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CRYSTAL STRUCTURES AND CRITICAL TEMPERATURES
OF SOME NEW SUPERCONDUCTING COMPOUNDS

by

Zelma Jean Johnston

'Inorganic MateriélS'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: MoxAf:C, B-Mn structure, aﬁ 10.0°K and MozBC, orthorhombic
| structure, at 5.4°K. Also, the previously reported transition temperature

“of NbpAZ, o-phase, and the extrapolated transition temperature of MoC, cubic

Bl structure, were found to be too ldw; our observed values were 13.5°K and
1k 2°K respectively.

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

© . in determining the superconductivé properties of a material, seems opén to

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

accompanied by a 7°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 léséér?knqwn parsmeters such as band structure and the

electron density of stgﬁeslat the Fermi surface. Since these parameters are

_definitely relatedvtouthe'crystal structure, the importanqe'of the atomic

arrangement must not be ignored.

.
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conductivity "superconductivity" and the temperature at which the phenomenon |

to zero resistance, i.e., that the zero resistance was not just a matter of

-l—

I. INTRODUCTION - |

The behavior of electrical resistivity of metals at low temperatures was

e s el RO

" among the first problems investigated by Kamerlingh Onnes after he had achieved
the liquification of helium in 1908. The fesistivity of the first netals tested,f

- gold and platinum, approached a constent value st 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 availeble in high purity form. He found that at about L°K

the_resisﬁance abruptly d%ops to zero. Onnes called this state of infinite-

éppeared he named the criticsal temperature. Curiously enough, Onnes soon showed
. -a’ "

that the addition of considerable impurities to mercury did not inhibit the dr%p
. B

Al

R4

%
b5

using a very‘pﬁre metal. No doubt waé left about the existence of 8 new state%
of mercury in which its resistaﬁce wag negligible.

Although the fascinating phenomenon of superconductivity has been known
for more than fifty years, an extensive searéh for new superconductivity com-
pounds ana matefials 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 reélized..

£
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v II. BASIC CHARACTERISTICS

\ : @

The first obéerved and most distinctive property of-a superconductor is

»

'  the total disappearance of resistanqe below a characteristic‘transition ten~

pergture,'Tc, vhich is different for each material. A sharp discontinuity,

On.

Fig. 1(a), would be ob£ained for a single crystal of ‘a very pure element or
:'.of a ;ell-dnnéaléd ailby. Thé broad transition shown by the dashed line'sug- .
» gests the_shape of thé £ran$ftion for normal materials in whiéh there is. in- |
homogeneity or strain. The total loss of iesistance below the criticalvtempef-
a@ure has. been demonstrated'by inducing current to flow in a supercpnducting
fing where it peréists indefinitely without diminishing. In the most recent
experiment  of this type by Collins,h the current was observed to flow for two
‘and a half years without any detectable decay. This places an upper limit of
10“21 ohm-cm on the resistivity of the superconductor. The iﬁﬂit was fﬁrther

p]

lowered to 10"23.ohm~cm by Quinn and Ittner,” who checked the decay of a current

circulating in a thin film tube. (For comparison, the low temperature resis-
tivity of pure copper is 107° ohm-cm;)

Below Tc’ the superconducting behavior can be quenéhed and ﬁérmal conduc~
tivity restored by the application of an external magnetic fie%d. This cfitical'g
field, H_, shows & closéiyfparabolic dependence upon temperature, Fig. 1(b), |
varying approximately as |

HosH D= GOf1 (1)

where Ho is the critiéal field at absolute zero.
Meissner and Ochsenfeld,6 measuring field distribution around spherical

superconducting specimens, found‘thatwbg}ow Tc the magnetic flux:is expelled

. :
7

from the interior of the superconductor andvthéwﬁagngtic induction B vanishes.

This phenomena is called the Meissner effect, and in showing the superconducting
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B tran31tion to be rever51b1e, its discovery finaily enabled Gorter and Casimer

" field is

3- S ' UCRL-113%

T

o develop a thermodynamic treatment of superconductivity as a phase transition.

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

6,(0) = G(0) + 85 (@

- where Hc relates to the temperature and pressure in question. As

= - (aG/aT) differentiation yields

5,(0), 8,(0) = - (W /i) @ jam) (3)
ﬁ. .

P:H_,

- |
where V is the volume of the system. At T = T Hc = 0, and S = Ss' At any !

lower temperature, H, >0, and Fig. 1(b) shows that for 0 < T < T o /d‘I' <o.

'yence, the entropies of the two phases are equal at the critical temperature

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

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

" ig the state of higher order. This ordering observed in the snperconducting

state has been shown to follow from a condensation of electrons in momentun
space. Thus, the phenomenological thermodynsmic treatment has given a link

between the magnetic and thermal properties of a superconductor.

The critical temperature of a nontransition elemental superconductor was

. 1 .
found to vary with its isotopic mass as Tc ~ M 2, The transition metal elements
" and some alloys appear to heve exponents less than -%. This observation of

the isotope effect led in part to the Bardeen-Cooper-Schrieffer theory8 for

supercendnctivity which postuletes-eertain intereétidns between paired elec~
trons and lattice vibrations. The BCS theory and subseqpeni advancee'havev
successfully_expiained nost of the properties of supercbnductive'materiale.
Theetheoryvprediets alfenperature-dependent‘energy gap below T, (seeiFig..l(c))e

The energy‘gap is denoted by 2A(0) at 0°K, and may be experimentally determined,



.. for instance, by oﬁserving the attenuation of longitudinal sound waves below

\”¥‘ch and from superconductive tunneling experiments.

'~} ‘magnetic fields. In Fig. 2 the magnetization of a superconductor as a funetion . _

. b  UCRL-11390
: L | . ‘ |

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

" ideal, superconductors. Another type of behavior, known as Type II or "mixed - “

state"'superconductivity,.allows the superconductive state to exist in high

of field is shown for a Type II superconductor according to theoretical models

10

6f.Abrikosov9 and Goodman." At the field Hcl’ vhich is lower than Hc, the ,ﬁ,

L

maénetization curve falls below the perfect diamagnetism of Type I supercon- - -

' a state

duc?ivity. The material then enters what is termed the "mixed state,'
pictured as intéerwoven superconductive and normal regions. At a field Hc2’

greater than Hc’ the sample reverts to the normal state. While Hc is usually

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

thousand oersﬁeds, thus making practical highbfield superconductivity.

The critical»temperatufe has become very important in utilizing high field
superconductive proﬁerties‘because both Hc and Hcabincrease with Tc. .Thus;
materials with lgrge Tc.are sought when conductors of supercurrents are needed

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

: high Tc superconductive compounds because almost all méterials with Tc above

10°K exist as compounds or modifications of compounds.

III. MEASUREMENTS OF CRITICAL TEMPERATURE

_ One:can simply determine the onset of perfect conductivity in either of

~ two ways: dc measurements, or 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

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

maintain any flux originally present inside its boundaries.



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

-5- UCRL~11390

| : j
The supercondpctor exhibits many of the-characteristics o? 8 perfect

- conductor, but with the additional property that a simply connected supercon-
ductor expels any magnetic field inside its boundaries (Meissner effect).
: Empirically, it has beenvfound that low frequency or dc magnetic fields pene-

‘trate a short distance into the superconductor, i.e., about 107° 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'deecription. It suffers the disadvantage of low

\

cu;rents, sample contacts can lead to the generation of heat, introducing

' temperature instabilities..

Susceptibility measurements, which do not require contacts to the'sample,
can be.quite sensitivevand 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
& core of the superconducting material provides only susceptance_cr skin effect
data. However, a sharp change in‘susceptanceaaccompanying‘the exclusion of
megnetic flux at Tc gives a reasonably accurate and reproducible ueasurement
of T_. " This is essentially;the method developed by M. F.'MErriam and M. vcn

Herzen.12

IV. OCCURRENCE OF SUPERCONDUCTIVITY

‘The most important criterion for the occurrence of superconductivityfhas‘_ff

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

shown that high critical temperatures and a high probability of a specific

material ‘being superconductive is related~to _the nmumber of valence electrons o

T,

— .
o per atom in the lattice. The qualitative variance 01 with the average num-

‘ber'of valence electrons per atom for.the elements, shown in Fig. 3, has now
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. been extended toéinclude alloys and compounds where the averAge number of

'fﬂivalence electronsfper atom is simply the weighted average of all electrons é

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

_'shown-that the observed peaks are slightly lower than the originally suggested

-5 and T valence electrons per atom, and are more nearly at approximately L.6

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

considerations that chwould vary as the atomic volume raised to the fourth or

- fifth power and inverseiy as the atomic mass. De SorboJ,‘5 studying dilute solid

1

l solutions of transition metals, has shown correlations between superconducti g

3
kS

. . . z
properties, such as Tc, and solute atom size. In this study, he found that T

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

' correction (Fig. L), 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, particularly

if the compound contains at least one transition element. The crystal struc-
" tures which are particularly favorable for superconductivity include the cubic
B W type (the Al5 structure), ‘the cubic Nacz type (Bl) and the cubic MgCusz

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

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

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

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

19

been found in the trigonsl system, PdTep, and one in the monoclinic system,

a —'BigPd 20 None have been reported in the triclinic system. The corre-

- lation of T with crystal structure, Fig. 5, follows a similar pattern W1th

_ the highest 'I‘c being obtained in the cubic system falling to lower values as

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-AL SYSTEM AND Al5 (or B-Tungsten) STRUC‘IL'UREE
The'eerly di;eover&gl éfvfhe high Tc in NbsSn has led togan extensive
: éearch for Al5 #ypegintermetallic compounds. Most of these compounds are
:e supercenductive and a substantial. number have critical tempefatures above 10°K:
' In the Nb-V-Af ternary system there are essentially twolareas of interest.
'er,First, the pseudoebinaiy'Nb3Aj~V3A£ is of interest because of the recently
reported exiefenCe of the compound VsA£, which has an AlS.struéture.2 This . |
compound was not found ie earlier investigations of the V-Al biﬁary syste§.23'§5
Startiné with NbsAf we added vanadium, noting the change in Tc with the hope ;
| of stabilizing VzAZ with an AlS5 structure. Interest in VzAL came from noting
electronic and structural similarities with systems such as Nb-V-Ga (Table I).
Thus, it was expected that the Tc of VxAZ would be higher than the 17.5°K observed
for NbsAl., Secondly, the Nb-Af binary COntains & sigma phase, NbzAZ, which
. has the highest reported T; of any sigma phase. Although much work has been
done with additibns of a third'alloying element to the Al5 compounds, no
reports of effects of third elements in other intermetallic compounds have

been made.  Thus, 1t was of interest to determine the effect of the addition

of vanadium to the T of Nb2A£

Teble I
NIOBIUM - | VANADIUM
A15 | Lattice T (°K) AlS | Lattice | T _(°K)
Composition | Parameter ¢ "~ [ Composition | Parameter ¢
| NosGe s A | 1.5(80) VsGa 4816 & | 16.8(20)
Msaf | 5874 | 17.587) VAL hogo A622) | o y
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o
. NbaAL-VasAL Pseudo-Binary

The alloys were made in an arc furnace under an argon; atmosphere to

o minimize impurity contamination. Each sample was melted fo%r times and homo=

1
§

On the Nb-rich side we obtained the ALS Btructure, whieh showed & tran=-

_— sition temperature of 17.5°K at the composition Nb 0. 73 0.27 (a = 5.185 A),
4n good agreement with results as shown in the literaturenz? 29 As vanadium

was added, the lattice parameter decreases to 8 = 5.136 K,,showing that the

‘5 structure dissolves approximately 30% venadium in solid' solution. The
transition temperature remdined essentially constent with edditions up to
10% venadium, - then 1t decreased rapidly as shown in Fig. 6.§g

., For the AlS §tructure, extensive empirical correlations have been carried

out by Roberts,la“ghowing that T, varies periodically with Both e/a and e/(A)3,
: R : K

Fig., 7 and 8.. 31q§e the e/a ratio remains constent even wg%h additions of

vanadium, it would be instructive to look at the T vs aveéége number elec-

 trons per unit volume. This plot ‘shows "& +hreefold peakingﬂof T with most
of the high-temperature materials centering around "0.26 valénce electrons/(A)’
. NbzA4 has. an e/(A)’ ‘ratio equal to O. 250 With addition of vanadium this is

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

and a rapid decrease in Tc is observed.

On the V-rich side, x-ray analysis showed a bcc solid solution at the

composition Vb 73A£0427. The lattice paradeterlobtained (a = 3.055 K) is in

good agreement with results of earlier'investigation3.23’25 Further heat

y

o treatment at 8o0°c produced no observable changé in structure. The bece struce

- ture was found to exiat to the camposition (XNb O 5 0. 5) Af., The variation of

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

e

sa.mples showed no euperconducting tra.nsition above 4.2° K.
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Our'ihvestigation shows that the AlS structure VAL cannotvbe formed

by arc melting with the limited heat treatment.tried. Similer results were

‘obtained by Geballe.30 According to Nowotny,3l the phase VzAZ is probably

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

‘these interstitials did not go into solution and would not therefore act as

& catalysis for the stabilization of the ALS5 structure.

NboAZ, the Siema Phase

The éigma phase in the binary Nb-Af system showed a lattice parameterv

: ' ‘ ° ° A |
‘change from & = 9.318 &, ¢ = L.813 A to a = 9.295 4, c = 4.819 A while the

_ transition temperature decreased from 13.5°K to less than L,2°K with the addi—

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

the 12°K reported by_COrenzwit,aT but is considerably lower than that.reported

by Raetz and Saur. 28 Addition 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 Az_and v #duld iﬁdiééietﬁhdt Tc in the o-phase is more sensitive to compo=

sition variation than'ih the Al5 compounds. Superconducting compounds with

.the o-phase do not shbw‘the_precise empirical correlations that are found in

the Al5 compounds and the g-phase NbgoAL does not fit into the limited cbrre-

lations that have been made by Roberts18 on this phase.

VI. MosAfoC AND THE B-MANGANESE STRUCTURE

The Al2, or a-Mn, structure is considered a favorable structure’ for the

‘occurrence of superconductivity in transition metal compounds, but no investi=-

‘ . *
gations of its high temperature modification Al3, or B-Mn, have been made.

* High temperature modifications have been iﬁvestigated and found favorable
in the Pd-As system by Raub and Webb. 3° ’

§
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An 1nvestigation of ternary compounds of the form MsAZzL (M = Mo, Nb,

!
Ta, V, Ti or Cr) recently found by Jeitschko et al., 33’3h ha# led to the

| ';7‘dlscovery of a new‘superconductor, MosAl2C, which crystallizes in B-Mn (A13).

33 o g

structure.

The samples, with the exception of V3AZxC, were prepared by hot—pressing
vthemetal powdersvin graphite molds; V3AZoC was made by arc-melting powdef

compacts in an ergon atmosphere. In addition, sintered samples of Nb=AL2C

and TasAl-C were prepared from powder compacts. All samples were .annealed

.

at 1000°C in vacuum and furnace-cooled.

A superconducting transition was observed at 10.0°K for the compound A

" MosAf-C. The lattice parameter for the B-Mn cubic cell was a = 6.867 &,

which is in good agreement with the value reported by Jeitschko et al.3u

These investigators also found the B-Mn structure at the compositions NbzAL2C

and TazAL-C, but reported that the phase crystallized with a second phase,
the "H-phase,” which has & hexagonal 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 MaA4C (M = Nb,

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

samples of NbsALoC or TasAL-C and none were superconducting above L.2°K.
Only the H-phases were observed for the compounds VaALC, TixALoC and CrzAZsC
and no transitions were found above L.2°K.

To our knowledoe, this is the sccond compound of the B-Mn type found to
36 |

show a superconducting trensition, the first being Aﬁq 5 o. 5 32 which

has_a transition temperature of 12.6°K. . The occurrence of superconductivity

in both compounds at 10°K or higher indicates that the B-Mn structure is

favorable for the occurrence of superconductivity at relatively high temper-

-

atures.



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

”crystallize in the Bl structure have the»highest_éuperconducting critical

. ‘modification, & MoC
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] VII. MoC AND THE Bl STRUCTURE

_ \ |
MoC, unlike most of the transition metal monocarbides, has & hexagonal

;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§

7 formed solid solutions of MoC with NbC, TiC, ZrC, and VC and retained the
' cubic phase to about 85 mole percent MoC. - By measuring'Tc versus composition

o they predicted that the hypothetical cubic modification of MoC would pave a {

critical temperature of 10.6°K.
The prediction that the cubic modification of MoC would have a critical
temperature higher than that of the hexagonal form is not surprising. After

the AlS5 structure those carbides and nitrides of the transition metals that

' temperatures. For_example;~éhe 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 Tc rises
to a ﬁéximum of 17.8°K.39 The_unﬁsual factiaboﬁt MoC 1s not the predicted
critical tempersture of its cubic modificatlion but rather the high cfitical
temperature of its hexagonal form. With the exception of technetium and MoN, -
elements and compounds crystallizing in a hexagonal structure seldom exhibit
superconductivity above 5°K.

Recent experiments~on.the Mo-C sjstem&o-h2 have established that the Bl
, érystéll;zes from the molten state at about 2600°C.

1~x

In the temperature range between 2000 and 2200°C, a MoC i trensforms very

1-

rapidly into the related hexagonal 7n MosCz. Below 1600°C, n MosCz decomposes

very slowly into MozC and C. It was further establishéd.that the a-form

k3

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

these experiments on the stability of a MoC ;s it was possible to quench in

l-x

 the MoC cubic modification and determine its critical temperature experimentally.

A
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- three different temperatures: 1650°C, 2200°C and 2650°C. - The samples quenched
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A series ofgsamples in the Mo-C binary system were hot-?ressed above their |

i
t

B

.'5reaction tempera%ures until they began to melt. They were éhen quenched from?
, ]
from 1650 and 2200°C were quenched in liquid Sn and the samples from 2650°C in%
Joil. After the queﬁching procedure the outer surface of the sample was éround'
off to remove any coﬁtamiﬁatioh from Sn or oxygen. The samples quenched in
Sn were in one piéce‘bﬁflthe.samples quenched in 611 were in the form of smal}‘
:beads. The phases presenﬁ in the seamples were identified by x-ray technique;. '
The samples queﬁchéd from 2650°C were mdinly cubic but contained some q? |
the hexagonalvéhase éihce the transformation from the cubic to the hexagonai
phase involves only'é shift inAthe sequentigl ofdering and hence proceeds
Avery rapidly.- The crifical temperature of the « MoCl_x was 14.2°K. No vari-
etion was observed in Tc with either a change in composition or the addition t
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
| hexagonal phase and part;yvtO'the bead-like.naturé of the specimen.
The .samples quenched fram 1650°C showea only the hexagon;l 7 MozCz with
a critical teﬁperéture.of 8;8°K. The width of the transition was approxi-
'fmately 1°K showing that these samples were in equilibrium. This temperature
is slightly lower than that reported by Matthias36 for arc-melted specimens.VA
The critical temperatures for the samples quenched from 2200°C>varied
from 9.4 tq 11. T°K. Thgsp samples were malnly 7 Mo;CaAbut had partially

'transformed‘into a MoC . One of the samples with a composition of Mo 6OC 40 R

l-x
and a transition temperature of 11.T°K showed the greatest amount of trans-
. formation to the Bl pPhase of any of the samples quenched from this temperature.
. 1 ex is the highest
known criticel temperature for a carbide and 1s one of the highest critical

The observed critical temperature of ih.2°K for @ MoC

. T

m"“"““‘-n..
. .

'Q*“&-’-» :
. \\
Trew,
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iitemperaxures for aﬁy binary phase., This value is exceeded by only six AlS
‘phases and NbN. Since the transition to the hexagonal phase from the cubic

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

perature of pure a MoC is even higher.

1=x
The probeble explanation for the unusually high T_ for n MosCz is that

its crystal strﬁcfure is very closely related to & MoCl:x. There are examples

vhere superconductivity has'been observed in the same element or compound with

4

: 7 L .
different crystal modifications, for example, La (fee and hep) . This is,

from one phase to another. This variation would indicate that there is a
gradual electronic change which averages over the structural change.

The critical temperature of pure a MoC % is at least 50% higher than

1=
the pure hexagonal form. It would be“difficult tp explain this differential

in Tc on the basis of & simple electron~to~-atom réfio.» At least for thé
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 veriation

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

- erystal structure and band structure change.

VIII. Moz2BC and AVERAGING STRUCTURES

The ternaxry compound, MogzBC, was identified by Jeltschko et al.us as

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

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

"sites for the boron and carbon atams.‘ The boron atoms form the usual Boroh

- chains usually found in monoborides; the carbon atoms occupy octahedrsl sites

as found in the NaCf structure of the monocarbides.
" Recently, Arrhenius et al.h6 have postulated a finite critical tempera-
ture for gold on the basis of a study of the variation of Tc with the vari-

ation of the structure of BaAus. The concept that the superconducting
_ { v .

)

/
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.transition témperéfure in one phase can be used to predict thé traﬁsition.
j temperature in andther phase can be tested by measuging the Tc of MoeBC. Tﬁe
R MoCl_x has been found to be superconducting at 1&.2°K whilé the monoboride
MoB has been found to be normal at 1.28°K.37 Since the crystal structure ;f

'MozBC is a combination of the monocarbide and the monoboride, the Tc of MozBC

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

crystal structure.

‘Samples of molybdenum powder, amorphous boron powder and lampblack at ‘f
the formula MozBC were hot-pressed in graphite dies and found to be supercon;
';fducting at 5.4°K. Thus, the electrqnic propertiéé of MozBC sppear to be
lJintermediate between that of a boride and that of a carbide. |

Assuming that the electronic properties are nearly an average of MoB and
MoC, the critical temperature of MozBC should form a similar averagé. Then, using
.é logarithmic average, as would be suggested by B.C.S. theory,8 one could pre-

‘dict a superconducting transition temperature for MoB of approximately 0.5°K.

IX. COMBINED Bl CARBIDES AND INTERMETALLICS

The ternary compounds of the form MxA£2C (M = Mo, Nb, Ta, V, Ti, or Cr)33f
seem to lend themselves to é study of ternary systemé in which the supercon-
"ducting carbides could be combined with the superconducting intermetallics.v
Withvthisvin mind, the Nb-rich corner of the Nb-AL-C ternary system was inves~
tigated, | '

The samples were prepared_by hot-pressing metal powders in graph;te’cruci-'
bleéjor arcnmélfing cold~-pressed compacts. All samplés were annealed at 1000°C
: and furnaég-cooled. |

The phase diagram (Fig. 9) obtained at this temperature didinot show the
feported Nb;Algcsh having # B~Mn structure, but the H-phasé, later identifiea

aS'NbaAIC§S was obtained. The transition temperatures of the binary

P
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- alloys were seen to change with composition as noted in Table II. The hex-

. ?v .. agonal compound, Nb2AZC, showed no transition above L.2°K.

Table II
i :f ?\i "'_l © " [compound ' Structure T (°K)
Nb-A4 (solid solution) bee Nb-rich 9
L . ~Al-rich 6
NbCy Bl X~ .7 6
: : . : , __x~1.0 11
% ‘ WY ALS Nb~rich 12.5
: . Al-rich 17.5
4 Nb AL _ o . Nb-rich 13.5
i : Ag-rich <ih.2
X. SUMMARY
Although it was postulated soon after the discovery of the high T of

NbzSn that the chain-like arréngements of the niobium atoms play an important

Rttt il

role in the supercondugting behavior, 1ts:importancé has since Dbeen minimized

with the discovery of high Tc compounds in body~centered cubic solid solutions

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

§ S plays only a secondary role in determining the superconductive properties of

.

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

_valence, and the electron_dénsity of states at the Fermi surface. '

11

The effect of valence has been empirically correlated by Matthias ™ with

LT

a remarkable degree of success and theoretically studied by Pines using the -
B.C.S.8 theory, but the band structure~and‘electron density of states at the ~

DI - Fermi surface are little known quantities‘in‘the superconducting alloys.
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4d:Thus,‘since th% crystal structure, c pcrameter wcll-known-in-allcys, hds
'a definite bearing on both the band structure and the density of states at
. the Fermi surface, its importance in,detérmining the occurfence of super-
conductivity cannot be overlocked. |
A striking example of the effect of crystal structure can be seen iu
the Mo-C system where the cﬂange from hexagonal to cubic is accompanied by
: én approiimately T°K change in critical temperature. This change camnot be |
accounted for by a simple valence change and 1s therefore probably best ac-i
counted for by & drestic change in band structure accompanying'the hexagondi-
' to-cubic transformation. Since the band structure is not known in either
~the hexagoudl or cubic modification, it cannot be used for the prediction of
this change in critical temperature. But an empirical correlation between
T, and crystal symuetry (Fig. 5)‘ié'usefulminMpredicting a higher T_ in the
© cubic modification. | )
. Other systems which might exhibit such a chauge are thé high temperature
hexagonal-to-B-Mn (cubic) transformation in the Nb-A4-C and Ta-AZ-C system. |

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

a hlgh temperature quench should stabilize the B-Mn form which should be

‘,’ superconducting at a tempersature substantially above 4.2°K. Quenching in the

B~Mn structure as well as testing the hexagonal phase below 4.2°K aré pro=-
posed projects forvthe immediate future.

| During this investigdtion of favorable crystal structures for the . -
occurrence of superconductivity, two new superconductors were found MozALSC,
B-Mn structure, at 10.0°K and MogBC, orthorhombic structure at 5. h K. Also,
the reported transition temperatures of the NbzAZ phase (12.5°K), and MoC,
cubic Bl structure (10.6°K vy extrapolatlon), were lower than our values,

13.5°K and 1)+ 2° X respectively.
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APPENDIX

B R LT

. Materials Used_:

Aluminum, Alcoa, powder, 99.8% pure

~ Boron, United Mi'x_1ei’al and Chemical, powder, 99.5% pure

Carbon, Fisher Scientific Company, Lampblack

Chromium,’ A. D. Mackay, 325 mésh powder, 99.8% pure

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

Niobium, .Kawecki Chemical Company, 400 meéh 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

Vanedium, Oregon Metallurgical Corp., 200-400 mesh powder, 99.5% pure
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Schematics of (a) loss of resistance at T ; (v) variation of H, -

with temperature; (c) variation of the energy gap with temperature.

Magnetizatipn curve for a soft superconductor (dashed) and magneti-
zation curve for an Abvikosov-Goodman model superconductor (solid)

after Livingston.lo

Qualitative behavior of Tc as a function of the average number of
‘ : ; 1

valence electrons per atom as proposed by Matthias.

[
The change in electron-atom ratio with and without solute size-~
. . c s 15
solid solutions of niobium after DeSorbo.
Correlation of transition temperature, Tc’ with crystal structure

showing a decrease. of Tc with decrease in symmetry.

Variation of transition temperature (Tc) with addition of vanadium

for the Al5 compound NbzAl.

Critical temperature dependence on average number of valence electrons

per atom for Al5 (B-W)-type compounds.18

Critical temperature as a function of electron density for Al5 (B-W)-
type compounds. (Note: Dashed lines represent apparent envelopes of

18

experimental points only.)

Variation of lattice parameter with addition of niocbium for the bee -

- ;olid solution Vb.73A£O.27.

"Equilibrium diagram for the Nb-rich corner of the Nb-Af-C ternary

system showing phases present and Tc data obtained.
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Fig. 1. Schematics of (a) loss of resistance at T ;
(b) variation of H_with temperatures;
(c) variation of the 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. 3. Qualitative behavior of TC as a function of the
j average number of valence €lectrons per atom as
proposed by Matthias, 11
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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 solid solutions of
niobium after DeSorbo. 15
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Fig. 5. Correlation of transition temperature, T , with
crystal structure showing a decrease of T with
decrease in symmetry.
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Fig. 6. Variation of transition temperature (TC) with
addition of vanadium for the A15 compound Nb3A1 .
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Fig. 9. Variation of lattice parameter with addition of
niobium for the bcc solid solution V0 73Alo 27 s
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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,vexpressed or
- implied, with respect to the accuracy, completeness,
.or usefulness of the information céntained 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
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or for damages resulting from the use of any infor-
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