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Dispersion law of photorefractive waves in sillenites
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We investigate the dispersion lairelationship betweef, andK) of photorefractive waves using a new
experimental method based on the excitation of photorefractive waves by a spatially oscillating interference
pattern and on the detection of the first non-Bragg diffraction order. The existence of a sharp resonancelike
dependence of the output signal on the frequency of excitation allows us to analyze the dispersion law with
high precision. Bj,TiO,, and Bi;,.GeO,y single crystals are used for the investigations, and the dependences of
0, on K, on external field, on index of modulation, and on light intensity are studied. The experimentally
observed relatiof),«1/K is in excellent agreement with theory. A contribution of nonlinear effects to the
spectrum of photorefractive waves is discus$&d.050-294{@9)00909-9

PACS numbsd(s): 42.65.Hw, 73.20.Mf, 42.40.Eq, 42.70.Nq

[. INTRODUCTION odical distribution of space charge causes an electric field
grating and a corresponding refractive index grating through
In semiconductor crystals spatial time fluctuations ofthe linear electroopti¢Pockels effect. The periodical grat-
charge carriergelectrons and hol¢san evolve to their equi- ing of refractive index is actually a phase holographic grating
librium state either through a simple relaxation process oproviding light diffraction.
through dampened waves. In the last case the existence of The theoretical analysis of recording and relaxation pro-
propagating waves means the existence of correspondirggsses of holographic gratings in photorefractive crystals is
eigenmodes of oscillations which also can be considered agsually based on a set of equatiofiukhtarev equations
quasiparticles in the material. One well known example ofwhich allow wave solution§6,7]. In the case when the effect
guasiparticles are plasmons — waves in an electron-holef self-diffraction of the incident light beams on the process
plasmd 1]. A relatively high concentration of carriers (6 of recording of the holographic grating is negligitflehich
10" cm™®) is usually necessary for the existence of plas-means that two-wave mixing inside the crystal can be ig-
mons in semiconductors at room temperature. In other case@pred, the theory[6,7] predicts the same results as given in
for instance for recombination wav§g, 3], wave processes Ref.[4] for the electric field grating dynamics. In particular,
and even self-generation of waves can take place if the Maxwhen the drift length of carriers is larger than the grating
well relaxation timery, is rather shortless than the lifetime Period, but the grating period is still large enough to neglect
of carriers. However, as it was shown in Reff4], wave diffusion, the eigenmodes of the space charge electric field
processes can exist even in semi-insulating crystals with guctuations are running waves of the type
long Maxwell (dielectrig relaxation time (101-10*s), a
relatively low concentration of carriers (8-10 cm3),
and a low mobility. These are space charge waves or, in Esc(x,t)zEsc(tZO)exp(
other words, trap charge exchanging waves. To our knowl-
edge, the first theoretical analysis of these waves was pre-
sented in Ref[4] and then experimental investigations by whereK is the length of the grating wave vectdd,, the
measuring impedance oscillations were reported in B&f.  frequency of the wave, antk the relaxation time.
for n-type germanium doped with gold. In accordance with Ref§6,7] and taking into account the
A very favorable situation for investigations of space aboved mentioned conditions, the eigenfrequefigyof the
charge waves exists in photorefractive materials, such aspace charge wave and the grating wave vektare con-
Bi12Si05 (BSO), BiysGeOyg (BGO), and Bi,TiOy (BTO)  nected by the dispersion law
— crystals of the sillenite family. In this case an inhomoge-
neous periodical distribution of space charge can easily be
formed by illuminating a sample by any periodical light in- O, = 1 ©)
tensity pattern, for instance, by an interference pattern K ruKLo’
formed by two coherent plane waves. Then evolution of
space charge waves can be detected by observing diffractiomhereL  is the drift length of carriers ang, is the Maxwell
of coherent light because in photorefractive crystals a perirelaxation time. Here it is assumed tHaf7<1, wherer is
the lifetime of carriersL(K>1 andLpK<1, with the dif-
fusion lengthL . Expression2) can be written in the form
*FAX: +49(0)541969-2670 [8,19

! )exp[i(th— Kx)], (1)
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e alg we investigate experimentally the validity of relationships
Qk=880E0 oK (3 (2 and(3), respectively, by varying, Eo, andl,.
A few words about the terminology. The majority of au-
Heree is the electron charge., the dielectric permittivity, ~1Ors use the term “space charge waves.” In R4] it was

« the absorption coefficient,, the total light intensity, and ProPosed to call these waves “spastrons” because they can
#w the energy per photon. be regarded as quasiparticles as well. However, in photore-

The requirement K >1 actually means that the relax- fractive materials the light diffracts from a refractive index
ation time 7= 7y (LoK)? is larger than the time period of grating and in the general case the dynamics of this grating

wave oscillations. In this case we deal with wave processe'g‘ay not coincide with those of free space charge waves in

rather than with a simple relaxation process. The correspondlonPhotorefractive materials because the processes of forma-
ing phase velocity of the propagating wave is tion and propagation of space charge waves in photorefrac-
tive crystals include in the general case the processes of self-

Q 1 diffraction, two wave mixing, and enhancement of the
vph=—k= ] (4) propagating light beamd.2,15,16. Thus, a refractive index
K ryK2L, grating is the result of more complicated processes including

To our knowledge, one of the first unambiguous experimen:s’pace charge dynamics, light diffraction and two wave mix-

tal evidences of the existence of running waves in photore'—ng' That |s”wh)‘/‘ V‘;]e pref]:ar to caI’I, t_heie waves “hphotore;racl-
fractive crystals was obtained in R¢fL0] where recording tive waves™ or “photorefractons™ in the case when we dea
with photorefractive materials.

was performed by a moving interference pattern in a thin h iahtt d . . he d .
BSO sample. Because of the small thickness of the sample, | "€ Most straightiorward way to investigate the dynamics

an amplification of the grating due to two wave mixing could _of photorefractive waves is to record a refractive index grat-

be ignored, but a resonant enhancement of the grating anf’¥ by a moving inter_ference pattern.and to analyze the light
plitude could be detected if the velocity of the interferencediffraction as a function of th_e ve_Iocny of motion and_ other
pattern coincided with the velocity of the corresponding run_parameter$17,'1'8|. Howeve_r,_ in this paper we use a S'mple’
ning grating. This enhancement was observed experimentalRUt Very sensitive and efficient technique: the detection of
in Ref. [10]. Note that the first experiments with a moving on-Bragg orders c_ilffr_acte_d from the grating that is recor_ded
interference pattern were reported in Rifl] and later the by a spatially oscillating interference pattern. The oscilla-

theory was described in Refl2]. However, in these papers tiong of the intgrference pattern oceur when one of the re-
the main attention was focused on amplification of the mov-c0rding beams is phase modulated with the frequéa@nd
the amplitude®. As it was shown in Refd.17,18, the in-

ing space charge grating through the two wave mixing '~ © , . X : .
mechanism. All these investigations were carried out in thé€nSity of the first non-Bragg diffraction order is described
y the relationship

linear regime of recording when a sinusoidal interferenc
pattern results in a similar sinusoidal grating of the space

charge and the electr_ic field._A wide spectrum of nonlinear Ing= const Mcos{ﬂw ), (6)
effects has been studied, for instance in Rg§9,13 where D(d)
a moving interference pattern provides an excitation of
higher (or sub spatial harmonics of the space charge gratWhere
INgS. . _ - 20142 4 2y2791/2

Among the main characteristics of space charge waves, D(d)=[1+2g%(1—d%)+g*(1+d%)°]™ 7
one of the most interesting features is the dispersion(Bw
The dispersion law is a fundamental relationship for any B g’(1+d)-1
wave, but in our case it attracts special attention because of y=—arcta 29 ' ®
its unusual character. In our ca$k is inversely propor-
tional toK. This is a very specific dependence which results g=Qmy, 9
in some unusual properties of these waves. In particular, a
negative group velocity d=KL,. (10)

Vg=dQ /dK=—1/ TK2Lo) 5 The diffraction efficiency of a thin hologram f@ =0 is

=(m 2/4. Hereq is a coefficient depending on the
exists, which means that the phase and the energy of trlggitréop?cq) parameteqrs of the mater?z{ng,zcg], m

){’_\’é‘:e ?ﬁgﬁeeﬁarpgxehw't)hafhﬁ Saerg'itsgeet(:ow Opgos'teel(;'éecéz\/@(lRJrIS) is the contrast ratio of the interference
lons. ionshif) also predicts a strong group veloc- pattern, andlr and |5 are the intensities of the recording

ity dispersion. The goal of this paper is to present experimenbeams The assumption®, m<1 were used to derive Eq
tal data for the dispersion relation of photorefractive Waves(G) ' ' '

in the most unambiguous situatigliinear regime of record-

ing, negligibly small diffusion length, and negligibly weak shows a maximum at the resonance frequegy The value

wave mixing processes X :
The dispersion law contains three independent param(?f this frequency can be written $80]

eters. They can be selected ﬂ@oclgl, K=2#v (v is the

The dependence ofyg on modulation frequency)

spatial frequency of the gratingandLy= u7Eq (hereu is QO _; (11)

the mobility andr is the lifetime of carriers In this paper C 2+ 1)
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FIG. 1. Experimental setup showing the incident beams R and S
and the beam NB diffracted from a thin hologram to the first non-
Bragg order: LA: laser; BS: beam splitter; MI: mirror; MO: elec-
trooptic modulator; PO: polarizer; CR: crystal with externally ap-
plied electric field; PH: photodiode; LO: lock-in amplifier.

As one can see, for the conditioi KLy>1 we can neglect
one compared td? and relationshifg11) coincides with the
dispersion law(2). Thus, measurements 6¥, as a function

of Ly, K, and ry allow us to verify relationship2). To
neglect all diffusion processes and to observe the non-Bragg
diffraction order, we take the value &= 2mv in the inter-

val 277(10-130) mm ! for which the diffusion field is less
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FIG. 2. Frequency dependence of the amplituge(a) and the

used external electric fields of 1-10 kV/cm.

first non-Bragg order for two values of spatial frequencyThe

total light intensity isl,=225 mW/cn? with a contrast ratiom
=0.2 and the applied electric field Ey;=9.4 kV/cm. The solid

Il. EXPERIMENTAL RESULTS

Figure 1 shows the experimental setup. For the measure-
ments the second harmonic of a Nd:YAG lasex (
=532 nm) is usedlaser: Coherent DPSS, 532-400’he

lines correspond to calculatiorisee text

Figure 3 shows the experimental dependenc& pbn v
for the BTO and the BGO sample fon=0.2 and |,

intensitiy of the light incident on the crystal surface is in the =225 mw/cn? and 340 mW/crfy respectively. The solid
interval 25-400 mW/ci The signal corresponding to the and dashed curves are theoretical dependences calculated
first non-Bragg diffraction order is detected. One of the in-with Eq. (11) where the fit parameters argr=9.3
cident beams is phase modulated by an electrooptic modula< 102 m?/V and 7y=3.5x10*s for BTO and w77y

tor and the amplitude of modulation &= 0.5 rad. The sig-
nal is detected by a photodiode and a lock-in amplifier.
Thin plates(0.7 mm thick of BTO and BGO single crys-

=6.5X10"®* m?s/V for BGO. Note that the data for the
BGO sample can be described Qyo1/v which means that
in Eq. (11) one can be neglected compareddd for the

tals are investigated. The used cutid0 where the electric whole investigated range of spatial frequencies. Therefore
field aﬂd the grating wave vector are chosen to be parallel tgnly the produciu 7, can be determined accurately for the
the [110] axis. The polarization of the incident light is di- BGO crystal. However, this product equadsyf w/(eal)
rected along/001]. This configuration provides diffraction according to Eq(3) which means that it does not depend on
with rotation of the polarization plane and prevents practi-ur at all. Taking a=1.5 cmi'! one obtainsurry=3.6
cally any effects of two beam coupling inside the crystals. x 10 *® m?s/V which is in a qualitative agreement with the

Figure 2a) shows examples of the frequency dependence
of Ig for the BTO sample for two different values of spatial
frequencyv, for Eq=9.4 kV/cm, | ;=225 mW/cn%, and the
contrast ratiom=0.2. The solid curves correspond to calcu-
lations using Eq(3) and the valuesl=1 and 3.3, respec-
tively, and 7,=0.35 ms. One can see that there is a quite
good agreement between experiment and theorydferl
except for the low-frequency region. Fdr= 3.3 the theoret-
ical curve is narrower than the experimental curve. The pos-
sible origin of this discrepancy will be discussed at the end
of this paper. Figure (®) shows the dependence of the phase
on the frequency for the same crystal and the same experi-
mental conditions. One can see that the sign of the phase
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L] ® BGO, Ep=9.1 kVem™!
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changes af), and that the slope of the phase dependence g 3. Resonance frequen€y,/27 in dependence of the spa-

near(), increases with increasingywhich is consistent with
Eqg. (8). Note, that in accordance with E@8), y~—(1

tial frequencyv for the BTO and BGO sample. The solid and
dashed curves are fits of the theoretical expression for the resonance

+d?)AQ 7y near(), . HereAQ is the magnitude of detun- frequency to the experimental data. The light intensitylis
ing. Using the last relationship it is possible to check the=225 mwi/cn? for BTO andl,=340 mWicnt for BGO, and the

value ofd obtained from other measurements.

contrast ratio isn=0.2 for both crystals.
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FIG. 4. Resonance frequen€y,/2w in dependence of the ex- FIG. 6. Dependence of the resonance frequency normalized to

ternally applied fieldE, for BTO and BGO. The solid and dashed the light intensity(}, /(27l,) on the contrast ration of the light

curves are calculations using the same crystal parameters as in Figterference pattern for BTO where an electric fiel,

3. Light intensity and contrast ratio are equal to those used in Fig. 3=9.4 kV/cm is applied. The solid curve is a calculation using the
theoretical formula for this dependence and the crystal parameters

value obtained from the experimental data. From an estimaqbtamd from the fits in Figs. 3 and 4.

tion it follows that the mobility lifetime product is about

ur=2-4x10"1 m?/V which means that the parameteis

about 6 to 12 for an electric fiel&,=9.1 kV/cn? and a  The linear dependence 6, on |, is in excellent agreement

spatial frequency=50 mm 1. with Eq. (3) and with previously published dafd7]. The
Figure 4 shows the experimental dependenc@ obn E, linear dependence of the maximum signal intenkigy(€2,)

for both crystals, where the light intensity idy  only is consistent with Eq(6) becausdg is proportional to

=225 mWi/cnt for BTO and I,=340 mW/cnt for BGO |, in our case. The obtained data allow us to conclude that

and the contrast ratio im=0.2. The solid and dashed curves formula (11) describes the experimental data quite well. Be-

are theoretical dependences calculated from(Ef).with the  cause of the identity between E®) and Eq.(11) for the

same set of fit parameters as in Fig. 3. The data presented @onditionKL,=d>1, this means that the dispersion &2y

Figs. 3 and 4 show a very good agreement between theoiig also in good agreement with the experimental data.

and experiment. A reasonable agreement is also found if we We also investigated a BSO crystal. All data are in a

analyze the dependence Qf on the producKL,,. reasonable agreement with the data published earlie Ref.
Figure 5 shows the experimental dependenc@ oénd of  and quite similar to the results for BTO and BGO presented

the maximum signal intensitlyg(€2,) on the total light in-  above.

tensity Iy incident on the BTO crystal. The solid curves are

_shown for c_Iarity_. It can be seen that, grows linearly \_/vith Il DISCUSSION
increasing light intensity. This means tha} is determined
mostly by the photoconductivity,y,, thus[9] The conclusion about the agreement between the theory

and experiment was made on the basis of measurements of

the resonance frequency. One of the serious advantages of

this method is that the resonance frequency is only weakly
) (12)  sensitive to a nonlinearity of the recording process at small
geg  egohw m. But nevertheless, the role of the nonlinearity of the re-
cording process can be important in some specific cases.
Therefore we will discuss this point in more detail.

Generally speaking, a number of mechanisms can contrib-
ute to nonlinear processes in photorefractive materials. Some
of them, such as a nonlinearity of the photoconductivity in
the dependence of light intensity or a nonlinearity of the
current dependence on the applied electric field, are con-
nected to specific material properties and very often they can
be ignored.

On the other hand, the nonlinearity due to the finite value
of the contrast ration is a fundamental intrinsic property of
the mechanism of holographic recording in photorefractive

0 5 100 150 200 250 materials. The origin of this nonlinearity is the influence of
Io [mWem-2] the arising space charge field on the recording process which

FIG. 5. Intensity dependence of the resonance frequénand is described in the Kukhtarev equations by the product of
of the amplitude of the non-Bragg intensitys((),) at the reso- Space charge field and density of photoinduced charge carri-
nance frequency for the BTO crystal. An electric field Bf ers.
=6.25 kV/cm is applied and the contrast ratianis=0.5. The solid This product is proportional ton? and usually it is ig-
curves are shown for clarity. nored for smallm. However, just this product produces a
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FIG. 7. Frequency dependence of the amplitude of the non- FIG. 8. Frequency dependence of the amplitude of the non-
Bragg intensity for different values of spatial frequeneyor the Bragg intensity for different values of spatial frequeneyor the
BTO sample. The applied electric field i,=9.4 kV/cm and the BGO sample. The applied electric field E=9.1 kV/cm and the
light intensity isl ;=250 mWi/cn? with a contrast ratio ofm=0.5. light intensity isl =340 mWi/cnt with a contrast ratio om=0.2.

nonsinusoidal profile of the space charge field even if the 1+m?/2

interference pattern has an ideal sinusoidal shape. Therefore Q= [ (KLo)2(1—m?) + 112

higher spatial harmonics of the fundamental electric field M 0

grating arise in this case. This means that during illumination

of the crystal with an interference pattern with the wave

numberK we record a number of gratings with wave num-
_ : ) D .

bersK,=pK and amplitudes proportional to”, wherep is careful in using it form—1.

an integer. Then, if the fr_equency of pha_se modulam_)frs In this paper we study experimentally both effects,
changed, the corresponding photorefractive waves with résqs,mely the appearance of additional maxima in the reso-
nance frequencie@{” =, /p will be excited. From the first nance curves for first order diffraction and the shift of the
glance it seems that the registration of the corresponpthg  main resonance. Figure 6 shows the dependence of the reso-
resonance requires detection of théh order diffraction.  nance frequency normalized to light intensity on the contrast
However, all oscillations of the electric field gratings areratio m for BTO with an applied field ofE,=9.1 kV/cm.
coupled through the mechanism of formation of the spac&he normalization is necessary because if we change
charge field and as it was shown theoretically in Refsour experiments we also change the total light intenkjty
[20,21], any(even the first ordemiffraction peak can exhibit The solid line is a calculation using EGL3) with the same
additional resonance maxima at the frequeﬁlﬁ)) . crystal parameters as in the Figs. 3 and 4.

Moreover, this nonlinearity results in a shift of the main  Figure 7 shows the frequency dependencéygffor dif-
resonancé), with respect to the contrast ratio in accordanceferent spatial frequencies at=0.5 for BTO and Fig. 8 at
with the relationship m=0.2 for BGO. As one can see from both figures there are

(13

Note that formula(13) was obtained for relatively smath
and for the conditionKL)?(1—m?)>1. So one should be
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some anomalies or even clear maxim&at (),/2. For other Another factor is the contribution of second order diffrac-
experimental conditions these anomalies can be stronger ¢ion of the beam with intensityg. This factor may be im-
weaker, but they can be found almost always for high valuegportant for the case whely is higher than or comparable
of m. We studied also the dependence of the phase of theith Is. However, in our experiment;<Is is valid even
detected signals on frequency and clear anomalies are fouri@r m=0.5 and we do not expect a strong influence of this
as well for frequencies nedt,/2. This is in agreement with factor on our experimental results. . _
the model of nonlinear excitations of photorefractive waves The considered origins of the observed shift of the posi-

with doubled wave vectors. Thus the experimental datdion of the resonance curves and of their deformation are
shown above can be interpreted as an illustration of the rolgaused m?lnlyhby the”norllhneanty of _holﬁgraphlc_ recording.
of the nonlinearity in the spectral properties of photorefrac{OWeVer, for the small value oh used in the experiments to

tive waves. A more detailed comparison of the experimentaYerlfy the dispersion law, these effects can be neglected.

results with theory is difficult because no exact ana_lytical IV. CONCLUSIONS
formula for the frequency dependencel Qf for the nonlin-
ear case is available. In this paper the dispersion laithe dependence &1, on

It is worth to mention some other factors which can con-K) for the photorefractive wave®r waves of space charge
tribute to a deformation of the frequency dependendggf  in photorefractive crystaJswas investigated in detail. The
As one can see from Fig. 2 there exists a definite discrepandgchnique of detecting the non-Bragg self-diffraction of
between the calculated and the measured width of the res@hase-modulated laser beams was used. The experimental
nance curve fo=60 mm L. To our opinion a reasonable data concerning the position of the resonance peak which is

explanation for this discrepancy is an inhomogeneous broa‘ﬁsszciatedh Wilih han re].\xcitat.ionl of phot(_)refrafcti;]/e (\;\(aves is
ening due to a nonuniformity of the electric field inside the US€d 0 check the theoretical expression of the dispersion

crystal. It is well known that such a nonuniformity appears!aw' An excellent agreement between theory and experiment

rather often because of non-Ohmic contacts and due to 5 found if the necessary requirement for the linear regime of
spatial inhomogeneous distribution of light intengify. Fur- ~ récording (n<1, ®<1) and the condition of the absence of

thermore, a inhomogeneity of light intensity leads to alwo beam cc_)upl_ing are sat.isfied_. . . .

Maxwell-relaxation time that varies over the crystal surface | N contribution of nonlinearity in holographic recording -
and thickness. This also results in a broadening of the frel® Position and shape of the resonance peak is analyzed. It is
quency dependence bfg . Both of these sources of broad- found that the shift and deformation of the resonance curves

ening are not in contradiction with our experimental results2PServed experimentally at rather high values of modulation

A next factor is a possible broadening at high values of Ndex can be explainetat least qualitativelyby the theory
[22]. If d is high enough to hav®md>1, some deforma- that describes nonlinear mechanisms of generation of photo-

tion of the resonance curve may exist because the last corrI@fr""Ct'Ve waves.
dition means that the amplitude of the grating oscillations is
higher than the applied electric fie[d8], which has defi-
nitely no physical meaning. However, more detailed experi- Financial support by the Volkswagen-Stiftufig72919
ments where® was changed to reduce the prodé@ind and partially by the Russian Foundation for Fundamental
reveal no indications that the width of the resonance peaknvestigations(Grant No. 98-02-18254is gratefully ac-
depends on this product in our case. knowledged.
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