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Abstract: This paper describes interlayer exchange coupling (IEC) phenomena in ferromagnetic multilayer structures, focusing
on the unique IEC features observed in ferromagnetic semiconductor (Ga,Mn)As-based systems. The dependence of IEC on the
structural parameters, such as non-magnetic spacer thickness, number of magnetic layers, and carrier density in the systems has
been investigated by using magnetotransport measurements. The samples in the series show both a typical anisotropic mag-
netoresistance (AMR) and giant magnetoresistance (GMR)-like effects indicating realization of both ferromagnetic (FM) and anti-
ferromagnetic (AFM) IEC in (Ga,Mn)As-based multilayer structures. The results revealed that the presence of carriers in the non-
magnetic spacer is an important factor to realize AFM IEC in this system. The studies further reveal that the IEC occurs over a
much longer distance than predicted by current theories, strongly suggesting that the IEC in (Ga,Mn)As-based multilayers is a
long-range interaction. Due to the long-range nature of IEC in the (Ga,Mn)As-based systems, the next nearest neighbor (NNN) IEC
cannot be ignored and results in multi-step transitions during magnetization reversal that correspond to diverse spin configura-
tions in the system. The strength of NNN IEC was experimentally determined by measuring minor loops that correspond to mag-
netization flips in specific (Ga,Mn)As layer in the multilayer system.
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1.  Introduction

Interlayer  exchange  coupling  (IEC)  in  magnetic  multilay-
ers  is  a  spin  interaction  that  determines  spontaneous  align-
ment of magnetization between magnetic layers. The magnetiz-
ation alignment, either parallel or anti-parallel, between two ad-
jacent  ferromagnetic  layers  causes  different  scattering  of
charge  carriers.  The  magnitude  of  electric  current  passing
through a magnetic multilayer structure is then modulated by
the relative orientation of magnetization vectors between ferro-
magnetic layers reaching its maximum for parallel and minim-
um  for  antiparallel  configuration.  Such  dependence  of  resist-
ance on the spin configurations in turn leads to the phenomen-
on known as giant magnetoresistance (GMR), that was first ob-
served  in  the  Fe/Cr/Fe  trilayer[1] and  Fe/Cr  multilayer[2] struc-
tures.  Since  the  discovery  of  the  GMR  effect,  it  has  been
serving as a key ingredient in electrically controlled magnetic
memory and sensor devices, as well as high-density read-head
technology[3]. The detailed understanding of the nature of IEC
between magnetic layers becomes essential for the utilization
of the magnetic multilayer structure in spintronic devices.

The properties of  IEC in metallic  ferromagnetic (FM) mul-
tilayers have already been extensively investigated in this con-
text,  and  the  ability  to  control  the  IEC  by  structural  paramet-
ers to be either FM or antiferromagnetic (AFM) is now well es-
tablished[4–7].  Such  extensive  investigation  of  IEC  in  metallic

multilayers led to the realization of new spin based electronic
devices, including magnetic random access memory (MRAM) –
a practical spin memory device. Even though the metallic ferro-
magnetic multilayers have provided the core structures of mag-
netic memory devices, the manipulation of magnetization is lim-
ited  to  use  in  the  current  induced  effective  magnetic  field,
which  still  requires  the  relatively  large  current  density  of
~106–107 A/cm2[8–10]. It is, therefore, desirable to have other fer-
romagnetic  multilayer  systems,  in  which  the  magnetizations
and relative configurations can be more effectively controlled
by various means.

A magnetic multilayer based on (Ga,Mn)As ferromagnetic
semiconductor is an interesting material system, since the mag-
netic properties of the (Ga,Mn)As can be controlled by numer-
ous  external  means,  such  as  gate  voltage,  magnetic  field,
strain,  and  light  illumination[11–15].  Such  versatile  controllabil-
ity of magnetic properties in (Ga,Mn)As will provide a signific-
ant  advantage  in  designing  spintronic  devices  involving
(Ga,Mn)As layers. For example, the IEC in (Ga,Mn)As-based mul-
tilayers  can  be  controlled  not  only  by  changing  spacer  thick-
ness but also by tuning the energy barrier of spacer and carri-
er density in the system. This will provide a new handle for the
manipulation  of  magnetic  alignment,  thus  the  resistance  in
the multilayer system.

In this paper, we review the IEC phenomena of (Ga,Mn)As-
based  multilayers  investigated  by  magneto-transport  experi-
ments. We have concentrated on describing the spontaneous
realization of both antiferromagnetic (AFM) and ferromagnet-
ic (FM) spin alignment between ferromagnetic (Ga,Mn)As lay-
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ers, which in turn strongly depends on the structural paramet-
ers such as non-magnetic spacer thickness and carrier density
in  the  systems.  We  have  also  noticed  that  the  IEC  in  the
(Ga,Mn)As-based multilayers is a long-range interaction reach-
ing  tens  of  nanometers.  The  IEC  in  the  (Ga,Mn)As  multilayers
can reach the next nearest neighbor (NNN) interaction, which
significantly  affects  magnetization  reversal  of  the  systems  by
showing multi-step transitions correspond to various spin con-
figurations of the structures.

2.  Experiment

All (Ga,Mn)As-based multilayer samples were grown by mo-
lecular  beam  epitaxy  (MBE)  on  (001)  GaAs  substrates.  Several
series  of  (Ga,Mn)As-based  multilayer  structures  were  de-
signed  by  varying  structural  parameters  of  the  multilayers,
such as non-magnetic spacer thickness, carrier density, Mn con-
centration  in  the  (Ga,Mn)As  layer,  and  number  of  repetitions
of the multilayer structures. These sets of samples are referred
to  as  series  A  through  E.  Detailed  descriptions  of  the  sample
structures  are  given  in Table  1[16].  The  structural  properties,
such as chemical composition of the (Ga,Mn)As and the thick-
nesses of  the layers,  were investigated by using X-ray diffrac-
tion  measurement.  Magnetization  of  the  samples  was  meas-
ured using a quantum design superconductor quantum interfer-
ence device (SQUID) magnetometer.

For  the  transport  measurements,  a  Hall  device  with  the
long  dimension  along  the  [110]  (or  [1-10])  direction  was  pat-
terned on the specimen by photolithography and dry (or chem-
ical)  etching.  The Hall  device has six  probes and the width of
the  current  channel  ranges  from  10–300 μm  depending  on
the  sample.  Magnetotransport  measurements  were  carried
out in a closed cycle cryostat using a cold finger whose temper-
ature  can  be  varied  from  3  to  300  K.  The  PHR  measurements
were  performed  using  a  sample  holder  designed  so  as  to  al-
low a magnetic field to be applied in arbitrary directions in the
plane  of  the  sample.  The  temperature  dependence  of  resist-
ance in the absence of magnetic field shows resistance peaks,
which  provides  an  estimation  of  Curie  temperatures  for  the
(Ga,Mn)As  layers[17–19].  The  carrier  concentrations  of  the

samples were estimated from Hall measurements at room tem-
perature and are listed in Table 1. The carrier concentrations of
the  GaAs:Be  spacer  was  estimated  from  a  reference  epilayer,
which  was  grown  at  the  same  growth  condition  as  in  the
GaAs:Be spacer. It has ~1.2 × 1020 cm–3 which is close to the av-
erage carrier concentration of multilayer samples.

3.  Magnetotransport of the (Ga,Mn)As-based
multilayers

3.1.  Observation of FM and AFM interlayer exchange

coupling

In order to investigate the IEC between (Ga,Mn)As layers,
we used magnetoresistance (MR) measurements, which show
different  values  depending  on  the  alignment  of  magnetiza-
tion  between  magnetic  layers.  We  first  studied  the  sample
series A and B, which are [(Ga,Mn)As/GaAs]10 and [(Ga,Mn)As/
GaAs:Be]10 structure (i.e., the two series are nearly the same ex-
cept Be in the GaAs spacer). The thickness of the non-magnet-
ic GaAs spacer was systematically varied from 0.7–7.1 nm with-
in each series. These two series of samples were designed to ad-
dress  the  dependence  of  IEC  on  the  spacer  thickness  and  on
the  carrier  density  of  the  (Ga,Mn)As  multilayers.  Measure-
ments were performed at 30 K with current along the [1-10] dir-
ection (i.e., long dimension of the Hall device for sample series
A and B) and the external field applied near the [110] crystallo-
graphic direction. The temperature of 30 K was selected in or-
der  to  maximize  IEC  effect  during  the  magnetization  reversal
process, which was dominated by crystalline anisotropy at low
temperature[20–23]. The MR data are plotted in Fig. 1, where the
first and the second columns show data from series A and B, re-
spectively. The data in the first column show positive MR over
a wide range of applied fields, with two reversed horn-like fea-
tures at low fields in the magnetization reversal process. This is
a typical anisotropic magnetoresistance (AMR) of a single lay-
er (Ga,Mn)As film, which is determined by the angle between
the magnetization vector and the direction of the current[24, 25].
The observed single  layer  behavior  in  the [(Ga,Mn)As/GaAs]10

multilayers  indicates  that  the  IEC  between  the  ferromagnetic

Table 1.   Description of parameters and structures for the sample series from A to E. (Adapted from Ref. [16])

Sample # of (Ga,Mn)As layers Spacer
layer

(Ga,Mn)As thickness
dm (nm)

Spacer layer thickness
dnm (nm)

Mn
composition
(%)

Carrier concentration
p (cm–3)

IEC
type

A1 10 GaAs 6.9 0.7 3 1.0 × 1020 FM
A2 10 GaAs 6.9 2.3 3 8.9 × 1019 FM
A3 10 GaAs 6.9 3.5 3 7.8 × 1019 FM
A4 10 GaAs 6.9 7.1 3 5.8 × 1019 FM
B1 10 GaAs:Be 6.9 1.2 3 1.2 × 1020 FM
B2 10 GaAs:Be 6.9 2.3 3 1.2 × 1020 FM
B3 10 GaAs:Be 6.9 3.5 3 1.2 × 1020 AFM
B4 10 GaAs:Be 6.9 7.1 3 1.2 × 1020 AFM
C1 2 GaAs:Be 17.2, 8.6 4.3 5 1.4 × 1019 FM
C2 2 GaAs:Be 17.2, 8.6 4.3 5 1.0 × 1020 FM
C3 2 GaAs:Be 17.2, 8.6 4.3 5 2.0 × 1020 AFM
D1 6 GaAs:Be 8.5 4.2 1.2 2.0 × 1019 FM
D2 6 GaAs:Be 8.5 4.2 1.2 1.9 × 1020 AFM
E2 8 GaAs:Be 8 4 3.5 1.1 × 1020 AFM
E3 8 GaAs:Be 8 4 6.5 1.5 × 1019 FM
E4 9 GaAs:Be 8 4 6.5 1.4 × 1019 FM
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(Ga,Mn)As layers in series A is most likely FM.
In  contrast,  the  MR  data  obtained  from  series  B  shows

quite different behavior during the magnetization reversal pro-
cess.  While  the  B1  and  B2  samples  with  thin  GaAs:Be  spacer
(i.e,  1.2  and  2.3  nm)  show  typical  AMR  of  a  single  layer
(Ga,Mn)As film (see top two panels in the right column of Fig. 1),
other two samples (B3 and B4) clearly show that the lowest res-
istance  occurs  at  saturated  states  with  large  field,  and  the
highest  resistance  occurs  at  zero  field.  Since  the  parallel  and
antiparallel alignments give small and large resistance, respect-
ively,  in  the  magnetic  multilayer,  the  magnetization  of
(Ga,Mn)As layers  are parallel  in  large fields  and antiparallel  at
zero field. Such spontaneous alignment of antiparallel configur-
ation  between  (Ga,Mn)As  layers  at  zero  field  clearly  indicates
the presence of AFM IEC in these two samples. Specially, as the
field  strength  is  reduced  in  returning  sweep,  the  resistance
value returns to maximum even before the field direction is re-
versed. This is because the magnetization alignment between
successive (Ga,Mn)As magnetic layers is recovered to antiparal-
lel  by AFM IEC with reducing field strength. The investigation
of  series  A  and  B  reveals  that  the  presence  of  carrier  in  the
GaAs  spacer  layer  is  critical  for  the  realization  of  AFM  IEC
between  (Ga,Mn)As  layers  and  types  of  IEC  can  be  changed
between FM and AFM by varying spacer thickness.

The IEC investigation was further extended to diverse mul-
tilayer structures with different structural parameters listed as
series C–E in Table 1. In those series, however, the non-magnet-
ic spacer layer was always doped with Be to increase the possib-

ility of observing AFM IEC, which was shown only in Be doped
samples in the results of series A and B as described above. For
these samples, the Hall device was patterned with long direc-
tion  (i.e,  current  direction)  along  the  [110]  direction.  The  MR
measurements  were  performed  with  the  external  field  along
the  [110]  crystallographic  direction.  The  MR  data  taken  from
six representative samples (two samples from each series C, D,
and  E)  are  plotted  in Fig.  2,  where  the  panels  in  the  first  and
the  second  rows  show  data  obtained  at  3  and  30  K,  respect-
ively. All the data in the first row shows typical AMR behavior
of  single  layers  of  (Ga,Mn)As  grown  on  GaAs  substrates  as
already discussed above. This is because magnetic anisotropy
of (Ga,Mn)As layer at low temperature is very strong and it dom-
inates  the  magnetization  reversal  process.  In  contrast,  when
temperature  increases  to  30  K,  the  magnetic  anisotropy  of
(Ga,Mn)As layer significantly decreases[26] and the IEC between
the (Ga,Mn)As layers can affect the magnetization reversal pro-
cess.  Samples  C1,  D1,  and  E2  show  AMR  similar  to  the  single
(Ga,Mn)As  layer  even  at  30  K,  indicating  the  presence  of  FM
IEC in these samples. However, samples C3, D2, and E3 clearly
show  a  maximum  resistance  at  zero  field  during  the  field
scans.  Such recovery  of  the resistance maximum at  zero field
during field cycling is typically observed in magnetic multilay-
er systems with AFM IEC[20, 22, 23],  and represents the mechan-
ism responsible for giant magnetoresistance (GMR). The obser-
vation of this GMR-like effect in these (Ga,Mn)As-based multilay-
ers  with  different  structural  parameters  provides  additional
evidence that the AFM IEC such as that discussed in the previ-
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Fig. 1. (Color online) Magnetoresistance of (Ga,Mn)As/GaAs multilayers measured with magnetic field applied near the [110] direction at T = 30 K.
Although the AMR typical for (Ga,Mn)As layers dominates the MR observed in most of the samples, giant magnetorsistance (GMR)-like effect 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. (Adap-
ted from Ref. [20])
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ous paragraph (i.e.,  regarding sample  B3 and B4)  is  a  general
characteristic and can be reproducibly realized by appropriate
selection of structural parameters.

In  order  to  see  the  dependence  of  the  IEC  on  the  struc-
ture parameters, we have generated plots summarizing the res-
ults  of  all  samples. Fig.  3 shows  the  plot  of  non-magnetic
spacer thickness (vertical axis) versus carrier concentration (hori-
zontal axis) for the multilayer sample. The open red circles and
open black squares  correspond to the samples  showing AFM
and FM IEC, respectively. Note that the two symbols are posi-
tioned in two isolated regions marked with red and blue back-
grounds  in Fig.  3.  The  red  circles  representing  the  samples
with AFM IEC appear  only  in  the isolated region bounded by
the carrier concentration of 1.00 × 1020 cm−3 and by the spacer
thickness  of  3.5  nm.  However,  the  samples  showing  FM  IEC
(i.e.,  presented  with  black  squares)  spread  out  over  a  wide
range of spacer thickness when the carrier concentration is be-
low  1.25  ×  1020 cm−3.  This  behavior  indicates  that  the  carrier
concentration as well as spacer thickness are crucial paramet-
ers for the realization of AFM IEC in (Ga,Mn)As multilayers.

Note further that the spacers in our AFM IEC samples are
as thick as 7 nm (i.e.,  sample B4),  which is  much greater  than
those typically used for ferromagnetic metal-based multilayer

kF = (3π2n)1/3

λF ∼ 4 nm

systems[2, 27] and  those  predicted  by  theory[28–30].  One  may
ascribe this  to the properties of  the Fermi wavelength,  which
is the fundamental factor for defining the interaction range of
the  mediating  carriers.  The  Fermi  wave  vectors  is  given  by

, where n is the carrier concentration. The carri-
er concentration of ferromagnetic (Ga,Mn)As is typically of the
order of a few 1020 cm–3, which is several orders of magnitude
smaller  than the carrier  concentration in intrinsic  metals.  This
should lead to much longer Fermi wave lengths, , in
ferromagnetic  semiconductors  than in metallic  ferromagnets.
Therefore, the IEC in magnetic multilayers consisting of ferro-
magnetic semiconductors such as (Ga,Mn)As can have a much
longer  distance.  Such  long-range  nature  of  IEC  in  (Ga,Mn)As-
based  multilayers  significantly  affects  the  magnetization  re-
versal process as will be discussed in the next section.

3.2.  Observation next-nearest-neighbor (NNN) IEC

between (Ga,Mn)As layers

Magnetization  reversal  of  magnetic  multilayers,  in  which
magnetic layers are coupled to each other, can be strongly af-
fected  by  exchange  coupling.  Even  though  the  nature  of  IEC
has been intensively studied in systems involving various ferro-
magnetic (FM) materials[4, 5, 23, 31–35], the understanding of me-
chanisms leading to IEC – such as the dependence of the inter-
layer coupling strength on structural parameters and the oscilla-
tion of IEC between FM and AFM[6, 7] in such multiple layer struc-
tures – has so far been based only on nearest-neighbor (NN) in-
teractions in magnetic multilayer structures[28–30]. In particular,
in discussing IEC-related effects of multilayer structures consist-
ing of more than two magnetic layers, the effects arising from
higher-order IEC has been totally ignored. The IEC strength in
a  magnetic  multilayer,  estimated  from  the  Ruderman–Kittel–
Kasuya–Yosida (RKKY)-type carrier-mediated spin-spin interac-
tion, decreases as 1/r2, where r is the cumulative non-magnet-
ic distance separating the magnetic layers[36–38]. Since in a [mag-
netic/non-magnetic]n multilayer  system the total  thickness  of
non-magnetic layers between next-nearest magnetic layers is
twice the distance between the nearest-neighbor magnetic lay-
ers,  according  to  this  picture  one  can  expect  the  NNN  coup-
ling strength to be 1/4 of the NN coupling. This estimated mag-
nitude of NNN IEC is not sufficiently small to be ignored in dis-
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Fig. 2. (Color online) Magnetoreistance observed in six (Ga,Mn)As/GaAs multilayers with different structural parameters. Samples C1, D1, and E2
show only anisotropic magnetoresistance (AMR), characteristic of FM IEC between the (Ga,Mn)As layers; Samples C3, D2, and E3 show a GMR-like
behavior, indicating the presence of AFM IEC in these samples similar to that seen in the [(Ga,Mn)As/GaAs:Be]10 multilayer discussed in detail in
the Fig. 1.
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show FM IEC and AFM IEC, respectively. (Adapted from Ref. [16])
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cussing IEC-related effects.
The  (Ga,Mn)As-based multilayers  has  special  implications

in  investigating  the  effects  arising  from  higher-order  IEC  due
to the long-range nature of IEC as mentioned in the previous
section. The IEC can reach other (Ga,Mn)As layers over the NN
in multilayer structures consisting of more than two magnetic
layers. The magnetization reversal process of such multilayers
will be significantly modified and will be more complicated by
the influence of NNN IEC. Here, we focus on the sample B4 (i.e.,
[(Ga,Mn)As/GaAs:Be]10 structure  that  was  shown  in  the  third
panel of the second column in Fig. 1) in order to show the ef-
fect  of  NNN  IEC  in  the  magnetization  reversal  of  (Ga,Mn)As-
based multilayers.

Fig. 4(a) shows MR data obtained during magnetization re-
versal with the applied magnetic field oriented near the [110]
direction at 35 K. The data show many transition steps in the sat-
uration (i.e, increasing the field in either direction, which eventu-
ally  aligns  the  magnetization  of  all  (Ga,Mn)As  layers  parallel)
and  the  restoring  sweeps  (i.e,  reducing  the  field  to  zero)
marked as S1–S4 and R1–R4, respectively. This implies that the
magnetizations  of  those  (Ga,Mn)As  layers  reverse  independ-
ently as the field increases or decreases in the reversal process.

↓↑ · · · ↓↑ ↑↓ · · · ↑↓

In  magnetic  multilayer  system  with  strong  AFM  IEC,  the
magnetic layers form two types of anti-parallel spin configura-
tions,  AFM1  ( )  or  AFM2  ( ),  as  schematically
shown in Fig. 4(a) for H = 0, in which arrows indicate the direc-
tions  of  magnetization.  The outermost  layers  (i.e,  the  bottom
and  the  top  layers)  have  only  one  nearest  magnetic  layer,
while  all  other  magnetic  layers  inside  the  structure  have  two
magnetic  nearest  neighbors  that  can  interact  antiferromag-

netically with that inner layer. Thus, the AFM IEC in the case of
the  two  outermost  layers  is  roughly  half  as  strong  as  in  the
case of magnetic layers located inside the system when we con-
sider only NN IEC in the system. This will then result in a two-
step transition of magnetization as it is taken to saturation by
the applied field (or restored by reducing the magnetic field to
zero), regardless of the number of magnetic layers comprising
the multilayer structure[4, 39]. In our [(Ga,Mn)As/GaAs:Be]10 SL it
is obvious that the first transition in the saturation process cor-
responds to the flip of magnetization in one of the outermost
(Ga,Mn)As layers (i.e.,  either the bottom or the top (Ga,Mn)As
layer, depending on which of those is magnetized antiparallel
to the applied field). It is obvious that the multiple steps seen
in the magnetoresistance in Fig. 4(a) must correspond to differ-
ent  internal  layers  flipping  their  magnetizations  at  different
fields.  However,  it  is  impossible  to  understand  the  multiple
steps of transitions by considering the NN IEC alone. The phe-
nomenon must involve additional interaction terms that differ-
entiate  the  strengths  of  IEC  acting  on  specific  interior
(Ga,Mn)As layers. The most likely interaction for removing the
energy degeneracy of magnetization alignments of the interi-
or (Ga,Mn)As layers determined by NN AFM IEC is the NNN IEC.

The  interlayer  exchange  coupling  energy E of  the  our
[(Ga,Mn)As/GaAs:Be]10 SL in the presence of a magnetic field H
by  including  NNN  IEC  contributions  can  be  expressed  in  the
form[40]

 

E =
9∑

i=1
J1(MiMi+1)+

8∑
i=1

J2(MiMi+2)−
10∑
i=1

HMi, (1)
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Fig. 4. (Color online) The process of magnetization reversal in the [(Ga,Mn)As/GaAs:Be]10 multilayer system. (a) MR is measured at 35 K as the
field is cycled between −100 and 100 Oe. The down- and up-scans, shown by solid (blue) and open (red) circles, respectively, have a completely
symmetrical behavior. Two types of fully AFM spin configurations between the (Ga,Mn)As layers, AFM1 and AFM2, can be realized at zero field, as
shown schematically by the vertical arrows. Each field scan (down or up) contains a four-step restoring process and a five- step saturation pro-
cess, with resistance plateaus marked as R1–R4 and S1–S4. (b) The number of pairs with AFM alignment between adjacent (Ga,Mn)As layers in
the multilayer is obtained by minimizing the IEC energy given by Eq. (1) during the down-scan of the field. The field is scaled in terms of the NN
IEC strength J1. The reversal process determined from calculation using Eq. (1) clearly shows a four-step restoring and a five-step saturation pro-
cess, similar to that observed in the MR experiment shown in the upper panel. The crossing of the calculated energies for the R3, R4 and FM1
states is shown in the inset. The spin configuration corresponding to each plateau in the field scan is indicated schematically by vertical arrows.
(Adapted from Ref. [40])
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where J1 and J2 are the NN and NNN IEC constants, respect-
ively, and Mi  is the magnetization of the ith magnetic layer.
The magnetic field dependence of the IEC energy for various
spin configurations without NNN IEC contribution in Eq. (1)
only  explains  two step-transitions  (i.e.,  first  the outermost
magnetic layer and all interior magnetic layers initially aligned
opposite to the field) in both the saturation and the restoring
processes[40].

However, when the strength of NNN IEC, J2 = 0.25J1, is in-
cluded in the calculation, the energy dependences of spin con-
figurations are altered and many possible transitions appear in
the  restoring  and  saturation  process.  The  magnetization  re-
versal  path  obtained  by  calculating  the  lowest  coupling  en-
ergy for the down-scan case is shown in Fig. 4(b), which repro-
duces the observed four-step restoration and the five-step satur-
ation processes. The spin configurations during down-scan are
schematically  shown  in  the Fig.  4(b).  The  detailed  calculation
and identification of  spin configurations correspond to trans-
itions are given in Ref. [40]. Interestingly, R4 and R3 states have
the  same  energy  at Hc (see  inset  of Fig.  4(b))  resulting  in  the
four-step restoration.

Since  the  transition  fields  are  all  different  for  the
(Ga,Mn)As  layers  in  the  multilayer  system,  the  magnitude  of
the total  IEC acting on each (Ga,Mn)As layer  can be different.
The  magnitude  of  the  IEC  acting  on  each  magnetic  layer  in
[(Ga,Mn)As/GaAs:Be]10 multilayer  was  investigated  by  Chung
et al.[21], using a series of partial (minor) hysteresis loop experi-
ments, in which magnetization reversal occurs only in specific
(Ga,Mn)As layers, and not in others. The magnitudes of NN IEC
for all (Ga,Mn)As layers obtained in that study lie in the range
of 20 to 30 Oe, with the exception of the top (Ga,Mn)As layer,
which  is  about  twice  as  large  as  the  values  for  the  other
(Ga,Mn)As layers.  The result  indicates that all  inner (Ga,Mn)As
layers experience similar NN IEC. The unexpectedly large coup-
ling strength for the top magnetic layer may be due to the dif-
ference of magnetic properties of top (Ga,Mn)As, that has unin-
tentional out-diffusion of Mn during growth and exposed Mn
on the surface[41, 42].

3.3.  Quantitative determination of NNN IEC between

(Ga,Mn)As layers

The  multi-step  transitions  that  are  observed  from
(Ga,Mn)As  multilayers  can  be  understood  based  on  the  se-
quence  of  spin  alignments  between  the  (Ga,Mn)As  layers
which  is  experienced  during  magnetization  reversal.  In  order
to  describe  this  effect  theoretically,  the  strength  of  NNN  IEC
was taken to be one quarter of the NN IEC considering the geo-
metry  of  the  multilayer[36–38].  The  strengths  of  NNN  IEC  relat-
ive  to  the  NN  IEC  assumed  from  theory  can  be  addressed  by
studying multilayers, which have different numbers of NN and
NNN (Ga,Mn)As layers[43]. The MR was measured at 23 K on the
three  multilayers  with  two,  three,  and  five  (Ga,Mn)As  layers
and is plotted in Fig. 5. The data obtained during the field up-
scan  and  down-scan  are  plotted  in  the  left  columns  of Figs.
5(a) and 5(b),  respectively.  The  GMR-like  effect  is  seen  in  all
data indicating the presence of AFM IEC between (Ga,Mn)As lay-
ers in all multilayer structures. The step-like MR “jumps” can be
described  by  the  dependence  of  the  IEC  energy  on  the  field,
which  can  be  calculated  from  Eq.  (1).  The  right  columns  of
Figs.  5(a) and 5(b) show  the  spin  configurations  that  corres-
pond to the lowest IEC energy during the up-scan and down-
scan, respectively.

The  minor  hysteresis  loop  formed  by  magnetization  re-
versal of only one specific (Ga,Mn)As layer provides the informa-
tion  on  the  IEC  field  felt  by  a  given  (Ga,Mn)As  layer. Fig.  6
shows  such  minor  loops  obtained  from  the  negative  field  re-
gion (i.e, minor loop of MR data shown in Fig. 5(a)) for all three
structures.  The arrows in Fig.  6 show the initial  and final  spin
alignments for each minor loop. As can be seen from the spin
configurations, only one (Ga,Mn)As layer experiences magnetiz-
ation reversal during minor loop scans. The shift of hysteresis,
therefore, is proportional to the total IEC strength felt by that
specific  (Ga,Mn)As  layers.  The  (Ga,Mn)As  layer  experiencing
the  magnetization  reversal  in  minor  scan  has  one  NN  for  the
structure with 2 (Ga,Mn)As layers and two NN for the structure
with  3  (Ga,Mn)As  layers.  In  the  case  of  structure  with  5
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Fig. 5. (Color online) Magnetic field dependence of MR and IEC energy during (a) up-scan and (b) down-scan of applied field for samples used in
this study. The experimentally measured MR at 23 K and calculated IEC energy for possible spin configurations are plotted in left and right
columns of each figure, respectively. (Adapted from Ref. [43])
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(Ga,Mn)As layers, it has two NN and two NNN (Ga,Mn)As layers.
By  considering  spin  configurations  that  experienced  during
the minor scan, the IEC field, HIEC, acting on the (Ga,Mn)As lay-
er can be calculated using Eq. (1). The (Ga,Mn)As layer was coun-
ted from the top and we use the magnetization Mi of ith layer
for  the  calculation  of  the HIEC,  which  can  be  related  with  the
NN and NNN IEC coupling constants, J1 and J2, as shown in the
Table 2.

The values of HIEC calculated using Eq. (1) for a (Ga,Mn)As
layer  as  it  experiences  a  magnetization  reversal  are  listed  in
the second column of Table 2. These values can be compared
to the experimentally observed minor loop shift HMLS listed in
the  fourth  column.  The  values  are  normalized  to  the  2-layer
sample,  as listed in the third and fifth columns of Table 2,  for
direct  comparison.  The calculation shows that  the HIEC is  two
times larger for the 3-layer structure than for the 2-layer struc-
ture. This is because, while the 2-layer (Ga,Mn)As structure has
only one (Ga,Mn)As NN, the middle (Ga,Mn)As layer in the 3-lay-
er structure has a (Ga,Mn)As NN layer on both sides, doubling
the strength of NN IEC that acts on the center (Ga,Mn)As layer.
This relation is directly observed in experiment in the form of a
minor loop shift,  which is  indeed twice as large in the 3-layer
structure as it  is in the case of the 2-layer structure, as shown
in  the  fifth  column  of Table  2.  This  clearly  indicates  that  the
strength  of  the  NN  IEC  in  our  samples  is  nearly  constant
between any two (Ga,Mn)As layer pairs.

By considering the effect of nearest neighbors, one would
expect the HMLS ratio 2.0 in multilayer structures. However, we
observed  the HMLS ratio  of  2.46  in  5-layer  structure,  which  is
clearly greater than 2.0. The increased value of 0.46, therefore,
can be attributed to the contributions from the NNN IEC in the
5-layer  system.  This  value  can  be  expressed  as  2(J2/J1)  (as
shown in the second column for the 5-layer structure in Table 2).
The  experiments  directly  provide  a  measure  of  the  NNN  IEC
strength in  our  system as J2 =  0.23J1.  This  experimentally  de-
termined relative strength of NNN IEC to NN IEC, 0.23, is simil-
ar  to  0.25,  the  value  extracted  by  considering  simply  the  dis-
tance separating the magnetic layers[44]. The relation between
NNN IEC and NN IEC, i.e, J2 = 0.23J1, provides the value of NNN
IEC field as 0.66 Oe for our (Ga,Mn)As multilayer structures.

4.  Summary and Conclusions

We have investigated IEC phenomena in various types of
(Ga,Mn)As-based multilayer structures by using magnetotrans-
port  measurements.  Investigations  of  sample  series  A  and  B,
which  are  different  between  series  by  Be  doping  in  GaAs
spacer, show both FM and AFM IEC depending on the structur-
al parameters. Interestingly, AFM IEC was observed only in the
Be doped samples (i.e, among series B) indicating that the pres-
ence  of  a  carrier  in  the  GaAs  spacer  is  crucial  for  the  realiza-
tion of AFM IEC in the (Ga,Mn)As-based multilayer. In addition,
the  AFM  IEC  even  appears  in  the  sample  with  7  nm  GaAs
spacer, which is much thicker than that predicted by theoretic-

al  calculation,  implying  that  IEC  in  the  (Ga,Mn)As-based  sys-
tem  is  quite  long-ranged.  Such  long-ranged  magnetic  IEC  in
(Ga,Mn)As-based  multilayers  provided  a  unique  opportunity
for investigation of NNN IEC, which has never been reported in
metallic  multilayer  systems.  The  effect  of  NNN  IEC  in
(Ga,Mn)As multilayers indeed observed as interesting step-like
transitions  during  magnetization  reversal.  Each  transition
corresponds to the flips of magnetization in specific (Ga,Mn)As
layers, which feels a different magnitude of IEC owing to the in-
fluence of NNN IEC in the system. The relative strength of NNN
IEC to the NN IEC in (Ga,Mn)As multilayers was experimentally
determined as 0.23, which is close to the value expected from
the theory.
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