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Magnetization, susceptibility, and compensation points
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Magnetic superlattices composed of ferromagnetic films (Fe and Gd) which couple antifer-
romagnetically at the interfaces are studied. In a magnetic field a variety of diA'erent spin con-
figurations are possible. We show how these phases are reflected in magnetization and suscepti-
bility measurements. In particular, a twisted spin configuration is characterized by a much larger
susceptibility than an aligned spin configuration. We show that small changes in the layering pat-
tern can lead to large changes in M(T) and static susceptibility. In contrast, changes in the value
of the interface exchange parameter cause large changes only in the weak-coupling limit.

In a previous paper, ' we considered a superlattice made
of alternating ferromagnetic films, but where the ex-
change coupling at the interfaces was antiferromagnetic.
Within mean field theory, we investigated a model system
where the two ferromagnets were Gd and Fe. A number
of different phases were found, depending on the applied
magnetic field and temperature. The most interesting of
these phases were (I) aligned-Fe phase where all Fe spins
were parallel to the external field "nd all Gd spins were
antiparallel, (2) aligned-Gd phase where all Gd spins
were parallel to the external field and all the Fe spins were
antiparallel, (3) twisted phase where the the spins in each
layer make a different angle with the external field. In
this phase the spin configuration can vary from something
very similar to the spin Aop phase in an antiferromagnet
to a configuration similar to that in a domain wall.

The different phases arise from a competition between
exchange and Zeeman energies. For small magnetic fields
the Zeeman energy is less important and the minimization
of the exchange energy generally favors the aligned states.
Which aligned state (aligned Gd or aligned Fe) is chosen
depends on the net magnetic moment in each film. Clear-
ly the film with the larger moment will align parallel to
the field. This introduces a strong temperature depen-
dence since the thermal averaged magnetic moment in Gd
changes rapidly compared to that of Fe. For moderate
fields both Zeeman and exchange energies will be impor-
tant. This favors the twisted state. In addition the case
where the net magnetic moments in each film are about
the same also favors a twisted state, but where the spin
configuration looks similar to a spin-Aop state.

It is the purpose of this paper to show how the different
microscopic ground states can be observed in macroscopic
measurements such as magnetization and susceptibility.
In addition, since the nature and strength of the interface
coupling is of fundamental interest, we will investigate the
role that the interface coupling constant plays in superlat-
tice properties.

The situation of two ferromagnets which couple antifer-
romagnetically is actually quite common. In addition to
the examples given in Ref. 1, there are some recent results
on GdCo2/Co (Ref. 3) and Gd/Co (Ref. 4) superlattices
which have the structure discussed here. Also, Gd/Y su-

perlattices show effective antiferromagnetic coupling be-
tween the Gd films for some thicknesses of Y spacer lay-
ers. Thus the results obtained here will have a reason-
ably wide application. Clearly anisotropy effects, not in-
cluded here, may play an important role in some systems.

The mean field method for determining the ground
state of the superlattice was described in detail previous-
ly. ' Once the ground state is found, it is simple to find the
net spin moment of the unit cell St t ] A quantity propor-
tional to the static susceptibility dM/dH can then be
found numerically by taking the difference of St,t, ~

evalu-
ated at two close values of magnetic field.

The spin values for this calculation are SF,= 1,
Sod = —', . The ratio of exchange constants Jod/JF,
=0.0355 is obtained by comparing the transition temper-
atures of Gd and Fe. We consider two limiting values for
the interface exchange constant Jq. The weak-coupling
limit has JI =JGd, and the strong-coupling limit has
JI =JF,. The external field is measured in dimensionless
units; h =gpttHp/JF, SF,. Here Hp is the external field
applied in the z direction. A value of h =0.01 corresponds
to an external field of about 7.3 kG. In Ref. 1 a value of
SF,= 2, appropriate to the Fe + ion, was incorrectly used
for Fe metal. This also gave a different ratio for the ex-
change constants of Gd and Fe.

We can obtain a crude estimate for the length of the
twist as a function of magnetic field as follows. Consider
a single ferromagnetic film with a total of N layers. The
outer spin layer on one side of the film is artificially fixed
antiparallel to an applied field to simulate our antiferro-
magnetic coupling. The number of layers no over which a
180' twist will occur is found by minimizing the sum of
the exchange and Zeeman energies. A simple calculation
gives no=(ztr /2h) ' where h is gpttHp/JS as above and
z is the number of nearest neighbors. For h=0.01 and
t =0, np is about 62 layers in Fe and 22 layers in Gd. At
higher temperatures, the temperature dependence of S~d
would result in a narrower twist region in Gd. Clearly the
twists in the superlattice system do not take place only in
Fe or only in Gd, but in both. Also, the twisted states
found here do not always correspond to full 180 turns.
Nonetheless, this simple estimate sets an order of magni-
tude length scale for our problem.
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In Figs. 1-3 we give examples of how the microscopic
phases are related to the macroscopic properties of mag-
netization and susceptibility. Figure 1(a) shows the phase
diagram for a structure with a unit cell of 13 layers of Fe
and 5 layers of Gd (a 13Fe/56d). The temperature is
measured in dimensionless units with t = T/TCF, . Figure
1(b) shows S&,&,1 as a function of t for an external field of
h=0.03. At t=0, the net spin moment in 5 Gd layers
is larger than the net spin of the 13 Fe layers, i.e.,
Si,i,iGq= —", =17.5 and S„„iF,=13. The total spin of
the unit cell is then the difference of the two values above,
4.5. As t increases the Gd spins reduce in magnitude
quickly compared to the Fe spins and the magnetization is
reduced. Near t=0.2 there is a phase transition to the
twisted state. Here the magnetization changes only very
slowly as a function of temperature. Near t =0.33 there is
a second phase transition to the aligned-Fe state. In this
case the magnetization initially increases (due to the still
decreasing Gd moments) and then decreases as the aver-
age Fe moments are reduced by thermal Auctuations.

Figure 1(c) shows the susceptibility as a function of
temperature at h=0.03. Here g is low for the aligned
states and high in the region of the twisted state. The
reason for this is clear. Susceptibility measures the ability
of the spin configuration to change due to an external
field. In the aligned states only the magnitudes can
change. In the twisted state the magnitudes and the
orientation of the spin can both change, leading to a larger
susceptibility.

Comparing Fig. 2 (for a 14Fe/46d structure) to Fig. 1,
we see that small changes in the structure of the unit cell
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in these structures.
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FIG. 2. Results for a 14Fe/46d superlattice in the strong-
coupling limit. (a)-(c) are as in Fig. l.
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FIG. 1. Results for a 13Fe/56d superlattice in the strong-

coupling limit; (a) the h tphase diagram, (b) S„„~vs t-at a field

of h =0.03, (c) the susceptibility vs t, again for h =0.03. The la-
bels A and T in (b) indicate the regions of the aligned and twist-

ed states found from the phase diagram.
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FIG. 3. Results for a 13Fe/5Gd superlattice in the weak-cou-

pling limit. (a)-(c) are as in Fig. l. A~(A3, As) are aligned Fe
states, but with the middle (3,5) Gd spins aligned with the field.
AGd and AFe indicate the aligned-Gd and aligned-Fe states, re-
spectively. Note in (b) that changing the magnetic field has a
significant effect on magnetization as a function of temperature.
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In a comparison of Fig. 1(a) (strong coupling) and Fig.
3(a) (weak coupling) we see that the general features
remain the same, but the numerical values are quite
diff'erent. In particular the aligned-Gd state occurs in
only a very small portion of the phase diagram of Fig.
3(a) when compared to Fig. 1(a). Here the decreased in-
terface exchange has allowed the transition from the
aligned-Gd state to the twisted state to occur at much
lower values of external fields, i.e. , in the competition be-
tween Zeeman and exchange energies, the minimization
of the exchange energy has become less important and the
twisted state is favored.

A second major diff'erence is visible in the comparison
of Figs. 1(a) and 3(a). In the weak-coupling case the
twisted state exists only for temperatures below t =0.26
while in the strong coupling case the twisted state is seen
to exist beyond t =0.4. To understand this diff'erence, we
first have to understand the origin of the transition from
the twisted state to the aligned-Fe state. As the tempera-
ture increases, the thermal averaged values of the Gd mo-
ments become quite small, and the Zeeman contribution
of the Gd thus is also small. As a result, the compromise
of the twisted state is no longer energetically favorable
and the system changes to the aligned-Fe state. The
difl'erence between the weak and strong interface coupling
is then simply related to the magnitudes of the Gd mo-
ments as a function of interface coupling.

We explore this idea further in Fig. 4 with a plot of the
thermal averaged spin magnitude as a function of Gd lay-
er number for different temperatures and for strong and
weak coupling cases. For strong coupling, the value for
(S) is held up by the coupling to the Fe layers. In con-
trast, for weak coupling the exchange Geld from the Fe is
weaker than that from the Gd layers and as a result (S) is
lower, especially at the boundaries of the Gd film. En

comparing the strong coupling and weak coupling for the

same temperature (t-0.25) we see that (S) is much
larger for all positions in the strong coupling case. Thus
the twisted mode, which needs the Zeeman energy from
the Gd spins for its existence, survives at higher tempera-
tures for the strong coupling case.

Figure 5 explores the influence of the interfacial ex-
change parameter on several different variables. We con-
sider a 13Fe/56d structure, and t 0. Figure 5(a) shows
how the angle between the Fe and Gd spins at the inter-
face changes as a function of Jr. The applied field is given
by h 0.06 so the superlattice is in the twisted state. We
see here that for all but the smallest values of JI the Gd
and Fe spins at the interface are nearly 180' apart. This
is to be expected since, for JI moderate to large, it would
cost too much in exchange energy to have a large angular
deviation at the interface. In Figs. 5(b) and 5(c) we plot
the experimentally measurable parameters of g and It, as
a function of the interface exchange. h, is the field at
which the transition from the aligned to twisted state
takes place at T 0. The susceptibility is nearly constant
except for small, Ji where the spin orientation can be more
flexible with a corresponding increase in the susceptibility.
Figure 5(c) shows that as the interface coupling is re-
duced It, is also reduced. Thus for very weak interface
coupling there is no ahgned-Gd state.

As noted previously, the multilayer geometry allows
tailoring of the material parameters. For systems with an
aligned-Gd phase, the temperature t, at which the spin
configuration changes from the aligned-Gd state to the
aligned-Fe state (at It 0) corresponds to the case of total
magnetization equal to zero. This has previously been
called the compensation point, in analogy with ferrimag-
nets. Figure 6 presents t, as a function of N for an
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FIG. 4. Average spin moment as a function of position and
temperature for the Gd spins in a 13Fe/56d superlattice. In the
strong-coupling limit the Gd spins at the interface are increased
in magnitude compared to those in the bulk while in the weak-
coupling limit the reverse is true.
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and (c) the critical field h, .
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NFe/NGd superlattice structure. The interface coupling
constant here is rather strong, Jt/JF, =0.706, a value ob-
tained from alloy mean field calculations. For large N
the superlattice phase transition essentially occurs near
the magnetic phase transion of bulk Gd. As N decreases,
the iriAuence of interfaces becomes more important. Here
with the strong interface coupling the Gd spins are "held
up" at the edges of the Gd film as seen in Fig. 4(a), and
the phase transition occurs at a higher temperature. This
result is qualitatively similar to one found for a Gd/Co
multilayer deposition, but the experimental result ap-
parently occurs due to film morphology. From the figure
we see that N = 15 is the smallest value for which E, is not
too far from the bulk Gd value. Thus the infiuence of the
interface on the thermal properties of the bulk spins ex-
tends out only about 7 layers.

A common experimental characterization of the mag-
netic materials is an M vs Ho curve. In Fig. 7 we present
a theoretical calculation for S&„,1 vs h for the 13Fe/5Gd
structure in the weak-coupling limit. For low tempera-
tures and fields the aligned states are characterized by
nearly horizontal lines where the magnetization looks as if
it is saturated. Twisted states are indicated by lines with
nearly constant slope, i.e., the susceptibility is nearly in-
dependent of the applied field (and to a lesser extent tem-
perature). The results are in excellent qualitative agree-
ment with some recent experimental results for Gd/Co su-
perlattices. It is worth noting, however, that for h 0 the
experiment shows a monotonic increase in St,t, ~ with tem-
perature, while the theoretical work shows (see Fig. 3)

FIG. 7. S~,t, ~ as a function of It for the 13Fe/5Gd superlattice
in the weak-coupling limit.

first a decrease in St,&,~ and then an increase. The reason
for this difference is that the experiments were carried out
only for temperatures above 80 K, presumably above, or
at least near, the compensation temperature for this struc-
ture. It would be interesting to have experimental data
for temperatures below 80 K in order to compare experi-
ment and theory more completely.

In summary:
(1) The microscopic aligned and twisted states can

easily be observed in macroscopic measurements such as
magnetization and susceptibility as a function of tempera-
ture. In particular the twisted state has a much higher
susceptibility than the aligned state due to its orientation-
al polarizability.

(2) Strong interface exchange allows thin Gd films
(less than IS layers) to remain ferromagnetic well above
the Curie temperature for bulk Gd. This, in turn allows
the twisted state to exist at temperatures above the bulk
transition temperature of Gd. Changes in the interface
exchange cause large changes in the magnetic properties
only in the weak coupling region.
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