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Abstract: The recently discovered compound BeP,N, that crystallizes in the phenakite-type structure has
potential application as a high strength optoelectronic material. Therefore, it is important to analyze
experimentally the electronic structure, which was done in the present work by monochromated electron
energy-loss spectroscopy. The detection of Be is challenging due to its low atomic number and easy removal under
electron bombardment. We were able to determine the bonding behavior and coordination of the individual
atomic species including Be. This is evident from a good agreement between experimental electron energy-loss
near-edge structures of the Be-K-, P-L, 3-, and N-K-edges and density functional theory calculations.
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INTRODUCTION

Nitride materials are known for their high strength and
stability at elevated temperatures and mechanical stress
because of their rather covalent chemical bonds to nitrogen
(dela Cruz et al., 2004). In addition, they offer many possible
applications in optoelectronics due to their wide-band gap
semiconductor character. For example, BeCN, (Lambrecht
& Segall, 1992) and Be;N, (Armenta & Reyes-Serrato, 2001)
possess direct band gaps between 4 and 6 eV. Nitrogen forms
short bonds in these compounds leading to comparable
properties with other wide-band gap semiconductors such as
diamond (Mokhtari & Akbarzadeh, 2003). Be;N, exhibits
mechanical behavior similar to SiC and SizN4 (Armenta &
Reyes-Serrato, 2001). Another structurally related nonmetal
nitride is P3Ns, which has been fully characterized (Schnick
et al,, 1996; Horstmann et al., 1997). Density functional theory
(DFT) calculations on this material predict outstanding
mechanical properties comparable to BN and Si;N, (Kroll &
Schnick, 2002). a-P3N5 can be described as a covalent network
of PN, tetrahedra sharing edges and corners (Horstmann
et al., 1997). Starting from the compounds P;Ns and Be;N; a
new hard material BeP,N, has been synthesized recently via
the multi-anvil high-pressure/high-temperature method
(Pucher et al., 2010). This true double nitride, which crystal-
lizes in the phenakite-type structure, is isoelectronic and iso-
structural to Be,SiO,4 and f-Si3N,. Like a-P;N5 and a-BesN,,
BeP,N, is made of TN, tetrahedra (T = Be, P). Under high
pressure, f-SisN, transforms into the spinel-type y-SisNy,
which is known as a very hard material (Zerr et al, 1999).
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By analogy, BeP,N, is expected to transform under high
pressure into the spinel structure as well, leading to another
super hard material where the coordination number of P
would increase from 4 to 6 (Pucher et al., 2010; Ching et al.,
2011). A sixfold coordination of P in polymeric nitrides has
only been predicted for hypothetical 6-P3N5 but could not be
observed in any known material (Kroll & Schnick, 2002). The
synthesis of spinel-type BeP,N, is challenging and currently
under experimental investigation.

The phenakite-type structure of BeP,N, is primitive
rhombohedral with lattice parameters of a = 12.6897 A and
¢ = 8.3469 A (space group R3, no. 148, Z = 18; Pucher et al,,
2010). Both Be and P are tetrahedrally coordinated by four N
atoms resulting in corner sharing dreier, vierer, and sechser
rings of BeN, and PN, tetrahedra. The terms dreier, vierer, and
sechser ring were introduced by Liebau (1985). A sechser ring
consists of six tetrahedra (P and Be as central atoms) and
analogously this is valid for dreier (three tetrahedra) and vierer
rings (four tetrahedra). The N atoms are arranged in a trigonal
planar coordination by one Be and two P atoms (Pucher et al.,
2010). There are two crystallographically unique P and four
unique N atoms, which differ in their bond lengths and angles
to the respective neighboring atoms. N1 and N2 are coordi-
nated to P1 and P2 as well as to Be. N3 does not coordinate to
P1 but twice to P2 and vice versa for N4. Figure 1a shows the
crystal structure with [001] viewing direction. Diverse physical
features such as the electronic, spectroscopic, and mechanical
properties of BeP,N, were recently investigated using DFT
calculations (Ching et al., 2011). In general, DFT methods have
been successfully used for electronic structure and property
calculations of various compounds (Nelhiebel et al., 1999; Lie
et al,, 2000). The results of Ching et al. (2011) indicate that the
phenakite- as well as the spinel-type phases are wide-band gap
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semiconductors leading to promising applications, e.g. in
optoelectronics. The orthogonalized linear combination of
atomic orbitals (OLCAO), which is based on the local density
approximation of DFT, has been used as the main method
for predicting the electronic structures and properties of the
phenakite- and the spinel-type polymorph of BeP,N, (Ching,
1990; Ching & Rulis, 2012).

Electron energy-loss spectroscopy (EELS) is a widely used
method in transmission electron microscopy (TEM) to analyze
the chemical and electronic structure of materials, locally and in
detail (Brydson, 2001; Egerton, 2011). One limiting factor for
the energy resolution of this technique is the initial energy
spread of the electron source. The energy resolution can be
enhanced by using a monochromator resulting in values of
around 0.1 eV (Kahl & Rose, 2000; Uhlemann & Haider, 2002).
With this energy resolution it is possible to determine details in
the electron energy-loss near-edge structures (ELNES) related
to the electronic structure and bonding effects, as well as to
investigate the low-loss region in depth to determine, e.g. the
dielectric function or band gaps of materials on a local scale
(Lazar et al, 2003; Erni & Browning, 2005; Gu et al,, 2007;
Kuykendall et al., 2007; Schaffer et al., 2010). The electronic and
structural properties of several nitrides have been studied
successfully with EELS (de la Cruz et al., 2004; Ziegler et al.,
2004) and it has been shown that the ELNES is strongly
dependent on the bond lengths and angles. In this paper we
present EELS data acquired with a monochromator from
phenakite-type crystals of BeP,N,. The experimental ELNES of
the Be-K-, P-L, 5-, and the N-K-edges are interpreted with the
help of the calculated data published recently (Ching et al,
2011). For the calculation of the ELNES the supercell- OLCAO
(Mo & Ching, 2000; Ching & Rulis, 2009) method was applied.
In this technique the core-hole effect and the dipole matrix
elements calculated from ab initio wave functions are included.
To adjust the calculated spectra to experimental conditions the
calculated ELNES were broadened by a Gaussian with a full-
width at half-maximum (FWHM) of 1.0 eV. As will be shown
in the Results and Discussion section, this value describes
nicely the damping occurring in the experiments due to
broadening caused by life time of the excited state and core-
hole. As the material contains small amounts of impurities
and cannot be synthesized in large quantities, EELS in a TEM
is required for analyzing the local electronic structure of
these phenakite-type crystals.

METHODS AND MATERIALS

Monochromated EELS data were taken on the NCEM
TEAM 0.5 microscope at 80 kV in Berkeley. This double-
aberration corrected (scanning) TEM (STEM/TEM) is
based on a FEI Titan 80-300 kV. It is equipped with a special
high-brightness Schottky field emission electron source, a
gun monochromator, two CEOS hexapole-type spherical
aberration correctors (Haider et al., 2008), and a Gatan
high-resolution GIF Tridiem energy filter. The FWHM of
the zero-loss peak (ZLP) was around 0.12 eV during our
measurements done in diffraction mode. The ELNES data
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were taken with a dispersion of 0.05 eV/channel leading to a
high-energy resolution and a good signal-to-noise ratio.
We used a 1 mm entrance aperture for the spectrometer
and a camera length of 43 mm resulting in a collection angle
of 123 mrad. The investigated sample was thin enough
(smaller than 0.3 times the inelastic mean free path), so no
deconvolution of our data was necessary. All EEL spectra were
corrected for channel-to-channel gain variation and dark cur-
rent. The background was subtracted using a power-law fitting
procedure (Egerton, 2011). High-resolution TEM (HRTEM)
studies were performed in Munich on a Titan 80-300 keV
S/TEM equipped with an energy-dispersive X-ray detector
and a Gatan energy filter for EELS measurements as well as
in Berkeley on a Titan 80-300 keV S/TEM. HRTEM image
simulation was conducted using the program MacTempasX.

The BeP,N, material was synthesized from Be;N, and
P;Ns in a Walker-type multi-anvil apparatus at a pressure of
5GPa and 1,500 °C, as described in the literature (Pucher
et al,, 2010). The crude product was heated to 680°C to
remove traces of black phosphorus and to improve the
crystallinity of the sample. For TEM investigations the
material was pestled, suspended in ethanol, and dropped on
a copper grid coated with a lacey carbon film.

REsuLTs AND DiscussioN

Electron diffraction experiments confirmed that the com-
pound is crystalline exhibiting the phenakite-type structure.
A HRTEM image and its corresponding diffraction pattern
taken in [210] direction are given in Figure 1b. Owing to
the high hardness of the material the thickness within the
displayed area is increasing, which is visible in the changes
of the HRTEM pattern. Nevertheless, a simulated image
is shown as an inset in Figure 1b in an area of constant
thickness. HRTEM image simulations were performed
using MacTempasX according to the following parameters:
an acceleration voltage of 80kV, a spherical aberration of
C, = —15 um, an information limit of 1 A, a defocus spread
of 1.2 nm, fifth-order spherical aberration C5 = 3 mm, and a
beam convergence of 0.15mrad. The good agreement
between experiment and simulation confirms the crystal
structure viewed along [210] with the best match for a
defocus of 60 A and a thickness of 44 A for this investigated
area. A sketch is shown in Figure 1c.

Light elements like Be can be knocked out or displaced
quickly by the electron beam. This was also detectable in
HRTEM studies conducted at 300 keV (Fig. 2). Initially, a
thin ~1 nm amorphous layer is visible at the sample edge,
which is because of the mechanical treatment during sample
preparation (Fig. 2a). After 1 min, illuminating an area of
~50nm in diameter, noticeable changes occur indicating
severe damage (mostly knock-on damage) under the chosen
conditions (Fig. 2b). In further experiments using similar
conditions but operating the microscope at 80 keV revealed
a much higher stability even up to 1,000s (Figs. 2¢, 2d).
Nevertheless, to make sure that beam damage effects did not
strongly influence the Be-K ELNES, this data was taken with
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Figure 1. Crystal structure of the phenakite-type phase with BeN, tetrahedra highlighted in green, and PN, tetrahedra
in gray. (a) Structure viewed along [001]; the different P and N sites are indicated; (b) high-resolution transmission
electron microscopic image of the phenakite-type polymorph of BeP,N, seen along the [210] direction with an
enclosed simulated image and the corresponding diffraction pattern; (c) atomic arrangement of the phenakite-type
phase viewed along [210].

shorter acquisition times (<2 s) than the other edges
(acquisition times up to 20 s), which is why the experimental
spectra of the Be-edge appear noisier.

The experimental as well as the calculated EEL spectra for
the phenakite phase are given in Figure 3, where the theore-
tical spectra are shown in black and the monochromated data
in blue. In order to prevent orientation and channeling effects
the sample was tilted out of zone axis for EELS data collection.
Figure 3a shows the Be-K-edge with the characteristic features
labeled A-D. In the experimental data of the Be-K-edge the
first maximum, labeled A, shows the highest intensity and
occurs at 116.9+0.1 eV. The scatter in the peak position is
estimated by averaging over several independent measure-
ments. In the calculated spectrum this peak appears at 118 eV
(Ching et al., 2011). For better comparison of all following
features (B-D) we shifted the calculated data by 1.1eV to
lower energy losses (to align the first maximum of the
experimental and simulated data) since we are most interested
in relative peak distances. A difference in the edge onsets of
the calculated and experimental values of ~1% is commonly
reported in the literature (Ching & Rulis, 2009; Tanaka
& Mizoguchi, 2009). Possible explanations are errors in
the calibration of the spectrometer as well as difficulties in
calculating excited states. Overall, the general shapes of the
experimental and calculated Be-K ELNES are in good agree-
ment. The relative peak distances in the experimental data are
2.5¢eV for features A to B, 5.4V for features A to C and
11.5¢eV for A to D. As shown in Table 1, these observed peak
distances are in good agreement with the calculated ELNES
data. Feature C is different in the experimental and calculated
data, which predicts two features. In a simplified picture, the
peak splitting of feature C observed in the calculated ELNES of
the Be-K-edge could be attributed to different maxima in the
density of hybridized Be 2p/N 2p states related to the different
Be-N bond length. The presence of only one peak C in the
experimental data thus indicates that the predicted atomic
arrangement is not fully obtained in the experiment.

It is worth noting that the use of partial density of states
has some difficulties and might not allow explaining the
origin of the different peaks in general. This is related to the
fact that the exact determination of hybridization states is
not straightforward and often not advisable, in particular, for
complex material systems. The unoccupied conduction band
(CB) states are highly delocalized and possess all kinds of
mixtures. In addition, the peak structures reflect the strength
of the dipole matrix elements included in the calculation for
various transitions at different excitation energies in the
presence of a core-hole. Thus, it is impossible to know the
exact origin of each peak, large and small.

In general, a perfect quantitative agreement between
theory and experiment for more complex crystals (such as in
the present case) is nearly impossible because of limitations
in both theory and in experiments/samples. Many factors
such as the core-hole effect, the anisotropy of the material,
and possible defects and weighting of the different P and N
sites must be taken into account. Furthermore, an energy-
dependent damping by a flexible Gaussian is not included in
the code to intentionally avoid using different broadening
effects at different energy ranges for the sole purpose of
having a better agreement with the experiment. Further
reasons for the discrepancy between the experimental and
calculated ELNES data are the limited accuracy in the cal-
culation related to finite basis expansion, the neglecting
of many body effects, and that the synthesized phenakite
crystals are not fully relaxed and the equilibrium atomic
positions not yet achieved.

Figure 3b shows the P-L,;-edge, which exhibits more
fine structure than the Be-K-edge. The first maximum (A)
occurring at 136.1 +0.7 eV in the experimental data is also
the highest intensity peak in the spectrum. The calculated
first maximum is located at 138.2 eV (Ching et al., 2011)
so the calculated data was shifted by 2.1eV to lower
energy losses. Similar to the discussion of Be-K ELNES, the
relative peak separations of the minor features (B-E) of the
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Figure 2. Beam damage study of the phenakite-type BeP,N, phase, in (a) a thin amorphous layer (~1 nm) is visible at
nominal 0's irradiation time at 300 kV, (b) exhibits a severe damage after illuminating the sample for 60 s operating the
transmission electron microscope at 300kV. In (c¢) a comparable sample area with a thin amorphous layer is shown at
nominal 0 s irradiation time at 80 kV and (d) shows no considerable damage even after illuminating the area for 1,000s.

P-1, ;-edge again show good agreement with the calculated
data. Features A, B, and C are present in the calculated data set
as well as in the experimental measurement. The weak
shoulder on the high-energy side of peak A is not visible in the
calculated data. This small shoulder is the signature of L,, L
splitting (~1 eV), which is resolved by the monochromated
data. The calculated L-edge is only for L;, and omits any
contributions from L, because the spin-orbit coupling in
the core level was not taken into account. This spin-orbit
splitting is important for L-edges, but not relevant to the
K-edges since the 1s level has no spin-splitting. The results
for the P-L, ;-edge are 6.4 eV for the relative peak distances
between features A and B, 11.6 eV for A and C, 20.6 eV for A

and D, and 26.7 eV for the features A and E. There is a major
peak at around 156eV in the calculated ELNES, which
appears slightly weaker in the experimental data (D). The
smoother peak in the measurement occurring above 164 eV
labeled E is again caused by the P-L,-edge. The results for the
experimental and the calculated peak positions are listed in
Table 1. The difference in the relative peak position is smaller
than 1.1 eV. Once more, the experimental ELNES is in good
agreement with the DFT calculation.

The N-K-edge is given in Figure 3c revealing that the first
maximum in the experimental data appears at 404.6 +0.1 eV.
This peak is split, and the features are denoted A and B. Minor
features are labeled as C, D, and E. The calculated data is an
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Figure 3. Calculated (Ching et al., 2011) (black) and experimental electron energy-loss spectra (blue) of the phenakite-
type BeP,N, showing the Be-K- (a), P-L; 5- (b), and N-K-edges (c).

averaged spectrum over the four N sites (Ching et al., 2011).
Here, the first maximum is observed at 407 eV. For a better
comparison of the relative peak positions the calculated
spectrum was shifted by 2.4 eV to lower energy losses. The
relative peak distances between features A-E are given in
Table 1. The experimentally measured peak separations are
2.6 ¢V for features A and B, 8.1eV for A and C, 17eV for A
and D, and 29.3 eV for A and E. The calculated ELNES shows
three broader peaks (A, C, and D) with relative peak distances
of 7.3 eV for features A and C and 18.5¢eV for A and D. The
difference between experimental and calculated peak positions
of the N-K-edge is between 0.8 and 1.5 eV; the experimental
and calculated ELNES are in reasonable accordance. The
observed double peak labeled A and B in the experimental data
is unambiguous, but is not present in the calculated curve
where the spectra for the four different N sites (N1, N2, N3,
and N4 in Fig. 1a) were equally weighted and summed. All four
N atoms have different bond lengths, bond angles, and bond
orders leading to different features and peak positions in the N

site-specific ELNES (Ching et al.,, 2011). The main difference
between these four N sites is that N1 and N2 coordinate to
each atom type (Be, P1, and P2), while N3 only coordinates
to Be and twice to P2 and N4 coordinates to Be and twice to
P1. For the different sites in the relaxed crystal structure, the
N-P bonds are in all cases shorter than the N-Be bonds
because the N valence electrons are pulled closer to the more
electronegative P atoms (compared with Be). The total bond
order rises in the sequence N1 (1.025) <N3 (1.031) <N4
(1.036) <N2 (1.039). N1 shows the smallest bond order lead-
ing to a higher energy loss for the main peak (occurring at
position of feature B) whereas N2 has the highest bond order
so a lower energy loss for its main peak is observed (occurring
at position A). This is in accordance with Brydson et al. (1995)
where a longer bond length results in a lower energy of scat-
tering shape resonance and vice versa.

Several reasons might be responsible for the difference
of the calculated and experimental N-K-edge. First, using
the full core-hole approximation in the DFT calculations (the

Table 1.
Peak Distances for the Minor Features.

Position of the First Maxima of the Experimental and Calculated Spectra for the Be-K-, P-L, 3-, and N-K-Edges and their Relative

Relative Peak
Positions (eV)

Edges First Maximum A-B A-C A-D A-E
Experimental Be-K 116.9+0.1 2.5 5.4 11.5

Calculated Be-K 118 2 4.1/7.1 12

ABe-K 1.1 0.5 1.3/1.7 0.5

Experimental P-L, 3 136.1+0.7 6.4 11.6 20.6 26.7
Calculated P-L; 138.2 7.8 11.8 19.7 27.8
AP-L; 2.1 1.4 0.2 0.9 1.1
Experimental N-K 404.6 £0.1 2.6 8.1 17 29.3
Calculated N-K 407 7.3 185

AN-K 2.4 0.8 1.5

The scatter of the peak position is evaluated by averaging over several independent measurements.
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excited electron was placed at the bottom of the CB) might not
be necessary for the N-K-edge in our compound. In the
applied supercell-OLCAO method the excited states are taken
into account (Ching et al,, 2011). For each edge the ground
state of a supercell containing the target atom is calculated
first. Then, the final states are calculated separately, where the
system remains charge neutral at all times by including the
electron in the otherwise empty CB during charge density
accumulation for construction of the self-consistent potential.
The CB states exhibit the excited electron from the core (e.g., 1s
of Be) placed at the bottom of the CB. The self-consistent
iterations of the final-state calculation consider the interaction
between the excited electron in the CB and the hole in the
core (Ching et al,, 2011). It is known from the literature that,
depending on how the core-hole was taken into account, the
intensities and peak positions can alter (Lazar et al., 2008).
Consequently, another core-hole approximation might
describe the splitting of the main peak of the N-K-edge more
accurately. This was not studied in the present work since the
full core-hole approximation is implemented in the applied
code and a change would require additional code develop-
ment. Second, even a small shift between the individual
spectra for the different N sites can lead to a significant
change in the width and position of the peaks appearing in
the averaged spectrum. Third, orientation/channeling effects
can change the ELNES significantly. We tried to minimize
this effect by using out of a low-indexed zone axis orienta-
tions. Fourth, the N-K-edge is strongly influenced by
point defects such as vacancies. Preliminary inspections of
HRTEM images did not give any evidence for a high density
of such defects. In any case, the high-energy resolution in the
experimental measurement reveals two separate peaks A and
B, which can be used to provide guidelines to theoretical
schemes for ELNES. A splitting of the N-K-edge has been
previously observed in the literature for transition metal
nitrides and was related to hybridized nitrogen 2p states
and transition metal 3d states with symmetries of t,, and e,
(Paxton et al., 2000; Lazar et al., 2003; Tsujimoto et al., 2005).

Comparing the experimental EELS data to theoretical
calculations of the phenakite- and the spinel-type phase
(Ching et al., 2011) reveals a tetrahedral coordination for
P and Be in the phenakite-type structure. A phase transfor-
mation under high pressure would lead to a spinel-type,
which crystallizes in the face-centered cubic structure with
lattice parameters of a = 7.4654 A (space group Fd3m,
no. 227, Z = 2, Ching et al,, 2011). In that case, Be atoms
would be tetrahedrally coordinated by four N atoms,
whereas the P atoms would be octahedrally coordinated by
six N atoms. This would lead to a higher coordination
number for P in the spinel-type, from four to six compared
with the phenakite-type. A significant change in the ELNES
for the Be-K-, the P-L,;-, and the N-K-edge of the spinel-
type phase has been predicted by Ching et al. (2011). How-
ever, experimentally this phase has not yet been successfully
synthesized.

Overall, the good agreement between experimental and
calculated data reveals that 1 eV broadening in the calculated
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EEL spectra is sufficient to describe the experimental
broadening occurring due to life time effects of the core-hole
and the excited state for our material system. Similar obser-
vations, in particular for K-edges (above 400 eV) have been
reported by Kothleitner et al. (2003), Scheu et al. (1998), and
Muller et al. (1998). Nevertheless, the use of a monochromator
is still beneficial since the individual features in the ELNES are
less smeared out due to the reduced tails of the ZLP compared
with nonmonochromated data.

CONCLUSIONS

High-energy-resolution EELS data have been successfully
acquired from a new phenakite-type BeP,N, wide-band
gap semiconductor without altering the structure. This is
important for further development of compounds with
ultralight elements since the possibility of their detection is
limited. In this study we could not only measure the presence
of Be but could also determine its coordination and bonding
behavior in the compound. This was demonstrated by a
good agreement with calculated ELNES data for the Be-K-,
P-L;-, and (partly) N-K-edges concerning shape, relative peak
positions, and edge onsets. To describe the experimental
P-L,3;-edge in more detail, future DFT calculations should
include the contributions of the spin-orbit terms. Never-
theless, the experimental measurements confirm that P and
Be are tetrahedrally coordinated. N is threefold coordinated
and is located on four different sites in the phenakite-type
structure. Overall, this type of measurement will allow an easy
identification of new structure types such as hypothetical
ultrahard spinel-type BeP,N, material in the future.
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