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Energy-dependent quasiparticle group velocity in a superconductor
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We have measured the energy dependence of the quasiparticle group velocity in a superconductor. We use
a normal-insulator-superconductor tunnel junction to inject quasiparticles at known energies into a supercon-
ducting Al film. The quasiparticles diffuse throughout the superconductor and their flux is subsequently
measured at a known distance from the injector junction by a thermal detector. We measure an increase in the
flux of quasiparticles reaching the detector when their energy is raised and explain this result using the
predictions of Bardeen, Cooper, and Schrieffer for the energy dependence of the quasiparticle group velocity.
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The injection and detection of quasiparticles has beermles are injected into the central superconducting Al film by
used to probe nonequilibrium superconductivity for over 30one of two normal-insulator-superconduct@|S) tunnel
years. Particular effort has been devoted to the study of qugsinctions. Quasiparticles not lost to recombination diffuse
siparticle distributions with nonthermal densitlespergie,  into an adjoining Ag film where they thermalize to the Fermi
and branch compositiot* The field is reviewed in Ref. 5.

Despite this extensive body of work, an important prediction ground near
of the theory of Bardeen, Cooper, and SchrieflB€S) has A electrode injector
never been observed. According to BCS, the group velocity
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tation energy is equal to the energy gap,of the supercon-
ductor and increases to near the Fermi velocity at a few

multiples ofA.® This increase occurs because the energy ver- /
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sus wave-vector excitation spectrum in a superconductor has g far injector detector thermometer
a minimum at the Fermi wave vectéi- and, unlike in a __E‘I junction
normal metal, the derivative is equal to zerdkat L Ag Al

It is particularly important to verify this prediction of T < I > ——>
BCS theory for additional reasons. Recently, a class of ultra- 690 wm 85 um

sensitive detectors that exploit the unique properties of su-

perconducting films has emergédhese detectors provide

unprecedented sensitivity in applications such as x-ray FIG. 1. Schematic of the device: superconducting films are
spectroscop§,optical photon counting,mass spectrometry cross-hatched, normal films are clear, and tunnel junction contacts
of biological sample$? and the search for weakly interacting are dark. Two NIS junctions, labeled 1 and 2 and having normal-
dark mattert! In these detectors, an incident excitation cre-state resistances of ¥ and 119, respectively, are used to inject
ates quasiparticles in a superconducting absorber. The quagiasiparticles into a 75 nm thick Al strip. The Al strip had a resis-
particles diffuse within the absorber until measured in aliVity of 5.6 pQ2cm at 4.2 K implying a normal-state diffusion
nearby sensor. It is essential to understand factors that infligonstantb, =53 cnt/s. The superconducting energy gapwas
ence quasiparticle propagation in the absorber since qua&zl peV. The thickness of the Ag detector was 140 nm, and its

particle losses that occur prior to reaching the sensor Caﬁesistance as measured between the heater electrode and the Al strip
severely degrade detector performance was 0.04@:0.004 ). Not shown are additional superconducting

films used to make a four-point resistance measurement of the Ag

In this paper, we present observations of the energy d(_::’ind also to reduce Joule heating in the normal electrodes of the

pendence of .the quasiparticle Ve|0CIty’. and find th_e .depeq- jector junctions. All dimensions to the right of junction 2 are to
dence to be in excellent agreement with thg predlctlon§ OLcale with the 85um arrow. Features to the left of junction 2 are
BCS theory. In what follows, we first describe our device o 14 scale. The superconducting strip broadens to make good elec-
and measurement technique and then develop a model gfca contact with the ground electrode. The broadening occurs
quasiparticle behavior which explains our data qualitativelysficiently far(370 um) from junction 2 that the diffusion of qua-
and quantitatively. Smaller device dimensions and lowekijparticles takes place almost entirely in the narrow region. The
temperatures than used in previous work provide the higlievice was fabricated on a Si substrate covered with gumh35iO
sensitivity to quasiparticle velocity crucial for this investiga- layer. The device was fabricated in a single vacuum cycle using
tion. thermal and electron beam evaporation through a micromachined Si
A schematic of the device is shown in Fig. 1. Quasiparti-mask and was cooled in a magnetically shielded environment.
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sea. The resulting temperature rise of electrons in the Ag is 300

measured from the current-voltage characteristics of a third M?AAM AAA A A A A A S
NIS junction where part of the Ag forms the normal elec-

trode of the junction. Also shown in Fig. 1 is an additional g 200 o o o
superconducting electrode which makes metallic contact to £ 000000 0 ° Z g O 2
the Ag. Current flow through this heater electrode dissipates B 2 250 mK
a known Joule power directly and entirely in the electrons of o 150 mK
the Ag and thus provides a calibration for the response of the o 35mK
thermometer junction to power deposited by the incident [ A
quasiparticle flux. In a separate experiment we find that the —
Ag film is an excellent quasiparticle detector. Trapped qua- N
siparticles deposit more than 80% of their energy in the elec- . °©

trons of the Ag and this fraction is independent of tempera- o

ture (and hence quasiparticle fluxover the range of 0

interestt?13 As shown in Fig. 1, the circuit ground is posi- A 250 mK
tioned sufficiently far from the injector junctions so that a © 150 mK
negligible fraction of the injected quasiparticles reach the 2 35mK
ground electrode. | i

A typical measurement proceeds in the following manner: 0.8 1.2 1.6
a current is passed through one of the two injector junctions IpA)
creating (/e) quasiparticles per second in the central super-
conducting strip. The net power injected into the supercon-
ductorP; is thus (/e)(E), where(E) is the average-injected
guasiparticle energy which depends on the voltdgacross
the junction and the electron temperatirén the normal
electrode via the relation

FIG. 2. (a) Dependence of the detector temperatligeon in-
jected current through junction 1 at bath temperatures of 35, 150,
and 250 mK. Detector temperatures below 100 mK probably under-
estimate the true value because of self-heating in the thermometer
junction. (b) Values of detected powePy corresponding to the
injection currents if(a). Self-heating does not affect measurements
of P4 because thermometer response is calibrated against power.
The injected powelP; is also shown and increases only slightly
(1)  with bath temperature at a given current.

JmEK(E,V,T)dE
A

(BE)=— :
J' K(E,V,T)dE
A tially varying densityn(x) of injected quasiparticles in the

superconductor, whenme=0 at both ends of the strip

Here K(E,V,T)=E(E?—A?%) Y f(E+eV,T)+f(E

—eV,T)—-2f(E,T)] andf(E,T) is the Fermi function. We ) 5

calculate that self-heating in the injectors can elevite DV“n—I'n“+(l/e)g(x)=0. @)

slightly above the bath temperature and include this effect

when deducingE). For our experimental condition€) is  The first term in Eq(2) describes the diffusion of quasipar-

typically lower than 1.A. ticles with diffusion constanD. For a single quasiparticle at
Due to recombination, only a fraction of the injected a given excitation energlf, BCS theory predicts an energy-

quasiparticles reach the detector and thus the detected powaependent group velocity,(E) = vgy1— (A/E)?, which re-

P4 is lower than the injected powd?; . The magnitude of sults in an energy-dependent diffusion constant

recombination losses will depend on the time for quasiparti{v (E)/vg)D,,. Herevg is the Fermi velocity an®,, is the

cles to diffuse to the detector, and hence, the quasiparticlrormal-state diffusion constant calculated from the 4.2 K

velocity. We determinePy by finding the applied Joule resistivity. Since a NIS junction injects quasiparticles at a

power that yields the same rise in the detector temperature aange of energies, the diffusion constant in E2).is given

the injected current. In Fig. 2a) we show the measured by D = ((v(E))/vg)D,,, where(v(E)) is the average group

dependence of the detector temperatligeon the current velocity calculated in a manner similar (&) in Eq. (1). In

injected through junction 1 for bath temperatures of 35, 150Fig. 3 we plot calculated values &/D,, as a function of

and 250 mK. In Fig. &) we show the detected powér, injector voltage at three experimental temperatures. It is im-

deduced from the data in Fig(& and the power calibration portant to note that for fixed temperatu2,s an increasing

of the thermometer. The power injected into the superconfunction of injector voltage, and that for fixed voltad®,is

ducting stripP; is also shown. The rati®y/P; is less than an increasing function of temperature. Our experiment is

unity at all currents which indicates that a substantial fractiorspecifically designed to test both of these dependences.

of the injected quasiparticles recombine before reaching the The second term in Eq(2) describes recombination

detector. Note also that the detected poRgincreases with ~ within the superconducting strip. For our experimental con-

temperature for fixed current. ditions, the density of injected quasiparticles is much larger
To understand the measured dependencé®pfon the than the density of thermal excitatiohsConsequently, re-

injected current and bath temperature, we model the propaombination occurs almost entirely within the injected popu-

gation and loss of quasiparticles in the Al strip. We solve thdation at a rate proportional to?, whereI in Eq. (2) is the

following one-dimensional diffusion equation for the spa-recombination rate per unit density. The prefadtois pre-
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FIG. 3. Calculated values dd/D,, as a function of injector
voltage at 35, 150, and 250 mK. For voltages neéée, D/D, is a
strong function of temperature.

dicted to be independent of temperature and quasiparticle
energy for low temperatures and enerdies. 0.1, o o8 5 Te
The third term in Eq(2) describes the injection of quasi- ' 1(uA) ' ’
particles into the superconductor at a rdtes] by one of the
two NIS junctions. The functiorg(x) is zero everywhere
except under an injector junction whegéx) ! is the vol- FIG. 4. (a) Theoretical and experimental dependencégfP;
ume of the superconductor beneath the junction. on| for junction 1 at 35, 150, and 250 mKb) Same asa) but for
Once the quasiparticle densityx) is determined from junction 2. At 35 mK, the currents corresponding to injector volt-
Eq.(2), the detected poweR, is calculated from the product ages ofA/e and 1.1A/e are 0.3 and 1.uA, respectively for both
DA(E)(dn/dx), whereA is the cross-sectional area of the junctions. We chosd" so that data and model agree at 06A
superconductor andn/dx is evaluated at the detector loca- through_Junctl_on 1 a_t 1_50 mK, but have verlfle_d that fltthg at other
tion. We assume that thermalized quasiparticles deposﬂata points yields similar va_lues of The qualle of the f|t§ does
100% of their energy in the detector. As mentioned earliernOt_ depend on the assumption that quasiparticles deposit 100% of
the likely range is 80—100 %. The one free parameter in out’helr energy in the detector.
model I is varied until the predictions of the model féx,
match the data at one value of current and temperature faf P4/P; for large injection currents because we have ne-
one of the two injector junctions, and is thereafter kept fixedglected the scattering of quasiparticles to lower energy states.
We then compare our fitted value fbrwith theoretical pre- This simplification is appropriate for small currents where
dictions. (E)~A and the scattering rate is low, but it is not valid at
In Fig. 4 we show the predicted and measured depenhigher currents because the scattering rate is a strongly in-
dences of°y/P; on injected current at bath temperatures ofcreasing function of quasiparticle energy. Our model thus
35, 150, and 250 mK. Excellent agreemeantitietwe_en experpyerestimategE) and hence the diffusion constant at high
ment and model is obtained fdf=26 pmesS which is  cyrrents. We calculate that the scattering time for a quasipar-
reasonably close to the V%I_“l% bf=58 pums™" predicted icje with energy 1.3, corresponding th=2.3 A in Fig. 4,
from the theory of Kaplan®™® The success of our model is equal to the diffusion time from injector 2 to the detector,

supports the following conclusmns: For a given temperature, , y 1 refore expect the model to overestinaéP; near
the ratio P4/P; decreases as the injection current is raise his curreni®

because a larger fraction of the quasiparticles recombine as It is possible to improve the predictions of the model at

the quasiparticle density rises. For a given injection current\,/er low currents by including an additional loss term
the ratioP4/P; increases with temperature because the qua- y y 9

siparticle diffusion constant rises and therefore fewer quasi- n/7p in Eq. (2) that accounts for recombination at defects

particles recombine before reaching the detector. The slighff ImPerfections in the superconductor. Wf flqd that the best

upturn inP4/P; observed for both junctions near Qi at 11t iS obtained forrp =15 pus andl'=22 pm”s™~. It should

35 mK occurs because the increase in diffusion constant witRe noted that if we use only then/p, loss term, rather than

injector voltage outweighs the effects of increasing quasiparthe —I'n® term, the predictions of the diffusion model for

ticle density(and hence recombinatipim this current range. Pq/P; increase with current which is in disagreement with

Data sets acquired at different temperatures converge at largee data.

currents because the diffusion constant ceases to depend onln conclusion, we have directly measured the dependence

temperature for injector voltages whee&/—A>k,T. This  of the quasiparticle group velocity on energy. This depen-

convergence also supports the use of a temperature indepaence was predicted over 40 years ago but has not previously

dent value forI'. We emphasize that it is not possible to been observed. Our observations are in excellent agreement

predict either the temperature or current dependence of owyith BCS theory.

data without incorporating the energy dependence of the

quasiparticle group velocity into the diffusion model. This work was supported by the CFPA Program of the
The predictions of our model exceed the measured valueNSF under Grant No. SA1306-22311NM, by NASA under
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Grant No. NGT-51405, and in part by the MRSEC Programnancially supported by the NASA GSRP. We thank C. A.
of the NSF under Grant No. DMR-9400396. J.N.U. was fi-Mears for a critical reading of the manuscript.
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