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Electron-spectroscopy study of correlation mechanisms in CuGeO3 single crystals
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Universitéde Paris-Sud, Baˆtiment 414, F-91405 Orsay Ce´dex, France
~Received 10 July 1996; revised manuscript received 2 October 1996!

X-ray ~Al-Ka! and resonant Cu 2p→3d and Cu 3p→3d photoemission valence-band spectra of high-
quality CuGeO3 single crystals are reported and interpreted. In addition, an attempt is given to evaluate the
charge transfer~D!, thed2d Coulomb interaction (Udd) energies, and the superexchange term (J) on the basis
of L2,3M4,5M4,52L2,3M2,3M4,5 Auger transitions, and core-level spectra analyzed within the frame of the
Anderson Hamiltonian in the impurity limit. The results clearly show that one-electron band-structure calcu-
lations do not account for the band gap'3.7 eV@M. Bassi, P. Camagni, R. Rolli, G. Samoggia, F. Parmigiani,
and A. Revcolevschi~unpublished!# and the emission arising from many-body effects~correlatedd8 and
d82d9L hybridized states!, whileD andUdd , found to be'4.2 and'6.7 eV, respectively, allow us to classify
this compound as a charge-transfer insulator with a strong ionic character. In addition, energy-dependent
electron-energy-loss measurements suggest that the forbiddend-d intraband transitions are centered at'1.6
eV, which justifies the blue color of CuGeO3, and the band gap is'3.7 eV, as required by the transparency of
the crystal in the visible region of the electromagnetic spectrum. Finally, in the approximation allowed by the
present models,J results to be of the order of27 meV. @S0163-1829~97!03504-2#
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I. INTRODUCTION

CuGeO3 is an inorganic compound that exhibits a sp
Peierls transition at'14 K ~Ref. 1! which implies the pres-
ence of strong electron correlation effects. Pure and do
CuGeO3 crystals and powders have been studied in the
two years to investigate the magnetic properties a
the origin of the Spin-Peierls phase transition.2–9 This
transition, quite unusual in inorganic compounds, can
viewed as a transition, occurring along the Cu-O cha
from uniform antiferromagnetic~AF! spin-12 Heisenberg
chains to a system of dimerized chains with a singlet gro
state. However, a detailed understanding of the electron
relation mechanisms as well as of the electronic and m
netic structure of this compound is needed.

The understanding of electronic excitations in the Cu
550163-1829/97/55~3!/1459~10!/$10.00
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planes is at the center of present-day interests, despite
progress done in the last years. In particular, the loca
itinerant character of the carriers in copper-oxide-based c
pounds and the many-body mechanisms involved in
d2d andp2d charge fluctuations must be addressed. As
well known, high-energy electron spectroscopies are pow
ful tools to investigate electron correlation mechanisms10

Photoemission from the copper core levels can provide
portant information to evaluate the hybridization term (Tpd),
the charge transfer energy~D!, and thed2d Hubbard energy
(Udd), while 2p→3d and 3p→3d valence-band resonanc
photoemission can probe opend states in one-electron re
moval spectra of the valence band. The 2p→3d and
3p→3d resonant spectra in copper-oxide-based compou
have been extensively used to study CuO and related h
temperature superconductors~HTSG’s!,10 providing a re-
1459 © 1997 The American Physical Society
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FIG. 1. ~a! Crystal structure of CuGeO3. The structure is characterized by chains running along thec axis, and of edge-sharing CuO4
units, where Cu12 ions are at the center of a square of O22 ions. Cu21 ions are also coordinated with two apical oxygen forming an elonga
and distorted octahedron~d, Cu;s, O; %, Ge!. ~b! View along thec axis of the CuGeO3 crystal structure. The nonequivalent oxygen sit
are evidenced and labeled as O~1! and O~2!. ~c! LEED pattern obtained at an electron beam energy of'150 eV.
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markable fingerprint of thed8 states versusd9L andd10L2

~L is the hole in the ligand!. The identification of correlated
d8 andd82d9L hybridized states, as well as the magnitu
and the nature of the band gap, represent landmark poin
be compared withab initio and parametrized band-structu
calculations.

The aim of this work is to present and interpret x-r
~Al-Ka! and resonance valence-band spectra on high-qu
CuGeO3 single crystals to probe the correlatedd8 and
d82d9L hybridized states. In addition, an attempt is given
evaluateD, Udd , the p2d Coulomb interaction (Upd), and
the superexchange (J) terms on the basis ofL2,32M4,5M4,5
andL2,32M2,3M4,5 Auger transitions and core-level spect
analyzed by the Anderson Hamiltonian in the impurity lim
The results clearly show that one-electron band-structure
culations do not properly describe the band gap~optically
determined in Ref. 11! and the emission in the valence ba
arising from many-body effects, while the charge trans
energy andd2d Coulomb interactions, found to be'4.2
and '6.7 eV, respectively, allow us to classify this com
pound as a charge-transfer insulator with a strong io
character.12 In addition, energy-dependent electron-energ
loss spectroscopy~EELS! suggests, in agreement with opt
to
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cal data,11 that the forbiddend-d intraband transitions are
centered at'1.6 eV, which accounts for the blue color o
CuGeO3, and the band gap is'3.7 eV, which accounts for
the transparency of the crystal in the visible region of t
electromagnetic spectrum. These parameters are quite d
ent from those reported in Ref. 13, where an O 2p→Cu 3d
charge-transfer energy of'1.25 eV ~identified with the en-
ergy gap! andd-d forbidden transitions between'2.9 and
'3.7 eV are suggested. Finally, the superexchange ene
in agreement with calculated values,14 is found to be'7
meV.

II. EXPERIMENT

CuGeO3 crystals are translucent and blue in color a
have an orthorhombic cellD 2h

5 -Pbmm with lattice param-
etersa54.801 Å,b58.472 Å, andc52.942 Å.15,16The crys-
tal structure is characterized by chains of edge-sharing C4
units, where Cu12 ions are at the center of a square of O22

ions, running along thec axis. Cu21 ions are also coordinate
with two apical oxygen ions, forming an elongated and d
torted octahedron. Room-temperature structural meas
ments16 show that the Cu-O~1! bond distances@where O~1!
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labels the apical oxygen# ared @Cu-O~1!#'2.77 Å, while the
in-plane Cu-O~2! bond distances ared @Cu-O~2!#'1.94 Å.
The chains of edge-sharing CuO4 units are connected alon
thec axis by corner sharing units of Ge14 ions tetrahedrally
coordinated with O~1! and O~2!. The bond-length distance
between Ge14 and the oxygen ions ared@Ge-O~1!#'1.77 Å
andd@Ge-O~2!#'1.72 Å ~see Fig. 1!.

A high-quality CuGeO3 single-crystal several centimete
long was grown from the melt by a floating zone technique17

A piece of this CuGeO3 single crystal with an elliptical sec
tion was then oriented on the basis of its Laue pattern,
arranged on a sample holder to be cleavedin situ in
ultrahigh-vacuum conditions. The samples were ea
cleaved perpendicularly to thea axis. The exposedb-c plane
resulted in a platelike shaped elliptical surface with ma
and minor axes 546 mm and 2

3 mm long, respectively. A
low-energy electron-diffraction~LEED! pattern of this sur-
face at room temperature, quite similar to those already
ported in the literature,18 is shown in the inset of Fig. 1.

The samples, obtained from the same single-crystal
rod, were cleavedin situ. After cleavage and during th
whole set of experiments, the residual pressure in the ch
bers never exceeded 10210 mbar. X-ray photoemission spec
troscopy ~XPS! measurements were performed using aF
mod.5600 electron analyzer. The spectra were collected
irradiating the crystal with a monochromatic Al-Ka x-ray
source~hn51486.6 eV!. The spectrometer was calibrate
using the Ag Fermi edge, the Ag 3d5/2 core level, and the Cu
2p3/2 core-level to which binding energies~BE’s! of 0.0,
368.3, and 932.7 eV were assigned, respectively. The
scale was then referred to the Ge 2p3/2 core line, whose
maximum was fixed at 1219.560.2 eV. By setting the spec
trometer pass energy at'5 eV, an overall resolution of'0.4
eV was obtained for the Ag 3d5/2 core line. An electron flood
gun was used to reduce surface electrostatic charging du
the XPS measurements.

The electron-energy-loss spectra were taken in reflec
geometry with primary beam energy in the range 200–2

FIG. 2. O 1s core-level emission from CuGeO3. The asymme-
try toward the higher binding energy is ascribed to nonequiva
O~1! and O~2! ions. Indeed, this spectral structure can be deco
posed into two components centered at'530.3 (A) and'531.5 eV
(B), respectively. The BE of componentA, close to those detecte
in other cuprates~Ref. 19!, is attributed to O~2!, while line B is
attributed to O~1!.
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eV, using the electron gun coaxial to the double-pass cy
drical mirror analyzer. The experimental resolution of 0.5
was mainly limited by the energy spread of the electr
beam.

Cu 2p→Cu 3d resonant photoemission valence-ba
spectra were collected at undulator beamline 5 at the S
ford Synchrotron Radiation Laboratory. The analytic
chamber of this beamline was equipped with a LEED ap
ratus which was used to perform the room-temperature l
energy electron-diffraction measurements.

III. RESULTS AND DISCUSSION

A. X-ray photoemission core lines

Figure 2 shows the O 1s core-level emission from
CuGeO3. An evident asymmetry toward the higher bindin
energy can be detected. This effect could be the result of
different binding energies for the nonequivalent O~1! and
O~2! ions. In fact, this spectral structure can be decompo
in two components centered at'530.3 (A) and'531.5 eV
(B), respectively. The BE of componentA, close to those
detected in other cuprates,19 is attributed to O~2!, while line
B could be attributed to O~1!. The relative intensity between
componentsA andB, i.e., '2:1, is consistent with this in-
terpretation. As a matter of fact, the Cu ions are connec
by an oxygen pair bridge O~2!, where the Cu-O-Cu angle i
about'98°. In turn, this oxygen is bound to Ge ions whic
should influence the character of the Cu-O~2! bond. It has
been recently proposed14 that the presence of Ge ions a
tached to bridging oxygen can make the 90° superexcha
antiferromagnetic against the Goodenough-Kanam
Anderson rules. On the other hand, the weak interaction
tween O~1! and copper ions should be ascribed to the stro
Ge-Osp3 hybrid bond. Therefore, a significant change of t
BE and line shape of the O 1s spectra could be expected b
substituting Ge ions or modifying the Ge-O bond, and t
issue should be addressed in the future.

The Ge 2p core-levels BE region is reported in Fig. 3
Two peaks are clearly detected. Their energy separation
intensity ratio, consistent with theJ5 3

2 and
1
2 spin-orbit split

components, allow us to assign the emission at 1219.560.2
eV to the Ge 2p3/2 core level, while the emission at 1250

t
-

FIG. 3. Ge 2p core-level BE region. The emission at 1219
60.2 eV is attributed to the Ge 2p3/2 core level, while the emission
at 1250.860.2 eV is attributed to the Ge 2p1/2 core level.
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60.2 eV is attributed to emission from the Ge 2p1/2 level.
These BE values are consistent with those expected for G41

ions.20

Figure 4 shows the Cu 2p3/2 XPS core line. The main line
is highly symmetric with an overall full width at half maxi
mum ~FWHM! of 1.8 eV. In addition to the main line, a
broad satellite, as expected for the Cu21 cuprates, appears i
the 940–945-eV binding-energy range. The satellite pres
a fine structure, whose origin in other cupric oxides is wid
described in the literature,10,21arising from multiplet splitting
effects due to the interaction between the 2p core hole and
the 3d9 electronic configuration in the final state of the ph
toemission process.

Although other causes of a double-peak O 1s spectrum
than different O sites in the structure are known in the p
toemission studies on HTSC cuprates~e.g., surface contami
nations, different phases at the surface!, the Ge 2p and
the Cu 2p spectra are consistent with a sample free of c
taminations. In particular, the lack of asymmetry and sa
lites in the Ge core lines is ascribed to a high-quality cle
age surface. Moreover, a survey spectrum taken at ne

FIG. 4. Cu 2p3/2 core-level X-ray photoemission spectrum
CuGeO3 ~dots!. The inset shows the whole Cu 2p region. The main
line is highly symmetric with an overall full width at half maximum
~FWHM! of 1.8 eV. This line has a prevailing Lorentzian charac
~95 at %!. The Gaussian part mimics the instrumental broaden
as well as the oxygen bandwidth contribution to the main line. T
Lorentzian contribution, which resulted to be 1.4 eV wide, accou
for the Cu 2p core-hole lifetime. The calculated spectrum is rep
sented by a continuous line, and the calculated multiplet structu
indicated by vertical bars with a height proportional to the cal
lated intensity.
ts
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glancing take-off angle indicates that, within the sensitiv
of the XPS probe, the surface is free of carbon contami
tions.

B. Configuration-interaction approach
to the Anderson Hamiltonian in the impurity limit

The analysis of the Cu 2p core-level photoemission dat
was carried out on the basis of the Anderson Hamilton
model in the impurity limit extended to include exchan
and spin-orbit interactions, as described elsewhere.22 The
multiplet splitting for an ionic, unscreened,pd ~e.g., 2p3d9!
configuration was treated according to the interaction sche
proposed by Condon and Shortley23 and Kotani and
Okada.24,25 The following parameters were used for the e
change and spin-orbit interactions:F2(2p,3d)57.47 eV,
G1(2p,3d)55.62 eV,G3(2p,3d)53.21 eV, zd50.13 eV,
andzp513.6 eV. The eigenvalues, obtained upon the dia
nalization of a 12312 matrix, give the spin-orbit and ex
changeQs.o/ex.contribution to the termQpd in the final-state
Hamiltonian. This accounts for the interaction between
2p core hole and the 3d hole in the outer shell. Therefore
the energyQpd is

Qpd
~ i !5Q1Qs.o./exch.

~ i ! ~ i51, . . . ,12!, ~1!

whereQ is the Coulomb part of the two holepd Slater
integral. The intensity ratiol s/ l m and the energy separatio
W between the satellite and the main component in the
2p3/2 spectrum were calculated and compared to the exp
mental values using a proper extension of the Ander
Hamiltonian in the impurity limit to account for theQpd
multiplet terms of the Cu 2p3/2 core level. TheD, T, andQ
values representative of CuGeO3 were chosen within param
eter sets~with D andT ranging from 1.75 to 3.00 eV andQ
from 7.5 to 8.5 eV! in order to obtain the best fit betwee
calculated and measuredl s/ l m andW terms. The fit results
are shown in Fig. 4, where the continuous line indicates
calculated spectrum. The multiplet lines are also shown
low the Cu 2p3/2 XPS data. The height of each line is pro
portional to the calculated intensity, while the positions c
respond to the calculated binding energies. The peak
shape was obtained assuming a mixture of Lorentzian
Gaussian functions for each calculated line, with a 95 at
weight of the Lorentzian component. The FWHM of th
Lorentzian component is 1.4 eV, while it is 1.175 for th
Gaussian component. The dominant Lorentzian compon
well reproduces the experimental main line, though min
discrepancies at the base of the main line are detecta
likely due to the effect of the oxygen bandwidth~and shape!
on the main line. The unusual Gaussian FWHM, which
larger than the expected instrumental broadening~;450
meV!, may also be due to effects arising from the screen
of oxygen states in the valence band.

On the basis of this approach, a comparison betw
CuO, Bi2CuO4, and CuGeO3 is rather interesting, since thes
compounds have CuO4 units with similar geometry in con-
trast with the corner-sharing CuO4 units typical of HTSC
cuprates. Table I summarizes the main parameters. Fol
ing the arguments of Eskes, Tjeng, and Sawatzky,26 who
showed that theT andD values are related to the energy ga
the present results can be interpreted. When going fr
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TABLE I. Results of the Cl cluster model study. The XPS satellite to main line intensityl s/ l m ratio; the
XPS satellite to main line energy separation,W, the Auger satellite to main line,ES2EM; and main line to
D peak,EM2ED . Energy separations, the calculatedT, D, Qpd , Udd , and the nearest-neighbor Cu-
distances are reported. Calculated values for Bi2CuO4 and CuO are taken from Ref. 22.

l s/ l m

W
~eV!

dCu-O
~Å!

T
~eV!

D
~eV!

Qpd

~eV!
ES2EM

~eV!
EM2ED

~eV!
Upp

~eV!
Udd

~eV!

GeCuO3 expt. 0.58 7.59 1.94 4.8 8
calc. 0.58 7.57 2.47 4.20 8.55 5.52 6.6

Bi2CuO4 expt. 0.53 8.2 1.94 4.8 10
calc. 0.535 8.18 2.25 2.8 8.3 5.25 6.55

CuO expt. 0.46 8.7 1.95 5.0 9
calc. 0.47 8.54 2.00 1.75 8.0 4.25 6.5
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CuO, to Bi2CuO4 and to CuGeO3, D andT determined by
high-energy core-level spectroscopies increase consiste
with the measured energy gaps, being the gap magnitud
Bi2CuO4 intermediate between that of the semiconduct
CuO and the translucent CuGeO3. Unfortunately, the lack of
unambiguous optical data has hindered a quantitative m
sure of the optical gap of Bi2CuO4 and therefore a more soli
estimate ofD. Nevertheless, in the light of the present co
parative study, theD value of Bi2CuO4, based on previous
EELS data,22 has been reconsidered and set to'2.8 eV.
Conversely, the insulating nature of CuGeO3 is confirmed by
optical-absorption spectroscopy data,11 where the onset o
the absorption gap is clearly detectable at'3.7 eV, well
above the structures attributed tod2d intra-atomic excita-
tions observed at'1.8 eV. On the other hand, theQ values,
consistently with their origin~intra-atomic Coulomb interac
tion on the Cu12 sites!, are nearly the same for the thre
compounds under examination.

C. Auger electron spectroscopy

Figure 5 shows the copperL2,32MM Auger spectrum of
CuGeO3 generated by the decay of a photohole in the Cup
core levels. The spectrum has been divided in two parts
responding to the regions where theL2,32M4,5M4,5 and
L2,32M2,3M4,5 Auger transitions mainly contribute. The a
signment of each feature of the spectrum has been done
cording to literature.22,27 The most intense peak in each pa
of the spectrum is the multiplet structure due to the decay
anL3 photohole when the system is left in the photoemiss
final state corresponding to the Cu 2p3/2 main line ~see Fig.
4!. The spectrum also exhibits distinct and intense Au
satellites, accompanying the mainL32MM transition, at
lower kinetic energies. In an ionic picture these satelli
correspond to the Auger transitionsL32M2,33d

8 and
L323d7. It has been suggested that three processes c
contribute to the satellite peaks:~i! the direct Auger decay o
an L3 photo hole when the system is left in the photoem
sion final state corresponding to the Cu 2p3/2 satellite;~ii ! the
Coster-Kronig ~CK! decay of anL2 hole that effectively
transfers spectral weight from theL22MM Auger transi-
tions to theL3 satellite regions; and~iii ! the CK decay of an
L1 hole. The identification of the contribution of the differe
decay channels to the Auger satellites, and the analysis o
energy shifts relative to the mainL32MM transition give
information about the correlation energyUdd and the ionicity
of the Cu-O bonds.
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In order to extract this information, attention was paid
the L32M45M45 part of the spectrum. The inset of Fig.
shows theL323d8L (M ) andL323d7 (S) Auger transition
peaks of CuGeO3. The broad feature above 922 eV~marked
D! is the fingerprint of the delocalized two-hole final state
terms of the Cini-Sawatzky model.28 The relative intensity of
featureD compared to the transition arising from the loca
ized two-hole Auger final stateM is a function ofUdd/BW,29

where BW is the effective Cu 3d–O 2p hybrid bandwidth.
Comparing the Auger spectra of CuO~Ref. 27! and CuGeO3,
it is possible to observe that the relative intensity of featu
M and D is nearly the same, indicating that the rat
Udd/BW is about the same in the two compounds. An es
mate of the correlation energyUdd can be obtained consid
ering the energy separation between the localized two-h
final stateM ~3d8L final state! and the satelliteS ~3d7 final
state!. Neglecting terms arising from the Cu 2p-hole↔O 2p-

FIG. 5. CopperL2,32MM Auger spectrum of CuGeO3. The
spectrum has been divided into two parts corresponding to the
gions where theL2,32M4,5M4,5 andL2,32M2,3M4,5 Auger transi-
tions mainly contribute. The spectrum also exhibits distinct a
intense Auger satellites, accompanying the mainL32MM transi-
tion, at lower kinetic energies. In an ionic picture these satell
correspond to the Auger transitionsL32M2,3 3d

8 andL323d7.
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1464 55F. PARMIGIANI et al.
hole or the Cu 3d-hole↔O 2p-hole interactions, the energ
separationEMS can be written as

EM2ES5E~2p53d10L !2E~2p63d8L !1E~2p63d7!

2E~2p53d9!

52Udd2Qpd . ~2!

Substituting in Eq.~2! the experimental value ofEMS54.8
eV and the calculated value ofQpd58.55 eV, the Hubbard
correlation energyUdd results to be'6.67 eV.

It is also possible to make a rough estimation of the C
lomb interactionUpp in the oxygen 2p-derived band from
the energy difference between the centroid of the delocal
two-hole spectral featureD ~3d9L2 final state! and the en-
ergy position of the peakM ~3d8L final state!. Their energy
separationEM2ED can be expressed asEM2ED'Udd
1Upp2D. Using the calculated values ofD54.2 eV and
Udd'6.67 eV and the measured valuesEM2ED'8 eV and
Upp'5.5 eV.

D. Magnetic properties

The parameters obtained from the XPS and Auger d
analysis can also be used to gain a qualitative understan
of the magnetic properties. For this purpose,
configuration-interaction approach to the Anderson Ham
tonian in the impurity limit was applied to a Cu-O-Cu clust
with the purpose of obtaining an estimate of the super
change integralJ and the Ne´el temperature. To check th
consistency of the model, the calculation was applied als
CuO, Bi2CuO4, and CuGeO3.

Magnetic insulators have been treated in the past with
Anderson superexchange theory.30 It has been shown, how
ever, that when charge-transfer excitations are properly
counted for, better estimates of the Ne´el temperatures (TN)
for transition metal monoxides are obtained. Indeed, Zaa
and Sawatzky31,32 proposed, on the basis of th
configuration-interaction scheme, the simplest three-ce
di2L2dj superexchange model including charge-trans
excitations.

In the frame of this model an approximate expression
J is given by

J522b2~1/D11/U !, ~3!

whereb5T2/D, T5Te/), andTe is theeg transfer integral
in the single cation cluster.30 Expression~3! holds in the case
D, T@E0(AF,F) andT

2/D!1, T2/U!1. As suggested by
Sawatzky,31 the hybridization integral in the present study
further reduced by a factor12 because only one oxygen be
tween two Cu atoms is involved in the Cu-O-Cu bonding

Several studies report more sophisticated approache
the problem of magnetic interactions.33,34These calculations
are based on a Cu-O bond, geometry where the Cu-O
bond angle is close to 180°, and therefore suitable to trea
case of HTSC’s and parent compounds. This is not the c
for CuO, Bi2CuO4, and CuGeO3, which show Cu-O-Cu
bond angles close to 90°. Unfortunately, a model to calcu
J in the case of a nonlinear Cu-O-Cu bond is not yet av
able and in the present work a simpler Cu-O-Cu linear bo
is assumed. As a consequence, the calculatedJ values should
be regarded as those resulting from an ‘‘effective’’ AF inte
-
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action between two Cu21 ions mediated by the presence of
ions. In spite of this rough approximation, the scaling ofJ’s
with the parameters obtained from Auger and XPS analy
follows the experimental trend even though the coarsenes
the model tends to overestimateJ. According to Zaanen,32

TN is given by

TN52JzS~S11!/~3kBn
2!, ~4!

wherez is the cation ‘‘magnetic’’ coordination number,S
the cation spin in the ground state~i.e., S51 for Ni21,
3A2g!, kB the Boltzmann factor, andn52S. The calculation
was performed starting from CuO by using theD, Upp , and
Udd values obtained from the Auger and XPS data analy
and reducing by a factor 0.81 the hybridization integralT to
fit the measuredTN'220 K of CuO.J and TN values of
Bi2CuO4 and GeCuO3 were then calculated using the appr
priate values ofD, Upp , and Udd , and the same scaling
factor ~0.81! taken for CuO was applied to the hybridizatio
integrals. The samez52 was used for all the compound
Table II reports the results obtained solving numerically
Hamiltonian for the Cu-O-Cu cluster.

The results show a decrease ofTN from CuO to Bi2CuO4
and CuGeO3, in agreement with the experiments. Howeve
the calculated absolute values are significantly different fr
the experimental ones. This discrepancy can be ascribein
primis to the improper geometry of the Cu-O-Cu bond us
to model the magnetic interactions. However, other fact
such as a poor modeling of the antiferromagnetic orderi
which neglects three-dimensional~3D! effects in the cou-
pling of spins on the Cu sites as well as an overestimation
the tpd overlap integrals, should be considered. Indeed,
3D character of the AF state in Bi2CuO4 is supposed to occu
via the superexchange coupling of the Cu-O-Bi-O-C
bond,35 which, because of its length and the presence of
Bi cation, is likely more screened than in the case of a sim
Cu-O-Cu superexchange interaction. TheTN value calcu-
lated for Bi2CuO4 ~'132.5 K! is about three times that ex
perimentally observed@47.561.0 K ~Ref. 35!#. As for
CuGeO3, in which, depending on temperature, a competiti
between the Spin-Peierls and the AF Ne´el states occurs, the
Cu21 S5 1

2 spins are strongly coupled in the AF state
intrachain interactions. In this case Poirieret al.4 set the ex-
change interaction to a typical value of 60 K which is not f
from the present value of'80 K.

E. EELS

As is well known, CuGeO3 has two optical axes along th
b andc crystallographic directions, and polarized beams
required to properly study its optical properties. Electro

TABLE II. Calculated antiferromagnetic exchange energiesJ)
and Néel temperatures (TN) for CuO, GeCuO3, and Bi2CuO4. The
tpd parameter was obtained by settingtpd50.81T/(2)), whereT
is the hybridization integral reported in Table I.

CuO Bi2CuO4 CuGeO3

tpd ~eV! 0.468 0.528 0.579
J ~meV! 19 11.4 6.9
TN calculated (K) 220 132.5 79.9
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energy-loss spectra were obtained using an unpolarized
tron beam, therefore the resulting data have a limited qu
titative meaning. Nevertheless, some information to supp
or confirm other measurements can be obtained.

The EEL spectrum of CuGeO3, which we obtained with a
primary beam energyEp5500 eV, is reported in Fig. 6. The
prominent structures between energy losses of 15–25 eV
assigned to the valence-electron plasmon excitations su
imposed on the O 2s→O 2p transitions.36 More interesting,
in the present context, are the features appearing at an en
loss of 10 eV from the quasielastic peak. In this range
losses at least four EEL features are detectable at abou
eV ~a!, 3.0–4.5 eV~b!, 6.5 eV ~c!, and 9.4 eV~d!. The
intensities of peaks~b!, ~c!, and ~d! do not depend on the
electron beam energy,36 and therefore these excitations a
identified as allowed dipole transitions. In particular the lo
est of these dipole-allowed transitions@region ~b!# corre-
sponds to the Cu 3d→O 2p charge-transfer excitation
across the electronic band gap. The centroid of this br
feature can be obtained by the second deriva
2dN2(E)/dE2, and its energy position results to be'3.7
eV. This value is consistent with the charge-transfer ene
D obtained from Auger and Cu 2p core-level data~present
paper! and recent optical measurements of the gap.11 Instead,
the excitation at'1.6 eV~a! exhibits a strong dependence o
the primary beam energyEp @the intensity increases with
decreasingEp ~Ref. 36!#, indicating that this feature arise
from dipole forbidden intrabandd-d transitions, in agree-
ment with optical data11 and against the assignment to char
transfer excitations as stated in Ref. 13.

F. Valence-band photoemission

Band structure calculations on CuGeO3 were carried out
by Mattheiss37 and Popovic, Vikajlovic, and Sljivancanin.38

As in the case of other late 3d metal compounds, standar

FIG. 6. EEL spectrum of CuGeO3 obtained with a primary beam
energyEp5500 eV. The prominent structures between 25 and
eV of the energy loss are assigned to the valence-electron plas
excitations superimposed to the O 2s→O 2p transitions. Below 10
eV, at least four EEL features are detectable at about 1.6 eV~a!,
3.0–4.5 eV~b!, 6.5 eV ~c!, and 9.4 eV~d!.
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band methods and the local-density approximation are
pected to poorly describe the electronic properties
GeCuO3. Nevertheless, the quite peculiar structure of t
compound in which one finds edge-sharing chains of Cu4
units instead of the more common planes of CuO4 corner-
sharing units such as those found in high-temperature su
conducting cuprates, makes the comparison with this
class of materials rather interesting.

The XPS valence-band spectrum and the O 2s line of
CuGeO3 are shown in Fig. 7. The O 2s contribution is found
at 22.5 eV, while a remarkable fine structure can be obser
in the 0.0–20.0-eV spectral region. A main and broad str
ture composed by at least two bands~A andB! is detected at
'4 eV. This dominant emission is followed by a weak b
well detectable structure at'8.5 eV (C). The valence-band
spectra is then completed by a rather strong emission at'12
eV (D11D2) and a weak feature at'16 eV (E). A com-
parison between these spectra and CuO XPS valence-
spectra39,40 shows several similarities. Based on the analy
of the character of the eigenstates reported for CuO, emis
A2B could be assigned tod9L final states, while the emis
sion detected between 8 and 14 eV~components
C2D12D2! could be assigned tod8 states with a smaller

5
on

FIG. 7. XPS valence-band spectrum and O 2s line of CuGeO3.
The O 2s contribution is found at 22.5 eV, while a remarkable fin
structure can be observed in the 0.0–20.0-eV spectral region
main and broad structure composed by at least two bands~A andB!
is detected at'4 eV. This dominant emission is followed by
weak but well detectable structure at'8.5 eV (C). The valence-
band spectra is then completed by a rather strong emission at'12
eV (D11D2) and a weak feature at'16 eV (E). Inset: calculated
DOS in the local density approximation.37
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contribution of d10L2 states. Even the weak structure d
tected at'16 eV (E) has a counterpart in the CuO XP
spectra, where it has been assigned to a1A1 state derived
from the free-atom1S state. Instead, an important differen
between the CuO and CuGeO3 valence bands arises if th
first ionization state~s! is considered. As is well known, in
CuO this state results from the combination ofd10L2, d9L,
andd8 two-hole states, and has an1A1g symmetry. The two-
hole state, which has a wave function

uC2h&5A0.68udx22y2px22y2&1A0.23upx22y2
2 &

1A0.09udx22y2&,

with a dominantudx22y2px22y2& character, is the so-calle
Zhang-Rice~ZR! singlet.41 In the one-electron valence-ban
removal spectra of CuO, the ZR singlet is well detected a
steplike structure above the 3d9L main line. In CuGeO3, this
feature is not detected, suggesting that the ZR singlet is
stabilized.

Also rather interesting is the comparison between st
dard band-structure calculations and XPS valence-band
electron removal spectra. The inset of Fig. 7 reports the d
sity of states of CuGeO3 calculated by Mattheiss.37 The
experimental spectrum and the calculated density of st
~DOS! are reported on the same scale. The main differen
between calculated and experimental data are those exp
when standard band-structure calculations are applied to
tems with strong electron correlations. From the calcula
DOS, CuGeO3 shows a metallic Fermi edge instead of t
'3.7-eV band gap observed by optical measurements11 and
EELS. Moreover, theC2D12D2 structures observed in th
6–14-eV region of the experimental spectra are comple
missing in the calculated DOS, which below'8 eV does not
show any significant state beside a low intensity contribut
originating from Ge and O bands. The fact that stand
band calculations fail to predictC2D12D2 structures sug-
gests for these features~in agreement with the assignme
based on the comparison with CuO! a dominantd8 character,
the emission from this final-state configuration being dom
nated by significant correlation effects due to the strong C
lomb interaction between the two holes localized on
same copper orbitals. In addition to these main differenc
the intensity distribution of the main line is not proper
predicted by the calculated DOS.

In order to have a deeper insight into the valence-b
structure, resonant photoemission experiments at the Cup
23d and Cu 2p23d thresholds were carried out. Resona
photoemission is based on the quantum interference betw
a direct photoemission,hn13dn→3dn211ek , where ek
represents the emitted photoelectron and a process
as (n)p63dn1hn (p→d)→(n)p53dn11→(n)p63dn211ek ,
which arises from a two-electron Koster-Kronig decay of t
intermediate state involving an Auger matrix element of
Coulomb interaction. These mechanisms lead to a Fano
intensity modulation of some valence-band compone
probing the Cud8 final states. As in the case of CuO, th
experiment has been performed for the 3p→3d ~hn'74 eV!
~Refs. 39 and 42! resonant photoemission as well as for t
2p→3d giant resonant photoemission~hn'931.5 eV!.43

The results of the 2p→3d giant resonance photoemissio
for CuGeO3 are reported in Fig. 8. The O 2s emission lines
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of the resonant spectra are aligned with the O 2s line of the
XPS spectrum. A strong resonance is observed in
4–14-eV BE region and three structures can be clearly id
tified at '12, '9, and'6.8 eV, respectively. Similarly to
the case of CuO, the'12 and'9-eV resonant features ar
assigned to thed8 singlet and triplet states, while th
'6.8-eV structure could originate fromd82d9L hybridized
configurations. Therefore, the energy separation between
singlet and triplet states in CuGeO3 is '3 eV, respectively,
while in CuO it is'2.3 eV. Other very important difference
between resonant photoemission spectra in CuO
CuGeO3 can be noted:~i! the resonant behavior is extende
to the main line;~ii ! the singlet state exhibits, as expected
stronger resonance than the triplet state, but the inten
ratio between these components is smaller than in CuO.
portant points to note are also the discrepancies between
BE positions of theC2D12D2 features in the XPS valence
band spectrum and the BE of thed8 singlet and triplet states
as well as that of thed82d9L hybridized configurations and
the relative extension, in terms of BE, of states with mos
d8 character. To rationalize, at least qualitatively, this beh

FIG. 8. Resonant photoemission experiments at the Cu 2p23d
threshold, with the photon energyhn ranging from 925 to 931 eV.
The emission lines of the resonant spectra are aligned with res
to the Ge 3d core line, while the O 2s line of the XPS spectrum is
aligned with respect to the O 2s emission lines of the resonan
spectra. A strong resonance is observed in the 4–14-eV BE reg
and three structures can be clearly identified at'12,'9, and'6.8
eV, respectively. Similarly to the case of CuO, the'12- and'9-eV
resonant features are assigned to thed8 singlet and triplet states
while the'6.8-eV structure could originate fromd82d9L hybrid-
ized configurations.
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ior, it is important to consider that the character of the sta
~d-band occupancy! and their dispersion are in a first ap
proximation determined by the ionicity of the Cu-O bon
and by the ratio between the Coulomb interaction energ
and the charge-transfer energy. A strongly ionic Cu-O bo
will result in a valence band in photoemission spectrosc
with a dominantd8 occupancy. On the other hand, the sep
ration betweend9L and d8 states depends on theUdd/D
ratio. The larger this ratio, the larger the energy separa
betweend9L andd8 states. On the basis of the present ana
sis theUdd/D ratio is'3.7 for CuO and'1.6 for CuGeO3.
Therefore, in spite of the similarity of the one-electron r
moval spectra of CuO and CuGeO3, the unusually large dis
tribution of thed8 states observed in this last compound
resonant photoemission is not surprising. It is also import
to note that the BE of the maximum of the resonant featu
does not coincide with these of structureC andD2 of the
XPS valence band. The direct meaning of this observatio
that the maxima of the multiplet split components does
coincide with the singletd8 which is found at'1.5 eV to-
ward the higher BE with respect to componentD2 . Instead,
the maximum of the triplet states overlapsD1 . Unfortu-
nately, because of the very broad shape of the main r
nance, it is very difficult to identify a possible resonance
featureE ~attributed to ad8 singlet state!, while featureC
remains unexplained considering the maximum of
d82d9L hybridized configurations on the higher BE ba
edge of the main valence-band structure~between featuresB
andC!. Another interesting ‘‘anomaly’’ of the resonant pho
toemission spectra of CuGeO3 arises from the intensity ratio
between thed8 singlet and triplet states. Based on the Aug
matrix element for the1G states in CuLVV Auger spectra,
the singlets should resonate much more strongly than
triplets. This is not the case for CuGeO3. A possible expla-
nation arises if a relatively large distribution ford8, the sin-
glet states, is considered. In fact, in this case the intensit
the maximum, in the one electron removal spectra, could
be representative of the overall weight of thed8 the singlet
states. In different terms, the intensity ratio between thed8

singlet and triplet states should be evaluated from the t
weight of these states, and not only from the maximum
tensity of their resonating features.
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IV. CONCLUSIONS

The results of the present study give a consistent pic
of the electronic structure of copper germanate by prope
addressing some of the most remarkable electronic and s
tural properties related to the Cu-O bond in this compou
which ultimately result in the ionic nature of the bond as w
as in the spin-Peierls transition at'14 K.

The electronic correlation parameters of CuGeO3 have
been evaluated on the basis of high-energy photoelec
spectroscopy and Auger data. They indicate that CuGeO3 in
the ZSA phase diagram is a charge transfer insulator witD
and Udd'4.2 and'6.7 eV, respectively. TheD value is
consistent with the results of optical spectroscopy meas
ments, and reflects the strongly ionic character of this co
pound with respect to the HTSC’s and related cuprates.

Resonant photoemission measurements of the vale
band performed at the Cu 2p→Cu 3d absorption edge al-
lowed to probe thed8 states distribution in the valence-ban
region, which was found to be quite different from that o
served for CuO and HTSC’s, suggesting, in agreement w
high-energy photoemission spectroscopy data, a largerD and
a more ionic character of the Cu-O bond in CuGeO3. This
information, together with optical and XPS valence-ba
data, show that standard band-structure calculations are
limited to properly describe the electronic structure
CuGeO3. In particular, they fail to evaluate the gap, the co
related satellites (d8) and the intensity distribution in the
DOS. In addition, it is important to note the absence in
XPS valence band spectrum of structures that can be
cribed to the ZR singlet. This finding addresses a very
portant issue in the study of hole delocalization in the HT
in that Cu-O coordination symmetry effects may play
crucial role in driving the electronic features of those ban
involved in the transport properties of hole-doped HTSC
prates.

Finally, EEL data suggest, in agreement with optical m
surement, a gap of'3.7 eV and the presence of dipole
forbiddend-d intraband transitions at'1.6 eV. These be-
haviors are responsible for the translucence of CuGeO3 in the
visible region of the electromagnetic spectrum and for
blue color.
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