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High-resolutionL3 x-ray absorption and emission spectra of Co and Cu in Co/Cu multilayers are shown to
provide unique information on the occupied and unoccupied density ofd states near buried interfaces. The
d bands of both Co and Cu interfacial layers are shown to be considerably narrowed relative to the bulk metals,
and for Cu interface layers thed density of states is found to be enhanced near the Fermi level. The experi-
mental results are confirmed by self-consistent electronic structure calculations.@S0163-1829~96!07628-X#

I. INTRODUCTION

The understanding of the electronic structure of interfaces
is an important scientific and technological problem, since in
many materials and structures interfaces play a key role in
determining their physical properties, e.g., electronic trans-
port and magnetism. In particular, it would be highly desir-
able to determine the electronic density of states near the
Fermi level at real, buried interfaces. Unfortunately, the stan-
dard experimental techniques for such investigations, photo-
emission and inverse photoemission, are of limited value ow-
ing to their surface sensitivity and inability to discriminate
between the density of states of different layers or elements.
These problems are overcome by use of x-ray absorption
~XAS! and x-ray emission~XES! spectroscopies, which are
both element specific and can probe below the surface. The
present paper illustrates the use of these techniques to deter-
mine the electronic density of states at interfaces in Co/Cu
multilayers, systems of great interest because of their un-
usual magnetotransport properties and oscillatory magnetic
exchange coupling.1

XAS and XES are complementary to photoemission and
inverse photoemission spectroscopies in that they are local
probes, owing to the local nature of the probed 2p↔3d
core-valence transitions. While the photoemission techniques
may yield thek-dependent band structure, arising from the
long-range periodic structure of the sample, XES and XAS
provide a more local, chemical bonding, picture. Such a pic-
ture may prove valuable in addressing interfacial effects

originating from short-range bonding and hybridization ef-
fects. XAS and XES yield information on the unoccupied
and occupiedd states, respectively.

Here we present first results for the interfacial density of
states in Co/Cu multilayers. We find that the occupiedd
bands of both Co and Cu interfacial layers in Co/Cu multi-
layers are reduced in width relative to the pure metals. Also,
the effect of hybridization of Cod states with Cusp states is
directly observed. As a consequence, Cu interface atoms are
found to exhibit an increased density ofd states across the
Fermi level relative to bulk Cu. These results are supported
by a self-consistentab initio calculation of the electronic
density ofd states. Our results explain the origin of the siz-
able magnetic moment on interfacial Cu atoms recently ob-
served with x-ray magnetic circular dichroism spectroscopy
in Co/Cu multilayers.6

II. INITIAL- AND FINAL-STATE RULES

In order to relate the local electronic structure to XES and
XAS it is important to understand the influence of the core
hole. Its effect has been summarized in the so-called ‘‘initial
and final-state rules’’ for x-ray spectroscopies.2–4These rules
have been tested for metallic systems using model calcula-
tions for a homogenous electron gas.5 Figure 1 illustrates
how x-ray spectra are related to the occupied and unoccupied
quasiparticle 3d density of states~DOS! corresponding to the
removal and addition of an electron in the valence band,
respectively. The quasiparticle DOS’s are shown for a hypo-
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thetical metal, both in the ground state and around a core
hole impurity atom in the metal. For simplicity, the effect of
the core hole on the local DOS is only shown as a movement
of the position of the Fermi level by one electron per atom.
However, in the real case the shape of the local DOS will be
different for the core hole impurity atom. This can be under-
stood by using theZ11 approximation, which states that the
core excited atom can be replaced by aZ11 impurity atom.
For Co metal, for example, the respective DOS’s would cor-
respond to Co metal and a Ni impurity atom in Co metal.

In a one-electron picture the XES spectrum reflects the
occupied and the XAS spectrum the unoccupied local den-
sity of states. The position of the Fermi level in the spectrum,
to which the valence electron binding energies are related, is
given by the core-level photoemission binding energy.7 The
final-state rule states that thespectral featuresreflect the
eigenstates of the final-state Hamiltonian. For XAS a core
hole is present in the final state and therefore the spectral line
shape is mainly determined by the unoccupied DOS in the
core hole impurity state. In XES, on the other hand, the core
hole is filled by a valence electron leading to a final state
related to the ground state. The final state in XES contains
the quasiparticle valence hole similar to the final state in
valence-band photoemission.

The initial-state rule states that theintegrated intensityof
a resonancelike feature in the spectrum, corresponding to a
core↔ valence transition, is determinded by the total num-
ber of valence states in the initial state, i.e., prior to the x-ray
transition. For XAS, the initial state corresponds to the

ground state and the integrated x-ray intensity reflects the
total number of empty valence states~holes! of symmetry
determined by the dipole selection rule. ForL-shell excita-
tion in transition metals, for example, the XAS intensity cor-
responds to the number ofd holes~the transition intensity to
s holes is about a factor of 20 weaker! in the valence band,
as indicated in Fig. 1. In XES, the initial state is influenced
by the core hole and the integrated spectral intensity there-
fore reflects the total number of occupied states in the pres-
ence of the core hole.

In order to extract information relating to the ground-state
electronic structure~without the core hole! the two x-ray
spectroscopies complement each other. The spectral distribu-
tion in XES provides the DOS of the filled states and the
integrated intensity in the XAS spectra provides the total
number of valence holes.

For a more detailed description of the spectrum it is nec-
essary to consider the dynamics of the excitation/
deexcitation process. The dynamic effects may alter the
spectral shapes relative to the final state density of states. In
a correct treatment one must consider the transition matrix
element between the initial state and each final state. In that
case all modifications of the wave functions that are caused
by the electron excitation will contribute to the matrix ele-
ment. From model calculations of simple metals, the dy-
namic effects tend to build up additional intensity close to
threshold, which takes the form of a singularity at the Fermi
level.5 Furthermore, in some transition-metal materials~ox-
ides, etc.! theL edge XAS spectra are determined to a large
extent by 2p-3d multiplet effects.8 However, in the pure
metals multiplet effects seem to be of less importance.

III. EXPERIMENT

All samples were grown by dc magnetron sputtering as
for previous investigations.1,6 ‘‘Bulk’’ samples of Co and Cu
of 200-Å thickness were grown on Si~100! using a 100-Å Ru
buffer layer and a 20-Å Ru capping layer to prevent oxida-
tion. The Co/Cu multilayer samples were of the structure
Si~100!/Ru~50 Å!/203$Co~10 Å!/Cu~4 Å!%/Ru~15 Å! and
Si~100!/Ru~30 Å!/303$Co~2.5 Å!/Cu~9.25 Å!%/Ru~10 Å!.
We shall refer to these samples as Cu~4!/Co~10! and Co~2.5!/
Cu~10!. The experiments were carried out on the wiggler
beam line 10-1 at the Stanford Synchrotron Radiation Labo-
ratory ~SSRL! equipped with a spherical grating monochro-
mator ~1000-l/mm grating!. X-ray absorption measurements
were carried out with a spectral resolution of;0.5 eV by
measuring the sample current~total electron yield!. The
x-ray emission spectrometer consisted of an entrance slit,
three spherical diffraction gratings, and a two-dimensional
position-sensitive multichannel detector.9 It was oriented
with its optical axis perpendicular to the incident x rays, in a
vertically dispersive geometry. The incident linearly polar-
ized x rays had an energy width of;5 eV and at 50-mA
storage ring current the incident flux was about 131012

photons/sec in the 800–1000-eV range. The emission spec-
trometer was operated with a 1200-l/mm grating in second
order with a spectral resolution of;0.5 eV ~entrance slit
widths of 12mm for Co and 10mm for Cu!. X-ray emission
spectra were recorded by use of threshold excitation, i.e.,
tuning the incident x-ray energy to theL3 absorption maxi-

FIG. 1. Schematic illustration of the 3d density of states for a
metal in the ground state and around an excited atom in a core hole
impurity state and their relation to x-ray emission~XES! and ab-
sorption~XAS! spectra. Note that the filled black and gray areas are
the same, respectively, according to the initial state rule.
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mum, and with broad bandpass radiation~‘‘white light’’ !. In
order to minimize self-absorption of the emitted x rays a
5° grazing x-ray incidence and near-normal x-ray emission
geometry was employed.

IV. RESULTS AND DISCUSSION

Experimental XES spectra, obtained with threshold exci-
tation, and electron yield XAS spectra for Co metal and a
Co~2.5!/Cu~10! multilayer are shown in Fig. 2. The absolute
energy scale for the Co metal XES spectrum was established
by placing the inflection point at the high-energy side of the
L3 emission resonance at the 2p3/2 binding energy relative to
the Fermi level (EB 5 778.1 eV!.10 This establishes a bind-
ing energy scale relative to the Fermi level as shown on top,
where the Fermi level cuts thed band, as in x-ray photoemis-
sion spectroscopy~XPS!.11 The energy alignment of the
Co~2.5!/Cu~10! spectrum relative to that of bulk Co was kept
as measured and is precise to 0.1 eV. The XESintensitiesfor
bulk Co and Co~2.5!/Cu~10! were scaled using the XAS re-
sults. For the XAS spectra the shownL3 resonance intensi-
ties correspond to a per-atom basis and are therefore directly
related to the number of unoccupiedd states. This was ac-
complished by normalizing the XAS spectra, recorded over a
wide energy range, to the same edge jump across theL3 and
L2 edges.

6,12The XAS results show that, within experimental
accuracy, the number of emptyd states is the same for Co
metal and Co in the multilayer. We have therefore scaled the
two XES spectra to yield the same integrated intensities, re-
flecting an equal number of filledd states.

Experimental results for bulk Cu and Cu~4!/Co~10! are
shown in Fig. 3. The absolute energy scales were obtained
relative to the 2p3/2 binding energyEB5 932.4eV for Cu
metal,10 following the same procedure as for Co. The XES
scale was chosen so that the center of thed band falls 3.0 eV
below the Fermi level, as determined by XPS,11 i.e., at 929.4
eV. The relative energy scales of the Cu metal and Cu~4!/
Co~10! spectra were kept as measured and, again, are precise

to 0.1 eV. The XES intensities were scaled as discussed
above for Co, considering the fact that thed band is nearly
(>95%) filled in Cu. Hence the pronounced change of the
Cu L3 XAS resonance intensity between Cu metal and Cu in
Cu/Co, while reflecting a sizable change in the number of
empty Cud states, still corresponds to a nearly equal number
of filled d states.

Since the experimental XES and XAS spectra overlap in
energy the XES intensities may be reduced by self-
absorption on the high-energy side. We have calculated such
effects for our experimental geometry and the various
samples. The self-absorption effects at the CuL3 edge were
5.3% versus 6.8% for Cu metal and Cu~4!/Co~10!, respec-
tively, and at the CoL3 edge 8% versus 7.8% for Co metal
and Co~2.5!/Cu~10!. Hence in the comparison of the bulk
and multilayer spectra in Figs. 2 and 3 the relative changes in
self-absorption effects are negligible.

The XES spectra in Figs. 2 and 3 reveal that for both Co
and Cu interfacial layers thed bandwidths decrease relative
to the bulk values and the line shapes become more symmet-
ric. The effect is most pronounced for Co~2.5!/Cu~10! in Fig.
2, where the Cod bandwidth is about 0.5 eV less than in
bulk Co. For Cu~4!/Co~10! another interesting effect is ob-
served in the Cu XES spectra, namely, an increase in the
occupied ddensity of states relative to bulk Cu, in the region
between the maind band and the Fermi level. Cu XAS spec-
tra reveal a similar effect for the integratedunoccupiedden-
sity of d states. Here theL3 threshold resonance, whose in-
tensity is a measure of the number of unoccupiedd states, is
found the be markedly increased for Cu~4!/Co~10! relative to
bulk Cu. In contrast, XAS results for Co interface atoms in
Co~2.5!/Cu~10! and for bulk Co show that the number of
unoccupiedd states is nearly the same in both cases.

The experimental results are in good accord with theoreti-
cal densities ofd states, shown in Fig. 4, obtained by means
of self-consistentab initio local spin-density theory, using a
spin-polarized Green’s function technique within the tight-
binding linear muffin-tin orbitals method~LMTO!.13 This

FIG. 2. Co L3 x-ray emission~XES! and absorption~XAS!
spectra of a 200-Å Co film, denoted bulk Co, and the multilayer
Si~100!/Ru~30 Å!/303$Co~2.5 Å!/Cu~9.25 Å!%/Ru~10 Å!, denoted
Co~2.5!/Cu~10!. The energy scales of the spectra were determined
as discussed in the text. The Co 2p3/2 XPS binding energy relative
to the Fermi level was taken to be 778.1 eV.

FIG. 3. CuL3 x-ray emission~XE! and absorption~XA ! spectra
of a 200-Å Cu film, denoted bulk Cu, and the multilayer Si~100!/
Ru~50 Å!/203$Co~10 Å!/Cu~4 Å!%/Ru~15 Å!, denoted Cu~4!/
Co~10!. The energy scales of the spectra were determined as dis-
cussed in the text. The Cu 2p3/2 XPS binding energy relative to the
Fermi level was taken to be 932.4 eV.
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method is inherently adapted to the interface-sandwich prob-
lem, since it takes proper account of the breakdown of trans-
lational symmetry that occurs perpendicular to the interface,
and it has, for instance, previously been applied to magnetic
multilayer calculations.14 The present formulation13 of the
LMTO theory allows an unambigious projection of the state
density and occupation numbers into site- and angular-
momentum-labeled contributions.15 Calculations were car-
ried out for ferromagnetic hcp Co and for fcc Cu in their
perfect bulk structures, and for monolayers of Co~Cu! sand-
wiched between split Cu~Co! bulk crystals. The monolayers
are constructed by embedding the single Co~Cu! layer be-
tween two semi-infinite bulk crystals of Cu~Co! and relaxing
self-consistently the potentials for a chosen number of layers
in the sandwich region through the Dyson equation.14 Here,
it was found sufficient to include two layers on either side to

participate in the hybridization with the monolayer, yielding,
in terms of sandwich thickness, complete convergence of the
properties studied. We assumed a~111! fcc in-plane structure
with an ABC fcc-like stacking and the lattice constant for
bulk Cu for`•••2Cu/1Co/2Cu•••`, and the corresponding
~0001! ABAB hcp-like stacking and the lattice constant for
bulk Co for`•••2Co/1Cu/2Co•••`. The Green’s functions
for the sandwich structures were sampled on 90ki points in
the irreducible part of the two-dimensional Brillioun zone. A
possible relaxation of the layer spacings at the interface was
neglected.

The theoretical results clearly exhibit the prominent
changes observed experimentally for the thin interface lay-
ers. Thed bands for the sandwiched Co and Cu monolayers
are narrowed and more symmetric relative to the bulk met-
als, and a sizable density ofd states extending through the
Fermi level is found for the sandwiched Cu layer. All ob-
served effects can be explained by a local hybridization pic-
ture. The narrowed interfacial density ofd states is similar to
that observed previously by XPS for the surface layer on a
clean metal surface,16 where it was attributed to a lowered
coordination of surface relative to bulk atoms, resulting in a
more atomiclike behavior. Our results show that a similar
change in electronic density occurs at a buried interface. Al-
though an interface atom does not necessarily have a differ-
ent coordination number than a bulk atom thed2d hybrid-
ization and therefore thed bandwidth is expected to change
owing to a difference ind level binding energies of unlike
atoms at an interface. The increasedd density of states near
the Fermi level for interfacial Cu is attributed to hybridiza-
tion of Cu states with Cod states, which exhibit their maxi-
mum density near the Fermi level. These results also explain
the origin of the sizable magneticd moment on Cu interface
atoms in Co/Cu multilayers, recently observed by x-ray
dichroism.6

Finally, we show in Fig. 5 XES spectra for bulk Cu and
Cu~4!/Co~10! recorded with broad bandpass x-ray excitation
~‘‘white light’’ !. These spectra confirm the spectral changes
observed with threshold excitation~Fig. 3!, but the improved

FIG. 4. Calculated density ofd states~sum of up and down
spins! for ferromagnetic bulk hcp Co metal, a~111! monolayer of
Co sandwiched between bulk fcc Cu~stacking sequenceABC), a
~0001! monolayer of Cu sandwiched between bulk hcp Co~stacking
sequenceABAB), and bulk fcc Cu metal.

FIG. 5. CuL3 XES spectra for bulk Cu~solid line! and Cu~4!/
Co~10! ~dashed line! excited with ‘‘white light,’’ i.e., broad band-
passx rays. Note sizable multielectron intensity above 932.4 eV,
corresponding to the Fermi level position.
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signal-to-noise ratio comes at the price of a sizable multi-
electron tail,17 which extends well above the 2p3/2 binding
energy~932.4 eV! or, equivalently, the Fermi level position
~zero binding energy!. In particular, there is a strong Coster-
Kronig satellite near 934 eV resulting from excitation of the
2p1/2 core state.

V. SUMMARY

Our studies show that XES studies following threshold
excitation are uniquely capable of yielding the electronic
density of states of buried layers and interfaces. In the future,
the use of circularly polarized monochromatic x rays in the

excitation process promises the determination of even the
spin-resolved density of states18 at interfaces.
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