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Charge Carrier Photoexcitation and Two-Wave Mixing in Dichroic Materials
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We give experimental and theoretical evidence that two-wave mixing light amplification in electro-
optic and photoconductive materials is dramatically influenced by an anisotropic photoexcitation cross
section of mobile charge carriers. An enhancement of the two-wave mixing gain is predicted and an
increase of 90% is observed in a dichroic Ni doped KNDystal in a geometry with large angles
between the two wave propagation directions. The enhancement is possible because in anisotropic
materials the photogeneration can lead to higher modulation depths as compared to the depth of light
intensity modulation. [S0031-9007(97)04316-0]

PACS numbers: 42.65.Hw, 42.25.Bs, 42.70.Nqg, 78.20.Bh

In dichroic photoconductive materials the photoexcita-physics of the problem. For dichroic materials the spatial
tion of a charge carrier from a localized to a mobile statedistributions of light intensity and usefully dissipated en-
depends on the polarization of the incident light. Oneergy can differ strikingly. Therefore, in some geometries
is led to expect that this anisotropy influences the foriwo-wave mixing gains are largely enhanced with respect
mation of dynamic space-charge gratings (photorefractivéo what is expected from the light intensity modulation
gratings) generated in these materials as a result of thdepth.
interference of two light waves [1-3]. In electro-optic There are numerous arguments contradicting the use of
media such gratings give rise to interesting nonlinear oplight intensity for describing the process under investiga-
tical effects already for light intensity as low as a fewtion here. The light intensity () as a measure of en-
mW/cn? [4—7]. In this Letter, for the first time to our ergy flow per unit surface can be best calculated using
knowledge, we give experimental and theoretical proothe Poynting vectoS(7) of the wave [11]. In an opti-
that the anisotropy of the photoexcitation of mobile car-cal anisotropic material the vectdi(7) associated with
riers influences dramatically the strength of the resultinghe superposition of two plane waves changes direction
optical nonlinearity. For the experimental demonstrationas a function of position. One cannot find any scalar
we measure the coherent amplification of a signal wave ajuantity to insert in the photoexcitation rate equations
the expense of a pump wave in a process which is calledsed conventionally [4]. Furthermore, two plane waves
two-wave mixing or two-beam coupling [6]. Two-wave of equal intensity which are exactly counterpropagating in
mixing amplification is probably the most unique and usea medium can create a space-charge modulation [12,13]
ful phenomenon induced by photorefractive gratings angven though§(7, r) = 0 and no spatial modulation of in-
provides the basis for a number of applications involvingiensity exists.
optical oscillators [8], laser beam cleanup [9], and phase \we demonstrate experimentally below that the primary
conjugation [10]. The knowledge of the expected ampli-qyantity that governs the formation of space-charge grat-
fication gain in given configurations is of primary impor- ings is the dissipated energy density7) which is used to
tance for such applications. generate free charges; therefore, it is dissipated in a useful

We present new theoretical predictions for the expoyay for the process of interest. It is expressed as
nential two-wave mixing gain. Our model considers the

> 1 Ty - 2ok >
anisotropy of photoexcitation and introduces the so called w(F) = 3€lEF) - k - E*(F)], 1)
“usefully” dissipated energythat is, the optical energy where en i L > o
A o ) o is the permittivity of vacuum andt(r) is
which is locally dissipated for the photogeneratiomw- 0" olex amplitude of the total optical electric field

bile charge carriers.. The experlmental_results are N EXgptained by the coherent superposition of optical waves.
cellent agreement with the new expressions and cannot bﬁ1e second-rank tens@r describes the anisotropy of the

:ihescrlb(ra]d by the C(vaepr:l_or}al ;[hTory dUSEd u':o tto ntol’\lN tf(t) hotoexcitation processes and is related to the imaginary
ese phenomena [4]. This fact also demonsrates tha rt'e’ of the material dielectric tenso¢ = ¢ + i€".

Ilght intensity, e.g., the optical energy flow per unit areay . qofine the tensor elements as
which is conventionally used as the quantity driving the

charge redistribution process, is not directly related to the ki = b€, (2)
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where the quantitiesp;; describe the light polarization corrections due to refractive index anisotropies. These
dependence of the quantum efficiency, that is, the probeorrections are particularly significant for materials with
ability that an absorbed photon of given polarizationlarge optical anisotropy, such as organic crystals and
produces a photoexcited mobile carrier. In Eq. (2) ndiquid crystals. The fourth term contains the tengcand
summing over equal indices is performed. In the casés responsible for the striking effects of photoexcitation
of 100% quantum efficiency the usefully dissipated en-anisotropy verified experimentally below. fis isotropic
ergy w(r) equals the locally dissipated energyr) =  the fourth term on the right-hand side of Eq. (4) reduces
seolE(F) - € - E*(7)] [14]. to the conventional projectiotés - ¢p) [4,5,16].

In view of the above argumentations the density rate We verify Eq. (4) using a dichroic photorefractive
an(7)/at of charge carriers that makes a transition fromKNbO; crystal. It was a Ni doped crystal with dimen-
an immobile to a mobile state takes the form sionsa X b X ¢ = 4.6 X 5.8 X 6.0 mm’. The dopant

(@) €= . o =N ; level in the melt used to produce the raw boule contained
o, aplE@) k- E (F)]TO + BN(), (3)  Niand Nbin an atomic ratio of 0.003. The orthorhombic
where N(7) is the density of photoexcitable carriers in point group symmetrynm?2 of KNbOs aI[gyvil)‘or thrge
the non mobile state a):]d hl?';\s an average vallge different diagon_al elements of the tensa’rs_e , and k
B is the rate describing thermal transitions. In the[14]' All experiments were performed using Paser

) ]Jight at the wavelengti = 514 nm for which the ab-

framework of a model t_hat assumes only one kind 0 sorption constants were measured todge= 0.77 cm™!,
energy level for the localized carriers the above equation

— —1 — -1 -
has to replace the expression of the kiad(r)/otr = ap =243 cm and . - 08 cm . The two-wave ;
[sI(7) + BIN(7) contained within the rate equations (1) mixing experiments described below were performed with

in Ref. [4], whereI(F) is the light intensity ands is p-polarized beams propagating in the cryshal plane

a photoexcitation constant describing optical transitionéSee Fig. 2). Therefore we are interested only in the ratio
P ) . g op oy /a. = 2.7 that corresponds to a rati@” ), /(e")3; =
regardless of light polarization. Equation (3) should be 0 for the imaainarv dielectric tensor
combined with terms describing carrier transport an03'| o ginary diele ) . oF
. L . . tis important to verify if and how the anisotropy e
carrier recombination to the nonmobile state and Wltht : . e
) . ranslates into an anisotropy of the photoexcitation ten-
the Gauss equation that relates the static space—charg

S D . L 6rx. The tensor element;; is proportional to the den-
electric field to the_ charg'e 'd|str|but|on [‘.1]' Linearizing sity nog of mobile charges photoexcited by light polarized
all the equations in a similar way as in Ref. [4] one

) .~ along the crystalline axed& The densityn, is directly
can calculate the gxpgcted am_phtude O.f the resumn%roportional to the photoconductivity,, = eung, with
space-charge elegtrlc field.. Fl_nally, using also the e being the elementary charge amdll))eing the carrier
;/ect;)r wave equation on? det?rmlngstthe energy eXChansi‘r(?obility. Because the photoconductivity ratio for differ-
ord wo-vyavel mng mv\(/erac on he Weenl athpur;rp | ent light polarizations can be precisely determined experi-
and a ;lgn? V\t/ﬁv : € ?'\I/e I%re 't(;]nyh' E ﬂ']na mentally, we can use this ratio to determine the ratio
expression for the exponential gai with whic € petween the diagonal elementsiaf We have performed
intensity Iy of the signal wave is amplified in a two-wave

mixing process. For the weak signal regirtie << Ip) photoconduction experiments using a holographic tech-
: P . L : .

one hasis(z) — Is(z = 0)expTz ~ 2asz) With as — nique similar to the one in Ref. [17]. The time constant
!

IR . A for photoerasure of a space-charge grating under the influ-
m(es € eS)/[z)‘"S(eS ' dS)Al coiﬁslg [3] and ence of an erasing beam polarized either alongbther
_ 27 ngnp @p - Elp)(es T K eP)r wEei, (4) c-crystal axis direction was measured. The space-charge
A cosfy armer field decay was monitored by diffracting off the grating

(ep -k - ép)
where A is the vacuum wavelength of the lighig and a 633 nm He-Ne laser beam. Care was taken that in all
np are the refractive indices for the wavésand P,  the volume probed by the He-Ne readout beam the eras-
respectively fs is the angle between the Poynting vectoring light intensity was the same. The decay of the space-
of the waveS and the coordinate normal to the entrance charge grating was found to be single exponential. The
surface in the mediumégs (ép) is the unit vector in exponential time constant is inversely proportional to
the direction of the electric field for the wavg (P), the photoconductivity [7]. Figure 1 shows the results of
ds, dp are the corresponding unit vectors in directionthe grating photoerasure experiments. We find a linear
of the electric displacement vectorsy; is an effective dependence of the inverse erasure timé on light inten-
linear electro-optic coefficient valid for the particular sity. However,b-polarized light erases the grating much
experimental geometry [15], anB,.; is the amplitude faster. From the two slopes we extract the anisotropy ra-
of the space-charge field component which is shiftedio x/k33 = 3.4 = 0.1. This number is close to the one
by /2 with respect to the fringes defined by Eq. (1) found above for the anisotropy @f and suggests that in
[3]. Equation (4) contains six terms on the right-handour sample the quantum efficiency for photoexcitation of
side. The second and third term differ slightly from mobile charges deviates only little from isotropy.

the expression used conventionally (see, for instance, Figure 2 shows our experimental geometry for two-
Ref. [16]) because they now properly contain all thewave mixing. This interaction geometry is relevant from
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FIG. 1. Inverse erasure time ! vs the local intensityl of
the grating erasure beam & 514 nm). The two sets of
experimental points are valid fa¥ and ¢ polarization of the
erasure light, respectively. From the slopes of the straight line
one determines,,/k3; = 3.4 * 0.1.

a technological point of view because it is used in
important applications [9]. The signal beath enters
through thec surface of the crystal under an external
anglea with the surface normal. The pump beam enter
through theb surface under an anglg8. Both beams
are horizontally polarizedb¢ plane). The pump beam
is collimated in the horizontal direction to a width of
0.95 mm at the entrance face andl&)X more intense
than the signal beam.

In a first set of two-wave mixing experiments we keep
the angley between the two beams constant and change
a and B simultaneously by rotating the sample. Figure 3

shows the measured exponential gdinas a function

of @ for y = 60°. The dotted curve (no anisotropy
in the tensork) corresponds with the predictions of
the scalar theory [4,5], which fully disagree with the
measurements.
measurements very well.

FIG. 2. Experimental configuration for two-wave mixing in
dichroic KNbG;. The pump waveP? amplifies the signal wave

S. As drawn here the angles, B, andy are taken to be all

positive so thar + B8 + v = 90°

In contrast, the solid line describes the
This curve is plotted using

Eqg. (4) and the anisotropyy,/x3; = 3.4 determined
above, and with the value of the space-charge electric field
E,.; calculated using the known material properties, i.e.,
the effective number of trapd/.;; = 5.3 X 10' cm™3,
measured previously for this crystal [18]. No parameters
were adjusted to plot the solid curve. Our theory predicts
correctly the point at which the gain crosses zero, which
is a well defined characteristic of the dichroism. While
for the conventional models the crossing point should
occur whenever the electric field vectors of the two waves
are orthogonal (poinB in Fig. 3), in reality we find
it in accordance with Eq. (4) at the angle for which
és - k - ép = 0 (point A). In order to clarify this point
further we have drawn schematically in the inset in Fig. 3
the relative orientation of the important vectors for the
crystal orientations corresponding to poidtsndB.

In the previous experiment the fringe spacing of
the interference pattern was almost constant. We want
to test our theory also in the case where the grating
period varies significantly. This was done in a second
set of experiments for which the angle = —30° and
the crystal orientation were kept fixed while the pump
wave angleB was changed. Figure 4 compares again
the results of both theories. The dotted curve gives
again the exponential gaih' predicted by the scalar
theory (k»/k33 = 1). It clearly fails to describe the

Smeasurements satisfactorily. The solid curve is plotted

using the same parameters as in Fig. 3 and reproduces
well the gain crossing point and the measured data. The
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FIG. 3. Measured two-wave mixing gaili (circles) as a
function of the anglex for y = 60° (fixed). Dotted curve:
Prediction of conventional theory [Eq. (4) witlk, /K33 =

1]. Solid curve: Prediction of Eq. (4)] withksy/k33 = 3.4
determined from the experiment in Fig. 1. Both curves are
plotted using an effective density of trap¥.; = 5.3 X
10'® cm™3 found in Ref. [18]. The insets show the orientations
of the relevant vectors (all in the same plane) for the two gain
zero-crossing pointé andB.
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25— . . mixing effects, such as BaTiCand Sr.Ba,—,Nb,O¢ are
20| "2?/"33“0/"_ strongly anisotropic and are expected to show similar
sl // ] behavior as shown in this work for KNBO
I ’ ] In conclusion, the basics of two-wave mixing in
10 /=34 electro-optic and photoconductive material have been
< 5t /}/M rediscussed. We have proven experimentally that the
g ol /. usefully dissipated energy(7), and not the local light
[ 5| F22k33=1 S intensity 1(7), is the quantity driving the formation of
\ 1 space-charge electric field gratings. The new insights
1 presented here might give important guidance to material
] researchers for improving coherent two-wave mixing
light amplification by means of a control of the material
, ] dichroism.
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