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Abstract. This paperreports calculations of magnetisation processesin antiferromagnetically
coupled ferromagnetic multilayers of uniaxial or cubicin-plane anisotropy, for the hypothesis
that the system always finds the state of absolute minimum energy. These calculations are
complementary to those reported in our previous paper where the system followed the local
energy minimum via coherent rotation of the magnetic moments. Both sets of calculations
are used to discuss briefly experimentally measured magnetisation processes in a number of
real systems as reported in the literature.

1. Introduction

Magnetic multilayers constitute model systems for the study of fundamental magnetism
because they offer the possibility of tailoring sample properties according to pre-deter-
mined specifications. One example of this is the study of magnetisation processes in
antiferromagnetically coupled multilayer systems where the interlayer coupling strength
through the non-magnetic material is quite weak and where the resulting ratio of
anisotropy energy to interlayer exchange energy lies in the range 1072 to 102, The
corresponding field values required to characterise the various transitions in the mag-
netisation process (spin flop, saturation, . . .) range up to 107>-10"! T; these values are
easily achieved experimentally. This is rather different to the case of bulk anti-
ferromagnets where the corresponding ratio lies in the range 10~* to 1 and where fields
of 10 to 10° T would be necessary to characterise magnetisation processes.

In the previous paper [1], we investigated magnetisation and demagnetisation pro-
cesses in such highly idealised multilayer systems, consisting of ferromagnetic layers of
uniaxial or cubic in-plane anisotropy with antiferromagnetic coupling between adjacent
layers. Calculated magnetic phase diagrams, initial magnetisation curves and hysteresis
loop shapes were reported for bilayers for all possible initial moment configurations with
respect to applied field and for both easy and hard axis anisotropy. Scaling laws to deduce
the magnetic behaviour of an infinite multilayer from the calculations for bilayers were
also reported. In a number of particular cases, the effects of having a finite number of
layers and boundaries on the calculated magnetic behaviour were investigated. The
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scaling laws were found to hold for multilayers with more than thirty periods (rn = 30),
while in the particular case of spin flops, the transition field was found to be sensitive to
the parity of » (i.e. odd or even). All these calculations were performed in the limiting
case of coherent rotation of the magnetic moments where each layer was assumed to be
single domain, the moments were constrained to lie in the film plane and the energy of
the system followed the local energy minimum in which it initially found itself. This gave
rise in many cases to quite large hysteresis and metastable symmetric and asymmetric
moment configurations.

In real materials, however, magnetisation processes also involve the nucleation of
domains and the propagation of domain walls. These mechanisms tend to drive the
system to the state of absolute minimum energy. Thus, a second set of calculations
can be performed for a second limiting situation in which it is assumed that through
nucleation and propagation, the system always finds the configuration of absolute
minimum energy. Such an energy state is single domain despite the dynamics and multi-
domain processes involved in reaching it. Magnetisation curves calculated in this second
limiting case never show hysteresis. Some such calculations were already reported in [2]
but are presented in this paper in more detail together with all relevant phase diagrams
and in such a way as to facilitate comparison between the two limiting situations. The
value of such a study lies in its use in interpreting experimental hysteresis loops, given
that the magnetisation processes must resemble to a greater or lesser extent one or other
of the limiting mechanisms and in any case will lie somewhere between the two.

This second set of calculations were performed using the bilayer approximation as
in {1]. The internal energy of a bilayer is given by

E=cos(8, — 8,) — b(cos 8, +cos 0,) + Epy + Epy
so the equilibrium moment configuration is determined by the coupled equations
dE/38, =0& —sin(B, — 6,) + bsin @, + 3E,; /86, =0
0E/30, =0& +sin(f, — 6,) + bsin 6, + 3E,, /668, =0 (1)
with the stability condition
(8%E/36%)3%E/963% — (3%E/36,860,)* > 0.

E, represents the in-plane anisotropy energy, 6, and 8, are the angular positions of the
moments with respect to the applied field and the magnetic moments are of unit modulus.
E4 = kcos? sin’ 0 in the case of cubic anisotropy and E, = d cos? 8 in the case of
uniaxial anisotropy. The lower case letters b, k and d indicate normalisation with respect
to the strength of the antiferromagnetic coupling J, (i.e. b = B/J, k= K/J,and d =
D/Jy). The absolute energy minimum was determined by choosing between all the
local energy minima calculated for a given set of parameters.

2. Cubic in-plane anisotropy

Following the absolute energy minimum magnetisation processes necessarily gives rise
to just one phase diagram for each case of positive and negative anisotropy (i.e. for the
field applied along an easy or hard direction). This is contrary to the case of coherent
rotation where a multitude of different situations arise depending on the initial state in
which the system is prepared.
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Figure 2. Minimum energy magnetisation curve Figure 3. MEMC (broken line) and crHL ( full line)
(MEMC: broken line) and coherent rotation hys- fork =1.0.

teresis loop (CRHL: full line) for k = 0.4.

21. k>0

The relevant phase diagram for positive anisotropy is shown in figure 1. Asis clear from
the figure, the minimum energy state always corresponds to a symmetric moment
configuration with respect to the applied field, which lies along an easy axis of mag-
netisation. No spin-flop or spin-flip transitions are expected. For k < 0.2, saturation is
reached via a second-order transition at a field by, = 2(1 — k). Above 0.2, saturation is
reached via a first-order transition at a value b, given by the solution to the equations:

—2cos 0+ b+ 2kcosBcos268=0
1 —2b=cos28 — 2bcos 8 + (k/2) sin? 26.

Note that 8, = 27 — 0, = 0 as the moments are symmetric about the field direction.
The asymptotic expression for b, in the limit of large kis by, = 1 + (2 + k)/[4(1 + £%)].

(2)

2.1.1. Magnetisation curves. In figures 2 to 5, calculated magnetisation curves following
the field dependence of the absolute energy minimum are traced together with the
hysteresis loops calculated for the coherent rotation hypothesis [1]. The curves for
k < 0.2 are not reported as they coincide for both hypotheses. Curves for the absolute
energy minimum are shown by the broken lines. In general we can expect the real
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Figure 4. MEMC (broken line) and CRHL (full line) Figure 5. MEMC (broken line) and crRHL ( full line)
for k = 1.97. fork = 2.2.
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Figure 6. (k,b) magnetic phase diagram for the
absolute minimum energy configuration in the
case of k < 0 (cubic anisotropy). The curve on the
left traces the locus of byg at which a first-order
; ! 1 . " transition from a non-symmetric to a symmetric
configuration occurs. The line on the right traces
V212 b the locus of b,,.
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hysteresis loop to fall between the two limits. This would lead to a reduced amount of
energy dissipated per cycle in cases of high anisotropy where the coherent rotation
mechanism is likely to be less favoured due to its high instability with respect to the
absolute minimum. In the case of k = 0.4, a significant proportion of the curves coincide
about the origin. In such a case where there is no hysteresis, it is still possible to imagine
that structural defects and inhomogeneities may resist either the coherent rotation or
domain wall movement resulting in a finite amount of hysteresis about zero (see for
example the case of Fe-Cr multilayers [3] discussed in section 4).

22. k<0

Figure 6 shows the phase diagram for the state of absolute minimum energy when the
field is applied along a hard direction. The features of this diagram are essentially the
same as those in the corresponding case for coherent rotation (figure 11 in [1]). The
main difference is that the first-order transition field bys from a non-symmetric to
symmetric configuration occurs in progressively lower fields for £ < —0.14 than in the
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Figure 7. MEMC (broken line) and cRHL ( full line) Figure 8, MEMC (broken line) and CRHL (full line)
fork=~1.0. fork = —1.5.
3k
d2r
‘r b,/F I — Bec H Figure 9. (d, b) magnetic phase diagram for the
3 1% g
033 I :%\/ absolute minimum energy configuration in the
case of d > 0 (uniaxial anisotropy). The by curve
0 3 +— . indicates a spin-flop transition below d = and a
b E spin-flip transition when bg = b, ford > }.

case of coherent rotation. This critical line defining bys is determined by the solution of
the following coupled equations:

dE/36,=0&—sin(8, —0,)+bsind, +(k/2)sind6, =0) non-symmetric

9E/360,=0&+sin(6, +6,)+bsinf, + (k/2)sin46, =0} configuration

0E/80 =0& —2cos @+ b + 2kcos Bcos260 =0 symmetric,ie. 8, =27 — 6, =60

and

E(6,,6,) = E(6) < cos(8; — 8.) — b(cos 8, + cos 8,) + (k/4)(sin? 26, + sin? 26,)
= cos 28 — 2b cos 8 + (k/2) sin? 26.

It can be shown, for large k, that b reaches an asymptotic value equal to (V2)/2.
Saturation is reached via a second-order transition at b, = 2(1 — k).

Figures 7 and 8 show the minimum energy curves with the corresponding coherent
rotation hysteresis loops for two values of & (figure 18 of [1]). No example is shown for
k > —0.14 for which the two situations are equivalent.
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Figure 10. MEMC (broken line) and CRHL ( full line) Figure 11. MEMC (broken line) and cRHL (full line)
ford =0.2. for d = 0.6. The lower part traces the energy dif-

ference between the MEMC and CRHL curves and
represents the degree of instability of the coherent
rotation configuration with respect to the absolute
minimum energy state.

3. Uniaxial anisotropy

For uniaxial anisotropy, d > 0 (i.e. field applied parallel to the easy axis) is the only case
considered here, as the d < 0 situation always leads to reversible behaviour [1].

The absolute minimum energy phase diagram is shown in figure 9 (compare figure
200f[1]). Uptod = %, the magnetisation process involves a spin-flop transition followed
by a progressive closing of the moments to saturation. The critical curves defining the
spin flop and saturation are given by the equations » = 2V[d(1 — d)] and b = 2(1 — d).
For d > § saturation is reached directly via a spin-flip transition, which in the case of
figure 9 occurs at bgp = 1 and is independent of d.

Figures 10~13 show the minimum energy curves and hysteresis loops as in the cubic
case. In the lower part of figure 11, the energy difference between the two limiting
magnetisation curves istraced. Following the path a— b, the curves coincide and AE =
0. Between b and c, as the curves diverge, there is a linear increase in energy of the
metastable state with respect to the absolute minimum. This drops instantly to zero
(c— d) as saturation is reached and the curves again coincide. Decreasing the field,
coincidence remains until e is reached at which point AE begins increasing linearly to £
and then parabolically to g, before again falling to zero at h. Such diagrams are quali-
tatively useful in predicting the magnetisation process for a real system. For example,
the larger the metastability AFE is, the greater will the tendency for the system to find a
path to a lower energy state be. Thus in a real system, for the parameters for which the
curves in figure 11 were calculated, the more one increases the field along the lineb — c,
the more likely will it be for the system to find a path to saturation intermediate between
the two limiting extremes.
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Figure 12, MEMC (broken line) and CRHL ( full line) Figure 13. MEMC (broken line) and CRHL ( full line)
ford = 1.06. ford =1.2.

4. Comparison with experimental data and conclusion

A number of papers have appeared recently in the literature that are specifically con-
cerned with magnetisation processes in antiferromagnetically coupled magnetic multi-
layers and sandwiches, e.g. [Fe/Cr] [3-6] and [Co/Cu] [7]. In [7], analysis of [110] hard
axis magnetisation curves for [9Co/5Cu],; and [6Co/8Culs, multilayers gave values for
k (=K/I,) of —3.57 and —2.28 respectively. Specific ‘coherent rotation’ calculations
were reported in this paper also, taking into account the finite number of layers (see also
[1]). It was found that these calculations agree with experimental data in the range of
fields from positive saturation down to the coercive field. In stronger negative fields, the
experimental data resemble more the curve of absolute energy minimum reported
in this paper, plus some hysteresis with remanence due to complicated multidomain
processes involving the nucleation of domains to give non-symmetrical states [7].

In [3], hard axis hysteresis loops were reported for several (100) [Fe/Cr] multilayers
of varying periodicity and Cr thickness. Deduced values of anisotropy and exchange
were also reported. For all the samples studied K/J; is of the order of 1072 despite the
decrease of J, with increasing Cr thickness. These low values of K/J, correspond to
positions near the origin in the k versus b phase diagram, unlike in the case of the [Co/
Cu] multilayers. The apparent variation of hysteresis loop shape with increasing Cr
thickness should therefore disappear on plotting on a normalised field axis (B/J,). In
terms of the model, the unique loop shape should correspond to the limiting case for
coherent rotation (see figures 7 and 8 and figure 18 of [1]). The occurrence, however, of
a finite amount of hysteresis, as mentioned in section 2.1, is possibly due to retarded
coherent rotation due to structural defects and inhomogeneities.

Griinberg et al [4-6] discuss in some detail magnetisation processes in epitaxial Fe—
Cr-Fe sandwiches in which the Fe layers are antiferromagnetically coupled. In [5]
they identify a spin-flop transition in low fields by magneto-optical methods, which
corresponds to the coherent rotation calculation prediction (see figure 2 in [1]). They
also report qualitatively different hysteresis loop shapes for respectively [110]- and
[100]-type growth. Those for [100]-type growth resemble the curves reported in [3] for
multilayers. The symmetry of [110]-type growth, however, leads to in-plane uniaxial
anisotropy and not cubic. Thus, as the ratio d = D/J, is approximately the same as in
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the multilayers, the [110] hysteresis loop resembles those of figures 10 and 11 calculated
for uniaxial anisotropy.

To conclude, here we have given a few illustrative examples of the use of the
calculations reported in this paper and in [1] and [2]. As the field of research on magnetic
multilayers expands, these calculations will become more useful in characterising the
magnetic properties of such novel systems and, in particular, their response to an
externally applied magnetic field.
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