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1.0 INTRODUCTION AND PROGRESS SUMMARY

High permittivity ferroelectric materials such as the tungsten

bronzes and perovskites have shown substantial promise for the manipulation

". and control of electromagnetic propagation properties at frequencies from dc

to the infrared. In the last few years, interest has grown in millimeter wave

applications for communications and radars, and a need has developed to

characterize the linear and nonlinear dielectric properties of ferroelectrics

in this new frequency range.

The research effort reported herein is part of a long-range program

whose objective is to determine the range of dielectric properties attainable

at millimeter wave frequencies in various classes of high permittivity ferro-

electrics, and to relate these properties to fundamental crystal character-

istics. This work involves the preparation of new ferroelectrics in single

crystal and ceramic form, characterization of their crystal structure and low

frequency dielectric response, and measurement of both linear and nonlinear

dielectric properties at millimeter wave frequencies.

Much of the early effort in this program was devoted to single crys-

tal strontium barium niobate (SBN), a tungsten bronze with an unusually large

;. room-temperature dielectric response. More recently, other tungsten bronzes

such as potassium lithium niobate (KLN) and barium strontium potassium sodium

niohate (BSKNN) have been prepared and studied to elucidate the role of

J* unfilled crystallographic sites in influencing dielectric loss. Currently, we

are developing preparation techniques for an unusual bronze, lead barium

-. niobate (PBN), which should exhibit exceptionally large nonlinear electrical

. and optical response for a Pb:Ba ratio of 60:40, where it undergoes a transi-

tion from tetragonal to orthorhombic form.

During the past year, substantial progress was made in materials

S"development and in millimeter wave characterization efforts. They included:

1
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1. Successful growth of very large size high quality single crystal

SBN:60 (2.5 x 2.5 cm) suitable for free space millimeter wave

measurements.

2. Verification of the unusual millimeter wave dielectric response

in SBN and BSKNN as functions of crystal orientation and temper-

ature; extension of the measurement range up to 100 GHz and at

temperatures down to 40K.

3. First experimental determination of the millimeter wave dn/dE

for SBN at cryogenic temperatures.

4. Formulation of a model for millimeter wave loss in ferroelectric

tungsten bronzes which is consistent with experimental

observations.

These results are extremely encouraging both for basic understanding

*" of the mechanisms controlling millimeter wave susceptibilities in ferroelec-

tric tungsten bronzes as well as for practical device applications. We have
.- demonstrated for SBN that a large millimeter wave nonlinear response is re-

tained at cryogenic temperature (dn3/dE3 = 5 x 10-7 m/V at 77K) while the

• "absorption is reduced by an order of magnitude. For the first time, the ex-
*perimental database has provided sufficient evidence to allow the construction

of a modeling framework based on coupling of the microwave field to acoustic

"" phonons.

2
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2.0 MILLIMETER WAVE APPLICATIONS

The inherent advantages of millimeter wave radar and communications

. systems in terms of all-weather capability compared to IR and optical sensors,

and reduced weight, size and higher spatial resolution compared to conven-

". tional microwave systems, have led to increased DoD emphasis on developing

-short wavelength technology for a wide variety of applications. Recent

advances in millimeter wave generation by solid state devices and by high

- power ("-200 kW cw) gyrotrons have supplied additional motivation for this

effort, since potential applications are no longer source technology limited.

Common requirements in all radar and communications systems include

the ability to control or manipulate electromagnetic propagation properties

via an active medium, and to transmit high quality beams without excessive

attenuation or distortion. These requirements were recently identified at an

ARO-sponsored workshop on Short Millimeter Wave Non-Reciprocal Materials and

,. devices. It was concluded that while considerable advances have been made in

. the areas of sources of radiation, mixers, detectors, and receivers, there is

a lack of comparable progress in the areas of components such as reciprocal

* and nonreciprocal devices (e.g., phase shifters, isolators and circulators)

" and electronic-scanning antennas. New device concepts should be explored, and

"" better materials need to be developed (ferroelectric, ferromagnetic and

. semiconducting) to support these concepts.

The large nonlinear susceptibility of ferroelectric materials has the

potential of a wide variety of device applications. These include electric

*field controlled phase shifters, phased-array antennas, dielectric lenses,

switches, frequency doublers and mixers. Inherent advantages include the

ability to control propagation properties by electric rather than by magnetic

fields, and the potential for much higher power handling capability than

'- comparable semiconductor devices.

These applications require development of suitable materials with low

insertion loss and large nonlinear millimeter wave susceptibility. The

3
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results presented in this report indicate that these criteria can be met in

single crystal SBN at cryogenic temperatures. Advanced materials studies

carried out on KLN and BSKNN indicate that their millimeter wave losses are

I less than those for SBN, and have potentially better overall performance

*" characteristics.

Implementation of practical devices and systems requires the capa-

bility for producing large, high quality single crystal materials and

optimizing their millimeter wave properties through composition and process

control. These are the objectives of the planned effort for this year's

program.

4
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3.0 CURRENT PROGRESS

3.1 Material Development

3.1.1 Importance of Ferroelectric Family Crystals

A goal of the proposed research program is to establish classes of

ferroelectric materials that are suitable for developing a better understand-

ing of high frequency dielectric properties and that are also useful for

future device studies. The following criteria have been chosen to select

suitable compositions for high frequency dielectric studies:

1. Large dn/dE at low and high frequencies

2. Large electro-optic coefficient

3. Large dielectric constant

4. Low dielectric losses at high frequencies

Based on our research in the tungsten bronze and perovskite families,

- most of the compositions exhibit low dielectric losses with high dielectric

" and electro-optic coefficients at low frequencies. The systematic growth and

*characterization of these ferroelectric materials is an ongoing and important

* -part of several current programs, including the present program.

Table 1 shows some of the important perovskite compositions for

potential millimeter wave applications. Currently, we are developing hot-

pressed dense ceramic samples of KTN and PZT/PLZT for millimeter wave

evaluation using a microprocessor-controlled, oxygen atmosphere hot press.

;* The tungsten bronze materials which have been grown and evaluated in this

program are discussed in the next sections.

5
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Table 1

Ferroelectric and Electro-Optic Data for Perovskite
Family Compositions

El ectro-Opti c
T Dielectric Coefficient Materials

Composition* (o) Constant 51(0"12 m/V) dn/dE Availability

KNbO3  570 1000 380 Large Crystals &
Ceramics

- KTao. 65Nbo. 3503  R.T. 8650 r51 = 3000 Large Crystals &
r33= 1400 Ceramics

Pbo.97Lao.0 2 (ZrTi)0 3  200 1500 Large Large Dense Ceramics

Pbo.9 2Lao.0 8 (Zro. 65Tio. 35 )03 130 2700 Large -- Dense Ceramics

Pb. 88La. 08 (Zro.7Tio. 3 )03  120 4400 Large -- Dense Ceramics

BaTiO 3  127 Large -- Crystals &
Ceramics

. 3.1.2 Tungsten Bronze Family Compositions

The tungsten bronze family embraces some 150 known compounds and

.. several solid solution systems, thus offering a wide variety of ferroelectric

and paraelectric materials. However, only a few compositions have been selected

. f- our dielectric studies; their classification is given in Table 2.

At present, our work is heavily concentrated on three different fer-

* roelectric bronze compositions, specifically SBN:60 (partially unfilled 15-

and 12-fold sites), BSKNN (15- and 12-fold sites completely filled) and KLN

* (all sites completely filled); and high frequency measurements have been per-

formed from liquid nitrogen to the Curie temperature. The results are inter-

esting in that they are often quite different from one composition to another.

'- The information on dielectric properties obtained from these compositions has

* contributed to our understanding of these materials and has indicated poten-

tial device applications.

6
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Table 2

Ferroelectric and Electro-Optic Data for Tungsten
Bronze Family Compositions

Tc  Electro-Optic Dielectric
System Constant

(OC) r33  633

SBN:60 72 420 x 10"12 800

SBN:60:R.E.* 4 72 > 420 x 10-12 > 800

SBN:75 56 1400 x 10-12 3000

PBN:60 + La3+** > 300 442 x 10"12  600

750 x 1012

BSKNN 200 300 x 10-12  < 200

KLN 405 60 x 10- 12  < 100

SNN-CNN** - 300 High 2800
.7

PKN-BNN** - 300 High 1000

SNN-BNN** - 250 High 1800

Ba3LaNaNbl0 030  - 50 Large Large

K2LaNb5O15*** - 80 Large Large

* Rare-earth doped

** Morphotropic phase boundary compositions
*** Large at low temperature

Based on our crystal chemistry work on tungsten bronze SBN:60 single

crystals and ceramics, the incorporation of 3-d and 4-f ions in the lattice

*. should be advantageous for both millimeter wave and optical device applica-

tions. Table 3 shows several proposed dopants for this work and their lattice

site preferences. While the effect of these ions on optical properties is

7
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• .substantial, the effect on millimeter wave dielectric losses is not yet well

* " established; hence, examining the role of 3-d and 4-f ions to improve the

*millimeter wave properties at room temperature may prove worthwhile. A

thorough understanding of dopant valance states, site preferences, and the

effects of dopant concentration is fundamental to this work and will be

explored in depth.

Table 3

Proposed Dopants for Millimeter Wave Studies in SBN

Site Preference for Proposed Dopants

Dopants Valence State 15-Fold 12-Fold 9-Fold 6-Fold

- Cerium Ce, Ce4  Ce3  Ce3+ Ce4+ Ce4+

Terium Tb3+ , Tb4+  - Tb3+  Tb4+  Tb4+

Iron Fe3+, Fe2+ - - Fe2+ Fe2+, Fe3+

' Manganese Mn2+, Mn3+ , Mn4+ - - Mn2+ Mn2+, Mn3+

, Titanium Ti4+ , Ti3+  - - Ti4+, Ti3+

Molybdenum Mo6+ , Mo4+  - - Mo5+ , Mo4+

* Niobium Nb5+ , Nb4+  - - Nb5+ , Nb4+

3.1.3 Single Crystal Growth of BSKNN and KLN Compositions

Both BSKNN and KLN belong to the tungsten bronze family and have a

room temperature tetragonal structure with a point group 4 mm. The BSKNN

crystals of the composition Ba1 .2Sro.8Ko.75Nao.25Nb5O 15 are jointly grown

under Army and ONR contracts for electro-optic and millimeter wave device

studies, respectively. Recently the Czochralski growth technique has under-

gone several modifications in order to improve overall crystal quality,

particularly with regard to optical defects and striations (compositional

fluctuations). Since the present BSKNN composition appears to be congruent

melting, the current effort has concentrated on this composition and another

8
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important bronze, KLN. Table 4 summarizes the growth conditions for these

BSKNN and KLN crystals.

Table 4

Czochralski Growth Data for Tetragonal Tungsten Bronze Compositions

Growth Growth Growth Crystal
Composition Temperature Direction Habit Diameter Remarks

(C) (cm)

* Sr0 6Bao.4 Nb206  1510 (001) Cylindrical -3.0 Crack-free and

excellent quality

Sro.5Bao.SNb2 06 * 1500 (001) Cylindrical -1.8 to 2.0 Moderate quality

Ba2,xSrxKi.yBayBbSOS 1480 (001) Square -0.8 to 1.0 rack-free and good
quality

. Sr2KNb5 OI5** 1480 (001) Cylindrical -0.5 to 0.8 Moderate quality

" K3 L12Nb5015 ** 1050 (001) Square 0.3 to 0.5 Cracks

(100) Square 0.5 to 0.8 Crack-free,
reasonable quality

(110) Square 0.5 to 0.8 Crack-free,
reasonable quality

K3Lt2Nb5 -xTax0i5  1000-1250 (001) Square 0.5 to 1.0 Reasonable quality
(110) with excellent

properties

Pbo.33 Sao.70 Nblo98 7 06*** -1350 (001) 0.8 to 1.0 Few cracks, but
excellent properties

*Noncongruent melting composition
**Difficult to grow
***Grown at Penn State, difficult to grow

The Czochralski technique is now well established for these composi-

* tions, and crystals of reasonable quality and size are being produced. Fig-

ure 1 shows a typical BSKNN crystal grown along the c-axis. This crystal is a

* little over 1 cm in diameter, and this is the first time such large crystals

of this composition have been grown. During the last year, a considerable

effort was made to improve crystal quality, specifically for BSKNN, using an

' automatic diameter control system. The present improvements in BSKNN crystal

quality and size have primarily resulted from the following changes in the

growth techniques:

9
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1. Use of higher purity starting materials to eliminate striations

caused by impurity ions, e.g., Ca2+ , Mg2+ , Fe3+;

2. Established effective pulling and rotation rates;

3. Effectively implemented an automatic diameter control (ADC)

system to minimize temperature instability during growth.

The adaption of the ADC system for BSKNN crystals is the most recent

modification in this growth technology and has had a significant impact on

crystal quality. Figure 2 shows striations before and after using the ADC

system for this growth. ADC has also allowed us to pull crystals of uniform

diameter without significant problems. In our future work, we will continue

to modify this technique to obtain better quality and size crystals. The

following changes are planned for future growth work:

1. Use of better starting materials to completely eliminate

striations arising from impurity ions.

2. Modify the ADC system to obtain a more stable thermal

environment for crystal growth.

KLN is the largest unit cell tungsten bronze grown to date (a =

12.590A and c = 4.020A) and is potentially interesting in comparison with the

dielectric properties of SBN and other bronze compositions. Single crystal

growth of KLN has been successful; however, the growth technique is confined

to smaller crystals, typically 5-6 m in diameter. The growth of this com-

*position is extremely difficult due to the volatilization of potassium during

growth, and the crystals after crack when grown along the c-axis. This

cracking problem has been nearly eliminated for crystals grown along the a-

axis (110) direction, and crystals as large as 5-7 mm in diameter of excellent

quality have resulted. The crystals currently developed are being tested for

10
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Fig. 1 BSKNN single crystal grown along the c-axis.

BSKNN CRYSTAL GROWN WITHOUT BSKNN CRYSTAL GROWN WITH ADC
ADC SYSTEM: COMPLETELY STRIATED SYSTEM: STRIATIONS ALMOST
CRYSTAL SUPPRESSED

Fig. 2 Optical striations in Czochralski-grown BSKNN with and without
automatic diameter control (ADCO.

C6986A/ bw
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their millimeter wave dielectric properties, and if these are found to be

interesting for future studies, efforts will be made to grow crystals of

larger size.

Table 5 summarizes the results of structural and ferroelectric meas-

urements for these crystals. The temperature dependence of the dielectric

constants £33 and £11 and dielectric loss (tan 6) were determined from (001)

and (100) plates at frequencies of 1, 10, 100 and 1000 KHz. The temperature

range covered was 20 to 500*C, depending upon the Curie temperature, Tc , for

the given crystal. Both E33 and ell showed marked anomalies at the transition

point. The general temperature behavior and large anisotropy of £33 and el1

is typical of all the bronze crystals. However, the magnitude of the dielec-

tric constant is markedly different for each composition and seems to depend

strongly on the size of the unit cell of the given bronze crystal. For exam-

ple, ell is large while £33 is small for the bigger unit cell bronzes, e.g.,

BSKNN, KLN. On the other hand, the situation is reversed in the case of

,' smaller unit cell bronzes, where £11 is smaller and £33 is larger. As sum-

marized in Table 5, other constants such as piezoelectric and electro-optic,

are also different when going from bigger to smaller unit cell bronzes.

In general, the low frequency dielectric losses for these crystals

* are low, on the order of 0.03 or less at room temperature, and are further

reduced on cooling to liquid nitrogen or below. The low temperature/high

frequency dielectric measurements are discussed in the following sections.

3.2 Millimeter Wave Measurements

The primary objectives of the millimeter wave characterization

program for this year were:

1. To determine the dielectric properties of SBN and BSKNN along

the principal crystal axes from 30-100 GHz as a function of

temperature over the range 40-300K, to verify the anomalous

* temperature behavior previously observed in these materials and

described in last year's annual report.

12
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Table 5

Physical Properties of Bronze Crystals

Property SBN:60 SBN:50 BSKNN KLN

Lattice Constants a = 12.462A a = 12.480A a = 12.506A a = 12.590A

c = 3.938A c = 3.952A c = 3.982A c = 4.015A

Curie Temperature (*C) 72P 125 0C 2030C 4050C

Dielectric Constant c33 = 880 c33 = 500 £33 = 420 £33 = 120

Electromechanical Coupling k33 = 0.47 k33 = 0.48 k33 = 0.47 k33 = 0.52

Coefficients k31 = 0.14 k31 = 0.137 - -

=k15 0.24 - k15 = 0.28 k15 = 0.36

Piezoelectric Constants d33 = 130 d33 = 100 d33 = 60 d33 = 57

C 1012 C/N d15 = 31 d15 = 24 d15 = 80 d15 =68

Electro-Optic Coefficient 420 x 10-12 180 x 10-12 360 x 10-12 60 x 10-12

(M/V)

- All crystals exhibit room temperature tetragonal bronze structure (4mi).

2. To determine the magnitude of the low-temperature millimeter wave

nonlinear response dn/dE in SBN.

3. To initiate millimeter wave dielectric measurements on single

crystal KLN (K3Li2Nb501 5 ), a fully "stuffed" tungsten bronze.

These tasks were performed at two separate characterization facilities,

one at the Science Center and the other at the Electrical Engineering Department

of UCLA under the direction of Professor Harold Fetterman. Wherever possible,

'. the same sample, or near-Identical ones prepared from adjacent locations of a

given crystal boule, were used at both facilities to provide a consistency check

on the results obtained. In general, different experimental methods are used.

The Science Center utilizes waveguide and free-space techniques to cover the

13
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[ frequency region 30-50 and 90-100 GHz. Temperature capabilities include the

continuous range of 300-1700K and at discrete cryogenic fluid temperatures below

300K (77K, 87K, etc.) The UCLA facility is capable of continuous temperature

coverage from 40-300K over the entire frequency range 50-110 GHz. The experi-

mental capabilities provided by the two facilities are complementary and

together represent a unique combination for experimental studies of the milli-

meter wave dielectric properties of materials.

For the waveguide measurements at the Science Center in the 30-50 GHz

region, samples were prepared to fit the inside dimensions of a rectangular

waveguide (2.845 mm x 5.69 m). The choice of this measurement method was dic-

tated by limitations in the sizes of single crystal ferroelectrics which can be

fabricated. Up until this year's effort, dielectric measurements on advanced

- single crystal ferroelectrics, such as SBN and BSKNN, were carried out exclu-

*! sively by this method. The complex dielectric constant of the material is then

*determined from the measured transmission and reflection coefficients by solving

the transcendental equations for waveguide propagation through a dielectric

* media. In applying this to high loss/high permittivity materials, the imperfect

fit of the sample in the waveguide can significantly modify the propagation,

giving rise to erroneous values in the dielectric constant. Recent calculations

carried out under a Science Center IR&D project indicate that this effect is

quite complex and cannot be described by simple perturbation equations even for

-very small air gaps on the order of 1%. Theoretical models have been construc-

*ted to treat this problem, and numerical methods have been developed for its

solution.

In this year's experimental effort, wavegulde measurements were made

. with a conductive silver paint to eliminate the residual air gap, where possi-

ble. However, for the measurements of dn/dE, a gap must be present due to the

requirement of conducting electrodes on the opposite edges of the sample. Con-

sequently, the data obtained for these measurements were analyzed by the devel-

oped numerical method. As a verification, systematic studies were carried out

with measurements on samples with air gaps ranging in value from 1% to 30%. The

*. experimental results for the transmission and reflection as a function of fre-

14
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quency were then compared with theory to determine the relative magnitudes of

the dominant waveguide mode through the sample and the propagation in the air

gap. These results were then used to deduce the values for dn/dE.

During the last quarter of the program, the outstanding success in the

materials research portion of the program resulted in the availability of large

sized, single crystal SBN samples for millimeter wave measurements. These sam-

ples are approximately 2.5 cm x 2.5 cm in size for both crystal orientations,

i.e., crystal c-axis in the plane as well as perpendicular to the sample face.

Such large sample sizes enabled free space measurements to be carried out at

100 GHz. These measurements are much more direct and less susceptible to sys-

tematic sources of errors. It also enabled us to measure c1 and E3 as well as

dn3/dE3 and dnj/dE3 on the same sample simply by reorientation of the crystal

axis with respect to the polarization direction of the incoming millimeter wave.

• "The success in obtaining the first observation of the temperature dependence of

II the millimeter wave nonlinear susceptibilities are due largely to this availabi-

• • lity of sample sizes larger than millimeter wavelengths.

In general, excellent agreement was obtained between the Science Center

results and the UCLA results for the cases where the experimental conditions

overlapped. Reasonable agreement was also obtained with results from previous

-" studies in this program. The experimental method and data obtained in the study

*. undertaken at UCLA are described separately in Section 3.2.4. Because of dif-

"- ferent approaches used in data analysis, these results are given In terms of

optical constants n and k, rather than the dielectric constants, E' and E".

These constants are related by the expressions,

E =n2 -k ; E"= 2nk . (3.1)

. 3.2.1 Millimeter Wave Dielectric Properties of Single Crystal SBN (61/39)

The dielectric properties of single crystal SBN were measured for a

number of samples at 30-50 GHz and at 90-100 GHz. These included both crystal

orientations at room temperature and liquid nitrogen temperature. The results

15
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* reported are essentially all from the characterization effort performed at the

* Science Center, as the current measurement technique used at UCLA is not readily

adaptable to high-loss materials. Preliminary results from the UCLA effort are

in general agreement with the results given here; and as described in Section

3.2.4, work is under way to develop a suitable capability at UCLA to enable

quantitative studies to be made on this material from 50-100 GHz at temperatures

down to 40K.

Because of the recent availability of large high quality crystal sam-

*ples from the materials development effort previously described, we are able to

make the first determination of the nonlinear coefficients dn3/dE3 and dnl/dE 3

at liquid nitrogen temperature. The results are extremely encouraging, as it

was demonstrated that these coefficients did not substantially decrease in value

*at low temperatures. In addition, the data provided the basis for a model to

describe the fundamental mechanism controlling the susceptibility in this class

*of material.

Dielectric measurements of c', e" and dn3/dE3 were carried out using

the filled waveguide technique between 30-50 GHz on a number of samples. As we

-. had previously observed, there is a variation from sample to sample of the

values for e' and c". The dn3/dE3 measurements were carried out by applying an

" ac electric field across the sample and observing the resulting modulation of

the transmitted microwave power. In all cases, this modulation was found to be

-"- linear in the applied field strength up to the maximum value of 106 m/V. Typi-

cal data are shown in Fig. 3 for a 1 KHz modulation frequency. The effect is

-insensitive over the ac frequency range studied (0.1-10 KHz) throughout the

-* millimeter wave band of 30-50 GHz.

Measurements were carried out between 90-100 GHz on two plate samples

approximately 2.5 cm x 2.5 cm in size, one with the crystal c-axis in the plane

"* and the other with the c-axis perpendicular to the plane of the sample face.

The linear dielectric properties (c', C") were then determined from the observed

microwave transmission and reflection coefficients. For the dn/dE measurements,

*electrodes were deposited on opposite edges of the first sample so that the

16
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F = 35.722 GHz

5 Fig. 3

Observed millimeter wave modulation
0 of 1 kHz for SBN:61.
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incident linearly polarized microwave beam and measuring the magnitude of the

modulation on the intensity of the reflected power, the coefficients dn3/dE3 and

dnl/dE3 were obtained. Values for E', " and dn/dE are summarized in Table 6.

3.2.2 Millimeter Wave Dielectric Properties of Single Crystal BSKNN

The millimeter wave dielectric properties of single crystal BSKNN have

S..been determined as a function of temperature and crystal orientation. The c-

*° axis permlttlvity measurements were made from 30-100 GHz over the temperature

range 40-295K. For the a-axis permittivity, measurements were made from 30-50

GHz at room temperature and at liquid nitrogen temperature, and the results are

17
C6986A/bw

.........',."...-.'........-."..."



01 Rockwell International
Science Center

SC5345.5AR

Table 6

Millimeter Wave Dielectric Properties of Single Crystal SBN

Frequency Temperature e' c" tan 6
(GHz) (K)

c-Axis dn3/dE3

Sample A 30-50 295 158 86 0.54 2.7 x 10- 6

77 124 8.8 0.07

Sample B 30-50 295 169 76 0.45

Sample 1 90-100 295 273 149 0.55 1.6 x 10-6

77 67 23 0.34 5.0 x 10- 7

c-Axis dnl/dE3

Sample A 30-50 295 231 51 0.22

77 190 37 0.20

Sample B 30-50 295 257 55 0.21

- -7

Sample I 90-100 295 211 37 0.18 2.2 x 10

77 180 29 0.16 < 5 x 10 - 8

Sample II 90-100 295 216 42 0.19

18
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Table 7

Millimeter Wave Dielectric Properties of Single Crystal BSKNN

Temperature el E tan 6
(K)

c-Axis

Sample I

30-50 GHz (SC) 295 60 8.4 0.15
77 29 1.1 0.04

50-100 GHz (UCLA) 295 53 9.5 0.18

77 31 1.0 0.03

Sample 2

30-50 GHz (SC) 295 48 9.2 0.19

a-Axi s

30-50 GHz (SC) 295 160 64 0.40
77 156 56 0.36

* given in Table 7. The results for the c-axis dielectric properties as a

" continuous function of temperature are given in Section 3.2.4.

The agreement shown for the samples characterized at the Science Center

* and at UCLA is excellent considering the substantial fundamental differences in

the experimental techniques used. The differences in the dielectric properties

*reported for Samples 1 and 2 are typical of the observed variations we have

found among different crystal samples for this material. The dielectric proper-

ties are insensitive to frequency throughout the range 30-100 GHz for the c-axis

orientations as demonstrated by the results obtained for Sample 1.

The temperature behavior of the dielectric properties is qualitatively

- similar to that for SBN, i.e., a strong temperature dependence in the c-axis

direction and a very weak dependence in the a-axis direction. Both the real and

* imaginary part of the dielectric constant remained high for the a-axis direction

. down to liquid nitrogen temperature. Preliminary data from the UCLA effort

19
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indicate that this general observation holds true down to 40K. This suggests

- different loss mechanisms for the two crystal orientations for the tungsten

" bronzes in general. Identification of these mechanisms will be the objective of

our continuing investigation by experimental and modeling efforts.

Recent advances in materials development have also made available sam-

ples with sizes nearly suitable for dn/dE determination using the more accurate

and convenient free space measurement technique. We plan to carry out this type

of measurement on BSKNN at 100-140 GHz as a function of temperature as soon as

suitable samples are fabricated.

3.2.3 Millimeter Wave Dielectric Properties of Single Crystal KLN

Potassium lithium niobate (K3Li2Nb5O1 5) is the largest unit cell tung-

sten bronze successfully grown to date, and it is potentially interesting from

both mechanistic and applications viewpoints. The millimeter wave characteri-

zation effort on this material is currently limited by the sizes of available

samples. KLN samples have a tendency to fracture badly when grown along the

crystal c-axis. Growths along the crystallographic a-axis have been successful

in producing crack-free, excellent quality single crystals with diameters up to

0.7 cm. Attempts to grow crystals larger than 1 cm by the Czochralski technique

.. have not produced fracture-free specimens to date.

Because of this fabrication difficulty, millimeter wave measurements

were restricted to determination of c-axis dielectric properties at 30-50 GHz.

The data obtained are summarized in Table 8.

Table 8

Room Temperature Dielectric
Properties of Single Crystal
KLN at 30-50 GHz Along the

c-Axis

- #1 tan 6

75 6.8 0.09
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As can be seen, the room temperature millimeter wave loss tangent for

KLN is considerably lower than that of either SBN or BSKNN. This observed trend

suggests that effort be undertaken to further explore this promising material

system. We are continuing this investigation to establish the temperature de-

pendence of the dielectric constant and loss and to initiate measurements of

dn/dE. Materials studies are also being pursued to fabricate samples greater

than 1 cm in size.

3.2.4 Progress Summary of Effort at UCLA

The millimeter wave transmittance measurement apparatus at UCLA has now

been extended to allow accurate low temperature measurements by use of a sample

mounting setup shown schematically in Fig. 4. One of the waveguide flanges

which contacts the sample is connected to a copper closed cycle helium refriger-

ator unit. The unit is inside a mechanically pumped vacuum chamber to prevent

vapor condensation and heat convection. Thin polyethylene vacuum windows are

-placed between hollow metal waveguide sections cut approximately at the

- Brewster's angle for the linearly polarized TE10 waveguide mode to avoid extran-

* eous standing waves. A barrier to heat conduction along the waveguides is

MCG-30989

CLOSED-CYCLE
REFRIGERATOR

-" - BREWSTR

WD COPPER CRYSTAL TEFLON
COLDFINGER SAMPLE WAVEGUIDE

Fig. 4 Millimeter wave transmittance measurement apparatus (UCLA).
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provided by solid teflon waveguide sections which slide inside the metal wave-

guide. A two-step transition is made by a pyramidal teflon taper and a metal

horn. The lowest sample temperature achievable is 40K, and a heater and diode

temperature sensor are mounted on the copper block and are connected to a com-

puter interfaced temperature controller to allow stabilization at any tempera-

ture up to 270K.

The low temperature transmittance spectrum for 60/40 SBN with the mil-

limeter wave electric field polarized perpendicular to the crystal "c" axis

shows a reduction in absorption when compared with the room temperature spec-

trum. A far greater reduction, however, is obtained for the parallel polariza-

tion. The crystal thus becomes a natural millimeter wave polarizer at low tem-

perature, transmitting one polarization much better than the other. This phe-

nomenon seems to be rather general in the tungsten bronzes. BSKNN, for example,

shows a similar effect for the parallel polarization, with close to an order of

magnitude decrease in the absorption coefficient upon cooling (Fig. 5). The

perpendicular polarization, however, does not show a significant reduction in

," absorption. The smooth curve in Fig. 5 is a theoretical fit used to determine

the optical constants n and k, which are the real and negative imaginary parts

of the refractive index. This curve gives a Fabry-Perot spectrum for Fresnel

reflections from the air-dielectric interface, modified by the change in phase

velocity produced by the presence of the metal waveguide walls. The lower

absorption in BSKNN, as compared with SBN, produces Fabry-Perot fringes and

hence allows a determination of n and k all the way up to room temperature.

These optical constants are shown as functions of temperature in Figs. 6 and 7.

Figure 8 shows the loss tangent as a function of temperature. Note

that the x intercept meets the axis at the Curie temperature. Our current

analysis centers around relating this loss mechanism to the one-optic phonon

absorption by the ferroelectric soft mode. However, based upon phonon selection

rules, our models have not been able to explain the observed orientational

dependence of absorption as a function of temperature.
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Fig. 5 40K and room temperature transmittance of single crystal BSKNN
for the electric field parallel to the c-axis.
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Fig. 6 n vs temperature for BSKNN (50-110 GHz).
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The figures-of-merit must be fully considered in these measurements.

For example, if we assume a (333) geometry with a parallel applied electric (E)

and radiation fields, we can write for the phase retardation F for a path length

L in the material as

r = Ln r33E/ ,(3.2)
e 33

where the "e" subscript identifies the extraordinary polarization direction. If

L were limited by crystal availability or device geometry, the figure of merit

would be

FOM = ner3 (3.3)

. The electro-optic coefficient is expected to be a function of linear

susceptibility. In general, this relationship needs to be established experi-

mentally for individual material systems. Modeling efforts by Boyd1 have resul-3 3 2
ted in a simple relationship r33  ne. For this model, the FOM = nene - 1)

-'  ne. Consequently, if this relationship proves to be valid, the decrease in ne

observed for SBN and BSKNN at low temperature can significantly reduce this

:. figure-of-merit. A key requirement in the program is clearly the establishment

' of this temperature dependence of the electro-optic coefficient. (In single

"; crystal SBN, preliminary data described in Section 3.2.1 have shown that the
dependence in r33 on linear susceptibility is much slower than predicted by

the n5 model. This is the most encouraging data to date on potential device
e

applications for the-tungsten bronzes.)

In the case considered here, absorption is very high and limits L so
that a different FOM is appropriate. In this case the loss = I - exp(-4%k eL/X),

where L is limited to some value inversely proportional to ke. It is here

that cooling has an important role and we must find conditions to maximize
5
ne/ke  Cooled tungsten bronzes are thus promising candidates for use in

millimeter wave electro-optic devices. This is especially apparent when one

considers that the only material known to have a higher performance parameter,

BaTiO 3 , is difficult to obtain in high quality single domain crystals. The

25
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performance of tungsten bronzes is expected to improve with continued mater-

ials research.

We have also been developing the capability to measure electro-optic

coefficients at low temperatures. Preliminary results at room temperature

have shown substantial effects at 90 GHz in several geometries. Application

' of an electric field transverse to the propagation direction cannot be done

for a sample between metal waveguide flanges because the flanges divert the

field lines. We have thus made free space transverse field measurements on

*- samples about 1 cm from each of two waveguide horns. Quantitative analysis of

these results shows a large uncertainty in the electro-optic coefficient but

is consistent with previous measurements.

Application of a longitudinal (parallel to the propagation) electric

field is possible on a sample between metal waveguide flanges; however, the

electrodes may attenuate the power of the transmitted millimeter wave. This

problem is reduced by the use of wire polarizer electrodes, oriented perpen-

" dicular to the millimeter wave polarization so that each has over 50% trans-

mittance. The change in transmittance measured was made using a fast response

diode detector input to a lock-in amplifier referenced to a 1 kHz ac voltage

applied to the crystal. Although the results were proportional to the slope

of the transmittance spectrum, they were somewhat obscured by the presence of

*" rapid oscillations due to the presence of extraneous standing waves.

3.3 Theoretical Modeling

Since the inception of our characterization efforts on the tungsten

- bronzes, two common features of their millimeter wave dielectric properties

* have resisted explanation: high losses along both crystal axes (tan 6 - 0.2);

and a major reduction in polar axis permittivity from its dc value. Stria-

* ' tions, localized defects, and incomplete poling have all been examined and

experimentally discarded as suitable sources for this behavior.

* These experimental investigations have pointed us toward the conclu-

*sion that a direct coupling must exist between the microwave electric field

and lossy acoustic phonons in these systems. Such a coupling would be a
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natural consequence of spatial variations in the spontaneous polarization, Ps,

whatever their source.

Recently, Cross and coworkers2 at Penn State have found evidence for

a persistent, spatially varying polarization above the Curie point in SBN,

with a root mean square magnitude of about one third the low-temperature Ps

value. This suggests that the polarization below Tc is similarly variable.

In view of these observations, it appears worthwhile to attempt to

model the effect that local variations in Ps will have on the microwave

dielectric susceptibilities. As a starting point for such a model, we con-

sider the response of an elastic continuum to an applied microwave electric

field (Toupin, 1961).
3

The equation of motion for the elastic displacement ui in a spon-
taneously polarized medium takes the form

""0- - 2 CP ( - 1)coPoEj) (3.4)Pu = 'i,,k Ei . P  ox ( jkrs rsix k

E=0

where p is the mass density of the medium, a is the usual elastic stress

tensor in zero electric field, Ei is the applied field, PO is the polarization

in zero field, Q is the electrostriction tensor, CP is the elastic constant

tensor at constant pressure, K is the dielectric tensor at the applied micro-

wave frequency and co is the permittivity of vacuum. Order of magnitude

estimates for a typical tungsten bronze indicate that the piezoelectric force

terms (due to Q) are about a hundred times larger than the direct electric

force on the equivalent charge density v • PO.

The dielectric loss produced by the generation of damped elastic

waves can be obtained to first order as the volume average of the dissipation:

2 Ir< 1 F d (3.5)
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Here K" is the imaginary part of h along the axis defined by the applied

field, F is the electric force density, V is the crystal volume, and the

angular brackets denote an ensemble average over crystal internal states.

Because both the force density F and the displacement u depend

linearly upon the local polarization, one finds that the dissipation can be

related directly to the spatial correlation function <P(rl)P(r 2)>. Our goal

is to determine properties of this correlation function which will give rise

to the observed microwave loss in the tungsten bronzes. If these prove con-

sistent with experimental evidence from other sources, then a full dielectric

*- theory, encompassing both the dispersion and loss along both crystal axes,

will be attempted along these lines.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The status of our investigations on the tungsten bronzes has now ad-

vanced to the point where various models for dni/dEj can be tested. Prelimi-

nary results from free-space measurements on SBN:60 at room temperature and

77K suggest that the temperature dependence of dn3/dE3 (the polar axis sensi-

tivity) at 90-100 GHz is much smaller than either the phonomenological model

predictions based on low frequency behavior or the n5 model of Boyd.

Our measurements of dnl/dE3 show the interesting feature that, even

*though the complex a-axis permittivity remains substantially constant over the

temperature range, dnl/dE 3 falls significantly at liquid nitrogen tempera-

tures. This behavior is qualitatively consistent with predictions of the

phenomenological model if cI at the microwave frequency is constrained to be

temperature insensitive.

These results are only a beginning, based on a limited exploration in

'" temperature and frequency. We are now constructing a thermostatted enclosure

, for the ferroelectric samples; the enclosure will permit reliable measurements

of dn/dE at any temperature between 77K and the Curie point for each sample.

The key factor which has led to these recent advances has been the

availability of samples sufficiently large for free-space measurements. Over

the last two years, we have discovered and verified that the small gaps neces-

* sary for dn/dE measurements in waveguides introduce substantial corrections to

the transmitted power when the samples are lossy. One must circumvent the un-

. certainties connected with such corrections to obtain reliable values for

- dn/dE.

Our recommendations for the future direction of this program follow

directly from this recent experience. Clearly, it will be advantageous to

. further develop crystals of a size suitable for unambiguous measurement of

dn/dE over a range of frequency. The measurements should be carried out over

a broad temperature range to obtain an accurate picture of the interrelation-

-" ship of permittivity, polarization, and field sensitivity. These results, in
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* .turn, will drive the development of new theories for the dielectric prop-

' erties. Ultimately, the understanding provided by these investigations should

. lead to an evaluation of the potential of this whole class of materials for

device applications based on electric-field induced changes in their prop-

,* erties.
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5.0 FUTURE PLANNED RESEARCH WORK

We will continue to determine high frequency dielectric properties of

various ferroelectric family crystals at room temperature as well as low

temperature. The main objective is to identify the factors controlling the

susceptibilities and especially the loss mechanisms in these ferroelectric

materials. A brief outline of'the future work is as follows:

1. Continue to establish growth techniques to develop existing and

new ferroelectric materials.

2. Study low temperature and high frequency dielectric properties

of selected materials.

3. Establish techniques to evaluate dn/dE and modulation behavior

at low and high frequencies over a full range of temperature

from Tc to 40K.

4. Continue to develop a suitable model to explain current high

frequency dielectric properties in the tungsten bronzes and

other crystal s.

5. Develop device concepts utilizing the large values of dn/dE

available in the tungsten bronzes.

5.1 Bulk Crystal Growth of Tungsten Bronze Crystals

In future work, we will continue to develop the current Czochralski

technique equipped with the ADC system for KLN and some MPB compositions,

e.g., BSNN, PBKNN. As discussed earlier, the growth of KLN crystals has been

*successful but needs further attention to improve crystal size and quality.

The MPB systems selected in this work are also suitable for growth and will be

studied.
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5.2 Development of PBN by the Hot-Pressing Technique

Our initial work on tungsten bronze Pbl_xBaxNb206 (PBN) has shown this

material to be very promising for a number of applications, including piezoelec-

tric, electro-optic, nonlinear optic and acousto-optic device applications.

This solid solution possesses both orthorhombic and tetragonal forms, with a

morphotropic phase boundary occurring at x = 0.37. The phase diagram for this

system as a function of Ba2+ content has been established based on our previous

work on ceramic and single crystal samples of this material, as shown in Fig. 9.

Concurrent theoretical work has shown an enhancement of the ferroelectric prop-

erties of PBN near the morphotropic phase boundary between the ferroelectric or-

thorhombic (mm2) and ferroelectric tetragonal (4mm) structure near the composi-

*: tion Pbo. 6Bao. 4Nb2O6 . This has been experimentally verified using small single

* crystals grown by the Czochralski technique, as well as with ceramic samples.

SCGS.31348

PbxBa 1 xNb206
p-,..; Goo-
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uj 400MORPHOTROPIC PHASE BOUNDARY
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I .
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ORTHORHOMBIC TETRAGONAL

200 MM2 4MM I _
1 i

*b 0
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Fig. 9 Phase diagram for the solid solution Pbl.xBaxNb206 as
a function of x.
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Although we have been able to grow small to medium sized single crys-

-* tals of PBN (under DARPA contract at Penn State), growth is generally difficult

for a number of reasons. These include loss of Pb2+ due to its high voltaliza-

tion, compositional gradients in the grown crystals, and crystal cracking when

-cycling through the paraelectric/ferroelectric phase transition temperature.

Figure 10 shows the ternary phase diagram established for this system. The

alternative technique to this problem is the development of the ceramic hot-

* pressing technique which is now routinely used for perovskites and other compo-

- sitions. Nagata and Okazaki4 successfully demonstrated the growth of PBN com-

positions using the hot-pressing technique. This technique has been used in our

own work for last several years; however, only recently has this growth been

performed in an oxygen atmosphere. The results of this investigation indicate

*- that the growth of transparent ceramic PBN is possible.

Nb20 5  
SC83-21082

Fig. 10 Ternary phase diagram for the system PbO-BaO-NbQ.
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Figure 11 shows a transparent PBN dense ceramic grown under contract

IR&D and ONR sponsorship. Both the dielectric and electro-optic coefficients

for this composition are very high, and this composition is expected to be very

interesting for high frequency studies. During the next six months, the

following parameters will be studied in more detail:

1. Establish conditions to develop completely transparent ceramics,

approximately 1-2 in. in diameter.

2. Study the role of dopants to enhance dielectric properties.

3. Examine low and high temperature high frequency dielectric and

conductivity properties.

4. Extend the current technique to other important perovskite

compositions, e.g., KTN, PZT, PLZT, etc.

SC85--32903

.,,K.°  -, 4 ,

Fig. 11 Pbo.6Bao Nb206 dense ceramic formed by oxygen atmosphere
ho -pressing.
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5.3 Measurements and Theoretical Modeling

Work will continue on the refinement of the measurement capabilities at

both the Science Center and UCLA locations. At UCLA, plan to improve our

apparatus for the determination of longitudinal and transverse electro-optic

coefficients, and to extend these measurements to low temperatures. This will

then be implemented in both planar and microstrip configurations in the more

promising materials to explore practical device applications. At the Science

Center, the apparatus will be modified to provide a more continuous temperature

spectrum of the dielectric properties of these materials. Perhaps of primary

importance at this point is the development of large sized BSKNN crystals for

free-standing dielectric and dn/dE measurements, work which is on-going in the

materials growth area of this program.

Much of the current theoretical work will be continued and modified as

necessary based on experimental data. Parallel empirical modeling work is being

done at the low frequency end of the spectrum (100 Hz-100 kHz), and it is hoped

that some correlation between the two frequency extremes can be established to

help unify the theoretical model and to solidify the mechanics involved in the

dielectric properties of these materials.
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ABRACT

A simple Devonshire form has been derived for the Phenomenological

Elastic Gibbs Function to describe the elasto-dielectric parameters of simple

proper ferroelectrics in the Tungsten Bronze Structure family which has 4/mmm

prototypic point symmetry. For the assumption that all temperature dependence

is carried by the Curie Weiss behaviour implicit in the quadratic term and

that the expansion may be terminated at the first 6th order term reasonable

* agreement between calculated and derived P5 vs. T curves in the ferroelectric

* phase can be obtained for a wide range of bronze compositions.

From the fitting it is clear that second and sixth rank terms are

remarkably constant over a very wide range of bronze compositions. Variation

* in the negative fourth rank term is larger, but this is to be expected since

. it contains large contributions from electrostrictive and elastic terms which

will depend upon boundary conditions.

These initial studies suggest that the phenomenological method may be

used to derive expectation values for tensor parameters across the whole

* family of ferroelectric bronzes. The study also points up the need for more

careful detailed studied of lattice strain, birefringence and permittivity as

a function of temperature in model bronze compounds to provide more detailed

checks of the method.
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The Tungsten Bronze family of simple proper ferroelectrics incorporates

now almost 100 different end member compositions, most of which are mutually

compatible in solid solution, so that an immense range of possible

* ferroelectrios is available. In attempting to select compositions for device

application in optics, nonlined optics, electrooptics, acoustooptics, SAW,

etc., it is important for each device to maximize a different combination of

the tensor properties of the crystal, so that some theoretical predictive

capability would be of major help in making rational choices in this

bewildering range of possible bronze compositions. For complex structures

like the ferroelectric bronzes, however, where different cations can have

different fractional occupancy on several sites in the structure, a rigorous

atomistic theory is at present out of the question. It is the purpose of this

paper to explore the extent to which thermodynamic phenomenological methods

can be used to correlate the tensor properties to point up the inadequacies of

present experimental data and to suggest a more systematic experimental

approach.

A rather simple Landau:Ginsburgh:Devonshire function for the Elastic

- Gibbs Free Energy of simple proper ferroelectric bronzes which can be derived

for the 4/mmm prototype symmetry has been discussed earlier (1). and the

". function was used with good results to fit the dielectric, electric and

. piezoelectric properties of the Bao .40 Sr0 .60Nb20 6 (SBN) ferroelectric

composition (2). A simple power series expansion up to the first 6th power

terms in polarization but including only fourth rank terms in elastic and

elasto-eleotric coupling terms proved adequate to explain dielectric,

piezoelectric and spontaneous shape change data, however it was necessary to

include sixth order electrostriotion to model the elastic constant behaviour.

The relaxer dielectric character of SBN was taken into account by using a
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narrow distribution of Curie temperatures T., and did not obtrude in the

fitting process except for properties very close to T where fluctuations ina
the polarization take far from zero (3).

* 2,0 THERMODYNAMIC PHENOMENOLOGY

Recapitulating our earlier studies, it has been the contention that an

"" empirical thermodynamic elastic Gibbs function can be developed which will

describe the polarization induced changes in the dielectric, elastic, thermal,

piezoelectric and electro-optic properties in all possible simple proper

ferroelectric phases of the tungsten bronze structure ferroelectrics.

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

prototypic form of the bronzes, the permitted dielectric stiffnesses cijo

. fourth order stiffnesses aijkl, electrostriction constants Qijkl elastic

compliances Sijkl and sixth order dielectric stiffnesses 6 ijklmn are listed in

Tables I through IV.

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

or 31 -> 5 and 12 or 21 -> 6 the elastic Gibbs function takes the form

AG1  Q1(Pi~ +P2) p2 + a11(p4+p4) p4
1 22 3 2 + G33 3

*+ a 1 3 01jP3+P22P23) + zL1 2 P1P2 + 333

6 63X 1 2 2+)
4 11(Pl+P2) - ii(444)- X2 21

s1 3 (X+X 2 )X3 - 3 2 1404 5

36S - Q 1 1(P1X1 +P 2X 2 ) -Q 1 2 (PIX2 +P 2XI)

- Q 3(P 313P2X3 ) - Q31 (P3X1 P3X 2 )

- Q3 3P3X 3 - Q4 4 (P2P3X4+PIP3 XS)

- Q66P1P2X6  (1)
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The first partial derivatives with respect to the polarization give the
field components

SAG ME2P,+4a11P3 + 2a3Pip 2
'I = E1 2lpI +3

+ 2A12P1P2 1

+ Q13P1X3 + Q44P3X5 + Q66P1X6  (2)

AG E 4alP + 2at3P2P+

'P2 m

+ 2a12P2P1 6a2xP

+ 2Q13P2X3 + Q44P3X4 + Q66P1X6  (3)

E - 2 3P3 + 4a33P3 + 2G13(P1 2) 3

+ 6a 33Pi + 2Q31P3 (Xz+X 2 )

+ 2Q33P3X3 + Q44 (P2X4+PIX$) (4)

It is the solutions of these equations with Ei = 0 which determine the

ferroelectric states for a free crystal (X - 0). In general, there are seven

possible ferroelectric species which can occur from the prototypic 4/mmm

* symmetry of the paraelectric phase of the tungsten bronze, each of which

corresponds to a different combination of non-zero (spontaneous) values of the

Pi components. All possible solutions for the three equations (2-4) were

derived and reported by Cross and Pohanca (1968). Practically, however, just

two of these solutions encompass all presently known simple ferroelectric

* bronzes. These are

(a) A o o -

(b) Pi-~# 2 3 0

1-5
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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. D(4) indicates that the spontaneous polarization P. has definite

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

* lequivalent four-fold axis which is one. In other words, there are two domains

of opposite orientation of P. (i.e., 1800 domains) along the four-fold

prototypic axis. The second species (b) is one of the subtypes of 4/mmm (2)D2

Fmm2 with P5 along the two-fold axis which make angles of 450 with 1 and 2

prototype axis P2- 2 and has four equivalent ferroelectric domain states.

Substituting the conditions (a) into the general equations (2-4) gives

the following conditions for stability:

P1 = P2 = 0 0 = 2Q3 + 4Q3 3P3 + 6a3 3 3P
4  (5)

• 'The isothermal dielectric stiffness Xij are

42

i~ "x2a, + U103o(,
T 2

X2 2a, + UE1 3

T1  - 203 + 12Q33P 2 + 30Q333P 4

T M XT -T = 0 (6)X12 X13 X23

The tetragonal spontaneous strains are given by

x1 - Q3 1P3 x4 -x 5 + x 6 - 0

x2 - Q31P3

X3 M 3 2 (7)
Q3 3P3

and the piezoelectric b coefficients by
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bi, - 0 b2 1 
= 0 b3 1 = 2Q3 1P3

b12 - 0 b2 2 - 0 b3 2 - 2Q31 P3

b13 = 0 b2 3 = 0 b3 3 - 2Q33 P3

b14 = 0 b2 4 - Q4 4P3  b4 4 = 0

b15 = Q4 4P3  b2 5 = 0 b3 5 = 0

b16 m 0 b2 6 - 0 b3 6 - 0 (8)

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

stability conditions,

2=2 0 =2a, + (4a,1+2Gl 2)Pl 6 1P

P3 = 0 (9)

_ oIsothermal stiffnesses are

T 2a,1 + i2anP 2 + 2ez1 2  + 30cljjp4

T2 = 2ca, + 12a,,P 2 + 212PP + 30al11P4
- " x T 2a3 P"33 = 2a3 + 4a13P1

T * 2 (0X34 " 4-12Pl X13  X23 0 (10)

It may be noted that the coefficients here are expressed with respect to

" the original prototypic axes and thus satisfy pseudomonoclinic symmetry.

- However, a simple rotation of the matrix by 450 in the 1,2 plane would reveal

* the true orthorhombic symmetry.

Spontaneous elastic strains take the form

=2'.x -I (Qll+Q12)I

. x2 - (Qll+Q12)Pl

4x 3 - 2Q13P1

x6 - Q 6 6P1 x 4 -x$=0 (11)
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and the piezoelectric coefficients are

bl 2Q,,Pl b2l m 2Ql2P1  =~ 0

b1 m 2Q12P1  b22 - 2Q11Pl b32 = 0

b13 m 2QI3Pl b2 3 m 2Q19P1  b33 m 0

b1 4 -O0 b24 -0 b34 =Q44PI

bsm0b 2 5 =O b3 5 =-Q4 4 P1

b 1 6  Q6P b2 6  Q6P b 3 6 =0 (12)
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3.0 POTENTIAL UTILITY OF THE PHENOIENOLOGICAL THEORY

31 I

It is evident from Tables I through IV that a substantial number of

constants are 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, it is possible that all the parameters can be functions of

both temperature and composition, however, several pieces of evidence, both

direct and indirect suggest that:

(a) The dominant temperature dependence is carried in the terms a, and

a3 which have a Curie Weiss form

- a, = alo (T-01)
(13)

03 - a30 (T-O3 ).

(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

(i) That in all known ferroelectric bronzes, only two of the seven

possible ferroelectric species which are available from the 4/mmm prototype

occur in nature.

(i) In the tetragonal ferroelectric form in (Sr 0 . 6 1 Bao. 3 9 )Nb2O6 which

is the congruently melting SBN composition, the data followed very closely to

". the phenomenology except for temperature close to the Curie point Tc and all

parameters have been evaluated.

-*. (iii) For the (Pbl-xBax)Nb20 6 compositions in the tetragonal phase field

but close to the morphotropic phase boundary at the (Pbo. 6 Bao. 4 )Nb2 06

composition, the dielectric, piezoelectric and electro-optic behavior can be

1-13
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[F.

*. quite accurately modeled using the phenomenological constants for SBN and just

adjusting 0 I and Q3 to conform to the observed Curie Weiss behavior in these

compositions (4).

The success to date with the modeling suggest 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. The results of this effort will form the bulk of this paper.

A second feature which has become evident from our modeling of the

" tungsten bronze ferroelectrics is that particularly in the elastic response,

the relaxor character of the bronzes is reflected in a breakdown of the static

. phenomenological model at temperatures close to Ta due to the onset of

fluctuations in P. Thus for a range of temperatures above T it is evident

that though P 0 0, is rigorously true p2 0 0. The onset of a substantial

fluctuating component in P will clearly affect all parameters which depend on

even powers of P such as the linear dimensions, since

xi = 2j3~ (14)i xij -QiJ33 P 3 14

- the optical refractive index as

Aij B giJ33P2 (15)

and the elastic compliance

-ijkl O ijkl33P3 16)

Perhaps the easiest to analyze is the strain response, and this will be

* the subject of a subsequent paper.
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3.2 Evaluation of the Thermodynamic Parameters

In spite of the fact that 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, there is a

genuine paucity of reliable experimental data from which to evaluate the

thermodynamic constants. For many materials, only ceramic samples have been

made and in these, it is impossible to separate the individual tensor

components. 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 been able to find adequate but incomplete data for

several BaxSrilxNb206 solid solutions. In several La2 03:KSr 2Nb$OI 5 compounds

and solid solutions and for pure KSr 2 Nb$O 1 5 there is also adequate though

incomplete data. NaBa2Nb$O15 may be analysed on this model if the weak

*- ferroelastic phase change near 370oC is neglected, and there is some data for

"" a titanium modified NaBa2Nb5o15. Similarly in K3Li2Nb5015 there is adequate

data for some of the constants though the transverse dielectric response has

apparently not been measured.

In the orthorhombic ferroeleotric form, we have only been able to find

data for PbNb206 and for Pb2KNbSO 15. The fitting to obtain the thermodynamic

parameters is, however, more difficult in these compositions and will be

covered in a subsequent paper.

For the tetragonal ferroelectric form, the evaluation is relatively

straight-forward. The constant u3 has the form a3 - a3 0 (T-03 ) which leads to

an equation for the stiffness X33 above To of the form

X33 - 2 30 (T-03 ) (17)
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Thus the extrapolation of the Curie Weiss plot of stiffness above To gives the

temperature 0 and the slope in the constant 2a3 0.

By equating the AG values in ferroelectric and paraelectric states at To ,

the equation for P. (5) can be put into the Devonshire form

T-0 - 4(P3)2 + 3(L 0)4 - 0 (18)
T-- P30P

in which To-$ and P3 0 are the only fitting parameters.

Often, unfortunately, the published P. vs T data for ferroelectric

crystals is unreliable particularly at temperatures remote from T. where it is

often difficult to pole to a single domain state. Thus it is wise to check

the shape of the polarization function by using a less direct method, e.g. the

*. spontaneous strains A/c, Aa/a induced in the ferroelectric form are

)] electrostrictive in nature and thus scale with Pa. Similarly the optical

impermeability changes below Tc (AB1 1 and AB3 3) are again quadratic and scale

- with P2. Piezoelectric bij constants on the other hand, being morphic, scale

- directly with Ps. as does the linear electro-optic effect and the nonlinear

Miller 6 coefficients.

A typical fitting of the different Ps data for Ba2 NaNb2O6 is shown in

*" Figure 1. Clearly the Devonshire form is in excellent agreement with the

'birefringence' data which are probably most reliable in this crystal. From

. the values of TO , *, Pao and X30 the a constants are given by

3 - 1/2 a 3 o(TO-0 3 ) (19)

,. ao0(To-03)

a33 p- (20)
P30

a G30(To-'3)6333 =4 (21)

2(P30)4
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For the constant a, and a1 3 dielectric data for a section parallel to the c

"axis (*a) is required. Above To

X1 = 2a1 0(T-O1 ) (22)

so that 2o1 0 is the Curie Weiss slope and 0 1 the extrapolated Curie

temperature.

To derive o13 it is then a simple matter to make use of equation (10) to

obtain by least squares method a best fit to the experimental data below T.,

taking now calculated values for P3 vs T.

A typical plot comparing measured and calculated values for NaBa 2 Nb5 O15

is given in Figure 2.

Using these methods constants for the bronze compositions derived are

" listed in Table V.

* 3.3 Discugasj.on
It may be noted at once that for a3 0 and 43 3 3 there is excellent

*agreement over a very wide range of bronze compositions. The constant ao0 is

also within a narrow range, though here the stiffness is much larger and the

"* Curie Weiss slope more difficult to read precisely. The 3 3 values cover a

o- wider range and this also is perhaps not surprising. In the elastic Gibbs

function, the negative value of a 3 3 comes about because of a strong

* contribution from elastic and electrostriotive constants in the free crystal.

" Thus the magnitude of a 3 3 is markedly dependent on the elastic boundary

conditions and probably therefore on the crystal perfection. The a1 3 values

"- also cover a rather wider range, but here the error is probably in the

evaluation.

In summary, it does appear from these preliminary data that the original

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

- approximation for the tetragonal bronze ferroeleotrics, and thus can form a

1-17
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basis for the analysis of the properties of a very wide range of bronze

compositions.
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Electrooptic devices for millimeter waves using cooled ferroelectrics
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Abstract

The complex dielectric constants of two ferroelectric crystals SBN and BSKNN have been
determined for millimeter waves betweeen 55 and 110 OH: as a function o temperature. These

* measurements used Pabry-Perot fringes produced by crystal surface reflections. Absorption
was found to decrease markedly upon cooling tor incident waves polarized along the crystal

i polar axis. Since exploitation of the large millimeter wave electooptlc coefficients in
these crystals is limited at room temperature by absorption losses, these reaults Indicate
that cooled crystals can be used for efficient low-loss electrooptic devices.

Introduction

" Perroelectric materials have shown great promise for use In devices in which an elec-
*+ trical signal controls millimeter waves by means of the linear electrooptic (Pockels)

effect.l- 3 Amplitude or phase modulators, beam steerers, tunable bandpass filters and
tunable antennas are examples of such devices. The materials with the largest electrooptic
coefficients, BaTIO3

4 and Sr.61 Ba 39 Nb2 0 (SBN)5 , however, have large absorption losses
whicn limit their usefulness in practical devices. BaTiO3 has the additional disadvantage
that high quality single domain crystals are difficult to obtain, and are readily damaged or

Kl_yNayNbSO15 (BSKNN), have been produced In consistently high quality, stable single domain
crystals.6-7 The present paper reports that a substantial decrease in absorption of milli-
meter waves by SBN and BSKNN may be achieved by cooling to cryogenic temperatures. Under
these low-loss conditions, more efficient electrooptic devices can be developed.

Experimental method

Transmittance spectra over a full millimeter wave band may be measured at room tempera-
ture for small samples with high dielectric constant by means of an apparatus shown schema-
otically In Figure 1.8 The frequency of the narrowband output of a backward wave oscillator
is stepped across the full band by a computer which also records the transmitted power
measured by a thermistor-type detector. Normalization of the transmitted power spectrum by
the power spectrum taken when the sample is removed cancels the effects of spectral varia-
tions in all components other than the sample. Parallel sample surfaces contact two wave-
guide flanges, with pressure maintained by small springs. The use of single mode hollow

" metal rectangular waveguide throughout maintains the linearly polarized TE1 0 mode,

¢-

VAO

WOVOw WAMUDE~

Figure 1. Room temperature millimeter wave Figure 2. Sample mounting for low temperature
tranmittance spectrum apparatus. measurements.
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everywhere except possibly Inside the sample and the Isolators and directional coupler serve
to eliminate extraneous standing waves.

The apparatus Is extended to low temperature measurement by means of the sample mounting
arrangement shown schematically In P1gure 2. One of the wavegulde flanges contacting the
sample Is soldered to a copper block attached to a closed cycle helium refrigerator unit.
The unit is Inside a mechanically pumped vacuum chamber to prevent vapor condensation and
neat convection. Thin polyethylene vacuum windows are placed between metal wavegulde
sections cut approximately at the Brewster angle for the linearly polarized radiation, to
minimize reflections which cause extraneous standing waves. A barrier to heat conduction
along the waveguldes is provided Py sections of solid teflon rectangular wavegulde which
slide inside the metal wavegulde. A two-step transition from hollow metal to teflon-filled
metal to teflon alone Is made by a pyramidal teflon taper and a metal horn, with low reflec-
tion and absorption losses. In this configuration the lowest sample temperature achievable
is around 4OK, and a heater and diode temperature sensor mounted on the copper block and
connected to a computer-interfaced controller allows stabilization at any temperature up to
270K.

A sample with large millimeter wave dielectric constant will have large reflections off
its entrance and exit faces which form Pabry-Perot Interference fringes In the spectrum.
The "optical" constants n and k (real and negative Imaginary parts respectively of the
complex refractive Index) of the sample may then be determined by comparison of the experi-
mental spectrum with theoretical Pabry-Perot spectra. The theory uses Presnel reflection
coefficients for the air-dielectric interfaces, modified by the change In phase velocity
produced by the presence of the metal waveguide walls.1 0 An example of a theoretical fit is
shown as the solid line in Figure 3. The dotted line shows combined data over two milli-
meter wave bands for BSKNN at 40K with the crystal polar ("c") axis parallel to the radia-
tion electric field. The rapid oscillations seen are not noise, but are reproducible, and
are apparently caused by spectral variations in the coupling Into and out of higher order

. transverse modes Inside the sample. These oscillations are ignored In determining the

.. theoretical fit.

.2

°.0 -

... 5

0

0 s0 T0 s0 90 100 110

aHz

Figure 3. Experimental spectrum (dotted line) and theoretical
fit (solid lise) for 5SKNN axis at 40K.

The complex dielectric constant may be obtained from the optical constants simply by squar-
Ing the complex refractive Index. The tangent of the phase 6 of this quantity expressed
In polar form is the loss tangent and the absorption coefficient is 4sk divided by the
vacuum wavelength.

Results

Spectra were taken over the 55 to 85 OHz range for both SBN and BSKNN, and additionally over
the 75 to 110 OH: range for BSKNN. Oood fits were obtained by assuming constant values of
n and k over the spectrum, although somewhat better fits could be obtained by allowing k

'. to have a small spectral dependence, Increasing linearly with frequency. The uncertainties
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*- In n ranged from around -1% for low absorption cases to 5% for high absorption.
- Uncertainties for k were around twice that for n.

In SBN, for the a-axis (millimeter wave electric field perpendicular to crystal polar
axis), the complex refractive Index n-ik was found to change from 18-1.31 at 290K to

' 16.5-0.631 at 40K, showing a significant decrease In absorption upon cooling. For the
c-axis (field parallel to polar axis), however, the change from n-31 (n could not be deter-
mined due to the lack of fringes) at 290K to 6.5-0.191 at 40K shows a decrease In absorption
which is quite dramatic.

Similar results were obtained for BSKNN. Por the a-axri, the complex Index of
17.3-0.721 at 290K showed no measurable change upon cooling. Spectra were taken at several
temperatures for the c-axls, with the n and k results shown In Figures 4 and 5. Over-
all It Is seen that the absorption Is significantly less than for SBN.
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Figure 4. Temperature dependence of n Figure 5. Temperature dependence of k
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, Discussion

;,The decrease In absorption along the c-axis upon cooling 13 expected If the radiation 13

absorbed by the ferroelectrlc sort mode. This is an optic phonon mode with a resonant! frequency which Increases as the temperature decreases further away from the Curie temper-

at ure (476K for BSKNN). As the resonant frequency moves further away from millimeter wave
frequencies, absorption decreases. A simple harmonic oscillator model fr one-phonon ab-
sopptlon, together with a Curie-Weiss law fr the phonon frequency, Implies that the reci-

procal or the loss tangent should vary linearly with temperature, Intersecting the T axis
at the Curie temperature.1 1  Although this model does not fit the BSKNN data, the linear fit

*. described is obtained if the loss tangent is replaced by Its square root, as shown In Pigure
f. 6. Note that the Intercept Is Indeed at the Curie temperature. The absorption mechanism

leading to t111s behavior Is not known and further evidence of the Inadequacy of this sort
mode model Is evidenced by the frequency dependencies or n and k. Adjustment or soft
mode parameters cannot produce a theoretical transmittance spectrum which fits the data as
well as when n and k are constant over the spectrum.

* It is noted that both of these crystals become millimeter wave polarizers at low temp-
eratures, absorbing one radiation polarization much more strongly than the other. The
mechanism for this behavior Is not yet understood. This polarizing property Is particularly
Interesting when one considers how rare are crystals, such as tourmaline or herapathite

*(used in Polaroid sheets), which polarize visible light by absorption.

To take advantage of the low losses In these cooled crystals, an electrooptic device
should have the crystal axis parallel to the radiation polarization. This geometry has been
shown to give the largest electrooptic effect for visible waves In SBN.1 2  It seems likely
that this also gives the largest effect for millimeter waves. The effect that has been
measured In SBN1 was actually a linear combination of effects along the c- and a-axes.

Conclusion

The millimeter wave abaorption or two tungsten bronze ferroelectrics has been found to
decrease dramatically for one orlentatalon upon cooling to cryogenic temperatures. This
could greatly Improve their performance as active elements In millimeter wave electrooptic
devices. Low temperature measurements or their electrooptic coefficients are In progress to
verify this assertion. Continued materials research on tungsten bronze ferroelectrics is
also In progress to develop crystals which maximize the figure-of-merit 3 for use in elec-
trooptic devices.
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