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Surface photoemission and inverse photoemission
in a periodic-cluster model of bcc iron: A many-body soiution
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Results of an exact many-body calculation of photoemission and inverse-photoemission spectra
are reported for a two-layer bcc Fe(001) thin film in a two-site crystal model with periodic boundary

conditions. The object is to study the many-body electronic structure of Fe in the presence of sur-

faces. Realistic local-density-approximation one-electron structures of Fe are used. Intrasite

electron-electron interactions most generally allowed by atomic symmetries are introduced. It is

shown that crystal-field effects and the associated changes in the single-particle electronic structure

play an important role in determining the many-body electronic structure in the presence of sur-

faces. Many-body correlation effects in the surface case are found to be stronger than those in the

bulk. The relevance of the calculated results to experiment is discussed.

I. INTRODUCTION

The surface-electronic structure of transition metals
has been a subject of great interest for a long time for
both theoretical and technological reasons. Experimen-
tally, photoemission (PE) and inverse-photoemission
(IPE) measurements provide very detailed information
about electronic structures in solids, ' both in the bulk
and at the surface. These measurements are especially
useful in probing the details of electronic structure in
solids with strong electronic correlations. Significant
progress in understanding the mechanisms determining
the properties of transition metals has not been made un-
til recent years. Major theoretical diSculties are caused
by the strong correlations between the d electrons. In
many transition metals the ratio of the Coulomb repul-
sion energy between the d electrons to the d-band width
is close to unity; it might be even larger at surfaces due to
band narrowing. At this ratio, many-body effects have to
be carefully treated in any electronic-structure calcula-
tion. The conventional way of doing this is to take the
single-particle picture as a basis and include many-body
effects only in the form of a suitably averaged single-
particle exchange-correlation potential. This approach
has been very useful in explaining many properties of
bulk, surfaces, and clusters. ' However, there are
exceptions which typically involve many-body effects. In
valence-band PE (IPE) experiments on many transition
metals (e.g., Ni, Co, Fe, etc.}, there are "satellite" peaks
observed in the energy range below (above) the bottom
(top} of the valence band predicted by band-theoretical
calculations involving local-density approximations. The
most well-known example is the valence-band PE satel-
lite' approximately 6 eV below the Fermi level in fcc Ni.
Much theoretical attention" has been focused on this
feature, as well as other many-body corrections to the Ni
density of emitted states; one successful treatment by Vic-
tora and Falicov' uses a periodic-small-cluster
method. ' Later, this method was applied to study PE,

IPE, and fluctuations in bulk Fe (Ref. 14) and revealed
some important features of many-body effects therein.
Most recently, it was used to study the surface magne-
tism of bcc Fe (Ref. 15) and the surface and thin-film PE
spectra of Ni metal. ' The results give a clear physical
picture of the enhancement of magnetism at Fe surfaces
and predict the surface PE behavior of Ni metal.

The periodic —small-cluster method is a full many-body
approach. It treats the band-structure effects and
electron-electron interactions on an equal footing. In ad-
dition to the examples mentioned above, it has also been
successfully applied to various problems' where local
many-body effects are important. In this approach, a
model Hamiltonian which explicitly includes band-
structure effects and many-body interactions is solved ex-
actly. The problem is made tractable by modeling the
solid as a limited-size crystal with periodic boundary con-
ditions. This is equivalent to solving a many-body prob-
lem with integrals in k space restricted to a limited sam-

pling. It has proved to be very good at determining spa-
tially uniform and short-range properties. Because of the
limited size of the cluster, one would not expect to get a
sharp phase transition and a good description for any
property with nonuniform long-range characteristics in
this approach, but indications of possible mechanisms in-
volved in long-range correlations can also be obtained.
The computational overhead is drastically reduced by the
full use of group-theoretical techniques.

In this paper the periodic —small-cluster method is ap-
plied to study the PE and IPE behavior of a two-layer
Fe-film system. The purpose is to modify the approach of
Ref. 14 so as to study the surface-electronic structure of
Fe. Iron is an interesting case because it has more holes
per atom than Ni, as well as a different crystal structure;
it is also a prototypical ferromagnet. Although it has
been pointed out that a modified model is more suitable
for Fe than that discussed in Ref. 14, one can see from
the reported results' ' that the average energy, average
spin expectation value, and charge and spin fluctuations
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in the cluster are very similar in these two models.
Furthermore, it has been shown' that the latter model'

provides a reasonably good starting point to get a correct
picture for the surface-magnetization enhancement at Fe
surfaces. Thus it is believed that the model introduced in

Ref. 14 and used (after modifications for the surface
structure) in this paper is at least an acceptable approxi-
mate one to study the properties of Fe surfaces. The
reason for using this model instead of that in Ref. 20 is

that, if more holes per atom are introduced as in Ref. 20,
one has to deal with, in the surface case, a very large
Hamiltonian matrix which cannot be handled on any ex-
isting computer system, even after factorization by the
use of group-theoretical techniques.

The rest of this paper is organized as follows. In Sec.
II we describe the model Hamiltonian and the method of
diagonalizing it; in Sec. III we present the calculated re-
sults of PE and IPE spectra. A clear physical picture of
many-body effects in the Fe-surface (thin-film) system is
drawn. The relevance of the results to experiment is dis-
cussed. Conclusions are given in Sec. IV.

II. THK MODEL HAMILTQNIAN

The model Hamiltonian for bulk bcc Fe is discussed in
Ref. 14. Here the same two-atom cluster, the smallest
nontrivial bcc crystal, is chosen, but with periodic bound-
ary conditions applied only in a two-dimensional plane to
form an infinite two-layer Fe film with (001) orientation
(see Fig. 1). The z axis is perpendicular to the film. This
is equivalent to a restricted sampling of one point in the
surface Brillouin zone (SBZ), i.e., the y point, the center
of the SBZ. In this structure each atom has only four
nearest neighbors instead of eight as in a bulk bcc crystal.
There are five d orbitals per atom per spin; in the pres-
ence of a cubic field, as in a bulk bcc crystal, these orbit-
als split into a triplet t2 and a doublet e . In the two-
layer bcc structure discussed here 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 re-
sults obtained here.

The model Hamiltonian contains both single- and
two-particle terms,

ipjvcipcr jvv+ X Ep ipvcipa
I,J jp, V;CT t jp;cT(i' )

i;p, v, A, , 4;o, cr'

C C- C. C. (2.1)

Here i,j (=1,2) label atoms in the cluster; p, v, k, ,g
(= 1,2,3,4,5) label the five d orbitals; o, o' are spin labels.
The single-particle hopping terms t,-„„areparametrized
according to the Slater-Koster scheme. Note that the
two-atom cluster allows for only nearest-neighbor hop-
ping; in the restricted crystal the second-nearest neighbor
of an atom is identical to itself. The intra-atomic
Coulomb interactions V„„,z& most generally allowed by
atomic symmetry are used. They include a direct
Coulomb integral U, an average exchange integral

l5d~ + 15d2 (2.2a)

(2.2b)

(2.2c)

where the subscripts a, P, y, 5, and s 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' '

and an exchange anisotropy

b J =[J(eg,es) J(t2g, t—
2g )] .

Following Ref. 14, the value of U is chosen to be 4.9 eV
and the other interaction parameters are set in the ratio
U:J:bJ =56:8:1. (The results are insensitive to the exact
values of these ratios. ) The next-largest contribution is
the nearest-neighbor Coulomb term, which in the cluster
makes a constant contribution and can be neglected.

It is clear that the crystal-field effect is, in the dilayer,
quite different from that of the bulk, because the atoms in
these "surface" layers have fewer neighbors. A straight-
forward calculation shows that the energy shifts of the
five d orbitals caused by the crystal-field effects in the
thin-film case can be written as

d2„/d, „=(ddo)2/(ddo ), , (2.3)

FIG. 1. Two-atom cluster in the two-layer bcc structure.
With periodic boundary conditions applied in the two-
dimensional plane, this cluster, which forms an in6nite two-
layer slab, is equivalent to sampling the surface Brillouin zone
at the zone center y (see the text for details).

where (ddo ), and (ddo)2 are Slater-Koster tight-binding
parameters. Now the position of the d levels of the Fe
thin-film structure can be easily obtained. They are listed
together with the other Hamiltonian parameters in Table
I. It should be pointed out that the crystal-field calcula-
tions are carried out so as to keep the center of gravity of
the d manifold constant. The large change relative to the
bulk value found for the x —y orbital is, in fact, caused
by a consistent change by the other four orbitals and the
large resulting motion of the center of gravity.

Since metallic Fe has a magnetic moment of
2.22pz/atom, and the method allows only an integral
number of particles in the cluster, the configuration
chosen is four d holes in the neutral state of the cluster.
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E
Ep

U

J
hJ

1.211
0.822
0.969
0.969
0.969

4.9
0.7
0.088

TABLE I. Hamiltonian parameters (energies are in eV below

the Fermi level of the bulk Fe metal). The subscripts a, P, y, 8,
and E refer to the d orbitals of symmetries r —3z', x —y', xy,

yz, and zx, respectively.

(d =1), and ys (d =2). With a complete set of matrices

that transform according to these irreducible representa-

tions, it is possible to project out sets of symmetrized
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 252X252, a considerable reduction from the original
4845 X4845 matrix. The largest blocks for five and three
holes in the cluster are 820X820 and 82X82, reduced
from the original 15 540X 15 540 and 1140X1140, respec-
tively. The various block sizes are shown in Table II.
The solutions obtained by diagonalizing these blocks are
exact solutions of the full Hamiltonian for the cluster.

In this configuration there is an average of two holes per
atom; therefore the maximum possible magnetic moment
is 2.00ps/atom. The s-like conduction band of Fe metal
can be treated as an electron reservoir which has "ab-
sorbed" four electrons and is not explicitly included in
the calculation.

With five d orbitals/atom spin, there are 20 orbitals in
the two-atom cluster. Simple combinatorial arguments
yield 4845 states for four holes in the cluster. The photo-
emission process introduces a fifth hole, yielding 15540
final states. Inverse photoemission removes a hole, leav-

ing three in the cluster, for a total of 1140 final states.
Clearly, the two-atom —cluster model for Fe has a very
large manifold of states. The symmetries inherent in the
Hamiltonian (2.1) must be exploited to reduce the size of
the matrices to be diagonalized. First, total 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, there is also a
space-group decomposition, which is very efficient in re-
ducing the matrix size.

The space group for the two-layer, two-atom cluster
(Fig. 1) is a nonsymmorphic one, ' of order 8. It
possesses five irreducible representations with the follow-
ing degeneracies: y, (d =1), y2 (d =1), y, (d =1), y~

III. PHOTOEMISSION
AND INVERSE PHOTOEMISSION

Photoemission and inverse-photoemission measure-
ments provide a useful probe of the electronic structure
in many-body systems. The physical process involved is
intrinsically short ranged. Therefore, it should be well
described in the periodic-small-cluster approach.

The photoemission (inverse-photoemission) process
adds (removes) a hole into (from) the system. The one-
electron density of emitted (absorbed) states (DOS) is cal-
culated by adding (removing) a hole to (from) the four-
hole ground state and projecting the result onto the
eigenstates of the cluster with five (three) holes. When a
hole of particular spin orientation and spatial symmetry
is added (removed), one obtains a spin- and angle-
resolved DOS. These may be added together to obtain
the total d-band —photoemission (inverse-photoemission)
DOS.

For four holes in the cluster the Hamiltonian (2.1)
yields a nondegenerate (except spin) ground state of sym-
metry y4. The photoemission spectrum is defined as

(3.1)

where v'"I) is the kth eigenstate in the five-hole mani-
fold of the cluster,

~ Po ) is the four-hole ground state, and
c' ' and co are the corresponding eigenvalues. The opera-

TABLE II. Sizes of blocks of the various representations for the two-layer thin-film-structure space

group.

J—3
2

I

2

14

41

r2

14

42

r3

14

41

r4

14

rs

32

82

J=2
J=1
J=O

31

117

119

27

121

106

21

127

94

27

121

106

52

252

N=5 s
2

J—3
2

1

2

34

230

414

32

230

416

34

230

414

32

230

416

60

820
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GPE( E ) =g FPE( E,PN ) (3.2)

tor c„destroys an electron, or, equivalently, creates a
hole in the four-hole ground state. The subscript p runs
over the 10 d orbitals in the cluster. The quantity

FIPE(E,Po') =g [ (v'"'(c„(po) ('5(E—E'"'+so),
k

GIPE(E) g FIPE(E P~)

(3.4)

(3.5)

is called the fully integrated photoemission spectrum; the
quantity

SpE( E, Ir ) =g FpE( Eq po' ) (3.3)

6.00

3.00

E

0.00
-19.00 -14.00 -S.OO -4.00

I

i.00 6.00

Ener gy (eV)

is called the spin-resolved photoemission spectrum.
Those for the inverse-photoemission spectrum are simi-
larly defined as

X IPE(E~P~ ) . (3.6)

Figure 2 shows the fully integrated and spin-resolved
photoemission spectra GPE(E) and SPE(E). Figure 3

displays GIPE(E). [Note that the ground state of the neu-
tral cluster is a fully saturated ferromagnetic state, i.e., all
the holes are in the minority-spin levels. ' In the IPE ex-
periment an electron cannot be absorbed unless there is
already a hole there. Therefore, one should expect that
all the peaks in IPE spectra are of minority-spin charac-
ter. This is indeed the case of the calculated results. In
this case, GIPE(e) and SIPE(E) are the same. ] In all the
figures the sharp lines characteristic of a finite system
have been artificially broadened with Gaussian peaks of
0.1 eV half-width. The units are chosen such that the
quantity fdEG„(E) (with A denoting PE or IPE) is

equal to the number of the holes in the cluster in IPE and
equal to the number of the electrons in the cluster in
PE. Therefore, in the model defined in this paper, the
"arbitrary units" for IPE and PE strength should actual-
ly read "0.5 hole/atom eV" and "0.5 electron/atom eV,"
respectively.

Comparing these results with the bulk results of Ref.
14, one can immediately see some interesting features
caused by the presence of the surface. First, there is a
pronounced band narrowing in the major part of the PE
spectra close to the Fermi level. This is a direct conse-
quence of the reduction of the number of neighbors for

3.00 2.00

1.50 E,

0.00
-19.00 -i4.00 M. OO -1.00

I

1.00 6.00
0.00

-1.00 0.00 1.00
I I I I

2.00 3.00 4.00 5.00 8.00

Ener gy (eV)
FIG. 2. Total photoemission spectrum (PES). (a) Fully in-

tegrated results. (b) Spin-resolved results. Solid lines corre-
spond to the majority-spin states and dashed lines correspond to
the minority-spin states. The location of the lowest one-
electron state in the d band according to the single-particle cal-
culation is denoted Eb.

Ener gy (eV)

FIG. 3. Total inverse-photoemission spectrum (IPES). The
peaks in the spectrum are fully polarized in the minority-spin
orientation. The location of the highest one-electron state in

the d band according to the single-particle calculation is denot-
ed E,.
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TABLE III. One-particle eigenvalues (energies are in eV

below the Fermi level of the bulk Fe metal) for the two-layer

bcc Fe-film structure. The degeneracies shown in the table are

per spin.

Energy

—0.410
—0.021

0.229
1.709
2.054
2.443

Symmetry

y2

Vl

72~75
34~3 s

f4
y3

Degeneracy

atoms at surfaces. In the IPE spectrum, major peaks
are located close to the Fermi level within about 1.5 eV,
but the whole range of the spectrum is also reduced by
about 3 eV from the bulk result. Another important
feature here is that the relative weights of the peaks in
the satellite part (i.e., for E & Eb or E)E„where Eb and
E, are the bottom and top of the d band predicted by the
band-theoretical calculations) are larger than those in the
bulk case. This is an indication that the many-body
correlation effects are stronger in the surface case. This
result is consistent with the calculated PE results for the
Ni(001) surface' and the experimental observations
of the magnetization enhancement at Fe and Ni surfaces.
Furthermore, it can be seen from the spin-resolved PE
spectrum [Fig. 2(b)j that the exchange splitting is fairly
small in the "main-line" part (i.e., E )Eb ) and quite large
in the satellite part (i.e., E & E& ).

The four-hole ground state y4 is fully polarized. This
means that the ratio of up- and down-spin states in the
ground state should be 10/6. (Remember that there are
10 d orbitals, which can accommodate 20 particles, in the
cluster, and the holes in the ground state are all in
minority-spin levels. ) Therefore, the following sum rule
of the relative polarization should hold in the PE calcula-
tions,

(I+ I )/(I+ +I ) =( 10 6)/( 10+6)=25%, (3.7)

particle picture, although in the full many-body approach
configuration interaction mixes all one-particle levels and
produces quantitative changes. However, the situation is
quite different in the Fe-surface case. The calculated
one-particle energy levels of the Fe-surface system dis-
cussed here are listed in Table III. Projected Fe-surface
PE and IPE spectra are shown in Figs. 4 and 5. One can
see that the one-particle picture can no longer explain
(even qualitatively) some of the major features in the
spectra. While a large part of the contributions to the
emitted DOS in PE close to the Fermi level comes from
the states of symmetries y „y2, and y5, as expected from
the one-particle picture, strong peaks of y3 symmetry
with both spin orientations appear in the spectrum close
to the Fermi level. This is definitely induced by many-
body correlation effects. In the IPE spectra large peaks
of symmetries y3 and y4 are observed close to the Fermi
level. Again, this result can only be understood in the
full many-body approach where all one-particle levels are
mixed. These projected PE and IPE spectra distinguish
the contributions from states of different symmetries and
thus give much detailed information about the many-
body electronic structures of the system investigated.

The calculated PE and IPE spectra presented in this
section should be compared with surface-sensitive,
valence-band, normal-emission PE and IPE experiments
with incident-photon energies in a range such that the
penetration depth of the photons is about one single
atomic layer. Although fine details of true Fe(001)-
surface PE and IPE results may be different from what
has been obtained here, the general trend and major
features should be well described by the present model
due to the large contributions from the many-body
effects, which are treated exactly in this approach. In
particular, it should be easier to observe satellite peaks at
the Fe(001) surface because of the larger relative weights
in the surface case. Spin-resolved PE measurements
should be able to detect the high-spin polarization of the
satellite peaks.

where I+ and I are the total intensities of the majority-
and minority-spin states. One interesting feature in the
spin-resolved PE spectrum is that the relative spin polar-
ization in the "main-line" part of the spectrum is very
small, but the peaks in the satellite part are highly polar-
ized in majority-spin orientation. This can be easily un-

derstood in the present model: when holes with

majority-spin orientation are introduced into the level
where there are already minority-spin holes, they will ex-
perience a large Coulomb repulsion (which is not proper-
ly treated in local-density-approximation calculations)
and eventually end up in the satellite part of the spec-
trum.

To illustrate in more detail the many-body effects in
photoemission and inverse photoemission at the Fe sur-
face, it is instructive to project the density of the emitted
and absorbed one-electron states onto the levels of vari-
ous symmetries. In the bulk Fe case' the projected re-
sults can be easily qualitatively understood in the one-

IV. CONCLUSIONS

A many-body periodic —small-cluster model of 3d elec-
trons for a (001) dilayer of Fe has been studied to explore
the modification of the electronic structure in the pres-
ence of surfaces. This approach incorporates both band-
structure effects and many-body correlations on an equal
footing. Although one should not expect that this model
will give a good quantitative description of true Fe(001)
surface due to the shortcomings of the present model dis-
cussed in the Introduction, general trends and major
features obtained in this calculation should hold because
of the large contributions from the many-body correla-
tion effects, which are treated exactly. This approach
presents an exactly solvable model for a highly correlated
many-body system; it is quite interesting in its own right.
It is straightforward to extend and modify this model to
study other highly correlated metals.
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FIG. 4. Spin-resolved projected photoemission spectrum (PES). (1)-(5) correspond to the states of symmetries y&, y&, y3, y4, and
y5, respectively.
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FIG. 5. Spin-resolved projected inverse-photoemission spectrum (IPES). (1)-(5) correspond to the states of symmetries y&, y2, y3,
y4, and y5, respectively.
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It is found that crystal-field effects and the associated
changes in the single-particle electronic structure play an
important role in determining the many-body electronic
structure at the Fe(001) surface. There is a pronounced
band narrowing induced by the appearance of the sur-
face. Photoemission and inverse-photoemission calcula-
tions show that many-body correlation effects are
stronger in the surface case than those in the bulk bcc Fe.
All the one-particle energy levels are strongly mixed by
configuration interactions. It is impossible to correctly
explain (even qualitatively) some major features in the
photoemission and inverse-photoemission spectra in the
one-particle picture; a full many-body approach is neces-
sary in understanding the results. The exchange splitting
of the states close to the Fermi level in the photoemission
spectra is fairly small, but the spin polarization of the sa-

tellite peaks is very high. The relative weights of satellite
peaks in the spectra are larger than those in the bulk
case. This should make it easier to detect the satellite
peaks at the Fe(001) surface. Surface-sensitive, valence-

band, normal-emission photoemission and inverse-
photoemission experiments are suggested to test the re-
sults reported here.

Note added in proof. Recently, a surface-sensitive,
normal-emission, spin-polarized photoemission measure-
ment was reported for Fe(001) by N. B. Brookes, A.
Clarke, and P. D. Johnson [Phys. Rev. Lett. 63, 2764
(1989)]. The main features in our calculated photoemis-
sion spectra are in fairly good agreement with the experi-
ment. This result shows that the periodic-cluster ap-
proach describes the photoemission process in Fe very
well, even in an approximate model used in the present
work.
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