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Abstract

Magnetisation anisotropy in non-collinear ordered (0 0 1)FeCr multilayers has been studied. It was found that the
interplay between strong biquadratic exchange coupling and fourfold anisotropy causes change in magnetisation &easy'
and &hard' axes during the magnetisation process. A simple phenomenological approach for extracting anisotropy and
exchange parameters from magnetisation curves has been suggested. � 2001 Elsevier Science B.V. All rights reserved.
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In the last few years magnetic properties of exchange-
coupled FeCr magnetic multilayers has been studied
intensively and an extensive literature has evolved which
traces magnetisation peculiarities associated with bi-
linear and biquadratic coupling in these structures [1,2].
The magnetic behaviour of FeCr multilayers is deter-
mined by the interplay between exchange coupling, four-
fold in-plane magnetocrystalline anisotropy and external
magnetic "eld. In early works on biquadratic coupling,
where the anisotropy contribution has also been con-
sidered [3,4], the biquadratic coupling was taken to be
weak enough compared with the bilinear one. Recent
theoretical studies [5,6] have attracted attention to the
systems where strong bilinear and biquadratic coupling
coexist with strong magnetic anisotropy. It has been
pointed out that a rich variety of new magnetic phases
has to be expected in these systems. In the present work
we study the e!ect of fourfold in-plane anisotropy on
magnetic behaviour of (0 0 1)FeCr multilayers displaying
strong biquadratic coupling.
The multilayers [Cr(t)/Fe(70As )]

��
(t"9, 14 and 18As )

and also Fe(800As ) "lm were MBE grown on
(1 0 1)Al

�
O

�
substrates covered with 70As Cr bu!er layer.

The samples were characterised in situ with re#ection

high energy electron di!raction (RHEED) and ex situ
with X-ray Di!raction and Transmission Electron
Microscopy. The magnetisation measurements were
made with SQUID and vibrating sample (VSM) mag-
netometers with magnetic "eld H applied in the layer
plane. To estimate bilinear J

�
and biquadratic J

�
ex-

change parameters as well as anisotropy parameter K, we
used the magnetisation curves measured along [1 0 0]
and [1 1 0] directions. The magnetisation anisotropy was
investigated with VSM measurements. At selected mag-
netic "elds, we performed a complete in-plane sample
rotation measuring the magnetisation value for every
7.53 of sample turning.
The 18As Cr superlattice was found to have pure fer-

romagnetic ordering with the magnetic behaviour identi-
cal with that of the iron "lm. The anisotropy "eld 2K/M

�
is about 500Oe that is close to the bulk value. Other
samples of the series display Antiferromagnetic and non-
collinear ordering. Fig. 1 shows magnetisation curves for
the sample with 14As Cr layers measured along easy and
hard magnetic axes. One can see that there is the cross-
over of the magnetisation curves measured along di!er-
ent direction. This implies that in zero magnetic "eld the
net multilayer magnetic moment lies along the easy
[1 0 0] axis. Here we suggest a simple way for extracting
anisotropy and exchange parameters frommagnetisation
curves measured along easy and hard magnetisation axes.
Consider a multilayer composed of alternating Fe and

Cr layers, with every Fe layer having magnetic moment
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Fig. 1. Magnetisation curves for the sample [Cr(14As )Fe(70As )]
��

measured along easy and hard axes. The arrows indicate the
magnetic "eld values used for estimating exchange and anisot-
ropy parameters.

Fig. 2. Magnetisation anisotropy of the [Cr(14As )Fe(70As )]
��

multilayer measured using rotation of the magnetic "eld in the
layers plane. In "gure are shown the measured (points) and
calculated (lines) angle dependencies of magnetisation.

M
�
and thickness d. Let the magnetic moments of two

neighbouring Fe layers be directed at angles�
�
and�

�
,

and the external magnetic "eld H lies in the layers plane
at angle � relative to [1 0 0] direction. By minimizing
the multilayer free energy expression [2,5,6] we obtain
the following couple of equations for the angles
�"(�

�
#�

�
)/2 and �"�

�
!�

�
:

J
�
sin�#J

�
sin 2�#�

�
Kd sin 2� cos 4�

#�
�
HM

�
dsin�

�
cos (�!�)"0, (1)

K cos 2� sin 4�#2HM
�
cos �

�
sin (�!�)"0. (2)

Eqs. (1) and (2) together with the magnetisation de"nition
M(H,�)"2M

�
cos�/2 cos (�!�) describe the magnetic

behaviour of the system. It is rather di$cult to solve
systems (1)}(2) in the general case but some important
solutions can be readily calculated. In particular, for
�"1353 or 453, one "nds that the net magnetic moment
lies along the applied magnetic "eld (�!�,M"

2M
�
cos�/2) and

H(�,�)"!2cos�/2

��2J
�
#[4J

�
#Kdcos4�]cos��/M

�
d. (3)

On the other hand, when magnetizing along the [1 1 0]
[1 1 0] direction, provided 32 J

�
/Kd#1(0, for

�"903, we "nd that �"� again and

H(�"03, �"903)"H(�"453, �"903)

"!2���J
�
/M

�
d. (4)

With formulae (3) and (4), it is easy to "nd the anisotropy
and exchange parameters from the magnetisation curves.
As indicated in Fig. 1, for our sample we have

H(�"453, �"903)"1.02 kOe, H(�"03, �"453)"
1.82kOe and H(�"453,�"453)"2.35 kOe. By using
Eqs. (3) and (4), we "nd the following estimates for
multilayer parameters: J

�
/M

�
d"!0.360kOe, J

�
/M

�
d"

!0.145 kOe, 2K/M
�
"0.406 kOe. According to Ref.

[6], for these values of parameters the angle � in zero
magnetic "eld should be 1803 and the angle �"03. So
for this sample in zero "eld the net magnetic moment lies
along the easy direction [1 0 0]. For another sample with
Cr thickness 9As , we found non-collinear magnetic order-
ing with zero-"eld net magnetisation along the hard
[1 1 0] direction.
An interesting feature of non-collinearly ordered

multilayers is the 453 change in the magnetisation anisot-
ropy during magnetisation process. We have measured
the magnetisation anisotropy at di!erent magnetic "eld
values rotating the magnetic "eld in the layer plane. Fig.
2 shows measured and calculated magnetisation curves
M(H,�) for some "xed magnetic "eld values. In calcu-
lations, we used Eqs. (1) and (2) with the above-de"ned
parameters. From Fig. 2, one can see that at small mag-
netic "elds the magnetisation has its maximum for the
"eld along the [1 1 0] direction and for larger "elds the
magnetisation maximum changes to [1 0 0] direction.
The "rst case corresponds to the angle �'903 and the
second one is valid for � less that 903.
Thus, the observed peculiarities of the "eld and angle

dependences of magnetization in FeCr multilayers can be
described in full detail through the interplay between
strong biquadratic coupling and fourfold magnetic
anisotropy.
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