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Strong effects of ferromagnetic �FM� materials on the exchange coupling are observed at different
temperatures in FM1�3 nm� /Cr2O3�6 nm� /FM2�10 nm� trilayers with FM�Co, Fe, or Ni80Fe20.
Changes of the anisotropy of FM and spin-asymmetry of the reflection coefficients for spin-up and
spin-down electrons of FM contacted the antiferromagnetic layer influence the strength of interfacial
and interlayer coupling of the trilayers. Thus, the reduction of the interfacial coupling and the
enhancement of the interlayer coupling with increasing temperature result in quite different
magnetic behavior of different trilayers. © 2010 American Institute of Physics.
�doi:10.1063/1.3332480�

Since the observation of antiferromagnetic �AF� cou-
pling between ferromagnetic �FM� layers over an ultrathin
metallic spacer, this issue has stimulated an enormous
amount of experimental and theoretical activities.1–6

Nonoscillatory and oscillatory decay of the interlayer cou-
pling strength are observed for nonmagnetic and AF insulat-
ing spacer layers, respectively.7–10 A spiral spin structure of
AF results in different angles between the magnetization
axes of the two FM layers, and a perpendicular interlayer
exchange coupling was observed in FM/AF/FM trilayers
with AF materials as spacer layer.11–17 Furthermore, a strong
competition between interlayer and interfacial coupling has
been observed in FM/AF/FM trilayers with AF metallic and
insulating spacer materials.18 However, in FM/AF/FM sys-
tems, the constant FM layers have been used in all previous
work to investigate the variation of the exchange coupling
upon changing the AF spacer thickness. This has urged us to
study the role of different FM layers on the interfacial and
interlayer coupling in trilayers. The AF material Cr2O3 has a
rather low anisotropy �2�105 erg cm−3� and a Néel tem-
perature �TN� of 307 K.19,20 Inverse magnetoresistance has
been found in chromium-dioxide-based magnetic tunnel
junctions.21 In this letter, we report the observation of the
strong influence of FM materials on the exchange couplings
in FM /Cr2O3 /FM trilayers with FM Co, Fe, and Ni80Fe20

layers at different temperatures.
Four samples of Si �100� �substrate�/Pt �10 nm� /FM1

�3 nm� /Cr2O3 �6 nm� /FM2 �10 nm�/Pt �5 nm� trilayers with
�1� FM1=Co, FM2=Fe, �2� FM1=Fe, FM2=Ni80Fe20, �3�
FM1 and FM2=Co, and �4� FM1 and FM2=Fe have been
prepared by dc and rf magnetron sputtering at room tempera-
ture. The data for sample 1 have been taken from our previ-
ous work.18 Commercial Pt, Co, Fe, Ni80Fe20, and Cr2O3

targets with 99.99% purity were used. The crystal structures
have been determined by means of x-ray diffraction with
Cu-K� radiation. The magnetic properties at different tem-
peratures were measured using a superconducting quantum
interference device.

The hysteresis loops measured at 50, 150, and 250 K for
sample 1 and 50, 130, and 240 K for sample 2 after zero-
field cooling �ZFC� are presented in Figs. 1�a�–1�f�, respec-
tively, for different FM layers. All hysteresis loops have been
normalized to their saturation magnetization �MS�. It is seen
in Fig. 1�a� that, at 50 K, the hysteresis loop exhibits an
almost linear increase of the magnetization while a clear step
and good coupling between the FM layers are observed at
150 and 250 K presented in Figs. 1�c� and 1�e�, respectively.
For sample 2, a clear step is found at 50 K, which gradually
disappears with increasing temperature. The insets of Figs.
1�d� and 1�f� show expanded hysteresis loops for low applied
fields of 0.3 and 0.04 kOe, respectively. For comparison, the
magnetic hysteresis loops recorded at 130, 200, and 330 K
after ZFC are presented in Figs. 2�a�, 2�c�, and 2�e� for
sample 3, respectively, and in Figs. 2�b�, 2�d�, and 2�f� for
sample 4, with the same FM layers. It is found that sample 3
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FIG. 1. �Color online� Hysteresis loops at 50 K �a�, 150 K �c�, and 250 K
�e�, of Co�3 nm� /Cr2O3�6 nm� /Fe�10 nm�, and at 50 K �b�, 130 K �d�, and
240 K �f�, of Fe�3 nm� /Cr2O3�6 nm� /Ni80Fe20�10 nm�, after ZFC. Inset of
�d�: Expanded hysteresis loop for a low applied field of 0.3 kOe. Inset of �f�:
Expanded hysteresis loop for a low applied field of 0.04 kOe.
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exhibits good coupling at different temperatures, whereas de-
coupling between the FM layers is observed above 200 K for
sample 4.

In order to investigate the influence of the FC process on
the magnetic properties, the M-H loops at 10 K for trilayer
samples 1, 2, 3, and 4 after ZFC �open symbols� and FC
�filled symbols� are presented in Figs. 3�a�–3�d�, respec-
tively. A clear step is found for sample 2 after ZFC. More-
over, for the FC case, sample 1 exhibits a step in the third
quadrant but not in the first quadrant of the hysteresis loop,
while the step is observed in both quadrants for sample 2. No
steps but only exchange-bias phenomena are found for
samples 3 and 4. The clear step observed for samples 1 and
2 are due to the different interfacial couplings for the two
FM/AF interfaces in the trilayers after FC. Furthermore, the
negative loop shift found in each hysteresis loop indicates

FM interfacial coupling in Co /Cr2O3, Fe /Cr2O3, and
Ni80Fe20 /Cr2O3 after FC.22

The temperature dependence of the saturation magneti-
zation MS after ZFC and FC for samples 1, 2, 3, and 4
is presented in Figs. 4�a�–4�d�. As MS is the largest after
FC at 10 K for each sample, each curve in Fig. 4 has been
normalized to the MS value after FC at 10 K. The values of
MS recorded after FC decrease with increasing temperature,
which is larger than that of ZFC for each sample. Moreover,
for sample 1 or 3 with FM1=Co after ZFC, MS exhibits a
maximum around 130 K �indicated by solid arrows�,
whereas, the MS decreases with increasing temperature but
there is a clear change of slope around 130 K �indicated by
dashed arrows� for sample 2 or 4 with FM1=Fe after ZFC.
As the thickness of Cr2O3 is constant for all the samples, the
almost same temperature marked by arrows in Fig. 4 may be
due to a strong effect of the AF spacer material.

Now we discuss the mechanism of the exchange
coupling in the FM /Cr2O3 /FM trilayers. The strength
of the interfacial coupling between AF and FM layers
decreases with increasing temperature,23 while the factors
affecting the interlayer coupling contain two parts: �1� the
complex Fermi surface of the spacer, and �2� the spin-
asymmetry of the reflection coefficients of spin-up and
spin-down electrons for the FM contacted antiferro-
magnetic layer.9 The first one can be neglected due to the
constant spacer Cr2O3 for all the samples. The interlayer
coupling strength is given by J�T�=−�T0�F�B� / �2�D�
Im��r1�r2 e−2�FD�� �T /T0� /sin�T /T0�,24 where T0

=�2�F /2��BDm is a characteristic temperature, D is the
thickness of the spacer, �F is the complex Fermi wave vector
of spacer, �r1 and �r2 are the spin-asymmetries �the differ-
ence for spin-up and spin-down reflection coefficients of
an FM contacted AF layer� of the reflected amplitudes on
FM1 and FM2, respectively. For a constant spacer Cr2O3
and constant thickness of the FM layers, J�T�
��r1�r2�T /T0� /sin�T /T0�, which monotonously increases
with increasing T, so that the strength of the interlayer cou-

FIG. 2. �Color online� Hysteresis loops at 130 K �a�, 200 K �c�, and 330 K
�e�, of Co�3 nm� /Cr2O3�6 nm� /Co�10 nm�, and at 130 K �b�, 200 K �d�,
and 330 K �f�, of Fe�3 nm� /Cr2O3�6 nm� /Fe�10 nm�, after ZFC.

FIG. 3. �Color online� Hysteresis loops at 10 K after ZFC �open symbols�
and FC �filled symbols� of �a� Co�3 nm� /Cr2O3�6 nm� /Fe�10 nm�, �b�
Fe�3 nm� /Cr2O3�6 nm� /Ni80Fe20�10 nm�, �c� Co�3 nm� /Cr2O3�6 nm� /
Co�10 nm�, and �d� Fe�3 nm� /Cr2O3�6 nm� /Fe�10 nm�.

FIG. 4. �Color online� Temperature dependence of the saturation magneti-
zation after ZFC and FC of �a� Co�3 nm� /Cr2O3�6 nm� /Fe�10 nm�, �b�
Fe�3 nm� /Cr2O3�6 nm� /Ni80Fe20�10 nm�, �c� Co�3 nm� /Cr2O3�6 nm� /
Co�10 nm�, and �d� Fe�3 nm� /Cr2O3�6 nm� /Fe�10 nm�.
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pling is greatly affected by the FM layers. It is found that the
interfacial coupling strength decreases and the interlayer
coupling strength increases with increasing temperature for
each sample.

The interfacial coupling dominates the coupling after
ZFC at low temperatures. When the interfacial coupling is
strong enough, reversal of two FM layers will simulta-
neously take place �see Figs. 3�a�, 3�c�, and 3�d��, while quite
weak interfacial coupling in Ni80Fe20 /Cr2O3 results in a clear
step at 10 K �Fig. 3�b��. For sample 2, the variation of hys-
teresis loop with temperature reflects the change of the inter-
layer coupling between Fe and Ni80Fe20 due to quite weak
interfacial coupling in Ni80Fe20 /Cr2O3, and the step gradu-
ally disappears with increasing temperature, due to the in-
crease of interlayer coupling �Fig. 1�. Moreover, good cou-
pling is observed at low temperatures for both samples 3 and
4 �Fig. 2�, whereas the decoupling above 200 K for sample 4
but good coupling at all temperatures for sample 3 may be
due to the larger �r of Co /Cr2O3 than that of Fe /Cr2O3.
When the interlayer coupling strength does not compensate
the decrease of the interfacial coupling, the decoupling in
FM layers will occur at high temperatures.10

For the FC case, a strong FM coupling in FM/AF exists
at low temperature �Fig. 3�. As the FM coupling in the inter-
face is in a low-energy state, the moments of the FM layers
will reverse at a lower field for the field-increasing branch in
order to reduce the interfacial energy. Thus the moment re-
versal of the Co and Fe layers at the same field in the first
quadrant �Fig. 3�a�� is due to the stronger interfacial coupling
in Co /Cr2O3 than in Fe /Cr2O3. The interfacial coupling en-
ergy is given by JEX=HEX MS tFM, where MS and tFM are the
saturation magnetization and the thickness of the FM layer,
respectively.25 From Figs. 3�c� and 3�d�, values of HEX can
be derived of 1.325 and 0.188 kOe in samples 3 and 4. The
magnetic moment per Fe atom is 2.22 �B and that per Co is
1.72 �B,26 therefore, JEX for Co /Cr2O3 is quite larger than
for Fe /Cr2O3. At T	Tcr, the small MS is caused by the
strong interfacial coupling between AF and FM and no ori-
entation of the magnetic moments at the AF/FM interface
after ZFC �Figs. 4�a� and 4�c��. At T
Tcr, the interlayer
coupling becomes dominant, resulting in good coupling in
the trilayers.18 Therefore, the temperatures of the maximum
of MS in Figs. 4�a� and 4�c� after ZFC correspond to this
critical temperature. Furthermore, the values of MS after
ZFC decrease with increasing temperature �Figs. 4�b� and
4�d�� due to weak interfacial coupling in Fe /Cr2O3, and the
temperatures marked with the dashed arrows also correspond
to the critical temperature in Figs. 4�a� and 4�c�. The same
critical temperature occurs for each sample with the same AF
spacer, indicating the important role of the AF material in the
exchange coupling in trilayers, which is confirmed by the

decrease of Tcr with increasing spacer thickness elsewhere.
In summary, changes of the anisotropy of FM and the

spin-asymmetry of the reflection coefficients for an FM con-
tacted antiferromagnetic layer greatly affect the interfacial
and interlayer coupling strength, respectively, in trilayers and
the decrease of the interfacial coupling and the increase of
the interlayer coupling with increasing temperature result in
quite different magnetic behavior of the different trilayers
studied.
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