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Magnetic properties of pseudomorphic ferromagnetic alloy films
on Cu(100)

G. J. Mankey,a) S. Z. Wu,b) F. O. Schumann, F. Huang, M. T. Kief, and R. F. Willisc)
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

~Received 3 October 1994; accepted 16 January 1995!

We report the variation of the thickness dependence of the Curie temperature for a range of ultrathin
ferromagnetic alloy films. By simultaneously depositing Fe or Co and Ni on Cu~100! we produce
pseudomorphic alloys with controlled stoichiometry. An analysis of the Curie temperature versus
thickness curves with an empirical finite size scaling formula reveals that the Curie temperature in
the thick film limit increases monotonically with Co or Fe concentration. We compare the bulk alloy
Curie temperatures to those of the alloy films extrapolated from the few monolayers limit. ©1995
American Vacuum Society.

I. INTRODUCTION

Thin films of the ferromagnetic 3d transition metals de-
posited on Cu~100! have been extensively studied, and a
wealth of new information regarding their unique electronic,
structural and magnetic properties has been revealed. These
studies have led to a better understanding of how magnetic
properties change as we go from the bulk to a thin film. The
dependence of the Curie temperature,Tc, on film thickness
for elemental films has been studied by a number of
groups.1–6TheTc’s for both Ni and Co films increase mono-
tonically with increasing film thickness. Fe films show
anomalous behavior:Tc reaches a maximum of about 375 K
at 3 to 4 monolayers~ML ! and decreases to a constant value
of 280 K for films 5–10 ML thick.1 Since the fcc Fe mag-
netic moment is strongly dependent on lattice constant, high-
spin ferromagnetic, low-spin ferromagnetic, nonmagnetic,
and antiferromagnetic phases are all possible candidates for
pseudomorphic fcc Fe films on Cu.7–10This variety of phases
is responsible for the more complex behavior. In this article,
we examine the dependence ofTc on alloy composition and
film thickness for pseudomorphic alloys of Fe and Co with
Ni.

For bulk disordered Co–Ni alloysTc increases monotoni-
cally as the Co concentration is increased from 627 K for
pure Ni to 1388 K for pure Co since both Co and Ni couple
ferromagnetically throughout the range of alloy lattice
constants.11 Bulk Fe–Ni alloys have a more complicated de-
pendence ofTc on alloy composition because the range of
alloy lattice constants includes those where fcc Fe can ex-
hibit high-spin ferromagnetic, low-spin ferromagnetic, non-
magnetic, and antiferromagnetic phases. Beyond 55% Fe
there is a coexistence of high-spin ferromagnetic and non-
magnetic phases in the bulk.12 The coexistence of these
phases produces the Invar effect which has a maximum at
65% Fe.13 Expanding the fcc lattice constant by the inclusion
of argon atoms in sputtered films stabilizes the high-spin
ferromagnetic phase in these Invar alloys.14 Pseudomorphic
alloy films on Cu~100! are expanded relative to the bulk
Fe–Ni alloy equilibrium lattice constant so the higher energy

ferromagnetic phase could be stabilized. If this is the case,
we expectTc for pseudomorphic Fe–Ni films to have a be-
havior similar to Co–Ni films on Cu.

For thin films, the temperature range for whichTc can be
measured must be restricted to below the interdiffusion limit
~the minimum temperature for the onset of interdiffusion at
the film–substrate interface!. For Ni films on Cu, the mag-
netic properties are reversible against thermal annealing
cycles up to 473 K.15 These observations are supported by
x-ray photoelectron forward scattering results which show
significant interdiffusion at 800 K.16 For Co on Cu the inter-
diffusion limit is approximately 500 K.3 For Fe on Cu, the
electronic properties of the surface change significantly upon
annealing at a temperature of only 450 K.17

In a recent article,6 we presented measurements of Ni, Co,
and Ni–Co alloy films which showed that the dependence of
Tc on film thickness can be described by an empirical equa-
tion:

Tc~n!

Tc~`!
5

1

11S n2n8

n0
D 2l ,

whereTc(n) andTc~`! are the Curie temperatures of a film
n ML thick and the bulk, respectively,n8 is an empirical
constant approximately equal to 1,n0 is an empirical con-
stant approximately equal to 3.5, andl is treated as an ad-
justable parameter. We will demonstrate how this equation is
used to estimateTc~`!.

II. EXPERIMENT

Thin films of Fe, Co, Ni, and alloys of Co and Fe with Ni
were produced by vapor deposition at a rate of 1 ML/min on
a Cu~100! substrate. The flux of the sources was calibrated
from reflection high energy electron diffraction~RHEED!
oscillations.18 The pressure during deposition was in the low
1029 mbar range during deposition which produced a mea-
surable amount of C and O contamination. The Co, Ni, and
Co–Ni films were deposited at 300 K and annealed to 450 K
to desorb CO.19 The Fe and Fe–Ni alloy films were depos-
ited at 400 K. Films containing Fe were not annealed be-
cause CO adsorbs dissociatively on Fe, and films with high
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Fe content are expected to be less stable against thermal
cycling. We chose a growth temperature of 400 K for the
Fe–Ni alloys to produce films that are thermally stable to
this temperature.

The magnetic properties were measuredin situ by the
employing surface magneto-optic Kerr effect~SMOKE!. The
apparatus is described in detail elsewhere.6 The films were
then cooled to 180 K andTc was determined by measuring
the Kerr intensity at remanence as a function of substrate
temperature.

III. RESULTS AND DISCUSSION

The data and fits to the empirical equation for Co, Ni, and
Co–Ni alloy films are shown in Fig. 1. The Co data have a
larger initial slope than data presented in Ref. 3. This is most
likely due to the difference in growth temperatures with
growth at 420 K resulting in a greater portion of the surface

being covered with segregated Cu.20 Coating a Co film with
Cu reducesTc. Scatter in the data is due to differences in the
flux calibration of the deposition sources.

For the Fe and Fe–Ni alloy film data shown in Fig. 2,
experimental uncertainties were minimized by performing
sequential depositions for each stoichiometry. The Fe–Ni
data show less scatter than the Co–Ni data in Fig. 1. Both
sets of data show a monotonically increasingTc for all film
and alloy compositions. For pure Fe, only the initial increase
of Tc is plotted. For thicker films,Tc levels off and ulti-
mately drops to approximately 280 K, as was reported in
Ref. 1. Except for the pure Fe films, all of the film systems
studied remain ferromagnetic at room temperature up to at
least 6 ML film thickness.

Estimates ofTc~`! from the empirical equation as com-
pared to the bulk values from Refs. 11 and 12 are presented
in Table I. The agreement for Ni is remarkably good since
the values ofn053.5 andn851 were determined by fitting
the empirical equation to Ni data taken over a much wider
film thickness range of up to 16 ML. For both the Co and Fe
alloys below 25% concentration, the fitted curves give values
of Tc~`! within a few percent of the bulk values. For CoNi
and bulk Co the large initial slopes of the data give values of
Tc far above the interdiffusion temperature. The reduced data
set introduces an uncertainty in the estimated values ofTc~`!
extrapolated from fits to the scaling law curve.

For the FeNi film we have the interesting result thatTc~`!
is higher than that of FeNi3 even though the bulk value is
lower.11,12This suggests that the high-spin ferromagnetic fcc
phase is stabilized by the expansion of the film lattice con-
stant to match that of the Cu~100! substrate. For the Fe3Ni
film Tc~`! increases further, in sharp contrast to bulk Fe3Ni
which is nonmagnetic. These results support theoretical cal-
culations which show that the high-spin ferromagnetic phase
has the lowest energy for the fcc lattice constant of Cu.21–24

In summary, we have shown that the bulkTc of these
materials can be estimated from the initial behavior of the
Curie temperature as a function of film thickness from fits to
an empirical finite-size scaling formula. These results were
used to investigate the possibility of quenching the Invar
effect in Fe–Ni alloy pseudomorphic thin films. Our prelimi-
nary measurements and estimates of the Curie temperatures
for FeNi and Fe3Ni films are consistent with those predicted
for high-spin ferromagnetic fcc phases deposited on

FIG. 1. Plots of Curie temperature vs film thickness for Co, Ni, and Co–Ni
alloy films. The lines are fits to the data using the empirical equation. The
experimental uncertainty is approximately the size of the symbols.

FIG. 2. Plots of Curie temperature vs film thickness for Fe, Ni, and Fe–Ni
alloy films. The lines are fits to the data using the empirical equation. The
experimental uncertainty is approximately the size of the symbols.

TABLE I. Bulk Curie temperatures in kelvin~Refs. 11 and 12!and extrapo-
lated Curie temperatures for the data in Figs. 1 and 2.

Film Bulk Tc Tc~`!

Ni 627 625
CoNi9 773 734
CoNi3 923 856
CoNi 1123 1456
Co 1388 2145
FeNi9 773 750
FeNi3 900 909
FeNi 800 982
Fe3Ni ,200 1023
Fe 1043 ~bcc! 985 ~fcc!
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Cu~100!. Bulk disordered Fe3Ni is nonmagnetic contrary to
the results presented here for ultra thin films with an ex-
panded lattice constant.
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