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ABSTRACT

Differential phase-contrast (DPC) scanning transmission electron microscopy (STEM) has recently attracted
significant interest for allowing mapping electrostatic and magnetic fields at high-spatial-resolution. Nevertheless,
due to its simultaneous sensitivity to both electrostatic and magnetic fields, the interpretation of DPC
measurements on magnetic specimens is not straightforward. In this work, we demonstrate that the two
contributions to the Lorentz force can be separated by means of the time-reversal operation of the electron beam.
In practice, such a condition is easily achieved by repeating the DPC-STEM measurement after flipping the
specimen by 180° degrees. The separation of the two contributions allows discriminating the effects of the
electrostatic potential, like e.g. the thickness variation in a specimen with uniform composition, from the actual
magnetic signal. This finding opens a new perspective in the nanoscale study of magnetic nanostructure by DPC-
STEM or, more generally, by 4D-STEM.

The entanglement between electrostatic and magnetic fields plays a fundamental role in materials science,
being the source of a rich phenomenology that spans from multiferroism to superconductivity.>? On the other hand,
the experimental discrimination between local electrostatic and magnetic fields is a challenging problem that
hampers the full comprehension of the behavior of various physical systems.

One of the most striking difficulties in the investigation of the electromagnetic properties of functional
materials is represented, in fact, by the simultaneous measurement of their internal electric and magnetic field with
nanoscale resolution. In this regard, an electron beam constitutes an effective probe with the key advantages that
(i) the electrons can be focused in a small probe (whose diameter can be equal or smaller than one nanometer) and
(i) they are charged particles interacting with the electromagnetic fields, thanks to the Lorentz force.

The sensitivity of an electron beam to either electric or magnetic fields has been recently demonstrated.®” For
example, a focused electron probe was successfully employed to study the internal electric field in a p-n junction
by differential phase-contrast (DPC) scanning transmission electron microscopy (STEM).2® Similarly, the
nanoscale magnetic domain configuration can be mapped by measuring the Lorentz deflection of the beam due to
the specimen magnetization.>0-15

In this Letter, we demonstrate that Lorentz field mapping — performed by applying the time-reversal operation
of the electron beam — in DPC-STEM allows for simultaneous mapping of the electric and magnetic fields with
nanometer resolution and for efficiently disentangling their contributions.

The study was performed on a system composed of free-standing Ni-MnGa disks with a sub-micrometer lateral
size. The disks were obtained by lithographic patterning of continuous thin films and their shape is a truncated
cone.!® Fig. 1a shows an annular dark-field (ADF) image of a cluster of 7 disks deposited on a carbon/holey TEM
grid. The disks shape geometry — with a finite difference between the top and bottom surfaces of the truncated
cone — is responsible for a variation of the contrast in the outer area of the disk, as highlighted by the line profile
taken along the white dashed line in Fig. 1a. In particular, this contrast change in the ADF signal arises because of
the thickness variation at the edges of the disks.

We then performed DPC-STEM experiments, as schematized in Fig. 1b. Both the ADF and DPC signals were
recorded in Lorentz mode, i.e. switching the magnetic field of the objective lens off to ensure that the sample is in
a field-free environment. In Lorentz STEM mode, the beam convergence angle is reduced to 0.20 mrad. Although
this electron-optical configuration delivers a resolution limited to about a nanometer, it assures a higher field
sensitivity.” In particular, the beam deflection due to the Lorentz force is efficiently detected by measuring the
differential signal between opposite quadrants of a segmented annular detector. More details about the
experimental settings are available in S1 of Supplementary Information.
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Fig. 1 (a) Annular dark-field image of NioMnGa disks suspended on a carbon-coated TEM grid. The shape of the
disks corresponds to a truncated cone, as highlighted by the intensity line-profile. (b) Schematic representation of
the DPC-STEM measurement, depicting the Lorentz deflection due to a nanoscale magnetic field. (c) DPC-STEM
measurement showing the effects of the shape-induced non-uniform thickness.

Fig. 1c shows the DPC signals obtained in the same area as in Fig la. In particular, the (A-C), and (B-D),
signals were obtained by normalizing the differential signals to the total intensity detected by the annular
segmented detector,8 to correct absorption and/or diffraction effects that may induce a change in the diffraction
pattern's intensity (see S2 in Supplementary Information for more details).

A remarkable variation in the differential (A-C), and (B-D); signals is observed at the edges of the disks, which
corresponds to a field distribution strongly related to the specimen thickness gradient. This result can be
straightforwardly understood with basic consideration about the sample geometry (Fig. S3, Supplementary
Information). Accordingly, also the phase and charge density (given by the integrated-DPC and differential-DPC
signals, respectively named iDPC and dDPC) are strongly affected by the specimen's thickness variation.
Therefore, due to the non-uniform specimen thickness, no information about the magnetic configuration of the
specimen can be directly extracted by a single DPC-STEM measurement. On the contrary, the local thickness
variations due to the specimen geometry — particularly important for various magnetic nanostructures with
different shapes — can lead to misinterpretation of the experimental results.

The investigation of the magnetic properties of a specimen using an electron probe thus strongly relies on the
capability of separating the two contributions to the Lorentz force. Here, we propose an approach based on the
time-reversal operation of the electron beam, previously proposed for electron holography.® In particular, since
the beam deflection due to the magnetic component of the Lorentz force changes its sign under the time-reversal
operation, we can combine two DPC-STEM measurements to disentangle the electrostatic and magnetic fields in
the specimen. Fig. 2a and b depict this scenario, where the time-reversal condition is more conveniently achieved
by rotating the specimen upside-down rather than changing the direction of the beam propagation. By performing
the sum and the difference of the detected differential contrast, the electrostatic and magnetic fields can be
separated (Fig. 2c).
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Fig. 2 Lorentz deflections of the electron beam due to the electrostatic and magnetic fields in the specimen (a)
before and (b) after flipping the specimen by 180°. The (c) electrostatic and (d) magnetic components of the
Lorentz force are computed by performing respectively the sum and the subtraction of the DPC-STEM images.

We thus applied this separation methodology to the described case study. To perform the separation procedure,
a second DPC-STEM experiment was performed after flipping upside-down the specimen (i.e. 180° rotation) and
keeping all the experimental conditions invariant. It is worth noting that despite a careful execution of the flipping
procedure, we unavoidably introduce a small deviation of the in-plane specimen rotation with respect to the
segmented ADF quadrants, i.e. the main axes of the DPC vector components obtained after flipping the specimen
are slightly rotated with respect to the ones of the direct experiments. Therefore, the DPC-STEM signals generated
after flipping the specimen need to be properly aligned and re-calculated along the main directions of the direct
experiment (Fig. S4, Supplementary Information). To minimize the image distortions, the signal alignment was
performed using the BigWarp tool for Fiji,?® which allows an interactive landmark-based deformable image
alignment.

The separation approach allows thus to calculate the electrostatic and magnetic contributions to the DPC-
STEM signal and similarly, can be applied to the iDPC and dDPC signals to obtained respectively the two
contributions to the phase (i.e. projected electrostatic potential and magnetic vector potential) and the equivalent
projected density of electrical charges and Amperian current density.

The results of the separation are shown in Fig. 3. Figs. 3a and b show, respectively, the phase contours of the
electrostatic and magnetic phase shifts plotted superimposed to the electrostatic phase shift. In particular, the phase
contours of the electrostatic phase shift correspond to the electric field equipotential lines, while the phase contours
of the magnetic phase shift represent the magnetic induction flux lines. A plot of the electric and magnetic phase
shifts used for the calculation of the corresponding phase contours is given in Fig. S5 of Supplementary
Information.

As visible from Fig. 3a, the phase contours of the electrostatic phase shift are localized at the edges of the disks.
In the absence of an applied external electric field and for a sample with uniform composition, the only variation
of the electrostatic phase shift is associated with the change of the specimen's thickness. On the contrary, the
magnetic flux lines are not solely localized at the edges of the disks (Fig. 3b). Since the specimen is the same
studied in Ref. 16, both regions with in-plane and out-of-plane magnetization are expected in the free-standing
martensitic disks that have undergone a thermal cycle.

Fig. 3c and e show respectively the projected electric field, and the projected charge density. The field of view
of Fig. 3a was chosen larger compared to the one of b and ¢ to highlight that no other significant variation of the
projected electrostatic potential is observed far from the NizMnGa truncated cones. As previously mentioned, (see
Fig. S3 in Supplementary Information), the variation of local thickness due to the specimen shape is responsible
for the local electric field at the edges of the disks (Fig. 3c) and for the corresponding projected electric charges
(Fig. 3e).

Analogously, Figs. 3d and f show respectively the projected in-plane magnetic field and the corresponding
equivalent Amperian current density. The magnetic induction map shows that areas with local in-plane
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magnetization exist within the NiMnGa disks and are preferentially located at the edges of the truncated cones,
as a flux-closure geometry of the magnetic structure is achieved in free-standing disks (in agreement with the
observation of Ref. [16]). Therefore, the proposed methodology permits to measure the electrostatic and magnetic
fields at the nanoscale by DPC-STEM technique. Our results represent a proof-of-concept experiment of the
applicability of the time-reversal operation of the electron beam in DPC-STEM.

These findings highlight the importance of separating the two contributions of the Lorentz force on the
deflection of the electron beam, as it occurs in DPC-STEM experiments on magnetic materials. In addition to the
fundamental interest in the discrimination of entangled electrostatic and magnetic fields, the proposed separation
approach opens new possibilities in the study of nanostructured magnetic materials by DPC-STEM and, more
generally, four-dimensional (4D) STEM.

Fig. 3 Phase contours of the (a) electrostatic and (b) magnetic phase shifts obtained by the separation approach.
The phase contours are shown overlaid on the electrostatic phase shift. (c) Electrostatic field and (d) magnetic
induction vector maps. (e) Projected electrical charges and (f) projected Amperian current density. The field of
view of (c-f) corresponds to the dashed areas in (a) and (b).
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