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Anisotropy of the optical poling of glass
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A giant reversible increase (>103 times! of the optical second-order harmonic’s~SH! absorption by optical
poling of oxide glass was found. The SH’s absorption kinetics manifested anisotropy with respect to polariza-
tion of the pumping~poling! light. The observed absorption exerts the influence of optical poling on the
observed processes and leads to a limitation of the maximum value of the photoinduced SH output in oxide
glass. An explanation of the observed phenomenon is given. It was shown that the observed process is a typical
steady-state effect with participation of trapping levels, and its polarized dependence is caused by the photo-
induced anisotropy of the photocarrier diffusion and by the electron-phonon anharmonic interaction.
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I. INTRODUCTION

The optical poling of oxide glasses was first observed
the Ref.@1#. In Ref. @2# a little absorption~up to 2%! of the
total second-order harmonic~SH! signal was found. How-
ever, among the large number of references devoted to o
cal poling @3–14#, the problem of anisotropy in absorptio
kinetics during the optical treatment has not yet been inv
tigated. This effect may have an important application
pect, particularly during design of nonlinear optical filte
for the achievement of desired phase-matching conditio
etc. Simultaneously, such kinds of experiments could g
additional information for clarification of the cascadin
steady-state processes during optical poling.

In the present work we present experimental investi
tions of the photoinduced SH kinetics, particularly its anis
ropy for different polarizations of the induced light in th
oxide glass. We will try to separate optical poling~steady-
state process! from other effects~e.g., photodarkening an
bleaching, self-focusing, higher-harmonic generation, e!
and to give an explanation of the phenomenon within
framework of the existing phenomenological and mic
scopic models.

It is well known that illumination of glasses by two mu
tually coherent beams with fundamental and doubled
quencies leads to the formation of a long-lived reversi
electrostatic polarization@3–8#. This process is known a
optical poling @3#. During optical poling, glass changes i
symmetry and acquires the properties of a single-axis cry
Therefore the second-harmonic generation~SHG! @3,5–13#
and the parametric amplification@14# described by polar
third-rank tensors may be allowed by symmetry in su
media.

In the case of oxide glasses, the optical poling is cau
@5# by the formation of a spatially periodic optically induce
electrostatic fieldE0(r ) in the sample due to photocarrie
charge separation by means of direct current due to a co
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ent photogalvanic effect@15,16#. The latter corresponds to
the coherent nonlinear photon interactionv1v22v→0 fa-
voring the creation of a nonzero coherent photocurrent:

J5eJA1
2A2 cos~q•r !. ~1!

A basic peculiarity of this poling is a spatial periodicity o
the photoinduced field with a period ofq21 (q52k12k2 ,
k1 and k2 are wave vectors of fundamental and double
frequency coherent beams!. Therefore, the periodic spac
modulation of the refractive indexDni j ;x i jkl

(3) E0kE0l with a
period of (2q)21 ~anisotropic Dni j grating @4#! and the
second-order effective polarizabilityx i jk

(2);x i jkl
(3) E0l with the

period of q21 (x i jk
(2) grating @5#! appears due to the optica

poling of oxide glass. By certain angles of the converg
beams, the creation of the grating leads to a self-diffract
of the incident light@3#. The spatial periodicity ofx i jk

(2) favors
an effective SHG@5–14# and the parametric amplification o
light @14#, since the process of light conversion in this gra
ing is phase matched.

The photoinduced SH was investigated by optical pol
of different oxide bulk glasses and fibers@3–6#. However, its
efficiency~;5%!, which was observed@6# in a germanosili-
cate glass, was the maximal obtained to date. So the m
problem consists in the clarification of the origin of the o
served limitation of the optical poling.

In the present paper we study the giant enhanceme
(>103 times! of the SH’s absorption by the optical poling o
oxide glass. Particular attention is devoted to the anisotr
of absorption kinetics during optical poling and to the cla
fication of the origin of the cascading steady-state proces
in the observed phenomenon with the participation of tr
ping levels and electron-phonon interaction.

II. MEASUREMENT TECHNIQUE

The experiments were conducted in the prefabrica
measuring glass plate PM40~oxide glass Russian tradema
K8!. The glasses with this sort of trademark are used for
production of different optical elements such as the pla
©2003 The American Physical Society06-1
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lenses, prisms, etc. The chemical analysis of the glass g
the following content: SiO2 ~51.7 wt. %!, BaO ~24.8 wt. %!,
K2O ~5.3 wt. %!, Na2O ~2.1 wt. %!, Fe2O3 ~0.16 wt. %!. The
refractive indices and absorption coefficients for wavelen
l151.079mm aren151.506,a150.003 cm21 and those for
wavelengthl2'0.54mm are n251.518, a250.003 cm21,
respectively@17#. Their transparent spectra are presented
the Fig. 1. The photoinduced SH in the glass with this tra
mark was first observed in the Ref.@1#. The experimental
setup is presented in the Fig. 2.

The fundamental frequency radiation of pulsed Nd:YAlO3
laser~with l151.079mm, duration of the laser pulses'15
ns, pulse energy'16 mJ, repetition frequency 12.5 Hz! was
converted into the radiation of doubled frequency (l2
'0.54mm) in a CDA crystal possessing a conversion e
ciency about 10%. The set of mirrors and filters was used
the space separation of the beams. The filtering system
lowed us to obtain a sufficiently pure monochromatic be
~the attenuation of the intensity of the additional compon
of radiation in each separated channel was more than 110).
After the separation of the fundamental and doubled bea
they were focused and intersected inside the sample a
angleu. The beams were polarized in the plane of their co
vergence. The diameters of the beams at the focal point w
about 260 and 170mm for the fundamental and double
harmonic frequencies, respectively. The typical laser po
densities at the waist wereI v'4 GW/cm2 and I 2v

'0.4 GW/cm2, respectively.
During the illumination of the glass with two frequencie

~during the process of optical poling! the optically induced
field gratingE0 , andDn andx (2) gratings were localized in
the region of the beam interactions. We have chosen

FIG. 1. Transparency of the investigated glasses~sample’s
thickness of about 4 cm!.

FIG. 2. Experimental setup:M, mirrors; F, filters; S, opaque
shades; PM, photomultiplier;L, spherical lens;G, sample~glass!;
CDA, frequency-doubled crystal; PD, photodiode.
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angleu between the incident beams in such a way that
grating Dn was oriented at the Bragg angle with respect
the incident beam of the fundamental frequency:u
5arccos@(3h212)/5h#, where h5n1 /n2 . In this case the
maximum efficiency of the diffraction for the incident ligh
with the fundamental frequency was observed on the indu
Dn grating. The diffracted beam emerged from the sample
the angle'19.8° with respect to the incident beam of th
fundamental frequency. In the experiment we had the po
bility of detecting simultaneously~independently one afte
another! the beam that was propagated through the sam
radiation of the fundamental, doubled frequency and the
fracted beam for the fundamental frequency, since th
beams had different directions of propagation.

To clarify the influence of the photodarkening in the o
served phenomenon, we have performed independent m
surements of the absorption of the He-Se laser~with power 5
mW, wavelength 514 nm, and spot diameter about 220mm!.
To focus the green He-Se laser beam into the diameter o
fundamental beam, a special diaphragmed slit was attac
to the sample. Thus, parallel direction of propagation for
probe He-Se laser and fundamental laser beams
achieved in the same entrance point of the sample. Inde
dently, the setup was verified for the chalcogenide glas
@20# with the known value of the photodarkening. For bet
signal-to-noise ratio, a DKDP electro-optics modulator~with
frequency of modulation about 150 kHz! was used.

Simultaneously with the light diffraction on theDn grat-
ing, the conversion of the fundamental frequency radiat
into the second-harmonic radiation took place also in
glass due to thex (2) grating. The photoinduced SH propa
gated along the direction of the propagation of incident be
with the doubled frequency. Therefore, for the monitoring
the photoinduced SH signal we focus the incident beam
the doubled frequency at the entrance of the sample for s
time intervals of 5–10 s separated by 3-min intervals.

In the experiments, we detected a peak powerPd(v) of
the diffracted light on theDn-grating light of the fundamen-
tal frequency, a peak powerP2v of the beam that was propa
gated through the sample radiation of the SH, and a p
powerPg(2v) of the photoinduced SH on thex (2) SH using
a photomultiplier in the remote zone. After the photomul
plier, the output analogous signals were transformed by
analog-digital voltage converter and were processed b
computer. The recorded signals were averaged over 15
pulses, which decreased the influence of the radiation
noise instability. We used a separate photodiode for con
of the time stability of laser radiation. The sensitivity thres
old of the measuring system was about 1mW/pulse.

III. RESULTS AND DISCUSSIONS

The measured results are presented in Figs. 3–5. In F
~left part!, typical time dependences of thePd , P2v , and the
intensityI 2v on the axis~a slit ;40 mm was in the center of
the registered beam! of the light that propagated through th
doubled frequency grating are shown during the optical p
ing up to saturation (t'70 min).

One can see from Fig. 3 that the peak power of the d
6-2
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fracted lightPd increases with time and achieves the sa
steady-state level. It is obvious that the increase of the va
Pd is related with an enhancement of the amplitude of
Dn grating with time~with the increasing amplitude of th
electric-field grating!. Therefore, we have the possibility t
monitor the amplitude of the optically induced optical gra
ing by the peak powerPd(v) of the diffracted light for the
fundamental frequency.

Our experiments show that at some value of the amplit
of the field grating, a strong increase of the light absorpt
with doubled frequency is observed. As the amplitude of
field grating reaches the value corresponding to the valu
the peak power of the diffracted lightPd5Pd0 ~see Fig. 3!,
the peak powerP2v passing through the sample radiation
doubled harmonic decreases with time.P2v reaches its
steady-state level at the same time thePd ~and, correspond-
ingly, the amplitude of the optically induced field gratin!
reaches its maximum value. The steady-state value ofP2v is
almost 20% less than the initial value ofP2v ~before the
beginning of the optical poling process!. Thus, the observed
integral absorption of the light with doubled frequency is n
so large, and adds up to 20% of the total absorption. So
increase of the integral absorption of green light~about 2%!
was observed earlier in an optical fiber with the prolong

FIG. 3. Time dependence ofPd , I 2v , P2v during the optical
poling of glass~left part!. By the squares are indicated additiona
measured power dependencies as described in the text. Evoluti
the intensity of the light passing through the grating doubl
frequency radiation with parallel and perpendicular poling light p
larization~right part, the basic beam was overlapped at the mom
t0). The dotted points represent the spectral dependence of ab
tion ~in arbitrary units! for the green light measured by spectroph
tometric method.

FIG. 4. Radial space profile sequence of the beam’s inten
with doubled frequency.
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passage of mutually coherent bichromatic light with freque
ciesv and 2v through it@18#. Figure 3 clearly demonstrate
that the measurement of the absorption for green light~indi-
cated by the dotted line! does not show substantial change
thus the role of the photodarkening is not so crucial. Abso
tion caused by electron-phonon trapping levels gives a c
tribution that is below the spectral range of about 460 nm.
the green light absorption is vanishingly small.

In the steady-state regime we investigated a sequenc
the beam profile distribution of the beam that passed thro
the sample for the doubled frequency. The beam profile
quence was obtained by moving the beam’s slit~with width
'20 mm! in the plane of the convergence of incident bea
perpendicular to the direction of propagation of the radiat
with doubled frequency. The slit was disposed directly at
entrance to the photomultiplier at a distance of about 2
from the backside of the glass, with the step of the scann
being about 20mm.

In Fig. 4 are shown the output signals from the photom
tiplier that were detected in the presence of the slit at diff
ent points of the beam passing through the sample radia
with doubled frequency. The obtained curve displays the d
tribution of the intensityI 2v(d) ~d is the distance from the
center of the beam axis! at the distinct points of the profile
sequence of the beam passing perpendicularly to the plan
convergence of the incident beams.

One can see from Fig. 4 a large minimum ofI 2v . The
absorption of light takes place only in the region in which t
induced grating field exists. Since the convergence angl
interacting beams is small, in our experiment the induc
electric-field grating has a sufficiently long size (L'5 mm)
along the direction of the propagation of the radiation with
doubled frequency beam, but it has a typical narrow
quence size perpendicular to the direction of the beam pro
gation. The cross-section size of the optically induced g
ing is formed by the convolution of the cross distributions
the incident radiation with the fundamental and doubled f
quencies and, therefore, is a bit less than the diameter o
incident beam of doubled frequency. As a consequence,
space distribution of the intensityI 2v(d) of the passed radia
tion with doubled frequency observed in Fig. 4 includes t
picture of the space distribution of the light absorption in t

of
-
-
nt
rp-

ty

FIG. 5. Dependence of the peak powerPg(2v) of the photoin-
duced SH on thex (2) grating on the value of the peak powerPd(v)
of the self-diffracted light on theDn-grating light for the fundamen-
tal frequency.
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cross-section plane of the grating. One can see that the m
mum absorption is observed on the axis of the doubl
frequency beam where the amplitude of the optical grat
has its maximum value. But the absorption decrea
strongly in the region of the boundary of the cross section
the field grating. As a result, we observe the integral abso
tion of light with doubled frequency that is substantially le
than the space localized absorption on the beam axis.

Generally, intensity redistribution may be caused by d
ferent factors, and absorption in the center of the beam m
be one of the possible explanations. For example, such
tensity distribution is typical for the behavior of the se
focusing. So one can expect this intensity change due
inertial change in the real part of susceptibility~and related
refractive index! due to the poling process. The quantu
chemical estimations performed by a method similar to t
described in Refs.@19,20# have shown that the contributio
due to the nonlinear refractive indexn2 should not exceed
8.7%. So it is not sufficient to cause the observed gi
changes presented in Fig. 4.

Another process that could give the contribution to t
observed behavior is the fourth-harmonic generation
scribed by the fifth-order optical susceptibility tensors. Us
evaluations similar to those forn2 , we have found that this
contribution will give not more than 2% to the observ
dependences. A more quantitative analysis of these as we
several other factors will be the subject of a future sepa
work. However, even from the performed evaluations, o
can state that the mentioned contributions are not suffic
for the explanation of the observed phenomenon.

We placed the slit in the center of the registered beam
passed through the grating light with doubled frequency
studied the dependence of the intensityI 2v on the axis of the
propagated beam versus time during the optical poling p
cess. The results of this experiment are presented in Fi
~the curve, which marks asI 2v). One can see that th
doubled-frequency radiation, as it passes through the gra
can be attenuated on the beam axis by a factor of 30. If
assumed that the decay along the lengthL of the field grating
is described by the exponential Lambert lawI 2v

5I 2v,0 exp(2aL), then the observed attenuation correspon
to an absorption value of abouta'7 cm21. Our estimation
of the absorption for the doubled-frequency radiation in
clear glass, which was performed by the observation of
light absorption in two clear samples with different lengt
L50.5 cm andL54 cm using a spectrophotometer, gives t
value a2,1022 cm21. The known tabular value of the ab
sorption for the doubled-frequency radiation in the glass w
this trademark isa25331023 cm21 @17#. So the observed
maximal change in the absorption of light compared with
unperturbed sample differs by about three orders of ma
tude (da5a/a2'23103).

We made an additional separate experiment to check
polarization dependence of SH’s absorption kinetics. Af
the optical poling of the glass up to saturation (t>70 min),
the beam of the fundamental frequency was focused and
observed the evolution of the intensityI 2v on the axis of the
beam that passed through the grating light with doubled
quency. The results for two different polarizations of the
02380
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cident radiation of the doubled frequency are shown in Fig
~right part!. In the first case the polarization of light coin
cided with the polarization of the recording beam. In t
second case the polarization was perpendicular. One can
from Fig. 3 ~right part! that the absorption reaches the ma
mum value in the initial time moment. Then it smooth
decreases with time and reaches the same value as it h
the untreated sample. Such behavior is a consequence o
erasure of the grating by the doubled-frequency light@14#.
During the erasure of the grating, the absorption of the li
decreases. Simultaneously, the observed absorption of
propagated radiation through the field grating with doub
frequency does not depend on its initial polarization. So
do not observe the dichroism of the light absorption ins
the optically induced electric-field grating.

The appearance of the large absorption of the radia
with doubled frequency by optical poling should also infl
ence the process of the photoinduced SH and thex (2) grating
in glass. We detected the value of the peak powerPg(2v) of
the photoinducedx (2) grating during the optical poling pro
cess. It was found that at the initial stage the value of
SHG increases with the increasing optically poling field~Fig.
5! @we monitored the amplitude of the optically induce
electric-field grating by the peak powerPd(v) of the self-
diffracted light of the fundamental frequency, as was d
scribed above#. However, at the higher values of the pole
field ~when thePd.Pd0), the peak power of the SHG de
creases with the increasing amplitude of the effective elec
field. The beginning of the decrease of the photoinduced
signal ~about thePd5Pd0) coincides with the beginning o
the observed absorption of light for doubled frequency in o
sample~see Figs. 3 and 5!. So, it is experimentally confirmed
that the observed absorption is caused by the restrictio
the maximum value of the photoinduced SH in the glass

To clarify the behavior of the power’s kinetics for the tw
orthogonal laser beams, we have carried out indepen
measurements of the laser powers for two orthogonal po
izations using the laser power controller BFOC with the R
232 interface. From Fig. 3 one can see a sufficiently go
~see squared curve! correlation of the observed power depe
dences with the dependences of the laser intensities, w
means that the observed anisotropy is caused mainly by
difference in the absorption edge.

The observed integral absorption of light in the region
the high amplitude of the optically induced electrostatic fie
gives additionally only several percent contribution, and
substantially less than the local absorption near the be
axis. Therefore, the phenomenon of the giant increase of
local optical SH’s absorption, which is observed during t
optical poling of the medium in the region of the high am
plitudes of the induced field grating, could remain as an
discovered one in the experiments of other authors in ox
bulk glasses and fibers. However, this phenomenon is cru
for the investigations, since it limits the optical poling tec
nique.

To understand the long-living poling processes we c
sider the principal features of the band energy structure
oxide glasses. It is well known that all the glasses are ch
acterized by an intermediate structural ordering. At the sa
time, the considered oxide glasses are typical disordered
6-4
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ANISOTROPY OF THE OPTICAL POLING OF GLASS PHYSICAL REVIEW A67, 023806 ~2003!
electrics with effective energy gaps of about 5 eV. As a c
sequence, one can expect the occurrence of a large nu
of trapping states within the energy gap~see Fig. 6!. The
electron states in the energy gap are localized in space
possess relatively uniform energy spectrum. The low abs
tion of the glass~Fig. 1! in the visible spectral region add
tionally confirms this model.

The nonlinear interaction of two coherent electromagne
waves~fundamental beam and its second harmonics! leads to
the appearance of the coherent photocurrent@Eq. ~1!# and the
superposition of the periodic optically induced electrosta
field E0 in accordance with Maxwell’s electrodynamic
equations:

dr

dt
5div~J1Jc!, div~«E0!524pr. ~2!

HereJc5sE0 is the conduction current. A solution of Eq.~2!
gives

E0~r ,t !5
1

s
A0~r !cos~q•r !@12exp~24pst/«!#. ~3!

The amplitudeA0(r ) depends on the spatial distribution
the interacting beams.

Moreover, the formation of the optically induced electr
field in the medium leads to appearance of the electrom
netically induced SH described by a third-rank polar ten
x i jk

(2)5x i jkl
(3) E0l and the optically induced scattering of light o

the additional birefringenceDni j ;x i jkl
(3) E0kE0l ~analogously

to a quadratic Kerr effect!. To observe the photoinduced S
and the photoinduced light scattering, it is necessary to h
large values of the optically induced electric-field strengt
According to the coherent photogalvanic effect@Eqs. ~1!–
~3!#, the low value of the conductivity in oxide glasses favo
an accumulation of the photoinduced effective electrost
field (104– 106 V/cm) in these materials and such values
the field are sufficient for the occurrence of the observ
phenomena.

The above-presented approach gives an adequate de
tion of the optical poling process. However, it is impossib
to explain the observed anisotropy of the light absorpt
kinetics in the region of high induced optical field~effective
electric-field strength larger than;104 V/cm). The depen-
dence of the independently measured integrated absorp
indicates an important role played by the optical poling a

FIG. 6. Principal schema of the energy structure for the no
luminated glass~a!. Principal band structure of the glass taking in
account the photoinduced electron-phonon trapping states~b!.
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that the photodarkening may be neglected in this case.
the explanation of the observed phenomenon, it is neces
to take into account the occurrence of the photoinduced
isotropy diffusion processes determined by the effective
population kinetics of the appropriate trapping levels. In p
ticular, the polarized dependencies of the time-depend
absorption may indicate a significant role of the photo
duced phonons defining the anisotropy of the decays of p
tocarriers with respect to the photoinduced light polarizati

The major role in the observed kinetics should be play
by long-lived photopolarized states originating from t
glass trapping levels and phonons~due to the piezoelectric
electrostricted effects! created by the high photoinduce
electric-field strengths, Eq.~3!. The mechanical stres
second-rank tensors i j induces a phonon displacement fie
with the displacement vectors directed along thei and j di-
rections. Due to light polarization, the ionic displaceme
~determining the phonons! will be different for the two light
polarizations~for parallel and perpendicular directions wit
respect to the incident light!. The considered phonons inte
act with the localized trapping states, changing substanti
their living times and polarizabilities. Particularly, there o
cur the long-lived polaron~autolocalized phonon! states
causing an anisotropy of diffusion coefficientsD. So during
the photoinducing process, we have two anisotropy coe
cients of diffusion:D' andD i with respect to the direction
of light polarization.

As a consequence, occupation of the trapping levels
sponsible for the electrostatically macropolarized sta
should decrease:

N~ t !5N0 exp~2x2/D',it !, ~4!

whereN0 is the effective number of trapping levels befo
phototreatment,x is the effective distance of the photocarr
ers with respect to the photoinduced border at timet.

During the illumination by the polarized light, the diffu
sion coefficientD of the bound electron-phonon carriers d
creases@15#, favoring the additional polarization of the ex
cited trapping levels. The appearance of additional num
of trapping levels leads to the occurrence of larger numbe
delocalized states within the forbidden energy gap~see Fig.
7!. As a consequence, the absorption coefficient for
steady-state levels participating in the nonlinear cascad
processes should stimulate a large absorption of the
which was observed in our experiments.

For the simulations of photoinduced electron-phonon p
cesses~effectively changing the diffusion coefficientsD!, we
performed microscopic calculations using the Green fu

l-

FIG. 7. Theoretically simulated temporary dependence of
photoinduced SH for two light polarizations: 1,'; 2, i.
6-5
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BALAKIREV et al. PHYSICAL REVIEW A 67, 023806 ~2003!
tion. The general formalism is similar to the earlier describ
in Refs. @19,20#. The electron-phonon potential was calc
lated within a nonlinear electron-phonon anharmonic
proach. We have done the calculations for the mix
electron-phonon basis set.

The carrier’s occupation dynamics caused by photo
duced changes was calculated using the description of
carrier kinetics presented in the Ref.@20#. To include the
optically induced lattice deformations within the Green fun
tion, we took into account deformation localization, allowin
us to use the Dyson relations@19#. Using the Green-function
formalism for the photoinduced electron-phonon anharmo
states and an approach developed for the carrier kine
@19,20#, we have simulated the absorption of light for th
two light polarizations~see Fig. 7!.

From Fig. 7 one can see an occurrence of anisotrop
the kinetics of SH absorption after 70 min of optical tre
ment. Comparison with the experimental data~see Fig. 3!
allows us to conclude that the photoinduced phonons ef
tively interact with the glass trapping levels stimulating t
observed anisotropy of the SH absorption kinetics.
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IV. CONCLUSIONS

A large increase~up to >103 times! of the absorption of
second-harmonic radiation by optical poling of oxide gla
was discovered. We have observed anisotropic kinetics of
observed effect after the optical poling interruption. It w
found that the observed absorption is caused by the res
tion of the poling process. The performed microscopic sim
lation showed that the observed effect is the result of a co
petition between the charge separation by the local trapp
levels due to electrostricted photoinduced phonons and
recombination diffusion of the photocarriers. The perform
quantum chemical evaluations have shown that other non
ear optical phenomena~such as intensity-dependent refra
tive index and fourth-harmonic generation! give a relatively
small contribution to the observed SH’s absorption. Due
the occurrence of additional number of bound electro
phonon states~polarons!, we have observed additional ab
sorption for the doubled frequency that is unambiguou
confirmed experimentally and by appropriate quant
chemical theoretical simulations.
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