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Spectral Function Evolution in a Multiband d-Electron Model: Combined Single-Particle and
Many-Body Effects
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We report the results of a theoretical study on the evolution of the photoemission spectral function
driven by interactions in a realistic d-electron model with d configuration. These results are
qualitatively different from those of single-particle and simple Hubbard-type models. Both the realistic
band-structure aspects and the on-site interactions are considered. Physical insights are gained about
general spectroscopic behavior of multiband d-electron materials with degenerate occupied orbitals.
Excellent agreement with experiment is found.
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The discovery and subsequent studies of novel ma-
terials such as high-temperature superconducting oxides,
heavy-fermion compounds, and low-dimensional mag-
netic systems have presented a serious challenge to the
understanding of the properties of strongly correlated
electron systems. While these materials exhibit a wide

range of extremely rich physical phenomena involving
complicated physical and chemical effects, a lot of effort
in this field has been devoted to the study of relatively
"simple" models such as the Heisenberg model, the lattice
Anderson model, the Hubbard model, and their variants

with the hope of capturing fundamental physics underly-

ing the observed new phenomena. Indeed, new concepts
have been developed and interesting results obtained [1].
Because of the complexity of the materials involved, it

has often become necessary in theoretical studies to incor-

porate various aspects of the problem by using different
techniques. For example, band-structure calculations may
provide the real material aspects of the system, such as
the tight-binding Hamiltonian parameters for both single-

particle and interaction terms, to be used as the input in

simpltfted models [2—6]. Many-body techniques are then

applied to study correlation effects [1]. These techniques

may involve various approximations on the interaction
terms [7]. On the other hand, there is another important

aspect of the "realistic" description of strongly correlated
systems, i.e., the suitability of the model itself. Some-
times it is necessary to include the orbital degeneracy and

other band-structure aspects in the model to correctly de-

scribe qualitatively different physical phenomena. This
is particularly true in the study of various spectroscopic
behavior of strongly correlated systems. To interpret the
observed spectra and extract correct physics, proper inclu-

sion of some realistic band aspects are of crucial impor-
tance since some "unexpected" features may result from
combined single-particle and many-body effects.

In this paper, we report the results of a theoretical study
on the spectroscopic behavior of a realistic multiband
d-electron model. This work was motivated by recent
experimental studies of the evolution of the spectral func-
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where the first two terms describe the hopping and or-

bital energies and the third term is the on-site d-d inter-

action which is the dominant contribution compared to
intersite interactions [9]. The indices i,j label the lattice
sites; p„v, A, and @ label the d orbitals; and tr, a' are spin

tion in some Mott-Hubbard systems with d' configura-
tion by Fujimori et al. [8]. They discovered that when
the ratio of the effective on-site Coulomb interaction to
the single-particle bandwidth is experimentally tuned up,
there is a drastic spectral weight transfer from the "coher-
ent" part (predicted by single-particle theory) to the "in-
coherent" part (beyond the coherent part) in the spectra of
several correlated itinerant systems. This behavior cannot
be explained by either single-particle theories or simple
Hubbard-model calculations. It presents a textbook qual-

ity example where both single-particle and many-body
aspects must be considered on an equal footing in the
theoretical modeling and calculations. In the reported
experimental work [8], several material systems with dif-
ferent crystal and band structures are used. Here we do
not intend to include all the details of the band structures
in our model. Rather, we construct a generic d-electron
model to capture the fundamental physics involved. We
study the effects of many-body correlations on the spec-
tra1 behavior in a model system with realistic single-
particle band structures. This model is simple enough to
render the many-body problem fully tractable; yet both
single-particle and many-body aspects of the problem are

properly considered, allowing the extraction of interesting

physics that is relevant for real material systems. The cal-
culated results have revealed some "unusual" behavior in

spectral function evolution, which provides a natural ex-
planation for the experimental results [8].

The model Hamiltonian contains both single-particle
and interaction terms:
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labels. All notations are standard. In this model we re-
tain three degenerate t2g d orbitals on each site. The eg
orbitals are assumed to be empty, corresponding to the
experimental situation [8]. The single-particle terms are
parametrized according to the Slater-Koster tight-binding
scheme [10]. Only d orbitals and the nearest-neighbor
hopping are explicitly included. The effects of other or-
bitals as well as beyond the nearest neighbors will renor-
malize the on-site d-electron energies [11,12]. To treat
the single-particle and many-body effects on an equal
footing, we employ a numerical exact diagonalization
approach. We choose a tetrahedron cluster and apply
periodic boundary conditions in all three dimensions to
construct a bulk fcc structure [13]. This is equivalent to
sampling four points (corresponding to the four sites in
the tetrahedron cluster in real space) in the Brillouin zone:
the I point and the three X points. All many-body states
are generated and projected according to the symmetries
inherent in the Hamiltonian, which include the total par-
ticle number in the cluster, total spin and its z compo-
nent, and the spatial translational symmetry. The spatial
symmetry is implemented by projecting states according
to the irreducible representations of the space group of the
system [11]. The symmetrized basis functions are then
used to construct the Hamiltonian matrices which are in
block-diagonalized form, partitioned according to various
symmetry indices. Direct diagonalization of these matri-
ces provides exact solutions to the Hamiltonian.

The single-particle energy levels in this cluster model
are expressed in terms of the Slater-Koster parameters as

Ex, = Ei„—3(ddo. ) —(dd~),

Eri, = E„, + 3(ddo. ) + 4(ddt. ) + 5(ddt),

Ex, = E„, + 3(ddo. ) —4(ddt) —3(ddt),

(2)

(3)

(4)

where E„ is the energy of the degenerate t2g orbitals
and X5, I 25, and X3 are the irreducible representations
of the space group that label the spatial symmetry of the
single-particle states [14]. In general, one has, in the or-
der of descending magnitude, (ddo. ) ( 0, (ddt. ) ) 0, and
(ddt) & 0. In the following calculations we use a set of
single-particle parameters based on our previous work on
some 3d transition-metal systems [11,12,15]: (ddo. ) =
—1.0 (its magnitude is chosen as the energy unit in
the following calculations), (ddt) = 0.7, (ddt) = —0.15,
and E„=—1.0. The corresponding single-particle band-
width is W = 8.5. Two points are worth mentioning here.
First, these are the renormalized parameters with only
nearest-neighbor interactions among d orbitals explicitly
included, not the "bare" band parameters as one would get
in an all-electron single-particle tight-binding fit. Second,
it should be pointed out that exact ratios of the single-
particle parameters do not affect the qualitative physics
studied in this work. In fact, we have tested several dif-
ferent sets of parameters; they all yield similar results.

The interaction term V"" can be described by two
parameters: the direct Coulomb integral U and the ex-
change integral J. The Coulomb energy for two par-
ticles on different d orbitals is U —2J. We choose the
ratio U: J = 5 (Ref. [9]). Again, the exact value of this
ratio does not affect the qualitative physics studied in this
work. This leaves U the only variable parameter in the
present formulation. Below we will systematically study
the effect of the d-d interaction U on the behavior of the
spectral function evolution.

We consider the system with d' configuration, i.e.,
four electrons in the four-site tetrahedron cluster. Since
we retain three orbitals per site per spin, there are
24 orbitals in the cluster (equivalent to a 12-site single-
band Hubbard model). Simple combinatorial argument
yields 10626 many-body states in the neutral state of
the cluster. After the application of the particle-number,
spin, and space-group symmetry projections, the largest
Hamiltonian matrix is of order 272, a significant reduction
from the original (10626 X 10626) matrix. All matrices
are numerically diagonalized, and all eigenvalues and
eigenstates are obtained and stored.

The spin-resolved photoemission spectral function is
defined as

FpE(~, ~) = ggl(4k" 'Ic„14p &I'

p k

(EN /EN)]— (5)

where Pp and Pk
' are the N-electron ground state and

the kth (N —1)-electron final state, with energies Ep and
Ek ', respectively. The operator c„destroys an electron
with spin cr and orbital index p, .

Figure 1 shows the calculated spin-resolved and inte-
grated photoemission spectral functions for various values
of U. Notice that in this work all energies are measured
in units of 1(ddo.)1. It is clearly seen that, as the value
of U increases, the spectral function gradually evolves
from a single-peak structure (the single-particle results)
to a double-peak structure with a significant amount of
spectral weight transferred to the "incoherent" part, i.e.,
beyond the range predicted by the single-particle theory.
This is qualitatively different from the results of Monte
Carlo simulation [16] and exact diagonalization [17] stud-
ies of a single-band Hubbard model. In those works it is
found that with increasing interaction the upper and lower
Hubbard bands are shifted away from the Fermi energy
rather rigidly without any noticeable spectral weight trans-
fer between coherent and incoherent parts. This demon-
strates that the experimentally observed spectral weight
transfer [8] is due to combined single-particle and many-
body effects. A detailed analysis of the calculated results
yields the following conclusions:

(i) When the interaction is weak, the spectral weight
transfer is dominated by the direct Coulomb interactions
since there is a large overlap between the majority-spin
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FIG. 2. The calculated spectral weight in the "coherent part,
"

defined as E ~ —0.5. Energies are measured in units of
((ddo. )(. The solid, long-dashed, and short-dashed hnes rep-
resent total, majority-spin, and minority-spin results.

FIG. 1. The calculated spin-resolved photoemission spectral
functions. Results in (a)—(h) correspond to interaction param-
eters (energies are measured in units of )(ddcr))) U = 0.0, 1.0,
2.0, 3.0, 4.0, 5.0, 8.0, and 10.0. The solid, long-dashed, and
short-dashed lines represent total, majority-spin and minority-
spin results.

and minority-spin spectra [see Figs. 1(a)—l(d)]. The cor-
responding spectral function evolution is therefore very
sensitive to the value of U, yielding drastic changes in the

spectra for relatively small changes in U. For larger val-

ues of U, the direct overlap between the spectra of oppo-
site spin orientations is small, and the main driving force
behind the spectral weight transfer is the exchange inter-
action J. The peak positions in the spectra become less
sensitive to changes in U. We compare the calculated
results shown in Figs. 1(c)—1(e) to the "unusual" experi-
mental data [8] for VO2, SrVOs, and La Ti03. These three

systems all have almost identical single particle spec-tra,

which ensures a meaningful comparison with the calcu-
lated results. An excellent qualitative agreement is evi-
dent. A quantitative agreement is achieved with a detailed
Hamiltonian parameter fit [18]. However, we want to
emphasize the qualitative physics involved here, i.e., the
observed "unusual" spectral function evolution is driven

by the d-d interaction in a realistic band environment.
In other words, it is due to combined single-particle and

many-body effects.
(ii) The spectral weight in the coherent part, defined

as the spectra with binding energy E ) —0.5, and the in-

coherent part are calculated, and the results are shown
in Figs. 2 and 3. These results agree qualitatively with
the experimental measurements [8]. Again, a quantitative
agreement is achieved with a detailed Hamiltonian param-
eter fit. One interesting observation is that the total spec-
tral weight of both peaks decreases as U becomes large.
The "missing" spectra actually are driven by strong direct

Coulomb interaction to higher binding energies, which are
not shown in Fig. 1.

(iii) The spectra in the incoherent part are fully polar-
ized in majority-spin orientation, while the peak near the
Fermi energy (the coherent part) is highly polarized in

minority-spin orientation. The spin polarization is the re-
sult of electron correlation effects. It should be easily
detectable in spin-resolved measurements. However, the

degree of polarization may be modified slightly in real
materials due to contributions from other electrons even if
the d-electron contribution is well identified.

(iv) In Figs. 1(e)—1(h) it can be seen that the peak in

the incoherent part has a shoulder on the high binding-

energy side. This is due to the splitting of previously
degenerate (or almost degenerate) levels. In other words,
the incoherent part actually has a multipeak structure.
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FIG. 3. The calculated spectral weight in the "incoherent part"
with binding energies —2.0 ~ E & 0.5. Energies are measured
in units of )(ddo. )(. The spectrum is fu}ly polarized in the
majority-spin orientation in this energy range.
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In summary, we have studied the evolution of the
photoemission spectral function of a realistic multiband
d-electron model with d' configuration in an exact diago-
nalization approach. Results qualitatively different from
those of single-particle and single-band Hubbard mod-
els have been obtained. They provide a natural expla-
nation for the "unusual" spectral weight transfer recently
observed in several d-electron materials with various ra-
tios of interaction to single-particle bandwidth. The con-
clusions on the combined single-particle and many-body
effects in strongly correlated systems drawn from the cal-
culated results are expected to be valid for other similar
systems with degenerate occupied orbitals.
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