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We report the results of a theoretical study of the effect of the interface s-d hybridization on the
photoemission spectral distribution in a one-monolayer Co on Cu(001) structure. The single-particle
electronic structure and many-body interactions are treated on an equal footing in a numerical
scheme that incorporates both band-structure and interaction effects. Using exact diagonalization
method on small clusters with periodic boundary conditions, spin- and angle-resolved photoemission
spectra are calculated. We study the effect of the interface hybridization on the spectral distribution
by first calculating the spectra of an unsupported Co(001) monolayer in the absence of the substrate.
Then we calculate the spectra with the substrate included. In the latter case, the s-d hybridization is
6rst turned off to isolate the contribution from the crystal-Seld effect. Eventually, the one-monolayer
Co on Cu(001) arith full interface s dhyb-ridization, the realistic system, is studied. The calculated
spectra are analyzed in a many-body picture and compared to available experimental data. Further
experimental measurements are called for to test some theoretically predicted features.

I. INTRODUCTION

Modern ultrahigh vacuum technology has made it pos-
sible to grow ultrathin magnetic overlayers on various
substrates in a well-controlled manner. A lot of re-
cent effort has focused on 3d magnetic transition metal
overlayers. Besides their obvious importance in cur-
rent technological applications, it is expected that these
atomic-scale engineered systems may exhibit novel prop-
erties of interest to both fundamental studies of physics
and potential new applications. These systems are often
probed by various spectroscopic measurements to deter-
mine the underlying electronic and xnagnetic structures.
While theoretical understanding of the spectroscopy for
ideal noninteracting and practical weakly interacting sys-
tems is well established, it takes careful modeling, com-
putation, and interpretation to understand the spectra
of strongly correlated systems like 3d magnetic transi-
tion metal systems and extract correct physics. A well-
known early example is the discovery2 of the "satellite"
peak in the photoemission spectrum (PES) of Ni and
the subsequent theoretical explanation of its many-body
origin. In most of the original theoretical work various
perturbative approaches that involve ad hoc approxima-
tions on the interaction terms in the Hamiltonian were
used. Nevertheless, they successfully explained the ex-
perimental observation and, more importantly, estab-
lished the understanding that the d-d interaction is re-
sponsible for driving spectral weight to binding energies
beyond the range predicted by single-particle theories.
More recently, various numerical schemes have been de-
veloped to study many-body effects in spectroscopic pro-
cesses in strongly correlated systems. To this end, a lot
of recent work has focused on some ideal models, such
as the single-band Hubbard model with Hamiltonian
parameters chosen arbitrarily or deterxnined by band

calculations. s In connection with the high-temperature
superconducting cuprates, some more realistic, xnulti-

band models also have been studied.
Recently we have developed a systematic theoretical-

computational approach to include realistic band aspects
into a tight-binding-type model. Single-particle param-
eters are obtained by fitting to the results of all-electron
band-structure calculations; interaction parameters al-
lowed by atomic symmetry are included and determined
by atomic data and the constraints imposed by metal-
lic screening in the solids. This approach treats single-
particle and many-body effects on an equal footing and
provides results complementary to both band calcula-
tions and many-body calculations on simple model sys-
tems. It allows one to study many-body correlation
effects in specific real materials of interest and distin-
guishes many-body effects &om those caused by single-
particle terms. This approach has been successfully ap-
plied to various thin-filxn and surface systems of 3d tran-
sition metals. ' Most recently we have generalized this
approach to the study of the overlayer-substrate inter-
action. Here the focus is on the effect of the interface
hybridization between the 3d electrons in the transition
xnetal overlayer and s electrons in the substrate. In a
recent Rapid Communication we have presented a brief
account of the calculated photoemission spectrum of one-
monolayer Co on Cu(001). It has revealed some very in-
teresting many-body effects driven by the d-d interaction
in the Co layer but modified by the interface Co d—Cu s
hybridization. In this paper we report in more detail the
construction of the model, the theoretical and compu-
tational treatment of the single-particle and many-body
terms in the Hamiltonian, and the calculated photoe-
mission spectra. In addition to the previously reported
normal-exnission photoexnission results we also have cal-
culated the spectrum corresponding to the X point in the
surface Brillouin zone to study the angular dependence
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of the effect of the interface hybridization on the spec-
trum. Furthermore, to clearly identify the effect of the
interface hybridization, we have calculated the PES for
the following three different configurations of the Co/Cu
system. First, a single unsupported Co layer is studied.
The purpose is to establish the features in the PES in
the pure two-dimensional system in the absence of the
Cu substrate. Then it is put on top of the Cu substrate
but without the s-d hybridization. The change in the
spectrum due to crystal-field effects is studied. Finally
the s-d hybridization is turned on and the PES of the re-
alistic one-monolayer Co on Cu(001) is calculated. The
calculated results are analyzed in terms of both single-
particle and many-body correlation effects and the PES
of the realistic one-monolayer Co on Cu(001) is compared
to available normal-emission experimental data.

In the next section we introduce the Hamiltonian and
the method of calculation. In Sec. III, we present the
results and discussion. Finally we give conclusions in
Sec. IV.

II. HAMILTONIAN
AND METHOD OF CALCULATION

The theoretical method used in this work is the srnall-
cluster approach. io A cluster of a finite (usually small)
number of atoms with periodic boundary conditions is
used to model an infinite system. It is equivalent to
sampling a few high-symmetry points in the Brillouin
zone. This method has been widely used in the study of
strongly correlated systems. Its advantage is that there
is no approximation applied to the Hamiltonian. Quan-
tum many-body problems are solved exactly in the nu-
merical form. Therefore it provides accurate information
about the many-body effect in the system. Its limita-
tion is also obvious. Due to exponential growth of many-
body states with the system size, only very small systems
can be studied using this approach. In practice, since
many spectroscopic processes are fast and intrinsically
short ranged they can be well described by the small-
cluster approach. Numerous works on this subject have
been reported. It is now generally accepted that the sud-
den (one-step) approxixnation and small-cluster approach
provide rather accurate description of many interacting
systems, although careful modeling and insightful inter-
pretation of the calculated results are always required.

In this work, we choose a tetrahedral cluster, the small-
est nontrivial fcc crystal, and apply periodic bound-
ary conditions in two dimensions to construct the fcc
Co/Cu(001) structure. In this structure, the two Co sites
are in the top layer and the two Cu sites in the bottom
layer. Only the interface Cu layer is explicitly included
to allow the electron (hole) hopping between the Co and
Cu sites. The bulk layers of Cu provide a crystal 6eld
that is considered in the calculation. In the case of a
sinlge layer of fcc Co, the Cu layer is simply removed.
We only exp/icitly include the Co d and Cu s orbitals
and the nearest-neighbor interactions in the calculation.
The interactions between the Co s, p, and d electrons
and beyond the nearest neighbors are effectively consid-
ered by adjusting the d-orbital energies to produce the

ground-state properties, e.g. , magnetization. The Cu d
band is centered well below the Fermi level and has neg-
ligible infIuence on the results. Since it is estimated
that one monolayer of Co on Cu(001) has a magnetic
moment of about 1.8@~ (p~ is the Bohr magneton) per
Co atom and the small-cluster approach allows only an
integral number of particles in the cluster, we consider in
the neutral state two d holes per Co atom.

The Hamiltonian consists of both single-particle and
two-particle terms. It is written as

~P ~2V i @CD 2V~ + g ~ P i pO ~P~

&iP)V&~i@'i~i~

VPvg@cxpcJCxvcT~ Ct~o CLOc7 j

where ct (c;„)are hole creation (annihilation) opera-
tors. The indices i, j label atoms in the cluster; p, v, A,
and P label the Co d and Cu s orbitals; 0, o' are spin la-
bels. The first two terms are single-particle hopping and
orbital-energy terms, and the third terms describes the
intra-atomic interaction on the Co sites only. The single-
particle parameters for Co and Cu are obtained according
to the Slater-Koster scheme. They are adjusted to re-
produce, in the absence of interactions, the calculated
paramagnetic local-density-approximation (LDA) band
structure at selected high-symmetry points in the sur-
face Brillouin zone. For the matrix elements between Co
and Cu, we take the geometric mean of the respective
Co-Co and Cu-Cu matrix elements. The intra-atomic in-
teractions, which is the dominant contribution, include
three terms: a direct Colomb integral U for two parti-
cles on the same d orbital, an exchange integral Jq„ for
two particles on two different t2~ orbitals, and another
one J, for two particles on two different e~ orbitals.
The Coulomb interaction for two particles in different
orbitals is O' = U —2J. This formula applies to par-
ticles in all d orbitals. All intra-atomic d-d interactions
are expressed in terms of U, an average exchange in-
tegral J = (Jq, + J,, )/2, and an exchange anisotropy
b J = J,, —Jq, , The bulk value of U = 6.6 eV (Ref. 15)
is used in the calculation. Other interaction parameters
are set in the ratios U: J:bJ = 40:8:1, based on the
consideration of the constraints imposed by the atomic
data and the screening effect in metals. They are also
chosen to produce correct ground-state magnetization.
The calculated results are insensitive to exact values of
these ratios.

There are five d orbitals per Co atom per spin; in
the presence of a cubic field, as in a bulk fcc crystal,
these orbitals split into a triplet t2& and a doublet e~.
It is clear that the crystal-6eld effects are, in the unsup-
ported monolayer structure and the overlayer structure,
quite different from that of the bulk, because the atoms
in these structures have fewer and different neighboring
connections. A straightforward calculation is carried out
to determine the shifts of the energy levels of the 6ve d
orbitals relative to the "center of gravity" of the d lev-
els defined as ECG ——(3/5)E, , + (2/5)E, , where Eq„
and E, are the corresponding d level energies in bulk
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Co. The shifts caused by the crystal-field efI'ect in the
unsupported xnonolayer structure are obtained as

EE = (4/15)d, „+(4/15)d2„, (2.2)

b,Ep = —(16/15)d „+(44/15)d „, (2.3)

b,E» = (44/15)d~„—(16/15)d2C„, (2.4)

&Es = b,E, = —(16/15)d~„' —(16/15)d2„', (2.5)

where the subscripts n, P, p, b, and e refer to the five d
orbitals of syxnmetry r —3z, z2 —y, zy, yz, and zx,
respectively. The paraxneters dz„and d2„are the con-
tributions to the energy shifts &om each of the first and
second neighbors in the structure. They are determined
by applying this crystal-field eKect analysis to the bulk
Co structure and fitting to the band calculation results.
The same analysis yields wthe following results for the
one monolayer of Co on Cu(001), which consist of the
contributions &om the Co atoms in the overlayer and
those &om the Cu atoms in the substrate:

b,E = (4/15) d~„—(11/15)d~"„' + (4/15) d2„
+(16/15)d2"„', (2 6)

bEp = —(16/15)d~„' —(1/15)d,"„'+(44/15) d2„'
—(4/15) d;"„', (2.7)

6E~ = (44/15) d~„—(16/15)d~"„' —(16/15)d2„
—(4/15) d2„', (2.S)

DEs = b,E, = -(16/15)d, „'+ (14/15)d~"„' —(16/15)d2„
—(4/15)d "„', (2.9)

where

gave gco dcu
kn kn kn1 k=1, 2, (2.10)

where dc" (Jg = ].,2) are obtained by fitting to all-electron
band calculation results for bulk Cu. As a result, the
crystal-Geld contribution &oxn all substrate Cu layers is
included. All the Hamiltonian parameters are listed in
Table I. The energies are measured below the Fermi level
of bulk fcc Co for holes.

With five d orbitals per Co atom per spin and one 8
orbital per Cu atom per spin, there are 20 orbitals in
the two-atom (Co) cluster for the unsupported Co(001)
xnonolayer structure and 24 orbitals in the four-atom
cluster for the one-monolayer Co/Cu(001) structure.
Simple coxnbinatorial arguments yield 4845 and 10626
many-body states in the neutral state of the two clus-
ters. The photoemission process introduces another hole,
yielding 15540 and 42504 Gnal states, respectively. The
space and spin syxnmetries inherent in the Hamiltonian
must be exploited in order to diagonalize the coxnplete

(ddo)
(ddt)
(ddt)

Ep
E~
Eg
E,

(sdo) g

(sdo)2
880' y

S80'

E

0.524
—0.433
0.138

1.550 (1.319)
1.818 (1.770)
0.510 (0.037)
1.774 (2.150)
1.774 (2.150)

0.471
0.134
1.022
0.013
-1.097

xnany-body Hamiltonian matrices. First, total spin and
its z-component in the cluster are good quantum nuxn-

bers. Spin operators are applied to sort out states with
definite spin indices. Furthermore, space-group decom-
position reduces the sizes of Hamiltonian matrices in a
very efficient way.

The two clusters studied in this work have C4 point-
group symmetry at the surface. The space group is the
direct product of the C4 group and the finite transla-
tional group of the periodic-cluster structure which, in
the present case, is a two-elexnent group, consisting of
the identical translation and the translation that con-
nects the two atoms in the cluster in the same layer.
This corresponds to sampling the I' point, the center of
the two-dimensional surface Brillouin zone, and the X
point, the center of the zone boundary. Since there is no
translational symmetry perpendicular to the layer [i.e. ,
along the (001) direction], both clusters have the same
space-group symxnetry. The space group is of order 8.
There are eight irreducible representations, four at the I'
and four at the X point. All representations are nonde-
generate. However, two pairs, I'3-I'4 and X3-X4, are de-
generate due to time-reversal symmetry. Table II lists the

TABLE II. The character table of the space group for the
two clusters with periodic boundary conditions studied in this
work. The point group of the cluster structures is of C4 sym-
metry. There are two elements in the translational group: the
identical translation and the translation 7 that connects the
two atoms in the clusters in the same layer.

I'g
I'g
I'3
I.
Xg
X2
X3
X4

E C4 C2 C4 E;r
1 1 1 1 1
1 —1 1 —1 1
1 i —1 —i 1
1 —i —1 1
1 1 1 1 —1
1 —1 1 —1 —1
1 —1 —1
1 —i —1 i —1

C4, r Cg,.r
1
1

—1
—1
—1
—1

1
1

TABLE I. The Hamiltonian parameters (measured in eV
below the Fermi level of bulk fcc Co) for the one monolayer of
Co on Cu(001) studied in this work. The numbers in paren-
theses are the d-orbital energies for the unsupported Co(001)
monolayer. The 8-d hybridization parameters are the geomet-
ric mean of the corresponding Cu and Co results.
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S=2
S=1
S=0

S = 5/2
S = 3/2
S = 1/2

I, I, I. I. X, X, X, X.
28 30 26 26 24 24 26 26
120 118 126 126 124 124 126 126
113 112 100 100 100 100 100 100
34 32 30 30 34 32 30 30
230 230 232 232 230 230 232 232
414 416 410 410 414 416 410 410

TABLE III. Sizes of the Hamiltonian matrix blocks of the
various particle number, spin, and space-group symmetries
for the unsupported fcc Co(001) monolayer.

(2134 x 2134) instead of (1081 x 1081) as listed in Ta-
ble IV. However, since the ground state of the system
(N = 4) is fully spin polarized with S = 2, the final state
(N = 5) can only have spin S = 5/2 or S = 3/2. There-
fore, the largest Hamiltonian matrix we have to deal with
numerically is of order 1306, corresponding to final states
with N = 5, S = 3/2, and spatial symmetries I'3 I'4 and
X3-X4. When dealing with larger matrices the codes can
be modified to release this real-number-only restriction.

III. RESULTS AND DISCUSSION

character table of the space group. With a complete set
of matrices that transform according to the irreducible
representations, it is possible to project out sets of sym-
metrized basis states,

The photoemission spectrum is defined as

FpE(~ ~~) = ).1(&s "lc,'.I&o ) I' b(~ —(E2"

(2.11) -Eo")I (3.1)

TABLE IV. Sizes of the Hamiltonian matrix blocks of the
various particle number, spin, and space-group symmetries
for the one monolayer Co-on-Cu(001) structure.

N =4 S=2
S=1
S=0

N=5 S=5/2
S = 3/2
S = 1/2

I'g I'2 I'g I'4 Xg
62 65 64 64 56
260 261 272 272 268
232 228 208 208 212
100 100 98 98 102
634 634 653 653 635
1078 1078 1067 1067 1075

Xg X3 X4
56 64 64
268 272 272
212 208 208
98 98 98
633 653 653
1081 1067 1067

where g~s is the jth state in the subspace of spin S (S
may describe both total and z coinponent of spin), P~ the
projection operator corresponding to the space-group el-
ement R, y& the corresponding character, and 4'„s the
symmetrized basis state with de6nite spin S and spatial
symmetry p. Once the index j runs through the whole
subspace, all the symmetrized states are sorted and prop-
erly normalized. Since group theory guarantees that
Hamiltonian matrix elements between states belonging
to difFerent irreducible representations are always zero,
the original Hamiltonian mat;rix is now decomposed into
smaller Jordan blocks. The resulting block sizes are
shown in Table III and IV for the two structures studied
in this work. It can be seen that the reduction of the
matrix size is quite efFective, which in turn drsatically
reduces the computation time. The solutions obtained
by diagonalizing these blocks are exact solutions of the
full Hamiltonian for the clusters. In the computer codes
for the projection of symmetrized states, we used a real-
number-only algorithm. Since there are imaginary num-
bers involved in the character table, linear combinations
of the projection operators of the degenerate irreducible
representations (i.e. , I's-1'4 and Xs-X4 pairs) are taken
so that all characters used in the codes are real integers.
The price for doing so is the doubling of the size of the
matrix blocks. For examble, the largest block size for
the one-monolayer Co-on-Cu(001) structure is actually

where Pg and P&
+ are the N-hole ground state and the

kth (%+1)-hole final state, with energies EP and E& +,
respectively. The operator ct creates a hole with spin o.

on. the orbital p, . The results can be added to get spin-
and angle-resolved as well as integrated PES.

We have calculated the PES for an unsupported fcc
Co(001) monolayer, one monolayer of Co on Cu(001)
without and with the interface Co d—Cu s hybridiza-
tion. In the case of Co/Cu(001) without the interface
hybridization, all other parameters, including the crystal-
6eld term contributed by the bulk Cu layers, are kept the
same. We refer to these three structures as CoML, CoCuI
(without the hybridization), and CoCuII hereafter. In
the latter two cases, we concentrate on the PES con-
tributed by the Co layer. This is done by applying the
hole-creation operator to the orbitals on the Co atoms
only, thus projecting out the PES &om the Co layer.
The sum rule of the spectral function is satis6ed in all
cases.

We first report the results for the unsupported Co(001)
monolayer. The calculated spin-resolved and integrated
PES of CoML corresponding to the I' (normal emission)
and X point are shown in Figs. 1 and 2. It is seen in
Fig. 1 that there is a dominant peak near the Fermi
level, followed by another rather strong peak at about
5.0 eV below the Fermi level with a long tail into the
higher binding-energy region. The second peak is iden-
tified as a satellite peak, i.e., with peak energy higher
than the bottom of the band predicted by single-particle
theory, which is 4.2 eV. The characteristics of this spec-
trum are typical for strongly correlated itinerant mag-
netic systems. Strong Coulomb interactions significantly
reduce the probability of having two particles of opposite
spin directions in the energy range close to the Fermi
level. As a result, the peak near the Fermi level is highly
polarized in the minority-spin orientation with very
small exchange splitting. At the same time, the spectral
weight of majority-spin character is pushed by the inter-
actions toward the higher binding-energy side, yielding
the almost fully spin-polarized satellite peak with large
exchange splitting. In Fig. 2, the PES with I symmetry
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below the Ferermi level (the single-particle band bottom
projected onto the X point is 5.0 eV
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We now turn to the results for the CoCuI structure,
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A detailed analysis of the calculated electronic structure
shows that this is actually due to some "unusual" shifts
of the single-particle energy levels ofI symmetry. It can
be understood by making a Hubbard-model-like interpre-
tation in which the single-particle levels are split by the
exchange interaction J into single-particle majority-spin
and minority-spin levels. This is, of course, only an ap-
proximate picture, since in the full many-body approach
the configuration interaction mixes all single-particle lev-
els; nevertheless, it is very useful in understanding the
physics in the problem. In the normal-emission spec-
trum, the single-particle energy level shift alone is not
enough to explain the increased exchange splitting near
the Fermi level. It is thus an indication of decreased
correlation effects. In Fig. 3 it leads to the above men-
tioned "anomaly. " All the reported results are analyzed
by making this Hubbard-model-like interpretation.

Finally, we turn to the interface 8-d hybridization and
study the photoemission spectra of the CoCuII structure.
This structure corresponds to realistic one-monolayer Co
on Cu(001). There are recent experimental normal
emission spectra available. Our calculated results pro-
vide an explanation for the observed data. Here we

present in Fig. 4 the PES of X symmetry projected from
the t 0 atoms only. Comparing with Fig. 3, one sees
increased exchange splitting in the main-line part. To-
gether with some restructuring of the single-particle en-

ergy levels, it leads to a double-peak structure near the
Fermi level. More interestingly, there is a well-defined
satellite peak located around 6.0 eV below the Fermi
level. This peak has an almost neutral spin polariza-

2.0

&C
1.0

tion, which is unusual for satellite structures in strongly
correlated systems. High-resolution spin-polarized exper-
iments should be able to test the calculated results.

IV. CONCLUSIONS

We have calculated spin- and angle-resolved photoe-
mission spectra of three Co and Co/Cu systems to study
the fundamental roles of the d-d correlation and the in-
terface s-d hybridization of the strongly correlated two-
dimensional itinerant magnetic system one-monolayer
Co/Cu(001). Both single-particle band-structure results
and many-body effects are considered on an equal foot-
ing in a periodic small-cluster approach. The exact di-
agonalization method is used to obtain all eigenvalues
and eigenvectors. Photoemission spectra are calculated
under the sudden (one-step) approximation. The results
show that the correlation effect is quite strong in one-
monolayer Co on Cu(001). It drives a significant amount
of spectral weight beyond the energy range predicted
by the sinlge-particle theory. The interface hybridiza-
tion profoundly modifies the correlation effect. It en-
hances the exchange splitting near the Fermi level while
reducing it at higher binding energies. In the normal-
emission spectrum, the satellite structure is smoothed
by the hybridization; however, correlation-driven spec-
tral weight transfer and spin polarization still should be
observable in high-resolution spin-resolved photoemission
experiments. On the other hand, the spectra of X sym-
metry show a well-defined satellite peak with almost neu-
tral spin polarization. It should be easily detectable.

We conclude that both the correlation and the hy-
bridization must be included in a many-body model and
treated on an equal footing for interpreting the photoe-
mission spectra of strongly correlated itinerant magnetic
overlayer systems and for understanding the underly-

ing physics. In general, the interface s-d hybridization
tends to reduce the correlation effect, yielding larger ex-
change splitting in the spectrum near the Fermi level,
It also causes shifts of satellite structures toward the
lower binding-energy side. As a result of these spectral
weight shifts, satellite structures may partly merge into
the main-line part and, in some cases, may be smoothed
out. The understanding of the detailed spectral func-
tion distribution requires a system-specific many-body
calculation and a careful interpretation considering both
single-particle effects and many-body effects.

0.0
—1 2.0 —1 0.0 -8.0 -6.0 —4.0 —2.0 0.0

ACKNO% LEDC MENTS

Binding Energy (eV)

FIG. 4. The calculated spin-resolved PES with X symme-

try of the one-monolayer Co on Cu(001) unth the interface hy-

bridization between the Co d and Cu s electrons. The dashed
and dotted curves represent results for majority- and minor-
ity-spin states. The solid curve is the spin-integrated result.
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