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Cu™/Cu?* B’-alumina single crystals have been studied by electron paramagnetic resonance (EPR) spectroscopy.
The results indicate that Cu* ions are essentially found in an ofi-centre position in the conduction planes. The
co-ordination polyhedron is a distorted square pyramid of C, symmetry. The magnetic parameters are found to
be: g,=2.385, g,=2.087, g,=2.072, A,=91x10"*em~", A,<20x10"*cm™"'and A,=32x107*cm™". Low concen-
trations of Cu?* ions are also found in two other non-identified sites. Heat treatments in air at temperatures

above 500 °C indicate that Cu?* is reduced to Cu™,
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1. Introduction

Sodium f"-alumina is a well known superionic conductor
whose highly anisotropic structure consists of close-packed
‘spinel blocks™ of Al, Mg and O separated by more open
regions (the two-dimensional conduction planes) in which
Na* ion mobility is observed. The material is characterized
by a rich ion-exchange chemistry, which gives rise to a variety
of monovalent, divalent and trivalent isomorphs. The syn-
thesis, structure and properties of the ion-exchanged f"-
aluminas have been reviewed recently.!+?

The incorporation of lanthanide and transition-metal fons
in f"-alumina has led to considerable interest in the optical
properties that this solid electrolyte is capable of possessing.
A variety of attractive properties have been observed including
tunable emission, energy transfer, up-conversion, wavegniding
and laser action. In peneral, the anisotropic structure of the
f"-alumina with its loosely packed conduction plane rep-
resents a novel host environment for luminescent ions. This
feature, in combination with the use of ion exchange to control
independently the doping process, has enabled the f"-alum-
inas to exhibit unexpected optical effects and to be considered
for several optical device applications.

Spectroscopy techniques have proven to be extremely useful
for probing the structural arrangements present in lanthanide-
and transition-metal-doped f"-aluminas. Optical absorption®
and site-selective spectroscopy studies* have provided specific
details concerning the local environment for Nd** and Eu®*
f"-aluminas, respectively. The information derived from these
studies effectively complements that obtained from single-
crystal X-ray diffraction.® Detailed knowledge concerning
local environment is also available from EPR studies, which
augment optical spectroscopy by providing informartion
regarding the electronic ground state of the paramagnetic
species. The combination of the two techniques provides
particular insight when the paramagnetic species are also
optically responsive, as demonstrated in the cases of Nd**-
and Ce**-doped materials.5”

The present work considers the properties of copper-doped
f7-alumina, In the monovalent state, tunable luminescence
was achieved over a wide range in the visible and optical gain
was reported.® The fact that Cu™ is both mobile and lumi-
nescent has led to dynamic optical behaviour involving the
formation of dimers and producing an optical memory
effect.®!? The presence of Cu?* in these materials is quite

detrimental because the Cu®™ efficiently quenches Cu™ lumi-
nescence. The Cu** ion is paramagnetic (3d° configuration)
and thus there is an opportunity to use EPR to identify the
concentration of these ions and the thermal treatments that
reduce the ion to the Cu™ state. In a previous EPR study of
Na*/Cu®* p"-alumina. the Cu®* were found to occupy
mainly the mid-oxygen (mO) site in the conduction plane.!’
Annealing treatments were investigated and found to affect
the EPR spectrum. In addition, changes in the spectra at
temperatures above 4 K were attributed to ionic motion in
the conduction plane.

The present study considers a different composition, Cu*/
Cu?* #"-alumina. In this case the entire sodium content has
been replaced by copper, producing a material whose mono-
valent comporent (i.e. Cu™) has substantially lower mobility
than that of Na~. The EPR results identify the off-centre site
occupied by Cu®* and how the Cu?* concentration decreases
from specific thermal treatments.

2. Experimental

Single crystals of Na™/Cu?~ §"-alumina with nominal compo-
sition Na, ¢7Mgg g7Al;0.22017 were prepared by the flux
evaporation  technique. They  typically  measured
5% 5x 0.2 mm in size. Crystals of Cu*/Cu?" p"-alumina were
obtained by ion-exchange techniques.®® The precursor Na*
pr-alumina crystals were immersed in CuCl; melts at 640 °C
under N, atmosphere for 3-9 h. CuCl, is not stable in the
melt and decomposes according to the reaction
CuCl,-»CuCl+4Cl,. As a consequence, Na* ions were
exchanged by both Cu*~ and Cu™ ions. The replacement of
copper for sodium was complete; residual Na* ions could
not be detected in the crystals by EDAX. After exchange, the
crystals were uniformly brown in colour and slightly trans-
lucent, The brown colour was also observed in (polycrystalline)
Cu* f-alumina prepared by electrolysis.!? The Cu®**:Cu*
ratio was not defermined precisely, but the lack of exchange
narrowing and the intensity of the EPR spectra indicated that
the Cu?*:Cu™ ratio was ca. 5-10%.

The EPR spectra were recorded on a Bruker ER 220D
spectrometer equipped with a variable-temperature accessory
(100-300 K)}. Low temperatures (4100 K) were obtained with
a helium-flow cryostat from Oxford Instruments.
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3. Results and Discussion

The EPR spectrum of Cu®* (3d® configuration) is composed
of two sets of four hyperfine lines resulting from the existence
of two magnetic isotopes (5*Cu, 1=3/2, gy=1.484, 69.2% and
83Cu, [=3/2 gy=1.588, 30.8%). In f"-alumina, however, EPR
lines are generally very broad because of the strain broadening
induced by structural disorder. As a result, it was not possible
to identify contributions of the two copper isotopes in Cu*/
Cu** f"-alumina. Moreover, the hyperfine lines frequently
overlap, especially for Bgl|c, leading to a broad. unresolved
EPR line (vide infra). In the present investigation, the Cu**
EPR spectra were readily detectable over a very wide tempera-
ture range, extending from 4 K to room temperature. This
behaviour is strikingly different from the EPR spectra of Na*/
Cu?* f"-alumina which were well resolved only below 77 K.!!
Although the spectral resolution increases with decreasing
temperature, for convenience the EPR was performed at the
moderately low temperature of T140 K.

3.1 EPR for B;|c and Effects of Thermal Treatments

The EPR spectrum is very complicated for an arbitrary
orientation of the magnetic field B, with respect to the
crystallographic axes. The spectrum, however, is simplified
considerably for By||c, and the general features of Cu** EPR
in Cu*/Cu®* B"-alumina can be understood best by using
this field orientation. For Bylle, the EPR spectrum consists
of a broad, structureless and asymmetric EPR line correspond-
ing to Cu®* ions in a site labelled Cu**(I) (Fig. 1). Small
satellite peaks that are present in the high-field wing of the
spectrum belong to Cu®* located in another site labelled
Cu?*({l1). By using appropriate estimations of spectral areas,

Cu?" (b

. , Cu*(m) . .
280 300 320 340
HimT

Fig. 1 EPR spectra at 140 K of Cu™/Cu** g"-alumina. The magnetic
field, By, is parallel to the crystallographic ¢ axis. The spectra have
been recorded in the unannealed sample and after annealing treat-
ments in air for 20 h at 573, 773 and 973 K
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it is evident that more than 90% of the divalent copper is
located in the Cu*~(I} site.

The influence of annealing temperature on EPR response
is also shown in Fig. 1. The spectral changes are consistent
with the reduction of Cu®* and analogous to the reduction
observed for several other p"-aluminas including the Ag™,
Pb?* and Sn*~ isomorphs.'? The annealing treatments were
performed in air for 20 h at several temperatures (573, 773,
973 and 1073 K). At 373K, a small decrease in Cu?*(l)
intensity is observed. caused by a partial reduction of Cu®*.
This reduction is more severe at 773 K as ca. 75% of Cu?*(I)
is reduced. Note that Cu®*(II) remains unaffected by these
two thermal treatments. The two broad lines belonging to
this site in the field range 330-340 mT are unchanged. Heat
treatment at 973 K results in complete reduction of Cu?*{I).
Moreover. careful examination of the spectrum in the 330-
360 mT range shows that the Cu?™(II) is also almost com-
pletely reduced. The two broad lines mentioned above are no
longer evident: the three narrow lines separated by 8 mT that
are observed, arise from Mn** impurities, All the other lines
in the 280-330 mT range are due to Cu** in another site
labelled Cu*~(IIl), which contributes by only a few percent
to the total Cu?~ concentration. The treatment at 1073 K
(not shown in Fig. 1) leads to complete reduction of Cu®*
and only the characteristic pattern of six hyperfine lines of
the |1/2> —|—1/2> transition of Mn?* impurities is detected.

Previous work has shown that several f”-alumina single-
crystal isomorphs undergo reduction reactions when heated
in inert gas or vacuum at temperatures in the vicinity of
900 K. Rohrer and Farrington determined that the presence
of water in the f"-alumina conduction plane played an
important role in this reaction.'® Based on various hydration/
dehydration experiments, they proposed that during heat
treatment the water incorporated in the §”-alumina structure
would diffuse from the bulk crystal and reduce the mobile
species (e.g., Pb, Sn. Ag) at the crystal-vacuum interface.
Charge neurrality would be maintained by having protons
react with structural oxygen to form hydroxyl-like groups.

Similar reduction processes are likely to occur for Cu** in
f"-alumina, The samples used in the experiments were equilib-
rated with ambient atmosphere enabling the crystals to
hydrate. The decrease in EPR signal for Cu**t is a clear
indication that the annealing conditions are sufficient to cause
reduction. There is no evidence that copper volatilized from
the lattice as the crystals were crack-free and maintained the
f"-alumina structure.

It is interesting to note that the copper f"-alumina crystals
were transparent after heat treatment at 973 K while the
crystals of Ag, Pb and Sn A"-alumina were deeply coloured.
This disparity suggests that the final species present in the
conduction plane are different for the two cases. In the present
work, Cu~ is most likely the principal species as green
luminescence has been observed in heat-treated materials, In
contrast, metal clusters have been proposed for the other
systems.!?

3.2 EPR of Cu**(I)

The Cu*~(I) species represent more than 90% of the total
Cu®* content in the material. Thus, the most significant EPR
results concern this species rather than Cu®*(II) or Cu?*(III).
The discussion that follows focuses on the site occupied by
Cu?*(D.

The EPR spectrum for Cu?*(1} has been studied in unan-
nealed samples in order to minimize contributions of the
other sites. Cu*~(IT) and Cu?*(IIl). The hyperfine structure
of Cu*~(I) is unresolved only when B, is parallel to the
c axis. For an arbitrary orientation of By, the spectrum is
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composed of several partially overlapping lines. In order to
obtain the spin Hamiltonian parameters which are necessary
to identify site I, angular variations were performed by
rotating the crystal around two orthogonal crystallographic
axes. An accurate determination of the magnetic parameters
was made possible by comparing the experimental angular
variations with calculated ones. Fig. 2 shows the results ob-
tained for rotation in the (basal) ab plane. The principal
features are as follows: (@) two g-tensor axes (labelled z and
y) lie in the ab plane; the third axis (x axis) is thuos collinear
to the c axis, as confirmed by the angular variation in the ca
plane (not shown); (b) there are three magnetically distinct
sets of Cu®*(I} sites, with z axes separated by 120° (c) each
z axis makes an angle of ca. 5° with respect to the a axis; this
non-coincidence of magnetic and crystallographic axes is
responsible for site splitting of the EPR spectrum. The spin
Hamiltonian parameters of Cu?*(I) are reported in Table L.
Owing to the lack of resolution for Bg|e, the value
A,<20x10"*cm ™" for the hyperfine coupling was deduced
from a simulation of the experimental lineshape {Fig. 1) using
the sum of four Gaussian lines having the same widths as
those measured for the EPR lines in the ab plane.

No attempt was made to study the minor sites, Cu?*(II)
and Cu?*{lIl). In addition to representing only a small
fraction of the Cu®* content, their anguiar variations were
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Fig. 2 Angular variation in the ab plane for the Cu*() EPR
spectrum. ¢ =0 corresponds to Byjla. Experimental points are rep-
resented by circles, and full lines represent the angular variation
calculated with the following parameters: g.=2385 A.=
91x10"*cm™!, g,=2072 and A,=32%10"* em ™", The site splitting
is due to a deviation of the g_ axis from the a axis by ca. 5°

Table 1 Spin Hamiltonian parameters of Cu®~(I)

8= 8y g Afem™! Agfem™! A.fem™?

2097 2072 2385 <20x107*  32x107*  91x107¢
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complicated by contributions of other signals: Cu?*(I) and
Cu?*(I1I) in the case of Cu?*(II), and Cu?*(1I) and Mn**
impurities in the case of Cu?*(III),

3.3 Identification of the Cu®™*(I) site

The two types of site available in the conduction plane of -
alumina are the four-co-ordinated Beevers—Ross (BR) site and
the eight-co-ordinated mQ site. The BR site is an axially
compressed tetrahedral site with C,, symmetry, the C; axis
parallel to the ¢ axis. Based on the measured lattice parameter
of Cu*jCu** B*-alumina. it is possible to calculate the various
bond lengths in the structure.'* The fact that ¢, for the copper
samples (33.48 A) is similar to that of Na¥ p“-alumina
suggests that the distance will be comparable in the two
isomorphs. The short BR—O(3) bond length (along the C;
axis) is ca.2.26 A, while the three other BR—O(4) bond
lengths are ea. 2.75 A. In regular T; symmetry, the d orbitals
of Cu* split into a low-lving doublet, e, and a higher energy
triplet, t,. A lowering of the symmetry to Cs, splits the t set
into a singlet a,(d.*) and a doublet e(d,.d,.}, the z axis being
parallel to the ¢ axis. Since the compression occurs along
the C; axis, the d_* orbital is the most destabilized and
the energies of the d orbitals are in the order
a,(d.%)>efd,.,d,)>e(dd.2_ ). As a consequence, the elec-
tron ground state of Cu>~ in a BR site is 2A,. The g tensor
should reflect the nature of this ground state and the g values
should be expressed as'*

g1=8:-=§. i
81=8:=8y=g.—2A[0 (n

where A is the effective spin-orbit coupling constant and J is
the energy separation between a;(d.z) and e(d,.,,.) levels. This
expression implies g, >g=22.00 with the g_ axis along the ¢
axis. The experimentally observed sequence is g.> g,.g,>2.00
with the g. axis aligned perpendicular to the ¢ axis. The
experimental results are, therefore substantially different from
what is expected for a BR site,

The second possible site is the eight-co-ordinated mO site
with Cj;, symmetry (Fig.3). The various mO-oxygen
distances will be:'* mO—O(5)=2.81 A (multiplicity 2),
mO—O(3)~2.78 A (multiplicity 2} and mO—0(4)x2.76 A
(multiplicity 4). In order to predict qualitatively the sequence
of g factors and the g. orientation, the co-ordination poly-
hedron at the mO site is considered as a superposition of two
distorted square-planar polydehra, One polyhedron forms a
lozenge composed of two O(35) and two O(3) atoms. The
second configuration is rectangular and is formed by the four
O(4) atoms {Fig. 3). In the following discussion of each poly-
hedron, the in-plane axes are defined as the x and y axes.
Among the five d orbitals, only those lying in the xy planes
will be strongly affected by the crystal field.

For the lozenge, the angle between the O(5)—O(5) and
0O(3)—0(3) directions is 90°. Thus, the lobes of the d;:.,:
orbital for Cu®* point toward O(5) and Q(3) atoms while the
lobes of the d,, orbital point between these atoms, The result
is a strong destabilization of the d.._ orbital. For the
rectangular geometry, the lobes of the d.a_, orbital point
between the mO—O(4) directions, so that it is not destabilized.
Moreover, the O(4)—mO—0O(4) angle is different from 90°
so that the lobes of the d., orbital deviate from the mO—0(4)
directions and its destabilization will be weaker than in the
lozenge case. If the two co-ordination polyhedra are superim-
posed, the most destabilized orbital should be the d._.
contained in the plane formed by O(5) and O(3) atoms. The
unpaired electron is thus localized in this orbital, and approxi-
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Fig. 3 Schematic representation of the conduction plane and the
oxygen layers above and below showing the off-centre mO position.
The splitting of the O(5) position (not represented on the figure) may
be responsible for the site splitting of the EPR spectrum

mate expressions for the g factors are given by:'3

g:zgz'—g;'ldxy
) _'2%/Ay:
gyzge_zfn'rdx: (2)

where 4., 4,; and 4. are the energy separations between
the d,2_,: orbital and the d,, d,. and d,; orbitals, In this
case the expected sequence is g.> g..g,>2.00 with the z axis
orthogonal to the plane containing O(5) and O(3) atoms. That
is, g. points between the ¢ axis and the ab plane. It is
important to note that this representation is exactly what was
experimentally determined for Na*/Cu?* f#"-alumina.!’ How-
ever, it is not consistent with the observed results for Cu*/
Cu** f"-alumina. Although the experimental sequence of g
factors in the present study is the same as the theoretical one,
the observed g. axis orientation, along the Q(5)—Q(5) direc-
tion, is in disagreement with the expected one between the
c axis and the ab plane. Thus, while it appears that Cu?*
occupies the equilibrium mO position in Na*/Cu?* f"-
alumina, the EPR results indicate that the Cu?* is slightly
displaced from this site in Cu*/Cu?* §"-alumina.

An off-centre mO position, with displacement along the
mO—0Q(5) direction is shown in Fig. 3. This position reduces
the site symmetry 1o C, and the g. axis will now be along
the direction of displacement. The co-ordination is reduced
to five in this off-centre position since one Cu?*—0(5)
and two Cu®?*—O{4) bonds are shortened. The co-ordina-
tion polyhedron of Cu?*(I) is now similar to a distorted
square pyramid with C, symmetry. This configuration
should produce d orbital energies in the sequence
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dea_ya>d.a>d  >d._.d,..'® The g values for the off-centre
mO site will not vary appreciably {rom those given in egn. (2)
which leads to g.>g..g,>2.00 with the z axis parallel to the
mO—O0(5) direction (Le. the crystallographic a direction). The
expected behaviour of an off-centre position agrees well with
the EPR results. In addition, it is interesting to note that the
site splitting of the g. axis (Fig. 2) is probably associated with
the splitting of the Q{3) distribution commonly observed in
these compounds.*-*

The EPR results for Cu** in a distorted square-pyramidal
site (C,y, symmetry) in (INH,),S0, indicate very similar behav-
iour to that of the Cu*"(I) in f"-alumina.'” In the present
work the ratio R=g.. 4. was found to be R=261cm for
Cu?*(I). The correspending value in ammonium sulphate is
R=245cm. By comparison, R is very high (960 cm) in an
undistorted tetrahedron and relatively small in both distorted
octahedra (R<200cm) and square-planar configuration
(R=2100 cm). Although the R value is very close to that found
in a distorted square-pyramidal geometry, it should also be
noted that R values in the range 200-250 cm have been
obtained in various pseudotetrahedral complexes.!® This is
also consistent with the present model where it can be seen
from Fig. 3 that the co-ordination polyhedron formed by two
O(3) and two O(4) atoms resembles a flattened tetrahedron.

3.4 Comparison with Na~[Cu®* B*-Alumina

The preceding section indicated that the results obtained for
Na™/Cu®** f"-alumina were different from those described in
the present work for Cu™/Cu?* B“-alumina. The principal
differences concern two points: the site occupied by Cu** and
the temperature dependence of the EPR spectra.

In unannealed Na~ Cu?* g"-alumina, Cu®* occupies a site
ascribed to the mO site. It is characterized by the following
parameters: g, *2.310, g, 22,053, A, =156x10~*cm~* and
Ay =16x10"*cm™!, with the z axis perpendicular to the
plane containing O(3) and O(5) atoms, as expected for the
equilibrium mO site. Annealing treatments result in the devel-
opment of a new EPR spectrum with ‘reversed’ g factors (i.e.
g1<g.); g1=2.003, g. 22240, A ~93x107*cm ™! and 4,
292 x107* ¢m ™. This spectrum has been ascribed to an mO
site perturbed by Na ™ vacancies.'* The present work suggests
that the localization of Cu** is influenced by the nature of
the mobile ions, Na™ or Cu™, in the conduction plane. The
shift of the Cu*~ position from the equilibrium mO site may
be related to the fact that Na* occupies essentially BR sites, !+
while Cu~ occupies both BR and mO sites.® Regardless of
the precise mechanism. it is evident that Cu®* shows strong
preference for mO sites (theoretical or off-centre) independent
of the copper content in §"-alumina.

The EPR spectra of Na™/Cu?* §”-alumina are intense and
well resolved only at liquid helium temperature while they
are almost unaffected by temperatures between 4 and 300 K
in Cu*/Cu** B -alumina, This difference may be associated
with the mobile {monovaient) ions in the conduction plane.
Ionic conductivity for Na™ f"-alumina is substantiaily
greater {oprx1 %1073 Q"' cm™%) than the value measured
for Cu® Cu®** p“-alumina at room temperature
(Trr=2x1072 07! cn~1).!® The rapid motion of Na* in the
neighbourhood of Cu** could produce two temperature-
dependent effects. First, it may modulate the crystal field of
Cu?*, which should in turn. shorten the spin-lattice relaxation
time. With increasing temperature the EPR lines would then
broaden significantly. The second possibility is that rapid
Na* motion could induce local Cu** hopping from site to
site, in the conduction plane. This type of local transport was
proposed previously to explain the random type spectrum
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observed in Na*/Cu®* f’-alumina.'' These temperature-
dependent effects do not appear in Cut/Cu®* f"-alumina
because of the greatly reduced motion of Cu* ions.

4, Conclusions

Samples of Cuf/Cu?* g"-alumina containing ca 2-5x
10*° Cu** per em® were studied by EPR. Heat treatments at
temperatures above 773 K greatly decreased the Cu?* content
and above 1073 K complete reduction was observed. The
combination of EPR and optical spectroscopy suggests that
Cu* was produced from the annealing treatments. It is likely
that the presence of water in the conduction plane of the
crystal played an important role in the reduction reaction.

The EPR spectra were also used to identify the site occupied
by Cu?*, Mote than 90% of the Cu®* ions occupy an ofi-
centre mO position arising from the displacement of Cu?*
along the mO—O(5) direction. A small quantity of Cu®* ions
were found to occupy two other sites which were not identified.
Spectral differences between Cu*/Cu?* p"-alumina and
Cu?*/Na* p-alumina suggest that the nature and mobility
of the monovalent ion in the conduction plane influence the
EPR response.
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