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Hologram recording with mutually orthogonal polarized waves in Sr; 5;Ba, 30Nb,04:Ce
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Sry 61Bag 39Nb,04:Ce exhibits pronounced dichroism which is strongly correlated with the cerium con-
centration. This property triggers effective hologram recording with mutually orthogonal polarized
writing beams via self-diffraction. We measure the saturation diffraction efficiency, using an extraordi-
narily polarized readout beam, versus the polarization of the recording beams. The experimental results
are compared to straightforward theoretical models based on linear dichroism including self-diffraction.
We show that the saturation diffraction efficiency is strongly enhanced by self-diffraction effects.

Photorefraction in electro-optic materials is intensively
investigated in order to exploit this effect for future appli-
cations on the one hand and to improve the understand-
ing of the underlying mechanisms on the other. If holo-
graphic methods are used for material characterization
and investigation, usually two coherent light beams inter-
fere within the sample forming a spatially varying intensi-
ty distribution. This in turn leads to redistribution of
photocarriers due to drift, diffusion, and the photovoltaic
effect. Finally, a space-charge field is left behind which
causes a refractive index grating via the electro-optic
effect.

Contrarily, if two mutually orthogonal polarized writ-
ing beams intersect inside a sample, no spatial intensity
modulation appears, but the information is encoded
within a spatial variation of the polarization state of the
total light field.! Such a polarization hologram has been
utilized to record refractive index gratings via nondiago-
nal components of the photovoltaic tensor in Fe-doped
LiNbO, (Ref. 2) and KNbO,.3 The writing beams in this
geometry are polarized in parallel with and perpendicular
to the c-axis, respectively.

In this contribution, we report on a recording mecha-
nism using mutually orthogonal polarized writing beams
in Sry ;Bay 30Nb,04:Ce. We attribute the recording pro-
cess to self-diffraction effects induced by linear dichroism.

Utilizing a CARY-17D spectrometer we measured the
optical absorption for ordinarily (Fig. 1) and extraordi-
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FIG. 1. Absorption spectra for Sry 6, Bag 30Nb,O4:Ce samples
grown from melts with different CeO, contents (Table I) using
ordinarily polarized incoherent light.

0163-1829/94/50(4)/2474(5)/$06.00 50

narily polarized incoherent light waves for a set of
Sry ¢1Bag 30Nb,04:Ce samples grown with different CeO,
content in the melt (Table I). All samples have been pro-
duced in the crystal laboratory of the University of
Osnabriick using the Czochralski method. The absorp-
tion in the range of 400—-700 nm increases linearly with
the CeO, concentration in the melt, which means that the
distribution coefficient is constant up to 0.2 wt % CeO, in
the melt. We notice a pronounced difference between the
absorption spectra for ordinarily and extraordinarily po-
larized light as depicted in Fig. 2. This linear dichroism
is strongly correlated with the CeO, content in the melt,
too.

In order to record elementary holograms we use a
common two-beam interference setup as sketched in Fig.
3. The writing beams R and S of equal intensities and of
wavelength A,, =515 nm have mutually orthogonal polar-
ization. The c-axis of the sample is parallel to the grating
vector K and within the plane of incidence.

An elementary hologram of grating spacing
A=27/|K|=1.8 pm is recorded. A third beam of wave-
length A,=633 nm, not shown in Fig. 3 for simplicity,
reads out the previously recorded hologram. This
readout beam is extraordinarily polarized taking advan-
tage of the linear electro-optic coefficient r;; to obtain
maximal diffraction efficiency (Table II). The diffraction

efficiency is defined as
I S
=—, (1
M Ig+1e

where I and I are the diffracted and transmitted inten-
sities behind the sample. Successive recording and read-

TABLE 1. Doping and size of the samples used.

Doping wt % CeO, Size
Sample in the melt a X b Xc/mm’®
SBN 5.1 0.00 5.5X5.7X7.2
SBN 12.1 0.025 3.0X5.5X4.3
SBN 13.1 0.05 2.4X4.4X4.1
SBN 15.1 0.1 2.8X5.3X4.9
SBN 16.2 0.2 1.5X5.3X4.1
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TABLE II. Linear electro-optic coefficients (in Voigt’s nota-
tion) as measured with a Mach-Zehnder interferometer.

ri;/pmV™!at A
515 nm 633 nm
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ing cycles are performed for different settings of ¢@p,
which is the angle between the polarization orientation of
beam R and the normal of the plane of incidence (Fig. 3).
The measured saturation diffraction efficiency 7 as a
function of @y is represented by full dots in Fig. 4. In-
dependently of ¢ the Bragg-diffracted beam remains al-
ways extraordinarily polarized, i.e., there is only isotropic
diffraction.

As the writing beams are not polarized in parallel with
the crystal axis, both beams inside the crystal split up
into their eigenmodes of ordinary and extraordinary po-
larization. Ordinarily and extraordinarily polarized com-
ponents interfere by pairs, each forming an intensity vari-
ation with spatial frequency K =|K| but with a relative
phase mismatch of 7 (Fig. 5):

I,(z,x)=I,(x)[1+m,(x)cosKz] ,
IL(z,x)=I,x)[1—m,(x)cosKz] ,
L(x)=I, g (x)+1I,5(x),

m,(x)=2V"T, g ()], s(x) /I, (x) ,

)

with p =(e,0). The total intensity distribution is the sum
of both intensity variations

I(z,x)=1,(z,x)+1,(z,x)=I(x)[1+m(x)cosKz] ,
I(x)=I,(x)+I,(x), (3)

_ L(x)m,(x)—I,(x)m,(x)

)= I(x)
VIO, 5(x)= VI, g (x)], 5(x)
LR+, s(x) I, g (x)+ 1, 5(x)

m(x

Though the total modulation degree may in general range
from +1 to —1, note that initially, i.e., at x =0, there is
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FIG. 2. Difference between the absorption coefficients of ex-
traordinarily and ordinarily polarized incoherent light a, —«,
versus wavelength. Sry Bag 30Nb,O6:Ce samples grown with
different CeO, content in the melt (Table I) are used.
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FIG. 3. Sketch of the recording arrangement. Waves R and
S are mutually orthogonal polarized.

no modulation at all, i.e., we have m (0)=0.

The spatially modulated intensity AI(x)=m(x)I(x)
generates a spatially modulated electrical current
Aj(x)=Aoc(x)Eg(x) via diffusion as the dominant trans-
port mechanism of photocarriers in Sr, Ba,_,Nb,0:Ce,*
where Ao (x) is the first Fourier component of the photo-
conductivity. The space-charge field

Ey(x)=—m(x)KkgT /e 4)
induces a refractive index change
An(x)=_(1/2)n3r33Esc(x) (5)

via the linear electro-optic effect, where kg, T, e, and n
are Boltzmann’s constant, temperature, electron charge,
and refractive index, respectively.

For an isotropic medium the generation of the grating
depends only on the intensity amplitude AI. This does
not necessarily hold for anisotropic media, since the pho-
toconductivity may depend on the polarization state of
the incident light. However, we observed no significant
difference in the specific photoconductivity between ordi-
narily and extraordinarily polarized light for the sample
used (Table III). The photoconductivity was measured
by applying an external electric field to the sample. We
monitored the steady-state photocurrent during illumina-
tion of the sample.

Our geometry of mutually orthogonal polarized writ-
ing beams of equal intensities leads to an unmodulated to-
tal intensity in front of the sample, m (0)=0, as it is ex-
pected for mutually orthogonal polarized waves (Fig. 5).
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FIG. 4. Dots represent experimental values of the saturation
diffraction efficiency as a function of @y (Fig. 3) for elementary
holograms recorded with mutually orthogonal polarized waves
in SBN 15.1 (Table I). The broken line is a theoretical curve
that considers the effect of linear dichroism and holographic
scattering, only. The full line results from a model which addi-
tionally takes self-diffraction into account.
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TABLE III. Specific photoconductivities in SBN 15.1 for ordinarily and extraordinarily polarized

light.
(oP/I) /107" mV~2 at A: (oP"/1)/107"m V™2 at A:
Sample 440 nm 515 nm 440 nm 515 nm
SBN 15.1 1.9+0.3 0.98+0.2 2.05+0.3 0.96+0.2

However, the attenuation for ordinarily and extraordi-
narily polarized light as a function of thickness differs be-
cause of the linear dichroism. This means that in general

1,(x)=1,(0)exp(—a,x /cosO,)
#I,(x)=1,(0)exp(—a,x /cosO,) .

Here ©, and ©, are the angles of incidence of extraordi-
narily and ordinarily polarized waves within the sample,
respectively. As we have I,(0)=1,(0), the modulation
degree does not vanish within the sample, i.e.,
m(x >0)70 (Fig. 5).

Additionally, strong light scattering is observed in
Sry 61Bag 30Nb,;04:Ce as shown in Fig. 6. Furthermore,
the scattering phenomenon is anisotropic in the sense
that it predominantly appears for extraordinarily polar-
ized light. In Fig. 6, the transmission of the SBN 15.1
sample is measured for incidence of an ordinarily and ex-
traordinarily polarized laser beam, respectively, as a
function of time. We measure pronounced depletion in
intensity behind the sample for extraordinarily polarized
light. In order to take this effect into account we intro-
duce an additional extinction coefficient &, which de-
scribes the exponential attenuation as a function of thick-
ness for extraordinarily polarized light in the case of satu-

J

dR, /dx
ds, /dx

—a,/2 —iK,(x)exp(i¢d)

~a,/2

S

—ik,(x)exp(—id)

The derivation of the complex field amplitude of each
wave is composed of a transmitted and a Bragg-diffracted
contribution. The phase shift between the refractive in-
dex grating and the recording interference pattern is
denoted by ¢. In Sr,Ba;_,Nb,0:Ce we obtain ¢ =1m/2
as diffusion is the main transport mechanism. The cou-
pling coefficients are defined as

x=0

—t

—

Intensity
[

Intensity

V4

FIG. 5. Ordinarily and extraordinarily polarized com-
ponents, I, and I,, of the total intensity I interfere by pairs. I,
1,, and I are shown at x =0 mm and x >0 mm as a function of
z, which is the coordinate parallel to the grating vector.

R,

p

ration: [,(x)=I,(0)exp(—a,x/cos©,) with @,=a,
+a, sarw From Fig. 6 we determine a, i ,=170 m~},
while scattering is nearly absent for ordinarily polarized
light and we put &, =a,.

A recorded grating is characterized by measuring the
diﬂ‘rasction efficiency 7, which is given by Kogelnik’s for-
mula

n=sin¥(v), v= mAnd

" Ac0s0, ©)

This formula has been deduced with a constant refractive
index modulation An as a function of thickness. This
does not hold in our case since the refractive index
change An(x) [Egs. (4) and (5)], which is proportional to
the modulation degree m(x) [Eq. (3)], depends on the
thickness of the sample.

In the following, we restrict our considerations to the
approximation of small angles of incidence: cos®,~=~1,
with p=(e,0). Based on the theory of coupled waves,’
beam propagation through the sample is given by a set of
differential equations for the complex field amplitudes
(omitting the argument of the complex field amplitudes
for simplicity)

f

TrAnmax

Kp(x)=— 5

The maximum material response at the wavelength A for
extraordinarily and ordinarily polarized light, respective-

m(x) . (8)

I (arb. units)
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FIG. 6. The intensity is monitored versus time when a single
laser beam illuminates the Srj¢;Bag 30Nb,04:Ce sample (SBN
15.1) starting at ¢t =0. This experiment is done with ordinarily
and extraordinarily polarized light.
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ly, is expressed by the magnitude of the maximal refrac-
tive index change An,™*, which is calculated using Egs.
(4) and (5) for the maximal modulation degree of m =1.
We point out that in our case the coupling coefficients «,
are functions of the thickness x since they are proportion-
al to the modulation degree m (x).

A change to new variables [ 4 =(R,S)]

A,(x)=4,(x)exp(xa, /2) O]
simplifies Eq. (7)
dR, /dx

ﬁP
dS, /dx ] ’

s

p

—ik,(x)M

0 exp(i¢)
exp(—ig) 0
The formal solution of Eq. (10) is
R,(x)] [R,(0)
8,x) | |S,(0

With §(0)=0 and R(0)=1 we calculate the diffraction
efficiency from Eq. (1)

M= (10)

exp

—iM ["kxax' | . Ay

(12)
An——f An(x')dx'=<m .

If we compare Eq. (12) to Eq. (6) we notice that
Kogelnik’s theory still holds. As a result, we take into
account a profile in the refractive index amplitude (or the
modulation degree) if we insert

—_1 pa
m—dfom(x)dx R (13)

which is the average modulation degree, via Eqgs. (4) and
(5) in Kogelnik’s formula, Eq. (6), to obtain the
diffraction efficiency. A more general theory is given by
Serdyuk.$

In our geometry we have

I, r(x)=I(0)exp(—&,x cos’pg ,
I, R(x)=I(0)exp(— a,x )sin’pyg ,
(14)
I, s(x)=I(0)exp(—&,x )sin’pg ,
I, 5(x)=1(0)exp( —&,x cos’py .
The average modulation degree results in
. 2 1+exp(—Aad)
m =sin(2pg ) |1+ Aadln 2 l
~Sin(2@g )7 pax (15)

with Aa=a,—a,. It becomes maximal at @p =0.257
and 0.757 with 7 ,,, =0.17 in our experiment. The ex-
pected diffraction efficiency is obtained using Egs. (4)—(6)
and is plotted in Fig. 4 as a broken line. Linear electro-
optic coefficients for SBN 15.1 (Table I) at A,=633 nm
and A, =515 nm are determined by applying an external
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electrical field parallel to the c-axis and measuring the op-
tical path difference for extraordinarily polarized light in
a Mach-Zehnder interferometer (Table II).” The results
are in good agreement with Refs. 7 and 8.

Obviously, the measured saturation diffraction
efficiency n versus @i (Fig. 4) mainly exhibits two
characteristics that differ from the theoretical curve
based on Eq. (15): First, the measured maximum value of
the saturation diffraction efficiency 7,,, exceeds the
theoretical one. Second, the measured saturation
diffraction efficiency as a function of @ does not follow
n=sin*[csin(2¢g )], which is theoretically expected from
Eq. (15), where c is constant. The theory predicts the
maximal saturation diffraction efficiency 7,,, at
@r=0.257 and 0.757, whereas the experiment shows
Nmax 3t @ =~0.3m and 0.77.

In general, the recording process is dynamical: Both
writing beams R and S interfere in the medium, generate
a refractive index grating, and are in the same time
diffracted from that grating. The diffracted fraction of
beam R interferes with the transmitted one of beam S
(and vice versa) since they are collinear and coherent.
Generally, this self-diffraction effect™!? leads to a pertur-
bation in intensity and phase of both writing beams as
they propagate through the medium. This in turn affects
the successive grating recording process within the medi-
um.

The self-diffraction phenomenon is omnipresent, but
may be neglected in some cases, especially if the complex
field amplitude of a diffracted beam is small compared to
that of a transmitted one. This approximation does not
hold in our case due to large linear electro-optic
coefficients (Table II).

The coupled wave Egs. (7) for ordinarily and extraordi-
narily polarized waves do not decouple in pairs since the
total modulation degree and hence the coupling
coefficients are functions of all complex field amplitudes
according to Eqgs. (3) and (8). Consequently, ordinarily
and extraordinarily polarized waves are coupled by the
previously recorded grating. We seek for a self-consistent
solution of the coupled wave Egs. (7) in the steady-state
regime.

We separate the complex field amplitudes A4
(A=R,S, p=e,0
with the definition

P
) into phase ¢, 4, and intensity I, ,

A,0)=VT, ,(x) I, 4(x)exp(it, 4) . (16)

From Eqgs. (7) we receive the phase perturbation of the
recording beams'® as dv), ,/dx <cosp=0 due to

¢=‘n'/ 2. Changing to new variables
I, A(x) I, 4(x)exp(@,x) (17)

simplifies Egs. (7) (arguments of fp, 4 are omitted for sim-

plicity):
df, g /dx=—dl, s /dx=+T,(x)V'T, x 1,5 ,
df, g /dx=—dl, s/dx=—T,xV T, x1,5 ,
with

(18)
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Feyo(x)=ﬁfmAng'jxm(x) ,
w

~ ~ = — (19)
m(x)=2 VIo,RIo,S —VIe,RIe,SeXp( —Aax )
/I\o,R +fo,S +(fe,R +fe,S )exp( —Aax) :
From Eq. (18) we obtain dfp /dx =0 with fp =fp,R +fp,s

which expresses the conservation of energy. Note that
conservation of energy for fp holds because the constant
absorption coefficient for ordinarily and extraordinarily
polarized light, respectively, has been already taken into
consideration by the definition of T » in Eq. (17).

The Runge-Kutta method is used for integrating Egs.
(18) and  (19)  numerically, starting  with
I,z(0)=1,5(0)=I(0)cos’py  and 1,5(0)=1, g(0)
=I(0)sin’py. Figure 7 shows the steady-state intensity
distribution as a function of the thickness x and the coor-
dinate z parallel to the grating vector K. In our case we
have maximal intensity coupling (sing=1) but no fringe
bending (cos¢ =0). Therefore, we obtain the saturation
diffraction efficiency 7 for the readout beam with the help
of Kogelnik’s formula Eq. (6) if we use the average modu-
lation degree Eq. (13) to calculate the effective space-
charge field from Eq. (4). The average modulation degree
m is determined from the numerical solution of Egs. (18)
and (19). 7 becomes maximal at @ ~0.37 and 0.77
with m,,,~0.21. The expected saturation diffraction
efficiency 7 is plotted as a function of ¢ in Fig. 4 as a
full line. This theoretical curve is in good agreement
with the experimental values.

The presence of linear dichroism, Aa+0, initially leads
to a nonvanishing modulation degree of the total intensi-
ty. This triggers energy exchange between both record-
ing beams via the linear electro-optic effect. The energy
exchange may be amplified via self-diffraction since both
beams will dynamically adjust in such a way that Eqgs.
(18) and (19) are fulfilled in the steady-state regime. In
our case, two effects contribute to the recording of holo-
grams with mutually orthogonal polarized writing beams:
First, linear dichroism and, second, self-diffraction of the
recording beams. Hologram formation due to self-
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FIG. 7. Theoretically expected steady-state intensity distri-
bution I(z,x) as a function of thickness x and of z, which is the
coordinate parallel to the grating vector K. The input intensity
is normalized to unity. I(z,x) is plotted for ¢z =0.37 which
coincides with the theoretical and experimental maximum of
n(er) (Fig. 4).

diffraction depends on the difference of the corresponding
electro-optic coefficients. Consequently, energy exchange
and hence hologram creation with mutually orthogonal
polarized waves is very effective in the case of large
electro-optic coefficients. In this case, only a small di-
chroitic effect, which is omnipresent, is needed to poten-
tially start hologram buildup via self-diffraction.
Enhancement of the recorded hologram due to self-
diffraction is observed for properly chosen polarization
vectors of the incident beams (like @z =0.37 in our
geometry).

As a conclusion, we obtain effective hologram creation
with mutually orthogonal polarized beams. The self-
diffraction effect, initiated by linear dichroism, is the
main mechanism of hologram buildup.
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