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Giant enhancement of orbital moments and perpendicular anisotropy
in epitaxial Fe ÕGaAs „100…

Y. B. Xu,a) M. Tselepi, C. M. Guertler, C. A. F. Vaz, G. Wastlbauer, and J. A. C. Bland
Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, United Kingdom

E. Dudzik and G. van der Laan
Daresbury Laboratory, Warrington WA4 4AD, United Kingdom

The spin and orbital magnetic moments and the perpendicular magnetic anisotropy of 8 and 33
monolayer epitaxial bcc Fe films grown on GaAs~100!-436 have been measured using x-ray
magnetic circular dichronism and polar magneto-optical Kerr effect. Both the films have
approximately the same spin moments of about 2.0mB close to that of the bulk value. The ultrathin
film shows a giant orbital moment enhancement of about 300% with respect to the bulk value and
a perpendicular interface anisotropy fieldHs

Fe–GaAs of the order of253104 Oe. This may be
partially due to an increased degree of localization of electronic states at the Fe/GaAs interface
associated with the atomic scale interface structure. ©2001 American Institute of Physics.
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INTRODUCTION

Interface magnetism in ferromagnetic metal~FM!/
semiconductor~SC! heterostructures continues to be an i
portant topic for the study of fundamental magnetic prop
ties of ultrathin films and for the development of ne
generation magnetoelectronic devices.1,2 There are two is-
sues of current interest concerning Fe/GaAs,3–8 which is a
model system for the study of FM/III–V SC heterostru
tures: first, the origin of the in-plane uniaxial magnetic a
isotropy and second the possible existence of magnetic d
layers at the interface. We have shown in a previous st
that it is the growth morphology rather than the FM S
intermixing which plays a dominant role in determining t
evolution of the ferromagnetic phases with thickness and
there is no evidence of any significant dead layers formin
the interface in Fe/GaAs~100!-436 grown at room
temperature.7 In this article, we report a further study of th
system using x-ray magnetic circular dichroism~XMCD!
and polar magneto-optical Kerr effect~MOKE!. The XMCD
technique has been demonstrated experimentally and t
retically to be capable of determining both the spin and
bital magnetic moments with submonolayer sensitivity.9–17

We shall show that the Fe/GaAs interface has a full s
moment and that the ultrathin Fe films exhibit a giant orb
moment enhancement and a perpendicular magnetic an
ropy.

EXPERIMENT

Fe films were grown on GaAs substrates at ambient t
perature~35 °C! in a molecular beam epitaxy chamber usi
an electron-beam evaporator. A buffer layer~;0.5 mm! of
homoepitaxial GaAs was grown on the commercial wafer
provide the smoothest possible GaAs surface. The As cap
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substrate was transferred to a second growth chamber
then annealed to 550 °C for 1 h toobtain a clean and ordere
Ga-rich 436 surface. Detailed growth and structure inform
tion can be found in Ref. 7. The samples were capped w
20 monolayers~ML ! of Au for ex situstudies. The XMCD
experiment was performed at beam line 1.1, CLRC Dar
bury Laboratory, with 80% circularly polarized x rays. Th
Fe L2,3 absorption spectra were collected at room tempe
ture in total-electron-yield mode where the sample curr
was recorded as a function of photon energy. An exter
magnetic field of 3 T was applied perpendicular to th
sample surface using a superconducting magnet. During
XMCD measurements the circular polarization of the pho
beam was fixed and the magnetization direction was al
nately aligned parallel/antiparallel to the propagation vec
of the photon.

RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show the normalized x-ray absorp
tion spectra~XAS! for the 8 and 33 ML films, respectively

fFIG. 1. ~a! and~b! normalized XAS and~c! and~d! XMCD spectra of 8 and
33 ML films, respectively, with both the external magnetic field and t
photon beam applied perpendicular to the film plane.
6 © 2001 American Institute of Physics
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with two opposite magnetizations. These two samples w
chosen to represent an ultrathin film and a thin film, resp
tively, according to our detailed study of this system usingin
situ MOKE.7 The MXCD spectra shown in Figs. 1~c! and
1~d! are differences between the x-ray absorption spe
with the photon spin vector parallel (s1) and antiparallel
(s2) to the sample magnetization corresponding tosM

5s12s2 . The absolute value of the MXCD intensity a
theL3 edge,usM(L3)u, is proportional to the net magnetiza
tion. By normalizingusM(L3)u to the total absorption cros
section atL3 , s0(L3)51/2@s1(L3)1s2(L3)#, the magne-
tization on a per atom basis can be obtained.13 We can see
immediately from the figures that the ratios of the XMCD
the XAS are comparable in both films, indicating no redu
tion of the magnetic moment with decreasing thickness.
compare the XMCD spectra of two samples, both the spe
are scaled to 1 at the peak of theL3 edge and are plotted in
Fig. 2. This shows clearly that the dichroic area under theL2

peak is smaller in the 8 ML film than that in the 33 ML film
Based on the XMCD sum rules10,12,17that link the dichroic
areas to the orbital and spin moments, this result sugges
orbital moment enhancement in the thin 8 ML film as co
pared with that of the 33 ML film.

The spin and orbital moments are determined by app
ing the XMCD sum rule10 with nh56.61 ~Refs. 10 and 15!
and by subtracting a simple two-step background from
XAS spectra. It has been shown earlier that due to satura
effects in the total electron yield, the approximations(v)
}vY(v) is not always valid for studies of magnetic film
with photon incidence grater than 50°.9 We have chosen to
work with 0° angle of light incidence with respect to th
surface normal, so that the approximations(v)}vY(v) is
valid to within 5%.9 As shown in Table I, the spin momen
of the 8 and 33 ML films are 2.0360.14mB and 2.07
60.12mB , respectively, and the orbital moments are 0.

FIG. 2. XMCD spectra of the 8 and 33 ML films scaled to 1 at the peak
the L3 edge. The difference between theL2 peaks is shown clearly in the
inset.

TABLE I. Spin and orbital magnetic moments in units ofmB /atom and
saturation fields of two epitaxial Fe films on GaAs~100!-436.

mspin morb morb /mspin Hs(3103 Oe)

8 ML 2.0360.14 0.2660.03 0.128 961
33 ML 2.0760.14 0.1260.02 0.058 2062
bulk bcc Fe~Ref. 10! 1.98 0.085 0.043 21
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60.03mB and 0.1260.02mB , respectively. The spin mo
ments obtained are in agreement with our previous magn
measurements.7 While the orbital moment of the 33 ML film
is enhanced by about 40% compared with that of the b
value, the 8 ML film shows a giant orbital moment enhanc
ment of about 300%.

The giant enhancement of the orbital moment in the
trathin films is expected to lead to an out of plane magne
anisotropy. Figure 3 shows the magnetization loops of th
and 33 ML films with the field applied perpendicular to th
film plane measured with polar MOKE. The magnetizati
of both films remains aligned in the plane, showing t
dominant effect of the demagnetization field. However,
saturation field of the 8 ML film is significantly reduced a
compared with that of the 33 ML film. As the spin mome
of the films is independent of the thickness, the reduction
the saturation field clearly shows the existence of a perp
dicular magnetic anisotropy. Neglecting a small volume a
isotropy in Fe films,18,19 the saturation fieldHs along the
hard axis is determined by the following equation:

Hs54pMs1~Hk
Fe–GaAs1Hk

Fe–Au!/N, ~1!

where 4pMs is the demagnetization field,N is the number of
the Fe atomic layers, andHk

Fe–GaAsandHk
Fe–Au are the inter-

face anisotropy fields of the Fe–GaAs and Fe–Au interfac
respectively. TakingHs59613103 Oe and 4pMs52.1
3104 Oe for the 8 ML film, the sum ofHk

Fe–GaAsandHk
Fe–Au

is found to be29.6613104 Oe. According to the previous
studies of the epitaxial Au/Fe/Au systems by Heinri
et al.18 and Lugertet al.,19 the Fe–Au interface anisotrop
field Hk

Fe–Au is about243104 Oe.19 We would like to point
out that the magnetization and the XMCD were both m
sured in large perpendicular fields at room temperature. A
reduction inMs due to thermal effects is taken into accou
by measuring magnetic moments at room temperature. W
a detailed thickness dependence study is needed to a
rately determine the Fe–GaAs interface anisotropy field,
results from Fig. 3 show the existence of a perpendicu
interface anisotropy in the order of253104 Oe at the Fe–
GaAs interface.

In contrast with the bulk crystals where the orbital m
ment is nearly completely quenched, an enhancement of
orbital moment is expected at surfaces and interfaces du
a reduction of the symmetry, which can change the orb

f
FIG. 3. Magnetization loops of the 8 and 33 ML films with the field appli
perpendicular to the film plane measured with polar MOKE.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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degeneracy. First principle calculations on bcc Fe surfa
have predicted a 100% enhancement of orbital momen
compared to the bulk value,20 which should be partially re-
sponsible for the observed orbital moment enhancemen
the 8 ML film. However, the observed giant enhancemen
about 300% suggests an additional mechanism. As poi
out by van der Laanet al.,17 the presence of surface roug
ness, interdiffusion, steps, or terraces will lead to more
calized atomic-like 3d wave functions and an enhanced o
bital moment. One of the distinct features of a reconstruc
semiconductor surface is the formation of regular atom
scale structures, such as the Ga dimer row along the@011#
direction in the GaAs~100!-436 surface.21 We thus propose
that this atomic scale structure leads to more localized w
functions for the Fe atoms close to the interface and a
responding giant orbital moment enhancement and per
dicular surface anisotropy in the ultrathin film.

CONCLUSION

In summary, the spin and orbital magnetic moments a
perpendicular anisotropy of the ultrathin epitaxial Fe film
grown on GaAs~100!-436 have been studied using XMCD
and polar MOKE. The spin moment of the films after t
onset of the ferromagnetism was found to be 2.060.1mB

independent of the thickness of the films and close to
bulk value of 1.98mB .10 The orbital moment increases dr
matically with decreasing thickness and is enhanced
about 300% with respect to that of the bulk bcc Fe in an
ML film. The polar MOKE measurements further sugge
that the Fe–GaAs interface has a perpendicular anisot
field of the order of253104 Oe. The giant orbital momen
and the perpendicular anisotropy are attributed partially to
increased electron localization of the Fe atoms adjacen
the corrugated GaAs~100!-436 surface.
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