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The morphology, the atomic structure, and the strain of very thin Fe epilayers grown on ZnSes001d have
been studied by combined scanning tunnel microscope(STM) and extended x-ray-absorption fine-structure
experiments. It turns out that the crystal structure of the flat and anisotropic islands(up to 5 monolayers) and
terraces(higher coverages) observed by STM is close to bulk iron but affected by a weak out-of-plane
tetragonal distortion. Strain measurements and magnetic anisotropy constants of very thin films obtained by
ferromagnetic resonance measurements allow us to conclude that the important out-of-plane anisotropy term is
determined by the interface atomic structure. Finally, we put forward two hypotheses to explain why the
measured out-of-plane anisotropy is one order of magnitude larger than the[110] in-plane anisotropy. The
former is related to a disordered configuration of iron and zinc atoms between bonding and antibonding sites
at the interface. Thelatter hypothesis is related to the direction of the demagnetization field due to the
morphology of iron films.

DOI: 10.1103/PhysRevB.70.134404 PACS number(s): 75.70.2i, 75.30.Gw, 68.55.2a, 76.50.1g

I. INTRODUCTION

One of the material science challenges today consists in
combining magnetic and semiconductor epilayers to obtain
an efficient electrical injection of spin-polarized carriers.1 A
well-characterized and spin-injection efficient hybrid mag-
netic metal/semiconductor heterostructures could lead to de-
vices using not only the charge of electrons but also their
spin. The development of these devices needs the under-
standing, the reproducibility, and the tailoring of film growth
and a careful characterization of its magnetic properties.

A promising system is Fe epitaxied on the wide band-gap
semiconductor ZnSes001d.2–4 The Fe/ZnSes001d hetero-
structure has a low lattice mismatch(1.1%) taking two Fe
lattices matching one of ZnSe and, more importantly, the
reactivity is lower in respect to other semiconductors such as
GaAs, Si, or Ge.5 In addition, it is feasible to achieve coher-
ent spin transfer with high efficiency across the GaAs/ZnSe
interface6 and Jianget al. found tunneling magnetoresistance
values of 10% at room temperature.7

Recently, we have shown that the interface is magneti-
cally sharp with Fe magnetic moments being similar or even
larger than bulk8 and we have also evaluated the
Fe/ZnSes001d Schottky-barrier height by photoelectron

emission spectroscopy.9 These works have permitted us to
state that the Fe/ZnSe interface is essentially abrupt with
minimal chemical contact interaction between the top-most
atomic layers of the ZnSe epilayer and Fe atoms.

In a pioneering work Jonker and Prinz10 showed by Auger
electron diffraction that the film growth followed a predomi-
nantly layer by layer mode with no significant clustering or
multilayer island formation. Here we present scanning tunnel
microscope(STM) images of iron epilayers on ZnSes001d at
low Fe coverages(1–7 monolayers). Next, we have used
the sensitivity of extended x-ray-absorption fine-structure
(EXAFS) experiments to determine the atomic structure and
to measure strain of the iron thin film. Then, we correlate
structural findings with the magnetic anisotropy constants
measured by the angular dependence of the resonance field
in ferromagnetic resonance(FMR). Our aim was to under-
stand the microscopic origin of UMA(uniaxial magnetic an-
isotropy) observed for thin Fe layers. Indeed, similarly to
Fe/GaAss001d, Fe/ZnSes001d presents an unexpected in-
plane UMA with an[110] easy axis. A number of mecha-
nisms can lead to UMA in magnetic thin film, including
shape anisotropy, epitaxial strain, step anisotropies, or inter-
facial compound formation. In particular, UMA in
Fe/GaAss001d has been exensively studied by many
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groups:11 it turns out that UMA is independent of the GaAs
surface reconstructions indicating that strain has little
effect.12 Recently, O. Thomaset al.,13 by grazing x-ray-
diffraction measurements, concluded that UMA in Fe/GaAs
is caused by an interface anisotropy. Moreover, E. Sjöstedtet
al.14 calculated that the UMA in Fe/ZnSes001d is produced
by the directional covalent bonds at the interface, even with-
out atomic relaxations.

In this paper, we will compare the magnetoelastic term
due to strain measured by EXAFS and the contribution from
the interface term. It will be shown that this latter term, due
to sp3-like tetrahedral bonds from the substrate to the Fe
atoms at the interface, is the more important and breaks the
fourfold symmetry of iron.

This work is organized in two main sections: the first
concerns the structural studies(STM and EXAFS) and the
second the magnetic properties(FMR).

II. SECTION I: STM OBSERVATION OF THE
Fe/ZnSe„001… SURFACE

A. Experimental

The samples were prepared by molecular-beam epitaxy
(MBE) in a multichamber system. First, a GaAs buffer layer
was deposited on GaAss001d substrates using standard
growth conditions,15 followed by transfer to a II-VI chamber
for ZnSe growth using a two-step procedure.16 At the end, a
cs232d Zn-rich surface17 was stabilized on top of a 100-Å

pseudomorphic ZnSe epilayer. The Fe was grownin situ at
180°C with a rate of about 1 monolayer(ML ) per minute at
a base pressure below 3310−10 mbar. During the Fe growth,
the reflection high-energy electron diffraction(RHEED) dia-
gram changes from the usual streaky[two-dimensional(2D]
ZnSe diagram to a diffuse one around 0.5 ML, followed by
elongated spots characteristic of Fe above 1 ML(see Fig. 1).
Indeed, one monolayer of Se is always found floating at the
growth front independently of the Fe film thickness, leading
to a 232 reconstruction observed on RHEED diagrams.2,18

In situ scanning tunneling microscopy(STM) images were
collected at room temperature in constant current mode.

B. Results

STM images at different Fe coverages(1, 3, 5, and
7 ML’s) on ZnSes001d cs232d are shown in Fig. 1. At
1 ML, isotropic Fe islands cover the ZnSes001d surface. Ob-
served discs are flat, with an average diameter of,30 Å and
a height of about 2 ML. The pronounced nonlinearity of
scanning tunneling spectroscopy(STS) measurements indi-
cate that topographic minima correspond to the semiconduc-
tor surface, as opposed to the metallic character of the is-
lands. This confirms the XPS results presented in Ref. 9.

At 3 ML’s, islands present more straight edges along the
(110) directions of the substrate. They are anisotropic and
elongated along thef110g direction. A similar behavior has
been observed for Fe grown on GaAss001d s234d,19 where

FIG. 1. STM images at different Fe coverages(1, 3, 5, and 7 ML’s) on a cs232d reconstructed Zn-terminated ZnSes001d surface.
RHEED diagrams are also presented.(a) At 1 ML we observe flat discs, with an average diameter of,30 Å and a maximum thickness of
2 ML’s. (b) At 3 ML’s, islands present more straight edges along thek110l directions of the substrate.(c) At 5 ML’s, the corrugation is
released by a two-dimensional coalescence: large, atomically flat rectangular terraces cover the surface. The atomic resolution can be
achieved on this surface, where the reconstruction corresponds to a Fes232d Se-induced reconstruction. At 7 ML’s the island coalescence
is accomplished and the film presents long-range order. The terrace step height is about 1.6 Å. Thes232d reconstruction of the segregating
Se is still well identified.
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the preferred coalescence direction coincides with thef110g
oriented As-dimer rows. The origin of this anisotropy was
suggested to be correlated with kinetic anisotropies, i.e., a
faster diffusion along the As dimer rows. In the present case,
however, the surface reconstruction is normally symmetric
[Zn rich cs232d] (Ref. 17) and therefore an isotropic coa-
lescence should intuitively be expected. Another plausible
anisotropic contribution comes from the unsatisfied unidirec-
tional sp3 bonds on the ZnSe surface. Thecs232d recon-
struction represents only a half Zn monolayer surface leaving
Se atoms exposed in the subsurface layer.17 Since Fe would
prefer to bond to Se rather than to Zn, thef110g oriented Se
sp3 bonds would favor Fe to coalesce along this direction.20

With increasing Fe thicknesss5 ML’s), the corrugation
switches to a two-dimensional coalescence: large, atomically
flat rectangular terraces cover the surface. The atomic reso-
lution can be obtained on this surface, with the observed
232 reconstruction being induced by the Se floating mono-
layer at the Fe growth front.

At 7 ML’s, the island coalescence is accomplished and
the film presents long-range order:(i) a metallic signal is
recorded onto the entire sample surface at 7 ML’s thus con-
firming island coalescence.(ii ) The iron surface is flat with
atomically resolved terraces with sizes reaching 300 Å. The
terrace step height is of about 1.6 Å that corresponds quite
well to the value expected for Fes1.43 Åd. (iii ) The s232d
reconstruction of the segregating Se is still well identified.

In the following, we discuss the inner structure of the
islands observed on the surface in the case of very thin Fe
films. In order to characterize this system as a function of Fe
covering we performed extended x-ray absorption fine-
structure(EXAFS) experiments.

C. EXAFS experiments

EXAFS consists of measuring the absorption coefficient
of the sample as a function of the incoming photon energy.
Oscillations of the absorption coefficient after the
Fe K-absorption edge reflect the structure and the local order
around this excited atom. EXAFS is a very well suited tech-
nique for the study of ultrathin epitaxial films because of its
atom selectivity and the linear polarization of the x rays of
synchrotron radiation. Indeed, EXAFS oscillations depend
on the polarization direction of the x rays with respect to the
crystallographic axis. Then, normalsNId and grazingsGId
incidence experiments(linear polarization of the x ray paral-
lel to the film plane or at about 75° from the film plane)
allow us to measure both in-plane and out-of-plane lattice
parameters and to detect an eventual epitaxy induced distor-
tion of the epilayer.

D. Experimental procedure

Experiments were carried out at the Laboratoire pour
l’Utilisation du Rayonnement Electromagnétique(LURE,
France), on the wiggler beam line of the DCI storage ring at
the FeK-edges7110 eVd. The spectra were recorded in the
fluorescence yield mode, with the sample cooled at 77 K.
For these experiments, the ZnSe/GaAss001d samples have

been capped with an amorphous Se layer, a technique very
efficient for preventing contamination during air
transport.8,9,17 Once introduced in the EXAFS UHV setup,
they were slowly heated up to 350°C in order to remove the
Se capping layer and to stabilize thecs232d Zn terminated
surface. Next, Fe was deposited at 180°C from ane-beam
evaporator with the thickness being controlled both by quartz
microbalance and by the absorption edge(with a discrepancy
lower than 50%). We prepared a new ZnSe sample for each
Fe coverage and we recorded three EXAFS spectra, two in
NI with the linear polarization either parallel to[110] or to
f110g ZnSe axis, and one in GI with the linear polarization
parallel to[001].

Probed samples thickness were 2, 4, and 27 ML’s, and
bulk iron (reference). A very low coverage thin film
s0.8 MLd was also measured but only at normal incidence.

In this paper we fitted the inverse fourier transform(IFT)
of the first peak of the Fourier Transform(FT) of the EXAFS
oscillations21 fxskdg, using the classical EXAFS formula.
This well-known procedure isolates the contribution of the
first-nearest-neighbor shell and leads to an evaluation of the
crystallographic parameters of the thin film. Then, the higher
distant shells are simulated in the multiple-scattering ap-
proach byFEFF 6.0.22

E. Polarization dependence of the nearest-neighbors
shell EXAFS signal

The absorption spectra recorded on five samples at normal
(polarization parallel to[110] ) and grazing incidences are
shown in Fig. 2.

It is worth noting that, except at very low coverage
s0.8 MLd, the main EXAFSa−Fe structures are observed in
all the spectra. As a consequence, we can state that at 2 ML’s
iron grows in a bcc-like structure, even if at 2 and 4 ML’s
EXAFS structures at normal incidence seem slightly shifted
towards highk values.

The Fourier transform of the EXAFS oscillations between
k=2.5 and 12 Å gives a series of broad peaks corresponding
to different shells of neighbors(see Fig. 3). The crystallo-
graphic parameters are obtained by fitting the IFT of the first
peak for the normal and grazing incidence. The best fit is
obtained with a body-centered-tetragonal(bct) structure. The
parameters of this structure are

a: the distance between the scattering atom and the
four atoms located in the same(001) plane;

c: the distance with the two neighbors on an axis per-
pendicular to the film plane;

d: the distance with the four first-nearest neighbors.
The first peak of the FT(between 1.5 and 2.8 Å) includes

the three distances(a, c, andd) in a bct structure. The con-
tribution of these bonds in the EXAFS signal depend on the
direction of the polarization of the x rays, since each bond is
weighted by a cos2a factor, wherea is the angle between the
bond and the polarization of the x rays. Indeed, whatever the
x ray’s angle of incidence, there are always two types of
distances in the first peak of the FT:a andd in NI, andc and
d in GI.23 The number of first- and second-nearest neighbors
is fixed at 8 and 6, respectively. In the fitting procedure, the
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two spectra recorded in NI(respectively, polarization parallel
to [110] andf110g) give identical results in the experimental
accuracy. We conclude then that the structure is not distorted
in the (001) plane. More precisely, we report in Table I the
differences between the measured parameters and the bulk
Fe values(where a=b=c=2.87 Å), and thes2 factor that
takes into account the thermal agitation and the static disor-
der. These results show unambiguously that, at low coverage,
the Fe bcc structure is stretched by the epitaxy on the
ZnSes001d substrate, leading to a body-centered-tetragonal
structure(bct) with Da,0 (with Da=Db) andDc.0.

The normal incidence measurements of 2- and
4-ML-thick films give a lattice contraction ofa equal to
-0.020 and −0.025 Å in comparison with bulk iron, respec-
tively. This is consistent with epitaxy parameters: twice the
lattice parameter of Fes2aFe=5.732 Åd exceeds the lattice
parameter of ZnSesaZnSe=5.669 Åd by approximately 1.1%.
Besides, from grazing incidence measurements it turns out
that c is slightly elongateds+0.02 Åd. The s factor is larger
for thin films indicating static disorder. Bulk values are re-
covered for the 27-ML-thick sample.

The tetragonal distortion due to epitaxy can be confirmed
by the phase derivatives(PD) analysis of the experimental
signal. Indeed, this differential method is very well suited for
the detection of lattice deformations. G. Martenset al.24

show that the difference between the mean distances of the
two closer shells can be determined from the minimum of
the phase derivative of EXAFS spectra. In Fig. 4 we report

PD extracted from experimental datas4 ML’s). We notice
that minima of the phase derivatives of NI and GI signals are
located at distinct positions, confirming the tetragonal distor-
tion of the thin film. Using the same method(not shown
here), we observed that at 27 ML’s, this distortion is re-
leased.

F. Simulations of the EXAFS spectra

In order to compare with the EXAFS spectra, we have
performed complete simulations of the polarization depen-
dent x-ray-absorption spectra, starting from a Fe cluster built
with the lattice parameters deduced from the nearest-
neighbors analysis. This was done using theFEFF code,
which calculates the absorption cross section in a multiple
scattering.22 At first sight, a simpleFEFFsimulation using the
spherical bct Fe-cluster with the lattice parameters reported
in Table I matches nicely with the Fourier transform of ex-
perimental results(see Fig. 5). Nevertheless, we tried to
simulate the experimental spectra with a model of a real thin
film, motivated by two observations:(i) STM images show
that clusters are flat, elongated, extended, and a few mono-
layers thick(see Fig. 1). (ii ) The broad peak at around 4.4 Å
in Fig. 5 is lower in the experimental spectrum than in the
simulation with the spherical cluster, indicating that the num-
ber of neighbors is reduced in comparison with bulk. As a
consequence, EXAFS measurements must be sensitive to the
Fe/ZnSe interface.

FIG. 2. Absorption spectra recorded on the five samples at the
normal (a) and grazing incidences(b). We notice that, except at
very low coverages0.8 MLd, the main EXAFSa-Fe structures are
observed in all the collected spectra.

FIG. 3. Fourier transform of the measured EXAFS oscillations
at different coverages at(a) normal incidence and(b) grazing
incidence.
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As a consequence, we calculated the EXAFS spectra us-
ing a new cluster of an “ideal” thin film: the bulk semicon-
ductor, terminated by a complete Se layer, is continued by
five layers of Fe, where half of the atoms in the(001) planes
are positioned at crystal sites of the zinc-blende structure,
and half of the atoms are located in the corresponding voids
(bonding and antibonding sites in the zinc-blende structure).
The lattice parameters of iron thin films are the same as of
bct bulk simulation discussed above. This structure(except
the floating Se layer) is the same as the supercell used by
Sjöstedtet al.14 for ab initio calculations of the uniaxial mag-
netocrystalline anisotropy. Moreover, since experimentally
we know that a Se layer floats on the surface leading to a
232 superstructure(see Fig. 1), we added Se atoms above
half of the squares of the topmost Fes001d layer. The dis-
tances between iron and selenium atoms at the interfaces
ZnSe/Fe thin-film interface and iron thin-film/floating sele-
nium layer interface) are fixed at 2.48 Å, i.e., the Fe-Se equi-
librium distance.20,25

EXAFS spectra of all nonequivalent Fe atoms of the thin
film were calculated byFEFF. The results for the normal and
grazing incidences are shown in Fig. 5(open squares). We
notice that the FT spectra are slightly modified in compari-
son with the simulation with the spherical cluster. The peak
at around 4.4 Å falls down to the GI experimental height due
to the reduced thickness of the film. On the other hand, the

NI calculated spectrum is characterized by abroader peak at
2 Å, surely due to the two Fe/Se interfaces of the thin film.
Many attempts were made without better reproducing the
experimental 2-Å peak feature:(i) the Fe/Se-terminated

TABLE I. Differences between the measured parameters and the bulk Fe values(where a=b=c
=2.87 Å), and thes2 factor that takes into account the thermal agitation and the static disorder. These results
show unambiguously that, at low coverage, the Fe bcc structure is stretched by the epitaxy on the ZnSes001d
substrate, leading to a body-centered tetragonal structure(bct) with Da,0 (with Da=Db) andDc.0.

Coverage
(ML )

First neighborssÅd
±0.01 Å

s2sÅ2d
Debye Waller

Second neighborssÅd
±0.01 Å

s2sÅ2d
Debye Waller

a andc;

2 Dd=0.000 2310−3 Da=−0.020; 6310−3

Dc=0.001 8310−3

4 Dd=−0.005 1310−3 Da=−0.025; 3310−3

Dc=0.02 4310−3

27 Dd=0.000 1310−3 Da=0.000; 2310−3

Dc=0.000 2310−3

Bulk reference 2.5310−3 reference 2.5310−3

FIG. 4. Analysis of the phase derivatives of the experimental
signals4 ML’sd. We notice that minima of the phase derivatives of
NI and GI signals are located at distinct positions, indicating a
tetragonal distortion of the thin film.

FIG. 5. (Color online) Comparison between measured and simu-
lated spectra at the(a) normal and(b) grazing incidences. For simu-
lated spectra obtained byFEFF 6.0: Tdebye=470°C. Bulk iron con-
tribution is calculated by a cluster of iron atoms in a bct structure
(see parameters in Table I, 4 ML’s). In the case of thin-film simu-
lations: iron is epitaxied on ZnSes001d saZnSe/2=2.825 Åd; the
lattice parameters are the same of Table I(4 ML’s) ; distance
nearest-neighbor Fe-Se atoms at the interfaces =2.48 Å. We notice
that the FT spectra are slightly modified with respect to bulk. Simu-
lations called “with islands” are obtained taking into account the
size and the morphology of iron clusters as observed by STM.
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semiconductor interface was substituted with a Fe/Zn inter-
face; (ii ) the distances between atoms at interfaces were
strongly modified; (iii ) FT spectra were calculated using
relaxed-atomic positions obtained by first-principles elec-
tronic calculations.20

In the following, we show that the 2-Å peak width is
mainly due to the morphology of the thin film. First of all,
we observe that in the GI simulation the 2-Å peak is not
broadened as respect to bulk calculations and GI experi-
ments, even if in this experimental geometry, spectra are
more sensitive to the interface. We put forward the hypoth-
esis that the “broading effect” due to the interface is canceled
by another effect due to the small thickness of the iron film
s5 ML’s). A similar effect due to the reduced lateral size of
Fe islands on the surface could narrow the experimental NI
spectra. Indeed, as observed in STM images, at 2–5 ML’s,
the surface is characterized by flat, elongated, extended, and
a few monolayers thick islands. Therefore the narrow 2-Å
peak in the NI spectrum may be due to the presence of is-
lands on the surface. In order to test this hypothesis, we have
calculated EXAFS spectra of elongated Fe islands deposited
on ZnSe. More precisely, for the calculation we use the same
thin film described above and we cut it along the[110] di-
rection. We then calculated the EXAFS spectra of all the Fe
atoms sitting along the step, on its edges and very close to it,
considering the cases of the polarization axis parallel and
perpendicular to the artificial step edge. After that, we added
the EXAFS contribution of “innerlike” and “steplike” Fe at-
oms, weighing with realistic coefficient extrapolated from
the morphology of rectangular islands deduced from STM
images. The FT spectra of these calculations are shown in
Fig. 5(a) and 5(b) (open circles). As a comparison with the
calculation for the ideal thin film, we observe that the 2-Å
peak narrows and that the height of the 4.4-Å structure low-
ers. Therefore this simulation nicely reproduces the experi-
mental spectra, because of the reduced lateral and vertical
dimensions of the film.

G. Comparison with previous calculations

Recently, two theoretical groups studied the Fe/ZnSe in-
terface. B. Sanyal and S. Mirbt20 calculated the relaxed po-
sitions and the related magnetic properties of the atoms at the
interface and in the thin film in the range 0.5–10 ML’s.
Then, E. Sjöstedet al.14 proved that the ideal Fe/ZnSe sys-
tem do exhibit large in-plane uniaxial magnetic anisotropy
(UMA ) produced by the directional covalent bonds at the
interface, even without atomic relaxation.

The former paper described the microscopic mechanism
of the observed Se segregation on the surface. Moreover,
they calculated that close to the interface Fe atoms are buried
inside the substrate. This leads to a slight perturbation of the
ideal Fe-crystal structure: all the Fe layers are split into two
,0.1-Å z-shifted layers. Even if this last finding is at odds
with our experimental results(our Fe layers seem to be more
regular), this work succeeds in describing thes232d Se su-
perstructure observed in STM images.

The supercell used by Sjöstedtet al.14 in the latter paper
is very similar to our input file forFEFF: only the floating Se

layer differentiates our guess structure from it. In other
words, we can say that Fe atoms in the bct planes continue
naturally the zinc-blende structure of ZnSe. As a conse-
quence, we can consider that the theoretical findings con-
cerning UMA can be directly compared with magnetic expe-
riences shown in the next section.

III. SECTION II: FERROMAGNETIC RESONANCE
EXPERIMENTS (FMR)

The angular dependence of the resonance field permits us,
in FMR experiments, to deduce the magnetic in-plane and
out-of-plane anistropy constants of thin films.26 Following
the procedure already described, three samples presenting
different Fe coverages(4, 6, and 25 ML’s) have been pre-
pared. Then, covered by an amorphous ZnSe capping, they
were transferred to theex situ FMR setup. The derivative
absorption spectra have been obtained with aX band
VARIAN spectrometer at the frequency 9.25 GHz of the mi-
crowave field, the dc field varying in the range 0.2–2.5. Two
arrangements of the film sample in a T012 cavity allow an
angular variation of the dc field, respectively, in the film
plane and in a plane perpendicular to the film.

The FMR experimental results are analyzed using the
free-energy density functional:

Esu,fd = − M ·Bext +
1

2
m0M

2cos2u −
1

2
K1

'cos4u

−
1

2
K1

i sin4uscos4f + sin4fd + KAsin2u

+ KIPSs1 + sin 2fd
sin2u

2
− 1D , s1d

whereu andf are the polar and the azimuthal angles ofM,
the saturation magnetization, with respect to the[100] direc-
tion. The first two terms are the Zeeman term and the demag-
netization energy.K19 and K1

' are the in-plane and out-of-
plane crystalline anisotropies derived from the cubic
magnetocrystalline bulk anisotropy. The last two terms with
prefactorsKA, and KIP are the perpendicular and the[110]
uniaxial in-plane anisotropy constants.

In the following, we will focus on the in-planeKIP and in
the effective out-of-plane magnetic anisotropiessKOP=KA

+K1
'd.
The angle and frequency dependence of the FMR signal is

described using the following law:27

Sv

g
D2

=
1

M2sin2u
F ]2E

] u2

] E

] w2 −
]2E

] u ] w
G , s2d

wherev is the microwave frequency andg is the gyromag-
netic ratio. From Eq.(2) three equations can be extracted by
applying the external magnetic fieldBext in the (001) plane
along [110] and f110g (Fe film surface) and out of plane
along [001].

The first two equations give the in-plane anisotropy con-
stant KIP, whereas theKOP parameter is obtained from the
resonance field value whithin the following approximations:
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(i) the saturation magnetization values of bulk iron isM
=1.73106 A/m (Ref. 8) and(ii ) the out-of-plane anisotropy
constant is much larger than in plane(shown in the follow-
ing).

In Fig. 6 we show the out-of-plane measurements and in
particular the angular dependence of the resonance field ver-
sus the out-of-planeBext angle. We notice that the resonance
field is ,1.63106 A/m and ,83105 A/m at 25 and
4 ML’s, respectively. These values can be compared with
bulk iron in the same configuration, i.e.,,23106 A/m. This
leads to a rough evaluation of the out-of-plane anisotropy
field of 43105A/m at 25 ML’s and 1.23106A/m at 4 ML.
Moreover, we report that theK1

i cubic constants obtained
from fitting are close to those of bulk irons,43104 J/m3d.

In Fig. 7 the in-plane measurements at 6 ML’s are re-
ported. We notice that the angular dependence of the reso-
nance field is not symmetric because of the in-plane uniaxial
anisotropy favoring the[110] direction. The resonance field
difference DH between the easy and hard axis is around
8000 A/m. The KIP constant can be estimated as to
,104 J/m3, by m0DHM /4. This procedure allows us to ex-
tract all anisotropy parameters reported in Table II.

We note that(i) for our thinnest samples4 ML’s) we find
that KOP is much larger thanKIP: 1.43106 and 4.6
3104 J/m3, respectively;(ii ) anisotropy terms lower with
increasing thickness. These two points will be discussed in
the following chapter.

A. Comparison with previous results

Many groups have previously reported the magnetic an-
isotropy constants of Fe grown by MBE on(001) ZnSe ep-
ilayers. In the following a brief state of the art is presented.
In a pioneering work J. J. Krebset al.5 have detected, by
vibrating sample magnetometry and FMR,(i) an uniaxial
in-plane anisotropy for the thickest layers137 Åd leading to
an inequivalence of the[110] and f110g directions; (ii ) a
perpendicular anisotropy whose magnitude decreases with
the thickness.

More recently, the magnetic anisotropy constants were
measured by Sterenet al.28 (FMR on 17- and 90-ML-thick
films), by Reigeret al.2 (5.4-, 10-, 17-, and 66-ML-thick
films by an alternating gradient magnetometer) and by R.
Meckenstocket al.29 (200- and 600-Å-thick films by FMR
and superconducting quantum interference device.

After comparison of all these measurements, it turns out
that (i) the magnetization lies in the plane and that it is ori-
ented along the[110] direction.(ii ) Considering that the bulk
g factor is 2.09 and that magnetization isM =1.7
3106 A/m, we can summarize that for very thin films(under
25 Å) all the measurements gaveKIP values of,104 J/m3,
for higher coverages s100–200 Åd KIP starts from
,103 J/m3 (see Ref. 5 and 29) up to ,104 J/m3 (see Ref.
28). These values recover our FMR results obtained on thin-
ner films(Table II). (iii ) The out-of-plane uniaxial anisotropy
sKOPd is a very important term to the total anisotropy, as
reported by Steren.28

In the following, we will show that the origin of the per-
pendicular uniaxial anisotropy resides at the interface be-
tween iron and the substrate. Then, we will speculate about
the origin of the in-plane anisotropy and we will discuss why
this term is one order of magnitude lower than the out-of-
plane anisotropy.

B. Origin of the out-of-plane magnetic anisotropy

In order to understand the origin of the important perpen-
dicular uniaxial anisotropy, we focus on two mechanisms
that are able to generate an out-of-plane anisotropy: the in-
terfacial and the volume magnetostriction. Theformer is de-

FIG. 6. Angular dependence of the resonance field of 25- and
4-ML- thick layers. Out-of-plane measurements performed at the
frequency 9.25 GHz of the microwave field. Atu=0 the magnetic
field is along[100] for 25 ML’s and f110g for 4 ML’s, easy and
hard axis, respectively.

FIG. 7. Angular dependence of the resonance field of
6-ML-thick layers. In-plane measurements were performed at the
frequency 9.25 GHz of the microwave field. Atf=0 the magnetic
field is along[100].

TABLE II. In-plane and out-of-plane magnetic anisotropy con-
stants,KIP andKOP respectively, evaluated by FMR measurements.
We notice thatKOP is much larger thanKIP.

Anisotropy vs
thickness In plane:KIPsJ/m3d Out of plane:KOPsJ/m3d

4 ML’s 4.63104 1.43106

6 ML’s 0.53104 5.63105

25 ML’s 2.253103 4.83105
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scribed byKs in Eq. (3). It is due to bonding between iron
atoms and ZnSe surface. It is important to notice that this
parameter does not depend on the film thickness(nd is the
number of atomic layers in the film). The latter term, de-
scribed byKv, is related to the unit-cell distortion due to
strain. These two terms add as follows:

K = Kv + 2Ks/nd s3d

The magnetic anisotropy energy(MAE) in thin magnetic
film is in general due to the interface contributionKs since it
is much larger compared to the MAE per atom of bulk sys-
tems. However, O. Hjortstamet al.30 have shown that if the
cubic symmetry of the crystal is broken by a tetragonal dis-
tortion, an important contribution to MAE may come from
the volume contributionKv. In the case of fct Ni films grown
on a Cus001d substrate, they demonstrated that the observed
out-of-plane magnetization is due to the tetragonal distortion.

Since EXAFS experiments indicated that Fe films on
ZnSe present a tetragonal distorted structure, it is worthwhile
estimating the contribution to MAE due to the volume term
Kv.

It is known from magnetoelastic theory that the following
empirical relation holds:31

Kv = 3/2l001fC11 − C12gs«2 − «1d. s4d

From Sanders32 we know the elastic constants of the sys-
tem sC11=229 GPa andC12=134 GPad and the magneto-
striction constantsl001=24.1310−6d, where «2 and «1 are
the strain of the lattice parametera (in plane, along[100])
andc (perpendicular to the film surface). From EXAFS mea-
surements, we know thats«2−«1d is almost21.5%. As a
consequence, the volume contribution to MAE of Eq.(4) can
be estimated to be 5.43104 J/m3. Since this value is one
order of magnitude smaller than theKOP experimental values
(see Table II), we can assume that theKv term due to the
tetragonal distortion is irrelevant in respect to the important
out-of-plane anisotropy term.

Thus the major contribution comes from the interface
term. This result is supported by an another observation: by
multiplying by the nominal thickness all theKOP measure-
ments performed previously by other authors on thickest
samples up to 600 Å(Refs. 5, 28, and 29), we obtain MAE
values between 5–10310−4 J/m2, sligthly larger than the
interface uniaxial magnetic anisotropy measured on
Fe/GaAss001d.13 This corroborates the interfacial origin of
theKs term since, as expected by Eq.(3), it does not depend
on the film thickness.

C. Origin of MAE and interface atomic structure

We believe that also the in-plane magnetic anisotropy is
due to the chemical bonding at the interface between iron
atoms and ZnSe. This is supported by a recent theoretical
study of MAE performed by E. Sjöstedtet al.14 Indeed, the
supercell structure chosen by these authors is very close to
our EXAFS experimental results. As a consequence, these
theoretical results help us to interprete our findings. E. Sjöst-
edt et al.14 found that(i) a squarelike interface, broken by
the nearest-neighbor semiconducting layer, leads to UMA.

(ii ) the sp3-like tetrahedral bonds from the substrate to the
Fe atoms at the interface determine the in-plane easy axis:
[110] and f110g for a Se-terminated and a Zn-terminated
interface, respectively.(iii ) typical MAE values are of
100–300meV/interface Fe atom(or 2–6310−4 J/m2). (iv)
the calculated out-of-plane MAE is of the same order of
magnitude and in good agreement with the experimental val-
ues reported above, i.e., between 5310−4 and 5
310−3 J/m2.

The observed[110] easy axis means that at the interface
iron bonds with selenium. As a consequence, at the interface,
the semiconductor is either Se terminated orcs232d Zn ter-
minated. Actually, Fe growth is performed oncs232d
Zn-terminated surfaces but it is very unlikely that at the in-
terface this superstructure is preserved. Indeed, the interface
reactivity leading to the Se-floating layer suggests that(i) the
cs232d Zn-ordered configuration must be lost and(ii )
1.5 ML’s of zinc is released in the film(not detected by
EXAFS). Zinc can form nanoclusters or be substitutional to
iron in the film as in Sanyal’s model where a layer of Fe and
Zn separates the iron film from the substrate.20 The [110]
magnetic easy axis would imply that iron atoms reside
mainly in the bonding sites.

D. Why is in-plane magnetic anisotropy lower
than out of plane?

In the following, we will put forward two hypothesis to
explain why, at odds with theoretical calculations, the mea-
sured out-of-plane anisotropy is an order of magnitude larger
than the in-plane anisotropy. Both hypotheses,that are not
mutually exclusive, lower the in-plane anisotropy without
modifying the out-of-plane MAE value.

The former is related to theinterface layerFe and Zn
discussed above: a disordered configuration of iron and zinc
between bonding and antibonding sites could lead to in-plane
MAE values depending on the number of iron atoms occu-
pying the Se-bonding sites and, as a consequence, depending
on growth conditions. We notice also that interface disorder
could remove the induced and not experimentally observed
,0.1-Å z shift of Fe layers discussed in the previous section.

The latter hypothesis is related tothe morphology of iron
islandsobserved by STM. Indeed, STM images show rect-
angular islands with edges parallel to(110) directions. Elon-
gated edges are mainly aligned along thef110g directions.
Since the demagnetization fieldHD differs whether the mag-
netic field is applied along[110] or [110], a morphology-
induced UMA (shape anisotropy) will lead to an easy axis
along f110g and to a shift of the resonance field equal to
HDf110g−HDf110g. As a consequence, the uniaxial aniso-
tropy constant due to this morphological effect can be calcu-
lated by the following magnetostatic model. Let us consider
a rectangular plate whose dimensions areh (height), L
(length), and l (width) with L and l @h. Similar consider-
ations can be found also in Ref. 33. We can calculate the
demagnetization field on an axis parallel toH, at the center
of the rectangular plate and atx from a side perpendicular to
H. We consider that both sides are composed by two plates
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carrying “magnetic charges” equal to +Mh and −Mh, respec-
tively (See Table III).

We obtain

HDsxd = −
M

p
Fsin−1 hl

Îs4x2 + l2ds4x2 + h2d

+ sin−1 hl
Îf4sL − xd2 + l2gf4sL − xd2 + h2gG . s5d

At the center of the islands this function is nearly constant.
We have calculated the differenceDH=HDf110g−HDf110g,
for three different configurations that are shown in Table III.
It can be shown that the morphology-induced anisotropy
constantKShape can be estimated asm0DHM /4, within the
approximation 2KIP /M !4pM. It is a rough calculation but
it allows to compareKShapewith the measured magnetocris-
talline termKIP: both ,104 J/m3. The Kshapeterm, favoring
the f110g, lowers the “real” interface magnetocristalline an-
isotropy term to the effectiveKIP term. In other words, the
in-plane interface-induced magnetic anisotropy term is much
higher than the measuredKIP because of the morphology of
the iron thin film.

IV. CONCLUSIONS

From STM measurements the picture arising as a whole is
consistent with a complex growth characterized by three re-
gimes: at 1 ML Fe forms flat and thin separated metallic
islands. Lateral size increases with thickness: at 3 and
5 ML’s islands present straight edges along thek110l direc-
tions of the substrate. The islands are anisotropic and elon-
gated alongf110g direction. At 7 ML’s, the full coalescence
is achieved and the roughness is strongly reduced. EXAFS
experiments clearly show that iron is strained by epitaxy in a
bct structure. For 2- and 4-ML-thick films, a lattice contrac-
tion of a equal to −0.025 Å as compared to bulk iron is

observed, in good agreement with epitaxy parameters: twice
the lattice parameter of FesaFe=2.866 Åd exceeds the lattice
parameter of ZnSesaZnSe=5.669 Åd by approximately 1.1%.
Besides,c is slightly elongateds+0.02 Åd.

We have correlated the atomic structure and the morphol-
ogy of iron thin films with magnetic findings obtained by
FMR technique. Our major findings are that the important
out-of-plane magnetic anisotropy is due to the interfacial
bonding between iron and the substrare rather than to the
volume anisotropic term. We have also tried to explain why
out-of-plane magnetic anisotropy is larger than in plane. Two
hypothesis can be advanced: theformer is related to a pos-
sible disordered configuration of Fe and Zn atoms at the
interface between bonding and antibonding sites. Thelatter
hypothesis is related to the morphology off110g elongated
iron islands observed by STM: the demagnetization fieldHD
differs whether the magnetic field is applied alongf110g or
f110g, provoking a morphology-induced magnetic in-plane
anisotropy term.

We have compared our experimental results with previ-
ously reportedab initio calculations. In particular we have
focused on calculations by Sjöstedtet al.14 of the uniaxial
magnetocrystalline anisotropy since the supercell used in this
theoretical work is very close to the atomic structure ob-
tained by EXAFS measurements. The magnitude and the di-
rection of calculated magnetic anisotropy corroborates the
scenariothat UMA is due to bonding of interfacial iron at-
oms with top-most Se-atoms of the ZnSe substrate.
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TABLE III. Demagnetization fieldHD differs whether the magnetic field is applied along[110] or f110g.
This leads to the uniaxial anisotropy constant due to this morphological effect. Let us consider a rectangular
plate whose dimensions areh (height), L (length), andl (width) with L andl @h. We consider that both sides
are composed by two wires carrying “magnetic charges” equal to +Mh and −Mh, respectively.

Length sLd, width
sld, and heightshd of
islands

L=20 Å;
l =15 Å, h=3 Å

L=50 Å;
l =35 Å; h=3 Å

L=200 Å;
l =140 Å; h=3 Å

Demagnetization
field difference:
DH=HDf110g
−HDf110g

75 000 A/m 40 000 A/m 9500 A/m

Morphology-
induced anisotropy
constant:KShape

43104 J/m3 23104 J/m3 0.53104 J/m3
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