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i. PURPOSE

It is the purpose of this work to develop and investigate those
materials that exhibit the properties of low loss, low dielectric constant,
and high nonlinearity required for application at microwave frequencies.
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2. ABSTRACT

Microwave nonlinearity and loss tangent data for alumina and
stannate-doped (Bao' 5’Sro. 5)'1"103 (BST-50) near the Curie temperature
are presented. A hot-pressed, annealed sample is included among the
above materials. Similar data on alumina- and lanthana-doped (Bao‘ 7 Sro. 3)
Ti03 (BST-70), including a hot-pressed, annealed sample are presented.
No unusual behavior was observed, and it is concluded that hot-pressing
and annealing do little to improve the behavicr of mixed titanate ceramics
near the Curie temperature.

A Ba’l‘iO3 ceramic doped with two mole percent of lanthana (La203)
exhibited an extrapolated Curie temperature of +30°C. Its nonlinearity and
loss at the Curie peak were both comparable to those of BST~50 or BST-70.

Lanthanum additions to SrTiO3 depressed the Curie temperature
by an amount of 30-40°C/mole percent lanthanum.

The frequency dependence of the loss tangent of BST-50, BST-70,
and lanthana-doped BaTiO3 is seen to deviate strongly from linear depen-
dence near the Curie temperature. The frequency ranges used were 2-4 Ge/
sec and 8-12 Ge/sec.

A summary of the four-year contract period is given and some
general conclusions drawn.




3. PUBLICATIONS AND CONFERENCES

3.1 Publications

None

3.2 Conferences

Mr. M. Harris, Dr. A. Paladino, and Dr. P. B. Nutter of
Raytheon met with Mr. J. Charlton of USAERDL in Waltham on August 4
to discuss the contract.
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4. FACTUAL DATA

The work performed this quarter has emphasized microwave non-
linearity and loss of (Bao. S.SrO. 5)’I‘iO3 (BST-50), (Bao. 7,Sr0. 3)TiO3
(BST-70), and lanthana (La203) doped BaTiO,. Measurements of Curie
temperature (Tc) were taken in only a few instances, and the Curie con-

stant C was not tabulated.
The temperature dependence of nonlinearity

_[ 0, T) - e(E, T) |
n(E) T) - [ E(E,T) ‘J

was for most samples that reported in the last report: i.e., similar to the

dielectric constant. The value of n max ( 106-1% , along with the appropriate

measvred value of loss tangent tan §, are reported for eachmaterial.

Measurements of tan é vs frequency near Tc are reported in some-
what more detail since those are the first such measurements reported

in this series.

4.1 Microwave Nonlinearity and Loss of Doped BST-50 Near the

Curie Temperature

4.1.1 Alumina-Doped BST-50

_ Two series of alumina-doped BST-50 ceramics were fabricated
and analyzed this quarter in an effort to duplicate the high nonlinearities
near Tc observed in similar material previously.l Data on material No.
8354-25 appears in Table I (no undoped standard material was available

for measurements).
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TABLE 1

X-BAND NONLINEARITY AND LOSS FOR BST-50
AND X PERCENT Alz_(_)3 NO. 8354-25
n

X max tan 6
) 6 6
(M| (10°V/m) | (107 V/m

3 0.749 0.176
(-60°C) (-60°C)

5 0.683 0.196
(-40°C) (-40°C)

The three percent doped material was unusual in that the nonlinearity
varied only about + 20 percent from a value of 0. 65 throughout a tempera-
ture range of - 60°C to -20°C. The Curie peak of this material, as measured
at 1 ke, was reasonably narrow (~20°C) and the maximum occurred at
-30°C. The nonlinearity of the five percent doped sample showed the usual
sharp peak vstemperature.

It should be noted that all microwave measurements published in
this repert; with the exception of those on lanthana-doped SrTiO3, were
made using the differentially chopped bias technique.2

Dataonasecand series of alumina-doped BST-50 ceramics appears
in Table II.
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TABLE II

X-BAND NONLINEARITY AND LOSS FOR
BST-50 AND X PERCENT Al,_(_)3 NO. 8354-34

< n max tano
(%) (10 V/m) (10% V/m)
0 1.07(8X10° V/m) 0.29
(~30°C) (-30°C)
3 1.22(8X105 V/m 0.230
(-30°C) (-30°C)
5 . 0.61 0.186
(-40°C) (-40°C)

The high nonlinearities of the undoped and the three percent doped
material were double checked and found to be accurate to within + five per-
cent. The nanlinearity for all thirree materials was quite sharply peaked vs
temperature.

4.1.2 Stannate-Doped BST-50

It will be recalled that an earlier rr—zport3 concluded that
well above Tc, the optimum SrSnO3 doping in BST~50 was somewhere be-
tween one and five mole percent. Two such materials were analyzed re-
cently near Tc' One material showed the above behavior and the other
showed nearly the opposite.

max(106 V/m) and the corresponding tans
for the material degignated 8354-26 appears in Table III.

A summary of 1

.
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TABLE III

X-BAND NONLINEARITY AND LOSS OF BST-50

AND X PERCENT SrSnO3 (No. 8354-26) NEAR Tc

X
(%)

Tmax tan §
(10°v/m) | (10® v/m)

0

0.718 0.122
(-30°C) (-30°C)
0.572 0.091
(-30°C) (-30°C)
0.786 0.144
(-30°C) (-30°C)

nmax

should be understood to mean the maximum nonlinearity measured

at fixed temperature intervals (usually 10°C and sometimes 5°C) in a range

including the Curie peak. No attempt was made to find the temperatures

where 1 showed the true maximum,

Table III shows that material No. 8354-26 violates the stannate-~

doping rule mentioned earlier.

Table IV summarizes the properties near Tc of the second
stannate-doped BST-50 material No. 8354-36,
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TABLE IV

X-BAND NONLINEARITY AND LOSS OF BST-50
AND X PERCENT SrSnO3 (No. 8354-36) NEAR Tc

X nmax tan 6
(%) (10 V/m) (10° v/m)
0 0. 491 0.235
(-50°C) (-50°C)
0.450 ] [0.108 "‘
| (-20°C) (-20°C) |
3 0.843 0.310
(-50°C) (-50°C)
0. 632 0.162 ]
(-20°C) (-20°C) |
5 0.318 (8 kc/cm) 0.116
(-50°C) {(-50°C)
0.301 0. 087
(-20°C) | (-20°C)

The bracketed quantities represe it the local maximum of 7 near
the Curie peak region. This material is the first measured to date in which
the nonlinearity of the upper end of the ferroelectric region exceeds that
near the Curie peak, which occurs at the transition to the paraelectric state.

The two stannate~-doped materials above were made from the same
batch of raw material, calcined, and fired as follows:

No. 8354-26 was fired at 1400°C for 10 hours resulting in a grain
size of 5 to 10 microns; No. 8354-36 was fired at 1375°C for 20 hours,
resulting in a grain size of 20 to 30 microns. The larger grain size affected

N max VY little.
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4.2 Microwave Nonlinearity and Loss of Doped BST-70 Near the Curie
Temperature

4,2,1 Alumina-Doped BST-70

In a continued effort to achieve a high nonlinearity at room tem-
perature, an alumina~doped BST-70 material was made. This material,
designated 8354-64, compares unfavorably with the two similar materials
reported last quarter. Unfortunately the undoped standard of batch 8354-64
was not available for microwave analysis. A summary of the three and five
percent doped samples appears in Table V,

TABLE V

X-BAND NONLINEARITY AND LOSS OF BST-70
AND X PERCENT Al 93 (No, 8354-64)

X nbmax tan 6
@ | (10° v/m) (16° V/m)
3 0.632 0.186
(+20°C) (+20°C)
5 0. 666 0.151
(+20°C) (+20°C)

4.2.2 Lanthana-Doped BST-70

A BST-70 material with one~half percent La203 showed a non-

max(mé V/m) = 0.79 and a loss tangent tan 6 (106 V/m) =0.21
at + 20°C. This material broke down electrically several times and further

linearity of 7

work was stopped.
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4.3 Microwave Nonlinearity of Lanthana-Doped BaTiO3 Near the

Curie Temperature

It has been reported4 that lanthana (La203) additions to BaTiO3
ceramics lower the Curie temperature dramatically. It was determined
by x-ray techniques that the lanthanum ion substitutes for barium in the
fashion LaxBa1 _xTiO3; values of x of 0. 05 dropped the Curie temperature
by 100°C, and lower values of x decreased Tc proportionally less.

This drop in Tc is thought to be due to a combination of size and
valence mismatch of the lanthanum ion in the barium site of the BaTiO3
structure. The Lattice potential is thus greatly disturbed and it was hoped
that high nonlinearities might be a correlary result of the modified potential.
In addition, the low percent doping (~ 4 to 5) acquired to bring the Curie
temperature near room temperature might reduce the so-called impurity
scattering less. In view of the drastic effect on Curie temperature, however,
not much hope was held out for a reduction in losses because of a probable

increase in fourth order anharmonic scattering loss.

A number of one, two, and four percent lanthanum-doped I:;aTiO3
samples (3, 1, and 2 percent La203, respectively) were prepared. The one
percent lanthanum samples were laminar in structure, very porous, and
crumbled when cut with a diamond saw or ultrasonic tool. The two per-
cent samples were by contrast extremely hard and dense materials - ex-
cellent ceramics in the mechanical sense - and were colored olive drab.
The four percent samples were nearly as good.

These materials (including a few one percent doped samples
that survived machining) were prepared in the usual manner and
run in the X-band test setup (differently chopped bias). In most
cases, no respense at all was observed over a wide range of tem-
perature and bias. This implies either a very high loss tangent (tan 6
of 0.5 or more) or a very low nonlinearity. Two materials showed

10
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some response at high values of bias, but not enough above noise to con-
fidently report n and tan 6. Only one material (BaTiO3+Z%La203, No. 8354~79)
gave strong response so that measurements could be made.

This material had 1__ (8X10° V/m =0.58 at + 50°C. This was
a sharply peaked maximum, the values 1(8X10~ V/m) being 0. 155 and
0.232 at 40° and 60°C respectively. The Curie peak in the plot of € vs T
at 1000 cps was also much sharper than in mixed titanates. The loss tan-
gent tan 6 at +50°C was 0. 185.

The extrapolated Curie temperature of material No. 8354-79 was
about +30°C,

4.4 Microwave Nonlinearity of Lanthanum-Doped Sr'I‘iO3 Above the

Curie Temperature

Additions of LaAlO3 were made to SrTiO3 ceramics to see whether
the effect on Tc was similar to that in BaTiO3. The Curie point depression
was in fact a little stronger, being 30-40°C/mole percent La. The S-band
nonlinearity at liquid nitrogen temperature (77°K) was accordingly small
for doped samples. The results are tabulated in Table VI.

TABLE VI

S-BAND NONLINEARITY OF SrTiO, AND
X PERCENT LaAlO,

Material X T, °C n(10® V/m, 77°K)
(8354-30) 1 -269 0.023
2 -291 0. 009
(8354-37) 0 -225 0. 082
-278 0.021
2 -306 0.012




These measurements were taken with = slab line sample in a coaxial S-band
test setup. No loss data was taken. The accuracy of the extrapolated Curie
temperatures are no better than +£5°C since no data was taken below 77°K
(-196°C).

4.5 Frequency Dependence of the Loss Tangent of BST-50, BST-70,
and Lanthana-Doped BaLTiO3

The frequency dependence of the loss tangent of SrTiO3 single
crystal has been reported as being linear. > The measurements were taken
in a temperature range from -175°C to -150°C, in a frequency range from
2.4 to 6.6 Ge/sec, and with an applied field of 18. 3 kV/cm in the (100)
direction. The Curie point {extrapolated) of the SrTiO3 sample was -237°C.

Despite the limited nature of this data, linear frequency depen-
dence of loss tangent has been assumed for all ferroelectric materials,
pure and mixed, single crystal and ceramic, at temperatures well above
Tc. Usually, the frequency range involved is quite small, e. g., 18-22
Gec/ sec for K-band measurements, and the loss data is ""normalized" to
a given frequency, say 21 Gec/sec, more for the sake of form than for ex-
treme accuracy.

Recent measurements of the nonlinearity and loss of BST-50
and BST-70 ceramics near Tc have shown6 that efficient ferroelectric
switches for 1.2 Gc/sec may be possible if the loss tangent is proportional
to frequency. {(Our measurements were taken in the range 8-12. 5 Ge¢/sec. )
Hence, measurements of tan 6 vs frequency over an extended range are
of paramount importance at this time.

Equipment for an S-band experiment (1. 9 to 4. 0 Ge/sec) in co- ¢
axial cable was setup in a manner as nearly identical as possible to that il

12




used at X-band. The sample holder was inserted into a Microline 352 B
coaxial adapter to effect the same degree of loose coupling as in the X-band
sample holder.7 The sample was not electrically connected to the center
conductor so that the (comparatively) high coupling of the slab line con-
figuration, often used in coax, was avoided.

The detection scheme used at S-band was identical to that used
at X-band, i.e., differentially chopped bias.

Electroded samples of BST-50, BST-70, and lanthana-doped
BaTiO3 were successively checked out at fields of approximately 0, 4, 8,
and 12 kV/cm, and at various temperatures from the Curie point up. The
field dependence of the loss was verified as being slight in the ferroelectric-
paraelectric transition region (Curie peak). In some of the data to f low,
both frequency and electric field are different, but the latter can be ignored
to obtain the qualitative frequency dependence of loss tangent.

The data for the three materials are summarized in Tables VII,
VIII, and IX.

For BST-50, the loss appears to exhibit a roughly linear frequency
dependence at the highest temperature measured. Asthe temperature is
dropped, the frequency dependence becomes less and less marked so that
near the Curie peak (~ -34°C) there is essentially no difference in loss
tangent in a four to one frequency range.

The data for BST-70 and lanthana-doped BaxTiO3 shows similar

behavior except that the S-band loss near the Curie peak exceeds the X-band
loss, in several instances by as much as a factor of two.

13
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TABLE VII

L.OSS TANGENT VS FREQUENCY FOR BST-50 No. 8354-34
( Thickness = 10. 5> Mils)

Vv f tan 6
T dC (o} 3
{Cc) %) (Ge/sec) (X107)
+20 27 10.02 46.5
295 ' 3.11 22.3
+20 115 9.38 44.4
115 2.75 31.5
295 9. 85 47.6
295 2.87 36.2
+8 205 8.78 51.3
. 295 9. 03 53.8
295 2.60 53.4
-7 295 2.39 43.5
-14 27 9.23 99. 8
295 2.36 95,6
295 3.173 111
-28 295 9. 04 130
295 2.50 139
-34 295 9. 40 133
295 2.69 155 &

14




TABLE VIII

LOSS TANGENT VS FREQUENCY FOR BST-70 No. 8354-38

+70

+66

+50

+40

+25

+10

('Thickness = 8.3 Mils)

Vdc
42
219
210
120

210
210

210
210

210
210
120
120

210
210

210
210
120
120

120
120

f

)
{Ge/sec)

8. 61
3.17
8.44

8.23
2.80

11.36
2. 57

10. 85
2.50
9.83
2.11

i0.92
2.63

10. 57
3.73
9.71
3.18

11,18
2.11

15

tand

(X 103)

66
44

59.5

80
31

87

94.5

118
111
116
139

165
231

106. 5

102
148
212

141
164




TABLE IX

LOSS TANGENT VS FREQUENCY FOR BaT103 AND

TWO PERCENT L3.293 No. 8354-79
(Thickness = il.0 Mils)

——

T Vdc fo tan 63
(°C) (V) (Ge/sec) (X 107)
+80 210 11. 30 111

210 2.69 238
+70 210 10, 91 159
210 2.63 284
+60 210 11.08 153
210 2. 69 277
+40 210 G. 47 176
210 3,33 214
+30 210 9. 90 215
120 3.24 241
16




No account of skin or other extraneous losses has been taken in
this data. If an amount of 10X 10”3 is subtracted off to account for this
loss, the frequency dependence well above the Curie peak becomes more
nearly linear, while that near the Curie peak is affected very little. Actu-
ally this type of correction takes no account of frequency dependence of

TR SR

skin loss, eddy current loss, etc., and hence is not quantitative. It does ’;
indicate that the qualitative behavior of these materials near the Curie peak
has been properly established.

17




e Y

e
-——-M‘T?

5. CONCLUSIONS

5.1 Nonlinearity and Loss Near the Curie Temperature

Our continued measurements of microwave nonlinearity and
loss near Tc tend to bear out the general conclusion reached in the
previous report; i.e., that materials of large grain size tend to exhibit
higher nonlinearity than those of smaller grain size. In addition, the
loss tangent is comparable for the two types of materials although
the density and machining properties of large grain materials tend to
be inferior to those with smaller grains. These remarks appear to
be applicable to BST-50 and BST~70 ceramics; since too little time
was available for scientific investigation of the effect of grain size,
our findings should be taken at face value.

Although a lanthana-doped sample of BaTiO, ceramic was
shown to have nonlinearity and loss in the Curie region comparable to
BST-50, the reader is reminded that most samples exhibited no signal
when analyzed using the differentially chopped bias method. This most
likely indicates high losses (tan § > 0.5 or more) although it might
indicate very low nonlinearity. The outlook on this doping cannot be
determined without a further study of the effect of lanthana upon the
losses of BaTiO3. At the present, no means exist for such investi-
gation in the Curie peak region.

5.2 Losses Versus Frequency

The observed behavior of tan § versus microwave {requency
near the Curie temperature can be roughly correlated with the findings
of Stanford. 81 He measured the real part of the dielectric constant
of BST-80 versus frequency and temperature (from the Curie peak

downwards) and found evidence for a dielectric constant resonance

in the general regionof S-band. Such a resonance is usually accompanied

by a peak in loss tangent so that X -band frequencies would be on the
high side of the logs peak.

18
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Atlthough our measurements covered a limited frequency range,
the results indicate that BST'-50, BST -70, and lanthana-doped Ba’I‘iO3
wili be no more suited for device application at S -band than at X-band
if operated in the ferroelectric region. Operation at very low or
very high microwave frequencies is not ruled out, since one may be
able to get far enough away from the loss peak to obtain acceptably
low losses. It is to be expected that the nonlinearity at very high
frequencies will be reduced, however, since the dielectric dispersion
will have reduced the field-free aielectric constant. It might be
fruitful to investigate nonlinearity and loss of ferroelectrics in the
frequency range of 0.5-1Ge/sec.

19
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6. SUMMARY OF FOUR-YEAR CONTRACT PERIOD

Raytheon work on nonlinear microwave dielectric material
sponsored by the U. S. Army Signal Corps has extended over a four-
year period. During this time the state of the art has come from essen-
tially first principles to the present state, which might be described as
materials engineering. Also, there have been numerous side avenues
opened up temporarily and an unavoidable amount of backtracking.

It is the purpose of this section first to summarize the first
three years of work; subsequently, the past year's work will be

summarized and some over-all conclusions drawn.

6.1 The Period September 1960 - September 1963

6.1.1 September 1960 - September 1961
(Contract No. DA 36-039-SC-87369)

The material of greatest theoretical and practical interest was
SrTiO3 above the 110°K phase transition. The work for this contract was

to a large extent, based on the results of earlier work8’ 9

performed for

Air Force Cambridge in this laboratory. The latter research will not be
detailed here, but its results will necessarily be interwoven with the findings
of the 1960-61 Signal Corps contract work. In addition, Slater's theory

of ferroelectricitym published in 1950 served as a guidepost for the later
(and more consistent with experiment) understanding of the temperature

dependence of dielectric constant and nonlinearity of SrTiO3.

The theoretical and experimental work on SrTiO3 were very
closely knit together. The experimental dependence of dielectric constant

e upon applied electric field E had been found to be 8, 11

e(E) _ 1
(0! Ape 3

L+ e (0) E*

e B i e A G B e TR A e AR A AR W R e AN N An M e U G G MR AR S S e D G G ew N G S WE M GE GW S e G R AT S NS WS P ES D RR SR U ee e AT TR B S oS A & Se

N
Reports No. 1-4 of this Series published under this contract number.
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where C = Curie constant

Apki

nonlinearity constant for SrTiO3.

Experimentally Ahk! had been found to be temperature- and frequency-

independent, but did depend upon the direction of the applied field E with

respect to the cubic axes of SrTiO3 (thus the subscripts hkf). The Slater
for SrTiO3 calculated

. -18 2, 100 .

on the Slater theory vas 4.2 X 10 (°C m~/volt®) versus an experimental

value of 1.15 X 10718,

caused by the titanium ion "rattling" in the surrounding oxygen octohedron.

theorylo predicted this behavior; the value of A
The Slater calculation assumed that nonlinearity was

If instead one calculates A 100 by assuming a vibration of the strontium ion

“18  The basic result

towards the TiO3 complex, 11 the result is 2.2 X 10
of the Slater theory, that Ahkl is proportional to the ionic polarizability
a of the essential ion, indicates that no miracles can be expected in im-

proving the nonlinearity of perovskite type materials. 1

The microwave losses of Sz'TiO3 had been investigated prior to
this contract work. The field and temperature dependence of tan 6 had been
observed experimentally. The temperature dependence of tan 6 was treated
theoretically in 1960-61.

Microwave losses were believed due to excitation of the transverse
mode of uniform polarization by the microwave field, and decay of this mode
into other lattice modes. The complex dielectric constant ¢ = ¢' - i¢" may
be W]:‘itten11

where A is a constant,
S
w is the microwave frequency (w << QT),

2
and vy is a damping factor (y << QT for low-loss samples).

is the frequency of the uniform mode,
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Since the temperature dependence of Q5. was known8 to be Qp ~ VT - Tc’
where Tc is the Curie temperature of SrTiO3, the loss tangent tan ¢ =

2
- (v/2p)~ /T - T,).

The temperature dependence of y is different depending on the
loss mechanism. Scattering by an impurity was shown to result in a

temperature-independent y. An nth order anharmoaic interaction con-

tributes a loss characterized by y ~ ™2,

The experimental values of tan § for SrTiO3 could be approximately

characterized by11

B DT

tan 6 = T

T )
Cc c

with B = 7.0 X 10'2(°K) andD = 3.6 X 10°° eK) "L,

An important test of this relatively simple theoretical description
of tan 6 was to apply it to mixed (Ba, Sr) TiO3 ceramics and single crystals.
Before discussing the results of these experiments, it is perhaps appropriate
to review the experimental techniques developed for measuring the loss
tangents of high dielectric constant, low-loss materials such as SrTiO3 at

, . 12, 13, 14
microwave frequencies.

A small regular-shaped (cube, parallopiped or sphere) sample of
a material obeying the Curie-Weiss law (¢ = C/T - Tc) is inserted into some
polyfoam which in turn is placed in one arm of a waveguide bridge (see Fig. 1).
Due to its high dielectiric constant the sample can support resonances which can
be detected by balancing the bridge off resonance. The temperature of the
sample is varied over a wide range while the microwave frequency is kept
constant.

Thus, at various temperatures the sample will resonate, i.e.,
when the dielectric constant ¢ is such as to satisfy the resonance boundary

conditions for the given geometry and frequency. Due to losses in the sample,

22



j_,xﬁ

{ 34Noid

pooT

AONVE-X 1V IN3IONVL
SSOT JHL 40 IN3W3HNSVIW 3HL ¥0d4 dNL3S TTVINIWI¥3dLX3

Jaunj
Ma10S 3piIS

s

A

| #
10}28}3(

22%0NUBLY

99

o160

JAJUEIADM

10}D]03]

uosAIY

Japjoy ajdwos ay;
0} pPayo0}jo djdnodowosdy|

¢

®

[ ]
_l 139N

o110y

‘/

v

ajdwog

20I0NUBLY

c#

10§09}3Q

23




the resonance will extend over a small interval in ¢, and this interval
corresponds to a iemperature interval determined by the Curie-Weiss
behavior ¢ = C/(T - Tc)° If numerous resonances are found, C and Tc

can he calculated from the rescnance temperatures and the known mode
chart appropriate for the sample shape. Knowing C and Tc, one may

then calcula.e tan 6§ from the temperature widths of the various resonances.

Returning toc the description of tan § vs temperature, Table X
shows the re sults15 of variously prepared ceramic samples of SrTiOB,
BST-20, and BST-50. These data may be summarized as follows:

(a) the constant D in the expression for tan § (the fourth-order anhar-
monic scattering term) appears not to depend on the (Ba, Sr) ratio, and
may thus be thought of as a characteristic of the perovskite lattice;

(b) the values of B for BST-20 and BST-50 are ~bout ten and thirty times
that value for SI‘TLO3. respectively; (c) B varies only slightly with
preparation technique, and D not at all. The absence of a D value for
the BST-50 ceramics is due to the preponderance of the first loss term

in the available temperature range (up ¢ 350°C).

Conclusion (b} at this point of the work could indicate one of two
possibilities. The first is that the barium ions act like impurity scatterers
in the host Sr'TiO3 lattice; in this event, there would be little hope of im-
provement in losses either through more sophisticated ceramics techniques
or by production of mixed (Ba, Sr) TiO3 single crystals. The second possi-
bility is that scattering due to the presence of grain boundaries (whose magni-
tude and temperature dependence were unknown at this time) might have been
mistakenly assimilated into the constant B, which is supposed to represent
impurity scattering only.

In order to resolve the impurity and grain boundary scattering com-
ponents of the microwave loss tangent, the growth of single crystal
(Ba, Sr)TiO3 was pursued in the hopes that the dependence of loss tangent
upon annealing (which influences grain boundary scattering) would determine
the relative strength of the two loss mechanisms.
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Single-crystal SrTiO3 grown from a KF flux had been prepared

early in this contract work. 16

Crystals up to 2. 5 mm on an edge were
made from runs started at 1200°C and cooled at rates of 2° to 9°C per
hour down to 800°C, with more rapid cooling to room temperature. The
lattice constant was checked by x-ray diffraction and found to be that of
commercials SrTiO3 single crystal. At the same time, initial attempts
to grow BST-50 single crystals by the same technique produced one-
millimeter crystals whose mole percent of barium was found to be 66-70

percent by x-ray diffraction techniques.

Numerous starting compositions of (Ba, Sr)TiO3 material and
KF {lux were used in a continuing effort to grow single crystals. 17 Cubes
of material 5 mm on a side were obtained, bu closer inspection revealed
that they consisted of numerous small single crystals of varying (Ba, Sr)
ratio. As the melt cools from 1200°C, this ratio favors the barium more
and more.

Attempis were beg'un17 to seed the saturated solid solution melt
with ?BaTiO3 and SrTiO3 single crystals, and cubes of polycrystal (Ba, Sr)
TiO3 we.e formed on the seed. Apparent single-crystal areas were
separated and their composition determined both by x-ray diffraction
measurements of the lattice constant and by measuring the Curie tempera-
ture. The two methods gave fairly good agreement on the composition.

In order to reduce the compositional variation of (Ba, Sx')Ti.O3
single crystals, the platinum crucible containing the melt was removed
from the furnace at 1050°C. 18
uniform composition but reduced the size of the crystals to about 1 mm.

This procedure produced crystals of more

Cadmium niobate single crystals and ceramics were produced

9

towards the end of this contract periodl but this material was not eval-

uated as to nonlinearity and loss tangent.
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Measurements of the nonlinearity constant <A> of various BST
ceramics showed little deviation from that of single-crystal SrTiO3. or
more precisely, the weighted average over all directions of the non-
linearity constant of SrTiOS. 20 This indicated that <A> is characteristic
of the perovskite lattice primarily; since ~A™> 1s related to fourth orcer
anharmonic potential terms in the lattice; this result 1s consistent with
the earlier i‘inding15 that the loss facter D did not vary with (Ba, Sr) ratio.

Concurrent with the development and evaluation of ferroelectric

materials, a ferroelectric phase shiiter was developed. 2]

The goals of
design were, briefly: (a) 180° of phase shift at 4 to 5 kMc with an applied
voltage less than 1 kV, (b) type-N coaxial input and output connectors, and
(c) input VSWR< 2. The device produced phase shift through the nonlinearity
of a BST--SO22 or SrTiO321’ 23 loaded TEM transmission line. Severe
matching problems were encountered due to the high dielectric constant of
the ferroelectric material, but were adequately solved by means of TiO,

and AlZO3 matching transformer sections. Skin losses from the conductive

planes of the TEM line were the limiting loss of the phase shifter.

In over-all performance, the BST-50 phase shifter gave 275"
phase shift for 1000 volts applied at 0°C with VSWR <2 and insertion loss =
20 dB,22 the SrTiO3 phase shifter gave 165° phase shift for 1000 V applied
at 88*K with VSWR <1. 5 and insertion loss = 4. 5 dB.

6.1.2 September 1961 - September 1962
(Contract No. DA 36-039-SC-89126) *

A continued effor’c24 to produce single crystals of mixed
3a, Sr)Tr‘.O3 solid solutions by the flux technique resulted in crystals three
to four mm on an edge in any desired composition. The method of initial

16,17

preparation has been described earlier. The bacly strained crystals

- o e e W me e M e s A G Gt M M G G N e G R M % M G M W G MO S MR RS A VR M TR N e R ME e M B G A S e M G N W M e SR WP BB e e e e

*Reports No. 5-12 of this Series published under this contract numbexr.
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were then annealed for 10 hours at temperatures from 1000° to 1800°C ‘o
relieve strains; however, from 1700°C upwards there were distinct signs
of melting and recrystallization. The microwave losses of these annealed
crystals were about the same as the corresponding polycrystailine material.

Single crystals of SrTiO3, doped with small amounts of SerO’3
and SrGeO3, were grown in sizes up to 7 mm on an edge from KF ﬂux;Z:’
BaTiO3 single crystals with small amounts of BaHfO3 were also grown.
These crystals were grown to study the effects of small dopants upon
microwave nonlinearity and loss.

Single crystals of CdZNb207 up to one-fourth inch on a side were
grown from KF flux. 26 The optimum molar ratio between CdszZO.7 and
KF, in regard to crystal size and purity, was between 3.0 and 3.5 to 1.
Soaking temperature was quite critical in determining the number of nuclei
growing into larger crystals; 1200°C was found to be a good suak tempera-
ture for the optimum molar ratio mentioned above.

Single-crystal KTaxO3 was grown by heating K,CO; and Ta205
in stoichiometric ratio above the melting point (~ 1360°C) and cooling

slowly. 27 No flux was necessary for this low-melting crystal.

It will be remembered that one motivation for pursuing single-
crystal growth was the hope of determining the role of Ba't ions in
contributing to the microwave losses of SrTiO3 doped w'th BaTiO3. The
bulk of the loss analysis was done under a concurrent Air Force Con‘crac’c,28
but one very important result was found and reported under the Signal Corps

9

contract. 2 A single crystal of SrTiO3 with a one-mole percent addition

of BaO was prepared and its loss tangent at 22. 0 Gec/sec was fitted by the
expression

(T-T)tan6=a+ T+ yT*
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with @ = 0.034°K, p=6.53%X 10", andy = 2.54 x10°° )L, By
comparison, for pure SrTiO3, a = 0, while for Ba, 2SrO 8’I‘103, a=0.62,

4

with both materials having the same value of 8 and y as above. This
result was interpreted to mean that Bat* acts like an impurity scatterer
which increases the loss tangent approximatelyr proportiona’ to its concen-
tration. There is no longer the possibility that grain boundary scattering
alone can account for the increase of microwave losses in mixed (Ba, Sr)
TiO3 over the values for pure SrTiO,. This result had been suspected
previously, but the above experiment was the first clear proof. *

At the beginning of this section the continued investigation of
(Ba, Sr)TiO3 single-crystal growth was mentioned. This work was
pursued throughout the period 1961 - 62 and resulted in a rather complete
understanding of crystal growth by recrystallization from flux in the
Ba’I‘iO3 - SrTiOs - KF system. 30 As an aid to the study of crystal growth,
the phase diagram for this system was determined experimentally; one
result of major importance was obtained from the phase diagram; namely,
the path of recrystallization giving a constant (Ba, Sr) ratio. In addition,
seeding and certain modifications taking advantage of the natural convection

ju the crucible were investigated to improve crystal size aand uniformity.

As part of the general interest in materials related to SrTiO,,
numerous solid solutiun systems of ceramics were investigated and analyzed
as to lattice parameter and microwave and audio frequency dielectric con-
stant, nonlinearity, and loss. Only the major results can be listed here.

- o - o . e . M O e g Gw e W G mm e W G me AP NE am R W e L e G MR G SR M e AW el W e W S A% e s B e e e R G R M AR M D N g SRS e SRS e o S R

* In Section 6. 1.1 no g term appears in the expression for tan § because
at that time the experimental data was not as comglete or accurate as it
later becarne. In Reference 14, B and a are shown to be related to third-
and fourth-order anharmonic scattering respectively.
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The system SrTiO, - Sr-SnO3 was found to form a complete solid
solution regardless of (Ti, Sn) ratio. 31 In order to produce dense ceramics
without laminations, hydrostatic pressing at room temperature at 30,000 psi

was employed. Otherwise the preparation used normal ceramic techniques.

The system BaHfO3 - SerO3 also formed a complete solid
golution as i‘rxdicated32 by x-ray data. The dielectric constant at 1 ke

was between 27 and 34 from 77°K to room temperature, showing no peaks.

Measurements of the nonlinearity constant A of (BaxSrl_ x)TiO3
ceramics with x = 0.1, 0.2, and 0. 3 showed a fairly strong temperature
dependence. 33 For example, BST-10 (x = 0. 10) had A(T - T, = 65°K) =
2.1 X107'%, while A{T - T_= 43°K) = 3.7X 1078 (°K meter?/volt?).
This is in sharp contrast to the temperature independence of A in SrT1O3,
and casts some doubt upon the useftlness of A in describing the nonlinear
behavior of mixed titanates.

34 to form a solid solution.

The system Sr CaXTiO3 was found
The addition of Ca t monotonically lowered the dielectric constant from
that of arT1O3 except at -126°C where the behavior of dielectric constant
versus x was complicated. The behavior was correlated with an anomaly

of lattice parameter versus x, at the same temperature.

The system Sr‘SnxTil_xO3 showed a monotonic decrease of 24
dielectric constant with x, and nc anomaly was observed in this system.
The system BafoTil_XO3 showed similar behavior with x except that the

addition of nonferroelectric BaHfO reduced the transition temperature quite35

drastically. 35 The system Ba0 7Sr0 3Hf T1 O3 showed similar behavior.

Microwave losses of single crystal and polycrystal BaxSr 1- XTiO3
annealed samples were measured,36 those of the single crystal material had
microwave 10sses described by

(T-Tc)tanc“): a + BT + yTZ

with a = a X (1-x) (B and y the same for single and polycrystal).
30




The "impurity scattering' term a is thus proportional to the
concentration of host ions and of impurity ions. In the regionof x = 0.5,
the best values of a for the annealed polycrystal BST-50 samples were
about twice that for the best annealed single crystals, which indicates
that improved ceramic techniques might reduce the losses of BST-50
by up to a factor of two.

A solid solution of BST-50 with an impurity addition of one mole
percent SrSnO3 showed a nonlineari’cy37 constant A = 29 X 10718 for
E=27kV/ecmand A =5.9 X 10718 for E = 5.4 kV/em. These values,
taken at 1 Mc/sec, compare with A = 1.1 X 10718 for undoped BST-50,

A measurement at 2. 5 Ge/sec showed®® A = 1.8x107!8 for the doped
material. Two corclusions were drawn from these data: (a) the non-
linearity mechanism in doped BST-50 is different for microwave and

1 Mc/sec frequencies; (b) the nonlinearity constant A is temperature-,
frequency-, and field-dependent, and should perhaps not be used to
characterize mixed perovskite materials.

One percent Ca’I‘iO3 was added to a BST-590 solid solution37
and showed no definite change in nonlinearity from the undoped BST-50.

It will be remembered that in the previous section the non-
linearity constant A 100 for SrTiO3 calculated using Slater's theory of
ferroelectricity was about four times higher than the experimental value
of 1.15 X 10718 (°K). This calculation assumed that nonlinearity was a
result of the Ti4+ ion "rattling" in its surrounding oxygen octohedron.
If instead one us "~ ast! s39 suggestion that the normal vibrations of
the cation (Sr'H L .TiOB) with respect to the TiO3 complex produce
nonlinearity, one obtains the value A, =2.2X 10718, Tnis improved
agreement is encouraging but does not firmly identify the correct '"soft
mode, ! or iemperature-dependent mode. One way to resolve between
the two types of suggested modes is to substitute for srtt in the SrTiO3

host structure and observe the effect upon microwave dielectric constant.
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Such a study was initiated40 early in the 1961-62 contract period.

3+ Bag SSro. 5 Ti0,,

The data could be

X-band measurements of dielectric constant for SrTiO
and BaTiO3 were taken up to 820°C in temperature. 41

accurately expressed as

in all cases, where ¢, is a constant (its significance will be duscussed

later). CaTiO3 and Clao‘ZSro' 8TiO3 were similarly analyzed, 42 as was
KTaO3 in the last quarter. 43 The values of e 1’ C, and Tc for these
materials are tabulated in Table XI. It is clear that cation substitutions
affect the values of C and Tc quite strongly, and this suggests that the srtt
vibrations are the source of ferroelectric behavior in SrTiO3. € is thought
to result from the interaction with the microwave field of two optically
active temperature-independent modes characteristic of the perovskite

structure and independent of cation substitution. 44

Last had observed two temperature-indegendent modes in BaTiO3,
SrTiO3 and other perovskites39 and assigned these to the normal vibrations
of the TiO3 group. He further had postulated a third vibration, lower in
frequency than the two observed modes, and suggested that a cation-vs
TiO3 vibration was the source of this lowest mode. This last mode was of

course thought to be the "soft" or iemperature dependent mode.

It should be mentioned that Last' s measurements were limited to
the frequency range of 1000 to 300 cm"l. Spitzer et al. were able to extend
the frequency range to 5000 to 70 cm-1 in taking infrared reflectivity
45 They found all three
allowed vibrations in BaTiO3 and SrTiO3, of these modes, only the highest

measurements on Ba’I‘iO3, SrTiO3 and TiOz.

one corresponded to one of those reported by Last. Spitzer et al. discuss

a possible reason for this discrepancy in some detail. 45
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On the basis of calculated resonance strengths for the observed
vibrational modes, Spitzer et al. c¢oncluded that the low frequency mode
was a normal vibration of the ’]."iO3 group, in contrast to Last's conclusion.
In addition, Spitzert's calculated resonance strengths for the two higher
frequency mecedes indicated that these two modes alone could not account for
our observed values of € 1 46

It should be noted that the mode assignment of Spitzer et al. was
only semi-quantitative, and it is possible that the soft mode is a combina-

tion of the two types of vibrations mentioned above.
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TABLE XI

VALUES OF € C, AND T FOR VARIOUS CATION

SUBSTITUTIONS IN THE SI‘TIO STRUCTURE

(After Table 2, Section 5.1, Report No 8 of This Series)

al

Materi

SrTiO3
Ca ZSrO 8

Sr
Bag (°T). 5

BaTiO3
CaTiO3

KTaO3

TiO3

TiO

3

€]

43,0

39.0

45,2

44. 2

58.0

45. 8

C, °K

7.1 X 104

6. 56 X

7.47 X

12.0 X

4.19 X

5.72 X

33

104

10

10

T, °K

37

-12

227

395

-84

[ S —

4‘: i} '
Q’S\w.kﬁ
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Figure 2 shows the schematic diagram of the field-dependent
loss measu ement apparatus. The single-crystal SrTiO3 sample was
mounted in a slab line config'uration8 and placed in a coaxial sample holder
such that the microwave and dc electric fields were parallel to the [110]
direction. Temperature was kept constant (usually at 77°K) and frequ:ncy
was swept over a sample resonance in the S-band range. Transmission
coefficient was read out of the ratio-meter fed by two detecting crystals.
Frequency was measured by a counter connected to a transfer oscillator.

Experimentally the peak value of transmission was observed for
a given resonance. Then 1 dB of transmission attenuation was taken out
by means of the precision step attenuator, and frequency moved either side
of the peak until the ratio meter output, as read on the dec millivoltmeter,
was the same as previously. Thus a "1 dB" frequencv width was determined,
and this was related to loss tangent by

_ 3¢ 1dB

by assuming a Lorentzian line shape. The measurement was then repeated
with an applied field on the sample, giving a value of (tan & )E‘ The field-
dependent loss was then tan GE = (tan 6)E - tan 60.

The 2xperimental results on tan Om for SrTiO3 at 77°K are given
in Fig. 3. The ""corrected" curve has taken into account the change in
resonant frequency f o with applied field (due to nonlinearity). This is
necessary because both intrinsic sample loss tan 60 and skin loss are
functions of frequency.
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6.1.3 September 1962 - September 1963
(Contract No. DA 36-039-SC-89126)

The addition of one mole percent SrSnO3 to a BST-50 ceramic
material had shown37 an enhanced nonlinearity A in 1961-62, It was
decided to investigate this phenomenon in more detail*8 during 1962-63.
To this end a new batch of stannate-doped material was made by normal
ceramic techniques. 48 Its nonlinearity A was roughly four times that of
an undoped baich of BST 50, while its microwave losses were nearly as
low as the best undoped BST-50. These results were very encouraging.

To check the reproducibility of this high noulinearity, numerous
samples of BST-50 + 1% ..;rSnO3 were prepared and analyzed. 49, 50 The
material discussed in the previous paragraph was labeled B, and subsequent
one percent stannate-doped materials were labeled C, G, and I (actually,
materials designated D, E. F, and H were made but exhibited either a
spotty surface appearance or low density and were not analyzed). C, G,
and I all had nonlinearities about the same or slightly higher than normal
BST-50, but none were close to that of sample B, as shown in Table XII.
The reduced nonlinearity 7 (E,T) = [e (O, T)-¢ (E, T)] /¢ (E, T) replaces
Ahkl a8 the measure of nonlinearity in all further work. 7 (E,T) is a
convenient device parameter, being essentially the fractional change in
E with a given applied field, It is measured at constant temperature.

The losses of C, G, and I were those typical of undoped BST-50 or slightly
worse.

A great deal of effort was directed at understanding the high non-
linearity of Sample B. First, it was thought that the Sn had been incor-
porated differently in the various materials. >l Annealing of sample B
halved its reduced nonlinearity 7, although subsequent annealings left
the nonlinearity about the same. 50 It was undecided whether this reduction
was due to more thorough assimilation of Sn into the BST-50 structure or
sirply to volitalization of the Sn.
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TABLE XII

REDUCED NONLINEARITY AND MICROWAVE LOSS TANGENT

FOR BST-35 + 1% Sx'SnO3 MATERIALS MADE IN 1962-63
(Data from references 48, 49, and 50)

Material

B

s

undoped,
hot pressed

n (106 V/m)

g T e

s i et -

Tan 6

.12 (T-TC=45°K) . 015 (T-TC=80°K)
.04 (T - Tc = 80°K) .009 (T - Tc = 230°K)
. 067 (T - Tc = 50°K) , 021 (T - Tc = 80°K)
.03 (T - Tc = 75°K) .014 (T - Tc = 195°K)

.013 (T - Tc = 270°K)
. 048 (T - Tc = 60°K) .014 (T - Tc = 90°K)
.018 (T - TC = 80°K) . 008 (T - Tc = 2560°K)
.055 (T - T, =60°K)  =-ee-
.022 (T - Tc =80°K)  =eee-
.06 (T-TC=45°K) .017 (T-'I‘c=80°K)
. 025 (T - Tc = 80°K) . 008 (T - Tc = 250°K)
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Secondly, the grain size and other microstructure characteristics
of all the one percent stannate-doped BST-50 materials were examined. 50
They revealed that sample B had somewhat smaller grain size (~ 30p)
and had fewer voids within the grains themselves. These data were not
clear-cut enough to explain the high reduced nonlinearity of sample B,

however.

The third possibility was that extraneous impurities had been
introduced into the materials through the preparation and milling processes.
A spectroscopic analysis of both the B and G materials showed rather large
(~ 1to2 %) alum.num and silicon impurities in both samples, B containing
more aluminum and G containing more silicon. 51 As a result of this finding
it was decided to attempt an intentional alumina (A1203) doping in BST-50
and assess its effect upon nonlinearity.

This effect was considerable:52

for (T - Tc) = 85°K, the reduced
nonlinearity of a five-mole percent alumina-doped BSt-50 turned out to

0. 063, while the corresponding figure for the B material had been 0. 04
approximately. The alumina-doped BST-50 showed an appreciable dc

conductivity, and this problein was to recur occasionally in later batches.

It should be mentioned that three percent stannate substitutions
(not merely additions) were made to BST-50, and the nonlinearity was
about that of pure BST-50. 53

One- and five-mole percent substitutions of SernO3 to SrTiO3
were mades4 and their nonlinearities are tabulated in Table XIII. It is
clear that the same behavior holds with respect to percent doping in SrTiO3
as in BST-50 except that the five percent addition is still considerahly better
than the undoped material. No loss data on these materials are available.
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7 TABLE XIlI

.

f NONLINEARITY OF STANNATE-DOPED STRONTIUM TITANATE

“t

X T-T

‘ Temp Reduced Temp (T, i0")

Material (°K) (°K) Reduced Nonlinearity

i

X SrTiO, + 1% SrsnO, 77 52 0.155
120 95 0.030
140 115 0.010

« SrTiO, + 5% SrSnO, 77 57 0.053

g 120 100 0.012

" 140 120 0.008

| srTio, --- 52 0, 0392

h —-- 57 -~ 0.0299

. --- 95 0. 0070
- 100 0. 0060
- 115 0. 0040
- 120 0. 0036
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The phenomenon of dielectric constant drift with time upon
application of a dc biasing electric field had been observed experimentally
on many BST-50 samples {both doped and undoped) during the course of
the doping experiments. 55 This behavior, plotted as reduced nonlinearity
versus time 7 (t)= [ (O) - ¢ (£))/ e (t) for a biasing field of 10® V/m is
plotted for an annealed one percent stannate-doped BST-50 material at
20°C in Fig. 4. Similar data at 40°C showed a considerably faster rise
and fall of nonlinearity, but the time dependence was still very marked.
The nonlinearity of SrTiO3, on the other hand, proved much more stab1e56
with time than BST-50.

It should be emphasized that the constant temperature non-
linearity measurements taken on the stannate-doped BST-50 and all
subsequent samples give the value of nonlinearity corresponding to one
minute or less after application of the field. The previous constant
frequency method required 5 to 10 minutes to observe the nonlinearity57
because of the necessarily slow temperature drift.

The possibility of spare charge effects causing this unstable
dielectiric constant was considered58 and rejected on the basis that the
space charge would have to extend ~140pu from an electrode to cause the
magnitude of variations observed. No good explanation of the phenomenon
was advanced; however, its negative effect on the usefulness of ferro-
electric devices should be clear.

The field-dependent losses of SrTiO3 at x-band in the temperature
range 77° - 140°K were again studied, using the differentially chopped bias
technique, 59 which kept temperature constant and swept frequency from
8.0 to 12. 4 Ge/sec. 'The results were in qualitative agreement with those
measured during 1961-62, 47 The new method eliminated errors due to change

in coupling with applied field, by using a weakly coupled sample.
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However, a new phenomenon was observed which not only
produced uncertainty in the results but cast doubt upon the usefulness
of Sr"l‘iO3 near 77°K as a device material. It was observed at low
temperatures that the sample resonances tended to split into two or more

peaks as a function both of applied field and time.sg’ 60

This phenomenon
had escaped detection previously, probably because the resonant peaks

had not been actually traced out as a field was applied.

A proposed explanation of the splitting was that space charge
build up near an electrode with time and with fieldél. If the SrTiO3
resistivity were nonuniform, the space charge and internal field would
thus be nonuniform. Hence dielectric constant would vary over the sample
and this could give rise to splitting. The temperature dependence of the
phenomenon ruled out this explanation since Sr‘TiO3 has a negative temper-
ature coefficient of resistivity, being an insulator, and the effect should
be more pronounced at lower resistivity.

An alternate explanation61 was proposed which assumed that due
to sample inhomogeneity certain volumes of material experienced an
electric field much higher than the average. It was then assumed62 that
SrTiO3, like BaTiO3, could become ferroelectric above its Curie temperature
if a strong enough field were applied. Thus small ferroelectric regions would
appear in the sample, and, due to their low dielectric constant, would grow
by increasing the local field even more, This could result in peak splitting
with the observed field and temperature dependence. -

Due to increased interest in the microwave properties of BST-50
in the ferroelectric region, a method was developed()3 specifically for
measuring the dielectric constant and loss tangent in this region. A circular
rod of material was placed at the center of an x-band circular cavity operating
in the TM 030 mode. As the temperature of the cavity and sample was varied,
the resonant frequency of the loaded cavity varied due to the temperature
dependence of the dielectric constant of BST-~50,
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The plot of frequency vs temperature was converted to one of
dielectric constant vs temperature by means of a calculated solution to
the boundary value problem. This calculation assumed a lossless material
but was otherwise exact. From the Curie peak upwards in temperature,
the data obtained in this way gave excellent agreement with data taken at
1 Mc/sec on the same material. Below the Curie peak, the X-band values
were consistently lower than those at 1 Mc/sec. This was thoughf:64 to
be caused by the assumbption of 2 lossless material in the calculation, but
conceivably could reflect a dispersion of dielectric constant somewhere

between 1 Mc/sec and ~10 Ge/sec in frequency.

A more general calculation was set up early in the following
quarter (see Appendix, Report No. 13) which included the effect of a lossy
material. This was never used because (a) the Q of the loaded cavity
resonance was very difficult to measure in the ferroelectric region,

(b) application of a field to the material (for field-dependent loss mea-
surements) would require rather sophisticated design, and (c) the
differentially chopped bias method was found to give the same results with
fewer engineering problems.

o i

6.2 The Period September 1963 - September 1964 -
(Contract No. DA 36-039-AMC-03389(E)) * ;

During the present contract period, three areas were emphasized:
preparation of ceramic materials, continued doping experiments, and

measurements on (Ba, Sr)TiO3 ceramics near the Curie temperature.

It is appropriate to describe first the method by which the bulk I
of the microwave measurements of dielectric constant, nonlinearity, and -
loss tangent reported during 1963-64 were taken. It has been mentioned "“
that a cavity loading technique had been used in 1962-63 but was abandoned “

becanse of certain practical considerations. 63, 64 B
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The new technique utilized the nonlinearity of the ferroelectric
resonant cavity sample to produce a transmission curve versus frequency
which was easily distinguishable from the transmission of the waveguide
or coaxial cable system. This is important because the desired loose
coupling of the sample normally makes its transmission nearly indistinguish-
able from that of the system because of the frequency dependence of flange
reflections.

The microwave system was the same as an earlier constant-
temperature setup47 except that waveguide as well as coaxial cable was
used (the choice was merely a matter of convenience). Two significant
differences were the sample holder and the method of resonance detection.

The sample holderé5 afforded a loosely coupled configuration
and a convenient means of inserting, temperature controlling, and removing
the sample. Detection was carried out by running the microwave source cw
and incrementally modulating the sample bias at a 1 ke rate65 as frequency
was swept either from 1.9-4 Ge/sec or 8.0-12. 4 Ge/sec. Hence the designa-
tion "differentially chopped bias method.! The derivative of the sample
transmission versus frequency courd be detected since, through the sample
nonlinearity, the center frequency of a given resonance was incrementally
changed at a 1 kc rate also.

This method of measurement is applicable to high loss materials
since only sample resonances are detected. However, if loss tangent
becomes extremely high (tan 6 ~ 0. 5) or »onl earity extremely low
(1 (106 V/m)~ 0.01] or both, the signal will disappear. This fact, plus
the necessity of electroding #nd biasing the sample, are the basic limitations
of the differentially chopped bias method. For our work, the convenience of

the method overshadowed these limitations. 65
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Due to the scattered results of stannate and alumina doping in
Sr’I‘i.O3 and BST-50 ceramics, it was thought that impurities introduced
in the milling process were influencing the nonlinearity in an uncontrollable
manner., It was further conjectured, and later experimentally shown,
that the major source of impurity was the grinding of the milling balls
against one another; the milling jar introduced negligible impurity.
Milling balls of BST-50 and SrTiO; were constructed and used in the

milling of the appropriate material. 67

This method was found to reduce impurity to very low levels.67’ 68
The reproducibility of microwave nonlinearity among ceramic samples so
prepared was improved, but only a few of these materials showed the high
nonlinearity previously obtained in a few scattered samples. This result
was disappointing not only because of the well-controlled impurity of the
samples, but also because of their high density and good mechanical proper-
ties. All subsequent ceramics were prepared by milling with balls made of
the same material.

A BST-50 sample was fired for 50 hours, rather than the usual
10 hours, so that its grains grew to a size of 20 - 30 microns. 69 The
resultant material was not dense and had unfavorable machining properties.
Its nonlinearity near the Curie peak was very high, and several large grain
BST-50 and BST-70 materials were made. 70 These will be elaborated upon
at the end of this section.

Another control process was introduced in the preparation of the
doped ceramics. Along with each doped sample lor sarnples) was fired a
pellet of undoped material. 1 Thus a control was available by which to
measure the effect of the impurity on the sample properties.

The above developments in ceramic preparation techniques
stemmed from the desire to optimize the nonlinearity and loss of standard
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ferroelectric materials by addition of impurities of a few mole percent.
More attention was paid to nonlinearity than to loss because device theory
has indicated that device losses can be limited by unavoidable "encapsulation

loss. w12

Presented below are the central results of the microwave eval-
uation of ceramic BST-50, BST-70, BaTiO3 and Sr'l‘iO3 samples produced
in 1963-64. It should be noted that as the work progressed, the microwave
results had a continuing effect upon the preparation techniques discussed
earlier, particularly with respect to the large-grain samples.

Stannate doping of ceramic SrTiO3 was continued72 and the
high nonlinearities of previous batches54 was not reproduced. It was
at this point that doped materials were thenceforth accompanied by
the corresponding undoped material during firing. 71 The next three
firings of doped and undoped SrTiO3 were analyzed to show very little
dependence of nonlinearity upon stannate doping. 3 These results are
summarized in Table XIV.

Alumina doping of BST-50 was continued74 and at first did not

52 The new material

behaved quite differently under applied field from the usual BST-50

reproduce the high nonlinearity previously reported.

behavior, 74 just as had the old material. 52 This behavior was partially
but not fully restored to normal by baking off the absorbed water.

Five percent alumina-doped BST-50 was prepared—i5 with a control
batch of undoped material using the improved ceramics processing. o7, 71
The nonlinearity of the five percent doc 1 sample was slightly higher than
the high value observed originally, 52 and due to the well-controlled prepara-
tion could be confidently ascribed to the alumina doping. As an additional
check, a similar batch of alumina doped and analyzed BST-50 ceramic was
prepared using the old ceramic ’cecirmi‘qt.ies?5 and showed the same non-

linearity as ordinary BST-50. These results are tabulated in Table XV and ¥VI
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TABILE XIV

MICROWAVE PROPERTIES (f STANNATE-DOPED Sr'I‘iO3

(M'e asured at S-Band)

TR A TR TR TN LAT &

Sample C, °K T, °C ) (106 V/m)
-195°CJ -170°C -160°C
0% 6.88 X 10% | -238 0.066 | 0.025 0.016
8354-3] 39, 5,29 236 0.052 | 0.040 0.014
5% 6.06 -235 0. 041 0.019 0. 010
0% 6. 54 -234 0.083 | 0.031 0.0175

Calcined

Sasa s 2% 6.9 -250 0.045 | 0.016 0. 010
5% 7.26 -242 0.056 | 0,021 0.010
0% 7.02 ~250 0.056 | 0.019 C. 013
8354-32 {z% 8.22 -247 0.047 | 0.017 0.014
5% 7.77 -246 0.057 | ©.022 0.014
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TABLE XV

NONLINEARITY OF ALUMINA-DOPED Ba, 5S_rO 5TiO3 CERAMICS

(Materials Milled Using BST-50 Balls)

BST-50 T e 6
Material c’ C, °K 7 (20°C, 10° V/m
Undoped 4
(64-17) -19 7.3 X 10 0.'106
+3%A10
273 4
(64-16) -36.5 7.0 X 10 0.106
+5%A1,0
273 4
(64-15) -45,5 5.5X 10 0. 129
TABLE XVI

NONLINEARITY OF ALUMINA-DOPED Bao S TiO3 CERAMICS

Lo.5
(Materials Milled Using A1293 Balls)

BST'SO T o 6
Material ¢’ C, °K 7(20°C, 10~ V/m)
Undoped’
(64-3A) not measured | not measured 0.079
+ 3% AL,0, -33.7 7.8 X 104 0. 070
(64-2A)
+ 5% Al1,0Q
273 4
(64-1B) -44.,5 4,9X 10 0. 051
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This completes the summary of doping experiments for evaluation
in the paraelectric region. The qualitative results m.y be stated as follows.
stannate doping of BST-50 in the range of one to three mole percent may
increase the nonlinearity by a small amount but so erratically as to introduce
doubt as to the real cause; stannate doping in SrTiO3 does not increase non-
linearity; five mole percent alumina doping in BST-50 does increase non-
linearity by a factor of 1.5 to 4 (generaily nearer the former), but results
in ceramics of lew density with a tendency to crack and absorb water. 76
The improved ceramic processing techniques tend to give more reproducible
results than the previous techniques, particularly with regard to undoped

BST-50 and SrTiO3.

Measurements near TC of dielectric constant, nonlinearity, and

77, 78

loss tangent of alumina-doped BST-50 ceramics were taken using the

differentially chopped bias technique. This included earlier samples as
well as several large grain materials prepared by firing for fifty hours. 69
Data on the material BST-50 + 5% Al,0, (64-27), which was not a large
grain material, are presented in Figs. 5, 6, and 7. The loss tangent of all
these materials is similar to that for sample 64-27, + 25%, and was not
investigated in any detail. The appropriate data for the large grain materials

were similar78 except for a higher peak in reduced nonlinearity.

A large grain sample of BST-70 was prepatred79 and also showed
a high peak in nonlinearity vs temperature. A summary of the maximum
reduced nonlinearity exhibited by BST-50 and BST-70 alumina doped and
undoped samples is presented in Table XVII. Also see Tables I-V of this

report.

Near the Curie peak, the nonlinearity increases greatly, as do
the losses. The rules for maximizing nonlinearity in this region are not
as definite as those for the paraelectric region, but they do seem to be
qualitatively different. The amount or type of impurity doping does not
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TABLE XVIL

SUMMARY OF MEASUREMENTS

IN THE CURIE TEMPERATURE REGION

6
N nax (10 V/m)

Material T

BST-50+ 0 %A1203 0. 95 -30°C
(No. 64-3)

BST-50 + 0%A1203 0.58 ~-15°C
(No. 64-17)

BST-50 + 3%A3203 1. 04 -40°C
(No. 64-16)

BST-50 + 5%A1,0, 0.88 -30°C
(No. 64-15)

BST-50 + 5%A1203 0.54 -25°C
(No. 64-27)

BST-50 + 0% A1203 1.43 -45°C
(8354-33)(large grain)

BST-50 + 5% A1203 1.60 -50°C
(8354~33)(large grain)

BST-70 + 0% A1203 1.34 +30°C
(8354-38)(large grain)

BST-70 + 5% Al203 0.58 +15°C
(8354-38)(large grain)

BST-70 + 0% Al.?‘O3 1. 40 +30°C

(8354-47)(large grain)
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appear to influence nonlinearity in a consistent manner. Large grain
size seerns to produce an enhancing effect, but has been accompanied hy
low density anci poor machining properties. It is possible to produce
dense, hard ceramics of large grain size by means of hot pressing, but
this work has not been pursued ."iring the present contract period.

It is not surprising that factors influencing the nonlinearity
change as the temperature is lowered from the paraelectric region to the
ferroelectric. In the former case, size or valency mismatch of impurities
disturb the lattice potential seen by the cation.

Near the transition in ferroelectric ceramics, field-induced
transitions may play the major role in producing nonlinearity, as
Diarnond5 has suggested. Evidently, impurities have little effect on the
ease with which a transition is induced by the field. The large grain size
and porosity of certain samples may produce local macroscopic field
concentrations whichdo encourage the induced transitions. If this simple
theory is correct, then hot pressing to produce dense sample of large
grain size may well reduce the nonlinearity in the Curie peak region.

The high nonlinearitites observed in the Curie region would be
acceptable for a ferroelectric device if accompanied by a rezsonably low
loss tangent (tan 6§ ~ 0. 05 io 0.1 for example). However, measurements
of tan 8 vs frequency for BaTiO3, BST-50 and BST-70 in the Curie peak
region showed that the S-band losses (2-4 Ge/sec) are abouc as high or
higher than the X-band losses (8-12 Gec/sec). 80 This result is in contrast
to earlier measurements in SrTiO3 well above Tc, in which the frequency
dependence of tan § was found to be linear.

The cause of the loss vs frequency behavior may be a relaxation
in the dielectric constant somewhere in the microwave region. Stanford
has already found evidence for such a relaxation. 81 Whatever the cause,
the end result of these measurements is indeed disappointing from the
standpoint of device applications.
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Dopings of BaTiO3 with one-half, one, and two mole percent of
lanthana (La203) was undertiaken to make use of the drastic lowering of
the Curie temperature of the material which lanthana is known to cause.
The hope was that a nearly pure (unmixzed) perovsk.te material could be
obtained with a Curie point near room temperature. With all these
samples, =xcept one, no signal was observed in the microwave test setup

over a wide temperature ran'ge.* A two percent lanthana-doped BaTiO3

sample was successfully analyzed, but its propertiecs were disappointing.
Th1= implies either a low nonlinearity or high loss tangent, as mentioned
on p. 45,




6.3 Over-all Conclusions

The stated purpose of the work of the last four years is to
develop and investigate those materials showing high nonlinearity, low
loss, and low dielectric constant suitable for microwave device appli-
cations. More specifically, the contract goal was a material showing:

A4, Variation of dieleitric constant of 50 percent with an
applied field of 10° V/m.
Tan 6 =0.002.

Dielectric constant as low as possible, a single-valued

o w

function of applied field, and varying not more than
4+ 10 percent from -55°C to + 85°C.

The restriction on loss tangent tan § has been unofficially
loosened because of encapsulation loss inherent in microwave devices.
In addition, devices usually accommodate a "trade-off" between loss and
nonlinearity; i.e., if nonlinearity is exceptionally high, somewhat higher
losses can be tolerated. A maximum tolerable loss tangent of 0. 050 is
a reasonable goal (if nonlinearity satisfies condition A). No material yet
investigated satisfies both these requirements.

Ignoring the loss tangent requirement, let us look at Requirement A.
Numerous mixed (Ba, Sr) TiO3 ceramics have equalled or exceeded the non-
linearity requirements (n(lO6 V/m) = 1) in a limited temperature range near
the Curie peak. No material has even approached this value of 3 at, say,
50°C above the Curie peak, where the temperature dependence might be
tolerabiy low. Several ferroelectric materials (operating below Tc) have
shown nonlinearities approaching but in no case exceeding 1. In this range
the dielectiric constant temperature dependence is suitably weak but the
losses are prohibitively high {tan § ~ 0.3 to 0. 4). It should be emphasized
that ferroelectric materials satisfying g (106 V/m) ~ 1 are rare; most
materials are characterized by values from 0.2 to 0, 5. Hence this avenue

would not appear to be a very desirable one to explore, even ignoring losses.
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While the single-valuedness of dielectric constant with applied
filed appears to hold for mixed perovskite ceramics, there exists a time
dependence of the order of 10 to 20 percent in the nonlinearity upon appli-
cation of a field. [his variation extends over a period of perhaps cne-half
hour and could be a definite hindrance to device applications.

It would appear that no ferroelectric (or paraelectric) material
of the types studied in this laboratory will achieve the contract goals.
Qualitatively, when one property has been improved, another property
has deteriorated. Further variations of mixed perovskite ceramics or
single crystals offer little hope of a major improvement, which is
imperative if successful devices are to be made.

Other categories of materials than perovskite ferroelectrics have
not been studied in this work, Aside from the well-known varactor based
on a back biased semiconductor junction, two types of materials suggest
themselves. The first consists of materials such as KHZPO4 (KDP) in
which hydrogen bonds, rather than interaction between oxygen and titanium
sublattices, give rise to ferroelectricity. The second consists of powdered
ferroelectrics materials embedded in an inert binder such as polystyrene.
There is, however, no a priori reason to believe that either type of material
would prove superior to those already iuvestigated.

o
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J. S. Waugh
M. Harris

Principal Rescarch Scientist
Senior Research Scientist
Senior Research Scientist
Research Scientist

60

Hours
28
94
264
488
Total 874

™ oa————

Sepdtddast 0 WRMEREN 0 VEEERMMES 80 tmasenees




-

10.
11.
12.

13.

14,

15.
16.

t
i
i

LIST OF REFERENCES

Report No. 15 of this series, Section 4. 1. 2.

Report No. 15 of this series, Appendix.

Report No. )4 of this series, Section 5. 2.

L. Castelliz, O. Knop, and J. M. Hartley, "Investigation of

Barium Titanate Ceramics by X-Ray Techniques, ' Tenth Quarterly
Progress Report, Contract No. DRB 8000107 (Canadian Government),
(June 1, 1961).

G. Rupprecht, B. D. Silverman, R. O. Bell, Final Report Contract
No. AF 19(604)4085, 15 October 1960, Section 3. 3.

Report No. 15 of this series, Section 4.

Report No. 15 of this series, Appendix.

G. Rupprecht, "Investigation of the Microwave Properties of Ferro-
electrics," Scientific Report No. 1, Contract AF 19(604)-4085,

Electronics Research Directorate, A. F. Cambridge Research Center,
Bedford, Massachusetts, June 1960.

G. Rupprecht, B. D. Silverman, R. O. Bell, "Investigation of the
Microwave Properties of Ferroelectrics,' Fin-t Report, Contract No.
AF 19 (604)-4085, Electronic Research Directo. te, A. F. Cambridge
Research Center, Bedford, Massachusetts, 15 October 1960.

J. C. Slater, Phys. Rev. 78, 748 (1950).

Report No. 1 of this series, Section 4.2.1.

Report No. 1 of this series, Section 4.1.2 and Appendix.

R. O. Bell and G. Rupprecht, '"Measurement of Small Dielectric Losses
in Material with a Lar,¢ Dielectric Constant at Microwave Frequencies,"
IRE Trans. on:Microwave Theory Tech., May 196l.

G. Rupprecht, R. O. Bell, and B. D. Silverman, 'Nonlinearity and

Miczrowave Losses in Cubic Strontium Titanate,' Phys. Rev. 123,
97 (1961). -

Report No. 2 of this series, Section 4.1.2.1.

Report No. 1 of this series, Section 4.1.1.2.

61




AN

“

-

Tapans

SR W

5‘;’% -

17.
18.
19.
20,
21.
22.
23.
24.
25.
26.
27.

28.

29.
30.

31.
32.
33.
34.
35.
36.
317.

38.

Report No

Report No

Report No.
Report No.
Report No.
Report No.

port No.
Report No.
Report No.
Report No.
Report No.

. 2 of this series, Section 4.1.1.1.

. 4 of this series, Section 4.3.1.

4 of this
4 of this
1 of this
3 of this
4 of this
5 of this
6 of this
5 of this

7 of this

series,
series,
series,
series,
series,
series,
series,
series,

series,

Section 4.2.

Sections 4.4 and 5.

Section 4.3.5,

Section 4.2.
Section 4.5.
Scction 4. 1.
Section 5. 4.

Section 4. 3.

1.

Section 4. 14.

G. Rupprecht, R. O. Bell, "Investigation of the Microwave
Properties of Ferroelectrics,'" Scientific Report No. 1, Contract
AF 19(604)-8005, AFCRL, USAF, Bedford, Massachusetts, 1961.

Report No. 6 of this series, Sections 5.2 and 6.

B. A. diBenedetto, "The Preparation of Flux-Grown {Ba_Sr
TiO, Monocrystals for Microwave Applications,'

Repgrt No

Report No.

Report No

Report No.

Report No

Report No.

Report No

Report No.

Report No.

. 8 of this
5 of this
. 6 of this
5 of this
. 6 of this
7 of this
. 7 of this
7 of this

7 of this

series.
series,
series,
series,
series,
series,
series,
series,

series,

Sec. 4.4.

Sec. 5. 3.

Sec. 4.6.

Sec. 5.6.

Sec. 4.9.

)
Append’ix Al,' X

Sections 4.6 and 5.5.

Sec. 4.11.

Sec. 4.4,

62



39.
40.
41.
42.
43.
44,

45,

46.
47.
48.
49.
50.
51,
52.
53.
54.
55.
56.
57.
58.

59.

60.
61.

J. T. Last, Phys. Rev. 105, 1740 (1957).

See Report No

See Report No

See Report No.
See Report No.

See Report No.

W. G. Spitzer

. 6 of this series, Sec. 4.

. 6 of this series, Sec. 5.1.
7 of this series, Sec. 4.1.
8 of this series, Sec. 4.2,
7 of this series, Sec. 5. 1.

, R. C. Miller, D. A. Kleinman, and L. . Howarth,

Phys. Rev. 126, 1710 (1962).

See Report No

See Report No.

See Report No

See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.

. 8 of this series, Sec. 5.1.

8 of this series, Sec. 4.3.

. 9 of this series, Sections 4.3 and 5. 3.
10 of this series, Sections 4.1, 4.2, 4.3, and 4.4.
11 of this series, Sections 4.1 and 4.2.
11 of this series, Section 5.1.

12 of this series, Section 4.2.

11 of this series, Section 4.3.

12 of this series, Section 4.3.2.

11 of this series, Section 4.5.

12 of this series, Section 4.5.

11 of this series, Section 5.3.

10 of this series, Section 5.5.

11 of this series, Section 4.4. Also see Section 5.2

of this report for details.

See Report No
See Report No

. 12 of this series, Section 4.4.

(s

. 12 of this series, Section 5.

63

s o e




T

62.

63.
64.
65.
66.
67.
68.
€9.
70.
71.
72.
73.
74,
75.
76.
717.
78.
79.
80.

81.

There was and is still at this time controversy as to whether

SrTiO, ever becomes ferroelectric.

A recent paper by F.W. Lytle,

"X-Ra%' Diffractometry of Low-Temperature Phase Transformations
in Strontium Titanate,' J. Appl. Phys. 35, 2212 (1964) indicates

a tetragonal phase from 65° to 100°K (with c/a = 1. 00056).

This

in itself does not prove that SrTiOg is ferroelectric, but does

indicate its possibility. For furth

r reference on this subject, the

reader is referred to Megaw's book Ferroelectricity in Crystals

(Methuen and Company, 1957), Chap. 5.

Also see Jona and Shirane,

Ferroelectric Crystals (Macmillan Compan ', New York, 1962),
Chap. V, Sec. 8.

See Report No.
See R' “ort No.
See Report No.
See Report No.
See Re port No.
Sce Report No.

See Report No.

Sections 4.1, 4.

See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.
See Report No.

See Section 4.5

A- I..l- St&l’i. V&,

12 of this series, Section: 6.

12 of this
15 of this
13 of this
14 of this
14 of this

15 of this

2 of this report. -

14 of this
13 of this
15 of this
13 of this
14 of this
15 of this
15 of this
16 of this

15 of this

series,
series
series,

series,

Section !.3.
Appendi :.
Sectii+as 5.1 and 6.

Sec 4.2.

series, & -. 5.2.

series,

K
seriey,
seri. ‘s,
ser:es,
se ?:"ies,

giries,

8eries,

series,
series,

geries,

of t+is report.

fac. 4.1.1.2.

Sections 4.3 and 4.4.
Section 4. 1.

Sections 4.4 and 5. 3.
Sections 4.2 and 5.1.
Sections 4.4 and 5.2.
Section 5.1.

Section 4.1.2.
Section 4.1.1.

Section 4. 2.

s, "Dielectric Resonance in Ferroelectric

Titanates in the JZicrowave Region,'" Phys. Rev. 124, No. 2,
408 (1961).

P




DISTRIBUTION LIST
N

N

Office of the Assistant Secretary of Defense (R&E)
Room 3E1065

ATTN: Technical Library

The Pentagon

Washington 25, D. C.

Chief of Research and Development
Department of the Army
Washington 25, . C.

Commanding General

U.S. Army Materiel Command
ATTN: R&D Directorate
Washington, D, C, 20315

Commander, Defense Doccumentation Center
ATTN: TISIA

Cameron Station, Building 5

Alexandria, Virginia 22314

Commanding Officer

U.S. Army Combat Developments Command
ATTN: CDCMR-E

Fort Belvoir, Virginia

Commanding General

U.S. Army Combat Developments Command
Communications-Electronics Agency

Fort Huachuca, Arizona

Chief, U.S. Army Security Agency
ATTN: ACofS, Gs (Technical Library)
Arlington Hall Station

Arlington 12, Virginia

Deputy President

U.S. Army Security Agency Board
Arlington Hall Station

Arlington 12, Virginia

Commanding Officer

Harry Diamond Laboratories

Connecticut Avenue & Van Ness St., N. W.
Washington 25, D. C.

Director, U.S. Naval Research Laboratory
ATTN: Code 2027
Washington, D.C. 20390

Copies

20




"« g W

DISTRIBUTION LIST (Cont' d)

Commanding Officer and Director
U.S. Navy Electronic Laboratory
ATTN: Library

San Diego 52, California

Systems Engineering Group (SEPIR)
Wright- Patterson Air Force Base, Ohio 45433

Director, Materiel Readiness Directorate
Hq. U.S. Army Electronics Command
ATTN: AMSEL-MR

Fort Monmouth, New Jersey 07703

Air Force Cambridge Research Laboratories
ATTN: CRXL-R

L. G. Hanscom Field
Bedford, Massachusetts

Electronic Systems Division (AFSC)

Scientific & Technical Information Division (ESTI)
L. G. Hanscom Field :
Bedford, Massachusetts 01731

Rome Air Development Center
ATTN: RAALD
Griffiss Air Force Base, New York

Advisory Group on Electron Devices
346 Broalway, 8th Floor
New York, New York 100]3

AFSC Scientific/Technical Liaison Office
U.S. Naval Air Development Center
Johnsville, Pennsylvania

USAEL Liaison Office

Rome Air Development Center

ATTN: RAOL

Griffiss Air Force Base, New York 13442

NASA Representative (SAK/DL.)

Scientific and Technical Information Facility
P.O. Box 5700

Bethesda, Maryland 20014

Commander

U.S. Army Research Office (Durbam)
Box CM - Duke Station

Durham, North Carolina

L

L]




DISTRIBUTION LIST (Cont' d)

Director

U.S. Army Electronics Laboratories

Fort Monmouth, New Jersey

ATTN: AMSEL-RD-PE (Division Directon
ATTN: AMSEL-RD-P {Department Director)
ATTN: AMSEL-RD-PE (Dr. E. Both)
ATTN: AMSEL-RD-PEM (Mr. N. Lipetz)
ATTN: AMSEL-RD-PRG (Mrs. Green)
ATTN: AMSEL-RD-PEM (Mr. J. Agrios)
ATTN: AMSEL-RD-PRM (Mr. I. Reingold)
ATTN: AMSEL-RD-PEM (Mr. J. Charlton)

Radio Corporation of America
Somerville, New Jersey
ATTN: Dr. B. Schwartz

Texas Instruments Inc.
Apparatus Division

Research and D: velopment Department

P.O. EBox 5012
Dallas 22, Texas

Commanding Officer
Aeronauticai Systems Division
Wright-Paiterson Air Force Base
Ohio

ATTN: C. Wittebort, ASRCPT

Clevite Corporation
Electronic Research Division
540 East 105th Street
Cleveland 8, Ohio

ATTN: Mr. B. Jaffee

Airborne Instruments Laboratory
Division of Cutler-Hammer

Deer Park, New York

ATTN: Mr. Larry Wright

National Bureau of Standards
Eng'neering Electronics Section
Washington 25, D. C.

ATTN: Mr. Gustave Shapiro, Chief

Rutgers

The State University

Department of Electric Engineering
New Brunswick, New Jersey
ATTN: Mr. Robert G. Pecina

Copies

DD M=t bt et s e s P

- i e, sbvsmar et

R 7 1

—— -




e e At e i e . R = S = - —

DISTRIBUTION LIST (Cont' d)

Copies

Commanding Officer

U.S. Army Engineer Research & Development Laboratories

ATTN: STINFO Brancii

Fort Belvoir, Virginia 22060 2

Marine Corps Liaison Office

U.S. Army Electronics Laboratories

Fort Monmouth, New Jersey 07703

ATTN: AMSEL-RD-LNR 1

AFSC Scientific/Technical Liaison Office

U.S. Army Electronics Laboratories

Fort Monmouth, New Jersey 07703

ATTN: AMSEL-RD-LNA 1

Director

U.S. Army Electronics Laboratories

Fort Monmouth, New Jersey 07703

ATTN: AMSEL-RD-DR/DE 1

Director

U.S. Army Electronics Laboratories

ATTN: Technical Documents Center

Fort Monmouth, New Jersey 07703 1

Director

U.S. Army Electronics Laboratories

ATTN: AMSEL-RD-ADO-RHA

Fort Monmouth, New Jersey 07703 1

Commanding Officer

U.S. Army Electronics Research & Development Activity

ATTN: AMSEL-RD-WS-A

White Sands, New Mexico 88002 1

Hq, U.S. Army Electronics Command

Commodity Management Office

ATTN: AMSEL-TE

Fort Monmouth, New Jersey 07703 1



-

B

DISTRIBUTION LIST (Cont' d)

Electronic Communications, Inc.
Research Division

1830 York Road

Timonium, Maryland

Bureau of Ships - 691 B-2C
Electronics Division

Room 3329

Main Navy Building
Washington 25, D. C.
ATTN: Leo V. Gumina

Commander

Rome Air Development Center

Air Research and Development Command
Griffiss Air Force Base, New York

ATTN: Mr. Patsy A. Romanelli - RCLRA-2

Commander

Hq., Detachment 2

AFRD

I.. G. Hanscom Field

Bedford, Massachusetts

ATTN: Mr. Charles E. Ellis, Jr., CRRDM

Litton Industries, Inc.

Components Group

Airtron Division

2000 E. Hanover Avenue

Morris Plains, New Jersey

ATTN: Dr. J. W. Nielson, Advanced Devices Laboratory

Sperry Microwave Electronics Company
Clearwater, Florida
ATTN: Dr. A. L. Stanford

General Telephone and Electronics
Microwave Physics Laboratory
Palo Alto, California

Electrical Engineering Department
Clarkson College of Technology
Potsdam, New York 13676
ATTN: Prof. S. N. Das (Box 471)

Mr. Michel Riobe

American Radio Company, Inc.
445 Park Avenue

New York, New York 10022

[ A

Copies




