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Room-temperature magnetic phases of Fe on fcc Co(001) and Ni(001)
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A sequence of three distinct magnetic phases of Fe are found for growth on both fcc Co(001) and Ni(001)
using x-ray magnetic circular dichroism. For Fe coverages below 5 ML the films are ferromagnetic, with the
magnetic moments aligned perpendicular to the surface for growth on Ni and parallel to the surface for growth
on Co. Between 5 and 11 ML the Fe films are nonmagnetic at room temperature, but include a ferromagnetic
live monolayer at the Fe/Co and Fe/Ni interface. The moment of the magnetically live monolayer is aligned
perpendicular to the surface for growth on Ni and parallel to the surface for growth on Co. Above 11 ML the
Fe films are once again ferromagnetic. An identical sequence of magnetic phase transitions is known to occur
for Fe growth on Cu(001). Based on this comparison and on the nearly identical lateral lattice constants of fcc
Co, Ni, and Cu, we conclude that Fe growth on fcc Co(001) and Ni(001) follows the same sequence of
crystalline phase transitions as Fe growth on Cu(001). Supporting this conclusion are the identical sequence of
surface reconstructions observed by Iow-energy electron diffraction for Fe growth on Co(001) and Cu(001).
For Fe/Ni(001) these surface structural changes are not observed, suggesting that details in the growth mode of
Fe on Ni are different for Fe on Co and Cu.

I. INTRODUCTION

The study of ultrathin magnetic films on single-crystal
substrates has contributed greatly towards our understanding
of surface and interface magnetism. An important character-
istic of ultrathin films is that the first few monolayers quite
often grow in metastable structures that can be different from
the bulk phases of the overlayer material. By properly choos-
ing the substrate, film thickness, and growth conditions, dif-
ferent crystalline phases of a magnetic material can be
formed. Even small changes in the epitaxial film structure
can result in significant modifications to its magnetic
properties. ' '

Perhaps the most studied magnetic thin film system is
Fe/Cu(001). ' These films exhibit a variety of different
magnetic properties and crystalline structures depending on
growth technique, film thickness, and temperature. Three
phases of Fe, identified by their different magnetic proper-
ties, are found in films grown at room temperature using
physical vapor deposition. Fe films less than 5 monolayers
(ML) thick are ferromagnetically ordered, with an easy axis
of magnetization perpendicular to the surface. ' Films be-
tween 5 and 11 monolayers thick are antiferromagnetic with
a Neel temperature below room temperature. The outer two
surface layers of this antiferromagnetic phase are ferromag-
netically aligned with the moment oriented perpendicular to
the surface. ' Films thicker than 11 ML are ferromagnetic
with an in-plane moment. '

These three regions of different magnetic behavior corre-
spond to three distinct surface structures, which can be iden-
tified by their low-energy electron diffraction (LEED)
patterns. The ferromagnetic phase present at coverages be-
low 5 ML has an (n X 1) LEED pattern, where n =4 or 5. '

The antiferromagnetic phase has been reported by various
groups to have either a (1X1) or (2X I) (Refs. 1, 3) LEED
pattern. For coverages above 11 ML a (3X1) LEED pattern
is observed. ' The crystalline structure of these three phases
has been investigated by a number of techniques, including
x-ray photoelectron diffraction, ' scanning tunneling micros-
copy (STM), and extended x-ray absorption fine structure
(EXAFS). EXAFS and STM both find evidence of a fcc-to-
bcc phase transition as the film thickness increases beyond
10 ML. This identifies the antiferromagnetic Fe phase
present between 5 and 11 ML as fcc Fe and the ferromag-
netic phase present at coverages above 11 ML as bcc Fe. The
low-coverage ((5 ML) ferromagnetic phase has been iden-
tified as a face-centered-tetragonal structure by EXAFS, al-
though possible effects of intermixing of substrate atoms
cannot be ruled out in this coverage range. '

An important open question is whether the metastable fct
and fcc structures of Fe can be observed on other substrates,
or if they are only present in the Fe/Cu(001) system. It is
worthwhile to search for alternative substrates that support
the metastable structures of Fe, since the epitaxy of Fe on
Cu(100) is not ideal, and it would be valuable to be able to
alter the epitaxial lattice constants and growth modes. We
have chosen to investigate both fcc Ni(100) and metastable
fcc Co(100) as substrates for Fe epitaxy, where the substrates
are in the form of films grown on Cu(100). Recently, it has
been shown that both Co and Ni grow epitaxially on Cu(001)
at room temperature. For Co/Cu(001) the growth mode is
nearly perfectly layer by layer, resulting in metastable fcc Co
films with the same surface unit cell as Cu(001) (Refs. 9, 10)
for films below the critical layer thickness for dislocation
formation. Ni on Cu(001) also grows in the fcc structure'
owing to the close lattice match between Ni and Cu. Because
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of the nearly identical surface unit cell of Cu(001), meta-
stable fcc Co(001), and Ni(001), we expect that there is a
strong likelihood that the Fe/Co(001) and Fe/Ni(001) struc-
tures are very similar to those of Fe/Cu(100), although the
details of the growth mode may be different owing to the
difference in interface energies and surface free energies of
the systems. Considering thermodynamic arguments alone,
Fe is more likely to grow layer by layer on Ni or Co than on
Cu since both Ni and Co have higher surface free energies
than Cu.

Although all three substrates have similar lattice param-
eters, the fcc Co(001) and Ni(001) substrates are ferromag-
netic, and so it is of interest to determine how these sub-
strates alter the magnetism of fct and fcc metastable Fe thin
films. The fcc Co/Cu(001) films are ferromagnetically or-
dered with an in-plane, (110), easy axis of magnetization. '

At room temperature ferromagnetic ordering is present for
films thicker than 2 ML. ' The ferromagnetic ordering of
Ni/Cu(001) films has an unusual dependence on film
thickness. ' ' For films between 5 and 9 ML thick, at room

temperature, ferromagnetic ordering is observed with an easy
axis of magnetization in the surface plane. For films thicker
than 9 ML the easy axis of magnetization is perpendicular to
the film surface. This unusual behavior persists for film cov-
erages up to -40 ML.

Much of the detailed information on the magnetic phase
diagram of Fe on Cu(100) has come from surface magneto-
optic Kerr effect (SMOKE) measurements. ' ' In the optical
wavelength region, the Kerr effect is not selective for par-
ticular elemental species, so that in complex multilayer mag-
netic samples, the SMOKE averages over the magnetization
of all material within a few hundred angstroms of the sur-
face. This limitation has prevented a detailed study of the
magnetic phase diagram of ferromagnetic ultrathin films
grown on magnetically active substrates. X-ray magnetic cir-
cular dichroism (XMCD) is a relatively newer technique
which has been shown to be useful for the study of magnetic
thin films. ' ' ' ' The XMCD signal in transition metals
is tied to core levels that are widely separated in energy from
element to element, so that element-specific magnetometry is
now possible. ' We use this capability to study the magnetic
phase diagrams of ferromagnetic films grown on magnetic
substrate s.

The XMCD signal oM =o.+ —o. is the difference between
the x-ray absorption spectra with the photon spin vector par-
allel (o.+) and antiparallel (o. ) to the sample magnetization.
The absolute value of the XMCD intensity at the L3 edge,
~o.~(L&) ~, can be used to monitor the degree of long-range
magnetic ordering, since it is proportional to the net magne-
tization. By normalizing ~o.M(L3)~ to the total absorption
cross section at L3, oo(L&)=1/2[sr+(L3)+o. (Ls)), we
obtain an important intensive quantity: the magnetization
or degree of ferromagnetic ordering on a per atom basis. For
convenience we introduce the symbol $ to represent the nor-
malized dichroism intensity, X=

~

o.M(L&)/o. o(L3) ~. Through
the vector character of the dichroism signal, we measure the
net vector magnetization per atom in the sample: X,~(M).

In this paper we report on the magnetism and structure of
ultrathin Fe films grown on the ferromagnetic substrates fcc
Co(001) and fcc Ni(001). A comparison is made to measure-
ments made also on Fe/Cu(100). The fcc Co(001) substrate

was grown as a metastable fcc ultrathin layer on Cu(001) to
thicknesses of about 10 ML, which is below the critical layer
thickness for relaxation of the strained epitaxial Co layer.
The fcc Ni(001) substrate used was in the form of a 15 ML
film grown on Cu(001). These film thickness were chosen to
reduce the possibility of Cu diffusion to the surface. Also,
while both these substrates are ferromagnetic, the direction
of their net magnetization is very much different, being in
the surface plane for Co and perpendicular to the surface
plane for Ni. We find that the surface structures and sequence
of magnetic phases of Fe on Co(001), Ni(001), and Cu(001)
are nearly identical. We also show that the ferromagnetism of
the Ni and Co substrates influences the magnetic ordering of
the metastable Fe films.

II. EXPERIMENTAL METHODS

The experiments were performed on the 10 M toroidal
grating monochromator beam line located at the Synchrotron
Radiation Center. The beam line is equipped with a water-
cooled copper aperture which allows the selection of either
linear, left-handed, or right-handed circularly polarized pho-
tons. The degree of circular polarization is 85%, as deter-
mined by calculation. The experimental apparatus includes
a growth chamber, for sample cleaning, film deposition and
LEED, and a measurement chamber, for XMCD. The mea-
surement chamber was located between the poles of an elec-
tromagnet with a maximum field strength of 600 Oe at the
sample position. The experimental chambers were designed
so that the XMCD measurement could be made immediately
after film preparation without sample transfer or loss of
ultrahigh-vacuum environment.

The Cu(001) single crystal was cleaned by ion bombard-
ment and annealing. The fcc Co(001) and fcc Ni(001) thin-
film substrates were grown on the clean Cu(001) crystal at
room temperature by evaporation from pure Co and Ni
wires. Fe films of different thickness were deposited at room
temperature, by evaporation from a pure Fe wire. The base
pressure of the vacuum chamber was 2X10 ' Torr, and
the pressure during evaporation was below 2X 10
Torr. LEED was used to determine substrate and film order.
The film thickness was monitored by a quartz crystal mi-
crobalance located at the sample position. The calibration of
the microbalance was checked using two methods. First,
photoemission intensities of substrate and overlayer were
measured and corrected to absolute intensities using atomic
cross sections. Second, a similar procedure was applied to
the substrate and overlayer x-ray absorption intensity. The
agreement between the three independent film thickness
measurements indicates that our reported film thickness val-
ues are accurate to within 20%. This accuracy has also been
confirmed by comparing our magnetization vs film thickness
measurements for Fe, Co, and Ni films grown on Cu(001) to
previously published results.

Two geometries were used for the XMCD measurements,
as shown in Fig. 1. To measure perpendicular magnetization,
the sample normal was aligned parallel to the applied mag-
netic field and the photon angle of incidence on the sample
was 45' [Fig. 1(a)].To measure magnetization parallel to the
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FIG. 1. Experimental geometry for (a) magnetization perpen-
dicular to the sample surface and (b) parallel to the sample surface.
The sample 5 is rotated 90' to change the measurement geometry.
The electromagnet P produces a maximum field of 600 Oe at the

sample position. Circularly polarized photons from the synchrotron
are incident at a 45 angle for both geometries.

surface, the sample normal was aligned perpendicular to the
magnetic field and the photon angle of incidence on the
sample was again 45 [Fig. 1(b)].XMCD spectra were taken
at room temperature by switching the direction of the mag-
netic field and measuring the total electron yield, Y(fico),
while sweeping the incident photon energy at a fixed polar-
ization. Element-specific magnetometry measurements were
made by varying the magnetic field while measuring the
yield at a photon energy fixed at the L3 maximum. We report
the as-acquired values of the dichroism intensities, which
should be corrected for the incomplete polarization and non-
parallel alignment of magnetization and photon spin for
comparison to theory or other magnetization measurements.
High-voltage grids were located near the sample in order to
extract the electrons for the total yield measurement.

There are a number of important reasons why the specific
measurement geometry of Fig. 1 was chosen. We have
shown earlier ' that the approximation o(A, to)~fico)'(A, co) is
not always valid for studies of magnetic films with photon
angles of incidence greater than 50 . This is due to saturation
effects in the total electron yield. Our geometry was chosen
so that the approximation o.(fico) ~I'idol'(A, co) is valid to within
5%. The symmetry of our experimental geometry allows a
direct comparison of the XMCD intensities between the par-
allel and perpendicular magnetization cases. We can use
XMCD magnetic hysteresis loops as a function of the ap-
plied field direction to unambiguously determine the easy
axis of magnetization.

III. MAGNETIC PHASES AF Fe

The magnetic properties of Fe thin films grown on fcc
Cu(001), Co(001), and Ni(001) were investigated by XMCD
over a thickness range from 1 to 20 monolayers (ML). As an
example of the dichroism spectra used for analysis, in Fig. 2
we show the Fe and Co o.+, o. , and o.M spectra for a 4 ML
film of Fe grown on the fcc Co substrate. These spectra were
obtained with in-plane magnetization. Also shown in Fig. 2
are the Fe and Co XMCD hysteresis curves for both in-plane
(parallel) and perpendicular magnetization. For Fe films of
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FIG. 2. aG. 2. (a) Fe and Co o.+ and o. spectra for a 4 ML Fe/10 ML
Co/Cu(001) sample (top) and their difference, air=a. +

—o. (bot-
tom), showing ferromagnetic ordering in both the Fe and Co films.
The spectra were taken with the sample magnetized in plane along
the ~110~ dir( )

'
ection. (b) Element-specific hysteresis curves of the

same sample for magnetization parallel, It, and perpendicular, i, to
the sample surface. The hysteresis curves were obtained by setting
the photon energy at the L3 peak maximum. The identical shapes of
the Fe and Co hysteresis curves show that the Fe film and Co film
are ferromagnetically coupled.

this thickness on Co(001), ferromagnetic ordering is detected
for in-plane magnetization, but not for magnetization perpen-
dicular to the sample surface. The Co and Fe hysteresis loops
for in-plane magnetization have identical coercive fields and
similar shapes, showing that the Fe and Co are ferromagneti-
cally coupled. The XMCD spectra and XMCD hysteresis
loops shown in Fig. 2 are unsmoothed data typical of the
results from our experiments, which benefit from the long-
term stability of the polarization and intensity at the 10 M
TGM beam line.

The normalized Fe dichroism intensities at L3 measured at
remanence, XR(Fe), were found to vary greatly depending on
Fe film thickness and substrate. Figure 3 shows a graph of
X~(Fe) as a function of Fe film thickness on the three sub-
strates we studied. For Fe growth on Cu(001), no fermma-

etic ordering is observed for films less than 10 ML thick.
erromag-

Above 10 ML the films are ferromagnetically ordered in
plane as shown by the nonzero dichroism intensity. The satu-
ration in XR(Fe) at 14 ML shows that the entire film is mag-
netized at this thickness.

Three regions of different magnetic behavior are found
for Fe growth on the ferromagnetic substrates fcc Co(001)
and fcc Ni(001). These regions are characterized by different
values of X~(Fe). For coverages less than 4 ML, the Fe is
erromagnetically aligned as determined by the large value of

X~(Fe)-32%. This is the largest value of g~(Fe) we have
measured to date. For bcc Fe/Cu(001) we find X~(Fe)=26%
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FIG. 3. Normalized dichroism intensities of Fe measured at re-
manence, Kit(Fe), which is proportional to the average vector mag-
netic moment per Fe atom, vs film thickness for growth on Cu(001),
Co(001), and Ni(001). The vertical dashed lines represent regions of
different growth for Fe/Cu(001), fct, fcc, and bcc. Different surface
reconstructions, as observed by LEED, are given for Fe growth on
Cu(001) and Co(001). The symbols J and II signify magnetic align-
ment perpendicular and parallel to the sample surface, respectively.
The (110) direction was used for the in-plane magnetic measure-
ments. The heavy dashed line at 11 ML, for growth on Ni(001),
highlights a transition in the direction of ferromagnetic alignment.

and for bcc Fe films grown on Ir(111), Xs(Fe)=27%. The
large value of pit(Fe) may be due to an enhanced moment in
the ultrathin Fe films. However, it is also possible that com-
plex domain structures, due to the growth modes of bcc Fe
on Cu(001) and Ir(111), may reduce the value of PR(Fe) for
Fe grown on these other substrates, so that the 32% figure
should be considered the limiting value for Fe. The easy axis
of magnetization is in plane along (110)for 1—4 ML of Fe on
Co(001). At the same thickness on Ni(100), the easy axis is
perpendicular to the surface.

Between 5 and 11 ML, Kit(Fe) is reduced to nearly zero
for growth on both Co and Ni, in a transition which occurs
over a very narrow thickness range. The easy axis of mag-
netization for this thickness range remains in plane for
growth on Co, (110), and perpendicular to the surface for
growth on Ni. For coverages greater than 11 ML, X~(Fe)
increases. For growth on Co, Xit(Fe) at 16 ML coverage is
nearly equal to X~(Fe) for thick bcc Fe films grown on
Cu(001). For growth on Ni, Kit(Fe) gradually increases over
the thickness range from 12 to 18 ML, but does not quite
reach the value of Kit(Fe) for thick bcc Fe films grown on
Cu(001). The easy axis of magnetization for Fe films thicker
than 11 ML switches from perpendicular to the surface to in
plane for Fe films grown on Ni and remains in plane for Fe
films grown on Co(001).

It is important to examine the magnetization of the sub-
strate before discussing the results presented in Fig. 3. In Fig.

FIG. 4. Normalized dichroism intensities of the Co and Ni sub-
strates vs Fe coverage. The error bars for Kit(Ni) for thicker Fe
films are due to the weak Ni absorption cross section and the in-

creased background signal due to the Fe overlayers.

4 we show the values of Kit(Co) and Xit(Ni) vs Fe coverage.
Kit(Co) does not change with Fe coverage and the easy axis
of magnetization is always in the surface plane. For Fe/Ni,
Kit(Ni) is 18% for Fe coverages less than 11 ML and 12% for
Fe coverages greater than 11 ML. This change in XR(Ni) is
accompanied by a change in the easy axis of magnetization
which is perpendicular to the surface for coverages below 11
ML and in plane for coverages above 11 ML. The decrease
in Kit(Ni) may be due to complex magnetic domain struc-
tures in the Ni films magnetized in plane.

An important advantage of the XMCD technique is that
we independently measure the magnetization of the ferro-
magnetic overlayer (Fe) and substrates (Ni or Co), which is
what is displayed in Figs. 3 and 4. The sharp decline in the
Fe magnetization near 5 ML has no counterpart in the sub-
strate signals. The rise in Fe magnetization above 11 ML is
absent in the Co data, and for Ni there is an opposite behav-
ior at this point. This means that the magnetization changes
seen in the Fe films at 5 and 11 ML must be due to phase
changes in the Fe itself, rather than arising from changes in
the substrate magnetization.

These large changes in the magnetic properties of the Fe
films grown on Co and Ni are accompanied by structural
changes in the Fe films between 5 and 11 ML coverage. The
dashed lines in Fig. 3, at 5 and 11 ML, separate the regions
of different crystal structures found for Fe growth on
Cu(001).' The onset of ferromagnetic ordering at ll ML for
Fe/Cu(001) is due to the antiferromagnetic fcc to ferromag-
netic bcc phase transition. We do not see magnetic ordering
in the fcc phase (5—11 ML), since we are measuring at room
temperature. Both the Neel temperature of the fcc phase
(Tiv=200 K) and the Curie temperature of the live surface
bilayer (T, =250 K) are below room temperature. Similarly,
we observe no perpendicular magnetization for fct
Fe/Cu(001) films (5 ML and below), since room temperature
is only slightly below the Curie temperature of these films.

The regions of different magnetic behavior of Fe for
growth on Co and Ni nearly coincide with the regions of
different crystal structure for Fe growth on Cu. This is strong
evidence that Fe has the same growth mode on Cu(001),
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Co(001), and Ni(001). Further evidence comes from LEED.
For Fe growth on Co, we observe (n X 1), n =4 or 5, diffrac-
tion patterns for Fe coverages less than 5 ML, (1 X 1) diffrac-
tion patterns for Fe coverages between 5 and 11 ML, and
(3X 1) diffraction patterns for coverages greater than 11 ML.
This is identical to the LEED results we obtain for Fe growth
on Cu(001) and is in agreement with published LEED results
for Fe/Cu(001). For Fe growth on Ni(001), we do not ob-
serve sharp higher-order diffraction spots, just intensity
modulated streaks along the (110)directions. Given the iden-
tical surface unit cells of the three substrates, the coincidence
of the changes in magnetism with anticipated changes in
crystalline structure, and the identical surface reconstructions
for growth on Cu(001) and Co(001), we propose that the
sequence of structures for Fe grown on Ni(001) and Co(001)
is the same as for Fe growth on Cu(001).

The magnetic transitions of the Fe/Co and Fe/Ni thin
films (Fig. 3) can now be explained in terms of the structural
changes in the films and the influence of the magnetic sub-
strates. At coverages below 5 ML the Fe films grow in the fct
structure, which is ferromagnetic. Ferromagnetic ordering is
evident in the large dichroism intensity we find for films
between 1 and -4 ML thick. The Curie temperature of ul-
trathin ferromagnetic films is dependent on film thickness,
and for many thin film systems Tc=0 K at 1 ML thickness. '

This is the reason we do not observe ferromagnetic ordering
for fct Fe/Cu(001) at room temperature. In contrast, the ex-
change coupling between the (Co, Ni) substrates and the Fe
overlayers results in ferromagnetic ordering for fct
Fe/Co(001) and Fe/Ni(001) films down to & I ML thickness
at room temperature.

Between 5 and 11 ML the Fe films grow with a fcc struc-
ture. For growth on Cu(001), fcc Fe is an antiferromagnet
with a Neel temperature below room temperature (Tjv=200
K). Since the Neel temperatures for the Fe/Cu(001),
Fe/Co(001), and Fe/Ni(001) films are likely to be similar, at
room temperature these films will be nonmagnetic, which
gives zero dichroism intensity. However, the dichroism sig-
nal in this phase is greatly reduced, but does not go to zero.
This nonzero dichroism intensity is due to magnetism at the
Fe/Co and Fe/Ni interfaces, which we discuss in detail in the
next section. Above 11 ML, the critical thickness for fcc Fe
growth is exceeded, and the Fe films gradually transform
into the bcc structure. This is the room-temperature stable
crystal structure, and it is ferromagnetic, which is evident in
the increase in the dichroism intensity.

IV. MAGNETISM AT THE INTERFACE

In this section we focus attention on the fcc phase of the
Fe/Co(001) and Fe/Ni(001) films, which corresponds to the
5—11 ML thickness range. The nonzero dichroism intensity
found for this phase of Fe is interesting to study in detail, for
it highlights the interface effects on magnetism. These inter-
face effects on magnetism are important for the understand-
ing of spin-dependent scattering at the interface, which is
believed to be a major factor in giant magnetoresistance.

The most likely location for the ferromagnetically ordered
Fe is either at the overlayer/substrate interface or at the sur-
face of the overlayer. No ferromagnetic ordering is found for
fcc Fe/Cu(001) at room temperature, and so by comparison it

'I 20
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is clear that the magnetic substrate is responsible for the
ordering in the fcc Fe films grown on Ni and Co. Exchange
coupling is short range, which suggests that the magnetically
aligned Fe is at the interface. However, fcc Fe films on
Cu(001) are known to have a ferromagnetically live surface
bilayer. ' The Curie temperature of such a bilayer for growth
on Co(001) or Ni(001) should be comparable to that for Fe
on Cu (TC=250 K), so that for room-temperature measure-
ments we must consider the possibility of ferromagnetic sur-
face layers.

To determine if the magnetically live layer is at the Fe-
vacuum or Fe-substrate interface, we have made XMCD
measurements on fcc Fe/Co samples before and after expo-
sure to 02. In Fig. 5 we show the absorption spectra
(rr++cr ) and the dichroism spectra oM for an 8 ML fcc
Fe/Co(001) film before and after exposure to 1500 L of 02.
Following this exposure the Fe L3 absorption peak is broad-
ened from 3.3 to 3.9 eV. This is due to the formation of Fe
oxides, whose L3 absorption peaks are shifted to higher pho-
ton energy. Comparison of peak areas shows that 3 ML of Fe
have been oxidized. Nevertheless, the absolute intensity, po-
sition, and width of the L3 dichroism peak is not altered by
exposure to oxygen. The relative intensity of the L3 dichro-
ism peak does increase upon exposure to 02, but this is an
artifact due to the broadening of the L3 absorption spectra.
The ferromagnetically aligned Fe is not altered by the sur-
face oxidation. We conclude that the ferromagnetically live
Fe in the fcc Fe/Co films is located at the Fe/Co interface.
The overall similarity of the Fe/Co and Fe/Ni systems im-
plies that the ferromagnetic live layer lies at the Fe/Ni inter-
face in that system as well, though we did not explicitly
repeat the oxidation experiment in this case.

Dichroism intensities can be used to determine how much
Fe is magnetically aligned at the interface. By measuring the

FIG. 5. Fe L23 absorption spectra o++o. and normalized di-
chroism spectra o.~ for (a) an 8 ML film of fcc Fe/Co(001) and (b)
the same film after exposure to 1500 L of 02. The width of the Fe
L3 peak is increased after oxygen exposure due to the formation of
Fe oxides at the surface. The Fe L3 dichroism peak position and
width do not change upon exposure to oxygen, showing that the
magnetically aligned Fe is not on the surface.
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FIG. 6. Magnetism of fcc Fe films grown on fcc Co(001) and

fcc Ni(001) compared to calculations assuming 0.5, 1.0, and 1.5 ML
of ferromagnetic Fe at the Co/Fe interface. The vertical dashed lines
are from Fig. 3 and the thick gray line is included as a visual aid
only.

dichroism intensity of a sample with known magnetic prop-
erties, the dichroism intensity Kit can be quantified. If it is
assumed that the local magnetic moment of an individual
atom is the same in the two samples then the fraction of
atoms magnetically aligned in the unknown sample can be
determined from changes in X~. This type of transferability
argument works only when comparing dichroism spectra of
the same element.

Before determining the amount of magnetically aligned
Fe in the fcc phase, we discuss possible uncertainties in this

type of analysis. Changes in the L3 absorption line shape due
to changes in crystalline structure may affect the value of X~
independent of changes in magnetic moment. Our experience
is that changes in the Fe L3 line shapes for Fe in different
metallic environments are very small. This is in contrast to
the large changes we have measured for the Mn L3 line
shape. ' ' ' This suggests that pit(Fe) is a good measure of
the Fe moment for Fe in different metallic environments, but
that Kit(Mn) will not be a good measure of the Mn moment
for Mn in different metallic environments. Changes in the
ground state expectation values of (L,) and (S,) affect the
intensity of the L3 dichroism peak through the dichroism
sum rules. To test the magnitude of this uncertainty we
have compared the XMCD line shapes for fct and bcc Fe and
find them to be nearly identical, showing that the uncertainty
due to changes in (L,) and (5,) is negligible for this experi-
ment. Of course, changes in resolution, degree of circular
polarization, alignment of sample magnetization with photon
spin vector, and presence of multiple magnetic domains all
affect the value of Xit . It is therefore important to make these
comparisons using the same experimental conditions and to
ensure that the measurements are made along the easy axis of
magnetization on samples with square hysteresis loops.

With these cautions in mind, XMCD intensities for fcc
Fe/Co(001) and fcc Fe/Ni(001) have been used to determine
how much Fe is magnetically aligned at the fcc Fe/Co and
fcc Fe/Ni interfaces. In Fig. 6 the element-specific magneti-
zation is plotted for the Fe in both the Fe/Co and Fe/Ni films.
All films in the fcc Fe thickness region have square hyster-

esis loops and show ferromagnetic coupling between the
magnetically live Fe and substrate. The X~(Fe) values for J
fcc Fe/Ni(001) are similar to values for II fcc Fe/Co(001).
The predicted dichroism intensities assuming 0.5, 1.0, and
1.5 ML of ferromagnetically aligned Fe at the interface are
compared to the experimental results in Fig. 6. For this
analysis we used an exponential dependence of the electron
yield with film thickness, using an effective probing depth of
20 A. verified through experiment on calibrated wedge
samples. ' A normalized dichroism intensity of Xit(Fe) =26%
was used as the value expected for a ferromagnetic Fe film at
saturation. This value was chosen from the XMCD measure-
ments on bcc Fe films grown on Cu(001) (see Fig. 3). The
model calculation in Fig. 6 shows that 1.0~0.5 ML of Fe are
magnetically aligned at both the Fe/Ni and Fe/Co interfaces.

The largest uncertainty in this determination of the width
of the magnetically live Fe layer comes from the assumption
that the magnetic moment of Fe at the interface is the same
as the moment of bulk Fe. The Fe moment at the interface
could be different from bulk Fe for a number of reasons,
which include structural effects, alloying, or magnetic cou-
pling. The inhuence on our model due to the uncertainty in
the Fe moment can be estimated using results of polarized
neutron studies on Fe Co& & &

and Fe Ni& & &
alloys.

These studies found that the Fe moment is enhanced in both
alloys, with a maximum measured moment of -3.0p~ for
both the FeCo and FeNi alloys compared to 2.2p~ for bulk
Fe. Setting the Fe moment in the magnetically aligned Fe
layer to 3.0p~, we would reinterpret the measured XMCD
intensities as corresponding to 0.75 0.5 ML of magnetically
aligned Fe at the Fe/Co and Fe/Ni interface rather than 1.0
~0.5 ML. For the present analysis we have assumed that
X„~M„„where M„, is the Fe moment, ignoring the orbital
contribution to the total moment. This is justified due to
solid-state quenching of the orbital moment. The thickness of
the live layer derived in both approximations, 0.75 0.5 and
1.0 0.5 ML, is consistent with a single layer of magneti-
cally ordered Fe, polarized by the ferromagnetic substrate.

To explore the origin of the magnetically live Fe mono-
layer at the Fe/Co and Fe/Ni interfaces in greater detail, we
performed element-specific x-ray dichroism magnetometry
measurements. In Fig. 7 we show the Ni hysteresis of a 15
ML Ni/Cu(001) film. The loop is square with a coercive field
of HC=77 Oe. In Figs. 7(b) —7(d) we show the Ni and Fe
hysteresis loops for three different coverages of Fe on top of
the Ni(001) film. For each coverage the Hc of the Fe and Ni
hysteresis loops is identical, and the shapes are similar,
showing ferromagnetic coupling. Addition of a 2.6 ML film
of Fe reduces the coercive field to 34 Oe and the hysteresis
loops are no longer square. The remanent XMCD, X~(Fe), is
reduced by =10% from its saturated value. At this thickness,
the Fe is in the fct phase and it is ferromagnetic with a
moment perpendicular to the sample surface. For a 5.2 ML
film [Fig. 7(c)], Hc increases to 65 Oe and the dichroism
intensity of the Fe film decreases. This Fe is in the fcc phase,
which is nonmagnetic at room temperature. The Fe dichro-
ism intensity is greatly decreased and the moment remains
perpendicular to the sample surface. For an 18 ML Fe film

[Fig. 7(d)], Hc is 56 Oe. This is the ferromagnetic bcc phase
of Fe and the easy axis of magnetization now lies within the
surface plane.
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FIG. 7. Element-specific magnetometry curves of (a) a 15 ML
Ni/Cu(001) film, (b) a 2.6 ML Fe/15 ML Ni/Cu(001) bilayer, (c) a
5.2 ML Fe/15 ML Ni/Cu(001) bilayer, and (d) an 18 ML Fe/15 ML
Ni/Cu(001) bilayer. The height of the hysteresis loops is given as

X„=
i
o.M(L~)/o o(L3) i, which is proportional to the average vector

magnetic moment per atom.

The changes in the hysteresis loops for the Fe/Ni(001)
system are somewhat unusual. The area of the Ni hysteresis
loop is reduced by a factor of 2.0 after the addition of 2.6 ML
of Fe. This means that the 2.6 ML Fe capping layer reduces
the amount of work required to flip the spins of 15 ML of Ni.
One explanation for this is that the magnetic reorientation in
the Fe film is less hindered than in the Ni films. This could
be due to differences in spin fluctuations or anisotropy ener-
gies in the Fe and Ni films. Larger spin fluctuations in the Fe
layers could account for both the reduction in the coercive
field (from 77 to 34 Oe) and the change from a square loop
to one with a reduction in remanent field.

The Ni hysteresis curve for the sample covered with 5.2
ML of fcc Fe is square with Hz=65 Oe. This loop returns to
the original shape of the uncovered Ni film, with a small
reduction in the coercive field (from 77 to 65 Oe). This is
also consistent with a spin-fluctuation model for the Fe layer,
if we take into account that only the interface Fe layer is
ferromagnetically coupled.

The perpendicular magnetization of the Fe/Ni film is also
interesting. The Ni/Cu(100) film has a transformation from
parallel magnetization in the first few layers to perpendicular
at higher thicknesses (above 9 ML), a behavior which is
counter to what is expected from the shape anisotropy. '

The surface anisotropy energy of Ni favors in-plane align-
ment, and it has been proposed' that the perpendicular ori-
entation is due to a bulk uniaxial anisotropy in the Ni film,
which is tetragonally distorted on the Cu(100) substrate,
forcing the magnetization out of the surface plane. The ad-
dition of Fe layers initially favors this perpendicular anisot-
ropy, since fcc Fe surfaces have a surface anisotropy energy
of opposite sign to that of Ni.

When the Fe film thickness is increased to 11 ML, the fcc
Fe structure begins to relax back to the stable bcc lattice. At
this point, the easy axis of magnetization flips back into the
surface plane, as it is for bcc Fe films on Cu(100). The

FIG. 8. Coercive field of Fe/10 ML fcc Co/Cu(001) films vs Fe
coverage. The coercive field is different for the three different
phases of Fe present, fct, fcc, and bcc. The arrow identifies the
coercive field for a 20 ML bcc Fe/Cu(001) film.

change in remanent magnetization at the fcc-to-bcc transition
is gradual, unlike the sharp fct-to-fcc transition. The gradual
change to the bcc magnetization limit is probably due to a
gradual transformation of the fcc structure to bcc above the
critical layer thickness for supporting fcc epitaxy. However,
the easy axis flips from perpendicular to parallel in a very
narrow thickness range near 11 ML. The 18 ML bcc
Fe/Ni(001) hysteresis loops are similar in shape to what we
find for bcc Fe/Cu(001) films.

Our element-specific magnetometry results for the
Fe/Ni(001) system, summarized in Fig. 7, show that the in-

terfacial Fe layer is ferromagnetically polarized by the sub-
strate. A similar result was found in the Fe/Co system. There
are, however, some significant differences in the details of
the magnetic coupling between the two bilayer systems. For
the Fe/Co(001) case, unlike Fe/Ni(001), the element-specific
hysteresis loops were square for both elements at all Fe cov-
erages. In addition, at all Fe coverages studied the easy axis
was in plane. Therefore we can summarize the magnetom-
etry results by plotting the change in coercive field as a func-
tion of coverage, which is shown in Fig. 8. Each Fe film was
ferromagnetically coupled to the Co substrate as determined
by the similar shapes of the Co and Fe hysteresis curves. The
coercive field for an uncapped Co film is 15 Oe. This is
reduced to 8 Oe when capped by the addition of fct Fe.
When the Fe thickness is increased into the fcc, antiferro-
magnetic range, the coercive field is restored to the uncapped
value, in the same manner as was found for the Fe/Ni sys-
tem. In the bcc phase, the coercive field rises to the value
found for bcc Fe/Cu(001), shown by the arrow in Fig. 8.

Magnetically coupling fct Fe to fcc Co decreases Hc by
almost a factor of 2, while coupling bcc Fe to fcc Co in-
creases H~ by almost a factor of 5. These changes in the
coercivity can be interpreted in the same way as the sequence
of changes found in the Fe/Ni system, although the absolute
magnitude of the coercivity in the various thickness ranges
are different. Spin fluctuations in the ferromagnetic, fct Fe
layers reduce H~, up to the structural transition to the fcc
phase. At this point, only the interface Fe layer is ferromag-
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netically coupled, and the coercivity rises to the value for the
uncapped Co film. At thicker Fe coverages, the film changes
over to bcc, and the coercivity for the Fe/Co bilayer is deter-
mined by the Fe.

The magnetic alignment of the Fe atoms at the fcc Fe/Ni
and fcc Fe/Co interfaces is induced by the ferromagnetic
substrate. At room temperature, the fcc Fe capping layer be-
comes an unusual magnetic structure, in which ferromagneti-
cally aligned Fe interface atoms are in contact with magneti-
cally disordered Fe layers, though all of the Fe atoms have
large local moments. Because of induced ferromagnetic or-
dering at the interface, the magnetic interface is not identical
to the compositional interface. The Fe/Co and Fe/Ni inter-
faces are undoubtedly not atomically sharp, and Fe is soluble
in both Ni and Co, so that some intermixing is expected,
though the extent of this awaits future detailed structural
measurements. The magnetic/nonmagnetic interface is lo-
cated, on average, 1 ML beyond the nominal Fe/Co or Fe/Ni
interface. This is true, independent of any intermixing of the
two elements. The difference in position of the magnetic and
compositional interfaces should be taken into account in any
studies of spin scattering in Fe/Co or Fe/Ni multilayers.

V. SUMMARY AND CONCLUSIONS

We have investigated the magnetic phases of ultrathin
films of Fe grown on fcc Co(001) and fcc Ni(001). The two
substrates, 10 ML fcc Co/Cu(001) and 15 ML fcc
Ni/Cu(001), are both ferromagnetic with the direction of
magnetization in the surface plane for Co and perpendicular
to the surface plane for Ni. A sequence of three distinct mag-
netic phases of Fe is found for growth on both Ni and Co. An
identical sequence of magnetic phase transitions is known to
occur for Fe growth on Cu(001). For Fe growth on Cu(001),
these magnetic phase transitions are caused by crystalline
phase transitions due to the growth mode of Fe on Cu(001).
Based on these comparisons and on the nearly identical lat-
eral lattice constants of fcc Co(001), Ni(001), and Cu(001),
we conclude that Fe growth on fcc Co(001) and Ni(001)
follows the same sequence of crystalline phase transitions as
Fe growth on Cu(001). These results are supported by
LEED, which shows an identical sequence of surface recon-
structions for Fe growth on fcc Co(001) and Cu(001). For Fe
growth on Ni(001), the surface reconstructions are not well
defined, suggesting that the details in the growth mode of Fe
on Ni(001) are different.

Fe films less than 5 ML thick crystallize in the fct struc-
ture and are ferromagnetic. The Curie temperature of these
fct Fe films is increased by the presence of the ferromagnetic
substrates, allowing ferromagnetic ordering to be observed
down to —1 ML coverage at room temperature. These Fe

films have a larger dichroism intensity than any other Fe
films we have studied. This may be due to an enhanced sur-
face or interface moment. The moments of the fct Fe films
are aligned perpendicular to the surface for growth on
Ni(001) and in the surface plane for growth on Co(001).

A transition from ferromagnetic Fe to a nonmagnetic
phase occurs in a very narrow thickness range beginning
near 5 ML. Fe films between 5 and 1l ML thick crystallize in
the fcc structure and are nonmagnetic at room temperature.
These nonmagnetic fcc Fe films contain a monolayer of fer-
romagnetically aligned Fe at the Fe/Co and Fe/Ni interface.
The magnetic alignment of Fe in these films is induced by
the ferromagnetic substrates, effectively extending the
magnetic/nonmagnetic interface. The moments of the mag-
netically live Fe monolayer are aligned perpendicular to the
surface for growth on Ni(001) and in the surface plane for
growth on Co(001). Fe films thicker than 11 ML transform to
the bcc structure and are ferromagnetically ordered. The mo-
ments of the bcc Fe films are aligned in the surface plane for
growth on both Co(001) and Ni(001).

Coupled ferromagnetic bilayers are a natural extension of
the study of ultrathin magnetic films and sandwich structures
with a single ferromagnetic component. The properties of
these films, as we have found for Fe/Ni and Fe/Co, are not
the same as for growth on nonmagnetic substrates and are
not simply related to the magnetic properties of the corre-
sponding alloys, which makes them interesting. With an
element-specific magnetic probe, such as x-ray dichroism, it
is possible to separately determine the polarization in each of
the ferromagnetic components, making it possible to see
such subtle effects as the magnetically live Fe interface layer.

There is sufficient novelty in the Fe/Co(001) and
Fe/Ni(001) systems to justify the additional work necessary
to clarify the magnetic phase diagram. Interface and surface
anisotropy energies need to be measured for these bilayer
systems in order to understand the observed changes in mag-
netization direction. Element-specific magnetometry mea-
surements need to be made at lower temperatures, to remove
ambiguities arising from the change in Curie temperature
with film thickness. Similarly, the Curie temperatures of the
two coupled layers should be determined. Finally, additional
structural studies are needed to understand the growth modes
and verify our proposed assignment of crystalline structures.
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