J. Phys.: Condens. Matter 2 (1990) 159-185. Printed in the UK

Magnetisation processes, hysteresis and finite-size
effects in model multilayer systems of cubic or uniaxial
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Abstract. Magnetisation processes have been investigated for model multilayer systems
where antiferromagnetic interactions couple adjacent ferromagnetic layers. In this first
study, only coherent rotations of the magnetisation of each layer are taken into account.
Depending on the direction of the applied magnetic field, the initial moment configuration
and the magneto-crystalline anisotropy, various first- or second-order magnetic transitions
may be observed.

The cases of cubic and uniaxial anisotropy bilayer systems are treated in detail. Spin-flop
and spin-flip transitions are calculated to occur for both symmetries when starting from
antiferromagnetic configurations that are parallel to the field axis. In the cubic case, various
other transitions have been found. In particular, first-order transitions between symmetric
and non-symmetric states have been calculated, involving asymmetric behaviour of the
magnetisation vectors of adjacent layers. Such transitions give rise to a transverse mag-
netisation. Allthe critical transition fields have been calculated as a function of the anisotropy
and are reported in the various phase diagrams.

Hysteresis loops have also been calculated. They generally consist of an upper and a
lower part shifted symmetrically about the origin as in the case of bulk antiferromagnets.

The influence of the number of layers has been investigated in some particular cases. It
is shown that in most instances when the number of layers n becomes very large (i.e.
when boundary effects disappear), the multilayer behaves like a bilayer but with different
transition-field values. For small numbers of layers, whether or not the magnetism is com-
pensated (n even or odd) has a very strong effect on the magnetisation processes.

1. Introduction

The synthesis of artificially layered materials has attracted much attention over the last
decade. Studies of novel heterostructures tailored on length scales characteristic of
important physicalinteractions have led to the discovery of many new physical properties
(for a review, see [1]). In the case of magnetic superlattices, most studies have focused
on the magnetic behaviour of thin layers and interfaces. Some studies, however, have
focused on long-range and collective phenomena representative of the superlattice as a
whole [2, 3]. Inter-planar magnetic coupling through non-magnetic layers has been
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observed for various modulated compositions (for a review, see [4]), such as Cu/Ni,
Mo/Ni [5], Fe/V [6], Co/Cr [7], Fe/Cu [8] and Dy/Y [9], giving rise to ferromagnetic,
antiferromagnetic or helicoidal superstructures as well as modifications in the spin-wave
mode spectra [8]. Several mechanisms have been proposed for this coupling, including
dipolar and Ruderman-Kittel-Kasuya—Yosida (RKKY) interactions as well as per-
colation phenomena. It seems, however, that a certain amount of conjecture and
contention remains as to what the actual mechanism(s) may be.

In this paper we report a phenomenological study, at zero temperature, of the
magnetic behaviour of model multilayer systems of cubic and uniaxial in-plane ani-
sotropy with assumed antiferromagnetic coupling between adjacent identical ferro-
magnetic layers (e.g. (001)Fe/(001)Cr Bcc [10], Co/Cu [11]). Such a study does not
demand any assumption regarding the microscopic nature of the magnetic coupling.
Calculation of the field and anisotropy dependences of magnetic structure yields initial
magnetisation curves, hysteresis loops and magnetic phase diagrams for the model
systems. In general, magnetisation processes in a magnetic material involve the
nucleation of domains with domain-wall propagation and/or coherent rotation of the
magnetisation. The tendency towards one or other mechanism depends on the domain-
wall energy and on their pinning. In this first study, we focus on the magnetisation
processes that occur through coherent rotation of the magnetisation. In a following
paper, we shall consider the other limiting behaviour of the pure non-dissipative
nucleation-propagation mechanism and compare with hysteresis loops measured for
real multilayers. Thus, we assume here that each ferromagnetic layer is single-domain
and that its magnetisation rotates as a rigidly coupled block of moments. Moreover, it
is assumed that strong shape and/or negative perpendicular anisotropy confines the
magnetic moments of the sublayers to the film plane. These assumptions correspond,
for instance, to the situation in Fe/Cr multilayers with [100] type growth [12].

Based on the above assumptions, the magnetic superlattice may be modelled as
a one-dimensional system of n moments My, .. ., M, of the same rigid modulus. In
calculating the in-plane magnetisation process, these moments are described by the
angles (8, . . ., 6,) that they make with the direction of the applied field. The internal
energy is written as
E=JM My,~+...+M_, M +M, M +...+M,_, . M)— (M, +...

+M;+ ... +M,). B+ (Esy+...+Epj+...+Eys) (1)

where J; represents the antiferromagnetic coupling (J, > 0) between adjacent layers, B
is the applied field and Ej; is the anisotropy energy of the ith layer. Ey; is given by
—D cos? 6, for the uniaxial case and by K cos? 6, sin® 8, for the cubic case, with D and
K >0 (<0) for B applied along an easy (hard) magnetisation direction. In order to
calculate the magnetisation curves, we minimise the energy using the steepest-descent
method. For simplicity, all magnetic-moment and magnetisation vectors are assumed
to have unit modulus. The equilibrium positions are given by the set of » coupled
equations (3E/36) =0(i = 1ton)

_.]0 Sin(@l - 62) -+ BSin 61 + GEAI/GGI =O
_]0 Sin(@,- - 0i+1) _‘]O Sin(el‘ - 9,'_1) + Bsin 91' + 8EA,'/66,' = O (2)

— Jysin(0, — 6,_,) + Bsin 6, + 9E,, /a8, =0
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with the stability condition that all the eigenvalues of the matrix M defined by
M; = (3°E/36,06,)

should be positive. This condition gives rise to critical lines in the (D, B) or (K, B) planes
corresponding to the appearance of a path on the energy surface E(6,. .. 6,) which
permits the system to slide from its current unstable state into the most accessible
minimum. The crossing of these critical lines is manifested by first- or second-order
magnetic transitions.

Inthe following sections (§§ 2 and 3), we shall focus on the case of a bilayer. Although
it represents a limited case, it contains most of the physics of the magnetisation processes
for such systems.

Taking only two variables 8, and 8,, the set of equations (2) reduces to

"JQ Sin(91 - 02) + Bsin 81 + 6EA1/601 =0

(a)
_.10 Sin(92 - 61) + Bsin 92 + 8EA2/892 =0
and the stability condition becomes
9°E _9’E d2E \?
— X — > b
967~ 963 <aelaez) (0)

In what follows, the anisotropy constants, D or K, and magnetic field B are normalised
to the strength of the antiferromagnetic coupling J; and the notation d, k and b is used.

In § 4, we shall investigate for a number of cases the influence of the number of layers
on the magnetisation processes.

2. Magnetisation and demagnetisation processes for cubic in-plane anisotropy

2.1. Zero-field configurations and low-field susceptibilities

The cubic anisotropy energy is given by E, = k cos? 8sin’ 8, so that when k>0,
(100) or (010) are the easy axes of magnetisation while they are (110) or (110) for
k < 0. Magnetisation and demagnetisation processes will be examined for both cases.
The set of equations (3) giving the equilibrium positions of the two moments and stability
become for cubic anisotropy

3E/38, = —sin(8; — 6,) + bsin 6, + (k/2)sin(46,) =0

4a

3E/38, = +sin(8; — 6,) + bsin 8, + (k/2)sin(46,) =0 (4a)
and
—2cos(8, — 6,) + b(cos 8, + cos 6,) + 2k[cos(48,) + cos(46,)] >0

X [—cos(6, — 6,) + bcos 8, + 2k cos(48)][—cos(6, — 6,)

+ bcos 8, + 2k cos(46,)] — cos?(8; — 8,) > 0. (4b)
The system of coupled equations for zero field reduce to

(k/2) sin(409) — sin(69 — 69) =0 5)

(k/2) sin(409) + sin(8% — 63) =0
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where the solutions (89, 83) represent the zero-field moment configurations. One, two
or three types of solution can be found depending on the strength of the anisotropy.

In order to classify the different possible states, the following notation is used.
Fourth-order cubic anisotropy gives rise to four wells of energy positioned with respect
to the crystallographic axes at [10], [01], [10] and [0T] ([11], [11], [11] and [11]) for
k>0 (<0). A third index is not used as only in-plane magnetisation processes are
considered. The position of a magnetic moment is conveniently labelled according to
the well of energy in which it lies. Therefore, four indices are needed to characterise any
initial state (two moments), as will be illustrated in discussing each type of solution.
Note that the field is always taken to point along the {1 0] direction.

Type I antiparallel states (09 = 69 — n). Such states exist for all values of k. The general
solutions of equations (5) are given by 6y =0+ ma/2 =03 -z for k>0 and
0% = 7/4 + mn/2 = 69 — nfork < 0. Theinequivalentstates with respect to the applied
field are labelled [10,10],[01,01] for k> 0and [11, 11] for k < 0 (see figure 1).

TypeII: quasi-perpendicular states (69 + € = 8% — (/2 + €)). Inthiscase, the moments
occupy adjacent wells of energy with the antiferromagnetic coupling causing a symmetric
relative canting of 2¢ out of the purely perpendicular configuration. The solutions are
therefore 0% = —¢+ma/2,0) =n/2+ ¢+ mn/2 for k>0 and 6)=—¢e+ 7/d +
mznf2, 09 = 37x/4 + € + ma/2 for k < 0. Substituting into (5) leads to the equation

e =#%sin"!1/k]. (6)
k>0 k<0
10} T b
Type 1 L NV
ype p N v
(07 * . (o N
/ \\\ )i A
(10}
State 10,70} 101,01}

Type 11
|«f>v2

Type I1I
|k|>1

110,101 (01,01 110,30} 11,41 1,71

Figure 1. Schematic representation of the possible initial moment configurations for both
positive and negative cubic anisotropy.
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The inequivalent states with respect to the field are labelled [10, 01], [10,01]fork >0

and(11,11],[11,11],[11,T1]for k < 0(figure 1). It may be deduced from the stability
condition in equations (4) that type II states are only stable when [k| > V2.

Type I1I: parallel states (69 = 69). In this case the solutions of equations (5) are
09 =6 =0+ ma/2 for k>0 and 09 = 03 = /4 + mx/2 for k <0. The states of
interest sketched in figure 1 are [10, 10], [01, 01], [10, 10] for k>0 and [11, 11],
[11,11] for k < 0. Similar to type II states, it may be deduced from equations (4) that
these parallel states are only stable when |k| > 1.

Of all these different equilibrium states, therefore, those of type I with zero mag-
netisation are the most stable. Those of types II and III are metastable and of non-
zero remanent magnetisation, which gives rise to the stability condition placed on the
anisotropy. At first sight, it may be surprising that there is a more stringent anisotropy
requirement to stabilise type I rather than type I1I states. However, the repulsive torque
that the moments exert on each other is proportional to sin(8, ~ 6,), and is therefore
zero for type III states (8, = 6,) and maximum when 8, — 6, = /2, which is ap-
proximately the case for type II states. Values of the remanent magnetisation |M%]| as
well as parallel and transverse components (M, M%, ) are reported for all the states
in table 1. :

Next, we consider what happens when we turn on a small magnetic field, and in
particular what are the low-field parallel (x{') and transverse (9 ) susceptibilities. In
such an instance, the ‘field’ terms in equations (4) remain and solutions of the type 6, =
0Y + £,, 0, = 8Y + &, can be considered, where 6, 8 are the zero-field solutions and
€, £, are small changes in angle induced by the field, not to be confused with ¢ of
equation (6). Substituting the above for 8, and 8, in equations (4), making small-angle
approximations for terms in £, and €, and using equations (5), one arrives at the
following:

€1[2k cos(48) — cos(8Y — 69)] + &, cos(8Y — 8Y) = —bsin 6!

€, cos(8Y — 6Y) + &,[2k cos(48Y) — cos(8Y — 69)] = —bsin 6Y. )
Solving (7) for &,/b and &,/b yields
—g,/b = [2k sin 8Y cos(469) — cos(6] — 69)(sin 8] + sin 68Y)]/A ®)
—&,/b = [2k cos(46Y) sin 8Y — cos(6) — 69)(sin 89 + sin 89)]/A
where
A = 4k? cos(48Y) cos(4689) — 2k cos(87 — 69)[cos(48Y) + cos(46Y)].
Now
M =cos 8, + cos 6,
= cos ) + cos 8Y — &, sin 8] — ¢, sin 6Y
= My — €, sin 69 ~ &, sin 69,
This implies that

%0 = —(&,/b)sin 8Y — (&,/b) sin Y. 9)
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Similarly
2% = (g,/b) cos 8% + (&,/b) cos 69. (10)

It is thus possible to deduce the expressions for xﬁ and x given in table 1 for each
possible initial state, using equations (6) and (8)—(10).

22. k>0

In the following eight subsections (§§2.2.1-2.2.8) we discuss the magnetisation pro-
cesses and properties of hysteresis loops relevant to the case when the field is applied
along an easy direction of magnetisation. Typical magnetisation curves are presented
together with the magnetic phase diagrams for each of the possible initial states.

2.2.1. Initial state (10, 10]. It is known from the study of bulk antiferromagnets that the
application of a field along [1 0] to such a system provokes either a spin-flop transition
(6, = —6,)if the anisotropy is low or a spin-flip transition (6; = 8, = 0) if the anisotropy

{a)

MMyt
=

20

Obamanmd. o
1 | bst
. b
3 02 ! #t N
s 0 ) L
0 5
b

Figure 2. Initial state [10, 10]. (a) Three typical magnetisation curves for the indicated
anisotropy values k = 0.1,0.3and 0.6. (b) Phase diagram showing the critical lines associated
with the spin-flop or spin-flip transition and with the reaching of saturation. The dotted line
for k = 0.2isthelimit at which b, changes from asecond-order to afirst-order transition field.
The arrows symbolise the moment orientations at the different stages of the magnetisation
process.

is high. In figure 2(a) magnetisation curves calculated for different values of the ani-
sotropy show such transitions, which define the line bs = 2[k(k + 1)]¥?in the magnetic
phase diagram (figure 2(b)). For k > 0.3740, bg is a spin-flip transition field and is
therefore equal to by, (the field at which the magnetisation reaches saturation). For
k < 0.3740, bsp < bg,, and saturation can be reached by either a second-order transition
when k& < 0.2 or a first-order transition when 0.2 < k < 0.3740. Expressions for b, for
the different cases are summarised as follows:

2(1 — k) ifk<0.2
be =1 3[(1 + k)3 /6k) 2 if 0.2 < k <0.3740 (11)
bsr = 2[k(k + 1)]V? if 0.3740 < k.
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Note that after the spin-flop transition, the susceptibility is not constant and a positive
curvature is observed in the corresponding magnetisation curve.

2.2.2. Initial state [0 1, 01]. The two moments are initially transverse to the field. Here,
also, three situations are encountered depending on the strength of the anisotropy, as
illustrated by the magnetisation curves in figure 3(a). All curves are characterised by a
finite low-field susceptibility y, = 1/(1 + k) (table 1) with a small amount of positive
curvature. For k < 0.2, the two moments remain symmetrical with respect to the applied
field, closing to saturation at b, = 2(1 ~ k) by a second-order transition as in the
previous case. For intermediate anisotropy 0.2 < k < 0.5, saturation is reached at a field
by, = $[(1 + k)?/6k]"/? through a first-order transition.

For higher values of k(> 0.5), a rather peculiar magnetisation process occurs. Start-
ing from a symmetrical moment configuration, the applied field at first progressively
closes the angle between the moments. At a critical field by (transverse magnetisation),
an abrupt jump occurs to a non-symmetric [10, 01] configuration. This first-order
transition gives rise to a transverse component of the magnetisation (feint lines in figure
3(a)), which is rather unusual in such a symmetric system. Further increasing the field
rotates the moments slightly towards the field direction, eventually resulting in another
first-order transition, this time to saturation. All the critical lines b(k) are drawn in the

{a)

1
. ®

i

0

1
’Ea +
) ©

) 5

Figure 3. Initial state [0 1, 0T]. (@) Three typical magnetisation curves. The feint line in the
figure for k = 0.8 represents the variation of the transverse magnetisation (i.e. it is non-null
between bry and bg,,). (a) Associated phase diagram.

phase diagram of figure 3(#). Lines bpy(k) and b, (k) for k > 0.5 have been determined
numerically. The broken line between by (k) and b, (k) is the continuation of the line
b = #{(1 + k)3/6k]*/? and corresponds to the saturation field that one would obtain if
there was no transition at bry. Going towards high anisotropy values, this broken line
closely approaches byy. It thus may happen in a real sample that, due to some pinning
effects, the by transition is ‘delayed’ and the system may find itself saturated sooner,
hence bypassing the intermediate non-symmetric state.

2.2.3. Initial state [10, 01]. This is the first of the initial states considered that is meta-
stable. The corresponding moment configuration is symmetrical with respect to the hard



Magnetism of antiferromagnetic multilayers 167

(a) {5)

@ o —bsat
V2

0 2 3
b

Figure 4. Initial state [10, 0 1]. (@) A typical magnetisation curve. The broad line represents
the component of the magnetisation parallel to the field while the fine line represents the
component perpendicular to the field (the transverse magnetisation). (b) Associated phase
diagram.

magnetisation direction ([11] direction) and can be stabilised only when k > V2, as
mentioned previously. Figure 4(a) shows examples of longitudinal and transverse mag-
netisation curves. The magnetisation process is absolutely identical to that of §2.2.2
after by, giving a relatively simple phase diagram with one critical line (figure 4(b)).
From a practical point of view, the observation of the critical line b, (k) would be easier
for this case than for [01, 0T] (§2.2.2), as the previously mentioned pinning effects
would not have a critical influence. One way of initially preparing the system in the
[10, 01] state consists of saturating the sample with a field applied along the [11]
direction.

2.2.4. Initial state {10, 01]. The magnetisation process from such an initial state is
characterised by two first-order transitions, which delimit a field range of zero mag-
netisation. The first transition, at a field by, (non-symmetric/antisymmetric), is a jump
to the state [10, 10] followed by a spin-flip transition (see § 2.2.1), since the anisotropy
is required to be k> V2. The phase diagram and a typical magnetisation curve are
shown in figure 5.

2.2.5. Initial state [10, 10]. This case is trivial, the only thing worth mentioning being
that the state can exist in zero field only if & > 1.

(a} [b)
1
i
3
K] - bra
¥ k2
AN bsr
b 5
= 2 - f
1
-1 ) N . X
0 2 &4

b

Figure §. Initial state [01, 10]. (a) Typical magnetisation curve. (b) Associated phase
diagram.
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Figure 6. Initial state {01, 01]. (a) Typical magnetisation curve. (b) Associated phase
diagram.

2.2.6. Initial state [0 1, 0 1]. This state is also only stable for k > 1 and the magnetisation
process is characterised by two first-order transitions (figure 6). The first one at a field
bex (parallel/non-symmetric) is a jump to a non-symmetric [10, 01] configuration,
whereafter the magnetisation process follows that of § 2.2.3.

2.2.7. Initialstate {10, 10]. The same stability condition applies asin § 2.2.6. Depending
on k, three types of magnetisation processes may be observed as illustrated in figure
7(a). First, if 1 < k < 1.96, three first-order transitions are observed. In low fields, the
magnetisation remains saturated until the field reaches a critical value bg = (2k — 1), at
which the moments jump to the symmetric [01, 0] state. Thereafter the magnetisation
follows that of § 2.2.2 with two more first-order transitions.

Over the narrow range 1.96 < k < 2, the system jumps directly to the non-symmetric
state [10, 01] at by and thus only two transitions are observed in the corresponding
magnetisation curve. The limiting k-values of this range were determined numerically

BEE D

M/ Mgqt
o
o
w
w

Figure 7. Initial state {10, T0]. (a) Three typical magnetisation curves. (b) Associated phase
diagram.
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by studying the field deformation of the total energy surface by the steepest-descent
method. For k > 2, the magnetic moments behave like in a switching system, i.e. they
jump directly from the [10, 10] to the (10, 10] state and by = b, = 2(k ~ 1).

2.2.8. Hysteresis loops. In this subsection we discuss the complementary situation to
the cases considered in §§ 2.2.1-2.2.7. Starting from a saturated state along an easy
magnetisation axis, we examine the demagnetising process when decreasing the field to
zero. Typical curves and a phase diagram are shown in figure 8. It is not necessary to
consider negative fields further since the remanent state obtained is necessarily one of
the initial states of the previous seven subsections.

Q
1
¥
0 )

Figure 8. Return from saturation. () Three typical demagnetisation curves (the demag-
netisation occurs in positive fields only if k < 1). (b) Associated phase diagram. The value
k = 0.2 separates a second-order departure from saturation from a first-order departure.

Studying the stability of the saturated state shows that the magnetisation remains
saturated down 1o a field bo = 2(1 — k). Hence, for k > 1, the magnetisation remains
saturated over the whole range of positive fields and the remanent magnetisation equals
the saturation magnetisation. When k < 1, departure from saturation occurs in two
ways, depending on the strength of the anisotropy.

For k< 0.2, asin § 2.2.2, magnetisation reaches saturation by a second-order tran-
sition. This is a completely reversible process so that the departure from saturation is
also a second-order process with no hysteresis at the transition. The complete cycle is
reversible with the two moments always in a symmetric configuration (6, = —6,),
reaching 6, = /2 in zero field.

For0.2 < k < 1, saturation isreached at b = b, via a first-order process. The depar-
ture from saturation occurs at a field value by < b,,,, resulting in some hysteresis. In
fields smaller than by, the moments are in a symmetric configuration, identical to the
situation in § 2.2.2 for increasing fields. Here, also, the remanent magnetisation in zero
field is null.

Putting together the results for positive increasing and decreasing fields, five possible
hysteresis loop shapes are obtained. They are shown in figure 9. As is usual in anti-
ferromagnetic materials, the shapeshave a central symmetry at the origin and consist of
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Figure 9. Five typical hysteresis loops. The feint lines indicate the transverse component of
the magnetisation.

two subloops shifted symmetrically about the magnetisation axis. As the anisotropy k
passes from k < 1to k > 1, the remanent magnetisation jumps from zero to saturation.
The total energy dissipated per cycle has also been calculated. It is plotted as a function
of kin figure 10. The energy is null for k < 0.2 and is given by E = 8(k — 1) for k > 2,
which is the case of a simple switching system. Between these two limiting cases, it
increases regularly with positive curvature.

o

£
Figure 10. Energy dissipated per cycle versus the
anisotropy. The chain line indicates a linear
lr regime reached when the system behaves like a
) 75 73 switching dipole (k >2). The equation of this
P linear regime is £ = 8(k — 1).
2.3 k<0

The field in this case is applied along a hard magnetisation axis. In the following six
subsections (§§2.3.1-2.3.6) the magnetisation/demagnetisation processes and hys-
teresis loops are investigated as for the k > 0 case. The possible initial configurations
were sketched in figure 1. Note that, starting from each configuration, the field at which
saturationisreachedisgivenbyb,,, = 2(1 — k) and thatthis line b, (k) is the continuation
of the line b,,(k) found for 0 < k< 0.21in § 2.2.
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{a) (&)

M/Msut

b~

5 2 D
b
Figure 11, k& < 0. Initial state [11, T1]. (a) A typical magnetisation curve. The fine line
represents the variation of the transverse component of the magnetisation. (b) Associated
phase diagram.

2.3.1. Initial state [11, 11]. Starting from this configuration, a typical magnetisation
curve obtained is shown in figure 11(a). In low fields, small rotations of the moments
towards the field direction result in a longitudinal and transverse magnetisation with
initially equal susceptibilities (see table 1). This equality is rapidly broken since the
initial configuration is not symmetric with respect to the field axis. At acritical field value
bxs (non-symmetric/symmetric) a first-order transition occurs corresponding to a jump
from the non-symmetric to asymmetric [1 1, 1 1] configuration. After this transition, the
two moments progressively close to the field direction, reaching saturation through a
second-order process at by, = 2(1 — k).

2.3.2. Initial state {11, 11]. This state is symmetric with respect to the field and has an
initial resultant magnetisation My = [2(1 + 1/k)]"/? (recall that each of the moments is
assigned unit modulus). The magnetisation curve of figure 12(a) is very regular, with
only a second-order transition when reaching saturation.

(a) ()
oV ,
! -1
; ,\/241__4.
= k v
: @ |- L
0 5
; A j
0 Y 2 W ¢

Figure 12. Initial state [11, 11]. (a) A typical magnetisation curve. (b) Associated phase
diagram.
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2.3.3. Initial state (11, T1]. A typical magnetisation curve is shown in figure 13(a). The
configuration remains symmetric in low fields up to bgy where a first-order transition to
the non-symmetric [1 1, T1] state occurs. Hereafter, the magnetisation process follows
that of §2.3.1 with another first-order transition (bys) followed by a second-order
transition at saturation (see figure 13(d)).

-
DNS

b3
@ N / \/

0 2 4

Figure 13. Initial state [11, 11]. (a) A typical magnetisation curve. (b) Associated phase
diagram.

2.3.4. Initial state [11, 11]. When k > —3.6, the magnetisation curve (figure 14(a))
exhibits two successive first-order transitions. The first one, at a field byy (non-
symmetric/non-symmetric), corresponds to the jump of one of the moments from the
(11] state to the {11] state. The system is then in a nearly antiparallel configuration. A
second transition, at a field bis, leads to a symmetric [11, 11] configuration. When
k < —3.6, the system does not pass through the intermediate antiparallel phase but
directly jumps into the [11, 11] configuration. In each case, after the transition to the
[11,11]state, saturation is reached at by, = 2(1 — k) as always. The transition lines are
plotted in figure 14(b).

(a) (5]
S r r T
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2 OV *
=
@ P \D;QS
0 -3t ban
i
§ o}
-5 . L ) "
0 5 5 0 2 b [A

Figure 14. Initial state [1 1, T 1]. () Two typical magnetisation curves. (b) Associated phase
diagram. The line b, (k) does not appear in this diagram because it is out of scale.
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Figure 15. Initial state [11, 11]. (a) A typical magnetisation curve. (b) Associated phase
diagram.

2.3.5. Initial state [11, 11]. Following table 1 the parallel and transverse magnetisations
in low fields may be given by M| = V2~ (b/2k) and M, = V2 + (b/2k). The relevant
curves and diagram are shown in figure 15. The two moments behave identically (6, =
8,) until the fieldreaches by, at which the system jumps to asymmetricstate. Thereafter,
the magnetisation process follows that of § 2.3.2.

(a) ()

Figure 16. Initial state [T11, T1]. (a) A typical magnetisation curve. (b) Associated phase
diagram.

2.3.6. Initial state [11, 11]. In figure 16(a), two first-order transitions occur before
saturationisreached. The first at b{y is anirreversible jump between two non-symmetric
states ([11,11]and[11,11]). Asaresult, the subsequent magnetisation process follows
that of § 2.3.4, giving the phase diagram of figure 16(b).

2.3.7. Hysteresis loops. Asin § 2.2, it is sufficient to study the demagnetising process in
positive decreasing fields from saturation down to zero, in order to derive the complete
hysteresis loop (see figures 17(a) and (b)). The departure from saturation is reversible
to a symmetric two-moment configuration. If k < —V/2 (strong negative anisotropy),
there is a positive remanent magnetisation in zero field equal to [2(1 + 1/k)]'/2 (table 1).
The zero-field configuration is [11, 11] (§ 2.3.3). However, if k is between 0 and — V2,
a transition to a non-symmetric configuration occurs at bgy. This transition is reversible
if —0.14 < k <0 but irreversible for —V2 < k < —0.14. (The value —0.14 has been
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Figure 17. Return from saturation. (¢) Three typical demagnetisation curves. (b) Associated
phase diagram.

numerically determined and is the point at which the two curves bgy(k) and byg(k)
become separate.) For —V2 < k < 0, therefore, the zero-field stateis [1 1, 11] (§ 2.3.1)
with no remanent magnetisation.

At this point one can deduce the possible hysteresis loop shapes, of which there are
three, corresponding to the cases —0.14 < k <0, —V2 <k <0.14 and k < = V2 (see
figure 18). The total energy dissipated per cycle has been calculated and is shown in

M/ Mot
=

/e @

-5 0 5-5 0 5-5 0 5
b b b

Figure 18. Three typical hysteresisloops. The fine linesindicate the variation of the transverse
component of the magnetisation.

Figure 19. Energy dissipated per cycle versus & in
0 -014 -1 -2 -3 the case of negative anisotropy. Thisenergyis null
k for —0.14 < k <0.
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figure 19. Note that for a given anisotropy the energy dissipated per cycle is much lower
when the field is applied along a hard axis of magnetisation (negative anisotropy) than
when it is applied along an easy axis of magnetisation ( positive anisotropy). It is null for
—0.14 < k < O since the cycle is fully reversible.

3. Magnetisation and demagnetisation processes for uniaxial in-plane anisotropy

The case of uniaxial anisotropy is easier to consider than cubic anisotropy. The ani-
sotropy energy is given by E, = —d cos? 8, so that the set of equations (3) become

—sin(6, — 6,) + bsin 6, + dsin(26,) =0

(12a)
+sin(6, — 6,) + bsin 8, + dsin(26,) =0

and
—2¢cos(6; — 8,) + b(cos 6, + cos 6,) + 2d[cos(28,) + cos(26,)] >0
X [~ cos(6; — 8,) + bcos 8, + 2d cos(26,)]

X [~ cos(8; — 8,) + bcos 8, + 2d cos(26,)] — cos*(6, — 6,) > 0.
(12b)

31.d>0

In zero field, there are either one or three possible equilibrium states depending on
the strength of the anistropy. Using the notation of § 2, the most stable state is the
[10, T0] configuration. But if d > 1, two other states can exist: the [10, 10] and
[10, 10] configurations.

3.1.1. Initial state [10,10]. As the field increases, a spin-flop transition is observed at a
field bgp = 2[d(1 + d)]/%. The corresponding critical line is drawn in figure 20(b). Note
that this expression for bgg(d) is similar to that for bge(k) in the cubic case. When d > §,
bgr corresponds in fact to a spin-flip transition leading directly to the saturated state. On
the other hand, when d <}, the spin-flop transition leads to a symmetric magnetic state
(6, = —0,) characterised by a constant susceptibility equal to 1/(1 — d). Saturation is

fa) (6)
1 . .
0
1
=
o 5

b

Figure 20. Uniaxial anisotropy. Initial state [10,10]. () Two typical magnetisation curves.
(b) Associated phase diagram.
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reached at by, = 2(1 — d). The two corresponding types of magnetisation curves are
illustrated in figure 20(a).

3.1.2. Initialstate [10,10] (d > 1). Thiscaseis of little interest since the systemis already
saturated in zero field and thus remains saturated when the field increases.

3.1.3. Initial state [10,10] (d > 1). Two magnetisation processes are possible depending
on the strength of the anisotropy (see figure 21(a)).

(i) 1 <d<d, =1.0756. Starting from the negative saturated state, a first-order
transition occurs at a field bg, (saturated/antiparallel) leading to an antiparallel

(a)

(b

5 0 1 2 3

Figure 21. Initial state [10, T0]. (a) Two typical magnetisation curves. (b) Associated phase
diagram.

(10, T0] configuration. bgs(d) is given by bsa(d) = 2(d — 1). In higher fields, the
magnetic behaviour is identical to the case in § 3.1.1. In particular, saturation is reached
through a spin-flip transition.

(ii) d > 1.0756. The system behaves like a switching dipole. The total magnetisation
reverses abruptly for a field by, = 2(d — 1).

Note the surprising fact that a small increase of the anisotropy above 1.0756 leads to
a large decrease of the saturation field.

3.1.4. Hysteresis loops. At this stage, as in the cubic case, it is sufficient to study the
demagnetising processes in positive field in order to derive the entire hysteresis loops.

Starting from saturation and progressively decreasing the magnetic field, saturation
remains until bo(bgpening) = 2(1 — d). As a result, the remanent magnetisation is equal
to the saturation magnetisation if d > 1. But if d < 1, a demagnetising process occurs
involving a second-order and a first-order transition (see figures 22(a) and (b)). The
departure from saturation is a reversible process. The two magnetic moments depart
symmetrically from the field axis with the same susceptibility as in increasing fields. An
inverse spin-flop transition then occurs at bigp = 2(1 — d)[d/(d + 1)]"?, leading to the
antiferromagnetic state [10, 10].
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Figure 22, Return from saturation. (a) Two typical demagnetisation curves. (b) Associated
phase diagram.

_1 ®
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Figure 23. Four typical hysteresis loops.

Putting together the results of §§ 3.1.1, 3.1.3 and 3.1.4 gives four types of hysteresis
loops (0<d <3, 3<d<1,1<d<1.0756,d > 1.0756). They are illustrated in figure
23.

The total energy dissipated per cycle can be calculated analytically:

if0<d<i E =16d%*/(1 - d*)

ifi<d<l1 E=2{4[d1 + d)]"* —4(1 = d) +2(1 = d)/(1 + d)}
if1 <d<1.0756 E=8{d1l+d)]"* -1 -d)}

ifd > 1.0756 E=16(d - 1).

It is plotted versus d in figure 24. The E(d) curve exhibits a very abrupt jump for the
critical value d,. The origin of this abrupt decrease is that, when d > d,, the system can
switch directly from positive to negative saturation, while, whend < d_, it passes through
the intermediate antiferromagnetic [10, 10] configuration and remains pinned in this
configuration up to a field g much greater than bg.
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; A Figure 24, Energy dissipated per cycle for positive
0 173 1 d; 2 3 uniaxial anisotropy. Note the abrupt decrease for
d d=d.

3.2.d<0

In this case, the easy axis of magnetisation lies perpendicularly to the field direction.
There are one or two equilibrium initial states possible depending on the strength of the
anisotropy. The most stable state is the [01, 01] configuration, which exists whatever
the value of 4. The other one is the [01, 0 1] configuration, which can be found only if
ld| > 1.

3.2.1. Initial state [01, 01]. In this case, the magnetisation process is always reversible
(figure 25). The saturation is reached at b, = 2(1 — d) via a second-order process. Up
to saturation, the susceptibility y is constant and equal to 1/(1 — d) as in § 3.1.1 after
the spin-flop transition. Note that this is different from the case for cubic anisotropy,

1
S
@ Figure 23. Initial state [01, 01]. Typical mag-
5 S netisation curve. This magnetisation process is
b completely reversible.

where the susceptibility after bgr is not constant but increases as shown by the positive
curvature in the magnetisation curves (§ 2).

Since the magnetisation process is completely reversible, no hysteresis is found when
cycling the field from positive to negative saturation for d < 0.

3.2.2. Initial state [01, 01] (|d| > I). This initial state can be obtained by previously
applying a saturating field in the [0 1] direction.

A typical magnetisation curve is shown in figure 26(a). It exhibits a first-order
transition at a field by (non-symmetric/symmetric) corresponding to a jump of the two
moments from a non-symmetric transverse configuration (6; = 8,) to a symmetric
(6, = —6,) configuration. Note the interesting fact already observed in $§2.2.6 and
2.3.4 that in this kind of transition the magnetisation decreases despite the increasing
field. This costs a certain amount of Zeeman energy but is compensated by a decrease
of the exchange energy. For b < bys, the longitudinal susceptibility is constant, equal to
1/|d|, while the transverse susceptibility is initially equal to zero. byg has the same



Magnetism of antiferromagnetic multilayers 179

(a) (b)
0 T
-1
1 p P
s = % VA \/
xs“ -2 bys
i @
-3 ) N
0 5 0 2 4

b b

Figure 26. Initial state [0 1. 0 1]. (@) A typical magnetisation curve. The feint line represents
the variation of the transverse component of the magnetisation. (b) Associated phase
diagram.

expression as the spin-flop field of § 3.1.1: bys = 2[d(d + 1)]"%. The curve bys(d) is
drawnin figure 26(b). After this first-order transition, the magnetic behaviourisidentical
to the case in § 3.2.1.

4. Boundary effects

The purpose of this section is to show some of the consequences that a change in the
number of layers has on the magnetic behaviour of our model system. We first make a
general comparison between a bilayer and an infinite multilayer system. This is followed
by an illustrative example for cubic anisotropy of the strong dependence on the number
of layers n of the hysteresis loop shape. Then we investigate the influence of n on bg
(departure from saturation) and on b (spin-flop/spin-flip) for uniaxial anisotropy.

4.1. Comparison of the magnetic behaviour of a bilayer and a multilayer with no
boundaries

In §§ 2 and 3, the magnetic behaviour of a bilayer was investigated. Let us now consider
a multilayer consisting of a very large number of layers. In such a system another
assumption may be made, which consists of neglecting the boundary effects and assuming
that all the layers labelled by an odd (even) index behave in an identical way. This is the
usual hypothesis in a mean-field study of bulk antiferromagnets. Hence, the system can
be described using simply two moment vectors M, and M.

Assuming 8, =6;=...=6,,.,and 6, =6,=... = 6,,, the set of equations (2)
(8 1) reduce to

—JSin(@l - 02)+Bsin 91 + GEAI/GHI =0
"Jsin(ez - 9]) + Bsin 62 + BEAZ/GOZ ={)

where J = 2J,. This set of equations is exactly the same as that of a ‘true bilayer’
(equations (3)) but with an interaction 2J, instead of J,.. So, if the two-layer description
is correct, the magnetic behaviour (magnetisation curves, phase diagram, . . .} of the
infinite multilayer and bilayer should be exactly the same provided that the field and
anisotropy are normalised to the effective coupling strength (2J, or J,;). This permits
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magnetic behaviour for #n = « to be deduced from the n = 2 case using the scaling laws

if Mrn=2) =f(B/JO, D/JO) then M(n = x) =f(B/2JO, D/2JO)
and for the transition fields
1f Btrans(n = 2)/']0 = g(D/JO) then Btrans(n = OO)/‘IO = Zg(D/z‘]O)

In the next section, we study the influence of the number of layers on the shape of
the hysteresis loop in a particular case of cubic anisotropy. The two following sections
are devoted to analytical calculations of the dependence on n of two typical transition
fields. The comparison of the cases n = 2 and n— % will illustrate the validity and/or
limits of the two-layer descriptions of an infinite multilayer.

Al

-

Figure 27. Initial magnetisation curves and hysteresis loops obtained in the case of cubic
anisotropy with & = 0.6 for six different values of the number of layers: n = 2.3, 4,5, 12.31.

4.2. The n dependence of the shape of the hysteresis loops in the particular case of cubic
anisotropy with K/J, = 0.6

The magnetisation of the multilayer is here described by »n variables 8, 94, . . ., 6, and
the total energy is minimised using the steepest-descent method described in § 1. In all
the calculations, the initial configurationinzerofieldisgivenby 8, = 6; = . . . = 0,,., =
Oand 6,= 6, = ... = 6,, = m. Theresulting initial magnetisation curves and hysteresis
loops are shown in figure 27 for six values of #n. These results require some comment,
(i) A great difference exists between the cases n = 2 and n = 3. The principal origin
ofthisdifferenceisthatfor an odd number oflayers the magnetisationis notcompensated
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in zero field while it is for n even. As a result, another loop appears in the hysteresis
cycle for n = 3, which is centred on the origin, while the others are shifted symmetrically
along the field axis. This central loop is similar to that observed in bulk ferrimagnetic
materials. It disappears for n = 5 because the demagnetising process for higher values
of n leads to a configuration in zero field characterised by a transverse direction of
antiferromagnetism (6,, = /2, 6,,,; = —/2), while it leads to a configuration charac-
terised by a parallel direction of antiferromagnetism (6,, = 7, 6,,., = 0) forn = 3.

(ii) As the number of layers increases, the general shape of the hysteresis loop
becomes smoother and, for this value of the anisotropy, it tends towards the same shape
as in the case n = 2, with of course different transition fields. Quantitatively, we have
verified that the initial magnetisation curve and hysteresis loop of a bilayer with an
anisotropy constant K/J, = k = 0.3 is very close to that obtained here for n = 31 with a
simple scale factor of 2 for the field. This means that in this particular case the ‘two-layer
description’ of this multilayer with n = 31 is valid.

4.3. The n dependence of b,

Let us now consider a multilayer consisting of # layers with uniaxial anisotropy. The
field is applied along the easy axis of magnetisation.

Starting in high fields from a saturated state and decreasing the field progressively,
at a field by the saturated state becomes unstable and the magnetisation begins to
decrease. In order to calculate by (n, d), we form the matrix M, given by

M= ( 3°E, >
77 \66,06;/

The value by, is obtained when one of the eigenvalues of this matrix reaches zero, i.e.
when det M, = 0. The form of det M, is deduced for the saturated state from the total
energy expressed in units of J:

E, =[cos(8, — 6,) +cos(6, — 63)+ ... +cos(8,-, — 8,)] — b(cos 0,
+cosB, +...+cos8,)—d(cos’ 8, +cos’> 6, + ...+ cos*8,).
Lettingu=~1+b+2dandv = ~2+ b + 2d (=u — 1) then

u 1 Qprememmmemmemmanes 0
1 v N . |
Q\\ 1\ . Dr \ . N ANy i
detM, =] ° ™ . RN (13)
E ~ S \\ \1 \O
' fl N ) 1
o PR 1 u
Introducing o, where v = 2 cos «, det M,, can be calculated as
i -1 sinf{n — 2)a] sin[(n — 3)a
derp = g2 SO = D] sinl(n=2a] sinl(n = a]

sin « sin « sin «
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Figure 28. b, (field for which the departure from Figure 29. by (spin-flop transition) versus d for
saturation occurs) in the case of a uniaxial ani- various numbers oflayers. Inset: for the particular
sotropy versus the strength of the anisotropy d for value d = 0, variation of bgge versus n. The full line
various numbers of layers. Inset: for the particular is a fit of bgp(n) for n odd and is given by the
value d = 1, variation of by versus n. equation bgp(n) = 3.136/n.

Therefore the condition that det M, = O is equivalent to

v=2cos

(v + Dsin[(n — Da] = 2(v + 1) sin[(rn — 2)a] + sin{(n — 3)a] = 0. (15)
Each value of # gives a solution (a}, v9), so that bo(n, d) is given by

bo(n,d) =2 + vl - 2d. (16)

This formula shows that bo(n, d) has a linear dependence on d with the same slope as
calculated in § 3 for n = 2. bo(n, d) is plotted in figure 28 for various values of n. As
n— = equations (15) give «— 0 and v — 2, so that by(, d) = 4 — 2d. This may be
written as bo(%, d)/2 = 2 — 2 X d/2 to be compared with (2, d) =2 — 2 x d found in
§ 3. This comparison shows that the scaling relations of § 4.1 work well for the present
case.

4.4. The n dependence of by

Here we consider the same multilayers as in the previous section but we start from
an initial antiferromagnetic configuration (6, = 6;= ... =6,,,,=0;0,=0,= ... =
6,, = ) and progressively increase the applied field. At bgr the system jumps either to
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a symmetric (6; = —-6,=... = 0,,,; = —8,,) configuration or to saturation if the
anisotropy is large. Using the same method as in the previous case, we introduce
w=1+b+2d,x=1-b+2d,y=2+b+2dandz =2 - b + 2d. Depending on the
parity of the number of layers n, two expressions for det M, are possible: if n is even

detM, =

and if n is odd

det M, = NS SRS BN . (17)

For each value of the anisotropy d, the spin-flop field bgg(7, d) is the smallest solution
of the equation det M, = 0. For n = 2, we found (§ 3) bsp(2, d) = 2(d* + d)"/? and for
n=3,bs(3,d) = {1 + [1 + 4(6d + 4d*)]"/*}/2. The critical lines bge(n, d) are plotted in
figure 29.

Several interesting points arise from this analysis. Clearly, two sets of curves are
obtained for bgr depending on the parity of n. If n is even, all the curves bgg(n,d) are
identical to bge(2, d) = 2(d? + d)"/?, i.e. the spin-flop field is independent of the number
of layers. (This is also true in the case of a cubic anisotropy—see figure 27 for n
even.) On the contrary, if n is odd, distinct curves are obtained which tend towards a
limiting curve as # increases. The equation of this limiting curve is bge(2 % +1,d) =
2(d? + 2d)"?. Hence, the spin-flop field obtained with an odd number of layers is greater
than that obtained with an even number. The physical reason for this is that, for an odd
value of n, the magnetisation of the multilayer is not compensated.
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A spontaneous moment exists in low fields, parallel to the field, and this tends to
stabilise the antiferromagnetic configuration. As a result, a stronger field is needed to
provoke the spin-flop transition. Concerning the limit of an infinite number of layers,
these results are rather surprising, i.e. in the limit of infinite n, depending on the
parity of n, there are two different expressions for bgg: bgp(2 =, d) = 2(d? + d)"/? and
bsp(2 % + 1, d) = 2(d? + 2d)"/. Note furthermore that the second expression fulfils the
scaling relation of § 4.1, i.e.

bse(2% + 1,d)/2 =2[(d/2)* + (d/2)]'" = bsx(2, d/2)

but not the first.

In other words, this means that the boundary effects disappear when # tends to
infinity if # is odd but not so if # is even. Physically this can be explained by the fact that
when # is even the two moments at the extremity of the chain are antiparallel. The one
that is opposed to the field plays a crucial role in the spin-flop transition since it has only
one neighbour and thus may act as a lever in order to flip up all the chain. It is for this
reason that, even with an infinite chain, the boundary effects remain relevant in the
even-x case. On the contrary, in the odd-n case, the two extreme moments are parallel
to the field. All the moments oriented antiparallel to the field have two neighbours so
that in this case the boundary effects disappear.

It is therefore clear that the number of layers can play an important role in the
magnetisation process of a multilayer system. In particular, it is important to know
whether or not the total magnetisation is compensated.

5. Conclusions

We have studied magnetisation and demagnetisation processes in highly idealised multi-
layer systems consisting of ferromagnetic layers of uniaxial or cubic anisotropy with
antiferromagnetic coupling between adjacent layers. In the case of a bilayer, for both
anisotropy symmetries, the magnetic phase diagrams were fully investigated for the
various initial moment configurations and all the critical lines defining first- and second-
order transitions have been reported. Typical magnetisation curves have also been
shown, to illustrate the different magnetisation processes. It was subsequently possible
to deduce the different hysteresis loop shapes for each of the symmetries, and these too
have been reported. In the cubic case, which is more complex than the uniaxial case,
apart from spin-flop and spin-flip transitions, several first-order transitions between
symmetric and non-symmetric states were calculated, giving rise to quite complicated
magnetisation processes and phase diagrams. Size and boundary effects were also
examined in § 4. It was shown that in most cases simple scaling relations exist to deduce
the magnetic behaviour of an infinite multilayer from that of a simple bilayer. The
dependence of the departure from saturation field by on the number of layers n was
calculated and was found to satisfy the scaling relations when n — %. The spin-flop (spin-
flip) field by, however, does not fully satisfy these relations since the boundary effects
may play an important role even if the number of layers tend to infinity. In a following
paper, we shall study in more detail the influence of the number of layers on the
magnetisation processes.

These calculations of magnetisation processes also apply to bulk materials that
consist of antiferromagnetically coupled ferromagnetic atomic layers when the moments
are confined within individual planes.
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The model used could be improved by introducing longer-range interactions between
layers [13, 14] or by taking into account the non-infinite rigidity of the magnetisation of
the ferromagnetic films [15]. Furthermore, we should consider the second limiting
situation, which consists of assuming that, by nucleation and propagation of domain
walls, the system can always reach the state of absolute minimum energy [16]. In a real
sample, the magnetisation process will be a more or less complicated intermediary
between those calculated for these two limiting cases. Nevertheless, the present study
already identifies some general tendencies and reveals different kinds of transitions that
may be observed, at least partially, in a real sample.
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