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ABSTRACT: The morphology, structure, composition, and con-
duction electron properties of quasi-spherical tin nanocrystals (NCs)
of 2.5 nm average diameter, with unstrained, bulk-like @-Sn diamond
cubic structure, observed in dark cubic boron nitride (cBN)
crystallites, were determined by correlated analytical high-resolution
scanning transmission electron microscopy and multifrequency
electron spin resonance (ESR) investigations. The narrow Lorentzian
ESR line with g = 2.0028 is attributed to the conduction ESR of the a-
Sn NCs, consistent with the temperature- and frequency-independent
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small g-shift and intensity reduction under high temperature (950 °C) Hexp(8upMl F[exp(Aiow/M]
vacuum annealing when the @-Sn NCs are thermally dissolved in the T r—r T r—
host ¢BN crystallites. The ESR linewidth and line intensity vs Temperature Temperature

temperature dependences recorded in the 20 to 295 K range are

quantitatively described considering the presence of discrete, quantum

confinement-induced conduction electron energy levels with Aqc/ks = 125 K separation, close to the theoretical value for
conductive a-Sn NCs of 2.5 nm in diameter. The observed properties are tentatively explained with the predicted nanosize induced
band-gap opening and change of band ordering from bulk @-Sn to small unstrained @-Sn NCs, resulting in a topological phase
transition that also explains the predominantly s-like character of the conduction band electron orbitals.

1. INTRODUCTION

Cubic boron nitride (cBN) with zinc blende structure is a wide

As reported here, tin (Sn) is such an impurity, which we found
in dark BORAZON CBN Type 1 crystallites.

band-gap (~6.4 eV) semiconductor, industrially prepared as a
crystalline superhard powder by the temperature gradient
method, at high pressure and high temperature (HP-HT), in a
variety of alkali or alkali-earth B-N solvents to which additives
and/or catalysts are added.'™* Despite the cBN outstanding
properties,*™” the presence, distribution, and atomic properties
of the impurities incorporated in its crystal lattice are little
known. The main reason is the extreme difficulty of preparing
enough large (mm-sized), good quality single crystals with
controlled impurity content, as required for physical
investigations.” ' With recent advances in microanalysis and
microstructural techniques using electron beams,'>'? it is now
possible to investigate the presence, nature, and aggregation
state of the impurities incorporated in the submillimeter-sized
¢BN crystallites found in large-sized commercial superabrasive
powders. Thus, recent studies by analytical high-resolution
scanning transmission electron microscopy/transmission elec-
tron microscopy [a-(HR)STEM/TEM], cathodoluminescence,
ionoluminescence, and electron spin resonance (ESR)
evidenced the presence and non-uniform distribution of
certain impurities incorporated in the cBN crystallites.'*~"”

© 2022 The Authors. Published by
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Bulk tin exhibits two phases, the high temperature white f-
Sn phase with body-centered tetragonal symmetry (space
group I4,/amd) and metallic properties, stable at T > T, = 13.2
°C,'® and the low temperature gray a-Sn phase with diamond
cubic structure [space group O, (Fd3m)] stable at T < T,
exhibiting specific electronic properties as a topological
semimetal>~*' or a direct zero-gap semiconductor.”” ">
Moreover, under strain, a-Sn can enter a Dirac semimetal or
a strong topological insulator phase.”*”” Ab initio and DFT
calculations have shown that the a- and f-phases are close in
energy,””’ which explains the difficulties in stabilizing the bulk
a-Sn phase at T > T..>°** However, a-Sn NCs stable up to T,
~ 200 °C, a property attributed to the interface and pressure/
strain effects,”” as well as to quantum confinement (QC),*
were observed by transmission electron microscopy (TEM) in
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annealed Si;_,Sn, layers grown on Si(001) substrates®”*'*

and in thick films of Si,_,Ge,.”

Up to now, physical investigations have been reported on
very small free a-Sn NCs,>> on large (~32 nm) a-Sn NCs
embedded in thick layers of Ge,** and on smaller, mixed phase
a/B-Sn NCs in Si layers.’””* To our knowledge, ESR
investigations on a-Sn NCs were not reported so far. Very
little is known about the undistorted a-Sn NCs, especially their
electrical and magnetic properties, the available information
resulting mainly from theoretical evaluations.”****>~’

We report here, from a-(HR)STEM/TEM and multi-
frequency ESR investigations, the presence, morphology,
structure, composition, and conduction electron properties of
quasi-spherical a-Sn NCs with unstrained diamond cubic
structure, of 2.5 nm average diameter, found in as-received
commercial dark ¢BN crystallites prepared by HP-HT
synthesis. Extensive information was obtained from the
temperature evolution of the narrow, Lorentzian-shaped ESR
line, called Snl, with constant g = 2.0028 value in the 295 to
20 K temperature range, attributed to the conduction electron
spin resonance (CESR) of the @-Sn NCs. Its linewidth and line
intensity vs temperature variations could be quantitatively
described considering the presence of a QC-induced
conduction electron energy level sequence with average
Aqc/ky = 125 K separation, a value in agreement with the
theo%'}getac()al predictions for a-Sn NCs of 2.5 nm average
size.

The observed behavior of the CESR linewidth and intensity,
as well as its frequency- and temperature-independent g-value,
are tentatively explained based on the theoretically predicted*®
QC-induced topological phase transition in small @-Sn NCs,
resulting in band inversion and formation of an upper electron
conduction band of mainly s-character, close to the Fermi level.

2. METHODS

2.1. Materials. 2.1.1. The Investigated Dark cBN
Crystallites. Samples of well-shaped dark c¢BN crystallites,
with the largest size of up to ~200 ym, were extracted from a
batch of BORAZON CBN Type 1, 60/70 FEPA B251
commercial superabrasive powder. Their examination (Figure
S1 in the Supporting Information) reveals that many of them
exhibit triangular facets corresponding to (111) crystal planes.
The powder X-ray diffraction (XRD) pattern (Figure S2 in the
Supporting Information) confirms the presence of a high
quality cubic BN single phase (space group F43m) with the
lattice parameter @, = 0.36157 nm.” Thermal annealing
treatment was also applied to samples of the as-received dark
¢BN crystallites. During such a treatment, pure fused silica
tubes containing as-received dark cBN crystallites were
connected to a turbo vacuum station (P < 10™* mbar) and
inserted into an electronically controlled furnace. Its temper-
ature was increased to 950 °C in about 0.5 h and further kept
constant for about 4 h. At the end of the annealing period, the
sample tube with the annealed cBN crystallites was removed
from the furnace and cooled down to room temperature (RT),
still under vacuum pumping, in less than 1 min. While the
thermal treatment did not influence the dark color of the cBN
crystallites, a deposit of white powder was formed at the cold
end of the sample tube, where it exited the furnace. The largest
part of the annealed and cooled ¢BN crystallites was
transferred into clean pure fused silica sample tubes for further
ESR measurements. Specimens for the a-(HR)STEM/TEM
investigations were also extracted and prepared from the

annealed ¢BN crystallites and from the resulting white powder
deposit.

2.2. Preparation. 2.2.1. Samples for the a-(HR)STEM/
TEM Investigations. The samples were prepared by crushing
the cBN single crystallites (smaller than 200 ym) to induce
cleaving and collecting the resulting tiny crystalline flakes
dispersed in ethanol on lace carbon films. All images were
obtained from the very thin parts of the ¢BN crystallites
situated over the holes of the carbon films. Thus, one could
avoid the influence of amorphous carbon grid bars on the
HRTEM images or in the compositional analysis.

2.2.2. Samples for the ESR Measurements. To diminish the
observed, rather strong microwave absorption, the cBN
crystalline powder was inserted into narrow, one-end-closed
pure fused silica sample tubes with thin walls, of 1 and 2 mm
inner diameter, employed for the Q- and X-band ESR
measurements in the 20 to 295 K and 90 to 295 K temperature
ranges, respectively. During the ESR measurements at low
temperatures, the open ends of the sample tubes were sealed
off.

2.3. Characterization. 2.3.1. Microstructure and Com-
position Investigations. Microstructure and composition
investigations were performed with a JEOL JEM-ARM 200F
field emission atomic resolution analytical electron microscope
operating at 200 kV in both HRTEM and STEM modes. The
microscope is equipped with a C; probe corrector from CEOS,
enabling a resolution of 0.08 nm in the STEM mode. In the
HRTEM mode, the resolution of the microscope is 0.19 nm.
The microscope is also equipped with a Gatan GIF Quantum
SE Imaging Filter/EELS spectrometer for performing electron
energy loss spectroscopy (EELS) composition determinations
and a JEOL JED-2300T spectrometer for 2D elemental
mapping by energy dispersive X-ray spectroscopy (EDS).

2.3.2. ESR Measurements. The ESR spectra were recorded
in the X (9.8 GHz) and Q_(34.1 GHz) microwave frequency
bands using an ELEXSYS E580 Bruker spectrometer equipped
with an ER4118X-MDS X-band dielectric resonator and an
ELEXSYS—ES00Q_Bruker spectrometer equipped with an
ER5106QT/W Q-band probe head, respectively. Both
spectrometers from NIMP-CetRESav (Magurele, Romania)
were equipped with cryostats for low temperature ESR
measurements, adapted for in situ monochromatic illumination
using either laser diodes or light-emitting diodes as light
sources.”" The ESR spectral parameters were determined by
numerical line deconvolution and fitting procedures using
EasySpin v. 5.2.28 software.*”

3. RESULTS

3.1. The Microstructural and Microanalytical Inves-
tigations. Previous (HR)TEM investigations revealed the
presence of intrinsic extended defects in the dark c¢BN
crystallites, such as dislocations, stacking faults, and micro-
twins, as well as of small precipitates (~5 nm in average size),
which could be formed by the aggregation of impurities, some
of them at microtwin bands.'® These impurities were most
likely incorporated in the ¢BN crystallites during their HP-HT
synthesis assisted by various additives.”” We detail here the
results of further a-(HR)STEM/TEM investigations concern-
ing the nature and distribution of the impurities in the as-
grown dark cBN crystallites and in the dark ¢cBN crystallites
vacuum-annealed at 950 °C, focusing mainly on the nature and
structure of the observed nanometer-sized Sn precipitates.
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Figure 1. ADF-STEM image (a) and the EEL spectrum (b) generated from an area of (106 X 22) nm?” of the investigated sample from image (a).

3.1.1. Impurity Analysis by STEM-EELS. To identify the
nature and distribution of impurities, STEM-EELS analyses
have been performed on a ¢BN sample prepared for
(HR)TEM investigations. For the EELS measurements, the
investigated specimen has to be very thin (thickness, <50 nm)
to avoid multiple inelastic scattering effects. Moreover, for an
accurate quantitative analysis, the specimen thickness ¢ should
be less than 4, the mean free path for inelastic scatterin§,
preferably with t/1 < 0.3 to avoid multiple scattering effects.”
Thus, from a specimen prepared for (HR)TEM investigations,
we did choose from the cBN wedge-shaped crystalline flakes
those with the thinnest edges. One should also prevent certain
specimen orientations giving rise to strong diffraction
conditions, which could affect the quantification of the EELS
signals.

Our first goal was to identify the nature of the impurities
present in the dark ¢BN sample. Figure la shows an ADF
(annular dark field)-STEM image obtained on a very thin
wedge edge of a ¢cBN crystalline flake. Note that the ADF-
STEM image is a dark field image; therefore, the background is
black. On the other hand, the contrast of the image is dictated
by the elemental composition of the specimen, the so-called Z-
contrast, with the image intensity being proportional to Z?,
where Z is the atomic number. Therefore, for the BN
compound, with Z = § for B and Z = 7 for N, the contrast in
the STEM images is very weak, just a faint gray color, as it can
be observed in Figure la on the very edge of the ¢cBN
crystalline flake.

The bright contrast in the ADF-STEM image of Figure la
reveals the presence in this cBN crystalline flake of defects such
as small precipitates (some indicated by arrows) and cleavage
steps, while grooves appear in black contrast. We should
mention that while cleavage steps and grooves might be
produced during the specimen preparation for the (HR) TEM/
STEM investigations, the precipitates resulting from impurity
agglomeration are defects intrinsic to the examined cBN
sample.'’

Figure 1b presents the EEL spectrum generated by scanning
an area of (106 X 22) nm? from the crystalline flake displayed
in Figure la. The quantification of the EELS signals has been
done with the GMS 2.0 software package using the power law
background fitting at the edges of interest in the EEL spectrum
and the Hartree—Slater method for the calculation of the
ionization cross sections. The experimental parameters used
for the EELS data acquisition were as follows: electron beam
energy 200 keV; convergence semi-angle o = 7 mrad;
collection semi-angle f = 49.02 mrad; electron probe size,
0.12 nm. The analyzed specimen was thin enough to avoid
multiple inelastic scattering effects; therefore, the errors for the
elemental quantification were in the range of 10%.

The resulting chemical composition values obtained from
the quantification of the EEL spectrum from Figure 1b are
presented in Table 1. The second column in the table shows
the relative atomic ratio of two analyzed elements X and Y, i.e,,
the concentration of the element X being reported to the
concentration of an element Y exhibiting the highest
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Table 1. Chemical Composition Data and Identification of
the Impurities in the Dark ¢cBN Crystalline Flake Revealed
in the ADF-STEM Image from Figure 1a”

element atomic ratio (/N) content (%)
B(Z=5) 0.95 + 0.13 41.75
C(z=6) 0.08 + 0.01 3.55
Ca (Z = 20) 0.02 + 0.01 071
N (z=7) 1.00 + 0.00 43.92
Sn (Z = 50) 0.06 + 0.01 2.49
0(z=8) 0.08 + 0.01 3.40
Fe (Z = 26) 0.10 + 0.01 4.17

“The first column gives the elements for which the edges were
identified in the EEL spectrum from Figure 1b, while the
corresponding atomic numbers Z are indicated between brackets.
The second column shows the relative atomic ratio of elements X and
N. The third column gives the calculated percent content of each
element in the investigated area.

concentration in the quantification process, which in the
present case is nitrogen. In this way, provided that the same
integration window is employed in the calculations, the
computed cross-section errors tend to cancel and artifacts,
including thickness and diffraction contrast, are corrected.

One can see that the impurity atoms detected by EELS in
the very thin analyzed area of the dark cBN crystalline flake are
C, Ca, Sn, O, and Fe. Among them, C, O, Ca, and Fe are
commonly found in ¢BN, and they were detected in different
cBN crystalline powders prepared by HP-HT synthesis in the
presence of various additives or catalysts.” Detecting Sn in the
dark ¢cBN sample was surprising. It is worth mentioning that
the name “Borazon” for ¢cBN has been first proposed by
Wentorf,** who also mentioned the use of metallic Sn as a
catalyst for the cBN synthesis." This could explain its presence
in the presently investigated dark ¢cBN crystallites. Note that
the metallic impurities, especially Sn, have a significant larger Z
than B and N. Hence, it is very likely that the precipitates seen
in the ADF-STEM image of Figure la as white dots contain
tin.

3.1.2. Identification by STEM-EELS of the Nature of the
Precipitates in the Dark ¢BN Crystallites. While examining
many of the ADF-STEM images obtained on thin crystalline
flakes from the dark cBN sample, we observed, only in a few of
them, the presence of nanosized precipitates. This situation is
illustrated in Figure 2, which presents ADF-STEM images
obtained at low (a) and high (b) magnifications.

The ADF-STEM image at low magnification from Figure 2a
shows a large area at the edge of a ¢cBN crystalline flake where
several precipitates, incorporated in the ¢BN matrix, are
revealed by the bright Z-contrast. The larger the precipitates,
the brighter they appear. At this low magnification, mainly the
larger precipitates are observed. We have also measured in
Figure 2a the diameter of several precipitates. The precipitate
marked with z1 has a diameter d = (37 + 2) nm, while the one
marked with z3 has d = (23 + 2) nm. Most of the large
precipitates appearing in Figure 2a are in this dimension range.
On the other hand, the small precipitates (<5 nm) are hardly
visible in the low magnification ADF-STEM images. For the
few small precipitates observed in Figure 2a, we measured
diameters of [(6—8) + 2] nm.

In Figure 2a, the ¢BN crystalline flake matrix exhibits a
rather weak dull contrast. Only some cleavage steps can be
observed, since the thicker the ¢BN crystallite flake, the

Figure 2. ADF-STEM images at low (a) and high (b) magnifications
showing nanosized precipitates embedded in the dark cBN crystallite;
zl to z§ mark the particular positions on the ADF-STEM images
where the electron beam spot was placed for the EELS analyses.

brighter is the contrast in the ADF-STEM image. Note that
most of the large precipitates appear in Z-contrast in the
thicker parts of the wedge-shaped ¢BN crystalline flake. On the
ADF-STEM image from Figure 2a, z1 to z3 mark the positions
on the thinner edge of the ¢BN crystalline flake where the
scanning electron beam was stopped to acquire the EEL
spectra of the two rather large precipitates (z1 and z3) and of
the zone outside them (z2). However, in all three cases, the
sample was too thick to perform a correct quantification of the
EELS signals. Nevertheless, we emphasize that Sn has been
detected on z1 and z3, i.e,, on precipitates, but not on the zone
z2 outside the precipitates.

To analyze the nature of the small precipitates (d < S nm)
previously observed by TEM,'® we had to perform STEM at
much higher magnifications. Figure 2b presents a high
magnification ADF-STEM image obtained on the thin edge
of another ¢BN crystalline flake. Here, small precipitates,
marked as z1, z3, and z4, can be observed in Z-contrast. Of
course, being so small, their contrast is weak, but they are still
visible. The diameters of these precipitates measured in Figure
2b are (2.30 + 0.09) nm for the precipitate z1, (2.70 & 0.09)
nm for the precipitate z3, and (2.03 + 0.09) nm for the z4
precipitate. The EEL spectra were acquired with the electron
beam placed on these precipitates and on zones with no
precipitates (marked as z2 and z5). In all analyzed zones, the
specimen was thin enough to perform a correct quantification
of the EEL spectra with errors of 10%. Examining the
quantification results presented in Table 2, one finds that the
impurities detected in the dark ¢cBN crystalline flake are not
uniformly distributed between the analyzed zones zl to z$§
presented in Figure 2b.

Among them, Sn was detected only in the precipitates (z1,
z3, and z4) and not in the zones outside the precipitates (z2
and z5). Therefore, one concludes that the nanosized
precipitates contain Sn atoms, which explains their bright Z-
contrast in the ADF-STEM images.

3.1.3. The Structure of the Tin Precipitates in the Dark
¢BN Crystallites Obtained by (HR)TEM. To identify the
structure of the Sn precipitates incorporated in the cBN matrix,
it is necessary to perform (HR)TEM investigations with the
cBN crystalline sample oriented along a specific zone axis.
Thus, we tilted in the electron microscope the cBN crystalline
flake presented in the ADF-STEM image from Figure 2a, until
the electron beam was aligned along the [011] zone axis.
Figure 3a presents a low magnification TEM image obtained in
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Table 2. Composition Analysis of the Nanosized Precipitates Incorporated in the Dark cBN Crystalline Flake, As Observed in

the ADF-STEM Image from Figure 2b

atomic ratio (/N) for z1 atomic ratio (/N)

element (precipitate) for z2
B(Z=5) 092 + 0.13 091 + 0.13
C(z=6) 0.01 + 0.01 0.00 + 0.01
Ca (2 =20) 0.01 + 0.01 0.01 + 0.01
N(Z=7) 1.00 + 0.00 1.00 + 0.00
Sn (Z = 50) 0.01 + 0.01 0.00 + 0.01
0(z=8) 0.06 + 001 0.01 + 0.01
Fe (Z = 26) 0.08 + 0.01 0.05 + 0.01

atomic ratio (/N) for z3

atomic ratio (/N) for z4 atomic ratio (/N)

(precipitate) (precipitate) for z5

0.90 + 0.13 0.99 + 0.14 0.89 + 0.13
0.00 + 0.01 0.00 + 0.01 0.00 + 0.01
0.01 + 0.01 0.00 + 0.01 0.02 + 0.01
1.00 £+ 0.00 1.00 + 0.00 1.00 + 0.00
0.01 £ 0.01 0.02 + 0.01 0.00 + 0.01
0.04 + 0.01 0.06 + 0.01 0.00 + 0.01
0.0S + 0.01 0.15 + 0.02 0.04 + 0.01

0.37 nm

4013 nm

*0.23nm

(111) o-Sn
(220) s

Figure 3. Low magnification TEM image (a) and HRTEM images (b,
c) along the [011] zone axis, showing Sn precipitates embedded in a
dark cBN crystalline flake; (d) FFT of image (b) revealing
periodicities associated with both the ¢BN crystal matrix and a-Sn
precipitate.

diffraction contrast along the [011] zone axis of cBN, revealing
precipitates of different sizes embedded in the matrix of the
cBN crystalline flake. The nanosized crystalline precipitates
appear in dark contrast.

The arrow in Figure 3a indicates a large precipitate, the one
that has been marked with z1 in the ADF-STEM image of
Figure 2a. On this Sn precipitate we performed HRTEM
investigations. The low magnification HRTEM image from
Figure 3b illustrates the Sn precipitate embedded in the ¢BN
crystalline matrix, which has a nearly spherical shape and an
average diameter of 37 nm. Moreover, it is crystalline,
exhibiting facets and Moiré fringes.

Figure 3c presents an HRTEM image at a higher
magnification, revealing a portion of this Sn precipitate
where atomic resolution has been obtained. The measured
distances between the lattice fringes indicated in Figure 3c are
0.37 and 0.23 nm, which correspond, respectively, to the
distances between the (111) and (220) lattice planes of the a-
Sn phase with diamond cubic structure (a, = 0.6489 nm, space
group Fd3m™). One should point out that these interplanar
spacings do not exist in the f-Sn phase with tetragonal
structure.” In Figure 3¢, the interplanar distance of 0.21 nm
for the (111) planes of the ¢BN matrix is also marked. The
crystal structure of the Sn precipitate could be more accurately
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determined from the fast Fourier transform (FFT) image
generated by the HRTEM image from Figure 3b. The result is
presented in Figure 3d, where the large dark spots represent
the cBN crystal periodicities along the [011] zone axis, while
the faint small spots represent the periodicities associated with
the Sn precipitate and with the Moiré fringes generated
between the ¢BN crystalline flake and the a-Sn NCs of similar
structures but very different lattice constants. The ¢BN lattice
periodicities are used as a calibration to further calculate the
periodicities of the nanocrystalline Sn precipitate. The dark
lines are drawn to guide the eye.

The measured periodicities for the nanocrystalline Sn
precipitate are d;_;; = 0.380 nm and d,,; = 0.226 nm, while
the measured angle between the two spots (reflections),
labeled 0.38 and 0.23 nm in Figure 3d, is 90°. The values of the
interplanar spacings dy as well as the measured angle between
the two reflections are consistent with the diamond cubic
structure of a-Sn.

It is worth mentioning that a-Sn NCs of comparable
dimensions embedded in a Ge matrix have been previously
reported.” It has been also shown that although the a-Sn
precipitates are formed at high temperatures, their diamond
structure is preserved at RT if they are embedded in matrices
of a similar structure such as Ge or Si.’"**** On the other
hand, our STEM-EELS and HRTEM experiments demonstrate
that the diamond structure of the nanocrystalline precipitates
of a-Sn is also preserved at RT when incorporated in matrices
of cBN crystallites with a cubic zinc blende structure, similar to
the diamond structure, except that the C atoms are
alternatively replaced by B and N atoms.

3.1.4. Size Distribution of the Small a-Sn NCs Incorpo-
rated in the Dark cBN Crystallites. According to the ADF-
STEM and (HR)TEM images, the dimensions of the a-Sn
NCs belong mainly to two size classes, small (<5 nm) and
large (>20 nm). It is worth mentioning that according to ref
35, the small Sn NCs exhibit a better stability in the a-Sn
diamond cubic structure. A more accurate size distribution of
the small a-Sn NCs incorporated in the ¢cBN crystallites was
obtained by examination of the TEM images at high
magnifications. Figure 4a presents such a higher magnification
TEM image of the upper part of the cBN crystalline flake,
previously presented in the low magnification TEM image of
Figure 3a. At this higher magnification, it reveals a rather large
number of small precipitates/NCs and two large ones
incorporated in the ¢BN crystalline matrix. The measured
dimensions of the large NCs are (37.35 + 0.45) and (22.50 +
0.45) nm.

The size distribution of the small NCs is given in the
histogram from Figure 4b, obtained by measuring the diameter
of the 79 such NCs from Figure 4a. The size distribution
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Figure 4. High magnification TEM image (a) revealing the @-Sn NCs
incorporated in a dark cBN crystalline flake. (b) Histogram showing
the size distribution of the 79 small NCs.

histogram has been fitted with a log-normal function. From
this fit, we determined the two parameters of the log-normal
function: the statistical mean particle diameter d,, = (2.5 +
0.5) nm, which is very close to the calculated 2.54 nm average
diameter and the geometrical standard deviation o = 1.4 + 1.2.
As will be further shown, these small a-Sn NCs are responsible
for the conduction electron quantum properties observed by
ESR. For simplicity, in the further interpretation of the ESR
data, we will use the value of 2.5 nm for the average dimension
of the small a-Sn NCs.

3.1.5. Dispersion of the Sn Precipitates in the Host cBN
Crystallites Vacuum-Annealed at 950 °C Evidenced by
STEM-EELS. To disperse the tin precipitates incorporated as a-
Sn NCs in the ¢BN lattice host, crystallites of the as-received
cBN were annealed for 4 h at 950 °C in vacuum, as detailed in
Section 2.1. The resulting white powder deposited in the cold
part of the fused silica tube, on the inner side of its walls, was
removed and studied by (HR)TEM, electron diffraction, and
elemental EDS mapping. As detailed in the Supporting
Information, the residual white powder consisted of crystalline
SnO, with tetragonal structure and crystallite dimensions
between S and 25 nm (see Figures S3 and S4 from the
Supporting Information). It means that such Sn precipitates,

previously observed in the as-received cBN crystallites, were at
least partly dissolved/dispersed and expelled from the ¢BN
crystalline matrix by annealing.

The distribution of the impurities in the thermally annealed
dark ¢BN crystals has been further investigated by STEM-
EELS. Figure 5 shows the ADF-STEM image of the edge of a

Figure 5. ADF-STEM image of a crystalline flake obtained from the
dark ¢cBN sample annealed in vacuum at 950 °C; z1 to z5 mark the
particular positions where the electron beam spot was placed to
perform the EELS analyses.

crystalline flake from the annealed dark cBN specimen. The Z-
contrast of the image is rather even, revealing only several
cleavage steps of different thicknesses, which probably
occurred during the preparation of specimens for TEM
observation. Unlike the ADF-STEM images from Figure 2,
the examination of Figure S reveals that no Sn aggregates/
precipitates are visible in Z-contrast in the observational
magnification range. It confirms that by thermal treatment, the
Sn precipitates are largely dissolved in the lattice host, with the
resulting Sn atoms being expelled from the ¢BN crystals.
Further, we chose on the cleavage steps different positions
marked as z1 to z5, where the corresponding EEL spectra were
acquired. In all analyzed zones, the specimen was thin enough
for a correct quantification of the EEL spectra with 10% errors.
Table 3 gives the results of EELS analyses from spots z1 to zS5.

According to the data presented in Table 3 and Figure 5, the
annealing of the dark ¢BN crystals at 950 °C results in the
thermally induced dispersion of the a-Sn NCs in the as-
received c¢BN crystals. Further, during the annealing, the
dispersed Sn atoms migrate to the surface of the ¢cBN crystals
and react with the oxygen atoms, forming SnO, deposited on
the colder part of the enclosing fused silica tube, while the
remaining Sn impurities are redistributed non-uniformly in the
¢BN crystal. One can thus explain the observed non-uniform
distribution of the remaining Sn atoms in the annealed cBN, as
revealed in Table 3.

3.2. The ESR Investigations and Resulting Spectral
Properties. ESR spectroscopy, which has been extensively
employed in investigating the properties of unpaired electrons
trapped at lattice point defects in solids,*"*”* has also been
used to study the conduction electron spin resonance of metal
colloids incorporated in insulating or semiconductor crys-
tals.”™*”**%% To understand the electron properties of the a-Sn
NCs identified by TEM in the dark cBN crystallites, we
performed ESR measurements over a broad temperature range,
with the results being further analyzed in correlation with the
microstructure and microanalysis data obtained from the same
samples, as well as with published results of first principle
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Table 3. Nature and Concentration of Impurities in the Edge Zone of an Annealed cBN Crystalline Flake Determined in the
Positions Marked as z1 to z5 on the ADF-STEM Image from Figure 5

element atomic ratio (/N) for z1 atomic ratio (/N) for z2  atomic ratio (/N) for z3  atomic ratio (/N) for z4  atomic ratio (/N) for z5
B(Z=35) 092 + 0.13 0.84 + 0.12 0.85 + 0.12 0.88 + 0.13 0.86 + 0.12
C(zZ=6) 0.00 + 0.01 0.01 £+ 0.01 0.05 + 0.01 0.04 + 0.01 0.01 £ 0.01
Ca (Z = 20) 0.02 + 0.01 0.03 + 0.01 0.03 + 0.00 0.02 + 0.01 0.01 + 0.01
N (Z=7) 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.01 1.00 + 0.00
Sn (Z = S0) 0.05 + 0.01 0.04 + 0.01 0.00 + 0.01 0.00 + 0.01 0.00 + 0.01
0 (Zz=28) 0.06 + 0.01 0.00 + 0.01 0.06 + 0.01 0.09 + 0.01 0.00 + 0.01
Fe (Z = 26) 0.02 + 0.03 0.10 + 0.02 0.04 + 0.01 0.05 + 0.01 0.04 + 0.01
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Figure 6. Sequences of the ESR spectra of the as-received dark cBN crystallites recorded as a function of temperature: (a) in the X (9.45 GHz) and
(b) Q (34.125 GHz) frequency bands. The effective g; and g, values correspond to the Snl and Sn2 component lines, respectively.
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dependence.

quantum calculations of the a-Sn NCs structure and electronic
properties.

The ESR spectra of the as-received dark ¢cBN crystallites
recorded in the X and Q frequency bands, from RT down to
100 and 20 K, respectively (Figure 6), consist of two main
component lines, namely, a narrow, symmetrical line, called
Snl, and a broader asymmetrical one at lower magnetic fields,
called Sn2. The Sn1 line exhibits a Lorentzian shape in both X
and Q frequency bands, with the same temperature-
independent g = 2.0028 + 0.0001 value. In the case of the
broader Sn2 line centered at lower magnetic fields (g ~
2.0078), the temperature-dependent lineshape reflects the
presence of at least two overlapping broad component lines.

The ESR spectra of the dark ¢BN crystallites subjected to
vacuum annealing at 950 °C have been also recorded. The
resulting spectra recorded in the X- and Q-bands at RT
(Figures SSa,b in the Supporting Information) and at 100 K

41987

(Figures SSc,d in the Supporting Information) exhibit a strong
drop in the intensity of the narrow Snl line in the annealed
sample, with no significant change in its g-value. Meanwhile,
the lineshape of the broader Sn2 line did not change
significantly in the annealed sample. According to micro-
structure investigations (Section 3.1.5), the annealing resulted
in the dispersion of a large part of the a-Sn NCs initially found
in the as-received cBN crystallites. This result strongly suggests
that the paramagnetic centers responsible for the Snl line are
associated with the presence and amount of the a-Sn NCs in
the ¢BN crystallites, while the Sn2 line does not seem to be
related to the presence of a-Sn NCs. Therefore, the Sn2
component ESR line was not further investigated. However,
one should mention that the temperature evolution of this line,
which remains unchanged after annealing, corresponds to a
paramagnetic system of certain point defects. Based on the
observed effective g-values, they could be associated with Sn**
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Figure 8. Temperature-induced variation of the Q-band Snl1 line parameters: (a) amplitude A, and (b) integrated intensity I, = A, X (AB,) The
experimental data (dots) are fitted with functions (solid red lines) involving the QC-induced discrete conduction electron energy levels with A,
spacing, as described in Sections 3.3.3 and 3.3.4. The fitting functions are given in Table 4, lines 2 and 3.

ions localized at cBN lattice sites. This is a subject that remains
to be investigated.

The narrow, symmetrical Lorentzian Snl line, with no
resolved structure observed in the dark cBN crystallites, can be
described by a simple spin Hamiltonian consisting of only the
Zeeman interaction, with usual notations:*’

H = pyS-gB (1)

Here, S = 1/2 and g = 2.0028 + 0.0001. Additional
information about the nature of the paramagnetic centers
responsible for the Snl line is provided by the analysis of its
properties (g-value, linewidth, and integrated intensity) as a
function of the measuring temperature. The ESR parameters of
the Sn1 line were determined from the analysis of the spectra
recorded at low enough microwave power P,y levels to avoid
saturation effects, as determined from the I,vs (P, )2
variation at RT, 100 K, 70 K, and 30 K (see Figure S6a—d
in the Supporting Information) and with a modulation
amplitude of 0.06 mT. The fitting/deconvolution of the ESR
spectra is detailed in the Supporting Information, with
deconvolution examples in Figure S7 for the spectra measured
in both X- and Q-bands at different temperatures.

As previously mentioned, the g-value is temperature- and
microwave frequency-independent, with a very small g-shift
(Ag=g— g. = 0.0005) from the free electron g, = 2.0023 value
(Figure 7a,b).

Meanwhile, its derivative peak-to-peak linewidth, denoted as
AB,, exhibits a specific temperature dependence, better
observed in the Q-band ESR spectra, recorded over a broader
temperature range (Figure 7b). Thus, the AB; linewidth
exhibits for T < 125 K a sharp drop with temperature decrease,
from 0.19 mT at T = 125 K to 0.08 mT at T = 20 K, while for
T > 125 K, the AB, value slightly decreases with temperature
increase from 0.19 mT at T = 125 K to 0.18 mT at 295 K. A
similar higher temperature dependence, namely, a decrease in
AB, with temperature increase from 0.18 mT at T = 100 K to
0.15 mT at T = 295 K, is observed in the X-band (Figure 7a).

Comparing the ESR spectra of the as-received and vacuum-
annealed cBN samples recorded at RT (see Figure SSa,b in the
Supporting Information), one observes a strong drop in the
amplitude A, of the Snl line in the annealed cBN. A small
increase in its AB, linewidth value, from 0.15/0.18 mT in the
as-received ¢BN to 0.20/0.38 mT in the vacuum-annealed
cBN, for both X/Q frequency bands, respectively, was also
observed. The temperature dependences of the amplitude A,
and integral intensity I, of the Lorentzian Sn1 line, calculated
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as the product of the line amplitude and peak-to-peak
linewidth squared:*"**

I = A x (AB)? )
have been determined for the as-received cBN crystallites from
the Q-band ESR spectra (Figure 8a,b), where the influence of
the partly overlapping broad Sn2 line was less pronounced.

One should mention that reliable ESR data could not be
obtained for T < 20 K because of a strong increase in the
microwave absorption, attributed to an increase in the
electrical conductivity of the a-Sn NCs. This effect, hampering
the tuning of the ESR spectrometer microwave bridge, suggests
the proximity of a superconductive transition at T < 20 K. To
our knowledge, such an enhancement of the electrical
conductivity and occurrence of collective magnetism by
nanosizing, previously observed at T = 3.98 K for f-Sn NPs
with d = 10 nm,”>>* has not been reported in a-Sn NCs. A
similar temperature dependence as in Figure 8b has been
reported®> for the magnetic susceptibility of magnesium
nanoparticles with 1.4 and 1.7 nm diameters. The observed
drop in susceptibility toward the lowest temperatures from a
maximum value at T ~ 40 K has been attributed to QC, while
the slow decrease in the susceptibility with temperature
increase for T > 50 K could not be explained.

3.3. Properties of the Sn1 ESR Line and Resulting
Data Analysis. 3.3.1. The Origin of the Sn1 Line: The CESR
of the a-Sn NCs. According to the present a-(HR)STEM/
TEM and ESR investigations, the observed drop in the
amplitude/intensity of the Sn1 ESR line in the ¢cBN crystallites
vacuum-annealed at 950 °C is accompanied by the thermally
activated diffusion and further oxidation of the Sn atoms at the
surface of the host ¢BN crystallites. It is very likely that the
diffusing Sn atoms are at least partly provided by the
dissolution of the a-Sn NCs incorporated in the c¢BN
crystallites. This explains the absence of a-Sn NCs in the
STEM image (Figure 5) of the annealed cBN samples. Thus, it
seems very likely that the narrow, intense Lorentzian-shaped
Snl component ESR line observed in the as-received ¢BN
crystallites originates in the a-Sn NCs, while the low intensity
Snl line with identical g = 2.0028 factor, observed in the ESR
spectra of the annealed ¢BN crystallites, could originate in the
remaining, partly dissolved a-Sn NCs, which are too small to
be observed in the STEM images in the observational
magnification range. The observed symmetrical Lorentzian
line (see Figure 7 in the Supporting Information), instead of an
asymmetrical Dysonian shape typical for bulk CESR lines, is
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explained by the nanometer size of the @-Sn NCs, much
smaller than the micrometer skin depth of the X/Q-band
microwaves. """

As will be demonstrated here, the observed Snl linewidth
AB, and line intensity I, temperature dependences can be also
explained by the CESR properties of the a-Sn NCs identified
in the as-received and annealed cBN crystallites. The CESR
origin of the Snl line in the a-Sn NCs with metallic character
is supported by the independence of its g = 2.0028 value on
both temperature and microwave frequency and its very small
g-shift. Moreover, we will show that the assignment of the Snl
line to the CESR of the a-Sn NCs is essential in obtaining a
good quantitative fit of the observed Snl linewidth and line
intensity vs temperature variations.

3.3.2. Evidence of Quantum Confinement from the Sn1
Linewidth vs Temperature Variation. The strong decrease in
Snl linewidth with temperature decrease below T ~ 125 K
(Figure 7b) can be explained in a semiquantitative manner by
correlating the known electron energy quantization properties
of the small metallic particles with the observed microstructure
and morphology properties of the a-Sn NCs. Indeed, when the
size of the metallic particles diminishes to a certain critical
value, which depends on the nature of the investigated
material, QC is expected to occur,’”*® e, the allowed
electronic states should be chosen from a restricted basis set
that incorporates the boundary conditions.”*™***° In this case,
the CESR linewidth is expected to sharply decrease with
further nanoparticle (NP) size decrease. Such an effect was
reported for the ESR spectra of metallic Li NPs with average
size from 300 to 10 nm,”’ which exhibited a symmetrical,
Lorentzian CESR line with constant g = 2.002 value and a
sharp linewidth decrease from 0.82 mT for NPs of 100 nm
diameter to 0.19 mT for NPs of 10 nm diameter. In a later ESR
investigation of metallic Li NPs with d, = 3.2 nm average
diameter, it was reported”® that at lower temperatures (T < 20
K), the intensity of the CESR line changed from a classical
Pauli-type temperature-independent value at higher temper-
atures to a Curie-type temperature dependence attributed to
the QC effect.

The characteristics of the Snl line attributed to the a-Sn
NCs observed in the dark ¢cBN crystallites are in certain aspects
similar to those of the small metallic Li NPs, namely, a
constant g-value and a sharp decrease in AB, with temperature
decrease from 0.19 mT at T = 100 K to 0.08 mT at T =20 K.
One also notices the decrease in Snl linewidth AB, with
temperature increase at T > 125 K (Figure 7b), a feature that
will be discussed in the next section.

First, we shall demonstrate, in a semiquantitative manner,
how the strong narrowing of the Snl linewidth AB, with
temperature decrease observed at lower temperatures (T < 125
K) (Figure 7b) reflects the presence of QC. It is known**
that such a narrowing of the CESR line of nanosized metal
particles occurs if the following conditions are accomplished:

ha/6 < 1 (a), h/t6 < 1(b), lAgl < 1 (c) 3)

Once the conditions (eq 3) are satisfied, the linewidth can
be expressed as:

AB ~ ha,/t6 4)

Here, iw, is the observed microwave energy, and 7 ~ d/
VpAg® is the spin—lattice relaxation time, where d is the linear
dimension of the particles, while V = 1.90 X 10° m/s and Ej =
10.2 eV are the Fermi velocity and energy values for Sn,

respectively.”” Ag = g — g, is the g-shift and § = 4E/3N, is the
inverse of the average density of electronic states for a single
spin at the Fermi energy Eg, with N, being the number of
electrons per nanoparticle. For quasi-spherical NPs, as in our
case, the QC-induced discrete electron energy level spacing  is
given by the relation:

5=cd? ()

Here, C is a constant, which can be obtained for several
types of metal colloidal particles from the o/kgvs d graphical
dependences presented in Figure 1 of ref 39. As previously
mentioned, the TEM examination of a cBN sample revealed a
log-normal distribution of 79 small a-Sn NCs (Figure 4b) with
an average diameter d,, = 2.5 nm. This value corresponds’” to
a QC-induced energy level spacing 6/ks = (100 = 20) K,
suggesting the onset of QC-induced line narrowing at T ~ 100
K, in agreement with our observations (Figure 7b). One also
notices that the inequality (3a) is fulfilled even for the higher
Q-band frequency (34.125 GHz), i.e., i /ky = 1.63 K < §/kg
= 100 K. The calculation of the spin—lattice relaxation time,
using the values d = 2.5 nm, V¢ = 1.90 X 10° m/s, and |Agl =
0.0005, gives 7 ~ d/VpzAg* = 5.26 X 107" s. Considering that
6/ky ~ 100 K, one obtains 76 = 3.81 X 107 J s > # = 1.055
X 1073*J s, which confirms the validity of condition (3b). The
inequality (3c) is also valid for the observed IAgl = 0.0005
value.

According to Kubo et al.,***" the sharp decrease in AB; with
temperature decrease, observed here for T < 125 K (Figure
7b), is attributed to the QC of the conduction electron orbital
motion in the a-Sn NCs. However, the whole observed
AB,(T) variation (Figure 7b) cannot be accurately described
by a reciprocal temperature dependence or a simple temper-
ature-independent term.”” To explain the observed AB,vs
temperature variation of the Sn1 line, we will first consider the
energy loss of the unpaired electrons by relaxation from the
microwave pumped spin excited state, a process characterized
by the longitudinal T, and transversal T, relaxation times. One
notices that for metals T, = T),, as the spin—spin interaction is
relatively weak and the velocitgr of the conduction electrons on
the Fermi surface is high.3 Hence, the CESR linewidth
directly measures the spin—lattice relaxation rate AB; ~ 1/T},
which for simple metals is usually linear in temperature,
probing the electron density of states at the Fermi level N(Eg)
according to the Korringa law:*°

AB=0b X T, where b ~ NZ(EF) (6)

For a Lorentzian ESR line, the relaxation time T, is related
to the derivative peak-to-peak linewidth AB; through the
general relation:

T, = 2/(3)"*[y,(AB)I™ )

Here, 7, = eg./2m, = 1.760859 X 10" s™' T~! is the electron
gyromagnetic ratio.®!

Contributions to the spin—lattice relaxation process are
usually expected from electron scattering by lattice vibrations,
collision with lattice defects (including impurities), and a-Sn
NC surface scattering. These processes, usually characterized
by corresponding Ty, T, and T, relaxation times, provide
additive contributions to the relaxation rate: 1/T, = 1/Ty4 + 1/
T, + 1/T,. In the presently investigated small a-Sn NCs with
low content of impurities and lattice defects, one expects the
scattering on the surface to be dominant,”” i.e, T, ~ T;.
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Using eq 7 and the experimental AB,vs T variation (Figure 2
7b), the resulting 1/T,vs T dependence given in the inset of g s 2
Figure 9 can be approximated at lower temperatures (T < 60 £ ;' :
~— (=}
0.20 N
018} g s
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Figure 9. Temperature dependence of the AB, linewidth (dots) and il
its fitting function (solid red line) reflecting a direct relaxation process iﬂj
(inset) and a thermally activated process involving an excited state at <
Ap/ky = 120 K above the magnetic doublet level responsible for the o
Snl line. The fitting function is given in Table 4, line 1. Inset: .2 ] "
temperature dependence of the relaxation rate 1/T, determined with E H H
eq 7 and the experimental ABjvs T data. The linear temperature e 3 ;I
dependence fr,(T) (solid blue line), which fits the 1/T, data T 79
(squares) only at T < 60 K, evidences the presence of QC.
K) by a linear temperature dependence fr,(T): 1/T, (10%s7") § = 232
= 0.0666 + 0.0034T (Figure 9, inset), reflecting a dominant ME Ho H 4
direct relaxation mechanism.”’ Indeed, one finds that the s ¢ 2z
previously calculated 7 ~ d/VzAg* = 526 X 107° s value is =
comparable, considering all approximations involved, with the . -
spin—lattice relaxation time T; ~ 4.8 X 107 s at T = 50 K = = 2
obtained with the relaxation rate in Figure 9 (inset). = S ["\"
3.3.3. The QC-Induced Discrete Conduction Electron ar o _sz

Energy Level Separation Determined from the Observed
AB,vs Temperature Dependence of the Sn1 Linewidth. The
experimental AB,vs T dependence of the Sn1 line in the whole
investigated temperature range (Figure 7b) can be accurately
described with the following formula:®*

AB, = AB, + bT + ¢/[exp(A,,/kgT) — 1] (8)

Here, AB, is the derivative peak-to-peak linewidth (in mT)
measured at temperature T, and AB; is the residual linewidth,
presumably accounting for the spin—spin interactions and
inhomogeneous broadening, which for the present a-Sn NCs
are vanishingly small. The factor b = 4.25 X 107> mT/K (see
Table 4) is similar to the Korringa b parameter from eq 6,
which describes the direct single-phonon relaxation process
dominant at low temperatures. The last term in eq 8 usually
describes the relaxation via an excited state situated at A,
above the magnetic doublet level responsible for the Snl
line.*>®* This contribution is due to the modulation of the
ligand field by lattice vibrations through the spin—orbit
coupling, giving rise to a spin—lattice relaxation involving
vibrational states situated above the ground state.*>®’

In our case, the last term in eq 8 brings a negative thermally
activated contribution, associated with the presence of a
negative relaxation rate (¢ < 0), which would be difficult to
explain. However, its line narrowing effect at T > 150 K could
be explained by the presence of a fast dynamical process,
compensating for the line broadening effect of the second term
in eq 8. Thus, the third term in eq 8 could be an empirical

fitting functions/figure with experimental data

fapi(T) = ABy + bT + ¢/[exp(A,,/ksT) — 1] (Figure 9)

far(T) = Ay/[1 + a exp(A,/ksT)] (Figure 8a)
Fu(T) = {A/[1 + a exp(Aqc/ksT)JHAB, + bT + c¢/[exp(Aqc/ksT) — 1]}* (Figure 8b)

Sapi#(T) = ABy + bT + ¢/[exp(A,,*/ksT) — 1] (Figure 10)
“Superscript asterisks (*) indicate ¢cBN crystallites vacuum-annealed for 4 h at 950 °C. “Some helpful energy unit conversions: 125 K < 10.8 meV; 1500 K < 129.3 meV.

Table 4. Fitting Parameters for the Observed Temperature Dependence of the Linewidth AB;, Amplitude A}, and Intensity I, of the Snl Line from the @-Sn NCs in the As-

Received (First Three Lines) and Vacuum-Annealed (Fourth Line) Dark cBN Crystallites Obtained with eqs 8, 10, and 11, Respectively”

no.
1
2
3
4
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Figure 10. (a) ESR spectra of the dark ¢cBN crystallites vacuum-annealed for 4 h at 950 °C, recorded in the Q-band (34.08 GHz), from 20 to 295
K. (b) Resulting temperature variation of the linewidth AB* of the remaining Sn1 line (dots) fitted with eq 8 (solid red line). The fitting function

is given in Table 4, line 4.

description of a thermally activated dynamical line narrowing
process involving an excited state.

3.3.4. Evidence of QC-Induced Conduction Electron
Discrete Energy Levels in the Temperature Variation of
the Sn1 Line Intensity I;. As can be seen in Figure 8a, the
variation of the Sn1 CESR line amplitude A, with temperature
is well fitted with the formula:

A= Ay/[1 + aexp(A,,/ksT)] (9)
where the parameters Aj and a are given in arbitrary units in
Table 4 and A,/kz = 130 K.

While the width of the Snl line is determined by the spin—
lattice interaction, its amplitude A, and intensity I, are
expected to reflect the number of conduction electrons
involved in the microwave absorption process. Thus, for
weakly interacting electrons, i.e. neglecting the spin—spin
interactions, the intensity of an ESR signal can be written

47,48
as:

L ~n=mn,—n ~Nhw/2kT (10)

Here, n is the difference in the population of the electrons in
the Zeeman doublet levels S = 1/2, Mg = +1/2, while N = n, +
n, is the total number of electrons involved in the ESR process.
According to eq 10, for a constant N value, one expects a
Curie-type behavior, with I, decreasing with temperature
increase, unlike the observed temperature dependence (Figure
8b). One of the factors contributing to this behavior,
previously observed for certain localized paramagnetic centers
in semiconductors, is an increase in the N population of
electrons responsible for the ESR spectrum due to the thermal
excitation of the electrons from a lower donor energy level.*"%*
A,/ kg from eq 9 is, therefore, the energy separation between
the lower donor level, source of the thermally excited electrons,
and the CESR magnetic doublet level responsible for the Snl
line.

Based on the successful fitting of the experimental
temperature dependence of the AB, linewidth (Figure 9)
and line amplitude A, (Figure 8a) with eqs 8 and 9
respectively, one obtains an excellent fit of the temperature
dependence for the integrated intensity I) of the Snl line
(Figure 8b) with the formula:

41991

Il = A1 X (ABI)2
= {AO/[l +a eXp(AQc/kBT)]}

{ABy + bT + c/[exp(Aqc/ksT) — 111 (11)

Here, we used the same notations as those employed in egs
8 and 9, excepting the energy separations between the
magnetic S = 1/2 doublet level responsible for the Snl line
and the neighboring lower and upper levels, replaced here by
the Aqc average separation. The fitting parameters given in
Table 4 (line 3) exhibit values close to those obtained from the
separate fitting of the temperature dependences of AB, (Table
4, line 1) and amplitude A; (Table 4, line 2), which confirms
the validity of the above analysis. We should mention that our
attempts to fit the intensity I with eq 9 resulted in a Ay, /kg =
218 K value and did not match satisfactorily the experimental
data in the 175—290 K region. Including supplementary energy
level terms in the fitting of eq 9 did not improve the fitting
either, a result that excludes the presence of other neighboring
donor or acceptor levels.

Comparing the fitting parameters from Table 4, lines 1 to 3,
one notices the close values, within the experimental errors, of
the A, /ks and Ap,/ky energy level separations of the
magnetic doublet level, source of the Snl line, from the
upper energy level involved in the relaxation process, on the
one hand, and from the lower energy level, source of the
thermally excited conduction electrons, on the other hand.
Another remarkable aspect is that the average Aqc/kp = 125 K
energy separation between the identified energy levels,
obtained from fitting the I;vs T dependence, compares well,
within the experimental errors (+20 K) involved, with the 5/k;
~ 100 K value of the QC-induced conduction electron energy
level spacing, determined with eq 5°**° for the a-Sn NCs of
2.5 nm average diameter found in the cBN crystallites.

The equivalence between the QC-induced conduction
electron energy level spacing resulting from fitting the
temperature variation of AB; and A; (or I;) and the §/k;
energy level separation obtained for the a-Sn NCs of 2.5 nm
diameter is further confirmed by the analysis of the
temperature dependence of the AB;* linewidth of the weak
Snl line observed in the annealed ¢BN crystallites. This line,
with the same constant g = 2.0028 factor, is attributed to the
remaining a-Sn NCs with diameters d < 1.3 nm, a size too
small to be directly observed in the STEM images obtained at a
higher magnification. The Q-band ESR spectra of the vacuum-
annealed dark ¢BN crystallites, recorded between 20 and 295
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K with a higher sensitivity compared to the spectra of the as-
received sample (Figure 6b), are displayed in Figure 10a.

As shown in Figure 10b, the resulting AB,* vs temperature
dependence is well fitted with eq 8 and the parameters given in
Table 4, line 4. One notices the larger margin of errors due to a
less accurate separation by numerical deconvolution—simu-
lation of the low intensity Snl line from the more intense Sn2
line. The rather large A ,*/kg = (1500 + 600) K fitting value
of the QC-induced discrete conduction electron energy level
separation leads, according to eq S, to an average diameter d, =
1.014 nm for the a-Sn NCs in the annealed host crystals, a
value that explains their unobservability in the STEM images.
According to the same Table 4 values, the larger low
temperature linewidth of the S1 line in the annealed sample
compared to the linewidth of the as-received sample is due to
the residual linewidth contribution (a = 0.07 mT), which
reflects an inhomogeneous broadening originating in the
increased surface-induced disorder in the very small @-Sn NCs
remained after annealing.

4. DISCUSSION

The a-(HR)STEM/TEM investigations revealed nanosized
aggregates of Sn impurity atoms, as quasi-spherical NCs with
an undistorted diamond cubic a-Sn single phase structure,
incorporated in dark ¢BN crystallites. According to the ADF-
STEM and (HR)TEM images, the dimensions of these a-Sn
NCs belong mainly to two size classes, small ones (<5 nm),
which prevail, and a few large (>20 nm) ones. For example, we
found in a TEM image at high magnification (Figure 4a) the
presence, besides two large @-Sn NCs of 22.5 and 37 nm, of a
distribution of 79 smaller a-Sn NCs ranging from 1.4 to 5.4
nm in size, with average diameter d;, = 2.5 nm. The HRTEM
examination of the largest quasi-spherical @-Sn NC of 37 nm
diameter revealed an undistorted, high quality a-Sn crystalline
lattice, with a low density of defects, reflecting a good
accommodation within the ¢cBN host lattice, despite the large
difference in the lattice parameters of @-Sn (g, = 0.6489 nm)
and ¢BN (a, = 0.36157 nm). Because the smaller a-Sn NCs
exhibit a better stability in the diamond cubic structure,”” one
expects the same high crystalline quality for the small a-Sn
NCs as for the large ones.

The stabilization in the cBN lattice of the cubic a-Sn NCs
above T, = 13.2 °C, the bulk a-f phase transition temperature,
previously reported for the Si and Ge host lattices with similar
structures, is explained by the interplay between interface and
pressure effects.””*” This is confirmed by our HRTEM images,
which reveal clear interfaces, with no separating layer between
the @-Sn NCs and the cBN host lattice. Moreover, the quasi-
spherical shape of the @-Sn NCs minimizes the surface area
and, therefore, the interfacial energy between the NCs and the
¢BN host lattice, as in the case of @-Sn NCs in Ge.**

One concludes that the formation and growth of the a-Sn
NCs during the HP-HT synthesis process of the cBN
crystallites are based on a diffusion-assisted, phase separation
mechanism. We found this process to be reversed by annealing
the ¢BN host crystallites at 950 °C in vacuum (P < 107*
mbar), resulting in the dissolution of the a-Sn NCs, with
ejection and oxidation of the Sn atoms and formation of
nanocrystalline SnO,. Moreover, because @-Sn NCs could not
be observed in the STEM images of the annealed cBN
crystallites, even at higher magnifications, but are evidenced by
their Snl CESR line, one concludes that a fraction of the @-Sn
NCs with very small diameters (d < 1.3 nm), resulting from the

partial dissolution of the larger @-Sn NCs, are still left in the
¢BN host lattice.

Valuable information about the conduction electron proper-
ties in the a-Sn NCs embedded in the dark cBN crystallites has
been obtained by examination of the symmetrical, narrow
Lorentzian-shaped Snl line properties in the 20 to 295 K
temperature range. Thus, the independence of its g = 2.0028
value on temperature in both X- and Q-band frequencies and
its small g-shift are attributed to the CESR of the @-Sn NCs
with metallic character and 2.5 nm average diameter by
demonstrating that conditions (3a), (3b), and (3¢) for the QC
of conduction electrons in small metallic colloids’*** are
accomplished by the Sn1 line as well.

A semiquantitative analysis of the Q-band AB,vs temper-
ature dependence (Figure 7b) confirms the CESR origin of the
Snl line, reflected in the QC-induced linewidth narrowing
below 125 K, a value close to the QC-induced energy level
spacing 0/kg = 100 K calculated with eq 5 for the @-Sn NCs of
2.5 nm average size.*¥*

Further, a good fitting of the whole recorded temperature-
induced dependences of the Sn1 linewidth AB; (Figure 9) and
line intensity I, (Figure 8b) has been obtained by including
additional exponential terms (Table 4) in eqs 8, 10, and 11.
These terms reflect a QC-induced fine structure in the energy
spectrum of the conduction electrons consisting of distinct
levels at A,,/ky above and Ay, /kg below the S = 1/2 magnetic
doublet level source of the Snl line. The average Aqc/kp =
125 K + 20 K energy level separation is in good agreement
with the calculated QC-induced energy level spacing value &/
kg = 100 K determined according to the theory of small
metallic colloids.”®*’ To our knowledge, the presence of such
QC-induced discrete conduction electron energy levels has not
been evidenced experimentally in conductive nanoparticles, at
least from ESR investigations.

The specific Snl line properties, namely, the very small and
frequency-independent g-shift (Ag = 0.000S5), suggesting an
almost pure s-type conduction electron ground state, as well as
the presence of discrete conduction electron energy levels with
Aqc/ky average separation, can tentatively be explained based
on the theoretically predicted electron quantum properties of
small, unstrained @-Sn NCs, in comparison with the bulk a-Sn
electron properties. Thus, according to first-principles
calculations,"”*”** the unstrained bulk @-Sn electron proper-
ties are due to an electron energy band ordering built from Sn
Ssy/, and Sn Sps/, atom orbitals, with the 4-fold degenerated
light-hole valence p-like I'y, band pinned to the bulk Fermi
energy (E’:), while the usually conductive s-like [y states
could move up and down in energy. Considering the strong
spin—orbit coupling (SOC) as well, the a-Sn bulk band
ordering I';, < I'y. < I'y,, schematically drawn in Figure 11a,
was reported.”’ Here, the zero gap properties of the bulk a-Sn
result'”®° from the degenerate states at the I" point, where the
heavy-hole valence band and the electron conduction band
touch each other at I'g,.

Additional information about the nanosizing influence on
the electron energy properties of @-Sn NCs in ¢cBN can be
obtained by comparing the presently reported ESR data with
the published results of ab initio first-principles calculations
performed for supercells containing from 5 up to 525 Sn
atoms, ie., corresponding to @-Sn NCs with diameters from
0.4 to 4 nm.”> Thus, the calculated electron energy band
positions (Figure 11b) evidence the opening of a band-gap Ag
separating the lower-valence HOMO (highest occupied
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Figure 11. Suggested energy band structure along the I" direction in
the reciprocal space for (a) bulk a-$n'”?* and (b) small a-Sn NC
according to refs 22 and 23 and to the present ESR data. The upper
indices denote the spin degeneracy order of the respective states. Part
of the energy level fine structure of the conductive I'y. band,
attributed to QC of the conduction electron orbital motion in the a-
Sn NCs,*** with its A;/ky ~ 120 K spacing, is presented in an
expanded view (dashed circle) on the top right side of the diagram.
The suggested position of the Fermi energy level Ez" with respect to
the lowest energy level of the I'q. band fine structure, estimated from
the thermally activated properties of the Snl line, is also presented.

molecular orbital) state centered on the Iy, level from the
upper-conductive LUMO (lowest unoccupied molecular
orbital) state centered on the Iy, level. The band-gap
formation results from the lifting of the conductive s-like I'g,
level above the p-like I's, level, which fixes the top of the
valence band in the I point of the Brillouin zone (BZ). It has
been also found that the lifting of the I's. band leads to the
QC-induced energy band inversion of the a-Sn NCs state
order I';, < Iy, < I'¢. with respect to the bulk a-Sn state order
[, < Ty < Ty, ie, to a topological transition, estimated™ to
occur for a-Sn NCs of d ~ 12 nm. The absence of such
transition for the two large a-Sn NCs with diameters of 22.5
and 37.35 nm, observed by TEM, could explain the absence of
any associated CESR line in the ESR spectrum. Using the data
from Figures 4 and 6 of ref 23, one also obtains for the a-Sn
NCs with d,, = 2.5 nm (239 Sn atoms) a Ag = 1.03 eV value,
comparable to the A; = 1.17 €V value based on data from
Table 2 of ref 36.

According to the energy levels and angular momentum-
resolved density of states calculations,” the upper LUMO level
of the conduction band is formed mainly from bulk Sn Ss
states of the I’y level, while the lower HOMO level in the
valence band is formed mainly from the bulk Sn 4p states of
the T'g, level. The calculated dominant Sn Ss-like 'y, orbital
contribution in the above-the-gap level in the conduction band
explains the observed s-type character of the resonant S = 1/2
magnetic doublet level responsible for the Sn1 line.

The presence of the two conduction electron levels, with
similar A;/kg ~ 125 K separations below and above the I's S =
1/2 magnetic doublet level responsible for the Sn1 ESR line, as
illustrated in the enlarged upper part of Figure 11b, suggests a
Fermi level position close to the I'y, state of the LUMO level.
This could explain the ESR observed thermally activated
population of the LUMO states with unpaired s-electrons, as
well as the conductive metal-like properties of the a-Sn NCs.
The similar, small separation of the two levels from the ground
magnetic doublet (~10 meV in the as-received samples),
orders of magnitude smaller than the separation of the
conduction electron energy levels shown in Figure 11, built
from Sn atomic states, suggests the harmonic confining

potential in small nanoparticles* as a possible origin of
these energy levels.

To complete our discussion, we shall examine the possibility
of alternative sources for the Snl line in the investigated cBN
crystallites. One possibility would be some paramagnetic point
defect, which happens to be thermally bleached during the
vacuum annealing of the ¢cBN crystallites, such as atomic/
impurity-type defects localized in the ¢BN lattice or in the a-Sn
NCs. In both cases, one expects broader Gaussian-shaped lines
due to the unresolved hyperfine structures from the interaction
of the unpaired S = 1/2 electron spin with the nuclear spins I =
3/2 of the !B isotopes (81.17% nat. abund.) and I = 1 of the
N isotopes (99.635% nat. abund.), in the cBN host, or from
the interaction of the unpaired S = 1/2 electron spin with the
nuclear spin I = 1/2 of the two odd isotopes ''’Sn and '"*Sn
with natural abundance values of 7.6 and 8.6%, respectively, in
the case of the a-Sn host.

The presence of a thicker Sn-oxidic surface layer”” hosting
the paramagnetic defects is also excluded, as the HRTEM
images reveal sharp a-Sn NCs—cBN interfaces. Moreover, in
the case of paramagnetic point defects incorporated in wide
band-gap oxidic or ¢BN hosts, one expects the temperature
variation of the Sn1 line intensity to obey a Curie-type law in
the whole temperature range,”” different from the presently
observed I,vs T variation (Figure 8b), reflecting QC effects.

One should also mention that S = 1/2 paramagnetic species
with g-factor and linewidth values close to those of the
presently investigated Snl center have been reported in
materials containing carbon clusters.””% However, in the
absence of any reported linewidth and/or line intensity vs
temperature data evidencing QC effects, the reported g-factor
and linewidth values similar to those of the Snl center could
be a simple coincidence. Moreover, our a-(HR)STEM/TEM
observations did not evidence any carbon aggregates in the
dark ¢BN crystallites.

5. CONCLUSIONS

Correlated analytical (HR)STEM/TEM and multifrequency
ESR investigations of HP-HT-grown dark ¢BN crystallites
from a batch of large-grained, BORAZON CBN Type 1, 60/70
FEPA B2S1 superabrasive powder resulted in the following
major findings:

The Sn impurity atoms incorporated in the cBN crystallites
during the HT-HP synthesis did aggregate in quasi-spherical
NCs with undistorted diamond cubic a-Sn single phase
structure, predominantly of small average 2.5 nm diameter and
a few larger ones.

The stabilization in the cBN lattice of the cubic a-Sn NCs
above the T.= 132 °C bulk a-# transition temperature,
previously reported for the Si and Ge host lattices of similar
structure and explained by the interplay between interface and
pressure effects, is supported by the present HRTEM images,
which revealed clear interfaces with no separating layer.

The investigation of the c¢BN crystallites submitted to
thermal annealing confirmed the presence of a diffusion-
assisted phase separation mechanism involved in the formation
and growth of the a-Sn NCs during the HP-HT synthesis of
the host ¢BN crystallites, probably with Sn as a catalyst. This
process could be reversed by vacuum annealing at 950 °C, with
the partial dissolution of the @-Sn NCs and the ejection and
oxidation of the resulting Sn atoms.

The symmetrical, narrow Lorentzian-shaped Snl line
observed in the ESR spectrum was attributed to the CESR
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of the small a-Sn NCs with metal-like properties, in agreement
with its temperature- and microwave (X- and Q-band)
frequency-independent g = 2.0028 factor, its very small Ag =
0.0005 shift, and the particular temperature dependence of the
Q-band AB, linewidth and I, line intensity in the investigated
20 to 295 K temperature range.

Thus, the analysis of the low temperature AB,vs T variation
of the Snl line (Figure 7b) demonstrated that the specific
conditions for the QC of conduction electrons in small metallic
colloids®®*” are accomplished at T < 125 K for the small (d,, =
2.5 nm) a-Sn NCs in the as-received cBN crystallites.

The small, frequency-independent g-shift of the Snl line,
suggesting an almost pure s-type conduction electron ground
state, as well as the presence of conduction electron energy
levels with an average separation Aqc/ky = 125 K above and
below the magnetic doublet level responsible for the Sn1 line,
determined from the quantitative analysis of the temperature
variation of the AB; linewidth and I, line intensity, are
tentatively explained with the theoretically predicted electron
quantum properties of small, unstrained a-Sn NCs.”

Indeed, first-principles calculations of the electronic proper-
ties of small (d < 12 nm) a-Sn NCs*® demonstrated that for
such a-Sn NCs, a band-gap Ag opens at Eg", with a change
from the bulk I';, < T4, < I, state order to the nano I';, < I'g,
< Iy, order induced by lifting the I'y. state above the I, state.
The resulting band inversion, called topological phase
transition, promotes mainly the Sn Ss states above the gap in
the conduction band, which explains the observed temper-
ature- and frequency-independent, small g-shift and the metal-
like character of the a-Sn QDs incorporated in the c¢BN
crystallites.

The QC-induced conduction electron discrete energy levels
of the @-Sn NCs in the ¢BN crystallites, consisting of two
energy levels situated above and below the main magnetic
doublet level responsible for the Snl line, evidenced by fitting
the Sn1 linewidth and line intensity vs temperature variations,
could be attributed®**" to a restricted set of allowed electronic
states selected from a basis set that incorporates the orbital
motion boundary conditions.
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