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Negative currents in Fabry-Pérot cavities are caused by interfering paths
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® (Received 2 April 2025; revised 5 August 2025; accepted 8 August 2025; published 21 August 2025)

It has been predicted that the time-dependent current in a Fabry-Pérot cavity can turn negative even if the
applied voltage pulses are always positive. It has also been suggested that the negative currents are related to
interfering paths; however, an analytic description of this surprising phenomenon has so far been missing. Here,
we make use of Floquet scattering theory to demonstrate that the negative currents indeed are caused by the
interference of scattering paths through the cavity with different numbers of round trips. Our analytic result can
be tested in future experiments, as it predicts exactly how the effect should be washed out by an increasing
temperature. We show that a similar phenomenon is expected for the heat current, which may also turn negative.

DOLI: 10.1103/36rq-15v7

Introduction. Gigahertz voltage pulses have paved the way
for experiments in high-frequency quantum transport, where
just a single or a few electronic excitations are emitted into
a mesoscopic conductor [1-4]. Lorentzian pulses generate
clean single-particle excitations known as levitons, which
can be controlled and manipulated as photons in quantum
optics [5-11]. When emitted close to the Fermi level, these
excitations interact only weakly. By contrast, recent collision
experiments have revealed strong interactions between high-
energy excitations that arrive simultaneously on each side of
a beam splitter [12—14]. Moreover, by increasing the driving
frequency and shortening the pulse duration, many dynamical
phenomena may soon be discovered [15,16].

At low temperatures, electronic excitations can experi-
ence quantum coherence over an entire mesoscopic structure,
such that interference effects become observable. A promi-
nent example is the Hong-Ou-Mandel effect [17,18], which
recently was realized with electrons [8—11]. In addition,
Mach-Zehnder interferometers and Fabry-Pérot cavities have
been implemented with mesoscopic circuits [19-21]. Such
devices have mainly been explored using static voltages; how-
ever, recently, a Fabry-Pérot cavity driven by single-electron
pulses was used for time-resolved sensing of electromag-
netic fields [22]. Moreover, several theoretical predictions
have been made for interferometers driven by voltage pulses
[1-3,23,24]. For instance, using advanced numerical sim-
ulations, Gaury and Waintal have shown that the current
in a Fabry-Pérot cavity may turn negative, although the
time-dependent voltage is always positive, and it has been
suggested that the negative currents are caused by interfer-
ing paths [25,26]. This surprising phenomenon may soon be
within experimental reach, and it is therefore a timely task to
develop an analytic description, which can be tested in future
experiments.

In this Letter, we present an analytic theory of negative
currents in mesoscopic Fabry-Pérot cavities driven by voltage
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pulses, as illustrated in Fig. 1(a). To this end, we make use
of Floquet scattering theory to show that the negative currents
indeed are caused by interferences between scattering paths
through the cavity with different numbers of round trips,
somewhat like how quantum interference can lead to negative
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FIG. 1. Negative currents in a Fabry-Pérot cavity. (a) The device
consists of two quantum point contacts with transmission and reflec-
tion probabilities 7}, and R, , = 1 — T », separated by the distance
L. Electrons travel at the Fermi velocity vg. (b) Time-dependent elec-
tric current in response to a Lorentzian voltage pulse of half-width
I' = 0.179, which excites an average charge of ¢ = 0.75 electrons.
In Figs. 1-3, the reflection probabilities are R; , = 0.9, and we have
defined Iy = e/79. We show results for different temperatures given
by the thermal timescale t5 = /i/mkpT . The transmission amplitude
in Eq. (1) is the sum over all scattering paths from the source to the
drain involving k = 0, 1, 2, ... round trips.
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probabilities in full counting statistics [27]. Our theory can be
tested in future experiments since it predicts how the effect
should be washed out with increasing temperature, as shown
in Fig. 1(b). We extend our analysis to the heat transport by
showing that the heat current can also turn negative.

Fabry-Pérot cavity. Figure 1(a) shows an electronic Fabry-
Pérot cavity made up of two quantum point contacts that are
separated by the distance L. We can write the transmission
amplitude of the device as a sum over all possible scattering
paths through the cavity

t(E):tltzexp (%)Z[nmexp(l h7:0>:| s (1)
k=0

where 79 = L/vp is the time it takes to travel between the
quantum point contacts, with (real) transmission and reflec-
tion amplitudes #; , and ry 5, at the Fermi velocity vg [28].
With a constant voltage, the current through the interferometer
is determined by the transmission function T'(E) = |t(E)|?,
and it is constant. By contrast, if driven by voltage pulses,
the current depends on the transmission amplitude at two
different energies, and there will be products of amplitudes
corresponding to paths with different numbers of round trips,
leading to interferences and negative currents, as we will see.

We now consider voltage pulses that are applied to the
source, while the time-dependent current is measured in the
drain. To be specific, we consider Lorentzian voltage pulses,
but one can also analyze other time-dependent voltages. The
sequence of Lorentzian pulses reads

_ qhQ r7
V=" Z1“2+(z—nT)2’ @

n

where Q =27 /7 is the driving frequency, and 7T is the
period. The half-width of the pulses is denoted by I', and ¢
is the average charge excited by each pulse. To evaluate the
electric current, we make use of Floquet scattering theory
and thus consider the scattering phase due to the voltage
J(t) = exp{—ig(t)}, with ¢(t) = efioo dr'v(t")/h [29-31].
Its Fourier components 7, = fOT dtJ (t)exp(in2t)/T are the
amplitudes for an electron in the source to change its energy
from E to E, = E + nhS2 by exchanging n modulation quanta
with the drive. Since the pulses are generated independently

J

of the cavity, the Floquet scattering matrix becomes S, (E) =
t(E,)J,, which includes the transmission amplitude for an
excited electron to reach the drain.

Electric current. The electric current now reads [29]

10 = f T AE Y SIS (E)FA(E)

00 mn

x expliQt(n — m)], (3)

where F,(E) = fs(E) — fp(E,) is the difference between the
Fermi functions in the source and the drain. The electrodes
have the same temperature 7 and chemical potential u = 0,
such that fs(E) = fp(E) = f(E).

To evaluate the current, we consider the product

Sy (ENSu(E) = T InTiTa + Tin(E)T2

x explity(n — m)], “)
which we have split into two terms by defining

o0

Ta =Y {RoRy exp[i2Qto(n — m)]}*, Q)
k=0

where 71, =1}, and Ry, = ri,, and

To(E) =Y (rar)* expli2Qro(ml — nk)]
kL
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X exp — 0 |

The current corresponding to the first term then be-
comes I (t) =TT Z;O:O(RQRl)k]in(t — 1), where I,(t) =
(e? /h)V () is the current from the source, and 7, = (2k + 1)19
is the time it takes to complete k + % round trips inside the
cavity. Here, Ty is energy independent, such that the inte-
gral in Eq. (3) becomes [°° dEF,(E) = nhQ. We can then
perform the sums as ), nhiQ27, exp(—iQtn) = —ihd, J(t)
and ), Jnexp(—iQtm) = J(t) and use ii[d, T ()]* T (t) =
eV (1).

Evaluating the current corresponding to the second term is
more involved since Ty (E) is energy dependent. However,
using the integral in Eq. (A1), we eventually find the total
current, which becomes

(6)

o] 2 o]
I(t) =TT, Z(Rle)k{ (%)va — 1) +2e Y () x(tio12/Tp)Re[GO(t — 1,1 — rkm]}, ™
k=0

where the temperature enters the function y (x) = x/ sinh(x)
through the thermal timescale tg = fi/mkpT [32,33]. This
timescale determines how long particles can travel before the
interference is lost. We have also introduced the correlation
function [34]

exp{—ip(r, 1)} — 1

GV, 1) =
€7 2mi(t —t')

, ®

having used that 7*(¢)J (t') = exp{—i¢(¢, ')} with the phase
factor ¢(t,1") = ¢(t') — Pp(t) = ejj/ dsV (s)/h.

Equation (7) constitutes a central result of this Letter, and
it captures the full time dependence of the electric current
at any temperature and for any shape of the voltage pulses.
At high temperatures, where 73 < 79, we have x =~ 0, such
that the second term in the curly brackets vanishes, and we
are left with the first term. This term corresponds to classical
expectations, where the injected charge bounces back and
forth between the quantum point contacts before it eventually
reaches the drain. By contrast, at low temperatures, where
x =~ 1, the second term becomes important. This term de-
scribes interferences between paths through the cavity with a
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FIG. 2. Negative electric currents. (a) Time-dependent electric current corresponding to a Lorentzian voltage pulse with half-width I' =
0.1ty and average charge of ¢ = 0.25,0.75, and 1. The temperature is zero, and we have defined Iy = e/7j. (b) Electric current at zero
temperature for different pulse widths of I' = 0.17p, 0.379, and 1.0t and average charge of ¢ = 0.75.

difference of round trips given by the integer /, and it can make
the current turn negative. Our theory can be experimentally
tested since the temperature dependence of the interference
current is fully encoded in the function x. Thus, by increasing
the temperature, one may check that the current is suppressed
as expected from Eq. (7).

Negative electric currents. The period of the drive does
not explicitly appear in Eq. (7), and we can take it to be so
long that we can evaluate the current in response to just a
single pulse. Thus, in Figs. 1(b) and 2, we show the electric
current corresponding to a single Lorentzian voltage pulse
by taking 7 > I', N7y in Eq. (2), where N is the largest
relevant number of round trips. In both figures, the electric
current turns negative at certain times, and in Fig. 1(b), we
see how the negative current goes away as the temperature
is increased, which destroys the interference. In Fig. 2(a),
we show the electric current for different average charges of
the pulses, and we see that the current does not turn negative
for an average charge of exactly one. In Fig. 2(b), we show the
electric current for different pulse widths, and we see that the
pulses have to be narrow compared with the size of the cavity
to generate negative currents.

Experimental considerations. To provide realistic estimates
for observing the negative currents, we note that a temperature
of T = 100 mK is reachable in state-of-the-art experiments,
corresponding to a thermal timescale of about 7z >~ 20 ps.
Taking a Fermi velocity of vy = 10° m s~! [35] and a distance
of L = 500 nm between the quantum point contacts, we find
79 = 0.5 ps « 14, which is short enough to maintain phase
coherence. These numbers can be further improved by reduc-
ing the size of the cavity, so that a quantum dot effectively
is formed [36]. Of course, the interference effect might be
destroyed by other mechanisms than a finite electronic tem-
perature, such as interactions and disorder, and an observation

J

2

of negative currents may require a highly controlled and ul-
traclean sample. For this purpose, graphene appears to be a
promising host material since recent experiments with voltage
pulses have shown that interaction effects and other sources
of decoherence are suppressed at low temperatures [10,11]. In
any case, if negative currents are measured in an experiment,
they are caused by interferences between different scattering
paths. To detect the negative currents, one may use a quantum
dot to collect the transmitted charge over many periods of the
drive and read it out using a sensitive charge detector.

Heat current. One might think that the negative currents
arise because electrons and holes in a pulse propagate differ-
ently through the interferometer. Indeed, the negative currents
do not occur for Lorentzian pulses with integer charge, where
only electrons are excited. However, as we now will see, also
the heat current may turn negative, although electrons and
holes should carry the same amount of heat. In addition, the
heat current may turn negative for Lorentzian pulses with
integer charge.

The heat current can be expressed as [37,38]

J(t) = Zf %EE@S,’;(E)S,,,(E)JT@ (E)
x exp[—i(m — n)Qu], )

which again can be evaluated based on Eq. (4). Since Ty
is energy independent, the corresponding heat current be-
comes Joi(t) = TiTa Y peo(RoR)!Jin(t — 1), where Jin(t) =
(e? / 20V2(t) = L)V () /2 is the heat current that would run
without the interferometer [39]. Evaluating the heat current
corresponding to Ty (E) is again involved because of the
energy dependence. However, using the integrals in Egs. (A1)
and (A2), the total heat current becomes

o0 2 o0
J@t) =TT Z(RZRI)"{ (e—h)v2(r — )+ 2R ) (rn )’Mlm[d”(r — Tt = Tppt)]

k=0

oo 00

+eliTy Y > (rar) P x(ts-1p/tp)RIG (¢ — 7t — )]

k=0 Ik

Ve—-—u)+V(iE—w)

7 ; (10)
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FIG. 3. Negative heat currents. (a) Time-dependent heat current for different temperatures given by the thermal timescale 74 = i/mwkgT .
The Lorentzian voltage pulses have the half-width I' = 0.1ty and an average charge of g = 0.75 electrons. The period of the drive is so large
that we can consider the effect of just a single pulse, and we have defined Jy = I,V with V, = h/ety and I, = e/7p. (b) Heat current at zero

temperature for different pulses with an average charge of g.

where we have defined the function y(x)= x2(x)
cosh(x).

Negative heat currents. In Fig. 3, we show the heat current
for a single Lorentzian voltage pulse. In both panels, the
heat current turns negative at certain times, and in Fig. 3(a),
we see how the negative currents go away as the temper-
ature is increased. In Fig. 3(b), we show the heat current
for different average charges carried by the pulses, and we
see that the heat current also turns slightly negative for
pulses with integer charge that carry no holes [38,39]. As
such, the negative currents do not seem to occur because
electrons and holes propagate differently through the cavity.
Rather, they arise because of interferences between scattering
paths through the cavity with a different number of round
trips.

Other pulses. So far, we have focused on Lorentzian
pulses; however, our analytic expressions apply equally well
to other voltage pulses. As an example, we show results in
the Appendix for Gaussian pulses, which were considered in
the earlier numerical simulations [25,36]. For the Gaussian
pulses, we also find negative electric currents and negative
heat currents. Moreover, for the electric current, our analytic
expression in Eq. (7) agrees well with the numerical simula-
tions of Ref. [25].

Conclusions. We have presented an analytic theory of
negative currents in Fabry-Pérot cavities, showing that they
indeed are rooted in interfering scattering paths through
the device with different numbers of round trips. Our the-
ory can be tested in future experiments, as it predicts how
the effect should be washed out with increasing temper-
ature. We have also shown that a similar phenomenon is
expected for the heat current, which may also turn nega-
tive. Here, we have considered a Fabry-Pérot cavity made
up of two quantum point contacts; however, our predictions
also apply to other similar interferometers, for instance, a
normal-metal /insulator/superconductor junction, where the
insulating layer and the superconductor both function as re-
flecting mirrors [40]. Our work also has implications for the
field of quantum thermodynamics regarding the currents that

flow and the work that is performed because of an external
driving field [41].

Acknowledgments. We thank P. Burset, M. Kari, J. Koti-
lahti, M. Moskalets, and B. Roussel for useful discussions and
acknowledge the support from the Finnish Doctoral School in
Quantum Science and Technology and Research Council of
Finland through the Finnish Centre of Excellence in Quantum
Technology (Grant No. 352925) and the Finnish Quantum
Flagship.

Data availability. The data that support the findings of this
article are not publicly available. The data are available from
the authors upon reasonable request.

Appendix.

Integrals. For the electric current, we use that

/°° J iaexp(iax) Ta
X =
—so l+exp(x) sinh(ra)

= x(wa), (AD)

where a is a real constant, and we have defined the function
x - For the heat current, we also need the integral

foo J a*x exp(iax) B

, cosh (mwa)
T T expto)

=y(ma), (A2

sinh? (ra)
having defined the function y. Both integrals can be found
using contour integration in the complex plane.

Gaussian pulses. In the main text, we focus on Lorentzian
voltage pulses, which have been realized in several ex-
periments [8—10]. However, to connect with the numerical
simulations of Ref. [25], which used Gaussian voltage pulses,
we here consider a pulse of the form

_ [ 1\?
V() =qgVyexp —(—) ]
fo
where ¢ is the emitted charge, and we have defined the width
to = I'/+/In 2 and the prefactor Vi = 2/i./7 /ety.
In Fig. 4, we show the electric current and the heat current

generated by the pulses. The results in Fig. 4(a) agree well
with the simulations in Ref. [25], and we see clear differences

(A3)
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FIG. 4. Negative currents for Gaussian pulses. (a) Electric current at zero temperature for the Gaussian pulse in Eq. (A3) with I' = 0.17,
and charge g. The reflection probabilities are R; , = 0.5. The inset shows the electric current for different temperatures given by the thermal
timescale tg = /i/mkgT for pulses with a charge of g = 0.75 electrons. (b) Time-dependent heat current corresponding to the results in panel

(a). Here, we have defined Iy = e/t and Jy = IV with Vy = h/et.

compared with the results in Fig. 2 for Lorentzian pulses. The
inset shows how the negative currents are washed out by an

increasing temperature. In Fig. 4(b), the heat current also turns
negative.
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