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Character of charge transfer excitons in SpCuO,Cl,
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High resolution electron energy loss spectroscpfLS) measurements of the insulating, layered cuprate
compound SiICuG,Cl, have been performed with a transferred momentum kedd and in a wide energy
range up to 20 eV. To interpret the data a semiquantitative embedded cluster approach is applied to describe the
electron-hole excitations in insulating cuprates. The theory includes the complete set of &d 30 D
orbitals and predicts a rather wide{23 eV) spectral range of the main dipole-allowed one- and two-center
charge transfefCT) transitions whose positions are in good quantitative agreement with the experimental
spectra. Both, theory and the experimental data show that the CT gap is determined by a superposition of
nearly degenerate one-center, localized CT excitations and two-center CT excitons with sizable dispersion.
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The nature of the electron-hole excitations in parenteady a shorthand inspection of the original experimental
quasi-2D cuprates such as JGuQ,, SrCuG,Cl,, data® and especially of the high-resolution EELS spettra
YBa,Cu;0g, and their 1D counterparts like SuO;, for this system point to some essential shortcomings of the
Sr,CuG,, Li,CuO, represents one of the most important, ZN-model. In particular, the nature of several dispersionless
challenging issues both for the high problem and, in gen- narrow bandgone of them with a small binding energy of
eral, for strongly correlated oxides. It is now believed thatonly about 2 eV is not explained. Moreover, the high-
the most intense low-energy electron-hole excitations in infesolution measurements reveal a very rich multi-excitonic
sulating copper oxides correspond to the transfer of electronsature of the EELS spectra.
from O to Cu in the Cu@ layer, hence these materials are  In order to get a better experimental basis of electron-hole
charge transfefCT) insulators: However, there is much am- excitations in SfCuO,Cl, we present here high resolution
biguity concerning the nature of this spectral feature. SomeEELS data in a wide energy range up to 20 eV and not
times, only the intense band near 2 to 3 eV is connected withestricted to 8 eV as in Refs. 3 and 5. We limit ourselves to a
the O 2o - Cu 3d charge transfer, and higher-lying structuresmomentum transfer near zero where only dipole allowed
are assigned to Cus4 Cu 4d, Sr 5d or La 5d/4f states transitions are visible. For its interpretation an embedded
depending on the actual chemical structure. The band strucluster method is applied which extends the ZN-theory with
ture calculations, including LDAU, fail to clarify the situ-  respect to two points. It includes the complete set of @u 3
ation since they cannot reproduce the important effects odnd O 2 orbitals of the Cu@ plaquette and it distinguishes
intra-atomic correlations which are important both for thetwo types of excitons, namely localized one-center excita-
ground and the excited state. Moreover, the electron-holéons and two-center excitons extending over two GuO
excitations of Mott insulators cannot be treated as indeperplaguettes.
dent excitations of single-particle states. For the EELS measurements, films of about 100 nm thick-

One of the most ideal model compounds of a 2D CTness were cut from a gEuG,Cl, single crystal using an
insulator is SyCuO,Cl, on which we will concentrate the ultramicrotome equipped with a diamond knife. EELS spec-
following discussion. Studying this compound using angletra were recorded in transmission using a spectrometer de-
resolved photoemission spectroscdRPES it was found  scribed in detail elsewhefeThe energy and momentum
that the lowest excitation consists of a Zhang-Ri€R) sin- resolution were chosen to be 115 meV and 0.05! Are-
glet with a small dispersion of the order 08 ZJ being the  spectively. Prior to the measurements, the crystal structure
in-plane exchange integial.e., with a high effective mass. and the orientation of the films were characterized by elec-
Different from ARPES where an electron is emitted, the ex-tron diffraction.
citations in electron energy-loss spectroscOBELS) repre- In Fig. 1 we show the imaginary part of the dielectric
sent electron-hole pairs. The first analysif excitons in function, €,, for a small momentum transfer in the a-b plane
Sr,CuO,Cl, revealed a surprisingly large energy dispersionof 0.1 A~! which corresponds to the optical limit. The di-
of about 1.5 eV alon§110] which was interpreted in terms electric function has been derived from the measured loss
of a small exciton moving freely through the lattice without function via a Kramers-Kronig analysis. Also shown in Fig.
disturbing the antiferromagnetic spin background, in contrasl is an assignment of the individual featuressjnwhich will
to the single hole motion. This model of Zhang and (&)  be presented in detail below.

is restricted to the Cud._,2 and O J, orbitals and the To analyze the data we apply the embedded molecular
elementary excitation consists of a Cand a neighboring cluster method. It is an effective method to describe exci-
Zhang-Rice singlet-like excitation in Cu and O orbithll- tonic states in strongly correlated Mott-Hubbard insulators
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AE ent energy parameters in accordance with several estimates

e in the literature that can be summarized as folldimseV):

82_ T €p—€4~2-3, Ap=€p,— €pr~1-3(€pr<€p;<€ps), lpg

g ~1.0-15, and,,,~0.8, —ty,,~0.2-0.4, where; denote

4 g z 3@ = on-site energies of the corresponding orbitals gndenote

] E‘ ] v the special transfer integral§. The energiesey and €, are

the centers of gravity for the Cud3and O 2 manifolds,
respectively.

Among the numerous one-center electron-hole CT excita-
| . tions the first candidates for dipole-active excitons are CT
transitions from the ground stattfg to the purely oxygen
doublet O D,—O 2p, hybrid statese®”, which are al-

lowed in “in-plane” poIarizationEJ_ C4(x,y). The transition
to a purely oxygen O @,-like stateb,, is allowed in “out-
FIG. 1. The spectral dependence of the imaginary part of dielecof-plane” poIarizationE||C4(z) which is however not mea-
tric functi_o_n €(w) for SL,CuG,Cl,. Arrows mark the predicted en- ¢\ ,red in Fig. 1. The two excitations ‘ﬂ ande? differ by the
iﬂ%ynnffsgﬂa?fsiﬁgﬁfemer’ Mo'centbﬁg channel, ando,qe, oxygen hole density distribution: the former has predomi-
' nantly O 2. character, while the latter is Op2 dominated.
Discussing shortly the dipole inactive excitons one should
especially with small effective electron-hole separation. Inpgte thea,, excitation with purely oxygen O 2, holes. In
the present context we use one or two neighboring £UO4:cordance with the model energy spectrisee Fig. 2 its
plaguettes embedded into the Guane. energy should be of the order of 1.5-1.8 eV, or in other

5 One—c.entet:' e>|<cifton33ce:ginn:ng from EDCU 8 and 12 O words appears to be lower than the optical gap. This circum-
<P ato_m|c orbitals for a Cu@cluster W't. an SYMmetry, it giance draws specific attention to this exciton, despite it is
is straightforward to form 17 symmetrized evag,, a,q, dipole forbidden

z\l/gehbégu, ggaand( 3033?2‘;)’ b%u3 dezu(az))’ %“(7?33rb)'ta§1' dTehe Consequently, we predict two one-center excitons to be
(3d,.,,3d..) olr%italszh)'/brilgiize dueto st?(g)ng o430 28 visible in the experimental spectra shown of Fig. 1: namely
COVXaZ|(,§nC>)Il with the even OpRorbitals of the same symme- the e”(w.) and e.”(U) exciton; with predominantly (2, gnd
try, thus forming appropriate bonding’ and antibonding,® 2p, orbital weight, respectively. Its energy separation and
stétes. also its relative intensity are determined by the level of the
Fig. 2 represents a realistic single-hole energy spectrui="P- Mixing characterized by the mixing angle,
for a CuQ, plaquette embedded into an insulating cuprate%_(tppvﬂppﬂ)mp' The respective one-center excitons
like SKLCUO,Cl,. For illustration we show also a step-by- May be represented rather simply as a hole rotating on the
step formation of the cluster energy levels from the bare C(fOUr nearest oxygens around an electron dominantly local-
3d and O D levels with the successive inclusion of the 12éd in the CE ﬂxZ*gf state with a minimal electron-hole
crystalline field (CF) effects, the O p—O 2p and the Cu  SeParatiorRe~Rcyo~4 a.u[see Fig. &)]. This low dis-
3d-0 2p covalency. We used typical values for the differ- tance leads to a considerable Coulomb attraction such that
we estimate the energy of theg(7) exciton to be about 2
eV. The finale () ande,(o) states are unstable with regard
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to the formation of Jahn-Tellgjor pseudo-Jahn-Tellecen-
ters with a resulting self-localization of the appropriate CT
¢ ¢ excitation. This effect is especially important for thg()
= \r/ o exciton due to the predominantly Op2 nature of the hole
4 20 ; ‘ 4 state resulting in small transfer integrals and relatively large
L effective mass for the exciton.
o |17 Y A For the relative intensities of the,(7) ande,(o) exci-
meéidmw = 17 2px 2py2pz 2 tqng it is easy to obta!r[eu(ﬁ)]ll_[eu(a)] =tarfa, with the_
Cu3d-CE effect A / zp_zphybﬁdmnozp-CFeffw mixing anglea,. We flnd thls_ratlo to be about O_.l resulting
0 AN 1 0 in small but nonzero intensity for the,(w) exciton. The
3d-2p hybridization

high-energye, (o) exciton is expected to manifest significant
FIG. 2. Model single-hole energy spectra for a Gufiaquette higher intensity bo_th in optical and EELS_spectra.

based on simple cluster model with parameters relevant for TWoO-center excitonsThe local two-atomic O g-Cu 3d

Sr,CuO,Cl, and a number of other insulating cuprates. Only thecharge transfer generates not only intra-center excitations

ground state and the nonbonding orbitals that are final states oFithin one CuQ plaquette but also inter-center excitons.

dipole-allowed CT transitions are denoted and transitions marked hese inter-center transitions between two Guilaquettes

by arrows. The other orbitals from bottom to top are giverb%gs may be considered as quanta of the disproportionation reac-

ayg, Ay, €5, b3y, ay,, €3, bly, andaj,. tion
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due to the oxygen transfer. As a result we obtain foHy,
terms for theb,4e,-like two-hole configurations, namely
: b‘{geu(w) which can also be denoted #&s,e,(dpw), and
—blgeu(pp‘n:):Eu further bige,(dpo), bige,(ppm), and bige,(ppo). They
b12 (pp):lA1 form the final states of thb?geu channel of the two-center

& & CT transitions. An overview about all two-center excitons is
- 1 given in Fig. 3c).

@D ol ——— bl [dd:A All the two-center excitons could be divided into even
/// ~0)\ u 1g g
§®8® \g By el g and odd excitons. For 2D cuprates these excitons generate
\ e 4 bg(dpo)-E, four Ay,By4,E, plane modes §,D,P,, modes* that are

— b geu(ppc):]]iu

Two-center blzg' exciton

)

r/r\
, visible in the EELS spectra away from thepoint. The tran-
One-center eu(n) - exciton

b e (domL sition matrix elements have a rather complicakedepen-
a — bf(dpn)-E, dence and the simple dipole approximation is not sufficient.
_ A4 ZR-singlet 1 2 (dp):'A In the mgtnx elemen.t analyslls which shall be 2presented ina

1Y 1g lg forthcoming publicatioh we find atT" for the biy channel

bonding by, C two important excitons with an energy separatieid eV in

S ) ) between, and a less intense exciton, blue-shifte¢ 5o eV

FIG. 3. (a) Slmpllfleq |Ilustra2t|on of the one-cgnter exciton and | iy regard to the first one. The low-lying exciton with ZR-
(b) the two-center exciton obiy(pd), i.e., ZR-singlet typeic) et character has a rather unusualependence of inten-
Classification of the important two-center excitons together with an”. . i .
energy scheme. sity along the_[ 110] (_1|rect|on W|th_ a sharp decrease, or even
a compensation point, when going to the BZ boundary. The
high-energy exciton with the final ZR—singIet-IiI&aé\lg state
of predominantly O P nature, is likely to manifest the larg-
with the creation of electron CYO and hole Cu§™ cen-  est intensity for thebfg channel. Within theb,4e, channel
ters. The former correspond to completely filled Cdi&d  we predict four important excitons, generated by CT to
O 2p shells, or the vacuum state for holes, while the lattere,(7) ande,(o) orbitals with smaller and larger weight of
may be found in different two-hole states. O 2p,, orbitals, respectively. These weights would determine

All the two-center excitons may be classified by the twothe relative intensity of the appropriate excitons. The photo-
hole configuration of the Cub center. Restricting to charge emission dat¥® predict the energy separation between the
transfer processes which are governed by the strongest low-lying b,4e,(dp) and bfg(d p) excitations to be of the
bond, one has to distinguish three different channelsrder of 1.5 eV. Thé, e, excitons manifest a rather simple
bfg b1ga14,b14€,, respectively, in accordance with the dispersion of intensity along both main directions in the BZ
symmetry of the final two-hole state. Theya,4 channel has  zone with gradual interchange between dipole allowed and
zero matrix elements at thE point and can be neglected. forbidden modes.
The bfg channel consists of 3 wave functions with different  Interpretation of the excitation spectrurilaving classi-
Cu or O character. The lowest one is the famous Zhang-Ricted all the dipole-allowed one- and two-center excitons, one

CuQ}” +Cud}” —CuQ]” +CuQ;~

(ZR) singlet can assign the significant peaks of Fig. 1. The lowest one at
around 2 eV has clearly a double peak structure which was
|b§g(d p))=|ZR)=—0.25d?)+0.99dp)—0.19p?), not resolved in Ref. 3. Furthermore, inspecting kheepen-

_ dent spectra of Ref. 5, one observes that the lower peak has
with an energyE,=3.6 eV on the Cu@ cluster. For the g gispersion and loses intensity away frémThe other one
estimate we used standard parame(ﬂ!r$7\/). Ua=8.5,Up  nas a strong dispersion in agreement with the data and the
=4.0,Vpq=1.2,€4=0, €,=3.0,1,4=1.3. The two excited  apalysis of Ref. 3. Therefore, we assign that double peak
states are 5.2 and 6.7 eV higher in energy and are describeg,cture to the one-centex,(7) and the two-centefZR-
by the wave functions singled b3, (pd) exciton, respectively. This interpretation is

2 B 2 _ 2 also supported by an angle-resolved EELS study of the 1D
|bZg(dd))=0.95d%+0.24dp)—0.22p°), cuprate SyCu0;.M* Such chain materials provide an unique
opportunity to separate one- and two-center excitons, thereby
2 _ 2 2
|big(pp))=—0.17d")—0.24dp) —0.96 p%). to verify our main proposal. This is possible due to different

Due to the smallness of our cluster we expect the ZR_sing|erIarization properties for both excitons. Indeed, th:e one-
energy(3.6 eV) to be overestimated, larger clusters give 2 tocenter CT transitions are allowed both in longitudin&| (

3 eV. Nevertheless, the energy separation to the excited statelain direction and in transversalfL chain direction po-

is expected to be of the right order of magnitude. In a similafarizations, whereas the two-center CT transitions appear
way one can also estimate thg,e, channel. As it was men- only in the former. Therefore, the weak dispersionless peaks
tioned above, we have two types of purely oxyggrorbit-  in transversal polarizatidh can be attributed to one-center
als: e (o) ande,(m) with o and 7 directions of the O B excitons, whereas the EELS spectra in longitudinal
lobes, respectively. These orbitals hybridize with each othepolarizatio'*2can be understood as a superposition of one-
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and two-center excitations. The one-center excitons provideonnected with the ZR-quasipartideand the nonbonding
small additional peaks on the dominant structures given byxygenp . orbitals appear with 1.5 eV higher binding energy
the two-center excitons. (see Refs. 8 and 10The reason is that EELSr optical
Having positioned the lowest one- and two-center exci-absorption creates electron-hole pairs and the smaller extent
tons, the higher states are fixed by the chosen parametéf the one-center exciton leads to a Coulomb contribution to
values(see Fig. 1 Remarkably, all the excitations which the exciton binding energy which compensates the ZR-
were analyzed before correspond to visible features,in ~Singlet binding energy. On the other hand, comparing the
The highest intensity is found at about 9 eV and it is Con_d|ffer_ent| two-center excitons, the energy dlﬁgreﬂce %etween
nected with the two-center ex0|tonsb§g(pp) and ZR-singlet and nonbonding oxygens is seen in the difference

2 . .
bigeu(ppm) of dominantly oxygen character. This shows betweenbiy(pd) andb,qe,(dpm) (roughly 1.7 eV in Fig.
that important spectral information is contained in the region1 : . .
above 8 eV. The highest excitation at about 12 eV is inter- [N conclusion, we measured and interpreted the electron-
preted to beby e (ppo), and then the spectral intensity de- hole excitations of SICuG,Cl,. We extended the Zhang-Ng

creases. The peak at about 18 eV is likely to be attributed t§'0del by considering the complete set of Cii&nd O
transitions with O 2 initial state. orbitals and by introducing one-centgr and two-center exci-
A close examination of other materials shows that thel®nS- Instead of oné—p, CT transition of the ZN-model
two-component structure of the CT gap appears to be a confVith an energy=2.5 eV (I' point) we arrive at a set of one-
monplace for many parent cuprafds’®The dipole-allowed and two-center excitons generateddy p,, charge transfer,

localized b, 4— €} excitation within the Cug@ plaquette re- ind occupying a very broad energy range fren2 up to
lated essentially to the, () state is distinctly seen in opti- ~13 eV. The EELS data shows a double-peak structure of

cal and EELS spectra for different insulating cuprates as éhe CT ga:jp_whlch IS determmed by nearly degenerate intra-
separate weak feature or a low-energy shoulder of the morgENter and inter-center excitons.
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