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We calculate in a full self-consistent way the noncollinear distribution of magnetic moments in
Fe5/Crn ~n51–6! superlattices by means of ad-band tight-binding model. Self-consistency is
obtained on both magnitude and orientation of the moments: only the relative orientationDw
between the central moments of two adjacent Fe layers is fixed, the other moments being free to
orientate. We find that, whenDw is varied from 0 to 180°, the total energy of the system behaves
in accordance with the phenomenologicalproximity magnetism modelproposed by Slonczewski
only when the Cr thickness is not too small. For very thin Cr layers (n , 2), the behavior is totally
different. © 1997 American Institute of Physics.@S0021-8979~97!46208-4#
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Theoretical studies of magnetic order assuming non
linear arrangement are gaining much interest lately beca
of the many accurate calculation methods existing and
ever growing computational capacities. Calculations of n
collinear magnetic orders are however still mainly restric
to systems with high symmetry and few inequivalent sites
most studies, the orientation of the noncollinear magn
moments is fixed and the total energy of the system is c
pared to the collinear configuration or to other noncolline
ones.1,2 On the other hand, Ku¨bler et al.3 have performed a
self-consistent calculation, on magnitude and angle, of
magnetism of bulkg–Fe–Mn, RhMn3, and PtMn3, based on
the local approximation to the density functional theo
Noncollinear magnetic orders can also occur in more co
plex systems such as multilayered structures. Many exp
mental studies have shown the existence of noncollinear
plings between ferromagnetic layers separated by
nonmagnetic or an antiferromagnetic material.4–7 Such non-
collinear magnetic arrangements can be induced by struc
defects at the interfaces, like terraces, and are importan
understand the mechanism of exchange coupling. In th
situations, the assumption in calculations of helical magn
order can prove to be too restrictive8 and the computation o
the magnetic moments distribution self-consistently in b
magnitude and orientation is necessary. However, theab ini-
tio methods still require too long a computation time to co
sider complex systems with many inequivalent sites and
three components of the magnetic moment vectors. In o
to compute a full noncollinear magnetic order, more appro
mate methods are required such as the semiempirical t
binding method.

Here we determine the noncollinear magnetic order
Fe/Cr superlattices. The motivations to study such a sys
are the large amount of interesting experimental results
Fe/Cr systems. Noncollinear couplings between Fe lay
separated by a Cr spacer have been first reported by Ru¨hrig
et al.4 in 1991, and have since been reported by ot
groups.5,9 It is to be noted that whereas most groups ha
reported 90° couplings, Schreyeret al.5 have observed an
unexpected 50° couplings in Fe/Cr superlattices. We ca
late the noncollinear distribution of magnetic moments
Fe5/Crn superlattices~with n51–6! as a function of the rela
tive orientationDw between the central moments of two a
jacent Fe layers.
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We use the tight-binding model restricted tod electrons
in which the Hamiltonian is given in the basis of atom
orbitals. In the case of noncollinear magnetic orders,
quantization axis is different from site to site. To expre
both parts of the Hamiltonian in the same spin basis, i
necessary to rotate the local quantization axis according
reference directionz, by applying a spin 1/2 rotation matrix
on the exchange part ofH. The magnetic moments are ob
tained self-consistently by means of the real-space recur
method10 with the relationD i5I i .Mi , whereDi is the band
splitting, I i is the effective exchange integral, andMi the
local magnetic moment on the sitei . Self-consistency is im-
posed on both the magnitude and the angle of the mome
The iterative process for a noncollinear distribution of m
ments consists in calculating the three compone
[Mr ,i(p),M u,i(p),Mw,i(p)] of the new local magnetic mo
ment M i(p) in the three directionsur ,i(p), uu,i(p), and
uw,i(p) of the local basis; the resulting momentM i(p) de-
fining the direction of the local quantization axis for the ne
iteration. Self-consistency is obtained when, for the~p11!th

iteration:

maxi$uMr ,i~p11!2Mr ,i~p!u%,e

and maxi$uM u,i~p!u,uMw,i~p!u%,e

with e equal to 1025. Preliminary calculations with self-
consistency on bothu andw have shown that the magnet
moments always remain in the~001! plane, allowing thus to
fix u to p/2 and to leavew free to orientate. The hopping
integrals and the exchange and Coulomb effective integ
used in our calculations are chosen to reproduce satisfa
rily ab initio results obtained with the full potential aug
mented plane waves~FLAPW! technique and have bee
used in previous studies.8,11

In Fig. 1, the magnetic order obtained in the Fe5/Cr6
superlattice withDw5120°, is shown as well as the defin
tion of Dw. We see that whenDw is different from 0°, the
usual collinear order, that is the antiferromagnetic coupl
between Fe and Cr and the layer-by-layer antiferromagn
structure of Cr,12–14is perturbated and a noncollinear order
induced in order to minimize the frustrations. It is also to
noted that Fe does not remain perfectly ferromagnetic wit
a layer.
4363/3/$10.00 © 1997 American Institute of Physics
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FIG. 1. Distribution of the magnetic moments obtained in the Fe5/Cr6~001! superlattice withDw5120°. The black arrows correspond to Fe magnetic mome
the grey arrows to Cr magnetic moments, andDw is defined as the relative orientation between the moments of the central atoms in two successive Fe
The radius of the circles is proportional to the magnitude of the moments. The horizontal dashed lines correspond to the bulk value of the Fe and C
~respectively, 2.2 and 0.6mB!.
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The evolution of the magnetic moment asDw is varied
from 0° to 180° is shown on Fig. 2 for two different C
thicknesses:n56 and n51. The behavior of the momen
obtained forn56 is very similar to the one obtained fo
n55, 4, 3, and 2, which are thus not shown here. The
moments are enhanced compared to the bulk value~2.20mB!
within a layer, but are reduced at the interface due to
d-band hybridization with Cr. The magnitude of the Fe m
ments remain almost constant whenDw is varied. All Cr
moments are enhanced compared to their bulk value of
mB , but their magnitude decreases whenDw is very different
from its value corresponding to the collinear order~180°
whenn is even, 0° whenn is odd!. The Cr moment behave
totally differently when the Cr spacer consists of only o
monolayer~n51!. Whereas the behavior of the Fe momen
do not change compared to the other cases~n.1!, for n51
the Cr moment is much more enhanced and is almost e
to the interfacial Fe moment~1.7 mB! in the collinear con-
figuration. WhenDw changes, the magnitude of the Cr m
ment decreases rapidly to a value slightly superior to its b
value forDw5180°. On the other hand, the orientation of t
moments behave in a similar way as a function ofDw what-
ever the value ofn is ~including forn51!: whenDw is small
~or near 180° with evenn!, the angle varies linearly withDw.
WhenDw is larger than 90°~or smaller than 90° with even
n!, the moment rotates more slowly. It is to be noted t
whenn is odd, the angle of the central Cr atom varies p
fectly linearly with Dw due to symmetry properties of th
superlattice, the orientation of this moment being fixedde
factoand being always orientated exactly in the direction
the bissector ofDw. Such an effect is nonexistant whenn is
even.

Figure 3 gives the evolution of the total energy as
function ofDw for n56, 2, and 1. As expected, the groun
4364 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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state occurs for the collinear order, that is withDw5180°
when n is even andDw50° when n is odd. The energy
curves forn56 and 2 have been fitted with the parabo
E5An(Dw2p)2 on the@90°, 180°# interval. The values of
the coefficients obtained are:A6526.0 andA2525.7 meV/
crystallographic cell. Forn56, we find that the energy varie
almost perfectly parabolically as a function ofDw. This be-
havior is in accordance with a model recently proposed
Slonczewski,15 the proximity magnetism model, which ac-
counts for noncollinear exchange coupling between fer
magnetic layers separated by an antiferromagnetic spa
This model is based on the antiferromagnetic structure of
spacer and on its thickness fluctuations. The exchange
pling energy is phenomenologically written:E(Dw)
5J1(Dw)21J2(Dw2p)2 with 0<Dw<p and whereJ1

andJ2 are two positive coefficients which, respectively, f
vor ferromagnetic and antiferromagnetic couplings. From
competition between both terms result noncollinear c
plings, which can be different from 90° depending on t
value ofJ1 andJ2 . In the case of a perfectly abrupt inte
face and an integer number of spacer monolayers, whic
the case we have considered in our present calculations,
of the two coefficients vanishes:J150 andJ2.0 when the
number of spacer layers is even~antiferromagnetic cou-
pling!, J250 andJ1.0 when the number of spacer layers
odd ~ferromagnetic coupling!. The exchange coupling is thu
expected to vary parabolically as a function ofDw, as ob-
tained in our calculation withn56. Such an accordance wit
this model has also been found experimentally by Schre
et al.5 in Fe/Cr superlattices, indicating that theproximity
magnetism modeldescribes well the exchange couplin
mechanism in such systems. The values they found for
exchange coupling coefficients areJ155 andJ252 mJ/m2.
Expressing our results in the same unit, we obtainA6550.3
Freyss, Stoeffler, and Dreyssé
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andA5560.5 mJ/m2, which correspond, respectively, toJ2

andJ1 . Those values are more than ten times larger than
experimental ones. Such a discrepancy between calcu
and measured coupling strengths is well known.16

When the thickness of Cr is reduced, the energy cur
does not vary perfectly parabolically anymore. This is sho
on Fig. 3 forn52, and a similar behavior is also found fo
n55, 4, and 3. The curves deviate significantly from t
parabola whenDw is very different from its collinear orde
value. Forn51, the behavior is totally different. The energ
curve is not monotonous anymore. The energy increases
rapidly and then decreases to a local minimum forDw.90°.
The origin of such a behavior is not known so far. It could
due to both the large disorientation between the Fe and
large Cr interfacial magnetic moment and the limitation
our d-band model. The energy being very small~;5 meV/
crystallographic cell!, such a behavior might be altered whe
taking into account the ‘‘sp’’ electrons as well.17

The discrepancy with theproximity magnetism mode
when the Cr thickness is small~exceptn51! can be ex-

FIG. 2. Variation of the magnitude and the angle of the magnetic mom
as a function ofDw, in the Fe5/Cr6~001! and Fe5/Cr1~001! superlattices. The
anglesw are given relative to the central Fe atom. The empty symb
correspond to Fe sites, and the filled symbols to Cr sites. The circles c
spond to the central sites, the squares to the intermediate sites, the diam
to the interfacial sites.
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plained by the assumptions made in the model. It is ind
assumed:~i! the magnitude of all moments remains consta
~ii ! the Fe layers remain ferromagnetically ordered within
layer, and~iii ! only small perturbation of the collinear mag
netic order occurs. All three assumptions are clearly not
isfied whenn is small and whenDw is larger than 90° for
even values ofn and whenDw is smaller than 90° for odd
values ofn.

As perspective to this study, it appears interesting
consider a more realistic interface with structural defects
particular, from the presence of a monoatomic step, at
interface would result in the competition of both term in t
expression of the exchange energy and a noncollinear
pling that should be displayed in the ground state. The d
tribution of the magnetic moments near such a defect is a
interesting in order to understand the magnetic ordering
the Cr moments in the spacer.
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FIG. 3. Variation of the total energy per crystallographic cell as a funct
of Dw, in the Fe5/Cr6~001!, Fe5/Cr2~001!, and Fe5/Cr1~001! superlattices
~squares and solid line!. The dashed line corresponds to the fit of the curv
by the parabolaE5A~Dw2p!2, on the@90°,180°# interval.
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