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Noninvasive and nonadiabatic quantum Maxwell demon
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A quantum mechanical Maxwell demon is proposed in a quantum dot setting. The demon avoids continuous-
measurement-induced decoherence by exploiting an undetailed charge detector. The control of coherent
tunneling via Landau-Zener-Stiickelberg-Majorana driving allows for efficient feedback operations with no work
invested. The local violation of the second law achieves simultaneous power generation and cooling. We discuss
the response current fluctuations, and the demon backaction derived from failures, finding optimal performance

in the nonadiabatic regime.

DOI: 10.1103/vmkf-rlén

Introduction. After decades of resting as a conceptual prob-
lem understood in terms of information erasure [1,2], the
interest on the Maxwell demon—a mechanism able to de-
crease the entropy of a system without acting directly on its
particles [3]—has been revived in the last years. The way has
been paved by the development of nanoscale technologies,
with their access to microscopic degrees of freedom, bring-
ing proposals and experimental realizations where the action
of Maxwell demon devices [4-8] can actually be measured.
This is so that a rich demonology has come out in the last
years based on different platforms (e.g., quantum dots, ions,
qubits), classified depending on whether they need active
measurement and feedback on the system [9-18] or they
work autonomously by means of mutual information flows
in nonequilibrium configurations [19-23]. Information heat
engines have also been proposed [24—28] and realized [29,30]
which are based on the exchange of mutual information [31]
but cannot avoid the flow of heat.

In the quantum regime, qubit-based proposals [32-40] and
proof of concept experiments [41-45] use quantum measure-
ments [46,47] and unitary gates. They involve either local
projective measurements (so decoherence and work injection
are unavoidable) or that the measurement and the feedback
rotation are performed in different bases of the same qubit
(so they cannot coexist). Here, we solve these problems by
proposing a Maxwell demon that exploits the quantum nature
of the two demonic actions (detection and feedback) combin-
ing noninvasive continuous measurements and efficient driven
tunneling [48] in a transport setting. It augments the qubit
Hilbert space, 1 = {|I), |r)}, by an empty state |0) that couples
it to the work (or heat) extraction reservoirs and allows for
continuous detection without perturbing the qubit.

We exemplify this with a double quantum dot (DQD)
charge qubit [49,50] with interdot coupling €2/2 mediating the
particle flow between two reservoirs (L and R) and coupled
to a charge detector (e.g., a quantum point contact [51-54],
a single-electron transistor [55], or a resonator [56—60]) (see
Fig. 1). The two states in 1 are initially energetically split,
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g = & and &, = &9 + A, so the occupation of |I) is favored.
Upon the detection of an electron (most likely coming from L)
the demon exchanges the level energies in a time t; (as-
sumed to be much shorter than the characteristic dissipation
timescale). During the level crossing, the electron tunnels
to the other quantum dot with a Landau-Zener-Stiickelberg-
Majorana (LZSM) probability P, that is controlled by the
driving speed, A./t; [61-64]. By swapping both the dot en-
ergies and the charge configuration, the operation conserves
energy and thereby enables transport: the electron can tunnel
out to R. The initial state is then reset.

Provided A, > Q, efficient |I) — |r) transfer is possible
in the adiabatic (t; > hi/$2) regime [65] as well as for particu-
lar speeds [66,67]. LZSM tunneling is routinely used in DQDs
to enable quantum gates [68-75], and to probe coherence
[76-82], also in qubits [8§3-86]. Note that charge pumps gen-
erate transport using either periodic drivings [§7-90] without
measuring, or conditioned feedback [91], in both cases with
the drive performing work on the system [92]. To avoid this,
the information of when the DQD gets occupied is essential.
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FIG. 1. Three steps of the demon operation inducing trans-
port through a DQD coupled to reservoirs L and R: detection (of
whether there is a particle in the DQD), operation (perform a voltage
pulse that exchanges the energies of the left and right dot levels),
and reset. The demon measures the total charge, N, continuously
and activates feedback operations when N changes. 2 is the avoided
crossing splitting.
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The challenge is to measure continuous and noninvasively
in a way that the state coherence is not disturbed during the
driving operation. Protocols conditioned on resolved knowl-
edge of which dot (1 or r) is occupied [13,16] impede the
coherent driving and are affected by heat injection [93-95].
We avoid these drawbacks by imposing that the demon has
only a limited access to the state of the system: it detects
whether the DQD is empty (N = 0) or occupied (N = 1), but
not in which quantum dot is the electron. Hence, using the
detection operator Ny = |I)(I|+|r)(r| (the detector is equally
coupled to both dots), the coherences between states |/) and
|r) are respected during the operation step, even if the detector
continues measuring. Note that the total charge N = (N) plays
the role of the memory of the demon in a Szilard engine [96].
By measuring N = 1, the demon will hence not be certain
that the electron is in the left quantum dot, as desired, but
can prepare the system such that this is most likely the case if
&0 K &0 + Ag.

There is a price for indeterminacy: if the driving goes
wrong (with probability 1 — P z) the demon performs work
and heats the system, which limits its performance far from
the adiabatic regime; electrons tunneling from R will be trans-
ported by the demon in the wrong direction.

Model. The DQD is weakly coupled to two fermionic
reservoirs at temperature 7 with tunneling rates I' < kg7 /h.
Strong Coulomb repulsion restricts the system basis to
{10y, |1), |r)}, with d, |0) = |a) € 1. In this regime the electron
spin can be ignored, so the Hamiltonian gets

N Q aia s
Ho(t) = ) ea(t)i + = (d]d; +d]d)). )

a=Il,r

The time dependence is due to the demon action, according to
the following protocol (see Fig. 1): (i) if N =0, &, = gy and
&, = &9 + A, (detection I stage); (ii) by detecting a change to
N =1 att = 1, the demon swaps the energies of the dots via
gate voltages in a time t;: €;(f) = g9 + A (t — 1)/ Ts, &,(2) =
g0+ Ac(tgt — 1)/ T4 (driving stage); (iii) att =t + 14, & =
g0+ A, and g, = gg are maintained until N = 0 is detected
(detection II stage); (iv) finally, a fast drive (compared to 1/T")
is performed to restore the initial state (reset stage). If g < wr
and pug, kgT < g9 + A, where ; is the electrochemical po-
tential of reservoir j = L, R, tunneling into the DQD from R
will be exponentially suppressed by a rate oce™(¢o+a:—#r)/ksT
so the demon can assume that most electrons come from L.
To avoid further sources of errors, the demon also decouples
the system from the reservoirs during the driving step, which
can be done with additional gate voltages. We parametrize this
as I'(z) = T'x(¢), where x = 0 during the driving stage and 1
otherwise. In a successful sequence, the electron tunnels from
L tol at r =1, is transferred to r at t = t; + 74, and then
tunnels out to R. In that case, a particle is transferred across
the system, heat . ; — &g is extracted from both reservoirs, and
the demon has performed no work on the system. All the ther-
modynamic flows can be reversed in the system. The resource
is in this case the amount of information generated in the
detection apparatus to maintain the continuous measurement
[31,97-99].

We assume a fast and errorless detector. The evolution
of the conditioned reduced density matrix of the DQD, p,

[100], for a finite time trajectory based on a sequence of
measurements records (y(o,r)) is given by the stochastic master
equation [47,101],

dt
dp, = [Ho, py]T — Xy Z[M;(py)dt — Ji(py)dNi], (2)
i==+

where dN; = {0, 1} is a stochastic increment based on the
detection of a transition in or out of the DQD in the interval
[t,t 4+ dt]. The first term in Eq. (2) describes the unitary
evolution due to Hy. The second dissipative term is introduced
by the tunneling events and the detector, given by drift and
jump terms,

Mipy) = 3 S{LTLL oy} = (L] Lip) ) oy )

j=L.R
gt
2 jrLipyL;
Tr( X 1 L}/)VL}I

where L;.L = /I'fjla;){0] and Lj_ = /I(1=f)I0){c;| are

jump operators associated with the tunneling in (i = +)
and out (i=—) of the DQD via reservoir j, and
fi= [« ~#/kT 4 11=1 s the Fermi-Dirac distribution
(ayp = I, ag = r), which takes two values, flo and f ]-A, depend-
ing on whether Ea; = €0 OF &0 + A. Following Eq. (4), an
initially empty DQD is updated to a state p; = (fLl)y{| +
SRIPY(rD/(fL + fr)- In the case A, > ug +kpT and pp —
g0 ~ kgT, the ratio f/fr > 1 guarantees that the protocol
will start with a state ,o}’, ~ |L)(L|, with exponentially sup-
pressed deviations, and 1 — f; is finite to enable the electron
tunneling out to R after the driving. Additionally, the con-
dition A, < gp suppresses the overlap of the quantum dot
states when the system is not being driven, allowing for a local
master equation description [102].

Fluctuating currents. The action of the demon results in
measurable particle and heat currents in the conductor. Each
realization of the system fluctuations gives a trajectory of the
conditioned p,, (¢) giving fluctuating particle and heat currents,

I/ (0) = T () fiplp(®) = TV ()1 = f)ple, @) (5)

@) =[] (1) — w1 (), (6)

with which we can evaluate the rate of entropy change in the
reservoirs, S} (1) = —JJ (t)/T;.

The demon also affects the system energetics, dE! () =
Tr[Hop, ()1dt + Tr[Hop, (t)ldt, where the first term is the
work done by the demon during the driving:

Ji(py) =

) — Py> (4)

W 0= [0 - Ll - 0L ()
The second term contains the dissipative contributions and the
effect of the measurement [101,103,104], appears as fluctua-
tions of the first law [105], and vanishes upon averaging since
[Hy, N1 = 0.

The thermodynamic properties are obtained by averaging
over all trajectories and over time, X = ((X7 (1)), );, with X €
{I;,J;, Wy, S;}. Hence, the first law is

Jo+Jr+Ws—P =0, (®)
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FIG. 2. (a) Average particle current through the DQD as a func-
tion of the applied electrochemical potential bias and the speed of
the energy ramp, with cuts along the marked dotted lines plotted in
the lateral panels, with ' = Q/h, T) = T, = 0.75Q/kg, &9 = —0.522,
ur =0, A = 6Q. The dashed line in the Ay = 0 panel plots [t; +
1/T (1 — f9)]7'. (b) Histograms of the time-averaged current /, =
(I (1)), of 10° trajectories computed during a time f,,, = 10°//S2 for
three different speeds marked by colored symbols in the main panel
in (a): A,/t; = (0.1,0.65,0.8, 1.1, 1.75)Q?/h and Au = 0. We fix
the splitting at the avoided crossing, 2 ~ 1 meV

with the power P = —IAp being I =1 = —Ip and Ay =
ur — ug. The demon performs useful thermodynamic op-
erations whenever P > 0 (power generation) or J; > 0
(cooling). It is expected from a demon to do this without
expending work (W; = 0) and reducing the system entropy
(8y = SL +Sr < 0).

Transport. The generated particle current, plotted in Fig. 2,
is robust for a wide range of parameters, even against the bias
when Ap < 0. In the adiabatic regime, where A,/t; — O,
the charge transfer from 1 to r occurs with a high proba-
bility, PLz — 1. Neglecting errors due to tunneling from R,
the zero-bias current (so f0 = f2 = f3) can be estimated by
I(Ap =0)~ [ty + 1/T 01 — £9]7! [106]. Hence the cur-
rent is suppressed as 1/7; for too slow drivings 7, > I'"!
[see Fig. 2(a)]. As the system goes faster through the anti-
crossing, the current exhibits oscillations as a consequence of
the coherent LZSM tunneling. The current increases, however,
it becomes less likely that the transition is done correctly
in the nonadiabatic regime and the current saturates. This is
reflected in the dispersion of the time-averaged trajectories,
I, = (I” (1)), plotted in Fig. 2(b): driving errors done by the
demon make the current noisy [106]. In the extremely nona-
diabatic regime, too many errors suppress the current [106].

When Ap < 0, the current flows against the bias and is
suppressed as it approaches the condition gy — uy = &9 +
A, — g, where it is equally probable for electrons to enter
the DQD from both reservoirs. As the demon is not able to
distinguish the two cases and the driving is symmetric, the
current vanishes at this point. In the opposite regime, Ap > 0,

Ac /7y [2/1]

Ac/ry [Q%1]

X [or]

—0.3 4

A/ [922/ h]

FIG. 3. Thermodynamic currents: heat from terminal (a) L and
(b) R, (c) generated power, and (d) work performed by the demon, as
functions of the electrochemical potential difference and the driving
speed. The dotted line in (a) marks the values of u; defined in the
text. (€) Cuts of the other panels for fixed Au = —0.22Q?%/5. The
gray line represents the left-hand side of Eq. (8). The right panel
shows a zoom of the adiabatic region marked by a dotted square.
Same parameters as in Fig. 2.

the current is constant for fixed 7, since f — 1and f& < 1.
There the demon acts as an accelerator as the resulting current
is significantly larger than it would be in the absence of the
protocol.

The particle current from L to R carries thermal flows
which define the regime of operation of the demon (see
Fig. 3). The discrete quantum dot levels induce cool-
ing whenever electrons are emitted/absorbed by a reservoir
over/below its electrochemical potential [107], which ex-
plains the regions with J, > 0 (when &y > p close to the
adiabatic regime) and with Jz > 0 (for a wide range of
parameters) [cf. Figs. 3(a) and 3(b)]. As anticipated, the
system additionally works as a power generator (P > 0)
when / flows against the potential (Au < 0) [cf. Fig. 3(c)].
This means that all thermodynamic flows of the sys-
tem are reversed. Remarkably in the adiabatic regime,
this is done by the demon performing no work, W; = 0,
as shown in Figs. 3(d) and 3(e): the system has the same
energy before and right after the driving stage.

This ideal performance is damaged with the onset of the
nonadiabatic regime as A, /t, increases. Unsuccessful driving
events after which the electron does not reach r but instead
remains in 1, induce the electron returning to L at a higher
energy &y + A,, therefore not contributing to / but to heat L.
Eventually, J; <0 when the demon commits too many
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FIG. 4. (a) Entropy production in the system reservoirs as a
function of the applied electrochemical potential bias and the speed
of the energy ramp. Side panels show cuts along the marked dotted
lines with corresponding colors. Parameters as in Fig. 2. (b) His-
tograms of the time-averaged entropy production rates, S;” = (S‘;’ *));
of 10° trajectories computed during a time f,, = 10*/i/Q, at the
conditions marked by the corresponding symbols in (a): A./t; =
(0.25,0.36)Q%/h and Apu = —2.26Q (yellow and orange), and
Ag/ty = (0.1,0.65)Q%/h and Ajw = 0 (red and violet curves).

errors. The approximate boundary between these two regimes
is given by the set of points for which the energetic contri-
butions due to the demon errors cancel those arising from
the correct operation of the protocol out, i.e., when the prob-
ability of reaching state r after the driving satisfies Au* =
&0+ Ap(P.z — 1)/(2PLz — 1) as indicated by the dashed line
in Fig. 3(a). These errors also make J; and P smaller and force
the demon to perform a work A, per unsuccessful drive. As a
consequence, the demon cannot avoid to invest W; > 0 which
oscillates in antiphase with the rest of currents (rather than on
Pz, itdepends on 1 — Pz [106]) [see the inset in Fig. 3(e)]. In
the strongly nonadiabatic regime, the work performed by the
demon dominates all other flows. The fulfillment of Eq. (8) is
plotted as a gray line in Fig. 3(e). Small deviations from zero
reflect the validity of our local description.

Local violation of the second law. The entropy production
rate in the system due to heat fluxes, S'S = —J. /T, —JIr/ TR,
gives a notion of the spontaneity of the flows. If $; < 0,
the heat flows are nonspontaneous, and heat is not flowing
in the direction imposed by the formulation of the second
law defined by a local observer who only has access to the
measurable system currents. This is indeed the problem that
motivated Maxwell’s thought experiment [3]. As shown in
Fig. 4(a), this occurs close to the adiabatic regime for Au < 0
(for the chosen parameters), in a region larger than the one de-
limited by Ap* (inside which both J;, Jg > 0). Otherwise, the
two currents have opposite sign but for some parameters we
still find Jg > —J;.. Note that the location of the region where
Sy < 0 depends on the relative position of &, with respect
to the electrochemical potentials p; and pg. The histograms

of the time-averaged trajectories show that the demon is so
efficient that the whole distribution of values $7 = (S? (1)), is
negative in the region of S, < 0 [see Fig. 4(b)]. For A > 0
it is highly improbable to find local violations of the second
law, even for very slow drivings.

For a strict demonic operation, one additionally imposes
that the first law is also satisfied locally i.e., J;, + Jg = P and
W, = 0. This is the case in the adiabatic regime (low driv-
ing speeds), where furthermore the power and heat currents
increase with 1/t,;. Their maxima are attained in the weakly
nonadiabatic regime. However, the demon conditions need to
be relaxed there to allow for finite violations of the local first
law, as W, # 0. The optimal condition requires a compromise
of the amount of extractable power and the invested W.

The full formulation of the second law requires taking into
account an informational term associated with the demon, Sy,
due to the measurement and feedback processes. A continuous
measurement such as the one discussed here requires large
information resources and therefore involve a large produc-
tion of entropy [12,108-110] which will largely overcome
the single-electron transport-induced reduction of the system
entropy. Therefore, the global entropy production Sy 4 S, will
be large and positive. For this reason we do not compute it
explicitly in this Letter. A comprehensive study of the entropic
fluxes in the system lies beyond the scope of the present
work.

Conclusions. We have proposed a Maxwell demon that
exploits the quantum properties of measurement and feedback
in a simple transport setting to ensure the system coherence
and energy conservation. Undetailed detection of incoherently
coupled subspaces (the total charge) enables a highly probable
guess of the system state under appropriate preparation which
allows for a half-blind but confident feedback operation. The
detector operator commutes with the system Hamiltonian,
which averages out the backaction. Analyzing the quantum
trajectories, we show that the properties of weakly nonadia-
batic driving improve the transfer rate and the regularity of
the generated current via operations where the demon induces
transport performing no work on the system. The system
entropy is hence reduced (with simultaneous cooling of the
two reservoirs and the generation of electrical power) with
the first law being respected, the only consumed resource
being the continuous measurement. Compared to classical
analogs, the generated current is enhanced while noise is
reduced.

Reducing the requirements for detailed knowledge of the
system state preserves the system coherence, increases the
control of the system energetics (avoiding exchanges inherent
to projective measurements on localized states [111]) and
alleviates the need to perform conditioned feedback. Fixing
the duration of the operation stage opens the way for (if not
autonomous) automated quantum Maxwell demons by using
programmable gates (autonomous bootstrapping) [112] and
detectors [113]. Further improvement can be achieved using
engineered drivings [114,115], demonstrated in DQDs [75],
that avoid undesired energy costs [116].
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