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Measurements of quasiparticle thermalization in a normal metal

J. N. Ullom,* P. A. Fisher,† and M. Nahum,‡

Department of Physics, Harvard University, Cambridge, Massachusetts 02138
~Received 15 July 1999!

We have probed the inelastic relaxation of gap-edge quasiparticles in a superconductor to conduction
electrons in an adjoining normal metal. Quasiparticles are injected into a superconducting Al film by a normal-
insulator-superconductor tunnel junction at a temperature of about 100 mK. These quasiparticles diffuse
throughout the superconductor and those that do not recombine are trapped in an adjoining Ag film. We find
that trapped quasiparticles transfer more than 80% of their excitation energy to conduction electrons in the Ag
over a broad range of electron and phonon temperatures and explain this result with a model that incorporates
electron-electron, electron-phonon, and phonon-electron interactions.
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The manner by which excited electrons relax in a me
depends strongly on the initial electron energies and on
relative rates for electron-electron and electron-phonon in
actions. A technologically important range of excitation e
ergies occurs near 1 meV, when gap-edge quasipart
from a low-temperature superconductor diffuse into an
joining metal. This phenomenon arises in a class of cr
genic detectors first proposed by Booth which use a lar
area superconducting absorber to convert incident qu
into quasiparticle excitations and an adjoining superc
ductor with lower energy gap to spatially confine, or ‘‘trap
quasiparticles that enter and scatter inelastically.1 A sensitive
measurement of the number of quasiparticles is then
formed. Quasiparticle trapping in a superconductor has b
studied extensively and is used in superconducting tun
junction detectors for applications including single-phot
counting at optical wavelengths and high resolution x-
spectroscopy.2–4 Quasiparticle trapping in a normal met
was first suggested and used for weakly interacting dark m
ter detectors5 and appears to offer substantial benefits wh
integrated with thermal sensors that measure the energy
posited in the normal trap with great accuracy.6,7 A normal-
metal quasiparticle trap is the basis for a recently propo
superconducting three-terminal device8 and normal metal
traps can greatly improve the performance of norm
insulator-superconductor tunnel junction refrigerators.9,10 In
light of this body of work, it is useful to investigate in deta
the nature of quasiparticle relaxation in a normal metal.

We report measurements of the relaxation of quasipa
cles from superconducting aluminum to the Fermi sea
normal silver. We find that quasiparticles which relax in t
normal-metal transfer over 80% of their excitation energy
conduction electrons, and that this fraction changes o
slightly for electron temperatures in the metal over the ra
85–380 mK and for phonon temperatures over the ra
100–250 mK. In what follows, we first describe our devi
and measurement technique. We then deduce the ave
energy a trapped quasiparticle transfers to the Fermi sea
show that it is largely independent of the electron and p
non temperatures in the trap. We explain these results w
model that describes the relaxation of excited electrons
normal metal. This model incorporates new calculations
the electron-phonon and phonon-electron scattering rate
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individual electrons and phonons. Finally, we use our qua
particle relaxation model to make predictions about trapp
from larger gap superconductors at higher temperatures.

An energy-level diagram of our device is shown in Fig.
Current flow through a normal-insulator-superconduc
~NIS! tunnel junction injects quasiparticles into the sup
conducting electrode. While some quasiparticles recomb
in the superconductor, a measurable fraction diffuse int
normal film which makes metallic contact to the superco
ductor. Quasiparticles that enter the metal and scatter ine
tically are trapped, and subsequently thermalize to the Fe
sea via electron-electron and electron-phonon interactio
The ratio of the energy transferred to the electron system
the quasiparticle excitation energy is hereafter referred to
the thermalization efficiency. For device applications, a th
malization efficiency near unity is desirable.

A schematic of the device is shown in Fig. 2. Quasipa
cles are injected into the central superconducting Al film
one of two NIS tunnel junctions. The quasiparticle trap is t

FIG. 1. Energy-level diagram. Occupied states are shaded.
junction electrodes are markedN1 andS. Current flow through the
junction creates quasiparticles inS. Some quasiparticles recombin
before reaching an adjacent normal metal film markedN2. Quasi-
particles which scatter inelastically inN2 are trapped. Quasiparti
cles relax inN2 by electron-phonon (e-p) and electron-electron
(e-e) interactions. A phonon~jagged line! emitted by a relaxing
quasiparticle can interact with other electrons (p-e) or escape the
trap~esc!. Electrons in the trap are heated by phonon-electron (p-e)
and electron-electron (e-e) interactions.
14 839 ©2000 The American Physical Society
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Ag film which makes metallic contact to the Al. The tem
perature of electrons in the Ag is measured from the curr
voltage characteristics of a third NIS junction, where part
the Ag forms the normal electrode. An additional superc
ducting electrode makes metallic contact to the Ag. Curr
flow through this heater electrode dissipates a known Jo
power directly and entirely into the electron system and t
provides a calibration for the response of the thermom
junction to deposited power. The thermometer respons
also calibrated directly against temperature by warming
substrate, thereby heating both electrons and phon
throughout the device. The circuit ground is positioned s
ficiently far from the injector junctions so that a negligib
fraction of the injected quasiparticles diffuse into the grou
electrode.

A typical measurement consists of the steady-state in
tion and detection of quasiparticles. A current I is pass
through one of two injector junctions thus creating quasip
ticles in the central Al strip at a rate (I /e). The power in-
jected into the superconductorPi is (I /e)^E&, where ^E&,
the average injected quasiparticle energy, is calculated f
the voltage,V, across the junction and the electron tempe
ture Te in the electrodes via the relation

^E&5

E
D

`

EK~E,V,Te!dE

E
D

`

K~E,V,Te!dE

. ~1!

FIG. 2. Device schematic: superconducting films are cro
hatched, normal films are clear, tunnel junction regions are d
Two NIS junctions, labeled near and far, are used to inject qu
particles into a 75 nm thick Al strip. The Al had a resistivity of 5
mV cm at 4.2 K and a calculated normal-state diffusion const
Dn553 cm2/s. The thickness of the Ag trap was 140 nm and
resistance was measured to be 0.04060.004V. This uncertainty
implies a systematic error in our measurements ofPd of less than
10%. Not shown are additional superconducting films used to m
a four-point resistance measurement of the trap and also to re
Joule heating in the normal electrodes of the injector junctions.
features to the right of the far injector are to scale with the 85mm
arrow. Features to the left of the far injector are not to scale.
superconducting strip broadens to make good electrical contact
the ground electrode. The broadening is sufficiently distant~370
mm! from the far injector that the diffusion of quasiparticles tak
places almost entirely in the narrow region. The device was fa
cated in a single vacuum cycle using thermal and electron b
evaporation through a micromachined Si mask and was cooled
magnetically shielded environment.
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Here K(E,V,Te)5E(E22D2)21/2@ f (E1eV,Te)1 f (E
2eV,Te)22 f (E,Te)#, f (E,Te) is the Fermi function, andD
is the superconducting gap energy. We calculate that s
heating in the injector junctions can increaseTe slightly
above the phonon temperature and include this effect w
deducing^E&. For our experimental conditions,^E& is typi-
cally within 10% ofD. We measure the powerPd that qua-
siparticles deposit in the Fermi sea of the trap by finding
applied Joule power that yields the same rise in trap temp
ture as the injected current I.11 In the absence of recombina
tion, all the quasiparticles reach the trap and therefore
ratio Pd /Pi is equal to the thermalization efficiency.12 In the
presence of recombinationPd /Pi forms a lower bound. We
use data from injection at two distances from the trap
quantify and correct for the effects of recombination.

In Fig. 3 we show the measured dependence ofPd /Pi on
injected current at substrate temperatures of 35 and 250
for both injector junctions. As explained in Ref. 13, the ra
Pd /Pi decreases with current due to recombination with
the injected population. Furthermore,Pd /Pi increases when
the substrate temperature is raised because the quasipa
velocity is a strongly increasing function of injection ener
^E& for energies nearD and ^E& is an increasing function o
the electron temperature in the injector. Consequently, q
siparticles diffuse more rapidly at elevated temperatures,
recombination is reduced. Therefore, the least recombina
occurs in the low-current, high-temperature data for the n
junction andPd /Pi in this regime is closest to the thermal
zation efficiency. This lower bound is 65%. It is eviden
however, that recombination losses are still present beca
Pd /Pi from the far injector is lower thanPd /Pi for the near
at low currents. To estimatePd /Pi in the absence of recom
bination we measurePd /Pi from injection at two distances
from the trap. We use a linear fit between the two injec
locations to estimatePd /Pi due to injection at the Al/Ag
interface and deduce a thermalization efficiency of at le
80%.13
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FIG. 3. Dependence ofPd /Pi on current injected through the
near and far junctions at substrate temperatures of 35 and 250
At 35 mK, the currents corresponding to injector voltages ofD/e
and 1.1D/e are 0.3 and 1.0mA, respectively, for both junctions.
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By dissipating Joule power in the trap during quasiparti
injection, we are able probe the dependence of the therm
ization efficiency on electron temperature in the trap. In F
4 we show the dependence ofPd on electron temperature fo
four different currents through the near injector. Also sho
is data from a second sample for a higher injection curr
and a larger temperature range. We find thatPd is indepen-
dent of electron temperature from 85 to 165 mK and is
duced by about 8% between 180 and 380 mK. We ded
that the relaxation of electrons witĥE&'D in a normal
metal is only weakly dependent on the temperature of
Fermi sea. This is a reasonable conclusion sinceD is many
times larger than thermal excitation energies in the me
For our Al,D/kb is 2.56 K and the electron temperatures,Te ,
encountered in the normal Ag trap are less than 380 mK

We are also able to probe the dependence of the ther
ization efficiency on the phonon temperature in the trap
varying the substrate temperature and hence the temper
of both electrons and phonons throughout the device. S
the electron temperature in the trap does not affect the t
malization efficiency, warming the substrate tests for a
pendence on phonon temperature. However, as previo
discussed, quasiparticle recombination in the Al strip is a
dependent on temperature, thus potentially masking any t
perature effects in the trap. To separate these two effects
consider the response of the trap to injection only at volta
somewhat aboveD/e, where^E&, and thus recombination
are essentially independent of temperature. These volt
correspond to currents greater than 1.75mA in our device. It
can be seen in Fig. 3 thatPd /Pi is independent of substrat
temperature at these currents over the range 35–250 mK
these high currents, we calculate that power flowing from
electrons produces some heating of the phonons in the
The range of phonon temperatures probed is believed to
from roughly 100 to 250 mK. We thus conclude that t
average energy a trapped quasiparticle transfers to the F
sea is independent of phonon temperature in the trap
this range.

To understand this near-perfect thermalization ove
broad range of electron and phonon temperatures, we h
developed a model that describes the relaxation of exc
electrons in a normal metal film. A hot electron relaxes
electron-electron and electron-phonon interactions wh

FIG. 4. Dependence of the deposited powerPd on electron tem-
perature in the trap for five injection currents. Open squares de
data taken in a second device. For clarity, error bars are shown
for this data set. Note that the error increases with tempera
Temperatures below 100 mK may be underestimated due to
heating by the thermometer. The substrate temperature is 35 m
e
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produce lower-energy electronic excitations and phono
Energy is lost from the trap when these phonons escape
the substrate before interacting with other electrons.
model the relaxation process by solving the followin
coupled differential equations for the time-varying electr
and phonon densities in the trapn(E) and N(E), respec-
tively, at discrete energy levelsE:

dn~E!

dt
52

n~E!

te2e~E!
2

n~E!

te2p~E!
1

3n~3E!

te2e~3E!
1

n~4E!

te2p~4E!

1
2N~2E!

tp2e~2E!
, ~2!

dN~E!

dt
51

n~4E/3!

te2p~4E/3!
2

N~E!

tp2e~E!
2

N~E!

tesc
. ~3!

The first and second terms on the right side of Eq.~2! de-
scribe the relaxation of electrons to lower energy states
electron-electron and electron-phonon interactions at ene
dependent rates 1/te2e(E) and 1/te2p(E), respectively. The
third and fourth terms in Eq.~2! describe the population o
energy levelE by electrons relaxing from higher energ
states. The fifth term in Eq.~2! describes the population o
energy levelE by electrons excited from the Fermi sea b
phonon absorption, where 1/tp2e(E) is the phonon-electron
interaction rate for a phonon of energyE. Numerical factors
multiplying E in Eq. ~2! arise from calculations of the aver
age energy exchanged in each scattering process. We c
late that, on average, electron-electron and electron-pho
processes reduce the energy of the relaxing electron by
tors of 3 and 4, respectively, and that phonon-electron p
cesses produce excitations with half the energy of the
sorbed phonon. These results are derived in the limitE
@kbTe but are also applied to lower energies. Numeric
factors multiplyingn andN in Eq. ~2! describe the number o
excitations created by each scattering process. Elect
electron and phonon-electron processes produce 3~2 elec-
trons and 1 hole! and 2~1 electron and 1 hole! excitations,
respectively. In Eq.~3!, the first term on the right describe
the creation of phonons by electron-phonon processes.
factor of 4/3 occurs because, as described earlier, phonon
energyE are emitted by electrons with energy 4E/3. The
second term describes the loss of phonons due to absor
by electrons, and the third describes the loss of phonon
the substrate at an energy-independent rate 1/tesc. We as-
sume that only electrons from the Fermi sea are excited
higher states, that all interactions occur with the average
ergies outlined above, and that holes relax in the same m
ner as electrons. Electrons are considered thermalized w
they reach energies belowE5kbTe .

We next estimate the scattering times in Eqs.~2! and~3!.
Because of the strong dependence of the electron-pho
scattering time on electron energy, it is important to use
scattering time for a single electron with the energy of int
est rather than the characteristic scattering time in a ther
distribution. We derive the electron-phonon scattering ti
for single excited electronste2p(E) from the deformation
potential approximation described in Ref. 14. We calcul
that

te
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te2p~E!53I 0D~Ef !kb
5/~SE3!, ~4!

whereE is the excitation energy of the electron relative
the Fermi level and both the electrons and phonons in
trap are at 0 K.15 The factorI 0 is G(5)z(5)'25, D(Ef) is
the electronic density of states at the Fermi level, andS is
the electron-phonon coupling constant. The deformation
tential treatment predicts that if the electrons and phonon
a metal are at well defined but different temperaturesTe and
Tp , respectively, the power flow between them is given
SU(Te

52Tp
5) whereU is the volume of the metal.14 Using

the heater electrode to dissipate a known Joule power in
electrons of the trap, and the thermometer junction to m
sure their temperature rise, we find an excellent fit to t
functional dependence whenS equals 2.1 nW/~K5 mm3!.
Again in the deformation-potential approximation, we calc
late that the phonon-electron scattering time is

tp2e~E!5I 0D~Ef !kb
5/~2Sm2s3v fE!, ~5!

whereE is the phonon energy and the Fermi sea is at 0
Here,m is the electronic mass,v f is the Fermi velocity, and
s is the longitudinal phonon velocity.~Only longitudinal
phonons contribute to the electron-phonon coupling in R
14.! More detailed calculations ofte2p(E) andtp2e(E) that
include the effects of finite temperature have been p
formed; however, it is reasonable to simply substituteE
1kbTe for E. The phonon temperature affects relaxati
only through stimulated emission and can be ignored in
temperature regime that we have explored since the ave
occupancy of phonon energy levels is considerably sma
than unity.15

The phonon escape timetesc depends on the phono
transmission probabilityh at the film-substrate interface an
the attempt frequency on the interface. We taketescequal to
4d/(hs) whered is thickness of the trap.16

The electron-electron scattering timete2e(E) for an ex-
citation of energyE is the least well-known of the scatterin
times. We adapt calculations given in the literature for
characteristic scattering time in an electron distribution
temperatureTe to the case of a single excitation by subs
tuting E/kb for Te . Based on the film thickness and me
free path, we estimate that the silver trap appears t
dimensional~2D! and clean to an excitation withE5D.15 In
this regime,17

te2e~E!52\Ef /@pE2ln~Ef /E!#. ~6!

We also include dirty scattering because the dirty scatte
time becomes shorter than the clean time for excitations w
E below 0.2 K. In a 2D dirty film

te2e~E!52p\2/@q2RE ln~kbT1 /E!#, ~7!

where q is the electronic charge,R is the resistance pe
square of the trap,T1 is 93105(kf l )

3 K, and l is the elec-
tronic mean free path.18 We add the clean and dirty scatte
ing rates to obtain an effective electron-electron rate and
clude the effects of finite temperatures by substitutingE
1kbTe for E.

To evaluate the expressions given above, we useEf
55.5 eV, D(Ef)51.031029J21 mm23, v f51.43106 m/s,
and kf51.231010m21.19 We takes53.83103 m/s andh
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50.45.16,20 Finally, we measured5140 nm, l 5150 nm, and
R50.04V. When energyE is expressed in Kelvin, we find
te2p(E)5680/E3 ns, tp2e(E)50.3/E ns, andtesc50.3 ns.
We find te2e(E) to be 30/E2 ns in the clean limit and
150/E ns in the dirty In Fig. 5, the energy dependencies of
the scattering times are shown for electron~phonon! tem-
peratures of 0 K~0 K! and 380 mK~35 mK!.

Equations~2! and~3! predict that an electron elevated b
an energyD5221meV above a 170 mK Fermi sphere wi
transfer 95% of its energy to other electrons as it relaxes
reasonable agreement with the observed fraction of m
than 80%. A thermalization efficiency near unity is a logic
consequence of the scattering times in Fig. 5 since
electron-electron scattering time is a factor of 10 shorter t
the electron-phonon scattering time for an electron with
ergy D. Of the few phonons emitted, about half return th
energy to the electron system because the phonon-elec
time for a 3D/4 phonon is comparable to the phonon esca
time. Electron-electron scattering increasingly dominates
thermalization process for lower energy excitations. The p
dictions of Eqs.~2! and ~3! for the thermalization efficiency
are relatively robust to changes in the scattering times:
creasingte2e(E) by a factor of 5 only reduces the therma
ization efficiency to 82%. Furthermore, the model predi
that the thermalization efficiency changes by less than 1%
the electron temperature in the trap rises from 85 to 380 m
The model shows little sensitivity to electron temperatu
because the scattering times in Fig. 5 are almost tempera
independent forE nearD.

We have also used the model to probe the dependenc
the thermalization efficiency on the choice of superco
ductor. Trapping from higher gap materials such as Ta
Nb is of particular interest for cryogenic electronics. In Fig
we show the dependence of the calculated thermalization
ficiency on the temperatureT of the electrons and phonons i
the trap for several values ofD. The trap is Ag as before. Th
thermalization efficiencies are generally greater than 9
and largely independent ofD and T. The thermalization ef-

FIG. 5. Calculated electron-phonon, phonon-electron, electr
electron, and phonon escape times in Ag as a function of energE
~measured in degrees K!. An excitation which enters the Ag trap
from the Al strip hasE'2.56 K. Solid lines show scattering time
for an electron~phonon! temperature in the trap of 0 K~0 K!.
Dashed lines show scattering times for an electron~phonon! tem-
perature of 380 mK~35 mK!. Note that the phonon escape time
independent of phonon energy.
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ficiency remains high for the larger values ofD where
te2p(D) approacheste2e(D) becausetp2e(3D/4)!tesc.
For fixed temperature, the thermalization efficiency fa
slightly asD increases because higher energy quasiparti
must undergo more relaxation events to reach energies
kbT and each event is an opportunity for energy to be lo
For fixedD, the thermalization efficiency rises slightly wit

FIG. 6. Calculated thermalization efficiencies as a function
temperature for excitations elevated 2.56, 5, 10, and 20 K above
Fermi surface. The electrons and phonons of the trap are assum
be in thermal equilibrium.
s
es
ear
t.

T because quasiparticles need to undergo fewer relaxa
events to be considered thermalized.

In conclusion, we have measured that the electrons in
Ag film absorb more than 80% of the energy of quasipa
cles trapped from an adjoining Al film over a wide range
electron and phonon temperatures. We explain this re
with a calculation that describes the relaxation of hot el
trons in a normal metal by electron-electron, electro
phonon, and phonon-electron processes. We have exte
this calculation to superconductors with larger energy g
than Al and predict that the thermalization efficiency rema
close to unity. Our experimental and theoretical results s
gest that normal metal traps are a useful means of con
trating quasiparticle energy in superconducting electronic
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