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SUMMARY e Mk

N : £

A comprehensive survey of improper ferroelectrics was carried
out to identify materials with potential to eﬁhance the perform-
ance of the pyroelectric vidicon. Representatives of four\
families of improper ferroelectrics were selected for detailed
experimental and theoretical analysis: rare-earth molybdates,
the sulfate family, propionates, and boracites. A thorough
experimental and theoretical characterization of the rare-earth
molybdates confirmed the expectation that the dielectric anomaly
could be nearly absent in improper ferroeﬁectrics and thus lead
to a high value of the figure-of-merit p/ec. Experimental
confirmation of the theoretical models ailows one to obtain an
optimized figure-of-merit of 10 x ;03 cﬁz/c for materials of
3 cmz/C for TGS at 40°C).
From the sulfate family, lithium ammonium sulfate and its

<

this family as compared to 3 x 10

deuterated analog exhibited a room-temperature value of the
figure-of-merit about equal to that of TGS at 40°C. The other
analog sulfates examined exhibited a characteristically different
behavior and smaller values for the figure-of-merit.__ Initial
measurements on the propionates were analyzed and léZ%\Ed a
projected figure of merit which is unbounded above and was
estimated to be 7.3 x 103 cmz/C for dicalcium lead propionate.
Initial measurements on boracites were consistent with data
measured elsewhere which give the expectation of a figure of
merit for the boracites greatly in excess of that of TGS. Thus,
the expectation that improper ferroelectrics can have large
figures of merit is confirmed in detail; the boracite and
propionate families were identified as having the greatest
promise for enhanced device performance.
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PREFACE

-

A program to develop an optimized pyroelectric vidicon thermal

imager was issued by the U. S. Army Mobility Equipment Researrh
and Development Center, Fort Belvoir, Virginia, and was initiat-
: s ed under Contract DAAG53-76-C-0053. Modification No. P00002 to
the contract added the requirementwfor research of improper

ferroelectric materials; Dr. Lynn Garn was the Contracting
Officer's Representative for the Night Vision & Electro-Optics
i Laboratories, USAECOM.

This work was performed by Philips Laboratories, a Division

E - of North American Philips Corporation, Briarcliff Manor, New
York. The materials research task was under the overall super-
AR vision of Dr. Stewart Kurtz, Director, Exploratory Research

| Group. Dr. Wallace Arden Smith, Theoretical Physicist, was the
Program Leader. Dr. Gertrude Neumark, Physicist, participated
in the theoretical analysis. Measurements at Philips Laboratories
were made by Dr. Joseph P. Dougherty, Material Scientist;

Mr. M. Delfino, Chemist; and Mr. G. M. Loiacono, Senior Program
Leader, Crystal Growth & Materials Technology. Mr. Loiacono was
also responsible for materials growth. Dr. Edward Stupp, Senior
Program Leader for Solid State Components, was available in a
consulting and advisory capacity on device implications.

A subcontract was let to Yeshiva University to perform pyro-

' electric and dielectric measurements and to collaborate on the
analysis. Prof. Michael I. Bell, Principal Investigator,
Dr. Avner Shaulov, Visiting Scientist, and Mr. Y. H. Tsuo,
Research Assistant, conducted this research.

: The work described in this Final Report covers the period from
: September 1, 1976 to February 28, 1978.

A



TABLE OF CONTENTS

Section Page

SUMMARY....-oo.oo--o.ao-'oco.oo.oo-loouo-coooooooococlonl

PREFACE..C.o....o.-.....tl'.00..000.00....00...0.o..'.t.o

LIST OF ILLUSTRATIONS...c.ccccooscscesccccscccccscasccescscs 10
LIST OF TABLES. ¢ ¢« coaecasssinsoscososescossssnesosssnssssssee 14

1. INTRODUCTION, SUMMARY AND CONCLUSIONS..c.ccoccecssccas siieze ol

3.% Introduction....... sire o lele aies eltans atie ol s i teva ks s latete he wiere e AH
1.2 SumMmMary of ReSURES . « cciisinie s vaisie sisieinaionssiossssnnnes 18
1.3 CON G U S O S e e al e lal e et alta el s ellatial miallal o s st olte rails s atalallenio e ollete mis wlare . 20

2- MOLYBDATES.o......-.....-o.-....-----................-... 23
2-1 REViewo.---.......-..-.......-........-........-..o 23

2411 Review Of THEOLYie: oo eivssssinssnssioseosssnios 23
2.1.2 Review of MeasurementS...ceeccecccccccccsces 29

E'w 3 2.2 Theory....-.......-..o..-o......................... 41

2.2.1 Complete Thermodynamic Potential..... helintsitate 41
2:2.2 Reduced Thermodynamic Potential...c.eecee.. 44
2.2.3 Approximation to Reduced Thermodynamic
Potential.ccccaccsoscessssncssosenvssensess 46
2.2.4 Expressions to Compare with Experiments.... 50

2.3 Dielectric, Pyroelectric and Thermal Measurements.. 54

-

Sample Preparation..ecsecsecocsccnsonsscessse 4
Pielectric ConStant. .. .cssosssvsassssssones DO
Pyroelectric Coefficient.cccececvnsssconss « 56
Specific Heat MeasurementS....ceeseceeseces 62

2.4 sis of Dielectric, Pyroelectric and Thermal

rements.......-.-..-.....-..........;.....-... 72

o3
BaBaBREE DD WWWW
M= o o o

2
3
4
y
u
1 Analysis of Dielectric Constant...ceeeeeees 72
2 Analysis of Pyroelectric Coefficient....... 74 |
3 Transition TemperatuUreS..ccceccecceccccessss 16 |
4
5
r
1
2
3
4

Influence of an Applied Electric Field..... 77 i
Analysis of Thermal MeasurementS........... 78 i

e o o o o
s s e s e

es Of Merit-.-..........--.....-..........-o-. 81

Measurement Method.....cceeeeeceevscscessss 8l
Experimental TechniqueS....cceeecessocerees 84
Experimental ReSultS..ccceccceccascassssses 85
Analysis of ResSultS.ccescccvssesovvecsssnss 85
5 Optimization Of M(l)cecssccscesscssssssascse 89

NN m DO 2P DN

2.6 REferenteSicsssrssessvssvnsrosvsbevssssvsssnssusess Id




-

TABLE OF CONTENTS (Cont'd)

Section Page

3. SULFATE FAMILYC.I.O..I............."............Q..l...'. 93

1 | Lithium Ammonium Sulfate and Deuterated Lithium
AMMONIUM SULEATE . s o viese eninininrsoeesasnssssesssssssss 93

Felak Growth and Characterization of Materials.... 93
2 Specific Heat MeasurementS...ceeeeeccocecces 95 J
3 Dielectric MeasurementS. .ceeeeceeecoecaccces 98

4 Pyroelectric MeasurementS....cesseceeecsececess 100
5 Second Harmonic Generation Measurements..... 106
1.6 CONCLUSLONS (lule sivis slais cis s boa e sl sioie o sian s sismesises 106

3.2 Lithium Cesium Sulfate and Lithium Potassium
Sulfate‘.‘.............l...l.l.l..‘..l...“’....'..‘ 109

; 3.2.1 Preparation and Characterization of
' MaterialSce.cccacoeeccsescsccasassncssscncenes 109

3.2.2 Optical Second Harmonic Generation !
MEaESUECMENES cieie o oo sinisie sl s e aieisioie e sosossesans 109 g

- Judea Specific Heat MeasurementsS..csssssssscsnasse 110 |
L 3.2.4 Pyroelectric MeasurementS.....ceccceececesss 111 !
3.2.5 Dielectric MeasurementS...eeceeescscossacses 112 ]

3.2.6 Figure of Merit and ConclusiOnNS...cceeeeeess 112 i

3.3 Lithium Trihydrogen Selenit€..c.cececececcesasceesass 114
3.4 Re ECEETICESH cialctlcie sicie viais oo s o oiate slas o assioisa e sionesoes  LLT

4. PROPIONATES-.u--.-cnooooo--.aoo--o.n.ou....c.-n-..o-..c-.' 118

4.1 Initial Pyroelectric and Dielectric Measurements
On DL risie Sreroiarelelarsi olets oie sliaistoliore) siol o ovel s v, shetoreiurs v siw wie s o w e  A1B

2 Annealing Experiments on Dicalcium Lead Propionate.. 122

o3 Initial Measurements of Specific Heat on Dicalcium 9
Strontium Propionate and Dicalcium Lead Propionate.. 122

>

4.4 Analysis of Pyroelectric Behavior of DLP above T ... 123
4.5 Analysis of Propionates as Second-Order Pseudo-
Proper BerEoCleChE1CES . ve e i s e omesmsnsnsssesssss LG
4.6 Projected Figure of Merit. . iioeevincoosviossesenssas L7
4.7 REEELEETICES 4 vo oo v ora vioie o e o ueisaios sssesedtsesesssssssse  L29 J
|
t 5. BoRACITES..O.........l.l..l......'......QQ.............. 130
5.1 Initial Dielectric and Pyroelectric Measurements
ON BOLACIECH w v o vicvviviunenevomaeessssssessossesessss 130
Yelel Poling of SampleS..csisovacsssovvsssnsvaass 130 J
i - Ni-Br Boracite: Initial Pyroelectric
1 MeasurementS.ccsssesssssvssvnsososssossesss 132
5.1.3 Ni-Br Boracite: Initial Dielectric
MeasurementS:.ccesssssvssssosssssnsvossssess 134

5.1.4 Cu-Cl Boracite: Initial Dielectric
Measurements....-...-..................... 134 .‘)




TABLE OF CONTENTS (Cont'd)
Section Page
t 5.2 Specific Heat MeasurementS....ccccecccsncssssssssse 137
5.3 Infrared Vibrational Spectra..cccecececcececccecess 150
] 5.4 Electronitc SpPeCEEA S «aa e ssiesaesssaassiosiosssssisiasees 154
. 5.5 Second Harmonic Generation in Ni-Br Boracite....... 155
5.6 REFEreNCeS, cadanscocessaacasascssaaassssnaicssannnss A58
\ 6. LITERATURE SURVEY............I.I.............'.....O..... 159
6.1 Basilc ReferenCeS .veis sierscinsie siealsioiss siolessiassiesssssss 159
6.2 Experimental Literature on BoraciteS....eeceeeeeee. 161
6.3 Experimental Literature on Molybdates......eceeeee. 167
6.4 Experimental Literature on Ferroelectric Sulfates.. 171
Appendices
A Intuitive Physical Overview of Theoretical Concepts
used in Study of Improper FerroelectriCS...cececeessceees 179
B Bibliography of Improper FerroelectriCS....cceececeeeees. 203
< DISTRIBOTION BEST i wvvesnsessnvisvasarsnssisinssinsssssne T29
1
' 9




Fig.

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10:

11:

12:

LIST OF ILLUSTRATIONS

The loci of minima for reduced thermodynamic
potential involving only soft mode. These plots

are for an isotropic sixth-order term, 2XE(a,/g) =

1, and indicated anisotropies in second and }ourth—
GrAer O MS e e o el e ale e ia ket alletiel = lailaialniiat sl e s a'a el s ioiie) ol@ie s iars iahere

Dielectric constant vs. temperature for (a) terbium
molybdate, (b) gadolinium molybdate, and (c) gado-
linium-dysprosium molybdate...ceeesesesssesssnsscnnse

Measured pyroelectric coefficients of fully-elec-
troded samples of GMO, TMO, and GDMO.:.cceoeceesscacs

Ratio p/c for fully-electroded samples of GMO,
TMO, and GDMOO..Q."..‘....'....0............I.....lt

Specific heat vs. temperature for TMO sample exhibit-
ing multiple peaks after annealing for 24 hours

at 960°C..-......I...'I.I....l......l......'.....ll..

Isobaric molar heat capacity of GMO in the vicinity
of the ferroelectric phase transitionN....ceeeeesceees

Isobaric molar heat capacity of GDMO in the vicinity
of the ferroelectric phase transition...eceeeceesceess

Specific heat of gadolinium dysprosium molybdate vs.
temperature. This sample exhibits the phenomenon oI
multiple peaks at the transition......eeceececevenans

Specific heat of terbium molybdate vs. temperature
following various mechanical processings: (a)
initial scan, (b) after applying finger pressure for
5 sec., (c) after applying finger pressure for 5 sec
more, (d) after pressing between two glass slides
EOL (LU SEC e ceisieecisiesssienss s sessessesssssssessessssss

Specific heat vs. temperature for TMO sample exhibit-
ing multiple peaks near transition temperature.......

Specific heat vs. temperature for TMO sample exhibit-
ing multiple peaks after annealing for 24 hours

at 960°C-oo.|o--oo-o.oo..ooooo.--ooooo.olooooooocooua

Dielectric constant vs. temperature for (a) terbium
molybdate, (b) gadolinium molybdate, and (c) gado-
linium-dysprosium molybdate. Crosses are experi-
mental data; solid line represents theoretical ex-
pected temperature-dependence fit to only the data
points which lie below transition temperature........

Page

49

51

59

61

64

65

66

68

69

70

71

13

3




LIST OF ILLUSTRATIONS (Cont'd)

Page

Fig. 13: Square of reciprocal of pyroelectric coefficient

vs. temperature for terbium molybdate (TMO), gado-
linium molybdate (GMO) and gadolinium-dysprosium
molybdate (GDMO). Crosses are data points; straight
lines are theoretically expected linear relation-

Y ship fit to these data points. Data comes from
dynamic measurements of p/c¢ combined with our
EeSHLESE EOX € o aciiicisin c slalaisiaie e oicisharalnle ale sistatialolal, slols a kol 7

Fig. 14: Specific heat of TMO (Isomet #1). Crosses are
experimental values previously reported; solid
’ line is theoretically calculated behavior.....e.eeeee. 80

Fig. 15: Schematic description of steady state pyroelectric
current and voltage responses to rectangular
radiation pulses of period much shorter than thermal
time constant Of SanmMpPlel i e e oo e ool ais oo oiesiesensn s 82

g, - Fig. 16: Temperature dependence of M(l) and ratio p/c in TGS
) as measured by dynamic technique....cceeececccscccens 86

Fig. 17: Temperature dependence of M(1l) in GMO, TMO and GDMO.. 87

Fig. 18: Comparison of measured (crosses) and calculated
values of M(1l) figure-of-merit for TMO.....coeveeesnn 88

Fig. 19: Comparison oi measured (crosses) and calculated

values of M(5) figure-of-merit for TMO....cccvevencnne 88
Fig. 20: Pseudohexagonal morphology of LiNH4SO4 (crossed
BOL AL RZEESie st s o cione o vieisio s o o el aie oo blele Wiolere o] @is @l e o0 e 5e 6 e & w0 94

Fig. 21: Temperature behavior of cp in LiNH4SO4 and

LlND4SO4............................................. 96

Fig. 22: High resolution scan of temperature behavior of
cp in LiNH4SO4....................................... 97

Fig. 23: Hysteresis loop of LiNH4SO4 at 437 K (c-axis;

60 HZ)...............-.o.............-.--..o;..--.... 99

Fig. 24: Temperature dependence of dielectric constant in
LiNH4SO4...........'..’......lll.l.............l..... 99

Fig. 25: Fit of dielectric constant to Curie-Weiss behavior
in high temperature phase of LiNH4SO4................ 101




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

27:

28:
29:

30:

31:

32:

33:

34:

35:

36:

37

38:

LIST OF ILLUSTRATIONS (Cont'd)

Page

Dielectric constant of fully electroded sample
of LiNH4SO4. Near low temperature phase trans-
ition (~ 4-6°C) measurement becomes unstable......... 101

Temperature dependence of figure-of-merit in
LiNH4SO4..O...D...QQ...l.t.“l‘l'.........i...'...... 102

4SO4.............. 102

Temperature dependence of p/c, in LiNH,SO, upon
heating and cooling through low temperétuée phase
EEAD S E O N RNt oo s el oo e talieNelia s WsfoTollavelio TotiolleNslsta s lialelavs)ie aratere 0

Temperature behavior of p/c in LiNH

Multiple peaking in pyroelectric current of partial-
ly electroded LiND,SO, as seen during both heating
and cooling througﬁ 13w temperature transition....... 105

Pyroelectric current of LiND4SO4 measured on a
fully electroded 'SampPlie e ceisesesassssssnsasessssess 105

SOyesesess 107

Temperature behavior of SHG signal in LiND4 4

Ferroelectric hysteresis loop for LiH,(SeO,)

Vertical axis is 1 uC/division; horigontai gxis

is 200/V2division. For samples of area A2 =

0.227 cm and thickness t = 0.50 mm, Ps =

12.1 yC/cm® and Ec O SV I Ne s et e o e ahatet e ternlle ol wiameel | LG

Dielectric constant and pyroelectric coefficient
of lithium trihydrogen selenite from room tempera-
EUEE SEOR B C S TR il o tate s rere ey alteisteltstalis kelleliel w7 iotaswre iraiis s o e - AL 16

Pyroelectric coefficient of as-grown DLP sample as
measured by Byer-Roundy techniqueé......eeeceeeeeeeees 119

Temperature dependence of ratio p/c as measured by

dynamic method in as-grown sample of DLP, under

various dc fields applied in direction opposite to

ther Internal BUasicietis v v ee v e s vaesis sosessssssonses | L20

Temperature dependence of dielectric constant of
aS—grown DLPQ..-o-.-ocu.o.ao--ccoo.o.ooo..o.-c.onoooo 121

Temperature dependence of dielectric constant of as-

grown DLP under dc field of 3 kV/cm applied in

direction of the internal bias (+) and opposite to

the Internal Bias (=) seavvesves bovsesecsovvesvaesseves Lok

12




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

39:

40:

41:

42:

43:

44:

45:

46:

47:

48:

49:

50:

Silie

52

53¢

54:

LIST OF ILLUSTRATIONS (Cont'd)

Square root of reciprocal of the pyrcelectric coef-

ficient vs.

Electroded sample of Ni-Br boracite fabricated by
Ehe Plessey (Co. . it ¢ o s aeis oo sciolsis s olesisisrsis sie siols s oaeis

Pyroelectric coefficient vs. temperature for Ni-Br
boraCitehtl.'.ll....l...0.'.‘..'......O.....'l.......

Relative

dielectric constant vs. temperature for

Ni-Br bOfaCite...............-.........-......-......

Relative

dielectric constant vs. temperature for

CU=C1 DO A CIEIER o aletohs siors o ieial cis ralors lias it lintia e e s el oo i

Isobaric
vicinity

Isobaric
vicinity
Isobaric
vicinity
Isobaric
vicinity
Isobaric
vicinity
Multiple
in Cr-Cl

Multiple
in Ni-Br

molar heat capacity of Cr-Cl boracite in
of 43m - mm2 phase transitioN....cccceeecees

molar heat capacity of Fe-I boracite in
of 43m - mm2 phase transitioN..c.ccececcesscs

molar heat capacity of Cu-Cl boracite in
of 43m - mm2 phase transitionN..c.cceeecececes

molar heat capacity of Ni-Br boracite in
of 43m - mm2 phase transition....eceeeceeeces

molar heat capacity of Zn-Br boracite in
of 43m - mm2 phase transition........cec.e...

peaking of isobaric molar heat capacity
boracite at 43m - mm2 phase transition......

peaking of isobaric molar heat capacity
boracite at 43m - mm2 phase transition......

Solid-state infrared vibrational spectrum of
43m Cr3B7013C1......................‘................
Solid-state infrared vibrational spectrum of
mm2 Fe3B7013I........................................
Solid-state infrared vibrational spectrum of
mm2 Zn3B7Ol3Br.......................................

Solid-state infrared vibrational spectrum of

mm2 Ni3B 0

13Br.....-.-............-....-o.--...--....

13

temperature for as-grown sample of DLP...

Page

124

133

133

135

136

138

1319

140

141

142

145

145

151

151

152

152

o AT T WU B




Fig.
Fig.
Fig.

Fig.

i 10

i Table

LIST OF ILLUSTRATIONS (Cont'd)

Page

552 Solid-state infrared vibrational spectrum of

mm2 Cu3B7013C1....................................... 153

56: Solid-state infrared vibrational spectrum of

43m Cr3B7013C1....................................... 153

57: Solid-state electronic spectra of mm2, a) "light

green" and b) "dark green Cu3B7013Cl................ 156

58: Temperature dependence of second harmonic intensity

of Ni3B7013Br at 43m - mm2 phase transition.......... 157

LIST OF TABLES

Page
Thermodynamic values for ferroelectric phase trans-
RN IR MOV D A alE e S P etk Vet o N tet el sills Ralle sl ok el mle orslialtane 6l wiie! (&5 & 67
Parameters €_, K,, and T, obtained by fitting the
observed die?ect%ic CONSTARME S/ ol's sio aiisisialsiel o s s sl s o o ais sl oo s 74
Parameters K and T, obtained by fitting dynamic
measurements of py}oelectric coeEELCIent. . ivsicesaiese s 15
Curie-Weiss temperature T _and transition temperature
T as determined from Eq. (15) and the maximum of €, re-
sSectively. Also given for comparison is T, as found
from fitting pyroelectric coefficient p or éielectric
constant €. All temperatures are in °C...ceeveccccccccns 76
Parameters determined previously from pyroelectric
and dielectic measUremeNtS.cccecoososcssssscsssoscsscssss 78
Comparison of calculated values and measured upper
bounds for entropy discontinuity and latent heat......... 79

Specific heat data for LiNH4SO4 and LiND4SO4............. 97

Optical second harmonic powder analysis data (parti-
Cle Size: 212-300 um)....-...-...-...-.............-.... 107

Isobaric molar heat capacities of LiKSO4 (MW = 142.10)
and LiCsSO4 (MW = 235,91 )5 v avqssnveniveinesssvsssnesssnens LLL

Comparison of easy and hard poling directions for a
)
372

LiH3(SeO sample at 24°C.cccivvonisvsvsosvvvsoswsvonssne L15

L2

e

£5

)




11
12
13

14

15

16

7

18

19

20

21

22
23
24
25

26

LIST OF TABLES (Cont'd)

Page
Experimental values used in calculation of Mmax""""' 128
Projected parameters for propionatesS.....cceeeececensces 128
Thermodynamic values for 43m-mm2 phase transition in
boracite CEYSEINS L : it ias ciis e ssiensosasesissosncsenssasss 144

Molar heat capacity at constant pressure of Cr-Cl
boracite in mm2 and 43m phases (MW = 475.10).ccccceucess 146

Molar heat capacity at constant pressure of Fe-I
boracite in mm2 and 43m phases (MW = 578.10).ccccecccccs 147

Molar heat capacity at constant pressure of Cu-Cl
boracite in mm2 and 43m phases (MW = 509.75).ccccceccccs 147

Molar heat capacity at constant pressure of Ni-Br
boracite in mm2 and 43m phases (MW = 539.69)..ccccecceccn 148

Molar heat capacity at constant pressure of Zn-Br
boracite in mm2 and 43m phases (MW = 559.70)..cccceeccns 148

Least squares fit molar heat capacity functions for
boracites in the MM2 PRASE. o cos o oosoossniossssssassssssss 149

Least squares_fit molar heat capacity functions for
boracites 1n 43m PRaSE. . e sisescoocsnsosssessnsanensssssss 149

Infrared absorptions of boracites (fundamentals in

cm )-aacooouanoo-oo-o.--n.o--.nao'ooooo-oo-o-o-.--c-noc 154

Experimental literature on boraciteS..ceceeeecesscoccenas 162

Observed ferroelectric transition in boracites.......... 166

Molybdates eXpPerimentsS..csecceccccsssosssssasssssssosesssse 168

Fertroeleckric sulfate Eamilyiceesesove onine s esissiessassis 172

Ferroelectric sulfate family..cccecevcecccccccosecccanscs LS
15

-y



m

e INTRODUCTION, SUMMARY AND CONCLUSIONS

1.1 Introduction

This study of improper ferroelectrics was motivated by a desire
to identify materials which would enhance the performance of the

pyroelectric vidicon (PEV). The pyroelectric materials commonly
used in this device are in the TGS-DTGFB family and are all
proper ferroelectrics. The principle limitation with proper
ferroelectrics is that the increase in the pyroelectric coef-
ficient obtained by operating closer in temperature to the
ferroelectric-paraelectric phase transition is more than over-
come by a concomitant increase in the dielectric constant.

Thus, the material's figure of merit, p/ec, where p = pyro-
electric coefficient, ¢ = dielectric constant, and ¢ = volume
specific heat, decreases as the ferroelectric Curie temperature
. ) is approached. 1In the case of improper ferroelectrics, there is
' no dielectric divergence upon approaching the ferroelectric-para-
electric phase transition, and therefore one obtains a figure of
merit that increases dramatically up to the Curie point.

The investigations at Philips Laboratories, in conjunction with
Yeshiva University, began with a comprehensive literature survey
and selection of representative materials from a number of known
; classes of improper ferroelectrics. Samples of each material
were obtained or grown, and a comprehensive set of thermal and
electrical measurements was performed. The measurements
program consisted of independent determinations of p, €&, c, p/c
and p/ec. With five independent measurements of three quan-
tities, we were thus able to eliminate the discrepancies and
artifacts that obscured the published literature. Combining
these precision measurements with an extended thermodynamic
theory, we were able to confirm our initial expectation that the
improper ferroelectrics would have high figures of merit. 1In
every class of improper ferroelectrics investicated, we found

the figure of merit was comparable or distinctly superior to
that of TGS.
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1.2 Summary of Results

(1) Molybdates

A detailed analysis of the dielectric, pyroelectric and heat
capacity measurements on gadolinium, terbium, and gadolinium-
dysprosium molybdate revealed an excellent agreement with the
theoretically expected behavior. Moreover, these separate
analyses of the dielectric, pyroelectric and thermal properties
can be combined to predict the behavior of the figure of merit.
Independent measurements of the figure of merit are in excellent
agreement with the theoretical projections.

These measurements and their analysis confirm the theoretical
expectation that improper ferroelectrics can overcome the
limitations in the usual proper ferroelectrics brought about by
the divergence of the dielectric constant near the transition
temperature. The improper ferroelectrics have well-behaved
dielectric constants and thus have a figure of merit that rises
as the transition temperature is approached.

Using the theoretical expression for the figure of merit, we are
able to optimize this expression with respect to variations in
the difficult-to-assess free energy parameters. The optimum
figure of merit is then given in terms of readily measured or
estimated quantities. Using values characteristic of the
molybdate family, we estimate an optimum figure of merit of
about 10 x 103 cmz/C (for comparison, we find the

figure of merit of TGS to be 3 x 103 cm2/C at 40°C).

(2) Sulfate Family

Five materials from the family of ferroelectric sulfates were
studied: L1NH4SO4, L1ND4SO4, L1CsSO4, L1KSO4 and L1H3(Se03)2.
Lithium ammonium sulfate and its deuterated analog exhibited
similar properties. The high room-temperature value for the

18
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figure of merit (about equal to that of TGS at 40°C) suggested
further study of related materials. Both lithium cesium sulfate
and lithium potassium sulfate were consequently investigated;
these materials, however, exhibited distinctly different behaviors

which eliminate them for practical pyroelectric applications.

Lithium trihydrogen selenite was investigated because of its
high value of spontaneous polarization (~ 15 uC/cmz), and the
fact that the related material RbH3(SeO3)2 has been identified
as an improper ferroelectric. We find no evidence that
LiH3(SeO3)2 is an improper ferroelectric. The measured value of
that ratio p/e is about one-fourth that of TGS. While this

eliminates LiH3(SeO for practical applications, the large

)
372
value of the spontaneous polarization suggests that related

materials might have potentially useful figures of merit.

(3) Propionates

Initial measurements of the pyroelectric and dielectric proper-
ties of dicalcium lead propionate (DLP) reveal the presence of
an internal bias field. Annealing samples of DLP did not
eliminate the effects of internal bias fields as reported in the
literature; indeed the properties of the samples were severely
degraded. 1Initial measurements on the specific heat of DLP and
dicalcium strontium propionate (DSP) showed, as expected, no

large anomaly at the transition temperature.

A theoretical analysis based on a free energy appropriate to a
second-order pseudo-proper phase transition was carried out; the
predictions agree with our measurements as well as certain
published data. In this analysis, the figure of merit has a
maximum as a function of temperature which can be expressed in
terms of the free-energy parameters. Using data from the
literature (which is compatible with our measurements), we can
estimate these free-energy parameters and project a figure of
merit of 4.2 x 103 cm?/C for DSP and 7.3 x 10° cm?/C for DLP.

19
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(4) Boracites

Initial dielectric and pyroelectric measurements were performed
on samples of boracites obtained from Plessey Company. Major
difficulties in fully poling these samples were encounter-

ed. The measurements are consistent with the data reported by
Plessey Company and with the resulting expectations of a high
figure of merit for the boracites. Specific heat measurements
were made on samples of Zn-Br, Cr-Cl, Fe-I, Ni-Br and Cu-Cl

boracite. 1In addition, infrared vibrational spectra, electronic
spectra, and second-harmonic measurements were performed on some
of the samples in order to better characterize the material. A
number of initial observations can be made:

e The cubic-orthorhombic phase transition appears to be
Dy strongly first-order. This is indicated by the large
! : : latent heat of the transition, a detectable thermal
hysteresis, and the discontinuous jump in the second
harmonic intensity at the transition.

structurally dissimilar. This is indicated by large
differences in the molar heat capacity of Fe-I and
Cr-Cl boracite in the cubic phase. Large differences
in the molar latent heats also support this con-
clusion.

' e The different members of the boracite family may be

1e3 Conclusions

The conclusions of this study are:

e Confirmation that improper ferroelectrics have the
expected potential for greatly improved pyroelectric
figure of merit.

e Identification of the boracite and propionate mater-
ials as the families of improper ferroelectrics with
greatest potential.

20
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Interest focuses on the boracites for a number of reasons.

First, measurements (Ref. 1-1) of the Fe-I boracite show a figure
of merit, p/ec, which is one-fourth that of TGS at room temper-
ature, and which subsequently rises to exceed the figure of merit of
DTGFB as the temperature approaches the Curie temperature at

72°C. This behavior is characteristic of improper ferroelectrics.
The room-temperature figure of merit of the Ni-Br boracite was
measured (Ref. 1-1) and found to be larger than that of TGS;

one would expect it to rise dramatically with increasing temper-
ature to result in a figure of merit distinctly superior to that
of DTGFB (estimate: a factor of 3 greater). Second, the
measured (Ref. 1-2) piezoelectric constants of the boracites are
one-tenth those of TGS. This will substantially aid in tube
ruggedization by decreasing the sensitivity to vibration.

Third, pedestal-noise suppression, when fully implemented in the
vidicon tube, will change the figure-of-merit from p/ec to |
p/eB/zc. Since the principle virtue of improper ferro- %
electrics is their low dielectric constant, this will further l
enhance the superiority of the boracites by another factor of '
1.7. 1In addition, the measured (Ref. 1-1) resistance of the
boracites are in the range of 1010 = 1012 ohm-cm, which {
could possibly eliminate the need for pedestal generation. |
Elimination of this noise source should improve the overall

tube performance significantly. Finally, the boracites are

chemically stable and mechanically hard. This should facilitate

target fabrication and simplify tube operation in a hard vacuum.

The propionates are of interest for three major reasons. First,
the measurements and their analysis for dicalcium lead propionate
3 cmZ/C.
Our analysis also shows that DLP belongs to a sub-class of im-

(DLP) allow us to project a figure of merit about 7.3 x 10

proper ferroelectrics which has no upper bounds on the potentiai

figure of merit. Thus, we expect that other members of this

Ref. 1-1. R.W. Whatmore, Annual Research Report, Plessey C. Ltd.,
Nov. 1976-Oct. 1977, Ref. CD.6500088.

Ref. 1-2. A.S. Sonin and I.S. Zheludev, Sov. Phys. Cryst. 8,
217 (1963).
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family, or suitably substituted DLP, might have distinctly
higher figures of merit. Finally, the growth of large crystals

of materials in this family, using standard solution-growth
techniques, is possible.




2. MOLYBDATES

A detailed analysis of the dielectric, pyroelectric and heat
capacity measurements on gadolinium, terbium, and gadolinium-
dysprosium molybdate reveals an excellent agreement with the
theoretically expected behavior. Moreover, these separate
analyses of the dielectric, pyroelectric and thermal properties
can be combined to predict the behavior of the figure of merit.
Independent measurements of the figure of merit are in excellent
agreement with the theoretical projections.

These measurements and their analysis confirm the theoretical
expectation that improper ferroelectrics can overcome the
limitations in the usual proper ferroelectrics brought about by
the divergence of the dielectric constant near the transition
temperature. The improper ferroelectrics have well-behaved
dielectric constants and thus have a figure of merit that rises
as the transition temperature is approached.

Using the theoretical expression for the figure of merit, we are
able to optimize this expression with respect to variations in
the difficult-to-assess free energy parameters. The optimum
figure of merit is then given in terms of readily measured or
estimated quantities. Using values characteristic of the
molybdate family we estimate an optimum figure of merit about

10 x 103 cm2/C (for comparison we find the figure of merit

of TGS to be 3 x 103 cmz/C at 40°C).

V. | Review

This section reviews the previous theoretical and experi-

mental work on the rare-earth molybdates.

2.1.1 Review of Theory

The theoretical interpretation of gadolinium molybdate as an
improper ferroelectric was advanced independently and simul-
taneously by four different sources: Dvorak (Refs. 2-1 and
2-2), Levanyuk and Sannikov (Ref. 2-~3), Aizu (Ref. 2-4) and
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Pytte (Ref. 2-5). A subsequent interesting discussion of
the theory for the molybdates is presented in a paper by Dorner,
Axe and Shirane (Ref. 2-6) as part of a description of their

neutron scattering experiment on terbium molybdate.

The most complete analysis is contained in the works of Dvorak
(Refs. 2-1 and 2-2) which are based on a knowledge of the
precise space groups of the high and low symmetry phases. This
evaluation is not intended to detract from the contributions of
the other workers (Refs. 2-3, 2-4, 2-5) who inferred the es-
sential features in the behavior of the molybdates based on less
complete information.

(1) Dvorak Analysis

Dvorak presents his analyses of the behavior of gadolinium
molybdate in two papers (Refs. 2-1, 2-2). 1In the first paper
the form of the thermodynamic potential applicable to the
molybdates is determined, based on the knowledge of the precise
space groups in the ferroelectric and paraelectric phases and
the observation of cell doubling at the transition. In the
second paper (Ref. 2-2), the dielectric and elastic behavior of |
gadolinium molybdate is deduced.

Dvorak's analysis of gadolinium molybdate is a direct application
of Landau's theory (Ref. 2-7) of continuous phase transitions.
Three experimental facts are used in this analysis: the space
group of the high symmetry phase ng (PZZlm); the space group

8 (Pba2); the volume of the unit

2v
cell in the low symmetry phase is double that of the high

of the low symmetry phase C

symmetry phase. 1In a detailed argument, Dvorak shows that only
one physically irreducible representation of the high symmetry
space group can induce precisely this symmetry reduction at the
phase transition. This is a two-dimensional representation
belonging to the M point of the brillouin zone. The form of the
free-energy (in his notation) deduced from this analysis is,
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where (ql,qz) is the soft mode amplitude, Pz is the z component

of the polarization and uij
tensor. The essential difference between this free energy and

are the components of the strain

the form advanced by other workers is the presence of the terms
with coefficient 83, Yo and 64. It is precisely these terms
that cause the minimum of the free energy in the ferroelectric
phase to lie off the lines: q; = * q,; q; = 0, q, # 0; and

q, #0, a, = 0. That the physically realized states in the low
temperature phase occur off these lines is essential to get the
correct correspondence with the observed space group of the
ferroelectric phase. These terms can lead to a qualitatively
different behavior for certain of the elastic and dielectric
properties at the phase transition, namely, such terms in the
free energy would produce a small discontinuous jump at the
transition temperatures superimposed on the temperature depend-
ence expected from a free enerqgy without such terms. Existing
experimental data on dielectric and elastic properties do not
reveal such effects with reasonable magnitude.

Nevertheless, these terms must be present in the free-energy -
however small their magnitude or their effect on dielectric and
elastic properties - to properly account for the reduction in
symmetry at the phase transition.
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(2) Levanyuk and Sannikov Analysis

The first interpretation of the phase transition in gadolinium
molybdate as driven by a zone boundary phonon was offered by
Levanyuk and Sannikov (Ref. 2-3). The authors recognized that
the observed cell doubling at the transition temperature indicat-
ed that the order parameter describing the transition must be
other than the polarization. They were then able to apply their
earlier more generalized analysis (Ref. 2-8) of ferroelectric
phase transitions where the polarization was not the order
parameter. Without carrying out a detailed group theoretical
analysis of the transition, Levanyuk and Sannikov hypothesized
that the transition was driven by a two-component order para-
meter and wrote down a thermodynamic potential to describe the
phase transition (in their notation):

B :
v+ 2 2 H2 e 2 on?

2

Y 2 23, X p2 e 2
S s

APu + anzP + bngu - PE - gu

where (n, ) = two component order parameter, P = z component of
the polarization and u = the x-y component of the strain. Using
this hypothesized potential, Levanyuk and Sannikov calculated the
expected temperature dependence of the elastic and dielectric
constants and found them to be in agreement with the available
experimental results.

Levanyuk and Sannikov did note that there are many phase transi-
tions between the known point groups of the high and low
symmetry phases which are exactly described by just the thermo-
dynamic potential they used. However, without knowledge of the
precise space groups of the high and low symmetry phases they
were unable to determine a priori the precise form of the

potential.
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The form of the potential analyzed by Levanyuk and Sannikov has
the substantial advantage that analytic solutions are readily
calculated. Moreover, as we shall argue in Par. 2.2, it is
plausible to use just such a thermodynamic potential as an
approximation to the complete thermodynamic potential derived by
Dvorak.

(3) Aizu Analysis

Aizu's analysis (Ref. 2-4) of the phase transition in gadolinium
molybdate is based on knowledge of the high and low symmetry
space groups, as well as the observed cell doubling at the phase
transition. Aizu correctly concludes that the phase transition
is brought about by an instability in a doubly-degenerate
zone-boundary phonon. The method used to deduce the form of the
thermodynamic potential is not the usual calculation involving
the irreducible representations of the high symmetry space
group. Rather Aizu enumerates the symmetry transformations
which must leave the potential invariant and then writes down
the simplest form of the thermodynamic potential consistent with
these symmetries. In order to simplify the computation Aizu
introduces an additional hypothetical symmetry, while carefully
emphasizing: "This assumption serves to simplify the form of

the free-energy function. However, it is not essentially
requisite to the theory. If it were found to make the results
of the theory too roughly coincident with the observations, it
would be withdrawn." The resulting thermodynamic potential is
equivalent to the one analyzed by Levanyuk and Sannikov. Aizu
demonstrates that the predictions of his analysis are in good
agreement with the extant elastic, dielectric and optical
measurements made on gadolinium molybdate.

(4) Dorner, Axe and Shirane Discussion

In reporting their neutron scattering measurements on terbium
molybdate, Dorner, Axe and Shirane (Ref. 2-6) discuss the
theoretical analysis of their result. The major contribution of
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this work is, of course, the direct observation of the zone-
boundary soft mode which causes the phase transition. However,
the authors make two useful observations which help illuminate the
theory. First, they include the complete anistropic sixth order
term in the potential for the soft mode; previous workers had in-
cluded only an isotropic term for simplicity. Second, they note
that the essential difficulty in carrying out an analytic

solution of the complete thermodynamic potential advanced by
Dvorak is that there is a temperature dependence in the phase
angle ¢ = arctan (ql/qz). To circumvent this difficulty the
authors append the hypothesis that this angle does not vary very
much and analyze their data according to a thermodynamic potential
essentially equivalent to that of Levanyuk and Sannikov and

Aizu. The experiment is found to be in excellent agreement with
the thecretical expressions. This provides post-hoc justification
for their hypothesis of constant ¢. (In our analysis in Par.

2.2 the hypothesis of constant ¢ is shown to be quite plausible.)

(5) Pytte Analysis

An analysis of the phase transition in gadolinium molybdate is
given by Pytte (Ref. 2-5) from the soft mode perspective. Using
the known space group of the high symmetry phase and the cell
doubling observed at the transition, Pytte identifies the mode
whose instability causes the transition as one of three zone
boundary modes. Introducing a phenomological Hamiltonian which
describes both the phase transition in this mode and the soft
mode coupling to a polar and an elastic mode, Pytte is able to
account for the extant elastic and ferroelectric measurements

on gadolinium molybdate.

While Pytte observes that this soft mode is doubly degenerate,
the Hamiltonian involves only the amplitude for this soft mode;
no angular coordinate is introduced which would allow for a
temperature variation in the particular linear combination of
modes which constitutes the soft mode. Thus, while it captures
the essential points, this analysis is not sufficiently detailed
to give an analysis comparable to that of Dvorak.
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2.1.2 Review of Measurements

This section reviews the previous pyroelectric, dielectric and
thermal measurements made on rare-earth molybdates.

(1) Pyroelectric Coefficient and Spontaneous Polarization
Measurements

Measurement Techniques and Boundary Conditions. There are two

essentially different approaches to determining the pyroelectric
coefficient of a ferroelectric material. One is to directly
measure the pyroelectric current while varying the temperature
either in a dc fashion (Byer-Roundy technique) or in an ac
fashion (Chynoweth technique). The other approach is to measure
the spontaneous polarization as a function of temperature either
by analog integration of the pyroelectric current during dc
heating, or from a ferroelectric hysteresis loop at a sequence
of temperatures (Sawyer-Tower bridge technique). The resulting
curve can then be numerically differentiated. All these tech-
niques have inherent dangers. At low dc heating rates the
pyroelectric current is small and hard to measure accurately;

at higher heating rates it is difficult to maintain thermal
equilibrium in the sample. The ac heating technique requires a
normalization and an independent measurement of the heat capacity
of the sample. Tracing ferroelectric hysteresis loops introduc-
es many complexities involved in the domain switching; numerical-
ly differentiating experimental data requires even more courage.
It is not surprising then that there are few precision measure-
ments of the pyroelectric coefficient of the rare-earth moly-
bdates, even though there are fairly many measurements of
spontaneous polarization.

The mechanical boundary conditions for measurements of the pyro-
electric current and spontaneous polarization are generally good
approximations to constant (zero) stress. The electrical
boundary conditions are generally constant applied field of zero
magnitude, but some pyroelectric current measurement use a
finite field to maintain the sample in a poled state especially
during a cooling part of the cycle.
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) Direct Measurements of Pyroelectric Coefficient. The literature
contains only three efforts to directly measure pyroelectric |
currents. The two efforts to measure the pyroelectric current
from GMO were plagued by an experimental artifact that we shall

] call multiple peaking. The essential characteristic of this

artifact is that in the vicinity of the transition temperature

the pyroelectric current exhibits a number of spikes which are,
in a given sample, reproducible to a fair degree. These spikes
correspond to different portions of the sample going through the

ferroelectric-paraelectric phase transition over a finite range
of temperatures.

Rabinovich (Ref. 2-9) observed the multiple peaking in gadolinium
molybdate and attributed it to the motion of domain walls caused
by inhomogenities ("inclusions, residual stress, etc.") in the
! single crystal sample. The only firm conclusion Rabinovich
j draws from his measurements is that the change in the polari-
zation in the region of the phase transition amounts to
4 x 1078 c/cm?.

A second effort to directly measure the pyroelectric current

from GMO is reported in three papers: Ullman, Ganguly and Hardy
(Ref. 2-10), Ullman, Ganguly and Zeidler (Ref. 2-11) and Ullman,
Cheung, Rakes and Ganguly (Ref. 2-12). These works ascribe the

multiple peaking to a thermal gradient near the surface of the
sample which leads, through differential thermal expansion, to a
stress-induced polarization switching. The data taken far from
the transition temperature should be free of this effect; values
for the pyroelectric coefficient of 1.4 x l()°9 C/cm2 K at

143 C and 2.5 x 10~2 C/cm® K at 151°C are given. Their

value at 151 C is just 9% below the value which can be deduced E
from the data of Sawaguchi and Cross (Ref. 2-13) described
below.

The other direct measurement of the pyroelectric current was
performed on TMO by Keve, Abrahams, Nassau and Glass (Ref.
2-14). 1In this case inhomogeneities in the sample probably so
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broadened the phase transition region that it was not possible
to resolve any discontinuities at the transition temperature
(Ref. 2-15). 1In the region where the pyroelectric coefficient
does not vary rapidly with temperature, this data should be
quite reliable. Unfortunately no analysis of the data is
presented.

Temperature Dependence of Spontaneous Polarization, GMO. Of

the several papers which describe the temperature dependence of
the spontaneous polarization of rare-earth molybdates, the most
comprehensive study was performed by Sawaguchi and Cross (Ref.
2-13) on GMO from 4.2 K to 473 K with particular care near the
phase transition. Low frequency (0.01 Hz) hysteresis loops were
used to obtain the spontaneous polarization down to 75 K; below
this temperature, the charge integration technique was used
because the coercive field is too large to obtain saturated
loops. The resulting data were subjected to a detailed analysis
which included a fit to the form expected from Aizu's (Ref. 2-16)
analysis of improper ferroelectrics, namely,

P(T) = [1.78 (433 - T)2/% 4+ 2.59] x 107% c/em?, T < 432.3 K.

The fit is good only within 5 K of the transition. A significant-
ly better fit is obtained to the expression,

1/3

P(T) = 3.68 (433.6 - T) X 10_8 C/cmz, T < 432+.3 K.

A unique contribution of this work is the extrapolated value of
the spontaneous polarization at absolute zero: 2.86 + 0.1 x
1077 c/cm?. The value measured at 20°C, 2.01 + 0.15 x 1077
C/cmz, and the discontinuity at the transition temperature of
432.3 K, 4.0 + 0.2 x 10—8 C/cmz, are also useful for com-
parisons with other works.

Only one (Ref. 2-17) of the other measurements using the loop
tracing technique on GMO was able to distinguish the discontinu-
ous jump to zero from a smooth decrease to zero of the spontaneous
polarization at the transition temperature. Evidence for a
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first order transition is reported by Kumada (Refs. 2-18, 2-19)
who observed double hysteresis loops above the transition temper-
ature Sawaguchi and Cross (Ref. 2-20) expected to observe such
double loops but were unable to find the phenomenon.

Cummins (Ref. 2-17) also finds a discontinuous jump of about 4.2 x
10-8 C/cm2 at the 159°C transition temperature. His measure-
ments on GMO were made at "low frequency (hand traced)" and span
from 25°C through the transition temperature. Cummins' value

for the 20°C polarization, 2.0 x 10’
the measurements of Sawaguchi and Cross (Ref. 2-13).

C/cmz, also agrees with

In the first report of ferroelectricity in the rare-earth
molybdates, Borchardt and Bierstedt (Ref. 2-21) measured the
ferroelectric hysteresis loops of GMO at 60 Hz from 25°C through
the phase transition at 159°C. The data has a scatter of about
10% around a smooth trend and no conclusion about the order of
the transition can be drawn. The room temperature value of the

7 c/em®. This

is the first report of ferroelectricity in rare-earth molybdates.

spontaneous polarization is given as 1.7 x 10~

Other early measurements on the ferroelectric hysteresis of GMO
are reported in a short note by Aizu, Kumada, Yumoto and Ashida
(Ref. 2-22) and further elaborated on by Kumada, Yumoto and
Ashida (Ref. 2-23). The data is taken at 1 MHz from 25°C
through the phase transition. There is little scatter about a
smooth trend which goes continuously to zero at the transition
temperature. The value of 1.8 x 10‘7 C/cm2 is reported for

the polarization at 20°C.

Temperature Dependence of Spontaneous Polarization, TMO and

Other Molybdates. Terbium molybdate was examined by Keve,

Abrahams, Nassau and Glass (Ref. 2-14) using polarization re-
versal, charge integration and pyroelectric measurements. A value
of 1.90 + 0.05 10—7 C/cm2 is obtained for the polarization at
25°C, this agrees with the earlier measurement by Borchardt and

Bierstedt (Ref. 2-24) noted below. The report that the polari-
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zation decreases continuously to zero at the phase transition is
probably due to inhomogeneities broadening the transition region
(Ref. 2-15).

In a survey of twelve ferroelectric rare-earth molybdates,
Borchardt and Bierstedt (Ref. 2-24) give spontaneous polarization
at two or three selected temperatures for each material. These
data were probably taken from 60 Hz hysteresis loops as was
described in the authors' earlier study (Ref. 2-21) of GMO.
Values for the polarization at 25°C vary from 1.4 to 2.4 x

1077 C/cmz; the value reported for GMO, 1.7 x 107 C/cm2, is
precisely the same as their earlier measurement. The 25°C
spontaneous polarization of TMO is given as 1.8 x 10-7 C/cmz.

(2) Dielectric Permittivity

Thermal and Mechanical Boundary Conditions. Conceptually, four

distinct dielectric permittivities can be distinguished depend-
ing on the thermal (adiabatic or isothermal) and mechanical
(constant stress or constant strain) boundary conditions. 1In
practice, dielectric measurements are made with a small ac probe
field with no external mechanical stress. Which dielectric
constant is measured in a given experiment depends on the
relationship of the frequency of the probe field to the thermal
and mechanical time constants of the sample under study. These
thermal and mechanical time constants depend not just upon the
properties of the materials but also upon the dimensions of the
sample and the experimental environment.

Since typical thermal time constants are on the order of magni-
tude of seconds, one may assume that the typical low-frequency
experiment which uses a probe field with frequencies near a
kilohertz measures an adiabatic dielectric permittivity. The
relationship between the adiabatic and isothermal dielectric
susceptibilities (€ =1 + X) is given by:

S

><T/xS -1-= sz/cEx = sz/cpx ’
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where p is the pyroelectric coefficient, T is the absolute

E P

temperature and ¢ and c

are the specific heats at constant
field and polarization respectively (the appropriate mechanical
boundary condition being the same for every quantity). Thus the
difference between them becomes significant only just below the
phase transition where the pyroelectric coefficient becomes

large.

With regard to mechanical boundary conditions, the value obtain-
ed at low frequencies (typically kHz) corresponds to the
adiabatic dielectric permittivity at constant (zero) stress. It
is only at very high frequencies (typically many MHz) that
the crystal cannot equilibrate mechanically as fast as the field
changes so that the resulting value measured is the adiabatic
dielectric permittivity at constant (zero) strain. The permit-
tivity at constant stress is higher than the value at constant
strain, because, at constant stress, the applied field can
electrostrictively cause a distortion in the lattice which
enhances piezoelectrically the polarization already caused by
the direct effect of the applied field.

w

Adiabatic, Mechanically Clamped Dielectric'Constant Measurements.

For the rare-earth molybdates, two measurements of the adiabatic
dielectric permittivity at constant (zero) strain appear in the
literature. Both were performed at 19 MHz and give values which
are essentially unchanged even as the temperature is scanned
through the paraelectric-ferroelectric phase transition. Cross,
Fouskova and Cummins (Ref. 2-25) report a value of about 9.5 for
GMO in the range from 25°C to 180°C. Keve, Abrahams, Nassau

and Glass (Ref. 2-14) obtain a value of 9.2 + 0.5 for TMO in the
range from 25°C to 170°C. These observations on the mechanically
clampéd dielectric constant were the first indication that the
rare-earth molybdates are truly special ferroelectrics. The
correct understanding of this point is essential to their
description.
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Adiabatic, Mechanically Free Dielectric Constant Measurements.

All the reported low-frequency measurements on the rare-earth
molybdates give essentially the same qualitative behavior for
the temperature dependence of the adiabatic zero-stress dielec-
tric constant. Namely, from a magnitude of about 10 at room
temperature the permittivity increases in the vicinity of
transition temperature to a peak value about 15-20% larger and
then abruptly, at the transition temperature, drops back to
essentially its room temperature value and remains constant in
the paraelectric phase. Most measurements exhibit a small
(1-2%) tailing which extends a few degrees above the transition;
none of the papers offer an opinion as to whether this tail is
an intrinsic property of the material or an experimental artifact.

The first measurement of the low frequency dielectric permit-
tivity of gadolinium molybdate was given by Cross, Fouskova and
Cummins (Ref. 2-25). They used a probe field of 20 V/cm at 1 kHz
to scan from 25°C to 180°C. The background value of the dielec-
tric constant is reported as 10.0 and the maximum value of 11.6
occurs at the transition temperature, 159 C.

These values are confirmed by Fousek and Konak (Ref. 2-26) who
focus attention on an essential experimental point for all
low-frequency dielectric measurements, namely the requirement
that single domain samples be used so that domain wall motion
does not spuriously enhance the measured value in the ferro-
electric phase. This is a particularly important consideration
for measurements made near the transition temperature. Fousek
and Konak report measurements on single-domain GMO (poled by
application of a 20 kV/cm field prior to measurement) in the
temperature range 100°C to 190°C at a frequency of 1 kHz. They
obtain a background value of 10.0 for the dielectric permit-
tivity which rises to a peak of 11.6 at the 159°C transition
temperature. However, the same measurements on a multi-domain
sample give a peak value of 12.9; moreover, the permittivity is
consistently higher than the single domain sample all the way
down to 100°C. No differences between the two samples appear in

the paraelectric phase, as expected.
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Cummins (Ref. 2-17) summarizes verbally the result of his
measurements on GMO at 1 kHz; the data is not displayed graph-
ically. From a value of 10 at 25°C, he reports, the permit-
tivity increases by about 10% through the transition at 159°C.

At variance with the above results is the measurements of Smith
and Burns (Ref. 2-27). GMO was studied from 25°C to 170°C at a
frequency of 1 kHz. A background value of 8.0 and a peak value

of 10.7 were reported. These values were probably not determined

with high precision as the authors only wanted the results to
argue that the dielectric permittivity "is essentially temper-
ature-independent". The prinicpal goal of their work was the
analysis of the electro-optic coefficients, so we do not regard
this discrepancy as significant.

The only complete temperature dependence for the low fregquency
permittivity of terbium molybdate is reported by Keve, Abrahams,
Nassau and Glass (Ref. 2-14) at 400 Hz from 25°C to 170°C. They
reported that the background value of 10.0 + 0.5 rises to a peak
of about 15 at the transition temperature of 163 + 1°C.

Dielectric Constant at Room Temperature. Besides the cited

measurements, there have been some measurements simply of the
room temperature value of the low-frequency dielectric permit-
tivity. Aizu, Kumada, Yumoto and Ashida (Ref. 2-22) obtain at
400 Hz a value of 10.5 for GMO at 25°C. Borchardt and Bierstedt
(Ref. 2-24) give dielectric constants for twelve ferroelectric
rare-earth molybdates. They do not describe the details of
their measurements but we may plausibly expect that they are
room temperature values obtained at a low frequency, since in an
earlier work (Ref. 2-21) the same authors obtain a value of
about 10 for the dielectric constant of GMO using a 60 Hz
ferroelectric loop tracer. The reported values range from a low
of 9.5 for europium molybdate to a high of 13 for europium-
gadolinium and europium-terbium mixed crystals. The values of
10 for GMO and 11 for TMO are consistent with the results of
other workers.
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Pressure Dependence of Dielectric Constant. Shirokov, Mylov,

Baranov and Prokhortseva (Ref. 2-28) performed an interest-

ing study of the effect of hydrostatic pressure on the temper-
ature dependence of the low-frequency dielectric permittivity of
GMO. They measure at 10 kHz for hydrostatic pressure up to 2.6
kbar and obtain a background value of 10 and a peak value of 11
for the permittivity. The shape of the temperature dependence
does not change with increasing pressure except for an overall
shift of the entire curve to higher temperatures. This shift
varies linearly with hydrostatic pressure and has a magnitude of
29.5 + 0.3 K/kbar. A similar study on sz(MoO4)3 by

Midorikowa, Ishibashi nd Takagi (Ref. 2-29) finds a temperature
shift of 29.4 K/kbar.

In summary then, all of the measurements on the rare-earth
molybdates are in reasonable agreement with each other. More-
over they correspond qualitatively to what is expected from the
theory. However, the literature contains no detailed quanti-
tative analysis of the temperature dependence of the dielectric
permittivity of rare-earth molybdates.

(3) Specific Heat Measurements

Three measurements of the specific heat of rare-earth molybdates
have been reported. The measurements of Fouskova (Ref. 2-30) and
Cheung and Ullman (Ref. 2-31) were made on gadolinium molybdate,
while those of Keve, Abrahams, Nassau and Glass (Ref. 2-14) were
made on terbium molybdate. Only Fouskova reports absolute
measurements; the other papers calibrate their relative measure-
ments by her absolute determination.

Fouskova (Ref. 2-30) reports measurements on gadolinium molybdate
made with a Perkin-Elmer differential scanning calorimeter in

the temperature 100°C to 200°C. From a value of about 0.104
cal/gK at 100°C, the specific heat gradually rise about 15% as
the phase transition is approached and then shows a sharp peak

at the phase transition at about 160°C. Above the transition

the specific heat drops abruptly to 0.110 cal/gK and remains
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essentially constant out to 200°C. Sample-to-sample variations
of 1 K in the transition temperature are reported. The transi-
tion entropy is estimated to be 0.22 + 0.08 cal/mol K and the
transition heat (in a 0.5 K neighborhood of the transition) is
estimated to be 0.048 cal/g + 10%. No detailed analysis of the
temperature dependence of the specific heat is reported. The
author estimates a precision of + 5% in the absolute determina-
tion; the data exhibit a scatter of less than 1% about a

smooth trend. The samples were silver plated on all sides to
insure the electrical boundary condition of E = 0; mechanical
boundary conditions are not mentioned.

Cheung and Ullman (Ref. 2-31) performed measurements on gadolin-
ium molybdate in the temperature range from 50°C to 240°C using
an ac heating technique. This technique produces a relative
measurement whose scale is calibrated by setting the value of
the specific heat just above the transition to the value report-
ed by Fouskova (Ref. 2-30). The measurements are reproducible
to within 0.1 K of the transition and no hysteresis effects
appear between heating and cooling. The qualitative features of
the specific heat temperature dependence are the same as report-
ed by Fouskova; however, Cheung and Ullman carry out a much more
detailed analysis of the data. The data fit well to linear
temperature dependence both far below:

4 4

o 2.43 x 100° T - 6.28 x 10 ° cal/gK, 50°C < T < 110°C
and above:

5

o 3.65 x 1002 T + 0.10 cal/gK, 159°C < T < 240°C

the transition temperature, although the two linear regions do
not join together smoothly. The data just below the transition
were fitted to a number of different expressions. A power law
divergence at the transition temperature gave an exponent of 2.1
but fit the data very poorly within 0.5 K of the transition.
Fits to a logarithmic divergence at the transition were perform-
ed in two temperature ranges below the transition with the
following results:
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p 0.09 - 0.0059 1In[(432 - T)/432] cal/gK,110°C < T < 157.4°C

C

P 0.0787 - 0.0077 1n[(432 - T)/432] cal/gK,156.5°C < T < 158.9°C

The heat and entropy of transition are given as 0.108 cal/mol and
0.25 cal/mol K respectively. No quantitative estimate of the
accuracy of the fits is presented, but the graphical display of
data points versus fitted curve is impressive. Estimates of the
accuracy of the experimental data is not made explicitly.
However the authors convey the impression that they consider the
data accurate to only a few percent, since they regard a 2%
difference between cp and c, as negligible and employ an
approximation good to 1% to calculate the transition entropy.
The authors state that care has been exercised to eliminate
thermal gradients and mechanical stresses, but do not comment on
electrical boundary conditions.

Keve, Abrahams, Nassau and Glass (Ref. 2-14) report their
measurements of the specific heat of terbium molybdate in
arbitrary units. Quantitative estimates of the transition heat
38 cal/mol) and transition entropy (0.23 cal/mol K) are obtained
by setting the magnitude of the specific heat of TMO at 100°C to
the same value that Fouskova (Ref. 2-30) reported for GMO at
that temperature. The qualitative temperature dependence of the
specific heat differs from the reports of Fouskova (Ref. 2-30)
and Cheung and Ullman (Ref. 2-31) in that the sharp peak in the
specific heat at the transition temperature has an appreciable
tail extending some 5 to 10 K into the high temperature phase.
We regard the quantitative estimates as plausible and ascribe
the qualitative discrepancy to an experimental artifact. Such
an assessement merits explanation. First, the high temperature
tail on the specific heat is not due to any gross inhomogeneities
in the sample since there is no similar tailing in the pyro-
electric coefficient (nor the dielectric constant and birefring-
ence). There probably are inhomogeneities rounding out the
measured values in the vicinity of the phase transition but
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these probably extend over a range of 1 or 2 K. Second, just
such a tailing effect can be produced by the inertia of the
measuring apparatus during a scan with increasing temperature
(measuring specific heat while heating is the standard experi-
mental procedure). Thus this entire high temperature tail
should be associated with the peak at the phase transition.
From this interpretation it is also clear that the heat and
entropy of transition can give reasonable values even though
some of the contribution to them is shifted a few degrees
towards higher temperatures. No estimate of the accuracy of the
measurements is given. Neither the elastic nor the electrical
boundary conditions ar mentioned.

For the specific heats of rare-earth molybdates then, the
reported measurements are in general agreement and have qualita-
tively the expected behavior. No attempt has been made to fit
the measurements to the temperature dependence expected for an
improper ferroelectric.
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2.2 Theory

In this section the complete thermodynamic potential which
describes the phase transition in the rare-earth molybdates is
examined in detail. After reducing out the mechanical strains
and introducing some reasonable approximations, expressions for
the temperature dependence of the pyroelectric coefficient,
dielectric constant and specific heat are derived. These
expressions are subsequently compared with experimental results
and found to be in excellent agreement.

2921 Complete Thermodynamic Potential

The experimental determination of the space groups of both the
paraelectric phase ng(Pzzlm) and the ferroelectric phase
Cgv(PbaZ) in gadolinium molydbate allow the unequivocal de-
termination of the form of the thermodynamic potential associat-

ed with the ferroelectric phase transition in the molybdates:
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where, (ql,qz) = two component order parameter describing the

soft mode, Pz = component of the polarization along the ferro-
electric z axis, Ez = component of the electric field along the

z axis, uij = components of the strain tensor, and Oij = compon-
ents of the stress tensor. The coefficients 81, 82, 83, Yqr

Yor Yau x_l, d, €y dys &, bys by, by, and b, are all taken

to be temperature independent, while the coefficient a =

ao(T—TO) is taken to have a linear temperature dependence.

The thermodynamic potential is written in this form to emphasize
the fact that the polarization and strain couple to two independ-

ent quantities which are quadratic in the order parameter, to

: 2 2
wit 2qlq2 and q; - 49,-

(1) Physical Interpretation of Terms in Thermodynamic Potential

The physical meaning of the various terms becomes apparent when
one considers some special cases. The terms with coefficients
&(T), By, Bys Bys Yys Y,s Y5s describe the temperature
dependence of the soft mode if the other displacements (strain
uij and polarization P) were held constant. These terms would
then describe a phase transition for the soft mode which is
either first or second order depending on the sign of the 's.

1

The term with coefficient ¥ ~ describes the behavior of the

polarization if the other displacements (strain u,. and soft

mode ql,qz) were held constant. In such a case t;g system

would have a temperature independent electric susceptibility of x.
Similarly the terms with coefficients Cij describe the behavior
of the various strain components if the other displacements
(polarization, P, and soft mode amplitude, ql,qz) were held
constant. In such a case these terms would yield temperature

independent elastic constants.

In most realizable experiments, it is not the displacements but
rather the conjugate forces which are held constant. The force
conjugate to the polarization is just the applied electric field
and the forces conjugate to the strain components are just the
corresponding stresses. However, the force conjugate to the
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soft mode amplitude usually goes unnamed since there is no way

to realize experimentally any value other than zero for this
force. 1In describing the usual experiments performed with
constant forces, one must take into account the couplings amongst
the displacements. The terms with coefficient 51 and 52

describe the direct interaction of the soft mode with the
polarization, while the terms with coefficients bl' b2 b3 and

b4 describe the coupling of the soft mode and the various

strain components. These terms are the lowest order interactions
allowed by crystallographic symmetry; they are quadratic in the
soft mode amplitude and linear in the polarization and strains.
As the soft mode goes through its phase transition, these terms
give rise to a spontaneous polarization and a spontaneous elastic
distortion as well as introducing a temperature dependence in

the dielectric susceptibility and elastic constants. Finally

the usual bilinear piezoelectric coupling between the polarization
P, and the strain uxy is given by the term with coefficient d.

Since the phase transition in the molybdates is caused by an
instability in the soft mode, it is usual to regard the inter-
action terms as describing how the phase transition in the soft
mode transmits its effect to the polarization and strains thereby
causing a spontaneous polarization and elastic distortion.
However, these coupling terms also mediate the effiect of the
polarization and strain (or their conjugate forces: electric
field and stress) back on the soft mode itself.

(2) Estimates of Magnitudes

It is difficult to make general statements about the reclative
magnitudes of the various terms, since the usual experiments per-
formed with constant forces give information only about various
combinations of the terms. However, there is one experiment, viz.,
the high frequency dielectric permittivity, which corresponds to

a constant displacement (strain). This enables one to directly
assess the magnitude of the coefficients 51, and 52. The
observation that the high frequency dieleciric constant for the

43

. e e




rare-earth molybdates does not vary with temperature means that
when the strain is held constant the polarization is essentially
decoupled from the soft mode, so that 51 e 52 ~ 0. Since the
polarization has only very weak direct coupling to the soft
mode, the observed spontaneous polarization and temperature
dependent dielectric permittivity must arise indirectly from the
soft mode coupling to the strain uxy which in turn couples
piezoelectrically to the polarization.

One aspect of the interaction of the soft mode and the strain
can be learned from the observed large presure dependence of the
[ transition temperature (Ref. 2-28). This result implies that the

isotropic strains, u u and u,,r are fairly strongly coupled

xx' “yy
to the soft modes.

é.)_&, 2.2.2 Reduced Thermodynamic Potential

; Since our experiments are performed under stress-free conditions,
we need only a reduced thermodynamic potential describing the

polarization and the soft mode. Using the zero stress conditions,
3¢/3uij = 0 while Uij = 0, allows one to express the strains
in terms of the polarization and soft mode amplitude:

R | 2. .8
u = - [(8,,+8,,) by + s,,b,] (q2 o 2)
XX 11 12" *3 13°4 i %y

u = - [(s + s..) b, +s5,.b,] (qz + qz)
vy 11 127 73 13”3 i 2
U, = = [28..b, + 8..b,] (a2 + q2)

2z 1373 33731 9 2

where, sij is the inverse of the matrix Cij'
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Inserting these into the complete thermodynamic potential yields

the reduced thermodynamic potential corresponding to conditions

Cp of zero stress,
®(q,,9,,P,T) =& _(T) + 2T (2 2 s 2.8 3 33
19 o > 9 * 4} + = (29;9,) 7 @ - %)
L]
¥ | 2. o .13 2,3 . 3
2 (2q1q2)(q1 = q2) + ra (2qlq2) (q1 + qz)
-
2.2 23 32 2 Y3 2 2 2 2
Ly (ql qz) (ql + qz) * = (2c11<12)(ql - q2) (ql . q2)
X:i 2 2
‘ + T3P+ aP(2qyq,) + aPlq; - qg) - PE
b .
where,
a; = &) -db/cg,
a; = 8, - dby/cgg
P a 2 = 2 e 2
By = By - 2by/Cgg — 4(S;1+S,,)b3 - 8S;3bsb, - 2S,3b,
B = é - 2b2/c - 4(s,,+s )b2 - 8s,.b,b, - 2s b2
2 2 2’%66 117"197%°3 137374 3374

It is important to remember that the interaction terms between
the polarization and the soft mode amplitude give the effective
coupling under stress-free conditions. Since we know that the
direct interaction between the polarization and the soft mode is

essentially negligible, the physical origin of this coupling
lies in the piezoelectric coupling of the polarization to the
strain which itself couples directly to the soft mode amplitude.




2.2.3 Approximation to Reduced Thermodynamic Potential

Even the reduced thermodynamic potential does not yield simple

analytic expressions to compare with the measured temperature 4
dependence of the polarization, dielectric permittivity and

specific heat. However, as noted in Par. 2.1 a variety of

apparently different approximations do yield analytic expressions

which compare well with experiment. The common thread in all |
these approximations is that the phase angle ¢ = arctan (ql/qz)

is temperature independent. In this section we show why such an
approximation is plausible.

3
As a first step it is convenient to express the thermodynamic
potential in polar coordinates (q1 = ncos¢, q, = nsing¢),
s a(T) 2
®(n,¢,P,T) = & (T) + =5—n" + [(B) + B,) + (B, - B)) cosd¢ )

4 6
! e ) ; LI
6351n4¢] 3 + [(yl + yz) + (Yz Yl) cosd¢ + y351n4¢] 13

+

-1
+ XE— P2 + P(alsin2¢ + a cos2¢)n2 - PE

2

The polarization can be reduced out of this thermodynamic
potential using the condition, 9%/9P = 0 to give the polari-
zation in terms of the soft mode,

2 -
P=x{E-n (a151n2¢ + azcos2¢)}

and yield the reduced thermodynamic potential involving only the
soft mode,

2
n :
®(n,,T) + . r 5 [a(T) + 2xE(a;sin¢ + a2cos¢)]
n4
+ j;'(f + gcosd¢ + hsind¢)
6

n B :
+ 12 ((Yl + Y2) + (YZ Yl) cosd¢ + Y351n4¢]

- xE2/2
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s 2 2
where f = (1/2)(81 + 82) - (a1 + a2)x
o 2 2
g = (1/2)(82 - 81) + (al + a2)x
h =

(1/2)83 - 2ala2x

To determine the behavior of the soft mode amplitude one need
only solve the equations 3%/3¢ = 0 and 3¢/3n = 0 for n(T)

and ¢(T). These equations take the form:

n2 {n4[(Y2 = Yl)sin4¢ - Y3cos4¢]/3

+ n’[gsind¢ - hcosdd] +

+ 2xE[alcosz¢ + azsin2¢] } =0

and
4 .
n { n [(Yl + Y2) + (Y2 - Yz)cos4¢ + y351n4¢]/2

+ n2[f + gcosd4¢ + hsinéd¢]
+ a(T) + 2xE[alsin2¢+-a2c052¢]} =0

For the solution to these equations to be a minimum of ¢, one

2 2

2
must also have that 3_‘2” 3 O apd 2 s 0, since % = 0 at all

2
3¢ an

extrema.

While detailed solutions to these equations require numerical
computation, some general characteristics of the solutions can
be discerned immediately. The first equation does not involve
the temperature dependent coefficient o(T); the solution to
this equation then gives the locus of points in the n-¢ plane
which are minima of ¢. The temperature dependence of the
actual minimum is determined by the solution to the second
equation which involves o(T) explicitly. Thus the minimum of
® moves along the curve determined by the first equation

at a rate determined by the second equation. To illustrate
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the possible behaviors we have plotted in Figure la and 1b

the solution to the first temperature-independent equation for a
variety of values of the parameters (?1 =Y, and Y5 =0

in all plots shown). These curves illustrate the point that,
except for small values of n, there is essentially no variation
in the angle ¢. It is thus plausible to neglect any explicit
angular dependence at the very onset.




(a)

a2
a—l'0.5

30°

Y
3
X

(b)

Figure 1. The loci of minima for reduced thermodynamic
potential involving only soft mode. These plots are for
an isotropic sixth order term, 2xE(a1/h) =1, and in-
dicated anistropies in second and fourth order terms.
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2.2.4 Expressions to Compare with Experiments

If the angular dependence is completely eliminated from the
reduced themodynamic potential one obtains:

T = a(T) 2 B 4 Y 6
é(n,P,T) QO(T) + —2 i . - 2 n + 6 n
2 x'l 2
+abn” + S P~ PE

where, n2 = qi + q% is the square of the order parameter

and the coefficients o = ao(T-To), B, Yy, a, and x-l are re-

lated to the coefficients appearing in the complete thermodynamic
potential. The precise relationship of the coefficients in this
approximate thermodynamic potential to the coefficients in the
complete thermodynamic potential, depends, of course, on which
approximation is adopted. We fit all of our experimental data

to this form for the thermodynamic potential.

The first step in the analysis is to reduce out the polarization
using the condition 3¢ /3P = 0 to express the polarization in
terms of the soft mode amplitude,

P(T,E) = X[E - an’(T,E)]

and to obtain the reduced thermodynamic potential for the soft
mode alone:

a(®) 2, B 4 2

. .91
<I>(r1)—<I>O(T)+2 n 4n +6n 2Ii‘.

where a(T) = uo(T - To) + 2axE and B =8B - 2xa2.

The temperature dependence of N is determined by the condition
9¢/9n = 0, namely,

nfa(T) + 8n2 + ynl1 = o.

We thus obtain explicitly the solution,




8 % . 1/2 1/2
- — 4 (— -
. 2y (Y ) [Tl(E) T] T < TC(E)
n“(T,E) =
0
T > T_(E)
where
2 8>
T () =T -<Ap,
1 o) a 4a v
(o] (o]
and
2ax 3 32
SRy =& = a°E+E;;7'

We have assumed in this solution that B < 0 so that a first
order transition occurs at Tc' which is always less than
Tll

The polarization is then,

1/2
Pl + K(Tl— T) T < Tc
P(T,E) = s E
XE T > TC
where
" _ XaB
Pl(E) (xE 2Y)
o 1/2
K = - ay (—)

Evidently the effect of an external electric field is merely to
shift the transition temperature; it does not cause any smoothing
of the discontinuities as occurs in a proper ferroelectric.
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The pyroelectric coefficient is obtained by simply differentiat-
ing with the respect to T, to give

-1/2

(Tl—T) T<T

NjR

P(TIE) =

A singularity in the measurements at the transition temperature
is caused by the discontinuous jump in the polarization.

Similarly the dielectric constant is obtained by differentiating

the polarization with respect to E, to give
-1/2
1+x +K (T =T R
T.E) =
el L+ y T>T
(o]
*
where
!
L 2, N2 12 {
K =a X/ag Y |

Since TC is always less than Tl' there is no diveregence in

the dielectric constant, only a step discontinuity at the
transition.

To find the specific heat, one must first derive the entropy
from the thermodynamic potential,

ad 2 n
99
S(n,P,T) o ﬁ [nvPvT] b i a—To" w _Cz)_

and then differentiate to obtain the specific heat,
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c(E,T) =T ST (T,E) =T T [n(T,E),P(T,E),T]
-1/2
co(T) + KZT[Tl - T] TER
c(T,E) =
co(T) Ak A
where
_ . 3/2 2
K2 =aj /4y = K /41(1
29
o im =722,
T

Here co(T) is the other contribution to the specific heat and
is assumed to vary only slowly with temperature.
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2.3 Dielectric, Pyroelectric and Thermal Measurements

This section describes measurements of the dielectric constant €,
pyroelectric coefficient p, and specific heat c as functions

of temperature performed on gadolinium molybdate (GMO), terbium
molybdate (TMO) and gadolinium dysprosium molybdate (GDMO). The
effect of an applied electric field on the dielectric properties
is also investigated.

2.3.1 Sample Preparation

Thin slices of GMO, TMO, and GDMO were cut from single crystals
normal to the pyroelectric axis. Samples were polished to
thicknesses from 0.03 to 0.1 mm and electroded on both faces
with evaporated antimony. 1In order to minimize edge effects, a
special technique was used to obtain fully electroded samples.
The technique is based on the observations that in GMO the
ferroelastic domain boundaries consist of (110) and (110)
crystallographic planes which are also cleavage planes (Ref.
2-22). (We have confirmed that these observations apply to TMO
and GDMO as well.) Samples were prepared using the following
procedure: (1) identify (110) and (110) planes by visual
observation of the domain pattern through crossed polarizers,
(2) evaporate electrodes, and (3) remove unelectroded regions by
cleaving along (110) and (110) planes. After preparation,
samples were mounted freely on 3 mil diameter silver leads.
Before each measurement samples were poled with a steady field
of ~ 5 kV/cm applied during slow cooling through the Curie
point and down to room temperature.
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2.3.2 Dielectric Constant

(1) Experimental Apparatus

The dielectric constant was measured by determining the ratio of
the capacitance of a sample to that of a reference capacitor
placed in series with it. A small ac signal (at most 10 V/cm at
8 kHz) was applied to the sample and reference, and synchronous
detection (i.e., a lock-in amplifier) was used to measure the
voltage appearing across the reference capacitor. Measurements
were made in the oven of a Deltatherm III differential thermal
analyzer (DTA) which had been modified to provide additional
feed-throughs and connections for the sample and thermocouple.
To achieve good temperature uniformity, the sample was enclosed
in a closed copper cylinder filled with inert gas (helium). A
chromel-alumel thermocouple was used, and the thermocouple tip
placed with 1 mm of the sample surface to ensure accurate
temperature measurements. By connecting the outputs of the
lock-in amplifier and thermocouple to an x-y recorder, we
obtained continuous recordings of the dielectric constant as a
function of temperature.

The capacitance of the reference was measured with an accuracy
of 2%, and the sample dimensions determined to within 5%, so
that the dielectric constant was obtained with an accuracy of
better than 10%.

A second, completely independent, exerimental apparatus was used
to cross-check the measurements. This second aparatus employed
a Boonton capacitance meter at 1 MHz and a Hewlett Packard 4270A
capacitance bridge at 1 kHz, 10 kHz, 100 kHz and 1 MHz. The
test signals for these instruments were less than 100 mV. 1In
all cases the experimental data for both apparatuses agreed
within better than 10%.
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(2) Results of Measurements

The dielectric constants measured on samples prepared as describ-

ed above are shown in Figure 2. The results for GMO and TMO
are in general agreement with those reported by other investi-
gators, although we obtain values consistently somewhat smaller
than those reported elsewhere. The behavior of GDMO is very
similar to that of the other two materials. No effect of
applied electric field on the dielectric constant could be

observed in any of these materials for fields up to 10 kV/cm.

2.3.3 Pyroelectric Coefficient
(1) Byer-Roundy Apparatus

The pyroelectric coefficient was measured by the direct tech-
nique of Byer and Roundy (Ref. 2-32), in which the crystal was
connected to a microvolt ammeter (Keithley, Model 150B) and
heated slowly at a constant rate, typically 2°C/min. The
pyroelectric current produced by the sample was recorded direct-
ly as a function of temperature using an x-y recorder and the
sample temperature was recorded separately as a function of
time. The same samples and oven were used as for the dielectric

constant measurements.

The major source of error in these measurements is nonlinearity
of the sample temperature as a function of time. The measure-

ments were repeated several times, and we were able in general

to achieve a heating rate which was constant to better than 5%.
On the few occasions when larger variations occurred they were

taken into account by correcting the experimental data.

A second, completely independent, Byer-Roundy apparatus was used
to cross-check these measurements. This second apparatus
employed a Keithley 616 Digital Electrometer. 1In all cases the

results of both apparatus agreed well within the experimental

errors.
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(2) Results of Byer-Roundy Measurements

Figure 3 shows the measured pyroelectric coefficients of fully-
electroded samples of GMO, TMO, and GDMO. The behavior of

the pyroelectric coefficient is essentially the same in each.
No influence of an applied electric field on p was observed for
fields up to 10 kV/cm.

Our data yield larger pyroelectric coefficients for GMO than
reported by Ullman et al. (Ref. 2-10). We obtain 2.0 x 10~ 2
C/cmzK at 143°C and 2.8 x 102 C/cmzK at 151°C, which are,
respectively, 50% and 20% larger than the results of Ref. 2-10.
For TMO, we find 1.8 x 10-9 C/cm2K at 140°C, which agrees

well with the results of Keve et al. (Ref. 2-14) and with the
value inferred from the dynamic measurements described below.

The importance of using fully-electroded samples when measuring
the pyroelectric coefficient is demonstrated by the fact that
partially-electroded samples exhibit multiple peaks in the
pyroelectric current similar to those reported in Ref. 2-10.
This structure is reproducible from run to run on a given
sample, but varies from one sample to another. Thicker samples
(100-200 um) frequently exhibit three or more peaks, while very
thin samples (25-50 um) sometimes show a single main peak and
one or more smaller, secondary ones. As noted above, these
multiple peaks were attributed by Ullman et al. (Ref. 2-12) to
the presence of temperature gradients in the samples. We were
unable to eliminate this phenomenon by using very thin samples
freely suspended in a strictly isothermal enclosure, as suggested
in Ref. 2-12. This led us to consider the possibility that the
multiple peaks are due to electrical or mechanical boundary
conditions imposed by partial electrodes, and we have found that
the use of fully-electroded samples prepared as described in
Par. 2.3.1 greatly reduces or eliminates this effect. When
full-surface electrodes are used, even samples several hundred
microns in thickness show only a single current peak on both
heating and cocling.
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(3) Chynoweth Apparatus

A second, independent measurement of the pyroelectric coefficient
was obtained by determining the ratio p/c using the dynamic
response technique introduced by Chynoweth (Ref. 2-33). The
crystal was illuminated by a train of rectangular infrared

pulses of short duration (typically 15 ms) so that the increase
of its temperature did not exceed 0.01 K. The resulting pyro-
electric voltage response was measured across a load resistor
(typically 107
connected in parallel to the sample (Ref. 2-34). The pyroelectric

= 108 ) and FET source follower circuit

response voltages obtained were displayed on an oscilloscope,
and the rms value of the voltage response was measured with a
lock-in amplifier (Keithly Autolock 840). The outputs of the
lock-in and thermocouple were recorded simultaneously on an x-y
recorder.

This method yields relative, not absolute, values of p/c unless

the radiation absorbed by the sample is known. It is not

practical to measure the incident flux or sample absorption d
directly, so the system was calibrated by taking the values

p=1.8 x 1072 C/cm® K and ¢ = 2.0 J/cm°K for TMO at 140°C.

(4) Results of Chynoweth Measurements

The ratio p/c measured on fully-electroded samples of GMO, TMO,
and GDMO is shown in Figure 4. It is readily seen that both
the absolute magnitude and the temperature dependence of this
ratio are very similar in the three materials. These results,
taken together with the values of c reported in Par. 2.3.4,
yield good agreement with the direct measurement of p reported
above.

Effects due to the use of partially-electroded samples are also
observable in the dynamic response measurements. Instead of the

sharp maximum at the transition temperature reported above for
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fully-electroded samples and predicted by the phenomenological
theory (Section 4), we find that the response has a smaller peak
than in the fully electroded case and exhibits a shoulder on the
high-temperature side. The origin of this behavior and its
relationship to the multiple peaks observed in the pyroelectric
current are not yet understood. We suspect that the solution to
this problem lies in the coupled ferroelectric-ferroelastic
behavior of these materials which causes the electrical and
elastic boundary conditions to interact. An explanation of
these effects may also have implications for many other materials
which are simultaneously ferroelectric and ferroelastic.

2.3.4 Specific Heat Measurements

(1) Description of Apparatus

Specific heat measurements were made using a dc heating technique.
The instrument used was a Perkin-Elmer differential scanning
colorimeter, Model DSC-2, interfaced to a Tektronix programmable
calculator, Model 31. The system is equipped with an Autoscan
Zero mini-computer for automatic baseline corrections. Single
crystal samples, typically between 20 and 80 mg, were weighed
with a precision of 1 (10-4) on a Perkin-Elmer autobalance,

Model AD-2.

Open aluminum sample pans were used as crucibles; no external
mechanical stresses were applied to the samples. Samples were
flat plates about 1 mm thick and 3 mm on a side. In all cases,
the flat side of the sample made good thermal contact with the
crucible.

Typical data was taken using heating rates of 1.25 K/min in the
vicinity of the phase transition. Lowering the heating rate by
half did not effect the observed data. 1In the vicinity of the
phase transition, data were recorded at intervals of 0.1 K. All
reported data were taken during the heating portion of a cycle;
the observations made during the cooling portion were in all
cases superimposable on the heating curves to within 1%.
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(2) Accuracy of Measurements

The calorimeter was calibrated relative to the melting point and
the enthalpy of fusion of 5N indium metal; TM = 429.87 K and

AHg = 3266.8 J/mol, and of 6N lead metal; Ty = 600.65 K

and AMHe = 4768.1 J/mol. Both the melting points and the
enthalpies of fusion were found to be independent of heating and

cooling rates from 0.625 to 20 K/min and reproducible to 0.02%

and 0.75%, respectively.

The raw data were further refined by normalization to the NBS

values for sapphire (Ref. 2-35), corrected on a sapphire
standard, run under the identical operating parameters.

The overall accuracy of the absolute value of the specific heats
~ ‘ was better than 1%. Relative measurements on a single material
are accurate to 0.25%.

(3) Results

The isobaric molar heat capacities in the vicinity of the
ferroelectric phase transition of the three rare-earth molyb-

dates are shown in Figures 5 to 7. The corresponding thermo-
dynamic values are given in Table 1. The transition temperature
is taken as the peak in the heat capacity. The heat of transi-
tion AH is obtained by graphical integration of the excess heat
capacity.

The integration is performed by extrapolating a line from the
heat capacity curve in the low temperature phase to a line in
the high temperature phase. This is done over a temperature

interval as small as 8 K in TMO and as large as 15 K in GDMO.
The entropy of the transition is calculated by dividing AH by

TC. This assumes that the transition occurs over a small enough
temperature interval so that the error in this approximation is
minimal. Thus values of AH and AS are upper bounds on the

) true latent heat and entropy discontinuity at T, as they

contain contributions also from the rise in the specific heat

just below the transition temperature.
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Figure 5. Specific heat vs. temperature for TMO sample
exhibiting multiple peaks after annealing for 24 hours
at 960°cC.
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TABLE 1. THERMODYNAMIC VALUES FOR THE FERROELECTRIC PHASE
TRANSITION IN THE MOLYBDATES.

1 1.=1

T (K) H(J/mol ™) S(J/mol “K ) MW
TMO 431.7 + 0.2 255 + 26 0.59 + 0.06 797.66
GMO 430.8 + 0.2 304 + 30 0.71 + 0.07 794.31
GDMO 429.8 + 0.2 288 + 29 0.67 + 0.07 799.56

Two conclusions may be drawn from this data. First, the ferro-
electric phase transition in the molybdates is strongly first
order as evidenced by the large latent heat of transition and
the sharp discontinuity in the heat capacity. Second, the
position of the transition temperatures, the very similar heat
capacities above and below the transition, and the similar heats
of transition suggest that the effect of varying the rare-earth
metal upon the crystal thermodynamics is quite small.

(4) Multiple Peaks in the Specific Heat of Rare-Earth
Molybdates

In the measurements on the specific heats of rare-earth molyb-

dates a number of samples exhibited multiple peaks in the
specific heat near the phase transition (Fig. 8). Moreover,

this phenomenon of multiple peaking can be induced in a sample by
subjecting it to mechanical stresses (Fig. 9). The occur-

rence of multiple peaks is then interpreted to be caused by
residual mechanical stresses in the samples. This interpreta-

tion is confirmed by annealing a sample which exhibited multiple
peaks and noting the disappearance of the multiple peaks in the
specific heat.

Three single crystal plates of TMO which exhibited multiple

peaking of the heat capacity were wrapped in platinum foil and
heated to 960°C in alumina crucibles under a flowing molecular
oxygen atmosphere of 1.0 1/min. The temperature was maintained
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at 960°C + 10°C for 24 hours and cooled down to room temperature
at a linear rate of 12°C/hr.
20°C melted, even though the reported melting point for TMO is
1170°C (Ref. 2-36).

Samples which were heated 1080 +

The measured molar heat capacity of one sample of TMO, before and

after annealing, is shown in Figures 10 and 11, respectively.

It is clear that proper temperature annealing does eliminate the
multiple peaking, although one sample of TMO still showed some
evidence of residual multiple peaking. The magnitude of cp

for the annealed samples is in excellent agreement with our

previous measurements
no multiple peaking.
E heat of transition is

on unannealed TMO samples which exhibited
It is also worth noting that the measured
the same in the multiple and single peaked

samples, as one would expect since the multiple peaking is a

R strain induced effect.

by
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Figure 10. Specific heat vs. temperature for TMO sample

exhibiting multiple peaks near transition temperature.
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Figure 11. Specific heat vs. temperature for TMO sample
exhibiting multiple peaks after annealing for 24 hours
at 960°c.
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2.4 Analysis of Dielectric, Pyroelectric and Thermal
Measurements

This section describes the fit of the dielectric constant,
pyroelectric coefficient, and specific heat measurements to the
expressions derived from the reduced thermodynamic potential
given in Paragraph 2.2. Excellent agreement is obtained in all
cases. The Clausius-Clapeyron equation, giving the electric
field dependence of the transition temperature, is also checked
and found to be in agreement with the data.

2.4.1 Analysis of Dielectric Constant

For the temperature dependence of the dielectric constant along
the polar axis, one expects (see Par. 2.2.4), in the paraelectric
phase:

assumed to be independent of T near Tc; and in the ferroelectric
phase:
-1/2

€ = ep + K1 (Tl - T)

(1)
where Kl is a constant, and T1 is related to the Curie-Weiss
temperature To and the transition point T by:

Tl - Tc = (Tc - Tc)/3. (2)

Figure 12 shows our previously reported results for € in GMO,

TMO, and GDMO, together with the behavior calculated from Equation
(1) using ep, Kl’ and Tl chosen to give the best fit. The
agreement is remarkably good below the transition temperature,

and the error is less than 5% above it. The values of EP'
K

1’ and T1 obtained in this way are listed in Table 2.
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TABLE 2. PARAMETERS € , Ky, AND T, OBTAINED
BY FITTING THE OBSERVEB DIELECTRIC CONSTANT.
1/2 o %
€p K, (K ) Tl( C)
TMO 10.6 1.25 161.3
GMO 9.5 1.87 160.2 3
GDMO 9.8 1.57 154.7

2.4.2 Analysis of Pyroelectric Coefficient

The expected (see Par. 2.2.4) temperature dependence of the
spontaneous polarization Py in the ferroelectric phase is,

= - my1/2
g, =& A%y ~ T} + Py, (3)

vhere, K = a constant, Tl = temperature above which no ferro-
electric phase exists, and By = hypothetical polarization at

Tl' The temperature T1 is defined above.

From Equation (3) the pyroelectric coefficient p = - dPS/dT is
given by:

-1/2 4)

p = (K/2) (Tl = T)
In order to find the numerical values of K and Tl' we plotted
l/p2 as a function of the temperature T, for TMO, GMO, and GDMO
(Fig. 13). It can be seen that the experimental points lie along
straight lines as expected from Equation (4). The agreement is
excellent, and the values obtained for K and '1‘l are given in
Table 3.
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Figure 13. sSquare of the reciprocal of the pyro-
electric coefficient vs. temperature for terbium
molybdate (TMO), gadolinium molybdate (GMO) and
gadolinium-dysprosium molybdate (GDMO). Crosses
are the data points; the straight lines are the
theoretically expected linear relationship fit

to these data points. The data comes from dynamic

measurements of p/c combined with our results for c.

TABLE 3. PARAMETERS K AND T, OBTAINED BY FITTING
DYNAMIC MEASUREMENTS OF THE %YROELECTRIC COEFFICIENT.

K iy

T

(10~8¢/cm2k1/2) (°C)
TMO 1.77 161.3
GMO 1.72 159.6

GDMO 1.66 154.9
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2.4.3 Transition Temperatures

Defining Ae = ¢ - ep, we can derive from Equations (1) and (4) 3
a useful relationship for determining TO:

Be (T )/be(T ) = 2 (5)

Using Equation (5) and the experimental data shown in Figure 12, q
we have determined To for each of the materials studied. The
results are given in Table 4, together with the observed transit-
ion temperatures Tc and the values obtained for T1 above.
Slightly different valugs of T, are obtained by fitting the
pyroelectric coefficient and the dielectric constant, but the

£

differences are not significant in view of the accuracy with
which we can determine the sample temperature and the uncertainty
1r“: in Tc caused by the experimental width of the transition. -

TABLE 4. THE CURIE-WEISS TEMPERATURE T  AND TRANS-
3 ITION TEMPERATURE T AS DETERMINED FROM EQ. (15) AND
s THE MAXIMUM OF ¢, RESPECTIVELY. ALSO GIVEN FOR COM-
PARISON IS T, AS FOUND FROM FITTING THE PYROELECTRIC
COEFFICIENT p or THE DIELECTRIC CONSTANT €. ALL
TEMPERATURES ARE IN °C.

Ld

f To TC T1 (from p) Tl (from €) >
TMO 159.7 161.0 161.3 161.3
GMO 157.0 159.5 159.6 160.2
GDMO 152.6 154.2 154.9 154.7 3




2.4.4 Influence of an Applied Electric Field

The expected value of the rate of change of the transition
temperature with external field can be given in terms of the
constants K and Kl' namely,

ar /dE = 2K,/K . (6)

Inserting the experimental values for GMO leads to ch/dE =
1.9 x 107° K/V eml. This value is quite small compared

to the result for ghe proper ferroelectric BaTiO3, where
dr_/dE = 1.6 x 107>
observed no change in Tc in the p or ¢ measurements at
fields up to 10 kV/cm.

K/V cm !, and explains why we have

E.‘.‘. A general thermodynamic argument based on the Clausius-Clapeyron
‘ equation shows that,

dT /dE = AP/AS, (7)

where, AP and AS are the discontinuous changes in the polar-
ization and entropy, respectively, which occur at the phase
transition. Inserting the experimental values (Refs. 2-13,
2-19, 2-30) for GMO (AP = 4 x 1078 C/cm? and 85 = 2.2 x

1073 3/cm3k), yields dr _/dE = 1.8 x 107> K/V em T, in

very good agreement with the result obtained above from
Equation (6).
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2.4.5 Analysis of Thermal Measurements

The specific heat measurements can be compared to the theoretical

expressions for:

(a) Discontinuity of the entropy at the transition temperature,
as = (3K%/2K;) (1,-T )12 )

(b) Latent heat at the Curie point,

S e . ¥
AQ = T AS = (3K°T_/2K,) (T;-T,)

(c) Temperature dependence of the specific heat,

G % (K2/4Kl) T (Tl--r)'l/2

E e | for T < Tc

o for T > Tc
The values of K, Kl, T, and Tc are determined above from the
analysis of the pyroelectric and dielectric properties. Table 5
summarizes these values, using the Ty value determined in the
dielectric measurements.

A comparison of the predicted values and measured upper bounds J
for AS and AQ is given in Table 6.
TABLE 5. PARAMETERS DETERMINED PREVIOUSLY FROM )
PYROELECTRIC AND DIELECTRIC MEASUREMENTS.
Tc Tl K Kl
(K) (k) (1078%c/en%k}/2) (k172 7
1.77 1.25
]
1.72 1.87
b
1.66 1.57
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TABLE 6. COMPARISON OF CALCULATED VALUES AND MEASURED UPPER
BOUNDS FOR ENTROPY DISCONTINUITY AND THE LATENT HEAT.

AS(J/mol K) AQ(J/mol)
Calculated Measured Calculated Measured
Upper Bound Upper Bound
TMO 0.40 0.59 + 0.06 173 255 + 26
GMO 0.39 0.71 + 0.07 169 304 + 30
GDMO 0.36 0.67 + 0.07 157 288 + 29

Figure 14 shows experimental results for c¢ in TMO (Isomet #1) as
measured (the temperature scale of the experimental data was
shifted by 2.5 K to agree with TC = 161°C as determined from
our dielectric and pyroelectric measurements) together with

the behavior calculated, using the data of Table 5 and choosing
¢, to give the best fit. For c, We found a constant value

of 2.07 J/cm3K over the temperature range 150-165°C. The
agreement between the calculated curve and the experimental
points is good except in the immediate vicinity of the transi-
tion point. 1In this region an agreement between the theory and
the experiment is not expected because the anomaly in the
specific heat at the transition is always spread over a small
temperature range due to instrumental resolution.
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SPECIFIC HEAT (J/cm’K)
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Figure 14. Specific heat of TMO (Isomet #1).
Crosses are experimental values previously
reported; solid line is theoretically cal-
culated behavior.

80




2.5 Figures of Merit

The figure of merit of a pyroelectric material used as a vidicon
target is M(1l) = p/ec, while M(%) = p/el/2
merit for a small-area detector made of that material. We have

c is the figure of

developed an experimental technique which permits direct measure-

ment of these figures of merit, reducing or completely eliminat-
ing the need to calculate products or ratios of independent
measurements. Results obtained by this method are reported
below for the rare-earth molybdates. To permit comparison with
the behavior of a typical proper ferroelectric, we also present
data for TGS.

2561 Measurement Method

The measurement method is a modification (Ref. 2-34) of the
dynamic technique of Chynoweth (Ref. 2-31), in which we measure
voltage rather than current response. A brief analysis of the
technique is given below.

Consider a thin plate of pyroelectric material electroded on its
major faces which are perpendicular to the polar axis. 1In
parallel to the sample are connected a load resistor RL and a
preamplifier of input capacitance Ci and input resistance Ri'

A chopped beam of radiation with a 50% duty factor (Fig. 15a)
is incident upon the front electrode and heats the sample. The
chopping period T is assumed to be much shorter than the
thermal time constant of the sample. It can be shown that in
the steady state, the mean temperature T of the sample rises
linearly during a radiation pulse and falls linearly between
pulses (Fig. 15b). The slopes of the rise and fall are equal
(except for sign) and given by + Fo/2cL, where Fo = radiation
power absorbed per unit area of the sample during a single
pulse, and L = thickness of the sample. As a result of the
temperature variations, the spontaneous polarization of the
material is changed, causing a charge flow through the sample
and the load.
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RADIATION FLUX
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Figure 15. Schematic description of steady state pyro-

electric current and voltage responses to rectangular
radiation pulses of period much shorter than thermal time

constant of sample.

82




T ——————

The pyroelectric current (Ref. 2-37) pA(dT/dt) consists of
positive and negative square pulses (Fig. 15c) of height

. pAFo/ZcL, where A = electrode area. For the voltage V(t)
developed across the sample and the load, one obtains the
equation:

d(cv v daT
' UL+ R=m F . (1)

where C represents the sum of Ci and the sample capacitance

CS' L’
resistance Rs' Normally R, and R are several orders of

and R the parallel combination of R Ry and the sample

magnitude larger than R so that to a good approximation R = R

; .
Solving Eg. (1) one fings that various response shapes can be og-
tained depending on the ratio between the electronic time con-
Y stant of the system B ™ RC, and the period 1 of the radiation
pulses. When T is much greater than Ter @ rectangular re-

sponse is obtained (Fig. 15d). In this case the peak-to-peak
value VR of the response is independent of 1 and directly

proportional to the ratio (p/c):
Vg = (FOARL/L)(P/C)- (2)

When 1 is much less than Tt a triangular response is

obtained (Fig. 15e) for which the peak-to-peak value VT is

proportional to the chopping period T,

Vg = (F AT/4L) (p/cC). (3)

When the capacitance Cs of the sample dominates, C = C_ = eoeA/L,

and V,, is directly proportional to M;. If C, is not negligible,

M1 can be expressed in terms of V., and a correction factor g,

T
which can be calculated from the ratio (VT/VR):

M, = (49/F T)Vq o (4)

; where

N _ -1 -1
g = [1 = 4R C,T ™ (Vp/Vp) 1™

R e |




Using Egs. (2) and (4), M1/2 can be expressed in the form:

My o = (2/F Q) (aL/aR D)2 (vpu )t/ (5)

Equations (4) and (5) form the basis for our direct experimental
determinations of the figures of merit.

2.5.2 Experimental Technigues

Thin slices of TGS, GMO, TMO, and GDMO were cut from single
crystals normal to the pyroelectric axis. Samples were polished
to thicknesses from 0.C3 to 0.1 mm and electroded on both faces
with evaporated antimony. Attached to the electrodes were 3 mil
diameter silver leads by which the samples were suspended. A
small sample holder with a LiF window was used, and the sample
temperature was measured to ~ 0.2 C with a calibrated thermo-
couple attached very close to the rear electrode. The sample
mount was attached to a heated copper block and placed in a
vacuum-tight chamber with a LiF window. Before each measure-
ment, samples were poled with a steady field of 2-5 kV/cm
applied during slow cooling through the Curie point and down to
room temperature. The radiation source was a Globar with a
variable speed chopper (Ithaco 382A). To provide rectangular
pulses, the width of the chopper teeth, as well as the distance
between them, was much larger than the diameter of the radiation
beam.

The measuring circuit consisted of a load resistor (105 « 167 Q)
and a FET source follower circuit connected in parallel to the
sample (Ref. 2-38). The pyroelectric response voltages obtained
were displaced on an oscilloscope, and the rms value of the
voltage response was measured with a lock-in amplifier (Keithley
Autolock 840). The outputs of the lock-in and thermocouple were
recorded simultaneously on an x-y recorder.
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20503 Experimental Results

Figure 16 shows the temperature dependence of p/c and p/eeoc

in TGS as measured by the dynamic method. The calibration in
this measurement was oObtained by assuming for the pyroelectric
coefficient (Ref. 2-39) p = 3 x 10"8 C/cm2 K and for the specific
heat (Ref. 2-40) c = 2.2 J/cm3 K at 25°C. Comparing the be-
havior of p/c and p/eeoc shows that ¢ plays a dominant role

in determining the temperature dependence of Ml; the increase

in the dielectric constant causes a steady drop in M, as the

it
transition point is approached.

Figure 17 shows the temperature dependence of p/eeoc in GMO,
TMO, and GDMO. The results for p/c in these materials were
presented in Par. 3.3.4. In the molybdates, in sharp contrast
to the behavior exhibited by TGS, p/eeoc increases in the

same manner as p/c as the transition point is approached. This
result is expected, since at zero stress these materials exhibit

only a small increase in dielectric constant near the transition

temperature (Par. 3.2.2).

2.5.4 Analysis of Results

The results of Section 2.2 lead to predictions for both figures
of merit in the molybdates:

M(1) i1 /2

K/(2ley, + Ry (14-1) 712 leg(ry-1) /2 + K?1/8K 11,

M(%) —1/211/2

K/{2le, + K; (T)-T) [co('rl—'r)l/2 + K2T/4Kl]}.

In Figures 18 and 19 the calculated values of M(l) and
M(%) are compared with our experimental results for TMO.
The crosses in Figure 18 represent the experimental values of
p/ec as measured directly by the dynamic method. I?/gigure
c

obtained by taking the square root of the product of the measured

19 the crosses represent experimental values of p/€

values of p/ec and p/c. The solid lines were calculated using
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for K, Kl' Tl' and Tc the values given in Table 5. For ep

we used a value of 10 which is ~ 5% less than the value of

10.6 obtained from independent measurement of e. For c, Ve
chose the value 1.97 J/cm3 K which gives a better fit to the
specific heat data of TMO #2. Clearly, there is good agreement
between theory and experiment for both figures of merit.

2.5.5 Optimization of M(1)

It is readily seen from the expression for M(l) obtained in
previous section that this figure of merit attains a maximum at
Tc unless unrealistically small values of ep and ¢, are
assumed. (Even in such a case the value of Ml at its maximum
differs only insignificantly from its value at Tc.) One can
evaluate Ml at Tc and obtain the peak values of the
figure-of-merit. This peak value is a function of both the

readily measured or estimated quantities ep, Cor and Tc

and the more difficult to assess quantities (Tl - TC), K and

Kl (which are expressible in terms of the free energy parameters).
This peak value of the figure of merit can now be optimized with
respect to variations in the free energy parameters to give an
optimum figure-of-merit,

opt -1/2. (6)

By

o L
=2 (epcoTc)

This optimum is attained for values of the free energy parameters
such that,

Ty =T = K2Tc/4c (7a)

1 c oep'

(K/K;) = (4co/spTc)l/2. (7b)

For the three molybdates examined, the free energy parameters
are such that this optimum value is very nearly attained. Thus,

opt

this expression for M, provides a useful guide to how

large a figure of merit might be realized in the molybdate

family.




T

e i o

For materials in the molybdate family, o is about 2 J/cm3

K, and e¢_ is about 10; therefore, the principal variation in
opt
M

1 stems from variations in Tc. As Tc varies from 160°C
down to 40°C, M1°pt only varies from 9.0 x 103 cmz/C up to
10.6 x 103 cm2/C. For compariosn one should recall that TGS
has a figure of merit of ~ 3.0 x 103 cm2/C at 40°C. (Fig. 16).
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3. SULFATE FAMILY

Five materials from the family of ferroelectric sulfates were
. . k . . . . .
studied: L1NH4SO4, L1ND4SO4, L1CsSO4, L1KSO4 and L1H3(Se03)2.
Lithium ammonium sulfate and its deuterated analogue exhibited
similar properties. The high room-temperature value for the
figure of merit (about equal to that of TGS at 40°C) suggested

further study of related materials. Both lithium cesium sulfate

and lithium potassium sulfate were consequently investigated;
these materials, however, exhibited distinctly different behaviors ‘
which eliminate them for practical pyroelectric applications.
Lithium trihydrogen selienite was investigated because of its
high value of spontaneous polarization (~ 15 uC/cmz) and the

% fact that the related material RbH3(SeO3)2 has been identified
as an improper ferroelectric. We find no evidence that

et b LiH,(Se05), is an improper ferroelectric. The measured value of
the ratio p/e is about one-fourth that of TGS. While this
eliminates LiH3(SeO3)2 for practical applications, the

large value of the spontaneous polarization suggests that
related materials might have potentially useful figures of
merit.

3.1 Lithium Ammonium Sulfate and Deuterated Lithium
) Ammonium Sulfate

The room temperature value of the figure-of-merit for these
3 cmz/C. On the basis of this high
E value we conclude that further investigation of related mater-

materials is about 3 x 10

ials would be worthwhile.

Pyroelectric and second harmonic generation measurements show
the low temperature (below 273 K) phase of these materials to be
polar, thus clarifying an ambiguity in the literature.

Jel sl Growth and Characterization of Materials

Large (3 x 3 x 3 cm) colorless single crystals of LiNH4SO4 were
grown from aqueous solution containing equimolar concentrations
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of (NH4)2SO4 and Lizso4 H
grown from DZO (99.9% D) solutions saturated with previously
recrystallized LiND4SO4. The final growth solution had a
deuteration level of 97.7 + 0.03%. The evaporation method of
growth was employed using a nitrogen gas flow of 2 ft3/hr. The
rate of solvent removal was controlled at 2 cm3/day. The

20. The deuterated crystals were

saturated LiNH4SO4 and LiND4SO4 solutions were at pH 3.88

and 3.93, respectively. The grow<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>