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Magnetic behavior of Fe xNi(12x ) and Co xNi(12x ) pseudomorphic films
on Cu(100) *

S. Z. Wu, F. O. Schumann,a) G. J. Mankey, and R. F. Willis
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

~Received 2 October 1995; accepted 18 December 1995!

We set out to compare the ferromagnetic behavior of FexNi(12x) and CoxNi(12x) films of varying
stoichiometry epitaxially grown on Cu~100!. The thickness chosen was 5 ML over a wide alloy
composition range. Using a scaling law for the thickness vs Curie temperature, we extrapolate the
bulk fcc film thickness and plot the bulk fcc Curie temperature as a function of composition. The
results suggest~a! that the Invar effect is quenched in these ultrathin pseudomorphic fcc films of
FexNi(12x) alloys and~b! the magnetic phase of Fe atoms is the low-spin ferromagnetic phase. The
CoxNi(12x) films show the expected monotonic decrease inTc with increasing Ni content. ©1996
American Vacuum Society.

I. INTRODUCTION

Recently, the study of the electronic and magnetic prop-
erties of fcc Fe, Co, and Ni films and their alloys has at-
tracted a lot of attention. The electronic band structures of
pure Cu, Ni, Co, and Fe films with~100! surface orientation
have been described in many publications.1–10 Preliminary
measurements of the Curie temperatures of ultrathin
FexNi(12x) and CoxNi(12x) alloy films deposited on Cu~100!
have been reported in an earlier publication.11 These mea-
surements show that for a few single monolayers film thick-
ness, the Curie temperature increases with increasing Fe or
Co content and the thickness dependence can be expressed
by an empirical finite-size scaling formula. Meanwhile, these
ultrathin alloy films with~100! surface orientation have dif-
ferent magnetic anisotropy behavior. Fe deposited on various
substrates has a reorientation of easy axis of magnetization
from perpendicular to in-plane as a function of film thickness
~a few monolayers!, and growth temperature~at a fixed film
thickness!.12–20 Ni films have a transition from parallel to
perpendicular magnetization at a few monolayers thickness
and a transition back to in-plane at greater thickness.21,22

Pure Co films grown on Cu~100! substrates show an in-plane
magnetic anisotropy for all thicknesses.23–25 For FexNi(12x)
alloys, our measurements show that the anisotropy behavior
depends on the alloy composition, with Fe0.75Ni0.25 and
Fe0.5Ni0.5 showing a reorientation of preferred magnetization
from perpendicular to parallel at 4 ML, while higher Ni con-
tent alloys Fe0.25Ni0.75 and Fe0.1Ni0.9 have the magnetization
lying in-plane for all the film thicknesses in the range that we
have investigated~to be published!. On the other side,
CoxNi(12x) alloys with varying composition all show a pre-
ferred magnetization in plane.

Face-centered-cubic Fe can exist in three different states:
high-spin ferromagnetic, low-spin ferromagnetic, and anti-
ferromagnetic state depending on the lattice constant.26–31At
the Cu lattice constant, the energy differences between these

states become very small, and this results in a structural in-
stability of Fe/Cu~100! films,32 which in turn explains the
different magnetic properties of Fe/Cu~100! reported in the
literature. In bulk FexNi(12x), there is an Invar effect ob-
served atx565%, where the Curie temperature collapses and
the structure is a mixture of fcc and bcc. If we increase the
Fe content further, a transition from fcc to bcc structure
occurs.33 As we go from pure Ni to Co or Fe, the electron
number is reduced. At 8.4 number of 3d electrons we are at
the maximum in the magnetic moment curve.34 However, the
basic physics describing this behavior are somewhat clouded
by the change in crystal structure as we go from fcc Ni to
hcp Co to bcc Fe. The structural change introduces a differ-
ence due to the orbital moment. In addition to the crystal
structure change, the lattice constant of the bulk material also
changes. This has a greater effect because as the lattice con-
stant is reduced the overlap between the orbitals of adjacent
atoms becomes greater, and this will result in a reduced mo-
ment and ultimately produce a paramagnetic phase. In this
article we will show that we have stabilized an fcc low-spin
ferromagnetic Fe phase in the FexNi(12x) alloy films pro-
duced on a Cu~100! substrate, and the Invar ‘‘collapse’’ ef-
fect was not observed in these metastable ultrathin films,
which is confirmed in a separate study.35

II. EXPERIMENT
In the ultrathin film limit, the higher surface free energy

of the ferromagnetic film verses the Cu substrate prevents the
film from wetting the substrate completely. The study of the
initial stages of growth of these systems has been the subject
of numerous publications. Briefly, for low temperature
growth ~around 100 K!, the mobility of the surface atoms is
reduced to eliminate the possibility of Cu atoms diffusing
from step edges and partially covering the film surface. This
has the advantage of completely eliminating segregation, but
the film continuously roughens with increasing thickness,
with the roughness increasing according to a scaling law.36,37

For such a film, the thickness is no longer a well-defined
quantity, since areas of the substrate are covered with islands
of varying size and thickness. If the growth temperature is
below the temperature where bulk diffusion becomes signifi-
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cant while still allowing for surface diffusion, Cu will segre-
gate onto the film surface from step edges~defect sites!
within a distance defined by the surface diffusion rate and the
flux of the evaporation source. If the flux is high enough, the
amount of Cu covering the film can be reduced to a few
percent of a monolayer. It is our contention that it is more
important to have a uniform film than it is to eliminate Cu
segregation near defect sites.

Thin films of Fe, Co, Ni, and Fe–Ni, Co–Ni alloys were
produced on a Cu substrate with~100!surface orientation in
ultrahigh vacuum using molecular beam epitaxy~MBE!. The
growth temperature was 400 K for FexNi(12x) and 300 K for
CoxNi(12x) alloy films, high enough to produce smooth films
while low enough to limit interdiffusion at the film/substrate
interface to the first few layers. The deposition rate was con-
trolled to be 1 ML/min with the flux of the sources calibrated
with reflection high energy electron diffraction~RHEED!os-
cillations. The films were then cooled to 200 K and the mag-
netization was measured by a surface magneto-optic Kerr
effect ~SMOKE! magnetometer and the electron band struc-
ture was studied by ultraviolet photoemission spectroscopy
~UPS!with 21.2 eV photons. The incident angle is 45° from
the surface normal and the energy distribution curve of the
photoemitted electrons was collected along the surface nor-
mal.

Figure 1 shows the oscillations of RHEED intensity of the
~0,0!beam during the growth of 5 ML Fe0.75Ni0.25with elec-
tron beam energy 3.0 kV. Similar oscillations were observed
for all the FexNi(12x) and CoxNi(12x) alloy films, which con-
firms a good epitaxial layer-by-layer growth with the rela-
tively low intensity of the first peak showing a tendency of
initial bilayer growth. Meanwhile, observation in low energy
electron diffraction~LEED! on the grown films has shown
that the surface structure is fcc, which further verifies a
pseudomorphic growth of these alloy film systems.

III. RESULTS AND DISCUSSION

The electronic band structures for occupied states of Ni,
Co, and Fe films with~100! surface orientation have previ-
ously been measured in detail using spin resolved photo-
emission and inverse photoemission. The ferromagnetic ex-
change splittings of theD5-symmetry 3d bands are estimated
to beDEex50.3, 1.2, and 1.2 eV for Ni~100!, Co~100!, and
Fe~100!, respectively. For FexNi(12x) and CoxNi(12x) alloys,
we expect the 3d band filling and the exchange splitting to
vary continuously from that of pure Ni to Co or Fe.

At 21.2 eV photon energy in normal emission, we are
exploring the transitions about halfway from the Brillouin
zone center to the zone edge. Only transitions from initial
states ofD1 or D5 symmetry are allowed with emission from
theD5 symmetry band approximately three times as intense
in our experimental arrangement. In addition, the energy of
the minority-spin band near the Fermi energy is most easily
extracted, since peak widths increase linearly for transitions
farther fromEF .

38

Figure 2 gives a sample of the Gaussian fittings of the
energy distribution curves between22 and 0 eV~Fermi en-
ergy level!for 5 ML Ni and Fe0.5Ni0.5 films after the Shirley
background intensity has been subtracted from the raw data.
In Fig. 3, UPS measurements of 5-ML-thick alloy films of
varying composition are presented. The positions of the
minority- ~down arrows!and majority- ~up arrows! spin

FIG. 1. The oscillations of RHEED intensity of a 5 ML Fe0.75Ni0.25 growth
with an electron beam energy of 3.0 kV. It reveals a layer-by-layer growth.

FIG. 2. The Gaussian fittings of the energy distribution curves between22
and 0 eV~Fermi energy level! with a photon energy of 21.2 eV for both 5
ML Ni and 5 ML Fe0.5Ni0.5 on Cu~100!.
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bands in these fcc structures are indicated. The spectra for
the pure films are consistent with other work, with the main
peak coming from an initialD5 minority-spin state. For
CoxNi(12x) alloys, the trend is as expected: the peak energy
gradually increases as Co concentration increases. For the
FexNi(12x) alloys, a different behavior is observed. At 50%
Fe concentration, a peak is observed at20.9 eV, much lower
than the pure Co film which has the same number of valence
electrons. However, without spin discrimination we cannot
identify either the spin character or the symmetry of this
transition. For 75% Fe concentration, there are no clearly
resolved peaks, suggesting that the minority-spin band is
aboveEF as in pure Fe.

Our previous measurements of Curie temperature of thin
films have shown thatTc can be expressed by a finite-size
empirical scaling law:

Tc~n!5
Tc~`!

@11~n2n8/n0!#
2l ,

with Tc(n) the Curie temperature for ultrathin films withn
ML thickness, andTc~`! represents the bulk Curie tempera-
ture. From our previous study of CoxNi(12x) alloys, we
found thatn8 is found to be around 1, which means the Curie
temperature reaches zero for all the films with 1 ML thick-
ness, andl is a constant which is found to be 1.3.39We have
kept these parameters constant and used this scaling law to
extrapolate the bulk Curie temperatureTc~`! for FexNi(12x)
and CoxNi(12x) alloy systems. In Fig. 4 we have plotted the
normalized Curie temperatureTc(n)/Tc~`! as a function of
film thickness for CoxNi(12x) alloy films with varying com-
position. All the data points for these fcc films are indeed
following this scaling law curve which intersects the hori-
zontal axis at 1 ML thickness withTc50 K.

In the mean-field approximation, the Curie temperature is
proportional toJ* s(s11), whereJ is an effective exchange
parameter ands is the spin moment in Bohr magnetonsmB .
The solid lines in Fig. 5 are the plots of bulk Curie tempera-
tures for CoxNi(12x) and FexNi(12x) alloys as a function of
Co or Fe atomic concentrationx that we calculated by using
the method proposed by Vonsovskii of correlating the Curie
temperature with the interactions between different types of
atoms in alloys.40 The diamond and round data points are
from our experimental measurements of Curie temperature
as a function of film thickness and then extrapolating the

FIG. 3. The energy distribution curves measured with ultraviolet photoemis-
sion spectroscopy on 5 ML CoxNi(12x) and FexNi(12x) alloy films as a
function of compositionx. The up and down arrows indicate the energies of
the majority and minority spinD5 bands for the pure films.

FIG. 4. The normalized Curie temperatureTc(n)/Tc~`! as a function of film
thickness for CoxNi(12x) alloy films with varying composition.

FIG. 5. Bulk Curie temperatures for CoxNi(12x) ~left! and FexNi(12x) ~right!
alloys as a function of Co or Fe atomic concentrationx. For FexNi(12x)

alloys, Fe atoms can exist in three phases: high-spin ferromagnetically
coupled Fe~HS FM Fe!, low-spin ferromagnetically coupled Fe~LS FM
Fe!, and antiferromagnetically coupled Fe~AFM Fe!. The diamond data
points are our experimental results extrapolating from the thin film Curie
temperature measurements. The round points are from a closer look at con-
centrations near the Invar effect: Fe0.65Ni0.35. Our data show that Fe is in the
low-spin ferromagnetic phase in all the alloy films we produced.
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bulk value using the above scaling law. The round data are
from a recent closer look at the concentration around
Fe0.65Ni0.35 where Invar effect is popularly observed in bulk
material. These measurements have confirmed that the struc-
ture of these alloys are fcc at this thickness range, there is no
structural transition from fcc to bcc as observed in bulk.
Comparison of these results with the theoretical results
strongly suggest that the Fe atoms in FexNi(12x) alloy films
exist in the low-spin ferromagnetic phase. Besides, no sud-
den drop in Curie temperature has been observed at and
above 65% Fe concentration, so the Invar effect has been
quenched in these thin film systems. Further measurements
of thicker FexNi(12x) films, around 65% Fe content has sug-
gested a structural relaxation or spin reduction occurring
later.35

IV. SUMMARY

By tuning the elemental composition, we are able to
achieve FexNi(12x) and CoxNi(12x) films with varying elec-
tron number in random substitutional alloys of 3d ferromag-
nets. Our study of growth, structure, electron band, and mag-
netic measurements combined has confirmed an fcc
pseudomorphic growth of these alloys films in the ultrathin
thickness range. The Fe atoms in these metastable FexNi(12x)
alloys appear to exist in the low-spin ferromagnetic phase.
Besides, no structural transition from fcc to bcc is observed,
and the Invar ‘‘collapse’’ effect appears to have been
quenched in these ultrathin films near 65% Fe concentration.
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