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Semiconductor trilayer structures with ferromagnetic Sb2−xCrxTe3 layers separated by a
nonmagnetic Sb2Te3 layer of different thickness have been fabricated by molecular beam epitaxy.
Ferromagnetic out-of-plane exchange coupling between the SbCrTe layers was found and the
coupling strength, which can be represented by a saturation field HS, depends on both the Sb2Te3

spacer thickness and temperature. © 2006 American Institute of Physics. �DOI: 10.1063/1.2398905�

Since the discovery of antiferromagnetic interlayer ex-
change coupling between ferromagnetic metals separated by
a nonmagnetic metal or semiconductor spacers,1–5 investiga-
tions of this kind have been extended to the so-called all-
semiconductor trilayer structures which typically represent
two ferromagnetic semiconductor layers separated by a semi-
conductor or insulator layer with a specific thickness. The
interlayer exchange coupling �IEC� between the ferromag-
netic layers through the nonmagnetic layer has been the fo-
cus of investigations. IEC between two ferromagnets sepa-
rated by a nonmagnetic metal spacer has been studied both
theoretically6,7 and experimentally.1–3 By replacing metallic
ferromagnets with ferromagnetic semiconductors and the
metallic spacer with a semiconductor, the so-called all-
semiconductor F /N /F trilayer structure can be fabricated
and used to investigate the IEC in semiconductor nanostruc-
tures. So far, IEC in all-semiconductor F /N /F trilayer struc-
tures has only been studied in GaMnAs/AlGaAs/GaMnAs
�Refs. 8–11� and InMnAs/InAs/ InMnAs �Ref. 12� systems
through tunneling magnetoresistance investigations. IEC in
magnetic semiconductor nanostructures as a function of tem-
perature and spacer thickness can also be studied with Hall
effect measurements since abnormal Hall resistivity of a
magnetic thin film is proportional to the magnetization which
includes the IEC between the ferromagnetic layers.

Recently, we reported on the preparation and magnetic
properties of Sb2−xVxTe3 and Sb2−xCrxTe3 in the form of thin
films fabricated by the low-temperature molecular beam ep-
itaxy �LT-MBE� growth.13,14 The concentration of V and Cr
in Sb2−xVxTe3 and Sb2−xCrxTe3 was increased to x=0.35 and
x=0.59, respectively. This is an order of magnitude higher
concentration of transition metal �TM� ions than that in bulk
single crystals of Sb2−xVxTe3 �Ref. 15� and Sb2−xCrxTe3,16,17

where the solubility of transition metals is very low, typically
on the order of x�0.05. In spite of this low concentration of
TMs, the bulk tetradymite-type Sb2Te3 semiconductors
doped with either V or Cr were shown to support ferromag-
netism to temperatures of about 25 K. Since the Curie tem-
perature depends strongly on the concentration of TM ions,
the enhanced solubility of TMs achieved in thin film forms
of Sb2Te3 has resulted in a dramatically extended regime of
ferromagnetism to temperatures of 177 and 190 K for thin

film samples of Sb1.65Cr0.35Te3 �Ref. 13� and
Sb1.41V0.59Te3,14 respectively. These high Curie temperatures
encourage us to explore the nature of IEC in semiconductor
F /N /F trilayer structures based on Sb2Te3 for possible fu-
ture applications in spintronic devices. In this letter, we re-
port on results concerning the growth and transport proper-
ties of F /N /F trilayer nanostructures based on
Sb2−xCrxTe3/Sb2Te3/Sb2−yCryTe3 prepared by LT-MBE.

The trilayer structure Sb2−xCrxTe3/Sb2Te3/Sb2−yCryTe3
comprises top and bottom Cr-doped Sb2Te3 layers with a
pure Sb2Te3 layer spacer sandwiched in between. After first
growing a layer of Sb2−xCrxTe3 on a sapphire substrate, the
Cr flux is blocked in order to deposit the Sb2Te3 spacer layer
of various thicknesses. By opening the shutter in front of the
Cr source again and adjusting the power of the e-beam
evaporator, the second Sb2−yCryTe3 layer with a different Cr
concentration is grown on top of the Sb2Te3 spacer layer. We
fabricated the above trilayer structures with different spacer
thicknesses �10, 4, 2, 0 nm�, while the thickness of both
Cr-doped Sb2Te3 layers was kept at about 50 nm. Based on
our observation that the Sb2Te3 films grow on sapphire sub-
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FIG. 1. �Color online� �a� Schematic of the F /N /F trilayer structure based
on Sb2−xCrxTe3/Sb2Te3 /Sb2−yCryTe3. �b� Schematic of the spin configura-
tion of the F /N /F trilayer without IEC. �c� Schematic of the spin configu-
ration of the F /N /F trilayer with IEC.
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strates in a substantially layer-by-layer fashion18 and are con-
tinuous down to at least 2 nm, we believe that the spacer
layer of Sb2Te3 is free of pinholes. The concentration of Cr
in the top and bottom layers is kept at x=0.34±0.01 and x
=0.19±0.01, respectively.

Figure 1�a� shows a schematic of the F /N /F trilayer
nanostructure based on Sb2Te3. Two ferromagnetic layers,
Sb1.66Cr0.34Te3 on the top and Sb1.81Cr0.19Te3 at the bottom,
are separated by a thin layer of nonmagnetic Sb2Te3 the
thickness of which is varied from 0 to 10 nm. Hc1 and Hc2
are the coercive fields of Sb1.81Cr0.19Te3 and Sb1.66Cr0.34Te3
blocks, respectively, at a given temperature. Measurements
of the individual films of Sb1.81Cr0.19Te3 and Sb1.66Cr0.34Te3
show that the Curie temperatures are 67 and 106 K, respec-
tively. When the trilayer structure is cooled below the Curie
temperature, its magnetic behavior is determined not only by
the Cr-doped Sb2Te3 layers but also by the IEC between
these layers. As shown in Fig. 1�b�, when there is no IEC
between the top and bottom layers, the total magnetization of
the trilayer structure will be simply the sum of these two
layers’ magnetizations which are not correlated. If initially a
high magnetic field �pointing up� is applied to saturate the
trilayer structure and then the magnetic field is gradually
reduced, the following behavior should be observed: �1�
when �H��Hc2, and since Hc2�Hc1, the spins in both the top
and bottom Cr-doped Sb2Te3 layers will be aligned with the
direction of the external magnetic field; �2� when the mag-
netic field is further reduced and reversed until it satisfies
Hc1� �−H��Hc2, the spins in the top SbCrTe layer will still
be aligned parallel to the original direction of the magnetic

field, but the spins in the bottom layer will be reversed, i.e.,
pointing down. Therefore, the total magnetization will be
reduced. A two-step decrease of the total magnetization will
be observed as a result of sequential alignments of the spins
in the bottom and top layers by the external magnetic field.

Let us now consider that there is ferromagnetic IEC act-
ing between the top and bottom Cr-doped Sb2Te3 layers, a
situation depicted in Fig. 1�c�. In this case, the total magne-
tization of the trilayer structure will be determined by the
sum of the magnetizations of the top and bottom layers plus
the contribution from the ferromagnetic IEC. The ferromag-
netic IEC correlates the magnetic moments of the top and
bottom layers, and now these two magnetizations behave like
a single moment instead of two uncorrelated moments such
as those in Fig. 1�b�. If a high magnetic field is applied to
saturate the trilayer structure �assume again the direction of
the external field is up� and then the field is gradually re-
duced, one should observe the following behavior: �1� when
�H��Hc2, and since Hc2�Hc1, the spins in both the top and
bottom Cr-doped Sb2Te3 layers will be aligned with the di-
rection of the external magnetic field; �2� when the magnetic
field is reduced and reversed and it satisfies Hc1� �−H�
�Hc2, the spins in the top layer obviously remain aligned to
the original direction of the magnetic field and point up, and
the spins in the bottom layer will also point up instead of
down due to the ferromagnetic IEC between these two lay-
ers. The total magnetization of such a trilayer structure will
be larger than that without ferromagnetic IEC. Therefore, the
field dependence of magnetization will indicate whether
there is ferromagnetic IEC or not in the trilayer structure.

FIG. 2. �Color online� Magnetic field
dependent Hall resistivity for Sb1.66

Cr0.34Te3 /Sb2Te3 /Sb1.81Cr0.19Te3 trilayer
structures with various spacer thickness:
�a� 10 nm, �c� 4 nm, �e� 2 nm, and �g�
0 nm. Coercive fields as a function of
temperature for Sb1.66Cr0.34Te3 /
Sb2Te3 /Sb1.81Cr0.19Te3 trilayer structures
with various spacer thickness: �b�
10 nm, �d� 4 nm, �f� 2 nm, and �h� 0 nm.
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Temperature dependent Hall resistivity of
Sb1.66Cr0.34Te3 /Sb2Te3/Sb1.81Cr0.19Te3 trilayer structures has
been measured using an ac bridge with 16 Hz excitation.
Figures 2�a�, 2�c�, 2�e�, and 2�g� show the magnetic
field dependent Hall resistivity of the Sb1.66Cr0.34Te3 /
Sb2Te3/Sb1.81Cr0.19Te3 trilayer structures taken at different
temperatures and for the Sb2Te3 spacer thicknesses of 10, 4,
2, and 0 nm, respectively. For samples with the Sb2Te3
spacer layer thickness of 10 nm �Fig. 2�a�� and 4 nm �Fig.
2�c��, the Hall resistivity undergoes a two-step decrease
when the magnetic field is reduced from 5 T and reversed,
i.e., the spins in the top and bottom layers are rotated by the
magnetic field separately at all temperatures down to 2 K.
There is no ferromagnetic IEC in such trilayers since the top
and bottom layers respond to the magnetic field separately.
For samples with the Sb2Te3 spacer layer thicknesses of
2 nm �Fig. 2�e�� and 0 nm �Fig. 2�g��, there exists a critical
temperature which tends to increase with the decreasing
Sb2Te3 spacer thickness. Below that critical temperature, the
Hall resistivity undergoes only one-step transition when the
magnetic field is reduced from 5 T and reversed, i.e., the
spins in the top and bottom layers are rotated by the mag-
netic field in unison. The critical temperature is about 5 K
for a sample with the Sb2Te3 spacer thickness of 2 nm and
15 K for a sample with the Sb2Te3 spacer thickness of 0 nm.
The correlated behavior of the spins in both the top and
bottom Cr-doped Sb2Te3 layers indicates that there is a
strong ferromagnetic interlayer exchange coupling between
the layers through the Sb2Te3 spacer when the thickness of
the latter is small enough.

The strength of IEC between the ferromagnetic layers
depends on several parameters that include but are not lim-
ited to the magnetization and thickness of the ferromagnetic
layers. According to Parkin et al.,3 an experimental measure
of the strength of antiferromagnetic IEC includes the so-
called saturation field HS, which is the field at which the
magnetization curve first deviates from the high field slope.
This field marks the strength of the antiferromagnetic IEC.
The above authors then defined the strength of IEC in
Co/Cr, Co/Ru, and Fe/Cr superlattices to be HSMtF, where
HS, M, and tf are the saturation field, magnetization, and
thickness of the ferromagnetic layer, respectively. For ferro-
magnetic IEC in F /N /F trilayer structures, such definition is
also valid since the saturation field HS indicates the complete
rotation and alignment of the ferromagnetically correlated
spins in both F layers. HS at 2 K is indicated with arrows in

Figs. 2�a�, 2�c�, 2�e�, and 2�g�. Since the anomalous Hall
resistivity is proportional to the magnetization, the field at
which the Hall data depart from the high field slope is the
signature of the first deviation of magnetization from the
high field slope. For a fixed ferromagnetic layer thickness
and temperature, the ICE strength is a function of HS only.
Therefore, HS can be used as a measure of the interlayer
exchange coupling between the Cr-doped Sb2Te3 layers
through the Sb2Te3 layer. Figure 3 plots the dependence of
HS on the Sb2Te3 spacer thickness at temperatures ranging
from 2 to 35 K. It is clear that the strength of ferromagnetic
IEC in Sb2−xCrxTe3/Sb2Te3/Sb2−yCryTe3 trilayer structures
is both temperature and spacer thickness dependent. HS tends
to decrease with increasing temperature, but shows a com-
plicated dependence on the spacer thickness. It is not clear at
this moment whether the dependence of HS on the spacer
thickness at low temperature ��25 K� is of oscillatory nature
or not. More data points at various spacer thicknesses will be
required to address this issue.

In summary, ferromagnetic interlayer exchange coupling
was found in semiconductor Sb1.66Cr0.34Te3 /Sb2Te3/
Sb1.81Cr0.19Te3 trilayers as a function of both the Sb2Te3

spacer thickness and the temperature. At low temperatures
and for small thickness of the spacer layer, the ferromagnetic
IEC couples the two ferromagnetic layers and the entire
trilayer structure behaves like a single magnetic layer. This
finding opens the door for future applications of semiconduc-
tor spintronics based on the Sb2Te3 system such as ultra-
high density perpendicular magnetic recording that is being
investigated.
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FIG. 3. �Color online� Saturation field HS as a function of temperature and
Sb2Te3 spacer thickness.
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