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The single-particle state is not expected to demonstrate second-order coherence. Here I analyze the injection
of electrons into a conductor and show that, at a nonzero temperature, the underlying Fermi sea causes the
single-particle injected state to exhibit second-order coherence. For this purpose, I calculate the second-order
correlation function, G®, of electrons injected on top of the Fermi sea. At zero temperature, the function G®
unambiguously demonstrates whether the injected state is a single- or a multiparticle state: G® vanishes in the
former case, while it does not vanish in the latter case. However, at nonzero temperatures, when the injected state
is a mixed state, a purely single-particle contribution makes the function G® nonvanishing even in the case of
injection of one electron. The single-particle contribution puts the lower limit on the second-order correlation
function and thereby limits its use as a single-particle injection test at nonzero temperatures. The existence of a
single-particle contribution to G can be verified experimentally by measuring the cross-correlation electrical

noise.
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I. INTRODUCTION

Quantum coherent electronics [1,2], also known as elec-
tron quantum optics [3], and single-electron electronics [4],
is an actively developing platform for quantum information
processing [5], which is aimed at creating, manipulating, and
detecting individual electrons as carriers of information.

Recently, quite a lot of single-electron sources on-demand
have been experimentally realized [6—17]. One of the crucial
tests this source has to pass through is the verification of a
single-particle emission regime.

In quantum optics, the single-photon emission regime is
verified via the measurement of the second-order correlation
function, g, which characterizes the probability of joint
detection of two photons [18]. Such a verification is universal
and it does not rely on any specific properties of the source.
If the stream generated by a periodically working source
consists of nonoverlapping single photons, then the function
g@ (1) vanishes at zero time delay between the two detec-
tions, T = 0. In contrast, if there are multiphoton wave packets
in the stream, the two photons can be detected simultaneously
and the function g® is finite at T = 0.

The measurement of the joint detection probability in the
optical frequencies range is possible due to availability of ef-
ficient single photon detectors. In the microwave frequencies
range, no efficient detectors are available. Nevertheless, the
single-particle emission regime for a source of microwave
photons [19] can be demonstrated via the linear amplification
of the magnitude of an electromagnetic field [20].

There are no efficient on-fly detectors available for single
electrons so far, and there is no way to measure the magnitude
of a fermionic field. This is why for the verification of a single-
electron emission regime, the various nonuniversal methods
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were used. The nonuniversality in this context means that
the given method can be good for one system, but not for
another. In particular, a strong decrease in an electrical noise
was used as an indicator of the single-particle emission regime
for a dynamical quantum dot [21] and for a quantum capacitor
[22-24], while this method does not work in the case of the
source of levitons [11]. Another method for validation of the
single-electron injection regime, which relies on the partition
noise [25,26] of an electron beam splitter, was demonstrated
in Refs. [11,27].

Nevertheless, in some systems it is possible to measure
directly the second-order correlation function for injected
electrons, G®, which vanishes identically in the case of a
single-particle injection. Generally, in the case of electrons
injected into an electron waveguide, the second-order corre-
lation function contains several contributions: (i) One is due
to electrons belonging to the Fermi sea of the waveguide, (ii)
one more is due to the injected electrons, that is G@, (iii) and,
finally, the last contribution is due to the joint contribution
of the injected electrons and Fermi-sea electrons [28-30]. As
it is pointed out in Ref. [29], when electrons are injected
into one of the two incoming channels of an electron beam
splitter, the cross-correlation noise of currents after the beam
splitter is directly related to the function G». The Fermi
sea electrons do not contribute to the cross-correlation noise
either directly or in conjunction with injected electrons. For
this to be true, the two conditions must be met. First, the
Fermi seas in both incoming channels have the same temper-
ature and the same chemical potential. Second, the incoming
and outgoing channels are spatially separated, which can be
achieved using chiral or helical edge states [31] as electron
waveguides.

Here I focus on the effect of temperature on the second-
order correlation function, G®, of electrons injected on top
of the Fermi sea in conductors. The fact that at nonzero tem-
peratures the quantum state of injected electrons is a mixed
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state, [32,33] leads to existence of a purely single-particle
contribution to the correlation function G®. This contribution
puts the lower limit to the second-order correlation function,
and it must be taken into account when the function G® is
used to distinguish single-electron and multielectron injected
quantum states.

The paper is organized as follows: In Sec. II, I discuss the
effect of temperature on the correlation function G of elec-
trons injected on top of the Fermi sea. In Sec. II1, the relation
between the function G and the current correlation function
is given in frequency domain. The temperature dependence of
the functions G® for single- and two-electron excitations are
contrasted in Sec. IV. The conclusion is given in Sec. V. Some
details of calculations are presented in Appendixes A and B.

II. CORRELATION FUNCTION OF ELECTRONS
INJECTED AT NONZERO TEMPERATURES

If the single-electron source injects particles with an energy
close to the Fermi energy of the electrons in the conductor, the
injected quantum state becomes temperature dependent [33].
The relevant sources are, for example, the source of levitons
[11], and a source based on a quantum capacitor [7,34,35] in a
regime that is described by a model of a single quantum level
raising at a constant rapidity [36]. Namely, these sources are
assumed below.

The first-order coherence of injected electrons is con-
veniently characterized by the excess first-order correlation
function, G [37-39]. To get rid of the contribution of
the underlying Fermi sea and keep track of the contri-
bution of injected electrons only, this function is defined
as the difference of the two terms, evaluated with the
source being switched on and off, respectively, G132 =
(TP 2))on — (FT(1)W(2))ogr. Here W () is an electron
field operator in second quantization evaluated at time #; and
point x;, j =1, 2, behind the source. The effect of a working
source is encoded in these operators. The quantum statistical
average, (...), is performed over the equilibrium state of
electrons in the conductor to which the waveguide is con-
nected. This state is characterized by the Fermi distribution
function with a temperature 6 and a chemical potential w.
In this paper, I suppose that the waveguide is a chiral one-
dimensional conductor. Since I am interested in time depen-
dence rather than spatial dependence, below, I only keep the
argument 7;.

The excess first-order correlation function is experimen-
tally accessible. For instance, the function G! for a stream of
identically prepared separated electrons in a ballistic conduc-
tor was measured in Ref. [40] using the tomography protocol
suggested in Ref. [38].

On the contrary, the second-order coherence of injected
electrons is more difficult to access. The total second-order
correlation function is defined as follows, G (¢, t2; 13, t4) =
(WUt Ut ()W (55) ¥ (1s)) [28,29]. For the Fermi sea of
noninteracting electrons of interest here, this function is
calculated as the 2 x 2 Slater determinant composed of
GO (t1:1,) = (U ()W (1,)) taken with corresponding argu-
ments.

When the source is on, this function, G*), which charac-

on °

terizes the second-order coherence of the Fermi sea together

with injected electrons, contains three distinct contributions
[28,29]. One of them is of particular interest; it is due to
electrons injected by the source. This contribution, which I
denote as G, is composed of excess first-order correlation
functions, G, in the very same way as the total G is
composed of the total GgO:

GV (11514)

2) . _
GY(11, tr; 3, t4) = det <G(”(t2;t4)

GV (t1;13)
G<1>(z2;r3))' M

Another contribution is due to electrons belonging to the
Fermi sea of a waveguide. This contribution can be calculated
with the source turned off, ggf) . This contribution charac-
terizes the second-order coherence of the Fermi sea alone.
Yet another contribution is due the joint effect of injected
electrons and electrons belonging to the Fermi sea of a waveg-
uide. It is this last contribution which prevents us from de-
termining G® as the excess G, that is, G # G — g(()?.
Nevertheless, as it was argued in Ref. [29], the function G®
can be accessed directly through the cross-correlation noise.
Since G® is experimentally accessible, one can use it to
characterize the second-order coherence of injected electrons.
Bellow, I discuss in detail the properties of G,

First consider injection at zero temperature, when the
injected particles are in a pure quantum state. For a single-
particle state (N = 1) with wave function W;(t), the first-
order correlation function is factorized into the product of
two terms that depend on one time each, Gx)zl(tl;tz) =
Wi(t)W (1) [33,41]. Apparently, that in this case the second-
order correlation function vanishes identically, Gﬁ)zl =0.
However, already for a two-particle state (N = 2), when
Gg\l,):z(tl;tz) = Z?:] Wi(t1)W)(t2), the second-order corre-
lation function is not zero. It is represented as follows,
Gﬁ)zz(l‘] L itz ty) = \Iff’zz)*(t] s l2)\pf’22)(l4, t3), where the two-
particle wave function,

\p1(tl)

W1, 1p) = det
1,2(1 2) € \Ijl(tz)

\Ijz(tl)
wz(m)’ @

is the Slater determinant composed of wave functions of both
particles, ¥; and W,.

In contrast, at nonzero temperatures, the electrons injected
by the source on top of the Fermi sea are in a mixed quantum
state. In the case of a two-particle state, the first-order corre-
lation function reads [33,41]

2
GyLy(tin) = / depy(€) Y Wi ()W),  (3)

J=1

where the index j labels the mixed state of one of the two
particles, j = 1,2. The components of such a mixed state
are parametrized by a continuous variable, the energy €, with
the probability density pg(e) = —df(€)/de, where f(e) =

(1 —i—e@) 1 is the Fermi distribution function, kg is the
Boltzmann constant, and € is the energy counted from to the
Fermi energy, € = E — u, cf. the Fermi function definition
after Eq. (A4).
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Accordingly, to Eq. (1), the second-order correlation func-
tion becomes

2) .
vazz(fl, hit3, ty)

= / depy(€) / de’pe(e’>{w§§?;<rl,rz)\wi?zg,(u,ra)

2

+ Y Wt )Y, (s, m}. 4)

j=1

Here the two-particle wave function \Ifﬁ)ze, is determined by
Eq. (2) with W, being replaced by W, and W, being replaced
by Wy . In addition, we have a new function ¥, ;o dependent
of two times, which is determined by the Slater determinant
composed of different components of the same single-particle

mixed state,
1 V. (1) W..(1)

V. . (t),h) = —=det| /¢ J€ . 5

jeje (1 12) = 7 de (wje(rz) Vo) O

I name it the two-time wave function. Note that at coincident
times, #; = 1, this function is zero, \Djé,je,(t, t) = 0, which is
a manifestation of the fermionic nature of an electron.

The contribution to G® due to the two-time wave function
is present even in the case when N =1 (that is, j = 1) in
Eq. (3). The corresponding state I call a single-particle mixed
state with components described by the single-particle cor-
relation functions G(lle)(tl sh) = Wi (t1))Vic(t2) appeared with
probability py(e€). Single particle means here that only one
component of the mixed state appears at a time. Therefore,
the number of particles described by this mixed state does not
fluctuate and is equal to one. The interpretation that only one
component of the mixed state appears at a time is in line with
the interpretation of the state of a finite-temperature Fermi
sea into which a particle is injected, see Eq.(7) in Ref. [42].
According to that interpretation, the quantum state of the
Fermi sea at nonzero temperature can be represented as the
mixed state, whose components are the Fermi seas with zero
temperature, completely filled up to the energy i + €, which
appear one at a time with probability py(€).

So, for N = 1, Eq. (4) becomes

G (11,1313, 14) = f depy(e) / de' po(€)

X Wi ot )V o (ts, 13). (6)

Note, at zero temperature, 6 = 0, the probability density
becomes the delta function of energy, py(e) = §(¢ — ), and
the only component with Fermi energy, € = w, survives. Since
\Ilj wj u(tl’ 1,) = 0, the second-order correlation function van-

ishes at zero temperature, G%ll = 0, as expected for a single-
particle state. In contrast, at nonzero temperatures, 6 > 0,
when py(€) # 6(e — ), a single-particle state demonstrates
some degree of second-order coherence, which is quantified
by Gy, #0.

This is somewhat counterintuitive, since the quantities like
G are considered essentially multiparticle in nature. Indeed,
in the case of a pure state, G(t1, tr; 12, 1) = WP (1, )%
The conventional meaning of the wave function square is the
detection probability, the probability of a strong, projective

measurement. In our case, it is the joint probability of two
detections, at time #; and at time #,.

In the case of a two-particle state, say, with wave functions
W, (¢) and W;(¢), both detections are possible. Let us suppose
that in the first measurement we detect a particle with wave
function W attime r = ¢;. The projective measurement means
that, after the detection, the wave function is collapsed; it is re-
duced to the delta function, W (¢) ~ 8(t — t;). Therefore, the
original wave function cannot be measured at any other times.
However, there is a second particle with wave function W,(¢),
which can be detected in the second measurement, say, at time
t = 1, # 1. Hence, we are able to perform two measurements,
and the probability for such a joint measurement is given by
Gyt it 1) # 0,

In the case of a single-particle state, we can perform a
projective measurement only once, say, at ¢t = ¢;, and cannot
measure the same state again t = t, # ;. This fact is mani-
fested as Gﬁ): . = 0, which works perfectly well in the case of
injection at zero temperature.

However, in the case of injection at nonzero temperatures,
this logic seems to fail, Gﬁ)zl # 0, see Eq. (6) for 6 > 0. To
resolve this seeming paradox, let’s remember that a classical
(nonquantum) particle can be measured as many times as we
need. Therefore, one can say that the Fermi sea at nonzero
temperatures causes an injected particle to behave classically
and to exhibit the second-order coherence.

A direct reading of Eq. (6) with #4 = #; and 13 = 1, suggests
that a possible mechanism that would explain why a particle
in a mixed state would behave classically, that is, could be
measured more then once, is as follows. A particle in a mixed
state can be in several quantum states, components of the
mixed state, appearing with some probabilities. In Egs. (6)
and (5), these states are V. for various €. When we detect
a particle at time ¢t = t;, we detect it in some particular
component state, say, in the state with € = ¢y. As a result,
this component is reduced to the delta function, W, (¢) ~
8(t — t1), and, therefore, cannot be measured at any other
times. But there are many other components of the mixed state
with €’ # €. Any of them is available for the next detection,
say, at time t = t, # 1.

The ability of a single-particle state injected at nonzero
temperature to demonstrate the second-order coherence can
be verified (or refuted) experimentally.

III. G» AND THE CROSS-CORRELATION NOISE

As it was pointed-out in Ref. [29], the second-
order correlation function with pairwise equal arguments,
GOy, tr; 1, 1)), 18 directly related to the cross-correlation
symmetrized noise [43—46]. More precisely, it is related to
the currents, I5(¢1) and I4(t,), and their correlation function,
P34(11, 1), which are measured at the outputs of an electronic
interferometer [47-49], analogous to the Hanbury Brown and
Twiss (HBT) interferometer [50] known in optics, see Fig. 1.
The source of electrons is placed in one of the inputs. The
temperature of both input channels 1 and 2, with and without
an electron source, should be the same, 6; = 6, = 0. Since
the source injects particles periodically with period 7y, the
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FIG. 1. Scheme of an electron HBT interferometer, where the
quantum state injected into one of the input channels (marked by
G?) is transmitted through and reflected at the wave splitter (shown
as a shaded thin rectangle). As a result, the outgoing current /3 and
1, are generated. These currents, together with their cross-correlation
function P4, define the second-order correlation function of injected
state, G®, according to Eq. (9). The arrows show the direction of
propagation of electrons.

resulting currents are periodic functions of time, I,(t) =
I, +To), a=3,4

Since the measurement of a time-resolved noise is chal-
lenging, below I focus on a frequency-resolved noise [S1-57],
which was measured more than once, see, e.g., Refs. [58—60]
and also Ref. [22], where, as I already mentioned, a frequency-
resolved noise was used for validation of the single-electron
injection regime.

Let us introduce the following Fourier transform:

T 00 .
Géz)(a)) = / dre't / dté "GPt + 7, t;t,t + 1),
0 _

(N

where Q =2m/7p and ¢ is an integer. Then, Gzz)(a)) is
expressed in terms of the finite-frequency cross-correlation
noise power, Pi4¢(w) and outgoing currents /3 and Iy, as
follows (see Appendix A for the precise definition of P34 ¢(w),
Egs. (A3) and (A4), and for the corresponding derivation
within the Floquet scattering matrix approach):

Pise(w)
2 () 34,0
G = 2
vuGe (@) e*RT /Ty
1 To . 00 )
e ’dt/ dte' T I3(t + t)14(1).
ezRTfo .

()

Here T and R =1 — T are the transmission and reflection
probabilities of a wave splitter of an electron HBT interfer-
ometer, v, is the Fermi velocity of electrons in a waveguide,
e is an electron charge.

In the special case, when the excitations produced during
different periods do not overlap, Eq. (8) can be simplified.
We take into account explicitly the fact that the current is
periodic, set 7y — o0, and introduce a continuous frequency
w; = £X2 instead of the series of discrete frequencies €2, see
Appendix A 4 for details. Then Eq. (8) becomes

Paap(w)  B@)y(w — o)
e2RT /Ty e2RT/T¢
This equation resembles Eq. (22) of Ref. [28], where the two-

energy distribution function was related to the zero-frequency
noise power and DC currents in the circuit with two energy

VG () =

&)

filters, quantum dots each with one working resonant quantum
level.

Below, I will use Eq. (9) and address the temperature de-
pendence of Gi,z)(a)) for electrons injected by some particular
source, namely the source of levitons [11], that is capable
of generating single- as well as few-particle excitations [61—
66]. The aim is to find out whether the function G® in
frequency representation can uniquely distinguish a single-
particle state from a multiparticle state, with accounting for a
multiparticlelike behavior of a single-particle state at nonzero
temperatures. As can be seen from the example below, this
is not always possible if only one set of frequencies is
available. Measuring on multiple frequency sets can increase
confidence. However, only G @ in the time domain can do this
job with full certainty.

IV. EXAMPLE: THE SOURCE OF LEVITONS

The sequence of the Lorentzian voltage pulses,

> 2hT,
eV(t)=N Z T (10

m=—00

applied to a metallic contact, generates the stream of excita-
tions with charge eN each in a ballistic channel attached to
the contact [67—69]. Here I, is the half-width of a voltage
pulse. These excitations are named N-electron levitons or
N-levitons [70].

A. Correlation functions

In the regime, when the period is much larger then the
width of a voltage pulse, 7y > I';, the excitations created
at different periods do not overlap. Then, we can restrict
ourselves to a single period only, say, m = 0, and send Ty —
oo in the integrals we need to evaluate. In this case, the
first-order correlation function of excitations injected by the
source of levitons is represented as follows:

N
GV(t:1y) = f depy(e) Y Wi ()W (1), (11)
j=1

Here ¥, (1) = emite ¥;(t) is the wave function of the jth
particles comprising an N-electron leviton (j =1, ..., N).
The corresponding envelope function is the following

[71-73]:
r, 1 r+il\ ™!
(1) = . 12
vi® \/rrv,tt—iF,(t—iFt) (12)

Using the fact that the envelope wave functions, ;, are
independent of energy, we can integrate € out in Eq. (11) and
get

GV(t;1,) = n(

n—n
T

N
) Y wrevin).  (13)
j=1

where 7(x) = x/sinh(x) and the thermal coherence time is
9 = h/(wkg0).

Substituting the above equation into Eq. (1), one can
calculate the second-order correlations function. For | = t4
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and 1, = t; we have

GOty ty 12, 1)

N N ) )
=> {M(n)! ¥ (02)]

j=1 k=1

o1 — D0 % *
—n( )w,»m)w,»(rz)l/fk(rz)wkm)}.

Ty
(14)

Now I will analyze the above equation in two cases, N = 1
and N = 2.

B. A single-electron leviton, N = 1

For a single-particle leviton, N = 1, the function G
becomes
2 — n2(h=t
VGY (t i, 1) = F—; ki e
- = (F T E 1)
From this equation, we can conclude the following. First,
when the time difference is smaller then the thermal coherence
time, |t} — 1| < Ty, the function n = 1, and the second-order
correlation function vanishes, GE\%):I = (. This fact is a man-
ifestation of a single-particle nature of a quantum state in
question.

Second, at larger time difference, |f; — #,| > 1y, the func-
tion n — 0, and the second order correlation function is fac-
torized into the product of two terms, each of which depends
only on one time, G, (t1, 012, 11) = [Yr1(t)*[¥1(02) .
Namely, the two-particle detection probability becomes the
product of two statistically independent single-particle detec-
tion probabilities. Such a property is expected for a classical
rather than a quantum state.

Nevertheless, the state of a leviton remains quantum and
respects the Pauli exclusion principle, which requires that
the function G® strictly vanishes at equal times (at any
temperature), G%):l(t, t;t,t)=0.

s)

The frequency representation
Let us perform the Fourier transformation defined in
Eq. (7) on the function G® of a single leviton, Eq. (15). Using
the fact that 7y > T';, we get

2 ~(2)
UMGN=1,2(“))

— e_lwlrre_lw_wllrr _ e_‘w(‘rr

F o0 ;72 z
X ;r/_oodt%zz%{cos(wr)—kcos ([w — we]T)

+ Zrisgn(we)[sin (w7) — sin ([w — wl]f)]}' (16)

As I already mentioned, this function is experimentally ac-
cessible through the finite-frequency noise measurement, see
Eq. (9).

In Fig. 2, I show Gg\%):l,z(a)), Eq. (16), as a function of
temperature for several fixed frequencies. The set of frequen-
cies chosen aims to illustrate various ways how noise can
approach zero with decreasing temperature. This is important

@)

gN=1 (W), w)
1.0f e
s mmmmnm— ——
g o= -
'/ o - -
0.5¢ [] 0‘ P d
e ’
14 y
i ‘ ‘ ~ ke/8
p': ,’ 5 10 15 20 B
1 / w=w=0
-0.5 1} /I e w=2w=8/h
1 II -------- w = w2 =8/h
—1.0"1 ——- ) =w/3=E/h

FIG. 2. The second-order correlation function of a single levi-
ton, Eq. (16), normalized to its high-temperature asymptotics,
g% (wp, 0) = viGﬁLl,e(a))/(e_‘“"rfe"“"“’”rf ), is given as a func-
tion of temperature. The temperature, k56, and frequencies, iw and

hiwy, are given in units of the energy of a leviton, &, = i/(2I;).

to be aware of, if measurement is only available with a fixed
frequency.

At strictly zero temperature, Gﬁ)zl (@) =0 for any fre-
quencies, demonstrating that the state in question is a genuine
single-particle state. At nonzero temperatures, the function
G deviates from zero. It can first become positive, the two
upper lines in Fig. 2, or, first negative, and then positive, the
two lower lines in Fig. 2.

At high temperatures, when the thermal coherence
time becomes smaller than the width of a voltage pulse,
19 K I';, the second-order correlation function achieves its
high-temperature asymptotic behavior, vi 91220 GE\?:], () =

e~ loIle g=lo—edl This product form is characteristic of the
classical state.

Note, that the growth of GE\%): , with temperature is
also manifested in the reduction of a single-particle shot
noise[32,42,61], the effect that has already been measured in
Refs. [3,27,74,75].

The temperature dependence of the function G® for a
multielectron state is remarkably different. Namely, its zero
temperature limit is not universal. On the contrary, such a limit
depends strongly on frequency. To illustrate this statement, let
us consider the case of a two-electron leviton.

C. A two-electron leviton, N = 2

The correlation function of a two-electron leviton, Gﬁ)zz, is
given in Eq. (11) with N = 2. The corresponding wave func-
tions are presented in Eq. (12). After performing the Fourier
transformation, according to Eq. (7), we obtain Gﬁ):“(a)),
see Eq. (B4), which is shown in Fig. 3 as a function of
temperature for several fixed frequencies.

We can see that at zero temperature, the magnitude of
Gﬁ)zz ,(w) is not zero, unlike the case of a plain leviton,
N = 1. Indeed, it strongly depends on the frequencies wy
and w. Such a nonuniversal frequency-dependent behavior is
characteristic of a multiparticle state, the two-particle state in
the present case.

Moreover, at some frequencies by chance, see the blue
dashed line in Fig. 3, the function G® can approach zero
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)

gnz2 (W, w)
1.0- ammmmmamEE
J—’—— -.--""'--- _——————T
4 o*” -
056 /”——
: K ”
V4 7
A
‘ ‘ w — kgb/E
i . s 20 X8 /EL
/ w=w=0
o5l [I ----- w; =2w =8 /h
I -------- w,:w/2:8L/h
_1.0~7 === w=wl=8&/h

FIG. 3. The second-order correlation function of a two-electron
leviton, Eq. (B4), normalized to its high-temperature asymptotics,
5L (wp, w) = viGﬁLz,z(a))/(%_"‘)'FTe“""”“rf ), is given as a func-
tion of temperature. The temperature, k36, and frequencies, /iw and

hwyg, are given in units of the energy of a leviton, £, = h/(2T;).

with decreasing temperature. This fact can be misinterpreted
as an indication of a single-particle state. To avoid this,
measurements at several frequencies are desirable.

Interestingly, the high-temperature asymptotics of the
second-order correlation function of a multielectron leviton is
universal: It is determined by the corresponding asymptotics
of the function G® of a single-electron leviton,

Jim Gy = NG lim G, (17)
This is a manifestation of the high-temperature fusion effect
(when the multielectron system behaves like one particle of
the total charge) discussed in Ref. [41].

Note that the low-temperature regime, for which Figs. 2
and 3 show different behavior, is achievable in present day
experiment. So, in Ref. [74], the voltage pulses with width
2T, =75 ps were used to generate levitons with energy £, ~
320 mK. The experimental data on shot noise were reported
for the temperature range from 6; = 40 mK to 6, = 138 mK.
Correspondingly, the ratio 8/&; is changed from 6,/&, ~
0.125 to 6,/&;, ~ 0.43. From Figs. 2 and 3, we see that for
these parameters the function G® allows one to uniquely dis-
tinguish single-particle and multiparticle states: The second-
order correlation function, G®, is almost constant in the case
of a two-electron leviton, while it decreases rapidly to zero
with decreasing temperature in the case of a single-electron
leviton.

V. CONCLUSION

I have discussed the effect of temperature on the second-
order correlation function of electrons, G®, which are in-
jected by an on-demand source on top of the Fermi sea in a
conductor.

The second-order correlation function is a universal tool
that is able to distinguish between single- and multiparticle
injection regime of an electron source. The function G is
accessible via the cross-correlation electrical noise measure-
ment at the exit of an electron Hanbury Brown and Twiss
interferometer.

At zero temperature, the function G» is vanishing in the
case of a single-electron injection and does not vanish in
the case of multiparticle injection. In contrast, at nonzero
temperatures, the function G® does not vanish even in the
case of a single-electron injection. The reason is that at
nonzero temperatures, the single-particle quantum state is a
mixed state that demonstrates some degree of second-order
coherence, which is quantified by G® # 0. The existence of
this single-particle contribution has to be taken into account,
when the second-order correlation function is used for the
verification of a single-particle injection into conductors at
nonzero temperatures.
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APPENDIX A: ELECTRON VERSUS ELECTRICAL
CORRELATION FUNCTIONS

The setup of interest consists of an electron wave splitter, a
quantum point contact [76,77], with two incoming, o« = 1, 2,
and two outgoing, B = 3,4, one-dimensional waveguides,
which are connected to respective metallic leads with the
same temperature € and chemical potential u, see Fig. 1. The
transmission 7 and reflection R = 1 — T probabilities of a
wave splitter are energy independent (within the energy range
relevant to our problem).

One of the incoming waveguides, say « = 1, is connected
to an electron source that periodically emits particles. The
period is denoted as 7. Within the scattering approach, the
periodically working source is characterized by the Floquet
scattering matrix Sy dependent on two energies, E and E, =
E + nhQ with n being integer and the frequency Q = 27/ 7,
is dictated by the periodicity. By the virtue of definition,
Sr(E,, E) is a quantum-mechanical amplitude for the pro-
cess, when an electron with energy E passing by a source
changes its energy to E, [78].

My aim here is to prove Eq. (8). For this, I use Eq. (1) and
write

GOt 1312, 1)

= -6V ) + GV )GVt n). (Al

The first-order correlation function at coincident times de-
fines an electrical current generated by the source, I(¢) =
ev, G (t;1) [79]. The outgoing currents are expressed in
terms of the incoming current /(¢), as follows, I3(t) = RI(t)
and I4(¢t) = T I(t). The currents are periodic in time, /(t) =
I(t + Tp). Therefore, after the Fourier transform defined in
Eq. (7), the second line of Eq. (A1) reproduces the second
line of Eq. (8).

To prove that the first term on the right-hand side of
Eq. (Al) leads to the first term on the right-hand side of
Eq. (8), I express both the cross-correlation electrical noise
power of the outgoing currents, P34, and the excess first-order
correlation function of electrons injected by the source, GV,
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in terms of the Floquet scattering matrix of the source, and
then relate them to each other.

1. Frequency-dependent electrical noise

The symmetrized cross-correlation function of electrical
currents /3 and I4 flowing out of the wave splitter, see Fig. 1,
is defined as follows [80]:

Pyy(ti.tr) = S(ALMOAL(G + 1) + ALy + ©)ALQ)),
(A2)

where AL (1) = I,(t) — (I, (1)), « = 3,4, is an operator of
current fluctuations in second quantization. The angle brack-
ets (...) denote a quantum-statistical average over the equi-
librium state of an incoming single-mode channel not affected
by the electron source. Such an equilibrium state is the Fermi
sea with a temperature 6 and a chemical potential w. The
other incoming channel of the wave splitter is in the same
equilibrium state, with the same temperature 6 and the same
chemical potential p.

For convenience, let us analyze this quantity in frequency
representation. In the general nonstationary case, the current
correlation function Ps4 depends on two frequencies. In the
case with periodic driving, the Floquet scattering theory cal-
culations give for our setup [81,82]:

oo
Py, 0) =21 Y 8o+ —LQ)Ps(0). (A3)
l=—00
where the noise power Pz4 ¢(w) is expressed in terms of the
Floquet scattering matrix elements of an electron source, S,
as follows:

P34 (@)
62
= kT / dE Z; ; F(E, + ho) f(E)

X {8108m40,0 — Sp(En, E)Sp(Epmte, EYH{8ng0mq
— Sp(En + ho, Eg + ho)Sp(E, + ho, E; + ho)}.
(A4)
Here n,m, g are integers, §,, is the Kronecker delta, and

S =1
fE)=(+ e%) is the Fermi distribution function for
electrons in a metallic contact with temperature 6 and chemi-
cal potential p, kg is the Boltzmann constant.

It’s easy to see that in equilibrium, that is, when the source
is turned off and, accordingly, Sr(E,, E,;) = 8,m, the noise
power is zero, P ¢(w) =0. So, in our setup, where the
contacts § = 3 and 8 = 4 have no direct connection between
themselves, only the partition noise of injected particles, but
not the quantum noise [83], contributes to the measured noise.

For convenience of the subsequent comparison with the
electron correlation function, I represent the noise power as

the sum of four terms, P4 ¢(w) = —RT% Zle B,, with

B, = /dEZZZf(Eq—i—hw)f(E)
n m q

Si(Eny ESp(Epses E)S(Ep + hiw, Ey + ho)
SF(E, + ho, E, + li), (AS5a)

B, = —/dE > H(E, + ho) f(E)
q
St(Ey, E)Sp(Egye, E),

B, = —/dE Z f(E, + ho) f(E)
q

(A5b)

SE(E_¢ + hw, E; + ho)Sp(E + ho, E; + ho),
(A5c)

B, = / dEf(E + how) f(E). (A5d)
Now let us turn to the quantum description of the excita-
tions injected by the source.

2. Electron correlation function

As I discussed in Sec. I, the first-order correlation function
for these excitations, G, is defined as the difference of the
electron correlation functions with the source switched on
and off, GV (r;1') = (I ()Y (1)), — (W)W (1"))og. Here
W(r) is a single-particle electron field operator in second
quantization at time ¢ just downstream the source. The angle
brackets, (...), denote the quantum-statistical average over
the state of the Fermi sea of electrons approaching the source
from the metallic contact @ = 1 being in equilibrium. Note
that, as in the Heisenberg picture, the field operators, rather
than the state, are changed by a working source.

I adopt the wide band approximation and suppose that in
the waveguides the electron spectrum can be linearized. The
Floquet scattering theory expresses G in terms of Sy as
follows [32]:

GV 1)

= L/dEf(E)e%E(H/)
hv,

x { Y ) S (B, E)Sp(Ep, E) — 1}.

n,m=—00

(A6)

Note that the possibility to linearize an electron spectrum
is important to perform linear opticlike manipulations with
electrons. For instance, if we need to calculate GV at another
place, say, at a distance x from the source downstream, we
simply replace t — t — v, x with v, being the Fermi velocity.

The wide band approximation is also crucial to get sim-
ple relations between electrical and quantum-mechanical
quantities.

3. The connection between the two

Now let us demonstrate that the electrical noise power and
the electron correlation function squared are related by the
following Fourier transformation:

P, (N o
34,0 (@) _ _/ e’m’dt/ At 1v, GVt + ;).
Po 0 —oo

(AT)
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Here Py = ¢>RT /Ty is the circuit constant. This constant is The relation analogous to Eq. (A7) but for the zero-
the shot noise caused by the scattering of single electrons  frequency noise power was presented in Refs. [32,42].
being in the pure state on a wave splitter at a rate of one To prove Eq. (A7), first, let us represent the square of the
particle per period 7y [26]. correlation function, Eq. (A6), as the sum of four terms:
1o
v, GV = = A (1 1), A8a
.GV = ; (1) (A8a)

Al(t;t/) — /‘dEf(E)e‘;E(l—t/) / dE/f(E/)e%E’(l‘—I’) Zeig(nt—l1lt/)S;(En’ E)SF(Em’ E)

x Y e U (B ENS(E;, E), (A8b)
J.k
Aattst) = = [ AERERECD) [AE fETE NS S (5, BB B (A8
n,m
As(t:t) = — f dEf(E)eiEt=1 / dE'f(ENe ™ FU=1) )" =190k (B! E')SE(E}. E), (A8d)
J.k
Aut:t)) = / dEf(E)erE0—1) / dE' f(ENe7 E't=1), (ASe)
As the next step, let us perform the following Fourier transformation:
U (Todt o0 [ iwt
Aso(w) = — —é' dte'“TAy(t +1,1), (A9a)
h 0 76 —00

and show that A; ;(w) is nothing but B;, Egs. (AS).
Let us start with Ay,
1 7

Ase(w)= - %eimt / " drer / dEf(E)er® f dE' f(ENe T E'" = 8y / dEf(E)E + o). (A9b)
0 —00

This equation is exactly B,, Eq. (A5d).
The Fourier transform of A3, Eq. (A8d), gives us

1 (Tdr o ; - i o
AS,Z(C‘)) - __ _etht/ d‘[@lwrdef(E)eEEt/dE/f(E,)€7ET Zeﬂﬂjteﬂﬂt(jfk)SF(E}’ E/)S;(E]/c, E/)
—o0 I

hlJo To

= — / dE Y f(E) f(E_; + h)SE(E_¢ + hw, E_j + h)Sp(E + ho, E_j + ho). (A9¢)
J

After replacing — j by ¢ we recognize the above equation as B, Eq. (A5c).
The next term is A,, Eq. (A8c),

1 (Tdt, o ; i g e
Az,[(a)) — _E ?Oetﬂft / drelw‘r / dEf(E)eﬁEt \/dE/f(E/)eyE T ZelQnTeLQt(nfm)S;(En’ E)SF(Em, E)
0 —00

=- / dE Y f(E)f(E, + ho)S}(Ey, E)Sp(Ene. E). (A9d)

This is the same as B,, Eq. (A5b).
And, finally, let us calculate the Fourier transform of A;, Eq. (A8b),
1 %

dr . o0 . i —i
A (o) = m ?Oelm’/ dte“‘”/dEf(E)e?xE’/dE’f(E’)eTE’
0 —00

% E etQ(nfj)reth(nJrkfmf])

n,m, j,k

St(En, E)Sp(Em, E)Sp(E}, ENSE(E}, E) = /dE Z JE)(Ey—j + ho)Sp(Ey, E)Sp(En, E)

n,m,j

X Sp(Ey + hw, Ey_; + ho)S(En_¢ + liw, E,_j + ho). (A%)
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We denote ¢ = n — j instead of j, and get

A (@) = de > AEV(Eg+ 1) Y Si(En, E)Sp(Ep. E)S(En¢ + ho, Eq + h)Sp(E, + ho., E; + ho).  (A9)

q n,m

After the shift m — £ — m, we find that this is nothing but B,, Eq. (A5a). Therefore, Eq. (A7) indeed holds.

The proof of Eq. (8) is completed.

4. The Fourier transformation for the product
of first-order correlation functions

Here I show how the second term on the right-hand side of
Eq. (9) is calculated from the corresponding term in Eq. (8) in
the limit of 7y — oo.

The current generated by a periodically driven source is
periodic in time, I,(t) = I,(t + Ty), a = 3, 4. Therefore, we
can expand it into the Fourier series,

o.¢]
Iot(t)z Z eiinﬂtla,n,
n=—0o0
Todr .
Iyn = | =€, Al0
, /0 T (A10)

In the limit of 7y — oo, we introduce a continuous frequency
w, = nQ, replace > > — [dw,/Q, and introduce the

n=—00
continuous Fourier transformation,

o0 .
Ia(a)n) = / dtelw”tla(t)a

oo

(A11)
|

o0
dw, _.
L) = / S e (o).

oo

Po

o]

P w To . o0 . 2 To . o : T
Paas(@) = —/ dte’mt/ dre’M|UMG§\})=2(t+T;t)|2 = ——;/ dte’mt/ dte'“™n (—)
0 — T 0 —

(

Then we use the second line of the above equation in Eq. (8)
and get the corresponding term in Eq. (9).

APPENDIX B: THE FOURIER TRANSFORM OF THE
FUNCTION G® FOR A TWO-ELECTRON LEVITON

The first-order correlation function of a two-electron levi-
ton, Gg\})zz, is given in Egs. (11) and (12) for N = 2. The
corresponding second-order correlation function reads

GO (141,650t +71)
= — |G\t + 0 + GYL(:0GY L, + Tt + 7).
(B1)

Now let us apply the Fourier transformation defined in
Eq. (A7).

1. The first term

The Fourier transform of the first term on the right-hand
side of Eq. (B1) determines the finite-frequency noise power,

00 To

1 1 1 1 1 1
X 12 + + .
{ (t+T)P+T2024T2  (t+7—il)? ¢ +il)?  (+t+il,)? (t—iFr)z}

(B2a)

In the case when the levitons created at different periods do not overlap, 7y > I';, we can safely extend the limits of
integration over ¢ to infinity and introduce a continuous frequency w, = ££2 instead of the set of discrete frequencies £€2. Then,

to integrate over ¢, we use the following auxiliary integrals:

F% /oo o elot 1 _ Fr e~ |l 1+ eiweT _ l&(l _ e—iwgr)’ >0, (B2b)
2 ) TP AT T2 T A2 |1t iz (1 — T ), € <0,
and

F% 00 ei(z)({[ 1

F/ dt(t—i—t—iF Y (¢ +il,)>
—00 T T

: T 3 72 zi(3— 27
2 elots [ e[ = 2;a, (22 — 4T2 4 4iT, 1) 4 SOLLrIHn(EoREn ] -y g 20,
=27, 2 3 72 wi(3— er ¢

72 (22 4 412)" | 27, (12 — 472 4 40T, 7) 4 ZEL )il ) ¢ <0

The noise power becomes

Pyao@) _ e, 2L /°° L)
Po T J_wo 'L’2+4F$

A =T|oy| (472 — 7%) — i4T 2wy T + 2T,

{eia)r 4 eir(w—a)g) _ izrf Sgn(we)[eiwr _ eit(a)—w{)] +
T

(872 — 6I';7?) + i sgn(wy)(t? — 12I'27)

eir(a)—a)g)A + eier*
T2 4 412 }’

B2d
72 4412 (B2d)

115421-9



MICHAEL MOSKALETS

PHYSICAL REVIEW B 98, 115421 (2018)

This equation satisfies the general symmetry properties, Py(w) =

P*,(—w) and Py(w) = Py (€2 — w) [84]. To prove the latter

one, we need to change t — —7. Moreover, it’s easy to see, that Eq. (B2d) is real:

2
7334’4(60) —|ag|T 4r, /oo n (L)
= —¢ r— dr—
7)0 T 0 +4F2
212 , 472 — 372

41z
B =1+T|o
T

+4T T (22 4 ar2)’

2T, )
C = —sgn(wy) — 41"
T

2+4r2

+ 2 sgn(w, )—
T (4 ( 4F2)

{B[cos (wt) + cos ([w — we]T)] + C[sin (wt) — sin ([w — w¢]7T)]},

12I'%¢
(B2e)

Note the above equation is the total cross-correlation noise power, not the excess noise power, which is more convenient in the
case of the auto-correlation noise measurement, see, e.g., Ref. [24].

The noise power Pis, Eq. (B2e), vanishes at large
frequencies, w, w, > ', This fact tells us that quantum
noise[83], which grows with frequency, is not manifested
here.

2. The second term

I denote the Fourier transform of the second line of
Eq. (B1) as G®. Since this part survives at high tem-
peratures, which is expected for the classical contribution, I
introduce the superscript cl. This part is expressed in terms
of the Fourier transform of a current, carried by the levitons,
I(t) = evMG%):z(t; 1), as follows:

(2) cl 1 To Q0 * it
@ =55 | &%t [ dee 1)+ 7).
U 0 —o0

(B3a)

Then I use the periodicity condition and write, I(t) =
Yo e "], The above equation becomes

. 27T —
G @)= 537 Y 8@ = n@ L.
K p=—oc0

(B3b)

(

In the long period limit, when the levitons emitted at different
periods do not overlap, I introduce a continuous frequency
w, = n2 and replace the sum by the integra,

o0

Z%/_Zsz'

n=—0oQ

(B3c)

Correspondingly, the coefficients of a discrete Fourier trans-
formation are replaces by the coefficients of a continuous
Fourier transformation, I,, — I(w,)/7. Then Eq. (B3b) be-
comes

v, G (@) = :2—21(60)1(60@ ~w), (B3

with I(w) = ev, G\, (w) and G\, (w) = 2¢ I,

According to Eq. (9), the sum of Eqgs. (B2e) and (B3d)
defines the Fourier transform of the second-order correlation
function:

P (@)

P (B4)

2 2),cl
V2GS, (@) = + 026G (o).

The above function is what is plotted in Fig. 3.
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