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• 	 ABSTRACT 	 • 

The wide range of stoichiomet:ry and the accompanying uncertainty in 

specimen composition have led to confusing results in previous investiga 

tions of the superconductivity of cubic NbN. A preparative technique 

• involving different nitriding temperatures and presaurce has led to 

c:cmpounds of relatively low Onjgen conteht which span the range N/Nib= 

L) 87 - 0 97  Tne critical LemnelJture (Tc) s dependent on both 1uticc 

parameter and stoichiometry. The maximum T (l7.5 ° K) found in this study 

occurs for e compoL'ltlon sigh ly  oelow stoicioiretry (NbN0 90 q6 ard 

for a lattice parariieter .  near 	• A maximum upper critical field 

(H) of 118 kG was founth These values of T and 	are conic1erabiy 2 	 2 
higher than those previously reported for - this compound. 

a 



IIcTRODUCTION 

Much effort has been expended in the study of critical temperatures 

• (Ta ) and upper critical fields ( 1 i ) for metals. and alloys (inelud.ing 
2 

solid soutions and intenieta.11ic compounds). Another whole cia ss of 

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 % 	NO mole % 

These compounds have not been investigated as much as metals and 

alloys because of the difficulty of preparation and because of the sus-

pected dependence of properties on interstitial impurities. 

A totally unambiguous determination of critical temperature of these 

compounds is quite difficult if not impossihie although excellent work 

has been done on the compounds of niobium carbide and tantalum carbide. 2  

By careful techniques of preparation coupled with the best available 

chemical analyses and lattice parameter measurements it is possible to 

characterize the structure and define the properties of this important 

class of compounds. Such is the case with cubic niobium nitirde. Pre-

vious investigators have established the importance of stoichiorretr; 3  

however, there still remains doubt as to the absolute value of the 

critical temperature of this compound because of the uncertain effect 

of the principal impurities (oxygen and carbon) whose content, 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 WbN
l  exists. 

N 
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In the present investigaton a range of nitriding temperatures and 

pressures was utilized in an effort to bracket the optimum conditions for 

superconductivity. The nitrogen content of the, compounds so prepared was 

determined, from precision lattice parameter data, using the correspondence 

established by Brauer and coworkers. '. Carbon and oxygen contents were 

determined by chemical analyses of both the raw materials and at different 

processing stages. It is important to emphasize that with available raw 

materials and known processing techniques it is impossible to eliminate 

completely the problem of impurities; however, the degree of their in-

fluence can 'beestablished and the properties of the pure material obtained 

by extrapolation. 

PREPARATION PROCEDURE 

• 	Available niobium powder contains varying amounts of carbon and oxygen. 

In general the combined content of carbon plus oxygen is high, i.e., about 

O.3-0.4 wb.% (-2-3 a.t%)  with oxygen usually predominating. however, the 

ratio of these elements can vary with source and history. In those few 

instance.s where carbon and oxygen contents have been reported, 6,7 
it appears 

that the starting material was high in oxygen. Fine niobium powder eqoscd 

to air will tqically have a high oxygen content (up' to O. 	.%). 

Pickus and Wells 8  found that vacuum sintering of high-carbon material 

resulted in a reduction of both oxygen and carbon levels, presumably by 

carhoy deoxidation. Thus a high carbon processing t.i'eatment was selected 

because if afforded an opportunity for purification in processing. 

Niobium powder*of -25 mesh was mixed.vth a solution of s't;cne in 

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

aweeki Chemical 'Co., Boyertown', Pa. Nominally 	;: .D1un (with respect 
aniyses indicated 0.11 wt.% (p.87 tt.) carbon and 0.10 

wL.% (2.5 at.%) oxygen. 



-3- 

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

plastic and extruded under very little pressure as 1/8" diameter rods 

p0 	

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

support in a horizontal tube furnace with a flowing purified argon at-

mosphere. The argon was dried by molecularsieves and deoxygenated by hot 

Ti-Zr alloy chips. Heating was programmed to allow complete volatilization 

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

at 14000 c. Final sintering was accomplished, in a graphite tube furnace 

where the rods, supported by tungsten hooks, were fired at 1900-190
0
C for 

one hour in high vacuum (10 Torr). The resulting rods (0-34  wt.,o carbon 

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

nitriding. 

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

final sintering. The temperatures selected, 1280, 1366  and 1470° C were 

chosen on the basis of the results of Brauer and Kirner. 4  They found that 

temperatures near 13002 C favored the formation of the cubic niobium nitride 

near stoichioinetric composition. In our work the temperature was raised 

while 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 cper turnings for oxygen removal. The pressure was re- 

1ated automatically to within 10% at 1 Torr and to better than 1%.  at 10, 

100, and 760 Torr. After a firing period of either 4 or S hours, the samples 

were cooled at constant nitrogen pressure. The cooling process was rapid 

because a cold wall furnace was employed. Carbon contamination due to the 

graphite furnace in the sintering and nitriding operat,ons is highly un-

likely .since the specimens were not in contact with the graphite and even 

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

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



magnitude; furthermore, the graphite tube has been previously outgassed at 

high temperatures while under vacuum. 

SPECIMEN COMPOSITIONS 

Specimen compositions were determined through chemical analyses and 

lattice parameter measurements. Chemical analyses for carbon and oxygen 

were found to be reproducible within ±10%. The final oxygen content after 

nitriding tended to be higher than that in the sintered niobium (Table I). 

The total impurity level (nainly due to carbon and oxygen) of the specimens 

reported here is as low as or lower than the impurity levels which have been 

reported for niobium nitride in the literature (Table II). Rgener, 3  who 

did not report oxygen or carbon levels, did consider the effect of oxygen. 

He found that when two specimens were nitrided the same way, one in pure 

nitrogen gas and one in nitrogen gas containing 0..1 voi.% oxygen, that 

the latter had a critical temperature more than one degree lower than the 

former. 

The amount of nitrogen in the specimens was determined from precision 

• 	lattice parameter measurements in conjunction with the lattice parameter- 

45 composition data of Bra.uer and coworkers (Fig. i).' 	Although lattice 

parameter corrections for ca'bon and oxygen contents were not made, the 

error introduced is generally less than the experimental uncertainty in 

the lattice parameter. 

X-RAY RESULTS 

X-ray powder patterns were obtained from a Picker diffractometer with 

nickel filtered copper radiation. Debyc-Scherrer powder patterns were ucd 

to determine the lattice parameters, of the predominantly 'cubic •:;pccimens. 

Nickel filtered copper radiation (. 	= l.51-O5lX)was used' in a, 57.3. mm Cu 1 

d.iam. camera with Straumanis mounting. TetragOnal parameters were etcr- 
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mined from the (131), (113) lines on the diffractometer trace und from 

the (151),  (ii) lines on the Debye-Scherrer film. 

All samples nitrided At or above 100 Torr were cubic, although there 

were trace amounts of either the tetragonal niobium nitride 5  or a second 

cubic phase 'in four of the samples. prepared at 1 1470° C. 

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

and at 1 Torr the crystal structure was predominantly hexagonal, corres-

ponding to Irb2N. The results of the x-ray investigation are 'rnrnmarized 

in Table III. 

STJRCONDUCTIVITY RESULTS 

Critical temperatures were meaured by the method of Merriam and 

Von Herzen. 1°  The technique involved monitoring the voltage across a 

coil to which was supplied an ac signal ata low audio frequency of 5009 

Hz. The sample, placed in the center of the coil, caused an impedance 

change in the coil when the superconducting transition took place. •A 

calibrated germanium resistance thermometer with an accuracy of ±0.1 ° K 

and a precision of better than ±0.05 0
K was used to detect the temperature. 

Critical temperature data including tho'e of Rogener, 3  Horn and 

Ziegler 11 
 and Pessaaet al. 12  , 	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 Tincreases. In 

creasing nitrogen content, however, causes Tto go through a maximum. 

Fiir.es 3a and 3b result because cciposition is not a single-valued 

function of lattice parameter (Fig. 1); since R5gcner 3  prepared iny 

of his compounds at nitrogen pressures ignificantiy greater than  760 

Torr and Brauer and Kirner have shown that this will result in compo 

sitions beyond the stoichiornetric limit, Fig. 3b is more likely correct 
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than Fig. 3a. Nitriding pressure significantly influences the criticii 

temperature. The optimum pressure for p reducing a high T c seems to be 

in the vicinhy of 760 Tbrr (Fig. ). 

Upper critical field, was determined inductively at 4 .2 0 K with a 

pulsed field technique (8 msec rise time 13 
A few samples were checked 

by resistive measurements to confirm the consistency of the two techniques. 

Thu results agreed within 2 or 3 kG (i.e., 2% ofthe crticai field). The 

critical field (averaged over the three temperatures and two firing times) 

is plotted in Fig. 4 as a function of ntriding pressure. The maximum 

critical field, was found for samples nitrided. at 760 Torr. This value is 

considerably higher than has been reported previously for niObium nitride. 1  

Tabulated T 	d. an II data are presented in Table III. c 	c2  

Reported values of TC  for cubic niobium nitride range from ii to 

3, 6,  7, 11'  12 1-18 lo K. 	 ' 	From the present study on materials of rela- 

Lively low oxygen cortent, it is apparent that T 0  for cubic riiobiumn nitride 

extends up to 17.3 0  K; 	this value is rather close to the T' predicted by 

Geballe ci al. 9  for slightly substoichiometric ThN. The maximum T occurs 

helcM stoichiometiy (Fig. 3b) although the exact composition for the 

maximum is uncurtai'n due to, in part, the uncertaintie.s in the lattice 

• 	parameters. This is the first case to our knowledge in which critics 1 

temperature is strongly composition dependent with the best composition 	. 

slightly off stoichiometry. • The form  of the curve is similar to that for 	• 

• . . 	niobium carbo-nitrides near stoicMotry. A direct comparision of the NbNi  

• 	• cia sa with those of the MbN -NbC system is appropr late • Two points are of 

intcrcst: NbN0 . l' 	 is close to the T value for stoich±om Lie 

NbC, 19 
and NNQ 	-J J 	, hci c T is 4 may imum 	A (0) 1 r i on of 
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valence-electron-to-njobium...atom ratios* is given in, Table IV. iurther 

comparision with other NbN-NbC solid solution compo:s:itions leads us to 

conclude that deviation from stoichiometry for NbN results in virtually 

the same Tc  as does solid solution addition of NbC to IThN, for the name 

number of valence electrons per niobium atom, and that the peak in Te  

occurs at about 9.7- 9.75 valence electrons per niobium atom. From this 

comparision it appears that the interstitial ingredient does not matter; 

what does matteris only the (fcc) niobium d band and the conduction 

electron density. 

In the NbC and TaC systems T. increases as a0  increases when corn-

position is varied. Similarly, the critical temperatur€ for NbN of 

variable ccnposition generally increases with increasing lattice para-

meter. Indeed, Tc  vs a0  follows a single curve for compositions above 

and below stoichiometry (Fig. 2). 

The rapid upward trend of H 0,, with increasing nitriding pressure in 

comparision to the slow increase in T (Fig. 4) might appear to be sur- 
** 

prising, 	particularly since the normal state electrical resistivity 

ought to decrease rapidly as stoichiometry is approached. However, these 

data are indicative of phase stability as well as stoichiometry variation 

within a single phase. It is apparent that the cubic niobium nit;ride is 

favored for superconductivity. The maximum values of "c (117-1.19 kG) 
2 

occur for materials with the highest critical tnperatures (17.i-l7.3°K) 

and are significantly higher than those reported by P sill et a] 14 for a 

XVdlence_e]( etron-to-atom ratin, based on ]l al om 	to 6o an in- 
appropriate variable since for all. Nb-N compositions i;L 	'iuld be com;tant 
at 5.0. Valence-electron_to_niobium_atom ratio, on 	C:. .r hand, varies 
with stoichiometry and is equivalent to twice Lh vc 	-e]ectron-to-atnm,ic. 
site ratio for substoichiometric compositions. 
** 	 , 	 S  

The superconductivity for specimens prepared ati Torr is due to a small 
amoi.mt of tetragonal or cubic-phase. 
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material of apparently lower nitrogen content. Slight interstitial impurity 

additions would be expected to raise 
H c2

even further due to increased nor-

mal state resistivity. We have found that an addition of about 1 at.% 

oxygen raises Hc to 132  kG but lowers Tc  to 16° K. 

CONCLUSIONS 

• 	This investigation extends previous work on the superconductivity of 

niobium nitride. The correlation of critical temperature with lattice 

parameter and with nitrogen cOntent for relatively low oxygen materials 

suggests that the optimum conditions for preparation ofa high Tc  material 

were never before reached. 

Critical temperature is a function of ,  lattice parameter, increasing 

to a maximum value of 17.3°K  when a0  = 14.39OA. The optimum composition 

f or a high Tc  is in the range NbNQ 93_NbNb 96 The variation of T. with 

electrons per atom in a number of alloy systems and series of compounds 

has long been known. Presumably this reflects a rigid band model for 

the density of states, particularlyd band density of states. The optimum 

nitrogen content corresponds to an electron per niobium atom ratio of 

9.65 - 9.8; the maximum Tc  in the NbN-NbC psuedo-binary system (at 

stoichiometry) occurs at a composition having 9.7 electrons per niobium 

atom. It is also noteworthy that both NbNQ 8 and NbC1Q, which have the 

same electron to niobium atom ratio, have almost identical critical tem-

peratures. This correlation is further evidence of the relevance of 

electrons per atom as a descriptive parameter in the super conduct ivity of 
I 

these interstitial-niobium compounds. 	
p 

Values of H. inthe range 117-119 kG occur for substoichiometric 

cubic niobium nitride specimens which have the maimum critical tern- 

peratures. Samples with low impurity levels (-150 ppm carbon and -170 ppm 
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oxygen) were found to have Hc =118 kG and T =' 17.3 0
K, which pre-

su.rnably then is characteristic of pure niobium nitride near NbN 095 . 

Suitable small additions, of oxygen can raise Hc  up to 132 kG, yet 
2, 

lowerT. 	 . 	. 	. 	. 
C 
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TABLE I. 	Chemical Analyses of Selected Specimens 

Specien and(Nitriding C(wt.%)* 0(wt.%) 	Analyses Per- 
Conditions) formed by 

Sintered Nb; 
not nitrided 0.3 11  < 0..001 a 

1280° C, 4 hrs.. 
10 Torr 0.58-0,59 0.086-0.096 a 

1280° C, 8 hrs. 
100 Torr 0.28-0.150 0.025-0.030 a 

1280° C, 4 hrs. 
760 Torr 0.015 00017 a 

13600 c, 	14. hrs. 
760 Torr 0.266 0.031 b 

114.70° C, 	14. hrs. 
760 Torr 0.75 ± .01 0.036 a 

* 
• 	C 	determined, by combustion. 
** 	 S 

• 	0 determined by vacuum fusion. 

a. 	Anamet Laborabories, Inc., 	Berkeley, Calif. 

h. 	Oak Ridge National  Laboratory 

TABLE II. Impurity Levels for Niobium Nitr,ide 

Reference C(wt.%) O(wt.%) Other (wt.%) 

This work 
* 

0.5. 
* 

0.03 	- Metallics < 0.1 

6 0.68-.1.14.7 ** ** 

7 1.1 0.18 [Hydrogen 	0.18• 
\4eta11ics < 0.1 

9 0.01 0.314 Metallics - 0.14 

* 	
Averaged over all specimens reported. 9 

The starting niobium contained 4.27 w/o 0 and 5 w/o Ta. 
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FIGU1E CAPTIONS 

Fig. 1 The dependence of ittice parameter (ad) on nitrogen to niobium 

atom ratio (N/Nb) according to Brauer and coworkers,' for 

cubic niobium nitride. 

Fig. 2 The dependence of critidal temperature (Ta) on lattice para- 

meter (a) for cubic niobium nitride. 

Fig. 3 The dependence of critical teeratu-re (Ta) on nitrogen to 

niobium: atom ratio (N/Nb) for cubic niobium nitride, 	(a) based 

on R6gener's compositions being below stoichiornetry, 	(b) based 

on Rgener T s compositions being above stoichiorntry. 

• 0 	present investigation; 	S 	.Rgener, 3  

11 	 • 	12 
a 	Horn and Ziegler, 	£ 	Pessaflet al., 

Gaule'et al18 

Fig. 4 The variation of critical temperature (Ta) and upper critical 

field (H2) with nitriding 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: 

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 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. 

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. 




