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Theoretical Calculation of Magnetic Properties of Ultrathin Fe Films on Cu(100)
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The temperature dependence of the magnetization in fcc Fe on Cu(100) is calculated using a self-
consistent local mean-field theory. The model reproduces an experimental magnetization oscillation as a
function of film thickness and supports a picture where the top two layers are ferromagnetically coupled,
and the remaining layers are antiferromagnetically coupled. The origin of the puzzling linear temperature
dependence in oscillation amplitude is understood as a “surface phenomena’ of the antiferromagnetic
layer at the Fe/Cu interface. Proximity effects between a thin antiferromagnet with alow Néel tempera-
ture and a neighboring ferromagnet with a higher Curie temperature are discussed.

PACS numbers. 75.70.Ak, 75.25.+2, 75.50.Ee

Ultrathin face-centered Fe film on Cu(100) is the
single most challenging and rich magnetic film system
to date due to its structural and magnetic instabilities
[1-18]. While fcc Fe is normaly a high-temperature
phase, face-centered phases of Fe can be stabilized via
epitaxial growth on a fcc substrate like Cu(100). These
structures are inevitably influenced by many factors
such as lattice mismatch, growth energetics, film mor-
phology, interdiffusion, etc., to form subtly different,
metastable face-centered phases [1-5]. Meanwhile, fcc
Fe is predicted by first-principle theories as magnet-
icaly unstable [6—12]. Several metastable phases of
high-spin and low-spin ferromagnetic (FM) phases, anti-
ferromagnetic (AF) phases, and nonmagnetic phases
exist with a total energy difference in the order of meV.
a 1%-5% variation in atomic volume and/or tetragonal
distortion, which is compatible with the subtle structural
differences of the Fe phases on Cu(100), is enough to
switch among the various magnetic phases.

With an extensive amount of experimental work, the
various descriptions for the behavior of Fe on Cu(100) are
converging. Most of the recent work agrees on the follow-
ing for thermally deposited films. (&) The face-centered
phases exist below a critical thickness of 10—12 monolay-
ers (ML), above which the structure relaxes into the reg-
ular beec phase [1,4,13]. (b) The low-temperature grown
films have face-centered tetragonal (fct) structure and are
FM [13,14]. (c) For the films grown above ~250 K,
the same fct, FM phase is observed below 5 ML [2,13].
(d) Between 6—-11 ML, only the top two layers have the
tetragonal expansion [1]. Ferromagnetic ordering is ob-
served at the surface below 260 K [1,13]. Theinner layers
have an isotropic fcc structure [15].

The magnetic properties of the inner layers of the
6-11 ML of fcc Fe, however, remain controversial.
M ossbauer studies observed an AF phase with low mo-
ment (~0.6up) and low Néel temperature Ty (~67 K).
This is the same magnetic phase observed in fcc bulk
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Fe precipitates in the Cu matrix. In contrast, ab initio
caculations for fcc Fe/Cu(100) consistently suggest
ferromagnetic coupling between the top two layers only,
and a type-l AF phase with a sizable magnetic moment
(~1.2up to 1.8up) for the inner layers [8,9,11]. An
experimental study [13] agrees with this picture by finding
that between 6—-11 ML, the Kerr signal oscillates as a
function of film thickness, which is interpreted as a type-|
antiferromagnet with aternating layers of spinsand a Ty
of ~200 K. The existence of this AF phase was later sup-
ported by a spin-polarized low-energy electron diffraction
study [17] and AF coupling in Fe/Ni/Cu(100) [18]. So
far amost al the theoretical efforts have concentrated on
ground state properties. The current work discusses the
temperature dependence of the magnetic structure and
accounts for the unique behavior of the data. Our theory
reproduces al the major experimental results, giving
strong support to a picture where the first two layers are
coupled ferromagnetically, and the remaining layers are
al antiferromagnetically coupled.

A number of unusua features were noted in the data
of Ref. [13]. The size of the Kerr oscillation was the
largest at low temperature and decreased as the tempera-
tureincreased. If one plotted the Kerr oscillation amplitude
AM(T), which is proportional to the difference in the total
magnetic moment between even- and odd-layer systems, it
showed adistinct linear behavior with temperature. Such a
linear behavior is usually associated with a surface effect,
and yet this measurement involved the magnetic moment
of the entire sample. Furthermore the total magnetic mo-
ment of the sample M (T'), thought to be primarily from the
surface ferromagnetic phase, showed atemperature depen-
dence which looked much like a bulk material. In other
words, surface features show a bulklike temperature de-
pendence, and cornversely bulk features show an apparent
surfacelike temperature dependence.

The experiments reported a number of other interesting
features. The transition temperature associated with the
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antiferromagnet, Ty, was found to be about 200 K, avalue
larger than that of bulk y Fe precipitates in Cu. The
transition temperature for the ferromagnet, 7., occurs at
a different temperature of 260 K.

In this paper we present a theoretical calculation for the
magnetic structure of Fe on Cu(100). Our theoretical re-
sults agree very well with the experiments and give insight
into the origin of these unexplained behaviors. In particu-
lar, we find the following: (1) The difference in the total
magnetic moment, i.e., the oscillation amplitude, hasalin-
ear temperature dependence in agreement with the experi-
ments. This linear dependence is, indeed, associated with
asurface effect, and we identify it as essentially measuring
the magnetic moment of the outermost antiferromagnetic
layer at the Fe/Cu interface. (2) The total magnetic mo-
ment as a function of temperature has a behavior close to
that of abulk material, in agreement with the experimental
data. (3) The Néel temperature of the antiferromagnet can
be enhanced by coupling to ferromagnetic surface layers.

Our theoretical calculations are based on a self-
consistent local mean-field theory [19]. This method
has been applied in a number of systems and has given
a good description of both the temperature and field
behavior of magnetic layered structures [20—-22]. We
use a Heisenberg-type Hamiltonian for the system that
uses an effective exchange coupling between spins S; in
layer i and S;+ in the neighboring layer. Only couplings
between nearest neighbor layers are included. A small
externa field Hy is aso included for stability. Thus

H=— Z Aiiv1Si - Siv1 — Z gupHp - S;.

layer i layer i

The parameters used are S = 1 and g = 2.2. The ex-
change coupling constants are given in terms of tempera-
ture. The ferromagnetic coupling between the first two
layersis found to be A ,/kg = 360 K, while the antifer-
romagnetic coupling between all other layers is taken as
A;i+1/kp = —130 K. To put these values into perspec-
tive, the ferromagnetic exchange coupling for bulk (bcc)
Fe is about 530 K.

The exchange parameters in this system are not well
known. From the hyperfine field found in Md&ssbauer
experiments [23] on Fe/Cu multilayers, we can esti-
mate that a spin in the ferromagnetic phase of fcc Fe
(T, = 150 K) has an exchange energy in the range of
E/kg = 100-200 K. First-principle calculations, again
for superlattices [24], show antiferromagnet exchange
energies on the order of E/kg = 300 K. Our choice
of parameters was based initialy on the experimentally
observed values of Ty and T,., but these were modified
by finite size effects. For example, for the ferromagnet
the Curie temperature would indicate an exchange con-
stant of A/kp = 193 K for a bulk sample. Because of
finite size effects we need to use an increased value of
A/kp = 360 K.
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FIG. 1. Total magnetic moment of structure as afunction of the
number of layers for different temperatures. Note that, in agree-
ment with experiment, the oscillation size remains the same,
independent of the layer number.

An iterative method is used to find the ground state for
the Hamiltonian as a function of temperature and applied
field. In Fig. 1(a) we show the results for the magnetic
moment as a function of thickness for different tem-
peratures. All the key features of the experiment are
reproduced. First we note that the oscillation amplitude is
independent of the number of layers, i.e, AM(T) is
the same if the difference is taken between M at 8
and 9 monolayers or between 10 and 9 monolayers.

6+ M(T) - 10 layers

AM(T)

Magnetic Moment (arb units)
w

50 100 150 200 250 300
Temperature (K)

FIG. 2. Temperature dependence of M(T) and AM(T). Note
that AM(T) is nearly linear in temperature as is also found in
the experiment. The dots represent the experimental data from
Ref. [12]. For M(T) the data for odd and even numbers of
layers are averaged. The vertical scales for AM(T) and M(T)
are dightly different.
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Second, the oscillation amplitude clearly decreases as
temperature is increased. In Fig. 2 we show the tem-
perature dependence of M(T) and of AM(T). Again, the
theoretical results agree very well with the experimental
ones. In particular, AM(T) shows a linear decrease with
temperature, and M(T) shows a bulklike temperature
dependence. This is strong supporting evidence that the
correct magnetic structure is one where the first two Fe
layers are ferromagnetic, and the remaining layers are
antiferromagnetically coupled. We note that mean-field
theory, of course, provides only an approximate descrip-
tion of M(T'), and that it is not expected to give the correct
form near phase transitions.

There is an unusua temperature dependence found in
the theoretical calculation for the 11-layer structure seen
in Fig. 2. This structure has an odd number of layers for
the antiferromagnet, and at low temperature the antiferro-
magnet provides a net moment which is opposite to the
ferromagnetic layers. As the temperature increases the
antiferromagnet reaches its transition temperature and no
longer provides a moment opposite to the ferromagnet. As
a result the total magnetization initially increases with T,
only to decrease at even higher temperatures as the ferro-
magnet reaches its transition temperature. The experi-
mental temperature dependence of the valley in the Kerr
oscillation with film thickness (not shown) agrees with the
theoretical results.

We now explore what additional insight the theory can
provide. Perhaps the most interesting question is—can we
explain the linear dependence on temperature for AM(T)?
In Fig. 3 we plot the magnetic moment of each layer for
a 10-layer system and an 11-layer system at severa fixed
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FIG. 3. Thermal averaged magnetic moment of each layer for
two different temperatures. The dots show the results for a
10-layer system, while the solid line represents the results for
an 11-layer system. At low temperatures the difference in the
magnetization comes from the outermost layer only. Even at
higher temperatures (125 K), the measured value of AM(T)
comes primarily from the outer spin.

temperatures. For low temperatures the moments are es-
sentially the same except for the outermost layer. Thus
the difference in magnetic moments for the two structures
simply measures the temperature dependent magnetic mo-
ment of the last layer in the antiferromagnet. Sincethisisa
surface spin, it has the typical linear reduction in moment
as temperature is increased as can be seen in Fig. 4. At
higher temperatures finite size effects start to play alarger
role, but even for temperatures as high as T = 150 K,
the primary contribution to AM(T) still is from the outer-
most layer.

Figure 4 shows why the total magnetic moment as a
function of temperature appears to have bulk-like charac-
teristics for T > 200. In this region, the total magneti-
zation is basically a function of the magnetic moment of
the first two ferromagnetically coupled layers. These are
the spins that see the largest effective fields and therefore
have the highest transition temperatures. As we can see
in Fig. 4, both layer 1 and layer 2 show bulklike behavior
for magnetization as a function of temperature. At higher
temperatures where the contribution of the antiferromag-
net is small this then means the entire sample also shows
a bulklike behavior.

To complete our study of the ferromagnet/antiferro-
magnet structure we examine how the order parameter
depends on site index and temperature in Fig. 5. At low
temperatures the moments are al at their maximum value.
As the temperature is increased, the ferromagnetically
coupled spins (layers 1 and 2) are more resistant to
therma fluctuations and retain most of their magnetic
moment. A bulklike antiferromagnetic state is evident
in the flat regions for temperatures below 150 K. (The
Néd temperature for a bulk antiferromagnet with our
parameters is about 180 K. For an uncoupled 10-layer
antiferromagnet we find Ty = 165 K.) Finite size effects,
however, influence this state, and the thermal moments
are substantially reduced at the outer edge. This becomes
progressively more important as temperature is increased.
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FIG. 4. Thermal averaged magnetic moment for different lay-
ers as a function of temperature. Note that the outermost layer
has a nearly linear temperature dependence. The ferromagnetic
layers (1 and 2) show a much more bulklike magnetization curve.
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FIG. 5. Magnitude of the thermal averaged magnetic moment
for each layer for several different temperatures. The ferromag-
netic layers are layer numbers 1 and 2, and all the remaining
layers represent the antiferromagnet. Note that above the Néel
temperature (about 175 K) the antiferromagnet spins are stabi-
lized only by the coupling to the ferromagnet.

Finally at higher temperatures the existence of an ordered
state in the antiferromagnet region is dependent on the
coupling to the stable ferromagnetic layers. Here we see
a simple exponential-like decay of the magnetic moments
with distance. We note that the thermal stabilization of
a thin antiferromagnet with a low Néel temperature by a
neighboring antiferromagnet with a high Néel temperature
has been reported for antiferromagnetic superlattices
of NiO/CoO [25] and for FeF,/CoF, [26]. Here we
have a case of an antiferromagnet being stabilized by a
ferromagnet.

Based on first-principle calculations [6—12,24], mag-
netic moments should be layer dependent, especialy at
the Fe-Cu interface. Experimentally one also finds that
the moments in the AF phase are generally smaller [27].
Changing the AF moment to § = 1/2 for the AF lay-
ers and increasing the exchange coupling (so that the net
effective field acting on the AF spins remains about the
same), however, does not ater the general features of our
results. Magnetic coupling should aso be layer depen-
dent. A weaker coupling or moment at the Fe-Cu interface
should make this outer AF layer even softer. Nonetheless,
we obtain the general features with the two parameters we
currently use, and there is not enough experimental input
to uniquely determine more parameters.

In summary, we have examined theoretically the mag-
netic properties of amodel structure for fcc Fe on Cu(100).
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The model —the first two layers are ferromagnetically
coupled and the remaining ones are antiferromagnetically
coupled—agrees well with al the experimental results.
Furthermore, the theoretical calculations have shown the
origin of the puzzling linear temperature dependence of
AM(T) found originaly in the experimental results.
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