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By spin- and angle-resolved photoemission we have studied the electronic structure of ultrathin Co
overlayers on Cu(111). For coverages below 2 ML, we observe electronic states that are different from
those of bulk Co but we find no in-plane ferromagnetic order. Above 2 ML the spectra show exchange-
split and spin-polarized states, whose binding energy depends very little on the overlayer thickness. A
previously unresolved separation of 0.3 eV between two occupied bands of opposite spin character could
be observed. The experimentally determined exchange splitting for the two sets of d bands near T is thus
found to be 1.4+0.15 and 1.15%0.15 eV, respectively. These values are larger than those derived from
previous spin-integrated measurements and in closer agreement with band-structure calculations.

I. INTRODUCTION

Most of the recent experimental work on ultrathin
magnetic layers has been dedicated to relatively simple
systems, of which transition-metal overlayers on noble-
metal substrates occupy a prominent place.! In these sys-
tems, the interaction between the overlayer and the sub-
strate is relatively weak because of the limited energy
overlap between the d states of the two elements. For
this reason, they are considered good cases for testing
purely dimensional effects on the electronic structure of
the overlayer. In the monolayer regime the reduced
atomic coordination and the weak hybridization with the
substrate should cause an appreciable narrowing of the
bands. In some cases, this can considerably increase the
magnetic moment and in a few instances even induce fer-
romagnetism in otherwise nonmagnetic materials.” Ex-
perimentally, these predictions have been only partially
verified. The evidence for a modification of the electronic
states in the monolayer regime is limited to a few cases®*
and no new magnetic metal has been yet discovered. It
has been realized, however, that the growth of a
transition-metal overlayer on noble metals>® is often far
from the simple model assumed in the theoretical studies
and it is possible that this explains some of the discrepan-
cies.

In this paper, we present the results of a spin- and
angle-resolved photoemission experiment for Co on
Cu(111). The choice of this system was motivated by pre-
vious photoemission and inverse photoemission investiga-
tions performed without spin analysis. There are ap-
parent discrepancies between experiment and theory con-
cerning primarily the exchange splitting of Co films on
Cu(111) and of hcp Co(0001). The experimental
values’ 10 of the exchange splitting reported for these
systems are systematically smaller than those theoretical-
ly predicted for Co monolayers'! and for bulk Co.!?

de la Figuera et al.® have studied the electronic struc-
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ture of one and two monolayers of Co on Cu(l11) by
angle-resolved photoemission. The exchange splitting at
the T point of the Brillouin zone has been determined to
be 0.7 eV for both coverages. The unoccupied states of
Co films on Cu(l11), as seen in inverse photoemission
spectra, display little dependence on the coverage be-
tween 1 and 7.5 ML.° Combining inverse photoemission
and photoemission data, Mankey, Willis, and Himpsel®
obtain an exchange splitting of 1.05+0.1 ¢V in a 7.5-ML
film and of 1.1£0.1 eV in bulk Co, for states approxi-
mately midway along the I'-A4 direction. These values
can be compared to the measured exchange splitting near
I in bulk hcp Co(0001),'° which is 0.85+0.2 eV for the
upper d bands and 1.210. 3 for the lower d bands.

There have been theoretical investigations of the
ground-state electronic structure of Co monolayers on
Cu(111) and of fcc and hep bulk Co. A theoretical study
by Victora and Falicov!! predicts the exchange splitting
for one and two monolayers to be about 1.4 eV, that is
considerably larger than the corresponding experimental
values. Furthermore, the calculations by Victora and
Falicov show a binding-energy shift of the electronic
states between one and two monolayers which has not
been until now experimentally observed. For thicker
films and bulk Co, there is some disagreement between
theory and experiment as well. The calculated exchange
splitting for bulk Co (between 1.4 and 1.6 eV), either in
the fcc or hcp phase, is significantly larger than the one
measured for hcp Co(0001) or for Co on Cu(111). Such
discrepancies seem to be beyond the uncertainty of the
theory, also because the calculations derive correctly the
well-known magnetic moment of bulk Co phases. They
could be attributed to correlation effects in photoemission
as for Ni, the following element in the periodic table.
Chen!3 has recently shown that correlation might be im-
portant in Co monolayers as well. However, in spin-
resolved photoemission studies of fcc Co on Cu (100),
where many-electron effects are expected to be of similar
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magnitude or even larger, the experimental exchange
splitting of thick films (1.4~1.5 eV) (Ref. 4) is close to the
theoretical expectations based on a single-particle pic-
ture. This seems to indicate that correlation alone may
not explain the small values of the exchange splitting re-
ported for Co on Cu(111) and for hep Co(0001).

We show, in this paper, that the disagreement between
theory and experiment for Co on Cu(111) is to a good ex-
tent resolved by the direct measurement of the photoelec-
tron spin polarization. The spin analysis allows one to
separate closely located spectral features of opposite spin
character, leading to a reinterpretation of the previous
spin-integrated measurements and to a better agreement
with the theory.

II. EXPERIMENT

The experiments have been performed at the TGM1
and TGMS5 beamlines at BESSY in Berlin with the spin-
and angle-resolved photoemission apparatus already de-
scribed elsewhere.!* The Cu(111) sample was prepared by
repeated sputtering and annealing cycles. Co has been
evaporated by electron bombardment from a high-purity
Co wire. During evaporation, the pressure in the
chamber remained below 4 107! mbar. The evaporation
rate was checked with an oscillating quartz crystal thick-
ness monitor.

We used low-energy-electron-diffraction (LEED) and
Auger spectroscopy to follow the growth mode of Co on
Cu(111). The Auger results show, in agreement with the
data of Gonzales et al.,’” that the substrate emission is
rapidly reduced indicating that no major interdiffusion is
taking place. As has recently been shown by de la
Figuera et al.,* however, the morphology of the over-
layer growth is complicated by formation of islands with
different crystallographic orientations. Our LEED study
confirms the previous observations made for this sys-
tem.>® The Cu(111) substrate displays a threefold sym-
metry, characteristic of the fcc Cu structure. Upon depo-
sition of Co at room temperature the symmetry gradually
changes and becomes hexagonal at a thickness of about 3
ML. At variance with the most simple explanation of
these results, which would lead to the conclusion that Co
grows hcp on Cu(l11), a recent scanning-tunneling-
microscopy study® has proven that the sixfold symmetry
is the result of the superposition of diffracted beams from
different fcc-Co islands rotated by 60° with respect to
each other.

The sample was magnetized by letting an electric pulse
pass through a coil, mounted near the sample. The mag-
netic field was applied along the [211] direction. All the
measurements have been performed in magnetic
remanence. Spin- and angle-resolved photoemission
spectra have been measured with synchrotron radiation
(10-70-eV photon energy). The electron analyzer is a 90°
spherical capacitor coupled to a 100-kV Mott detector
for spin analysis. The spectra presented here are mea-
sured for normal incident light and normal electron emis-
sion.
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III. RESULTS

A. Electronic structure
of the thicker films (10—30 ML)

The electronic structure of the thicker Co films
presents exchange-split valence-band states. We compare
our results to previous spin-integrated photoemission
data on bulk Co and to its calculated electronic structure.
As will be shown here and in agreement with the recent
results on the unoccupied states, the electronic structure
of these films is very similar to that of their bulk counter-
part (hcp or fcc Co). Angle-resolved photoemission
without spin analysis has been used by Himpsel and East-
man'? to investigate the band structure of hcp Co. They
studied the (0001) surface of a single crystal and com-
pared the data to a self-consistent band-structure calcula-
tion. Due to the fact that the hcp and fcc electronic
structure is very similar, the same band-structure calcula-
tion can be used for the I'-4-T" (hcp) and for the I'-L
(fcc) directions. They are probed in normal electron
emission from the (0001) hcp surface and the (111) fcc
surface, respectively. Since we are taking the spectra
with s-polarized light in normal incidence, we expect to
observe two bands of A; symmetry, each of them split by
the exchange interaction into two spin-polarized sub-
bands.

Spin-integrated photoemission spectra for normal elec-
tron emission measured with various photon energies are
shown in Fig. 1. They closely correspond to the hcp
Co(0001) spectra of Ref. 10. The main feature in all the
spectra is a peak near the Fermi level. A weaker shoul-
der is observed in some cases at about 2-eV binding ener-
gy. In the proximity of the I" point, corresponding to a
photon energy of 25-28 eV, Himpsel and Eastman'®
determined a splitting of 1.210.2 eV for the lower d band
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FIG. 1. Angle-resolved photoemission spectra for a 20-ML
Co film deposited on a Cu(111) substrate. The spectra have
been measured in normal emission at various photon energies.
The incident light is normal to the sample surface.
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and of 0.82x+0.15 eV for the upper d band. They as-
sumed the spin-up lower band to correspond to the weak
shoulder at about 2 eV, the spin-up upper band and the
spin-down lower band to be degenerate under the main
peak at 0.8-eV binding energy, the spin-down upper band
to cause a shoulder near E (which is better resolved in
their data than in ours). The spin-resolved data show
that this interpretation, although substantially correct,
leads to an underestimate of the value of the exchange
splitting.

Spin-resolved photoemission spectra corresponding to
the spin-integrated ones discussed above are presented in
Fig. 2. The spin-resolved spectra show peaks near the
Fermi level in both the spin-up and the spin-down curves.
With increasing photon energy between 15 and 25 eV, the
spin-up peak moves to higher binding energy, whereas
the spin-down peak remains almost stationary. At the I
point (25-28-eV photon energy) the two peaks are
separated by about 0.3 eV. Their binding energy is 0.7
eV (spin down) and 1 eV (spin up), corresponding to the
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FIG. 2. Angle- and spin-resolved photoemission spectra for a
20-ML Co film deposited on a Cu(111) substrate. The spectra
have been measured in normal (light) incidence and normal
(electron) emission at various photon energies. Full (empty)
pointing up (down) triangles label spin-up (down) EDC’s.
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emission from the spin-down lower band and from the
spin-up higher band, respectively. A rather broad feature
at higher binding energy is due to emission from the
spin-up lower band. This structure is located at a binding
energy of about 2.1 eV, in substantial agreement with the
previous findings. The resulting exchange splitting be-
tween the two exchange-split lower bands at T is, there-
fore, 1.4%0.15 eV, the uncertainty being essentially due
to the difficulty of locating precisely the position of the
spin-up emission. This value has to be compared with
the 1.21+0.2 eV obtained by spin-integrated photoemis-
sion on hcp bulk Co. The difference between the two es-
timates can be attributed to the previously unresolved,
but theoretically predicated,'?> 0.3-eV splitting between
the upper spin-up band and the lower spin-down band.
The exchange splitting we have determined is, within the
error limits, also consistent with the value obtained for
the same bands in Co films on Cu(100), 1.554+0.15 eV .*

The exchange splitting between the upper bands is
more difficult to establish. We observe a weak shoulder
very close to the Fermi level in the spin-down spectra at
25-eV photon energy (i.e., near I'). This structure prob-
ably corresponds to the feature identified by Himpsel and
Eastman as the spin-down upper band. However, the
difficulty in precisely determining the binding energy of a
structure near the Fermi level is well known. In our
opinion, it is not clear whether the peak position corre-
sponds to the critical-point energy, or rather it represents
the tail of a structure lying above the Fermi level. Also,
the inverse-photoemission measurements are not con-
clusive in locating the upper spin-down band at I', be-
cause spectra at the proper photon energy are not avail-
able. In all cases, however, taking into account the 0.3-
eV splitting we observe experimentally, the exchange
splitting of the upper band in the Co films on Cu(111)
turns out to be larger than the one previously determined
(0.85 eV) for hcp Co. Combining the recent inverse pho-
toemission data by Mankey, Willis, and Himpsel® (see
their Figs. 3 and 6) and our spin-resolved photoemission
data for 20-eV photon energy, corresponding to about
midway along the hcp I'-A4 direction, we obtain an ex-
change splitting for the upper bands of 1.1540.15 eV.
This value is also slightly larger than the one quoted in
Ref. 9 (1.05 eV) for a 7.5-ML Co film on Cu, again be-
cause of the incorrect identification of the maximum of
the spin-integrated spectra as the position of the upper
spin-up band. The values of the exchange splitting we
determine for the thicker layers are close to the expected
theoretical values. Remaining small deviations of the or-
der of 0.1-0.2 eV, which are anyhow within the experi-
mental errors, are possibly a result of electron correla-
tion.

B. Electronic structure
of the thinner films (0.5-10 ML)

In this section, we examine the evolution of the elec-
tronic structure with increasing film thickness. The re-
sults can be compared with previous photoemission and
inverse-photoemission data, obtained without spin
analysis, and with the corresponding theoretical results
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for Co monolayers on Cu(111). Also, we compare the re-
sults with those on thicker films and bulk Co discussed in
the preceding section.

In Fig. 3, we show spin-integrated photoemission spec-
tra measured with 15- and 25-eV photon energy for in-
creasing Co thickness. The spectra are normalized to the
incoming photon flux. With increasing Co coverage the
intensity of the Cu signal, between 2- and 4-eV binding
energy, decreases but its lineshape does not change. This
indicates that the corresponding Cu states are only slight-
ly influenced by the interaction with Co. The spectra
give no evidence of Cu surface segregation through the
Co film which would probably affect the lineshape and
binding energy of the Cu emission. The presence of a
significant amount of segregated Cu and uncovered sub-
strate regions at coverages above 10 ML is ruled out by
the absence of the Cu 3d emission peak in the corre-
sponding spectra. The Co 3d emission develops with in-
creasing coverage within 3 eV from the Fermi level.
Small changes of its lineshape can be detected as a func-
tion of film thickness. A careful examination of the spec-
tra on an expanded energy scale (Fig. 4) shows that the
Co peak position shifts to higher binding energy for cov-
erages between 0.55 and 1.8 ML. Above 3-ML coverage
the binding energy of the Co features essentially coincides
with that of the thicker films.

In the monolayer regime, one expects the electronic
structure to be two dimensional in character for an ideal-
ly flat and weakly interacting overlayer. In an angle-
resolved photoemission experiment, states localized in
two dimensions display a lack of dispersion with varying
photon energy. This is indeed observed, as in Fig. 5, for
0.55-ML coverage. The position of the Co 3d-derived
peak remains essentially stationary. In contrast, a disper-
sion similar to the one observed for thicker films and bulk
Co is obtained at 5.5 ML (Fig. 5). The results are sum-
marized and compared with the dispersion of the Cu sub-
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FIG. 4. Expanded view of the region close to the Fermi level
of the spectra shown in Fig. 3 with 25-eV photon energy.

strate in Fig. 6. A transition occurs at a very low cover-
age from a two-dimensional to a three-dimensional char-
acter of the electronic structure. Already at one-
monolayer coverage the data show some weakly disper-
sive features, which are perhaps a manifestation of the
tendency of Co to grow as a bilayer or even in three-
dimensional clusters as discussed elsewhere.®

At a coverage just below 2 ML, we also observe a tran-
sition in the magnetic properties of the overlayer. Figure
7 shows the spin polarization for increasing Co coverage,
measured at two different binding energies with 15-eV
photon energy. The spin polarization is defined as usual
as [N'(E)—N*(E)]/[N"(E)+N‘(E)), where N '(E) and
NY(E) are, respectively, the number of spin-up and spin-
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FIG. 3. Thickness dependence for Co thin films deposited on
a Cu(111) substrate. The photoemission spectra have been tak-

en in normal incidence and normal emission at photon energies
of 15 and 25 eV.
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FIG. 5. Energy distribution curves for a 0.55-ML (left panel)
and 5.5-ML (right panel) Co films deposited on Cu(l11) as a
function of the photon energy. In the spectra for 0.55 ML, the
Cu contributions have been subtracted. The transition between
two-dimensional and three-dimensional character of the Co
electronic structure as a function of film thickness is immediate-
ly apparent.
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FIG. 6. Comparison of the binding-energy positions of the
main Co structure in the valence-band spectra of a 0.55-ML
(empty circles) and a 5.5-ML (full circles) Co film as a function
of the photon energy. For comparison the corresponding ener-
gy dispersion of the bulk Cu peak is also shown (full diamonds).

down photoelectrons at a binding energy E. At 0.6-eV
binding energy a Co spin-up peak gives rise to a large
positive polarization. The spin polarization is weaker at
1.4 eV, where neither Cu nor Co shows strong emission
at this photon energy. As shown in Fig. 7, the onset of
the Co 3d polarization occurs at about 2 ML. This corre-
sponds to the threshold coverage for in-plane magnetic
ordering at room temperature. These results are con-
sistent with the earlier work of Gradmann.'® In these
studies, the Co films deposited on Cu(111) were covered
with a Cu layer to prevent contamination. It was
discovered that one Co monolayer is spontaneously mag-
netized in a direction perpendicular to the surface plane.
The easy axis was found to rotate in plane at about two
monolayers.
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FIG. 7. Spin polarization of the photoemitted electrons (pho-
ton energy: 15 eV) at the binding energy of 0.6 eV (full circles)
and of 1.4 eV (empty circles) as a function of the Co film thick-
ness. The continuous lines are only guides for the eyes.
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We were able to measure spin-resolved photoemission
spectra of the in-plane magnetized films, above two-
monolayer coverage. Some results obtained with 15- and
25-eV photon energy for normal electron emission are
shown in Fig. 8. The most strongly polarized structures
appear in correspondence to the Co 3d emission near E.
At all coverages, the spectra show mostly spin-up emis-
sion near E; and 15-eV photon energy but mainly spin-
down emission in the 25-eV spectra. This is due to the
selective excitation of states of different k, by varying
photon energy, a further manifestation of a three-
dimensional character of the electronic structure. The
most important information provided by these spin-
resolved spectra is that shape and binding energy of the
polarized Co 3d emission do not vary with thickness. In
good agreement with our findings, recent inverse-
photoemission data’ display some modification of the
spectral features only for coverages below 2 ML. On this
basis we conclude that the relevant parameters of the
electronic structure, namely, the exchange splitting and
the magnetic moment, remain basically unvaried in the
thinner films down to about 2 ML.

Our results can further be compared with earlier spin-
integrated photoemission data, measured in similar ex-
perimental conditions.® In contrast to our results, no
change was found in the binding energy of the Co states
between one and two monolayers. An extremely small
value of the exchange splitting (0.7 eV) was derived by a
deconvolution of the spin-integrated spectra. The decon-
volution was based on the former interpretation of the Co
bulk data, which we have shown above leads to an un-
derestimation of the exchange splitting. In fact, our
spin-resolved data do not support the assumptions of Ref.
8 nor do they indicate a significant reduction of the ex-
change splitting from the bulk value, at least for the 2-
ML case. For 1 ML, we cannot reliably determine the
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FIG. 8. Spin- and angle-resolved spectra for Co films of vari-
ous thickness deposited on a Cu(111) substrate. The spectra
have been taken in normal incidence and normal emission at
photon energies of 15 and 25 eV.
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value of the exchange splitting. The electronic states of a
monolayer cannot be directly compared to those of thick-
er films because some modification takes place related to
the reduced dimensionality of the system. Without spin-
polarized measurements, the identification and precise lo-
cation of the spectral structure (the most intense have
peaks at 0.5 eV below E; in photoemission and at about
0.5 above Ej in inverse photoemission) seem ambiguous.
The calculation predicts a narrowing of the 3d bands, ac-
companied, however, by only a marginal increase of the
magnetic moment.!” Co on Cu(111) is a rather special
case in this respect because the almost saturated Co bulk
moment and the close-packed structure of this surface
reduce considerably the enhancement of the moment in
comparison to similar systems [i.e., Fe(111) monolayers
or Co on Cu(100)].
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IV. CONCLUSION

We have studied the electronic states of Co epitaxial
films grown on Cu(111). By spin- and angle-resolved pho-
toemission with synchrotron radiation, we have followed
the development of the exchange-split electronic struc-
ture with increasing film thickness. Above 2-ML cover-
age the films become in-plane magnetized. Their elec-
tronic states are already very similar to those of thick
films (>15 ML) and (hcp and fcc) bulk Co. Through
spin analysis, we have determined the value of the ex-
change splitting near the center of the Brillouin zone.
Our experimentally determined values for the exchange
splitting are larger than the ones previously derived from
non-spin-resolved measurements. These results lead to a
close agreement with the theoretical predictions.
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