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This paper presents a quantitative method used to determine the magnetocrystalline anisotropy constan

thin magnetic films from normalized magnetization data measured on a magneto-optic Kerr effect (MO

magnetometer. The method is based on a total magnetic energy density model, and incorporates higher order e

in the detected signal. By way of illustration, the method is used to determine the magnetocrystalline aniso

constants of epitaxial thin Fe films on GaAs substrates, which have different overlayers. It is shown that

overlayer on a 30 ML thick Fe film reduces the uniaxial contribution to the magnetic anisotropy compared with a

overlayer.

r 2005 Elsevier B.V. All rights reserved.

PACS: 75.70.-i; 75.70.Ak; 75.30.Gw; 75.40.Mg

Keywords: Fe/GaAs films; Anisotropy; MOKE magnetometry
Introduction

lized
the
ete
tha

can be presented in the form of the normalized
ich is
to a
ng a
hich
o the
ected
the
One method used to determine the norma
magnetization loop of a magnetic film is
magneto-optic Kerr effect (MOKE) magnetom
[1–3]. MOKE magnetometers provide data
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magnetization loop, by using a laser beam wh
reflected off the surface of the film in
photodetector. The laser is p-polarized usi
polarizer before being incident on the film, w
means the electric field of the laser is parallel t
plane of incidence. After the sample, the refl
beam passes through an analyzer before
photodetector. The film is in a uniform mag
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Fig. 1. Schematic diagram of the MOKE magnetometer, which shows the plane of incidence of the laser beam with respect to the

longitudinal (ml) and transverse (mt) magnetizations of the film and the applied field (Ha) direction.
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dence of the laser (transverse MOKE geom
(Fig. 1). The advantages of MOKE ma
ometers are they are simple, non-destructive, r
temperature instruments. The normalized ma
tization loops measured on MOKE ma
ometers are generally used as qualitative dat
this paper we present a method based on a
energy density model, which uses the magne
tion data to determine quantitative informatio
the magnetic anisotropies in the film.

Florczak et al. [4,5] showed that the ou
voltage of the photodetector in a MOKE ma
ometer is a function of the angle between
plane of incidence and the analyzer pass plan
(Fig. 1). Hence the measured hysteresis
changed shape as this angle increased from
901. For the MOKE magnetometer, the nor
ized intensity, I/Io, at the photodetector is g
by [5]
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field of the laser. The reflected electric field
contain both p- and s-polarized compon
From previous work the reflected field is g
by [5]

Er ¼ Eo m2
t rtpp þm2

l r
l
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l
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� �
þ rl
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i

where mt and ml are the transverse and
itudinal magnetizations (Fig. 1). The angle
and ya are the angles between the plan
incidence and the transmission axis of the pola
and analyzer, respectively. The terms rlpp, rtp
and rlss are the complex Fresnel coefficient
light reflected from a magnetic film [6–8].
superscript l and t represent the longitu
and transverse components, respectively.
subscript p and s represent the polarized
being parallel (p-polarized) and perpendi
(s-polarized) to the plane of incidence. H
the intensity measured at the photodetect



determined by substituting Eq. (2) into Eq. (1),
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and is given by [5]
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where cc is the complex conjugate of the ex
sion and * represents the complex conjugate o
Fresnel coefficient. For the experiments ca
out in this paper, the polarizer angle was pa
to the plane of incidence, yp ¼ 01, so that the
was p-polaried. Hence the longitudinal
transverse magnetizations were measured.
substituting this angle into Eq. (3), the norma
intensity of the photodetector becomes [5]
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The transverse and longitudinal magnetiza
are taken to be mt ¼ ms sin jþ p=2

� �
and

ms cos jþ p=2
� �

; where j is the angle betwee
magnetization and the applied field. Thus
longitudinal magnetization is parallel to the p
of incidence of the laser. Florczak simplified
(4) by assuming the analyzer angle was not clo
901 with respect to the pass plane of the pola
[4], i.e. the sin2 ya was neglected.

For the more sensitive MOKE magnetom
measurements we carry out, the analyzer ang
close to extinction, (851oyao901), thus al
terms have to be included in Eq. (4). By subs
ing the magnetization components into Eq
and collecting all the constants together,
intensity is written in terms of the angle bet
a
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given by

I

Io
¼ A cos2 ya þ B cos2 ya

� �
cosj

þ C sin ya cos yað Þ sinjþ D sin2 ya
� �

sin2

where A, B, C and D are constants which de
on the index of refraction of Fe, the magneto-
constant, and the angle of incidence of the
beam on the film. The constants A, B, and C

derived by Florczak [4], and are given in
appendix of this paper. The constant D is de
for this paper in the appendix. When the ana
angle is set between 01 and 851, the meas
magnetization loops are symmetric with respe
the field, as the B cos2 ya and C sin ya cos ya t
are larger than the D sin2 ya term; hence
D sin2 ya term is ignored. Thus the meas
magnetization loop is only a function of the
order terms in j. While when the analyzer an
set close to 901, the measured magnetization l
are asymmetric with respect to the field (Fig
due to the D sin2 ya term being the same ord
magnitude as the other two constant terms. H
the new overall expression (Eq. (5)) now inc
the second-order term, sin2 j. This introd
asymmetry into the loop.
The study of epitaxial Fe on GaAs(

substrates is of great interest, due to the
expected uniaxial anisotropy which appear
thicknesses of Fe less than 100ML. The orig
this uniaxial anisotropy is thought to be due t
Fe–GaAs(1 0 0) interface [9]. Previous work
suggested that the presence of Fe3Ga2�xAsx [1
dangling bonds of GaAs [11] at the interface o
strain due to the lattice mismatch [12] could b
cause. In order to consider the anisotropic pro
ties of the films, and relate these to cry
lographic directions within the Fe film,
crystallographic orientation of the GaAs w
used for film growth must be established (Fi
It is widely accepted that Fe grows epitax
on GaAs(1 0 0) according to Fe(1 0 0)o0
||GaAs(1 0 0)o0014 [13], thus Fig. 2 is
indicative of the crystallographic directions i
Fe film after deposition.
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Fig. 2. The crystallographic orientation of the GaAs wafers

used as substrates for the subsequent deposition of Fe films.
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Fig. 3. For a thin iron film the direction of the anisotropic
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anisotropy is observed, with the hard axis a
the ½0 1̄ 1� direction and the easy axis along
½0 1 1� direction [9,11] (Fig. 3a). For Fe th
than 100 ML only cubic anisotropy is observ
the magnetization process, with the hard
along the ½0 1 1� directions, and the easy dire
along [0 0 1] (Fig. 3b). Hence between
thicknesses of Fe, mixed cubic and uni
anisotropy is observed, with the hard-hard
along the ½0 1̄ 1� direction, the hard-easy axis a
the ½0 1 1� direction, and the easy axes betwee
½0 0 1� and ½0 1 1� directions (Fig. 3c).

We shall assume, as have others, that
magnetization process proceeds by pure
coherent rotation of the magnetization vecto
the film plane under the influence of an extern
plane applied field [11,14,15]. The total mag
energy density (F) in the plane of a thin Fe fi
the most general case may be written in terms o
magnetocrystalline and uniaxial anisotropies
the Zeeman energy density. In general, F is give

F ¼ K1 tð Þ a21a
2
2 þ a21a

2
3 þ a22a

2
3

� �
þ K2 tð Þ a21a

2
2a

2
3

� �
þ Ku tð Þ sin2 ðyÞ �HM co
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line anisotropy constants, Ku(t) is the uni
anisotropy constant, y is the angle between
magnetic field and the uniaxial anisotropy
direction in the film and j is the angle betwee
magnetic field (H) and the in-plane magnetiz
(M). The ai are the direction cosines of
magnetization with respect to the crystallogra
axes in the Fe film. The second order
magnetocrystalline anisotropy constant, K2(
not involved any further as the geometry puts
contribution to zero. Both remaining anisot
constants may be functions of the Fe
thickness, t. Taking account of the film cry
lography, and the geometry to be used in
measurement (i.e. the field is applied along
½0 1̄ 1� direction), Eq. (6) becomes

F ¼
1

4
K1ðtÞ sin

2 2j�
p
2

� �
þ Ku tð Þ sin2

p
2
� j

� �
�HM cosj

Eq. (7) can only be used for magnetic rotatio
the single domain state and may not apply
multi-domain state. For any applied field,
magnetization will lie along the (local) directio
minimum energy density in the film, i.e. w
dF=dj ¼ 0. As the hard axes have different en
densities it is possible to observe two Barkha
jumps in the measured magnetization [15–17].
is because for some field directions with respe
the [0 0 1] axis, it is more energetically favou
for the magnetization to jump over the two
axes separately, than together.

Generally the anisotropy constants of a
netic film have been determined using Bril
light scattering (BLS) [11,18,19] or ferromag
resonance (FMR) [20–22]. Mattheis et al.
presented a method, which determined the uni
anisotropy constant using a MOKE magnetom
with a rotating field. The disadvantage of
method was it could only be used for uni
anisotropy. We have developed the MOKE fi
method, which determines the anisotropy
stants from the normalized magnetization
when the analyzer angle is close to extinction.
fitting method convolutes the intensity outp
the photodetector (Eq. (5)) with the magnetiz
l

s
s

r
-

Þ

the angle j is calculated using a Ma
programme, which solves the differential of
(7) with respect to j, for initial estimates o
anisotropy constants. These estimates are e
taken from literature values, or known prope
of the material in bulk form. The satur
magnetization is determined by measuring
films on a vibrating sample magnetometer (V
The j values are then put into Eq. (5), with
known constants A, B, C, D and the angle o
analyzer. The theoretical magnetization loo
then normalized and compared with the meas
MOKE loop. The values of K1 and Ku are v
iteratively until the error between the experim
and theory data is a minimum. The best fit v
are taken as giving the anisotropy constants fo
film. To demonstrate the validity of this M
fitting method, the anisotropy constants for
30ML Fe films on GaAs(1 0 0) substrate
different overlayers are presented here. We
published elsewhere data using this technique
range of thin film magnetic configurations [24
s

-

,
l
r
s
l

-
,
s
f

From the previous section, the arrangeme
the MOKE magnetometer is important,
determines the output voltage of the photodete
For the data presented in this paper, the pola
angle was set so that the laser was p-polarized
the angle of the pass plane of the analyzer was
88o with respect to the pass plane of the pola
This gave high sensitivity when measuring
magnetization changes of the thin films.
The two thin Fe on GaAs(1 0 0) substrate

measured in this paper were grown using mole
beam epitaxy (MBE), at York University [14]
GaAs(1 0 0) substrates were purchased from W
Technology Ltd., with the major flat parallel t
½0 1̄ 1̄� crystallographic direction. Prior to
deposition, they were etched using an etc
comprising H2SO4 (sulphuric acid):H2O2 (hydr
peroxide):H2O (de-ionized water) at a ratio of 4
followed by de-ionized water rinsing and
hydrating using iso-propyl alcohol (IPA).
were then placed into the MBE system, and
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substrates were then annealed at 550 1C for 45
and then allowed to cool. The surface flatness
reconstruction of the GaAs(1 0 0) substrates
determined using reflection high energy ele
density (RHEED). The Fe films were then g
at 50 1C and 1� 10�10mbar. The growth rate
kept constant, by ensuring the emission cu
between the filament and the source material
constant. Epitaxial growth occurs when the gr
rate is 1MLmin�1. For the Fe film, the fla
and the uniformity along the [0 1 1] direction
checked using RHEED. The patterns sho
epitaxy on GaAs(1 0 0) with the relation
Fe(1 0 0)o0 0 14||GaAs(1 0 0)o0 0 14. The
poration procedure was then repeated for
overlayer material. For both films, the Fe thick
was 30ML. For film 1, the Fe layer was ca
with 20ML of Au, while for film 2 the Fe layer
capped with 15ML of Cr.
3. Results
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The two 30ML Fe films were measured us
MOKE magnetometer, with the field perpen
lar to the plane of incidence (Fig. 1). The nor
ized magnetization loops were measured fo
½0 1 1� direction and the ½0 1̄ 1� direction (Fig
For each film, the magnetocrystalline anisot
constants were determined using the me
described in this paper. The saturation magne
tion was determined using a VSM to
moMs ¼ 2:1T, which is the bulk Fe value.
fitted magnetization loops are plotted on top o
measured magnetization loops. film 1 (Fig. 4(a
can be seen that the magnetization process in
½0 1̄ 1� direction is different to the magnetiz
process in the ½0 1 1�: This is best interpreted a
film containing cubic and uniaxial anisot
[9,25]. From the fitting procedure the valu
the anisotropy constants are K1 ¼ 320
2500 Jm�3 and Ku ¼ 29000� 2300 Jm�3. For
2 (Fig. 4(b)), the magnetization process alon
½0 1 1� direction is the same as the magnetiz
process along the ½0 1̄ 1� direction, hence c
anisotropy dominates over any uniaxial anis
py. From the fitting procedure, the values o
,

s

and Ku ¼ 9000� 225 Jm . This means th
overlayer has reduced the uniaxial anisot
contribution in the Fe film, in comparison to
Au overlayer.
s

s
s

-

s

s

-
-

.

-

t

f

-

The method presented in this paper provid
way of determining the anisotropy constants
normalized magnetization data. Other resear
have resorted to such techniques as Brillouin
scattering (BLS) [11,18,19]. The asymmetry
respect to the field observed in the mea
magnetization loops due to the photodetector ou
has been resolved by fitting Eq. (5) to the data, w
incorporates the effect of the relative angle bet
the plane of incidence and the pass plane o
analyzer (Fig. 1). This method is also useful for
which contain more than one magnetocryst
anisotropy, such as cubic and uniaxial, as it
not rely on the ratio of the combined anisot
constants to the magnetization.
The error on the calculated anisotropy cons

is dependant on the error on the angles o
polarizer and analyzer, and the signal to
ratio of the normalized magnetization data.
error on the polarizer and analyzer angles af
the weighting between the first and second-ord
terms in Eq. (5). The polarizer angle was s
ensure that the laser was p-polarized. Thus i
error on the polarizer angle less than 51
yp ¼ 0�, then the assumptions made to a
Eq. (4) were not affected. If the polarizer angle
larger than this, then the weighting of the term
Eq. (5) would be affected and an additional o
term would have to be included. It is extre
improbable that the polarizer angle was ou
more than 51, due to the care taken in settin
the MOKE magnetometer; hence the assump
made to attain Eq. (5) are valid.
An error is more likely to have occurred w

measuring the analyzer angle, as the error
Dya ¼ �1�. This change of 11 can vary the we
ing of each term in Eq. (5). In Table 1
variation in the value of each trigonometric
in Eq. (5) is given for angles close to 901.
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Table 1

Variation in the analyzer angle terms in Eq. (5), if the angle is

changed by 11

Angle (ya) sin ya cos ya sin2 ya cos2 ya sin ya cos ya

871 0.998 0.052 0.997 0.0027 0.052

881 0.999 0.035 0.998 0.0012 0.035

891 0.999 0.017 0.999 0.0003 0.017
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Fig. 4. Normalized magnetization of (a) Au/30 ML Fe/GaAs film and (b) Cr/30 ML Fe/GaAs film, as a function of applied magnetic

field, for the field along the ½0 1̄ 1� and the [0 1 1] direction, for both experimental data (filled shapes) and theory data (open shapes).
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values of cos ya and sin ya cos ya for the s
change in angle, while there is no change in
sin2 ya term. Hence for a small change in
analyser angle, the magnitudes of the first ord
term constants (B cos2 ya and C sin ya cos y
Eq. (5) vary strongly, compared to the se
order j term constant (D sin2 ya). The ana
angle was taken from the experimental se
and was directly used in the fitting method
determine the anisotropy constants. To en
that the correct angle value was used, ya w
free parameter during the fitting method. I
instance did the fitted parameter vary by
than 11 from the nominally set value. Henc
error due to any uncertainty in the analyzer a
was reduced by this step. In conclusion,
weighting between the first order j term cons
 s

term constant (D sin ya) does vary with
analyzer angle, but during the fitting proce
the actual value of the angle was checked; t
fore reducing the error on the calculated a
tropy constants.
From Fig. 4 and the theoretical data, it is

that the Cr overlayer has reduced the uni
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of 30ML Fe/GaAs have studied films with
layers of Au [9,19,26], Si [20] and Cr [11]. Ta
gives a summary of the cubic and uni
anisotropy constants measured for 30ML o
on GaAs substrate from literature. For film 1
overlayer), the values of K1 and Ku are withi
range of values in the literature for Au over
Fe/GaAs films. The difference between the v
could be due to different reconstructions o
substrates, as Moosbühler showed this affecte
anisotropy constants [26]. In this paper the
are 1� 1 reconstructions, while the literature
are either 4� 6 or 2� 4. The surface recons
tions were determined by the established techn
of RHEED.

From Gester’s paper [11] on Fe/GaAs film,
Cr overlayer, the uniaxial anisotropy cons
ranged between 8000 to 24 000 Jm�3 for
thicknesses less than 60ML. It was suggeste
the paper that this was due to the sensitivity o
to the growth condition. For films 1 (Au overl
and 2 (Cr overlayer) in this paper, the gr
temperatures were the same, and the growth
and hence the thickness were similar. The pr
thickness of the two samples may be sli
thicker or thinner than expected (710%), but
will both vary in the same direction. Thus it is
possible that the growth rate affected the uni
anisotropy for the Cr overlayer film, consi
with Gester’s conclusion [11]. It remains t
noted that Au capped Fe films on GaAs do
appear to have the same growth rate depend
of anisotropy constants. Other studies o
overlayer films have suggested that there i
interaction between the Cr and the Fe at

Table 2
Magnetocrystalline anisotropy constants for 30ML Fe/GaA

for different capping layers

Film Capping layer K1 (Jm
�3) Ku (Jm�3)

Film 1 Au 32 00072500 29 0007230

Film 2 Cr 22 0007550 90007225

McPhail19 Au 29 700 23 000

Moosbühler20 Au 30 600 29 900

Brockmann4 Au 32 400 27 500

Zuberek21 Si 32 100 —
-

l

r
s

s
s
-

s

u

)

s

substrate was Ag(1 0 0), and there was no uni
anisotropy present in the film. These are the
measurements to show that the Cr over
reduces the uniaxial anisotropy in an epit
Fe/GaAs film, so that the magnetocrysta
anisotropy is almost purely cubic. This exp
tion can also be used for the data presente
Gester [11]. The most probable reason for
reduction in the uniaxial anisotropy is that th
intermixes with the Fe at the interface. Interm
at the interface occurs, when the material b
deposited has a larger melting point, than
underlayer material [28]. For the Fe–Cr inter
the melting point of Fe is 1808K, while the me
point of Cr is 2130K, thus intermixing will
occurred. While for the Fe–Au interface,
melting point of Au is 1337K, thus interm
will not have occurred. Cr alloyed with Fe w
also reduce the Fe moment, and may even pro
a dead layer [29]. Thus the change in the mag
properties of the Fe/GaAs films with Cr over
is due to the Cr intermixing with the Fe a
interface.
neto-
t for
and
ilar

layer
o the
hich
over-
t, as
l
t

t

r

This paper presents a method which determ
the magnetocrystalline anisotropy constants
normalized magnetization loops measured
MOKE magnetometer. The method incorpo
the relationship between the photodetector i
sity and the angle between the pass plane o
analyzer and the plane of incidence of the l
with a total magnetic energy density model.
As an example two 30ML Fe/GaAs films

different overlayers were measured. It was d
mined using the theory method that the mag
crystalline anisotropy constants were differen
the two films. The Au overlayer film had cubic
uniaxial anisotropy constants which were sim
to those in the literature. While the Cr over
film showed a strong cubic anisotropy, due t
Cr intermixing with the Fe at the interface, w
reduced the uniaxial contribution. Thus the
layer used for thin Fe/GaAs films is importan
it affects the overall anisotropy of the film.
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The constants A, B, C and D are derived
the reflection coefficients in Eq. (7). They
function of the magneto-optic constant, Q

index of refraction, n, and the angle of inciden
the laser, f. The full derviations of A, B and C

found in Florczak’s paper [4], thus they are

A �
nb� b0

nbþ b0

����
����
2

,

B �
nb� b0

nbþ b0

����
����
2

in2 Q sin 2fð Þ

n2 n2 cos2f� 1ð Þ þ sin2 f
þ cc

�

C �
nb� b0

nbþ b0
in2�Qnb sinf

n2�b0� n�bþ b0n
� �

bþ n�b0n
� �

 !
þ

where b ¼ cosf, b0 ¼ 1� ðsin2 f=nÞ2
	 �1=2

and
the complex conjugate of the expression. F

Eq. (7), the constant D is derived from m2
l

���
thus substituting the Fresnel coefficient

ibn2ðQ=mlÞsin y
n2b0 nbþb0ð Þ bþnb0ð Þ

into D and removing the mag

zation term gives

D �
inQb sinf

n2b0 nbþ b0
� �

bþ nb0
� �

�����
�����
2

.

For the thin Fe films in this paper, the cons
were taken to be n ¼ 2.88+3.05i [30]
Q ¼ 0.027 [31], although other values of n an
are possible [32].
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