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Rh doped potassium niobate single crystals are grown by the high-temperature solution growth (HTSG) method with a melt doping level
of 1500 mg/g. The crystals are reduced to different levels by subjecting them to an in situ high-temperature reduction under an oxygen-
deficient atmosphere followed by fast cooling. The characterization results indicate a segregation coefficient of slightly less than 1% for
rhodium. The high-resolution X-ray diffraction studies reveal only a slight broadening for reduced crystals, indicating that the reduction
process does not deteriorate strongly the crystalline perfection. Loss of an oxygen atom by formation of an oxygen vacancy accompanied

by releasing two electrons is identified as the most likely defect mechanism for the reduction, which results in a lower valence of Rh in the
lattice and appears a strong change in the absorption spectrum. The reduction is also accompanied by a loss of hydrogen that leads to a
decrease of the infrared (IR) vibrational bonds associated to the OH complex. Two-wave mixing measurements show that majority charge
carriers for highly reduced crystals change from holes in unreduced crystals to electrons in reduced crystals at longer wavelength (4580 
nm).

1. Introduction

Potassium niobate, KNbO3 (KN), is a very attractive

material for photorefractive applications because of its

large electro–optic coefficients and the high photosensitiv-

ity and photoconductivity observed in reduced crystals

[1–3]. The material is used in non-linear and electro-optics

and, in the doped form, in the fields of all optical image

manipulation, data processing and beam amplification.

It has been demonstrated earlier that reduction of as

grown KN crystals enhances the photorefractive properties

of the material. The reduced crystals have a higher and

faster photorefractive response than the unreduced ones

[3–6]. Oxygen is present in KN as O2� with saturated

bonds oriented along the octahedral edges. During reduc-

tion, when oxygen is removed from the crystal lattice to

form O2 molecules in the surrounding atmosphere, two

oxygen vacancies are created inside the crystal, which act as

shallow donors containing two electrons [5]. Crystals may

be reduced also through the process of hydrogen loading.

O–H bonds are being generated in the crystal lattice at the

site of oxygen and one electron is made available [7]. In the

KN crystal lattice OH vibrational bonds exist in as-grown

samples due to hygroscopic nature of the K2CO3, starting
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material used for crystal growth [8]. Hence, during

reduction the movement of oxygen atoms and O–H bonds

in the crystal lattice takes place and a transition from p-

type to n-type conductivity occurs, which helps to increase

the effective densities of the photo active centers (electron

donors). There are several methods for reducing KN.

These include electro–chemical reduction [9], ion implanta-

tion [10], reduction by hydrogen loading [7] and high-

temperature gas-induced reduction [5,11].

Reduced Rh doped KN crystals grown in our laboratory

have been used as efficient photorefractive materials for the

near-infrared (IR) wavelengths [5]. However, details of the

crystal growth of such crystals have not been reported. In

this article we describe the growth of Rh doped KN single

crystals by the high-temperature solution growth (HTSG)

method [12]. Reduction of part of the crystals by an in situ

high-temperature CO/CO2 gas treatment was performed.

In order to improve and control the photorefractive

properties of the material, it is important to investigate

the behavior of the crystal with respect to the reduction

level. Three crystals were investigated: an unreduced and

two crystals with a different level of reduction. A detailed

investigation of crystalline perfection, composition and

optical absorption spectra shows that reduction affects

slightly the crystalline perfection. Small change in oxygen

concentration modifies the optical properties of Rh doped

KN crystals. A comprehensive characterization of the

crystal samples by X-ray diffractometry, Rutherford back

scattering (RBS), Laser ablation-inductively coupled plas-

ma mass spectrometry (ICP–MS), absorption spectroscopy

for visible and near–IR electronic transitions as well as OH

stretching vibrations and two-wave mixing measurements

is reported here.

2. Crystal growth, reduction and sample preparation

Rh doped KN single crystals were grown by the top seed

solution growth method (TSSG) using a home developed

crystal growth system. The latter consists of a furnace of

super-Kanthal, the sealed crystal growth chamber and a

fine pulling and rotation mechanism with accurate crystal

weighing detection mechanism.

The KN powder used for the growth experiments was

synthesized by mixing K2CO3 (Fluka, Puriss) and Nb2O5

(H. C. Starck Gmbh & Co. ultra pure grade) powder

heated at 800 1C for 4 h. This process was repeated three

times to ensure that solid state reaction of the two powders

was complete and the resulting powder was KN. A flux of

K2O-rich melt was prepared by adding an additional

amount of K2CO3 to the KN powder. In the obtained flux

with a composition ratio of K2O:Nb2O5 of 51.5:48.5 a

small amount of Rh2O3 (Aldrich Chem. Co., 99.8% pure)

powder was added to produce 1500 mg/g doped melts. This

flux was used for the crystal growth experiments. The

crystal pull rate was 0.2mm/h and a rotation rate of 15 rpm

were used. A [1 0 1]c seed orientation was kept for all the

crystal growth experiments reported here. Here the sub-

script c indicates the orientation refers to the high-

temperature cubic phase of KN.

Unreduced as-grown crystals are normally cooled down

to room temperature with a constant 15 1C/h cooling rate.

However, for the reduction of the crystals, a two-step

cooling process was adopted. It has been observed

previously that if the crystals are cooled very fast in an

oxygen-deficient atmosphere, re-oxidation of the sample

can be minimized [5,11]. Oxygen vacancies are first

produced at the surface of the crystal, which is directly

exposed to the low oxygen partial pressure atmosphere. In

our case the atmosphere was composed by a CO/CO2

mixture with a 9:100 volume ratio. These vacancies spread,

by diffusion, to the whole crystal volume during the 24 h at

which the crystal is kept in the reducing atmosphere. In this

stage the crystal was pulled out about 2 cm above the melt,

where the temperature is approximately 50 1C lower than

that of the crystal growth (1040 1C). After this stage, the

crystal was cooled in two steps. In the first step the crystals

were allowed to cool down fast until they reached a certain

temperature (above the cubic–tetragonal phase transition

temperature of KN). The typical cool-down rate in this

step was in the order of 200–350 1C/h. In the second step a

small cooling rate of 15 1C/h was performed until the

crystal reached room temperature. The first step of cooling

basically allows to freeze-in the reduction state induced at

the high temperature. The level of reduction is therefore

critically determined by the gas mixture and by the cooling

rate of the first step. In our work we have kept the gas

mixture constant; however, the cooling rate in the first step

is different to achieve different reduction levels.

Figs. 1(a and b) show photographs of as-grown reduced,

and unreduced single crystals of Rh doped KN. The boule

]122 in Fig. 1(a) is highly reduced, its dimensions are

roughly 36� 18� 11mm3 and its weight is 25.5 g. In

contrast, the crystal shown in Fig. 1(b) is unreduced

(]131) and dark yellow in color. It weights 15.3 g and its

dimensions are 30� 16� 9mm3. The color of the reduced

boule of Fig. 1(a) is dark brown in the center and dark

amber at the bottom of the crystal. This indicates that

reduction is not uniform throughout the crystal boule. The

homogeneity in reduction depends on the doping level of

the crystal. It has been observed that for higher doping

levels one requires low reduction treatment to obtain

homogeneous crystals. Earlier investigations with Fe doped

KN [13] indicated that constant and relatively fast cooling

rates (40 1C/h) can produce homogeneous reduced crystals

for low doped crystals. However, highly doped crystals

require a faster cooling rate in the first step of cooling. On

the other hand, crystals have a tendency to reoxidize in the

cooling. Hence, the central region of the crystal shows a

stronger reduction than the bottom part or the edges.

As mentioned above, reduction is strongly affected by

the process of cooling of the as grown crystal. In the

present investigation we have studied three crystal boules

in detail. Two of them were reduced and one was

unreduced. Among the reduced crystals, the boule ]122 is
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highly reduced. For this crystal, the first step of cooling,

rate was 350 1C/h temperature. The crystal was allowed to

cool at this rate until it reaches 600 1C and then was cooled

to room temperature at the slower rate of 15 1C/h. The

crystal ]125 shows a medium degree of reduction. In the

first step, this crystal was cooled at a rate of 220 1C/h until

700 1C and was then later cooled further at 15 1C/h. Due to

slower initial cooling rate for this crystal the degree of

reduction is weaker in the crystal ]125. The medium

reduced crystal is dark amber in color.

2.1. Preparation of specimen crystals

The crystal boules were first lapped with alumina powder

and then etched in hydrofluoric (HF) acid at 80 1C for 1 h.

By studying the etch pits formation on the b-plane of the

crystal boule, the c-direction (polar axis) of the crystal was

determined. The specimen crystals were later oriented by

studying Laue X-ray diffraction spots and cut in the wished

directions and sizes by using a diamond wire-saw cutter of

40 mm size. The crystals were finally polished with 3 mm

Fig. 1. (a) Highly reduced Rh doped KN crystal and (b) unreduced Rh doped KN Crystal.
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alumina paste and poled in c-direction. The dimensions of

the studied samples are: a� b� c ¼ 5:5� 1:9� 4:5,
4.2� 2.1� 5.9, 6.2� 2.4� 3.9mm3 for sample ]131 (un-

reduced), sample ]125 (medium reduced) and sample ]122
(highly reduced), respectively.

3. Sample characterizations

The samples obtained by the method described above

have been characterized in order to determine the quality

of the crystalline lattice, their composition and the level of

reduction. For this purpose, high resolution X-ray diffrac-

tion (HRXRD), RBS, ICP–MS, absorption spectroscopy

and photorefractive two-wave mixing measurements were

performed.

3.1. High resolution X-ray diffraction (HRXRD)

HRXRD gives information on the quality of the

crystalline lattice. A commercially available X-ray diffract-

ometer (Seifert XRD 3003 PTS-HR) was used for these

experiments. The highly monochromatic and collimated

CuKa1 (power: 40 kW, 20mA) X-ray exiting from the two

germanium single crystals taking the role of monochroma-

tors was used as a probe beam for the measurements. The

X-ray intensity was detected by a scintillation detector.

Fig. 2 shows a typical diffraction curve of the unreduced

Rh doped KN crystal sample (]131) for (0 1 0) diffracting
planes. The curve shows a single sharp peak with a half-

width of 2370.5 arcsec. The probe beam size was

15� 2mm2 for this experiment. Theoretically, the half-

width of the diffraction curve for (0 1 0) diffracting plane

and CuKa1 exploring beam is calculated to be 1.55 arcsec

by using the plane wave dynamical diffraction theory for

X-ray diffraction using the relation [14,15]

Dy ¼
2rel

2CF g

pgV c cos yB
, (1)

where Dy is half-width, re ¼ 2:82� 10�15 cm is the classical

electron radius, l ¼ 1:54� 10�8 cm is the wavelength of the

exploring X-ray beam, C is the polarization factor which is

one for symmetrical Bragg reflection, F g ¼ 21:0 is the

structure factor, g is the diffraction vector taken as unity

for first-order reflection, V c ¼ 1:29� 10�24 cm3 is the

volume of the unit cell and yB ¼ 22:81 is the Bragg angle.

Keeping in mind the experimental factors such as the

divergence of the X-ray beam and the asymmetry in the

prepared samples, the observed value of half-width of

2370.5 arcsec can be considered reasonably close to the

calculated values. A rocking curve with half-width of

14 arcsec was observed earlier for a KN crystal grown by

the Kyropolus method for (0 1 0) diffraction planes [16].

However, for this experiment a very narrow exploring

beam size was used (0.1� 0.1mm2) while in our case the

beam size was (15� 2mm2). As the curve shows a single

sharp peak, it indicates that the crystal is free from major

defects such as grain boundaries. However, the point

defects in the crystals cannot be detected by this measure-

ment.

High resolution X-ray diffraction curves were also

recorded for reduced crystals. For medium reduced crystal

(]125) the diffraction curve shows a single sharp peak with

a half-width of 2670.5 arcsec. This half-width is slightly

broader than the one observed for the unreduced crystal,

suggesting a small deterioration in the crystalline perfection

with respect to the unreduced crystal. However, the

observation of a single peak in the diffraction curve for

the crystal indicates that the reduced crystals are also free

from grain boundaries.

Fig. 3 shows the corresponding typical HRXRD curve

for the highly reduced crystal sample (]122). The curve

shows a single sharp peak with a half-width of 2770.5 arc-

sec. A single sharp peak is observed here, indicating again

that the sample is free from grain boundaries. The small

broadening of the half-width of the curve with respect to

the unreduced and medium reduced crystal suggests that

Fig. 2. High resolution X-ray diffraction curve for diffraction at the (0 1 0)

plane of unreduced Rh doped KN specimen crystal (]131).

Fig. 3. High resolution X-ray diffraction curve for (0 1 0) diffraction plane

of highly reduced Rh doped KN specimen crystal (]122).
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the stronger reduction has slightly affected the crystalline

lattice by creation of additional defects. Such an increase of

defects is most likely a consequence of the faster cooling

process to which the reduced crystals have been subjected

(combination of oxygen vacancies and other defects that

might have been produced by the thermal stress proce-

dure).

3.2. Rutherford back scattering (RBS)

RBS measurements [17] were performed at the PSI/ETH

tandem facility to analyze the composition of the grown

crystals as well as their level of reduction. Standard

conditions have been applied using a 2MeV 4He beam

and a silicon surface barrier detector under 1651. The

height of the K and O edge has been determined by a

subtraction procedure. This data have then been analyzed

using the RUMP program [18]. The estimated composi-

tions for highly reduced (#122), medium reduced (#125);

and unreduced (#131) specimens are calculated and shown

in Table 1.

The composition of the specimen crystals are roughly in

ratio of 1:1:3 for K, Nb and O, respectively, as expected for

KN. Here the measurements are taken with respect to the

concentration of potassium and a slight deviation in the

composition is within the error limit of the experiment,

which is here 74%. Due to the reduction process applied

to the crystals a change in oxygen concentration is

expected. However, as seen in Table 1, the difference in

oxygen content of the various KN crystals falls under the

limit of detection of the technique and could not be

detected by RBS measurements. For this reason, non-

Rutherford elastic scattering measurements were per-

formed as well. Vizelethy et al. [19] used this technique

for profiling oxygen in buried layers of SiO2 sandwiched

between two 300 nm layers of Cu deposited on graphite

substrate, and the backscattering yield from the oxygen

was enhanced.

Fig. 4 shows the oxygen yield of two specimens of Rh

doped KN crystals (unreduced and highly reduced). The

experiments were performed with a powder made from

these two specimens. From the integrated resonance yield a

ratio between the oxygen content of the unreduced to the

reduced sample is estimated to be 1.0370.01. For the

medium reduced crystal a negligible change in oxygen

concentration has been estimated. The lower concentration

in the crystal due to reduction can be understood with the

following chemical reaction [11]:

Oo ! ð1=2ÞO2 " þV2þ
o þ 2e�. (2)

Here, Oo is the oxygen atom in the crystal, which leaves

the crystal lattice as oxygen gas molecule. A vacancy at the

oxygen site with +2 charge vacancy (Vo
2+) and two

electrons are created as a result.

3.3. Laser ablation inductively coupled plasma mass

spectrometry (ICP–MS)

The composition of the crystals was determined by using

Laser Ablation ICP–MS. This technique is widely used for

determination of the major, minor and trace elements as

well as isotopic ratios in solids and liquids [20]. The

measurements were carried out on a Perkin-Elmer ELAN

6100 DRC ICP-MS coupled to a 193 nm excimer laser

ablation system (Geolas M, Lamda Physik, Göttingen,

Germany). NIST 610 glass was used as external reference

material and Nb was used as internal standard. The

concentration of Rh was measured in the crystal at five

places for each sample. As an example, for highly reduced

sample we obtained 14.6, 13.6, 12.6, 13.0 and 13.3 mg/g for

the five locations. The typical variation for the other two

crystals is similar. Hence, the rhodium concentration in the

samples was determined and calculated as 9.170.7,

10.471.0 and 13.470.8 mg/g for unreduced (]131), med-

ium reduced (]125) and highly reduced (]122) single

crystals, respectively. It may be mentioned here that after

each crystal growth experiment the additional amount of

pure KN material equal to weight of the grown crystal is

added in the starting material. Due to this for each new run

we start with little less Rh concentration in the crystal than

1500 mg/g. Due to this reason we observe subsequently less

Rh in the grown crystal from highly reduced to unreduced

Table 1

Rutherford backscattering (RBS) measurement of Rh doped KN crystals

Sample number K Nb O Sample description

# 131 1.070.04 0.9570.04 2.870.12 Unreduced

# 125 1.070.04 0.9970.04 3.170.12 Medium reduced

# 122 1.070.04 1.0470.04 2.970.12 Highly reduced

Fig. 4. Rutherford backscattering measurements under oxygen resonance

for highly reduced (]122) and unreduced (]131) Rh doped KN crystals.

The flat background from elements other than oxygen has been

subtracted.
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crystal. With these results we believe that segregation

coefficient is just slightly less than 1% in the crystal

(defined as the ration of concentration in solid and melt in

units of weight). The ratio of potassium and niobium for

all the three specimen crystals were in agreement with the

results obtained by RBS measurements. Unfortunately, the

concentration of oxygen could not be directly measured by

this technique. The iron concentration in the crystals was

below the limit of detection (LODo1.9 mg/g).

3.4. Optical absorption spectrum

Absorption spectra of the prepared samples were

determined from the measured transmission spectra

obtained using a Perkin–Elmer l9 spectro-photometer.

Fig. 5 shows the measured spectra for the reduced and

unreduced Rh doped KN crystals in the wavelength range

450–2000 nm. Light propagation was along the b-direction

and the polarization along the a-direction. Multiple Fresnel

reflections were taken into account for calculating the

absorption coefficient using the refractive indices given in

Ref. [21]. A magnified view of the absorption spectra is

shown in the inset of Fig. 5. From the inset one can see that

the reduced crystals absorb less in the near-IR wavelength

range between 800 and 1100 nm, which is in agreement with

the results in Ref. [5]. The unreduced crystal shows a peak

around 860 nm which is absent in the reduced crystal. For

unreduced and medium reduced crystal no peak is

observed in visible range, while for the highly reduced

crystal a peak at 480 nm is observed.

Rhodium can exist in the crystal with three valence states

Rh3+, Rh4+ and Rh5+. Also oxygen vacancies have three

possible states, Vo
2+ (double ionized), Vo

+(singly ionized)

and Vo
x (neutral vacancies). Hence we obtain four ioniza-

tion energy levels bound to Rh3+–Rh4+, Rh4+–Rh5+,

Vo
2+–Vo

+ and Vo
+–Vo

x. Kröse et al. [22] have suggested that

Rh4+ has an absorption peak at around 650 nm and Rh5+

at around 800 nm for BaTiO3 crystals. In analogy, the peak

observed for unreduced KN crystal at 860 nm might be

assigned to Rh5+. The corresponding hole photo excitation

relation is

Rh5þ þ hn ! Rh4þ þ hole; (3)

where hn indicates the absorbed photon of frequency n (h is

the Planck’s constant). The disappearance of this peak in the

medium and highly reduced crystals is considered to be due

to a gradual reduction of Rh5+ to Rh4+ and subsequently

to Rh3+. In the highly reduced crystal an increase of the

absorption in the visible region is observed at 480nm (Fig.

5). Interestingly, for the crystal with a medium degree of

reduction the new absorption band in the visible is not

observed. Stevendaal et al. [23] observed a similar peak at

470 nm ( ¼ 2.7 eV) for reduced BaTiO3 crystal doped with

Rh and Fe in hydrogen environment, but the origin of the

peak was not explained. In our case the laser ablation

ICP–MS method discribed above did not give evidence for

an appreciable iron content inside the crystal.

The reduction level is also influenced by the hydrogen

loading in the crystal in form of OH ions, which also

indirectly influences the number of oxygen vacancies.

Potassium carbonate is a hygroscopic material in nature.

Hence, in an as-grown KN crystal hydroxides or hydrates

are incorporated inside the crystal lattice. The OH

vibrational stretch frequency of hydroxide has been

observed in KN spectra at the wavelength of 2850 nm

[7,24]. Since the KN crystal boules in the present

investigation are reduced in a water free and oxygen-

deficient atmosphere, a strong mobilization of the oxygen

ions as well as of the protons is expected. Fig. 6 shows IR

absorption spectra of the specimens in the range

2800–2900 nm as obtained using a Fourier-transform IR

spectrometer. The peak at 2850 nm is observed in all the

spectra. By assuming a linear relationship, the area below

the absorption peak reflects the concentration of O–H

bonds in the sample. It is clear that the O–H bond

concentration is the highest in the unreduced crystal and it

Fig. 5. Absorption spectrum of highly reduced (]122), medium reduced

(]125) and unreduced (]131) Rh doped KN crystals. Inset shows

magnified graph for absorption coefficient. Here, light propagation is

along the b-direction and the polarization along the a-direction.

Fig. 6. O–H stretch bond of highly reduced (]122), medium reduced

(]125) and unreduced (]131) Rh doped KN crystals. The inset shows the

relative concentration of OH vs. post-growth cooling rate of the crystals.
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decreases with increasing the degree of reduction. By

calculating the areas below the curves in Fig. 6, a ratio of

1:0.46:0.25 in the O–H bond concentrations of unreduced,

medium reduced and highly reduced crystals can be

roughly obtained. Hydrogen movement from crystal lattice

to surrounding atmosphere is expected to follow the

reaction [25]

2ðOHÞþ ! H2O " þV 2þ
o þOo. (4)

Here, Vo
2+ is an oxygen vacancy (which is doubly

positively charged with respect to the corresponding

oxygen atom) and Oo is an oxygen atom left behind at its

lattice place. A change of OH ion concentration in

response to a reduction process has been observed earlier

in other materials, such as in near-stoichiometric lithium

niobate crystals [26]. The inset of Fig. 6 shows an empirical

relationship between the post-crystal growth initial cooling

rate (first phase) and the normalized O–H concentration

estimated from absorption spectrum. A clear decrease of

O–H bond concentration with increasing cooling rate is

observed. As the degree of freezing in the high temperature

reduced state depends mainly on the first step of cooling,

the final stationary concentration of oxygen vacancies and

O–H bonds also depend on this first stage cooling rate and

the surrounding atmosphere.

As mentioned earlier, reduction might also be performed

in KN crystals within a hydrogen atmosphere [7,23]. In this

process O–H bonds are created in the KN lattice. For each

O–H bond one electron of the oxygen atom in the crystal

lattice is freed, which may reduce the impurity valence.

Hence in this process the reduced crystals contain more

OH� ions than that of the unreduced ones [6]. In contrast,

with our reduction technique we have just the opposite.

Lower concentration of OH is observed for reduced

crystals. Water vapor leaves the crystal and the missing

electrons in the created oxygen vacancy are available for

reduction of other defects such as Rh.

3.5. Photorefractive two-wave mixing

In order to complement the absorption measurements,

we performed photorefractive two-wave mixing experi-

ments using the wavelengths 514, 633 and 780 nm. In Fig. 7

the dependence of the gain as a function of the grating

spacing is shown for the wavelength of 780 nm, as an

example. The squares and diamonds represent the experi-

mental data for reduced and unreduced KN, respectively.

For the diffusion case and assuming an isotropic photo

excitation cross-section one can express the stationary two-

beam coupling gain coefficient within the weak probe beam

approximation as a function of the grating spacing [27]:

G ¼
4p2kBT

le
nsn

2
p

cos 2Ys

cos Ys

reff
1

L 1þ ð2pls=LÞ
2

� � (5)

where kB is the Boltzmann constant, T is the absolute

temperature, nS and nP are refractive indices of the signal

and the pump beams, YS is the angle between the signal

beam and the sample normal and reff is the effective

electro–optic coefficient, that includes not only the

electro–optic coefficient in the corresponding geometry,

but also a reduction factor due to electron–hole competi-

tion. ls ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�eff�0kBT=ðe2Neff Þ
p

is the Debye screening

length, where e0 is the electric constant, eeff is the effective

dielectric constant, e is the unit charge and Neff is the

effective number of traps. The theoretical curves that

correspond to our measurements are given with a dashed

and dotted line in Fig. 7. From the fitting parameters the

effective electro–optic coefficient reff and the effective

concentration of traps Neff were estimated. We obtained

reff of 31 pm/V and 47 (75%) pm/V and Neff of 8.8� 1015

and 5.1� 1015 cm�3 for the reduced and unreduced sample,

respectively.

By knowing the direction of the spontaneous polariza-

tion of the crystal, the sign of the electro–optic coefficients

and the direction for which light amplification occurs, the

sign of the main charge carriers can be determined. Table 2

gives the dominated carriers at the different wavelengths

for the different crystals. The expected trend towards

electron dominated conduction at progressively longer

wavelength upon increasing degree of reduction is con-

firmed. This is in agreement with earlier observation and is

consistent with a progressive filling of the Rh levels upon

reduction [5]. However, a conclusive identification of the

Fig. 7. Photorefractive two-wave mixing gain recorded at the wavelength

of 780 nm as a function of the grating spacing. Theoretical calculations for

measurements of unreduced (diamonds) and reduced (square) Rh doped

KN crystals are shown in dotted and dashed lines, respectively.

Table 2

Dominant charge carriers for reduced and unreduced Rh doped KN

crystals

514 nm 633 nm 780 nm

Crystal # 131 (Unreduced) Electrons Holes Holes

Crystal # 122 (highly reduced) Electrons Electrons Electrons
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origin of the absorption band centered at 480 nm in highly

reduced crystals cannot be given on the basis of these two-

wave mixing investigations.

4. Conclusions

Rh doped KN crystals were grown by HTSG method

and were reduced by the high-temperature gas-induced

reduction method under CO/CO2 atmosphere. A certain

inhomogeneity in reduction is observed for highly reduced

crystals, while medium reduced crystals are found to be

homogeneous. The KN samples are characterized by

various methods, HRXRD, RBS measurements, absorp-

tion spectroscopy and photorefractive two-wave mixing.

HRXRD results show that the grown crystals are free from

major defects such as grain boundaries. The continuous

broadening of the half-width of HRXRD curves indicates

that the crystalline lattice has a slightly larger number of

defects due to reduction in forms of point defects and their

clusters. RBS measurements performed for the crystals

show that the composition of the crystal is close to the

stochiometric ratio of 1:1:3 for K:Nb:O. With O-resonance

method, a slight decrease in oxygen concentration was

observed with reduction. By laser ablation ICP-MS the

segregation coefficient for Rh in KN material was

measured to be slightly less than 1%. Absorption spectrum

studies indicate that unreduced crystals have rhodium in

the Rh5+ ionization states, which gets gradually charged

up to the Rh3+ ionization states upon reduction. The

unreduced crystal shows a peak at 860 nm while a much

lower absorption coefficient in the near IR region of

800–1100 nm wavelength range is observed for reduced

crystals. An increase of the absorption constant in the

visible region is observed for the highly reduced crystal at

480 nm. Two-wave mixing experiments at the wavelengths

514, 633 and 780 nm show a change of charge carriers from

holes to electrons for highly reduced crystals for higher

wavelength. The charge carriers are holes for unreduced

crystals for the longer wavelength. The study of the OH

stretching vibrations shows a significant decrease of OH�

ions concentration upon reduction.
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