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Spin Polarization of Quantum Well States in Copper Thin Films Deposited on a Co(QQ1) Substrate
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Spin polarized photoemission is used to examine the spin polarization of the quantum well states ob-
served in copper films grown on a fcc Co(001) substrate. The states are observed to predominantly carry
minority spin polarization and this is shown through comparison with calculation to reflect a preferential
hybridization in the interface. The calculation also provides evidence that the quantum well states ob-
served in the experiments are not only sp derived but also reflect the hybridization with the more local-
ized copper d bands.

PACS numbers: 73.20.At, 75.70.Ak, 79.60.Bm

Oscillatory exchange coupling in magnetic multilayers
is currently attracting considerable interest [1]. In a
number of diA'erent systems, including Fe/Cr [2] and
Co/Cu [3] multilayers, it has been shown that the cou-
pling between adjacent ferromagnetic layers is strongly
dependent on the thickness of the intervening spacer lay-
er. Several diA'erent theoretical treatments have proposed
that the coupling between the adjacent ferromagnetic lay-
ers may represent a modification to the RKKY theory
previously developed to explain the coupling between
magnetic impurity ions in diA'erent host materials [4,5].
In the magnetic multilayers, however, the experimentally
observed periodicity is not consistent with a free electron
Fermi surface, but rather that reAecting the discrete
periodicity of the intervening layer [4]. These "aliasing"
theories consider the intervening layer in terms of the
bulk band structure and predict oscillation periods 2x/q
where q, the nesting vector, is given by 2kF —G with G
the appropriate reciprocal lattice vector. However, the
finite thickness of the intervening layer or any related
thin film will lead to a quantization of the bulk band
structure in the direction perpendicular to the film.
Indeed, several studies of noble metal films deposited on
ferromagnetic substrates have shown that discrete or
quantum well states do exist [6-8] and, furthermore, that
these states cross the Fermi level with a periodicity simi-
lar to that observed for the magnetic coupling in the mul-
tilayers [7,8]. Combined with the observation that in the
Ag/Fe(001) system, the related interface states are high-
ly spin polarized [6], it has been suggested that in the
multilayers, the sp-like quantum well states in the inter-
vening layer transmit the magnetic coupling between ad-
jacent ferromagnetic layers [8]. This is not unreasonable
because the states eA'ectively define the Fermi surface
which is invoked in the RKKY-like theories of the cou-
pling [4].

In this Letter we explore this suggestion further by ex-
amining the spin polarization of the quantum well states
that are observed when Cu is deposited on a fcc Co(001)
substrate. The Co substrate diAers from the Fe(001)
substrate used in our earlier study in that it does not have
a band gap spanning the Fermi level for either spin com-

ponent [9]. It has been suggested elsewhere that spin
dependent reAectivities in the vicinity of such band gaps
lead to the trapping of a single spin component or the po-
larization of the quantum well states within the interven-
ing nonmagnetic layer [8].

As in the earlier studies of the Cu/Co(001) system, we
observe the quantum well states crossing the Fermi level
with a periodicity similar to the observed long period os-
cillations for the related multilayer [10]. For all thick-
nesses that we are able to measure, we find that the quan-
tum well states show minority spin polarization, even for
the thicker copper films. Using a tight-binding scheme,
we show that it is impossible to model these states and
obtain the same spin polarization, which clearly reAects
enhanced hybridization between the states and the minor-
ity spin states in the substrate. We further show that the
presence of localized Cu d states strongly hybridized with
the Cu s-p bands cannot be ignored.

All of the experiments described in this paper were car-
ried out on the U5 spin polarized photoemission facility
at the National Synchrotron Light Source (NSLS). De-
scribed in more detail elsewhere [11], the photoemitted
electrons are energy and momentum analyzed with a
commercially available hemispherical analyzer before
passing into a low energy diA'use scattering spin detector
of the type described by Unguris and co-workers [12].
The photons are provided by a UV undulator installed on
the UV ring at the NSLS.

The Co crystal is prepared by depositing Co onto a
freshly cleaned Co(001) substrate to a thickness of ap-
proximately 20 monolayers. Earlier structural studies
have shown that Co(001) films grown in this manner are
tetragonally distorted in the perpendicular direction [13].
Having grown the Co film, diA'erent thicknesses of copper
overlayer are then deposited. Deposition rates are moni-
tored by the use of Auger electron spectroscopy, quartz
crystal monitors, and a quadrupole mass spectrometer.
As a final monitor of the copper thickness, spin polarized
photoemission spectra from a second Co film of thickness
of the order of 6-7 monolayers deposited onto the
different copper films were measured to confirm earlier
measurements of the thickness dependent exchange cou-
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FIG. 1. Photoemission spectra recorded from diAerent thick-
ness copper films deposited on a Co(001) substrate as indicated.
The binding energy is referenced with respect to the Fermi lev-
el. The incident photons are p polarized with an energy of 24
eV. The inset shows a spectrum recorded from a 4 monolayer
thick copper over a wider energy range.

pling [10]. Note that the mean free path of the photo-
electrons limits the polarization measurement in these
latter experiments to the outer Co film. Surface order in

the substrate and overlayer films is monitored with low

energy electron diA raction.
Figure 1 shows the spin integrated photoemission spec-

tra obtained from copper films as a function of the copper
thickness. We estimate that the indicated number of
monolayers is accurate to within 1 monolayer. The spec-
tra are measured along the surface normal and the energy
of the incident photons is 24 eV. The spectra clearly
show that the quantum well states that evolve in the re-
gion from the Fermi level down to a binding energy of 2.0
eV. The inset shows the photoemission spectrum record-
ed from a 4 monolayer thick copper film over a slightly
larger energy range. The peak associated with the copper
d bands is observed in the region between 2.5 and 3.0 eV
binding energy.

The binding energies observed for the quantum well
states in this study compare favorably with the binding
energies observed in the earlier studies [8]. Thus the
spectra would suggest that the first Fermi level crossing
for these states occurs at a copper thickness of the order
of 5-6 monolayers. As noted earlier, confirmation of this
thickness is obtained by depositing a second Co film of
thickness 6-7 monolayers down on top of the Co film.
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FIG. 2. Spin resolved photoemission spectra recorded from 2,
6, and 8 monolayer thick copper films. The incident photons
are p polarized with an energy of 24 eV.

Spin polarized photoemission studies of this second Co
layer confirm that for 5-6 monolayers of Cu the coupling
between the adjacent Co layers is antiferromagnetic. Re-
peating this experiment on a copper film with thickness
equivalent to 8 monolayers shows that the coupling has
reverted to ferromagnetic.

Figure 2 shows the results of our spin polarized photo-
emission study of these states at three diA'erent thick-
nesses. The spectra are again recorded with an incident
photon energy of 24 eV and with electron emission along
the surface normal. As in our earlier study of the Ag/
Fe(001) system [6], the states all show minority spin po-
larization. The spectrum recorded from the 2 monolayer
copper film shows the quantum well state with minority
spin at a binding energy of 1.5 eV and a second minority
spin feature close to the Fermi level. We associate the
latter peak with emission from the substrate. The spec-
trum recorded from approximately 6 monolayers of
copper clearly shows that as the state passes through the
Fermi level it is still showing minority spin polarization
even though it is now out of the even symmetry minority
spin band gap associated with the substrate. The top of
the latter band gap is at a binding energy of approximate-
ly 0.55 eV below the Fermi level. The spectrum from the
8 monolayer copper films shows that even for the thicker
copper films the states show a strong spin polarization.
The quantum well state in the latter spectrum crosses the
Fermi level at a copper thickness of approximately 10-11
monolayers.
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In order to obtain a better understanding of the photo-
emission spectra shown in Figs. 1 and 2 we have calculat-
ed the electronic structure of different thickness copper
films on a fcc Co substrate using a spin dependent tight-
binding scheme in a slab formulation. Described in more
detail elsewhere [14], these tight-binding calculations are
carried out using an effective Hamiltonian of the form

H =Q E (k) n ~+ (Ul N) g n kink 1,
k k, k'

where the first term reflects the nonmagnetic band struc-
ture and the second term represents the modification due
to an on-site spin-dependent potential U. The latter "ex-
change" potential is simply taken as the effective Stoner
parameter calculated in several local spin density calcula-
tions of the susceptibility of the relevant elements [15].
It has been demonstrated elsewhere [16] that the latter
parameter is essentially an atomic property showing little
variation from one environment to another. Our ap-
proach then is to take the two-center parameters associat-
ed with a tight-binding fit to the nonmagnetic band struc-
ture [17], split the on-site spin-dependent energies for the
d blocks by an amount 6 and, in the case of our non-
orthogonal fit, make appropriate adjustments to the asso-
ciated off-diagonal elements. The cobalt-copper interac-
tion parameters were taken as the mean of the cobalt and
copper parameters. Where required the scaling scheme
of Anderson and Jepsen was used [18]. The on-site ener-
gies were adjusted to align the Fermi levels of the two
metals. The lattice constants for both materials were set
equal to 3.61 A. The spin-dependent densities of states
are integrated up to the Fermi level to obtain the result-
ing layer-dependent moments. A self-consistent solution
is sought such that for each layer

(2)

where Al is the layer-dependent splitting introduced into
the d block, UI the layer-dependent Stoner parameter,
and mI the calculated moment for each layer. The total
density of states was calculated for each overlayer system
by summing over 28 k points evenly distributed through-
out an irreducible triangle in the surface Brillouin zone.
Charge neutrality for the system as a whole is maintained
throughout the calculation.

In order to make a more direct comparison with the
photoemission spectra recorded along the surface normal,
we show in Fig. 3 the calculated spin-dependent density
of states in a narrow region around I, the Brillouin zone
center as a function of copper thickness. The layer-
dependent charge densities corresponding to the different
eigenvalues are weighted by factors reflecting the relative
photoionization cross sections for cobalt and copper [19]
and the mean free path of the photoemitted electrons.
For the present calculations the latter was set at 6.5 A.

In both the calculated majority and minority spin
"spectra" shown in Fig. 3 a peak is observed at a binding
energy of 2.75 eV which corresponds to the main emis-
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FIG. 3. Calculated spin resolved photoemission "spectra"
from diA'erent thickness copper films. The left-hand panel
shows minority spin spectra and the right-hand panel shows ma-
jority spin spectra. The copper thicknesses range from 2
through 6 monolayers from bottom to top in each panel. The
dashed lines indicate spectra calculated for the 5 monolayer
films with equal weight given to s, p, and d states. The arrows
indicate the relevant quantum well states in the minority spin
panel.

sion from the copper d bands. In the region between this
peak and the Fermi level we observe a series of smaller
peaks moving up to and through the Fermi level, well
resolved in the minority spin channel but less obvious in

the majority spin channel. The indicated peaks in the
minority spin channel correspond to the minority spin
quantum well states observed in the experiment with the
first Fermi level crossing occurring in the vicinity of 5-6
monolayers. The strong minority spin peak at the Fermi
level in the 2 monolayer film corresponds to the Co de-
rived feature observed in the equivalent experimental
spectrum in Fig. 2. Close examination of Fig. 2 shows
that there is also structure in the background of the ex-
perimental majority spin spectra that may reflect the
presence of peaks. However, the intensity is such that no
real comparison can be made with the calculated spectra.

Examination of the eigenvectors or charge densities as-
sociated with our calculated quantum well states shows
that they rellect hybridization of the copper s-p bands
with the more localized copper d bands. It is the spin po-
larization carried in these d bands that results in the spin
polarization of the quantum well states calculated in Fig.
3. Indeed, because of the use of atomic photoionization
cross sections in our calculation, the calculated spectra
shown in the figure are effectively a measure of the d
band density of states, d-DOS, in the copper films and in-
terface. As a comparison, we also show in the figure
spectra calculated for the 5 monolayer copper films if we
give equal weight or photoionization cross sections to the
s, p, and d components. The spectra still show the minor-
ity spin states to be the dominant component, although
now the majority spin states are better defined. Note that
the difference between the dashed lines, equally weighted,
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s, p, and d components, and the solid lines, d component,
provides us with a measure of the relative d weight in the
quantum well states.

The spin polarization of the quantum well states
reflects the preferential hybridization with the substrate
minority spin d bands. Indeed all of the observed states
show a large minority spin charge density of d character
on the cobalt layer immediately at the interface. A sim-
ple perturbation expansion would suggest that hybridiza-
tion at the interface has to favor minority spin because
the mean binding energy of the minority spin d bands for
the cobalt is much closer to the Fermi level than the
equivalent for the majority spin. The presence of the sub-
strate band gap which is also centered around the mean
binding energy of the d bands leads to a strong localiza-
tion of the Co component of these states in the outer lay-
ers of the Co.

In summary our spin polarized photoemission studies
indicate the quantum well states observed in copper films
grown on a Co(001) substrate are strongly polarized
preferentially with minority spin character. The spin po-
larization reflects the hybridization at the interface be-
tween the two layers which clearly favors minority spin.
Our calculation also indicates that the spin polarization is
carried in both the s-p bands and the copper d bands with
which these states are hybridized. We believe this repre-
sents the first demonstration of how the noble metal d
bands may be involved in the magnetic coupling of the re-
lated multilayer systems. The presence of spin polarized
bands crossing the Fermi level clearly indicates that the
copper atoms will carry a small magnetic moment. How-
ever, in the present study we are unable to assign any
value to that moment.
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