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Zn;_,Cu,Alb,O4 (0< x < 1) compositions have been synthesized by solid-state route, and a color scale going from
white (x = 0) to brownish-red (x = 1) with intermediate colors as pale green for x = 0.10 and pale brown for x
= 0.30 can be observed. XRD-data refinements on the whole solid solution have allowed defining two critical
areas where structural features such as cell parameter and inversion rate as well as cation-oxygen bond distances
in 8a and 16d sites of the spinel network exhibit clear unique variations. By observing the direct environment of
tetrahedral and octahedral sites potentially occupied by Cu?* Jahn—Teller cations, the two critical compositions
have been estimated to x; =1/6 and x, = 4/7. Actually from the x; and x, copper contents, the probability of
getting Cu?*—Cu?* pairs involving tetrahedral-octahedral or two octahedral sites respectively is high. Then, the
stabilization of Cu?* JT ions in distorted octahedral site, identified by ESR, is in competition with the occurrence of
Cu?* in tetrahedral sites, and both electronic and steric effects of Cu?* JT cations lead to the explanation of the
evolution of the inversion rate in this series. The study of the optical absorption properties clearly shows that the
position and the intensity of the various absorption bands are influenced by the distribution of Cu?* ions in tetrahedral
and octahedral sites, the creation of Cu**—Cu?* pairs around the x; and x; critical compositions, and the increasing
of Cu—0 bond covalency. Such an evolution of structural features correlated with electronic properties where
various critical compositions have been identified can be generalized to other spinel oxides, considering local
distortion around Jahn—Teller ions.

Introduction conduction band and to a metallic or superconducting

behavior. Another example concerns the case of delafossite

Cu-based oxides have been St.Ud'ed and develop.ed for thestructure CuAlQwhere defects can be stabilized at the origin
two last decades, because of their relevant electronic proper-

ties mentioned for instance in the case of high Tc s:upercon—Of the p-type semiconducting behavior of this transparent

ductors. On a fundamental point of view, the stabilization conductive oxide ETCO?' i )
of CL2* Jahn-Teller (JT) ions in a distorted octahedral site, _Actually, the C@" JT distortion can be cooperative or only

square planes), or square pyramidal environme@.() affects several sites into the network without any evolut_ion
governs the distribution ob*,._z antibonding ando? of the symmetry of the crystalistructqre. Thus in th_e spinel
bonding orbitals and the occurrence of a strong Cu/O network, where Cti can be easﬂ_y stabilized bot_h in distorted
coupling or charge transfer into the basal pl&rfeThis leads octahedral and tetra.hedral environments, various cases have
to a large number of charge carriers delocalized in a been observed. For instance for larger transition cations such
as CP" (3c®) or Fe™ (3cP) ions which exhibit a capability
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[Cr,]JO4 and Fe[CuFe]@ compositiond® where cations in papert! By this method, defects corresponding to oxygen
brackets are located in octahedral sites. In both of these lastvacancies and various Cu oxidation states}'@ut", have
structures, CH cations can be stabilized in flattened been stabilized into the spinel framewd#One should have
tetrahedral sites and an elongated octahedral environmentto note that low temperatures hydrothermal techniques lead
respectively, because of the preference 8f @ns to occupy ~ also to the stabilization of defects @#“20;") in CUAIO,—
octahedral sites and the absence of the coordination’sTCO— with Al in the Cu site and interstitial oxygen ions
preference of F& ions. In Cu[MnCr]Q and Fe[CuMn]Q forming a pseudotetrahedral site around Cu environnfents.
compoundsg,Mn3" (d* are substituting for half of the €f The series prepared by a solid-state route at high temper-
or the F&" ions and are stabilized in a distorted octahedral atures has been first studied by Rietveld refinement of XRD
site thanks also to a JT effect. The symmetry of these two data leading to determine accurately the cell parameter, the
compositions becomes cubic with tRe-3m space group at  inversion rate, and the metabxygen bond distances. Vari-
room temperature. In the CuM®, compound, the mixed  ous critical regions with definer values will be discussed
valencies states of Cu and Mn lead to a distribution of on the basis of geometrical considerations taking into account
transition metals in tetrahedral and octahedral sites and theglectronic and steric effects of JT €uions. ESR and
symmetry of the spinel network remains cubim both of magnetic measurements have been performed in order to get
these last examples, the presence offMoontributes to information about the local environment and the valence of
removing the cooperative JT distortion, and a distribution CU cations. Finally, the U¥vis-NIR optical absorption

of CL?* cations in both tetrahedral and octahedral sites can Properties governed by the Cu content as well as the
be considered in the spinel network. In the case of'Ga Inversion rate and the GtO bond distances will be
(319 ions whose electronegativity becomes higher and ionic discussed.

radius is comparable to that of €rions, the local polarizing
effect becomes more and more important and the Ga[CuGa]-
O, compound keeps the culdicl-3m symmetry of the spinel 1. Preparation of Compounds and Chemical Analysis.
structure® In this example, one should also have to notice ZM-xCUAl20; compositions with O x = 1 and references Cu-
the possibility of getting Cf ions both in tetrahedral and doped magnesium oxide and Cu-doped zinc oxide were prepared

octahedral sites leading to a vanishina of the cooperative JTby the conventional solid-state route, starting from binary oxides
9 9 P of high purity in stoichiometric amounts. The mixtures are heated

distortion. Moreover it seems to be difficult to produce & 4 1000°C during 12 h and slowly cooled down. Several grinding
cooperative JT distortion because '50'Fr0p"?<_3(3d10) lons and annealing are necessary to obtain pure phases. Chemical
do not support strong constrains. Finally in Zn[CuTj]O  compositions have been controlled by microprobe analysis.

Experimental Section

compositior? the presence of 11 ions, which exhibits a 2. X-ray Diffraction Analysis. Powder X-ray diffraction patterns
strong polarizing character, contributes in the same way to have been collected on a Philips X’'Pert MPD X-ray diffractometer
a disappearance of the cooperative JT distortion. with a Bragg-Brentano geometry and using Cu, radiation (5

< 260 < 120, step: 0.02 and counting time of 30 s). Diffracto-

. . . . . ramms have been refined using the Rietveld method with the
an_’XCleAIZO“ $O|ld soluthn qnd the rellatlonshlps with (gzonventional reliability factors. Thg Fullprof program package was
optical absorption properties in the WWis-NIR range. seq unit cell parameters atomic positions, occupancies, and
Starting from a partial XRD data refinement and Monte Carlo pepye-waller factors have been refined on the basis ofde
calculation, C. Otero Arean et #lhad already refined the  3m space group corresponding to the spinel structure.

inversion rate in these series, but the authors conclude that 3. ESR MeasurementsElectronic spin resonance spectra have
such cations distribution does not agree with thermodynamic been recorded at room temperature an8l K with a Bruker ESR
arguments and especially enthalpies values. For instance ir300E a spectrophotometer in the X-band (9.45 GHz) in order to
CuAl,0s, XRD data refinements showed that 35% ofcu  identify the local environments of Ctions.

occupies octahedral sites, whereas thermodynamic consid-,_4- Magnetic MeasurementsMagnetic measurements (magne-

. . . .., tizations) have been performed on a S.Q.U.I.D detector magne-
erations ang (_:alculat|ons demonstrate the opposite effect W'thtometer Quantum Design MPMS 5, betweBre 25 K andT —
65% of C#* in octahedral symmetry.

200 K with an increment of 50 K, and for applied fields comprised
Other routes have been attempted to prepare divided-zinc between 0 and 50000 Oe. As Curie constants are proportional to

copper aluminates based on the polyesterification reactionthe concentration of paramagnetic species?*Guoncentration in

implying metallic salts followed by an annealing at low the various compounds can be deduced from magnetic data.

temperatures and have been described in a forthcoming 5 Diffuse Reflectance Spectroscopiffuse reflectance spectra
(R) have been recorded using a Cary 5E spectrophotometer, with

the 210< 4 < 2500 nm range. Halon and MgO standards have
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Figure 1. Representation of the spinel structure (Mg®d): whole lattice
(a), direct environment of one tetrahedral site (b), and direct environment
of one octahedral site (c).

Series.Zn;—xCuAl,04 phases (0< x < 1) adopt a cubic
symmetry with the~d-3m space group related to the spinel

each site, and reliability factor®(, Rup, Rs) for x=0,x =
0.10,x = 0.30,x = 0.70, andx = 1.00 are given in Table
2.

ZnAl,O, is a direct spinel where Zh cations occupy only
tetrahedral site (8a), Al cations being into octahedral sites
(16d), and is described in this manner or as a slightly inverted
spinel whatever the synthesis route in the literat@fé2Al
QMAS NMR does not reveal any Al cation in the
tetrahedral environment for as prepared Z@| So, Zr¥"
ion has to be considered in the tetrahedral site. However the
preparation of zinc aluminates from metallic salts at low
temperatures leads to a low content of‘Alons stabilized
in tetrahedral sites confirmed by?%l QMAS NMR study!*
When Cd" cations are introduced into the spinel network,
they can be stabilized either in the octahedral or the
tetrahedral sites, but their preference goes to octahedral
symmetry* and strong JahnTeller distortion. As Ca&"
cations are located in the octahedral site, an equivalent
amount of AP* cations goes to the tetrahedral ones. The
spinel network is in this case characterized by itaversion
rate, corresponding to the content of divalent cations oc-
cupying octahedral sites.

Thea lattice parameter (Figure 3) decreases continuously
as a function of the copper ratén the spinel Zp_xCuAl 04
from a = 8.0861 (2) A forx = 0 toa = 8.0784 (2) A forx
= 1.00. The electronic configuration of &ucation is (3d)-
t,%€°4< in octahedral symmetry and (3d)* é.°4< in
tetrahedral environment. A strong Jahfeller effect is
commonly observed for Gt cations in octahedral coordina-
tion. The ionic radii of ZA" and C@" cations are close.
Nevertheless the lattice parameter contraction observed in
the solid solution Zp«CuAl,O, can be explained by the
polarizing effect of Cé" enhanced by the JahiTeller
distortion. Consequently the increase of the hybridization via
the formation of Ct-O bonds contributes to a slight decrease
of average cell parameters. However the evolution seems
not to be monotonous as shown in Figure 3. The lattice
contraction is indeed more pronounced abrwe 0.60, and
this tendency will be discussed later. In the same figure is
also reported the evolution of the oxygen parameterhich
decreases as the copper conterinh Zn;_xCuAl,O,. For
compounds prepared at lower temperatures from metallic
salts, thea cell parameter remains always lower than one

type-structure (Figure 1a). The environment of oxygen getermined for homologous compounds with the sarGe
surrounded by three octahedra and one tetrahedron as welgontent obtained by the solid-state routeTat 1000 °C.
as the first polyhedra nearest neighbors of octahedral andrhjs tendency can be explained by the creation of defects

tetrahedral sites is also represented in Figure lb,C. Rietveldassociated with oxygen vacancies and mixed Cu valence
refinements (experimental, theory, and difference) have beenstates stabilized in the spinel netwdik.

represented in Figure 2a& for x = 0 (a),x = 0.30 (b), and
x =1 (c). The zinc atoms occupy preferentially the 8a site

y inversion rate values are obtained thanks to XRD data
refinement by the Rietveld method with very good discern-

(tetrahedral site), whereas copper and alumina atoms ar&nent, especially represented by the two special diffraction
distributed between the 8a site and the 16d site (octahedraljneg (400 and 331) whose intensitid®4po = (4fo + (2—

site). Oxygen atoms are located in the 32e site (u,u,u). The
powders X-ray diffractogramms of ZnCuAl,O, phases

have been refined by the Rietveld method in order to
determine accurately the oxygen positions. The conditions
of data collection have been detailed in Table 1. The atomic
positions, isotropic thermal displacements, occupancies of

2)/)1:A|3+ + (2)/-1)f|\/|2+)2 andF?33; = [_\/2/2((1-‘}/)sz+ +y

(12) Van der Laag, N. J.; Snel, M. D.; Magusin, P. C. M. M.; De With, G.
J. Eur. Ceram. So2004 24, 2417-2424.
(13) Cooley, R. F.; Reed, J. S. Am. Ceram. Socl972 55, 395-398.
(14) Burns, R. GMineralogical applications of crystal field thear@yndics
of the Cambridge University Press: 1970.
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Figure 2. Rietveld refinements of (a) ZnAD4, (b) Zny7dClo.30AI204, and (c) CuA}O4 compositions.

Table 1. Rietveld Parameters and Experimental Conditions for Data low temperatures from metallic salts are concerned,the

Collection inversion rate, refined on the basis of X-ray diffraction data,
formula ABE('M remains the same as the one determined for homologous
symmetry cubic iti ; i ;

e flection conditions ht ke 2 k+ 1= 2n: |+ k=2n composmonsl obtained by the solid-state route at high
space group Fd-3m (no. 227) temperatures!

radiation Cu (Ku,Ka2) i i i

beak shape function Py L4 (10)G ngtveld.r-efmements give also access to the accurate
measuring range’)( 50 < 26 < 120° atomic position of oxygen atoms (Table 2) and consequently
reflections collected 33 to average values of the bond lengths (Table 4) between
parameters used in refinement 20 oxygen atoms (general position 32 e (u,u,u)) and cations

f4%) + (29)fa + ¥ fw2]?) are very sensitive to the (AI3* or CU#") in the Oh site (16d (1/2, 1/2, 1/2)) and

presence of copper cations in octahedral sites (see the zon&@€tWeen oxygen atorlnsland cations*(Abr Zr¢") in the
enlargements in Figure 2a&). The calculation of their  tetrahedral site (8a/,/s'g)). A gradual decrease of the u

relative intensities and of their relative structure factors for coordinated for O (u,u,u) atoms is observed as the copper
various simulated inversion rates confirms the global refine- "at€ X increases. One should have to notice whatever the
ment and the standard deviation of the refinethversion refined O atomic positions, the octahedra and tetrahedra
rate (see Table 3 the case 0foZHCUo 30Al ,04). remain .a'lmost regular. For instance for oZgCuy.30Al 204

The evolution of the inversion rate versus the copper rate €OMposition, bond distances in the tetrahedral site are 4
xin the spinel Za_CUAI,O, is described in Figure 4. The 1938 (3) A and in the octahedral sitex61.919 (3) A.
y inversion rate increases from 0 to 0.35 as the copper rate As the copper rate in the spinel increases, the bond
X in the spinel increases from 0 to 1. The inversion rate is distances between oxygen and cations in the tetrahedral site
around 18% for ZxedClo.40Al 204 and around 27% for Zyyo decrease, whereas the bond distances between oxygen and
CuoecAl04. If zinc cations are assumed to be preferentially cations in the octahedral site slightly increase. In Figure 5,
stabilized in tetrahedral sites, one should have to note thatthe variation of the bond lengths in the both crystallographic
for compositions comprised between 0.20x < 0.60, the sites versus the copper rateillustrates quite well such
inversion rate is roughly equal t@2, and in these conditions  evolutions. Actually, this evolution is much more pronounced
the copper cations are half distributed in tetrahedral and in in the case of the tetrahedral sitésdgqy = —0.048 A; Adop,
octahedral sites. Actually, for compositions with< 0.60, = 4+0.022 A) due to the large amount of %l cations in
the inversion rate raises regularly and slows down ug to 6-fold coordination which limits the expansion and distortion
= 0.60. As far as the zinecopper aluminates prepared at of octahedral sites.
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Table 2. Atomic Positions, Isotropic Thermal Displacements, and Reliability Factors of the VariaugsCigAl .04 Compositions (Powder Rietveld
Analysis)

atoms site X y z biso occupancies

ZnAl,0, (Fd-3m), X-ray Refinementa = 8.0861(2) A,
CRp= 10.6%, CRwp= 14.3%, Rbragg- 4.44

Znl/Cul 8a 1/8 1/8 1/8 0.79 (7) 0.967 (3)

All 8a 1/8 1/8 1/8 0.79 (7) 0.033 (3)
cu2 16d 1/2 1/2 1/2 0.79 (10) 0.016 (2)
Al2 16d 1/2 1/2 1/2 0.79 (10) 0.984 (2)
o} 32 0.2649 (3) 0.2649 (3) 0.2649 (3) 0.74 (14) 1

ZNo.odCUo.10Al 204 (Fd-3m), X-ray Refinementa = 8.0851 (3) A,
CRp= 9.59%, CRwp= 11.5%, Rbragg- 1.67

Znl/Cul 8a 1/8 1/8 1/8 0.691 (40) 0.950 (2)

All 8a 1/8 1/8 1/8 0.691 (40) 0.050 (2)
cu2 16d 1/2 1/2 1/2 0.651 (67) 0.025 (2)
Al2 16d 1/2 1/2 1/2 0.651 (67) 0.975 (2)
o) 32 0.2639 (2) 0.2639 (2) 0.2639 (2) 0.57 (9) 1

ZNo.7dCUo0.30Al 204 (Fd-3m), X-ray Refinementa = 8.0849 (2) A,
CRp= 13.6%, CRwp= 12.0%, Rbragg= 2.43

Znl/Cul 8a 1/8 1/8 1/8 0.761 (49) 0.846 (8)

All 8a 1/8 1/8 1/8 0.761 (49) 0.154 (8)
cu2 16d 1/2 1/2 1/2 0.681 (73) 0.077 (4)
Al2 16d 1/2 1/2 1/2 0.681 (73) 0.923 (4)
o} 32 0.2634 (3) 0.2634 (3) 0.2634 (3) 0.81 (10) 1

ZNo.3dCUo.70Al 204 (Fd-3m), X-ray Refinementa = 8.0818 (2) A,
CRp=16.3%, CRwp= 11.6%, Rbragg- 3.11

Znl/Cul 8a 1/8 1/8 1/8 0.786 (50) 0.723 (6)

Al 8a 1/8 1/8 1/8 0.786 (50) 0.277 (6)
cu2 16d 1/2 1/2 1/2 0.945 (64) 0.139 (3)
Al2 16d 1/2 1/2 1/2 0.945 (64) 0.861 (3)
o) 32 0.2619 (3) 0.2619 (3) 0.2619 (3) 1.251 (93) 1

CuAl,04 (Fd-3m), X-ray Refinementa = 8.0784 (2) A,
CRp=19.9%, CRwp= 13.2%, Rbragg- 3.79

Cul 8a 1/8 1/8 1/8 1.030 (65) 0.646 (6)
All 8a 1/8 1/8 1/8 1.030 (65) 0.354 (6)
Cu2 16d 1/2 1/2 1/2 0.953 (72) 0.178 (3)
Al2 16d 1/2 1/2 1/2 0.953 (72) 0.822 (3)
o) 32e 0.2608 (3) 0.2608 (3) 0.2608 (3) 1.47 (11) 1
Table 3. Calculated and Experimental Intensity and Structure Factors 2. Definition of Two Critical Parameters in the Spinel
Ratios (400 and 331 Reflections) for gCuy 30Al 204 Composition Network Relating to the Cu?t Local Jahn—Teller Distor-
simulation tion Affecting Tetrahedral and Octahedral Sites.In fact,
exptl y =15% y=12% y =18% two critical areas can be identified according to the Figures
laod/l 531 210 101 1.68 223 3—5. First, for 0< x < 0.15-0.20, thea parameter seems
Faoo'Fa31 6.52 6.27 5.52 7.33 to be constant (Figure 3) as theoxygen parameter or
— 0, — 0, 0, . . . . . .
AF 0 3:4% 15.3% +12.4% coordinate undergoes strong variations in this composition
Finally one should have to note that for ZRCuAl ;04 range despite the standard deviation values. Second for

oxides prepared at low temperatures from metallic salts, only > 0.60, a stronger decrease of the a lattice parameter versus
pure spinel compositions with < 0.30 have been obtained X Cu content is observed as well as a plateau following by
by this preparative methadd. a smaller increasing (Figure 4) in the variation of the
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Figure 3. Evolution of thea lattice parameter and theoxygen coordinate PP x! 1 B0
of the Zn«CuAl,04 series versus the copper rate. Figure 4. Evolution of they inversion rate versus thecopper rate.
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Table 4. Interatomic Bond Distances in ZnCuAl,0, Compositions LI T " T i T i T " T
1.95 4 -
x=0 I R .
Zn1-0 1.949 (4) Al1-0 1.914 (4) e 4 - . (T)i S'.tte -
x=0.10 g 194 \T in site |
Zn1/Cul/Al1-0 1.946 (2) Al2/Cu2-0 1.915 (2) 3 %
x=0.30 5 ] T\E / [
Zn1/Cul/Al1-O 1.938 (3) Al2/Cu2-0 1.919 (3) o 193 — 3 L
x=0.70 3
Zn1/Cul/Al1-O 1.917 (2) Al2/Cu2-0 1.929 (2) 8 | }/ I
x=1.00 c 1.92 /%/ L
Zn1/Cul/Al1-O 1.901 (3) Al2/Cu2-0 1.936 (3) ﬁ ] :/E/% 2 I
T
. . . . . O 1914 L -
inversion rate around this second critical poixt= 0.60) g
despite the standard deviation values. As far as the seconds
region is concerned, after= 0.60, the decreasing of the 1907 i
Cu—O0O bond distances in tetrahedral sites is accentuated. o 02 os | o o8 | 1o

These evolutions can be interpreted by taking into account
the electronic and steric effects of the Jafireller (JT)
distortion affecting the first tetrahedral and octahedral
neighbors of an octahedral site occupied by &'Gration.
Indeed, two main consequences result from the JT distortion.the nearest neighbors of one octahedral site in the spinel
First, an unequal electron distribution should be observed network. The network arrangement shows that any octahedral
other tetrahedral and octahedral sites leading to high repul-rigyre 1¢) which can be considered as first neighbors. The
sion and attraction phenomena on the first neighbors. Secondsollowing description has to be considered on the basis of
the geometric distortion should imply a self-rearrangement on|y isolated JT octahedral site. The structure is so done that
of the structure around the distorted octahedron to preservepne octahedral site exhibiting the Jatifeller distortion
the cubic symmetry. ) affects directly six other ones. Finally, as theopper content

The Jghﬁ—TeIIer effect related to copper cations ?Bd?n ~ reaches thet = 0.60 critical composition which is close to
be considered as the main feature at the origin of the limited {he x = 4/7 composition, the inversion rate is around 30%
inversion rate observed for the pure Chﬂ{ splne|- The corresponding to copper cations half distributed between 8a
inversion rate for the pure copper aluminate spinel tends to anq 16d sites considering that zinc cations occupy tetrahedral
35%, which is amazing because of the well-known preference sites. Then, the spinel’s formula can be described as
of copper cations for octahedral coordination. The energy follows: (ZneCuaAl 27)1d{ CUarAl 1277 0rOs. It means that 1/7
difference between tetrahedral and octahedral coordinationof the available octahedral sites are occupied by copper
for CL** cations has been indeed estimated to 68MGI "  cations and affect all the six others octahedral neighbors,
to the benefit of octahedral coordinati&riThe cfc network considering isolated Gt distorted entities. Above this
of oxygens can only support a limited cooperative distortion, critical composition, the number of divalent copper cations
so that the inversion rate tends to its maximum around 35% occupying octahedral sites remains limited to values close
in order to limit the number of octahedral sites supporting a to 2/7. Then, the additional copper cations are preferentially
Jahn-Teller distortion. Higher inversion rates would give  |ocated in tetrahedral sites in order to limit such a distortion.
rise to a reduction of the cubic symmetfand probably a  These structural considerations allow for the explanation of
collapse of spinel network. the evolution of they inversion rate in the > 0.60 region.

For high copper contents ¢- 0.60), the plateau observed If two copper cations are considered to be nearest

|n.tL1|s region for Lhe ||:]ver5|o]l1 rate_alnd thedsmgller mfcreasmg neighbors in octahedral sites, the ten surrounding octahedral
W't. X Slé%geSt t ";t t ]? pre Eregt:‘al dcoor 'dn.at'o.n 0 copp()jer sites are affected by the JT effect of these two copper cations.
cations switches from the 6-fold coordination toward | hege conditions, fox = 4/5= 0.80, the spinel’s formula

the 4-fold coordi.nation, sipce even if the copper r'mt'm should be described as follows considering?Cions are
Zm_CuAl,0, raises, the inversion rate does not increase half distributed in 8a and 16d sites: (ZTusAlze)re-

proportionally. In the same region, the strong decreasing of [CuysAl
the average bond distances in tetrahedral sitex<far0.60
shows that number of Cu cations occupying tetrahedral
sites (8a) substituting 2h and AP ions becomes more and
more important associated with an increasing of covalency.
After the plateau, as th& Cu content increases, the

. . . lowly leadi ider that th 4/7 andx = 4/5 but closer tox = 4/7 corresponding to
Inversion rate raises slowly leading to consider that the i, 4104 gt jons in octahedral sites. The rapid decreasing
maximum constrains are reached. This edge in the structural

. . oo of the Cu-O bond distances in tetrahedral sites starting from
features evolution can be explained by taking into account, _ 42 and relating to the increasing of the rate ofCu
(15) Grimes, R. W.: Anderson, A. B. Heuer, A. 8. Am. Chem. Soc.  Cations in tetrahedral sites is indeed a good argument to

1989 111, 1-7. consider that the critical zone is arourd= 4/7.

Copper rate x in Zn, Cu ALO,

Figure 5. Evolution of the interatomic distances in tetrahedral and
octahedral sites versus the copper rate.

si5lonQs. In this latter hypothesis, fox = 4/5, all
octahedral sites should be affected by the local JT distortion
of CW" pairs. According to experimental data (lattice
parameter, inversion rate, and bond distances), one can
consider that the critical point is comprised betwees
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As far as the evolution of the structural features in the cations have been determined by ESR measurements (Figure
other critical area is concerned, for ZRCuAI,O4 with O 6) at room temperature and &t= 5 K for compositions
< X < 0.15-0.20 compositions where tladattice parameter  containing the smaller amounts of copper and for the
seems to exhibit no clear variation despite the standardreference MgO:Cu (2%) compound. For= 0.05 a typical
deviation values, it can be also interpreted as a consequencsignal relating to C# in the octahedral site has been
of the electronic effects associated with the JT distortion detected, showing an anisotropic orthorhombic site’s distor-
observed for copper cations located in octahedral sites.  tion (2 + 2 + 2; Dy, point group) due to the JahiTeller

As previously mentioned, if the environment of one effect of C#' and a hyperfine structure due to the interaction
tetrahedral site in the spinel network is considered, one between an unpaired electron and a Cu nucléus 8/2).
should have to note that each tetrahedral site is directly Forx = 0.15, the hyperfine structure is strongly attenuated,
surrounded by 12 octahedral sites (three at each vertices)and the signal is less asymmetric because of the strong
Consequently, considering isolated 2Ctentities, for one evolution of the hyperfine interaction as confirmed by the
octahedral site over 12 octahedral sites occupied by ofie Cu following simulations. On the other hand, the reference
cation, all the tetrahedra of the network are touched by the sample (Cu-doped MgO) containing €ucations in octa-
CW#" in 6-fold coordination and the local JT distortion.Cu hedral sites exhibits a strong quasi-isotropic ESR signal
Jahn-Teller effects in the octahedral environment is stronger, relative to Cd*t in almost regular octahedral environments
leading to the stabilization of,,, 7,, bands, the destabiliza-  without a hyperfine structure (Figure 6e,f). Simulations have
tion of the 02—y orbital, and the strong distortion of the given rise to the determination of thg values and the
octahedral site. For compositions withe 0.15-0.20~ 1/6, hyperfine structure constants of the ESR signals of thezinc
by considering that copper cations are half distributed copper aluminate spinels as well as for the reference MgO:
between 8a and 16d sites thanks theefined inversion Cu compound (Table 5 and Figure 7). One should have to
rate, the spinel's formula can be described as follows: notice the absence of the ESR signal relative t6"Guoi the
(ZnssCu1Al 1121 CurAl 2314 0rOs. I these conditions, the  tetrahedral site. Actually, such an ESR signal would appear
strong electronic effects associated with the JT distortion in with a rather small intensity compared to the signal of the
the octahedral site have affected the totality of tetrahedral Ci?" cation in octahedral symmetry due to the strang S
sites where the deformation remains smaller. Above this = 5/2 spin-orbit coupling, whereas it corresponds to a spin-
second critical compositionx(= 1/6), electronic effects  only S= 1/2 situation for C&" in the octahedral site.
favorable to C&" in octahedral symmetry are no more Whatever the copper content in the various compositions,
predominant, but steric considerations have to be taken intoone should have to note that tigevalues remain almost
account leading to stabilize a large amount of Ceations identical and the octahedral orthorhombic distortion is not
in tetrahedral coordination. Moreover, for compositions with affected. Starting from theggevalues, electronic transitions
X > 1/6, the probability to get Cti ions located in octahedral ~ can be deducedA; ;= 24/(gn—0e); A= 8A/(gs—ge), With
site organized in pairs with another €un tetrahedral site  ge being theg value for isolated electrorg{ ~ 2) andA the
becomes high. Tha cell parameter does not vary with spin—orbit coupling constant of the copper elemérfi.c,
Cu content around the= 1/6 critical composition because ~ 830 cn1?). If gy = g, = 2.335 andgr= 1/2(Qx+gy) =
the increasing of the unit cell volume due to the occurrence 2.104 are considered as it is the case in Figure 6 (except for
of larger JT Cd" in the distorted octahedral site is totally MgO:Cu), optical transitions are expected at arowid =
compensated by the presence of thé'dan in tetrahedral 16 040 cm™* (620 nm) and around, = 19 820 cm* (500

coordination which occupies a smaller site tharfiZions. nm), and these respective values will be discussed in the
In the case of compounds prepared at low temperaturesfinal part devoted to optical absorption properties.
from metallic salts for 0< x < 0.30, not only thea cell ESR measurements confirm also that for low copper

parameter seems to pass through a maximum arauad content k < 0.20), Cd* cations adopt a distorted octahedral
0.15 near 1/6 but also a plateau can be considered in thiscoordination (JahnTeller effect). Cé" cations are isolated
region!! Then the occurrence of Cu pairs with Cin enough from one another because of the large amount of
tetrahedral sites and €uin distorted octahedral environ- Al®" ions in the octahedral sites, so each Cu nucléus (
ments have been considered in order to explain the evolution3/2) interacts with its unpaired electron giving rise to a well-
of structural features correlated to optical absorption proper- defined hyperfine structure. These hyperfine interactions
tiest mean that an electronic density appears on the Cu orbital

Finally, the structure organizes itself in order to limit the with an s character. The hyperfine constants valégsAj,
local Jahr-Teller distortion and the XRD-refinements giving A;) correspond to classical nuclear Zeeman interactions*(10
global or average atomic arrangement indicate that the cm™ or a multiple of 10G)A,, A, andA; are proportional
octahedral and tetrahedral environments for any compositionsto the 1%,(0) unpaired spin density on the nucleus and are
are almost isotropic and regular. In order to prove the local originated from the symmetry mixing of s orbitals into the
Jahn-Teller octahedral distortion, electronic spin resonance ground state (3 wavefunction or from spin polarization
(ESR) experiments have been undertaken for the yow in the case of s orbitals. One should have to point out that
copper contents. in the case of MgO:Cu where € bond distances are

3,' The Jahn-Teller Effect of Cu?* Ir.‘ Zn1-xCUAl 04 (16) Abragam, A.; Bleaney, BElectron paramagnetic resonance of
Spinel: An ESR Study. The local environments of Gt transition ions Dover Publications: 1986.
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Figure 6. ESR signal at room temperature andlat 5 K for x = 0.05 (a, b)x = 0.15 (c,d), and MgO (reference; e,f).

around 2.11 A in this rocksalt type structure instead of 1.92 and 3d orbitals. As the copper content increases, the signal
A in the spinel ones, the hyperfine structure does not appeararound 3200 G, from the most intense peak to the other one,
atT =5 K. Then, this peculiar feature is probably associated becomes more and more low, and the hyperfine structure
with the strong CuO covalency in the ZnCuAl,O, spinel tends to be attenuated. Abowe> 0.20, the signals are
network where C# ions occupy partially distorted octahe- broadened, and the hyperfine structure has disappeared
dral sites leading to a configuration interaction between 4s because antiferromagnetic €u-CW?" interactions are too
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Table 5. ESR Constants Obtained by Simulation (Simfonia) of the (a)
Various Experimental ESR Signals Recorded at 5 K

hyperfine 2000 -
structure signal width 1
g values constants (G) (G) 0

Ox Oy Oz Axx Ayy Azz Wy Wy W,

ZnoosCloosAl20; 2.072 2135 2335 5 67 125 20 50 45
ZnossClo1sAl20; 2.072 2.135 2.335 20 70 130 70 110 105
MgO:Cu (2%)  2.110 2.190 2.190 150 150 150

-4000 —

-6000

Intensity (a.u.)

strong. Magnetic measurements have been performed con
firming the Curie-Weiss § = C/(T + 6,)) paramagnetic -8000
law (Figure 8) and the increase 6f = J/ks values (Table
6) versusx content where] denotes the absolute value of ] 4 x=0.05 ESR signal simulation

the exchange integral due to antiferromagnetic interactions  -12000 —+—x=0.05 ESR signal experimental T = 5K
between several Ct cations. 2000 2800 3000 300 4000

Finally in the case of oxides prepared from metallic salts Field (Gauss)
at low temperature, the ESR signabof 0.15 composition
looks like thex = 0.10 composition obtained by the solid- (b)
state route at high temperature. Thus, by this preparative 6000 T T .
method leading to the formation of nanoparticles, thé'Cu ]
rate, confirmed by magnetic measurements, is always lower
than the total copper content because of the stabilization of
Cut'/Cut" valence states in this seriés.

In order to identify the impact of steric and electronic
effects associated with €uJT distortion in the ZpCuAl Oy
series on electronic properties and transitions, the-\ig-

NIR optical absorption properties have been investigated and ;)1
finally correlated to structural features. 5000 ] i

4. Optical Absorption Properties of the Zm_«CuxAl 04 ] ¥ -
Compositions in the UV—Visible-NIR Range and Cor- ~10000 —°—x=0.15 ESR signal simulation i
relation with Structural Features. Coloration of each 12000 —'-—x='o.15 ESR S'g“'a' EXpe‘”me“tal' T=5K
composition evolves gradually from white for pure Zp®l} 2000 2500 3000 3500 4000
to brownish-red for pure CuAD,, with intermediate colors Field (Gauss)
as pale green for = 0.10 and pale brown for= 0.30. The
UV —visible-NIR spectra reveal the same absorption bands ©
for any spinel containing copper but with various intensities 30000 e
and a slight shift. 3

UV —visible-NIR absorption properties of the zincopper |
aluminate spinels have been measured by diffuse reflectance 10000
spectroscopy and are illustrated in Figures 9 and 10. As the _
average particle size obtained by a conventional solid-sate 3 0
route is largely superior to the wavelengths used for the-UV
vis-NIR spectroscopy, diffusion and absorption do not vary
anymore as a function of particles size, and diffusion can
be considered as a low constant parameter. In these condi- ]
tions, absorption spectra can be deduced from the reflectance .ao000 o MgO:Cu (2%) signal simulation
;;;sgg;al?¥8the KubelkaMunk correction A = K/IS= (1— ro00s 1 —e—ESR signal experimental T = 5K

The_ reference compour_1d ZnAl, displays one apsorption 2000 200 Flel daf;[;uss) 00 o0
band in the UV range, with a b:?\nd gap determlned around Figure 7. Simulated ESR signals fox = 005 (a):x = 0.15 (b)
250 nm on the basis of absorption spectra (Figure 9, curve compositions and MgO:Cu compounds (c).

a) which is assigned to a charge-transfer band (CTB) between
2p (oxygen) and 4s (zinc) bands. between 550 _a_nd 1_000 nm, ar_1d between 1100 and 1900 nm,
As the copper is introduced into the spinel network, several whose intensities increase with tixecopper content. The

. . - bands at 260 and 450 nm are related to charge transfers
absorption bands in addition to-€Zn CTB appear at 450, between 2p oxygen orbitals and 4s bands GFZBLZ ions

(17) Kubelka, P.; Munk, FZ. Tech. Phys1931, 11, 593-600. and 3d orbitals of CtI, respectively. Indeed, for high copper
(18) Kubelka, PJ. Opt. Soc. Am1948 38, 448-457. content, the charge-transfer corresponding to the band

-10000

Intensity (a.u.)

20000

-10000 —

Intensity (a

-20000 —
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Figure 8. Evolution of the magnetic susceptibility inverse versus tem-
perature forx = 0.15,x = 0.20, andx = 1.00 compositions.

Table 6. Curie Constants andlk Values Determined on the Basis of
Susceptibility Inverse Variation versus Temperature

X in Zn—xCuAl 204 0.15 1
Jlks 19.3(2) 67.1(5)
C (mol~b)a 0.0661 (5) 0.4507 (9)

20n the basis of = (g« + gy + 93 &~ 2.183, the Curie constant for
copper element can be estimateddo= 1/8:g2-§S+1) = 0.4470 mot!
with S= 1/2 (case of 8element).

centered at around 450 nm is strongly dependent on the
relative position of the valence band and the empty 3d copper
orbitals, § or e according to the various environments. It is
reasonable to consider in a first hypothesis that the charge
transfer between oxygen and copper cations in octahedral
coordination takes place at higher energy than the transfer
between oxygen and copper cations in the tetrahedral
environment, since the octahedral ligand field is higher than Figure 9. UYZ vis-NIR absorpiion properties of the 26CuA1204 series

. or 0 < x = 0.20 (a) and zone enlargement to the visible range (b).
the tetrahedral one. Moreover, it seems that the charge-
transfer band identified in the case of Znp@)}, is shifted field values deduced from the energy corresponding to the
toward the lower energy after copper introduction in the two absorption bandsAgd/Aon = 750/1550~ 0.48) agree
matrix. Furthermore, the comparison of ZnO:Cu and MgO: with the theoretical relationshiprg = 4/9Aon. Moreover
Cu absorption spectra (Figure 11) confirms that CTB are synthesis of reference compounds such as ZnO:Cu fér Cu
shifted to higher wavelengths in relation to pure oxides. In in tetrahedral coordination and MgO:Cu for €un octa-
an ionic compound such as MgO, the CTB involving?€Cu  hedral coordination has confirmed the average positions of
in the octahedral environment seems to appear in the saméhe absorption bands relative te-d transitions due to Ct
energy range (around 400 nm) as the CTB implying'Cu  in one or the other environment (Figure 11). Althoughdd
in the tetrahedral site in ZnO which can be considered as antransitions associated with &uin the tetrahedral site appear
iono-covalent oxide despite the drastic shift of the global in the NIR range around 1500 nm, it is nevertheless clear
CTB edge in the ZnO matrix associated with the increase of that d—s transitions should occur in a close region corre-
the covalency. Assignment of the various charge-transfer sponding to an energy close to 1 eV (1250 nm). Moreover,
bands will be discussed later on the basis of several structurain the case of the noncentrosymmetric site such as the
considerations. tetrahedral environment, the—d or d—s transitions are

The two absorption bands between 550 and 1000 nm and@llowed despite theAL = 0 or 2 values, whereas these
between 1100 and 1900 nm can be attributed to intra-atomictransitions are forbidden for centrosymmetric octahedral sites.
d—d transitions associated with copper in octahedral and . :
I%Zl) El Jazouli, A.; Alami, M.; Brochu, R.; Dance, J. M.; Le Flem, G;

tetrahedral sites, respectively, and those assignments are i Hagenmuller, PJ. Solid State Cheni987, 71, 444-450.

good agreement with the literatuf&?* Moreover, the ligand ~ (22) Duan, X. L,; Yuan, D. R.; Xu, D,; Lu, M. K;; Wang, X. Q,; Sun, Z.
H.; Wang, Z. M.; Sun, H. Q.; Lu, Y. QMater. Res. Bull2003 38,

705-711.
(19) Rodriguez, F.; Hernandez, D.; Garcia-Jaca, J.; Ehrenberg, H.; Weitzel, (23) Duan, X.; Yuan, D.; Cheng, X.; Luan, C.; Sun, Z.; Wei, X.; Guo, S.;
H. Phys. Re. B: Condens. Matter Mater. Phy&00Q 61, 16 497 Xu, D.; Lv, M. Inorg. Chem. Commur2004 7, 62—64.
16 501. (24) Dean, P. J.; Robbins, D. J.; Bishop, S. G.; Savage, J. A.; Porteous, P.
(20) Pappalardo, Rl. Mol. Spectrosc1961, 6, 554-571. J. Phys. C: Solid St. Phy4981, 14, 2847-2858.
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Figure 10. UV —vis-NIR absorption properties of the ZRCuAl O, series
for 0.30< x < 1.00 (a) and zone enlargement to the visible range (b).
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Figure 11. Absorption band spectra of zinc oxide, copper-doped zinc oxide
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and d-s transitions of Ct with tetrahedral ligand field in
zinc oxide and zinecopper aluminate spinels because of
the covalent character of G chemical bonding in theses
oxides.

The two CTB around 260 and 450 nm are doubtless
correlated to the presence of copper in the network, since
the second CTB around 450 nm appears when copper is
introduced into the matrix and since the first CTB observed
for ZnAl,O, and which implies the 2p levels of oxygen and
the 4s band of zinc is shifted toward the lower wavelengths.
As mentioned previously, a first approach consists of
assigning each transition to a ligand field effect for copper.
Then, the first charge transfer should concern the oxygen
orbitals and the empty d orbitals of copper in the octahedral
environment. Then the second one should be assigned to an
electronic transfer O (Zp— Cw?" (e't,°, tetrahedral site).
Nevertheless, the energy difference observed between these
two electronic transitions are not in good agreement with
the theoretical shift between the Cu empty d orbitals
corresponding to each environment. Actually, this energetic
shift should be close to 19/4A0n (AE = 3/5 Aon — 2/5
Atd, Ata = 419 Aoy, i.e. 0.7 eV if Aon = 1.6 eV on the
basis of the e-d transition band at around 750 nm assigned
to C?" ions in octahedral sites. With an experimental point
of view, both charge-transfer bands are separated from 1.7
eV, and this difference is too high to imply the two 3d levels
correspond to octahedral and tetrahedral sites, respectively.

The first CTB involves probably the s band of Zn and Cu
if we consider that s and d levels are separated from 1 eV.
Then, as discussed in the case of CTB in ZnO:Cu and MgO:
Cu oxides, the CTB involving Cti both in tetrahedral and
octahedral sites should correspond to the second band at 450
nm.

It is interesting to note that the second CTB around 450
nm in the ZR—_,CuAl O, series appears clearly far= 0.15—

0.20 corresponding to the first critical zone previously
defined & = 1/6). Moreover, a comparison of the evolution

of the d—d(s) transitions involving CiI in octahedral and
tetrahedral sites versus tixeCu content shows for & x
<0.20 that thex = 0.10 composition exhibits the highest
band attributed to €d transition involving octahedral sites,
whereas the highest band associated with tetrahedral sites is
observed foix = 0.20 composition. Betweex= 0.10 and

x = 0.20, the intensity of such intra-atomic transitions evolve
drastically. This strong change can be interpreted on the basis
of the distortion of octahedral sites associated with the
electronic effects of Ci JT ions because the inversion rate
increases regularly from= 0 tox = 0.30 and corresponds

to a value close to/2 showing that Ct cations remain

half distributed between tetrahedral and octahedral sites.

(reference for C# in tetrahedral site), and copper-doped magnesium oxide Actually below thex = 1/6 critical composition, the number

(reference for C# in octahedral site) (pure magnesium oxide is not
represented since it is used as a reference).

of CW?* ions in octahedral sites more or less isolated and
distorted increases regularly as well as the number éf Cu

Because of the appearance of hyperfine structure on ESRions in tetrahedral sites. Above this critical point, the creation
spectra leading to consider the occurrence of electron with of Cl?*—CWP?" pairs in tetrahedral and octahedral environ-

s character, a high dispersion of s orbitals and the covalentments, as previously mentioned, tends to limit the distortion
feature of copper can be proposed in Zn-based oxides. Thenpf octahedral sites and contributes to the increase of the

the bands in the NIR region can be attributed both tald
2656 Inorganic Chemistry, Vol. 46, No. 7, 2007
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intra-atomic transitions around 1300 nm. Moreover the strong  Then starting fromx = 1/6, a strong evolution of CtO
increase of the second CTB around 450 nmxo+ 0.20 covalency has to be pointed out due to the creation of
composition is in good agreement with the brutal change Cu?t+4—CWP o pairs and the relaxation of electronic effects.
observed for the intra-atomic transitions associated with the Fromx, = 4/7, because of the steric effects and the too strong
covalent character of Cti—CW?* pairs. interactions between Cuions located in octahedral sites,
As far as zinc copper aluminates prepared from metallic Ci?* ions are preferentially stabilized in tetrahedral sites.
salts at low temperatures are concerned, the absorption i
spectrum corresponding to= 0.15 composition exhibits Conclusion
drastic changes associated with the creation of defects, i.e., The study of the Zn ,CuAl,O4 compositions reveals the
oxygen vacancies and GUCu™ mixed valencies stabilized  occurrence of a solid solution for 8 x < 1. On the basis
in the network. Moreover around thisCu content X; = of powder XRD data analysis (Rietveld) the evolution of
1/6), the variation of absorption spectra versus the annealingthe cell parameter of the spinel structure (S&t3m) shows
temperature = 700°C andT = 1000°C) is the strongest.  the occurrence of a plateau at around= 1/6 which has
Actually atx, = 1/6, a large rate of Cu—Cu'" pairs can  been defined as a first critical parameter. For this composi-
be stabilized in tetrahedral and distorted octahedral sites,tion, the probability to get pairs of Ct—Cw?" ions both in
respectively, leading surprisingly to their oxidation at higher tetrahedral and octahedral sites becomes high. Then, the large
temperatures. By this preparative method at low tempera-increase in the octahedral site size due to the incorporation

tures, the spinel network allows the stabilization of CaiT of Cw?" JT ions is compensated by the presence of"Cu
ions in distorted octahedral sites or 5-fold coordinated ions in the tetrahedral environment and the formation of
environments and Cuin tetrahedral sites forming Ct— pairs which allow for keeping tha cell parameter quasi-

Cut pairs. As previously mentioned, at= 1/6, the number  constant.
of Cu pairs becomes high, and their stabilization is strong  Another preparative method based on a polyesterification
on the electrostatic point of view leading to the creation of reaction using metallic salts followed by an annealing at low
oxygen vacancies. An annealingTat= 1000°C contributes temperatures allows the stabilization of nanoparticles of pure
to the reduction of oxygen vacancies and then surprisingly zinc—copper aluminates witlx < 0.30. The absorption
to the oxidation of coppelt Cu™ — Cu™" + e spectra are clearly different from those of homologous

For 0.30=< x < 1.00, the comparison of the absorption compositions obtained by the solid-state route or annealed
spectra (Figure 10) shows for compositions witk: 0.60 at higher temperatures because of the occurrence of a large
the CTB bands shift to lower energy, resulting in the content of defects, i.e., oxygen vacancies associated with
covalency increasing. Moreover the-d(s) intra-atomic Cu''/Cut" mixed valence states, for the compositions
bands attributed to Ctiin tetrahedral sites strongly increases obtained from low-temperature preparative technidées.
from x = 0.40 tox = 0.60 and saturates from= 0.60. As For x > 0.30, thea parameter decreases regularly, and
previously discussed, above this= 4/7 critical composition, the y inversion rate is almost equal 182 for x < x; = 4/7
the Jahr-Teller distortions due to the presence of?€Cu  leading to consideration that €ucations are half distributed
cations in octahedral sites become too large because of thévetween tetrahedral and octahedral sites. Fxpm 4/7 the
strong probability to get Ct—Cu?* pairs in both octahedral  y inversion rate decreases up o= 0.35 for CuAbO,
environments. composition, corresponding to almost 1/3 of2Cions in

The insertion of copper in tetrahedral as well as in octahedral sites and 2/3 in tetrahedral sites. In these condi-
octahedral sites results in the increase of the cation-oxygentions, one octahedral site over six is the limit rate in good
distances in octahedral sites and in the decrease of these sansgreement with the fact that each octahedral site shares edges
distances in tetrahedral sites. Globally the copfmetygen with 6 other octahedral sites, and TWT distortion in
hybridization is enhanced: the orbitals (empty d orbitals)  octahedral environment does not grow in the Z8uAIl ;0,4
are destabilized, and the 4s band is stabilized leading to thespinel. For this; second critical composition, the probability
reduction of the 4so* (3d) energy differences. Conse- of getting pairs of C#&" ions located now in octahedral sites
quently, the optical band gap in the series is reduced. Aboveremains high, and the network does not support such
the x = 4/7 critical composition, copper cations are not constrains and distortion and the preference of'dans
allowed to occupy additional octahedral sites on the basisfor tetrahedral sites becomes strong. Moreover one should
of steric and electronic considerations, and it is the reasonhave to notice that the MO bond distances in tetrahedral
why the intra-atomic transition band becomes saturated sites decrease more strongly from= 4/7.
because of the large number of ications in tetrahedral As far as the optical absorption properties are concerned,
sites. The average cations-oxygen distances in tetrahedrathe formation of Cé"rq—CW?*op pairs around the; = 1/6
sites reduce themselves more and more because of theritical composition (comparison betwerr= 0.10 andx =
occupancy of larger octahedral environments by*>'Cu 0.20 composition) is clearly emphasized where the charge-
cations. Finally, the evolution of optical absorption bands transfer band around 450 nm strongly changes and a clear
versusx has been correlated to the occurrence of two critical evolution of the intra-atomic €d(s) transition band is
x values,x; = 1/6 andx, = 4/7, relating to the high  identified. Moreover another change occurs aroxuve 4/7
probability of getting C&" ions organized in pairs in  (comparison betweexn= 0.40 andx = 0.60 compositions)
tetrahedral/octahedral sites and octahedral/octahedral siteswvhere the dé-d(s) intra-atomic transition band strongly
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increases and saturates due to the preference %f iBos tion of Cl¥f1q—CWPtop pairs in a first step and in a second
to be located in tetrahedral sites, whereas theCD CTB step the creation of Cliop—CWP oy, pairs which are crucial
intensity remains almost identical and is not affected around and determining for the evolution of structural features and
the x, critical composition by the larger proportion of €u electronic properties. The identification of criticalandx,

ions in tetrahedral sites. This evolution implying various compositions based on the perturbation of the local environ-
electronic transitions is in good agreement with the increasingment of tetrahedral and octahedral sites into the spinel
of the Cu-O bond covalency leading to consider the network can be generalized to others systems containing
occurrence of és intra-atomic transitions around 1 eV. highly distorted JahaTeller ions.

Then, the Ct-O CTB evolution illustrates clearly the

increasing of the bond covalency associated with the forma-1C062329C
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