
PHYSICAL REVIEW B VOLUME 43, NUMBER 8 15 MARCH 1991-I

Many-body theory of the electronic structures in ultrathin transition-metal films: bcc Co(001)
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An exact solution of a two-site crystal model with periodic boundary conditions, a two-layer

t 001 I film with body-centered-cubic (bcc) crystalline structure, is presented for cobalt. The object
is to study the many-body electronic structures of highly correlated metallic ultrathin epitaxial
films. Surface effects and the confinement of the particle motion in an essentially two-dimensional
layer are found to have an important influence on the electronic structures. A realistic local-
density-approximation one-electron spectrum and an intrasite electron-electron interaction of full

generality are used. The crystal field and the single-particle electronic structure in the bcc cobalt
film are discussed. The many-body energy spectrum, the ground-state magnetization, the average
magnetization and total electronic energy as a function of temperature, and the photoemission and
inverse photoemission spectra are calculated. Some interesting many-body-effect-induced features
are found and discussed. Physical conclusions about the many-body states in ultrathin bcc cobalt
films are drawn.

I. INTRODUCTION

The understanding of the properties of transition met-
als presents the theoretical challenge of a full many-body
problem. The magnitude of the Coulomb interaction be-
tween the d electrons in transition metals is close to, or in
some cases even larger than, the d-band width. This
strong electron-electron interaction invalidates the nor-
mal local-spin-density-approximation (LSDA) descrip-
tion' in some fundamental aspects. More careful treat-
ment beyond LSDA to the interaction terms is required
in order to obtain an appropriate theoretical description
for such highly correlated systems. Among various
many-body techniques, the recently developed periodic
small-cluster approach (PSCA) has proved to be very
good at determining spatially uniform and short-range
properties of highly correlated systems.

In PSCA, a model Hamiltonian that explicitly includes
band-structure effects and many-body interactions is
solved exactly. The problem is made tractable by model-
ing the sample as a finite-size crystal with periodic
boundary conditions. This is equivalent to solving exact-
ly a many-body problem with integrals in momentum
space restricted to a finite sampling. This technique of
sampling only a few points in the Brillouin zone has been
successfully used in one-electron calculations and in vari-
ous problems, including some transition-metal sys-
tems, where local many-body effects are important.

In recent years, much attention has been attracted to
fabricating and understanding the properties of ultrathin
transition-metal films, due to their importance in both
fundamental research and applications. Among them,
the body-centered-cubic (bcc) phase of cobalt is an espe-
cially interesting example. Earlier experimental work on
Cr/Co/Cr multilayer structures indicated that the cobalt
film possesses the bcc crystalline structure, instead of its
natural hexagonal-close-packed (hcp) structure. Most re-

cently, it has been reported ' that bcc thin-film struc-
tures are obtained when cobalt is epitaxially deposited on
GaAs(110) and Fe(001) substrates, with the thickness of
the film varying from a few atomic layers up to several
hundred angstroms. Several band-structure and total-
energy calculations" ' based on the local-density-
approximation (LDA) have been reported for the bulk
bcc cobalt phase. LDA calculations are very successful
in explaining many properties of a large variety of materi-
als, including some ground-state properties of transition
metals. However, there are many-body effects that can-
not be explained in this approach. This is particularly
true when the full knowledge about the excited states is
required. The PSCA is a suitable means for providing a
full description beyond LDA for highly correlated sys-
tems, such as transition metals.

It is the purpose of this paper to present a many-body
theory for ultrathin bcc cobalt films and pay special at-
tention to the many-body-effect-induced features. In
ultrathin-film structures, surface effects undoubtedly have
an important inhuence on the properties of the system. It
is expected that the many-body correlations will be
stronger than those in bulk systems due to the reduction
of the dimension of the system' and may induce new
features. In metallic cobalt, the Coulomb interactions be-
tween the d electrons are among the strongest in transi-
tion metals; this makes cobalt, particulary its ultrathin-
film structure, an ideal candidate for the study of many-
body effects in highly correlated itinerant magnetic sys-
tems.

This paper is arranged as follows. Section II presents
the Hamiltonian and method of calculation. Section III
contains the analysis of the many-body eigenvalue spec-
trum and thermodynamics, and Sec. IV shows the one-
particle density of states that would be measured in pho-
toemission and inverse photoemission experiments. The
results are summarized in Sec. V. A brief account of this
work has been reported previously. '
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II. HAMILTONIAN AND METHOD OF CALCULATION

H g ripjvCipacjva+ g pcipacipa
&~J ip~&io ~ ipitT

C C C C+ g V„ i,&c;„c; .c;z .c;&
i;p, v, A. , P;cr, o''

(2.1)

Here i,j (=1,2) label atoms in the cluster; iM, v, A, , P
(=1,2,3,4,5) label the five d orbitals; cr, cr' are spin in-
dices. The single-particle hopping terms are
parametrized according to the Slater-Koster scheme. '

The parameters for cobalt were initially taken from
Victora's thesis, and then adjusted to reproduce, in the
absence of any interactions, the calculated paramagnetic
LDA band structure at selected points in the Brillouin
zone. Note that the two-atom cluster allows for only
nearest-neighbor hopping; in the restricted crystal the
second-nearest neighbor of an atom is identical to itself.
The intra-atomic Coulomb interactions V„&& most gen-
erally allowed by atomic symmetry ' are used. They in-
clude a direct Coulomb integral U, an average exchange
integral J, and an exchange anisotropy dJ. The intra-
atomic interaction is the dominant contribution. The
next-largest contribution is the nearest-neighbor
Coulomb term, which makes a constant contribution in
the cluster and may be neglected. The value of U is
chosen, for the bulk bcc cobalt, to be 6.6 eV to reproduce
the correct ground-state magnetization using a scaling re-
lation between the bcc iron and bcc cobalt results. Oth-
er interaction parameters are set in the ratios
U:J:dJ=58:8:1based on the consideration of the con-
straints imposed by the atomic data and the screening
effect in metal. (The results are insensitive to exact values
of these ratios in our calculation. ) It is expected that the
value of U will be enhanced at surfaces due to band nar-
rowing. However, we find that it does not affect our re-
sults in any fundamental way when the value of U in-
creases by a few eV from its bulk value.

It is clear that the crystal-field effect is, in the two-layer
structure, quite different from that of the bulk, because
the atom in these "surface" layers have fewer neighbors.
A straightforward calculation shows that the energy
shifts of the five d orbitals caused by the crystal-field

We take a two-site cluster, the smallest nontrivial bcc
crystal, and apply periodic boundary conditions in a
two-dimension plane to form an infinite two-layer slab in
the [001] orientation. This is equivalent to sampling the
y point, the center of the surface Brillouin zone (SBZ).
In this structure, each atom has only four nearest neigh-
bors instead of eight as in a bulk bcc crystal. There are
five d orbitals per atom per spin; in the presence of a cu-
bic field, as in a bulk bcc crystal, these orbitals split into a
triplet t2 and a doublet e . In the present two-layer bcc
structure the local environment for each atom is radically
different from that in a bulk bcc crystal. As a result, the
energies of all five d orbitals are shifted and split into
more (three) energy levels. This crystal-field effect is one
of the major features of the results obtained for the
ultrathin-film structure.

The Hamiltonian contains both single- and two-
particle terms:

effect in the thin-film case can be written as

b.E = —(16/15)d, „+(4/15)d~„,
bEp= —(16/15)d, „+(44/15)d2„,

bE =bEs =bE, =(32/45)d, „—(16/15)d~„,

(2.2a)

(2.2b)

(2.2c)

where the subscripts a, P, y, 5, and E refer to the five d
orbitals of symmetry r —3z, x —y, xy, yz, and zx, re-
spectively. The values of d, „and d2„, which are the con-
tributions to the energy shifts from each of the first and
second neighbors, are determined by the bulk crystal-field
analysis and the assumption

d2„/d, „=(ddo )2/(ddo. ), (2.3)

TABLE I. Hamiltonian parameters (in units of eV).

(ddo. )

{dd~)
{dd6)

EI3

E~
Eg
E,
U
J
dJ

—0.681
0.449

—0.080
9.739

10.440
10.177
10.177
10.177
6.6
0.943
0.118

where (ddo. ), and (ddo. )2 are the Slater-Koster tight-
binding parameters. Now the position of the d levels of
the two-layer cobalt film can be obtained easily. They are
listed together with the other Hamiltonian parameters in
Table I.

Metallic cobalt in the hcp phase has a magnetic mo-
ment of 1.72iMs (ps is the Bohr magneton) per atom.
Experimental and theoretical estimates show that co-
balt in bcc phase has a magnetic moment of similar size.
Because of the saturation of magnetization in metallic co-
balt, its value only has a very slight increase at surfaces.
We consider a cobalt ground state consisting of two holes
per atom, i.e., four holes in the cluster. It allows a max-
imum magnetization of 2.00pz per atom, which is very
close to the estimates mentioned above. Only d states are
explicitly included in the calculation. The s-like conduc-
tion band can be treated as an electron reservoir which
has "absorbed" four electrons; the hybridization between
the conduction and d electrons is effectively taken into
account by adjusting d levels to fit the all-electron band-
structure results.

With five d orbitals per atom per spin, there are 20 or-
bitals in the two-atom cluster. Simple combinatorial ar-
guments yield 4845 states for four holes in the cluster.
The photoemission process introduces a fifth hole, yield-
ing 15 540 final states. Inverse photoemission removes a
hole, leaving three in the cluster, for a total of 1140 final
states. Clearly, we have a large manifold of many-body
states in the cluster. The space and spin symmetries in-
herent in the Hamiltonian must be exploited in order to
diagonalize the complete many-body matrices. First, to-
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TABLE II. The character table of the two-atom-cluster nonsymmorphic space group for the two-
layer t 001) bcc film. There is only one translation (the identical translation) in the cluster. There are
two fourfold and one twofold rotations around the z axis (C4„C4„C4,'). There are also four twofold
screw axes parallel to the x-y plane (their rotational part is formed by one of the following four point
operations: Czz C2y Cpp C2& ). The symbol ~ stands for the vector that connects the two atoms in the
cluster. Note that ~ is not a translational operation in the system.

V1

y2
y3
V4

75

1

C2

1

1

1

1
—2

2

C4, C4

1
—1

1
—1

0

2

C2, C2y', ~

1

1
—1
—1

0

2
C2~ Cz~ &

1
—1
—1

1

0

tal spin in the cluster is a good quantum number. For the
case of four holes in the cluster, there are 825 singlets,
990 triplets, and 210 quintets. For the case of five (three)
holes in the cluster, there are 1512 (0) sextets, 7392 (480)
quadruplets, and 6600 (660) doublets. Furthermore,
space-group decomposition reduces the sizes of matrices
in a very efficient way.

The space group for the two-layer [001I bcc film is a
nonsymmorphic one, of order 8. It possesses five irreduc-
ible representations with the following degeneracies: y&
(d= 1), y2 (d= 1), y3 (d= 1), y4 (d= 1), and y& (d=2).
Table II lists the character table of the space group of the
two-layer I001I bcc film. With a complete set of ma-
trices that transform according to these irreducible repre-
sentations, it is possible to project out sets of sym-
metrized basis states. Since the representations cannot
mix, this is equivalent to a block diagonalization of the
Hamiltonian. In the case of four holes in the cluster, the
largest block is of order 252, a considerable reduction
from the original matrix of order 4845. The largest
blocks for five and three holes in the cluster are of order
820 and 82, respectively. The various block sizes are
shown in Table III. The solutions obtained by diagonal-
izing these blocks are exact solutions of the full Hamil-
tonian for the cluster.

III. MANY-BODY EIGENVALUE SPECTRUM
AND THERMODYNAMICS

The many-body eigenvalue spectrum is usually quite
complicated. Our results may be understood by making a
Hubbard-model-like interpretation 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 approximate picture, since in
the full many-body approach configuration interaction
mixes all one-particle levels; nevertheless, it is very useful
in understanding the physics in the problem and making
some qualitative analysis before performing the full
many-body calculations.

The one-particle energy levels of the two-layer bcc co-
balt film are presented in Table IV. In this case, the
highest one-electron level is yz, which is nondegenerate
and can accommodate one hole of each spin. The next
highest level is a threefold-degenerate one, of symmetries

yz and y~, which can accommodate three holes of each
spin. The next level is again a nondegenerate one of y&

symmetry. When the Coulomb interaction is turned on,
the spin states are split by approximately J, which is
sufficient to bring the top yz majority-spin level below the

y, minority-spin level. (The other levels are too far away
to matter. )

From the above picture, one can see that the four holes
in the cluster should go to the y2 and yz/y5 manifold
minority-spin levels, yielding a fully saturated ferromag-
netic state with a spin per atom of 2. This is consistent
with our actually calculated ground state of y4 symme-
try, which represents well the saturated magnetization
observed in bulk and surface cobalt systems.

The density of many-body states (MBDOS) is the best
way to show the spectrum of energy eigenvalues of the
Hamiltonian. At each eigenvalue, a peak of weight
equal to the degeneracy at that energy is plotted. In a

TABLE III. Sizes of the blocks of the various representations for the two-layer I001) bcc film space
group.

N=3

N=4

N=5

J—3
2
1

2

J=2

J=O
J —5

2

J—3
2
1

2

14
41
31

117
119
34

230
414

14
42
27

121
106
32

230
416

14
41
21

127
94
34

230
414

14
42
27

121
106
32

230
416

3 s

32
82
52

252
200

60
464
820
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Energy

11.528
10.829
10.827
9.525
9.352
8.651

Symmetry

'Y2~ 3's

Vl

V4~ Ys

74
y3

Degeneracy

TABLE IV. One-particle energy levels {in units of eV) for the
two-layer bcc cobalt film structure. The degeneracies shown
here are per spin.

IV. PHOTOEMISSION AND INVERSE
PHOTOEMISSION

I'pE(E, po ) = g ) & v'"'~c„~y, ) ~'5(e —E'"'+ E,), (4.1)

Photoemission and inverse photoemission measure-
ments provide a useful probe of the electronic structure
in highly correlated systems. The physical process in-
volved is intrinsically short ranged. Therefore it should
be well described in the PSCA.

The photoemission spectrum (PES) is defined as

finite system, this results in a discrete set of spikes, which
we have broadened artificially into Gaussians of 0.1 eV
half-width, at half-maximum. Figure 1 shows the
MBDOS of the two-layer cobalt film.

The PSCA can provide the full description of both ei-
genvalues and eigenstates, allowing one to compute vari-
ous correlation functions. These correlations may be
plotted as functions of temperature in the following way:

where ~v'"') is the kth eigenstate in the five-hole final-
state manifold of the cluster, $0) is the four-hole ground
state, and c' ' and co are the corresponding eigenvalues.
The operator c„destroys an electron or, equivalently,

17.00

& A(T)) = g &i~ A~i)exp (3.1) i5.00Q

where 2 is the correlation function, ~i ) the appropriately
normalized eigenstates with eigenvalue E, , kz the
Boltzmann constant, and T the temperature. In this way,
one can obtain the knowledge of the thermodynamics of
the systems in a full many-body picture.

Here we only give the reuslts of two most obvious
functions of the system, namely the total electronic ener-

gy E and the magnitude of the total spin square S . Re-
sults are shown in Fig. 2. Any desired correlation as a
function of temperature can be obtained from Eq. (3.1);
but, of course, only those of uniform and short-range
character are reliable, due to the limitation of the present
approach.
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FIG. 1. The eigenvalue spectrum {density of many-body
states) for the two-layer bcc Co{001)film.

FIG. 2. The thermodynamic average of the total electronic
energy and the total spin square S' of the two-layer bcc Co(001)
film.
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creates a hole on the orbital p (p runs over the 10 d orbit-
als in the cluster) with spin cr in the ground state. From
Eq. (4.1) one can obtain angle-, spin-, energy-resolved, as
well as fully integrated, PES results. The inverse photo-
emission spectrum (IPES) is similarly defined as

+ipE(s, p~)= y 1&g'"'lc„'. qo&l'&(E —E'"'+so), (4.2)
k

where g~"~ is the kth eigenstate in the three-hole final-
state manifold with eigenvalue c' '.

Shown in Fig. 3 are the fully integrated PES and IPES
results. They should be compared with normal-emission
valence-band PES and IPES of ultrathin bcc cobalt films.
The spin-resolved PES has been reported previously, '

and should be compared with spin-sensitive PES experi-
mental data. For purposes of comparison, we have also
computed PES and IPES in the single-particle picture for
the same model, which are easy to obtain from the fol-
lowing calculated one-particle "density" peak positions
with the corresponding degeneracies (energies are mea-
sured in eV from the Fermi energy): 0.000 (1), —0.699
(3), —0.701 (1), —2.003 (3), —2.176 (1), and —2.877 (1).
Results are presented in Table V. A detailed analysis of
our results yields the following conclusions.

(i) There is a pronounced band (projected onto the y
point, same below) narrowing due to the presence of the
surfaces. LDA results give a bandwidth of 4.5 eV for the
(artificial) bulk bcc cobalt. It is reduced to 2.9 eV in the
two-layer thin-film structure. The band is further nar-
rowed by many-body correlation effects by an amount of
0.5 eV.

(ii) There are three large-weighted and well-resolved
"satellite peaks" (at energies E (Eb, Eb is the bottom of
the band predicted by LDA calculations) in the spectra.
The first one is immediately below Eb and is separated
from the closest "main-line" (E )Eb ) peak by 0.5 eV; the
second one is very broad, centered around 5.5 eV below
the Fermi level EI;; the third is at 10.0 eV below FF. It
should not be difFicult to detect them in a high-resolution
photoemission measurement. This behavior has not been
seen in any other known transition-metal systems. This
is also quite different from the (artificial) bulk bcc cobalt
results, where satellite peaks are weak and not well
resolved. For a long time, metallic nickel has been con-
sidered the only itinerant magnetic system showing a
strong satellite peak in the photoemission spectra. Satel-
lite peaks in the photoemission spectra of other
transition-metal systems are normally weak and some-
times even debatable. ' The ultrathin bcc cobalt film is a
possible candidate that will show strong satellite (multi-)
peaks in photoemission spectra.

(iii) In the many-body approach, configuration interac-
tion mixes all single-particle energy levels. A full many-
body picture is necessary to understand the photoemis-
sion results. In metallic cobalt, there are more holes per
atom than that in metallic nickel. This makes the corre-
lation behavior of the holes in the cobalt films more com-
plicated. Table VI shows the spectrum weights projected
onto the states belonging to various irreducible represen-
tations. Both sets of the results calculated in a single-
particle and a full many-body approach are presented. It

can be seen that the many-body results are qualitatiuely
different from the single-particle results. The y2 states
are partly above the Fermi level in LDA band-structure
results; this is responsible for the small PES weight found
for the y2 states in the single-particle picture. The pro-
nounced increase of the PES weight of yz states in our
many-body calculation indicates that the energy levels
nominally "above the Fermi level" are now occupied
with non-negligible probability. Once again, this is pure-
ly a many-body effect, which is important in determining
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FICz. 3. The calculated normal-emission valence-band (a)

photoemission spectrum (PES) and (b) inverse photoemission
spectrum (IPES) of the two-layer bcc Co(001) film. The loca-
tions of the lowest and highest single-particle state at the center
of the two-dimensional Brillouin zone in the d band according
to LDA band-structure calculations are denoted by Eb and E„
respectively.
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TABLE V. Photoemission and inverse photoemission peaks
in the single-particle picture.

Symmetry

f1
X4~ 'Vs

'Y4

Peak energy (eV)

Inverse photoemission

0.000
0.669

Photoemission
0.000

—0.002
—1.304
—1.477
—2.178

Peak weight

TABLE VI. The photoemission and inverse photoemission
spectrum weights projected onto the states belonging to various
irreducible representations. Both sets of the results calculated
in the single-particle and many-body approach are listed.

Single-particle results
PES IPES

Many-body results
PES IPES

pl
y2
y3
p4
V5

2.00
1.00
2.00
4.00
7.00

0.00
3.00
0.00
0.00
1.00

4.14
1.99
2.89
1.38
5.60

0.29
0.14
0.99
0.69
1.89

electronic properties of the system. The drastic deviation
of the projected spectrum weights from single-particle re-
sults has not been seen before for any other transition-
metal systems. This qualitative deviation is a new feature
observed here in the ultrathin bcc cobalt film, where the
particles with strong Coulomb interactions are essentially
confined in a two-dimensional plane.

(iv) The configurational interaction also brings the
states nominally below the Fermi level up to the Fermi
level. In our calculated photoemission spectra, states of
symmetry y3, which are at the bottom of the band ac-
cording to the LDA calculation, not only mix in at the
Fermi level, but also give the dominant contribution
there. This is again qualitatively different from the
"mix-in" effect observed in other transition-metal sys-
tems, where the mix-in contributions are never dominant.

(v) The exchange splitting in the main-line part of the
spectra is quite small; the average exchange splitting
throughout the energy range EI, &E &Ez is less than
0.35 eV. However, the exchange splitting in the satellite
part is fairly large, corresponding to a strong many-body
interaction.

(vi) The overall calculated relative spin polarization of
the photoemission spectra

(I+ I ) l(I+ +I—),
where I+ and I are the total intensities of the majority-
and minority-spin states, is 25% in the majority-spin
orientation. However, it is not evenly distributed. The
peaks in the main-line part close to the Fermi level have a
very weak ((10%) spin polarization, while those at the
bottom of the main-line part and most of the satellite part

have a very high (up to 100%) spin polarization in the
majority-spin orientation. This high spin polarization of
the peaks in the spectra should be measured in a spin-
resolved photoemission experiment.

(vii) Similar to the PES results discussed in (iii), we
have also calculated the projected IPES weights onto
various irreducible representations. Both sets of the re-
sults calculated in a single-particle and a full many-body
approach are presented in Table VI together with the
PES results. The drastic difference of the many-body re-
sults from those in the single-particle picture is demon-
strated even more clearly than those in the PES results.
Three nominally "filled" electronic energy levels with
zero IPES projection weight are now "occupied" by holes
with significant probability, yielding the pronounced
IPES projection weights.

(viii) The ground state of the neutral cluster is a fully
saturated ferromagnetic state, i.e., all the holes are in the
minority-spin levels. An electron cannot be absorbed un-
less there is already a hole there. Therefore one should
expect that all the IPES spectra are fully polarized in the
minority-spin orientation. This is indeed the case of our
calculated results shown in Fig. 3(b).

V. CONCLUSIONS

The electronic structures of a highly correlated ul-
trathin epitaxial transition-metal film, a bcc Co(001) di-
layer, have been studied in an exactly soluble many-body
periodic small-cluster approach. This approach incorpo-
rates both band-structure effects and many-body correla-
tions on an equal footing. No perturbation theory was
employed. The model is based on, but goes beyond, the
local-density-approximation band-structure results; the
solution can provide accurate and detailed information
about some important properties, particularly those in-
duced by strong local many-body correlations.

It is found that crystal-field effects and the associated
change in the single-particle electronic structure play an
important role in determining the many-body electronic
structures. Since our approach can provide the full
description of both the eigenvalues and eigenstates for
the ground state as well as excited states, it is possible to
determine any desired (uniform and short-range) correla-
tion functions and the thermodynamics of the system in a
full many-body picture.

Our exact many-body calculation of the photoemission
and inverse photoemission spectra of the two-layer bcc
Co(001) film has revealed some interesting new features.
The most striking one is that the many-body correlation
effects in the ultrathin bcc cobalt films, where particles
are essentially confined in two dimensions, are strongly
enhanced and lead to a qualitative deviation of the
symmetry-projected spectrum weight distribution from
the single-particle results, a phenomenon never observed
in any other transition-metal systems. It is shown that
ultrathin cobalt Alms could be the first example in mag-
netic transition-metal systems to have strong well-
resolved satellite (multi-) peaks with large exchange split-
tings and high spin polarizations. This result suggests
that ultrathin cobalt films may serve as a model system in
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the study of the dimensional dependence of the many-
body correlation effects in highly correlated electronic
systems. Surface-sensitive, normal-emission valence-band
photoemission and inverse photoemission experiments
should be able to test our results. The results reported
here should be insensitive to the thickness of the film in a
reasonable range (e.g. , 1—3 atomic layers). Some slight
quantitative changes are expected as the thickness varies
(e.g. , when the film becomes thinner or thicker, the inten-
sity of the satellite peaks are expected to increase or de-
crease, and the peak positions are expected to move to-
ward higher or lower binding energy). However, our
conclusion should not be affected in any fundamental
way. Further work will be carried out to study the

inhuence of various substrates on the electronic and mag-
netic properties of ultrathin cobalt films; however, it is
expected that it will not change the main conclusions re-
ported here as long as the film-substrate coupling is not
very strong.
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