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Abstract. We present an X-ray absorption near edge structure (XANES) study on Cu™ and Cu®* ions in
silicate glasses at the Cu K-edge, aimed to determine the geometry of the local structure around the metal.
This study is based on the comparison between experimental data and theoretical calculations made in
the framework of multiple scattering theory. The XANES signals relative to several clusters are simulated
on the basis of known crystalline structures involving Cut and Cu®* ions in silicate matrices. Concerning
the Cu®T in glass, the simulations suggest the presence of a square coordination of oxygen atoms around
the absorber, with a possible presence of metal ions in the second shell. As for the Cu* ions, the metal
clustering is excluded and a linear O-Cu—-O coordination is evidenced.

PACS. 61.10.Ht X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES, etc. — 61.43.Fs Glasses —
85.40.Ry Impurity doping, diffusion and ion implantation technology

1 Introduction

Copper-doped glasses are interesting materials in many
respects. For instance, planar optical waveguides are ob-
tained by doping surface layers of glass slides with metal
ions via binary ion exchange [1]. Moreover, optical switch-
ing devices can be designed by exploiting composite sys-
tems consisting of metallic clusters embedded in glass [2].
These materials exhibit remarkable optical nonlinear re-
sponse, with intensity-dependent index of refraction val-
ues up to 1072 ¢cm?/W, id.e., 107 times higher than that
of pure silica [3]. Copper-containing waveguides have also
recently drawn new attention owing to their blue-green
luminescence [4] properties.

Local atomic order plays a fundamental role in de-
termining the optical response of copper-doped glasses.
In particular, different coordination states of Cu™ ions in
glasses were found to be responsible for different lumi-
nescence emission and excitation properties [5]. For this
reason, it is crucial to provide a full geometrical descrip-
tion of the first coordination shells around the metal-
lic ion. We present here a detailed study of the local
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structure around Cut and Cu?T ions dispersed in glassy
model samples, obtained by either ion implantation or
binary ion exchange, using X-ray near edge structure
(XANES) [6] spectroscopy.

2 Experimental procedure

Model samples containing Cut or Cu?* ions prepared by
either binary Cu™—Na® ion exchange or ion implantation
were used. The ion exchanged soda-lime glass (sample E)
was treated for 20 minutes in a molten eutectic bath of
CuS04:NasS0Oy salts at 585 °C. Two other samples were
obtained by ion implantation with Cut ions at 160 keV to
a fluency of 1 x 106 ions/cm? of a soda-lime slide (sam-
ple IG) and a pure silica slide (sample IS). Cu K-edge
X-ray absorption measurements were performed at the
European synchrotron radiation facility (ESRF) on the
bending magnet GILDA beamline. The monochromator
was equipped with a couple of Si(311) crystals and ran
in dynamical focusing mode [7], with an estimated en-
ergy resolution of about 0.3 eV. Harmonic rejection was
achieved using a pair of Pd-coated mirrors with a cut-
off energy of 21 keV. Spectra were collected at 77 K in
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Fig. 1. Simulation with X-a potential of the Cu—K absorption
edge of Cuz0O with 1 to 3-shell model clusters. The local cluster
is made up of a first shell of two O atoms at 1.848 A, then
twelve Cu atoms at 3.019 A and six O atoms at 3.540 A.

fluorescence mode using a Si PIN photodiode. Reference
spectra were also collected at 77 K in transmission mode
on Cuz0O and CuO crystalline powders deposited on mil-
lipore membranes. All the experimental XANES spectra
were subtracted by a linear pre-edge background, normal-
izing the jump to 1 at 9600 eV. This point was chosen
in a region where the amplitude of the EXAFS oscilla-
tions was much smaller than the atomic absorption jump.
Energy scale was calibrated by putting the first inflection
point of the edge spectrum of metallic Cu at 8979.0 eV.

3 XANES data analysis

Previous structural investigations [8] indicate that the ge-
ometry of the atomic environment of Cu ions strongly de-
pends on the ion valence state. Cu™ ion is known to usu-
ally form a collinear geometrical coordination with oxygen
atoms, while Cu?* coordinates oxygens in an octahedral-
like geometry. Normally the octahedron is tetragonally
distorted with an elongation of the bonds along the
z-axis. Tetrahedral coordination around Cu' is present
in its halides [9], while this coordination is not observed
for Cu?t. A comprehensive review on the coordination
geometries of Cu ions can be found in reference [10].
Theoretical calculations of XANES spectra were made
on the basis of multiple scattering formalism, using the
CONTINUUM package developed at the INFN Labora-
tori Nazionali di Frascati [11,12]. The Coulomb part of
the potential is built by superimposing the atomic charge
densities obtained from Clementi-Roetti tables. The Z +1
approximation was used to account for the core-hole re-
laxation. Muffin-Tin radii were chosen according to the
Norman criterion [13], and a 10% overlap was allowed
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Fig. 2. Comparison between the experimental spectrum of
Cu20 and the 3-shell simulation using the Hedin-Lunqvist
potential.

between contiguous spheres. For the exchange correlation
part of the potential, we used the complex Hedin-Lungqvist
(HL) self-energy, whose imaginary part accounts for the
amplitude attenuation of the excited photoelectron due
to the extrinsic losses. The calculated spectra are further
convoluted with a Lorentzian curve to account for the
core-hole lifetime (1.55 eV for the Cu K-edge [14]) and
the energy resolution of the monochromator (0.3 eV using
Si(311) crystals).

Our XANES simulation starts with the calculation of
Cu K-edges of well-known crystalline structures as CusO
for Cut and CuO for Cu?t, to optimize the parameters of
the calculation and understand the origin of the various
features present in the experimental data. In Figure 1, we
report the comparison of experimental data of Cu K-edge
on crystalline CuzO [9] (solid line) with three calculations
based on clusters made of 1, 2 and 3 shells, respectively.
The X-a potential was used in this case. The XANES
spectrum of crystalline CusO is characterized by the pres-
ence of two peaks, one on the rising edge (peak “A”) at
8982 ¢V and a white line (peak “B”) at 8996 eV (Fig. 1).
The “A” feature at 8982 eV is present in a number of
Cut compounds, and is particularly evident in linearly
2-coordinated systems [10]. It appears that at least three
shells are needed to obtain a good agreement between the-
ory and experiment. We underline the need of a third shell
to have the first peak (A) on the edge. The use of the HL
imaginary potential globally improves the simulation, as
shown in Figure 2. In this case, the energy separation and
the relative amplitude of the various features are satisfac-
torily reproduced. A similar analysis was performed on the
Cu K-edge of crystalline CuO [15]. For brevity, we report
in Figure 3 only the comparison of experimental data and
the simulated XANES spectra based on a 6 shells cluster.
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Fig. 3. Comparison between the absorption edge of crystalline
CuO and the 6-shell simulation with the HL potential. The
local cluster consists in a distorted O octahedron with four
atoms at 1.95 A and two atoms at 2.78 A, plus four Cu atoms
at 2.90 A, four Cu atoms at 3.08 A and two Cu atoms at 3.17 A.

The main features are correctly reproduced at the right
energy position, yet small problems remain with the in-
tensity of the white line “C”, which is overestimated. The
“D” feature in Figure 3 strongly depends on the number
of shells considered in the calculation: to get an apprecia-
ble intensity we needed at least 3 shells around the ab-
sorber. With 6 shells, a quite good agreement is achieved,
as shown in Figure 3.

Turning the attention to the glasses, the simulations
were first performed by using a cluster of only nearest
neighbors, using data found in previous EXAFS inves-
tigations [16-18]. These theoretical calculations did not
reproduce all the structures present in the experimental
data as in the case of crystalline samples (see Fig. 1 for
Cuz0), evidencing the necessity to include in the simula-
tions contributions coming from further shells. To simulate
the glass XANES spectra, geometrical details beyond the
first shell were derived from model compounds consisting
of silicate glasses with the basic features of the character-
istic continuous random network (CRN) of silica [19], and
sodium-silicate glasses [20]. For clarity, we separate in two
sections the analyses of Cu?t and Cut cases.

3.1 Cu?t in glass

In this section, we will consider only the IG sample. It
is expected that in ion implanted samples the local order
around Cu strongly depends on the preparation condi-
tions. From our previous EXAFS [16] investigation on im-
planted soda-lime glasses at either high (5 x 10*¢ Cu/cm?)
or low (1 x 10'® Cu/cm?) fluency, we know that in the
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latter case only Cu?* ions are present. The first coordi-
nation shell around Cu?* ions was found to be formed by
4.0 (£0.5) O atoms at 1.87 (£0.02) A; this atomic arrange-
ment is very similar to that of CuO, which consists of four
oxygen atoms placed at the corners of an approximately
square structure, with a bond length of 1.95 A [15]. To
reproduce the XANES spectra of the IG sample, different
model structures have been considered:

i) In this model, the Cu environment consists of an O
square (Cu—O =~ 1.9 A) plus 4 Si at 3.2 A. This kind
of environment, based on the structure of synthetic
copper sodium silicate NagCug(SiO2)4 [21], was chosen
because it does not exhibit Cu—Cu links up to 3.8 A.

ii) In this model, beyond the O square, 4 Si and 3 Cu

atoms (with a broad distribution of distances between

3.1 and 3.3 A) was included. This type of structure was

chosen on the basis of synthetic (“black”) dioptase [22]

crystal.

In this latest model, we considered only a distorted

O octahedron made by 4 coplanar atoms at 1.95 A

plus two others at 2.38 A along the Z-axis, following

a model proposed for Cu?* ions 4 mM in water solu-

tion [23].

iii)

A pictorial view of these clusters is given in Figure 4.
The first two structures are based on SiO4 tetrahedral
units linked to the metal and should resemble the lo-
cal structure around Cu in the glass. In the calculation,
we assumed Si—O bond length and angles typical of SiO4
tetrahedra. Further O atoms were not included due to the
highly disordered environment of the glass. All simulations
are shown and compared with the experimental spectrum
in Figure 5: it can be noted that the main features of the
experimental spectrum are present in all the simulations.
Namely, feature “E” was obtained in the simulations based
solely on the O square only by applying strong (and un-
physical) distortions of the first shell environment. This
demonstrates that further shells are necessary to repro-
duce all the features of the spectrum at the right relative
energy positions. To a closer inspection, it is clear that
models i) and ii) follow the behavior of the experimen-
tal spectrum better than model iii), where feature “F” is
absent. Therefore, we conclude that further coordination
shells do contribute to the shape of the edge and that
a Cu-Cu coordination is probably present in the Cu?*
sample.

3.2 Cu' ions in glass

We considered samples E and IS. The presence of Cu™
ions in copper-implanted pure silica and soda-lime ma-
trices was evidenced by X-ray photoelectron spectroscopy
(XPS) [24] and XAS [16,18,25]. From previous XAS in-
vestigations [17], we know that in ion-exchanged glass Cu
ions are mainly in the Cu™ oxidation state and are coor-
dinated with 2.0 (£0.7) oxygens at a distance Roy—0 =
1.85(40.04) A. In the implanted sample, a faint signal
from Cu clusters was evidenced together with the pres-
ence of an oxide phase with 2 + 1 O atoms around Cu at
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(©)
Fig. 4. Pictorial views of the clusters i) (a), ii) (b), and iii)
(c) considered in the simulations relative to Cu®" ions. Atoms
are indicated with different symbols: Cu (shaded symbol), O
(small black symbol) and Si (open symbol).

1.87 4+ 0.04 A [18]. As for the other case study, a multi-
shell method was used to reproduce the absorption edge
of the E ad IS samples. In this case, however, no details on
the further coordination shells were known. It is worth to
stress that is not trivial to find a model compound to start
with, since all known Cu silicates reported in literature
are based on Cu?t ions. At this purpose, we considered a

The European Physical Journal B

0.05 1 — — -DIOPTASE
Na-Cu Silic.
-----Aq.Sol.
. 0.04 —IG samplel
"ﬁ
=
=
=}
<=- 003 | \/—
g LT
i) -
2 s
‘e.g 0.02 ~-_-7
<]
Q
=
2 001] | -
g . L i ; P -
£ ; -
< ;
0.00 i
;
,I.
-0.01 . —
-1 0 1 2 3 4 5

Energy (Ry)

Fig. 5. Comparison among the absorption edge of the IG sam-
ple and the simulations of a series of Cu?" compounds. Calcu-
lation was performed with the HL potential on local clusters
(2-3 shells) taken from the known structures of “black” diop-
tase, NagsCus(SiO2)4, and from a literature model for Cu?t in
aqueous solution.

Table 1. Details on the local clusters used for the simulation
of the edge in the case of Cu™ ions in glass. Structures are
derived from a model for Cu™ ions in Y—Zeolite.

Shell N° Struct. i)  Struct.i)  Struct.ii) Struct. ii)
Radius (A) N*°™ type Radius (A) N*°™ type
1 1.88 20 1.90 30
2 2.93 4 Si 2.82 6 Si
3 3.11 2 Si - -

Y—zeolite doped with Cu™ ions. This material was the ob-
ject of XAS [26] and X-ray powder diffraction [27] studies
that determined the chemical state of the metal ions and
the details of their local atomic structure. From this struc-
ture, a couple of 3-shell models were taken into account
for the simulation (see Tab. 1 and Fig. 6):

i) Two linearly coordinated O plus a double shell of six
Si. To check the presence of Cu—Cu coordination in
second shell, a second simulation with the outer Si
atoms substituted by Cu ones was also performed on
this model.

ii) A Cu-Og triangle with an outer shell of six Si.

Assuming model i), the simulations (see Fig. 7) show that
the chemical species of the outer atoms strongly modifies
the intensity of the “A” peak. In particular, assuming the
presence of Cu atoms in a similar environment, the com-
plete cancellation of peak A occurs. So we can conclude
that no relevant Cu—Cu interaction is present, in agree-
ment with the EXAFS results. On the other hand (see
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(b)

Fig. 6. Pictorial views of the clusters i) (a), and ii) (b) con-
sidered in the simulations relative to Cu™ ions. Atoms are in-
dicated with different symbols: Cu (shaded symbol), O (small
black symbol) and Si (open symbol).
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Fig. 7. Comparison of the experimental spectra of Cu™ sam-
ples with the simulations of structure i) (see text). Calculation
was performed with different atoms (Cu or Si) in the outer
shells.
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Fig. 8. Comparison among the experimental spectra for Cu™
ions in glass and calculations. i) and ii) curves are relative to
the structures indicated in the text.
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Fig. 9. Simulations of the edge for Cu™ ions in glass based
on structure I and obtained by tilting the O—Cu—O angle from
180° to 120°.

Fig. 8), the “triangle” ii) model behaves quite poorly with
these data, leading to a red-shift of the white line with-
out structures on the edge, so we exclude such kind of Cu
coordination.

Finally, we looked for the possibility of having a bent
O-Cu-O configuration in the framework of model 1i).
Figure 9 shows that changing the O—Cu—O angle from
180 to 120°, while fixing the outer shell configuration, the
“A” peak intensity monotonically decreases. This means
that the local structure around Cut ions is characterized
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by a linear arrangement of the two first neighbors oxygen
atoms about the central Cu.

4 Conclusion

In this work, the geometry of the local structures around
Cut and Cu??* ions in glass was determined. The analysis
of the X-ray absorption coefficient in the near-edge zone
evidenced a square local symmetry around Cu?* ions, and
a linear coordination of O atoms arounds Cu™ ions. We
can exclude the existence of bent O—-Cu™O chains or
pyramidal arrangements of O around Cu*. The introduc-
tion of outer coordination shells in the calculation greatly
improves the agreement with experimental data. The com-
position of the outer shells cannot be determined in the
Cu?* case, therefore, metal-metal coordination in the sec-
ond shell cannot be excluded, while for the Cut case the
presence of metals can be ruled out.

GILDA is an Italian Collaborating Research Group beam-
line at the European Synchrotron Radiation Facility ESRF
financed by the Italian Institutions CNR, INFM and INFN.
The authors are grateful to Dr C. Lamberti for the stimulating
discussions.
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