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Local spin correlations in ultrathin Fe/W(100) films
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The temperature dependence of the valence-band energy-distribution curves of ultrathin
Fe/W(100) films has been measured with use of spin- and angle-resolved photoemission. Majority
and minority features at T are stationary with increasing temperature; apparent peak broadening is
caused by the emergence of “extraordinary” peaks. Comparison with a cluster calculation suggests
that short-range ferromagnetic order ~4 A exists above T¢ in the 1.5-monolayer film.

The study of phase transitions in quasi-two-
dimensional systems plays a central role in modern sur-
face physics.! A dominant theme is the attempt to un-
derstand the link between the short-range microscopic in-
teractions and their long-range macroscopic manifesta-
tions. One technique is to map the valence-band struc-
ture as a characteristic order parameter, e.g., the magne-
tization, tends to zero. The first work of this type was
done by Eastman, Himpsel, and Knapp on a (bulk)
Ni(111) surface using angle-resolved photoemission.?
The observed departure of the d-band splitting from the
functional form of M (T) is a subject that has received
much scrutiny to date.3>”® Progress in the synthesis of
ultrathin magnetic films has provided the means to ap-
proach this issue anew. The lower critical temperatures
of these quasi-two-dimensional systems permit access to
the magnetic phase transitions without the ancillary
problems of contaminant segregation to the surface com-
mon in studies of bulk materials. However, since truly
two-dimensional freestanding ferromagnetic films will
probably never be realized, it becomes necessary to un-
derstand effects due to substrate-overlayer interactions.

The characteristics of thin ferromagnetic films which
are responsible for the ground-state (7T=0) properties,
e.g., reduced atomic coordination, manifest themselves
also in the properties of such systems at elevated or finite
temperatures. In particular, the Curie temperature T,
at which the spontaneous magnetization disappears, de-
pends strongly on the specific boundary conditions in-
volved.”® Simply put, the thermodynamic correlation, &,
diverges as T— T inasmuch as system finiteness per-
mits.’ Lengths characterizing short-range order (SRO),
however, are nearly temperature independent above
Tc.' The modification of these correlation lengths via
substrate-overlayer band hybridization is a topic that has
only been investigated to date in a Ni(111)/W(110) over-
layer system.® The results of that study were incon-
clusive in determining the degree of SRO present in the
Ni overlayers.

In this light, the Fe/W(100) system has a number of in-
teresting characteristics. Thermal desorption, low-energy
electron diffraction (LEED) and Auger studies have
shown Fe grows on the W(100) and W(110) surfaces in a
pseudomorphic, thermodynamically stable way at the
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monolayer (ML) level.'"!2 Our surface magneto-optic
Kerr effect (SMOKE) studies of Fe/W(100) have evinced
dramatic adsorbate-induced effects on the macroscopic
magnetization. !> Furthermore, total-energy ground-state
calculations predict a strong degree of hybridization be-
tween monolayer Fe overlayers and W substrates. '* Thus
Fe/W(100) is a prime candidate for studying substrate-
induced critical behavior modifications.

An electron-beam cell was used to grow iron overlayers
at a rate of ~0.2 ML/min on a spark cut W(100) surface
aligned to *1° accuracy by an x-ray Laue camera. The
first monolayer was grown at 1000 K, with all subsequent
growth at 77<300 K. Our LEED I-V and spot profile ex-
periments confirm the pseudomorphic growth model by
clearly establishing the existence of translational symme-
try. Spot profile analysis of the (10) LEED beams indi-
cates that the second ML grows as large patches in the
low coverage limit, reaching a mean island size =100 A
at ©=0.5 (1.5 ML). The films were pulse magnetized
along (11), the easy magnetization direction as deter-
mined by SMOKE measurements, and all data were ac-
quired in remanence. No evidence for out-of-plane mag-
netization in remanence was observed for 1.5-ML film
thickness. The 1-3-ML Fe/W(100) near-ground-state
and adsorbate-covered system electronic properties,
along with some additional sample preparation and char-
acterization details, will appear elsewhere. 1°

Our spin-polarized photoemission experiments were
conducted on the U5 undulator beam line at the National
Synchrotron Light Source, Brookhaven National Labora-
tory. The apparatus has previously been described in de-
tail. 16 Briefly, monochromatized first harmonic radiation
with Av=60 eV was used to excite photoelectrons from
the even symmetry bands of Fe/W(100) overlayer systems
with subsequent energy and spin analysis. Energy and
angular resolutions were 0.3 eV and 31.5° respectively.
The data were acquired with an incident angle of 36°, i.e.,
with primarily s-polarized light.

The Curie temperature is the phase point where the
global magnetization becomes zero. Near T, the mag-
netization follows the power law M (T)=M(0)(1—T/
Tc)P. 1t is not a priori clear that the measured valence-
band polarization P(T,k)/P(0,k) is equal to
M(T)/M(0)." In fact, the local electronic structure
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may alter this strictly linear relationship. However, it is
evident that P( T)/P(O)|TC=M(T)/M(0)|TC=O. Thus

measurements of P(7,k) can be used to establish the Cu-
rie temperature and to probe the temperature dependence
in E(k,o0).

We have measured the temperature-dependent
valence-band energy-distribution curves (EDC’s) for a
1.5-ML film. T for this film was established to be
330+20 K from P(T) measurements. A more precise
measurement using SMOKE yields a value of T-=323
K. The Curie temperature is very sensitive to small (less
than 0.1 ML) changes in film thickness. Films less than 1
ML thick exhibited zero in-plane remanent polarization
at T=115 K. Further magneto-optic studies of these
near monolayer thickness systems are in progress to
better define their low-temperature magnetic character.

One possible explanation for the disappearance of the
polarization is a superparamagnetic (SP) collapse in
which the individual 2-ML islands retain their ferromag-
netic nature but no longer couple through the ML-thick
Fe between the 2-ML patches.'® The moments of the in-
dividual patches would fluctuate along different easy axes
such that the measurement-time-averaged magnetization
becomes zero. It is well known that SP coupling usually
occurs when the matrix in which the ferromagnetic parti-
cles are embedded is itself paramagnetic. A number of
observations exclude SP collapse as a possibility. The
magnetic hysteresis as obtained by SMOKE measure-
ments is similar in shape at elevated temperatures to that
at low temperatures (see Fig. 1), i.e., it is open and easily
saturated (H g, < 100 Oe) with a nonzero remanence. The
squareness of the loops is clear evidence of a system
which is ferromagnetic. If the film were composed of SP
coupled islands, the 2-ML patches would be sufficiently
decoupled at elevated temperatures that there would be
incomplete coherence upon switching the magnetizing

M(T) (Arb. Units)

FIG. 1. Remanent magnetization vs reduced temperature for
the 1.5-ML Fe/W(100) system. Hysteresis loops representative
of those acquired at all temperatures are shown to further illus-
trate the ferromagnetic character of the phase transition. Open
circles mark those values taken from the nearby hysteresis
loops.
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field direction. In other words, the hysteresis loops
would collapse and exhibit a linear dependence on ap-
plied field at even higher temperatures; a nonlinear
response to the applied field typical of ferromagnetic sys-
tems is observed up to the point where the remanent
magnetization goes to zero. Furthermore, from these
same SMOKE measurements, it is clear that the shape of
M (T), as shown in Fig. 1, which depends only on the in-
trinsic microscopic properties of the system, is indicative
of a second-order (ferromagnetic) phase transition. The
magnetization of paramagnetic systems exhibits a linear
dependence on temperature in the low-field limit.

Figure 2 shows the spin-integrated EDC’s from the
1.5-ML film at T as a function of temperature. Very little
change is seen in the shape of the curves though the rela-
tive intensities of the different peaks exhibit a minor tem-
perature dependence. However, the spin-resolved inten-
sities shown in Fig. 3 clearly exhibit strong temperature-
dependent changes, unequivocally illustrating the
difficulty in determining the behavior of ferromagnetic
bands near T without spin analysis.

Before discussing the temperature dependence of the
spin-resolved data, it is necessary to describe briefly the
band assignments of the near-ground-state (0.357) 1.5-
ML film photoemission results. The T majority spin-
resolved valence-band spectrum of Fig. 3(a) exhibits three
peaks; the one at 1.4-eV binding energy, which also clear-
ly shows up in the minority spectrum, Fig. 3(b), and in
the spectrum for clean W(100), we ascribe to emission
from the W A band. The two other peaks in the majori-
ty spectrum at 0.8- and 2.4-eV binding energy are due to
emission from the states localized in the Fe overlayer.
Film-thickness-dependent spectra indicate that these
bands are the precursors to the bulk A; and A5 symmetry
bands, respectively. The minority state conjugate to the
0.8-eV majority state is located above the Fermi level and
is best accessed by inverse photoemission.’” In the
minority spin spectrum, in addition to the W feature, we
see a sharp peak at 0.5-eV binding energy which we as-
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FIG. 2. EDC’s for three temperatures of 1.5-ML Fe/W(100)
filmat T: 0, T=0.35T¢; W, T=0.9T; and O, T =1.05T and
for clean W(100). Shaded regions indicate W surface states
quenched by 0.25-ML Fe (Ref. 15). Dashed line shows location
of peak due to emission from the W Ay band.
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sign as the spin-exchange split partner to the 2.4-eV bind-
ing energy majority feature based on their symmetry
properties; both are s-polarization sensitive. We see in
this 1.5-ML film an exchange splitting of ~2.0 eV at T,
nearly that of bulk iron at I".>

Two additional finite temperature spectra for each spin
direction also appear in Fig. 3. One was taken immedi-
ately below the Curie temperature, 0.9T, and the other
just above it, 1.05T. A careful curve-fitting analysis of
peak position shows that the Fe features shift very little
with temperature. We can well reproduce the 0.9T: ma-
jority spin data by a 70%-30% mixture of the majority
and minority near-ground-state spectra and the minority
spectrum is best fit by a 309%-70% mixture. However,
the most dramatic effect is observed in a comparison of
the 1.057, data with a calculated 50%-50% mixture of
majority and minority spectra as is shown in Fig. 4. The
agreement between the two curves is remarkably good. It
is quite clear that the peaks originating from the spin-
exchange split pair have not shifted from their low-
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FIG. 3. Spin-resolved EDC’s for (a) majority: M,
T=0.35T¢; 0, T=0.9T¢; and ®, T =1.05T and (b) minority:
W, T=0.35T¢; O, T=0.9T; and ®, T =1.05T spins of 1.5-
ML film at . The lines labeled A4, B, and C mark the locations
of the centroids of the Fe minority, W A;, and Fe majority
peaks, respectively.
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FIG. 4. EDCfore, T=1.05T¢ and O, 50%-50% mixture of
0.35T ¢ majority and minority spin-resolved EDC’s.

temperature binding energies (no collapsing bands) and in
fact the apparent broadening is most likely due to the ap-
pearance of “‘extraordinary” peaks, i.e., intensity from
states of opposite spin.

The significance of the shape of the EDC above T be-
comes apparent when we examine the different demagnet-
ization schemes. In the disordered local moment (DLM)
model, it is assumed that the itinerant d electrons are
sufficiently site localized that they may be treated as in-
dependently precessing spins near T, much as in the
case of the rare-earth ferromagnets.?’ This individual
randomness disallows any short-range order above T.
The DLM model has failed to explain the observed, albeit
disputed, spin waves in Ni and Fe in neutron scattering
experiments.?! In the fluctuating band (FB) model, on
the other hand, the magnetization is dominated by the
itinerant character of the d electrons to such an extent
that local spin-split bands may exist even above 7.2 If
the electron group velocity is sufficiently low compared
to the mean electron hopping time, the electrons “feel”
the local magnetization of the globally paramagnetic
state. This group velocity dependence promotes a strong
k dependence in the band structure near 7.

An outgrowth of the local band model is the predicted
existence of short-range order above T. It is clear that
the momentum dependence makes it necessary to per-
form realistic calculations in order to determine the
effects this ordering has on the band structure for
different values of k. Such a calculation has been per-
formed for a 2000 atom cluster of (bulklike) Fe using
one-electron Green’s functions to predict the photoemis-
sion intensities.>> We compare our results at I with the
results from this bulk Fe calculation at T, the only possi-
ble point of contact with our data. Naturally, this is not
a completely accurate comparison, but the qualitative
features should not be greatly in error since the overlayer
majority and minority bands in the vicinity of T are rela-
tively flat, as are the bulk A5 bands at I'. In the absence
of SRO, these Ay majority and minority bands at T’
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coalesce into a single peak centered at 1.8 eV, the same
result as predicted by DLM calculations.?* Our data
clearly show that no such combination takes place. The
presence of the well-separated 0.5-eV minority binding
energy and 2.4-eV majority binding energy peaks is con-
sistent with short-range order ~4 A and the existence of
local band structures. Further investigation of this
phenomenon by mapping other high-symmetry points in
the band structure as a function of temperature may be
inconclusive until “cluster” calculations for this system
become available. ®

In conclusion, we have seen that the elevated tempera-
ture band structure at T of 1.5-ML Fe/W(100) films is
consistent with the existence of local band structures
above T.. Comparison with a bulk calculation suggests
that short-range order of at least 4 A exists above Tc.
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Apparently the strong hybridization between the W 4d
and Fe 3d bands does not act to quench this SRO, sug-
gesting that substrate-overlayer interactions may not be
very important in determining the above-T - magnetic be-
havior of ferromagnetic thin films with large average mo-
ments per atom.
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