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We reportab initio calculations of quantum-well states in Cu/Co~001! and Co/Cu~001! overlayers and in
Co/Cu/Co~001! sandwiches. Overlayer states are found which coincide well with those previously identified in
photoemission and inverse photoemission experiments. In Cu/Co and at energies overlapping with the substrate
continuum, minority spin resonances are clearly identifiable. However, in the majority spin channel coupling to
the substrate is strong enough to effectively destroy quantum-well features. In Co/Cu/Co~001! sandwiches
discrete states are found at similar energies to those in overlayers of corresponding Cu thicknesses, but well
defined resonance states are absent in both spin channels. There is no longer a strongly size-dependent elec-
tronic structure at the Fermi energy. We conclude care must be taken in extrapolating from the electronic
structure of overlayer systems to that of other modulated structures.

I. INTRODUCTION

There has been recent interest in the electronic states in
interlayer and overlayer systems built up from magnetic and
nonmagnetic metals. This is because interlayer systems such
as Co/Cu/Co show an exchange coupling between the Co
layers through the Cu spacer layer which is oscillatory in the
layer thickness. Two explanations~which both give the cor-
rect periods of the oscillation, e.g., for the Fe/Cr/Fe system1!
have been given for this behavior. The first, which is
perturbative and valid for small moments, is based on
the Ruderman-Kittel-Kasuya-Yosida~RKKY ! oscillations
through the spacer, whose period depends on Fermi surface
parameters; the second is based on spin-split quantum-well
states whose occupation depends on their energy and hence
on the layer thickness. In this paper we shall study the prop-
erties of these states, in particular in the epitaxially grown
overlayer systems of Co/Cu~001! and Cu/Co~001!, and in the
Co/Cu/Co~001! sandwich system.

In non-spin-polarized photoemission~PE! and inverse
photoemission~IPE! experiments Ortegaet al.2,3 have ob-
served features, identified as quantum-well states, in several
overlayer systems consisting of a nonmagnetic noble metal
and a ferromagnetic material. The energy of these states de-
pends on the overlayer thickness, and they are seen to cross
the Fermi levelEF at regular intervals. Recently, two groups
have reported spin-resolved PE experiments4,5 on Cu/
Co~001! and have established that the states belowEF are
spin polarized. Carboneet al.4 found the quantum-well lev-
els to be split by about 0.20 eV, which is in good agreement
with a recentab initio calculation by Nordstro¨m et al.,6 who
found a splitting of 0.16 eV for Cu overlayer states in the
Cu/Co/Cu~001! system, where the Co thickness varied from
1 to 25 ML ~monolayer!. Both Carboneet al.4 and Garrison
et al.5 found that the majority spin states give a much weaker

signal than the minority spin states. Indeed, Garrisonet al.5

were not able to identify majority spin features at all. An
interesting aspect of these results is that the period with
which the quantum-well levels crossEF equals the longer
period of the oscillatory exchange coupling between layers
of Co separated by an interlayer of variable thickness of Cu.
From Fermi surface parameters this period is deduced to be 6
monolayers~ML !,7 and experimentally it is found to be
about 8 ML ~Ref. 8! for @001# stacking. Joneset al.9 show
that long oscillation periods could have contributions from
quantum-well states. On the other hand, Mathonet al.10 have
shown very recently that in their model the short period os-
cillation is dominant due to the existence of quantum-well
well states near the Cu Fermi surface neck in the ferromag-
netic configuration. The contribution of quantum-well states
to the longer period is negligible in this model. In this paper
we report a study of the quantum-well states associated with
various overlayers and sandwich systems constructed from
stacked Cu and Co planes, and we discuss the relationship
between them.

II. COMPUTATIONAL METHOD

We use the multiple scattering layer Korringa-Kohn-
Rostoker~LKKR ! electronic structure method,11,12which is a
generalization to systems with two-dimensional translational
symmetry of conventional KKR theory.13 This Green func-
tion method is preeminently suitable for planar geometry
since the solid is partitioned into layers of atoms. The scat-
tering properties of each layer are calculated in a partial-
wave basis set in which use is made of the two-dimensional
translational symmetry, and the layers are then coupled to-
gether in a plane-wave basis set to form the complete system.
With this method we are able to study overlayers, interlayers
and surfaces, taking into account the full semi-infinite sub-
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strate, thus modeling the experiments very accurately with-
out any slab assumption. This is important when studying
quantum well states in order to avoid any features originating
from the discreteness of states in slab calculations. The
method is very fast, though it suffers from the disadvantage
that it is not full potential—instead we use the atomic sphere
approximation~ASA! for the potentials. This hardly matters,
we believe, in the closed packed metallic systems we study
here. The electronic structure is calculated self-consistently
within the local spin density approximation. The charge and
spin density, together with other static properties of interest
such as the local density of states~LDOS! are found from the
Green function, which is calculated directly in this method.

In KKR, as in other scattering methods, the Green func-
tion of the solid is given by Dyson’s equation

G5G01G0TG0 , ~1!

whereG0 is the free particle Green function andT is the
total scattering operator of the system, which sums up all
scattering paths of an electron through the system~see, e.g.,
Gonis14!. T has an expansion in site-labeled scattering-path
operatorstab, wheretab sums all scattering paths beginning
and ending with scattering events at sitesa andb, respec-
tively:

T5(
ab

tab. ~2!

The scattering path operators satisfy equations of motion,

tab5tadab1ta (
gÞa

G0
agtgb, ~3!

in terms of the atomic scattering operatorta and the intersite
propagatorG0

ab . This equation is solved within the angular
momentum basisL5(l ,m).

For a bulk crystal, taking lattice Fourier transforms of Eq.
~3! assuming identical potentials in each sphere~so ta5t for
all a), the Fourier transform oft is obtained from a matrix
inversion:

t~K !5@ t212G~K !#21. ~4!

Both t andG(K ) ~the KKR structure constants, the lattice
Fourier transform ofG0

ab) are functions of the electron en-
ergy E, but all the information about the structure is in
G(K ) while all the information about the potential is carried
by t. The band structure is given by the poles of the scatter-
ing matrix; at a given energyE the allowed wave vectors
K , if any, can be obtained from

det@t~K !#50. ~5!

We use the LKKR method for systems lacking full trans-
lational periodicity, studying electronic properties layer by
layer. We utilise translational periodicity within each layer,
and project out the Green function about atoms in different
layers. To do this, we introduce the operatorTaa which sums
all scattering events which neither begin nor end on sitea,

Taa5 (
bÞa
gÞa

tbg, ~6!

along with the atomic Green function for sitea,

Ga5G01G0t
aG0 . ~7!

In terms of these, the full Green function expanded about site
a is

G5Ga1GaTaaGa ~8!

which can be manipulated into

G5Ga1~11G0t
a!~ ta!21~taa2ta!~ ta!21~11taG0!

~9!

which is the expression we use to determineG. Exploiting
the two-dimensional translational symmetrytaa, which
sums all paths which start and end with a scattering event at
site a, is found from an integral over the two-dimensional
Brillouin zone ~areaV)

taa5
1

VE
V

taa~ki!dki ~10!

of the momentum-resolved scattering path operator. We
evaluatetaa(ki) by summing paths taken by a wave with
reduced momentumki beginning and ending at sitea. This
is done with the algorithms in Ref.@11#. taa(ki) is evaluated
for each site of interest. This is a relatively straightforward
operation, but there is no longer the full separation between
structure and potential which was one of the great advan-
tages of conventional KKR theory. Nevertheless, the method
is efficient, scaling linearly with the number of layers. Fur-
thermore, by a layer doubling procedure we can also find the
scattering matrices of semi-infinite half-spaces. Using these
half-space scattering operators, layer scattering operators and
the single atom scattering operator,ta, we find the energy-
resolved Green function for an atom in a layer embedded in
a host crystal. The electronic properties can then be studied
layer-resolved, via the LDOS which is defined as

r~r ,E!5(
i

uC i~r !u2d~E2Ei ! ~11!

in terms of the eigenstatesi of the system, with energyEi
and wave functionC i . This gives the charge density of
states with energyE, and if necessary~as here! may be mo-
mentum resolved. In the Green function formulation it is
given by

r~r ,E!52
1

p
ImG~r ,r ,E1 i e!. ~12!

Thus we arrive at the LDOS for each atom in each layer.
In the work described in this paper we perform both in-

terface and surface calculations. When performing a surface
calculation we naturally divide the system into three regions:
bulk, surface region including any overlayers, and vacuum.
Each region is further divided into layers of atoms. We simu-
late the vacuum by empty spheres. The surface region con-
sists of the overlayer structure which we want to study plus a
number of substrate layers in which we expect changes in the
electronic structure, due to the presence of the overlayer and
the surface. For metallic systems this number can be quite
small due to screening of the electronic perturbations, and
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typically we use three. In our sandwich calculations the in-
terlayer is enclosed by bulk on both sides. The rearrangement
of charge occuring at the formation of surfaces and interfaces
requires a self-consistent solution of the Schro¨dinger equa-
tion, by iterating on the potentials. In solving the Poisson
equation we include both monopole and dipole
contributions.15 In determining the charge and spin density
we use 10 specialk points in the irreducible part ofV,
partial waves up tol 53 to calculate the scattering proper-
ties of each layer, and 21 plane waves in the layer coupling
procedures.

III. RESULTS

We begin by presenting the band structure of Cu and fcc
Co in Fig. 1, calculated using our computational method, and
where the lattice parameter of Co has been taken as that of
Cu. In fact fcc Co has a slightly smaller unit cell than Cu, so
that small tetragonal distortions will arise in overlayers and
sandwich structures synthesised from the two components.
However, we are unable to determine theseab initio, and
adopt the simpler procedure of using the Cu lattice parameter
throughout.

We show the bands calculated along theG-D-X direction.
These are the states which project on to the center of the
surface Brillouin zone,Ḡ, for structures which are assembled
from a stacking of~001! planes, and are therefore the rel-
evant states for understanding the quantum-well levels at
Ḡ. The most important band is that ofD1 symmetry~corre-
sponding to states ofs, pz , anddz2 orbitals!, which crosses
EF in the case of Cu about 80% alongGX. At X the V001
Fourier component of the potential opens up a gap extending
between theX48 and X1 levels, and at lower energies the
D1 band is crossed by thed-bands, some of which hybridize
and result in complex dispersion.

In the following we restrict our attention to states with
D1 symmetry. Inspection of the band structure shows mis-
match of the variousD1 bands in Cu and Co, giving rise to
the possibility of discrete quantum-well states. In addition,

the spin-polarized Co bands will result in spin-polarized Co
states in Co thin films~as long as the Co remains magnetic!
as well as spin-polarized Cu states in Cu thin films on ac-
count of the spin-dependent boundary conditions acting upon
the electrons. Finally, the Co majorityG12-D1-X48 band
closely resembles the corresponding Cu band, indicating that
the Cu/Co interface will be more transparent to majority spin
electrons than to minority spin electrons. We find below that
this has a strong influence on the electronic structure.

A. Co/Cu„001… overlayers

Epitaxial growth of Co on Cu~001! has been reported16,17

for Co coverages up to 20 ML. From the bulk band struc-
tures in Fig. 1 we see that for this system discrete quantum-
well levels may form in both spin channels, at energies be-
tween the CuX48 level and the corresponding CoX48 level.
Below these energies the Cu substrate is only partially reflec-
tive, so quantum well resonances will form.

In Fig. 2 we show the development of the LDOS ofD1
symmetry evaluated in the surface Co atomic spheres as the
Co coverage increases. At 1 ML coverage the states are re-
stricted to energies within the substrate continuuum, with
large contributions at energies corresponding to large LDOS
in bulk Co, near the bottom of the respective spin-resolved
band structures~we discuss the discrete states visible near

FIG. 1. Calculated band structures alongGX of Cu, and fcc Co
for both minority (↓) and majority (↑) spin electrons. We show
bands withD1 symmetry by a dashed line. The lattice parameter of
Cu has been used for Co.

FIG. 2. Calculated local density of states withD1 symmetry at
Ḡ found in the surface Co layer of Co/Cu~001! overlayers of various
thicknesses. For each plot the upper~lower! curve is of majority
~minority! states.
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14.5 eV below!. At 2 ML coverage, a buildup of minority-
spin states occurs near the upper edge (X48) of the substrate
band, and at 3 ML coverage a discrete quantum-well state
emerges from the continuum in the minority spin channel.
The corresponding majority-spin level emerges at 4 ML cov-
erage, and the spin-split pair disperse upwards in energy with
increasing coverage. We find a splitting which increases from
0.12 eV at 4 ML to saturate around 0.19 eV above 8 ML
coverage. This increase is a result of the increased localisa-
tion of the states within the ferromagnetic portion of the
overlayer system as the Co coverage increases, reaching a
natural limit which corresponds to the spin splitting of the
associated band edges in bulk Co. Ortegaet al.3 have ob-
served the development of this quantum-well state in IPE
measurements on Co/Cu~001!, but quantitative comparison is
not possible on account of the absence of spin resolution in
their measurements and the limited energy resolution.
Equally important, our calculations place the CuX48 band
edge at 1.65 eV, against the values observed in IPE~Ref. 3!
of 1.8 eV, so that the state emerges at different energies in
theory and experiment. We attribute this discrepancy to the
use of the LDA for exchange correlation, although inaccura-
cies in our computational method will also contribute.

At 9 ML coverage we see the pattern beginning to repeat,
with a buildup of states at the minority-spin band edge again
visible, corresponding to a second discrete quantum-well
level about to emerge~probably at 10 ML coverage, but we
did not perform the calculation!. The emergence of this state
is preceded by a well defined peak in the LDOS, which
moves towards the band edge as the coverage increases to 9
ML. This corresponds to a quantum-well resonance. Indeed,
we observe structure~not shown! throughout the energy
range where the Co bands overlap the Cu continuum, iden-
tifiable as quantum-well resonances. These resonances are
generally narrower than those visible at higher energies, and
their distribution rather complicated on account of the non-
uniform dispersion of theD1 band~Fig. 1!.

The remaining significant feature in Fig. 2 is the discrete
energy level visible near 4.5 eV shown in the 1 ML and 2
ML plots. We identify this as a surface state, and furthermore
as a barrier-induced surface state.18,19We make this identifi-
cation based upon the observation that by far the largest
weight of the wave function is to be found in the two layers
above the surface, and not within the crystal. Therefore, the
state is related to the image states which would be present if
we used a long-ranged image potential, and indeed the en-
ergy, about 0.5 eV below the vacuum level, is similar to
the energies of image states observed by inverse
photoemission.20 Our short-ranged LDA potential can only
bind one such level, as against the infinite Rydberg series
obtained from the actual image potential. As expected of
image states, the energy closely follows the vacuum level.
We find it at 4.5, 4.3, and 4.4 eV for 1 ML, 2 ML, and 3 ML
overlayers, respectively, for which our calculated work func-
tions are 5.15, 4.83, and 4.93 eV.21–23Of particular interest is
the splitting of the image state, which we find to be 30 meV
for 1 ML Co/Cu~001!, rising to 60 meV for 2 ML coverage
and above. This splitting is comparable to that found for the
Fe~110! image state~55 meV for the lowest image state24!,
despite the lower moment of the surface atom here~reduced
by over 30%! and the obvious difference that we have a

ferromagnetic thin film rather than an extended crystal.
Clearly, ferromagnetic thin films offer a potential route to-
wards maximally spin-split image states, in addition to pre-
viously suggestions of crystal orientation and adsorbate-
induced work function modification.25

Finally, for this system, we find a surface Co moment of
1.8460.01mB for all coverages, an enhancement of 10%
over the bulk value~our bulk value of 1.68mB is slightly
greater than the 1.64mB found at the true Co lattice spacing!.
This compares with the 12% enhancement found by Alde´n
et al.27 for the Co~001! surface, and 13% enhancement found
by Li et al.26 for the muffin-tin moment in a seven layer
full-potential slab calculation.

B. Cu/Co„001… overlayers

Quantum-well states nearEF in the Cu/Co overlayer sys-
tem are very different from those in the Co/Cu system. In-
spection of the band structures~Fig. 1! shows that in this
case the substrate bands atḠ are spin polarized, and that the
Cu overlayerD1 band edge (X48) lies below both the Co
substrate band edges, so that CuD1 states do not lie in a
substrate band gap. However, the CuD1 band extends below
the corresponding substrate bands, giving rise to the possi-
bility of discrete quantum-well levels at lower energies.
These can occur at energies below22.08 eV for majority
spin and20.58 eV for minority spin electrons.

In Fig. 3 we plot the calculated LDOS found in the sur-
face Cu layer of Cu/Co~001! films of 1–9 ML coverage.
Again we only consider states ofD1 symmetry atḠ. The flat
portion of the CuG12-D1-X48 band ~Fig. 1! gives rise to a
large number of quantum-well levels at energies below
22 eV. At higher energies the bulk Cu band disperses more
rapidly upwards and the corresponding quantum-well states
are more widely distributed, remaining as discrete states
clearly visible in the minority-spin channel, but immediately
merging with the substrate continuum in the majority spin
channel and losing their integrity.

As a function of Cu coverage the minority spin quantum
well levels are seen to disperse smoothly upwards in energy,
and it is possible to observe the transition from discrete level
to resonance. For example, a discrete spin level seen at
21.5 eV at 2 ML coverage may be followed upwards in
energy, appearing at21.0 and20.7 eV at 3 ML and 4 ML
coverage, respectively. At 5 ML the level has just entered the
continuum energy range, appearing as a strong feature near
20.5 eV, which then continues to rise in energy, appearing
as a local maximum in the LDOS near20.1, 10.2, 10.5,
and10.6 eV at 6, 7, 8, and 9 ML coverage. Counting down
in energy this is the second quantum-well level, the first
being a broad resonance at about11 eV. The third appears
at21.7 eV at 5 ML coverage and follows a similar evolution
with increasing coverage.

In the top panel of Fig. 4 we plot the energies of the
minority spin quantum-well levels obtained from our calcu-
lations as a function of Cu thickness, and we compare them
with the energies extracted from spin-resolved PE experi-
ments performed by Carboneet al.4 There is very good
agreement, especially for the third level. The lower panels
show the spin-integrated LDOS and the spin polarization,
both of which have been calculated atEF . These are given
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for the surface Cu layer, the central Cu layer, and the over-
layer average, and all exhibit strong variation with Cu thick-
ness. In particular they oscillate in a similar manner to the
intensity and polarization of the PE signal measured by Car-
bone et al.4 ~A more sophisticated comparison would take
into account contributions from deeper layers, background
contributions to the PE signal and also the energy resolution
of the experiment.! In particular, we obtain a similar period,
of about 6 ML, and we also find the polarization is a maxi-
mum when the intensity is at a minimum. This latter result
occurs because the variation in the LDOS atEF arises almost
exclusively in the minority-spin channel, so that the intensity
peaks whenever a minority spin quantum-well resonance
passes throughEF , which also causes a large negative po-
larization. Indeed, inspection of Fig. 3 shows that in the en-
ergy range from21.5 eV toEF there are no majority-spin
features in the LDOS to speak of. The resonances are so
broad as to be indistiguishable. In this we are more in agree-
ment with the finding of Garrisonet al.,5 who concluded
only minority spin features exisited, than Carboneet al.,4

who identified majority-spin features in their spin-resolved
PE measurements.~We are also unable to identify features in
the LDOS of subsurface Cu layers which could be respon-

sible.! This difference in behavior between the two spin
channels is consistent with the greater degree of similarity
that exists between the Cu bands and those of the Co major-
ity states, as against the Co minority spin states, which re-
sults in a more transparent interface for majority spin elec-
trons and therefore less confinement.

C. Co/Cu/Co„001… sandwiches

We now consider the Co/Cu/Co~001! sandwich, which
naturally has the same substrate continuum energy ranges as
the Cu/Co~001! overlayer. For this system we have per-
formed a true interface calculation, with semi-infinite Co
half-spaces sandwiching a Cu film, and we have forced the
Co substrates to be ferromagnetically aligned.

In Fig. 5 we show the LDOS in the central Cu layer for
several Cu thicknesses, again considering states atḠ of D1
symmetry. A dense distribution of discrete levels at energies
between23 and22 eV again results from the flat portion of
the CuG12-D1-X48 band, as in the overlayer case, and with
increasing film thickness states with minority spin disperse
upwards. Indeed, above 2 ML coverage there is very good
agreement between the locations of the discrete levels found
in overlayers and sandwiches of the same Cu thickness. The
poorer agreement in the thinnest films is probably due to the
influence of interfacial bonding.

FIG. 3. Calculated local density of states withD1 symmetry at
Ḡ found in the surface Cu layer of Cu/Co~001! overlayers of various
thicknesses. For each plot the upper~lower! curve is of majority
~minority! states. The cusps seen near10.25 eV in the minority
spin LDOS and21.5 eV in the majority spin LDOS at various
coverages result from the Co substrateG12 band edge.

FIG. 4. Top: Minority-spin quantum well energy levels in Cu/
Co~001! as a function of Cu coverage. Symbols show the calculated
values, and the lines the experimental dispersions measured by Car-
bone et al.. ~Ref. 4!. Middle: Calculated local density of states
~majority1minority! in the Cu/Co~001! overlayer evaluated at the
Fermi energy, as a function of Cu coverage. Squares, topmost Cu
layer; triangles, central Cu layer; crosses, average throughout the
Cu layers. Bottom: spin polarization of states atḠ and at the Fermi
energy in the Cu/Co~001! overlayer, as a function of Cu coverage.
Symbols are the same as in the middle panel.
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Following the minority spin quantum-well level which is
at21 eV for 3 ML Cu, we find it just enters the continuum
at 5 ML, forming a strong feature at the band edge. However
with further increases of the Cu thickness it is not possible to
follow this level in the form of a resonance—unlike in the
overlayer, the coupling to the substrate is sufficiently strong
to destroy all vestiges of the state. In Fig. 6 we show that this
is not a consequence of directing attention at the central
plane of the sandwich, showing the LDOS and polarization
at EF on the central Cu layer, the interfacial Cu layer and
also the sandwich average. The strong variations with Cu
thickness which were evident in the overlayer are no longer
present in the sandwich.

Our viewpoint for interpreting the sandwich electronic
structure is not unique. As an alternative one can determine a
difference LDOS, to highlight the change in states induced
by the interacting half-spaces.6,10 However, we choose to
consider a quantum-well state as a property of the sandwich
alone, not a result of some difference procedure, so that the
integrity of the resonance should be sufficient for it to be
identifiable within the electronic structure of the sandwich.
In this regard we apply the same criteria as would be applied
in interpreting PE or IPE measurements. Differences tend to
exhibit oscillatory structure~Fig. 1 in Ref. 6, for example!
which, whilst exhibiting peaks which may be interpreted as

resonances, also yield ‘‘negative’’ features of comparable
magnitude yet which have no sensible physical interpreta-
tion.

Examining in more detail the quantum well states we find
interesting behavior in the layer-projected orbital contribu-
tions. TheD1 states are built froms, pz , and dz2 orbital
contributions, and these shown are in Fig. 7 for the minority
spin level found at21.4 eV in the 9 ML Co/Cu/Co~001!
sandwich. At the Co/Cu interface we find largedz2 contribu-
tions on both the interfacial planes, evidence of strong hy-
bridization with the highly polarized Cod bands. Thes and
pz contributions at the interface are much weaker. Within the
Cu interlayer the total density associated with the quantum-
well level is relatively constant, but this masks considerable
variation in orbital composition on the different Cu planes.
These oscillate with a period of approximately 4 ML, thes
anddz2 contributions varying in phase but reaching a maxi-

FIG. 5. Calculated local density of states withD1 symmetry at
Ḡ found in the central Cu layer of Co/Cu/Co~001! sandwiches of
various thicknesses. For each plot the upper~lower! curve is of
majority ~minority! states.

FIG. 6. Local density of states~top! and spin polarization~bot-
tom! of states atḠ at the Fermi energy in Co/Cu/Co~001! sand-
wiches, as a function of Cu thickness. Squares, interfacial Cu layer;
triangles, central Cu layer; crosses, average throughout the Cu lay-
ers.

FIG. 7. Layer-projected orbital contributions to the minority
spinD1 quantum-well level at21.4 eV in the Co/Cu/Co~001! sand-
wich with 9 ML Cu. Squares:s; filled circles: pz ; open circles:
dz2. The lines are to guide the eye. The upper line is the sum
s1pz1dz2.
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mum ~minimum! when thepz contribution is a minimum
~maximum!. Thes andpz contributions are larger away from
the interface, so that within the interlayer the three orbital
components are comparable. The sizeabledz2 contribution
shows that, at least below21 eV, the quantum-well levels
cannot be considered to besp-like free electron states.

IV. DISCUSSION

We find substantial agreement between the results of our
ab initio calculations of quantum-well states in Co/Cu~001!
and Cu/Co~001! overlayers and various spectroscopy studies
on corresponding systems. In the case of Cu/Co~001! we
confirm the formation of a strongly thickness dependent
electronic structure within the Cu overlayer. The nature of
the electronic states may be broadly predicted from the bulk
band structures. Thus overlayer states occur at energies that
coincide with the ranges of the Cu bulk bands, the states
appearing as discrete levels in the regions of substrate band
gaps and resonances where substrate states exist. NearEF
this results in an oscillatory local density of states and net
spin polarization, primarily as a result of the formation of
minority-spin quantum-well resonances which exhibit regu-
lar dispersion, passing throughEF approximately every 6
ML. In the majority spin channel the electronic structure
nearEF shows much weaker dependence on film thickness.
This reflects the similarity between the majority spinD1 Co
band and the corresponding Cu band, resulting in a largely
transparent interface and poor confinement. Even in the mi-
nority spin channel the resonances have a considerable
width. When a similar study is made of the Co/Cu/Co~001!
multilayer system, we find a distribution of discrete levels
which is closely related to those found in the Cu/Co~001!
overlayer, but that there is little evidence of quantum-well
resonances at energies nearEF in either spin channel. In this
system there is no evidence of a strongly thickness depen-
dent electronic structure in states nearEF .

These findings are not difficult to rationalize. At energies
within substrate band gaps Cu electrons traveling towards
the substrate undergo complete reflection. At energies below
the vacuum level, electrons in a Cu overlayer also undergo
complete reflection at the Cu/vacuum interface. This similar-
ity in the scattering at the two different interfaces leads to

comparable distributions of discrete quantum-well states in
the overlayer and sandwich geometries. Conversely, at ener-
gies which coincide with a Co bulk band, electrons travelling
toward the substrate only undergo partial reflection. In this
case the electrons are only partially confined, resulting in
resonant energy levels with finite widths. Under these cir-
cumstances there is a large difference between being par-
tially confined on one side of the thin film but completely
confined on the other, as in an overlayer, and only being
confined partially only both sides, as in the sandwich. The
latter results in less localisation to the thin film, and conse-
quently larger resonance widths and a weaker thickness de-
pendent electronic structure.

This is clearly a simplification. At a band gap an electron
picks up a phase upon reflection from the substrate which
will, in general, differ from the phase picked up from reflec-
tion at the vacuum barrier, and this can result in shifts in
confined energy levels.28 Similarly, the extent to which reso-
nances are broadened and the level structure ‘‘washed out’’
depends upon the actual reflectivity at the substrate interface,
which varies with energy across a substrate band.29 In this
regard, more detailed experimental investigations of the
resonance widths of quantum-well features in overlayers
would be very useful. It should also be stressed that the
weakness of quantum-well effects at the Fermi energy which
we find here in the Co/Cu/Co sandwich structures does not
necessarily imply that they are unimportant for determining
magnetic coupling—theories of the interlayer coupling indi-
cate that asymptotically the interaction is governed by states
at EF , and that the long period interaction does originate
from Ḡ states. However, in general our results indicate that
one should be careful in extrapolating the nature of the elec-
tronic structure measured or calculated in overlayer systems,
to that present in related modulated structures.
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