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Interface bonding versus strain-induced magnetic anisotropy in epitaxial
FeÕsemiconductor structures

S. McPhail, C. M. Gu¨rtler, F. Montaigne, Y. B. Xu, M. Tselepi, and J. A. C. Bland
Cavendish Laboratory, University of Cambridge, Cambridge, CB3 0HE, United Kingdom

~Received 10 May 2001; revised manuscript received 16 July 2002; published 15 January 2003!

We report measurements of perpendicular magnetic anisotropies of epitaxial Fe/InAs~100! 432 and Fe/
GaAs~100! 436 films using the polar magneto-optic Kerr effect~MOKE! and of the in-plane magnetic
anisotropy, magnetization andg-factor using Brillouin light scattering~BLS!. The magnetization is very close
to the bulk value in all samples, demonstrating a lack of As intermixing. Both Fe/GaAs and Fe/InAs show large
out-of-plane uniaxial surface anisotropy. Both show large in-plane fourfold surface anisotropies which oppose
the bulk fourfold anisotropy. Fe/GaAs shows the well known in-plane uniaxial surface anisotropy which is
attributed here to interface bonding. However, Fe/InAs shows almost no in-plane uniaxial surface anisotropy,
despite the large strain of 5.4% compared to21.2% for Fe/GaAs. The small in-plane uniaxial volume anisot-
ropy which is observed for Fe/InAs is ascribed, due to the thickness dependence, to a magneto-elastic effect.

DOI: 10.1103/PhysRevB.67.024409 PACS number~s!: 75.30.Gw, 75.30.Ds, 75.50.Bb
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I. INTRODUCTION

Fe films epitaxially grown on semiconductors are an
teresting model system with which to probe the nature of
interface between a magnetic and nonmagnetic mate
They also have potential technological applications as n
volatile magnetic memory, microwave, and spin injecti
devices.1 The possibilities for creating devices which com
bine magnetic and semi-conductor materials is increase
the fact that Fe forms an ohmic contact with InAs.2

It has been known for some time that bcc Fe grows e
taxially on GaAs~100! ~a zinc blende structure!3 with a mis-

fit strain of e[01̄1] ~parallel to the@01̄1# axis! and e[011]

~parallel to the@011# axis! equal to21.2% ~compression! at
the interface. The misfit strain for Fe grown on GaAs relax

to zero along the@01̄1# direction at a thickness,t, of
;120 ML4 ~note the different direction convention adopt
by Filipe et al.!. To our knowledge no measurement has be
made along the@011# direction but given the long relaxatio
length and the fact that no strain anisotropy has been
ported in this very well studied system it is likely thatDe
5e[011]2e[01̄1] in Fe/GaAs is!1%.

On the other hand the epitaxial growth of Fe on InAs~100!
has been recently discovered.5 This system has the sam
crystallographic structure as Fe/GaAs~so the surface dan
gling bonds of the In atoms point along@01̄1# as in GaAs
~100!! but it is more highly strained and in the oppos
direction. At the interface the Fe lattice~bulk lattice constant
0.2866 nm! is expanded with an in-plane strain ofe[01̄1]
5e[011]55.4%. Fe grown on InAs has been shown to re
parallel to the@01̄1# direction faster~relaxation occurs ove
5–10 ML! than perpendicular to it~relaxation over 5–25
ML !.6 In the range 5–25 ML the strain anisotropyDe;
11%. Belowt;5 ML the film is isotropically strained.

Magnetic characterization of the Fe/GaAs system7 shows
the existence of a well known uniaxial magnetic anisotro
~with an easy axis along@01̄1# for t*5 ML) which cur-
rently defies explanation. It dominates over the four-fo
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bulk anisotropy fort&30 ML. It has been attributed either t
anisotropic strain relaxation or to anisotropic interfa
bonding.7–9

MOKE experiments8 show a qualitative difference in th
anisotropy of Fe/InAs and Fe/GaAs. The in-plane anisotro
of Fe/InAs is found to be predominantly fourfold~i.e., domi-
nated by the bulk anisotropy!, but to have an overall eas
axis along@011# at a thicknesst58 ML. However the mag-
netic anisotropies of Fe/InAs have not previously been qu
titatively measured so the cause of this uniaxial anisotro
has been unclear.

If the lattice constant of the Fe decays back to the b
value anisotropically with thickness a magneto-elastic
isotropy can be expected. The magnitude and sign of
anisotropy depend on the magneto-elastic constantB1. A first
order Taylor expansion of the magneto-elastic energy in
strain10 predicts a uniaxial anisotropy ofKUv5B1De. The
bulk value ofB1 for Fe is;233106 J m23 ~all anisotropies
and magnetic quantities are expressed in SI units, the S
merfeld convention is used throughout! but it has been
shown that for thin Fe/W films11 B1 is substantially reduced
and changes sign att;20 nm. To our knowledgeB1 has not
been directly measured for Fe/GaAs or Fe/InAs thin film
However we assumeB1 to vary slowly over the thickness
ranges studied in this work. Such a slow variation has b
confirmed experimentally for Fe/W films, which are mo
highly strained than either Fe/GaAs or Fe/InAs.11 This as-
sumption is supported in the Fe/InAs system by the abse
of any observable thickness variation in the in-plane uniax
anisotropy. The only other possible explanation is that
volume and surface contributions cancel perfectly over
whole range, which is unlikely.

The magneto-elastic effect persists to the relaxation len
of the lattice constant. In contrast, magnetic anisotro
caused by anisotropic interface bonding is strictly a surf
term. It is thought to occur due to the uniaxial nature
Fe/Ga~Fe/In if applicable! bonds at the interface between th
two materials. Thus it is possible to identify which of the tw
effects is dominant by measuring the strength of the aniso
©2003 The American Physical Society09-1
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pies as a function of film thickness.
BLS is a powerful technique for measuring the magne

anisotropies of thin magnetic films. The spin wave frequ
cies are measured by the change in frequency of Raman
tered photons.12 Spin waves are deviations of the magnetiz
tion from the equilibrium direction. The frequencies a
determined by the curvature of the potential well~with de-
viation of the magnetization! for the mean direction of the
magnetization. The curvature of this potential well depen
on the anisotropy energy experienced by the spins and
spin wave frequencies are higher when the magnetizatio
oriented along a low energy~easy axis! direction. BLS can
therefore discover the magnitude and nature of the aniso
pies. An additional benefit is that the samples are pro
while magnetically saturated, which reduces the effect of
purities or disorder on the results.

The purpose of this work is to measure the Fe/In
anisotropies for samples which have previously been st
turally characterized and to identify the relative contributio
of the two mechanisms in both Fe/GaAs and Fe/InAs
comparing the thickness dependence of the strain and m
netic anisotropies in the two systems.

II. EXPERIMENTAL METHOD

Stepped bcc Fe samples were grown by molecular b
epitaxy with thicknesses in the range 4.1–33 ML~Fe/GaAs!
and 8–40 ML~Fe/InAs!, they were capped with;20 ML of
Au. The growth took place at room temperature and a
pressure of;7310210 mbar. Further details are as prev
ously described.13

LEED images of the GaAs substrate taken immediat
prior to growth show the surface to have a 436
reconstruction.14 It is not known whether this is a ‘‘true’’ 4
36 or a ‘‘pseudo’’ 436 made up of patches of 432 and
136.15 LEED and STM images of the InAs substrate8 show
a 432 In rich reconstruction.

Polar MOKE ~incident angle of;0.5°) and BLS experi-
ments both took placeex situ. BLS experiments were per
formed in the Voigt geometry:H in-plane parallel toz and
perpendicular to the incident light~with the x axis out-of-
plane!. The incident angle of the laser was 45°. The 51
nm line of an Ar1 ion laser was used with an optical pow
at the sample surface of&100 mW. The scattered light wa
directed into a Sandercock 313 pass interferometer as de
scribed previously.16

III. RESULTS AND DISCUSSION

The magnetic anisotropy energy density for a biaxial cr
tal may be written,

Uan5KPu[100]
2 1KUu[011]

2 1K1~u[100]
2 u[011]

2 1u[011]
2 u[01̄1]

2

1u[100]
2 u[01̄1]

2
!, ~1!

where u5M /Ms (Ms is the saturation magnetization! and
the subscripts of the components ofu denote the crystalline
directions.@100#ix with @011# and @01̄1# in the y–z plane.
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The angle between@011# andz is defined to beh. Equation
~1! is used in the analysis of the BLS results as detailed
Hicken et al.16

A possible fourth order term proportional tou[100]
4 is not

used in the analysis of the MOKE results~as justified below!
or the BLS results~due to the small size of the spin wav
fluctuations16!.

KU and KP are in- and out-of-plane effective uniaxia
anisotropies given by

KU5KUv1
KUs

t
, ~2!

KP5KPv1
KPs

t
, ~3!

and for the four-fold anisotropy,

K15K1v1
K1s

t
. ~4!

Each is a combination of a volume and surface term~note
that the surface term is the sum of the top and bottom s
faces!. For a uniaxial crystal~with identical in-plane direc-
tions! KUv50.

The effective out-of-plane anisotropy,KP, may be mea-
sured by polar MOKE,

KP5
m0Ms

2
~Hs2NPMs!, ~5!

whereHs is the out-of-plane saturation field andNP is the
out-of-plane demagnetizing factor.

The saturation field is taken from the maxima of the ma
nitude of the the second derivative of the MOKE signal
tensity, i.e., (]2Mx)/(]Hx

2).17 Comparison withHs derived
from the gradient of the MOKE signal atH;0 shows the
effect of the fourth order terms to be comparable to
smaller than the random error. Typical loop shapes are sh
in the inserts of Fig. 1. The curvature of the MOKE loops
due to the large in-plane anisotropy constant~and is most
apparent in the Fe/GaAs!.

FIG. 1. Effective out-of-plane anisotropy@defined in Eq.~3!# of
~a! Fe/GaAs and~b! Fe/InAs measured by polar MOKE. The line
are weighted best fits.
9-2
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The out-of-plane demagnetizing factor,NP*0.97, differs
from unity due to the surface roughness18 and the atomic
nature of thin films19 ~though the effect of this on the mea
surement ofKP is small!. The roughness amplitudes and la
eral length scales were taken from STM data for Fe/InA8

and Fe/GaAs~unpublished data!.
By measuringKP at a range of thicknesses the values

KPv and KPs may be found.KP is plotted as a function o
inverse thickness in Fig. 1 for Fe/GaAs and Fe/InAs.
weighted least square fit givesKPs5(20.960.1)
31023 J m22 and KPv5(1.260.7)3105 J m23 for Fe/
GaAs. The value ofKPs was found to be in excellent agree
ment with the one reported by Urbanet al.25 The anisotropy
constants of Fe/GaAs and Fe/InAs are summarized in T
I.

For Fe/InAs we must consider a possible effect from
variation of the out-of-plane strain~via magneto-elastic ef
fects! over the thickness measured. However, the data of
1 appear linear, implying that the change in the out-of-pla
volume uniaxial constant is not significant~it is presumably
greatest for the thinnest films, but for these films the surf
term dominates!. A weighted least squares fit for the Fe/InA
data for which t,25 ML gives KPs5(21.460.1)
31023 J m22 andKPv5(2.261.3)3105 J m23.

It is curious thatKPv has the same sign in both Fe/GaA
and Fe/InAs. As the in-plane strain~and hence the tetragona
distortion! is of opposite sign in the two systems a differen
in sign of KPv would be expected. It is possible that th
magneto-elastic constant is different in each system, the
an out of plane lattice matching condition similar to that
Fe/Ag,20 or that the effect is caused by the relaxation ov
the thickness range measured. However, without knowle
of the magneto-elastic constants for the two systems it is
possible to distinguish between these possibilities.

TABLE I. Table of anisotropy constants for epitaxial Fe/GaA
and Fe/InAs calculated using the measured values ofMs @see Fig.
4~a!&4~b!#. The K1v terms include the bulk cubic anisotropy. Th
lower half of the table shows values taken from the literature. V
ues of the constants have not been adjusted to remove the effe
the overlayer.

Constant Au/Fe/GaAs Au/Fe/InAs

KUs(J m-2) (10.061.0)31025 0
KUv(J m-3) – 2(0.2560.1)3104

KPs(J m-2) 2(0.960.1)31023 2(1.460.1)31023

KPv(J m-3) (1.260.7)3105 (2.261.3)3105

K1s(J m-2) 2(3.260.5)31025 2(7.960.6)31025

K1v(J m-3) (3.760.3)3104 (6.560.3)3104

Constant Cu/Fe/GaAs~Ref. 23! Au/Fe/GaAs

KUs(J m-2) (3.261.2)31025 22(12.062)31025

KUv(J m-3) – –
KPs(J m-2) 2(1.760.1)31023 242(1.160.2)31023

KPv(J m-3) – –
K1s(J m-2) 2(5.160.5)31025 242(2.160.2)31025

K1v(J m-3) (4.660.3)3104 22(4.360.2)3104
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BLS measures the frequency of the surface spin w
mode~called the DE mode after Damon and Eshbach21! for
the ultrathin films investigated in this work. The spin wa
frequencies were fitted iteratively using the continuum mo
of Hicken et al.16 with the anisotropy energy of Eq.~1!
~though the surface terms were used as boundary condit
rather than effective anisotropies!. Though the in-plane de
magnetizing factor (12NP)/2 is only a few percent its effec
on the DE mode frequency is significant at low extern
fields whenMs@uHu and it must be included in the fitting
process. The BLS results for the two systems are discus
separately below, and then compared.

For each thickness of Fe/InAs the frequency of the D
spin wave mode was measured as the externalH field varied
in magnitude with fixed angle to the@011# axis,h, and ash
was varied~at fixed field magnitude!. The variation of DE
mode frequency with external field allows the magnetizat
andg-factor to be obtained, and the directional variation
veals the anisotropy energy~for the measured magnetizatio
at a given thickness!. The frequency as a function ofh is
plotted in Fig. 2. The films have four-fold magnetic aniso
ropy, with little uniaxial anisotropy. The reduction of th
frequency with decreasing thickness is caused by the n
tive out-of-plane surface anisotropy~which flattens the ‘‘en-
ergy paraboloid’’ that the spins oscillate in!. The magnitude
of the reduction in frequency is approximately five tim
greater than the reduction that would be expected in the
sence of any surface anisotropy.21

The values of the anisotropy constants derived for
InAs by fitting the BLS data are shown in Fig. 3~b!. The
four-fold anisotropy decreases inversely proportional
thickness, justifying the choice of Eq.~4!. The data of Fig.
3~b! have been fitted without constraining the effective a
isotropy to pass through the bulk value~zero for the uniaxial
anisotropy and;4.53104 J m23 for the four-fold anisotro-
py!. By this analysis quite a large four-fold volume term
K1v 5(6.560.3)3104 J m23 is found for Fe/InAs, approxi-
mately 2.03104 J m23 greater than the bulk value. This en
hancement may be explained as follows. The thin films m
sured here are strained over a significant portion of th
thickness. The strain has both two- and four-fold comp

FIG. 2. Angular dependence of DE spin wave frequency in
InAs with angle, h, between H field and @011# (uHu51.6
3105 Am21). h:40 ML, 3:25 ML, ,:15 ML, andn: 8 ML. The
lines are iterative best fits. The errors are given by the symbol s

l-
t of
9-3



ol
o
n
ic
th

ps

ick

wa

tly
l

r

d
n

ur

o
f

gn

-
th

/
lo

ng
ce.
ilar
eir

on

e
-

en
ade
e
-

ect
two
the

and
ems
D
he

in-

e
s a

lastic
ce
n-
me

e of
ant

s

b
rs

lk

S. McPHAIL et al. PHYSICAL REVIEW B 67, 024409 ~2003!
nents, the latter contribute toK1v . This may be expected to
lead to a magneto-elastic contribution to the four-fold v
ume anisotropy. Note that the relevant magneto-elastic c
stant is notB1 but the coefficient of the fourth order term i
the expansion of magneto-elastic energy with strain, wh
again has not been measured, to our knowledge, for
Fe/GaAs or Fe/InAs films.

The observation of square longitudinal MOKE loo
along the@011# axis6,8 of a 8 ML Fe/InAs film can now be
explained: although the uniaxial anisotropyKU is not large
~compared to the bulk value ofK1) it is at approximately this
thickness that the four-fold anisotropyK1 is zero, allowing
the uniaxial anisotropy to produce a easy axis at this th
ness.

For the Fe/GaAs samples the DE mode frequency
measured as function of field along the@001#, @011#, and
@010# directions~data not shown!. The thickest (t533 ML)
film is predominantly fourfold while thinner ones are mos
uniaxial. Figure 3~a! shows that the variation in the uniaxia
anisotropy is proportional to 1/t in a thickness range fo
which the strain is almost constant (8< t <33 ML).4 The
anisotropy constants of the thinnest films can be seen to
viate from the trend; this was also observed by Brockma
et al.22

Fe/GaAs also shows a volume contribution to the fo
fold anisotropy, i.e., the intercept in Fig. 3~a! ~also seeK1v
values in Table I! is not at the bulk value ofK1, presumably
due to the four-fold strain. The deviation is smaller and
the opposite sign to that in Fe/InAs, as might be expected
a magneto-elastic effect given the relative signs and ma
tudes of the four-fold strain in the two systems.

The K1 and KU values extracted from the fitting proce
dure for Fe/GaAs are similar to those measured by o
authors for similar systems,22,23,24see Table I.

The values ofg and Ms are plotted in Fig. 4. Both Fe
GaAs and Fe/InAs can be seen to have a magnetization c
to that of bulk Fe (Ms51.713106 Am21, g52.09) for all

FIG. 3. Variation of anisotropy constants with inverse thickne
~scale shown on the top of each figure! for ~a! Fe/GaAs and~b!
Fe/InAs. For reference, the actual thicknesses are shown at the
tom. h: K1 and3: KU . Where no error bars are shown the erro
are given by the symbol size. The inset of~b! is a magnified view of
the region containing theKU data.
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thicknesses, showing that there is little or no As intermixi
with the Fe, even in the monolayers closest to the interfa

The Fe/GaAs and Fe/InAs systems behave in a sim
manner in most respects, with the notable exception of th
KU dependence on thickness. The strong 1/t dependence of
KU in Fe/GaAs indicates a dominant interface contributi
while the lack of thickness dependence ofKU in Fe/InAs
suggests a volume effect.

UsingKUv5B1De with a strain anisotropy of 1% and th
measured value ofKUv ~see Table I! the magneto-elastic con
stant B1 for Fe/InAs may be estimated to be;12.5
3105 J m23, considerably smaller than~and of opposite sign
to! the bulk value. As the strain anisotropy has not be
measured for Fe/GaAs a similar estimation cannot be m
for that system. However, it is very difficult to explain th
thickness dependence ofKU in the Fe/GaAs as a strain an
isotropy induced effect given the magnitude ofKU in Fe/
GaAs and the constraint on the strain anisotropy. A dir
measurement of the magneto-elastic constants for the
systems would provide an independent check on this and
other results obtained in this paper.

IV. CONCLUSIONS

Fe/GaAs and Fe/InAs have been assessed using BLS
quantitative magnetic parameters extracted. The two syst
were grown under similar conditions and shown by LEE
and STM8,14 to possess high quality crystal structures. T
two systems show qualitatively similar dependencies ofK1
andKP on t and similarMs andg values. Fe/GaAs, for which
there is no evidence of anisotropic strain, shows a large
plane uniaxial anisotropy,KU . Fe/InAs, which is anisotrop-
ically strained,8 has a negligible value ofKU . The striking
difference in the magnitude andt dependence of the in-plan
uniaxial anisotropy in the two systems suggests that it ha
different origin in each. In Fe/InAs the lack of a strongt
dependence shows that strain causes a small magneto-e
effect and we conclude from our analysis that the interfa
bonding does not give rise to a uniaxial anisotropy in co
trast to the case of Fe/GaAs. In contradistinction, the sa
analysis leads to the conclusion that in Fe/GaAs the 1/t de-
pendence of the uniaxial anisotropy is due to the presenc
a large interface bonding term in the absence of a signific

s

ot-

FIG. 4. ~a!& ~b! Magnetization and,~c!& ~d! g-factor of ~a!& ~c!
Fe/GaAs and b!&d! Fe/InAs. The dashed lines represent the bu
values (Ms51.713106 Am21, g52.09).
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magneto-elastic term. The stunning difference in the unia
anisotropy behavior of the two systems we attribute to
difference between the Fe/In and Fe/Ga chemical interf
bonds, i.e., interface bonding rather than strain is fundam
tal to the origin of the uniaxial anisotropy.
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