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Short-period (Ga,Mn)As/(Al,Ga)As multilayer structures studied by cross-sectional
scanning tunneling microscopy
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(Ga1−x ,Mnx)As/GaAs and (Ga1−x ,Mnx)As/(Al0.2,Ga0.8)As multilayer structures grown by molecular beam
epitaxy have been studied by cross-sectional scanning tunneling microscopy. These dilute magnetic semicon-
ductor multilayer structures have been predicted to have a strong giant magnetoresistance effect and enhanced
Curie temperature. However, a sharp and short-period digital doping profile of the Mn acceptors is essential to
achieve this, and therefore the studied samples were grown at a low growth temperature (250 ◦C). Cross-sectional
scanning tunneling microscopy measurements show that the overall quality of the structure is good but many As
antisites are present due to the low growth temperature. The observed Mn profile showed that, despite the low
growth temperature, about 20% of the Mn acceptors from the doped layers (eight monolayers thick) end up in
the nominally undoped spacer layers (four monolayers thick). This segregation puts serious constraints on the
creation and application of short-period dilute magnetic superlattices because of the magnetic shortcut caused by
the Mn acceptors in the spacer layer.
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I. INTRODUCTION

Dilute magnetic semiconductor (DMSs) have attracted
a strong scientific interest in recent years. Such materials
can combine electrical, optical, and magnetic properties that
can be applied, for instance, in information processing.1

Due to the ready compatibility with current state-of-the-art
of semiconductor technology and its potential for room-
temperature ferromagnetism,2–4 (Ga,Mn)As has become the
model system in the Dilute magnetic semiconductor field.
Theory, based on a k · p approach, has predicted that short-
period (Ga,Mn)As/(Al,Ga)As superlattices with low Mn con-
centration allow for an antiferromagnetic interlayer exchange
coupling which can give rise to giant magnetoresistance effects
or spin-polarized devices.5 Additionally, it has been predicted
that these structures may exhibit enhanced Curie temperatures
over that of bulk (Ga,Mn)As, potentially making short-period
superlattices a route toward creating a room-temperature
DMS.6

But, in spite of good structural properties shown by x-
ray-diffraction measurements, only ferromagnetic interlayer
exchange coupling has been found in similar (Ga,Mn)As/GaAs
multilayer structures with undoped barriers.7,8 The pres-
ence of Mn in the nonmagnetic layers may be the reason
for the absence of an antiparallel ferromagnetic alignment
across the magnetic layers. Mn can redistribute due to
diffusion and segregation, which could result in a migra-
tion into the spacer layers. Particularly, segregation was
shown to occur in both Mn-doped III/V materials and
Mn-doped II/VI materials.9–12 To verify this hypothesis
for the (Ga,Mn)As/GaAs multilayer structures, we imaged
individual Mn atoms in the cross-sectional cleavage (110)
surface of the short-period superlattice in order to deter-
mine the distribution profile of Mn atoms in the growth
direction.

II. EXPERIMENTAL DETAILS

The superlattices were grown by low-temperature molecu-
lar beam epitaxy (LTMBE) techniques at 250 ◦C, according to
the design proposed by Giddings et al.13 The periodic structure,
deposited on a (001) semi-insulating GaAs substrate, consists
of a 50 times repeated sequence of eight monolayer (MLs)
(2.2 nm) of (Ga1−x ,Mnx)As and four monolayer (1.1 nm) of ei-
ther GaAs or (Al0.2,Ga0.8)As. The intended Mn concentration,
x, in the doped layers was 2.26%; this low concentration was
planned to minimize interstitial Mn and to reduce the diffusion
of Mn into the barriers.14 Samples were cleaved in situ under
ultrahigh vacuum (<6 × 10−11 mbar) and measurements were
performed using a commercial room-temperature Omicron
scanning tunneling microscope (STM).

Figures 1(a) and 1(b) show part of the multilayer structure
and the GaAs substrate as measured by cross-sectional scan-
ning tunneling microscopy (X-STM). The tunnel conditions
were chosen at sample voltage Vsample = −2 V and a tunneling
current I = 0.04 nA in order to achieve atomic resolution.
Under these conditions, only Mn atoms in the uppermost
monolayer of the (110) cross-sectional surface are imaged.
Because the substrate is undoped and the multilayer structure
has a p-type conductivity, due to the Mn doping, fewer states
are available for tunneling out of the valence band in the GaAs
substrate compared to the superlattice for the chosen tunnel
conditions. Therefore, the substrate appears darker than the
multilayer area. Atomic-like bright features correspond to
substitutional Mn atoms,15 whereas interstitial Mn are not
visible. Dark atomic-like features are interpreted as AsGa

antisite defects16 localized in the uppermost monolayer. A
high concentration of AsGa (0.3%) is observed, which is not
surprising for the low growth temperature of 250 ◦C.17

Adsorbates are also seen, especially in Fig. 1(b). These
adsorbates are present only in the multilayer part of the
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(a)

(b)

FIG. 1. (Color online) X-STM image (100 × 100 nm2) of the
(110) cleavage plane through the (a) (Ga0.98,Mn0.02)As/GaAs super-
lattice structure and (b) (Ga0.98,Mn0.02)As/(Al0.2,Ga0.8)As superlat-
tice structure. Top inset is a close-up (8 × 7 nm2) on a AsGa defect.
Bottom inset is a close-up (8 × 7 nm2) on a single MnGa impurity.

structure and their concentration is higher for the sample
containing Al, which is known to be very reactive and to easily
bind adsorbates. Due to the electronic contribution of ionized
acceptors at negative voltage, Mn atoms appear as elevations
on topographical images in constant current mode, as we can
see in Fig. 2(a).

(b)

(a)

FIG. 2. (Color online) (a) Topographical X-STM image (29.3 ×
18.8 nm2) of the multilayer structure showing surface Mn atoms
(brightest features) and As antisites (darkest features). (b) Same area
as (a); black crosses show how the algorithm locates only the Mn
atoms. From such a picture, the position and the number of Mn atoms
along each atomic row in the [001] direction can be determined.

III. IMAGE ANALYSIS

At first sight, no periodic arrangement of the Mn atoms
can be distinguished from either picture. In order to better
determine if the grown structure contains a modulation in the
doping distribution, the Mn distribution profile is plotted along
the growth direction.

Counting of Mn atoms was realized by image analysis and
Fig. 2 shows the results of this automated selection procedure.
The atomic row positions, determined by automatic selection,
of Mn atoms are sorted along the [001] growth direction.
Counting Mn atoms in each atomic row was performed over a
length of about 100 nm perpendicular to the growth direction.

The distribution profiles obtained from the X-STM
measurements of Figs. 1(a) and 1(b) are shown in
Figs. 3(a) and 3(b). From these distributions, the estimation
of the average Mn concentration in the multilayer is equal
to x = 1.1% and x = 1.2% for the (Ga0.98,Mn0.02)As/GaAs
and (Ga0.98,Mn0.02)As/(Al0.2,Ga0.8)As samples, respectively.
The growth conditions were chosen with the intention of
achieving a Mn doping of 2.26% in the eight ML thick
magnetic layers. Taking account of the periodic structure,
which also includes spacer layers with a thickness of four
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FIG. 3. (Color online) (a) and (b) represent the number of Mn
atoms present in each atomic row along the [001] growth direction
for, respectively, the (Ga0.98,Mn0.02)As/GaAs superlattice struc-
ture and the (Ga0.98,Mn0.02)As/(Al0.2,Ga0.8)As superlattice structure.
(c) shows the frequency distribution f (k) for the number of rows, of
length 100 nm, perpendicular to the growth direction, which contain
k Mn atoms obtained from the data of Figs. 3(a) (filled histogram)
and 3(b) (open histogram).

MLs, the bulk concentration averaged over all the layers is
expected to be 1.5%. This value is close to the experimentally
observed concentration. The small difference between the
intended and the measured concentration might be related
to the calibration of the Mn flux during the growth or the
difficulties in identifying all Mn atoms via our automated
image analysis. From the histograms shown in Figs. 3(a) and
3(b), it is still difficult to distinguish a periodicity. Figure 3(c)
shows the frequency distribution f (k) for the number of rows
perpendicular to the growth direction which contain k Mn
atoms obtained from the data of Figs. 3(a) and 3(b). Both
distributions are centered on k = 2 and have the same width.
This suggests that Al has no effect on the Mn distribution.
Figure 4 shows a comparison between f (k) obtained from
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FIG. 4. The histograms represent the probability of finding
atomic rows which contain 0,1,2,3 . . . Mn atoms over a length of
100 nm. The filled histogram is the experimentally obtained distribu-
tion also shown in Fig. 3(a) (x = 0%), whereas the open histograms
are simulated distributions of multilayer structures where a fraction
d of Mn atoms of the magnetic layers has ended up in the spacer
layer. (a) d = 0 corresponds to an ideal superlattice, (b) d = 0.05,
(c) d = 0.10, (d) d = 0.15, (e) d = 0.20, and (f) d = 0.33 cor-
responds to bulk (Ga,Mn)As, where Mn atoms are uniformly
distributed.

the data of Fig. 3(a) (filled histogram) and simulations (open
histogram) for various degrees of Mn redistribution.

Figure 4(a) shows a comparison with an ideal superlattice
in which Mn atoms are only found in the magnetic layers
and not in the spacer layers. Figure 4(f) shows a comparison
with a homogeneous Mn concentration in the growth direction.
Figures 4(b)–4(e) are intermediate cases in which a fraction
d of, respectively, 5%, 10%, 15%, and 20% of Mn atoms has
diffused or segregated into the nonmagnetic layers.

IV. DISTRIBUTION MODEL

For a homogeneous distribution along the growth direction,
the probability, f , of finding exactly k Mn atoms in one
atomic row corresponds to a binomial distribution, where n,
the number of observations, corresponds to the total number
of atoms in one atomic row, and p, the probability of finding a
Mn atom per atomic row, corresponds to the Mn concentration.
In our case, the Mn concentration was chosen to be equal to
the concentration measured from Fig. 3(a), namely, p = 1.1%,
and n = 178.

f (k,n,p) = n!

k!(n − k)!
pk (1 − p)1−k, k= 0,1,2,...,n. (1)
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Furthermore, in order to simulate the same distribution for a
superlattice, the previous expression is modified to take into
consideration a heterogeneous Mn concentration. Following
the design of the multilayer structure, the ratio between the
thickness of magnetic layers and nonmagnetic layers is taken
as 2 to 1, with pM the Mn concentration in the magnetic layers
and pN the Mn concentration in the spacer layers.

f (k,n,pM,pN ) = 2

3

n!

k!(n − k)!
pk

M (1 − pM )1−k

+ 1

3

n!

k!(n − k)!
pk

N (1 − pN )1−k,

k = 0,1,2,...,n (2)

pM = 3
2 (1 − d)p,

(3)
pN = 3dp.

Equation (3) shows the definition of the concentrations pM

and pN . The parameter d, representing the fraction of Mn in
the spacer layer, can be altered in order to simulate different
levels of Mn redistribution. d = 0 represents the case of an
ideal superlattice with no Mn in the spacer, while d = 0.33
represents the case with a uniform Mn doping in all layers.

The simulations show that for an ideal superlattice [cf .

Fig. 4(a)] there are two peaks in the distribution appearing at
k = 0 and k = 3, which means that, in the case of an ideal
superlattice with a Mn concentration about x = 2.3%, it is
most probable to find atomic rows with either no Mn atoms
or 3 Mn atoms in the length of 100 nm that we analyzed.
When simulating an increase of Mn segregation in the spacer
layers, the two peaks of the distribution tend to merge and
center around k = 2. For a bulk (Ga,Mn)As sample with
an homogeneous distribution of Mn, approximately 2 Mn
atoms are expected in the length of 100 nm. Both measured
samples have their distribution centered around k = 2 and the
frequency of atomic rows without Mn atoms is rather low.
From careful comparison between the measured distribution
and the range of simulated distributions representing either
an ideal doped superlattice, bulk doped (Ga,Mn)As, or the
several intermediate cases, it appears that the shape of the
measured distribution is closest to the shape of the simulated
distribution for d = 0.20. Therefore, we conclude that a
periodic distribution is observed but a fraction of about 20%
of the Mn deposited in the doped layers has ended up in the
nonmagnetic layers.

V. DISCUSSION

In the theoretical predictions for antiferromagnetic in-
terlayer coupling in short-period DMS superlattices, it has
always been assumed that no magnetic impurities are present
in the spacer layers.13,18 Experimental work on (Ga,Mn)As-
based multilayers and superlattices with spacer layers greater
than 3 nm has found evidence of both ferromagnetic7 and
antiferromagnetic8,19 interlayer exchange coupling (IEC).
Polarized neutron reflectivity measurements of multilayers
consisting of two (Ga,Mn)As layers separated by a GaAs
spacer showed evidence of strong coupling between the two
layers when the spacer is 6 nm thick, with the IEC increasing
in strength for a 3 nm spacer. Mn diffusion is expected to be

1.5 nm or less10 and thus the thick spacer layer will contain
little Mn. This means the coupling will not be the result of
a ferromagnetic short between the two layers. Instead this
suggests that the IEC is mediated by carriers through a mech-
anism such as Ruderman-Kittel-Kasuya-Yosida (RKKY)-like
ferromagnetic exchange or an overlap of the wave functions of
holes in the two layers.7 Although in RKKY theory one of the
terms describing the coupling strength becomes greater as the
spacer thickness is reduced, there is also an oscillatory term
that can change the sign of the coupling between ferromagnetic
and antiferromagnetic. In that study there was no indication of
this oscillatory behavior, as only ferromagnetic coupling was
reported.

However, antiferromagnetic coupling has been found in
GaMnAs-based superlattices8 and trilayers19 where the non-
magnetic spacer was doped with Be, increasing the hole
concentration in the spacer. In this case the AFM coupling
was observed when the spacers were doped with Be whilst
when the spacer was undoped, the magnetic layers were either
ferromagnetically coupled or not magnetically coupled. In
these studies the width of the spacer is again greater than 3 nm,
although for larger spacers the AFM coupling disappears. This
again suggests that the interlayer coupling is being mediated
by carriers in the nonmagnetic spacer.

VI. MAGNETIC PROPERTIES

In order to analyze the magnetic properties of our short-
period superlattices, superconducting quantum interference
device (SQUID) magnetometry was used to measure a series
of samples with different concentrations of Al in the 1.1 nm
spacer layer. As can be seen from the M(H ) loops in Fig. 5,
there is no evidence of any antiferromagnetic (AFM) IEC:
the square hysteresis shape with fast magnetization reversal
at the coercive field is typical for a ferromagnetic material.
If there was a strong antiferromagnetic coupling then, as
the magnetic field is reduced, the measured net magnetic
moment would be expected to decrease as the magnetization

-20

-15

-10

-5

 0

 5

 10

 15

 20

 25

-0.4 -0.2  0  0.2  0.4

M
 (

kA
.m

-1
)

µ0H (T)

0% Al
20% Al
30% Al
40% Al

 0

 5

 10

 15

 0  10  20  30  40

T (K)

[110]
[-110]
[100]

Ms

FIG. 5. (Color online) M(H ) hysteresis loops at T = 2 K for
(Alz,Gaz−1)As superlattices with the magnetic field aligned along the
cubic easy magnetic axis. The Al concentration, z, is varied between
0% and 40%. The inset shows the temperature-dependent remnant
magnetization after a 1 T field has been applied along the principle
crystalline axes of the (Al0.2,Ga0.8)As superlattice. The calculated
spontaneous magnetization, MS , is plotted alongside.
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of adjacent layers rotate in to antiparallel alignments. It is
possible that all the magnetic layers are uncoupled, rather
than being ferromagnetically coupled. However, in such a
case, it might be expected that the magnetization reversal
would not occur simultaneously as individual layers may have
different coercive fields due to inhomogeneities in the layers.
As a result, the switching would be ragged, occurring over a
range of applied fields. This is not observed; the magnetization
reversal seems to occur cohesively, indicating that the material
is behaving as a single ferromagnet rather than an ensemble of
many ferromagnetic layers.

Further evidence that these short-period superlattices are
acting as a single ferromagnetic is given by the remnant
magnetization data in the inset of Fig. 5. The good agreement
between the calculated spontaneous magnetization M2

S =
M2

[110] + M2
[11̄0] and the easy cubic remanent magnetization

M[100] suggests the sample is acting as a single domain with a
Curie temperature of 25 K. Given the sizable concentration of
Mn in the spacer layers observed by cross-sectional scanning
tunneling microscopy (X-STM), we believe that the magnetic
layers are ferromagnetically shorted by the Mn and thus the
sample behaves like a single ferromagnetic material rather than
a multilayer.

VII. CONCLUSION

Although previous studies9,10 have claimed that Mn does
not diffuse or segregate within two to three monolayer in
GaAs below a growth temperature of 400 ◦C, our data clearly
show that Mn can move out of the magnetic layers into the

spacer layer even for structures grown at a temperature as
low as 250 ◦C. Classical diffusion can be excluded as the
mechanism responsible for the redistribution of Mn because
of the low growth temperature.14 Moreover, measurements
performed by Bozkurt et al.20 have shown that Mn segregation
occurs in GaAs for structures grown at 350 ◦C. Due to the
high Mn concentration in the magnetic layers leading to a
high two-dimensional (2D) carrier concentration N2D ≈ 1 ×
1015 cm−2, another possible mechanism for the redistribution
of Mn could be drift resulting from the Coulomb repul-
sion between the ionized dopant.21,22 In conclusion, from
the cross-sectional scanning tunneling microscopy (X-STM)
measurements a periodic Mn distribution in our short-period
2.2 nm/1.1 nm (Ga1−x ,Mnx)As/(Al,Ga)As superlattices was
observed with a reduced amplitude due to segregation of
Mn from the doped layers into the undoped layers. These
magnetic impurities within the spacer layers may be the
reason for the absence of interlayer exchange coupling in
the short-period superlattices. The high concentrations of
Mn in the spacer layers act as magnetic shorts, mediating
ferromagnetism between the ferromagnetic layers. We suggest
that the concept of a short-period superlattice may not be valid
considering the atomistic and discrete nature of Mn atoms in
these thin and low-density (Ga,Mn)As layers.
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