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SOME .StTPERCONDUCTING PROPERTIES OF SEVERAL 

·CARBIDES AND NITRIDES OF THE TRANSITION METALS 

. * L~ E. Toth, v. F. Zackay, J. Johnston, M. Wells, and E. R. Parker 

Inorganic Materials Research Division, Lawrence Radiation Laboratory. 
and Department of Mineral Technology, College of Engineering 

University of California, Berkeley;, California / 

Abstract 

Analogous to.the transition elements, their solid solutions, and inter-

.. metallic compounds, a correlation is shown to exist between the total number 
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of valence electrons and the · .. ~uperconP.ucting critical temperature for transi--< . ,. 
' tion metal carbides and nitrides crystallizing in the NaCt structure. The 

critfcal temperature increases as the total number of valence electrons 
I 

I 

increases from eight to about ten. A number of experiments were undertaken 

to substantiate the correlation. The critical temperature of cubic molyb

denum carbide (NaCt structure) was found to be 13.0°K. The critical temper

ature of the two-phase mixtures of _cubic and hexagonB.l molybdenum carbide. 

· was found to be dependent upon the relative amounts of the two phases present. 

This behavior was tentatively explained on the basis of the structuraJ. simi-

larities of the t~o phases. A critical temperature for the hypothetical 

compound, cubic TaN, of l2°-l4°K is predicted from the variation of the 
I I . 
critical temperature with composition for the cubic solid solutions of TaN 

I 
. and 1TaC. . . ~ . : 

.-

.·.• 

* Presently at the Department of Metallurgy, _University of Minnesota, 
Minneapolis, Mirmesota. 
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.· ... ·"' 

. ·. :. . • .~ •. -~ .. -~ .. • < 

. . . • . .' ·. ~- :.I . 
........ ,· 

. <'·,: . The ·existenc~ .of maxima in the ~upercondU:cting' trans:tion critical • . !\·2.9!:, 

.... •. .. :::::::t::t::· ;7:::· o;1::::::~:;; ~::1:· :1:~ ::.~~.:~. . }~;:f.;9'; :· ~ .•• ' ·of 

. t; 

· ·. ~, solid solutions, and intermetallic compounds •. This paper relates to ana.logo\l.s''>:':".:','. · 
\. ' • ', .·: \:;. _;,: ··~. ~ ~-. ·I 

;.'\ 

I .·~ '. 

. ·~ ~ . . ~ 

... :·::-· 

studies in the relationship of the critical temperature to the electron-to-

atom ratio in metal-nonmetal compounds such as the nitrides and carbides. 

Matthias and Hulm(4) have suggested that studies of this kind should be 

: ,: restricted preferably to a particular crystal structUre. In conf'ormance 

.. this suggestion, we have chosen to study the superconducting properties of .. : 

· . compounds crystallizing in the NaCt s-tructure. As is well known, a large · <· ·. 
·:I 

number of metal carbide and nitride compounds crystallize in this structure. · ·::'· ... 

In the present series of investigations, a correlation between a maximum ~; 
·~ . -:· 

. ";('···· 

.... -. ~ . . 

in the critical temperature and the total number of valence electrons in the 

compound was found. The correlation applied equally well to both the carbides >;·:.: ': .. ,· 

and nitrides of the transition elements. In the. course of the experimental '•./·_ . . ; .......... ·.· 
phase of this study, it was found that the critical temperature of multiphase .: . ; '., : 

. ) Moe (cubic and hexagonal) was related to the proportions of each phase present~ ·y·; .. ·> ··. ~ 

., 

.·:· 

,./'-... : !''"; 
,,· . : . . 
. \ ; . . f ~~-

~ . ' .. . . 

Because of experimental difficulties in preparing the carbides· and 

nitrides, the early literature on their superconducting behavior contains 

numerous examples of·widely different values for the repd.rted transition 

temperature. 
1 

The strong dependence of the critical temperature upon the de-

... ~' ' ·. 

,· 

. / _ .. ~- . -· .. ~" 

. viation from stoichiometry has caused,· 
'C 

in the. past, a great deal._of cont'uSi.on•.:,;,:·,•.>\:j ·. 
• • • ~ • • •.'. r • ~ 

The mono-carbides and mono-nitrides exist over a_ wide range of compositions; ". '-·:': ··· 
'-:'/ ~ -'. • ~·; 0:.) .• 

tantalum carbide, for exampJ.e, is known to exist from TaC0 •
99 

to Tac0 •
75

• (5) ·.:.' . .''<·.·,· _ 
In a;care:f'ul investigation of the variation of Tc with carbon content, ~c ' • ~ .. "\• •,'•; < 

• • ·.·• ·:~ l • -

., 

' : ,_.l ~ ': . 

' '!: ·.··· ·~· . .. . . . ~ 

:$ --~ - .# 
. ~t. ' 



r 

) '·. 
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' 
Giorgi et al. (5) found that the critical temperatures decreased from 9·7°Kj 

I 
to less than 1. 0 ~ as the carbon content ~ecreased from 0. 99 to 0. 75 (see I : 
Fig. 1). In general, the Tc of these mono-carbides and mono-nitrides is 

highest as the stoichiometric 1:1 ratio is approached. 

Although the carbides, nitrides, borides, and sUicides of the transi- ,; : · ·, 

tion elements are oftex .. grouped together as one broad class, there is crystal-

chemical evidence that the carbides and nitrides fo~ a group distinct from. 

the other two. Most of the transition metals of the left side of the per- .. ' 

'' 

iodic table form mono-carbides and mono-nitrides with the NaCt structure. 
. .-., 

The complete solid solubility that exists between the carbides and nitrides 

within the limits of volume ~estrictions. or changes of crystal structure 

suggests that the eiectronic structure of the carbides and nitrides are 

similar. This similarity does not extend to other refractory materials such 
,, ~ . 

as the borides or silicides, which crystallize in structures different from 

those of carbides and nitrides •. Little solid solubility exists, for example, 

.between the carbides and boride~. (6) This distinction between the carbides, 

nitrides, and borides has also been suggested by AJ.ekseevski. et al. (7) who 

have stressed the importance of metal-to-nonmetal bonds in the carbides and 

nitrides. Nonmetal-nonmetal interactions do not occur in the carbides and . ·. · · 

nitrides with the.NaCt structure but do occur in the borides, as exemplified 

by the formation of the well-known boron chains or l~ers. 

Treating t~e cubic carbides and nitrides as one class of compounds, 

'. ~ 

. ~ ' 

l 
I 
I 

I 
.I 

I 
I 

I 
r 
I 
I . I 

.. I 

' I 
,· 
I 

a close relationship in their critical temperatures can be found. We ob- · . >; 
:' • • _4," ..... 

. I ',~ ',- < 

served on the basis of a literature survey of the existing Tc values that : ·,. , ... 

the critical temperatures of the carbides of the IV (Ti1 . Zr, Hf); V (v, Nb1 Ta) ._.~ ~ · 
. "' 

or VI (Cr., Mo1 W) group transition metals were nearly the same as those of . · ·· .. ·~ 
. : 

. the nitrides of the preceding group. (B) . For exsmple1 .the critical '· .. 

. ~. '. . . ' . .. ' 
·. · .. 

.• " • .4·',' 
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. '• 
~--· 

' ' 

_temperatti.±:e of _NbC is nearly. the same as that of. ZrN: , The .·criticSJ. temper,;;. 
~' .. ~ ··.-:' 

.• ' . ' . ·, ' l ~ . . .... ::·~:P:::~::n ~:• n:::l::·:l::~nc:.:::c:~::~:· :ft::::.of?;~;~·;:.:;;;ifj 
•'.. \ ' ' >:· :J:(:?':\i:.~~h' . 

·electrons means all the electrons beyond a closed shell. · The critical tem-··'· ·'· ''·•·\ .. ··· · ·. · . · /'~:f~·'{i\~·:·.:~.P?.~;~ .. 
·. peratures of the ca.rbides and nitrides with 8, 91 ·and 10 total valence elec~/·>f;~';,-::.';-:.:. 

. . . . . .··' ;;;::::~~7::;.::·:.:\·; 
trons are sho;.."n in Table I. The latest values of .critical temperatures were ;,_;.,,',':·-!·"·!:. '' 

. :. taken from the literature. The ones selected were for those. composit~ons 

,· . . . ~ .. :; 
·~ .. 

" . . ~· ·, 

.- ·.·· 

· closest to stoichiometry.: In view of the strong dependence of T on. the : ., c .. 

deviation from stoichiometry, these critical temperatures should be compared. 

wfth compounds with identical metal-to-nonmetal ratios. 

most cases, the exact composi~ion of the compound was not reported, thus 

making such an ideal comparison impossible. 

The .table is arranged to place the nitrides of the third group metals ... : : · .. 
·····next to the carbides of the fourth grOup metals, etc.,_ and also ~anged ... : 

. ~··;" ·•: 

according to the row in the periodic. table of the transition metal. 
:' ;. 

.·the compounds with 8 total electrons are normal (i.e., not found to be super~\ 
' ··•r·."' •: .. 

. · .. ~-
conducting above about l°K) for both the carbides and nitrides. All of the 

· .. _ .. 
interstitial compounds with 9 or 10 totaJ. el~ctrons are superconaucting with\·:~~·~.':.::~ 

,..;. . 
.. ~ 

' . - .· ··.~~ 

. > ... ·:~.:::~~·;·;~··.~_, 
· .. · the exception of VC. This compound cannot be prepared stoichiometrically,·.·:·~;;~;~~/ 

. ..:: .. ~ ·: 

"' . ' ; ~ 

~ . ~ , 
. •• .1. ( ~ 

.• . - . ~·.· ~:. ;~ ~- .... . 

however, and the composition vc
0

•88 contains only 8. 5 total electrons. · "!·· · ~ "\.' .:-
·.--~ 

\. ·~ 

To substantiate ·the correlation ·between the ni:br.ides ·and carbides 1 a·.·. . ..... 
. ~ .. ~ 

--
As maY "t?e seen:· 1n Table I, the · :; ~- ... · -j:. 

) .. (:.!' :·.' .... ~·. 

·. · .. · . maximum crttical temperature of a binary compound 1~ found for NbN with .~~:{~~<;:\/~.;~{:~ .. · 
:~ "'· 

number.of experiments were undertaken. 

· <~, ·~r~ ,,. electrons. If. the present interpretation ·of. t}le band 
I •.· ·' :! ... ~.~~-:~~.:. t. •.( "1· 

,c· ·:· .. -( ·,. . • ·. . • ·•,·· , .. 
f• 9 : • r • • : ; : • • ." ~ _,_, • 

'"";:::,··:;:. t.·. !' .......... . 
. ·. ·~ 

:. . ' .. ~ . .. 

. i' . . . - ·.·•. . . . ..... . ~~ 
• 1. ·' .. ~- '. . . .~- '. • • • . ·~ •• •• '.' ·r : .. f ~ • ' • ,· '. r' •.'-: \. 

' "' !"'· .. ·· 4 ': .... • • ···::·· 

... -~ . , :..: ... '; .· ~ . . ,r ·.: . . . . ~· , .· 

. .. ..:::~\:~:·:;~;~~/);>~r-~.:~-~/,·:.,~·::·:<~:·fr.r~~~···: ·· , >\ , ; ··, '· .~~·,_... . . . ;;. . : 

; ••• : '-¥ •', 

; ! 
'
···/· · ... · 

·' 

.. · .... · ·• ~~. · · ' .. · · <\;~·2:''cj(z~· .1 ,. 

.... 
' .... 
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~ ... 

-, .. ~ ,. 

. . .) : 

.·· -· .. 

-. ------.--·- Table I -.. -~ , r .-
:.: ...• :... ... _.·.:: .. 

·. "'. 

. • .. . ··;. 

... · ::· ... 

* Superconducting Properties of the Carbides and Nitrides with the NaC£ Structt~e 

·Group III nitrides Group IV cE.rbides 
Total valence Total valence 
eiectrons at electrons at 

Compound stoichiometry Critical Temperature Compound stoich~ometry Critical Temperature 

8 ** SeN Normal TiC 8 Normal 
. -·.•. -- . 

IN ·.:· 8 Not known ZrC 8 Normal 
.. .,.. ...... 

LaN 8 Normal Hf'C 8 Normal 

Group IV nitrides Group V carbides 

TiN 9 5.6°K vc ***· .9 Normal ; 

-. .-. 
'> ••• :·. . . 

ZrN 
· .. : . ·-

9.' 
: 

10.7°K NbC 9 11.1 °K - . . 
. ....... .. - .. 

6.2°K . :' 
- . . 

~ 

H:fN ·9 .. 
- •. TaC 9 9·7°K ·- .. 

Group V nitrides Group VI carbides 

VN 10 8.2°K ere 10 Does not exist with .-. ,, 
. . :: ~-. ~ ~-

NaC£ structure ... . •- .... • .. .. 
" 

NbN 10 . 15.8°K MoC 10 Present series of 
·- .. investigations . " 

TaN 10 Present series of we 10 Exists at high tem-.. 
investigations· I>eratures only -

* ·val~es quoted are those listed by Roberts(9) and Matthias et al.(lO) 

** "Normal" means not superconducting at about 1 °K. Consult Roberts (9) or Matthias et al;. (lO) for the . 
exact temperatures. · ;. 

~-- .. _; .' •. · *** vc0 .88 is the highest carbon ratio which can be obtained by usual techniques; this composition 
. . : - :. _corresponds to 8. 5 electrons. _ ·· · . ·· · .. -.· . . .. -

. ' v.'. '.; • ' . . .. ·o . ·, ~-- .. · ,- • . ~~ •' • ., 

.:::. .··.-.:: . ··.··:· . . '. 

··· ... 

/.: ... · ... 
<'. ·-~· .• 

I 
V1 
I 

g 
ft 
I 

}-J 
1--' 
V1 
w w 
~ 
en 
< . 

~-· ' . 

' 

·. :t 

I 

' ''i 
;, 

. ; .-. 
' ' 
f _J 
~-- . ; 

t . 
' 
). 

.. 
'-.. .. 
I 

l· 

; 

t'• 
i 
!· 
~ 
} 
i 

' 

. ,_ 

r 
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_>of these compounds is correct, we would expect that other carbides .and '. " ,:·>:·.t~-~-~,:.•.; 

-:· :.":>< ,··';.'·nitrides with 10 or n~arly 10-totiu. electrons would have critical temper':"·;·;,._ ·::-:;;_;~ . 

; '' atures ~8.r1y equaJ. to that of NbN •. The carbides and nitrides that have no\·,;;~;)!~~.1~;; 
been tested for superconductivity and which would have 10 electrons are TaN , . ,_::.: .. !·}··,,:. 

' ;; ,. · · · · . ';·.\: and the fourth gr"\\P carbides. Unfort~a tely, these compounds ei t)Jer .. do not ,'~~~t;,;·:'• ',.:': 
' ' ) . \ ': ... 

,: .'·: ·-"· . crystallize in the NaC£ structure (TaN and ere) or crystallize 

i 

· .. r . 

.: . 

'· structure only at very high temperatures (Moe and we). In the latter 

the transformation :f'rom the Nae.£ structure to the lower temperature phase 

-_occurs at an extremely rapid rate. In order to retain the cubic phase, a 

·_, •,. 

• drastic . quenching te:chnique had to be developed which was then employed 

:,· ... -· .... :_retain the cubic phase of Moe but failed in the case of we. In order to 
. '. •. . 

.. '· .. 

. ; _' ~ . .., \ 

··· - _obtain ini'ormation about the ~ritical. temperature of.- TaN, a solid solution);-.'/; ,,..,; .. ·· . 
· •·· ·<· ·· . . · .: )t~. ::~~:~:·.:.::··~ ~..:·:.,:· r:.-~ 
· • 1 • ~-of· the cubic Phase between TaC and TaN was formed. The 18.tter method is 1 '\~<'\·~'-~~::·~-- · •.;:~ 

:'I: 

.... ; ·:: . ) ··:\ .• ·, -'\ ~.:.- '" . "( .... 

. - . ' however, not applicable to ere ar we, as these compounds form 'only limited :~ -< ~:' -~ <:>· . . ·,,_ ·,) "< -~ :;,~;··• . ; .L .' ~-

•• solid solubility ranges with the ·fifth group carbides that possess the Na.e.£ .· ' 

structure. 
. I 

_,..;.·· 

EXPERIMENTAL 

' ·.· ·> .• 
:., "' .. -., '' . : . ~ . ! 

,, -. '· ~ . 
•, 

~ ·• ·.' 

I. Moe .•: 

'·.· ..... 

A high temperature phase a.t the approximate .. ·cOm:position Moe, with's. 
. ··;' .. 

he~agonal unit cell, has been known to exist for s01;11e time. · Only recently .. : '-> ,·. ~.. _. · 
. ,._. 

. · .. 
the cubic modification (Na.e.£) has been fotindo ·. In a. serie,s ·of paPerS by . _ -', :- ··~.:i( ': . 

. · .. Rudy ft al. (G;u) and independently by Clougherty et al., (l2) it was reported:, .• :.;;} •. ' 

.; . ·,:-, ,·: that Phe cubic a.-Moe crystallizes :f'rom.·the molten state a.t about 2600°e"'' At j.;/,;t:<-:>:.; 
_.,. ·-.-.~ . . . . . . . . . ~ ·•. .· . . ,." ~·: .. ·:-~/:;~:2:;:·:;.~--·~~~l.:' 

·. · · ' approximately 2200 oe cubic a.-Moe transforms very rapidly into the related -' ·_::;-:(~~:··-~·>·;~ :\:_ 
'• ,>: r ', I 

hexagonal phase, rt-MoC. The composition ·~f this hexagonaJ. phase is believed· ··>:(··;; .; .:-.. } r: 
. ' . :~ .. , . . 

.. .. . .. . 
j ~ . .J ~- • ·., 

. ' .. \ ... ;·-" 

to b~ a.t the composition corresponding to the foTmul.a. MoC •67 and. not at_ Moe~ .. ·::·:~·;:·,:-<.f: ·. 

..·· ' : ; : ; .. . .., ' ·. ,':·.> ': ' . . ·:' . . ·, ).; .• _/)::·:.< 
, • -.::~; i _:· ·:~-.,. .. l. .··:- .. ; ·-:rt: ·:···.:~::~: : .. : ~ .. ~.(1< .... \. ·-:-· 

• •• ~· < •• 

: . . 
-.· . 



.. · 
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' , r: 
. · ....... · .-· 
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· ·.Because the transformation from the cubic to the hexagonal form .. · occurs very ,.r ,· 

rapidly, drastic quenches are needed to retain the cubic phase at roam temper-;.,: .: 
_ .... -

,,_ ..... · . 
· ature and even then it has never been obtained in a completely pure form. 

In the present series of investigations a series of hot-pressed samples :·· >:' -', ~ 
it>. ; . 

in the Mo-C binary system were quenched (from graphite cruicibles) from_five :-- ><.'>~:·· 
· .. ···-

differ:ent temper?-tures, 1650, 22001 2320, 2415, and 2650°C into liquid tin ... 
~- ·, . ~- .,· . ' 

• i (8) 
or ~nto oil. The results of x-ray analysis arid critical temperature 

I • j•J.'. ,. 

I 
measurements 

· .. · ,._ ; ,. 

are shown in Table II. ·The samples quenched from 1650 oc showed : . : •· t ' 
\ ~. 

-- ··orlly the hexagonal ,_ MoC 1 the samples from 2200 °C were mainly TJ-MoC but had ... :- >. ':. 

partially transformed to cubic ~-MoC, while the samples quenched from higher. 

•. temperatures were mainly cubic ~MoC. -·· . . . -.... 

The critical temperature of the ·cubic molybdenum carbide quenched from · ··: · :. : ·. 

Little variation could-be detected in T with a change in composition; the c 
·.-.· ... 

lack , of sensitivity of T to composition changes is merely a reflection of the · · .. ·· ' c . . .· 

· .. -. 

fact !that cubic ~Moe phase exists only over a small range of composition •. ~ ··· · :: . I . . . ·". 
The iimited range of composition variation for the existence of this_ phase · 

f. 
is related to its limited stability. The cubic form is always d~fective in .. · .. · 

·. :"·• 

carbon content arid probably does not exist beyond-the composition Moc0 •. ao· 
The composition limits on this phase are presently being determined. 

·::-. ,·. 
.:-. 

. .. 
The desired compound was cubic MoC with .a total -of ten valence electrons • .: ·!· ~.·· , 

The nominal composition of the phase actually obtained -was ·Moc0 •8 with a total :: i:· > 
of 9.2 valence electrons. The high critical temperatures (l3°K) is surprising: : 

:·I 

in view of the large ·deviation from stoichiometry. For example, the critical . ) .'{ . 
1

: .:, I 
temperature of NbC. 8 is less than a degree while that of NbC. 9

7 
·is abou:t ~ °K. (5)· __ ·:·: · 

The critical temperature of the pure hexagonal T}-MoC quenched from 1650~C ': · >': -· 
was 9.0~. This temperature is nearly the same as the 9.26°K reported by 

/. ~-- .. 

; •' -.. . . . . . ' 

' ' . . ~ . 



··< 

Sample 
No. 

'• .· ;"': .. 

;·.--: i 
·-,; 

'."';··· ·. 
2 

~ ... 
3 

4 
-... _ 

.. 
.. 5" 

_:.. -;.-,' 
·• '··. .. _;_ · .. : .. .;. ~ ~ .'~- , . 

:- .. · ...... 
. ·'. ~ ~ . ·_ .. 

.~. ' 
... -~ 

··. 

. ·.· 

. ;, ,. 
·'· 

·, 

·.i 

-~ ; 

.· 
,:,_ . 

.. ' . " ~ .. -

Table 

Selected Values of X-Ray Findings and Critical Temperatures 

·Nominal ·--~-
-. 

composition 
·-.. 

Mo ··- c 
'·• .. · .. . ... ; 

66 40 
'· 

60 4o 
,. , 

59 41 

56 44 
.. 

' 
. . • 

··:6o 40 .. ·' ... ... .. , ... ' 
, •. , .. 

: 

. ;, 

" 
Phase 

.. 
Hexagonal MoC 

Hexagonal + Cubic 

Cubic + 

Cubic + 

.Cubic + .. 
.. 

Trace 

·Trace 

Trace 

·.;,.. . , . -... ·. 

hexagonal 

hexagonal 

hexagonal 

. ... ~ .. 

~ . ~::~ ?:: -~-~-
.._:-·. ·.'··:-::_ 
.... ·::.: .. --

.. 

Temperature 
of Quench 

oc 
·-. 

1650 (Tin) 

2200 (Tin) 

2320 (Tin) 

2415 (Tin) 

2650 (Oil). 

in the Mo-C Binary System~3 
.... ~ · ... ·,.' :· 

-~ . 

Critical : . . ·. 
temperature Width of 
at middle of trans i tic·n 
transition OK CK 

... •· : 
·. 

- - ~'-.. .. ,., 

0.4 
•. 

9.0 ·' 

... 

11.0 ·o. 5 <?r 
., , ... 

12.0 .. "1.2 
,.,_ .. 

13:0 -. 1.0 
' 

.. 
... .. ., . .. .. 

·' 
.. 

12.2 .. 2.9 .. ,.,.· 
" " ·; 

..;•' 
~ .. ~ ~--.. . .. . .. 

: .. - I 
():) 
I 

.· 

·! 

I 

~-.1 

._-, 

' 

.) 

'.-: 

: i 
,,,· 

··------- -·-------------------------H----------· -----·----:---...____.,, ____ ~.:..h_.. __________________ ,::_ _____ : ____ :.:..:. _______________ . __ .. __ , ___ . ____ ., ____ ... _,..,_. ....... _ ___,_,_ .... 
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I 
~ ·' - i 

. · /' · .. ,. · · 22oo•c into tin had cr.itical temperature varying from 9· 5 to ll.O"K. These " .:·. ·.' .. • .. I 
t\: . . .. I 

Matthias and Hulm(4) tor arc-melted specimens. The specimens quenched from • . ···· : . . : · 
•r." :.•• . 

·· · temperatures are intermediate between those for the pure cubic phase and the ·.·. ·· ·· · · · 

<. lh'. ··>· .'' pure hexagonal phase. X-ray analysis showed that the critical temperature · . • : .. ::: .... . . ..I 

··.·· .. · 
. ;~ . . ·:·. ,. 

;~f-

.'• ... · 

:··· .. 

'.',''. 

' ~, •·. ' · .. 

·' i. ,'.!. ..· 

' · ..... · 

.. , ..... 

. ·-:.' ,/ . ' ;' ~· ;:. t 
. I .. -\ ··· . . , 

increased with increasing amount of NaO£ structure. 

' .. ' ,: ' ..... ··ll 
\< ·~-· .~ ·.'·;~ ~.:. 

II. TaN 
. : . t 

.Tantalum nitride crystallizes in a hexagonal structure·; this ,phase has .; :.:;: .· · · . · 1 

not been found. to be superconducti~. at 1.28°K •. In an attempt to determine :. : .. · ·,':, ~;.I 

the critical temperature of TaN with the NaC£ crystal structure, a solid 
' •. ·; ' ., =:· . : -· ~ 

: I' • • • ~ 

solution between TaC and TaN was formed. Compacted mixtures of the powders 

of TaC and TaN were reacted under 1 atm of: nitrogen pressure. . . Chemical 
' 

.. ·.·. t ,. . I 
· ... I 

i 
I 
! 

The NaC£ structure · • · ··-.. >• . I 
-... i 

analysis was used to deter.mine the resultant composition. 

was found to exist in solid solutions of Ta(C,N) to about 38 mole percent TaN •. 
· .. •., 

Shown in Fig. 2 are the median temperatures of the superconducting transi- .. ··· 

' tion temperatures and a linear extrapolated value of about 13.7°K for the Tc 

. of 'purt TaN. The extrapolation is crude since it extends over 6o mole per- l 

. cent. I Furthermore, the extrapolation is linear and there is no !: priori· 
. _.,.· .. · 

···; ;· 

l . . I 
i 

l 
I 

I 
1 

;.J 

i 
·f 
i 
I 

·assurance that the variation should remain linear, particularly near the TaN . ·.··· ·.·.;:· .. : ,· .i 

·.: .· ·.side of the phase diagram. A linear variation is found, however, in a number· . : · .· · · 

· .. :. :·'' . of: pse;udo binary systems such as the· ZrN-Hf:N system. (l3) In addition to the · .. · ··.· ... :· .. · ... · . 

- :··. 
·.( . 

~ ; . . : . 

. ·' '· . _ 

_ .t 

:::' . 
',' ' 

.·. · .. -·- ·;· . 

. -. ~ ,. ' 

. ,. ' 

' ' . 

linear variation, another common--type of variation is a maximum in T • 
c 

NbN. This maximum occurs at the electron-to-atom ratio of 4.85 whiCh is 
_; .·:' 

•' · ....... · :·:. ' 
1_: 

. · ,•' . . . . ' . . :•' . ·; . 
'·, .. . ;· 

. ' 
• 'I ~·: ; ; '•:" ' .'·~ :• .. '< • ., . 

~ -~ . \ . . . . 

'.· -. , . 
··<, 
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. ' . ' ·. "-' /l 
optimum va?-ue_ for high Tc' s in the transition metals~ . Since tantalum . ··. >·::. :~<\.':;., :-; 

. . - · -- ·:· -~ : -· · , : -· _ -· -· •- ·_ .:·+>~~,:/::~··::~Lk·/ :J 
·.and niopium.are in the same group in the :pe:dodic table; a similar maximum ;<-:.'.t,:::;:·;,};,,;:,,;~:f' 

·might also ocCur ·in the TaCCTaN pseudo bin~ system.· · ~~- dotted curve fo;~;S,[~~{f~;:~;~~ 
· -·: the maximum in critical· temperature showrt in Fig. 2 was.· drawn assum.ing'a, ::.:::~(:~}ft~~.i.;/:~·)/~;~ 
• ··. ~:~ ' . . ' ' ~ ' ' ' . ' . . •. ·. -~_;.;<: !;~~;i~----~~~~~<;·.::~\: ~'-!- f , ;:_,: <·: similar :variation to that found in the NbC-NbN systems. :_The critical .::_mper-.:)l1\:~-t~''>:~· ;:_::.·-~ 

• .,.. ~ ' "' • • .,. ... •"" " " '-',.-- j I 

· '··;·:··:::.:._;; ature for cubic TaN is thus estimated to lie between the end points .of the·/---<;,;~;:':>:,:·.-:_':'·-·,;! 
' . 

:''·-two: curves, i.e., 12 and 14 °K. . -~ _,, . 
i. ·-, 

. . : :, . . ' . ' . ; . '~ . . {. ' ', : ~- .· .. ; ~- . ' 

. ~ .:. :1 ' ~ .,. '• .. '' -:· ' ~ -
, ·.. DISCUSSION _.; .. 

C:•:::::ents on MaC and TaN subst~ti:~e .the :opo~~;· :~=-~{~tion ~;'/;~;::::.i , ... I 
·:· • . - . : ·: -_,:f ·FJ: ,~ -· '-~-'. ~ i 
' the superconducting propertie~ of·_the _carbides ·and nitr~des. __ :The· e,:ritic~, '<:!:•,,.}St\;<~\~,_.: I 

. ·: ,, .. : ' . . . \ . . . ·. .--: ·. :_~. ~-- ~::.>.~)-~~ -~ .. ·. : .. ·:-t:~~ ... :. f 
. __ . ··: :. temperature of MoC is the highest know transition temperature for any_ bina.ry;·~:t:;;> 

.. . . ~~-· 

. : .· .. •. \' .• _' ... ~- carbide and nearly equal to that of NbN. 
' ' 

The substitution of nitrige~ for: · i -· _' .. _,.;':'' 1 

_carbon in ·TaC increased Tc as expected on. tl:l.e basis of the proposed correlati~n;··\{.--.,._:_·_·J1,_ ·'_ The super conducting transi t~on temperatures of the fifth group nitrides and 
·:.~:.;.·: ~~-: J 

I the sixth group carbides with the NaC£ structure ·are higher than those_ of the·_·'-: . . 
ni t.rides and carbides of the preceding groups. It would be of value· to obtain -'( 

. ·- .. ---~-- . the cu~ic form of WC and obtain its superconducting properties;. .. Attempts to ... 
·; .~ : ., . . , ~.--.' '' .. : . ~ ' . . ~ . 

· ; ' ...... do so ;are being con:tinued by one of the authors (L.T.). .·d 
:' I . . . I 

· . .. ~t is interesting. to see whether the :present correlation is consistent: ··.j 
· :>,·.:~~-'-,{.-· 'with the theoretic~ models proposed to explain the elecb-ical :properties of ··.>/:.:. i' 

.. _ .• •. ; , '. . : ' • . . . .) .' . ~ · . .; '· . ~... .· f 

. ::: ~:C:L .. ,., these compounds. rn general) the bonding models fall into two classes) th~se ~:-,- ;~·-·:~-~ 
._-_·(;:·-~· ':~-r in which the interstitials' ac~ as electron donors to. the d-band of the· tran.si-;.}±~;;;D:f:·'~:)J 

·.:.:--.;·(·;}:·-::::)tio~ ~etal, (Dempsey)•(l6~ and.:those: in which the interstitial is electro~ic~;-}:~~~;:~;;~~~~.}1 
~ .·, '<.;-::.;;:~ '·. . .. :•. _· ·_· . ;: ._·. •· . . (17) .: . '.{~):·'·:, •. · 
\\i~);:_i~:;'·t_ neutraJ. but is engaged in strong metal~to-~onmetiu bonding (Bilz). . . .,.:_._-::.~:_;;-'{~~>~{ :J 
·:: . .'·-· ,· · ·· · (16) · . ./·~, ~"''· - ·. · .. --: .-· .·; · ' .. I 
·· '·. ·~ .. :., · · Dempsey. has proposed that the inte~~itial atOms contribute their· : .. ·.·' ; ... ·. · · I 

.·., :·;. :··:- . ., . . . ·_.;·. : .. : I 
.. ~. ""-. i' .·.. • _ .. - ' ' : : l' . <4 :,-.~ .. • ., • •• :~·: --.7. ,;.' _·. J 

-,: ·. p-electrons to the .d shell of the t:ransition element. and that the band .. - ;c,r; 1 
., . • . ' ... ,r.:·, -. ,, . .. I 

• j ·: • .- .. 

,, __ . .,! ' " ,:i··. .. ' .•.·.···.· :;o.?_.~;_-:·_,:'~.·_.§1, 
•t . ~ ' ·• ,1• .. • • :: ,.t . • • • •. ; • : '. • ol • 
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structure is not drastically.altered by the presence of the interstitial 

atoms. Carbon would contribute two electrons and nitrogen three electrons. to; 
' ... 

'> ~A • : 

the d."-band of tpe transition metal. Thus, carbon would have a positive charge·.,·. :' . 
. ' 

of two and nitrogen of three. The density of states curve for the carbides 

an<l :!!i.trides would resemble that ·found for the transition metals, with nearly· ... ·. 
I • ., I 

equally sized peak::: .in the density_ of states about the midpoint in the··d-bands · I 
. ,.,· •.... I 

I at 5 electrons. ·I i 
I 

. I · .. '.: ...... I 
. I 

A number of investigators, however, have stressed the importance of the 

metal-to-nonmetal bonding. (lT;l8,l9) Bilz(l7) has assumed that there is 
.~ : t I 

bonding between the s-p hybrid orbital of the interstitial and the spd hybrid . , . :· · : I 
: I 
. - . . I 

orbitals of the transition metal. On the basis of a tight-binding calculation, . ··.· ... i 

he obtained a theoretical mo.del for the variation in the density of states 

with energy. The bonding p-bands are separated by a low density of states 

band from the d-bands. The Fermi level for carbides and nitrides with 8 

. ~ ' ·'·, .. ~~-.. · . ' ' / :'; 
. I 

.. · 'l ,_-'I: ! 
·:· .: .•• l .• r 
. . . . . . i 

I 

. :·: I 
. '.1 

I 
· ... J 

; 
' 

valence electrons, TiC, for exa.mPle, lies near the minimum in the density of . · 

states while for carbides and nitrides with 9 valence electrons it lies in the 

~ band with its corresponding larger density of states. 
' ... 

Qualitatively, the band models proposed by Bilz and Dempsey are similar · ·· · 

in that they both have a minimum in the density of states. As· seen f:rom 

Fig. 3, the density of states in the Dempsey model would be symmetric about ;. ;-./' . 
I ~ ' ~ •'' 

.; ..... _'t._ 

i 

I 
I 

I 
. ·I 

.. I 

.. ' 
I 
I 

. I 
.·I 

this minimum. 
·:1 

.·I 
;: ! 

In contrast, the density of· states would be asymmetric about <· .. · .. :;, ; 

:the minimum in the Bilz model •. In· both models the minimum would occur at 

nearly the same ~umber of total electrons. 
' . 

.... ' ·.: '. Since the superconducting transi-· · .· .. 
. . . · .. -·· 

tion temperature depends exponentially on the density of states at the Fermi .· ,.;·:··· 

. -... 
~., . surface, the known crit±cal temperature's .can be used to indicate the quali',· 

' .. : ~ · .. ,.' 

-~ ' .. .-

. ~ .. :..- ~. ' 

·.~ . . . : . . . ~ ·: 
. '. 

.tative behavior of the density of states. The critical. temperatures 

that there is a minimum in the density of states at 8 electrons and that it · · .. /.·. :~ ·. ~.: 

. · .. 
. ·• 

·: . ' 

... 

. .. :.'.:'! 
.-'.-._:·:.:· 

.. 
·~ :. :·: _.: 
'. ··.; 

. :·: .... 
' ...... ·,. 

1 
l 
I 
!. 
I 
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, , . . .• increases w1 th increasing number of toW :l:ctronS; · Weed, the qUe.litativ~;~ip\~~~~:•,' [!· 
:. :_·~iation in the density ~f s~ates .obtained from the .total. is _very nearly_th~{(\f;YJ::k:: :>'!f', 

' ' ·.' . . . ' .. . . . ' ' .. ,, . . ' . :. ·, T . J ). . · .. .,1: .. c._ ... ~·-· .. ; .; •-L i 

: same as proposed by Bilz or Dempsey~ .As can be· seen from Fig.:. 3, the com- :·~'i'~:~·,~:,·ro··,i;,-' .. > 1!i; 
. :. .. · . · .. . · · .. . . . . · .·. . · . ·. · . ~: .. ~:·:~··r::;.:.c;.c.·~ ~ K 
. ·.pounds tre~ted in the present correlation are all on the right side of the:. ;_:: :::\~l·,...·· .. /, .:·1f 

. ~.,· .. _·. min:iio.um and here the two models are qualitatively identical. We conclude-.: ~ .·,···,./i.: 
·· that the present correlation agrees with both ·models but that it t· 

' _, -~ ; t t 

~-~ "· · · · used to distinguish between them. .· .· ' If 
· .. ' :.; . !! 

.. II. The Influence of Crystal· Structure·· on the Tc of Hexagonal and Cubic .. ' f 
Molybdenum Carbi,de . . · . . f 

·'' ... I 
,•'· .. .. ,/':. 

••• : ··: •• : ~ ' <' - ' 
During the experiments on MoC an unusual dependence of T on . c 

t 
I 
f ~ !P ,. 

>;':> ·~ J. ' • 

It was found that the critical temperatures of . .-.,-" · . temperature was observed • 
. ... ",: ... 
. ~ ,• -.,::-

~- . : 
.·,·. 

. . ' . 
samples containing nearly equ~ amounts .. of_ the cubic and hexagonal forms of.· 

MoC were intermediate between the critical .temp~rature of the pure 

We believe that 
.. 

' . ~ . ~·· ~ .-: < !' . 

-..... ~~ ... :.:t -.· intermediate critical temperatures can be explained on the basis of the 
. .' ,\ :(.i~:':,'~: :~ ' 

' '• ,. 

. ~- ~ ; . 
;: . . · · ·: transforrua:tj.on that occurs in the -phase change. 

· ': ~ : ;: . .As Matthias--~nd Hulm(4) pointed ou~, the hexagonal crystal 
, .. 
•.· .. •. 

'· .. _in these refractory compounds. The probable explanation of the high Tc for: <~·· 

l 

I 
) 

I 
' j 

l 
I 
·j 
h . . n ; '~ l;j 

- :: ·::.' ·:· hexagonal T) phase is that its crystal structure ·iS very closely related to · ,;',·:.; . · [I . . . . .. . . " n 
: ·:.:·· · · ... that of the cubic phase. Nowotny et al. (20) have found that this hexagonal.-"'·:·< .. _._:;· f j 

· -·~ phase belongs to the D~h space group w~th an AJ!IJACB, AJ!IJACB sequential ord~ring.: ':' · :·:'·, :. · · [;j 
~ .'· -

.. ·· ... 
of the atomic planes of the Mo atoms. 

the NaC£ sequential orderinS ABC~ ABC. 

This unit cell contains a subcell 'With ·. · :·. · : .' . . ~. 
. •.:: ····/: .-.'· r! 

The hexagonal unit cell is just two. :, , 
~- : .... - .. 

.· .. -,:· ··: ,_,-" 

. :-.<, ~. ':: ·~~~). ,. : s 
. ' ' •• ·: :·. ,1; .. . ~- < .;, 

·Because of the geometric similarities in the crystal structure between ·., ···. -,, · •··· . 

' '. . ' - . . 

NaC£ unit cells placed on top of one another in an inverted order. 

. . : ~---~ y_;~~~:--. ~<. . -'·t:>"?/ ·: 
• ·! the hexagonal and cubic phase, the transformation is one ·involving only a ·: ·,:_·:r:._',:.~_:Jf~.:·;~---: ·· .: ji 

· .. ·.:,.. change in the sequential ordering of. the· molybdenum close packed layers~ :~-·~,'\.::.:::·; - [·: 

. : . , . .··•··.··.. . . -; __ , ~.-.. . ... . . :·t·: .. ' .. r··~.·.· .. :~··~··.:.·~_:·l~!· 
,i. . ,. .-.. ._; • '\• :t·,·-.. t 
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It is possible that during the transformation the sequential ordering of the 

. layers of metallic atoms would vary between cubic and hexagonal. If the 

transformation occurs on an atomic level or over distances small compared to 

f 
. ! 

. '' i 
r 

I 
~ 

! 
. the mean .free path, the electronic changes would average over the structural ·:,'" · \ .·• 

r 

. changes. Consistent with this suggestion, the critical temperature appeared 
l 
I 

. '~ • t 
·. I 
: r 

. 1 
' 

·,'' 

to be related to the relative proportions of cubic ~d hexagonal phases 

l· r. 

·.. . . . . I present. We believe that this is the first observation of a gradual change 

in T U.ependent upon the amount of each phase present. An analogous phe- · : ·, " · t 
c . f 

. . · (21 22 23) . . .. · r 
·. nomenon has been observed by a n'l:lJ11ber of investigators ' ' using thin· ,, < , .I 

film composites of normal and superconducting materials. 

III. Magnetic Measurements 

The high normal resistivity and the high critical temperatures of the · :· 

carbides and nitrides make them promising materials for high critical mag- .. : 

netic fields. Magnetic measurements are presently being undertaken in con-. · 

junction with Drs. H. J. Fink and A. c. Thorsen and their associates at 

Atomics International, Canoga Park, California. Preliminary results on MoC, 
'' .... :· 

. confirm the expectation that MoC is a high field type II superconductor. 

Matthias and others have shown definite correlations between the occur- · 

renee of superconductivity and the electron-to-atom ratio of transition 

elements, solid solutions, and intermetallic compounds. 

The authors of the present paper show that an analogous correlation 

exists between the total number of valence electrons and. the occurrence of 

·... ~. : 

'• · ... : 

·.::··.'. 
: '·' 

~ ' ·.· 

~ 

r 
I 
I 

~' .. 
· . · · superconductivity for transition metal carbide's ·and nitrides 
. ·-~··,: 

the NaCt structure. Several experiments are suggested from this correlation 
• '.f •' 

regarding the existence of new high critical temperature superconductors. 
. ... ~ '. 

The critical tempez=ature of metal-nonmetal compounds is shown to increase ··. :. · 

with increasing total number of valence electrons. The critical temperature ' ~ : 

. ~ . 
) . 

l 
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.. . , .... · ._·. ·r . 

·,; . . '· 

<, ,; .. ',, : sistent with these indicated trends, the criticaJ. .temperature of 
) '~ 

· · · .. metaJ. nitride is greater than its carbide • 

. ,: , ' ' . the e::::: ::::::o:h:em::::~::::d:::::~ :: ;::e::i::. or ~.~>;:·:,:;-:. 
1 ' : . .:. './supercondUcting with a. eri tical temperature or 13-k. The high cr1 tical t~-: :·,:; ·;r:v :.; :I 

" ..... · . · perature of this compound was predicted on the bas is of its having : l 
number. of totaJ. vaJ.ence electrons. · t 

. . 

The cri ticaJ. temperature for cubic. _TaN is estimated to be between 12 

'·.''·-·· · l4°K •. The predicted high critical temperature for cubic TaN is also con-· 
' ·. ' .. ,. '.~ ',:·. 

. ~ . ~.. . 
···:' "f· ·: sistent With the correlation of criticaJ. temperature·with totaJ. vaJ.ence 

' 
i 

· electrons. 

.. ·.. ' . ~ 

band models of Bilz and Dempsey. 

I of vaJ.ence \: <; ~);{~ :. '. .: i 

inconsistent with either the·. '\.·-~··.t,.~':· .. :::_· :''; l 
. : f:.' o_ ::._. ' J 

.~-.- I ' . ,'.' ' .,. ! 
,- ·. i_ :· \? ~- ·.: .. i ·.· 

The criticaJ. temperature of two..;phase' mixtures of hexagonal arid cub.ic~'i ·. :.· · .: · l 

i 
~e present quaJ.itative· correlation between the totaJ. number 

. '1. 

.·, I 
i . 

electrons and the critical temperature is·not 
. ' .· •. . . . . ~-.. 

. ~ 

:. ~ . 

. '';:·· 

MoC1 _:x was dependent upon the relative amounts of the two phases present. :: ,;: ' ~i;: :. : ::~, ~I 

·I 
, I 

. -!-'·: ., This behavior can be tentatively explained on the basis of the slmila.rities·\ .· 
' I ..... , .. , ~~· ~ 

' ~. ~.. . . . . . .! 
,._- ~-

: 
: .. 1:' . of the crystal structures of the two phaseso . For this explanation to be 

~--:' ;·: ... ·I 
-~ - I 

valid, it i~ necessary to assume that the mean free path of paired super-

conducting electrons be greater than the .distance between'the average width··.'_-; .. ,. l 
. of etther phase •. Thus, the possibility exists that the critical temperature,/.,- ; ~-~. ] 

.•. ;~::;;;(··~,· :~::::::::::::~~:::::2·•2de:e::::o:~~:::n1~b~:1~•},;~:~.;f}~f.l 
: : ·;

1

1, j : field type II suPercoruluctor, i ; , , . .. ··. : '~ }}~, . 
('· ... :.... • '.J . . > • 

.... • . i. ' ; . : . ·:· ·~< :~\~ --:~~:·· ... . -~. 

·· :;Ii;)!:.\f: ·.·.:.-~ , .: .· -'· · ... · · .. ::>:.: ·; ".~i; · ,_ ~ .. : 
'·, ; .. ~~>· ·: . ' . . ·, '~·.'. ;. t ~ 

. . . . ~ 

'• : 
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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 information, 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. 
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