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Recombination-Limited Energy Relaxation in a Bardeen-Cooper-Schrieffer Superconductor
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We study quasiparticle energy relaxation at subkelvin temperatures by injecting hot electrons into an Al
island and measuring the energy flux from quasiparticles into phonons both in the superconducting and in
the normal state. The data show strong reduction of the flux at low temperatures in the superconducting
state, in qualitative agreement with the theory for clean superconductors. However, quantitatively the
energy flux exceeds the theoretical predictions both in the superconducting and in the normal state,
suggesting an enhanced or additional relaxation process.
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Superconducting nanostructures attract lots of attention,
partly because of their potential applications, for instance,
in single Cooper pair and single-electron devices, in quan-
tum information processing, and in detection of radiation.
Although the operation of many of these devices is based
on charge transport, the energy relaxation is also of impor-
tance to warrant proper functioning either under driven
conditions or when subjected to environment fluctuations.
Thermalization of the quasiparticle system with the sur-
rounding bath is a serious concern at subkelvin tempera-
tures for nonsuperconducting structures, but securing
proper thermalization of a superconductor is an even
greater challenge. Recombination of hot quasiparticles
(qp’s) into Cooper pairs slows down exponentially towards
low temperatures. Quasiparticle scattering rates in usual
superconductors have been assessed theoretically several
decades ago [1,2] and measured experimentally both soon
after the first predictions [1] and also recently at very low
temperatures [3-5]. However, the associated heat flux in
superconductors has not been addressed in the past. This is
the topic of the present Letter. We present both experimen-
tal and theoretical results which demonstrate the impor-
tance of slow thermal relaxation in superconducting
nanostructures.

Energy relaxation in normal metals has been investi-
gated thoroughly for a long time [6-9]. In three-
dimensional systems, quasiparticle-phonon (gp-ph) heat
flux Pgp-pp 18

Poppn = X V(T3 = Ty). (1)
Here 3, is a material constant [10], V is the volume of the
system, and T, and T}, are the temperatures of quasipar-
ticles and phonons, respectively. Deviations from this be-
havior towards the fourth power of temperature have been
seen for lower temperatures [9,11] and are usually ex-
plained by the impurity effects [12—-14] when the wave-
length of a thermal phonon becomes longer than the quasi-
particle mean free path or of the sample size. Nevertheless,
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PACS numbers: 74.78.Na, 63.20.kd, 74.25.Fy, 74.25.Kc

Eq. (1) gives a good account of the heat flux for most
experiments at subkelvin temperatures. Under the same
conditions, quasiparticle-quasiparticle (qp-qp) relaxation
is typically much faster; most experiments demonstrate
the so-called quasiequilibrium, where qp’s have a well-
defined temperature, usually different from that of the
phonons. Deviations from this picture have been observed,
e.g., in voltage biased diffusive wires [15].

Relaxation processes in superconductors have also been
studied [1]. The most obvious distinctions from the normal
state are (i) the gqp’s need to emit or absorb an energy in
excess of the gap A to be recombined or excited, and
(ii) the number of qp’s is very small well below the critical
temperature (7). This all leads to exponentially slow qp-
ph relaxation rates at low temperatures. The relaxation rate
was addressed recently in experiments on superconducting
detectors [3-5]; these measurements suggest to confirm the
recombination-limited rate 7! o /T/Tce™2/%T down to
T/T: = 0.2. At lower T, the relaxation rate saturates due to
presently poorly known reasons.

For clean superconductors, the qp-ph energy flux can be
derived in the spirit of Eq. (1) using the electron-phonon
matrix elements from the quasiclassical theory [16]:

_ dEE
qp-ph — 96{(5)/(5 [
€
() = o~ 0+ 1] (2)

Here f(l) = f(=E) — f(E); f(E) is the distribution func-
tion of gp’s; it is the Fermi function qup(E)z(l +

P

eE/ksTw) =1 if gp’s are in equilibrium at temperature T,
Phonons are assumed to be in equilibrium with occupation
non(q, Tpp) = (e%a/%Tw — 1)~1 at temperature Ty The
factor Ly =Ny, (E)Ny (E)[1— A0 Here Nr (E)=

|EI/{[E* — A(T,)*O(E* — A(T,,)?) is the superconduct-
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ing density of states (DOS) normalized to the normal-metal
DOS at the Fermi level v(Er) [@(x) is the Heaviside step
function]. We obtain P, =#‘t5)2 VT3¢ 2 e for

Ton < Tqp < A/kg, which is by a factor 0.98¢~2/ksTaw
smaller than in the normal state [with T, < T, ].

In the present measurements, we aim at realizing the
situation discussed above when the electrons injected into
the island are in quasiequilibrium at a temperature 7,
decoupled from the heat bath which consists of thermal
phonons at much lower temperature 7p,;,. The power ab-
sorbed in the island is then associated with the heat trans-
ferred to phonons emitted by thermal qp’s. Figure 1 shows
a typical configuration of our experiments. The samples
were made by electron beam lithography and shadow
evaporation of aluminum in two angles. Reported results
have been obtained at the conditions when the junctions are
either superconducting (S, /, S, I for insulator) or normal
(N, I, N). Hybrid junctions between S and N were not used,
since they are not sensitive in probing S. The parameters of
the structures are given in Table I. The aluminum block in
the center of Fig. 1 is the volume in which energy relaxa-
tion is investigated. Two small and two large tunnel junc-
tions connect the island to aluminum leads (thickness
40 nm). The hot gp’s are injected via one of the small
tunnel junctions in series with a large one. Because of the
large asymmetry of junction parameters, essentially all of
the power is injected by the small junction. The steady-
state distribution on the island is deduced from the current-
voltage (I-V) curves of the opposite pair of junctions. We
observe the gp current of only the small junction; the large
junction remains in the supercurrent state. Measurements
in a configuration with two small junctions in series as
injectors and the two large junctions in series as probes
were also made with essentially identical results.

If the island is at temperature T, and the lead is at Ty,
the qp current / in opaque tunnel junctions is given by
eRrl= deNqu (E—eV)Ny, (E)fr, (E=eV)=fr, (E)],
where Ry is the junction resistance. For Ty, = Ty,
(a) calculated and (b) measured I-V curves for various
T4,/ Tc are shown in Fig. 2. Wide plateaus in the regime
0 < eV <2A emerge due to the thermal gp current; its

FIG. 1. A typical sample (sample C) for measuring energy
relaxation in an Al superconducting bar. The circuits indicate
injection of hot gp’s and probing the island temperature.

value at eV = A is shown in Fig. 2(c). The agreement
between experiment and theory is good down to T, /T =
0.25. Therefore, and since the estimated power input due to
the probing current is orders of magnitude smaller than that
due to injection, the temperature increase due to measure-
ment is assumed to be vanishingly small. To match the data
to the theory also at lower temperatures one can use the
pair-breaking parameter y = I'/A resulting in a smeared
DOS: Ny (E) = [Re(E + zT)/\/(E +iT)2 — A(T,)]. In
the figure we show lines with y = 10™* and y = 1073,
We focus our analysis to the range 0.3 <T,/Tc <1
where no fit parameter is needed.

At T ~ T, the qp-qp and the gp-ph relaxation rates for
aluminum films are [10,17,18] Yap-ap ~ 108-10° s7! and
Yap-ph ~ 100107 s~ respectively. Even for energies of
the order of injection voltage eV ~ 100kgT-, we have
Yap-ap = Yap-ph [19] which ensures nearly thermal qp dis-
tribution in our samples. The deviation from quasiequili-
brium produced by injection through a tunnel contact is, on
one hand, determined by the effective rate 7 =
1/4v(Ep)e* VRy [20]. In our samples (see Table I) the
contacts with high tunnel resistance Ry ~ 1 M{) have n ~
10 s~!. For low-resistance contacts which have a much
lower voltage drop, 7 ~ 103 s~!. These values are much
smaller than both yg,-qp, and yg,-pn- Therefore this condi-
tion of quasiequilibrium is well satisfied. To warrant qua-
siequilibrium the scattering rate of qp’s should also be not
smaller than the recombination rate. Based on the data of
Ref. [5] and the theory [1], the two rates can become
comparable in our experiment. However, the favorable
comparison in Fig. 2 between the calculated thermal /-V
curves and those measured under power injection shows
that our samples are nearly in quasiequilibrium. Moreover,
there may exist effects of nonequilibrium phonons, as well
[21]. Yet such phonons would lead to a deviation between
theory and experiment, which is of opposite sign to what
we will present (Fig. 3).

Figure 2(d) shows the calculated /-V curves of the probe
junction, assuming that only the island temperature 7'y, is
elevated and the leads remain at T,,; = 0.057 . This is the
expected behavior in quasiequilibrium under power injec-
tion, provided the junctions are opaque enough not to
conduct heat from the island into the leads. A peak in the
I-V curves arises at eV = A(T,y) — A(T,). In Fig. 2(e),
we show the corresponding measured curves at various
levels of injected power. The resemblance between
Figs. 2(d) and 2(e) is obvious and supports the adopted
picture of thermal distribution of injected qp’s. Note that

TABLE I. Sample dimensions and junction resistances.
Sample Volume (um?) Ry, Ry, R5, R, (kQ)
A 21 X 1.5 X 0.44 840, 4, 4, 1160
B 4.9 X 1.5 X 0.44 760, 5.7, 5.7, 1290
C 4.9 X 1.5 X 0.44 485, 20, 20, 980
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FIG. 2. Tunnel currents for a superconductor in equilibrium
and quasiequilibrium. (a) Theoretical and (b) experimental /-V
curves of a junction at several bath temperatures when T,
T.x: (sample A). (c) Theoretical and experimental currents at
eV = A (sample B). The two theory lines correspond to pair-
breaking parameters y = 1073 (upper curve) and y = 10~*
(lower curve). (d) Calculated /-V curves when the leads and
the island have different temperatures Tq, # T¢y. (¢) The mea-
sured /-V curves under a few injection conditions (sample C).
(f) The current in sample A on the plateau between the initial
peak and the rise of the current at the conduction threshold
around 2A/e. The theoretical prediction for the lowest Ty, is
shown by the dashed line. The value of A at zero temperature is
200 £5 peV, and T = 1.45 = 0.03 K.

the features in experimental curves are broadened which is
common for small junctions (see [22] and references
therein) but can also originate from a finite qp lifetime
(nonzero I') in the superconductors. In the data analysis we
next find the minimum current in the plateaulike regime at
bias voltages between the “matching” peak and the strong
onset of gp current. This current is converted into tempera-
ture by comparing it to the 7,-dependent minimum cur-
rent of the theoretical /-V curves.

The expression for power deposited on the island by a
biased junction Q(V) = (e*R;)" [(E — eV)Ng (E —
eV)Ny (E)fr. (E) — quP(E — eV)]dE allows us to de-

ext ext

termine the injected power and the heat flux through all
of the junctions. We note two features: (i) Since injection
voltages in the experiment are V >> A/e, it is sufficient to
assume that the power injected into the island equals 1V /2,

e., it is divided evenly between the two sides of the

INJECTED POWER TO THE ISLAND F/P(T )

FIG. 3 (color online). Energy relaxation from theory and ex-
periment. The data in the superconducting state are from samples
A (squares), B (diamonds), and C (circles). The open triangles
are from sample C in the normal state. The solid line is the result
of Eq. (2) in the superconducting state. The dotted line indi-
cates P/P(T¢) = (Ty,/Tc)®, and the dashed line P/P(T) =
(Typ/Tc)*. The inset shows three Coulomb peaks measured in
the normal state under different levels of power injection; the
solid lines are theoretical fits to them.

junction. (ii) The heat flux through the (probing) junction
is given by the equation in the beginning of this paragraph
with unequal 7 and T, It is almost constant over a wide
range of voltages within the gap region. Its value is low and
can be neglected under most experimental conditions. Yet,
to test this, we varied the resistances of the large tunnel
junctions by a factor of 5 between samples A and C,
without a significant effect on the results. Figure 2(f)
shows the current on the plateau as a function of power
injected, at various bath temperatures. In a wide range,
from 30 up to 380 mK, the behavior is almost identical:
The power depends only on the higher temperature be-
tween T ap and Tph, consistent with the theoretical discus-
sion. Therefore we compare the experimental results at the
base phonon temperature (of about 50 mK) to the theory
predictions for T}, < Ty, in what follows.

We studied P, in the normal state as well by applying
a magnetic field of about 120 mT to suppress the super-
conductivity and measuring the partial Coulomb blockade
(CB) signal [23]. Like in the superconducting state, two
regimes are possible. In equilibrium the results of Ref. [23]
apply. Under injection, the typical situation is such that
Tey < Tgp, which we discuss now in more detail. The
tunneling rates in a state with an extra charge n for adding
(+) or removing (—) a gp to or from the normal island with
electrostatic energy change AF~(n) = =2E-(n = 1/2) ¥
eV /2 are

I*(n) = [ dEf(EX1 — fo(E — AF=(n)}. (3)

2RT

Here E. = ¢?/2Cs is the charging energy of the island
with the total capacitance Cy, and f; and f, are the
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distributions on the source and target electrodes. For equi-
librium distribution f;(E) = (1 + eE/*T))~1 with T, =
T,, Eq. (3) yields the result of Ref. [23]. Here we have
the opposite limit of low bath temperature T,,, = T} <
Ty =Ty For Ty =0, fi(E)=1-0(E), yielding
I'*(n) = (kpTyp/€*Ry) In(1 + e AF"(W/ksTy) The current
into the island is I =¢eXY _ o@[I' (n) — T (n)],
where o(n) is the probability of having n extra qp’s on
the island. Since > no(n) =0 by symmetry, and

® _« o(n) =1, we find for the differential conductance
up to the first order in E¢/kgTy,

G Ec 1

—1- . @
Gr 2kpTy, cosh?(eV /4kpT,,) @

The depth of the conductance minimum at V =0 is
AG/Gr = E¢/2kgTy,, which is 50% larger than that in
the equal-temperature case. The full width at half mini-
mum is V13 = 41n(3 + 2v/2)ksTgy/e. This is about 65%
of the equal-temperature value VY7, = 10.88kzT,/e [23].

Figure 3 is a collection of the data at the base tempera-
ture (=50 mK), in the form of island temperature 7'y, /T¢
as a function of injected power. The superconducting state
was measured for the three samples. The power is normal-
ized by that at T, to present data from different samples on
the same footing. For samples A, B, and C, P(T¢) = 14, 3,
and 3 nW, respectively. The data on the three samples are
mutually consistent. The superconductor result Eq. (2) is
shown by a solid line. The normal state data were taken for
sample C, which is ideal for a measurement of the island
temperature via partial CB: It has E/kg =~ 20 mK (see the
inset in Fig. 3). The two large junctions were used for
probing and the small ones for power injection. We first
checked that the value V7, yields a good quantitative

agreement with the equilibrium temperature data over the
whole range of the experiment. Next, we measured the gp
temperature under injection. The low base temperature
permits the use of the expression of V;‘?g above to extract
Ty in the range displayed in Fig. 3. Power-law-type be-
havior can be observed over the whole temperature range
0.3T¢ <Tg, = Tc. The data approach those of the super-
conducting state near T = 1.45 K, as expected. The power
law for Pgyo is, however, better approximated by Ta‘p
(dashed line) instead of Tgp (dotted line) of Eq. (3), yield-
ing a deviation of the same sign with respect to the basic
theories as in the superconducting state.

The data demonstrate that qp-ph coupling in a super-
conductor is weaker than in the normal state, by 2 orders of
magnitude at 7,/ = 0.3. But, like in the relaxation time
experiments in a superconductor [3-5], the energy flux is
larger than that from the theory [1,16]. This observation
could suggest that the gp relaxation rate both in the super-
conducting and in the normal state might be sensitive to the
microscopic quality and the impurity content of the par-
ticular film [14]. The impurity effects on the qp-ph relaxa-

tion are controlled by the parameter g¢, where € is the qp
mean free path and g = kgT,,/hu is the wave vector of an
emitted phonon with energy of the order of the qp tem-
perature. With the speed of sound u# ~ 5000 m/s and € ~
20 nm in our samples, we have g{ ~ O.SK_Iqu. Thus, the
impurity effects can become essential below 1 K.

Our experiments on three samples with very different
parameters yielded essentially identical results when nor-
malized by the island volume. Thus, we believe that issues
such as thermal gradients, nonequilibrium, charge imbal-
ance, and heat leaks through tunnel contacts have only a
minor influence on the results. The data thus yield the
intrinsic energy relaxation of gp’s in the superconducting
and in the normal state. In summary, the experiment fol-
lows qualitatively the theoretical model that we presented.
Quantitatively, there is a substantial discrepancy especially
for superconductors, which would imply that one needs to
invoke an extra relaxation channel to account for.

We thank M. Gershenson, H. Courtois, F. Hekking,
A. Niskanen, T. Heikkild, and Yu. Galperin for discussions.
This work was supported by the NanoSciERA project
“NanoFridge,” by Russian Foundation for Basic
Research Grant No. 06-02-16002, and by the Academy
of Finland.

[1] S.B. Kaplan et al., Phys. Rev. B 14, 4854 (1976).
[2] M. Yu. Reizer, Phys. Rev. B 40, 5411 (1989).
[3] P.K. Day et al., Nature (London) 425, 817 (2003).
[4] A.G. Kozorezov et al., Appl. Phys. Lett. 78, 3654 (2001).
[5] R. Barends et al., Phys. Rev. Lett. 100, 257002 (2008).
[6] V.F. Gantmakher, Rep. Prog. Phys. 37, 317 (1974).
[7] M.L. Roukes et al., Phys. Rev. Lett. 55, 422 (1985).
[8] F.C. Wellstood, C. Urbina, and J. Clarke, Phys. Rev. B 49,
5942 (1994).
[9] E. Chow et al., Phys. Rev. Lett. 77, 1143 (1996).
[10] F. Giazotto et al., Rev. Mod. Phys. 78, 217 (2006).
[11] J.T. Karvonen and I.J. Maasilta, Phys. Rev. Lett. 99,
145503 (2007).
[12] B.L. Altshuler, Zh. Eksp. Teor. Fiz. 75, 1330 (1978) [Sov.
Phys. JETP 48, 670 (1978)].
[13] M. Yu. Reizer and A. V. Sergeev, Zh. Eksp. Teor. Fiz. 90,
1056 (1986) [Sov. Phys. JETP 63, 616 (1986)].
[14] A. Sergeev and V. Mitin, Phys. Rev. B 61, 6041 (2000).
[15] H. Pothier et al., Phys. Rev. Lett. 79, 3490 (1997).
[16] N.B. Kopnin, Theory of Nonequilibrium Super-
conductivity (Clarendon Press, Oxford, 2001).
[17] B. Shinozaki and L. Rinderer, J. Low Temp. Phys. 73, 267
(1988).
[18] J. Kivioja, Ph. D. thesis,
Technology, Finland, 2005.
[19] N. Kopnin and Yu. Galperin (to be published).
[20] J. Voutilainen, T. T. Heikkild, and N. B. Kopnin, Phys. Rev.
B 72, 054505 (2005).
[21] A. Rothwarf and B.N. Taylor, Phys. Rev. Lett. 19, 27
(1967).
[22] A. Steinbach et al., Phys. Rev. Lett. 87, 137003 (2001).
[23] J.P. Pekola et al., Phys. Rev. Lett. 73, 2903 (1994).

Helsinki University of

017003-4



