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ABSTRACT

Single crystals of the spinel GeFe2
O4 , grown by the chemical vapor

L transport technique, are p-type semiconductors with an acceptor ionization

energy of 0.39 eV. The material is a heavily compensated band-type semi-

conductor, with a typical hole concen tration of 10 cm near room

temperature , and a temperature independent Hall mobility of 2 cm
2
/Vs .

Optical absorption measurements show the optical band gap to be ~2.3 eV;

2+ . — l
the octahedral field splitting of the Fe d- levels is 10200 cm . Magnetic

mea suremen ts show thac neff is 5.26, from which a trigonal field splitting

of 950 cm 1
~ is der~ved.
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I NTRODUCTION

The experimental study of the electrical properties of transition metal

ox ides is beset by three main problem s: (1) The requ irement of homogeneous

single crystals, (2) the difficulty in interpreting Hall effect measure-

ments in magne tically ordered materials , and (3) the striking influence

of minor variations in the actual chemical composition . These difficulties

have been pointed out in many studies of oxides with the rock salt or

the spinel structure, recen t ly reviewed by Parker ( 1) .

Previously studied spinels were inixed-valency systems of the type

~~~~~~~~~~~~~ 
where the conduction mech anism is best described by elec trons

hopping between B-site Ee2~ and Fe3~ ions (2). No spinels without mixed

valencies on the B-sites have been studied so far. On the other hand,

not all transition metal ox ides are hopp ing sem iconduc tors , as has been

shown for Li-doped NiO (3).

We repor t here the study of a stoichiome tric spinel oxide , GeFe
2O4.

Th is compound is a normal sp inel (4). Magne tic and Mossbauer stud ies

have shown that it is antiferromagnetic with T
N 

= 10K (5-7). Its I.R.

(vibrational) spectrum has been measured (8); all these studies used

polycrystalline samples. Neither crystal growth nor the electrical properties

have been reported so far. We describe here the preparation of single

crystals of GeFe
2O4 , its optical spectrum in the visible and near LR.,

and its electrical properties. Our results show that the crystals are low

mobil ity band-type semiconductors .
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EXPERIMENTAL

Single Crystal Preparation

Pol ycrystall ine GeFe
2
O
4 was obtained by solid state reaction between

appropriate mixtures of Ge02, Fe203 (Johnson-Matthey) and Fe (Leico ),

prev iously heated in hydrogen . The mixture was heated in evacuated silica

tubes for 40 hours at 800°C, then 24 hours at 950°C with intermittent

grinding.

Crystals were grown by chemical vapor transport in evacuated silica

tubes (12 mm I.D., 15-20 cm long), using a 2-zone furnace. The

transporting agent was TeC1
4 (1.0 mg/cm

3) ,  introdu ced as metall ic Te

and gaseous Cl 2. Special attention was paid to corrosion problems .

The silica tubes were reheated to the softening point before use; they

were 1rotect~ Iw ith an inner carbon coating obtained by pyrolysis of

acetone, and outgassed bef ore seal ing. Fina l ly ,  the growth zone was

cleaned in situ by back transport for 20 hours .

After thermal equilibrium was established in the tube at 920°C, the

transport was allowed to proceed by decreas ing slowly the growth zone

temperature (o~2° C/hr) to 760°C. Reproducible results were obtained using

different furnaces under the actual conditions listed in Table II. The

transport rate was “~l.5 mg/hr. Attempts at temperatures higher than 930°C

showed a sharp increase in the react ion of the cha rge with the silica tubes .

After slow cooling, the crystals were removed from the tubes and

washed in 1 M hydrochloric acid in order to dissolve any condensed chloride

or Te02, and final ly rinsed wi th dis ti lled water and ethanol .
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Measurement Procedures

The den sity was measured by a hydrostatic technique (9) using

1-meth yldecalin as the density fluid , calibrated with a high-purity

silicon crystal .

Both powders and ground single crystals of GeFe 2O4 were analyzed by

slow- scan (0.25°/mm ) x-ray diffraction with a Si internal standard . A

Norelco x-ray diffractometer with a high intensity Cu source

K l .5405A) and a graphite monochromator in the diffracted beamu a1
was used.

The magnetic susceptibility of ground single crystals was determined

in the temperature range 55-300 K using a Faraday balan ce prev iously

described (10) and calibrated with platinum . The maximum field value

was 10.5 kOe.

For optical measuremen ts, th in sl ices were carefully cut and

ground from single crystals (final polishing with ljim alumina). Only

two crystals yield ed useful samples , because of the extreme difficulty

of polishing the brittle,thin crystals. The optical absorption was

measured with a single-beam instrument using the sample-in , sample-out

method .

The d.c. conductivity and Hall effect were determined by the Van

der Pauw technique (11) with readouts on a Keithley 610 electrometer

(input impedance io l4 
~l). Contacts made with ultrasonically applied

Indalloy (No. 3) were found to be ohmic under our experimental conditions .

____ 
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RESULTS AND DISCUSSION

a) Single Crystals

The chemical transport technique produced octahedral crystals , with

edges up to 4 mm (Figure 1). Bulky crystals appeared black , but thin

and crushed ones were light brown in color, in contrast with powdered

GeFe2O4 obtained from solid state reaction , which is black , probably A
because of traces of Fe3~ as in Fe 0.

l-x

Structural results are summarized in Table I. The structure and

cell parameter from Durif (4) were conf irmed. We note that small

amounts of Fe3~ , if present at all , cannot be detected by x-ray diffraction

since the cell parameters of GeF e2O4 and Fe
3
O4 ( 12) diff er by less than

0.2%. A value of 8.4 08A was reported for natural GeFe
2
O4 (Brun oge irite) ,

which contains ~10% Fe304 
(13).

b) Magnetic Susceptibility

Our magne tic susceptibil ity results are very similar to those obtained

by Blasse (5) with a non-linear variation of x~~ vs. T below “alOK, where

we observe a slight field dependence of x. Experimental asymptotic

Curie temperatures and effective numbers of Bohr magnetons 
~~eff~ 

are

given in Table I .

As there is spin-orbit coupling in Fe2~ , neff is related to the

trigonal field splitting ó of the t2g levels of B-site cations . This

allows a further comparison of magnetic results with ~ values obtained from

Mossbaue r spectra , as discussed by Hartmann-Boutron (14). Values of 6,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 _ ~~~ ~~~~~~~. .~~~~~~~~
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calculated using Hartmann-Boutron ’ s assumptions , are presented in Table I ,

which shows a good agreement between our results and the M~ssbauer 6

value . The difference between Blasse ’s and our resul ts may be due to the

lower Fe 3
~ Content of our samples .

c) Optical Absorption

1

The optical absorption coefficient of CeFe2 O4 (uncorrected for

ref lec t iv i ty  losses) in the range 500 - 1200 nm is shown in Figure 2.

We ascribe the broad band peaking at 980 am (10200 cm~~) to the

-* crystal—field transition of the Fe2~ ion , octahedr ical ly

coordinated with oxygen . This is in good agreement with the band observed

at 10400 cm4 for Fe (H2O) 6
2
~ (15).

The sharply rising absorption edge at 550 nm suggests the onset

of a band--to-band t ransi t ion ; the corresponding value of the optical

band gap is therefore Eg ~ 2 .3 eV.

d) Conductivity and Hall Effect

The conductivi t ies  of single crystals of GeFe 2O4 were measured in

the range 200 - 320 K, corresponding to a values rang ing from i08 to ~~ (~cm)
4; a

typ ical c vs.  curve is given in Fi gure 3. All  measurements f i t t ed

the relationship

E0
~~~

= exp (- — )
kT

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
—
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Values of p (295K) and E of different series of crystals , as well as actual

conditions of growth are given in Table II. Good agreement is observed

between p and E of va rious crystal s, either from the same transport

experiment or from different tubes. Values obtained for crystals

from strong ly attacked growth tubes (grown at higher temperatures or

without inner surface protection) show the striking influence of impurities

upon both p and E0. The lower value of E0 
obtained in series 3, whi ch was

grown for a much longer time than other ones , may be due to similar contamination .

Discrepancies in the absolute values of p are mainly due to the

uncertainties on the thickness of the samples , which were not in the

ideal flat plate shape. Measurements on inner and outer parts of one

sl iced crystal were in good agreement .

The measured ha i l constants R1~ 
were found to be independent of the

appl ied f ield up to 7 kOe (Figure 4 , inset). We note that our

measurements were performed in a temperature region far above the

magnetic ordering range (T/T N > 25). The sign of the Hall effect

indicated p-type conduction . Measured values of the hole concentration

p = (eR.~1
)4 and of the Hall mobility u~ 

= aRcH are shown in Figures 3

and 4. We found that p is thermally activated , with an activation

energy EH very close to E0 (Fi gure 3); consequently,  
~H is essential ly

independent of T in the range 250-320 K.

In previously studied spinels (1), the conduction was ascribed to

smal l  polarons hopp ing between cations of different valencies on the

B sites. In such a hopping model , the drift mobility is very small

(experimental value for holes in cobalt ferrite: 1.4 io 6 cm2/Vs)~
2
~

and thermally activated; the carrier concentration is basically temperature

independent . The Hall mobility, al though not equal to the drift mobil ity,

should also be very small and thermal ly activated . In contrast , in

GeFe2O4, it is the carrier concentration p that is thermally activated ,

and the hall mobility is well above the l imit (‘~ 0.1 cm 2
/Vs (3)) below which

hopp ing conduction may take place .

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~.- — ... ..~~~
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We therefore conclude that GeFe
2O4 is a band conductor; the low

mobility may be due to a narrow valence band and/or large polaron formation ,

as has been found in p-type NiO (3) .

Two further possibilities arise in the case of band conduction .

In nearly intrinsic conduction , the activation energies of the conductivity

(E
5) and of the Hall constant (EH) should be equal to Eg/2. Our data

show E
0 E~1 

<< Eg/2. Furthermore , the purity required for intrinsic

conduction at room temperature is unlikely to be reached.

Extrinsic p-type conduction requires the presence of acceptors A,

which ionize according to

A = A  + p

In real crystals , the acceptors are partly compensated by ionized donors

or positively charged defects D
4. If N

A and ND are the total concentration

of acc eptors and donors , NA [A] + [A], and charge neutrality requires

that
[A ] = ND 

+ p

From the acceptor ionization equilibrium, we obtain :

[A] E
~ N exp e~~~~~)

[A] kT

where EA is the ionization energy of acceptors , B their sp in degeneracy ,

and N
~
the density of states in the valency band (16). Rearranging A , A

and N , we obtain :v 3 3
9.

NA
_ ( p+N 0

) m~p = a B (—) T exp (-
~~~~ )

(p ÷ N& 
m0

— - —— .- . ._ • _ e. -r
~1~~~~~p-

_
~~~

—, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —
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3
where a is a numerical constant equal to 4.832 10~~ cm

3 
K 

2
, and

*
(m /m ) is the relative effective mass of holes.

~~~~~0

This equation can be further simplified , depending on the deg’-ee of

compensation : in the lightly compensated case, we have N
D 

<<p , wherea s

in the heavily compensated case ND 
>> p. Resulting equations are compared

in Tabl e I I I , together with the experimental values for p vs. T relation-

ships . In the further calculation of N
A or ND/N A, we have assumed 3=2

and m = m ;  the order of magnitude of these values is certainly correct ,

and the main conclusions are not changed if the assumed S and m/m
0

values are varied.

Evaluating our data according to the light compensation case leads to

unreasonable values of N
A 

and EA ; compared to the total Fe
2
~ concentration

22 -3 - 22 -3in GeFe
2O4 

(2.7 10 cm ), an acceptor concentration of 1.5 10 cm

is unacceptable. Moreover, 0.81 eV is an unrealistically large value for

an acceptor ionization energy. The parameters obtained assuming the heavy

compensation case appear much more acceptable; the ionization energy

is now 0.39 eV, and a compensation ratio of 0.10 is not unusual . With

p 10
14 

cin 3 at room temperature there seems to be no difficulty in

satisfying the basic assumption NA 
> ND 

> p for the heavy compensation

case.

We have no actual information as to the nature of the acceptors

and compensa tors . However, we think it likely that the acceptors arc

Fe3~ ions on the spinel B sites , whereas the compensa tors probably are

traces of C1 incorporated during the crystal growth or charged oxygen

vacancies .

,~ 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
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The observed mobility is intermediate between the very small values

observed for hopping conductors and the larger values observed in wide

L
band semiconductors (17). Our values are of the same order of magnitude

as those observed in p-type NiO (3). In that case, the small mobility

values have been attributed to the formation of large polarons by

the ho les , and a similar condition may exist in GeFe2O4.

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 
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CONCLUSI ON

The chemical vapor transport technique allowed the growth of pure ,

light brown single crystals of the iron (11)-sp inel GeFe2O4. Magnetic

and optical measurement s confirmed the splitting of B-sites Fe2~ d leve ls;

experimental values are 10200 cm1 for the octahedral crystal field

splitting, and 950 cm ’ for the trigonal field splitting . The crystals

were p-type semiconductors with an optical band gap E
g ~ 

2.3 eV.

Conduct ivity and Hall effect measurements showed that the acceptor

ionization energy is 0.39 eV, and that the mobility is moderatly

low (~ 2 cm
2
/Vs) and independent of temperature . A consistent interpretation

of the data is obtained by applying the model of a heavily compensated

band-type semiconductor . GeFe
2O4 differs in that respect from previously

reported hopping-type spinels; its electronic properties are analogous

to ant iferromagnetic NiO at high temperatures.

0
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TABLE I

I- STRUCTU RA L AND MAGNETIC DATA FOR GeF e
2
O
4

Durif (4)
Imber t (7) Blasse (5) 1 This Work

Prepara tion Fe + Fe
304 

Fe + Fe203 Fe Fe
203 

+ Ge02

• 
+GeO

2 
+ GeO

2 950°C

• 900°C 1000°C + vapor transport

~ via TeCl
4

Cell Parameter (A) 8.411 8.4118 ± 0.0001

Dens ity (g/cm 3
) : calc. 5.54

meas . 5.5 1

Asymptotic Curie Temp . (K) -15 —25

Effective Magnetic Moment
• 5.40 5.26

(in Bohr magnetons)

Trigonal Field Sp l i t t i n g  1020 600 950

of Fe2
~ t2g levels (cm1) (Mossb.) (magn.)  (magn.)

• 
~~~~~ ~~~~

-

~ 

• i_~i_ .. -•- 
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TABLE I I

ELECTRICAL PROPERTIES OF SINGLE CRY STALS OF GeFe
2O4

Crystal Transport Duration Resistivity Activat ion Energy (eV)
Growth Temp. of Growth at 295 K —_____________

Series (°C) (9 cm) Conductivity Hall Const .

1 925/760 10 days 1.5 10~ 0.370

1.4 10~ 0.386

2 920/745 12 days 1. 3 l0~ 0.406

9.6 0.396

3 900/730 20 days 2.6 10~ 0.355

4 910/745 11 days 2.6 10~ 0.435

2.4  10~ 0.450

5 925/760 11 days 7.6 l0~ 0.421 0.442

6 910/740 11 days 1.4 l0~ - 0.406

7 920/745 12 days 3.5 IO~ 0.418 0.422

Crystals from strongly- attacked tubes io 1_ io 2 0 .05-0 .15 (magn.)

~~~~ ~~~~~~~ TV~~~~~~
- .

~~~~~~~ 
- -

- ,-‘~~ -- ~r .
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TABLE III

RESULTS WIT H EXTRINSIC MODEL
L.

Light Compensation Heavy Compensation

Basic assumption N
A 

>> p >> N
D N

A 
>> N

D 
>> p

p vs. I (theory) p1 = C1 e:p~~~~~r~ p1 2
= C 2 exk~~ f~

.

~~

- -
~~~ ~~(_ .~~)

4 
(

A D
) (_

~)C
1 

= N
A a B m C2 

= N
D a B m0

- 
Fitted values B

A 
— ~.ei eV L

A 
= 0 .39 eV

C
1 

= 1.21 1019 (c.g.s.) C
2 

= 8.32 i0~~ (c.g.s.)

5 = 2  
N

Assuming 
m* = m 

N
A 

= 1.5 io22 cm 3 
= 0.105

p

—--- 2Y~~~~~~~ - T ~~~~~~~~~~~~~~~~~~ 

- --

,

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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FIGURE CAPTION SHEET

Figure 1 - Monocrystalline sample of GeFe2
O
4 grown by chemical vapor

transport (series 7) .

Figure 2 - The optical absorption spectrum of GeFe
2
O4 at room tempera ture

(crystal from series 3, thickness 57 ~ 5 i~m ) .

Figure 3 - The conductivity (+) and hole concentration ( r  ) of GeFe 2 O4

as a fun ction of temperature (crystal from series 7) .

Figure 4 - Temperature dependence of the Hall mobility 
~H 

of GeFe2 O4

(crystal from series 7) ; inset : variation of the Hall voltage V 11

with applied magn etic f ie ld.

— .—~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
— 

.,J~ 
-
~~~,~ ‘P~~~~

sw—--
~~~

— 
~~~~~ -

- r -fl- . - ~~ . - 

-



1-

-

I ~ ~

—.- 

~~~~~~~~~ 
- • - .  

I -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~
—.—. -

~~~~~~~
- -- 

-



2

16OO+~~~~~~~~f i’~~ ~~~~~~ 
F l

4. 
+

T
~.d2O0~~ + 

J
I
ff

.2
+ +

a. + +l~ 4OO” + + + -r
+ +

+
+
+ ++ +

I 4 ~~4 I t $ I ~~ I i i i i I i t i F4 1 4 I F-I I I I~4- I I I I

1 1 00 900 
- 

700 500
Wave length (nm )

— —-— —~~~ —
- 

—--• I 
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

—- -

~~~~~~~~ p
-

.
.--

- —---—-~~~~~ -— -~~~~
- —~~~ - ~~~~~~~~ -~~~~ -- ——-~~~~ .--.- -.~ . ~~~.



- 

. 

•

. b 
-- --

~~~~~~~~~~~~~~~~~ o ~~~~~~

I T I 
~ I I ‘ I

+

+ a
+

+ (fl~~cm~~
)

+
- 

+ 1k.,
+

+
+

+ 
+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

10

1:

+eR H
(cm 3)

-

.

.

13 - -10

I t I I I . ~ I I I ~3 4 -  5
1000/T (K~~

)

1~- ,- - .- 

-. - 

~~~~ ~

— —------- -- 
~~~~~~~~

~.



, , 

7/ —;;:~:;~:: ,~::;“

I I

0
0 .:~\

0

— -‘1W

C

p.-.

C’4

\ I.-\ .-.--..\ 0
I p 0

2
I> - C,,

‘1

I I (Y)

~~n —

>

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

:“
~~~ 

-

— — — - — •—~~~~~~~-- - _-•—I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~

=-‘---- — — —-.—-.- 

—



472:C N :716:t~
76u472—6U8

TECHNICAL REPORT DISTRIBUTION LIST, 359

No. No.
Cop ies Cop iL’

Dr. Paul Delahay Library
New York University P. R. Mallory and Company , Inc.
Department of Chemistry Northwest Industrial Park
New York , New York 10003 1 Burlington , Massachusetts 01803

Dr. R. A. Osteryoung Dr. P. J. Hend ra -

Colorado State University University of Southhampton
Department of Chemistry Department of Chemistry
Fort Collins , Colorado 80521 1 Southhampton S09 SNH

Unit ed King dom
Dr. E. Yeager
Case Western Reserve University Dr. Sam Perone
Depaitrnent of Chemistry Purdue University
Cleveland , Ohio 41106 1 Department of Chemistry

West Lafayette , Indiana 47907
Dr. D. N. Bennion
University of California Dr. Royce W. Murray
Chemical Eng ineering Department University of North Carolina
Los Ang e les , C a l i f o r n i a  90024 1 Depar tment  of Chemis t ry

Chape l H i l l , North Carolina 27514
Dr. F:. A. Marcus
Calitornia Institute of Technology Naval Ocean Sys tems Center
Department of Chemistry San Diego , California 92152
Pasacena , California 91125 1 Attn: Technical Library

Dr. ... J. Aubor n Dr. J. H. Axnbrus
“a” Bel l  Labo ra to r i e s  The E l ec t rochemis t ry  Branch

Murray  Mi ll , New Jersey 07974 1 Materials Division , Research
& Technology Department

Dr. Adam Heller Naval Surface Weapons Center
Bell Telep hone Laboratories White Oak Laboratory
Murrary Hill , New Jersey 07974 1 Silver Spring , Maryland 20910

Dr. T. Katan Dr. C. Goodman
Lockheed M i s s i l e s  & Space Globe—Union Incorpora ted

Co , Inc .  5757 Nor th  Green Bay Avenue
• P .O.  Box 504 Milwaukee , Wiscons in  53201

Sunn~’va1e , California 94088 1
Dr. J. Boecbler

Dr. Joseph Singer , Code 302 1 Electroch imica Corporation
NASA—Lewis At tention : Technical Library
21000 Brookpark Road 2485 Charleston Road

• Cleveland , Oh io 44135 1 Moun tai n View , Cal i fo rn ia 94040
• Dr. ~~. Brummer Dr. P. P. Schmidt

EIC Incorporated Oakland University
~~~~~ Five Lee Stree . Department of Chemistry

~~~~~~ 
Cambridge , Ma ssa~husctts 02139 1 Rochester , Mich i ga n 48063

• 
. 

~~~~~~~~~~ - •• .— • • ,• - - • • ~~~~~~~~~~ ~~~, ., ~~~ -~!—- - 
-
--- -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



. ‘ .  p

472:C,~~:7i6:~~ ::
78u472—~~S

TECHNICAL REPORT DISTRIBUT1O~ LI3T, UE~

•
N~o. ~

-, 1•) -

Office of Naval Research Defense Documentation Center
300 Nocth Quincy Street Building 5, Cair.eron Station
Arlington , Virginia 22217 Alexandria , Virginia 22314 12
Attn: Code 472 2

• - -
• U.S. Army Research Office

ONR Branch Office P.O. Box 1211
536 S. Clark Street Research Triangle Park , N.C. 27709
Chicago , Illinois 60605 Attn: CRD—AA --IP
Attn: Dr. George Sandoz 1

- Naval Ocean Systems Center
ONE Branch Office San Diego , California 92152
715 Broadway Attn M r .  Joe McCartney
N~w Yc rk , New York 10003
Attn : Scientific Dept. 1 Naval Weapons Centcr

China Lake , California 93555
ONR Branch Office Attn: Dr. A. B. Amster
1030 East Green Street Chemistry Division
Pasad na , California 91106
Attn: Dr. R. J. Marcus 1 Naval Civil Engineering Laboratory

Port Hueneme , California 93401
ONR Area Offi ce Attn: Dr. R.  W. Dr isko
One Hallidie Plaza , Suite 601
San Francisco , California 94102 Professor K. E. Woehler
Attn : Dr. P. A. Mi l l e r  1 Depar tment  of Ph ys i cs & Chemistry

Naval Postgraduate School
ONR B-ranch Office Monterey, California 93940
Bu il d ing 114 , Section D
666 Simmer Street Dr. A. L. Sla fkosky
Boston , Massachusetts 02210 Scientific Advisor
Attn: Dr. L. H. Peebles 1 Commandant of the Marine Corps

(Code RD—i)
Director , Naval  Research La boratory Washington , D.C. 20380
Washin gton , D.C. 20390
Attn : Code 6100 1 Off ice  of Naval  Research

800 N. Quincy Street
The Assistant Secretary Arlington , Virginia 22217

of the Navy (R,E&S) Attn : Dr. Richard  S. Mi l l e r
Department of the Navy
Room 4E736 , Pentagon Naval Ship Research and Development
W a s h i n g t o n , D.C.  20350 1 Center

Annapolis , Maryland 21401
Commander , Nava l Air Systems Command Attn: Dr. C. Bosmajian
Department of the Navy Applied Chemistry ~ivision
Washi ngton , D.C. 20360
Attn : Code 310C (H. Rosenwasser) I Naval Ocean Systems Center

San Di ego , C aL i f o r n i a  91232
.~ttn : Dr. S. Ya•sa~oto , ~1arin~Science s Di~pir ion

•T ___



I -  ~

• 4i’1~~~~~: / I ( ~~:t ~~
• 78u472—ó&o

TECHNICAL REPORT DISTRIBUTI (~ ;1ST , 359

No.
Cop ies

Dr. H. Richto l
Chemistry Department
Renss~ 1aer Pol ytechnic Institute
Troy , New York 12181 1

Dr. A. B. Ellis
Chemistry Department
University of wiscons in
Madison , Wisconsin 53706 1

Dr. M. Wr ig hton
Chemistry Department

~~~~ Massachuset ts Institute of Technology
C~rnbrid ge , Massachusetts 02139 1

Larry E. Plew
Naval. We .,.ons Support Center
Code 3073 , Building 2906
Crane , Indiana 47522 1

S. Ruby
DOE (sTOR)
600 E Street
Washington , D.C. 20545 1

Dr. Aar n W d
Brown Un v rsity

‘
~~~ Departme of Chemistry

Provid nrc , Rhode Island 02192 1

Dr. R. C. ~1udacek
McCr aw—Edison Company
Ed ison B a t t e r y  Div is ion
Pos t O f f i c e  Box 28
Bloorr.field, New Jersey 07003 1

Dr. t.. J. Bard
University of Texas
Department of Chemistry
Austin , Texas 78712 1
Dr. ~~~. M. Nicholson
Electronics I~esearch Center
Rock~.-e11 International- - 3370 Miralorsa Avenue
Anaheim, California 92803 1

Dr. ~~~. G. Sceats
• ,•,  University of Rochester

- 
-:j Department of Chemistry

~~~ Rochester , New York ll~627 1
1

• -

,‘ L 
__________________  

- - - - - - -


