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ABSTRACT
_The wide range of stoichiometry and the accomnanylng uncertalnty in
Speci. en composition have led to oon1u51nw rebult in previous ihvestiﬁa-'

tions of tne ”uwcroonqurt.v1 of Ouch \o . A preparative technique
oY ey , .

involving different nitriding Lomonrctureu and prossuro has led to

'<un\oundu of re tlvely low ox pen content wnlch span the range N/Nb =
1 s (&)

- 0.87 - 0.97. The critical temperature (Tc) is. dependent on both lattice

L : N P - . .
parameter and st01chno etfy The maximun TC (17.3°K) found in this study
ocecurs for a composition slightly below stoichiometry (NbNO 93 0 Q6) and
- . . AO . . -

for a lattice parameter near L.39CA. - A mn“lmum upper critical field

(HCQ) of 118 kG was found. These values of T and HC are considerably
. o .

higher than those prev1oasly repor ted for- thls compound.

aeparbnent of Mechanical Engineering



- (T.) and upper critical fields (I
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INTRODUCTION
‘Much effort has been expended in the study of critical temperatures
) for metals. and alloys (including

2
30lid solutions and intermetallic compounds). Another whole class of.

c

“materials showing interesting superconductive properties consists of

transition metal-interstitial compounds. One of the highest critical

temperatures known is for such a material, i.e., 70 mole % NbN-30 mole %
1 : . . . L
NbC. These compounds. have not been investigated as much as metals and

alloys because of the difficulty of preparation ahd_because.of'the sus -
pect;d depéndence of properﬁies on interstitiai impurities.

A totally unambiguous determination of critical'teméefature of these
compounds is quite difficult if not impossibley although excellent work
has been done.on the cbmpounds of niobium éarbide and tantalum’carbide,
By éareful téchniques of preparation coupled with'the.best dvailqble
chemiéal.analyses and lattice parameter measurements it is prsible to
characterize the structure and define the prpperties of this importanf
class of compounds. VSuch is the.caseAwith cubic niobium nitirde. Pre-
vious investigetors have éstablished the importance of stoichiometry;
however, there Stillbremains doubt as to the absolute value of the
critical tgmpéréturé bf this compound beéause»of tﬁe uncertain éffect
of the principal impurities (oxygen and carbon) whose Coﬁtenﬁ, in many

instances, was not reported. Furthermore, it would appear that the -

preparation techniques employed were not such to span the entire compo=-

sition range over which Nij-x exists.



-

In the'present'investigation a'range of nitriding temperatures and
preséures'was utilized in an effort to'bfaéket the optimum‘conditions for
_superconductivity.‘lfhe nitrogen Qontent‘of the.compoundsvno prépared was i
determined ffom precision lattice parameter data; sing the correspondence
eétablished b& Brauef and cdworkers.h’s- Carbon and oxygen~contents were
determined by cheﬁical aﬁ;lyses of both the raw ma%éfiais-énd at different
processing stages. .I£Iis important to emphasize that with available raw ﬁ
materials and known proceésing techniques it islimpossible to eliminate
bcompletelyvthe problem of impurities;‘however, the degree of their ina

.

fluence canvbe,established and'the'proﬁerties‘of the pure material ébtaiﬁed
by extrgpolation. |
PREPARATION PROCEDURE

Available niobiﬁm‘poﬁdér cbntains Varying'aﬁounts of carbon and oxygen.
In general>the combined content of carbon plus oxygen is high, i.e}; about
0.3-0.k% wt. % (~2-3 at.%) with oxygen usually predominating. However, the,
ratio of these elements can vary with source and history. In’thoée fe&
._instances where carbon and oxygen contents have been reported,6’7 it appcﬁrs
that ﬁhé starting material was high in oxygen. .Fine niobium pdeer_expdsed_J
to air will typically have a high oxygen content (up to 0.4 wt.%).

Pickus and.Wells8 found that vacuum sinteriné of high-carbon material
resulted in a reduction of both bxygeﬁ ahd carbon levels, presumably by
carbor deoxidation. Thus a high carbon proceséiné treatment was selected
because if afforded an opportunity fbr purification in processing. ‘ A o

Hiobium poﬁder*'df ~325 mesh was mixed with a'solutién of sﬁyrene in

toluene, and-the solvent was evaporated to leave the powder coated with

x - ) o , .

savecsi Chemical Co., Boyertown, Pa. Nominally 99.7%" ivbium (with reapaect
toretallics,: onalyses indicated 0.11 wt.% (0.85 at.)) curbon -and D.L%
wt.% (2.5 at.%) oxygen. , . :



.

1

styrene binder.8 In this form the mixture could be treated as a thermo-

plastic and extruded under very little preesure as 1/8" diameter rods. |

. After being broken into 2" lengths, the rods were placed on a niobium

support in a horlzontal tube furnace w1th a flow1ng purllled argon at-
mosphere. The argon was dried by molecular sieves and deoxygenated by hot
Ti-Zr alloy chips. Heating was programmed to allow complete volatlllzatlon

of the styrene at 400°C before initiating partial sintering of the niobium

at 1400°C. Final sintering was accomplished in a graphite tube furnace

where the rods, supported by tungsten hooks, were fired at 1900-1950°C for
one hour in high vacuum (10-6 Torr). The resulting rods (0.34 wt.% carbon

and less than 10 ppm oxygen) were sufficiently porous to facilitate rapid

‘nitriding.

Nitriding was conaucted in the same graphite tube furnace used for the

final sintering. The temperatures‘selected, 1280, 1360 and 1470°C were

Achosen on the basis of the results of Brauver and Kirner.u They found that

.temperatures near lBOOPC favored the formation of the cubic niobium nitride'

near stoichiometric composition. In our wor& the temperature was ralsed
whlle the sample was under vacuum (10 -6 Torr). Nitrogen was bled into the

furnace after having passed through molecular sieves for water removal

and overheated copper turnings for oxygen removal. The pressure was re-

gulated automatically to within 10% at 1 Torf and to better than 1% at lQ;’ t
100, and 760 Torr. After a firing period of either 4 or 8 hours, the samples
werebeooled at constant nitrogen pressure. The coolipg process was rapid.
because a cold wall furnace was employed. Carbon contamination due to the
graphite furnace in the sintering and nitfiding operations is highly un-
likely .since the specimens were not in contact with the rrraphlte and even

at 1900-1950 C the vapor pressure of the graphite is less than the operatlng

pressure (as determined by an ionization gauge) by more than an order of

o

T
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'magnitudé; furthermofe, the graphite tube has been.pfeviOUSIy 6utgassed at
high:temperatures while under vacuum. | |
SPECIMEN COMPOSITIONS

Specimen compositions were determined_through chemical analyses and
lattice parametcr measuréments. Chemical aﬁalyses fofvcarbon anq.oxygen
- were found to be reproducible within 110%. The final oxygen content after
nitriding tended to be higher than that‘in the sintered niobium (Table I).
The total impurity level (mainly due to carbon and}oxygen)_of the'specimehé
reported here is és low as orllower than the impurity levéls which have been
reported for niobium.nitride in the literature (Table II). Rﬁgener,5 Qho
did not réport>oxygen or carbon levels, did consider ﬁhé effect of oxygen.
He found that WHen fwé specimens Qere nitrided the same Way, one in pure
nitrd@en~gés and one in nitrogen gas cdntaining_o.l vol.% okygen, that
the latﬁer:had a critical temperatufe more than one degree lower than the
former.

Therampunt Sf nitrogen in the specimens was determined from precision
lattice paramétef m@dsurements in conjunction with the lattice parﬁmetér-
- composition daté of Brauer andbcoﬁorkers (Fig. l).u’5 Alﬁhougﬁ lattice
parameter corfectiohs for carbon and oxygen contents wére not'made, the
errbr introduced is generélly less than the experiméntal'uncertainty in
the lattice parameter. |

X~-RAY RESULTS

Xeray powder patterns were obtained from a Picker‘diffractqmeter with
nickel filtered.copper radiation. Debye-Scherrer powder patterns were used
 to determine the latﬁice'parameters‘of the predominantly cubic ;pccimenﬁ.
iiickel filtered copper radiation (A : = 1.5&051&)'Qas used in a 57.5 mm

CuKal

dlam. camera with Straumanis mounting. Tetraponal paramcters were deter-

P’\

v

-
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mined from the (131), (113) lines on the diffractometer trace and from
the (151), (115) lines on the Debye-Scherrer film.

All samples nitrided dt or above lOO.Tdrr‘were cubic, although there

5

were trace amounts of either the tetragonal niobium nitride” or a sccond

cubic phase 'in four of the samples prepared at 1470°C.

_ At 10 Torr all samples contained large amounts of the tetragonal phasé,

= and at l Torr the crystal structurc was predomlnantly hexagonul corres

pondlng to NbeN._ The result of the x-ray 1nVest1gat10n are. ﬂnmmquzcd

in Table III.
SUPERCONDUCTIVITY RESULTS

Critical temperaturesIWere meéhuréd,by the method of Merriam and

Von Hérzén.lo The technlque 1nvolvnd monltorlng the voltage across a
| c01l to Whlch was suppllpa an ac signal at a low audlo frequency of 5000

"Hz._'The sample, placed in the ‘center of the coil, caused an impedance

change in the coil when the supercdnducting transition took place. A
calibratéd germanium resistance thermometer with an accuracy of 20.1°K
and a preciSibn of better than i0.05°K-was_usedvto’detect the temperature.

5

Critical temperature datavinc1uding those of Rogener,”. llorn and

Zieglé},lliand Pessall et al.l2 are snown as a function of lattice para=
" meter (Fig. 2) and as a function of nitrogen content (Fig. 3) for cubic

‘niobium nitride. As the lattice parameter increases‘T increases. In»‘

crea81ng nltrogen content, however, causes T, to go through a maximum,

Figures 3a and 3b result because compos1t10n is not a single-valued

function of lattice parameter (Fig. 1); since R’dgener3 prepared Liny

of his compounds at niﬁrogen pressures significantly greatcr than 760

H
H

 Torr and Brauer and Kifnerh.have shown that this will result in compo=

- sitions beyond the stoicbiometric limit, Fig. 3b is more likely correct
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than Fig. 3a. Nitriding pressure significantly influences the critical

teﬁperaturé. The optimﬁm pressure for producing a high T, seems’ to be
- in the:viciniﬁy_of 760 Torr (Fig., 4). - o f ' v

Upper critical field was determined inductively at L.2°K with a  .

. g o 2 L

pulsed field technique (8 msec rise time).l)' A few samples were checked .' B o
by resiSti?e measurements to confirm ﬁhe_consisﬁency_of ﬁhe two tecﬁniques,». ]
The results agreed within 2 or 3 kG (i.e., ~29% of the critical field). The .
critical field (averaged over the three teﬁperatures and two firing times)
is plotted in Fig. h.aé a function of nitriding pressure.  The maximum
critical field was found for samples nitrided at 760 Torr. This value is
considerably higher than has‘been reported previously for nicbium nitride.

Tabuldted Tc_and HC data are presented in Table IIT.

2
DISCUSSION
"Reported values of T, for cubicAhiobium nitride range from 11 to

3,6,7,11,12,1L4-18 -

16°K. From the present study on moterials of rela-
Lively low oxygen cpntent, it is apparent that Tcrfor cubic niobium nitride
extend; up to 17.3°K; this value is rather close to the TC prediéted by
Gebalie et al.9 for Siightly substoichiometric NbN. Thg raaximam TC occurs
Below stoichiometry (Fig. 3b) althoﬁgh the exact composition for the
maximum is unccrtﬁin due to, in part, the uncertainties in the latticev
paramciers. This is the first case to our knowledge in which critical
temﬁerature is strongly-composition dependent with thé best composition
slightly off stolchiometry. The form of the cuwrve is similar to that for ' y
niobium carbo-nitrideé.near stoichiometry. A direct comparision of the Nle-x
data with those of the NbN-NLC syétem is appropriate, Two.pointn are of
intnwést: NbNb,ﬂ) whare T, is close to the T, ;alue for stoichiomﬂtric

: AP
- "”lll".'

95

1 o L o - .
NbC, 7 and NbNO s where T, is 4 maximum., A comparison of -
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comparision with other NbN-NbC solid solution compositions

valeﬁceQeleétron-to-niobium-atom ratios® is given in Table IV. Purthér
leads ﬁs Lo
cohciude that deviation from stoiéhiometry for NbN resﬁlts in virtualiy
the same T, as does solid solution addition:of NBC to NbN, for the same
numBér of-valence'eiectroﬁs-per niobiﬁm atom, énd ﬁhat the peak in.TC
occurs at about‘9;7 -'9.75.vdlence eleétroné per niobium atom. From this
compariéion it appears that the interstitial ingredient does not‘muttér;
what does mattersis oniy £he (fcc) niobium d band and therconduction

eléctron density.

In the NbC and TaC systems T, increases as ag increases when com=
position is varied. Similarly, the critical temperuturo for NbN of
varlable comp031tlon generLlLy 1n<reaoes with lncreaqlng lattlcc plra-
meter. Indeed, To Vs ao follows a 31ngle curve for compositions aboye
and below.stoichiomefry (?ig. 2). - |

The rapid upward trend of H w1th 1ncreaolng nltrldlng prp%suro in
comparlslon to the slow increase in T, (Flg. L) might appear to bc SUTr =
‘prlslng,**'particularly'since the ﬁormal state electrical resistivity
-ought tovdecrease'répidly as stoichiometry is approaéhed. ‘However, these
daté are indicative of phase stability as well as.stoichiometry variation
within a single phase. Tt is apparent that the cub’ic‘ niobium n:i.-t.;%idje isg
favored for superconductivity.‘ The maxfmum vaiues éf H (117 119 kG)

occur for matérials with the hlgheqt critical Lempc n1ures (17.1=17.3 K)

L
and, are slgnlflcantly hlgher thdn those reported by P(xodll et al. for a
V@lence-cltotron—to-atom ratlo, based on a1l a1om s to be an ine-
~ appropriate variable since for all Nb-N CompOSLthd° thius would be constant
~at 5.0. Valence-electron-to~niobium-atom ratio, on Ln: ciser hand, varies

with stoichiometry and is equivalent to twice the vaici ;-electron-to-atomic

site ratio for subst01ch10metr1c compositions,

XK
The superconductivity for ,pec1mens prepared at 1 ﬂorr is due to a small

amount of tetragonal or cubic phase.
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material of apparently lower nitrogen content. Slight interstitial impurity S

additions would be expected to raise Hc2 even further due to increased nor=-- n

i
~

mal state resistivity. We haﬁe found that.an addition.of about 1 at.%
oxygeﬁ raises Hc2 to 132 kG bgt Lowers Tcﬂto 16°K. |
| CONCLUSTIONS

This investigatioﬁ extends previous work on the superconductivity of
niobium nitride. The correlation of criﬁical'temperaﬁure'with'lattice
parameter and with nitrogeﬁ contént;for relatively low oxygén materials
suggests that the opﬁimum éonditions forvpreparation of a high T¢ material .
were never before‘reached. | |

dritical temperatureris a function of lattice parameter, increasing
to a maximum value of 17.3°K when ag = h.3903.v The optimﬁm composition

for a hlgh.TC is in the range NbNO.93'NbNO}96‘ The'varlgtlon OfvTc with

electrons per atom in a number of alloy systems énd seriéé of compounds
“has .long béen kndwn. Presumably this rgflects a riéid band model for

the density of states,>particularly?d»band deﬁsity of states. Thé‘optimum

nitrogen content corresponds to an electron per niobium atom ratio of . B
9.65 - 9.8;.the maximum T in the NbN-Nvapsﬁedo-binary system »(aﬁ
stoichiometry) occurs at a composition haVing 9.7 électrons per niobium
atom. Tt is also notewdrthy that both NﬁNb.8 énd Nbél.d’ ﬁhich have thé
same electron ﬁo niobium atom fatio; have almost identical critical tem;
pefatures. This correlation is fﬁrther evidence.of the relevance of{ ‘ .
electrorns pef atom as a descriptive parameter in the superconductivity of
these interstitial-niobium compounds. |

Vélues of Hcé in ‘the rdpge 117-119 kG occur for substoichiometric:

cubic niobhium nitride specimens which have the ﬁaXimuﬁ critical tem-

peratures. Samples with low impﬁrity levels (~150 ppm carbon and ~170 ppm -

W




2

Qo

oxygen) were found to have'H = 118 kG and T, = 17.3°K, which pre-
2

-qumably then is characterlutlc of pure nloblum nltrldc near NbNO 95°

Suitable small addltlons of oxygen can raise H up to 132 kG, yet
' G2

lower T .
C .
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TABLE I. Chemical Analyses of Selected Specimens

————

. . ’ XK
Specimen and (Nitriding c(wt.%)* o(wt.%)  Analyses Per- o
Conditions) i - ' formed by
Sintered Nb; . - _ , 5
‘not nitrided S 0.3k < 0.001 a
1280°C, 4 hrs.. o ' B
10 Torr ' C 0.58-0.59 0.086-0.096 a
1280°C, 8 hrs. ' ) - |
- 100 Torr ' 1 0.28-0.30 0.025-0.050  a
1280°C, 4 hrs. S S -
760 Torr : 0.015 , 0.017" a
1360°C, 4 hrs. | S
760 Torr ‘ 0.266 o 0.031 - b
1470°C, 4 hrs. )
760 Torr ' 0.75 + .01 : 0.036 a
C determined by combustion.
*%
~ 0 determined by vacuum fusion.
‘a.  Anamet Laborabories, Inc., Berkeley, Calif.
be - Oak Ridge National Laboratory - '
TABLE'II. " Impurity Levels for Niobium Nitride
Reference - (Wt %) , o(wt.%) -  Other (wtJp)
g . ° * . * ', ’ '
This work _ 0.5 - - 0.05 - - Metallics < 0.1
6 0.68-1.47 L *x | f *x
7 1.1 0.18 Hydrogen 0.18°
| | A \Metallics < 0.1
9 | 0.0 034k . Metallics ~ 0.1k 9
Avefaged over all spécimens reported@ j ' Y

. l N
The starting niobium contained 4.27 w/o 0 and 5 w/o Ta.
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TABLE IV. CdmpariSdn of Transition Temperatures'of‘Seleéted Compositions :

9.7

Ae:/Nb atom Tc(OK) |
NbNo.g 9 , ~12 B
Mol o 9 12
oy g5=NoNy o6 | 9_,.65» - 9.3 : 17.3 ,(mXimu-m) o
0. TABN=0, 3NbC 17.8 (maximum)




Fig. 1

- Fig. 2

Fig. 3 .

Fig. U
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FIGURE CAPTIONS

The dependence of lattice parameter (a,) on nitrogen to niobium

atom ratio (N/Nb) according to Brauer and coworkers,u’5 for

cubic niobium nitride.

- The dependence of critical temperature (Tc) on lattice para=-

metef.(ao) féf cubic niobium nitride.

The dependence of critical temperature (T_) on nitrogen to
niobium atc;m‘ratio (N/Nb) for cubic niobium nitride, (a) based
on Rgener's compositions being béléw stoichiometry, (b)‘buéed

on ROgener's compositions being above stoichiometry.

0 present investigation; . ® ,R'o'gener,3
'@ Horn and Ziegler, 1L & Pessallet al.,'lg
: 8 - ) .

Q cauls et al.

The variation of critical temperature (Tc) and upper critical

field (HCQ) with hitriding pressure.
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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.

As

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained 1in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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.

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.








