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Field-induced spin-reorientation transitions in magnetic multilayers with cubic anisotropy
and biquadratic exchange
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A theoretical investigation of field-induced spin-reorientation phase transitions in magnetic multilayer struc-
tures is presented. We suppose that biquadratic and Heisenberg exchange energies between adjacent layers are
of the same order of magnitude. The anisotropy energy is cubic. Our consideration is analogous to the
Fe/Cr~100! superlattice system. We show that two phases with a noncollinear orientation of the magnetization
in adjacent layers can represent the ground state. In our case an external magnetic field aligned perpendicular
to the layers’ direction induces spin-reorientation transitions in the plane of layers. A full list of such transitions
is given. Other types of anisotropy are briefly discussed.@S0163-1829~98!03409-2#
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I. INTRODUCTION

At the present time the exchange interaction of magn
thin layers via a nonmagnetic spacer is the subject in a c
siderable amount of literature. It is well known that the ma
term of this interaction has a Heisenberg formJ1nini 11,
whereni is a unit vector in the direction of magnetization
the i th magnetic layer. The value ofJ1 is strongly dependen
on the magnetic~and nonmagnetic! layers thicknesses an
changes sign as the spacer thickness increases.1–3 A Heisen-
berg interaction tends to align the magnetization in adjac
layers parallel~for J1,0) or antiparallel~for J1.0). But it
has been experimentally established that a noncollinear
entation of magnetization in adjacent layers is a
possible.4–7 Therefore some other mechanism must be
volved to account for the experimental data. For this reaso
large number of different models for the non-Heisenberg
teraction between adjacent layers is proposed. Howe
none of the theoretical models can quantitatively account
the experimental data.14,15 In most cases the non-Heisenbe
exchange interaction is usually reported in terms of a biq
dratic exchange formJ2(nini 11)2 ~see Refs. 4 and 8–10!
although other expressions are used also~see, e.g., Ref. 11!.

In the case being considered in the zero anisotropy
proximation phase transitions in magnetic multilayers
studied in Ref. 12. Nevertheless, the results obtained in
12 have only a qualitative meaning. In real multilayer ma
netic materials the anisotropy energy has at least the s
order of magnitude as the exchange energy. A uniaxial
isotropy in the plane of magnetic layers is taken into acco
in Ref. 13. But this paper discusses only phase transit
under the action of an external field parallel to the magn
layers. We examine the case of a cubic anisotropy and
quadratic exchange. The case under consideration is an
gous to the Fe/Cr~100! superlattice structure. In our paper w
present some theoretical consequences of this model w
can be verified rather easily, namely, the field-induced ph
transition in magnetic multilayers.

According to the theoretical treatment and experimen
observationsJ2 is always positive. Thus biquadratic ex
570163-1829/98/57~10!/5951~4!/$15.00
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change tends to align the magnetization of adjacent layer
perpendicular directions and Heisenberg exchange in co
ear directions. The joint action of the Heisenberg and biq
dratic exchange brings into existence phases with a non
linear orientation of the magnetization in neighboring laye
In the next section we examine the phase diagram for
spin-valve structure at zero field. Only four phases can
isfy the conditions of energy minimization and two of the
are noncollinear.

As shown in Sec. III the action of an external magne
field in the direction perpendicular to the layers gives rise
the renormalization of the exchange and anisotropy const
which determine the orientation of magnetization. Thusper-
pendicularto the plane the magnetic field induces changes
the magnetization orientationin the planeof layers.

II. ENERGY FUNCTIONAL AND PHASE DIAGRAM
AT ZERO FIELD

Let us considerN magnetic layers mediated byN21
spacer layers with an antiferromagnetic interaction betw
adjacent layers. In the case of an infinite layer numberN
@1 or a spin-valve structureN52 the energy functional ha
the form of a two-sublattice magnet.16 It differs from that of
a classical antiferromagnet by the biquadratic exchange te
For definiteness sake we take thez axis perpendicular to the
layer plane and thex axis along one of two easy axes in th
layer plane.

The energy functional of that system can be written as

F5(
i 51

2 Fk@~ni
xni

y!21~ni
zni

y!21~ni
xni

z!2#1
m

2
~ni

z!22h~ni
z!G

1
1

2
J1~nini 11!1

1

2
J2~nini 11!2. ~1!

Here J1 is the Heisenberg exchange energy,J2 the biqua-
dratic exchange energy,k the energy of the cubic anisotropy
5951 © 1998 The American Physical Society
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TABLE I. Properties of phases which minimize the energy functional~2!.

Phase Stability condition Energy

I w15w250 2k.J112J2 (J11J2)/2

II w150,w25p 2k1J1.2J2 (J22J1)/2

III w152w25
1
2 arccos

J1

2(k2J2) A2,U J1

J22k U,2
J1

224kJ214k2

8(k2J2)

IV w152
p

2
2w25

1
2 arcsin

J1

2(k1J2)
A2(k1J2).uJ1u 2J1

2/8(k1J2)
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h the Zeeman energy in an external magnetic field, andm the
demagnetizing energy. All energies are measured in unit
the magnetic field.

It is convenient to change the variables from rectangu
ni to polar coordinatesu i and w i , whereu i measures the
angle between thez axis and vectorni and the azimutha
anglew i measures the angle between theni projection on the
x-y plane andx axis. Thus the energy functional depends
four variablesu1, w1, u2, andw2.

At zero external field a strong demagnetization field p
vents any deviation of magnetization from the plane. Th
substituting in Eq.~1! u15u25p/2 we take

F5
1

2
J1cos~w12w2!1

1

2
J2cos2~w12w2!1

1

4
k(

i 51

2

sin22w i .

~2!

It is easy to verify that only four phases can satisfy t
conditions for the global minimum of the functional~2!. Two
of them are collinear@ferromagnetic~phase I! and antiferro-
magnetic~phase II!# and two others are noncollinear withn1
andn2 symmetrical with respect to the easy axes~phase III!
and hard axes~phase IV!. The energy functional~2! has its
minimum when a set ofw1, w2 is equal to one of four set
presented in the Table I. Minimum conditions and ene
values for each set are displayed in Table I also. Figur
shows the phase diagram in the variablesJ2 /k andJ1 /k.

This phase diagram may be interpreted as following. D
to the cubic anisotropy, phases I and II withuw12w2u
50,p and phase IV withuw12w2u.p/2 have nearly the
same anisotropy energy. Hence it follows that the grou
state phase is determined by theJ1 and J2 ratio. If it is
granted thatuJ1u.J2, the collinear phase II~or I! is less
energetic than the canted phase IV; otherwise, the phas
is energetically preferable. It is interesting that for small a
isotropy energy the transition from a collinear phase to
canted phase IV occurs via an intermediate phase, nam
the canted phase III with a nearly collinear orientation of
magnetization in adjacent layers.

III. FIELD-INDUCED SPIN-REORIENTATION
TRANSITIONS

There is evidence that magnetization departs from
layer plane under the action of an external field directed
the perpendicular direction. As this takes place the prob
of the energy functional~1! minimization becomes conside
ably more complex. It has not proved feasible to obtain
of
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analytical solution of this problem in the general case.
actual conditions an exchange field and anisotropy field
far less than a demagnetization field. For the superlat
Fe/Cr, as an example, anisotropy and exchange fields are
than or equal to 1 kOe and the demagnetization field is
the order of 10–20 kOe. Then we can find from the eq
tions ]F/]u150 and]F/]u250 to a good approximation

u15u25arccos ~h/m!. ~3!

Substitution of these expressions into Eq.~1! gives an energy
functional in the form of Eq.~2!, whereJ1, J2, and k are
replaced correspondingly by renormalized values

J1~h!5S 12
h2

m2D S J112J2

h2

m2D ,

J2(h)5S 12
h2

m2D 2

, k~h!5kS 12
h2

m2D 2

. ~4!

By this means the equilibrium values ofw1(h) and w2(h)
can be defined by using the expressions in Table I, provi
that instead ofJ1, J2, and k expressions~4! are taken. As
h→m, k(h)/2J1(h) and J2(h)/2J1(h) tend to zero. Then

FIG. 1. Phase diagram in variablesJ2 /k andJ1 /k. Roman num-
bering of phases is the same as in Table I. The solid line co
sponds to the first-order phase transition and the dashed line c
sponds to the second-order phase transitions.
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57 5953FIELD-INDUCED SPIN-REORIENTATION . . .
according to the data in Table I,uw1(h)2w2(h)u50,p ash
5m. If w1(m) and w2(m) differ from w1(0) and w2(0),
then the applied external magnetic field causes a s
reorientation transition ash increased from 0 tom.

Investigation of field-induced phase transitions becom
easy to grasp through the use of the phase diagram in Fi
The state of the multilayer system is completely determin
by the two variablesJ̃15J1(h)/k(h) and J̃25J2(h)/k(h).
Due to the conditionJ2(h)/k(h)5const @see Eq.~4!# the
trajectory J̃2( J̃1) has the form of a straight line parallel t
theJ2 axis. Ash is increased from 0 tom, J̃1 changes from
J1 /k to 1` for J112J2.0 and to2` for J112J2,0.
The intersection of this straight line and the lines of pha
transitions in Fig. 1 shows possible field-induced phase tr
sitions.

A full list of possible field-induced spin-reorientatio
phase transitions is given in the Appendix. It is interesting
note that the total number of field-induced transitions
some instances can be even 4 ash changes from 0 tom.

The most interesting case isJ1,0 andJ2.uJ1u/2. Under
these conditionsJ1(h)50 at h5h* 5mAuJ1u/2J2. Thus the
effective Heisenberg exchange ‘‘disappears’’ ath5h* and
the exchange field in the plane of layers becomes pu
biquadratic. It is also vital to note thatJ1(h) changes sign a
h5h* .

The main conclusionuw1(h)2w2(h)u→p as h→p re-
mains unchanged for other types of anisotropy~for J1
12J2.0). This fact can be explained as follows. If th
angle betweenni and ni11 exceedsp/2, then Heisenberg
exchange acts as a repulsive force and biquadratic exch
as an attractive force. Otherwise both of these forces act
repulsive force. Thus, if deviation of the magnetization fro
the basal plane exceedsp/4, then exchange forces tend
align the magnetization of adjacent layers so that the an
between the projection of magnetization in adjacent lay
equalsp. Our calculations for uniaxial anisotropy give su
port for this view.

IV. CONCLUSIONS

In this paper we have presented a theoretical investiga
of the field-induced phase transitions in magnetic multilay
with cubic anisotropy and biquadratic exchange. The cas
field perpendicular to the layer plane has been examin
The orientation of magnetization in the plane of layers
determined by the effective constants of anisotropy and
change. The values of these constants are dependent o
value of the magnetic field. Thus a magnetic field perp
dicular to the layers changes the orientation of the magn
zation in the plane of layers.

In the particular case of ferromagnetic Heisenberg
change between layers the value of the magnetic field ca
chosen so that effective exchange interaction between m
netic layers becomes purely biquadratic. To the autho
minds experimental examination of these phase transit
can help to reveal the nature of the non-Heisenberg excha
interaction between layers.

ACKNOWLEDGMENT

The work was partially supported by the Russian Foun
tion for Fundamental Research~Grant 96-02-16250!.
n-

s
1.
d

e
n-

o

ly

ge
s a

le
rs

n
s
of
d.
s
x-
the
-

ti-

-
be
g-

s’
ns
ge

-

APPENDIX: FULL LIST OF FIELD-INDUCED PHASE
TRANSITIONS „FIELD PERPENDICULAR TO

THE PLANE OF MAGNETIC LAYERS …

There are no field-induced phase transitions ifJ1, J2, and
k satisfy the following conditions:

~1! J1.0, J2,3k, 2J2,J12k1Ak~k12J1!.

~2! J1.0, J2.3k, 2J2,2k1J1 .

~3! J1,0, J112J2,0.

Otherwise the following phase transitions occur ash
changes from 0 tom:

~1! J2,3k, 2J2.uJ1u2k1Ak~k12uJ1u!.

First order ath5h1.

~2! J2.3k, 2J2
2.2k21J1

2 .

~a! First order ath5h2.
~b! Second order ath5h3.

~3! J1.0, J2.3k, 2J2.2k1J1 , 2J2
2,2k21J1

2 .

Second order ath5h3.

~4! J1,0, J2.3k, 2J2
2,2k21J1

2 , J112J2.k.

~a! First order ath5h4.
~b! First order ath5h2.
~c! Second order ath5h3.

~5! J1,0, J2.3k, 0,J112J2,k.

~a! Second order ath5h5.
~b! First order ath5h4.
~c! First order ath5h2.
~d! Second order ath5h3.

~6! J2,3k, 2J2,2J12k1Ak~k22J1!,

2J21J1.0, J1,0.

~a! First order ath5h6.
~b! First order ath5h1.
Here the valueshi have the following meaning:

h15
m

A2J2~4J213k!
@2J2~2J22J1!

1k~4J22J1!2~J112J2!Ak~k1J2!#1/2, ~A1!

h25
m

A2~k21J2
2!

@2~k22J2
22J1J2!

1~J112J2!A2~J2
22k2!#1/2, ~A2!
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h35mF2J222k2J1

2~2J22k! G1/2

, ~A3!

h45
m

A2~k21J2
2!

@2~k22J2
22J1J2!

2~J112J2!A2~J2
22k2!#, ~A4!
e-
h55mF2k22J22J1

2k G1/2

, ~A5!

h65mF ~J112J2!Ak~k1J2!2J1k

2J2k G1/2

. ~A6!
. B
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