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In this work, we have explored the factors which govern mean free path values obtained from off-axis electron
holography measurements. Firstly, we explore the topic from a theoretical perspective, and show that the mean
amplitude reconstructed from off-axis holograms is due to the coherent portion of the direct, central object-
transmitted beam only - it is not affected by the presence or absence of other scattered beams. Secondly, we
present a detailed experimental study which compares mean free path values obtained from hologram sideband,
centreband, EELS, and TEM measurements as a function of optical collection angle and energy-loss-filtering.
These results confirm that the coherent portion of the direct beam defines the mean amplitude, and addition-
ally show that the coherent portion corresponds to the conventional energy-filtered signal (with threshold 5 eV in
this work). Finally, we present summary measurements from a selection of different materials, and compare the
results against a simple electron scattering model. This study reinforces the claim that the mean amplitude is
defined by the energy-filtered direct beam, and confirms that the contributions of elastic and inelastic scattering
to the total mean free path are broadly in line with theoretical expectations for these different materials. These
results in aggregate indicate that neither experimental collection angles nor enhanced sensitivity to low-loss
phonon scattering affect the mean amplitude signal arising from off-axis holography reconstructions, nor the
associated mean free path values which are derived from this mean amplitude.

1. Introduction

In electron microscopy, the mean free path (MFP, 1) is a useful
parameter that describes the probability of specific scattering events
occurring as the electron beam traverses the specimen (Egerton, 2011).
Equivalently, it can be considered as a decay constant describing how
the electron wave is attenuated as it travels through the specimen. Ul-
timately, it embodies the effective thickness of the specimen as seen by
the beam electron, and the contrast of the resultant image - for a given
accelerating voltage and sample thickness, a material with a short MFP
will show high contrast, and vice versa.

However, it is well known that measured MFP values vary with
experimental settings, particularly the collection angle. With this in
mind, it would be more appropriate to qualify the term MFP with the
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details of the specific scattering event or experimental detection
threshold under consideration. For example, the MFP for scattering
events which result in a primary electron energy loss in excess of a
certain threshold, the MFP for electron scattering beyond a certain
angle, or the MFP between scattering events which cause complete loss
of coherence with a specified reference wave, and so on.

MEFPs can be derived from off-axis holography amplitude images, and
utilized to great effect for quantitative specimen thickness mapping, as
shown in the seminal work of McCartney and Gajdardziska-Josifovska
(1994). However, the optical configuration and underlying physics is
rather different to conventional, intensity-based measurements. In
general, experimental measurements of MFP from off-axis holography
show quite a lot of variability, and frequently differ from (are shorter
than) corresponding measurements utilizing more commonly employed
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techniques like EELS (lakoubovskii et al., 2008; Lubk et al., 2014; Gan
et al., 2015; Chung et al., 2007; Pantzer et al., 2014; Cassidy et al.,
2017). A tabulation of previously published MFP measurements and
calculations for different materials has been published by Kern et al.
(2016). To illustrate the point, a brief (non-exhaustive) survey of the
literature for silicon MFPs at 200 kV (Pantzer et al., 2014; Chou and
Libera, 2003; Twitchett et al., 2003; Cooper, 2016; McCartney et al.,
1994), yields holography values ranging from 85 nm to 160 nm.
Furthermore, holography values are frequently compared against
experimental values and theoretical estimates from EELS, but the rela-
tionship between these different techniques is not entirely clear.

For off-axis holography specifically, detailed studies have been
conducted on the effect of the collection aperture upon MFP measure-
ments and how this can be related to elastic and inelastic scattering
cross-sections (Lubk et al., 2014; Kern et al., 2016). It has also been
proposed that, as electron holography is an interferometric technique
which depends sensitively upon the coherence of the electrons, that even
electrons which have undergone extremely low energy-loss scattering
events are rejected from the reconstructed amplitude (Wang, 1993,
2003; Lichte and Lehmann, 2007). Thus, it is proposed that holography
may reject many additional electrons (such as phonon-scattered elec-
trons) from the reconstructed amplitude image, which are not rejected
from images created via more traditional methods. This could be a
plausible explanation for why holography amplitude images show much
higher contrast (i.e. shorter mean free paths), than more conventional
images or spectroscopy.

While we do not explicitly exclude these effects, we propose that an
intrinsic difference in off-axis holography acquisition and data pro-
cessing, in comparison to standard intensity-based methods, must first
be taken into account. In short, we suggest that the holography process
of reconstructing a dominant carrier frequency from an interferogram,
means that the derived MFP is governed by the coherent portion of the
direct, forward-scattered beam, only. We will introduce theoretical ar-
guments and experimental data in support of this statement in the
following sections.

The distinctive attributes of holography-based MFP measurements,
in contrast to other MFP measurements, were originally observed in our
prior investigations on CdTe (Cassidy et al., 2021) and motivated this
dedicated study. We have extended the prior work by providing a
theoretical explanation of the underlying wave interference and recon-
struction phenomena, and further experimental measurements and
calculations on different materials.

It is important to mention that MFP measurements are highly sus-
ceptible to fluctuations associated with dynamical diffraction effects, as
is well known. Only measurements executed on thin, weakly diffracting
(amorphous, or off zone-axis crystalline) specimens will yield stable
MEP values that may be reliably related to the specimen thickness. This
is true for all of the electron beam techniques mentioned in this paper.
However, in this work our focus has been to elucidate the unique factors
which govern the off-axis holography mean amplitude values, and
explain how they differ from other techniques. Thus, while we took care
to employ weakly diffracting conditions in our experimental measure-
ments, otherwise we do not explicitly investigate dynamical diffraction
effects in this paper. While outside the scope of this current paper, we
stress that in general it is a topic of central importance — dynamical
diffraction effects must always be carefully considered for reliable and
quantitative mean free path and associated thickness measurements.

2. Theory
The ratio of sample thickness t to 4, the “effective thickness”, for an

electron beam passing through a sample can be measured based on log-
ratio methods with the general form

t Iob'
S= (- 1
7 %m) W
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where Iop; is the measured electron beam intensity averaged over a large
uniform sample area and I, is the intensity through vacuum. The MFP
value is thus determined by the intensity lost as a beam travels through a
sample of defined thickness. There are various mechanisms by which
electrons can be considered to be ‘lost’ from the object-transmitted in-
tensity signal, depending on the imaging mode and experimental set-
tings being employed. This point is central to the theme of this paper.

2.1. Wave interference

To analyze intensity and holography based images, we must consider
the basic electron wave interference in the different microscopy modes
being utilized.

For interfering wave pairs of the general form

w; = Ajexp(i(k;x + wjt)) @

(with wavevectors k; and angular frequencies j), the associated inter-
ference pattern is mathematically described by

L= |y, +wil’ = A7 + A} + 24/A,c08(Ady; ) 3)

where Agjx = (kj — ki) - x + (wj — wi)t. We are not considering any
experimental or detection limitations as yet. The first two steady-state
terms contribute the mean intensity, while the last (cross) term arises
from interference between the waves and contributes oscillating fringes
only. If this intensity signal is averaged over a large uniform area, the
cross-term will average to zero and will not contribute to the mean in-
tensity value. This can be represented as:

Iy = A7 + A 4

As more waves are considered, each additional wave will contribute
a corresponding steady-state term, increasing the mean intensity. By the
use of apertures or energy filters, the detected mean intensity can be
changed. Therefore, for intensity signal-based MFP measurements such
as TEM imaging, changes in the collection angle or energy filtering will
directly affect the mean free path measurement. Thus, MFPs determined
from TEM intensity measurements are a function of collection angle and
energy filtering Atgm = Atem(a, AE).

For off-axis electron holography, the situation is quite different. We
begin the discussion by introducing the vacuum case (without a spec-
imen inserted), allowing the optical configuration and relevant termi-
nology to be introduced, as shown in Fig. 1. In this case, the interference
pattern can be represented in the form

Iy = AT + A3 + 2p, ,A1Ascos (A, ) (5)

where 1,2 subscripts refer here to vacuum waves in the left and right
arms of the interferometer. The first two terms represent the centerband
(CB) in the Fourier transform of the hologram while the last term rep-
resents the sideband (SB). The SB fringe pattern oscillates at a carrier
frequency q., resulting from the interference of the direct waves which
passed on either side of the biprism. y; 5 is a damping factor, ranging
from O to 1, and is referred to as the fringe contrast or visibility. It de-
scribes purely instrumental factors which reduce the fringe contrast,
such as the effect of the finite electron source size (spatial coherence)
and energy spread (temporal coherence), as well as mechanical stability
and detection efficiency. Eq. (5) has been represented graphically in
Fig. 1(b). The central point is that the steady-state (squared) terms
define the mean signal, while the interferometric term oscillates about
zero and does not directly affect the mean value.

Eq. (5) is entirely valid in vacuum, as it considers the two parallel
waves on object and reference arms of the interferometer. However, it is
not strictly correct when an object is present, as the object introduces
additional scattered beams at different angles and additionally, causes
some loss of coherence. Both of these factors must be suitably accounted
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Fig. 1. Introduction to the optical configuration and intensity pattern produced in off-axis holography. This figure depicts the vacuum case, with no specimen
inserted into the beam path, and is described mathematically by Eq. (5) in the main text. (a) Ray diagram showing the paths of vacuum waves in the respective arms
of the interferometer. Owing to the deflection by the biprism, the different waves appear to originate at different points (P,Q) in the back focal plane. This vacuum
case is important in that it introduces the underlying instrumental factors and reference interference pattern, before we proceed to introduce a scattering object into
one arm of the interferometer in Fig. 2. (b) The intensity pattern at the detector is composed of steady state (squared) terms, which define the mean intensity signal,
and a cross, interference term which oscillates about zero and does not affect the mean intensity, as described in Eq. (5).

for in the mathematical description. The introduction of an object into
one arm of the interferometer is shown in Fig. 2. In this case, we refer to
the vacuum reference wave as yyac, and use the j, k indices for the
various object waves. This is the situation depicted in Fig. 2(a). The
number of object waves j, k which contribute to the hologram will
depend upon the collection angle (aperture) of the microscope, as is
apparent in the diffraction patterns shown in Fig. 2(b-c). These
diffraction patterns provide a very direct experimental visualization of
the constituent waves which are contributing to the hologram.

Considering the beam configuration shown in Fig. 2, the hologram
intensity in this case can be written as

Li=A4% + ZAJZ + ZAjz(iC) + Zﬂj,kAfAkCOS(A¢j.k)
J J J#k

D M AvacAcos(Agy,, ) 6
J

This is a somewhat simplistic representation, but is quite adequate in the
context of describing mean amplitudes and intensities, which is the main
focus of this work. We will assess the validity of this representation in
the Sections 3 and 4.

In Eq. (6), the first four terms represent the centerband (CB) while
the last term represents the sideband (SB). Regarding the terminology
and definition of coherence in Eq. (6), we treat amplitude terms that
contribute to both the centreband and sideband as coherent (and denote
by Aj), and those that contribute only to the centreband, as incoherent
(and denote by Ajc)). These respective contributions are experimentally
well-defined and can be readily extracted from experimental off-axis
holograms, by careful inspection of the centreband and sideband sig-
nals. We do not yet comment on the physical factors which govern this
coherence or incoherence - that will follow later in Sections 3 and 4.
Further details on the definitions and underlying assumptions are
included in Section S1.

In typical hologram reconstructions, a numerical aperture is placed
about the SB (removing all the CB terms) and the carrier frequency q. is
subtracted everywhere to center the SB in Fourier space. As there is a
specimen inserted, the dominant carrier frequency signal q. is created by
interference of the vacuum wave yy,., and the object direct beam, which
we shall specifically designate as ygi;. The amplitude of the coherent
portion of the direct, object transmitted wave is thus denoted Agj;.
Having isolated the sideband and translated it to the origin in Fourier
space, an inverse Fourier transform is then performed to complete the
reconstruction. The signal at the origin of the Fourier transform defines
the mean of the reconstructed signal, while any other frequencies within
the aperture retain an oscillatory character in the reconstructed signal.
Averaging over a finite spatial area, the mean intensity of the recon-
struction is therefore

<1h0]0 recon > = ﬂVaC,diHAvacAdir (7)

where the angle brackets indicate that the intensity is averaged over a
uniform area, such that any non-zero frequency terms average to zero.
When normalized to the vacuum intensity, the effective thickness from
holography SB reconstructions is thus

4 Adir
= -2l 8
/‘,'holo 8 (Avac) ( )

where the factor of two accounts for the presence of amplitude terms
rather than intensity. Therefore, the MFP determined through off-axis
holography SB reconstructions is only governed by the direct, object-
transmitted beam, as described by Agi,. Due to this, Ao is indepen-
dent of the collection angle used while recording the hologram. Based on
our definition introduced in Eq. (6), Aqj; refers to only that portion of the
direct beam which has retained coherence (contributes to centreband
and sideband, as observed experimentally). This topic is addressed
further in Sections 3 and 4, where the correlation between energy loss
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Fig. 2. Hologram formation in terms of interference of multiple discrete waves. (a) Schematic diagram showing the waves which are considered in the accompanying
mathematical treatment, particularly Eq. (6). In comparison with Fig. 1, in this case there are now multiple beams in the object arm of the interferometer, arising
from scattering with the object, and their quantity can be controlled by choice of objective aperture diameter. (b—c) Experimental diffraction patterns acquired with
the specimen, objective aperture and biased electrostatic biprism inserted into the optical path. That the reference and object waves appear to originate at different
regions of the back focal plane (P, Q) can be directly visualized. These diffraction patterns provide direct proof that the multibeam formalism described in the main
text is genuinely representative of the physical waves propagating in the microscope. In (b), a small aperture has been inserted which allows only the direct beams, in
vacuum and object arms, to pass. In (c), a slightly wider aperture has been inserted, allowing some additional diffracted beams to pass. Further information has been

included in Fig. S1.

measurements and centreband/sideband amplitude contributions
(coherence) will be discussed.

We have included a more detailed version of this whole derivation in
the Supplementary information (Section S1, S4). This utilizes a different,
more explicit notation and is more cumbersome, but allows a step-by-
step look at the full acquisition and reconstruction processes, and ex-
plains some of the approximations and assumptions that have been
utilized in more detail.

2.2. Mean free path definition in different optical modes

Having introduced the key difference between intensity-based
methods, and off-axis holography, there is another factor which must
be considered in the computation of mean free paths or effective
thickness. The raw output signal type and normalization conventions
differ between utilized techniques (such as TEM, EELS, or hologram
centreband). If we are to make a quantitative experimental comparison
between the results from these different techniques (as we will do in
Section 3, Fig. 3 and 4), we must handle this carefully. We summarize
our assumptions and definitions below.

For standard (unfiltered) TEM, the effective thickness equation, in
terms of mean free path, is as introduced originally in Eq. (1), namely:

(8) = ()

Next we turn to EELS AND EFTEM. For these techniques, the usual

convention is to normalize the energy-filtered/zero-loss peak signal
against the total object transmitted signal (Egerton, 2011). However, to
allow consistent comparison, we have instead normalized the signals
against the vacuum signal, to be comparable with the vacuum normal-
ized holography results. Specifically, we have used:

t Topifittered)

r — _ |p [ =Yfilered) 10
(l) EFTEM t < Ly (o

t Loptotal)

L — _p ([ —obitotah 11
(l) EELS (unfiltered) ( Lo an

t Lovj(fittered)

— = —|n| ———= 12
(ﬂ) EELS (filtered) < Lo (12

For Egs. (11)-(12), Iobjctotan refers to the total counts, and Ispjciltered)
refers to the zero-loss peak counts, respectively, in the EELS spectrum.

Next we consider the hologram centreband signal. The image is
similar to a normal TEM image, and can also be energy filtered, but the
presence of the additional background reference wave modifies the
contrast and thereby results in slightly different expressions:

(E) — _In 210hj(unl'illcrcd) _1 13)
A/ holoCB (unfiltered) Lyae

(5) — _n 210bj(fil(ered) 1 (14)
A/ holoCB(filtered) Lyoc
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Fig. 3. Variation of measured effective thickness, t/4, of a local region of an
amorphous silicon specimen, as a function of collection angle and energy-
filtering (AE = 0 + 5 eV), for different microscope modes (conventional TEM
intensity, off-axis holography centreband, off-axis holography sideband, and
EELS). All data was acquired at 300 kV and at room temperature. In the legend,
“HoloSB” refers to the amplitude signal reconstructed from the hologram
sideband, while “HoloCB” refers to the intensity-based measurement from the
hologram centreband. “ZLP” refers to the EELS zero-loss peak, and “Total” re-
fers to the total counts in the EELS spectrum. Slightly different equations were
applied to compute the effective thickness for the different modes, as explained
in detail in Section 2.2. All signals were normalized using the corresponding
vacuum reference value. Note that for the case of EELS, different convergence
and collection angles were used, so it is not a direct like-with-like comparison.

1 [ Experiment (energy-filtering)
| [ Experiment (holography amplitude)

aCarbon Diamond Silicon CdTe Pt-C
25 BN Experimental difference (Holo — AE)

Il Calculation (nuclear scattering)

Attenuation coefficient, 1/ (um™)

Diamond Silicon CdTe Pt-C

aCarbon

Fig. 4. Experimental measurements and theoretical estimates for attenuation
coefficients (reciprocal mean free paths), for a range of materials. All data was
acquired at 300 kV and at room temperature, with collection half-angle of
75 mrad. Thickness was estimated based on corresponding phase data. Strongly
diffracting conditions were avoided in crystalline materials. (a) Experimental
values for attenuation coefficients, based upon energy-filtering (5 eV) and off-
axis holography measurements. The difference between energy-filtering and
holography values shows a clear trend with the atomic number of the material.
We propose that this difference is explained by scattering of electrons, with
AE < 5 eV, out of the direct beam. (b) Here the difference in attenuation co-
efficients between holography SB and energy-filtered CB measurements has
been explicitly plotted, alongside a calculated value based on the Born
approximation for elastic scattering (Eq. (5.30) of Kohl and Reimer, 2008). The
material parameters were not well characterized, particularly for amorphous
carbon and the Pt-C mixture. For calculations, the amorphous carbon density
was estimated as 1.9 g/cm3, and in the absence of composition data, the Pt-C
calculation was based on pure Pt. It is not our intention to demonstrate a
perfect match, but rather to show that the order of magnitude and qualitative
trend are consistent with expectations.
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Finally, we consider the hologram sideband, as we derived in Section
2.1. There are two notable features in this case, as already introduced in
Egs. (6)-(8)). Firstly, the reconstruction process yields an amplitude,
rather than an intensity signal, necessitating an extra factor of two.

(%) holoSB 2In (f%) as)

Secondly, only Agjr, the coherent portion of the direct beam, contributes
to the mean amplitude, as we introduced in Egs. (6)—(8). In this respect,
it is clear that the holography sideband differs substantially from all of
the other preceding (intensity-based) techniques. We will quantitatively
compare experimental results from each of these techniques in the next
section.

3. Results

Having introduced some theoretical background, we proceed to the
experimental results. Our goals are twofold. Firstly, we wish to verify
that the simple multibeam formalism that we have utilized is valid, and
that the mean amplitude signal is indeed defined by the direct beam,
only, and is unaffected by the presence of other scattered beams. Sec-
ondly, we wish to gain some insight into the underlying physical factors
which govern the coherent and incoherent portions, as defined in Eq.
(6).

All experiments were performed on a Titan G2 TEM (Thermo Fisher
Scientific), operated at 300 kV. The microscope was equipped with a
Gatan Quantum 966 energy filter, Gatan UltrascanXP1000 cameras, and
a single electrostatic biprism mounted in the selected area plane. The
microscope utilized a Schottky XFEG electron source with an intrinsic
energy spread of 0.8 eV. For EFTEM work, a slit width of 10 eV centered
on the zero-loss peak was employed such that energy losses of > 5 eV
were excluded. For holography measurements, we have employed
elliptical illumination with long-axis oriented perpendicular to the
biprism, to improve the spatial coherence. All measurements were
executed in TEM mode. Typical biprism voltages ranged from 140 to
160 V, with fringe contrasts in the range from 8 % to 20 %. All re-
constructions were performed using the Holoworks (V5) plug-in for
Gatan Digital Micrograph.

3.1. Detailed measurements on silicon

We first performed detailed measurements on a local region of an
amorphous silicon specimen, to compare the effective thickness ob-
tained from a range of electron-optical modes. The results are shown in
Fig. 3. Comparable data from the same location was acquired in TEM,
EELS, and holography (CB and SB) modes, as a function of collection
angles and energy filtering. We have also performed similar studies on
an amorphous carbon sample (Fig. S2) and crystalline CdTe (Cassidy
et al., 2021).

In Fig. 3, we plot the effective thicknesses, t/4, obtained from the
same local region of the sample. These effective thicknesses have been
calculated according to the equations shown in Section 2.2. The results
are thus directly comparable to each other. A strength of this approach is
that the results do not rely upon the accuracy of any parameter mea-
surement (e.g. specimen thickness) or theoretical models.

From Fig. 3, it can be seen that all of the unfiltered intensity-based
measurements (unfiltered TEM, holography CB, and EELS (Total)) are
very similar to each other. The intensities measured through the sample
are high and the effective thicknesses appear small — especially with
large collection angles. For the corresponding filtered intensity-based
measurements, the effective thickness values are also similar to each
other, and appear consistently thicker than the unfiltered measurements
as more intensity is removed from the beam. The separation between
these filtered and unfiltered measurements is relatively constant as a
function of angle as the dominant plasmon-scattering, which is excluded
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in the energy filtering case, is strongly forward-peaked.

The SB measurements do not vary with collection angle; which is a
strong validation of the theoretical description in Section 2. Further-
more, the SB measurements have no dependence on energy filtering
(with threshold at 5 eV). This provides direct evidence that electrons
with energy losses greater than 5 eV (plasmon and core scattering) are
anyway incoherent — where we use the term in the sense that they add to
the holography CB but not the holography SB, as introduced already in
the description of Eq. (6).

Interestingly, the effective thickness values from all techniques
converge in the limit of energy filtering and small collection angles.
Thus, the additional attenuation observed in the off-axis holography
amplitude signal, is fully accounted for by the restriction to the central
beam, and inelastic scattering (with energy losses in excess of 5 eV). No
additional term, arising from low-loss phonon scattering, for example, is
necessary. This is discussed further in Section 4.

3.2. Summary measurements on various materials

To build upon the detailed silicon study, we then performed sum-
mary measurements on several other materials. Our goal was to confirm
the same behavior, and to evaluate the constituent scattering processes
which are combining to give the total mean free path in these different
materials with different electronic structures and nuclear sizes. We
compare these results with a simple electron scattering model.

To consider the summation of several contributing effects to the
overall mean free path, it is convenient to utilize the reciprocal mean
free path, 1/A. This is also sometimes referred to as the attenuation
coefficient. With this reciprocal notation, the total mean free path can be
expressed as a sum of constituent mean free paths for specific scattering
events. Results presented in the previous Section 3.1 thus indicate that
the total mean free path associated with the off-axis electron holography
amplitude signal, 1/ipo0, can be experimentally decomposed into
distinct contributions as

Lo a6

lho]o lu>3mrad AAE>5€V

This equation is based empirically upon the experimental data shown in
Fig. 3. The specific values of 3 mrad and 5 eV in Eq. (15) relate to utilized
experimental hardware components, rather than the underlying phys-
ical factors. It is presumed that the first term describes what is usually
referred to as ‘elastic’ scattering on the screened nuclear potential, out of
the direct beam. It is presumed that the second term describes ‘inelastic’
scattering events involving an energy loss in excess of 5 eV, involving
interactions with plasmons and core electrons in the specimen.

With this in mind, in Fig. 4 we introduce data and calculations from
different materials. This comparison of materials and models is a useful
exercise, but a caveat is that it also relies upon the accuracy of the pa-
rameters (such as thickness, density, composition), as well as the chosen
theoretical model for scattering. We must point out that we have not
performed very precise material parameter measurements in this work,
nor considered sophisticated electron scattering models. Rather, we are
primarily interested in the general magnitudes and qualitative trend as
opposed to precise values.

In Fig. 4(a), we show the experimentally-derived attenuation co-
efficients (1/4) associated with energy-filtering and off-axis holography
sideband measurements, respectively. The energy filtering-derived
terms from the different materials have similar magnitudes. The small
fluctuations are associated with density and electronic configurations of
the associated materials; not with atomic number, as expected. The
values are broadly in line with expectations for these materials from
EELS literature (Egerton, 2011). The off-axis holography terms, on the
other hand, show a significant dependence on material density and
atomic number. It is notable that the off-axis holography attenuation
coefficients are always larger than the energy-filtering values, and that

f(6) =
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the magnitude of the difference scales directly with atomic number. This
is consistent with the situation described in Eq. (16). The off-axis ho-
lography case appears to be a sum of contributions from inelastic events
(which have fairly similar magnitudes across the different materials),
and elastic events (which increase dramatically as a function of nuclear
size).

In Fig. 4(b), we have explicitly plotted the difference between ho-
lography and energy-filtering derived attenuation coefficients, which
according to Eq. (16) should yield the elastic, nuclear scattering
contribution. Alongside this, we have plotted theoretical estimates for
elastic scattering (which depend on atomic number and material den-
sity). The theoretical estimates for the various materials were calculated
by numerically integrating the Born approximation scattering factor
(Eq. (5.30) of Kohl and Reimer, 2008):

(1 + E/Ey) 1

@-£) sin2(0/2) an

8”2(1[-1

where E is the accelerating voltage of the beam electron, ay is the Bohr
radius (0.0529 nm), Z is the atomic number, f, are the x-ray scattering
factors, and 6 is the electron scattering angle. The calculation was per-
formed using tabulated x-ray scattering factors from Kirkland (1998) up
to the acceptance angle (75 mrad) of the system and multiplying by the
atomic density of the material. This simple scattering model is known to
perform poorly for high Z elements and in the low angle regime of most
importance in this work. Nevertheless, it is informative to see if the
general trend is in line with expectations. For the materials considered,
the following mass density values were used: silicon 2.33 g/cm?,
amorphous carbon 1.9 g/ecm®, diamond 3.52 g/cm®, CdTe 5.85 g/cm®,
and Pt 21.45 g/cm®. The density of amorphous carbon was estimated,
and as we did not have information on the specific composition of the
Pt-C mixture, we based the calculation on the values for pure Pt.

The results can be seen in Fig. 4(b). These results indicate that the
difference between attenuation coefficients derived from energy-
filtering and off-axis holography amplitude measurements is broadly
consistent with theoretical expectations for elastic scattering out of the
direct beam. Pt-C shows a significant discrepancy, but we did use the
artificially high values for pure Pt in that calculation, so that is probably
not a major concern.

In summary, it seems that for the case of low-density, low Z materials
like amorphous carbon, there is actually little difference between energy
filtering and holography derived values. For high Z materials like Pt and
CdTe, however, there is a dramatic difference between energy-filtering
and holography, which can be reasonably approximated by elastic
scattering out of the direct beam, on the relatively large nuclei of these
materials.

Overall, the results in Figs. 3 and 4 seem to confirm that the mean
amplitude signal is defined by the coherent portion of the direct beam,
only, and can be reasonably understood in terms of elastic and inelastic
scattering events in the material under study.

4. Discussion

In this work, we have utilized a simple multibeam formalism, with
coherent and incoherent amplitude contributions, to interpret the mean
amplitude signals obtained from standard off-axis holography re-
constructions, and correlate them with corresponding electron energy
loss measurements. While the treatment is undoubtedly quite simplistic,
it does seem to successfully predict the experimental behavior of the off-
axis holography mean amplitude signal. In terms of the mean recon-
structed amplitude signal, off-axis holography acts as both a scattering-
angle filter and an energy-loss filter. According to our understanding,
this behavior should hold generally, regardless of the magnification
being utilized, the size of the objective aperture, or whether TEM mode
or Lorentz mode are being employed. It is also worthwhile to mention
that this simple multibeam formalism is valid as we are only considering
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the mean intensity signals that are produced, and we ignore the high
resolution phase information being transferred via the interference
(cross) terms). In general, the conclusions of this paper should be
considered to apply to the mean amplitude signal only — we have not yet
given careful consideration to the topic of the mean phase.

This work provides some valuable insight into the contribution of
very low loss scattering events, such as phonon or thermal-diffuse
scattering events, to the measured MFP from off-axis holography. As
mentioned in the introduction, it has previously been reported that very
low energy-loss electrons, even on the phonon-scale, may be rejected
from the reconstructed amplitude, owing to the intrinsically interfero-
metric nature of the technique (Lichte and Lehmann, 2007; Wang, 1993,
2003). Thus, one might expect that an associated extra attenuation
component, in comparison to conventional energy-filtering measure-
ments, may be present.

However, our results suggest that this is not directly the case, at least
for the experimental conditions that we have utilized. The most
important observation is that only the direct object-transmitted beam
contributes to the mean amplitude signal, as that is the only object beam
which contributes to the signal oscillating at the carrier frequency q.. As
shown in Fig. 3, the attenuation coefficients obtained through holog-
raphy SB amplitude and conventional intensity-based measurements
converge in the limit of small collection angles and plasmon-scale en-
ergy filtering. Thus, it would seem that no additional phonon-associated
attenuation term is necessary within the central beam. In other words,
empirically Agircic) is equivalent to Agir(aE > 5 ev), and conversely, Agir is
equivalent to Agir(AE < 5 ev), referring back to our definitions in Eq. (6). In
terms of scattering events at energies below 5 eV, it seems that within
the direct beam, either there are few such electrons present, (i.e.
phonon-scattered electrons have already been deflected out of the direct
beam), or if they are present they retain coherence and contribute to the
hologram sideband oscillating at the main carrier frequency q.. We
cannot comment further on the role of phonon-scattered electrons —
future measurements with meV-scale monochromated microscopes
would be able to directly explore this topic.

It may also be important to mention the intrinsic energy spread of the
electron source (0.8 eV in our case), relative to the specimen-related
energy losses being considered. This has been discussed in detail pre-
viously (Cowley, 1995). Electrons being emitted by the source have
some intrinsic variation in their energy, and this is captured via the
instrumental y damping parameter discussed previously (Eq. (5). It may
be that the effect of very low-loss events in the specimen (such as phonon
scattering events of a few meV) are lost within this intrinsic instrumental
spread, and that different behavior might be observed if the electron
source were monochromated to below phonon-scale energy levels. If
true, Agir(ic) as introduced in Egs. (6)—(7) may be more fundamentally
related to the electrons which experience energy losses greater than
energy spread of the electron source Agiic) = AAE>sE,...- This is quite
speculative, but again further experiments with meV-scale mono-
chromated electron microscopes would be able to directly shed light on
this topic.

The results of this work have some implications for thickness map-
ping, one of the key applications for off-axis holography amplitude
mapping (McCartney and Gajdardziska-Josifovska, 1994; Volkl et al.,
1999). The results presented here indicate that the mean amplitude
signal is dominated by the direct beam only, which should confer
insensitivity to the optical collection angle of the utilized microscope
hardware. But on the other hand, for crystalline samples this also means
that the measurements will be highly sensitive to diffraction effects
which redistribute the signal among the direct and diffracted beams. The
situation is worse than for conventional intensity based techniques
which sum up all of the scattered beams, thereby somewhat smoothing
out the effect of the redistributions. Strongly diffracting conditions must
be carefully avoided for amplitude measurements and associated
thicknesses mapping (as is already well known for phase measure-
ments). This might be a contributing factor in the high degree of
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variability observed in off-axis holography MFP measurements.

We reiterate that the topic of dynamical diffraction is of utmost
importance. Obtaining a stable and easily interpretable mean free path
value, and utilizing the mean amplitude as a straightforward measure of
specimen thickness, will only be possible for the case of thin, weakly-
diffracting specimens. In this work, our focus has rather been to show
how the underlying physics and intrinsic content in the off-axis holog-
raphy signal differs from conventional techniques (under the assump-
tion that weakly diffracting conditions are employed). Thus, the range of
thicknesses and diffraction conditions over which reliable thickness
mapping can be conducted is beyond the scope of this paper. But clearly,
consideration of dynamical diffraction effects is of critical importance in
any experimental study of mean free path or specimen thickness.

5. Conclusions

In this work, we have aimed to clarify the interpretation of mean free
path values obtained from off-axis electron holography measurements,
in comparison to conventional, intensity-based techniques. We have
shown that the acquisition and reconstruction process causes the direct
object-transmitted beam to define the mean amplitude signal. Practi-
cally, this means that the inclusion or exclusion of other scattered
beams, governed by the choice of experimental collection angle, has no
significant effect on the mean signal. Furthermore, we have shown that
electrons which have undergone significant energy losses (AE > 5 eV),
corresponding to electronic scattering events, are intrinsically excluded
from the reconstructed amplitude signal. These results also suggest that
the mean free path can be decomposed into contributions from elec-
tronic and nuclear scattering terms, in a manner that agrees with basic
expectations in terms of electronic structure and atomic number. That
MFPs derived from off-axis holography measurements tend to be shorter
than those derived from intensity-based energy-filtering techniques, is
not caused by smaller collection angles nor intrinsically better energy-
filtering. Rather, it is caused by the fact that off-axis holography natu-
rally only reconstructs the mean amplitude signal associated with the
central beam. The results presented here may help explain some of the
inconsistencies between mean free path values reported in the literature
from holographic and conventional intensity/EELS measurements.
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