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X-ray absorption spectroscopy study of valence and site occupation of copper in LiNbO;: Cu
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The average formal oxidation state of Cu in lithium niobate (LN) crystals doped with different copper levels
(0.1-0.7 wt %), as well as in oxidized and reduced copper-doped LN crystals, is determined by x-ray and
uv-visible and ir absorption spectroscopy and found to vary between 1.2+£0.2 and 1.8*0.2. The average
formal oxidation state of Cu does not notably depend on the Cu concentration (for the range 0.1-0.3 wt %)
upon simultaneous diffusion and oxidation of the doped crystals; but it does depend on the Cu concentration
upon simultaneous reduction of the doped crystals. The x-ray absorption near-edge structure (XANES) and
extended x-ray absorption fine structure analyses of the spectra measured at the Cu K edge provide evidence
that all copper atoms are incorporated predominantly onto Li sites. Two distinct sites can be distinguished,
Cu?* and Cu'* sites, coordinated sixfold and twofold by oxygen atoms, respectively. This result is supported by
calculations of Cu K XANES spectra with the FEFF8.2 code. No experimental evidence is found for formation
of metallic copper or copper oxide clusters in the LN crystals. One of the charge compensation mechanisms
upon reduction of the LN crystals is outgassing of O atoms. Reduction of the Nb formal oxidation state is
likely for total charge compensation. However, Nb Lj; XANES and ir absorption studies do not provide any

evidence for this.

DOI: 10.1103/PhysRevB.77.144103

I. INTRODUCTION

The photorefractive properties of lithium niobate
(LiINbO3, LN) are widely employed in various applications,
e.g., holographic data storage'? and wavelength filters for
telecommunication devices.>* Significantly improved photo-
refractive properties are achieved by doping the LN crystals
with transition metals like Fe,>”’ or Cu (LiNbOj;:Cu).%?
These metal atoms are found in two valence states Cu'* and
Cu?* (Fe** and Fe*), which act as sources (Cu'* and Fe?*)
and traps (Cu®* and Fe®*) of electrons. Upon inhomoge-
neous illumination, electrons are excited into the conduction
band, where they migrate due to drift, diffusion, and the bulk
photovoltaic effect'® and are finally trapped by the Cu®* or
Fe’* impurity centers. The redistributed charge builds up
space-charge fields, which modulate the refractive index via
the electro-optic effect.!’12

It has been shown that highly concentrated copper doping
in LN crystals causes a refractive index change (An) compa-
rable to that of less concentrated iron doping in LN
crystals.'> However, copper-doped crystals can be prepared
by a cheaper and easier diffusion process,®!'* as the diffusion
constant of copper exceeds that of iron by a factor of
500.'415 An increase in An, the key factor in enhancing the
storage capacity of a hologram,'? is achieved by raising the
content of Cu®* traps in a LN crystal. However, at a high
level of Cu?* a decrease of An is observed.' In order to tune
the photorefractive properties of the doped crystals, a de-
tailed knowledge of the average valency of the copper atoms,
as well as their local structure, e.g., site of occupation, is
desirable.
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The structure of LN consists of hexagonal close-packed
oxide ions, where two-thirds of the face-sharing octahedral
sites are occupied by cations, i.e., Li or Nb atoms, and one-
third are empty. Due to electrostatic repulsions, the Li and
Nb atoms are not in the middle of the octahedra, but shifted
in opposite directions along the z axis.'® In the congruently
melting LN used in this study, around 6% of the Li atoms are
missing.!” The majority of the published studies on copper
atoms incorporated into a LN matrix (prepared by a solid-
state reaction'® or an ion exchange method'®) support the
hypothesis that the doped Cu atoms predominantly occupy
Li sites.'$19 However, a detailed study of the electronic and
geometrical structure upon systematic change in copper va-
lence and concentration (0.1-0.7 wt % of Cu) is not yet
available.

X-ray absorption spectroscopy (XAS) techniques, includ-
ing x-ray absorption near-edge structure (XANES) and ex-
tended x-ray absorption fine structure (EXAFS) spectros-
copy, probe the local electronic and geometrical environment
of an element. They are particularly appropriate for charac-
terizing doped materials with small dopant concentrations.
There are numerous XANES studies demonstrating its ability
to detect valence changes and to estimate the average formal
oxidation state of a probed element; see, e.g., Ref. 20.
XANES analysis is also a valuable tool for identifying occu-
pation site symmetry. Detailed EXAFS analysis provides in-
formation on the local geometric structure around the probed
element including and beyond the first coordination shell (up
to ~6 A), without need of long-range order. Alternatively,
the concentration and average formal oxidation state of cop-
per are determined by means of absorption spectroscopy in
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TABLE I. The concentrations of Cu'* and Cu?* (cc 1+ and cc2+) and the total Cu concentration deter-
mined by uv-visible and ir absorption measurements (ccy)-

Notation Cu-layer Ceyl+ Cou2+ Ccu
for the samples thickness (10* m™3) (10* m™3) (10* m™3/wt %)

and spectra (nm) *15% *15% +15%
200_1 200 8 33 41/0.1
200_2 200 17 13 30/0.1
200_3 200 6 31 37/0.1
500_1 500 18 56 74/0.2
500_2 500 31 35 66/0.2
500_3 500 12 59 71/0.2
1000_1 1000 24 81 105/0.3
1000_2 1000 38 52 90/0.2
1000_3 1000 19 99 118/0.3
2000_1 2000 73 48 121/0.3
2000_1_a 2000 90 184 274/0.7
3000_2_a 3000 87 23 110/0.3

the ir and visible spectral regions. The reliability of this tech-
nique for studying the formal oxidation state of metals doped
in LN crystals has been demonstrated in several publications
(see, for example, Refs. 13 and 20).

The goals of our investigation are (i) to define the average
formal oxidation state of Cu in indiffused, reduced, and oxi-
dized LN crystals with different (0.1-0.7 wt % of Cu) doping
levels of copper atoms, (ii) to identify not only the major site
of incorporation (Li or Nb site) of the Cu atoms in all crys-
tals, but also the structural differences between the Cu'* and
Cu?* sites in the indiffused and reduced LN crystals, and,
finally, (iii) to provide evidence for the charge compensation
mechanisms during the reduction treatment.

II. PREPARATION OF THE SAMPLES

The LiNbO;:Cu samples were prepared from commer-
cially available X-cut wafer material (thickness 1 mm). The
wafers were cut into pieces of 9X 10 mm?, where the 10
mm axis is parallel to the crystallographic ¢ axis. After cut-
ting, layers of copper were evaporated onto the surface in
thicknesses ranging from 200 to 2000 nm. The samples were
then annealed at 1000 °C for 24 h in air to allow Cu to
diffuse into the crystal volume.® The samples 200_1, 500_1,
and 1000_1 were prepared in one single diffusion step.
Sample 2000_1_a is first coated with 1000 nm Cu, annealed,
coated for a second time, and subsequently annealed again.
For comparison sample 2000_1 was prepared in one single
step using a 2000 nm layer.

After the diffusion process, samples were either oxidized
in O, atmosphere at 1000 °C for 5 h or reduced in vacuum
about 10~ mbar for 5 h at 1000 °C. Thereby the concentra-
tion ratio ccy2+/ccyi+ was changed. One sample, 3000_2_a,
was diffused and reduced in a single step by annealing at
1000 °C in vacuum for 24 h. The 200, 500, and 1000 sample
series were diffused, reduced, and oxidized at the same time.

The notation for all studied LN crystals and the XANES
spectra are listed in Table I. The three-digit number in
the notation indicates the thickness of the copper layer in
nanometers, e.g., 200 nm. The numbers from 1 to 3 specify
the presence or lack of subsequent treatment of the crystal:
_1 indicates indiffused, 2 reduced, and _3 oxidized. The
letter _a shows a two-step diffusion proccess for the
2000_1_a sample and simultaneous diffusion and reduction
of the crystal for the 3000_2_a sample.

III. EXPERIMENT, METHODS, AND DATA EVALUATION

XAS experiments were performed at the INE beamline at
the ANKA 2.5 GeV synchrotron radiation facility, Karlsruhe,
Germany. For details about the instrumentation at this beam-
line, see Ref. 21. A Lemonnier-type*? double-crystal mono-
chromator equipped with a set of Ge(422) (Cu K edge) or
Si(111) (Nb Ly edge) crystals was employed for energy
monochromatization. For energy calibration of Cu K edge
spectra a photon energy of 8979 eV was set to the first in-
flection point of the K edge spectrum of a copper foil, simul-
taneously measured with the samples and references. The Nb
Ly edge spectra were energy calibrated against the sulfur K
edge white line (WL) (the first intense absorption resonance
of the spectrum) of ZnSO, set to 2481.44 eV. The copper-
doped LN crystals were ground, and absorption spectra of
the powder samples were taken at the Cu K edge (8979 eV)
in fluorescence mode and at the Nb Ly; edge (2371 eV) in
transmission mode. For the measurements in fluorescence
mode, a five-element Ge solid state detector (Canberra type)
was used. During the measurements in fluorescence mode,
each sample was positioned on a goniometer; it was rotated
0.001° with respect to the primary beam after each spectrum,
in order to average out possible diffraction peaks. The spec-
tra of the references Cu, Cu,0, and CuO were measured in
transmission mode.

All Cu K XANES spectra were measured in the energy
interval from 8930 to 9130 eV, with 0.5 eV step width and
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2 s integration time. At the Nb Ly edge, the XANES spectra
were measured in the energy interval from 2324 to 2360 eV,
with 0.1 eV step width and 2 s integration time. At least five
XAS (XANES+EXAFS) spectra were collected from each
sample measured in fluorescence mode, in order to check for
reproducibility of the spectral features and to improve the
statistics. XANES data reduction consisted of subtraction of
a linear background fitted to the pre-edge region, from 8829
to 8959 eV for Cu K edge spectra and from 2324 to 2360 eV
for Nb Lj; edge spectra, followed by normalization of the
spectra to an edge jump of 1 at 9121 (Cu) or 2439 eV (Nb).

The ARTEMIS program package?® was used for EXAFS
analyses. The XAFS signal [x(k)] measured at the Cu K
edge, covering a k range from 2.3 to 10 A~', was Fourier
transformed to R space using k weightings of 1, 2, and 3 and
a Hanning window with window sills dk equal to 2. The
ARTEMIS option for simultaneous fits with all three & weight-
ings (1, 2, and 3) was used. The fit was performed in R space
over a range from 1 to 3.1 A for the 200, 500, and 1000
sample series and from 1 to 3.7 A for the 2000 and 3000
sample sets. For the initial model the structure of LiNbO;
(ICSD 28294) was used. The amplitude reduction factor was
held constant to 0.85 (S(z)), the value obtained from initial fits
for a Cu foil Fourier-transformed (FT) EXAFS spectrum
measured under the same experimental conditions. The error
range of the Sj is estimated to be =0.04.

During fits of the FT EXAFS spectra, the E, and the
Debye-Waller factors were varied. The first coordination
shell (Cu-O) was first fitted using a defined coordination
number, according to the model, and with varying distance.
The fit was repeated with fixed distance and varying coordi-
nation number to ascertain if this led to reduction of the
coordination number. This was the case for the reduced crys-
tals. Therefore, the distance and coordination number were
consecutively fixed and varied until the best fit was obtained.
In the next step the coordination number and distance for the
first coordination shell were held constant at their best-fit
values and the fit range was extended to 3.1 or 3.7 A. The fit
procedure was repeated using the first single-scattering paths
with the highest amplitude contribution, i.e., Cu-Nb, in this
distance range. During the fit procedure, care was taken that
the number of varying parameters was always half or less the
number of independent data points N,,4,>** defined as

2(kmax - kmin) (Rmax - Rmin)
- .

Nipg =

For all performed fits, the obtained r factor (overall goodness
of fit) was 0.01 or smaller, which means that data and fit
agree on average within 1% or better.

The best-fit values for our set of parameters (variables)
were found by minimizing x? by applying the Levenberg-
Marquardt method.>* ¥ is defined as

Nind 2

-
=2 (— :
i=1 \ €

where f; is the function to minimize (the difference between
data and model), and ¢ is the uncertainty in the function to
minimize. The Levenberg-Marquardt algorithm is imple-
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mented in the FEFFIT fit program,® which is part of the
ARTEMIS program package. The uncertainties of the param-
eter fit values are estimated as the value by which y? will
change to a value less than )(2+ 1. Here, it should be noted
that the uncertainties are rescaled by \r’;ﬁ. Xi is the reduced
X° equal to x*/v. V=Njpng—Nyarys 18 the number of degrees of
freedom in the fit, where Ny, is the number of variables in
the fit.

We attempted to simulate the Cu K XANES spectra of the
3000_2_a and 200_1 samples using the FEFF8.2 code.”* The
purpose of the calculations was to check whether it is pos-
sible to reproduce the Cu K XANES spectra using the results
from the EXAFS analyses as input. The calculations were
done for a cluster of 230 atoms and no experimental broad-
ening was taken into account. In the FEFF 8.2 calculations the
EXCHANGE, SCF, FMS, and XANES cards were used. The
Hedin-Lundqvist self-energy was chosen as exchange-
correlation potential, which is the default setting of the EX-
CHANGE card. We did the calculations using a modified struc-
tural model with Cu incorporated into the Li site in two
ways, either by substituting only the absorbing Li atom by a
Cu atom or by substituting 100% of the Li atoms by Cu
atoms. As the obtained spectra are very similar, only the first
calculations (substitution of the absorbing Li atom by a Cu
atom) are shown in Sec. IV C. The atomic cluster employed
in the calculation was modified, in order to approximately
reflect the distances and coordination numbers obtained from
the EXAFS analysis.

The modifications for simulating the 200_1 and 3000_2_a
spectra are as follows. (1) To simulate the 200_1 experimen-
tal spectrum, O and Li atoms were initially moved —0.2 A
(if the z coordinate is positive) or +0.2 A (if the z coordinate
is negative) along the z axis; the Li atoms and the absorbing
Cu atom with z coordinates equal to zero were not moved.
For a second simulation step Nb atoms were shifted +0.1 A
(if the x coordinate is positive) or —0.1 A (if the x coordinate
is negative) along the x axis. The cluster was then modified
by shifting the central absorbing Cu atom +0.16 A along the
z axis, the three oxygen atoms from the first shell with nega-
tive z coordinates +0.5 A along the z axis, and the remaining
three first-shell O atoms —0.05 A along the z axis. In a final
step, the coordinates of the four niobium atoms closest to the
absorbing copper atom were refined in the simulation until
close agreement with the Cu-Nb1 and Cu-Nb2 distances ob-
tained from the EXAFS analysis was achieved. (2) The
modifications of the atomic cluster used for simulation of the
3000_2_a spectrum included removing three O atoms with
positive z coordinates and one O atom with negative z coor-
dinate from the first coordination shell from the list of atomic
cluster coordinates. The two remaining O atoms in the ab-
sorber Cu first coordination shell were then shifted by
+0.2 A along the z axis. The coordinates of the four Nb
atoms closest to the absorbing Cu atom were changed by
shifting the Nbl atom +0.1 A along the z axis, the two Nb2
atoms with negative x coordinates —0.2 A along the x axis,
and the one Nb2 atom with a positive x coordinate +0.1 A
along the x axis.

Copper has two characteristic absorption bands in the uv-
visible and ir spectra of LiNbO5:Cu. Copper in the valence
state Cu'* shows a band in the uv-visible spectral range at
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FIG. 1. Cu K XANES experimental spectra of the (a) 200_1,
200_2, and 200_3 samples; (b) compared to Cu, Cu,0, and CuO
references over a smaller energy range. Inset: the preedge region of
the Cu K XANES experimental spectrum of the 500_3 sample.

385 nm, whereas Cu®* exhibits a band in the ir at 1040
nm.®'? By measuring the corresponding absorption coeffi-
cients, Cu'* and Cu®* concentrations and hence the average
formal oxidation state of Cu can be determined.

IV. RESULTS AND DISCUSSION
A. Average formal oxidation state of Cu

In Fig. 1(b)), the three spectra of the 200 sample series are
plotted along with Cu, Cu,0O, and CuO reference spectra.
The energy positions of the series spectra are located be-
tween the Cu'* and Cu?* references, indicating a mixed va-
lence state (Cu'* and Cu?*) of the copper atoms in the
samples. The energy of the 200_2 spectrum lies closer to the
Cu,0 reference spectrum, suggesting its having a higher va-
lence than Cu'*. The trends in the three spectra in Fig. 1(a))
also indicate a shift in copper oxidation state toward higher
average valence on going from the 200_2 to the 200_1 to the
200_3 samples. The A and C resonances increase as B de-
creases, and resonance D shifts toward lower energies with
reduction of the formal copper valency. The minor changes
in the 200_3 spectrum compared to the 200_1 spectrum may
indicate that the 200_1 sample is already considerably oxi-
dized during the diffusion process performed in air.

One way to quantitatively elucidate the formal valence of
a metal oxide is to determine the energy position of the ab-
sorption edges in comparison with suitable reference com-
pounds. These positions can be defined, for example, as the
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TABLE II. Formal oxidation state of Cu for all studied samples
determined by x-ray and ir-visible (ir-vis) absorption spectroscopy.

Sample X-ray ir-vis Averaged value from
results results the two methods
*0.2 *0.2 *0.2
200_1 1.7 1.8 1.8
200_2 1.2 1.4 1.3
200_3 1.8 1.8 1.8
500_1 1.7 1.8 1.8
500_2 1.4 1.5 1.5
500_3 1.8 1.8 1.8
1000_1 1.7 1.8 1.8
1000_2 1.4 1.6 1.5
1000_3 1.8 1.8 1.8
2000_1_a 1.7 1.7 1.7
2000_1 1.4 1.4 1.4
3000_2_a 1.2 1.2 1.2

first inflection points of the respective spectra, i.e., the maxi-
mum of the first intense peak in the first-derivative spectrum.
However, this widely applied approach is not valid for the
spectra of the reduced samples as they exhibit structures on
the rising edge of their XANES. For example, the energy
positions of the first inflection points of the 200_1 and 200_2
spectra almost coincide; whereas the 200_2 spectrum is dis-
tinctly shifted toward lower energies [see Fig. 1(b))]. We
therefore define the absorption edge energy as the energy
point at 1/3 of the absorption level of the normalized spectra
[an example is displayed in Fig. 1(b))]. Similar approaches
for defining absorption edges are found in the literature, e.g.,
the energy position of the maximum of a resonance on the
absorption edge® or from the WL is used.?® A linear model
was employed to fit the edge energy position of the reference
spectra of Cu, Cu,0, and CuO as a function of copper va-
lence 0, +1, and +2 formal oxidation states, respectively.
This linear function was used as a calibration line to deter-
mine the average formal oxidation states of all samples; a
graphical example of the empirical method can be seen in
Ref. 20. Within the error bars, the obtained values (Table II)
are in agreement with the values obtained from the absorp-
tion measurements in the infrared and visible spectral ranges.

The 500_1 and 1000_1 Cu K XANES spectra (not shown)
resemble the 200_1 spectrum. There is no qualitative or
quantitative evidence for changes in copper average valence
in these three samples; the average valence of copper is
1.8+0.2 in all three (see Table II). Since the crystals are
diffused simultaneously, this finding shows that the average
formal oxidation state of copper does not depend on the cop-
per concentration within the concentration range studied
(0.1-0.3 wt % of Cu). The average formal copper valence is
also the same for the three oxidized crystals, as the 500_3
and 1000_3 spectra (not shown) are identical to the 200_3
spectrum (Fig. 1). However, pronounced differences are
present in the spectra of the simultaneously reduced samples,
shown in Fig. 2. Analogous trends in spectral changes in the
features A, B, C, and D (Fig. 2) discussed above are observed
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FIG. 2. Experimental Cu K XANES for the 200_2, 500_2, and
1000_2 samples.

here as a function of decreasing copper concentration. This
indicates an increase in the relative amount of Cu'" in the
order 1000_2, 500_2, 200_2.

The average copper valence differs in the 2000_1_a,
2000_1, and 3000_2 crystals (Table II), i.e., it is 1.7 £0.2 for
the 2000_1_a sample, 1.4 *=0.2 for the 2000_1 sample, and
1.2*0.2 for the 3000_2_a sample. The Cu K XANES spec-
tra of the three samples are displayed in Fig. 3. The reso-
nance A, which increases with increasing contribution of
Cu'* (Fig. 3, Table II), is observed in the 2000_1 and the
3000_2_a spectra. Clearly, it is possible to reach a desirable
average Cu valency and high doping level of copper (0.3-0.7
wt % of Cu) by applying simultaneous or subsequent diffu-
sion and annealing procedures. The Cu K XANES spectra
(Fig. 3) resemble the spectra of the LN crystals with low
copper concentration, which suggests that there are no major
electronic or geometrical structural differences in the highly
doped crystals. However, the Cu atoms in the 2000_1 crystal
are already considerably reduced during the indiffusion pro-
cess, i.e., no additional reduction treatment is performed.
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FIG. 3. Experimental Cu K XANES for the 2000_1_a, 2000_1,
and 3000_2_a samples.
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Further experiments should be performed to study the influ-
ence of high Cu concentrations on the Cu?*:Cu'* ratio.

B. Local atomic environment of the Cu atoms

Figures 4 and 5 depict the EXAFS spectra (in R, ¢, and k
space) of all studied LN crystals. The fit results (Table III)
allow us to conclude that the Cu atoms occupy the Li site.
Three Nb atoms are found at about 3.1 A distance, varying
from 3.04 to 3.15 A from the indiffused to the reduced crys-
tals. The model of Cu on the Li site implies three Nb atoms
at 3.06 A. The high scattering amplitude of the heavy Nb
atoms leads to a pronounced peak A at around 3 A. If Cu
were located at Nb sites, backscattering from the lighter Li
atoms at this distance would result in a significantly less
pronounced feature. Moreover, the fingerprint for a Cu on Nb
site model, i.e., a distinct peak due to the Nb-Nb coordina-
tion at around 3.5 A, is not present in the experimental spec-
tra (see Figs. 4 and 5), also indicating that Cu does not oc-
cupy Nb sites.

In principle, the FT peak A (Figs. 4 and 5) might also be
caused by scattering of the photoelectron on other heavy
metal atoms, i.e., in our case other Cu atoms. Thus, we have
assumed and tested two more models: incorporation of Cu
into Li and Nb sites and formation of a copper oxide phase
embedded within the LiNbO5 matrix. In both cases, the qual-
ity of the fits using those models was poor, which gives us
confidence in ruling them out. Please note that this excludes
the presence of Cu-O-Cu coordination in copper-doped LN
crystals.

After diffusion of Cu atoms, about 20% =+ 15% Cu!* and
80% * 15% Cu** are found in the crystals (Table I). After
reduction of the doped crystals, the amounts are converted to
about 80% = 15% Cu'* and 20% =+ 15% Cu?* (Table I). Our
results support strongly the hypothesis that there is just one
site for all Cu atoms, independent of their formal valence,
namely, the Li site. It is now important to identify the
changes in the local geometry that are connected with va-
lency changes due to oxidation and reduction.

Changes in the local coordination geometry upon changes
in formal oxidation state are reflected in the reduced number
of O atoms in the first coordination shell in the samples with
average formal valence of Cu equal to or lower than
1.5+0.2 (Figs. 4 and 5, Table III). The effect is most signifi-
cant for the 200_2, 2000_1, and 3000_2_a samples, showing
a decrease in average coordination number from six to
around three O atoms. Changes in coordination symmetry
with copper valence are also observed in the XANES spec-
tra. The weak preedge peak at around 8978 eV (inset in Fig.
1) is not present in XANES spectra of compounds containing
Cu'* because of the completely filled Cu 3d shell. The
preedge peak is assigned to a 1s-3d transition in the case of
CuO by Bocharov et al.* However, in compounds without
inversion symmetry, this feature can also be due to transition
of the 1s electron to a molecular orbital, formed by hybrid-
ization of the O 2p and Cu 34 orbitals. The existence of the
preedge peak can serve as a fingerprint for a high contribu-
tion of Cu*, and its energy position can serve as a finger-
print for site symmetry of the Cu* atoms.?’~2° This feature is
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FIG. 4. EXAFS spectra in R (amplitude and imaginary parts of the FT EXAFS spectra) (a), ¢ (b), and k (c) space and their best fits for

the 200_2, 200_1, 500_2, 500_1, 1000_2, and 1000_1 samples.

also detectable in the first derivative of a spectrum. Figure 6
displays the preedge region of the first-derivative XANES
spectra of all studied samples and references. The preedge
peaks show up as maxima and are indicated with a line and
arrows in the figure. The energy position of the XANES
preedge peaks of the 200_3, 500_3, 1000_1, 1000_3, and
2000_1_a samples coincides with that of the octahedral com-
pound. This feature, in contrast, is shifted by 1 eV to higher
energies for the square planar compound CuO (Fig. 6). This
suggests predominant octahedral site symmetry of the Cu?*
atoms in these samples. The coordination numbers obtained

from the EXAFS analysis also suggest octahedral site sym-
metry of the Cu atoms in the crystals with formal valence
equal to or higher than 1.7 %0.2.

We therefore can use the 200_1, 500_1, and 1000_1 Cu K
XANES spectra as a sort of reference containing mainly
Cu?* in an octahedral geometry and the 3000_2_a Cu K
XANES spectrum as a reference containing mainly Cu'*.
Linear combination least-squares fits of the 200_2, 500_2,
1000_2, and 2000_1 spectra were performed using the 200_1
and 3000_2_a spectra as Cu?* and Cu'* reference com-
pounds. The aim was to verify whether Cu?* atoms in an

0,3
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- - bestfit

03
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0.1
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0,0
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FIG. 5. EXAFS spectra in R (amplitude and imaginary parts of the FT EXAFS spectra) (a), ¢ (b), and k (c) space and their best fits for

the 2000_1_a, 2000_1, and 3000_2_a samples.
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TABLE III. Results of the EXAFS analyses. The type of atom neighboring the absorbing Cu atom is given in the first column. The
structural parameters and the employed model are in the remaining columns: N, coordination number; R (A), distance; N,,, coordination
number of the Cu in Li site model; R—R,, (A), difference between fitted and model distance; o2 (A2), Debye-Waller factor.

N N, R(A) R-R, o2 (AY N N, R(A) R-R, o (AY) N N,, R(A) R-R, o> (A?
+0.01 (A)  +0.001 +0.01 (A)  *0.001 +0.01 (A)  *0.001
200_1 500_1 1000_1
01 60 30 198 -0.08 0012 60 30 200 -007 0012 60 30 200 -006 0013
02 3.0 3.0 3.0
Nbl 1.0 1.0 299 -0.02 0.012° 1.0 1.0 301 000 0010 1.0 1.0 302 001 0.010
Nb2 30 3.0 304 -002 0012° 30 3.0 305 000 0010 30 30 306 001 0010
03 30 3.0 322 -006 0012 30 3.0 322 -006 0012 30 30 324 -005 0013
200_2 500_2 1000_2
0l 3404 30 201 =006 0005 44+02 30 199 =007 0.007 55*05 3.0 201 -0.05 0.012
02 3.0 1.1+£03 3.0 225 001  0.007 3.0
Nbl 1.0 1.0 3.09 0.08 0.007 1.0 1.0 3.09 008 0019 1.0 1.0 3.03 002 0.012*
Nb2 30 30 314 008  0.007 30 30 314 009 0019 30 3.0 307 002 0012°
03 1.7x0.7 3.0 3.14 -0.14 0.005 30 30 321 =007 0.007 23*08 3.0 315 -0.13 0.012
Nb3 30 3.0 330 -0.08 0.007
2000_1_a 2000_1 3000_2_a

01 60 30 199 -007 0012 42+03 3.0 199 -008 0008 33+02 3.0 200 -0.06 0.006
02 3.0 3.0 3.0
Nbl 1.0 1.0 301 000 0.011 1.0 1.0 3.08 007 0016 1.0 1.0 310 009  0.007
Nb2 30 30 306 000 0011 30 3.0 313 008 0016 30 30 315 010  0.007
03 30 3.0 321 -008 0012 32+04 30 3.16 -0.12 0008 20*04 30 324 -005 0.006
Nb3 30 3.0 372 030 0011 3 3.0 321 =017 0.016 30 30 329 -0.08 0.007
05 07+02 3.0 406 013  0.006

4The error bar is £0.002.

octahedral geometry contribute to the samples with formal
valence equal to or higher than 1.5*0.2. An example from
these analyses is shown in Fig. 7. The linear combination of
30% of the 200_1 spectrum and 70% of the 3000_2_a spec-
trum is plotted along with the 2000_1 spectrum. The good
agreement between simulated and experimental spectra and
the finding that Cu®** and Cu!* atoms contribute about
40% *=15% and 60% * 15%, respectively, in the 2000_1
sample suggest that the Cu* atoms in the 2000_1 sample are
mainly sixfold coordinated by O atoms and the Cu'* atoms
are mainly twofold coordinated by O atoms; four O atoms on
average in the first coordination shell are found by the EX-
AFS analysis for this sample. This result is valid for all re-
duced crystals, as it was possible to simulate their spectra
with a linear combination of the 200_1 and 3000_2_a spectra
(200_2, 30% 200_1+70% 3000_2_a; 500_2, 50% 200_1
+50% 3000_2_a; 1000_2, 60% 200_1+40% 3000_2_a).
The resonance A [Fig. 1(a)] is assigned to the transition of
the 1s electron to the doubly degenerate 4p, state.?” In their
systematic XAS study of 19 Cu'*- and 40 Cu?*-containing
compounds, Kau et al. showed that resonance in Cu K
XANES between 8983.5 and 8984.5 eV with an intensity

comparable to the intensity of the WL of a conventionally
normalized XANES spectrum appears in Cu K XANES
spectra of twofold-coordinated Cu'* compounds.?” The pres-
ence of resonance A, which resembles that described by Kau
et al. (Figs. 1-3) in the Cu K XANES spectra of the reduced
LN crystals, confirms the EXAFS result that the major part
of the Cu!* atoms in these crystals are twofold coordinated.
The resonance is most intense in the Cu K XANES spectra of
the crystals with highest Cu!* contribution (e.g., sample
3000_2_a with average copper valence 1.2).

In order to compare the Cu-O bond lengths for the crys-
tals with formal valence of Cu =1.5*+0.2 and =1.7+0.2,
several factors should be considered. A bond length is influ-
enced by the formal valence of the absorbing atom, elec-
tronegativity of the ligands, and the local coordination sym-
metry. A metal-oxygen bond distance increases with a
decrease in the formal oxidation state of the metal; see, e.g.,
Ref. 30. This trend is valid for the Cu-O bond distance in the
Cu'*-containing compounds Cu,0 (1.85 A, ICSD 63281)
compared to the Cu-O distance in the Cu** compound CuO
(1.69 A, ICSD 67850). Site symmetry also has a significant
influence on the metal-oxygen bond length. The Cu** com-
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FIG. 6. First derivative of the experimental Cu K XANES spec-
tra of all studied samples and Cu, Cu,O, CuO, and CuNb,O¢
references.

pound CuNb,O¢, which has Cu in octahedral coordination,
has a Cu-O bond length (1.97 A, ICSD 74424) 0.12 A longer
than CuO with square planar coordination. Such a symmetry
variation could explain the almost the same Cu-O distance
difference for the indiffused and reduced samples obtained
from the EXAFS analysis.

The obtained 0, , parameters (Table I1I) for the crystals
with average formal oxidation state of Cu=1.7 are compa-
rable to values obtained from a temperature-dependent EX-
AFS study of copper-doped magnesium oxides.*® We con-
sider this material an appropriate model system, because the
nearly perfect octahedral oxygen coordination of the Cu®*
ions at room temperature distorts at higher temperatures.
Moreover, the Cu?* (0.73 A) and Mg?* (0.72 A) ions have
almost the same ionic radii,>” which explains the result that
the substitution of Mg by Cu does not lead to significant
structural distortion.’® The o3, , parameters in Ref. 36 vary
from 0.012 A2 (300 K) to 0.024 A2 (1500 K). Comparison
of these values to the g, , values obtained for our copper-
doped LN crystals (0.006—0.013 A2) indicate that our crys-

1,24

1,04

0,84

0,6 1

——2000_1

044 | 70% 3000_2_a + 30% 200_1

Absorption (arb. units)

0,24

0,0+

T T T T T
8980 9000 9020 9040 9060
Energy (eV)

FIG. 7. Experimental Cu K XANES spectra for the 2000_1
sample and the result of a linear combination least-squares fit using
70% 3000_2_a XANES and 30% 200_1 XANES.
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FIG. 8. Simulated (a) 3000_2_a and (b) 200_1 Cu K XANES
spectra and (c) experimental 200_1 and 3000_2_a Cu K XANES
spectra.

tals have undistorted sixfold-coordinated Cu?*. The reduced
distortion of the octahedral Li site compared to undoped
LN can be explained by the differing ionic radii of Li'*
(0.63 A, sixfold coordination) and Cu* (0.73 A, sixfold
coordination).’”

In contrast to the near-invariant Cu-O bond distance, the
Cu-Nb distance is affected by the reduced formal valency
and average oxygen coordination of the Cu atoms. The
Cu-Nb distance increases with increasing copper reduction.
For example, the 200_1 sample has a Cu-Nb2 distance of
3.04*=0.01 A, whereas this distance in the 200_2 sample is
3.14+0.01 A (see Table IIT). This result suggests that the
incorporated Cu atoms cause local structural disorders, i.e.,
local changes in the crystallographic parameters of the
LiNbO; crystal. Formation of crystalline phases, other than
LiNbOj is reported by x-ray diffraction studies on LN crys-
tals doped with copper by an ion exchange method.'® How-
ever, copper is inhomogeneously distributed in the sample
studied in Ref. 19, whereas it is not the case for the copper-
doped LN crystals studied here. See Ref. 7 for an example of
a typical copper distribution profile.

C. Simulation of the Cu K XANES spectra

In Fig. 8, the experimental and theoretical Cu K XANES
spectra calculated with the FEFF8.2 code®* for the 3000_2_a
and 200_1 samples are shown. These samples are selected as
they are representatives of the two copper coordination sym-
metries, twofold-coordinated Cu'* and sixfold-coordinated
Cu?*. In our simulation approach the atom coordinates of the
atomic cluster used in the calculations were modified in or-
der to reproduce values obtained from the EXAFS analysis
for distances, within the error bars up to ~3 A, and coordi-
nation numbers. For simulation of the 200_1 spectrum, the
distances used are Cu-O=1.98 10%, Cu-Nb1=3.0 10%, and
Cu-Nb2=3.04 A. For simulation of the 3000_2_a spectrum,
the distances are Cu-O0=2.01 A, Cu-Nbl1=3.11 A, and
Cu-Nb2=3.16 A. It was not sufficient to modify only the
coordinates of the atoms of the first two shells for the 200_1
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spectrum (see Sec. III). Therefore, additional refinements of
atomic coordinates of the distant atoms were done until close
agreement between the experimental and simulated spectra
was achieved. A similar approach for reproduction of an ex-
perimental XANES spectrum is followed by using the MXAN
package.?'3? In this package the initial atomic coordinates of
a model compound with known structure are refined and a
XANES spectrum is repeatedly calculated until the experi-
mental and theoretical spectra closely agree. The refined dis-
tances between the absorber and the closest neighboring at-
oms are compared to those obtained from EXAFS analysis
and x-ray diffraction.?

There is at least one configuration of atomic coordinates
leading to satisfactory agreement between calculated and ex-
perimental spectra of the 200_1 and 3000_2_a samples that
accounts for the EXAFS results. Refined atomic coordinates
from the XANES simulations support the hypothesis of the
existence of two different Cu sites, i.e., twofold and sixfold
coordinated by O atoms, in the samples with formal valence
of Cu equal to or lower than 1.5 % 0.2. The calculations dem-
onstrate the utility of a top-down approach refining atomic
coordinates by using EXAFS results as initial input to obtain
good agreement between experimental and calculated spec-
tra.

D. Charge compensation mechanism

The average number of oxygen ions next to Cu is reduced
from six to three upon reduction of the doped LN crystals
(Table III). This finding suggests that one of the mechanisms
providing charge compensation upon reduction of the doped
crystals is the outgassing of O atoms. In principle, the reduc-
tion treatment might lead not only to a lower formal valence
of copper, but also to a change in the formal oxidation state
of the Nb atoms, i.e., from an initial 5+ formal valence to a
lower one. In order to identify Nb valence changes, the Nb
Ly XANES spectra of the copper-doped LN have been re-
corded. The spectra for samples 1000_1 and 1000_2 are
shown in Fig. 9 as examples and compared to spectra for
LiNbO; (Li'*, Nb°*) and Nb,0O, (Cu?*, Nb**) references.
The Ly, absorption edge of Nb of the Nb** reference is
shifted around 1.2 eV toward lower energies compared to the
Nb>* reference compound (Fig. 9). The 1000_1 and 1000_2
spectra do not exhibit any energy shift compared to that of
LiNbO;. This result suggests that the formal oxidation state
of Nb remains 5+ after reduction of the doped LN crystals.

Let us examine possible mechanisms for charge compen-
sation. In the case of reduction of all Cu atoms in the
3000_2_a crystal (0.3 wt % of Cu), 0.2% of all O atoms
should leave the structure for charge compensation (Cu at-
oms are 1.3% of all Li atoms). The EXAFS analyses suggest
that Cu atoms do not share the same oxygen atoms, as no
Cu-O-Cu coordination was found (Table III); hence, the
number of outgassed O atoms leading to oxygen vacancies
should be four times the number of all copper atoms, which
is ~1.7% of all O atoms. Charge compensation for the re-
maining ~1.5% O atoms must come through reduction of
~2.2% Nb atoms from Nb>* to Nb**. However, at least 6%
of the Nb atoms must have formal oxidation state 4+, in

PHYSICAL REVIEW B 77, 144103 (2008)
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FIG. 9. Nb Lj;; XANES experimental spectra of the 1000_1 and
1000_2 samples and Nb,O, and LiNbO; references.

order to shift the Nb L; XANES spectrum 0.1 eV toward
lower energies. The error bar in energy position of the Nb Ly
edge is estimated as 0.1 eV, which is the width of one step.
Reduction of Nb atoms, theoretically likely, cannot be de-
tected, because the energy resolution is not sufficient. Nb**
located at Nb sites has an absorption band at about 1 eV
(1240 nm), whereas Nb** located at Li sites has an absorp-
tion band at about 1.6 eV (775 nm) so that at least one of
these bands should be detected by absorption spectroscopy.
However, the Cu?* has a broad and unstructured absorption
band in the range of 1.2 eV (1040 nm), which lies in the
range of Nb** absorption at about 1 or 1.6 eV. The 15% error
bar that we assigned to our optical absorption measurements
includes also the error due to such absorption bands. One
should also keep in mind that we assumed all Cu atoms are
reduced from Cu?* to Cu'". In reality, none of the crystals in
our investigations are reduced completely. From our findings
and the corresponding model it is obvious that there are still
some discrepancies. Thus, we are planning additional experi-
ments to finally clarify the oxygen problem in LiNbO;.

V. CONCLUSION

The XAS studies performed lead to the following conclu-
sions.

(I) The average formal oxidation state of Cu in all
samples is between Cu'* and Cu?* (Table II).

(2) Tt was found that the average formal valency of Cu
does not notably depend on the Cu concentration (for the
range 0.1-0.3 wt % of Cu) upon simultaneous diffusion and
oxidation of the doped crystals. However, it does depend on
the Cu concentration upon reduction of the doped crystals.

(3) We found strong experimental evidence that the Cu
atoms occupy predominantly Li sites for all samples. It was
possible to distinguish between Cu'* and Cu?* sites: (i) the
Cu?* atoms are sixfold coordinated by O atoms in the LN
crystals having a formal Cu valence equal to or higher than
1.7+0.2; (ii) Cu'* atoms are twofold and Cu?* sixfold coor-
dinated by O atoms in the LN crystals having formal Cu
valence equal to or lower than 1.5%0.2.
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(4) Upon reduction of the doped LN crystals, one of the
charge compensation mechanisms is outgassing of O atoms.

(5) No experimental evidence for metal copper or copper
oxide cluster formation in the LN matrix was found, even for
the highly doped LN crystals (0.3-0.7 wt % of Cu).

(6) Change in the formal oxidation state of the Nb atoms
upon reduction of the crystals is likely for charge compensa-
tion, but was not detected by the XAS measurements at the
Nb Ly; edge due to the expected change being lower than the
energy resolution.

Understanding of the microstructure of the copper centers,
as well as the charge compensation mechanisms during the
reduction process, is essential for fine-tuning the optical

PHYSICAL REVIEW B 77, 144103 (2008)

properties of copper-doped LN crystals. Moreover, insight
into the site symmetry of the impurity centers can help in
interpreting the deviations from a perfect Gaussian shape in
uv-visible and ir absorption spectra (see, e.g., Ref. 38).
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