PHYSICAL REVIEW B 73, 134507 (2006)

Charge imbalance observed in voltage-biased superconductor-normal tunnel junctions
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We have studied the tunneling current of a superconductor-insulator-normal tunnel junction connected to a
nonequilibrium superconductor in which nonvanishing charge imbalance is present, by injection experiments
using multiterminal devices fabricated with electron beam lithography. We found that the tunneling current
could be separated into excess current, due to charge imbalance, and normal current, which showed clear and
different dependences on the bias voltage, as expected from the theory of charge imbalance [M. Tinkham,
Phys. Rev. B 6, 1747 (1972)]. We also found in the analysis of the normal current that nonequilibrium
distributions were created in the normal electrode; they were presumably caused by excitation due to hot
electrons that tunneled from the nonequilibrium superconductor.
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Nonequilibrium electron systems are of the great interest
these days for fundamental physics and for their potential
applications. Nonequilibrium measurements can shed light
on the hidden features of electrons in equilibrium. An ex-
ample is the charge imbalance, the quasiparticle charge ac-
cumulation in superconductors."”> The quasiparticles have
two distinct features, electronlike or holelike particles, whose
charge polarity is determined by the sign of |k|—|kz|, where k
is the wave vector of the quasiparticle and ky is the Fermi
wave vector. These features are hardly observed since the
charge densities are identical in an equilibrium state. How-
ever, in a nonequilibrium state created by tunneling injection,
the density can be unbalanced depending on the polarity of
the injected charge. This phenomenon, charge imbalance, has
been studied in terms of the relaxation time and resistance
enhancement in phase slip centers and single junctions,3'°
by measuring the chemical potential using the current bal-
ance method (CBM) involving a superconducting quantum
interference device.>"!° However, the behavior of the tunnel-
ing current of a junction in contact with a nonequilibrium
superconductor has not been explored in isolation because
the CBM limits the measurement to zero bias voltages. In
this paper, we studied the issue by measuring the voltage-
current characteristics.

The charge imbalance Q" is the net charge density con-
tributed by electron- and holelike quasiparticles and is given
by Q"=2N(0)[3(8fi>— Ofi<)dE with &f;~ and Sf,~ being
the distributions of electron- and holelike quasiparticles,
N(0) is the density of states at the Fermi level in the normal
state, and A is the superconducting energy gap. The tunnel-
ing current of a voltage-biased superconductor-insulator-
normal (SIN) junction connected to a nonequilibrium super-
conductor is the sum of the excess current o/, reflecting the
charge imbalance, and the normal current /,,, which is similar
to that widely observed in a SIN junction connected to an
equilibrium superconductor. The excess current is indepen-
dent of the bias voltages and is given by &I
=(G,,0")/[2eN(0)] where G,, is the junction conductance in
the normal state.!> The nonvanishing current appears even at
a zero junction voltage if the populations of the electron- and
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holelike quasiparticles differ. The normal current, on the
other hand, is dependent on the bias voltage and is deter-
mined by the distribution function g(E) of an electron in the
normal electrode of a SIN junction. It is given by the same
formula as for the equilibrium state,

1= (Gm,/e)JOG 7(E)g(E—-eV)—g(E+eV)]dE (1)
A

where 7(E) is the normalized BCS density of states.'?

To observe quasiparticle transport under finite bias volt-
age, we performed measurements using the device shown in
Fig. 1. The device consisted of a narrow superconducting
wire of aluminum and several Al/AlO,/Au junctions. The
SIN junctions served as injectors and detectors of quasipar-
ticles. Small junctions were fabricated using electron beam
lithography and a shadow evaporation technique. The top
and bottom electrodes of the junction were formed by using
gold and aluminum. Tunnel barriers were formed by ther-
mally oxidizing the aluminum surface. We selected a device
whose junction resistances were between 5 and 10 k(). The
measured superconducting energy gap of aluminum was
220 peV at T=70 mK, which agreed with the BCS gap es-
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FIG. 1. (Color online) Schematic drawing of device structure.
The device consisted of narrow aluminum superconducting wire (
0.13 um wide) on which several Al/AlO,/Au junctions were
grown. Junction area was about 0.017 um?. Al and Au film thick-
nesses were 25 and 35 nm.
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FIG. 2. Voltage-current characteristics of detector junction. Dis-
tance between detector and injector was (a) 2, (b) 4, (c) 8, and (d)
40 um. From bottom to top, injection current was varied from
—56 to 60 nA in 4 nA steps. 7=70 mK. Tunneling resistance of

detector junction was 7 k(). Data shown without offset current for
display.

timated from 7.=1.5 K. Our aluminum film contained a
small amount of oxygen, which caused a slightly higher 7,
than the bulk. We have measured voltage-current character-
istics in a temperature regime well below the T, to suppress
the quasiparticle current due to thermal excitation, which
masks the detection of the excess current. The device was
cooled to about 70 mK using a dilution refrigerator. The de-
vice was mounted on a rf-tight copper box thermally con-
nected to a mixing chamber. The signal leads were filtered
using copper powder filters and low-pass filters to attenuate
external electric noise. The dc voltage-current characteristics
were measured with a battery-powered voltage bias circuit
and an ammeter.

Figure 2(a) shows the voltage-current characteristics of a
detector junction connected to a superconducting wire into
which quasiparticles were injected at a junction located
2 pm away from the detector. The [j,; was varied from
—56 to 60 nA. The rapid increase in current at about
+180 ueV stems from the bias voltage approaching the su-
perconducting energy gap 220 ueV. The V-I characteristics,
as shown in Fig. 2, shifted gradually to an upper or lower
position from the center with increasing magnitude of injec-
tion current. At V=0 V, for example, the nonvanishing cur-
rent increased monotonically from —86 to 92 pA with in-
creasing injection current from —56 to 60 nA. The
magnitude of the current was approximately asymmetric
with the injection current. This indicates that the observed
phenomenon was nonlocal and was associated with the trans-
port of nonequilibrium quasiparticles. This implies the exis-
tence of excess current possibly arising from a charge imbal-
ance created by the injection in the superconducting wires.

The magnitude of charge imbalance should attenuate as
the distance between the injector and detector increases,
since the injected quasiparticles approach an equilibrium
state as electrons and phonons interact while diffusing in the
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FIG. 3. (Color online) (a) Detector bias voltage dependence of
excess current 61. From top to bottom, Iinj\ is decreased from 56 nA
in 4 nA steps. d=2 um. T=70 mK. (b) Dependence of &I on I at
V=0 V. (c) 8/, vs normalized injection voltage Vjy;. Also shown
is Vi,; dependence of F".

wire. Figures 2(b)-2(d) are similar measurements with dif-
ferent d (d=4, 8, and 40 wm). The range of the injection
current was maintained the same as that used in Fig. 2(a).
The magnitude of the excess current for the same /j,; dimin-
ished as d increased. For d=40 um it was less than 1 pA, the
minimum resolution of the current meter. Assuming that the
excess current decayed exponentially in space, we estimated
the relaxation length to be about 3.8 um. These values are
close to those obtained with a larger device structure and at
much higher temperatures but well below 7.

In Figs. 2(a)-2(d) we noticed a characteristic of the nor-
mal current: the differential conductance at around a zero
bias voltage increased monotonically with increasing magni-
tude of injection. We also recognized that the shape of the
V-I characteristics was symmetric with the injection current
if the excess current was subtracted. The current dependence
on the bias voltages reflects the electron distribution g(E) in
the normal electrode. Thus, the observed changes in the
shape of the V-I characteristics directly stem from the
changes in g(E) due to injection. The symmetric response of
the shape of the V-I characteristics suggested that g(E) was
presumably determined by the magnitude of the energy
transferred to the normal electrode by the nonequilibrium
quasiparticles. This would be supported by the d depen-
dence. Variations in V-I characteristics against [;,; were
hardly visible in the data with d=40 wum, for example, where
excess current was not discernible.

We extracted the excess current and the normal current
from the V-I characteristics using their different responses to
the polarity of the injection current. The excess current was
an antisymmetric function of injection current, while the nor-
mal current was a symmetric function. Figure 3(a) shows the
V dependence of the excess current obtained by the differ-
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ence in current data at the same bias voltages for [;,; and
—Iy;. Figure 3(a) clearly shows excess current in a voltage-
biased junction whose magnitude is approximately un-
changed with different bias voltages.

Other evidence for the excess current can be seen in the
detailed response of the excess current to the injection. The
tunneling injection creates electron- and holelike quasiparti-
cles with a probability dependent on the injection voltage. At
low voltages close to the superconducting energy gap, the
creation of the charge imbalance is suppressed since
electron- and holelike quasiparticles are created equally.
With increasing injection voltage, the suppression vanishes.
Figure 3(b) shows the /;,; dependence on the excess current.
Suppression of the excess current in the small-injection-
current regime (/;,;<<20 nA) was visible. Figure 3(c) shows
the behavior of 6l/1;,; against the injection voltage. Suppres-
sion of &l/I;,; was clearly visible near the gap voltage. The
magnitude of the charge imbalance was proportional to the
injection current and to the efficiency F" associated with the
probability to create charge imbalance, which is dependent
on the injection voltage. Here,

f 7(E)'[f(E - eViy) = f(E + Vi) JdE
. Ja

F=—7 (2)
J m(E)[f(E - eViy) = f(E + eViy) JdE

A

is a monotonically increasing function of the injection volt-
age that increases from zero at Vi, =A/e to unity for large
A/e values.!! Due to F”, the excess current was considerably
suppressed at around V;,;=A/e; the decrease was more than
that expected from the decrease in injection current. This
explains the data shown in Fig. 3(c); the excess current was
suppressed at small /;,; when the injection voltage was close
to the energy gap. The discrepancy between the theory and
experiment might be due to energy relaxation of the injected
quasiparticles. Clarke and Paterson studied the injection volt-
age dependence of the chemical potential near T, using the
current balance method.*

Here, we compare the magnitude of the measured excess
current with the theoretical estimate. The charge imbalance
created at the injector reaches the detectors by quasiparticle
diffusion. If we considering a steady one-dimensional diffu-
sion in a long superconducting wire and a constant relaxation
timze,* Q" is given by the solution of the diffusion equation
Dddg -0/ TQ*=O, where D is the diffusion constant and T;
is the relaxation time. If a charge imbalance is created by
injection at x=0, the end of the wire, Q" at a distance x from
the injector is Q"=(NgliiF /eDS)e™"¢", where S is the
cross-sectional area of the wire and A= \J’WQ* is the relax-
ation length. Using experimental parameters for Ao, fipj, Vipj,
and D, we estimated the excess current 8[=G,,,Q"/2eN(0) to
be 91 pA for [;,;=60 nA and d=2 um. Here, we used the
density of states for aluminum for one spin orientation,
N(0)=1.05 % 10" states/J m*,'? F*=0.43 calculated for V,;
using Eq. (2), D=5.2X 1073 m?/s obtained from the normal-
state resistivity of aluminum at 7=4.2 K, and the measured
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FIG. 4. (a) V-I characteristics of detector junction (without in-
jection) for different temperatures. Solid squares represent mea-
sured data. Temperatures of curves A to F were 0.07, 0.10, 0.13,
0.20, 0.31, and 0.47 K. Simulated results were best fits when tem-
peratures of the Fermi distribution function were 0.10, 0.17, 0.21,
0.29, 0.34, and 0.43 K (solid lines). We included parallel Ohmic
conductance of 6.7 MQ to reproduce V-I characteristics. (b) V-1
characteristics of normal current for same junction. Squares repre-
sent measured data without injection. Normal current was obtained
by extracting excess current from measured current. Circles repre-
sent measured data with ;=60 nA (d=2 um). Solid lines repre-
sent simulated data assuming that g(E) is a Fermi function. Tem-
peratures of simulated curves A to C were 0.10, 0.18, and 0.28 K.
Inset is line of best fit to measured data with ;,;=60 nA by experi-
mental formula with «=0.0025, 7;=0.18 K, and 7,=1.6 K.

Ap*=3.8 um. The calculated result agreed well with the
measured value of 6/=92 pA.

The relaxation time was not a directly measurable quan-
tity in this experiment. However, we estimated it from A« to
be 2.8 X 107 s, which is approximately of the same order of
magnitude as the value found in an experiment performed at
a much higher temperature but well below 7,.%° This seems
to contradict the theoretical prediction that 7+ arising from
phonons!? increases with decreasing temperature. We specu-
late that the measured 7,+ was mostly due to elastic scatter-
ing with the gap anisotropy,” which was not enhanced at low
temperatures, because the measured Tp Was about two orders
of magnitude smaller than the theoretical estimation for
phonons.!3

Next we turn attention to the normal current. The shape of
the V-I characteristics of the normal current varied depend-
ing on I;;; and d, as shown in Figs. 2(a)-2(d). As shown in
Eq. (1), the local electron distributions g(E) in the normal
electrode are responsible for the changes in the V-I charac-
teristics. The change in g(E) is associated with power dissi-
pation due to quasiparticle injection. Detailed inspection of
the V-I characteristics revealed that g(E) was given by the
Fermi function without injection and that, with injection,
g(E) deviated from the Fermi function because of hot elec-
trons created. We plotted the V-I characteristics with [y
=0 nA for different temperatures, as shown in Fig. 4(a). We
found that experiment was simulated fairly well by calcula-
tions assuming g(E) to be the Fermi function. We plotted the
V-I characteristics with and without injection measured at
the lowest temperature, as shown in Fig. 4(b). In contrast to
the good agreement between the experimental and simulated
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data for [;,;=0 nA (curve A), data with I;;;=60 nA showed
poor agreement. Curves B and C are simulations that could
best fit the experimental data around a zero bias and higher
voltages. In principle, the distribution might be determined
by deconvoluting the V-I characteristics. However, we could
not obtain sufficient accuracy because of the current above
the gap voltages being considerably larger than the excess
current. Alternatively, we estimated the nonequilibrium dis-
tribution using an experimental formula, g(E)=(1
—a)f(E,T))+af(E,T,), that included the hot-electron effect
in the second term. Here, f(E,T) is the Fermi function, and
a, Ty, and T, (|a| < 1,T, <T,) are the fitting parameters. The
fact that the simulated V-I characteristics reproduced the
measured V-1 characteristics [inset of Fig. 4(b)] would sug-
gest the presence of hot electrons in the normal electrode at
the vicinity of the junction.

As seen in the d dependence shown in Figs. 2(a)-2(d), the
normal current was possibly related to the density of the
nonequilibrium quasiparticles at the detector. The electrons
in the normal electrode could be excited by quasiparticle
tunneling at the detector since the quasiparticles tunneling
from the superconductor to the cold normal electrode gave
the normal electrode the energy of at least A on average. The
steady tunneling of quasiparticles would create a nonequilib-
rium electron distribution in the normal electrode at the vi-
cinity of the junction. This might be related to the nonequi-
librium distribution observed in mesoscopic metal wires.!*
Phonons created in energy relaxation or recombination of
quasiparticles could excite the electrons in the normal elec-
trode. However, we speculate that this is not a major con-
tributory factor. We think that such a large difference in the d
dependence in the scale of interest (40 wm) would not result
from the phonons, considering its long mean free path of the
order of 200 um (Ref. 15) and the weak electron-phonon
coupling which is proportional to 7° at low temperatures.'®

To date, studies of the tunnel current in contact with non-
equilibrium superconductors have not been made experimen-
tally. The existing experiment assumed implicitly that the
excess current is unchanged with varying bias voltage. In our
experiment, we clarified that the current is composed of the
sum of the excess current due to charge imbalance and the
normal current, as predicted in the theory of charge imbal-
ance. We have shown this by the essential difference in the
symmetry in the injection current used to create charge im-
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balance. Tinkham’s theory assumes that the normal electrode
is an ideal electron reservoir whose electron distribution fol-
lows the Fermi function. However, in actual experiments, the
electron temperature in the normal electrode is expected to
increase because of quasiparticle injection. In addition, the
electrons in the electrode can be in nonequilibrium particu-
larly at low temperatures. Thus, the assumption is valid for
small magnitudes of charge imbalance or for rather high tem-
peratures. For other cases, the normal current should be cal-
culated using the actual distributions in the normal electrode.

The CBM is capable of determining the excess current of
a SIN junction in contact with a nonequilibrium supercon-
ductor. Voltage is applied to the junction to eliminate the
total current using feedback from a superconducting quan-
tum interference device SQUID voltmeter to detect the volt-
age across the detector junction. This method is effective for
the high-temperature regime and small magnitudes of charge
imbalance, where the voltage signal, the product of the zero-
bias conductance, and the excess current are small. This is
the case for the temperatures near 7. In the opposite case,
the CBM is not effective for two reasons: the nonlinearity of
the voltage-current characteristics and nonequilibrium elec-
tron distributions in the normal electrode. This would be a
serious problem, in particular, at low temperatures, in which
quasiparticle resistance increases almost exponentially and
nonlinear behavior near the gap voltage is significant. At the
low-temperature limit, the voltage to be measured by the
CBM would be about the superconducting energy gap for
nonvanishing excess current regardless of its magnitude.
Moreover, the nonequilibrium distribution in the normal
electrode influences the zero-bias conductance of the junc-
tion, which is required to analyze the CBM result: unless one
measures the conductance for each injection current, what
was measured by CBM might have an error in the estimation
of the magnitude of the charge imbalance. Therefore, our
method described here favors measurements at temperatures
much lower than T...

The author thanks Y. Ikebuchi for technical support in this
experiment. This work was supported in part by a Grant-in-
Aid for Scientific Research (No. 140212) and a Grant-in-Aid
for COE research (No. 13Ce2002) of the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan.

M. Tinkham and J. Clarke, Phys. Rev. Lett. 28, 1366 (1972).

2M. Tinkham, Phys. Rev. B 6, 1747 (1972).

3]. Clarke, Phys. Rev. Lett. 28, 1363 (1972).

4]. Clarke and J. L. Paterson, J. Low Temp. Phys. 15, 491 (1974).

3G. J. Dolan and L. D. Jackel, Phys. Rev. Lett. 39, 1628 (1977).

6C. C. Chi and J. Clarke, Phys. Rev. B 19, 4495 (1979).

"T. R. Lemberger and J. Clarke, Phys. Rev. B 23, 1088 (1981).

8T. R. Lemberger and Y. Yen, Phys. Rev. B 29, 6384 (1984).

9H. J. Mamin, J. Clarke, and D. J. Van Harlingen, Phys. Rev. B 29,
3881 (1984).

10M. Johnson and R. H. Silsbee, Phys. Rev. Lett. 58, 2806 (1987).

""'M. V. Moody and J. L. Paterson, J. Low Temp. Phys. 34, 83
(1979).

12We estimated the density of state of aluminum from the specific
heat data of C. Kittel, Introduction to Solid State Physics (John
Wiley & Sons, New York, 1976), p. 166.

138, B. Kaplan, C. C. Chi, D. N. Lagenberg, J. J. Chang, S. Jafarey,
and D. J. Scalpino, Phys. Rev. B 14, 4854 (1976).

14H. Pothier, S. Gueron, N. O. Birge, D. Esteve, and M. H. Devoret,
Phys. Rev. Lett. 79, 3490 (1997).

15The low-temperature mean free path of phonons in a Si substrate
was estimated by extrapolating the data in R. Gereth and K.
Hubner, Phys. Rev. 134, A235 (1964).

I6F C. Wellstood, C. Urbina, and J. Clarke, Phys. Rev. B 49, 5942
(1994).

134507-4



