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The specific heat of the superconducting compound Nb;Sn has been studied experimentally in the
temperature range 4.5-70 K in magnetic fields up to 19 T. The low-temperature values were
determined for the coefficient of the electronic specific heat, ¥ = 11J . kmole™' - K2, for the
Debye temperature ® = 232 K and for the parameter of the Ginzberg-Landau-Abrikosov-Gor’
kov mixed state theory % (T, ) = 24. It was found that ® and » vary smoothly with temperature.
The specific heat discontinuity at the superconducting transition in various magnetic fields was

investigated in detail.

INTRODUCTION

The intermetallic compound Nb,Sn has an 4-15 crystal
structure and is a widely used superconductor with high
critical parameters. A study of the low-temperature specific
heat of a superconductor in the normal state, when super-
conductivity is suppressed by a magnetic field, enables such
important quantities as the electron density of states at the
Fermi level, the Debye temperature, the difference in energy
between the normal and superconducting states, the param-
eters x, and x, of the Ginzburg-Landau-Abrikosov-Gor’kov
(GLAG) mixed state theory, etc., to be determined. As a
result of the large value of the critical magnetic field H,, (0),
very high (of the order of 20-25 T) magnetic fields are re-
quired to study Nb,;Sn in the normal state near absolute zero.
The majority of the investigations of the specific heat of
Nb,Sn have been carried out in the absence of a magnetic
field'> or in insufficiently high magnetic fields.® Stewart et
al.”® tried to measure the specific heat of Nb,Sn in high mag-
netic fields (18 and 12.5 T respectively), but these measure-
ments gave strange and contradictory results and they can-
not be regarded as reliable. The low-temperature specific
heat has been studied in the present work in the normal,
superconducting and mixed states over the wide range of
magnetic fields from 0 to 19 T.

THE EXPERIMENTS

The polycrystalline Nb;Sn specimen was prepared by
repeated sintering of powders, using the technique described
by Karkin et al.® According to an x-ray structural analysis,
the specimen was practically single-phase, the parameter of
the A-15 lattice at room temperature was 5.290 A. The tem-
perature of the superconducting transition 7, and its width
AT,, determined by a four-contact method from the disap-
pearance of electrical resistivity, were 7, = 18.1 K and
AT =0.1 K. The resistivity ratio pspk /p10 x Was 6. No
singularity corresponding to a structural phase transition,
observed by Vieland and Wickland,'® was found in the tem-
perature dependence of the specific heat. The 1.5 g Nb;Sn
specimen studied was in the form of a plane disk, and the
direction of the external magnetic field was perpendicular to
its plane.
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The specific heat was measured by an adiabatic meth-
od!! over the temperature range 4.5-70 K without a magnet-
ic field and between 4.5 and 20 K in magnetic fields. Magnet-
ic fields up to 8 T were provided by a laboratory
superconducting solenoid, and above 8 T by the KS-250
combined magnetic system.'? The working space of the ca-
lorimeter was surrounded by a high-purity aluminum shield
cooled to helium temperature, which ensured a considerable
reduction in eddy current heating of the specimen. Tempera-
tures were measured by a carbon resistance thermometer!'?
with a correction applied for the effect of a magnetic field.'*
The working of the calorimeter was verified by measuring
the specific heat of a specimen of pure copper and it appeared
that the error in measureing specific heat was less than 1% in
magnetic fields up to 8 T and 2% in fields up to 19 T.

For measurements in magnetic fields less than 8 T, the
specimen was cooled to the minimum temperature without a
magnetic field, the field was then applied and the specific
heat measured. In experiments in fields greater than 8 T, the
specimen was cooled in the applied field.

RESULTS

The specific heat of Nb,Sn for different values of the
magnetic field is shown in Fig. 1, plotted as C /T vs T2 For
every value of the magnetic field, the temperature depen-
dence of the specific heat shows sharp jumps, corresponding
to a phase transition from the superconducting or mixed
state to the normal state. In the case of a type II supercon-
ductor, such a transition is a second-order phase transition
both in the absence of a magnetic field and in a magnetic
field. The application of a magnetic field lowers the tempera-
ture of this transition, so that the specific heat of Nb,Sn can
be studied in the normal state at fairly low temperatures
(downto9 K in a field of 19 T).

A departure is observed in the temperature dependence
of the specific heat of Nb,Sn in the normal state at low tem-
peratures from the relation usual for metals, C = yT + BT 3.
If the specific heat followed this relation, then it would be
represented in C /T vs T % coordinates by a straight line, and
the intersection of this line on the y axis would give the value
of the coefficient of the electronic specific heat y. The rela-
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FIG. 1. The specific heat of Nb,Sn in different magnetic fields: ®) 0 T; O)
8T;0)16T; A) 18 T; A) 19 T. Not all the experimental points below 18
K are shown. The inset shows that specific heat of Nb,Sn in the normal
state: points, the present work; dashed line, Stewart et al.;’ solid line,
calculation of the specific heat according to the phonon spectrum without
taking anharmonicity into account or the temperature dependences of the
coefficient ¥ and of the phonon spectrum; the dashed-dot curve takes
these effects into account.

tion C = yT + BT 3 is only fulfilled for 7T < 12 K, so that the
specific heat must be measured directly in the normal state in
this temperature range for a correct determination of the
coefficient y. Extrapolation of the temperature variation of
the specific heat from higher temperature can lead to appre-
ciable errors (100% in the present case) in the determina-
tion of the coefficient y.

The temperature dependence of the specific heat of the
specimen studied in the normal state in the temperature
range 9-18 K is satisfactorily described by the polynomial

C[7J-kmole~!. K]=11.067+0.155T*~0.000065T* @Y

with a mean square deviation of 1.2% and a maximum devi-
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FIG. 2. The specific heat of Nb,Sn in magnetic fields up to 8 T: @) 0 T; {))
0.1T; +)02T; X)O0.5T; ) 1T;\7)2T;®)4T;A) 6 T; O) 8 T. Thear-
rows show how the magnitude of the specific heat jump at the supercon-
ducting transition was determined: dashed-dot curve, by extrapolating to
the limitingly narrow transition; solid line, without extrapolation.

ation of 3%; the equality of the entropies of the normal and
superconducting states at a temperature of 18 K was then
fulfilled. The low-temperature values of the coefficient of the
electronic specific heat and of the Debye temperature ob-
tained from Eq. (1) were ¥ =11 J-kmole~!-K~? and
® =232 K. An estimate of the electron-phonon coupling
constant A according to the McMillan formula,'s using the
values we obtained for ® and T, assuming that the Coulomb
pseudopotential is u* = 0.13, gave A = 1.37. Smoothed val-
ues of the specific heat of Nb;Sn in the superconducting and
normal states are given in Table I.

The specific heat of Nb,Sn in fields up to 8 T is given in
Fig. 2; in these experiments the specimen was cooled before
the magnetic field was turned on. The specific heat jumps,
corresponding to the superconducting transition, are some-
what drawn out in temperature, evidently the results of some
specimen nonuniformity. The width of the jump, deter-
mined as the difference between the temperature at which
the departure from the normal state specific heat started and

TABLEI. The specific heat of Nb,Sn at constant pressure C, in the superconducting and normal

states.
Superconducting state Normal state
T, K C,J - kmole™' . K~ T, K C,,J -kmole™' . K~' T, K C,J - kmole™'-K~'
5 28.7 5 - 18 980
6 48.7 6 - 19 1110
7 76.7 7 - 20 1249
8 1154 8 - 25 2069
9 168 9 207 30 3068
10 236 10 200 35 4212
1 322 11 317 40 5457
12 425 12 385 45 6732
13 546 13 460 50 7958
14 689 14 548 55 3102
15 857 15 645 60 10 218
16 1051 16 750 65 14 374
17 1260 17 862 70 12284

Note: Below 25 K the specific heat of Nb,Sn in the normal state is described by Eq. (1) with an

error of not more than 1.5% (1 kmole = 99.35 kg).
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FIG. 3. The magnitude of the specific heat jump AC /T at the supercon-
ducting transition (without extrapolation) as a function of the magnetic
field.

the temperature at which the specific heat reached the maxi-
mum, increased with magnetic field, and in zero field was
~0.4 K. The finite width of the jump introduced some un-
certainty in the determination of its amplitude, so that the
value of the jump in specific heat at the superconducting
transition was determined by two means, as shown in Fig. 2:
by extrapolating to the limitingly narrow transition and
without extrapolation, as the difference between the specific
heats at the maximum and in the normal state.

The dependence of the magnitude of the specific heat
jump AC /T, at the superconducting transition on the mag-
nitude of the magnetic field B is shown in Fig. 3. This depen-
dence is practically linear in the range of fields 0.5-8 T, while
the linearity is destroyed in fields less than 0.5 T.

Values of the temperatures corresponding to the start
and middle of the superconducting transition, the specific
heat peak and the magnitude of the specific heat jump AC/
T. (B) at the superconducting transition are given in Table
II as a function of applied magnetic field B. Values are also
given here of the thermodynamic magnetic field B, (T) and
the parameters », and x, of the GLAG mixed state theory, at
temperatures corresponding to the middle of the supercon-
ducting transition in a magnetic field. The thermodynamic
field B, (T) was evaluated from the difference between the
specific heats in the normal and superconducting states,
C,(T) and C, (T), according to the relation

VBXA(T) TCTCC,(T)—CH(T) .
2t =Jrj T ’

where Vis the volume of 1 kmole (¥ = 0.0111 m? . kmole™!

T, (2)

for Nb;Sn), u, is the magnetic permittivity of the vacuum,
T, is the superconducting transition temperature in the ab-
sence of a field). The values of the parameters x, and x, of
the mixed state were determined from the relations'®

Bcz(T)=2Ih7"ch(T),
AC V(0B./0T)*?

T.(B)  1,46po(2x*—1)

(3)

where AC /T, (B) is the value of the specific heat jump at the
superconducting transition in a magnetic field, extrapolated
to the limitingly narrow transition, and B, (T) is the upper
critical magnetic field. The values of x, and x, agree in zero
field and increase smoothly as the temperature decreases, x,
growing faster than .

DISCUSSION

The specific heat of Nb;Sn which we measured in the
absence of a magnetic field agrees satisfactorily with earlier
results.”® The small differences can be due to the different
quality of the specimens. Our values of the parameters ® and
y agree well with Junod et al.* and Shamrai et al.,’ but differ
appreciably from others."*”# The results of our measure-
ments in high magnetic fields depart considerably from the
results of Stewart e al.” and of Stewart and Brandt,® carried
out on Nb;Sn specimens in magnetic fields up to 18 and 12.5
T respectively. In those experiments, a sharp change in slope
was observed in the C /T vs T ? dependence at temperatures
of 11 and 15 K respectively. Our results indicate that the
changein slope of the C /T'vs T'? curve takes place smoothly,
without a break. In our view, the sharp change observed’® is
illusory and is due to the error in the measurements, *® which
is appreciably greater than in our measurements.

The possible reasons for the departure of the tempera-
ture dependence of the specific heat of Nb,Sn in the normal
state from the usual relation for metals, C = T + ST has
been analyzed theoretically.'” It was shown that neither the
electron spectrum fine structure nor the temperature depen-
dence of the renormalization of the electron spectrum by the
electron-phonon interaction can explain the anomalies ob-
served”® in the temperature dependence of the specific heat,
at the same time that an anomaly in the phonon spectrum
(for example, a low-frequency Einstein peak in the phonon
density of states) can describe the smooth departure, agree-

TABLE II. The parameters of the superconducting transition of Nb,Sn in different magnetic

fields B.
AC J
Te (B R To(B)'  kmole-K
B, T B,, T %y %2
peak centre start x:r;:::lmonextrapolation
|

0 17.6 17.8 18.0 26.0 28 - 24 24

1 17.1 17.3 17.5 20.8 22 - - 26

2 16.6 16.8 17.0 19.6 21 0.056 25.4 27
4 15.6 158 16.1 17.4 18 0.104 27.3 29

6 14.6 14.85 15.2 15.2 16.2 0.151 2841 31

8 13.5 13.85 14.2 13.0 14.2 0.195 2941 33
16 9.4 9.9 10.3 6.2 6.5 0.334 33.9 43
18 8.5 8.8 9.1 5.0 5.3 0.364 25.0 45
19 7.7 8.1 8.6 3.8 4.0 0.381 35.4 46
- - 0 — - - 0.473 - -
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ing in order of magnitude with that observed.

The phonon spectrum of Nb;Sn has been studied'® by
the inelastic neutron scattering method and a maximum
with energy of the order of 9 meV was observed in the low-
frequency part of the spectrum. We calculated the specific
heat of Nb,Sn using the spectrum obtained'® at a tempera-
ture of 5 K. The result of the calculation is shown in the inset
to Fig. 1. It turned out that the calculated phonon specific
heat is only proportional to 7> up to a temperature of the
order of 10 K, and smoothly departs from the cubic law at
higher temperatures. In the temperature range up to 45 K,
the total calculated phonon specific heat and the linear term
in the temperature with the coefficient y = 11 J - kmole™'
- K~ *describes our experimental results with an error of not
more than 2%. A more detailed calculation, taking account
of anharmonicity and the temperature dependences of both
the coefficient ¥ and of the phonon spectrum, carried out by
the method described by Panova et al.,'® gave practically the
same result at temperatures up to 30 K.

The normalized value of the specific heat jump at the
superconducting transition AC /¥ T, was 2.5, which is con-
siderably higher than the value 1.43 given by the Bardeen-
Cooper-Schrieffer theory. The large value of the specific
heat jump could be produced both by the energy dependence
of the electron density of states®® and by the frequency de-
pendence of the energy gap,”' and estimates have shown that
the contribution from the latter mechanism dominates.

The temperature dependence of the upper critical mag-
netic field in fields up to 19 T differs noticeably from a para-
bolic dependence and is well described by the theoretical
dependence of Helfand and Werthamer,?? while an estimate
of the magnitude of B,, (0) according to them®* was 25 T.
The size and the nature of the temperature variation of the
parameters x, and x, which we determined (see Table II)
are in qualitative agreement with Eilenberger’s theory.??

The value of the parameter » of the GLAG mixed state
theory consists, according to Lynton,?* of two contributions,
%, appropriate to the pure material and x;, due to scattering
of electrons by impurities, with the value of x; related to the
residual resistivity p,({ - m) and the coefficient of the elec-
tronic thermal capacity per unit volume, ¥, (J - m~—2 . K~2)
by the relation

n=x,1%; =3,;4+7.5-10"-10°psy,". 4)

Evaluation of %, from this relation gave %, = 14, which is
evidence that the pure intermetalloid Nb;Sn should be a type
II superconductor with a large value of the parameter .

Since Stewart and Brandt® reported on the unusual, in-
adequate present understanding of the behavior of the spe-
cific heat of Nb;Sn in the mixed state, it was of interest to
compare the specific heat in the mixed state measured by us
with the existing theory.'® We note immediately that near
the transition from the mixed to the normal state, neither the
shape of the specimen nor the magnetic flux pinning has an
effect on the specific heat of a type II superconductor with a
high value of the parameter 7, since both the magnetization
and the magnetic flux pinning are close to zero near the tran-
sition.
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The theory'® predicted that as the magnetic field B
tends to zero, the limiting value AC,, /T of the specific heat
discontinuity at the transition from the mixed to the normal
state is related to the value of the discontinuity AC, /T at the
superconducting transition in zero field by the equation

lim ACn/T=AC,[1.46T (1—*/:%2) | . (5)
B—0

As can be seen from Fig. 3, the magnetic field depen-
dence of the magnitude of the specific heat discontinuity at
the superconducting transition is linear in the magnetic field
range 0.5-8 T, with its extrapolation to zero field giving a
value which is 85% of the value of the discontinuity in zero
field, in extremely good agreement with Eq. (5). This linear
relation is destroyed in fields less than 0.5 T, evidently as a
result of the appearance of a specific heat anomaly corre-
sponding to the lower critical field H_, . A type II supercon-
ductor is automatically not in the mixed (Shubnikov) but in
the completely superconducting (Meissner) state in fields
below H.,, to which Eq. (5) is not applicable.

We note that far from the transition to the normal state,
the specific heat of a superconductor in a magnetic field does
not have a clear thermodynamic meaning, because of the
possibility of the capture and dissipative motion of magnetic
flux and the nonequilibrium nature of the states and the irre-
versible thermodynamic processes associated with this. Asis
well known, the entropy change for irreversible processes is
greater than the heat supplied divided by the temperature,
and the measured effective specific heat is related to the
change in entropy due to the lack of equilibrium, the sign of
which depends on the sign of the temperature change in the
irreversible process, namely C>7dS /dT on cooling and
C<TdS /dT on heating. The equality C = 7dS /dT only ap-
plies for reversible processes. The specific heat of Nb,Sn in
thenormal (C, ) and mixed (C,, ) states which we measured
in a field of 8 T satisfied the equality

Te T,
Cn Cn
§ dT =§ T dT

T

with an error of less than 19, which is evidence of the satis-
factory equilibrium and reversibility of the thermodynamic
processes in our measurements. We did not carry put such a
check for other values of the field.

The specific heat of Nb,;Sn in magnetic fields of 11 and
12.5 T, measured® by the relaxation method on cooling, is
larger than the specific heat in the normal state C,, over the
whole temperature range below 7., so that the following
inequality holds for the corresponding integrals

T Te
jc—;dT>S—i{'—dT. (6)
0 0

A similar inequality is also satisfied® for the specific heat of
Nb,Sn in the normal and mixed state in a field of 7.1 T. The
satisfaction of such inequalities is evidence of the existence
of irreversibility of the thermodynamic processes in mea-
surements of specific heat,®?* evidently as a result of jumps
of magnetic flux, and therefore the specific heat measured in
the mixed state,®?° at least far from the transition to the
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normal state, does not have a clear thermodynamic meaning.

CONCLUSIONS

The experimental investigations carried out of the spe-
cific heat of Nb,Sn in magnetic fields up to 19 T made possi-
ble reliable determinations of the low-temperature values of
the Debye temperature, ® = 232 K, of the coefficient of the
electronic specific heat ¥ = 11 J . kmole™' - K~2, of the
temperature dependences of the upper critical field B, (T)
and of the parameters x, and x, of the GLAG mixed state
theory.

The results of other work’® reporting a sharp change in
slopeofthe C /Tvs T2 curvein Nb,Sn at temperaturesof 11-
15 K were not confirmed. The smooth departure of the C /T
vs T2 relation from linearity which we observed is due to
anomalies in the Nb;Sn phonon spectrum and is well de-
scribed quantitatively by using the spectrum obtained by the
neutron inelastic scattering method.

The magnetic field dependence of the value of the spe-
cific heat discontinuity in Nb,Sn at the transition from the
mixed to the normal state is well described by the relations of
the GLAG theory.'®

The specific heat of a superconductor in a magnetic
field, satisfying the inequality in Eq. (6) hardly has a clear
thermodynamic meaning, especially far from the transition
to the normal state. The unusual behavior of the specific heat
of Nb,Sn in the mixed state, observed by Stewart and
Brandt,® could be due to dissipative processes on the motion
of magnetic flux.

In conclusion, the author expresses his thanks to V. E.
Arkhipov for providing the Nb,Sn specimen, to G. V. Las-
kova for carrying out the x-ray structural analysis, to A. N.
Kulyamzin and V. V. Stepanov for help in carrying out the
experiments in high magnetic fields, and to G. Kh. Panov,
N. A. Chernoplekov and P. A. Cheremnykh for their inter-
est in the work and for valuable discussions.

168 Sov. Phys. JETP 63 (1), January 1986

'F. J. Morin and J. P. Maita, Phys. Rev. 129, 1115 (1963).

2G. S. Knapp, S. D. Bader, and Z. Fisk, Phys. Rev. B 13, 3783 (1976).

3A.E.Karkin, A. V. Mirmelshtein, V. E. Arkhipov, and B. N. Goshchits-
kii, Phys. Status Solidi A 61, K117 (1980).

4A. Junod, J. Muller, H. Rietschel, and E. Schneider, J. Phys. Chem.
Solids 39, 317 (1978).

5V. Shamrai, K. Bohmhammel, and G. Wolf, Phys. Status Solidi B 109,
511 (1982).

L. J. Vieland and A. W. Wicklund, Phys. Rev. 166, 424 (1968).

’G. R. Stewart, B. Cort, and G. W. Webb, Phys. Rev. B 24, 3841 (1981).

8G. R. Stewart and B. L. Brandt, Phys. Rev. B 29, 3908 (1984).

%A. E. Karkin, V. E. Arkhipov, B. N. Goshchitskii, E. P. Romanov, and
S. K. Sidorov, Phys. Status Solidi A 38, 433 (1976).

101, J. Vieland and A. W. Wicklund, Solid State Commun. 7, 37 (1969).

"'M. N. Khlopkin, N. A. Chernoplekov, and P. A. Cheremnykh, Preprint
IAE-3549/10, Moscow (1982).

12p_ A. Cheremnykh, G. F. Churakov, B. V. Rozhdestvenskii, B. N. Sa-
moilova, and N. A. Chernoplekov, Prib. Tekh. Eksp. No. 5, 226 (1976)
[Instrum. Exp. Tech. 19, 1508 (1976)].

13§, F. Vorfolomeev, L. A. Pekal’n, B. I. Al’shin, G. S. Abilov, L. B.
Belyanskii, G. A. Kytin, and D. N. Astrov, Prib. Tekh. Eksp. No. 1, 262
(1977) [Instrum. Exp. Tech. 20, 304 (1977)].

“M. N. Khlopkin and P. A. Cheremnykh, Prib. Tekh. Eksp. No. 4, 255
(1981) [Instrum. Exp. Tech. 24, 1098 (1981)].

15W. L. McMillan, Phys. Rev. 167, 331 (1968).

16K. Maki, Phys. Rev. 139 A, 702 (1965).

"W, E. Pickett and B. N. Klein, Proc. 4th Conf. on Superconductivity in
d- and f-band Metals, Karlsruhe (1982), p. 97.

188, P. Schweiss, B. Renker, E. Schneider, and W. Reichardt, Proc. 2nd
Rochester Conf. on Superconductivity in d- and f-band metals (ed. D.
H. Douglass), New York (1976), p. 189.

1G. Kh. Panova, N. A. Chernoplekhov, A. A. Shikov, M. N. Khlopkin,
and E. P. Krasnoperov, Fiz. Tverd. Tela (Leningrad) 22, 2041 (1980)
[Sov. Phys. Solid State 22, 1190 (1980)].

20A. 8. Aleksandrov, N. N. Degtyarenko, V. F. Elesin ez al., Problems in
atomic science and technology. Series: The physics of radiation damage
and radiation study of materials, Kharkov (1981), Vol. 2(16), p. 75.

21y, Z. Kresin and V. T. Parkhomenko, Fiz. Tverd. Tela (Leningrad) 16,
3363 (1974) [Sov. Phys. Solid State 16, 2180 (1974)].

22E, Helfand and N. R. Werthamer, Phys. Rev. 147, 288 (1966).

23@G. Eilenberger, Phys. Rev. 153, 584 (1967).

24E. A. Lynton, Superconductivity, Wiley, New York (1962).

2G. R. Stewart, B. Olinger, and L. R. Newkirk, J. Low. Temp. Phys. 43,
455 (1981).

Translated by R. Berman

M. N. Khlopkin 168



