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Abstract 
. ,. 

1·,: 

• : • < ~ ' I,· 

,,.. ..... -
The·· superconducting transition temperatures of ·:the metallic · carbides 

and nitrides with the Nac.t structure are interpreted on the bas :Is of the . ,_ 

tight-binding model of Bilz.~ 
\ . . 

concentrations from 9 to 10 are required far high critical temperature~ 

It is found that total valence electron '' ' 

., ..... 
l·~ / • I 

. . / . 

/-· 
carbide·/ - . . " in these compounds. ·The cubic modification (NaCt) of molybdenum 

has been found to be superconducting at.l3.0°K in agreement with ~he 

Bilz band model. . .' ' 
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. ·INTRODUCTION ~· /~->~: . 
'- \'· . : ,~~ -' 

. ; .. ~ ': . 

~ . - ' 
... > 

. -~ 

Accumulating evidence indicates that the electron-.to-a.tom (e/a).ratios '/: · · . 

. of approximatOl;r 5 or 1/•3 generall;y considered ,to b~ necess~ for hig~ c;rftic~ ,, 

temperature superconductivity, need not ·always be satis~ied. Data reported 

herein indicate that the critical temperatures o~ carbides and nitrides may be 
·j 

markedly in~luenced py the crystal structure as·well as by 'the electron-to-atom ·· 

ratio. This idea is clearly demonstrated in the investigation o~ the critical 

temperature o~ the two crystal modi~ications of molybdenum carbide. 

The observed critical temperatures of the nitrides and carbides with the 

NaC£ structure-(Bl)-may·be understood with the .aid of the tight-bindrng calcu-

.. ' . . '. 

lations of Bilz.1 Acc~rding toi\this ino<tel, the ha.rdne~s, brittleness, and high .·; ;, · 

melting temperatures of these compounds indicate the ~ormation of strong bonds_ 
3 2 . 

between the nonmetal p-wave fUnctions and the sp d hybrid fUnctions o~ the 
I i •, , ~ 

.. :·,· . . · .. ·. . \ ,..-
transition metal. The importance of these strong nonmetal-to-metal bonds had 
. . 4 5 
been originally ~ormulated by Rundle and Krebs. ·an the basis o~ a tight-

binding calculation, Bilz has found that the bonding p-bands are separated by a .- , '.: 
··'·"';.' 

low density o~ states band from the d .bands. The Fermi level for TiC, with e·ight . ·', 

' 
valence electrons, lies at the'top of the p-band, 'and TiN, with 9 electrons, 

!',•. .. \. 
··~·- ' 

-~ ,·: 
In. this model a minimum in the lies at the bottom of _the d-band (see Fig. 1):. 

6 '··:· ·,'':·.'' 
density o~ states occurs at approx:l.:mately 8.5 ·electrons. Piper, on the basis· · >·: 

o~ Hall coe~ficient· 'measurements, has modified· this model so that the main band · ; · .' ·~ .'r :. 
' .. '·. . -~ 

' ... ;,' 

is ~illed as the valence electron concentration is increased ·from 8 ~P 10 •.. 

In the present pap~r, we shall assume that the density ot states is a' 
. • 1 • . •.· • ' • 

mi~imum at· the total .electr~n. concentration of· B. (per fo~a). and reaches. a: ·.;· J·::~. 
··. :·.' .·.·. 

' ' ' ' • ' ' •• I ' •' . \ . '':'• ''\ • ·.; 

ma.x:ilnum when the total electron concentration .is between 9 and 10 •. With this band: > .·· 

. structure, the' variation of .most ,of the criticJ~!~empera~es of the, transition ... •.' '." 

.! 
·.,. 

.·: .'. 

\• ·.' 
' . 

•. I 
. . I 
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metal carbides and nitrfdes with th~· Nae.e structure can.·be understood, The crit:..<· 

ical temperatures of the carbides and nitri.des with a,· 9; <and 10 t'otal valence 

electrons are shown in Table I. The table is arranged to place the nitrides of · t\ 
[· 
r 
t~ 

: -: 

the IIIa group metals next to the carbides of the IVa group metals (etc. >.__:_and, 

also, arranged according to the row in the periodic table of the transition 
./' 

~ ' .; : 

t: .All of the compounds with . 8 total electrons are nornla.J. (i.e. , not super~. v 

All of the inter-: ' ' ~ 
metal. 

. 
conducting above about l°K) for both the carbides and_ nitrideso 

stitial compounds with 9 or 10 total electrons are superconducting with the 

exception of ve. This compound cannot be prepared stoichiometrically, however, 

" ,·~· ,' : 

. and the composition ve0 •88 contains only 8.5 total electrons. 
. . . I 

The ·highest T : c .. ,, . 

is for NbN with 10 total valence \electrons. The compound VN, also containing.-· 

10 valence e·lectrons, has a lower transition temperature, but this may be due .. 
... . ·i 

to individual departures from the general band scheme as Piper•s Hall coefficient . · . 
. · . . 6 
·. measurements of VN indicate. In general, the carbides and nitrides with the ).• "·' 

' 
same number of valence electr_ons have nearly the same critical temperatures. 

This correlation does not seem to apply to the nitrides ana carbides of uranium 
,.,· 

and thorium. I \, 

-· ,:;·" ,'· 
\., . , .·.r .· 

The critical temperature depends notonly on the total number of electron~ 
,. 

but also on the crystal structure. For exampl~; TaN, .with 10 electrons, is ·\ .· 

.. -
normal down to 1.20°K but its. crystal structure is hexagonal. 

';;1 ,,.. , ;-> ) .':,I 
. . ' ' ~- : ' 

Inspection of this table further suggests that the three carbides, ere, 

Moe, and We, with the Nae.e structure may have high critical temperatur.es because·.'·': ./ 
. . . . . : ;.~: .·•...,· ·'.·· . 

. they have 10 total electrons. A cubic modification of . ere. definitely· does not· 
.•,· \ , • '. l, > '.;. ,· '1, I ·. , 

·exist, 7 but high temperature 
1

cubic·modifications ~~been found for Moe and we ... '. 
: ,,·. . . . ·' .;- '.:· 

Of these latter two compounds~ oo.JyMO'C can be stabilized· in the cubic form at . 
• ; • ' ' I ~ • ' 

1
• ' ' : 'o:' .. ' ' '' :' ' • I ' , ~0 .' , , ' • • ;. ' 

ambient temperatures~· . Niobium and molybdenum. exist 'in. the same row, and so the 

.•>. ..... •', 
'·' 

t· 

~ 

i 

j 

I 
,I 
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Compound 

. SeN 

.·YN 

La.N 

.. : . 

... 
Table I 

t . 
* Superconducting Properties of the Carbides and Nitrides with the NaC£ Structure 

Group TIIa nitrides Group IVa carbides 

Total valence 
electrons 

Critical temperature Compound Total valence 
electrons 

Critical temperature 

8 

8 
8 

Normal** 

Not known 

Normal 

Group rva·nitrides 

TiC 

ZrC 

HfC 

8 

8 

8 

Group Va carbides 

Normal 

Normal 

Normal 

. '-•' 

TiN 9 5.6°K Normal 
.... ·.: 

. ·. vc*** . !,..,-: ·. . •. ~ ' ' '• _, 

J 

~ ZrN. 9 10. 7°K 11.1 °K 
.::~<~:;?;;::~i~e~~~·-· J:-..;Hf'N=::.._.· ._· -.~. __ ·_ ....... 9~··_, _-_·· ._·. __ .. · .!----·-· ·_· ·_· -=-6:.:. 2:;,..0.::K~------t--·· ·-=T:.=a;::.c _ _.__·-··--~9_··_;·_-·_.l..-__ .::..;9·~7'-0.::K ___ :._. ·~ 

8.5 
9 NbC 

~~;f::·~J:i;{~·.c£":_·: 1-----.....---G=r::..;:;.ou:=.rp'"--V..:.:a=-:n:.:i~t::::r:...:i:.:d:::e:.:s:__ __________ I-----...,...--=G.::.r.::o..::u.._p..:..VI::.a=-c.::.ar=rb::..:J.::.:. d::.:e::..:s=----------l 
'VN .. .10 . 8.2°K CrC 10 . . 
• . :;~ .:.::: .: .. t{:;~:<.':~.; .>: :· .... , ;_~~:?:~:~~o.:: ·~<.. :: :;> .··\'. . • .-~., . _, . 

NbN:. ' · io · · 15.8°K/: .. _. MoC 
- _..:·__ -~ ~. ~,·.·.:~ ~~·-~ • .. -.~- ... _:--~~:<,.:<\~ . ~-- ·-~ .···:.' .·. /. . :!. .,. 

10 

Does not exist with 
NaC.t structure. ;:, 

Present investigatior. 

TaN 10 Does not exist with. WC 10 Exists at high tem-
.. ._ NaC.t structure. peratures only. 

•'i:)it~~p :.. ~::: ~:te.:. ::t ~:::~~:::t~ R:~·::~t ~K~t::::\:::ts8 or Matthias etal9 :or ~~ ~~Ct 
~~~'j-;=/~_:.~o~;~i · temperatures. .~ · · ·. -· ,. . . .. . 

L. 

I. 

·· · . ;_~· , I*** vco.S8 is the highest carbon ratio which can be obtained by usual techniques; this composition '. 
-.,: _. ·. 

~- .:. .. ; v 

.. ..... ,. 

~. ~- ..... -

corresponds. to 8. 5 electrons~ _ .. .-· . .._, ·: "< · · . • · ' · 

., .. - - -.~ . . 
,·,. 

' .... '· : ~ . .. . . 
•. '•, ~r' . 

· .. · .:. .. _,.·.· .· .. :'-
. .. ·_. ~ ' ... . "'· . .... .. ~ . . : .. 

·= 

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

··-':'· 

...·.-:. ·::·-._.-· .. · .. ,.·.,,, ... · 
-·- .. _,.. '·.·· 

···-: .. 

·. 

. _;:._ 

1 
. j .· :- . -.- .. . _.: 

. . ~- . : ·. ~ . . . .~ . .·,_. ~- ., . " ... 
.·. 

..... · 
.· .-. .. -.-.:_·· . ' 

·.· .. :· ~ "~ .;,, 

··.·. 

,: ... 

'_ .. .-

I. 

w 
I 
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.. :- -: ~~-~ :- : -· 
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critical temperature of MoC should be very nearly. the·. same. as ·that of NbN 

( ) 
. . 10 

15.6°K. However, Matthias et al. have suggested that the.cubic form of 

MoC should be superconducting at about 10.6°K. Their prediction was based on . 
·''. 

test results from a series of solid solutions between refractory compounds with 

the NaC£ structure and the hexagonal MoC. 

The Cubic Form of MoC 
. .. ~ ·. 

A high temperature phase at the composition MpC, with a hexagonal unit 

/'. 

. cell, has been known to exist for some time. 11 Only recently has the cubic· ,· . 

modification ·been found. In an investigation of the Mo-B-C ternary system,./:< . 
12 / .. ·. '· 

two of the present authors (E,R. and L.T.) found in arc-melted samples a 
. . 

new phase with an ~aC£ (Bl) crys1;;al structure at the approximate composition ·· · · · 
\ .': ·/. 

Mo
3

c
1

• 
9

B0 .l. After a careful examination of this area of the ternary diagram, . 
'• ... ... 

it was also discovered that t~e hexagonal form of molybdenum carbide formed 

Independently, Clougherty et a1. 1 3 
.... 

synthesized th~ cubic modification of MaC by the application of high pressures 

and temperatures. They confirmed the Mo
3
c2 composition for the hexagonal phase 

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

and also found that the. cubic modifica~~on existed at the c~position MoCl-x r -: :":: .. 
(reported as Moc0 • 

72
+x by Clougllerty13) •.. One of .the present authors- (E.R. )14 

. ·. '.~ ~:: .. . · 

obtained the cubic modification by rapidly.quenching samples from 28o0°C onto ~: · •. · ' .: ' : . . : ~ .. . .. 

,:: ,-U· ....... t \. 

a water-cooled copper plate. ·· ; .. : · · · · I. 

On the basis of .these experiments, it was established that the cubic modi..;,, ·::. •. :' :·. r 
... ~.: :. ~;· ~-~ ..... ·. :' t· 

,· \ ' '" ~ ' t 
.,::,.,-,.,. I 

fication a.-Moc1· crystallizes tram the molten state at about .26o0°C. -x At 

approximately 2200°C1 a~MOCl-x transforms very rapidly in~o.the related hex­ . ,. . . ' ,t, .... 
f, 

agonaJ. Tl-Mo
3

c2 (see Fig •. 2). ; Below 14.50°C1 1}-Mo
3
c2 decomposes slow~y into .. ; .· ·:·:.· 

i. 
j; 
r 

Mo2c (which has orthorhombic crystaJ. structure). and free carbon •.. 'It was further·.~~<. :;:.. 
. . . ~ . ··:.: .. ~I 

!. i . . 
established that the a-form could be 

. ··.··.14 .. 
~ " . 

uranium, or. thorium. · . · 

, ... 

·r ... · f 
1 r · 

._ .. ' 

r. 
• .. . I 

. __ i·· ·.·'. . ·· .. r: .... : . 
· .. .. -
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The crystal ·s.tructure of. th~ hexagoriaJ. -~o3c2 ··is _very"closely related to . 
... ·. 11· . •. . . . 

that of the cubic modification.· Nowotny et al. have found· that this phase 

. i 

/. 

. I 

\ ' 
. J, 

. ·. . . 4 
has a hexagonal unit cell belonging to the n6h space group with an ABCACB, 

.,· 
ABCACB sequential ordering of the atomic planes of the Mo atoms. This unit cell ·< · .. 

contains as a subcell the B1 sequential ordering ABC, ABC. (See Fig. 2.1 
/. 

'·~ . 
Recent. thermochemical· data indicate that the transition from the 'I}-Mo

3
c2 to· .• '··. 

~-Moc1_x is an order-disorder transition; 7 the. c~bon atoms in 'I}-Mo
3

c2 appear . 

to be ordered~ while in ~-MoCl-x they occupy random octrahedral sites. L . 

· In the present investigation, these exper~ents on molybdenum carbide 
'·{:. 

' ~ r ' .. '. :<, 

were repeated to determine the superconducting critical temperature of both' .. 
' 
,· .. : 

'J ;: .- ' ' ~ .'I 
I ' 

the ~ and . 'll forms. \ '·. ~;, 

. ··.'.·, 
• •. '/. ~.·,'' I' •' • 

'/c. ' . - ·... I 
./··· · ... ,. I 

The materiaJ.s for this investigation consisted of 99·9+~ 'molybdenum £o~i · , ::.· I EXPERDfENTAL 

( < 74 microns~ impuri tfes: W 200 ppm, C 24 p~, 02 24 ppm, and Si 100 ppm), , ·:~ _:;·· , > . l 
amorphous boron powder (96% B, the rest mainly B2o

3
) and lampblack. Well- ·.: / .. 

mixed powders placed in a graphite.die were hot pressed at temperatures that. 
., ' ~ . 

; 

would just start the melting reaction. Since Mo
3
c

2 
is stable in the presence· 

of graphite, there was no reaction with the graphite die. 
:.:.· .. : ...... 

') .... 
Series of samples in the Mo-C binary system were quenched from five different .. _:· :i·. :. 

\. 

• temperatures: 1650,. 2200, 2320, 2415_, _and 2650°C. The samples from the 1650,·.···'" .:::· . .,.~-»_.'. 

2200, 2320, and 2415 °C· treatments were quenched in iiquid t'in, .ruid the samples · · · · : 

from 2650°C in ·on. In order to quench the' samples in tin, the hot-~ressed · 

samples.were placed in a graphite die, the bottom end of which was ~hortened 
. .'·. 

'' ,:· ·,,. 

so· that the die could be. broken with the application of pressure. ·A graphite<· .. · 

· . plunger sealed off the .top end of the die and transmitted pressUre. 
~ ,: . . The. . .. '! ". ~ ,. 

:.· 

. , · . ·. samples were first held ·at ·.the chosen temperatures for. 10 'minutes. ·.This period ·. :·:.~ :-
• ' • ' • ~·:·: ' .• • ~ •• •, ~ : > ••• •• .' 

'' 

:i 

, .. 

, .. 
'' ... 

,i, 

,·,I 

."-·) 



'. ~ . 

'•. 

.. ... . 

·. ,· 
' .... 

':· 

. -6- .. 
· . .i;.· 'i• . ' ~-. 

. .· . 
• -... < '?"··.-

was adequate for the formation of the ·hexasonal.phase · a.S well as. for the cubic ·< 
... . .. ~; . . 

phase, which forms· very rapidly. . Pressure was then applied,. the bottom: o:f' the : :: 
' . '. 

die broke off, and the sample dropped into._a molten· tin bath •. To quench the 

material from the molten state, samples were placed in a graphite die having 

a 1 mm diameter hole in the end of the die·, the samples _were heated to 26'5ooc 

(which is above their melting temperature), and. pressure was then applied to . < 
,·-· .. 

the plunger to force the molten samples out·the small hole and into the oil. ' 

The outer surfaces of the quenched samples were gro~d o:f'f to remove any phases 

" ~ .-: ' . ':' ..... '; 

· .. ·· 

, --~- . . .. 
that might have been formed by reactions with ti~ or oxygen. The samples 

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

quenched in tin were in one piece, but the samples quenched in oil were in the 
' ' 

\ 

form of small beads. The phases present in the samples were identified by 
~ ' .. •,' . :·. 

\_ . ' . . 

x-ra:y techniques. The queriched samples were also examined with metaJ.lography. 

12 techniques. 
·· .. · 

EXPERDfENTAL RESULTS · 
' \ /. . .. ;' ' '~ 

f • ~ .. : ~ 

'·' ·: •' !. 

The results of the x-ra:y analysis are listed .in'Table II. 
',( .. ·., 
·.':' •,:' .. , . . ' ~ .. The samples 

quenched from 1650°C showed oniy the hexagonal T}-Mo
3
c2, the sam,Ples from ?200,°C·<·:· .. \:._: ,"~·· 

. were mainly T)-Mo
3
c2 but had partially transformed int.o a.-MoCl-x' while the , _t:. ·:. ·. ·.:::.: . .'.· .. 

' ' \; ~.. • J (_- .\.. 

samples quenched from 2320, 2415 and 2650°C were·mainly a.-Moc
1

_x• The trans~. · ,:; '.0: · 
.:' .. ···' 

formation from the cubic phase to the hexagonal phase ,;Lnvolves only a shift in· ·· . " '• ... ·-
. __ ,.: • • '· !-

., ~. . .· i 

't . ~ .'' ·, 
the sequential ordering (see Fig. 2) j hence, this transformation proceeds at· :··. · 

. . . -·;-, 

an extremely rapid rate. An intensity comparison of the.(Ol2) and (·lol+) lin~s-.'· .. :.-./ · 

in the x-ra:y pattern of the hexagonal phase · (the same· as. the ·(ill) ~it (200) . 

lines in the cubic phas~) showed that the samples quenched from 2200,°C were 
. · .. ' ·' 

partially transformed from the cubic. phase· into the hexagonaJ. phase. The sam- . 
' ' . . . . . ~ ~-

' . . ' ' ~ 

ples queil;Ched at 2320, 2415. and 2650°C were .mainly cubic but scmie of the hex-· , . 

agonal phase was pr~~ent~::·· ·{~e~ Fig•·. 3) _.;.;,;.::·::. ·:-·.:'·;· <_:.;.::.~·-·' ·: ;.::. <. . . . . 

·. 
:' •' . · ... ~.: 

': 'f .· ~·< . .. '' ... ' 
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,. 
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', ~· \, 1, •:· ! , 
1 

v' ' • ' ' j, <• .,; 'I 

The critical temperature· of the ct-Moc
1 
~x q~~cru:{~~ ~415"0 in Sn W:,' • · ~· .' ,, ' ... 1' 

/• . -7-. 

13.0°K with. the transiti~n extending frOin 13. 5°~ to 12,5°K (see ~Table 'II) •. ·. ' . I 

No variation could be detected in T
0 

with either i c~e in composition or.' ':. ·\ ' .• · .· ·l 
with the ~light addition of ·boron •. The relative insensitivity of Tc to c~~nges "· : ~·. 

in composition is due to the small range of composition over which a.-~Cl-x .. ].\: 

exists. The limited range of composition is related to its limited stability.7 . ' ft ' . : '. ·' . . ., t: 
The samples quenched from 2650°0 in oil had broad transitions partly due to ~ . ' . { : 

.· ·. :'' ... !. 

the small particle size of the specimen which resulted from brittle shattering .': • ,4!' I· 
~ 

lf~·. : .. ' ' ' ' ': ' ,.. ' ~ 

upon: quenching and partly due to the partial :transformation· to the hexagonal . : .... \' . . '! 
'' ·~ . ' 

',, ... ·' • I, ' phase, which could not be completely arrested •. . -.. ~· ./ .. ··:> :· .. :.:- ~<:.1.: 

The critical ·temperature of ~~~e pur~ hexagonaJ. 1)•;Mo~C2 quenched from 

1650°C was 9 .• 0°K with the width of the transition" being about o.4°K. This 

. temperature is nearly the same as the 9.26°K reported by Matthi~ and Hulm15::··:"·· 

· for arc-mel ted ~pecimens. · The specimens quenched froni ·2200 °0 into tin had ·· 

.. critical tempe~atures varying from 9.5 to ll.0°K. · These temperatures are 

intermediate between those for the pure cubic phase and the pure hexagonal 
·. ~ 

., ·. 

. .. ·.·.,. 
phase. X-ray analysis of the sample. with the transition temperature of ll.O~K::, ·, ·. ·~:·~ · .' · 

' . ' \, '. •:;. ·• '. ·,:· .. ,·,H: 
. ·, \\ ', I .--. 

showed that it contained the most amount· of. the Bl ph13Se of any of ·the samples 

quenched from 2200°C . ' . ·,,. ~ ' . . 
'.<,:' 

DISCUSSION . _'· . ;. ·: 
/ 1''· 

. . 
'. 

.,..;. 

.. ·,' 

.... ,, -· .. ,, 

.·• 

'• •·' 

The observed critical temperature of 13.0°K·'~o~ ·a.-.MoC1jx ~s the. higl:lest 

known cri tica.l tem.Perature for en.y binary ~·arb ide. and is. ~ne of the' ;higbee t 

f 1: 

> · ·.:critical temperatures for: any :binary phase.o; · This: Va.l"?e is. exceeded by only 
. ·.·/. · · ... · Hi ' . . .. : ' ., ... ·.· · .. ·.; · . - -. · ·. · 

·•·. • .' :. six binary ·13-tungsten phases • and by NbN. _ Since the transition to the hexagonal . . .. ·.· 
·,·. I. '.••·. ,·,·, . ' ' . '•, ,· •\ , ·:·· \.• ,.';~\' 't·~~·· 

~ . 

'. phase from the cubic phase was never completely arrested,. it· is possible that· · 

' 
..... t' 

~· .. ' 



'· 

. -: .... .; 
·-:.·. 

... 
. 

Sample 
No. 
... -

1 

2 

3 

4 

.•'5 

·6 

7 

8 

9 

.. 

::-- ... :. 
. , . 

.. ... .., ~. 
, .. 

: __ ,... '-• . ~ .. ~. ·- ~· ' 

Table II.· 
· ..... '-.. 

-:. 

X-Ray Findings and Critical.Temperatures in the Mo-B-C Ternary System 

.. . :'" -'- . .. ~ .. 
Nominal. ; .. "' . . . ~ ~-- ' . • . ·· .. 

composition Phase 
.. . 

Mo B c 
.. . - -

.. 
60 ·:-o - 4o T}-Mo

3
c2 + trace Mo2c 

·58 - 0 - 42 T}-Mo3c2 
6o - 0 - 4o T}-Mo3C2 + cx,-Moc1_x 

59 - 0 - 41 T}-Mo
3
o2 

58 0 42 T}-Mo
3
o2 

.. - - ~---
. .. 

59 - 0 - 41 a.-Moo1 + -x trace T}-Mo
3
c2 

56 - 0 - 44 a.-Moo1 . + . -x trace T)-Mo
3
o2 

6o"- 0 4o. a.-Moo
1

· + T}-Mo
3
o2 - -x 

47-
. 

3 - 51 a.-Moc1 + T}-Mo
3
c2 -x 

~ 

; . - . 

Heat 
Treatment 

H.P. 1650°C Sn -+ 

H.P. + 16soc1c Sn 

H.P. + 2200°C Sn 

H.P. + 2200°C Sn 

n.P. + 2200°0 Sn. 

H.P. + 2320°0 Sn 

H.P. + 2415°0 Sn 
·' 

H.P. + 2650°0 oil 

H.P. + 2650°C oil 
' .. 

'· 

Critical -
temper.ature 

at middle of 
transition 

9.0°K 

9•0°K 

ll.0°K 

9.6°K 

9·5°K 

12.0°K 

13.0°K 

12.2°K . 
12.5°K 

-.·· .. 
·,, 

-~. 

... 
-~."""I. • ·­

;. ~ 

. ~ . 

··;·· 

.. 

Width of . 
transition 

0.4°K 
... 

0.2°K 

0.5°K 

2.2°K 

1.7°K 

·1.2°K 

1.0°K 
' 

2'!9°K. 

. 3.0°K 

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

. .., 

. ~:. ·, . 

·. ·. ·. 

.. 

.. 

.. ;: . 

t . :~ .,. 

.. -: 
,. 

., ~ 

,. . 

-_ .... 

·:. . -·. 
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The critical temperature· for a~MoCl~x is~nearly the same as the critical 

temperature of NbN. The present results and survey of the literature (Table I)·., 

of the carbides and nitrides with the Bl structure can be explained with aid of' -:. 
' .. '·,'' 

1 . 6 
the band models proposed by Bilz and Piper, The density of states is a minimum· 

at a total valenceelectron concentration of about 8 (or 8.5) and increases to 

a maximum at about 10 {or slightly less). Although the general superconducting 

features can be explained with this band model, the details of the band struc-

ture appear to vary from element to element. ·For example, .the critical temper­

atures of Bl solid solutions·between NbC and TaC have been found to go through 
17 . . 

.. 

..... 
•,,v. 

a maximum; this result cannot \~e explained with this simple model. 
I . : 

It is imP.ortant to emphasize that the electron concentrations needed for· ' '• 

' ! •' ·': 

high T 's in these compounds also depend upon the crystal structure. These c . . 
. } 

requirements f9r total ni.mlber of electrons are not the same as the electron-to- .. 
,, .. ,•, 

atom ratios postulated by Matthias for the transition metals wher~ the density 
'18 < 

of states does not seem to vary significantly with changes in crystal structure. · ·. · 

The influence of crystal structure is ·clearly seen for TaN, with 10 elec-: .· 
.' : ..-~. '· . 

., 

. : .... 

. trona, which is not superconducting, probably because of its hexagonal crystal· · 
' .. · 

structure. Its influence is further demonstrated by examining the crystal' 
,, '· 

structure of ~-Mo3c2 ,. which has a relatively high critical temperature for a 

hexagonal crystal. With the exception of technetium and MoN, elements and com ... ·;· · 
'·! •• \~·t :. ·>· 

pounds crystallizing in a .hexagonal structure seldom became- superconducting i ", 
' . . ... . /·< .:·· ~ ;'' ·, 1. ' 

The probable explanation. for the unus:ually high Tc for T}~Mo3c2 · is ·,. ': ,. 
\ . . ' ... : . . '' .;.~~ :. ·; ·, . 

that its crystal structure i.e. very .closely related to '_that of a-Moc1_x· The :·~, ·: . :: ., · 

unit cell is just two Nac.e unit cells placed on top of one anothE!r in an ~n- ~-:. ··:·, .. 
. , . 

verted order· (Fig. 2). · ·If the ~omp,ound is .only partially· transf~rmed from the··':.'. · ;, • .. 

. \. : .. :: .. 
',:1 . 

. :"• 

(:..' ., : ... .. '· ',,· • .. 
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. ' 

cubic to the hexagonal,. the critical temperature is intermediate between that 

of the pure cubic and pure hexagonal. This result suggests that there is a 
'' . /, 

gradual electronic change which averages over the structural changes. The 

difference in the critical temperature of the two crystal modifications -Of MoC 
.'(. 

again indicates· that both the electron concentration and the crystal struct~e ·• 

are important factors in determining Tc. 
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Figure· Captions · > .· 

,. 
. . , · ... 

:-"I 

Figure l ·- The variation in the density of states with energy according~.· 

in :Bnz1 for the carbide~ and nitrides with the NaC.t structure~ 
. '', . ' ·,·:' /'' 

/1 •.• 
,'.-"• . 

. Here r.' refers to the sum of the vaJ.ence electrons of the metal-and- . , ' · · 

·Figure 2 

. Figure 3 .. 
,. . 

. ,: 

. I . . ' . 

nonmetal atoms. 
•) .,·, .. :·· 

The crystal structure of t)-Mo
3
c2 ·and a.-Moc

1
_x ·showing the sequential 

ordering of the ·atomic planes.. In TJ-Mo
3
c2 the positions of the 

carbon atoms are no:t known. The figure shows only the possible. 
' ·; 

location of the carbon atoms and corresponds to the formula 

.·,_ 

';,. 

Diffractometer results showing the transformation in crystal struc~ 
. ·•; ·': ' ~ : 

•.1 ·< 

The ture from TJ-Mo
3
c2 (sample 3) · to a.-Moc1 ... ~ (samples 6 and 7) •. 

_diffractometer results of samples six and seven are very nearly,. 
! .. 

alike even though one sample- has a ·higher· transition ~emperature .. 

_than the other. 

'' 
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-28-­

MoC SAMPLE NO. 7. 

-1s-
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(Ill) 

(200) 

-28 

MoC SAMPLE N0.6. 

Fig. 3 . 
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