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Making the virtual real: Measurement-powered tunneling engines
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Quantum tunneling allows electrons to be transferred between two regions separated by an energetically
forbidden barrier. Performing a position measurement that finds a particle in the barrier forces the tunneling
electrons to transition from having a classically forbidden energy to an energy above the barrier height. We
exploit this effect to define quantum tunneling engines that can use the unconditioned detection of virtually
occupied states as a resource for power generation and cooling. Leveraging energy exchange with the detector,
we show that the device can operate in a hybrid regime, enabling simultaneous cooling and power generation.
Furthermore, we demonstrate measurement-assisted autonomous refrigeration and checkpoint cooling driven
purely by a thermal bias, without the need for an applied potential. We also find a purification by noise effect
when the measurement drives the system into a stationary dark state. These results underscore the intriguing dual
role of measurement as a thermodynamic resource and a dark state generator.

DOL: 10.1103/4gtz-534j

I. INTRODUCTION

The act of measuring has dramatic consequences in quan-
tum systems [1,2]. After decades of thinking about the
unavoidable backaction due to measurement as a problem
[3,4], the scope has changed in recent years to try to use
it to our advantage. Particular attention has been focused
on connections with quantum thermodynamics [5,6], where
the detection apparatus can serve as a resource to perform
useful operations on the system—such as work production
[7-9], refrigeration [10-12], quantum elevator [7,8,13], quan-
tum battery [14—16], and information-driven devices such as
the Szilard engine [17,18] and quantum Maxwell demons
[19-22]. Experiments have been performed demonstrating
the use of feedback-based detection as a quantum Maxwell
demon [23,24], showcasing how measurement and feedback
can serve to control entropy dynamics in quantum systems.

Position monitoring localizes the wave function within
the measurement-probed region, thereby altering particle dy-
namics [7,25]. This effect persists even when the detection
zone is only virtually occupied, for instance during quan-
tum tunneling through a potential barrier, where the detector
supplies the energy required to access otherwise inaccessi-
ble higher-energy states [26-29]. In this work, we propose
a triple quantum dot (TQD) array-based setup [30-32] (see
Fig. 1) to use this mechanism for practical thermodynamic
operations, including electric power generation and cooling.
A potential barrier is engineered in the system by electrostati-
cally gating the central quantum dot off-resonance, creating
a tunable platform to explore measurement-driven energy
conversion.
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When the central dot is strongly detuned from the two
external ones, hopping between left and right dots (fed by two
electronic reservoirs) occurs via virtual tunneling transitions
[33—41]. However, if the central dot is coupled to a charge
detector, modeled here as a quantum point contact [42-49],
these transitions can be detected in the act [26], resulting in the
actual occupation of the central dot. A collector reservoir C
absorbs these excitations, realizing the measurement-induced
local charge accumulation into a finite current.
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FIG. 1. Triple quantum dot engine fueled by a quantum point
contact detector. Each dot is coupled to a different reservoir /= L,C,R
via tunneling rates I';. Electrons tunneling between the left and right
quantum dots with energies ¢ are detected when virtually occupying
the central one detuned by an energy A and absorbed by reservoir C.
Interdot tunneling is given by 2. The electrochemical potential of C
can be either tuned to have a power-generating engine or a quantum
state purifier, or grounded to have a refrigerator.
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The TQD device operates autonomously, leveraging mea-
surement backaction while discarding detection outcomes
(i.e., no feedback is applied). In doing so, it extends the class
of autonomous quantum dot engines proposed in recent works
[50-54], which utilize thermodynamic resources to achieve
functionality. Notably, parallels can be drawn to proposals
that repurpose heat for quantum information tasks [55,56].
This analogy underscores a critical insight: the measurement
process facilitates heat exchange between the detector and the
device, enabling performance characterization via the ratio
of useful output (e.g., power generation or cooling) to heat
transfer. This mechanism is distinct from transport genera-
tion driven by direct energy exchange with the current in a
nonequilibrium conductor [57-60].

The triple quantum dot’s coherent properties, specifically
the hybridization of its three atomiclike states into extended
molecular-like superpositions, enable additional functionality.
In left-right (L-R) symmetric configurations, one such super-
position excludes the central dot entirely due to destructive
interference, decoupling it from transport into reservoir C.
These “dark states,” analogous to those proposed for coherent
population trapping under nonequilibrium conditions [61-63]
or for entanglement generation in spin-blockade [64,65], leave
distinct transport signatures [38,66—71]. Unlike all other states
in the system, the dark state remains unaffected by the de-
tector (which precisely only measures the occupation of the
center dot). Under specific parameter regimes, its occupation
becomes dynamically stable, even with all reservoirs in equi-
librium, allowing us to steer the system into a steady dark
state, a phenomenon we term “purification by noise.”

The remainder of the paper is organized as follows: In
Sec. II, we present the theoretical model, the dynamic equa-
tions, and the thermodynamic quantities. The performance
of the system as a quantum thermodynamic engine or as a
steady-state purifier is discussed in Secs. III and IV, respec-
tively, with conclusions presented in Sec. V.

II. TRIPLE QUANTUM DOT SYSTEM

We consider a linearly aligned triple quantum dot (TQD)
system, where each dot is weakly coupled to a distinct
electronic reservoir, [ = {L, C, R}, with an electrochemical
potential x; and a temperature 7;, as illustrated in Fig. 1.
Unless stated otherwise, all reservoirs are maintained at the
same temperature 7 and u; = ug = ©. We label the dots the
same way as the reservoirs to which they are coupled. The
central dot, C, is tunnel-coupled to the other two dots by a
hopping strength €2, with no direct coupling between the outer
dots. The central dot is additionally coupled to a quantum
point contact (QPC) charge detector.

We assume that the system is in the strong Coulomb
blockade regime [72], where Coulomb interactions prevent
the TQD from hosting more than one electron at a time. In
this case, the spin degree of freedom is irrelevant, so we will
omit it for simplicity. Therefore, restricting ourselves to the
configuration space given by the empty |0) and the singly
occupied states |[) = dAZT |0), the Hamiltonian of the system is

Brop =Y &idd, — Y (Qdfd. +Hec.), (1)
l 1£C

where the operator d | creates an electron in quantum dot /, and
&; is the energy of the occupied quantum dot.

The reservoirs and their coupling to the TQD are described
by the Hamiltonian terms H. = > 1.k Elk 6';(,( &y and Hyy =

> Lk y,dAl+ ¢ + H.c., where 6}2 creates a free electron of mo-
mentum 7k in reservoir /. The coupling constant will define
the tunneling rate via Fermi’s golden rule: I'; = 27~ ! |y v,
with v; being the density of states in reservoir /. We will
monitor the charge of the central dot by coupling it to a QPC
with a detection rate y to distinguish the state |0) from |C) in
the central dot.

We are interested in a configuration where the outer dots
have the same energy, &, = er = ¢, so the electron transfer
along the chain conserves energy. They are, however, sep-
arated by a detuned central dot with ec = ¢ + A, forming
a bridge [33]. As long as A > 2, the central dot does not
hybridize with the other two, and hence its occupation via
interdot hopping is avoided. Nevertheless, direct tunneling
between the outer dots is possible via virtual transitions in-
volving C. This process has been detected in the form of
narrow resonances in the current [35,37] or via charge moni-
toring [36]; see also Ref. [34]. This way, the TQD is a discrete
version of a tunnel barrier, with the detuning of the central dot
determining the height of the barrier. A perturbative expan-
sion gives an effective coupling, Q. = 2/ A, for the virtual
tunneling [33,36]; see also Ref. [73].

A. Master equation
To have a thermodynamically consistent description, we

use the system global basis obtained by diagonalizing ﬂTQD
through the change of basis given by

ID) = (IL) — |R))//2,
14) = 6+ (IL) + [R)) — 0,2 |C), )

with Ogs = Q/Ni, Opr = o /N, ax = (Axx)/2, x =
VA2 +8Q2, and Ny = ,/2Q2 + o2. Here, the central dot

does not contribute to the superposition |D), whose labeling
stands for a “dark” state [63]. The eigenenergies are Ep = ¢
and Eyx = ¢ 4+ a4. Note the splitting, £y — E_ = x. With
this notation, the tunneling rates lei for transitions |i) — |j)
involving transitions associated with reservoir / can be cal-
culated using Fermi’s golden rule from the matrix elements
(/| Huunli}|* as

Wi‘éR = FL/Regzzif(Ei — UL/R)

W];“O/R = %FL/Rf(ED — UL/R),

Wiy = Teby f(Ex — ),

W, = 0, 3
with the reversed transitions obtained by replacing the Fermi
function f(E) = 1/[1 4+ exp(E/kgT)] by 1 — f(E).

To write the Lindbladian associated with the measurement

(L), we write |C) = B_|—) — By |+), with B = Ny /x[74],
such that

I = YICNHCI = 7 Y iiBiBil I, “

i j=%
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which emphasizes the measurement-induced coupling of [+)
and |—) states.

Our analysis is restricted to the steady-state dynamics
in the weak-coupling regime, I'; < Q « A, where we can
neglect hopping-induced contributions of the off-diagonal
elements [75-77]. Effects arising from transient dynamics
or from higher-order tunneling processes beyond the weak-
coupling approximation lie outside the regime of validity
considered here and are therefore not addressed in this work.
The following master equations give the evolution of the sys-
tem occupations:

poo =D (W01 — Wipwo) ©)
LA

prr =D (Wiopoo — Wiy prs) + ¥ BLB (0 — piys)
1

— VBB AX, (6)

p=y (Wopoo = Wo_p-) +yBIB(pss — p—-)
1

+vBiB-AX, (N

DD = Z (Wﬁopoo - W()IDPDD)v (8)
I
with the index i =4 and X € {D, £} accounting for the
single-particle states (2), and where we have defined A =
ﬂi — B2. Coherences p+= appear due to the detector, see the
last equality in Eq. (4). We split them as p,_ = X + iY for
convenience, which evolve as

> _ X 1 i 2 232
X=2V-2 ;W0i+y(ﬂ+—ﬁ_) X

h
14
- §ﬂ+/371\(,0++ — p—-)s ©
. X 1
V=—2X—2 ;WOI,. +y B |Y. (10)

Note that the effect of the detector enters the dynamics of
the populations and their coupling to the coherences via the
imbalance p;, — p—_ in Egs. (6), (7), and (9). In particular,
in configurations with stationary states satisfying o1+ = p__,
the system is dynamically decoupled from the detector.

B. Highly detuned central dot

The occupation of the central dot is negligible in the ab-
sence of the detector when the central dot is highly detuned
compared to the outer dots, i.e., A > 2, kgT, |¢ — /. In this
case, we can approximate o, ~ A, a_ ~ —2Q%/A, Oq, ~
Q/A,0q_ ~ 1/3/2,6,44 ~ 1,and 6,_ ~ —+/2€2/ A, such that
E. ~ ¢+ A and E_ = ¢. In the absence of potential bias, we
define f(E; — w;) = f(E;) = f;, such that f, — 0. Further,
since 2 < A, the charge current into reservoir C mostly de-
pends on the occupation of the central dot and is given by
Ic =~ T'cpcc, where the occupation probability of the central
dot can be obtained from Eq. (2) as

pec =02, Pt + 65 p . (1)

Further considering I'; =T" and y — 0 corresponding to a
very weak measurement limit, we can expand the occupation
probability of the central dot to the leading order in 2/A. We
get
14

pec = o1+ %) + 00, (12)
with the residual occupation of the central dot in the absence
of the detector,

o _ 2f-(1=fo)@*
CT - ffp AY

In the low-temperature limit [78], when & < u, we can
approximate f~ — 1 and fp — 1. As E_ < Ep, we will con-
sider f_ — 1 first, getting pgg — 2Q%/A? = (C|—)?. Hence,
this contribution does not lead to any transport to reservoir
C since E_ is well below the Fermi level of reservoir C for
€ < . Further, the master equations would result in a bistable
stationary state, as both |—) and |D) have almost identical
eigenenergies, E_ ~ Ep = €.

If we consider f~ — 1 and fp — 1 directly on Eq. (13)
without further expansion on /A, we get pcc — 0, in-
dependently of y, i.e., although the detector tries to pop-
ulate the central dot, its population is quickly transferred
to the outer dots. In other words, even a very small coupling to
the detector will wash out the contribution of |C) to the state
|—), leading to a stationary occupation of the dark state. In
this case, the density matrix reduces to a pure state density
matrix (p = |D)(D|)—the detector purifies the system. We
will postpone the discussion on purification by detection to
Sec. IV and investigate the finite-temperature applications of
the device in the next sections.

13)

C. Detection-induced transport

Particle currents can be calculated using the occupation
probabilities obtained from the stationary solution, p = 0, as

> (Waoae — Wipoo)
r={D, %t}

I = (14)

defined as positive when they flow into a reservoir. The first
term on the right-hand side gives the incoming processes
(from the TQD to the reservoir /), whereas the second term
gives the outgoing processes (from the reservoir [/ to the
TQD). In Fig. 2(a), we show the current generated by the
measurement process (with all three reservoirs being in equi-
librium) as a function of the position of the quantum dot
levels. The current takes its maximum when the detuning is of
the order of the interdot hopping, €2, where the occupation of
the central dot is not forbidden. A long tail toward the regime
A > Q exhibits the current induced by the detection of elec-
trons in the act of tunneling [26]. We note that the current
vanishes when both the measurement and potential bias are
absent, as expected for an isolated system in equilibrium, see
the solid black curve at uc = w in Fig. 2(b). However, a finite
current emerges at zero potential bias when a measurement is
applied (red dashed and blue dotted curves at uc = w).

In the following, we will focus on the regime where the
central dot is highly detuned, i.e., A > kgT. In this case,
the current in reservoir C in response to an electrochemical
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FIG. 2. (a) Zero bias generated current Ic in units of I" as a
function of the position of the outer quantum dot levels, ¢, and the
splitting of the central dot with respect to them, A, with y = 5T,
and (b) as a function of the bias uc — p for different detection
strengths, with ¢ — u = —kgT and A = 10kgT . Other parameters:
Q =kgT, ' =0.1kgT /B, and pu; = pug = u = 0. The black star
in panel (b) denotes the potential bias where the current becomes
independent of the detector strength. A finite measurement-induced
current is observed even in the absence of potential bias (uc = ).

potential bias, puc — u, shows a double-step behavior, see
Fig. 2(b). The double step for y = 0 is consistent with having
a triple dot: steps appear around the crossings of the quantum
dot levels with the chemical potential of the reservoir. Fur-
ther, the small thermal broadening enforced by the condition
A > kgT ensures the appearance of the steps. Interestingly,
at a particular potential bias [*, denoted by an asterisk in
Fig. 2(b)], the current becomes independent of the measure-
ment strength. This happens close to the condition where
E. — & = uc, ie., when the large detuning of the central
dot is compensated by the chemical potential of the central
reservoir. At this condition, the system also fulfills the con-
dition p;4+ = p__, effectively decoupling the detector from
the quantum dot system [recall the dependence of master
equations (5)—(10) on the measurement strength y discussed
at the end of Sec. IT A].
The heat current flowing into the reservoir / is given by

Ji =Y (Ex — 1) (W o0 — Wopo), (15)
A

with the generated electrical power being

P =lIc(pc — ). (16)

The system works as an engine when P > 0. In contrast to
Ref. [26], we consider a strongly hybridized triple quantum
dot system described in the global eigenbasis, where a local
measurement induces nontrivial energy exchange, manifested
by a finite heat exchange with the measurement probe, Jg =
TrﬂTQDf,M orop # 0, where prqop is the TQD reduced density
matrix. Using the conservation of energy, we get the heat
current exchanged with the detector [11]:

Jo=—P+J.+Jr+Jo). 17

We use the same sign convention for all heat currents: J;
is positive when heat current flows into the reservoir, while
Jq is negative when flowing out of the detector. With the
above definition for heat current and power generation, and
neglecting dissipation in the detector, we can define the engine
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FIG. 3. (a) Generated power, P, as a function of ¢ for different
detection strengths y /I". Contour plots of (b) power (P), (c) the heat
current exchanged with the detector, Jy, and (d) the efficiency, n, as
functions of the measurement strength y and the potential bias uc —
. Negative values in (b), indicating dissipated power, are shown in
gray for clarity. The same parameters as in Fig. 2 are used.

efficiency as

n=—-. (18)

A unit efficiency would mean all the power injected by
the measurement process is converted into useful electrical
power; see, e.g., [7]. We ignore the heat dissipated in the
detector due to its own operation, as it has no impact on the
TQD.

III. MEASUREMENT AS A THERMODYNAMIC
RESOURCE

Let us explore how the measurement backaction, rather
than traditional thermodynamic biases such as voltage or
thermal differences, can be exploited as a resource for
quantum thermodynamic operations: (A) Heat engines and
refrigerators, (B) hybrid operations with simultaneous power
generation and refrigeration, and (C) autonomous refrigera-
tion.

A. Heat engines and refrigerators

We first analyze the operation of the measurement-powered
TQD system as a heat engine or a refrigerator. Figure 3 shows
the engine performance—generated power, heat current into
the detector, and efficiency—as functions of the measurement
strength () and the applied potential bias. We will define the
potential bias after which the system cannot be operated as
a heat engine as “stall voltage” [see the edge of the yellow
contours followed by a gray region in Fig. 3(b)].

In Fig. 3(a), we plot the generated power of the system
as a function of the applied potential bias for varying detec-
tor strengths. For all voltages, the generated power increases
monotonically with y, with the opposite being true for the
absorbed heat J;; see Figs. 3(b) and 3(c). We observe two
well-defined regimes with different features: (i) For very
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weakly coupled detectors (y < I'), a peak at low voltages
appears, whose maximum power and stall potentials increase
with y, mimicking the behavior of quantum heat engines cou-
pled to a thermal source [79]. (ii) For larger couplings (y 2
I'), a large response dominates whose maximum power and
stall potentials are independent of y, as shown in Fig. 3(b).
In this case, the voltage at maximum power is close to the
corresponding stall voltage, a property which is beneficial for
increasing the efficiency. In fact, n saturates close to 0.8 for
the chosen parameters [see Fig. 3(d)]. For the same reason, the
regions for maximal power and maximal efficiency coincide.

Notably, the heat current injected from the detector
changes sign at a critical chemical potential ©*, where the
charge current also becomes independent of y, see Figs. 2(b)
and 3(c). This marks a clear and effective decoupling of the
detector from the system, which coincides with a transition in
the occupation of the central dot, from virtual to real states,
driven by direct injection from reservoir C at sufficiently large
uc — p. This transition fundamentally alters the system’s
charge and heat transport characteristics (see comparative
analysis in Appendix). The vanishing of Jy occurs when the
system parameters satisfy p.y = p—_. When ¢ < u [the re-
gion of interest, where power is generated, see Fig. 3(c)], this
roughly coincides with the chemical potential (¢ crossing the
energy E; (see Fig. 7 in Appendix). Here, the central dot
transitions from virtual to real occupation due to interactions
with reservoir C.

B. Hybrid operations

The detector enables the system to operate as a hybrid
engine, capable of simultaneously generating power and re-
frigerating either the outer reservoirs (L and R) or the central
reservoir (C). This is a known feature of engines coupled
to multiple reservoirs [80-84] or work sources [85-87]. As
illustrated in Fig. 4, this hybrid functionality is governed by
tuning the chemical potential pc and the quantum dot energy
level ¢, under the condition that the outer reservoirs share
identical chemical potentials and temperatures. The opera-
tional regimes are classified as follows: R; denotes the region
where the system works as a refrigerator for reservoir / (i.e.,
when the heat current J; < 0 being 7; < Ty, for any I’ # [),
E corresponds to power generation (P > 0), and ER; denotes
the hybrid regions where refrigeration and power generation
coexist. Notably, the particle and heat currents in reservoirs
L and R remain equal in the symmetric configuration we are
considering (i, = ug, Iy = Tg).

For y =0, refrigeration in the Rp and R¢ regions
originates from Peltier cooling, see Fig. 4(a). Here, the
voltage-driven particle current extracts heat from a reservoir
whenever electrons enter/leave the reservoir while carrying
energy above/below the reservoir chemical potential [51].
When y # 0, two key mechanisms alter the above behavior.
First, the particle flow is dictated by the interplay between the
bias (uc — @) and the action of the detector. Second, electrons
with previously forbidden energies (¢ 4+ A) are pumped into
reservoir C due to the detected virtual transitions resulting
in the real occupation of the central quantum dot. The first
mechanism modifies the Ry, and R¢ regions for ¢ > 0, hy-
bridizing the Ry, regime while shrinking R¢ [see Figs. 4(b) and

Re ¥—0

-10 0 10
(ne — p)/ksT

FIG. 4. Operations of the device for different couplings to the
detector: (a) y — 0, (b) y =T/5, and (c) y = I', with parameters
as given in Fig. 2. The operational regimes are classified as follows:
R, denotes the region where the system operates as a refrigerator
for reservoir [ (J; < 0); E corresponds to power generation (P > 0);
and ER,; identifies hybrid regions where refrigeration and power
generation coexist.

4(c)]. The second mechanism shifts the R¢ region for ¢ < 0 to
higher bias values, hybridizing it as well, and suppresses the
Ry region. This suppression occurs because detected electrons
tunnel back into the system at elevated energies, reversing the
heat extraction mechanism.

Furthermore, in the hybrid ERc¢ region, electrons are
pumped into reservoir C below its chemical potential, an
unconventional transport regime where both particle and heat
currents are inverted. The power generation comes at the
cost of decreased cooling of the reservoir C with increasing
measurement strength. The hybrid operation regions (ERp
and ER¢) are broadened for larger detection strengths [see
Fig. 4(c) for the case y = I'], however the region R¢ shrinks
further.

C. Autonomous and checkpoint refrigerators

The detector is also able to induce cooling of a cold reser-
voir by employing a thermal bias, rather than a potential bias.
In our setup, we investigate this process by cooling either
the right or central reservoir, driven by a hot reservoir L and
sustained by continuous measurement of the central quantum
dot. This is done via two different mechanisms that distinguish
the two main back-action effects: the energy exchange with
the detector (for cooling C) and the selection of dynamical
paths (for cooling R).

The configuration follows Fig. 1, with chemical poten-
tials fixed at ur, = ur = uc = 0, temperatures Tc = Tr, and
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FIG. 5. Autonomous refrigerator: Heat currents in reservoirs
(a),(b) R and (c),(d) C for different couplings to the detector:
(a),(c) y =T and (b),(d) y = 10T, as functions of the position of
the quantum dot levels. Parameters: Q/kgT = 1, Tr =Tc =T,1. =
1.17, T /kgT = 0.1, and pu;, = ug = pw = 0. Schematic descriptions
of the involved processes are shown in (e) for the absorption refrig-
eration and in (f) for checkpoint cooling.

T./Tc = 1.1, see Fig. 5. We focus in configurations with & >
W, such that particles are preferably injected from reservoir
L than from R. While the central and right reservoirs, being
colder, typically exhibit positive heat currents for y = 0, con-
tinuous measurement enables parameter regimes where either
reservoir is cooled. Note however that that these mechanisms
do not require a temperature difference to be activated.

For y =T, cooling is restricted to the central reservoir
[no dark blue region in Fig. 5(a)]: for negative A, out of all
electrons injected from L, those that are detected are sub-
sequently absorbed by reservoir C below ¢, as depicted in
Fig. 5(e). The nondetected ones continue heating reservoir R
up. Here, the detector plays the role of the room reservoir in
an absorption refrigerator [54,82,88-93] via the heat dumped
into it.

Large couplings additionally permit cooling of reservoir
R in the virtual tunneling regime, A >> 2. This is shown in
Fig. 5(b) for y = 10T". The mechanism exploits the localiza-
tion induced by position measurement and could be named
checkpoint cooling: most particles from L are detected when
trying to virtually go through quantum dot C and never reach
R. They are rather localized over the barrier and captured
by reservoir C, as sketched in Fig. 5(f). This way, the few
electrons injected from terminal R with energies over pg tend
to cool it down, see dark blue regions in Figs. 5(b) and 5(d).
They are later also detected and absorbed by C.
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FIG. 6. (a) Zero bias generated current Ic and (b) steady-state
purification as functions of the position of the outer quantum dot
levels, ¢, and the coupling to the detector. (c) Occupation of the
|0) and |D) states and (d) purity for different detector couplings.
Parameters are the same as in Fig. 2. (¢) Scheme of the purification
process.

The parameter regime where cooling is observed is sim-
ilar to what has been predicted for the case of continuously
monitored coupled quantum dots [11,94].

IV. MEASUREMENT POWERED PURIFICATION

The dark state plays an interesting role because it is cou-
pled neither to the central reservoir nor to the detector. As
a consequence, if the rates for depopulating it into the left
and right reservoirs vanish [i.e., if WOLgR — 0 for having
f(Ep — u) — 1] this state can only be populated. This will be
the case when ¢ — u <« —kgT, which can be easily achieved
by tuning the gate voltages [95]. Note that the same applies
to the |—) state, which has a smaller energy, as discussed in
Sec. 11 B. However, the detector mixes the |—) and |+) states
(by projecting into |C) = B_|—) + B+|+)), hence introducing
a mechanism of depopulating |—), as long as ¢ + A ~ pu.
This way, in the steady state, the system becomes a pure
state p — |D)(D| by washing all other contributions out via
electron tunneling into the reservoirs, as shown in Fig. 6. We
quantify this effect with the purity of the steady state, which
is defined as [96]

r=w(p) =Y ph+2X7_ +Y1), (19)
J

and is, for our four-state system, limited by 0.25 < ¢ < 1.

In the absence of the detector (y = 0), I = 0 and the state
of the system is a mixture of |—) and |D), see Figs. 6(a)
and 6(c), which is confirmed by a 50% purity, see Figs. 6(b)
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and 6(d). For finite y, ppp — 1 and ¢ — 1 for sufficiently
negative ¢ — . Hence, the density matrix of the system is
purified by the detector, producing a dark steady state. Note
that this effect will be relevant conditioned on the charge
noise-induced dephasing of the dark state [63] having a rate
smaller than y. For positive gatings (¢ — i > kgT), the pu-
rity is trivially because the system can only be empty in that
case.

V. CONCLUSION

In this work, we have demonstrated how quantum measure-
ment backaction, traditionally viewed as a disruptive force,
can be harnessed as a thermodynamic resource and a purity
generator to power diverse operations in a triple quantum
dot (TQD) system. By continuously monitoring the central
quantum dot, virtual tunneling events are converted into real
occupations, enabling two key functionalities: (i) thermody-
namic operations, including power generation, refrigeration,
and hybrid energy conversion; and (ii) quantum state purifica-
tion, where noise from the detector stabilizes the system into
a dark state. The TQD setup can also be operated as an au-
tonomous refrigerator, via two different mechanisms: cooling
of C is mediated by heat exchange with the detector (anal-
ogously to absorption refrigerators), while cooling of R is
enabled by the detector avoiding virtual transitions along the
TQD for large detection rates (checkpoint cooling). This later
mechanism exploits the localization properties of position
measurements. The system’s ability to purify itself into a dark
state under continuous detection highlights a counterintuitive
relation between noise and coherence, where environmental
fluctuations suppress decoherence in a symmetry-protected
subspace. The relevant processes have been observed at sub-
kelvin temperatures [34-37].

These results bridge quantum measurement theory with
thermodynamics, showcasing how detection backaction can
replace conventional thermodynamic biases (e.g., voltage or
thermal gradients) to drive useful operations. The dual func-
tionality of the TQD, as both an engine and a purifier,
opens avenues for designing quantum devices that leverage
measurement as a fundamental resource. Importantly, the
role of tunneling through classically forbidden regions, typ-
ically mediated via virtual states, is recontextualized here:
measurement backaction does not merely probe but actively
shapes these quantum pathways. By injecting energy into
the system, the act of measurement allows the particle to
transiently occupy virtual states, effectively converting them
into real, energetically accessible channels for transport. This
tunneling-assisted, measurement-driven activation of trans-
port processes reveals how quantum observation can bridge
virtual to real transitions and, in the process, act as a resource
for the operation of the device as a measurement engine and
a purifier. Future work would explore extending these results
to other platforms of interest for quantum technologies (e.g.,
circuit QED-based devices) and the experimental realization
of virtual state-driven measurement engines and state purifi-
cation in solid-state platforms. Our single-electron description
makes those of our results that do not rely on Coulomb block-
ade correlations (as is the case, e.g., of the purification by

(b) (Ic —I)/T
‘ 0
- —0.02
—10
10
(c) P/TksT (d) Ja/TksT A
5 ] rd 0.2
I
&~ I
20 | ‘
5 | |
—10 | : ‘ :
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(e — p)/ksT (he — p)/ksT

FIG. 7. (a) Current Ic and (b) its modulation with respect to the
current in the absence of the detector, Iéo). (c) Generated power and
(d) heat exchanged with the detector as functions of p¢ and ¢, with
Q=kgT, A =10kgT,T' =y =0.1kgT /h,and p; = pug = pn = 0.
Only the region of P > 0 is plotted in (c), with the gray region corre-
sponding to dissipated power. The dashed black line in (d) marks the
points where o4, = p__.

noise effect) exportable to weakly interacting and strongly
coupled configurations.
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APPENDIX: VANISHING OF HEAT CURRENT

In Fig. 7 we compare the particle transport, the generated
power, and the heat exchanged with the detector as functions
of the bias puc — u and the energy of the quantum dots in
the regime where A > kgT, 2. A finite current flows into the
reservoir C against the bias for puc > u, generating a finite
power. Figure 7(b) shows the contribution of the detector to
the particle current, which vanishes in the same conditions
where Jg = 0; cf. Fig. 7(d).

The vanishing of Jq occurs when the system parameters
are such that p, = p__, as shown in Fig. 7(d). When ¢ < 1
[the region of interest where power is generated, see Fig. 7(c)],
this roughly coincides with the chemical potential ¢ crossing
the energy E, &~ ¢ + A [see Fig. 7(d)], i.e., when the occupa-
tion of the central dot begins to be occupied by the central
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reservoir, meaning the occupation becomes real rather than
virtual.

As the energy level ¢ is further displaced, the influence of
the dark state | D) introduces subtleties to the analysis. When &
lies deep below the Fermi window (¢ < u — kgT'), the system
becomes trapped in the dark state |D), effectively decoupling
from reservoir C. This reflects a dynamical blockade regime
where transport is suppressed; see Figs. 7(a) and 7(d).

In contrast, when ¢ is far above the Fermi window (e >
u+ kgT), the system gets populated predominantly via tun-
neling from reservoir C, as thermal excitations from reservoirs

L/R are exponentially suppressed. Here, |+) ~ |C) is popu-
lated directly from reservoir C, so the condition p; = p__
depends linearly on & + A — pc. For lower chemical poten-
tials in this region, current flows out of reservoir C through
the occupation of state |—) without involving the detector. In
this regime, ppp — 0, as it is never populated from either L.
or R.

While these extreme regimes lie outside the operational
region of interest (¢ < p, where power is generated), they
illustrate how the dark state |D) qualitatively alters transport
depending on the alignment of € relative to u.
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