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The photorefractive effect is studied in ferroelectric lead germanate crystaBef®h ,, including
undoped, Fe- and Rh-doped crystals, as wellRis_,Ba,)sGe;0;; solid solutions. Two kinds of
processes are involved in photorefractive interactions: a fast response with a time constant generally
less tha 1 s and the formation of slow gratings with time constants of several hours for intensities
in the range of 1-30 kW/f Basic photorefractive parameters corresponding to the fast response,
such as dark- and photoconductivities, the sign of the main charges involved in the transport
process, effective trap densities, and activation energies are determined. Compared to theoretical
predictions the measured effects are too small which is attributed mainly to electron-hole
competition. ©1998 American Institute of Physids§0021-897@8)00407-]

I. INTRODUCTION briefly described, and the absorption spectra for various
samples are presented. Then we explain in section Il the
Many oxide crystals exhibit a photorefractive effect, experimental methods and theoretical considerations from
which means that inhomogeneous illumination leads to exciwhich some basic photorefractive parameters can be ob-
tation and redistribution of charge carriers. Space-chargeined. Section IV contains detailed experimental results, in-
fields build up and modulate the refractive index via thecluding effective charge densities, dark- and photoconduc-
electrooptic effect. Crystals with this property are of greattivities, activation energies and electron-hole competition
interest for applications like optical data storage or signafactors. Further discussions and remarks are presented in
processind. The research on photorefractive materials hassection V.
been concentrated both on crystals exhibiting very large

effect€ and on so-called nonideal materidlémproving or
tailoring the properties of known materials as well as the'l- CRYSTAL GROWTH AND OPTICAL ABSORPTION

search for new photorefractive crystals have gained much |ead germanate melts congruently and can be grown
attention in recent years. using standard Czochralski equipment. All crystals were
From our point of view a candidate for detailed investi- grown in the crystal growth laboratory of the University of
gations of the photorefractive effect is lead germanatedsnabrgk. Typical pulling and rotation rates are 1.4 mm/h
PbGe;Oy;. Large single crystals were first grown by and 30 rpm. All crystals were pulled along thedirection.
Iwasakiet al. in 19717 Lead germanate is ferroelectric be- Crystallization takes place at 738 °C in a structure belonging
low Tc=178 °C and shows optical activity. Its linear elec- 1, the point group_6At T.=178 °C lead germanate under-
trooptic coefficients; and g are fairly large with values of - 565 5 second-order phase transition from the paraelectric to
10.5 pm/V and 15.3 pm/V, respecuvé;But until now, only e ferroelectric phase with point group 3. After growth the
little is known about the photorefractive effect in this mate- crystals were cut and polished. Subsequently, the crystals
rial. Most of the publications about lead germanate deal with oo poled by cooling from a temperature slightly abdye
electrooptic, pyro- and piezoelectric properties and with itSyo\yn to room temperature by applying an electric field of
optical activity. To our knowledge there is only one letter ot 0.3 kv/cm. Afterwards piezoelectric and pyroelectric
demonstrating the photorefractive effect in undoped lead geiyeasurements were carried out to prove that the single do-
manate which was published in 1990 by Kkowsky et al® main state is achieved. BBe;0y; (PGO crystals doped
In many cases doping with transition-metal ions can greatly, it Fe and RHdopant concentrations are given in mol ppm
change physical parameters which are of relevance for thgyqied to the Ge content of the mekind (Pb,_,Ba)s
photorefractive effect. Furthermore, in lead germanate th%;eso11 (PBGO solid solutions withx=0.01, 0.02, and 0.04

adding of Ba has a strong influence on phase transition tenb( in the mel) were grown and samples were prepared. We
perature and electric conductivity. Information concermningyagcribe the samples used in our experiments in Table .

the effect on the photorefractive effect is also of importance Utilizing a CARY-17D spectrometer we measured the
for material research. _ _ optical absorption for different lead germanate samples for
In the present contribution we report in detail on the gyraordinarily[Fig. 1(@)] and ordinarily polarized light in
photorefractive effef:t in undoped and doped Ieao! germanatgq wavelength range of 400—800 nm. The absorption coef-
crystals as well as ifiPby ,Ba)sGe;0y, solid solutions. In ficients ¢ are calculated by taking into account multiple re-
section Il the growth and preparation of the crystals argections at the front and back sides of the crystal with the
use of the refractive indices of BBe;O;;.” The absorption
dElectronic mail:  yxuefeng@rz.uni-osnabrueck.de coefficients of all samples except those doped with Fe are
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TABLE |. Descriptions of our samples used in the experiments.

Dimensions
Number Crystal and dopant [axXbxc (mnP)]

PGO PRGe;0,; 2.40x6.20x5.5
PBGO0:0.01 (Phy oBa0,01) 5563011 1.90% 5.30x 6.25
PBGO0:0.02 (Phy.odBa9.02) 553011 2.60x4.10x4.40
PBGO0:0.04 (Phy 9Ba9.005G€3011 3.10xX6.50x6.76
PGO:500 Fe Py5e;0,,: 500 ppm Fe 1.884.00% 5.50
PGO:1000 Fe Rj5e;0,,: 1000 ppm Fe 1.985.10x6.80
PGO:500 Rh PyGe;0;,: 500 ppm Rh 2.584.65% 6.85

small for extraordinarily polarized light of an Arlaser

Yue et al.

in the undoped, Rh-doped an@Pb,_,Ba)sGe;0;; solid
solutions.

lll. EXPERIMENTS AND THEORETICAL
CONSIDERATIONS

A. Measurement of diffraction efficiency

A usual holographic experimental sefig used to mea-
sure the photorefractive properties of lead germanate crys-
tals: Two expanded beams of an*Alaser (. =514.5 nm of
approximately the same intensifjntensity modulation m
>0.98 and with extraordinary polarization are utilized to

(wavelengthh =514.5 nm. The presence of Ba leads to a write gratings with a grating vector parallel to theaxis of
decrease of absorption in the short Wavelength range, Whl|fhe Crysta]s_ The formation of gratings is monitored by a
doping with Rh has almost no influence on the absorptionveak extraordinarily polarized He-Ne laser beam (
spectrum. Compared with other samples, the Fe-doped 632.8 nm incident at the Bragg angle. If there is no speci-
samples have much larger absorption coefficients in thgied description, the spatial frequency of the gratingKis
short wavelength range for extraordinarily polarized light.=2.35 ym~! in holographic recording. A heatable crystal
All doped samples show an appreciable dichroism whicholder is used to stabilize the crystal temperature in the range
depends both on the doping and on the wavelength regiofrom room temperature to 60 °C. Silver paste electrodes are
The same dependence of dichroism on wavelength is foungut onto the twac faces of the samples so that a DC electric
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field can be applied to the crystals along thaxis.

The diffraction efficiency is defined as the ratio between
diffracted beam intensity and total transmitted readout beam
intensity without grating. It is derived from Kogelnik's
formula?®

p=sirf(wAnd/xcos,), )

whereAn is the modulation of the refractive inded,is the
thickness of the crystal, and, is the Bragg angle between
surface normal and readout beam inside the crystal. In pho-
torefractive materials the refractive index modulation is de-
termined by the electrooptic coefficieni; and the space-
charge fieldE,,:*°

1 3
An=— En I efEsco

where n is the effective refractive index n(
=none/\/nezsin20+nozco§0), 0 is the half angle between the
two interacting beams inside the crystal, ang, are the
refractive indices for ordinarily and extraordinarily polarized
light.

In a crystal of point group 3 and for the extraordinarily
polarized writing beams, the effective electrooptic coefficient
is

@

1
M eft= F{ngr 255iNB(cos20— cos28)[ Nar 15(cos2H
n

—c0s28) +4n2n2rg;sin’ B+ nr 35sinB(cos20

+co0s28) |cos3}, 3

where 8 is the angle between the grating vector and the
axis measured inside the crystal. If the grating vector is di-

FIG. 1. Absorption spectra for lead germanate crystals with different dop-n?Cted along the ax_|s qf the CryStal and 'gnor'ng_the small
ings. (8) Absorption coefficienta, for extraordinarily polarized light, and ~ difference of refractive indicels andn, ¢, the effective elec-
(b) difference @.— «,) between the absorption coefficients for extraordi- trooptic coefficient is simplified to

narily and ordinarily polarized light. The lines itb) correspond to the

legend used irta).

Foff= — I 1aSIMP O+ 1 3305 6. (4)
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For ordinarily polarized light and the symmetric condition T T ,

) |
(B=0) the effective electrooptic coefficientiig;, which is
; o o 18L PGO i
slightly smaller than that for extraordinarily polarized light.
The space-charge field caused by a sinusoidal intensit I
pattern with modulatioom~1 is given by &~ 15 z _
£ I
. E2+E2 | s = I
Es=CEo| 55— | . 5 | |
E5+(Ep+Eq)? < 12 ‘e
whereE, is the applied electric field, arfl, andE are the I
diffusion and the limiting space-charge field, respectively: or 7]
ED:KkBT/e, EQ:eNeff/Kfeo. (6)
6 | ] 1 ] |
Herekg is the Boltzmann constant, is the temperaturesg 0 S 10 15
the permittivity of free space, andis the dielectric constant. t (103 s)
C is a factor which reduces the space-charge field due to the
following reasons: FIG. 2. An example of beam coupling in the undoped PGO sample with the

(1) Dark conductivity—If the dark conductivityo is not orientation of the crystal shown in the inskt, are transmitted intensities of
negligible compared to the photo conductiv&ty, the space- two interacting beams. The grating spatial frequencl( #s8.35 um™1.
charge field is reduced by a factgrwhich can be expressed

as B. Measurement of beam-coupling gain
X:;- (7) In two-wave mixing experiments, two extraordinarily
1+oglop polarized AF laser beamsN=514.5 nm are utilized. No

(2) Electron-hole competition constagK)—The con- external electric field is applied. Both transmitted beams are
stant is less than unity if both the electrons and holes ar&onitored and the exponential gdihis defined by
involved in the charge transport process. The single-species 1 1
electron-hole transport model predicts that the consié) I'= —In( 1 _2) , (12)
is in the form of d 1

EK)=(0e— o)l (oet ap) (8) wherel;, andl,, are the transmitted intensities with and

f I tial f f th tinlsH without coupling.
or small spatia’ frequency ol Ine gratingsHere o, are The relation between the exponential gdinand the

electron aT‘.d hole conduptwny, respecively. . beam crossing angle can be describetf by
In addition, a correction constant has to be introduced to

account for a reduction of the measured diffraction efficiency Asind,,  cos20

by different experimental parameters, such as multiple beam I'= 1+ B 2sir?g.. COF '

reflections, angular deviations of the readout beam from the ex

Bragg anglé?? and screening charge effe¢fsf we apply an ~ where 6, is the half external beam crossing angle. The pa-

external electric field during the holographic recording. rametersA andB are connected with different crystal prop-
The decay properties of the gratings can be monitored bgrties following the equations

a weak He-Ne laser beam during erasure. The inverse decay

(13

2,3
time constant-—* of the grating is described by A=Cfeﬁwy (14)
T i=(ogqt op)l eeq, 9
with and
en N 1/2
e b (10) e eff
P B 477( eegkgT) (15)

A relation x<1 is predicted by either a one-center model i )

with changing concentrations of traps, a two-center model oPOth the effective charge densilye and the electron-hole

a three-valence mod&t.The intensity dependence of the in- Competition factog(K) can be determined from the angular
verse decay time constant is used to determine dark- arfééPendence of. Furthermore, from the energy transfer di-
photoconductivity as well as the sublinearity of photocon-réction the sign of the main charges involved in the charge
ductivity on intensity. Furthermore, the dark decay time con-ransport can be deduced.

stantry has a temperature dependence given by

IV. EXPERIMENTAL RESULTS

T4= Toexq EA /kBT), (11)
whererg is the decay time constant when all the charges ar@" Observation of multiple gratings
thermally activated, and, is the activation energy. The As an example of beam coupling we show a longtime

temperature dependence gf can be used to determine the recording of intensity variation during two-wave mixing in
activation energye, . the undoped PGO sample in Fig. 2. The transmitted beam
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. . . . FIG. 4. Evolution of diffraction efficiency; during holographic recording
FIG. 3. Diffraction efficiencyn measured by alternately using one of the and readout with an applied electrical fidg=10 kV/cm in the undoped

Wri_ting. beams as a fef”‘dOPt beam during beam coupling. The opical orierbGO sample. The wavelength and intensity of the writing beams are
tation is the same as in Fig. 2. A=514.5 nm and =5 kW/n?. During the whole process the diffraction
efficiency is probed by a weak He-Ne laser bearr632.8 nn).

intensities ofl ;=10 kW/n? andl,= 15 kW/n? without grat-
ing are measured. After both beams are turned on, the_re IS Fast grating
fast energy exchange between them with a response time of ] ) ) ) ) o )
less than 1 s. After several hundreds of seconds a slow grat- A typical time evolution of diffraction efficiency during
ing appears gradually which causes an energy transfer tdolographic recording and decay in the undoped PGO
wards the negative direction, and in the final state the total S&MPple is shown in Fig. 4, from which we see that in a time
energy exchange is in the negativelirection, too. We have ange of ;everal minutes, Onlly the fast grating is of impor-
determined the exponential gain corresponding to the fadgnce. With an applied electric field cﬁo_=110 kv/em and
grating to bel’;=0.98 cn  and for the slow grating we find fOr & grating spatial frequendy=2.35um"", the maximum
I'.=3.38 cnl. The grating spatial frequency K=8.35 diffraction efficiency is about 2% corresponding to a refrac-
. . . . . . _ _5 -y
wm~L. Based on this observation we can exclude that thdlVe index modulation oAn=1.2x10 . After the writing
slow grating is formed only through a compensating proces§€ams are turned off, the grating decays quickly too. We
due to thermally excited charges. Both gratings have a norPServe a small response time constant of several hundred
zero phase shift with respect to the light pattern, and this is &S To estimate the photorefractive recording sensitivity, we

. ey . . . _ 1/2
characteristic property of the electrooptic photorefractiven00se the definition given in Ref. 17 i.eS=#7"9Wy,
effect. where # is the diffraction efficiency andV, the incident

To check if there is an extinction grating involved in the €N€rgy density. Then the sensitivity is determined as
slow process, we measure the diffraction efficiency by alterS~0-2 cnt/J which is about the same order as that of highly
nately reading the gratings during recording with one of thedoPed and lightly reduced LiNbJ” As has been already

two writing beams. A computer controlled program mea-described in sectior_1 IV A, there is an_asymmetric energy
sures the diffraction efficienycl s after the action of an elec- transfer corresponding to the fast grating. The exponential

trical shutter. Thus only the slow grating is monitored be-92in depends on the polarization of the two interacting

cause the fast grating decays completely in this time intervaP€ams: Without electric field, the ratio of exponential gains

The orientation of the sample with respect to the beams i£r extraordinarily and ordinarily polarized beamslig/T',
shown in the inset of Fig. 2. We defing, and 7, as the ~1.4, which is in good agreement with the ratio of effective

diffraction efficiencies probed by, (I, is blocked and I, elgctrooptic coefficients corresponding to these two configu-

(1, is blocked, respectively. Their dependences on interact-"ations.

ing time are presented in Fig. 3. There is an obvious differ-

ence betwee and 7, which indicates the presence of . . .

both a refractir\T;]el indexnzind an extinction grating shifted rela-l' Effective charge density N i and sign of charges

tive to each othet® The dependence of refractive index modulation on the
The slow grating with relatively large efficiency might external electric field for different samples was measured and

be interesting for optical data storage, but in the present workhe results are presented in Fig. 5. The lines are theoretical

we observe it only in the undoped PGO sample. The fasfittings based on Eq$2)—(6) in section lll A and the values

grating, however, can be written in all of the samples and thef effective charge densities.Nobtained are listed in Table

measurements show good reproducible results. In the followH. It can be seen that the doping does not lead to an increase

ing we concentrate mainly on fast grating which is of interestof the effective charge density. The larger the concentration

for real-time holography and information processing. of Ba, the smaller the effective charge dendity;. Doping
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FIG. 5. Modulation of refractive indeAn as a function of applied electric

field E, during holographic recording for different samples. FIG. 6. Inverse decay time constarit* as a function of erase beam inten-

sity | at room temperature for different samples. The symbols are measured
data, and the lines are fittings accordingric'= (o 4+ o)l €€y The values
with Fe leads to an increase Nf. In both cases, however, of photoconductivity at an intensity ¢f=3 kW/n? are listed in Table II.

the values ofNg are smaller for the doped samples com-
pared with the undoped sample.

The exponential gain in two-wave mixing was measured

as a function of beam crossing ang_le fo_r the undoped P.G (Poconductivity as is the case in other photorefractive
sample. The value dfl+ determined in this measurement is 15,18 .
Neg=1.21X 10?2 m~3 which is in agreement with the result crystals.>""Rh doping, however, leads to hardly any observ-
Nes=1.16x< 10?2 m~3 obtained by diffraction measurements. able changes in cor}ductlwty. For the intensity range below
We estimate the error limits in all of our experiments to be1 KW/ u§ed in this 'mea'suren?ent, photqcondgcuvny de-
about+ 10%. pends sublinearly on light intensitk€ 1 as listed in Table

Without external electric field and at the beginning of !l)- For the samples with 1000 ppm Fe or with Ba
holographic recording the energy is always transferred to(x=0.04), the photoconductivity depends almost linearly on
wards the positive direction in all of the samples used in light intensity. The measured results for undoped and Rh-
our investigations. To determine the sign of the charges indoped samples are not included in Fig. 6, because their in-
volved in the fast grating formation, one has to know theverse decay time constants are more than one order of mag-
sign of the effective electrooptic coefficient;. In our ex-  nitude larger than those of the other samples.
periment, thed is 2.6° (corresponding t& =2.35 um™1). The dependence of photoconductivity on light intensity
This corresponds to a positive effective electrooptic coeffiis determined also by measuring the diffraction efficiency as
cient( re=15.2 pm/\j. From Eq.(4) we then conclude that a function of writing beam intensity. The fitting to the ex-
the main charges involved in the charge transport responsibleerimental results by taking E¢7) into consideration gives

for the fast grating are holes. the dependence of photoconductivity on light intensity.
There is relatively good agreement with the results obtained
2. Dark- and photoconductivity with these two methods. For example, the valueleter-

The inverse decay time constants® of the photorefrac- Mined by diffraction measurements is 0.75, which agrees
tive gratings are measured as a function of erase beam intefgirly well with x=0.72 obtained by the decay time measure-
sity | at room temperature for different samples as shown irments. Based on these results we calculated the photocon-
Fig. 6. The lines are fittings to the experimental results usingluctivity for different samples dt=3 kW/n?, which is the
Egs.(9) and(10). The parametersy andx are listed again in  intensity of the writing beams in holographic recording. The
Table II. In general doping reduces both the dark- and phoresults are given in Table II.

TABLE Il. Measured parameters for different samples.

oy o, (3 kW/n?) X Ea Net £(K)
Sample om0 mt (ol®) (V) (10Pm 3  K=2.35um™?

PGO 50.2 11.2 0.72 0.61 1.16 0.31
PBGO0:0.01 3.0 2.8 0.76 0.49 1.13 0.19
PBG0:0.02 2.3 1.4 0.72 0.46 0.82 0.15
PBGO:0.04 0.38 0.89 0.98 0.49

PGO:500 Fe 5.5 3.3 0.79 0.47 0.48 0.26
PGO0:1000 Fe 1.9 1.5 0.99 0.81 1.08 0.25

PGO:500 Rh 50.2 17.1 0.73 0.47 0.89 0.22
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FIG. 7. Inverse dark decay time constarf’ as a function of inverse FIG. 8. Calculated maximum refractive index modulatibn,,,, of a holo-
temperaturd ~* for different samples. The symbols are measured data, andyraphic grating as a function of the half-crossing angléetween two
the lines are fittings according Q= 7oexpEa /kgT) whereE, is the acti- interacting beams inside the crystal for different values of the effective
vation energy listed in Table II. charge densitN; and external electric fiel&,. The factorC (see Eq(5))
is supposed to be 1, and the two beams with the same intensity are incident
symmetrically 3=0) to the crystal.

3. Activation energy

After recording the holographic grating, we turned off
both writing beams and probed the diffraction efficiencywhich depends on the grating spatial frequency, the applied
with a weak red He-Ne beam €0.01 kW/nf). The decay electric fieldE,, the limiting space-charge fiely, and the
of the grating can be considered as dark decay and the ipolarization of the interacting beams as described in section
verse dark decay time constantis measured as a function |ll. The calculated values akn,,, are shown in Fig. 8 as a
of temperature as presented in Fig. 7. The fitting to the exfunction of the half beam angle between the writing beams
perimental data using E¢L1) gives the activation enerdy, inside the crystal for different values &, and different
for the different samples. As listed in Table Il, the activationeffective charge densitid¥.¢. In this calculation the factor
energy for the undoped sample is 0.61 eV, and doping dec in Eq. (5) is supposed to be 1 and the two extraordinarily
creases it to values less than 0.5 eV with the exception of thpolarized beams are symmetrically incident to the crystal.
heavily Fe-doped sample in whidh, becomes larger than Applying an electric field can lead to a substantial increase of

that for the undoped sample. the refractive index modulation. Indeefin in the undoped
sample has been increased by more than one order of mag-
4. Electron-hole competition nitude when we apply an external electric fielt)=10

In a two-wave mixing experiment we have measured thé“wcr?1 cgmpared t? t:e Cf?ﬁ’_zo'h ) .
exponential gain in different samples with the same grating The increase of the effective charge density by doping is

spatial frequency =2.35 um~1. Using the effective charge & usual way to improve the photorefractive effect in other

density obtained, and the photo- and dark conductivity Iistedmf‘te”alsl’ but in the present work we haye not found any

in Table Il. we can deduce the electron-hole competitionev'dence that the effective charge density is increased in the

factor £(K) following Egs. (13—(15). The results are pre- doped samples. The photorefractive effect in this material

sented also in Table I may be caused by intrinsic defects. Nevertheless, holo-
In the above calculation the electrooptic coefficients forgraphm measurements show that some parameters such as

all the samples are supposed to be the same. This mig pnductivity, activation energy level, etc. are really changed

introduce some errors, especially for the samples that contaly d0Ping. Perhaps other dopants and/or further annealing
Ba. As mentioned in section | the crystals containing Bamay influence the photorefractive effect in this matengl.
It should be noted that in contrast to our work, Kro

have a lower Curie temperature which may enlarge the elelfk K |6 ) h bl
ments of the electrooptic tensor slightly. In addition we have!'KOWSKY e_t al." deduced nega_tlve charges to be requnSIb €
measured the dielectric constant for samples PBG0:0.01 0" the buildup of the fast grating. In their paper they did not
and PBG0:0.02, whose values are 42 and 46 at room terfnention the growth atmosphere, but during the poling a col-

perature, respectively. They have been considered in our ca?—ra;]',on O'; the dcrystallls observed inﬁ_the results are rgdstréctt)ed
culation. From the results listed in Table II, we see that dop© tis colored sample. In our work this process is avoided by

ing decreases the electron-hole competition factor. using a much smaller electric field during poling. This dif-
ference might be the reason for the different type of charges

measured in our experiments.
A further question is why we can attribute the measured
The maximum refractive index modulatiakn,,,, of a  smaller effect to electron-hole competition. To clarify this,
photorefractive grating is related to the diffusion fielg, we analyze the measured exponential gain for the slow and

V. DISCUSSION



J. Appl. Phys., Vol. 83, No. 7, 1 April 1998 Yue et al. 3479

the fast gratings in section IV A. For the slow grating, even Photorefractive Materials and Their Application, ITopics in Applied
if we do not consider the limiting space-charge fiélehich Physics, Vol. 62Springer, Berlin, 198
. : ; ; 2K. Buse, Appl. Phys. B: Lasers Op4, 391 (1997).
can limit the space-charge field at large grating spatial fre-, ' '
. . . F. Kahmman, J. Badura, R. B. K. Lytze, and R. A. Rupp, Appl. Phys. A:
quency, the measured gain can be predicted approximately ¢ s suris7 77 (1993,
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: _ Springer, Berlin, 198
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sible explanation is the consideration of electron-hole com-7m. simon, F. Mersch, C. Kuper, S. Mendricks, S. Wevering, J. Imbrock,
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