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The study of ferromagnetic semiconductors continues to be of great interest because of their potential for
spintronic devices. While there has been much progress in our understanding of ferromagnetic semiconductor
materials � particularly of the canonical III�V system Ga1−xMnxAs � many issues still remain unresolved. One
of these is the nature of interlayer exchange coupling in GaMnAs-based multilayers, an issue that is important
from the point of view of possible spintronic applications. In this connection, it is important to establish under
what conditions the interlayer exchange coupling between successive GaMnAs layers is antiferromagnetic or
ferromagnetic, since manipulation of such interlayer exchange coupling can then be directly applied to achieve giant
magnetoresistance and other devices based on this material. In this review we will describe magneto-transport,
magnetization, and neutron re�ectometry experiments applied to two types of GaMnAs-based multilayer structures
� superlattices and tri-layers � consisting of GaMnAs layers separated by non-magnetic GaAs spacers. These
measurements serve to identify conditions under which AFM coupling will occur in such GaMnAs/GaAs multilayer
systems, thus providing us the information which can be used for manipulating magnetization (and thus also giant
magnetoresistance) in structures based on the ferromagnetic semiconductor GaMnAs.

PACS: 75.50.Pp, 61.05.fj, 75.47.De, 75.70.Cn

1. Introduction

The study of dilute ferromagnetic semiconductors
(FMSs) continues to be of intense interest because of
their potential for spin-electronic device applications [1].
There has been much progress in our understanding of
FMS materials, particularly of the canonical III�V sys-
tem Ga1−xMnxAs [2].
In III�V-based FMSs, Mn2+ ions replace group-III

cations, thus providing magnetic moments, and also act-
ing as acceptors. It is of key importance that the holes
arising from the presence of the Mn2+ acceptors then
mediate interactions between magnetic moments local-
ized on the Mn ions, thus leading to ferromagnetic order
in these III�V-based FMSs with a relatively high Curie
temperature, which currently approaches 190 K [3, 4].
Even though this Curie temperature does not allow room
temperature applications, GaMnAs can already serve as
a model material for testing proof-of-concept spintronic
devices.
Many of the spintronic devices under consideration

(e.g., spin valves) involve FMS/non-FMS multilayers of

∗ corresponding author; e-mail: furdyna@nd.edu

various forms. Theoretical models predict both ferro-
magnetic (FM) and antiferromagnetic (AFM) interac-
tions between the FMS layers, the type of inter-layer
exchange coupling (IEC) being of course crucial to the
device operation [5�8]. It has been shown in a number
of studies that the type of IEC � whether it is FM or
AFM � depends sensitively on the thickness and dop-
ing of the non-FM spacers between the FM layers [9, 10].
Until recently, however, only FM coupling had been ob-
served in GaMnAs/GaAs and GaMnAs/AlGaAs multi-
layers [11�15].

As an illustration, Fig. 1 shows polarized neutron re-
�ectometry (PNR) measurements taken on GaMnAs/
GaAs superlattices, demonstrating FM coupling between
the magnetic layers of the structure.

The main motivation for the present work is to achieve
and further understand AFM interactions between neigh-
boring magnetic layers, since AFM IEC can enable us
to obtain structures manifesting giant magnetoresistance
(so-called �GMR�), which constitutes the basis for impor-
tant devices. In such structures the application of a small
external magnetic �eld (or, as will be argued, other exter-
nal stimuli) can reverse magnetization of magnetic layers
from AFM to FM, resulting in drastic changes of resis-
tance. In the case of GaMnAs/GaAs multilayers being
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Fig. 1. (left) Unpolarized neutron re�ectivity pro-
�les for (25 ML/4 ML)×50 and (50 ML/8 ML)×50
GaMnAs/GaAs superlattices. (right) Polarized neutron
re�ectivity pro�les for the (50 ML/6 ML)×50 GaMnAs/
GaAs superlattice taken in 2 G magnetic �eld. The
(++) and (−−) represent two non-spin �ip (NSF) re-
�ectivity channels for the neutron spins parallel and an-
tiparallel, respectively, to the applied �eld. The data
for spin-up non-spin �ip (denoted (++)) scattering is
shifted down for clarity. Reprinted with permission
from Phys. Rev. B , Ref. [13]. c⃝(2001) by the Amer-
ican Physical Society.

considered here, such coupling depends on the doping of
the non-magnetic layer separating the magnetic GaMnAs
layers, thus allowing us to study the role which charge
carriers play in exchange coupling between magnetic lay-
ers. Besides the interesting physics of this e�ect, this also
enables (via injection of carriers into the spacer layers)
the reversal of magnetization in the GaMnAs layers from
AFM to FM and vice versa.
In this review we will focus on the features and re-

cent discoveries of AFM interlayer coupling in GaMnAs/
GaAs/GaMnAs superlattices and trilayers, with empha-
sis on the e�ect of carriers in spacer layers on the pro-
cess of IEC between the magnetic layers of the composite
structure.

2. Observation of AFM IEC in GaMnAs/GaAs
superlattices

2.1. Magnetization results observed on GaMnAs/GaAs
superlattices

To study the interlayer exchange coupling phenomena,
we investigated two GaMnAs/GaAs superlattices (SLs)
consisting of ten ferromagnetic Ga0.97Mn0.03As layers
separated by nonmagnetic GaAs layers. The two SLs are
structurally identical (i.e., they have the same SL period
of dSL ≈ 26 ML), but one in one of the SLs the GaAs
spacers are intentionally Be-doped, and remain undoped
in the other.
Figure 2 shows the magnetization curves observed in a

series of DC �elds applied along the [100] direction, which
is approximately parallel to the magnetic easy axis at the
lowest temperature. In the sample with undoped spacers,
the magnetization increases below T ≈ 60K following the
typical behavior of ferromagnetic GaMnAs. In sharp con-
trast, in the sample with Be-doped spacers the tempera-
ture behavior of magnetization measured in low �elds is

Fig. 2. Temperature dependence of magnetization of
(a) Ga0.97Mn0.03As/GaAs and (b) Ga0.97Mn0.03As/
GaAs:Be superlattices. The data were collected while
cooling, with the magnetic �eld applied along the [100]
direction.

very di�erent. In particular, at zero �eld, the net magne-
tization is almost completely suppressed, showing only a
very weak signal below TC. Such a large decrease in net
magnetization indicates signi�cant changes in exchange
coupling due to Be doping, strongly suggesting that IEC
between ferromagnetic layers is antiferromagnetic. At
higher �elds the magnetization re�ects the combined ef-
fects of IEC and the applied external �eld, whose relative
strengths vary as the temperature changes. For exam-
ple, the magnetization measured at 4 mT rises around
50 K, then drops as the temperature is lowered to be-
low 40 K, followed by another upturn; and as the �eld is
further increased (see, e.g., data for 10 mT and higher),
the magnetization of the superlattice eventually acquires
�normal� FM behavior, suggesting that these higher �elds
are now su�cient to overcome the e�ect of IEC, resulting
in ferromagnetic spin alignment in all layers of the SL.

2.2. Polarized neutron re�ectometry measurements
on GaMnAs/GaAs superlattices

Although the temperature behavior of the magneti-
zation suggests that interlayer coupling is FM for the
undoped SL and AFM for the Be-doped specimen, this
cannot be de�nitively concluded based on magnetiza-
tion measurement alone. Polarized neutron re�ectometry
(PNR), however, is an ideal method to investigate spin
alignment of the superlattices, thus establishing types
of interlayer coupling between the magnetic layers. We
have therefore performed extensive PNR measurements
on structures of interest in this paper, as described below.
We note parenthetically that, in addition to its sensitivity
to the relative spin arrangement in the magnetic layers,
polarized as well as unpolarized neutron re�ectivity is
also sensitive to the sample structure.
The unpolarized neutron re�ectivity measured on the

Be-doped sample above TC (in this case at 100 K, where
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Fig. 3. Unpolarized and polarized neutron re�ectivi-
ties observed on SLs with Be-doped and undoped spacer
layers with an external �eld applied along the [110] di-
rection. The curves are shifted vertically for clarity. The
solid lines are �ts to the data using the models described
in the text.

the GaMnAs layers are in the paramagnetic phase) is
plotted in the uppermost part of Fig. 3, showing a Bragg
peak at Q = 0.062 Å−1, which arises from the su-
perlattice structure and corresponds to a periodicity of
dSL = 104 Å. The S-shaped pro�le of the Bragg peak
(instead of a simple peak) is attributed to the presence
of a capping layer, a feature that is reproduced by model
�tting [16].
To identify the spin alignment between the magnetic

layers in the structure, we performed neutron re�ectiv-
ity measurements below TC using a polarized neutron
beam. In this polarization-selective experiment we will
focus only on the re�ection intensities for the non-spin-
-�ip (NSF) process ((++) and (−−)), since the re�ectiv-
ity intensities for the spin-�ip (SF) case ((+−) and (−+))
are much weaker (by several orders of magnitude) for the
FMS layers. The data shown in the second-from-the-top
curve in Fig. 3 represents the two NSF re�ectivities ob-
tained at 7 K in an external �eld of 1.5 mT applied along
the [110] direction during the measurement. The NSF-
-NPR data show an additional peak at Q = 0.031 Å−1

which is split for the two neutron spin polarizations, while
the structural Bragg peak is nearly unchanged. The new
spin-split peak provides a signature that there is an ad-
ditional periodicity corresponding to twice the structural
SL period, caused by the spin alignments in the SL par-
allel or antiparallel to the incident neutron polarization.
It is evident that such magnetic periodicity is consistent
with antiparallel alignment between the successive FMS
layers, and clearly indicates the presence of spontaneous
AFM IEC in SL with Be-doping.
Let us note, however, that this splitting of peaks at

Q = 0.031 Å−1 is fully suppressed when the applied �eld
is increased to 100 mT, as is seen in the third-from-the-
-top curve in Fig. 3. At the same time a new splitting
is now observed at the structural Bragg peak. Since the

structural period of the SL is identical to the magnetic
period of the SL when the layers are FM-coupled, this
peak is a superposition of the structural and magnetic
components, the splitting between the two spin-polarized
neutron beams arising because the spins in the FMS lay-
ers of the superlattice are either parallel or antiparallel
to the spin polarization of the beam. We have repeated
the PNR measurement under the same condition (i.e.,
at 7 K and an external �eld of 1.5 mT) on the undoped
sample. The data are shown in the fourth curve from the
top in Fig. 3. In contrast to the case of the Be-doped
SL, the undoped SL shows a splitting of only its struc-
tural Bragg peak, arising from the superposition of the
structural and magnetic Bragg re�ections, as discussed
above. This indicates that the FMS layers in the un-
doped SL are aligned ferromagnetically along the applied
�eld, thus leading to the conclusion that IEC in the SL
with undoped spacer layers is very di�erent from the case
when the spacers are doped with Be.

2.3. Magnetotransport observed on GaMnAs/GaAs
superlattices

As already mentioned, the AFM IEC in a magnetic
multilayer is responsible for the giant magnetoresistance
(GMR) e�ect observed in such multilayers in magneto-
transport. Figure 4 shows the magnetoresistance (MR)
data measured at 30 K with the magnetic �eld applied
near the [110] direction for both Be-doped and undoped
SLs. The SL with undoped spacers (lower part) shows an
anisotropic magnetoresistance (AMR) that is determined
only by the angle between the magnetization vector and
the direction of the current. Such AMR is typical of fer-
romagnetic GaMnAs, and is normally observed in single
layer �lms as well [17, 18]. From this we infer that the
IEC between the ferromagnetic Ga0.97Mn0.03As layers in
the SL with undoped spacers layers is most likely FM,
and the SL acts magnetically as a single layer. This is
completely consistent with the �nding from the magne-
tization and PNR experiments.

Fig. 4. Magnetoresistance data for GaMnAs/GaAs su-
perlattices with doped and undoped spacer layers.

In the case of the SL with Be-doped spacers, the re-
sistance (see upper part of Fig. 4) shows a relatively �at
maximum at zero �eld, that persists over a �nite �eld
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range (in this case up to B ≈ 25 Oe). Then the resis-
tance makes a steep transition with further increasing the
�eld above B ≈ 66 Oe∗. A hysteresis is observed on the
return path (i.e., on decreasing the �eld), because the
reverse transition occurs at lower �elds. Nevertheless,
the zero-�eld resistance is fully recovered at B ≈ 25 Oe.
When the reverse �eld is applied, the observed magne-
toresistance (MR) is exactly symmetric about zero. Such
spontaneous recovery of the zero-�eld resistivity strongly
suggests that there is a spontaneous coupling between the
magnetic layers. The presence of the AFM IEC in the
Be-doped sample has already been con�rmed in the po-
larized neutron re�ectivity discussed above [19]. Thus we
conclude that the e�ect observed in the present magne-
totransport measurements is a GMR-like e�ect qualita-
tively similar (but not quantitatively, since the change in
resistance is not large) to that often observed in metallic
ferromagnetic multilayers in which AFM IEC is present
[20�22].

3. Observation of AFM IEC in GaMnAs/GaAs/
GaMnAs trilayers

The data obtained on superlattices show that inter-
layer coupling occurs in the GaMnAs/GaAs multilayer
combination, and that it appears when certain con-
centrations of free carriers are present in the spacer
(GaAs) layers. Using this as a starting point, a study of
two GaMnAs layers separated by a non-magnetic GaAs
spacer is particularly useful, since such a trilayer enables
one to �zoom in� on the speci�c properties of GaMnAs
that determine the IEC. The understanding of such tri-
layer properties is also important because this geometry
constitutes a prototype structure which can be exploited
in device (e.g., GMR) applications.

3.1. Magnetization results observed on
GaMnAs/GaAs/GaMnAs trilayers

3.1.1. Temperature dependence of magnetization
SQUID measurements were used to study the temper-

ature dependence of the trilayer magnetization M(T ).
Magnetization data for a trilayer with a 4.3 nm spacer
and an average hole concentration over the entire trilayer
of 2 × 1020 cm−3 are shown in Fig. 5. The sample was
oriented so that the measured magnetization and the ap-
plied �eld H were parallel to the uniaxial easy axis [110]
of the GaMnAs layers [23]. The sample was either �eld-
-cooled (FC) in a �eld of 1.5 mT, or zero-�eld-cooled
(ZFC), and the magnetization was then measured as the
temperature was increased in zero �eld.
As shown in Fig. 5a, three distinct behaviors are ob-

served in three di�erent temperature regimes. Below

∗ The reader will notice also weak steps on the �slope� of the MR

curve, seen particularly clearly in curves collected as the �eld in-

creases. These steps correspond to successive switching of mag-

netization in individual layers of the SL. This e�ect will be dis-

cussed in a future publication.

Fig. 5. Temperature dependence of remnant magneti-
zation in a trilayer sample with respect to the [110] crys-
tallographic direction. (a) Data collected while warming
after cooling from 200 K to 5 K in either zero �eld or
1.5 mT. Also shown are FC data measured in an applied
�eld of 0.6 mT. (b) Data collected while warming in the
indicated applied �elds, after cooling from 200 K to 5 K
in zero �eld.

20 K the FC and ZFC data di�er dramatically: �eld cool-
ing results in a conspicuous enhancement of the magneti-
zation, while a suppression of magnetization is observed
in the ZFC data. We attribute these characteristics to
a parallel alignment (addition) or an antiparallel align-
ment (subtraction) of the magnetization M of the two
GaMnAs layers. Moreover, a clear dip in M(T ) is ob-
served for the FC data around 30 K, with a minimum
corresponding exactly to the ZFC value ofM at the same
temperature, suggesting that the parallel alignment ofM
in the GaMnAs layers that occurred at low temperature
in the FC case has switched to an antiparallel alignment
as T exceeded ≈ 20 K. Thus the magnetization data show
clear signs of AF IEC. Let us note, however, that when
the temperature dependence of M is measured in a �nite
�eld (in this case 0.6 mT), the FC data does not show
this dramatic dip, indicating that the presence of a small
applied �eld prevents the AF reorientation from occur-
ring. Finally, above 30 K the M(T ) curves for FC and
ZFC are seen to merge, �rst increasing, and then decreas-
ing as T increases. In this temperature region the value
of M suggests that only one GaMnAs layer (bottom)
contributes to M(T ), as discussed later in the paper.
Further exploring the temperature dependence of mag-

netization in the trilayer sample with a doped spacer,
Fig. 5b shows the measured magnetizations as the tem-
perature was increased in various applied �elds after
ZFC. This shows a clear trend: the higher the applied
�eld after ZFC, the lower the temperature at which
the magnetization undergoes a sharp transition to larger
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magnitudes, which corresponds to switching of magneti-
zation in the top from an antiparallel to a parallel mag-
netic alignment with respect to the magnetization of the
bottom layer. We also collected data for the complimen-
tary scenario (not shown) where, after �eld cooling, there
is a transition from parallel to antiparallel alignment of
the two layers [24].

Fig. 6. Plot of magnetic �elds at which the alignment
changes from antiparallel to parallel as a function of
temperature. The ZFC and FC data were each �tted to
an exponential decay function with the same decay con-
stant. The value of the exchange �eld HE was then de-
termined by taking the average of the two curves, shown
as the solid blue line. The green point marks the value
of HE determined from a direct hysteresis loop measure-
ment (Fig. 7).

The dependence of the IEC �eld HE on temperature
can be estimated by plotting the applied �eld H as a
function of the temperature at which the parallel-to-
-antiparallel transition occurs (see Fig. 6). These data,
representing the two coercive �elds HC1 and HC2 as a
function of T , can be �tted using exponential decay func-
tions with the same decay constant. The average of
HC1 and HC2 then gives the magnitude of the exchange
�eld HE. This is equivalent to measuring the center of
the minor hysteresis loop of top layer as a function of
temperature. Also shown in Fig. 6 (by open circle) is the
value of HE estimated from the minor hysteresis loop at
15 K (as discussed in the next section), corroborating our
method of estimating HE.

3.1.2. Hysteresis loops of GaMnAs/GaAs/GaMnAs
trilayer
Further insight into IEC can be gained by examining

the hysteresis of the GaMnAs/GaAs/GaMnAs trilayer
at di�erent temperatures shown in Fig. 7. The hystere-
sis curves show a two-step magnetization reversal both
at 15 K and 30 K. The fact that the top GaMnAs layer
is half as thick as the bottom layer automatically allows
us to attribute the smaller loop to the top layer. The
15 K loop shows a decreasing magnetization step only
after the �eld in the return cycle has been swept past
zero to −2 mT. In contrast, the magnetization curve at

30 K clearly shows the reversal of magnetization of the
top GaMnAs layer occurring before the �eld reaches zero,
indicating robust AF alignment that returns after cycling
to saturation, corroborating what has already been seen
in the temperature dependence data. Qualitatively we
can picture this as the top GaMnAs layer �feeling� an ex-
change bias �eld HE from the bottom layer, that acts to
accelerate the reversal of magnetization even before the
applied �eld reaches zero. Moreover, let us note that the
minor hysteresis loop in Fig. 7b is centered to the right
of H = 0, from which we can infer that at 30 K the value
of HE is ≈ 0.73 mT. A closer inspection of Fig. 7a shows
that the center of the minor hysteresis loop for 15 K also
lies to the right of H = 0, shifted by ≈ 0.85 mT. This in-
dicates that HE is also present at that lower temperature
� in fact it is stronger than at 30 K � but is less con-
spicuous because it is overshadowed by the much larger
coercive �eld at the lower temperature.

Fig. 7. Magnetization curves for �eld along the [110]
direction taken at di�erent temperatures. (a) T = 15 K,
and (b) T = 30 K. Filled and empty symbols show the
full and minor loops, respectively.

3.2. Polarized neutron re�ectometry on
GaMnAs/GaAs/GaMnAs trilayers

We now show evidence obtained by PNR for the pic-
ture of IEC presented above. PNR measurements were
carried out for this sample withH applied along the [110]
GaMnAs direction, using an incident monochromatic
neutron beam (with neutron wavelength of 0.475 nm)
spin-polarized either parallel (spin-up) or antiparallel
(spin-down) to the applied �eld H. The spin-up and
spin-down non spin-�ip specular re�ectivities measured
as a function of the scattering wave vector Q provide
information on the depth pro�le of the in-plane magne-
tization parallel to H, [25]. which can be model-�tted
using exact dynamical calculations [26] to determine the
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actual magnetizations of the individual GaMnAs layers
within the trilayer structure [10].
After cooling to either 5 K or 30 K in zero �eld, a small

�eld (< 1 mT) was applied to ensure polarization of the
neutron beam, and PNR spectra were measured to de-
termine the spontaneous (i.e., ZFC) magnetization state
of the trilayer. The �eld was then cycled between +800
and −800 mT before returning below 1.0 mT in order
to investigate the robustness of the initial magnetization
state. Since the di�erence between the spin-up and spin-
-down non-spin-�ip re�ectivities is small, it is convenient
to plot the �tted PNR data in the form of spin asymme-
try (i.e., the di�erence between spin-up and spin-down
re�ectivities divided by their sum), as shown in Fig. 8.
For this case, the most important feature of the spin

asymmetry is the ratio of the magnitudes of the peak oc-
curring at the lowest-Q to that at the second-lowest Q,
a quantity which we de�ne as β. Model calculations [26]
show that when β > 1, the alignment of the two GaMnAs
layers within the trilayer is parallel (FM), while β ≤ 1
corresponds to antiparallel (AF) alignment. For the 5 K
measurement in 0.6 mT immediately after ZFC (Fig. 8a),
the magnitude of the �rst peak is signi�cantly smaller
than that of the second, giving β ≈ 0.7, thus indicat-
ing AF alignment of M in the two GaMnAs layers. This
conclusion is borne out by quantitative �tting (solid line),
which yields Mtop = −18 kA m−1 for the top GaMnAs
layer and Mbot = +23 kA m−1 for the bottom layer (il-
lustrated on the bottom of Fig. 8, which also shows the
surface roughness of M). The sensitivity of this �tting
procedure is demonstrated by calculations with the mag-
netization of the top layer reversed (dashed curve), which
strongly deviates from the data. After �eld cycling and
returning to 0.6 mT at 5 K (Fig. 8b), β increases dra-
matically, indicating parallel magnetization alignment.
At 30 K in 0.2 mT immediately after ZFC (Fig. 8c),
we obtain a low value of β, corresponding to antiparal-
lel alignment. After �eld cycling at 30 K (Fig. 8d), β
increases only slightly, but is still below unity, indicat-
ing that now the antiparallel alignment is very robust at
this temperature. The PNR data thus indicate that the
top and bottom layers spontaneously magnetize in the
antiparallel (AF) con�guration at both 5 K and 30 K,
thus con�rming the presence of AF IEC. However, the cy-
cling process shows the antiparallel state not to be robust
at 5 K, presumably due to a strong cubic anisotropy �eld
at this low temperature, which locks the FM alignment
after �eld cycling. However, the AF alignment clearly
becomes robust at higher temperatures, as shown by the
value of β < 1 after cycling at 30 K, as expected from
magnetization measurements shown previously.
For completeness we also used PNR to measure the sat-

uration magnetization of the layers at 810 mT at 30 K
and 40 K, where the results were Mtop = +12 kA m−1,
Mbot = +24 kA m−1 and Mtop = +11 kA m−1,
Mbot = +20 kA m−1, respectively, in order to check that
the Curie temperatures of both the bottom and the top
GaMnAs layers are above 40 K. This conclusion is also

Fig. 8. Fitted PNR data of the trilayer sample plotted
as Q-dependent spin asymmetry. Part (a) corresponds
to spin-asymmetry after cooling in zero �eld to 5 K,
collected in an applied �eld of 0.65 mT; (b) shows ZFC
data at 5 K after cycling and returning to 0.65 mT; (c)
shows spin-asymmetry obtained in 0.18 mT after cooling
in zero �eld to 30 K; and (d) shows spin asymmetry for
the ZFC case obtained at 30 K after cycling and return-
ing to 0.18 mT. The magnetic �eld was applied along the
[110] direction. The solid lines are best �ts to the data.
Dashed lines are �ts obtained with the same model, but
with the magnetization of the top GaMnAs layer re-
versed. The magnetization pro�les obtained from the
best �ts are plotted on the bottom.

supported by the SQUID data [24], which show that with
an applied �eld of 50 mT there is no dip in the magne-
tization curve. (A signi�cant dip would be indicative of
the two ferromagnetic layers having di�erent Curie tem-
peratures.)

3.3. Magnetotransport observed on
GaMnAs/GaAs/GaMnAs trilayers

For magnetotransport measurements the trilayer was
patterned into a Hall bar in the form of a rectangular
strip 200 µm long and 10 µm wide, as shown in the in-
set in Fig. 9a, with gold wires attached to each terminal
by indium contacts. The current through the Hall bar
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was along the [110] direction. The sample was mounted
in a 4 K cryostat such that a magnetic �eld H could
be applied in the plane of the sample. Magnetoresis-
tance (MR) was measured at various azimuthal angles
ϕH of the applied �eld (see inset in Fig. 9a). The char-
acteristics of MR as a function of applied �eld H in thin
GaMnAs �lms are well known [12, 27, 28]. In particu-
lar, the in-plane MR data typically shows a �two-horn�
pattern, where the two kinks result from the switching
of the direction of magnetization at the coercive �eld.
This feature is observed in our trilayer at 4 K, where the
magnetization switching in both layers occurs simultane-
ously, as seen in Fig. 9a. Let us note, however, that at
the beginning of the measurement (�rst sweep immedi-
ately following ZFC), the resistance is higher than at any
later time. The high resistance seen in this �rst sweep is
the result of the antiparallel alignment of magnetizations
of the two GaMnAs layers after ZFC, i.e., before cycling
[12, 29], consistent with the 5 K ZFC SQUID and with
the neutron data obtained at 5 K, shown previously in
this paper. At 30 K, however, the robust AF IEC which
occurs at this temperature is manifested as a distinct
upward jump in MR that appears before the applied �eld
returns to zero after cycling, as seen in Fig. 9b. This
increase in resistance due to a spontaneous reorientation
of M to the antiparallel alignment suggests the potential
for device applications of such magnetic semiconductor
structures.

Fig. 9. (a) Field dependence of sheet resistance in a
GaMnAs/GaAs/GaMnAs trilayer at 4 K after zero �eld
cooling. (b) Field dependence of sheet resistance at
30 K, after zero �eld cooling. Sketches show the con-
�guration of the magnetizations at various �elds in the
resistance plot. The directions of the arrows are along
the uniaxial easy axis [110] of GaMnAs. Inset in part
(a) shows the Hall bar pattern, H indicates the applied
magnetic �eld and I the current.

4. Competition between IEC and magnetic
anisotropy

The PNR and M(H) data which con�rm the pres-
ence of AF IEC also enable us to better interpret the
behavior of M(T ) in Fig. 5. This can be understood
by considering the relative strengths of the coercive �eld
associated with magnetocrystalline anisotropy and the
interlayer exchange �eld HE at di�erent temperatures.
It is well known that the cubic anisotropy �eld HC de-
creases very rapidly with increasing temperature, while
the uniaxial anisotropy �eld HU decreases much more
slowly. The temperature dependence of HE is unknown,
but based on our modeling of the free energy [24] we will
argue that HE falls o� faster with increasing temperature
than HU, and more slowly than HC. Thus, based on our
results we suggest that, as the temperature increases, the
mechanism dominating the hysteresis loop changes from
the cubic anisotropy �eld HC to interlayer exchange HE,
and �nally to the uniaxial anisotropy �eld HU. As seen
in Fig. 5 (top), at ≈ 22 K the FC magnetization un-
dergoes a precipitous drop, consistent with a transition
between dominance by HC (where the coercive �eld is
larger than HE) and IEC dominance (where the coercive
�eld is smaller than HE). In our trilayer this dominance
of HE prevails in only a short temperature range, since
by the time the sample reaches 30 K, the e�ect of uniax-
ial anisotropy HU appears to overcome the contributions
of both HE and HC, as discussed below.
We now comment on our inability to observe IEC at

higher temperatures (> 33 K). It has been shown previ-
ously that the magnetic properties of GaMnAs depend
on the electronic properties (e.g., on doping) of the layer
on which it is grown [30, 31], and that the resulting
increased hole concentration in GaMnAs can result in
switching of the uniaxial easy axis by 90◦, from [110] to
[1 -10], [32, 33]. Since in the present case the top layer
of the sample was grown on a heavily Be-doped spacer,
it is possible that above a certain temperature the top
GaMnAs layer experiences a reorientation of magnetiza-
tion perpendicular to that of the bottom layer. In this
situation the magnetizations of the two GaMnAs layers
are orthogonal, and the contribution of the top layer to
the magnetization (which was seen to reduce the total
ZFC magnetization in Fig. 5 at low temperatures due to
AF coupling) now disappears. This would explain the
increase in M(T ) just above 30 K seen in both FC and
ZFC data in Fig. 5. One should note here that the di�er-
ences between the low-temperature FC and ZFC SQUID
magnetizations as well as their increase (of 15 to 20%)
just above 30 K are very close to the respective values
of M obtained by PNR (see Fig. 8), thus providing ad-
ditional corroboration for the model used in �tting the
PNR results.

5. Concluding remarks

Our experiment shows that the AFM IEC appears in
a GaMnAs/GaAs:Be/GaMnAs trilayer with individual
layer thicknesses of 30 ML/15 ML/60 ML and GaMnAs/
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GaAs:Be SL with layer thicknesses of 50 ML/25 ML.
This is interesting, because recent theoretical results [6�8]
suggests that such AFM IEC requires considerably thin-
ner FM and spacer layers. Those results indicate that
the IEC will become too weak when the combined mag-
netic/non-magnetic layer thickness exceeds about 10 ML
(≈ 3 nm) or so, which is in clear contradiction with our
experimental results, which demonstrate the existence of
strong AFM IEC for combined FM/non-FM thicknesses
of 50 ML/25 ML. Furthermore, the observation of AFM
IEC was recently reported in GaMnAs/GaAs:Be SL even
with thickness up to 50 ML/50 ML [22].
In summary, our experiments conclusively show the

existence of AFM exchange coupling between magnetic
GaMnAs layers in GaMnAs/GaAs/GaMnAs multilayer
structures (superlattices and trilayers). This coupling
depends on the thickness and the doping of the spacer
layers. We have observed that the relative orientation
of M in the two layers is determined by the competition
between an interlayer exchange coupling and magnetic
anisotropy intrinsic to GaMnAs. In measurements car-
ried out so far the AFM coupling is strong only in a
narrow temperature range. However, based on our new
understanding of the mechanisms that allow for robust
AFM coupling in that range (including the role of mag-
netic anisotropy and its temperature dependence), we
hope to signi�cantly extend the range of AFM IEC in
future experiments.
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