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Photoelectron spectroscopy of strongly correlated systems:
interactions

Effects of nonlocal
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We present a theoretical description of the one-particle excitation spectra in strongly correlated
systems with nonlocal interactions. Using exact diagonalization techniques, photoemission and
inverse photoemission spectra of an extended Hubbard model with an intersite Coulomb interaction
are calculated. The single-particle and many-body aspects are treated on an equal footing. The
hopping and interaction parameters are adjusted to simulate various Hubbard and charge-transfer
systems. In contrast to normal expectations, the intersite interaction is found to suppress the
spectral features driven by the on-site interaction, leading to a narrowing in the overall spectral
distribution. It also produces qualitatively new behavior in the spin polarization of the spectra and
in the doping dependence of the low-energy spectral weight. The degree of sensitivity of the spectra
to the single-particle and interaction parameters is systematically investigated. General implications
of the calculated results for strongly correlated systems are discussed.

I. INTR.&DU CTION

Photoelectron spectroscopy provides a direct measure-
ment of the fermion excitations in electron systems.
The energy and angle (momentum) resolutions of pho-
toemission experiments have been improved significantly
over the last few years, largely driven by intensive stud-
ies of the high-temperature superconductors and other
strongly correlated electron systems. Combined with
spin-polarized detection capability, this technique is able
to reveal very detailed features in electronic structures of
materials systems. From a theoretical point of view, the
challenge is to determine the electronic energy spectrum
or the density of states (DOS) of the system. s In the
weak-interaction limit, photoelectron spectra essentially
map out the electronic DOS of the system, which can be
directly compared with the results of single-particle the-
ories with local-density approximations (I DA). However,
when interactions are strong the concept of single-particle
DOS becomes ill-defined. It is more appropriate to study
one-particle excitation spectra that depend sensitively
on the interactions. In general, the interaction-induced
electron correlations cause nontrivial transfer of spectral
weight. In this situation a many-body calculation and a
thoughtful interpretation of the results are of crucial im-
portance for the understanding of the observed phenom-
ena and the underlying physics. Most theoretical work
in this Beld has focused on relatively "simple" models
such as the Hubbard model and the t-J model, with the
expectation of capturing the fundamental physics under-
lying the observed new phenomena. Significant progress
along this line has been made in recent years.

The key issue in the study of photoelectron spectra
of strongly correlated electron systems is the role of the
interactions in determining the spectral weight distribu-
tion. Extensive earlier experimental and theoretical
work has established that the strong Coulomb interac-

tions (mainly on-site, such as the U term in the ordinary
Hubbard model) drive the spectral weight from a "co-
herent" to an "incoherent" part, yielding new spectral
features beyond the energy range predicted by single-
particle theories, and therefore a broadened overall spec-
tral distribntion, along with a reduction in the bandwidth
and the exchange splitting in the low-energy-scale and an
increase in the exchange splitting and spin polarization
on the high-energy side of the spectrum. The physical
insights gained from the studies of the Hubbard model
and its variants are extremely helpful in interpreting the
results and extracting the relevant physics from experi-
ments and more realistic calculations. "

In this paper we investigate the spectral behavior of
strongly correlated systems with nonlocal interactions.
We study an extended Hubbard model with intersite
interactions. Various parameter choices corresponding
to diferent physical systems have been used to study
the dependence of the spectral distribution on the non-
local interactions. Some interesting results, including
an intersite-interaction-driven overall spectral narrow ng
and anomalous behavior in the spin polarization of the
spectra and in the doping dependence of the low-energy
spectral weight, have been observed in the calculated re-
sults. These results are analyzed in a many-body picture
and are expected to have general implications for a wide
variety of strongly correlated systems.

We employ a symmetry-projected exact-diagonaliza-
tion approach to study the many-body Hamiltonian de-
fined on a small cluster with periodic boundary condi-
tions. This approach has proven to be very good at treat-
ing strongly correlated systems. It is particularly useful
in interpreting and predicting qualitative behavior pro-
duced by strong interactions. Combined with other theo-
retical approaches, such as the real-space density-matrix
renormalization-group approach and the band-structure
calculation method, the exact-diagonalization approach
can provide accurate quantitative and material-specific
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results for strongly correlated systems. In addition to
using particle-number and spin symmetries to block diag-
onalize the Hamiltonian matrix, group theoretical tech-
niques have been applied to project out symmetrized
states according to the spatial symmetry of the system.
The full utilization of these symmetries has greatly facil-
itated the numerical computation of the spectra.

The rest of this paper is organized as follows. In Sec. II
we introduce the model Hamiltonian and discuss the re-
lated theoretical and computational issues. In Sec. III,
the calculated results are presented and analyzed in a
many-body picture. Finally, conclusions are given in
Sec. IV.
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II. THEORETICAL AND COMPUTATIONAL
ASPECTS

(A)
.. m

A. The Model Hamiltonian

We define an extended Hubbard model with the fol-
lowing model Hamiltonian:

X

H = ) t,,c," c, +(.1/2. ) ) U;n; n;
2)C7

+P K,,nn, ,

FIG. 1. (a) The eight-site cluster with periodic bound-
ary conditions in real space. The lattice constant is a. (b)
the two-dimensional Brillouin zone with the four sampled
high-symmetry points indicated.

where t;~ is the h.opping parameter, n, = P n, , and
U, (K;~) is the on-site (intersite) Coulomb interaction
parameter. We consider the first and second nearest-
neighbor hopping with amplitude —t and —8, respec-
tively. The on-site Coulomb interaction is assumed to
be the same on all sites in the ordinary Hubbard model
and assigned difFerently (to be specified below) in the
charge-transfer model. We consider only the intersite in-
teraction K between the nearest-neighbor sites, which is
the dominant off-site term. All the calculations reported
in this work have seven or six electrons (or equivalently
one-hole or two-hole doped) in the cluster, i.e. , a system
with an almost half-filled band.

The Hamiltonian (1) is defined on an eight-site cluster
with periodic boundary conditions as shown in Fig. 1(a).
With proper assignments of "d" and "p" orbitals, this
structure is equivalent to a Cu408 cluster which was
studied as representing the Cu02 planes in the high-T
superconductors. It is also equivalent to a periodic clus-
ter with two-orbital unit cells which was used in the study
of transfer of spectral weight in correlated systems. In
this work we first consider a uniform Hubbard system
and then a two-sublattice charge-transfer system with
the focus on the effect of the intersite interaction in both
cases. We emphasize the generic properties of the sys-
tem that are qualitatively independent of the system size
and structure as well as dimensionality. It has been ob-
served previously that generic spectral features of the
Hubbard model are indeed essentially independent of the
system structure and size for clusters as small as only
eight sites.

B. Method of calculation

The theoretical method used in this work is the small-
cluster approach. A cluster of a small number of lattice
sites 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 sys-
tems. Its advantage is that there is no approximation
applied to the Hamiltonian. Quantum many-body prob-
lems are solved exactly in the numerical form. Therefore
it provides accurate information about the many-body
effect in the system. Its limitation is also obvious. Due
to extremely rapid growth of the number of many-body
states with the system size and particle number, 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 work on this sub-
ject has been reported. It is now generally accepted that
the sudden (one-step) approximation and small-cluster
approach provide rather accurate description of many
interacting systems, although careful modeling and in-
sightful interpretation of the calculated results are always
required.

With two (one for each spin) orbitals on each site, there
are 16 orbitals in the cluster shown in Fig. 1(a). Simple
combinatorial arguments yield 11440 many-body states
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in the neutral state of the cluster with seven electrons.
Photoemission (inverse photoemission) process destroys
(creates) an electron in the cluster, yielding 8008 (12 870)
final states. The symmetries inherent in the Hamiltonian
must be exploited in order to diagonalize the complete
many-body Hamiltonian matrices. First, the total num-
ber of electrons in the cluster is a good quantum number.
It ensures that there will be no mixing between states
with a diBerent number of electrons. Total spin and its
z component in the cluster also are good quantum num-
bers. Spin operators are applied to sort out states with
definite spin indices. Furtherinore, space-group decom-
position reduces the sizes of Hamiltonian matrices in a
very eKcient way, as will be described below.

The cluster studied in this work has C4 point-group
symmetry. The space group of the system with the peri-
odic boundary condition is the direct product of the C4
group and the finite translational group of the periodic-
cluster structure which, in the present case, is a four-
element group, consisting of the identical translation and
the translations that connect a site, say site 1, in the clus-
ter to the other three sites, sites 2, 3, and 4, on the square
lattice. The vectors that connect site 1 to sites 5—8 are
not included because in the charge-transfer model sites
1—4 and sites 5—8 are assumed to be different. This sym-
metry arrangement corresponds to sampling the p point,
the center of the two-dimensional Brillouin zone, the m
point, the corner of the zone boundary, and the x point,
the center of the zone boundary [see Fig. 1(b)j. The
space group consists of 16 operations that belong to ten
classes. There are ten irreducible representations, four at
p (pg —p4), four at m (mg —m4), and two at x (2:g and
x2). The first eight representations are one-dimensional
and the last two are two-dimensional. Two pairs of rep-
resentations, mq-m, 2 and m3-m4, are degenerate due to
time-reversal symmetry. The character table is given in
Table I. With a complete set of matrices that transform
according to the irreducible representations, it is possible
to project out sets of syrnmetrized basis states,

@ps ) XR+ROs)
R

where @s is the jth state in the subspace of spin S (S may
describe both the total and z component of spin), PR is
the projection operator corresponding to the space-group
element A, yR is the corresponding character, and 4 &
is the symmetrized basis state with definite spin S and
spatial symmetry p. In cases where the irreducible rep-
resentations are not one-dimensional, the (1 x 1) element
of the matrix representation is used to project out the
symmetrized states as the basis set. The partner states,
which are not needed in the diagonalization of the Hamil-
tonian matrices but are necessary for the calculation of
the spectra, can be obtained by applying to the above
states the projection operator

where d„ is the dimension of the pth irreducible represen-
tation, g is the order of the space group, and I'"(R)* is
the complex conjugate of the mn element of the matrix
representation of the pth irreducible representation for
the operation element R. By setting n = 1 and varying
m ()1) in Eq. (3), one can project out all d„states that
transform according to I'".

Once the index j in Eq. (2) runs through the whole sub-
space with a fixed number of particles and definite spin
index, all the symmetrized states are sorted and prop-
erly normalized. This procedure is repeated for all sub-
spaces involved in a given physical process. Since group
theory guarantees that Hamiltonian matrix elements
between states belonging to diferent irreducible repre-
sentations are always zero, the original Hamiltonian ma-
trix is now decomposed into smaller 3ordan blocks with
distinct particle-number, spin, and spatial symmetries.
The largest block is of order 296 corresponding to eight
electrons in the cluster with a total spin S = 1. It is
significantly smaller than the original Hamiltonian ma-
trix of order 12 870, which in turn drastically reduces the
required computation time. The solutions obtained by
diagonalizing these blocks are exact solutions of the full
Hamiltonian for the cluster.

In the computational implementation of the projec-
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TABI.E I. The character table of the space group for the cluster with periodic boundary con-
ditions studied in this work [see Fig. 1(a)j. The point group of the cluster structures is of C4
symmetry. There are four elements in the translational group: the identical translation to and the
translations tz, t2, and t3 that connect a site, say site 1, to the other three sites that share the same
square, i.e. , sites 2, 4, and 3, respectively.

E C4 (E~ts) (C4 ~t3)
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tion of symmetrized states, we used a real-number-only
algorithm for the convenience of coding. Since there are
imaginary numbers involved in the character table (see
Table I), linear combinations of the projection operators
of the degenerate irreducible representations (i.e. , m, i-m. 2

and ms-m. 4 pairs) are taken so that all characters used in
the codes are real integers. The price for so doing is the
doubling of the size of the matrix blocks for the repre-
sentations involved. When dealing with larger matrices
the codes can be modified to release this real-number-
only restriction, thus avoiding the accompanied increase
in the size of the Hamiltonian matrix.

C. Calculation of the spectra

With all the eigenvalues and eigenstates of the system
obtained through the exact diagonalization of the Hamil-
tonian matrix, we can calculate any correlation function
of interest in the context of the small-cluster approach.
In this work we focus on the efFects of the nonlocal in-
teraction on the photoelectron spectral distribution. The
spin-resolved photoemission spectrum (PES) and inverse
photoemission spectrum (IPES) are defined as

Fpas(~ ~) = ).I&&. 'Ic~, -l&o)l'
n, k

+ EN i @N +—
upas(~ ~) = ).I(&.+'Ic&,.14o) I'

@N+i + @N +

upas(~, 0.)d(u = M —1V,

where M is the total number of sites in the cluster and
N is the total number of electrons with spin 0. in the
ground state of the ¹electron system. These sum rules
are satis6. ed in all the reported cases.

It is usually expected that interactions will result in
a broadening in the spectral distribution. The origin of
the spectral broadening is that the states ci, Igo) and

c& Igo) obtained by sudden annihilation and creation of
7

an electron in the ground state of the ¹ lectron sys-
tem are not exact eigenstates of the interacting system
with N + I electrons. Decomposed in a complete basis
of eigenstates they have projections in virtually atl of the
final states with the same quantum numbers. As a re-
sult, a certain portion (usually of high spin polarization)
of the spectral weight will be transferred to the high-
energy scale, creating the so-called "incoherent" part, or
"satellite peak, " and causing a broadening in the spectral
distribution.

For a better understanding of the physics involved
in the context of the exact diagonalization study of fi-
nite systems, we examine in more detail the spectral
function in a many-body picture. Consider the pho-
toemission case and assume that f/&, I = 1, 2, ...} and

,j = 1, 2, ...) are the symmetrized complete basis
sets used in the construction of the Hamiltonian matrices
for the K- and (N —1)-electron system, with correspond-
ing energy spectrum (eigenvalues) (z& ) and (s. ), re-
spectively. Configurational interactions mix virtually all
the states with the same quantum numbers. Conse-
quently the ¹lectron ground state and the (K —1)-
electron final states, with energies Eo and E, re-
spectively, can be expressed as

where Igo) is the ground state in the subspace of N elec-
trons with energy FoN, and IPN+ ) are eigenstates in the
subspace of N + 1 electrons with energies E . The
operator c& (c& ) destroys (creates) an electron with
spin o. and composite index k, where A: may include or-
bital and momentum indices. The chemical potential p
is determined from

IyN) ) (o)qN

I

I

yN 1) ) P(~) @—N —1
(1O)

~ = (1/2) l@o"+' —&o" '].

In several reported cases, the ground state of the sys-
tem is degenerate. In such situations, the spectra are
calculated with each and every state in the ground-state
manifold as the ground state, and the final results are ob-
tained by averaging over the spectra contributed by all
the states in the manifold. The discrete spikes in the cal-
culated spectra, which are characteristic of small-cluster
calculations, are broadened with Gaussian functions so
that the fine spectral structures that depend on the de-
tails of the cluster size and structure are smoothed out.
We shall focus attention here on the general trend that
is independent of such details. The calculated results are
checked against the following sum rules:

Fpas((u, o )des = N

.h I) nd~. ") i th or po di g IB' ~t.
The PES defined in Eq. (4) now reads

Fpas(~ ~) =). ) ~i '&,'"'(@," 'Ic.,-l&P)
n)p

X S(~ + EN ' —@N + ~).
-

It is clear that by destroying an electron in the ground
state and then mapping it onto the (2V —1)-electron final
states one is trying to match the set of states fc~
to the set (g ). And the contribution of a "matched"
term to the PES is determined by the product of the coef-
ficients n& and P . It is important to note that these
coefficients depend very sensitively on the structure of
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the energy (eigenvalue) spectrum. They decrease very
rapidly with increasing energy. Therefore the spectral
function corresponding to high-energy final states usu-
ally carries only negligible weight. The situation in the
inverse photoemission spectra is similar.

0.4

III. B.ESULTS AND DISCUSSION
0.0
0.6—

It is well established that the on-site interaction in the
ordinary Hubbard model drives the spectral weight to
higher energies and makes the spin polarization and the
exchange splitting reduced at the low-energy scale and
increased on the opposite side of the spectra. For the
purpose of comparison, we have calculated the spectra
for the Harniltonian (1) with the intersite interaction K
= 0.0, i.e., an ordinary Hubbard model. The nearest-
neighbor hopping parameter t is chosen as the energy
unit and the next-nearest-neighbor hopping parameter 8
is set to be 0.7. The PES and IPES with diferent values
of U are calculated. For clarity of the presentation the
results are plotted separately in Figs. 2 and 3. Several
features that are characteristic of such systems are ob-
served. It is clearly seen that the PES and IPES spectral
distributions are broadened, as expected, with increas-
ing U. An analysis of the spin-resolved spectra reveals
that as the interaction strength grows the spin polariza-
tion is reduced at the low-energy scale and enhanced at
the high-energy scale. This behavior is well understood
as the result of the reduced probability of finding two

0.6
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FIG. 2. The calculated photoemission spectrum (PES)
with seven electrons in the ground state. The parameters
are t = 1.0, s = 0.7, K = 0.0, and U = 1.0 (a), 5.0 (b), and
10.0 (c). The solid, long-, and short-dashed lines represent
the total, majority-, and minority-spin results.
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FIG. 3. The calculated inverse photoemission spectrum
(IPES) with seven electrons in the ground state. The pa-
rameters are the same as in Fig. 2.

particles of opposite spin orientations in and near the
ground state of the system. In the U = 10 case, dis-
tinct satellite peaks have developed in both the PES and
the IPES with almost full spin polarization in majority-
and minority-spin orientations, respectively.

Normally additional interactions are expected to fur-
ther drive spectral weight toward the high-energy scale,
leading to an even broader overall spectral distribution,
and strengthen the effects on the spin polarization of the
spectra. In Fig. 4 we show the calculated PES for U =
5.0 and various nonzero values of K [for the K=O result,
see Fig. 2(b)j. It immediately catches the attention that
there is a K-driven narrowing instead of a broadening in
the overall spectral distribution. In addition, the spin po-
larization of the spectrum shows anomalous behavior. It
is first reduced on the low-energy scale and enhanced on
the high-energy scale, similar to the situation one would
expect for an ordinary Hubbard system. However, when
the intersite term increases further, the spin polarization
starts to grow on the low-energy scale and decrease on
the high-energy scale. This cannot be explained by the
picture proposed above for the ordinary Hubbard model.

To explain these anomalous features we examine in
more detail the spectral function in a many-body pic-
ture. We analyze the qualitative physics by using a sim-
ple system, a dimer with two electrons in the atomic
limit. When K = 0, the energy of the system is Eo
= 0 for the configuration with two singly occupied sites
and Eq ——U for the configuration with a doubly occupied
site. One expects to observe spectral weight at these en-
ergies separated by L = U. When K is turned on, one
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FIG. 4. The calculated photoemission spectrum (PES)
with seven electrons in the ground state. The parameters
are t = 1.0, s = 0.7, U = 5.0, and K = 1.0 (a), 3.0 (b), 5.0
(c), and 9.0 (d). The solid, long-, and short-dashed lines rep-
resent the total, majority-, and minority-spin results. The tip
of the letter "V" indicates the highest energy position of the
spectral distribution (see the text for more details).

has Eo ——K, Eq ——U, and 4 = U —K. It is seen that 4
decreases with increasing K. Therefore, the increasing
intersite interaction results in a narrower spectral dis-
tribution in the photoemission spectrum. This picture
is qualitatively applicable to all strongly correlated sys-
tems with difFerent filling factors, larger sizes, and more
complex structures.

Guided by this simple picture we can easily understand
the quantitative results presented in Fig. 4. We have
compared the spectrum calculated with the interaction
parameters K = 0.0 and U = 5.0 with the single-particle
(i.e. , K = 0.0 and U = 0.0) electronic structure of the
same model. A detailed analysis of the calculated data
identifies that the high-energy spectral weight beyond
—25t in Fig. 2(b) is driven by the on-site interaction U;
there is also a significant amount of spectral weight trans-
ferred from the low-energy region to the energy range
between —20t to —25t due to the U term. The inter-
site interaction is found to gradually push the spectral
weight toward the low-energy scale as expected, yielding
the observed spectral narrowing [Figs. 4(a)—4(d)].

When the intersite interaction K is large enough, it
drives electrons into paired states (since A becomes neg-
ative). A representative configuration in the ground state
of the present system with large K has the sites 1, 2, and
3 doubly occupied and the site 4 singly occupied (see Fig.
1 for the cluster structure). This configuration is energet-
ically favorable since the nearest-neighbor interaction K

is avoided. In this situation, the photoemission spectrum
becomes essentially K-independent. We have calculated
the PES for K = 15.0. The results are indeed almost
identical to that shown in Fig. 4(d) with K = 9.0.

The above simple picture also explains the anoma-
lous spin polarization observed in the calculated spectra.
When K is initially turned on, the spectral weight cor-
responding to the configurations with doubly occupied
sites is pushed toward the low-energy scale. As a result,
the spectral distribution narrows and the spin polariza-
tion increases slightly at low energies [see Figs. 2(b) and
4(a)]. As the K increases further, the competition be-
tween the U and the K term, with the latter enhancing
(reducing) the spin polarization in the high (low) -energy
scale, produces an almost spin-neutral low-energy spec-
trum and a highly polarized high-energy spectrum [see
Figs. 4(b) and 4(c)]. Finally, when the K term becomes
dominant (but its direct contribution to the total energy
is avoided in the ground-state configuration), the paired
configurations become energetically favorable and, there-
fore, the U driven e-ffects manifest themselves in the lovI

energy scale of the spectrum It rev. erses the situation in
the ordinary Hubbard model and. leads to an increase in
the spin polarization and the exchange splitting in the
low-energy scale [Fig. 4(d)]. The spectral weight near
the chemical potential is now driven by the on-site in-
teraction U and is transferred to higher energies. As a
result the spectral distribution is further narrowed from
the low-energy side due to the U term, in addition to the
narrowing on the high-energy side due to the K term.

Although the intersite interaction causes significant
spectral narrowing as presented above, it should be
pointed out that, according to Eq. (11) and the discussion
immediately below it, there should be spectral distribu-
tion at high energies corresponding to highly excited final
states. By carefully examining the calculated numerical
results, we indeed found spectral distribution at energies
higher than the high-energy tail of the peak that is vis-
ible in the plotted figures. The highest energy position
of such spectral distribution is indicated by the tip of
the letter "V" in Fig. 4. It moves to higher energies as
K increases. However, these high-energy spectra carry
only negligible weight, as expected. It should be noted
that the move of the highest-energy position simply re-
fIects the expansion of the range of the energy spectrum
of the system. It is not related to the anomalous spectral
behavior presented above. The latter is a refIection of
the nature of the many-body states, the ground state in
particular, of the system in response to changes in the
nonlocal in.teraction.

The inverse photoemission spectra with the same pa-
rameters as used in Fig. 4 are presented in Fig. 5. A
K-driven spectral narrowing is clearly seen by compar-
ing the K = 0.0 spectrum shown in Fig. 3(b) and the
K = 1.0 spectrum in Fig. 5(a). It can be understood
in the same physical picture as proposed for the PES.
As the value of K increases further, a low-energy peak
develops while a larger peak is pushed to higher ener-
gies. The total integrated weight is found to be 1.0 for
the low-energy peak and 8.0 for the high-energy peak.
In addition, the low-energy peak is fully polarized in the
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FIG. 5. The calculated inverse photoemission spectrum
(IPES) with seven electrons in the ground state. The pa-
rameters are the same as in Fig. 4.

minority-spin orientation, while the high-energy peak is
spin neutral. The energy separation between the two
peaks grows with increasing K. These results also can
be understood in the picture proposed above. For clar-
ity, we again consider the large-K ground-state configu-
ration presented above with the sites 1, 2, and 3 doubly
occupied and the site 4 singly occupied. The unpaired
electron is in the majority-spin state since the calculated
ground state has a total spin of S = z. The additional
electron introduced by the IPES process may occupy the
minority-spin state on the singly occupied site, with an
energy increase of U, or it may occupy one of the empty
sites 5—8, with an equal probability on orbitals of either
spin orientation with an energy increment of 7K. The
ratio of the configurational space available for these two
processes is 1:8. The energy separation between the two
peaks is 7K —U. These results are in excellent agreement
with the calculated IPES shown in Fig. 5. Similar to the
situation in the PES shown in Fig. 4, spectral distribu-
tion with negligible weights is found at higher energies
with the highest-energy position indicated by the tip of
the letter "V."

It is interesting to note that the above results suggest
an unusual doping dependence of the low-energy spec-
tral weight that is proportional to the hole concentra-
tion x when the system is doped away from half-61ling.
This is quite difFerent from the results for the ordinary
Hubbard model, where, as proposed by Sawatzky and co-
workers, ' the doping dependence is 2x or even faster.
The linear relation in the present case is actually the same
as that in a semiconductor. However, there is a distinct

0.4
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00
—30 —20 —10 0

in in ner
10

FIG. 6. The calculated photoemission spectrum (PES)
vrith six electrons in the ground state. The parameters are
the same as in Fig. 4, except that here the spectra for K =
0.0 (solid line), 1.0 (long-dashed line), and 5.0 (short-dashed
line) are presented. The ground state has a total spin S = 0.
As a result all the spectra are spin neutral.

difference here. In semiconductors, the low-energy peak
is expected to be spin neutral. In the present case, it
is fully polarized due to the intersite interaction as ex-
plained above. It should be noted, however, that when
the system is further doped away from half-filling the
situation is quite difFerent in regard to the spin polar-
ization of the low-energy peak in the IPES. We have
calculated the PES and IPES of the same model with
identical Hamiltonian parameters but with six electrons
in the ground state of the system. The results are shown
in Figs. 6 and 7. It is seen that almost all the spectral
features presented above for seven electrons in the clus-
ter are reproduced qualitatively, which can be explained
in the same physical picture. The only exception is that
the low-energy peak in IPES, which now carries —of the
total spectral weight (i.e. , still linearly proportional to
the hole concentration x), is spin neutral. This is be-
cause the six-electron ground state has a total spin S=O,
thus providing equal configurational space for the up and
down spin states of the additional electron introduced by
the inverse photoemission process. This indicates the
possibility of observing in some systems with moderate
to large nonlocal interactions a low-energy peak in IPES
that has the spectral weight growing linearly with the
doping concentration and the spin polarization develop-
ing from fully polarized to neutral as the system is doped
away from half-filling. Therefore, a correlated system
with large nonlocal interactions behaves quite differently
from either a semiconductor or a system described by the
ordinary Hubbard model with respect to doping.

We have calculated PES and IPES for a difFerent set
of parameters to test the sensitivity of the spectra to
the single-particle electronic structure of the system. We
turned ofI' the second nearest-neighbor hoppings (i.e. ,
set s = 0) and kept the other parameters the same as
used in Fig. 4. It is found that the calculated spectral
features are essentially identical, except for some slight
quantitative changes, to the results presented above. In
other words, the spectral features reported above are a
rather general property of the interacting electron sys-



51 PHOTOELECTRON SPECTROSCOPY OF STRONGLY. . . 14 099

o 6 — (~)

0.3—

0.2—

0.0 i

—10 0 'l 0 20 30 40 50

(Binding Energy)/t

FIG. 7. The calculated inverse photoemission spectrum
(IPES) with six electrons in the ground state. The param-
eters are the same as in Fig. 6. All the spectra are spin
neutral.

0 0

~ o~- (b)

0.3

0.0

~~o.e — (c)
0.3—

0.0
—30 —20

Binding Energy

tern, insensitive to details of the single-particle electronic
structure.

In previous work ' it was shown that the photoelec-
tron spectroscopy of charge-transfer systems is very sen-
sitive to the hybridization between the "d" and "p" elec-
trons. It is particularly true in the hole-doped case due
to a fundamental asymmetry in electron and hole doping
in a charge-transfer model away from half-filling, in con-
trast to the case for the ordinary Hubbard model where
an electron-hole symmetry is observed. Here we study a
hole-doped charge-transfer system with nonlocal interac-
tions. We still consider the case of seven electrons in the
eight-site cluster structure with periodic boundary con-
ditions [see Fig. 1(a)], i.e., an almost-half-filled system.
We assign a "d" orbital on each of the sites 1—4 and a
"p" orbital on each of the sites 5—8. The Hamiltonian
describing the system reads

FIG. 8. The calculated photoemission spectrum (PES)
with seven electrons in the ground state. The parameters
are t&& = 0.0, t» ——0.5, e = Ep Eg ——4.0, Ug = 5.0, Up
= 0.0, K = 0.0, and tq„= 0.0 (a), 0.5 (b), and 1.0 (c). See
the text for the definition of the parameters. The solid, long-,
and short-dashed lines represent the total, majority-, and mi-
nority-spin results.

(shoulder) clearly seen in the spectra when td„= 0.0 is
significantly reduced when tpp becomes large. The shift
of the position(s) of major peaks in the spectra is mainly
due to changes in the single-particle electronic structure
of the system. Because of the reduced correlation efFect,
the spin polarization is reduced on the high-energy scale
and enhanced on the low-energy scale as tdp increases.

Hg ——H+) Ect c,

where the first term H is given by the Hamiltonian (1)
with U; = Ug (Uz) on the "d" ("p") sites, t;z ——ted, t„„,td„
for electron hopping between the sites indicated by the
subscripts E:Ep or Ep depending on the site assign-
ment, are the on-site orbital energies for the "d" or "p"
sites.

We have calculated the photoemission and inverse pho-
toemission spectra of the above charge-transfer system.
Two sets of parameters have been used to study the ef-
fects of the "d"-"p" hybridization and the nonlocal inter-
action on photoelectron spectroscopy. In the first case,
we set tlap: 0.0 happ: 0.5 6:Ep Ez: 4.0) Uz: 5.0)
U„= 0.0, K = 0.0, and the "d"-"p" hybridization pa-
rameter is varied with values tgp ——0.0, 0.5, 1.0. We then
turn on the intersite interaction while keeping all other
parameters the same.

The calculated PES and IPES with the first set of pa-
rameters are presented in Figs. 8 and 9. The most notice-
able efFect of the increasing "d"-"p" hybridization is the
broadening of the spectra, corresponding to an increase
in the single-particle bandwid. th. A satellite structure
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FIG. 9. The calculated inverse photoemission spectrum
(IPES) with seven electrons in the ground state. The pa-
rameters are the same as in Fig. 8.
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When the intersite interaction is turned on, electron hop-
ping between "d" and "p" sites will cost extra energy. It
is thus expected that the eBect of tgp will be reduced. In
Figs. 10 and 11 the calculated PES and IPES for K = 2.0
are shown. The results are consistent with the expecta-
tion. Compared with the results for K = 0.0, a K-driven
narrowing in spectral distribution is clearly seen and the
spectra are insensitive to changes in tdp. When the value
of K is further increased to 5.0, the calculated spectra
(not shown here) become essentially independent of tdz
as the single-particle electronic structure is dominated
by the happ term in the ground-state configuration. The
double-peak structure seen in the IPES is due to the K
term as discussed above.

Finally, we study a so-called "negative charge-transfer-
energy" system with a negative e = E„—Ep. We still
consider seven electrons in the eight-site periodic cluster.
The parameters used in the calculation are the same as
in the above "positive charge-transfer-energy" case (Figs.
8 and 9), except here e = —3.0 and a larger range for tgz
(up to 2.0) is used. We first look at the K = 0 case.
The calculated spectra are shown in Figs. 12 and 13.
It should be noticed that with these parameters a typi-
cal ground-state configuration consists of paired-electron
states, similar to the situation in the large-K case, but
for a difFerent reason. Here (A = 0.0) it is due to the fact
that Upp 0 0 and c is negative . Therefore the configura-
tion with pairs of electrons on the "p" orbitals (i.e. , sites
5—8) is energetically favorable. The hybridization term
tgp broadens the spectral distribution similar to the re-
sults shown above for the positive charge-transfer-energy
system. Compared with the results in Figs. 8 and 9, it is
seen that the spectra are less sensitive to the change in tdp
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FIC. 11. The calculated inverse photoemission spectrum
(IPES) with seven electrons in the ground state. The param-
eters are the same as in Fig. 10.

here. This is because the electrons are less mobile due to
the negative charge-transfer energy which tends to pair
("trap") the electrons on the "p" sites as discussed above.
In this sense a negative charge-transfer-energy system be-
haves like a large-K system with positive charge-transfer
energy.
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FIG. 10. The calculated photoemission spectrum (PES)
vrith seven electrons in the ground state. The parameters
are the same as in Fig. 8, except here K = 2.0. The solid,
long-, and short-dashed lines represent the total, majority-,
and minority-spin results.

0.0
—70 —60 —50 —40 —30 —20 —10 0 10

Binding Energy

FIG. 12. The calculated photoemission spectrum (PES)
vrith seven electrons in the ground state. The parameters
are the same as in Fig. 8, except here tq~ = 0.0 (a), 0.5 (b),
1.5 (c), 2.0 (d), and e = —3.0.
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FIG. 13. The calculated inverse photoemission spectrum

(IPES) with seven electrons in the ground state. The param-
eters are the same as in Fig. 12.

When the intersite interaction K is turned on, the
ground-state pairing ("trapping") effect is further en-
hanced and the electrons will essentially be localized,
since hopping to a "d" orbital is very costly in energy.
As a result, the spectra should be distributed in a nar-
rower range in energy due to the eÃect of the K term and
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FIG. 15. The calculated inverse photoemission spectrum
(IPES) with seven electrons in the ground state. The param-
eters are the same as in Fig. 14.

be essentially independent of tp„. This is indeed the case
in the calculated photoemission and inverse photoemis-
sion spectra as shown in Figs. 14 and 15. A two-peak
structure is seen in the IPES. This is the manifestation of
the paired ground. -state configuration driven by the large
K and further enhanced by the negative value of e as dis-
cussed above. A simple analysis determines that the en-
ergy separation between the two peaks should be 7K —e.
It equals 38.0 with the chosen parameters K = 5.0 and
e = —3.0, which is in excellent agreement with the cal-
culated results shown in Fig. 15.

IV. CONCLUSIONS
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FIG. 14. The calculated photoemission spectrum (PES)
edith seven electrons in the ground state. The parameters
are the same as in Fig. 12, except here A = 5.0.

We have examined the eÃect of nonlocal interactions
on the photoemission and inverse photoemission spectral
distribution in an extended Hubbard model. By adjust-
ing the Hamiltonian parameters, two diferent systems
are studied: the erst is a uniform Hubbard system and
the other is a two-sublattice charge-transfer system.

In the case of the Hubbard system, it is found that
the intersite interactions generally suppress the features
driven by the on-site interaction and lead to an over-
all narrowing in the spectral distribution. In the pho-
toemission spectrum, the spectral weight driven by the
on-site interaction U is pushed by the intersite interac-
tion K toward the lower-energy side and the U-driven
efFects manifest themselves near the chemical potential
in the large-K limit, which is opposite to the case of an
ordinary Hubbard model with K = 0. In the inverse
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photoemission spectrum, a peak that grows linearly in
weight with the doping concentration is observed. Its
spin polarization develops from fully polarized to neu-
tral as the system is doped away from half-filling. These
behaviors are qualitatively difFerent from those of an or-
dinary Hubbard system or a semiconductor or a simple
metal system.

In the case of the charge-transfer system, the hy-
bridization (with hopping parameter td„) between the
strongly correlated "d" electrons and uncorrelated "p"
electrons broadens the spectral distribution in the ab-
sence of the intersite interaction K, as expected from a
single-particle analysis. When K is large the eO'ect of
the "d"-"p" hybridization on the spectra is greatly re-
duced and the effect of the K term becomes dominant.
A smooth transition between these two regimes is ex-
pected. The eÃect of K is more significant in a negative
charge-transfer-energy system than in a positive charge-
transfer-energy system since the negative charge-transfer
energy causes pairing of electrons on the "p" sites. In
this sense, the e8'ect of this negative energy difference
between the "p" and "d" orbitals is equivalent to that of
an effective K, although a true K term does not discrim-
inate "d" or "p" sites in terms of pairing electrons in the
ground-state configuration.

The calculated results are analyzed in a many-body

picture to gain physical insights into the nature of the
many-body states and the fundamental roles of the nonlo-
cal interaction in determining the spectroscopic behavior.
Although some results have been discussed in the limit
of large nonlocal interactions to help understand the un-
derlying physics, most eKects already can been seen for
moderate or even small interactions, as demonstrated in
the reported calculations. The qualitative physics pre-
sented in this work is expected to have general implica-
tions for a wide variety of strongly correlated systems
with appreciable nonlocal interactions.
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