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The electronic and magnetic structures and magnetic moments of Co2MnSi �CMS� /Cr /Co2MnSi �001�
trilayers are calculated by the first-principles method and compared to those calculated for Fe/Cr/Fe trilayers.
The magnetic moments of Co are found to be parallel to those of Cr, whereas those of Mn are antiparallel to
Cr moments. The results suggest that an antiphase structure in CMS layers may also bring about a frustration
in the interlayer exchange coupling in multilayers. We also study the effects of antisite atoms at interfaces on
the electronic and magnetic structures and find that the antiferromagnetic ordering of Cr moments is more
robust than that in Fe/Cr/Fe trilayers. We propose a possible scenario in which the robustness of the antifer-
romagnetic ordering of Cr moments and the frustration in the interlayer exchange coupling, which is caused by
antiphase or step structures, are responsible for the biquadratic coupling observed in CMS/Cr multilayers.
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I. INTRODUCTION

Spintronics has developed into a rich field of science and
technology following the discovery of giant magnetoresis-
tance and tunnel magnetoresistance �GMR and TMR� �Refs.
1–3� and current-induced magnetization switching �CIMS�.4
Magnetoresistive sensors using GMR and TMR are already
in wide commercial use, and magnetoresistive random ac-
cess memory using CIMS is currently under investigation for
technological applications. High spin polarization of current
through ferromagnetic junctions is desirable in these phe-
nomena. Therefore, half metals that show 100% spin polar-
ization attract much interest for use in ferromagnetic junc-
tions. Among many half metals, Heusler alloys have been
used for TMR junctions because they have high Curie tem-
peratures and show good lattice matching with MgO
barriers.5,6 Magnetic multilayers using Heusler alloys are
also promising materials for technological applications be-
cause they may produce a high GMR ratio, especially in the
current-perpendicular-to-plane geometry.

A key phenomenon in GMR is interlayer exchange cou-
pling �IEC� �Refs. 1, 2, and 7� between ferromagnetic layers
separated by a nonmagnetic layer. The coupling energy pro-
duced by IEC in ferromagnetic multilayers is usually de-
scribed in terms of bilinear coupling J1 and biquadratic cou-
pling J2 as

Eex = − J1 cos � − J2 cos2 � , �1�

where � is the relative angle between two magnetizations. So
far, many experimental and theoretical studies evaluated the
values of J1 and J2 and clarified the origin of IEC.8–11 In
many multilayers, �J1�� �J2�, and J1 show a long-period os-
cillation as a function of the nonmagnetic layer’s thickness.
The long-period oscillation of J1 has been attributed to span-
ning wave vectors on the Fermi surface of the nonmagnetic
metal.12–14 A short-period oscillation was also observed for
clean samples.15,16 In some multilayers, such as Fe/Al and
Fe/Au as well as Fe/Cr �J2� is the same order of magnitude as
�J1�.17–20 When the biquadratic coupling exceeds the bilinear

coupling, 90° coupling of the magnetization of the ferromag-
netic layers appears.

Recently, IEC in Co2MnSi �CMS� /Cr multilayers has
been measured. The following results were reported:21–25

CMS/Cr multilayers show dominant 90° coupling; that is,
�J2��J1�0, �J2� decreases with increasing Co content in
CMS, the 90° coupling is well correlated with the B2 struc-
ture of Co2FeSi, and the 90° coupling disappears in CMS/V
multilayers.

Several mechanisms have been proposed so far for the
90° coupling:26–28 an intrinsic mechanism, a model of J1
fluctuation due to interfacial roughness, a loose spin model, a
dipole-dipole interaction, and a proximity model that is ap-
plicable to antiferromagnetic spacer layers. However, none
of these mechanisms can explain the observed results for
Fe/Al, Fe/Au, and Fe/Cr multilayers in a unified way, and the
mechanism of the 90° coupling is still controversial. The
origin of the 90° coupling in CMS/Cr multilayers also re-
mains to be explained.

In this paper, we perform first-principles band calculations
for CMS/Cr/CMS trilayers �TLs�, and calculate the elec-
tronic structure and magnetic moment of each element of
CMS and the coupling energy. We also study the effects of
antisite atoms at interfaces on the magnetic structure and
coupling energy by using a supercell structure. Comparing
the results with those calculated for Fe/Cr/Fe TLs by the
same method, we propose a possible origin of the 90° cou-
pling in CMS/Cr multilayers.

The paper is organized as follows. In the next section, we
briefly explain the model and the method of calculation. Cal-
culated results are presented in Sec. III. In Sec. III A, we
show the results for Fe/Cr/Fe and Fe/V/Fe TLs which are
compared with previous results reported for first-principles
or tight-binding calculations, and in the next section we
present results for CMS/Cr/CMS TLs with collinear align-
ment of CMS magnetizations. We also present calculated re-
sults of the magnetic structures of Fe/Cr/Fe and CMS/Cr/
CMS TLs with interfaces at which antisite atoms exist.
Section IV discusses the difference between the magnetic
structures in Fe/Cr and CMS/Cr multilayers and a possible
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mechanism for the observed 90° coupling in CMS/Cr multi-
layers. Conclusions are given in the final section.

II. MODELS AND METHOD OF CALCULATION

We prepare a superlattice of CMS �8 ML�/Cr �12 ML�/
CMS �8 ML�/vacuum �0.85 nm� stacked along the �001� di-
rection as a typical structure for CMS/Cr/CMS TLs. �ML
stands for monolayer.� The lattice structure of CMS is shown
in Fig. 1�a�. The lattice constant of the CMS lattice is 0.3995
nm, slightly shorter than that of Cr, which has a lattice con-
stant of 0.4080 nm. In the calculations, we adopt the lattice
constant of CMS for the CMS/Cr/CMS TL since the total
energy of the system calculated with the CMS lattice con-
stant was lower than that of the Cr lattice constant. The lat-
tice mismatch of 2.1% has thus been neglected. The lattice
structure projected to the �001� plane of the CMS lattice is
shown in Fig. 1�b�; the area enclosed by chained lines is the
cross section of the supercell used in the calculations. The
arrangements of atoms near the interface are shown in Figs.
1�c� and 1�d�. The supercell structure used for the first-
principles calculations is shown in Fig. 1�e�. A unit cell con-
tains 56 atoms. We see that �Co-Co� and �Mn-Si� layers are
stacked alternately in the superlattice of the CMS layer.
Therefore, the CMS/Cr interface can feature either �Co-
Co�/Cr contact or �Mn-Si�/Cr contact; as a result, CMS/Cr/
CMS trilayers have three different interface combinations.
The position of Cr atoms is taken to be the ��1, �1,1�
direction from the atomic positions of CMS, and the lattice
spacing between CMS and Cr is assumed to be the same as
the CMS lattice constant.

We use the first-principles band calculation given by the
VASP package, in which the projector augmented wave
�PAW� pseudopotential method and a spin-polarized general-
ized gradient approximation-PW �Perdew-Wang� method are
adopted. The cutoff of the plane waves is 270 eV and the
k-point sampling is �5,5,5�. The total energy, electronic struc-
ture, and magnetic moment of each atom are calculated for
parallel �P� and antiparallel �AP� alignments of the magneti-
zation in the ferromagnetic layers. The difference in total
energy between P and AP alignments is defined as �E
=EAP−EP. When �E�0��0�, the P �AP� alignment is
stable.

We perform calculations for three types of CMS/Cr/CMS
TLs: TLs with �Co-Co�/Cr contact for both interfaces, those
with �Mn-Si�/Cr contact for both interfaces, and those with
�Co-Co�/Cr contact for one interface and �Mn-Si�/Cr contact
for the other interface. We further study the effects of antisite
atoms at the interfaces. This is possible because the cross
section of the superlattice contains two atoms, as shown in
Figs. 1�c� and 1�d�. Hereafter, we denote an antisite atom A
that replaces a B atom as A�B� or A� in the tables and figures.
In addition to CMS/Cr/CMS TLs, we also perform the same
kind of calculations for Fe/Cr/Fe as well as Fe/V/Fe and
CMS/V/CMS TLs because experimental group reported re-
sults for CMS/V/CMS multilayers.29 The results are then
compared to those calculated for CMS/Cr/CMS TLs. We ba-
sically assume a collinear alignment of Fe and CMS magne-
tization for the Fe/Cr/Fe and CMS/Cr/CMS TLs, respec-
tively.

III. CALCULATED RESULTS

A. Fe/Cr/Fe and Fe/V/Fe TLs

Figures 2�a� and 2�b� show the density of states �DOS� of
ferromagnetic bulk Fe and antiferromagnetic bulk Cr, respec-
tively. The local DOSs of Fe and Cr at the interface of an
Fe�8 ML�/Cr�12 ML�/Fe�8 ML� TL with a collinear magne-
tization alignment are presented in Figs. 2�c� and 2�d�, re-
spectively. We see that the up-spin local DOSs of Fe and Cr
are strongly modified by band mixing between Fe and Cr at
the interface. On the other hand, the down-spin DOSs of Fe
and Cr are almost unchanged. Note that the up-spin and
down-spin DOSs of Cr are not symmetrical because a simple
antiferromagnetic state is assumed for bulk Cr.

The magnetic moments and magnetic structures of AP and
P alignments calculated for an Fe�8 ML�/Cr�12 ML�/Fe�8
ML� TL are shown in Figs. 3�a� and 3�b�, respectively. Since
the number of Cr MLs is even, the Cr layer is ordered anti-
ferromagnetically in the AP alignment, as Fig. 3�a� shows. In
contrast, in the P alignment, Cr moments cannot be well
ordered antiferromagnetically and are shrank, as Fig. 3�b�

CMS(8ML) Cr(12ML) CMS(8ML) Vacuum
~0.85nm

(a) (b) (c) (d)

(e) SiCo

Cr
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Co Cr

Mn

Si
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FIG. 1. �Color online� �a� Lattice structure of CMS, �b� structure
projected on the �001� plane, arrangement of atoms near CMS/Cr
interface with �c� �Co-Co�/Cr contact and �d� �Mn-Si�/Cr contact,
and �e� unit cell of CMS/Cr/CMS/vacuum used for the calculation.
The cross section of the super cell is shown in �b� as an area en-
closed by chained lines.
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FIG. 2. Calculated results of the DOS of �a� ferromagnetic bulk
Fe and �b� antiferromagnetic bulk Cr. �c� and �d� show the local
DOS of Fe and Cr, respectively, at the interface in an Fe/Cr/Fe TL.
Arrows indicate spins and a vertical dotted line shows the Fermi
energy.
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shows. At the interface, the Fe moment mFe is antiparallel to
the Cr moment mCr. Absolute values of mFe and mCr are
2.2 �B/atom and �1 �B/atom, respectively, in the AP align-
ment. The value of mFe increases to �3 �B/atom at the sur-
face. As a result, the stable alignment changes layer by layer
with increasing Cr thickness. These results agree qualita-
tively with previous ones,14,30–34 however, quantitative
agreement/disagreement needs discussions.

The coupling energy �E�−209 erg /cm2 is much larger
than the measured value for IEC. It is even larger than those
calculated previously by a factor 4.31,33 We may attribute the
latter difference to rather large values of mCr as compared
with those calculated previously. Our results of mCr are about
1 �B for the stable AP alignment with 12 Cr atomic layers.
In the P alignment, on the other hand, they shrink to smaller
values due to a mismatching of the antiferromagnetic order-
ing in Cr layer with Fe magnetization. Calculated values of
mCr by Stoeffler-Gautier31 and Mirbt et al.33 are about
0.6 �B and 0.3 �B per atom, respectively. Since the calcu-
lated energy of trilayers includes the magnetic energy of Cr
layers, �E should include the energy change caused by the
shrinkage of mCr. At the moment, however, we do not under-
stand the reason for different values of mCr calculated by
three groups.

Calculated results of �E for Fe/V/Fe TLs may give some
more information on the exchange coupling calculated in this
kind of the method. We performed detailed calculation of the
electronic and magnetic states and �E for Fe/V/Fe TLs by
adopting several k-point samplings, �15, 15, 5�, �21, 21, 5�,
and �25, 25, 5�. We found that the magnitude of �E and mV

are smaller than those in Fe/Cr/Fe TLs by two and one order
magnitude, respectively, as shown in Fig. 4. We see in Fig.
4�a� that the value of �E is about 0.5 meV/unit cell �about
1 erg /cm2� for an Fe�8 ML�/V�12 ML�/Fe�8 ML� TL,
which, however, is still larger than the experimental values
of Fe/V multilayers by one order of magnitude.35 The differ-
ence between calculated and experimental values of �E
might also be attributed a change in mV in the central region
of V layer as shown in the Fig. 4�b�. The overall reduction in
mV by a factor 10 as compared with mCr might result in a
smaller value of �E in Fe/V/Fe TLs than that in Fe/Cr/Fe
TLs by two orders of magnitude. Thus the contribution of
magnetic energy in the spacer metals seems to be large in the
calculations. It may be interesting to note that the variation in
mV in the V layer is different from either RKKY type oscil-
lation or a simple alternate oscillation calculated for Fe/
Cr/Fe TLs. As shown in Fig. 4�a�, the numerical accuracy of
�E may not be insufficient. However, the accuracy should be
confirmed by performing extended calculation for thicker V
layers, which will be a future problem due to time consum-
ing calculation.

We also calculated the magnetic structure for an Fe�8
ML�/Cr�24 ML�/Fe�8 ML� TL with a collinear alignment of
Fe magnetizations and found that a spin-density wave struc-
ture is realized, which is consistent with previous
reports.36–38

Since we prepared a large unit cell, the cross section of
which contains two Fe or Cr atoms, it is possible to study the
effects of antisite atoms at the interface on the magnetic
structure and IEC. The magnetic structures for an Fe/Cr/Fe
TL with an antisite Cr�Fe� at one interface are shown in Figs.
3�c� and 3�d� for AP and P alignments, respectively. Antisite
atoms make �E positive and stabilize the P alignment. As
Fig. 3�c� shows, shrinkage in Cr moments appears with AP
alignment, whereas those in P alignment show an antiferro-
magnetic ordering, as Fig. 3�d� shows. When antisite atoms
exist at both interfaces, the shrinkage in Cr moments be-
comes even larger, as shown in Figs. 3�e� and 3�f� for AP and
P alignments, respectively. We also find that the magnitude
of �E decreases substantially, as shown in Table I. We may
attribute the shrinkage of the Cr moments and the reduction
in �E to a frustration of magnetic alignment at the interface.
It is noted that two Cr sites in the unit cell are no more
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FIG. 3. �Color online� Calculated results of the magnetic struc-
tures of an Fe�8 ML�/Cr�12 ML�/Fe�8 ML� TL with �a� AP and �b�
P alignments of Fe magnetization, those of an Fe/Cr/Fe TL with �c�
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with one antisite Cr�Fe� atom at each interface. Insets show the type
of contact at the interface. �a�, �d�, and �f� show the stable alignment
of Fe magnetization. Elements marked with � indicate antisite at-
oms at the interface.
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equivalent when antisite atoms exist at the interface. The
difference in mCr on the nonequivalent sites, however, is
fairly small.

B. CMS/Cr/CMS TLs

The calculated DOS of bulk CMS is shown in Fig. 5. The
DOS shows half metallicity, and the total magnetization is
5 �B per unit cell of Co2MnSi, as expected.

Figure 6 shows the local DOSs of CMS�8 ML�/Cr�12
ML�/CMS�8 ML� TLs with a collinear magnetization align-
ment. The local DOSs of Co and Mn atoms in the interior
region of the TL are shown in Figs. 6�a� and 6�b�, respec-
tively. We find that half metallicity is well preserved in the
interior region. However, the half-metallic character is nearly
lost for Co and Mn atoms at the interface, as shown in Figs.
6�c� and 6�e�, respectively. This is attributed to band mixing
between the CMS and Cr layers.

Calculated results of the magnetic moments and magnetic
structures for CMS�8 ML�/Cr�12 ML�/CMS�8 ML� TLs with
perfect interfaces are shown in Figs. 7�a�–7�f�. As men-
tioned, three combinations of �Co-Co�/Cr and �Mn-Si�/Cr
contacts are possible in a TL. Figures 7�a� and 7�b� show the
magnetic moments for AP and P alignments, respectively, of
a TL in which both interfaces consist of �Co-Co�/Cr contacts.
Since the number of Cr MLs is even, Cr moments show
antiferromagnetic ordering in the AP alignment. In the P
alignment, on the other hand, Cr moments shrink, making
that alignment unstable. The Mn, Co, and Cr moments in the
AP alignment are obtained as mMn�3 �B/atom, mCo
�1 �B/atom, and mCr�0.7 �B/atom, and mCo and mCr are
parallel at the interface. The results for Cr moments are quite

similar to those in Fe/Cr/Fe TLs. The enhancement of mMn at
the surface of the TL is attributed to a surface effect. It is also
noted that two Cr sites in the unit cell are no more equivalent
in CMS/Cr/CMS TLs. The difference in mCr on the non-
equivalent sites is fairly small as shown in the figure.

TABLE I. Stable magnetization alignment and values of �E for
Fe/Cr/Fe trilayers with different interfaces. Elements marked with �

indicate antisite atoms at the interface.

Interface Stable alignment
�E

�erg /cm2�

�Fe-Fe�/Cr/�Fe-Fe� AP −209.0

�Fe-Cr�� /Cr / �Fe-Fe� P 69.4

�Fe-Cr�� /Cr / �Fe-Cr�� P 28.6
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The magnetic moments and magnetic structures calcu-
lated for a TL with �Mn-Si�/Cr contacts are shown in Figs.
7�c� and 7�d� for AP and P alignments, respectively. The
results are quite similar to those obtained for the TL with
�Co-Co�/Cr contacts, except that the alignment of mMn and
mCr is AP, and mMn is slightly reduced to �2.5 �B/atom at
the interface. Results for a TL with interfaces formed by
�Co-Co�/Cr and �Mn-Si�/Cr contacts are shown in Figs. 7�e�
and 7�f� for AP and P alignments, respectively. We find that
Cr moments are ordered antiferromagnetically in the P align-
ment and shrank in the AP alignment. As a result, the P
alignment becomes stable in this case. This is because mCr is
parallel to mCo at the �Co-Co�/Cr contact and antiparallel to
mMn at the other contact. This is a characteristic feature of
CMS/Cr/CMS TLs in which two types of magnetic atoms are
included in the ferromagnetic layers.

Because Cr layer tends to order antiferromagnetically, P
and AP alignments of CMS magnetization appear alternately
with increasing Cr thickness. To show this clearly, we
present calculated results of CMS/Cr�11 ML�/CMS TLs in
Fig. 8. For odd number of Cr atomic layer, P alignment of
CMS magnetization is stable for the same type contact at
both interfaces while AP alignment is stable for different
types of contact at two interfaces of TLs. This is in contrast
to the stable alignment for TLs with even number of Cr
atomic layers.

We also performed the calculation for a CMS/V/CMS/
vacuum superlattice and compared the results with experi-
mental ones.29 We found that the result is nearly the same as
that obtained for Fe/V/Fe. Thus, the antiferromagnetic struc-
ture of Cr layer is important in IEC in CMS/Cr/CMS TLs as
well as in Fe/Cr/Fe TLs.

Since CMS includes three different atoms, much variety is
possible in antisite structures at the interfaces in CMS/Cr/
CMS TLs. To study the effects of roughness at the interfaces
on the electronic and magnetic structures, we perform the
calculations for CMS/Cr/CMS TLs with antisite atoms at the
interface.

The local DOSs of Co�Mn� and Cr at an interface with an
antisite Co�Mn� atom are shown in Figs. 9�a� and 9�b�, re-
spectively. The half metallicity vanishes completely and a
rather high DOS appears at the Fermi energy. The high DOS
appearing in the energy-gap region is attributed to in-gap
states rather than to band mixing at the interface. The results
agree qualitatively with previous first-principles calculations
for antisite Co in a bulk CMS.39,40

The corresponding magnetic moments and magnetic
structures are shown in Figs. 9�c� and 9�d� for AP and P
alignments, respectively. Cr moments are antiferromagneti-
cally ordered in the stable P alignment. On the other hand, in
the unstable AP alignment, some Cr moments become small
near the antisite atom interface. This is attributed to a change
in the direction of the magnetic moment of the antisite atom;
the Co�Mn� moment is parallel to the Cr moment, whereas
the Mn moment is antiparallel to the Cr moment.

In Table II, we summarize the calculated results of a
stable alignment of CMS magnetization and the values of �E
for CMS�8 ML�/Cr�12 ML�/CMS�8 ML� TLs with perfect
interfaces and those with antisite atoms at interfaces. Despite
a few exceptions, we find that the P alignment tends to be
stable in a combination of �Co-Co�/Cr and �Mn-Si�/Cr inter-
faces, and that the AP alignment is stable in the other com-
binations of interfaces regardless of the presence of antisite
atoms at the interface. The result is attributed to the AP align-
ment between mMn and mCr and the P alignment between mCo
and mCr. We also found that antisite Co�Cr� atoms have the
same tendency �not shown�. Note that �E, and thus the mag-
netization alignment, are less affected by antisite atoms in
CMS/Cr/CMS TLs than in Fe/Cr/Fe TLs. The result contrasts
noticeably with that obtained for Fe/Cr/Fe TLs shown in
Table I.
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It is basically possible to study the magnetic states in
noncollinear alignments of the magnetization. We have tried
it by incorporating the scalar relativistic effect into the PAW
potential. However, we found that a self-consistent calcula-
tion is quite time consuming to obtain stable results. There-
fore we will not mention the result in this paper.

IV. DISCUSSION

In the previous section, we presented the electronic and
magnetic structures of Fe/Cr/Fe and CMS/Cr/CMS TLs cal-
culated by the first-principles method. Here, we discuss the
similarity and dissimilarity of Fe/Cr/Fe and CMS/Cr/CMS
TLs, the effects of antisite atoms at interfaces on the mag-
netic structure, and a possible mechanism for the observed
90° coupling in CMS/Cr multilayers.

The tendency toward 90° coupling in Fe/Cr multilayers
observed so far may be explained as follows. When a Cr
layer is thin, its antiferromagnetic ordering vanishes, prob-
ably due to interfacial roughness, and the Cr layer becomes
nonmagnetic, making the long-period oscillation dominant.
In clean samples, however, antiferromagnetic ordering may
survive and a short-period oscillation appears. Subject to ML
steps at the interface, a frustration between P and AP align-
ments occurs, resulting in the 90° coupling.

The frustration may appear differently in CMS/Cr/CMS
TLs when Cr moments are ordered antiferromagnetically. In
the TLs, Mn moments align antiparallel to Cr moments at
interfaces, whereas Co moments are parallel to Cr moments.
As a result, the alignment of CMS magnetization in CMS/
Cr/CMS depends on the combination of �Co-Co�/Cr and
�Mn-Si�/Cr contacts at the interface. In a CMS/Cr/CMS TL
with an even number of Cr MLs, P alignment occurs when
two interfaces consist of different types of contact and AP

alignment occurs when the same type of contact forms both
interfaces. This indicates that the frustration may not appear
even when a step exists at an interface, as Fig. 10�a� shows.
The frustration of the magnetization alignment may occur
when an antiphase structure exists, as Figs. 10�b� and 10�c�
show. Note that the frustration appears even when no steps
exist, as Fig. 10�c� shows.

We studied the effects of antisite atoms at interfaces on
the magnetic structures in CMS/Cr/CMS TLs since the de-
gree of order may not be 1.0 and some antisite atoms exist in
CMS.39,40 Although a rich variety of structure is possible at
the interface in CMS/Cr/CMS TLs, the trend of the magne-
tization alignment in TLs without antisite atoms, explained
in the previous paragraph, could be preserved even in TLs
with antisite atoms, with a few exceptions. In Fe/Cr/Fe, how-
ever, the effects of antisite Cr�Fe� on the magnetic structure
of Cr and �E are rather strong, as shown in Fig. 3 and Table
I. The difference in the results obtained for Fe/Cr/Fe and
CMS/Cr/CMS TLs may affect the antiferromagnetic ordering
in Cr layers; that is, the antiferromagnetic ordering of Cr
moments might be more robust against roughness, such as
antisite atoms at interfaces, in CMS/Cr/CMS TLs than in
Fe/Cr/Fe TLs.

The argument above suggests a possible scenario for the
90° coupling in CMS/Cr multilayers: a robust antiferromag-
netic ordering of Cr moments and a frustration caused by
antiphase structures and/or step structures result in strong
90° coupling. Actually an effect of interface roughness on
the exchange coupling was discussed for example by Costa
et al.41

Finally, let us discuss IEC in terms of the J1 and J2 mod-
els given in Eq. �1� and the so-called proximity model,8

which is characterized by

Eex = C+��	2 + C−�� − �	2. �2�

It is known that the proximity model may be applied to mul-
tilayers in which the spacer layers are ordered antiferromag-

TABLE II. Calculated results of the stable magnetization align-
ment and values of �E for CMS�8 ML�/Cr�12 ML�/CMS�8 ML�
TLs with perfect interfaces and those with antisite atoms at one
interface. Elements marked with � are antisite atoms.

Interface Stable alignment
�E

�erg /cm2�

�Co-Co�/Cr/�Co-Co� AP −34.9

�Cr�-Co� AP −47.9

�Mn�-Co� AP −45.4

�Mn�-Si�� P 11.4

�Mn-Si�/Cr/�Mn-Si� AP −83.0

��Mn-Co�� AP −90.5

��Cr�-Si� AP −76.6

�Mn-Cr�� AP −82.5

�Co�-Si� P 18.9

�Co-Co�/Cr/�Mn-Si� P 58.8

�Cr�-Si� P 56.5

�Mn-Co�� P 67.3

�Mn-Cr�� P 57.8

�Co�-Si� AP −14.4

C r

C M S

C M Sn  o r  S i

C o

A P A P A P

( a )

A P P A P

( b )

A P P A P

( c )

FIG. 10. IEC for �a� a step without antiphase structure, �b� a step
with antiphase structure, and �c� an antiphase structure without
steps.

KAKENO et al. PHYSICAL REVIEW B 82, 014413 �2010�

014413-6



netically. Therefore, Eq. �2� may be more adequate than Eq.
�1� to analyze experimental results of CMR/Cr/CMS multi-
layers. The main difference between Eqs. �1� and �2� is that a
linear term in � exists in the latter when � is small. Since the
torque dEex /d� to rotate the magnetization alignment is non-
zero for any � in Eq. �2�, this term yields an infinite satura-
tion field in the magnetization of MLs. This tendency was
clearly observed in CoFe/Mn/CoFe multilayers.42 Although
the proximity model should be examined in detail, the ex-
perimentally derived conclusion that 90° coupling exists in
CMS/Cr multilayers will be unchanged since the measure-
ment of remanent magnetization is its main source. Compari-
son of the calculated �E with Eex in Eqs. �1� and �2�, how-
ever, is difficult at present because �E is much larger than
Eex.

V. CONCLUSION

We calculated the electronic structure, magnetic moments,
and magnetic structures in Fe/Cr/Fe and CMS/Cr/CMS TLs
with perfect interfaces as well as those with antisite atoms at
interfaces by the first-principles method. For CMS/Cr/CMS
TLs, we showed that the half-metallic character of CMS is
lost at the interfaces and found that the Mn moments align

antiparallel to the Cr moment but the Co moments are par-
allel to the Cr moments at the interface. Because of the align-
ment of local moments at the interface, the sign of IEC in
CMS/Cr/CMS TLs depends on the type of contact, �Co-
Co�/Cr or �Mn-Si�/Cr, at the interfaces. The result indicates
that a frustration of magnetization alignment is possible in
multilayers with antiphase structure. The magnetization
alignment and antiferromagnetic ordering of Cr moments in
CMS/Cr/CMS multilayers are rather more robust against an-
tisite atoms at the interface than those in Fe/Cr/Fe TLs. In
view of these results, we suggested that the 90° coupling
observed in CMS/Cr multilayers results from a combined
effect of the robustness of the antiferromagnetic ordering of
Cr moments and frustrations caused by roughness, antiphase
structure, and/or steps.
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