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Holographic gratings by spatial modulation of the Curie-Weiss temperature
in photorefractive K,_,Li,Ta;_,Nb,O3:Cu,V
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We present experimental evidence indicating the formation of metastable dipolar gratings in potassium
lithium tantalate niobate at thgaraelectric phaseThese dipolar gratings result from the formation of local
metastable changes in the Curie-Weiss temperature, which, in the presence of an external electric field, induce
changes in the low-frequency polarization. The polarization changes create spatially correlated birefringence
gratings due to the electro-optic effect. The dipolar gratings are formed in a slow spontaneous process, to
compensate for regular photorefractive gratings immediately after the creation of the latter.
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We present experimental evidence indicating that at the o w8(An)d
paraelectric phaseclose to the phase transition temperature, n=e smz(—
ARCOSY
the regular(space charge originategbhotorefractive(PR) R
gratings are compensated for by a slow spontaneous formavhere Ay is the wavelength of the reading beam,s the
tion of dipolar gratings. These dipolar gratings result fromabsorption coefficient atg, 0 is the angle between the wave
local metastable changes in the Curie-Weiss temperaturgector of the reading beam and the normal to the grating
which, in the presence of an external uniform electric field,vector (assuming the reading beam matches the Bragg con-
induce changes in the low frequency polarization. The polardition), 5(An) is the amplitude of the modulation in the
ization changes create spatially correlated birefringence grabirefringence created by the PR process, drid the thick-
ings through the electrooptic effect which compensate for thaess of the material. If Eq3) is plugged into Eq(4), as-

: 4

PR gratings. suming »<<1, so that we can set siir=¢ and obtain
Usually, the PR effect is attributed to the formation of a s s )
spatially modulated space charge, which causes a correlated _oa| ™N09E°EsdN)d| ",
modulation in the birefringence through the electrooptic ef- n=¢e ARCOSY Eo. ®)
fect (see Ref. L At the paraelectric phase, the electro-optic o ] )
effect is quadratic and is given by Thus it is expected that the dependence of the diffraction
efficiency on the externally applied electric field will be qua-

An=1ngP?, (1)  dratic. N o
The validity of the latter prediction was tested by mea-
whereAn is the induced birefringencey, is the refractive surements of the light intensity diffracted from a photore-
indeX, g is the effective quadratic e|ectr0_optic Coefﬁcient, fractive gl’ating written in a pOtaSSium lithium tantalate nio-
andP is the low-frequency polarizatiofsee Ref. 2 There-  bate(KLTN) crystal doped with Cu and V. The crystal was
fore, a spatial modulation in the birefringence induced by a&drown by us using the top-seeded solution growth method.

modulation of the polarizatiodP is given by Its composition was Kod-io.005T 2.85/\bo.14403 (the Cu and
V concentrations were below the level of detecjiofhe
S[(An)(r)]=n3gPP(r). ) phase transition temperature was determined from the dc di-

electric coefficient curvéFig. 1), and was found to bé& .
If an external electric field is applied to the crystal, then the=136.3 K.

spatial modulation of the birefringence is given by The crystal was put in the experimental setup described
schematically in Fig. 2. The normal to the surface of the
S[(AN)(r)]se=NEge?EQEsdT), (3)  crystal coincided with the direction. The light beams are in

the (x,z) plane. The crystal principal axes were aligned with
where E, is the applied electric fieldE,(r) is the space thex, y, andz directions of the system. The external electric
charge field formed by the PR process, arid the dielectric ~ field was applied in the direction.
constant[Note that it is assumed in E(B) that the crystal is Prior to the holographic measurements, the crystal was
slightly above the transition temperature so that 1 where cooled from 170 to 125 K at 0.5 K/min, while an electric
e=gpe,, and that the electric field in the crystal is below the field of 2.8 kV/cm was applied parallel to tiedirection. We
saturation level so tha®=¢E, whereE=E,+Eq.] Thisis  henceforth refer to this process as “poling.”
the so-called voltage-controlled PR effdsee Refs. 3 and The PR grating was written at 140 K under the following

4). conditions: The writing beams source was an Agser op-
The diffraction efficiency of light diffracted from a planar erating at a wavelength af,,=514 nm. The wave vectors of
PR grating is given bycf. Ref. § the writing beams lie in thez(x) plane directed at 9.5° and
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The crystal was then let to dwell in the dark for one hour

2.0
(at 140 K, under the same dc field that was applied during
the writing. During the dwell period the diffraction effi-
15T ciency, which was monitored by the probe beam, continu-
& ously decreased. At the end of the dwell period the depen-
£ 10T dence of the diffraction efficiency was measured as function
- of the applied electric field. Here it was observed that the
05+ curve was not symmetrical around the minimum point; that
is, the dependence of on E; was not quadratic. Therefore,
To = 133K the process which caused the diffraction to decrease cannot
0.0 ’ ’ ’ ’ be based on the formation of some ionic space chérfe
125 135 145 155 165 175 Ref. 6, since the latter would not affect the quadratic depen-

Temperature [K] dence ofy on E,. This process can, however, be explained

) . ) by the following hypothesis: If it is assumed that during the

FIG. 1. Inverse of the dielectric constafiis) as a function of dwell period a spatial modulation of the low-frequency di-
the temperature. electric constant is formed, then the applied dc figldwill

—9.5° with respect ta. The writing beams are polarized in induce a modulation in the birefringence given by

they direction, and their intensity was 25 mW, with an ex-

posure lasting 3 s, under a dc field of 2.8 kv/cm. The dif- S[(An)(r)]o=n3gPoSP(r)=nggs se(r)E;,  (6)

fraction efficiency was monitored using a He-Ne beam oper-

ating atA\g=633 nm. The wave vector of the reading beam _ _ .

lies in the &,x) plane, and is incident on the crystal at an "NeréPo=eEq and 6P=(Je)E,. The total modulation of
the birefringence will be the sum of the space charge and

angle 6 with respect taz, so that the reading beam is Bragg . . o :
matched to the grating formed by the writing beams. Thedlelectrlc contributiongEgs. (3) and (6), respectively. The

reading beam is polarized in the,&) plane. diffraction efficiency will accordingly be given by
It was observed that immediately after the exposure the

diffraction efficiency » depended quadratically on the ap- Cud wnggd

plied electric field. However, the minimum of was not n=e (W

obtained atE,= 0, but was shifted té&,=500 V/cm. These

results are in accord with E¢p); that is, we can assume that +&7[ be(r)]PEq). (7)

a space-charge PR grating was formed in the crystal. The

fact that the minimum point of; was shifted from zero can (iécan immediately be seen that the cross term in the last

2
) {e*E2(r)E3+ 2% 6e(r)|Es(T)E]

be accounted for by assuming that during the exposure a qg;rentheses can account for the deviation from symmetry
space charge was formed due to the nonuniformity of thgy .+ \vas observed.

illumination, and that the poling process induced a meta-  The yalidity of this hypothesis was investigated further by

stable polarization in the crystéee below. the following method: If a low-frequency ac field is applied
) to the crystal in addition to the dc fiel,, so that the total
Erasing applied field is given byE,+ E;cos(t), then the diffraction
M1 Beam efficiency is of the form

/

7= cog4wt)+ 7¥cog3wt) + 7'¥cog 2wt)

+ pYcogq wt) + 7'?. 8
Writing M2 . D
Beams & gmbe \ Specifically, the fourth-harmonic componeyit? is given by
f eam
—> 3
+ Layny]
PS E cos(wt) + E, Signal g
= b
e 24 (b)
b
Ref. o
OSC. PLL ——{Lock In Amp. f—» = 14+
at4o Output
J_ @ . .
= 0 f ] 1
- 100 150 200 250 300
E, [Vicm]

FIG. 2. Experimental setup. BS, beam splittbt1l, M2, and
M3, mirrors; D, detector; PS, a dc voltage source; OSC, low- FIG. 3. ¥ vs the applied ac electric-field amplitudg, (a)

frequency oscillator; PLL, phase-locked loop circuit. before dwell andb) after dwell.
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FIG. 4. The fourth root ofy* is plotted as a function ;.
FIG. 5. The sixth root of (1) is presented as a function of

the temperature.

de grating originates from the creation of local changes in

(4)_eiad angd ; 4.2 2
T 778 | Npcosd Eyeda(r)]" ©) To, then the temperature dependenceré? will be given
by
Note that* is expected to be zero unleds #0, and fur-
thermore it is independent dEs.. Thus measurements of
7'*) can be used to isolate contributions to the diffraction @ e 2 [ mndgd\? 2 CU6To(N]?
which are exclusively the result of the formation of the o= 1 —T6 (11)
8 | \rCOSY (T=Ty)

gratings.

7»®) was measured using the setup described in Fig. 2.
The oscillator was operated at 27 Hz and the phase lockedhere dTy(r) are the created changes Tqg. [It should be
loop unit supplied a reference voltage at 108 Hz in phas#oted that the dependencergf andg on the temperature is
with the oscillator as required. The various assumptions leadwery weak(see Ref. 2. Consider Fig. 5, in which the sixth
ing to Eq.(9) were verified experimentallyi) E, was setto  root of (1/7%) is presented as function of the temperature. It
a level for which the total diffraction efficiency is minimized can be seen that, for temperatures above 139.5 K, the sixth
to justify the assumption sif=¢ made in Eq(5). (i) It was  root of (1/7*) has a linear dependence on the temperature.
verified that the distortion level in the sinusoidal signal pro-The Curie-Weiss temperature derived from this dependence
duced by the oscillator is low, so that* does not contain is To=133.5 K. For comparison, consider Fig. 1, in which a
contributions of the form E,cos2wt)?. (iii) It was verified —measurement of the inverse of the dielectric constant)(1/
by Fourier analysis of the polarization current that deviation®f this KLTN crystal as function of the temperature is pre-
from linearity in P=¢E are negligible. sented. It can be seen that the crystal is in the mean-field

Measurements of®) vs the applied ac electric field am- approximation region for temperatures above 138 K, so that
plitude E; are shown in Fig. 3. Immediately after the writing EQ.(11) is not expected to be obeyed below this temperature.
of the PR grating® is zero[Fig. 3@)]. As expected, at Furthgrmorg, the Curie-Weiss temperature, as derived from
this stage, these grating has not yet been formed, and thethe dielectric measurement, is 133 K. _
diffraction is due exclusively to the space-charge PR grating. Finally, the Gibbs free energy was computed from a series
During the dwell period the;® signal increased monotoni- Of measurements of the dielectric constant as a function of
cally until it saturated after about 1[Fig. 3(b)]. In Fig. 4 the the temperature under different electr'lc fields. It was found
fourth root of () is plotted as function oF; . As predicted that theT, gratings were formed only in the small tempera-
in Eq. (9), »¥ is directly proportional to the fourth power of ture range abov@., where metastable nonzero polarization
E,. can be formedi.e., for the temperature rangg<T<T, (as

The origin of thede grating was investigated further by defined in Ref. ¥ ] o
measurements of the temperature dependenag®af When The_results presentgd above clearly indicate that the com-
the crystal is in the mean-field approximation region, thePensation process which spontaneously follows the forma-

dependence of the dielectric constant on the temperature {i9n Of PR gratings in KLTN originates from the creation of
given by the Curie-Weiss law local metastable changes Ty . It is known that changes in

the concentration of impurities, and in particular temperature
changes in the concentration of oxygen vacancies, strongly
_ ¢ 10 affect the phase transitiofPerrn? and Bauerleet al®). The
T-To' fact that the compensation process is very slow suggests that
its microscopic origin may be attributed to the migration of
where C is the Curie constant, andly is the Curie-Weiss vacancies which follows the formation of the PR space
temperaturgsee Ref. . It is therefore expected that if the charge.
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