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The theory of charge partition noise of quasiparticles in a superconducting tunnel junction is developed. The
charge fluctuations are shown to have a significant contribution from partition noise that arises from the
guantum superposition of the electron and hole character of the quasiparticles. These fluctuations are dominant
at small bias voltage. The charge fluctuations are compared to the usual Poisson “shot noise” of the current.
The implications for the design of energy-resolving single-photon detectors are explored.
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Partition noise is one of the most fundamental effects inage,V<<(2A/e). The energy 2 is the minimum energy to
quantum physic$.t arises when a quantum particle has two break a pair. The energy spectrum of the quasiparticle exci-
or more possible paths, or outcomes, from which totations on each side is shown in Fig. 1, in the excitation
“choose” before encountering a detector that can tell whichrepresentation.
path or outcome has been chosen. It is the counterpart of The quasiparticles, in the left superconductor, are distrib-
interference effects in which the paths are “recombined” be-yted in an energy rangéE<2A. SE decreases with time
fore the particle is detected. Partition noise of fermion pargue to phonon emission, so we take its value to be that at the
ticles manifests itself in a particularly clear manner in mesomean tunnel time. The average occupancy of each quasipar-
scopic systems, where current flows through a quantujcie state is<1. The energy of a quasiparticle in a momen-

coherent region connecting two reservdifsPartition noise  ym state with wave vector magnitulierelative to the Fermi
has recently been utilized to study the effective charge of th%nergyE is given byE, = (£2+ A%)¥2 with &, the energy
F - k 3

carriers in exotic conductors, including fractional quantum ; ; .
Hall system and Andreev structures in superconductots of the single-electron state in the normal metal relative to
" Eg. In a free-electron metal ne&g, &=2Eg(k—Kkg)/Kg,

and to detect the fermion correlatiohs. Iand in general§, is antisymmetric aboukg, and propor
; ; : k Fo -
In this paper we develop an understanding of charge par{ional to (k—kg) nearkg. The fractional electron character

tition noise in superconducting tunnel junctions based o ¢ . icle is ai by th 2= (1/2)(1
conventionallow T,) superconductors. This partition noise °f @ guasiparticle is given by the quantity,=( )2(
/E,), and the fractional hole characteru§=(1—uk).

arises from the mixed electron-hole character of the elemen? §_k c -
tary excitations in the superconductor, the quasiparticles. Wéhis “character” varies from holelike fok well below the
treat the case of quasiparticles produced by single-photoh€'™Mi wave vectorkg, to electronlike fork>ke. At k
absorption, which gives a non-steady-state, nonequilibriunt Kr, Ui=vi=(1/2); the character is equally electron and
quasiparticle population. Each quasiparticle excitation is dole. ForV=0, the probability of electron tunneling is;
quantum superposition of electrémegative charge; e) and  from a givenk state, and the probability of hole tunneling is
hole (positive chargee).® When a quasiparticle tunnels from (1—ug). For V=0, both electron and hole tunneling are al-
one superconductor to anoth@fig. 1), it must choose to lowed by energy considerations, for all states. Since there are
tunnel as an electron or as a hole, transferring negative dwo k states for eactt,, symmetrically below and above
positive charge respectivelyThis choosing results in charge kg, electron and hole tunneling are equally likely from these
fluctuations—the charge partition noise. The mixed charactetwo E, states.
of the quasiparticles was seen in past experiments on the The electron and hole tunneling processes at finite voltage
tunnel injection of charge, which produced a chargedare shown in Fig. 1. At finite voltage, energy restrictions
steady-state, nonequilibrium population of quasipartitles.affect how some or all of the quasiparticles can partition.
However, such steady-state nonequilibrium effects do not acfunneling as an electron transfers a negative chargs,
cess the charge partition noise. horizontally to the right, adding an electron to the total
The experiment we consider starts with the creatioN@f charge tunneledE, on the right is higher byeV than the
quasiparticles in the left superconductsay 10), by ab-  starting energyE, on the left, since the Fermi levels in this
sorption of a photon of energy.®® The temperature i§  diagram are offset by the electrochemical potential differ-
=0, so there are no thermally excited quasiparticles. The&nce, eV. The hole process, shown by dashed lines, transfers
recombination time is much greater than the tunnel time, sa negative electron charge from right to left, equivalent to a
all the quasiparticles tunnel across the barrier and then difaole tunneling from left to right. For the hole procekg,on
fuse away into the superconductor on the right, which isthe right is lower by eV thark, on the left.(For this hole
semi-infinite in size® One measures the magnitude of the process the tunneling matrix element is the same as the elec-
chargeQ, collected by the superconductor on the rifhEor  tron process.
an ensemble of such measurements, one determines the mag-The underlying electron-hole symmetry is apparent in Fig.
nitude of the average charg®,,, andog, the rms devia- 2, where we employ a modified semiconductor
tion from this average. The junction is biased by a dc volt-representatiof® A quasiparticle in the upper band is a filled
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FIG. 1. Excitation representation of the superconducting tunnel Z \
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states, above and beldw . The energ\e, in the upper band
eV/2E,

increases in the upward direction, aBg in the lower band
increases in the downward direction. For both bands the zero . .
of energy is midway between. A photon absorption process FIG.._3. Magnitude of the average charzge, average hole tunneling
creating two quasiparticles for a photon of eneggy2A is probability (va,), and charge variancerg)” versus voltage.
shown by the dashed vertical arrow. The energy change up08 v el ling is all d for th ivarticles:
tunneling is shown by a vertical displacement of eV upon hly electron tunneling is allowed for these quasiparticles;
tunneling. Quasiparticles increase in energy by eV upon tun© partitioning is possible. Hole tunneling from left to right
neling as electrons, and decrease by eV if tunneling as hole® fully suppressed whgn EVOE.
These energy considerations affect the partitioning. Quasi- We can now cor_15|der the voltage_ dependence of the
particles withE,> (A +eV) can tunnel as either electrons or charge..NO quasiparticles are created in the left supercon-
holes. The choosingpartitioning between electron or hole ductor in one measurement. For an ens_,emble of measure-
tunneling is governed by a quantum probability, and thisments, the average number of q_ua3|part|cles created in one
gives the variation of the collected charge from one measur(i'_neasure.ment iMoo, The magnitude of the charge col-
ment to the next. We also see that a quasiparticle canndgCted: in a specific measurement, @=e(Ne—Np)
tunnel as a hole iE,<(A+eV), because the final energy =eNo(1—27), with Ne (Ny) the number of quasiparticles
would be in the gap on the right, with no available statesVWNich tunnel as electronioles, andy the fraction of qua-
siparticles that tunnel as holes in that measurement.
The magnitude of the average charge collected is

0000 0000
5E 00O 000 Qa=eNoaf1-27a). )
vé OQO®™ #0000

For V=0, on average half the quasiparticles tunnel as elec-
trons and half as holes, sp,,=1/2 andQ,,=0. The prob-

’\/\]R//\/*: 2A ability to tunnel as a hole decreases as the bias voltage is
: increased fromnV=0 (see Fig. 3 ForeV>SSE, v,,=0 and
.O. 9200 Qa—=€eNp 4, as all quasiparticles must tunnel as electrons.
000 o 000 The quanti.tyya\, depends.on' thg bias voltage anq can be
calculated if the energy distribution is known. In Fig. 3 we
0000 - 000 plot v,, and Q,,, with y,, determined for a Fermi-Dirac

FIG. 2. Modified semiconductor representation of the tunnelingdistribution with an effective quasiparticle temperatdre
process, in which electron and hole tunneling processes and their E1/Kg . In Fig. 3 we see tha@,, is nearlyeNo o, for eV
directions are shown. These include a vertical shifemMor —eV, ~ >6E; thus,SE is about &, . (In our past experiments, the
depending on the process. For the lower band, energy is measurédlasiparticle energy distribution was inferred to be approxi-
in the downward direction. Hole tunneling from left to right is mately thermal, withl; about 0.6 K, higher than the lattice
forbidden forE,<(A+eV). temperaturé)
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The partitioning between electron and hole tunneling, 200 - L o.06
along with the randomness of the occupancy of the quasipar- \ ’
ticle states, gives the charge fluctuations for an ensemble of 150 —> r0.05
measurements. This is equivalent to choosyiNg, quasipar- —_ Lo 04L
ticles to be holes from the total ™, in that measurement, ‘é )
with a selection probabilityy,,.** The fluctuations of the g 100 a 003
number of holesyN, is given by the variance of the bino- E 4:7- i L o.02 =
mial distribution fory with N trials: O 50 /
' 2L} Loor
(6)*=Yal 1= 72)/No. 2 ot 0.00
Variations iny lead to variations ifR. Q would also vary if 0 40 80 120 160
there were a time-varying imbalance in the occupancies of Bias Voltage [uV]

the electronlike k>ky) and holelike k<k;) branches be- FIG. 4. Magnitude of the BCS thermal current and the associ-

However, significant branch imbalance does not develop, . )
ated low-frequency current noise vs voltage, for an aluminum tun-

cause the branch |mbalance relaxation time IS typically mucr}lel junction afT =0.25. The current spectral density approaches the
shorter than the tunnel time. For example, in our Al tunnel

: ) : . 5 shot noise limit of 21 at high voltage, and the Johnson-Nyquist
junctions; the tunnel time is-10"°s, whereas the branch | it of 4kTG at low voltage.
mixing time is of order 108 s.” The variance of) for fixed

No '25 zthusz given simply by ¢q)*=(c,)*(dQ/dy)? The charge partition noise is, in some respects, similar to
=4e°Ny(0,)%; therefore, the current noise in an SIS tunnel junction at finite
) ) temperatur& with quasiparticles in a thermal distribution on
(0q)"=4e"Ngyall—vav- (3 pboth sides of the barrier. At a finite voltage a steady-state

This result is plotted in Fig. 3. The maximum charge noise current flpws..We assume the barrier transmission is smgll SO
oo, is atV=0 wherey,=1/2, even thoughQ,,=0. The that multiparticle tunneling can be neglected. The previous
mixed electron-hole character of the quasiparticles causes tffgguments conceming the energy dependencies of tunneling
large charge noise at zero bias. If quasiparticles were purgy €lectrons and holes are siill valid, with the energy spread
electrons and pure holes, as is the case for a true semicofiE P€ing of order gT. The predicted-V curveis shown
ductor, and were created in equal number by photoexcitatiod! Fig- 4 for an aluminum tunnel junction of normal resis-
one would collect exactly zero charge\at0, with nofluc-  tance 10, atT=0.25K. AtV=0 there is an equal current of

tuations. A semiconductor does not display charge partitiorg!€ctrons and holes tunneling from each side, so the net cur-
noise. rent is zero. AsV is increased the hole current from left to

We now consider how the fluctuations W, for the en- right and the electron current from right to left are reduced,;

semble of measurements addetg, since usual methods of hence a net electron current flows from left to right, and
creating quasiparticles have fluctuationsNyf. We refer to  Increases with voltage. At high voltages\(>kgT) hole
these as creation statistics. For photon excitation, the convefdnneling from left to right and electron tunneling from right
sion of photon energy to quasiparticle number does not hag® 'eft are prohibited. The average current approaches a
pen exactly the same way every time: some of the energ?ea”y constant value. In the region in between, near
goes into phononfattice excitationsinstead of going into € V=2KeT, the current has a weak maximum due to the
quasiparticles (electronic excitations This division has Structure of the BCS density of state¥.
variations from one measurement to the next. We assume 1he spectral density of the low-frequendy<eV/h) cur-
that fluctuations ofN, and of y are 2uncorreI2ated, ie. ;[he rent fluctuations, in A/Hz, is given by
total 2charge 2var_lance is o) 2((rNO) (dQ/dNp) S, = 2el coth(eV/2ksT), ®)
+(0,)°(dQ/dy)*. Itis found that g )= FNg 5y, WhereF
is the Fano factor, typically 0.28 We find that which also plotted in Fig. 4. Equatiof®) also applies for a
nonsuperconducting tunnel junction, so a measuremegt of
(0q)?=4€’Ngyall—va) +FeNgaf1—2y,)% (4)  does not access the partition noise of quasiparticles. At large
voltage €V=>kgT), only one type of charge tunneling is

Note thatF can also include contributions from SOUrCes y)iq\ved from each side, and one recovers the usual Poisson
other than creation statistics, making it larger than the valugpq i noise resuft®

of 0.2. Examples of such contributions are quasiparticle mul-

tiplication due to trapping or _recomt_nn_anr?. We S, (V>kgT/e)=2el. (6)
treat here the case of only creation statistics, vith0.2.
The total charge fluctuations have a value ofé?.lﬂo,a\, at | is the dc current. This noise, E¢p), arises from the ran-

high bias, foreV> 6E; there is no contribution from parti- dom times at which the charges cross the barrier. At low
tion noise. For smaller voltages, the partition noise does convoltage the noise increases above the Poisson shot noise
tribute, and the contribution to E¢4) due to the creation value, due to the fact that both electron and hole currents are
statistics decreases. M=0 we havey,,=1/2, and only the flowing from each electrode. A¥ =0, the predicted singu-
partition noise contributes to the charge variance. larity of (1/V) is rounded out by finite lifetime effecfsgiv-
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ing a linear conductancé&. One then obtains Johnson- mined. To reducerq the detector should be biased at a volt-
Nyquist noise, in accordance with the fluctuation-dissipatiorage such tha¢V> SE. To improve upon the Al devices pre-
theorem®® S;(V=0)=4kgTG, whereG is the differential  viously studied®® one will need to reducéE, by having the
conductance andl/dV=1/V. This shows that the Johnson- quasiparticles “cool” longer prior to tunneling, or by having
Nyquist noise and the shot noise arise from the same physiggster phonon emission for better cooling. We have used a
in these systems. At low voltag§, is due to both electron |onger tunnel time, the first approach. One might also em-

and hole currents from each side. o ploy a tunnel junction material with stronger electron-
The charge noisé-ig. 3) and the current noisg-ig. 4) are phonon coupling.

similar in that both are maximum &t=0 and both are sup- ~ g predictions we develop may also be useful in a range
pressed at high voltage. At high voltage, however, the partiy¢ oiher physics studies, for mesoscopic superconductor

gonrggsﬁiqé(?gfs tfriucne:nt%rzgroa\l'vrgle_lfﬂiC.Ls”fgé;c:zet tructures including Andreev systefitsand tunneling struc-
PP ; ; ’ zero vaiue. TNis | u es between a superconductor and another system with a
current noise at high voltage is due to the randomness o
) . ap(e.g., a magnetIn other systems the nature of the elec-
traversal time for the charge to cross the barrier. For th . o . o
ronic excitations may be unknown, and studies of partition

charge collection experiment, in contrast, randomness of tra

versal time is not relevant, since one waits until all the qua—nOIse may elucidate their character. Many such systems, such

siparticles have tunneled before the charge is recorded. &S carbon nanotubes, conducting polymers, 22‘1 DNA mol-
The predictions for charge partition noise can be studie@cules, are now studied by tunneling experimefts.
experimentally in single-photon detectors based on the tun- We thank M. Devoret, R. Schoelkopf, C. Wilson, L. Frun-
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