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Superconducting transition telnperatures and low-temperature specific-heat capacities were
Qleasuled for '(veil-characterized ¹-lrand Mo-Be (7-phase alloys ~ The transltlon tempera-
tures T. and the electronic specilic-heat-capacity coefficients p were found to vary only

slowly svith conlposi'ion in these alloys. Hy considering data from the literature on other 0-
phase alloys as well as our ovu& data it divas concluded that no clear correlation could be made

l)r:two';o. &'~ and p [and therefore ihe electronic density of states at the Fermi level N» (0)],
(.)Ood "ol l elation was obIa'lned» ho&vevel bet')Iveen Qicgg/fil]an 8 e]ectron-phonon coupling coIl

stant )t and T.. '1'his suggests that the phonon spectrum may be more important than the elec-
tronic density oi states at the l"('rmi level in controlliIlg T for o i)bases. '1'he high value of

li) report(d in the lit('ratul. e fol the M)-40 at;. ~g .1r fJ phas(. ' ls believed to 48 ((lie to

small quantities of a second supercon(fucting phase.

l I44lT ROt& I. ~("1 l(35

1 t1(.'. &) 1)iles('. s, whi(", 4 can exist ov('. r wklP. I';ln.„'&s

()It c()ill/)o. ',jlti()n c(!nlpr jsi on(.'. ()f the lax', .';(',.St LIr()up&

()5 s~.l)«r(. onductin, i )ni«.. l nlr'diat(. @has(;s. The fo

phase is tetragonal D8, with 30 atoms per unit cell
in five nonequivalent crystallographic positions.
Dctall&cl x-1ay ' and neutl'orl-dlfl. ractlon studies
lllive reveal('. cl chemical orderlnfi' )n thes(-' sites with

at least t~vo basically different orderinti- schenl-~s.

0 l)hases usually ()r;cur in a transition-lnetal alloy
syetent at averag'i'. OToup numl&ers (AGN) oi hetween
.":).6 and 7. 5.

Sup('. rconductivjty hRS L)een obsex'ved ln many g
pI1ascs. It has been suggestvcl that the (I-phase
&lip(';rcoAductlng transition telllperatures follow the

11pjr' jg.'Rl M'atthias rules witl1 a 111'.qxllTlum transitir)1
tc)literature 1' near an AGN of 6. 5. EVhile there
lllil) b(~ a stat'istical ]Ust'lf lcat1on Hlx this statenlent
1n 6')~.aml lhtl()n ol the' d Lt't lndl('%tes 110 RU('h ('].(-'ll

t.r end.
This paper reports a study ot superconduct;ivity

ln Xo-lr and Mo-Re 0 phases as a tu1'. ('.tioI1 of c()1H-

posltlon. These alloys were selected fox stMly be-
(.ause of the tollowing". ti) According to the litera-
ture, ' Nb-Ir exIlibits a wide variation of I', with

ci.')rxlposltl()n (AGN) %hilt the T~ of the Mo-Re & phase
varies slowly with AGiV. (ii) The chemical ordering'
s(.'hemes 11'1 tllese ()' pl1ases fall iflto two diff()rent
( la;.-Ses. Since all of the attempts to explain 7,

carol'll

extenslofls of. the Barde(~n-Cooper-Schrieffel'
(BCS) theory require a knowledge of the electronic
specific-heat- capacity coefficient y and the Debye
ten1perature |'3„, ;as well as J'., the measurement
of. low-temperatur» specific-heat r.'apacity was
selected as the principal experinlental technique.

PREVloUS 9'OR K

Supercondu(;ting transition temperatures have
been reported for the Nb-Ir and Mo-Re v phases by

TABLE I. Values )f critical temperature for Nb-Ir
and ~''10-.t'wing 0' phases floDl the llteratul 8 ~

loy '14N Tc ~ K~ Ref

M.)-,'i( at;. ".(; lr
M.)-3 .5:&.t;. ", t: I.r
Nh-;38. .');&t. ",'(, ll
i%)—40 '1 t. ;(( lr
Nj)-41 at. ', (. I.r
Mo «i0 atg 'f': !k'

Alo 5e.i atg I(' He
.~&o-;i~ at. ':c Be

;j].o""&.i & aL' '~(.' H()
A'fo-(i7 at. ';; V.e

6.48
(). ,')0

&). G4

G. 40
Ci. ii4

6, ,"i0

(i, 55
6. «8

6.62
6.C)7

2.40
7.90
9.70
9.80
9 80
6.40
7.30
G. 90
Ci. 35
8.40
5.70
5.80

6
8
7
8

8
7

11
10, 8

8
11
ll

sever al inv - stif.;ators. Cornpton e/ n/. Rnd Hucher
f'/ «/. " j*(~un(i a '7'. Of' 9 8 'K for the M)-46 «t. () Ir
g phase an(I Blau, r, I&r.;r;-&nd Holm found a T, of 7. 9' K
1.)r t'&v Nb-'~7 l) at. ':(. Ir .) pause However Bu('her
f-~I t'g(. ' I pl)ort a 7' ()i 2. 4 for the Nb-3'7 at. 1() Ir 0'

phase. Thus, there is an apparent dramatic change
in 7.', with composition in this system. Values of

y of 2. '78 mJ/mole deg' and 8~ of 330 'K were re-
ported for the Nh-37 at. ~/() Ir alloy. '

Bl'&U hex f / a ' reported a nearly constant T
ol 5. '7-5. 9

' I from Mo- 55 at. % Re to Mo-67 at. %
Be for the Mo-Re o phase. Other investigators found

other values for T„'8'o but with the exception
(8.4 "K for a Mo-58 at. % Re alloy ) all fall in the
6- f K range Rnd no marked VR11Rtlon with corQ-

position was note(). Values of y of 3. 31 mJ/'mole
deg. " and(3» of 353. "K were reported for the Mo-58
Rt. .'&) 17.e 0 plla. se. The a,bove tx'Rnsltlon tell'1pex'R-

ture values al e sum1Harized in Table I.
The chelBl('. Rl ordering schemes fol vRI'ious 0'

phas(( s wc('(.' sunlnlarized hy Spoi)ner an(i Wilson.
Sin('. e both Lh(.' chemical nature alld size of the atom
3nfluellc('. ()1%If'I'in ' .ill file 0 pllases, the resultarlt
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schemes are complex. However, the ordering
schemes are clearly different for the Nb-Ir and
Mo-Re o phases.

EXPERIMENTAL

Specimen Preparation

Specimens were prepared from starting material
having a purity of better than 99.9%. Niobium
dendritic powder was obtained from CIBA Ltd. ,
iridium powder from Engelhard Industries, molyb-
denum rod from Fansteel Corporation, and rhenium
rod from Chase Brass and Copper Corporation.
The Nb-Ir alloys were prepared by pressing the
mixed powders into pellets and then sintering at
1000 'C in a vacuum better than 10 Torr. After
sintering, the Nb-Ir pellets were arc melted on a
water-cooled copper hearth using a nonconsumable
electrode in a partial pressure of purified argon.
The alloys were turned and remelted at least six
times. Melting losses were negligible and nominal
compositions were accepted as being correct. The
Mo-Re alloys were arc melted as above from
weighed pieces of the as-received metal rods.

The as-cast Nb-Ir and Mo-Re alloys were homog-
enized in vacua of better than 10 Torr, at 1600
and 1800 C, respectively. Chemical analyses for
interstitial elements were performed on the homog-
enized alloys and the results are presented in Table
II. Alloys were prepared with nominal composi-
tions of Nb-34, -37, -38. 5, -40 at. % Ir and
Mo-55, -60, -65 at. /o Re.

Specimen Characterization

Optical metallography was performed on small
sections of the alloys which were spark machined
from the ingot. The specimens were mounted in
Epoxy molds and mechanically polished. The Nb-Ir
alloys were etched in solutions of 25% HNO„25%
H2SO4, 25% HF, and 25% HzO, while the Mo-Re
alloys were etched in 5(P/q Hz02-50% NH4OH solu-
tions. Repeated polish-etch cycles were required
to remove surface cracks apparently caused during
coarse polishing in these extremely brittle materi-
als. Microhardness measurements were made on
the metallographic samples.

X-ray patterns were taken from crushed alloy
powders. Since the alloys were so brittle, anneal-
ing the powders after crushing was not necessary.
The powders were placed in glass capillaries and

exposed to either CuÃa or Cr Ko' radiation in a con-

TABLE II. Typical interstitial analyses
homogenized alloys.

H(ppm) N(ppm) O(ppm) C (ppm)

ventional Debye- Scherrer camera. The patterns
were indexed and precise lattice parameters were
calculated using a computer program described
previously.

Low-Temperature Measurements

The specific-heat capacities were measured
using techniques that have been described previous-
ly. In brief, an adiabatic calorimeter was placed
inside a superconducting solenoid capable of pro-
ducing fields up to 40 kG. A synthetic addendum
(0.1237 g) was used with carefully weighed parts
(graphite resistor, manganon wire, and varnish).
The addendum heat capacity was established by
measurement with a copper standard specimen and
this result was in close agreement with the known
specific-heat capacities of the constituent parts.
The value was 1-5/0 of the alloy-specimen specific-
heat capacities in the temperature range 1-4. 5 K.
The graphite resistor was calibrated against the
vapor pressure of He after each cooling to low
temperatures and with the magnetic field applied
after cooling.

The superconducting transition temperatures
were determined both from the specific-heat-capac-
ity measurements and by an ac susceptibility tech-
nique which has been described previously. The
transition temperature was defined at the midpoint
of the respective transition.

RESULTS

Specimen Characterization

With the exception of the Nb-40 at. /0 Ir alloy, all
the alloys prepared were single phase as deter-
mined by optical metallography. X-ray diffraction
confirmed that the structure was that of the 0 phase
and lattice parameters were determined. In agree-
ment with previous work, the lattice parameters
varied slowly with composition for both the Nb-Ir
and Mo-Re alloys. Microhardness measurements
on the metallographic specimens gave values of
about 1000 kg/mm for the Nb-Ir alloys and 1500
kg/mm for the Mo-Re alloys. There was little
variation of hardness as a function of composition
in both systems. The lattice parameter and hard-
ness data are summarized in Table III.

The Nb-40 at. % Ir alloy showed small amounts
of a second phase in the optical microstructure.
The amount of second phase present was below the
limit of detection of the x-ray diffraction patterns,
but quantitative metallography was used to estimate
the amount at about 2% by volume. According to
the published Nb-Ir phase diagram' this second
phase is presumably the a& phase which has the
tetragonal AuCu-type structure.

Nb&7 at. % Ir
Mo-55 at. '/o Be

8 1 70 96
3 3 260 66

Low-Temperature Measurements

The Nb-Ir alloys had sufficiently low T,'s that
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TABLE III. Lattice-parameter and microhardness data.

Alloy

Nb-34 at. % Ir
Nb-37 at. % Ir
Nb-40 at. % Ir

Mo-55 at. % Re
Mo-60 at. % Be
Mo-65 at. % Be

ap(A)

9.892+0.001
9.869 +0.001
9.842 + 0.001

9.602 + 0.001
9.595 + 0.001
9.588 +0.001

co(A}

5.072 + 0.003
5.062+ 0.002
5.045+0.002

4.984+0.002
4.984+0.002
4. 983 +0.002

co/ao

0.5127
0.5129
0.5126

0.5191
0.5194
0.5197

Atomic volume

16.54
16.43
16.29

15.32
15.29
15.27

Microhardness
(kg/mm')

965 + 50
1010+ 65
975 +50

1500 + 40
1500 + 50
1505 + 60

an appreciable linear range of C/T vs Ta was ob-
tained without applying a magnetic field to suppress
the normal-to-superconducting transition. However,
this was not the case for the Mo-Re alloys; there-
fore, the specific-heat-capacity measurements
were made in an applied magnetic field of 35 kG.
Typical data for each alloy system are illustrated
in Fig. 1 for the Nb-31 at. % Ir alloy in zero field
and the Mo-55 at. % Re alloy in a field of 35 kG.

The electronic specific-heat-capacity coefficient
y and the Debye temperature 6D were. determined
from a least-squares fit of the data, assuming the
relationship C = y T+ P(T/ez&)~ is valid over the

temperature range considered. The values deter-
mined for y and eD are listed in Table IV and are
plotted along with values from the literature against
AGN in Fig. 2. There is little change in y or e~
vs AGN for the Nb-Ir o-phase alloys. The Mo-Re
alloys show a steady decrease in y with increasing
AGN while the eD values go through a minimum near
an AGN of 6. 6.

The transition temperatures measured by ac sus-
ceptibility for the Mo-Re alloys are plotted along
with literature values against AGN in Fig. 3. With

the exception of one literature value for Mo-58 at. %

Re, the present work is in reasonable agreement
with the values from the literature.

The transition temperatures for Nb-Ir alloys are
plotted in Fig. 4 along with the literature values
from Table I. Our measurements indicate an es-
sentially constant value of T, across the entire

o-phase field. For alloys near Nb-40 at. % Ir,
literature values of about 9. 8 'K are in contrast
to our values of about 2. 2 'K. Our specific-heat-
capacity measurement of T, for the Nb-40 at. '%%uo Ir
specimen clearly indicated the bulk of the sample,
therefore the o phase, to have the lower transition
temperature. However, transitions were detected
by the ac susceptibility technique at 8. 7 and 7. 7 'K
for two separate melts of the Nb-40 at. '%%uo Ir alloy.
In each case the bulk of the specimen had the 2. 2 'K
transition so that we must attribute the higher
transition temperatures to the second phase which
was observed by optical metallography.

DISCUSSION

It was disappointing to observe that T„y, and

eD varied only slowly in both the Nb-Ir and the
Mo-Re o phases. The dramatic changes in T, as
a function of composition for the Nb-Ir o phase re-
ported in the literature, which prompted its selec-
tion for this study, were not observed. The pres-
ent work shows that alloys near the Nb-40 at. % Ir
composition exhibit transitions near 8-9 K because
of the presence of a second superconducting phase,
while the o phase has a T, value of 2. 2 'K, nearly
independent of composition.

Since the Mo-Re o phase decomposes below
1150 'C into the bcc and cg-Mn structures, it is
possible the single high value of T, reported for
the Mo-58 at. % Re alloy of 8. 4 'K is due to the
z-Mn structure, which has such a value for T, near

TABLE IV. Parameters from low-temperature measurements.

Alloy

Nb-34 at. % Ir
Nb-37 at. % Ir
Nb-38. 5 at. % Ir
Nb-40 at. % Ir

Mo-55 at. % Re
Mo —60 at. % Re
Mo-65 at. % Re

AGN

6.36
6.48
6.54
6.60

Second
phase

6.55
6.60
6.65

Tc
(K)

2. 25
2. 23
2.16
2.20
7.70

8.73
6.47
6.49
5.60

7
(ms/mole deg')

3.037
3.043

2.985

3.434
3.200
3.116

388
384

388
355
386

X„,(0)
(states/eV atom)

0.431
0.431

0.423

0.444
0.409
0.409

0.495
0.495

0.497

0.639
0.657
0.614
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FIG. 1. Typical specific-heat-capacity data.
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FIG. 2. Debye temperature (eg) and electronic speci-
fic-heat-capacity coefficient p vs AGN for Nb-Ir and
Mo-Be o phases.

the n/o + o,-Mn phase boundary. '
Atomic ordering can markedly affect the T, of

A.-15 compounds, as has been clearly demonstrated
by Blaugher et al. Changes in the complex order-
ing scheme for the o phases are apparently of little
significance in changing T„since T, is so insensi-
tive to composition ( stolchiometry ) ln most of

FIG. 3. Transition temperature Tc vs AGN for Mo-Re
o phases.

the o phases. A single attempt to change the chem-
ical order by long-time low-temperature (800 'C)
annealing of a Nb-SV at. 9o Ir alloy was unsuccess-
ful.

Interstitial impurity level may have an effect on
the T,'s of 0 phases. In order to check the magni-
tude of such an effect, two samples which had been
tested previously, were annealed in a partial pres-
sure of air. The Nb-88. 5 at. % Ir and Nb-40 at. %
Ir samples were held at 1000 'C for 16 h in a vacu-
um of 10 Torr. The T, of the single-phase
Nb-88. 8 at. % Ir alloy increased from 2. 18 to
3.70 'K. The transition was broad with a "tail" extend-
ing up to 4. 08 'K. Both phases in the Nb —40 at. %
Ir alloy showed an increase in T„ from 2. 20 to
8. V 'K (o phase) and from V. VO to 8. 10 'K (second
phase). The breadth of the transition was presum-
ably related to a gradient in interstitial impurity
concentration. The contamination of the Nb-Ir al-
loys did not change their optical microstructures.
Chemical analyses showed a small increase in
interstitial H, N, and C, but a marked increase in
Q. The contamination procedure increased the
over-all oxygen content of the Nb-Ir samples from
70 to 260 ppm. The local oxygen concentrations
near the specimen surface were presumably ap-
preciably higher than these average values. In-
creases in T~ with interstitial impurity content are
consistent with previous observations on elements
from group VII of the Periodic Table, "that is, near
the AGN where o phases occur. Both technetium
and rhenium have lomer T,'s when they are purified
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PRESENT WORK (SIGMA PHASE)

PRESENT WORK (SECOND PHASE)
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0
6, 3 6.4 6.5

AGN
6.6 6.7

FEG. 4. Transition temperature T~ vs AGN for Nb-Ir
0. phases.

known, in general, it has been calculated for a
number of materials from the above equations using
measured quantities of T„BD, and y. In particular„
Morin and Maita ' calculated V for a number of
transition metals and found it to be relatively con-
stant. Since 6D doesn't change dramatically, it
has been assumed that the variation. of T, in the
Periodic Table was due to variations in 1V(0}. This
assumption has been substantiated in central
(4 AGN&8) transition metals and alloys, since
y was found to qualitatively follow the variation of

T, with AGN. Maxima in T, vs AGN in compound
superconductors also have been rationalized as re-
sulting from peaks in K(0), although there are less
specific-heat-capacity data to support these
claims.

We find no clear correlation of T, with AGN or
with y for the Nb-Ir or Mo-Be 0 phases. In fact, we
can see no such correlations when the data for T,
(Ref. 5) and y(Ref. 24) available from the literature
are plotted vs AGN in Fig. 5. It is evident that
several alloy systems show little variation in T,
with composition across the AGN of 6. 5, where the
peak in T, for 0 phases was proposed. In particu-
lar, the W-Be v' phase shows aim. ost con tant T„vs
A(&N and SinCe W Zr)d U~;:lr~; n&-. j.r..h&&Or. ; in the .'Pe&&.-
odic Table. they would be most likely to obey any

with respect to interstitial impurities. A more ex-
tensive study of the role of interstitial contamina-
tion on 0-phase superconductivity is presently being
carried out in the authors' laboratory.

The above work shows interstitial impurities can
influence the transition temperatures of the a
phases. This must be kept in mind when system-
izations of T, data obtained from the literature are
attempted, since in most cases the details of the
chemistry and microstructure are not provided.
With this warning, however, correlations will now

be outlined. taking the available literature data at
face value.

There have been several attempts ~ ' to system-
atize T, in the transition metals using the BCS ex-
pression

PRESENT WORK

~ LI'I ERAT(.IRE

oMo-Ro

Mo-Ir

Nb- Re

Nb-Osa

To- Re

To —Rh

3 ~.s w.--. - . .j..
Cr--Ru

sMo-Os

p, W-Re
W-. Rti

5/- Re+ ~ W-Ir

NbRh + ' ' 4NbPt

k~T, =(hu)o/1. 45) e 'r' tV

Q)D4
Cr-Re ~ ~ Mo- Ru

with the approximations

~BD —@ 0&

iV(0) = sy/2"k', ,

Nscs=N(0) V,

where N(0} is the electronic density of states at the
Fermi level, h&0 is a characteristic phonon energy,
kB is Boltzmann's constant, and V is the net inter-
action energy between electrons. While V is un-

O
E
Vl
4P

0

E

Nb--Rh
~ i

Nb-. Ir ~tg Mo Re
IVlo--Os

Nb-Os Nb-It ~ W-Ir
W-Re 0

Nb-Pt

2
6.0 6.5

AGN
P. Q

FIG, 5. Transition terr! perature T, and electronic
specific-heat-capacity coe&&'icicnt & vs AGN for 0 pha, es.
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FIG. 8. Transition temperature T~ vs McMillan
electronic-phonon coupling constant ~ for o. phases.
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~Q~

I

I
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PRESENT WORK

~ LITERATURE

Nb Pt ~ —Nb-Rh

"rigid-band" scheme for a variation of N(0). It was
previously shown that the magnetic susceptibility
y could not be correlated with T, for 0 phases. This
is consistent with the present work since X is also
related to N(0).

McMillan ' has extended the BCS formulation to a
treatment more applicable to the transition metals.
He used the strong-coupled treatments of the BCS
model to calculate T, as a. function of the electron-
phonon and electron-electron coupling constants.
Iie derived the following relation for T,:

8D 1.04(l+ &)

1.45 '
A — "tl+0. 62K)) '

Nb —Ir
Nb —Ir

cf

~ Nb-os

Cr —Ree—

where OL) is the Debye temperature, X is the elec-
tron-phonon coupling constant, and u* is the Coulomb
"pseudopotential" of Morel and Anderson. This
equation is the result of a numerical solution as-
suming the phonon density of states of niobium. Us-
ing an "average" empirical value of u*= 0. 13, & can
be calculated from eL) and T, as

0.3 0.4
A„(O)

0.5
l. 04+ 0. 13 ln(8D/l. 45 T,)

0. 92 In(8~/I. 45 T,) —1. 04

FIG. 7. Transition temperature 2; vs band-structure
density of electronic states N»(0) for g phases.

The band-structure density of electronic states
N„,(0), which approximately takes out the enhance-
ment to y of electron-phonon interactions, can be
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calculated by

Nb, (0) = 3yj2m k2s(l+ X)

McMillan found that & varied with AGN in the same
manner as Nb, (0) for a number of transition-metal
alloys. Plots of & vs Nb, (0) gave nearly linear re-
lationships for the 3d, 4d, and 5d transition metals,
respectively. Blaugher et al. ' observed the same
sort of behavior for A-15 compounds containing V
or Nb with separate lines for the VP' and Nb~X

compounds.
No clear relationship of & with N„(0) was ob-

served for the o phases. Figure 6 is a plot of X vs
Nb, (0) for the o' phases for which values of T„BD,
and y were available in the literature ' along with
those obtained from the present work. With the
data available, there does not appear to be a cor-
relation of X with Nb, (0). We also note from Fig. 7

that there is no obvious correlation between T, and

N~, (0). Thus, it would appear that the density of
electronic states [Nb, (0)] is not an important factor
in determining T, for the 0 phases.

However, T, is found to be very sensitive to the
electron-phonon coupling constant &, as illustrated
in Fig. 8. This is not surprising since eD is rel-
atively constant for the a phases and there is thus

a direct functional relationship between T, and X.

In turn, & has been found to depend mainly on the
phonon frequencies and is insensitive to large vari-
ations in the electronic density of states. That

Nb, (0), as long as it is relatively large, is not the

major parameter of interest for systematizing T,
in the transition metals has been proposed recently
by Hopfield. His expression for the electron-
phonon coupling constant X is a quotient of two pa-
rameters with a short-range or "chemical" nature.
One of these parameters, the mean vibrational fre-
quency, is a characteristic of the bonding; the other
is an atomic property which is essentially constant
within a given type of bonding. Thus, this theoreti-
cal treatment as well as empirical observations on

hardness and melting points indicate short- range
"bonding" parameters may be controlling T, in
certain transition-metal alloys and compounds.
This would appear to be the case for the o phases.
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