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Abstract

Progress towards analyzing transitions between steady states demands improvements in time-

resolved imaging, both for fundamental research and for applications in information technology.

Transmission electron microscopy is a powerful technique for investigating the atomic structure,

chemical composition and electromagnetic properties of materials with high spatial resolution and

precision. However, the extraction of information about dynamic processes in the ps time regime is

often not possible without extensive modification to the instrument while requiring careful control

of the operation conditions to not compromise the beam quality. Here, we avoid these drawbacks by

combining a delay line detector with continuous illumination in a transmission electron microscope.

We visualize the gyration of a magnetic vortex core in real space and show that magnetization

dynamics up to frequencies of 2.3GHz can be resolved with down to ⇠122 ps temporal resolution

by studying the interaction of an electron beam with a microwave magnetic field. In the future,

this approach promises to provide access to resonant dynamics by combining high spatial resolution

with sub-ns temporal resolution.
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1. INTRODUCTION22

The ability to study magnetization dynamics on the nm scale is of great importance for23

both nanoelectronics and fundamental science. Developments such as racetrack memories [1],24

information transport by spin waves [2], the use of magnetic vortices as radio frequency25

sources [3] and the use of magnetic-vortex-based spin torque nano-oscillators as dynamic26

sensors [4] emphasize the importance of magnetization dynamics in future applications.27

Current methods of time-resolved magnetic imaging, such as those based on synchrotron28

X-rays [5, 6] and scanning electron microscopy with polarization analysis [7], allow the29

timescales of magneto-dynamic processes to be accessed through pump-probe imaging.30

Magnetic imaging techniques based on transmission electron microscopy (TEM), such31

as Lorentz microscopy and o↵-axis electron holography, provide nm spatial resolution, even32
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with the sample located in magnetic-field-free conditions [8, 9], while o↵ering complemen-33

tary insight into the local microstructure and composition of the material [10]. However, the34

timescales of, e.g., magnetic dynamics governed by the Landau-Lifshitz-Gilbert (LLG) equa-35

tion, are on the order of 1 ps – 1 ns [11]. Whereas MHz and GHz resonances can be studied36

using X-rays with a typical spatial resolution of between 10 and 30 nm [12, 13], the temporal37

resolution of most conventional TEM techniques that are based on continuous illumination38

is currently in the ms range and hence six orders of magnitudes too low. Pump-probe TEM39

techniques based on the use of laser-driven photo-cathodes o↵er temporal resolutions down40

to the sub-picosecond [14–17]. However, they require extensive modification to the gun41

system of the microscope, such as the introduction of a laser system. In addition, careful42

control of the operation conditions is vital to not compromise the electron beam quality.43

Here, we report a proof-of-principle study that demonstrates real-time ps observation of44

the gyration of a magnetic vortex core in a ferromagnetic thin film using a delay line detector45

(DLD) mounted on a spherical aberration corrected transmission electron microscope. A46

DLD is a high sensitivity, fast detector that has been used for imaging and spectroscopy over47

several decades in various scientific fields [18], but has only rarely been applied in electron48

microscopy. Recently, it has been employed for coincidence experiments correlating elec-49

tron loss spectroscopy and energy dispersive X-ray spectroscopy [19]. The experiments that50

we describe below, which involve imaging a magnetic vortex core and electron di↵raction,51

demonstrate a temporal resolution close to 100 ps and the ability to measure a beam deflec-52

tion at a frequency of up to 2.3 GHz. We apply an in-plane magnetic field to a sample in the53

TEM by using a waveguide integrated in a single tilt TEM specimen holder, which can be54

operated over a frequency range of between DC and 40 GHz [20]. Our setup does not require55

any major modifications to the electron microscope, allowing electron beam coherence and56

spatial resolution to be maintained in both conventional and magnetic-field-free (Lorentz)57

imaging and di↵raction. Moreover, the illumination is continuous and no pulsing is required58

to access magnetization dynamics.59

2. EXPERIMENTAL DETAILS60

The experimental setup is shown in Fig. 1. The sample is examined in an FEI Titan G261

60-300 TEM (300 kV), which is equipped with an objective lens aberration corrector and62
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a Gatan Tridiem 865 ER imaging filter [21]. The objective lens is turned o↵ and a non-63

immersion Lorentz lens, which is situated below the sample, is used to provide the magnetic-64

field-free imaging conditions that are required to investigate magnetic vortex states. The65

conventional microscope objective lens is then used to apply out-of-plane, static magnetic66

fields to the sample. The sample studied here consists of a permalloy [(Py), Ni81Fe19 alloy]67

disk that has a thickness of 130 nm and a diameter of 1.68µm and is patterned using electron68

beam lithography onto a 20 nm thick SiN membrane. Details about the patterning process69

are given in Ref. [22]. The disk was transferred in a focused ion beam workstation onto70

a chip that is compatible with a radio frequency (RF) specimen holder. As a result of71

the geometry and dimensions of the Py disk, it supports a magnetic vortex state with an72

out-of-plane core.73

The magnetic vortex core was excited into motion about its equilibrium configuration with74

an in-plane RF magnetic field, as described in section 3 3.1 below. The RF generators (HP75

8657B and HP 8671B) covered a frequency range of 100MHz to 4GHz. An amplifier (SPIN76

PA 233B A) was used to increase the RF current for all frequencies except for 100MHz,77

with a total applied power of ⇠20 dBm. In order to obtain temporal resolution, a frequency78

divider (developed in-house [23]) after the amplifier was used to divide the RF frequency by79

64 to generate the starting signal of the DLD.80

The DLD, which was provided by Surface Concept (single-anode delay line detector81

DLD4040) [18], was used to measure the positions and arrival times (x, y, t) of detected82

electrons, where t is the arrival time of each electron relative to an electronic starting signal.83

The DLD consists of a micro-channel plate (MCP), which generates a burst of secondary84

electrons for each detected primary electron. This burst is converted into a voltage pulse85

when it impacts an anode behind the MCP. In case of a delayline detector the anode consists86

of two stacked meandering waveguides, oriented perpendicular to each other. The electron87

burst from the MCP generates two voltage pulses on each meander, which propagate in88

opposite direction towards the detection electronics. By measuring the di↵erence in arrival89

time at the ends of the meanders one can determine the position of the detected electron.90

The time measurement is performed by a time-to-digital converter (TDC). The average91

arrival time gives provides the arrival time of the electron. Therefore, a DLD provides92

three-dimensional information (x, y, t).93

The TDC measures the arrival time of each electron in steps of ⌧ = 6.858711 ps after the94
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FIG. 1: Schematic diagram of the measurement setup and time binning used in the present

study. (Left) The electron beam is deflected by a magnetic vortex core in a permalloy (Py)

sample and imaged using a small area on the delay line detector (DLD). Two meanders on

the detector record the times and positions of incoming electrons. Excitation of the

magnetic vortex core and detection using the DLD are synchronized by using a frequency

divider. (Right) The excitation cycle is divided into multiple steps. Steps corresponding to

the same phase are summed up.

starting signal. The measured number of time steps tn = t/⌧ was mapped onto one period95

of the RF signal by using a modulus operation, in the form of the number of time steps per96

RF period97

m =
1

fRF ⌧
, (1)

where fRF is the RF frequency. The resulting phase is pn = tn mod m in units 2⇡
pn
. The98

arrival time of the electron is assigned to the corresponding phase of the RF excitation. The99

individual electron events are binned into a three-dimensional data set (x, y, pn). As this100

procedure only works if m is a natural number, the RF frequency must be quantized as101

fRF =
1

⌧k
with k 2 N. (2)

The position of the DLD behind the energy filter o↵ers several advantages: i) The energy102

filter can be used to filter out contributions due to inelastic scattering such as valence core103

losses. Moreover, it would be possible to image processes at specific energy levels. ii) It is104

possible to achieve higher magnifications. iii) When other external stimuli like lasers are105

employed, an illumination of the detector with laser light can be avoided.106
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3. RESULTS AND DISCUSSION107

3.1. Magnetic vortex core dynamics108

The application of the DLD to time-resolved measurements was demonstrated by studying109

the real space motion of a magnetic vortex in a Py disk illuminated by a parallel electron110

beam. Magnetic vortices are ideal structures for such studies as a result of their simple111

geometry, stability and resonant dynamics [24–27]. In the present study, the magnetic vortex112

core was imaged in Lorentz mode using Fresnel defocus imaging (see Fig. 2a). The in-plane113

field of the magnetic vortex shown in Fig. 2b results in convergence of the electron beam114

due to the Lorentz force in an overfocus image. The magnetic vortex core was excited by115

using in-plane magnetic fields oscillating at microwave frequencies. In general, it is expected116

to follow an elliptical orbit at resonance, with its trajectory depending on the shape, size117

and material of the disk [28, 29].118

Figure 2c shows real space snapshots of the motion of the magnetic vortex core at di↵erent119

phases of the excitation cycle for a frequency of ⇠417MHz, a power of 23 dBm and a static120

out-of-plane magnetic field of 18mT. The applied power results in a magnetic field strength121

of ⇠0.07mT at the sample (see Supplementary Material for details). The parameters were122

chosen to maximize the motion of the magnetic vortex core, while being small enough to123

avoid switching of the core, which has been demonstrated to only require small in-plane fields124

[12]. A total integration time of 2minutes was su�cient to resolve the full gyration, with125

individual snapshots corresponding to average time steps of 13 ps each. The background was126

removed by dividing each frame by an image without the sample after normalizing the counts127

to the total exposure time. Due to the defocus, the standard calibration of the DLD cannot128

be used. Hence, the conversion factor from pixel to nm is determined by measuring the size129

of the vortex core for several frequencies o↵-resonance and correlating it to a measurement of130

the core with a K2 detector and a known calibration. This method to calibrate the detector131

introduces an uncertainty of about 10% in the spatial domain. The snapshots reveal that132

the bright spot, which corresponds to the position of the magnetic vortex core, is displaced133

between successive phases of the excitation cycle and follows a clockwise trajectory. The134

position of the magnetic vortex core at each step of the excitation cycle was determined135

by finding the center of mass of the brightest pixels. Its trajectory was recorded at several136
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FIG. 2: Magnetic vortex core gyration. (a) Fresnel defocus image of a permalloy disk

recorded in Lorentz mode at a defocus of 1mm recorded with a K2 detector. The bright

spot in the center indicates the position of the vortex core. The bright region at the lower

left edge is a cut in the supporting membrane. (b) Schematic image of a magnetic vortex

state with clockwise rotation and a core pointing upwards. (c) Snapshots of magnetic

vortex core motion recorded at di↵erent time steps over 13 ps during excitation at 417 MHz

in an 18 mT static out-of-plane applied magnetic field. The images reveal clockwise

motion of the magnetic vortex core. They have been binned by a factor of 4 in the x and y

directions for better visibility. (d) Dependence of position of magnetic vortex core in each

frame on applied frequency, showing measurements before (left) and after (right) correction

by subtraction of the image shift due to the electron beam - microwave interaction. The

resonant frequency of the magnetic vortex core is characterised by an increase in the

amplitude of the gyration at 417 and 419MHz. The x and y axes have the same scaling.

frequencies close to the frequency for which the displacement was greatest. The left plot in137

Fig. 2d shows the apparent position of the magnetic vortex core during a full excitation cycle138

for all frequencies. Technical limitations resulting in a distortion of the recorded image are139

compensated by applying the Brown-Conrady model [30] (see Supplementary Material for140
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details). In addition to the vortex core motion, the position depends on the interaction of141

the electron beam with the microwave magnetic field, which results in a shift of the complete142

image. The image shift can be described approximately as a frequency-dependent sinusoidal143

deflection (see Supplementary Material for details). The true position of the magnetic vortex144

core was obtained by subtracting the image shift from the total deflection. The dependence145

of the resulting magnetic vortex core motion on applied frequency is shown in the right plot146

in Fig. 2d. There is a sharp resonance between 417 and 419MHz, with the magnetic vortex147

core motion then following an elliptical trajectory. There, the deflection of the vortex core148

corresponds to about 23 ± 3 nm in x direction. Based on the elliptical trajectory, it can be149

excluded that the measured motion is purely an e↵ect of the electron beam interaction with150

the RF fields as latter would result in a linear deflection (see Supplementary Material for151

details).152

The experimental results were compared with simulations based on the LLG equation153

obtained using MuMax3 software [31, 32]. The simulations were performed for a disk with154

a diameter of d = 1.675µm and a thickness of t = 160 nm, an exchange sti↵ness of Aex =155

1.32 · 1011 J
m , a saturation magnetization of MS = 8 · 105 A

m , a g-factor of �LL = 2.1 · µB

~ , a156

damping coe�cient of ↵ = 0.016, an applied out-of-plane magnetic field of 20mT and an157

in-plane oscillating magnetic field with an amplitude of 0.1mT. Figure 3 shows the results158

of the simulations, which reveal a sharp resonant frequency at 400MHz, in good agreement159

with the experimental results. The inset to Fig. 3 shows the simulated trajectory of the160

magnetic vortex core in the disk. The transient period of a few ns that the magnetic vortex161

core requires to reach a stationary resonant trajectory is not included in the figure. The162

simulations reveal a slightly elliptical trajectory with a diameter of around 20 nm. This163

diameter is in good agreement with the experimental measured deflection in x direction.164

Discrepancies in the shape of the trajectories between the simulations and experimental165

results may result from inadequate correction for the electron beam - electromagnetic field166

interaction in the experiment, which does not take the frequency-dependent formation of167

standing waves in the holder into account. Moreover, the microwave field may not have the168

properties expected for an ideal waveguide [33]. In future experiments, these factors can be169

separated from the vortex core motion, e.g., by imaging the deflection of a non-magnetic170

marker structure under microwave excitation and subsequently subtract it from the vortex171

core motion. Overall, the comparison between the simulations and the experimental results172
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confirms that dynamics occurring on a length scale of a few tens of nm are accessible using173

the DLD, while retaining the imaging capabilities of the TEM.174
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FIG. 3: Simulation of characteristics of magnetic vortex core dynamics, showing

resonances at 400 and 1000MHz. The stationary trajectory of the motion of the magnetic

vortex core is shown in the inset for a frequency of 400MHz.
175

176

3.2. Temporal resolution177

Further prospects of combining a DLD with a TEM were investigated by determining178

the highest frequency that can be applied during imaging and the temporal resolution of179

the setup. For this purpose, the electron beam was positioned to illuminate only the SiN180

membrane and not the Py disk. The electron beam was then deflected only by its interaction181

with the microwave field introduced by the specimen holder via the Lorentz force. The182

deflection was imaged using low angle di↵raction (LAD) [34]. A high camera length of183

115m was used to compensate for the small deflection angle of 41µrad and to concentrate184

the incident illumination onto a spot on the detector. The spot size of the beam on the185

detector was ⇠300 pixels2. The deflection of the beam followed the phase of the excitation,186

with the spot undergoing sinusoidal motion parallel to the specimen holder axis. The total187

power of the excitation was chosen to be 17 dBm, which was su�cient to induce a resolvable188

deflection.189

Figure 4 shows the time-integrated trajectory of the electron beam for di↵erent applied190

frequencies. Data reduction was performed by combining varying numbers of frames for191

each phase into snapshots of 8 frames for 100MHz and 2 frames for measurements between192

500MHz and 1.5GHz. For higher frequencies, data reduction was not applied. After remov-193

ing the background and a distortion correction (see Supplementary Material for details), all194

9



(x, y, pn) datasets were smoothed using a Gaussian filter with � = 2pixels and rotated so195

that the primary axis of motion was parallel to the y axis. Each dataset was then cropped196

in the spatial domain to include only the deflected beam, as shown in Fig. 4. The sinusoidal197

motion can be seen in the time domain when summing over the x axis. The deflection does198

not follow the expected straight line, but is distorted. The bending of the deflections is199

thought to originate from remaining distortions of the recorded image (see Supplementary200

Material for details). The faint, dark lines at the bottom of the image integrated over the201

phase in Fig. 4a are a result of the distortion correction.202

The highest resolvable frequency was determined by taking a linescan through the phase203

domain. The position of the linescan was chosen to be in the center of the deflection.204

The highest resolvable frequency corresponds to the condition when two points of maximum205

deflection can be distinguished, i.e., when two peaks are present in the linescan. The position206

of the linescans is marked by a red line in Fig. 4. Figure 5a shows linescans for various207

frequencies. The condition that the two peaks need to be distinguishable is fulfilled up to208

⇠2.314GHz. The temporal resolution for the di↵erent frequencies is defined as the full width209

at half maximum (FWHM) of the linescans. Figure 5b shows the FWHM of the broadest210

peak in the linescan for each frequency. The experimentally measured temporal resolution211

⌧exp is a↵ected by the intrinsic temporal resolutions ⌧i as well as the finite spot size of the212

electron beam ⌧spot. In order to di↵erentiate both e↵ects, the sum of ⌧i and ⌧spot is fitted213

to ⌧exp. Here, it is assumed that ⌧spot = c/fRF where c is constant. The intrinsic temporal214

resolution is as small as ⇠122 ps. The intrinsic temporal is limited by several factors: the215

time spread of the microchannel plate, the accuracy of the TDC as well as the jitter of216

the frequency divider. We optimized the frequency divider for low jitter; the estimate of217

the jitter from the used components in the signal path is around 5 ps. The main factor218

determining the intrinsic time resolution is likely the DLD. It consists of the resolution of219

the TDC (30 ps), amplitude-to-time conversion in the discriminators and the time spread220

of the microchannel plate. For the time spread, values ranking from 30 ps [35] up to 150 ps221

[36] are reported in literature. DLDs of our type achieved 185 ps temporal resolution in222

photoelectron spectroscopy experiments [37].223

The experiments performed in di↵raction mode indicate that it is possible to perform224

dynamic measurements at frequencies of up to 2.3GHz in the TEM using the present com-225

bination of a DLD and a microwave specimen holder with a temporal resolution of ⇠122 ps.226
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FIG. 4: Deflection of the electron beam by a microwave magnetic field visualized using low

angle di↵raction. The (x, y, pn) datasets reveal sinusoidal motion for various frequencies:

(a) ⇠0.1GHz, (b) ⇠1.5GHz and (c) ⇠2.5GHz. Integration over the di↵erent phases and

the x axis are shown in the left and right columns, respectively. The red line marks the

position where a linescan was extracted.

This temporal resolution allows dynamic processes to be resolved up to the lower GHz227

regime.228

11



FIG. 5: Estimation of usable frequency range and temporal resolution. (a) Linescans

recorded along the time domain of the integrated data over x for varying frequencies. Two

peaks can be di↵erentiated up to 2.3GHz, suggesting that a sinusoidal motion is present

and dynamic measurements can be performed up to this frequency. (b) FWHM ⌧exp of the

largest peak for the respective frequencies. ⌧fit is a fit to ⌧expt with contributions from ⌧i

and the e↵ect of the spot size. The intrinsic spot size is ⇠122 ps.

3.3. Discussion229

The results presented in this paper demonstrate the use of a DLD to provide access to230

temporal resolutions in the ps regime for a variety of dynamic processes, while making use of231

the full imaging potential of transmission electron microscopy. The technique is not limited232

to mapping magnetic properties, but can be applied in either real or di↵raction space to233

studies of dynamic changes introduced by a variety of stimuli. The electronics of the DLD234

can be synchronized to di↵erent stimuli, such as lasers.235

Although approaches based on ultrafast TEM provide access to various dynamic pro-236

cesses [16, 38–41], they require a highly specialized or modified illumination system of the237

microscope. They may also compromise the quality of the electron beam, resulting in a low238

number of electrons per pulse [42] or beam displacement and blurring [43].239
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A key advantage of employing a DLD is the simplicity with which an existing microscope240

can be upgraded to achieve temporal resolution without the need for major modification and241

without compromising the quality of the electron beam or electron optics. It is only necessary242

to implement an additional camera or to exchange an existing one. In addition, the sample243

is imaged continuously, meaning that every electron can be recorded, thereby synchronized244

the electron dose and total measurement time. As the DLD is a single electron detection245

camera, the arrival time of each electron is measured. The technique is suited primarily246

to stroboscopic measurements to obtain su�cient contrast, just as for other ultrafast TEM247

approaches. The temporal resolution is currently limited to the ps regime as discussed in248

Sec. 3 3.2. Nevertheless, DLDs improve temporal resolution by six orders of magnitudes249

compared to most current TEM techniques. The benefit of the improved time resolution250

must be weighed against the degradation in terms of spatial resolution compared these251

techniques. Nevertheless, the loss in terms of spatial resolution can be encountered by using252

higher magnifications at the cost of a reduced field of view. Therefore, a DLD can only253

be applied to experiments which do not require very good spatial resolution and large field254

of views at the same time. Other detectors, which aim towards ps temporal resolution,255

while maintaining a high electron dose and closing the gap in terms of spatial resolution, are256

under development confirming the high interest in improving temporal resolution in TEM257

measurements. One example is the Timepix 4 [44].258

4. CONCLUSIONS259

We have presented two proof-of-principle experiments, one in real space and one in di↵rac-260

tion space, which provide insight into the use of a delay line detector for time-resolved261

transmission electron microscopy. An external stimulus was provided by using a magnetiz-262

ing specimen holder to introduce gyration of a magnetic vortex core and deflection of the263

electron beam. In real space, gyration of the magnetic vortex core was studied in terms of264

its resonance frequency, with resonance spectra resolved by imaging its motion. Low angle265

di↵raction experiments showed that it is possible to image the deflection of the electron266

beam up to frequencies of 2.3GHz, while achieving a temporal resolution down to ⇠122 ps.267

The full potential of this combination can be explored in future experiments by imaging268

other sample properties in the presence of di↵erent stimuli.269
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core-driven magnetization dynamics, Science 304, 420 (2004).355

[25] R. Antos, Y. Otani, and J. Shibata, Magnetic vortex dynamics, J. Phys. Soc. Jpn. 77, 031004356

(2008).357
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[27] M. Möller, J. H. Gaida, S. Schäfer, and C. Ropers, Few-nm tracking of current-driven magnetic361

vortex orbits using ultrafast Lorentz microscopy, Comm. Phys. 3, 1 (2020).362

[28] K. Y. Guslienko, B. Ivanov, V. Novosad, Y. Otani, H. Shima, and K. Fukamichi, Eigenfre-363

quencies of vortex state excitations in magnetic submicron-size disks, J. Appl. Phys. 91, 8037364

(2002).365

[29] V. Novosad, F. Y. Fradin, P. E. Roy, K. S. Buchanan, K. Y. Guslienko, and S. D. Bader,366

Magnetic vortex resonance in patterned ferromagnetic dots, Phys. Rev. B 72, 024455 (2005).367

[30] C. Brown, Close range camera calibration, symposium on close range photogrammetry, Pho-368

togramm. Eng. Remote. Sens. 8, 855–866 (1971).369

[31] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-Sanchez, and B. Van Waeyen-370

berge, The design and verification of Mumax3, AIP Adv. 4, 107133 (2014).371

[32] L. Exl, S. Bance, F. Reichel, T. Schrefl, H. Peter Stimming, and N. J. Mauser, LaBonte’s372

method revisited: An e↵ective steepest descent method for micromagnetic energy minimization,373

J. Appl. Phys. 115, 17D118 (2014).374

[33] D. M. Pozar, Microwave engineering (John wiley & Sons, 2011).375

[34] F. Goncalves, G. Paterson, D. McGrouther, T. Drysdale, Y. Togawa, D. Schmool, and376

R. Stamps, Probing microwave fields and enabling in-situ experiments in a transmission elec-377

tron microscope, Scientific reports 7, 1 (2017).378

[35] D. A. Debrah, G. A. Stewart, G. Basnayake, A. Nomerotski, P. Svihra, S. K. Lee, and W. Li,379

Developing a camera-based 3d momentum imaging system capable of 1 mhits/s, Review of380

Scientific Instruments 91, 023316 (2020).381
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1. VIDEOS OF MAGNETIC VORTEX CORE GYRATION20

Videos of magnetic vortex core gyration at 414, 417, 419, 421, 424, and 450MHz are21

available as additional Supplementary Material. They show largely unprocessed data, in22

which only the contrast has been adjusted to make the magnetic vortex core visible.23

2. ESTIMATION OF MICROWAVE MAGNETIC FIELD24

The strength of the microwave magnetic fields was estimated based on its interaction25

with the electron beam. The deflection of the electrons due to this interaction was imaged26

using low angle di↵raction on a standard charge-coupled device camera [1]. The deflection27

angle ✓ can be correlated to the applied field B? via the expression28

✓ =
e�

h
B?t , (1)

where e is the electron charge, � = 2pm is the electron wavelength at an accelerating voltage29

of 300 kV and h is Planck’s constant [2]. The thickness t of the cartridge is ⇠500µm. The30

deflection is measured to be 16µrad for an applied RF current at 418MHz and 23 dBm (see31

Fig. 1). Hence, the magnetic field is estimated to be ⇠0.07mT. The presence of a bright32

spot in Fig. 1 results from a part of the RF current being reflected back to the frequency33

generator and the generator turns o↵ for a short time. During this time no microwave fields34

are applied and the electron beam is located at the center. In contrast to the magnetic35

fields, a deflection due to the induced electric fields is not expected as the holder is designed36

in such a way that they are aligned parallel to the electron beam direction [3]. The absence37

of in-plane electric fields is experimentally confirmed by the pure linear deflection of the38

electron beam due to the microwave fields imaged with LAD (see Fig. 1).3940

When applying Eq. 1, it is assumed that the magnetic field in the cartridge is uniform and41

that there are no stray fields. Both assumptions are likely to result in an underestimation42

of the magnetic field, since it is strongest at the sample position. There are likely to be43

stray fields outside of the cartridge that deflect the electron beam in the opposite direction44

than the fields in the cartridge. Although the field depends on applied frequency, it does45

not change strongly over the frequency range of the magnetic vortex core gyration, since the46

resonant frequency is constrained to a small range.47
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FIG. 1: Deflection of the electron beam due to a microwave magnetic field at 418MHz and

23 dBm applied power imaged using low angle di↵raction on a charge-coupled device

camera. The bright spot in the center results from reflection of the RF current into the RF

generator.

3. INTERACTION OF THE MICROWAVE FIELD AND THE ELECTRON48

BEAM49

Due to the Lorentz force, the microwave field does not only interact with the sample, but50

also with the electron beam itself. The magnetic microwave field therefore creates an image51

shift out of focus (see Fig. 2a). As the microwave excitation is sinusoidal, the deflection52

also takes on a sinusoidal shape. This knowledge can be used to correct for the image shift,53

according to the equation54

y1 = y0 + y0

y0 = y1 � y0 = y1 � [a · sin(b · t+ c) + d] ,
(2)

where it is assumed for simplicity that the beam is purely deflected along the y axis. The55

deflected coordinate y1 can be obtained by adding the deflection y0 to the non-deflected co-56

ordinate y0. The parameter a corresponds to the amplitude of the deflection. The remaining57

parameters are required to match the phase and o↵set.58

The parameters needed for correction were determined by using the following procedure:59

1. The dataset at 450 MHz was assumed to be out of resonance, with the magnetic vortex60

core stationary in the disk. The movement of the core in the images was then assumed61

to be purely due to the electron beam interaction. After rotating the image so that62

the primary axis of motion was along the y axis, a sinusodial function was fitted to63

the dependence of the magnetic vortex core position on time. This fit provided the64

beam deflection y0. When subtracting it from the experimental dataset, one can obtain65

3



the parameter y0. The amplitude of the beam shift is used to determine the shift for66

all other frequencies and corresponds to the parameter a in Eq. 2. The parameters67

b, c and d are needed to match the phase in the excitation cycle. Figure 2b shows the68

correction for the deflection at 450MHz.69

2. In the next step, the magnetic vortex core movement at di↵erent frequencies was70

studied. Each dataset was rotated so that the primary movement followed the y axis71

by using the rotation angle determined for 450 MHz. Sinusoidal functions were fitted72

to them to determine the parameters b, c and d to match the phase and o↵set. In this73

way, all of the parameters describing the beam deflection due to the microwave-beam74

interaction could be determined.75

In the final step, the image shift due to interaction of the microwave and the electron76

beam was removed from every dataset by subtracting image shift from the movement of the77

magnetic vortex core using the amplitude a of the interaction determined at 450 MHz and78

the phase parameters b, c and d determined at each frequency.79

4. IMAGE DISTORTIONS80

Images recorded using the DLD were distorted due to issues with the control electronics81

of the imaging filter. As a result, straight lines in the images appeared bent, as shown in82

an image of a standard calibration sample with a lattice spacing of ⇠480 nm in Fig. 3a. In83

addition to distortions, it was not possible to illuminate the full area of the DLD. These84

image distortions were corrected applying the Brown-Conrady model [4] which can take85

tangential as well as radial distortions into account. Figure 3b shows the image of the86

calibration sample after distortion correction. Even though the distortions were not fully87

removed, the degree of bending is reduced.88
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FIG. 2: Interaction of the microwave field and the electron beam. (a) Visualization of

image shift due to the microwave field. The image is shifted depending on the phase of the

excitation cycle and follows a sinusoidal motion. The position of the disk is marked in red

and does not change in the image. However, its position shifts with the image and

therefore also follows a sinusoidal motion. (b) Correction of image shift introduced by the

microwave field of the holder. The blue dots represent the measured position of the vortex

core. The orange dots show a sinusoid fitted to this motion. The green dots show motion

of the magnetic vortex core after subtraction of the sinusoid.

FIG. 3: Image of a calibration sample with a periodic lattice spacing. (a) Original image

revealing distortion of the image due to electronic issues. (b) Calibration sample after

correction of image distortions.
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