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Abstract

In order to explore the properties of a complex van der Waals material under
confinement, we measured the near-field infrared response of the magnetic chalcogenide
MnPS3 in bulk, few-, and single-layer form and compared the results with traditional
far field vibrational spectroscopy and complementary lattice dynamics calculations.
Trends in the activated B, mode near 450 cm™! are particularly striking, with the
disappearance of this structure in the thinnest sheets. Combined with the amplified
response of the A; mode and analysis of the 4, 4+ B, features, we find that symmetry
is unexpectedly increased in single-sheet MnPS3. The monoclinicity of this system is

therefore a consequence of the long-range stacking pattern rather than local structure.
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Introduction

The layered structures of many chalcogenides allow for exfoliation, providing a unique plat-
form for combining the complexity of bulk materials with the tunability of few- and single-
layer systems.! One of the most widely investigated van der Waals materials is MoS,.25
Major findings include the indirect — direct gap crossover at the single layer level,>* valley
splitting effects driven by spin-orbit coupling, %7 and the confinement and symmetry-breaking
effects that lead to unique chemical, electronic, optical, and thermal properties.® 1! Com-
plex chalcogenides are also attracting attention.®!? One of the most interesting initiatives
involves the creation of robust, single-layer magnetic semiconductors like Crls, CrSiTes, and
MnPS3.1316 One commonality between all of these systems - from MoS; to MnPS; - is
the role of Raman scattering to assure sample quality, probe even-symmetry vibrational
modes, and explore confinement effects in the single layer.>!"1® The ungerade modes are,
however, completely unexplored in few layer systems. Infrared spectroscopy is well suited
for examining the fundamental excitations of the lattice, and because the technique probes
odd-symmetry vibrations, it is useful for uncovering ferroelectric, vibronic, and spin-lattice
coupling mechanisms. 22 Although it is highly desirable to extend toward few- and single-
layer systems, traditional infrared spectroscopy cannot beat the diffraction limit for small
sized (exfoliated) samples.?3

Synchrotron-based infrared nanospectroscopy offers a path forward. The technique com-
bines a high brightness, broadband synchrotron light source?* with Fourier transform tech-
niques and a tip-enhanced approach to enable spectroscopic work on small-sized samples
and materials with micro- and nano-scale texture.?32527 The spatial resolution, achieved by
focusing infrared light onto an atomic force microscope (AFM) tip [Fig. 1(c)], is on the order
of 20 x 20 nm?. Initially, this technique was confined to the middle infrared?? and proved
powerful for exploring polaritons in graphene, unveiling the inhomogeneous character of the
phase transition in VO,, and studying heterogeneity in BiySes and ShySes nanocrystals. 2873

Recently, the operational window has been expanded into the far infrared - down to 330



cm~!.?® Near-field infrared spectroscopy is therefore inviting new approaches to studying
chalcogenides. This is because many (but not all) of the characteristic vibrational modes of
these materials resonate in this frequency window. What distinguishes synchrotron-based
near-field spectroscopy from tip-enhanced Raman scattering is the ability to explore odd-
(rather than even-) symmetry vibration modes.3?

Figure 1: (a) Crystal structure
of monoclinic MnPSs showing the
slab thickness and inter-layer dis-
tance.  (b) Local structure for
monolayer MnPSs; emphasizing the
bonding around the Mn center and
the P-P dimer.? (c) Close-up
schematic of the near-field setup
showing the cantilever tip direct-
ing light to focus on a small area
of the sample. Spatial resolution is
on the order of 20 x 20 nm?. (d)
High resolution AFM image along
with the corresponding layer num-
ber, extracted from (e) the height
profile analysis along the red line 0 5600 2600

m ( d ) Distance (nm)

We selected MnPS3 as a platform with which to examine these ideas. This compound be-
longs to a large family of metal phosphorus trichalcogenides with the formula MP X5 where
M=metal ion, in this case high spin Mn?" (5=2), and X=chalcogenide. This system is a
non-collinear antiferromagnet below Ty = 78 K. It is also ferrotoroidic.?* MP X3 compounds
can be viewed as salts of the phosphate anion, with Mn?* cations and (P3Sg)*~ anions. These
cations are linked together by Mn-X bonds, which are weaker than the bonds in the anion
unit. This allows for a conceptual division of vibrational features into internal modes of
the anion unit and external modes from the interactions between cation and anion.3® Figure
1(a) shows the stacking of MnPS3 into a monoclinic van der Waals solid.?? The individual
layer thickness is ~ 3.22 A, with each layer separated by a van der Waals gap of ~ 3.27

A. The local structure [Fig. 1(b)] is especially sensitive to symmetry. Rather than C2/m
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like the bulk, the monolayer is proposed to be P31m - assuming that the internal structure
remains intact.® At this time, the possibility is untested. While extensive investigation
of Raman scattering and light emission reveals strong electron-phonon coupling,®3” the in-
frared response of this system in few layer form is wholly unexplored. Because the behavior
of ungerade vibrational modes is crucial for uncovering local structure modifications, testing
various subgroup candidates, and developing higher-level functionalities like ferroelectric-
ity, 1938740 bringing infrared spectroscopy to the field of few- and single-layer chalcogenides
is an important step forward.

In order to explore odd-symmetry vibrational modes in few- and single-layer complex
chalcogenides, we measured the near-field infrared response of MnPS; and compared our
findings to first principles calculations. We find that features in the near-field spectrum of
the single crystal are a combination of both infrared- and Raman-active modes. This mixed
activation is a consequence of the tip-based nature of the technique. Detailed analysis of
the near-field spectra supports a sized-induced symmetry crossover. The behavior of the B,
mode is most revealing. It is amplified in the n = 142 - 48 range but disappears below n
= 11, indicative of a symmetry increase in few-sheet samples. Here, n is the layer number.
Thus, single layer MnPS3 is actually higher symmetry than previously supposed. This is
interesting because local and long-range symmetry determine functionality in a variety of

materials.

Results and discussion

Figure 2 summarizes the vibrational properties of single crystalline MnPS3. In addition to
the traditional infrared absorption, Raman scattering, and the theoretically-predicted mode
positions, it also displays our near-field results. Combined with prior literature*! and lattice
dynamics calculations, we can assign all of the peaks in these spectra. Focusing first on

the conventional infrared and Raman response, we assign the strong infrared band at 573
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cm ! to the nearly degenerate PSs stretching mode. The presence of two weak Raman
bands at 569 and 581 cm™! shows that coupling between two PSs units is weak. The small

l'is a combination of a P-P stretch + out-of-plane PS;

infrared-active B, mode at 452 cm™
translation. The strongest Raman band near 385 cm ™! is due to a symmetric stretch of PSs,
largely ascribed to the motion of chalcogen atoms with a weak contribution from vibrational
coupling between the phosporus and sulfur units.*' As expected, the Mn-containing modes
appear at lower frequencies. They are not included here in order to focus on the currently
available frequency window.?> Our assignments are summarized in Table 1.

Figure 2(c) displays the near-field spectrum of single crystalline MnPSs - both amplitude
and phase - prior to exfoliation. Assignments are made by comparison with the aforemen-
tioned infrared and Raman spectroscopies as well as our calculated mode frequencies and

displacement patterns. Clearly, the infrared-active modes are well represented in terms of

position, shape, and amplitude confirming the effectiveness of the near-field technique. For



I are present in both sets of spectra, with

instance, the A, + B, modes centered near 573 cm™
the much smaller B, mode increasing in intensity in the near-field response. At the same
time, there are additional features that are not anticipated according to traditional selection
rules. For instance, there is a subtle hint of the 360 cm™! mode in the near-field spectrum
that is likely an activated A; mode - normally present in the Raman response. We therefore
see that tip-enhanced infrared spectroscopy does not fully conform to traditional selection
rules. This is because of tip curvature, the shape of the electric field lines, and penetration
depth differences of the tip-enhanced technique.*? Taken together, these assignments place

near-field infrared spectroscopy of MnPS3 on a firm foundation from which we can extend

toward few- and single-layer systems.

Table 1: Vibrational mode assignments of single crystalline MnPS;. All values are in cm ™!

| w (infrared) w (Raman) w (near-field)* assignment ||

- 385 355 o (PSs)
152 - 150 T".(PS;)
+ v(P-P)

573 = 567 v (PSy)

= 569, 581 - v(PS3)

v = symmetric stretch, T’ = translational motion, * Corresponds to maxima in the phase spectra.

As part of this work to measure few- and single-layer MnPS3, we tested a variety of
substrates for suitability with our target material. These included gold, aluminum, glass,
sapphire, and silicon. The choice turns out to be crucial.** Our work with uncoated gold
mirrors revealed excellent adhesion of few- and single-sheet MnPS3 via gold- - - surfur inter-
actions. This not only eliminates the need for glue but also the interference of substrate
phonons. The use of bare gold mirrors to support exfoliated chalcogenides does, however,
have the disadvantage of introducing a small charge transfer band between the sulfur and
the gold centered at 550 cm™!.%* This charge transfer excitation is somewhat problematic
for MnPS3 because it partially obscures some of the sulfur-related stretching modes between
550 and 600 cm~!. We anticipate that uncoated gold will, however, work well for some of

the heavier chalcogenides like MoTe, where the frequencies are shifted downward due to



heavier masses.* In any case, the charge transfer band is apparent only in the single-layer
response for MnPS;. We attempted to uncover the hidden A, + B, phonon by modeling
this Au- - - S charge transfer with a series of Voigt oscillators and subtracting the result from
the near-field spectrum. This procedure did not, unfortunately, reveal the superimposed
phonons - probably due to their small oscillator strength. This limits the frequency window
for single-layer MnPS3 - although bilayer and above is relatively unaffected.

Turning our attention back to the magnetic chalcogenide, Fig. 3 summarizes the near-
field infrared response of MnPS3 at various layer thicknesses. The spectra and theoretically-
predicted phonon pattern of the bulk crystal and monolayer in Fig. 3(a) reveal a stunning
dissimilarity. Figure 3(b, c) shows a more systematic view of the near-field infrared response
of MnPS3 as a function of layer number (n). The gold- - - sulfur interaction is particularly
apparent in the single layer (n=1) spectrum as evidenced by the charge transfer band above
550 cm™1.% The symmetry relationship between C2/m and P31m is summarized in Fig
3(d). Remarkably, the vibrational response demonstrates that MnPS; single crystal has
lower symmetry than few- and single-sheet analogs.

Detailed analysis of the near-field spectra [Fig. 3(b,c)] supports a size-induced symmetry

crossover. The behavior of the B, feature at 450 cm™!

is most revealing. This structure is
relatively modest in the bulk (n=00), increases slightly in intensity and blueshifts at inter-
mediate sheet thicknesses, diminishes again, and disappears entirely below n=11. It never
reappears - even at the monolayer - indicating that the symmetry for n <11 is no longer
C2/m. Further, the symmetry must be higher, not lower, for this feature to disappear.
To clarify the nature of the disappearance of the 450 cm™! peak, calculated phonon fre-
quencies from two separate single-layer structures with monoclinic and hexagonal symmetry
constraints are shown in Fig 3(d). Note that the modes around 450 cm™!, which exist in
the monoclinic symmetry, are absent in the hexagonal case, indicating this feature is indeed

linked to the restoration of three-fold symmetry in the single-layer limit.

The A, mode near 376 cm ™' provides additional evidence for a change in symmetry. This
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Figure 3: (a) Near-field infrared response of MnPSs single crystal compared with that of the
monolayer. Corresponding lattice dynamics calculations highlight the symmetry modifica-
tions. We show both the infrared- and Raman-active modes. (b,c) Evolution of the near-field
infrared spectra from MnPSs single crystals (n=o0c) to the monolayer. The exfoliated sheets
are on a gold substrate. In (b) and (c), the spectra are shifted (by a constant amount) for
clarity. (d) Direct comparison of the predicted vibrational modes over the entire frequency
range for a single sheet of MnPSs - depending on the symmetry that was imposed during the
calculation (C'2/m vs.P31m).

feature is at the limit of our sensitivity in the bulk, becomes somewhat more apparent in
the intermediate thickness range, and is fairly clear in the n=11 spectrum. The trends are
less obvious in few layer systems except the A, mode (now actually A;,*®) which appears
clearly and is even amplified in the monolayer spectrum. The A, + B, sulfur-phosphorous
stretching modes near 556 cm™! also display signatures of a thickness-dependent symmetry
transition. This feature is strong and fairly wide in the bulk - as expected when a number
of closely-related modes overlap. The structure evolves with decreasing thickness sporting

a clear doublet between n=142 and 48. The low frequency branch of the doublet redshifts



with decreasing thickness whereas the high frequency branch blueshifts slightly. The doublet
broadens significantly between n = 44 and 22. Between n=16 and 11, the two branches come
together somewhat and begin to diminish. Below n=11, the features are much more diffuse
and eventually (n=1) overcome by the gold- - - sulfur charge transfer band above 550 cm™—!.44
A combined analysis of the near-field spectra and lattice dynamics calculations substantiate
the connection between decreasing layer number and a crossover to higher symmetry.

It is curious that three-fold symmetry is restored below n = 11 rather than at n = 1 where
the stacking becomes irrelevant. We speculate that, since interactions between adjacent lay-
ers in this wide-gap (~2.65 e¢V) semiconductor are weak,?” thermal excitations may restore
the higher symmetry below a critical thickness - especially at room temperature. Additional
questions relate to stabilizing crystal structures with different stacking symmetries for dis-
tinct physical properties in these layered systems as a function of layer thickness or alternate
growth conditions. This is important because certain stacking patterns may give rise to
distinct magnetic order or even complex order parameters such as ferrotoroidicity.?* In this

regard, synchrotron-based near-field spectroscopy will become a crucial tool for exploring

few-layer van der Waals compounds and ultrathin oxide heterostructures.

Conclusion

Synchrotron-based near-field infrared spectroscopy provides a unique platform for evaluating
complex chalcogenides like MnPS3. As discussed in detail throughout the text, this technique
is a fusion of a high brightness source, Fourier transform techniques, and a tip to localize
the radiation. To complement this revolutionary spectroscopic approach, we also developed
a general method for stabilizing complex chalcogenides in few- and single-sheet form onto a
bare gold substrate. That method is outlined here and then utilized to reveal the dynamics
of our target material MnPS; in few- and single layer form. Traditional infrared absorption

and Raman scattering as well as complementary first principles lattice dynamics calcula-
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tions supported this effort. Near-field measurements reveal a dramatic change in spectral
characteristics under confinement. Perhaps the most striking trend involves the B, mode
near 450 cm~! which disappears almost completely in the thinnest sheets. Combined with
the amplified response of the A, mode and analysis of the 4, + B, features, we find that
symmetry is unexpectedly increased, rather than decreased, in monolayer MnPS3. The mon-
oclinicity of this system is thus a consequence of long-range stacking patterns rather than the
local structure. One test of this supposition is how the symmetry crossover changes in the
MnPS;, NiPS3, and FePS; series - a subject of future work. Near-field infrared spectroscopy
therefore has the potential to unlock a much wider field of investigation into the properties

of atomically-thin materials.

Methods

Single crystals of MnPS3 were prepared via chemical vapor transport as described previ-
ously.*® Surface-exfoliated crystals were mounted on pin-hole apertures for both infrared
and Raman measurements. Traditional far-field infrared studies were performed on a Bruker
IF'S 113v Fourier-infrared spectrometer equipped with a bolometer detector over the 20-700
cm ™! frequency range with resolution of 2 cm™!. The measured transmittance was converted
to absorption as a(w)= -2In(7 (w)), where T (w) is measured transmittance and d is thick-
ness. No attempt was made to do a reflectance correction to the transmittance. Raman
scattering was performed on a LabRAM HR Evolution Raman spectrometer (50-700 cm™1)
using an excitation wavelength of 532 nm at a power of 0.5 mW with an 1800 line/mm
grating.

Synchrotron-based near-field infrared spectroscopy was performed using a commercial
nanoscope (neaSNOM, Neaspec GmbH) using the setup at beamline 2.4 at the Advanced
Light Source at Lawrence Berkeley National Laboratory.?* Both amplitude and phase data

were collected over the 330-700 cm™! frequency range. A Ge:Cu detector equipped with
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2 MHz, low-noise preamplifier, a KRS-5 beamsplitter, and a nitrogen enclosure enabled
extension to the far infrared. Prior to the near-field work, single crystals were mechanically
exfoliated with thermal release tape and applied to a substrate. As discussed in the text,
we tested a number of candidate substrates before selecting an uncoated gold mirror. The
sample + substrate are scanned with atomic force microscopy (AFM), first taking a low
resolution image to locate possible regions of interest. Once a promising area is confirmed,
a high resolution AFM image is used to reveal the full topography. This information is used
to (i) confirm cleanliness, (ii) extract a height profile, and (iii) designate areas to measure.
Since AFM and near-field infrared operate in the same field of view, we could pinpoint
exactly where to collect spectra. Repeated measurements over several hours confirmed that
the sheets are stable. Sheet thickness was calculated using xm + yn = H, where H is the
extracted height (nm), z is the sheet thickness (nm), y is the van der Waal gap thickness, m
is the number of sheets, and n is the number of van der Waal layers present which is defined
as n = (m - 1). Specifically for MnPS3 z = 0.322 nm and y = 0.327 nm. The height profile
(H) was extracted using the open source software Gwyddion, and we employed a standard
to check our height calibration.

Ab-initio density functional theory (DFT) calculations were performed employing Vienna
ab-initio Simulation Package (vVASP), which employs the projector-augmented wave (PAW)
basis set. 490 340 eV of plane-wave energy cutoff and 8x6x8 (15x15x1) Monkhorst-Pack
k-grid sampling were employed for monoclinic C2/m (single-layer hexagonal P31m) crystal
structures. For the single-layer calculation in monoclinic symmetry, a 8x6x1 k-grid was
employed along with the bulk in-plane lattice parameters a and b.

For the treatment of electron correlations within DFT, a revised Perdew-Burke-Ernzerhof
exchange-correlation functional for crystalline solid (PBEsol) was employed,®! in addition
augmented by on-site Coulomb interactions for transition metal d-orbitals within a simplified
rotationally-invariant form of DFT + U, formalism.*® Structural optimizations employed

force criteria below 107* eV/ A. PHONOPY code interfaced with VASP was employed to cal-
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culate the I'-point phonon modes for each structure.?®?
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