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We report the observation of the giant magnetoresistance effect in semiconductor-based GaMnAs/GaAs:Be
multilayers. Clear transitions between low-field-high-resistance and high-field-low-resistance states are ob-
served in selected samples with Be-doped nonmagnetic spacers. These samples also show negative coercive
fields in their magnetic hysteresis and antiferromagnetic (AFM) splittings in polarized neutron reflectivity. Our
data indicate that the AFM interlayer exchange couplings in this system occur over much longer periods than
predicted by current theories, strongly suggesting that the coupling in III-V semiconductor-based magnetic
multilayers is significantly longer ranged than in metallic systems.
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I. INTRODUCTION

The observation of giant magnetoresistance (GMR) (Refs.
1 and 2) in magnetic multilayers contributed greatly to the
inception of the new field of “spintronics,”3 in which both
the charge and the spin degrees of freedom of charge carriers
are exploited. This new functionality has been serving as the
key ingredient in electrically controlled magnetic memory
and sensor devices, as well as high-density read-head
technology.* In metallic magnetic multilayers, the GMR ef-
fect is achieved when the interlayer exchange coupling (IEC)
between adjacent magnetic layers is antiferromagnetic
(AFM). In this situation the amount of current flow is greatly
enhanced when the relative magnetization alignments in ad-
jacent magnetic layers is changed from antiparallel to paral-
lel by an external field. Since the original discovery in
(Fe/Cr),, multilayers,’ the AFM IEC has been observed in a
variety of ferromagnetic metallic®® and semiconductor!'®!!
multilayer systems. Mn-doped GaAs ferromagnetic semicon-
ductor layers are also expected to be suitable for spintronic
applications and several types of spintronic devices based on
this system have already been fabricated and tested.'>!* The
potential advantages of GaMnAs lie not only in the well-
established semiconductor technology but also in the tunabil-
ity of the spintronic properties via carrier density
control.'*~1® Owing to this advantage, exchange interaction
of GaMnAs with other ferromagnetic metals has been inves-
tigated in several types of metal/GaMnAs hybrid
structures.'’~!° In order to realize information storage appli-
cations involving this system, it is highly desirable to
achieve AFM IEC in GaMnAs-based multilayer structures,
that can then lead to the GMR effect.

Significant effort has already been made aimed at the un-
derstanding of IEC in GaMnAs-based multilayers, both in
theory and in experiments. Theoretical studies of IEC con-
ducted so far on this system are primarily based on interac-
tions of the Ruderman-Kittel-Kasuya-Yosida (RKKY) type,
exploiting the Fermi-wavelength-dependent susceptibility of
the electron gas. One of the major theoretical predictions is
the oscillation of the ferromagnetic (FM) and AFM interlayer
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coupling?®2? as a function of carrier density and of the non-

magnetic spacer thickness. Experimental observations of
GaMnAs-based multilayer structures, however, including
trilayers and superlattices (SLs),>*~?° have mostly shown FM
IEC. It was only very recently that direct evidence of AFM
IEC was reported in GaMnAs/GaAs:Be multilayers with in-
tentionally doped spacers.?® Specifically, Chung and coau-
thors observed that spontaneous robust AFM IEC was
achieved when p-type doping was introduced in the nonmag-
netic GaAs spacers. While this experimental work confirmed
the importance of carrier density control for the spontaneous
AFM IEC, as predicted by theory, the GMR effect in the
electrical transport in this system, which is of key impor-
tance for spintronic device applications, still remained to be
observed. In this paper we report the experimental verifica-
tion that the AFM IEC in GaMnAs-based multilayers does
lead to the GMR effect, and that the FM IEC results in its
absence, similar to metallic ferromagnetic multilayers.

II. EXPERIMENTS

Two series of GaMnAs/GaAs SLs, A and B, were pre-
pared using low-temperature molecular-beam epitaxy on
GaAs (001) substrates. Each SL consists of ten ferromagnetic
Gayg;Mng 3As layers [with a thickness dy=6.9 nm
~24 monolayer(ML)] separated by nonmagnetic GaAs lay-
ers. The GaAs spacers in series B were doped with Be during
the growth while those in series A were not. The hole densi-
ties of GajygsMng3As and GaAs:Be layers are estimated
from Hall measurements on epilayers that were grown using
identical growth conditions to be 1.19%X10?*° cm™ and
1.20X 10%° cm™, respectively. We label the SL samples as
Al1-A4 and B1-B4 in order of increasing spacer thickness,
as summarized in Table I. The two series are distinguished
only by the Be doping of the GaAs spacers, except for the
small thickness difference between Al and B1. For
transport measurements, the multilayer films were patterned
by photolithography and chemical wet etching into
300 um X 1500 wm rectangles, with the long dimension

(the current direction) parallel to the [110] magnetic hard
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TABLE I. Summary of dimensions of GaMnAs/GaAs multilay-
ers investigated in this work. dy and dy denote thicknesses of the
magnetic GaMnAs and nonmagnetic GaAs layers, respectively,
whereas dg; (=dy+dy) is the superlattice period in units of nano-
meter. The values given in nanometer can be converted to number
of monolayers by multiplying with the factor 3.54 ML/nm.

dy dy o dsy dy dnv  dsL
Undoped (nm) (nm) (nm) Be doped (nm) (nm) (nm)
Al 6.9 0.7 7.6 Bl 6.9 1.2 8.1
A2 6.9 2.3 8.2 B2 6.9 2.3 8.2
A3 69 35 104 B3 69 35 104
A4 69 7.1 14.0 B4 69 7.1 140

axis. MR was measured with the external magnetic field ap-
plied in the plane of the sample. The angle between the ap-

plied field and the [110] direction is denoted by ¢. Magne-
tization measurements were carried out using a commercial
vibrating sample magnetometer with the field applied along
the [110] direction. Polarized neutron reflectivity was mea-
sured using the NG1 cold neutron-polarized reflectometer at
the NIST Center for Neutron Research.

III. RESULTS AND DISCUSSION

Figure 1 shows the summary of the MR data measured at
30 K with the magnetic field applied near the [110] direction.
At this temperature the magnetic anisotropy field is known to
be reduced below the strength of IEC to a degree sufficient
for MR to reveal the presence of spontaneous IEC. The data
can be classified into two groups with contrasting behaviors:
Group 1 (samples Al-A4, Bl, and B2) and Group 2
(samples B3 and B4). Group 1 shows positive MR over a
wide range of applied fields with the rate of change larger at
low fields. The field-dependent increase in resistance is as-
cribed to anisotropic MR (AMR), which is determined by the
angle between the magnetization vector and the direction of
the current. Such positive AMR is typical of ferromagnetic
GaMnAs and is normally observed in single-layer films as
well.313 From this we infer that the IEC between the ferro-
magnetic Gajg;Mng 3As layers in Group 1 is most likely
FM.

In striking contrast, the samples in Group 2 show negative
MR that occurs abruptly within small ranges of magnetic
fields. In the case of B3, on increasing the field the resistance
is nearly constant below B=35 Oe or above B~80 Oe, and
the transition between the two states occurs through several
stepwise decrease in the resistance. A hysteresis is observed
on the return path (i.e., on decreasing the field) because the
reverse transition occurs at lower fields. Nevertheless, the
zero-field resistance is fully recovered at B=~25 Oe. When
the reverse field is applied, the observed MR is exactly sym-
metric about zero. Such spontaneous recovery of the zero-
field resistivity strongly suggests that there is a spontaneous
coupling between the magnetic layers. The presence of the
AFM IEC in this same sample, along with its field switching
behavior, has previously been confirmed using polarized
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FIG. 1. (Color online) Magnetoresistance of GaMnAs/GaAs
multilayers measured with magnetic field applied near the [110]
direction at 7=30 K. Although the AMR typical for GaMnAs lay-
ers dominates the MR observed in most of the samples, GMR is
clearly seen in samples B3 and B4, indicating the presence of AFM
IEC in those specimens. The arrows indicate the direction of field
scan.

neutron reflectivity.’® Thus we conclude that the effect ob-
served in the present magnetotransport measurements is the
GMR effect often observed in metallic ferromagnetic multi-
layers exhibiting AFM IEC,!* that is ascribed to changes in
the spin-dependent scattering cross section of charge carriers.
This result confirms that it is possible to realize GMR de-
vices using GaMnAs-based ferromagnetic semiconductor
structures.

Although the AFM IEC in B3 has already been reported
in our previous work,3® the result presented in this work
provided another surprise, i.e., based on observing similar
AFM IEC also in sample B4. The thickness of the nonmag-
netic spacers in B4 is two times greater than in B3 and its SL
period is as large as 49.5 ML (14 nm). Figure 1 shows that
the magnitude of GMR in B4 is smaller by two orders of
magnitude, but the overall MR behavior is essentially iden-
tical, featuring similar stepwise transitions, hysteresis, and
symmetry. We note that such GMR is absent in other samples
in series B (those with shorter period) and in the all samples
in series A.

Since the observation of AFM IEC in large-period SLs is
unexpected, we provide further evidence to corroborate its
existence. Summarized in Fig. 2 are magnetic hystereses of
SL samples measured with the field applied along the [110]
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FIG. 2. (Color online) Hysteresis for GaMnAs/GaAs multilayers. The main panels show hysteresis curves obtained at T=5 K for the SL
samples with undoped spacers (series A: left column) and Be-doped spacers (series B: right column). Red circles indicate the initial

magnetization sweeps after zero-field cooling. The arrows indicate the

direction of field scan. The insets show the hysteresis curves obtained

at T=30 K. The arrows in the inset of panels (f) and (h) mark the negative coercive fields.

direction. The measurements were performed after cooling
the samples in zero field down to the desired temperatures.
At T=5 K all samples show square-shaped loops, indicating
collective FM-like behavior. Note, however, that the initial
magnetization curves of the samples in Group 2, shown as
red circles in Fig. 2, differ from the main hysteresis loops
obtained after field saturation. Their initial net magnetization
starts out at approximately zero and merges with the main
hysteresis loop only after the field is increased to near satu-
ration. This behavior is consistent with the presence of the
AFM IEC that leads to antiparallel configuration between the
ferromagnetic GaMnAs layers. The zero magnetization is,
however, not recovered when the field is reduced back to
zero on the return trip from saturation because of the strong
magnetic anisotropy characteristic of GaMnAs. The magne-
tization of all the layers is then locked into parallel align-
ment, all the layers responding together to the external
field.3° Similar spin locking due to magnetic anisotropy has
been observed in FEuS/PbS superlattices®® and Fe/Nb
multilayers3* in neutron-scattering experiments.

Since spin locking can be avoided when the magnetic
anisotropy is reduced, we repeated the measurements at
T=30 K and plotted the results in the insets in Fig. 2. It is
easy to see that at this temperature even the main loops look
very different in the two groups. Group 1, except for sample
A4, shows approximately square-shaped hysteresis loops
similar to those observed at 5 K. The IEC in these samples is

therefore most likely ferromagnetic. In contrast, Group 2
shows complicated loops, with additional steps. The pres-
ence of a negative coercive field, marked by arrows in the
insets in Fig. 2, provides strong evidence for the presence of
AFM IEC in Group 2 magnetic multilayers,3>3 its magni-
tude being directly related to the strength of the IEC field.
The negative coercive fields, ~40 Oe for B3 and ~5 Oe for
B4, are consistent with the negative coercive fields observed
in the MR data [see Figs. 1(f) and 1(g)].

We also measured polarized neutron reflectivity of the B4
sample in order to obtain a quantitative estimate of the mag-
netization in the AFM-coupled multilayers. The experimental
setup of the polarized neutron reflectivity measurements is
identical to that described in Ref. 30. As in that earlier work,
only the two polarized neutron reflectivity channels with no
flip of neutron spins due to the sample are explicitly shown
in Fig. 3. These two channels, (++) and (——) respectively,
are relatively strong and are ascribed to the magnetization
components parallel to the applied field. In comparison, the
other two channels, in which neutron spins flip due to the
sample, are substantially weaker and are ascribed to the mag-
netization components perpendicular to the applied field. We
find that the polarized neutron reflectivity curves measured
on the B4 sample agree well with the expected dimensions of
the superlattice and their field dependence is very similar to
that measured on B3.** Figure 3(a) shows that the Bragg
peak appears at Qg; =277/ (dy+dy)=0.045/ A, corresponding
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FIG. 3. (Color online) Polarized neutron reflectivity of Be-doped B4 sample with the SL period dg; =14.0 nm (49.5 ML). The filled and
open circles are the two nonspin-flip reflectivity curves, (++) and (——), respectively, measured at 5 K and corrected for polarization
efficiency. The solid lines are calculations using models with either AFM or FM interlayer alignments, as schematically depicted next to the
curves. Shown in (b) and (c) are closeup views on the characteristic splittings of the AFM and FM alignments, respectively.

to the structural superlattice period of 14.0 nm. At low field
(B=12 Qe) it also reveals a splitting between the two curves
near the wave vector corresponding to twice the SL period,
that is, Qapm=0s1./2=0.023/A [see Fig. 3(b)]. At high fields
(B=1000 Oe), the splitting near Qapy iS suppressed
and a different splitting is observed for the Bragg peak
[see Fig. 3(c)]. We have fitted the reflectivity data using a
simple model that assumes uniform magnetization in all of
the magnetic layers. The model calculations, shown as solid
lines in Fig. 3, confirm that the interlayer spin alignments are
indeed AFM and FM at the low and the high fields, respec-
tively. From the best fit parameters we obtain the net mag-
netization along the field direction to be 1.2*+0.2 ug per Mn
ion at B=12 Oe. The obtained value is approximately half of
the value for B3, which is consistent with the saturation mag-
netizations shown in Fig. 2. It is also seen that the interface
roughness of the SL sample is less than 1.5 nm, which is
substantially less than the thickness of either layer. Given the
presence of a cooling field of approximately 1 Oe parallel to
the magnetic easy axis, the observation of the AFM splitting
confirms that spontaneous AFM IEC exists in B4. We note,
however, that the AFM IEC of sample B4 is significantly
weaker than in sample B3, as indicated both by the GMR
results and by magnetization measurements. When the tem-

perature was increased, the magnetization decreased gradu-
ally and became too weak at 30 K for the AFM splitting to be
observable. Consistently, the magnetization data indicates
that the net magnetization is reduced by a factor of 4 when
the temperature is raised from 5 to 30 K.

We note that the AFM splitting of the polarized neutron
reflectivity is not observed in samples in Group 1. When
combined with the results of MR and magnetization
measurements, it appears that, to have AFM IEC, it is
essential to have extrinsic carrier doping in the nonmagnetic
spacers at a level similar to the carrier concentration in the
ferromagnetic layers. It is interesting that the robust AFM
IEC persists up to very large SL periods, e.g.,
dg;=49.5 ML, which is quite surprising. Figure 4
shows an approximate IEC phase diagram deduced from our
experimental results. The average carrier concentrations of
the SL samples were estimated using the following relation:
p_= (deM+deN)/ (dM+dN)’ where Pm= 1.19 X 1020/Cm3,
Pna=0, and pyp=1.2X 10?°/cm?. The diagram shows that
the boundary between the FM IEC and AFM IEC should
occur at much larger distances (e.g., dg;=~34 ML) than
those predicted by theory. Previous theoretical studies based
on the RKKY interaction typically expect that the magnitude
of IEC will become too weak for multilayer periods beyond
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10 ML or so, which is in clear contradiction with our experi-
mental results, which demonstrate the existence of strong
FM or AFM IEC beyond 30 ML, up to at least 49 ML.

One may suspect dipole interaction (such as that reported
for metallic multilayers®?), as a possible mechanism for the
long-range IEC in GaMnAs/GaAs:Be multilayer structures.
However, if dipole interaction plays a major role for long-
range AFM IEC, one would expect a systematic increase in
AFM IEC as the spacer thickness is decreased. Furthermore,
the AFM IEC should also be observed in GaMnAs/GaAs
multilayers in which the spacer is not doped by Be since the
structural dimensions are identical in both series (i.e., series
A and B). However, our study shows that the AFM IEC was
not observed in the undoped series (series A) even in
samples having the same structural dimensions as those
showing strong AFM IEC in series B. This provides strong
evidence that dipole interaction can be eliminated as the pri-
mary mechanism for the observed long-range IEC in
GaMnAs/GaAs multilayers and points to the importance of
carriers in mediating IEC in this system.

One may ascribe long-range IEC to the properties of the
Fermi wavelength, which is the fundamental factor for defin-
ing the interaction range of the mediating carriers. The Fermi
wave vectors is given by ky=(37°n)!3, where n is the carrier
concentration. The carrier concentration of ferromagnetic
GaMnA:ss is typically of the order of a few 10?° ¢cm™, which
is several orders of magnitude smaller than the carrier con-
centration in intrinsic metals. This should lead to much
longer Fermi wavelengths, A\p~4 nm, in ferromagnetic
semiconductors than in metallic ferromagnets. From this we
infer that IEC in magnetic multilayers consisting of ferro-
magnetic semiconductors such as GaMnAs can have a much
longer range. At the same time, our experimental results also
suggest that it is important to have a nearly uniform carrier
density throughout the superlattice. Thus the effect of band
bending near the interface should also be included in theo-
retical considerations.

IV. CONCLUSIONS

In conclusion, we have reported the observation of the
GMR effect in transport properties of GaMnAs-based multi-
layers. We have confirmed the correlation between the IEC
and MR by using two independent experiments: magnetiza-
tion measurements and polarized neutron reflectometry. The
existence of GMR, or lack thereof, is directly related to the
type of the IEC present: AFM IEC results in the GMR effect,
whereas FM IEC does not. The IEC phase diagram obtained
for this material system reflects an oscillatory behavior aris-
ing from the dependence of IEC on the GaAs spacer thick-
ness and on carrier concentration in current theory, as ex-
pected from current theoretical models. However, our
experiment has consistently shown that IEC occurs at much
larger structural dimensions than those used in the theoretical
calculation. Specifically, the transition between the FM IEC
and the AFM IEC is observed for unexpectedly large SL
periods (~34 ML), implying that TEC in this GaMnAs/
GaAs system is quite long ranged. A deeper understanding of
the carrier-mediated and long-ranged magnetic IEC in
GaMnAs/GaAs multilayers is likely to provide new opportu-
nities for magnetic information storage and/or logic devices,
in which the spin configurations in the multilayers are con-
trolled via IEC by electrical methods with relatively large
structural dimensions.
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