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Multiple phase gratings in pure, Yb- and P-doped Pb 5Ge3O11 after different
thermal treatments

Xuefeng Yue,a) S. Mendricks, T. Nikolajsen,b) H. Hesse, D. Kip, and E. Krätzig
Fachbereich Physik der Universita¨t Osnabrück, Barbarastr.7, D-49069 Osnabru¨ck, Germany

~Received 15 October 1998; accepted for publication 29 April 1999!

Multiple phase gratings are written in pure, Yb- and P-doped Pb5Ge3O11 crystals: a fast grating and
a slow grating with substantially different response times compensate each other. Doping and
thermal treatments have strong influences on the behavior of both gratings. Reduction treatments of
Yb-doped samples lead to a significant decrease of the response time of the slow grating, while that
of the fast grating is diminished by more than two orders of magnitude. P doping significantly
increases the response time of the fast grating. Possible origins of both gratings are discussed.
© 1999 American Institute of Physics.@S0021-8979~99!09915-6#
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I. INTRODUCTION

The photorefractive effect in electro-optic crystals aris
from a charge redistribution under illumination which caus
a change of the refractive index via the electro-optic effe1

In a photorefractive material, the maximum modulation
the refractive index is a main parameter to describe the p
torefractive effect. Furthermore, this modulation is of impo
tance for holographic applications.2 When diffusion is the
dominant charge transport mechanism, this paramete
mainly determined by the effective electro-optic coefficie
and the effective charge density.3 If two types of charge car-
riers ~electrons and holes! are involved in the charge trans
port process, electron-hole competition further limits t
maximum modulation of the refractive index.4,5 In addition,
the involvement of different charge carriers in holograp
recording may cause multiple gratings and grating comp
sation, which have been found in most photorefract
crystals.6 In some cases, the multiple gratings are of imp
tance, e.g., for nondestructive or quasinondestructive rea
of the recorded gratings.7–9 Only after the full understanding
of the multiple gratings involved in holographic recordin
can one find a way to control them and use them for pract
applications.

Ferroelectric lead germanate (Pb5Ge3O11) crystals pos-
sess relatively large electro-optic coefficients.10 At room
temperature Pb5Ge3O11 belongs to the point group 3. It ha
been demonstrated recently that holographic recording
beam coupling can be realized in this material.11,12 At an
intensity of 0.5 W/cm2, a fast grating with a response tim
less than 1 s and a slow grating with a time constant
several hours can be formed. Both of them are refrac
index gratings. In Ref. 12, the fast gratings in lead german
crystals have been studied systematically. It has been d
onstrated that the maximum diffraction efficiencies of t
fast gratings in all samples are generally much smaller t
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the theoretically predicted values. This difference has b
attributed to electron-hole competition. The slow grating in
pure sample, however, has a much larger amplitude. In
contribution, we focus on multiple gratings in pure an
doped Pb5Ge3O11 crystals. Both as-grown and thermal
treated samples are used in the present experiments. In
second section, we describe the basic experimental arra
ment and the samples used for the investigations. Then
present results on grating formation and decay in differ
samples. Characteristic time constants are measured, an
behavior of decay with and without homogeneous illumin
tion is studied. In the last part, we compare and discuss
results.

II. EXPERIMENTAL ARRANGEMENT AND SAMPLES

A holographic setup is used to measure the photoref
tive properties of lead germanate crystals: Two expan
beams of an Ar1 laser~wavelengthl5488 nm! of approxi-
mately equal intensity~modulation depthm0.0.98! and ex-
traordinary polarization are used to write gratings with gr
ing vectors parallel to thec axis of the crystals. The tota
intensity of the writing beams is 0.6 W/cm2. The grating for-
mation is monitored by a weak extraordinarily polariz
He–Ne laser beam (l5633 nm) incident at the Bragg angle
This red probe beam is not expanded and its intensity
0.3 W/cm2. Both diffracted and transmitted probe beam i
tensities are measured, and the diffraction efficiency is
fined as the ratio between the diffracted and the sum of
fracted and transmitted beam intensity. During the read
process, both writing beams are turned off. Optical erasur
performed by one of the writing beams. The grating spac
is 1.2mm unless otherwise specified.

The Pb5Ge3O11 crystals have been grown by the Cz
chralski method at the Crystal Growth Laboratory of t
University of Osnabru¨ck. The description of the samples
presented in Table I. Nominally pure, P- and Yb-doped cr
tals are cut, polished to optical quality, and poled to sing
domain state. During poling, the samples are heated to t
peratures slightly above the phase transition temperatureTC

(TC;180 °C for pure Pb5Ge3O11! and cooled down to room

na,
6 © 1999 American Institute of Physics
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TABLE I. Descriptions of our samples used in the experiments.~Absorption coefficients are measured fo
wavelengthl5488 nm and extraordinarily polarized light.!

Symbol Crystal and dopant
Dimensions

@a3b3c(mm3)#
Absorption coefficientae

(cm21)

PGO-AG As-grown PGO~Pb5Ge3O11! 2.4036.2035.50 3.2
PGO-RED Reduced PGO 2.4035.1235.75 3.0
Yb50-AG As-grown PGO: 50 ppm Yb 2.9534.7537.45 3.1
Yb50-OX Oxidized Yb50 2.3033.3034.15 3.1

Yb50-RED Reduced Yb50 2.2533.1533.80 1.4
P200-AG As-grown PGO: 200 ppm P 2.6035.1537.00 1.6
P200-OX Oxidized P200 2.5534.9537.60 1.6

P200-RED Reduced P200 2.5534.9537.15 1.3
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temperature under an electric field of about 0.3 kV/cm. T
kinds of thermal treatments~reduction and oxidation! are
carried out for some samples. For reduction, the samples
heated to 350 °C in an atmosphere of 20% H2 and 80% N2

for about 1 h, whereas for oxidation, they are heated up
600 °C in pure O2 for about 5 h. After these treatment
another poling procedure must be carried out. It is w
known that some dopants can greatly influence the prop
of most photorefractive crystals. But the effects of the sa
dopant may be substantially different in various host mat
als, e.g., cerium can increase the performance of stron
barium niobate,13 while it is not an effective dopant in
lithium niobate.14 We have tested various dopants in le
germanate. Here, we report the results of P- and Yb-do
samples because of their representative effects.

The absorption spectrum of a nominally pure sample
been presented in our previous paper.12 In Table I we list the
absorption coefficients of different samples at wavelen
l5488 nm. Yb dopant has almost no influence on the
sorption spectrum, but P dopant leads to a significant
crease of the absorption coefficients in wavelength rangl
,550 nm. Reduction of Yb-doped samples makes the
sorption smaller, while oxidation does not induce any o
servable change in the absorption. The refractive indices
633 nm arene(633 nm)52.148 andn0(633 nm)52.113, and
those for 488 nm arene(488 nm)52.215 andn0(488 nm)
52.178, respectively.15 The linear electro-optic coefficient
r 13 and r 33 are fairly large with values of 10.5 and 15
pm/V, respectively.10 Another useful parameter is the diele
tric constante33540.

III. EXPERIMENTS RESULTS

A. Gratings in nominally pure samples

The writing and decay cycle in the nominally pure a
grown sample~PGO-AG! is shown in Fig. 1. After both
writing beams are turned on, the fast grating forms in l
than 1 s. If we continue writing, the measured diffracti
efficiency decreases gradually to zero and then, incre
again to a saturation value in about 2 h~region A in Fig. 1!.
The shutdown of both writing beams leads to an abrupt
of the diffraction efficiency~region B! and a further increase
occurs when homogeneous illumination is present~region
C!. The fast and the slow gratings are 180° out of phase
partially compensate each other. The maximum measu
o
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refractive-index modulation corresponding to the fast grat
is Dnf5131025, while that for the slow grating isDns

53.431025.
For the fast grating, the decay probed by the He–

laser beam leads to a time constant oftd
f 50.64 s, and with

an additional optical erasure beam of wavelength 488
and intensity 0.3 W/cm2 to tp

f 50.16 s. The decay time con
stant for the slow grating, however, is much larger than t
of the fast one, and we gettd

s51.23105 s and tp
s51.9

3104 s, respectively. Here, the superscriptsf and s denote
fast and slow gratings, respectively, and the subscriptsp and
d denote the erasure with and without blue light. We reg
the decay probed only by the He–Ne laser beam as d
decay because of the extremely small absorption of
samples at 633 nm@ae(633 nm),0.4 cm21#, while that with
the presence of the 488 nm illumination is called optic
erasure.

The reduction treatment of the nominally pure sam
does not lead to a significant change in the response tim
the fast grating. The decay time constants, for example,
td

f 50.86 s andtp
f 50.18 s for the fast grating. The dark de

cay time constant of the slow grating is measured to betd
s

51.83104 s, while it istp
s54.53103 when the illumination

beam ~488 nm! is present. Clearly, the reduction of th
sample leads to a faster response of the slow grating.

FIG. 1. Recording and decay behavior of the nominally pure Pb5Ge3O11

~PGO-AG!. Wavelength and intensity of the writing beams arel5488 nm
and I 050.6 W/cm2, and grating spacing isL51.2mm. Wavelength and
intensity of the illumination beam arel5488 nm andI E50.3 W/cm2.
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B. Gratings in Yb-doped samples

An as-grown Yb-doped sample~Yb50-AG! is also used
for holographic recording. Again, for a short-time recordin
only a fast grating is formed. The time constant for da
decay is td

f 50.76 s while that for optical erasure istp
f

50.24 s. In this sample, the formation of the slow grati
becomes faster than in the PGO-AG sample. The time c
stant of the slow grating for dark decay istd

s52.03104 s,
while that for the erasure with illumination istp

s57.0
3103 s. No change in saturated refractive-index modulat
of the fast grating has been observed compared to the
sample.

The writing and decay cycle of holographic recording
the reduced sample~Yb50-RED! is presented in Fig. 2. In
this sample, the response time of the fast grating beco
much larger compared to that in the as grown crystal. T
decay time constants for the fast grating aretd

f 523.0 s and
tp

f 53.86 s. Note that the slow grating can completely co
pensate for the fast grating in about 200 s. This means
reduction decreases the response time of the slow gra
Then both gratings cancel each other and the diffraction
ficiency remains zero even for several hours of recording
the recorded gratings are probed by the He–Ne laser b
alone, diffraction efficiency remains at about zero. With t
presence of the illumination beam the diffraction efficien
to a maximum value and then decays slowly to zero.

It is not possible to measure the decay time constan
using only a He–Ne laser beam, because the fast and
gratings always compensate each other. We use the fol
ing way to measure the decay time constant of the s
grating: after a recording time of 100 s, the gratings
probed by the He–Ne beam and then the illumination be
is turned on after a time intervaltd . With illumination, the
decay time constant of the slow grating is 85 s which
much larger than that of the fast grating. The maximum
vealed diffraction efficiency after turning on the illuminatio
beam can be regarded as that of the remaining slow gra

FIG. 2. Recording and decay behavior of the reduced Yb-doped Pb5Ge3O11

~Yb50-RED!. The experimental conditions are the same as those in Fig
The slow grating compensates completely for the fast grating in 200 s.
diffraction efficiency remains approximately zero if the gratings are pro
only by a He–Ne laser beam. With the presence of homogeneous illum
tion ~488 nm!, the slow grating is revealed, and then gradually decays
zero.
,
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after the td decay probed by the He–Ne beam. By the
measurements, we get a dark decay time constanttd

s of ap-
proximately 580 s.

The holographic recording and erasure cycle for the o
dized sample~Yb50-OX! is presented in Fig. 3. Unlike the
as-grown and reduced samples, the slow and fast grating
Yb50-OX are in phase. To check this carefully, we meas
the intensities of both interacting beams. There is no cha
of energy transfer direction at the initial and final states d
ing holographic recording. Under the same conditions as
scribed above, the dark decay time constant of the fast g
ing is td

f 50.70 s and that with illuminationtp
f 50.18 s. The

decay time constants of the slow grating, however, are la
than those of Yb50-AG: td

s52.23105 s and tp
s51.4

3104 s.
Oxidation increases the efficiency of the slow grating

Yb-doped samples. For example, after a recording for 2
the ratio between the efficiencies of the slow and fast g
ings is hS /hF53.0 for Yb50-AG, andhS /hF55.0 for
Yb50-OX.

C. Gratings in P-doped samples

For P-doped Pb5Ge3O11, we have also measured the r
sponse time constants of the fast grating in as-grown, o
dized, and reduced samples. There is no significant dif
ence among them~see Table II!. The values, however, ar
larger than those of the pure samples as well as those o
as-grown and oxidized Yb-doped samples. But, they are
much smaller than the corresponding response time of
reduced Yb-doped sample. Like in the nominally pu
samples, reduction leads to a faster response of the s
grating, although the effect is not as large as that in
Yb-doped samples. Again, P dopant does not change
refractive-index modulation of the fast grating. The satura
refractive-index modulation can reach a value several tim
larger than that of the fast grating.

1.
e

d
a-
o

FIG. 3. Recording and decay behavior of the oxidized Yb-doped Pb5Ge3O11

~Yb50-OX!. The experimental conditions are the same as those in Fig. 1
the reading mode, homogeneous illumination is first present and then tu
off. The turnoff of the illumination beam leads to a small increase in
diffraction efficiency.
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D. Summary of experimental results

For comparison of the decay time constants of the
and slow gratings in different samples, we have listed
measured values in Table II. The main results concern
time constants and grating amplitudes are summarized
follows:

~1! The time constant of the fast grating in the pu
sample is at least four orders of magnitude smaller than
of the slow grating.

~2! P doping enlarges the time constant of the fast g
ing substantially, while Yb doping has little influence on t
fast grating.

~3! Reduction of the Yb-doped sample leads to a sign
cant increase of the time constant of the fast grating and
large decrease of the time constant of the slow grating.

~4! The amplitude of the fast grating is not influenced
doping and thermal treatments. The typical value isDnf

5131025 for a grating spacing ofL51.2mm.
~5! In all as-grown and oxidized samples, the modulat

of the refractive index of the slow grating can reach a mu
larger value, even ten times as high as that of the fast gra
Reduction treatments, however, lower the amplitude of
slow grating in doped samples.

IV. DISCUSSION

The photorefractive effect is related to photoionizati
and transport of charge carriers. The space-charge field u
sinusoidal illumination without an externally applied elect
field and in the absence of a photovoltaic field can be
pressed as16

Esc5 iRmED /~11ED /EQ!, ~1!

wherem is the effective modulation depth influenced by da
conductivity sd and photoconductivitysp and proportional
to the modulation depthm0 of the recording intensity:

m5m0 /~11sd /sp!. ~2!

HereR is electron-hole competition constant.5 Furthermore,

ED5KkBT/e, and EQ5eNE /~ee0K ! ~3!

are the diffusion and limiting space-charge fields, resp
tively. HereK is the magnitude of the grating vector,kB the
Boltzmann constant,T the temperature,e the charge of elec-
tron, ee0 the static dielectric constant, andNE the effective

TABLE II. Decay time constants of the fast and slow gratingstd
f , td

s probed
by a He–Ne laser~wavelength 633 nm and intensity 0.3 W/cm2! alone and
with the presence of an illumination beamtp

f , tp
s ~wavelength 488 nm and

intensity 0.3 W/cm2!.

Sample td
f tp

f td
s tp

s

PGO-AG 0.64 s 0.16 s 1.23105 s 1.93104 s
PGO-RED 0.86 s 0.18 s 1.83104 s 4.53103 s
Yb50-AG 0.76 s 0.24 s 2.03104 s 7.03103 s
Yb50-OX 0.70 s 0.18 s 2.23105 s 1.43104 s

Yb50-RED 23.0 s 3.86 s 580 s 85 s
P200-AG 8.4 s 1.2 s 3.53103 s 1.73103 s
P200-OX 5.0 s 0.8 s 1.13104 s 4.33103 s

P200-RED 11.0 s 1.4 s 1.63103 s 1.13103 s
st
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photorefractive charge density: 1/NE51/NA11/ND , where
NA is the density of acceptors andND is the density of do-
nors.

A. Properties of the fast grating

The amplitudes of the fast gratings in all samples us
here are much smaller than the theoretical predictions ba
on diffusion field and electro-optic coefficients. This h
been shown in detail in Ref. 12. Many factors can limit t
amplitude of photorefractive gratings, e.g., electron-h
competition @see Eq. ~1!#, shallow trap effects,17 non-
negligible dark conductivity@Eq. ~2!#, degradation of the in-
terference pattern,18 etc. The off-Bragg readout can also r
duce the measured diffraction efficiency. In this work, t
dark conductivity can be neglected compared to photoc
ductivity. As reported in our previous paper,12 the measured
diffraction efficiency of the slow grating in the samp
PGO-AG is in agreement with the theoretical prediction~off-
Bragg factor can be excluded!. The efficiency ratio between
the slow and fast gratings (hs /h f) can reach 10 in the nomi
nally pure sample. Normally a shallow trap effect cann
introduce such a large difference.17 So, we think the main
factor to limit the amplitude of the fast grating is electro
hole competition.

As we have discussed in Ref. 12, doping does not
hance the photorefractive effect in Pb5Ge3O11. We think that
the photoactive centers are the intrinsic defects in this m
rial. The main charge carriers involved in the fast grating
holes in all samples. This has been confirmed by two-be
coupling measurements in our experiments. It has been
termined by electron spin resonance~ESR! measurements
that after illumination of the nominally pure sample, bo
Pb21 and Pb31 ions exist in this material, while most of th
Pb31 ions disappear immediately after shutoff of th
illumination.19 It is believed that by illumination, electron
can be excited from the valence band to the conduction b
or to other defect centers. The remaining holes can mov
the valence band and combine with Pb21 to form Pb31.
Based on these results, we think this process may be res
sible for the formation of the fast grating. In this case, th
mal treatments do not lead to any change of the fast grat
In P-doped samples, the response time constants of the
gratings become much larger than those for all nomina
pure samples. Yb doping, however, does not influence
fast grating significantly. We think this is reasonable by co
sidering the much smaller absorption coefficients of
P-doped samples.

B. Properties of the slow grating

In all as-grown and reduced samples, the slow gratin
180° out of phase with respect to the fast grating. This in
cates that the carriers responsible for the slow grating
negatively charged. First, we can conclude that these ch
carriers are photoexcited. From the experimental results
know that the response of the slow grating strongly depe
on thermal treatments. It is well known that oxygen vaca
cies can act as electron donors.16 It is possible that oxygen
vacancies or some impurity ions adjoining oxygen vacanc
which can be influenced by thermal treatments, are resp
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sible for the formation of the slow grating. Doping with Y
and P influences the slow grating, but the thermal treatm
of Yb-doped samples lead to some interesting changes o
recording behavior. Oxidization causes a change of m
charge carriers and reduction leads to a significant decr
of the response time constant. Perhaps the valence sta
Yb can be altered by a charge transfer to an adjoining o
gen vacancy. Therefore, in Yb-doped samples Yb31 or Yb21

may be connected with the slow grating. However, the
servation that the amplitude of the slow grating decrea
after the reduction treatments cannot be explained at
point of time.

C. Decay behavior of the slow grating

The decay behavior of the slow grating with and witho
homogeneous illumination as presented in Fig. 1 can be
plained as follows: During writing, the fast grating is 180
out of phase with respect to the slow grating. After bo
writing beams are turned off, the decay of the fast grat
causes an increase of the overall diffraction efficiency.
reading mode, we think that the charge carriers respons
for the fast grating move under the space-charge field of
slow grating to compensate it. Therefore, we call the
charge carriers compensation charges. There are two fo
which can move these compensation charges, i.e., drift
diffusion. In the dark, the decay of the fast grating sto
when drift and diffusion get to a balanced state. This me
that after the decay there are some charge carriers w
compensate for the slow grating. With an intense homo
neous illumination, most of these compensation charge
riers are excited and diffusion becomes dominant, causin
new equilibrium state. This leads to a rise in the diffracti
efficiency. After the shutoff of the intense illumination bea
the compensation charge carriers drift again in the spa
charge field and compensate for the slow grating to so
extent.

If the fast and slow gratings are in phase with each oth
drift and diffusion forces are in the same direction so that
fast grating disappears after both writing beams are tur
off. The intense illumination, however, can excite som
charges which may drift in the remaining space-charge fi
and compensate the slow grating. Only with the illuminatio
there are enough free charge carriers for compensation.

Finally, we should mention that very low intensities
writing beams are used in our present experiments. We h
also tried to use intensities of about 8 W/cm2 to record grat-
ings in the oxidized Yb-doped samples. The diffraction e
ciency can reach values which are five times larger than
of the fast grating in about 2 min. The slow gratings deca
in the dark with a time constant of about two days. Even w
an erasure beam~wavelengthl5488 nm and intensityI
50.3 W/cm2! the slow grating can hold for about 4 h.

In conclusion, multiple gratings can be formed in pho
refractive Pb5Ge3O11 crystals. Doping and thermal trea
ments can greatly change the response of the gratings.
results can be summarized as follows:
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~1! Slow gratings have generally much larger amplitud
and time constants than fast gratings. Electron-hole com
tition is the main factor which limits the amplitudes of fa
gratings.

~2! The time constant of the fast grating is substantia
enlarged by P doping.

~3! Yb doping has no influence on the response of
fast grating. Reduction of Yb-doped samples leads to an
crease of about 30 times in the response time constant o
fast grating and lowers the time constant of the slow grat
by about two orders of magnitude. Oxidation changes
type of main charge carriers responsible for the slow grati

It is likely that Pb21 ions plus holes in the valence ban
are responsible for the fast grating. Oxygen vacancies
impurities adjoining these vacancies may be responsible
the slow gratings. For a better understanding of the multi
gratings, further experiments are needed to identify the p
torefractive centers corresponding to the slow gratings. T
results presented in this paper provide some ways like, e
doping or thermal treatments to control some photorefrac
properties in lead germanate crystals.
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