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Single crystals of KTiOPO& (Pna2&) possess a quasi-one-dimensional (1D) ionic conductance

with u~~/o~-10, where o
t~

and 0.
& are, respectively, the ionic conductivity parallel and normal to

the c axis. A specimen was cut into a rectangular parallelepiped with edges parallel to the a, b,

and e axes. Under a dc voltage applied to the c surfaces and a He-Ne laser beam incident normal-

ly to the a (or b) surface, a wide-angle difFraction band extending normal to the e axis was ob-

served. If the electric displacement of the incident beam was parallel to the b (a) axis, that of the

difFraction was parallel to the c axis, and vice versa. There was a delay time between the initial

application of voltage and the appearance of the difFraction, and also between the removal of volt-

age and the disappearance of difFraction. This relaxation behavior suggests that the optical

difFraction band and related phenomena are afFected not directly by the ionic transportation but by

the space charges left behind by the How of charge carriers. Our theoretical analysis based on

phase-type gratings composed of Fourier components of the distribution of space charges and on

the electro-optic efFect of the related internal 6eld successfully explains all the interesting features

of the difFraction band.

I. INTRODUCTION

In recent years, single crystals of KTiOPO4 (abbreviat-
ed as KTP) have become increasingly important as a
nonlinear optical material. ' It is an electric polar crystal
whose space group is Pntt 2, with a = 12.814 A,
b =6.404 A., and c =10.616 A. Its indices of refraction
for A. =6328 A are correspondingly n, = 1.762 14,
nz=1. 77131, and n3 ——1.86432 as measured by Hu.
The optical axes are in the b plane and the angle be-
tween the optical axes is around 35'. The ionic conduc-
tivities measured by Bierlein and Arweiler with a dc
field parallel and normal to the c axis are, respectively,

o
t
—10 (Q cm)

tri-10 'i(Qcm)

It is the second quasi-one-dimensional (1D) ionic con-
ductor available to us in single crystals.

ct-I.i103 was the first quasi-1D ionic conductor ever
subjected to serious research. s According to Zhu et ttl.

cr~~
——3X10 (Qcm) ' and cri=1)&10 ' (Qcm) ' in

this crystal. The anisotropy in conductance is about the
same order of magnitude in a-LiIO3 and KTP. Because
of the almost unlimited supply of good single crystals of
a-LiIO3 to Chinese physicists, the characteristics of this
crystal have been investigated by them in much detail.
Most of the published articles are not universally known.
A number of navel phenomena were discovered in this
material and they are undoubtedly related to quasi-113
characteristics in ionic conductance. Among them, the
wide-angle light difFraction bands extending normal to
the e axis, ' the selective enhancement of neutron
difFractions, and the increase of the real part of the
low-frequency dielectric constant e,' under a bias field
are most interesting and have been investigated in detail.

From the time delay between the appearance of these
phenomena and the initial application of a voltage as
well as that between their disappearance and the remo-
val of the voltage, the effect may be attributed to space
charges left behind by the 1D ionic flow. All the in-

teresting characteristics of the light diffraction bands
have been successfully interpreted by a theory based on
phase-type gratings composed of the Fourier com-
ponents of the distribution of space charges, and the
eletro-optic effect of the induced internal field. ' From
further studies using polarizing microscopy" and careful
analysis, ' we are fully convinced that the novel phe-
nomena mentioned above can be found only in quasi-1D
ionic conductors.

In this paper we report on the observation of optical
diffraction bands in a KTP single crystal under a dc
voltage. They extend to wide angles and are normal to
the c axis as expected. The envelope of the diffracted in-
tensity is also consistent with the theoretical treatment.
We conclude that the phenomena, which we have at-
tributed to the accumulation of space charges, are not
unique to a-LiIO3 but must be considered a common
characteristic of 1D ionic conductors. Our studies have
produced an additional chapter ' on the physics of one
dimension. '

II. EXPERIMENT

The specimen, a good KTP single crystal gro~n from
Aux melt, was cut into a rectangular parallelepiped with
the three pairs of surfaces parallel to the crystallograph-
ic planes a, tp, and c, respectively. The orientations of
the edges are accurate within 1 . After polishing, the
crystals 1inear dimensions are 2.6&3.7&3.1 mm along
the a, b, and c axes. The direction of I'„the spontane-
ous polarization, is determined by the static piezoelectric
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efFect. According to the international convention, the
outwardly drawn normal to the c surface which becomes
positively charged under a tensile stress, is the +c direc-
tion.

An optical beam from a He-Ne laser with stabilized
power of 0.5 rn%' was polarized and normally incident to
the a surface of the specimen. A dc voltage was applied
to the c surfaces which were covered with silver paste
for good electrical contact. The transmitted spot and
difFrsction band were exhibited on a screen, and photo-
graphed or recorded by a photomultiplier. After a lag
time from the initial application of the dc voltage in the
c direction, a wide-angle difFraction band extending nor-
mal to the c axis appears. The angular distribution of
intensity changes smoothly but shows disordered 6ne
structure. The polarization of the difFracted light is
different from that of the incident light. Precisely speak-
ing, we found that the electric vector of the difFracted
light is parallel to the c axis when that of the incident
light is parallel to the b axis, and that the former is
parallel to the b axis when the latter is parallel to the c
axis. Figure 1 is a photograph taken at 30 cm from the
specimen, under the action of 100-V dc voltage, i.e.,
E =323 V/cm, with the incident beam polarized with its
electric vector parallel to the c axis. As shown in Fig. 1,
the envelope of the intensity distribution with respect to
the transmitted beam is symmetric, i.e., I( 8)=I(8)—,
where 8 is the scattering angle. It has a minimum of in-
tensity at 8=0, i.e., at the transmitted spot. Two inten-
sity maxima sre found symmetrically at 8,„,=+4.8'.
When the incident beam is normal to the b instead of a
surface, the difFraction band is found extending also nor-
mal to the c axis, with a similar change of polarization
states and a similar intensity distribution to that found
with the incident beam normal to the a surface.

We list below the dependence of the experimental
findings on various conditions, such as the temperature
of the specimen, the strength and frequency of applied
voltages, the direction of E, etc.

(1) The total intensity of the difFracted light or the in-

tensity at a certain scattering angle I(8) increases with
the applied voltage, i.e., with the average field strength

(2) The time delay between the initial application of
voltage snd the appearance of difFraction and that be-
tween the removal of the voltage and the disappearance

of the difFrsction increases with decreasing temperature.
At T & 195 K the time delay becomes practically infinite
for an observer. %e call this efFect "freezing. " As a
consequence, when the temperature of the specimen de-
creases below 195 K the difFraction band remains steady
after the removal of the voltage. On the other hand,
when we apply the dc voltage after the specimen is
chilled down to 195 K or lower, the difFraction does not
appear at all, but it gradually gains intensity as the
specimen is warmed up.

(3) Using a low-frequency ac field, the intensity of the
difFracted beam becomes weaker with the increase of fre-
quency. In our experiment the difFrsction band can
barely be seen by eye when the frequency is 0.5 Hz and
the ac peak voltage is 150 V.

(4) No difFraction can be detected at all if the voltage
is applied to the c or b surfaces.

(5) Instead of looking at the difFraction bands, we ob-
served, using a polarizing microscope and crossed polar-
izers, a bundle of bright straight lines parallel to the c
axis and randomly distributed beneath the a surface (Fig.
2). This feature is not limited to one focal plane of the
microscope but appears over the whole volume.

Similar characteristics were also found in a-Li103.
The straight lines were identified with the grating lines
of the system of phase-type gratinIIs. The onset of accu-
mulation starts at the electrodes' ' where the intersti-
tial Li+ ions and Li+ vacancies collect at the cathode
and the anode, respectively, under the driving force, but
a number of them are not able to discharge at the elec-
trodes. The accumulation of charge must be linear
along the c axis, since there is very little opportunity for
the ious to move sideways. Liu et al. ' also revealed
that the straight lines are actually charged. For KTP we
should reach the same conclusion. Zhang et al. '

showed earlier that in a-Li103 both the positive and neg-
ative charge carriers, i.e., interstitial Li+ snd Li+ vacan-
cies, are nearly equally active. %e have not yet deter-
mined whether one or two kinds of charge carriers are
active in KTP.

On the other hand, there are difFerences in the time
dependence of the difFraction and current in KTP and
a-LiIO3 after the application of a dc voltage at room
temperature. The rate of elongation of the straight
fibers is much faster in KTP than that observed in
a-LiIO3. %hen the difFraction intensity was measured at

FIG. 1. Di8'raction band at 30 cm of the KTP specimen under 100-V dc voltage applied on the c surfaces. The incident beam
from a He-Ne laser is normal to the a surface. The incident beam s electric vector is parallel to the c axis and that of the difFracted
light parallel to the b axis.
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FIG. 2. Image of the linear space-charge accumulation un-

derneath the a surface taken by a polarizing microscope with a
crossed analyzer ()&100}. On the left, V=O; on the right,
V=100 V.

room temperature and with E=97 V/cm by a pho-

tomultiplier, it rose to a peak in about 20 sec. It Auc-

tuated slightly and then it generally decreased to zero
with the dc voltage stiB apphcd. The current fI,owing

through the specimen showed a similar variation. How-

ever, a fairly strong difFraction intensity reappeared after
vanishing to zero, if we reversed the applied dc field. In
a-LiIO3 the difFraction reached its full intensity in a half

hour or so after the voltage was applied and it remained
almost steady for hours as long as the voltage was not
removed. Even after the removal of the voltage, the
brightness of the difFraction band diminished slowly over
a period of several hours. These difFcrences might be
tentatively understood as follows. Since o~~ and 0.

~ of
KTP arc larger than those of a-LiIO3 by 1 and 2 orders
of magnitude, respectively, many more charge carriers in

KTP are driven at a time to the cathode or both the
electrodes than those in a-LiIO3 under an equal E.
After a shorter time delay an appreciable number of car-
riers are blocked from discharging at the electrodes and

the rate of elongation of the linear accumulation of
space charges must be faster in KTP. As the density of
space charges reaches a higher degree of inequilibrium,
the current decreases even with the applied voltage
remaining unchanged. At this stage the charges may
move sideways sway from the grating lines under the ac-
tion of E„andE induced from the volume distribution
of space charges (cf. Sec. III). So the diffraction band
fades gradually without the removal of voltage. When
we reverse the applied dc field, a fairly strong diffraction
intensity reappears, after it had vanishes. Naturally, this
should happen, since the carriers earlier blocked at the
electrodes now Aow in the reversed direction and once
again the linear accumulation of space charges must
come into being. From our earlier experimentation with

a-LiIO3, we notice that the relaxation behavior of KTP
at room temperature is rather similar to that of a-LiIO3
at higher temperatures, e.g, , 100'C.

K1+K=K2,
where

IK, I
=2mn', "/A, , i K~ i

=2mn2" /A,
i
K

i
=2m/AK .

k is the wavelength in vacuum and Ak is the spacing pa-
rameter related to K. The refractive indices n'," and n 2"

are related to the polarization of the beams, where I = 1

and 2 indicate the two polarization states.
However, the H(K) is yet completely unknown.

Physically it is reasonable to consider H(K) changing
rapidly with K in a random fashion but with the en-
velope a smooth curve. From Poisson's equation, the
field induced by the K component of space-charge densi-
ty

5pK(r) =5p sin(K. r) (4)

1S

5E, (r)= (e; 'k /~ K—
i
)5pcos(K. r)

data. In the present article we will apply this theory to
the interpretation of our experimental findings with a
KTP specimen. Since this crystal is optically biaxial, the
terms o and e are no longer meaningful. For each beam
there are two polarization states with their electric dis-
placement vectors normal to the wave vector.
K,. /

~
K,. ~, e';", and e'; ' form a right-handed system of

axes.
It is necessary to give herc a brief outline of the for-

mulation. The grating e6'ect is an outcome of the
Fourier components of the space-charge distribution. In
general we have

5p(r) =5p J H(K) sin(K r)dK .

The random fluctuation 5p(r) is treated as the integra-
tion of sinusoidal distribution sin(K r) weighted by
H(K) over all possible wave vectors. Since the
diffraction bands extend in the xy plane, we have E, =0.
(

~

K
~
&0 is required for keeping neutrality of the total

charge in the crystal. ) In this way, the variations of the
electric field and dielectric tensor may also be regarded
as the integration of the corresponding sinusoidal distri-
bution. Therefore, this corresponds to the existence of
volume phase gratings with all possible wave vectors K
in the xy plane for the incident light. An incident light
beam with the wave vector K, is difFracted by the K
grating into the beam K2 in accordance with the Brsgg
condition

III. THEORY

Gu and Li' have worked out a theory to treat the
light diN'raction bands observed in a-LiIO3 for the o ~e
and e~o di8'raction bands. Here o and e denote, re-
spectively, the ordinary and extraordinary light, and
o ~e means that the incident beam is the o light and the
di8racted e light. This theory successfully explains al1

the characteristics of the phenomena and yields numeri-
cal results in quantitative agreement with experiments1

=5E; cos(K.r),
where k is the jth component of K divided by

~

K
~

.
The linear electro-optic effect induces a change in e,j.

5e;.(r)=5@,- cos(K r),
with

~~ij +ih V hkl~kj +IK
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since by definition

(5e '), =y...5E, .

The Einstein summation convention has been and will be
used throughout this paper. Now let us apply the gen-

10eral approach, previously adopted by Gu and Li for
a-LiIO3, to KTP. For mm2 symmetry, only the tensor
components y13, y23, y33 y42, and y51 are nonzero. We
also have K, =0 and 5E, =O. Although the adoption of
I(.,=0 here is purely phenomenological, from the linear
accumulation of space charges observed by a polarizing
microscope, we have 5p(r) =5p(x, y ), and E,=0 follows.
Naturally the diffraction band should appear normal to
the z axis.

Consequently we have

(5e '), )
——y(15E, =0,

(5e ')22 ——y2, 5E, =O,

(5e ) )»=y»5E, =0,
(5e ')

l2
——(5e ')2) ——0,

(5& '))l=(5& '»)=y5)5E.

(9)

FIG. 3. Wave vectors of the incident and diffracted light in
the xy plane and the Bragg triangle.

)22=(5e )22=y425E) .

According to Petrov et al. ' the ef6ciency of light
diffraction by a phase-type grating is given by

I'

(10(X)„Z2„)'"
where d is the thickness of the grating, and Ei„andK2
are the projections of incident and difFracted (inside the
crystal) wave vectors in the direction normal to the in-
cident surface. Here we have not taken into account any
contributions from multiple dift'raction. The subscripts. 1

and 2 stand, respectively, for the incident and di6'racted
beams inside the medium, and e1 and e2 are the unit vec-
tors in the directions of the electric displacements. In
our case both K1 and K2 are in the plane normal to the
c axis.

For each K grating it is good enough to approximate
sinx by x in (10). Therefore, we evaluate

instead of (10). Since E, =0, K must be in the xy plane.
Let K, make angle ((} with the x axis and let 8 be the an-
gle between K, and K2 (cf. Fig. 3). K, , K2, and K make
up the sides of a triangle (Bragg equation). We shall use
the right-hand coordinate system. The sign of (() is
defined as + or —depending on whether i&K1 is in +
or —direction relative to the z axis. Simi1arly, the sign

(14)

with

(2) (2)
Pl 1 =Il2 =Pl3

n [1)
Pl 2

'2 . '2 —1/2
cos(t) sin())+

Il2 Pl 1

2 2 —1/2
cos(P+ 8) sin(P+ 8)+

Pl 2 lf 1
L

and the latter two will simply be denoted as n((t)) and
n( 8+(I}),re.spectively. From Fig. 3 we easily see that

k l = [ I K2 I
»n(8+ 0»}—

I Kl I »np] &
I
K I,

k2 ———[ I K2 I
cos(8+/) —

I Kl I
cos(})})/

I
K

I

Substituting (12)—(20) into (11) one easily gets

of 8 is related to Ki g K2 by the same rule.
Now we evaluate C'" )($,8) as follows. In the expres-

sions obtained below the factor 5pe»y5)(A l4n)is'2

neglected. We write

Kl=[icos(t)+j sing]
I Kl I

(12)

K2 ——[icos(((}+8)+j sin(/+8)] I K2 I
(13)

e l = —1 sing+3 cosp,

e (2"———i sin(/+8)+ j cos((It+8),
~e (2) ~e (2)

C" '($, 8)= Ia cosp[n3 sin(8+(()) —n(((})sing] —sin(}I}[nl cos(8+(()}—n(())) cosp]J

~ I A " '($, 8)[n &n((}}}cosP cos(8+(}I})]' (21)
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C'z"($, 8)= Ia [cos(8,$][n (8+/) sin(8+/) —n i sing] —[sin(8+$)][n (8+ /) cos(8+/) —n& cosp] ]

X I A' "($,8)[n~n(8+$) cosgcos(8+$)]'~ j (22)

C'"'(y, H) =C'"'(y, H) =0,
where

A" '($, 8)=n&+[n(P)]2 —2n~n($) cosH,

2 '2 "($, 8)=n 2i +[n ( 8+P ) ] 2—n ~ n ( 8+P ) cos8,

(23)

(24)

(25)

a =7'4i/7'si (26)

We shall reduce expressions (21) and (22) to correspond to the geometrical arrangements adopted in our experiment
(Sec. II).

(1) For K, normally incident to the a surface, P =0, we have

C„"'(8) =(an~ sin8)/(n &+n i —2n 2n ~ cosH)(n 2n 3 cosH)'

C„' "(8)=sin8[(a —1)n(8)cosH+n&](I [n(8)] +ni 2(n8—)n ciosHI[n(8)ni cosH]' ) (28)

(2) For K, normally incident to b surface, P=m/2, then the denominator of Eq. (11) must be replaced as

[E,~Ez~]' . Let P=(rr/2)+P'. Equations (21) and (22) may be written in terms of P' and 8. By putting P'=0, we
obtain

Cy (8)—(n3 sin8)/(n i +n3 2nin3 cosH)[ning cosH]

C' "(8)=sinH[( 1 —a)n'(8) cosH+an3](In&+[n'(8)] —2n&n'(8) cosH] [nin'(8) cosH]' )

(29)

(30)

where

n'(8) =n (8+m /2) =
'2 ' . '2' —1/2

cos61 sin61

n& n2

(31)
Evidently for /&0 or n /2, the diff'ractions

~

C" '($, 8)
~

and
~

C' "($,8)
~

are not symmetric in
8, but for any P and 8 the change of polarization states
during diffraction is such that e ' "~e ' ' or vice versa,
as long as the incident beam is normal to the c axis.

It is interesting to compare the experimental Gndings
with the above theoretical results.

(1) Since C'"'($, 8)=C' '($, 8)=0, only the two
e'"~e' ' and e' '~e'" bands appear. They were in-
vestigated separately in the present experiment by using
polarizers, although due to the small size of the speci-
men used, the observations were limited to the cases of
/=0 and m/2. Evidently, e,"' and e,

' ' are analogous to
the 0 light and e light in a uniaxial crystal such as
a-LiIO3.

(2) For both e '"-+e ' ' and e ' '~e "' bands the inten-
sity distribution is symmetric with respect to 8=0, i.e.,
I(8 ) =I( —8) as can be seen from (27)—(30), since
I(8)~

~

C(8)
~

.
(3) From (27)-(30) the difFraction intensity should van-

ish at 8=0, i.e., at the transmitted spot. This is clearly
shown in Fig. I. %'e notice that the diffracted angle of
zero intensity is not affected by the weight factor H(K)
of Eq. (1).

(4) In Fig. 1 the diFraction band shows a quasicon-

tinuity in intensity changing with 8. The details of this
disordered, spotty fine structure (cf. Fig. 1) can be easily
registered by using a photomultiplier. Our record
displays a rapid ffuctuation in intensity with scattering
angle. The same kind of fluctuation in intensity was also
observed in the diffraction band of a-LiIO3 and pub-
lished in Ref. 7. The existence of fine structure confirms
our physical intuition on the character of H(K) as the
weight factor in Eq. (1).

(5) In Fig. 1 the intensity shows two maxima at
8,„,=24.8' which is 8=+2.7' inside the crystal. Since
both C" '(8) and C' "(8) have no maxima near
8=22.7, we should look into the weight factor H(K)
for an explanation.

~

K
~

=0. 12(2m/k) for 8=2.7'.
%ith A, =0.6328 JMm the spacing of the grating is about
A=5 pm. Roughly speaking, the lines of space-charge
accumulation shown in Fig. 2 possess a high probability
of 6nding two of them 5 pm apart.

(6) From (28) there should be zero difFraction intensity
in the e' '~e"' band for /=0 in addition to the zero
when 8=0, if the following condition is satis6ed:

cosH= ni(/—I a)n(8) .

However, this is impossible, since according to Ref. 4,
a =y&z/y» ——1.3. Similarly, for the e ' '~e '" band
with incident beam along fi axis (P =a /2 or P'=0)

cosH =an
&
/(a —1 )n '(8)

also has no solution. Experimentally we observed no
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zero intensity other than the one at (9=0 for both cases.
The general treatment in which the formulas for

C'" '(o.,$, 8) are obtained will not be given in this paper
because of the extremely lengthy and complicated calcu-
lation. Here, cx is the angle between the incident beam
and the c axis, and P is the angle between the projection
of the incident beam on the xy plane and the a axis.
Qualitatively we have learned that as a deviates from
sr/2, i.e., the incident beam is no longer perpendicular to
the c direction, C"" and C' ' become nonvanishing.
Let e"' be the polarization state whose projection in the
c direction is shorter than the projection of e' '. As a
deviates appreciably from sr/2, C' ' may become as
strong as C" ' and C' ", but C'"' should be weaker by
2 orders of magnitude. These qualitative remarks are
analogous to the explicit expressions given for the o e,
e~e, and o~o bands of a-LiIO3. ' ' The o~o band
always vanishes as long as multiple scattering is neglect-
ed. %'ith specimens of cm size the experimentation on
a-LiIO3 was carried out on all conceivable cases, includ-
ing a&sr/2 as well as a z-cut specimen with the two
transmitting surfaces not parallel and not containing the
e axis, etc. There, all the experimental findings were in
good agreement with theoretical analyses qualitatively
and also quantitatively whenever numerical data were
available. However, more general geometrical arrange-
ments in experimentation on KTP can be carried out
only when good specimens of large size become avail-
able.

Among the novel phenomena discovered, the light
diffraction bands were experimentally investigated and
theoretically analyzed in great detail. After this paper
was written, Yang' performed a neutron diffraction ex-
periment on the same KTP specimen under a dc field
parallel to the c axis. He found the same anisotropic
selective enhancement observed in o.-LiIO3.

%e should mention that the physical factors behind
our optical-diffraction phenomena are analogous to the
photorefractive efFect. ' %hen one of the photorefrac-
tive crystals, such as LiNb03, BaTi03, Bi&2SiOzo, etc., is
illuminated by a light beam with suitable wavelengths,
photoelectrons are generated which migrate in the lattice
and are subsequently trapped at new sites. The resulting
space charges give rise to an electric-field strength distri-
bution in the material which changes the dielectric ten-
sor via the electro-optic effect. The Auctuation of elec-
trons and/or holes is responsible for the photorefractive
efFect, while the interstitial ions and/or ion vacancies are
responsible for the effect described in this paper.

Finally, we should like to remark that space charges
are commonly involved in ionic conductance, yet for the
materials with isotropic ionic conductivity, their distri-
bution is homogeneous. There exist quasi-29 ionic con-
ductors of which the ratio criltrl approaches the same
order of magnitude as that of o 1/o i in lD ionic conduc-
tors. Perhaps our future project of investigating materi-
als of this kind with a bias field in the plane of higher
conductivity might also be fruitful.

IV. CONCLUMNG REMARKS

As related in Sec. I, long-term research on u-LiIO3
under a dc field has been extremely fruitful in exposing
special nature of space-charge effects in 10 ionic con-
ductors. However, it was the only example of its kind.
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