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Overall rectification and second harmonic generation of space charge waves
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The effects of overall rectification and second-harmonic generation of space-charge waves in photorefractive
crystals were reliably detected. The effect of overall rectification results in variations of the dc current flowing
in a circuit containing a photorefractive crystal and a voltage source when space-charge waves are excited in
the crystal. In the experiments, variations in the dc current reached 20%. Two mechanisms responsible for
second-harmonic generation were experimentally revealed. The theory of the observed effects is briefly de-
scribed.
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I. INTRODUCTION investigation includes optical excitation of SCW by illumi-
nating the crystal with a periodical interference pattéin
Space-charge wavéSCW) are eigenmodes of oscillation recording interference patterrFor instance, in Refs. 12,13
in a system of traps and free carriers in semi-insulatindh_e crystal_was |Ilum|nated by a moving interference pattern
solids when carriers move in an electric field. Initiafly, With @ grating spacing equal to the period of the correspond-
these waves were termed trap recharging waves, whic g space-charge wave and with a velocity equal to that_of
means that their nature is associated with trap charging a © _spa(‘:‘el;charge wave. Then the : pulse detect!on
discharaing by free carriers excited thermally or by ill m._nt chnlqué > and the technique of detection of parametric
charging by Iers excl iermaily Yy UM oy citationt® were suggested. The theory of the parametric
nating the samp[e, and th?'r propagation Is due to the 'nﬂu'effect was develope@ee, for instance, Ref. 17Selection of
ence of an applied eI%c’:trlc field. Sometimes SCW are reg,e experimental method for investigations of SCW is of
ferred to as “spastrons;"because they are regarded as néWgreat importance because the obtained information depends
quasiparticles in solids, or “photorefractons” if they are yery much on the technique used for SCW excitation and
studied in photorefractive crystalsdowever, more often the ~getection. In this work we used the technique of optical ex-
term “space-charge waves” is used. SCW exhibit very specitation of SCW by an oscillating interference pattérfio
cific properties: for instance, their wave vector is inversely detect nonlinear effects, we used both optical and electrical
proportional to their frequency, so phase and group velocitiegechniques.
are oppositely directed. The propagation direction of these If SCW are optically excited, two main regimes can be
waves is determined by the direction of the electric fieldconsidered. The first one is the linear regime when only ef-
applied to the crystal; they do not exhibit time inversion fects proportional to the first power of the contrast ratiof
symmetry. The free path length of SCW is typically limited the interference pattern are taken into account. The second
by the carrier drift length, and these waves are strongly atene is the nonlinear regime, in which effects proportional to
tenuated. m? (or a higher power ofm) become important. For the
SCW are of great interest for photorefractive crystéls  effects proportional tan? the situation formally reminds of
particular, for the sillenite family BiMO,o, whereM =Si,  the second-order nonlinearity in optitsand one can expect
Ti, or Ge) because dynamic properties of the crystals in thehat phenomena similar to second-order nonlinear effects in
presence of an external electric fieldrocesses of holo- optics (second-harmonic generation, rectificaffonexist in
graphic recording, hologram relaxation, oscillations of holo-the system of SCW. Moreover, as will be shown below, the
graphic gratingsare very often determined by these waves.employed technique of optical excitation of SCW by illumi-
SCW can play an important role in semi-insulating semicon-nating the sample by an oscillating interference pattern re-
ductors, for instance, Ga&s|nP:Fe, CdTe:V,” and other sults in the simultaneous excitation of SCW and formation of
materials. The SCW excitation can provide a considerabla static space-charge grating, whose spacing is equal to the
increase in the sensitivity of devices based on the principlespatial period of SCW. In this case new nonlinear effects
of dynamic holograph§.It can be supposed that some tran- unknown in nonlinear optics can be found. They are spatial
sient phenomena in photoreceivers and other semiconductdobubling (when doubling of the SCW wave vector occurs
device$° are associated with SCW as well. without frequency doublingand spatial rectificatiofwhen a
Experimentally, SCW were detected for the first time inspatially homogeneous electric field oscillating with the fre-
n-type Ge:Au by measuring the impedance as a function ofjuency of the SCW arisgsNote that the electric-field waves
applied voltage! However, the electrical technique of SCW resulting from second-harmonic generati¢overall dou-
excitation encounters serious experimental difficulties in thebling) or spatial doubling can be both, eigenmodes and
selective excitation of SCW with a desired set of parametersforced modes of the system under consideration, but never-
A much more flexible and informative technique of SCW theless both types of modes can easily be detected.
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LN where Ay is the recording light wavelength and,, is the

’ angle of incidence of the recording beams. Under illumina-
tion, photogeneratiom(x,t) of carries with the generation
rate

g(X,t)=go[ 1+ mcogKx+ O cost)] (4)

occurs. Herego=HW,, andH is a coefficient determined by

the photon energy, quantum efficiency of the process, and

light absorption by the crystal. The photoexcited carri@rs

our case electrondrift from illuminated regions under the

action of the applied field and are captured by traps. The
FIG. 1. Diagram demonstrating our method of SCW excitationdistribution of photoexcited carriers can be presented as a

and detection of overall rectification: PRC is the photorefractivesum of a static grating and, for the approximatior< 1, two

crystal,U is the applied voltageR, is the loading resistot) . is gratings moving in opposite directions,
the voltage across loading resistor, ang is the writing angle.

=got[1+ KX+ Q)
In this paper, we present in detail the experimental inves- 9(x,1) =got[ 1+ mcosKgx + O cost)]

tigation of overall rectification and second-harmonic genera-
tion (overall doubling of space-charge waves and briefly
describe the developed theory of these effects. We also
briefly discuss the effects of partiégpatia) doubling and 1
partial (spatia) rectification. Some very preliminary data = : _
were published in Ref. 20. 5 90mMO Sin(Kgx— Q). ®

In the experiments described in the present paper, we used
the technique of excitation of SCW by an oscillating inter-In such a way, a nonunifornistatic and dynamiccharge
ference pattern formed by two laser beams, one of which wadistribution is formed in the photorefractive crystal. When
phase-modulated. The nonlinear effects were detected by uky; and () of the excited gratings coincide with the wave
ing either light diffraction from the refractive index grating vector and frequency of the space-charge wave, respectively,
caused by the electric fields of SCWecond-harmonic gen- a resonance excitation of SCW occurs.
eratior) or measurements of the dc voltage across the loading To calculate the internal fielE(x,t) caused by the space-
resistancgoverall rectification. charge distribution, we use the conventional system of

equation'?2

1
~Qp+0gom CcoOK X — Egom® sSin(Kgx+ Q)

Il. THEORETICAL BACKGROUND
n(x,t) 1 9j(x,t) B

Here we briefly describe the theory of overall rectification g(x,t), (6)
and second-harmonic generation for SCW in photorefractive T e ox
crystals. The detailed theory will be published elsewhere.
jx,t)=eun(x,H)[Eo+E(X,1)], 0
A. Linear approach
We consider a photorefractive crystal placed into an ex- e JE(xt) .
ternal electric field and illuminated by an oscillating interfer- A7 ot XD =1(1). ®

ence pattern formed by two beams, one of which is phase
modulated(Fig. 1). The interference pattern is given by Here j(x,t) is the nonhomogeneous ohmic current density,
_ n(x,t) is the density of photoexcited carriersjs the carrier
Wx,t)=Wo[1+mcogKgx+6 cosQt)] @D lifetime in the conduction bangl is the carrier mobilitye is
with the static permittivity,E, is the electric field determined as
U/L, whereU is the applied voltagel, is the distance be-
Wo=(Ws+Wg). (20 tween the electrodes, ardt) is the current density in the
Here Ws andWg are the intensities of the recording beams,ou_tsid_e_ circuit defined as the _fuII current in the outside cir-
Q=2xf, wheref is the phase modulation frequend, is cuit divided by the cross sectlonal_ arSa)f the crystal. In.
the phase modulation amplitudey is the contrast ratio of Ed: (7), the contribution from the diffusion process is omit-
the interference patter ,=27/A, and A is the interfer- ted, since it is assumed that at higg and relatively small

ence pattern spacing. For a symmetrical recording schemég the diffusion processes can be neglected.
we obtain Usually the complementary condition

A L
"2 sir\lNaW’ © JO E(x,t)dx=0 9
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is used to solve the Eqs(6)—(8). Relationship(9) means Q 1 144
that the induced space-charge grating does not form a homo- f; =
geneous electric field in the crystal. This is quite correct if

there are no resistofa real loading resistdRr, , or an inter-

nal resistance of the voltage source, or a resistance of nono- h L dh b is the di
hmic contacts connected in series with the crystal. In our FOF the approximation used here, expressibd) is the dis-

consideration, all these contributions are taken into accourR€rsion law for the SCW. At resonance, the real magnitude of
by including into consideration an effective loading resistorthe® SCW electric field is
R. Then instead of Eq(9), we use the expressith

== == : 14
27 2gmud  2mTMpTEK (14

1t mOdE
Ejo dxE(x,t)=—1(t)p, (10) ReESC(x,t)1,1=4(1—+q)Ozcos(Qt— KgX). (15)
wherep=RSYL.

Actually, according to conditior(10), the applied field .
inside the crystal becomes lower th&g due to a voltage The expression for the_ frequency  dependence  of
drop at the resistoR. The use of conditiorf10) implies that ReEsd(x,t)1,1 can be found in. Ref. 3
space-charge gratings can give rise, in certain situations, to a
static or alternating electric fielthomogeneous along the
crystal length.

At the next step of the calculation, the densitfx,t) is Let us discuss the origin of the nonlinear effects. Expres-
excluded from the equations Eq$)—(8) and the temporal sion (7) for the current density includes the product
and spatial Fourier components of the space-charge field anf{x,t)E(x,t). The space-charge field of SCW, as follows
current density are determined. As a result, in the linear apfrom Eq. (15), is proportional tan®[ expi(Qt—Kgx) +c.c].
proximation (n<1 and®<1), the first(spatial and tempo- | addition, it can be shown that the charge density,t) is
r_al) Fogrier componenY, ; of the space-charge fielth rela- 550 proportional tan®[expi(Qt—Kx)+c.c]. So, in Eq.
tive units is (7) terms proportional tan®?[ expi(20t—2Kx) +c.c] and
o m?@2x const. arise. The first term means doubling of the
1= m _ ' (11  wave vector and the frequency of the SCW, i.e., second-
" 4i(1+09) 1+ wd+ie harmonic generation, while the second term describes overall

1 , (spatial and temporgfectification of SCW. The latter effect
—1 can be obtained . e .

is formally analogous to rectification of light waves due to a
second-order nonlinearity. The difference is that, in optics,
Yo (@)=Y, (— ). (12  rectification gives rise to a homogeneous and constant polar-
ization, whereas in the system of SCW it causes an addi-
Here p and | denote spatial and temporal Fourier compo-tional homogeneous, permanent component of the current.
nents, respectivelyg=po,o=el(4mmy)=eugdor is the  Since detailed calculations will be published elsewhere, be-
conductivity under uniform illuminatiofthe dark conductiv-  Jow we present the final expression for the dc current density
ity is neglectegl 7 is the Maxwell relaxation timew |, taking into account the effect of rectification. t<1, the
=QOry,d=d/(1+q),d= KgLo, andLo=u7Ey is the carrier  relationship has a rather simple form
drift length. Note that the parametérparameter of quality
and the drift length are introduced for the case when the
applied field equal&,. If the resistance is taken into ac- (©) = [ m?2 m2@2
count and, hence, the internal field differs frdgp, the drift lo(w)= 1- +
length and the parametérare reduced by a factor (1q); 1+q 2(1+q)  8(1+a)
that is why the parametet appears.

In accordance with Eqg11) and (12), the space-charge X|2— = = ]
field of the SCW having a wave vectdt, and oscillating (1-wd)*™te® (1twd)+to
with the frequencyf =Q /27 is determined as (16)

EsdX,t)1,1= Eo[ Y1,1(w)exp(iQt)
. . Actually this expression describes the situation quite well up
+ Y1 -a(w)exp—iQy) JexpiK x). (13) to ®=1. As one can see from E(L6), the dc current in the

As one can see from Egéll) and(12) (whenl = —1), there  outside circuit depends on the phase modulation frequency
is a resonance when the conditiaii=1 is fulfiled. This ~©f the recording beam and has a minimum near the fre-

means that resonance excitation of SCW takes place. TH&uency of resonance excitation of SCM/~1/d, or, to be

- . y A~
resonance frequencf; (or fundamental frequengyfor d ~ more exact, the minimum occurs abp=[2d—(d?
>1is +1)%2)/(d?+1)%2 Comparison of the theoretical expres-

B. Overall rectification

and the magnitudes of,, for I,p=
from following relationship:

Y_p’_|:Y;’| y

1 1
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sion with the experimental dependenigeformally allows
one to find the magnitudes ofd, and 7, .

For arbitary value o®, the expression fory has a more
complicated form

ARoei © cos(Qt)

| oEo L m? i J?(0)
ol @)= 174 2(1+09) 155% (1- wdl )2+ w?l? K
S,
O'Eo m2 * . . .
_ _ R f deb F_IG. 2. Diagram demon_stratlng the detection of the second_har-
1+q (1+q)w monic of SCW by measurin¢g) the second-order-non-Bragg dif-

fraction of one of the recording beam) the diffraction of the
24 probe beam from the grating withk, recorded with the beam&g
Xex;{ — _ ~>JO(2@ sin ¢)}_ (17) and Ag showed by the dashed arrows. PRC is the photorefractive
—iwd crystal, Lp is the laser radiating the probe beam, BS is the beam
splitter, M is the the mirror, and PD is the photodetector.
HereJ,[f(0©)] is thelth order Bessel function. Relationship
(17) shows that fod>1 the dependence of the dc current on
the modulation frequency can have a set of minima with

characteristic frequencies=1/(dl). Aglt small ©, the deep-  sponds tow=1/2d, and the third one corresponds to
ness of the minimum decreases @S, but at high® the =1/4d. The physical origins of these three resonances are
deepness of the minima can grow with quite clear

The resonance ab=1/4d originates from the interaction
of two forced waves having the wave vectdfg and the

dimensionless frequencies= 1/4d. The interaction of these

To analyze the processes of second- harmor;;c generatiofayes results in a new wave with the wave vectsiy 2nd
we have to find the secon@patial and temporalFourier
componentsy, , of the space-charge field. The corres,pond-the frequencyw=1/2d. This combination of r.nagmt.udes of
’ the wave vector and frequency obeys the dispersion law for

ing calculations lead to . .
g SCW, that means that the new wave resulting from the inter-
action of two forced waves is an eigenmode of the system
and exhibits resonance excitation. On the contrary, the reso-

C. Second-harmonic generation(overall doubling)

m?@?2 1+iw ~ .
Y, 0= — _ nance atw=1/d corresponds to the resonance excitation of
‘ 16(1+4d) 1+ 4wd+2iw two eigenmodes that creates finally a forced wave with the
wave vector K, and the frequency = 1/2d via spatial and
1 1 temporal doubling. Both these effects are proportional to the

(18 second power of the contrast ratimand the phase modula-
tion amplitude ®. The third resonancéat w=1/2<~j) has
and nothing in common with second-harmonic generation. It is
associated with the fact that expansion of Eg). contains
terms proportional td®? (omitted beforg and, hence, this
Yo o(@)=Ys o —w). (19) fact should be taken mt_o account when we consider thg ef-
fects of second order with respect@® These terms contain

Here the Fourier components are represented in relativscillations of the interference pattern &t @n spite of the
units. Then the electric field of the space-charge wave havinéact that the phase modulation is Bt and whenw=1/2d,

the wave vector B, and oscillating with the frequencyf2 je. O=1/(27,d), resonance excitation of SCW Withkg

X —+ —
1+20wd+2iew (1+wd+io)?

(though the phase modulation occursf atis occurs.
To detect second-harmonic generation, one can use dif-
Esc(X,1)2,=Eo[ Yo A w)exp(i20t) + Y, _(w)exp fraction experiments. One of the ways is to detect the second
i ) non-Bragg diffraction peakFig. 2(a)] and use a lock-in am-
(—i2Q1) Jexp(i2K gx). (20 plifier at the doubled frequendgxcitation aff, but detection

at 2f). In this experiment, diffraction from the refractive
Itis seen from Eqs(18) and(19) that the amplitude of the index grating formed byEsd(X,t) (i.e., from the grating
space-charge wave having a doubled wave vector and @ith the wave vector R,) through the Pockels electro-optic
doubled temporal frequency has three resonance maximafiect is detected. In thls case the complex amplitusi® ¢)
The first one corresponds te= 1/d, the second one corre- of the light intensity of the detected output signal is
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53, )= L G2AZ mte? = (2+iw)? I+ie
W)=~ m - =
2 64~ RO (1+9)2 | [(1+i0)%— 0?d?][(1+i0)2— 402d?] 1+40d+2ie
1 1 1+iw 1 1
X —+ — — — —+ — . (22
1+20wd+2iew (1twd+tin)?| 1-40d+2io|l-2wd+2ie (1-—wd+iw)?

Here G is a parameter that includes the effective electroHere\, is the wavelength of the probe beam. In the case of
optic coefficient of the crystal depending on the crystal ori-a thin crystal (thickness D satisfies the relationship
entation and on the incident light polarization. In calculating< A ? No/4\,, wheren, is the refractive index of the crysjal

Eq. (21, all components diffracted in the direction of the there are no specific requirements dg. Simultaneously
second non-Bragg diffraction pealincluding diffraction  with the diffracted beam, a reference beam from the same
from the static gratingwere taken into account. In the gen- laser has to be directed on the photodetector. The intensity of
eral case, the expression for the observable value of the outhe reference beam must be much higher than the diffracted
put signalJ, , is too complicated. Below we present the ex- beam intensity. To avoid formation of the interference pat-
pression for the case whei®1 and attenuation is ignored. tern, both beams must be focused on the photodetector. The

Then we find output signal has to be detected dt @hereas the excitation
frequency has to be Then the frequency dependence of the
1 2 output signal amplitude of interest will be
0
Jo A1) = —=G2AZ,M*®2 cog20t)
16 (1+0q)? 5 do) GE,m?O7AcA|
w)= ~
5 z 16(1+q)[(1— wd)2+ w?]
(1-0’d®)(1-40%d?) L Jar oIl 40lt o o)+ 407)
(1+8w?d?) [(1-4wd)?+402[(1-20d)2+40?]
(1-40%d?)(1- 160°d?) (29)
(1+9w%d?) Here, Az and A, are the reference and probe beam ampli-
- 25 TN (220 tudes, respectively. For the sake of simplicity some terms
(1-0°d9)%(1—-16w°d%) that do not affect resonance characteristics of the output sig-

. . I nal were ignored in calculating Eq24). As mentioned

Here we omitted the signal phase stiiithich also depends 5,5 theg technique involving the probe and reference
on w). - beams allows one to detect both resonance peaks associated

Note that the terms of Eq$21) and (22) describing the yith the second-harmonic generation of SCW without distor-
resonance atv=1/d are modified by a contribution of a tions. If no reference beam is used, the output signal is de-
“parasitic” signal. The nature of this contribution is associ- scribed by Eq(22), where the recording beam intensity must
ated with doubling of the signal frequency by the photodee replaced by the probe beam intensity. However, in this
tector. As detailed analysis shows, the detected diffractedase, as mentioned above, the second resonance is distorted
peak of the optical field is a sum of various contributionspy the additional signal resulting from frequency doubling
containing also a signal dt However, the output signal is by the photodetector.
proportional to the light intensity, so the intensity contains an |t can be found from Eq(21) that the ratio between the
additional component oscillating atf2To eliminate this observable signal intensities for different maxima as a
contribution, the experimental setup can be modified to avoiqntion of d is Jp {F=F08): 3y fF=F42):3, F=F)
frequency doubling by the photodetector. This can be~(68(~1/3)'(1§1)'(82) ar;d the simila’r ratio as a function of
achieved if the detection technique including a probe beam ‘" : A ) a ) -
from another laser is usdéig. 2(b)]. In this case the probe app||ed2 vc?ltagez IS ‘]32:2”:ff/4)"]2'2(f_ff/2)"]2v2(f_ )
beam is incident on the crystal simultaneously with the re-%(68U 13):(1907):(U7).
cording beams. If the crystal is thick enough, the angle of
incidence of the probe beam is selected to satisfy the Bragg Ill. EXPERIMENTAL RESULTS
condition for diffraction of the probe beam from the grating
with the wave vector Ky. The angle of incidence can be
found from the condition

The experiments were performed with single crystals of
Bi;,GeO,y and Bij,SiO,y. The most results were obtained
for Bi;sGe0y. The sample of BLGeO,q has the standard
holographid 110] cut and was (2.8 4.0x 2.5) mn? in size,
sina,= 2:—psinaw. (23) the light propagation was _along tha10] axi_s, the grating

w wave vector and the applied field were directed along the
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FIG. 5. Comparison between theoflines) and experiment
(symbols for overall rectification in Bj,GeOy (I, is the dc cur-
rent, f is the phase modulation frequencyl=3.6+0.5, 7= 3.4

FIG. 3. Experimental setuschematically; PRC is the photo- %104 s, andq=0.7; ®=0.27 (solid line, ®) and ©=0.97
refractive crystalR, is the loading resistor, HV is the high-voltage (dashed lines).
source, PM is the phase modulator, BE is the beam expander, BS is

the beam splittedV is the mirror, and PD is the photodetector. ) )
using Eq.(16) and for® = 0.9 by using Eq.(17). It can be

[001] axis, and the crystal thickness was 2.0 mm. The sampl&€€n from Fig. 5 that the theory agrees with the experiments
of Bi,SiO, has the same cut and was (2480 quite well. At sma_ll O, there is one minimum af=f;

X 2.8) mnt in size. For recording, an argon-ion laser with =130 Hz, but at high® a second minimum at=1,/2 ap-

an output power of 750 mW and a wavelength of 514 nmPears. AsD increases, the second minimum becomes deeper
was used. The experimental setup is shown in Fig. 3. In théhan the first one. In Fig. 4 there is a very specific point at the
experiments with the probe beam, a He-Ne laser was usefféquency scale where all experimental curves for sr6all
For the experiments with overall rectification, a loading re-intersect. This fact is also in agreement with theoretical con-
sistor of 100 kOhm was installed in series with the crystal. Siderations because it follows from EQ.6) that the expres-
sion in square brackets is zero at some specific frequency
regardless o). The magnitude of current at this point co-
incides within the experimental accuracy with the data cor-

To detect variations of the dc current in the outside circuityésponding ta® =0, which is also consistent with E¢L6).
the voltage drop across the loading resistor was measured Bye experimental dependence of the deepness of the minima
a digital voltmeter. Figure 4 shows the measured voltage i®n ©® at small® qualitatively obeys the lav@? predicted by
arbitrary units as a function of the phase modulation fre-Eq. (16). Figure 6 shows the frequency position of the mini-
quencyf for different phase modulation amplitud@s Fig- mum as a function of applied field.
ure 5 shows a comparison of theoretical and experimental A very important parameter is the magnitude of the effect.
data for®=0.27 and for ® =0.97 with the fitting param- The drop of the dc current at excitation of SCW reaches
etersq=0.7, d=3.6, andr,=3.4x 10 *s. From these data almqst 20%. It is a giant _effect. Figures 4—6 show the results
it follows immediately that the produgir is equal to 1.6 obtained for Bj;GeOy. Figure 7 shows the detected voltage
%10~7 cm?/V, which is consistent with values known from &t the loading resistor as a function of phase modulation

literature!” Theoretical data for smal® were obtained by requency for different grating spacings in,58i0,, and
Fig. 8 shows variations in the current corresponding to the

current minimum versus grating spacing for the same crystal.

A. Overall rectification

58 1 " L | " L I

5.6_ 1of — - 1~ T 1 13
7 547 i
E 50 08
g [ =
&, 5.0 [ - 0.6 -
—7 4.8 < 04
4.6 “ o2k

oobC” . o 0o,

00 02 04 06 08 1.0

FIG. 4. dc currenty (in arbitrary unit$ as a function of the 1/E, [emkV]

phase modulation frequendyfor different amplitudes® of phase
modulation: For Bj,GeGy, Eq=8 kV/cm, A=13.1 um, m

=0.43, andW,=130mW/cnt, -l—: =0, -@—: ©=0.27, —

V—: ®=0.6r, —¢—: ©=0.87, —-O—: ©=1.0m. The lines are
guides to the eye.

FIG. 6. Frequency position of the dc current minimum in
Bi;,GeQ,, (resonance frequendf) as a function of applied field
Eg: A=13.1 um, m=0.43, W;=130 mWi/cnf, and®=2 rad.
The solid line corresponds to a functierl/E,.
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FIG. 7. dc current, (in arbitrary unit3 as a function of the _Z 06 .. -
phase modulation frequencly for different grating spacings in S 04+ o™ e, -
Bi;,SiOy (A: A=50 um, @: A=12.6 um, B: A=55 um; % 02L° . ]
Eo=8 kv/cm, m=0.43, W,=130 mW/cnf, and®=1 rad). 0ok . " ]
10' 1 10°
B. Second-harmonic generation(overall doubling) f[Hz]
All experiments were performed with BGeQy. In the FIG. 9. Output signaP?' at 2f as a function of modulation

experiments, a probe beam was used. Figutase&hd 9b)  frequencyf for two grating spacings in the experiments for the
show the diffraction intensity corresponding to diffraction of detection of second-harmonic generation in accordance with Fig.
the probe beam from the grating with the wave vectégas  2(b), with no reference beam. For B6eQOy Eo=8 kV/cm, m

a function of the modulation frequency for two gratings with =0.43, Wy,=130 mwi/cn?, ®=1 rad; (@ A=13 um; (b) A
different spacings. No reference beam was used here becaus& um.

of an insufficient stability of the setup. The use of a reference

beam resulted in a too high phase noise. The data presented IV. DISCUSSION

in Fig. 9 (in relative unit$ are the output signal intensities
measured at 2when the modulation frequency isAs one
can see from Fig. @), the output signal exhibits three
maxima as predicted by the theory. When the grating spacin

The obtained experimental results unambiguously demon-
strate the existence of the effects of overall rectification and
second-harmonic generation of SCW. A more detailed com-
decrease&he wave vector increasgshe resonance frequen- garison of the theoretical_ merI with experiments_ can _be
cies are reduced in accordance with the dispersion(lai made for the_ effect of rectification bgcause of the S|mpI|C|ty

. of the experiments and the theoretical expressidos in-

In Fig. 9(b), only two resonances are clearly seen. This ISstance, Eq(16)] describing the experimental data. The effect

because the intermediate resonance is not resolved at lo U o
overall rectification is not a specific effect for photorefrac-

frequencies. A gradual “absorption” of the intermediate tive crystals. This effect has a general character, for instance,

resonan he first resonance is clearl n when th ; 7 ) X
esonance by the first resonance is clearly see € t|Fcan be found in many semi-insulating semiconductors or,

Specira of the output signal for three diferent values of ap T generally speaking, in any nonlinear systern with uni-
pectr put si9 ' @D yirectional propagation of charge carrier waves. The effect of
plied field. The experimental dependences of the peak inten-

sities on the applied field agree qualitatively with the predic_rectification results in an additional dc compongato(w)]
tions of the theory(21), however, the ratio between the of the current flowing through the crystal and reduction of

intensities of the peaks does not correspond to the tHetey the total dc current. The current of rectification does not
right peak is more intense than predicted by the theory cause any changes in the voltage on the crystal if there is no

real or effective loading resistance in the circuit, since in the

35 F T T T T T T
30 :'ﬁ' N
) 22 AR &~ ]
';' g ) .-.‘. p.\ .I..\. h ]
= g 15" J. Y .-’f‘-\ .
= S, T R ]
[ 10F & A ”~ 1
AP VoV _
v o e ) ]
0.0 Ll ""q!msm_-
10’ 10° 10°
Alpm] f[Hz]

FIG. 8. Frequency position of the dc current minimuraso- FIG. 10. Frequency dependence of the output sigifalat 2f
nance frequency;) in Bi,,SiO,q as a function of grating spaciny for different applied fieldsgE,. For Bi;;GeG, m=0.43, W,
(Eo=8 kV/cm, m=0.43, W,=130 mW/cnt, and ®=1 rad). =130 mWi/cnt, ®=1 rad,A=13 um; B: E,=10 kV/cm, @:
The solid line corresponds to a functiem. E,=8 kV/cm, A: E;=6 kV/cm. The lines are guides to the eye.
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absence of a loading resistance the voltage affecting the crygelatively short (5-13um) grating periods(Fig. 7), the
tal is determined by the source of voltage alone. However, itieepness of the minimum does not increase, it even de-
is interesting to estimate an equivalent voltadé,, creases with decreasing grating spacing, which contradicts
=U6lo(w)/15(0), which could cause the same variations inthe theory. The same problem arises with the intensities of
the current magnitude. Herég(0) is the dc current when the signals of the second harmonic. This discrepancy be-
there is no phase modulation of the recording beam. At resaween theory and experiment can be explained if we take
nanceUqreaches 1-2 kV, which is seven orders of magni-into account additional contributions to the so-called quality
tude higher than the value detected in nonlinear optics due tfactor of the resonance, which is the ratio between resonance
the effect of rectificatiort? frequency and damping factor of SCW. In the presented
It can be stated that almost all predictions of the theorytheory, the role of the quality factor is played by the param-

developed here agree with the experiments. The order Qfierq (or its renormalized valyewhich is associated with
magnitude of the effect is consistent with the theoretical esxitenuation of SCW because of the limited carrier drift

timates. The expression for the frequency dependence dgspgih. In Ref. 17, two additional factors were taken into
scribes the experimental data quite well. The positions of the ccount: the effect of trap saturation and diffusion of carriers.
resonance frequencies as functions of various parameters affe effect of trap saturation means reduction of the maximal
ina gpod agreement with theoretical pre;dycnons. One Mininossible space-charge field of the grating with decreasing
mum is detected at lo¥, and the other minimum at half the grating spacing because of shortage of the charge carriers
fundamental frequency arises at higi#ein accordance with  provided by traps. In accordance with Ref. 17, but using the
Eq. (17). The frequency position of the main minimu@t  notations accepted in the present paper, the quality fagtor

low ©) changes in accordance with the dispersion (&4}, s determined by

when the grating spacing and applied field are vatigds. 6

and 8. Deviations from the theoretical straight lines at low , Eo 1 Ep

values ofE, and large values ol\ are associated with the Q =E_q+ a+ E_o (26)

aspect that formuld14) is only correct ford>1, but this
requirement is not satisfied at loiy and largeA. The slope  HereEp is the so-called diffusion fieldz,=eN/(eK) is the

of the linear dependende as a function of #, in Fig. 6 is  effective field characterizing the trap saturation effect, Bind

in agreement with calculated values using the aboveis the effective trap concentration. However, if we take into
mentioned fitting parametet 7y, g, and w7 account the reduction of the internal field due to the param-

From the theoretical point of view the dispersion léi#) eterq and the remormalization af due to the rectification
must be modified in the case of a strong nonlinearity of theeffect, the expression fd@ ! has a modified form
system. It is a typical situation when the resonance frequency
(as well as the attenuatipis renormalized in nonlinear os- Eo 1+5m?@2d%/[36(1+q)] Ep(1+0Q)
cillating systems. This renormalization can be found by de-Q “E (1+q) + T + E .
tailed and rather tedious calculations. The expression for the q 0
resonance frequendy becomes

(27)

The fieldsEp can easily be estimatdd,and the estimate

shows that the contribution of this factor can certainly be
: (25  ignored for A>1 um. Then assuming that for
Bi;,GeQur=1.6x10"" cn?/V, E,=50x10° Vicm (at
A=10 um), E;=8x10® V/icm, q=0.7, m=0.43, and®
=0.628, we can find that the maximum @f occurs in the
vicinity of A=5-10 um. The used fitting parametets,

m20 242
T 211 q)

1

zmMEI

ff%

Here it is assumed than’©2d%/[12(1+q)]<1. So the ef-
fect of rectification provides a self-shifif of the resonance

frequency andst/fi~—24lo(w)/[31(0)]. A similar renor- and ur are consistenfwithin a factor of 1.5—2 with the

malization has been derived for the attenuation 01 SCW abublished datd’?* So the experimental results are explained
resonance, so instead of the parameter of attenuatbth&/  py the combination of attenuations caused by the trap satu-
value{1+5m2®zazl[36(l+ q)]}/a must be used. The mi- ration effect and the limited value of the drift length. Poten-
croscopic origin of these renormalizations is not obvioustially, at higher values ofm and ®, an additional factor re-
However, for a rough qualitative interpretation it can be sup-ducingQ arises, which is caused by the limitations imposed
posed that a reduction of the dc current flowing through théby strong nonlinear effects since the amplitude of SCW can-
crystal results from the renormalization of the carrier driftnot be higher than the applied figldr the dc currenty(0)
length in a nonlinear system under simultaneous influence afannot be less than zgro
the dc and ac voltage. The experiments with overall rectification are rather infor-
In spite of the general agreement between theory and exmative from the point of view of material characterization.
periment, there is some discrepancy, which is connected witRormula(16) reveals a possibility to find many characteris-
variations of the magnitude of the effect as a function of thetics of the material by measuring the dc current as a function
grating spacing\ (or the grating constariy). In definite  of modulation frequency. The parameters of interest can be
intervals of A, variations in deepness of the current mini- found from the magnitude of the current at some specific
mum as a function ol agree qualitatively with Eq16), the  values of the modulation frequency. They dre0,f=f;
deepness becomes larger with decreasingHowever, at  (wheref; is the position of the minimumf = f~ (wheref is
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the frequency of the intersection of the experimental curveswhere the dc current is minimal due to rectificajiothe
obtained for differen®), andf=f_.>f;. For instance, the shift is higher for the higher frequency peak.
ratio [1o(f="1.)—lo(f=f)]/1o(f=fo)=m?0%/[4(1+q)] When the problems of second-harmonic generation are
allows us to find the parametey from the corresponding discussed, the question about the phase matching of the
experimental data. This is a unique opportunity since thepropagating waves arises. In nonlinear optics, pump waves,
magnitude of applied field inside the crystal, which is deter-and generated waves are eigenmodes of the nonlinear me-
mined asEy/(1+q), can be found from relatively simple dium where they propagate, so both modes have to satisfy a
experiments. In principle, it is possible to ukgf=0) or  corresponding dispersion law. In our case, second-harmonic
lo(®=0) instead ofl o(f=f.). Selection of the preferable generation involves a combination of eigenmodes and forced
experimental parameters depends on the reliability of thevaves, so the problem of phase matching vanishes since
available data. Calculations af from the data for® forced waves do not obey any dispersion law, and the desired
=0.27 (Fig. 4 gives q=0.7+0.1 for Bi;;GeOy and q wave vector and frequency of forced waves can be always
=0.8+0.1 for Biy,GeOy (Fig. 7). Using the relationship selected.
Above we discussed nonlinear effects in the system of

- _ V20252 SCW that are similar to rectification and second-harmonic
[o(f=Fo) =lo(f=f0)]/lo(f=fc)~m"O°d%/[8(1+q)]. generation in nonlinear optics. However, the technique of
excitation of SCW by an oscillating interference pattern used
. . . ~ _ . here provides one more nonlinear effect: scattering of SCW
using relationshif ;= 1/(2mr 7yd), one can findry . FOrin- g0 static gratings of space charge resulting in spatial rec-
stance, it follows from the experimental data for#eQyn ification and spatial doubling; effects that are not known in
at A=50 um (where f;=430 Hz andfc=740 Hz) that psphjinear optics. Spatial rectification and spatial doubling
q=0.8, d=1.9, 7y=2x10"* s, andu7=3.4x10"" cn?/  arise from the terms of the produd(x,t)E(x,t) that in-
V. The data for Bj,GeQy (Fig. 4, ®=0.27) contain more cludes simultaneously static and moving space-charge grat-
uncertainty since\ =13.1 um corresponds to the situation ings. In the linear approach, static gratings are proportional
where the quality factor includes remarkable contributionsg m[exp(Kyx) +c.c], whereas moving gratingSCW) are
from other terms besided. Note that a magnitude of  proportional tom®{exdi(Kex—Qt)+c.c]}. Then the prod-
=0.7-0.8 means reduction of the applied field in the crystalict of the terms including static and moving gratings con-
approximately by 40—55 %, which agrees with our prelimi-tains terms proportional to m?@exp({t) and to
nary estimate$30—40 % in Bj,GeO,,) obtained by measur- m2®exp[i(Kgx—Qt)]. The first term describes the appear-
ing the electro-optic effect by scanning the crystal with aance of an electric field in the crystal—homogeneous in
probe beam. Formulél6) demonstrates one more way of space, but oscillating in time—i.e., spatial rectification; but
finding g. It can be done even without phase modulation,the second term means generation of SCW with a doubled
simply by comparing the current in the absence of the gratwave vector and the frequené€y (spatial doubling Spatial
ing (m=0) and in the presence of the grating, since it fol-rectification has been studied in detail experimentally and
lows from Eq. (16) that [Io(m=0)—Io(m)]/1o(m=0) theoretically’*?* A theoretical analysis of spatial doubling
=m?/[2(1+q)] at ®=0. However, this technique needs was given in Ref. 22, experimental data proving the validity
very precise control of the illumination intensity to maintain of the model can be found in Ref. 25.
the same photoconductivity when is changed. Therefore,
the technique used in our experiments is preferable.

The effect of second-harmonic generation of SCW is V: CONCLUSION

more difficult for experimental studies than the effect of rec- The effects of overall rectification and second-harmonic
tification. The selected method of light diffraction from a generation of SCW have been reliably detected. The effect of
phase grating formed by SCW is suitable only for photoreectification results in an additional component of the dc cur-
fractive crystals. The data that can be obtained from thesgent in the crystal due to interactions of SCW. The effect is
measurements are analogous to some of those obtained frastrong, and this additional component reaches 20% of the
experiments with rectification. For instance, the prodlgj initial current. A theory of the effect has been developed,
can be found from resonance peak positions, dytoten-  which demonstrates excellent agreement with the experimen-
tially can be found from the ratios between the peak intensital data. Two mechanisms of second-harmonic generation of
ties in accordance with Eq&24) and(21). Note that a com- SCW have been proposed, which are in a qualitative agree-
parison of the peak positions in Figs. 9 and 10 with thement with the experiments. A technique for the determination
theoretical predictions reveals a discrepancy between theof the magnitude of the internal electric field in photocon-
and experiment. It follows from Eq$22) and(24) that reso-  ductors has been proposed.
nance frequencies have to correlate as 1:2:4, however, the
experimental data in Fig. 10 correlate as 1:2.3:5, (
=6 kV/cm), as 1:2.5:5.6K;=8 kV/cm), and as 1:2.5:5.9
(Eo=10 kV/cm). The qualitative explanation is based on M. P. Petrov and V. V. Bryksin thank the Russian Foun-
the effect of a self-shift of the resonance frequeri2$). dation for Basic Researql@Grant No. 02021760Q3or finan-
Since the effect of a self-shift is more pronounced at thecial support. F. Rahe acknowledges support of the Deutsche
frequency of resonance excitation of the fundamental SCWForschungsgemeinschdftraduate college 695

which is correct for smalin and®, one can find, and then
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