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Coherent Driving of a Quantum System with Modulated Free-Space Electrons
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Control of quantum systems typically relies on the interaction with electromagnetic radiation. In
this study, we experimentally show that the electromagnetic near-field of a spatially modulated free-
space electron beam can be used to drive spin systems, demonstrating free-electron-bound-electron
resonant interaction. By periodically deflecting the electron beam of a scanning electron microscope
in close proximity to a spin-active solid-state sample, and sweeping the deflection frequency across
the spin resonance, we directly observe phase coherent coupling between the electron beam’s near-
field and the two spin states. This method relies only on classically shaping the electron beams
transversal correlations and has the potential to enable coherent control of quantum systems with
unprecedented, electron microscopic resolution, opening novel possibilities for advanced spectro-

scopic tools in nanotechnology.

INTRODUCTION

Coherent manipulation of quantum systems with elec-
tromagnetic radiation is widely used in quantum science
from quantum information processing [1-3] and quantum
communication [4, 5] to the search for new physics [6-9].
Typically, the method’s inherent limitation of spatial res-
olution is on the scale of the employed wavelength and
can be overcome by elaborate techniques [10-13]. Elec-
tron microscopy, on the other hand, allows for subatomic
spatial resolution [14] and temporal precision down to
sub-picosecond [15, 16] and even atto-seconds scale [17—
19]. Tt has been theoretically shown that quantum sys-
tems can coherently interact with a stream of electrons
with temporally shaped wave functions [20-23] in the op-
tical frequency range [24-30] and electron beams that are
temporally or spatially modulated in the microwave fre-
quency range [31]. While the experimental realization
of this concept has remained challenging, recent experi-
ments have taken important steps toward its implemen-
tation [32, 33].

In this manuscript we report on the first demonstration
of driving a quantum transition, a magnetic dipole transi-
tion of a spin system, phase-coherently using the spatially
modulated electron beam of a scanning electron micro-
scope [31]. The driving mechanism relies on transver-
sal correlations imprinted on the free electrons through
electrostatic modulation by ”classically” driven deflec-
tion plates in the microwave range. This works even if
the individual electron wave packets are much shorter
than the wavelength of the beam modulation[31].

EXPERIMENTAL SETUP

The experimental setup consists of a modified
Philips XL30 Scanning Electron Microscope (SEM)
equipped with a custom-made electrostatic beam mod-
ulator for spatially deflecting the electron beam and an
electron spin resonance setup to inductively sense spin
precessions induced by the modulated electron beam
(see Fig. 1).

The motorized sample stage of the SEM was replaced by
a custom stage, comprised of an impedance-matched mi-
crocoil (two windings with an inner area of 1.1 x 0.6 mm?)
containing ~0.5mm? of the electron-spin active radical
a,y-Bisdiphenylen-S-phenylallyl (BDPA) at room tem-
perature and a coil to generate the bias magnetic field
By =~ 12.5mT parallel to the propagation direction of
the electron beam. This field leads to a spin polariza-
tion of the sample of about 2.3 x 107°. The bias field
By separates the two states of each individual spin by
~28 GHz T~ leading to a tunable resonance frequency
wop around 27 x 350 MHz.

The electron beam creates a magnetic field B, perpen-
dicular to By. As shown in Fig. 1, the electrons are
manipulated by electrostatic deflection plates (with a de-
flection angle <1°) after traveling through the pole piece
of the scanning electron microscope. Subsequently, the
spatially (parallel to the microcoil) modulated electron
beam passes the BDPA sample in close proximity. A
modulation frequency of § ~ 27 x 175 MHz imprinted
on the electron beam leads to oscillations of its position-
dependent non-radiative magnetic near-field at higher
harmonics, including the second harmonic close to the
resonance frequency wg. This approach allows us to sup-
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Figure 1. Schematic view of our adapted Philips X130 SEM
that contains a miniaturized electron spin resonance (ESR)
setup. It consists of an electron spin active sample (BDPA)
surrounded by a microcoil with two windings, placed inside
a coil (not shown) generating a bias field By in z-direction,
leading to Zeeman splitting of the spins in the sample. The
SEM'’s electron beam focused by magnetic lenses is spatially
modulated perpendicular to the z—direction by electrostatic
deflection plates at a frequency w/2 ~ 27 x 175 MHz. The
second harmonic of the near-field of the electron beam (see
Fig. 2) phase coherently drives the spins leading to preces-
sion in the zy plane as depicted with S on the Bloch-sphere
(So being the thermal polarization). The magnetization from
this spin precession inductively couples to the microcoil. The
induced signal is amplified (Amp), while the induced volt-
age in the coil Ugmr is measured directly via a directional
coupler (DirCpl), the ESR part (R) is mixed down with an
Local oscillator (L) to an intermediate signal (I). We mea-
sure it with a lock-in amplifier by modulating the bias field
with By, (t) = Ap, cos (wmt) (wm = 27 X 1.28kHz). Scanning
w around half the resonance frequency wo ~ 27 x 350 MHz
of the spin ensemble allows us to measure either a signal in
phase with the driving field (usually called absorptive signal,
orange) or one with 90° phase shift (usually called dispersive
signal, blue) depending on the phase relation to the local os-
cillator.

press parasitic excitations of the spin ensemble by leaking
microwaves e.g. from the electrostatic beam modulator.
In our experiment with a beam current in a range of
~2.5 — 5.51nA at 10keV, at a distance of h = 1 mm
measured from the top of the spin sample, with a de-
flection amplitude A = 0.9mm (see Fig. 2a) the result-
ing magnetic near-field amplitude of the second harmonic
Fourier component is By ~ 50 pTpA~" (see Section E).
This current corresponds to on average just ~250 — 550
beam electrons within a 1 mm vicinity of the sample. Al-
though the electrons are Poisson-distributed, the mod-
ulation linewidth of their near-field does not depend on
the current [31] and remains unaffected.

Due to the small B; we perform ESR in the steady-state.
The electron beam’s magnetic near-field B excites the
spin ensemble in the sample phase-coherently and conse-
quently leads to a precession in the xy plane, which in-
ductively couples to the microcoil. The induced voltage
is guided out of the SEM, frequency filtered, amplified,
mixed down and recorded by a low-noise lock-in ampli-
fier with a bandwidth of = 0.5 Hz (see Fig. 1 purple box).
For lock-in detection we additionally modulate By with
a field B, at w,, =~ 27 x 1.28 kHz with a peak amplitude
A, of = 18uT.

HIGH HARMONIC GENERATION

Fig. 2a illustrates the non-radiative magnetic near-field of
an electron beam moving in z-direction, deflected along
the y-axis (parallel to the microcoil). The deflection cre-
ates a spatial modulation of the beam path in the yz
plane. Note, each electron moves along a straight line
and is not accelerated after passing the deflection plates.
The beam modulation leads to a temporal variation of
the position-dependent magnetic near-field at the sam-
ple. Due to the non-linear distance dependence of the
magnetic field, the beam modulation creates higher har-
monics of the base frequency w/2. The magnetic field
B(t) at the same position along the beam-axis is drawn
for different times ¢ (orange, blue and green).

Fig. 2b shows the time varying magnetic field at the po-
sition of the spin sample. The magnetic field at times
0,...T is marked with the corresponding colored dots.
For a beam deflected around the beam-axis (I, solid blue
line in Fig. 2a), the field B®! vanishes in the center, but
reaches its maximum magnitude symmetrically around
the z-axis with a sign change across the center. In con-
trast, BY! is continuously positive, decreasing toward
the deflection maxima and increasing toward the center.
This behavior leads to a strong second-harmonic compo-
nent (double frequency) as the beam passes the center
twice per cycle. For a beam deflection centered around
the spin sample (d = 0), the x and y compoments of B
only include odd and even harmonics, respectively. In
Fig. 2c the second harmonic frequency components BY
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Figure 2. The electron beam, moving in z-direction, is deflected along the y-axis. This spatial modulation lets single electrons
at velocity v, travel on straight trajectories under changing angles. They form a sinusoidal shaped beam with a peak amplitude
A at a distance h above (+z direction) the spin sample (BDPA), placed within the microcoil. The resulting magnetic field
lines are sketched for three different times of the modulation period in a, the corresponding time-dependent magnetic field is
depicted in b. Since the BY'! field component consistently points in positive direction, a strong second harmonic component
(double frequency) is created. When the entire beam is moving on one side of the sample (d > A, dashed beam I in a) a 180°
phase jump is observed (Bg,1, compared to By, as depicted in b). Figure ¢ shows the amplitudes of the second harmonic
Fourier component of the magnetic field in  and y direction for different beam positions d along the y-axis measured from the
coil center d = 0, at a deflection amplitude of A = 0.9mm at h = 0.5 mm.

and B} are plotted for different d evaluated at a fixed
height of h = 0.5mm. The zero-crossing of Bf can be
explained as a 180° phase jump when the beam is no

longer moving directly above the sample, which is exem-
plified by the dashed beam (II) in Fig. 2a, b.

RESULTS

To demonstrate phase coherent driving of the spin ensem-
ble by the near-field, as well as the spatial dependence
of ESR excitation by the modulated electron beam, we
recorded spectra at different beam positions d. The beam
was deflected with an amplitude of A = 0.9mm at the
sample position approximately along the y-axis.

Each spectrum was recorded both with the electron beam
switched on and off (averaged 25 times and integrated for
600 ms per measurement), enabling a differential mea-
surement in order to suppress parasitic background sig-
nals (see Appendix A). The resulting spectra are fitted
using Equ. A3 to extract magnitude (from the peak-to-
peak voltage) and phase. In Fig. 3a the spectrum at
beam position h =~ 0.6 mm, d ~ 0.1 mm, is shown. The fit
yielded a resonance frequency of wy ~ 27 x 347.4 MHz,
and a linewidth of Awp, ~ 27 x 2.1 MHz. The latter
corresponds to a relaxation time 75 =~ 87 ns (see Appen-
dices A, C).

This differential ESR signal consists of two contributions:

the direct excitation from the near-field of the modu-
lated electron beam (Speam o Bf — iB{) and the in-
direct excitation via an electromotive force (EMF) in-
duced in the microcoil. The EMF Ugyr, caused only by
the BY component of the second harmonic near-field (see
Fig. 2d), drives a current in the coil, limited by twice
its resistance 2R., which in turn creates a magnetic field
that drives the spins, resulting in a signal component
Semr X Ugpmr/(2R.) « iBf. By measuring Ugpyr we
estimate the indirect driving signal Sgymr using a scaling
factor « to recover the direct driving signal Speam by sim-
ple subtraction (see Appendix A). The simulation shown
in Fig. 3a includes both effects.

Fig. 3b compares the recovered signal Speam at h =
0.6 mm for different d with simulations that approximate
the sample size. The two quadratures represent the mag-
netization components, resulting from the driving B and
— BY field amplitudes, which are rotating around the neg-
ative z-axis at the resonance frequency wgy. The results
show a good qualitative agreement compared to the mag-
netic field shown in Fig. 2d, as well as a good quanti-
tative agreement with the simulations. While the latter
includes several assumptions about the geometry (for de-
tails see Appendix E), the former requires only a single
scaling factor a and the phase alignment of the two sig-
nals Sgsr and Sgvr (see Appendix A).

Fig. 3c illustrates the spatial dependence of the beam
driven ESR signal Speam along the z-axis in comparison
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Figure 3. a ESR spectrum induced by a modulated electron beam at h =~ 0.6 mm, d ~ 0.1 mm, with a beam deflection amplitude
A ~ 0.9mm (error bars represent the statistical standard error). The data were acquired using a differential measurement
technique to suppress parasitic signals. The resulting spectrum is fitted using Equ. A3 and shows a clear absorptive signal at
w &2 27 X 347.4 MHz, which aligns with conventional ESR data (see Appendix C Fig. 8d and e). b shows the spatial dependence
of the respective signal quadratures I and @ of the difference signal, determined from the extracted magnitudes and phases from
the fits of individual ESR measurements (the position of the measurement in a is highlighted by the asterisk in b). Indirect
driving of the spin system caused by the electromotive force induced by the beam into the microcoil, which creates a current
and in turn a magnetic field that drives the spins was estimated from the measured induction (see Appendix A for details) and
subtracted. The two quadratures in b show the direct driving Sheam Of the spins by the magnetic field with amplitudes BY
and BY at frequency w which excites the spins. The resulting magnetization is oscillating at frequency w around the vertical
—z-axis with 90° relative phase difference and induce the signal in b. The data show good agreement with the simulation
(orange and purple solid lines). The simulation in a includes both the direct and indirect driving and compares well with the
data. c depicts the spatial dependence of the beam driven ESR signal for different distances h between beam and top of the
sample. The signal magnitude is shown for d ~ 0.1 mm. The measured data points (dots) exhibit a similar trend compared
with the simulation (dashed line). Since the beam current varied during acquisition, the measurements have been rescaled to
correspond to the values that would have been obtained at a constant beam current of 1 pA.

to the simulation (dashes). We represent the data using
the signal magnitude rather than the I quadrature. At
d ~ 0.1mm, where BY is close to zero, the response is
thus dominated by the direct driving due to the BY field
component.

CONCLUSIONS

We demonstrated that the weak magnetic near-field gen-
erated by a modulated electron beam, consisting of only
a few hundred electrons within a millimeter of the sam-
ple, can be harnessed through phase-coherent build-up to
perform spin spectroscopy, in agreement with numerical
simulations.

More than a century ago the Franck—Hertz experiment
[34] demonstrated the quantization of atomic energy lev-
els via scattering of individual electrons. Ever since, ex-
citation by electron scattering has only been realized by
single electron events. In contrast our approach demon-
strates that a consecutive, coherent and frequency depen-
dent build-up of excitation can be realized by an ensemble
of collectively modulated but independent electrons.
The experimentally demonstrated effect, therefore, es-
tablishes a novel pathway for coherent control of quan-
tum systems, harnessing the unique capabilities of the
electron microscope platform [35]. In particular, oper-
ating at cryogenic temperatures (~4 K) and with strong

pole-piece fields (~2T) would enable spin polarizations
exceeding 0.3, thereby greatly enhancing the signal (~
10* fold), compared to the 2.3 x 10~° achieved in the
present experiment. The observed distance dependence
suggests the ability to perform spatially selective mea-
surements, potentially with resolutions down to the
nanoscale [31] as well as the possibility to drive higher-
order multi-pole excitations, for example dipole forbid-
den electronic transitions which exhibit extended coher-
ence times. This approach could serve as an alternative
to generate time averaged painted potentials [36, 37].
While our demonstration focuses on a spin transition
in the microwave frequency range, a class of transitions
strongly utilized in quantum technologies due to its ac-
cessibility and long coherence times, similar results could
be extended to the optical regime, enabling interaction
with a broader class of quantum systems [24-30]. Our
approach could evolve into a powerful tool for advancing
the use of free-electron beams in coherent spectroscopic
techniques [32].
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Appendix A: Data Analysis

This section explains the isolation of the signal due to direct driving by the near-field of the modulated electron
beam in Figs. 3b-c from the parasitic background and the indirect driving by the electromagnetic force. Finally, a
qualitative analysis and a quantitative analysis are performed.

Differential Measurement

The ESR signals induced by the near-field of the modulated electron beam are close to the thermal noise level of the
selected lock-in amplifier bandwidth of 0.53 Hz. Any stray microwave fields (e.g. from the microwave readout system)
at approximately wg can generate parasitic background signals. To mitigate these and other background effects, we
perform a differential measurement by recording two data sets: one with the electron beam on fio; (w) and a reference
set with the beam off fpg (w), under otherwise identical conditions. Even though the modulation leads to a slight
broadening of the signals, this broadening affects both the background and the beam signal equally. As a result,
the background can still be subtracted from the total signal despite the non-linearity introduced by the modulation.
The lock-in amplifier then detects the first harmonic at w,,, and due to the linearity of the Fourier transform the
subtraction can be carried out explicitly.

Fig. 4a shows the two measurements, the difference is shown in b. This method allows to isolate the effect of the
electron beam from the much larger background signal.
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Figure 4. The differential measurement shown in Fig. 3a effectively suppresses background contributions and isolates the signal
induced by the near-field of the modulated electron beam. We acquire always two datasets, the electron beam switched on a
and off b, yielding the difference in ¢ which is fitted using Equ. A3 to extract signal size and phase for data analysis. The
offset in b is caused by the field modulation, see Appendix D.

The parasitic ESR signal cannot be attributed to stray fields of our beam modulator, which is operated at the first
harmonic %?. Since our detection setup is only sensitive at the second harmonic wp, and the driving signal is low-pass
filtered, the fields radiated by the modulator at half the resonance frequency do not contribute to the background
signal. It appears that the parasitic ESR signals originate from the local oscillator (LO, see Fig. 7) through an
unidentified leakage or coupling mechanism. However, these background contributions are reliably suppressed by the
use of differential measurements.

Fitting Procedure

To describe the shape of the ESR spectra, we recall that the solution of the steady-state Bloch equations in the rotating
frame gives, with a small driving field with amplitude Bj at frequency w and the resonance frequency wg = —v.Bo,
the magnetization components [38]
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sample, the electron gyromagnetic ratio 7., the spin number S = % and the sample temperature Ts. Depending on
the phase of the LO, a linear combination M, cos (¢) + M, sin (¢) is measured, where ¢ = nm, n € Z represents the
absorptive case and ¢ = § +nm, n € Z the dispersive case. The lock-in amplifier modulated the resonance frequency
w with A,, cos (wnt) and thus measures approximately the derivative. We use the fit function (with k = My~v.Bj,
Aw = w — wp and an additional offset parameter d)

where My = is the thermal magnetization with the spin density n. ~ 1.5 x 102" m™3 of the BDPA

B d Y2 d Aw .
flw,wo, 72, k,0,d) =k [dw (W) cos(¢) + T (W) Sln(¢)} +d, (A3)
1

where v = ™= @Awpp and Awy, is the peak-to-peak width of the derivative of the absorptive signal [39].

We extract the signal magnitude from the peak-to-peak voltage of the fitted function f (w,wo, 2, k, ¢,d) (note that
variations in v, have an effect on the fitted k value) and use it together with the phase ¢ to determine the two signal
quadratures. For the small signals we acquired during the measurements we neglect the variations of wy and v,. We
attribute variations in the fit parameters wy and 72 to the reduced fit quality of the acquired small signals close to
the noise floor and therefore neglect them.

Since we employ a lock-in amplification scheme with a modulation amplitude of B,,, =~ 18 uT, the peak voltage of the
detected signal (which is the first derivative) corresponds only to = 25% of the on-resonance signal for absorptive
shapes in a hypothetical measurement scenario without a lock-in amplifier.

Magnetic Field Created by the Microcoil Through Beam-Induced Electromotive Force

The modulated beam-induced voltage in the microcoil Ugyr causes a current flow limited by the ohmic resistance
of the microcoil R, and the readout system. In the impedance-matched case, the resistance of the readout system is
also R.. Therefore, we approximate the current in the microcoil induced by the modulated beam close to resonance
as UQE—;{F (Ugmr refers to the voltage in the microcoil, the measured voltage is amplified by the gain of the microcoil
impedance match and the readout system). This current creates a magnetic field in z-direction that drives the spins
with a /2 phase shift relative to B (sourced by the modulated electron beam), as expected from the time derivative
of the law of induction. With wy = 27 x 348 x 10°s7!, a coil area Aqo;; ~ 1 x 107%m? and two windings N,;; = 2
one gets Ugmp = iNcoilwoAcoilFf. The unitary magnetic field (the field normalized for 1 A current) of our microcoil
B, ~ 2 x 1073T A~ is varying across the sample for different positions ;. Since B,, influences both excitation and
detection, we use the self-weighted average %giiggg The resulting parasitic driving field is approximated as

NcoileAcoil

B, = I1.0uB, =i
P v =1T0R,

B,BY ~i3B7. (A4)
The ratio of the signals can be thus approximated as Sgump/Sbeam = 31 (see the ratio between Sgsgr(d = 0) and

Sesr(d ~ 0.7) in Fig. 5b). The resulting signal becomes (with a = RQ%C)

SEMF = R . 3710 = OéUEMF, (A5)

where R ~ 4V T~! is the ratio ESR signal to the driving field that can be determined using conventional ESR
measurements (see Fig. 8d), involving a coarse estimate of the driving field. This gives a good estimate for Sgyr and
can be used to recover the direct driving signal Speam-

Phase Alignment

To retrieve the direct driving signal we have to subtract the estimate of the indirect driving signal Sgyr from the
measured ESR signal. As a prerequisite the phases of the two measurement devices (Lock-in amplifier measuring Sgsg
and the LTC5584 I-Q-demodulator measuring Ugyr, see Fig. 7 for a more detailed schematic) have to be aligned. We
achieve this by leveraging the constant offset in the ESR spectrum (see Fig. 4b), which is caused by the modulation
field B, (see Appendix D) of the electron beam. The Ugyp signal is mainly in one quadrature (except for spurious
signals) and o BY. By taking two ESR measurements in the Ugyp maximum or mininum (see Fig. 12) with a 90°
relative phase shift and determining the offsets d; and dg, the phase shift of Sgsr relative to Ugmr is determined by
arctan (dy/dg).
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Figure 5. I and @ quadratures of the signals induced by a modulated electron beam at h ~ 0.45 mm for different d. The indirect
driving signal Sgmr was estimated from the measured Ugmr and then subtracted from the measured ESR signal Sgsgr to recover
the direct driving signal Spheam. For the latter the quadratures correspond to the magnetization components driven by the BY
and —BY field amplitudes, respectively. Due to the additional induction, the indirect driving signal is phase shifted by 90°,
hence the BY field component induced into the microcoil appears in the @ quadrature, which facilitates the disentanglement
of the two effects (one has its maximum close to d = 0, the other a zero-crossing).

Qualitative Analysis

Using Equ. A4 and A5 we can recover the signal caused by direct driving of the electron beam’s near-field. This can
be simplified to a single factor a = R% (R. is the microcoil resistance, B,, the coupling of the microcoil to the spins
in TA=! and R in VT~ the ESR signal to driving field ratio, determined from conventional ESR scans (see Fig. 8d)
yielding:

Sheam = SEsr — AUrMF- (AG)

The three components of this equation are shown as triangles, dots and squares in Fig. 5 (which shows both signal
quadratures for a beam at h ~ 0.45mm for different d, as in Fig. 3b). Due to the induction, Ugyr exhibits an
additional 90° phase shift and thus adds to the B} component of the near-field which exhibits a maximum close
to d = 0, as opposed to the former with the zero-crossing, which simplifies the separation of direct and indirect
driving fields (in the @ quadrature). The I quadrature comprises the B component of the direct driving and residual
induction into the microcoil. It should be noted that due to the uncertainy in the phase alignment (see above) the
direct and indirect effect of the BY field component can mix between the two quadratures.

These results demonstrate that the direct driving signal can be recovered using a single scaling factor, leading to a
clear observable shift of the measured ESR signal Sgsr along d with respect to the measured electromotive force in
the microcoil (Ugmr)-

Quantitative Analysis Using Simulations

In addition to the qualitative analysis performed above, the ESR measurements have been analyzed quantitatively to
approximately validate the signal size (limited by uncertainties in the gain factors of the microcoil impedance match,
the readout system and inaccuracies of the conventional ESR data). The solid lines in Fig. 5 show the simulations,
which are described in Appendix E. A sample size of 1.1 x 0.7 x 0.7 mm? was assumed and an estimate of the sample
density was determined by conventional ESR measurement. The sample density and coil resistance were then adjusted
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for the simulations to fit the measured data, yielding = 0.5n, and = 1.25 ), respectively. These are reasonable values,
since the former varies between BDPA samples [40] and the latter was estimated to ~ 1.75 using the impedance
match and ~ 0.6 ) from conventional ESR saturation scans. The data agree with the simulation, though the deviations
are larger than those for the I quadrature. This can be explained by the fact that the total signal Sgsr is larger
prior to subtraction. Since spline interpolated Ugyr data have been used for simulation of Sk, this explains the
non-zero Sgyr in Fig. 5b.

Analysis Summary

We observe three signals which are different in size: (1) the parasitic ESR signal, which is subtracted by performing
differential measurements, (2) Sgmr the indirect driving with the electron beam via the microcoil, and finally (3)
Sheam the direct driving of spins by the near-field of the modulated electron beam. The last two can be disentangled
because (2) experiences a 90° phase shift during the induction. The sum (2)+(3) exhibits a zero-crossing being shifted
along d with respect to the electromotive force induced in the microcoil. Finally, quantitative analysis has been used
to confirm the measured signals.

Appendix B: Experimental Setup

Scanning electron microscope: We utilize a Philips X130 scanning electron microscope (SEM), equipped with
a thermionic tungsten filament electron source, as our experimental platform. Two condenser lenses and various
apertures collimate the beam.

Since our experiment requires a sufficiently large magnetic near-field of
the modulated electron beam we tried to maximize the beam current of
the SEM while keeping basic imaging capabilities. We selected a 600 pm
final aperture and achieved currents in the range of ~2.5-5.5 1A at 10 keV
(ve & 0.2¢) in the sample region. We accomplished this by adjusting the
position of the filament within the Wehnelt-cylinder and adjusting the
bias voltages to project a larger portion of the filament tip towards the
sample.

The non-standard operation regime yields unstable emissions. We at-
tribute these to thermally induced filament deformation and deteriora-
tion that manifests both on a timescale of minutes, after enabling the
beam and on a multiple hours timescale via slow drifts. In addition, the
beam current exhibits a position dependence. To compensate for those
systematic errors, we measured the beam current via a copper foil on the
bottom of the SEM chamber and rescaled our measurements accordingly.

Beam Modulation: For spatial electron beam modulation, we built
a custom beam modulator (see Fig. 6¢) which consists of two half-
cylindrical (radius 2mm) copper plates, each 40 mm long, spaced 500 pm
apart. The modulator is mounted on a cage system that is fixed in front
of the pole piece. A grounded aluminum plate (depicted in Fig. 6a)
shields against stray fields of the modulator assembly to further pre-
vent deflection of the electron beam after it has passed the modulator.
One of the deflection plates remains at ground potential and attaches
directly to the pole piece, while the other one connects to a coaxial cable
E}hat delivers a microwave s.ignal at hf-:mlf thg readout frequency w, which is the SEMs pole shoe d in front of the final
% ~ 2mx 175 MHz. The microwave signal is then routed outside the SEM lens assembly and final aperture b. The alu-
and terminated with a 50 2 resistor to avoid thermal load inside the vac- minum plate a prevents beam distortions be-
uum chamber of the microscope (see Fig. 7). Since the beam modulation low the deflection plates.

occurs at around half the resonance frequency wg, additional shielding

to suppress direct microwave driving of the sample is not required. This

beam modulator allows for deflection amplitudes of up to 2mm at the sample position 130 mm below the pole piece.

Figure 6. The 4 mm diameter 40 mm long
custom deflection plates ¢ are mounted on
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Figure 7. To measure the electromotive force (EMF) signal originating from the modulated electron beam induced spin
precession, we use a lock-in detection scheme. The signal is inductively coupled to an impedance matched microcoil subsequently
filtered and amplified. A directional coupler (DirCpl) splits it into: CPL port to directly monitor the near-field of the
modulated electron beam and Out port for lock-in ESR measurements. In the excitation chain (CH2 defl), we utilize filters
to prevent 2nd order and higher harmonics leaking from the beam modulator and thus parasitically driving the sample via
radiated fields. The local oscillators (CH1 and CH3 of our DDS) are frequency doubled since our DDS only supports frequencies
up to 250 MHz.

Sample stage: The miniaturized ESR-setup is mounted on a custom stage, attached to a port aligner, in order to
adjust the position of the ESR-sample relative to the electron beam.

Microwave setup: The microwave setup is depicted in Fig. 7. The spin precession of our sample is inductively
sensed by the microcoil (see Fig. 8b). This coil is impedance-matched to 50 at ~ 350 MHz using an L-type
capacitive matching network (C; = 47pF,Cy = 18pF). A small inductance of L = 390nH in parallel is used to
protect our microwave electronics against low frequency high voltages. Subsequently, a low-pass (400 MHz) and high-
pass (300 MHz) filter select the 2"¢ harmonic components. This step mitigates microwave background saturating the
amplifiers. The filtered signal is amplified via one ZX60-P103LN~+ low-noise amplifier. The signal is then split using
a ZEDC-10-2B directional coupler in two paths: The Out port is amplified with a ZX60 low-noise amplifier. The
signal is then extracted employing microwave down-mixing with a local oscillator (L) and low-pass filtered at 2.5 MHz,
to discard high-frequency sidebands. Subsequently a SRS-SR530 lock-in amplifier records the signal Sgsg. The Cpl
port is amplified (1x ZX-60, 2x ZFL-500LN+) and used to monitor the two quadratures I and @ (see Fig. 4b) of the
signal Ugpmp induced by the electron beam via an LTC5584 I/Q demodulator, whose outputs are processed by two
ADC channels of an RP2040 microcontroller. The latter signal is also used to estimate the electron beam position.

The microwave signal used to deflect the electron beam is sourced by a AD9959-based Direct Digital Synthesizer
(DDS) (CH2, see Fig. 7) amplified by a 5 W power amplifier and subsequently low pass filtered to suppress higher
harmonics, thus preventing parasitic sample excitation by leaking fields. Since the DDS supports frequencies only up
to 250 MHz, CH1 and CH3 are passively frequency-doubled (FD-2+) and high pass filtered (> 300 MHz), and used
as local oscillators (LO) in the I/Q-demodulator as well as the ESR mixer chain.
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Figure 8. a Detailed view of the PCB layout in the design software. The vias spread over the surface are used for thermal
management and contact to our stage ground. b Top view of the PCB with a BDPA sample (which was used in another
measurement) inside the microcoil. ¢ SEM image of the sample. The curved lines to the top of the sample are caused by
charging effects on the non conductive surface of the sample and due to the fact that the beam is blocked on a wrinkled
conductive foil used as Faraday cup 35 mm below the sample. The geometry appears slightly curved due to the extension of
the PCB and sample along the beam-axis as well as the applied By field which causes a position dependent twist of the image
plane. d, e show conventional ESR spectra employing a directional coupler to excite and sense the sample via the microcoil by
performing d a frequency sweep and e a current sweep. The modulation amplitude applied during the measurements involving
the electron beam (A,, =~ 18 nT) causes a slight broadening (e). The fitted signal in d shows a narrow absorption linewidth,
which may be attributed to the frequency dependence of the microwave setup.

Appendix C: Microcoil and Sample Preparation

The microcoil sensing for ESR signals is fabricated on a printed circuit board (PCB, depicted in Fig. 8a). The PCB
uses a standard 1.6 mm FR-4 core with 35 pm copper layers on both sides. The microcoil (see Fig. 8b) is printed on
the opposite side of the matching network (see Fig. 8a). This design prevents the electron beam hitting the matching
network and creating parasitic signals and noise in the readout circuit.

For the spin ensemble in our experiment, we used a BDPA crystal 1.1 x 0.7 x 0.7 mm?, which is placed atop a groove
within the microcoil and fixed with small amounts of vacuum grease (see Fig. 8b). The single crystal extends ~700 pm
above the PCB surface.

We estimated the microcoil resistance R, to be on the order of 1Q at wy ~ 27w x 350 MHz.

All copper layers are grounded to discharge unwanted surface charges deposited by the electron beam. To further
reduce beam distortion by charging effects, the surface of the PCB including the microcoil was coated with a ~10 nm
thick 60:40 gold-palladium layer on top of an insulating solder mask.

To evaluate the Q-factor of the combined coil and impedance matching setup, we measured the resonance depth and
bandwidth. At 350 MHz the Q-factor was determined to be approximately 100 with a resonance depth of 22 dB and
a bandwidth of 3 MHz.

We first characterized the sample and measurement setup by performing conventional ESR measurements, by exciting
the sample directly with the microcoil with a driving field injected via a directional coupler (DirCpl) inserted directly
at the vacuum feedthrough (the driving field then amounts to a few pT, i.e. below saturation which would occur at
~ 100 nT for BDPA) and measuring the spin precession at the coupling port of the DirCpl. A spectrum recorded
this way, with a frequency sweep, is shown in Fig. 8d for a modulation amplitude A,, ~ 18 uT. Fig. 8e depicts
the same spectrum with a By sweep at constant frequency wy = 27 x 349.7MHz. The smaller linewidth in the
frequency sweep (at A,, ~ 18 nT) is most likely explained by the convolution with the narrow impedance match of
the microcoil. Lock-in detection with a modulated B,,-field broadens the linewidth from Aw,, ~ 27 x 1.25 MHz at
low A, to ~ 27 x 1.5 MHz for B,, = 18 uT (see Fig. 8e). From the current sweep at low A,, =~ 3.5 nT we determined
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a transversal relaxation time T5 & 147 ns, consistent with previously reported values [40, 41].

Appendix D: Phase Calibration

The modulated electron beam also causes an additional background in the ESR spectrum, shown in Fig. 9a - the
I and @ data were taken with two measurements with a 90° phase shift of the LO. The modulation for the lock-in
detection also shifts the beam position due to the Lorentz force inducing an EMF at the lock-in modulation frequency
in the microcoil, which can be detected by the lock-in amplifier. This is expected to give a constant offset in the signal,
limited by the impedance match of the microcoil. However, since we perform frequency sweeps, different microwave
path lengths from the frequency source (DDS) to the R port and the L port of the mixer (see Fig. 7) cause the signal
to move between the quadratures, explaining the observed behavior. To fit this behavior, we use a function g, which

is a combination of a cosine and the impedance match

1
g(w, k,a,0,wy, s) = kcos(aw + 0) - —————, (D1)

where k cos (aw + 0) describes the frequency-dependent shift of the signal in and out the quadrature with factor a

(unit is s) for the frequency w, to get the ”frequency” of the phase shift and a phase ¢, and \/ﬁ fits the
w—wq s

impedance match of the coil with resonance frequency wg and width s. In Fig. 9b, magnitude and phase are plotted.

By adding a frequency dependent phase to the LO, one can compensate for the phase shift, yielding a nearly flat

background, only affected by the frequency dependence of our microwave setup (see Fig. 4b). Fig. 9¢, d show the

frequency dependence of the EMF of the electron beam.
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Figure 9. Due to different cable lengths and other phase shifting elements in our setup, the phase relation between the
exciting microwave input and reference LO input at our mixer (or I-Q-demodulator in case of the electron beam-induce EMF)
changes with frequency w. a, b for our ESR scans, we only measure one quadrature at a time. I and Q refer to two different
measurements with 90° phase difference. The signal in a is a residual electron beam EMF caused by the modulation coil, which
slightly affects the beam. We use the linear phase dependence in b to shift the LO, thereby removing the frequency dependence
and always maintain the same relative phase. A signal offset (which still varies with the LO phase) remains (see Fig. 4b). c,
d In case of the electron beam EMF, both quadratures are recorded simultaneously and can be used to determine magnitude
and phase. The impedance match of the microcoil can be seen in the EMF magnitude (note that the measurements in this

figure were taken with a different PCB).



14
Appendix E: Finite-Element Simulation

To model the ESR signals, a finite element simulation of the sample was carried out for the magnetic near-field B
of the modulated electron beam driving the sample. We assume a cuboid sample geometry of 1.1 x 0.7 x 0.7 mm?,
inferred from microscopic images (see Fig. 8b). The spin density was first estimated to & 0.25n., using the signal
amplitude observed in the conventional ESR measurement shown in Fig. 8d and later adjusted to =~ 0.5n, to match
the data involving the electron beam. This deviation is acceptable when considering errors in gain of the impedance
match, the setup inside the vacuum chamber, of our readout setup and the fact that the driving fields in conventional
ESR are not precisely known.

The simulation was performed on a rectangular grid composed of voxels with a side length of 100 pm. The results
reveal a pronounced spatial dependence of the driving field, arising from the near-field of the electron beam and its
position relative to the sample (shown as solid lines in Fig. 3b, and as orange solid lines in Figs. 5 and 13).

Simulation of the near-field

Deflected electron beam
The electron beam is modeled as an infinitely long thin beam at position (z,y) = (h, d)
that is moving side-by-side of the observer with frequency w/2 at position r = (am Y, O).
Using Ampere’s law the time dependent magnetic field becomes (using [31], Eq. G3)

y—d—Acos(%t)
h—x

Microcoil

Kol 0

B (r,t) = -7~ (y—d—Acos (21))" + (h—z)*

(E1)

The harmonic components are then determined numerically by calculating the field for
different ¢ and performing a Fourier transform. Fig. 10 shows the beam modulation
(sketched only in the zy plane) relative to the sample. The 5° angle of the deflection
direction with respect to the y-axis is also considered in the simulations, leading to
a slight modification of Eq. E1. In addition, finite element simulations have been
conducted using Biot Savart’s law, showing that the approximation of the beam as
infinite line agrees unless A >> h, which is sufficient for this experiment.

Bloch Equations

rz BDPA sample

Figure 10. Sketch of the elec-
tron beam deflection in the
2y plane (only 2D representa-
tion) with respect to the spin
sample and the microcoil, in-
cluding the tilt and the beam
position d and h (the origin
is in the center of the micro-
coil, h is the distance from
the top of the sample with
height H = 0.7 mm.

The near-field of the modulated electron beam exhibits two field components, hence the Bloch equations ([38],
Eqgs. 10.14 and 10.17; T} and T3 are the longitudinal and transverse relaxation times, respectively)

0 M

dM -1 1 (M
= MxB-— 0 - M,
¢ 1\ ML — M, 2\ o

(E2)

have to be solved for two driving field components with amplitudes Bf and B} and phases 6, and 6, to be included

in the simulations. For

N BY cos(wt + 6,,)
B = | BY cos(wt + 6,)
By

we can transform the equations into the rotating frame using

cos (wt) —sin (wt) 0
R, (—wt) = | sin (wt) cos(wt) 0
0 0 1

Solving the equations for low driving powers leads to the magnetization components
MovyeTs

My = ———2le22
]. -+ (ACUTQ)

(B?{' - TgAwa/>

(E3)

(E5)
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and
_ MO’YGTQ
1+ (AwTy)?

’

g (Bf/ + TyAwBY ) : (E6)
where B = 1 (Bf cos, — BY sinf,) and le/ = 1 (Bfsinb, + BY cosb,).
Transforming back from the rotating frame (using R, (wt) the magnetization components become

M, = Re [(M, —iM,/)e“"

. E7

My = Re [1 (M:v’ - lMy/) elwt] . ( )
The spin-induced EMF signal can then be calculated using the principle of reciprocity [42]. We define B, =
(BZ, BY,BZ) as the magnetic field at the position of the sample that is generated by a 1A current through the
microcoil with units T/A. Then, equation (2) of [42] implies for the voltage that is induced in the microcoil due to
the magnetization of the sample (with the voxel volume V,,, Arg denotes the argument of a complex number)

d ) .
U= vaaBu M = Re [iwV, (BE +iBY) (M, — M) e*"] = 2Re [Upe™"] = |Up| cos (wt + Arg Uy) (E8)

with
Up = %wVv (BT +1iBY) (M, —iM,) o BYel’s —iBYeifv. (E9)

Therefore, magnitude and phase of the signal U depend on the interference of the z and y field components in the
rotating frame and we can regard Bfelfs — iB%’eiay as the driving field of the spins. Since wg = —v.By the spins
precess around the negative z axis which explains the minus sign for BY.

In the finite-element simulations, the signal induced into the microcoil is calculated as the sum of the complex Uy
which are calculated for each voxel using Equ. E9.

Indirect Driving

The simulations for data analysis are based on the spline interpolation of the measured Ugpp values (see Fig. 12).
The corresponding driving field is calculated for every finite element, (see Appendix E), as

B oo U
BEMF (Ti) = (Bu (Ti) + IB,Z (’I”i)> ;;\:F . (ElO)

Variation of the driving field across the sample

Fig. 11 shows the simulation of the complex magnetic field Bf —iB} experienced by different voxels at various electron
beam positions along the y-axis (h = 0.6 mm), averaged along the symmetric z-axis (beam direction).

For the simulation, we assumed a beam deflection with an amplitude of 0.9 mm along the y-axis for several beam
positions d at h = 0.6 mm under an angle of 5° relative to the y-axis, as sketched in Fig. 10. Fig. 11a-c illustrate
how the field magnitude at the sample position decreases with distance, while Fig. 11d-f shows the spatially varying
phase of the driving field.

This spatial dependence could be used in future applications to create painted potentials or to enhance spatial
resolution.

Appendix F: Near-Field Induced Electromotive Force

During the ESR measurements, the electromotive force (Ugymr) due to the modulated electron beam in the microcoil
is simultaneously recorded (see Appendix B). The differential measurement allows to recover the field of the electron
beam b cos(wt + ¢2) by assuming that we measure the superposition C cos(wt 4+ ¢) = a cos(wt + ¢1) + bcos(wt + ¢2)
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Figure 11. Spatial dependence of the complex magnetic field Bf —iB of the modulated electron beam at 1 pA, as experienced
by the sample (voxels with 100 pm side length), averaged along the z-axis. The origin of the coordinate system is found in the
center of the microcoil, see Fig. 10. a-c depict the magnetic field magnitudes for different electron beam positions along the
y-axis (h = 0.6 mm) with a deflection amplitude A = 0.9 mm approximately along the y-axis (tilted by 5° into the xy-plane)
nearby the sample. d-f display the corresponding phases, which also exhibit a significant spatial dependence.

when the electron beam is on and the signal background a cos(wt + ¢1) when the electron beam is off. In the complex
representation we get Ce'® — ae'®t = be'?2,

The magnetic field amplitude B_f in z-direction, averaged over the coil area, is calculated from the modulated beam
induced voltage Ugnr, which is extracted from the differential measurement (see Appendix A), using

-z Uemr
Bf = ——M, F1
! wWNeoil Acoil ( )

where Ao is the coil area and Nco; the number of coil windings. B_f is used to determine the position of the microcoil
relative to the electron beam (the scaling along the z-axis and y-axis as well as the deflection amplitude have been
estimated using the imaging capabilities of the SEM). Fig. 12¢, d show a BY measurement at w = 27 x 174 MHz
(~5s per position and no ESR spectra recorded). In contrast, the data from the ESR measurements (~20min per
position) shown in Fig. 12a, b reveal a slightly different behavior along the z-axis (moving away from the sample),
which we attribute to charging and/or drifts of the electron beam position. To account for these, we rescale the z-axis
accordingly. The asymmetry between the two peaks in a is attributed to the small angle of 5° between the deflection-
and y-axis (see Fig. 10).

As predicted by theory, B can be aligned to fit in one quadrature (I, in Fig. 12a, c¢). However, some smaller residuals
are found in the @ quadrature (Fig. 12b, d).

Appendix G: Resonance Shift from Electron Beam’s DC Component

For a 4 pA beam at a distance of 100 pm from the sample, our numerical simulations estimate the DC component of
the magnetic field to be below 10nT (see Section E). With a resonance frequency of ~28 GHz T~!, this limits the
maximum shift of the ESR resonance frequency to 280 Hz and should therefore, not cause any significant line shift
that could resemble the shape of a signal when performing differential measurements.

Appendix H: Detailed Spatial Dependence

Detailed scans for different (h,d) are shown in Fig. 13, exhibiting the signal driven by the two field components Bf
and B along d and a decay along h. While the total Sgsr and indirect driving signal Sgyr depicted in the second
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Figure 12. Second harmonic Fourier component of the magnetic near-field of the modulated electron beam in z-direction (BY)
inferred using the electromotive force (EMF) induced in the microcoil normalized to 1 pA beam current. Two quadratures I
and @ of the detected signal are shown in a,c and b,d, respectively. a, b: The data was recorded at the same time as the data
in Fig. 13. With an approximate beam deflection amplitude of 0.9 mm nearby the sample at w = 27 x 174 MHz we determined
scaling and distances comparing it to simulations. The scaling along the x-axis had to be corrected by a factor 0.5. ¢, d: Fast

data recording at w = 27 x 174 MHz: No ESR spectra were taken simultaneously. The data are in agreement with the position
scaling determined from from SEM images.

column is clearly visible also for larger distances h the smaller direct driving signal Speam on the third and fourth
columns vanishes quickly.
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Figure 13. Overview of all fitted data points used in Fig. 3c. Each line shows the data for a certain h, the two left columns show
the Sesr, Uemr and Semr signal compared to simulations. The two right columns depict the two quadratures of the recovered
Sbeam signal that is directly driven by the modulated electron beam, again comparing to simulations. The measurement
conditions are the same as the measurement shown in Fig. 3b, except for the different h.
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