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Abstract. A temperature-modulation technique was applied to investigate change in the chemical potential
of niobium film at transition to the superconducting state. The first derivative of the chemical potential is
continuous at Tc whereas the second derivative shows a jump.

PACS. 74.25.Bt Thermodynamic properties – 74.76.-w Superconducting films

1 Introduction

So far only three experiments on change in the chemical
potential µ of electrons at the superconducting transition
have been performed. The earliest two were unsuccessful:
the experiment with temperature gradients along the nio-
bium sample [1] was inadequate. In the experiment with
tin [2] the sensitivity was insufficient. First definite results
were obtained by the vibrating Kelvin probe method for
high-Tc films of YBa2Cu3O7−δ [3]. The authors of this
work claimed to have observed a discontinuous change in
slope of µ(T ) at Tc. This result is in strong contradiction
with the classical theory of superconductivity in which
the transition to the superconducting state is the second
order, i.e. the slope of µ(T ) should be continuous at Tc.
We think that the interpretation of experimental results
in this work was rather tendentious. One can see that ex-
perimental curves ([3], Fig. 1) looks rather smooth.

In the present work we have measured the first deriva-
tive of the chemical potential of niobium film directly.
For this purpose a temperature-modulation technique
was used. We show that the first derivative is continu-
ous and the second derivative has a jump at transition
temperature.

2 Experimental

The method to measure the change in the chemical poten-
tial was based on determination of change in charge on the
measuring capacitor consisting of the sample under inves-
tigation (niobium film) and the reference electrode (gold
film). In order to obtain high sensitivity the capacitance
of the measuring capacitor should be as large as possible.
Figure 1 shows construction of our measuring capacitor.
Niobium film (150 nm) was evaporated on silicon substrate
(1 cm × 1 cm × 0.3 mm). SiO2 layer (1000 nm) was used

Fig. 1. The construction of the measuring capacitor.

Fig. 2. The superconducting transition of niobium film.

as an insulator. Gold (400 nm) was evaporated as a ref-
erence electrode and as an electrical contact to niobium
film. All films were made by magnetron sputtering.

In Figure 2 the superconducting transition of niobium
film is shown. The transition was registered by an induc-
tive method in the same experimental apparatus that was
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Fig. 3. Schematic diagram of the apparatus installation for
measuring dµ/dT .

used to measure dµ/dT . For this purpose a modulating
coil (7 turns) and a pickup coil (15 turns) were wound
round the sample perimeter. Measurement was done at
frequency 1237 Hz, modulating current was 4 mA. Super-
conducting transition begins at T = 8.68 K and is very
narrow (about 0.05 K for 90% change of the signal).

The apparatus for dµ/dT measurements was based on
a construction used for investigation the effect of a mag-
netic field on the chemical potential [4]. The sample was
glued by silver paint to a polished copper block on which
the heater and a germanium thermometer (Lake Shore)
were mounted. The niobium film was grounded and the
gold film was connected by a coaxial cable to the remote
head of a Keithley 642 electrometer. Sapphire insulators
were used in construction of the coaxial cable. In order to
diminish the temperature gradient an additional heater
was wound round the lower end of coaxial cable. The
sample, gold film and central wire of coaxial cable were
perfectly shielded from heaters and thermometer, because
even very small parasitic capacitance between them results
in erroneous signal at electrometer output. The coaxial ca-
ble and copper block were surrounded by a stainless steel,
thin-wall tube, filled with gaseous helium as a heat ex-
changer (30 mm Hg at room temperature). This device
was inserted into a liquid He storage vessel.

A schematic diagram of the electronics for the
temperature-modulation technique of measuring dµ/dT is
depicted in Figure 3. Two synchronized lock-in amplifiers
(PAR 5210) were used: one for producing and measuring
variation in temperature δT = AT sin(ωt) and another for
measuring electrometer output δQ = AQ sin(ωt+ϕ). The
temperature derivative of charge is given by dQ/dT =
(AQ/AT ) cosϕ. The temperature was modulated at a fre-
quency of 0.555 Hz with amplitude AT = 0.15 K. Mea-
surements were taken between 4.5 and 19 K at intervals
of 0.07 K. One run took about 15 hours.

The results of the measurements are presented if Fig-
ure 4. Charge on the measuring capacitor Q (Q = (µNb−
µAu)C/e, where e is the electron charge), changes with
temperature due to change in the chemical potentials of
the electrodes and due to change in the capacitance C it-
self (as it is well known [5] any intervening metals have
no influence on Q). At the top of Figure 4 the tempera-

Fig. 4. Temperature dependences of capacitance of the mea-
suring capacitor (a) and dQ/dT (b).

ture dependence of capacitance is depicted. Experimental
points were obtained at fixed temperatures by measuring
the charge on the measuring capacitor while a linearly
changing voltage was applied to niobium film. At the bot-
tom of Figure 4 the temperature dependence of dQ/dT
is shown. This curve is the average of five runs (peak-to
peak value of charge noise equals to 500e).

In order to obtain the temperature dependence of the
chemical potential presented at the top of Figure 5 we
have integrated the curve dQ/dT and divided the result by
C(T ) (of course, the absolute position of the curve along
the ordinate axis is arbitrary). The temperature derivative
of the chemical potential presented at the bottom of Fig-
ure 5 was obtained by numerical differentiating the above
curve. Because the change in capacitance with tempera-
ture did not exceed 0.1% the temperature derivative of
the chemical potential is practically identical to dQ/dT
(smaller noise results from smoothing applied with nu-
merical differentiating).

3 Discussion

Our main result is to demonstrate the continuity of the
first derivative of the chemical potential of niobium at
transition to the superconducting state. In the vicinity
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Fig. 5. Temperature dependences of the chemical potential
difference (a) and its derivation (b). Arrows signed by T ind

c

show position of the superconducting transition registered by
the inductive method.

of the transition the first derivative of the chemical poten-
tial may be extrapolated by two straight lines (Fig. 5b).
The jump of the second derivative of the chemical poten-
tial is in agreement with classical theories of the supercon-
ducting transition. It is interesting that the jump occurs

at T = 9.6 K that is 0.9 K above T ind
c determined from in-

ductive measurement. Moreover it is 0.4 K higher than the
critical temperature of bulk niobium samples. We think
that this experimental fact may be explained by enhanced
superconductivity at the metal-dielectric interface [6,7].
Indeed, measurements of the chemical potential give infor-
mation about very thin surface layer of a metal (of order
the Debye screening length).

It is interesting that the temperature dependence of
the chemical potential itself (Fig. 5a) may be approxi-
mated by two straight lines intersecting near T ind

c . This
result is qualitatively the same as obtained in work [3] for
YBa2Cu3O7−δ where it was the basis for the conclusion
about discontinuity of dµ/dT . But this is obviously only
an illusion (at least in the case of niobium).

The author is grateful to Dr. P. Dmitriev for preparing the
sample and to Prof. J. Czerwonko for fruitful discussions of
the problem.
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