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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
energies, V 苷 nhn兾e, which are oscillatory functions of the microwave power, while the conductance
and the I-V curve are unaffected. The observed effect bears a strong resemblance to photon-assisted
tunneling, although this marks the first demonstration in a linear 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 have
recently emerged as a probe of various mesoscopic systems [1]. The nature of the shot noise can reveal information about the transport which is not evident merely
by examining the conductance or the time-averaged transport. For example, correlations due to the Fermi statistics of the electrons can lead to a partial suppression of
the shot noise [2,3]. It has been demonstrated [4,5] that
even a metallic wire will produce shot noise, provided that
its length is short compared to the electron-electron inelastic length, Lee . Time-dependent phenomena in nanostructured systems have also become an active area of
research lately [6], and it is interesting to ask what the effect of a time-dependent potential on the current fluctuations might be. Indeed, Lesovik and Levitov [7] recently
proposed a new two-particle interference phenomenon, the
“nonstationary Aharonov-Bohm effect,” which should be
observable in the shot noise of a phase-coherent conductor under a high-frequency excitation. As we describe below, this phenomenon is formally identical to the process
of “photon-assisted tunneling” (PAT) [8], but applied to
shot noise of the system rather than its current-voltage
characteristic.
In this Letter, we present measurements of the nonequilibrium noise of a diffusive, phase-coherent metallic
conductor in the presence of both a high-frequency (2–
40 GHz) ac excitation and a dc bias. The noise displays
features generated by the time-dependent excitation
that bear all the hallmarks of photon-assisted tunneling.
Because of the linear nature of the conductance in this
mesoscopic system, however, the photon-assisted signatures appear only in the noise, not in the conductance.
The theory of photon-assisted tunneling [8] was developed some time ago to explain the features observed [9]
in superconducting tunnel junctions when they were illuminated with microwave radiation. It was extended to
derive the quantum-limited performance [10] of hetero0031-9007兾98兾80(11)兾2437(4)$15.00

dyne detectors based on these devices. More recently,
PAT has been demonstrated in a variety of systems, including semiconductor quantum dots [11], metallic singleelectron transistors [12], semiconductor superlattices [13],
and other dual-barrier semiconductor devices [14]. In all
of these systems, the conductance displays a strong nonlinearity, which then develops “sidebands” in the presence of
monochromatic radiation. These sidebands are offset from
the main nonlinearity by a voltage which is proportional
to integer multiples of the photon energy, DV 苷 nhn兾e,
but is independent of illumination power. The amplitude
of any given sideband is a nonmonotonic function of the
photon flux, and a photon energy larger than the width of
the energy levels involved is generally required to resolve
the sidebands.
In their paper, Lesovik and Levitov (LL) [7] considered
the case of the coherent conductor with two contacts
which is bent into an “open,” singly connected loop and
threaded by a time-varying Aharonov-Bohm flux [see inset
of Fig. 1(a)]. This flux causes a time-varying phase shift
in the scattering amplitudes for transmission of electrons
from one contact to another. Because of the lack of closed
electron trajectories enclosing the flux, neither the oneparticle wave functions nor the conductance are modified
by the flux. However, both the two-particle wave functions
and the shot noise, which is a two-particle observable,
have a dependence on this time-varying flux. Note that
this gedanken experiment differs from the usual AharonovBohm effect, since the time-varying nature of the flux
ensures that there will always be a nonzero electric field
felt by the electrons. In fact, the time-varying flux is
completely equivalent to an alternating voltage applied
to the contacts, with a magnitude Vac 苷 2c21 dF共t兲兾dt.
Nonetheless, the predicted modulation of the noise does
arise because the flux adds a time-dependent phase factor,
or equivalently, a shift in the incident energy levels by
multiples of the photon energy. The modulation does not
© 1998 The American Physical Society
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FIG. 1. Theoretical and experimental variation of differential shot noise versus voltage, with 20 GHz ac excitation.
(a) Theoretical dependence of dSI 兾dV for mesoscopic conductor at 50 mK. Dotted line shows behavior without ac excitation
(a 苷 0), solid curves are for ac excitations with a 苷 1.1, 1.4,
1.7, 2.2, and 2.8. (b) Measured curves of dSI 兾dV for Au wire
at 50 mK base temperature and a 20 GHz microwave excitation
with powers differing by 2 dB, corresponding to the values of
alpha given above. (c) Measured second derivative of the shot
noise (d 2 SI 兾dV 2 ). Dashed vertical lines show expected locations of sidebands at V 苷 nhn兾e for n 苷 0, 61, 62.

arise from simple modification of the electron trajectories,
which are confined within the conductor. While there are
many parallels between shot noise in mesoscopic systems
and quantum optics, effects in electron systems due to
external fields or vector potentials [15] have no optical
analogs, and are therefore of much interest.
For a coherent conductor consisting of a single conducting channel with transmission probability D, the lowfrequency current spectral density derived by LL, in the
presence of an oscillatory excitation at frequency n, is
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where n is an integer, T is the temperature of the electrons
in the contacts, and a is the amplitude of the time2438
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dependent flux normalized to the flux quantum, a 苷
Fac 兾F0 . In terms of the equivalent ac voltage across
the contacts, a is given by a 苷 eVac 兾hn. The factor of
D共1 2 D兲 arises from the Fermi statistics of the electrons
[16]. In the case of a conductor with multiple transmitting
modes, an additional sum should be performed over the
m conducting modes, each with transmission probability
Dm . For a diffusive conductor with many allowed modes,
the net result of the averaging over the m modes is to
reduce the voltage-dependent portion of the noise by the
ensemble-averaged factor of 1兾3 [17]; for Vac 苷 0, one
has SI 共0兲 苷 共1兾3兲2eI when jV j ¿ kT兾e.
The form of Eq. (1) has many similarities to that derived
for PAT [8], where the current response under illumination consists of a sum of terms, weighted by the Bessel
functions Jn2 共a兲, of the response at all voltages displaced
by multiples of the photon energy. The usual shot noise
has a linear dependence, SI ~ jIj, on current at large biases (ejV j ¿ kT ), giving rise to the steplike behavior of
dSI 兾dV at zero voltage. This step [dotted line in Fig. 1(a)]
is rounded on the scale eV ⬃ kT at finite temperature.
In the presence of a high-frequency excitation, such that
hn ¿ kT, Eq. (1) predicts the formation of sidebands on
this step, occurring at the voltages V 苷 6nhn兾e. The
predicted shape of the dSI 兾dV curves for a 20 GHz modulation at a temperature of 50 mK is shown in Fig. 1(a) for
several values of the excitation strength a. Note that coherent transport must be maintained even under strongly
nonequilibrium conditions, when both the ac and dc potentials are several times greater than kT 兾e, in order to
observe the effect.
The sample used for the measurements described here
[18] consisted of a thin (10 nm) Au wire approximately
40 nm wide, whose length (200 nm) was defined by wide,
thicker (80 nm) Au contacts [cf. inset of Fig. 3(a) shown
below]. The wire had a diffusion constant of 40 cm2 兾s
and a nearly temperature-independent sheet resistance of
⬃9 V兾square, giving a resistance of 47 V. The dominant
phase-breaking mechanism below 1 K is electron-electron
scattering, and we expect that the electron-electron inelastic length, Lee , should be greater than 2 mm at 100 mK,
so that L ø Lee for all the measurements described here.
Shot noise was indeed observed [4] in Ag wires shorter
than Lee , with the expected magnitude [17] of 1兾3 the
Schottky limit of 2eI. Our earlier measurements on this
Au wire [5] investigated the frequency dependence of this
shot noise.
Measurements of nonequilibrium noise of the mesoscopic wire were performed in a dilution refrigerator at
50 mK. The sample was mounted in a “flip-chip” [19] configuration which allowed an efficient coupling to a 50 V
coaxial cable over the entire frequency range from dc to
40 GHz. The current fluctuations were measured in the
band from 1.25–1.75 GHz using a cooled high-electronmobility transistor (HEMT) amplifier with a noise temperature of 7 K, located at the other end of the cable
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in the main He bath. The measurement frequency was
small enough (hn ⬃ kT ) to allow comparison with zerofrequency 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 苷 47 V. Four-wire measurements of the dc conductance, 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 in 103 .
All the noise measurements were performed using a bias
modulation technique [2,5]. The total system noise in the
500 MHz band at 1.5 GHz was rectified, and the change
in this power (the “differential noise”) which occurred
synchronously with a small change (typically 620 mV)
in the dc bias across the sample was detected with a lockin amplifier, thus effectively measuring the derivative of
the sample’s noise, dSI 兾dV , with voltage. Several of
the measured dSI 兾dV curves, for differing powers of a
20 GHz microwave drive, are shown in Fig. 1(b). While
it is difficult to calibrate the absolute excitation strength at
the device, the smallest power level shown is estimated as a
fraction of a nanowatt, in reasonable agreement with a 苷
1. As the strength of the microwave drive is increased, a
kink in the dSI 兾dV curve develops.
The behavior of the differential noise can be seen more
clearly in Fig. 1(c), where we display the second derivative of the noise, d 2 SI 兾dV 2 , obtained by numerical differentiation of the data in Fig. 1(b). For small powers,
d 2 SI 兾dV 2 has a large peak at zero bias. As the microwave
amplitude increases, “sidebands” of this peak develop at
about 680 mV, which corresponds to the photon energy
via V 苷 hn兾e. The location of the sidebands is independent of the power, although their amplitude does depend on
the power. At the very highest power levels, a broadened
peak can be seen at 6160 mV, corresponding to twice the
photon energy. The independence of the sideband voltages on power is strong evidence that they are due to PAT,
rather than classical heating or rectification.
The second hallmark of a photon-assisted process is a
nonmonotonic dependence of the sideband amplitude on
the applied power. The variation of dSI 兾dV , at a constant bias voltage of about 40 mV, is shown as a function
of the applied microwave power in Fig. 2. For a highfrequency (20 GHz) drive, the differential noise is indeed
an oscillatory function of the power. The expected dependence, which is roughly like J02 共a兲, is calculated from
Eq. (1) and shown with a dashed line. Also shown are
the measured and predicted dependence for an applied microwave frequency of 2.5 GHz (hn ⬃ kT ), for which no
oscillations are expected or observed. The 20 GHz oscillations are damped more rapidly than predicted, however,
and for sufficiently large powers, all photon-assisted fea-
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FIG. 2. Differential noise (dSI 兾dV ) at a voltage of ⬃40 mV
as a function of the applied microwave power. Solid curves
show the measured noise for microwave frequencies of 20
and 2.5 GHz, while the dashed lines are calculated according
to Eq. (1). For high applied frequencies, the data show a
damped oscillatory behavior consistent with the expected Bessel
functions.

tures disappear. It is not known whether this results from
an enhanced phase-breaking mechanism in this nonequilibrium situation, or simply a heating of the sample chip.
Heating could be a problem even if the wire remains phase
coherent. At the second minimum in dSI 兾dV , a power
2
(Vac
兾R) of order several nanowatts is dissipated in the region near the wire. We estimate that the total thermal conductance from the contacts to the mixing chamber, which is
mostly through the sample leads, to be ⬃20 nW兾K. This
implies a temperature rise of several hundred millikelvin
in the contacts. The increase in temperature would make
it difficult to fulfill the condition required for distinct sidebands, that the photon energy should be much larger than
kT , and would also increase the rounding of the PAT features, as is seen in Fig. 1(b) at high ac excitations.
Conclusive evidence that the observed noise sidebands
are generated by photon-assisted transport is gained by
examining the sidebands as a function of the frequency of
the applied microwaves. Measured values of d 2 SI 兾dV 2
are displayed in Fig. 3(b) for frequencies ranging from
2.5 to 40 GHz, and the curves are vertically offset
by an amount proportional to the frequency. For all
frequencies greater than 10 GHz, the n 苷 61 photon
peaks can be easily observed, and move progressively to
higher voltages as the frequency is increased. The peak
positions follow the expected scaling, seen in Fig. 3(a),
with no adjustable parameters [20]. The presence of these
frequency-dependent features shows that the transport in
our wire remains coherent, and that the only allowed
inelastic process is the absorption or emission of photons
from the incident field.
The photon-assisted effect we observe indicates that the
bias-dependent noise seen in these wires is indeed shot
noise, rather than an effect due to heating. Interestingly,
2439
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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.
The authors wish to acknowledge L. S. Levitov, K. K.
Likharev, M. Reznikov, and R. G. Wheeler for useful
discussions. This work was supported by NSF Grants
No. DMR-9216121, No. AST-9320387, and No. DMR9701427.

FIG. 3. Dependence of photon-assisted noise with frequency
of the applied microwaves. (a) Observed voltage of the
sidebands as a function of the frequency of applied microwaves.
Solid line gives the scaling DV 苷 hn兾e expected for PAT.
Inset is electron micrograph of device, showing 200 nm long
Au wire and Au contacts. (b) Measured second derivatives
of the shot noise (d 2 SI 兾dV 2 ) for various frequencies. Curves
have been offset vertically by an amount proportional to the
frequency, so that the dashed lines show the linear variation of
sideband location with frequency.

the noise does not display any dramatic deviations from
Eq. (1), which was derived ignoring electron-electron interactions and finite transit times for the electrons. The
transit time for diffusive transport in the sample (t 苷
L2 兾D 苷 10 ps) corresponds to a frequency (1兾2pt) of
roughly 20 GHz. The possible effects of an even longer
transit time (n ¿ 1兾2pt) are unknown and remain an interesting topic for future study.
In summary, we have observed the effect of photonassisted transport on the nonequilibrium current fluctuations (shot noise) of a phase-coherent wire. While the
conductance is completely unaffected by the presence
of the high-frequency excitation, the shot noise displays
frequency-dependent features bearing all the hallmarks of
photon-assisted tunneling. This phenomenon marks the
first observation of PAT in a linear system, and in one
without an explicit tunnel barrier for the electron trans2440
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