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Free electrons provide a powerful tool for probing material properties at atomic resolution. Recent
advances in ultrafast electron microscopy enable the manipulation of free-electron wave functions using
laser pulses. It would be of great importance if one could combine the spatial resolution of electron
microscopes with the ability of laser pulses to probe coherent phenomena in quantum systems. To this end,
we propose a novel concept that leverages free electrons that are coherently shaped by laser pulses to
measure quantum coherence in materials. We develop the quantum theory of interactions between shaped
electrons and arbitrary qubit states in materials, and show how the postinteraction electron energy spectrum
enables measuring the qubit state (on the Bloch sphere) and the decoherence or relaxation times (7, /T}).
Finally, we describe how such electrons can detect and quantify superradiance from multiple qubits. Our
scheme can be implemented in ultrafast transmission electron microscopes (UTEM), opening the way

toward the full characterization of the state of quantum systems at atomic resolution.
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Introduction.—Electron microscopy and spectroscopy are
powerful methods to extract information about quantum
emitters such as atoms, molecules, and solids [1]. State-of-
the-art techniques include cathodoluminescence (CL) [1-3]
and electron energy-loss spectroscopy (EELS) [1,4,5], which
measure excitation energies, band gaps, and the local density
of photonic states (LDOS) [6] with high spatial resolution.
However, much information cannot normally be extracted:
for example, the quantum state of material excitations,
decoherence times (7,), and generally any information
associated with off-diagonal density-matrix elements of
quantum systems. Looking beyond electron microscopy, it
is of fundamental interest to determine the quantum infor-
mation that is exchanged in the interaction of free electrons
and quantum emitters. For brevity, we refer to the quantum
systems as “qubits,” since we focus on a single material
excitation that corresponds to a fixed electron transition.

In the case of qubits in the optical range, their quantum
state and decoherence times can be analyzed using laser-
based coherent control [7] and pump-probe laser experi-
ments [8—13]. Yet, the probing of individual qubits in
optical experiments has limited spatial resolution set by the
optical wavelength: measuring an individual emitter, rather
than an ensemble, requires a dilute sample. Dilute ensem-
bles render the acquisition of sufficient signals a substantial
challenge. Frequently, high densities of qubits are intrinsic
to their fabrication and important for applications [14—16],
such as semiconductor quantum dot (SCQD) devices for
quantum science and technology [17-19] or applications
involving qubit-qubit interactions for quantum gates and
quantum information processing [20-22].
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The ability to distinguish between homogeneous and
inhomogeneous broadening in emitters is highly desired
[23]. It is especially important to have ways to measure the
decoherence rates of individual emitters (7,) and differ-
entiate them from the ensemble collective decoherence rate
(T35) that relates to inhomogeneous broadening. Such a
distinction is also of technological relevance, e.g., in high
color-contrast displays [24]. Usually, in dense emitter
ensembles, 7, can only be measured through indirect
techniques such as spin echo, giving the ensemble average
of many different 7, values [25,26]. These challenges
motivate the use of free electrons as highly localized probes
that can quantify the quantum properties of individual qubits.

Here we propose a scheme to access coherent quantum
information of qubits using coherently shaped free elec-
trons. We show how controlling the incident-shaped
electron enables measurement of the qubit state and the
extraction of the longitudinal (7';) and transverse (7T,)
relaxation rates of the qubit. Such measurements can be
performed using a pump-probe scheme in which the pump
is a laser pulse and the probe is the electron. We develop a
theory to describe the interaction of electrons with a two-
level system characterized by a transition dipole moment,
relevant to many types of excitations in different systems
(e.g., defect centers and direct band-gap transitions). The
results are stronger for larger dipoles, as with excitons
in 2D semiconductor heterostructures [27], perovskites
[28-30], and Rydberg state atoms [31,32].

Our work is motivated by advances in ultrafast electron
spectroscopy and microscopy [1], especially photon-induced
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nearfield electron microscopy (PINEM) [33-36], which
demonstrated how femtosecond-pulsed lasers can shape
free-electron wave functions transversely [37] and longitu-
dinally [38,39] (i.e., coherently modulated electrons). These
advances reveal various new applications in condensed
matter physics, quantum technology, and even nuclear
physics. Interestingly, the PINEM theory was recently
extended to capture the interaction of free electrons with
quantized light [40-42] revealing new applications such as
free-electron entanglement [40].

We propose a method that takes advantage of shaped
electrons to extract the coherent state and decoherence rates
of qubits. We quantify how this concept can be imple-
mented in electron microscopes using EELS and CL and
how it can enhance their signals. These enhancements
agree with some of the semiclassical predictions presented
in Ref. [43], based on the classical modulation of free
electrons. We show how the quantum description goes
beyond this theory and provides capabilities that cannot be
modeled semiclassically.

Apart from 75, our scheme can also measure 7', which
provides information about the LDOS. Importantly, 7| can
also be extracted at high spatial resolution using recent
advances in time-resolved CL [1,2]. In comparison, our
scheme could provide a femtosecond (and eventually
attosecond) temporal resolution. Such short timescales
enable probing phenomena such as superradiance
[44,45]. Altogether, our schemes could lead to a full
toolbox of high-resolution capabilities for reading and
writing arbitrary states of qubits in materials.

Quantum interaction of qubits and free electrons.—We
can model the electron-qubit interaction by the
Hamiltonian
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where the first two terms describe the Hamiltonians of the
electron and the qubit. The average velocity of the electron
wave packet is v. The qubit has an energy separation of
hwy; 6., o, are Pauli matrices. The third term in
Eq. (1) describes the interaction with the transition dipole
moment d = gler|e, with components d| =2d, and
d, =xd, +yd,. The distance between the center of the
electron wave packet and the center of the qubit (the
impact parameter) is r; the vacuum permittivity is &,.
The full derivation of Eq. (1) is presented in the
Supplemental Material [46], Sec. II (SM-II, which con-
tains Ref. [47]).

The approximations behind Eq. (1) are (I) Paraxial
approximation for the electron is valid since the energy of

H = —ihvo, +

0
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the electron is much larger than that of the excitation. (II)
External decoherence channels by other material excitations
[48], such as Bremsstrahlung radiation [49] and character-
istic x ray [50], occur at probabilities much smaller than
unity. Thus, the reduced density matrix of the electron and
the qubit (for the excitation of interest) will be the same as if
the external channels are not considered at all. See SM-I [46]
for further discussion.

The scattering matrix can be found from the Magnus
expansion [51] as

S — e_i(g{)_+h+g*b+o-*+xo'z)‘ (2)

Here, the operators b and b+ are momentum translation
operators for the electron and b = e@/v [52] (for suffi-
ciently fast electrons, they equivalently describe energy
translation); g and « are the interaction parameters.

The interaction strength g is typically small (|g| < 1) and
then can be approximated as
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where K((x) and K,(x) are modified Bessel functions of
the second kind; SM-III [46] describes the general deriva-
tion for relativistic electron-qubit interactions, showing
corrections to g (that do not change the concepts shown
below). The interaction constant x in Eq. (2) under the
approximation of |g| < 1 can be neglected:

S = ¢—ilgo"btg'bro7)

= cos|g| —i-sin|g|(e?6 b+ e Pic_bt), (4)

where ¢, is the phase of the interaction constant g.

Consider a qubit prepared (e.g., by an optical pulse) in a
coherent superposition |y = a;|g + a;|e. The qubit under-
goes decoherence and relaxation [Fig. 1(c)], leading to a
density matrix at time 7z (SM-IV [46], which contains
Ref. [53]):

1 —|ay|?e/T
Pa(7) =

e—f/TZalazeiwof
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1
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A shaped electron interacts with this qubit. The density
matrix after the electron-qubit interaction is p; = S*p;S,
where p; = p, ® p, and p, are the initial density matrices
of the joint system and electron, respectively. We measure
the EELS of the postinteraction electron, which provides
the diagonal of the electron density matrix after
the interaction tryp, [Fig. 1(d)]. This measurement
contains information about the off-diagonal terms of
Eq. (5) if the initial electron is a superposition of several
energies that differ by the qubit energy gap #Awm,. Such

233403-2



PHYSICAL REVIEW LETTERS 126, 233403 (2021)

(=)

© e-probe | 5er

photoemission
pulse .-~

pulse

electron preparation

% -

qublt

o o

v

o

coherent
control

e

electron

Energy Filter

electron spectrum after the interaction at time 7

photoemitted electron-
energy spectrum

+2hw
+1lhw B, - delect
Ey har, ‘ . p:ﬁ:re electron-
- —lhw /m \p

] l\/\ o~ /\/ L

el

Oto

T, K1, KTy

A L L

FIG. 1.

E,
electron energy loss electron energy Ioss electron energy loss

Coherently shaped free electrons as high-resolution probes of coherence in quantum systems. (a) An ultrafast transmission

electron microscope where (b) electrons are coherently shaped by a PINEM interaction, creating a superposition of energies spaced by
integer multiples of the driving laser frequency @, chosen so the gap between a certain pair of electron energies matches the qubit energy

hay. (c) The qubit is excited to 1/v/2|g) + i/+/2|e) and interacts with the electron after time delay 7. (d) The postinteraction electron is
measured as a function of z, using electron energy loss spectroscopy (EELS). This scheme enables measuring different qubit properties,

e.g., extracting 7, from the asymmetry of the spectrum.

shaped electrons can be generated via PINEM [Figs. 1(a)
and (b)].

Measurement of relaxation and decoherence times.—We
first consider the interaction of a conventional electron that
was not pre-shaped by the laser (i.e., “unshaped electron,”
or zero-loss peak). The EELS features of unshaped elec-
trons interacting with a qubit are proportional to |g|?>. For
example, a pump-probe scheme with unshaped electrons
can measure 7'} (SM-V [46]), as shown in Fig. 2(a). Since
in realistic scenarios the coupling constant |g| <1 (a
typical value is |g| ~ 107%), the qubit features could be
very difficult to see.

This problem can be resolved by shaped electrons, for
which the interaction creates EELS features that are
proportional to |g| instead of to |g|>. Moreover, several
qubit properties remain inaccessible for unshaped elec-
trons. One such property is 7,. To probe T,, we take a
superposition electron state of two (or more) different
energies [Fig. 1(b)]. Such electrons lead to interference
in the electron-qubit interaction, depending on the phases
(in the rotating frame of reference): ¢, of the coupling
constant, ¢», between the relevant electron energies (deter-
mined by the modulating laser), and ¢, between the excited
and ground qubit states. We denote the phase difference
by q):¢a_¢e_¢g'

The EELS probabilities of electron energy gain P, and
energy loss P_ depend on the phase difference ®. Their
difference AP = P, — P_, to first order in the coupling
strength |g], is

AP = (P, + P_)|gle™"/T2 sin(®). (6)

The maximal EELS signal is for ® = z/2 + nZ. The
maximal contrast can be found without explicit knowledge
of ¢,., by scanning over different electron phases.
Repeating this experiment for different 7 enables measuring
the decoherence time 7', [Fig. 2(b)]. We emphasize that T,
is the individual decoherence time of the given qubit, which
usually cannot be measured directly (e.g., in dense ensem-
bles). Only its average over multiple qubits can be found
through collective measurement methods such as spin echo
[25]. We can also use a broad electron wave function to
probe many emitters simultaneously, in which case, the
relevant decoherence time will be the typically much
smaller collective T7 [25].

Equation (6) shows a remarkable quality: interference
enables obtaining a net energy gain or loss proportional to
|g| rather than to |g|?, which increases the EELS sensitivity.
This quality can be exploited in multiple ways. We propose
a sensitive 7, measurement scheme in which a /2 pulse is
applied immediately before the interaction with the shaped
electron. Then, we extract 7, via a similar scheme
(elaborated in SM-V [46]).

Finding the exact qubit state on the Bloch sphere.—Our
method is of particular interest for setting initial conditions
or measuring final states in quantum simulators. Thus far,
optical tools can control individual qubits only when
they are more than a wavelength apart, limiting qubit-qubit
interactions and possible experimental platforms for
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FIG. 2. Extraction of the relaxation (7';) and decoherence (T',) times from a sequence of delayed electron energy spectra. (a) A laser
pulse excites the qubit to |e), which then relaxes back. T is extracted from the sequence of electron energy loss spectroscopy (EELS)
measurements of unshaped electrons probing the qubit at different delays 7. (E,,,) is the average energy gain. (b) A laser pulse excites

the qubit to 1/+v/2(|g) + i|e)), which then precesses while decohering. T, is extracted from the sequence EELS measurements of shaped

electrons probing the qubit at different delays 7.

simulators. Shaped-electron probes could enable new
quantum simulator platforms, facilitated by the electrons’
spatial resolution.

We present a scheme that utilizes shaped electrons
[Fig. 3(a)] for measuring qubit states on the Bloch
sphere. Consider a general state |y,) = cos(0,/2)|e)+
e'?asin(0,/2)|g), with 6, and ¢, representing the Bloch
sphere angles. The qubit interacts with the electron
lw.) = |E.) + e'?|E_) [Fig. 3(b)]. The resulting EELS
probability difference AP = P, — P_, to first order in |g],
is given by [illustrated in Fig. 3(c)]

AP = (P, + P_)|g|sin(8,) sin(®) (7)
(elaborated in SM-V and SM-VIII [46]). The value of
sin(@,) can be found by repeating the measurement,
scanning over ¢, until AP is maximized, AP, =
(PL+ P_)|g| - sin(@,). To remove the ambiguity regarding
whether the qubit is located on the lower or upper half of
the Bloch sphere [since sin(f,) is symmetric around
6, = r/2], one can use an additional /2 pulse or measure
additional electron spectral peaks (SM-VIII [46]).

The same scheme can extract additional information,
such as the transition dipole moment size [by extracting |g|
from Eq. (3)], and measure the electron phase ¢, (by
changing ¢,).

Probing superradiance from multiple emitters.—For
qubits with weak nonradiative relaxation, T1 is related
to the qubit’s spontaneous emission rate gamma = 1/T1,
influenced by the optical environment through the LDOS.
Thus, the shaped-electron-qubit interaction enables

measuring the LDOS through a pump-probe scheme as
in Fig. 4 (more in SM-VII [46]).

This measurement scheme has a temporal resolution on
femtosecond timescales [33-36,54,55], gradually reaching
attosecond timescales [36,56-58]. Consequently, the
scheme can be utilized to explore novel emission phenom-
ena on short timescales, such as superradiance [Fig. 4(c)],
which occurs when a few qubits are bunched together. In
superradiance, several excited qubits have a faster emission
rate y than each individual qubit. Our scheme can observe
the rapid decay via changes in the EELS peaks. Thus, we
can quantify the superradiant decay of any number of
emitters (SM-VI [46]). The superradiance implies an
enhancement in CL experiments (SM-VI [46]). A different
CL enhancement can be created even for a single qubit by
using shaped free electrons, as discussed further in SM-V
[46]. The latter corresponds to part of the predictions of a
semiclassical theory [43].

Discussion and outlook.—The concepts proposed in our
work can be realized in existing materials that have large
dipole moments such as perovskite nanocrystals [28-30].
We estimate that temporal resolution of a hundred fs and
spatial resolution reaching a single nm is achievable (SM-V
[46], including Refs. [59,60]), at energy resolution limited
by the excitation laser bandwidth (~10 meV and below
[55,61]). The optimal electron velocity for a transverse
dipole is v ~ (r wg/1.33) (SM-III [46]).

For r, smaller than the dipole’s size, there could be
beyond-dipole corrections to the electron-qubit interaction.
Then, the qubit wave function profile cannot be ignored.
When the electron spot size is smaller than the qubit, as
with SCQDs, we can potentially probe the qubit state and
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A scheme for measuring the qubit state on the Bloch sphere: (a) The electron is coherently shaped by a laser pulse with a

tunable optical path length that changes the relative phase ¢, between the electron’s energy states. The same laser (or another one that is
phase-locked) excites the qubit to a state defined by angles @, and ¢, on the Bloch sphere. (b) The initial electron wave function with
relative phase ¢,. (c) The resulting EELS spectra for different ¢,. We extract the qubit state from the difference between the maximal and
minimal EELS peaks. ¢, is the phase of the interaction constant g and ® = ¢, — ¢, — ¢,

decoherence time as a function of position inside a quantum
dot. Such experiments can provide insight into the effects
of many-body physics in quantum emitters.

The acquisition of electron spot sizes of a few nano-
meters opens intriguing possibilities for testing dense
ensembles of qubits in systems such as SCQDs [17-19],
and for measuring decoherence rates and other quantum
properties of individual quantum dots in the ensemble. The

@ @

el

combined temporal and spatial resolution can reveal
currently unobserved phenomena, such as differences in
T, of individual qubits in the ensemble and their fluctua-
tions in time. The electron-qubit interaction can also probe
the mechanisms differentiating 7, and 77 [25,26].
High-density SCQDs are of particular interest in areas of
quantum technologies, being able to demonstrate funda-
mental coherent quantum effects such as Rabi oscillations
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FIG. 4. Free-electron-qubit interactions for studying superradiance and mapping the local density of photonic states. (a) To exemplify
the concept, we place qubits on a membrane surrounding a 10 nm Au nanoparticle, which varies the LDOS and T as a function of
position. (b) Comparison of the time decay of normalized (E,,y,) for different qubit positions (the same curves are also shown
schematically at the four bottom plots). (c) The emission from a single qubit (orange) vs superradiance from multiple qubits (blue).
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[18,62], Ramsey fringes, photon echoes, and even quantum
coherent revival [63,64]. Currently, these phenomena are
probed optically, which limits researchers’ ability to study
the properties of single qubits out of a dense ensemble and
understand how they vary within the ensemble.

We should also discuss the validity of modeling real
materials with a two-level system (qubit) for interactions
with free electrons. Unlike a photon that creates only a
single excitation, an electron can set off many material
excitations, acting as decoherence channels and becoming
entangled with the electron. When the additional excita-
tions are distinct in energy from the qubit energy, one can
postselect electrons (using an energy filter) that lose or gain
the qubit energy, ensuring that the measured electrons
interact with the qubit. This approach is especially accurate
in thin samples, where electrons only weakly interact with
the decoherence channels. The resulting qubit-electron
density matrix is then unchanged by these channels.
Future work should further quantify the effect of general
decoherence channels on our ability to infer the qubit state
from the electron. Looking forward, the determination of
material systems that realize the idealized interaction will
be a key problem in this field.

From a different perspective, our theory can be seen as a
generalization of the well-established EELS theory [65—68]
for out-of-equilibrium systems that hold coherence, i.e.,
described by superposition of different energy states. A
detailed comparison between our approach and the stan-
dard EELS theory is presented in SM-X [46]. The standard
EELS theory covers a wide variety of interacting systems
beyond the two-level system model here. Thus, it will be of
great importance to generalize our work to create the
unified theory of inelastic electron scattering (or EELS)
by general time-dependent out-of-equilibrium systems.

To conclude, we predict that coherently shaped free
electrons can determine the qubit state and other quantum
characteristics. We envision combining this idea with the
proposed methods of coherent control using shaped elec-
trons [43,69]. Together, they constitute the building blocks
to read/write the quantum state of various quantum systems
using shaped electrons. Such capabilities, especially if
achieved at deep subwavelength and eventually atomic
resolutions, are attractive for creating new types of quantum
simulators. We envision quantum simulators in which
shaped electrons enable the depiction of the initial state
of each element and enable reading the final (or inter-
mediate) states using femtosecond (and ultimately atto-
second [36,38,56-58]) time resolution.

We thank Prof. Gadi Eisenstein for fruitful discussions.
This project has received funding from the European
Union’s Horizon 2020 research and innovation programme
under grant agreement no. 851780-ERC-NanoEP.

Note added.—Recently, we became aware of another work
[70], conducted in parallel, that partially overlaps with our

Letter. That work [70] also treated the electron-qubit
interaction fully quantum mechanically, and also proposed
that such interactions can enhance the electron energy gain
or loss spectrum and probe the qubit coherence. Two other
partially related studies [71,72] appeared in parallel with
our submission, analyzing the interaction between free
electrons and a two-level system, or general multilevel
systems [71]. However, as these studies were motivated by
other prospects, they did not discuss the idea of measuring
coherent properties of the system (as in our Letter and in
Ref. [70]). To measure the coherent properties, our Letter
calculates interaction with systems in general superposition
states (rather than the ground state [71]) and probes the
coherence (off-diagonal) terms of the density matrix (rather
than the qubit probabilities on the diagonal [72]).
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