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Interlayer exchange coupling �IEC� between two Ga0.95Mn0.05As layers separated by Be-doped GaAs spac-
ers was investigated experimentally using magnetization, magnetotransport and neutron-scattering measure-
ments, which all indicated the presence of robust antiferromagnetic IEC when the GaAs spacer is sufficiently
thin. We argue that the observed behavior arises from a competition between the interlayer exchange field and
magnetocrystalline anisotropy fields intrinsic to GaMnAs layers.
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I. INTRODUCTION

The study of ferromagnetic �FM� dilute magnetic semi-
conductors �DMSs� continues to be of great interest because
of their potential for spin-electronic device applications.1

While there has been much progress in our understanding of
DMS materials—particularly of the canonical III-V system
Ga1−xMnxAs �Ref. 2�—many issues still remain unresolved.
One of these issues is the nature of interlayer exchange cou-
pling �IEC� in GaMnAs-based multilayers. Here it is particu-
larly important to establish whether the IEC between adja-
cent GaMnAs layers is antiferromagnetic �AF� or FM since
manipulation of such IEC can serve as the basis for a wide
range of devices.

Theoretical models predict that both FM and AF IEC can
occur in GaMnAs multilayers, the type of coupling depend-
ing on the thickness and doping of the spacers between the
FM layers.3–6 So far, however, experimental studies have
shown predominantly FM IEC,7–9 while AF IEC has only
recently been observed in superlattices comprised of GaM-
nAs layers and GaAs:Be spacers.10 To address this issue, a
study of two GaMnAs layers separated by a nonmagnetic
GaAs spacer is particularly useful since such a trilayer en-
ables one to “zoom in” on the specific properties of GaMnAs
that determine the IEC. It is especially important to explore
the coupling between GaMnAs layers with different spacer
properties.11 We have therefore investigated a series of
GaMnAs-based trilayer samples using magnetotransport
measurements, superconducting quantum interference device
�SQUID� magnetometry, and neutron scattering. In all these
independent studies we have observed clear evidence of AF
IEC between the two GaMnAs layers in the case when the
spacer between the layers is sufficiently thin and when it is
doped by Be to a sufficiently high level.

II. SAMPLE PREPARATION

The GaMnAs/GaAs:Be/GaMnAs trilayers used in this
study were grown by molecular-beam epitaxy �MBE� on
�100� GaAs substrates at 250 °C, by first growing a
Ga0.95Mn0.05As layer to a thickness of 17.2 nm �bottom

layer�, then a GaAs spacer doped by Be �doping level esti-
mated as 1020–1021 cm−3, based on the temperature of the
Be cell�, and finally a Ga0.95Mn0.05As layer 8.6 nm thick �top
layer�. The series consisted of trilayers with different spacer
thicknesses ranging from 4.3 to 17.2 nm and different spacer
dopings. A diagram of the sample structures is shown in Fig.
1�a�.

III. EXPERIMENTAL RESULTS AND DISCUSSION

SQUID measurements were used to measure the tempera-
ture dependence of the trilayer magnetization M�T�. Magne-
tization data for the trilayer with a 4.3 nm spacer and an
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FIG. 1. �Color online� �a� The structure of the trilayer samples
grown by MBE. �b� The coordinate system used in this work. ��c�
and �d��: temperature dependence of remnant magnetization in a
trilayer sample with respect to �110� and �100� crystallographic di-
rections. The data were collected while warming with no applied
field, after cooling from 200 to 5 K in either zero field or 1.5 mT.
Also shown in �c� is FC data measured in an applied field of 0.6
mT.
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average hole concentration over the entire trilayer of 2
�1020 cm−3 are shown in Figs. 1�c� and 1�d�. The sample
was oriented so that the measured magnetization and the ap-
plied field H were parallel to either the uniaxial easy axis
�110� or to the cubic easy axis �100� �see Fig. 1�b�� of the
GaMnAs layers.12 The sample was either field cooled �FC� in
a field of 1.5 mT, or zero field cooled �ZFC�, and the mag-
netization was then measured as the temperature was in-
creased in zero field. As shown in Figs. 1�c� and 1�d�, three
distinct behaviors are observed in three different temperature
regimes. Below 20 K the FC and ZFC data differ dramati-
cally, where FC leads to a conspicuous enhancement of the
magnetization for both field directions, and a suppression of
magnetization is observed in ZFC data. We attribute these
characteristics to a parallel alignment �addition� or an anti-
parallel alignment �subtraction� of M of the two GaMnAs
layers. Moreover, a clear dip in M�T� is observed for the FC
data around 30 K, with a minimum in Fig. 1�c� correspond-
ing exactly to the ZFC value of M at the same temperature,
suggesting that the parallel alignment of M of the GaMnAs
layers at low temperature in the FC case switches to antipar-
allel alignment as T exceeds �20 K. Note, however, that
when the temperature dependence of M is measured in a
finite field �0.6 mT in Fig. 1�c��, the FC data do not show this
dramatic dip, indicating that the presence of a small applied
field prevents the AF reorientation from occurring. Finally,
above 30 K the M�T� curves for FC and ZFC are seen to
merge both for measurements along the �110� and the �100�
directions, first increasing, and then decreasing as T in-
creases. 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. Thus the magnetization data
in Fig. 1 show clear signs of AF IEC.

Polarized neutron reflectometry �PNR� provides further
evidence for AF IEC. An incident neutron beam was polar-
ized alternately parallel �spin-up� or antiparallel �spin-down�
to a magnetic field H applied along the �110� GaMnAs di-
rection, and the nonspin-flip specular reflectivity was mea-
sured as a function of scattering vector Qz along the sample
normal. The neutron beam was monochromatic �0.475 nm
wavelength, less than 1% spread�, and polarized with greater
than 91% efficiency. Corrections were applied to the data to
account for the beam footprint and background. No signifi-
cant off-specular or spin-flip scattering from the sample was
detected. The lack of spin-flip scattering �which arises from
the in-plane magnetization component perpendicular to H� is
not surprising, as model calculations demonstrate13,14 that the
weak GaMnAs magnetization is insufficient to produce any
easily detectable spin-flip scattering, regardless of orienta-
tion. The spin-up and spin-down nonspin-flip specular reflec-
tivities are sensitive to the depth profiles of the nuclear com-
position and the in-plane magnetization parallel to H.13,14

Thus, we were able to use model fitting of the nonspin-flip
data with exact dynamical calculations14 to confirm the AF
IEC and determine the actual magnetizations of the indi-
vidual GaMnAs layers within the trilayer structure.

After cooling to 5 K in zero field, a small field �
�1 mT� was applied to ensure polarization of the neutron
beam, and PNR spectra were measured to determine the
spontaneous �i.e., ZFC� magnetization state of the trilayer. To

probe the field-dependent evolution of the magnetic profile,
PNR measurements were then taken at 20 mT, and then
taken below 1 mT after cycling the field between +800 and
−800 mT. An additional PNR measurement was taken at
800 mT to establish the saturation profile. The fitted PNR
data corresponding to the spontaneous and saturation mag-
netic states are compared in Fig. 2. In panels �a� and �b�, the
fitted data are shown multiplied by Qz

4 �the intensity falloff
for a smooth interface�. For both field conditions, the reflec-
tion critical edge is evident as a peak in both spin states near
0.115 nm−1. The sample magnetization causes the critical
edge to be in slightly different positions for the two neutron
polarization states. For clarity of presentation, we choose to
define “spin up” as the neutron polarization state that gives
the larger critical Qz, and “spin down” as the neutron polar-
ization state that gives the smaller critical Qz. There are clear
spin-dependent oscillations in the scattering that are signifi-
cantly different for the spontaneous and saturation states. For
the spontaneous state, the spin splitting is more pronounced
at higher Qz than near the critical edge while this trend is
reversed for the saturation state.

These spin dependencies are highlighted by recasting the
fitted data as spin asymmetry15,16 �the difference in spin-up
and spin-down reflectivities divided by their sum�, as shown
in Figs. 2�c� and 2�d�. The best fits to the data �solid lines in
Figs. 2�c� and 2�d�� reveal that the spontaneous state corre-
sponds to antiparallel alignment of the top and bottom GaM-
nAs layer magnetizations while the saturation state corre-
sponds to parallel alignment. The dashed lines in Figs. 2�c�
and 2�d� are fits corresponding to the best-fit models with the
top layer magnetizations reversed �i.e., spontaneous parallel
alignment and antiparallel alignment at saturation�. The al-
ternate profiles clearly result in a significantly worse fit to the
data than do the best-fit models, indicating our sensitivity to
the orientations of the individual GaMnAs layers.

The depth profiles corresponding to the best fit to the data
are shown in Fig. 3. Panel �a� shows the nuclear composition
profile used to fit all of the data in terms of the nuclear
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FIG. 2. �Color online� Fitted polarized neutron reflectometry
data plotted as ��a� and �b�� R�Qz

4 and ��c� and �d�� as spin asym-
metry. ��a� and �c�� Data corresponding to the “spontaneous” mag-
netic state are shown on the left and ��b� and �d�� that corresponding
to the “saturation” state are shown on the right. In low field after
ZFC, the spin splitting is more pronounced at higher Qz than it is
near the critical edge, indicating antiparallel alignment of the top
and bottom GaMnAs layers. Error bars correspond to �1�.
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scattering length density �. �Note that for the 5 K data, a low
� surface layer was allowed to vary in composition and
thickness from field to field, in order to account for a small
amount of time-dependent gas condensation on the sample
surface.� There is little nuclear contrast among the layers but
the GaMnAs is distinguishable from the GaAs:Be spacer and
GaAs substrate by a reduced �. The 5 K magnetization depth
profiles are shown in panels �b�–�e�. �b� The top and bottom
GaMnAs layers spontaneously align antiparallel, �c� align
parallel upon application of 20 mT, and �d� remain in the
parallel configuration in 0.5 mT after cycling. The above
procedure was repeated for PNR measurements at 30 K, and
the resulting magnetic profiles are shown in Figs. 3�f�–3�i�.
Spontaneous antiparallel alignment is again observed �Fig.
3�f�� but in this case the antiparallel alignment is recovered
after field cycling, attesting to a more robust AF IEC at this
temperature. These results are similar to what has previously
been observed for a GaMnAs/GaAs:Be superlattice.10 Thus,
despite the difference in the respective boundary conditions
characteristic of the trilayer and the superlattice geometrics,6

both systems behave in a qualitatively similar fashion, i.e.,
both exhibit competing effects of AF IEC and magnetocrys-
talline anisotropy. For completeness we also used PNR to
measure the saturation magnetization of the layers at 800 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, indicating that the Curie
temperatures of both bottom and top layers are above 40 K.

Further insight into IEC can be gained by examining the
hysteresis loops of the trilayer at different temperatures �Fig.
4�. The hysteresis curves show a two-step magnetization re-
versal both at 15 and 30 K. The fact that the top GaMnAs
layer is half as thick as the bottom layer allows us to attribute
the smaller loop to the top layer. The 15 K loop shows a
decreasing magnetization step only after the field 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 field reaches
zero, indicating robust AF alignment that returns after cy-
cling to saturation, very similar to what was seen in the PNR
data. Qualitatively we can picture this as the top layer “feel-
ing” an exchange bias field HE from the bottom layer that
acts to accelerate the reversal of magnetization even before
reaching zero field. Moreover, note that the minor hysteresis
loop in Fig. 4�b� 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. 4�a� shows that the minor hysteresis
loop for 15 K is also centered to the right of H=0, shifted by
�0.85 mT. This indicates that HE is also present at that
temperature—in fact it is stronger than at 30 K—but is over-
shadowed by the much larger coercive field at the lower
temperature.

The PNR and M�H� data which confirm the presence of
AF IEC also enable us to better interpret the behavior of
M�T� in Fig. 1. This can be understood by considering the
relative strengths of the coercive field associated with mag-
netocrystalline anisotropy and the interlayer exchange field
HE at different temperatures. It is well known that the cubic
anisotropy field HC decreases very rapidly with increasing
temperature while the uniaxial anisotropy field HU decreases
much more slowly. The temperature dependence of HE is
unknown but based on our results we will argue that HE falls
off 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 field HC to
interlayer exchange HE, and finally to the uniaxial anisotropy
field HU. As seen in Fig. 1�c�, at �22 K the magnetization

-30

0

30

-30

0

30

0

1

2

3

ρ
(1
0
-4
n
m
-2
)

GaMnAs

GaAs:Be

GaMnAs

G
a
A
s

a)

5 K

b) 0.5 mT after zfc

c)

20 mT

M
(k
A
m
-1
)

e)

800 mT

d)

0.5 mT after cycling

+25 kAm-1

+36 kAm-1

+17 kAm-1
-24 kAm-1

+18 kAm-1

+26 kAm-1

+16 kAm-1

+26 kAm-1

-20

0

20

0 10 20 30
z (nm)

-20

0

20

-20

0

20

-20

0

20

M
(k
A
m
-1
)

i)

f)

g)

h)

800 mT

0.2 mT after zfc

20 mT

0.2 mT after cycling

+12 kAm-1

+24 kAm-1

-10 kAm-1

+13 kAm-1

+11 kAm-1

+22 kAm-1

-6 kAm-1
+17 kAm-1

-30

0

30

-30

0

30

30 K

FIG. 3. �Color online� Depth profiles used to fit the PNR data:
�a� nuclear profile, ��b�–�e�� 5 K magnetic profiles, and ��f�–�i�� 30
K magnetic profiles. The length z in the horizontal axis is measured
from the top of the sample.

-8 -6 -4 -2 0 2 4 6 8
-15

-10

-5

0

5

10

15

-4 -2 0 2 4

M
(k
A
/m
)

µ
0
Η (mT)

T = 15K

H
E

(a)

T = 30K H
E

Full loop
Minor loop (b)

FIG. 4. �Color online� Magnetization curves for field along the
�110� direction taken at different temperatures. �a� T=15 K and �b�
T=30 K. Filled and empty symbols show the full and minor loops,
respectively.

OBSERVATION OF ANTIFERROMAGNETIC INTERLAYER… PHYSICAL REVIEW B 82, 195205 �2010�

195205-3



of FC data undergoes a precipitous drop, consistent with a
transition between dominance by HC �where the coercive
field is larger than HE� and IEC dominance �where the coer-
cive field 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 effect of uniaxial aniso-
tropy 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 previously
that the magnetic properties of GaMnAs depend on the elec-
tronic properties �e.g., on doping� of the layer on which it is
grown,17,18 and that the resulting increased hole concentra-
tion in GaMnAs can result in switching of the uniaxial easy

axis by 90°, from �110� to �11̄0�.19,20 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 tempera-
ture the top GaMnAs layer experiences a reorientation of
magnetization 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 mag-
netization in Fig. 1 at low temperatures due to AF coupling�
now disappears. This would explain the increase in M�T� just
above 30 K of both FC and ZFC data in Fig. 1. One should
note here that the differences between the low-temperature
FC and ZFC SQUID magnetizations as well as their increase
�of 15–20 %� just above 30 K are very close to the respec-
tive values of M obtained by PNR �see Fig. 3�, thus corrobo-
rating the model used in fitting the PNR results.

For magnetotransport measurements the trilayer was pat-
terned into a Hall bar in the form of a rectangular strip
200 �m long and 10 �m wide, as shown in the inset in Fig.
5�a�, with gold wires attached to each terminal by indium
contacts. The current through the Hall bar was along the
�110� direction. The sample was mounted in a 4 K cryostat
such that a magnetic field H could be applied in the plane of
the sample. Magnetoresistance �MR� was measured at vari-
ous azimuthal angles �H of the applied field �see inset in Fig.
5�a��. The characteristics of MR as a function of applied field
H in thin GaMnAs films are well known.7,21,22 In particular,
the in-plane MR data typically shows a two-horn pattern,
where the two kinks result from the switching of the direc-
tion of magnetization at the coercive field. This feature is
observed in our trilayer at 4 K, where the magnetization
switching in both layers occurs simultaneously �see Fig.
5�a��. Note, however, that at the beginning of the measure-
ment �immediately following ZFC�, the resistance is higher
than at any later time. The high resistance seen in this first
sweep is the result of the antiparallel alignment of magneti-
zations of the two GaMnAs layers after ZFC, i.e., before
cycling,7,23 consistent with the 5 K ZFC SQUID and with the
neutron data obtained at 5 K �already shown�. At 30 K the
robust AF IEC which occurs at this temperature is mani-
fested as a distinct upward jump in MR appearing before the

applied field returns to zero after cycling, as seen in Fig.
5�b�. This increase in resistance due to a spontaneous reori-
entation of M to antiparallel alignment suggests the potential
for device applications of such magnetic semiconductor
structures.

IV. CONCLUSION

In summary, our experiments conclusively show the exis-
tence of AF IEC in a GaMnAs/GaBeAs/GaMnAs trilayer.
We have observed that the relative orientation of M in the
two layers is determined by the competition between an in-
terlayer exchange coupling and magnetic anisotropy intrinsic
to GaMnAs. We have observed AF IEC in a sample with
layer thicknesses of 8.6/4.3/17.2 nm �30/15/60 monolayers�.
This is somewhat surprising since recent theoretical studies6

predict that—while AF coupling is possible for trilayer
samples with spacers comparable to ours—the magnetic lay-
ers should not be thicker than a few monolayers for the effect
to occur. Trilayers containing spacers with greater thick-
nesses and lower Be doping in our sample series showed no
sign of AF IEC. These results provide insights for further
experiments aimed at understanding the exchange interaction
in between GaMnAs layers.
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