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Is Localized Infrared Spectroscopy Now Possible in
the Electron Microscope?
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Abstract: The recently developed in-column monochromators make it possible to record energy-c spectra
with resolutions better than 30 meV from nanometer-sized regions. It should therefore in principle be possible
to detect localized vibrational excitations. The scattering geometry in the electron microscope means that
bond stretching in the specimen plane or longitudinal optic phonons dominate the scattering. Most promising
for initial studies are vibrations with energies between 300 and 400 meV from hydrogen bonded to other
atoms. Estimates of the scattering cross-sections on the basis of a simple model show that they are about the
same as inner shell scattering cross-sections. Cross-sections also increase with charge transfer between the atoms,
and theory incorporating realistic charge distributions shows that signal/noise is the only limitation to high-
resolution imaging. Given the magnitude of the scattering cross-sections, minimizing the tail of the zero-loss peak
is just as important as achieving a small-width at half-maximum. Improvements in both resolution and
controlling the zero-loss tail will be necessary before it is practical to detect optic phonons in solids between
40 and 60 meV.
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INTRODUCTION

The development of the new generation of monochromators
has made it possible to record energy-loss spectra with an
energy resolution of 30 meV from regions <1 nm across
(Krivanek et al., 2013a). This is almost an order of magnitude
improvement over what was possible with monochromators
in the electron gun (Mook & Kruit, 1999). Substituting
improved power supplies for the spectrometer could poten-
tially give energy resolutions of 10 meV (Krivanek et al,
2013b). Lines from absorption due to bond stretching in
molecules, especially for hydrogen atoms bound to other
atoms, are between 300 and 400 meV. Optic phonons in solids
such as semiconductors have energies in the range 40-60 meV.
In principle, these spectral features, that have hitherto been
the province of infrared (IR) and Raman spectroscopy, are
now observable by electron energy-loss spectroscopy (EELS).
Whether they will be detected in practice depends on the
scattering cross-section and its magnitude in relation to the

background from the tail of the zero-loss peak.

The earlier work on the effects of phonon scattering in
electron microscopy have concentrated on acoustic phonons
and their effects on diffraction contrast, in particular,
anomalous absorption (Hashimoto et al., 1962; Rez, 1983).
Later work was inspired by the need for a quantitative theory
for high-angle annular dark-field imaging (Amali & Rez,
1997) and as an explanation for the “Stobbs” effect in high-
resolution phase contrast images (Hytch & Stobbs, 1994;
Herring, 2006). The earlier theories can be generalized to
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address scattering by optic phonons or molecular vibrations.
To estimate the magnitude and angular dependence of the
scattering cross-section, a simplified model that either
describes the stretching of a single bond, or the optical
vibration of a linear chain with two distinct atoms, has been
used. The linear chain with two distinct atoms clearly
demonstrates the significant difference between acoustic and
optical phonons (Kittel, 1986). For acoustic modes the two
atoms move in phase, for optical modes they vibrate in
antiphase. If one of the atoms has a positive charge and the
other an equal negative charge then the oscillation gives a
time varying dipole that will either absorb or emit electro-
magnetic radiation (see Fig. 1).

Geometrical considerations alone suggest that scattering
from longitudinal vibrations or bond stretches in the plane of
the specimen will dominate any measured spectrum. The
scattering cross-sections for optical vibrations are quite large,
comparable to the cross-section for a 10 eV window at the
Carbon K edge for typical collection angles. Light atoms such
as hydrogen have large displacements that lead to large
cross-sections, as do charge transfers. Calculations indicate
that with the measured background from the zero-loss tail
it might be possible to detect a single C-H bond, so
making hydrogen mapping a distinct possibility. The larger
measured zero-loss tail at 50 meV precludes detection of
optic phonons in semiconductors, though this might become
possible if the zero loss were sharpened to have a full-width
at half-maximum of 10 meV. Finally, the form of the angular
distribution suggests that atomic resolution in these modes
will be possible, provide there is sufficient signal and that
the resolution is not totally determined by signal/noise
considerations.
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Figure 1. Vibrations of a linear chain with two types of atoms
(shown as filled and open circles). The upper figure (a) shows
an acoustic mode where all the atoms vibrate in phase, the lower
figure (b) shows an optic mode where the two atom types vibrate
in antiphase. If one atom is positively charged and the other
negatively charged this clearly gives rise to an oscillating dipole.

THEORY

The vibrations of atoms in a solid or a molecule are best
described as small oscillations governed by classical equations
of motion (Born, 1954):

d?u;

mi?;: - Kijju, (1)
where m; is the mass of atom 4, u; is its displacement and Kj; is
the matrix of elastic constants known as the Hessian matrix.
It can be calculated by taking the second derivative with
respect to displacement of the total energy, E:

o d’E
v du,duJ '

()

In a solid the displacements are Bloch functions and
the index i refers to an atom position r; within the primitive
unit cell:

u(ri, ) = ui(q) exp(iq.r;—iw(q)t), (3)

where q is the wavevector of the excitation and w is the
frequency which is a function of q as are the relative ampli-
tudes w; for the different atoms. In a molecule there is no
dispersion and the displacements are

u(r;, ) = u; exp(—iwt). (4)

The isolated molecule might be more relevant than the
continuous perfect solid as it more closely resembles
the defects that will be studied by atomic-resolution
spectroscopy.

For convenience, in a molecule or a solid with many
atoms in the primitive cell, it is more convenient to use a
vector notation and rewrite equation (1) as

d*u
m ? = — Kll, (5)
where m is a vector representing the masses of the different
atoms and K is the Hessian matrix. A simple transformation
to mass weighted displacements v makes it possible to write a
solution in terms of the normal modes or eigenfrequencies,

1
vV =mu

u=mv, (6)
H = Co’C™!

v = Cexp(iwt)
u=m":Cexp(iwt). (7)

The first stage in calculating the scattering cross-section is to
consider the effect on the potential seen by the fast electron
V(r). For generality we will start with a crystal whose
potential is given by

V() =Y Va(r—(r,+1+u,))

V(r) =

In

V. .
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AV(r) = (27;)3

Z —iq.u,v,(q) exp(iq.r—q.(r, +1,))d’q,
In

(8)

where n labels the atom, [ the lattice site, u,, the displacement,
and V, the volume of the unit cell. The potential contribution
from a single atom can also be expressed in terms of the
electron scattering factor (Rez, 2001):

2me

£i(@) =55 v(@)- ()

The displacement is small and so the part of the exponential
with the displacement can be expanded to first order. At this
point we should introduce fast electron states where the
superscript i denotes the initial states, f denotes the final or
scattered states, z is a depth in the specimen, and g and h are
reciprocal lattice vectors:

vi(t) =Y ¢y expli(ki+g).r)
g

wy(r) = ZqﬁZexp(i(kf+h).r). (10)
h

The amplitudes at depth z can be found by any of the stan-
dard techniques such as matrix diagonalization to give Bloch
wave eigenvectors or they can be the solutions from the
multislice algorithm. Integrating over the fast electron
coordinate r and summing over the unit cells gives con-
versation of momentum:

q=ki-k;+g-h. (11)
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Wavevectors where g—h+#0 correspond to Umklapp scat-
tering. The displacements can be expressed in terms of
phonon creation and destruction operators. Since optic
phonon energies are greater than kgT it is unlikely that these
phonons or vibrations are present at room temperature and
so only the creation term applies.

The total differential cross-section in the general case is

a1
aa v

N (@ (ki — ki +g—h) + 1)\,
* < Zw(kj:—kﬁg—h) ) Py (2)

@) (2) (ks —k; +g—h)m~3C Tt (ks — k; + g —h)

Az, (12)

where Ny(w) is the Bose Einstein factor.

APPROXIMATIONS

The essential features of vibrational, or optic phonon, scat-
tering can be understood on the basis of a considerably
simplified model. Since we are only interested in calculating
cross-sections, not the details of image contrast, the fast
electron states will be represented as plane waves. As a
further simplification only a stretch vibration in a diatomic
molecule will be considered. There is only one vibrational
frequency given by

W= (ZKMY, (13)

mymy

where m; and m, are the masses of the two atoms.

There is no longer a variation of frequency or excitation
amplitude with wavevector. Equation (12) simplifies to
2

(14)

This equation will be used to estimate the magnitude of the
scattering cross-section. To investigate the effects of charge
transfer the Mott expression is used for the electron scat-
tering factor (Mott & Massey, 1965):

fel(‘]) E(Z_fx(CI))

B
where Z is the atomic number, f,(g) is the X-ray scattering
factor, and a, the Bohr radius.

As a further simplification it will be assumed that any
ionic charge is concentrated at the nucleus. This approx-
imation is equivalent to using partial charges to calculate
IR absorption in chemistry or biophysics. Neglecting any
other electron rearrangements due to ionicity, the electron
scattering factor can now be written as

) 2A
fion(g) = 229 4 prest(g) (16)

=l
where AQ is the charge transfer between the two atoms.
From equation (14) it can be seen that the differential cross-
section is proportional to the difference between the electron
scattering factor for each atom, divided by its atomic mass.

; (15)
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Since both electron scattering factors and atomic masses are
approximately proportional to atomic number this differ-
ence will be small and can be neglected.
The differential cross-section is now proportional to
AQ’ and is approximately given by
2

do 4 12q.eAQ (h(No(w)+1) : (my+my) (17)
aQ a| ¢ 20 mym,
RESULTS

The scattering geometry is defined by equations (8) and (14) or

(17). Just as in EELS the wavevector q has components both

parallel to the incident beam, g,, which for convenience we will

assume is normal to the specimen surface, and perpendicular

to the incident beam, g, and g,. The parallel component is
AE

vl (18)

9. = K
where K is the fast electron wavevector and v is the velocity
of the fast electron. This is normally expressed as a char-
acteristic angle . Since the energy losses, ranging from 50 to
400 meV, are so small the angles are microradians, very small
compared to typical collection angles of tens of milliradians
used in electron microscopy! The wavevector therefore lies in
the specimen plane. Equation (8) has a scalar product
between a displacement or polarization vector and the
wavevector. To maximize the scattering the displacement has
to be in the same direction as the scattering wavevector, in
the plane of the specimen. Therefore, the strongest con-
tribution comes from longitudinal optic phonons, as shown
in Figure 2. For molecular vibrations, which have no dis-
persion and do not depend on wavevector, the displacements
still have to be in the plane of the specimen though they
could be either torsional vibrations with displacements
perpendicular to a bond or simple bond stretching motions.

(a) (b)

Figure 2. Scattering geometry for optic phonon or vibrational
scattering. a: The incident wavevector of the fast electron is repre-
sented by k;, the wavevector of the scattered fast electron by k¢ The
scattering wavevector q, is in the plane of the specimen, as are
the atomic displacements u. b: The fast electron is shown incident
normal to the “bond” between the positively and negatively charged
ions, represented as a spring, and the specimen surface.
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Figure 3. Differential cross-section for scattering of 100keV
electrons from (a) a C-H bond stretch and (b) Fe-H bond

stretch.

From the theory it can be clearly seen that the displacements
of light elements are larger, leading to a higher cross-section.
IR spectroscopy shows that stretching modes of hydrogen
strongly bound to other atoms have the highest frequencies,
normally in the range of 2,500-3,500 cm™ corresponding to
300-400 meV. Given the clear separation between these
spectral features and the zero-loss peak they should be easily
accessible using monochromated EELS. The angular depen-
dence can be calculated from equation (14) and is shown for
a C-H and a Fe-H stretch in Figure 3 for 100 keV electrons.
The vibration frequencies are taken from tabulations of IR
frequencies (Lambert et al., 1998; Andrews, 2004).

Just as with acoustic phonons the product of >/ (q) shifts
the maximum to larger angles, in this case about 40 mrad. The
zero in the differential cross-section is a real effect, the two
electron scattering factors have slightly different variation
with scattering angle, but at one point the lighter element

https://www.cambridge.org/core/terms. https://doi.org/10.1017/51431927614000129
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Figure 4. Integrated scattering cross-section for scattering from
(a) C-H (b) Fe-H.

scattering factor multiplied by the ratio of masses J;2, where

m, is the heavier mass, is identical to the heav1er atom
scattering factor and the term inside the brackets is zero. The
integrated cross-sections are shown in Figure 4.

Nearly all the scattering is collected with a 60 mrad
aperture, and a large part of the scattering is collected with a
40 mrad aperture that nicely matches the beam convergence
in the fifth order aberration-corrected Nion UltraSTEM,
Kirkland, WA.

Charge transfer increases the total cross-section since it
increases the magnitude of the oscillator dipole, as is
apparent from equation (17) The cross-section can also be
written in terms of Im A - “AED) where ¢(AE, q) is the energy
and wavevector-dependent dielectric function. Plots of
the variation of Im “AED) = 5 ) in the IR region derived from the
optical data compilation of Palik (1985) is given in Figure 5.
Note the difference by almost six orders of magnitude
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Figure 6. Differential cross-section for scattering of 100 keV elec-
trons by stretching of an O-H bond for different values of charge
transfer AQ, calculated from equation (17).

between silicon that has two atoms in the primitive unit cell
with equal charge, and silica where there is considerable
charge transfer.

The O-H bond in some organics would be a good
candidate for an atom pair where there is potential for charge
transfer. Figure 6 shows the angular distribution, calculated
using equation (17).

According to this model, which is the same as that used
by Geiger & Wittmack (1965) in their calculations of IR
scattering from small molecules, the charge transfer leads to
a large peak for very small scattering angles. One would
therefore expect that the scattering would be very deloca-
lized, and that high-resolution imaging using these optical
vibrations would be impossible (Egerton, 2013), contrary
to the case with acoustic modes (Rez, 1993). The peak is
an artifact of the simple theory that assigns point charges
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Figure 7. Differential scattering cross-section for scattering of
100 keV electrons by MgO stretching vibration with different
assumptions for ionicity.
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Figure 8. Differential cross-section for scattering from an OH
atom pair by 100 keV electrons.

(in molecular dynamics studies these would be called partial
charges) at the nuclear positions. Rez et al., (1994) have
published tables of scattering factors for ions as well as
neutral atoms. For a highly ionic material such as MgO the
ionic charge density is a very good approximation to the
actual measured charge density or the charge density calcu-
lated from first principles density functional theory. In
Figure 7 it can be seen that the differential cross-section for
ionic scattering factors is similar to that from the neutral
atoms, though considerably larger in magnitude. It does not
show a peak for small scattering angles. The neutral atom
differential cross-section goes to zero at 15 mrad for the same
reasons as discussed above for the C-H stretch differential
cross-section. It would therefore appear that all differential
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Table 1. Integrated Scattering Cross-Sections for Scattering of
100keV Electrons from Stretching Vibrations in Different
Atom Pairs.
Energy (meV) Energy (cm™) o (A%

C-H 375 3,000 239%x107°
O-H 460 3,700 1.98x107°
Ni-H 265 2,119 5.12x107°
Fe-H 212 1,694 7.04x107°
Zr-H 200 1,608 8.38x107°
W-H 240 1,922 8.25x107°
GaAs 50 ~400 9.12x107°
CdTe 50 ~400 1.42x107°
MgO 63 ~500 2.87x107°
MgO (ion) 63 ~500 8.35x107*
Table 2. Cross-Sections Integrated Over Different Energy

Windows from Threshold for Ionization of the Carbon K Edge by

100 keV Electrons.

10 mrad, o (A?)

100 mrad, o (A?)

leV
10eV
40eV

7.1x1077
6.5x107°
2.1%x107°

1.
8.
3.

0x107°
8x107°
3x107°

cross-sections have maxima at angles between 20 and 40 mrad,
which would suggest that atomic-resolution imaging should be
possible, if it is not limited by signal/noise considerations. The
total cross-section for O-H stretching as a function of charge
transfer calculated from equation (17) is shown in Figure 8.
Not surprisingly on this simple model it increases as the square
of the charge transfer.
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Figure 9. Zero-loss peak, 30 meV full-width at half-maximum.

It is instructive to compare integrated cross-sections for
various hydrides or hydrogen bonded to other atoms and
estimated cross-sections for optic phonons. The results are as
Table 1. The cross-section is greater for some of the heavy
element hydrides, though this is mainly due to the weaker
bond resulting in a lower vibrational frequency. Equation
(14) shows that the cross-section is inversely proportional to
the frequency, just as with acoustic phonons (Table 2)

These scattering cross-sections are quite large, for
comparison, the differential cross-sections integrated over
different windows at the C K edge are shown for 10 and
100 mrad (Egerton, 1979). The optical vibration cross-
section is comparable to the C K cross-section for a 40 eV
window. It would therefore seem that detection of the
vibration attributable to a single atom, for example, a single
H atom at an interstitial site or a single OH bond, is well
within the bounds of practicality. Whether it can actually be
done in practice will depend on the background in the band
gap region from the zero-loss tail, not to mention multiple
scattering from other IR or optical phonon losses.

Figure 9 shows a logarithmic plot of the zero-loss peak.
The intensity is about 5% of the maximum at 50 meV, typical
of the energies of optic modes in semiconductors, but only
107°-107* of the zero-loss maximum in the region between
300 and 500 meV. It should therefore be possible to detect a
single H atom in an iron matrix or a single O-H bond
assuming le” charge transfer or five O-H bonds without
charge transfer. It is conceivable that if the shape of the
zero-loss peak does not change, lowering the full-width at
half-maximum from 30 to 10 meV might make the semi-
conductor optic modes accessible.

CONCLUSIONS

Energy resolutions of 30 meV make it possible to observe
features in the IR region of the electromagnetic spectrum.
Geometrical considerations show that modes with displace-
ments in the specimen such as longitudinal optic modes will
dominate. Most promising are stretching of strong bonds
involving H atoms that involve vibrational energies between
300 and 500 meV. The differential cross-section reaches a
maximum at angles comparable to the beam convergence in
aberration-corrected microscopes, so in principle high-
resolution imaging will be possible. Cross-sections are quite
large, comparable to those used for mapping well-known
inner shell edges. In particular there are large cross-sections
for vibrations involving light atoms such as H, and not
surprisingly charge transfer leads to substantial increases in
cross-section. In practice the detection of atomic vibrations
will be limited by the tail of the zero-loss peak. In the
absence of interference from multiple scattering it might
be possible to detect the vibration of a single H atom in an
Fe matrix or attached to an oxygen atom if there is
substantial charge transfer. The detection of semiconductor
optic modes will have to wait until resolution is improved to
10 meV or better.
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