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1.0 SUMMARY AND PROGRESS 

Tungsten bronze (T.B.) family crystals have been shown to be useful 

for a number of device applications, including eler.tro-optics, nonlinear opti- 

cal, pyroelectric and high frequency dielectrics. The current work reports on 

the development of go^d quality (acceptable for proposed device studies) 

Srj_xBaxNb20g, where x = 0.40 and 0.50, and morphotropic phase boundary I'MPB) 

compositions. Considerable progress has been made in several areas, including 

the growth of Ce- and Fe-doped SBN:60 crytals and the characterization of their 

ferroelectric and photorefractive properties. Based on current work, a number 

of new dopants have been idt-ntified for future investigation. This work also 

includes the continued effort to search for new T.B. systems and to identify MPB 

compositions for pyroelectric, electro-optic and photorefractive applications. 

Several doped (Ce3+/Ce4+ and Fe2+/Fe3+) and undoped SBN:60 single 

crystals have been grown by the Czochralski technique, and crystals as large 

as 2-2.5 cm in diameter have been successfully developed. The crystal quality 

and striations seem to depend strongly on the type of dopant incorporated. 

For example, Ce-doped SBN:60 crystals exhibit weak or no striations with ex- 

cellent optical quality, while Fe-doped SBN:60 crystals are heavily striated 

and have generally poor optical quality. Efforts are under way to establish 

the parameters that control the growth of these doped crystals and thereby 

improve their quality. The photorefractive properties of Ce-doped crystals 

can be evaluated effectively. The crystals seem to have promising device 

applications. Since the crystals have been grown in an oxygen atmosphere, it 

is difficult to predict whether both valence states such as Ce3+/Ce4+ and 

Fe /Fe  are present. Therefore, future work will include the determination 

of dopant valence states and their effect on the photorefractive properties. 

Anneal.ng studies on undoped SBN:60 crystals have shown that signi- 

ficant changes occur in the dielectric properties with changes in the cooling 

rate. Faster cooling rates appear to freeze in a narrower distribution of 

localized site preferences of the Sr and Ba ions, resulting in a closer ap- 

1 
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proximation to first order ferroelectric transition behavior and a significant 

reduction in tan .    No significant change of the Curie temperature was ob- 

served, so that the recent slight increase observed  (5-70C) must be attributed 

instead to the use of higher purity starting material^.. 

Extensive work has been performed on the flux systems required for 

LPE thin film growth of SBN and pt>i_xBaxNb20g (PBN) bronze compositions. 

Phase diagram work on the system SrV20ß-BaV20g-SrNb20fi-BaNb20g has determined 

that SBN:75 films can be grown from flux compositions which cover a relatively 

limited range in the phase diagram, end with a relatively high melting point 

(> 1250oC).    Work on the flux system Pb2V207-Ba2V207-PbNb2Ü6-BaNb206 has shown 

that only the rhombohedral  PBN phase can be precipitated, even when quenching 

to room temperature from 1250oC.    However, work on the pseudo-binary systems 

BaV206-PBN:60 and Pb1.xBaxV206-PBN:60 has resulted in the formation of the 

ferroelectric tetragonal  PBN phase,  and further research is being conducted on 

thece systems based on these encouraging results. 

Research has continued on the pseudo-binary morphotropic bronze sys- 

tems Ba2NaNb5015-Sr5NaNb5015 (BNN-SNN)  and Pb2KNb5015-Ba2NaNb5015 (PKN-BNN). 

Improved sintering of ceramic compositions from these systems has  resulted in 

significantly improved dielectric properties, particularly near morphotropy. 

Lattice constant evaluation of the BNN-SNN system has shown that two independ- 

ent pseudo-tetragonal   (mm2) phases exist adjacent to the morphotropic phase 

boundary, with an abrupt discontinuity in the Curie-Weiss coefficient occurring 

at this point.    The system PKN-BNN shows particularly dramatic changes in 

dielectric properties near the morphotropic 0.75 PKN-0.25 BNN composition, with 

an abrupt discontinuity in the b_and c_ lattice parameters, indicating the poten- 

tial  for particularly enhanced piezoelectric and electro-optic properties.    The 

system changes from a second order ferroelectric transition  (orthorhombic) to 

first order (tetragonal) with composition, with a steep decline in the Curie- 

Weiss coefficient.    Single crystal  Czochrolski  growth of selected compositions 

from these systems will  now be attempted. 

C6578A/bw 
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An extensive discussion of the thermodynamic phenomenology for tungsten 

bronze cr/stals is presented along with a tabulation of a number of thermody- 

namic constants based on current research and other data in the literature. An 

excellent fit to birefringence polarization data for i^Naf^O^ (BNN) is found 

for the Devonshire form of the Gibbs free energy expansion, and good agreement 

is found for a number of thermodynamic constants over a broad range of tungsten 

bronze materials. This indicates that the hypothesis of near-constant higher 

order stiffness parameters is a good approximation for tetragonal bronze ferro- 

electrics, thereby allowing the analysis of a very wide range of other bronze 

compositions. 

Measurements on the photorefractive effect in undoped and Ce-doped 

SBN:60 crystals at Cal Tech have shown a 5.5 increase in the two-beam coupling 

coefficient for Ce-doped material, but with a similar response tim^ of 0.12 s. 

A band conduction transport model is presented which indicates that response 

time may be reduced to 1 ms or less by a decrease of the number of empty ac- 

ceptor traps, NA, perhaps by means of crystal annealing in a partially reduc- 

ing atmosphere. 

C6578A/l)W 
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2.0    DEVELOPMENT OF OPTICAL QUALITY SBN CRYSTALS 

2.1 Material  Growth Techniques 

Most of the bronze compositions grown in our laboratory are based on 

solid solution systems; therefore suitable growth techniques to produce crystals 

free of optical defects such os striations, scattering centers and twinning must 

be developed. Striations and other defects are typical problems common to solid 

solution crystals, and it is often difficult to suppress them completely. How- 

ever, these problems can be reduced effectively such that the crystals can be 

useful for optical device studies. The difficulty of this task underscores the 

criticality of selecting appropriate growth techniques in the present work. At 

present, three differe t techniques have been chosen to develop SBN and othe. 

bronze crystals. They are as follows: 

1. Bulk Single Crystals: Czochralski technique 

2. Thin Films:        Liquid phase epitaxy (LPE) 

3. Strip Crystals:     Edge defined film-fed technique 

The first two techniques are well established in our current work, and 

bulk crystals and films of SBN compositions have already been grown. In the 

present report, the continued growth of striation-free SBN crystals and films is 

discussed along with associated growth problems, 

2.2 Growth Procedure 

Nb205, SrCOß, Fe203, Ce02 and BaC03 fine powders have been used as 

starting materials and have been weighed out in the desired proportions, as sum- 

marized in Table 1.    The batch mixture is ball-milied in acetone for 20-30 h, 

and then is poured into a large drying dish.    The dried powder is placed in a 

platinum reaction dish and is calcined at 1000oC for 10-15 h to eliminate car- 

bonates and any possible carbon from the pyrjlytic breakdown of residual  ace- 

tone.    The calcine powder is then ball-milied and refired in an oxygen flow of 
2 cfh at 1400oC 

4 
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Table 

Materials for Bulk Single 

1 

Crystal  SBN:60 Growth 

Crystal 
Composition 

Starting Materials 

— ■ ■» 

Conditions and Remarks     i 

SBN:60 a. SrCOß 135.08 gms Congruent melting composition 

b. BaCÜ3 115.48 gms Large crystals can be grown   j 

c. Nb205 398.73 gms Large electro-optic 

coefficient (^3) 

Total wt. 649.26 gms Melts at 1510oC 

Growth wt. 450.00 gms Crack-free and optical quality [ 

SBN:60 + Fe3+ a. SRCO3 135.08 gms Dielectric and electro-optic 

b. BaC03 115.48 gms coefficient increased        j 

c. Nb205 398.73 gms Growth of large crystals is 

d. FegOß 1.98 gms possible                 | 

to Enhanced photorefractive 

3.05 gms properties 

Total wt. 651.24 gms Crack-free crystals 

Growth wt. 450.00 gms 

SBN:60 + Ce3+ a. SrCOß 135.08 gms Dielectric and electro-optic 

b. BaC03 115.48 gms coefficient improved 

c. Nb205 398.73 gms Growth of large crystals is   j 

d. Ce02 1.00 gms possible 

to Enhanced photorefractive 

1.50 gms properties               i 

Total wt. 650.26 gms Crack-free and optical quality j 

Growth wt. 450.00 gms crystals 

for about 4-6 h. Phase checks and x-ray lattice constant measurements are made 

for each batch to ensure the use of a phase-pure bronze composition for crystal 

growth. A thick-wallad platinum crucible of 2 x 2 in. in dimension is used for 

this growth, and this container holds roughly 450 g of melt composition. 

C6578A/bw 
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2.3 Growth of Undoped SBN:60 Crystals 

As summarized in Table 2, we have grown a number of undoped SBN:60 

single crystals of excellent quality using the Czochralski technique. The 

growth process appears to be highly reproducible for this composition. Since 

the automatic diameter control (ADC) system is now well established to control 

the striation problem more effectively, we have begun tr introduce a few more 

changes in the current system to improve the crystal quality further. 

Recently, we found that small amounts of impurities have a drastic 

photorefractive effect in optical waveguide applications. Current optical 

measurements at NRL on SBN:60 crystals indicate that the elimination of impur- 

ities should significantly improve the optical quality for waveguide applica- 

tions. In view of this, higher grade starting materials have been used in our 

current growth experiments. Although i^inor changes in thermal gradients have 

occurred, this batch has been used to successfully grow several new SBN:60 

crystals. The quality of these crysals is significantly better; thus by con- 

trolling the thermal gradients more effectively, further improved optical 

quality should be possible. During the next six months we expect to have a 

sufficient number of crystals to analyze the crystal quality and thereby to 

further refine the growth technique. 

2.4 Growth of SBN:50 Crystals 

This composition was originally selected in the present work to use 

as substrate material for the LPE growth of bronze compositions. Since SBN:50 

exhibits large pyroelectric and electro-optic coefficients, and since the 

Curie temperature for this crystal is over 120oC, it is important that this 

crystal be further developed. However, growth is rather difficult as compared 

to the congruent melting composition, SBN:60, due to cracking while cooling 

through the paraelectric/ferroelectric phase transition temperature. In our 

earlier experiments, SBN:50 crystals were grown without using the ADC system. 

6 
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*To NRL 

Table 2 

Growth of SBN:60 Crystals 

Boule 
No. 2 

Date 
Grown 

Boule 
wt. 

Dip oc 
Rotation 

rpm 
Remarks, Observations 

185 05/29/84 16.7 ■491 5-8 Uncracked 

186 06/01/84 34.6 1489 - b Neck nearly defect-free 

187 06/06/84 38.3 1491 - 8 ADC used, uncracked 

18G 06/12/84 25 1482 5-15 New charge - flat top, 
heavily defected, cracks 
5 nines purity - less color 

189* 06/18/84 25.3 1484 -10 Unpacked - appears core-free 

190 06/21/84 18.6 1485 10-12 Uncracked - core-free 

191 07/10/84 27.8 1485 8-10 Uncracked - had to de-twin 

192 07/13/8/" 14.3 1486 10 One deep twin - cracked 
along one side 

193 07/:l0/84 27 1480 -12 Minor coring, uncracked 

194 08/02/84 38 1485 10 Good ADr, uncracked 
core-frt boule 

195* 08/23/84 42.5 1485 -10 1.8-1.9 cm dia, uncracked 

196 08/27/84 49 1485 10 2.0 cm dia, uncracked 

197 08/30/84 29 1490 10 Uncracked 

198 09/11/84 ~5 1490 10 Test new load cell 
(test crystal) 

199 09/25/84 29.5 1485 12 Test new crucible support 
(small boule) 

200 09/28/84 52.5 1485 5-10 Small bubble IT boule neck 
-19 nm dia 

201 10/03/84 41 -1485 5-10 Pink color boule, 19 mm dia 

202 10/05/84 41 -1485 5-10 Pink color, 18 nm dia 
Minor twinning 

203 10/10/84 18 -1485 -10 Pink, uncracked 

204 10/18/84 35.7 -1485 5-10 Dark pink, no twins, uncracked 

205 10/30/84 -15 -1485 10-15 Wine color, uncracked 

C6578A/bw 
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Results for SBN:60 ci'ystal  growths indicate that the use of this system is 
instrumental  in suppressing temperature fluctuations in the melt.    Using such 

an up-graded technique should minimize crystal  cracking greatly.    Furtherr   'e, 

we are also usi. ~ ultra-pure starting materials for this growth so that w«.    an 

eliminate cracking due to foreign cations.    We have already demonstrated the 

growth of SBN:50 up to 1 cm in diameter without using the ADC system, and this 

indicates that we should be able to further improve the size and quality of 

this crystal  for pyroelectric thermal  detector applications.    Once this tech- 

nique is well  established for undoped crystals, we may introduce La^+ in order 

to enhance the pyroelectric response, as the benefits from the substitution of 

Le3+ in SBN are well  known (Liu, et al13). 

2.5 Effects of Annealing on the Dielectric Properties of SBN:60 

In the unfilled T.B. structure, both the Sr2+ and Ba2+ cations are 

distributed over the 15- and 12-fold coordinated sites.    The influence of this 

site distribution on the dielectric properties, particularly below the Curie 

temperature, Tc, is not known to any great degree, however.    The possibility 

arises that one might be able to influerce the dielectric properties of SBN 

through changes in the high temperature onnealing procedures used for this 

ferroelectric bronze.    This interest was spurred further by the observation of 

an increaso in Tc and the room temperature dielectric constant for recent 

SBN:60 crystal  growths.    Thesa high-purity growths have shown a Curie temper- 

ature of 77-790C, compared to earlier 71-730C values, and a room temperature 

dielectric constant of 900-950, in contrast with poled values of 500-700 for 

earlier growths.    Both post-growth annealing procedures and melt impurity 

content could play a role in these differences. 

We decided to examine the effects of the annealing procedure on a 

recent, high-purity SBN:6C crystal.    Specifically, the crystal was annealed at 

1400oC in pure oxygen for four hours - typical of our current procedure -• and 

then was cooled at two different rates of 50oC/h and 200oC/h.    The c-axis 

sample was then poled at 7.5 kV/cm and the dielectric properties were 

8 
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measured. The results for these experiments are tabulated in Table 3. The 

Curie temperature Tc did not change appreciably, but other properties such as 

the Curie-Weiss coefficient Cc, the dielectric constant, and the dielectric 

loss are seen to be influenced considerably by the cooling rate. 

Table 3 

Annealing Effects on Poled SBN:60 (c-cut) 

Cuoling 

Rate 

Tc 
(0C) 

cc 
(0C) at Tc 

er 
at 230C 

tan6 

at 230C 

50oC/h 

200oC/h 

77 

79 

3.87 x 105 

4.27 x 105 

59,700 

69,100 

978 

906 

0.0041 

0.0020 
l 

Compared to the results for a 50oC/h rate, the data for a 200oC/h 

rate show significantly higher values for Cc and er at the Curie temperature, 

but lower values for tan6 and er at room temperature. The last point is par- 

ticularly curious, since intuitively one would expect a higher value of er at 

room temperature from the higher Curie-Weiss coefficient. But in fact, the 

200oC/h rate produced a room temperature dielectric constant 8% lower than 

that for the 50oC/h rate. These data are highly reproducible, in that a given 

annealing procedure did not influence the results of any subsequent annealing 

test. 

Several tentative conclusions can be drawn from these data. First, 

the higher cooling rate tends to "freeze-in" the ionic site preference distri- 

bution at a higher effective temperature thar does the slower cooling rat». 

Because of this, one expects that the site preference distribution will be 

statistically narrower in the high cooling rate case, with a resultant de- 

crease in the distribution of localized Tc values about the nominal value of 

790C. As a result, the dielectric characteristics below the Curie temperature 
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will be slightly closer to near-ideal first order phase transition behavior, 

with a corresponding decrease of er at room temperature •• this in spite of the 

observed 10% increase in the Curie-Weiss coefficient. However, the effect 

observed here is relatively small. Perhaps of far greater significance is the 

factor of two decrease of tan6 in the high cooling rate case; this may also be 

tentatively associated with a reduction of the site preference distribution. 

If so, further reductions of the already moderately low tan6 v..lues in SBN:60 

may be possible. 

The recently observed increase of Tc for SBN:60 crystals is not asso- 

ciated primarily with post-growth annealing procedures. A more likely expla- 

nation is the fact that recent SBN Czochralski growths have utilized high- 

purity starting materials (99.999%); it is well known that impurities such as 

iron, for example, can significantly lower the Curie temperature of SBN. The 

nearly 50% increase of tiie room temperature dielectric constant for the higher 

purity crystals remains puzzling; although permittivity values for the higher 

purity crystals are highly uniform from growth to growth, in contrast with the 

wide scatter observed for earlier growths. Hence, these results for SBN:60 

cannot be considered conclusive, but must await further growths and experi- 

ments, particularly with regard to the effect of low-level dopants on the room 

temperature dielectric properties and Curie-Weiss behavior. 

2.6    Growth of Doped SBN:60 Crystals 

The main objective of this task is to enhance the photorefractive 

sensitivity and speed of ferroelectric SBN:60 single crystals using specific 

impurity species. The current trend in ferroelectric materials indicates that 

the photorefractive sensitivity of SBN:60 is very large, on the order of 10"3 

or higher. However, the response time for these crystals is relatively slow 

when compared with the best known nonferroelectric cubir Bi^S^o (BS0) crys- 

tals, which have a response time typically on the order of 1 ms. 

In order to improve response time and sensitivity, considerable prog- 

ress has been made using appropriate dopants in materials such as SBN:60, 
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KNbOß, BaTi03, and LiNbC^.    The most commonly used dopants in these crystals 

include Fe2+/Fe3+, Ce3+/Ce4+, Mo^/Mo6"1-, and U4+/U6+.    To develop high sensi- 

tivity and fast response in tungsten bronze SBN:60 crystals, effort has focussed 

on the increase of the space charge field, E, since the change in refractive 

index, An, is linearly proportional to E from the relation 

An = 1/2 n^jEj      , 

where r = electro-optic coefficient. 

Table 4 summarizes the various dopants selected in the present study, 

their valence states, and their anticipated site preferences in the tungsten 

bronze structure. Since the role of Fe2+/Fe  and Ce3+/Ce4+ has been widely 

studied in various ferroelectric crystals, the present work has concentrated 

on these dopants. The growth and feasibility of SBN:60 crystals doped with 

these ions have been discussed in our previous report. Since then, consider- 

able progress has been made to improve the quality of these crystals for po- 

tential use i:i photorefractive device applications. 

Table 4 

Role of Dopants in SBN:60 Crystals 

Site Preference Tc Dielectric 

Dopant IB-fold 12-fold 9-fold 6-fold Configuration Basic "C Constant 

Ce3+ Ce3+ - - 4fl5s2p6 2hn Reduced Increased Large Crystals 

Ce4+ Ce4+ Ce4+ Ce4+ - - Reduced Increased Large Crystals 

Fe3+ - - Fe4+ 3d5 6s5/2 Reduced Increased Large Crystals 

Fe2+ - Fe2+ Fe2+ 3d6 \ - Increased Large Crystals 

Cr3+ - - Cr3+ 3d3 'hit - - - 

Mn2* - Mn2+ Mn2+ 3d5 6h/2 - - - 

Mn3* - - Mn3+ 3d* \ 

Hb**' Reduced Increased Large Crystals 

♦Nb5* reduces to Nb*+ at high temperature. 

11 
C6578A/bw 

'■-■/>■ .■>.'-•, 

•■^■•^ 
v"-.—''"*•'- -: <: ■% <. üü 



* 
Rockwell International 
Science Center 

SC5340.8SA 

Table 5 summarizes the growth conditions, dopant concentration, and 

crystal properties for these growths. Both Ce3+- and Fe3+-doped SBN:60 single 

crystals have been grown by the Czochralski technique equipped with automatic 

diameter control (ADC) system. Growth of these crystals has been successful, 

and crystals as large as 2 to 2.5 cm in diameter have now been grown. This is 

the first time such large size Ce3+-doped or Fe3+-doped SBN:60 single crystals 

of excellent quality have been grown for photorefractive studies. The addi- 

tion of these dopants in the SBN:60 melts has a significant effect on thermal 

conductivity; however, necessary changes in the after-heater profile were made 

to correct this problem. 

Table 5 

Growth Data on Doped and Undoped SBN:60 Crystals 

Property SBN: 60 Fe3+-SBN:60 
(0.01-0.10X) 

Ce3+-SBN:60 
(0.01-0.05%) 

Growth Temp CO 1510 1500 1520 

Crystal Size 
' .lameter) 

2 to 3 cm 2 to 2.3 cm ~ 2 cm 

Color of Crystal* Pale Yellow 1. Yellow to green 
(as-grown) 

2. Deep yellow 
(after oxidizing) 

1. Pale yellow to orange 
(as-grown) 

2. Orange 
(after oxidizing) 

Defects Almost str1at1on-free Heavily striated Weakly striated 

Quality Excellent Moderate Excellent 

Tc CC) 72 51, x - 0.1% 70, x - 0.01% 

Dielectric Constant €33 ■ 900 £33 - 3400, x - 0.1% C33 " 1300. x - 0.01% 

♦The coloration depends strongly on the concentration of dopant^ 
•♦Enhancement In dielectric constant Indicates proportional Increase In electro-optic 

coefficient. 
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Figures 1 and 2 show Fe- and Ce-doped SBN:60 crystals grown along the 

c-ax1s.    The Fe-doped SBN:60 crystals are pale yellow to deep green in color 

after growth, depending on the concentration of Fe in the crystals.    However, 

all  crystals changed to a deep yellow color after oxiding in oxygen at 1000oC. 

This result indicates that the addition of Fe3+ might be reducing Nb5+ to 

Nb4+, or alternatively there may be a small amount of Fe^+ present; further 

work is necessary to confirm this.    In the case of Ce-doped SBN:60 crystals, 

the crystal  color is pink and it persists even after oxiding at 1000oC.    In 

both cases, fracture-free and reasonable quality crystals have been grown by 

this technique.   The crystal habit for these crystals is similar to undoped 

crystals, and it is based on 24-facets of four prisms:    (100), (110), (120), 

and  (130). 

SC85-29887 

Fig. 1 Fe-doped SBN:60 grown along the c-axis. 

13 
C6578A/bw 

aa.tA.m.j.T.V-.A^.., 1-1 ■- 1 

•y-y^y'. '■_."• ."•.>> -' 

-.<:-. 



—t"« ■'jiitiiijiii im' 

* 

8085-29888 

Rockwell International 
Science Center 

SC5340.8SA 

Fig. 2   Ce-doped SBN:60 grown along the c-axis. 

In the present work, the Curie temperature, Tc, and dielectric prop- 

erties of these crystals have been obtained by measuring capacitance and con- 

ductivity as a function of temperature.    The technique is relatively simple 

and the measurements are made routinely using a computer-controlled capaci- 

tance bridge (HP 4274A).    The test specimens used for the dielectric measure- 

ments are approximately 5-7 mm in diameter and 1-2 mm thick, and are coated on 

each side with platinum by a standard sputtering technique.    Both the dielec- 

tric constant and Tc for Ce- and Fe-doped SBN:60 crystals are presented in 

Table 5.    The results of these measurements show that Tc decreases for both 

dopants while the dielectric constant increases significantly, indicating a 

simultaneous increase of electro-optic coefficient along with an increase of 

the space charge field. 

Optical  evaluation of Ce- and Fe-doped SBN:60 crystals under a high 

resolution crossed-polarized microscope indicates that the Ce-doped SBN:60 
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crystals show Tiinimum or no striations, while the Fe-doped SBN:60 crystals grown 

under similar conditions show a highly striated pattern. Figure 3 shows the 

striation patterns for both Ce- and Fe-doped SBN:60 crystals. The growth inves- 

tigation indicates that the striation pattern can be controlled effectively by 

adjusting the pulling and rotation rates for the Ce-doped SBN:60 crystals, and 

the quality was found to be satisfactory for subsequent photorefractive studies, 

discussed in detail in Section 6.0. The existence of striations in the case of 

the Fe-doped crystals is clearly associated with the presence of Fe, since 

changes in the rotation or pulling rates had virtually no effect on the stria- 

tion pattern. In the tungsten bronze structure, Ce  and Ce  are expected to 

occupy 12-fold coordinated sites, while Fe2+ and Fe3+ ions are expected to 

occupy the 6-fold coordinated site. Based on the present results, it seems that 

the striations depend strongly on the type of impurity cation and its location 

in the structure. This is an interesting piece of information, and we plan to 

pursue this in more detail. For the next six months the following aspects of 

SBN crystal growth will be studied: 

• Establish the valence states of Ce in SBN:60 single crystals. 

• Establish whether any free Nb4+ is present in SBN:60 crystals and 

its effect on photorefractive properties. 

• Improve the current growth technique to suppress the striations 

present in Fe-doped SBN:60 crystals. Also establish the concen- 

tration at which the striations appear. 

• Identify another suitable dopant which will occupy the 12- or 15- 

fold coordinate sites, e.g., Tb3+/Tb4+, Eu2+/Eu3+, or other 

cations. 

• Establish the ferroelectric and electro-optic properties with 

respect to new dopants and evaluate their potential suitability in 

photorefractive applications. 
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SC85-29886 

Fig. 3   StMation patterns for Cvi-doped (upper) and Fe-doped  (lower) 
SBN:60 crystals. 
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3.1 

3.0    LIQUID  PHASE  EPITAXIAL GROWTH OF BRONZE COMPOSITIONS 

Introduction 

In our previous report, we described how to choose a proper flux com- 

position for LPE growth of SBN:75 films on SBN:60 substrates by means of es- 

tablishing the partial  quaternary phase diagram SrV205-BaV20g-SrNb206-BaNb206. 

Unfortunately, as a result, we found that the growth of SBN:75 films on SBN:60 

may not be easy, since not only a relatively narrow range of suitable flux 

compositions must be dealt with, but also a necessarily high flux melting 

point  (greater than 1350oC).    Hence, our recent work has focussed on the LPE 

growth of SBN:50 on SBN:60 substrates. 

For the LPE growth of bronze PBN:60 films on SBN:60 substrates,  both 

the Pb2V207-Ba2V207-PbNb206-BaNb206 and PbV206-BaV206-PbNb206-BaNb206 flux 

systems have been studied.    Only the nonferroelectric rhmbohedral  phase pre- 

cipitated out for a Pb/Pb+Ba ratio greater than 60%.    We have now extended our 

study in the flux system PbV206-BaV20ö-PbNb205-BaNb206 for Pb/Pb+Ba ratios 

less than 60%. 

3.2 LPE Growth of SBN on c-cut SBN:60 Substrates 

In previous work, we demonstrated that SBN:40 LPE films could be suc- 

cessfully grown on SBN:60 a-cut substrates.    The same set-up has now been used 

for the growth of an LPE film on SBN:60 c-cut substrate, a 35% Sro#5oBa0.50Nb206 

+ 65% BaV206 flux used for this study. 

The flux was first melted at 1050oC.    The c-cut SBN:60 substrate was 

dipped into the flux for 15 min and a 30 pm thick film was grown on the sub- 

strate, as shown in an edge view in Fig. 4.    From the x-ray diffraction studies 

of the (002),  (003) a^i (004) peaks (Fig.  5), clearly the composition of the 

film is different  from that of the s-bstrate  (SBN:60), and is close to SBN:50 

based on earlier single crystal   results. 
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Fig. 4   Edge view of a nominally SBN:50 epilayer grown on a c-cut SBN:60 
substrate.    Film thickness is 30 pm. 
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3.3    FTux Systems for PBN:60 

Since we were previously unable to find either tetragonal or orthorhom- 

bic ferroelectric bronze phases in the PbVgOgBaVs-C^-Pbl^Og-Baf^Og system for 

a Pb/Pb+Ba ratio greater than 60%, we turned our attention to the other part of 

the phase diagram where the Pb/Pb+Ba ratio is between 20% and 60%. Table 6 

lists several different flux compositions that have been studied in this region. 

Figure 6 shows the phase diagram results in which the solid circles represent 

the tetragonal bronze phase, the triangles represent the rhombohedral phase, and 

the squares represent other observed phases. This work shows that only in the 

shaded area of Fig. 6, which includes the flux compositions No. 3, No. 6, 
Pb0.6Ba0.40NI:)206 and ^O.ZO^O.SO^Z^» can a sin91e P^ase tetragonal bronze be 
formed. 

Table 6 

LPE Flux Systems for PBN 

No. Composition Pb/Pb + Ba Melting Tenip 
CO 

Remaining Phase 

1 80% BaV206+ 20% Pb0#5Ba0>4Nb206 0.12 Melted, 1000oC Other 

2 70% BaVgOg + 30% PbggBaQ^NbgOß 0.18 Melted. lOOO^ Tet. PBN + BaNb20g 

3 50% BaVgOg + 50% Pbo<6Ba0i4Nb206 0.30 Melted, 1250oC Tet. PBN 

4 65% BaV206 + 35% Pb^gBaQ^NbgOg 0.21 Melted, lOOO'C Tet. PBN + Rhom PBN 

5 65% Pb0#4Ba0>gV20g + 35% Pb0i4Ba0 gNb206 0.40 Melted, 1000oC Rhom PBN 

6 50% PbQ^Bao^Og * 50% Pb0t4Ba0 gNb206 0.40 Melted, 1100oC Tet. PBN 

7 50% Pbo.5Ba0,5V2Og + 50% Pb0>5Ba0 5Nb20g 0.50 Melted, 1150oC Rhom PBN 
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Fig. 6    PbV206-BaV206-PbNb206-BaNb206 phase diagram for LPE. 
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The LPE growth of PBN:60 films on SBN:60 substrates is currently in 

progress in our laboratory.    The initial  results indicate that the volatility 

of Pbö will be a significant problem in the LPE growth process. 
Future work will  focus on the following: 

• Lattice parameter standards for pb1_xBaxNb20g. 

• Establishment of suitable flux compositions for the LPE growth 

of PBN films. 

• Determination of problems involved in the LPE growth process and 

required growth procedure modifications. 
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4.0 NEW TUNGSTEN BRONZE SYSTEMS FOR ELECTRO-OPTICS 

Several of the more interesting tungsten bronze systems show morphotro- 

pic phase boundaries (MPB) which depend primarily on composition rather than on 

temperature. Ceramic or single crystal compositions adjacent to such boundaries 

show considerable enhancement, of electro-optic, dielectric, piezoelectric, elec- 

tromechanical and pyroelectric properties because of the proximity in energy of 

an alternate ferroelectric structure. In the present work, two such systems, 

Ba2Na'lb5015-Sr2NaNbtj0i5 and Pb2KNbtj015-Ba2NaNb5015, have been investigated and 

are found to have MPB conditions with exceptionally high dielectric and other 

properties. In this report, we present further dat? on these bronze systems 

based on continued work. 

4.1    BayNaNb^O^-SrpNaNb^O^ System 

Tungsten bronze barium sodium niobate (BNN) has been shown to be an 

outstanding material for electro-optic and nonlinear optic applications, partic- 

ularly for second harmonic generation of near-IR laser radiation. The material 

was first discovered in 1967 by researchers at Bell Labs,4'6 and was found to 

have a number of useful nonlinear optic and piezoelectric properties. Stoichio- 

metric Ba2NaNb50i5 is orthorhombic at room temperature with lattice constants 

a = 17.592Ä, b ■-  17,626Ä and c = 3.995Ä, as determined from high angle x-ray 

measurements.7 Above 260oC, an orthorhombic to tetragonal transformation occurs 

in which microtwinning is usually observed in single crystals, but with no 

significant dielectric anomalies. The Curie point is at approximately 5/0oC. 

During this contact we began an investigation of the pseudo-binary sys- 

tem Ba2NaNb5015-Sr5NaNb5015 (BNN-SNN) in the search for new morphotropic phase 

boundary compositions at which enhanced piezoelectric, pyroelectric and electro- 

optic properties are anticipated. For ceramic material with a compositional 

variation (l-x)BNN-(x)SNN, a minimum in the Curie temperature was found for x = 

0.60, at which Tc = 170
oC, as discussed in the last report. Further measure- 

ments and data evaluation have now been done on this system, and a number of 

interesting features have been uncovered. 
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Figure 7 shows the computed least-squares lattice parameter evaluation 

for BNN-SNN based on an extensive series of powder x-ray measurements at room 

temperature.    As seen in this figure, the c_ lattice constant varies almost lin- 

early with composition over the entire range.    In contrast, the _a, and ^ param- 

eters  remain nearly constant up to a 0.60 SNN composition, at which point a dis- 

continuity occurs.    Because of the pseudo-tetragonal  nature of the BNN-SNN sys- 

tem, it is very difficult to establish from powder x-ray data whether or not a 

true tetragonal  or orthorhombic structure exists near this point.    However, two 

independent pseudo-tetragonal  phases exist near x = 0.60, which is also re- 

flected in the Curie-Weiss dielectric behavior for this system.    Examination of 

the Curie-Weiss coefficient, Cc, shows an abrupt discontinuity at x = 0.60, as 

shown in Fig. 8.    The dielectric behavior for sintered ceramic samples remains 

first order (e < Tc) over the entire compositional  range, with e values vary- 

ing smoothly with composition, as shown in Fig. 9. 

20 40 80 
MOLE % SNN 

- 3 94 

390 

- 3 86 

80 SNN 

Fig. 7 Lattice parameters vs composition for the system (l-x)BNN-(x)SNN. 
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Fig. 8 Curie-Weiss constant vs composition for the system (l-x)BNN-(x)SNN. 
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Fig. 9 Curie temperatures T , e vs composition for the system 
(l-x)BNN-(x)SNN. 
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These figures help to explain the behavior of the dielectric properties 

as a function of composition, which are presented in Fig. 10. At the Curie 

temperature, the dielectric peak is given by 

Cc (4.1) 

Since for x near 0.6 there is a strong discontinuity in Cc with only a slowly 

varying 9, one expects a rather dramatic rise in er for x > 0.6, as observed. At 

room temperature, the dielectric constant is also expected to rise as a result 

of the Tc minimum and the abrupt jump of the Curie-Weiss coefficient. Hence, 

the anomalous data point at x = 0.67 in Fig. 10, which has been reconfirmed, is 

in fact expected. Less understood, however, is the apparent sharpness of the 

room temperature dielectric constant for 0.6 < x < 0.7. Curiously the paraelec- 

tric Curie-Weiss term is only one factor in the full Devonshire dielectric 

stiffness expansion for T < e. 
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Fig. 10   Dielectric constant 
(l-x)BNN-(x)SNN. 

at Tr and 230C vs composition for the system 
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The system (l-x)BNN-(x)SNN appears to show morphotropic phase boundary 

behavior in spite of the fact that both end members are pseudo-tetragonal  in 

form.    No measurable increase of the orthorhombic distortion near x = 0.6 ap- 

pears, but rather an abrupt and simultaneous change of the ^ and ^b lattice 

parameters.    This unusual  situation for pseudo-binary bronzes perhaps may be due 

to the ferroelasticity of BNN.    Certainly, single crystal  growth of near-MPB 

composition crystals should improve understanding of this interesting system. 

4.2 Pb^KNb^Om-BapNaNb^O^ System 

Another tungsten bronze of interest is Pb2KNbij0j5 (PKN).    This com- 

position has been grown successfully in hot-pressed ceramic form by Nagata 

et al8 in Japan with a high electromechanical  coupling constant, kt = 0.40, and 

good polarization.    As such, it represents an attractive candidate for SAW, 

piezoelectric and pyroelectric device applications.    However, its relatively 

high Curie point  (470oC) makes it very difficult to completely pole.    It is also 

prone to cracking above 1200oC growth temperatures and, hence, to the attainment 

of optically transparent hot-pressed material. 

Because of the orthorhombic structure of PKN, the possibility of ob- 

taining a morphotropic phase composition in combination with pseudo-tetragonal 

BNN is presented.    To this end, we began an investigation of the pseudo binary 

bronze (l-x)Pb2KNb5015-(x)Ba2NaNb5015 using cold-pressed and sintered ceramic 

samples.    A morphotropic phase boundary condition was,  indeed, found for the 

composition 0.75 PKN-0.25 BNN, with a sharp minimum in Tc (280oC) and dramatic 

changes in the dielectric properties near the MPB, as shown in Fig. 11.    Again, 

the Curie-Weiss dielectric behavior of this system helps to shed light on the 

compositional  variation of the dielectric properties.    Figure 12 shows the 

Curie-Weiss coefficient as a function of composition, and Cc varies rapidly up 

to x = 0.5, with a sharp discontinuity occurring at the MPB. 
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Fig. 11 Dielectric constant at T. and 230C vs composition for the system 
(l-x)PKN-(x)BNN. 

Fig. 12 Curie-Weiss constant vs composition for the system {l-x)PKN-(x)BNN, 
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The variations of Tc and 6 with composition, based on recent and ear- 

lier measurements, are shown in Fig. 13. The system shows second order phase 

transition beha/ior {Tc = 9) on the orthorhombic (PKN-rich) side of the MPB, 

and first order behavior on the pseudo-tetragonal side. This second to first 

order change is largely responsible for the steep decline of the dielectric 

constant at the Curie temperature, as shown in Fig. 11. The peak in the dielec- 

tric constant at room temperature, on the other hand, is due to the rapid de- 

cline of Tc and 9 on the orthorhombic side of the composition up to the morpho- 

tropic phase boundary, followed by a change to first order with a rapid increase 

of 9 and a decrease of Cc. However, due to a tail in the dielectric stiffness 

characteristics for T << u the room temperature dielectric values are all nearly 

a factor or 2 greater than the predicted values from classical second order 

transition theory, given by 

(T < 9)  . (4.2) 

This behavior is observed over the entire compositional   range; an example is 

given in Fig.  14 for x = 0.60. 

The PKN-BNN system displays some very strong changes  in the dielec- 

tric properties at the morphotropic phase boundary.    These changes are consis- 

tent with the abrupt change in _b and _c lattice parameters discussed in the 

last report.    As such, compositions near the MPB could be very attractive for 

both pyroelectric  (x > 0.25) and electro-optic (x < 0.25) applications.    Cer- 

tainly single crystal  growth of this material  would be desirable, although as 

a Pb-containing solid solution, Czochralski  growth may be difficult.    An al- 

ternative in this case may be hot-pressed, grain-oriented ceramic densifica- 

tion if single crystal  growth proves infeasible. 
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Fig.  13    Curie temperatures Tc,  e vs composition for the system 
(l-x)PKN-(x)BNN. 

Fig. 14   Reciprocal  dielectric properties of 0.40 PKN-0.60 BNN as a function 
of temperature.   Phase transition is first order. 
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5.0    THERMODYNAMIC PHENOMENOLOGY FOR BRONZE FERROELECTRIC SYSTEMS 

5.1 Phenomenology 

An empirical thermodynamic elastic Gibbs function that will  describe 

the polarization induced changes in the dielectric, elastic, thermal, piezo- 

electric and electro-optic properties in all  possible simple proper ferroelec- 

tric phases of the tungsten bronze structure ferroelectrics can be developed. 

Under the symmetry constraints ^f the 4/mmm point symmetry of the 

prototype form of the bronzes, the permitted dielectric stiffness a-jj, fourth 

order stiffnesses «iji^, electrostriction constants Q\i^] elastic compliances 

s^j^-j and sixth order dielectric stiffnesses aij|(imn are listed in Tables 7 

through 10. 

Table 7 

Equivalent Second and Fourth Rank Dielectric Terms for 4/mmm Symmetry 

Nyr's Matrix Notation Full Tensor Notation 
Number of 

Equivalent Terns 
Tern sy« etry Equivalent Terns Term Symmetry Equivalent Terns 

"l a2 all a22 
2 

a3 a33 
1 

all a22 allll a2222 
2 

a12 
a2r a66 a1122 a1212' 

a2121' 

a1221' ^m' 
a22n 

a13 a31' 023' a32' a44• a55 a1133 a3311• 
a2233, ol313. 12 

<a44 
- 4a2323) "nn- 

0313l• 

a3223' 

ann' 03ll3, 

o2323, a2332, 

a3232 

a33 a3333 
1     \ 
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Table 8 

Equivalent Electrostriction Terms for 4/mmm Symmetry 

Nye's Matrix Notation Pull Tenaor Notation 
Ni«ber of 

Equivalent Terns Ter» Symmetry  Eq ulvalcnt Teraa Ter« Symmetry  Equivalent TekM 

^11 ^22 Qllll Q2222 

"12 021 Q1122 Q22U 

"13 ^23 Q1133 <)2233 

"31 ^32 Q3311 Q3322 

«33 Q3333 

<*« %i <)2323 Q2332, 

Q1313- 

03151 

Q3223, Q3232• 

Q1331, 08113' 

%(, Q1212 Q1221• 02112' O212I 
A 

Table 9 

Equivalent Elastic Compliance Terms for 4/fflm Symmetry 

Nye's Matrix Notation Full Tensor Notation Nunber of 
Equivalent Terns 

Ter« SyHKtry Equivalent Terns Term Synmetry Equivalent Terns 

"11 •22 "mi 82222 

812 •21 ■1122 a2211 

813 
s , a23, 832 ■1133 ■3311' "2233' '3322 

»33 ■3333 

B44 •55 •2323 ■2332* 

■1313' 

'3131 

■3223' •3232' 

■1331' 'sin* 

•66 ■1212 •1221' •2112* "2121 
4 
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Table 10 

Equivalent Sixth Rank Tensor Terms of the Form a{P6) for 4/mm Symmetry 

Ten Syanctry Related Teraa Number of 
Equivalent Tenm 

"ill 
222 2              j 

a112 121. 
626. 

616, 
662. 

661. 
122 

211, 221. 266. 30 

aU3 
131. 
42A. 

515. 
U2. 

551. 
322 

331. 223. 244, 30 

a123 132. 
654. 
255, 

525. 
552. 
«6. 

645, 
321, 
213, 

546. 
441. 
414. 

636. 
231. 
312 

663, 
465, 

90 

a133 553. 
332. 

331, 
344. 

355. 
323 

313. 233. 434, 30              j 

a333 1              | 

Using the reduced notation 11 -»• 1, 22 ■> 2, 33 + 3, 23 or 32 ■>  4, 13 

or  JI ' 5 and 12 or 21 ->■ 6 the elastic Gibbs function takes the form 

AGi = ^(P* + P^)  + «ji + an{?l + P^)  + arfl 

+ a13(PlP3 + P2P3) + a12PlP2 + a333p63 

+ alll(P5 + P2)  -7S11 (X? + X2)  -S12X1X2 

- s13(X1 + X2)X3 - ^ s33X3 - ^ s44(x4 + y 

-7s66S6-Qll(P?Xl + P2X2) -Ql2(P!x2 + P2Xl) 

" Ql3(P?X3 + P2X3^ " Q3l(P3Xl + P3X2) 

- Q33P32X3 " Q44(P2P3X4 + P1P3X5) 

Q66P1P2X6 (5.1) 
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The first partial  derivatives with respect to the polarization give 
the field components 

+ 2a12PlP2 + 6*nA 

+ Q13P1X3 + V3X5 + VlX6 (5-2) 

f| - E2 - Zafr + 4a11p3 + Zarfrf 

+ 2a12P2P2 + 6aillP5
2 

+ 2Q13P2X3 + W3X4 + VlX6 (5-3) 

if=E3-2a3P3 + 4a33P3 + 2a13(P? + P22)P3 

+ 6a33P3 + 2Q31P3(X1 + X2) 

+ 2Q33P3X3 + Q44(P2X4 + P^^ (5.4) 

The solutions of these equations with Ei = 0 determine the ferroelectric states I 

for a free crystal   {X = 0).    In general, seven possible ferroelectric species 

can occur from the prototypic 4/mmm symmetry of the paraelectric phase of the j- 

tungsten bronze, each of which corresponds to a different combination of nonzero 

(spontaneous)  values of the P^  components.    All  possible solutions for the three | 

Eqs.  (5.2)-(5.4) were derived and reported by Cross and Pohanka  (1968). | 
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Practically, however, just two of these solutions encompass all presently 

known simple ferroelectric bronzes. They are 

(a) i*0 

(b) Pj       =       P^       ^      0 P3 = 0 

The species  (a^ corresponds to the Shuvalov (1970) species 4/mmm (1) 

D4 F4mm where 4/mmm is the high temperature prototype point group and F4mm means 

that the crystal  is ferroelectric of point group 4mm below the transition 

temperature.    04 indicates that the spontaneous polarization Ps has definite 

orientations along the four-fold symmetry axes, and (1) denotes the number of 

equivalent four-fold axis, which is one.    In other words, two domains of oppo- 

site orientation of Ps (i.e.,  180° domains) are along the f)ur-fold prototypic 

axis.    The second species  (b) is one of the subtypes of 4/runm (2)02 Fmm2 with Ps 

along the two-fold axis which make angles of 45° with the 1 and 2 prototype 
2   2 

axis (P, = Pp) and has four equivalent ferroelectric domain states. 

Substituting the conditions (a) into the general Eqs. (5.2)-(5.4) gives 

the following conditions for stability: 

w0 2a
3 + 4a33P3 + 6a333p43 (5.5) 
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The isothermal  dielectric stiffnesses Xij are 

*11 = 2al + 2a13P3 

Zal + Za^P^ 

XT33 = 2a3 +  IZa^P2 + 30a333P43 

SC5340.8SA 

T    _    T T       n 
x12 " x13      -23 " u      * (5.6) 

The tetragonal  spontaneous strains are given by 

V3 x4 = x5 + x6 = 0 

Q31P3 

Xo   = Q33P3 (5.7) 

and the piezoelectric b coefficients by 

bn- u b21= 0 b31 = 2Q31P3 

b^ = 0 b22 " 0 b32 " 2Q31P3 

b13= 0 b23= 0 b33 s 
2Q33P3 

b14= 0 b24 = Q44P3 b34 = 0 

b15 = Q44P3 b25= 0 b35 = 0 

b16 = 0 46 ' 0 b
36 = 0  . 

35 
C6578A/bw 

(5.8) 

^fc.'.ifi-V''-^*—**■  •■ •l--_i_^_ 



* 
Rockwell International    I 
Science Center 

SC5340.8SA 

For the case (b), the corresponding equations take the form for the 

stability conditions given by 

Pj = P2 0 = 2al +  (4a11 + Za^)?* + 60^^ 

P3 = 0      . (5.9) 

In this case the isothermal  stiffnesses are 

xjj = 2a1 + IZo^P* + 2a12Pj + 30aillpJ 

X22 - 2a1 +  I2an?\ + 2a12P^ + 30allip] 

x33 = 2a3 + 4a13Pl 

T 2 
x34 = 4a12Pl x13 = x23 = 0      ' (5.10) 

It should be noted that the coefficients here are expres?r.d with respect to 

the original  prototypic axes and thus satisfy pseudo-monoclinic symmetry. 

However, a simple rotation of the matrix by 45° in the 1,2 plane would reveal 

the true orthorhombic symmetry. 

The spontaneous elastic strains take the form 

xi= Un + vl 
x2 = {Qu + Q12)P2 

x3 " WuPl 

x6 = Q66P1 x4 = x5 = 0      • ^•11) 

36 
..,.vi.      .  .^    .v.  .   C6,573A/bw     v,,..  .^ _ ,      ^.. .. ,   ....... , 



*» 
Rockwell International 
Science Center 

and the piezoelectric coefficients are 

SC5340.8SA 

bll ■ 2Qllpl b21 = ZQrfl b31 = 0 

b12 = ZQ^P! b22 = ZQuPi b32 = 0 

b13= 2Ql3Pl b23 = ZQUP1 b33= 0 

bi4 = o b24= 0 b34 ' Q44P1 

b15 = 0 b25 = 0 b35 " Vl 

b16 = Q66P1 b26 * Q66P1 b36 = 0      • (5.12) 

5.2 Potential  Utility of the Phenomenological  Theory 

5.2.1 Introduction 

Tables 7 through 10 show the substantial number of constants required 

to characterize the bronzes in this phenomenological manner. The only formal 

benefit is that all the elasto-dielectric parameters of the lower symmetry 

ferroelectric forms can be characterized in terms of the nonlinear parameters 

of the higher symmetry prototype form. 

In principle, possibly all the parameters can be functions of both 

temperature and composition. However, both direct and indirect evidence sug- 

gests that: 
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(a) The dominant temperature dependence is carried in the terms o^ 

and 03 which have a Curie Weiss form 

al = a10 (T " el) 

a3 = a30 (T " e3)  ' 

(b) The higher order constants do not change markedly with either 

temperature or composition across a wide field of compounds and 

solid solutions with bronze structure. 

In earlier studies we have demonstrated that: 

(1) In all known ferroelectric bronzes, only two of the seven 

possible ferroelectric species that are available from the 4/mmm 

prototype occur in nature. 

(2) In the tetragonal ferroelectric form in (SrQ^BaQ^gjI^Og, 

which is the congruently melting SBN composition, the data 

follow very closely to the phenomenology except for temperatures 

close to the Curie point Tc, and all parameters have been 

evaluated. 

(3) For (Pb1_xBax)Nb206 in the tetragonal phase field close to the 

morphotropic phase boundary at the (Pbo,6Ba0.4)N,:)206 composi- 

tion, the dielectric, piezoelectric and electro-optic behavior 

can be modeled quite accurately using the phenomenological 

constants for SBN and adjusting Gj and 83 to conform to the 

observed Curie Weiss behavior. 
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The success to data with modeling suggests that we attempt a more 

ambitious assessment of the range of validity of our simple hypotheses (a) and 

(b) above, using a much wider range of bronze compounds, and making use of 

literature values to evaluate directly, wherever possible, the stiffness 

parameters. 

5.2.2       Evaluation of the Thermodynamic Parameters 

More than 100 different ferroelectric compounds with the tungsten 

bronze structure have been synthesized, and innumerable solid solutions can be 

made between these end member compositions.    However,  reliable experimental 

data from which to evaluate the thermodynamic constants is lacking.    For many 

materials, only ceramic samples have been made, and for the separation of the 

individual tensor components is impossible.    Even in many systems where good 

single crystals have been grown, the headlong rush to print has left many of 

the important parameters unmeasured. 

For this study we have found adequate but incomplete data for several 
Srl-xBaxNb206 (SBN^  solid solutions.    In several  1.3203:Sr2KNbij015 compounds 

and solid solutions and for pure S^KNbgO^, the data are also adequate, 

though incomplete.    [^NaNbgO^ may be analyzed with this model   if the weak 

ferroelastic phase change near 370oC is neglected, and there are also some 

data for titanium modified t^NaNbgO^.    Similarly, in Kgl^l^O^ adequate 

data for some of the constants were found, although the transverse dielectric 

response apparently has not been measured. 

In the orthorhombic ferroelectric form, we have been able to find 

data only for Pbl^Og and for Pb2KNb5015.    The fitting to obtain the thermo- 

dydnamic parameters is, however, more difficult for these compositions and 

will  be covered in a subsequent report.    For the tetragonal  ferroelectric 

form, the evaluation is relatively straightforward.    The constant 03 has the 

form 03 = a3o(T - 63) which leads to an equation for the stiffness X33 above 

Tc of the form 
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c33 = 2a30(T - 63) (T > 63) (5.13) 

Thus the extrapolation of the Curie-Weiss pot of stiffness above Tc gives the 

temperature 6, and from the slope, the constant ZO^Q. 

By equating the A6 values in ferroelectric and paraelectric states at 

Tc, the equation for Ps (Eq.  (5.J)) can be put into the Devonshire form 

T - e 4(^-]2 + 3(!L)4 - 0 
30 30 

(5.14) 

in which Tc - e and P30 are the only fitting parameters. Unfortunately, the 

published Ps vs T data for ferroelectric crystals is often unreliable, par- 

ticularly at temperatures remote from 1C where it is difficult to pole to a 

single domain state. Thus, we suggest checking the shape of the polarization 

function by using a less direct method. For example, the spontaneous strains 

AC/C and Aa/a induced in the ferroelectric form are electrostrictive in nature 
2 

and thus scale with P . Similarly, the optical impermeability changes below 
s 2 

Tc (AB^ and Ab33) are quadratic and scale with P . The piezoelectric b^ 

constants, on the other hand, are morphic and scale directly with Ps, as do 

the linear electro-optic and the nonlinear Miller 6 coefficients. 

Typical fitting of the different Ps data for Ba2NaNb20g is shown in 

Fig. 15. Clearly the Devonshire form is in excellent agreement with the bire- 

fringence data, which are probably more reliable in this crystal. From the 

values of Tc, e, Pso and C^Q, the a constants are given by 
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«3 - 1/2 a30(Tc - 63) 

a30(Tc " e3) „33 . ,,__ 

g30^Tc - 93) 0333 = "^7" (5.15) 

For the constants O^Q and a^, dielectric data for a section parallel  to the _a 

axis (ea) are required.    Above Tc, 

xl = 2a10(T _ el)      ' (5*16) 

so that Za^Q is the Curie-Weiss slope and ö1 is the extrapolated Curie temper- 

ature.    To derive 0^3, Eq.  (5.6) can be used to obtain, by least-squares 

method, a best fit to the experimental  data below Tc, taking now calculated 

values for P3 vs T.   A typical  plot comparing measured and calculated values 

for BagNaNb^O^g is given in Fig. 16. 

Table 11 lists derived constants for the bronze compositions using 

these methods.    For (430 and 0333 excellent agreement over a broad selection of 

bronze compositions may be noted.    The values for CX^Q also agree within a nar- 

row range, though here the stiffness is much larger and the Curie-Weiss slope 

is more difficult to read precisely.    The 033 values cover a wider range, 

which perhaps is not surprising, since in the elastic Gibbs function, the neg- 

ative value of 033 occurs because of a strong contribution from elastic and 

electrostrictive constants in the free crystal.    Thus, the magnitude of 0133 is 

markedly dependent on the elastic boundary conditions and probably therefore 

on the crystal  perfection.    The u^ values also cover a rather wide range, but 

here the error is probably more in the evaluation. 
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Fig.  15    Phenomenological  fitting of Ps vs T for BaoNaNbcOis« 
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Fig.  16   Phenomenological  fitting to the dielectric permittivity for single 
crystal  Ito^NaNbsO^. 
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Table 11 

Thermodynamic Constants for Tetragonal Tungsten Bronze Ferroelectric Crystals 

Compound 1/2 «30 12 «33 30 «333 1/2 a10 «13 

Sr0.25Ba0.75NÖZ06 2.4 io-6 -2.3 IO-3 3.6 IO*1 

Sr0.5Ba0.5Nb206 2.4 10-6 -6.2 UT3 3.2 io-' 

Sr0.68a0.4Nb206 1.6 IQ"6 -11.0 IO-3 3.6 10* 

SR0.67Ba0.33Nb206 2.7 IO'6 -1.6 io-3 3.1 10* 

SrÜ.61Ba0.39Nb206 2.52 IO"6 -8.4 IO"3 3.6 10" 1      3.73 IO-6 2.1 IO-3 

KSP2Nb5015 3.45 10-6 -9.7 IO'3 3.4 io*' 1      2.4    IO'6 11.3 IO-3 

3t (La) Sr2KNb50l5 2.2 io-6 
-9.6 IO"3 2.85 10* 

6% (La)  Sr2KNb5015 2.0 IO-6 -10.5 io-3 3.8 10-1 

9t (La) Sr2KNb5015 3.14 IO"6 -12.2 io-3 3.58 10- 

Ba2NaNb5015 3.44 IO"6 -11.46 io-3 2.5 lo-1 5.15 IO*6 13.3 IO'3 

Ba4.65Na1.65Nb9.65Ti0.35030 3.56 IO"6 -5.34 io-3 1.63 10- 

K3li2Nb5015 2.87 ur6 
-14.16 IO'3 1.13 lo-1 2.82 IO-6 

m 

In summary, these preliminary data appear to confirm that the original 

hypothesis of a constancy of the higher order stiffnesses is a good approx- 

imation for tetragonal bronze ferroelectrics, and thus can form a basis for the 

analysis of the properties of a very wide range of bronze compositions. 

,-. 
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6.0    APPLICATION OF THE BAND TRANSPORT MODEL TO PHOTOREFRACTIVE SBN:60 

6.1 Introduction 

The effectiveness of strontium barium niobate (SBN) as a photorefrac- 

tive material has been shown to increase with the addition of certain dop- 
j in 

ants. ,1U In particular, work at Caltech has demonstrated that the introduc- 

tion of cerium into SBN results in a crystal with a significantly larger two- 

beam coupling coefficient, but with a similar speed of response.10 To explain 

these results and, thereby, to propose new ideas for increasing the speed of 

SBN, a charge transport model for SBN needs to be presented. Although both 

the hopping model11 and the band transport model12,13 describe charge trans- 

port in photorefractive materials, only the latter will be analyzed here. 

6.2 Band Transport Theory 

The band transport model assumes that electrons (or holes) are opti- 

cally excited from filled donor (or acceptor) sites to the conduction (or 

valence) band where they migrate to dark regions in the crystal by drift or 

diffusion before recombining into an empty trap. The transported charge 

results in a space charge grating that in general, is out of phase with the 

incident irradiance (Fig. 17). A space charge electric field develops to 

balance the space charge grating in accordance with Poisson's equation, and 

this space charge field modulates the refractive index. 

A mathematical description of the grating formation process is given 

by the equations developed most fully by Kukhtarev1 ^ and co-workers: 

öN+ 

lF-är = ?li-(continuit^   • (6-1) 

öNJ     ei + + 
ätT = RV ^ND " V   " YRnND ^rate ec1uation)      » (6'2) 

An 
J = e^nE - kßTn-gj- (current equation)      , (6.3) 
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■gj = - (n + NA - ND) (Poisson's equation) (6.4) 

n = 

D s 

+ 
D " 

electron number density 

total number density of dopants 

number density of ionized donors 

number density of empty traps under dark conditions 

(Note:  (Nj(I«0) = NA) 

Nrj-Np = number density of donors 

J = current density 

s = photoionization cross section 

I = irradiance 

v = frequency of light used 

YR = two-body recombination rate 

\i = mobility 

E = total  electric field 

kB = Boltzmann's constant 

T = temperature 

e = charge on the electron 

e = static dielectric constant 

h = Planck's constant. 

a-a-^s^M 
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Fig. 17 The photorefractive mechanism. 

Equations (6.1)-(6.4) neglect dark conductivity and the bulk photovoltaic 

effect. These equations also do not consider secondary trapping levels or 

photorefractive centers. In Eq. (6.2) the optical irradiance I is assumed to 

be of the form 

I = I0(l + m cos kgz) (6.5) 

where m is the modulation index, kg Is the grating wave number, and I0 is the 

average irradiance. 

Equations (6.1)-(6.5) must be supplemented with an electro-optic 

relation between the space charge field and the change in the crystal refrac- 

tive index, An. Thus, 
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An = 7 nb reff6E (6.6) 

where 6E is the spatially varying component of E, nij is the background refrac- 

tive index and reff is the effective electro-optic coefficient. 

Equations  (6.1)-(6.6) can be solved with two approximations:    linear- 

ization in the grating modulation index and the zeroth-order approximation in 

the electron number density, fig.1^   Using these we obtain the two-beam 

coupling coefficient, r, giver by 

-i<t>i 
r = Reii^n1e     *} (6.7) 

where 

1   3       c 
12b eff sc 

"sc = E. 
E2 + E2 11/2 

E2 + (E,, + E  f o      v D       q' 

E0 ■ applied field  (normal  to grating planes)      , 

kRTkn c    = _B 9 
^     "~e~" 

eN, 
E    = 

q-iiri + y(ND-NA)    • 

sm$ •.■>■.■-.% 
--.V"> 
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and 

tan <p, ■ 
1 ^ 

2  1 

The transient response has an overdamped oscillatory behavior with a response 

time Xg given by 

where 

(1 + VxJ2 + (^D/TC)2 

e       di 
"R' "O1 "R' "E' 

ti + ^RW^VI^ 
(1 + VV + (V^V^ 

(6.8) 

Tj.. di      e^n (dielectric relaxation time)      , 

TE = TTuT" ^drift time^ -g^o 

^BTka 

j (diffusion time) 

Tn = —r- (recombination time)  , 
K    YR"A 

T,    = 1 " sl0/(hv) - YRn0      ' 

with the zeroth-order electron number density given by 

n_ = 
SI0(ND - NA) 

0  ' hvYpN R"A 
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6.3 Results for SBN:60 

In order to apply this model  to SBN:60, several  material  parameters 

need to be specified.    The relative dielectric constant, the electro-optic 

coefficient, and the background refractive index are readily available; £33 = 

930, r33 = 400 pm/V, and   ,e = r:.3.    However, the mobility, the two-bod>  recom- 

b.nation rate, thp photoionization cross section and the dopant number dpnsity 

are not known specifically for SBN.    Since BaTi03 is also a highly electro- 

optic, ferroelectric and photorefractive material, the m^hility and the two- 

body recombination "ate coefficient for SBN will be esti  dted by data given 

for L tT^, specifically \x = 0.5 cm2/Vs and \R = 5 x 10"8 cm^s.11»15    For SRN 

doped with Ce (0.1 percent by weight), the dopant number density will  be on 

the order of 10 ' cm    .    The photoionization cross section can be obtained 

from absorption coefficient measurements through the relation a = S(NQ - N^) <* 

SN D 1.8 cm"1, 0 since, usually, Nn « NA; nence, s = 1.8 x 10" 19 cm' 

The last few parameters to quantify are those which are extrinsically 

defined.    Our experimental  apparatus at Caltech is characterized by the fol- 

lowing:    E0 = 0 V/cm, T = 298K,   I0 = 1 W/cm2,  X = 0.5145 |xm, and A = 5 um, 

where \ and A are the optical  and grating wavelengths,  respectively.    There- 

fore, only the density of empty traps under dark conditions,  N^, is defined 

and it is treated as a variable with the restriction N^ < NQ.    Figures  18 and 

19, then,  show the two-beam coupling coefficient r and i, as a function of N^. 

Experimentally, we have measured r * 11 cm"1 anJ te * 0.10 s (at 

1 W/cmM in SBN:Ce10 which,  from Figs.  18 and 19, corresponds to NA = 1 x IQ16 

cm"3.    In undoped SBN, r = 2 cm"1 and tg » 0.12 s (at 1 W/cm2).    Therefore,  in 

the as-grown sample., only the two-beam coupling coeffic'  nt is significantly 

affected by the introduction of Ce into SBN. 

Equations  (6.7) and  (6.8) provide a possible explanation for the above 

experimental  results.    A similar xe implies that the reduction ratio 
n. = (ND - NA)/NA is essentially the same for both crystals.    Since the two sam- 

ples were grown in similar atmospheres with sim: ^r oartial  pressures of oxygen, 

this argument appears reasonable.    The difference in r can be attributed to dif- 

ferent values of NA in the two crystals.    The plausibility of this suggestion 
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Fig. 18 Two-beam coupling coefficient of SBN:Ce as a function of the trap 
number density under dark conditions. 
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Fig. 19 Response time of SBN:Ce as a function of the trap number density 
under dark conditions. 
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rests on the fact that cerium in SBN can be present in two valence states, Ce3+ 

and Ce , with Ce  acting as an acceptor. Then undoubtedly the introduction of 

Ce into SBN will then undoubtedly increase the number density of Ce , which 

increases N^ and, therefore, the two-beam coupling coefficient. 

If the above theory and explanations are indeed val'd, then Figs. 18 
16 cm to 5 x 10 14 and 19 indicate that by decrcasirij NA in SBN:Ce from 1 x 10 

cm , the two-beam coupling coefficient will reduce to the value observed in 

undoped SBN, but the response time will now be 1 ms. 

In principle, N^ can be decreased easily by heating the sample in an 

oxygen-deficient atmosphere which will convert 3e^+ to Ce3+ by extraction of 

oxygen from the crystal. However, in practice, this process may not necessarily 

occur. The above all assume that only one photorefractive species exists; Ce 

was thought to provide Ce3+ as the donor and Ce4+ as the trap. In fact, crys- 

talline point defects and niobium ions may also contribute to the photorefrac- 

tive effect in these crystals. Therefore, the proposed heat treatment may not 

convert Ce  to Ce , but instead it may perturb the balance of the other 

species. Therefore, a spectroscopic analysis of SBN:Ce both before and after 

reduction will be needed to determine heat treatment effects. 

In conclusion, we have observed and measured the photorefractive effect 

in optically excellent samples of SBN and SBN:Ce. Band transport theory has 

been applied successfully to SBN:Ce, and indicates that NA « 10
16 cm"3 in this 

sample. An explanation for the increase in the two-beam coupling coefficient in 

SBN:Ce over that observed in undoped SBN has been proposed, and heat treatment 

of SBN:Ce in an oxygen deficient atmosphere is suggested as a means of producing 

a oample with a coupling coefficient r = 2 cm'^ and a response time Te = 1 ms. 

51 
C6578A/bw 

- '■ ' i * 



mrBTTi—TTV TW >rv mw'BV.'S'*w^wnwmd"st^~i "LT ':^T'',-r' "^ ".^ TV-1".':"> ""ir"J"* T1»''.-"^ '."v »-»*»B? 

>' - * ■ 

• 

«• 
Rockwell International    y 
Science Center .•< 

SC5340.8SA 

7.0 FUTURE PLANNED WORK 

•  Further refine and evaluate the growth of high purity SBN:50 and 

SBN:60 single crystals. 

Continue development of Fe- and Ce-doped SBN:60, and attempt to 

establish the dopant valence states and the presence, if any, of 

Nb4+. 

Investigate the dielectric and optical properties of SBN:60 doped 

with other cations such as Tb3+/Tb4+, Eu2+/Eu3+. Also, 

investigate the effects of partial reduction on photorefractive 

speed and sensitivity. 

Establish SBN:50 LPE growth from the SrO-BaO-W^^Og flux 

system. 

Continue development of the BaV206-PBN:60 and Pb1.xBaxV206-PBM:60 

flux systems for LPE growth. 

Attempt single crystal growth of near-morphotropic BNN-SNN and 

PKN-BNN bronze compositions for dielectric, structural and optical 

evaluation. 

Continue measurement of the E-0 coefficients of near-morphotropic 

single crystal PBN. 
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