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Interfacial exchange coupling in Fe/(Ga,Mn)As bilayers
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We carried out a systematic study of magnetic order and magnetic interlayer coupling in Fe/(Ga,Mn)As
bilayers using superconducting quantum interference device magnetometry, polarized neutron reflectometry,
element-specific x-ray absorption spectroscopy, x-ray magnetic circular dichroism, and x-ray specular reflectivity.
Our results clearly show that Fe/(Ga,Mn)As bilayers are strongly exchange coupled at the interface. However,
contrary to recent reports in the literature, we observe a ferromagnetic rather than antiferromagnetic coupling
between the magnetic moments of the Mn ions and the Fe layer. It is interesting in this context that the surface
region of the (Ga,Mn)As layer that is in direct contact with the Fe film displays a nearly identical coercivity
to that of Fe (indicating perfect ferromagnetic coupling of that region), while the bulk of the (Ga,Mn)As layer,
which is more weakly ferromagnetically coupled with Fe, shows a significantly smaller coercive field.
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I. INTRODUCTION

Studies of interfacial coupling between ferromagnetic (FM)
films are important because of their fundamental physical
interest, and, additionally, because such coupling can be used
as a means of controlling the spin polarization of currents in
spintronic devices [1]. These properties are now well under-
stood in multilayers consisting of metallic FM constituents
[2]. By comparison, magnetic coupling in heterostructures
involving combinations of a FM metal layer and a FM
semiconductor have been studied to a much lesser degree. Such
combinations are, however, quite important because of their
potential for electronic applications, particularly in systems
where the ferromagnetic metal layer can be used as a spin
injector or a spin filter coupled to a semiconductor device
[3–6].

A representative example of such metal/semiconductor het-
erostructures is the hybrid combination of a Fe film deposited
epitaxially on a FM semiconductor such as (Ga,Mn)As. This
combination is unique in that it is made possible by the
fortuitous lattice match between the (001) faces of the bcc
Fe and the fcc semiconductor GaAs [7–9] [and therefore also
(Ga,Mn)As], thus allowing fabrication of thin Fe/(Ga,Mn)As
heterostructures of exceptional crystalline quality. Although
hybrid systems such as Fe/GaMnAs, consisting of a canon-
ical ferromagnet and an important FM semiconductor, have
not been as thoroughly explored as their fully metallic or
fully semiconductor counterparts [10–13], they have already
attracted considerable interest both because of the basic
properties of FM bilayers created in this way, and because
of the potential for spintronic applications of this monolithic
metal/semiconductor system [14,15].

*Corresponding author: abdel.alsmadi@ku.edu.kw

In this paper we focus on exchange coupling between Fe
and (Ga,Mn)As in Fe/GaMnAs bilayers grown by molecular
beam epitaxy (MBE). To establish the physical properties of
such hybrid bilayers, we carried out systematic experimental
studies of this system using dc magnetization measurements,
polarized neutron reflectometry, element-specific x-ray mag-
netic circular dichroism, x-ray absorption, and x-ray specular
reflectivity measurements. We find that, contrary to recent
reports in the literature [10], the Fe/(Ga,Mn)As bilayers
used in this investigation display a ferromagnetic rather
than antiferromagnetic exchange coupling between the two
constituent FM materials. We explain this behavior in terms
of the possible enriched concentration of Mn ions at the
Fe/(Ga,Mn)As interface.

II. SAMPLE FABRICATION

The (Ga,Mn)As/Fe bilayers used in this study were grown
by molecular beam epitaxy (MBE) on semi-insulating GaAs
(001), as follows. After deoxidizing the substrate in the MBE
chamber, a GaAs buffer of 100 nm thickness was first deposited
on the substrate at a temperature of 590°C. The substrate was
then cooled to 250°C, and a 2 nm GaAs buffer was grown at that
low temperature, followed by deposition of (Ga,Mn)As with
a nominal 6% Mn concentration to a thickness of �100 nm.
The substrate temperature was then reduced to 25°C, and a
thin layer of Fe was deposited using an e-beam evaporator as
the Fe source. The Fe film was finally capped with 2–3 nm of
Au. Following this procedure, we grew three (Ga,Mn)As/Fe
bilayer samples, with Fe layer thicknesses of 3, 4, and 8 nm.

During the growth, the surface of the layers was continu-
ally monitored by reflection high-energy electron diffraction
(RHEED). Throughout the deposition of the entire multilayer
structure we observed perfect crystalline growth, without
any indication of cluster formation. Note that the nominal
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FIG. 1. (Color online) (a) Temperature dependence of magneti-
zation data for a Fe(4 nm)/(Ga,Mn)As(100 nm) bilayer at H = 100
Oe. (b)–(f) Full magnetization hysteresis loops measured by SQUID
at various temperatures (black and red curves). The sample was
zero-field cooled, with a negative magnetization of Fe along the [110]
crystallographic direction due to a small residual field (�2 Oe) in the
SQUID system. Minor hysteresis loops ascribed to the (Ga,Mn)As
layer are shown in green. Blue curves in (b)–(d) show bulk (Ga,Mn)As
magnetizations measured after etching away the Fe film.

thicknesses of Fe and Au are estimated from the ion current of
the e-beam evaporator, which has a large uncertainty (�30%)
due to possible flux instabilities. The nominal thicknesses of
the semiconductor layers were obtained from growth rates
calibrated via RHEED oscillations, with an error estimated at
less than 10%.

III. EXPERIMENTAL MEASUREMENTS AND RESULTS

A. Static magnetometry

Static magnetic properties of the Fe/(Ga,Mn)As hy-
brid structures were determined using a superconducting
quantum interference device (SQUID) magnetometer. The
temperature dependence of the total magnetization of the
Fe(4 nm)/(Ga,Mn)As(100 nm) bilayer is shown in Fig. 1(a),
indicating that the Curie temperature of the (Ga,Mn)As layer
of this sample is �60 K. Figure 1(a) also indicates that
the magnetization of the Fe layer decreases slightly as the
temperature increases up to 300 K.

Figures 1(b)–1(f) show the hysteresis loops M(H ) of the
bilayer measured at several temperatures. Prior to measuring
the hysteresis, the sample was zero-field cooled (ZFC) to 5 K.
The magnetic field in these measurements was applied in the

plane of the film, along the [110] direction. The field was
initially swept from 0 to +400 Oe (training curve, shown
in black), and then from +400 to −400 Oe and back (red
line). One should note that there is a finite net magnetization
in the Fe film even after ZFC due to a weak residual field
in the SQUID system (of the order of 2 Oe), causing a net
negative magnetization at the starting point of the first field
sweep, which results in a distinct two-step switching process,
the first step occurring when the magnetization is reversed
in the layer with a weaker coercive field. The two steps
in magnetization reversal thus indicate different behavior of
the Fe and the (Ga,Mn)As layers. Based on the temperature
dependence of the magnetization loops, we attribute the first
step in the magnetization sweep (smaller coercive field) to the
(Ga,Mn)As layer, while the turning point of the hysteresis loop
occurring at higher fields is ascribed to magnetization reversal
in the Fe layer.

The total change in the magnetization at the two magneti-
zation turning points has a ratio of �15:4, which is reasonably
consistent with both the magnetic moments and the thicknesses
of the two FM layers. At lower temperatures (�20 K), the
center of the hysteresis loop is shifted to the right of the
zero-field axis, indicating the presence of exchange bias in
the Fe film. We attribute the observed exchange bias to an
antiferromagnetic Fe oxide at the Fe/Au interface formed by
penetration of oxygen through the Au capping layer. Evidence
for the formation of Fe oxide and its effects has already
been extensively discussed elsewhere [16]. The presence of
the exchange bias, and the enhancement of coercive field in
the Fe film associated with this effect, shed additional light
on the magnetic coupling between the Fe and the (Ga,Mn)As
layers, discussed below.

In order to understand the behavior of the Fe/(Ga,Mn)As
coupling in the bilayer, we measured the minor hysteresis
loops of the (Ga,Mn)As film at 5, 10, and 20 K. The minor
loops are shown in green in Figs. 1(b)–1(d) for positive
fields, in the region where the magnetization of the Fe film
during the forward sweep is pinned in the negative direction,
thus shifting the minor (Ga,Mn)As loops downward. From
the behavior of the minor loops we infer that the magnetic
coupling between Fe and (Ga,Mn)As film is characterized as
a weak ferromagnetic type. This is evident, for example, in
the sweep in the positive field direction, where the negative
magnetization of the (Ga,Mn)As layer is aligned with the
negative magnetization of the Fe film at zero field, but a weak
positive field of the order of several tens of Oe is sufficient to
reverse it.

In order to verify that the minor loop seen in green in
Figs. 1(b)–1(d) indeed corresponds to the contribution of the
bulk (Ga,Mn)As component, we etched away the Fe layer from
the bilayers, which allowed us to measure the magnetization of
the (Ga,Mn)As layer alone, thus revealing its bulk properties
without the effect of the adjacent Fe layer. The results are
shown in Fig. 1 in blue color. It is clear that the minor loop
seen in the Fe/(Ga,Mn)As bilayer is now centered at zero
field. The fact that the amplitude and the hysteresis width
of that loop matches closely that of the minor loop of the
bilayer provides further corroboration that the minor loop of
the bilayer represents the contribution of bulk (Ga,Mn)As at all
temperatures. This confirms the conjecture made in the paper
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that the minor loop indeed represents the magnetization of the
bulk (Ga,Mn)As layer, superimposed on the exchange-biased
hysteresis of the Fe layer, and coupled ferromagnetically to
that layer at equilibrium.

B. Polarized neutron reflectometry

Polarized neutron reflectometry (PNR) measurements were
performed using the NG-1 Reflectometer at the NIST Center
for Neutron Research. The measurements were conducted on
a similar sample [Fe(3 nm)/(Ga,Mn)As(27 nm)] to confirm
the nature of the coupling between the Fe and (Ga,Mn)As
layers. Specular PNR is directly sensitive to the nuclear and
the in-plane magnetization depth profiles of thin films and mul-
tilayers, thus allowing us to directly distinguish the (Ga,Mn)As
magnetization from that of Fe. At room temperature [i.e.,
well above the (Ga,Mn)As Curie temperature] the Fe was
magnetized along the “+” direction, 18° away from the [110]
direction of GaAs substrate, and the sample was cooled to 5 K
in a −10 Oe magnetic field (opposite to the Fe magnetization
direction). Without changing the field, PNR spectra were then
measured as a function of increasing temperature. The incident
neutron beam was polarized to be spin up or spin down with
respect to the applied field direction, and both non-spin-flip
(NSF) and spin-flip (SF) reflectivities were measured as a
function of wave vector transfer Q.

The sample magnetization manifested itself in neutron
scattering both as a splitting of the NSF cross sections (which
arises from the component of the in-plane magnetization
parallel to the applied field), and as nonzero SF cross sections
(indicative of the component of the in-plane magnetization
perpendicular to the applied field) [17]. Typical NSF data
measured at 5 and 60 K are shown in Fig. 2(a), plotted as spin
asymmetry (i.e., the difference between spin-up and spin-down
signals divided by their sum), while the corresponding SF
data (the average of the up-down and down-up cross sections)
are shown in Fig. 2(b). Using the REFL1D software package
[18], the data are well fit by a simple model featuring a GaAs
substrate, 27 nm of (Ga,Mn)As, 3 nm of Fe, and 3 nm of Au,
with both the Fe and (Ga,Mn)As magnetizations parallel to
each other.

The temperature-dependent magnetizations of each layer
as determined from the model fitting are shown in Fig. 2(c).
The Fe magnetization is essentially constant from 5 to 60 K,
while the (Ga,Mn)As magnetization decreases with increasing
temperature. These results indicate that, as the sample is cooled
in the −10 Oe field, the Fe magnetization rotates toward an
in-plane easy axis direction, and below its Curie temperature
the (Ga,Mn)As is magnetized along the same direction. That
the (Ga,Mn)As layers spontaneously magnetize parallel to Fe
even in the presence of a small opposing field strongly suggests
the presence of ferromagnetic coupling between the Fe and the
(Ga,Mn)As layers.

C. Element-specific x-ray absorption and x-ray magnetic
circular dichroism

X-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) experiments were carried out at
the 4-ID-C beamline of the Advanced Photon Source (APS)

FIG. 2. (Color online) Examples of (a) neutron NSF data and
fits (plotted as spin asymmetry), and (b) neutron SF data and fits.
(c) Temperature dependence of magnetization data for the Fe and
(Ga,Mn)As layers, as determined from the fits. Lines in (c) are linear
and power-law fits are intended as guides to the eye.

at Argonne National Laboratory. XAS/XMCD measurements
in total electron yield (TEY), fluorescence yield (FY), and
reflectivity (REF) were acquired simultaneously at a 4° grazing
incident angle with respect to the sample surface. The XAS
and XMCD measurements were performed at the L2,3 edges
of Fe, Mn, and Ga on Fe/(Ga,Mn)As samples with two Fe
thicknesses (4 and 8 nm). The measurements were performed
at room temperature and at 4 K after zero-field cooling.

Typical results of XAS and XMCD are shown in Fig. 3.
The data taken in the TEY mode are shown in red, and the FY
measurements, which are more bulk sensitive than the TEY
mode, are shown in black [19,20]. All spectra are normalized
by the intensity of the incident beam. Figure 3(a) shows
normalized Fe L2,3 XAS (I+ + I−)/2 spectra recorded at 4 K
for Fe(4 nm)/Ga,Mn)As(100 nm), where I+ and I− indicate
intensities of two counter-rotating circular polarizations of the
x-ray beam. In TEY and FY modes, XAS measurements show
a clear splitting in the Fe L3 absorption peak, which is a
direct signature for the formation of an Fe oxide at the Au/Fe
interface, as was reported earlier [16], a result that is also
directly relevant to our interpretation of the exchange bias
observed at low temperatures, seen in Fig. 1.

Since the splitting of the Fe L2,3 peak signals the presence
of an Fe oxide, it is important to ask whether oxidation [either
of the Fe layer, or of Mn at the Fe/(Ga,Mn)As interface] could
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FIG. 3. (Color online) Fe and Mn normalized XAS (I+ + I−)/2 and XMCD (I+ − I−) spectra recorded at 4 K after zero-field cooling for
Fe/(Ga,Mn)As bilayers with 4 nm Fe, 100 nm (Ga,Mn)As. Spectra in (a) and (c) are measured at the Fe L2,3 edge using TEY (red line) and FY
(black line) detection modes. (b) and (d) are FY data measured at the Mn L2,3 edge. XAS and XMCDwere measured with an applied field of
800 Oe. TEY data for the Mn edge are not included, because absorption of electrons by the Fe and Au layers makes that signal too weak to be
meaningfully distinguished from the noise.

affect the FM coupling between the Fe and the (Ga,Mn)As
layers discussed in this paper. We can, however, rule out this
effect as follows. First, the oxidation takes place after the
sample is taken out of the growth chamber, and is therefore
expected to occur on the outer surface of the relatively thick
(4 nm) Fe layer. The fact that the same magnetic behavior,
indicative of FM coupling between Fe and (Ga,Mn)As, is
also observed in an Fe/(Ga,Mn)As bilayer with an 8 nm Fe
film (see the Supplemental Material [21]) further supports this
conclusion. Finally, effects of diffusion of oxygen through the
Fe layer to its interface with (Ga,Mn)As can be additionally
ruled out by the absence of Mn oxide signatures in the XAS
signal observed at the Mn L2,3 edge in Fig. 3(b), as discussed
below. From this we conclude that the coupling between Fe
and (Ga,Mn)As occurring at their interface is representative of
the two materials in their unperturbed form.

Figure 3(b) shows normalized Mn L2,3 XAS spectra
recorded at 4 K for the same sample. In Mn L2,3 XAS, the
2p core electrons are excited into the unoccupied 3d states,
providing a direct measurement of the electronic structure of
the polarized Mn 3d band. As shown in Fig. 3(b), the Mn
L2,3 absorption spectra show a sharp line shape, similar to
the spectra recently reported by others [10–12,22]; for the
hybrid d4-d5-d6 configuration of Mn in the GaAs matrix.
In addition, a small shoulder is observed at the high-photon
energy side of the main peak (indicated by an arrow). This
shoulder may be due to interstitial Mn which is typically found

in (Ga,Mn)As, since interstitial Mn is expected to be more
weakly screened than substitutional Mn, and should thus have
its XAS peak at a higher photon energy [22]. This feature may
prove to be important in future studies of Fe/(Ga,Mn)As since,
as discussed below, accumulation of Mn interstitials in the
interface region between Fe and GaMnAs may play a key role
in the magnetic coupling of the two FM materials. Moreover,
the Mn XAS spectra in our sample [Fig. 3(b)] do not show the
distinct multiple structure characteristics for a highly localized
d5 ground state that have been previously reported [10,23,24],
which are typical for Mn oxides [10,22,25]. This is as expected,
because the (Ga,Mn)As surface is covered by Fe in UHV, thus
preventing Mn oxide formation. We note also that the Mn
XAS data observed in our samples show a distinctly different
behavior from XAS observed on Fe/Mn and other metallic Mn
alloys [10,26]. We may therefore exclude any significant Mn
segregation or Mn diffusion into the Fe layer, or the formation
of a strongly intermixed Mn/Fe region [10,26].

Figures 3(c) and 3(d) show XMCD (I+ − I−) spectra
observed at 4 K for Fe(4 nm)/(Ga,Mn)As for Fe and Mn
L2,3 edges, respectively. A magnetic field of 800 Oe was
applied along the [110] direction of the bilayer during the
measurement. The Fe film displays a strong XMCD signal
at the L2,3 edges, while XMCD due to Mn is considerably
weaker. We note parenthetically that XMCD at the Ga edge
(data not shown) is negligibly small. The Fe XMCD asym-
metry ratio [defined as (I+ − I−)/(I+ + I−)] at the L3 edge
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FIG. 4. (Color online) Element-specific asymmetry ratios
(I+ − I−)/(I+ + I−) for the Fe(4 nm)/(Ga,Mn)As(100 nm) bilayer
obtained at the L2,3 edges of Fe (red curves) and Mn (blue curves),
revealing the hysteresis for the Fe and Mn magnetizations. Data
were measured at 4 K after zero-field cooling, with an in-plane field
along the [110] crystallographic direction. Measurements in the FY
(a) and the REF modes (b) were taken simultaneously.

reaches a maximum of 30%, which is in good agreement with
reported values at room temperature [10–12]. The Mn XMCD
asymmetry value is about 15% at 4 K, considerably larger
than results reported earlier [13,23], indicating that a larger
number of the Mn ions is contributing to the magnetic order
in our samples than expected from the nominal concentration
of Mn in the (Ga,Mn)As layer, with excellent agreement with
published results [21,26–31].

Element-specific magnetic hysteresis loops for Fe and Mn
were obtained by recording the XMCD signal as a function
of applied field at a fixed incident x-ray energy at the two
absorption edges. In Fig. 4 we plot these hysteresis loops for
a magnetic field along the [110] direction recorded at the L3

edges of Fe and Mn at 4 K. Similar behavior was observed
in the remaining Fe/(Ga,Mn)As samples with different Fe
thicknesses (see the Supplemental Material [21]). Figure 4(a)
shows the asymmetry ratio (I+ − I−)/(I+ + I−) for data
taken in the TEY mode, and Fig. 4(b) corresponds to data
observed in the resonance REF mode, which is expected
to be significantly more sensitive to the region directly at

the interface (see the Supplemental Material [21]). In both
cases the hysteresis loop for the Fe edge displays a square
hysteresis, with coercive fields of about 400 Oe, while the
Mn loop is rather distorted, showing signatures of a two-step
switching of magnetization [the two-step feature is clearer
in Fig. 4(b), but close inspection of Fig. 4(a) also shows
indications of such a two-step process]. For completeness,
data obtained for sample Fe(8 nm)/(Ga,Mn)As are presented
in the Supplemental Material [21]. It is significant for later
discussions that the Mn hysteresis and the coercive fields
observed in the REF mode [which is primarily sensitive to
the near-surface region of (Ga,Mn)As] are nearly coincident
with those of the Fe loop, while the Mn coercivity seen in the
FY mode, which is more representative of bulk (Ga,Mn)As, is
significantly narrower.

IV. DISCUSSION AND CONCLUDING REMARKS

The results of magnetization and PNR measurements
presented above indicate the presence of ferromagnetic
coupling between Fe and (Ga,Mn)As in the Fe/(Ga,Mn)As
bilayers studied. Additionally, information on element-specific
contributions to the magnetization profile at and near the
Fe/(Ga,Mn)As interface was obtained from x-ray measure-
ments which combine the depth-sensitive resolving power of
conventional small-angle x-ray reflectivity with the element
sensitivity of x-ray circular magnetic dichroism (XMCD)
measured at the x-ray absorption edges of specific elements.
The latter can be readily seen by comparing the XMCD results
obtained in the REF and FY modes at the L2,3 absorption
edges of Mn and Fe, shown in Fig. 4. Since in our specular
reflection setup the REF mode is especially sensitive to the
region immediately near the surface (see the Supplemental
Material [21]), the differences between the Mn hysteresis
loops observed by the REF and the FY modes (as seen in
Fig. 4) indicate that the magnetization depth profile of Mn
is not uniform near the Fe/(Ga,Mn)As interface. This can
be explained by assuming that the (Ga,Mn)As layer consists
of two regions: a thin Mn-rich (Ga,Mn)As surface region in
direct contact with the Fe film, and a magnetically “softer”
region corresponding to the bulk of the (Ga,Mn)As layer. The
thin Mn-rich region exhibits a strong ferromagnetic coupling
with the Fe layer (with nearly identical coercivity), as seen
in Fig. 4(b). The bulk (Ga,Mn)As is also ferromagnetically
coupled to Fe, but much more weakly, showing much weaker
coercive fields [as seen in the FY data shown in Fig. 4(a), and
in the narrow minor loops in Fig. 1].

It is instructive at this point to compare the general
characteristics of the hysteresis loops measured by XMCD
with the hysteresis data obtained from SQUID measurements.
The hysteresis loops are wide in both cases, but XMCD are
clearly symmetric about zero field, while low-temperature
SQUID hysteresis loops are shifted by the exchange bias.
The reason for this difference is that the SQUID data are
obtained on very small specimens (less than 3 × 3 mm), which
essentially correspond to a single domain, while specimens
used in XMCD are quite large, allowing for the existence
of many domains at zero field. As was shown in Ref. [16],
in zero-field-cooled uniaxially anisotropic thin Fe layers ex-
change bias can pin two independent FM domain populations
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characterized by opposite exchange bias fields, as shown in
Fig. 6 of Ref. [16]. Thus, in the presence of a large number
of domains, one expects broad symmetric hysteresis loops
resulting from the superposition of contributions from the two
domain populations. In fact, careful examination of Figs. 1(b)
and 1(c) indicates a trace amount of such opposite exchange
bias also in the SQUID data taken at low temperatures. A
random distribution of such oppositely biased domains would
thus result in broad symmetric hysteresis loops, as is indeed
observed in Fig. 4.

Both the SQUID data [where the (Ga,Mn)As contribution
in the minor loop is dominated by the “bulk” interior of the
(Ga,Mn)As layer] and the XMCD data observed at the Mn
L2,3 absorption edge [which reflect the behaviors of the near-
interface Mn-rich region of the sample and of the (Ga,Mn)As
interior] indicate that the entire (Ga,Mn)As is ferromagneti-
cally coupled to the Fe overlayer. This observation differs from
several previous studies of Fe/(Ga,Mn)As bilayers [10–12],
where an antiparallel alignment was observed between the Fe
layer and the Mn moments in the bulk of the GaMnAs layer.
However, a recent study of exchange coupling in such bilayers
also revealed that the type of coupling [antiferromagnetic
(AFM) or FM] depends strongly on the thickness of the
(Ga,Mn)As layer [13], AFM coupling of bulk (Ga,Mn)As
occurring in thick (Ga,Mn)As layers, and FM alignment
becoming dominant when the (Ga,Mn)As layers become
ultrathin (below about 10 nm in Ref. [13]).

A comparison of the data reported earlier and our present
results appears to point to the importance of the Mn-rich
layer at the Fe/(Ga,Mn)As interface for mediating the coupling
between Fe and (Ga,Mn)As. We therefore discuss the origin
and the expected properties of such interfacial layers. It is
well known that Mn interstitials which form during the MBE
growth of (Ga,Mn)As tend to diffuse to the (Ga,Mn)As surface
[27]. This process occurs even during the MBE growth [27,28],
and is thus responsible for an increased Mn concentration at
the interface of Fe/(Ga,Mn)As in bilayers. In Ref. [27] it was
also shown that in (Ga,Mn)As films with thicknesses below
60 nm, essentially all interstitials formed during the growth
diffuse to the surface, while for thicker films a significant
concentration of MnI remains distributed within the bulk. Thus
the supply of interstitials is depleted by outdiffusion in the bulk
of (Ga,Mn)As layers for thicknesses below 60 nm, indicating
that such layers will be less Mn rich in thinner samples, but
the existence of MnI within the bulk for thicknesses above
that value suggests that the amount of Mn accumulated at the
surface eventually levels off, and prevents further outdiffusion
of MnI to the near-surface region.

Based on this reasoning, we infer from Ref. [27] that the
concentration of Mn at the interface of Fe and a (Ga,Mn)As
film of �100 nm is expected to be significantly higher than
in the ultrathin (Ga,Mn)As layers comprising Fe/(Ga,Mn)As

bilayers used in earlier studies [13]. In an attempt to quantify
the thickness of this interfacial Mn-rich region, we also carried
out x-ray resonant reflectivity to gain information on the
chemical depth profile of our multilayer structure (see the
Supplemental Material [21]). The best fit of the reflectivity
curves is obtained by assuming a �2 nm (Ga,Mn)As layer
with a concentration of Mn of 16.5% at the interface, and a
thickness of �90.0 nm for the remaining (Ga,Mn)As layer,
with a Mn concentration of 6%. As noted above, it is possible
that the ferromagnetic coupling which we observe is directly
related to the high Mn concentration at the Fe/(Ga,Mn)As
interface of our system, and that the AFM coupling occurring
in Fe/GaMnAs bilayers involving much thinner (Ga,Mn)As
films is a result of fewer Mn ions in this critical region.

It is important to point out that the interfacial Mn-rich
layer acts very differently from the bulk (Ga,Mn)As, due to
the influence of the immediately adjacent Fe. Specifically, in
the grazing-incidence REF mode we observe finite XMCD
at the Mn L2,3 edge up to room temperature with the same
sign as the XMCD observed at the Fe absorption edge (see
the Supplemental Material [21]), indicating that the magnetic
behavior of the Mn accumulated at the interface is essentially
locked to the ferromagnetic properties of the Fe layer. This is
compatible with the results reported by earlier studies of the
(Ga,Mn)As/Fe bilayers [10].

As noted, the observation that in the case of our
(Ga,Mn)As/Fe bilayers comprising relatively thick (Ga,Mn)As
films, the (Ga,Mn)As layer is ferromagnetically coupled to Fe,
differs from results reported for this structure consisting of
ultrathin (Ga,Mn)As. This points to the complexity of such
hybrid systems, and particularly to the physics governing
the Mn-rich interfacial layer formed by the outdiffusion of
Mn interstitials to the surface of the (Ga,Mn)As. While the
properties of such interfacial layers can in part be traced to
the layer thickness [13], they are also expected to depend
on the Mn content, termination of the (Ga,Mn)As layer
adjacent to Fe, other details of the growth process, and possibly
interdiffusion between the elements at the Fe/(Ga,Mn)As
interface. Further work is clearly needed, aimed both at
identifying the physical properties of such interfacial layers,
and at an understanding of the role of such layers in mediating
the nature of magnetic coupling between two ferromagnetic
[in our case, Fe and (Ga,Mn)As] materials.
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