PHYSICAL REVIEW B VOLUME 62, NUMBER 7 15 AUGUST 2000-I

Transient behavior of the photorefractive space-charge field
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The transient behavior of the fundamental amplitude of the photorefractive space-charge field is derived
without restrictions within the band transport model. The two-wave mixing pulse excitation regime is simu-
lated in different ranges of the main parameters, especially in the region where the nonlinear processes become
important. The formation and decay of the field are analyzed, and for different ranges of the excitation
parameters the corresponding behaviors are predicted. Features of the field such as the nonlinear decay of the
photorefractive field at high-writing pulses, its oscillatory behavior when an external field is applied, and the
dependence of its formation and decay time on the grating spacing are studied.

. INTRODUCTION employed®142"-2°The disadvantage of the numerical solu-
tions is that they can be unstable in a certain analyzed range
Since the photorefractive effect discovérthe materials ~ with the risk of a wrong interpretation. Indeed, a general
that present such phenomenon have been extensively studigfialytic solution has not yet been reported. The aim of this
in their many application$® From a theoretical point of Paper is finding a general analytic solution for the fundamen-
view, two different models are used to explain the photoretal amplitude of the space-charge field from the PDDT model
fractive effect. The hopping model developed by Feinberginder two-wave mixing excitation setups permitting to ana-
et al* and the band transport model, called photogenerationyze regions of interest. The attainment of such a solution
diffusion-drift-trapping (PDDT),> conceived by the Kiev can give us more reliable physical interpretations, especially
group®’ This is the most used model. There are numeroudvhen the nonlinear effects cannot be neglected. In this paper
experimental results satisfactorily explained by the PDDTWe analyze the transient behavior, i.e., formation and decay,
model. Among them we can mention the independence d?f the phOtOI’efraCtive field Simulating typ|Cal bismuth silicon
the diffraction efficiency on the average excitation intensityoXide (BSO) material parameters.
in cw regime, them/2-phase shift of the index grating with
respect to the excitation pattern, and the holographic-current Il. SPACE-CHARGE FIELD EQUATION
dynamic®>7~1%|n addition, this model is utilized as back- _ _
ground when some effects in photorefractive materials are 1h€ PDDT model postulates a photorefractive material
analyzed, e.g., the study of sub-harmonic gratﬁ’?ghe for- Wl.th. a photoexcitable |mpur|ty. of concentrat_lcbdb, wh_|ch
mation of solitons’ and the space-charge wavésublinear o_rlglnates a free charge carrier .c.on.centratronmv_olvmg .
conductivity dependence on the average excitatior?'aher electrons or hole_s. At _e_qun_lbrlunj, a certain fraction
intensity’® multiple exponential decay in the photocurrent, Noeq Of Photorefractive impurities is ionized. Moreover, the
diffraction efficiency?® and the formation of complementary model assumes the existence of a concentration of nonactive
gratingg* are experimental results that were explained byionized impurities of densitjNa=Np,, that do not partici-
more complex models. These models postulate additiondlate in the photorefractive process but ensure the neutrality
hypotheses such as the presence of thermally excitable sh&f the charge in the crystal. Diffusion and drift transport
low photorefractive centets or electron-hole transport mechanisms for the charge carriers are taken into account.
mechanisnt? However, it should be pointed out that these When the absorption, and the two-wave coupling variation in
models do not imply new dynamical processes. They aréhe propagation directioz are disregarded, the Kukhtarev
extensions of the early Kukhtarev model based orequations are reduced to one-dimensional equations ir the
photogeneration-diffusion-drift-recombination in traps. By direction, perpendicular to the excitation directinh
using the PDDT model framework, the behavior of the
space-charge field responsible for the photorefractive effect, ING N .
was successfully predictéd-2°This model is described by a — = (s1+B)(Np=Ng) = ynNg, 1)
set of nonlinear and coupled equations that are called mate-
rial or Kukhtarev equations. A literature review indicates that JE e
analytical solutions are obtained only when additional as- —=—(N+Na—Np), (2
sumptions are added in order to reduce the complexity of the Ix €€
equation$:1%%4 Nevertheless the validity range of these so-
lutions are restricted to certain simplified regimes. In the J=eunE—k Tﬁ_” 3)
search of solutions several numerical methods have been H BA T ox
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with J the current densityi = Ey+ E, the total electric field
with the external electric fiel&, included,s the cross sec-
tion of photoionization,y the recombination constant, the
electron mobility,e the electron chargeg the thermal exci-
tation rate kg the Boltzmann’s constarg, the dielectric con-
stant, ey the vacuum permittivity,T the temperature, and

the spatial coordinate perpendicular to the excitation direc
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charge-carrier density averagg evolves satisfying the fol-
lowing nonlinear equatioff-2*

dng )
at =(Np—=Na)(slp+B)—=(slo+ B+ yNa)Ng—yng.
(8)
As mentioned above, Eq7) is derived in a simplified form

in numerous papers®14-26Unfortunately, these simplified
equations are applicable only in particular cases because of

tion. We assume that incident wave vectors describe an ISO$Re use of additional restrictions in the physical picture.

celes triangle with the grating vectdf of modulus K
=2m/A. The grating spacing iA =\/2 sin(@/2) where\ is

Valley?* has investigated the evolution &; in the very
short pulse and in the quasi-cw regimes obtaining a version

the wavelength employed antlis the angle between inci- ¢ Eq. (7) [Eq (47) in Ref. 24. When the nonlinear recom-

dent wave vectors. The steady-state fringe recording spati

pattern dependence’is

[=1g[1+mcogKx)], (5

Fination of free charge carriers and thermal rate of deep cen-
ters are disregarded analytical solutions have been obtained.
In addition, the average electron density is assumed moder-
ately low in his work. Jones and Solymdrave numerically
solved the equivalent to Valley’'s equation in the short pulse

wherely=(1,+1,)/2 is the pulse writing average intensity, case. They considered the nonlinear recombination of charge

I, and I, are the incident beam intensities, and

carriers but neglected the thermal rate of deep centers that is

=2./1,1,/1 is the modulation depth. If the light erasure re- responsible for the grating decay to zero, in the dark. As a

gime is assumed, the excitation in E®) is | =1, because
m=0. In typical experiments, the spaciigis much smaller

consequence a nonexisting grating remains permanently
stored and the dependence of recording and storage time on

than the crystal size. Then, it is possible to disregard boundgrating spacing are not considered under this approximation.
ary effects and the varying magnitudes can be treated aBhe thermal excitation is also neglected in other versions of

periodic, with A the period of the intensity pattein In the
small modulation regimé/-?*the solutions can be written in
the form

W(X,t) = o+ 1 (1) COLKX+ ¢1), (6)

where W represents any oE, J, N, and n magnitudes.
From the systenil)—(4), and extending Eq6) to the com-

Eq. (7), obtained by AuRef. 26 for the short pulse case. In
addition, he assumes the total donor densityto be much
larger than the ionized donor densiy, , which only occurs
for a limited number of materials, and its analytical solution
was obtained disregarding tlg terms, strongly limiting the
validity range. Valley’s version of Eq7) was also used by
Okamuraet al!* to describe space-charge field evolution un-
der illumination with very short and weak mode-locked

plex plane it is possible to obtain the equation for the temPulses, and a limited analytic solution was introduced in

poral
E;.1014-25The equation written in its more general form is

d’E,
dt?

Ep+iEg
Em

- 1+

S|0+B+ ’)/NA

dE,

+(70+27)”0(t)}ﬁ+ Yo(Slo+ B)(Np—Na)

+ ’}/NA El

Ep+iE, ,
&, [Slo+ B+ yno(t) ]+ yoynp(t)

()

with Ep=KkgT/e the diffusion field, E;=eNa/Kee, the
saturation fieldEy = yN,/uK, and yo=eul/eey. The free

- E |
=imslog (Ep+iEo)y[No—Na=no(1)],

Ngo— Nan_)Nn, —
no(t)=NA( 00 A ) +

evolution of the space-charge field amplitude,

Okamura’s work. On the other hand, both the thermal re-
excitation of photorefractive centers and the nonlinear re-
combination of charge carriers are taken into account in the
extensive theoretical-experimental paper of Fluekall®
where Eq.(7) was obtained in complete form. However, in
order to derive an analytical solution, they neglected the
second-order derivative of the space-charge field that can
produce a nonexisting dynamic &f in various interesting
ranges, in particular when high-power laser radiation is used.
Summarizing, in the works mentioned above, only a partial
analysis of the physical picture was done due to the lack of a
general analytic solution of E7). Our aim is to derive this
general solution.

IIl. GENERAL ANALYTIC SOLUTION

To solve Eq.(7) we need the free charge carrier density
evolutionng(t), which is obtained by solving E¢8):

(Ngo—Nan.)n_ exd —a(t—to)]

(Ngo—Nan_) —(Ngg—Nani)exd —a(t—tg)] '

(€)
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where the initial density of free charge carrierg, can be
deduced from the state of the system at tigeThe adimen-
sional parameters.. are defined as in Ref. 15

_ —(Slgt B+ yNp)*
= 29N, '

(10

and

a=+/(slo+ B+ yNa)?+4y(slg+B)(Np—Na) - (11

To obtain an analytic solution of Eq7), we apply succes-
sive transformations with the aim of obtaining an equation of

well-known solutions. We define an auxiliary variable

(Ngo—Nan )
= —————exd—a(t— 12
(Ngo—Nan-) exfl—at—to)], 12
expressingg in terms of¢ as
No=Na(n;—¢én_)/(1-§) (13
with £€# 1. Then, we introduce the function
Wi (§)=Ei(t)/mEy, (14

and by replacing in Eq.7) we obtain the following equation:

(by bzf) g

+(b3—byé+bsg?)W; =bg+b,E+bgé?,

d?w,
2 1— 2
FC

(19

whereb; are constants. We note that Ed5) could become

a hypergeometnc equation, which has well-known solutions,

To this goal, we apply the transformation

(1=8W,;=W,+écy+ ¢y, (16)

wherec, andc, are chosen so that the right-hand side of Eq.

(15) becomes constant and the coefficienWéf turns out to
be of degree one, obtaining
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whered; are constants. Equatiofl7) is a hypergeometric
generalized equation, which has as particular solution a gen-
eralized hypergeometric serig§,,*! so that

WP

CxaFo(l—ay l1—a_Ll-p, 1-u_;&), (18

with C, e, andu. , constants depending @h. Our aim is

to find the general solution of E@17). Providing the appro-
priate initial conditions, we can analyze different regimes of
interest. The general solutiofV, can be written as
W= W5+ Wg", (19
with V\/%h the general solution of the E¢L7) anddg=0. To
find V\/%h we apply the transformation

W= £9W5, (20)

and obtain

dWj,
dz +h3W3 0,

with & adequately chosen ard constants. The general so-
lution of Eg.(21) is given by the linear combination of two
hypergeometric seriés

&1

+hyé) —— (21)

Wa=A1F (74,7 ;hyi€) +Ane™ oM

XF(n,—eyNala,n_—eyNpla;2—hy;€),
(22)

whereA; are constants determined by the initial conditions
and »., ande are constants that depend bn Therefore,
the general solution of Eq17) is finally obtained as

WE"=CXsFp(1-a 1= Lil-p,, —p_;f)

+AEF (g moshysé)
+AE-F(n.—eyNala,n-—eyNpla;2—hy;§).

(23
2 2 4 (dy—d,&)W,=d ,
¢ 2§) f (s~ dab)Wo=dg From expression$l4), (16), (18), (19), and (23), E4(t) is
(17 then easily derived as the general solution of &g, giving
|
B (Ngo—Nan-) -t (Ngo— NaN-)
E.(t)=mEy|1— wexp{ a(t—tg)] Cc,+ 1mexp{ a(t—tg)]
(Ngo— NaN ) ( (Ngo—Nan) )
+A exg —ad (t—ty)]F ,_hy; ——————exd —a(t—t
1(noo_NAn—)§* d +( o IF| 74,1 hy (Noo— NAN_) d—a( 0]
(Noo— NaN ) - ( (Noog—Nan )
+A exg—ad_(t—ty)|F Na/a,n_—eyNala;2—hy; ——————exd —a(t—t
2(noo_NAn—)§’ 1} (t=to)IF| 7. —eyNala,7_—eyNp L (Noo— NAn_) xd —a(t—to)]
Ngo— NaN
+CXaFyl1—ay 1-a 11— u, ,1- M_,Mexq a(t—tg)] (24)
(Ngo—NaNn-)

whereA; andA, are obtained from the values BfdE/dt at timet, . These values depend on previous excitation conditions.
Constants appearing in ER4) are expressed as functions of excitation and material parameters
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is1oEq(Ep+iEq)[Np—Na(1+n_)]

C1= - , 25
Y NAEw[an_Eq—(Ep+iEg)(slg+ B+ yNan_)] (25
c :017’NA(5|0+,3+ YNan_) +iv0Slo(Np—=Na)[2+(slg+ B)/ yNal (26)
? YNA(Slo+B+YNan,) ’
1 2 =2 :
s:EJ(Eqm—aEM/«yNA) +(Ep+iEg) 2+ 2(Ep+iEg)[Egny — (Slg+ B)/ YNAEw +Epl, (27)
'yNA ED+|E0 Eq a
+ = I —— e -‘r —i = .
* 2a EM EM n+ yNA € Moy (28)
gyN
hy=1+ 1A 29
_ Eq 87NA+7NA - 5 -
(30)
Na| Ep+iE E 3a
g Al EpflE0  Bq o, 98
- 2a EM EM '}/NA
i\/[Eq/EMn_+a/’)’NA+(ED+|E0)/EM]2_4(ED+|E0)/EM(S|0+E+ yNAn+)/'yNA y (31)
Eq a{CiEn[slo+B)(ny+n_)/2yNan,n_J+islgn Ef[2Np /Ny— 1+ (Slo+ B)/ yNal} (32
Em (slo+B+n yNa)[an, Eq+(slgt B+n,yNa)(Ep+iEy)]
I
IV. RESULTS OF THE SIMULATIONS AND DISCUSSION curves in each plot represent the evolution at different values

. o of the thermal excitation rat@. The curve with=0 is
From the general analytic solutig@4) we can study any . : ;

. ; . . . obtained from expressioffA7). As expected, the decay time
particular regime of interest. In this paper, we simulate theof the space field increases whendecreases. remaining a
transient behavior of the space-charge field fundamental am- P g ' 9

plitude in a dark regime, where the grating is previouslype.”.”n"’ment grating whegg=0 for t—. In F|g._1(a), thg
written with a two-wave interfering short pulse. Then the Vriting pulse generates a low-free charge-carrier density of

evolution, i.e., the formation and the decay of the photore—vaIue No=0.0IN,. The nonlinear recombination of charge

S . . C2 . carriers is not significant in this reginfe'® We can observe
fractive field amplitude, is analyzed beginningtatt, just . PP
o that E, increases due to the diffusion current and reaches a
when the recorded pulse ends. The pulse excitation set

"Weady state at maximum of the field value. If the free carriers
takes into account the values®Bf anddE; /dt at initial time y

) are completely recombined in traps and cannot be re-excited
to. These values are obtained from express@# by con- ([ — () then the permanent grating remains at this maximun

sidering the recording intensity during the pulse temporal,giue. However, this is an ideal situation. The actual grating
width 7, . In our simulations we assumg=10ns, and BSO  gecays to zero in the dark due to thermal erasure as the
typical parameter$”>~?*The analysis is done by varying the curves with3+0 clearly show. In this situation the decay
main excitation parameters: the pulse writing average intentime is strongly dependent on thermal erasure rate. Figure
sity Io, the grating spacing\, and the external fiel&,,  1(a) shows that the highest value Bf, also depends on the
within the usual experimental range. The thermal re-erasure rate for significant values 8f The maximum value
excitation process is considered through the paramgter decreases when the erasure rate increases. In addition, it is
When the thermal excitation is neglecte@=0), andt=t, verified that these decays can be fitted by exponential func-
thené=1. As a consequence, the general solut®) is not  tions as Ref. 8 establishes. Figured)land Xc), show a
valid under this approach. Fortunately, the transient behaviadifferent behavior forE; when writing pulses of higher in-

of E; can also be derived in this catee Appendix Thus, tensity are applied. Whemy<<N, is not valid, the nonlinear

it allows to compare the model predictions either by consid-effects become significaft:® The writing intensity pulse
ering or by disregarding the re-excitation process of the phogenerates a free charge carrier density of B Fig. 1(b),
torefractive centers. Figure 1 shows the evolution of theand of 0.88l, in Fig. 1(c). In Fig. 1(a) the curves show a
space-charge field amplitude for three different levels of thedepression. This depression was experimentally observed in
writing average intensity. These three levels produce threseveral materiafsi>'*32and was theoretically predicted by
different initial values of the free charge carrier density. Theusing the band transport modét and also from the hopping
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FIG. 2. The formation of the normalized space field is shown.
Curvesa, b, andc, correspond to the pulse intensities of Fig. 1.
Curvesa andb do not depend on thermal rate value, whereas curve
c is plotted for two differents.

hand, the curves in Figs(H) and Xc) could not be fitted by
exponential functions. It confirms that this early band trans-
port model predicts nonexponential decays at high-excitation
intensities. In Figs. (b) and Xc) a concavity change is dis-
played and it is more remarkable in Fig(cl at highest
pulses. This change takes place in the temporal range where
the nonlinear recombination and the thermal re-excitation
processes are strongly overlapped. The concavity change was
experimentally observedf'® On the other hand, the forma-
tion of E,; for several writing pulse values is depicted in Fig.
2. By comparing different curves, it is apparent that the grat-
FIG. 1. Temporal evolution of the normalized space-charge fieldng formation time decreases when the writing intensity in-
fundamental amplitude at several ranges of pulse intensitiegreases. It is verified that the curvasandb, whereN, is
lo[W/cm’]=5X 10° (a), 8x 10" (b), and 5<10° (c). Ny indicates  smaller thann,, are independent of the value. Then, the
the initial free charge-carrier density in termsNf. The grating  re-excitation process is not important in the formation of the
spacing isA =10 um. The material parameters for all the figures space field for high values of the writing intensity. However,
are as in Rgfs. 9, and 16-18 simulating a BSO crystal. No externghis could be not true for weak writing pulses. As Fig. 2
field is applied.7z=1/yNa. shows, the curve (ng<N,) depends on the erasure rate
value. On the other hand, the expressigd) should permit
model”™ However, the solutions obtained from numerical the control of the spatial bandwidth that allows to store a
methods do not completely explain this phenomenon. Thisiolographic image by analyzing the grating response time in
depression can be analyzed from Fig&)land Ic) by ob-  terms of the spatial grating period. Figure 3 shows that the
serving the behavior oflE, /dt, which is related with the grating rise time decreas¢fig. 3@] and the decay time
current density. After the pulse ends, the diffusion currenincrease$Fig. 3(b)] when the grating spacing diminishes.
originates and the space-charge field increas#l;(dt  The physical picture of this phenomenon can be explained as
>0). The maximum value of this field is reached when thefollows. Diffusion leads to the redistribution of the charge
drift current evens the diffusion current of opposite sign, anccarriers and to a decreasing of the modulation of the charge-
the net charge transport becomes nalE(/dt=0). Then, carrier grating. It is well known that the diffusion time is
the space-charge field begins to decrease because the dditectly proportional to the grating spacifdror small grat-
current advances the diffusion current and the net carrieing spacing, the diffusion time becomes either equal or
transport reverses its directiodE; /dt<0). The depression smaller than the trapping time producing a homogeneous dis-
depth indicates the importance of the drift transport mechatribution of the charge carriers before they are trapped. In
nism and it increases whdg does, as Figs.(b) and Xc) this case, the space-charge field amplitude is an inhomoge-
show. Therefore, the drift transport dominates the high-puls@eous distribution of photoionized donors and the build-up
excitation range, where the nonlinear effects are mor¢ime of the grating is given by the shorter diffusion time. On
strongly manifested. Finally, it is important to recall that thisthe contrary, for longer grating spacing the diffusion time
predicted depression at high-writing intensities does not debecomes longer than the nonvariant lifetime of free electrons
pend on free carrier re-excitation processes. On the othar holes. Then, the buildup of the grating is stopped because

|3O
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FIG. 3. Dependence of the photorefractive field evolution on 0 | | | | (c)
grating spacing. The field is normalized at maximum valagand 0 5 4 6 8 10

(b) describe the formation and the decay of the field, respectively,
for B[s 1]=1. The pulse intensity ik,[ W/cn?]=2x 10* and pro-
duces amy,=0.04N, . No external field is applied.

(t-t)) / x

FIG. 4. Normalized space-charge field evolution with an applied
%xternal field at several ranges of initial charge densities. The ther-

the photoexcited carriers are trapped within a distance much e isB[s~1]=1 and the grating spacing &= 10 um. The

smaller than the grating spacing. Therefore, the grating i ' . h .
completely built in a period of time determined by the Iarger%nsert figure describes the oscillatory behavior.

between free electron and hole lifetime. The re-excitation,

and the transport of the charge-carrier density average to j@rift component due to the internal field is reduced after each
thermal equilibrium valugdetermined by the dark conduc- oscillation. Figure 4 shows the transient behavior of the grat-
tivity) control the decay time. This relaxation process ising for a fixed external field and several writing intensity
lower for smaller grating spacing. In fact, the built internal pulses. We can see that the oscillation amplitude depends
field drifts the re-excited charge carriers at equilibrium. Thisstrongly on initial carrier density, i.e., on writing excitation
field opposes to the diffusion field that diminishes for largerintensity. Figures &), 4(b), and 4c) show that the ampli-
grating spacing. Thus the field resulting on the carriers igude decreases as the writing pulse intensity increases and
stronger producing a higher drift rate for larger spacing. As @he oscillatory behavior can be completely screened at con-
consequence, a fast returning to equilibrium and therefore siderable pulse intensifyFig. 4(c)]. At large average excita-
smaller storage time at higheér values is produced. These tion intensity, the internal space-charge field becomes sig-
results agree with measurements in grating build-upiie  nificant with respect to the external field. In consequence
and grating decay tim¥:®® Also, from the general solution there exist regions in which the free carrier nonstationary
(24), the influence of an external field on grating behavior iscurrent should be impeded reducing the transient oscilla-
studied. The damped oscillatory response of the spacdions. Also, it is verified that this behavior holds when the
charge field, experimentally observEd* is analyzed when applied field value is changed. On the other hand, the in-
a dc electric field is applied. This field adds a nonbalancedreasing of the external field produces a higher nonbalanced
component to the drift current that competes with both thefree charge-carriers movement. Due to this fact, the fre-
diffusion and the internal drift field. This nonbalanced factorquency increases in the oscillatory component of the space-
gives rise to an oscillatory component of the grating whercharge field as Fig. 5 clearly shows. Also, from Fig. 5 it is
the drift current advances the diffusion current and viceclear that the enhancement of the unstable component with
versa. This phenomenon repeats itself. The oscillations argtronger dc field precludes the free charge carriers going to
damped going to a thermal equilibrium value because thequilibrium, decreasing the grating decay time.
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the photorefractive centerg&0), then the expressiof24)

20 - » is not valid sinceé=1 att=t,. Therefore we must find the
general solution for the space-charge field in this particular
° case where Eq.7) becomes
S 154 7
x dzEer N (1+ED+iE° (yet29) *t)} E}
s e n —
Lg 10 ofa 0%6 0?9 dt? 7A Em (vo 275 ( dt
= _ Ep+iEg
S sh 0T 00U, | PNA| = n3<t>+yoy[n3<t>]2}Ei=0,
E,=5KV/em M
0 I | 1 I (Al)
0 2 4 6 8 10 with the evolution of the free charge carriers giverfvy
-1/t
NgoeXp( —t/7R)
00 F( R (AZ)

né (t) = NA .
FIG. 5. Normalized space-charge field evolution with an applied N+ Noo— NooeXP( — t/7R)
external field of 5 KV/cm. The thermal rate & s *]=1 and the

_ 1O Equation(Al) can also be transformed in a hypergeometric
grating spacing is\ =10 um.

type equation by means of the following steps. First, we

define an auxiliary variablé* as
V. CONCLUSIONS

The transient behavior of the fundamental amplitude of
the space-charge field has been derived in analytical general
form within the band transport model that involves the non-
linear recombination and the thermal re-excitation of the . . . . s
photorefractive centers. Based on this solution, different refjmd |ntro-d.uce an auxiliary functioW; in terms of¢™ with
gimes of interest can be rigorously studied. In particular, we€ condition
have simulated the temporal evolution of the photorefractive W (£5) = E* (1) (Ad)
field under previous writing pulse conditions. The formation 1 1
and decay of the photorefractive field in different range ofThen we apply the following transformation
excitation parameters have been studied. Our predictions are
in agreement with experimental results obtained in several Wi =(&*)Ea/Enws (A5)
works. The behavior of the field is different at several ranges . )
of the writing intensity pulse. At high intensities, a field de- {© finally obtain the hypergeometric equation
cay that does not depend on erasure rate is predicted. For this

. Noo
=1— 1+r100exp(—t/TR), (A3)

2
regime, wherd\, is smaller tham,, the strong nonexponen- & (1—¢&*) Wa

. . n . nen —+[(2——q)(1—g*)
tial decay is also verified. The overlapping of recombination (dg*x)? Ewm

and re-excitation processes is apparent by observing the con-

cavity change in the space-charge field decay. The formation dW; Eq i

and decay time of the photorefractive field depend on the 5*} de "‘(1 ) ——|W;
grating spacing. As the spaciny increases, the rise time

diminishes and the decay time increases. Also, the oscilla- (AB6)
tory transient behavior with an applied field has been ana-

lyzed. When the applied field increases the frequency of it;rhe general solution of E4AG) is

Ep+iEg
Em

oscillations increases while the amplitude decreases. More- E
over, the oscillatory behavior can be completely screened Ef(t)=mEy A’{(g*)Eq’EMF(l—E—q,
using adequate values of writing pulse. Finally, the model M
predicts the increasing of the grating decay time when the Ep+iEg Eq Noo
applied field increases. T E. LT E—;l— 1
M M +Ngo
APPENDIX xexp(—t/Tg) | + A5 (&)1, (A7)

If we analyze the transient behavior of the space-charge
field in the dark by disregarding the re-excitation process ofvhereA; are constants determined by initial conditions.




4518 P. VAVELIUK, B. RUIZ, N. BOLOGNINI, AND J. FERNANDEZ PRB 62

1A. Ashkin, G. D. Boyd, J. M. Dziedzic, R. G. Smith, A. A. J. Caulfield, and P. Venkaterswarlu, J. Opt. Soc. Ami.3B2622

Bollmann, J. J. Levinstein, and K. Nassau, Appl. Phys. LStt. (1996.
183, shim and C. H. Kwak, Phys. Rev. 34, 863(1996.

72 (1966.
2p. Ginterand J. P Huignardhotorefractive Materials and Their 17D. N. Christodoulides and M. I. Carvalho, J. Opt. Soc. AmLB
Applications | and II(Springer-Verlag, Berlin, 1988 1628(1995.

3M. P. Petrov, S. I. Stepanov, and A. V. Khomeni@pringer V. A. Kalinin and L. Solymar, Appl. Phys. Let69, 4265(1996.
Series In Optical ScienceSpringer-Verlag, Berlin, 1991 19D, Mahgerefteh and J. Feinberg, Phys. Rev. Lé#, 2195
47. Feinberg, D. Heiman, A. R. Tanguay, Jr., and R. W. Hellwarth, (1990.
J. Appl. Phys51, 1297(1980. 20p_ Nouchi, J. P. Partanen, and R. W. Hellwarth, Phys. Re47,B
S5N. V. Kukhtarev, P. Buchhave, and S. F. Lyuksyutov, Phys. Rev. 15 581(1993.
A 55, 3133(1997. 2IM. J. Damzen and J. Barry, J. Opt. Soc. Am18 600 (1993.
6N. V. Kukhtarev, Pis'ma Zh. Tekh. Fi2, 1114 (1976 [Sov.  2?G. Pauliat and G. Roosen, J. Opt. Soc. Am7,8259(1990.
Tech. Phys. Lett2, 438(1976)]. 23G. C. Valley, J. Appl. Phys59, 3363(1986.
"N. V. Kukhtarev, V. B. Markov, S. G. Odulov, M. S. Soskin, and 2*G. C. Valley, IEEE J. Quantum Electro@®-19, 1637 (1983.
V. L. Vinetskii, Ferroelectric22, 949(1979; 22, 961(1979. 25 . B. Au and L. Solymar, Opt. Commui72, 261(1989.

8pPh. Refregier, L. Solymar, H. Rajoenbach, and J. P. Huignard, Z8L. B. Au, Opt. CommunZ72, 265 (1989.
Appl. Phys.58, 45 (1985. 27G. A. Brost, J. Opt. Soc. Am. B, 1454(1992.

D. C. Jones and L. Solymar, Opt. Comm@, 372 (1991). 28E. Serrano, M. Carrascosa, and F. Agullo-Lopez, J. Opt. Soc. Am.

10D, Fluck, P. Amrhein, and P. Giter, J. Opt. Soc. Am. B, 2196 B 13, 2587(1996.
29p_ Buchhave, J. Opt. Soc. Am. B5, 1865(1998.

(1991
. Biaggio, M. Zgonik, and P. Guter, J. Opt. Soc. Am. B, 1480 807, Zhou, X. Sun, Y. Li, Y. Jiang, H. Zhao, K. Xu, and Q. Wan, J.
(1992. Opt. Soc. Am. B13, 2580(1996.

123, P. Partanen, P. Nouchi, J. M. C. Jonathan, and R. W. Hellwartt?}l. S. Gradshteyn and I. M. RyzhiRable of Integrals, Series, and
Phys. Rev. B44, 1487(199). Products(Academic Press, New York, 198(p. 1039-1048.

3M. Ewart, I. Biaggio, M. Zgonik, and P. Guer, Phys. Rev. B9, 32|, Biaggio, M. Zgonik, and P. Gater, Opt. Commun77, 312

5263(1994. (1990.
144, Okamura, K. Takeuchi, T. Tanaka, and K. Kuroda, J. Opt. Soc33F. P. Strohkendl, J. Appl. Phy85, 3773(1989.
Am. B 14, 2650(1997. 34C. Soutar, W. A. Gillespie, and C. M. Cartwright, Opt. Commun.

15N. Noginova, N. V. Kukhtarev, M. A. Noginov, Bo Su Chen, H. 90, 329(1992.



