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Abstract: The development and implementation of high-stability
monochromators in state-of-the-art aberration-corrected scanning
transmission electron microscopes has enabled materials character-
ization with an energy resolution as good as 3 meV. This allows the
vibrational modes, which would otherwise be obscured by the energy
spread of the electron beam, to be probed with very high precision
in molecular materials. Since the vibrational energies depend on the
weight of the atomic nuclei, vibrational spectroscopy can distinguish
isotopes whose only difference lies in their neutron content. This opens
up isotopic analysis and mapping in transmission electron microscopy
as two important new research areas. Here, we review the monochro-
mated electron energy loss spectroscopy (EELS) instrumentation, dis-
cuss optimal methods for probing beam-sensitive materials without
destroying them, and review key nanoscale isotope-resolved results.

Keywords: electron energy loss spectroscopy, scanning transmis-
sion electron microscopy, vibrational spectroscopy, monochromated
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Introduction

Electron monochromators in the scanning transmis-
sion electron microscope (STEM) have improved the energy
resolution for electron energy loss spectroscopy (EELS) from
300 meV in standard cold field emission guns down to 3 meV
[1]. This unprecedented degree of energy resolution allows
direct access to a variety of physical phenomena including pho-
nons [2,3], phonon-polaritons [4-6], infrared plasmons [7-9],
and molecular vibrations [10-13]. This leads to new experi-
mental capabilities for STEM, such as isotope-resolved elec-
tron microscopy. The electron beam itself is insensitive to the
chargeless neutrons that define isotopes, and as a result isotopes
could only be studied in a STEM using low-efficiency experi-
ments, such as systematic measurements of knock-on damage
or Compton scattering [14,15]. However, vibrational energies
are dependent on the atomic mass of the elements, not just the
atomic number. As a result, the energy-loss of the vibrational
modes can be directly related to the element’s isotopic character.

Furthermore, one can take advantage of different types of
scattering mechanisms to access different parts of the vibra-
tional response, as shown in Figure 1. One can collect elec-
trons that are scattered out to high angles to primarily access
highly localized impact scattering losses (Figure 2a), which
enable phonons to be measured with atomic resolution [16,17]
and even the direct measurement of single-atom vibrational
modes [18]. Alternatively, the beam can also interact with the
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dipole moments in the sample and excite optical phonons,
leading to delocalized dipole scattering (Figure 2b), enabling
efficient excitation even when the electron beam passes tens
of nanometers away from the sample in an “aloof” scattering
geometry [10,12,19,20]. The strength of the aloof interaction
is inversely proportional to the excitation energy [21], so at
small impact parameters, (tens of nm) IR vibrational modes
that carry the isotopic information can be excited without
subjecting the sample to damaging UV+ radiation. Thus, one
can use the aloof mode for long acquisitions that would nor-
mally destroy a beam-sensitive material to perform damage-
free nanoscale spectroscopy.

Here, we review recent results of isotopically resolved
studies on beam-sensitive materials using the monochro-
mated aberration-corrected STEM (MAC-STEM) at Oak
Ridge National Laboratory (ORNL). The frequency of these
vibrations was probed in the aloof mode with sub-meV preci-
sion and was able to identify molecular and isotopic species
with nanometer resolution without damaging the sample. The
technique opens the door for real-space tracking of isotopi-
cally labeled compounds, with vast implications for following
nanoscale chemical reactions and metabolic pathways in soft
matter and even living organisms.

Beam-Sensitive Materials for Vibrational
Spectroscopy

Water, or liquid H,O, is arguably the most important
chemical compound on earth and is the main component
of all living organisms. Deuterated (heavy) water, D,0, is a
widely applied isotopic tracer that has been extensively used
in macroscopic vibrational spectroscopy to identify the resul-
tants of chemical reactions and to track functional groups
[22]. Water, both H,O and D,0O, have been extensively stud-
ied by various vibrational spectroscopy techniques [23,24],
making it an excellent reference case for budding vibrational
EELS.

In order to examine liquid water in the microscope it must
be protected both from the vacuum, which can evaporate the
liquid, and the electron beam, which can induce radiolysis and
create new species including hydrated electrons and hydrogen
gas [25]. Recent advances in preparation of liquid cells (LCs)
for use in TEM are based on thin layers of graphene [26] and
hexagonal boron nitride (hBN) [11] that encapsulate the liquid,
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Figure 1: Monochromated EELS. (a) Photograph of the MAC-STEM at ORNL. (b) Schematic for electron monochromation. (c-d) The effect of monochromation
on ultra-low energy excitations. (c) The spread of energies in the electron probe, as defined by the full-width at half-maximum (FWHM) of the zero-loss peak (ZLP)
at four different levels of monochromation: 300 meV (unmonochromated), 100 meV, 30 meV, and 5 meV. (d) The vibrational structure of hBN at these four levels of

monochromation.

making it vacuum-compatible. The LCs are ideal for spec-
troscopy as the window thickness and liquid volume are both
extremely small compared to traditional SiN liquid-cell TEM
holders, enabling a higher fraction of the EELS signal to come
from the sample, as opposed to the window. For many imag-
ing applications, the rigidity of graphene is preferable for the
LC material, but as a conductor graphene has a continuum of
background states in the ultra-low loss EELS region that can
obscure the weak vibrational signals. Thus, for vibrational
EELS, boron nitride liquid cells (BNLCs) are optimal for iso-
topically sensitive EELS as they have a clean background in the
spectral region of the water and heavy water vibrational modes.

For the BNLCs discussed here, CVD-grown hBN on cop-
per foil was obtained from commercial sources. After etching
the copper support, the hBN layer was cleaned several times in
pure water and transferred to a copper TEM mesh grid. This
was dried, and the water and heavy water samples were drop-
cast onto the hBN film. Subsequently, a top layer of BN was
added to encapsulate the liquid sample by dipping the grid onto
another hBN layer that was floating on H,O or D,0, depending
on the sample.

Another example of beam-sensitive materials that are
highly relevant in the biological sciences are amino acids, since
they are the fundamental building blocks that guide biologi-
cal processes [27]. In this context, we will review our recent
study of crystalline clusters of L-alanine with different isotopic
labels. The samples were prepared from commercial powders
that were ground to nanoscale clusters with a mortar and pes-
tle and then dispersed on a TEM grid. The clusters ranged from
100 nm to several microns but were sparse enough for ample
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vacuum between clusters, allowing singling out of individual
clusters for aloof spectroscopy.

Monochromated Electron Energy Loss
Spectroscopy in the STEM

The NION high-energy resolution monochromated EELS-
STEM (HERMES) [28] (Figure la), which allows for nanoscale
vibrational spectroscopy in the electron microscope, was used
for the studies summarized here. The major components of

Dipole Scattering

(a) Impact Scattering (b)
®

Delocalization: > 10 nm
Dominant Along Optic Axis
Application: High-Signal, Low-Damage

Delocalization: <0.1 nm
Dominant at Large Scattering Angles
Application: Atomic Resolution Spectroscopy

Figure 2: Scattering mechanisms for vibrational spectroscopy. Fast electrons
can excite vibrational modes through different means. (a) By scattering off of the
nucleus of individual electrons, the beam can undergo highly localized impact
scattering for atomic-resolution analysis. (b) By interacting with a polar material
through a virtual photon, the beam can undergo delocalized dipole scattering
for efficient, damage-free analysis. Moreover, impact scattering is dominant
at high scattering angles, while dipole scattering is only dominant close to the
optic axis, enabling microscopists to switch between the two effects by chang-
ing the position of the EELS collection aperture.
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away from the sample (Figure 3b). We see
that as we get further away from the sam-
ple the vibrational intensity drops, but it
is still detectable even from 500 nm away
from the sample. This is due to the fact that
the electric field of the beam extends far
beyond the actual beam trajectory and can
still interact with phonons. The strength
of the interaction between the beam and a
sample (as schematically shown in Figure
3¢) can be expressed as the following,
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Figure 3: Aloof excitations in monochromated EELS. (a) Dark-field image of a flake of hBN. (b) The aloof
spectrum acquired of the BN phonon response from different impact parameters. (c) Schematic of an aloof
interaction. (d) The aloof interaction strength as a function of impact parameter and excitation frequency,
demonstrating the capacity to probe infrared excitations efficiently without activating damaging UV phenomena.
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where b is the impact parameter of the elec-
tron beam (distance from the sample), w
is the frequency of the excitation, v is the

the microscope from bottom to top are the electron gun, the
monochromator, the aberration-corrector, the stage (location
of the sample), and the spectrometer. This configuration allows
for us to achieve an electron probe at the sample that is both
monochromatic and aberration-free, enabling simultaneously
high spatial- and spectral-resolution. While the aberration-
corrector is critical to atomic-resolution studies, the aloof
experiments summarized in this article do not require sub-
Angstrom resolution, so we will focus on the monochromator.

The principle of monochromation is demonstrated sche-
matically in Figure 1b. The HERMES uses a dispersing-undis-
persing o.-style monochromator, consisting of two identical
halves related by mirror symmetry. In the first half, the elec-
tron beam traverses two magnetic prisms, and the electrons are
dispersed as a function of energy. A variable slit, placed in the
midplane of the monochromator, permits only a narrow band
of energies to pass through. The beam is then energy-undis-
persed in the second half of the monochromator and reinserted
in the microscope column as an undispersed beam of greatly
reduced energy [29].

Figures 1c and 1d show the low-loss EEL spectrum for hBN
at different levels of monochromation with the elastic scatter-
ing peak or zero-loss peak (ZLP) in Figure 1c and the hBN pho-
non response shown in Figure 1d. The monochromation has
two effects: it cuts off the extended low-energy tail of the cold
field emission energy distribution (enabling the hBN phonons
to be detected clearly, even with a modest energy resolution of
100 meV) and improves the energy resolution of all features in
the spectrum. An energy resolution of 5 meV yields the correct
shape of the vibrational peaks and allows many modes tightly
bunched together to be individually resolved.

Damage-Free Aloof Spectroscopy

Aloof excitation of the vibrational signal was first dem-
onstrated in 2014 and has since become a prized technique
for analysis of beam-sensitive samples due to the ability to
observe vibrational excitations without directly irradiating
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velocity of the electron (in terms of the
accelerating voltage of the electron microscope), and K, is a
modified Bessel function of the second kind [21].

The K, Bessel function results in an inverse quadratic-
like decay as a function of impact parameter (as one might
expect for an electromagnetic interaction), which shows why
the intensity of the phonon response decays (but does not
go away) in Figure 3b. However, we also see that the interac-
tion strength is inversely proportional to the frequency. This
is especially critical for organic materials where the higher
energy excitations (that is, > 3.5 eV) bleach molecules and
break apart bonds [30], but excitations at the level of molecu-
lar vibrations do not damage the material [10]. In Figure 3d
the aloof interaction strength as a function of impact param-
eter for an IR and an UV excitation is plotted, and the UV
excitation strength is only significant very close to the sam-
ple. Thus, a regime where the beam is a small (but non-zero)
distance from the sample (~30-50 nm) can be defined, excit-
ing the ultra-low IR phenomena effectively without activat-
ing the UV excitations that will damage the sample. In this
“sweet spot” we can acquire spectra for long periods of time
to achieve excellent signal-to-noise without damaging sensi-
tive organic materials, enabling the precise measurement of
the vibrational fine structure in molecules.

Isotope-Resolved Spectroscopy in Liquid Water
The first demonstration of isotope-resolved vibrational EELS
was reported for liquid-water BNLCs [11], a schematic of which is
presented in Figure 4a. These liquid cells are generally between 25
and 50 nm thick, and the aloof spectra are recorded and shown
in Figure 4b, enabling the clear detection of the O-H stretch
mode. We can also use aloof EELS on a BNLC filled with heavy
water, the spectra of which is also shown in Figure 4b. Here, we
observe the signals from both the O-H stretching mode and the
O-D stretching modes. The presence of the O-H stretching peak
in the D,O is due to mixing of the specimen, and in part due
to the atmospheric water deposited during sample preparation.
The spectrum compares well with the Raman data in Figure 4c,
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The change in mass between
hydrogen and deuterium (D) is signifi-
cant and results in a measurable shift
of the stretching mode, however, the
ultra-high resolution of the microscope
affords us the precision to see even
more subtle changes. This was observed
by isotopically labeling the amino acid
L-alanine [12], which has 13 atoms and
4 different elements, meaning isotopic-
labeling can take many different forms.

In Figure 5, we show the vibrational
EEL spectra, acquired with an energy
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Figure 4: (a) Schematic of a liquid cell. (b) EEL spectra of H,O liquid cells and D,0+H,O liquid cells.
(c) Comparison of EEL spectra, Raman of BN floating on water after etching, and Raman of pure D,O and H,O

droplets. Figure adapted from [11].
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resolution of ~6 meV, from samples

pare them to macroscopic FTIR mea-
surements. We specifically examine the
naturally occurring L-alanine (Figure

using BN floating on water, as well as Raman spectra collected
from pure D,0 and H,O specimens. The floating BN does show a
C-H band, likely resulting from residue from the etching process.
However, there was no evidence of this in the EEL spectrum.

There is a clear separation of the O-D and O-H peaks data,
enabling the direct detection of D,O in the liquid cell. In fact,
the difference is significant enough to indicate the potential for
isotope-labeling using heavier atoms, with smaller differences in
mass between different isotopes, particularly as the technique
continues to evolve.

EELS - 80-220 meV

FTIR - 80-220 meV

5a), *C-labeling in the carboxyl group
(Figure 5b), and deuterium (*H)-labeling in the methyl group (Fig-
ure 5¢). For each sample, we show the chemical formula (i) and
the vibrational spectra for EELS and FTIR for the spectral range
between 80 and 220 meV (ii-EELS, iii-FTIR) and the spectral 220
and 420 meV (iv-EELS, v-FTIR).

The vibrational response is clearly more complex than water,
with dozens of peaks in the low-energy range and a continuum
of excitations in the higher-energy range where we observed only
the isolated O-H and O-D stretch modes before. This also dem-
onstrates the importance of ultra-high energy resolution in EELS,
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Figure 5: Isotopic-labeling in amino acids. EELS and FTIR of four different isotopic configurations of L-alanine are shown: (a) Naturally occurring, (b) 3C-labeling
in the carboxyl group, (c) deuterium labeling in the methyl group. For each sample the chemical formula (i), EELS (ii) and FTIR (jii) for the spectral range 80-220 meV
and EELS (iv) and FTIR (v) for the spectral range 220-420 meV are shown. Figure adapted from [12].
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which is capable of resolving this vibrational fine structure. The
isotopic resolution can be seen by comparing the natural L-ala-
nine spectrum with the *C-labeled L-alanine shown in the sec-
ond row. In the 80-220 meV regime, a clear shift of the dominant
peak at ~200 meV is present, as observed both in the FTIR and the
EELS. This corresponds to the C-O stretch mode in the carboxyl-
ate group [31], which is where the isotopic-label is in the molecule.
The peak shifts by a factor of 1.026 (2.6%), which matches closely
to the change in the reduced mass of a C-O pair with a 1*C instead
of a 2C ({Jju**CO / u**C0O=1.022). Moreover, the measurement
precision of the peak frequency is better than 0.2 meV, which
both demonstrates the clear identification of isotopic labels and
demonstrates that isotope-resolved spectroscopy could be pushed
even further to heavier isotopes with smaller differences in the
reduced mass while still being unambiguous.

While isotopic identification is simple for the case of '*C-label-
ing at the carboxyl site in L-alanine (and probably in many mole-
cules where the C-O stretch mode is a dominant vibrational feature),
the results are often not so clearly understandable. For instance, the
deuteration in the methyl group results in a much more complex
change to the vibrational fine structure, as seen in Figure 5¢ (ii-v).
In this molecule, 4 different atoms have changed their isotopic
character (as opposed to one), and the difference in weight is more
significant (\WC*H / pC'H =1.363). Furthermore, the hydrogen
atoms play a vital role in intermolecular bonding while the C-O
stretch mode does not; as a result, the H atoms contribute to many
coupled modes through the response as opposed to being attributed
to single definitive peaks. Thus, in the isotopically enriched mol-
ecule, the spectrum is significantly altered, to the extent where the
vibrational fine structure is nearly unrecognizable. In fact, the only
clear similarity between the naturally occurring alanine spectrum
and the H-labeled spectrum is the 1>C-O stretch mode.

While no significant changes were observed in the *C-label-
ing for the 220-420 meV spectral range, we can observe signifi-
cant changes due to the D labeling in both FTIR, Figure 5¢ (iv),
and EELS, Figure 5c (v). However, once again differences are
observed, but there is no obvious shift or spectral feature that
could be rigorously attributed to the deuteration, especially if a
high degree of noise is present in the spectrum.

These results demonstrate that the vibrational response of a
molecule is extremely sensitive to isotopic labeling, but interpreta-
tion of the response is not always straightforward. Therefore, while
some atomic sites (carboxyl C atom) and vibrational modes (C-O
stretch mode) allow for unambiguous identification of isotopic
labels, other sites and other peaks do not. Future work will have
to be rooted in theory with a clear understanding of the expected
shifts due to the isotopic labels at deliberately chosen atomic sites.

Spatially Resolved Identification of Isotope Labels

Monochromated EELS now offers comparable spec-
tral resolution to macroscopic optical techniques, and it is
the nanoscale spatial resolution that drives the impact of the
STEM/EELS approach. To demonstrate the spatial resolution
of aloof vibrational EELS, we examine crystalline clusters of
L-alanine with the different samples from Figure 5 dispersed
on the same TEM grid and use the vibrational response to per-
form nanoscale identification of isotopic labels.

Figure 6a shows a dark-field image of two clusters of alanine
separated by several hundred nm, one in its naturally occurring state
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(12C, same as in Figure 5a) and one with the isotopic enrichment at
the carboxyl carbon site (1*C, same as in Figure 5b). An EELS line
scan was recorded, and each spectrum has the ZLP removed with a
power law background subtraction and is plotted in Figure 6b. For
each spectrum, the dominant C-O stretch (at 200 meV) is fit with
a Lorentzian function, and the peak energies are plotted in Figure
6¢. Here, we observe that a redshift is induced by the increased
mass in the isotopically labeled molecules as a function of probe
position. Additionally, while the measured peak values in Figure
6¢ clearly stabilize at the 2C-O frequency (naturally occurring) to
the 13C-O frequency (isotopically labeled) at each end of the line
scan, the delocalization of aloof mode spectroscopy measures the
C-O frequency as a mixture of both, when the probe is between
the two clusters. By calculating the strength of the interaction with
each cluster as a function of separation of the two clusters, we esti-
mate that aloof EELS can unambiguously determine the isotopic
character of clusters separated by as little as 50 nm.

Conclusion
Monochromated EELS presents a powerful new option
in the analysis of biological materials. The ultra-high energy
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Figure 6: Spatially and isotopically resolved EELS. (a) Dark-field image of two
alanine clusters: one with the natural occurring ™2C isotope in the carboxyl site
(left), and one with the '3C isotope (right). (b) The background-subtracted EELS
from along the linescan, demonstrating the localization of the signal. (c) The
dominant 200 meV peak (corresponding to the C-O stretch mode in the car-
boxyl group) is fit for each spectrum demonstrating the real-space visualization
of the isotopic-redshift. Figure adapted from [12].
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resolution enables precise detection of the vibrational fine struc-
ture for straightforward identification of isotopic labels, and the
aloof beam geometry enables beam-sensitive samples to be ana-
lyzed without incurring significant damage and sacrificing the
nanometer spatial resolution. The examples shown here demon-
strate the power of the technique, and they promise to lead to
high spatial resolution analysis of whole-cell biological samples
to enable real-space tracking of isotopically labeled molecules in
the products of chemical reactions and metabolic pathways.
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