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Isotropic single-gap superconductivity of elemental Pb
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The unconventional multigap superconductivity in elemental Pb were reported previously by the surface
sensitive tunneling experiments as well as predicted by several theory works. To obtain bulk evidence for such
multiple gap behavior, the thermodynamic critical-field B, was measured along three different crystallographic
directions ([100], [110], and [111]) in a high-quality Pb single crystal by means of muon spin rotation/relaxation.
No difference in temperature evolution of B, for all three directions was detected. The average reduced gap
o = A/kgT. = 2.312(3) (A is the zero-temperature gap value, and T; is the transition temperature) was further
obtained by employing the phenomenological « model. Our results imply that the elemental Pb is an isotropic

superconductor with a single energy gap.
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Superconductivity was first discovered by Kamerlingh
Onnes in elemental Hg in 1911 [1], and then in elemental
Sn and Pb within the next 2 yr [2]. To date, 31 elements
are known to be superconducting at ambient pressure [3]
and, among them, Pb has the second highest superconducting
transition temperature 7. >~ 7.20 K, just after elemental Nb
with T, ~ 9.2 K.

The description of lead within the weak-coupled BCS
formalism was unsuccessful, thus, leading to the corre-
sponding development of the strong-coupled extension within
the framework of the Eliashberg theory (see Ref. [4] and
references therein). The “unconventional” aspects of super-
conductivity in Pb in relation to the “conventional” BCS ones
were discussed in a series of papers [4—14]. In particular,
the presence of, at least, two separate superconducting en-
ergy gaps with distinct values were reported experimentally
[10-12] as well as proposed theoretically [13,14].

Evidence for multigap superconductivity should be present
in the temperature evolution of various thermodynamic quan-
tities, e.g., electronic specific heat, entropy, critical fields, etc.
Among them, the thermodynamic critical field B., which is
related to the condensation energy of superconducting carriers
via [15]:

B2(0)
47

[B.(0) = B.(T =0), Ng(0) is the density of states at the
Fermi level, and A is the zero-temperature value of the super-
conducting energy gap], becomes a direct probe of multiple
superconducting energy gaps [16—19], as well as allows one
to probe the superconducting gap anisotropy [20-22]. As
the temperature dependence of B. normalized to its zero-
temperature value follows very closely a nearly quadratic

= Np(0)A? (1)
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behavior, the deviation function D(T') is normally considered:

wo -]
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B.(0) I.

By combining experimental data of Refs. [10-12], the
“big” and the “small” reduced gaps in Pb were found to stay
in the range of apjy = Apig/kgTe = 2.21-2.31 and ogman =
Agman/ksT. = 1.87-2.07. The corresponding deviation func-
tions, calculated by employing the @ model of Padamsee et al.
[23] and Johnston [24]), are shown in Fig. 1. It should be
stressed, however, that experiments pointing to the presence
of two distinct superconducting energy gaps in elemental Pb
have been performed so far by means of tunneling only, i.e., by
a surface sensitive technique. It is not obvious if the “intrinsic”
gap functions measured in the bulk would remain the same
as at the surface. Note that disagreement between theory and
tunneling data have already been mentioned by Saunderson
et al. in Ref. [14].

In this Letter, in order to test whether the superconducting
gap structure of elemental lead is of a single- or a two-
gap type, measurements of the thermodynamic critical-field
B.(T) along three crystallographic directions were performed
by means of the muon-spin rotation/relaxation (SR) tech-
nique. Experiments were carried out by applying the external
magnetic-field B along [100], [110], and [111] axes. The
selection of these orientations comes from the face-centered
cubic crystal structure of Pb where the strongest differences
in physical quantities are expected while measuring along the
main axis and two diagonals. The orientational dependences
of the electron-phonon coupling constant, the superconduct-
ing energy gaps, and densities of states at the Fermi level
[10-14] are expected to affect the shape of B.(T) curves as
well as to change the absolute value of B.(0). In our ex-
periments, however, all measured B.(7') dependences were
found to coincide within the experimental accuracy. The cor-
responding deviation functions D(¢)’s lie just at the top border
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FIG. 1. Deviation of the thermodynamic critical field B.(T)
from the parabolic behavior [D(t?) = B.(t?)/B.(0) — (1 —?)] as
expected for the big: oy = Apig/ksTe = 2.21-2.31 (red segment)
and the small: agman = Asman/ksTe = 1.87-2.07 (violet segment) re-
duced gaps for elemental Pb reported in Refs. [10-12] (r = T/T.
is the reduced temperature). Calculations of D(z) functions are
performed by using the o model [23,24]. Black points are the ex-
perimental D(z) data measured with the external field B.x applied
along three different crystallographic directions: [100], [110], and
[111] (see the text for details).

of the big superconducting energy gap branch (see Fig. 1).
Our results suggest that elemental Pb is an isotropic and a
single-gap superconductor.

The Pb single-crystal sample was supplied by Goodfellow
[25]. The disk-shaped single crystal has the following pa-
rameters: orientation—[100], thickness—1.6 mm, diameter—
10 mm, and purity—99.999%. Prior to uSR studies, in order
to minimize pinning effects, the sample was annealed for
1 week at a temperature of 300 °C, i.e., ~27°C below the
melting point. The Laue image of the Pb single crystal is
presented in Fig. 2(a), which clearly evinces the cubic crystal
structure of Pb.

The transverse-field muon-spin rotation/relaxation (TF-
1SR) experiments were conducted using the Dolly spec-
trometer (rE1 beam line) at the Paul Scherrer Institute,
Switzerland. Measurements were performed in the intermedi-
ate state of superconducting Pb, i.e., when the sample volume
is separated into the normal-state and the superconducting-
state (Meissner) domains [15,18,22,26-32]. Two sets of
experiments were performed. In the first experiment [expt.
No. 1, Fig. 2(b)], the sample was rotated along the 001 axis,
which allowed for measurements with the external magnetic-
field Bex applied parallel to the [100] (Bex || [100]) and [110]
(Bex || [110]) axes. In the second experiment [expt. No. 2,
Fig. 2(c)], the sample was rotated along the [011] axis, so
the corresponding Bex || [100] and Bex || [111] measurements
were performed.

The measurement procedure was as follows. First, a pre-
determined temperature below the superconducting transition
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FIG. 2. (a) Laue image of a Pb single crystal. The cubic crystal
structure of Pb is clearly visible. (b) The schematic of the first set
of experiments (expt. No. 1) allowing sample rotation along the 001
crystal axis. In this configuration B || [100] and By || [110] sets of
measurements were performed. (c) The second set of experiments
(expt. No. 2) with the sample rotation along the 011 axis. In these ex-
periments, Be || [100] and B || [111] configurations were probed.

temperature [7.(Bex = 0) ~ 7.2 K] was stabilized. Second,
the sample was turned into the Bex || [100] configuration.
Then, B.x was increased up to 85 mT, i.e., above B.(0) ~
80 mT [26,33,34]. Finally, the TF-uSR measurements were
performed at fields corresponding to ~90, 85, 80, and 75%
of B.(T), by considering the B.(T) curve determined in
Refs. [33,34]. By finishing experiments in the Be || [100]
configuration and by keeping the temperature unchanged, the
sample was rotated by 45°. After such a rotation, measure-
ments at similar fields were repeated for Be || [110] [expt.
No. 1, Fig. 2(b)] and for B || [111] [expt. No. 2, Fig. 2(c)].
Note that the experiments with the sample rotation at con-
stant 7, compared to a T scan at a constant angle, ensures
that the sample temperature remains the same for two dif-
ferent field orientations. In this case, possible differences in
the measured values of the thermodynamic critical fields are
caused by intrinsic orientational effects and not by the pos-
sible temperature differences/instabilities. This also implies
that measurements in the B || [100] configuration were per-
formed twice: once in expt. No. 1 and a second time in expt.
No. 2.

The magnetic-field distribution in a type-I superconductor
in the intermediate state, which is probed directly by means
of TF-uSR, consists of two sharp peaks corresponding to the
response of the domains remaining in the Meissner state (B =
0) and in the normal-state (B = B, > Bex). Consequently, the
value of B, could be directly and very precisely determined by
measuring the position of the B > By peak [18,22,26-32,35—
40]. The details of the TF-uSR experiments on elemental Pb
and the data analysis procedure are discussed in the Supple-
mental Material [41].
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FIG. 3. (a) Temperature dependences of the thermodynamic
critical-field B, of elemental Pb single crystal measured along dif-
ferent crystallographic directions. The solid line is the fit of B.(T?)
measured in expt. No. 2 in the B || [100] configuration by means
of Eq. (5). (b) Deviation functions D(T?) obtained by subtracting
parabolic functions from measured B.(T?) curves, see Eq. (2). The
solid line is the same as in panel (a), but after subtracting the
parabolic function.

The results of TF-uSR experiments are summarized in
Fig. 3. Panels (a) and (b) represent the temperature evolution
of the thermodynamic critical-field B, and the deviation func-
tion D, respectively. Note that within each set of data [B.(T?)
or D(T?)], the experimental dependences measured along
three different crystallographic directions ([100], [110], and
[111]) cannot be distinguished from each other. The individual
B.(T?) and D(T?) curves are presented in the Supplemental
Material [41].

Bearing in mind that in elemental Pb two superconducting
energy gaps might be present (see Refs. [10-14] and Fig. 1),
the measured B.(7T") dependences should be analyzed within
the multigap scenario. Such an approach was recently used
by us to describe the two-gap superconductivity in noncen-
trosymmetric binary alloy AuBe [18,19]. However, as will
be shown later, in elemental Pb, the single-gap approach was
found to describe the experimental data reasonably precisely,
so any type of admixture of the second superconducting en-

ergy gap was not expected [see also the single-gap theory
curves in panels (a) and (b) of Fig. 3].

The B.(T?) curves were analyzed within the framework
of the empirical @ model [23,24]. Here, the version for
strong-coupled superconductors, such as elemental Pb, was
employed [23]. It accounts for the fact that in metals with
strong electron-phonon coupling, the electronic specific-heat
coefficient y,. is significantly temperature dependent. Conse-
quently, the basic assumptions of the weak-coupled « model,

Cen(T) == Sen(T) = VeT (3)
must be substituted with [42,43]
0Sen(T) yi(T)
Ca(T)=T = 14+ Agooh—— | T 4
(T) o Vo[ + 1phy1(0)] 4)

Here, C., and S., are the normal-state electronic specific
heat and the electronic entropy, respectively; Aelpn is the
electron-phonon coupling constant; y;(7") is the function
accounting for nonlinear temperature dependence of the
electronic specific heat; and yy is the electronic specific-heat
coefficient in the absence of electron-phonon coupling. Note
that by setting Aej.pn = 0, i.e., by ignoring the electron-phonon
interaction, Eq. (4) reduces to Eq. (3). For elemental Pb, the
quantity y;(T)/y1(0) was calculated by Grimvall [42], and it
is presented in Fig. S6 in the Supplemental Material [41].

Within the strong-coupling approach, the thermodynamic
critical field is further obtained as [23,24]

2 1 / 1 ’
B / Senll') 1/ _ / Sy s)
87TSen(1) t Sen(l) t Ses(l)

with the temperature dependences of the normal-state S, (?)
and the superconducting-state S.s(#) entropies described as
[23,24]

1 /
n@)],,
Sen(®) = 1+ Aejoph——— |dt’,
e() VO/O |: + e]ph)/l(o):|
and
602Sen (1) [ g2
SCS(I)ZT/(; f(Ol,E,l‘)(E—FE)dS
Here, t=T/T. is the reduced temperature, o =

AJkgT., f(a,E,t) = [exp(@E/t) +1]7" is the Fermi
function, and E =E[e, A(t)] =2+ A@F)? is the
quasiparticle energy. The temperature dependence of
the normalized gap, tabulated by Miihlschlegel [44] was
parametrized as A(t)/A = tanh{1.82[1.018(1/t — 1)1%31)
[19].

The parameters obtained from the analysis of the measured
B.(T) dependences by means of Eq. (5) are summarized in
Table 1. Aerpn = 1.5 was used, in accordance with Aeppn =
1.48-1.55 of elemental Pb reported in the literature [4,45—47].
The solid lines in Figs. 3(a) and 3(b) are the fit of Eq. (5)
to the B.(T) obtained in expt. No. 2 with B || [100] (fit
curves strongly overlap with each other, so only a single curve
is shown as a representative manner). The fitting curves for
each individual experiment are presented in the Supplemental
Material [41].

From the results presented in Fig. 3 and Table I, the follow-
ing three important points emerge:
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TABLE I. The parameters obtained from the analysis of mea-
sured B.(T) dependences in the Pb single crystal within the
framework of a strong-coupling o model [23,24]. The meaning of
the parameters is the following: T; is the superconducting transition
temperature, B.(0) is the zero-temperature value of the upper critical
field, « = A/kgT. is the reduced gap, and A is the zero-temperature
value of the superconducting energy gap.

T. B.(0) A
Orientation (K) (mT) o= ﬁ (meV)
By || [100] (expt. No. 1) 7.193(2) 79.828(4) 2.309(2) 1.431(2)
Be || [110] (expt. No.1)  7.191(2) 79.852(4) 2.311(2) 1.432(2)
Bey || [100] (expt. No.2) 7.190(2) 79.847(4) 2.312(2) 1.432(2)
Bex || [111] (expt. No.2) 7.190(2) 79.871(4) 2.315(2) 1.434(2)
Averaged 7.191(2) 79.850(4) 2.312(2) 1.432(2)

(i) The values of the transition temperature 7, =
7.191(2) K and the thermodynamic critical-field B.(0) =
79.850(4) mT stay in agreement with the values reported
in literature for high quality Pb single-crystal samples
[33,34,48]. The tiny ~2-mK T change between the expt. No.
1 and expt. No. 2 could be caused by slightly different thermal
contact between the sample and the cryostat’s cold plate. Note
that the change from expt. No. 1 to expt. No. 2 required
regluing of the sample to the cold plate. The same reason
explains the 0.019(6) mT difference in B.(0) values obtained
in expt. No. 1 and expt. No. 2 with B || [100].

(ii) Experiments with the external magnetic field applied
along the diagonal directions ([110] and [111]) show a slight
increase in B.(0) values as compared to the B || [100] set
of experiments. The corresponding difference is 0.024(6) mT
for both diagonal orientations. Bearing in mind that B.(0)
is a measure of the condensation energy [see Eq. (1)] and
considering that the superconducting energy gap remains the
same within experimental accuracy (see Table 1), this would
imply that the density of states at the Fermi levels depends
on the crystallographic direction. The effect is, however, very
small and accounts for ~0.04-0.1% increase in Np(0) along
the [110] and [111] directions.

(iii) The reduced gap, i.e., the ratio of the superconducting
energy gap to T, does not depend on orientation. For all four
measurements performed in three different field orientations
(along [100], [110], and [111] crystal axes) the values of o« =
A/kgT; stay the same within experimental uncertainty.

The experimental data obtained in the present Letter are not
consistent with the presence of two distinct superconducting
energy gaps in elemental Pb for the two following reasons:

First of all, anisotropies of the Fermi-surface sheets formed
by two energy bands in elemental Pb are very much differ-
ent. The so-called “inner” Fermi surface is almost spherical
in shape, whereas the “outer” one has a tubular structure
[12,13,49]. For this reason, energy gaps associated with each
Fermi surface are expected to have different contributions to
the thermodynamic quantities, including B, in various crystal-
lographic directions. Following discussions of Ref. [12], the
contribution of the gap opened in the outer (tubular) Fermi
surface needs to be highest along [110], intermediate along

[100], and smallest along the [111] crystal axes. Considering
the fact that gaps opened in the inner and outer Fermi surfaces
are different, this would imply the dependence of B.(T) and
so D(T) on the crystallographic direction. Our experiments
reveal, however, that all measured B.(T) and D(T) depen-
dences are identical.

Second, within the two-gap scenario, the deviation curve
D(t?) consists of the contribution from both energy gaps
[19]. The presence of two superconducting energy gaps in
elemental Pb should let D(¢?) stay somewhere in between or
even within the oy and/or oy branches. The experimental
D(t?) points lie, however, on the top of the aypig branch (see
Fig. 1). Consequently, any admixture of the smaller gap to the
measured D(t%) becomes impossible.

It is worth emphasizing that the results of bulk SR
measurement presented here may not rule out the possi-
bility that the superconducting response of elemental Pb
changes by approaching the surface. Following predictions
of the self-consistent two-gap model [50-53], even though
the superconducting gaps are opened at two different Fermi
surfaces, the temperature evolutions, as well as the absolute
values of these gaps would stay the same in a case of strongly
coupled electronic bands: A{(T) = Ax(T) = A(T), T, =
T, = T.. Here indices 1 and 2 denote the first and the second
bands, respectively. By decreasing the interband coupling,
the gaps start to behave differently, but they are still opened
at the same transition temperature: A(T) # Ax(T), Ty =
T, = T.. Finally, in a case of zero coupling between the
bands, the temperature dependencies of the gaps are different,
and the gaps vanish at two different temperatures: A;(7') #
A (T), Ty # Tea.

Based on the above presented arguments, one may assume
that the difference between our SR measurements where
muons stopped at a distance of ~(0.2 mm from the Pb sample
surface (see the Supplemental Material [41]) and tunneling
experiments, which are sensitive to the top most atomic layer
of the material, could be caused by the corresponding decrease
in the interband coupling constant. The weakening of the cou-
pling constant between two electronic bands by approaching
the surface, would naturally explain the two-gap observation
by means of tunneling. An interesting follow up study to
consider, would be to perform low-energy muon experiments,
which may allow probing down to ~10-nm-thick surface layer
[54].

To conclude, measurements of the temperature evolution
of the thermodynamic critical-field B, along three crystallo-
graphic directions in elemental Pb were performed by means
of muon-spin rotation/relaxation. Experiments which were
carried out by applying the external magnetic field along the
[100], [110], and [111] crystal axes suggest the presence of
a single superconducting energy gap with the absolute value
independent of the crystallographic orientation. Overall, our
experiments imply that elemental Pb is an isotropic single-gap
superconductor.

The experiments shown in the present Letter were per-
formed at the Swiss Muon Source (SuS), Paul Scherrer
Institute (PSI, Switzerland). The research work of R.G. was
supported by the Swiss National Science Foundation SNF
Grant No. 200021-175935).
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