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Dynamics of a hole in a CuQ plaquette: Electron energy-loss spectroscopy of LCuO,
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We have measured the energy- and momentum-dependent loss functig@oOkisingle crystals by means
of electron energy-loss spectroscopy in transmission. Using the same values for the model parameters, the
low-energy features of the spectrum as well as published & 2-ray photoemission data of §CuQ, are
well described by a cluster model that consists of a single {al@guette only. This demonstrates that charge
excitations in LyCuO, are strongly localized.

[. INTRODUCTION experiments. For these reasons it is helpful to study in detail
the electronic properties of the structural unit itself, a single
At present, a large variety of cuprate compounds withplaquette, to establish a basis for all Cu-O networks.
different element compositions and various crystal structures On the other hand, in real materials, plaquettes are never
are known. The common structural unit of nearly all thesetruly isolated. Therefore, we have to choose a system in
materials is the square planar Gu@laquette with the oxy- Which the electronic interaction between the holes on the
gen atoms at the corners and the copper atom in the centgiaquettes and charge carriers in their vicinity can be esti-
The CuQ plaquettes can share oxygen atoms with theirmated to be small. One candidate for such a system is
nearest-neighbor plaquettes, thus building chains or planeki>CuQ;. In view of the structure of LICUG, (see Fig. 1,
These Cu-O networks are separated generally by counter@ne might assign this compound to the 1D systems due to the
ons. Therefore, the electronic properties of the cuprates afearallel aligned chains of edge-sharing plaquettes. However,
low-dimensional. since the Cu-O-Cu-bond angle along the chains is almost
For a given doping level, the arrangement of the90°, the hopping from one plaquette to its nearest neighbor is
plaquettes in the crystal is decisive in determining the mostrongly suppressed. Thus, although the magnetic interac-
bility and correlation of the charge carriers. Therefore, it in-tions in Li,CuO, are rather compleX; '®with respect to the
fluences the particular physical properties of the cuprat€lectronic properties the plaguettes in this compound can be
compound under consideration. For instance, in many twoconsidered as approximately isolated.
dimensional2D) systems, high¥F. superconductivity can be Recently, the optical properties and the electronic struc-
observed and among the quasi-one-dimensid@ial) cu-
prates there exist excellent candidates for studying typically @
one-dimensional properties. Examples are the spin-Peierls
transition which occurs in edge-sharing chains (CugeO o
(Ref. 1 or spin-charge separation in corner-sharing chains
(Sr,Cu0y).2~* Furthermore, in the spin ladder compounds )/(
the ordering of the Cupplaquettes lies between 1D and 2D.
Their magnetic properties change discontinuously with the ):(
o}

transition from 1D to 2[F. One example of such a system is o

L
o
C
o
S1y..Ca3 LCW40,41, Which consists of two-leg ladders as well 0]
as chains of edge-sharing plaquettes in alternating layers and
which shows superconductivity under high pressige c
GPa.b b
In the hole picture(in the undoped cagesvery CuQ
plaquette is occupied by a single hole in otherwise empty Cu

3d and O 2 orbitals. Thus, in the case of interconnected

CuQ, plaquettes the theoretical analysis of the electronic F|G. 1. Crystal structure of LCUO,. The Cu atomgblack filled
structure has to deal with many-particle systems, and thgircleg and their nearest neighbor O atortgray filled circles
interpretation of corresponding experimental data is rathebuild chains of edge sharing Cy@laquettes along. The Li atoms
complex. Furthermore, it is usually not possible to determingopen circlepare located right below and above the Cu atoms in the
all theoretical model parameters for the Cu-O network fromc direction.
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ture of Li,CuO, have been studied carrying out reflectivity,
x-ray photoemissiof? and x-ray absorptidfi measurements. 1.0}
In this paper, we present transmission electron energy-loss
spectroscopy(EELS studies of LyCuO,. The resulting
spectra allow us to study the multipole transitions between
the ground state and the excited states of an approximately
isolated single plaquette. Our theoretical analysis shows that 0.0
the EELS results, as well as the Cpg2 x-ray photoemis-
sion spectrum published by Bkeet al,'* can be described 8
in a multiband Hubbard model using the same parameter 61
values for the charge-transfer energy and the hopping ampli- w4
2
0
6

tudes.

Il. EXPERIMENT

Single crystals of LiCuO, were grown using a traveling
solvent-zone techniqué. The crystal structure is shown in
Fig. 1. Li,CuG, has a body-centered orthorhombic unit cell
(space-groupmmm) with the lattice constanta=3.661 A ,
b=2.863 A, andc=9.393 A. Edge-sharing Culaquettes
lie in the ( a,b) plane and the chains are aligned along lthe o
direction®!” The Cu-O distance within the plaquette is 0o 5 10 15 2 25 30
1.958 A while the O-O distances in tieandc direction are Energy (eV )

2.863 A and 2.671 A, respectively. This configuration im-

plies a Cu-O-Cu bond angle of about 94°. The distances FIG. 2. Loss function, Im{ 1/e) (upper pang| real part of the
between a Cu atom in one chain and O atoms of neighboringielectric function,s, (middle panel, and optical conductivityer
chains are larger than 3 A. This suggests that the electronit @&oe2 (lower panel of Li,CuG, for a small momentum transfer
interchain Coup"ng is small. of 0.08 A71 along theb direction.

Electron energy-loss spectroscBELS) in transmission
was performed on free-standing films of about 1000 A thick-ergies, several further plasmon excitations can be observed
ness which were cut from the crystals using an ultramicrowhich are related to transitions between occupied and unoc-
tome with a diamond knife. All measurements were carriectupied electronic states with mainly Cd,3Cu 4, and O D
out at room temperature and with a momentum transfer parcharacter. These transitions give rise to the maxima in the
allel to theb andc axis. The primary beam energy was 170 gptical conductivity, which is shown in the lower panel of
keV. The energy resolutioAE and the momentum transfer Fig. 2. At small momentum transfers; as derived from
resolutionAq were chosen to be 110 meV and 0.05Afor  EELS can be directly compared to results from optical mea-
q<0.4 A~*, and 160 meV and 0.06 A for g>0.4 A™*.  syrements. The optical conductivity of JGuG, shown in

EELS provides us with the energy and momentum depenrig. 2 is in good agreement with recent optical studfes.
dent loss function It 1/e(w,q)) which is directly propor-  Note that the corresponding maxima in the loss function are
tional to the imaginary part of the dynamical density-densityobserved at higher energies when compared to the optical

o (103Q-1cm-))

correlation function conductivity. This is a direct consequence of the collective
nature of the plasmon excitations as observed in the loss
1= function®
—_ —lwt .
Xp(@,0)= 5 jo dte"“(W[[p-4(0),pg(OIV). (D) Figure 3a) focuses on the loss function in a smaller en-

ergy range as a function of the momentum transfer. For small

| W) describes the ground state of the Hamiltonian apds  momentum transfer the energy range up to 6 eV is domi-
the Fourier-transformed hole densityee below. Equation nated by one distinct peak at 4.7 eV. With increasinthe
(1) implies that for the limitg—0 the selection rules for intensity of this peak decreases while the intensity of a sec-
transitions are the same as in optics, i.e., dipole transitionsnd feature around 5.7 eV, which becomes visibleqat
are allowed. For finitey, nondipole transitions additionally =0.7 A1, increases. This behavior of the two features can
contribute to the loss function. be explained by the different multipole character of the cor-
responding transitiongsee below The steep rise of the
background above 6 eV is due to the higher-lying excitations
(see Fig. 2

In Fig. 2 we show the loss function as well as the real part Since the Cu-O-Cu bond angle is close to 90°, the
of the dielectric functiong,, and the optical conductivity, nearest-neighbdiNN) Cu-O-Cu hopping amplitude is small,
o=wege,, Of Li,CuO, for a momentum transfer of) and the delocalization properties of the system are dominated
=0.08 A~1. The latter two have been derived by a Kramers-by a weak next-nearest-neighbofNNN) Cu-O-O-Cu
Kronig analysis. The loss function is dominated by a broachopping’ In the loss function, the NN as well as the NNN
feature around 21 eV, which represents the volume plasmomopping might be visible in the tail of nonvanishing spectral
a collective excitation of all valence electrons. At lower en-weight between the spectral onset-al.5 eV and the main

Ill. RESULTS AND DISCUSSION
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FIG. 3. Loss function of LICuQ, (left pane) measured with
different momentum transfexg parallel to the chain direction. The (d) (e)
right panel shows the calculated dynamical density-density correla-
tion function for the same values. The vertical dashed lines and  FIG. 4. Symmetry properties of the ground stéeand the final
the arrows illustrate the small dispersion of the main peak and thetates(b)—(e) of Hamiltonian(3). The relevant combinations of the
increase of spectral weight with increasipground 5.5 eV, respec-  hole occupied orbital§Cu 3d,2_,2 and O y,) in the plaquette
tively. are shown. Thicker lines correspond to larger hole densities. The
stategb), (d), and(e) have zero Cu weight. For momentum transfer
parallel to the chain direction, nonvanishing contributions come

eak at 4.5 eV, as has been discussed previdustpwever,
P a as has been discussed previcustpwever only from the final stateg¢b) and(c).

in a first approximation the Cuplaquettes can be regarded
as isolated and the charge excitations in the Cu-O network of
Li,CuG, as localized. This is supported by the small disper- |, _ p (nt Th. S .
sion of the features in the EELS spectra, which is in contrast . _A; ) de; ¢i(pjd+d p')pr“Zj,) i Py Py
to the strong positive dispersion of about 0.5 eV of the ©)
lowest-lying excitations, e.g., in the 1D system,&uO;
(Ref. 4 and in the 2D system SEuO,Cl,.'**In addition, d" (p]) creates a hole in the Cud3orbital (jth O 2p or-
the fact that the spectra far parallel to thec direction(not  bital), with occupation number operaton§ (n}’). A is the
shown) are essentially identical to those fqmparallel to the  charge-transfer energy. There are two hopping parameters:
b direction also demonstrates the zero-dimensional charactq:;gd for the Cu-O hopping ant},, for the O-O hopping. The
of the excitations. signs for the hopping are defined as follows;= ¢,
Consequently, our model system for the calculation of the= — 1 ¢,=¢,=1, and bij=—id;r. (ji’) denotes the
loss functions consists of a single Cuflaquette only. This  summation over nearest neighbor pairs. Hamiltor(@nis
is a cluster with one Cu@._,2 orbital and four O D,  the simplest model which captures the essential features of
orbitals(with site indexj =1, . . .,4),which is occupied by a the system. It can easily be solved exactly. The inclusion of
single hole. The restriction to solely these orbitals is fully anisotropic hopping will be discussed below.
consistent with x-ray absorption measurements which indi- Figure 4 shows the symmetry properties of the ground
cate that the highest occupied states ipaLiO, have only  state(a) and the four excited staték)—(e) of model(3). The
small hole density in orbitals perpendicular to the GuO ground state is a-bonding combination of the Cudzz_2
plaguette’® In this casep, has the form orbital and the four O @ orbitals. Transitions into states)
and(e) are optically forbidden. Thus, they only contribute to
the loss function for finite momentum transfer. Moreover, if
4 is parallel to the chain direction, nonvanishing contribu-
Pq= ”d+; njpelq g 2) 'Eilonsparise only from transitions into the final sta%bﬁ; and
(c). State(b) has pure O P character, whereas stdt® is the
antibonding counterpart t@). For =0, dipole transitions
and the Hamiltonian reads into state(b) lead to spectral weight at energy;. A second
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excitation at energyw, due to transitions into stat&) has ' ' ' ' ' ' ' '
nonvanishing weight fog+ 0:

A+2t, +
w1:+w2, (4
w= (A —2t,p)2+ 1685 (5)

These transitions, with energies, and w,, appear as
plasmon excitations in the EELS spectra at somewhat higher
energiesnT™" and wX™. This effect is a result of the long-
range Coulomb interactiofsee also the discussion abave
In the theoretical model this issue can be satisfactorily
treated within the random-phase approximatig®A).*°

From the experimental spectrum we obtain for small mo-
mentum transfewT™"=4.7 eV[see Fig. 8)]. For largerq
the experimental spectra show first a small negative disper-
sion of the main peaksee the deviation from the vertical .
dashed line in Fig. @] amounting to about 0.3 eV in the 950 945 940 935 930
range between 0.1 and 1.4 °&. This can be assigned to the
decrease of the long-range Coulomb potential and the de-
creasing oscillator strength of the transition with increasing FIG. 5. Cu 2, photoemission spectrum of JGuO,, taken
g. Second, the spectral weight between 5.5 and 5.§ieV from Ref. 14. The solid line shows the theoretical results. Details of
Fig. 3(@) marked by arrowkis enhanced at higher, result-  the calculation are described in Ref. 20.
ing from the plasmon excitation related to the dipole-
forbidden transition at,. Since the excitation into the final for the XPS(Fig. 5. In agreement with the experimental
state(c) corresponds to an octupole transition, the intensityresult[Fig. 3a)], the calculated EELS data for small momen-
of the corresponding feature in the EELS spectra is low atum transfer consist of a single peak@f "=4.7 eV. The
smallq, and becomes visible only at rather high momentumenergy w;=4.4 eV, calculated with the parameter set re-
transfers. ceived from our data, agrees well with the peak position in

The two excitation energies; andw, in Egs.(4) and(5)  the optical conductivity as obtained performing a Kramers-
are described by the charge-transfer enesggnd the two  Kronig analysis(see Fig. 2 and as derived from optical
hopping parameters,q andt,,. Thus the energy positions studies'! For increasing momentum transfer, the peak in the
of the two peaks observed in the EELS spectra do not yegalculated loss function shows a small negative dispersion
determine the parameter set in a unique way. In order tavhich is also in full agreement with the experiment. Further-
remove the last degree of freedom in our model, we usenore, a second feature appears arowf(*fA=5.5 eV, the
experimental evidence from Cupg), core-level x-ray pho- symmetry properties of the associated final states have been
toemission spectroscoXPS). Thereby, we take advantage discussed above. As regards the XPS resEit 5), we also
of the fact that three additional measured parameters in thind a good agreement between theory and experiment. The
XPS spectra, namely the energy positions as well as the ratgtructure of the experimental spectrum, which consists of a
of the spectral weights of the main and satellite line, arebroad satellite(at higher binding energigsand a narrow
obtained, whereas only two variables are added to our modetpain line, is correctly reproduced. In addition, the theoretical
namely the Coulomb repulsidd,. and the exchange param- value for the ratio of the spectral weights of the satellite and
eterly.. As explained in Ref. 20 for other compounds, wethe main line coincides with the experimental intensity ratio
use model(3) to calculate the core-level XPS of AGuO,.  (0.56.*

Good agreement with the experimental spéttim obtained We conclude with a short discussion of anisotropic hop-
if tgd/(A—thp) lies between 0.7 and 0.8 eV. ping. In Li,CuG,, the O-0 distance in the chain direction (

It turns out that both the EELS and the XPS results can bélirection is about 7% larger than in thedirection’” Thus,
described using one single parameter set for Hamilto(8an  one expects an anisotropy in the O-O hopping, with a larger
A=2.7 eV, t,3=1.25 eV, andt,,=0.32 eV2! which thus  hopping paramete’rép perpendicular to the chain direction
represents the most reliable parameter values for a,CuQsee also Ref. )1 However, if g is parallel to the chain
plaquette in LjCuO,. Our values for the charge-transfer en- direction, a Iargercép in the present model can be absorbed
ergy A and the O-O hopping,, lie between those obtained into a renormalized charge-transfer enefgyvithout affect-
from band-structure calculatiohgA=2.5 eV, tpp=0.25 ing the spectra. As the anisotropy of the edge-sharing,CuO
eV), and from a fit to optical measuremeht§A=3.2 eV, plaquettes results in a finite Cu-O-Cu hopping to the next
t,p="0.56 eV}, while the value fort,4 is about 10% larger CuQ, unit, an increase of this anisotropy causes a step to-
than in Refs. 7 and 11. wards a one-dimensional electronic system. This is actually

In Figs. 3b) and 5 the theoretical results are compared tarealized in the related spin-Peierls compound CugGebere
the experimental EELS and XPS spectra. The theoreticahe anisotropy is about 16%. Thus, CuGefight be an
spectra have been artificially broadened with a full width atideal candidate for the investigation of the electronic struc-
half maximum of 0.6 eV for the EELE-ig. 3b)] and 1.8 eV  ture of a system at the border to one dimension.

Energy (eV)
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IV. SUMMARY eV), and oxygen-oxygent{,=0.32 eV} hopping amplitudes

. Is sufficient to describe two independent experiments prob-
In summary, we have carried out EELS measurements 9hg the electronic structure of €U0, in completely differ-
Li,CuG, single crystals. Using the same model with the 9 bletely

same parameter values, calculations of the energy- an%lm energy ranges. These results confirm the strongly local-

momentum-dependent loss function of an isolated g:uOIzed character of charge excitations inCuO;.

plaquette as well as of the Cupg, core-level XPS of

Li,CuO, agree well with the experimentally observed low- ACKNOWLEDGMENT

energy features of EELS as well as with published XPS data,

respectively. Thus, a single parameter set for the charge- This work was supported by DFG through the research
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