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2. ABSTRAUT

Roth Al5 and Bl structure superconductors with nearly optimam .
critical temperatures were prcpurod with o range ot arain sizes Jdown to
the coherence Tength.  In Bl compounds high critical current densitices ot
high Tields were obtained due to very larse critical ficlds arising from

4 column-vold microstructure. Critical current data at low ricelds Jdemon

strated that grain boundaries are not, invariably, ettficient pinning

sites. Extremely enhanced current densities were measured only in super-

conduictors {(B1) whose cross-sectional arcas were made similar in size to ’
4 siptle vortex. No incrcate in critical temperature, which could be i
attributed to reduced grain sizes, was found.  Reversible strain proper-

ties of Bl compounds were shown to he superior to those of the Ald's. in

hoth 15 and Bl compounds the reversible propertics were indeperndent of I}J
microstructure. However,a strong effect of microstructure on irreversitie
strain properties was found. The importance of impuritics, particularly
oxvaen, in the growth of high-critical-temperature superconductors wis
demonstrated and hypothescos were proposed to explain the role of these
impuritics.  Several other auxiliary topics involving high-oritival-

temperature superconductors were also investigated,
Pl




3. OBJECTIVES

The obiectives of the 1978-1982 Westinghouse-AFOSR prograr,
briefly stated, were:

1. To investigate the mechanism of vritical-current
density, JC, enhancement in ultrafine-grained high-
T surerconductors.
(.

2. To investigate the preparation of ultrafine-grained
nicrostructures in AlI5S and Bl superconductors.

3. To determine the effect on critical temperature T

L

of variations in grain size¢ in AlS and Bl supercon-

ductors.

4. To corrcvlate mechanical load properties and micro-

structures.

In addition, a general objective was to try to advance the un-

derstanding of hjgh-Tc superconductors. Results obtained with this

latter objective in mind, which Jdo not fall under the specific headings

listed above, are summarized in Section 4.5 under the general heading of

"Other Topics."” In each case more detailed discussiors can be found in

the publications which are listed in Section 5.




1.  ACCOMPLISHMENTS

4.1 he Enhancement of .I¢

In this program, much of the research was focusscd on the in-
vestisation of the effect on Jc stemming from the formation of ultrafine-
grained microstructures. Since microstructure can also influence the
upper critical field (HCZ), which can in turn exert a strong influence on
JC, the effect of microstructure on this parameter was also studied.
There are two classes of materials which contain most of the known high-TC
superconductors, namely the Al5 and Bl structure compounds. All of the
experimental work in this program involved these two classes of supercon-
ductors,  The Al3 structure materials studied included KbSGo, szﬂa,
\bskl, NhSSn, VSSi, and YS(Si—C). The Bl compounds studied were NbN and
Nbh{C-N).

4.1.1 Chemical Vapor Deposited (CVD) Xb3zGe

The current-carryving capacities of CVD single-phase XbSGc films
and also films containing second-phase (Nbsﬁes) particles dispersed in the
Al5 matrix were investigated. By growing films of thicknesses varying in
the 103 to 105 range and multilavered films, the AlS grain size and the
Nbsﬁes particle size and dispersion could be controlled. For Nb;GeS par-
ticle sizes of the order of d = 100 & — i.e., approaching the céherenco
length of Nb,Ge at 4.2K -— effective flux pinning and very high J 's

C

3
a 2 .
(~ 117 Amps/m~ at 20T and 4.2K) were obtained. In single-phase xb;Co,

effective flux pinning was not obhserved cven for very small grain sizes,
of the order of 300 R, obtained in the thinnest films and layers. Subse-
quent specific heat measurements indicated “<hat this result was a conse-
quence of near-surface and near-interface disorder and did not permit
valid conclusions to bec drawn on the strength of pinning on grain boun-

darics in these films.

Vs




4.1.2 Laser and Electron-Beam Annealed Nbztie and NhiSn

Critical current enhancement (up to 507 was ohscerved in thick
(several um's) CVD Nb.Ge films which had been pulsed-laser-anncaled. It
was concluded that the Jc enhancement was causcd by flux pinning on rre-
cipitated sccond-phase .\'br‘(Io3 particles in a small fraction of the
unmelted portion of the film. [Dlectron beam annealing was thus expected
to produce a similar effect in a larger volume fruction of the sampie,
and to make the I -enhancement technically significant. The Karlsruhe

N

Nuclear Center (KfK) e-beam annealing “acility (PEBA) was used. "niortu-
nately, pulsed electron beam annealing of Nb_.Gie showed no improvements in

J .. Tt was apparently not possible to achieve the nccessary combinution

.

ot beam energy and pulse length to nucleate an optimum numbher and size of

sccond-phase particles. The enhancement of 7 in heam melted and resolid-
¢

ified samples through the formation of an ultrafine-arained microstracture

N

also did not occur due to mechanical damage of sumples Tsce 1.2.17.
Transmission electron microscopy (TEM) demonstrated, however, that
ultrafine-grained microstructures can he obtained by e-bteam annealing.
This finding prompted a study of the effect of c¢-heam pulse annealir. on
a more stable AlS superconductor represented by MboSn Javers on \boeuh.
strates. Mechanical damage was reduced but not eliminated, so that the
Ic—enhancement was not attained in NHSSn as well. It was concluded that
an upgrade of the PEBA fa~ili'y would be necessaryv to solve the damize

problem.

4.1.3 Sputtered Films on Heated Substrates

NbN and Nb(C-N) films were sputtered onte heated substratues
held at temperatures from 450 to 1000°C. These films which have the Bl
structure were deposited in thicknesses ranging frox ~ 300 X to several
um's and with grain sizes from ~ 80 X to several um's while maintaining
TC'S close to the bulk value (~ 15K). TIn every case, regardless of type
of substrate or growth temperature the films had columnar sraivns. 0 the
case of films grown at relatively low temperatures (< 500°C) there were

voids between grains which extended compictely through the film. Initi-

ally it was speculated that thesc voids formed only in films thinner than




i

~ ~om XL However, TEM data showed that they are present in tilms as

thick as 2 or 3 zm. Both the size of the grains and the size of the
voids become larger as the thickness is increased. In the abscnce of ,
other impertfections, reducing the grain size had only a minimal offect on

critical-current density. Films with grain sizes (column diamceters: {
ranging from several microns down to a few hundred angstroms all hud
- - - S 2 . .
selr-rield 7 's of the order of § x 107 Amps/cm™ . A much higher sclt-
R :

. . S 2 . - . . .
Ficld 0 1~ 2 x 10 Amps/cem”™) was, however, observed in films with grain

-,

sizes of <100 X. In this case the voids were comparable to the coherence P

length,  MNo peak in the (global flux pinning force Yp vs 174 dependence ]

was observed. [Extremely high self-tfield Jc's were measured in XBN films

which were fabricated into microbridges using photolithographic and sput )

ter etching techniques. In the smallest NbN microbridge measured, which
-

had & cross-sectional area of ~ 3600 nm™, JC 142K, zero field) was

>3 x 10 Amps/em”. This is the highest current density reported tfor any P )
superconductor. The reason for this very high JC is not entirely clear,

however it must be in some way due to constraints placed on the motion of
vortices by the smallest dimensions of the microbridge since the area cf

the microbridge is approximately the sizc of a vortex,

In addition to having high critical-current densities in self

and low magnetic fields, NbN films were prepared which still
high YC‘S in fields of 200 kOe and higher. This was due to the enhanced
uppe: critical fields obtained in these films. Indeed wmong the more
significant results obtained during the course of this prosram was the
srowth of NBN films having upper critical ficlds much greater than the

theoretically calculated maximum H_, for a bulk-like superconductor. The
c :

tilrs showing maximum H _(0)'s of up to ~ 450 KkOc¢ (extrapolated to T - 08
2
have the above-mentioned column-void microstructure with lateral column

dimersions ~ 80 % and void dimensions ~ 20 &, {(Due to a misveading of

the preliminary data a slightly higher maximum HC,(H) value of 500 KOe
wias initially reported in the .July 1982 Semiannual Report.) Other NBN

films with grain sizes of ~ 200 & or larger have maximue H_,(0)'s ~ 250
U

to 300 ke which is consistent with the theory for bulk superconductors.




Because H

in the column-veid film is also anisotropic with roespocs to

<Y I
[
the tilm <urface, B § perpendicular to the surface Yoino the lar o=,
e bert
surtace superconductivity (H :) nucleatine at the <urface of colium - wis
! ) o !

proposed as the origin of the observed H o0 However, us more dnts s

[
obtained sore modification of this interpretation wias eoded. Y oo o .
3so0f atl o the data vltimately showoed that the surdace surers oo huor ol
interpretation feovallid 0 the effect of the Tatersl ool dima

wiich i1s on the order of the coberence lonmgrth, 1o Irocluded in the o0

ture. This Jimensionality offect on Ho_owee nreviously Goaerved iy
oD : :
continuous films and caloulated Yor Cilms and oviinders. A thooret ool 7
derived B ove tenperature, hasced on the above Pdeas, Tite che oexrori-
o ! :

monts over oowlide temperature ranpge. Data covering the taenporeture oo
Lok < T < 402K were obtained threugh cooperation with Praf L b iacher
and Dr. ML Decromxo at the Tiniversity of Geneve using

aonulsed maonotis

Sleld facilice,

ol NBN Films Crystallized from the Amorphous State i

Ry sputtering niobium in an argon-nitrozen atmosphere usins
relatively low substrate temperaturcs and small tarset-substrato s, o7 o-
tion, X-ruy amorphous Nh-N films were deposited in thicknesses varving
from a few hundred angstroms to 6000 S, After anncaling at an optioue
temperature of ~ ©00°C these filns cryvatallized into the Bl structur o and

s of 13 to 16K, The cryvstallized films,

v

were superconducting witn
¢

depesited on sapphire substrates, have ecquiaxed vvains with average Joawn

sizes of ~ 300 % as indicated by transmission clectron microscors .M. ]
(More detailed discussion of the TEM data is given below LI ﬁ
The current densities of these films were found to “c¢ no

- -
~ s ox 107 Amps/em” (at 4.2K and zero field). This value 18 not sivnifi-

r

cantly higher than the ~ 5 x 107 Amps/cmz value weasured in NBN files
having an average grain size of > 1 um. The JC results in these 1ilms
are thus similar to the data on NBN films having the column-void type
microstructure, discussed above. This indication that grain boundaries
may not alwavs be efficient pinning sites

as is usually assumed, can be

’

understood if, as proposcd by Zerwect, grain boundary pinning is duc to




. - = shewo that e rean Yree nath of the oot o :
: T Taroto those o the Boundaries, theredore the o ect vt
RN ndarios as ; Srtes o
- o] e Toes ot U
H =
Ihe < v Deal : Sare Cuperdemiictors wot!
A STt e : s te fthroust the ‘f'\-.; st v
HETRAEN Sont M USRI 2t o erent temperatures I
A sttt rins we < SO Serna UV NB o o N
e NN LA . et Wil o2t ]! .J‘T. T
[ e o . Sl tadnins oo .
Siner CiovoRtriotir Srntter ot T. o STr T
Rosy Jottor rosrles : . sivtentlyv rerrodig SR
PN WS usol exo. CLeln o Toar the wromaration of NBN oand oo
el SENSiiee, less thar loor Loy,
Josubstrates, Such films were obtained v heatin: e
surstrates possible value ~ 35070 thut would still pooo
the oryvstallization of the desirvea Bl structure. 1EY stulics showed tha

11l of the films had a colunn-void

sions of hoth the columns and the voids

microstructure. owever, the Jdimen-

ness.  Therefore, onlv films of ~ 3000 % and less exh

i, wad 7 values reported above

(- N

volds became sufficiently large that no enhancement effocts were obtuined,

increased with inercasins *hich

ibited the very ool

In thicker films hoth the srains and

Another thin film method which was used to propuare ultratine-

srained microstructures was the controlled cryvstallization of Bl NBN Jrom

the amorphous state. With this method there was no dependence of prain

size on film thickness., The grain

by the anncaling temperature and time.

dimensions were determined primarily

A TEM study of amorphous films

deposited on either sapphire or niobium substrates produced the following

results:  Films on sapphire, crystallized at 150°C, were equiaxed and had
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average grain <izes of ~ 125 3. However, in these Cilms there were ar
rogions of nor-cryvstallized material which sharp, degraded the suncccon-
ducting propertics. Fssentially complete crystallization was ohtaindd at
600°C.  In the latter case, the microstructure again corsisted of ¢oot-
axed grains, however with o larger average arain size of ~ 275 30 v g
dication of the importance of the substrate matericl was obtained Sroee
observing rilms on the niohium substrates,  Althoush annealed under <ivi-
turoconditions as the NBX on sapphire, these films showed a colurnnuy
“icrostructure with average diarcter of the columns being over looe
Sisoandicated the ability of a substrate material to signitficantly Indiee
e orystal growth of the X-ray amorphous NbN.  such effect could Iave
nportance inothe new Westinghouse- VISR nrograr Jealing with materiols

Tor Jdosephson device applications. Therefore further annealing und I

studies of Yilms nrenared by this method will continue.

4.2.0 E-Rean Annealed Nhztie

Some limited success in preparing ultrafine-grained micro-truc- 1
tures wax obtained by pulse-anncaling technique.  The microstructures of
e-heam annealed Nh;Uo films were observed using hoth TEM and scanni: g
ransmission clectron microscopy (STEMY . Pulse encrgy., b, throshelds
for film melting were found to depend strongly on the nature of the 7ilw
substrate, with films on Xh melting at ~ 40% lower energy. Films anncaled
only slightly above the amclting threshold were less damuced by oract ing

=
.

blow-off, etc. than those annealed at high Pp's E> 1 GeuledemTy, oand conld
be investigated further. The melted laver was found te resoiidify into

an ultrafine-grained microstructure with an average grain sizc of 20 to

10 &, thus comparable to the coherence length in Nh_ic. In situ anneal-
ing in the microscope permitted one to directly observe the growth of
these micrograins and to prove hy electron diffraction that the ultratine-
grained phase was an Al5. Flimination of film cracking by prehecating of
specimens would make e-heam anncaling an ideal tool for investisating the
correlation bhetween the grain size and global flux ninning torce.  The
use of heated stage in the PEBA apparatus, however, made it impossible to

attain Ep values necessary for melting. TFurther modification and

10
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{ aparading wendd be o necessary to mare thrs oo o viah e scethod Sor omating the

Jesired mperostructures.

speculative theoretical argument: have Peen prescented from tine

thut enhbanced T ‘s may be obtained by reducing the
~

a osuperconductor.  In a United States patent % 0 cZn 107,

! P T
Tate in 19

experimental verification of these fdevas scemed

o hate been otained. The patent claimed that dramatic incrcases in l
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e B o botio ALS and Bl structure compounds were achicved bueodecrens.
ol

ing their crain sizes to o~ 100 8. A theoretical evaluation of these

Slaim- was made and thev were judged not helievable.  bxperimental work
; revdormed during this program confirmed the validity of this judament.
i "k s oor NRN “ilrs which had grain sizes of 100 & or less were fourd to
i ¢ the o same or slightly lower than those of $ilms having larper Srains,
j inoessence, there was no evidence obtained in this program indicating any l
! cnbancenment of 1 due to reduced grain size in high-7  tyvpe Il supercon-

\ <

Guctors.,

i
!
¥
¢ . ~ . . .
] 4.1 Correlation of Mechanical Load Properties uand Microstructure
]
:
! The mechanical load properties of VD Nhbe and sputtered NBN
: :
filmy were measured.  The measurement was Jdone by simultancously applying

current, perpendicular magnetic field, and uniaxial tensile strain to the
sanpi>.  The behavior of the Nbsﬁe was found to be qualitatively similar
to that of NhSSn. The NbSGc showed a reversible critical currernt strain-
Jdeperilence which increased with increasing magnetic field and contformed

to bhin's <caling law. The NbN on the other hand showed no reversible
wependence on strain in all fields measured up to 22T. Although it had

no inflrence on the reversible strain properties, the microstructure of
the \bN was found to have an effect on the irreversible properties.
Irreversible degradation of current with strain occurs in a material as
the result of the superconductor heginning to break up. This was observe!

at a arecater strain level in a thin ultrafine-grained film compared to a

11

-




thicker film having larger grains.,  In the thin B0 filme the irroversi-
ble g degradation in the NbXN deposited on Hastelloy began at o intrin-
sic strain of 0.5%. Irreversible degradation of similur tfilms on niobtium
did not begin until an intrinsic tensile strain of . 1,370 Sinve the
degradation could be correlated to the vield points of the Hastellor and

[

niohium substrates, these results indicate that the maxizun obtoing 1o

value for NDN is determined by the vielding of the substrate materic!.

n

fhe value or 1.537 is the highest measured for any supcrcendnctor to Jete,

4.5 Other Topics
SIS (LA
Other results obtained in the veneral effort to sdvance the wn-
derstanding of high-T_ superconductors are described in the rfollowing sub-
9

sections,

4.5.1 Stabilization of High-Te Phases

Both of the high—TC superconductors (NF;UC and NDNU owhich o were ‘
primarily used in this program to obtain data on microstructural eofreots L
require some stabilization mechanism which permits their formation .t
(< 1000°CY temperatures, 1o aid in sample preparation and also heoiase

of the general importance of understanding high- metestahlo supercon-

T
<
ductor formation, a significant level of effort in this program wis ox-
pended to try to identify the —cchanisms involved in the low temperature
growth of these compounds. In both cases, exnerimental data indicaced

the necessity of incorporating some impurity (ustally oxvgen' into the
film during the growth process. It was hypothesized that in the case of
NbEGC, the oxygen present near the film-sul strate interfuce stadilizZes

the Nbgﬁc near the substrate film intertface. Chemical anaivses show that
as the film thickness increases, the oxygen level lecrecases. However the
Nb,Ge continues to grow with or without oxygen in a metastable form via a

3 8 AR
"homo-epitaxial™ process. The T of the film near the intertace s 1o
c
because of the oxygen presence. The T of the metastable Xhoiic which has
C N
little or no oxvgen has a very high critical temperature of 22K or higher.

In the case of NBN it was proposcd that this compound, when prepared at

12
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low temperatures, s actually a stable pscudo-binary with the stabilicing

impurity toxyvgen, carbon, or both) incorporated into the Bl <tructure.

Although complete experimental verifications ot the above oxvgen

stabilization hypotheses are still lacking,

the need for having oxypen
present Jduring the arowth of Nb_}(lo 1s now sencerally accepted.  In an
attempt to determine whether oxygen plays some role in the growth of the
other high—Pc Al5 superconductors, a series of the Nb- und V-based AlT
compounds were sputtered in the prescnce of oxygen, All of the {ilms
which had the ARB composition, were found to have TC'S close to the maxi-
mum reported value for cach of the compounds. The most interesting aspect
of the TC data, however, was the finding of very high TC'S in A-rich

fice. A'B > 31 films whose average compositions were far removed from
ideal 371 stoichiometryv. These results were seen in hoth the stable
thSSH and YSSi) and unstabhle (Nbsﬂo, Nh3ﬁa‘ and NhSA]) compounds. These
data imply that a mechanism {or mechanisms) must he operating which causes
the arowth ot a 371 A15 phase in an environment in which the average AR
ratio is > 3. A possible mechanism was proposed which involves an inter-
mediate A-oxide reacting with the B element to form the ALB compeund via

D
a ditfusion reaction.

1.5.2 AC Losses — Experimental

The ac losses in in-situ Cu-Nb,Sn and Cu-V CGu composite comduc-
tors were determined and found to be very high, approaching those of bulk
superconductors. Analysis of results indicated that conductors contain-
ing low volume fractions of superconductor and those having short fila-
ments would have relatively lower ac losses. The possibility of in-sita
filaments decoupling in very strong magnetic fields, and the cffect of
twisting on ac losses, have also been investigated. Twisting was found
to be rather ineffective. Decoupling by proximityv-effect quenching was

not observed.

4.5.3 AC lLosses —- Theory

The ac loss in a multifilament superconducting wire for small ac

fields superimposed on a constant bias field was treated theoretically,




This work extended previous treatments to encompass a full range of ¢

fields up to the tield for full penctration. lhe results contributed to
an understanding of experiments and allowed an accurate prediction of
losses.  Pnd effects on the losses in short filamentury superconductors
were also studied.

3.5.1 Ultrasonic Attenuation in cranular 25BN 1P ilms

some of the NbN films prepared in this prograr meet the ovit

-~

Yor granular supercomductors as indicated by their vold-type micros- oo
ture, very high normal state resistivities, and negative resistance ratios,
The possibility of using ultrasonic attenuation as o new tool to innesti-
Jate granular superconductivity was investigated in collaboration with ¥
Prof. M. levy of the University of Wisconsin at Milwaukee. The measured
attenuation of surface acoustic wave propagation in these films was round
indeed to be anomalous for the superconducting state, A theoreticn!

treatment using the hosterlitz-ihouless vortex-antivortex nairs prooiddd i

1
a semi-quantitative explanation of the data. }Jf

4.5.5 Pseudo-Binary V-Si-C Films by Sputtering and lTon Implantati -

Rased on empirical data relating molecular volume to ' | there
AN

is reason to believe that certain pseudo-bhinary AlS compounds might have

a tigher T than the binary compound. An example of this seemed to have
¢

I

been found a few vears ar  vhor oy IC of over UK was reported for a
Vs(Si—C) pseudo-binary; however, this was nover tndependently contirmed,
An attempt was made to confirm that result in this program by sputtering
a series of V-Si films with o wide range of V/St ratios. Into these Tilms !
carbon was implanted so that there was a Caussian-like depth profile of

carbon concentration. This produced a wide variety of V-Si-C compositions

encompassing those reported in the literature as huving TC greater ~hoar
20K, A1l of the films were then annecaled at termperatures up to oo ¢
Although there was evidence that carbon wus incorporated into the AlS
structure, no TC'S greater than that of V;Si (17.1K) were found.  Analvsis

of the films indicated, however, the presence of significant levels of

oxygen in the films. For this reason these results cannot be considered




iE

i

i

{

!

i

3

| as Jetfinitive on the subject of enhanced 1 's in the V-Ni-C preudo-hinars

: ! g
compounds. A useful and somewhat unexpected resnlt from this work wias

{ The oaoxight osaired on the intfluence of oxveer on the low tempersture
arowth of stable AlS compounds such as VoSt This stimulated word on th

N .
! effect of oxvaen on the low temperature formation of all the bnown hoot-

compounds.  This work leading to the concept of low-temperature synthesi~
via the formation of intermediate phuses was discussed [n Scction 0000
1.5.6  New UHV DPeposition-Analyvtical tacility
- . - - -~ . R ~ /‘
The Westinghouse RiD Center has committed itsel? to the purchuas
4
tat no cost to AFOSRY of a new HHU Deposition-Analvtical Facility Tor s i
i in the now Westinghouse-AFOSE program which will focus on the tmvestisa-
} tion of materials for Joscphson device applications. During IUs2, concep-
] tual designs were Jdeveloped and various vendors evaluated.  As concentually {
1 constituted, the facility will have the option of depositing films by
{ cither evaporation or by magnetron sputtering.  The in-situ analyvses of L
i the films will be by electron diffraction, XPS and Auger.  Other capabi-
! lities will include plasma oxidation and arncaling. The delivery by
:
g "Instruments SA/Riber: is scheduled for July 1085,
i
i 4
!
!
‘
!
3
j
1
.
{
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Attenuation,” H. P. Fredricksen, M. Levy and J. R. Gavaler, Contri-
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(LT-16) Los Angeles, CA, August 1981.

"The Effect of Laser and Electron Annealing on the Critical Current

Density ¢f NbjGe," A. 1. Braginski, J. R. Gavuler, J. Greggi,
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