Noncollinear magnetic orders in Fe/Cr superlattices
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We calculate in a full self-consistent way the noncollinear distribution of magnetic moments in
Fe/Cr, (n=1-6) superlattices by means of @&band tight-binding model. Self-consistency is
obtained on both magnitude and orientation of the moments: only the relative orienfagion
between the central moments of two adjacent Fe layers is fixed, the other moments being free to
orientate. We find that, whefi¢ is varied from 0 to 180°, the total energy of the system behaves

in accordance with the phenomenologigabximity magnetism modeglroposed by Slonczewski

only when the Cr thickness is not too small. For very thin Cr layars(2), the behavior is totally
different. © 1997 American Institute of Physid$$0021-897@07)46208-4

Theoretical studies of magnetic order assuming noncol- We use the tight-binding model restricteddcelectrons
linear arrangement are gaining much interest lately becausa which the Hamiltonian is given in the basis of atomic
of the many accurate calculation methods existing and therbitals. In the case of noncollinear magnetic orders, the
ever growing computational capacities. Calculations of nonguantization axis is different from site to site. To express
collinear magnetic orders are however still mainly restrictecboth parts of the Hamiltonian in the same spin basis, it is
to systems with high symmetry and few inequivalent sites. Imecessary to rotate the local quantization axis according to a
most studies, the orientation of the noncollinear magneticeference directiorz, by applying a spin 1/2 rotation matrix
moments is fixed and the total energy of the system is comen the exchange part ¢1. The magnetic moments are ob-
pared to the collinear configuration or to other noncollineartained self-consistently by means of the real-space recursive
onest? On the other hand, Kaler et al® have performed a method® with the relationA, =1, .M, , whereA, is the band
self-consistent calculation, on magnitude and angle, of theplitting, I; is the effective exchange integral, ai, the
magnetism of bulky—Fe—Mn, RhMg, and PtMn, based on local magnetic moment on the siteSelf-consistency is im-
the local approximation to the density functional theory.posed on both the magnitude and the angle of the moments.
Noncollinear magnetic orders can also occur in more comThe iterative process for a noncollinear distribution of mo-
plex systems such as multilayered structures. Many experiments consists in calculating the three components
mental studies have shown the existence of noncollinear codM, ;(p),M,;(p),M, i(p)] of the new local magnetic mo-
plings between ferromagnetic layers separated by anent M;(p) in the three directionsu, ;(p), ug;(p), and
nonmagnetic or an antiferromagnetic matetidlSuch non- U,i(p) of the local basis; the resulting momeit;(p) de-
collinear magnetic arrangements can be induced by structuréihing the direction of the local quantization axis for the next
defects at the interfaces, like terraces, and are important ficeration. Self-consistency is obtained when, for the-1)"
understand the mechanism of exchange coupling. In thosgeration:
situations, the assumption in calculations of helical magnetic

order can prove to be too restrictiiand the computation of max{|M, (p+1)—M, (p)|[}<e
the magnetic moments distribution self-consistently in both
magnitude and orientation is necessary. Howeverathi- and max{|M,;(p)|.[M,i(p)|}<e

tio methods still require too long a computation time to con-
sider complex systems with many inequivalent sites and thaith e equal to 10°. Preliminary calculations with self-
three components of the magnetic moment vectors. In ordezonsistency on botl# and ¢ have shown that the magnetic
to compute a full noncollinear magnetic order, more approxi-moments always remain in th801) plane, allowing thus to
mate methods are required such as the semiempirical tightix 6 to /2 and to leavep free to orientate. The hopping
binding method. integrals and the exchange and Coulomb effective integrals
Here we determine the noncollinear magnetic order irused in our calculations are chosen to reproduce satisfacto-
Fe/Cr superlattices. The motivations to study such a systemily ab initio results obtained with the full potential aug-
are the large amount of interesting experimental results omented plane wave$FLAPW) technique and have been
Fe/Cr systems. Noncollinear couplings between Fe layerssed in previous studids!
separated by a Cr spacer have been first reported byidRu In Fig. 1, the magnetic order obtained in theg/Exg
etal? in 1991, and have since been reported by othesuperlattice withAe=120°, is shown as well as the defini-
groups>® It is to be noted that whereas most groups haveion of Ag. We see that whed is different from 0°, the
reported 90° couplings, Schreyet al® have observed an usual collinear order, that is the antiferromagnetic coupling
unexpected 50° couplings in Fe/Cr superlattices. We calcubetween Fe and Cr and the layer-by-layer antiferromagnetic
late the noncollinear distribution of magnetic moments instructure of C*>~#is perturbated and a noncollinear order is
Fey/Cr, superlatticegwith n=1-6) as a function of the rela- induced in order to minimize the frustrations. It is also to be
tive orientationA¢ between the central moments of two ad- noted that Fe does not remain perfectly ferromagnetic within
jacent Fe layers. a layer.
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FIG. 1. Distribution of the magnetic moments obtained in thg@g(0021) superlattice withA=120°. The black arrows correspond to Fe magnetic moments,

the grey arrows to Cr magnetic moments, dnglis defined as the relative orientation between the moments of the central atoms in two successive Fe layers.
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 Cr moments
(respectively, 2.2 and 0.6g).

The evolution of the magnetic moment As is varied state occurs for the collinear order, that is willp=180°
from 0° to 180° is shown on Fig. 2 for two different Cr when n is even andA¢=0° whenn is odd. The energy
thicknessesn=6 andn=1. The behavior of the moment curves forn=6 and 2 have been fitted with the parabola
obtained forn=6 is very similar to the one obtained for E=A,(A@— )2 on the[90°, 1809 interval. The values of
n=5, 4, 3, and 2, which are thus not shown here. The Fehe coefficients obtained ar&=26.0 andA,=25.7 meV/
moments are enhanced compared to the bulk vélBd uz)  crystallographic cell. Fon=6, we find that the energy varies
within a layer, but are reduced at the interface due to th@lmost perfectly parabolically as a function &f. This be-
d-band hybridization with Cr. The magnitude of the Fe mo-havior is in accordance with a model recently proposed by
ments remain almost constant whéw is varied. All Cr  Slonczewski® the proximity magnetism modethich ac-
moments are enhanced compared to their bulk value of 0.6ounts for noncollinear exchange coupling between ferro-
ug, but their magnitude decreases whiepis very different  magnetic layers separated by an antiferromagnetic spacer.
from its value corresponding to the collinear ordd80°  This model is based on the antiferromagnetic structure of the
whenn is even, 0° whem is odd. The Cr moment behaves spacer and on its thickness fluctuations. The exchange cou-
totally differently when the Cr spacer consists of only onepling energy is phenomenologically writtenE(A¢)
monolayer(n=1). Whereas the behavior of the Fe moments=J, (A¢)?+J_(Ap—7)? with 0<A¢<m and whereJ,
do not change compared to the other casesl), forn=1  andJ_ are two positive coefficients which, respectively, fa-
the Cr moment is much more enhanced and is almost equabr ferromagnetic and antiferromagnetic couplings. From the
to the interfacial Fe momen(.7 wug) in the collinear con- competition between both terms result noncollinear cou-
figuration. WhenA¢ changes, the magnitude of the Cr mo- plings, which can be different from 90° depending on the
ment decreases rapidly to a value slightly superior to its bulkvalue ofJ, andJ_. In the case of a perfectly abrupt inter-
value forA=180°. On the other hand, the orientation of theface and an integer number of spacer monolayers, which is
moments behave in a similar way as a functiom\gfwhat-  the case we have considered in our present calculations, one
ever the value o is (including forn=1): whenA¢g is small  of the two coefficients vanished; =0 andJ_>0 when the
(or near 180° with even), the angle varies linearly with. number of spacer layers is evdantiferromagnetic cou-
WhenAg is larger than 907or smaller than 90° with even pling), J_=0 andJ, >0 when the number of spacer layers is
n), the moment rotates more slowly. It is to be noted thatodd (ferromagnetic coupling The exchange coupling is thus
whenn is odd, the angle of the central Cr atom varies per-expected to vary parabolically as a function ®%, as ob-
fectly linearly with Ae due to symmetry properties of the tained in our calculation with=6. Such an accordance with
superlattice, the orientation of this moment being fixdal  this model has also been found experimentally by Schreyer
factoand being always orientated exactly in the direction ofet al® in Fe/Cr superlattices, indicating that tipeoximity
the bissector oAp. Such an effect is nonexistant wharis  magnetism modebescribes well the exchange coupling
even. mechanism in such systems. The values they found for the

Figure 3 gives the evolution of the total energy as aexchange coupling coefficients ate=5 andJ_=2 mJ/nf.
function of Ag for n=6, 2, and 1. As expected, the ground Expressing our results in the same unit, we obtajr50.3
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by the parabol&=A(A¢—m)?, on the[90°,1809 interval.

90 * 1 ) 0 plained by the assumptions made in the model. It is indeed
0 assumed(i) the magnitude of all moments remains constant,
- (i) the Fe layers remain ferromagnetically ordered within a
layer, and(iii) only small perturbation of the collinear mag-
netic order occurs. All three assumptions are clearly not sat-
isfied whenn is small and whem\¢ is larger than 90° for

0 ool  —90

! 1 -1 ;
90 - ‘ R s w : 80 even values oh and whenAe is smaller than 90° for odd
0 45 90 135 180 0 45 90 135 180 values ofn.
Ap(°) A (") As perspective to this study, it appears interesting to

consider a more realistic interface with structural defects. In
FIG. 2. Variation of the magnitude and the angle of the magnetic moment articular. from the presence of a monoatomic step. at one
as a function ofA¢, in the Fg/Crg(001) and Fe/Cr,(001) superlattices. The Eﬂerface ;Nould I’eSUIF; in the competition of both terr?{ in the
angles¢ are given relative to the central Fe atom. The empty symbols - p .
correspond to Fe sites, and the filled symbols to Cr sites. The circles corre@Xpression of the exchange energy and a noncollinear cou-
spond to the central sites, the squares to the intermediate sites, the diamongiing that should be displayed in the ground state. The dis-
o the interfacial sites. tribution of the magnetic moments near such a defect is also

interesting in order to understand the magnetic ordering of
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