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Evidence of nonphononic superconductivity in N13Ge
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We present the results of a quantitative test to separate phononic from nonphononic contribu-

tions to the superconductivity in 215 Nb3Ge. This test is based on analysis of heat capacity and

tunneling azF(to) data and neutron-scattering data. We obtained evidence for a substantial con-

tribution of a nonphononic mechanism to the superconducting state in Nb36e. In contrast, our
results suggest the superconducting state in Pb and V3Si is due to phonons.

INTRODUCTION

For many years there has been considerable theoretical
work done on the possibility of nonphononic mechanisms
that could give rise to superconductivity. ' This interest
has greatly intensified with the discovery of the new class
of high-T, superconductors. ' However, there has been no
direct experimental evidence for the existence of a non-
phononic mechanism that gives rise to superconductivity.
In part, the problem is that even if there were a nonpho-
nonic mechanism present in a superconductor, how would
that be experimentally verified? Note that a small (or
even zero) value for the isotope effect need not imply non-
phonon superconductivity. A concept of coexistence
along with a method for separation of phonon and non-
phonon mechanisms was proposed recently by one of us. 'o

In this paper we describe the analysis of several systems
(Pb, V3Si, and Nb3Ge). Our main result is to give evi-
dence that Nb3Ge is a nonphonon superconductor. We
think this is a first experimental observation of nonpho-
nonic superconductivity.
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[note «(0) A,l, where Z(x) is a universal function given
in Refs. 10 and 11 (see Fig. 1). One can see from Eq. (1)
that the electron-phonon interaction and the effect of
thermal phonons leads to a deviation of the electronic heat
capacity from a linear law.

Another quantity affected by the electron-phonon in-
teraction (EPI) is the effective mass which becomes
temperature dependent. " '3 This can be detected by
cyclotron-resonance measurements. The dependence is
described by the expression:
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THEORY

The method requires measuring tunneling a F(co), heat
capacity, and neutron scattering on the same material.
The basic idea was that from the tunneling a2F(to) data
the electronic component of the heat capacity can be cal-
culated (see Ref. 10):
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where y(0) =m*(0)pF/3; m*(0) is the renormalized
value of the effective mass given by m (0) m (I+1,)
where mb is the band value of the electron mass.

FIG. 1. The universal function Z(x) used in calculating the
electronic heat capacity from tunneling azF(to). In our case
x T/to. Note Z(x) has positive and negative values.
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where g(x) is a universal function given in Ref. 12. De-
pending on the experimental situation the analysis of
m (T) can be used (as in the case for lead —see below) to
determine phononic versus nonphononic contributions.

The Eliashberg equations, which generate the electron-
phonon spectral function a F(ro) through an inversion
procedure, ' assume only phonon mechanisms are con-
tributing to the superconducting state. If there are non-
phononic contributions as well (we consider the case that
the nonphonon modes are located outside the region corre-
sponding to phonon energies) the resulting a2F(ro) would
be distorted. This is because while the nonphononic in-
teraction would affect the gap function the inversion pro-
gram would be trying to solve the equations using only
phonon contributions. The phonon peak positions would
be correct but their amplitudes and shapes would not.
Thus when the electronic heat capacity is calculated [with
the use of Eq. (1)], this distortion would introduce an er-
ror which could be either positive or negative [because
Z(x) has both positive and negative values]. Note, if the
nonphonon modes are located in the frequency region
within the tunneling-range they can be seen directly. In
this case, separation can be based just on the comparative
analysis of the neutron and tunneling data.

The electronic heat capacity can also be determined by
first measuring the total heat capacity then subtracting off
the lattice contribution. '5 '7 The lattice contribution can
be calculated (Refs. 15-17) from the phonon spectrum
F(ro), measureed by neutron scattering:

t (ro/T) 2e mlT

Cph(T) 3R~ /r 2
F(c0)de.
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material is exhibiting nonphononic superconductivity.
The proposed method intended for determination of the

contribution of NPI is based on the substantial progress in
tunneling spectroscopy. Use of artificial barriers and the
development of proximity electron tunneling spectroscopy
allow the determination of the function a2F(co) for com-
plicated materials.

There are complications that arise. Ideally the three
measurements should be done on the same sample (to
make sure that any discrepancy is not due merely to sam-
ple differences), but this would be very difficult. Tunnel-
ing a2F(ro) measurements require thin-film superconduc-
tors, while neuron scattering requires bulk samples (heat
capacity can be done on either). Even if it all could be
done on the same sample, tunneling measures only the
very surface of the material, whereas both heat capacity
and neutrons scattering are bulk measurements. Further-
more, in the case of compounds, neutron scattering does
not produce directly the phonon density of states F(co)
(which is what is required for the lattice contribution) but
some related function G(r0). The difference between
them can be estimated (see, for example, Ref. 19), and
this should be taken into account. As a result of these
complications, a substantial discrepancy (exceeding ex-
perimental error) must be seen to claim evidence for non-
phononic superconductivity. In addition to Nb3Ge, we
studied the superconductors Pb and V3Si. In both of these
latter cases the deviation was small (see below). This can
be considered as an additional verification of the method.

Pb AND V3Si

Hence the electron heat capacity and its deviation from a
linear law can be determined with the use of two indepen-
dent methods [calculation from tunneling a2F(co), and
the experimental measurement]. In the absence of a non-
phononic mechanism we should obtain the same result. A
similar conclusion can be drawn from the analysis of the
effective-mass temperature dependence (using cyclotron-
resonance data). A noticeable discrepancy is a manifesta-
tion of a nonphonon contribution. '0

Note that the nonphononic interaction (NPI) also con-
tributes to C, (T). However, this contribution is small if
T((he, [yap~ (T/hE); hE' is th'e characteristic ener-

gy of the virtual electron transitions; note that Ae, » con].
One should distinguish the contributions of NPI to C, (T)
and to Cooper pairing. The second can be very noticeable.
The situation is analogous to the effect of EPI: In the
region T 0 the effect of EPI on C, (T) is small'
[-(T /QP)ln(Qn)/T]; however, EPI plays a key role in
the pairing. Virtual transitions in the phonon subsystem
providing the pairing and the contribution of EPI to the
thermodynamic properties are described by different regu-
larities. An analogous situation appears for NPI, and we
would like to emphasize that NPI, connected with interac-
tion of different electron groups, makes a much more no-
ticeable contribution to the pairing than it does to C, (T).

Thus any nonphononic contribution should result in a
discrepancy between the calculated and experimental
C, (T). If this discrepancy is greater than the experimen-
tal uncertainty of the measurements, it means that the

Let us first describe our results for Pb and V3Si.
Analysis based on the methods described above indicate
that superconductivity for both materials is caused by the
phonon mechanism (although V3Si might have a small
nonphononic contribution).

For Pb we used the calculation of the temperature
dependence of effective mass, " which gives excellent
agreement with experimental data from cyclotron-
resonance measurements20 as can be seen in Fig. 8 of Ref.
11. This provides strong evidence that the superconduc-
tivity in Pb is due to the conventional phonon mechanism.

We also analyzed data for lead to determine the elec-
tronic heat capacity, where we used the tunneling a2F(ro)
obtained by McMillan and Rowell, '4 the neutron-scat-
tering data from Stedman, Almqvist, and Nilsson, 2' and
the heat-capacity data from Meads, Forsythe, and Giau-
gue. 2 Note that the use of cyclotron-resonance data for
Pb is more effective than heat-capacity data. This is be-
cause the heat capacity is dominated by the lattice contri-
bution even at relatively low temperatures (lead has a De-
bye temperature of about 100 K). Thus calculating the
electronic heat capacity requires subtracting two large
numbers resulting in a very small one. This gives an un-
certainty that is greater than the number itself. The re-
sults of this analysis for lead are given in Table I.

While not relevant to the question of nonphononic su-
perconductivity, there is good agreement (within 10%) be-
tween the measured total heat capacity and the sum of the
electronic and the lattice heat capacity. This is an impor-
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TABLE I. Experimental and calculated heat-capacity values
for lead. The heat-capacity values are all in mJ/mol K. Note
the last column is Cp+ Cp to compare with Ctptal.

T
(K)

15
20
25
30

Ctotal

7233
11018
14065
16505

Cp
[from F(ro)]

7651
11 767
15075
17582

C,
[from a F(r0)I

30
29
29
32

C, +Cp

7681
11 796
15 104
17614

tant demonstration of the consistency betweeen the heat-
capacity and neutron-scattering measurements.

Consider now V3Si. This material can be analyzed with
the same method using heat capacity as was used for
Nb3Ge (see below). V3Si is also an A 15 compound with a
lower T, (17 vs 23 K) but with a substantially higher den-
sity of states. Thus V3Si seems less likely to have a non-
phononic contribution to the superconductivity. In addi-
tion, V3Si is an equilibrium compound, thus sample
differences are less likely to be critical. The heat-capacity
data (T, 16.8-17.3 K) is from Viswanathan and Ca-
ton, 23 the neutron-scattering data (T, 16.7 K) is from
Schweiss et al. ,

2 and the tunneling a2F(ro) data
(T, 15.4 K) is our own. 25 Table II gives the relative
values for C, at 30 and 25 K as calculated from tunneling
a2F(ro) and determined using heat-capacity and
neutron-scattering measurements for V3Si.

For V3Si there is some discrepancy between the calcu-
lated and experimental electronic heat capacities, but it
potentially can be explained by experimental error
(roughly 20%—this will be discussed more fully in the
Nb3Ge section). It is important to note that we focused
on the temperature dependence of the heat capacity, in

particular the ratio C, (30 K)/C, (25 K). This allows us to
exclude the unknown y(0) factor The choice of tempera-
ture is dictated by the need to be above T, (we are looking
at the normal-state heat capacity) and the availability of
heat-capacity data.

NONPHONON CONTRIBUTION TO
SUPERCONDUCTIVITY IN Nb3Ge

The choice of Nb3Ge was based on several factors. Un-
til recently, Nb3Ge had the highest transition temperature
known (a record it held for 13 years). Klein et al. 6 made
band-structure calculations on many of the 3[5 com-
pounds and in all cases but Nb3Ge found their calcula-
tions consistent with the observed transition temperatures.
Nb3Ge was anomalous in having a high T, but a low value
(relative to other high-T, 215 compounds2 ) for N(0),

the density of states at the Fermi level. Band structure
makes the "demon" mechanism favorable. 2 6 Of course
the high T, of Nb3Ge can be explained by other reasons
such as mode softening, 2s2 but the above arguments
make Nb3Ge a good candidate to test for nonphononic su-

perconductivity.
Tunneling a F(co) and heat-capacity data were avail-

able for the same sample (which had a T, of 20.3 K).
Neutron-scattering experiments were done on Nb3Ge with

a T, of 20 K by Muller et al. '9 We believe this was as
close to doing the test on one sample as was experimental-

ly possible for a compound at present. The error between
F(ro) and G(co) (which arises in a compound due to the
different ratios of nuclear cross section to mass for the
component elements) for Nb3Ge from neutron scattering
was estimated by Muller et al. ' to be 10%. They also
calculated the lattice contribution to the heat capacity
which agreed with our results.

Table III gives the relative values for C, at 30 and 25 K
as calculated from tunneling a2F(co) and determined us-

ing heat-capacity and neutron-scattering measurements
for Nb3Ge.

The sources of error include uncertainties in the origi-
nal experimental data which in all three measurements
was about 10%. This could account for roughly a 20% un-

certainty in the comparison of the electronic heat capaci-
ties. The use of different samples may introduce a some-
what greater uncertainty but it is difficult to quantify. In
the case of V3Si the discrepancy is potentially explainable
from experimental error (although a nonphononic contri-
bution is not ruled out), but for Nb3Ge the difference is

beyond reasonable experimental error. While this method
does not specify what mechanism may be at work (i.e.,
virtual transitions in the presence of overlapping bonds, 2

"demons, "2 6 etc.), it is suggestive that there is a substan-
tial nonphononic contribution to the superconductivity in

Nb3Ge.

CONCLUSIONS

In this paper we carry out analysis to obtain experimen-
tal evidence for a nonphononic mechanism. Our approach
is based on the method proposed in Ref. 10. The ap-
proach can be used for different materials. As the experi-
mental data becomes available it would be interesting to
apply this analysis to look for the possible contribution of
high-energy modes to the superconductivity of the oxide
superconductors.

The main results of this paper can be summarized as
follows.

(1) The method of separation of phonon and nonphonon
contributions is described. The method is based on the
analysis of tunneling, heat-capacity, and neutron-scat-

TABLE II. Relative values of the electronic heat capacity between 25 and 30 K for V3Si.

Compound

V3Si

Calculated
C, (30 K)/C, (25 K)

1.19

Experimental
C, (30 K)/C, (25 K)

1.40

Percent
diA'erence

18%
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TABLE III. Relative values of the electronic heat capacity between 25 and 30 K for Nb3Ge.

Compound

Nb3Ge

Calculated
C8(30 K)/C (25 K)

1.07

Experimental
C, (30 K)/C. (25 K)

1.63

Percent
difference

52%

tering data. We think that the experimental data used in
our analysis are reliable enough to draw our conclusions.
A nonphonon mechanism is manifested as a difference of
the dependence C, (T) [and m (T)] obtained by two in-
dependent methods.

(2) The analysis of Pb and V3Si, which are known to be
superconductors with phonon mechanisms, indeed show
only small differences. This is evidence that their super-
conducting state is due to the electron-phonon interaction.
This analysis is an additional justification of the validity of
the method.

(3) The results of the analysis suggest that there is a
substantial nonphononic contribution to the superconduc-
tivity in Nb3Ge. We think that this is the first experimen-

tal observation of a nonphonon contribution to supercon-
ductivity.
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