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Spectra of the magneto-optical Kerr effect, in a series of [ Fe (xML)/Au (xML)]y superlattices with
integer and noninteger values of x (1 <x=<15), were measured. For x=1 the superlattic forms an
L1y-type ordered alloy structure. The magneto-optical spectrum of the superlattice exhibits a
prominent structure around 4 eV. which shows a systematic shift toward higher energies as x
increases (1 =<x=35). No such structure can be reproduced by an optical calculation assuming a
simple stack of thin Fe and Au layers. Ab initio band calculations have shown similar
magneto-optical spectra and a similar peak shift with an increase in x (1 <x=<6). This suggests that
electronic structures which differ from that of a simple stack of thin Fe and Au are realized in the
superlattices. For noninteger values of x, oscillatory behavior with a period of one monolayer was
observed in the low energy region of the magneto-optical spectra. © 1999 American Institute of

Physics. [$0021-8979(99)03121-7]

INTRODUCTION

Recent developments in epitaxial growth technology
have made it possible to fabricate artificial structures on an
atomic scale.' Artificial structures (superlattices or sand-
wiches) consisting of magnetic and nonmagnetic thin layers
have been attracting interest as new functional materials with
novel physical properties such as giant magneto-resistance
(GMR), large surface magnetic anisotropy and unusual
magneto-optical (MO) responses. In particular, one of the
authors has observed characteristic structures in the MO
spectra of ultrathin Fe jayers sandwiched by Au layers. and
has attributed the spectral structure to the quantum confine-
ment effect of electrons with a certain spin direction.” A
similar quantum confinement effect is also expected to occur
in multilayers consisting of Fe and Au. One question that
these experiments can also address is the effect on the elec-
tronic structure when the thickness of the constituent layer
becomes mono atomic in size. Hybridization of electron or-
bitals with those of adjacent layers should result in an elec-
tronic structure different from that of the bulk.

Motivated by this one of the authors and his collabora-
tors fabricated {Fe (1 ML)/Au (1 ML)]y superlattices by al-
ternately depositing monolayers of Fe (001) and Au (001).
This superlattice forms an L1y-type ordered structure, and
the long-range order parameter is estimated to be 0.5 from
the intensity ratio of the superlattice (001) peak to the fun-
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damental (002) peak in the x-ray diffraction.* Figure |
shows the atomic airangement in a unit cell of the L1, struc-
ture. Fabrication of such an ‘‘ordered alloy’’ structure is
quite remarkable, since the Fe—Au system belongs to a
peritectic-type phase diagram, which rules out the existence
of either intermetallic compounds or intermediate alloys.
Magnetic measurements revealed that the magnetic moment
per one Fe atom is approximately equal t0 2.8 g, which is
much larger than the value of 2.2 pg for pure body-centered-
cubic (bcc) Fe. The magneto-optical Kerr effect (MOKE)
was measured for this L] ,-type alloy to provide insight into
the electronic structure of this material.> The resulting
MOKE spectrum showed 2 characteristic structure around 4
eV that had not been observed either in a single Fe film or in
a Fe/Au multilayer with a long modulation period.

When the modulation period x is increased,*S the Fe
moment still remains at an enhanced value of nearly 2.7 up
for x=<<3. In additon, rgK,, in which K, is the magnetic
anisotropy constant and /g, is the thickness of a Fe layer. is
found to obey a linear relationship with x,” as has been re-
ported in many multilayer systems.® MOKE spectra in the
series of [Fe (xML)/Au(xML)]y superlattices for |<x
<15 show a systematic variation of spectral features. For
small periods (x<5) the spectral shape is quite similar to
that of the L1y alloy with the main peak shifting toward
higher energies, while for large periods (x=10) it was quite
similar to that expected from a stmulation assuming a simple
stack of Fe and Au layers.” The characteristic 4 eV structure
in the MOKE spectra showed a very similar peak shift with
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FIG. 2. 426 XRD profiles taken with Cu Ka radiation for
[Pe (xML)Y/Au (xML) ] superlatices with x=1, 2, 3 and 4. The arrows
indicate satellites due to superlartice structures. The intensity is expressed on
the logarithmic scale.

at a diffraction angle between bcec Fe (002) and face-
centered-cubic (fce) Au (002), while no peaks corresponding
o other crystal orientations were detected. The fundamental
(002) peaks were accompanied by various satellite peaks
characteristic of superlattice structures. This indicates that a
coherent stacking of Fe [001] and Au [001] layers is formed.
In particufar, for x=1 the satellite peaks at 26=22.9° and
73.7° are very pronounced, and can he assigned to (001) and
(003) superlattice peaks, respectively, in the L1, ordered
structure.

Figure 3 shows XRD profiles for x=1, 1.25. 1.5, 1.75
and 2. As x increases from 1, the (001) peak appears (o split
into two separate peaks, and the positions of the peaks vary
systemalically with x, smoothly approaching the superlattice
peaks for x=2. We consider that these two peaks correspond
to the first-order satellites of the fundamental (000) and (002)
peaks. The important point 1s that these peaks have a narrow
livewidth, from which the coberence length 1s estimated to
be comparable with the total thickness of the film.

To simulate the x-ray diffraction profiles. we propose a
model for the fractional superlattice assuming complete
layer-by-layer growth. Here we also assume that structural
coherence 1s maintained throughout the sample. The fraction
of the sites occupied by Fe atoms. rg. ., is illustrated in Fig. 4
as a function of the atomic layer number forx=1.0, .25, 1.5
and 1.75. As an example, consider the case of x=1.25. The
depositon of Fe .25 ML results in 2 full occupancy of Fe
atoms 1n the first atomic layer, and a one quarter occupancy
in the second atomic layer with the excess Fe atoms. The
subsequent deposition of Au 1.25 ML leads to occupation of
the remaining free site equivalent to 0.75 ML in the second
atomic layer. with one half occupancy in the third atomic
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FIG. 3. 6828 XRD profiles faken with Cuo Ka radizion for
[Fe (xML)/Au (xML)],, superlaives with x=(, {.25. £.5, 1.75 and 2. The
labels (000)+! and (002)—1 represent the first-order satellite peak of Lhe
fundamental (000) peak and the minus first-order satellite peak of the fun-
darental (002) peak, respectively. The wnicnsity is expressed on a logarith-
mic scale.

layer by the remainder of the Au afoms. In this way, the
composiljion changes systematically with the atomic )ayes
number due to the existence of the fractional atomic Jayer.
i.e,, 0.25 ML for x=1.25, 0.5 ML for x=1.5, and 0.75 ML
for x=1.75.

The x-ray structure factor is expressed by
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FIG. 4. Schematic diagram showing the fraclional occupation of Fe atoms in
the layers of superiatgces with x=1.25. 1.5 and .75, assuming coherent
layer-by-layer growth for the Fe (xML)/Au (xML) superinttice.
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FIG 8 Simujated rmagneto-optical spectra of [Fe (xML)Y/Au (xML) ]y for x
(a) Land (b) 5

P = Ox+img is associated with the off-diagonal as well as
the diagonal element of the dielectnc tensor (or the conduc-
tivity tensor) as follows.!’
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This expression suggests that complex Kerr rotation can be
strongly influenced by the denominator, especially when the
expression | ¢, |=0 holds or any rapid change occurs in
|el. The former case has been referred to as plasma
cnhancement.'® Since €, does not cross zero around 2.4 eV
(as will be shown later in Fig. 10), the MOKE structure
around this photon energy 2.4 eV may be due to enhance-
ment by a rapid change of the optical constant in the Au
layers, caused by an onset of interband transitions.
Magneto-optical spectra were simulated using the virtual
optical constant method'® assuming a simple stack of Fe and
Au layers with the bulk values of diagona) and off-diagonal
elements. ? Typical results of cajeulation for x=1 and 5 are
shown in Figs. 8(2) and 8(b), respectively.® A Kerr rotation
peak can be seen at around [.9 eV due to the above-
mentioned enhancement effect, regardless of the layer thick-
ness. The simulated spectra were completely different from
the experimental Kerr spectra for x< 35, shown in Fig. 6(a).
This clearly suggests that the electronic structure of Fe/Au
superfattices with an ultra thuin modulation period 1s substan-
tially different from that of a simple stack of Fe and Au
layers. However, the MOKE spectra for x= 10, shown in
Fig. 7(a), are quite similar to the simulated spectra shown in
Fig. 8. although the peak position (1.9 eV) of the simulated
spectrum is slightly lower than that (2.4 eV) of the observed
spectra for x = 5. Therefore, the superlattice with x= 10 can
be approximated by a sumple stack of Fe and Au layers. The
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FIG. 9. Reflecuvity spectra of [Fe (xML)/Av (xML)}]y supedlattices for x
=1-15 (integer).

discrepancy in the peak position may be due to the difference
in the value of ¢, of Fe in ultrathin layers as compared with
the bulk value, which was used in the optical simulations.

B. Reflectivity spectra and dielectric functions

Reflectivity spectra of these superlattices are shown in
Fig. 9. The real and imaginary parts of the dielectric function
were calculated by Kramers-Kronig analysis of the reflectiv-
ity. We used optical constants measuced by spectroscopic
ellipsometry for photon energies between 2 and 5 eV to de-
termine the extrapolation parameters in the Kramers-Kronig
analysis. Real and imaginary parts of the diagonal compo-
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FIG. 10. Spectra of diagonal elements of dielectric functions for x=J—15. The solid curve denotes the real part and the dottcd one the imaginary.

nent of the dielectric function in [Fe (xML)/Au (xML)] are
plotted in Fig. 10 for x=1~135, respectively. Only a gradual
change in the spectral features is observed throughout the
series. For x=1, 2, 3, 4, 5 and 6, a break in the curve of e_:"
spectra 1s observed at 4.7, 4.6, 4.5, 4.2 and 4.3 eV, respec-
tively. On the other hand, for x=8, 10 and 15 the break is

also seen at 2.5. 2.5 and 2.6 eV, respectively. The break may
be attributed to an onset of interband transitions.

The imaginary part of the off-diagonal element of con-
ductivity tensor multiplied by the angular frequency, ie.,
w0, , was determined using experimentally obtained data of
Ok, ‘77g and €,,. The wo'{), paramecter is usefu] for discuss-
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ing the origin of the MOKE from the electronic structures,
since this quantity can be directly connected with the joint
density of states. which will be described later. The spectra
thus determined are given in Figs. 11(a) and 11(b) for |
=n<5 and 6<n<15, respectively.

The spectra of wof,’y for x=1 to 5 [Fig. 11(a)] all show
a peak which undergoes a dramatic shift of the energy posi-
tion from 4.5 to 5.5 eV. These curves are completely differ-
ent from the wa’, specira of Fe reported in the literature.?’
Figure 11(a) also shows a constant offset value of wo;'y
=~2%10¥s"? in the low energy region. Such a constant
value in the spectrum of waoy, was attributed to the spin
polarization of conduction electrons, according to Erskine
and Stern.?!

On the other hand, the spectra for x=6-15 [Fig. 11(b)]
are comprised of two peaks, one located around 2-2.5 eV
and the other around 4 eV. The spectral feature is quite simi-
lar to that of Fe. except for the peak position (2.5 eV) of the
lower energy peak, which is located at a slightly higher en-
ergy than that of Fe. A distinct peak at around 4 eV appears
for x=6 and 8. The intensity of the peak 1s twice as large as
the corresponding peak for x=1.

It is obvious from Fig. 11(a) that the electronic structure
of the L1,-type Fe/Au superlattices involves significant hy-
bridization between Fe and Au orbitals. The electronic struc-
ture of a Fe layer in [Fe (1 ML)Y/Au (1 ML)}]y is modified
from that of bulk Fe since the 4 orbitals in the Fe layer
overlap those of neighboring Au orbitals. The electronic
structure of Au in the superlattice will also be different from
bulk Au.

1 2 3 4 S 6
Photon energy (eV)
FIG. {I. Spectra of the imaginary part of the off-diagonal conductivity

tensor element rouliiplied by the angular freguency in Fe/Au superlaniices
for x=(a) 1-5 and (b) 6-15.
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V. CALCULATION OF MOKE SPECTRA FROM BAND
THEORY

Calculations of the electronic structure of the Fe/Au su-
perlattices were performed within the framework of the local
spin density approximations to the density functional
theory22 using the LMTO-ASA method including the relativ-
istic effects in a perturbative way. First, the scalar-relativistic
electronic structure ignoring spin-orbit jnteraction was calcu-
lated. Second, the spin-orbit Hamiltonjan was included self-
consistently by assuming the magnetization direction along
(001) axis. The cut off of angular momentum (l,,,) was
chosen 10 be 3.

The real part of the diagonal optical conductivity tensor
[Re(oy)] and the imaginary part of the off-diagonal one
[Im(a_,_v)] were calculated {rom the following formula de-
rived by Wang and Callaway,”

2
5(w_wlnk)! (4)

2 0cc unocc

Re[o(0)]= 2= 3

X

Il

7Te2 OCC  URoCE y X
hn[axy(w)]zmzﬁw% % Im[g nik )

XS w~—wpy)- (5)

Here, Ao, =E,(k)—E[k) is the energy difference between
the occupied (I) and unoccupied band (n) at a sampling k
point in the first Brillouin zone and ITj;, (a=x,y) is the
transition matrix elememt given by

a

II =(nklpik). (6)

In k

with |{k) the Bloch state, k the wave vector, and P, the o®
component of the momentum operator.

Im{og(w)] and Re[oy(w)] were calculated using a
Kramers-Kronig transformation from I[m{o (w)] and
Re[ o (w)), respectively. For the interband relaxation param-
eter, ‘;=0.5 eV was used.

The calculated results of the Kerr spectra and Im(wa,)
spectra for Fe (xML)/Au(xML) (x=1-6) are shown in
Figs. 12 and 13, respectively. The sign of Kerr rotation is
reversed from that of the other experimental figures due to
the different sign convention adopted in the theoretical cal-
culations. In the case of x=1, the crystal structure is an
ordered L1,-type structure. In our calculated results, the
peak struclure at about 4 €V shifts towards higher energies
and the large Kerr angle around 6 eV decreases with an
increase of x. These trends are in good agreement as a whole
with the experimental data.

From the detailed analysis of the band structure and tran-
sition matrix elements, it was found that the peak structure
around 4 eV in the case of x=1 originates mainly from the
d)—f transition at the atomic site of Au, in which the final
state f, is the one hybridized with the Fe(3d,) state. In other
words, this transition can be regarded as the Au(5d))
—Fe(3d)) transition. One of the authors proposed the as-
signment from a simple analysis using density of states
function.’
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FIG. 12. Calculated and experimental MOKE spectra of [Fe (xML)/
Au(xML)]y (x=1-6) superlantices. (The sign of the vertical axis is re-
versed from that shown ip Fig. 6. This is due to a different siga convention
adopted in the theoretical calculation.)

The peak structure around 4 eV shifts towards higher
energies with an increase of x as stated above. From the
analysis of the band structure, this is considered to be due to
the shift of the final state towards higher energies. However,
the calculated peak structure becomes very small in the case
of x=2, and almost disappears in the case of x=3 and more.
This drastic change between x=1 and 2 is not seen in the
experimental results. A similar situation is also found in the
calculated and experimental magnetic moments. The calcu-
lated magnetic moments per Fe atom are 3.07, 2.59, 2.59.
2.56, 249, 244 ug for x=1, 2, 3, 4, 5, 6, respectively,

x=4

5009000000004

000092 . e

0 1 2 3 4 5 &
Photon energy [eV]

FIG. 13. Calculated and experimental spectra of wof, of [Fe(xML)/
Au (xML)]y (x=1-6) superlattices.
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whereas the experimental ones are 2.75, 2.64, 2,68, 2.72 ug
for x=1, 2, 3, and 4, respectively, with error bars =0.25 up.
Although the calculated magnetic moments show a drastic
decrease between x=1 and 2, such a trend is not seen in the
experiments. The above-mentioned disagreement in Kerr
spectra seems to be related to the discrepancy in the mag-
netic moment. This can be quite reasonably understood since
the Au(5d])—Fe(3d|) transition may be strongly influ-
enced by the unoccupied Fe(3d|) band, which is the final
state of the transition and simultaneously determines the size
of magnetic moments.

VL. SHIFT OF THE MOKE STRUCTURE WITH THE
MODULATION PERIOD

When the modulation period becomes larger (x=6), the
d states of the Fe atoms no longer exy ‘ence the periodic
potential, since the spatial extent of thes is only a few
atomic radii. In such a case the quanwm coofinement of
electrons in an individual layer takes place instead of form-
ing the energy band. Present experiments suggest that the
cntical value of x which discriminates the quantum confine-
ment scheme from the band scheme is around 4.

In ultrathin Fe layers sandwiched by Au, the MOKE
spectrum shows a characteristic peak around 3-5 eV, which
shifts towards lower energies with a decrease in the layer
thickness.?* This phenomenon was interpreted in terms of the
quantum confinement effect of 34 electrons in the ultrathin
Fe layer.>”

In order to compare the MOKE spectra of the
[Fe (xML)/Au (xML)]y superlattices obtained in this study
with the spectra of Auw/Fe/Au sandwiches reported in Ref. 25,
we calculated |wo_,),|=\/(7wa_;y)2+(wo_"'v)2 of the Fe/Au
superlattices. As shown in Fig. 14 two peaks marked by
arrows are clearly observed over all the series of spectra, one
in the high-energy (=~3-5 eV) region and the other in the
low-energy (=2 eV) region. The high-energy peak under-
goes a substantial shift with x, while the low-energy peak
shows only a slight downward shift. In Fig. 15 energy posi-
tions of the high-energy and low-energy peaks are plotted as
a function of the modulation period by open circles and open
triangles, respectively. Also, in Fig. 15, the magneto-optical
transition energies associated with quantum well states in
ultrathin (001) Fe films sandwiched by Au are plotted by
closed circles.™ The x dependence of the higher energy peak
is quite similar to that of the ultrathin Fe layer, although the
latter appears at slightly lower energies. This deviation may
be attributed to the formation of a new band structure in the
superlattices for smaller x. The quantum confinement struc-
ture has been associated with the transition between 3d
bands in a Fe layer. On the other hand, as described in Sec.
IV, the distinct structure around 4 eV in the L1, Fe—Au
alloy has been assigned to the transition between the Au 54
band and the Fe 3d band. The change from the quantum
confinement scheme to the band scheme seems to be con-
tinuous. Further theoretical studies are necessary to explain
this continuous turnover between these two cases.
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On the contrary, the low-energy peak observed around
2.5 eV may be attributed to the transition specific to Fe. The
peak energy shows a systematic shift towards lower energies
and is believed to approach the peak position, 1.6 ¢V, of
bulk Fe.

Vil. MOKE SPECTRA IN THE FE/AU SUPERLATTICE
WITH NONINTEGER MODULATION

For noninteger values of x, the 001 diffraction line of the
L1 y-type structure in the [Fe (1 ML)/Au (1 ML)}, superlat-
tice splits into two separate peaks. the position of which
undergoes a systematic change with increasing x. As was
discussed in Sec. VI the XRD profiles can successfully be
simulated by calculations assuming complete layer-by-layer
growth with structural coherence throughout the sample.

Photon energy (eV)
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FIG. 15. Plot of peak energies of |wa .| spectra as a function of modulation
period x. The open circles denote the high-energy (3—3 eV) structures in the
Fe/Au superlattices and the closed circles are AwFe/Au sandwiches (Ref.
24). The open triangles show the energy positions of the low-energy (around
2.4 eV) peak in the supeclattices.



Sato et al.

4994 J. Appl. Phys., Vol. 86, No. 9, 1 November 1999
04 T — 04 ——1—
02r

FIG. 16. Spectra of the MOKE in

B¢, nx(deg)

6x, ne(deg)

[Fe (xMLYAu (xML)]y for x=1,
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3.25. 3.5. 3.75 and 4. The Ker rota-
tion and Kerr ellipticity are plotted by
solid and dotted curves. respectively.
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Figure 16 shows MOKE spectra of Fe (xML)/Au (xML)
for x=1, 1.25, 1.5, 1.75, 2, 2.25, 2.5, 2.75, 3, 3.25, 3.5, 3.75
and 4, where Figs. 16(a) and 16(b) corresponds to Kerr ro-
aation and Kerr ellipticity, respectively. Here spectra for x
=1, 2, 3 and 4 are taken from the magneto-optical spectra
described earlier. For two specimens with x=1.25 and 1.5
the magneto-optical spectra show a peak around 2.4 eV. It is
found that in these samples Kerr rotation and ellipticity spec-
tra are influenced by the diagonal dielectric constants of the
Au underlayer since the total thickness of the superlattice
was as thin as 13.4 and 15.7 nm, respectively. The samples,
except for x=1.25 and 1.5, are sufficiently thick so that they
are free from the optical effect of the Au underlayer. From
the MOKE spectra, wo ., was calculated, which is free of the
effect of the Au underlayer, using dielectric functions deter-
mined by Kramers-Kronig analysis of the reflectivity spectra.
For the sake of comparison with Fig. 14, the absolute value
[wo,,| was calculated and is illustrated in Fig. 17. We find
that the structure in the high-energy (3.5-~5 eV) region shows
a monotonic vanation for fractional values between the inte-
ger modulation. However, the spectra show a strong oscilla-

4 5 6

Photon energy (eV)

tory variation with x in the low-energy region (less than 3
eV). Figure 18 illustrates the dependence of |wao,| on the
modulation period x including noninteger values between x
=1 and 4 for Aw=1.5, 2.0 and 2.5 eV. An oscillatory varia-
tion of |wa,| with the modulation period is observed for all
three photon energies. Well-defined peaks are observed at x
=1.75 and 2.75, and valleys at x~ 1.5, 2.5 and 3.5, with the
amplitude of oscillation diminishing as x increases. The
modulation periods for which the MO effect takes maximum
values are slightly different from those in the perpendicular
magnetic anisotropy (¢, X K, ).'? The difference may be ex-
plained by the fact that the magnetic anisotropy is related to
the ground state of the electronic structure, while the
magneto-optical effect is related to both the ground and the
excited states.

Here we give a brief discussion of the low-erergy spec-
trum that exhibits an oscillatory behavior with varying layer
thickness. The long-range structural coherence shown in Fig.
4 may add a new period of longer sequence to the repetition
of layers. which in turn introduces so-called zone folding to
the original Brillouin zone. Another possibility is the forma-
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tion of spontaneous lateral order in the plane perpendicular
to the direction of stacking, which may introduce a new elec-
tronic structure in the lateral direction. We believe that the
new electronic structures produced by the appearance of a
lateral structure are responsible for the spectral feature that
appears 1o the fractional superlattices. In semiconductor al-
loys, the occurrence of either short-range or long-range or-
dering introduces a considerable change in both the band

[x1077*
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FIG. 18. Dependence of|wa,y| on the moduiation period v in the fractional
superlattices with | <x=<3 for photon energies fiw=1.5. 2.0 and 2.5 ¢V,

v
=23

Photon energy (eV)

structure and the crystal symmetry.??” Detailed structural
analysis in the lateral direction is necessary to establish a
model for the electronic structures of noninteger superlat-
tices. To that end, high resolution transmission electron mi-
croscopy (HRTEM). extended x-ray absorption fine structure
(EXAFS) analysis and scanning tunneling microscopy
{STM) studies are underway.

VIIl. CONCLUSION

MOKE spectra were measured in [Fe(xML)/
Au (xML) 1y superlattices with integer and noninteger values
of x, from which off-diagonal elements of the conductivity
tensor were calculated using optical constants from refiectiv-
ity spectra determined by the Kramers-Kronig relation. A
prominent structure of the spectra of |wao |, which is not
present in pure Fe is observed at the photon energy 3.6 eV in
the [Fe (1 ML)/Au (1 ML)] superlattice. The energy position
of the structure shifts towards higher energies with increas-
ing modulation period x. The structure is associated with a
transition from the Au 54| to the Fe 34 states according to
a band calculation. The MOKE spectra were compared with
those in ultrathin Fe layers. [t seems there is a continuous
turnover between the band states and the guantum confined
states. MOKE spectra of [Fe (xML)/Au (xML) ]y superlat-
tices with noninteger values of x showed the presence of a
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low-energy structure, which oscillates with respect to x. This
oscillatory behavior was compared with similar oscillatory
behavior in the magnetic anisotropy.
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