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We present the theoretical and experimental results of photorefractive two-beam coupling in Cr-doped strontium
barium niobate:60, using thermal excitation (i.e., dark conductivity) to model the experimentally observed tempera-
ture-dependent behavior of the two-beam coupling constant and response time.

Certain strontium barium niobate (SBN) crystals
have previously been observed to exhibit increased
photorefractive gain as the crystal temperature is low-
ered below room temperature and away from its ferro-
electric phase transition near 345 K. This effect was
reported for a doubly Ce- and Ca-doped Sr0 .6Bao.4Nb2 06
crystal over the temperature range of 243-313 K and
in Cr-doped GaAs from 280 to 400 K. 1

,
2 This was

also recently observed in a Cr-doped Sro6Bao.4-
Nb2O6(SBN:60:Cr) sample. In this Letter we present
the experimental results of the temperature-depen-
dent behavior of the photorefractive properties of
SBN:60:Cr and compare them with a theoretical mod-
el obtained by incorporating dark-conductivity effects
in the Kukhtarev equations for photorefractive two-
beam coupling.

The single-crystal SBN:60:Cr sample was grown at
Rockwell International Corporation using the Czoch-
ralski method and was polished to an optical-quality
cube approximately 6 mm on each side. The crystal
appeared pale green in color, which we attribute to the
Cr3+ oxidation state of the dopant. The photorefrac-
tive two-beam coupling constant was obtained by mea-
suring the beam intensities before and after the beams
passed through and interacted inside the crystal of
length 1. The 514.5-nm line of the Ar-ion laser was
used, with the input-beam intensity ratio I(0)1I2(0) =

10 and I(O) =0.15 W/cm2. Both beams were horizon-
tally polarized and oriented so that the grating wave
vector was parallel to the c axis. The grating period
was approximately 1 Aim. Given these values of IJ(0),
I2(0), Ii(l), and I2(1), the coupling constant is given by

1 [ 2(l) 12(0) 
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The experimental steady-state value of r as a func-
tion of temperature is shown in Fig. 1. The photore-
fractive coupling constant increased from 0.9 cm-1 at
313 K to 5.7 cm- 1 at 233 K. Beam fanning was ob-
served, although it was not so pronounced as in some
SBN:60:Ce samples with a larger r. Limitations of
the cooling chamber prevented us from going to lower
temperatures. However, based on previous theory the
crystal should have a positive temperature depen-
dence dr/dT > 0 since the dielectric constant in-
creases sharply near the phase-transition temperature
and r c T/(T + BIE), where B = e2NA/kBk 2 = const.
Therefore we expect to find a competing phenomenon
with a negative temperature dependence near the
phase transition to explain the observed negative tem-
perature dependence of r over this temperature range.

Kukhtarev et al. 3 - 5 described a functional depen-
dence of r and r for photoexcited states. Inclusion of
the effect from thermally excited sites, i.e., dark con-
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if we assume that the effective interaction length is
equal to the physical length of the crystal. The time
dependence of the two-beam coupling constant r(t)
was used to obtain the characteristic rise time r of the
material, if an exponential fit of the form r = [r(t
-)][1 - exp(-t/r)] is assumed.
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Fig. 1. Experimental values of the steady-state photore-
fractive two-beam coupling constant r of the SBN:60:Cr
crystal as a function of temperature. For the experiments X
= 514.5 nm, Xg = 1 im, 11(0)/I2(0) = 10, and Ii(0) = 0.150 W/
cm2. The solid curve represents the theoretical value of r
versus the temperature for some typical material constants.
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ductivity, results in the thermal excitation and pho-
toexcitation competing for the ionizable donor sites.
The resulting equation included an added term in the
Kukhtarev rate equation, which results in

-(p+I )N - lYnN+, (2)at (hp ) 7 2

where a accounts for the thermally excited sites, N+
and N are the number densities of ionized donors and
un-ionized donors, respectively, s is the photoioniza-
tion cross section of N, n is the number density of
electrons, and -y is the two-body recombination rate.
The other equations for the band-transport model re-
main unchanged. Assuming that the SBN crystal can
be modeled as a doped semiconductor, we can write
the dark excitation term as

0 cc exp(-Eo3/kT). (3)

For the stationary grating, the one-carrier/one-spe-
cies case, the modified theory yields

r = Re (2l reffno Esc), (4)

where the relevant dark-conductivity temperature de-
pendence is contained in the space-charge electric
field Esc and its dependence on the characteristic time
to. For an applied electric field Eo and an optical
modulation index m, the space-charge field is given by

ESC = iENm
(EO + iEd)(l - et/T)

[Eo + i(Ed + EN)](1

and the response time is given by

- Eo + i(Ed + E,)

0 Eo + i(Ed + EN)
where

to =

reach a point where the dark-conductivity factor dom-
inates, and then start to decrease after reaching a peak
at some optimum temperature To.

However, cooling of the crystal also increases its
response time since to, and therefore the time constant
r, increases. From the equations for X we find that the
crystal becomes faster at higher temperatures even for
# = 0; the presence of the dark-conductivity term
further accentuates this effect. This suggests that
heating of the crystal will result in a faster response
owing to the higher electron conductivity, but as can
be seen from the predicted and experimental results
this improvement in response time is obtained at a
cost of lower photorefractive gain.

We investigated the presence of a significant dark-
excitation factor by measuring r for low total intensity
Io. If dark excitation were present, it would follow
that r should be intensity dependent at a low total
intensity and constant at a high intensity, as observed
by Ewbank et al. in Ce-doped SBN, which showed a
much lower dark conductivity than did Cr-doped
SBN:60.6 From Eqs. (5) and (7) above, this functional
dependence is of the form

rC 1 (8)
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and the characteristic fields are
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kBTkEd=
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Fig. 2. r as a function of the total intensity for 293 and 313
K, with the best fit shown by the solid curves.
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In these equations NO is the number density of impuri-
ties, which in this case is dominated by Cr; NA is the
number density of nonphotoactive, compensatory
ions; and At is the mobility. Since f decreases as the
temperature decreases, E5c and, consequently, the
coupling constant increase through the dark-conduc-
tivity factor (1 + hv3/sIo)-1 as the crystal is cooled.
For certain values of the material parameters NA and
No, F will first tend to increase with temperature,
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Fig. 3. Response time r of the SBN:60:Cr crystal as defined
by the rise time for r to reach steady state (1 - e-). The data
are for X = 514.5 nim, Xg = 1 ptm, I1(0)1I2(0) = 10, and IM(0) =
0.150 W/cm 2.
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Fig. 4. Experimentally measured relative dielectric con-
stant Er for the SBN:60:Cr sample obtained by measuring the
low-frequency capacitance of the crystal.
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Fig. 5. Theoretical value of r from T = 120 K to room
temperature showing the peak at some optimum tempera-
ture To for curve (a), the best fit to the experimentally
obtained points, with hv3/sIo = 2 X 105; curve (b), low dark
conductivity, with hv#/3sIo = 3 X 103; and curve (c), high dark
conductivity, with hvf3IsIo = 2 X 107.

where K = hvf3/s is constant. Figure 2 shows the
dependence of r on the total intensity at T = 293 and
313 K. The solid curves represent the best fit based
on relation (8) above.

The response time X of the crystal was determined
by fitting an exponential curve F = [F(t - c)][1 -

exp(-t/r)] through the experimental points for r. As
suggested by the theory, it is a decreasing function of
time over the temperature range that we used, as
shown in Fig. 3, ranging from 10.2 sec at 238 K to 0.44
sec at 313 K.

Using some typical values for the quantities in the
relations for r and r, we obtained a theoretical fit of
the data shown in Figs. 1 and 3. For E0 = 0, the
functional form of r and T in the steady state in terms
of the temperature-dependent quantities are

= + B/ 1) [1 + A exp(-EO/kBT)1

T°(T+B ) [~1 + A exp(-Efl/kBT)_
(9b)

The values of e were obtained by measuring the low-
frequency capacitance of the crystal as a function of
temperature and are shown in Fig. 4 as a function of
temperature. The theoretical curves were obtained
with No = 1025 m- 3 , NA = 3 X 1023 m- 3, -y = 1.2 X 10-12
m 3/sec, s = 1.6 X 10-22 M2

, and X = 514.5 nm, which are
based on their corresponding values obtained previ-
ously for BaTiO3 .7'8 We also assumed that Ep/kB =
0.224 eV/K, A = (hv/sIo)# = 2 X 105, /L = 1.5 X 10-4
cm2 /V sec, Eg = 0.138 eV/K, and ro = 77 cm- 1 to
obtain the fits shown in the graphs. In Fig. 3 the
experimental response time increases below 270 K
much faster than suggested by theory; we attribute
this to our assumption that AL is constant, while it
actually would decrease with decreasing temperature.

Futhermore, by extrapolating the values obtained
experimentally for e(T), we were able to predict the
temperature To for optimum coupling as shown in Fig.
5. It can be inferred from the figure that for T < To
the original Kukhtarev's equations hold, while for T >
To the additional factor in our new model becomes
significant. Also, as the dark conductivity decreases,
the To increases, so for low dark-conductivity crystals
the original Kukhtarev's equations still hold at room
temperature.

In conclusion, we have presented a theoretical mod-
el that explains the behavior of the photorefractive
response time and gain as a function of temperature by
incorporating a dark-conductivity term in the Kukh-
tarev rate equations. The presence of significant dark
conductivity in our SBN:60:Cr sample was determined
experimentally by measuring r as a function of Io, the
total intensity, for a small Io, and these data were
found to fit the theoretically predicted curve closely.
The response time of the crystal was measured as a
function of temperature and was found to decrease
with increasing temperature, as expected from this
theory.
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