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Electron and electron-hole quasiparticle states in a driven quantum contact
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We study the many-body electronic state created by a time-dependent drive of a mesoscopic contact. The
many-body state is expressed manifestly in terms of single-electron and electron-hole quasiparticle excitations
with the amplitudes and probabilities of creation which depend on the details of the applied voltage. We
experimentally probe the time dependence of the constituent electronic states by using an analog of the optical
Hong-Ou-Mandel correlation experiment where electrons emitted from the terminals with a relative time delay
collide at the contact. The electron wave packet overlap is directly related to the current noise power in the
contact. We have confirmed the time dependence of the electronic states predicted theoretically by measurements
of the current noise power in a tunnel junction under harmonic excitation.
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Recent years have seen tremendous experimental and
theoretical progress in the emerging field of electron quantum
optics [1]. Following the example of optics, the quantum nature
of electronic transport has been demonstrated in electronic
Mach-Zehnder interferometer [2] and Hanbury Brown—Twiss
[3-5] and Hong-Ou-Mandel [6-8] intensity correlation ex-
periments. Although quantum optics with electrons is in
general analogous to the one with photons, there are important
distinctions between the two due to differences in particle
statistics, vacuum state (Fermi sea vs photonic vacuum),
interaction between electrons, decoherence, etc. In particular,
a simple constant-voltage source can act as a single-electron
turnstile [9] due to the Fermi statistics, which is responsible
for regular emission of electrons on a time scale /1 /eV, where
e is the electron charge, & is the Planck constant, and V is the
dc voltage drop over the conductor.

A step forward towards electron quantum optics has been
made recently with the realization of on-demand electron
sources [4,5,8,10—14] which can create single- to few-particle
excitations [15-21]. This facilitates the full control of the
quantum state of electrons in mesoscopic conductors and the
dynamical control of elementary excitations using suitably
tailored voltage pulses [22]. In particular, time-dependent
drive creates quasiparticle excitations in the Fermi sea that
are single-electron and electron-hole pairs whose number and
probability of creation depend on the shape and the amplitude
of the applied voltage [23]. Lorentzian pulses V(¢) of a
quantized area [ eV (t)dt/h = N (N is an integer) are special
as they create N electrons above the Fermi level, leaving the
rest of the Fermi sea unperturbed [15]. Experimentally, the
presence of electron-hole pairs in the system can be seen in
the zero-frequency photon-assisted current noise power, which
is increased with respect to the dc noise level [24-26]. More
recently, quantum noise oscillations have been observed in
a driven tunnel junction [27], and noise spectroscopy using
a more complex biharmonic voltage drive has been carried
out, approximating Lorentzian pulses [14]. The creation of
single-electron excitations has been realized experimentally
[12] and the resulting quantum states have been reconstructed
using the quantum state tomography [13].
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Even though the progress has been exceptional, a funda-
mental question remains: What is the many-body electronic
state created in the Fermi sea by a voltage drive? In this article
we find that the many-body state is

W) = CH [T = pe+ivpedlBolF). (1)
k

Here, CT = [dEVH(E )¢T(€) is the creation operator of a
single-electron quasiparticle state, Al = [d&utx(E )¢t (&) and
By = i dEu* (E)¢(E) are the operators that create electron
and hole from the electron-hole pair, & (¢) are the electron
creation (annihilation) operators, and |F) is the filled Fermi
sea. (We have assumed, for simplicity, that there is one
single-electron quasiparticle created per period, which is the
case for eVy./hw = 1, where Vg is a dc voltage component
and w is the frequency of the drive.) In addition to a single-
electron excitation, there is a number of electron-hole pairs
created in the system (labelled by k = 1,2, ...) due to the ac
voltage component. The probabilities of the electron-hole pair
creations p; and the single-electron and electron-hole quasi-
particle amplitudes v(£) and u’.(€) depend on the properties
of the applied voltage. For optimal Lorentzian drive, there are
no electron-hole pairs created (p; = 0) and the state has only
single-electron excitations, as expected.

Quasiparticle amplitudes v and uX. in Eq. (1) also give the
time-dependent probabilities of single-electron and electron-
hole pair creations, |v(t)|* and |uX (¢)|>. The time dependence
of the wave functions that constitute the many-body state in
Eq. (1) can be probed by an electronic analog of the
optical Hong-Ou-Mandel correlation experiment [28], where
electrons emitted from two terminals with a relative time
delay collide at the contact [29,30]. When the wave packets
arrive at the contact simultaneously, their transmission in the
same output channel is blocked by the Pauli principle, which
suppresses the current fluctuations. The magnitude of the
noise suppression is proportional to the wave-packet overlap
at the contact. In the present paper, we have performed this
experiment and measured current noise power in a tunnel
junction driven by harmonic time-dependent voltage. We
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have found that the correlation noise as a function of a
time delay is in agreement with the theoretically predicted
quasiparticle amplitudes of electrons and electron-hole pairs
in Eq. (1).

Let us consider a generic quantum contact with spin-
degenerate transmission eigenvalues 7}, that are independent of
energy. The contact is driven by a voltage V(¢) = Vg + Vi (2),
where V. is a constant dc offset and V,.(¢) is a periodic ac volt-
age component with zero average and the period T = 27 /w.
The cumulant generating function of the charge transfer statis-
tics is given by [15,23] S(x) = ZZn Trin[1 + fL(1 — fr)
T,(e'* — 1)+ (1 — fu) frTu(e™'* — D)]. Here, [y are
generalized electronic distribution functions in the left (right)
terminal which depend on two time or energy arguments:
fr=f=eOf, ' -1, fr= f(t' —1t"). Here,
o) = fot dt'eV,(t")/h (hereafter h = 1), f(£) =1—0(E),
and fy, (€) = f(€ —eVy), where 0 is the step function.
Function f couples only energies which differ by an integer
multiple of w, f(£,") =), Ay f(E — ko — eVy),
where £ =€ +nw, &' =e+mw (0 <€ <w), and a, =
(1/T) fOT dte 90"t In particular, diagonal components

of f are given by f(&) =00 _ lau*f(€ —nw — eVq).
Function f(£',E") is the generalized distribution function
of a driven quantum contact in energy representation, while
f(&) is the stationary nonequilibrium electronic distribution
which is realized in the junction due to time-dependent
drive.

Next we obtain a decomposition of f into single-electron
and electron-hole states. As shown in Ref. [23], the notion of
single-electron and electron-hole pair excitations is related to
the eigenproblem of {h,i} = hh + hh, where f = (1 — h)/2
and f = (1 — h)/2. For integer eVy./w = N, there is an N-
dimensional subspace of {/,4} spanned by N special vectors
that are eigenvectors of both h and h: hv = —v, hv = v. This
subspace corresponds to N electrons injected to the contact
per voltage cycle. In addition, the operator {/,/4} has a series
of two-dimensional subspaces that are spanned by vectors v,
and v_, = hv, which are given by hhv, = e“v,. The spaces
span(Vvy, ,V_y, ) correspond to the electron-hole pairs (labelled
byk = 1,2, ...)created per voltage cycle with the probabilities
P = sin*(e/2). i )

At zero temperature, f and f commute with {h,h},
that is, they reduce in the single-electron and electron-hole
pair subspaces of {h,h}. For simplicity, we restrict our
consideration to the case N = 1 in which there is only one
electron injected per voltage cycle. The eigenproblem of
{h,h} defines a resolution of the identity |v)(v| + Dk P =1,
where |v)(v| is the projector on the single-electron state
and P, = [V ) (Vo | + [V—q, ) (V_q,| are the projectors on the
electron-hole subspaces. This defines a decomposition of f
into single-electron and electron-hole contributions,

F=me+Y fe )
k

where fi = fPy. Similarly, for the completely filled Fermi
sea of the right lead we have f =), fi, where f; = f P
The single-electron state v is given by fv =vand fv = 0.
The first term |v)(v| in Eq. (2) describes a single-electron
state injected to the contact while f; describe the electron-hole
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pairs. By taking a diagonal in time components of |v)(v| or
fi we gain information on the time dependence of single-
electron and electron-hole pair wave functions. Similarly, by
taking a diagonal in energy components we gain information
on the single-electron and electron-hole pair contributions in
the overall distribution function. Indeed, for Lorentzian pulses
VLor(?) that carry a single-charge quantum per cycle, there are
no additional electron-hole excitations and the time-dependent
probability of the single-electron injection is proportional to
the drive, |v(r)|? = eVior(t)/w. This is no longer true for a
general time-dependent drive where [V(1)|? # eV (1) /w due to
the presence of electron-hole pairs.

Before we proceed with the specific examples, let us bring
fi in a more transparent form. States v, and v_, in general
possess both positive- and negative-energy components. We
can make a rotation of the basis uL = (v, £ v_,)/ /2 in the
subspace span(v,,v_,) such that new basis vectors u; and
u_ possess nonzero components only for £ > 0 and £ < 0,
respectively. Using hv, = v_, it is straightforward to check
that fu, =0 and fu_ =u_, as required. The projector
Py in the new basis reads P = [uk)(ul |+ |uk)(uk|. We
obtain

fi = peluf )t | + giluh) (b | — i /prgrc lut ) (u | + Hee.,
3)

and f; = [u*)(uX| (g« = 1 — pi). Decomposition of f in
Egs. (2) and (3) enables us to identify the many-body electronic
state in the left lead created by the drive. We find that
FELE = (W|eT(E)E(E")| W), where |W) is given in Eq. (1).
The right lead is assumed to be unperturbed and serves as a
reference.

The physical meaning of the amplitudes u is manifest in
Eq. (1) and can further be elaborated by taking diagonal in
energy components of f;. For £ > 0 we find that f,(£) =
pk|uﬁ(5)|2. For £ < 0 it is more convenient to consider the
distribution of holes £ = B, — fi: 7€) = pilut (&)
Therefore, uy and u_ describe electrons and holes gener-
ated in the system. This notion is also supported in time
domain with diagonal in time components f;(f) = |uk+ (®)|* and
F® () = [uk (1)|2. Apart from electron and hole states on the
diagonal, fj contains also the off-diagonal terms proportional
to +/ pr(1 — py) that are responsible for mixing of the two; see
Eq. (3). Electron-hole pairs with p; ~ 0 give no contribution
to the transport. On the other hand, for p; &~ 1 the electron and
the hole from a pair are practically decoupled from each other
(off-diagonal mixing terms vanish), cf. Eq. (1). This can also
be seen in the cumulant generating function, which becomes
a sum of independent electron and hole contributions [23].

Next we study single-electron and electron-hole pair states
for different voltage drives; see Fig. 1. Let us consider a
harmonic drive V(t) = Vg + V cos(wt) where the dc offset
N = liskeptfixed while the amplitude V, of the ac component
is varied. The drive is characterized by the coefficients a, =
Ja.(eVh/w), where J, are the Bessel functions of the first
kind. In addition to a single-electron state, there are also
electron-hole pairs created in the system and they become
more relevant for transport as the amplitude Vj is increased.
For eVy/w < 2 there is only one electron-hole pair with
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FIG. 1. (a)-(d) Wave functions |v(¢)|> and |u.(?)|* of electrons
and electron-hole pairs created by different voltage drives V (¢). The
corresponding nonequilibrium distribution functions are shown in the
panels (e)—(h).

P =1/ In+ N|la,* — N) in addition to the
single-electron state injected. For eVy/w < 1, the probability
p1 practically vanishes and only a single-electron state
remains. Time dependence of the single-electron wave packet
|v(t)]> is shown in Figs. 1(a)-1(c) in comparison to the
voltage drive V (¢). We find that for ac drive amplitudes much
smaller than dc voltage bias, the electron-hole pair creation
is not effective and the single-electron wave packet coincides
with the drive, |v(#)|> & eV (t)/w; see Fig. 1(a). For ac drive
amplitudes comparable to or larger than dc offset, the single-
electron wave packet differs from the drive; see Figs. 1(b) and
1(c). In that case, the electron-hole pairs become important
and their wave packets together with the single-electron one
ensure /(t) = GV(t), where G = (ez/yr) >, T,. The wave
functions |ux(¢)|> of an electron-hole pair are shown in
Fig. 1(d) for the drive without dc bias (N = 0), which does not
create single-electron states. The nonequilibrium distribution
functions f(&) for the voltage drives at hand are shown in
Figs. 1(e)-1(h) (solid curves) together with the approximations
(dash-dotted curves) computed using the most important
single-electron or electron-hole pair states in Figs. 1(a)-1(d).
From Figs. 1(b), 1(c), 1(f), and 1(g), we find that electron-hole
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pairs give a more significant contribution in time domain
than in f(€). Indeed, while the single-electron wave packets
clearly differ from the voltage drive, the distribution function
is nevertheless to a good accuracy given by a single-electron
state, £(&) ~ |v(E)|> + 6(—E). This is because for small py,
the electron-hole pair functions f; in Eq. (3) have dominant
off-diagonal electron-hole mixing components (proportional
to /px) which do not contribute to the diagonal in energy
distribution £;(£), while they do contribute to the diagonal in
time distribution.

The time dependence of the electronic wave functions
can be accessed experimentally by studying current noise
power in a setup where two voltage drives with time shift
T are applied to the terminals, Vi (t) = V4. + Vy cos(wt) and
Vr(t) = V. (¢t — ). This can be viewed as the electronic analog
of the optical Hong-Ou-Mandel (HOM) experiment [28] in
which electron wave packets emitted from the terminals with
time delay t collide at the contact [29,30]. In the analog
HOM experiment, Vg is the static bias voltage between the
input and output ports, which is in our case only defined
with respect to virtual output terminals. Because of the gauge
invariance, our two-terminal setup is formally equivalent
to the case of the voltage §V(t) = V. (t) — Vg(t) applied
only to the left lead with the right lead unperturbed. The
current noise power as a function of the time delay t then
reads S>(t) = S Z;ifoo |n|an[(2eV0/a)) sin(wt/2)], where
So = (e*w/m) >, ThR, with R, =1—T, [31]. To express
S>(r) in terms of the overlap of the wave packets, we
proceed as follows: From the cumulant generating function
S we find Sx(r) o Tr[(fL — fr)*] = Te[(fL — f)* + (fr —
2 =2(fr — f)(fr — f)], where we have introduced the
distribution function f of the unperturbed Fermi sea. Here,
the first two terms on the right-hand side give the noise when
the voltage is applied to one lead only while the other lead
is unperturbed. Both terms give the same contribution to the
noise S;, = Sg = So > e, In + N|J2(eVy/w) independent
of t. The term —Tr[2(f. — f)(fr — f)] gives the noise
suppression due to wave packet overlap at the contact. The
noise reads

$2(t)/So = (S + Sr)/So — 2C(7), “

where C(t) is the overlap that we compute using Egs. (2)
and (3). For p; <« 1, the dominant contribution in C(7) is the
overlap of the single-electron wave functions v(¢) and v'(¢) =
v(t — 7) injected from the leads,

T 2
C(r) ~ [(v|V)* = '/ a@ ViV — 1) - (5)
o T

The noise S(tr) is shown in Fig. 2(a) together with the
noise computed using the most important single-electron wave
packet overlap in Eq. (5). The corresponding voltage drives and
the electron wave functions are shown in Figs. 1(a)-1(c).

So far we have analyzed the single-electron wave packets.
To probe the electron-hole states we can use the voltages
Vi(t) = Vyo + Vor cos(wt) and  Vgx(t) = Vg cos[w(t—1)],
which create single-electron wave packets at the left
lead and electron-hole pairs at the right lead. The cur-
rent noise power in this case is given by S)(t) =
So Y02 In+ N|JHeVo(r)/w]l, where Vo(t)=[V3 +
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FIG. 2. Noise S, as a function of a time delay t between two
harmonic signals applied at the leads: (a) N =1 and eVy/w = 1.5,
1, 0.5 (solid lines, top to bottom); (b) left lead: N = 1, eV/w = 0.5;
right lead: N =0, eVp/w = 2; and (c) left lead: N =1, eVy/0w =
1; right lead: N = 0, eVy/w = 2. Approximations for S, calculated
using the overlaps C(7) of the wave functions depicted in Fig. 1 are
shown for comparison (dash-dotted lines). (d)—(f) S»(7) measured in a
tunnel junction at w/2mw = 20 GHz (symbols). Theoretical results are
shown for temperatures 7, = 0 (solid lines) and 7, = 0.1w (dashed
lines).

V& — 2Vor Vor cos(wt)]'/2. In terms of the overlap, the noise
is given by Eq. (4), where S, = Sp >, In + N|an(eV0L/a)),
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Sk = S0 ), InlJ(eVor/w), and C(r) = pg|(viw,)|* is the
overlap between the single-electron state v at the left lead and
the electron part u/, of the most dominant electron-hole pair
u/, generated in the right lead (pg = 0.630). The noise S,(t)
in this case is shown in Figs. 2(b) and 2(c); the corresponding
single-electron and electron-hole wave functions are shown in
Figs. 1(a), 1(b), and 1(d).

To verify this picture, we have measured S»(t) in a tunnel
junction under harmonic excitation with w/2mw = 20GHz
[32]. Experimental results are shown in Figs. 2(d)-2(f), in
agreement with the current noise power obtained theoretically.
This proves that single-electron and electron-hole excitations
in Eq. (1) can be created by time-dependent voltage and
accessed experimentally in a noise correlation experiment
which measures the overlap of the electronic wave functions.

In conclusion, we have obtained the many-body electronic
state created by a time-dependent drive of a quantum contact
in terms of single-electron and electron-hole quasiparticle
excitations. We have confirmed our theoretical predictions by
probing the constituent quasiparticle states in a HOM-type
experiment on a tunnel junction. The knowledge of the many-
body state opens a way to engineering the required time profile
or energy distribution of single-electron and electron-hole
excitations. Since the electronic state in a conductor determines
the electromagnetic field it generates [33], our work can be
used to produce nonclassical states of electromagnetic field,
such as squeezed or entangled photonic states that have been
observed recently [34,35].
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