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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nior any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the

" United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. : :
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‘. SUPERCONDUCTIVITY OF CUBIC NIOBIUM CARBO-NITRIDES
MW, Willians, K., Ralls and M.R. Pickus
Inorganlc MaterJale Reseaxrch D1v1flon, Lawrence Radiation Liboratory
Department of Mineral Technclogy, College of Engineering
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ABSTRACT

An lnvestlgatlon haS been made of the superconauctlve properties
of uhe nloblum-carbon-nlurogen ternary system. These compounds always
have a rance of comp051tlon, and prev1ous 1nvest;gauors have often

neglected the effect of stoichiometry;'.Both critical temperature (1)

and upper ceritical Lleld (H ) are dependent on composition, although

not in the same way. The trend of H 2 at U, 2 X w1th decrea31no nitrogen

 content is.always down. The maximum T (17 8 K) oceurs for nearly

stoichiometriC-compcunds having a C/Nb ratio of about 0.3. The critical
temperature of substoichiometric NbN, which contains a small amount of.

carbon rather than the more commbn"impufity 6Xygen,'is l7.2-l7.3°T

- Department of Nec“anlcaL Englneernng, Dnlversety of Calliornea,
‘Berkeley, Callzornla




INTRODUCTION

- Cubic niobium carbo-nitrides have been of interest recently because

of their high critical temperatures and magnetic fields. . A maximum

critical temperature of~l7.8?K has been,reported for a composition of

- 25 to 30 mol.%NbC in the NbC-NbN, pseudo-binary system.l’e’B’u A maximun

critical field of 120 kG has been obeerfed at somewhat lower NLC content.

The tran51tlon metal—lnterstlblal compounds are -somewhat dlfflcult

to study because. varlatlons from Su01chlometr1c comp051tlons often Suronﬁlj

affect the suoerconductlve properules. .For'instance, NbC and TaC exhibit

s

& sharp decrease.in critical temperaturefwith departure from stoichiometry.

'These compounds always have a range of homogenelty, which has led to am-~

biguous results in many prev1ous studles
¢n our 1nvest1gat10n of the n1001um-carbon~nitrogen ternary system,

a primary objective was control of composition; A careful preparative

techniquefand thorough investivations ofithe specimens by x—ray diffraction
-and cnemlcal analyses have made poss1ble a clearer descrlptlon of super-

. COuddC ive prooertles 1n thls ternary system.

¢He maximum T (17.8° K) was found for comp031tlons near )O% NoC in
WbN in agrecment with prev1ous studles.j Hcé was found always‘to decrease
with decreas1ng nltrogen content (either. due to departure from stoichio~-

netry or to‘substitu 1on of carbon for nltro en) The meximum critical

 fiel d'(le AG) iound in our 1nvest1gat¢on is the highest yet reported for

unls tefnary sys»em.

\5\.
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PREPARATION PROCEDURE

'- : * t . . < ' A
Powders of Nb and NoC' were weighed %o give nominal compositions off - ™

No, NbC Y NbC .32 and NbC .5 and vere dry mixed by turmbling. These powders

. . ‘.//
were coaued with oolystyrene and extrudea as 1/8 in. rods which were broken
-1nto 2 in. lengths., - The flrlng’procedure was designed to vaporize the

P
SOyrene and to 51ﬂuer the rods .to a porous mlxture of Nb and h 2C °

The nitriding. reactlon was carried out at temperatures of 1280, 1380,
or 1470°C, at pressuxes of 1, 10, lOO} 760 or T600 torr for either 4 or
8 hours;i'The'nitridingvpfocedure,»degcribea,in more detall e.'l.se"»«zhere,r'7
'tendedﬂtojminimize oxygen"contamination butHCOOld have permitted a change
in theloa}bon content during firing.» 10 prevent nltroaen loss, wvacuum
s;nuerlng of the nlurlded spe01mens wes avoided. iA

I I COMPOSITIONS i |

The nltrocen content of the samples ﬁas determlneo from the weight
gain of the spe01mens durlng nltrldlng. The carbon content was determincd
by the amount of NbC in the mixed powders before extrusion. The NbC haq
a lattice parameter of k. h7OOA+O 0005, corresponolng t0o a composition
sl;gholy under st01chlometry 8 The 1n1t1al carbon conténts were therefore
Esomewhat ‘below the nominal startlng comp051t10ns.»

Ao a check on both the carbon and; nltrogen contents, several samples. .
were analyzeq chemlcally. The results of the analyses of the sintered but
not nitrided composxtlons (Table I) 1ndlcated that the nominally pure

n;oblum haa galned approx1mately 2 at. % carbon aurlng the processing prior

to the nltrldlng treatment, wnlle the'Other three compositions had lower

9. % - =325 mesh Nb powder from Kawec&m Chemical Company, Boyuruown, Pa.

- 99.9
+A99.9%, =325 mesh NoC powder from Fansteel Metallurglcal Corp., North
Cklcauo Illinois, L d




- carbon contents than their starting compositions. . A metallographic study

of the -sintered'ﬁniobilwn revealed a small amount (~6 vol.%) of uniformly
'distribnted, disconbinuous second phase, most Likely Mo,C.

A set of four nitrided samples of different carbon compositions was
anelyzed.for cerbon,ﬁnitrogen, end"oxygen (Teble II). The carbon and
‘oxygen ebntents werefnearly the same és the:amonn£5»in the sintered but

not nitrided samples';' The nltrogen con‘cents, however, were not in arrree-

'ment w1th welgnt galn data. As.a further check, two pairs of identical

samples were analyzed (Table III). In these sampnes the cafbon and O\j“en
analyses were consxstent whlle the nltrogen analyses disagreed by as much
as 20% N " _ i o , L

Beceuse of the . dlsparlty 1n the results of the nitrogen analyses,
uhe Welght ‘gain was taken as representatlve of the bulk composxtlon. The
carbon ‘contents of Table I were assumed to be correct and not changed

durlng the nltrldlng reaction.

Two nltrlqes prepared at 10 atm were also analyzed and were found to

rbe somewhat contamlnated by'oxygen (on the order of 0.2 to 0.3 wt.%, i. c.,-

aoout 1 at A) A hlgher oxygen content “Was. to be expected in samp;cu‘

'nrepared at h;gner pressures since uhere was more oxygen available in the

atmosphere surroundlng uhe samples. This higher,oxygen content was taken

into account in the'édnsideration of the physical properties of these
samples. :.

As expected the nltro en content increased with nitriding pressure
2 G ] >

but was not apnrecmably affected by the nltrldlng tlme. This fact implics

LI

tﬂ&u at leasu'a gas~ -solid eoulnlbrlum was obtained, aLUUO“vn there iz the

~ Q Y

00531b lluy that complete homogenc;ty was not- reachea in the golid.

.

In almost all cases, ‘the greatest amount".of nltrorcn was gaincd at

1280°¢C. (Tlg. l) and the smaxle t amouny<at lh?Q C.f Although thcre arc not




censtant‘pfessufe, the trend does indieafe that the‘departure of the
niﬁrogen eontent f?om ideal stoichiometry becomes significant at the
temperatufes studied in this investigaﬁion.
X-RAY RESULTS.
'Powder patterns ef all saﬁples were taken on a'Picker diffractometer

with nickel filtered copper radiation (AC Ky = 1. 5MO51A) The predomin-

antly cubic niobium nitrides were also’theckedvby the Debye~Scherrer tech-

&)

ique fof;a more precisé lattice parameter determination.

Thefsﬁecimens preﬁared‘at either 760 or 7600'£err wereralmest always
cuvic. In on¢y two of the samples (nltrlaes prepared at 760 torr and
1Lk70° c) was uhere any indication of a second phase - This second phase
was also cubic_but with'a lattiqe.parameter of h.h5,.indicaﬁing it might

be No(C,N). . At 100 torr the samples with intermediate carbon content

(C/f = 0.2 or 0.3) contained significant amounts of two cubic phases with -

. v R - o . .

lattice parameters near 4.39 and L.42A. ' The specimen with the highest
carbon content ( _C/Nb ='0.5) contained only one cubic phase. At 10 torr,
the t travonal nltrlde ”N‘uNﬁ” was a s1gn1;1cant pnase 9 At 1 torr the

hexagonal pnase Nb (C N) predoml;a ed. .

CRITICAL TEMPLhATU?ES

Crltlcal temperatures were neasured by the technloue of Berrlaﬂ and

Von Herzen.lq Many transitions, particglarly thosevabove 17°K, tock place -

over 0.1 or-0.2°K. In;some‘transitions,*unere was a’ Low—ucmperature
- tail”vchefacteristic of:these compoundsa_but in general the transitiens
_ wefe quite‘sharp.
 Cur results forrthe samples prepared at 769storri(Figﬁ 2b) are

. .- .2,3 ‘

generally{in agreement with those of Pessall et al., except for the

YA



critical t mbaratu re of WoN. Our resulis indica
temperature for NbN than previously ‘03Cluuu-

The dependence of T on C/V‘ ratio is similar for samples prepared

C

" at the three highest nitriding pressures. The broad maximwa in critical
& (=] *

temperature near 3C% NbC has been confirmed for three different nitriding
Dressures. Whereas slightly different*To values resulted Tor the
different nitriding temperatures, the'spread of TC midpoints: for specimens

with COnStant C/No was usually less uhan 0. h K for 760 torr and for

7500 err in spite of the apparent alfferences 1nvn1t;OP - content (Fig.
1a,b,e,d),. For 100 torr‘the specimens’nitrided‘at.l5609C had the nighest
cfitical‘temperatures'and those ultrkded at 1470°C had the lowes®: orltlcal
temperatures, althougn uhe spread in. m1d001nts was usudlly less than
0.6°K" for specimens'with‘cohstant C/NY, »Therefdre, for clarity in the
igures,:ﬁhe criticai teﬁpefetufe date presented (Figs. 2a,b,c an@
5a,b,c,d) are averaged over the three nitriding temperatures. It should

be pointed out that the total interstitial cohtents of samples of sil

four carbon compositions were approximately the same for samples prepared

~at constant pressures of 100, 760, or 7600 torr (Fig. la,b,c,d). TFigures

,\

2a,b,c therefore approximate constant:’ s»o:.c‘uo.ne try plots.
All critical temperatures of the,cubic‘sampleS'near stolchiometry
were near 17 to 17.8°K. All three of the nominally pure nitrides pre-

4 7z

pared at T600 torr had lower values OQ,TC than those prepared at 780
torr (Fig. 3a)- ‘TheSe lower transitions could have been due in part to
the oxygen contamlnatlon ox the 7600 torr spec1mens.

”he effect of pressure on the carbo-nl rides was less pronouuch

v

(Fig. 3b,c,d). While the T .of the n t ede preﬁared at 7600 torr was
5 a)“ A ° e

lower uha“ uhat‘of ﬁle nitride prepared at'? O tor-, the critical tempera-

tures f the sarples»w*uh C/Yb 0.2 prenare at those two pressures were.




essentially the same; the other two cor @031t10ns shOWed a higher trans

tion uemoerature in samples nitrided at the higher pressure.

CRITICAL MAGNETIC FIELDS - ' S

Crltlcal fields (H 2) at k. 2 K were measured By a pulsed Tield
vmagneulzatlon technlque.ll. As a chepk, a few transitions were measured '
be resistive meuhods. The resulis agreed within 2-3%.

The variation.of Hc2 with nitriding pressure was diffe fent from the
trend of‘Tc in that{the critical field always increased as the nitriding
‘pressure increased (Fig. 3a,b,c,d). Even'in,the oases'in‘which the tran-
smtlon temoerauure began to decrease w1th 1ncrea51nv pressure, the cfitical
magnetlc fielad contlnued to 1ncrcase; | |

Ag a fUnCulon 04 carbon conuenu; H@g ohowedja differenﬁ trend than
‘had been ;ound oy ouher 1nvest1~ators. At ‘all pressures, except 10 torr,
the.pure n;tr;de posseosed the heghes tritical field. The trend in |
critical field was downward with incfeasing carbon content (Tig. ka,b,c).
The hlghest critical f;eld found in thas 1nvest1gau10n Was L32 kG for the
nitride fir ed at 1280 C at 7600 torr for M ‘hrs. |

'snould perhaps be mentioned that the critical fields of our

.spec1mens nlurlded &u 760 torr generally agree qulte weil with the Tieclds
-_reporued by Dessall et al 2 ,The excéption is the critical magnetic field
eof the pure'nitride; We belleve that the cr;tlcal field of Nb\ is
118 132 XG, and is therefore the hlghest in the ternary system. We

therefore contend that there is no maxemu“ critical field at an inter- >

mediate composition in the_NbC-NbN pseudo-binary system.

o




" "DISCUSSION "

There are two possible explanations for the existence of two phases

in the low stoichiometry portion of the cubic solid solution range: an

)

quilibrium miscibility gap or a non-equilibrium situation in the solid.
Since the starting material for the intermediate carbon contents was a

mixture of Nb and Nb C;ﬂthe final result after n1tr1d1n~ "ould_be a

mlxture of pnases W1th compos1tions near VbN and Nbco 5 O 5° It there
nad not been enough tlme for diffusion to occur, uhese phases would re-
main unmixed. ' |

An isothermal disgram (Fig. 5) in@icetesfthat bnly. the samples pre-:
paréd‘atclowrnitrogenﬁﬁressures eré in'nbnequilibrium states. - It is not possible

to draw an equilibrium'phase diagram with the points as shown in Fig. 5.

‘ R o 2. . . L . ' o ,
The three phase field'. wnlch must exist between the two cubic phase region

~and the cublc plus uetragonal region dld not aopear in aﬁy of our samples

and ca not e drawn on the dlacram in consormateoﬁ thh the thcvvodynamlc

requlrements of such a fleld Because the X= ray patterns did indicate a

single phase in uhe samples preparec au hlgher pressures, we believe that

[

uhcse samples are ncar equlllbrlum. LT e

In the presentation of‘our data, the bulk composition of the sarmles
based On'weight gain has been used. This composition is somewhat amvisuous

in samples contaln1n~ more - than one phuse, but we do consider it a repre-

S

scntatloﬁ accurate enough to lndlcate tvends in the data. A better DL G-~
meter tnan;compos1tion might be the 1attice parameter. In the event of
1uy in the spec1ren, the y—ray data would re

abundant phase while tne ou.pcrconduc,.,lng Lransltlous would tend vo show

(5]

all co up05¢tlons, welﬂhthﬁ the size of *hc transition signal according

tc the volume of the phases. Indeed, t&o traﬁu*tlons did appear ia can



samples eentainingytwo phaees. Since the létfide:perameter can be varied
either by stoichioﬁetry ér by carbon content,'there:ie no accurate way to
determiﬁe‘the composiﬁion of a cubic phase coexisting_with ehother phase
esolely on the besis Qf lattice parameter. Furthermore, since the emnples
prepared at or-above iOO'torr are'lefgely single phase, we consider the

weight gain to be a reasonably accurate:parameter on which to base our

discussion.

One ‘of the important‘parameters considered. in connection with super-
" conductivity is the ratio of electrons per atom. One critical value is

¥

generally taken to be aboubt 4.75. Since these non-stoichiometric compounds
have many vacant interstitial sites which do not contribute electrons, the
- ratio used for these samples was electrons per niobium atom. This ratio

changes with stoichiometry and is equal to twice the value of electrons
per atomic site based?on two atomic sites per . formula NbC Ny' The choice

w,.

of this parameter is based on the hypothe51s that the fee niobium d-oand

is of prlmary 1mportance in determlnlng the superconductlng properties

|

of the niobium'carbo-nitrides. It should be noted however, that

-Geba&le et al. have fecently proposea uha tbese materlals axe sp~band

.sanerconductors Wluh strong electron-pnonon coupllng

Figures ba, o c, d, show CrlulCal bemperauufe as a function of elec-

trons per-atom based on the bulk composition{ ﬂTherNbN shows a broad
. B
max irmm 1n T at 9.5-9.9 valence e;ec»rons per nloblum atom. The decrease

of T, (Fig. 6a) for hlgher values of C/Nb is probably due Lo the higher
oxygen conten s for the NbN specimens prebared at 7oOu torr. Neverthciecs,

Ao

when data ex1st¢nﬂ in the therauure are con31derea in "ddluion TO vicse

cf. ref. 7. Compositions deLermined‘¢rom lattice parameter data for
NoN give the maximum Tc at about Xb\o 9 -NbV .96° 9.65-9.8 valerce
electrons per nicbium atom.

<



@

‘reduction of the data in Fig. 6a,b,c;d to a single master curve is not

will raise T fur cher for three of the caroon contenus reported }

'(Fig. 3b,c,d).

9=

P

data presented here, it appears thaﬁ thé decréase of Tc is réal.{ The
caibon-containing speéimens also show broad maximg in TC with valéncé.
elébtrohs pef.niobium atom (Figs. 6b,c;d); however, there is aimost no
indication of decreasing Tc at Eigher values of C/Nb.’ This may be due

to ‘the limited range Qf compositvion atﬁainéd here since few carbo-nitride
sample34a'nroached idéél stoichiometry: Althoﬁgh'there ié considerable

N

overLap of e/KD for the T maxima, they are so broad and indefinite that

it is impossible ©o.say they occur at the same e/Nb value. TFurthermore,

e

possible. This is reasonable in view of the clearly established importance
SO ; S . . 14 ‘ ‘

of the effect of lattice dilatation.

Whereas e/Nb does.not uniquely determiné‘T P it does appear that

increasing € ’/Nb tnrough nltrldlng ut prgssures hlnher than 7600 torr

jay
[©]
H
[p]

3
st

It may be noted that the dependence of T, on both pressure and

‘carbon content is somewhat different from the behavior of H . Once the

crystal structure is predominantly cubic (log P (torr) > 2) the variation
in Tc is proportionately less than that-of H 2.' HEQ decreases quite
rabldly elther with decreas1ng N/Nb and constant carbon content or with

I

;ncrea51ng C/No for constant nltr ng presgure. Turthermore, the optimum

composition for‘high‘critical fields is near the stoichiometric nitridc

rather uhan the Carbo~n trid es whlch nave the h17neSu critical temparaiure.

o

can be described in terms of the product'of electronic specilic

T

oo

h) Sl y -'” .. . . N 7 . \
heat coefficient \7) crlulcal temperature, and normal resisti ‘bj (~ Je

TC increases ullgn yJWith'increasing édrbon cOntent at constant nitriding

'prCﬂ“ure., Th1° fact 1mplles that uhe ﬂroauct N 7 mnSu be decreasing as




carbon content increases. Because.of the unfavorable sample shape
(l/8”-dia..by 1" length) and unknown effective cross sections no resise
Tivity measurements were made. Nevertheless the high,Hce_for NoN pre-
pared at 7650 torr (Fig. 4c) is probably related to a high value of

p_ due to the oxygen content.

There are indications based largely on empirical correlations that

(&)
0]
ot
=
Y

s . . P . \ s "
the density of states (and conseguently, V) decreases en the compo-

15-1 . - . .
b C. > ,7 Extensive measurements of the electronic

[axH

specific heat in this ternary system have not been madc. Therc

i

ore, any

.

1TL.0n in

[&4]

b}

ttempt to describe the variation in critical field with compo

A

terms of ¥ and pn would be highly speculative. Recent experimental
determinations of < for a few niobium nitrides, nicbium carbides and a

niobium carpo-nitride gave surprisingly low values which did not vax

. . o B R . o
in the same sense as TC/SD. “ If cubic niobium carbo-nitrides are sirong

-

13

coupling superconductors,™ then the ‘dependence of ch upon v, P and T

cannot be specified.
. CONCLUSIONS
Critical temperatures and upper critical fields for cubic niobium

carbo-nitrides both depend upon ¢composition wnebther i

¢ 1s varied by

substvitution of carbon for nitrogen or by deviation frowm stoichicwmetry.
with compositicn is not-identical to that of 7 .
Tne maximus critical temperature (17.8°K) occurs for nearly stoichic-
metric carvo-nitrides with C/Nb > C.3, although'niobium nitride {(con-

h o

P, PR
aas Q4 criv.ca

by

- 7~ N
.C02) prepared at 780 tor

O

taining C/No = 0.026 and O/No =

A~ -

iclds

bt

temperature nearly as high (17.2-17.%3°K). The moximum critical

s N

’ ’ o -~ 1 . o e ~ PR -
cat L.2°K (118-132 kG) occur for niobium nitride preparcd at TEU-Toud

RPN Tl m oy o “ R - e oo . 3 S S S PR S S S Y
corr. VWhnereas the higher value of B o moy De atuributec to slight oxyren

el

e

' &

LA



& ]

B
—_-id-

contamination, the 118 kG value resuited for niobium aitride containing

& very low oxygen content (O/No =~ 0.001). We therefore believe thut

the optimum composition for a high H , 1s the "pure" niobiws nitride and

That any departure from this composition will result in a lowering of
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any informatiofi, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








