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Scanning two-grating free electron Mach-Zehnder interferometer
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We demonstrate a two-grating free electron Mach-Zehnder interferometer constructed in a transmission elec-
tron microscope. A symmetric binary phase grating and a condenser lens system form two spatially separated,
focused probes at the sample which can be scanned while maintaining alignment. The two paths interfere at
a second grating, creating constructive or destructive interference in the output beams. This interferometer has
many notable features: positionable probe beams, large path separations relative to beam width, continuously
tunable relative phase between paths, and real-time phase information. Here we use the electron interferometer
to measure the relative phase shifts imparted to the electron probes by electrostatic potentials as well as a
demonstration of quantitative nanoscale phase imaging of a polystyrene latex nanoparticle.
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I. INTRODUCTION

Electron holography and interferometry can enable
nanoscale phase imaging [1,2], the exploration of the
Aharonov-Bohm effect [3,4], interaction-free measurements
and quantum electron microscopy [5-7], the measurement
of coherence properties [8—10], quantum state tomography
[11,12], and the coherent control of the free electron wave
function [13]. While interferometry is widely used in optics
and photonics fields such as astronomy [14], optical metrol-
ogy [15], and quantum optics [16], electron interferometry
has advanced at a slower pace, partially due to a lack of basic
optical elements such as beamsplitters and mirrors that can be
used to build a versatile system. Here we use two diffraction
gratings as beamsplitters in a conventional transmission elec-
tron microscope (TEM) to create a flexible, path-separated
Mach-Zehnder interferometer for free electrons, emulating
the canonical example for phase sensitive interferometry.

Electron interferometers are currently limited and defined
by the electron optical elements used to construct the inter-
ferometer. Electrostatic mirrors for free electrons show great
promise, but are in their early development [17-19]. Beam-
splitters have existed for decades, the most prevalent being
electrostatic biprisms [20] which divide wavefronts. Biprisms
generate interferograms from which the phase of the sample
can be extracted after image processing. However, they re-
quire high spatial coherence [21]; thus, they are inherently
limited by modern electron emission sources that are only
partially coherent. Using recently improved diffraction grat-
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ings as amplitude dividing beamsplitters [22-24] to create
spatially separated paths evades the high spatial coherence
requirement, if the separated paths are perfectly overlapped
after the sample [25]. We note that amplitude division with
microwave chip beamsplitters has also been demonstrated, but
is not yet practical for electrons with kinetic energies above
200 eV [26].

Various demonstrations of matterwave interferometry have
proceeded for decades [27]. Path-separated Mach-Zehnder
interferometers specifically have been demonstrated for dif-
ferent kinds of matter waves, including neutrons [28], atoms
[29], BECs [30], conduction and quantum Hall valley elec-
trons in 2D devices [31,32], and SQUIDS [33]. Free electron
Mach-Zehnder interferometers with discrete outputs have pre-
dominantly been constructed using nanofabricated diffraction
gratings or crystals as beamsplitters. Two-plane electron in-
terferometers fabricated from monolithic uniform crystals
[34,35] and three-plane Mach-Zehnder interferometers with
discrete crystal planes [27,36] have been demonstrated. A
three-grating Mach-Zehnder interferometer for free electrons
was demonstrated with nanofabricated transmission ampli-
tude gratings [37]. These free electron interferometer variants
have advanced electron interferometry and could potentially
be used for imaging applications, but the compact longitudinal
designs significantly restrict the types of experiments that can
be performed.

Here we demonstrate a two-grating electron Mach-
Zehnder interferometer (2GeMZI) constructed inside a con-
ventional TEM that provides clearly defined isolated probes,
arbitrary probe phase shifts, and scanning/imaging capabili-
ties. Furthermore, since this is a scanning probe technique,
the magnification can be changed without adjusting the setup,
unlike electron holography. This is accomplished by placing
diffraction gratings in apertures above and below the spec-
imen plane of a TEM operated in scanning TEM (STEM)
mode. The small deviations of the lens and aperture positions
from the nominal STEM settings allow us to maintain the
high resolution imaging capabilities afforded by the TEM
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FIG. 1. (a) Diagram for 2GeMZI showing definitions of the different transverse planes as well as labels for the transverse wave functions
in each plane, the magnetic lenses (L1, L2, L3), gratings (G1, G2), and beam-defining aperture A(x) are also shown. The three different images
depict the three cases of when the different gratings are inserted or removed. The position of the second grating relative to the beam is denoted
as x;. (b) Diffraction efficiencies of G1, measured when G2 is removed. (c) Diffraction efficiencies of G2, measured when G1 is removed.
(d) Measured output intensities of the 2GeMZI for different relative grating shifts normalized to maximum output intensity. (e) Simulated

output intensities of the 2GeMZI for different relative grating shifts.

while retaining the precise interferometer alignments. To
demonstrate the phase sensitivity of the 2GeMZI we map elec-
trostatic potential differences in the vicinity of both grounded
and charged silver nanorods and demonstrate quantitative
nanoscale phase imaging of a spherical latex nanoparticle.

II. THEORETICAL DESCRIPTION OF ELECTRON
INTERFEROMETER

In this electron interferometer, nanoscale diffraction grat-
ings are used as amplitude-dividing beamsplitters and the
standard TEM imaging optics are used to separate, scan, and
recombine the beams. An illustration of this system can be
seen in Fig. 1(a) where successive transverse planes are de-
fined in relation to the previous plane by Fourier transform.
The first beamsplitter in the interferometer is a grating (G1)
in the x plane. The electron beam then passes through a lens
(L1) that focuses and projects path path separated probes at
the specimen, the k plane. The second lens (L2) projects an
image of GI onto the second grating (G2) in the x’ plane.
Finally, the third lens (L3) projects the discrete outputs of
the interferometer into the k’ plane at the detectors. Here we
describe how the evolution of the electron wave function can
be modeled throughout the interferometer.

The evolution of an electron wave function propagating
through free space, neglecting spin, can be described by the
Schrodinger equation with relativistic corrections. In a typical
TEM with a field emission electron source, electrons are ac-
celerated to beam energies of 40 to 300 keV with a 500 meV
energy spread and the electron beam has very small beam
divergence [38]. The evolution of electron wave functions can
therefore be modeled using Fresnel and Fourier optical theory
[39], consistent with the Schrodinger equation while assuming
the electrons are largely quasimonochromatic, noninteracting,
and collimated.

An electron wave function passing near or transmitting
through an object can accumulate phase shifts and amplitude
losses. In the weak phase approximation [39], these effects
are proportional to the longitudinal extent of the interaction,

e.g., the thickness of the material. This can be described by
a complex index of refraction n = o Vi, + iy, where o =
2mwme)/h? is the object-independent interaction parameter
for a free electron with relativistic mass m and de Broglie
wavelength A, Vi, is the mean inner potential of the material,
and y is a material-dependent decay coefficient that models
coherent amplitude loss due to high-angle scattering. We use
this complex index of refraction model to describe both the
diffraction holograms we employ as beamsplitters and the
specimens we image.

The transverse electron wave function incident on the input
grating of the interferometer is assumed to be a plane wave
with an outer edge defined by an aperture wi{nl}(x) = A(x).
When transmitted through a grating the wave function is mod-
ified by its transmission function

lﬂ(l)(x) — A(X)eim'(x),

out

ey

where ¢, (x) is the periodic thickness profile of the grating. For
a straight grating with pitch p; and diffraction wavevector
k, =2n/p;, we can expand Eq. (1) by the Fourier series
representation of the exponential term

Yo () = Ax) Y cllle™, @)
n
where the Fourier coefficients are given by
1 [~ N
Cil} —_ di eml1(x)—1n|k1|x (3)
P1 Jo

where ¥ is the 1d direction of the grating pitch. The unnormal-
ized probes in the far-field after G1, focused in the back focal
plane of the L1, can be expressed as

YO k) oc Y eMAK - nky), @)

where A is the Fourier transformed A. Upon propagation to the
x’ plane the wave function wlf) is exactly an image of 1//(;1“) If
G2 is allowed to translate by an amount x;, then the output of
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the second grating is

3 2 R
1//(§u[)(x ) x A(X ) Z 1}* { 1n 'Ky (X Xy) inky-x , (5)
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where c!*! and k; are similarly defined for the second grating.
When the image of the input grating is projected onto the
output grating with the same pitch and orientation, i.e., kg =
k; = ky, the wave function in final k’ plane can be written as

YK « Z c! “nko% Ak — (n—n)ko).  (6)

The output of the interferometer is divided into distinct
m = n — n’ diffraction orders. Using this to reindex the double
sum, we can write Eq. (6) as a sum of output diffraction
orders

YA (K)o Z (Z e

= Z va (). (7

me—i(n—m)kwx(’)g'(k/ _ mk0)>

When the gratings are symmetric and put a majority of the
transmitted intensity into the =+1st diffraction orders, i.e.,
[ct1] 3> |cju21] and |c41| = |c—1], then the Oth output diffrac-
tion order where n = n’, up to a global phase, is

sV ) oc elTeP (1 4 e PRONAK) - (®)

If the probes are allowed to scan in the specimen plane,
k — k + k;, while passing through some electrostatic po-
tential V(k, z), we can use the weak phase approximation
and write the phase accumulated by each probe as being
proportional to the projected potential along the z direc-
tion ®(k) = o f dzV (K, z). Incorporating the phase due to
a potential, the Oth order output of the interferometer is
approximately

YK o (14 e ®XNAK), ©9)

where the total phase difference between the two highest
intensity probes is

p(ks, X5) = — 2Ko - Xg + @(k; — Ko) — (K, +Ko). (10)
We should note that the static potential V can have contribu-
tions that extend into the vacuum region due to the build up of
surface charge on a material as well as inside materials from
the mean inner potential as was defined in 7.

III. CONSTRUCTION OF INTERFEROMETER

Two arrays of 350 nm pitch, 30 um diameter binary phase
gratings were each nanofabricated onto a 250 x 250 pm?, 30-
nm-thick, free-standing Si;N; membrane using focused ion
beam (FIB) gas-assisted etching [40]. To aid with alignment,
the gratings were patterned at multiple orientations in a 6 x 6
array. In an image-corrected 80-300 keV FEI Titan TEM, one
grating array was installed in the second condenser aperture
and used as the first grating G1. The second grating array was
installed in the post-specimen selected area aperture as the
beam-combining grating G2. Both of these grating apertures

only take one of many aperture slots, so their installation
does not impede the conventional functionalities of the TEM.
The TEM was operated at 80 keV in STEM mode with ap-
proximately a 1 mrad convergence angle. An independently
positionable circular aperture at the third condenser lens was
used to select the output of a single grating out of the widely
illuminated array of gratings. The diffraction orders created
by the selected input grating were focused to narrow probes
at the sample, the k plane. The lenses were used in free lens
control with assistance of the “Lorentz” lens in the image
corrector to form a correctly magnified, oriented, and in-focus
image of G1 onto G2. Finally, the post-G2 projection lenses
were used to image the far-field diffraction pattern from both
beamsplitters onto the detectors at the bottom of the TEM
column. The relative grating shift parameter x;, was controlled
by the diffraction alignment coils in the image corrector that
shifted the image of G1 relative to G2 allowing for arbitrary
relative phase shifts between the two specimen plane probes in
the interferometer output. The k plane probes at the specimen
section could be set to have up to 1 pm separation between
the +1 probes, however the spot size increases proportionally
with the probe separation. Using these beamsplitter gratings,
the ratio between separation between the paths and the width
of the probes is approximately 20.

The magnitude of the {c 1} and {c 1 Fourier coefficients
were measured by inserting only one of G1 or G2 at a time
while collecting an image of the probe intensities with a
scintillator fiber-coupled CCD. A single diffraction order was
integrated and divided by the total integrated intensity to de-
termine normalized diffraction efficiencies |c,{11}|2 and |cjf}|2;
the measured grating outputs are shown in Figs. 1(b) and 1(c).
Ideally, the gratings would be perfect binary gratings with
50% groove duty cycle with up to 40.5% of the transmitted
intensity going into the £1 probes. However, edge rounding
and nonideal duty cycles from nanofabrication with a finite
width ion beam as well as over and under milling from the
ideal groove depth caused deviations from the optimal diffrac-
tion efficiency. Even so, we were able to achieve dominant £1
coefficients allowing for efficient two-beam scanning in the
2GeMZI.

With G1 and G2 both inserted, we collected CCD images
of the output beams for different values of x;, by tuning
the previously mentioned diffraction alignment coils. The
measured output intensities are in good agreement with the
expected result, Figs. 1(d) and 1(e). Without the presence of
an electrostatic potential, the intensity of the Oth order inter-
ferometer output is expected to be proportional to the modulus
square of Eq. (9), i.e., sinusoidal in the argument kg - x;,. We
see this dependence in the experimental data, but it is also
accompanied by a beating at half the spatial frequency Ko/2.
This amplitude beating is caused by a combination of grating
duty cycle mismatch and contributions of the higher order
terms from the sum of probe coefficients and is confirmed
in the simulations that use simulated grating groove profiles
that produce the experimentally measured far-field diffraction
patterns in Figs. 1(b) and 1(c). Due to these higher order
effects, the fringe visibility V = (Inax — Imin)/(Imax + Imin) 18
V = 0.76 when the output is aligned for maximally destruc-
tive interference and ¥V = 0.82 when aligned for maximally
constructive interference. The maximum theoretical fringe

043009-3



JOHNSON, TURNER, AND MCMORRAN

PHYSICAL REVIEW RESEARCH 3, 043009 (2021)

visibility V =1 can be approached through the continued
improvement of gratings.

Scan and descan coils can be used to raster both beams
across a scan region up to three times the probe separation
while keeping the electron interference pattern (the image of
G1) stationary on G2, ensuring the interferometer output was
constant while beams were scanned across a flat phase re-
gion. The scan/descan system is independent of the diffraction
alignment used to control x{], so the relative phases between
the interferometer probes remains constant throughout the
scan. While scanning, a bright field (BF) monolithic detector
can be inserted such that it is illuminated by only the Oth
interferometer output order. With this configuration we can
perform direct phase imaging with the 2GeMZI. The relative
phase between the probes at any scan position in the speci-
men plane K, can be reconstructed from the intensity of the
interferometer output

Ik, xp) ~ (IEV)[1 + Veos (p(ky, xp). (11

It should be noted that phase shifts due to path length differ-
ences during the scan certainly exist, but are much smaller
than the longitudinal coherence length, which for 80 keV
electrons with a 500 meV energy spread is on the order of
a micron. Throughout a scan, the scan/descan coils maintain
the path length difference within a fraction of the electron’s
wavelength, as can be seen in flat intensity of the large vacuum
scan region of Fig. 2(a), and so we can safely neglect this
contribution to the relative probe phase.

IV. ELECTROSTATIC POTENTIALS IN THE
INTERFEROMETER

One application of the 2GeMZI is mapping electrostatic
potentials in real-time. In the last 30 years, quantitative poten-
tial maps measured with electron holography have been used
to accurately determine charge distributions of nanoscale de-
vices [41,42]. However streamlined this method has become,
it still requires image post-processing or proprietary live
analysis software [43,44]. While the high spatial and phase
resolution of electron holography cannot yet be matched by
the 2GeMZI in this initial demonstration, the interferometer
provides a live interpretation of the electrostatic potential,
whereas electron holography requires post-scan image pro-
cessing. Each pixel’s intensity indicates the electrostatic
potential difference at the two probe positions in the speci-
men plane. Here we use the 2GeMZI to show the fringes in
raw interferometric BF images of a grounded and insulated
vertical nanorod.

We fabricated two 550-nm-tall vertical silver nanorods sur-
rounded by a vacuum window; one with a conductive lead to
ground and the other electrically insulated such that it would
support a surface charge throughout an imaging scan (see
Appendix for the sample fabrication details). This device was
inserted in the specimen plane of the 2GeMZI which was ad-
justed to have a larger path separation of 500 nm with a probe
size of about 25 nm. We recorded interferometric BF images
over a scan region of 1.5 x 1.5 pum? of the grounded and
insulated nanorods shown in Figs. 2(a) and 2(b). The electric
potential from the semiconductor nitride substrate cantilever
and the grounded nanorod was small; as shown in Fig. 2(a),

T Imax

Imin

FIG. 2. Bright field (BF) STEM images showing the interfer-
ometer output spatially oscillating between the intensity minimum
and maximum for (a) grounded vertical Ag nanorod, (b) insulated
vertical Ag nanorod. Insets are STEM HAADF images of each
nanorod. [(c) and (d)] Simulated 2GeMZI output for two probes
passing through a 1/r electrostatic potential where (d) has 10 times
the charge of (c). [(e) and (f)] Same as (c) and (d) but with a horizon-
tally elongated Gaussian included with the potential to simulate the
increased induced charging by the incidence of the higher diffraction
orders. Insets in (c)—(f) are the projected potentials used to create the
simulated images. All scale bars are 100 nm.

the interferometer output was only modulated close to the sur-
face of the nitride and the relative phase between two probes in
the vacuum region far away from the object is constant. How-
ever, the electrically insulated nanorod charged when exposed
to the beam until reaching a static surface charge, creating a
larger static potential. The resulting interference fringes for
the probe potential differences can clearly be seen far into
the surrounding vacuum region, as shown in Fig. 2(b). Close
to the nanorod, the larger gradient in electrostatic potential
induces a phase that varies within the width of the probes,
resulting in a loss of fringe visibility.

We use a 1/r potential to approximate the nonlinear mono-
tonically decreasing behavior that is expected surrounding a
charged vertical nanorod [Figs. 2(c) and 2(d)]. In the experi-
mental interferometric BF images, there is elongation in the
probe separation direction that is not shown in this simple
model, but this can be explained by an increased surface
charge on the nanorod when the higher order probes (m # £1)
are incident on the specimen. Including a Gaussian back-
ground to the 1/r potential elongated in the probe separation
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direction to account for this increase in surface charge creates
an interference pattern that is qualitatively consistent with the
experimental images [Figs. 2(e) and 2(f)].

This initial demonstration shows that the 2GeMZI is sensi-
tive to differences in electrostatic potentials at the locations
of the two probes: spatially varying electrostatic potentials
impart a phase to the specimen probes and the phase differ-
ence modulates the intensity at the BF detector. With moderate
improvements, the real-time interferometric BF images can
provide nanoscale maps of the static projected potential with
higher phase resolution. Some challenges still need to be
overcome to achieve quantitative real-time potential mapping,
especially for determining static charge distributions. First,
is to ensure the static charge is independent of the scanning
probes which can be accomplished with adequately grounded,
conductive materials. Second, is to limit the samples of in-
terest such that the spatial extent of the potential does not
extend over multiple probes. This ensures there is a reference
probe and a measurement probe with a phase difference that
is directly proportional to the projected potential. This second
point can be relaxed with a careful analysis and full under-
standing of the accumulated relative phases between all the
probes as they are scanned into the potential. Third, smaller
probe sizes must be used to probe potentials with large spatial
gradients.

V. QUANTITATIVE PHASE IMAGING OF
A LATEX NANOPARTICLE

To demonstrate an example of quantitative phase imaging
with the 2GeMZI, we imaged polystyrene latex spheri-
cal nanoparticles on a suspended single layer of graphene.
Polystyrene latex has a well-characterized mean inner po-
tential, V[Lai;f" = 8.5£ 0.7 V [45], and small amplitude decay

coefficient, '@ a2 (0. We use a nanosphere with a diameter of
60 nm. The ratio of probe size and separation is fixed, but can
be simultaneously tuned by changing the lens magnification
settings. Here the 2GeMZI was tuned for a probe separation of
92 £+ 2 nm and a focused beam width of approximately 5 nm
such that one of the two 2GeMZI probes could be scanned
through the nanosphere while the other passed through uni-
form graphene in the specimen plane (Fig. 3). The phase
imparted by the graphene is expected to be about 45 mrad
[46]. Individual atoms are not resolvable at the resolution in
this initial demonstration, so we treat the sample as a homo-
geneous latex sphere with a small uniform phase background.
Another benefit of the graphene substrate is that it efficiently
alleviates charge, allowing us to disregard extraneous static
fields due to sample charging and only consider the mean
inner potential from the latex as the source of the probe phase
shift. Due to the size of the nanoparticle in comparison to the
large probe separation, the elimination of electrostatic fields,
and the negligible decay coefficient of latex, we can assume
the phase difference between the two probes is

oKy, X)) = — 2ko - X) + oV (k). (12)
The first term, 2K - Xé, is due to the interferometer align-
ment and the last, onf}ifxtsph(ks), is the phase accumulated

by the probe passing through the sphere of projected thick-
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FIG. 3. HAADF and 2GeMZI BF image scans of a latex
nanoparticle both from (a) simulation and (b) experiment. The rows
display (i) the HAADF image, the 2GeMZI image aligned at the
maximally (ii) constructive (magenta) and (iii) destructive (blue)
interferometer output, and (iv) the respective line profiles. The ex-
perimental cross section [b(iv)] shows a raw cross section (thin line)
and the radially averaged signal (thick line). All scale bars are 10 nm.

ness fpn(K) at the scan location k. The latex spheres were
interferometrically imaged by scanning the probes over a
100 x 100 nm? scan region while the Oth order interferometer
output was recorded by the BF detector.

We recovered the phase image of the 60 nm diameter latex
nanoparticle from two interferometric BF images, one with
the interferometer initially aligned for maximally constructive
Oth order output, 2K - x;, = m [Fig. 3(ii)] and one aligned
for destructive output 2k - x; = 0 [Fig. 3(iii)]. To map each
pixel’s intensity onto a phase, we first find the center of the
nanoparticle and take an azimuthal average of the intensity
to exploit the particle’s symmetry. This provides an intensity
line profile across the nanoparticle and graphene from the con-
structive and destructive interferometric images [Fig. 3(iv)].
Exploiting the phase continuity of the spherical nanoparticle,
we note that the phase should be monotonically increasing
from the graphene substrate to the center of the nanoparticle.
We set the phase of the graphene substrate to zero, as a
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FIG. 4. Reconstructed azimuthally averaged phase images of a

latex nanoparticle from the raw 2GeMZI BF images with (a) con-

structive alignment (magenta) and (b) destructive alignment (blue).

The simulated outcome (c) is also shown. (d) The experimental

and simulated cross-sections of the reconstructed particle phase with
shaded regions to show the error. All scale bars are 10 nm.

reference. Using the co-sinusoidal relation between phase and
intensity found in Eq. (11), we map the intensity profile to a
phase profile. From these radial phase profiles, we reconstruct
a phase image of the particle, as shown in Fig. 4.

Using the experimental Fourier coefficients which define
each grating, a 5 nm spot size, 100 nm probe separation
and assuming the nanoparticle is a perfectly spherical phase
object, we simulate the expected intensity output in the BF
detector when the positive first order probe interacts with the
sample for both alignment schemes [Fig. 3(a)]. The simulated
intensity profile is then mapped to phase using the same
mechanism as described above. The experimental phase pro-
files undershoot the simulated results [Fig. 4(d)] because the
nanoparticle’s amplitude decay coefficient is not exactly zero.
The discrepancy between the constructively and destructively
interfering experimental results can also be attributed to the
amplitude decay. Decoupling the amplitude loss and imparted
phase is a subject of ongoing work. The experimental phase
profile of the nanosphere is slightly wider than the simulated
results, due to the large probe size and the induced charging
effects.

VI. DISCUSSION

The 2GeMZI achieves qualitative real-time phase imaging
and quantitative phase recovery providing a platform for low-
dose imaging, interaction-free measurements, subnanometer
live phase imaging, and experiments probing the Aharonov-
Bohm effect.

A phase resolution of o, = 240 mrad has been achieved;
the phase precision could be improved with enhanced grat-
ings, a smaller probe size, longer exposure times with efficient
charge alleviation, or a lower noise BF detector. Another
benefit of an improved detector is that the 512 x 512 pixel
image, 1 Hz frame rate of this initial demonstration can
be significantly increased. At the single electron detection

level, with improved grating efficiency [40], and a high frame
rate, unambiguous interaction-free imaging could be realized;
these improvements have already been shown individually, so
incorporation into the 2GeMZI is not an insurmountable task
and would significantly improve our previous demonstration
of interaction-free measurements with electrons [5].

Considering grating-based STEM holography achieved 30
mrad phase and subnanometer spatial resolutions [47], there
is promise for atomic resolution phase imaging with this tech-
nique, but in real-time without image post processing. The
spatial resolution of the 2GeMZI is limited by the focused
probe width, which is tunable by selecting different conver-
gence angles using the lens system. Subnanometer resolution
can be achieved in our device with a smaller grating pitch and
larger aperture diameter. The limiting factor in this case is the
stability of the scan/descan coils in the microscope keeping
the image of G1 on G2 stationary to within a small fraction of
the grating pitch throughout an imaging scan, making it diffi-
cult to reach a sufficient probe separation with subnanometer
probes. The 1 um that was demonstrated here could be safely
improved by up to a factor of 2 without a loss of efficiency by
decreasing the grating pitch.

It has been shown that the path separation between the
probes from a grating interferometer can be increased by
more than order of magnitude by the inclusion of biprisms
in intermediate planes, between the x and k planes [48].
Although this would require a highly specialized microscope,
such large path separations would allow for a more isolated
reference beam for phase imaging and could more readily
enable fundamental experiments such as testing the limits of
the Aharonov-Bohm effect [49] and decoherence theory [10].

VII. CONCLUSION

We constructed a scanning, path-separated, two-grating
Mach-Zehnder interferometer for free electrons by employ-
ing two nanofabricated diffraction grating holograms in a
conventional TEM. Although each figure of merit can be
tuned or improved, the initial implementation shown here
has an interference contrast of 82%, a path separation of up
to 1 um, a demonstrated phase resolution of approximately
oph = 240 mrad, and an output current on the order of tens of
picoamps. We qualitatively showed that the 2GeMZI is sensi-
tive to phase shifts due to electrostatic potentials in vacuum
by imaging the potential differences around both grounded
and insulated silver vertical nanorods. We then quantitatively
recovered the phase of a polysterene latex nanoparticle on
graphene. The 2GeMZI is particularly impactful in free elec-
tron interferometry due to its tunable probe separation, the
accessibility of individual paths, the ability to arbitrarily apply
phase shifts between separate paths, its scanning capabilities,
and the real-time phase information at the nanoscale.

With incremental improvements in grating beamsplitters
and detectors, the 2GeMZI could be used for interaction-
free electron imaging [6,7], low-dose STEM imaging [50,51],
nanoscale magnetic imaging [52], fundamental quantum
physics experiments such as the Aharonov-Bohm effect [4],
and furthering decoherence theory [53,54]. Subjects of ongo-
ing work are decoupling the imparted phase and amplitude
loss, enhancing the contrast at the detector, and improving
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the spatial and phase resolution. Due to the flexible design
and broad applications, the 2GeMZI is uniquely positioned in
electron microscopy to open doors to subnanometer electron
interferometry and low-dose, high-resolution microscopy.
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APPENDIX: VERTICAL NANOROD FABRICATION

Using a Ga™ FIB operated at 30 keV with a 7.7-pA beam
current, we fabricated vertical silver nanorods on a nitride
cantilever from a 100-nm-thick silver film thermally deposited
on a 50-nm-thick Si3zN4 membrane in the following steps.

(1) Mill completely through silver and nitride forming
cylindrical silver bead along nitride tether.

(i) Mill only through silver defining bottom edge of
nanorod, optionally leaving a small lead of silver between the
rod and the film.

(iii) Mill completely through silver and nitride defining
top edge of rod and nitride cantilever.

(iv) Flip membrane over and raster FIB over the bare ni-
tride section of cantilever to induce bending until the nanorod
is vertical, normal to the silver film and nitride membrane
[55].

These nanorods were fabricated with a clear vacuum region
around the rods for easy access for imaging in the 2GeMZI.
One of the two nanorods was given a small lead to ground

@iv)

FIG. 5. (a) Vertical silver nanorod FIB nanofabrication steps
(1)-(iv). (b) SEM micrograph at 52° tilt after fabrication steps (i)—
(iii). SEM micrographs after fabrication steps (i)—(iv) imaging from
bottom of membrane at (c) 0° and (d) 52° tilt. All scale bars are
200 nm.

to the rest of the silver film, while the other was electrically
insulated by removing all of the silver between the nanorod
and the film. An illustration of the fabrication process can
be seen in Fig. 5(a) accompanied by scanning electron mi-
croscopy (SEM) micrographs displaying the sample geometry
and orientation, Figs. 5(b)-5(d).
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