PHYSICAL REVIEW B 67, 024409 (2003

Interface bonding versus strain-induced magnetic anisotropy in epitaxial
Fe/semiconductor structures
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We report measurements of perpendicular magnetic anisotropies of epitaxial F&00A4X2 and Fe/
GaAg100 4x6 films using the polar magneto-optic Kerr effd®ffOKE) and of the in-plane magnetic
anisotropy, magnetization armgfactor using Brillouin light scatteringBLS). 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-th.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.
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. INTRODUCTION bulk anisotropy fot<30 ML. It has been attributed either to
anisotropic strain relaxation or to anisotropic interface
Fe films epitaxially grown on semiconductors are an in-ponding’~°
teresting model system with which to probe the nature of the MOKE experimentd show a qualitative difference in the
interface between a magnetic and nonmagnetic materiahnisotropy of Fe/InAs and Fe/GaAs. The in-plane anisotropy
They also have potential technological applications as nonof Fe/InAs is found to be predominantly fourfolde., domi-
volatile magnetic memory, microwave, and spin injectionnated by the bulk anisotropybut to have an overall easy
devices' The possibilities for creating devices which com- axis along[011] at a thicknes$=8 ML. However the mag-
bine magnetic and semi-conductor materials is increased hyetic anisotropies of Fe/InAs have not previously been quan-

the fact that Fe forms an ohmic contact with InAAs. titatively measured so the cause of this uniaxial anisotropy
It has been known for some time that bcc Fe grows epihas been unclear.
taxially on GaAs(100) (a zinc blende structuyéwith a mis- If the lattice constant of the Fe decays back to the bulk

fit strain of ejg11; (parallel to the[011] axis and g1y value anisotropically with thickness a magneto-elastic an-
(parallel to theg[011] axis) equal to—1.2% (compressionat  isotropy can be expected. The magnitude and sign of this
the interface. The misfit strain for Fe grown on GaAs relaxesanisotropy depend on the magneto-elastic congana first

to zero along the[OTl] direction at a thicknesst, of  order Taylor expansion of the magneto-elastic energy in the
~120 ML* (note the different direction convention adopted Strain'® predicts a uniaxial anisotropy dfy,=B;Ae. The
by Filipe et al). To our knowledge no measurement has beerPulk value ofB, for Fe is~—3x10° Jm"* (all anisotropies
made along th¢011] direction but given the long relaxation and magnetic quantities are expressed in Sl units, the Som-

length and the fact that no strain anisotropy has been rdnerfeld convention is used throughpubut it has been
ported in this very well studied system it is likely thae shown that for thin Fe/W filnis B, is substantially reduced

= €011~ €01y iN FelGaAs is<1%. and changes sign &t-20 nm. To our knowledg®; has not

([)n %he ([)thc]er hand the epitaxial growth of Fe on Ifg0) been directly measured for Fe/GaAs or Fe/InAs thin films.
has been recently discoverddhis system has the same However we assum8; to vary slowly over the thickness
crystallographic structure as Fe/Gadso the surface dan- '@nges studied in this work. Such a slow variation has been
gling bonds of the In atoms point alorli@Tl] as in GaAs confirmed experimentally for Fe/W films, which are more
(100) but it is more ighy strained and n the opposie 0T SIS ar Siier FOBAe of PSS &5
g'rZeSCégnﬁrg‘t itsh(ae:(rggrzfggde t/r\]/ﬁthr!atiﬂcsllgrl:elagtlfaeincoer%siam of any observable thickness variation in the in-plane uniaxial

. - 011]

~ eo15=5.4%. Fe grown on InAs has been shown to rela anisotropy. The only other possible explanation is that the

v - *volume and surface contributions cancel perfectly over the
parallel to thg 011] direction fasterrelaxation occurs over \nole range, which is unlikely.

5-10 ML) than perpendicular to ifrelaxation over 5-25 The magneto-elastic effect persists to the relaxation length

) xator ) axatio
ML).> In the range 5-25 ML the strain anisotro@ye~  of the lattice constant. In contrast, magnetic anisotropy

+1%. Belowt~5 ML the film isisotropically strained. caused by anisotropic interface bonding is strictly a surface
Magnetic characterization of the Fe/GaAs systefiows  term. It is thought to occur due to the uniaxial nature of

the existence of a well known uniaxial magnetic anisotropyre/Ga(Fe/In if applicabl¢ bonds at the interface between the
(with an easy axis alon§011] for t=5 ML) which cur-  two materials. Thus it is possible to identify which of the two
rently defies explanation. It dominates over the four-foldeffects is dominant by measuring the strength of the anisotro-
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pies as a function of film thickness. x10° Fe/GaAs a) x 10°
BLS is a powerful technique for measuring the magnetic 1

;
anisotropies of thin magnetic films. The spin wave frequen- 0 / 'F 0 f
} 15 0 2 -5 ’ 15 0 2

Fe/InAs b)

cies are measured by the change in frequency of Raman sca

tered photons? Spin waves are deviations of the magnetiza- N =

tion from the equilibrium direction. The frequencies are % \l

determined by the curvature of the potential w@lith de- 5

viation of the magnetizationfor the mean direction of the 10

magnetization. The curvature of this potential well depends

on the anisotropy energy experienced by the spins and s

spin wave frequencies are higher when the magnetization it

oriented along a low energieasy axig direction. BLS can

therefore discover the magnitude and nature of the anisotro 0

pies. An additional benefit is that the samples are probea

while magnetically saturated, which reduces the effect of im- G, 1. Effective out-of-plane anisotrofidefined in Eq(3)] of

purities or disorder on the results. (a) Fe/GaAs andb) Fe/InAs measured by polar MOKE. The lines
The purpose of this work is to measure the Fe/InAsare weighted best fits.

anisotropies for samples which have previously been struc-

turally characterized and to identify the relative contributionsThe angle betweef011] andz is defined to bey. Equation

of the two mechanisms in both Fe/GaAs and Fe/lnAs by(1) is used in the analysis of the BLS results as detailed by

comparing the thickness dependence of the strain and magticken et al®

netic anisotropies in the two systems. A possible fourth order term proportional te o, is not

used in the analysis of the MOKE resu(ts justified below

or the BLS resultgdue to the small size of the spin wave

fluctuations®).

Stepped bcc Fe samples were grown by molecular beam g, and Ky are in- and out-of-plane effective uniaxial
epitaxy with thicknesses in the range 4.1-33 Kie/GaAs  anisotropies given by

and 8—40 ML(Fe/InAs, they were capped witk- 20 ML of
Au. The growth took place at room temperature and at a Kus

\
. -10
by |
t ‘
N A
i\ _15 f\
Y AY
¢

1 2 0 1 2
! (nm'1) ! (nm")

Il. EXPERIMENTAL METHOD

pressure of~7x10 ' mbar. Further details are as previ- K=Kt == @
ously described®
LEED images of the GaAs substrate taken immediately Kps
prior to growth show the surface to have ax@ Kp=Kpyt 7= (©)
reconstructiort? It is not known whether this is a “true” 4
X6 or a “pseudo” 4x6 made up of patches ofX42 and and for the four-fold anisotropy,
1x6.'° LEED and STM images of the InAs substfaghow <
a 4x2 In rich reconstruction. K=K+ s )

Polar MOKE (incident angle of~0.5°) and BLS experi-

ments both took placex situ BLS experiments were per-

formed in the Voigt geometryH in-plane parallel taz and
perpendicular to the incident lightvith the x axis out-of-

plane. The incident angle of the laser was 45°. The 514.5

t

Each is a combination of a volume and surface ténote
that the surface term is the sum of the top and bottom sur-
faceg. For a uniaxial crystalwith identical in-plane direc-

tions) K, =0.
The effective out-of-plane anisotrop,,, may be mea-
sured by polar MOKE,

nm line of an A" ion laser was used with an optical power
at the sample surface e 100 mW. The scattered light was
directed into a Sandercock+3 pass interferometer as de-
scribed previously?

HoM
Kp="5—(Hs=NpMy), (5)

Ill. RESULTS AND DISCUSSION
where Hg is the out-of-plane saturation field amd is the
The magnetic anisotropy energy density for a biaxial crysout-of-plane demagnetizing factor.

tal may be written, The saturation field is taken from the maxima of the mag-
nitude of the the second derivative of the MOKE signal in-
tensity, i.e., 6°M,)/(9HZ2).” Comparison withH derived
from the gradient of the MOKE signal & ~0 shows the
effect of the fourth order terms to be comparable to or
smaller than the random error. Typical loop shapes are shown
in the inserts of Fig. 1. The curvature of the MOKE loops is
due to the large in-plane anisotropy constéamd is most
apparent in the Fe/Gals

2 2 2 .2 2 .2
U an= KpUfi0)+ Kuljorn+ K1(UpiooUjor1y T Ujora Yot
(1)

2 2
+ Ufi001Upo117)

whereu=M/Mg (Mg is the saturation magnetizatipmand
the subscripts of the componentsiwoflenote the crystalline

directions.[ 100]|x with [011] and[011] in the y—z plane.
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TABLE I. Table of anisotropy constants for epitaxial Fe/GaAs

. - 24}F
and Fe/InAs calculated using the measured valued pfsee Fig.

4(a)&4(b)]. The K, terms include the bulk cubic anisotropy. The el
lower half of the table shows values taken from the literature. Val- %20 I
ues of the constants have not been adjusted to remove the effect cg ;

the overlayer. 2 8:
216
Constant Au/Fe/GaAs Au/Fel/lnAs 214
o
Kud(d ) (10.0+1.0)x 10°5 0 5 1A A AA——A sl A—tr—rp
K uo(J 3 - —(0.25+0.1)x 10* Ol
KpdJ m?) —(0.9£0.1)x10°3 —(1.4+0.1)x10°3 8 . . . . .
Kpy(J md) (1.2+0.7)x10° (2.2£1.3)X10° 0 30 60 90 120 150 180
2 5 5 n (degrees)
Ki{JI m?d) —(3.2+0.5)x 10 —(7.9+0.6)x 10
Ky(J %) (3.70.3)x 10 (6.5+0.3)x 10* FIG. 2. Angular dependence of DE spin wave frequency in Fe/
InAs with angle, », betweenH field and [011] (|H|=1.6
Constant Cu/Fe/GaA&Ref. 23 Au/Fe/GaAs X10° Am~1). :40 ML, X:25 ML, V:15 ML, andA: 8 ML. The
B B lines are iterative best fits. The errors are given by the symbol size.
K us(Jd m?) (3.2+1.2)x10°° 2(12.0+2)x10°°
Kuu(I mi®) - - BLS measures the frequency of the surface spin wave
KpdJ n?) —(1.7+0.1)x 103 %_(1.1+0.2)x10°3 mode (called the DE mode after Damon and Eshiacfor
Kpy(J M) - - the ultrathin films investigated in this work. The spin wave
K m?) —(5.1+0.5)x10°° 24_(2.1+0.2)x10°° frequencies were fitted iteratively using the continuum model
K 1(J ni3) (4.6+0.3)x 10° 22(4.3+0.2)x 10* of Hicken et all® with the anisotropy energy of Eq1)

(though the surface terms were used as boundary conditions
rather than effective anisotropjesThough the in-plane de-

The out-of-plane demagnetizing factdtp=0.97, differs  magnetizing factor (+ Np)/2 is only a few percent its effect
from unity due to the surface roughn¥sand the atomic on the DE mode frequency is significant at low external
nature of thin film$® (though the effect of this on the mea- fields whenM>|H| and it must be included in the fitting
surement oKp is smal). The roughness amplitudes and lat- process. The BLS results for the two systems are discussed
eral length scales were taken from STM data for Fe/fhAs separately below, and then compared.
and Fe/GaAgunpublished daja For each thickness of Fe/lnAs the frequency of the DE

By measuringKp at a range of thicknesses the values ofspin wave mode was measured as the extdnfild varied
Kpy and Kps may be foundKp is plotted as a function of in magnitude with fixed angle to t{©11] axis, , and asy
inverse thickness in Fig. 1 for Fe/GaAs and Fe/lnAs. Awas varied(at fixed field magnitude The variation of DE
weighted least square fit givesKps—=(—0.9:0.1) mode frequency with external field allows the magnetization
X103 Jm 2 and Kp,=(1.2+0.7)x10° Jm 3 for Fe/ andg-factor to be obtained, and the directional variation re-
GaAs. The value oKpswas found to be in excellent agree- veals the anisotropy energfor the measured magnetization
ment with the one reported by Urban al?® The anisotropy  at a given thickness The frequency as a function oj is
constants of Fe/GaAs and Fe/InAs are summarized in Tablplotted in Fig. 2. The films have four-fold magnetic anisot-
l. ropy, with little uniaxial anisotropy. The reduction of the

For Fe/lnAs we must consider a possible effect from thefrequency with decreasing thickness is caused by the nega-
variation of the out-of-plane straifvia magneto-elastic ef- tive out-of-plane surface anisotrogwhich flattens the “en-
fects over the thickness measured. However, the data of Figergy paraboloid” that the spins oscillate)irThe magnitude
1 appear linear, implying that the change in the out-of-planef the reduction in frequency is approximately five times
volume uniaxial constant is not significa(it is presumably  greater than the reduction that would be expected in the ab-
greatest for the thinnest films, but for these films the surfacgence of any surface anisotrofly.
term dominates A weighted least squares fit for the Fe/lnAs ~ The values of the anisotropy constants derived for Fe/
data for which t<25 ML gives Kps—=(—1.4=0.1) InAs by fitting the BLS data are shown in Fig(k3. The
X103 Jm 2 andKp,=(2.2+1.3)x10° I m 3. four-fold anisotropy decreases inversely proportional to

It is curious thatKp, has the same sign in both Fe/GaAs thickness, justifying the choice of E¢4). The data of Fig.
and Fe/lnAs. As the in-plane strajand hence the tetragonal 3(b) have been fitted without constraining the effective an-
distortion is of opposite sign in the two systems a differenceisotropy to pass through the bulk val(Eero for the uniaxial
in sign of Kp, would be expected. It is possible that the anisotropy and~4.5x 10* Jm 2 for the four-fold anisotro-
magneto-elastic constant is different in each system, there sy). By this analysis quite a large four-fold volume term of
an out of plane lattice matching condition similar to that inK,, =(6.5+0.3)x 10* Jm 2 is found for Fe/InAs, approxi-
FelAg?° or that the effect is caused by the relaxation overmately 2.0< 10* Jm~2 greater than the bulk value. This en-
the thickness range measured. However, without knowledgeancement may be explained as follows. The thin films mea-
of the magneto-elastic constants for the two systems it is naured here are strained over a significant portion of their
possible to distinguish between these possibilities. thickness. The strain has both two- and four-fold compo-

024409-3



S. McPHAIL et al. PHYSICAL REVIEW B 67, 024409 (2003

12X 1g* Fe/GaAs a) " 10t FellnAs b) x10¢ Fe/GaAs a) x10¢  Fe/lnAs b)
0.5 1 15 05 1 1.5
! (Y ! (m™ — 2 2
510 K 510 = "_+"if""1'" __+_+__+___+__
5000 \ <
S )} 1} Sel ] a-s # 15
a— 7 — F *x— x___% ] =
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t(ML) l?ML) Thickness (ML) Thickness (ML)

FIG. 3. Variation of anisotropy constants with inverse thickness FIG. 4. (a)&(b) Magnetization and(c)& (d) g-factor of (a)&(c)
(scale shown on the top of each figufer (a) Fe/GaAs andb) Fe/GaAs and }&d) Fe/lInAs. The dashed lines represent the bulk
Fe/lnAs. For reference, the actual thicknesses are shown at the batalues M =1.71x10° Am™?, g=2.09).

tom.O0: K; andX: K. Where no error bars are shown the errors . . - . .
are given by the symbol size. The inset(of is a magnified view of th_|cknesses, showyng that there is little or no As intermixing
the region containing thi,, data. with the Fe, even in the monolayers closest to the interface.

The Fe/GaAs and Fe/lnAs systems behave in a similar
manner in most respects, with the notable exception of their
nents, the latter contribute #9,,. This may be expected to K dependence on thickness. The strongdEpendence of
lead to a magneto-elastic contribution to the four-fold vol-Ky in Fe/GaAs indicates a dominant interface contribution
ume anisotropy. Note that the relevant magneto-elastic corwhile the lack of thickness dependence Kof; in Fe/lnAs
stant is notB; but the coefficient of the fourth order term in Suggests a volume effect. S
the expansion of magneto-elastic energy with strain, which YSingKu,=B;Ae with a strain anisotropy of 1% and the

. -measured value df,, (see Table)lthe magneto-elastic con-
'ig?éna;\zsorng;/:)fsgﬁrlT;c]aSasured, to our knowledge, for thl@:ant B, for Fe/lnAs may be estimated to be +2.5

73 . . .
The observation of square longitudinal MOKE loops X 10° Jmr®, considerably smaller thaland of opposite sign

: : to) the bulk value. As the strain anisotropy has not been
8

along_ the[011] axis*® of a 8 M.L Fe/l_nAs film can now be measured for Fe/GaAs a similar estimation cannot be made
explained: although the uniaxial anisotrofy, is not large

e X ~  for that system. However, it is very difficult to explain the
(compared to the bulk value &) it is at approximately this  hickness dependence Kf, in the Fe/GaAs as a strain an-

thickness that the four-fold anisotrop; is zero, allowing jsotropy induced effect given the magnitude 1§, in Fe/

the uniaxial anisotropy to produce a easy axis at this thickgGaAs and the constraint on the strain anisotropy. A direct

ness. measurement of the magneto-elastic constants for the two
For the Fe/GaAs samples the DE mode frequency wasystems would provide an independent check on this and the

measured as function of field along th@01], [011], and  other results obtained in this paper.

[010] directions(data not shown The thickest {=33 ML)
film is predominantly fourfold while thinner ones are mostly IV. CONCLUSIONS

uniaxial. Figure &) Sh.OWS that the varia.ltion in the uniaxial Fe/GaAs and Fe/lInAs have been assessed using BLS and
anisotropy is proportional to /in a thickness range for g aniitative magnetic parameters extracted. The two systems
which the strain is almost constant& <33 ML).” The  \yere grown under similar conditions and shown by LEED
anisotropy constants of the thinnest films can be seen to dgghg STV to possess high quality crystal structures. The
viate from the trend; this was also observed by Brockmangyq systems show qualitatively similar dependencie of
et al? andKp ont and similarM ¢ andg values. Fe/GaAs, for which
Fe/GaAs also shows a volume contribution to the four-there is no evidence of anisotropic strain, shows a large in-
fold anisotropy, i.e., the intercept in Fig(a3 (also seeK;,  plane uniaxial anisotropy,. Fe/lnAs, which is anisotrop-
values in Table)lis not at the bulk value oy, presumably ically strained has a negligible value dk,. The striking
due to the four-fold strain. The deviation is smaller and ofdifference in the magnitude aridiependence of the in-plane
the opposite sign to that in Fe/InAs, as might be expected foaniaxial anisotropy in the two systems suggests that it has a
a magneto-elastic effect given the relative signs and magndifferent origin in each. In Fe/InAs the lack of a strohg
tudes of the four-fold strain in the two systems. dependence shows that strain causes a small magneto-elastic
The K; and K, values extracted from the fitting proce- effect and we conclude from our analysis that the interface
dure for Fe/GaAs are similar to those measured by othebonding does not give rise to a uniaxial anisotropy in con-
authors for similar systent$;?>?*see Table I. trast to the case of Fe/GaAs. In contradistinction, the same
The values ofg and Mg are plotted in Fig. 4. Both Fe/ analysis leads to the conclusion that in Fe/GaAs thedé/
GaAs and Fe/InAs can be seen to have a magnetization cloggndence of the uniaxial anisotropy is due to the presence of
to that of bulk Fe M¢=1.71x10° Am~%, g=2.09) for all  a large interface bonding term in the absence of a significant
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