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A general approach to model vibrational electron energy loss spectra obtained using an electron beam
positioned away from the specimen is presented. The energy-loss probability of the fast electron is
evaluated using first-principles quantum mechanical calculations (density functional theory) of the
dielectric response of the specimen. The validity of the method is assessed using recently measured
anhydrous f-guanine, an important molecular solid used by animals to produce structural colors. The
good agreement between theory and experiments lays the basis for a quantitative interpretation of this

spectroscopy in complex systems.
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Until recently, the energy resolution of electron energy
loss spectroscopy (EELS) as implemented in the trans-
mission electron microscope (TEM) was too poor to reach
the range of frequencies typically involved in vibrational
excitations in most materials. Recent instrumental develop-
ments, however, leading not only to an improvement of the
energy resolution down to less than 10 meV but also to a
drastic reduction of the tail of the zero-loss peak, previously
obscuring the infrared spectral region, now makes the
detection of well-defined vibrational signatures possible
for a wide range of materials with an unprecedented spatial
resolution [1-3].

It is convenient to distinguish two regimes when con-
sidering the vibrational excitations induced by electrons
which, borrowing the terminology employed in high-
resolution EELS [4] (HREELS), are respectively named
impact and dipole scattering regimes. Whereas the former
becomes significant when large momentum transfers
are selected and has been recently shown to allow for a
mapping of vibrational modes with a spatial resolution of
the order of the nanometer [5—7], the latter dominates at
low-scattering angles, or, equivalently, small momentum
transfers, and is largely delocalized in nature [8]. Of course,
this distinction is artificial as one moves continuously from
one regime to the other while increasing, or decreasing, the
momentum transfer.

Dipole scattering is produced by long-range dipolar
electric fields generated by molecular or lattice vibrations.
As already stressed in Ref. [2], this effect is highly
beneficial when investigating beam-sensitive specimens.
Indeed, it provides an opportunity to carry out vibrational
EELS using a beam positioned a few tens of nanometers
away from the specimen (the so called “aloof” mode).
When compared with an experiment performed with the
same electron energy in a standard transmission geometry,
this acquisition mode reduces the sample damage by a
typical factor of 10° [9]. It can be easily anticipated that
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numerous applications of this technique in physical,
earth, or life sciences will require the damage-free acquis-
ition of vibrational spectra on radiation-sensitive materials
and therefore rely on this specific geometry [1,2,10].
Moreover, this acquisition mode is inherently associated
with spatially resolved EELS of nanostructures, a technique
recently employed to map surface phonons in MgO nano-
cubes [3].

Crystals containing a large number of atoms per unit-
cell, molecules and more generally, complex systems
containing covalently bonded hydrogen display a large
number of vibrational modes, hindering a straightforward
interpretation of their spectra based on a simple compari-
son with known references or empirical models. A proper
assessment of the origin of the different structures
observed experimentally therefore relies on first-principles
calculations.

In this Letter, we present a first-principles computational
approach to model vibrational electron energy loss spectra
acquired in aloof geometry. The approach uses density
functional theory (DFT) and its effectiveness is demon-
strated through the calculation and the analysis of the
vibrational spectrum of biogenic anhydrous guanine
extracted from Japanese koi fish scales [2].

This material, widespread in the animal kingdom and
used for producing structural colors [11,12], crystallizes
in a monoclinic structure (P112,/b space group), named
f-guanine, and is built on the 7H-1H-amino-oxo tautomer
[13]. The structure of the almost planar H-bonded molecu-
lar layers lying parallel to the crystal b-c plane is shown in
Fig. 1. Note that the “staircase” like stacking of these layers
along the a axis is not shown for clarity.

The simplest geometry which can be employed to
approximately describe the experimental setup consists
in an electron traveling along a rectilinear trajectory parallel
to, and at a finite distance b from, the surface of a specimen
occupying a half-space, as shown in Fig. 1(c). In a classical,
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FIG. 1. Structure of f-guanine. (a) Global arrangement of the
molecules in the crystal b-c plane; the monoclinic unit-cell
containing four molecules is highlighted. (b) Structure of the
molecule on which f-guanine is built, corresponding to the
7H-1H-amino-oxo tautomer. Atom numbering employed in this
Letter is indicated. (c) Idealized geometry of the experiment: the
specimen is described as a dielectric medium occupying a half-
space (z < 0) while the probe electron travels in the vacuum
along x at a constant distance b (impact parameter) from the
interface.

quasistatic approach [14-16], the energy loss probability
per unit angular frequency dP(w,b)/dw, associated with
the energy hw, is related to the work, W, done on the
electron

dP(w,b)

wb) = | o2 gy = —¢ | v B
(b) A o— dw e/_oov (r,)dt

(1)

where e is the elementary charge, v is the electron velocity,
EM(r,) is the electric field acting on the electron at
position r,, and the last integration is performed on time
t. We need to distinguish between the applied electric
field, generated by the electron in the vacuum, E#P!, and
that induced by the presence of the specimen which is
polarized by the electron, E, The Fourier components of
the two associated potentials are related by Vi"d(w, k) =
a(w, k)V¥! (¢, k), where a(w, k) is the polarizability of
the interface, calculated by solving Laplace’s equation and
imposing the continuity conditions at the interface between
the vacuum half-space (where the electron travels) and the
specimen half-space. In this region, Laplace’s equation

takes the form V[€(w)VV] = 0, where € () is the local

[€(w) = ¢(k = 0,0)] dielectric tensor of the medium.

Assuming ¢ (w) to be diagonal, the resulting polarizability
is [17]

Ve (Bew + ke ) /K>~ 1

\/ezz(kiexx + ke, ) /K> + 1

a(a), k. ky) = (2)

where K = /k2 + k§ is the norm of the wave vector

parallel to the surface [Fig. 1(c)], and the dependence on

 arises from the diagonal components of € (@): €, (®),
€yy(®), and e, (w). Note that in the case of an isotropic
crystal, the well-known expression (e —1)/(e+1) is
retrieved. The energy loss probability per unit angular
frequency and per unit electron path length finally reads

d*P(w,b) e?
dwdx

(27)*v%eph

. ~20/G+(2)
x/ Im[a<w,9,ky)]e—dky
—o0 v kg + (%))2

(3)

where k, = w/v is the momentum transfer along the
electron trajectory. In this expression, the imaginary part
of the polarizability of the specimen Im[a] multiplies a
kinematic factor (depending on the electron trajectory and
velocity) acting as a low-k, low-w filter [18].

The microscopic behavior of the specimen is therefore
entirely described by the low-frequency dielectric tensor
(g(a)), which can be evaluated from first-principles calcu-
lations using the expression [19,20]

47[ Z:;’lazjn/}
— % —_ . 2 4
eapl@) = €+ 02— (0 + T, “)

where @ and f are Cartesian-coordinates indices, m runs
over the phonon modes, Q is the crystal unit-cell volume,
w,, are the frequencies of the phonons calculated at zero
macroscopic electric field (TO modes), ez, is the electronic
dielectric tensor [i.e., the value of €,4(w) for frequencies
much higher than the typical long-wavelength TO phonon
frequencies], and Z;, , are the Born effective charge tensors
(the coefficient of proportionality between the macroscopic
polarization per unit-cell created in direction a and a
cooperative displacement of the atoms following the
phonon mode m). Finally, I',, is a broadening parameter
accounting for the finite lifetime of the vibration. The
numerators in Eq. (4) are usually called the mode oscillator
strengths. The quantities ,,, €, and Z* can be calculated
for a generic system entirely from first-principles [20].
The structure and vibrational properties (@,,, €, and Z*)
of p-guanine were determined within DFT by using
the Quantum Espresso [21] package. Calculations were
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TABLE I. Comparison between the experimental (taken from
Ref. [13], space group P112,/b) and optimized lattice parameters
of f-guanine using both the GGA-PBE exchange-correlation
only (PBE) and adding dispersion corrections (PBE + D2).
Relative differences with respect to measurements are in
parentheses.

Experiment PBE PBE + D2
a (é\) 3.629 4.321 (+20%) 3.496 (-3.5%)
b (A) 9.813 9.836 (4+0.2%) 9.684 (—1.3%)
c (A 18.427 18.646 (+1.2%) 18.447 (+0.1%)
y (©) 118.04 115.77 118.33

performed using ultrasoft pseudopotentials [22] with plane-
wave and charge-density cutoffs of 60 and 600 Ry,
respectively. The Brillouin zone was sampled using a
6 x2x 1 k-point Monkhorst-Pack grid [23] and the
generalized gradient approximation of Perdew, Burke,
and Ernzerhof [24] (GGA-PBE) employed for exchange
and correlation together with Grimme’s dispersion correc-
tions [25]. Atomic structure and crystal cell parameters
were fully relaxed by energy minimization (Table I). The
use of dispersion corrections clearly improves the treatment
of interlayer interactions, for which bare GGA hardly
predicts any binding [13]. Vibrational properties have
therefore been calculated within this approximation [26].
p-guanine is a biaxial crystal of symmetry lower than
orthorhombic. As a consequence, the axes diagonalizing the
real and imaginary parts of its dielectric tensor are frequency
dependent and, in general, do not coincide [27]. In our case,
the monoclinic symmetry only fixes one principle axis along
the twofold screw axis of the P112,/b crystal, i.e., along c.
Choosing a second axis perpendicular to the molecular plane
(Fig. 2), brings numerically both parts of the dielectric tensor
close to adiagonal form. As this approximation is excellent in
the 100-500 meV energy range of interest for these experi-
ments, we will consider these axes as frequency independent.
The dielectric tensor calculated from Eq. (4) is shown in
Fig. 2. A large number of modes contribute to the dielectric
tensor leading to a strong frequency dependence, enhanced
by the use of a constant, phenomenological damping
parameter I',, = 4 cm™'. Note that T',, is the only parameter
in Eq. (4) which is not evaluated from first principles but set
to an arbitrary value, here much smaller than the energy
resolution currently accessible in EELS. Symmetry argu-
ments help rationalize the large number of resonances
observed numerically in Fig. 2. f-guanine crystallizes in
the P112;/b space group with 16 atoms (forming the
molecule) in the 4e Wyckoff position. A factor group
analysis therefore gives the following decomposition:

[y, = 48A, @ 48A, @ 488, © 48B,,.

Subtracting the acoustic modes A, & 2B,, we are left
with 189 modes, among which 93 are odd under
inversion symmetry. These modes only, decomposing as
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FIG. 2. Local dielectric tensor €(w) of f-guanine in the
infrared domain of frequencies calculated according to Eq. (4)
with a damping parameter I',, = 4 cm™'. The trace of the tensor
is shown in the upper panel and the three diagonal components in
the lower panel.

47A, @ 46B,, can generate a macroscopic polarization
and therefore bring a nonzero contribution to the dielectric
tensor.

A close inspection of Fig. 2 reveals that all modes above
1000 cm™! (~120 meV), i.e., modes essentially accessible
in EELS, correspond to in-plane atomic displacements.
Two groups are then clearly separated in this energy
range: (i) between 2500 and 3500 cm™! (~310-435 meV),
modes are exclusively associated with N-H, C-H, or NH,
stretching whereas (ii) between 1000 and 2000 cm™
(~120-250 meV), they involve in-plane bending of these
bonds hybridized with stretching of bonds arising within the
pyrimidine and imidazole rings.

The theoretical vibrational EELS spectrum calculated
from Eq. (3) and based on this dielectric tensor is shown in
Fig. 3. This spectrum corresponds to the geometry depicted
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FIG. 3. Comparison between the experimental (Ref. [2]) and

theoretical vibrational EELS spectra of -guanine. Two spectra
have been calculated, corresponding respectively to a surface
perpendicular to the crystal ¢ axis, as depicted in Fig. 1(c), and
perpendicular to the crystal b axis. The 60 keV electron beam is
perpendicular to the molecular plane and travels at a distance
of b =30 nm from the specimen edge. Blue sticks show the
theoretical TO mode oscillator strengths and frequencies.

in Fig. 1(c), for a surface perpendicular to the crystal ¢ axis.
The spectrum corresponding to an additional geometry, i.e.,
for a surface perpendicular to the crystal b axis, is also
shown. These spectra have been calculated for 60 keV
electrons and an impact parameter b = 30 nm. Finally, to
account for the energy resolution of the experiments, a
Lorentzian broadening of full-width at half maximum of
5 meV has been applied. It appears that the peaks in the
theoretical EELS spectra are systematically blue-shifted
with respect to the TO modes. This effect results from
the nonpenetrating geometry of the experiment, where the
relevant physical quantity is the imaginary part of the

TABLE II.

polarizability a(w), whose poles have energies between
the bulk TO and LO modes. The good overall agreement
between experimental and calculated spectra allows for a
clear identification of all the modes associated with the
experimental peaks, labeled from @’ to e in the figure
(Table II).

Modes arising at high energy are well separated and
correspond to weakly hybridized bond vibrations. Starting
with the highest energies, peak e can be attributed purely to
antisymmetric stretching of the NH, group. Peak d arises
from both symmetric stretching of the NH, group and C8-H
stretching, as these modes occur in the same energy range.
The latter only brings a very weak contribution to the
theoretical peak intensity. This is related to the predomi-
nantly covalent character of the C-H bond resulting in small
Born effective charges on the H atom. This result correlates
well with the fact that, unlike the polar N-H and NH,
groups, the C8-H group is not involved in hydrogen
bonding, as seen in Fig. 1(a).

Peaks b and c¢ correspond, respectively, to N1-H and
N7-H bond stretchings. Remarkably, our analysis shows
that the frequency shift of these stretching modes, primarily
induced by the different intermolecular hydrogen bonds in
which they are involved—NI1-H---N and N7-H- - - O, see
Fig. 1(a)—can be detected experimentally in EELS. This
analysis differs from a previous interpretation of these
spectral features [2]. Finally, the overestimation of the peak
intensities in the 2500-3500 cm™! range of the theoretical
spectrum might be partially attributed to the presence of
anharmonic broadening induced by hydrogen bonds [28].

At lower energies, peaks a’ and a are associated with
groups of modes involving highly hybridized bond vibra-
tions and, in particular, stretching of bonds within the
pyrimidine and imidazole rings. Although the most intense
peak a involves NH, scissoring and N1-H bending, the
spectral intensity results essentially from bond stretching
involving C6 and O atoms, which hold the largest effective
charges in the molecule [Fig. 4(a)]. Along the same line, peak
a’ also visible and fairly intense in IR spectroscopy [2,29],
arises from a group of modes involving NH, rocking, N1-H
and C8-H bending together with a large number of intraring
bond stretching modes [Fig. 4(b)]. It is not possible to assign

Dominant components of the modes associated with the major structures visible in the vibrational electron energy loss

spectrum of f-guanine. The range of theoretical TO mode frequencies contributing to the different peaks is given. The following
convention is employed to describe the type of vibration of a single bond: v stretching; §: in-plane bending; and of groups with two
identical bonds v,: symmetric stretching; v,: antisymmetric stretching; J,: scissoring; J,: rocking.

Experiments [2] Theory

Peak o (cm™)  wgo (cm™!) Dominant contributions

e 3277 33223324 vo(NH,)

d 3078 3193-3223 vy(NH,); »(C8-H)

c 2846 2981-3041 v(N7-H)

b 2663 2689-2756 J(N1-H)

a 1666 1662-1695 5,(NH,); 1(C6 = O); »(C2-N10); 8(N1-H); »(C2-N3); »(C2-N1); »(C5-C6)

@ 1379 1362-1373  5,(NH,)); 8(NI-H); 5(C8-H); 6(N7-H); 1(C4-C5); 1(C5-N7); v(C4-NO); 1(C2-N1); 1(C4-N3)
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FIG. 4. Schematic representation of two modes contributing
respectively to (a) peak a found experimentally at 1666 cm™" and
(b) peak o’ at 1379 cm~! in the EELS spectrum shown in Fig. 3.

a particular bond vibration to this peak which results from
collective movements of atoms holding similar effective
charges. The absence of the predicted additional two peaks of
similar intensities between 1400 and 1600 cm™' in the
experimental spectrum might be due to the limited energy
resolution and signal-to-noise ratio available in EELS as they
are visible in IR spectroscopy [2,29].

Concluding, the present work provides solid ground to
improve the modeling and the interpretation of vibrational
EELS acquired under experimental conditions where long-
range dipole scattering dominates. In particular, first-
principles calculations based on the DFT framework lead
to unambiguous assignment of the peaks visible on the
experimental spectrum of fS-guanine. We remark that the
interpretation of vibrational EELS data is still based on
empirical models or on a direct comparison with known
references. In the presence of large systems, this kind of
approach might be incomplete and even misleading making
the use of first-principles approaches highly desirable.
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