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A robust long-range antiferromagnetic coupling between ferromagnetic Gag97Mng o3As layers has
previously been realized via insertion of nonmagnetic Be-doped GaAs spacers between the
magnetic layers. In this paper we report the observation of weak antiferromagnetic coupling
between Gaj97Mng o3As layers through undoped GaAs spacers with thicknesses as large as 25
monolayers. The field and the temperature dependences of the sample magnetization suggest that
the interlayer coupling in these systems substantially deviates from typical ferromagnetic behavior.

Polarized neutron reflectivity measurements

reveal antiferromagnetic alignment between

Gag.97Mng o3As layers when a weak field is applied perpendicular to the magnetic easy axis during
cooling below T¢. The strength of the observed coupling between the magnetic layers is estimated
to be weaker than 0.05 mT. © 2011 American Institute of Physics. [doi:10.1063/1.3609080]

. INTRODUCTION

The realization of antiferromagnetic (AFM) coupling
between thin magnetic layers has important technological
implications in the area of spintronics.! Its utility relies on
the fact that charge carriers in the form of electrons or holes
carry intrinsic magnetic moments, which in turn interact
with magnetic moments within transport media. In this pro-
cess, the resistance against the flow of spin-polarized charge
carriers through ferromagnetic (FM) materials is influenced
greatly by the relative orientation of the spin polarization
with respect to the magnetization. This spin-dependent trans-
port behavior has already found extensive applications in
giant magnetoresistance (GMR) devices that are now in
commercial use. Such GMR devices typically involve pairs
of FM layers coupled via spontaneous AFM interlayer
exchange coupling (IEC).>™* The relative magnetizations of
the FM layers can then be easily manipulated by the external
magnetic field, which often leads to large changes in electri-
cal resistivity. One of the key elements for achieving the
GMR effect is the ability to control the interlayer magnetic
exchange coupling, either FM or AFM. In metallic ferromag-
nets this technology is based on the nature of the carrier-medi-
ated Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction,
in which the exchange integral oscillates with alternating
sign over the range of a few nanometers.”® The AFM IEC is
therefore typically observed across nonmagnetic spacers with
thicknesses of less than a few nanometers in metallic
multilayers.

In the case of semiconductor-based magnetic multi-
layers, the progress in controlling the IEC phenomenon has
been rather slow, both in theory and in experiment. Earlier
observations of AFM IEC in semiconducting ferromagnets
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were reported in rare-earth-based semiconductors, such as
EuS/PbS or EuS/YbSe, in which the Curie temperatures (7¢)
are as low as 18 K.”® In structures involving diluted mag-
netic semiconductors (DMSs) such as GaMnAs, in which the
T can reach as high as 170 K by the careful optimization of
engineering parameters,” "' only the FM IEC has been
observed for a long time.'?~'® Part of the reason for this may
be that it is very difficult to adequately describe and predict
the properties of these DMS systems in theoretical calcula-
tions. In principle, magnetic interactions in DMSs are
expected to possess similar characteristics as in the metallic
systems based on the RKKY mechanism.'”* Taking this
into consideration, the IEC in GaMnAs-based multilayers
has also been expected to exhibit oscillations between FM
and AFM as a complicated function of the carrier density
and/or distance between magnetic layers. It was only very
recently, however, that a robust AFM coupling between
GaMnAs layers has been realized in experiments.”*>® This
desirable coupling was achieved when Be was explicitly
introduced into the nonmagnetic spacer layers as a p-type
dopant (typically at the level of p ~ 10°°/cm?).”* Reversible
switching between FM and AFM alignments was observed
in both superlattice and trilayer configurations, which subse-
quently led to the realization of the GMR effect in electrical
transport measurements in these systems, >

The previous works demonstrated the importance of suf-
ficient carrier density in the spacer layers for realizing robust
AFM IEC.%*° In those works magnetization, polarized neu-
tron reflectivity, and magnetotransport measurements were
used to confirm the presence of the AFM IEC in the samples
with Be-doped spacers. The AFM IEC has, however, initially
been predicted to occur in superlattice (SL) structures with
no explicit carrier doping in the spacers.'” This is because,
even without extra doping, the charge density in the nonmag-
netic spacers can be enhanced by spillover of the carriers
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from adjacent magnetic layers. Therefore, the AFM IEC can
exist also in SL samples with no Be doping, however, the
amplitude of its exchange oscillation is probably much
weaker. The observation of the AFM IEC in SLs with perio-
dicities as large as dg;. =~ 50 monolayers (ML) (and with
nonmagnetic spacer thickness, dy =~ 25 ML) is, however,
still quite surprising,® because the available theories typi-
cally predict that the IEC should become negligible beyond
10 ML."7"2? This suggests that the length scale of the IEC
can be drastically different between metallic and DMS-based
structures.

Il. EXPERIMENTAL RESULTS

Among the several Gagyg;Mng3As/GaAs SL samples
previously investigated, in this paper we revisit the sample
that contained no Be doping but showed behaviors suggest-
ing a departure from normal FM IEC. This sample, which
was labeled as A4 in Ref. 25, consists of 10 periods of alter-
nating magnetic and non-magnetic layers with thicknesses of
dy=24.4 ML and dy=25.1 ML, respectively, so that its
total SL periodicity corresponds to ds;, =49.5 ML. (The unit
of the SL dimensions may be converted to nm by using the
multiplication factor 3.54 ML/nm.) Note that in trilayer sam-
ples definitive FM IEC has been observed for undoped
spacers up to dy =21 ML, but was rather inconclusive for
42-ML spacers.'® The spacer thickness of our sample falls
between these two values, but SL samples have not previ-
ously been investigated in detail up to this thickness."?

A. Magnetization measurements

Figure 1(a) summarizes the temperature dependence of
the magnetization measured during cooling at a series of
constant fields. The measurement was performed with the
external field applied parallel to [110], which is the magnetic
easy axis of the uniaxial anisotropy.?’ It is apparent that the
magnetization of the A4 sample depends strongly on the
strength of the external field. The magnetization at 50 mT is
similar to the typical behavior of ferromagnetic GaMnAs. At
lower fields, however, the magnetization is substantially sup-
pressed relative to the saturation value, although not quite
down to zero. In order to visualize how the magnetization
depends on the field, the values of magnetization at different
fields are extracted for each temperature from the data shown
in Fig. 1(a), and are plotted in Fig. 1(b) as a function of the
field. Note that the net direction of the magnetization of each
layer is determined at T ~ T where the anisotropy is very
small,”” and remains without reversal upon further cooling.
The above presentation therefore avoids the locking of FM
alignments due to the strong anisotropy that may occur dur-
ing field sweeping, particularly at low temperatures. Figure
1(b) clearly shows that the magnetization curves experience
a sharp downward turn at low fields below ~0.5 mT, which
is particularly pronounced at low temperatures. Such field-
dependent behavior indicates a departure from the typical
FM IEC. Figures 1(c) and 1(d) show similar data obtained on
sample A3, which was unambiguously shown to have FM
IEC.>** It is apparent that there is almost no field depend-
ence in the magnetization of this sample, and especially that
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FIG. 1. (Color online) Magnetization measured during cooling under constant
field applied along the [110] direction: (a) Gago7Mngo3As/GaAs (A4:
dy =244 ML, dy=25.1 ML, and ds;, =49.5 ML) (c) Gagg7;Mng n3As/GaAs
(A3: dyy=24.4 ML, dy=12.4 ML, and dsp =36.8 ML) and (e) Gagoy
Mnyg o3As/GaAs:Be (B3: dyy=24.4 ML, dy=12.4 ML, and ds; =36.8 ML).
The right panels show the field dependence of the magnetization obtained by
interpolating the magnetization data shown in the left. The lines are guides to
the eye.

the downward dip is absent. On the contrary, we find that the
behavior of sample A4 is rather similar to that of B3 (which
was shown to have robust AFM IEC in earlier experi-
ments),23’25 as seen in the data in Figs. 1(e) and 1(f). Both
samples reveal sharp decreases of magnetization at fields
below 4 mT, which are ascribed to cancellations of net mag-
netization due to the AFM IEC. These data suggest that the
low-field behavior of sample A4 reveals similarities to the
behavior of B3, thus suggesting the likelihood of AFM IEC
in that sample.

The presence of AFM IEC in sample A4 is also sug-
gested in the M versus H data. The M - H (Il [110]) hysteresis
curves at selected temperatures are plotted in Fig. 2. The
data at 10 K show a nearly square-shaped hysteresis loop
similar to typical FM behavior. The initial magnetization
curve, plotted as a solid line in Fig. 2(a), however, is clearly
distinguished from the main loop. It indicates that the net
magnetization after zero-field cooling is significantly smaller
compared to remnant magnetization after field cycling, sug-
gesting that the associated magnetic layers are not altogether
aligned parallel to each other. We note that these SL samples
tend to form a single domain even over a fairly large area,'’
unless intentionally broken up by precisely controlling the
external field.?® Therefore the observed behavior is not likely
to be due to domain formation. As the temperature increases,
the hysteresis loops become more rounded, and both the
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FIG. 2. (Color online) M vs poH hysteresis loops of the A4 (Gago;M-
Ny 03As/GaAs, dyy=24.4 ML, dy=25.1 ML, and ds; =49.5 ML) SL sam-
ple. The thick red lines indicate the initial magnetization after zero-field
cooling. The inset in (d) shows the hysteresis loop near zero field.

remnant magnetization and the coercive field are reduced,
owing to the reduction of the cubic anisotropy. Above 30 K,
where the cubic anisotropy becomes weaker than the uniax-
ial anisotropy,?’ the magnetization shows a sharp downturn
near zero field. This behavior is consistent with the AFM
coupling between the layers overcoming the weak magnetic
anisotropy.

In Fig. 3(b) we plot the remnant magnetization (at
toH =0 mT; open squares) and the saturation magnetization
(at uoH =100 mT; closed circles) measured for sample A4.
These plots show that the remnant magnetization is substan-
tially reduced in comparison to the saturation magnetization
throughout the temperature range below 7. The remnant and
saturation magnetization data for two other SL samples, A3
and B3, are also plotted for comparison in Figs. 3(a) and 3(c),
respectively. These two latter samples have the same dimen-
sions (dyy=24.4 ML, dy=124 ML, and dsp =36.8 ML),
however only B3 has the nonmagnetic spacers doped with Be.
Consequently, B3 exhibits a robust AFM IEC, whereas A3 has
a typical FM IEC.>% When all three samples are compared,
the behavior of A4 is seen to be closer to that of B3 than A3. It
is also important to point out that the rates of change in the
remnant magnetization in both A4 and B3 are clearly larger
below 20 K than above 20 K. In contrast, the A3 sample with
FM IEC shows no significant temperature dependence.

Compared to the AFM IEC in sample B3 that was previ-
ously reported, the IEC of sample A4 appears to be much
weaker, i.e., the magnetization of the A4 is not fully can-
celed even in zero field. One reason for this can be that the
AFM IEC may not cover the entire area of the SL sample
that consists of 10 periods of magnetic/nonmagnetic layers
due to possible fluctuations in the layer thickness. This may
also be partially due to a weak remnant field of the magne-
tometer, which can cause accidental ferromagnetic alignment
when the spontaneous AFM coupling is weak. For this rea-
son, the apparent observation of FM alignments may not nec-
essarily be an indication of FM IEC.
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FIG. 3. (Color online) The temperature dependence of the saturation mag-
netization (uoH =100 mT; closed circles) and the remnant magnetization
(poH =0 mT; open squares) for (a) A4, (b) A3, and (c) B3.

B. Polarized neutron reflectivity measurements

Polarized neutron reflectivity was used in our previous
work to confirm the presence of AFM IEC in the Be-doped
SL samples,”>~%° but this method can also be affected by the
presence of a weak remnant field during the cooling process.
In order to minimize this unwanted effect, we intentionally
exposed sample A4 to a remnant field along two different
directions while the sample was cooled down below its T¢.
Figure 4 schematically shows the experimental configura-
tions, in which the angle between the guide field and the

guide field, 4H;> 1.4 mT

@ | (®)
[

~_
[110] *’
L [110]

FIG. 4. (Color online) Description of the directions of the cooling field
(dashed arrows, poHc), guide field (solid arrow, uoHs), and the lattice orien-
tations in the polarized neutron reflectivity measurements. The double-ended
circles represent constant-energy surfaces of the uniaxial anisotropy. The
thin arrows indicate either (a) FM, or (b) AFM spin arrangements between
magnetic layers.

—_———)

cooling field 4 H .~ 0.05 mT
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cooling field is varied. The guide field (Hs), which is neces-
sary in order to maintain neutron polarization, is fixed along
the [110] direction during the reflectivity measurements.
During the cooling process, the guide field was turned off,
and the direction of the cooling field (H) was varied to be
either parallel [see Fig. 4(a)] or perpendicular [see Fig. 4(b)]
to the [110] direction by rotating the sample. Note that dur-
ing the initial cooling process (T¢/2 <T < T¢) the weak uni-
axial anisotropy is present and the magnetic easy axis is
parallel to the [110] direction.?” Therefore, the cooling field
parallel to the easy axis can break the initial weak AFM IEC,
resulting in the FM alignment of the magnetic layers. In con-
trast, the AFM IEC and the corresponding alignment can be
less affected if the cooling field is applied perpendicular to
the easy axis. Once cooled down below T =~ T/2, the mag-
netization vectors will be locked due to the onset of strong
cubic anisotropy unless exposed to a sufficiently strong
external field.

The polarized neutron reflectivity measurements were
performed using the NG1 reflectometer at the NIST Center
for Neutron Research. The details of the experimental setup
are discussed in an earlier work.”® The strength of the field
during the cooling process was approximately Ho ~ 0.05
mT, whereas the guide field was varied at H;=1.4 mT or
higher. The data collected at 6 K in two configurations (see
Fig. 4) are summarized and compared in Fig. 5. It is impor-
tant to stress that the splitting between the two non-spin-flip
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FIG. 5. (Color online) Polarized neutron reflectivity of the GaMnAs/GaAs
(A4) SL sample measured at 6 K. The data are vertically shifted for clarity.
Hc and Hg denote the cooling field and the guide field, respectively. Solid
lines are the full dynamical calculations using the REFLPAK program (see Ref.
32) for SL magnetization alignments as illustrated in the middle of (b). In
panel (b), only the data measured at yoHg (I [110]) = 1.4 mT are shown.
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(NSF) channels, (++) and (— —), occurs due to the magnet-
ization components of the SL sample that are parallel to
the guide field.”” The data measured after cooling with Hc
Il [110] show the splitting at the wave vector equivalent to
the SL period, QFM = QSL = 27‘5/(dM + dN) = 0.045 A_l.
Full dynamical calculations confirm that this feature is indic-
ative of equivalent magnetic and structural periodicity—
indicating FM alignment.>**' The solid lines in Fig. 5 are
the model calculations using the simple FM (or AFM) align-
ment between adjacent magnetic layers.*?

In contrast, when the data were measured after cooling
with Ho[110], the splitting is observed at the wave vector,
Oapm = Os1./2 = 1/ (dy + dx) = 0.023 A", which corre-
sponds to twice o the SL period. This means that the align-
ment of the magnetization is antiparallel between adjacent
magnetic layers, i.e., that the IEC is AFM [see Fig. 5(b).]
This AFM alignment, however, is destroyed when the mag-
netic field is increased beyond the anisotropy field (see the
Hs =30 mT data in Fig. 5). As a result, the splitting between
the two NSF channels moves back to Qry, indicating the
field-induced formation of the FM alignment. The above pro-
cess was repeated several times to ensure that the splitting
reproducibly occurs for each configuration. These results
indicate that the strength of the AFM IEC near T is weak
enough to be easily overcome by a field of 0.05 mT. Lower
values of H. or Hg were not practically achievable at our ex-
perimental setup. Although not shown, additional measure-
ments with He (Il [110]) > 0.05 mT were all consistent with
FM alignments.

lll. DISCUSSION

Until now, many research groups have attempted theo-
retical calculations for the IEC and/or its oscillations
expected from the RKKY theory.lL22 In these works, the
length scale of the IEC was discussed either in terms of the
SL period'”"?? or the spacer thickness.'”> The former is
probably more appropriate for SL structures, whereas the lat-
ter is more appropriate for trilayers. The existing theoretical
calculations, however, may not be directly compared to the
experimental results using SL samples, because these earlier
calculations usually did not consider situations involving
large layer thicknesses. In contrast, experiments on SL sam-
ples often use magnetic layers thicker than 10 ML.'*!323-2
In some cases it was even predicted that SL samples with
thick magnetic layers will not produce AFM IEC,?' which
clearly contradicts experimental observations. Therefore, we
argue that all three parameters, dy, dn, and dsp, should be
rigorously included in theoretical calculations.

Our experimental results suggest two potentially impor-
tant ideas regarding IEC in GaMnAs/GaAs-based SL sam-
ples with large layer thicknesses, which have not been
explicitly taken into account in the existing theories. First,
the experimental results suggest that the exchange oscilla-
tions expected from the RKKY theory have much larger
length scales than previously expected. Previously, in all the
other SL samples with thinner spacers without Be doping we
observed only FM IEC.*® Therefore, the change of sign of
the IEC from FM to AFM should occur at the SL period
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between dg;. ~37 ML and ~50 ML (or dy ~12.5 ML and
~25 ML). In contrast, the change of sign of the IEC in the
case of Be-doped spacers was observed for the SL periods
between 32.6 ML and 36.8 ML (or dy=38.1 ML and 12.4
ML).%® Since the AFM IEC has never been observed for SL
samples with shorter periods, these must correspond to sign
changes occurring at the shortest period for the specific Be
concentrations. A similar result has been reported in the case
of trilayers, in which the AFM IEC was observed for a
Be-doped spacer with dy =15 ML.%° All of these data con-
sistently provide evidence that the IEC in GaMnAs/GaAs
systems is long-ranged compared to theoretical predictions.
The apparent contradiction may be due to the difficulty of
considering extended dimensions in theoretical calculations.
Furthermore, a direct comparison between the two series
(Be-doped and undoped) suggests that both the oscillation
amplitude and the period depend strongly on the carrier den-
sity in the SL. The present results particularly suggest that
the length scale of IEC, or its oscillation period, is more
long-ranged when the carrier density is lower. Therefore, it
appears beneficial to have higher carrier concentrations in
the nonmagnetic spacers in order to achieve AFM IEC.

IV. CONCLUSIONS

In summary, we have used magnetization measurements
and polarized neutron reflectivity to investigate the nature
of exchange coupling between magnetic layers in a Gag oy
Mng o3As/GaAs SL with dg;, =49.5 ML, which was labeled as
A4 in earlier work.?> Although the coupling between the mag-
netic layers is very weak in this sample, the antiparallel spin
alignment between the magnetic layers reproducibly appeared
when a weak cooling field was applied perpendicular to the
magnetic easy axis. Magnetization measurements also suggest
that AFM IEC exists, at least partially, in this sample. These
results indicate that the dimension of the investigated sample
is in the proximity of the oscillation boundary where the
exchange coupling changes sign. This is consistent with the
picture of long-range IEC observed recently in a related series
of samples with Be doping in the nonmagnetic spacer layers.
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