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A. Junod, J.-L. Jorda, M. Pelizzone, and J. Muller
Département de Physique de la Matiere Condensée, Universitée de Genéve, CH-1211 Genéve 4, Switzerland
(Received 21 June 1983)

A15-type Nb;Al has been characterized in the recent past as a “high-T,, low-y superconductor,”
where vy 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 NbsAl 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 Nb;Al exhibits a high electronic density of states
(y=11.4 mJK~2g-at.”!, N(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 2A(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 Nb,Al.

1. INTRODUCTION

The A15-phase compound Nb;Al 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 415 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 Nb3Al 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 415 phase have already been reported.> The 415
phase is formed from the Nb solid solution and the liquid
by the peritectic reaction Nb(s.s.) + liquid«>Nbg 775A1g 225
at 20601+10°C. The homogeneity range approaches the
stoichiometric composition Nbj 75Aly,5 at 1940+10°C
when the peritectic reaction Nb;Al(415)+liquid

29

<>Nby 63Alg 3,(0 phase) sets in. Below this temperature,
the stability limit shifts to lower Al contents and the
A15-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.%. The sample was then annealed for 63 h at
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 415 with a lat-
tice constant a;,=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. % Al in the
alloy, i.e., the stoichiometric composition.

The microstructure of the sample was observed after
polishing and etching with a HNO;+H,S0,+HF+H,0
solution. As expected, a Widmannstitten-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 temperature 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 Nb;Al runs. The values found for y were 0.694
and 0.696 mJK 2g-at.~!, and for ®, 344 and 342 K.
These data may be compared with the generally accepted
values* of 0.695 mJ K ~2 g-at. ~! and 344.5 K, respectively.

The 1.4-g sample of NbjAl 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 Nb;Al runs.

The data obtained between 1.3 and 50 K are presented
in Fig. 1. The shape of the specific-heat jump at the su-
perconducting transition temperature 7, 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 = y,+BT>. The absence of any
curvature in this plot means that the contribution of the
superconducting electrons is negligible below 7, /6, a
characteristic of strong coupling. The residual y, term,
although small (0.05 mJK ~2g-at.!), is not expected to
be an intrinsic property of the 415 phase. It is natural to
interpret this term as the contribution of an impurity
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phase in the normal state. Since NbsAl is marginally
stoichiometric, we admit that this impurity phase is
o-Nb,Al. In order to estimate this fraction, the heat capa-
city of a Nbg gsAly 3; sample was measured between 2 and
10 K (this composition is about the Nb-rich limit of the o
phase). The data could be fitted within 0.5% rms devia-
tion to the polynomial C=y T+B,T>+B,T°, where,
y=2.44 mJK %g-at.”!, §;=2.79%x 107> mJ K ~*g-at. !
[ie., ®0)=412 K], and B,=3.6X10"> mJK®g-at. ™!
The absence of any superconducting jump confirms the
work of Miiller.® The parasitic ¥, found both in quenched
and annealed Nb;Al 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
Widmannstiitten structure obscures the detection of a
second phase in optical micrographs. We note that the y
coefficient of single-phase Nbs;Al will be 1.6% above that
of our samples due to the Nb,Al 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 ®(0),
which is, in turn, closely related to the velocity of sound.
©(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 ®(T) (Fig. 3).
Above T, the effective @’s differ by less than 10 K. The
behavior just described is in qualitative agreement with
the trend found in other 415 compounds.” For the series

Nb;Ir-Nb;Pt-NbjAu, 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: O—Nb;Al quenched,
and @ —Nb;Al annealed (sample code 255cs). The full line is the fitted normal-state specific heat.
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T (mK%g-at™)

12(k?)

FIG. 2. Specific heat divided by the temperature vs tempera-
ture squared in the range 1.3—3 K (superconducting state).
Samples: O—NbsAl quenched, and ® —Nb;Al annealed (sam-
ple code 255cs).

DOS and O©(T'=0) 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 polynomial curve to extrapolate the normal-state
data, we fit a six-parameter model of the phonon spec-
trum,

3
Flo)= 3 DiFp(0/T)),

i=1

where Fp(w/T;) stands for an elementary Debye spectrum
characterized by a partial Debye temperature T;, together
with an electronic term y 7T, 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 the phonon spectrum is determined by the initial Debye
temperature ®(0); the phonon spectrum is normalized to
unity (equivalently, C—3R when T— ). 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~2 g-at.~!. This
figure can be compared with the values of 12—14
mJK~2g-at.~! we find in Nb;Sn,® and exceeds that of
Nb3Au.( 7Pty 3, which is the Nb-based transition-metal
A15 phase with the highest 7, (y=10.1 mJK~2g-at.~},
T,=12.9 k). The new ¥y is substantially higher than gen-
erally quoted values for Nb;Al (the latter will be reviewed
in the next section).

The validity of the extrapolation that determines ¥ 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 T2, but
gives less weight to the phonon contribution, and contains
the entropy condition. If
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FIG. 3. Effective Debye temperature vs temperature in
quenched and annealed Nb;Al (sample code 255cs).

C/T=y+BT*+BT*+ - -,
then, using the third law,

S/T=y+3B T4 1,144 -

A straight-line extrapolation from above T, gives a
lower limit ¥ ~=10.1 mJ K ~2g-at. ™!, but too low a value
for ®. Restoring correctly the measured ®(0) pushes y to
the above-mentioned value.

The model of the phonon spectrum obtained by the fit-
ting procedure can only be crude (Fig. 4); however, it
reproduces the overall weighting of the different parts of
the spectrum 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.%1°

We are not interested in the detailed features, but rather
in integral properties of the spectrum. Some moments are
given in Table I; they are defined by

(o") = fa)"F(aJ)dw .

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

®© [4 -
IR dT—5=(1212.. (™) ,

2
g € _ T 1
fo dTTz— 3 (0™ 1),

1 ¢ © 1—c
JodrZ+ [7ar - =1—(lno)

[T dra—o=1(a),

where ¢ is shorthand for C(phonon)/3R, do exist.!! The
values obtained show again that the phonon softening
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TABLE I. Calorimetric data: Results of the fitting procedure. See text for definitions.

Nb;Al sample Quenched Annealed

S (mJK~!g-at.”1) 277 389

at T, (K) 17.23 18.72
Number of points 114 112
rms deviation (T, —50 K) 1.0% 1.1%

¥y (mJK~2g-at.~!) 9.4, 11.2,
D,, T, (K) —7.50x 1073, 72.4 —1.24x1072 91.7
D,, T, (K) 0.437, 220 0.444, 209
Ds, T3 (K) 0.571, 429 0.569, 458
O(T=0) (K) 328 296
(0~2)~12 (K) 177 171
(0™ (K) 208 206
exp{Inw) (K) 233 236
(0) (K) 255 264
T. (K) 16.84 18.45
AC/y T, (BCS theory: 1.43) 2.29 2.35
1oH,(0) (T) 0.431 0.523
_ I |3H. (BCS theory: 1.74) 1.99 1.99

H.(0) | 3T |r, : |
v T2 /uoVHX0) (BCS theory: 2.11) 1.72 1.68
[D(#)]max + 1.7% +22%

upon annealing is limited to the lowest moments of the
phonon spectrum. In particular, (w)/{w~!) 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,
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FIG. 4. Full line: generalized phonon spectrum G(w) of Nb;Al as determined by Ref. 9. Other lines: fitted models of the phonon
spectra in Nb3Al (quenched), Nb;Al (annealed) (sample code 255¢cs), and in an unhomogenized “Nb;Al” sample (sample code 229R).



29 SPECIFIC HEAT AND MAGNETIC SUSCEPTIBILITY OF . . . Nbs;Al

C,—C,—3(S,—S,)
2y T ’

f(D)=

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, calculated in the same way, can rely. The exam-
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 diagram, it means that segregation occurred during
the cooling in the arc furnace down to a temperature of
~1300°C.

The specific-heat curves measured near T, in the best
Nb;Ge samples'? look like those found in the earlier
Nbz;Al work. We suggest that Nb;Ge, 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 Nb;Al in the superconducting state
further yields the thermodynamical critical field H.(T),
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the deviation function of the critical field D(z) 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 Nb;Sn.® This is consistent with the fact that y,
T,, and the coupling strength are similar.

The deviation function

D(T/T,)=[H(T)/H,(0)]—[1—(T/T,)*]

reflects the coupling strength (Fig. 6). On a qualitative
scale, Nbs;Al is intermediate between Nb;Sn and V;Ga.
The change after ordering, although of the expected sign,
is not very pronounced.

The plot of the reduced electronic specific heat in the
superconducting state (Fig. 7) is compared to the curves
calculated in the @ model.”> It seems safe to conclude that
2A(0)/kT, is comprised between 4.5 and 5. Higher values
quoted by Cort et al.'* 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 al.! 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 ¥ and ® 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-
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FIG. 5. Ratio of the superconducting volume to the total volume vs temperature. Samples: O—Nbs;Al quenched, ® —Nb;Al an-
nealed (sample code 255cs), and +—unhomogenized “Nb;Al” (sample code 229R).
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FIG. 6. Deviation function of the thermodynamic critical
field vs the reduced temperature squared. Samples: O-—Nb;Al
quenched, and ® —Nb;Al annealed (sample code 255cs); high-
purity niobium and BCS limit are shown for comparison.

pound.” From the phase diagram, we expect that the
composition of the 415 phase homogenized at 1700°C
will be Nby 77Aly »3; 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 al.'® 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~2g-at.~!. Based on measure-
ments up to room temperature, several moments of the
phonon spectrum were given. Again, we note that the
equilibrium composition of the 415 phase at 1550°C is
Nby 73Alg 25. This explains the low values of ¥ quoted by
Knapp et al.

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~2 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 ef al.

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 ¥ and ®(0) are 9
mJK2g-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
composition, close to Nby 77Alg 3. From the C/T-vs-T?
plot in the same paper, we see that the specific heat in the
superconducting state departs from the linear (7-like)
behavior expected in ideal samples near 7T, above ~16.7
K, an indication of a distributed 7,. The maximum value
of C/T just below T, found by Cort et al., close to 58
mJK 2 g-at.", is nearly equal to that we found in a
homogeneous Nby 1,Aly ,; sample® (Fig. 8), but represents
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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—Nb;Al
quenched, and ® —Nb;Al annealed (sample code 255cs).
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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: ® —Nb;Al
homogenized, quenched, and annealed (sample code 255cs), l—
Nby,77Aly 23 homogenized without quenching, A—“Nb;Al” arc
melted (sample code 229T), and +—*“Nb;Al”, same sample an-
nealed (sample code 229R).
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FIG. 9. Magnetic susceptibility vs temperature in the range
T, to room temperature. Samples: O—Nb;Al quenched, and
@ —NbsAl annealed (sample code 255cs). X of the annealed
sample is 172.5X 10~% emu g-at. ~! at 293 K.

only 83% of the maximum in the ordered Nb3;Al sample
reported here. Together with the fact that the specific-
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 al.

V. SUSCEPTIBILITY

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 the specific-heat data. The absolute accuracy is
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 contribution can be detected. No
correction was applied for the small susceptibility of the
Nb,Al impurity phase.'®

The magnetic susceptibility of Nb;Al increases continu-
ously upon lowering the temperature and tends to saturate
below about 20 K. For the annealed sample, we find a
value of 192X 10~% emug-at. ! at the lowest tempera-
tures and a maximum slope dX /dT of about —9.5x 1078
emug-at.~! K~! in the intermediate range. Both figures
are somewhat higher than those previously reported.’ %2
The curve of the quenched Nb;Al sample is shifted down-
wards with a low-temperature susceptibility of 183 10~¢
emug-at. ! and a maximum slope of about —7.5X 10-8
emug-at. "' K~!. As both samples have exactly the same
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stoichiometry, the shift of about 5% in the absolute value
of the susceptibility between the two samples is attributed
to ordering effects on the atomic sites.

VI. DISCUSSION

The central problem is to explain the favorable super-
conducting properties of Nb;Al in relation to similar com-
pounds. In order to get a deeper insight, some: informa-
tion on the Eliashberg function a*F(w) is required. o2F is
available from tunneling data,”! 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(w) resembles the
phonon spectrum, with more weight added to low-energy
modes. From similar studies in Nb;Sn (Ref. 8), Nb, and
V,22 we have found that for the present purpose, the
weighting can be adequately approximated by an empiri-
cal function a*(w) such that

dlnaz(w)_*
dlnw =’

where s is close to —0.5. (We could just as well choose
two values of o 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(w)/w defined by

In( \ fdm( Inwa’F /)
M Dyog) = ’
T [do(a?F /o)
fdco(w"azF/w)
(@, )'="F————

f do(a*F /o)

agree with those determined by inversion of tunneling
characteristics in Nb;Sn, Nb, and V.

Using the spectra F(w) 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;* u* is set to 0.13. We ob-
tain the electron-phonon coupling parameter A, the aver-
age value of a*(w), the average matrix element of the
electron-phonon coupling (I?), the bare DOS N(0) and
the electronic parameter n=N(0){I?). These figures are
given in Table II; the effect of different choices for s is
also indicated.

The moments of a’F(w)/w we obtain empirically in
bulk stoichiometric samples are systematically higher than
those determined by inversion of tunneling characteristics.
The values @;,,=130(110) K, @&;=154(132) K, and
@,=174(156) K have been reported in two off-
stoichiometric films with T,=14.0(16.4) K.2! On the
other hand, the DOS we determine is equal to the average
of the published band-structure calculations [N(0)
=0.84,2* 0.91,° and 0.97 stateseV~'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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TABLE II. Microscopic parameters obtained with the use of the model a*F(w)= consto’F(w). The

uncertainty margins correspond to the limits s =0 (upper number) and s = —1 (lower number). See text
for definitions.
Nb;Al sample Quenched Annealed
w105 (K) 15313 14573
o (K) 1813 176+39
@, (K) 205%% 204+3
A 1.4338.4] 162302
a’ (K) 13013 14219
7 €VA™?) 8.2+%% 9.1+83
(I?) (eV?A™?) 10.01%3 10.01%}
Ma3 (eVA™?) 5.7%13 5.671%
N(0) [eV~! atom™!(1-spin)~'] 0.82+5% 0.91%3%
N(0) [Ry~" (unit cell)~'(2-spin)~'] 17943 19843

perature. Finally, the value found for (I %) is common to
a large set of Nb-based 415 compounds.®

The variation of these microscopic parameters when the
atomic long-range order is modified is more informative
in view of the mechanism of superconductivity than the
values themselves. In Table III we list the relative incre-
ments of the “ingredients” that make up 7,. Qualitatively
similar results have been tabulated for Nb;Pt,
Nb; Pty sAug 4, Nb3Pty 3A0, 7, V3AU, and ‘/3(}&.8

As one keeps in mind the relation

A=NOXI*)(Mz3)~",

it is interesting to note that some qualitative conclusions
do not depend on the choice of s. These conclusions are
the following.

(i) The variation of the denominator M@ 2, a phonon
quantity, is much smaller than the variation of the
numerator 7, which is essentially electronic.

(i) The softening of the very-low-frequency modes,
represented by @i, has a detrimental effect on T,. This
is immediately apparent in Allen and Dyne’s expression,
while in the formalism of the functional derivatives
8T, /8a*F(w), it takes away modes in a region where they
have a peak efficiency on T, (=~27T,) and puts them in a
less effective region.

The question of the origin of the variation of the
numerator 7 depends more on the weighting function
a*(w). 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(w)/w in better agreement with tunneling, yield the
unphysical result that (1) increases as N(0) increases.

Concerning the controversy about the importance of
lattice softening versus large N(0) to explain the high T,
of Nb;Al, we would like to comment on the usual inter-
pretation of tunneling results. Kwo and Geballe’' observe
an enhancement of a?F(w), mainly below the acoustic
peak, when T, increases as a function of composition
(which is an effect similar, but not identical, to the varia-
tion of long-range order at constant composition reported
here). They conclude that “the important contribution of
lattice softening to the high 7, in metastable NbjAl has

been well established rather than a large N(0) convention-
ally used to explain the high-T, and normal-state proper-
ties of V3Si and Nb;Sn.” This point of view is expressed
in several other articles.!>!%2728 They base this assertion
on the measured a’F(w) curves in two samples with
T.=14 and 16.4 K, and on earlier lower y values. The
latter argument should now be reconsidered, but we
should like to point our further that the observed enhance-
ment of a*F(w) does not decide unambiguously in favor
of the importance of phonon softening. Strictly speaking,
an increase of a2F may be the superposition of two effects:
the shift of phonons to lower frequencies in a region of
the spectrum where dF(w)/dw is positive on one hand
(this “true” softening can be measured by neutron scatter-
ing for selected modes, or by specific heat for an average
value), and an increase of a*(w) on the other hand. Clear-
ly, this second effect contains a contribution of the DOS
since in fact the first moment of a’F(w) is an electronic

quantity,

2M [ do wa®F(0)=N(0){I?) .

It is certain that this integral of the Eliashberg function
as measured by tunneling increases with T, both in the
Nb;Al and in the Nb;Ge systems. It follows that the tun-
neling results do not contradict our interpretation.

TABLE III. Relative increments of the physical parameters
that determine A and T, during the annealing process. The fig-
ures are calculated with s=—0.5 (see text); the cases s =0 and
s =1 are also listed.

NbzAl

s=-—0.5 s=0 s=1
AT, /T, + 10% +10% +21%
AA/A + 13% + 10% +21%
An/n + 11% + 12% + 13%
—Aw3 /o) +1% +2% +4%
AN(0)/N(0) +11% + 14% + 5%
Awlog /cok,g —6% —2% —10%




29 SPECIFIC HEAT AND MAGNETIC SUSCEPTIBILITY OF . . . Nb;Al

Our last point concerns the assessment of the
presence—or absence—of spin fluctuations in NbsAl
This question has been raised by several authors, mainly
in Ref. 29; V-based A15 compounds with a high DOS
seem to be 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=2u}[N*(1—p ) '=N—(1—p )71,

where the superscripts *+ stand for the annealed and for
the quenched state. (1—gu)~! is the Stoner factor S; we
admit as a second equation that u is proportional to N(0).
Solving for u, we find p*=0.22, p~=0.19, or
X —X(Pauli)=118x10"°% emug-at.~' [i.e., essentially
X(orbital)]; X*(Pauli,7=0)=75X10"% and X (Pauli,
T=0)=66x10"° emug-at.~!. Now the formal parame-
ter of spin fluctuation Ay can be estimated,”

Ag=4.5(1—S~HIn[14+52(S—1)/12] .

Taking p;=0.6 as a first approximation, we find
Ag=~1072. 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
u*. The estimate justifies a posteriori the fact that we
have neglected spin fluctuations in the analysis of the
NbsAl data.

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

3up sy
w3 1+A°

8X(Pauli)=

where the symbols have their usual meaning. With the
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data given above, one expects SX(Pauli)=10x10"°
emu g-at. ~!, whereas the measured variation is 9 107°
emug-at.~!. This simple estimate also confirms that a
substantial Stoner factor is unlikely.

VII. CONCLUSIONS

Measurements on  homogeneous and  nearly
stoichiometric Nb;Al samples show that the ¥ coefficient
of the A15 phase is close to 11.4 mJK~2g-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-
tween a high T, and a low DOS.

The increase of T, versus long-range order is accom-
panied by a substantial increase of ¥, 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 V3Au, V;Ga, Nb;Pt, and NbsAu; _,Pt,,? and in
agreement with theoretical models,’® 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 Nb;Al
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