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Abstract. Temperature dependences of the total effective trapemperature dependence of TBC at a fixed grating period
densityNess and the electro-optic coefficiends in Ce-doped as well as the self-pumped phase conjugation properties of
andRh-dopedBaTiOs; were determined by two-beam coup- BaTiOs;:Ce and BaTiOs:Rh crystals [11,12], showing that
ling measurements. It was found that the effective trap denssoth TBC gain coefficient and speed of response of these
ity Nest of BaTiOsz:Ceincreases whereas that B&TiO3:Rh  crystals can be enhanced at elevated temperature. But the ori-
decreases with increasing temperature. The electro-optic cgin of these phenomena in the crystals is not clear.
efficientrss of both crystals increases with temperature. The In this paper, we try to determine how the total effective
photorefractive response times were also measured and foutrdp densityNes and electro-optic coefficient daTiOs:Ce
to decrease with different rates as temperature increases amd BaTiOz:Rh vary with temperature by measuring their
the two crystals. The results were discussed by using the tw@BC coefficient at different grating wave vectors and tem-
centre model foBaTiOsz:Ceand three-charge-state model for peratures. We have found thiltz of BaTiO;:Ce increases
BaTiOs:Rh. We found that the different temperature depen-with temperature, whereas thatB&TiOz:Rh decreases with
dence ofNeg in the two crystals was due to the fact that thetemperature. The electro-optic coefficiesg of both samples
deep- and shallow-trap levels BaTiOsz:Ce are caused by increases with temperature. In addition, the photorefractive
different impurity centres whereas thoseBaTiOz:Rh are  response time of both crystals is found to decrease with tem-
caused by different charge states of the same impurity centrgerature in both crystals, though the decrease rates are differ-
ent. Our experimental results demonstrate that a two-centre
PACS: 42.65.Hw; 42.70.Nq photorefractive crystal may have different characteristics of
photorefractivity from a three-charge-state crystal.

The photorefractive effect is associated with several proper-
ties of photorefractive crystals and usually relies on the crys; Tyo0-peam coupling theory
tal temperature. The temperature dependence of the photore-

fractive effect has been studied in different photorefractiv . . . . .
crystals such aBaTiOs [1,2], SBN [3,4], Bi1,GeOy [5], ?n this section we first present the theories that describe the

and InP [6], and various behaviours of temperature depenphotorefractive effec_t ingdoped arydtho_ped BqTiO3
dence have been observed in these materials. Earlier work rystals. These theories will be used in our discussions on the

2] on BaTiO; showed that the photorefractive response timexPerimental results.

of the crystal always decreases with temperature whereas its

two-beam coupling (TBC) gain coefficient may, depending i

on the samples used, increase or decrease with temperatukel Two-centre model foBaTiO;: Ce

resulting, respectively, from an increase or a decrease of the

electro-optic coefficients of the crystals. In all these cases, tha Ce-dopedBaTiO; crystals, it is already known that there

total effective trap density always decreases with increasingre three impurity levels, a deep one and two shallow ones.

temperature. These three levels are caused by three different impurity
During the past several year€e-doped andRh-doped centres [13]. Thus a three-centre model should be used to

BaTiO;s crystals have been intensively studied in TBC [7, 8]describe the photorefractive effect BaTiOz:Ce But for

and phase conjugation experiments [9, 10]. It has been fourgimplicity we use the two-centre model already well de-

thatBaTiOs;:Ce andBaTiOs:Rh have improved photorefrac- veloped [14,15] to describe the photorefractive effect in

tive properties compared to undoped crystals in the visibl8aTiOs;:Ce That is to say, the two shallow-trap levels are re-

and in the near infrared. Recently, we have investigated thgarded as one shallow-trap level. It can be seen later that this
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will not affect our discussion. The band diagram of the two-transferred from deep traps to the shallow traps induced by
centre model is shown in Fig. 1a where there is a deep levdight.
and a shallow level corresponding to the two centres. The intensity dependent factg(l) in (1) is defined as

In the two-centre model, the electro-optic beam-coupling
gain coefficientyeo, for hole-dominated photorefractive crys-

Veo 1017 1 Mo
tals such a8aTiOs is given by [14, 15] n(l) = N (NE+ m) ‘ 9
_ 27m3 KBT res kg . .
Yeo= coss e T(l—i—kg/kg n(h (e1é2)’ (1)

wheren is the refractive index; is the internal half anglésg .

is Boltzmann’s constanfl is the absolute temperatuney; ~ 1.2 Three-charge-state model f8aTiOs: Rh

is the effective electro-optic coefficierit,is the wavelength

in vacuum g is the electrical chargdy = 47nsing, /A is the ) o

grating wave vectolk, is the Debye screening wave vector. ForBaTiOs:Rhcrystal, it is already clear that a three-charge-
n(1) is an intensity-dependent factés, and&, are unit vec- state model should be used to describe its photorefractive
tors along the polarization directions of the two beams. effect [16—18]. The band diagram BaTiOz:Rhis shown in

In (1) ko is defined by [14, 15] Fig. 1b. It should be noted that as long as the photorefractive
charge transfer process is concerned, the three-charge-state
) e e levels of Rh can be regarded as a system with a deep-trap
ko= g Neft = — —=(Ne+Me). (2)  level and a shallow-trap level that are relatedRiy, that is
B B R andRh* together are equivalent to a deep-trap level,
with andRh* andRh®* together are equivalent to a shallow-trap
level. From the following theory, it can be seen that the three-
Ne — (Np — Nr — No) (Nr + No) charge-state model has different characteristics from the two-
Nb ’ centre model.
In the three-charge-state model, the expression for the
Mg = Mo(Mr — Mo) ] (3) electro-optic TBC gain coefficient is the same as that shown
Mt in (1). Butko and Nefr are now defined as [19]

Here Ng and Mg are, respectively, the intensity-dependent 2 )
effective deep- and shallow-trap densitiesis the effect- ké_ ot = |:NT— No(lo) — (Np — Na) } 7

ive static absolute dielectric constai, is the total deep- ekg T ekg T Nt

trap densityNg is the uncompensated deep-trap density (i.e., (5)
density of deep traps with electrons) at davk; is the total

shallow-trap densityNo(= Mp) is the mean density of holes ith

Nr=N"+N+N*, (6)
| Conduction band | 1 ) >11/2
= N0=—1_k{[kNT+k(k—l)(ND—NA)] —kNr], (7)
Nop S+ +
lo+p8" v~
My K= s ot (8)
Sp|fo Yo S lo+B 4y
St|Br yT
¥ v whereN—, N, andN™ are, respectively, the densitiesRif**,
[ Valence band | R, andRhT. No(lo) is the mean density &, Np and
a Na are the densities of shallow donor and acceptor compen-

sating for theRh** andRh°*.
The intensity-dependent factgfl) in (1) is now defined

| Conduction band |

— N RE' as
No =g N_RH

1 +
D= — " ([ Ngp+-—°f | 9
os|e | st 7 N;ﬁ+Neﬁ< e“Jr1+ﬁ+/s+|> ®)

\ 4 4
Valence band |

Na

where NJ; and Ny are intensity-dependent effective trap
densities.

Fig. 1a.b. The band diagram of two-center model BaTiOxCe (2) and It should t_)e_ pointed out that for the convenience of refer-
three-éharge-state model BaTiOs:Rh (b). HereS, 8, andy represent, re- .”ng to the O”gmal papers [14’ 15, 19] about the two theoret-
spectively, the ionisation cross section, the thermal ionisation rate, and tH€@l models, we have to use the same symbols to represent
recombination constant to traps different parameters in the theory for the two models.

b
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2 Experiments and results In our present experimental conditions, the te(ﬁfp- é’z‘)

in (1) is equal to cos@ andr e is [20]

The BaTiO;:Ce andBaTiOs:Rh crystal samples used in our loff =
TBC experiments are normally cut and with dimensions of
axbxc=148mmx4.62 mmx 540 mmand1.26 mmx
,?ég;.??éﬁgf?;gtéfisspfg?)\éerLyéanhﬁg;ﬁ%%?\rltéﬁtt'&?i;; ition, trle internal half-anglé; in our experiments was less
of the BaTiOs:Rh crystal is less thad0 ppm The two crys- tha|?15 , thus vvte glavegg COS'6; > r138ir? 6 andre can be
tals were grown with an improved top-seeded solution grovvtlx{\'e approximated as
technique.

A He-Ne laser at6328 nmwas used as the light source. Feff
The pump and probe beams aegolarized beams with
a pump-to-probe intensity ratio of about 400. The intensity of By fitting the experimental results at a given temperature
the pump beam 200 mW/cn?. The two beams were sym- with (1) and (11), the total effective trap densitidsy and
metrically incident on ara-face of the crystals. The crystal rssn(l) at that temperature were obtained. The temperature
temperature was controlled by using a Peltier temperatur@lependences dfles andrssn(l) thus obtained are presented

control device which has a long-term temperature-contrah Figs. 3 and 4, respectively. It can be seen thgtincreases
stability of less thar0.5°C. The experimentally determined

grating-wave-vector dependence of TBC gain coefficient of
the two crystals is shown in Fig. 2.

(—ngr13Sin? 6 + ngraz cos 6;) /n3ne. (10)

ForBaTiO; crystalsrsz is ~ 3 times larger than;z. In add-

A r33C0L 6, . (11)
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Fig. 2a,b. The TBC gain coefficient as a function of the grating wave vec-
tor at different temperatures BaTiOz:Ce b BaTiOz:Rh. The curvesare
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Fig. 4.r33n(l) of BaTiO;:Ce andBaTiOsz:Rh as a function of temperature
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Table 1. The photorefractive parameters used for calculating the total effectpump intensity isL00 m\W/cn?. Considering the fact that the
ive trap density irRh-dopedBaTiOs crystal is less absorptive &828 nmthan at5145nm we
are certain that the shallow level makes no contribution to the

Parameter Value TBC in BaTiOs:Cein our present experiment 8828 nm

- 25 In addition, the higher the temperature, the more insignificant
. /3[22] X

= 275 cn?/J [22] the role of the shallow level becomes because of the increas-

g+ 0.14st at20°C [22] ing thermal excitation rate from the shallow-trap leveds,

B~ B~ < BT [19] That is to say, we can reasonably reghkgdin (3) as zero. In

Ea 0.7ev[22] this case, we have

vy Ivt 6.0

Nt 1.53x 102 m3

No — Na 2> 10" ™ Nett = Ne = (Np — N&)Ne/Np ~ Nk (12)

10 In obtaining the above approximation, we have made use of
the fact thatNg is usually much smaller thahNp in hole-
dominated photorefractive crystals such as BailiOs:Ce.

gk u From the same fact, we can know that the deep level is above
— the Fermi level in ouBaTiO;:Ce Thus the uncompensated
N \ deep trap density at darklg, increases with increasing tem-
C 5t u perature due to the thermal excitation of electrons from levels
£ \ ] that are below and near the Fermi level to the deep level.
Z, n- _BaTiO;:Ce That is to say, we assume there are some other impurity lev-
2 4L o - els in the crystal where electrons cannot be released with
= light and usually do not contribute to the photorefractivity of
@ the crystal. This is reasonable because there usually are vari-
L ° . ous transition-metal ion impurities at approximatélypmor
e 2 \o BaTiO5Rh even greater i8aTiO; crystgls [15]. i o
L4 Due to the increase dfi with increasing temperature,
0 1 1 1 1 1 1 1 we can see from (12) thatles will increase when the tem-
20 25 30 35 40 45 50 perature of the crystal is increased. It should be noted that if

the light intensity is high and the shallow-trap level becomes

involved in the charge transfer process, we expect that

Fig. 5. Temperature dependence of the response time of the two crystalvill increase less significantly because the density of holes on
The erasing intensity i§0 mW/cn. ). = 6328 nm The grating period is  the shallow-trap levels tends to decrease with increasing tem-

Temperature (°C)

A=078um perature. And furthermore, iy is large enoughNest may
become to decrease when the temperature is elevated.

with temperature in th&aTiOs:Ce crystal, whereas it de- In the case oBaTiOs:Rh, it can be seen from the light-

creases with temperature in tBaTiOz:Rh crystal.rssn(l), induced absorption experiments that the effect of the shallow

however, increases (with different increase rates) with inlevel cannot be neglected because the light-induced absorp-
creasing temperature in both crystals. These results will bion already saturates at a pump intensiy45 nm) of less
discussed later. than 100 mWcn? [21]. As the crystal is more absorptive
The photorefractive response time of the crystals aat 6328 nmthan at5145nm, we are certain that the shal-
a given temperature has been obtained by recording and fibw level cannot be neglected in our TBC. In fact, Corner
ting (with an exponential decay function) the light-inducedet al. [22] have already observed that light-induced absorp-
decay curves of the diffracted signal of the probe beam whiléon appears when the intensity of the pump6828 nm
the pump was blocked and the gratings were erased witls as small asl mW/cn?. This means that the effective
a third beam. The results are shown in Fig. 5. It can be seeshallow trap densityNJ; cannot be neglected and it con-
that, in both crystals, the photorefractive response time deributes to the total effective trap density. The thermal activa-
creases monotonously with temperature. But the decreasien energyEa of the shallow leveR*/5* in BaTiOs:Rh
rates are different for the two crystals. is 0.7 eV [16]. It can be seen from simple calculation that
the thermal-excitation ratg* of this shallow-trap level in-
creases significantly with temperature. For example, when the
3 Discussion temperature rises frora0°C to 50°C, g will have a 12-
fold increase. Thus as the temperature rises, the effect of
The different temperature-dependent behaviours of the totahallow level will change significantly. From (5)—(8) it can
effective trap density of the two crystals are interesting. Webe seen that the mean density Rf*", No, will increase
have measured the light-induced absorptiorBafliO3:Ce  with increasing temperature vigi. This leads to a decrease
and BaTiOs:Rh at different probe wavelengths (the pump of Nes.
light is fixed at5145nm) [13,21]. We observed that the In order to demonstrate this more clearly, we calculated
light-induced absorption @aTiOs:Ceis negligible whenthe Nei by using (5)—(8) and the photorefractive parameters as
pump beam intensity i$§00 m\W/cn?. This means that there listed in Table 1. The result is given in Fig. 3. It agrees
are few light-induced holes on the shallow level when thevery well with the experimental results. The valuesNf,
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Np — Na, andy~/y* as given in Table 1 were chosen to give 4 Conclusion

a good result. But referring to [19, 22], we can see that these

values are reasonable. In fact, we found from (5)—(8) that a#/e have determined the temperature dependence of the total
long as the photoconductivity is great compared with the darkffective trap densitNerr and the electro-optic coefficienis
conductivity, i.e.,S 1o > B~, Negr always decreases with in- of BaTiO;:Ce andBaTiOs:Rh by measuring their TBC gain
creasing temperature. That is to say, it is not possibléfgr ~ coefficients at different grating periods and crystal tempera-
to increase in the three-charge-state photorefractive crystaigres. We have found the temperature dependencigobf

with parameters as listed in Table 1. The reason is that in thilne two crystals are differenfles increases with tempera-
three-charge-stat®aTiOs:Rh, althoughNp (i.e., density of ture inBaTiOs:Ceand decreases BaTiOz:Rh. We have also
Rh*+ at dark) should increase with increasing temperaturebserved that, in both crystalsgn(l) increases, and the re-
just like N in the two-centre model, the temperature depensponse time decreases with increasing temperature. But the
dence ofNet is mainly decided by that ofy. But it should increase rates as well as the decrease rates are different in the
be noted that for three-charge-state crystals with parametetgo crystals. Some of the results were discussed qualitatively
that makek in (7) very large, the role of the shallow level with theories of the two-centre model and three-charge-state

will become negligible. In this cas@&e; may increase with
increasing temperature.

In both BaTiOs:Ce and BaTiOs:Rh, rasn(l) increases
with temperature. In fact, it has been observed thatin-
creases with temperature in sorBaTiOs; crystals [2,23].
These results agree with theory, which predicts thaand

models. Our study demonstrates clearly that two-centre crys-
tals and three-charge-state crystals may be similar in some of
their photorefractive properties, but may be different in their
other photorefractive properties.
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constants of BaTiO;s [3]. In principle, the electro-optic co-
efficients of BaTiOz should be independent of the doping

elements because the doping concentration is so low th&eferences

it is far away from affecting the average lattice parameters
of the crystal [23]. Thus we believe the different increase
rates ofrssn(l) of BaTiOs:Ce and BaTiOs:Rh should re-

sult from different variation behaviours af(1) in the two 3.

crystals.

In BaTiOs:Ce n(l) should remain constant 1, when 4.

the temperature varies because of the weak effect of shal-
low levels (i.e.,Mg in (4) is Mg ~ 0). Thus the variation

of raz of BaTiOs:Ce (also that ofBaTiOs:Rh) is equiva- 6.
lent to that ofrasn(l) for BaTiOsz:Ce given in Fig. 4. But 7.

in BaTiOs:Rh, the light-induced absorption is almost satu-
rated atl00 m\W/cn¥ at room temperature. This means that
BT/St1 « 1, andn(l) as given in (9) also approaches 1 at
room temperature. As the temperature rises, howgvewill
increase. Thusg(l) decreases. This is why the increase rate of
rasn(l) for BaTiOs:Rhis less than that foBaTiOs:Ce

From Fig. 5 it can be seen that when the temperature of ,
the crystals rises fror20°C to 50°C, the response time of
BaTiOs:Ceis decreased b§4% whereas that dBaTiOsz:Rh
is by 78%. For large grating periods, the response time
can be approximated by the dielectric relaxation tirgex
eNett/ 1t [2]. Here u ande are, respectively, the mobility of

holes and the dielectric constant along the direction of chargas.

migration (i.e.,e = e3). As the temperature increasdsys

and e of BaTiOs:Ce increase. Thus the measured decrease-’- -
18. K. Buse, E. Kratzig: Appl. Phys. B1, 27 (1995)

R . . 9. N. Huot, J.M.C. Jonathan, G. Roosen: Appl. Phy$5B489 (1997
temperature significantly. This has been observed in othepg J.Zhang, Y. Lian, S.X. Dou, P. Ye: Opt. é’f,’mmaﬁa 631 (£994))

21.

of response time implies that the mobility increases with

crystals [24]. InBaTiOs:Rh, the variation ofNe¢ is different
from that inBaTiOs:Ce, i.e., it decreases with temperature.

The other two parameters,and u, however, should have 22

the similar behaviours in the two crystals. Thus the respons

BaTiOs:.Ce
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