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Abstract

Atomic and magnetic structures of Fe/Cr superlattices have been studied by means of polarized neutron re#ectometry,
X-ray di!raction, electron microscopy and MoK ssbauer spectroscopy. Peculiarities of structure responsible for the
formation of non-collinear magnetic order have been found. ( 1999 Elsevier Science B.V. All rights reserved.
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Recently, we have reported the peculiarity of giant
magnetoresistance of Fe/Cr superlattices in the external
magnetic "eld applied perpendicular to the layers plane
[1]. The magnetoresistance}magnetic "eld curve has
been shown to display a plateau-like part at which the
magnetoresistance changes insigni"cantly. The peculiar-
ity was attributed to the non-collinear magnetic ordering
of Fe layers and described within biquadratic exchange
model. The present work aims to determine what pecu-
liarities of Fe}Cr interfaces could give rise to the strong
biquadratic exchange coupling.

Investigations were carried out on [57Fe/Cr]
n

super-
lattices with various Cr- and Fe-layer thickness and
number of bilayers, MBE-grown on (0 0 1)MgO and
(1 1 0)Al

2
O

3
substrates covered with Cr bu!er layer.

The magnetic ordering in our structures was traced
with polarized neutron re#ectivity studies made in the
Institute Laue-Langevin. The re#ectivity pro"les R

`
and

R
~

were measured for momentum transfer Q in the range
0.01}0.2 A~1, with incident neutron beam being polariz-
ed parallel and antiparallel to an external magnetic "eld
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applied in the layer plane. In Fig. 1 typical experimental
(points) and corresponding "tted (lines) re#ectivity curves
are shown. An essential feature of the experimental
curves is a disparity between R

`
and R

~
, with the speci-

"c &antiferromagnetic' peak appearing in each curve. This
feature implies non-collinear ordering in the structure.

The quantitative interpretation was done within the
dynamical approach based on solving spinor SchroK din-
ger equation. An interface roughness was accounted for
with a large number of thin slices having gradually vary-
ing scattering length. Fitting over the above curves con-
"rmed existence of the non-collinearity in the sample
with the canted angle of about 153.

The superlattice period and interface structure were
determined by low-angle X-ray di!raction. A low-angle
X-ray di!raction pro"le typical of the investigated super-
lattices is shown in Fig. 2. Superlattice peaks up to the
sixth order are clearly visible in this di!raction pro"le
indicating a relatively small interface roughness. The re-
sults of low-angle X-ray di!raction were treated with the
SUPREX program [2]. It was found that roughness in
all the investigated specimens is less than 4 As , and
there was no signi"cant drift of the layer thicknesses
during growth. Besides, it was shown that there was
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Fig. 1. Measured and "tted neutron re#ectivity pro"les for Al
2
O

3
/

Cr(70 As )/[Fe(26 As )/Cr(15 As )]
16

sample.

Fig. 2. Low-angle X-ray di!raction pro"le for MgO/Cr(54 As )/
[Fe(47 As )Cr(9 As )]

16
sample.

a transition region between Cr and Fe, which testi"ed
proceeding of interlayer di!usion during MBE.

The methods of electron microscopy and X-ray analy-
sis were used for structural attestation of specimens. It
was found that the investigated multilayers consist of "ne
crystallites equiaxed in layer planes, their internal vol-
umes being practically free from dislocations. In the
direction perpendicular to layer planes the crystallites
have a form of columns or prisms, the height of which can
reach the overall thickness of a "lm. These crystallites are
partially coherently connected with the substrate, their
(1 0 0) plane being parallel to the substrate plane. Lateral
sizes of the crystallites are 10}20 nm, and the increase of
the "lm thickness results in somewhat larger crystallite
sizes. Apparently the latter may be explained with the
crystallite growth during MBE not only in height but in
lateral directions as well. Electron di!raction patterns of
multilayers are single crystal &pointwise' with slight azi-
muth blurring of re#ections. Such a form of di!raction
patterns suggests that the majority of crystallites are

Fig. 3. Absorption MoK ssbauer spectrum for MgO/Cr(54 As )/
[Fe(47 As )Cr(9 As )]

16
sample (a) and contribution to the spec-

trum from the interface regions (b).

oriented similarly, that is, the superlattice is nearly single
crystal. The slight azimuth blurring of re#ections indi-
cates a low-angle turn of crystallites relatively to each
other in the specimen plane within 2}33. There are weak
rings in some electron di!raction patterns, suggesting the
presence of few crystallites with the orientation substan-
tially di!ering from that of the majority.

Since superlattice represents a pseudo single crystal
consisting of nano-dimension crystallites of column ori-
entation, it may be suggested that the interlayer bound-
aries possess a terrace structure, these terraces being of
the same scale as the lateral size of the crystallites
(10}20 nm). According to Slonczewski's theory [3], this
might be one of the reasons for non-collinear magnetic
ordering in Fe/Cr superlattices.

Atomic and magnetic structure of interface regions was
investigated with absorption MoK ssbauer spectroscopy
(AMS) using 57Co source in Cr matrix. In superlattice
MoK ssbauer spectrum (Fig. 3a) there are lines from &bulk'
a-Fe (their positions are indicated at the top of Fig. 3a) as
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well as additional lines resulting from #uctuation of
super"ne "elds on 57Fe nuclei localized in the interface
regions. Fig. 3b demonstrates contribution from interface
regions to the superlattice spectrum. This contribution is
the di!erence between the spectrum in Fig. 3a and that
corresponding to bulk a-Fe. Thus, MoK ssbauer investiga-
tions show that there is a transition layer between Cr and
Fe layers in agreement with the data of low-angle X-ray
spectra treatment. According to AMS, the thickness of
the transition layers is independent of that of Fe layers
and runs about 7}8 As . Spectra parameters also suggest
that the interlayer regions are ferromagnetic, their mag-
netic moment being directed at some angle relative to Fe
layers plane.

The present investigations of the atomic and magnetic
structure of Fe/Cr superlattices revealed two possible
reasons for non-collinear magnetic moment ordering of
Fe layers. The "rst one is the formation of a pseudo single
crystal structure of superlattices consisting of nano-di-
mension crystallites with column orientation. This results

in the terrace structure of boundaries with the same scale
of the terraces as the lateral size of the crystallites
(10}20 nm). The second reason is the existence of inter-
face regions with a speci"c magnetic structure in which
magnetic moments emerge from the layer plane at an
angle from 0 to 903.
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