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Surface Phase Transitions and Spin-Wave Modes in Semi-Infinite Magnetic Superlattices
with Antiferromagnetic Interfacial Coupling
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We analyze the bulk and surface spin-wave modes of a semi-infinite Fe/Gd superlattice. If an exter-
nally applied magnetic field is increased from zero, one surface mode is driven soft, indicating a surface
phase transition which occurs at a field value about 5 times lower than that necessary to cause a bulk
phase transition. The phase transition is shown to nucleate at the surface and has a large penetration
depth (on the order of a few hundred angstroms) even for fields just slightly above the value needed to
induce the transition.

PACS numbers: 75.30.Ds, 75.70.Fr

In recent years, a great deal of attention has been
given to the topic of surface reconstruction. In addition
to crystallographic reconstruction where the physical
structure on the surface may differ from that found in

the interior, in magnetic structures the spin configuration
at the surface may be different from that of the bulk. '
Phase transitions in magnetic systems are particularly in-

teresting in that one can drive the transition by applica-
tion of an adjustable, external, magnetic field.

An interesting example of a magnetic surface phase
transition, known now for many years, concerns the
(100) surface of a simple uniaxial antiferromagnet such
as MnF2. For that system a bulk phase transition to a
spin-flop state can be induced by an external field. It
turned out that a surface phase transition also occurred,
but at a lower field value.

Most surface reconstructions involve only the first few
outer layers. Recent examples include the surface-
enhanced magnetic ordering of Gd (Ref. 5) and Tb.
The experimental study of such transitions can require
sophisticated techniques such as spin-polarized electron
spectroscopies. A different way to study such phase
transitions is to look for an excitation whose frequency is
driven to zero. For a surface phase transition, it is ap-
propriate to look at surface excitations. This was tried in
the case of the antiferromagnet, but proved to be unsuc-
cessful in part because the penetration length of the sur-
face wave is also very small.

In contrast, the Fe/Gd superlattice structure exam-
ined in this paper exhibits a long-range surface recon-
struction. In fact, this region can extend several hundred
angstroms into the material even for fields not much
larger than that necessary to cause the phase transition.
The details of the phase transition are particularly in-
teresting. The choice of the outermost film radically
alters the nature of the phase transition. If iron is

chosen, the phase transition nucleates at the surface and
the transition takes place at a field about 5 times lower
than that required for the bulk transition. On the other
hand, if gadolinium is chosen, the phase transition begins
in the interior of the crystal and, in fact, can be slightly

suppressed by the surface for thin enough films.
In order to study the surface phase transitions in the

Fe/Ge superlattice, we first develop a method to deter-
mine the frequencies of the surface modes for the semi-
infinite superlattice structure. ' A surface phase transi-
tion occurs at a field value for which the frequency of the
surface mode is driven to zero. We can study properties
of the reconstructed state such as penetration length and
configuration by finding the minimum-energy config-
uration at a given field. " Of course, we could also have
found the phase-transition points using this method; in

fact, this technique was used to corroborate the results of
the spin-wave method. However, the energy-minimi-
zation algorithm suffers from two irritating defects.
First, it is very slow near phase transitions. Second, it is

possible that this technique will find a local minimum
rather than the desired absolute minimum. Therefore,
we have chosen to use the spin-wave method for the
detection of the phase-transition points.

Consider a semi-infinite magnetic superlattice com-
posed of alternating films of iron and gadolinium. While
both materials are ferromagnetic, the coupling at the in-
terface is antiferromagnetic. The z axis is in the direc-
tion of the external applied field and parallel to the inter-
faces while the y axis is perpendicular to the interfaces.

Depending on temperature and the magnitude of an
externally applied magnetic field, such a system can exist
in several distinct phases. " The first phase is the Gd-
aligned phase where the Gd spins are parallel to the
external field while the iron spins are antiparallel to this
field. There is also an iron-aligned phase in which the
iron spins are parallel to the field while the Gd spins are
antiparallel. In the twisted phase, the spins are rotated
away from the z axis in the x-z plane. Finally, there is a
paramagnetic phase in which some interior spins in the
gadolinium spins act essentially paramagnetically. The
dispersion curves' for the bulk modes of a similar struc-
ture have been discussed earlier.

We briefly outline the method used for obtaining the
surface-mode frequencies in the aligned state. Surface
modes at finite temperatures and for the canted states

1152 1990 The American Physical Society



VOLUME 65, NUMBER 9 PHYSICAL REVIEW LETTERS 27 AUGUST 1990

may be calculated by a straightforward extension. The
analysis begins by writing the equations of motion for
spins in the outermost unit cell as well as for spins in a
unit cell deep in the interior of the crystal. The equation
of motion for a spin S„ is

n = ySn x Hetrni,

where H, tr „ is the effective field that acts on this spin in

layer n F.or a bcc structure, the effective field is given

exp( —irot+kt xt), where kii is the component of the
wave vector parallel to the interfaces. The equations of
motion are written in component form and linearized by
assuming that the z components of the spins are constant
in time. For the aligned phases, we can rewrite these
equations in terms of S+ and reduce the size of the ma-
trix. Spins in adjoining unit cells are related via the
Bloch theorem. If N is the number of (x-z plane) layers
in a unit cell, then spins in adjoining unit cells are relat-
ed according to

Hetrn , Hp+Z Jn, n+sSn+b ~ (2)
S„+N -S„e+",
Sn —N Sne -pL

(3)

(4)

where b is summed over the nearest neighbors and Hp is
an external applied field. J„„+bis the exchange constant
that acts between spin S„and one of its nearest neigh-
bors. For a bcc structure, each (interior) spin has eight
nearest neighbors.

We assume a time and spatial dependence of the form

where L is the length of the superlattice unit cell in the y
direction and P is, in general, complex. If P is imagi-
nary, the usual oscillatory Bloch-wave solutions result.
When P is real and negative, we have the exponential de-
crease associated with a surface wave. We thus arrive at
the following system of simultaneous equations for the
"bulk" system.

(rp/y)s1+ -—[&(kii)Jp,

is|�]s~

e ~ —[&(kll)Jl 2sl]S2 + (4Jp, &SJ'v+4Ji 2$2+H p)S i+,

(tp/y)S2+ = —[d (kii) Ji 2S|]sl+ —[d (kii) J2 3S2]s3++ (4Ji 2S|+4J2 3S3+Hp)S2',
(5)

(to/y)stv+ = —[4(kii)J~—i, lvsj'v]SN 1

—[A(k—ii)J~ ~+|SOS|+e+ + (4J~—iprst'v 1+4J~ t—v+lsl+Hp)Sg+,

where

k(k[i) cos cos
a 2 a/2

(6)

and a is the lattice constant in the x and z directions.
For ease of notation, we use J in this paper to represent
the true exchange constant divided by gott. Thus JS has
units of magnetic field.

We obtain similar equations for the "surface" system.
In fact, only the first equation is different:

+ (4J|,2S2+Hp)si+ . (7)

The absence of a term containing e s in Eq. (7)
reflects the fact that there are no spins above the surface
layer.

We now form an eigenvalue equation AeS =tpS,
where to is an eigenvalue of the system, S is an eigenvec-
tor with components (Sl+,S2+, . . . , S~ ), and Ae is the
(bulk) matrix formed from the right-hand elements of
Eqs. (5). We can form similar eigenvalue equations for
the surface unit cell: AsS AS. A solution for the
semi-infinite structure is one which simultaneously sat-
isfies the two eigenvalue equations above with the same
eigenvector and eigenvalue. The solutions are found nu-

merically by a procedure which will be discussed else-

where.
In the numerical calculations we use Jod/JF,

=0.03555, Jt/JFe —0.706, where Jt is the interface
exchange constant. ' The external field h is given in
units of JFJgps, where JF, is the true exchange constant
and h 0.01 corresponds to 7.3 kG. The temperature is
given in terms of the reduced temperature t T,bJ'

TCurie-Fe

As an example, we consider a system with a unit cell
which has thirteen Fe layers and five Gd layers. We ex-
plore the transition from the aligned state (stable at low
external fields) to the canted state (stable at high fields)

by presenting the bulk and surface spin-wave dispersion
relations at h 0 (Fig. 1) and h 0.01 (Fig. 2). In each
figure we see two bulk bands (shaded) and two surface
modes. Which surface mode exists is dependent on
which material, Fe or Gd, is on the outer surface of the
superlattice. With Gd on the outside the surface mode is
degenerate with the bottom of one of the bulk bands at
k]i 0. As the field is increased, both the bulk band and
the Gd surface mode move upward in frequency and thus
do not produce a phase transition. In contrast, with Fe
outside there is a surface mode which is well separated
from and belo~ the bottom of the remaining bulk band.
As the external field is increased (cf. Figs. 1 and 2) both
the Fe surface mode and the bulk band move to lower
frequency. As seen in Fig. 2, the Fe surface mode is
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FIG. 1. Dispersion relation for bulk and surface spin waves
in a semi-infinite superlattice with unit cell (13 Fe)/(5 Gd).
The applied field is zero. The arrows indicate the motion of the
spin-wave dispersion curves with increasing field. The Fe sur-
face mode occurs only for the system with Fe on the outside,
while the Gd surface mode occurs only for the system with Gd
on the outside. The bulk modes shown are those for an infinite
sample and are thus independent of the surface.

driven to zero frequency at a field given by h 0.011.
The bulk band, in comparison, is still well above zero fre-
quency and in fact requires a field of h 0.055 before it
is driven to zero. We thus have a surface phase transi-
tion which takes place at a field about 5 times lower than
that for the bulk phase transition.

It is easy to understand why the structure with the Fe
on the outside should have a surface phase transition. In
the Gd-aligned phase the Gd spins point along the exter-
nal field and the Fe spins are antiparallel to the external
field. Fe spins in the interior are strongly held antiparal-
lel to the external field by the antiferromagnetic coupling
to the Gd spins on both sides of the Fe film. In contrast,
Fe spins at the surface are not as strongly fixed since
there are Gd spins on only one side of the Fe film. As a
result, as the external field increases from zero, those Fe
spins in the outermost layer are the first to turn toward
the direction of the applied field. Thus, the phase transi-
tion nucleates at the surface and occurs at fairly low
values of field. On the other hand, if the outermost film
is composed of gadolinium, the situation is very different.
If gadolinium is on the outside, then (in the Gd-aligned
phase) the spins in the outermost film are parallel with
the external applied field. Any increase in the external
field tends to stabilize these outer spins in the direction
of the field. Therefore, the phase transition in this case
is essentially a bulk phenomenon, and, in fact, for thin
films the phase transition can actually be somewhat
suppressed.

An analogous phenomenon occurs in the transition

FIG. 2. Dispersion relation for bulk and surface spin waves
in a semi-infinite superlattice with unit cell (13 Fe)/(5 Gd).
The applied field is h 0.01, near the value needed to drive the
lowest surface mode to zero frequency. The arrows indicate
the motion of the spin-wave curves with increasing field. The
Fe surface mode occurs only for the system with Fe on the out-
side, while the Gd surface mode occurs only for the system
with Gd on the outside. The bulk modes shown are those for
an infinite sample and are thus independent of the surface.

from the Fe-aligned phase to the canted phase. In the
Fe-aligned phase, the gadolinium spins are antiparallel
to the external field. As a result, if the outer layer is
composed of gadolinium, then the phase transition nu-
cleates at the surface. In contrast if iron is on the out-
side, then the phase transition nucleates in the interior of
the crystal. Again, the phase transition is essentially a
bulk phenomenon and so occurs near the bulk value.

It is worthwhile to examine the nature of the recon-
structed state. We can obtain the static configuration of
a finite system of spins by an iterative energy-min-
imization scheme. "' The surface nature of the phase
transition for the system with iron on the outside is illus-
trated by Fig. 3. This diagram shows the angle of devia-
tion of a spin from the z axis at each spin site at various
field values. The temperature is zero and we have a
finite system with ten unit cells, each one with thirteen
layers of Fe and five layers of Gd. (On this diagram, the
Gd-aligned state is indicated by a value of 0' for all
gadolinium sites and a value of —180' for all the iron
spins. ) As stated in the introduction, surface phase tran-
sitions typically do not extend beyond a few layers.
However, the reconstructed region (canted region) in

this system extends deeply into the material even at low
field values. For instance, even at h =0.012, just above
the phase transition, the canted region extends approxi-
mately four unit cells (on the order of 300 A) into the
interior. At the center of this (finite) crystal, the spins

1154



VOLUME 65, NUMBER 9 PHYSICAL REVIEW LETTERS 27 AUGUST 1990

90
60-

30
0-

Gd Spins

0.10

0.08-

0 -60
-90 -,

-120
-150
-180

0

Fe Spins

+yah
~0+ %I

~ r

100
Site number

.03

.02

.017

.012

200

0.06

0.04-

0.02

FIG. 3. The angle the spins make with respect to the applied
field as a function of position for a finite (10 unit cell) superlat-
tice. As the field is increased the reconstructed state deviates
significantly from the aligned state.
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are almost in the Gd-aligned state. This figure shows
that the outer spins deviate strongly from the z axis, even
at fairly low values of field. As the field increases, the
deviation from the aligned state becomes more pro-
nounced and the canted region penetrates deeper into the
material. This diagram clearly shows that this phase
transition nucleates at the surface.

In Fig. 4 we present a magnetic-field-temperature
phase diagram for the (13 Fe)/(5 Gd) system. This is

again calculated using the iterative method mentioned
previously. We see that the surface phase transition
(with Fe on the outside) remains well below the bulk
phase transition for all temperatures where the Gd-
aligned state exists. For temperatures for which the Fe-
aligned state exists, the surface (Gd on outside) and bulk
phase transitions are quite close to each other.

In conclusion the Fe/Gd superlattice system proves to
be a fascinating system with a rich spectrum of surface
phase transitions. Since the surface reconstruction re-
gion penetrates deeply into the material and occurs at
external fields well below that necessary to cause a bulk
phase transition, it should be possible to explore these
transitions experimentally. Similarly, the fact that the
choice of outer material results in a qualitative change in

the spin-wave spectrum and phase-transition points also
indicates this is a good choice for experimental study.
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