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Evidence for Two Types of Low-Energy Charge Transfer Excitations in Sr,CuQO;
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A comparative analysis of electron energy-loss spectroscopy (EELS) spectra for the 1D insulating
cuprate Sr,CuO; with transferred momentum ¢ || and L to the chain axis allows one to elucidate the
structure of the charge transfer gap in in-chain response. It is determined by the superposition of two
types of excitations with different magnitudes of dispersion. The low-energy response with g L to the
chain direction, but yet within the plane of CuO, plaquettes, exhibits also a dispersionless peak near
2 eV. The theoretical simulation of the EELS data using exact diagonalizations of an appropriate
extended Hubbard Hamiltonian for relevant clusters requires the explicit consideration of low-lying
oxygen 2pr states within the CuQ, plaquette plane beyond the standard pdo extended Hubbard model
widely used for cuprates with corner-shared CuO, plaquettes.
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Low-energy ( ~ 2 to 3 eV) electron-hole (el-h) excita-
tions in cuprates studied by electron energy-loss spectros-
copy (EELS) provide insight into the involved orbitals.
This knowledge is important for a proper description of
these compounds in the framework of multiband Hubbard
models. In particular, excitation spectra are of interest
since they involve states which may affect also ground
state properties of doped cuprates. Huge nonlinear optical
(NLO) effects observed recently in Sr,CuOj; point to
promising optoelectronic applications [1-4]. A thorough
understanding of these nonlinearities demands a detailed
knowledge of the excitation spectrum. El-h excitations in
cuprates as pronounced charge transfer (CT) insulators
are also interesting from a basic point of view, since they
might considerably differ from excitons in standard
Mott-Hubbard systems, conjugated polymers, molecular
crystals, as well as in conventional band insulators [5].

To describe earlier EELS data of Sr,CuO,Cl, [5]
Zhang and Ng (ZN) [6] proposed a model of CT excitons
(CTE). The ZN-CTE is thought of as the CT of a hole with
by, symmetry from one CuO, plaquette to a neighbor one
forming a Zhang-Rice (ZR) singlet state there [5,6]. To
explain also dispersionless, low-energy features in re-
fined EELS data of this 2D cuprate, the ZN model was
generalized in Ref. [7], where it was argued that a process
generates one- and two-center excitons (OCE, TCE).
Therefore the el-h pair is localized predominantly on one
or two CuQy plaquettes, respectively (see Fig. 1). On the
basis of this modified model incorporating all Cu 3d and
O 2p orbitals the energies of a large number of CTE were
predicted and a preliminary assignment of main features
in the EELS spectra was achieved in a wide (2 + 13 eV)
energy range. However, in such 2D cuprates with spectra
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being a hardly resolved superposition of both types of
CTE there remains still some ambiguity concerning the
reliable assignment of two OCE and seven TCE.

Before discussing our results, we shortly overview the
simple OCE model (see also Ref. [7]). With respect to

symmetry aspects and the orbitals involved, the
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FIG. 1 (color online). EELS spectra in Sr,CuO; for longitu-
dinal (g || @, left panel) and transversal (g || b, right panel)
responses with an illustration of one- and two-center excitons.
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one-particle one-plaquette model provides a first step to
estimate the dispersionless excitations. With 5 Cu 3d and
12 O 2p atomic orbitals for an idealized CuO, plaquette
with Dy, symmetry [8], 17 symmetrized a,,, as,, by,
by, €, and ay,, by, e,(0), e, () orbitals can be formed.
o orbitals and 7 orbitals exhibit orientations of the O 2p
lobes || and L to a Cu-O bond, respectively. The even
Cu 3d aj,(d2), big(do_y2), bygld,y), e (d,, dy;) orbitals
strongly hybridize with even combinations of O 2p orbi-
tals of the same symmetry yielding bonding y” and
antibonding y“ states. Similarly, the purely O nonbonding
orbitals ¢,(o) and e,(w) hybridize with each other.
Among numerous one-center el-h CT excitations the first
candidates for dipole-active CTE within the plaquette
plane are transitions from the b%, ground state to purely
O doublet 2p -2 p,, hybrid states ¢%’ . The e? and e? states
show a different O hole distribution. The former (latter)
has predominantly O 2p._. (2p,) character. We denote
these two states by their dominating character, 7 and o,
respectively, where 7 hereafter denotes 7-oxygen orbitals
lying within the plaquette plane. Thus, we expect two
dipole-allowed OCE: the e¢,(7) and e¢,(0) CTE. Their
energies and the intensity ratio I,/I, are affected by
the p,-p, mixing. For typical values of parameters we
estimate

I/1; =| (tyg + t77)/(Agr)|* = 0.1, (D
where t,,, t,, are O transfer integrals, for o and 7 bonds,
respectively, and A, = €, — €, with €, and € being
typical site energies for O 2p, and 2p, states, respec-
tively. Thus, the high-energy e, (o) exciton is expected to
show significant intensity both in optical and EELS spec-
tra. Recent estimates [10—12] supporting angle resolved
photoemission spectroscopy (ARPES) data [13,14] point
to rather low-lying O 2 pr states in corner-shared 1D and
2D cuprates with A, . = 1 + 3 eV [15].

Below we show that the response direction dependent
EELS study of the 1D cuprate Sr,CuO; with corner-
shared CuQ, plaquettes provides a rare opportunity to
separate various types of CT excitations [16]. EELS
probes the energy and momentum dependent loss function
P =Im[—1/€e(w, g)]. Within the long-wavelength limit
(q — 0) the EELS selection rules are the same as in
optics, if we choose g || to the electric field £. However,
in contrast to EELS, standard optical measurements (e.g.,
absorption) cannot distinguish nearly dispersionless from
dispersive excitations. We argue that along with the in-
chain response a 1D cuprate like Sr,CuOj; should reveal
sizable low-energy ‘‘transversal” response for £ within
the plane of CuO, plaquettes but L to the chain axis 4.
For this aim we have performed high-resolution EELS
measurements also for this transversal case. Chain cup-
rates are good candidates for such a study since the
scattering of electrons with a transferred momentum
g L a excites mainly el-h pairs on one CuQO, plaquette.
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In contrast, for ¢ || to the chain axis both types of
excitons, OCE and TCE, are expected. The EELS spectra
in “longitudinal” response have already been published
and analyzed within standard one-, two-, and four-band
extended Hubbard models [17-19]. However, such mod-
els can describe properly at most the in-chain optical
response. Here we have included the in-chain EELS
data, too, to provide the reader with a check of our
seven-band model in both response cases. Incorporating
two orbitals, 2p, and 2p .., at each O site, we arrive at our
seven-band model [10] which generalizes the four-band
picture. A similar six-band model for 2D cuprates has
been proposed and mapped onto an effective one-band
model in Ref. [20] to explain low-energy optical absorp-
tion and Raman data. Besides our orbitals their basis
includes also Cu 3d,, orbitals.

The EELS spectra for Sr,CuO; for both response di-
rections are shown in Fig. 1. They have been taken using
thin films that have been cut using an ultramicrotome
equipped with a diamond knife. For the transmission
measurements the films have been mounted on standard
microscopy grids (for details of the single crystalline
sample preparation as well as a description of the mea-
surement, see Ref. [17]). As expected, the two sets of
spectra look rather different. In the transversal response,
we observed well-defined EELS peaks at 2 and 5.5 eV.
The intensity ratio [see Eq. (1)] and the lacking energy
dispersion allow us to associate them with dipole-allowed
CT transitions having a particularly “localized” nature.
Moreover, comparing both spectra, we see that despite the
strong inequivalence of spectra in longitudinal and trans-
versal responses of St,CuQO3, a low-energy peak near 2 eV
is present in both responses. Though for in-chain re-
sponse it is partly hidden for low ¢ values by the intensive
band peaked at 2.6 eV and seen as a shoulder, near 7/a it
is a well-separated weak peak due to the large blueshift of
the intense neighbor. This might imply that the excitation
is almost confined to a single CuQ, plaquette, the only
common element of || - and L -scattering geometries in a
1D cuprate with corner-shared CuO, plaquettes. Hence,
by keeping in mind the intensity ratio as well as our
theoretical results shown in Fig. 2 we assign the peaks
at 2 and 5.5 €V in the EELS spectrum with the OCE e, ()
and e, (o), respectively.

To make our picture more quantitative and convincing,
we have performed theoretical calculations of P(g, w) for
Sr,CuO; with the aid of the exact diagonalization tech-
nique. The linear-chain cuprate under consideration is
modeled by finite Cu,05,4+; (n =2,...,4) open chain
clusters formed by n corner-shared CuO, plaquettes (see
Fig. 1). We adopted the above mentioned seven-band ex-
tended Hubbard model. Along with standard pdo
Hamiltonian parameters (here and below given in eV)
Us=9,U,=6,A,,;,=3, t,;q = 1.3 (in-chain direc-
tion), A,, = 0.3 (side and chain O difference), t,,; =
1.4 (side O), and ¢,, = 0.7, as well as with the intersite
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FIG. 2 (color online). Simulated EELS spectra. Transversal
response for ¢ = 0 (a). Solid line: seven-band (o7r) model with
low- (O 2pm) and high-energy (O 2po) excitations; dotted
curve: four-band (o) model without O 2p7 states. In-chain
response (b),(c) ¢ = 0 and various Lorentzian peak broaden-
ings (at half width) 8 in eV (b); § # 0, | ¢ | in A™! as in Fig. 1
in reverse sequence from top to bottom (c). The nearly vertical
curves connecting the maxima are guides to the eye to show the
dispersion.

exchange interactions K,; = 0.2, K, = 0.02 included,
we made use of reasonable values for the parameters
related to O 7 states: t,, = 0.6, t,, = 0.3, and A, ; =
0.1 (chain O), A p.a = 0.2 (side O). In this notation the
above mentioned A, [see Eq. (1)] reads A,, = A ,,; —
A,.yqa- For the additional Coulomb interactions we
adopted V,,=3.8 (on site), V., = 0.3 (intersite),
Vor =0.5,V,; = 0.9 (1.0) for the Cu-O bond || ( L) to
the chain axis, respectively [10]. Finally, the remaining
exchange parameters were taken as K, = 1.2 (on site)
and 0.01 (intersite).
We start with the canonical one-particle gap

E, = Eg(+e) + Eg(—e) — 2EG(0), 2

where E(0) and Eg(*e) denote the ground state energy
of the neutral chain and of the chain with one added
(removed) electron e, respectively. Physically, it corre-
sponds to the formation energy of an independent el-h
pair at variance with a classical exciton with el-h
Coulomb interaction included. With the parameter set
mentioned above we arrive for a linear CuyOq3 cluster
at E, = 1.58 eV. Next, the real part of the optical con-
ductivity o and the imaginary part of the dielectric
function &, related as o(w, g) = we,(w, g)/47 have
been calculated using standard Lanczos and continued
fraction techniques [21]. Finally, one easily finds the real
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part &; and the loss function P = &,/(? + €3). In calcu-
lating P, a phenomenological isotropic background di-
electric constant &, = 5.8 has been used in &;. Then
we arrive at a slightly anisotropic static dielectric tensor:
£1(0) = 7.99 and 6.4 in a (chain) and in L (b) directions,
respectively, in accord with experimental data [17]. The
calculated P(w) are shown in Figs. 2(a)—2(c).

Turning to Fig. 2(a), we note that only the seven-band
model with low-lying oxygen 2pr states within the pla-
quette plane enables us to reproduce the main features of
the spectra in transversal response. The inspection of the
hole occupation numbers in the low-energy excited states,
which mainly contribute to the 2 €V peak in P(w), reveals
that there is a hole CT from the o subsystem to the
Om states, while for the transitions forming the peak
near 5.5 €V an intra-o subsystem CT is clearly dominant.
The inspection of the spectra in the in-chain response
shown in Figs. 2(b) and 2(c) reveals a negligible
=~ (.1 eV (sizable ~0.6 eV) dispersion of the first (sec-
ond) peak, respectively, similarly to what is shown in
Fig. 1. Both peaks contain significant O 2pm contribu-
tions. As expected, finite size effects are stronger (but
already small at n = 3, 4) in the in-chain ( L ) response,
respectively. Further refinement of our simulated spectra
(e.g., with respect to the shoulder near 2 €V in the in-chain
response which depends on details of the peak broadening
[see Fig. 2(b)], a more detailed study of Hamiltonian
parameters, as well as the analysis of charge-charge
correlators which measure the internal exciton localiza-
tion will be considered elsewhere. Finally, we note that p
doping for our parameter set results in a non-neglible hole
occupation of 7 orbitals even in the ground state at
variance with the undoped case. This interesting fact
might be related to small polaron transport features re-
ported for p doped Sr,CuO; [22,23].

In conclusion, EELS data for Sr,CuQOjs in two response
directions reveal the two-peak nature of the CT gap with
the presence of nearly degenerate two types of excitations
in the in-chain response. The first peak (shoulder) repre-
sents the optical counterpart of the so-called “1 eV peak”
revealed by ARPES measurements in a number of cup-
rates and is roughly associated with the h-CT transition
by, — e,(m) from the Cu 3d-O 2p hybrid state of by,
symmetry to purely oxygen O 2 p . states almost localized
on one CuQ, plaquette, while the latter corresponds to the
by, — by, CT transition between neighboring plaquettes
with a ZR singlet as the final local 2h state [24]. Our
experimental findings are supported by cluster model
calculations with the inclusion of O 2p . orbitals. To the
best of our knowledge this is the first unambiguous mani-
festation for the relevance of O 2p, holes for the low-
energy excitations in a cuprate. The structure of the
optical gap with two types of charge excitations seems
to be generic for many parent cuprates which implies a
revisit of some widely accepted views on their electron
structure. The sizable dispersion of the most intense
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low-lying CTE (in EELS at 2.6 €V) agrees with its two-
center nature [5,6] that is fairly well confirmed in the
studies of the NLO effects mentioned above [25]. In this
context, we emphasize the decisive role of direct EELS
measurements in the observation and assignment of two
kinds of excitations in Sr,CuO;5 as compared with con-
ventional indirect optical data based on reflectivity mea-
surements followed by a Kramers-Kronig transformation
and accompanied by unavoidable uncertainties [26] re-
garding positions and intensities of weak spectral fea-
tures. The loss function from EELS data is a powerful
tool to examine subtle details of the energy spectrum and
the dynamics of el-h excitations.
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