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FOREWORD

Superconducting materials research is entering an exciting period of develop-

ment. The discovery of many new compounds and structures exhibiting superconductivity

has renewed interest in a variety of fundamental phenomena . This conference has

gathered together many scientists active in research on superconducting materials in
- order to review the current status of recent developments and to project their impact

- on future research . We asked the authors to prepare a brief summary of their presen—

- tations which are compiled into this report . While we were unable to include the rich

- exchanges which occurred during the question and answer periods , the essential points

- are covered so that the reader will have a better idea of the probable directions this

research will take .

The editors gratefully acknowledge the assistance of many individuals who he lped

to make this symposium a success. In particular Labni Blohin , Mark Skokan , Roy Carpenter

and Dave Jones.
We sincerely appreciate the encouragement , support and advice of R. A. Rein and

E. Ed elsack during the planning and throughout the course of this Conference.
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OPENING REMARKS

A. Berman

I welcome you to the ONR- N RL Superconducting Materials Symposium.

This symposium is indicative of the Navy ’s long term 1 continuing interest

in the phenomena of superconductivity and its applications. From 1947 to 1950 -

approximately 30 years ago - ONR sponsored seven different symposia involving 
—

cryogenics. 9 years ago in 1969 , NRL hosted 4 smyposia on superconducting materials.

The following year an ultar-low temperature conference was held at the Lab and in

1974 there was a workshop on superconducting applications also at NRL . It is clear

from these joint ONR-NRL meetings that the Navy recognizes the potential importance

of superconductivity and have made a large commitment to its eventual implementation.

For this conference , it is particularly interesting to reflect on the status of

superconducting material reseaxch as it was in 1969 and as we perceive it today . In

the 1969 symposia held at NRL , Professor B. Matthias opened the first meeting with a

talk entitled “The Where and How to Obtain High Transition Temperatures ” . In 1969.

there was much speculation about room temperature organic superconductors. According-

ly Professor Matthias , devoted most of his time telling the audience “where and how

not to obtain high T ” . Organic superconductors - as predicted by Matthias - have

not been found even though much time and effort  have been devoted in its quest.

Today we have a similar situation with the speculations of 150 K superconducti-

vity in CuC1. It is appropriate that this meeting in 1978 will address the Cud specu-

lations much as the 1969 meeting discussed the elusive organic superconductors. Will

the verdict be similar or is there more hope that Cud is a real superconductor? Some

light will be shed on this subject later this morning by Dr. Earl F. Skelton of NRL .

In the 1969 symposia, considerable attention was given to new superconducting

systems such as superconducting semiconductors, intercalated compounds, amorphous

materials and thin fi lms . At todays symposia there will be talks on granular super-

V
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conductors and on metal hydride systems. - While we see similarities between the

two symposia, the cast of materials has changed.

In the 1969 symposia , - McMillian reviewed his then recently published theory

of strong coupling superconductivity - an achievement which won for him and Rowell

the Fritz London award at the recent Grenoble meeting this past suamer. Over the

past years , this theory has been successfully applied to many superconducting materials.

Although the basic theory remains much the same as in 1969 , many refinements in

computational techniques have occurred. Dr. Papaconstantopoulus will enlighten us

on some of these theoretical facets in his talk on metal hydride systems.

Finally, I return to the quest for high T materials. Here we note very definite

differences today from the 1969 symposia. In 1969 investigators were concentrating

their search for high T materials on bulk binary compounds. One talk at the earlier

symposia entitled “ Intermetallic Compounds - an Unlimited Source” discussed such binary

systems exclusively. Certain well recognized empirical rules , such as the electron per

atom ratios or the melting points , and known favorable crystal structures, such as

the Al5 compounds , served as valuable guides for the experimentalist.

Today, much has changed and the thrust of todays symposia reflects this fact.

First , we are now entering the ternary compound era and all standard guides are not

applicable to these compounds . Elemental superconductors have a maximum T0 of about

9 K. Binary materials have T values to 23 K. Predictions of Tc values for binary

materials range up to 30 K in the elusive Nb3Si compound which will be much discussed

this afternoon. What can we expect for the T limit in ternary compounds? Perhaps

the first speaker will provide this FORECAST .

Another major difference is in fabrication techniques. In 1969 most compounds

were prepared with standard metallurgical techniques such as arc or induction melting.

Today new fabrication methods are being used to create materials which could not be

made before . Nb3Ge with a Tc of 23 K is prepaz~ed only in thin film form using sput-

vi
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tering , e-beam evaporation or chemical vapor deposition techniques.

These and other new techniques which will be discussed this af ternoon are

being used in attempts to make Nb 3Si. Thus we see two main differences in super-

conducting materials research today vs 1969 1) the active exploration of ternary

systems and 2) the use of new fabrication techniques to make selected compounds.

Let me conclude with some reflections on NRL ’s personal involvement in super-

conductivity . At NRL, we have supported basic research in the field of cryogenics

and superconductivity over the past 30 years. Bob Hem , whom you will hear later

today, joined the cryogenics Branch in 1951 and began studying properties of super-

conducting materials below 1 K. In 1971, a new group - the cryogenic and super-

conductivity branch - was formed to build and expand on early materials research

with efforts given to superconducting applications. Bob was assigned the task of

leading this group . The past 7 years - during the existence of the cryogenics and

superconductivity branch - have been very successful in these pursuits . On the

basic materials research , scientists at NRL have discovered superconductivity in a

new crystal structure - the Ti 3P-type , have theoretically calculated the supercon-

ducting transition temperature for some 40 elements and compounds and most recently,

have been investigating the nature of a unique phase transition in granular super-

conductors as well as investigated the famous or maybe infamous CuCl. Our fabrica-

tion facilities include ultra-high vacuun DC and RE sputterers and apparatus for

high pressure synthesis. Characterization facilities include refrigeration systems

to 0.01 K, magnetic fields to 20 T and pressures to 500 kbar. In the applied

areas , we hav,~ developed a new technique for the formation of V3Ga wire which has

the highest measured critical current density values in magnetic fields to 20 T. In

small scale applications we have been involved with many demonstartion tests using

superconducting SQUID magnetometers as well as carrying on an active research program

on the performance of high T
c 
refractory metal SQUID sensors.

vii
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At this symposium, we wish to explore those materials or material properties

which are not necessarily related to immediate applications . We are addressing

the question “What is the future for superconducting materials research”? Is the

future one of acquiring a better understanding or known materials and enhancing

their useful properties or might we expect to find new types of materials and funda-

mental phenomena. We hope this meeting will provide a FORECAST of things to come.
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Ternary Compound s

A . M . Goldman
School of Physics and Astronomy

University of Minnesota
Minneapolis , ldinn. 55455

Two classes of ternary compounds have emerged in the last few years

which exhibit promising superconducting properties. These are the ternary

molybdenum sulf ides and selenides , which are known as the Chevre]. phase com-

pounds, and the rare earth rhodium borides.

The Chevrel phase compounds have the general formula M
~

Mo
6
S
8 

where M

stands for a large number of metals. The quantity x varies from 1 to 4

depending upon N , and of course S can be replaced by Se. These compounds have

a rhombohedral crystal structure. They have high Ta ’s, exceptionally large

values of 11c2’ and in some instances exhibit either re—entran t superconductivity

or the coexistence with .superconductlvity of long—range antiferromagnetic order.

Thus the Chevrel phase compounds are of great technical and scientific importance ,

The rare earth rhodium borides have the general formula (RE)Rh4B4 where

RE Y, Er, Tm and Lu are superconducting. These compounds have a tetragonal

lattice and are not as technically interesting as the Chevrel phase compounds

as their Ta ’s are only moderately high and H 2 ’s are low. On the other hand ,

re—entrant superconductivity has been observed in ErRh
4
B
4 

and there is a

possibility that superconductivity and ferromagnetism coexist over some limited

range of temperature in this compound . Thus ErRh4B4 is of extremely high

scientific interest.
Note: Manuscript submitted November 21, 1978.
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The high upper critical fields of the Chevrel phases are a consequence of

the materials being dirty Type—Il superconductors with paramagnetic limiting

being reduced by spin—orbit scattering of the two states forming a Cooper

pair. A most remarkable feature of these compounds is the fact that the

additions of substantial concentrations of rare earth ions do not reduce T
C

and 11c2 as in binary and psuedobinary compounds. The addition of such ions

may even raise H
~2. 

The latter is a consequence of the rare earth ions

polarizing s—electrons in a manner that the internal field at the. Mo sites

cancels the external field. The d—electrons from the Mo sites are responsible

for the superconductivity.

The high critical fields make the Chevrel phases technically very important.

A serious question is whether ductile mat erial with high critical current

density and large H
2 can be made. The production of thin films on flexible

substrates is one way to obtain a ductile material. Possibly such films can

be made either by sputtering, or by multiple source vapor deposition onto heated

substrates.

Better samples of all materials are needed in all experiments in order

to understand in detail the delicate effects which may be involved in the

coexistence of superconductivity and magnetic order.

Details of the mechanism for superconductivity in these compounds would

be revealed if a2F(w) could be determined by quantitative electron tunneling.

Unfortunately such experiments are made difficult by the short coherence lengths

of the materials and by the fact that high quality films or bulk materials are

not yet available. Point contact experiments may produce misleading results

because of the extreme pressure sensitivity of the superconducting properties

of these compounds.

2
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An important area of work which should not be overlooked is the search

for additional ternary systems with unusual properties. Such work has intrinsic

scientific merit.

The possible coexistence of ferromagnetism and superconductivity in

ErRh4B4 which is a suggested interpretation of detailed heat capacity experiments

is extremely important. The statistical mechanics of systems of coupled order

parameters already has a substantial literature. The coexistence problem in

the specific instance of superconductivity and ferromagnetism has many important

aspects. First, is re—entrant superconducting behavior general? Secondly, is

the magnetic ordering temperature affected by the fact that the material is

superconducting? There is a thermal hysteresis associated with the lower

transition in ErRh4B4 
which may possibly be explained by a difference in the

ordering temperatures between the normal and superconducting states,

The character of the coexistence is also of interest. Long ago Suhl and

Anderson predicted that ferromagnetic spin alignment in superconductors would

occur in small domains rather than in a homogeneous fashion. There may be

evidence of what they called “cryptoferromagnetism” in some recent neutron

scattering work. On the other hand, a Landau—Ginzburg model of the coupled

order parameters suggests that the coupled magnetic—superconducting system m a y

consist of alternating magnetic and superconducting domains of a characteristic

size the order of the geometric mean of the superconducting and magnetic

coherence lengths. A combination of neutron scattering experiments and Josephson

tunneling experiments, which can measure the spatial variation of the supercon-

ducting order parameter, may be needed to unravel this problem and distinguish

between the two possibilities. It is clear that if there is coexistence the

dynamics as well as the statistical mechanics of the coupled order parameters

will be an incredibly rich field with many unexpected phenomena.

3
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The author would like to thank H. B. Maple, F. Fradin, W. Thomlinson,

C. Varma and N. Ishikawa for their assistance in preparing this lecture.
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TERNAR1 COMPOUNDS WITH RROMISING SU~~ RCONDUCTING PROPERTIES

A. INTRODUCTION

1. TERNARY MOLYBDENUM SULFIDES AND SELENIDES—CHEVREL PHASE

COMPOUNDS .

GENERAL FORMULA : M
~

Mo6Sg WHERE 11 STANDS FOR A LARGE

NUMBER OF METALS -— E.G., SN, DY, Eu, ER, ETC. AND X
VARIES FROM 1 To ~ DEPENDING ON M.

RHOMBOHEDRAL CRYSTAL STRUCTURE WITH THE ANGLE CLOSE TO 900

HIGH TC

EXCEPTIONALLY LARGE HC2 VALUES

COEXISTENCE OF LONG—RANGE MAGNETIC ORDER AND

SUPERCONDUCTIVITY

RE-ENTRANT SUPERCONDUCTIVITY IN Ho1 2Mo6S8

2. RERH4B4, WHERE RE = V, ER, TM, AND Lu
TETRAGONAL LATTICE

MODERATELY HIGH

LOW HC2
RE ENTRANT SUPERCONDUCTIVITY IN ERRHLJB4 ~

Tc1 = 8.5 K,

T~~= O.95 K)

7 
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-o S.Se.Te .Mo
The unit Mo~X, in the compounds M~Mo4S,. (a)

~~~~~~ of the X positions along the ternary ax is (b) Projection of
Mo T~sitions along the terna ry axis. (c) View of a Mo,X, unit

T~e dot-dashed line indicates the terna ry axi~

R. CHEVREL: THESIS, UNIVERSITY OF RENNES (1974)

8
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STRUCTURE OF YRH4B4. RH4 TETRAHEDRA ARE LOCATED AT THE ORIGIN

AND CENTER OF THE UNIT CELL. ONLY ONE OF THE FOUR B2 PAIRS IS

SHOWN .

C) O Rb

C) () O B

I

J. M. VANDENBERG AND B 1. MAITHIAS, PROC I NAT , ACAD , SCIII USA

Z~L 1336 (L977) .

9

—.----. —. -- -‘.5 -

~~~~~~~~~~~



- .5- .

- —
~~~~1

(j

600~~~~.. 4.2 K

...5~~~
.

Pb Mo6 S~

~~~~~~~~ I

0
-J Lw30

Nb3 Sn
20~~ : Nb3 Ge

*00 
~~~~~~~~~~~ Nb-Ti 

~ :~ ~ m ~o i2
TEMPERATURE (K)

Comparison between the critical h eld; of PbMo~S,. Nb3Ge.
Nb 3Sn. and Nb-Ti

~

i 

~

-

0, FISCHER , APPLIED PHYS , 1k., 1 (1978) 
-
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B. HIGH UPPER CRITICAL FIELDS OF THE CHEVREL PHASES

EXTERNAL FIELDS INTERACT WITH ELECTRONS IN TWO WAYS:

1. WITH ORBITAL MOTION THROUGH e.~~. ~~~
2. WITH SPIN THROUGH

THE LATTER LIMITS HC2 TO 18.4 TC (KG) BY THE SO-CALLED

CLOGSTON-CHANDRESEKHAR MECHAN I SM.

FOR CHEVREL PHASES HC2 = r~ 5-)
CONSISTENT WITH (0) OF A DIRTY, TYPE—Il SUPERCONDUCTOR.

Bui HC2(O)> 18.4 IC (2.5 x Hp(O)

EXPLANATION IS IN STRONG SPIN—ORBIT SCATTERING

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

WHEN “:~‘> I ; Hp = 1.33 ~~~ Hp0

11
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C. LATTICE PROPERTIES — SUPERCONDUCTIVITY

L SPECIFIC HEAT MEASUREMENTS AND INELASTIC NEUTRON SCATTERING

IN CHEVREL PHASES IMPLY LOW FREQUENCY MODES COMPATIBLE WITH

MOLECULAR CRYSTAL MODEL WITH Mo6X8 “MOLECULES”.

2. IIbSSBAUER STUDIES OF SNMO6SE8 ~
TC = 6.5 K) AND SNMO6S8

(I = 13 K) ARE CONSISTENT WITH SN-PHONONS SOFTENING INC
THE S-COMPOUND (HI GHT c) AND NOT IN SE (Low Ic). OTHER

EVIDENCE NOT SO CLEAR AND IT IS NOT CERTAIN AS TO DETAILS

OF THE CONNECTION AND THE PHONON SPECTRUM. ~ F(~)

STUDIES ARE REQUIRED .

3. Low TEMPERATURE LATTICE PHASE TRANSITIONS OCCUR IN

CHEVREL PHASES.

4. I~ IS NOT CORRELATED WITH M IN MMo6S8, THE RELEVANT
— CONDUCTION ELECTRONS ARE 4o ELECTRONS OF flo,11 INFLUENCES

INDIRECTLY .

5. LARGE PRESSURE DEPENDENCE OF T~.

6. ISOTOPE EFFECT IN CHEVREL PHASE M05SE& EITHER Mo OR SE
REPLACEMENT HAS SAME EFFECT. SEEMS TO BE DETERMINED

BY MO6SE8 CLUSTERS.

12
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D . MAGNETIC INTERACT iONS IN CHEVREL PHASES — EFFECTS ON T
~ 

AND HC2
1. IN BINARY PSUEDOBINARIES , Tc AND HC2 ARE LOWERED BY

MAGNETIC IMPURITIES.

2. CHEVREL PHASES ARE UNUSUAL ,

E.G., SN1.x Eu
~ 

Mo6 SE8. Eu2~ IONS HAVE ~~~~ 

= 
~ 14B’ BUT

IS UNCHANGED UP TO X = 0.5. ALSO HC2 INCREASES FROM
275 KG (~ = 0) UP TO 390 KG (x = 0.4),

IS NOT CHANGED BECAUSE IT IS DETERMINED BY D—ELECTRONS

OF Mo WHICH ARE SHIELDED FROM THE PAIR-BREAKING OF EU2+
SPINS BY A SULFUR CAGE - SMALL COUPLING .

EU2+ SPINS POLAR IZE S-ELECTRONS PARALLEL TO HEXTERNAL
AT Eu SITE , BUT ANT IPARALLE L AT Mo SITE . THUS THE INTERNAL

FIELD CAN CANCEL THE EXTERNAL FIELD!

THIS PICTURE WAS DETERMINED USING MOSSBAUER (151Eu)
AND NMR (95Mo),

F. V. FRADIN, G. K. SHENOY, B. D. DUNLAP, A , 1. ALDRED AND
C. W. KIMBALL, PHYS , REV. LETT. ~~~~~, 719 (1977).

13
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u- Gd Pb Mo S
600 -

~~~—.~~ 
02 6 8

Pb Mo6 S6
550 aS n Mo6 S8

500 
“\
\ 

£\ • Lo Mo6 Se8
a Mo Se

—~ 450 . 6 6

400 -
.x a= 3.96,

350 A~,c~t 20 a=3.25

~ 

~~1Xso ’5O

200 X~ ,Z13

150

~~~~

100 -

50

I _I~~~~I I I I I I I I

0 2 4 6 8 10 Il 14

TEMPERATURE (K)
Upper critical field Ii~, ~crsuc temperature ftir se~crat

M~Mo6X1 compotInd~

0. FISCHER, H. JONES, 6. BONGI, M, SARGENT, R. CHEVREL: J. PHYS.

Cl~ L450 (1974).
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E. SUPERCONDUCTIVITY AND LONG-RANGE MAGNETIC ORDER IN RExA~B~

PERIODIC DISTRIBUTION OF RE IONS WITH MOMENTS FROM

PARTIALLY FILLED 4F SHELLS

RARE EARTHS INTERACT VIA RKKY MECHAN ISM

MAGNETIC ORDER IS LONG-RANGE

SHARP ORDERING TEMPERATURE TM

,2.. ANOMALY IN C(T) AT

CUSP IN ~~(T) AT TM

THE EXCHANGE INTERACTION IS WEAK

14L~f~

SUPERCONDUCTIVITY IS RETAINED EVEN IN THE PRESENCE OF LARGE

CONCENTRAT IONS OF RARE EARTHS, TM ‘~J Tc’

15
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IMPORTANT RESULTS

1. DEVELOPMENT OF LONG—RANGE MAGNETIC ORDER IN THE SUPER—

CONDUCTING STATE.
H

2, CERTAIN COEXISTENCE OF ANTIFERROMAGNET ISM AND SUPERCONDUCTIVITY .

3. POSSIBILITY OF FERROMAGNETIC ORDER DESTROYING SUPERCONDUCTIVITY

AT A SEC OND TRAN SITI ON TEMPERAT URE 1C2 ‘~~
‘ 

~M

4. POSSIBILITY OF COEXISTENCE OF SUPERCONDUCTIVITY AND

FERROMAGNETIC ORDER AT 1c2’

SPECIFIC HEAT AN OMALY AT Tc2
NEUTR ON SCATTERING )

THESE SYSTEMS ARE NOT DILUTE SUBSTITUTIONAL ALLOY SYSTEMS .

ORDER IS LONG—RANGE, NOT CLUSTER OR SPIN—GLASS LIKE .

16
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COEXI STENCE OF SUPERCONDUCTIVITY AND.

LONG-RANGE ANTIFERROMAGNETIC ORDER

RE
~Mo6S8 OR REXM06SE8 (x = 1.0 OR 1.2)

1. ALL SUPERCONDUCTING EXCEPT CE AND EU WH ICH ARE NORMAL DOWN TO

50 MK BECAUSE OF KONDO EFFECT .

2. VARIATION OF T
~ 

WITH RE CAN BE ACCOUNTED FOR BY ELECTRON

DEPAIRING VIA AN EXCHANGE INTERACT ION BETWEEN CONDUCTION

ELECTRONS AND RARE EARTH MOMENT.

3. IJ~~PJ 0.01 EV

TM ~
\.- ‘nBN (EF).J

2(
~~ —l )2 J(J + j )

OBEYED QUALITATIVELY ,

4. RE1,2Mo6S8 ~ RE 
= GD, TB, Dv AND ER

FEATURE IN H
~2
(T) AT TM

5. RE1M06SE8 ~ RE 
= GD, TB, ER

2 -ANOMALY IN C(T) AT TM
CUSP IN/(T) AT TM~

6. NEUTRON SCATTERING

ERMO6SE8 (POWDERS)

Dy1 2Mo6S8

17
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TM’ T~
i - 16, DEGENNES FACTOR G~ G

2”3 FOR REMo6S8 AS

A FUNCTION OF RE.

~ (RE)12 Mo 6S8
28 1 

14

~~ 2.0 \ \~/~ 10

1 .6 
G 

8 °

1.2.~0 \ ‘ 60
U \-r \ \

I— \
- 

_ - .&~~_‘.. V
\‘ O\

E 0.8 4
I.—

0.4 - Tm • 2
•

0 
I ~~~~~~~~~~~ 0

Gd Tb Dy Ho Er Tm Yb Lu

C,:: (~~~~~~~)L J . (.~~.+ I )

/ 2 / . t~
2

M . ISHIKAWA AND J. MULLER, SOLID STATE COMMUN . (io BE PUBLISHED).
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RESISTANCE VS. 1.

• DY12 Mo6 S8
7 -

6

/ f f /  H (Oe~

/1 / f o O

f i  A 400
z 4

- a 800

Id v 850

2 -  . 1000
- 

A 1250
1-

- . 2000
0

. . • I I . . . I I . a a ~~~~ I . . a t t . a I

0 0.5 1.0 1.5 2.0 2.5

TEMPERATURE (K)

M. ISHIKAWA AND 0. FISCHER, SOLID STATE COMMUN , 2.~[, 747 (1977)
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RESISTANCE VS. I

i / I l  / T H(Oe)

1 1 7 1 1 / 00
15 1 1 1 ~ 

[ ~ A 400

iW  ‘h / J Is~ ~ f 0 800

~ / [ / /  J J .850

~~ I 7 # ~ I • ‘°°°v 1150
0.5 ’

H 1500 v 1250

0
a . I - . - I .

0 0.5 1.0 1.5 2.0 2.5

TEMPERATURE (K)

N. ISH IKAWA AND 0. FISCHER, SOLID STATE COMMUN , 2~[, 747 (1977)
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POWDER NEUTRON DIFFRACTION SPECTRA ABOVE (1 = 0.7 K) AND BELOW
(1 = 0.05) THE MAGNETIC TRANSITION . THE INSET GIVES THE ANTIFERROMAG NEFIC
ARRANGEMENT OF MOMENTS ALONG THE TERNARY AXIS .

~I/2 00) (3/7 II) (1/7 00) (1/21 0)
500•T ’07  

J~~~~~~~~~~~~~~~~~~~~~JU~~~~~~0 • (soc) , • 
(ss o ) I 

(III) (2oo}~ 1250) ,(zss )
5 10 15 20 25 30 35 40 45 50 55 60

SCATTERING ANGLE (29 )
Pkq . 4

D. E. MONCTON, G. SHIRANE, W. THOMLINSON, M. ISHIKAWA AND

0. FISCHER, TO BE PUBLISHED .
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INVERSE SUSCEPTIBILITY VS. I BETWEEN 0,8 K AND 12 K, THE INSET CONTAINS

M VS . I NEAR THE NEEL TEMPERATURE AT 1.05 K

1.6 ~
- a

Er 1 2 Mo6 Se8 +

745 ~ Field ; powdered sample +

1.2 
+ 2.1 7—4 .34 Ic+ Field ; solid sample 

+
. 

+

4
0.)

-
~~~ 

-I.
E

~~~~ 0.8 - (.05K

+ 2.9 W 
•
...

• -S S
0) .

a,. .
~~ 

S S. E 
~ 8 - • ~ 

S
S. .‘~~

.•• I.. •S

F 04- • E
•.d -~~.

‘,~~ I I I I •I I S

‘
~~0.8 0.9 1.0 II  1.2 l .~

1(K)
0 • • I

0 2 4 6 8 10 (2
TEMPERATURE (K)

A. W. MCCALLUM, D, C. JOHNSTON, R. N. SHELTON, W . A. FERTIG AND N, B.
MAPLE, SOLID STATE COMMUN I 2~i, 501 (1977).
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• Er~ 2 Mo6 Se8
8 0 -  -

•
S
S

S

7.0 - -

S
5 •

6.0 - • 
-

,
~~~~

0.)
-

~~~E 5.O - • 
-

S

C-,

4.0- . -

• S

S• •

3.0— 
: 

S

.
.

.

. 
-

2.0 - -

‘•II ,~~
•••

•. .•~~~

1.0 -

0 2 4 6 8 10 (2
TEMPERAT URE (K)

R. ti. NCCALLUM, D1 C. JOHNSTON, R. N , SHELTON, W, A. FERTIG
AND M. B, MAPLE: SOLID STATE COMMUN , 2~L 501 (1977).
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RE- ENTRAN T SUPERCONDUCTIVITY DUE TO FERROMAGNETIC OaD~
Ho1,2Mo6S8 .~ ERRH4B4

1. ERRH4B4
Tc1~~ 

8.7 K, 1c2 ” 0.9 ~
LONG RANGE ORDER OF ER3~ MOMENTS AT

HYSTERETIC TRANSITION AT TMJ NEUTRON SCATTERING 
. 

.5

2, Ho12Mo6S8 TC1 ~-‘ 1.2 K

,XAC

RETURN TO NORMAL STATE AT Tc2’~ 
0.65 K

— FROM NEUTRON SCATTERING Ho IONS IN CHEVREL PHASE ARE

ALIGNED ALONG 111 TERNARY AXIS , MAGNETIC CORRELATION

LENGTH ‘s-’ 300 g,

3. POSSIBLE COEXISTENCE OF FERROMAGNETISM AND SUPERCONDUCTIVITY

IN ERRH4B4
PECULIAR C(T) NEAR 1C2
SMALL ANGLE NEUTRON SCATTERING NEAR T

~2 
(JIONCTON ET AL ,).

.5 THEORETICAL WORK: CRYPTOFERROMAGNET ISM, SUPERCONDUCTING

a AND FERROMAGNETIC DOMAINS.

4, PSUEDOTERNARY RARE EARTHS - TEST OF THEORY OF FERROMAGNETIC

SUPERCONDUCTORS .

(ER1_x GDx) RH4B4
(Yl_xGDx) RH4B4
(ER1...xHOx) RH4B4 HOl...XLUxMO6S8
(LU1 XHOX) RH4B4
(ER1 ...xTMx) RH4B4
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RE Rh4 84::~ 
: ; L A ~~~~~

•

•

\

“ \
\

0 i a a , a a a a i

to Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

RE

Superconducting transition temperature s T~ arid mag-
netic ordering temperatures of RERh4B4 compounds (4). The dashe d
line represents a linear extrapolation of the Curie tempe rature s of
the DyRh4B4 and HoRh4B4 compounds to the ErRh4B4 compound.
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F. FUTURE TRENDS

1, HIGH CRITICAL FIELDS OF TREMENDOUS IMPORTANCE , CAN

DUCTILE MATERIALS WITH HIGH CRITICAL CURRENTS BE MADE?

POSSIBLY GOOD THIN FILMS, MADE BY SPUTTERING OR BY

USING MULTIPLE SOURCE VAPOR DEPOSITION TECHNIQUES ARE A

ROUTE TO DUCTILE, USEFUL MATERIAL .

SEE: C, K, BANKS, L. KAMMERDINER AND H, L, Luo, J, SOLID

STATE CHEM I 15~ 271 (1975).

2. BETTER SAMPLES ARE NEEDED FOR ALL EXPERIMENTS IN ORDER

TO BETTER UNDERSTAND COEXISTENCE OF LONG-RANGE ORDER AND

SUPERCONDUCTIVITY , So FAR MOST EXPERIMENTS HAVE BEEN

DONE ON SINTERED MATERIALS ,

3. MORE WORK ON MECHANISMS OF SUPERCONDUCTIVITY - .~

DETERMINED BY TUNNELING OR OTHER TECHNIQUES , ARE THERE
TRIPLET PAIRS OR OTHER MECHAN ISMS?

4. MORE STUDY OF CRYSTALLINE ELECTRIC FIELD AROUND RE IONS.

SYSTEMATICS OF VARIATION OF Tc AND TM WITH RARE EARTH IONS

NEEDS STUDY . DISPARATE RESULTS ON MAGNETIC MOMENT OF ER3+

IN ERRH4B4 AS MEASURED BY MöSSBAUER EFFECT AND BY NEUTRON

SCATTERING NEED FURTHER STUDY.

5. ARE THERE OTHER TERNARY SYSTEMS WITH SUCH RICH PROPERTIES?

A SYSTEMATIC SEARCH FOR THEM HAS HIGH SCIENTIFIC INTEREST ,

33 
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6, COEXISTENCE OF FERROMAGNETISM AND SUPERCONDUCTIVITY IN

ERRH4B4.
A. GENERALITY OF RE-ENTRANT BEHAV IOR?

B. IS T~ IN THE SUPERCONDUCTING STATE SMALLER THAN
TM IN THE NORMAL STATE?

C. WHY IS TRANSITION AT 1c2 HYSTERETIC?
D. CHARACTER OF COEX ISTENCE. Is THERE CRYPTO—

FERROMAGNETISM OR ARE THERE ALTERNATING DOMAINS? WHAT

ARE THE DYNAMICAL PROPERTIES OF THE COUPLED SUPERCONDUCTING

AND MAGNETIC ORDER PARAMETERS? PERHAPS A COMBINATION OF

NEUTRON SCATTERING AND JOSEPHSON TUNNELING CAN BE USED

TO STUDY THESE QUESTIONS , THE DYNAMICS AND STATISTICAL

MECHANICS OF THE COUPLED ORDER PARAMETERS COULD BE A VERY

RICH SUBJECT OF HIGH SCIENTIFIC INTEREST,

SEE FOR EXAMPLE: YOSEPH IMRY, J, PHYS I C.8.,. 567 (1975) .
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Granular Supercoriductors

P. Lindenfeld , Rutgers University

.5 
The granular metals are mixtures of metals and insulators,

usually prepared by sputtering or evaporation . They can have a

wide range of electrical properties , from metallic through semi-

conducting to insulating. In some cases they are superconductors ,

and can then have transition temperatures which are much higher
than those of their constituentsJ

Until recently there was a qood deal of uncertainty , and

even controversy , about their structure. This seems now to have

been resolved with the realization that there can be two quite

different kinds of material with entirely different properties.2

On the one hand there are random mixtures which are well described

by percolation theory of non-interacting mixtures. On the other

hand there may be a true granular structure, consisting of more
or less uniform metal crystallites surrounded by amorphous

insulator . (Figs. 1 and 2.)

The example of the second category which has been studied in

greatest detail is Al—A1203, and th is system will  be used to
illustrate some of the interesting properties of this class of
materials.

The granular metals are sometimes called “cermets ” or ceramic
metals. They can have the characteristic mechanical properties of

other kinds of ceramic materials, namely hardness and stability .
In part this is expected because the granular structure prevents

the existence of mobile dislocations . In addition the amorphous

insulator in the true granular materials acts as a glue to hold
the metal grains together and is therefore presumably responsible

for the remarkable thermal and mechanical stability of this class

of substances.

The main properties of Al-A1203 are illustrated on Figs. 3
and 4. The metallic region extends to about l0~~ c2cm, and is
characterized by an increasing transitthri temperature and a

1 
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decreasing grain size as the res is t iv i ty  increases. For higher
resistivities the grain size remains at about 30 A , the temperature
coefficient of resistance becomes negative, and T

~ 
is roughly

constant. With higher oxide content the grains separate , the

material becomes increasingly insulating , and superconductivity

disappears.3’4 In the region near the metal-insulator transition

the resistivity changes rapidl y with only small changes in
composition.

The excellent homogeneity and the resulting regular behavior

which can be achieved are illustrated on Figs. 5 and 6 which show

the transition to superconductivity in the heat capacity and the

thermal conductivity of two specimens in the metallic region ,

together with the relevant theoretical curves.5’6

For higher resistivities the heat-capacity transition

disappears (Fig . 7) since the grain size is too small to make

superconductivity possible when the grains are isolated .5 Fig. 8

shows the expected behavior of isolated grains of different size7

and Fig. 9 the experimental curves of Ref. 5 which are seen to

follow the curves of Ref. 7 and which can therefore be interpreted

in terms of an effective size which characterizes the intergrain

coupling.

In materials in which the rj~ ain size is large enough one can

observe two transitions, or.e when the individual grains undergo a

transition , and a second one when coupling between the grains
.5 

causes coherent superconductivity in the whole specimen.8

The remaining figures show measurements9 on a specimen of
0.04 ~cm on which the heat-capacity transition w~.s too small to

be observed in our experiment, and on a similar specimen of

0.02 ~2cin. Both specimens exhibit a regular electrical transition

(Figs. 10,12 ,13). It may be seen on Fig. 11 that superconducting

fluctuations persist at 3 K to a magnetic field of over 5T,

followed by a remarkably regular negative quadratic magneto-

resistance. The variation of the extrapolated normal-state

resistance in zero field, RN, with temperature is shown on Fig. 14,

together with theoretical curves expected for hopping conductivity .
There still seem to be some partial metallic paths in these
specimens , which may be responsible for the electrical transitions.

2
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It remains to be explored whether superconductivity is st i l l
poss ible when the electron states tend to be truly localized .

It is interesting to note that the most interesting

question , name ly that of the enhanced transition temperature ,
remains unresolved . A great deal of speculation has centered

on the possibility that the large surface-to-volume ratio of the

grains causes the average phonon frequency to be decreased . The

other possibility which has been discussed is that the presence

of the insulator leads to an enhanced electron-electron inter-

action , either via phonons , or conceivably through an electron-
mediated (“ exciton”) mechanism. It would therefore be particularly

interesting to determine whether the presence of the insulator is
10essential for the enhancement of T

~
. It has been pointed out

that in very thin f i lms enhanced T
a
’s have been observed in layered

structures which were entirely metallic.~~
1

It is clear that a rich f ield remains for the investigation
and application of granular superconductors .

1. For a comprehensive review see B. Abeles, Applied Solid State
Science (Academic Press , New York , 1976) vol. 6, p. 1.

2. G. Deutscher , M. L. Rappaport, and Z. Ovadyahu , to be published .

3. G. Deutscher , H. Fenichel, M. Gershenson , E. Grünbaum, and
Z. Ovadyahu, J. Low Temp. Phys. 10, 231 (1973).

4. G. Deutscher , M. Gershenson , E. Grünbaum, and Y. Imry , J. Vac .
Sci. Technol. 10, 697 (1973).

5. T. Worthington , P. Lindenfeld , and G. Deutscher , Phys. Rev.
Lett. 41 , 316 ( 1978) .

6. Y. H. Hsu, Ph.D. Thesis, Rutgers University , 1978 , unpublished.

7 .  B. Mühlschlegel, D. J. Scalapino , and R. Denton , Phys. Rev. B 6,
1767 (1972).

8. C,. Deutscher and M. L. Rappaport , J. de Physique , 39 , C6-58l (1978).

9. W. L. McLean, P. Lindenfeld , and T. Worthington , in Electrical
Transport and Optical Properties of Inhomogeneous Media, AlP
Conference Proceedings No. 40, edited by J. C. Garland and
D. B. Tanner (American Institute of Physics , New York 1978) p. 403.

10. M. Strongin , 0. F. Kammerer , J. E. Crow, R. D. Parks,
D. H. Douglass, and M. A. Jensen , Phys. Rev. Lett. 21, 1320 (1968).
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Fig. 1. Transmission electron micrographs and diffraction patterns
for the two types of structures. Al-Ge (left) has a true
granular arrangement; In-Ge (right) shows the pattern
characteristic of random mixtures near the percolation
threshold. (From Ref. 2.)
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Fig. 2. Computer simulation of a mixture of two
non-interacting materials near the percolation
threshold. (From Matsubara et al.)

4

_ _ _  

_T~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - - -.5 - 
‘
-.5-- 

- —~~~~~
--.~
—,--— - .5 — ---— —.5 ---

~~~~~

---.—.-— .— ~~~~~ -
‘-- --- 

~~~~~~~~~~~~~~ ~~~~~
—.-- ‘ -— ‘

2.C a

. 

-::: L -T- -%
~~~~~~~~~ I T~.,zoo . - ¼ 1

I
I / ‘.

.5 “ / ‘S 
~~ ~~~~\ i.

” • ~~

/.6~~- \ /  T
‘ 

.g
~~
..(,) I

- /00

- •
,
,
, 

‘ _T_ _.__ & 
I I :i~1Jo -s /Q~

4 io~ io~ 
-,

~~ 
(12 cm)

Fig. 3. The transition temperature and average grain size of
Al-Al203 specimens deposited on uncooled substrates. 
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separation between the two dashed curves indicates the width of
the transition. (From Ref. 3.)
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Fig. 4. The influence of the deposition temperature on the transition
.5 temperature . The grain size of the specimens deposited at liquid—

nitrogen temperature is about 20 A , compared to 30 A (see Fig. 3) for
.5 room-temperature deposition. (Adapted from Ref. 4.)
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Fig. 10. The resistance as a function of
temperature for a specimen of
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Fig. 11. The resistance as a function of magnetic
field for a specimen whose room-temperature resistivity
is 0.02 1~cm. The solid line is a parabola fitted to
the high-field data . (From Ref .  9 . )
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08 Fig. 12. The ratio Rs/RN for

/ the specimen of Fig . 11.
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RN 06 - I is the intercept of parabolas
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f ield . (From Ref .  9 . )
0.5-

0.4 -

0.1 -

0 J I  I I
(.5 2 3 4K

T

IC I

S..

— 0.1
I .\ __

‘— Fig. 13. The transition of
Fig. 12 plotted so as to show
the change from 3—dimensional

Z to zero-dimensional fluctuations ,
\ (From Ref. 9).

001- - -

I I

0.01 0.1 (.0 10
T/Tc 1



—.5 ‘ .- •~~~~~~~~~~~~~~ ,~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘- -— - 

fl I I I I

600 - 3c~ 1\\2

.5

— 

R
5~~~~~~~

1

Fig . 14. The resistance of the specimen of Ref .  9 as
a function of temperature. Curve 1 is calculated for

the Mott hopping conduction formula a = c
0
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and curve 2 for the relation a = a
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P. Sheng et al. (Phys. Rev. Lett. 31, 44 , 1973) .
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SUPERCONDUCTIVITY IN (SN) AND ITS HALOC.EN DERIVATIVE (SNBr 0 4 )

W. D. Gill
IBM Research Laboratory
San Jose, California 95193

The electronic properties of polysulfur nitride (SN)~ have been of considerable
interest since Walatka et al. [1] showed that it is a metal and Greene et al. [2)
found that (SN)~ superconducts below 0.3K. Initially (SN)

~ 
was believed to be

a quasi l—D metal, an inorganic analogue of the 1—D organic metals such as
TTF—TCNQ [3). However l—D metallic systems are inherently unstable, undergoing
a metal—insulator transition at finite temperature. The persistence of metallic
conductivity to very low temperature and the observed superconductivity indicated
that (SN) had sufficient interchain coupling to stabilize its metallic properties.
Detailed ~and structure calculations (Fig. 1) and a variety of experiments have
confirmed that (SN)~ is a highly 

anisotropic rather than 1—D metal [4]. However .5

(SN)
~ 

remains of considerable interest as a prototype polymeric and metal—atom—
free superconductor. Its anisotropic properties are also of considerable in-
terest in understanding the role of interchain coupling in stabilizing the .5
metallic and superconducting properties of quasi l—D systems. .5

Since the discovery of superconductivity in (SN)~ 
many unsuccessful attempts .5

have been made to synthesize analogous compounds. Recently the first chemical
modifications of (SN)

~ 
have been synthesized by reaction with halogens [5).

The most extensively studied of these (SN)x derivatives is (SNBr04)~ 
[6). On

bromination (SN)x crystals change color from gold to blue/black and swell ex-
tensively perpendicular to the chain axis but maintain their fibrous nature.
Structural studies with x—rays and particularly transmission electron microscopy
(TEM) show only small changes in the (SN)~ 

lattice parameters and indicate
that most of the bromine is located at the periphery of —20 A diameter (SN)

~ 
fibers

(Fig. 2). A commensurate superlattice structure with period 2b is observed in the
TEM diffraction patterns (Fig. 3) suggesting that the bromine is ordered
along the (SN)

~ 
chains.

In this talk we will compare the electronic properties (Figs. 4 to 7) and
especially the superconducting properties (Figs. 8 to 11) of (SN)

~ 
and its

halogen derivative (SNBr0 4)~ . A model involving suppression of electron—hole
scattering processes is presented to explain the dramatic changes in the electronic
properties on bromination of (SN)~ . Assuming charge transfer of approximately
0.1 electrons/SN unit from the conduction band , the Fermi level is lowered
about 1eV . This lowering of EF expands the hole pockets and shrinks or even
eliminates the electron pockets suppressing electron—hole scattering.

The decreased width of the superconducting transition in (SNBr0 4)~ [6,73,the change to a well—behaved perpendicular critical field (73 and the observation
of a complete Meissner effect [8] are indicative of increased interfiber coupling
in the superconducting sense, i.e., (SNBr0 4)x is more representative of bulk
three—dimensional superconductivity than is (SN)

~
.
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Figure 3. (a) Electron diffraction pattern from a bundle of (SN)
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showing the b*c* reciprocal lattice net. Streaking perpendicular to the b*
direction is caused by the small lateral dimensions of the fiber. (b) Electron
diffraction pattern from a bundle of (SNBr0.4)x fibers oriented similarly to
(a). The simultaneous occurrence of (002) and (102) reflections and the
larger streaks are attributed to extensive twinning of the (SN) - (c) Electron
micrograph of (SNBr 0 4 ) twinned fibers with 20A dimensions . 
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STUDIES OF CuC1 at ELEVATED PRESSURES
.5 

E. F. Skelton*
Naval Research Laboratory

Considerable international attention has recently been focused on
CuC1 because of reports by Soviet scientists of an extremely large diamagnetic
anomaly at 5 kbar pressure and at temperatures above 100 K (Fig. 1) (1].

.5 . Brandt, Kuvschinnikov, Rusakov, and Semenov have interpreted their experi—
.5 mental observations as evidence of a state of “perfect” diamagnetism which

they identify as a Meissner effect [2]. They further suggest that this may
be an examp le of high temperatu re “excitonic ” superconductivity. Preliminary
reports of anomalous diamagnetic susceptibilities have also been made by I.
Lefkowitz and co—workers and by C. W. Chu and his colleagues [1]. In all
cases, the effects appear to be associated with non—equilibrium conditions, as
they are observed only under conditions of very rapid cooling or warming and
only in “certain” samples.

Another unusual phenomena observed in CuCl is the pressure dependence
of the room temperature resistivity. Originally Serebryanaya, Popova, and
Rusakov(3] and, subsequent to that Chu, Early, Geballe, Rusakov and Schwall
(4], reported a precipitous drop in the resistivity of more than six—orders of
magnitude at about 40 kbar , followed by an equally large rise at higher
pressures. Serebryanaya et al. report a resistivity above 100 kbar of
about 10 ohm—cm , slightly greater than the ambient pressure value (3].
The phase diagram of CuCl is rather complex and not yet completely understood;
a summary of the available data is presented in Fig. 2.

Several months ago, studies were undertaken at NRL with the objective
of providing additional information on some of the unusual properties of
this material. All samples used in this work were freshly prepared within
days of the various measurements by first forming a saturated solution of CuCl
in 5N—HC1. The solution was then diluted 9:1 with distilled water , the
CuCl filtered out, and subsequently washed in glacial acetic acid, ethanol,
and f ina l ly , dry ether.  The product was dried in an oven at about 90 C
and stored in a desiccator under vacuum.

High pressure x—ray diffraction measurements were performed in a
diamond—anvil pressure cell to confirm the observations of Serebryanaya et
al. (3] of a zinc blende—to—tetragonal phase transformation at room temper-
ature and about 60 kbar, as well as a tetragonal—to—NaC1 transition at higher
pressures. Specifically , our preliminary data show approximately a 142
volume reduction at 60+2 kbar and less than an 1% volume change at 108±3 kbar
at the tetragonal—to—NaCl transition. We also find the NaC1—structure stable
to 225±6 kbar. This information is summarized in terms of the compressibility
data plotted in Fig. 3.

*Other researchers contributing to the results reported here include
F. L. Carter, C. T. Ewing, F. 2. Rachford, and A. W. Webb from NRL, I. L.
Spain and S. C. Tu from the University of Maryland , and R. A. Hem from
NSF.
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We have also monitored the optical properties of the samples in trans-
mitted white light in a manner similar to that employed by VanValkenburg [5]
in his earlier studies of selected silver and cuprous halides. Contrary to
our aforementioned high pressure techniques, the optical properties of CuC1
were examined in an ungasketed diamond—cell. Thus the sample is observed
throughout a pronounced pressure gradient ranging f rom ambient at the periph-
ery, to a maximum value near the center of the cell. The cell was clamped to
a pressure estimatea to be in excess of 100 kbar and a series of four micro—
photographs were recorded (Fig. 4). The dark ring seen in all frames was
observed immediately after pressurization. The opac-~ty in the central region .5

was observed to grow with time; approximately twelve hours were required to
achieve the condition in frame 4 of Fig. 4, after which no further changes .5
were detected. These observations were readily repeated on several samples
and are similar to the results reported earlier by VanValkenburg (53 . It was
observed however that the sluggishness of the central, opaque transition did
appear to increase with increased age of the samples. Upon release of pres-
sure, the material was observed to transform back to 1t8 original transparent
form. The central, opaque region generally passed through an intermediate
brownish stage as the pressure was lowered. Samples similar to those shown in
Fig. 4 were also cooled to L—He temperatures; it was found that after cryo-
genic cooling, the reverse transformation was extremely sluggish —— in one
instance, the opacity remained for seven days after release of the pressure,
thereby suggesting a thermally driven reaction. Based on our x—ray measure-
ments, we believe the central, opaque form to be the NaC1—structure.

In a separate, but similar experiment, the relative magnetic suscept-
ibility of CuCl was monitored with an a.c. mutual inductance bridge. It was
found that the growing opacity discussed above was accompanied by a strong
change in the relative magnetic susceptibility (Fig. 5). Once the optical
properties of the sample reached a stationary state , the susceptibility
stabilized, as evidenced by the relatively small variation of the signal
24—hours after pressurization. A similar phenomenon was observed in what is
believed to be the first example of microwave absorption measurements in a
diamond anvil pressure cell (6]. In thiø case the CuCl filled pressure cavity
was contained in the inductive leg of a microwave resonance circuit. Again ,
immediately after pressurization, there was a significant and continued
increase in the Q of the circuit and an accompanying shift in the resonance
frequency. As the growth of the opaque phase waned , both the Q and the
resonance frequency stabilized. All indications are that the transformation
involved is to a more conductive or metal—like phase. This is inconsistent
with the observed increase in the resistivity in this pressure region reported
in Ref. [3] and (4].

Several mechanisms have been proposed to explain the aforementioned
anomalous diamagnetic susceptibility. Brandt et al. (2] have suggested
that this may be the first example of electron pairing through excitonic
states, as originally proposed by Ginsburg (7]. The idea of Allender, Bray,
and Bardeen (8] that this mechanism may be enhanced by the close interaction
of a metal with a Fermi energy inside the semi—conductor band gap, thereby
providing an ample source of electrons for the excitonic coupling has also
been cited in this regard.*

*We are grateful to Dr. Feldman of NRL for pointing out that the
predictions of potentially very high superconducting transition temperatures
in these models, e.g., T > 100 K (cf. [9]) has been criticized by Phillips
(101 . c
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Abrikosov (11] has suggested that the anamolous properties may be the
result of the formation of “metallic excitoniun,” i.e., a Wigner—hole lattice,
and that the electron pairing can couple through phonons in the Wigner lattice.
Finally, Blount and Phillips have proposed that much of the pecular behavior 

.5

of CuCl may be due to a Guinier—Preston transitional precipitate occurring
through the disproportionation reaction: 2CuC1 —— > CuCl2 + Cu.

We have undertaken a series of experiments to assess the extent to
which the aforementioned disproportionation is enhanced by elevated pressures.
A CuC1 sample was pressurized in the NRL tetrahedral press to 60 kbar and held
at that pressure for about 20—hours; before releasing the pressure, the sample
was quenched to L—N, temperatures. The specimen was then quickly transfer-
red to the sample chau~ber of a~+

ESCA facility. Scans were made to identify
the presence of Cu, Cu , and Cu • In Cu , the ESCA cross—section is greatest
for the 2p—3/2 electr~n for whWl the binding energies are 932.4, 931.9, and
935.5 eV for Cu, Cu , and Cu , respectively . Three ESCA scans in the
energy range of interest are shown in Fig. 6. The scans f or both the unpress—
ed samp le and the interior bulk of the pressed sample (24 hours after release
of pressure) show no signs of any cupric ions. The surface of the pressed
sample however (middle curve) does show a cupric signal at about 935 eV. The
poor quality of the scan in this case is due to the presence of carbon also
found on the surface which is predominately caused by the graphite electrical
contacts used in this particular run. It is at present unclear whether the
absence of a cupric signal from the interior of the pressed sampl~ is due to
the fact that the disproportionation is a surface effect or a retransformation
back to the cuprous form. In any event, the data are not yet conclusive and
additional studies involving, inter alia, extended ESR and compressibility
measurements of CuC1

2 are presently underway.
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Figure 1
Temperature dependence of the diamagnetic susceptibility of CuCl at 5

kbar on cooling (solid curve) and warming (dashed curve). (Taken from Ref.
[2].)
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Figure 4

Microphotographs of CuC1 pressed between the anvils of a non—gasketed
diamond—anvil pressure cell. The pressure is estimated to be in excess of 100
kbar near the center and drops off to ambient at the periphery . Frame I was
taken immediatel y a f t e r  pressu r izat ion , frame 2 app roximately one hour later ,
frame 3 several hours later , and frame 4 approximatel y 12 hours later. See
text for  addit ional  details .
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keted diamond—anvil pressure cell versus the time after pressurization. The
growing opacity shown in the central regions in Fig. 4 is accompanied by the

.5 strong, continued changed in the relative susceptibility. The bridge was
rebalanced throughou t the run to bring the signal back on scale; these points
are identified by arrows in the lower portion of the figure .
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ESCA scan of several CuCI samples. The top curve is from an unpres—
sed samp le and shows strong cuprous peaks at 951.6 eV (2p—l /2) and 932 eV
(2p—3/2). The middle curve was recorded after the samp le had been pressed to
60 kbar for about 20—hours and quenched to L—N 2 temperatures ; indications of
both cuprous and cupric (935 eV) peaks are present. The bottom curve is from
the interior of the pressed material and about 24—hours after removal from the

.5 press. See text for additional details.
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Superconducting Properties of Hydride Systems

.5 D. A. Papaconstantopoulos , B. M. Klein and L. L. Boyer

We are concerned here with the phenomenon of super-

conductivity in metal hydrides. We present a summary of

the experimental situation and an outl ine of the theoretical

interpretation given by the Naval Research Laboratory (NRL ) group

in the case of palladium-based hydrides.

Hydrogen added in metals usual ly occupies the octahedral

site in fcc lattices and the tetrahedral site in bcc lattices.

The physical and chemical properties of these hydrides are

often quite different from those of the host metal . An under-

.5 standing of these differences has been attempted in the past

.5 via two simple models. The proton model which has the hydrogen

electrons f i l l ing up the empty upper states of the host metal ,

and the anion model which adds a low-lying hydrogen state to the

states of the host metal. Since the first works of Switendick1

appeared , it has been recognized that the band theory picture —

which accounts for both the proton and anion models — is the

.5 most reliable method to provide the foundations for interpreting

the experiments in metal hydrides .

.5 The first example of enhancement of the superconducting

.5 
temperature Tc due to the presence of hydrogen , was reported

in 1970 by Satterthwaite and Toepke 2 for Th 4 H 15. In 1972

1 

.5 . 5- — - -—  -
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Skoskiewicz3 discovered superconductivity in PdH , and shortly

after Stritzker and Buckel4 using ion-implanation confirmed

this result and also found that replacement of H by D increases

Tc even further (inverse isotope e f fec t) . Several measurements

of T
~ 

in PdH followed these discoveries and many theories were

proposed to explain these phenomena .

We present here the theoretical interpretation of fe red

by the NRL group and co-workers .5 8  This theory is based on

elaborate band structure calculations, neutron scattering data

and on an application to compounds of ideas put forward by

McMillan , 9 Hopfield 10 and Gaspari-Gyorffy.11 The results show

that the high value of Tc in PdH (D ) is mainly due to the softness

of the optic mode phonon frequencies which are associated with

local hydrogen vibrations. This is a quantitative verification

of an earlier suggestion by Ganguly .
12 

Ganguly12 also proposed

that the observed inverse isotope effect is caused by the effective
.5 

increase of the Pd-H force constant over the Pd-D force constant ,

due to enhanced anharmonicity of the H motion . Using our band

structure results and neutron scattering data 13 for both PdD

and PdH , we have again confirmed quantitatively Ganguly ’s idea.

We have also calculated the x-dependence of T
~ 

for PdH
~ 

and PdD
X.

.5 In this calculation we employed f irst  the rigid band approximation

( RBA) ,6’7 which allowed us to use the band structure of the

stoichiometric case (x = l . 0) .  We then confirmed the validity

of the RBA, for a narrow energy range around the Fermi

2

L .5
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level , by performing coherent-potential-approximation (CPA)

calculations.8 The physical picture which emerged from both

the RBA and the CPA appro.~ches regarding the x-dependence of

is that the strong hydrogen dependence is mostly due to

the fact that the wavefunctions at the Fermi level acquire

more and more hydrogen s—character with increasing x.

Hi gher superconducting transition temperatures have been
14 - .observed by Stritzker in Pd — (Cu ,Ag, Au) -H alloys , while lower 

.5

T
~
s have been measured for Pd-(Rh ,Ni ) -H alloys. We have per-

formed calculations’5 of the electron—phonon interaction and

Tc for Pd1_~A~~H~ and Pdi_y flhyHx as a function of both ~i and x,

using the virtual crystal approximation to allustrate the y

variation and both the REA and the CPA to treat the x-dependence.

We have found that addition of Rh to PdH decreases the hydrogen

site electron-phonon interaction 
~H ’ while addition of Ag to

PdH increases Due to the fact that there are no neutron-

scattering data available for a wide range of concentrations

in these alloys, we cannot make a precise determination of T
~~

.

However , the above variation of T
~H 

strongly indicates decrease

of T
~ 

by the addition of Rh and enhancement of Tc by the addition

of Ag.

3
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Ti~15(D) AND ThH2

SATTERTUWAITE AND TOEPKE TC 
= 8.30 K

NO ISOTOPE EFFECT

WINTER AND RIES CLUSTER CALCULATIONS

LAU ET AL. NMR STUDY

WEAVER ET AL. PHOTOELECTRON SPECTRA

NARROW OCCUPIED CONDUCTION

BAND 1 EV

LARGE GAP FROM BONDING

STATES 2 EV
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Fig. 1: Maximum in the (N i-Pd-Pt )-H system
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FIG. 2: MAXIMUM T
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IN THE (Rh—Pd-Ag)-(H,~) SYSTEMS
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“~ STRITZKER AND BECKER .5

TC

PdD 10.7

PdH 8.8

PdL! -

PdB 3.8

PaC 1.3

PdN -
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Nb-H

WELTER AND JOHNEN : TC AND RESISTIVITY

FOR X > 0.7 HYDRIDE PHASE TC 
< 1,30 K

FOR 0 < x 0.7 TWO-PHASE REGION TC = 9,4 K

RESIDUAL RESISTIVITY EXHIBITS A

MAXIMUM AT X ~ 0,69

.5 WEAVER ET AL. OPTICAL ABSORPT IVITY SPECTRA

Nb-D

RowE El AL. NEUTRON SCATTERING

ACOUSTIC MODES ONLY

V-H

HAUCK VH2 TC = 3,90 K
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Fig. 1. Variation of T~ with composition , X, in the
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AS A FUNCTION OF X AND Y IN PD1_yAGyHx AND PD1_yRHvHx

APW CALCULAT IONS FOR PDH10, A6H110 AND RHH1,0

VCA FOR PD0 7A60 3 H10, PD0 5 AG0 5 H10, PD0 9RH01H10

AND PD0 5RH0 5H10
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nA (X) : RIGID BAND APPROX I
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ELECTRON-PHONON COUPLING

1(x) = ~ ~~(x) 
~ + ( _ ~~(x~ ).11 M< .c~> H PD(AG)

= DETERMINED FROM

NEUTRON SCATTERIN G DATA

ROWE El AL., RAHMAN El AL.

MCM ILLAN-DYNES

T
~

(x) =~~~~~‘~~~ EXP [_1.04(1+~~(X))/( 1(X)_J.t*(X)_0.62~~(X)J4. (X) 

~J
* 0.26~~ (E )j

~-~- 
(x) = - I F BENNEMANN-GARLAND

/ 1 +flT(EF)

2[O(~(x) “~
(PD’~AG)1

= (x)

2 IH~~ 2(x) _ _ _ _ _ _ _ _ _ _ _ _ _

= 2MHC1JH ‘~~PD(AG) 
= 2MpD(AG)GJpD(AG)
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CONCLUSIONS

1~) APPEARANCE OF SUPERCONDUCTIVITY IN THE Pd-H

SYSTEM IS MAINLY DUE TO THE SOFTNESS OF THE OPTIC

MODE PHONON FREQUENCIES WHICH ARE ASSOCIATED WITH

LOCAL HYDROGEN VIBRATIONS.

2.) THE INVERSE ISOTOPE EFFECT IS CAUSED BY THE

INCREASE OF THE Pd-H FORCE CONSTANT OVER THE Pa-D

FORCE CONSTANT, DUE TO ENHANCED ANHARMONICITY OF

THE H MOTION 4

3.) THE HYDROGEN (NOBLE METAL) CONCENTRATION

DEPENDANCE OF IS MAINLY CONTROLLED BY THE VALUE

OF 
~SH(EF)I

20
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THIN FILM SUPERCONDUCTING MATERIALS RESEARCH

R. H. Hammond*
W. W. Hansen Laboratory of Physics

Stanford University
Stanford , California 94305

1. INTRODUCTION

This paper will discuss a limited number of topics that relate to the

synthesis of thin film superconducting materials. These include a discussion

of recent published work on Nb
3

Ge , and the suggestion of an important impurity

that results in a wide divergence in the conditions of forma tion for optimum

superconduc ting T . This is followed by a discussion of the phase stability

of A15 Nb
3
Si . Concluding that both Nb

3
Ge and Nb

3
Si are very sensitive

to cer tain impuri ties, in particular hydrogen, an alternate solution using

epitaxial growth to stabilize the A15 structure is reviewed. Speculation on

other AlS’s of potential interest follows. Finally, some recent resulLs on

the different types of microstructures obtained using a three source elec tron

beam evaporator , and the critical current pinning found, are noted.

2. Nb
3
Ce — VARIABILITY IN RESULTS AND METHODS

Starting with Gavaler,
1 sputtering, CVD, and electron—beam evaporation

have been successful in synthesizing high—T material. However, it remains a

disturbing fac t that there is no agreement on the conditions fo r the optimum

performance , i.e., each experimenter finds a different set of experimental

parameters that are successful for his apparatus. Can the effects of the

method of preparation be separated from the intrinsic properties of Nb3Ge?

Two recent publications both demonstrate the variability and offer a possible

*Supported in part by the Air Force Office of Scientific Research Contract
No. F49620—78—C—0009.
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explanation: The amount hydrogen in the lattice during formation is the

main parameter. The papers: Lanford , Schmidt, Rowell, Poate, Dynes, and

Dernier, Appi. Phys. Lett. 32, 339 (1978),2 and Buitrago , Toth, Coidman,

Schwanebeck , and Dayan, Appi. Phys. Lett. 32, 341 (1978).~

Figure 1, 2, and 3 taken from several figures in the paper by Lanford et al.,

summarize their results on two experiments (Curve (1) and (2)). Curve (1), Fig. l,2,and 3

shows the dramatic effect that hydrogen has on T and the lattice parameter

when a film with a high_T
a 
is dipped into a HF:H

2
0 solution for varying

amounts of time,giving a uniform distribution of hydrogen throughout the specimen.

The lowering of T is roughly linear with the hydrogen concentration ,

AT ~ l°K/at.%H . Next,they analyzed a series of samples made at differing

substa~ate temperature for T and H concentration (without dipping in

acid). The results,shown in curve (2) of Fig. 1, also show the apparent effect

of H on lowering T , although for some unexplained reason the initial

slope is “ 50 times greater, AT ‘
~ 46°K/at.% H, as compared with H doping

Unfor tunately, the lattice constants were not shown for these specimens, so

it isn’t known how it compares with the behavior found on the doped specimens.

As shown in Fig. 2, the relation between the lattice constant and T
c 

is

different for H dop ing as compared with changes in compos ition,curve (3).

This curve is for specimens of differing Ge concentration, resulting in

an expanded single phase A15 lattice as the Ce is reduced from its 3:1

composition (as discussed later, the data is for Nb—Ge electron—beam deposited

onto Nb—Ir). Radiation damaged Nb
3
Ge also exhibits an expanded lattice

and reduced T: typically these data fit on curve (3). The main feature

of 11 doping is to expand the lattice initially at a fast rate (Fig.2 and 3) with

only a slight reduction in T as a function of the a . Another feature

is that it is nearly reversible. Annealing for 10 minutes at ~ 600°C restores

the T
~ 

and a
0 

to nearly the original values.

2 
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It should be noted that the effects seen with H in Nb
3

Ge have

earlier been seen in Nb
3
Sn,

4 the main difference being that it is easier

for H to pass in and out of the sample in the case of Nb
3
Ce . This is

presumably a function of the degree to which the oxide at the surface acts

as a barrier.

We wish now to compare the results found by Lanford et al., in particular

the “as—deposited” results shown in curve (2) in Fig. 1, with the results

found by other workers.

The data from curve (2) is replotted on the right—hand side of Fig. 4,

now, however, with the substrate temperature the abscissa. On the left—hand

side of Fig. 4 is plotted the data fr om the second paper3 (Buitrago, Toth,

et al.). Their apparatus gave a completely different result, T
c 

maximizir~-ç

at a low substrate temperature. Also plotted in the lower lef t is the

measured °2 
concentration (H has not yet been analyzed for). A poss ible

conclusion from these data is that the presence of 02 
has reduced the

effect of H
2 

in the sample, and thus the rise in T
~ 

is due to the decrease

of H , and H , not T (substrate), is the primary parameter.

J. Rowell had earlier made the suggestion that this is the effect

in those cases where “dop ing” gases are purposely admitted during the formation

of the films.
5 

Here we are suggesting that the underlying reasons for the

wide diversity in the reported optimum substrate temperature and other parameters

is actually related to the variability in hydrogen, and oxygen, and other

impurities that cancel the effec t of hydrogen, in each of the different apparatus.

Gavaler et al.
6 
has proposed that the Nb

3
Ge phase stabili ty is dependent

on impurities that result in an initially enlarged lattice (thermodynamically

stable) due to interstitial impurities. This occurs at the substrate; further

growth proceeds via a homoepitaxial process , with the lattice gradually

contracting and with a resulting rise in T
~

3 
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We note that the impurities could be the formation of stable “t raps”

fo r the hydrogen that is always present in these experiments. It appears

that 0 and N in niobium form stable 0-H and N—H bonds. 7 High T2 2 c
Nb
3
Ce has been formed by admitting as doping gases (during the growth)

O2~ 
N2,

8’1° Cl2 ,
9 air,8 and in the form of Sill

4 
. It

remains to be shown that these form traps for hydrogen in Nb
3
Ce .

Because of the high mobility and probable low equilibrium concentration

of H in Nb—Ge at the temperatures used for its formation (>500° C),

the concept of traps for the H is necessary in order to explain the

subsequent measurement of large amounts of hydrogen.2 The trapping concept

would require that in addition to the H , the other partner (0 , N , ete)

would also show up, unless structural defects in the Nb—Ce itself could

act as traps (under conditions where these can not anneal out).
2

These conclusions are consistent with the results found by a number

of electron beam—evaporation experiments.8’9’~~ In Fig. 5 and 6 are shown

the results of Hallak, Hammond, Geballe, and Zubeck,9 in which it was

shown that 02 (and Cl2
) added during the formation of Nb

3
Ge extends

the region of A15 towards higher Ce and toward stoichiometry, increasing

the . The T begins to show an increase when the partial pressure

of the admitted 02 becomes about equal to that of the H2 . As indicated

in the bottom of Fig. 5, the effectiveness of the 02 addition is lessened

as the substrate temperature is lowered below ~ 750°C. in Fig. 6 is shown

another manifestation of this: the lattice constant of the A15 phase remains

constant in the two phase region when the conditions are optimum for high_Ta

i.e. T > 750 , and with 02 present. However, at lower T~ the a0

suddenly rises upon leaving the single phase A15 region. Measurements “y

Lanford on specimens made in the same apparatus show that the H concentration is a facto:

of ten times higher in the two phase region (compared to the single phase) for a T of 700°C.
4 
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It is interesting that the A a seen in Fig. 6 is consistent with the

measured concentration and the A a shown in Fig. 3 (i.e. H doped Nb
3
Ge).

However, this apparent correlation must await an actual measurement (The

H mea$urements were made on Nb
3

Ge deposited on Nb
3
Ir films: 2 to

S at.7.H was found in the two—phase region. It would be interesting to

see if the a in these “epitaxial grown” Nb
3

Ge remains constant).

Thus for some still unknown reasons the H is higher and concentrated

in the #d5 regions in the mixed two phase, as compared to the single phase

AlS, in the same sample. Perhaps the two—phase structure forms traps for H.

The T
~ 

change observed in the 700°C and two—phase specimens is in

agreement with that found for the “as grown” at different T5 material,

curve (2) of Fig. 1.

Before discussing a final recent paper on the growth of Nb
3

Ge

the present situation concerning the synthesis of Nb
3
Si is discussed.

3. Nb
3
Si

The purpose here is to review the efforts to synthesize A15 Nb
3
Si in

order to see if any of the lessons we may have learned about the formation

of Nb
3

Ge are applicable to Nb
3
Si , and to establish if possible the stability

conditions for the A15 structure in Nb
3
Si

The work of S. }lazra and R. Hammond, working at U. C. Berkeley in

1970—71, using multiple source electron beam evaporation are reviewed first.

The details of this work have not been published before, appearing mostly
12,13,14in Hazra s M.S. thesis.

A series of phase spread (typically covering the range 11—36 at %Si)

depositions were made at five substrate temperatures between 100°C and 530°C.

A15 structure was found over a limited range of composition, which increased

towards more Si as the T5 was increased. The A2 phase bounded the low

5 
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Si side, and an amorphous component bounded the high Si side (see Fig . 7).

The sharpes t Al5 structure (as determined by X—ray diffractometer traces)

and the highest T was observed at 21% Si and a T = 530°C, where the

Tc 9.3°K, and gave a lattice constant of 5.17 At 25% and

530°C , both A15 and the amorphous component were present as seen in Fig. 8.

The Tc was 9.1 K. The main emphasis was then put on annealing the various

samples with the expectation that the amorphous component would by nucleation

from the already existing A15 phase order into an atomically ordered A15

structure at 257~ Si with a much higher T . Figure 9 shows the result of

a 24 hours at 720°C anneal of a 200°C deposition , at 25%Si. As—deposited

it was mostly amorphous; it now showed A15 plus the Ti
3
P tetragonal structure,

and still an amorphous component. Figure 10 shows the result of annealing

a deposition with broad Al5 plus amorphous phase: much more A15 and less

tetragonal structure resulted. Figure 7 shows the summary of the annealing experi~ent~

the amorphous component transformed mostly into the high temperature equilibrium

phase (tetragonal Ti3
P). It is not certain how much of the Al5 came from

the amorphous phase, as compared to coming from disordered A15 regions. It

appears (although this is not certain) that the A15 phase is stable against

transforming to the tetragonal phase during an anneal at 720°C for 24 hours.

In no case did the T increase above the 9.3 value.c

In summary, it was found that the A15 phase was stable at least to 720°C.

The range of composition over which it existed changes from very Si poor (11%)

at 100°C to ~ 21% at 530°C on the Al5—A2 boundary. The silicon rich boundary

is less well established , as it gradually merges into an amorphous region.

Annealing the amorphous material produced the tetragonal Nb3Si structure.

A number of methods have synthesized A15 Nb
3
Si since 1971. Table I

summarizes most of the published work. Some of these indicate that the A15

is stable up to 1000°C. An exception is the CVD work of Kawamura and Tachikawa

6
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P (1975), in which the limit was 900—950°C. Also noteworthy was the region

over which the A15 phase was found. The composition range resembled that

of Hazra and Hammond , but shifted in temperature to 800—900°C.

The most recent results of Dew—Hughes,
23 and of Somekh and Evetts2°

are very exciting, and lead us to continue to believe that eventually

Nb
3
Si will set the record for T • Just as was found previously for

Nb
3

Ge , the variability in results for Nb
3
Si lead us to suspect that the

same factor is important, namely H . This is to some extent evident in

Soiuekh and Evetts results, and is certainly found in our recent work at

Stanford.

The history of the synthesis of Nb
3

Ge , and the recent work on Nb
3
Si,

point out the need for better characterization of the:

a. Synthesis conditions, i.e., in situ characterization of sample

composition and structure, as well as the temperature of deposition, and

impurity elements in the synthesis environment.

b. Composition and structure of the material while the specimen is cooled,

and removed from the apparatus. For example , all- transition metal alloy and

compounds are good adsorbers of hydrogen; it is usually an oxide surface

layer that prevents an immediate uptake of hydrogen from the ambient atmosphere.

Structural transformations may occur between the T and room temperature,

and at lower temperature.

4. EPITAXIAL STABILIZATION OF METASTABLE PHASES

An alternate solution that has worked in the case of Nb
3

Ge , and

appears to not be nearly so sensitive to the impurities, consist of depositing

the desired material on top of another more stable structure with a similar

lattice constant. This was successfully accomplished by A. Dayem (Bell

Telephone Lab) and the Stanford group, at Stanford.
24 First niobium and

iridium were co—deposited to form the Al5 Nb
3
Ir phase with a spread in Ir

7 
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composition and a consequent spread in lattice constant , which roughly

but not exactly matched that of Nb
3

Ce . Then, immediately, the Ge was

substituted for Ir , and the Nb
3

Ge deposited. The resulting Nb
3

Ge was

single phase A15 to 26% Ce , the T
~ 

peaked at 25% Ge (T
~ ‘ 

22.5°K), all

without adding 0
2 or other gas.

This technique is of course applicable to Nb
3
Si . A number of groups

are in the process of attempting to use Ti3Au as the AlS with a lattice constant

that comes close to matching that expected for Nb
3
Si

5. BEYOND Nb
3
Si — ARE THERE OTHER Al5 SUPERCONDUCTORS?

(1) Empirically, the T vs a0 of the Nb
3
X Al5 follow a remarkably

smooth curve through Nb
3
Sn , Nb

3
A1 , Nb

3
(AlGe), Nb

3
Ga , and Nb Ce (See

Fig. 4 in Ref. 14). These occur in order of decreasing values of the atomic

radii of the X atom. Thus other elements with still smaller radii would

seem to offer a still higher Tc 
In order to keep on the maximum in the

density of states it is though to be ne:essary to keep to the same columns

(3 and 4) that have been successful — this leads us to consider Nb
3
B ,

Nb
3C , 

V
3
B , and V

3
C in the A15 structure. These will certainly be at

best metastable, and thus the techniques and problems discussed earlier are

pertinent.

(2) A15 based on Mo
3
X and Re

3
X . The motivation for considering

A15’s based on the Mo of the 4d and Re of the S d transition metals comes

from the experimental behavior of the 4 d and 5d series when made amorphous.
25 ’26”27

As seen in Fig. 11, T
~ 
reaches a peak at an eta of 6.3 when alloys of Mo—Ru

or No—1~e are made amorphous. For the 5 d the peak occurs at “ 7 or Re.

See Fig. 12. This behavior is believed to be the result of a smoothing out

of the variation as a function of e/a of som e of the factors that determine Tc

8
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These are N(0) , , and the pre—exponential factor u
D 
. The remaining term ,

<i2> has recently been shown28 to have a peaked behavior near to Mo for

the 4 d series, similar to that seen in T
~ 

(amorphous). Assuming that the

variation of <i2> will be similar in the A15 structure as it is apparently

in the bcc, hcp, and amorphous structures, it is valid to loo!-. for a high—T5

in the Mo and Re A]5’s. It is of course desirable to have a large N(0)

as well (although recent work by C. C. Tsuei
29 has indicated that a very high

or peaked N(0) may not be necessary).

6. STUDY OF PINNING IN Nb
3

Sn STRUCTURES

It has been possible to make an interesting variety of microstructures

in Nb
3

Sn by depositing a third element or compound along with the Nb and

Sn.3° Using an inert material, A1
203 , 

the usual columnar growth of Nb

and Sn instead is now a 500 ~ (and less) equiaxal grain composite. In

addition, each Nb
3

Sn grain has ‘v 25 ~ voids, separated by “. 75—100

When copper is codeposited again very small equiaxed grains result when

the copper concentration is small (“s 7% vol.). When the copper volume is

4 60%, long narrow rods of Nb
3

Sn result. Transmission electron microscope

views of these structures are being publJ~ hed ,
31’32 as are the initial

results of the high magnetic field pinning force measurements.
33 It appears

that it will be possible to produce structural configurations for pinning

that can be used for model calculations of the pinning force.

9
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TABLE I

SUMMARY OF A15 Nb
3
Si SYNTHESIS

Range of Occurance of
Authors Reference Method A15 Structure T a

C 0

4 Hazra ,
Hammond 12 Electron Beam Stable at Least to 720°C 9.3 5.17
1971 13 Evaporation Low Si Bounda ry (A2—A 15):

11% at 100°C
14 21% at 530°C 21% Si

High Si Al5 boundary:
Gradual merging into
amorphous

Johnson 15 Spu tter T
5
=750°C, AlS l5—25%Si 6.9

Douglass
1974 (+A2 + tetragonal)

A15 1000°C A2+tetragonal 24% Si

Testa rdi et al. 16 Sputter T = 700 — 900°C
1974 A15 + tetragonal 9

Pan et al. 1975 17 Explosive AIS stable at least 19 5.03
Compression at 650°C 23% Si

Kawamura
Tachikawa 1975 18 CVD AlS single phase:

800°C : 9—14 % Si 8.05 5.16
850 :11—17 ll7.Si 23%
900 :16—23

Al5 900—950°C A2+FCC+ 6
tetragonal 23%

Somekh
Evetts 1977, 19 Sputter Al5 at ‘~. 1000°C 14 5.18

1978 20 17.1 5.185

Testardi 1977 21 Pushed Heat 12
of Amorphous

Clap~ and 22 Ion Implant—
Rose 1978 Epitaxial Al5 stable at 980°C
_______________ _________— 

Recrystallizat on

Dew—Huges 1978 23 Explosive Al5 stable at 600°C 18.2 5.15
Compression
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H ATOMS PER Nb3Ge
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H CONC (x IO 21cm 3)

I I I I

0 6 2 18 24
ATOMIC PERCENT H(%)

Fig . 1 - Reduction in Tc of sputtered Nb~ Ge , summarizing the data conta ined
in several figures from Lanford et. a1.~~’~ Curve (1) shows the effect  of dop-
ing with N by dippi ng high-Ta specimens into HF :H20. In comparison, curve (2)
shows the T~ and H concent ration in specimens made at the temperature indicated
(not purposely doped with 0).
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5.10 514 518 5.22 5.26 5.30
LAT T IC E PARAM ETER (A)

Fig. 2 - Relation between Tc and lattice constant for sputtered Nb3Ge in curve(1),  doped with H as in Fig. 1 curve (1), and for electron beam deposited Nb3Ge
made at ~çrious compositions and disorder, curve (3). Curve (1) from Lanford
et al. ( ) ; curve (3) from Dayem et ~~~~~~
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Fig. 3 - Relation between lattice constant and hydrogen concentration for
sputtered Nb~Ge, doped with H as in curve (1), Fig. 1 (from Lanford et a1.~ ‘).This shows th a t at small H doping the lattice constant changes rapidly, with-
out a large change in Tc. This is followed by a more gradual change in lattice
contant, while T~ falls rapidly.
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Fig. 4 

— 
The variation of the T

~ 
with the substrate temperature, T5, comparing

the data of Lanford et al., (2) and Buitrago et al. (3) Also shown are the
measured impurities of H (Lanford et al.) and 0 (Buitrago et al.). The data
of curve (2), Fig. 1, is rep lotted in the upper right, with the substrate tem-
pera ture now the abscissa . The data of Bruitrago et al. is shown on the upper
lef t .  The H concentration is also shown for the Lanford et al. specimens
(lower right),  while the 02 concentration estimated from Auger measurements
are shown on the lower left .
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Fig. 5 — Data for electron beam evaporated Nb3Ge , showing the effect  of
depositing with 02 present. The upper figures show the variation of the
lattice constant and of the T0 with Ge concentration at a T8 of 800°C.
The lower figure summarizes a number of such measurements at different
T8, giving a pseudo-phase diagram.
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Fig . 6 - Variation of the lattice constant versus Ge concentration for electron
beam deposited Nb3Ge , with 02 present . This shows the anoma lous increase in the
lattice constant upon going from the single phase Al5 region into the two pha se
region , when the T8 is less than 800°C. Measurements on similar specimens of
the H concentration show an increase of an order of magnitude in going from
the single phase Al5 to the two phase region.
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Fig. 7 - ~~mm*ry of electron beam deposited Nb3SL synthesis by Hazra and
Hammond . The upper figure shows the region of A15 formation as
a function of the substrate temperature, T9, and the Si concentration.
The conclusions of annealing experiments are shown in the lower portion.

20

--

~

-—

~ 

~~ -~~~~~~~-



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

- -  - -~~~~~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

p ‘1
—‘-A 15 Nb3 Si

210 1

I

2 11

F
X I L  lIlt - U?)

Fig. 8 - Portion of X-ray diffractometer traces showing the three strongestlines of Nb3Si deposited at T8 = 530°C and at 25~ Si. Both the A15 struc-
ture and an amorphous component are found at this concentration. The T0was 9.l°K for this concentration.
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Fig. 9 - Diffractrometer trace of Nb3Si (25 at.7. Si) deposited at 220°C, after
a 720°C 24 hour anneal showing some A15 and much more of the tetragonal TL3Ptype structures. As deposited it was amorphous. This illustrates the idea
that the amorphous component anneals mostly to the tetragonal structure.

22

______ 
i



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

AI5 Nb3 SI
-> Nb 3 Si ( Tetrogon a l) 
> Substrate

I ’

~
2IO

V
I -

- I
II

I ‘I I

I ~ 1
V -

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

X S L  7 2 . 2 2 7 526 (2egrees)

Fig. 10 - Diffractrometer traces of a 25 at.% Si Nb3SI deposited at 450°C,
after  an anneal at 720°C for 24 hours , showing mostly A15 , with some te-
tragonal structure. As deposited it showed broad Al5 plus amorphous stru-
ture .
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Fig. 11 - Data of Coilver and Hammond 25,26,27 showing a peak in the for
amorphous alloys of the 4d series at an c/a of 6.3. The crystalline Tc values
are indicated by the dashed and dotted curves. The peak is believed to show
the behavior of the electron-phonon parameter <t 2> in both amorphous and
crystalline alloys, and provides the motivation for considering A15 supercon-
ductora based on Mo3X.
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SYNTHESIS OF SUPERCONDUCTING Nb3Si USING HIGH PRESSURES*

D. Dew—Hughes
Brookhaven National Laboratory

Upton , New York 11973

Extrapolations of superconducting data on known A.l5 compounds predict that

Nb3Si with the Al5 structure should have a T~ 
(variously 25—38K~~~

4
~) higher

than that for Nb
3Ge. The Al5 phase with Nb3Si stoichiometry has the tetragonal,

Ti3
P structure.

16) Static compression of elemental powders to 70 kbar and up

to 20000C,
(l) 

of sputtered metastable bce Nb3Si to 100 kbar, and of high tem-

perature tetragonal Nb3Si up to 60 kbar,
’8
~ fails to produce any material with

the A15 structure.

Higher pressures are more readily achieved by detonation of explosives.

Superconducting A15 Nb3Si has been synthesized from elemental powders in this

way.’~
9
~ Pan et ai.(10) 

subjected tetragonal Nb3Si to shock pressures exceeding

1 Mbar in the manner illustrated in Fig. 1. A superconducting phase, with an

onset Tc of 19.5—19K, was formed. This they claim to have the A15 structure,

with a lattice parameter a0—5,03 A , considerably less than that predicted for
stoichiotnetric Al5 Nb

3Si, 5.08 Subsequently A15 Ta
3
Si was produced by

an identical technique.~~
2
~ Pan claims that he has repeated this experiment

many times, and that for success the starting compound must not deviate from

the 3:1 stoichiometx-y, and the detonation velocity of the explosive must ex-

ceed 7,300

Pan’s results have been essentially confirmed at Brookhaven, using a

slightly different arrangement, as shown in Fig, 2. The explosive used has a

detonation velocity of 7100 m/s giving an estimated pressure of 0.9 Mbar, at

the center of the sample, The sample was converted into a mixture of powder

* Uork performed under the auspices of the U.S. Dept. of Energy,
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and friable flakes, The larger flakes were separated from the powder which was

shaken on a 80 mesh sieve, The material which did not pass through the sieve

was ground and resieved.

Metallographic examinations were carried out on some of the flakes, The

nticrostructure is shown in Fig, 3. Microprobe analysis indicated the overall

composition to be 76,5 ~~~~ Nb, 23.5 a,0 Si; that of the purple areas was con-

sistently 77,5 a/0 Nb, 22,5 a,0 Si. Critical temperatures were measured in-

ductively. The results, including those for annealing and neutron irradiation

experiments, are summarized in Table I. The low temperature transition is

niobium solid solution. The reduction in Tc on irradiation, and its partial

recovery on subsequent annealing, is the behavior expected of a metastable A15

compound. The intermediate transition in the ground sample could be Al5 mate—

(14)rEal degraded by mechanical deformation,

Positive identification of the structure of the high temperature phase

was not possible, as x—ray diffraction patterns were complicated by the pres—

ance of untransformed tetragonal Nb3Si, Nb solid solution, and Nb5Si3 
which

can exist in two tetragonal, and one hexagonal, structures, A comparison be-

tween portions of the diffractometer trace for one of the powder samples and

that of a mixture of tetragonal Nb3Si, Nb, and Nb5Si3 powders is shown in

Fig. 4 and 5. There are clearly reflections present in the former, which are

absent in the latter, and which can be indexed to the Al5 structure with a

lattice parameter of 5.12 A (see Table II).
Hammond, by electron—beam vapor deposition has produced Al5 Nb3

Si films

with 21 a,0 sj , a —5.17 A and T =9,3K.05~ On a plot of a0 versus silicon

content, the value of 5.12 A for 22,5 a,0 Si interpolates well between Hammond’s
value and that of 5.08 A deduced for 25 a,0 Si (Fig. 6). On the same figure

are plotted Haimnond’s, Pan ’s and the present values of T
0 
versus silicon con-

tent. This extrapolates to a T
c 
of 28K for 25 

a
,0 ~~~

(l6)

2 
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The exp losive compression was carried out by V. D, Linse at Battelle—

Columbus Laboratories; J. Hattayer performed the optical metallography, R.

Sabatini the microprobe analysis, and 0. Kanimerer the x—ray diffraction.
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TABLE I

Superconducting Transition Temperatu refl

Ki~h !nternediate

~~~perature Te~~e rat ure Low T~~~ er a t u r e

Sample Treatment Onset Mid Pt. O~’.set Mid Pt. Onset

—80 Mesh Powdet 18.1 K 15.9 K 8.1 K
.4fl ~esh Ground Powder 18.2 K 16.3 K 13.1 K 1.1.9 K 8.0 K
-80 Mesh Ground Powder Annesltd 44 hr. 600’C 17.7 K 14.0 K
—80 Mesh Ground Powder Irradiated 9.4x1018 nyt 8.0 K
—80 Mesh Ground Powder Irradiated . Annealed 11.55K 8.95K

20 or. 500’C
—$0 Mesh Ground Powder Irradiated . Annealed 11.0 K 9.0 K

50 h rs 6OO~C -
+80 Mesh Cround Powder • 18.1 K 15.6 K 7.95K
+80 Mesh Ground Powder Annealed 44 hrs 600 C 11.1 K 1~ .0 K
+80 Mesh Ground Powder Irradiated 9.4xjO’8 nvt 8.0 K
Flakes (Various) 1. 18.3 ~~

.. -~ 13.1 K 8. 0 K
2 17.9 K 15.4 K 7.8 K
3 17.85K 15.8 K 8.0 K

(R c2 Samp le) 4 17.1 K 15. 2 K ‘.7 K
(HLcroprobe 5 11.5 K 15.9 K 7.6 K
Sample)

6 16.8 K 15.8 K 7 .9 K
Flakes 3 & 4 Irradiated 9.4x1018 nwt 8.1 K

3 6 4 Irradiated , Annealed i1.4 K 8.25K
5 hr. 600 C

3 & 4 Irradiated , Annealed 12.1 K 8.9 K
10 hr.

Table II.

X—RAY DATA ON TWO EXPLODED SAMPLES
CtiKa RADIATION

Sample 2 Samp le 3

Line 2~ ° a (A) 200 a0 (A)

200 35.45 5.06 35.15 5.11

210 - 39.2 5.13 39.15 5.14

211 43.4 5.11 43.45 5.10

220 50.85 5.08 —— ——

310 56.25 5.17 —— ——

320 65.85 5.11 65.7 5.12

321 68.0 5.16 67.7 5.18

400 74.2 5.11 74.1 5,12

440 117.0 5.11 116.9 5.12
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THE SYNTHESIS OF UNSTABLE A-15
COMPOUNDS BY EPITAXIAL

RECRYSTALLIZATION OF ION IMPLANTED LAYERS —

R. Rose

The formation of A-iS diffusion layers from solid phases
or vapor appears to be characterized in many cases by orienta-
tion relationships between the A-iS layer and the bcc substrate
(1,2). Figure 1 (from Reference 1) shows the correspondence
(or coincidence sites) implied by the orientation relationship
in the V(Ga)-V.~Ga diffusion couple . For Nb.~Sn layers grown on
Nb single crystals in Sn vapor, the reiatio~ship is different ,
but more striking (2). There is also evidence indicating the
possibility of A-15 to A-l5 epitaxy : Dayem et al. (3) find that
the range of stability and Tc of A-15 Nb~Ge is enhanced when the
material is made by coevaporation on an t4b Ir substrate. The
latter was chosen on the basis of lattice ~arameter matching.

Because of the many structural similarities between the A—is
and competing Ti

3P structure (and also other Nb-Si phases of the
s igma family) , a selective method of enhancing the stability of
the A—15 relative to the other phases appeared necessary. Epitaxy
offers  such a possibility, and epitaxial growth of a heavily ion-
implanted layer presented other possible advantages as well. For
semiconductor systems at least , the epitaxy is strong; reordering
of the disordered implanted layer is known to occur at the inter-
face between the implanted layer and the substrate ; and reordering
occurs at temperatures so low that solute redistribution probably
does not occur (3 ,4) on any scale above a few interatomic distances .

Our substrate was Nb Al Si 
~~
. The lattice p~ rameter of

this material as a well—o~de~ea A915 phase is 5.174 A~ which -iswith 2% of the predicted (Geller) lattice parameter for Nb3Si,
Ca. 5.09 A.

Typical composition profiles for ion implantation are shown
in Figure 2. The profiles are approximately gaussian; both the
mean depth and the distribution width depend on incident kinetic
energy as well as the masses of the species involved. (Of course,
channeling will have dramatic ef fects  on the penetration.) In
principle, almost any kind of dopant profile may be obtained by
appropriate superimposition of various implantation conditions.
We chose , as our intial goal , a gradual rather than sharp composi-
tional change. In particular , the aluminum can be depleted at a
carefully prepared surface by annealing in vacuum. The resulting
diffusion profile is

C (x ,t )  = Co erf I X

L2 ~‘~~~t

For instance , 1-1/2 hours at 1050°C produces a depleted region
ca. 2000 A deep. Since the gaussian is the integrand of the error
function , the evaporated aluminum can be (in principle) precisely
replaced by appropriately sweeping the incident kinetic energy during
implantation .

1
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As Figure 3 shows , using only the three energies should replenish
the deficiency , with the exception of the outer 400 (ca.) ~~~ The
actual results shown in Figure 4 are somewhat better , probably
due to sputtering off of the surface during implantation . The
composition as a function of depth was determined by ion micro—
probe, with a depth resolution ca. 10 A.

The structure of the specimens was determined by reflection
electron diffraction , because the implanted layer was too thin for
X-ray d i f f rac t ion  and too thick for LEED 9r similar techniques.
(The RED method typically samples 50-100 A deep.) The disadvantage
of RED is that lattice parameters cannot be determined with precision.
A special hot stage was designed for the RED apparatus so that heat
treatments up to 1000°C could be done directly in the chamber of the
RED apparatus without removing the specimen . Using this method , it
was found that prop er surface preparation of the substrate resulted
in fine continuous diffraction rings corresponding to the A-iS
structure ; depletion of Al from the surface collapsed the A-l5 into
bcc structure; implantation disordered the bcc (the rings became
diffuse), but did not create an amorphous layer ; annealing at
temperatures from 800°C to 980°C (upper limit of temperature capability)
recrystallized the bcc layer into an A—15 structure. Table I summarizes
the results of the structural investigations .

Transition temperatures were measured by a transverse four—point
probe technique . Typical data are shown in Figure 5. Table II
presents the results to date of such measurements . Several of these
results are of interest.

1. The extremely high implanted dose undoubtedly caused a very
high defect density but apparently there was little enhancement
of diffusion .

2. There was no large redistribution of Si due to the annealing;
apparently the Si distribution is controllable .

3. The A-l5 structure collapsed into a bcc structure when depleted
of Al, and this structure remained crystalline during implantation ,
in contrast to the behavior of semiconductors. (Not unexpected !)

4. The implanted layer remained A-is at temperatures up to (and
possibly beyond) 980°C.

5. The Tc of the implanted layer was low and insensitive to
annealing temperature. This can be due to (among other things)
poor stoichiometry , persistent epitaxial defects , or intrinsic
properties of the compound itself.
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TABLE I

Surface Structures of Implanted Layers

Heat Treatment Structure

(in dynamic (from RED photos taken at room
vacuum furnace) temperature)

at room temperature Nb. bcc -‘ diffuse rings
+ 1 hour at 650°C Nb. bcc .- diff use rings
+ 1 hour at 700°C Nb. bcc — diffuse  rings
+ 1 hour at 750°C Nb. bcc — diffuse rings
+ 1 hour at 800°C A—15 — diffuse r ings
+ 1 hour at 850°C A—].5 — sharp rings
+ 1 hour at 900°C A—iS — sharp rings

(in electron microscope) (from RED photos taken at temperature)

at room temperature Nb. bee — diffuse rings
+ 5 mins at 360°C Nb. bcc — diffuse rings
+ 5 mins at 550°C Nb. bcc — diffuse rings
+ 10 mins at 750°C Nb. bec — sharper rings
+ 5 mins at 850°C A—15 — difuse rings
+ 10 inins at 9i0 C A—15 — diffuse rings
+ 15 mins at 980°C A—l5 — sharp rings
room temperature A-15 — sharp rings

9
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TABLE II
Implantation of Si ions into Nb

3
A1 

9
Si
0 

substrates having a surface
layer depleted of Al. Transition ~êmperà~ures as a function of diffusionanneals , recrystallization anneals and ordering anneals.

All samples subj ectd to the following sequential Si doses :
3.6 x 1Q16 ions/cm2 at 200 Key; 4.2 x 1016 ions/cm2 at 120 Key;
4.4 x 1O’~ ions/cm2 at 50 Key.

Sample Length of Recrystal— Ordering Transition
No. Diffusion lization Anneal Temperature

Anneal Anneal Time Temp. Time of Implanted
(hours) Temp. C hours C hours Layer K

1 1- l/2 R.T. <4.5

850 1 5.6

+575 100 5.4

+675 100 5.5

2 1—1/2 LT.
900 1

+500 106
+610 120
+675 64 5.4

3 1—1/2 R.T. <4.3
900 1 5.1

+500 100 5.0
+575 100 5.1
+675 100 5.1
4-725 50 5.0

4 1—1/2 R.T.
980 1/4

4-500 106
+610 120
4-67S 64 5.2

5 2—1/2 R.T. <4.5
900 1 5.0

+575 100 5.1

+675 100 5.0

10

- .  ~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



— - 
-- 

~~~~
. 

~~
— - ~~~~~~~~~~~~~~~~~~~~

The Sputtering of Nb~~~

R.E. Somekh , Dept. of Metallurgy and Materials Science , Pembroke St., Cambridge , U.K.

The aim of this contribution is to discuss DC sputtering as a technique for
preparing the ~~~~~~~~~~~ hi gh T

~ 
A 15 superconductors. Our recent work on the

preparatior of Nb3Si is discussed in the context of a parallel study üf the
formation of high Tc Nb 3Ge. A wide variety of sputtering techniques 1

~
2
~
3 have been

reported by different workers. The variability of the performance of the different
systems reflects the difficulties associated with the technique and the many system
dependent parameters that play a role in the attainment of high Ia ’s. The most
significant of these parameters appear to be composition , deposition temperature ,
the sputtering pressure voltage and current , cleanliness of the vacuum system and
background impurities. The latter two are important due to inherent slowness of
the film growth. In principle the faster technique of RF sputtering should be
better than the DC technique on these grounds though in practice RF sputtering
suffers from the rather energetic particles produced which apparently damage the
films as they grow4. The two more commercially viable techniques of co—evaporation
and chemical vapour deposition (CVD) have in the past never quite attained the
high T~ values for Nb3Ge that are found with sputtering; though recent CVD work
shows that this is probably again a question of controlling the many specific
growth parameters associated with these techniques.

In our work we have placed emphasis on three main areas: cleanliness and a
high degree of control of the impurity back ground pressures8; isolation of
specific variables such as composition and deposition temperature , and finally
detection of factors which have been hitherto disregarded such as orientation and
texture of the films8 and convection effects in the sputtering gas9. This work
has led to a general understanding of the formation conditions for high I~Nb 3Ge
in a DC sputtering system.

Two DC getter sputtering systems have been used and are described elsewhere
10
.

(See Fig. 1). The dirtier of the two systems has a background pressure of
around i0 8 torr and its inner nitrogen—cooled can is not isolated from the outer
vacuum whereas the clean system, capable of 1O~~°torr (w ith th e heater strip at
~~10OO°C), has an inner chamber which can be completely isolated. Our earlier
work used a DC voltage of around 550V and a sputtering pressure of ~ 300 mtorr
whilst our more recent and more promising results have been achieved with a
voltage of 200V and pressure — 750 mtorr. The high degree of cleanliness has
allowed us to control the level of background impurities which though relatively
easy in a co—evaporation system is more difficult to attain in sputtering systems
in which little active pump ing occurs during sputt ering and one relies on the
passive gettering of reactive species.

We have been able to produce high T~ Nb 3Ge in our MkI system, the best
sample had a 0.1% onset of 23.5K & 1% onset of 23.2K , th oug h several samples
have shown an onset of over 23K. These optimised samples show very small amounts
of other phases (~~ 2%). The important preparation parameters are the deposition
temperature TD of 800°C and also high sputtering pressure. Also they have all
been made with ~ 40 pp m of 02 added to the sputtering gas which we estimate gives
about 4 ppm 02 in the inner can. At present the exact role of oxygen is still not
fully u nderstood~~ , thoug h this level compares well with other workers using
co_evaporation 5~

12 except in our case the rate of deposition is considerably lower.
Other f eatures of th ese hi gh Tc samples which we believe to be relevant, are the
pronounced variably orientated textures found in the films and the occurrence of
the hexagonal form of Nb5Ge3 as the main competing phase

8. It has been observed
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that textures orientated away from (200) and towards (211) seem in some way to be
correlated with higher Ta’S. At this stage we are not certain of the exact origin
of these observations , the interaction of the TD and observed convection effects
are considered to be important.

Alongside these improvements of I
~ 

in th e Nb 3Ge system we have seen similar
increases in Tc onsets in Nb 3Si (1% onset up to 17.6K). Thoug h we have some
reservations about the high ~~~~ of th e Nb 3Si films mentioned below , we consider
th e similarities f ou nd between the two systems give credence to the idea that
the high Tc originates from the A1 5 Nb 3Si.

The main similarity overall is that the same sputtering conditions of high
sputtering pressure and target—substrate geometry are required for both Nb3Ge
and Nb 3Si to produce the highest Tc’s and , in the case of Nb 3Si, to produce
significant amounts of the A 15 phase. The deposition temperatures for Wb 3Si are
in the range 880°C — 920°C slightly higher th an that  f or Nb 3Ge as one would
expect from a general comparison between the germanides and silicides in the
A 15 series. The X—ray traces for Nb 3Si show a strong set of A 15 lines (Fig. 2)
and for the best samples less than 5% of a c~mpeting phase. The lattice
parameters obtained are of0about 5.18 — 5.19A much expanded over Chat expected
from the Geller radii (5.1 A), butreasonable when it was found from some
Rutherford backscattering data13 that the composition of the films was
o-ff—stoichiometry and in the region of 15 — 20 at% Si. The X—ray traces also
show a similarly orientated texture, away from (200) and towards(211) especially
in the best material, which suggests a similar optimisation process found in
Nb 3Ge. We also have evidence for the effects of convection in the sputtering
gas and the growth morphology as indicated by surface markings playing the same
role in giving the highest To ts for both Nb 3G e and Nb 3Si.

One major difference in the formation of Nb3Si has been that no impurities
have been added to the sputtering gas and the inner can has been completely
isolated. Whether or not any trace impurities are in the structure, stabilising
it to some extent is uncertain at present.

In a DC resistance measurement of a transition there is always a problem of
id entif ying what and how much of the film is superconductive. Rutherford
backscattering data 13 indicates that there is an apparent reaction layer Lietween
the film and substrate, we thought this could be producing superconducting Nb 3A1.
We believe the above comparison with Nb3Ge rul es out this possibility, the most
important factor being that the more of the A1 5 phase there is the higher the
transition temperature. The possible explanation for the ‘reaction ’ layer
observed in the Rutherford backscattering data lies in th e roughness of th e
surfa ce. A further substantial indication that it is the A1 5 phase that is
pr oduci ng th e high T0 in Nb 3Si is that any heat treatment at around or above TB
has the effect of reducing Tc and if such heat treatments are prolonged the A 15
phase complet ely disappears and the samples cease to be superconducting. Possibly
the best direct evidence for superconductivity in the film only and none0in a
‘reaction ’ layer is from an ion beam milling experiment, in which a 3000A “Nb 3Si”
film (Tc midpoint 15 .9K) was progressively thinned. Over all regions of the film
the Tc mid point was seen to drop to below 4K after the removal of 70% of
the film. However until we have raised the above 19K or prepared the A 15 Nb3Si
on a different substrate this problem will not be completely resolved.
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However there is an overriding problem arising from the lattice parameter a0

with its large observed value. There are at least three possibilities to account
for this. (a) There is a small proportion of material with a small lattice
parameter occurring on a small scale within the microstructure,which we kn ow
from EM measurements is only just crystalline with some regions of amorphous phase
present. (b) The A 15 phase “Nb 3Si” is in some~~ y impurity stabilised with an
expanded lattice. (c) That with this very metastable A15 phase there is a
tendency for a0 to be variable due to defects of one sort or another. There is
some evidence for this from Nb3Ge in that a large range of a0 has been report ed
in the liter~ ture fRr a given Tc onset e.g. for a onset of 18°K. There is a
range of •05~ (O.07A if data for hydrogen inclusion is taken into account

14 ). This
sort of variability easily accounts f or th e diff erenc es that are f ound between
our a01 Dew Hughes~ data

15 and some of the early work using different preparation
un its 16,17 and suggests other factors are important other than just forming an
A 15 phase in attaining a high T

~ ,
(c.f.recent CVD work18).

We conclude that “Nb 3Si” shows great potential and believe that near to
stoichiometric ’ “Nb 3Si” may be formed with a suitable addition of an impurit y
as in the case of Nb 3Ge. We speculate that further avenues of research be in
the realm of the lighter element A 15’s e.g. Nb 3C and V3C thoug h the stability
difficulties with these materials are likely to be even worse than those found
with Nb 35i and Nb3Ge, again the hope is that a suitable impurity may be fou nd to
stabilise the A 15 phase in such a way that a high Tc is achieved.
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