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Surface effects and structural dependence of magneto-optical spectra:
Ultrathin Co films and CoPtn alloys and multilayers

Miyoung Kim and A. J. Freeman
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208-3112

Ruqian Wu
Department of Physics and Astronomy, California State University, Northridge, California 91330-8268

~Received 7 August 1998!

First-principles calculations of the optical conductivities and magneto-optical Kerr effects for bulk and thin
films of Co and for CoPtn alloys (n51 and 3! and multilayer (n53) are carried out using the full potential
linearized augmented plane wave method with the local spin density approximation. For fcc bulk Co, we obtain
a negligible dependence of the polar Kerr rotation on the direction of magnetization. By contrast, the calculated
Kerr spectra of CoPtn are found to be very sensitive to structural changes. For Co~001! and Co~111! ultrathin
films, the surface effects cause a redshift for the high-energy peaks in the magneto-optic Kerr effect~MOKE!
spectra, mainly due to band narrowing. Except for the free standing Co~001! monolayer, the profile of their
MOKE spectra, however, is very close to that of bulk Co.@S0163-1829~99!04313-1#
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I. INTRODUCTION

The surface magneto-optical Kerr effect~SMOKE! has
been used as an essential tool forin situ investigations of
surface magnetism in recent years.1 Also, spurred by its po-
tential application in high density optical storage media
great number of magneto-optic experiments for various m
terials have been performed aiming at the fabrication of m
terials exhibiting desired magneto-optical properties.2 Fol-
lowing the early work by Argyres,3 Bennett and Stern,4 and
later by Callaway and Wang,5 theoretical studies of MOKE
based on modern local spin density functional electro
structure approaches have made significant progress in
last few years. Both optical conductivities and MOKE spe
tra can be directly determined by first-principles calculatio
with an impressive accuracy compared to experiment. M
metals and metal compounds have been investig
theoretically6 not only to predict magneto-optical materia
not yet been made experimentally but also to provide be
explanations for the experimental results.

Recently, extensive studies of Fe, Co, and Ni syste
discovered that their MOKE spectra depend sensitively
many factors such as lattice size, exchange splitting, s
orbit coupling, orbital magnetic moment and even the ori
tation of the magnetization.7–10 This paper reports results o
our first-principles investigations for the MOKE spectra
Co in various environments, e.g., fcc bulk Co, Co~001!, and
Co~111! surfaces and CoPt compounds. The calcula
MOKE spectra for fcc bulk Co are found to be almost ide
tical when the magnetization points along the~001! and
~111! directions, which confirms the conclusion obtain
previously from both calculations8,9 and experiments11 for
fcc bulk Co with the magnetization along the~001! and~110!
directions. For the free standing fcc Co ultrathin films, t
optical conductivities and MOKE spectra depend sensitiv
on the thickness—indicating the presence of strong sur
and quantum confinement effects.
PRB 590163-1829/99/59~14!/9432~5!/$15.00
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II. METHODOLOGY

For the first-principles electronic structure calculation
we employed the full potential linearized augmented pla
wave ~FLAPW! method12 without any artificial shape ap
proximation for the wave functions, charge density, and
tential. The core states are treated fully relativistically a
the valence states are treated scalar-relativistically within
framework of the local spin density approximation~LSDA!.
The spin-orbit coupling~SOC! part is invoked in a second
variational way.13 Using the FLAPW wave functions an
energy eigenvalues, the elements of the optical conducti
tensor due to the interband transitions are calculated with
linear response theory—by solving Kubo’s formula for t
current response to the time-dependent external field.
diagonal and off-diagonal conductivities are given by14
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where i , j go over the occupied and unoccupied states,
spectively (e i j 5Ei2Ej ). Neglecting the small spin-flip
term, the relativistic momentum operatorP can be simplified
further to 2 i\¹.5 The conductivity is integrated over th
complex energy plane by introducing a finite phenome
logical inverse relaxation time,d50.5 eV. As proposed by
Oppeneeret al.,7 this allows one to calculate the absorptiv
and dispersive parts of conductivities simultaneously with
the Kramers-Kronig transformations. The specialk-point
method with Gaussian broadening was used for the Brillo
zone integration adoptingk points in the irreducible Brillouin
zone corresponding to 40~20! meshes along each of the tw
~three! reciprocal lattice axes for thin films~bulk!.
9432 ©1999 The American Physical Society
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PRB 59 9433SURFACE EFFECTS AND STRUCTURAL DEPENDENCE . . .
The magneto-optical Kerr angles can be obtained from
conductivity tensor by solving the macroscopic electrom
netic boundary problem for a given geometry. For the po
geometry in which both the magnetization and the wave v
tor of the incident light are perpendicular to the surface,
complex Kerr angle for the beam reflected from the surf
of a magnetic material with a rotational symmetry high
than three-fold~so that the complex conductivity tensor el
ments satisfysxx5syy andsxy52syx) can be expressed a
a function of the photon energyv,

u1 i«52
sxy

sxxA11 i4psxx /v
, ~2!

whereu and « are the Kerr rotation and ellipticity, respec
tively. Note that the intraband transitions are not included
Eq. ~1!. So we add a Drude term,s5s0 /(11 ivt) ~with
s05531015 s21, 1/t50.02 Ry,8! into the diagonal ele-
ment of the conductivity tensor for the determination ofu
and«.

Note that the FLAPW approach has the most accu
description of the wave functions in the interstitial regio
which is of crucial importance for the determination of t
conductivities and thus the MOKE spectra.15,16 Actually we
found that the interstitial plane waves gave a nontrivial c
tribution in the evaluation of the relativistic momentum te
sor. We expect that the results provided here can serv
good references for other calculations using different b
structure methods.

III. RESULTS AND DISCUSSIONS

A. fcc bulk Co

We first show the calculated polar Kerr spectra of fcc b
Co for magnetizations along both the~001! and~111! axes in

FIG. 1. The calculated and experimental results of Kerr rotat
(uK) and ellipticity («K) for fcc Co bulk. Our results including the
empirical Drude conductivity are shown for two magnetization
rections,~001! ~thick solid curve! and ~111! ~thick dashed curve!,
while the interband spectra without Drude conductivity for~001!
magnetization is also given~thin dotted curve!. The curves with
data points are experimental results,11 for magnetization direction
along ~001! ~circle! and ~110! ~square!.
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dFig. 1, accompanied by the experimental results. Our res
with the intraband contributions included~thick lines! repro-
duce the overall features of the experimental spectra v
well, except that the position of the second peak is overe
mated by 0.5 eV for both the rotational angle and the ell
ticity. It is obvious that the Drude term is very crucial for th
determination of the MOKE spectra since, as shown by
thin dotted line in Fig. 1, the agreement between theory
experiment becomes very poor without this term. Surp
ingly, our calculations indicate that the inclusion of th
Drude term affects the ellipticity in a wide energy range~up
to 5 eV! whereas the rotational angle is strongly altered o
in the lower energy regime (,2 eV). The present result
for fcc bulk Co are very similar to those given by Oppene
et al. @using the augmented spherical wave~ASW! method8#
and Guoet al. @using the spin-polarized relativistic linea
muffin-tin orbital~SPRLMTO! method with an improvemen
of the atomic sphere approximation~ASA!9# but are quite
different from that given by Gascheet al. ~using the LMTO-
ASA approach!.10 As found previously for the~001! and
~110! magnetizations,8,9 a very small deviation can be foun
between the MOKE spectra for the~001! and ~111! magne-
tizations. This is expected since the magnetic anisotropy
ergy in this cubic system is very small.17

The elements of the conductivity tensor, namely,sxx and
sxy , are plotted in Fig. 2. We can see that the two ma
peaks around 2.0 and 4.5 eV in the MOKE spectra are du
the strong peak insxy and the dip insxx , respectively. The
change of magnetization direction slightly alters bothsxy
andsxx .

B. Co„001… and Co„111… ultrathin films

In previous LSDA calculations, the bulk conductivitie
were used to calculate the MOKE spectra. This appears t

n

-

FIG. 2. The absorptive parts of the conductivity tensor of f
free standing~111! @~a! and ~c!# and ~001! @~b! and ~d!# Co thin
films with thickness of 5~dotted curve!, 3 ~dashed curve! and 1
~dot-dashed curve! atomic layers.~a! and~b! shows the real part of
diagonal elementsxx

(1) while ~c! and~d! shows the imaginary part o
off-diagonal element,vsxy

(2) . Result for fcc Co bulk is also given in
solid curve.
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correct for systems with thick magnetic films since the lig
penetration depth in the MOKE experiments is about 100
and it is known for metals that the surface effects on
electronic and magnetic properties are limited to within
few atomic layers. The surface effects on the MOKE spec
however, have not been studied so far by means of first p
ciples approaches. For ultrathin overlayers, this has been
counted for within a macroscopic description by adapting
bulk conductivities15 and has provided reasonable agreem
with experiment for 20 Å overlayer thickness. But this pr
cedure fails to explain the MOKE of ultrathin films with les
than 20 Å overlayer thickness—including, for example, t
oscillation of the Kerr rotation with layer thickness observ
widely in experiment.18 It thus is very important to investi
gate the thickness dependence of the MOKE spectra in
ultrathin regime since in most practical systems nowad
the magnetic layers are reduced to a few atomic monolay

The optical conductivities due to the interband transitio
for the Co~001! and Co~111! ultrathin films with 5, 3, and 1
atomic layers are plotted in Fig. 2. Clearly, the surface
fects are very localized since the curves for three- and fi
layer thick slabs are already very close to that of bulk C
Note that due to band narrowing, the peak structures in
range 4.0–4.5 eV gradually shift towards the low-energy
gion as the film thickness decreases, as can be seen b
arrows pointing to the local minima of the diagonal condu
tivity @Figs. 2~a! and 2~b!# and the shoulders of the off
diagonal conductivity@Figs. 2~c! and 2~d!#. This indicates
that if one includes the surface effects rather than using
bulk conductivity in MOKE calculations as done previous
the high energy structure in the MOKE spectra will show
redshift.

These structural changes in the optical conductivity~and
thus in the MOKE spectra! due to surface effects are som
what similar to the effects of a lattice expansion. Oppen
et al.7 reported that for Ni a larger lattice spacing cause
redshift of the high-energy peak of MOKE. Here, surfa
effects result in both band narrowing and an enhancemen
the surface magnetic moment.„Actually, the magnetic mo-
ment of 1.65mB for bulk Co is gradually enhanced as th
thickness decreases, giving 1.70(1.75)mB ,1.77(1.81)mB ,
and 1.95(2.07)mB for the ~111! @~001!# free standing Co
slabs with 5, 3, and 1 atomic layers, respectively. Thed band
width 5.8 eV for fcc bulk Co, is reduced to 4;3 eV for the

FIG. 3. The calculated Kerr rotation for fcc Co thin films wit
thickness of~a! 1, 3, and 5 atomic layers for~111! and~b! 3 and 5
atomic layers for~001!, given together with the calculated result fo
fcc Co bulk for comparison; the same notation as Fig. 2 used.
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Co monolayers.… They thus cause the redshift and, mea
while, a significant change in the magnitude of the cond
tivity. While the redshift occurs gradually as the film thick
ness decreases, the change in the magnitude of
conductivity is influenced in a more complicated way. Fro
Figs. 2~a! and 2~b!, the magnitude of the diagonal condu
tivity of the thin films is strongly enhanced in the low-energ
region (,2 eV) compared to that for bulk Co. According t
Eq. ~2!, this change is expected to reduce the Kerr rotatio

In order to see the surface effects, we give the Kerr ro
tion calculated from Eq.~2! for the Co thin slabs in Fig. 3
together with the bulk spectrum. Since the Drude parame
are not available for the Co slabs, the intraband term is
included for all the curves in Fig. 3. As expected, the MOK
spectra of the thin films exhibit:~i! a monotonic redshift for
the high-energy peak as the thickness decreases and~ii ! a
reduction of the rotation angle in the low-energy region.
terestingly, these results appear to indicate that surface
fects play a role similar to the Drude term and thus can
used to improve the agreement between LSDA calculati
and experiment.

It is important to point out that a remarkably differe
result is obtained for the~001! monolayer. As can be seen i
Fig. 2, the absorptive part of the off-diagonal conductiv
for the Co~001! monolayer shows a very different behavi
compared to the other thin films: there develops a nega
peak in the low-energy region and a new positive structure
the region around 6 eV. For a more detailed analysis,
decomposed our results into contributions from the two s
parts. As shown in Eq.~1!, the conductivity is given by a
sum of the multiplication of two momentum operator matr
elements estimated by the relativistic spin-mixed LSD
wave functions. Clearly, it is feasible to make a spin sepa
tion for sxy andsxx when the spin-flip term is negligible.

The spin-decomposed results of the absorptive o
diagonal conductivities for the Co~001! and Co~111! mono-
layers and for bulk Co are given in Fig. 4. Note that the s
of the two spin channels reproduces the total off-diago
conductivity ~see Fig. 2! very well for each system, which
implies that the spin-flip contribution is truly negligible. Th
Co~111! monolayer shows a similar profile to that of bulk C
for both spin channels, but the width of the spectrum b
comes much narrower. The significant difference betwe
the spectra for Co~001! and Co~111! suggests the sensitivity
of the MOKE spectrum to changes of local symmetry a
coordination number for magnetic monolayers. As expec

FIG. 4. The absorptive part of off-diagonal conductivity of fc
Co bulk ~solid curve!, ~111! monolayer~dotted curve!, and ~001!
monolayer~dashed curve! for each spin channel.
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these two monolayers give similar contributions tosxy from
the majority spin part~the d band is filled so it is not so
sensitive to the change of environment!. The drastic differ-
ence occurs for the minority spin part; instead of giving
positive peak for other systems, a large negative peak de
ops in the low-energy region for the Co~001! monolayer.

C. CoPtn alloys and multilayers

Due to its large SOC strength and induced magnetic m
ment, Pt has been considered a good ingredient for n
magneto-optical materials and has been widely studied
compounds with 3d magnetic transition metals. We calcu
lated the MOKE spectra for bulk CoPt and CoPt3 alloys
~with the L10 and L12 structures, respectively! and the
CoPt3 multilayer. The magnetization aligns along the~001!
direction, and we use the experimental lattice constants19 ~for
the CoPt3 multilayer, the nearest Co-Pt distance is tak
from the CoPt3 alloys!. The calculated magnetic momen
and the relative SOC strength20 of Pt,jso(Pt), with the value
for CoPt as a reference, are shown in Table I for some of
dominantp and d states. As the Pt composition increas
from CoPt to CoPt3 , the induced magnetic moment of the
atom (0.41mB in CoPt! decreases and gives close values
both the CoPt3 multilayer (0.32mB) and the CoPt3 alloy
(0.29mB). The Co magnetic moment (1.84mB in CoPt! re-
tains its magnitude in the CoPt3 alloy but increases in the
CoPt3 multilayer (1.99mB). In contrast with the magnetic
moment, the SOC strength appears to be less sensitiv
structural differences: as the Pt composition increases f
CoPt to CoPt3 , the change of the Pt SOC strength reache
maximum of 10%—but for a given set of (l ,u,u̇, spin!, the
same changes are found in the CoPt3 alloy and multilayer.
We found~not shown in Table I! that thejso(Co) shows a
negligible change (,1%) in going from CoPt to CoPt3 .

The calculated MOKE spectra for the three systems
given in Fig. 5 and are accompanied by their experimen
counterparts. We obtained a large Kerr rotation angle of
to 1° for CoPt. As the Pt composition increases, the Co3
multilayer shows a reduction of the spectrum in the wh
energy range, whereas the CoPt3 alloy exhibits a new struc-
ture with two distinct peaks at 2 and 5 eV, among which
second one reaches 1°. This dependence of the MOKE s
tra on the Pt composition and arrangement is somewhat s
lar to the results for CoPtn(111) multilayers obtained by Ub

TABLE I. The magnetic momentsM (mB) and the relative SOC
strength~Ref. 20! of Pt j for CoPt3 with respect to CoPt values
Negativej value means that it is reduced from the value of Co

CoPt~L10) CoPt3 multilayer CoPt3 alloy

M ~Co! 1.84 1.99 1.85
M ~Pt! 0.41 0.32~0.21! 0.29

Pt SOC ↑↑ ↓↓ ↑↑ ↓↓ ↑↑ ↓↓

juu
l 51 1 1 29 ~%! 29 ~%! 29 ~%! 29 ~%!

juu
l 52 1 1 22~%! 21~%! 22~%! 21~%!

juu̇
l 52 1 1 14~%! 14~%! 14~%! 14~%!

j u̇u̇
l 52 1 1 110~%! 110~%! 110~%! 110~%!
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et al.16 with the LMTO approach. Here, however, the amp
tude of the Kerr rotation is relatively stronger.

The SOC strength is known to play an important role
the determination of the Kerr rotations; a linear scaling w
found for bulk transition metals.7 For Pt-3d transition metal
compounds, model calculations6,21 manipulating the SOC
strength revealed that a suppression ofjso(Pt) changes the
MOKE spectra strongly in both their profiles and magn
tudes. By contrast, a change ofjso(Co) does not alter the
profile of MOKE spectra but reduces their magnitudes.
seen from Fig. 5, a significant difference can be found
tween the MOKE spectra for the CoPt3 multilayer and the
CoPt3 alloy, despite the fact that they have almost the sa
Pt SOC values~see Table I!. Therefore, the structural depen
dence for CoPt3 in our result seems to be explained by t
change of band structures in the different geometries ra
than the correlation between the MOKE and SOC stren
mentioned above.

Compared to experiment~see Fig. 5!, our results for the
CoPt and CoPt3 alloys show much larger values of the Ke
rotational angle. The experimental spectra exhibit a two-p
structure for both CoPt and CoPt3 alloys. We obtained this
feature for CoPt3 alloy but not for CoPt. The discrepancie
can arise because of~i! the existence of defects in the samp
~ii ! the unsaturated magnetization in the experiment and~iii !
the use of Drude parameters of bulk fcc Co in our calcu
tions. In addition, zero temperature is assumed in the ca
lations whereas the experimental data are usually taken
higher temperature. Actually, Welleret al.21 scaled their ex-
perimental data for CoPt3 by a factor of 1.5 to take accoun
of temperature effects. If the same prefactor is used for C
~as shown by plus signs!, our result traces the measure
curve quite well. For CoPt3 alloy, which presents the sam
feature with two major peaks but different peak position a
magnitude, the difference also can be attributed to the dif
ence in the magnetization direction@the experimental results
are for polar MOKE along the~111! direction#.

FIG. 5. The calculated and experimental results of Kerr rotat
for CoPt~L10) @solid curve: present results, open circles: experim
~Ref. 22!, plus signs: experiment~given by open circles! multiplied
by 1.5#, CoPt3 multilayer ~dotted curve: present results!, and
CoPt3(L12) alloy @dashed curve: present results, filled square:
periment~Ref. 21!#.

.
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IV. CONCLUSIONS

In summary, we performed first principles calculations
MOKE for fcc bulk Co, free standing Co~001! and Co~111!
thin films, CoPtn alloys (n51 and 3!, and multilayer (n
53). We found that the anisotropy of the MOKE spec
about the~001! and ~111! magnetization directions is negl
gible for bulk Co. The surface effects induce a redshift
the high-energy peak and reduce the Kerr rotation angl
the low-energy region due to the narrowed bandwidth a
enhanced magnetization. The increase of Pt compos
with respect to the CoPt layered alloy reduces the amplit
of the MOKE spectra for the CoPt3 multilayer, whereas it
J.

J

ys
J.

C

f

r
in
d
n
e

results in a different structure of the MOKE spectra for t
CoPt3 alloy. This structural dependence is found to be har
explained by the change of Pt SOC strength and its effec
the MOKE, even though the large MOKE spectra of Co
compounds has been mainly attributed to the large Pt S
strength.
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