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Interferometry of quantum correlation
functions to access quasiprobability
distribution of work
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Nicole Fabbri5,6, Stefano Gherardini 6,7,8 & Paola Cappellaro 1,2

The Kirkwood-Dirac quasiprobability distribution, intimately connected with the quantum correlation
function of two observables measured at distinct times, is becoming increasingly relevant for
fundamental physics and quantum technologies. This quasiprobability distribution can take non-
positive values, and its experimental reconstruction becomes challengingwhen expectation values of
incompatible observables are involved. Here, we use an interferometric scheme aided by an auxiliary
system to reconstruct the Kirkwood-Dirac quasiprobability distribution. We experimentally
demonstrate this scheme in an electron-nuclear spin system associated with a nitrogen-vacancy
center in diamond. By measuring the characteristic function, we reconstruct the quasiprobability
distribution of work and analyze the behavior of its first and second moments. Our results clarify the
physicalmeaning of thework quasiprobability distribution in the context of quantum thermodynamics.
Finally, we study the uncertainty of measuring the Hamiltonian of the system at two times, via the
Robertson-Schrödinger uncertainty relation, for different initial states.

While probabilities intrinsically emerge from measurements in quantum
theory, observable incompatibility precludes a general state of a quantum
mechanical system from being represented in terms of joint probabilities
over its phase space. Fundamental to the celebratedHeisenberg uncertainty
principle1,2 and the information-disturbance trade-offs of quantum
measurements3,4, non-commuting observables also prevent the repre-
sentation of quantum states and processes as a joint probability distribution
over their measurement outcomes. Nonetheless, it was recognized early on
that states can be represented in terms of quasiprobabilities, i.e., joint dis-
tributions satisfying all but one of Kolmogorov axioms: they can take non-
positive values5,6. In ref. 7, it is shown that the negativity of all
quasiprobability-distribution representations of the experiment under
scrutiny is related to non-classicality as witnessed by contextuality8–10. This
general result linking negativity and quantum contextuality can be linked to
the Kirkwood-Dirac quasiprobability (KDQ)11,12, introduced by Kirkwood13

andDirac14 in thefirst half of the twentieth century as a representation of the
quantumstate over incompatible observables. In recent years, therehasbeen

a renewed interest in theKDQ12,15–21, especially on the studyof itsnon-reality
and non-positivity, and its link to quantummetrological advantages in both
local and postselected scenarios22, to weak values23–25, and to benefits in
quantum thermodynamics26–32. Moreover, due to its inherent link with
quantum correlation functions, it is quickly finding applications in several
fields of physics, from condensed matter to quantum chaos15,33–37.

To define the KDQ, we introduce two, generally time-dependent,
observables A ¼ P

jajΠ
A
j and B ¼ P

kbkΠ
B
k , written in terms of their

spectral decomposition, where ΠC
‘ ðtÞ ¼ ∣C‘ðtÞ

�
C‘ðtÞ
�

∣ are the eigenpro-
jectors of a Hermitian operator C. Then, the KDQ for a closed quantum
system is defined as

qjkðρÞ ¼ Tr UyΠB
k UΠA

j ρ
� �

; ð1Þ

whereU is the unitary operator describing the time evolution of the system
and ρ is its initial density operator. Notice that the KDQ can be generally

1Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA. 2Department of Nuclear Science and Engineering,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA. 3Institute of Quantum Technologies, German Aerospace Center (DLR), D-89077
Ulm, Germany. 4Department of Chemistry, Institute of Nanotechnology and Advanced Materials and the Center for Quantum Entanglement Science and Tech-
nology, Bar-Ilan University, Ramat-Gan, 52900, Israel. 5Istituto Nazionale di Ottica del Consiglio Nazionale delle Ricerche (CNR-INO), I-50019 Sesto
Fiorentino, Italy. 6European Laboratory for Non-linear Spectroscopy (LENS), Università di Firenze, I-50019 Sesto Fiorentino, Italy. 7Istituto Nazionale di Ottica del
Consiglio Nazionale delle Ricerche (CNR-INO), Largo Enrico Fermi 6, I-50125 Firenze, Italy. 8SISSA, via Bonomea 265, I-34136 Trieste, Italy.

e-mail: shergom@mit.edu; hernandez@lens.unifi.it

npj Quantum Information |          (2024) 10:115 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-024-00913-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-024-00913-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-024-00913-x&domain=pdf
http://orcid.org/0000-0002-2432-5729
http://orcid.org/0000-0002-2432-5729
http://orcid.org/0000-0002-2432-5729
http://orcid.org/0000-0002-2432-5729
http://orcid.org/0000-0002-2432-5729
http://orcid.org/0000-0002-0347-6763
http://orcid.org/0000-0002-0347-6763
http://orcid.org/0000-0002-0347-6763
http://orcid.org/0000-0002-0347-6763
http://orcid.org/0000-0002-0347-6763
http://orcid.org/0000-0002-9254-507X
http://orcid.org/0000-0002-9254-507X
http://orcid.org/0000-0002-9254-507X
http://orcid.org/0000-0002-9254-507X
http://orcid.org/0000-0002-9254-507X
http://orcid.org/0000-0003-3207-594X
http://orcid.org/0000-0003-3207-594X
http://orcid.org/0000-0003-3207-594X
http://orcid.org/0000-0003-3207-594X
http://orcid.org/0000-0003-3207-594X
mailto:shergom@mit.edu
mailto:hernandez@lens.unifi.it
www.nature.com/npjqi


defined for any pair of projectors, here we opt to use the eigenprojectorsΠA
j

and eΠB
k � UyΠB

kU such that the KDQcharacterizes the two-time quantum
correlation function of incompatible observables given an initial state that
evolves under U17,38.

While the KDQ encodes a full description of the quantum state and
correlation between incompatible observables, accessing it is not straightfor-
ward. The assessment of a quasiprobability distribution has been the subject
of intense investigation, both theoretically and experimentally17,21,29,31,39–44. The
traditional method of sequentially performing projective measurements on
two observables, also referred to as the two-point measurement (TPM)
scheme within the field of quantum thermodynamics45, is inadequate. This is
because the initial measurement eliminates the quantum coherence and
correlations in the initial state and alters the statistics of all non-commuting
observables46. The real part of the KDQ could be reconstructed by combining
the results of a series of projectivemeasurements, including the ones from the
TPMscheme29,39.However, the imaginarypartof theKDQcannotbeobtained
in thisway.Theclose relationbetween theKDQandweakvalues17 implies that
the KDQ could be obtained using schemes originally developed for direct
wave-function measurements or for state tomography, which were either
basedonweakmeasurements47–51, oronmore refinedprojectivemeasurement
schemes52–56. Herewe opt for amore direct approach, where the characteristic
function of theKDQ is the output of the experimental scheme. This approach
is more general, as it avoids the requirement of weak coupling imposed by
weak measurement schemes. More interestingly, moving away from state
tomography-based schemes allowsus to focuson the systemdynamics, that is,
reconstructing the KDQ for observables at two different times, exploring the
effects of the system evolution, and investigating in particular its thermo-
dynamic properties.

In this work, we experimentally reconstruct the full KDQ via an
interferometric scheme adapted to the nitrogen-vacancy (NV) center in
diamond57,58. The system of interest in our scheme is represented by the
electronic spin in the NV center, while the nitrogen nuclear spin acts as an
auxiliary system. Ramsey-type interferometry59–61 allows the reconstruction
of the characteristic function of aKDQdistribution, for a generic initial state
of the system.While the schemewe employ is quite general and valid for any
choice of observables, in the experimental realization, we focus on the KDQ
characterizing the two-time quantumcorrelation function of the (initial and
final) energy of the system, namely the energy autocorrelation function. In
turn, this allows us to interpret our result in a thermodynamic framework,
connecting with previous results on work fluctuations and showing how
quantum coherence can be the sole source to attain extractable work in the
system. Furthermore, the imaginary part of the KDQ— that we obtain via
our interferometric reconstruction — is directly connected to the Robert-
son-Schrödinger uncertainty relation62–64. This approach enables us to
quantify the uncertainty in recording the initial and final energies of the
system in our experiment by measuring their commutator.

Results
Interferometric scheme for KDQ
The evolution of a closed quantum system under a work protocol is
described by the unitary operator UðtÞ ¼ T expð�i

R t
0 Hðt0Þ dt0Þ, where

H(t) is the time-varying Hamiltonian of the system. Here and throughout
this text we take ℏ = 1. Let us write the Hamiltonian in terms of its spectral
decompositionHðtÞ ¼ PN

j¼1 EjðtÞΠjðtÞ, whereΠjðtÞ ¼ ∣EjðtÞihEjðtÞ∣ is the
eigenprojector of theHamiltonianandN is thedimensionof the system.The
KDQ work distribution17,31 for this work protocol is therefore defined in
terms of the energy eigenprojectors Πf(t) and Πi(0):

qif ðρÞ ¼ Tr UyðtÞΠf ðtÞUðtÞΠið0Þ ρ
� �

; ð2Þ

where ρ is an arbitrary initial state of the system.
The quasiprobability distribution, Eq. (2), reduces to the two-point-

measurement (TPM) distribution whenever Πi(0) commutes with either ρ

or U† (t) Πf (t) U (t)17:

qif ðρÞ ¼ Tr Πið0Þρ
� �

Tr UyðtÞΠf ðtÞUðtÞΠið0Þ
� �

: ð3Þ

Effective commutativity can result from decoherence or coarse-graining of
the energymeasurements. In this limit, theKDQcoincideswith the statistics
originating from the TPM scheme which, in turn, can be associated to the
classical definitions of work in the case of unitary dynamics65 (note that, as
outlined in refs. 16,66,67, a positive KDQ distribution can be attained even
in the non-commutative case where [Πi(0), ρ] ≠ 0, [U†(t)Πf(t)U(t), ρ] ≠ 0,
and [H(0),H(t)] ≠ 0 for some i, f, t, albeit the KDQdistribution still remains
different from the one of the TPMscheme). In general, the KDQ is complex
valued and its real part can benegative. Thus, it cannot be accessed bymeans
of a procedure based on sequential projective measurements (the TPM
scheme).

In this work, we aim to obtain both the real and imaginary parts of
KDQ. For this purpose, we experimentally reconstruct the characteristic
function

GðuÞ � R
eiuWPðWÞdW

¼
X
i;f

qif ðρÞ eiuðEf�EiÞ

¼ Tr e�iuHð0ÞρUyeiuHðtÞU
� 	 ð4Þ

associated with the KDQ distribution of energy differences Ef − Ei that
represent the realization of the work (W) random variable

PðWÞ ¼
X
i;f

qif ðρÞ δ W � ðEf � EiÞ
� �

; ð5Þ

where δ(⋅) denotes the Dirac delta function. To do so, we implement the
quantum circuit shown in Fig. 1. This circuit is essentially the same as the
ones in refs. 59,61,68, with the important difference that we do not assume
that the initial state of the system ρ is amixed thermal state17,31. Here we will
show that, as theorized in ref. 17, this scheme can be used to reconstruct the
whole KDQ characteristic function for non-thermal initial states.

The key idea of the interferometric scheme is to perform a Ramsey
scheme on the auxiliary qubit. During the free evolution of the Ramsey
scheme, the auxiliary qubit is put in contact with the quantum system by
means of two conditional gates G1 and G2, which are defined as:

G1ðuÞ ¼ e�iuH0 � ∣0iA 0h ∣þ I� ∣1iA 1h ∣ ð6Þ

G2ðuÞ ¼ I� ∣0iA 0h ∣þ e�iuHt � ∣1iA 1h ∣; ð7Þ

whereu is the gate duration.Note thatwe have introduced the notationHt=
H(t) to explicitly indicate that the Hamiltonian is not changing during the
duration u. In between these two gates, the system evolves under its
Hamiltonian for a time t as described by the unitary operator U(t). Finally,
the real and imaginary parts of the characteristic function [Eq. (4)] are

Fig. 1 | Interferometric scheme quantum circuit to obtain the characteristic
function of KDQ distributions of work. The KDQ characteristic function is
codified into the coherence of an auxiliary qubit, which is readout by means of a
Ramsey scheme. Here, H is theHadamard gate, σx,y are the Pauli matrices,U(t) is the
unitary operator describing the system dynamics, and the gates G1,2 are defined in
the text.
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encoded in the expectation values of the auxiliary qubit Pauli matrices as
σx
� �

A ¼ Re GðuÞ½ � and hσyiA ¼ Im GðuÞ½ � respectively.

Experiment
In this section,we showhow to implement the interferometric schemeusing
the electronic and nuclear spins of a single NV center.We consider the case
where the spin qubit evolves under the Hamiltonian

HðtÞ ¼ 1
2

Ω cosðδtÞ σx þ sinðδtÞ σy
� �

þ δσz

h i
; ð8Þ

such that the energy eigenstates ∣EjðtÞ
E

are time dependent, but its

eigenvalues are ±ω=2 � ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2 þ δ2

p
=2 for every time t. In our experi-

ments, we set the parameters in Eq. (8) to δ ¼ Ω
ffiffiffi
3

p
and Ω = 2π 875/39

MHz. We will use the NV electronic spin qubit as the system that evolves
under the Hamiltonian H(t) [Eq. (8)] starting from an initial pure
coherent state, ρ ¼ ∣þi þh ∣, with ∣þi � ð∣E0ð0Þ

�þ ∣E1ð0Þ
�Þ= ffiffiffi

2
p

a
superposition of the eigenstates ofH(0). TheHamiltonian in Eq. (8), while
quite general, provides a convenient implementation since the corre-
sponding evolution unitary operator can be written as

UðtÞ ¼ T expð�i
R t
0 Hðt0Þ dt0Þ ¼ exp �itδσz=2

� �
exp �itΩσx=2

� �� I.
In turn, this allows to simplify the original circuit (Fig. 1), replacing the
evolution with the simpler operator UBðtÞ ¼ e�itΩσx=2 � I and the gate
G2(u) [Eq. (7)] with

GBðuÞ ¼ I� ∣0iA 0h ∣þ e�iuH0 � ∣1iA 1h ∣; ð9Þ

while obtaining the same real and imaginary parts of the characteristic
function of theworkKDQdistribution (see SupplementaryNote 1 formore
details).

The details on how to implement such interferometric scheme are
summarized in Fig. 2. There, the system ρ corresponds to the electronic spin
S
!

, and the auxiliary system is the nuclear spin I
!

of the nitrogen, as
depicted in Fig. 2a, b. Both spins form triplets, and their total Hamiltonian
reads HSI ¼ ΔS2z þ γe B

!ðtÞ � S
!þ QI2z þ γn B

!ðtÞ � I
!þ ASzIz , where Δ

≃ 2.87 GHz is the zero-field-splitting, Q = − 4.9569,70 is the nuclear

quadrupolemoment,A≃− 2.16MHz is the hyperfine coupling constant70,
γe = 2.8MHz/G and γn = − 0.308 kHz/G are the electron and nuclear
gyromagnetic ratios, and B

!ðtÞ is a magnetic field. A static bias magnetic
field aligned with the NV quantization axis Bz = 357.07 ± 0.13 G splits the
mS = ± 1 levels. In addition, an AC field BxðtÞ ¼ B cosð2πνt þ ϕÞ is used to
drive either the electronic or the nuclear spins. For our experiments, we
need twoqubits, sowe ignore themS=+1 and themI=−1 levels to obtain a
two-qubit system. The system is optically initialized into the state
∣mS ¼ 0;mI ¼ þ1

� � ∣0; 1iqubit at the beginning of each experiment.
Therefore, the Hamiltonian HSI can be reduced to a two-qubit system
Hamiltonian. In the frame rotating at the resonant frequency of the elec-
tronic spin (ωe≡ Δ− γeBz) and the nuclear spin (ωn≡Q+ γnBz), using the
rotating wave approximation, we can write

Htot ¼ He � Iþ I� Hn þ HI : ð10Þ

In (10) HI is the interaction Hamiltonian, i.e.,

HI ¼
A
4
ðσz � Iþ I� σz � σz � σzÞ; ð11Þ

and He(n) describe the electronic and nuclear spin (control) Hamiltonians,
given by

HeðnÞ ¼
ΩeðnÞ
2

cosðϕÞ σx þ sinðϕÞ σy
� �

; ð12Þ

whereΩeðnÞ ¼ γeðnÞB=
ffiffiffi
2

p
is the Rabi frequency for the electronic (nuclear)

spin, and ϕ is the phase of the AC field. The control field applied to the
nuclear spin can only achieve selective rotations, because the conditionΩn

≪ A always holds, due to the relatively small gyromagnetic ratio of the
nuclear spin. In contrast, we can apply non-selective pulses with high
microwave power (Ωe ≫ A) to the electronic spin. One could think that
these control fields would be enough to implement the scheme in Fig. 1.
However, thepresenceof thehyperfine termHI would affect the expectation
values of σx,y for the ancilla spin, hence defeating the purpose of the
interferometric scheme. Instead, the combination of these nuclear and
electronic spin gates is sufficient to implement the quantum circuit shown

Fig. 2 | Implementation of the interferometric scheme in anitrogen vacancy (NV)
center. a NV center in the diamond lattice. Blue indicates the electronic spin, and
orange denotes the nitrogen nuclear spin. b Energy levels that form the two-qubit
system. The NV electronic (nitrogen nuclear) spin transitions can be coherently
driven by applying resonant microwave (radiofrequency) pulses. The notation is
∣mS;mI

�
. c Adaptation of the interferometric scheme shown in Fig. 1 for our

experimental platform: NV center electronic spin and nitrogen nuclear spin. On the
top: quantum circuit; on the bottom: pulse sequence. The vertical lines with black
squares correspond to the free evolution during a time u. The quantum gates are

rotations along X, Y, or a. When a = φ (a = π/2 + φ) the final measurement
corresponds to 〈σx〉 (〈σy〉), where φ ≡ A[2u + π/2 + t + θ + θ2]/Ω is the phase
acquired by the nuclear spin during the Ramsey scheme due to the hyperfine term of
the Hamiltonian. The ‘duration’ of each quantum gate is indicated in parentheses.
Notice that, the gates RY(θ + π/2) (used to prepare the initial state ρ) and R−Y(θ)
(part of the gate G1) can be simplified into RY(π/2). Moreover, the gates RZ(uA) and
RY(θ2) can be ignored since they do not affect the state of the nuclear spin before the
readout. Further details about the scheme can be found in Methods.
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in Fig. 2c. By choosing the parametersΩe ¼ Ω; θ ¼ arctanðΩ=δÞ, and θ2 =
θ + π, we ensure that the real and imaginary parts of the characteristic
function measured with the circuit in Fig. 2c are the same as the ones
measured with the circuit in Fig. 1 and are therefore associated to the work
protocol determined by the system HamiltonianH(t) [Eq. (8)]. Additional
details on the implementation of this circuit in our platform are given in the
Methods section.

An example of the data obtainedwith the interferometric scheme for a
single valueof the time twhile varying the gatedurationu is shown inFig. 3a.
The expectation values σx

� �
A ¼ Re GðuÞ½ � and hσyiA ¼ Im GðuÞ½ � with

respect to the state of the auxiliary qubit yield the real and imaginary part of
the characteristic function, which we use to reconstruct the work
distribution.

KDQ work distribution
We obtain the work distribution shown in Fig. 3(b) by performing a fast
Fourier transform (FFT) to the characteristic function GðuÞ [see Eq. (4)].We
have repeated the same set of measurements but for different values of the
time t. The results for all the experiments are shown inFig. 4, left panels.These
should be compared with the numerical simulations in the right panels of
Fig. 4, which were derived by calculating the characteristic function of the
KDQusing Eq. (2), for a two-level system evolving under theHamiltonian in
Eq. (8). It is worth pointing out the remarkable agreement between simula-
tion and experiment, especially considering that there are no fitted free
parameters. To quantitatively compare data and simulation in Fig. 4, we have
calculated the reduced chi squared (χ2n ¼ 1

n

Pn
i ðxi � siÞ2=σ2i , where n, xi, σi

and si represent respectively thenumber ofdatapoints, the experimental data,

Fig. 3 | Example of the experimental results for a single value of time t= 26 ns=
7π/6Ω. aCharacteristic functionGðuÞ [Eq. (4)] of the KDQdistribution of work. The
real (imaginary) part of the characteristic function, shown in blue (orange), is the
result of measuring the expectation value of σx(y) with respect to the state of the
auxiliary qubit in the interferometric scheme. The expectation value 〈σx(y)〉 is the
photoluminescence (PL) intensity normalized with respect to the reference intensity
of the eigenstates of the observable σx(y). b By applying a Fourier transform to GðuÞ,

we are able to reconstruct the KDQdistribution P(W) of work. The error bars are the
standard deviation of the FFT calculated as the mean (over all the data) standard
deviation of GðuÞ. The values we are interested in are those where W = ± ω, 0
(indicated with vertical dashed lines), which are the only allowed energy variations
for the two-level system evolving under theHamiltonianH(t) [Eq. (8)]. Note that the
real and imaginary parts of GðuÞ are both necessary to obtain the real or imaginary
parts of the work distribution P(W).

Fig. 4 | KDQ distribution P(W) of work for dif-
ferent values of the evolution time t. The hor-
izontal dashed lines correspond to the data shown in
Fig. 3b. Top (bottom) panels show the real (ima-
ginary) part of P(W). The left panels indicate the
experimental results, obtained by doing a Fourier
analysis of themeasured characteristic function. The
right panels denote the distribution obtained by
simulating the KDQ qif for a qubit that evolves under
H(t) [Eq. (8)], then calculating the characteristic
function, and finally applying a Fourier analysis.
There are no fitted parameters between experiments
and simulations.
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its standard deviation and the simulated data) obtaining χ2n Re PðWÞð Þ ¼
1:51 and χ2n Im PðWÞð Þ ¼ 1:06. Hence, the agreement between simulation
and experiment is, on average, comparable with the experimental precision.

Having reconstructed the distributionP(W), it is thenpossible to extract
the KDQ itself from the experimental data shown in Fig. 4(a). The experi-
mental reconstruction of the qif values could be achieved by considering only
thepoints atW=Ef(t)−Ei(0), seeEq. (5). In this experimental study, the only
allowed values of Ef(t)− Ei(0) are ± ω, 0, see Eq. (8). However, to reduce the
experimental errors, it is better to compute the average of P(W) over a small
interval around those values. Here, we consider an interval covered by seven
experimental points centered aroundW = ± ω andW = 0, and we integrate
them to obtain each qif. This interval was chosen considering that, on average
for all the data, the signal-to-noise ratio was larger than one in that interval.
The peaks around W = + ω and W = − ω correspond to q01 and q10,
respectively. The peak aroundW= 0 correspond to the sum q00+ q11. In our
case study, we are unable to individually determine q00 and q11 since the
Hamiltonian’s eigenvalues remain constant in time. Both q00 and q11 are
associated with an energy variation equal to zero, which are combined into
the same term in the characteristic function [Eq. (4)].

The reconstructed values of theKDQare shown inFig. 5,which is oneof
the main results of the paper. As mentioned before, the simulation corre-
sponds to the computation of qif just using Eqs. (2) and (8) and without any
fitted parameters. This demonstrates that it is possible to reconstruct both the
real and imaginary values of the KDQdistribution using interferometry. The
experimental data in Fig. 5 clearly follow the trend of the simulated KDQ.
Noticehowever that thedifferencebetweenexperimental data andsimulation
iswithinone standarddeviation for~60%of thepoints (and~90%arewithin
two standarddeviations).This small but systematic discrepancybetweendata
and theory comes from twomain factors. On the one hand, the finite time u
implies that the Fourier analysis will not perfectly reconstruct qif, even in an
ideal case without noise. On the other hand, imperfections in the experi-
mental readout may result in small variations of the measured signal (see
Fig. 3a) that seem negligible, but are accentuated during the Fourier analysis.
These two factors are explored in more detail in the Supplementary Note 2.

Quantum energy correlation function
Correlation functions are broadly used in quantum mechanics to reveal
quantum interference effects between systems separated in space or time.
Here we focus on the latter, by studying the correlation between incom-
patible observables at two different times.

The reconstruction of the KDQ allows us to extract the quantum
correlation function

heHðtÞHð0Þi � Tr eHðtÞHð0Þρ� �
¼

X
if

qif Eið0ÞEf ðtÞ; ð13Þ

where eHðtÞ � UyHðtÞU is the Hamiltonian at time t, evolved according to
the Heisenberg picture. In Fig. 6 we show the real and imaginary values of
the correlation function as a function of the evolution time t. The real part
of the correlation function is

ReheHðtÞHð0Þi ¼ CovðHð0Þ; eHðtÞÞ þ heHðtÞihHð0Þi; ð14Þ

where heHðtÞi � Tr eHðtÞρ� � ¼ Tr HðtÞρðtÞ� �
, with ρðtÞ ¼ UðtÞρUyðtÞ;

hHð0Þi � Tr Hð0Þρð0Þ� �
. The covariance is as usual defined as

CovðHð0Þ; eHðtÞÞ � 1
2
Tr Hð0Þ � hHð0Þi; eHðtÞ � heHðtÞi� �

ρ
� �

; ð15Þ

with {⋅ , ⋅} denoting the anti-commutator. Since for the chosen initial state
ρ ¼ ∣þi þh ∣ the mean energy 〈H(0)〉 = 0, the real part of the correlation
function coincides with the quantum covariance.

The imaginary part of the quantum correlation function is

ImheHðtÞHð0Þi ¼ 1
2i

Tr ρ eHðtÞ;Hð0Þ� 	� �
; ð16Þ

Fig. 5 | Reconstruction of the real and imaginary values of the KDQ qif. The
experimental values (markers with errorbars) are obtained by taking the work
distribution in Fig. 4 (left panels) and considering only the values aroundW=±ω, 0.
In contrast, the solid line indicates values of qif simulated using Eq. (2) for a qubit
evolving under the Hamiltonian H(t). The case with no net energy change corre-
sponds to q00 and q11. The system energy increases (decreases) by a factor ω (− ω)

for q01 (q10). Notice that the real part of the KDQ, also known as Margenau-Hill
quasiprobability MHQ, is always positive. However, the imaginary part of the KDQ
is different from zero. Therefore, in the present case study, measuring the MHQs is
not enough to witness the non-classicality entailed by non-commutativity. For that,
it is necessary to measure the full KDQs.

Fig. 6 | Quantum correlation function between the observables eHðtÞ ¼ UyHðtÞU
and H(0) that are incompatible. This correlation function is directly derived from
the KDQ distribution of work by using Eq. (13). The real part of the correlation
function is proportional to the quantum covariance between eHðtÞ andH(0). Instead,
the imaginary part is proportional to the expectation value of the commutator
½eHðtÞ;Hð0Þ�, which is linked with the Robertson-Schrödinger inequality (28) (see
text). Observe that, in our case, the condition heHðtÞHð0Þi ¼ 0 is never satisfied.
When the imaginary part is zero, the real part is maximized or minimized. The
opposite is not true.
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which is zero if ½eHðtÞ;Hð0Þ� ¼ 0. For ourmodel, this occurs at t= 2πm/Ω for
any integer m (we note that ImheHðtÞHð0Þi ¼ 0 for t = π/Ω, even if
½eHðtÞ;Hð0Þ�≠0). Conversely, when ImheHðtÞHð0Þi is different from zero,
noneof theoperators in theset feHðtÞ;Hð0Þ; ρg commutewitheachother.This
implies that Imðqif Þ≠0, and the KDQ is not a joint probability distribution.

In the following, we provide a physical interpretation of the real and
imaginary parts of the quantum correlation function by studying the
thermodynamic meaning of the statistical moments of the work distribu-
tion. We also compare these results with the ones obtained for a TPM
scheme, i.e., for an initial statewithout energy coherence.We further discuss
how the KDQ can be used to analyze other thermodynamic properties of a
quantum system and its connection to uncertainty relations.

Mean work and KDQ work variance
We first focus to the statisticalmoments, according to the KDQ, of the work
variable

Wif � Ef ðtÞ � Eið0Þ: ð17Þ

As the KDQ has the correct marginals17,31, the mean work reads as

hWiKD �
X
if

qifWif ¼ Tr HðtÞρðtÞ� �� Tr Hð0Þρ� �
; ð18Þ

which coincides with the unperturbed average energy change given by the
difference between the average energy at the final and initial times. While
looking trivial from a classical perspective, in the presence of incompatible
observables and states, a conventional TPMprocedure does not recover this
result due to the invasiveness of the measurement process.

In Fig. 7(a) we show 〈W〉KD obtained from the experimental
values of qif and the simulated unperturbed average energy change71

Tr HðtÞρðtÞ� �� Tr Hð0Þρ� � ¼ � δΩ
ω sin2 Ωt

2

� �
. The imaginary part of

〈W〉KD is equal to zero, as predicted by theory. In contrast, the real part is
always negative (or zero when Ωt is a multiple of 2π), which means that
the quantum system is giving away energy in the form of microwave
radiation — the average work is always extractable work. Such a feature
originates from the presence of quantum coherence χ in the initial state ρ,
with respect to the eigenbasis ofH(0). In fact, the coherence contribution to
the average work obtained from the TPM scheme (i.e., 〈W〉TPM) is always
zero, yielding

hWiKD � hWiTPM ¼ Tr UχUyHðtÞ� �
: ð19Þ

In our case study, 〈W〉TPM = 0, and we can thus conclude that all the work
that can be extracted on average from the system is due to the dynamical
processingof the initial quantumcoherence— all thework is quantumwork
in this context.

When considering the distribution of a stochastic variable, higher
(central) moments provide valuable information beyond the mean value,
starting from the variance:

varWKD � hðW � hWiKDÞ2iKD ¼ hW2iKD � hWi2KD : ð20Þ

The behavior of hW2iKD � P
i;f qifW

2
if as a function of time is shown in

Fig. 7(b), while the experimental and simulated values for the work variance
are in Fig. 7(c). The work variance of the KDQ distribution contains both a
real and an imaginary part:

varWKD ¼ VR þ iVI : ð21Þ

As in classical statistics, the real part can be decomposed as

VR ¼ var½Hð0Þ� þ var½eHðtÞ� � 2Cov Hð0Þ; eHðtÞ� �
; ð22Þ

where the quantum covariance CovðHð0Þ; eHðtÞÞ 2 R has been defined in
Eq. (15), and the variance of an operator A is defined as usual
as var½A� ¼ Tr ρA2

� �� Tr ρA
� �2

.

The imaginary part of the variance is, clearly, a purely quantum term
that reads

VI ¼ iTr ρ ½Hð0Þ; eHðtÞ�� � ð23Þ

¼ 2 Im hHð0ÞeHðtÞi : ð24Þ

Fig. 7 | First and secondmoments of work and work variance for different initial
states: coherent pure state and incoherent mixed state. Top panel: Mean work
computed over the KDQ and TPM distributions. Middle panel: Mean squared work
(or 2nd statistical moment) [KDQ (solid lines) and TPM (dotted lines)]. Bottom panel:
Work variance [KDQ (solid lines) and TPM (dotted lines)].
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This means that VI is twice the imaginary part of the quantum correlation
function heHðtÞHð0Þi and directly quantifies the non-commutativity
between the initial and final energy observables brought about by the
quantum work protocol.

Overall, we have seen that the first two central moments of the KDQ
encode relevant information about energy fluctuations in a fully quantum
regime, and we have discussed how non-commutativity affects them.

Comparison with the TPM scheme. To compare our results with the
ones obtained in the limit of commuting operators, let us consider
the initial state to be diagonal in the initial energy basis and given by
ρd = ∑ipiΠi(0). Being pi ¼ Tr ρΠið0Þ

� �
; ρd is the completely dephased

version, in the initial energy eigenbasis, of the initial state ρ con-
sidered so far. This ensures that [ρd,H(0)] = 0, and thus that the KDQ
coincides with the joint probability distribution obtained from the
TPM protocol.

For our experiments, given ρ ¼ ∣þi þh ∣ that is the state with the
maximum coherence with respect toH(0), we have ρd ¼ I=2. Therefore, in
order to obtain the TPM statistics, we repeated themeasurements described
in the previous section half of the times for the state ∣þi þh ∣ and half for the
state ∣�i �h ∣. This corresponds to considering an equal mixture of the two
states, and thus to take ρd ¼ I=2 as the initial state.

Thedataset for the initial stateρdwas analyzedusing the sameprocedure
as for the full KDQ. The results for themean work, mean squared work, and
work variance are shown in Fig. 7. As expected, the imaginary part of all these
quantities is zero; moreover, 〈W〉TPM = 0, and hW2iTPM ¼ RehW2iKD.
Accordingly, the variance varWTPM >VR ¼ RevarWKD. Therefore, the
system is performing more work (giving away more energy) and with a
smaller variance when the work statistics are computed with respect to the
initial state ρ, compared to its dephased counterpart, the non-coherent
state ρd.

The fact that 〈W〉TPM = 0 while hW2iTPM≠0 shows that there is an
energy exchange occurring during the dynamics. It just so happens that the
classicalmixture of the initial state is such that, on average, the system is not
losing or winning energy. This is not the case when the initial state is the
coherent superposition ρ, whereby 〈W〉KD ≠ 0.

Relation with the operator of work
Here we focus on the concept of operator of work72,73, defined as
W ¼ eHðtÞ � Hð0Þ, where eHðtÞ ¼ UyHðtÞU is the final Hamiltonian
evolved according to theHeisenberg picture. It is worthmentioning that,
even by introducing the operator of work W, we do not end up with a
comprehensive definition of quantum work, as the physical meaning of
the third and highermoments is not clear so far73. In conformity with the
no-go theorem in ref. 17, such lack of a complete description of the
quantum work is due to the fact that, in general, ½eHðtÞ;Hð0Þ�≠0 and [ρ,
H(0)] ≠ 0, with ρ the initial density operator at the beginning of a given
thermodynamic transformation. However, notably, the first and second
moments of W, computed with respect to ρ, have physical interpreta-
tions in connection with the KDQ. In this regard, we recover that, in the
commutative limit, Tr Wρ

� �
and Tr W2ρ

� �
have a clear classical corre-

spondence. Formally, one can show that

Tr Wρ
� � ¼ hWiKD ð25Þ

Tr W2ρ
� � ¼ RehW2iKD ð26Þ

varW ¼ Re½varWKD�; ð27Þ
where varW � Tr ρðW � Tr Wρ

� �Þ2� �
is the so-called work dispersion73.

Therefore, the real part of the KDQ variance of work has the same physical
meaning as the work dispersion in73, which is an already accepted
generalization of the variance of work in the quantum case.

In general, Tr Wmρ
� �

≠hWmiKD (nor to its real part), form > 2. These
two quantities are equal to each other in the fully commutative case

½eHðtÞ;Hð0Þ� ¼ ½ρ;Hð0Þ� ¼ 0. This remark is pertinent because a primary
concern with the work operatorW is that its highermoments lack physical
meaning. In fact, form > 2;Tr Wmρ

� �
do not coincide with hWmiTPM, even

when [ρ, H(0)] = 0. In contrast, we recall that the condition [ρ, H(0)] = 0
implies that the KDQ is actually a joint probability, as returned by the TPM
scheme. Hence, under such condition, the physical interpretation of
hWmiKD coincides with the one of hWmiTPM for anym.

Connection with the uncertainty relations
The uncertainty principle is one of thewell-knownquintessential properties
of quantum mechanics. In particular, the Robertson-Schrödinger uncer-
tainty relation (RSUR)62–64 takes into account observable correlation to
provide a tighter bound. For our observables of interest (the initial and final
energy), the RSUR is

var½Hð0Þ�var½eHðtÞ� ≥ CovðHð0Þ; eHðtÞÞ2þ
þ ImheHðtÞHð0Þi� �2

:
ð28Þ

We refer the reader to the Supplementary Note 3 for the formal deri-
vation of this result. Notice that the second term on the right-hand side
of (28) is related to the KDQ work variance, V2

I =4 (see Eq. (24)). Thus,
the interferometric reconstruction of the KDQ gives us access to the
commutator of the energy observables and, in turn, allows us to
characterize the uncertainty in the process under scrutiny.

The RSUR [Eq. (28)] gives a lower bound to the uncertainty associated
with the observables H(0) and eHðtÞ. Fig. 8 shows how the two sides of the
RSUR vary when changing the initial state in our experiment. In particular,
we assume that the initial state is ρp ¼ p∣þi þh ∣þ ð1� pÞ∣�i �h ∣; see the
inset in Fig. 8(a). For any value of p, these initial states have vanishingmean
initial energy. Thus, the right-hand-side of theRSUR is jheHðtÞHð0Þij2 that is
the quantity that we experimentally reconstruct. It is interesting to note that
theRSURbound is saturatedwhen the initial state is pure.This is becausewe
are considering two-level systems as highlighted in ref. 74.

Discussion
Quasiprobabilities have been shown to play a crucial role in understanding
the effects of incompatible observables on work quantum processes11,27,29,31.
However, they are generally not directly accessible via projective measure-
ment schemes72, as one would expect for quantum correlation functions
between incompatible observables.

In this paper, we demonstrate that it is possible to experimentally
reconstruct the real and imaginary parts of the Kirkwood-Dirac quasiprob-
ability (KDQ) distribution of work. We achieve this by implementing an
interferometric scheme,where the characteristic function ismapped onto the
coherence of an auxiliary qubit coupled to the system. The characteristic
function, encoded into the auxiliary system, is thenmeasured with a Ramsey
scheme. This interferometric scheme was originally proposed to access the
work characteristic function associated with an initial thermal state. In that
case, the non-commutativity of quantum mechanics played no role. Here,
instead, we exploit the same scheme for arbitrary initial states to reconstruct
the full KDQ of work and explore the role of coherences and non-
commutativity.

As an experimental platform, we used the electronic spin of a single NV
center in diamond as a qubit (system) and its nitrogen nuclear spin as the
auxiliary qubit. Our method can be directly implemented in any two-qubit
systemwhere the interaction Hamiltonian is proportional to σzσz. One of the
main advantages of using an NV center and its nitrogen nuclear spin for this
experiment, compared to previous implementations of similar interfero-
metric schemes61,75, is that inourplatformwecanoptically initializeboth spins
into a pure state, and thus prepare initial states that are either mixed or pure.

A common criticism of quasiprobabilities inwork processes is their lack
of physical interpretation compared to the joint probability distribution of
work.Herewe tooka step to solve this issuebygivingaphysical interpretation
of the first and second moments of work associated with the KDQ.We first
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note that the KDQ has a simple physical interpretation in the commutative
case since it coincideswith thework joint probabilitydistribution for an initial
state that commuteswith the initialHamiltonian17,31. This positions theKDQ
as a promising distribution for understanding work statistics.

In agreementwith previous results29, herewe show that thefirstmoment
of work coincides with the unperturbed work. While the physical inter-
pretation of higher moments of work is typically lacking, in this paper we
provide an interpretation for the work variance, which we reconstructed
experimentally with our interferometric scheme. The real part of the work
variance follows the same interpretation as its classical limit [see Eqs. (22)],
given in terms of the variance of the initial and final energy and their
(quantum) co-variance.Moreover, we observed that, for an initial state ρwith
coherences in the initialHamiltonianbasis, thevariance is smaller than theone
of a mixed state that corresponds to the dephased version of this initial state.
This property goes together with the evidence that themean work is negative
for the initial coherent state but is zero for its corresponding dephased initial
state. Therefore, keeping the coherences of the initial state not only increases
the extractable work from the system but also makes its variance smaller.

The imaginarypart of theworkvariancehasno classical counterpart, as
expected. However, it can be interpreted as a measure of the non-
commutativity between the initial state and the observables (initial and final
Hamiltonian). In this sense, it is awitness of non-classicality. In addition, the
imaginary part is relevant for the bounds of the uncertainty between
the incompatible observables described by the Robertson-Schrödinger

inequality. Based on this inequality, we show that the presence of the
imaginary part of the KDQwork variance yields a tighter bound for its real
part than the bound in the case of a dephased initial state. Finally, we show
that the first and second moments of the KDQ work distribution coincide
with the first and second moments of the so-called operator of work73.

Our results show that it is possible to experimentally reconstruct the
full KDQ for closed system dynamics. The same protocol should allow to
reconstruct the energy variation statistics for open system dynamics. This
paves the way to experimentally investigate energy fluctuations in processes
where work and heat are present, either in different strokes43 or
contemporaneously76. This is very relevant for the characterization of
fluctuations inheat engines, e.g. anOtto-cycle heat engine,where the system
is out of equilibrium at the end of the stroke. Moreover, demonstrating the
possibility of measuring the KDQ in a single NV setup is the first step
towards measuring these quasiprobabilities in more complex systems, e.g.
formed by more spins as in the case of ensembles of NV centers, where
many-body physics becomes relevant. Finally, this interferometric scheme
can be easily modified to include more couplings with the auxiliary system,
whichwould enable reconstructing generalizedKDQ that are closely related
to out-of-time-ordered-correlators15,37.

Methods
Here we provide further details on the experimental implementation of the
circuit in Fig. 2c. Specifically, we describe the different steps: Initialization
and readout, nuclear spin gates, electronic spin gates, and conditional
unitary gates.

Initialization and readout
One of the great advantages of NV centers is that they can be optically
initialized and read out. Although the nuclear spins are not directly
affected by the laser excitation, their coupling to the NV electronic spin
perturbs the nuclear spin state during optical illumination. In our
experiments, we thus chose an external bias field Bz that achieves a good
compromise between the two competing tasks of nuclear spin polariza-
tion, and electronic spin readout independent of the nuclear spin state.
Indeed, when the bias field Bz is relatively close to the excited state level
anti-crossing (ESLAC)77 a ~ 20 μs green laser illumination pumps the
nuclear spin into the mI = + 1 state. Therefore, at the beginning of each
experimental cycle a long laser pulse (~ 20 μs) is applied, ensuring that the
initial state is always ∣mS;mI

� ¼ ∣0;þ1i.
The same mechanism that initializes the NV spin implies that the

average photoluminescence (PL) intensity is different for the mS = 0, − 1
levels. Therefore, we can readout the population of the electronic spin by
measuring the average PL and normalize with respect to the reference levels
formS=0,− 1.Note that the biasfield is chosen far enough from theESLAC
so that the PL during the first few hundreds of nanoseconds is independent
of the nuclear spin and spin-spin correlations. In our protocol, we wish to
measure the population on the nuclear spin. To achieve this, we first apply a
short laser pulse (~ 400 ns) that re-initializes the electronic spin intomS = 0,
but leaves thenuclear spin almostunperturbed.Thenweapply aCNOTgate
mapping the nuclear spin state onto the electronic spin, andwemeasure the
population of the electronic spin.

Nuclear spin gates
As explained in the main text, the nuclear spin control always satisfies the
condition Ωn ≪ A, thus we always drive the transition ∣0; 0i $ ∣0;þ1i,
without affecting the ∣� 1;mI

�
states, that is, all nuclear gates are condi-

tional (selective.) A single drive is enough for the first π/2-pulse shown in
Fig. 2c, since the electronic spin is in themS=0 state.However to implement
the (non-selective) final π/2-pulse, we need to apply two selective π/2-pulses
with an intermediate non-selective π-pulse on the electronic spin. We note
that during the nuclear selective pulses, the ∣� 1;mI

�
manifold does evolve

under the hyperfine term, AσðnÞz . Hence we calibrate the RF π/2-pulses to
have a pulse length that is an evenmultiple of 2π/A, canceling out the effect
of the hyperfine term.

Fig. 8 | Robertson-Schrödinger uncertainty relation (RSUR) [see Eq. (28)] for
different initial states. The x-axis, p, is a parameter of the initial state
ρp ¼ p∣þi þh ∣þ ð1� pÞ∣�i �h ∣. Here, we show the data only for one value of the
final time t = (11/15)Ω/π. Top panel: Normalized mean work. As we change the
initial state, the mean work changes, going from positive (work done on the system)
to negative (work done by the system). Bottom panel: Normalized left-hand-side of
the RSUR, i.e., the uncertainty of eH (gray squares -- experiment; gray line -- theory)
and normalized right-and-side of the RSUR, i.e., the lower bound of the uncertainty
(blue circles -- experiment; blue dotted line -- theory). The light-to-dark tone of the
makers, proportional to p, indicates the initial state as shown in the inset.
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Electronic spin gates
We use on-resonance (2πν = ωe) high power microwave (Ω≫ A) to drive
the electronic spin non-selectively. The limiting factor in our experiment
is the rate at which we can turn on and off the microwave pulses. For this
reason, the maximum Rabi frequency we can get is Ω/2π ≃ 25 MHz. This
control is a fast enough to neglect the hyperfine term in the Hamiltonian
during pulses with duration on the order of 1/Ω.

Conditional unitary gates
We implement the conditional unitary gates shown in Fig. 1 by exploiting
the hyperfine term HI. We can achieve this by decomposing G1(u) and
GB(u) as:

G1ðuÞ¼
ð�Þ
RðeÞ
y ðθÞRðnÞ

z
uA
2


 �
e�iuHIRðeÞ

y ð�θÞ ð29Þ

GBðuÞ¼
ð�Þ
RðeÞ
y ðθ2ÞRðeÞ

z ð�uAÞRðnÞ
z

uA
2


 �
e�iuHIRðeÞ

y ð�θ2Þ; ð30Þ

where ¼ð�Þ indicates equal operators up to a global phase,
RðnÞ
w ðϕÞ � I� e�iϕσw ;RðeÞ

w ðϕÞ � e�iϕσw � I; θ ¼ arctanΩ=δ, andθ2=θ+π.
We recall that the local gates on the electronic spin are short enough so that
we can ignore the effect of the hyperfine term. Moreover, the last two gates
in GB can be ignored because they act on the electronic spin and will not
affect themeasurement of the nuclear spinpopulation. Finally,we can avoid
implementing the local gates RðnÞ

z ðuA2 Þ by accordingly changing the phase of
the second (and third) π/2 pulses for the nuclear spin. The result is the pulse
sequence depicted in Fig. 2c.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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