
MOA as the exchange splitting of Fe.

The optical conductivity can be expressed as a sum of
additive contributions coming from interband transitions
with the initial and/or final states lying in different nonover-
lapping energy intervals. In the case of Fe1Au1, where Fed",
Fed#, and Aud states are rather well separated in energy (see
Fig. 3), one can analyze the MO response itself and the
MOA in terms of three contributions from transitions from
initial states derived mainly from Fed# �21:0 , E�i� # EF�;
Fed" �23:5 , E�i� # 21:0 eV�; and Aud �E�i� # 23:5 eV�

states (Fig. 4). From such an analysis it follows that in the
photon energy ranges below< 2.5 eV and above< 4.5 eV
the MOA is mostly determined by transitions from Fed# and
Au d states, respectively. Whereas the peak at< 3.5 eV is
mainly due to the interband transitions from Fed" states.

We also calculated the energy band structure and MO
spectra varying thec=a ratio in the Fe1/Au1 MLS. We
found that both the MCA and the anisotropy of the orbital
momentDML increase with an increase ofc=a providing
almost linear dependence of the MCA onDML, in a good
agreement with the results of the perturbative approach [2,3]
which show that for uniaxial systems in the case when the
majority spin band is completely filled the energy of MCA is
proportional to the anisotropy of the orbital moment. On the
other hand, the dependence of the MOA onc=a is more
complicated and depends strongly on the structure of a parti-
cular MLS. In Fe1/Au1 MLS, the MOA is almost indepen-
dent of c=a in the energy range below 3.5 eV which
corresponds to the interband transitions from mostly Fed"
states and decreases with an increase ofc=a in the energy
range above 3.5 eV where the transitions from Aud states
dominate.

In conclusion, we have observed for the first time a giant
MOA in Fe/Au MLS. The ab initio theoretical calculations
describe well the measured spectra. The magnitude of the
MOA is very sensitive to the actual atomic structure. It
reduces as the number of adjacent layers of the same type
increases, and almost disappears in the case of alloying at
the interface. The interplay of the strong SO interaction on
Au sites and the large exchange splitting on Fe sites
through Au d–Fe d hybridization is responsible for the
giant MOA, the strong anisotropy of Fed orbital
moments, and MCA.
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