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X-ray (Al-Ka) and resonant Cu@-3d and Cu $— 3d photoemission valence-band spectra of high-
quality CuGeQ single crystals are reported and interpreted. In addition, an attempt is given to evaluate the
charge transfefA), thed—d Coulomb interactionl{ 44) energies, and the superexchange ted)nop the basis
of Ly M4sMy5—Lo M, My s 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 gag3.7 eV[M. Bassi, P. Camagni, R. Rolli, G. Samoggia, F. Parmigiani,
and A. Revcolevsch{unpublished] and the emission arising from many-body effe@srrelatedd® and
d8—d°L hybridized states while A andU 44, 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 forbiideimtraband transitions are centered=at.6
eV, which justifies the blue color of CuGgQand the band gap i53.7 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] results to be of the order of 7 meV.[S0163-18207)03504-3

I. INTRODUCTION planes is at the center of present-day interests, despite the
progress done in the last years. In particular, the local or
CuGeQ is an inorganic compound that exhibits a spin- itinerant character of the carriers in copper-oxide-based com-
Peierls transition at~14 K (Ref. 1) which implies the pres- pounds and the many-body mechanisms involved in the
ence of strong electron correlation effects. Pure and doped—d andp—d charge fluctuations must be addressed. As is
CuGeQ crystals and powders have been studied in the laswell known, high-energy electron spectroscopies are power-
two years to investigate the magnetic properties andul tools to investigate electron correlation mechanishs.
the origin of the Spin-Peierls phase transitfon. This  Photoemission from the copper core levels can provide im-
transition, quite unusual in inorganic compounds, can beportant information to evaluate the hybridization teri,g),
viewed as a transition, occurring along the Cu-O chainsthe charge transfer energ), and thed —d Hubbard energy
from uniform antiferromagnetidAF) spin5 Heisenberg (Ug44), While 2p—3d and 3»— 3d valence-band resonance
chains to a system of dimerized chains with a singlet grounghhotoemission can probe opehstates in one-electron re-
state. However, a detailed understanding of the electron comoval spectra of the valence band. The-23d and
relation mechanisms as well as of the electronic and mag3p— 3d resonant spectra in copper-oxide-based compounds
netic structure of this compound is needed. have been extensively used to study CuO and related high-
The understanding of electronic excitations in the Cu-Otemperature superconductofslTSG’s),° providing a re-
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FIG. 1. (a) Crystal structure of CuGeQ The structure is characterized by chains running along-theis, and of edge-sharing CyO
units, where Cii% ions are at the center of a square of<@ons. C#" ions are also coordinated with two apical oxygen forming an elongated
and distorted octahedrd®, Cu; O, O; &, Ge. (b) View along thec axis of the CuGe@crystal structure. The nonequivalent oxygen sites
are evidenced and labeled aglPand Q2). (c) LEED pattern obtained at an electron beam energy 950 eV.

markable fingerprint of thel® states versus®L andd'®.?  cal data! that the forbidderd-d intraband transitions are
(L is the hole in the ligand The identification of correlated centered at=1.6 eV, which accounts for the blue color of
d® andd®—d°L hybridized states, as well as the magnitudeCuGeQ, and the band gap is3.7 eV, which accounts for
and the nature of the band gap, represent landmark points the transparency of the crystal in the visible region of the
be compared wittab initio and parametrized band-structure electromagnetic spectrum. These parameters are quite differ-
calculations. ent from those reported in Ref. 13, where an @-2Cu 3d

The aim of this work is to present and interpret x-ray charge-transfer energy e#1.25 eV (identified with the en-
(Al-K ) and resonance valence-band spectra on high-qualitgrgy gap and d-d forbidden transitions betweex2.9 and
CuGeQ single crystals to probe the correlatetf and ~3.7 eV are suggested. Finally, the superexchange energy,
d®—d°L hybridized states. In addition, an attempt is given toin agreement with calculated valu¥sjs found to be~7
evaluateA, Ugyq, the p—d Coulomb interactiony,4), and ~ meV.
the superexchangel) terms on the basis df, ;— M, My 5
andL,;— M, M, s Auger transitions and core-level spectra Il EXPERIMENT
analyzed by the Anderson Hamiltonian in the impurity limit.
The results clearly show that one-electron band-structure cal- CuGeQ crystals are translucent and blue in color and
culations do not properly describe the band daptically  have an orthorhombic ce 3,-Pbmm with lattice param-
determined in Ref. J1and the emission in the valence band etersa=4.801 A ,b=8.472 A, andc=2.942 A% The crys-
arising from many-body effects, while the charge transfertal structure is characterized by chains of edge-sharing,CuO
energy andd—d Coulomb interactions, found to be4.2  units, where Cii? ions are at the center of a square of0
and ~6.7 eV, respectively, allow us to classify this com- ions, running along the axis. Ci#* ions are also coordinated
pound as a charge-transfer insulator with a strong ioniavith two apical oxygen ions, forming an elongated and dis-
characte? In addition, energy-dependent electron-energy-torted octahedron. Room-temperature structural measure-
loss spectroscop§EELS) suggests, in agreement with opti- ment$® show that the Cu-Q) bond distancefwhere Q1)
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e FIG. 3. Ge 2 core-level BE region. The emission at 1219.5
FIG. 2. O Is core-level emission from CuGeOThe asymme- . 5 ay is attributed to the Gep,, core level, while the emission
try toward the higher binding energy is ascribed to nonequivalent; 1550 a0 2 eV is attributed to the Gep2,, core level.
O(1) and Q2) ions. Indeed, this spectral structure can be decom- !

posed into two components centered=&30.3 (A) and~531.5 eV
(B), respectively. The BE of componeAt close to those detected
in other cuprategRef. 19, is attributed to @), while line B is
attributed to @1).

eV, using the electron gun coaxial to the double-pass cylin-
drical mirror analyzer. The experimental resolution of 0.5 eV
was mainly limited by the energy spread of the electron
beam.

labels the apical oxygdrared [Cu-O(1)]~2.77 A, while the Cu 2p—Cu 3d resonant photoemission valence-band
in-plane Cu-@2) bond distances aré [Cu-0(2)]~1.94 A,  Spectra were collected at undulator beamline 5 at the Stan-

The chains of edge-sharing Cy@nits are connected along ford Synchro'gron Radiation Lab(.)ratory.' The analytical
the ¢ axis by corer sharing units of G&ions tetrahedrally Cchamber of this beamline was equipped with a LEED appa-
coordinated with @) and Q2). The bond-length distances ratus which was u_sed tp perform the room-temperature low-
between G&* and the oxygen ions a{Ge-Q1)]~1.77 A energy electron-diffraction measurements.
andd[Ge-Q2)]~1.72 A (see Fig. 1

A high-quality CuGeQ single-crystal several centimeters [ll. RESULTS AND DISCUSSION
long was grown from the melt by a floating zone technijue.
A piece of this CuGe@single crystal with an elliptical sec-
tion was then oriented on the basis of its Laue pattern, and Figure 2 shows the O <l core-level emission from
arranged on a sample holder to be cleavadsitu in CuGeQ. An evident asymmetry toward the higher binding
ultrahigh-vacuum conditions. The samples were easilyenergy can be detected. This effect could be the result of the
cleaved perpendicularly to theeaxis. The exposeb-c plane  different binding energies for the nonequivalenlDand
resulted in a platelike shaped elliptical surface with majorO(2) ions. In fact, this spectral structure can be decomposed
and minor axes 56 mm and$ mm long, respectively. A in two components centered a530.3 (A) and ~531.5 eV
low-energy electron-diffractiodLEED) pattern of this sur- (B), respectively. The BE of componeht, close to those
face at room temperature, quite similar to those already redetected in other cupraté$js attributed to @2), while line
ported in the literaturé® is shown in the inset of Fig. 1. B could be attributed to ). The relative intensity between

The samples, obtained from the same single-crystal lineomponentsA andB, i.e., ~2:1, is consistent with this in-
rod, were cleavedn situ. After cleavage and during the terpretation. As a matter of fact, the Cu ions are connected
whole set of experiments, the residual pressure in the chanipy an oxygen pair bridge @), where the Cu-O-Cu angle is
bers never exceeded 18 mbar. X-ray photoemission spec- about~98°. In turn, this oxygen is bound to Ge ions which
troscopy (XPS measurements were performed usingba should influence the character of the C(@2pDbond. It has
mod.5600 electron analyzer. The spectra were collected byeen recently propos&tthat the presence of Ge ions at-
irradiating the crystal with a monochromatic Kle x-ray  tached to bridging oxygen can make the 90° superexchange
source (hv=1486.6 eV. The spectrometer was calibrated antiferromagnetic against the Goodenough-Kanamori-
using the Ag Fermi edge, the Agi3;, core level, and the Cu Anderson rules. On the other hand, the weak interaction be-
2p4, core-level to which binding energig8E’s) of 0.0, tween Q1) and copper ions should be ascribed to the strong
368.3, and 932.7 eV were assigned, respectively. The BBe-Osp® hybrid bond. Therefore, a significant change of the
scale was then referred to the G@s2 core line, whose BE and line shape of the Oslspectra could be expected by
maximum was fixed at 1219:5.2 eV. By setting the spec- substituting Ge ions or modifying the Ge-O bond, and this
trometer pass energy at5 eV, an overall resolution 6£0.4  issue should be addressed in the future.
eV was obtained for the Agd;, core line. An electron flood The Ge % core-levels BE region is reported in Fig. 3.
gun was used to reduce surface electrostatic charging durinfwvo peaks are clearly detected. Their energy separation and
the XPS measurements. intensity ratio, consistent with thi= 3 and3 spin-orbit split

The electron-energy-loss spectra were taken in reflectionomponents, allow us to assign the emission at 1240.8
geometry with primary beam energy in the range 200—200@V to the Ge 3, core level, while the emission at 1250.8

A. X-ray photoemission core lines
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. s s s glancing take-off angle indicates that, within the sensitivity
Cu2p XPS M of the XPS probe, the surface is free of carbon contamina-
tions.

J=1/2

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

The analysis of the Cuf® core-level photoemission data
. . L was carried out on the basis of the Anderson Hamiltonian
975 965 955 945 935 925 model in the impurity limit extended to include exchange
Binding Energy (eV) and spin-orbit interactions, as described elsewferghe
M multiplet splitting for an ionic, unscreenepd (e.g., 23d°)
/ configuration was treated according to the interaction scheme
proposed by Condon and Shortfdyand Kotani and
Okada?*?® The following parameters were used for the ex-
change and spin-orbit interaction§:2(2p,3d)=7.47 eV,
G(2p,3d)=5.62 eV, G3(2p,3d)=3.21 eV, 74=0.13 eV,
and{,=13.6 eV. The eigenvalues, obtained upon the diago-
nalization of a 1X12 matrix, give the spin-orbit and ex-
changeQs q/ex cONtribution to the tern®,q in the final-state
Hamiltonian. This accounts for the interaction between the
2p core hole and the @ hole in the outer shell. Therefore,
the energyQ, is

Cu 2p3/2

Intensity (arb. units)

40 935 930 925 QUa=Q+Q ) jexen. (I=1,...,12, 1)

Binding Energy (eV) where Q is the Coulomb part of the two holpd Slater
integral. The intensity ratidy/l,, and the energy separation

FIG. 4. Cu 333/2 core-level X_ray photoemission spectrum of W betWeen the Sate”ite and the main Component in the Cu
CuGeQ (dotg. The inset shows the whole CipZegion. The main 2Pz, Spectrum were calculated and compared to the experi-
line is highly symmetric with an overall full width at half maximum mental values using a proper extension of the Anderson
(FWHM) of 1.8 eV. This line has a prevailing Lorentzian character Hamiltonian in the impurity limit to account for th@q
(95 at %. The Gaussian part mimics the instrumental broadeningmultiplet terms of the Cu g5, core level. TheA, T, andQ
as well as the oxygen bandwidth contribution to the main line. Thevalues representative of CuGg®@ere chosen within param-
Lorentzian contribution, which resulted to be 1.4 eV wide, accountseter setgwith A andT ranging from 1.75 to 3.00 eV an@
for the Cu 2 core-hole lifetime. The calculated spectrum is repre-from 7.5 to 8.5 eV in order to obtain the best fit between
sented by a continuous line, and the calculated multiplet structure igalculated and measurég|,, and W terms. The fit results
indicated by vertical bars with a helght proportional to the CalCU-are shown in F|g 4' where the continuous line indicates the
lated intensity. calculated spectrum. The multiplet lines are also shown be-

low the Cu 24, XPS data. The height of each line is pro-

portional to the calculated intensity, while the positions cor-
+0.2 eV is attributed to emission from the G@2 level.  respond to the calculated binding energies. The peak line
These BE values are consistent with those expected f&f Ge shape was obtained assuming a mixture of Lorentzian and
ions20 Gaussian functions for each calculated line, with a 95 at. %

Figure 4 shows the Cu,, XPS core line. The main line weight of the Lorentzian component. The FWHM of the
is highly symmetric with an overall full width at half maxi- Lorentzian component is 1.4 eV, while it is 1.175 for the
mum (FWHM) of 1.8 eV. In addition to the main line, a Gaussian component. The dominant Lorentzian component
broad satellite, as expected for the’Cuprates, appears in well reproduces the experimental main line, though minor
the 940-945-eV binding-energy range. The satellite presentdiscrepancies at the base of the main line are detectable,
a fine structure, whose origin in other cupric oxides is widelylikely due to the effect of the oxygen bandwid@ind shapge
described in the literatur€;** arising from multiplet spliting  on the main line. The unusual Gaussian FWHM, which is
effects due to the interaction between the @re hole and larger than the expected instrumental broadenirgt50
the 3d° electronic configuration in the final state of the pho- meV), may also be due to effects arising from the screening
toemission process. of oxygen states in the valence band.

Although other causes of a double-peak © dpectrum On the basis of this approach, a comparison between
than different O sites in the structure are known in the pho-CuO, B,L,CuQ,, and CuGeQ@is rather interesting, since these
toemission studies on HTSC cupratesy., surface contami- compounds have CuyQunits with similar geometry in con-
nations, different phases at the surfacthe Ge D and trast with the corner-sharing CyQunits typical of HTSC
the Cu 2 spectra are consistent with a sample free of concuprates. Table | summarizes the main parameters. Follow-
taminations. In particular, the lack of asymmetry and sateling the arguments of Eskes, Tjeng, and SawatZkyho
lites in the Ge core lines is ascribed to a high-quality cleavshowed that th& andA values are related to the energy gap,
age surface. Moreover, a survey spectrum taken at nearljpe present results can be interpreted. When going from

950 945
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TABLE I. Results of the Cl cluster model study. The XPS satellite to main line intehglty ratio; the
XPS satellite to main line energy separatiot, the Auger satellite to main lin&sg— Ey;; and main line to
D peak,Ey—Ep. Energy separations, the calculat®d D, Qpq, Uyq, and the nearest-neighbor Cu-O
distances are reported. Calculated values fg€B0O, and CuO are taken from Ref. 22.

W deyo T A Qpd Es—Em Em—Ep Uy, Ugg
Il @) A (V) V) (V) (eV) (eV) (ev) (ev)

GeCuQ expt. 0.58 759 194 4.8 8
calc. 0.58 7.57 247 420 855 552 6.67
Bi,CuO, expt. 053 82 194 4.8 10
calc. 0.535 8.18 225 28 8.3 525 6.55
CuO expt. 0.46 8.7 1.95 5.0 9
calc. 0.47 8.54 200 175 80 425 6.5
CuO, to BpCuQ, and to CuGe@, A and T determined by In order to extract this information, attention was paid to

high-energy core-level spectroscopies increase consistenttiie L;— M ,sM 45 part of the spectrum. The inset of Fig. 5
with the measured energy gaps, being the gap magnitude ghows the|_3—3d8L (M) andL3—3d7 (S) Auger transition
Bi,CuQ, intermediate between that of the semiconductingpeaks of CuGeQ The broad feature above 922 ¢Marked
CuO and the translucent CuGgQUnfortunately, the lack of D) is the fingerprint of the delocalized two-hole final state in
unambiguous optical data has hindered a quantitative megerms of the Cini-Sawatzky mod# The relative intensity of
sure of the optical gap of BCuQ, and therefore a more solid featureD compared to the transition arising from the local-
estimate ofA. Nevertheless, in the light of the present com-j,aq two-hole Auger final statél is a function ofU 4/BW,2°
parative study, thel value of BLCUO,, based on previous \yhere BW is the effective Cud-O 2p hybrid bandwidth.

EELS date?? has been reconsidered and set~@.8 eV. :
' ; ) ; . Comparing the Auger spectra of CyRef. 27 and CuGeg@),
Conversely, the insulating nature of CuGg®contfirmed by it is possible to observe that the relative intensity of features

optical-absorption spectroscopy datawhere the onset of M and D is nearly the same, indicating that the ratio

the absorption gap is clearly detectable=a8.7 eV, well ; . .
above the structures attributed do-d intra-atomic excita- d¢/BW IS about the same in the two compounds. An esfi-
mate of the correlation enerdy,4 can be obtained consid-

tions observed a#1.8 eV. On the other hand, ti@ values, ) h ion b he localized hol
consistently with their origirfintra-atomic Coulomb interac- N9 the energy separation between the localized two-hole
final stateM (3d°L final stat¢ and the satellités (3d” final

tion on the Ci? site9, are nearly the same for the three X ot
compounds under examination. statg. Neglecting terms arising from the Cypzhole—0O 2p-

C. Auger electron spectroscopy

Figure 5 shows the coppéy, ;— MM Auger spectrum of CulsW M M

CuGeQ generated by the decay of a photohole in the @u 2
core levels. The spectrum has been divided in two parts cor-
responding to the regions where theg ;—M,:M, 5 and

L, 35— M, M, 5 Auger transitions mainly contribute. The as-
signment of each feature of the spectrum has been done ac-;;
cording to literaturé??’ The most intense peak in each part
of the spectrum is the multiplet structure due to the decay of
anL 5 photohole when the system is left in the photoemission
final state corresponding to the Cpz, main line (see Fig.

4). The spectrum also exhibits distinct and intense Auger
satellites, accompanying the mairy— MM transition, at
lower kinetic energies. In an ionic picture these satellites
correspond to the Auger transitions;— M2,33d8 and
L,—3d’. It has been suggested that three processes could

910 915

920

Intensity (arb. unit

. . . . LgMpsMy 5
contribute to the satellite peaks) the direct Auger decay of L
an L photo hole when the system is left in the photoemis- 800 820 840 860 830 900 920 948
sion final state corresponding to the Cpi,2 satellite;(ii) the Kinetic Energy (eV)
Coster-Kronig (CK) decay of anL, hole that effectively
transfers spectral weight from the,— MM Auger transi- FIG. 5. Copperl, 3~ MM Auger spectrum of CuGeQ The

tions to thel 5 satellite regions; andii) the CK decay of an  spectrum has been divided into two parts corresponding to the re-
L, hole. The identification of the contribution of the different gions where thet 5 3~ M4 gM 45 and L, 3— M, M 4 5 Auger transi-
decay channels to the Auger satellites, and the analysis of thns mainly contribute. The spectrum also exhibits distinct and
energy shifts relative to the main;—MM transition give  intense Auger satellites, accompanying the mair- MM transi-
information about the correlation enerlgly and the ionicity  tion, at lower kinetic energies. In an ionic picture these satellites
of the Cu-O bonds. correspond to the Auger transitiohg— M, 3 3d® andL;—3d’.
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hole or the Cu 8-hole—O 2p-hole interactions, the energy TABLE Il. Calculated antiferromagnetic exchange energiBs (

separatiorEy 5 can be written as and Nesl temperaturesT) for CuO, GeCu@, and B,CuQ,. The
tog parameter was obtained by settityg=0.81T/(2v3), whereT
Em—Es=E(2p°3d%L)— E(2p°3d8L)+E(2p®3d") is the hybridization integral reported in Table I.
5249
—E(2p~3d~) Cuo BiLCUO, CuGeQ
=2Ug¢— Qpq- @ty ew 0.468 0.528 0.579
Substituting in Eq.(2) the experimental value df,,g=4.8 J (meV) 19 114 6.9
eV and the calculated value 6f,4=8.55 eV, the Hubbard Tn calculated K) 220 1325 79.9

correlation energy 44 results to be~6.67 eV.
It is also possible to make a rough estimation of the Cou- L )
lomb interactionU ., in the oxygen P-derived band from action between two Cii ions mediated by the presence of O

the energy difference between the centroid of the delocalizelPnS- In spite of this rough approximation, the scalinglsf
two-hole spectral featur (3d°L2 final stat¢ and the en- with the parameters obtained from Auger and XPS analysis
ergy position of the peak (3d2L final state. Their energy follows the experimental trend even though the coarseness of
separationEy —Ep can be expressed a&y—Ep~Uyq the model tends to overestimale According to Zaanef?

+U,,—A. Using the calculated values @f=4.2 eV and Ty is given by
deig.? (\e/V and the measured valugg—Ep~8 eV and Ty =2J2SS+1)/(3kgn?), @
pp~5.5 eV.

where z is the cation “magnetic” coordination numbe§

D. Magnetic properties the cation spin in the ground statee., S=1 for Ni?*,
2 = .
The parameters obtained from the XPS and Auger data”2¢) Ke the Boltzmann factor, and=2S. The calculation

analysis can also be used to gain a qualitative understandify2S Performed starting from CuO by using theU,,, and
of the magnetic properties. For this purpose, theYdd values obtained from the Auger and XPS data analysis,

configuration-interaction approach to the Anderson Hamil-2"d reducing by a factor 0.81 the hybridization integrab
tonian in the impurity limit was applied to a Cu-O-Cu cluster it the measurediy=220 K of CuO.J and Ty values of
with the purpose of obtaining an estimate of the superexBi2CUQ; and GeCu@were then calculated using the appro-
change integrall and the Nel temperature. To check the Priate values ofA, Up,, and Ugq, and the same scaling
consistency of the model, the calculation was applied also tfctor (0-81) taken for CuO was applied to the hybridization
CuO, BiLCuO,, and CuGeQ. integrals. The same=2 was us.ed for al! the compounds.
Magnetic insulators have been treated in the past with thgablt_e I reports the results obtained solving numerically the
Anderson superexchange thedit has been shown, how- Hamiltonian for the Cu-O-Cu cluster. _
ever, that when charge-transfer excitations are properly ac- 1€ results show a decreaseTgf from CuO to B,CuO,
counted for, better estimates of thé é\igemperaturesTy,) and CuGe@, in agreement with the experiments. However,

for transition metal monoxides are obtained. Indeed, Zaaneft€ calculated absolute values are significantly different from
and SawatziF® proposed, on the basis of the the experimental ones. This discrepancy can be asciibed

configuration-interaction scheme, the simplest three-centdiimis to the improper geometry of the Cu-O-Cu bond used
di—L—d; superexchange model including charge-transferto model the magnetic interactions. However, other factors

excitations. such as a poor modeling of the antiferromagnetic ordering,
In the frame of this model an approximate expression fofVhich neglects three-dimensionedD) effects in the cou-
Jis given by pling of spins on the Cu sites as well as an overestimation of
the t,4 overlap integrals, should be considered. Indeed, the
J=—2b%(L/A+1/V), (3) 3D character of the AF state in £uQ, is supposed to occur

via the superexchange coupling of the Cu-O-Bi-O-Cu
bond®® which, because of its length and the presence of the
Bi cation, is likely more screened than in the case of a simple

whereb=T%/A, T=T,/V3, andT, is thee, transfer integral
in the single cation clusétéP. Exprezssior(3) holds in the case
A, T>E0(€‘F’F) an(_j'l_' /A.<1.' T /U<<.1' As suggested by_ Cu-O-Cu superexchange interaction. Thg value calcu-
Sawatzky®! the hybridization integral in the present study is lated for BLCUO, (=132.5 K) is about three times that ex-
further reduced by a factoy because only one oxygen be- perimentally observed47.5-1.0 K (Ref. 35]. As for

tween two Cu atoms is involved in the Cu-O-Cu bonding. CuGeQ, in which, depending on temperature, a competition

Several studies report more sophisticated approaches tween the Spin-Peierls and the AFellstates occurs, the
the problem of magnetic interactiofs> These calculations 2+ S=1 spins are strongly coupled in the AF state by

are based on a Cu-O bond, geometry where the Cu-O-Clhyachain interactions. In this case Poiriral® set the ex-

bond angle is close to 180°, and therefore suitable to treat th@nange interaction to a typical value of 60 K which is not far
case of HTSC'’s and parent compounds. This is not the casCom the present value o£80 K.

for CuO, BiLCuQ,, and CuGe@, which show Cu-O-Cu
bond angles close to 90°. Unfortunately, a model to calculate
J in the case of a nonlinear Cu-O-Cu bond is not yet avail- E.EELS

able and in the present work a simpler Cu-O-Cu linear bond As is well known, CuGe@has two optical axes along the
is assumed. As a consequence, the calculaterlues should b andc crystallographic directions, and polarized beams are
be regarded as those resulting from an “effective” AF inter-required to properly study its optical properties. Electron-
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FIG. 6. EEL spectrum of CuGebtained with a primary beam | D2
energyE,=500 eV. The prominent structures between 25 and 15
. | D1C
eV of the energy loss are assigned to the valence-electron plasmon | ’
excitations superimposed to the @20 2p transitions. Below 10 £
eV, at least four EEL features are detectable at about 1.6agV
3.0-4.5 eV(b), 6.5 eV(c), and 9.4 eV(d). |
energy-loss spectra were obtained using an unpolarized elec- 35~ "5 10 0
tron beam, therefore the resulting data have a limited quan-
titative meaning. Nevertheless, some information to support Binding Energy (eV)

or confirm other measurements can be obtained.

The EEL spectrum of CuGeQwhich we obtained with a FIG. 7. XPS valence-band spectrum and ©lige of CuGeQ.
primary beam enerng: 500 eV, is reported in Fig. 6. The The O X contribution is found at 22.5 eV, while a remarkable fine
prominent structures between energy losses of 15-25 eV af#'ucture can be observed in the 0.0-20.0-eV spectral region. A
assigned to the valence-electron plasmon excitations supeiain and broad structure composed by at least two behdsidB)

imposed on the O -0 2p transitions®® More interesting, is detected at=4 eV. This dominant emission is followed by a

in the present context, are the features appearing at an enqugr?(lj( prtgc\;\:gllisdfgzﬁtiglri F;sltertjec(:ug; f?ihz\r/s(tfga Jr;.?n ;gg;;

loss of 10 eV from the quasielastic peak. In this range o i
losses at least four EEL features are detectable at about 1‘[9)(\)/ (D11 D) and a weak feature at;gﬁev (). Inset: calculated

eV (a), 3.0-4.5 eV(b), 6.5 eV (c), and 9.4 eV(d). The OS in the local density approximaticn.

intensities of peaksgb), (c), and (d) do not depend on the . o

electron beam energt,and therefore these excitations are band methods and the local-density approximation are ex-
identified as allowed dipole transitions. In particular the low-Pected to poorly describe the electronic properties of
est of these dipole-allowed transitiofgegion (b)] corre- GeCuQ. Ngvertheless, th_e quite peculla_\r structure of this
sponds to the Cu 8-O 2p charge-transfer excitations comp(_)und in which one finds edge-sharing chains of £uO
across the electronic band gap. The centroid of this broadnits instead of the more common planes of GuOrner-
feature can be obtained by the second derivativesharing units such as those found in hlgh—.tempergture.super—
—dN%(E)/dE?, and its energy position results to be3.7 conducting cu_prates, me}kes the comparison with this last
eV. This value is consistent with the charge-transfer energ§'ass of materials rather interesting. _

A obtained from Auger and Cucore-level datapresent The XPS valence-band spectrum and the ©lige of
pape} and recent optical measurements of the Hapstead, CuGeQ are sh_own in Fig. 7. Thg O<2contribution is found

the excitation at-1.6 eV/(a) exhibits a strong dependence on at 22.5 eV, while a remarkable f!ne structure can be observed
the primary beam energ, [the intensity increases with in the 0.0-20.0-eV spectral region. A main _and broad struc-
decreasingE, (Ref. 3], indicating that this feature arises ture composed by at least two bariésandB) is detected at
from dipole forbidden intraband-d transitions, in agree- ~4 €V. This dominant emission is followed by a weak but

ment with optical dat? and against the assignment to chargeWell detectable structure at8.5 eV (C). The valence-band
transfer excitations as stated in Ref. 13. spectra is then completed by a rather strong emissienlat

eV (D,;+D,) and a weak feature at16 eV (E). A com-

parison between these spectra and CuO XPS valence-band

spectrd®*° shows several similarities. Based on the analysis

of the character of the eigenstates reported for CuO, emission
Band structure calculations on CuGg®ere carried out A—B could be assigned td°L final states, while the emis-

by Mattheiss’ and Popovic, Vikajlovic, and Sljivancanifi. sion detected between 8 and 14 eYcomponents

As in the case of other lated3metal compounds, standard C—D;—D,) could be assigned td® states with a smaller

F. Valence-band photoemission
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contribution of d*°? states. Even the weak structure de-
tected at~16 eV (E) has a counterpart in the CuO XPS ds satellite
spectra, where it has been assigned tbAa state derived (singlet)
from the free-atom'S state. Instead, an important difference
between the CuO and CuGg®alence bands arises if the
first ionization statés) is considered. As is well known, in
CuO this state results from the combinationd3fL?, d°L, Ge 3d
andd® two-hole states, and has éAlg symmetry. The two-
hole state, which has a wave function

|\I}2h>= "0-68dx2—y2px27y2>+ \/0.23 piz,y2>
+10.09d,2_y2),

with a dominantldxz_yszz_yz) character, is the so-called
Zhang-Rice(ZR) singlet™ In the one-electron valence-band
removal spectra of CuO, the ZR singlet is well detected as a
steplike structure above thel3. main line. In CuGe@, this
feature is not detected, suggesting that the ZR singlet is not
stabilized.

Also rather interesting is the comparison between stan-
dard band-structure calculations and XPS valence-band one-
electron removal spectra. The inset of Fig. 7 reports the den-
sity of states of CuGe{calculated by Mattheis¥. The L
experimental spectrum and the calculated density of states 30 20
(DOY are reported on the same scale. The main differences
between calculated and experimental data are those expected
when standard band-structure calculations are applied to sys- fiG. 8. Resonant photoemission experiments at the Cu 2d
tems with strong electron correlations. From the calculateghreshold, with the photon enerdy ranging from 925 to 931 eV.
DOS, CuGeQ shows a metallic Fermi edge instead of the The emission lines of the resonant spectra are aligned with respect
~3.7-eV band gap observed by optical measuremeatsd  to the Ge @ core line, while the O & line of the XPS spectrum is
EELS. Moreover, th&€€ —D;— D, structures observed in the aligned with respect to the Os2emission lines of the resonant
6—14-eV region of the experimental spectra are completelgpectra. A strong resonance is observed in the 4—14-eV BE region,
missing in the calculated DOS, which belew8 eV does not  and three structures can be clearly identifiee-a2, ~9, and~6.8
show any significant state beside a low intensity contributioreV, respectively. Similarly to the case of CuO, thé&2- and~9-eV
originating from Ge and O bands. The fact that standardesonant features are assigned to dResinglet and triplet states,
band calculations fail to predi€ — D, — D, structures sug- While the~6.8-eV structure could originate frodf —d°L hybrid-
gests for these featurds agreement with the assignment ized configurations.
based on the comparison with Cu®dominant?® character,
the emission from this final-state configuration being domi-
nated by significant correlation effects due to the strong Cou-
lomb interaction between the two holes localized on theof the resonant spectra are aligned with the Qli@e of the
same copper orbitals. In addition to these main differences{PS spectrum. A strong resonance is observed in the
the intensity distribution of the main line is not properly 4—14-eV BE region and three structures can be clearly iden-
predicted by the calculated DOS. tified at ~12, =9, and~=6.8 eV, respectively. Similarly to

In order to have a deeper insight into the valence-bandhe case of CuO, the-12 and~9-eV resonant features are
structure, resonant photoemission experiments at the fCu 2assigned to thed® singlet and triplet states, while the
—3d and Cu - 3d thresholds were carried out. Resonant~6.8-eV structure could originate fronf —d°L hybridized
photoemission is based on the quantum interference betweeonfigurations. Therefore, the energy separation between the
a direct photoemissionhv+3d"—3d" '+e,, wheree, singlet and triplet states in CuGe® ~3 eV, respectively,
represents the emitted photoelectron and a process suwhile in CuO it is=~2.3 eV. Other very important differences
as  ()p°3d"+hy q—(n)p°3d" 1= (n)p°3d"'+e,, between resonant photoemission spectra in CuO and
which arises from a two-electron Koster-Kronig decay of theCuGeQ can be noted(i) the resonant behavior is extended
intermediate state involving an Auger matrix element of theto the main lineii) the singlet state exhibits, as expected, a
Coulomb interaction. These mechanisms lead to a Fano-liketronger resonance than the triplet state, but the intensity
intensity modulation of some valence-band componentsatio between these components is smaller than in CuO. Im-
probing the Cud® final states. As in the case of CuO, the portant points to note are also the discrepancies between the
experiment has been performed for thie-33d (hv=74 eV) BE positions of theC— D, — D, features in the XPS valence-
(Refs. 39 and 4presonant photoemission as well as for theband spectrum and the BE of thé singlet and triplet states
2p—3d giant resonant photoemissiofnr~931.5 e\J.**>  as well as that of the®—d°L hybridized configurations and
The results of the g—3d giant resonance photoemission the relative extension, in terms of BE, of states with mostly
for CuGeQ are reported in Fig. 8. The OsZmission lines d® character. To rationalize, at least qualitatively, this behav-

ds satellite
(triplet)
ds-doL

hybridized
‘/ configurations

hv (eV)

931.0
930.5
930.0
929.5
929.0
925.0

Intensity (arb. units)

hv = 1486.6 eV
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Binding Energy (eV)
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ior, it is important to consider that the character of the states IV. CONCLUSIONS
Sot;(?rgiﬁ%%c%%?é]%ﬁ%% tgjlrthzsi%iriili?yn oaflrfh :an Caufg)Stbzﬁd The results pf the present study give a consistent picture
and by the ratio between the Coulomb interaction energie8f the electronic structure of copper germanate by properly
and the charge-transfer energy. A strongly ionic Cu-O bondddressing some of the most remarkable ellectr_omc and struc-
will result in a valence band in photoemission spectroscopy!ral properties related to the Cu-O bond in this compound,
with a dominand® occupancy. On the other hand, the sepa—Wh'Ch ultimately result in the ionic nature of the bond as well
ration betweend®L and d® states depends on tHg,/A  @s in the spin-Peierls transition atl4 K.

ratio. The larger this ratio, the larger the energy separation The electronic correlation parameters of CuGet@ve
betweerd®L andd?® states. On the basis of the present analy-been evaluated on the basis of high-energy photoelectron
sis theU 44/ A ratio is ~3.7 for CuO and~1.6 for CuGeQ. spectroscopy and Auger data. They indicate that Cu@eO
Therefore, in spite of the similarity of the one-electron re-the ZSA phase diagram is a charge transfer insulator With
moval spectra of CuO and CuGegQhe unusually large dis- and Uyq~4.2 and=~6.7 eV, respectively. Thé value is
tribution of thed® states observed in this last compound byconsistent with the results of optical spectroscopy measure-
resonant photoemission is not surprising. It is also importanients, and reflects the strongly ionic character of this com-
to note that the BE of the maximum of the resonant featurepound with respect to the HTSC’s and related cuprates.
does not coincide with these of structuteand D, of the Resonant photoemission measurements of the valence
XPS valence band. The direct meaning of this observation iband performed at the Cup2-Cu 3d absorption edge al-
that the maxima of the multiplet split components does notowed to probe thel® states distribution in the valence-band
coincide with the singlet® which is found at~1.5 eV to-  region, which was found to be quite different from that ob-
ward the higher BE with respect to compon®y. Instead, served for CuO and HTSC's, suggesting, in agreement with
the maximum of the triplet states overlaps . Unfortu-  high-energy photoemission spectroscopy data, a laxgerd
nately, because of the very broad shape of the main res@ more ionic character of the Cu-O bond in CuGe®his
nance, it is very difficult to identify a possible resonance forinformation, together with optical and XPS valence-band
featureE (attributed to ad® singlet statg while featureC data, show that standard band-structure calculations are very
remains unexplained considering the maximum of thdimited to properly describe the electronic structure of
d®—d°L hybridized configurations on the higher BE band CuGeQ. In particular, they fail to evaluate the gap, the cor-
edge of the main valence-band struct(setween featureB related satellitesd®) and the intensity distribution in the
andC). Another interesting “anomaly” of the resonant pho- DOS. In addition, it is important to note the absence in the
toemission spectra of CuGg@rises from the intensity ratio XPS valence band spectrum of structures that can be as-
between thel® singlet and triplet states. Based on the Augercribed to the ZR singlet. This finding addresses a very im-
matrix element for the!G states in CLLVV Auger spectra, portant issue in the study of hole delocalization in the HTSC
the singlets should resonate much more strongly than thim that Cu-O coordination symmetry effects may play an
triplets. This is not the case for CuGgeQA possible expla- crucial role in driving the electronic features of those bands
nation arises if a relatively large distribution fdf, the sin-  involved in the transport properties of hole-doped HTSC cu-
glet states, is considered. In fact, in this case the intensity gfrates.

the maximum, in the one electron removal spectra, could not Finally, EEL data suggest, in agreement with optical mea-
be representative of the overall weight of ®the singlet surement, a gap of&3.7 eV and the presence of dipole-
states. In different terms, the intensity ratio betweendfe forbiddend-d intraband transitions at1.6 eV. These be-
singlet and triplet states should be evaluated from the totahaviors are responsible for the translucence of Cu@e@e
weight of these states, and not only from the maximum in«isible region of the electromagnetic spectrum and for its
tensity of their resonating features. blue color.
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