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tha_r.l Pif f,& belong to different independent cycles
in P. Since by Eq. (A3) the trace of each cycle is
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just Y, use of Eq. (A6) and the trace property of the
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Optical absorption, refractive index, dielectric constant, nonlinear optical coefficients,
and linear electro-optic coefficients are reported for single-domain crystals of BayNaNb;Oys
between room temperature and the Curie temperature. Orthorhombic (mm2) barium sodium
niobate, a filled tungsten-bronze structure, is stable to intense laser radiation, and its phase-
matchable nonlinear coefficients are 3 times those of LiNbO3 and LilO3. For the 1.064~-um
laser fundamental, the observed phase-match temperatures and the angular half-widths of
the phase-matched second-harmonic intensity due to the coefficients dg and dj, are found to
be in good agreement with the values calculated from refractive-index data. The dielectric
constant and electro-optic half-wave voltage data indicate that Ba,NaNbsOy; is a useful elec-

tro-optic modulator material. The temperature variation of the spontaneous polarization
Pg is deduced from the birefringence, electro-optic, nonlinear optical, and pyroelectric
data. It is concluded that the ferroelectric transition in Ba,NaNbOy; is of the first order.

I. INTRODUCTION

A large number of single crystals of a series of
ferroelectric mixed alkali-metal alkaline-earth ni-
obates !~2 have been grown that have very advanta-
geous nonlinear and electro-optic properties. These
compounds have structures that are related to te-
tragonal tungsten bronze with a general formula
(A1),(A2),(C)4(B1),(B2)§O3p. The term “tungsten
bronze” derives from the potassium tungsten oxide
compositions that have this structure, which have
been discussed by Magnelli and Blomberg,! Wadsley, °
Francombe® and by Jamieson, Abrahams, and Bern-
stein.” The unit cell contains 10-NbQg octahedra

which can accommodate up to four cations in 10-
coordinated tricapped trigonal prismatic (A2) sites,
two cations in somewhat smaller 12-coordinated
cubo-octahedral (A1) sites, and four cations in rel-
atively small 3-coordinated planar trigonal (C)
sites. The number of A and C sites occupied is de-
termined by the cations available in accordance with
the requirements of electroneutrality. When all of
the A1 and A2 sites are occupied by cations the
structure is termed as “filled” whereas a “com-
pletely filled” structure implies that the C sites are
occupied as well.

A very attractive property of these filled and
completely filled tungsten-bronze-type niobates is
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that at room temperature they do not exhibit the
serious problem of optically induced refractive-
index inhomogeneities® (also known as “optical dam-
age”) which has been observed in many otherwise
useful nonlinear materials like LiNbO; and LiTaQjg.
The problem of optical damage in certain ferroelec-
trics has been studied by Chen, °

This paper is concerned with a detailed study of
the optical properties of one of the most useful
tungsten-bronze materials, barium sodium niobate. 1°
Barium sodium niobate, a filled tungsten-bronze
structure, is stable to intense laser radiation, and
it has large nonlinear optical coefficients which are
phase matchable without double refraction. These
very useful nonlinear properties have made possible
the development of an efficient continuous 532-nm
second-harmonic source!! and the first continuously
pumped optical parametric oscillator, 2

Barium sodium niobate is a ternary system and
a study of the phase diagram in the NaNbO;- BaNb,Og
system'®''* indicates that the tungsten-bronze phase
exists over a wide solid solution range from 62- to
83-mole % of BaNb,Og. In succeeding sections we
report on the crystallographic properties, optical
transmission, refractive indices, nonlinear optical
and electro-optical coefficients, and dielectric
properties of stoichiometric or near stoichiometric
barium sodium niobate. Studies of nonstoichiomet-
ric compositions will be presented elsewhere. '

II. CRYSTAL GROWTH

Single crystals were grown by Van Uitert and co-
workers of this laboratory using the Czochralski
technique of pulling from the melt. Barium sodium
niobate melts at about 1440 °C so that either a plat-
inum or an iridium crucible can be used as a con-
tainer. Crystals grown from an iridium crucible
have a deep brown color whereas those obtained
from a platinum crucible are colorless.

The starting material was prepared by mixing
high-purity Ba(NOj),, Na(NO;), and Nb,O; in a
stoichiometric ratio. The mixture was calcinated
in the presence of oxygen at about 1000 °C for 4 to
6 h. The resulting powder was then melted in an
rf-coil furnace and single crystals of up to 5 cm in
length and 2 cm in diameter were pulled. Rather
marked and irregular striae normal to the direction
of growth were commonly observed in crystals
grown from an rf -coil heated furnace.
tions are seen either by examining an optically
polished piece under a microscope or by observing
the diffraction of a laser beam which is passed
through the crystal as an extraordinary ray. Since
high thermal gradients are usually present in most
induction-heated melts, it is believed that the stria-
tions are compositional variations caused by the
thermal fluctuations at the crystal-melt interface.

These stria-
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By carefully maintaining a low thermal gradient at
the crystal-melt interface, it has been possible to
grow single crystals of striation-free barium so-
dium niobate. ¢!

1II. CRYSTALLOGRAPHIC AND STRUCTURAL DATA

At room temperature barium sodium niobate has
two formula weights per unit cell with the idealized
formula Ba,Na,Nb;;03,. The A1 sites are occupied
by Na, A2 sites by Ba, the B1 and B2 sites by Nb,
whereas the C sites are empty. However, chemical
analysis, x-ray density calculations and structural
analysis indicate that the material grown from a
stoichiometric melt normally contains an excess of
Ba over Na, as compared with the ideal 2: 1 ratio.
The formula of the unit cell in this case is Baq,y
Na (35, 0,Nb; o039, Where O represents sodium(A1l
sites) vacancies. For a specific sample WB-791-D
which was rather extensively studied, it was found
that x=0.13. Most of the electro-optical data giv-
en below were obtained with this sample.

Optical and lattice parameter measurements of
barium sodium niobate reveal that it is orthorhom-
bic at room temperature. Our nonlinear optical
measurements indicate the point group to be mm 2
and the x-ray structural analysis’ establishes the
space group as Cmm2 (Cé},). The measured lattice
constants'® at room temperature are

a=1,7591818 nm,
b=1.7625596 nm,
c=0.7989830 nm.

The cell volume is equal to 1. 238683 nm?® and the
density is found to be 5.4076 g/cm®. The crystals
are biaxial and optically negative with a measured
value of 2V'=13°; a value of 14°14’ was calculated
from the measured values of the index of refrac-
tion (Sec. V). The ¢ axis is parallel to the acute
bisectrix and the ¢ axis is normal to the optic plane.

Above 300 °C, barium sodium niobate is tetrag-
onal and probably belongs to the point group 4mm.
Above the Curie temperature 7.~ 585 °C, the ma-
terial is centrosymmetric. An optical examination
of the crystal above T, suggests that the nonferro-
electric phase is tetragonal, belonging to either
the 4/m or 4/mmm class.

Below 300 °C, where the crystal is orthorhombic,
a high degree of microtwinning can exist in the
crystal. The twinning is such that the ¢ axis re-
mains the same but the ¢ and b axes are inter-
changed in different regions of the crystal. The
twin boundaries are at 45° to the @ and b axes of
the orthorhombic cell.

Dilatometer measurements!® made on the a, b,
and ¢ axes of barium sodium niobate crystals re-
veal that from room temperature to 250 °C the ex-
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pansion of the crystal is nearly isotropic with
a,=0a,=10.4x10" (°C)™!
and
.=11.4%10 (°C)™.

In the tetragonal phase, o, has a value of 8,3 x10®
(°C)™ up to 530 °C, after which itincreases sharply
reaching a peak of about 60x107¢ (°C)™ at T,. For
the ¢ axis, @, decreases above 250 °C becoming
negative at 350 °C and becomes increasingly neg-
ative reaching a peak value of — 49 x 10~ (°C)-!

at Tc. Table I gives the values of ¢, and ¢, of
Ba,NaNbs;O;; for various temperature ranges be-
tween room temperature and 600 °C.

IV. POLING AND DETWINNING PROCEDURE

In order to make meaningful optical measure-
ments it is necessary to work with single crystals
which are single domain and twin free. The crys-
tals were oriented by x-ray methods and were cut
and polished so that their faces were normal to
the principal axes. It was found that crystals were
best cut with a string saw, as opposed to rotary
wheel, because the latter was likely to induce
cracks. Platinum-paste electrodes were applied
to the faces normal to the ¢ axis and the crystal
was mounted in an oven which had two ports that
allowed visual observation of the sample by trans-
mitted light. A continuous stream of oxygen was
passed through distilled water in a bubble flask and
then through the oven. The sample was heated to
about 650 °C and a dc electric field was applied
along its ¢ axis. To prevent cracking of the crys-
tal and the diffusion of electrode material into the
crystal, the current drawn by the sample at this
temperature was not allowed to exceed 0.5 mA.
During poling, the sample was viewed along a crys-
tal axis normal to the field. A boundary plane was
observed to develop at the positive electrode and
move slowly toward the negative electrode. The
origin of the moving boundary has been attributed®
to the diffusion of protons into the crystal. Once
the boundary had traversed the entire length of the
crystal between the electrodes, the sample was
cooled to room temperature in the presence of the
electric field.

In order to determine whether a given sample was
single domain or not, the variation of the trans-
mitted second-harmonic intensity generated by
1064-nm laser radiation was observed as the crys-
tal was rotated about its ¢ axis. For a single-
domain crystal, the second-harmonic signal due
to a given nonlinear coefficient (Sec. VI) shows an
oscillatory pattern in which the intensity minima
have zero intensity. In a multidomain sample, the
second-harmonic minima are not zero.

TABLE I. Thermal-expansion coefficients of barium
sodium niobate.

AT (°C) a, (107 deg™!) a, (108 deg™)
50-200 10.4 11.4
200-250 14 16
250-300 16.6 10.4
300-350 8.3 0.298
350—400 8.3 -0.955
400-450 8.3 -17
450—500 8.3 -31
500-550 8.3 —-49
550—600 60 -7.15

A sample free of microtwins was obtained by
heating the crystal to a temperature above the or-
thorhombic to tetragonal phase transition at about
300°C. A compressive stress of about 107 dyn
cm™? was applied along one of the nonpolar or-
thorhombic axes. On cooling, the direction along
which the compressive stress was applied became
the intermediate a (or ¥) axis of the orthorhombic
phase. Once detwinned in this manner, the ma-
terial was a uniform single crystal and could be
handled, cut, and polished normally without undue
concern of the crystal reverting to the twinned
state.

In some crystals, however, particularly those
that grew with fewer microtwins and no striations,
it was observed that the detwinning process could
partially depole a single-domain crystal. This
problem was eliminated by carrying out the poling
and detwinning procedures simultaneously.

V. OPTICAL TRANSMISSION AND INDEX OF
REFRACTION MEASUREMENTS

The optical-absorption coefficient of single-
domain barium sodium niobate was measured over
a wavelength range from 350 nm to approximately
8 um. The absorption spectra were recorded at
room temperature with the light propagated along
the b axis of the sample and polarized parallel to
(m spectrum) and perpendicular to (0 spectrum) the
¢ axis. The polarizing attachment of the spectro-
photometer was limited in the long-wavelength range
to 5 um beyond which only unpolarized data were
obtained. The samples had their opposite faces
polished flat and parallel. When losses due to mul-
tiple reflections in the sample are taken into ac-
count, the transmitted intensity T is given by

T =(1-R)%<! 1 +R%%"), (1)

where R is the reflectivity, ! is the thickness of the
medium, and a is the absorption coefficient. The
value of a was determined from transmission data
on two different thicknesses of the same sample.
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For the point group mm?2, the second-order po-
larizability tensor P is given by®

— -

E}
0 dys 0| |E®
dyy 0 Of |E2
P, dgy dyp d33 O 0 0| |2E,E,|>
2E,E,
2E,E,

P, 0 0 0

P,l=¢,0 0 O
(10)

where E, , , are the components of the optical elec-
tric field of the fundamental wave. As can be seen
from Eq. (10), it is necessary to choose specific
polarizations of the fundamental and second-harmon-
ic waves in order to observe separately the SHG due
to each of the five nonlinear coefficients.

The measured values of the nonlinear coefficients
d;; and the corresponding coherence length [;; for
barium sodium niobate are shown in Table IV. The
agreement between the observed and calculated
coherence lengths for the coefficients dy; and ds,
is not very satisfactory. However, a much closer
agreement was obtained by approximating the ob-
served coherence length from a least-mean-
squares fit of the positions of the minima of the
second-harmonic fringes.® Also included in the
table are the values of & coefficients which are de-
fined in mks units as

d ij = €oX 33 X5 X5k t7» (11)
where
x=n?-1. (12)

B. Phase-Matched SHG

Phase-matched SHG is possible with the nonlinear
coefficients dg, and dg,. If the fundamental beam
propagates as an ordinary wave of index of refrac-
tion #¥ in the yz plane at a particular angle 63! to
the z axis, the SHG due to the coefficient d3; will be
phase matched and appear as an extraordinary wave

of refractive index 2. Similarly, in order tophase

TABLE IV. Nonlinear coefficients, coherence lengths,
and 6 coefficients of barium sodium niobate at room
temperature.

diy/dH™= 15" (obs) 159 (calc) YL vl
(pm) (um)

dy; 402 48 33.7 1.48%0.08

dy 404 35.9 40.3 1.5+0.1

dg; 55+4 3.4 3.32 2.5320.2

dys 40£2 1.72 1.72 1.46£0.07

dyy 38%2 1.72 1,73 1.39+0.07

3Barium sodium niobate.

2715

match the SHG due to the coefficient dg, the funda-
mental must be an ordinary wave of refractive index
ny , propagating in the xz plane at the phase-match-
ing angle 632 to the z axis, while the generated har-
monic is an extraordinary wave of index of refrac-
tion 72“.

The phase-matching angle 6,, insidea biaxial crys-
tal can be derived in terms of the principal indices
of refraction from Fresnel’s equation, which for a
wave propagating at an angle 6,, to the z axis is giv-
en by?’

sin0,, cos®¢ . sin®6,, sin’e N cos?0,,
[(0,)] = (0)% " [0(6)] % = ()2 " [(6,)] 7 = (2,)"

2=0,

(13)
where ¢ isthe polar coordinate referred to x axis.
Since the phase-matching condition for the coefficient
ds;, requires that ¢ =90° and %% (6,,) =n%, one obtains
from Eq. (13)

w) =2 2wy=2
sin?63! =t——z—-g——’lz——le) - b oy

z - (ny (14)

Similarly, the phase-match angle for the coefficient
ds, is given by

5in26%% = ()2~ (n2°)
™ (n50)E — (n2e) 2

(15)

Using the measured values of the room-tempera-
ture indices of refraction of Ba,NaNb;O;; at 1064
and 532 nm in Egs. (14) and (15), it was found that
@1=74°23" and 632="75°52’. These calculated val-
ues of the phase-match angles are in good agree-
ment with the observed values of 63!=73°45" and
§2=175°26’. However, with other samples of barium
sodium niobate (grown under different conditions)
the experimental values of 63! and €2 were found to
varyin the ranges 73° to 75° and 75° to 77°, re-
spectively.

The variation of second-harmonic intensity of
Ba,NaNb;O,; was measured as the crystal angle was
varied about the optimum phase-matching direction.
Theoretically, this variation of SHG is predicted
by Eq. (4) which can be rewritten as

20 sin’[ (2n1 /1) (B® —n)]
PTGt /ny) % a2

1t follows from this equation that in order for p**
to reduce to half of its peak value,

(271 /) @ - n*) = 1. 39.

From Eq. (13) it is easily shown®® that for a funda-
mental wave propagating along the y axis of a biaxial
crystal, the wave-vector mismatch for a small de-
viation A6, from the phase-matched direction is
given by

AK = (w/c){ 03[ )2 = (n8) %] cos®e

(16)

(17)
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+ 03 ) [0E°)2 ~ 3°)*]sin*p} (A0, (18)

By combining Eqs. (17) and (18) it follows that

(1. 397, /71) (n2)? }”2

=\ BT (T  (, 55)7]
A9§nl {nxw[(nyw)z_( ] (19)

ny”)

where Ag! is half of the full width at half-intensity
of the noncritical phase-matched second-harmonic
intensity inside the crystal due to its nonlinear co-
efficient d3;. Similarly, the phase-matched angular

half-width for the coefficient dj, is given by

(1. 390 /71) (2¥) }1/?—
A= {71?5[(”5“3 o

(20a)

The theoretical expressions for the angular half-
width of the critical phase-matched SGH are easily
derived from Eqs. (13)- (15) and (17), and are given
by

1. 392 (n%“)2 tanp®
N ( 1) Ay mo 20b
" 2 ) nZ (%)% - n%°)?] ’ (20b)
1. 39)\> (n%)® tan63?
32 _ 1 % o .
Abm “( oml J n® (2P - n2)F] (20¢)

The observation of an angular width broader than
that predicted by Egs. (19) - (20c) or the presence
of side peaks is an indication of the presence of
multidomains or compositional variations in the
sample. Our experimentally observed values of
A6% and A632 on a large number of different samples
of Ba,NaNb;O,; are in good agreement with those
calculated from Eqs. (19) - (20c). Table V shows
the measured and calculated angular half-widths of
phase-matched SHG in a typical Ba,NaNb;O,; crys-
tal at various temperatures.

C. Phase-Matched SHG without Double Refraction

One of the disadvantages of phase matching at 6,
#90° is that for beams of finite aperture the Poynting

TABLE V. Angular half-widths of phase-matched SHG
in barium sodium niobate at various temperatures.

Temp. A6% (obs) A8 (calc) A6% (obs) A632 (calc)
(°C) (deg) (deg) (deg) (deg)
25 0.16 0.12 0.31 0.28
50 0.39 0.36
55 0.19 0.16
70 0.52 0.52
75 0.25 0.22
80 0.99 1
82 1.32 1.31
83 1.82 1.62
84 2.2 2.74
85 0.33 0.29
95 0.8 0.74
96 1.19 1.12
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vector of the fundamental wave “walks off” at a finite
angle p from that of the second-harmonic wave be-
cause of double refraction. 2*3° This beam walk off
limits the useful length of the medium for efficient
interaction to a value

Lpax = Wom/2/p. (21)
In this equation W, is the spot radius of the funda-
mental beam, and p is the double refraction angle
given by

p ~(B/n) sin26,,, (22)

where B is the birefringence and #n is the ordinary
index of refraction. For a crystal of length I>17,,,,
a part of the fundamental beam is mismatched with
the second-harmonic light and the SHG varies di-
rectly with [ instead of being proportional to 2. For
Ba,NaNbsO,5, with 1064-nm fundamental beam of
spot radius W,~1x10"m, it is found from Egs.

(21) and (22) that 7%, =7 mm and 7% =8 mm. There-
fore, in order to make optimum use of the nonlinear
properties of the medium it is important that 6, be
90°, in which case the fundamental and the second-
harmonic beams propagate normal to the ¢ axis
without double refraction. A convenient method®!

of achieving 90° phase matching consists of adjust-
ing the temperature of the crystal to an appropriate
value 7,, at which the index of refraction of the fun-
damental beam equals that of the second-harmonic
beam. The phase-match temperature 7, is easily
obtained from the relation

dn°  dn*
= w_ 2w —_— e —
0T = (0" = )/(dT dT)'

An examination of our data on the temperature
dependence of the indices of refraction of
Ba,NaNb;O,; shows that 90° phase matching can be
easily achieved for several wavelengths. Specifical-
ly, at the wavelength of 1064 nm it is found that

4a
aT

(23)

(n®)=-2.5%10" (°C)™!

between room temperature and 250 °C, where as
at the harmonic wavelength of 532 nm,
di;(nﬁ“hax 107 (°C)™.

These values of dn/dT together with Eq. (23) and

the values of the indexes of refraction from Table

II yield phase-match temperatures T3 =100 °C and

T3 -88.7 °C for the coefficients dy; and d;,, re-

spectively. These are to be compared to the ex-

perimentally observed values of 732101 °C and
32-89°C. For the large number of samples ex-

amined, the observed values of T3 and T3 were

found to vary between the ranges 90 to 110 °C and

80 to 100 °C, respectively. In particular, it was

noted that the phase-match temperature of each suc-
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FIG. 6, Peaks of temperature phase-matched SHG
utilizing ds, of barium sodium niobate when the fundamen-
tal 1064-nm beam was incident at different parts of the
sample.

ceeding boule pulled from a stoichiometric starting
melt was slightly lower than that of the previous
one. This variation in 7, is indicative of some
compositional changes which probably arise because
of a loss of sodium from the melt.

For optimum second-harmonic performance in a
temperature phase-matchable crystal, it is impor-
tant that T, be constant over the area of the crystal
that is illuminated by the fundamental beam. Fur-
thermore, as the temperature of the crystal isvar-
ied about its phase-match temperature, the second-
harmonic intensity should exhibit a single peak.
Depending upon the conditions of growth, the crys-
tals can have an appreciable composition change
along the growth direction which becomes evident
by the presence of multiple peaks of temperature
phase-matched SHG. For the majority of crystals
that were examined, it was found that within a given
sample the second-harmonic intensity showed a
single phase-match temperature peak whose value
was constant across the entire crystal. Figure 6
shows the behavior of the phase-match temperature
peak of SHG due to dj, coefficient of Ba,NaNbs;Oys,
when the 1. 06-pm laser beam was incident upon
different parts of the same sample. Some crystals
exhibited multiple phase-match temperature peaks.
Such a variation was especially noted in the crystals
that were pulled at a fast rate from a furnace with
a high~-temperature gradient.

A theoretical expression for the half-intensity
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width of the phase-matched SHG peak versus tem-
perature is easily obtained from Eq. (17) by expand-
ing the left-hand side for temperatures in the vicin-
ity of the phase-match temperature. The tempera-
ture half-width AT is given by

AT:(—I—'—:—Q) ll‘—%*(nz‘“—n“’)]_l , (24)

where 1, is the fundamental wavelength. From
this equation and the measured value of

7] o\~
W(nzw-n,°;)=1.05><10"‘( c)rt,

the temperature half-width of phase-matched SHG
from 1.064-um radiation is calculated to be

AT =AT®=(0.45/1) °Cem .

For most of the samples, the observed value of the
temperature half-width was found to be

AT = AT*2=(0.5/1) °C cm.

The nonlinear coefficient ds3 of barium sodium
niobate was measured as a function of temperature
between room temperature and 7. For this pur-
pose, a single-domain crystal with its two opposite
sides polished flat and parallel was mounted in a
high-temperature oven. The intensity of SHG due
to dg3 was monitored on a recorder as the crystal
was slowly heated up to its Curie temperature. The
second-harmonic power due to the nonlinear co-
efficient dg; at any given temperature T is given by
Eq. (4) which can be rewritten in the form

20 _ (512(ug )3/2(€ ) 2>d 33(p % ) expl- (a® +3a*)1)
Pext \ W2 (n® + 1) (n2 +1)?

ml
X 12, sin (Zl 33) (25)

1t follows from Eq. (25) that as the temperature
of the crystal is varied, the second-harmonic inten-
sity will oscillate through a number of maxima and
minima. Each oscillation corresponds to the intro-
duction of two additional coherence lengths. From
these oscillations, the coherence length 733 was ob-
tained as a function of temperature, the room-tem-
perature value of /33 having been previously deter-
mined from the Maker fringes. The sign of the
change in /33 was determined both from the tempera-
ture variation of the index of refraction and from
the Maker fringes at higher temperatures. The
temperature variation of ds; was then calculated
from Eq. (7) in which the second-harmonic intensi-
ty I (2w) outside the crystal was corrected for losses
due to the shifting of the absorption edge with tem-
perature. The values of n¢ and #2“ used in Eq. (7)
were taken from the data plotted in Fig. 3.

The observed temperature dependence of the co-
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FIG. 7. Temperature variation of the coherence
length 733 and the nonlinear optical coefficient d3; of
barium sodium niobate.

herence length /33 and the nonlinear coefficient dsg
of barium sodium niobate is depicted in Fig. 7. It
was found that above T, the crystals did not exhibit
any SHG, which suggests that the nonferroelectric
phase is centrosymmetric.

VII. DIELECTRIC PROPERTIES

The dielectric constants and conductances of the
barium sodium niobate crystals were measured at
1592 Hz with an automatically balancing Wayne Kerr
bridge which had a maximum accuracy of 0.1%. For
measurements as a function of temperature, the
sample with its platinum-paste electrodes was placed
between platinum contacts in a ceramic holder in-
side an oven. The temperature of the sample was
monitored by an iron-constantan thermocouple
placed adjacent to the crystal and a Pt-Pt+10%

Rh thermocouple placed below the holder about 1
cm from the crystal. At thermal equilibrium, the
temperature indicated by the two thermocouples
agreed to within +1 °C. The signal from the iron-
constantan thermocouple and a bridge signal pro-
portional to the measured capacitance and conduc-
tance were continuously monitored by two X-Y re-
corders.

At room temperature, the dielectric constants
of most samples were in the ranges

K,=238+5, k,=228+5, Kk,=43+2.

Technically, these are adiabatic values for the di-
electric constant, but the isothermal correction is
negligible.

The variation of k, with temperature is shown in
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Fig. 8. For most of the samples examined the
peak value of k, was in the range from 30x10° to
54x10% and occurred at a temperature in the range
from 560 to 590 °C. This variation of the Curie
temperature, like the variation of the phase-match
temperature discussed in Sec. VIC, is suggestive
of some compositional variations among the differ-
ent samples examined. For a sample whose stoi-
chiometric composition was established by wet
chemical analysis, the Curie temperature was
found to be 585 °C.

The reciprocal dielectric constant ;' is a linear
function of temperature above T and also for nearly
100 deg below T.. For temperatures greater than
T, the reciprocal of the slope dk;'/dT is the Curie
constant C, and the temperature intercept is 7.
For temperatures less than 7., the corresponding
quantities are C,; and T;. The nature of the dielec-
tric peak of the material is best described by these
four quantities. The apparent values of the peak
dielectric constant and T, are too easily affected
by heating rate and other spurious effects. In dif-
ferent samples, the difference T; — T, ranged from
0 up to 5 deg. The samples for which T, was in the
range from 560 to 575 °C had C, between 32x10*
and 37x10* deg and C, between —5x10% and - 7x10*
deg. The ratio of the slopes C,/C, was in the range
-6 to =7. For the samples which had T ~585 °C,
it was observed that

T,~ 583°C, T,~585°C, Cy~26x10*deg,

C,~~3.1x10* deg,

The maximum value of k, on cooling was usually
larger and occurred at a temperature a few degrees
lower than on heating. Such effects can be exagger-
ated by a too rapid rate of temperature change, but
a genuine thermal hysteresis was observed at slow
rates (~0.1 deg/min) at which the crystal was very

DIELECTRIC CONSTANT K,

I - ! 1

I B
100 200 300 400 500 600
TEMPERATURE (°C)

FIG. 8. Temperature dependence of the dielectric
constant k, for barium sodium niobate.
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near thermal equilibrium.

Except in the temperature region near the dielec-
tric peak, the equivalent parallel conductivity o was
approximately given by o=Me™*/*T | where the acti-
vation energies ¢ were in the range 0.96+0.02 eV
for T<T,and 1.1+0.1 eV for T>T,. The mu1t1p11er
M was found to vary between 1 and 20 (Q cm)™, The
conductivity passed through a local maximum at
about two degrees below the dielectric peak. The
values of the activation energy ¢ obtained from the
conductance data of the present study are in good
agreement with the results of the dc resistivity®?
which give ¢ =1, 00 eV in the range 480 to 700 °C
and 1, 33 in the range 770 to 900 °C. Compared to
the dc results, frequency-dependent dielectriclosses
resulted in significantly higher values of M and the
local extremas in the ac conductance near T,. The
variability in M was probably the result of crystal
defects, poor electrical contacts, and perhaps sur-
face conduction.

It was observed that the low-frequency dielectric
constant «, passed through a broad peak of about 600
in the vicinity of 7.. The parallel conductance also
passed through a local maximum a few degrees be-
low the peak in k, and the activation energy was
found to be about 1.0 eV.

VIII. ELECTRO-OPTICAL PROPERTIES

Orthorhombic barium sodium niobate has five
nonzero linear electro-optic coefficients (7,3, 723,
¥33, 742, 7s51). In the tetragonal phase only three
are independent because symmetry requires that
713= 733 and 74=75. The equation of the indicatix
is

1 1 1
(‘T + 1’13Ez) x2+(—z“+ TasEz) y2+ (’T + 1’33Ez> z
Ay nv Ne

+2vpEyz+ 275 E xz=1, (26)

The various coefficients can be evaluated from mea-
surements of light modulation produced by an elec-
tric field. The necessary directions of propagation,
polarization, and field are indicated in Table VI.

In every case the field-induced phase difference is

[(E) = (271/)\) An(E), 27
where [ is the length of the light path in the crystal

TABLE VI, Field-induced Axn(E) for specific propagation,
polarization, and field directions.?

Propagation Polarization Field Induced An(E)

Lx;and E % X3 LndryE, i=1,2,3
in xx, plane crossed x; niryE i=4,5°
at 45° to E i=1.2
Lx;x3 plane  crossed %3 vy —nir)E  i=1,2

xl Xy, X9=Y, X3=Z, N1=Ny, Ng=MNy, N3= 1/2
Png= rnynz(nwan,)'l/z, n5= f—n,‘n,(nern,)'
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FIG. 9. Block diagram of the experimental arrange-
ment for the electro-optical measurements.

and An(E) is the effective change in refractive index
or birefringence.

Electro-optic measurements were made with poled
and detwinned crystals with dimensions in the range
1to 5 mm. Silver and platinum paste were used for
electrodes at room temperature and elevated tem-
peratures, respectively. A special diagonally cut
crystal®® was used for the measurements of 7,; and
V51

The individual coefficients 7;5 (i=1, 2, 3) were
determined from the dc electric field required to
produce a shift of one-half fringe in the interference
pattern of a crystal mounted in the movable arm of
a Michelson interferometer which was illuminated
by a He-Ne laser. To measure the remaining quan-
tities, the crystal and a Babinet-Soleil compensator
C were placed between a polarizer P and an analyzer
A which were crossed at 45° to the plane containing
the field and the direction of propagation. The
amplitude-modulated light was passed through a
monochromator M to a photomultipler detector PM.

The measurements of 7,,, 75, and temperature
variation of V, were made with a cw He-Ne laser
and a 60-Hz alternating field. An alternating field
was used to reduce the buildup of space-charge
fields at elevated temperatures. The compensator
was adjusted to obtain maximum light intensity at
the zero-field crossover points. The resulting
120-Hz modulation was observed on an oscilloscope
and the amplitude of the voltage necessary to attain
the minimum light intensity was determined.

The measurements of the dispersion of

Vo= | 755 ~ (n:/n)* 735 (i=1, 2),
were made with a pulsed dc field. A block diagram
of the experimental arrangement is shown in Fig. 9.
The sequence of events was determined by pulses

from a triggering circuit TC controlled by a square-
wave generator S. The signal pulses which were
received and sent by the triggering circuit are dia-
grammed in the lower portion of Fig. 9. A pulsed
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TABLE VII. Magnitude of linear electro-optic coef-
ficients (10"2m/V) for barium sodium niobate at
A=633 nm.

Coefficient Low High
frequency® frequency®
713 151 7
y3 131 8
733 48+ 2 29
749 92+4 79
75 904 95
Vg3~ (/) 3715 31.9+0.4

V33~ (/1) 793 35.0+0.4

2Present work.
PReference 39.

(50-Hz) argon-ion laser, a cw He-Ne and a cw
Nd*:YAIG laser. were used as light sources L.

An operation amplifier OA (Kepco OPS-2000) was
driven at 25 Hz to provide a 20-msec rectangular
pulse with magnitude adjustable up to 2 kV. A box-
car integrator BC triggered by the rise or fall of
the field pulse was used to sample the light intensity
under full- or zero-field conditions, respectively.
In the case of the argon-ion laser, the boxcar gate
was adjusted to overlap the 40-pusec light pulses
which were triggered midway in the interval either
during or between field pulses. When used with the
continuous lasers, the boxcar gate was adjusted to
include most of the 20-msec interval either con-
current or between field pulses. The calibrated
optical compensator was adjusted to obtain a mini-
mum inthe light intensity measured alternately with
full and then zero field. The field-induced retarda-
tion was calculated from the difference between
compensator readings and was found to be a linear
function of the applied field.

The results of measurements involving the linear
electro-optic coefficients for 633-nm light are given
in the central column of Table VII. The uncertain-
ties indicate approximately one standard deviation
for repeated measurements of the same sample.
The absolute sign of the various coefficients was
not determined, but it was observed that 73, 7,
and 733 all have the same sign. Subtraction of indi-
vidual coefficients from the central column of Table
VII yields

| 733 = (n/n,)* 115 | = (30 2)x 1072 m/V

and
| 733 = (ny/,)* 735 | = (33 2)x 1072 m/V.

The measured values for these quantities are with-
in the uncertainty intervals of the values calculated
from individual coefficients. Thus, the results for
amplitude modulation were consistent with the re-
sults of phase-modulation experiments.

Values of the electro-optic coefficients which were

SINGH, DRAEGERT, AND GEUSIC 2

measured at approximately 100 MHz are given in
the third column of Table VII, These are generally
smaller, as is expected because of clamping ef-
fects.

It has been observed®* that the quadratic electro-
optic coefficients g;; for various oxygen octahedra
ferroelectrics are remarkably constant and inde-
pendent of temperature. It has been suggested®®:3®
that the linear electro-optic effect in this class of
materials is just the quadratic effect biased by the
spontaneous polarization Pg. This suggestion leads
to formulas® which relate the quadratic electro-
optic coefficients g;; to the linear coefficients 7;;.
These formulas, the present results for #;;, and
the corresponding values k=238, k, =228, «, =42,
together with a directly measured value®® of

Pg=0.40+0.01 C/m?

yield
o _{0.052£0.006, i=1 (o,
8127 Begli, - DPs  |0.04540.006, i=2,
:_.__ﬁ”____z 1 1 4 CZ. 29
#1= g yp, = 0-17+0.01 m¥/Ch  (20)
T _f0.11x0.01, 4j=42
Bu=¢ (k, - )Py {o. 11:0.01, 4=-51 - 0

It is interesting that gy; — g44~g1,. These values
for g;; are comparable to those measured for other
oxygen octahedra ferroelectrics, %37

When the electro-optic coefficients and dielectric
constants k=215, k,=205, x,=20 measured® at
high frequencies are used, the resulting quadratic
coefficients are, respectively, g,,=0.054 and 0. 061,
g11=0.22, and g,4=0.11 and 0.12 m*/C2%. The low-
and high-frequency measurements were not made
on the same sample, but it is clear that the clamp-
ing of the g’s is not severe and the clamping of the
7’s is primarily due to the dielectric constant Kyeo
These observations imply that the contribution of
the “false” linear electro-optic effect, i.e., from
the converse piezoelectric effect via the elasto-
optic effect, is small.

The variation of the half-wave voltage for =633
nm was measured as a function of temperature in
the range from 25 °C to near the Curie temperature.
The results for

Vo=\/|ndrg —nirz,|

are shown in Fig. 10. It was particularly difficult
to obtain data in the range from 275 to 425 °C be-
cause the sample conductance was increasing and
the optical-extinction ratio was poor. It was im-
possible to measure the half-wave voltage near T,
because the optical retardation fluctuated rapidly.
No modulation was observed in any of the crystals
for temperatures greater than 7,. The quantity
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FIG. 10. Variation of the half-wave voltage V,
=M Iniry3—ndryy | as a function of temperature for
barium sodium niobate.

M |n3733 —#iry5 | follows a similar curve and is
identical in the tetragonal phase. When the room-
temperature value of the half-wave voltage was
known, our experience indicated that the voltage
required at other temperatures could be predicted
from Fig. 10 by normalizing the curve to the room-
temperature value., These results are in reason-
able agreement with those of other workers. *°

The variation of

¥e= ’ V33— (nx/”z)37’13| =)/} V,)

as a function of wavelength is given in Fig. 11. The
decrease in 7, with increasing wavelength implies
a decrease in the g coefficients. Such a reduction
in the quadratic coefficients was observed®® in po-
tassium tantalum niobate. The quantity |73 - (n,/
n,)% 79| follows a similar curve, and experience
indicated that the variation of 7, for any crystal
can be determined by normalizing the curve in Fig.
11 to the value for the crystal at 633 nm.

Several parameters of technical interest for elec-
tro-optic modulators were evaluated., At room
temperature, the measured values of

V=)/[nd gy = nd vy

for 633-nm light ranged upward from about 1450 V
and the extinction ratios ranged downward from
about 25 dB. The ranges for the dielectric constants
have been given above. Corresponding quantities
must be used when evaluating a figure of merit in-
volving related and sometimes nonuniform mater-
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ial properties. A typical sample had an extinction
of 15dB, V,=1500 V, and k,=44, The calculated
energy-dissipation factor is €y, V§ =8.8%x10™* J/m.
This is less than one-third of the factor for LiTaO,
and is nearly two orders of magnitude smaller than
for potassium dihydrogen phosphate. * The tem-
perature data indicated that the product €y, V;
generally increased but that €, VZ decreased
steadily to about 3x10™* J/m as the temperature in-
creased up to 540 °C, Because of the rapid increase
in conductance, @ =wC/G is much lower at elevated
temperatures. The quantity (1/7)(5 /6 T) (1 An) was
found to be 3.9% 107 % deg™ which is comparable to
values for LiNbO; and LiTaO,. *!

IX. SPONTANEOUS POLARIZATION

The central quantity in all treatments of ferro-
electrics is the spontaneous polarization Pg. The
variation of Pg with temperature was calculated
from the measurements of dielectric and optical
properties of barium sodium niobate. In addition,
Ps was calculated from measured®? pyroelectric
properties. The results of these calculations are
shown in the four curves of Fig. 12.

The dotted curve was calculated by combining
measurements of electro-optic, dielectric, and re-
fractive data. The equation which was used follows
from Eqgs. (28) and (29):

PS = [ 260('{2-— 1) V,,(nggu—ngglz) ]-1 (31)

in which it was assumed that g,, =0. 17 and g,,=0. 05
m*/C?, independent of the temperature.

The dashed curve was calculated by combining
measurements of the birefringence and the indices
of refraction, For a crystal with P along the z
axis, it is easily shown that the crystal-polarization-
induced birefringence Ax is given by

An=-— (gu—gm)P:s)'ni”i/(anrnz)' (32)
. . . . . .
36+ E
S 4
~
E 34t i
o
[ - -
=]
= 32f .
Lu |
301 e
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FIG. 11. Wavelength dependence of 7,= | 733 — (n,/n,)°r 3|
=2/ n3V, for barium sodium niobate.
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FIG. 12. Variation of spontaneous polarization Pg of
barium sodium niobate with temperature. The dotted,
dashed, broken, and solid curves are calculated from
electro-optical, birefringence, pyroelectric, and non-
linear optical data, respectively.

The g coefficients were assumed to have the same
values as for Eq. (31).

The solid curve was calculated by combining mea-
surements of the nonlinear coefficient ds; and the
indices of refraction. Based on an anharmonic oscil-
lator model*® and a model® for oxygen octahedra
ferroelectrics which takes into account the Stark-
like shifts in the energy bands caused by P , it has
been shown that the Miller-6; coefficient is propor-
tional to Pg:

d
Ps o 0o TG A] Ger- 177

(33)

In this case, only relative values of Py were calcu-
lated, and the curve was normalized to the mea-
sured® value Pg=0.4 C/m?at 25°C.

The broken curve was calculated by integrating
the measured pyroelectric coefficient dPg /dT. This
curve was also normalized to the measured value
of Ps at 25°C.

The four curves of Fig. 12 are obviously not in
agreement., However, consideration of the possible
shortcomings of the different calculations indicates
that the lack of agreement is not unreasonable. The
two curves calculated from electro-optic and bire-
fringence data ignore any temperature dependence
of the g coefficients. In addition, the dashed curve
does not take into account any variation in the bi-
refringence caused by structural changes. The
electro-optic data used to calculate the dotted curve
may be inaccurate because the conductivity increases
rapidly as the temperature increases. If there is
a potential drop near the crystal surfaces because
of limited charge injection from the metal electrodes,
then the interior electric field is reduced and the
apparent half-wave voltage is increased. In this
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event, the values of P calculated from Eq. (31)
would decrease too rapidly as the temperature in-
creases because of increasing conduction,

The two curves calculated from pyroelectric and
nonlinear optical data are in good agreement except
in the range from 400 to 550 °C. The more gradual
change in the slope of the broken curve may result
because experimental problems in measuring a
rapidly changing quantity tend to reduce the height
of the peak in the pyroelectric current., The solid
curve, which was calculated from the variation of
033, is considered to be the best estimate of the
temperature variation of P in barium sodium nio-
bate. Because it was measured withanarrowbeam,
a much smaller volume of material was involved
in the measurement of dj; than in the dielectric
constant, the birefringence, or the pyroelectric
current,

X. FERROELECTRIC PHASE TRANSITION

The properties of barium sodium niobate were
examined from the point of view of the Devonshire
theory of ferroelectrics.* The thermodynamic
Gibbs function is expanded about its minima at the
phase transition:

G=Gy+3B(T - TY)P?+5yP*+% 6F5,
It is assumed that 6 is positive and that neither y
nor & is a function of 7. The nature of the transi-
tion depends upon the sign of y: The transition is
of first or second order as y is negative or positive,
respectively. The electric field is obtained from
the thermodynamic relation E=(8G/8P),. An
equation for the spontaneous polarization is ob-
tained by setting E =0:

0=T-Ty+(y /B)P%+(5/8)P% .

As T—T,, the solution Pg(7) is discontinuous or
continuous as y is negative or positive, respec-
tively. The reciprocal dielectric susceptibility
is obtained from [ €xk - 1)["*=(8 E/3 P) ;

= (a zG/aPZ) e

[ eplc= 1] =p(T=- Ty + 3yP%+ 56P%

The coefficients g and 7, are determined from data
for k;! for T> T,. When the temperature varia-
tion of Pg is known, it should be possible to deter-
mine the remaining Devonshire coefficients from
a comparison of either Eq. (35) or (36) with the
data. Such comparisons were made for barium
sodium niobate using the curves for Pg shown in
Fig, 12. Unfortunately, the values for y and §
determined by the method of least squares were
not consistent as the temperature range of the fit
was decreased.

One of the clearest indications of the order of the
ferroelectric transition can be obtained from an

(34)

(35)

(36)
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analysis of the dielectric constant. When the solu-
tion for PZ(7) from Eq. (35) is substituted into Eq.
(36), an equation for «(7) is obtained. A direct
comparison of this equation with experimental data
is not very helpful because the dielectric constant
is a rapidly changing function of temperature and
the data are too sensitive to spurious effects such
as heating rates. However, the rate of change of
k' with temperature is easily determined both above
and below T;. When the equation for ™! (7) is
differentiated, the following criterion is obtained?®’:

(dx™/dT) 1<z

C, V-6, firstorder, y<0
-I == =
(dK /dT)T)Tc 01 -— 2,

second order, vy >0.

(37
The fact that this ratio is -2 for a second-order
transition is well known. The fact that the ratio is
-6 for a first-order transition was apparently not
noted in the literature.

For barium sodium niobate, the observed ratio
is Co/C, £ —6. This fact is a clear indication
that the ferroelectric transition in barium sodium
niobate is not of second order.

If the transition is of first order, two questions
arise: Why is there no discontinuity observed in «,
and why is the observed ratio in the range from -6
to -9 rather than the expected - 6? The answer to
these questions may be in the quality of the material
which was measured. Because of striae, crystal
defects, or other nonuniformities, there are fluc-
tuations in the interatomic properties. As a result,
not all of the volume undergoes the phase transition
at the same time or even at the same temperature.
It is suggested that the observed dielectric-constant
curve is actually a superposition of a large number
of similar curves which are displaced slightly along
the temperature axis. Thus, the expected discon-
tinuity is not directly observed but its presence
causes a change in the slope (3x™!/387T) below T¢.

The implication is that the ferroelectric transi-
tion in barium sodium niobate is first order, but
that the transition region is broadened sothat param-
eters characteristic of the energetics of the transi-
tion are obscured. This explains the absence of a
discontinuity in the curves for Pg and may explain
the difficulty in determining y and 6. Variations in
the extent of broadening from sample to sample re-
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sult in variations in the sharpness and magnitude
of the peaks in the dielectric constant, pyroelectric
coefficient, and specific heat,

XI. SUMMARY AND CONCLUSION

The optical transmission, refractive index, bire-
fringence, dielectric constant, and nonlinear optic
and linear electro-optical coefficients of ferroelec-
tric barium sodium niobate have been measured
from room temperature up to the Curie temperature.
To within the experimental uncertainty, the refrac-
tive index and nonlinear optical coefficients were
independent of exact crystal stoichiometry. The
Curie temperature, phase-match temperatures, and
dielectric and electro-optic properties were sensi-
tive to stoichiometric variations. Values of the
Sellmeier constants, Curie constants, quadratic
electro-optic coefficients, and spontaneous polari-
zation were calculated from the data. Determina-
tion of accurate parameters is sometimes difficult
because most crystals contain growth striae or other
nonuniformities which cause fluctuations in proper-
ties. The ferroelectric phase transition is probably
first order.

Barium sodium niobate has large refractive in-
dices, and is optically transparent over a wide range
of wavelengths. Its large nonlinear and electro-
optical coefficients have made it a useful material
for phase-matched SHG, parametric oscillation,
and electro-optic modulation. Best utilization of
these optical properties requires production of uni-
form and striae-free material. The problem of at-
taining high optical quality consistently is neither
trivial nor unique. Striae and other nonuniformities
are common in most crystals, even well-known
materials such as Si.
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