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In voltage- and temperature-biased coherent conductors quantum screening effects occur if the
conductor’s transmission is energy dependent. Here, we show that an additional ac-driven terminal can
act as a probe for a direct readout of such effects, hitherto unexplored. We find that screening of charges
induced by the static biases impacts already their standard /inear thermoelectric response coefficients due
to nonlinear effects when accounting for the frequency of the time-dependent driving. Those effects
should be observable under realistic experimental conditions and can literally be switched on and off with

the ac driving.

DOI: 10.1103/PhysRevLett.127.246802

In recent years, there has been a growing interest in the
field of nanoscale thermoelectrics [1]: by exploiting the
features of nanoscale conductors—such as their energy-
dependent transmission properties, single-particle effects,
and even quantum interference effects—novel principles
for electric heat-to-work conversion are currently explored.
In contrast to analogous macroscopic devices, which are
typically well characterized by their linear thermoelectric
properties, the nonlinear response plays an important role
for these nanoscale conductors, where applied temperature
or voltage differences can easily be of the order of internal
energy scales. However, the nonlinear operation of these
devices goes along with complex quantum screening
effects in the conductor, which impact their transmission
properties [2—6]. Despite their relevance, these effects, in
particular those related to quantum (compared to geomet-
rical) capacitances, have been little explored so far [7],
because they are easily masked by other higher-order
effects in experiments. Moreover, temperature-bias-
induced screening effects have to our knowledge not been
experimentally accessed at all.

In this Letter, we propose a mesoscopic setup that can be
exploited to read out these quantum screening effects.
It consists of a thermally and electrically biased thermo-
electric two-terminal conductor, additionally ac driven
by a third local, capacitively coupled terminal. The
proposed device, as shown in Fig. I, has an arbitrary
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energy-dependent transmission, D(E). One possible, sim-
ple example for such a conductor could be a quantum point
contact (QPC) [8-12]. Away from equilibrium, due to an
applied voltage or temperature bias, charge is accumulated
at the energy-dependent scatterer, acting as a quantum
capacitor. The accumulated charge is screened by charge
redistributions at nearby metallic contacts and gates, cou-
pled via geometrical capacitances to the scatterer, and by
displacement currents flowing from the contacts. Treating
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FIG. 1. Schematic of a coherent mesoscopic conductor, con-
nected to left and right contacts with electrochemical potentials
U, ug and temperatures 7;, Tp. A third, ac-driven terminal is
coupled capacitively only. See the upper inset for the example of
a mescocopic capacitor as the ac source. The coherent conductor
has an energy-dependent transmission D(E) (realized, e.g., by a
QPC). Lower inset: the potential U(x) creating the energy-
dependent scattering region, as well as screening potentials
U, r occurring within the screening length A are schematically
indicated.
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the electron-electron interactions at a mean-field level [13],
the result of screening is a shift of the electrostatic potential
in the conductor, which hence modifies its transmission
properties depending on the applied electrical and thermal
biases, D(E) = D(E,{V,AT}) [2,6,14,15].

We find that screening effects due to the stationary biases
can already be made visible as corrections to the standard
linear thermoelectric response of the two-terminal con-
ductor to voltage and temperature biases. These surprising
corrections stem from the time-dependent driving, which is
locally applied via a third terminal and which could, e.g., be
realized by a mesoscopic capacitor [7,16,17] in the quan-
tum Hall regime [8,9]. More specifically, the discovered
corrections to the thermoelectric linear-response coeffi-
cients are directly proportional to different quantum screen-
ing coefficients, which usually only play a role in the
nonlinear thermoelectric response of stationary conductors
[2,6,13—15,18-20]. In the latter case they occur as higher-
order correction effects in the static biases, which are hard
to extract from an experiment. In contrast, the correction
terms identified here are nonlinear only when accounting
for the ac-driving frequency as one of the affinities in a
generalized thermoelectric framework [21]. Screening cor-
rections can hence be switched on and off by adding a local
ac driving and they can thus directly be extracted by
comparing standardly detected linear-response coefficients,
in the presence and in the absence of the driving.

In the following, we derive charge and heat currents
flowing in the time-dependently driven setup shown in
Fig. 1, using a Floquet scattering matrix approach [22-25]
and carefully considering geometrical and quantum
screening effects induced by both voltage and temperature
biases. We then elaborate on concrete strategies to
exploit the interplay between screening effects and ac
driving in order to read out until now elusive screening
coefficients.

Charge and heat currents in the driven conductor.—We
consider a coherent mesoscopic conductor connecting two
electronic contacts, L and R, via a scattering region with
energy-dependent transmission D(E). Here, we assume
contact L to be electrically grounded, i.e., u; = uo,
and kept at temperature 7; = T\), while electrochemical
potential and temperature in contact R are assumed to be
Up = po + eV and Ty = Ty — AT, respectively. Here, —e
is the charge of the electron, with e¢ > 0. In what follows,
we set ug =0 as the reference energy. Furthermore, the
conductor is subjected to a controlled, local ac driving
applied via a third, capacitively coupled contact.

We choose contact R to be the one where the time-
averaged charge and energy currents are detected, I = I
and If = I£. For the conductor shown in Fig. 1, they read
[24-26]

1=l y [(AEDBHE) - Fu(E). (10

E _ JE 1
1F=th—y [ AEEDEN®) - 1(B)). (1)

with f,(E) = [1 + exp ([E — pg/ksT,)]~". Here, we have
split the full currents into a contribution arising from the
applied stationary temperature and voltage biases [second
part of the right-hand sides of Eqs. (1)] and contributions,
I, and IE,, arising from a time average of the ac-driving
induced currents. The latter are given by
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Here, S,(E) is the nth Fourier component of the
scattering matrix of the driven region, see Refs. [27,28]
for explicit examples. The function Af(E,) = fo(E) —
fo(E,) is a difference between equilibrium Fermi func-
tions, f,(E) = fo(E) = [1 +exp (E/kgT,)]" at energies
E and E, = E + nhQ, differing by an integer multiple of
the ac-driving frequency Q. Equation (2) relies on the
assumption of no backscattering from the conductor
towards the source, which is met, e.g., in chiral systems.
In order to obtain the heat current from the expressions
given in Eq. (1), one needs to evaluate J = I¥ — VI, and
analogous expressions for the separate components of
the heat current arising from the stationary biases or
ac-driving, alone.

Linear thermoelectric response to V and AT.—Starting
from the general results for charge and energy currents,
Eq. (1), we derive expressions for I and J to leading order
in the applied biases, V and AT, but without expanding in

the driving frequency

(1) B ( 14 ) N (G+Gac L+Lac>< 1% ) )
J) o\ M+M, K+Kz)\AT)

To obtain this equation, we expand the Fermi functions to

linear order in the biases, as well as the energy-dependent

transmission probability, which depends on the biases due
to screening [2,6,13-15,18-20,29]:

D(E,{V,AT}) = Dy(E) +%%(§ev + ykgAT).  (4)
Here, we introduce Dy(E) = D(E, {0,0}). The coefficient
0 <£<1 is bounded from above by gauge invariance,
while y can have any sign and is not bounded. We evaluate
the screening coefficients due to voltage and temperature
biases, y and &, for the explicit example of a QPC in the last
part of this Letter. In principle, screening at the QPC of the
electrons and holes injected from the local ac driving
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should also be accounted for. However, we focus on driving
sources operated such that this dynamical, ac-screening
effect is negligible [29].

The first terms appearing in Eq. (3) are to leading order
not affected by the applied biases, that is I3 = I, |s7 v
and 75" = IE| z7y_o, with I, IZ. given in Egs. (2a) and
(2b). Furthermore, the matrix elements G, L, M, and K are
the standard, linear response, thermoelectric coefficients

2 M 1
=27, L=—=-SkyT,, K=-

27T
h TO h h<kB 0) 2

(5)

(see, e.g., Ref. [1] for a review) with

o [rommin ) (4,

Here, G is the electrical conductance, K the thermal one,
and L, M the thermoelectric coefficients related to the
Seebeck and Peltier coefficients. We emphasize that none
of these quantities is affected by screening effects. Of main
interest here, are the coefficients G,., Ly, M,., and K,
which modify the standard linear response result and which
may, in general, depend nonlinearly on the ac-driving
frequency. These coefficients all arise from the interplay
between the nonequilibrium induced screening effects and
the time-dependent driving. Namely, the applied biases lead
to a voltage- and temperature-dependent transmission
probability, D(E), which in turn modifies the currents
injected due to the local time-dependent driving, when they
are scattered at the conductor. The expressions for the
coefficients are

e’ k e
Gaczé_jov Ly, = i jO’
kgpe kZT
M, = é:ZBh T0j17 Ky =—x Ojl’ (7)

where

7= [aeis, P PE (2 are). ®

Interestingly, from Eq. (7) we see that the charge-current
and heat-current coefficients are related in a simple way:

% — Lac Mac — Kac
e kB)(7 eé kgy

©)

This derives from the fact that the two pairs of coefficients,
Gy, M. and L, K, respectively, stem from voltage- and
temperature-induced screening effects.

Equation (9), demonstrates that the total coefficient
matrix in Eq. (3) does not satisfy Onsager’s symmetry
relations. We stress that this breakdown is to be expected,
due to the external driving breaking time-reversal sym-
metry. Onsager symmetries can be recovered by treating the
frequency as an affinity in the adiabatic regime [21].

Weak thermoelectric effect.—The origin of the coeffi-
cients in Eq. (7) as an interplay between the screening
effects and the ac-induced currents becomes formally
explicit in the limit of a weak thermoelectric effect, that
is, for a conductor with a smooth energy dependence.
In this limit, we can expand the transmission probability
to first order in energy as Dy(E)= Dy + EDj,, where
Dy =Dy(0) and Dj = dDy(E)/dE|z_,. Inserting this
expansion into the coefficients in Eq. (7) we arrive at

h L 4 h

Gy = _ﬁfiolggov M, = @L f—v Jg(l:ro7 (10)
and equivalent relations for L,. and K,. from Eq. (9).
Here, the thermoelectric coefficient is given by L =
—(ex?/3n)k3TDj, in accordance with Mott’s law and
the Lorenz number is defined as L, = (z%k%/3e?).
Importantly, the corrections to all response coefficients,
Gaer Ly, My, and K, become particularly simple in this
regime. They are proportional to the screening coefficients
£ and y, and to the same unperturbed thermoelectric
coefficient L. Furthermore, they are proportional to the
bare charge or heat currents from the time-dependent
driving, I3, or J&  that would flow into contact R
for a completely open conductor, D(E) — 1, and in the
absence of stationary biases. Note, however, that /¥ = 0,
due to the fact that the additional time-dependent driving is
local and purely ac. This means that in order to obtain
nonvanishing corrections to the linear thermoelectric
response coefficients of the charge current, G,. and L,
the energy dependence of the conductor’s transmission
probability needs to be at least quadratic.

Sensing of quantum screening effects.—In typical, purely
statically biased conductors, the screening effects intro-
duced above occur as higher-order corrections in AT and V
[2,6,14,15], which are hard to clearly identify. Indeed,
screening effects due to a temperature bias have not been
observed so far. In the present Letter, we propose to exploit
the interplay between local ac-driving and quantum screen-
ing effects to read out the latter from the modifications of
the linear-response coefficients, G,., L., M,., and K.
Note that these are not simply uncontrolled small correc-
tions to the standard linear-response coefficients, but can be
switched on and off at will with the ac driving. For the
specific readout, we distinguish two situations: (i) the weak
thermoelectric case, where at the same time the driving
properties are well known, and (ii) the general case of
arbitrary D(E), where we do not assume a detailed knowl-
edge of the driving features either.
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Case (i) requires the possibility of detecting the heat
current response of the conductor. Equations (9) and (10)
determine the modifications of the linear-response coef-
ficients. While /9% =0, one can determine J$¥ from a
heat current measurement where the ac driving is applied,
but no stationary biases. A stationary charge-current
measurement in the presence of a temperature bias yields
L. With this, one can subsequently directly extract the
coefficients £ and y from a detection of M + M. and K +
K,. compared to M and K in the absence of an ac driving.

In case (ii), the functions 7 and [J; are not necessarily
known. An experiment could then have two strategies to
proceed: either a measurement of all four coefficients, G,,
L,., M,, and K,., gives access to the four unknown
functions y, &, J,, and J, allowing one to determine y
and &, separately. Otherwise, in an experiment, e.g.,
restricted to a measurement of charge-current coefficients
only, one could extract the ratio

X _ e Ly (11)

é:_kBGaC.

This would give access to, until now undetected, quantum
screening properties due to a thermal bias, as it will be
shown in the following example of a QPC.

Quantum point contact.—As an explicit example, we
here consider a scattering region created by a gate-tunable
QPC. It can be described by an inverted parabola potential
U(x) = € — mw*x?/2, where m is the effective electron
mass, @ determines the smoothness of the barrier as
y = 2hw, and ¢ is a threshold energy. The QPC’s equilib-
rium transmission probability is then given by [9]

1
C Ltexp[—(E-¢)/y]

Dy(E) (12)

In order to evaluate screening effects, we follow
Refs. [14,15] and consider a model of the QPC with
two constant potential regions, where the charge is not
perfectly screened, one on each side of the QPC, see the
inset of Fig. 1. Their size is given by the screening length 4.
We consider a spatially symmetric setup, where the con-
stant-potential regions are equally capacitively coupled to
both the QPC split-gate electrodes, with capacitance C,
and to the respective electronic contact, with capacitance C.
All other capacitive couplings are assumed to have a
negligibly small influence on the screening properties.
The detailed derivation of the QPC’s scattering properties
within a semi-classical, WKB approach is shown in the
Supplemental Material [29,30]. It yields explicit expres-
sions for the dimensionless coefficients y and &, introduced
in Eq. (4), given by

2C+7D DE

“=acipiac, YTaciprac,

(13)

They contain both the geometric capacitances C and C,
which can be obtained via a careful modeling of the
geometry of the actual experimental device (see, e.g.,
Ref. [31]), as well as D = —e* [dEV(E)df,/OE and
DE = —¢? [dE[E/(kgTy)|v(E)Ofo/OE, which are due
to quantum screening. In particular, D is the so-called
quantum capacitance [7,16,32,33], while DF (also having
units of a capacitance) is related to the charge pile-up in the
system due to temperature variations [6,15]. They are both
quantum properties, as they involve v(E), that is the total
density of states in the two constant-potential regions, U g.
The density of states is given by [14,34,35]

! arcosh{\/i—%}, fore—-E;, <E<e
V(E) =—x (14)
arsinh[ EE_A' } , for E>e.

€

Here, E; = mw?2*/2 = y*mA*/(8h%)] = y*/Eyoy, Where
Ey. and E, are two energy scales related to the screening
length 4, indicated in the lower inset of Fig. 1. Importantly,
the expression in Eq. (13) clearly shows that the factor
x/&=DEF/(2C + D), that is most easily accessible by the
above described readout scheme (ii), gives access to
quantum screening properties due to a thermal bias,
encoded in DF.

Conveniently, £ and y can be expressed [29] in terms of
three dimensionless energy parameters ¢/(kgTy),
Evox/(kgTy), and y/(kgTy), as well as in terms of two
dimensionless, capacitive parameters C,/C, and Cp/C,
where Cp = €?/(87kgT,). The combination Cpy/Epoy,
containing the screening length A, gives the typical magni-
tude of the quantum capacitances D and DF [29]. From
Eq. (13) it follows that in the limit of dominant capacitive
coupling to the gate, C,>> C, D, D both coefficients
are small, & y <1, leading to a tiny modification
of the transmission with respect to Dy(E). In the regime
C>C,, D, DE, with dominant capacitive coupling to the
contacts, £ — 1 and the internal potentials U, p are
shifted by the same amount as the electrochemical potentials
ur g- However y < 1, i.e., the effect of temperature is
small. For the regime of dominant quantum capacitances,
D,DE>C,C 4» both coefficients y, £ can be of order one.
Taken together, the effect on the transmission due to applied
bias or temperature is determined by the relation between
quantum and geometric capacitances. Note that both the
magnitude of the quantum capacitance, resulting from
imperfect screening at the QPC, as well as the classical,
capacitive couplings between different parts of the con-
ductor are affected by the strength of electron-electron
interactions.

In Fig. 2, we plot both £ and y as a function of ¢ for a
representative set of parameters. The dependence on € in
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FIG. 2. Coefficients ¢, in (a),(b), and y, in (c),(d) as a function
of ¢/ (kgT,) for a set of different Ey, /(kzTy), see legend in (a),
and for different values of the parameters C,/C and Cp/C. Here,
the smoothness of the barrier is y/(kzT,) = 0.1.

these plots is entirely due to quantum capacitances, which,
unlike geometric ones, depend on the transmission proper-
ties of the conductor. We see that ¢ shows a qualitatively
similar behavior in both panels, Figs. 2(a) and 2(b), with a
maximum around e = 0, approaching C/(C+ C,) for
€/(kgTy) — oo and decaying slowly with increasingly
negative €. The magnitude of the variations with € is
however larger for C, > Cp. The trend is opposite for y, in
Figs. 2(c) and 2(d), where larger variations with e occur for
Cp > C,. Overall, y shows a qualitatively similar, alter-
nating-sign behavior in both panels, with a negative peak at
€ <0 and a positive peak at € > 0, both of the order
of kgT, away from the origin. For e/(kgT) — *oo,
x approaches zero.

Conclusions.—We have shown how the interplay
between a local ac driving and quantum screening effects
due to stationary thermal and electrical biases impacts the
standard, stationary linear response of a thermoelectric
conductor. We use this to put forward a proposal for the
direct readout of—until now elusive—quantum screening
effects, from tunable modifications of linear-response
coefficients. We expect presently available experimental
techniques [36—40] to allow for the proposed readout of
quantum screening effects. For the same parameters as in
Fig. 2 and considering as a probe a mesoscopic capacitor
with driving frequency around 1 GHz and escape time of
30 ps [41] and a static voltage bias of 10 yV, we get arough
estimate of 5 pA and 1 fW for the corrections to the charge
and heat currents, respectively. These values are increased
by reducing y (i.e., sharpening the energy dependence of
the QPC transmission). The findings of such an experiment

could test predictions for screening coefficients, as they are
shown in Fig. 2.

We furthermore foresee that with this very same setup,
known screening effects can be used to perform tomogra-
phy on single-electron sources (attached to the third contact
in our scheme) [39]. Also, the controlled modification of
thermoelectric response coefficients by the driving is
expected to be of interest for the improvement of heat
engines [42].
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