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Magneto-optic constants of hcp and fcc Co films

R. M. Osgood III, K. T. Riggs,* Amy E. Johnson,† J. E. Mattson,‡ C. H. Sowers, and S. D. Bader
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 10 February 1997!

We tabulate the wavelength dependence of the complex magneto-optic constants for epitaxial fcc~001! and
hcp (11̄00) Co films with the magnetization along two different in-plane crystallographic directions. The
magneto-optic constants of epitaxial hcp Co films are strongly dependent on crystallographic direction for the
same sample, while those of epitaxial fcc Co films are not, as anticipated from the trends in the magnetic
anisotropy due to the spin-orbit interaction. Our results for~i! the anisotropic magneto-optic constants,~ii ! the
magnetic anisotropy, and~iii ! the indices of refraction, are compared to other studies of Co.
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I. INTRODUCTION

The magneto-optic Kerr effect~MOKE! has been shown
to play an important role in the analysis of surfa
magnetism.1 However, widely different magneto-optic con
stants for Co have been reported in the literature. For
ample, the classic survey in the visible region of t
magneto-optic properties of Fe, Co, and Ni by Krinchik a
Artem’ev ~KA ! in 1968 used polycrystalline plates.2 More
recently, Qiu, Pearson, and Bader3 measured the Kerr ellip
ticity in the longitudinal geometry at the He-Ne waveleng
as a function of thickness for epitaxial Co overlayers
Cu ~100! and Cu~111!, and for Co/Cu superlattices, obser
ing both monotonic and nonmonotonic behavior, resp
tively, as a function of layer thickness. These authors fit
this data in order to obtain the magneto-optic constants. M
recently, Welleret al.4 determined thepolar Kerr rotation
and ellipticity of epitaxial Co films with different crystallo
graphic orientations. These studies exhibit qualitative a
quantitative differences that are extremely interesting to p
sue in order to develop a more complete understanding
magneto-optics and its origins. Here we use the stand
definition of the magnetization components: the polar co
ponent lies out-of-plane in the plane of incidence of the lig
while the longitudinal component lies also in the plane
incidence of the light, but in the plane of the sample.

The great resurgence of interest in magneto-optics
coupled to our understanding of the anomalous Hall eff
and the dielectric tensor of ferromagnetic metals in gene
The complex magneto-optic constantQ5Q81 iQ9 provides
a measure of the size of the off-diagonal component of
dielectric tensor, as discussed by Bolotin and Sokolov,
can be related to the Hall constant~note that we are using th
conventione1 ivt for the time dependence!:5
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wherev is the frequency of light, the magnetic fieldHz is
applied along thez direction, andryz (syz) is the off-
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diagonal component of the resistivity~conductivity! tensor.
We have expanded to first order inQ, and we have written

n0
2511

4pszz

iv
, ~3!

which attributes all of the dielectric response to conduct
electrons. The parameterQ can therefore be thought of as
high-frequency Hall constant, with an applied magnetic fie
Hz replaced by an effective magnetic field proportional to t
magnetizationM , much as is done in the case of the anom
lous Hall effect.6

The spin-orbit coupling is what connects the magneti
tion of the sample to the lattice and therefore causes m
netic anisotropy. Spin-orbit coupling causes preferential
sorption of left- over right-handed light and therefore
responsible for the Kerr effect as well.Q therefore should
depend on the direction ofM with respect to the crystal axes
and since the magnetic anisotropy is larger for a uniax
material than for a cubic material, the anisotropy inQ should
be larger in a hexagonal close-packed~hcp! structure than in
a face-centered-cubic~fcc! structure.4 In addition, such an
anisotropy inQ might explain the discrepancies observ
betweenQ values reported in the literature.

Weller et al.4 have shown that the magneto-optic respon
is different forM along the@112̄0# and@0001# directions of
epitaxial hcp Co~no anisotropy was observed for epitaxi
fcc Co with different out-of-plane orientations!. The samples
they used had one of these two directions normal to
sample surface, so that they always used the polar Kerr e
to measure the magneto-optic properties. One is natur
lead to the question: are the differences in the magneto-o
response they observed truly due to an anisotropy inQ, or
are they due to differences between the optical propertie
the different samples? In order to verify theQ anisotropy of
hcp Co, we have conducted similar experiments on a sam
of hcp Co with in-plane @112̄0# and @0001# directions, so
that the anisotropy in the magneto-optic response of thesame
samplecan be measured by a simple in-plane rotation. W
verify the magneto-optic anisotropy observed by Wel
et al. and report energy-dependent values ofQ8 very similar
to his. In addition, we have obtainedQ values of an epitaxial
fcc Co sample withM along the in-plane@001# and @011#
2627 © 1997 The American Physical Society
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2628 56R. M. OSGOOD IIIet al.
directions, confirming the observation of Welleret al. that no
significant anisotropy inQ exists in this case. Finally, we
obtain very similar optical constants to those reported
KA.2 The anisotropy inQ we observe cannot explain dis
crepancies betweenQ values reported in the literature, an
we discuss the possibility of these discrepancies being du
a thin oxide layer on the sample’s surface.

II. THEORETICAL BACKGROUND

In this article, we use the convention of Metzgeret al.,7

who used a linear basis to describe the magneto-optic effe
Metzgeret al.gave expressions for the magneto-optic effe
up to second order inQ and for any general magnetizatio
direction.7 Metzgeret al. defined the magneto-optic effec
in terms of the effect of the sample on light polarized eith
parallel (p) or perpendicular (s) to the plane of incidence. In
the case of normal incidence, a distinction is made betw
the Kerr rotation and Kerr ellipticity fors- and p-polarized
light:

s-polarized:
in0Q

n0
221

5uk
s1 i ek

s , ~4!

p-polarized:
2 in0Q

n0
221

5uk
p2 i ek

p , ~5!

where n05n2 ik is the index of refraction~n and k are
positive numbers! and uk

p,s , ek
p,s are real numbers that giv

the amount of (p,s) rotation and ellipticity, respectively. In

TABLE I. Magnetic anisotropy coefficients for the hcp and f
samples.

Sample K1 (ergs/cm3) K2 (ergs/cm3)

hcp Co 3.460.4 3 106 1.560.4 3 106

fcc Co 20.860.1 3 106
y

to

ts.
s

r

n

the limit of normal incidence, of course,s- and p-polarized
light are identical, so thatuk

s and uk
p represent opposite

senses of rotation.
The fact that the imaginary part ofn0 is negative is op-

posite to the convention used in Qiu, Pearson, and Bad3

but agrees with the convention used by Metzgeret al. and
Reim and Schoenes.7,8 This convention also influences th
sign of the factorsQ9 andek

p,s .
Reim and Schoenes,8 as well as Welleret al.,4 have de-

fined the rotation and ellipticity for normal incidence using
circular basis. We label the rotation and ellipticity used
Reim and Schoenesuk and ek , respectively.ek is nonzero
due to selective absorption of one handedness over ano
and is therefore the real part of the difference between
flectivities for left- and right-circularly polarized light, while
uk is nonzero due to the phase delay of one handedness
respect to another and is therefore the imaginary part of
difference between reflectivities for left- and right-circular
polarized light. Mathematically, these relationships are
pressed as follows:

FIG. 1. Crystallographic axes for the hcp Co sample.M lies in
the plane of the sample at an angleu from the @0001# direction.
Were M to be out of plane, it would lie at an anglef from the
out-of-plane@11̄00# direction.
c
ex-
ta
FIG. 2. MOKE hysteresis loops from the fc
Co sample at 1.5 eV. The dots represent the
perimental data; the solid line is a fit to the da
described in the text.~a!, ~b! is rotation~elliptic-
ity! for H along the hard~@001#! direction; ~c!,
~d! is rotation ~ellipticity! for H along the easy
~@011#! direction.
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56 2629MAGNETO-OPTIC CONSTANTS OF hcp AND fcc Co FILMS
ek52ReS r 12r 2

r 11r 2
D , ~6!

and

uk52ImS r 12r 2

r 11r 2
D , ~7!

where n1,2 are indices of refraction for left- and right
circularly polarized waves and (12n1,2)/(11n1,2)
5r 1,2 are the Fresnel reflectivities for left- and righ
circularly polarized waves at normal incidence.

One simplifies these expressions to yield

ek52ReS n12n2

n1n221D , ~8!

uk52ImS n12n2

n1n221D , ~9!

from which one obtains

ek52ReS n0Q

n0
221D , ~10!

uk52ImS n0Q

n0
221D , ~11!

yielding

uk2 i ek5
in0Q

n0
221

, ~12!

which agrees with the expression forp-polarized light from
Metzger, except for an overall minus sign. Our definition
Q will therefore be the negative of that obtained using
formulas of Reim and Schoenes; however, the relations
betweenQ8 andQ9 will be the same as for Reim and Scho
nes.

III. EXPERIMENT

A. The Samples

Two epitaxial samples were prepared for the analysis
the anisotropy inQ: and hcp and fcc Co film. The fcc C
film is 500-Å thick and was deposited directly onto~100!-
oriented MgO at 600 °C. A 20-Å-thick cover layer of Cr wa
f
e
ip

f

deposited on top at 200 °C. The hcp Co film was grown
depositing a 500-Å-thick Co layer onto an MgO~110! sub-
strate with a 200-Å-thick Cr base layer and 15-Å-thick
cap layer. The base layer was deposited at 600 °C and
cap and Co layers were deposited at 300 °C.

A polycrystalline Co film with a nominal thickness o
1200 Å was sputter deposited at room temperature onto
oriented sapphire. This Co film was used as a standard
obtaining the indices of refraction of polycrystalline C
These indices of refraction, not the literature values, w
used for the subsequent determination ofQ.

The fcc Co film was confirmed via x-ray diffraction to b
~100!-oriented with a rocking curve full width at half maxi
mum ~FWHM! of 1.3°. The hcp Co film was also epitaxia
with a rocking curve FWHM of 2.4° and an out-of-plan
@11̄00# orientation. The Cr base layer for this sample w
~211!-oriented and served as a buffer layer for the sub
quent Co growth.

B. The magnetic anisotropy of the Co samples

The magnetic anisotropy constantsK1,2 were measured in
order to confirm the expectation that the~100!- and ~110!-
oriented samples had four- and twofold magnetic anisotro
respectively.K1,2 were found by simulating MOKE hyster
esis loops. These anisotropy coefficients are given in Tab
The anisotropy energy density for the fcc sample is given

E/V5K1~ax
2ay

21ay
2az

21az
2ax

2!1K2ax
2ay

2az
2, ~13!

whereK1,2 are the first- and second-order anisotropy coe
cients, respectively, anda i is the direction cosine from the
i th crystal axis.K2 could not be determined for this samp
becauseaz50, sinceM was confined to the plane. The an
isotropy energy density for the hcp sample is given by

E/V5K1sin2u1K2sin4u, ~14!

whereK1 andK2 are the first- and second-order anisotro
coefficients, respectively, andu is the angle betweenM and
the easy axis@the ~0001! or c axis# ~see Fig. 1!. Note that no
crystalline anisotropy has been assumed to exist in the b
plane~the shape anisotropy adds af-dependent term, where
f, contrary to tradition, is the angle betweenM and the
(11̄00) out-of-plane direction!. The two anisotropy coeffi-
cients were determined by fitting hysteresis loops measu
from the hcp sample along the in-plane easy and hard a
and averaging these results with those obtained using B
louin light scattering~Ref. 9 contains results from the sam
E
FIG. 3. Hysteresis loops measured by MOK
~Kerr rotation! from the hcp Co sample forH
along the~a! @112̄0# ~hard! and~b! @0001# ~easy!
direction at 1.7 eV.
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2630 56R. M. OSGOOD IIIet al.
sample!.9 These anisotropy coefficients are close to tho
previously reported by Weller et al. using torque
magnetometry,4 although the fcc sample’sK1 was larger
than that reported in Ref. 4 by about 32%. This discrepa
might be explained by differences between the strain ani
ropy in our samples~the samples used by Welleret al. had a
different seed layer present!.

The fourfold symmetry of the fcc sample was verifie
with MOKE measurements, where the hysteresis loops
played shapes typical for fourfold symmetry~see Fig. 2 for
hysteresis loops measured at a representative energy o
eV!: the hard axis@Figs. 2~a! and 2~b!# had a slow approach
to saturation~which occurred at a field of roughly 1.1 kOe!
after a sharp transition at small~;50 Oe! fields, while the
easy axis@Figs. 2~c! and 2~d!# is saturated at a much smalle
field. The data displayed in Figs. 2~a! and 2~b! ~H parallel to
the hard axis! have been fitted assumingM to lie always in
its equilibrium position; i.e., assuming magnetization rev

FIG. 4. Schematic diagram of Kerr spectrometer. Light from
lamp source passes through a monochromator, a polarizer, a 50
photoelastic modulator, and is focused onto the sample. The
flected light acquires a magneto-optic rotation and ellipticity. T
reflected light is expanded through an output lens and pa
through an analyzing polarizer oriented 45° to the input polariz
Finally, the beam reaches a photodiode detector. The angle of
dence is 36° from the normal. The dc and ac components of
detected signal are amplified separately and sent to a divider ci
connected to the input of a lock-in amplifier.H is applied in the
plane of the sample and in the plane of the incident and refle
light.

FIG. 5. Indices of refraction as a function of photon ener
(hn) obtained from the polycrystalline Co sample~boxes! and those
used by KA~curves! ~Ref. 2!.
e

y
t-

s-

1.5

-

sal via coherent rotation, so that the coercivity of the loop
determined entirely by the anisotropy field of the samp
The other input parameters to the fit are the anisotropy c
stant, theQ value, and the index of refraction obtained fro
the polycrystalline Co sample. The anisotropy field measu
by MOKE agrees with that obtained by a superconduct
quantum interference device~SQUID! magnetometer to
within 10% ~this gives the error bar in Table I!.

Figure 3 displays hysteresis loops measured by MO
~Kerr rotation! from the epitaxial hcp Co sample for the a
plied field along the~a! @112̄0# ~hard! ~b! @0001# ~easy! di-
rection at a representative energy of 1.7 eV.M could not be
saturated with the available field (H) along the hard axis, so
it was necessary to extrapolate the rotation and ellipticity
the saturation field obtained with SQUID magnetomet
K1 andK2 for the epitaxial hcp sample were determined
fitting the SQUID hysteresis loops.

Hz
e-

es
r.
ci-
e

uit

d

FIG. 6. Q values as a function of photon energy (hn) for the
hcp Co sample. In panel~a!, the solid~clear! boxes areQ8 (Q9) for
M along the in-plane@112̄0# ~â axis!; the solid~clear! circles cor-
respond toM along the in-plane@0001# ~ĉ axis!; see Fig. 1 for the
definition of these axes. For the latter two data sets, indices
refraction were obtained from the polycrystalline Co sample,
described in the text. The solid~dotted! lines areQ8 (Q9) from KA
~Ref. 2! ~indices of refraction from the same source!. Panel~b! was
obtained from the data by Welleret al., ~Ref. 4!, with indices of
refraction obtained from KA. Panel~c! representsM i ĉ with Q de-
rived from Eq.~18! @circles as in~a! above# and with capping layer
thicknessd50.
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56 2631MAGNETO-OPTIC CONSTANTS OF hcp AND fcc Co FILMS
C. The magneto-optic constants

The energy dependence of the magneto-optic respo
was measured with a Kerr spectrometer that uses a ph
elastic modulator~PEM! as a means of obtaining a sign
linear in both the ellipticity and rotation, and is sketched
Fig. 4. The light from a Xe are discharge lamp was pas
through a monochromator,10 then a polarizer oriented 45° t
the plane of incidence, through a PEM, and through a l
onto the sample. The reflected light passed through a l
through an analyzer, and into a photodiode detector. If
use the Jones matrix formalism in the (s

p) basis,11 we may
write the detected intensity as

I 5US 0 e

e 1D S r pp r ps

r sp r ss
D S 1 0

0 eifD 1

A2
S 1
1DU2

, ~15!

where (e
0

1
e) represents the analyzer~now sete54° from

eliminating thep polarization!, (0
1

eif
0 ) represents the PEM

( r sp

r pp
r ss

r ps) represents the sample, and 1/A2(1
1) represents the

polarization state of the light exiting the monochromat
polarized 45° to the plane of incidence. Multiplying this ou
and neglecting terms of orderr sp

2 , r spe, ande2, we get

I 5
1

2
ur sp1er pp1r sse

ifu2,
~16!

5
1

2
~ ur ssu21r ss* ~r sp1er pp!e

2 if

1r ss~r sp* 1er pp* !eif!,

where* signifies the complex conjugate. We therefore obt
the normalized intensity

I

I dc
5114J2cos2vt ReS ~r sp1er pp!

r ss
D

24J1sinvt ImS ~r sp1er pp!

r ss
D1•••, ~17!
se
to-

d

s
s,
e

,

n

wheref is the retardation angle of the PEM~f5A cosvt,
with A5137.8° andf 52pv550 kHz! and J1,2 are first-
and second-order Bessel functions evaluated at 137.8A
was selected to equal 137.8° in order to eliminate the ze
component of the Bessel function, which would have add
a small contribution to the dc value of the signal.12

The output of the lock-in amplifier atv is therefore pro-
portional to the imaginary part of (r sp1er pp)/r ss, while the
output at 2v is proportional to the real part of (r sp

1er pp)/r ss. Because the quantityer pp changes very little
with the applied magnetic field in comparison tor sp , the
height of the measured magneto-optic hysteresis loop
equal to 23(r sp /r ss) and the termer pp represents merely an
offset in the overall rotation and ellipticity. The constants
proportionality were determined by a calibration procedu
at each photon energy, the analyzer was rotated by a tot
2° ~e51°→3°! in increments and the observed response
2v fitted to a straight line to obtain a volts per degree ro
tion calibration factor. This factor had to be multiplied by th
ratio of thes to p reflectivities to obtain the true rotation
This can be understood by noting that at Brewster’s an
wherer pp50, the reflected wave will be entirelys polarized
and will not undergo intensity reduction to first order ase is
changed. The calibration of the response atv was accom-
plished in the same manner as that at 2v, but with the addi-
tion of a rhombohedral prism~a broadband quarter wav
plate! after the PEM in the optical path. Note that our me
surements do not give us the traditional rotation and ellip
ity as defined by Metzger, which are the real and imagin
parts of r ps /r ss for incident s-polarized light, because th
light falling on the sample was polarized 45° to the plane
incidence. Nevertheless, we will use the terms ‘‘rotatio
and ‘‘ellipticity’’ to signify the real and imaginary parts o
r sp /r ss, respectively. The division byI dc was performed ex-
perimentally by dividing by the dc output of the photodiod
which was amplified separately from its ac output. The
signal normalization corrects for fluctuations in the incide
intensity of the arc lamp.

To proceed, we need an expression forr sp /r ss that explic-
itly includesQ. Such an expression can be derived using
formalism of Zaket al.,13 treating the Co underlayer as a
infinitely thick layer covered by a nonmagnetic capping lay
of thicknessd and expanding to first order inQ ~terms sec-
ond order inQ go to zero forM saturated along the longi
tudinal direction!.7 In this case,r sp /r ss is given by
r sp

r ss
5

iQmlcosu sinu

g08

1

„2g08cosd1 ign08sind/n01~2n08cosd1 ig08n0sind/g0!cosu…

3
1

„g08n08cosd1~2 i !g0n0sind1~cosd12 ig08n08sind/g0n0!cosu…

3S @~2 ig08n08/g0n0!sind1cosd#cosu1 ig0n0sind2g08n08cosd

@~2 ig08n08/g0n0!sind1cosd#cosu2 ig0n0sind1g08n08cosd D 21

, ~18!
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TABLE II. The energy dependence ofQ values for hcp Co~Ref. 2! and withM along two crystalline axes
of an epitaxial (11̄00)-oriented hcp Co film~present study!.

Energy~eV!
hcp Co

Q8
~a!

Q9
~a!

Q8
M i@112̄0#

Q9
M i@112̄0#

Q8
M i@0001#

Q9
M i@0001#

1.5 0.0305 20.0114 0.047 0.002 0.046 0.003
1.6 0.0268 20.0087 0.043 0.002 0.041 0.003
1.7 0.0238 20.0070 0.039 0.000 0.039 0.002
1.8 0.0214 20.0058 0.038 20.001 0.037 0.001
1.9 0.0201 20.0051 0.036 20.001 0.034 0.001
2.0 0.0189 20.0043 0.038 20.003 0.033 0.000
2.1 0.0183 20.0037 0.036 20.003 0.029 0.001
2.2 0.0176 20.0031 0.035 20.004 0.029 0.001
2.3 0.0168 20.0023 0.033 20.005 0.028 0.001
2.4 0.0159 20.0016 0.032 20.006 0.027 0.001
2.5 0.0150 20.0012 0.030 20.008 0.025 0.002
2.6 0.0140 20.0008 0.028 20.006 0.024 0.002
2.7 0.0133 20.0005 0.027 20.006 0.024 0.002
2.8 0.0125 20.0004 0.026 20.007 0.024 0.002
2.9 0.0118 20.0003 0.026 20.007 0.024 0.001
3.0 0.0111 20.0004 0.025 20.007 0.024 20.001
3.2 0.0104 20.0006 0.024 20.005 0.022 20.001
3.4 0.0114 20.0006 0.024 20.006 0.023 20.002

aReference 2.
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whereu is the angle of incidence~36° in this case!, n0 is the
index of refraction of the capping layer,n08 and Q are the
index of refraction andQ value of the magnetic materia
g0 (g08) is the cosine of the angle between the transmit
wave in the capping~magnetic! layer and the surface norma
and d522pn0g0d/l is the phase delay of the wave as
crosses the capping layer~l is the photon wavelength!. The
parameterml is the longitudinal component ofM , normal-
ized to the absolute value ofM ~i.e., the dimensionless com
ponent ofM parallel to the plane of incidence!; M was satu-
rated to lie parallel toH so thatml51. One sees that in th
limit d→0 ~cosd→1!, Eq. ~18! reduces to

r sp

r ss
~d50!52

iQmlcosu sinu

g08

3
1

~g08cosd1n08cosu!~g08n081cosu!

3S 2n08g081cosu

n08g081n08cosu D 21

, ~19!

which is what one obtains using the standard bulk exp
sions forr sp and r ss.7

A spreadsheet program was used to calculate the co
cient of Q in Eq. ~18! as a function of photon energy, from
which it was possible to invert Eq.~18! and obtainQ. Zak
et al. used a convention for the imaginary part ofn0 andQ
that is opposite to that adopted here. Equation~18! takes this
into account, so thatd has a sign opposite to that given b
Zak et al.13

The real and imaginary parts ofr sp /r ss were measured a
a function of photon energy. At each energy, the rotation
ellipticity were first calibrated by rotating the analyzer by
d

s-

fi-

d

and fitting the observed response to a straight line in orde
get a reading of volts per degrees rotation. For the elliptic
calibration, the beam passed through a rhombohedral pr
which acts as a broadband quarter wave plate.

Indices of refraction for the polycrystalline Co samp
were determined with a commercial ellipsometry syste
The ellipsometric angles~c andD! were measured as a func
tion of wavelength at three different angles of incidence to
for the indices of refraction. The resulting indices of refra
tion, along with those given by KA, are given in Fig. 5.

IV. RESULTS

A. hcp Co

Figure 6~a! displays the resultingQ values for the hcp Co
sample. Also plotted in Fig. 6~a! are the values obtained b
KA for a polycrystalline Co sample. There are significa
differences in theQ values obtained withM along @0001#
and @112̄0# ~the c and a axes, respectively!, particularly in
the range 2–3 eV. Note that KA’sQ values, which were
measured from polycrystalline Co plates, do not fall betwe
our values for the@0001# and @112̄0# directions. Therefore,
the discrepancy between our values and KA’s cannot be
plained by anisotropy alone. Our values forQ8 are more
positive than those of KA, while our value ofQ9 has the
opposite sign from that of either KA or Welleret al. for
small energies, in agreement with the results of Qiu, Pear
and Bader~note that we use a different sign convention th
these authors!3 and Prinzet al.14 Our differences with KA
could be due to either of two factors:~1! inconsistencies in
their experiment~of order 10–20 % as estimated from Fig.
of their article2! and/or~2! the presence of a thin oxide laye
on their samples~see below!. Virtually the same indices of
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refraction were used for extractingQ values from all three
studies~see Fig. 5!, we can rule out the possibility that th
differences in theQ values were due to an artifact of the da
analysis~i.e., dividing the observed magneto-optic respon
by different indices of refraction!.

Our results are in qualitative agreement with those
Weller et al., who reported the rotation and ellipticity for hc
Co with M either along@0001# or @112̄0#.4 Weller et al.
prepared epitaxial Co films with either of these directio
normal to the film plane, and then pulledM out-of-plane
with an applied field of 20 kOe. The values ofQ extracted
from their data are displayed in Fig. 6~b! Weller et al. ob-
tainedQ8 values similar to ours, and also reported posit

FIG. 7. Q values as a function of photon energy (hn) for the fcc
Co sample. The black~clear! circles areQ8 (Q9) M along the
in-plane@011# direction ~easy axis!; indices of refraction are from
the polycrystalline Co sample. The solid~clear! boxes isQ8 (Q9)
for M along the in-plane@001# direction ~hard axis!; indices of
refraction are from the polycrystalline sample. The solid~dotted!
lines areQ8 (Q9) from the data of Welleret al. ~Ref. 4!, using
indices of refraction from KA~Ref. 2!.

TABLE III. The energy dependence ofQ values for fcc Co
from Ref. 4 ~M along @001# and @011# gives virtually identical
results! and withM along two crystalline axes of an epitaxial~100!-
oriented fcc Co film~present study!.

Energy~eV!
fcc Co

Q8
~a!

Q9
~a!

Q8
M i@001#

Q9
M i@001#

Q8
M i@011#

Q9
M i@011#

1.5 0.041 0.023 0.064 0.007 0.073 0.00
1.6 0.038 0.019 0.068 0.000 0.06720.003
1.7 0.037 0.016 0.058 20.003 0.065 20.010
1.8 0.036 0.012 0.057 20.010 0.060 20.013
1.9 0.035 0.009 0.046 20.008 0.055 20.013
2.0 0.034 0.008 0.043 20.009 0.042 20.011
2.1 0.033 0.006 0.037 20.009 0.043 20.013
2.2 0.031 0.005 0.035 20.009 0.035 20.010
2.3 0.030 0.004 0.034 20.009 0.031 20.008
2.4 0.028 0.004 0.033 20.008 0.030 20.007
2.5 0.028 0.003 0.031 20.008 0.026 20.006
2.6 0.027 0.003 0.026 20.007 0.024 20.007
2.7 0.026 0.001 0.026 20.006 0.022 20.011
2.8 0.026 0.001 0.021 20.011 0.019 20.011
2.9 0.026 0.001 0.022 20.015 0.016 20.014
3.0 0.026 0.001 0.014 20.017 0.015 20.016
3.2 0.026 0.000 0.019 20.021 0.015 20.018

aReference 4.
e

f

s

values forQ9 at low energies, in contrast with our results a
those of Ref. 3. They also obtained the same anisotrop
Q as us@Fig. 6~b!# with Q8 andQ9 being more positive for
M parallel to the@112̄0# and@0001# directions, respectively
in the energy range 2–3 eV. For both the results in Figs. 6~a!
and 6~b!, the anisotropy in bothQ8 andQ9 reaches a maxi-
mum of ;0.01 in this region. This agreement confirm
Weller’s conclusion that the magneto-optic response forM
parallel to different crystallographic directions in hcp Co
not due to optical differences between samples, but rathe
inherent to the spin-orbit interaction in the hcp crystal lattic

One can obtain a sense of how theQ value~extrapolated
from the magnetooptic response! depends on the presence
a thin, nonmagnetic capping layer, such as the Cr layer u
for our samples or a surface oxide on uncapped samples.
must compare theQ values for a fixed magneto-optic re
sponse found with and withoutd in Eq. ~18! set to zero. The
results of such an analysis, for the hcp Co sample withM
along the@0001# direction, are given in Fig. 6~c!. The effect
of the Cr capping layer is to shiftQ8 (Q9) towards more
positive values by;0.005 at all energies~Q9 is affected less
by the capping layer at large energies!. Such shifts inQ8 and
Q9 due to the presence of the capping layer might provid
clue as to the discrepancies in the literature about the sig
Q9 at l56328 Å.3 The Q values for the hcp sample appe
in Table II.

B. fcc Co

Figure 7 displays the results obtained from the epitax
fcc Co~100!. The Q values forM parallel to the@001# and
@011# directions@the hard~ha! and easy~ea! axes, respec-
tively# are plotted as circles and boxes, respectively. A
displayed in Fig. 7 are theQ values for fcc Co extracted
from the results of Welleret al. ~curves!.4

TABLE IV. The energy dependence of the index of refracti
(n,k) for polycrystalline Co determined by a commercial ellipsom
etry system.

Energy~eV! n k

1.40 2.19 4.01
1.50 2.79 4.78
1.60 2.66 4.59
1.70 2.54 4.43
1.80 2.41 4.27
1.90 2.30 4.14
2.00 2.19 4.01
2.10 2.09 3.89
2.20 1.99 3.77
2.30 1.90 3.65
2.40 1.82 3.54
2.50 1.74 3.44
2.60 1.67 3.33
2.70 1.60 3.23
2.80 1.53 3.13
2.90 1.48 3.03
3.00 1.43 2.94
3.20 1.34 2.94
3.40 1.28 2.58
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2634 56R. M. OSGOOD IIIet al.
TheQ values for the easy and hard axes are very close
anticipated. Because the magneto-optic response is fourt
der in the spin-orbit interaction for fcc Co, but second ord
in the spin-orbit interaction for hcp Co, the anisotropy in t
Kerr effect should be much smaller for fcc Co, in agreem
with our results and those of Ref. 4. There are some dif
ences between theQ values forM parallel to the@001# and
@011# directions; however, these differences are readily
tributed to scatter in the data and not the result of anisotro
At 2.0 eV, Q9 is negative, in agreement with Qiu, Pearso
and Bader and in disagreement with Welleret al.3,4 The Q
values for the fcc sample appear in Table III.

One important point to be considered is the appropr
indices of refraction for both the fcc and hcp samples. Wh
we used the KA indices of refraction, we obtainedQ values
very similar to those obtained when we used our own indi
measured on our own samples. Differences in theQ values
calculated in this manner were;10% at hn,1.7 eV and
,5% at higher energies~see Table IV!.

In extractingQ values from the rotation and ellipticity
data of Welleret al.,4 we have multiplied their ellipticity
values by21 to account for the sign in Eq.~12!. We checked
that a sign error will not causeQ9 to be negative at low
energies. In addition, a sign change in our ellipticities do
not produce a positiveQ9 at low energies. The quantitativ
difference in the sign ofQ9 remains an issue, and it is clea
that it cannot be explained by anisotropy alone~i.e., our mea-
surements being made withM along a different crystalline
axis than those in Ref. 4!. We note that the samples used
s

J

as
or-
r

t
r-

t-
y.
,

e
n

s

s

Weller et al.4 were uncapped, which may have produced
thin oxide layer on top of their sample, shifting theirQ val-
ues in the sense of Fig. 6~c!.

V. CONCLUSIONS

We have tabulated the wavelength dependence of
complex magneto-optic constant (Q) for epitaxial fcc and
hcp Co withM along two different in-plane crystallographi
directions. TheQ values of hcp Co were found to be signifi
cantly anisotropic, in contrast to those for fcc Co. This is
agreement with the results of Welleret al.4 obtained on
samples with different crystallographic directions align
out-of-plane. It is also consistent with simple argume
based on the spin-orbit interaction. Our values forQ9 are
negative at low energy, in contrast to those reported
Weller et al.4 and KA,2 but in agreement with Qiu, Pearso
and Bader atl56328 Å.3 Our values for the anisotropy o
Q in hcp Co agree quantitatively with that reported
Weller et al., reaching a maximum of;0.01 in the energy
2–3 eV. The quantitative discrepancies betweenQ values in
the literature cannot be explained by the anisotropy inQ, but
may be due to a thin surface oxide.
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