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Asymmetric magneto-optic response in anisotropic thin films
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We report asymmetric hysteresis loops measured using the magneto-optic Kerr effect from epitaxial Fe~110!
and Co~110! thin films with in-plane magnetic anisotropy. This asymmetry appears to violate the invariance of
the hysteresis loop under the transformationM→2M , H→2H ~M is the magnetization andH is the applied
field!. Theasymmetric magneto-optic responseis due to a product of the longitudinal and transverse compo-
nents of the magnetization and proves the existence of the transverse component of the magnetization and,
therefore, of the coherent rotation model of magnetization reversal. We simulate the observed hysteresis loops
with a term in the magneto-optic response second order in the magnetization that is much larger than predicted
by the standard magneto-optic theory.@S0163-1829~97!04202-1#
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I. INTRODUCTION

The magneto-optic Kerr effect~MOKE! is an important
technique for understanding the magnetization reversal
cess of a ferromagnetic thin film because of itsin situ
capabilities1 and high sensitivity to the magnetism of th
films.2 A measurement of magnetization against applied fi
should be invariant under the transformationM→2M ,
H→2H ~whereM andH are the magnetization and applie
field, respectively!; i.e., should go into itself if reflected
through the origin.3 In this paper, we report the observatio
and explanation of asymmetric hysteresis loops that ap
not to obey the above transformation measured magn
optically from epitaxial~110!-oriented Fe and Co thin films
and put forth an explanation of these effects that wh
should apply to the cases of anisotropic Au/Co/GaAs~001!
~Ref. 4! and Ni~001!/Fe~001! ~Ref. 5! films, as well.

We find that the asymmetry in the magneto-optic respo
is due to terms in the dielectric tensor second order in
magnetization and is therefore inherent in the magneto-o
response. The second-order term becomes the only impo
term in the case of perpendicular incidence~the incident light
normal to the surface of the sample! and in-plane magneti
zation, in which case it is called the Cotton-Mouton or Vo
effect. This effect was predicted to be on the order of mic
radians for ferromagnetic metals by Metzger, Pluvinage,
Torguet,6 who also showed that, for a metal with in-plan
magnetization andH in the plane of incidence of the light
the second-order term in the magneto-optic response is
portional to the product of the components of the magn
zation perpendicular and parallel toH. We show that the
calculations by Metzger, Pluvinage, and Torguet predic
second-order effect too small by up to two orders of mag
tude. The asymmetric hysteresis loop provides evidenc
the existence of the component ofM perpendicular toH, and
therefore corroborates the coherent rotation model of mag
tization reversal, where the magnetization of the body is
sumed to act as a single entity and rotate or jump cohere
in an external applied magnetic field. In the absen
of a coherently rotating magnetization, there is no com
nent ofM perpendicular toH,7 and therefore no asymmetr
in the magneto-optic response.
550163-1829/97/55~14!/8990~7!/$10.00
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Both Fe~110! and Co~110! films were used in this study
The demagnetizing field of such films forces the magneti
tion to lie in plane, so that theperpendicularcomponent of
the magnetization is zero. We define the two in-plane co
ponents of the normalized magnetization as beinglongitudi-
nal ~the component ofM parallel to the plane of incidenc
formed by the incident and reflected beams! and transverse
~the component ofM perpendicular to the plane of inci
dence!. The perpendicular, longitudinal, and transverse co
ponents ofM , normalized to the absolute value ofM , are
designated, respectivelymp , ml , andmt . In our experiment,
H is applied along the longitudinal axis.

The crystalline anisotropy of the~110! surface contributes
both uniaxial and biaxial terms to the total anisotropy e
ergy, while strain and surface effects influence the uniax
component. Therefore, epitaxial~110!-oriented films often
have an in-plane anisotropy in addition to in-pla
magnetization.8,9 The energy density of such films is give
by

E/V52MsH cos~f2u2!2Kucos2u2

2Kb cos 4~u21u0!, ~1!

whereE/V, Ms , H, Ku , Kb , u2, u0, andf are, respectively,
the energy density, saturation magnetization~magnitude of
M !, magnitude ofH, uniaxial anisotropy constant, biaxia
anisotropy constant, angle betweenM and the easy axis
angle between the uniaxial and biaxial axes, and angle
tweenH and the easy axis.10 The variableu2 is used to rep-
resent the angle betweenM and the easy axis instead of th
more traditionalu in order to eliminate confusion with the
angle of incidence, defined in the next section. The value
Ku and Kb obtained by torque magnetometry are listed
Table I note thatKu andKb are all positive. The Fe~110!/
Mo~110! samples had an easy in-plane axis along the@001#
direction, consistent with previous results on Fe~110!/
Mo~110! multilayers,11 while the Co~110! sample had an
easy in-plane axis along the@11̄0# direction.

II. EXPERIMENTAL PROCEDURE

Fe~110! samples were sputter deposited in a UHV syst
with a base pressure of 1028 torr. @112̄0#-oriented Al2O3 sub-
8990 © 1997 The American Physical Society
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TABLE I. Orientation, structure, and results of torque magnetometry of three different sputtered, ep
~110!-oriented thin films.

Orientation and structure Ku Kb u0

811 Å Fe~110!/892 Å Mo~110!/Al2O3~112̄0! 9.03104 ergs/cm3 1.63104 ergs/cm3 2117°
75 Å SiC/811 Å Fe~110!/
892 Å Mo ~110!/Al2O3~112̄0! 8.93104 ergs/cm3 1.33104 ergs/cm3 237°
15 Å Pt/10 Å Cu/200 Å Co~100!/
50 Å Cu/50 Å Pt/5 Å Fe/MgO~110! 1.63105 ergs/cm3 8.43104 ergs/cm3 0°
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strates were polished, cleaned, with organics, and heate
at least 640 °C before deposition of a Mo~110! underlayer;
the Fe film was sputter deposited after the sample coo
below 100 °C. Such a procedure gives epitaxial Fe~110! thin
films with in-plane rocking curve widths of less than 5° a
a known strain state.11 Because the substrate surface is n
perfectly lattice matched with the Mo~110! surface, there is
some twinning of both the Mo and Fe films about the~110!
direction; however, vibrating-sample magnetometry~VSM!
and torque measurements indicated that the grains w
coupled closely enough to ensure single-domain-type be
ior, with the possible exception of the very low-fie
regime.12 One of the Fe~110! samples was coated with 75
SiC as a barrier to oxidation; the other was left uncapp
Rutherford backscattering spectroscopy was used to ve
that the SiC-capped sample was much less oxidized than
uncapped sample.

The Co~110! sample was sputter deposited in a UHV sy
tem. A seed layer of 5 Å Fe/50 Å Pt was deposited onto
@110#-oriented MgO at 500 °C, and the sample cooled
60 ° C in a 3.25 mtorr Ar environment before deposition o
50 Å Cu/200 Å Co/10 Å Cu/15 Å Pt quadrilayer. Such
procedure resulted in a high-quality, epitaxial Co~110! thin
film.

The only light source used in our MOKE system was
He-Ne laser, so that all experiments were done at a pho
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wavelength ofl85632.8 nm.s-polarized light~perpendicu-
lar to the plane of incidence! was incident onto the sample a
angles of between 5°60.5° and 32°60.5° from the normal.
The angle of incidence will be henceforth denotedu. The
sample was set up with the field applied in the plane
incidence of the light~so that the longitudinal component o
the magnetization,ml , lay along the field direction! and
within 5° of the in-plane hard axis, except for the SiC-capp
Fe~110! sample, where this angle was larger. The transve
component of the magnetization therefore lay along the e
axis of the sample„the in-plane@001# and @11̄0# directions
for the Fe~110!/Mo~110! and Co~110! samples, respectively….
As explained below, by measuring the total reflectivity a
varying the angle of incidence, we were able to determ
the optical and magneto-optic parameters of the sample
lock-in measurement technique utilizing a photoelas
modulator~PEM! was used to measure separately the K
rotation and ellipticity~uk and ek , respectively!.

13 The ana-
lyzer was mounted on the PEM and made an angle of
with the axis of the PEM, which was perpendicular to t
plane of incidence for measurement ofuk andek . Rotation of
the PEM and analyzer by 45°2b, whereb is a small angle
on the order of 1°, allowed us to measure the transve
component of the magnetization as a function ofH. The
polarizer was rotated by 45° as well during this procedu
which gave the quantityuk~45°!, given by the following ex-
pression:
uk~45°!52J2~ ur ppu2$11b%22ur ssu2$12b%21$12b2%$r ppr ps* 1r pp* r ps1r ssr ps* 1r ss* r ps%!/~ ur ppu2$11b%21ur ssu2$12b%2

12ur spu2$11b%1$12b2%$r ppr ps* 1r pp* r ps2r ssr ps* 2r ss* r ps%!. ~2!
ata
-
and
the
re-

in
rent

vior

eld.
Here r pp , r ss, r sp , and r ps are reflection coefficients o
the sample that give the amplitudes of, respectively, refl
ing p-polarized light intop-polarized light,s-polarized light
into s-polarized light,p-polarized light intos-polarized light,
ands-polarized light intop-polarized light,6 the star super-
script refers to the complex conjugate operation, andJ2 is the
second Bessel function evaluated at 137.8°, the retarda
angle used in our experiment~J2>0.445!.

Although Eq. ~2! appears cumbersome, much useful
formation can be gleaned from it. By carefully adjusting t
polarizer, we may setb to eliminate the term in Eq.~2!
independent ofM . To highest order, theuk~45°! signal is
then proportional tomt as a function ofH, which gives great
insight into the mechanism of magnetization reversal. D
played in Figs. 1~a! and 1~b! are plots ofmt againstH, as
t-

on

-

-

derived from theuk~45°! signal, for the capped Fe~110! and
Co~110! samples, respectively. These are the raw d
@uk~45°! as a function ofH# scaled by a constant we calcu
lated based on our determination of the magneto-optic
optical constants; we have assumed the other terms in
uk~45°! signal to be negligible because of the close cor
spondence between theuk~45°! signal and themt measured
by vector magnetometry. Themt signal as a function ofH
for the uncapped Fe~110! sample was already published
Refs. 14 and 15. These references used slightly diffe
Q-values and therefore the maximum value ofmt was
slightly different; the same plot ofmt againstH was used for
all the simulations. These plots show the expected beha
of the component ofM perpendicular toH; mt goes to zero
at high fields and reaches a maximum at zero applied fi
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Note that the maximum value is less than unity, indicat
that there is some domain formation. Nevertheless, it is c
that there is coherent rotation of the magnetization.

Hysteresis loops measured in the Fe samples with
field applied along the@001# direction showed square, eas
axis behavior. A measurement ofuk~45°! with H applied
along the@001# direction in these samples gave zero sig
@the uk~45°! signal for the Co sample withH along the easy
axis was nonzero because of the large ratio of biaxia
uniaxial anisotropy in this sample#. The magnetization re
verses through domain-wall motion when the field is appl
along this axis, and so the transverse component ofM is
nonzero only inside the domain wall, whose contribution
the total signal is negligible.12

III. RESULTS

The ellipticities @rotation for the Co~110! sample# mea-
sured at an 11° angle of incidence@10° for the SiC-capped
Fe~110! sample# are displayed in Figs. 2, 3, and 4 for th
capped Fe~110!, uncapped Fe~110!, and Co~110! samples,
respectively. The angle of incidence is defined from the s
face normal. These signals appear to break the invarianc
the hysteresis loop under the transformationM→2M ,
H→2H. The asymmetry of the uncapped Fe and
samples is so large that the hysteresis loop is crossed ne
center. We will show that the apparent symmetry break

FIG. 1. ~a! Measuredmt againstH of the SiC-capped Fe~110!
film. ~b! Measuredmt againstH of the Co~110! film. The applied
field lies within 5° of the@001# direction.
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comes from a term in the magneto-optic response sec
order in the magnetization and it is not valid to represent
magneto-optic hysteresis loop as being a plot ofM vsH. The
second-order term in the magneto-optic response is pro
tional to the product ofml andmt . Hysteresis loops obtaine
by torque and vibrating-sample magnetometry~VSM! for all
three samples are not asymmetric about the origin and ca
reproduced by minimizing Eq.~1! with respect tou2 with Ku
andKb given in Table I. Nevertheless, it is not entirely a
curate to characterize the asymmetry in the magneto-o
response as being a purely optical effect; the asymmetr
indicative of an interestingmagneticeffect: a nonzero trans
verse component ofM , which is a prediction of the coheren
rotation model of magnetization reversal.

Also displayed in Figs. 2, 3, and 4 are fits to the elliptici
@rotation for the Co~110! sample#. The simulations required
as input the actual dependence ofml andmt onH. Measure-
ments of the rotation@ellipticity for the Co~110! sample# at a
large angle of incidence gaveml . These measurements we
not asymmetric and therefore were in agreement with
VSM and torque data. The results from Figs. 1~a! and 1~b!
and Ref. 15 gavemt as a function ofH.

IV. THEORETICAL BACKGROUND

In order to understand the asymmetry in the hystere
loops, we have calculated the magneto-optic response
anisotropic thin films. Metzger, Pluvinage, and Torgu6

have calculated the magneto-optic response based on
electric tensor derived from classical electronic equations
motion.16 Metzger, Pluvinage, and Torguet expanded in
parameterl which is given by

l5vct, ~3!

wherevc is the Larmor frequency of the electron in an e
fective magnetic field proportional toMs , and t is a
frequency-dependent factor which becomes the relaxa
time in the dc limit. These previous calculations assume t
all the electrons are acted on by the effective magnetic fi

FIG. 2. Simulated and measured ellipticity~u511°! of the un-
capped Fe~110! film. The applied field lies within 5° of the@11̄0#
direction.
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and hence contribute equally to the off-diagonal term
Metzger, Pluvinage, and Torguet made the assumption
the size of the off-diagonal component of the dielectric te
sor was given by the entire on-diagonal component of
dielectric tensor, multiplied by an effective magnetic fie
given by the magnetization. Argyres, in a full quantum
mechanical calculation of the dielectric tensor, divided
sum over states into an integral over all states occupied
electrons with both spin directions~which yielded the diag-
onal component of the dielectric tensor! and an integral over
states occupied by ‘‘magnetic electrons’’ with only one sp
direction ~which yielded the off-diagonal component of th
dielectric tensor!.17 We have made the additional assumpti
that the size of the off-diagonal component of the dielec
tensor is given by onlypart of the on-diagonal componen
~the response of the conduction or unbound electrons! mul-
tiplied by the effective magnetic field. A similar distinctio
in the contributions of bound and unbound electrons to
off-diagonal component of the dielectric tensor was made
Bennett and Stern in the case of the Faraday effect.18

Extending the arguments in Ref. 17 to our classical
proach, we calculate the dielectric tensore to be

e i j5~114pa!d i j1
4ps0

iv

~d i j1 ile i j k̂mk2l2mimj !

12l2 ,

~4!

wheremi ande i j k̂ are thei th component ofM and the Levi-
Civita density,19 respectively,s0 is the conductivity in the
absence of magnetization, and the quantity 4pa represents
the contribution from the electrons whose equations of m
tion are not affected by the magnetization.20 This expression
becomes identical to that obtained by Bolotin and Sokolo16

in the limit that 4pa→0.
We now proceed following Metzger, Pluvinage, a

Torguet except that we use the above 4paÞ0 expression for
the dielectric tensor, and we expand in the conventio
magneto-optic parameterQ rather thanl. These two param-
eters are related by

FIG. 3. Simulated and measured ellipticity~u511°! of the SiC-
capped Fe~110! film.
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l5
n08

2Q

n08
22124pa

, ~5!

which is valid to orderQ2; i.e., to second order in the mag
netization. The parametern 08 is the index of refraction of the
magnetic material. In the limit of small angles of incidenc
the magneto-optic response is given by

uk1 i ek>2
iQuml

~cosd2 in08sind/n01n082 in0sind!

3
1

~cosd2 in08sind/n02n08cosd1 in0sind!

2
Q2mlmtn08

~n0811!2
S 114pa

n08
22124pa D

3S cosd2 in08sind/n01n08cosd2 in0sind

cosd2 in08sind/n02n08cosd1 in0sind
D ,

~6!

whereuk andek are the Kerr rotation angle and ellipticity,u
is the angle of incidence,n0 is the index of refraction of the
capping layer, andd522pn0d/l8 is the phase delay of the
wave as it crosses the capping layer. Equation~6! was de-
rived using the 434 boundary matrix formalism of Zak
et al.21 with two media: a thin non-magnetic material atop
infinitely thick magnetic layer. In Eq.~6!, we have kept
terms only linear inu, and assumed that the capping lay
had a negligible effect on theQ2 term ~i.e., ignoring terms of
orderQ23d and higher!.

This result is identical to that obtained by Metzger, Plu
nage, and Torguet in the limit that 4pa→0 andd→0,6 with
the exception of the overall sign, which appears to be du
two errors by Metzger, Pluvinage, and Torguet: in extract
r ps from Eq.~33! of Ref. 6, and in obtaining the term secon
order inQ from Eq. ~34! in Ref. 6. Equation~6! becomes

FIG. 4. Simulated and measured ellipticity~u511°! of a
Co~110! film. The applied field lies within 5° of the@001# direction.
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exact in the limiting case of perpendicular incidence, so t
the magneto-optic response in the limitu→0 is entirely pro-
portional tomlmt . This fact was confirmed experimental
by reducingu and observing the changes in the plot
magneto-optic response againstH with u. Note that both
Metzger’s and our results contain a term which is seco
order inQ. The term proportional to the productmlmt does
not change sign under the transformationM→2M , H→2H
and therefore causes the asymmetry in the hysteresis lo
The primary difference between our results and Metzger’
that our second-order term contains the parameter 4pa
which justifies decoupling the magnitudes of the first- a
second-order terms.

The exact expression for the coefficient multiplyingmlmt

at any arbitraryu is cumbersome to derive, and yields n
great physical insight.12 Since Eq.~6! becomes exact in the
limit u→0, we can derive theQ2 term in Eq. ~6! in the
especially simple yet physically relevant case of normal
cidence and in-plane magnetization, where the magn
optic response is second order inQ. This derivation will
illustrate the physics of the problem and will explain ho
our model, in contrast to the model of Metzger, Pluvina
and Torguet,6 can explain a largeQ2 term. This derivation
ignores the presence of the capping layer, and we drop
prime onn0 in order to simplify the notation.

We must first define two reference frames. The$xyz%
frame can be thought of as the ‘‘sample reference fram
because it is attached toM , which rotates coherently in th
case ofH parallel to the hard axis. The incident light bea
propagates along thez axis perpendicular to the sample an
the x axis lies parallel toM . The ‘‘laboratory reference
frame’’ has the samez axis as the sample reference fram
but the two other orthogonal directions~labeledl and t! are,
respectively, parallel and perpendicular to the direction
some external polarizer~see Fig. 5!. We introduce the reflec
tion coefficientsr tt , r tl , r lt , andr ll , exactly analogous to the
reflection coefficients already discussed. We can connec
$t,l % basis to the traditional$p,s% basis at normal incidence
the t direction is perpendicular to the plane of incidence t
would exist if the angle of incidence were nonzero. Note t
unlike the$p,s% basis, the$t,l % and $x,y% bases do not de

FIG. 5. Schematic illustration of the sample ($xyz%) and labo-
ratory ($t lz%) bases. Thex axis lies parallel toM , and thez axis lies
perpendicular to the sample, which is outlined box in the figu
The t and l axes are defined by an external polarizer. Thex axis
makes an angleV with the t axis.
t
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pend on the direction ofk. Hence,r pp52r ll andr ps52r lt
~thep direction changes upon reflection by 180° ifu50°!.

We will compute the magneto-optic response in terms
the elements of the dielectric tensor. We will then substit
in the elements of the dielectric tensor used by Metzg
Pluvinage, and Torguet6 @Eq. ~4! with 4pa set to zero# to
estimate the size of theQ2 term for a Fe film. Finally, we
will substitute into the expression for the magneto-optic
sponse the elements of the dielectric tensor according to
theory@obtained from Eqs.~4! and~5!#. We will see that the
uncoupling of the terms second and first order in the mag
tization allows us to fit our experimental observations o
Q2 term much larger than that predicted by Metzger, Plu
nage, and Torguet,6 who required that 4pa equal zero.

We start the derivation of theQ2 term in Eq.~6! by solv-
ing the wave equation for a light wave propagating throug
magnetic metal with dielectric tensorẽ:

k3k3E1
v2

c2
ẽ E50, ~7!

where k, E, v, and c are, respectively, the wave vecto
electric field, frequency of the light wave, and the speed
light. This allows us to calculate the eigenmodes of pro
gation. As in Yariv22 ~although we use cgs units here!, we
write

S exx2n2

0
0

0
ezz2n2

ezy

0
eyz
ezz

D S Ex

Ey

Ez

D 5S 00
0
D . ~8!

This allows us to find the eigenmodes of propagation.
Eigenmode 1:

n25ezz1
eyz
2

ezz
, ~9!

S Ex

Ey

Ez

D 5S 0
ezz

2ezy
D . ~10!

Eigenmode 2:

n25exx5n0
2, ~11!

S Ex

Ey

Ez

D 5S 10
0
D . ~12!

Noting that the eigenmodes of the magnetic metal
polarized parallel and perpendicular to the direction of m
netization, so that we can break down the incoming elec
field E into components parallel and perpendicular to t
magnetization direction, we calculate the reflectivity mat
in the sample reference frame:

S r yy0 0
r xx

D5S 12n'

11n'

0

0
12ni

11ni

D . ~13!

Note thatr pp at normal incidence for a homogenous mater
with index of refractionn is given by r pp5(n21)/(n11)

.
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because of the change of sign of thep direction upon reflec-
tion as remarked earlier; neither thex nory directions change
upon reflection. Since the magnetization is fixed in mag
tude, we can rotate the reflectivity matrix an angleV about
the film normal into the laboratory frame, where the mag
tization is at an angle from the transverse direction. T
c

c-

rd
i-

-
e

magnetization~which lies along thex axis in the film frame!
can be written: M5uM ux̂5uM u~cosVt̂1sinVl̂!5uM u~mt t̂
1ml l̂!, wherex̂, t̂, and l̂ are unit vectors along thex axis ~in
the film frame! and thel and t directions as defined previ
ously. In the laboratory frame, the reflectivity matrix can
written
S r ttr lt r tl
r l l

D5S r xxcos2V1r yysin
2V

~r xx2r yy!sinV cosV
~r xx2r yy!sinV cosV
r yy cos

2V1r xxsin
2V D . ~14!
rs
nd
r

and

alid

y

n
lcu-
-
be
or
of

n

x-
The magneto-optic response at normal inciden
@uk1 i ek~0°!# is

uk1 i ek~0°!5r ps /r ss52r lt /r tt5
2~r xx2r yy!sinV cosV

~r xxcos
2V1r yysin

2V!

5
2~r xx2r yy!sinV cosV

~r xx$cos
2V1sin2V%1$r yy2r xx%sin

2 V!

>
~r yy2r xx!mlmt

r xx
, ~15!

where we have expanded to second order inQ @since
(r yy2r xx) is second order inQ# and have equated the refle
tion coefficients as explained earlier.

Substituting the reflection matrix from Eq.~13! gives the
magneto-optic response at normal incidence to second o
in Q in terms of the elements of the dielectric tensor:

uk1 i ek~0°!5
@~12n'!/~11n'!2~12ni!/~11ni!#mlmt

~12n0!/~11n0!

5
~n'

22ni
2!mlmt

n0~n0
221!

5
~2exx1ezz1eyz

2 /ezz!mlmt

n0~n0
221!

~16!

~note that a sign error in Osgood, White, and Clemens14 has
been corrected here!.

Let us use the dielectric tensor from Eq.~4! with l given
in Eq. ~5!. In the film frame, withM along thex axis, we
obtain

S exx
0
0

0
ezz
ezy

0
eyz
ezz

D
5S n0

2 0 0

0 n0
21

n0
4Q2

n0
22124pa

in0
2Qmx

0 2 in0
2Qmx n0

21
n0
4Q2

n0
22124pa

D ,

~17!

yielding for the magneto-optic response:
e

er

uk1 i ek~0°!51
Q2n0~114pa!mlmt

~n0
221!~n0

22124pa!
, ~18!

which agrees with Eq.~6! in the case ofd→0, n0→n08, and
u→0.

uk1 i ek~0°! from Eq. ~18! can be as much as two orde
of magnitude larger than that of Metzger, Pluvinage, a
Torguet@Eq. ~18! with 4pa set to zero# because of the facto
~114pa!/~n0

22124pa!. The coefficient ofmlmt can be
measured~at small u! and fitted to obtain 4pa. We now
explain how the parametersQ, 4pa, andn0 were obtained
experimentally, and compare the resulting size of theQ2

term predicted by our model@Eq. ~18!# and that of Metzger,
Pluvinage, and Torguet@Eq. ~18! with 4pa set to zero#.

V. FITTING THE DATA

With the introduction of the parameter 4pa our expres-
sion has six parameters to be fit to the data: the real
imaginary parts ofn08, Q, and 4pa. We note that we have
used the exact formula for the magneto-optic response v
at any angle of incidence to fit the data, not Eq.~6!, which is
valid in the limit u→0. First, we fit the real and imaginar
parts ofn08

2 to the measured totals andp reflectivities:ur ssu
2

andur ppu
2, which are zeroth order inQ. This gives the values

in column 1 of Table II. In the case of the Co~110! and
SiC-capped Fe~110! samples, tabulated indices of refractio
were used for the capping layers. For the purpose of ca
lations, the Co~110! layer was approximated as being infi
nitely thick, and its two capping layers were considered to
a single capping layer with an effective dielectric tens
given by the weighted average of the indices of refraction
the top two layers.

Second, we fitQ and 4pa. To obtainQ, we saturated the
magnetization~ml51, mt50! and measured the saturatio
ellipticity and rotation atu511° @10° for the SiC-capped
Fe~110! sample#. Because the uncapped Fe~110! sample was

TABLE II. Optical constants of three different sputtered, epita
ial ~110!-oriented thin films obtained by fitting thes andp reflec-
tivities ~for n 08!, thes rotation and ellipticity vs incidence angle~for
Q!, and the asymmetry~for 4pa!.

Sample n08 Q 4pa

Fe~110! 2.32i 2.4 0.0221i 0.006 21.92i 14.1
Fe~110! with SiC cap 2.852i 3.36 0.0541i 0.004 20.152i 9.46
Co~110! 2.212i 4.0 0.0522i 0.001 8.22i 3.4
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coated with an oxide of unknown thickness, theQ-value of
this sample has a much larger error bar~60.1560.15i! asso-
ciated with it than for the other samples~60.00260.002i!.
Note that theQ-value for this sample was significantl
smaller than theQ-value of the SiC-capped sample, which
presumably due to oxidation of the former sample. T
asymmetry was independent ofu, as predicted by the secon
term above, and so we were able to fit the asymmetry
obtain 4pa. The values ofQ and 4pa obtained by this pro-
cedure are listed in columns 2 and 3, respectively, of Ta
II.

Using values for the Fe~110! sample ~see Table II!:
Q50.0221 i0.006,n 0852.32 i2.4, we obtain from Eq.~18!
with 4pa set to zero~Metzger’s magneto-optic response
perpendicular incidence!:

uk1 i ek~0°!>~2141 i0!31026mlmt , ~19!

which is at the limits of detection of our system.
Using the values ofQ and n0 given previously, and

with 4pa521.92i14.1, we obtain from Eq. ~18!:
uk1 i ek(0°)>(2471 i708)31026mlmt , which matches
well the observed magneto-optic response. Thus, we see
our model can explain a largeQ2 term, while that of
Metzger, Pluvinage, and Torguet6 cannot.

VI. CONCLUSION

We have examined other films@polycrystalline Fe, poly-
crystalline Fe with ion bombardment induced anisotro
n
9

t

.

l.

J

-
h

s
e

to

le

t

that

y,

polycrystalline Ni, Fe~110!/Mo~110! multilayers, and Pt/Co
multilayers with out-of-plane anisotropy# and find uniformly
that those with in-plane anisotropy exhibit asymmetry in
ther the rotation or ellipticity and those without in-plane a
isotropy exhibit no asymmetry. This is consistent with t
in-plane anisotropy causing a coherent magnetization re
sal that manifests itself in the asymmetry in the magne
optic response.

In conclusion, the asymmetric magneto-optic respons
due to a term in the magneto-optic response second ord
the magnetization which is proportional to the product of t
longitudinal and transverse components ofM . The asymme-
try is therefore an indicator of how well the rotation model
magnetization reversal applies to the sample being measu
in the absence of a coherently rotating magnetization,
asymmetry goes to zero. We have extended a prev
theory of magneto-optics6 to separately fit the terms first an
second order in the magnetization, the latter of which
much larger than that predicted by Metzger, Pluvinage,
Torguet.6
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