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Magnetic exchange splitting of one layer of cobalt
deposited on top of the (111) surface of copper
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We have measured angle-resolved photoemission spectra for one and two ordered layers of
Co deposited on top of a Cu(111) surface using synchrotron radiation (25 «h v «80 eV). The

spectrum at normal emission for one monolayer of Co presents the same exchange-splitting-

induced three-peak structure that the spectrum of Co(0001). The magnetic-exchange-splitting

values at the I and K points of the two-dimensional Brillouin zone are 0.7 and 0.5 eV, respec-

tively.

For many years the existence of surface "dead
layers, " i.e., nonmagnetic surfaces of a magnetic ma-

terial, was controversial. This idea was supported by
the well-known Landau argument' showing that at
nonzero temperature an infinite two-dimensional sys-
tem cannot present long-range magnetic order. In the
case of an actual crystal, the surface layer of atoms
interacts with the rest of the atoms and therefore the
Landau idea should not work. Also from the experi-
mental point of view, spin-polarized photoemission
experiments2 show that the surface magnetization of
a ferromagnetic transition metal is very similar to the
bulk magnetization indicating the absence of a "dead
layer. " A new approach aimed at studying two-

dimensional magnetic order has been focused on the
study of thin layers of a magnetic material deposited
on top of a nonmagnetic substrate. The main results
in this direction are: magnetization measurements of
Ni thin films electrodeposited on a Cu substrate from
an aqueous nickel salt solution seem to suggest that
the two first deposited layers of Ni are nonmagnetic. '
On the other hand, it has been shown, using spin-
polarized photoemission, that ferromagnetism takes
place for Ni deposited on Cu at 1.5 monolayers, 4

whereas for Ni condensed on an amorphous substrate
(Pb75B25) at 10 K, anomalous Hall effect measure-
ments show that ferromagnetism of Ni takes place
between two and three layers. ' Recently ferromag-
netic resonance has been used to show that there is
not a "dead layer" at the surface of a Ni thin film
deposited on top of a quartz substrate. Moreover,
amorphous films of Co and Fe condensed at 10 K on
Pb75B125 present a magnetic moment after deposition

of the first monolayers. Finally, Mossbauer effect
has been used to measure the magnetic moment of
two layers of Co deposited on top of Cu and the
magnetic moment found is very similar to the Co
bulk value.

In a recent work, ' the deposition of Co on top of a
well-ordered Cu surface has been studied using low-

energy electron diffraction (LEED) and Auger spec-
troscopy. Results of this work indicate that Co grows
in Cu at room temperature forming well ordered
two-dimensional layers. Also, the possibility of one
layer of Co on top of Cu being ferromagnetic was ad-
vanced based on an electronic structure calculation
that gives a high density of states at EF satisfying the
ferromagnetic Stoner condition. 9 This Communica-
tion reports the magnetic exchange splitting of one
and two ordered layers of cobalt deposited on top of
Cu(111) measured using angle-resolved photoemis-
sion and synchrotron radiation.

The radiation source was the Orsay 540-MeV
storage ring. A 127 cylindrical analyzer was used for
energy analysis of the photoemitted electrons, the en-
ergy resolution being 150 meV for both monochro-
mator and analyzer. The analyzer can rotate in the
plane of incidence of the light to allow angle-resolved
photoemission studies with an angular resolution of
+0.5'. The incident light can be s polarized (electric
field in the surface plane) or p polarized (electric field
normal to the surface plane) with a flux of 4 & 10'2

photonss ' at 100 eV. For these conditions, typical
count rates of 104/sec for the d band of clean Cu
were obtained. The substrate [Cu(111) surface] was
carefully cleaned by cycles of argon bombardment (6
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p,A/cm', 30 min, 500 eV) and annealing (800 K, 5
s). The ordering and cleanliness of the Cu(111) sur-
face, before the Co evaporation, was controlled by
LEED and Auger electron spectroscopy (AES).
Cobalt was deposited on top of the Cu surface from a
thoroughly outgassed high-purity filament. Cobalt
does not diffused into the Cu substrate at room tem-
perature and grows layer by layer in registry with the
substrate. We have shown previously' that the
amount of Co deposited can be obtained from the re-
lationship between the peak-to-peak heights of the
MVVAuger peaks of both substrate and absorbate.
Using this calibration we calculate the coverage of the
grown films of cobalt to be 0.9 +0.2 and 2.1 +0.2
monolayers, respectively. The pressure in the
chamber was always lower than 1 & 10 ' Torr even
when the evaporation of Co took place.

Figure 1 shows two photoemission spectra for elec-
trons with kp=0 (I' point in the surface Brillouin
zone) taken at a photon energy of 25 eV and using
s-polarized light. The dots indicate the raw experi-
mental data corresponding to one (0.9 +0.2) and two
(2.1 +0.2) monolayers of Co deposited on Cu(111).
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FIG. 1. Angle-resolved energy distribution curves (EDC)
of photoelectrons taken at normal emission, using s-

polarized light. The photon energy is 25 eV. Experimental
results for (a) one (0.9 +0.2) layer of cobalt on Cu(111)
and (b) two (2.1 +0.2) layers of cobalt on Cu(111), are
sho~n. The continuous lines show the fit of the experimen-
tal data with the following contributions: four Gaussians for
the exchange split bands (the lower pair being more in-

tense), the s-p band of Cu and a secondary electron back-
ground. The arrows indicate spin-up (-down) subbands.
The same set of Gaussians properly weighted fits the one
(0.9) layer and two (2.1) layer spectra.

In Fig. 1 we first identify the peaks at 2.8 and 3.4 eV
belo~ the Fermi level as being due to the underneath
Cu d bands, which are almost identical to those ob-
tained in clean Cu. ' Notice also that the presence of
Co at the Cu surface induces a high density of elec-
tronic states near the Fermi level. Although the
height of the peaks at —0,2 and —0.7 eV depends
indeed on whether we have one or two layers of Co,
their position in energy does not change. Moreover,
their position, as well as the flat region around —1.8
eV, corresponds to the structures observed in the
case of the single crystal Co(0001) surface. ""(It is
very important to indicate that the presence of the
small peak at —0.2 eV in our spectra is a direct indi-
cation that we are dealing with well-ordered Co layers
since Heimann et al. "found that this peak disap-
pears when the Co sample is polycrystalline. ) The in-
terpretation of these features is easy since an elec-
tronic structure calculation' of the Co-Cu(111) sys-
tem sho~s that, if Co were nonmagnetic its spectrum
should display a two peak structure like Cu d bands,
but if Co is magnetic, the exchange splitting induces
a three peak structure, where the middle peak is
higher because the exchange splitting (—0.7 eV) is
very similar to the separation of the nonmagnetic d
bands (-0.7 eV), making the spin-down low-energy
peak overlap with the spin-up high-energy peak.
From the above discussion we conclude that one layer

of Co on top of Cu(111) presents a magnetic exchange
splitting which is uery similar to that of bulk Co." To
get the exchange splitting we have assumed a rigid-
band model with nearly the same splitting for up- and
down-spin electrons in such a way that the shift at
the energy levels due to the magnetism depends only
on the local magnetization and on a k-averaged
electron-electron interaction. The magnetic energy
levels are given by

Et = Ep+ U (n f),
EI=Ep+ U(nt),

where Eo are the nonmagnetic energy levels, Uis the
intrasite electron-electron Coulomb interaction and
(n t) ((n j) ) indicates the number of electrons with
spin up (down). If the local magnetization is
nonzero (m = (n t) —(n J) ) then Et & Et and the
splitting of the bands is 4E = E~ —Et = Um.

We have also measured the photoemission spec-
trum at the corner of the two-dimensional Brillouin
zone (E point) for one monolayer of Co deposited on
Cu(111). Results of our measurements for h v -40
eV and s-polarized light are shown in Fig. 2 in the
energy region corresponding to Co states. A theoreti-
cal calculation' of the electronic structure of the Co-
Cu(111) system indicates that if Co were nonmagnet-
ic the spectrum should be a single peak. However,
we notice in Fig. 2, in addition to the main peak at
—0.3 eV, a shoulder at ——1.0 eV. We have fitted
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important consequences for the Co-Cu(100) system
where the observed c (2 x 2) reconstruction was in-

terpreted as a magnetic induced charge density wave. '
Although the magnetism of a (100) layer of Cu is
less likely to occur than in a (111) layer, because
there are less Co nearest-neighbor atoms, the report-
ed results on the Co-Cu(111) system are very en-

couraging for performing the same analysis at the
Co-Cu(100) system where a ground state with two
simultaneous broken symmetries (spin and charge)
may exist.

We are -indebted to J. M. Rojo for very useful dis-
cussions.
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