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Abstract

We present first principles calculations of the Heisenberg exchange parameters, J;; in thin Co and Ni films on
a Cu (00 1) substrate. Two methods are compared, relying either on a disordered local moment description of the
paramagnetic state or on the magnetically ordered ground state. Ferromagnetic nearest-neighbor and next-nearest-
neighbor interactions are found to play a dominating role throughout. Furthermore, J;;s display significant dependence
on the layer positions, having a typical maximum for layers near the surface of the film as well as at the interface with the
substrate. The Curie temperatures calculated within a simple statistical mean-field approach follow qualitatively well the
trends against the film thickness observed in the experiments. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Various types of magnetic phase transitions in thin
films have attracted much experimental and theoretical
effort during the recent decade. One particularly impor-
tant phenomenon is the dependence of the Curie temper-
ature with respect to several parameters, such as the film
thickness, the geometrical structure or the composition
of the film. While methods with different sophistication
of the statistical mechanics based on Ising or Heisenberg
type of Hamiltonians were able to elucidate, e.g., the
general features of T¢ as a function of the film thickness
[1,2], the need for obtaining realistic, material specific
parameters which enter these models is obvious.

For layered systems the Heisenberg-model can be
written as

1
H =§2 Z I piai Spi Sajs (1)

rq ij

* Corresponding author. Tel.: + 36-1-463-4109: fax: + 36-1-
463-3567.
E-mail address: szunyogh@phy.bme.hu (L. Szunyogh)

where §,; denotes a classical vector-spin of unit length
located at the ith site of layer p, J,;,; is the exchange
interaction between two particular sites (pi) and (gj)
(Jpi.pi = 0) and the factor } corrects for double-counting.
In the present contribution we apply two techniques to
calculate exchange interactions in FCC Co and Ni films
on Cu(0 0 1), namely, the effective pair interactions with-
in a disordered local moment (DLM) description of the
paramagnetic state [3,4] and also, following Liechten-
stein et al. [5], in terms of infinitesimal rotations on the
basis of the magnetically ordered ground state.

2. Results and discussion

First, self-consistent calculations were carried out for
each of the overlayer systems in terms of the scalar-
relativistic spin-polarized screened Korringa-Kohn-
Rostoker method [6]. No attempt was made to include
lattice relaxations with respect to a perfect parent lattice
of bulk copper. A detailed description of the magnetic
moments as obtained from these calculations will be
given elsewhere [7]. Hereby it is only worth to mention
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that in Co films the disordered local moments were, in
general, 0.2-0.4up smaller than those in the ferromagnetic
state. In Ni films treated within the DLM picture, in
many cases, layers with even zero magnetic moment were
found. Although in the future it seems to be interesting to
study the formation of such magnetically dead regions,
what follows the DLM results on Ni films will be ex-
cluded.

For Co overlayers very similar exchange pair interac-
tions from both types of calculations were obtained.
Possibly due to an extra effective exchange field repre-
sented by the ordered spin-state, the NN interactions
derived from the ferromagnetic state were, however, sys-
tematically larger in magnitude than calculated from the
DLM state. In the monolayer case an opposite relation
was found, which we attribute to the fact that the inter-
facial hybridization between Cu and Co states, decreas-
ing the tendency to ferromagnetism of Co, is more pro-
nounced in the ordered ferromagnetic state than in the
magnetically disordered state.
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Fig. 1 illustrates typical exchange pair interactions in
the Cos/Cu(001) and Nis/Cu(001) overlayers as
sorted with respect to pairs of layers. Although in both
overlayer systems the ferromagnetic (negative) NNIs
dominate, especially for neighbor layers, one can notice
also sizeable NNN interactions. Clearly, NNIs near the
surface (5-5 and 4-5) are largest in magnitude, a fact
which apparently correlates with the well-established
trend to enhanced ferromagnetism at many metallic sur-
faces. At the interface of the Co film and Cu substrate
a similar trend applies. The NNIs at the Ni-Cu interface
(1-1 and 1-2) are, however, obviously smaller in magni-
tude than those even in the interior of the Ni film (3-3 and
3-4). This might be a consequence that the above men-
tioned interfacial hybridization is larger between Ni and
Cu states than between Co and Cu states.

The Curie temperatures obtained within a mean-field
approach are plotted in Fig. 2 together with experimental
data. Since thermal fluctuations are expected to be in-
creasingly important when the dimension of the system is
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Fig. 1. Heisenberg parameters as calculated in terms of infinitesimal rotations for Cos/Cu (0 0 1) (left panel) and Nis/Cu (0 0 1) (right
panel) overlayers. In the legends the pair of numbers p—q label the corresponding pair of layers. The labeling of the layers increases from

the substrate toward the surface.
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Fig. 2. Curie temperatures for Co and Ni overlayers on Cu (0 0 1). Open squares depict experimental data [8], while all other symbols
display results of the mean-field approach by using Heisenberg parameters as calculated from the DLM state (filled circles) and from the
ordered ground state (filled triangles). Solid lines serve as a guide for the eyes.
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reduced, our results for T should be regarded only as
crude estimates. This is most pronounced for mono- and
bilayers. Taking into account this general argument, the
monotonous increase of T'¢ with increasing film thickness
is well reproduced. Since, as mentioned above, with excep-
tion of the monolayer case the exchange interactions de-
rived from the ordered state are larger in magnitude than
those calculated from the DLM state, for Co films a sim-
ilar relation between the corresponding T'¢’s can be seen.

In conclusion, we have shown that for thin Co films on
Cu (00 1) the two methods provide a comparable de-
scription of the exchange pair interactions, while for Ni
films only that in terms of infinitesimal rotations seems to
be realistic.
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