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Specific heat and magnetic susceptibility of nearly stoichiometric and homogeneous Nb3A1
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315-type Nb3Al has been characterized in the recent past as a "high-1"„ low-y superconductor, "
where y is the electronic specific-heat coefficient. We show that this statement should be revised,
previous analyses simply reflecting the imperfect metallurgical state. We succeeded in preparing
homogeneous, nearly stoichiometric, bulk Nb3Al and reinvestigated the specific heat (from 1 to 50
K) and the magnetic susceptibility (19—300 K) in the highly ordered and a slightly disordered con-
dition. The new results show that ordered Nb3Al exhibits a high electronic density of states
(@=11.4 mJK g-at. ', X(0)-=0.91 eV ' atom 'spin '). Information is provided on the mo-
ments of the phonon spectrum and those of the electron-phonon spectral function, the thermo-
dynamical critical field, and the energy gap 25(0). The present experiments further establish only
weak exchange enhancement of the susceptibility; spin fluctuations may therefore be safely neglect-
ed. Specific-heat data are also reported for the neighboring o.-phase Nb2Al.

I. INTRODUCTION

The 315-phase compound Nb3Al is known to be super-
conducting at a temperature close to 18.8 K.' In fact,
specific-heat measurements show that the superconduct-
ing transition is generally smeared over a fairly large tem-
perature interval. This is due to a peculiarity of the Nb-
Al phase diagram. If a sample with a nominal 3:1 compo-
sition is prepared from the melt, some segregation always
occurs during cooling because the equilibrium composi-
tion of the 215 phase is not stoichiometric at room tem-
perature. The resulting composition is then distributed
from =22 to =25 at. % Al. It has been found experi-
mentally, however, that this phenomenon can be largely
avoided by fast-cooling methods and careful heat treat-
ments.

In this article, we report new specific-heat and magnetic
susceptibility measurements performed on nearly
stoichiometric and homogeneous Nb3A1 samples. The
physical parameters found differ markedly from those ac-
cepted so far. The ordering effect obtained by annealing
is also studied, and leads to an upper limit for spin-
fluctuation effects. Finally, estimates of the microscopic
physical parameters that govern superconductivity based
on the heat-capacity data in the normal and the supercon-
ducting states will be given and compared with data from
other sources.

II. PREPARATION

The phase diagram of the Nb-Al system has been reex-
amined recently; the implications on the superconductivi-
ty of the 315 phase have already been reported. The A I 5
phase is formed from the Nb solid solution and the liquid
by the peritectic reaction Nb(s. s.) + hquid~Nbo 7/5A10 g25
at 2060+10 C. The homogeneity range approaches the
stoichiometric composition Nb075A1025 at 1940 10'C
when the peritectic reaction Nb3A1(A 15)+liquid

~Nba ssA10 32( o phase) sets in. Below this temperature,
the stability limit shifts to lower Al contents and the
215-phase field extends only from 18.5 to 21 at. % Al at
1000'C; however, equilibration times become exceedingly
long below this temperature and no more segregation
occurs when the sample is annealed at 750'C.

The sample under study (labeled 255cs) was prepared by
arc-melting starting from 99.95%-pure Nb powder
(Johnson Matthey) and Al rods (99.99% purity) from
Balzers. The alloy was melted three times in order to en-
sure homogeneity; the weight losses supposedly due ex-
clusively to Al vaporization were compensated by Al addi-
tions. The final uncertainty in composition was less than
0.5 at. %%uo . Th esampl ewa s the nanneale d for63 hat
1850 C under 4 atm of Ar. From this master ingot small
slices =1.5 mm thick were cut by spark erosion, submit-
ted to a new high-temperature anneal (2 min at 1940'C),
and then rapidly cooled by an argon jet (cooling rate = 10~
K/s).

X-ray analysis using the Guinier technique with Cu Ka
radiation showed no other phase than the 315 with a lat-
tice constant ao ——5.180+0.001 A measured with Si as an
internal standard. Referring to the phase diagram, this
lattice parameter corresponds to 25+0.5 at. %%uoA 1 in the
alloy, i.e., the stoichiometric composition.

The microstructure of the sample was observed after
polishing and etching with a HNO3+H2SQ4+HF+H20
solution. As expected, a VA'dmannstatten-type pattern is
observed, an experimental clue confirming the
stoichiometric composition.

After the measurements in this "disordered" state had
been completed, the sample was annealed for eight weeks
at 750'C before new measurements were taken.

III. SPECIFIC HEAT

The apparatus used in this study is a calorimeter of the
quasiadiabatic type provided with a mechanical heat
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switch. The tcmpexature scale relies on primary ther-
mometry: He vapor pressure and gas thermometer pres-
sure measured by digital gauges. As a test of the reprodu-
cibility of the measurements (this will be of some impor-
tance in the discussion of ordering effects), a 870-mg
copper sample (99.999% purity) was measured before and
after the Nb3A1 runs. The values found for y were 0.694
and 0.696 mJK g-at. ', and for 8, 344 and 342 K.
These data may be compared with the generally accepted
values of 0.695 mJ K g-at. ' and 344.5 K, respectively.

The 1.4-g sample of Nb3A1 was glued to a sapphire
sample holder with grease. The total heat capacity of the
addenda (1.23 g sapphire, 7 mg grease, and =3 mg mis-
cellaneous) was measured separately and found to be equal
to the sum of the heat capacity of the constituents. The
contribution of the addenda amounts typically to 23% of
the total heat capacity at 1.3 K and falls to 10% at 10 and
40 K in the Nb3Al runs.

The data obta1Ilcd bctwccn 1.3 and 50 K aI'c pI'cscntcd
in Fig. 1. The shape of the specific-heat jump at the su-
perconducting transition temperature T, is characteristic
of a homogeneous sample. The curvatures of the normal-
state data contain informations on the shape of the pho-
non spectrum. At the lower end of the temperature range
(Fig. 2), the data in the superconducting state follow close-
ly a law of the form C/T= yo+PT . The absence of any
curvature in this plot means that the contribution of the
superconducting electrons is negligible below T, /6, a
characteristic of strong coupling. The residual yo term,
although small (0.05 mJK g-at. '), is not expected to
be an intrinsic property of the 315 phase. It is natural to
interpret this term as the contribution of an impurity

phase in the normal state. Since Nb3A1 is marginally
stoichiometric, we admit that this impurity phase is
o-Nb2AI. In order to estimate this fraction, the heat capa-
city of a Nbo 69A10 3] sample was measured between 2 and
10 K (this composition is about the Nb-rich limit of the cr

phase). The data could be fitted within 0.5% rms devia-
tion to the polynomial C= y T+P&T +PqT', where,
y=2.44 mJK-'g-at. -', P, =2.79m 10-' mJK-'g-at. -'
[i.e., 8(0)=412 K], and P2 ——3.6&&10 ' mJK 6g-at.
The absence of any superconducting jump confirms the
work of Miiller. The parasitic yo found both in quenched
and annealed Nb3Al samples now yields a o-phase content
of 2 at. %. X-ray powder-diffraction patterns were not
sensitive enough to detect this amount and the
%idmannstattcn structure obscures the detection of a
second phase 1n opt1cal micrographs. %c note that thc g
coefficient of single-phase Nb3A1 will be 1.6% above that
of our samples due to the Nb2A1 admixture, but this very

small correction will not be included in Tables I and II.
The inverse slope of the graph of Fig. 2 is proportional

to the third power of the initial Debye temperature 8(0),
which is, in turn, closely related to the velocity of sound.
8(0) is affected by the ordering process, an effect that can
be explained by an enhanced screening in the ordered state
where the electronic density of states (DOS) at the Fermi
level is higher. This effect is confined to the lower part of
the phonon spectrum as it is readily apparent from the
plot of the effective Debye temperature 8(T) (Fig. 3).
Above T, the effective 8's differ by less than 10 K. The
behavior just described is in qualitative agreement with
the trend found in other 215 compounds. For the series

Nb3Ir-wb3Pt-Nb3Au, the inverse correlation between the
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FIG. 1. Specific heat divided by the temperature vs temperature squared in the range 1.3—50 K. Samples: 0—Nb3A1 quenched„
and —N13A1 annealed (sample code 255cs). The full line is the fitted normal-state specific heat.
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FIG. 2. Specific heat divided by the temperature vs tempera-
ture squared in the range 1.3—3 K (superconducting state),
Samples: 0—Nb3Al quenched, and —Nb3Al annealed (sam-
ple code 255cs).

DOS and 8{T=O) is well established (see Fig. 5 of Ref.
7).

The analysis of the specific-heat curves proceeds as out-
lined in previous papers. ' We recall that rather than fit-
ting a polynon1ial curve to extrapolate the normal-state
data, we fit a six-parameter model of the phonon spec-
trum,

F(a))= g D~FD{co!T~),

where I'Il(co/T, ) stands for an elementary Debye spectrum
characterized by a partial Debye ten1perature T;, together
with an electronic term y T, to the data between T, and 50
K. This procedure is subjected to three constraints: The
normal-state entropy should be equal to the
superconducting-state entropy at T„ the initial curvature
of thc phonon spcctl'UIIl is determined by thc initial Dcbyc
temperature O(0); the phonon spectrum is normalized to
unity (equivalently, C~3R when T~oo). A smaller set
of parameters is not able to adequately fit the structure in
the specific-heat curve in the entire temperature range.
The rms deviation of the fits is close to 1%. The adjusted
curves are shown in Fig. 1 and the parameters of the fit
are given in Table I.

A new result is the high electronic specific heat found
in the ordered sample: y=11.2 mJK g-at. '. This
figure can be compared with the values of 12—14
mJK g-at. ' we find in Nb3Sn, and exceeds that of
Nb3Au. o 7pto 3, which ls thc Nb-based transition-metal
c415 pllasc wltll tllc lllghcst T~ ( ) = 10.1 IllJK g-at.
T, =12.9 k). The new y is substantially higher than gen-
erally quoted values for Nb&A1 (the latter will be reviewed
111 tllc llcxt scctloll).

The validity of the extrapolation that determines y can
be visualized in a plot of S/T vs T where S is the entro-
py. Such a plot is similar to the usual C/T vs T, but
gives less weight to the phonon contribution, and contains
the entropy condition. If

FIG. 3. Effective Debye temperature vs temperature in
quenched and annealed N13Al (sample code 255cs).

C»= y+Pl'r'+I32T'+

then, using the third law,

A straight-line extrapolation from above T, gives a
lower limit y =10.1 mJK g-at. ', but too low a value
for 8. Restoring correctly the measured 8(0) pushes y to
thc above-Q1cntloncd value.

Thc model « the ph«on spectrum obtained by the fit-
t'ng p«ccdure can o»y be «ude (»g. 4); however, it
reproduces the overall weighting of the different parts of
thc spcctrUQ1 as measured by inelastic neutron scattering.
The results of our "inversion" procedure are qualitatively
similar for several samples: Figure 4 includes data on the
less homogeneous sample quoted in our earlier work. '0

%C are not interested in the detailed features, but I'ather
in integral properties of the spectrum. Some moments are
given in Table I; they are defined by

(co")= f co"E(co)de .

Note that these moments do not rely explicitly on the
model for F(m), as long as this model fits the data correct-
ly, since direct relations such as

T
3
= 7.212. . . QP

f dT(1 —c)=—,
' (a)),

where c is shorthand for C(phonon)/3R, do exist. " The
values obtMQcd S11o%v again that thc phonon softcmng
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TABLE I. Calorimetric data: Results of the fitting procedure. See text for definitions.

Nb3Al sample

S (mJK 'gat. ')
at T„(K)

Number of points

rms deviation (T„—50 K)

277

17.23

114
1.0%

389
18.72

112
1.1%

(BCS theory: 1.74)

y (mJK g at. ')
Di, Ti (K)

D2, T2 (K)

D3, T3 (K)
O(T=0) (K)

( -'}-'" (w

exp(inro) (K)
{co) (&)

T, (K)

Ac/y T, {BCS theory: 1.43)

p~, (0) (T)

T, BH,

H, (0), BT

y T, /p0VHc(0) (BCS theory: 2.11)

[D(r)]-,„

94i
—7,50~10-', 72.4

0.437, 220

0.571, 429

328

177

208

233

255

16.84

2.29
0.431

11.24

—1.24X10-', 91.7
0.444, 209
0.569, 458

296
171

206

236
264

18.45

235
0.523

+ 2.2%

upon annealing is limited to the lowest moments of the
phonon spectrum. In particular, (co)/(ro ') does not
change significantly.

We now turn to the data given by the specific heat in

the superconducting state. The first one is the transition
temperature itself, or rather the distribution of the transi-
tion temperatures. In Fig. 5 we show the superconducting
volume fraction f,(T) computed in the two-fluid model,

229 R ~ ~ ~ ~ ~ ~ ~ 0 ~ t ~

255cs(a)----
255cs (A) ———

G(")

Nb3Al

~'1

200

{d (K)

500

FICx. 4. Full line: generalized phonon spectrum G(~) of N13A1 as determined by Ref. 9. Other lines: fitted models of the phonon

spectra in Nb3Al (quenched), Nb3Al (annealed) {sample code 255cs), and in an unhomogenized "N13Al" sample (sample code 229R).
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where n and s refer to the normal and superconducting
states, and S is the entropy. The fact that f,(T) rises
above 1 is not fundamental; it means that the actual
specific-heat jump at T, is higher than in the two-fluid
model —which was chosen for the sake of simplicity. The
interesting point is that the new measurements provide a
basis on which the T, distribution of less homogeneous
samples~ calcu18, tcd 1Q the same w8y, can I'cly. Thc cxaITl-

ple chosen in Fig. 5 is the less homogeneous sample stud-
ied in earlier work. Its curve f, (T) departs from that of
the reference compound at 14 K. The superconducting
volume then gradually decreases and vanishes at 18.8 K
(T, onset). The broadening of T, is the signature of a dis-
tribution of Al concentrations. Based on published T,
versus-composition curves for the same degree of order,
we conclude that the composition of the alloy is distribut-
ed between =21.5 and =24.5 at. % Al. Turning to the
phase diag1R111, 1t means that scgI'cgat1on occuI'1cd during
the cooling in the arc furnace down to a temperature of
= 1300'C.

The specific-heat curves measured near T, in the best
Nb3Ge samples' look like those found in the earlier
Nb3A1 work. We suggest that Nb3GC, which is now
claimed to be a low-y soft-phonon superconductor, will be
only fully understood when samples with a sharp transi-
tion will be available. Considering the difficulties in the
preparation of this metastable phase, this may remain a
challenge for still some more time.

The specific heat of Nb3A1 in the superconducting state
further yields the thermodynamical critical field H, (T),

the deviation function of the critical field D(t) and an esti-
mate of the zero-temperature gap.

The variation of H, (0) with order reflects the variation
of y. The value in the ordered compound is now equal to
that of Nb3Sn. This is consistent with the fact that y,
T„and the coupling strength axe similar.

The deviat1on function

D(TIT, ) =[II,(T)/H, (0)]—[1—(T/T, )'t

reflects the coupling strength (Fig. 6). On a qualitative
scale, Nb3A1 is intermediate between Nb3SQ and V3GR.
The change after ordering, although of the expected sign,
1S not vcI'y pfonoUnccd.

The plot of the reduced electronic specific heat in the
superconducting state (Fig. 7) is compared to the curves
calculated in the u model. It seems safe to conclude that
26(0)/kT, is comprised between 4.5 and 5. Higher values
quoted by Cort et ak. ' are implicitly based on the assump-
tion of a constant gap all the way up to T„a condition
which is, of course, not fulfilled.

IV. SPECIFIC-HEAT DATA FROM OTHER
SOURCES

Willens et a/. ' measured a sample prepared by a powder
metallurgy method. They avoided melting and obtained a
sample qualified 95% single phase. A first heat treatment
was applied at 1700'C (homogenization), the resulting T,
being 17.5 K. After annealing at 700'C, T, (onset)
reached 18.8 K. The values quoted for y and 8 are 7.95
mJK g-at. ' and 290 K in the lower-T, sample, and
7.53 mJK g-at. ' and 290 K in the higher-T, sample.
The authors note that the transition is "not as sharp as is
often observed for a well-ordered stoichiometric com-

I ) f I I t I

I i I l I I I l

T IK)

12

l i I Il & . ii

FIG. 5. Ratio of the superconducting volume to the total volume vs temperature. Samples: O —Nb3A1 quenched, —N13Al an-
nealed (sample code 255cs), and +—unhomogenized "Nb3A1" (sample code 229R}.



A. JUNOD, J.-L. JORDA, M. PELIZZONE, AND J, MULLER

+ 0.05

o o
o o

~ ~ o o ~oooo
eo ooo0

0
o

0 0

-0.05
0 0.4 0.6 0 0.2 0.4 0.6 0.8

FIG. 6. Deviation function of the thermodynamic critical
field vs the reduced temperature squared. Samples: 0—Nb3Al

quenched, and —Nb3A1 annealed (sample code 255cs); high-

purity niobium and BCS limit are shown for comparison.

FIG. 7. Reduced electronic specific heat in the superconduct-
ing state vs reduced temperature. Full lines: theoretical curves
("a model" ) for various gap ratios. Samples: O —Nb3A1
quenched, and —Nb3A1 annealed (sample code 255cs).

pound. " From the phase diagram, we expect that the
composition of the 215 phase homogenized at 1700'C
will be Nbo 77Alo 23, it is not evident, however, that equili-
brium relations apply to a sample prepared by powder
metallurgy methods. The concentration distribution de-
pends on the cooling rate, which was not specified. The
inverse scaling of T, and y denotes extrapolation difficul-
ties.

Knapp et a/. ' measured a sample prepared by melting
compacted powders in a levitation furnace. The heat
treatments were made at 1550 and 600 C (for one week).
The sample was qualified 90% single phase. The value
quoted for y is 7.63 mJK g-at. '. Based on measure-
ments up to room temperature, several moInents of the
phonon spectrum were given. Again, we note that the
equilibrium composition of the 215 phase at 1550'C is
Nbo 7sA1O 22. This explains the low values of y quoted by
Knapp et ah.

Spitzli' measured a sample prepared by arc melting
that was nominally stoichiometric (Fig. 8). No homogeni-
zation was attempted. The specific-heat jump is consider-
ably smeared below =17.4 K; y=7.9 mJK g-at.
We measured the same sample after a low-temperature an-
neal ' the results have already been discussed above and
were similar to those of Willens et aI,

Cort et al. ' made several measurements as a function
of neutron damage. The samples were obtained by arc
melting followed by anneals at 1760 and 750 C (for 1

week). The values reported for y and 8(0) are 9
IDJK g-at. ' and 283 K in the unirradiated sample.
The same remarks apply to this work. The lattice param-
eter quoted (5.186 A ) characterizes an off-stoichiometric
compos1t1on, close to M3077Alo23. FI'oID thc C/T-vs-T
plot in the same paper, we see that the specific heat in the
superconducting state departs from the linear (T -like)
bchavloI' cxpcctcd 1n 1dcal saInplcs near T~ above =16.7
K, RIl 1ndlcatlon of a dlstr1butcd T~. Thc maximum value
of CIT just below T, found by Cort et al., close to 58
mJK g-at. ', is nearly equal to that we found in a
homogeneous Nba 77AIO 23 sample (Fig. 8), but represents

200 400
T (K)

600 800

FIG. 8. Specific heat in the vicinity of T, divided by the tem-
perature vs temperature squared showing distinctly the impor-
tance of the homogenization near 1940 C. Samples: —Nb3Al
homogenized, quenched, and annealed (sample code 255cs), 0—
Nbo 77A1&» homogenized without quenching, 4—"Nb3A1" arc
melted (sample code 229T), and +—"Nb3Al", same sample an-
nealed (sample code 229R).
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stolclllolllctl'y, tlM slllft of about 5% 111 'tllc absolute valllc
of the susceptibility between the two samples is attributed
to ordering effects on the atomic sites.

VI. DISCUSSION

0 '100 150

I

200

FIG. 9. Magnetic susceptibility vs temperature in the range
T~ to room temperature. Samples: 0—Nb3A1 quenched' and—Nb3Al annealed (sample code 255cs). g of the annealed

sample is 172.5&10 emug-at. ' at 293 K.

The central problem ls to explam the favorable super-
conducting properties of Nb&AI in relation to similar com-
pounds. In order to get a deeper insight, some-informa-
tion on the Eliashbcrg function a F(co) is required. a F is
available from tunneling data, l' on slightly off-
stoichiometric films, but we feel that additional informa-
tion, representative of the bulk material rather than the
surface, is useful.

It is well known that the function a F(co) resembles the
phonon spectrum, with more weight added to low-energy
modes. From similar studies in Nb&Sn (Ref. 8), Nb, and
V, we have found that for the present purpose, the
weighting can be adequately approximated by an CInpiri-
cal function a (co) such that

only 83% of the maximum in the ordered NblAl sample
rcportcd llclc. Togctllcl' with thc fact tllat tllc spcclfllc-
heat measurements as a function of irradiation were taken
on different samples in Cort's work, these remarks explain
why our conclusions concerning the phonon softening
versus the variation of the DOS in ordering processes will
be at variance with those of Cort et cll.

d lna (co)

d ink)

where s is close to —0.5. (We could just as well choose
two values of a differing by a constant factor for the
acoustical and the optical modes; essentially, we want to
introduce a minimum of adjustable parameters. ) With the
choice of s = —0.5, the moments of a F(co)/co defined by

V. SUSCEPTISIl.ITY

The susceptibility measurements in the temperature
range of 250 K down to the superconducting transition
temperature and in magnetic fields of 0.5 to 2 T were per-
formed with a superconducting quantum-interference de-

vice (SQUID) susceptometer'" on the same samples used
to collect thc spcclflic-heat data. Thc absolute RccuIacy 1s

about 1%, while the relative accuracy between different
measurements in the same operating conditions is estimat-
ed to be better than 0.5%.

The temperature dependence of the magnetic suscepti-
bility of Nb3Al in the normal state is presented in Fig. 9.
Corrections for the field dependence of the susceptibility
were made and indicate less than 10 at. ppm of ferromag-
netic impurities in the samples. The amount of paramag-
netic impurities is conservatively estimated to be of the
same order of magnitude because, within the experimental
accuracy, no such contIibution can. be detected. No
correction was applied for the small susceptibility of the
Nb2A1 impurity phase. '

The magnetic susceptibility of NblAI increases continu-

ously upon lowenng thc tcmpcratur'c Rnd tends to satur'Rtc

below about 20 K.. For the annealed sample, we find a
value of 192&10 ernug-at. at the lowest temper'a-
tures and a maximum slope dX /dT of about —9.5X10
emu g-at. K in the intermediate range. Both figures
are some~hat higher than those previously reported. "'"
The curve of the quenched NbSA1 sample is shifted down-

wards with a low-temperature susceptibility of 183&& 10
emu g"Rt. Rnd a maxImum slope of about —7.5X 10
cmu g-at. K . As both samples have exactly thc san1c

dip lnma + ~
111(co)~s) = Idco(a F/co)

f dco(co"a F/co)
( co„)"=-( dco(a F!co)

agrcc with those determined by lllvcl'sloll of tullllcllIlg
characteristics in Nb3Sn, Nb, and V.

Using the spectra F(co) fitted to the specific-heat curves
and this approximation for a, the moments defined above
are calculated and introduced into the full interpolation
equation of Allen and Dynes; p' is set to 0.13. We ob-
tain the electron-phonon coupling parameter A, , the aver-
age value of a (co), the average matrix element of the
electron-phonon coupling (I ), the bare DOS X(0) and
the electronic parameter ri=X(0)(I ). These figures are
given in Table II; the effect of different choices for s is
also lnd1catcd.

The moments of a F(co)lco we obtain empirically in
bulk stoichiometric samples are systematically higher than
those determined by inversion of tunneling characteristics.
The values coI,s——130(110)K, coI ——154(132) K, and
col ——174(156) K have been reported in two off-
stoichiometric films with T, =14.0(16.4) K. ' On the
other hand, the DOS wc determine is equal to the average
of the published band-structure calculations [X(0)
=0.84, 0.91, and 0.97 states CV ' atom ' (1-spin)
(Ref. 26)]. A further support to these calculations, which
generally place the Fermi level close to a peak of the DOS,
is the noticeable variation of the susceptibility versus tem-
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TABI.E II. Microscopic parameteI's obtained with the Use of the model a I'(m) = construe'E(m). The

Uncertainty margins corrcspond to the 1imits s =0 (upper number) and s = —1 (1ower number). See text

for definitions.

uI,g (K)

BI (K)

2 (K)

(K)

q (eVA )

(i') (eV'i.-')
Mm2 (eVA )

iV(0) [eV ' atom '(1-spin) ']
X(0) [Ry ' (unit cell) '(2-spin) 'j

153+,",
181+3[
205+29

1-43+0.41

130+7

10 0+[.o

0.82 0'I2

179+26

145+42
176+30

204+,30,

1.62+0.60
—0.24

142++'„

9. 1+0'3

10.0+ I'9

0 91
+0.09

198+20

perature. Finally, the value found for (I ) is common to
a large set of ¹based 315 compounds.

Thc variat1on of thcsc IT11closcoplc parameters when thc
atomic long-range order is modified is more informative
in view of the mechamsm of superconductivity than the
values themselves. In Table III we list the relative incre-
ments of the "ingredients" that make up T, . Qualitatively
similar results have been tabulated for Nb3Pt,
Nb3Pto 6Auo q, Nb3Pto 3Auo 7, V3Au, and V3GR.

As one keeps in mind the relation

it 1s interesting to note that soIHC qua11tatlvc conclus1ons

do not depend on the choice of s. These conclusions are

the following.
(i) The variation of the denominator Mcoz, a phonon

quantity, is much smaller than the variation of the

nuIIlcI'atoI' g, %'hich 1s csscntlally clcctron1c.

(ii) The softening of the very-low-frequency modes,

represented by mi, s, has a detrimental effect on T, . This
1s immediately appaI'cnt 1n Allen and Dyne s cxpI'css1on,

while in the formalism of the functional derivatives

5T, /5a F(co), it takes away modes in a region where they

11Rvc R peak cfficicncy 011 Tq ( 2ITTq ) Rnd puts tllcII1 111 R

less effective region.
The question of the origin of the variation of the

numerator li depends more on the weighting function

a (co). Considering the results obtained with s =—0.5 or
0, we conclude that the key factor is the DOS. The results

obtained with s= —1, although they bring the moments

of a F(ro)luau in better agreement with tunneling, yield the

unphysical result that (I ) increases as X(0) increases.
Concerning the controversy about the importance of

lattice softening versus large N(0) to explain the high T,
of Nb&A1, we would like to comment on the usual inter-

pretation of tunneling results. Kwo and Geballe ' observe

an enhancement of a F(ol), mainly bdow the acoustic

peak, when T, increases as a function of composition
(wllic11 ls RI1 cffcct siIIlilai', but not idclltlcal, to tlM varia-

tion of long-range order at constant composition reported
here). They conclude that "the important contribution of
latt1ce softening to the h1gh Tc 1n metastable Nb3A1 has

been well estabhshed rather than a large N(0) colivclltlon-

311y used to cxpla1n thc high-T~ and normal-state pI'QpcI'-

ties of VsSi and Nb&Sn. " This point of view is expressed

1n scvcI'al other articles. ' ' ' They base this asscrtlon
on the measured a F(co) curves in two samples with

T, =14 and 16.4 K, and on earlier lower y values. The
lattcI' RI guIIlcnt should now bc rccons1dcrcd, but wc

should like to point our further that the observed enhance-

ment of a F(co) does not decide unambiguously in favor
of the importance of phonon softening. Strictly speaking,
an increase of a F may be the superposition of two effects:
the shift of phonons to lower frequencies in a region of
the spectrum where dF(co)/den is positive on one hand

(this "true" softening can be measured by neutron scatter-

lllg foi sclcctcd modes, 01' by spcclflc llcat for Rli Rvcl'Rgc

value), and an increase of a (co) on the other hand. Clear-

ly, this second effect contains a contribution of the DOS
slllcc 111 fac't the fii'st Illolllcllt of a F(co) ls Rll clcctrolllc

uantlty~

2M I dcocoa F(tu)=N(0)(I ) .

It is certain that this integral of the Eliashberg function

as measured by tunneling increases with T, both in the

NbIA1 and in the NbsGC systems. It follows that the tun-

neling results do not contradict our interpretation.

TABLE III. Rclatlvc incrcIIlcnts of thc phgslcal paraITlctcrs
that dctcrlmnc 1, an«I l ~ dUrlllg thc anncallng pIoccss. Thc flg-
Urcs arc calcUlatcd %'1th s = —0.5 (scc text); thc cases s =0 an«1

s = 1 arc also 11stcd.

hT, /T,
hA, /A,

hq/q
—

A6P 2/M p

~X(0)/~(0)
OH / GPIog



Our last point concerns the assessment of the
presence- —or absence- —of spin fluctuations in Nb3A1.
This question has been raised by several authors, mainly
in Ref. 29; V-based 215 compounds with a high DOS
seem to bc candidates.

For a quantitative test we must extract the Pauli term
from the total susceptibility. Considering the two samples
studied in this work, which differ only by their long-range
order parameter, we admit that the difference of the sus-
ceptibilities is entirely due to the spin term. It follows
that

AX=2ps[X+(1 —p+) ' —N (1—p, ) '],
where the superscripts + stand for the annealed and for
the quenched state. (1—p) ' is the Stoner factor S; we
RdIIllt Rs a second cquatloII 'tllat p Is ploportlollal to jV(0).
Solving for p, we find p +=0.22, p =0.19, or
X—X(Pauli) = 118X 10 emu g-at. ' [i.e., essentially
X(orbital)]; X+(Pauli, T=O)=75X10 and X (Pauli,
T=0)=66 X 10 emu g-at. '. Now the formal parame-
tcl of spin fluctuatio A,sr CRII bc cstImatcd,

A,,I=4.5(1—5 ') in[1+@I(S—1)/12] .

TRk111g p i =0.6 as a f list Rppl'oxlnlRtlo11, wc find
A.,I=10 . This value is 2 orders of magnitude below the
electron-phonon mass-enhancement factor, and even 1 or-
der of magnitude below the screened Coulomb interaction

p . The estimate justifies a posteriori the fact that we
have neglected spin fluctuations in the analysis of the
Nb3A1 data.

Let us emphasize that the above conclusion does not de-
pend critically on the assumption that pa:X(0). For a
small variation of X(Pauli) and 7, and in the absence of
any correlation effects, we can also write

5X(Pauli) = 3( 8 5y
m. kg +

where the symbols have their usual meaning. VA'th the

data given above, one expects 5X(Pauli) = 10X 10
emug-at. ', whereas the measured variation is 9&10
emug-at. '. This simple estimate also confirms that a
substantial Stoner factor is unlikely.

VII. CONCLUSIGNS

Measurements on homogeneous and nearly
stoichiometric Nb3A1 samples show that the y coefficient
of the 215 phase is close to 11A mJK g-at. ', includ-
ing a small correction for the second phase present in the
sample. This value is 25—50% above the values quoted
in the literature. The difference is explained by the metal-
lurgical state, i.e., only a fraction of a low-y sample is ac-
tually superconducting just below the onset transition tem-
perature. This resolves the apparent contradiction be-
twccn a 1Mgh T~ and a 10%' DOS.

T1M IIICI'CRSC Of T~ VCI'Slls loIlg-I'RllgC OldCI ls RCCOIII-

panied by a substantial increase of y, and a phonon
softening restricted to the low-frequency part of the spec-
trum, which is not believed to be very effective in raising
T~. As it was observed in our previous studies of ordering
effects in VIAu, V36a, Nb3Pt, and Nb3AuI „Pt„,' and in
agreement with theoretical Inodels, the key parameter
seems to be the DOS at the Fermi level.

The magnetic susceptibility measurements support the
idea that some structure exists in the DOS not far from
the Fermi level. This suggests lifetime broadening as a
possible physical mechanism to explain the variation of T,
with the order parameter. The orbital part of the suscep-
tibility determined here is quite comparable to that of
niobium; further the spin susceptibility is only weakly ex-

change enhanced. The latter fact excludes the hypothesis
that spin-fluctuation effects might limit the superconduct-

ing potential of Nb3A1.
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