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Dynamical charge and structural strain in inorganic fullerenelike MoS, nanoparticles
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We measured the far-infrared vibrational properties of bulk and nanoscale MoS, in order to investigate finite
length scale effects and chemical bonding in these materials. From an analysis of frequencies, oscillator
strengths, and high-frequency dielectric constants, we extract Born and local effective charges for both mate-
rials. In the intralayer direction, we find that the Born effective charge of the nanoparticles is decreased
significantly compared to the layered bulk, a difference that we attribute to the structural strain (and resulting

change in polarizability) in the nanoparticles.
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I. INTRODUCTION

Dimensionality, local structure, and lattice dynamics gov-
ern the properties of many complex materials including su-
perconductors, thermoelectrics, and multiferroics.!~® Less is
known, however, about strain and finite length scale effects
in complex materials. There is a special interest in size-shape
control of properties and reactivities that depend on an inti-
mate coupling with the lattice.””!®> New properties and sur-
prising multifunctionalities may also emerge at small length
scales.'*"1® Many are a consequence of phonon confinement.
In addition to expanding the usable structure-property phase
space for tuning functional materials, phonon confinement
studies offer the opportunity to probe fundamentally new as-
pects of structure and chemical bonding in nanomaterials.'”
In this work, we focus on MoS,, a well-known transition-
metal dichalcogenide that was a prototype for foundational
studies of charge and bonding in the late 1970s (Refs.
18-20) and continues to support modern tribological
applications.?'~?3 The discovery and large scale preparation
of inorganic fullerenelike (IF) nanostructures’*> motivated
our detailed analysis of lattice dynamics in IF-MoS, nano-
particles.

The structure of 2H-MoS, belongs to the P65/ mmc space
group.?® The atomic centers (six per primitive cell) are ar-
ranged in sheets parallel to the base of the hexagonal unit
cell [Fig. 1(a)]. One consequence of this architecture is the
low-dimensional electronic structure which consists of
strong bonding in the ab plane and weak van der Waals
interactions between layers.?’” Each MoS, slab contains a
layer of metal centers sandwiched between two chalcogen
layers, with each metal atom bonded to six chalcogen atoms
in a trigonal prismatic arrangement (D5, local symmetry).
Group theory predicts the following irreducible representa-
tions: 2A2u+2E1u+A1g+E1g+2E2g+2B1g+Bzu+E2u‘l7’27 Dis-
placement vectors of the two infrared-active E;, and A,,
modes are shown in Fig. 1(b). These modes are sensitive to
charge and bonding in the intralayer and interlayer direc-
tions, respectively, and they have been used to assess Born
effective charges (Zy) in a number of transition-metal
dichalcogenides.!® For 2H-MoS, single crystals, Zj
=~ (1.1-1.2)e in the intralayer direction, making it one of the
more covalent systems.'®!” The structure of IF-MoS, nano-
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particles is similar to that of the nested fullerenes (inset, Fig.
2). X-ray diffraction demonstrates that the bulk 2H- structure
is locally preserved within the nanoparticle, albeit with a
~2% c-axis expansion.?®?° We therefore anticipate that the
vibrational properties of IF- and 2H-MoS, will display simi-
larities befitting their common chemistry, symmetry, and
structure and, at the same time, display important differences
that derive from confinement, broken translational symmetry,
strain, and subtle curvature.'”?® The connection between
charge, structure, and mechanical and tribological properties
is still an open question in the IF materials. Recent theoret-
ical work indicates that the substantially reduced friction co-
efficient under high load conditions has its origins in the
local coating processes that take place during particle (or
tube) breakup.'? These breakup processes seem to begin in
the inner most highly strained layer of the nanomaterial.

In order to investigate finite length scale effects in model
nanomaterials such as the transition-metal dichalcogenides,
we measured the far-infrared vibrational properties of
IF-MoS, nanoparticles and compared the results with the
spectrum of the layered bulk counterpart 2H-MoS,. Vibra-
tional spectroscopy provides a sensitive and microscopic
probe of the unique charge and bonding interactions present
in the nanomaterial interactions that we quantify by calculat-
ing both Born and local effective charges. Application of
these traditional models to nanomaterials requires density
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FIG. 1. (Color online) Crystal structure (Ref. 26) and displace-
ment patterns of infrared-active E;, and A,, vibrational modes (Ref.
27) in 2H-MoS,.
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FIG. 2. (Color online) Close-up view of the 300 K reflectance
spectra of bulk and nanoscale MoS,. Blue (upper) and red (lower)
curves: experimental data for the 2H- and IF-MoS, samples, respec-
tively. Black dashed lines: theoretical fits as described in the text.
Inset: high-resolution transmission electron microscopy image of
IF-MoS, showing the lattice fringing and curvature in the nanopar-
ticles. The layer-to-layer distance is 0.62 nm.

and orientational corrections, modifications to the method
that we detail here. We find that the intralayer Born effective
charge decreases strongly in IF-MoS, compared to the 2H
counterpart. Comparison with local effective charge values
demonstrates that this decrease is due to the structural strain
and the consequent modification of intralayer polarizability
that reduces nonlocal effective charge in the nanomaterial.

II. EXPERIMENTAL METHODS

IF-MoS, was synthesized by a gas phase reaction from
MoO; powder by a three-step procedure in a vertical bed
reactor.’! The resulting nanoparticles ranged in size from
~30-70 nm in diameter (inset, Fig. 2). 2H-MoS, was pur-
chased directly from Alfa Aesar (99%). Pressed isotropic pel-
lets of the 2H- and IF-MoS, powder were prepared for in-
vestigating their dynamical properties. Note that the
theoretical calculated density of 2H-MoS, single crystal is
4.996 g/cm?, and the actual densities of bulk and IF pellets
are ~3.5 g/cm’. Pellet densities are therefore ~70% of the
single-crystal density, a difference that we correct for in our
analysis.’> Near normal infrared reflectance was measured
over a wide frequency range using a series of spectrometers
including a Bruker 113V Fourier transform infrared spec-
trometer, an Equinox 55 Fourier transform instrument
(equipped with a microscope attachment), and a Perkin
Elmer Lambda 900 grating spectrometer, covering the fre-
quency range from 25-52 000 cm™!. A helium-cooled bo-
lometer detector was employed in the far infrared for added
sensitivity. 0.5 cm™' resolution was used in the infrared,
whereas 3 nm resolution was employed in the optical regime.
A Lorentzian oscillator analysis was used to (i) fit the mea-
sured reflectance and (ii) calculate the optical constants from
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the extracted parameters, yielding information on the disper-
sive and lossy response of each material.’> A Kramers-
Kronig analysis can also be used to obtain the optical
constants.**

III. RESULTS AND DISCUSSION

Figure 2 shows a close-up view of the far-infrared reflec-
tance spectra of 2H- and IF-MoS, at 300 K. Two vibrational
modes are observed, in agreement with group theory
predictions.'7?” We assign the peak at 384 cm™! to the E,,
optical mode and the feature near 468 cm™' to the A,, opti-
cal mode. These spectral features probe intralayer and inter-
layer dynamics, respectively. The observed band positions
are in reasonable agreement with previous single-crystal
data'® and similar pressed pellet results on bulk and nano-
scale WS, (with appropriate mass correction).!” The charac-
ter of the E, and A,, modes is strikingly different in the two
materials. In IF-MoS,, the E;, mode is damped and sup-
pressed compared to the 2H- analog, whereas the A,, mode
is slightly more pronounced in the IF- compound compared
to that in the bulk. These differences can be quantified
using classical dielectric oscillator models and fitting
techniques.?033

We employed classical Lorentz models to fit the reflec-
tance spectra of 2H- and IF-MoS, with a complex dielectric
constant e(w)=g(w)+ig,(w) constructed as a superposition
of Lorentzian oscillators as?*3

S0
s(w)= 2 5 o(). (1)

Here, S is the oscillator strength, wrg is the transverse optical
phonon frequency, vy is the damping constant, &() is the
high-frequency dielectric constant, and j is the mode index.
Good quality fits were obtained using a total of two oscilla-
tors, as shown in Fig. 2. These data are summarized in Table
I as a set of “observed parameters,” where the observed os-
cillator strength and dielectric constant are actually tabulated

as S and £() to distinguish these powder averages from the
density- and distribution-corrected values discussed later.
From these fits, we calculated the optical constants of 2H-
and IF-MoS,. Optical constants can also be calculated with a
Kramers-Kronig analysis.

The rigid-ion model*®*’ gives a precise relationship be-
tween the longitudinal and transverse optic phonon frequen-
cies (often called the LO-TO splitting)*® and Born effective
charge,

Ne? (Z3)*

€e(2)VL my

4°c* 2, (Wi, = @0, = )
J

Here, @, is the longitudinal-optic phonon frequency for
the jth oscillator, Zp, is the dimensionless Born effective
charge on the kth ion, N is the number of formula units in the
unit cell, V is the volume of the MoS, formula unit, m;, is the
atomic mass of the kth atom, ¢ is the permittivity of free
space, e is the electronic charge, and c is the speed of light.
The sum rule EZZ‘,;O guarantees that the charge neutrality
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TABLE I. Observed and scaled parameters extracted from our
oscillator fitting analysis of the measured reflectance spectra of 2H-
and IF-MoS,.

Material Mode §j a  g(o)? S; &()

wrQ,j
x1073 x1073 (cm™)
2H-MoS, E, 200° 152> 384b
(Crystal) Ay, 30° 6.2°  470°
2H-MoS, E,, 114 103 200¢ 15.2¢  383.72
(Powder) Ay, 3.6 ’ 30° 6.2°  468.2°
IF-MoS, E,, 36 s6 77¢ 8.3  384.6°
(Powder) Ay, 6.7 ’ 29¢ 6.2°  467.9

40Observed parameters extracted from our oscillator fitting analysis
of the measured reflectance spectra (Fig. 2).

bSingle-crystal data from Ref. 18.

“Effective oscillator strength and dielectric constant obtained by
correcting the observed powder data for density and orientational
averaging.

condition is fulfilled. In other words, the sum of Born effec-
tive charges for all atoms in the unit cell must vanish, ele-
ment by element.* Unfortunately, Eq. (2) is valid only when
the LO-TO splitting of a single-crystal sample is known.
Thus, it is not well suited for assessing charge and bonding
in nanomaterials as the latter is often in powder form. We
can finesse this problem by employing oscillator strength
changes rather than LO-TO splitting, as described below.
This procedure allows us to calculate pseudo-Born effective
charges for both 2H- and IF-MoS,. These values can be com-
pared with the known Born effective charge in the 2H- single
crystal [Z~(1.1-1.2)e in the intralayer direction'®!°], pro-
viding an effective check for our method.

Equation (1) and the generalized Lyddane-Sachs-Teller
relationship*® provide a way forward by articulating the re-
lationship between dielectric constant, oscillator strength,
and the LO-TO splitting 8(00)'(wio,j—w%o’j)=w%0,j~5 ;3
Substituting this result into Eq. (2), we see that Born effec-
tive charge can also be calculated mode by mode from the
knowledge of oscillator strength,

Ne? Ne s (Zp)” (ZB k)

€V e my

4722 wTO]E

J

3)

This rendering is well suited to the analysis of nanomaterials
and will be employed in this work to evaluate charge and
bonding in IF-MoS, nanoparticles.

Before presenting the results of this analysis for the nano-
particles, we briefly point out that the dynamical charge val-
ues extracted from our analysis of the 2H-MoS, pressed pel-
let sample are in good agreement with single-crystal results
from the literature.'®!° This agreement provides confidence
that the formulation presented in Eq. (3) can be extended in
a powerful way to include nanomaterials. That the sample is
in powder form presents two main challenges: (i) the pressed
pellet density is less than that of the corresponding single
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crystal thus underestimating the intrinsic oscillator strength
of each infrared-active vibrational mode and (ii) the spatial
distribution of the dipole moment operator in a powder
sample is not that of a single crystal, an effect that also
works to misrepresent oscillator strength. The density correc-
tion merely scales the observed oscillator strength toward its
intrinsic value. The spatial distribution correction is more
complex. This is because in some samples, there may be a
random orientation (such as the nanoparticles in this work).
In other samples, for instance 2H-MoS,, the orientation cor-
rection must account for the powdered nature of an aniso-
tropic sample and the preferential surface orientation of the
platelets in a pressed pellet sample. Here is how it works.
When an oscillator has an angle 6 with respect to the mac-
roscopic field E, the observed oscillator strength (S) will be
reduced compared to its intrinsic value (S). Employing both
Eq. (1) and the definition of electric displacement [D=¢)E
+P=g(w)gE], three useful expressions can be obtained
which capture and compensate for the inherent orientational
aspects in MoS, or any similar two-dimensional material in
powder form,*

Sk,, =Sk, (cos* (6, ), (4)
Sa,, =S, (cos* (G4, v, (4b)

8() = 1 +[e, (%) = 1Kcos' (65, Do + L, (=) = 1]
><<cosz(0A2u)>v. (4¢)

Here, v is the relative density of a powdered vs single-
crystalline sample. In this work, v=0.70.> From Egs. (4a)
and (4b), it may appear that both (cos? (0,51 )) and
(cosz(ﬁA )) are unknown. However, in the 2H material, the
two modes in question are orthogonal. Thus, 651 +¢9A2 =7
and (0052(0E ))+<cosz(0A ))=1. Thus, there is really only
one unknown We can ﬁnd ‘the value of <cosz(0E )) by com-
parison with Wieting and Verble’s'® 2H-MoS, smgle crystal
data. As shown in Table I, Sy =0.20, Sy, =0.03, &g, (00)
=152, and g, ()=6.2. These parameters ought 0 be
applicable to a powder sample as long as surface effects are
not too important. As discussed previously, fits to our powder
data yielded SE =0.114, SA ,=0.0036, and &()=10.3
(Table 1). Worklng backward Wlth Egs. (4a) and (4b), we
extract independent estimates of <COS2(GEM)> from the analy-
sis of the E;, and A,, modes as 0.81 and 0.83,
respectively.*'*> Using Eq. (4c) and an average value of
<cosz(951u)>=0.82, we extract £()=9.8, consistent with that
obtained by direct fitting techniques [£(c0)=10.3]. Finally,
we employ Eq. (3) and the aforementioned effective
parameters to calculate the Born effective charges. We find
Zz=1.11e and 0.52e¢, in the intralayer and interlayer direc-
tions, respectively. Here, we explicitly show the charge of
the electron because it is traditional to do so. This analysis
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TABLE II. Effective charges and other parameters of 2H- and
IF-MoS, in the two principle directions.

Mode Material Zy  e(») n a z*
(e) (A%  (e)

E 2H 1.11 152 0461 100  0.15
Lu IF 0.69 8.3 0.462 91 0.16
A 2H 052 6.2 0.078 200 0.37
u IF 052 6.2 0.076 200 0.37

shows that the optical constants of 2H powder and
single-crystalline'®' samples are identical, as they should
be, once density and orientational effects are taken into ac-
count. It also demonstrates that the approach outlined here
can be reliably extended to analyze nanomaterials.

We can carry out the same analysis for the nanopar-
ticles. Table I displays the results of our fit to the powder
spectra for IF-MoS,. Using this data [SE —0 036, SA2
=0.0067, and &(0)=5.6], we evaluate the unportant quantl-
ties as discussed above. Assuming spherlcal nanoparticles,*
we obtain (cos2(0E D)= [(sin® H)dﬁ—- and <cosz(0A D)
=[(cos? 6)sin OdO=x Insertlng these values into Egs. (4a)
and (4b), we find S £, =0.077 and S, =0.029. As before, a
density factor of 0. 70 has been apphed to account for the
reduced density of the pressed pellet sample. Using Eq. (3)
and these effective parameters, we calculate the Born effec-
tive charges for the infrared-active phonon modes of
IF-MoS,. We find Z,=0.69¢ in the intralayer direction, sig-
nificantly less than that obtained for the 2H material. In the
interlayer direction, we extract ZZ=O.52e, identical to that
obtained for the layered bulk.

These results are summarized in Table II. In the intralayer
direction, the Born effective charge of the Mo center de-
creases from 1.11e in the bulk material to 0.69¢ in the nano-
particles. In the interlayer direction, Zj is unchanged
(~0.52¢) within our sensitivity. The origin of these trends is
discussed below.

The vibrational response of 2H- and IF-MoS, (Fig. 2) can
be also used to extract information about the structural strain
in the nanoparticles and elucidate the consequences for
bonding, polarizability, local, and nonlocal effective charges.
In an ionic solid, we need to consider the so-called depolar-
ization field, which originates from the influence of neigh-
boring ions. The polarization P= %(Z*x+ aE.) has two parts.
The first contribution is due to the relative displacements
of ions. The second results from the electron cloud distor-
tion around the polarizable ionic centers due to the macro-
scopic electric field E. Here, Z* is the local effective charge
(or dynamic ionic charge), « is the polarizability in one di-
rection of the unit cell, E is the microscopic electric field
(Er=E+* P) n is the depolarization factor, and P is the
polanzanon 44-46 Using these relationships, we can evaluate

local effective charges and polarizabilites for both materials
2533

Zy=—a> (5a)
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2H IF

FIG. 3. (Color online) Schematic view of the electron clouds of
2H- and IF-MoS, in the intralayer direction, respectively. Here, we
use spheres to indicate a generalized orbital.

. (5b)

These equations provide a more comprehensive definition of
the local effective charge compared to earlier presentations
by Uchida and Tanaka'® and Lucovsky et al.*’ Although the
previous authors considered the depolarization field (and
captured the effect of dipole-dipole interactions), they em-
ployed the macroscopic electric field E rather than the mi-
croscopic field E.; to evaluate the polarization, resulting in
an overestimation of the local effective charge.

Using Eqgs. (5a) and (5b), we can calculate the local ef-
fective charge and polarizability for 2H-MoS,.*® We find
Z*=0.15¢ and =100 A® in the intralayer direction. For
IF-MoS,, we employ the same equations and the effective
dielectric data in Table I to extract the local effective charge
and intralayer polarizability as Z*=0.16e and a=91 A3, re-
spectively. Here, we explicitly include the electron charge
because it is common to do so. These results are summarized
in Table II. This analysis demonstrates that the intralayer
local effective charge is unaffected by strain and curvature in
the nanomaterial. Interpreting the results in terms of chemi-
cal bonding, it shows that these chemically identical but mor-
phologically different materials have the same ionicity. In
other words, chemical bonding is the same.

In light of this null result, how should we understand the
significant decrease in the intralayer Born effective charge of
the nanomaterial? The answer lies with the polarizability, a
quantity that captures electron cloud distortion effects. Based
upon our extracted values of a for 2H- and IF-MoS,, we
can see that the intralayer Born effective charge decreases
significantly in the nanomaterial due to a change in intra-
layer polarizability (Table II). Figure 3 displays a schematic
view of the effect of structural strain on the intralayer elec-
tron cloud of bulk and nanoscale MoS,. It is this type
of electron cloud distortion that reduces intralayer polariz-
ability in IF-MoS,. Since the total charge=Ilocal charge
+nonlocal charge, the electron cloud distortion can be con-
sidered to decrease the nonlocal effective charge in the nano-
particles.

The absence of substantial charge and bonding differences
in the interlayer direction of the nanomaterial is consistent
with the weak van der Waals interactions between layers in
transition-metal dichalcogenides. In the interlayer direction,
curvature simply has a limited effect on the Born effective
charge in IF-MoS,. Thus, we surmise that the interlayer po-
larizability remains relatively unchanged in the nanomaterial,
and as a consequence, that the local effective charge is the
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same for both materials in the interlayer direction (Table IT).
Dielectric constant data (Table I) are consistent with this
conclusion.*

We can employ a Hooke’s law analysis to extract the
force constant k as

2 2 & MV
wio=| wg———= |- (6)

Here, wy is the spring-constant frequency (wé:fj), and u is
the reduced mass. For both materials, we find k=338 N/m
for the E;, mode and k=497 N/m for the A,, mode, again
demonstrating that while chemical bonding does not change,
strain and curvature in the nanoparticles does affect ionic
polarizability.

Finally, we point out that in addition to quantifying bulk
vs nanoscale effects and assessing the size dependence of
charge and bonding in nanoparticles, these techniques can be
extended to include shape effects. MoS, nanotubes and
nanobuds are the chemically identical “high aspect ratio”
analogs in this case.??>”° At this time, sufficient quantities of
material are not available to support an extended investiga-
tion.
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IV. CONCLUSION

To summarize, we measured the far-infrared vibrational
properties of IF-MoS, nanoparticles and compared the re-
sults with the spectrum of the layered bulk counterpart
2H-MoS, in order to investigate finite length scale effects in
model transition-metal dichalcogenide nanomaterials. Vibra-
tional spectroscopy provides a sensitive and microscopic
probe of the unique charge and bonding interactions present
in the nanomaterial, interactions that we quantify by calcu-
lating both Born and local effective charges. We find that the
intralayer Born effective charge decreases strongly in
IF-MoS, compared to the 2H counterpart, whereas it remains
unchanged in the interlayer direction. Comparison with the
local effective charge and polarizability demonstrates that
this decrease is due to the structural strain and the conse-
quent modification of the intralayer polarizability that re-
duces the nonlocal effective charge in the nanoscale material.
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