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Abstract

The magneto-optical Kerr effects in metallic superlattices (Fe/Au, Co/Ru) fabricated by monatomic Jayer control
technique were measured and compared with first-principles calculations. For Fe/Au, the measured Kerr spectra of
Fe(x ML)/Au(x ML) (x = -6, ML: monatomic layer thickness) showed systematic change with the change of layer
thickness x. For Co/Ru, the measured Kerr rotation angle of Co(S ML)/Ru(5 ML) was almost ten times smaller than
that of HCP Co. The calculated results from first-principles were in reasonable agreement with the experimental results.
The characteristics of the spectra can be understood from the analysis of the electronic structure. @ 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Recently, the development of thin film preparation
techniques has realized monatomic layer control of
metal elements. [n previous papers {1,2], we reported on
the artificial fabrication of an L1y ordered FeAu alloy
by the alternate deposition of Fe(001) and Au(001)
monatomic layers although Fe and Au are immiscible
and no intermediate phase exists in the equilibrium
phase diagram. The Ll, ordered FeAu alloy is
ferromagnetic, and it possesses a large Fe moment
exceeding 2.2 iy and a large uniaxial anisotropy with the
easy axis along [00 1]; therefore, the film is perpendicu-
larly magnetized. Fe(x ML)/Au(x ML) superlattices
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(x> 1, ML: monatomic layer thickness) were also
prepared, and these magnetic properties were compared
to those for x = 1, i.e., the L1y ordered FeAu alloy. The
perpendicular magnetic anisotropy was found to oscil-
late as a function of x with a period of 1 ML, reflecting
the change in interface morphology [3]; this confirms the
precise layer thickness control on a monatomic layer
scale for our samples.

The Fe(x ML)/Au(x ML) superlattices were simply
ferromagnetic with uniform magnetic structure for x <3.
For the artificial modulation of magnetic structure, Co
and Ru have been selected as constituents of super-
lattices in the next step. Several studies were made to
date for Co/Ru superlattices with comparatively large
Co thicknesses [4-6]), which showed strong antiferro-
magnetic coupling of Co even for a few atomic layers of
the Ru thickness. This suggests the possibility that
alternating Co and Ru on a monatomic layer scale might
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form an artificial antiferromagnet. In the equilibrium
phase diagram, Co and Ru form solid solutions for all
the compositions, and no ordered structure exists.
However, the good epitaxial growth for HCP Co/
Ru(0001) can be realized in spite of a considerably large
lattice  mismatch (~7.4%) [7]. We have actually
succeeded in the artificial fabrication of an ordered
CoRu alloy with alternate stacking of HCP Co(000 1)
and Ru (0001]) monatomic layers [8] and Co/Ru
superlattices with a variety of Co and Ru thicknesses
up to SML. Oaly | ML diffetence in the Co or Ru
thickness has a strong influence on the indirect exchange
coupling of Co through Ru. First-principles cajculations
supported the fact thal the difference in Ru thickness
critically affected the indirect exchange coupling [8,9].

The fabrication of magnetic superlattices by mona-
tomic layer control makes il possible to compare their
properties directly with the calculated results from first-
principles. The indirect exchange coupling of Fe through
Au was investigated using Britlouin light scattering [10].
The coupling was always ferromagnetic for x<35, and
the strength showed oscillatory behavior as a function of
x. The first-principles calculations were in excellent
agreement with the experiments [10.]1].

The magneto-optical Kerr spectra were also measured
and compared with the first-principles calculations. For
Fe/Au, the measured Kerr spectra changes system-
atically for Fe(x ML)/Au(xML) (x=1—]5). First-
principles calculations reproduced the shape of Kerr
spectra and the trend of this change with x. [n addition,
we found the characteristic optical {ransition which
determines the shape of Kerr spectra [12-14].

In this paper, we show the results of the measured and
calculated Kerr spectra of a Co(S ML)/Ru(5 ML) super-
lattice with a brief review about Kerr spectra of Fe/Au
superlattices. The measured Kerr rotation angle of
Co(5ML)/Ru(5ML) is almost ten times smaller than
that of HCP Co in the range of [-5eV. We have
calculated the Kerr spectrum from first-principles and
found that the small Kerr rotation angle can be well
understood from the band theory.

2. Procedures

2.1. Sample preparation and measurement of Kerr
spectra

Samples were prepared through the use of an
ultrahigh vacuum (UHV) electron beam evaporation
method with monatomic layer control. Fe/Au(00 1)
superlattices were grown on Au(00 1) buffers deposited
on MgO(00 [) substrates. Co/Ru(0001) superlattices
were grown on Ru(0001) buffers deposited on
sapphire(1 1 20) substrates. Epitaxial growth was con-
firmed by RHEED patterns. X-ray diffraction measure-

ments and  transimission  electron  microscopy
observations indicated the existence of superstructure.
The details on sample preparation and structural
characterization were described in previous papers
[1,2,8]).

Spectra of the magneto-optical Kerr effects were
measured at room temperature employing a Kerr
spectrometer [15] with a polarization modulation
technique using a photoelastic modulator. The measure-
ments provided both Kerr rotation and ellipticity
spectra. The samples were saturated with a perpendi-
cular magnetic field with a flux density of 1.7T.

2.2. The method of calculations

The ground state (scalar-relativistic) electronic struc-
tures were calculated by the LMTO-ASA method based
on local-spin density approximation (LSDA). Then, the
spin—orbit interaction was included in a perturbative
way. Using the calculated energy eigenvalues and wave
functions, the real part of the diagonal conductivity
Re(a,.y) and imaginary part of the off-diagonal one
Im(o.,) due to interband transition were calculated from
the equations derived by Wang and Callaway [16]. Then,
Im(o,.) and Re(o.,) were calculated from the Kramers—
Kronig transformation of the Re(o..) and Im(oy,),
respectively. To introduce the effect of life time, ., and
gy, were smoothed by the Lorentz relaxation. in which
the parameter of the relaxation was chosen as 0.5eV.
Then. the polar Kerr rotation angle 8k (o) and ellipticity
ex{w) [rad] were calculated by

o\, WOy
o.Ji+i4n/c 6 . D
= Re(ma,,) Re(1/D) — Im(wo.)Im(1/D)
+i{Re(wa ) Im(l/D) + lm(way,) Re(1/D)},

M

where D is defined for the discussion in the next section.
Using the calculated energy of plasma frequency (ficwp),
Drude term wuas calculated and added to o.,. More
details about our calculations are summarized 1n
previous papers {13,14].

Ok +iex = —

3. Results and discussion
3.1, Fe'Au superlattices

In Fig. 1, the experimental and calculated Kerr
spectra for Fe(x ML)/Au(x ML) (x = 1-6) are shown
[12- 14]. Tn the case of x = I, the crystal structure is an
ordered Lly-type structure. The dashed line indicates
another cilculated result using different atomic sphere
radii. In the range of 6-7e¢V we can see a large
difference. which is due to the well-known Ffact that the
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Fig. 1. Calculated (solid line) and experimemal (dotted line}
Kerr spectra of Fe(x ML)/Au(x ML) superiattices (x = 1-6).
The dashed line indicates the result catculated using a different
ratio between the radiy of Fe and Au atomic spheres.

energy eigenvalues of unoccupied states in high energy
depend on the choice of atomic sphere radii in the
LMTO-ASA calculations.

In our calculated results, the peak structure at about
4eV shifts towards higher energies and the large Kerr
rotation angle aroung 6 eV decreases with an increase of
x. These trends are in good agreement with experimental
data. From the detailed analysis of the band structure
and transition matrix elements, it was found that the
peak structure around 4eV in the case of x=1
originates mainly from the dy—f, transition at the
atomic site of Au, in which the final state 5f; is the one
hybridized with the adjacent Fe(3d)) states. In other
words, this transition can be regarded as the Au(5d,)
— Fe(3d)) transition, which was proposed by one of the
authors (K.S.) from a simple analysis using density of
states function, This peak shifts towards higher energies
with an increase of x as stated above, which is due to the
shift of final states towards higher energies.

3.2. CofRu superiattices

The magneto-optical Kerr effect has been found to
decrease drasticlly by multilayering Co with Ru,
compared with that for puse HCP Co. For an example,
the measured and calculated spectra of Kerr rotation
angle and ellipticity for a Co(5 ML)/Ru(5ML) super-
lattice are shown in Figs. 2(a) and (b). The calculated
spectra are in rcasonable agreement with the measured
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Fig. 2. (a) Kerr rotation and (b) ellipticity spectra of Co(5 ML)/
Ru(SML). The caleulated hwy, is 5¢V. For comparison. those
of HCP Co are also shown. Experimental data of HCP Co are
in Ref. (17).

spectra. For comparison, the spectra of HCP Co are also
shown. Our calculated spectra of HCP Co are almost the
same as the previous calculations by others [17).

The electronic structure of Co(5 ML)/Ru(5 ML) was
calculated by LMTO-ASA method assuming indirect
ferromagnetic coupling between Co layers through Ru
layers. The in-plane lattice constant « is chosen as
2.706 A which is the same as HCP Ru. The out-of-plane
lattice spacings are determined to be consistent with the
X-ray diffraction profiles. The magnetic moment of Co
layers arc 1.45, 1.66, and 1.65 uy/Co in Co-layer that is
adjacent to a Ru-layer, the next Co-layer, and central
Co-layer, respectively. The experimental average mag-
netic moment is about 1.5 ug, which is very close to the
calculated result.

As shown in Fig. 2(a). the Kerr rotation angle of
Co(5SML)/Ru(5ML) are almost ten times smaller than
that of HCP Co. This was coantrary to our first
expectation that the Kerr rotation angle of Co(5ML)/
Ru(5 ML) should be at least half of HCP Co or more.
For the first reason of this expectation, the indirect
exchange coupling of this supertattice is ferromagnetic
and the measured average magnetic moment of Co
layers was 1.5, /Co, which is very close to that of HCP
Co (1.7 uy/Co). For the second reason. 4d metal Ru has
larger spin-orbit interaction than 3d metal Co. In this
way, it scemed strange to us that only small Kerr
rotation angle could be found for Co(S ML)/Ru(5 ML).
In the following, however, we can show some reasons
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for the small Kerr rotation angle of this superlattice
from first-principles calculations.

Kerr rotation angle is determined by not only off-
diagonal conductivity (g,,) but also diagonal conduc-
tivity (o.y) as shown in Eq. (1). To observe 4,, and its
contribution to Kerr rotation angle, we show the
calculated results of ¢y and }/D i Eq.(]) for
Co(SML)/Ru(SML) in Fig.3. For comparison, the
calculated resuits for HCP Co, distorted HCP Co
(denoted by d-Hep Co), and HCP Ru are also shown.
Here, the distorted HCP Co has the same in-planc lattice
constant a as Co(5ML)/Ru(5ML) and has the same
out-of-plane lattice spacing ¢/2 as the inside Co-layers in
Co(5ML)/Ru(5ML).

From Figs. 3(2) and (b), we can see that both Re(g,,)
and Im(g.,) of Co(S ML)/Ru(5ML) are made from a
simple average between HCP Ru and distorted HCP Co
except for low energy region (<1.5eV). As a result,
Re(ay.) of Co(5 ML)/Ru(5 ML) is much larger than that
of HCP Co since Re(a..) of HCP Ru is very large. This
change in ¢, causes the change in 1/D through Eq. (1)
as seen in Figs. 3(c) and (d). Although Re(1/D) of
Co(SML)/Ru(5ML) is almost the same as that of HCP
Co. Im(1/D) of Co(SML)/Ru(5ML) is much smaller
than that of HCP Co. The small value of Im(1 /D) makes
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Fig. 3. Real and imaginary part of (a) and (b) the calculated
diagonul optical conductvity (6.,(m)) and of (¢) and (d) its
contribution to Kesr and elbplicity spectra (1/D m Eq. (1)). “d-
Hep Co™ indicates the caleulated result for distorted HCP Co.

Kerr rotation angle (6¢) smalt as seen in Eq. (1). In this
way, we can understand that the large value of Re(a,,) of
HCP Ru has a significant role to decrease Kerr rotation
angle of Co(SML)/Ru(5 ML) comparing with HCP Co.

The calculated off-diagonal conductivities (Re(wa,.),
Im(woy,)) are shown in Fig. 4. We can see that
Im(wo.,)) of Co(5ML)/Ru(5ML) is reduced to be about
1/3~1/4 of that of HCP Co. The lattice distortion of Co
layers has a significant role in decreasing way,. In
addition, the other effect considered to be mainly due to
hybridization between Co and Ru layers also has a
significant role since the wo,, of Co(5 ML)/Ru(5 ML) is
reduced to less than half of distorted HCP Co.

To observe the effect of hybridization between Co and
Ru layers, we show the contribution to we ., from each
Co layer compared to that of the distorted HCP Co in
Fig. 5. From these figures, we can find that the
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Fig. 4. (a) Real and (b) imaginary parts of the calculated off-
diagonal optical conductivity wa «(w) of Co(5 ML)/Ru(5 ML),
HCP CO, and distorted HCP Co.
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Fig. 5. Contributions to Im(we ,) from cach spin ((a) minority,
(b) majority) and each atom in Co(5ML)/Ru(SML) and
distorted HCP Co (d-HcepCo). *Co-1", *Co-2", and “Co-3”
ndicate the mterfacial Co layer, the next Co layer, and central
Co layer. respectively. For comparison. the result of d-HepCo is
scaled by the volume ratio between Co(S ML)/Ru(5ML) and d-
HepCo.
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contribution from interfacial Co layer (Co-1) adjacent to
a Ru layer is reduced by the hybridization effect. It
should be noted that the effect of hybridization remains
even in the central Co layer (Co-3).

The partial density of states (pDos) for Co(3d) and
Ru(4d) of Co(5 ML) 'Ru(5 ML) are shown in Fig. 6. For
comparison, pDos of HCP Ru and distorted HCP Co
are also shown. From these figures, we can find that the
pDos of 3d state in interfacial Co layer (Co-1) is made to
be wider in energy than the other Co layers. This makes
pDos lower in density and also in spin—orbit splitting
between +m states, which causes the decrease of
Im(wo ).

The estimated value of spin-orbit interaction of Ru 4d
state is about 146 meV, which is about twice compared
with that of Co 3d state (77 meV). However, the density
of state for Ru 4d is wide in energy and low in density as
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Fig. 6. The partial density of states for Co(3d) and Ru(4d) of
Co(SML)/Ru(SML) compuring with those of HCP Ru and
distorted HCP Co (d-Hep Co). These figures are listed
according 1o the order of stacking layers.

seen in Fig. 6. This makes the spin-orbit spliting
between +m density of states smaller. In addition, the
calculated magnetic moment of Ru i1s only up to about
0.05 u in Co(5 ML)/Ru(5ML). For these reasons, the
spin—orbit interaction of Ru 4d state does not work
effectively to enhance the magneto-opticul effect in this
superlattice.

4. Summary

The magneto-optical Kerr effects in metallic super-
lattices fabricated by monatomic layer control were
measured and compared with first-principles calcula-
tions. For Fe/Au, the measured Kerr for Fe(x ML)/
Auw(xML) (x =1-6) change systematically with in-
creasing layer thickness x. For Cof/Ru, the measured
Kerr effect for ferromagnetic Co(5 ML)/Ru(5 ML) was
very small compared to that of HCP Co. The calculated
Kerr spectra from first-principles were in good agree-
ment with experimental results. The Kerr rotation angle
of Co(S ML)/Ru(SML)is reduced by large 6., (diagonal
optical conductivity) of HCP Ru, lattice distortion of Co
layers, and strong hybridization between Ru 4d and Co
3d states.
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