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The effect of chemical ordering of a half-metallic full-Heusler alloy Co2MnSi �CMS� on interlayer exchange
coupling �IEC� behavior was investigated in Co-Mn-Si�20 nm�/Cr�1.2 nm�/Co-Mn-Si�7 nm� trilayers. Two
types of experimental investigations were employed, namely, the variations in IEC with changing the annealing
temperature of the bottom CMS from room temperature to 500 °C and with changing the Co concentration in
top and bottom Co-Mn-Si layers. The 90° coupling parameter J2 and the bilinear coupling parameter J1 were
estimated from the numerical simulations of magnetization curves. Only the strong 90° coupling with almost
the same strength was observed in both the completely B2 ordered and in a mixture of ordered L21 and B2
structures. The degree of B2 ordering as well as the strength of 90° coupling was observed to decrease
simultaneously with the Co concentration in Co-Mn-Si and 180° coupling appeared in highly Co antisite
defective �A2� structures, i.e., for the Co concentration over 73 at. %. This observation showed a clear rela-
tionship between the degree of B2 ordering and the IEC behavior in full-Heusler Co-Mn-Si-based structures.
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I. INTRODUCTION

The discovery of antiferromagnetic interlayer exchange
coupling �IEC� in Fe/Cr/Fe nanostructures in 1986 �Ref. 1�
and accordingly the manifestation of giant magnetoresistance
�GMR� effect2 triggered great interest in the intensive study
of the physics of metallic layered structures. Later the oscil-
lation behavior of IEC as well as magnetoresistance with
nonmagnetic spacer thickness was reported in ferromagnetic/
nonferromagnetic multilayer structures.3 Furthermore, a bi-
quadratic contribution to the IEC in Fe-Cr-Fe-layered struc-
tures was observed, leading to an equilibrium canting angle
near 90° between the magnetization directions in �the� ferro-
magnetic layers.4 Until now, there have been a great number
of experimental investigations of the bilinear and biquadratic
coupling especially in transition-metal ferromagnet and their
alloy-based layer structures.5–11 Nowadays, the short- and
long- period oscillations of bilinear coupling are well de-
scribed by theoretical models based on Rudermann-Kittel-
Kasuya-Yosida picture and quantum well approach.12,13 At
the same time, different models accounting for intrinsic and
extrinsic contributions of biquadratic coupling have also
been proposed,14,15 however, many questions remain to be
clarified.

Given the theoretical predictions of 100% spin polariza-
tion in an entire class of materials, half-metallic full-Heusler
compounds are a promising class of materials for future spin-
tronic applications.16 Among them, cobalt-based full-Heusler
compounds, in particular, Co2MnSi �CMS� and Co2MnGe,
have remarkably high Curie temperatures well above RT and
high spin polarizations.17,18 Half-metallic full-Heusler alloy
CMS has already been demonstrated as a useful material for
applications in spin electronics such as tunneling magnetore-
sistance �TMR� effect.19,20 The enhancement of the resis-
tance change area product in CPP GMR was also reported
in previous studies in epitaxially grown CMS-based
trilayers.21–23 However, those works focus only on transport
properties, the IEC behavior in full-Heusler alloy-based

ferromagnetic systems is still poorly understood.24,25

Recently, we reported strong 90° coupling
�J2=−1.85 erg /cm2� with a long oscillation period �3.3–3.5
nm� in epitaxial CMS/Cr/CMS trilayer structures with no
sign of contribution by 180° coupling.26–28 In our very recent
studies, dominating 90° coupling with no sign of 180° cou-
pling has also been reported in fully epitaxial CMS/Cr/Fe
and Co2MnAl /Cr /Co2MnAl trilayer structures.29,30 The rela-
tive magnetization orientation of two CMS layers of about
90° was also confirmed in CMS�20 nm�/Cr�1.2 nm�/CMS�10
nm� trilayer by polarized neutron reflectivity measurement.31

This is completely a novel behavior of IEC and the origin of
this behavior remains an open question.

The full-Heusler alloys, which have a general formula
X2YZ and crystallized in the L21 structure, may also grow in
the chemically ordered B2�X2�Y,Z�� or disordered A2 �X, Y,
Z� structure, where in B2 and A2 structures Y and Z, and X,
Y, and Z are randomly substituted, respectively. For spin
transport processes, the chemical ordering and the interdiffu-
sion at the interfaces in thin films combining Heusler alloys
with other materials has a great importance. A very recent
study indicated that A2-type �chemical� disordering of CMS
led to an immense reduction in TMR ratio.32 However, there
has been no systematic experimental investigation of the ef-
fect of chemical ordering on IEC to date. In all of our re-
ported studies of IEC in trilayer structures the full-Heusler
alloys CMS and CMA films were grown in B2 structure.
Therefore, only 90° coupling has been observed when one of
the ferromagnetic layers is Co-based full-Heusler alloy with
B2 structure.

In the present study, we have investigated the effect of
chemical ordering on IEC behavior in CMS/Cr/CMS trilay-
ers in two ways, i.e., by changing the annealing temperatures
for the bottom CMS from 100 to 500 °C and by increasing
the Co concentrations in the top and bottom CMS layers �i.e.,
increasing the Co antisite �A2-type� defects�. In this study,
we have found the clear relationship between the chemical
ordering of CMS and the IEC behavior in trilayers.
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In Sec. II of this paper, sample preparation and measure-
ment methods are outlined. The basic formalism of numeri-
cal simulations method is briefly explained in Sec. III, and
results of structural and magnetic properties are shown in
Sec. IV. Section V contains discussion and the overall study
is summarized in Sec. VI.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHOD

All the samples were grown by an ultrahigh vacuum com-
patible dc-sputtering method with a base pressure less than
1�10−7 Pa. A stacking structure of Cr�5 nm�/Au�30 nm�/
Cr�15 nm�/CMS�20 nm�/Cr�1.2 nm�/CMS�7 nm�/Au cap was
prepared on a MgO �001� substrate. The Cr has small lattice
misfits with both CMS �1.9%� and MgO �3.4%�, i.e., in this
stacking structure the lattice misfits among all neighboring
layers are �made up� always less than 4%. Thus, the epita-
xial relationship of MgO�001��100� / /CMS�001��110� / /
Cr�001��110� / /CMS�001��110� was achieved in this stack-
ing structure during the preparation of samples. First, a 10
�10 mm2 MgO substrate was annealed at 600 °C to re-
move surface contamination. To improve the surface mor-
phology Cr and Au buffer layers were deposited at room
temperature �RT� and then annealed at 300 °C for 1 h. After
that, the bottom CMS layer �20 nm� was deposited on the
Cr buffer at room temperature to get the high crystalline
structure and flat surface. In the study of annealing tem-
perature dependence, the Cr buffer and the bottom CMS
were annealed for 1 h at different annealing temperatures
Tann�=100–500 °C�. On the other hand, for the Co concen-
tration dependence study, they were only annealed at
300 °C. A Cr spacer and the top CMS layers were deposited
at room temperature to avoid interdiffusion between them.
Note that, the spacer thickness was set at tCr=1.2 nm
throughout the whole study. This typical thickness of Cr
spacer signifies the maximum strength of biquadratic cou-
pling in CMS/Cr/CMS trilayers.26 Finally, a Au-cap layer of
3 nm was deposited at RT. A Co46Mn27Si27 alloy target was
used in preparing CMS films to obtain nearly stoichiometric
composition. In the study of Co concentration dependence,
top and bottom Co2+xMnSi layers were prepared by the
codeposition technique from Co46Mn27Si27 and Co targets by
adjusting the input sputtering power onto each target. The
compositions of CMS films were determined by inductively
coupled plasma �ICP� mass spectroscopy and electron probe
microanalysis �EPMA�. The composition of the film depos-
ited from Co46Mn27Si27 was found to be Co53.3Mn22.1Si24.6.
The magnetic behavior was investigated by a vibrating
sample magnetometer at room temperature, by applying the
external magnetic field along the CMS �110�, the easy mag-
netization direction of CMS. The structure and the average
surface roughness were investigated by x-ray diffraction
�XRD� and atomic force microscopy �AFM�, respectively.

III. NUMERICAL SIMULATION METHOD

M-H loops are simulated by using a numerical-simulation
model based on three major energy expressions, i.e., the

magnetic anisotropy energy �EK�, Zeeman energy �EZ�, and
the exchange coupling energy �EJ�. The total energy is ex-
pressed as follows:

ET = EK + EZ + EJ, �1�

where

EK = Kata sin2 � cos2 � + Kbtb sin2 � cos2 � ,

EZ = − MataH cos � − MbtbH cos � ,

EJ = − J1 cos�� − �� − J2 cos2�� − �� .

Here, K, M, and t are the first-order cubic magnetocrystalline
anisotropy constant, the saturation magnetization, and the
thickness, respectively, of CMS layers. Subscripts “a” and
“b” represent the bottom and top CMS, respectively. H is the
applied magnetic field. � �or �� is the angle between the
direction of H and M in the bottom �or top� CMS layer. J1
and J2 are the bilinear and the biquadratic coupling energies,
respectively. Positive J1 stands for ferromagnetic coupling,
while negative J1 and negative J2 correspond to 180° and 90°
configurations, respectively. For simulating magnetization
curves, the minimization of the total energy of Eq. �1� is
considered. The values of coupling parameters J1 and J2 are
evaluated by comparing the simulation results with measured
M-H loops. The strength of coupling contains uncertainty of
about �5–10 %. In all of our simulations only half of the
M-H loop is considered for simplicity.

The magnetization values Ma and Mb are estimated from
the measurement of M-H loops along easy axis for single
and trilayer samples. The first-order cubic anisotropy con-
stant K is determined from the measurement of M-H loops
with applied field along the easy and hard axes for single
CMS layer, as shown in Fig. 1. It is to be noted here that no
contribution of in-plane uniaxial anisotropy energy was de-
tected in single CMS layer for the measurement of M-H
loops along two different easy axes.

IV. RESULTS

A. Annealing temperature dependence

1. Structural characterization

The x-ray diffraction profiles for the bottom layer of
CMS�20 nm� at different Tann are shown in Fig. 2. The pres-
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FIG. 1. �Color online� M-H loops of single CMS�20 nm� layer
for measurement along easy ��110�� and hard ��100�� axes.
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ence of diffraction peaks from only �001� direction for all
prepared samples indicates �001�-oriented fully epitaxial
growth. The Cr �002� peak intensity at Tann=400 °C is
slightly less than those for Tann�400 °C. This might be due
to small interdiffusion between the Cr buffer and the bottom
CMS layer. A strong interdiffusion seems to occur �between
the Cr buffer and the bottom CMS layer� at Tann=500 °C.
The absence of CMS peaks and the appearance of a new
peak around 2�=28° at Tann=500 °C indicate that CMS dis-
appears and another phase exists.

Tann dependence of the long-range order parameter �S� for
a single CMS�20 nm� and the average surface roughness �Ra�
for top and bottom CMS layers film are plotted in Figs. 3�a�
and 3�b�, respectively. The S for the B2 and L21 structures of
CMS were estimated using following formulae:

SL21

2 =
Iobs�111�/Iobs�220�
Ical�111�/Ical�220�

, �2�

SB2
2 =

Iobs�200�/Iobs�400�
Ical�200�/Ical�400�

, �3�

where, I�111� and I�200� are superlattice peak intensities,
whereas I�220� and I�400� are fundamental peak intensities
of CMS. The subscripts “obs” and “cal” represent the ex-
perimentally observed and calculated intensities, respec-
tively.

The S of CMS�20 nm� single films evaluated from XRD,
plotted in Fig. 3�a�, confirmed perfect B2 ordering even for
the as-deposited sample. The partial L21 ordering appeared at
Tann higher than 200 °C and had a maximum at 400 °C. No
ordered structure was obtained at Tann=500 °C. Therefore,
for preparation of trilayers, a Tann up to 400 °C was consid-
ered. In Fig. 3�b�, the magnitude of surface roughness �Ra�
for the top and bottom CMS layers shows an almost flat
surface �Ra�0.2 nm� for Tann=RT to 400 °C.

2. Interlayer exchange coupling behavior

Figure 4 shows the experimental �open circles� and simu-
lated �line� M-H loops of the CMS/Cr/CMS trilayers with
bottom CMS Tann=RT to 400 °C. From the magnetization
measurement of single and trilayer samples, the saturation
magnetizations Ma and Mb are estimated to be Ma=Mb
=840 emu /cc for RT deposition and Ma=Mb=880 emu /cc
for others �Tann�100–400 °C�. The cubic magnetocrystal-
line anisotropy constants Ka=Kb=−3�104 erg /cm2 are
used for all the samples. All the experimental M-H loops
with applied field along easy axis of CMS show a remanence
Mr /Ms ratio of 0.74, which is the representative point of
90° coupling: the bottom CMS layer has magnetization of
about 74% in total magnetization and thus the Mr /Ms be-
comes �0.74 when the magnetizations for the top and bot-
tom FM layers are perpendicularly aligned. Therefore, in
simulating M-H loops, it is reasonable to consider J1=0 for
all the samples. In Fig. 4�a� the magnetic behavior for RT
deposited sample is simulated with J2=−0.76 erg /cm2,
whereas for others �Figs. 4�b�–4�e�� with J2=−1 erg /cm2,
which might be due to the slightly large surface roughness of
the bottom CMS layer in the as-deposited state, as shown in
Fig. 3. The M-H loops for these trilayer samples are also
measured and simulated along two different easy axes as
well as along the hard axis of CMS. Figures 5�a� and 5�b�
show the measured and simulated M-H loop with H applied
along two different easy directions of CMS in CMS/Cr/CMS
trilayer for as-deposited case. Two identical M-H loops rep-
resent negligible contribution of in-plane uniaxial anisotropy
energy in such structures. Figure 5�c� represents the M-H
loop along the hard-axis measurement and it is also simu-
lated by substituting the Zeeman energy term in Eq. �1� by
EZ=−MataH cos��−� /4�−MbtbH cos��−� /4� and consid-
ering same set of parameters as used in the simulation along
easy axis. The corresponding value of Mr /Ms in the M-H
loop along hard axis is about 0.707 for 90° coupling. How-
ever, no significant change in the magnetization curve indi-
cates the strength of 90° coupling ��J2�=0.76 erg /cm2�
is much higher than the anisotropy energy ��Kt�
=0.081 erg /cm2� contribution.
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FIG. 2. �Color online� XRD patterns for single CMS layer as
deposited to Tann=100–500 °C.
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Therefore, the numerical simulations confirm that only
90° coupling dominates in all cases, and there is no signifi-
cant change in the strength and type of the coupling with
Tann. This demonstrates that the IEC behavior does not de-
pend on whether the structure is B2 or a mixture of the L21
and B2 ordered structures in this study.

B. Co concentration dependence

1. Structural characterization

Table I shows the film compositions of Co-Mn-Si at. %
analyzed by ICP and EPMA techniques. The Co concentra-
tion �X� in the Co-Mn-Si structure successively increases
from 53.3 to 80.4 at. %. The XRD patterns for Co-Mn-Si/
Cr/Co-Mn-Si trilayers with X from 53.3 to 80.4 at. % are
shown in Fig. 6. The presence of diffraction peaks from only
�001� direction confirms �001�-oriented fully epitaxial
growth without any phase separation. Figure 7 shows the
lattice constant of CMS estimated from �004� peak as a func-
tion of the X. A clear linear dependence of lattice constant
with X following Vegard’s law was confirmed, suggesting the
occupation of excess Co atoms to Mn and Si sites. The

sample with X�80.4 at. % shows the opposite behavior,
i.e., the �004� peak position shifts to a lower angle indicating
that the single bcc face of B2 structure is not stable and
creates small phase separation. With increasing X, the �002�
superlattice peak gradually decreases and vanishes around
78.2 at. %. All these observations indicate that additional Co
atoms well occupy the Mn and/or Si sites and form Co anti-
site defects as expected. The full width at half maximum
�FWHM� of the rocking curve �left part� for the CMS �004�
peak and the average surface roughness Ra �right part� for the
top layer are plotted against X in Fig. 8. Both the values of
FWHM and Ra keep small for X up to 78.2 at. %. Therefore,
the structural and surface qualities of the film show no re-
markable change with X and do not affect the X dependence
of IEC behavior.

2. Interlayer exchange coupling behavior

Typical simulation results �lines� of experimental M-H
loops �open circles� for six samples of CMS/Cr/CMS trilay-
ers with different X values are shown in Figs. 9�a�–9�f�. In
Figs. 9�a�–9�c�, the experimental remanence Mr /Ms ratio is
always �0.74, representing 90° coupling as explained ear-
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lier. In Figs. 9�d�–9�f�, however, the Mr /Ms ratio is always
smaller than 0.74 and larger than the typical value Mr /Ms
��0.48� for the 180° coupling, indicating that 90° �coupling�
and 180° coupling are comparable. The parameters consid-
ered in simulations are Ma=Mb=950 emu /cc for X
=53.3–78.2 at. %, Ka=Kb=−3�104 erg /cc for X
=53.3–73 at. %, and Ka=Kb=−5.6�104 erg /cc for X
=75.6 and 78.2 at. %. These parameters are reasonable be-
cause the experimental saturation magnetization Ms is
950�20 emu /cc, and the cubic anisotropy constant K re-
mains in the same order in this range of X. For X
=80.4 at. %, however, the estimated values of magnetization
are Ma=Mb=880 emu /cc. The cubic anisotropy constant for
this sample was determined to be K=−6.8�103 erg /cc. The
simulation results show good agreement with the measured
M-H loops for all the samples. As shown in Figs. 9�a�–9�c�
the M-H loops can be simulated with J1=0 and only chang-

ing the strength of 90° coupling, i.e., values of J2. On the
other hand, the consideration of both 90° and 180° coupling
�i.e., −J2 and −J1� is required in simulating the M-H loops
shown in Figs. 9�d�–9�f�.

The intensity ratio of B2 superlattice peak to A2 funda-
mental peak, I�002� / I�004�, measured by XRD and the val-
ues of J1 and J2 evaluated from numerical simulations of
Co-Mn-Si/Cr/Co-Mn-Si trilayers are plotted as a function of
X in Figs. 10�a� and 10�b�, respectively. The intensity ratio
I�002� / I�004�, i.e., the degree of B2 ordering, decreases with
increasing X and disappears for very high X over 75 at. %
�Fig. 10�a��. Likewise, the 90° coupling strength J2 decreases
in a similar fashion with increasing X and shows a minimum
at X of about 70.3 at. % �Fig. 10�b��. Afterwards, the contri-
bution of negative J1, i.e., 180° coupling appears for Co-
Mn-Si layers with highly Co antisite defective �A2� struc-
tures. According to the IEC behavior, Fig. 10�b� can be
divided into two parts: one is X from 53.3 to 70.3 at. % and
the other is from 75.6 to 80.4 at. %. In the first part only 90°
coupling dominates and decreases monotonically with X,
while in the other, the contribution of 180° coupling arises.
The coupling behavior in the latter is common in transition-
metal ferromagnet-based thin films, while the former is not
familiar in such systems.

TABLE I. Co-Mn-Si film compositions �at.%� analyzed by ICP
and EPMA.

Co
�at.%�

Mn
�at.%�

Si
�at.%�

53.3 22.1 24.6

56.8 20.4 22.8

59.4 19.2 21.4

61.4 17.7 20.9

62.8 17.2 20.0

65.6 15.6 18.8

68.4 13.9 17.7

70.3 13.7 16.0

73.0 12.7 14.3

75.6 10.8 13.6

78.2 9.8 12.0

80.4 9.0 10.6
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V. DISCUSSION

In the study of Tann dependence, the crystal structure of
CMS changes from a B2 ordered structure for as-deposited
sample to a partially L21 ordered structure for samples post-
annealed from 200 to 400 °C. However, there is no signifi-
cant change in the magnetic properties; only 90° coupling
dominates in all cases with almost the same strength. On the
other hand, in the study of Co concentration dependence, the
gradual increase in chemical disordering from B2 to A2
structure of Co-Mn-Si considerably affect the IEC behavior.
The presence of 180° coupling has been observed only for

highly Co antisite defective disordered �A2� structure, i.e.,
when more than 73% atoms are occupied by Co in Co-Mn-
Si.

We will discuss our results of IEC in the view of existing
models of 90° coupling. Concerning the so-called intrinsic
theories,14,33,34 which consider an ideal layered system with-
out any interface roughness and chemical intermixing, calcu-
lations found that �J2� was much smaller than �J1� and it was
significantly smaller than the values observed experimen-
tally. The theories also predict that 90° alignments at zero
magnetic field can be observed only for those spacer thick-
nesses at which the oscillating parameter J1 has nodes.
Therefore, we can easily exclude those models, as they have
already failed to explain most of the experimental investiga-
tions of 90° coupling in different systems. Now we will fo-
cus on some familiar extrinsic models of 90° coupling such
as magnetic-dipole mechanism,35 Slonczewski�s36–38 predic-
tions of fluctuation mechanism, loose spin mechanism and
proximity magnetism of spacer material. According to
magnetic-dipole mechanism, 90° coupling is completely re-
lated to the interface roughness and the strength of coupling
is much small �0.01 erg /cm2� even for very large rough-
nesses �period L=20–50 nm and height �=0.5 nm of the
interface roughness� and it is independent of spacer material.
So we can also exclude this model as the strength of the 90°
coupling is very large in comparison to the surface roughness
in our samples. In another point of view, 90° coupling ac-
cording to the fluctuation mechanism is associated with spa-
tial fluctuations of bilinear coupling due to terraced varia-
tions in spacer thickness. However, the limitation of this
model is that it cannot explain the 90° coupling itself only
with no bilinear coupling, since the strength of the biqua-
dratic coupling J2 is directly related to the change in that of
the bilinear coupling. Therefore it might be possible to make
a simple explanation of our results for cases where both the
90° and bilinear couplings are existing. Furthermore, still
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there are some misgivings of the strength of 90° coupling in
such cases, since J2 can only contribute in a minor way to the
coupling. Another familiar model �of consideration� for 90°
coupling is the loose spin model, based on magnetic impurity
in spacer material and interfacial loose spins from ferromag-
netic layers. However, it is also much too weak to account
for the measured coupling strengths and oscillation of J2 in
CMS/Cr/CMS trilayers.26 Finally, according to Slonczews-
ki’s another prediction in proximity magnetism of spacer, the
existence of helicoidally twisted quasiantiferromagnetic
proximity states in the Cr �Mn� lead to coupling energy com-
pletely different from the conventional coupling behavior as
reported by Schreyer et al.39 According to this model38 the
direct exchange between the antiferromagnetic spacer and
the ferromagnetic layers at the ideally flat interfaces arises
ferromagnetic and antiferromagnetic interlayer exchange
coupling for odd and even number of monolayers of the
spacer, respectively. However, in case of nonideal interfaces,
i.e., due to the presence of one monolayer terraces at inter-
faces the magnetic frustration occurs. 90° coupling appears
when both the ferromagnetic and antiferromagnetic ex-
change coupling parameters �C+ and C−� contribute equally,
i.e., C+=C−. The qualitative explanation of our observation
might be possible using proximity magnetism model, but it
cannot explain the origin of our present investigation which
shows clear relation between the IEC and the degree of long-
range B2 ordering with Co concentrations in Co-Mn-Si. A
very recent theoretical investigation based on Slonczewski’s
proximity magnetism model by Kakeno et al.40 predicted
that the magnetic exchange interaction at the interface be-
tween the antiferromagnetic Cr spacer and ferromagnetic
full-Heusler alloy shows completely different behavior from
that between Cr and ferromagnetic transition-metal Fe. Ac-
cording to this calculation, the energetically stable condition
for magnetic exchange interaction at the interface between
Cr and CMS is not the same for Co- and Mn-Si-terminated
interfaces. The Cr moments couple ferromagnetically with
Co moments in Co-terminated interface, whereas, they �Cr
moments� couples antiferromagnetically with Mn moments
in Mn-Si-terminated interface. In our samples, CMS and Cr
are grown epitaxially in �001� direction where Co and Mn-Si
layers in CMS appear periodically. Therefore, in case of the
presence of one monolayer terraces of B2 ordered CMS or
antiphase boundaries at the interface both of the magnetic
elements �Co and Mn� are available, giving rise to different
type of magnetic frustration than that in Fe/Cr interface.
Thus due to the opposite magnetic exchange interactions of
Cr with two different magnetic elements �Co and Mn� and in
turn the originating special magnetic frustration at the inter-
face may cause the dominating 90° coupling in ordered full-
Heusler alloy-based structures. This speculation is consistent
with our observation where the degree of L21 ordering does
not affect the strength of 90° coupling, where as, the en-
hancement of A2 disordering with Co concentrations in Co-
Mn-Si reduce the strength �of 90° coupling�. Moreover, it is
to be noted here that, in our recent investigation of IEC in
Co-Fe/Cr/Co-Fe trilayer structures 41considerable the en-
hancement of 90° coupling strength has also been observed

for the sample as deposited �at RT� to bottom Co-Fe Tann
=400 °C, despite considerably small surface roughness. This
seems to be due to the enhancement of B2 ordering of Co-Fe
after annealing, where the different magnetic interaction of
Co and Fe with Cr originates the same type of magnetic
frustration at the interface as in Co-Mn-Si. However, the
absence of 180° coupling and the long-period oscillation of
only 90° coupling in ordered full-Heusler alloy-based struc-
tures are still mysterious. Therefore, more theoretical and
experimental works are required to clarify the understanding
of the effect of B2 ordering on IEC in full-Heusler alloy-
based systems.

VI. SUMMARY

In conclusion, we have investigated structural and mag-
netic properties in Co2MnSi-based fully epitaxial trilayers by
changing the Tann of bottom CMS and by preparing Co anti-
site defective Co-Mn-Si, systematically. The magnetization
behavior has been simulated by using a numerical-simulation
model, which shows a clear chemical-ordering dependence
of IEC. The Tann up to 400 °C, accordingly the chemical
ordering of bottom CMS in CMS/Cr/CMS trilayers form
completely B2 structure in as deposited �at RT� to partially
L21 structure at Tann	200 °C does not affect the IEC, only
90° coupling appears in all cases. X-ray diffraction, AFM
results, and composition analyses by ICP and EPMA in the
Co concentration dependence study confirm the gradual
change in Co concentration, accordingly the growth of
chemically disordered Co-Mn-Si from B2 to A2 structure
with increasing Co concentration in Co-Mn-Si/Cr/Co-Mn-Si
trilayers keeping epitaxial growth and small surface rough-
nesses. The strength of 90° coupling is found to decrease
monotonically with the Co concentration in turn decreasing
the long-range B2 ordering and a strong contribution of 180°
coupling appears for highly Co-antisite defective �disordered
in A2 structure� Co-Mn-Si structures only. The interface ex-
change interaction between ordered full-Heusler structure
and Cr spacer might play an important role in dominating
90° coupling in such structures. Finally, it would be interest-
ing to see if any future theoretical coupling models can re-
produce our observation.
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