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Observation of “Photon-Assisted” Shot Noise in a Phase-Coherent Conductor
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We observe a novel signature of coherent transport in the nonequilibrium current fluctuations of a
diffusive metallic conductor shorter than the electron phase-breaking length. Under illumination with
monochromatic microwaves, the shot noise develops features at voltages corresponding to the photon
energiesV = nhv/e, which are oscillatory functions of the microwave power, while the conductance
and thel-V curve are unaffected. The observed effect bears a strong resemblance to photon-assisted
tunneling, although this marks the first demonstration iimear system, and in a system without an
explicit tunnel barrier. [S0031-9007(98)05538-0]

PACS numbers: 73.50.Td, 73.23.Ps, 73.50.Mx, 73.50.Pz

Studies of the nonequilibrium current fluctuations havedyne detectors based on these devices. More recently,
recently emerged as a probe of various mesoscopic syBAT has been demonstrated in a variety of systems, in-
tems [1]. The nature of the shot noise can reveal inforcluding semiconductor quantum dots [11], metallic single-
mation about the transport which is not evident merelyelectron transistors [12], semiconductor superlattices [13],
by examining the conductance or the time-averaged transind other dual-barrier semiconductor devices [14]. In all
port. For example, correlations due to the Fermi statisof these systems, the conductance displays a strong nonlin-
tics of the electrons can lead to a partial suppression adarity, which then develops “sidebands” in the presence of
the shot noise [2,3]. It has been demonstrated [4,5] thanonochromatic radiation. These sidebands are offset from
even a metallic wire will produce shot noise, provided thathe main nonlinearity by a voltage which is proportional
its length is short compared to the electron-electron into integer multiples of the photon energyy = nhv/e,
elastic lengthL... Time-dependent phenomena in nano-but is independent of illumination power. The amplitude
structured systems have also become an active area of any given sideband is a nonmonotonic function of the
research lately [6], and it is interesting to ask what the efphoton flux, and a photon energy larger than the width of
fect of a time-dependent potential on the current fluctuathe energy levels involved is generally required to resolve
tions might be. Indeed, Lesovik and Levitov [7] recently the sidebands.
proposed a new two-particle interference phenomenon, the In their paper, Lesovik and Levitov (LL) [7] considered
“nonstationary Aharonov-Bohm effect,” which should bethe case of the coherent conductor with two contacts
observable in the shot noise of a phase-coherent condueshich is bent into an “open,” singly connected loop and
tor under a high-frequency excitation. As we describe bethreaded by a time-varying Aharonov-Bohm flux [see inset
low, this phenomenon is formally identical to the processof Fig. 1(a)]. This flux causes a time-varying phase shift
of “photon-assisted tunneling” (PAT) [8], but applied to in the scattering amplitudes for transmission of electrons
shot noise of the system rather than its current-voltagéom one contact to another. Because of the lack of closed
characteristic. electron trajectories enclosing the flux, neither the one-

In this Letter, we present measurements of the nonequparticle wave functions nor the conductance are modified
librium noise of a diffusive, phase-coherent metallicby the flux. However, both the two-particle wave functions
conductor in the presence of both a high-frequency (2-and the shot noise, which is a two-particle observable,
40 GHz) ac excitation and a dc bias. The noise displaybave a dependence on this time-varying flux. Note that
features generated by the time-dependent excitatiothis gedanken experiment differs from the usual Aharonov-
that bear all the hallmarks of photon-assisted tunnelingBohm effect, since the time-varying nature of the flux
Because of the linear nature of the conductance in thisnsures that there will always be a nonzero electric field
mesoscopic system, however, the photon-assisted signfelt by the electrons. In fact, the time-varying flux is
tures appear only in the noise, not in the conductance. completely equivalent to an alternating voltage applied

The theory of photon-assisted tunneling [8] was develto the contacts, with a magnitudé. = —c~'d®(r)/dt.
oped some time ago to explain the features observed [Monetheless, the predicted modulation of the noise does
in superconducting tunnel junctions when they were illu-arise because the flux adds a time-dependent phase factor,
minated with microwave radiation. It was extended toor equivalently, a shift in the incident energy levels by
derive the quantum-limited performance [10] of hetero-multiples of the photon energy. The modulation does not
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dependent flux normalized to the flux quantum,=
®,./Py. In terms of the equivalent ac voltage across
the contactsg is given bya = eV,./hv. The factor of
D(1 — D) arises from the Fermi statistics of the electrons
[16]. Inthe case of a conductor with multiple transmitting
_____________ modes, an additional sum should be performed over the
|l : | m conducting modes, each with transmission probability
b) Experiment D,,. For a diffusive conductor with many allowed modes,
the net result of the averaging over the modes is to
reduce the voltage-dependent portion of the noise by the
ensemble-averaged factor of3[17]; for V,. = 0, one
hassS;(0) = (1/3)2el when|V| > kT /e.
The form of Eqg. (1) has many similarities to that derived
for PAT [8], where the current response under illumina-
tion consists of a sum of terms, weighted by the Bessel

a) Theory

ds,/dv

Increasing
ac Power

dS;/dV (arb. units)

a functionsJ?2(a), of the response at all voltages displaced
g by multiples of the photon energy. The usual shot noise
-g has a linear dependencg, « |I], on current at large bi-
A ases ¢|V| > kT), giving rise to the steplike behavior of
2 ' ¢ dS;/dV at zero voltage. This step [dotted line in Fig. 1(a)]
& Incraasing e is rounded on the scaleV ~ kT at finite temperature.
“o b ac Power” . In the presence of a high-frequency excitation, such that

hv > kT, Eq. (1) predicts the formation of sidebands on

this step, occurring at the voltagés= *nhv/e. The

Voltage (uV) pre;dicted shape of théS;/dV curves fora 20_ GHz modu-
lation at a temperature of 50 mK is shown in Fig. 1(a) for

FIG. 1. Theoretical and experimental variation of differen- several values of the excitation strength Note that co-

tial shot noise versus voltage, with 20 GHz ac excitation.herent transport must be maintained even under strongly

(a) Theoretical dependence &$,/dV for mesoscopic conduc- nonequilibrium conditions, when both the ac and dc po-

tor at 50 mK. Dotted line shows behavior without ac excitation . . .
(« = 0), solid curves are for ac excitations with= 1.1, 1.4, tentials are several times greater thah/e, in order to

1.7,2.2, and 2.8. (b) Measured curvesis§/dV for Auwire  observe the effect. _
at 50 mK base temperature and a 20 GHz microwave excitation The sample used for the measurements described here

with powers differing by 2 dB, corresponding to the values of[18] consisted of a thin (10 nm) Au wire approximately
alpha g|;/en ab?ve. (c) Measured second derivative of the shgfg nm wide, whose length (200 nm) was defined by wide,
tr)0|se 6fi Sé/ Uév )d ';;J‘She‘% V?”']?al ||nesos|:cl)w+§xpected l0ca- thicker (80 nm) Au contacts [cf. inset of Fig. 3(a) shown
10NS OT siaebands = orn=0,xl,x2. . i h '
mpie B below]. The wire had a diffusion constant 6 cn? /s
) ) L ) . and a nearly temperature-independent sheet resistance of
arise from simple modification of the electron trajectories, _ Q/square, giving a resistance4s (. The dominant
which are confined within the conductor. While there are hase—breakir{g mechanism below 1 K is electron-electron
many parallels between shot noise in mesoscopic systeNg aitering, and we expect that the electron-electron inelas-
and quantum optics, effects in electron systems due tg. length, L.., should be greater thah um at 100 mK
. . . 1 eey 1
external fields or vector potentials [15] have no opticalgg that, « 1., for all the measurements described here.
analogs, and are therefore of much interest. Shot noise was indeed observed [4] in Ag wires shorter
qu a coherent'conducto.r consisting qf a single congp, o, L.., with the expected magnitude [17] of/a the
Suctlng channel with translmollssm_n pé"b?‘b'é”’é the low- o Schottky limit of 2¢. Our earlier measurements on this
requency current spectral density derived by LL, in thep, \yire [5] investigated the frequency dependence of this
presence of an oscillatory excitation at frequengys shot noise
22 Measurements of nonequilibrium noise of the meso-
r scopic wire were performed in a dilution refrigerator at
50 mK. The sample was mounted in a “flip-chip” [19] con-
. eV £ nhv figuration which allowed an efficient coupling to5a ()
X 2 + —_— . .
g;ofn(“){(ev nhv) COU{ 2kT }} coaxial cable over the entire frequency range from dc to
(1) 40 GHz. The current fluctuations were measured in the
band from 1.25-1.75 GHz using a cooled high-electron-
wheren is an integer? is the temperature of the electrons mobility transistor (HEMT) amplifier with a noise tem-
in the contacts, andx is the amplitude of the time- perature of 7 K, located at the other end of the cable

2 2
$;(0) = D? % 4kT + D(1 — D)
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in the main He bath. The measurement frequency was 10
small enough v ~ kT) to allow comparison with zero-
frequency limits. A directional coupler between the device
and the amplifier was used to introduce a monochromatic
microwave voltage across the wire at frequencies between
2 and 40 GHz. An isolator with a directivity of 20 dB at
the amplifier’s input helped to ensure that the amplifier's
noise contribution was independent of the impedance at
its input; in any case the sample itself was well matched,
with R = 47 Q). Four-wire measurements of the dc con-
ductance, using a bias tee located at the mixing chamber,
showed that the sample’s resistance was constant under all :
conditions to within a few parts ih0>. 20 15 -0 -5 0 5 10
All the noise measurements were performed using a bias Power (dB)

modulation technique [2,5]. The total system noise in th _ . _
s IG. 2. Differential noise {S;/dV) at a voltage of~40 uV
500 MHz band at 1.5 GHz was rectified, and the chang s a function of the applied microwave power. Solid curves

in this power (the “differential noise”) which occurred show the measured noise for microwave frequencies of 20
synchronously with a small change (typicalty20 ©V)  and 2.5 GHz, while the dashed lines are calculated according
in the dc bias across the sample was detected with a locke Eg. (1). For high applied frequencies, the data show a
in amplifier, thus effectively measuring the derivative of damped oscillatory behavior consistent with the expected Bessel
the sample’'s noisedS;/dV, with voltage. Several of functions.
the measuredS;/dV curves, for differing powers of a
20 GHz microwave drive, are shown in Fig. 1(b). While tures disappear. It is not known whether this results from
it is difficult to calibrate the absolute excitation strength atan enhanced phase-breaking mechanism in this nonequi-
the device, the smallest power level shown is estimated asl#orium situation, or simply a heating of the sample chip.
fraction of a nanowatt, in reasonable agreement withh Heating could be a problem even if the wire remains phase
1. As the strength of the microwave drive is increased, aoherent. At the second minimum iS;/dV, a power
kink in thedS;/dV curve develops. (V2./R) of order several nanowatts is dissipated in the re-
The behavior of the differential noise can be seen morgion near the wire. We estimate that the total thermal con-
clearly in Fig. 1(c), where we display the second deriva-ductance from the contacts to the mixing chamber, which is
tive of the noised”S;/dV?, obtained by numerical dif- mostly through the sample leads, to &0 nW/K. This
ferentiation of the data in Fig. 1(b). For small powers,implies a temperature rise of several hundred millikelvin
d’S;/dV? has alarge peak at zero bias. As the microwaven the contacts. The increase in temperature would make
amplitude increases, “sidebands” of this peak develop at difficult to fulfill the condition required for distinct side-
about=80 wV, which corresponds to the photon energybands, that the photon energy should be much larger than
viaV = hv/e. The location of the sidebands is indepen-kT, and would also increase the rounding of the PAT fea-
dent of the power, although their amplitude does depend otures, as is seen in Fig. 1(b) at high ac excitations.
the power. At the very highest power levels, a broadened Conclusive evidence that the observed noise sidebands
peak can be seen at160 .V, corresponding to twice the are generated by photon-assisted transport is gained by
photon energy. The independence of the sideband volexamining the sidebands as a function of the frequency of
ages on power is strong evidence that they are due to PAThe applied microwaves. Measured valuesdo$;/dV?>
rather than classical heating or rectification. are displayed in Fig. 3(b) for frequencies ranging from
The second hallmark of a photon-assisted process isa5 to 40 GHz, and the curves are vertically offset
nonmonotonic dependence of the sideband amplitude dpy an amount proportional to the frequency. For all
the applied power. The variation @fS;/dV, at a con- frequencies greater than 10 GHz, the= +1 photon
stant bias voltage of abodd nV, is shown as a function peaks can be easily observed, and move progressively to
of the applied microwave power in Fig. 2. For a high- higher voltages as the frequency is increased. The peak
frequency (20 GHz) drive, the differential noise is indeedpositions follow the expected scaling, seen in Fig. 3(a),
an oscillatory function of the power. The expected de-with no adjustable parameters [20]. The presence of these
pendence, which is roughly liké (), is calculated from  frequency-dependent features shows that the transport in
Eqg. (1) and shown with a dashed line. Also shown areur wire remains coherent, and that the only allowed
the measured and predicted dependence for an applied nielastic process is the absorption or emission of photons
crowave frequency of 2.5 GH#Z ¢ ~ kT), for which no  from the incident field.
oscillations are expected or observed. The 20 GHz oscil- The photon-assisted effect we observe indicates that the
lations are damped more rapidly than predicted, howevehias-dependent noise seen in these wires is indeed shot
and for sufficiently large powers, all photon-assisted feanoise, rather than an effect due to heating. Interestingly,

[\*] W BN

dS,/dV (arb. units)
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port. The observed phenomenon can also be interpreted
as a two-particle interference effect, which is visible only
in two-particle observables such as the shot noise.
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- g . . 0] For both quantum dots and single-electron transistors,
of the high-frequency excitation, th_e shot noise display: there can be an asymmetry in the division of the
frequency-dependent features bearing all the hallmarks of  icrowave voltage in the device. This requires a scale
photon-assisted tunneling. This phenomenon marks the

: : J. | ' factor between photon and bias energies, although PAT
first observation of PAT in dinear system, and in one
without an explicit tunnel barrier for the electron trans-
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features which vary linearly with frequency have been
convincingly observed.



