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Detailed and practical expressions are given for the magneto-optical Kerr effect (MOKE) for
various configurations of two media. One is a magneto-optic (MO) one, and the other is a
nonmagnetic (NM) medium. For a system of two thick media with a single interface, with a first-
order approximation in MOKE term Q, the Kerr function is determined by the product of a
MOKE term Q and an optical termb 1. A second type of system includes a thin MO (or NM)
layer deposited on a thick NM (or MO) substrate. For a MO/(NM-substrate) configuration, the
Kerr function is related to the Kerr effects from the air/MO and MO/NM interfaces, and to the
Faraday effects of the MO layer, as well as to interference effects. The enhancement factor can
be expected to be large by proper choice of materials. For a NM/(MO-substrate) configuration,
the total Kerr function is related to the Kerr effect from the NM/MO interface and can be
enhanced by interference. The enhancement factor is expected to be less than one if the NM layer
is strongly absorbing. Calculations of Kerr effects for examples of the PtMnSb/AuAl, and Fe/Cu
configurations are given. These indicate that the peaks shown in the onset region of the interband
transitions of Cu can be attributed to a dramatic change of the refractive index in that region. The
merits of a MO/(NM-metallic) structure have been evaluated, and indicate that a better Kerr
enhancement effect can be achieved if the refractive index of the MO layer is larger than one and
is much larger than that of the metallic material. A drawback to this configuration comes from
the fact that a MO material with a large refractive index value usually is not expected to have a
large intrinsic Kerr effect.
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Detailed and practical expressions are given for the magneto-optical Kerr effect (MOKE) for
various configurations of twe media. One is a magneto-optic (MO) one, and the otheris a
nonmagnetic (NM} medium. For a system of two thick media with a single interface, with a
first~order approximation in MOKE term ¢, the Kerr function is determined by the product of
a MOKE term { and an optical term #. A second type of system includes a thin MO (or NM)
fayer deposited on a thick NM (or MO) substrate. For a MO/ (NM-substrate} configuration,
the Kerr function is related to the ¥Kerr effects from the air/MQO and MO/NM interfaces, and
to the Faraday effects of the MO layer, as well as to interference effects. The enhancement
factor can be expected to be large by proper choice of materials. For a NM/(MQO-substrate)
configuration, the tota! Kerr function is related to the Kerr effect from the NM/MG interface
and can be enhanced by interference. The enhancement factor is expected to be less than one if
the NM layer is strongly absorbing. Calculations of Kerr effects for examples of the
PtMnSb/AuAl, and Fe/Cu configurations are given. These indicate that the peaks shown in
the onset region of the interband transitions of Cu can be attributed to a dramatic change of
the refractive index in that region. The merits of a MO/ (NM-metallic) structure have been
evaluated, and indicate that a better Kerr enhancement effect can be achieved if the refractive
index of the MO layer is larger than one and is much larger than that of the metallic material.
A drawback to this configuration comes from the fact that a MO material with a large
refractive index value usually is not expected to have a large intrinsic Kerr effect.

. INTRODUCTION

In the last two decades, considerable attention has been
paid to the magneto-optical Kerr effects (MOKE) due to

COTQIIg. £ NC REIT DATKRITICLCDS, TULALIOR Gligie U dlitl ClLipl-
city €,, can be directly refated to both the diagonal and off-
diagonal elements of the complex dielectric tensor, which is
attributed not only to intraband transitions dominated by
the free electrons near the Fermi surface, but also to inter-
band transitions characterized by the joint density of states
function. Intrinsically, the origin of the MOKE for ferro-
magnets is primarily from the “magnetic” electrons, ie., d
electrons for the transition metals and 4 and f electrons for
the rare-earth metals. The MOKE is proportional to the
product of spin-orbit coupling strength, which strongly dis-
criminates against s-p states, and net electron polarization
excited by the incident light."” Therefore, the actual phys-
ical explanation of MOKE spectra, including its enhance-
ment, in general has traditionally been based on extensive
studies of the magnetic (electronic) behavior of various
magnetic materials.

Recently, however, several new mechanisms have been
presented to explain the giant enhancement of the MOKE
observed by different authors for a single magneto-optic
{MO) or an MO/metallic bilayer film system.”” Feil and
Haas have shown that a resonance-shaped MOKE specira
can be induced by the plasma resonance of the free carriers of
the magnetic materials.” Katayama ef al. reported that for a
Fe/Cu bilayer film structure the enhancement of 8, which
occurs around 2.2 eV is a resuit of the plasma resonance
absorption of the nonmagnetic (NM) copper.* Reim and
Weller not only demonstrated the experimental results for
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the TbFeCo/Cu and GdTbFeCo/ Ag bilayers, but also gave
an expression which shows that if the NM reflector, on
which the MO thin film is deposited, has a low valune of the
ramnley refractive index an anhancement nf &, ran he ex-

e
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ellipsometric and MOKE data to show that the resonant
enhancement of §, for a bilayer has an optical origin. In this
paper we study this problem in greater detail, but for simpli-
city restrict our discussion to only the polar MOKE at nor-
mal angle of incidence. The general analytical expressions
and calculations are given for two types of systems, and show
that although MOKE is fundamentally related to the mag-
netic (electronic) behavior of the material, the optical prop-
erties of both the MO and NM materials will play an equally
important role in determining its value. The giant enhance-
ment of MOKE for s MO/NM system can be explained fully
from the optical crigin. A complete Kerr spectrum for
Fe/Cu configuration is recalculated, covering a wide spec-
tral range, and shows that the peaks broader and move to-
ward longer wavelengths. They are attributed to a dramatic
change of the refractive index in the onset region of the inter-
band transitions of Cu. The merits of 3 MO/ (NM-metallic)
structure are discussed and indicate that a better enhance-
ment effect can be achieved if the refractive index of the MO

layer is larger than I, and is much larger than that of the NM
metallic material.

il. THEORY
A. Systems of two thick media with single interface

In this section we consider MOKE in two infinitely
{“optically”) thick media having a single interface between

© 1990 American Institute of Physics 7547



them. The medium on top is the NM layer, and the bottom
layer is the MO medium. Hereafter, this system will be de-
noted as (NM/MO). The simplest example is the (air/MO)
configuration. But the more general case is treated here.

For a magnetized ferromagnetic material, assuming
that the magnetization 3 is in the z direction (normal to the
sample surface), a linearly polarized wave at normal angle of
incidence will vibrate in the x-y plane and propagate along
the z axis, respectively. The assumption of isotropy for the
material implies the following form for the dielectric tensor
[ 6} :8,9

€ €, © g‘ € —ieQ 0
f[el={ —€, € Oi=|icQ € g (B
0O 4] €, 0 0 €,

where ¢ is the Voigt parameter which is small and, in gen-
eral, is a complex function of the magnetization of the body.
The diagonal terms of the complex dielectric constant € will
be a weak function of Q. Since €(@) = ¢{ — @), the first-
order term for ¢ in {J vanishes. Therefore, after omitting the
terms of higher than first order in G, € can be regarded as the
ordinary dielectric function related to the complex index of
refraction 7 as follows:

e=¢ +ie,=r% and A=n-+ik. (2)

The z component of the diagonal terms of the tensor, ¢,, will
become identical to € as the magnetization goes to zero. As-
suming further that the linearly polarized electric field £ lies

along the x axis, it can be decomposed into two circularly
polarized fields, right £, and left £, i.e.,

E . =E +E,, (33
where

E =(E, +iEy), and E, =Ii(E, —iEy). (4)
If the material shows a Kerr effect, the reflected wave from
the surface will be elliptically polarized. The reflected field
E'is

E'=E +E; =y E. +¥_E,, (5)
where 7, and 7_ are the reflection coefficients for right and
left circularly polarized light, respectively. Now we consider
in general a two-medium system, i.e., a NM medium with
the complex refractive index 7, in contact with a MO medi-

um with the MO refractive index 7 | . Taking the first-order
approximation in @, i, will have the following form”®:

i, =n,(1TQ/2). (6)
Assuming that the light is incident from the NM medium to
the MO medium, the ¥, will be

+

f/iz?’teié—:" ‘:~,5L’ (7)

where 7 is the ordinary reflection coefficient without magne-
tization,

~ 3 ﬁ()_ﬁm
=yt =2 (8)
y y ﬁ0+ﬁm

and p . is a complex quantity related to the pure MOKE.
Therefore, g, can be soived from
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Py =V /V=p e =1+d, =l+e, +if,,

(%)

wheree | and 6, are smail quantities related to . Compar-
ing Eas. {(7)-(9), we see that

v, =y, =p{l+e ), and 6, =9 +8, . (i0)

Substituting Egs. (6)~(8) into Eq. (9) and taking the first-
order approximation in {, we have

Py =t+90, (11)
where

7= ———-6‘(‘)/6_‘)2'; : (12)
It is clear that

$r=—¢_=nQ. (13}

Finally, we obtain the Kerr parameters, ellipticity €,, and
rotation angle 8, , respectively:

(= VeV Pr—p
Ve +7- Pyt o
=~ —€, = — Re(n70), (14)
6 (5_4< "—5_—) (9-}» —9—)
K= ' =
2 2
= —8,= —Im(nQ) .

Therefore, the complex Kerr function ¢, is

. —
g JEEm €€/ €

€

=€ +ib= —¢,
m 60 em - 6‘()

(15)
If the NM medium is~air, €, = lande, = ¢ and wehave the

same expression for ¢, as given by other authors™'®:

Qe _ _
-1 Je(e—1)
Equation (15) was derived assuming ¢, €1in Egs. (9)
and only the first-order approximation in Q was taken into
account. It is interesting to see what will happen if the optical

constants of the two media are nearly the same. Assuming
Roe=ii,,, BEgs. (6}, (7), and (14) vield

i€,

(i6)

t;bk() =

g @1 i
~+ 2o , 17
Yy 4 4 € (17
and thus €, = 0, and 6, = 7/2. The reflectivity R is
1 2y 1817
R = 2y P . 18
SUrel + == (18)

It is clear that the reflected light is linearly polarized, but the
direction of the electric field has been rotated by 90° and has
a low infensity.

It can also be shown that if the light is incident from the
MO media to the NM media, ¢, will be unchanged and have
the same form as Eq. (15).

Finally, assuming that both media are ferromagnetic
and have the Voigt parameters @, and Q,,, respectively, the
Kerr function can be shown to be

¢ _ (Qm - Qﬂ)\/EOEm ) (€0€mxy — € Eo.xy)
k — ¢ "

€n — &

I3
(€, — €o)\/€Em

Chen et al 7548



The Kerr effect wiil be enhanced when g, and Q,, have op-
posite signs, and weakened when they have the same signs.

B. Layered systems with one thin medium
1. MO/ (Nii-subsirate) configurations

Assume that a MO layer, with a complex refractive in-
dexn _ and layer thickness d, lies on top of an infinitely thick
MM substrate having 8 complex refractive index #,,. Hereaf-
ter, this configuration will be denoted as [MO/NM]. As
shown in part (a) of Fig. 1, the reflection coefficients 7/, of
right and left circularly polarized light for the [MO/NM]
system at wavelength 4 will be

= P iB.
+ 7, ,€
A R e (20)
1+?/il?/_k2.e ’
where
R e P
?’,—ti‘“l_{_nr ”“’71}2:‘__1)
A, —n s
Vr =2 =P 2 (21)
L )
B, =4 d/A=B+y,
with
. I —a, N f,, — fg
V=, and P, =-———,
I+nm nm+n0
ﬁj»1:i+¢tl9 aﬂd ﬁi2:1+¢i2’ (22)
B=4rh,d/A, and y, = F2orh,Qd/A.

Therefore, considering the first-order approximation in @,
and Eq. (20) will be
f’: :'}7’(1—;“(#,4_):?1(14"6’4: +29'¢)9 (23)
where 7 is the ordinary reflection coeflicient for the [MO/
NM configuration:
5w B
?7: —_ 71 -1:}~2€ —. (24)
L+ 7,7,e"
In the same way as mentioned above, the Kerr function ¢},
for such an [MO/NM | configuration is then
P =€+l = —¢',
_ G- 73" iy + (1 = 1) (o + 26007267
(71 + 726") (1 + 7,72¢%)

5

{25)
Ar it =1 Air #t = 1
MO Layer Per T A Lager $1=0
fins = Bim (17 Q/2) d fio = 1o + ikg
3 ! 2
NM Substaie Pr2 MO Swobstraic i

iy = ng + ikg fimt = R (17 Q/2)

(a) (®)

FIG. 1. Thin layered configurations: (a) the MO layer lies on top of the NM
substrate, (b) the NM layer lies on top of the MO substrate.
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where ¢, , = ¢.o in Eq. (18), and ¢,, =4, in Eq. (15).
These are the Kerr functions related to the air/MO and
MO/NM interfaces, respectively, and ¢, is the Faraday
function related to the Faraday ellipticity €, and rotation
8,10

bp=€p+ 0 =ily, |/2. (26)
It can be seen that as d-0, ¢, >0, and as d— « and
k., #0, ¢; —@,,. Equation (25) is also suitable to a [MO/
MO} configuration with &,, = &, in Eqg. (19), and valid
when

?7&?726"7?(95“ + $iz + 205)

: £1,
L4 71727
¥ < + & + 2 A ﬁveiﬁ
Vi —(¢ 2~ A:Sb)?ﬁ <i. 27
(7 + 7.2

2. NHi/(#MO-subsirate) configurations
For the system in which 3 NM layer lies on top of the
M substrate, denoted as [ NM/MO], which has the config-

uration shown in part (b) of Fig. 1, the Kerr function ¢, will
be modified to

~ (1 “_;,2) ei,?
- Y2~ !-,g” ¢kf — (28)
(71 + 7227 (1 + 7, 7,¢")
where
- b — 7 fg — i,
= ., and —-==—=-———, (29}
7 1+ i r2= By -+ 1,
B=dwhd/A.

Asd 0, ¢, — &, and as d— oo and ky3£0, ¢, -0

fii. DISCUSSION
A. Physical origins of Kerr effects

The off-diagonal element of the complex dielectric ten-
SO, €,,, contains contributions from both intraband and in-
terband transitions. In the near-infrared and visible photon
energy region, the intraband part of €, can be approximated
as'!

2

ol (30)
P w1l 4+ iwr)’

) idmo,,
€xy = €yt + Ié'xyz = - ]

where f, is the function related to the dipele moment and
spin polarization of the magnetic electrons. The interband
transitions play an important role in €,, when photon ener-
gies match the entergy-band gaps. The absorptive and disper-
sive parts, €, and €,,,, of ¢, from the interband effect can
be given, respectively, with the Kramers—-Kronig relation'!

et -
€y = — =F o p (@0} (@),

Fam

2 J‘ x} 43 Cr)i
2 = 4 s
Ex (0% — @)

where Fa,, (m) is 2 combined matrix element of the kinetic-
momentum and spin-orbit operators, and J,,; () is the ordi-
nary function of the joint density of states (JDOS):

(31}
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i .
Joalw) :Wfé(waﬁ —wyid k. {32)

The form of je,, thus is guite similar to that of the diagonal
term €, except for the difference in the formation of the ma-
trix elements.

The energy loss by the collective movement of electrons
in the solid is proportional to the loss function Im{ — 1/€)
for creation of volume excitations and Im| — 1/(e+ 1)}
for creation of surface excitations.'”> At the plasma edge, a
loss maximum will usually oceur, as &, is small and €, =0
and — 1 for the volume, and surface energy-loss functions,
respectively.

Therefore, for an ideal (NM/MO) configuration, ac-
cording to Eq. (15}, four physical quantities in general will
contribute to the Kerr function ¢,: (1) €,,,,, which has its
origins in intraband and interband tfransitions in the MO
material and usually shows structure when the photon ener-
gies are equal to the band gaps. (2) 1/\/’5:, which has fea-
tures similar to the energy-loss function at the plasma edge,
but notice that in general €,, is not totally independent of
. Hence, if €,, has a sirong correlation to €, the effect
from this term will be partly canceled. (3) The optical
matching term 1/(€,, — &) for which maxima occur as

me ¥

€,, =& (4) \€,, Or 1y, which are refated to the optical prop-
erties of the NM medium. It is clear that a small €, corre-
sponding to a plasmon of the NM medium, will not contrib-
ute to the enhancement of the Kerr effect, unless it matches
€

m*

B. Application to (air/PiMinSk)} configuration

We take again the MO material PtMnSh as an exam-
ple,>"™'* and consider that the NM medium is air, ¢, = I,
and €,, = €. The diagonal € and off-diagonal €, terms of the
dielectric tensor, the loss function Im{ — 1/¢€), and the opti-
cal matching term 1/(e — 1}, as well as the Kerr function
for (air/PtMnSb) are shown in Figs. 2-6, respectively. van
der Heide et al.'* experimentally determined that the onset
of interband transitions for PtMnSh is at about 0.9 eV, at the
tail of the photoconductivity ¢ curve. However, by means of
least-squares fitting to the linear part of €,(#w)?, or wa,
which is proportional to JDOS (see Fig. 7), the onset of the
interband transitions for PtMnSb can be determined to be at
about 1.6 eV. The same absorptive tail features were ob-
served for other materials such as Au'>'® and AuAl,."” The
sharp peak at 1.68 eV in the loss function, as seen in Fig. 4, is
attributed to a plasmon (&; = 0 at 1.66 eV} being shifted in
energy {fiw, = 6.1eV) due to the effect of the interband
transitions. The absorptive part of the ofi-diagonal dielectric
tensor, €,,,, shows a sharp peak at about 1.54 eV, which is
shifted to 1.6eVin g, (#w)?, as seen in Figs. 3 and 7. This
peak has the same crigin that is the onset of interband transi-
tions, but is associated with the spin-orbit interaction char-
acterized by the matrix element ?a!;. The energy-band calcu-
lation' (made using a self-consistent augmented spherical
wave method) indicated that the onset of a strong MO ab-
sorption occurs at the I point at the 1.2-eV photon energy,
which arises from the minority-spin-band [y, (m=1)
T, (m=0) transition and is qualitatively in agreement

7550 J. Appl. Phys., Vol. 67, No. 12, 15 June 1990
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FIG. 2. Complex dielectric functions of PtMnSb and AuAl, from Refs. 14
and 17.
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FIG. 3. Off-diagonal terms of the dielectric tensor of PtMnSb, calculated
from Refs. 13 and 14,
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FIG. 4. Loss function of PtMnSb, calculated from Ref. 14.

with the experimental resuits.”>'* The optical matching
term 1/{€ — 1) shows one peak at about 1.7 eV in the imagi-
nary part, and two broad peaks at about 1.4 and 2.1 eV in the
real part, as seen in Fig. 5. The combined effects of the three
physical quantities finally predict a single resonantlike peak
at around 1.7 eV in the Kerr rotation spectrum, as seen in
Fig. 6.

C. Appilcation to (AuAl,/PiMnSh) configuration

Now we replace air with, for exampie, AuAl,!'" i.e., as-
sume a {AuvAlL/PtMnSb) configuration. The dielectric
functions of AuAl, as well as PtMnSb are shown in Fig. 2.
Using Eg. (15), the caiculated Kerr function of
(AuAL/PtMnShb) with comparison to (air/PtMnSbh) is
shown in Fig. 6. It is obvious that the first strong peak in the
Kerr effect of { AuAl,/PtMnSb) in the 1-2-e¢V photon ener-
gy range comes primarily from the contributions of ¢, and
1/\/“5; of PtMnSb and, weakly, from optical matching.
However, the second strong peak around 2.5 eV is purely
from optical matching and is dominated by 1/(¢,, — &), as

Q05 ¥ T T ¥ =¥ T ¥
— Relt/te-11]

i AE-11]

171€~h

~G.i0 -
-~.05 i ) - i k 2. L.
0.8 Lo i.5 20 2.5 30 35 40 4.5

Photon Energy (eV)

FIG. 5. Calculated optical matching term, /(e — 1), for (air/PtMnSb)
structure.
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FIG. 6. Comparisons of the Kerr effects between the (air/PtMnSh) and
{AuAL/PtMnSb) configurations.
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FIG. 7. Functions of the joint density of state of PtMnSb, which is propor-
tional to (fiw}’e,, or (Fiw)’e,,, . and calculated from Refs. 13 and 14. A
finearity can be seen clearly at the onset of interband transitions in {#w)?e,.

Chen et al. 7551



seen in Fig. 8. The plasma resonance of nonmagnetic AuAl,
occurs at 2.1 eV'7 and clearly makes no contribution to the
enhancement of the Kerr effect of (AuAl,/PtMnSb).

D. Practical geometries

In practical geometries, the Kerr effect for IMO/NM]
and [NM/MO] configurations, i.e., an optically thin layer
lies on a substirate of the other kind of material, is given by
Egs. (25) and {28), respectively. For a [MO/NM] struc-
ture, each term in Eg. (25) has clear physical meaning. ¢, |
and ¢, , present the Kerr effects occurred at the first air/MO
and the second MO/NM interfaces, respectively. 26, origi-
nates from the Faraday effect as the light travels back and
forth in the MO layer. ¥ and B represent the magnitude and
interference aspects of the reflected light, respectively. If we
let

@, = a,e™ = 7,/%,

Ty = €™ = (Pis + 205) /by (33)
By=4dmn,d/A, and B,=A4rnk,d/A,
then Eq. (25) can be wriften as
¢;¢ = ¢kl§ s (34)
where ¢ is the enhancement factor, and if 7 <1,
‘= (1 =7y + (1 — %)ue"”: Lhpe” g
(1 +@,e®) (1 + 7,7.6%) (1 +@,e”)
and with
p=o0.e % and v=24,4+4,+5. (36)

Therefore, in order to cause an enhancement, either the de-
nominator of Eqg. (35) goes to 2 minimum (this is a strong
interference condition: A, + &, = mmr, with m = 1,3,5,..,,
which wiil cause a reduction in reflectivity ), or the numera-
tor has a2 maximum {which implies that g should be larger
with v = 2m, m =(0,1,2,...). For properly choosing the
materials, without strong interference ¢ still can be larger
than one.

For a [NM/MO] configuration, the top layer is non

20 ¥ T T T . T T
— Ral{iAEq-Eg]
...... im [5/( Em—€o 5]

1

| /1 em"eg)

~05 i i 4 d ; § i
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FIG. 8. Calculated optical matching term, for =

(AuAL/PtMnSb) configuration.

/€, — &),
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magnetic, and so ¢, = 0, and only the NM/MO interface
will contribute to the Kerr effect. Let

Gy = a0 =¢y3 /P, By =4mnd /A,

and
B, = 4wkyd /A, (37
then from Eq. (28) the enhancement factor § is
1 52 v i
£= (1 —~y7)ue pe (38)

(1+ 8% (1 + 7,72 (1+&e?)’
where g and v are defined by Eqg. (36). It is clear that if the
layer is strongly absorbing, without interference
(A, + B, = mr, with m = 1,3,5,...), usually £ will be less
than one, since the numerator is dominated by e~ 2

When strong interferences occur, there is possibly a sign
change for ¢;  depending on if a¢ “Pin Eqs. {35) and
(38) is less or larger than one.

Using Egs. (25) and (28), we calculate the Kerr effects
for the [PtMnSb/AuvAl,] and [ AuAl,/PtMnSt] configura-
tions with varied layer thicknesses. The results are shown in
Figs. 9 and 10. The calculated Kerr effects are enhanced in
[ PtMnSb/AuAl | but weakened in [ AuAl/PtMnSbl, and
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are in agreement with the predictions discussed above. Now
compare the Kerr effect for thin film versus the ideal thick
(PtMnSb/AuAl) system as shown in Fig. 6: The second
peak around 2.5 eV caused by optical matching effect disap-
pears. This is due to the terms of 7,4, , and #¢,, in Egs.
(25) and (28) which mainly cancel the optical maiching
effect. #6,, «JR #,,1s a quantity being used to evaluate the
signal-to-noise ratio since ¢, is small'®; then from Egs. (8)
and (15),

T U
(g + 1,,) A, (A, +7,,)
Although using 7, as a variable, a maximum in 7¢, can be
found that (#¢, ). = + 0230 as #,=a,,, the effect is
obviously much weaker than that due to 1/(¢,, — €;) en-
hancement.

The ratio of ¥'¢}, t¢ .4, , and £, which in the first-order
approximation is independent of {, can be used to evaluate
the merits of a thin layered structure. For the [MO/NM]
configuraticn, using Egs. (24} and (25),

(39}

P (1= (1= e (40)
Q - - —_— ~ ” i)
T (1+ 7,7.2%)°
~1 4 ye“',
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and for the [NM/MO] configuration, using Eq. (28),
fo B =P
T W (L7707

(41

E. Appiication of theory for finite thick layers to Fe/Cu
and other systems

As a final example, we use published data®*~** and Egs.

(25) and (28) to calculate the Kerr effects for the thin
layered [Fe/Cul and [ Cu/Fe] structures. These are shown
in Figs. 11 and 12, respectively. The calculated Kerr rotation
for the [Fe/Cul is in agreement with the Katayama et al.*
results, but our calculations were done in a wider spectral
range and show clearly that the peaks in the Kerr rotation
broaden and move toward longer wavelengths for the
thicker layers. The same phenomena also have been ob-
served for the layered [ DyCo/Ag] configurations.®’ Differ-
ences between the experimental data and calculations for the
[MO/NM] and [NM/MQO] stractures are usually due to
uncertainties in the optical constants of thin layers. This is
caused by defects in thin layers, as thicknesses are on the
order of 100-200 A. Other problems are the oxidization of
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the samples or, even in some situations, the low-dimension-
ality effects as layers are only a few monolayers thick.?
The peaks arcund 5600 A (~2.2 eV} are present for both
the [Fe/Cul and [Cu/Fe] configurations as seen in Figs. 11
and 12. We have carefully checked each term in Eas. {25)
and (28), and found that the peaks indeed originate from a
dramatic change of the refractive index of Cu in the 1.9~
2.5-eV photon energy region (k,is large but n, changes from
0.2 t0 12.), where the onset of the interband transitions from
the filled 4 bands to the sp conduction bands occurs. Al-
though noble metals, Au, Ag, and Cu all show the same
features of a dramatic change of the refractive index in the
onset region of the interband transitions, only Ag possesses a
complete plasma effect in that region where €, = Oand &, 18
Sman‘Zl,ZS—ﬁ{)

For a [MO/NM] system where NM is metaltic, Reim
and Weller® suggested that the low values of the refractive
index of the metallic refiector could lead to an enhancement
of the MOKE. However, the equations they used are only
suited to the interface of air/MG, not to that of MG/ metallic
structures. From Egs. (22} and (40}, in order to achieve a
large £ (the ratio of 7@ t0 71441 ) the denominator should
be small. This implies (1) that 7, <1 and 7, €7, which is
unrealistic for most ferromagnetic materials and will also
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result in a small value of the numerator to cancel the effect,
or (2) that 7, > 1 and 7,, > i, with adjustable layer thick-
nesses. The latter is possible. The physical meaning of using
7, >, to enhance the Kerr effect is that the reflection coef-
ficient ¥, is ~ 1, which results in a near-zero Kerr effect for
the second MO/metallic interface, as indicated by Eq. (13).
This will allow more multiple reflections and increase the
influence of the Faraday effect in the MO layer, since there is
no energy loss at the MO/metallic interface. The best refiec-
tor is Ag, which has the lowest value of 7, in the visible
range, 1, = 0.53 and ky = 0.40 at the 3.77-eV photon ener-
gy, the plasma edge.’! The maximum 7, and k,, values for
most transition metals are less than 3 near the 3.75-eV phe-
ton energy. Thus, using Ag as a reflector, the best results can
be estimated to occur when | £, | ~2 with thickness d~60
A for most [MO/Ag] configurations. In some cases, al-
though the metallic material has a plasmon, if 4, is not
much larger than 7, the Kerr effect will not be significantly
enhanced, as seen for the situation of the [ PtMnSb/AuAl |}
structure, in which AuAl, has a plasmon at ~2.1 eV, the
Kerr effect hardly shows an enhancement in that photon
energy range, as seen in Fig. 9. As for the reflectors such as
Au, Cu, or other elemental metals, the enhancement effect
can be expected to be worse than when using Ag which has
the largest ratio of #,, to fi, (in the visible range) of most
transition metals.

Comparisons of the enhancement effects for reflectors
using Ag, Au, Cu, and Sn have been given by Reim and
Weller,?? and show agreement with our results. The reason
Ag has a smail refractive index at the absorption edge is that
the 4-d band of Ag lies about 4 eV below the Fermi level, and
thus the Drude tail is relatively far from the interband transi-
tion region and has a very small value in that region. For Au
and Cu, the Drude tails are very close to the absorption edges
which are at ~2.5eV for Anand ~2.2eV for Cuy, respective-
ly. Thus the Drude terms are still large as the tails reach
these spectral regions. Therefore, for pursuing a smali re-
fractive index value in the near-infrared and visible region,
the Drude parameters, such as the plasma frequency o, and
scattering rate 1/7 of the metallic refiector, should be small,
and the band gap should be larger than about JordeV.

For practical applications, there s little hope for finding
small refractive index values in the 1-3-eV range using the
noble metals, which ail have a high number of the free elec-
trons. However, this will be possible for the transition-metal-
based compounds. After alloying with a transition metal, 2
part of the valence electrons from other elements will possi-
bly fill the originally unfilled  band of the transition metal,
and thus push the d band below the Fermi level. Meanwhiie
the compound has a smaller number of free electrons, which
makes the plasma frequency lower.

On the other kand, according to Eq. (16),2a MO materi-
al possessing a larger refractive index value intrinsically will
not be expected to have a large intrinsic Kerr effect. If Eq.
{16) is rewritten as

Bro = 18€y (42)
where g is an optical term related to the intrinsic Kerr effect:
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g=— (43)

A, (7 — 1)
and also hypothetically assuming that all MO materials have
the same value of €,,, then g& can be used to evaluate the
relative merits of {[MO/NM] systems. It is clear that the
MO material which has a larger intrinsic Kerr effect even
with a smaller 7, (but still keeping 7, /71,> 1) is better, al-
though the enhancement effects are somewhat weakened.

Y. CONCLUSION

Details of the general expressions for the magneto-opti-
cal polar Kerr effect for several configurations of MO and
NM media have been worked out. For a (MO/NM) system,
with a first-order approximation in , the Kerr function is
actually determined by the product of a MOKE term  and
an optical term 7, as seen in Eq. (15). A plasmon from the
MO material will enhance the Kerr effect, if the plasmon is
not strongly correlated to €,,; otherwise the effect would be
partly canceled. But a plasmon from the NM material will
weaken the Kerr effect for this sytem. Especially for an {air/
MQG) system, an enhancement of the Kerr effect by a plas-
mon wiii always be assoicated with a dramatic drop in reflec-
tivity. For a [MO/NM ] configuration, the Kerr function is
related not only to the Kerr effects from the air/MO and
MO/NM interfaces, but also to the Faraday effect of the MO
layer, as well as to the interference strength. The enhance-
ment factor can be expected to be larger than | for properly
chosen materials. For a [NM/MO] configuration, the Kerr
function is related only to the Kerr effect from the NM/MQO
interface coupled with the interference effect, and the en-
hancement factor will usually be expected to be less than one
if the NM layer is strongly absorbing.

Calculations of the Kerr effects for examples of the
{PtMnSb/AuAl, ] and [Fe/Cu] configurations are also giv-
en, and indicate that the peaks found in the onset region of
the interband transitions of Cu are actually attributed to a
dramatic change of the refractive index in that region. The
merits of a [MO/NM] structure have been evaluated by
calculating the ratio of ¥'¢;, to 7¢,, and indicate that a bet-
ter enhancement effect can be achieved if the refractive index
of the MO layer is larger thar 1 and much larger than that of
the NM metallic material. A drawback will also be associat-
ed with the fact that a MO material with a large refractive

7585 J. Appt. Phys., Vol. 87, No. 12, 15 June 1990

index value will usuaily not be expected to have a large in-
trinsic Kerr effect.
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