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CRYSTAL STRUCTURES AND CRITICAL TEMPERATURES 

OF SOME NEW SUPERCONDUCTING COMPOUNDS 

by 

Zelma Jean Johnston 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Mineral Technology, University of ,California, 

Berkeley, California 

Abstract 

An investigation of transition metal alloys having crystal structures 

favorable for superconductivity has resulted in the discovery of two new 

superconductors: Mo3Al2C, ~Mh structure, at lO.OoK and M02Bq, orthorhombic 

structure, at 5.4°K. Also, the previously reported transition temperature 

, of Nb2Al, a-phase, and the extrapolated transition temperature of MoC, cubic 

BI structure, were found to be too low; our observed values were 13.5°K and 

14. 2°K respe cti vely. 

The'role of crystal structure, generally assumed to be a secondary one 

in determining the superconductive properties of a material, seems open to' 

question. The transformation of MoC from hexagonal to cubic was found to be 

accompanied by a ~K change in transition temperature. Such large changes 

cannot be' accounted for by the normal electron-to-atom ratiO, but must be 

controlled by the lesser-known parameters such as band structure and the 

el~ctron density of st~tes at the Fermi surface. Since these parameters are 

,definitely related to the crystal structure, the importance of the atomic 

arrangement must not be ignored. 
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I. INTRODUCTIQN 

The behavior !'of electrical resistivity of metals at low temperatures was 

among the first problems investigated by Kamerlingh Onnes after he h~d achieved 
, 

'the liquification of helium in 1908. The resistivity of the first metals tested; 

gold and platinum, approached a constant value at low temperature, indicating 

that the low temperature resistivity was controlled by impurity scattering. It 

was for this reason that Onnes,' in 1911:3 measured the resistivity of mercury, 

the only metal then available in high purity form. He found that at about 4~K 
, 

the resistance abruptly drops to zero. Onnes called this state of infinite 
\ 

conductivity "superconductivity" and the temperature at which the phenomenon ~ 
\ > 

appeared he named the critical temperature. Curiously enough, Onnes soon show,~d 
~ , 

that the addition of considerable impurities to mercury did not inhibit the dr~ 
~, 
~¥ 
'" to zero reSistance, i.e., that the zero resistance was not just a matter of 
':""' 
f., 

using a very pure metal. No doubt was left about the existence of a new state~ 
l , 

of mercury in which its resistance was negligible. 

Although the fascinating phenomenon of superconductivity has been known 

for more than fifty years, an extensive search for new superconductivity com-

pounds and materials was not undertaken until the 1950's. This study has led < 

to the discovery of about a thousand new superconductors. Also, during the 

last ten years a microscopic theory of superconduction has been developed, and 

the potential of superconductors to produce high magnetic-field 'strengths has 

been realized. 

,. 
,J 
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\ II. BASIC CHARACTERISTICS 
" 

o 

The first observed and most distinctive property of· a superconductor is 

the total disappearance of' resistance below a characteristic transition tem-
. 

pe!~t~e, 'Tc) ~hich is different for each material. A sharp discontinuity, 

Fig. ,lea), would be obtained for a single crystal of 'a very pure element or ~ 

of a well-annealed ai10y. The broad transition shown by the dashed line sug-

gests the shape of the transition for normal materials in which there is. in- i 

homogeneity or strain. The total loss of resistance below the critical teroper-

a~ure has been demonstrated by inducing current to flow in a superconductinc 

ring where it persists indefinitely without diminishing. In the most recent 

4 experiment of this type by Collins, the ,current was observed to flow for two 

and a half years without any detectable decay. This places an upper limit of 

10-2~ ohm-em on the resistivity of the superconductor. The limit was further 

lowered to 10-23 ohm-em by Quinn and Ittner,5 whq check~d the decay of a current 

circulating in a thin film tube. (For comparison, the low temperature resis

tivity of pure copper is 10-9 ohm-em.) 

Below T , the superconduGting behavior can be quenched and normal conducc 

tivity restored by the application of an external magnetic fiel,d. This critical 

field, H , shows a closely parabolic dependence upon temperature, Fig. l(b), c 

varying approximately as 

Hc = Ho (1 - (TT)2] 
c 

where H is the critical field at absolute zero. o 

(1) 

'. . 6 -
Meissner and Ochsenf'eld, measuring field distribution around spherical 

superconducting specimens, foundtha.t.J>elow T the magnetic flux' is expelled 
. -"-.. ~ c : •. 

. "'----.. 
from the interior of the superconductor and the~liU:i{)l'l_e_tic induction B vanishes. 

This phenomena is called' the Meissner effect, and in showing the superconducting 
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j 
transition to be l1eversible, 

1\ "1 

\ 

\ 
its discovery finally. enabled Go~ter and Casimer7 

, 

tu develop a thermOdynamic treatment of superconductivity as a phase traris1t1on~ 
i 

The Gibbs free 'energy density between the two states in zero magnetic 

field is 

where H relates to the temperature and pressure in question. As 
c 

s = - (OG/OT)P,H' differentiation yields 

S (0); -. S (0) = - (VH /4~) (c1H /dT) 
n ,s c· C 

\ 

(2) 

where V is the volume of the system. 
.J..\, 

l 
At T = T ,H = 0, and S = S. At any , 

c c n s 

lower temperature, Hc > 0, and Fig. l(b) shows that for 0 < T < Tc' dHc/dT < O. 
I 

¥ence, the entropies of the two phases are equal at the critical temperature 
,\ 

in zero field; at any lower finite temperature the entropy of the super con-

,ducting phase is lower than that of the normal one, indicating that the former 

is the state of higher order. This ordering observed in the superconducting 

state has been shown to follow from a condensation of electrons in momentum 

space. Thus, the phenomenological thermodynamic treatment has given a link 

between the magnetic and thermal properties of a superconductor. 

The critical temperature of a nontransition elemental superconductor was 
~ 

found to vary with its isotopic mass as T ~ Mr2. The transition metal elements c 

and some alloys appear to have exponents less than -to This observation of 
, 8 

the isotope effect led in part to the Bardeen-Cooper-Schrieffer theory for 

superconductivity which postulates certain interactions between paired elec-

trons and lattice vibrations. The BCS theory and subsequent advance~ have 

successfully explained most of the properties of superconductive materials. 

The theory predicts a temperature-dependent 'energy gap below T (see Fig •. l(c». 
, " , c , 

The energy ga~ is denoted by 2D.(0) at <tK, and]IJB:Y' be experimentally determined, 
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I 
~ I 

for instance, by observing the attenuation of longitudinal sound waves below 

Tc and from superconductive tunneling experiments. 

The behavior thus far described is typi~al of Type I, i.e., "soft" or 

ideal, superconductors. Another type of behavior, known as Ty,pe II or "mixed 

state" superconductivity, . allows the superconductive state tq exist in high 

magnetic fields. In Fig. 2 the magnetization of a superconductor as a function~ 

of field is shoivu for a TYPe II superconductor according to theoretical models 
: 

9 10 Of, Abrikosov and Goodman. At the field Hcl ' which is lower than Hc' the 

ma~netization curve falls below the perfect diamagnetism of TYPe I supercon-
.~ 

duc'rivity. 1 The material then enters what is termed the "mixed state," a state" 

pictured as interwoven superconductive and normal regions. At a field Hc2 ' 

greater than H , the sample reverts to the normal state. While H is usually c c 

less than a few thousand oersteds, Hc2 can have values up to several hundred 

thousand oersteds, thus maldng practical high field superconductivity. 

The critical temperature has become very important in utilizing high field 

superconductive properties because both Hc and Hc2 increase with Tc. .Thus., 

materials with large T are sought when conductors of super currents are needed . c 

to produce large magnetic fields. This need has led to extensive search for 

high Tc superconductive compounds because almost all materials with Tc above 

lOOK exist as compounds or modifications o~ compounds. 

III. MEASUREMENTS OF CRITICAL TEMPERATURE 

One' can simply determine the onset of perfect conductivity in either of 

two ways: dc measurements, o~ low frequency ac measurements. Perfect conduc-

tivity would manifest itself in the first case as a vanishing dc potential 

drop, and in the second case as either a vanishing ac potential drop or a 

rapid change in the ac skin depth. Magnetically the perfect conductor would 

maintain any flux originally present inside its b~1es. 



i 
i 
I 

I 
i, 

1 
~ 

i .. ) 

j , 
~ 1 

,I 

l 
I 
I 
j 
l , 
! 
1 

I 
I 
I 
I 

i 
I. 
I , , 

i 
" i 
j' 

i 
1 
f 
! 

J 
~ . 

'0 . 

• 

-5- UCRL-113~ 

I 

The supercond~ctor exhibits many of the characteristics 01 a perfect 

conductor, but with the additional property that a simply connected supercon

ductor expels any magnetic field inside its boundaries (Meissner effect). 

Empiricaliy, it has been found that low frequency or dcmagnetic fields l>ene

trate a short distance into the superconductor, i.e., about 10-6 cm. 

Two techniques used to determine the zero field transition temperature 

are dc resistance measUrements and ac susceptibility measurements. The resis-

tance method needs little description. It suffers the disadvantage of low 

sensitivity and a need for rather large measuring currents. With such large 

currents, sample contacts can lead to the generation of heat, introducing 
~\. , 

te~perature instabilities., 

Susceptibility measurements, which dq not requir~ contacts to the sample, 

can be quite sensitive and do give an indication of bulk properties. Unfor-

tunately, surface phenomena can sometimes obscure such measurements thrOUGh 

shielding of the interior. Measuring the self-inductance of a coil containing 

a core of the super conducting material provides only susceptance or skin effect 

data. However, a sharp change in susceptance 'accompanying the exclusion of 

magnetic flux at T gives a reasonably accurate and reproducible measurement c 

of T • c This is essentially the method developed by M. F. Merriam and M. von 

12 Herzen. 

IV. OCCURRENCE OF SUPERCONDUCTIVITY 

The most important criterion; for the occurrence of superconductivity 'has 

been found to.be Matthias' Rule. 13 Matthias' empirical relationships. have 

shown that high critical temperatures ~d a high probability of a specific 

material being superconductive isrelatt;:(! ....... to the number of valence electrons ........... 
. ".~-- ....... 

>--~ 
per atom in the lattice. The qualitative variapce orT~ with the average num-

, 
ber of valence electrons per atom for the elements, shown in Fig. 3, has nov 
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been extended to include alloys and compounds where the aver~e number of 

valence electrons'per atom is simply the weighted average of all electrons 

14 outside a filled shell for each element in the alloy. Hulm and Blaugher have 

shown that the observed pewes are slightly lower than the originally suegested 

5 and 7 valence electrons per atom, and are more nearly at approximately 4.6 

and 6.7 valence electrons per atom. Matthias also suggested from empirical 

considerations that T .would vary as the atomic volume raised to the fourth or c 

,fifth ~ower and inverselr as the atomic mass. De Sorbo~5 studying dilute solid 

solutions of transition metals, has shown correlations 
\\ 

(,] 

between superconductiI};~ 
I"' 
. I~ 

properties, such as T , and solute atom size. In this study, he found that T· 
c' \ c 

correlated better with an effective e/a ratiO, involving a size-dependent 

correction (Fig. 4), than with the usual e/a ratio. 

The· influence of crystal structure on superconductivity is more pro

nounced in compounds than in solid solutions of transition metals, particularl:r 

if the compound contains at least one transition element. The crystal struc-

tures which are particularly favorable for superconductivity include the cubic 

~-W type (the Al5 structure), the cubic NaCl type (Bl) and the cubic MgCua 

type (C15). With the exception of NbC and NbN, which have the Bl structure, 

most of the high temperature superconductors have the Al5 structure. Less 

symmetrical systems seem to be less favorable for superconductivity. In the 

orthorhombic systems, approximately elev~n have been reported. Only one has 

been found in the trigonal system, PdTea,19 and one in the monoclinic system, 

20 a - BiaPd. None have been reported in the triclinic system. The corre-

lation of T with crystal structure, Fig. 5, follows a similar pattern with c 

the highest T being obtained in the cubic system falling to lower values as c 

the symmetry is decreased to orthorhombic, etc. 

Using these empirical considerations in a search for new superconductors, 

newly reported transition-metal alloys were reviewed for favorable crystal 

structures. 

.. 
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V. THE Nb-V-At SYSTEM AND Al5 (or (3"'Tungsten) STRUCTURE 

The early discOvery2l of the high T in Nb;sSn has led to,an extensive , c , 

search for Al5 type, intermetallic compounds. Most of these compounds .are 

superconductive and a substantial. number have critical temperatures above lOoK. 

In the Nb-V~AJ ternary system there are essentially two areas of interest • 

. First, the pseudo-binary Nb.;;At-V;sA.t is of interest because of the recently 

reported existence of the compound V;sAJ, which has an Al5strubture.
22 

This 

compound was not found i~ earlier investigations of the V-At binary system. 23-f5 
. .!! 

Starting with Nb;sAt we added vanadium, noting the change in Tc with the hope i 

of stabilizing V;sAt with an Al5 structure. Interest in V3At came from noting 

electronic and structural Similarities with systems .such as Nb-V-Ga (Table I) e 

Thus, it was expected that the T of V;sA.t would be higher than the l7.5°K observed c 

for Nb;sAt. Secondly, the Nb-At binary contains a sigma phase, Nb2At, which 

has the highest reported T of any sigma phase. Although much work has been c 

done with additions of a third alloying element to the Al5 compounds, no 

reports of effects of third elements in other intermetallic compounds have 

been made. Thus, it was of interest to determine the effect of the addition 

of vanadium to the T of Nb2AJ. c . 

Table I 

NIOBIUM VANADIUM 

Al5 Lattice T (OK) Al5 Lattice Tc (. OK) 
Composition Parameter c Composition :Parameter 

° 14.5(26) ° 16.8(26) Nb;sGa 5.171 A V;sGa 4.816 A 

0 

17.5(27) 4.90 1(22) Nb;sAt 5.187 A V~ ? , 
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The alloys were made in an arc furnace under an arGon ;,atmosphere to . . \' 
minimize impurity contamination~ Each sBnq)le was melted fOf times DJld homo-

, senized '£or 80 hours at 13;0°0 in vacuum. '!I 

On the Nb-rich side we obtained the Al5 structure, whiqh showed a tran

sition temperature "f 17.5°K at the c.omPosit1on NbO.73AtO.27 (a ... 5.185 1), 
, in good aareement with results as show in the literature. 27-29 As vanadium 

was added, the lattice parameter decreases to a ... 5.136 A"showing that the 
" . . 

Al5 structure dissolves approximately 3010 vanadium in solid' solution. The 
\ 

transition temperature remained essentiallY' constant wi.th ~ditions up to 
. . 

1010 vanadium,' then it d~creaseQ. rapidly as show in' Fig. 6.;. 
i 

, For the Al5 :gt:ructure, extensive empirical correlatio~ have been carried 
'. .' ' ':~ 

out .by ROberts,18f!ff~0w1.ng that Tc' varies periodically with ~oth e/a and e/('Ar', 

Fig. 7 and 8.. Siq~k the e/a ratiO remains constant even W~~h additions of 
. '. ? . ~: 

vanadium, it would be instructive to look at the To vs ave~~e number elec

trons per unit volume. This plot shows ·ci.-·t.hreefold peaking,~of Tc with most 
. . .• ,.... '. . 0 

of the high-temperature materials centering around··O.26 val~nce electrons/(A.r3~ 

Nb..,At has· an e/(A)";' 'ratio equal to 0.250. With addition of vanadium this is 

seen to increase to 0.277, thus, the e/(1)3 ratio is becoming less favorable 

and a rapid decrease in Tc is observed. 

On the' V-rich side, x-rq analysis showed a bce solid solution at the 

composition VO.73AtO.27. The lattice paramet~robtained (a ... 3.0551) is in 
. 23 25 . 

good agreement w1.th results of earlier invest~gations.' FUrther heat 
\ 

treatment at BooGC produced no observable Change in structure. . . The bcc strUc-

ture 'WaS found to exist to the c~s1t1on (Nbo• 5VO. 5) 3AJ,. The variation of 

the lattice parameter for this solid solution is shown in Fig. 9. These 

samples' showed no 's~rconduct1ng transition above 4.2°K. 

.. , 

.. 

.. ' 

, 
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Our investigation shows that the A15 structure V~ cannot be formed 

by arc meltinG with the limited heat treatment tried. Similar results were 

'obtained by Geba11e. 30 According to Nowotny,31 the phase V~ is proba.b1y 

stabilized by small amounts of impurities (C, N, 0), but in our experiments 

these interstitia1s did not go into solution and would not therefore act as 

a catalysis for the stabilization of the A15 structure. 

The sigma phase in the binary Nb-A.e system showed a lattice parameter 

° 0 0 ° i change from a = 9.318 A, c = 4.813 A to a = 9.295 A, c = 4.819 A while the 

transition temperature decreased from 13.5°K to less than 4.2°K with the addi-

tion of aluminum. The maximum critical temperature obtained is higher than 

the 12°K reported byCorenzwit,27 but is considerably lower than that. reported 

28 by Raetz and Saur. Addi tion of vanadium: to these compounds rapidly de-

creased the transition temperature to less than 4.2°K. 

The rapid decrease in transition temperature observed for both addition 

of A.e and V would indicate that Tc in the a-phase is more sensitive to compo

sition variation than ,in the A15 compounds •. Superconducting compounds with 

. the a-phase do not show the precise empirical correlations that are found in 

the A15 compounds and ,the a-phase Nb2At does not fit into the limited corre-
.. ' 18, 

lations that have been made by Roberts on this phase. 

VI. MO~2C AND THE /3-MANGANESE STRUCTURE 

The A12, or a.-Mn, structure is considered a favorable structure" for the 

occurrence of superconductivity in transition me,tal compounds, but no investi

* gat ions of its high temperature modification A13, or J3-Mn, have ,been made. 

* High temperature modifications have been investigated and found favorable 

in the Pd-As system by Raub and Webb. 32 

-"";;' 
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An investiga;tion of ternary compounds of the form M~~ (M = Mo, Nb, 
" I 

Ta, V, Ti or Cr) ~ecently found by Jeitscbko et al.,33,34 h~ led to the 

, discovery of a new superconductor, MO~2C, which crystallizes in 13-Mn (A13) 

structure. 33 

The samples, With the exception of V~~C, were prepared by hot-pressing 

the metal powders in graphite molds; V ~.t2C was made by arc-melting powder 

compacts in an argon atmosphere. In addition, sintered samples of Nb~2C 

and Ta~2C were prepared from powder compacts. All samples were annealed 

at 1000°C in vacuum and furnace-cooled. . 

A superconducting transition was observed at 10.OoK for the compound 

"MO~2Co The lattice parameter for the l3-Mn cubic cell was a = 6.867 A, 

which is in good agreement with the value reported by Jeitschko et al. 34 

",~ 

These investigators also found the ~Mn structure at the compositions Nb~2C 

and Ta~2C, but reported that the phase crystallized with a second phase, 

the 'R-phase,"which has a hexSgonal subcell. In the present investigation, 

the H-phase could be identified in both hot-pressed and sintered samples. 

This phase has now been identified35 as 'having the composition ~C (M = Nb, 

Ta, V, Ti or Cr). The 13-Mn structure could not be detected in any of the 

samples of Nb~:zC or Ta~2P and none were superconducting,above 4.2°K. 

Only the H-P?ases were observed for the compounds V~2P, Ti~:zC and Cr~:zC 

and no transitions were found above 4.2°K. 

To our knowledge, this is the-sc(!ond.compound of the 13-Mn type found to 

-._ 36 
show a superconducting transition, the first being·4..tO• 5Geo. 5Nb3' which 

has a transition temperature of l2.6°K. The occurrence of superconductivity 

in both compounds at lOOK or higher indicates that the 13-Mn structure is 

favorable for the occurrence of superconductivity at relatively high temper-

atures. 
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VII. MoC AND THE Bl STRUCTURE 
i 
\ 

MoC, unlike ,most of the transition metal' monocarbides, 'has a hexagonal 

crystal structure',with a transition temperature of 9.26°K. 37 In pseudo- . 

, binary systems of MoC with the monocarbides of the IVa and Va transition metals, 

the cubic Bl structure exists to nearly 90 mole percent MoC. Matthias et al. 3$ 

formed solid solutions of MoC with NbC, TiC, Zrc, and VC and retained the 

cubic phase to about 85 mole percent MoC. B.y measuring Tc versus compositio~ 
.~ 
i 

they predicted that the hypothetical cubic modification of MaC would have a 

critical temperature of 10.6°K. 

The prediction that the cubic modification of MaC would have a critical 

temperature higher than that of the hexagonal form is not surprising. After 

the Al5 structure those carbi~es and nitrides of the transition metals that 

crystallize in the Bl structure have the highest superconducting critical 

temperatures. For example, ,the critical temperature for NbN is 15.6°K39 and' 

for NbC it is 10.3°K,37 and in a solid solution of NbC and NbN the T rises c 

to a m~imum of l7.8°K. 39 The,unusual fact about MoC is not the predicted 

critical temperature of its cubic modification but rather the high critical 

temperature of its hexagonal form. With the exception of technetium and MoN, 

elements and compounds crystallizing in a hexagonal structure s'eldom exhibit 

superconductivity above 5°K. 

40-42 Recent experiments on the Mo-C system have established that the Bl 

modification, a. MoCl _x ' crystallizes from the molten state at about 2600°c. 

In the temperature range between 2000 and 2200°C, a. MoCl transforms very -x 

rapidly into the related hexagonal ~ M03C2. Below 1600°c, ~ M0 3C2 decomposes 

very slowly into Mo~and C. It was fUrther established that the a.-form 

could be stabilized by small amounts of boron, uranium, or thorium. 43 From 

these experiments on the stability of a. MOCl 1 it was possible to quench in -x 

.J 

the MoC cubic modification and determine its critical temperature experimentally. , 
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A series of. samples in the Mo-C binary system were hot-pressed above their 

i i 
. reaction temperatures until they began to melt. They were ~hen quenched from. 

\ '" 
" 

three different temperatures: 1650°C, '2200°C and 2650°C. The samples quenche~ 
1) 

from 1650 and 2200 0 C were quenched in liquid Sn and the samples from 2650°C in~ 

oil. After the quenching procedure the outer surface ·of the sample was ground 

off to remove any contamination from Sn or oxygen. The samples quenched in 
.' 

Sn 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-ray techniques. 

The samples quenched from 2650°C were mainly cubic but contained some af 
i:;J 

'~ 

the hexagonal phase since the transformation from the cubic to the hexaeona~ 

phase involves only a shift in the sequential ordering and hence proceeds 

very rapidly. The critical temperature of the ~ MoCl was 14.2°K. No vari-x 
1 

ation was observed in T with either a change in composition or the addition' c 

of boron. The transitions were broad and extended from 17.5°K to 12.2°K. 

The broad transitions were due partly to the partial transformation to the 

I. hexagonal phase and partly to the bead-like nature of the specimen. 

The .samples quenched from 1650°C showed only the hexagonal 'I) M0,3C2 with 

a critical temperature of 8.8°K. The width of the transition was approxi-

. mately tOK shOwing that these samples were in equilibrium. This temperature 

is slightly lower than that r~ported by Matthias 36 for arc-melted specimens. 

The critical temperatures far the samples quenched from 2200°C varied 

from 9.4 to 11.7°K. These samples were mainly 'I) M0,3C2 but had partially 

transformed into ~ MoCl _x ' One of the samples with a composition of Mo. 60C. 40 

and a transition temperature of 11.7°K showed the greatest amount of trans-

. formation to the Bl phase of any of the samples quenched from this temperature. 

The observed critical temperature of 14.2°K for ~ MoC
l

_x is the hiehest 
. . . ---..... 

known critical. temperature for a carbide and 1s one of the highest critical 

.. 
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, 
temperatures for a~ binary phase. This value is exceeded, by only six A15 

I 
i 

phases and NbN. Since the transition to the hexagonal phase from the cubic 

phase was never completely arrested, it is poasible that the critical tem-

perature of pure a. MoC
l

_
x 

is even higher. 

The probable explanation for the unusually high Tc for 11 M03C2 is that 

its crystal structure is very closely related to a. MoCl : x• There are examples 

where superconductivity has·been observeu in the same element or compound with 

dtfferent crystal modifications, for example, La (fcc and hCP).44 This is, 

however, the first observation where T varies with degree of transformation c 

from one phase to another. This variation would indicate that there is a 

gradual electr,onic change which averages over the structural change. 

The critical temperature of pure a. MoCI is at least 50'/0 higher than -x 
the pure hexagonal form. It would be-d~ffi~ult to explain this differential ,. 
in T on the basis of a simple electron-to-atom ratio. At least for the c 

carbides, it would seem that the crystal structure is more important in deter-

mining T than the e/a ratio. It might be more usefUl to discuss variation c 

in Tc with crystal structure rather than applying e/a rules to cases where the 

crystal structure and band structure charige. 

VIII. Mo,V3C and AVERAGING STRUCTURES 

The ternary compound, M02BC, wasldentified by Jeitschko et al. 45 as 

orthorhombic and the positions of the molybdenum atoms were established. On 

the basis of geometric considerations, they also established the most probable 

sites for the boron and carbon atoms. The boron atoms form the usual boron 

chains usually found in monoboridesj the carbon atoms occupy octahedral sites 

as found in the NaC£ structure of the monocarbides. 

Recently, Arrhenius et al.
46 

have postulated a finite critical tempera-

ture for gold on the basis of a study of the variation of T with the'vaxi
c 

ation of the structure of BaAUs. The concept that the super conducting 

I 
) 
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transition temperature in one phase can be used to predict the transition 

temperature in ano~her phase can be tested by measuring the T of MozEC. The . c 

. ~ MoC
l 

has been found to be superconducting at i4.2°K while the monoboride -x 
MoB has been found tb be normal at 1. 28°K. 37 Since the crystal structure ~f 

. MozBC is a combination of the monocarbide and the monoboride, the T of MozEe 
·c 

was measured to see if it could, be explained as an average similar to the 

crys tal structure • 

. Samples of molybdenum powder, amorphous boron powder and lampblack at I 

the formula MozBC were hot-pressed in graphite dies and found to be supercon-

ducting at 5.4°K.Thus, the electronic properties of M02BC appear to be 

intermediate between that of a boride and that of a carbide. 

Assuming that the electronic properties are nearly an average of MoB and 

~ -9. .' 

MoC, the critical temperature of MozBC should form a similar average. Then, using 
8 . 

a logarithmic average, as would be suggested by B.C.S. theory, one could pre-

dict a superconducting transition temperature for MoB of approximately O.5°K. 

IX. COMBINED Bl CARBIDES AND INl'ERMETALLICS 

The ternary compounds of the form M~t2C (M = Mo, Nb, Ta, V, Ti, or Cr)33,34 

seem to lend themselves to a study of ternary systems in which the supercon-

. ducting carbides could be combined with the superconducting intermetallics. 

With this in mind, .the Nb-rich corner of the Nb-At-C ternary system was inves-

tigated. 

The samples were prepared by hot-pressing metal powders in graphite cruci-

bles or arc-melting cold-pressed compacts. All samples were annealed at lOOO°C 

and fUrnace-cooled. 

The phase diagram (Fig. 9) obtained at this temperature did not show the 

reported Nb~2C34 having a ~-Mn structure, but the H-phase, later identified 

as Nb2.AtC~5 was obtained. The transition tetqperatures of the binary 
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alloys werese~n to change with composition as noted in Table II. The hex

agonal compound, Nb2AiC, showed no transition above 4.2°K. 

Table II 

Compound Structure I T (OK) 
c 

Nb-At (solid solution) bcc Nb-rich 9 
, At-rich 6 

~oCx Bl x ",. .7 6 
x ",. 1.0 11 

Nb:# Al50 Nb-rich 12·5 
At-rich 17·5_ 

NbyU a Nb-rich 13.5 
At-rich < 4.2 

x. SUMMARY 

Although it was postulated soon after the discovery of the hieh Tc of 

Nb,3Sn that the chain-like arrangements of the niobium atoms play an important 

role in the superconducting behavior, its importance has since been minimized 

with the discovery of high T compounds in body-centered cubic solid solutions c 

as well as many examples in materials having hundreds of atoms in a complex 

unit cell arrangement. Thus, it has been assumed that the crystal structure 

plays only a sec·ondary role in determining the superconductive properties of 

a metal. The interrelated controlling factors are the band structure, the 

valence, and the electron density of states at the Fermi surface. / 

. 11 
The effect of valence has been empirically correlated by Matthias wi th 

a remarkable degree of success and theoretically studied by Pines47 using the 
8 . 

B.C.S. theory, but the band structure ,and electron density of sta.tes at the' j 

Fermi surface are little known quantities· in the superconducting alloys. 
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Thus, since th~i crystal structure, a. parameter vTell-knownin' alloys, has 
l 

a definite bearing on both the band structure and the density of states at 

the Fermi surface, its importance in determining the occurrence of super-

conductivity cannot be overlooked. 

A striking example of the effect of crystal structure can be seen in 

accounted for by a simple valence change and is therefore probably best ac- ;' 

counted for by a drastic change in band structure accompanying the hexagona!L-

. to-cubic transformation. Since the band structure is not known in either 

the hexagonal or cubic modification, it cannot be used for the prediction of 

this change in critical temperature. But an empirical correlation betvTeen 

T and crystal synnnetry (Fig. 5) is· usei'-..:.l_,~n predicting a higher T in the 
c c 

.""'" 

cubic modification. 

Other systems which might exhibit such a change are the high temperature 

hexaBonal-to-~-Mh (CUbic) transformation i~ the Nb-AJ-C and Ta-AJ-C system. 

In these systems the hexagonal phase is not superconducting above 4.2°K, but 

a high temperature quench should stabilize the ~-Mn form which should be 

superconducting at a temperature substantially above 4.2°K. Quenching in the 

~-Mn structure as well as testing the hexagonal phase below 4.2°K are 1'1"0-

posed projects for the immediate future. 

During this investigation of favorable crystal structures for the 

occurrence of superconductivity, two new superconductors were found: MO~2C, 

~-Mn structure, at lO.OoK and M02BC, orthorhombic structure at 5.4°K. Also, 

the reported transition temperatures of the Nb2At phase (12.5°K), and MoC, 

cubic Bl structure (lo.6°K by extrapolation), were lower than our values, 

13.5°K and 14.2°K respectively. 
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APPENDIX . 

Materials Used: 

Aluminum, Alcoa, powder, 99.8% p1.).Te 

Boron, United Miz:teral and Chemical, powder, 99.5% pure 

Carbon, Fisher Scientific Company, Lampblack 

Chromium, A. D. Mackay, 325 mesh powder, 99.8% pure 

Molybdenum, General Electric, 325 mesh powder, 99.8% pure 

Niobium, Kawecki ChelJlical Company, 400 mesh powder, 99.9% pure 

Tantalum, Wah Chang Corp., 325 mesh powder, 99.9% pure 

Titanium, United Mineral and Chemical, 325 mesh powder, 99.5% pure 

Vanadium, Oregon Metallurgical Corp., 200-400 mesh powder, 99.5% pure 

~. · 
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Ficure Captions 

Fig. 1 Schematics of (a) loss of resistance at T ; (b) variation of H c . c 
with temperature; (c) variation of the ener[.~r Gap ,-lith temperature. 

Fig. 2 MaGnetization curve for a soft superconductor (dashed) and magneti

zation curve for an Abvikosov-Goodman model zuperconductor (solid) 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

f .L. L" t 10 a ~er ~v~nes on. 

Qual±tative behavior of T as a function of the averaGe number of 
c 

1 1 t t d b M t .L.} • 11 va. ence e ec rons per a om as propose y la (, nas. 

The chan~e in electron-atom ratio with and without solute size-

dependent corrections compared to the critical temperature for som~ 

solid solutions of niobium after DeSorbo. 15 

Correlation of transition temperature, T , with crystal structure c 
showing a decrease of T with decrease in symmetry. c 

Variation of transition temperature (T ) with addition of vanadium 
c 

for the Al5 compound Nb3Ae. 

Fig. 7 Critical temperature dependence on average number of valence electrons 

( 
. ) . 18 

per atom for Al5 P-W -type compounds. 

Fig. 8 Cri tical temperature as a function of electron dens.i ty for Al5 (p-W)

type compounds. (Note: Dashed lines represent apparent envelopes of 
. t 1 . t 1 )18 ex;per~en a po~n s on y. 

Fig. 9 Variation of lattice parameter with addition of niobium for the bcc 

solid solution VO.73AeO.27' 

Fig.10 Equilibrium diagram for the Nb-rich corner of the ~o-Ae-C ternary 

system showing phases present and T data obtained. c 
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Fig. 1. Schematics of (a) loss of resistance at T ; 

UCRL-11390 

. (b) variation of H with temperatures; c 
(c) variation of thEf energy gap with temperature. 
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Fig. 2. Magnetization curve for a soft superconductor 
(dashed) and magnetization curve for an 
Abvikosov- Goodman model superconductor 
(solid) after Livingston. 10 
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Fig. 4. The change in electron-atom ratio with and without 
solute size-dependent corrections compared to the 
critical temperature for some splid solutions of 
niobium after DeSorbo. 15 
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Fig. 6. Variation of transition temperature (T ) with 
addition of vanadium for the A15 compodnd Nb 3Al. 
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Fig. 9. Variation of lattice parameter with addition of 
niobium for the bee solid solution V o. 73A10. 27" 
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MU-34095 

Fig. 10. Equilibrium diagram for the Nb-rich corner of 
the Nb-Al -C ternary system showing phases 
present and T data obtained. 
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