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Abstract. During holographic recording in lead germanate  During holographic recording two kinds of refractive-
(PhsGe;041) crystals two types of refractive-index gratings index gratings are observed: A fast one with time constants
are observed. One has a very fast response whereas the sgenerally less than 1s, and a slow one which reaches a satu-
ond builds up comparably slowly. Measurements of diffracrated diffraction efficiency within the range from minutes to
tion efficiency and two-beam coupling are carried out to studyours. Whereas a fast grating response is generally required
the formation of both gratings and to obtain the relative phastor signal processing or interferometric applications, a slow
between them. Differently doped and thermally treated sangrating is applicable in holographic data storage. Due to the
ples are divided into four classes due to their different timdact that in lead germanate these two types of gratings are ob-
evolution of diffraction efficiency and of the energy transferserved, it is of interest to investigate the dynamic behavior
direction during two-beam coupling. The classification de-of the gratings in detail. The parameters which are presented
pends on doping and treatment. For Ni-doped and thermalliy [4—6] are mainly related to the fast grating. Preliminary re-
treated samples dark and photo conductivities correspondirsgllts on the slow grating were reported under the condition of
to the slow grating are determined, indicating that Ni-dopingsmall writing beam intensitied (< 1 W/cn?) [7]. In this re-
combined with oxidation enhances the properties of the sloyort we focus on a general overview of the formation of both

grating. gratings. Furthermore, in Ni-doped lead germanate dark and

photo conductivities related to the slow grating are systemati-

PACS: 42.70.Ngq; 42.65.Hw cally studied depending on dopant concentration and thermal
T treatment.

In many oxide crystals inhomogenous illumination leads to Crysta| growth and Samp|e prepara’[ion
an excitation and redistribution of charge carriers. A space-
charge field builds up, which modulates the refractive inde)m 1959 Speranskaya et al. [8] reported about the Composi_
via the electrooptic effect. This so-called photorefractive eftion PGe;0;; in the system PbO-GeCor the first time.
fect can be used for optical data storage and signal processarge single-crystals were first grown in 1971 by Iwasaki
ing [1]. Besides the search for new photorefractive materialsgt al. [9]. Lead germanate melts congruentlyya8°C. Our
the tailoring of the properties of these materials gained muchrystals were grown at the Crystal Growth Laboratory of the
attention in recent years. _ _ University of Osnabriick using the Czochralski technique.
Lead germanate (BBe;011) is ferroelectric belowlc = Doping is performed by adding oxides of the dopant material
178°C and belongs to the point group 3. The linear electp the melt. In the case of (PbBay)sGe;011 solid solutions,
trooptic coefficients 13 andrzs are co_nsiderably Ia_rge wit_h the composition BgGe;O1; is prepared by the reaction of
values of 10.5 and5.3 pnvyV, respgctwely [2]. Krolikowski 5« Ba(NO3), and 3x GeQ, at 1100°C for 3 h. This compo-
etal. [3] demonstrated that a nominally purg8k;011 sam-  sition is added to the melt in different concentrations. After
ple exhibits photorefractive effects. In previous reports [4, Skutting and polishing to optical quality, samples were poled
we presented basic parameters for nominally pure and fqp the single-domain state by heating up to a temperature
doped crystals, as well as for (PRBay)sGes011 solid solu-  ahoveTe. During the cooling down to room temperature we
tions. Additionally, the influences of pyroelectric fields on theapp”ed an electric field of abo@3 kV/cm. Samples were
dynamics of diffraction efficiency were discussed [6]. thermally treated either for oxidation 80°C in O, (5 h) or
I for reduction at350°C in 20% H,/80% N (1 h). In Table 1
Dedicated to Prof. Dr. Eckard Kratzig on the occasion of his 60th birthdaywe summarize the investigated samples of this work.



888

Table 1. Description of the samples used in the experiments. The sample.2 Time evolution of energy transfer during two-beam
are named as follows: (Dopant) (Mol-ppm) (Treatment). The treatments are: coupling
ag (as-grown), red (reduced) and ox (oxidized). The notation Ba20000ag

represents an as-grown (3Bao.02)sGe3011 sample . . .
P grown §¥8B02)sGe;0u sample) From two-beam coupling experiments the energy transfer di-

Sample width thickness ¢ axis /mm? rection is obtained. This direction depends ondhgis orien-
tation, the sign of the effective linear electroooptic coefficient

Pure ag 6.20 2.40 5.50 (both known from previous experiments [4,5]), and on the

Pure red 5.75 2.40 5.12 sign of the dominant charge carriers [10, 11]. The transmit-

Pure ox 3.25 2:35 3.70 ted intensities of the writing beams behind the crystal are

Ba20000ag 4.10 2.60 4.40 d d duri . di he i luti

Rh500ag 465 250 6.85 etected during grating recording. From the time evolution

Yb50ag 4.75 2.95 7.45 of the energy transfer direction the phase relation between

Yb50red 3.15 2.25 3.80 the fast and the slow grating is determined. For example,

L?foooo; i—i% 21-3i% 1-11% a change of the energy transfer direction during the record-

Niasoag 400 240 205 ing indicates opposite signs for the dominant charge carriers

Ni1000ag 315 1.85 4.80 corresponding to the fast and the slow grating. In this case the

Ni1000red 3.10 1.90 4.10 gratings ard 80 out of phase.

Ni10000x 3.15 1.85 4.35

Ni2000ag 4.02 2.36 3.75

Ni2000red 4.25 2.40 4.00

Ni20000x 4.85 2.65 5.90 3 Experimental results

3.1 Observation of different dynamic behaviors

2 Experimental methods
The general behavior of the time evolution of the fast and
A holographic setup is used to measure the dynamic proghe slow grating can be divided into four different classes.
erties of the gratings in doped and thermally treated lea#first it is possible that only a fast grating build up. In the
germanate crystals: two expanded extraordinarily polarizedase of (Pp_xBay)sGe;011 solid solutions the formation of
beams of an Af laser ¢ =488 nn) with the same intensity a slow grating is never observed. Even foh of recording
(11 = I, =4 W/cnP) are utilized to write gratings with a grat- only the diffraction corresponding to the fast grating is meas-
ing spacing ofL.2 um and with the grating vector parallel to ured (Fig. 1). For all samples the refractive-index modulation
thec axis of the sample. The time evolution of the diffraction corresponding to the fast grating is in the range of®lith-
efficiency is monitored by a weak extraordinarily polarizedout external field. This measurement also demonstrates the
He-Ne laser bearmi(= 633 nm | = 0.3 W/cn?) whichisin-  stability of the setup for long-time recording. Crystals without
cident at the Bragg angle. Behind the crystal the intensities aflow grating are called crystals of class (a).
both writing beams and of the transmitted and diffracted red In most cases, a strong slow grating is formed. Its diffrac-
beams are detected by photodiodes and recorded with a st#ien efficiency is at least comparable to or larger than that
age oscilloscope. of the fast grating. The corresponding refractive-index mod-
ulations can reach values @fx 10> without an externally
applied electric field. FoB0O sof recording typically modu-
2.1 Time evolution of diffraction efficiency lations of 10°° are reached. These crystals can be divided into
three further classes: (b), (c), and (d).
Measurements of the evolution of diffracted intensity in
time are carried out for all samples. The recording and
erasure cycle consists of four steps: at first the sample -~ 0.6
preilluminated for200s with one of the writing beams g
(A =488nm | =4 W/cn?). Large transient influences of py- — 0.51
roelectric fields on the recording behavior can be suppress¢—
in this way [6]. In the second step the gratings are recorde > V-7
for 600 s(» =488 nm | = 8 W/cn¥). The third step includes @ \_
the stopping of recording and the full decay of the fast grat @ 0.3
ing. Then only the slow grating remains and decays in th.E
dark. From the time constant of this decay the dark conQ 0.21
ductivity corresponding to the slow grating is obtained. Ing
case the slow grating is not formed witt6@0 s the record- 8 0.14
ing time is prolonged to check if a slow grating is formed% 0.0 »
at all. The last step of the cycle is the optical erasure o ' BN 10N 1A 2o, ’ y )
the slow grating with one of the writing beams. From the 0 50 100 150tim22((s))0 3400 3600
time constant of this decay the photo conductivity relatea
to the slow grating is determined. To obtain informationsFig- 1. Time evolution of the diffracted beam intensity of the red He-Ne

. . iser beam in a Ba20000ag (as growng§¥Bap.02)sGes011) sample. Only
abO.Ut the phase relation bet""ee’.‘ the two gratings, further eﬁe fast grating is formed. Within a recording time bh no slow grating
periments, i.e., two-beam coupling measurements, must R@pears. At the initial stage of recording the diffracted intensity is tran-

carried out. siently enhanced due to pyroelectric fields (see [6])

Ba20000ag
(1 hour recording)
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Fig. 2. Time evolution of diffracted beam intensity of the He-Ne laser ~ Fi9: 5. Time evolution of writing beam intensity changel; behind the
probe beam during00 s of recording in a nominally pure and oxidized Crysta! for the sample RhS00ag durigO sof recording ( =8W/cnt,

sample (Pure ox). The diffracted beam intensity decreases to zero withift = 1-21m). Due to two-beam coupling an energy transfer is observed.

approximately140 sand increases again to a much higher value than at the/ N€ intensity |1 increases monotonously from the initial value. The en-
initial stage of recording ergy transfer direction remains unchanged. The dominant charge carriers are

positive for both gratings

. 04

= ] Pure ox In class (b) the overall diffracted intensity first decreases
S ]  change of energy transfer from the initial value to zero (compensation of the fast grat-
0.2 direction c-axis ing), then increases again, and reaches a sometimes much
g ] larger value than that of only the fast grating (Fig. 2). In
o ! this case, the energy transfer direction for two-beam coupling
= 0.0-. ------------------------------------------------------------------ changes after the time of zero diffraction (Fig. 3), indicating
< ] that the two gratings ar&80° out of phase.

; ; In class (c) the fast grating is compensated by the slow
5 -0.2j grating and the total diffracted intensity in the steady state is
5 ] zero (Fig. 4). That means the slow-grating amplitude is equal
r ; to that of the fast grating. In the two-beam coupling measure-
—-04 ment finally no energy transfer is observed. In this case the

0 100 200 300 400 500 600 gratings are als@80 out of phase.

time (s) The fourth class (d) includes crystals in which both grat-
Fig. 3. Time evolution of writing beam intensity changel; behind the  ings are in phase. After the fast grating has reached the sat-
ﬁgf;a;uigrlggdr%i?éggglg nfigll\é/C(gi,r e/\;)léllfg\{of% g?\?/cs)—lgeé;mqo(rg;plin urated value, the diffracted intensity further increases while
an energy transfer is observed. The energy transfer direction changes at %E—e.smw grating builds up. The energy transfer direction re-
proximately 140's At this time the sign of the dominant charge carriers Mains the same, and the energy transfer between both beams
changes from positive to negative increases (Fig. 5). In Fig. 6 schematic drawings of the differ-
ent behaviors are given.

~ 0.6

?U- 0 5_‘ Ni1000red 3.2 Classification of different lead germanate samples

= ] From a systematic investigation we classify the investigated
> 0.4+ lead germanate samples by the four different types of be-
g ] approx. zero-diffraction havior. This behavior depends both on doping and on ther-
o 0.3 after 100 s of recording mal treatment and can be controlled in this way. In Table 2

= ] we present the results. The (PhBay)sGe;O11 solid solu-

3 0.21 tions are the only representatives for class (a) in which no

o ] slow grating appears. Whereas nominally pure (as-grown, ox-
g 0.14 idized, and reduced) samples always belong to class (b), in
= 0 O. ) L Yb- and Ni-doped samples the behavior depends on the ther-

i . ' ' ' mal treatment. In the as-grown state these crystals belong to

0 100 200tim3é0((';) 400 500 600 class (b), in the reduced state they belong to class (c), and in
the oxidized state they belong to class (d). This indicates that

Fig. 4. Time evolution of the diffracted red beam intenslty during 600 s amplitudes and phase relations (i.e., dominant charge carri-

of recording ( =8W/cn?, A =1.2um) in a Ni1000red sample. From the . - :
initial value (fast grating), the diffracted intensity decreases to zero and ers) of the gratings are influenced by thermal treatments in

remains zero. This indicates that the gratingsl®@ out of phase and have Yb- and Ni-dloped samples. The sa_mple_RhSOOag belongs to
equal amplitudes class (d). This is the only example in which for an as-grown
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Table 3. Measured values of dark and photo conductivities related to the
slow grating in thermally treated pure and Ni-doped lead germanate crys-

Tg tals. The values are given for dark decay and optical eragured(W/cn?)
‘ o after 600 srecording with an intensityl = 8 W/cn? and 1.2 um grating
‘ - spacing
o
(5]
= Sample Odark,slow Ophoto,slow Ophoto,slow/ Odark slow
14 -1 14 -1
= 153 10714 (Qm) 10714 (Qm)
= =
c g Pure ag 0.7 6.0 8.6
L * Pure red 9.6 34 0.35
= K<) Pure ox 2.4 22.6 9.4
= *ﬁ N@lOOag 15 4.5 3.0
QL c Ni650ag 1.4 4.7 3.4
g L Ni1000ag 1.3 8.3 6.4
= = Ni1000red 14.8 13.2 0.9
= = Ni10000x 0.9 28.6 31.8
© < Ni2000ag 1.3 12.9 9.9
| o Ni20000x 0.4 27.2 68.0
d o o
o
o N =
.............................. S~ - E . .
o we assume that the slow grating can be treated indepen-
time dently. The results are presented in Table 3. In as-grown

Fig. 6. Schematic drawings of the four different types of dynamic behavior,\“_dOde samples the dark conductivities for four different
for diffraction efficiency and two-beam coupling (intensities of the two writ- Concentratl(ms are ?bOUt the same \Mﬁ&fk,ﬂo\_N: (1.3-

ing beams [y and 1) behind the crystal). In class (a) the slow grating is not —1.5) x 1072 (€22m)~. These values are twice as large
formed. In class (b) the slow grating (with larger amplitudel @ out of  as for the nominally pure and as grown sample (Pure ag,
phase relative to the fast grating. Thus, the energy transfer direction changgg, | sjow= 0.7 x 1074 (Q m)—l)_ The photo conductivity of

for two-beam coupling. For crystals of class (c) the gratingsl& out of the és-grown Ni-doped samples increases with growing Ni

phase and have equal amplitudes. In the steady state no diffraction or ener . . LY
transfer is observed. In class (d) both gratings are in phase and the energéntem- After reduction (Ni1000red) the dark conductivity is

transfer direction remains unchanged increased. This behavior occurs also in the nominally pure
and reduced sample (Pure red). In oxidized Ni-doped samples
(Ni10000x and Ni20000x) the dark conductivity is decreased,

Table 2. Classification of the samples by their different dynamic behaviors While the photo conductivity is substantially increased. In the

sample Ni2000ox the time constant corresponding to the slow

Class (a) Class (b) Class (c) Class (d) grating dark decay is already abdf h For the nominally
pure and as-grown sample (Pure ag) ald@uihare measured
Ba20000ag PP“re 29 N\_(l%%%edd Yﬁggooag under the same conditions. However, the essential difference
PUre ox N2000Gd Nitoooox IS the enhancement of the ratio between photo and dark con-
Yb50ag Ni2000ox  ductivity. For the as-grown Ni-doped samples this ratio grows
Ni100ag from 3.1 (Ni100ag) to 9.9 (Ni2000ag). In the sample Pure ag
Ni650ag it is of comparable size with a value of 8.6. In the Ni-doped
“:gggggg samples the situation changes after oxidation. Whereas in the

sample Ni1000ox the ratio is 31.8, for the sample Ni20000x
we determine a value of 68.0. For the nominally pure and
oxidized sample (Pure ox) with a ratio of 9.4 there is no
sample both gratings are in phase. Due to the fact that thgreat difference compared to the as-grown sample (Pure ag,
dominant charge carriers related to the fast grating are posgatio 8.6). So, regarding the slow grating, for Ni-doped and
itive for all samples [4,5], the slow grating is formed by oxidized samples the photo conductivity is increased while
negative charge carriers in classes (b) and (c) and by positithe dark conductivity becomes even smaller.

charge carriersin class (d). So Rh-doping and the oxidation of

Yb- and Ni-doped samples change the sign of the dominant

charge carriers for the slow grating from negative to positive4 Discussion

In [4] and [7] it is claimed that in lead germanate intrinsic
3.3 Slow grating in thermally treatetli-doped samples defects may take part in the charge transport. For the fast

grating we found that doping does not enhance the photore-
Besides the general behavior, the dark and photo condufractive effect. Nevertheless, in [5] it was described that the
tivities corresponding to the slow grating are influenced byfast-grating response can be influenced by thermal treatments.
doping, dopant concentration, and thermal treatment. For the the case of reduction treatments the response becomes very
slow grating we determined the dark and photo conductivislow for all samples. Also the dark conductivities observed
ties in Ni-doped samples. Due to the fact that the measured reduced samples are generally smaller. For a nominally
conductivities are 2- 3 orders of magnitude smaller than pure and reduced sample this behavior is not observed. So
the dark and photo conductivities related to the fast gratingn this case the doping seems to play an important role for
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the dark conductivity. In [7] Yb-doped samples have showrthe formation and the properties of multiple gratings in lead
strong dependencies of the time constants for both gratinggermanate crystals. The main results can be summarized as
on reduction and oxidation treatments. Furthermore, it is podollows:

sible to change the sign of the dominant charge carriers for the_ pyring holographic recording two refractive-index grat-
slow-grating by oxidation. Reduction leads to a substantial jngs (a fast and a slow grating) are observed.

increase of the time constants for the fast grating, and a sig-_ pjtferently doped and thermally treated samples are clas-
nificant decrease of the slow grating time constants. Againin  sified by four different types of the formation of both

a pure sample reduction does not lead to comparably large gratings.

chang_es, indicating that the doping influences both gratings,_ Doping with Ba suppresses the formation of the slow grat-
especially for thermally treated samples. ing.

— As-grown Rh-doped and oxidized Yb- and Ni-doped sam-
ples exhibit the same behavior.

— In Ni-doped samples the properties of the slow grating are

systematically studied. The photo conductivity increases

with the Ni content. A further enhancement is observed

4.1 Classification of different samples

From the present investigation we have the opportunity to di-
vide the samples into different classes. We have given the after oxidation of the samples
results for the samples in which we clearly identified the be- - ) ' ]

havior. Similar behaviors have also been reported for other Still it has to be pointed out that further experiments are
materials [12-17] and can be explained theoretically [18he€eded to identify the photorefractive centers and their charge
19] taking into account simultaneous electron—hole transpofitates in detail to give an explanation of these results taking
which was first demonstrated by Orlowski and Krétzig [11]. iNto account the atomistic situation.

For Yb- and Ni-doping we observe the same behavior. So
Ni and Yb seem to act as photorefractive centers in a si
lar way. After oxidation they behave like Rh in an as-grown
sample. From the present investigation it is not possible to ob-
tain the charge states of the involved centers. The results on
point to the fact that these changes of the behavior can be i
duced either by the doping alone (Rh), or by the combination

of doping and thermal treatment (Yb, Ni). !

4.2 Slow grating in thermally treateMi-doped samples

For Ni-doped samples the dark and photo conductivities re-
lated to the slow grating are studied depending on the Ni 4
content as well as on the thermal treatment. In [5] we pre-
sented that for the fast grating, Ni doping does not increase
the photo conductivity. These measurements reveal that a

ment is possible after oxidation. While the dark conductivity

becomes smaller the photo conductivity of the slow grating &

increases for oxidized Ni-doped samples. Again we can not

identify the charge states of the involved Ni-centers from thejg.
11.
12.
13.

present experiments.
5 Summary

ling have been carried out for differently doped and thermally ,
treated lead germanate samples indicating that doping angg
thermal treatments change the photorefractive properties, i.e19

14.
15.

Measurements of diffraction efficiency and two-beam coup-16-
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