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Anomalous Transfer of Spectral Weight in Doped Strongly Correlated Systems
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A qualitative and quantitative description (exact diagonalization of finite clusters) of the doping
dependence of one-electron-removal and -addition spectral weights is given. A half-filled Hubbard sys-
tem in the localized limit has two low-energy electron-addition (-removal) states for each hole (electron)
created by doping. In contrast, a charge-transfer system in the localized limit is fundamentally asym-
metric between hole and electron doping. However, when the hybridization is increased this asymmetry
disappears quickly and both holes and electrons introduced by doping show a strongly correlated behav-
ior.

PACS numbers: 79.60.—i, 71.28.+d, 74.70.Vy

A surprising feature of the high-T, materials is a
strong doping dependence of high-energy spectral distri-
butions, and a shift of spectral intensity from high to low
energies. Two of the nicest examples are the electron-
energy-loss study [1] and 0 Is x-ray-absorption study [2]
of the La2 — Sr Cu04 system. These spectra show a
strong decrease with x in the intensity of the upper Hub-
bard band as the lower-energy structure develops due to
holes in the 0 2p band. Such behavior has previously
been found in Li-doped NiO as well [3].

Also, in optical-absorption experiments [4], a transfer
of spectral weight from the band-gap transition at about
2 eV in insulating La2Cu04 to the low-energy scale
( & 1.0 eV) in the superconductor La~ ssrp 2Cu04 is ob-
served. The integral of the optical conductivity up to 1

eV increases much more rapidly than the doping concen-
tration would suggest. At the same time the high-ener-
gy-scale structure around 2 eV decreases rapidly, whereas
the total integrated spectral weight up to 4 eV remains
nearly constant. Similar behavior has also been found re-
cently for the electron-doped system Pr2, Ce 04 s by
Cooper et al. [5].

That these kinds of eA'ects can be related to strong
correlations is evidenced by exact diagonalization studies.
A convincing description of the 0 1s spectra is given us-
ing the Mott-Hubbard (MH) model [2]. Also, the calcu-
lated optical spectra for the MH and t-J models show
features quantitatively similar to what is seen experimen-
tally [6-9].

At first glance one would not expect to see such spec-
tral-weight transfers in the hole-doped high-T, materials,
which are generally accepted to be charge-transfer (CT)
systems, because the additional holes mainly occupy oxy-
gen 2p states. In a previous paper [10] we found, howev-
er, using a multiband cluster (Cu207) calculation and pa-
rameters suitable for the high-T, compounds and for 50%
doping, a substantial transfer of spectral weight. In this
paper we describe the physical origin of the observed
spectral-weight transfer and its doping dependence. In
addition we study both the MH and CT systems and de-
scribe the eff'ects of hybridization. Special attention is
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FIG. 1. A schematic drawing of the electron-addition and
electron-removal spectra for the insulating undoped (a) Hub-
bard model and (b) charge-transfer model. The ionization po-
tential EI and electron affinity E& are indicated, as well as the
Hubbard repulsion U and charge-transfer energy 5 =a~ —t..z.

paid to the asymmetry in electron- and hole-doped sys-
tems expected in a CT model. We show that if the hy-
bridization in a CT system is large enough, the spectral-
weight transfer becomes similar to that of a MH model,
but the physical origin is really quite different.

There is a simple picture which can be used to at least
qualitatively understand the large spectral-weight read-
justments in MH systems. Consider a row of N widely
separated H atoms with one electron per atom in the
ground state. The total electron-removal (photoelectron)
and electron-addition (inverse photoelectron) spectral
weight, shown in Fig. 1(a), is equal to the number of oc-
cupied and empty levels, respectively. Thus each has an
intensity equal to N. Let us now consider a hole-doped
chain of H atoms. There are now N —

1 singly occupied
sites so we have N —1 ways of removing an electron. At
the same time there are N —1 (not N) ways of occupying
the upper Hubbard band. This leaves two states at the
site with the missing electron. Both of these are elec-
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tron-addition states (one with spin up and one with spin
down), and they both have an energy corresponding to
the lower Hubbard band. Therefore the Fermi level must
lie at the position shown in the inset on the left of Fig. 2.
This shows that the electron-addition spectral weight in

the low-energy-scale part (around EF) goes as ax, where
a=2 and x is the doping concentration. One of these
states comes from the upper Hubbard band so indeed
there is a transfer of spectral weight from high to low en-

ergy [11]. The same arguments hold also for the elec-
tron-doped chain. This behavior is contrasted by one-
electron systems where the spectral weight of bands is not
inIIuenced by doping. A correlated system behaves quite
differently from a semiconductor with respect to doping

In the high-T, superconductors, holes introduced by
doping are known to be of mainly oxygen character and
thus these materials have to be described as (doped) CT
systems rather than MH systems [12]. In Fig. 1(b) a
sketch of the electronic structure of a charge-transfer gap
material is shown. There now exists, for the undoped ma-
terial, a filled band of states between the lower Hubbard
band and the Fermi level. A textbook example would be
a chain of alternating H and Xe atoms. In the high-T,
materials the role of H is played by Cu + (single occu-
pied d„2 y2 state) and that of Xe by 0 (filled 2p
band). In the localized limit, neglecting hybridization,
hole doping will cause the Fermi level to move into the 0
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FIG. 2. The integrated low-energy spectral weight divided by
the number of sites as a function of doping for the N =8 site
one-dimensional Hubbard chain with periodic boundary condi-
tions. The curves correspond to the following: ~, U/t ~; O,

U/I = —10; and w, U/t = —5. The dotted line represents the
free-particle limit. Inset: The intensities, shown schematically,
of the electron-addition and -removal spectra for the Hubbard
system with one additional hole (left) and one additional elec-
tron (right) in the localized limit.

2p band. Introducing a hole by doping will leave only one
electron-addition state near the Fermi level while the
upper Hubbard band retains N states. Thus this situation
resembles a semiconductor. On the other hand, introduc-
ing electrons up to a concentration x yields 2x electron-
removal states at EF, as in the MH case. So, in a CT sys-
tem there is a fundamental asymmetry between hole and
electron doping and for strongly ionic CT systems we
would expect negligible transfer of spectral weight in the
case of hole doping. This is in contrast to what is found
for Laq-„Sr„Cu04 [1,2]. The question arises in what
respect strong hybridization changes this picture.

In order to study this we calculated first the one-
particle Green's function obtained by exact diagonaliza-
tion of finite clusters for the MH model, for diA'erent

values of U/t. Details concerning the calculational tech-
niques can, for instance, be found in Refs. [7] and [g].
The procedure is the following. Given a doping percen-
tage x we calculate numerically the trace (over k and
spin) of the electron-removal (-addition) Green's func-
tion. Then the gap energy Es,~ (chosen to be the middle
between the upper and lower Hubbard bands) is deter-
mined by inspection, and the partial integration up to
Eg p giving a, is evaluated. The results for a periodic
eight-site one-dimensional cluster are shown in Fig. 2.
We have repeated the calculations for a two-dimensional
3x 3 site cluster. The results were found to be practically
equivalent to the results shown in Fig. 2, as long as the
bandwidth is kept constant. This suggests that the results
are not very sensitive to low-energy characteristics, like
the size and the dimensionality of the cluster, or the
amount of frustration in the spin lattice. Instead the re-
sult is mainly determined by local factors like the param-
eter U/t and the number of nearest neighbors of a given
site.

From the figure it is seen that the spectral weight
grows, in fact, faster than twice the amount of doping
and that this ratio is increasing as the value of U/t is de-
creased. The reason for this is the hybridization between
low-energy electron-addition states and the upper Hub-
bard band. For U/t = —5 ( —10) the line through the
points corresponding to half-filling and the one-hole-
doped case has a slope of 3.3 (2.5). The smallest cluster
in which such an enhanced weight transfer can be seen
contains only two sites. This cluster is easily solved by
hand, giving a factor a (for 50% doping) which ranges
from 2 (U/t ee) to 2.5 (U/t 0). For larger clusters
and small values of U/t it becomes difficult to distinguish
whether states belong to the upper or lower Hubbard
band. Thus in order to have a sensible definition of Eg p

we focused on large values of U/t. As U 0 one returns
to the one-free-particle band with no spectral-weight
transfer.

For the CT model in the localized limit we have seen
that upon hole doping the weight of the 0 band grows as
the doping x and that the upper Hubbard band is not
inAuenced. However, upon switching on the hybridiza-
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tion the upper Hubbard band and the 0 2p hole states
start hybridizing in such a way that the phases of the
wave function will constructively interfere for transitions
to the low-energy-scale and destructively interfere for
transitions to the high-energy-scale electron-addition
states [10]. This causes transfer of spectral weight from
the high- to the low-energy scale even though the number
of states is unchanged. The low-energy-scale spectral
weight can thus be expected to be ax, with a ~ 1. This is
related to the well-known phenomenon that satellite in-
tensities in spectroscopies in general decrease when the
hybridization is increased.

For the high-T, materials it was proposed that the
hole-doped systems can be described by a t-J model [13]
or a single-band Hubbard model [14]. Because in the t J-
model the occupation is constrained to at most one elec-
tron per orbital, it is easily checked that the low-energy
spectral weight is equal to 2x, so it behaves as a MH sys-
tem in the localized limit. This means that the hybridiza-
tion should strongly inAuence the character of the oxygen
states near the insulating gap, resulting in a factor a =2
if the t-J model is valid.

The eff'ect of the hybridization is studied by consider-
ing a one-dimensional periodic cluster with four unit
cells. Each unit cell consists of two orbitals "d" and "p,"
where "d" stands for the correlated atom and "p" for the
free-electron (ligand) atom. The CT Hamiltonian used
here contains on-site energies ed and e~, intersite hopping
(t~d), oxygen bandwidth (tz~), and copper on-site repul-
sion (Udd). It can be shown that the cluster used here is

equivalent to a Cu40g cluster with periodic boundary
conditions. This cluster was studied before [7,15,16] as
representing the Cu02 planes of the high-T, supercon-
ductors.

The partial-sum-rule results are shown in Fig. 3 for
diA'erent values of t~d. In the case of electron doping the
situation closely resembles the MH situation (Fig. 2).
For hole doping the situation is quite different. For small
values of the hopping t~d the low-energy spectral weight
follows the doping percentage, as argued before. When
the value of t~d is increased this spectral weight is seen to
increase rapidly.

The role of tzz is found to be small. If one increases tqz
the integral also increases, but only very slightly. This
can probably be understood as a competition between the
increasing p bandwidth and a decreasing eII'ective value
of 4 =a~ —ed. We also investigated what happens if one
of the Hubbard bands is energetically far away. For the
limit that U ~ and 5 =4, and with one additional hole,
the integrated low-energy spectral weight a =1.54. The
limit h, ~ and U=d+4 gives a=1.24. Thus in both
cases the value is strongly reduced as compared to the
value 2.26 for U=8 (Fig. 3). This shows that both the
upper and lower Hubbard bands are essential in order to
get such strong transfers of spectral weight.

Because for the high-T, superconductors the transfer
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integral t~d is known to be large, these materials lie in the
regime corresponding to the upper curves in Fig. 3 (solid
squares). Therefore, the low-energy integrated spectral
weight for hole doping is almost as large as the value for
electron doping and the holes show a strongly correlated
behavior. The use of the t-J model also suggests such a
symmetry between electron and hole doping. As shown
previously [10], large hybridization is necessary to stabi-
lize the Zhang-Rice singlet and to justify the reduction of
the CT model to the one-band t-J model. Using the
Hubbard bands and the p band as an energy reference,
the Fermi level is seen to shift into the p band or the
upper Hubbard band when adding one hole or one elec-
tron, respectively. Thus we do not see indications that
the Fermi level is fixed to the center of the insulating gap,
as photoemission experiments on the high- T, materials
seem to suggest [17]. However, we do see states appear-
ing in the CT gap close to the Fermi level for hole as well
as for electron doping.

In conclusion, we have shown that a transfer of spectral
weight is in fact a general feature of strongly correlated
systems. For the MH system a low-energy spectral
weight growing as 2x, where x is the percentage of holes
from half filling, and at the same time a corresponding
decrease of the upper-Hubbard-band spectral weight can
be understood by counting the possibilities for adding an
electron. The factor 2 was found to increase to an even

hole doping electron doping
FIG. 3. The integrated low-energy spectral weight divided by

the number of unit cells as a function of the doping for the
N=4 unit-cell charge-transfer system with periodic boundary
conditions. The curves correspond to the following: 0, tpd =0;

tpd =0.5 ' V tpd 1 .0' 7 tpd 1 .5 and R, tpd =2.0 eV. For all
curves, 6p EJ=4, Udd=8, and t»= —0.25 eV. Inset: The in-
tensities, shown schematically, of the electron-addition and -re-
moval spectra for the system with one additional hole (left) and
one additional electron (right) in the localized limit.
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higher value when the intersite hybridization is taken into
account. This transfer of spectral weight can be con-
sidered as a fingerprint of strongly correlated (mixed
valence) systems.

In the limit of large U and small doping the MH model
can be replaced by a t-I model, with J=4t /U. Because
of the restriction of at most single occupancy, the spectral
weight should increase as 2x. The MH model at low dop-
ing yields a value higher than 2 for U/t still in the large-
U regime, which is caused by virtual excitations to the
upper Hubbard band. This gives a measure of the devia-
tion from the t-J model.

A CT system in the localized limit is fundamentally
asymmetric in electron and hole doping. Electrons will
feel the strong repulsions on the d sites, similar to the
MH model, and will behave as strongly correlated ob-
jects. Holes, however, are in zeroth order free particles.
A small hopping term will cause these holes to be scat-
tered by the spin background, resulting in a situation
comparable to the Kondo problem. Increasing the hop-
ping changes this picture radically. Now the filled lower
Hubbard band will hybridize with the p states, causing a
sort of mirror lower Hubbard band to appear at the low-

energy side of the p band, and the d spectral weight is
strongly enhanced. The holes in this band will behave as
correlated particles with restrictions on double occupan-
cy. As a result, the spectral weight was shown to grow
as fast as 2x (or even faster), restoring, as far as this
transfer of spectral weight is concerned, the symmetry
between electrons and holes, and both behave as strongly
correlated particles. This result is closely related to the
way Zhang and Rice arrived at a t-I model starting from
the three-band model for the high-T, compounds. In our
opinion, however, it is not clear if the hole- and electron-
doped systems can both be described by a single Hubbard
Hamiltonian. Because the holes are mainly on the p or-
bitals their motion will depend diff'erently on parameters
such as t~d and t~~ than the motion of the electrons.
Therefore if the hole-doped case could be described by
such a one-band Hubbard approach, the parameters U
and t could still be quite diff'erent from those for elec-
trons.
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