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We use continuous weak measurements of a driven superconducting qubit to experimentally study the
information dynamics of a quantum Maxwell’s demon. We show how information gained by a demon who
can track single quantum trajectories of the qubit can be converted into work using quantum coherent
feedback. We verify the validity of a quantum fluctuation theorem with feedback by utilizing information
obtained along single trajectories. We demonstrate, in particular, that quantum backaction can lead to a loss
of information in imperfect measurements. We furthermore probe the transition between information gain
and loss by varying the initial purity of the qubit.
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The thought experiment of Maxwell’s demon reveals the
profound connection between information and energy in
thermodynamics [1–5]. By knowing the positions and
velocities of each molecule in a gas, the demon can sort
hot and cold particles without performing any work, in
apparent violation of the second law. Thermodynamics must
therefore be generalized to incorporate information in a
consistent manner. Classical Maxwell’s demon experiments
have been realized with cold atoms [6], a molecular ratchet
[7], colloidal particles [8,9], single electrons [10,11], and
photons [12]. Recent advances in fabrication and control of
small systemswhere quantum fluctuations are dominant over
thermal fluctuations allow for novel studies of quantum
thermodynamics [13–20]. In particular, Maxwell’s demon
has been realized in several systemsusing feedback control to
study the role of information in the quantum regime [21–24].
While these experiments probe information and energy
dynamics in the regime of single energy quanta, the dynam-
ics either does not include quantum coherence or the demon
destroys these coherences through projective measurements
[21–24]. Therefore, in either case, the action of the demon
can be understood using entirely classical information. In
contrast, weak quantum measurements can preserve quan-
tum coherences, resulting in strikingly nonclassical features
in the information dynamics [25–28].
In this Letter, we use continuous weak measurements

followed by feedback control of a superconducting qubit
[29–33] to realize Maxwell’s demon in a truly quantum
situation, where quantum backaction and quantum coher-
ence contribute to the dynamics. This approach enables us to
experimentally verify a quantum fluctuation theorem with
feedback [28,34,35] at the level of single quantum trajecto-
ries. This fluctuation theorem is a nonequilibrium extension
of the second law that accounts for both quantum fluctuations

and the information collected by the demon. At the same
time, this method allows us to study the role of quantum
backaction and quantum coherence in the acquired informa-
tion. In particular, we show that the average information
exchanged with the detector can be negative due to meas-
urement backaction. Here the loss of information associated
with the perturbing effect of the detector dominates the
measurement process. By preparing the qubit at different
temperatures according to a Gibbs distribution, we exper-
imentally map out the full transition between regimes of
information gain and information loss [28].
Superconducting circuit.—In order to study the infor-

mation exchanged with the detector in a genuinely quantum
situation, we employ quantum measurement techniques in
a superconducting circuit to realize a quantum Maxwell’s
demon [Figs. 1(a) and 1(b)]. Our setup consists of a
transmon qubit dispersively coupled to a 3D aluminum
cavity by which we read-out the state of the qubit with
dispersive measurement using the Josephson parametric
amplifier operating in phase sensitive mode with a total
measurement quantum efficiency of 40% [Fig. 1(c)] (see
Supplemental Material [36]). The corresponding effective
Hamiltonian in the presence of a coherent drive is

H ¼ −
ωq

2
σz − iΩRσy cosðωqtÞ − χa†aσz þ ωca†a; ð1Þ

where σz and σy are Pauli matrices, a† and a are creation
and annihilation operators, ωq=2π ¼ 4.48 GHz is the
resonance frequency of the qubit, ωc=2π ¼ 6.86 GHz is
the cavity frequency, and ΩR=2π ¼ 0.8 MHz is the Rabi
drive frequency. The quantity χ=2π ¼ −0.3 MHz is the
dispersive coupling rate between the cavity mode and
the qubit state. In this measurement architecture [29–33],
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the qubit-state-dependent phase shift of a weak cavity
probe tone is continuously monitored, resulting in a
measurement record r that is proportional to the expect-
ation value hσzi. Using the record r, we obtain the state
evolution ρtjr, which depends on the record from time t ¼ 0

to t, using the stochastic master equation (SME) [36,39,40],

_ρtjr ¼
1

iℏ
½HR; ρtjr� þ kðσzρtjrσz − ρtjrÞ

þ 2ηk½σzρtjr þ ρtjrσz − 2TrðσzρtjrÞρtjr�rðtÞ; ð2Þ

where k is the strength of the measurement, η is the
efficiency of the detector, and HR ¼ −iΩR=2σy is the qubit
drive in the rotating frame. The first two terms correspond
to the standard Lindblad master equation that accounts for
unitary evolution and qubit dephasing by the dispersive
measurement [41]. The third term describes the state update
due to the measurement record, which includes the sto-
chastic measurement signal rðtÞ ∝ hσziðtÞ þ dWt, where
dWt is a zero-mean Gaussian distributed Wiener increment
[42]. Owing to the weak coupling to the measuring device,
information about the state of the qubit may be gathered
without projecting it into energy eigenstates, thus preserv-
ing coherent superpositions.
The demon’s information.—The demon extracts work by

using information about the state of the system along
quantum trajectories inferred using Eq. (2). The quantum
information gain is defined as the difference between the
information content at time t ¼ 0 and time t [28,36],

Iz;z0 ðρtjr; rÞ ¼ lnPz0 ðρtjrÞ − lnPzðρ0Þ; ð3Þ

where Pz0 is the probability of getting z0 ¼ ðþ1;−1Þ in the
eigenbasis z0 of the matrix ρtjr, and Pz is the corresponding
probability in the eigenbasis z of ρ0 [36]. While classical

systems are always diagonal in the energy basis z, coherent
dynamics and quantum backaction here lead to off-
diagonal elements; the z0 basis thus contains maximum
information about the state. By averaging Eq. (3) over the
occupation probabilities in the z, z0 bases, we define the
information along a single quantum trajectory

Ĩr ¼
X

z;z0¼�1

½Pz0 ðρtjrÞ lnPz0 ðρtjrÞ − Pzðρ0Þ lnPzðρ0Þ�

¼ Sðρ0Þ − SðρtjrÞ; ð4Þ

with the von Neumann entropy SðρÞ ¼ −Tr½ρ ln ρ�, which
replaces the classical Shannon entropy because of the off-
diagonal elements [27]. In Eq. (4), the conditional prob-
abilities Pz0 ðρtjrÞ come from the SME corresponding to a
single run of the experiment, that is, an individual quantum
trajectory. The averaged value of the exchanged informa-
tion is obtained by averaging over trajectories,

hIi ¼
X

r

pðrÞĨr ¼ Sðρ0Þ −
X

r

pðrÞSðρtjrÞ; ð5Þ

where pðrÞ is the probability density of the measurement
record r. Equation (5) is the information about the state of
the system gathered by the quantum demon [25,27,43].
Remarkably, it may be positive or negative.
For classical measurements, e.g., when the measurement

operator commutes with the state, Eq. (5) reduces to the
classical mutual information, which is always positive [44].
By contrast, quantum measurements perturb the state in
addition to acquiring information. Because of this unavoid-
able quantum backaction, the uncertainty in the detector
state can be transferred to the system and increase its
entropy. While Eq. (5) is positive for efficient measure-
ments, it may become negative for inefficient measure-
ments [25,27,43]. Quite generally, modeling the detector
uncertainty as an average over inaccessible degrees of
freedom, parametrized by a stochastic variable a, the
exchanged information (5) may be written as a sum of
information gain and information loss, hIi ¼ Igain − Iloss,
with Igain ¼ Sðρ0Þ −

P
apða; rÞSðρtjr;aÞ ≥ 0 and Iloss ¼P

rSðρtjrÞ −
P

apða; rÞSðρtjr;aÞ ≥ 0 [28]. Expression (5)
is hence negative whenever the information loss induced by
the quantum backaction is larger than the information
acquired through the measurement.
Feedback protocol.—We now turn to the experimental

procedure and our feedback protocol. The experiment
consists of five steps as depicted in Fig. 2. In step 1, the
qubit is initialized in a thermal state characterized by an
inverse temperature β. Experimentally, we have control
over β by applying a short excitation pulse to the qubit at
the start of the experimental sequence [45]. The projective
measurement in step 2 will quantify the energy change
during the whole protocol, when combined with a second
projective measurement during the final step [46–49].

FIG. 1. Classical demon vs quantum demon. (a) In the classical
situation, the dynamics can be seen as an evolution of the
populations in the definite eigenstates, yet in the quantum case
(b), the dynamics includes coherences and can no longer be
understood as a classical mixture. (c) The experimental configu-
ration consists of a quantum two-level system coupled to a cavity
mode via a dispersive interaction, which allows for both weak and
strong measurements of the qubit state populations. A resonant
drive at the qubit transition frequency turns these relative
populations into coherences and vice versa, leading to coherent
quantum evolution.

PHYSICAL REVIEW LETTERS 121, 030604 (2018)

030604-2



In step 3, we employ a continuous resonant drive at the
qubit transition frequency to induce Rabi oscillations of the
qubit state. In conjunction with the drive, we continuously
probe the cavity with a measurement rate k=2π ¼ 57 kHz,
generating a measurement record r for the demon to track
the evolution according to the SME (2). The axis of the
resonant drive and measurement basis constrict the evolu-
tion of the qubit to the X–Z plane of the Bloch sphere.
A typical qubit evolution is depicted by solid lines in the
step 3 inset of Fig. 2, exhibiting a combination of stochastic
behavior due to measurement and unitary evolution due to
the drive. The quantum trajectory is validated with quantum
state tomography as indicated by the dashed lines [31,32].
At the final time τ, the demon uses the knowledge about the
state of the system to perform a rotation in step 4 to bring
the qubit back to the ground state, thereby extracting work.
To implement the feedback, we perform a random rotation
pulse in the range of ½0; 2π� and select the correct rotations
(within the error of �π=20) in a postprocessing step. This
approach avoids long loop delays that occur for real-time
feedback. We eventually finish the experiment with the
second projective measurement in step 5. We note that the
measurement basis (σz) is the same in steps 2 and 5. These
two measurements are only used to determine the work
distribution and do not enter into the calculation of the
information exchange. We evaluate averaged quantities by
repeating the experiment many times.
Experimental results.—We begin by experimentally

verifying a quantum fluctuation theorem under measure-
ment and feedback control in the form of a generalized
Jarzynski equality, hexp ½−βðW − ΔFÞ − I�i ¼ 1, where W
is the work done on the system by the external drive, ΔF is
the equilibrium free energy difference between final and
initial states, and I is the information (3). This fluctuation
theorem extends the second law to account for quantum
fluctuations and information exchange. It has been derived
for classical systems in Ref. [34] and experimentally

investigated in Refs. [8,11]. It has later been extended to
quantum systems in Refs. [28,35] and experimentally
studied with a two-level system whose dynamics is that
of a classical (incoherent) mixture [24].
In order to test the quantum fluctuation theorem for the

considered two-level system, we write it explicitly as

he−βW−Ii ¼ P0ð0ÞP00ðτÞe−I00 þ P1ð0ÞP11ðτÞe−I11
þ P0ð0ÞP10ðτÞeþβ−I10 þ P1ð0ÞP01ðτÞe−β−I01

¼ 1; ð6Þ

with ΔF ¼ 0, since the initial and final Hamiltonians are
here the same. The initial occupation probabilities for
ground and excited states are, respectively, given by
P0ð0Þ ¼ 1=ð1þ e−βÞ and P1ð0Þ ¼ e−β=ð1þ e−βÞ, corre-
sponding to the initial thermal distribution. Note that we
work in units where ℏωq ¼ 1. We determine the transition
probabilities PijðτÞ, i; j ¼ f0; 1g, from the results of the
projective measurements performed in steps 2 and 5,
following the two-point measurement scheme [46], as
illustrated in Fig. 3(a). We further evaluate the information
term Iij ¼ lnPiðρτjrÞ − lnPjðρ0Þ from the recorded quan-
tum trajectory according to Eq. (3) [Fig. 3(b)]. In Fig. 3(c)
(round markers), we show the experimental result for
Eq. (6) for β ¼ 4 for five different protocol durations τ.
We observe that the generalized quantum Jarzynski equal-
ity with feedback is satisfied. However, the fluctuation
theorem is violated (square markers), as expected, when the
information exchange is not taken into account.
Figure 3(d) shows the evolution of the information Ĩr

along single quantum trajectories calculated from Eq. (4).
The probabilities in Eq. (4) are evaluated at each time step
in the diagonal basis z0, as illustrated in Fig. 3(b) [28].
Figure 3(e) further exhibits the last point of 400 trajectories
before (after) feedback rotation in red (blue). The red

FIG. 2. Experimental sequence. (Step 1) The qubit is initialized in a thermal state at inverse temperature β. (Step 2) As the first step in
determining the energy change through projective measurements, we perform a projective measurement (labeled “X”) in the energy
basis. (Step 3) We drive the qubit with a coherent drive characterized by ΩR=2π ¼ 0.8 MHz while the quantum demon monitors the
qubit evolution with a near-quantum-limited detector. The demon’s knowledge about the qubit state, which depends on density matrix
evolution, can be expressed in terms of the expectation values x≡ hσxi and z≡ hσzi (solid lines) with corresponding tomographic
validation (dashed lines) showing that the demon’s expectation values are verified with quantum state tomography [31,32]. The
information change is calculated using Eq. (4) for each run of the experiment. (Step 4) The demon uses the acquired information from
the previous step to apply a rotation to bring the qubit to the ground state. (Step 5) We perform a projective measurement labeled “Z” as
the second step in a two-point energy measurement.
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(green) circles indicate the expectation hzi before (after) the
feedback rotation calculated using weak measurements. On
the other hand, the black cross represents an independent
evaluation of hzi from the second projective measurement
data. The good agreement between the green circle and the
black cross validates that feedback rotations are properly
executed.
We next study the information dynamics of the

mean information hIi [Eq. (5)] and the transition from

information gain to information loss. In Fig. 3(d) (solid
curve), we observe that the mean information hIi for β ¼ 4
averaged over 400 trajectories is negative. This negativity
of hIi is a consequence of both the quantumness of the
dynamics, which generates states with coherent super-
positions of the eigenstates of the measured observable,
and of the quantum backaction of the measurement [27].
For a classical measurement for which the density matrix
commutes with the measurement operator, hIi reduces to
the (positive) mutual information between the measurement
result and the ensemble made up of the eigenstates of the
density matrix. On the other hand, the quantum backaction
of the inefficient measurement disturbs the state of the
system and reduces our knowledge about it. When this
information loss is larger than the information gained
through the measurement, the total information exchanged
is negative, as seen in the experiment.
In our setup, the finite efficiency of the measurement, as

shown in Fig. 4(a), follows from the fact that the detector
signal is affected by classical and quantum noise that
induces random shifts of the read-out value. The resulting
uncertainty about the state of the detector determines the
information loss [28]. Meanwhile, the information gain
may be controlled by the purity of the initial state, that is,
by its temperature. If we parametrize the initial thermal
state as ρ0 ¼ ð1þ z0σzÞ=2, with z0 ¼ hzijt¼0 ¼ tanhðβ=2Þ,
the information gain, and in turn the averaged information
hIi, is a monotonically decreasing function of z0, as seen in
Fig. 4(b). The transition to hIi < 0 happens for sufficiently
pure initial states, that is, for sufficiently large z0, when the
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FIG. 3. Experimental test of the quantum fluctuation theorem.
(a) Transition probabilities are calculated using the two projective
measurements in steps 2 and 5. (b) By tracking a single quantum
trajectory, we calculate the information change (4). The diagonal
basis z0 at time t is indicated. (c) Combining the transition
probabilities and the information change, we verify the quantum
fluctuation theorem (6) (round markers); however if the infor-
mation is ignored (I ¼ 0), the fluctuation theorem is not valid
(square markers). (d) Information change I, Eq. (3), along single
quantum trajectories; the dotted curve shows a typical informa-
tion change obtained by Eq. (4). The background color shows the
distribution of information change for many trajectories. The
solid curve is the average information change hIi, Eq. (5). Two
dashed lines show the Shannon entropy of initial state Hð0Þ
(coarse dash) and Hð0Þ − lnð2Þ (fine dash), which indicate the
maximum and minimum limit for information change for a given
initial state. (e) Red (blue) dots show the qubit state distribution
obtained by trajectories at t ¼ 2 μs right before (after) the
feedback rotation and the average of this distribution indicated
by the red (green) circle. The cross indicates the reconstruction of
the state of the qubit after the feedback using projective
measurements. FIG. 4. Transition from information gain to information loss.

(a) Classical and quantum noise corresponding to the unknown
detector configuration randomly shifts the probe tone [shown
here as a coherent state in the quadrature (I–Q) space of the
electromagnetic field] and degrades the total efficiency of the
measurement. The inefficient unraveling of the SME is the
statistical average of possible unravelings corresponding to
different detector configurations. (b) Transition from information
gain to information loss by changing the purity of the initial state
of the system controlled by its temperature via z0 ¼ tanhðβ=2Þ.
The solid line indicates the Shannon entropy of the initial state,
which is obtainable only with projective measurements corre-
sponding to the Lanford-Robinson bound [50].
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initial entropy of the system is low enough so that the Iloss
induced by the measurement can overcome Igain. In the
limit β → ∞, the initial state would reduce to a pure state,
corresponding to Igain ¼ 0.
Conclusion.—We have experimentally realized a quan-

tum Maxwell’s demon using a continuously monitored
driven superconducting qubit. By determining the infor-
mation gathered by the demon by tracking individual
quantum trajectories of the qubit, we have verified the
validity of a quantum fluctuation theorem with feedback by
using the two-projective measurement scheme. We have
further investigated the dynamics of the averaged informa-
tion exchanged with the demon and demonstrated that it
may become negative, in stark contrast to the classical
mutual information, which is always a positive quantity.
Because of the combined effect of the quantum coherent
dynamics and of the quantum backaction of the imperfect
measurement, the description of the demon thus requires
quantum information.
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