Downloaded via UNIV OF TENNESSEE KNOXVILLE on January 13, 2021 at 13:47:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO.. .5

pubs.acs.org/NanoLett

Excitations of Intercalated Metal Monolayers in Transition Metal

Dichalcogenides

Shiyu Fan, Sabine Neal, Choongjae Won, Jaewook Kim, Deepak Sapkota, Feiting Huang, Junjie Yang,
David G. Mandrus, Sang-Wook Cheong, Jason T. Haraldsen, and Janice L. Musfeldt™*

Cite This: Nano Lett. 2021, 21, 99-106

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: We combine Raman scattering spectroscopy and lattice
dynamics calculations to reveal the fundamental excitations of the
intercalated metal monolayers in the Fe TaS, (x = 1/4, 1/3) family of
materials. Both in- and out-of-plane modes are identified, each of which ‘-0 ‘-0
has trends that depend upon the metal—metal distance, the size of the

Ammmm— 4
van der Waals gap, and the metal-to-chalcogenide slab mass ratio. We ’ \

test these trends against the response of similar systems, including Cr-
intercalated NbS, and RbFe(SO,),, and demonstrate that the metal * *
monolayer excitations are both coherent and tunable. We discuss the
consequences of intercalated metal monolayer excitations for material

properties and developing applications.
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structure—property relations involving metal monolayer excitations

B INTRODUCTION

Metal monolayers have a long and fascinating history.'
Whether due to surface adsorption™ or intercalation,® these
structures display distinctive electronic and magnetic proper-
ties” and play key roles in photovoltaic cells,” semiconductor
surfaces,’ and catalysts for batteries.” The importance of
monolayer interactions has been demonstrated in metal
intercalated graphite'’™"” and bilayer graphene,"”'* both of
which reveal superconductivity. Metal centers can also be
intercalated into other van der Waals materials such as
transition metal dichalcogenides,s’ls’lé forming different
patterns within the gap depending upon the concentration.
When incorporated in this manner, metal monolayers support
high temperature magnetic ordering,'’ """ novel metallicity
that is distinct from that of the parent compound,””*' and
superconductivity.”” " Intercalated metal monolayers are also
responsible for the development of different types of domain
walls in layered chalcogenides.”” The Fe,TaS, family of
materials™ attracted our attention as a platform with which
to reveal the fundamental excitations of the atomically-thin
network of metal atoms embedded within the van der Waals
gap.

2H-TaS, is well-known to display a P6;/mmc space group.26
The crystal structure consists of TaS, slabs separated by a van
der Waals gap and stacked together along the c-axes. Within a
slab, each Ta center is surrounded by a trigonal prism of S
anions. The structures of Fe,TaS, (x = 1/4 and 1/3) are
shown in Figure lab. It is well-established that the transition
metal dichalcogenide layers have strong covalent bonding,
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leaving the Fe atoms (which form a single metallic layer within
the van der Waals gap) weakly bound. We refer to these
ultrathin well-ordered metal layers as “monolayers” or
“atomically thin layers of metal atoms sandwiched between
chalcogenide slabs”, but of course, they are not isolated, free-
standing monolayers in the sense of graphene or other
exfoliated systems. They are embedded in the crystal itself: a
consequence of the intercalation process. As shown in Figure
la,b, the x = 1/4 system is centrosymmetric, whereas the x =
1/3 material is non-centrosymmetric and chiral.”®> The
embedded Fe monolayer brings a significant, distinct density
of states to the Fermi level” ' and a narrow free-carrier
response to the optical properties (in addition to the Drude
that emanates from 2H-TaS, itself).”’ Chirality in the x = 1/3
member manifests in (i) the nature of the hole/electron
pockets, (ii) electron density patterns in the Fe plane, and (iii)
the formation of Z, X Z; structural domains with Zg4
vortices.”*

The entire family of Fe, /TaS, materials is metallic. As
demonstrated by prior optical properties work,”’ metallic
character precludes observation of odd-symmetry infrared-
active phonons across the various magnetic transitions due to
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Figure 1. (a) Fe,,,TaS, displays a centrosymmetric P6,/mmc space group.”> The Fe layers have a 2a X 2a superstructure in the plane and an AA-
type stacking pattern along the c-axis. (b) Non-centrosymmetric, chiral structure of Fe;,;TaS, and Cr,,;NbS, (space group P6;22).>*” The Fe
layers have a \/3a X /3 a superstructure in the plane and an AB-type stacking pattern along c. (c) Crystal structure of RbFe(SO,), at room
temperature (space group P3).”* This system also has an Fe monolayer with AA-type stacking.

screening by the free carrier response. As a result, the local
lattice distortions in this class of materials, particularly those
that involve the metal monolayer, are highly underexplored.
This is problematic because, as we discuss below, a number of
properties and mechanisms depend upon phonons and their
behavior.”> We therefore turn to Raman scattering spectros-
copy to reveal the even-symmetry vibrational modes and to
search for evidence of metal monolayer excitations. As a
reminder, the selection rules of infrared and Raman scattering
spectroscopies determine whether odd or even symmetry
vibrational modes are sampled. It is the site-specific nature of
these techniques that allows us to extract the signature of the
metal monolayer from the complex mode pattern in these
materials.

To explore the vibrational properties of intercalated
chalcogenides, we measured the Raman response of Fe, Ta$,
(x = 0, 1/4, and 1/3) and compare our findings with
complementary lattice dynamics calculations. For the first time,
we identify a set of characteristic excitations of the embedded
Fe monolayer that have both in- and out-of-plane components.
These in- and out-of-plane vibrations of the intercalated Fe
monolayer reveal frequency, line width, and intensity trends as
well as spin-phonon coupling. To test whether similar
excitations appear in other systems with weakly bound layers,
we extend our work to include Cr,NbS, (x = 0, 1/3)'#*7%7
and RbFe(SO,),”****’ which have comparable metal ordering
patterns inside the van der Waals gap (Figure 1b,c). In each
case, we find that the metal monolayer is moving in a coherent
fashion, not just filling space, adding/subtracting, or
compensating charge. These results enable the development
of structure—property relations and modeling of frequency vs
mass ratio effects. We discuss the consequences of in- and out-
of-plane metal monolayer excitations on the properties of these
materials as well.

B RESULTS AND DISCUSSION

Localized Vibrational Modes Induced by Fe Inter-
calation. Figure 2a displays the Raman spectra of the Fe,Ta$S,
family of materials at room temperature. We begin by assigning
the modes of the parent compound, a process that also isolates
excitations that emanate from the intercalated metal layer. In
line with prior work on 2H-Ta$,, we assign peaks at 240, 308,
and 380 cm™ as Eyy Eyy and A;, modes, respectively (Table

100

Fe TaS, family Excitations of the metal monolayers

(a) x=1/3 E A, (b) out-of-
2 : plane
2 £ EXSiItZTi?Jn excitation|
S two phonon 5
s m°del E, Tl g x=1/3
< < |out-of-
> |x= 1/4 A1g > |plane
2 8 excitation in-plane
Q 2 excitation
£ two phonon x=0 £
mode x=1/4

100 200 300 1400 100 120 140 169

Raman shift (cm™) Raman shift (cm )
(c)

TaS, slabs U

‘ TaS, slabs ﬁ ‘ Ta$, slabs ﬁ

PP o o

<. <@
Fe out-of-plane excitation

(d) ‘ TaS2 slabs U

’9’?

Iée in-plane ékcitation

Figure 2. (a) Raman spectra of the Fe, Ta$, family of materials (x = 0,
1/4, and 1/3) at 300 K. (b) Close-up view of the in- and out-of-plane
Fe monolayer excitations in Fe,,,Ta$, and Fe, 3 TaS,. (c,d) Schematic
view of the in- and out-of-plane excitations of the Fe monolayer.
Animated .gif files are available in the Supporting Information.

$1).*°7* We do not observe the 26 cm™ E,, mode due to the
use of a cut-off filter. We assign the broad band centered near
180 cm™ as a two-phonon mode.*"*** It arises from the
persistence of short-range charge density waves'' and
diminishes at low temperatures due to screening (Figure
S2a). Several other features below 110 cm™" are activated by
remnant charge density wave effects as well.*** A detailed
analysis of the temperature trends is available in the Supporting
information.

Next, we turn our attention to the intercalated materials
(Figure 2a). A similar mode pattern emanates from the
transition metal dichalcogenide slabs in the x = 1/4 and 1/3
compounds, although the exact symmetry designations reflect
space group differences (Figure 1). The response below 200
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cm™! is more interesting. In the x = 1/4 compound, peaks
emerge at 122 and 129 cm ™', whereas in the x = 1/3 material,
new features appear at 139 and 156 cm™" (Figure 2b). These
structures are not observed in the parent compound. Based
upon our lattice dynamics calculations, we assign these peaks
as in- and out-of-plane excitations of the Fe monolayer. The
156 cm™! out-of-plane excitation in the x = 1/3 material is
weak - consistent with predictions for a small matrix element,
although it is easier to see at low temperature (Figure S7a).
The frequency separation between the in- and out-of-plane
modes of the intercalated metal monolayer is nicely predicted
by our first-principles calculations as well (Figure S8). We
therefore find that an intercalated metal monolayer has a
unique set of excitations and a fully-identifiable pattern even
though it resides inside the van der Waals gap of a more
complex material. The exact displacement pattern is challeng-
ing to visualize, but the motion is similar to that shown in the
schematics (Figure 2c,d). Animated gif files showing the full
complexity of these vibrational modes in both Fe,,, TaS, and
Fe,/;TaS, are available in Supporting Information.

Figure 2b displays a close-up view of the Fe monolayer
excitations. A chalcogenide layer twisting mode involving weak
interlayer interactions between the monolayer and Ta$, slab is
observed near 110 cm™" as well. Although the in- and out-of-
plane metal monolayer excitations have similar frequencies,
they are best distinguished by relative intensities. The in-plane
excitation is always the most intense. To understand why this is
so, it is important to realize that the TaS, slabs are not rigid. As
a result, they interact with (and dampen) the out-of-plane
excitations of the metal monolayer. This effect is especially
important in the x = 1/4 material and even causes the
frequency of the out-of-plane excitation to shift below that of
the in-plane mode. By contrast, in-plane Fe monolayer
excitation is relatively unencumbered by the TaS, slabs. This
leads to a higher intensity for the in-plane mode and a weaker
intensity for the out-of-plane counterpart. The out-of-plane
excitation is easy to identify in Fe,,, TaS,, but it is extremely
weak in Fe,,;TaS,. We discuss frequency trends below.

Metal Monolayer Excitations in Related Materials. To
develop structure—property relations involving intercalated
metal monolayer excitations, we extended these Raman
scattering measurements to include several related compounds.
We begin with Cr,NbS, (x = 0 and 1/3) due to the similarity
in the crystal structure and packing pattern of the Cr
monolayer. Another reason for this selection is that 2H-NbS,
does not have any charge density wave transitions,"~* so no
new peaks emerge due to low-temperature symmetry breaking
(Figure S2c). Figure 3a displays the Raman spectra of the
Cr,NbS, family of materials (x = 0 and 1/3). As expected, E,,,
Eyp and A;, modes are observed in the 2H-parent compound.
The two-phonon mode is absent due to the lack of a density
wave ground state. Turning to the x = 1/3 system, in- and out-
of-plane vibrational modes of the Cr network are identified at
192 and 208 cm™!, respectively. As before, the in-plane
excitation is most intense. The out-of-plane excitation is
significantly less intense compared to the in-plane mode, and it
resonates at a higher frequency. This is because, although the
out-of-plane excitation contains a small amount of slab motion,
it is a less important part of the displacement pattern in the x =
1/3 system (compared to x = 1/4). We therefore see that
metal monolayer excitations are an intrinsic part of the
dynamics of intercalated transition metal dichalcogenides.
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Figure 3. (a) Raman scattering spectra of the Cr,NbS, family of
materials (x = 0 and 1/3) at 300 K. (b) A close-up view of the in- and
out-of-plane metal monolayer modes in Cr;/,;NbS,, Fe,/;;TaS,, and
RbFe(SO,),.

To further test our findings, we measured the Raman
scattering response of RbFe(SO,),. This system has Fe
monolayers sandwiched between Rb(SO,), slabs with an
AA-type stacking along the c-axis (Figure 1c). Figure 3b
displays a close-up view of the Raman spectrum of Cr,,;NbS,,
Fe,/;TaS,, and RbFe(SO,),. Well-defined metal monolayer
excitations emerge in all three compounds. The out-of-plane
Fe monolayer mode is not present in RbFe(SO,), - even
though the in-plane component is strong. We attribute its
disappearance to the extremely narrow 2.31 A van der Waals
gap in this system®® (Table 1), which quenches the out-of-
plane motion of the embedded Fe monolayer.

Table 1. Summary of in-Plane Metal—Metal Distances,
Thicknesses of Van Der Waals Gaps, and Mass Ratios for
the Materials of Interest”

in-plane metal—metal thickness of van der mass

materials distance (A) Waals gap (A) ratio
Fe,/,Ta$, 6.61 2.93 0.06
Fe, sTa$, 573 3.07 0.08
Cry/5NbS, 575 2.89 0.11
RbFe(SO,), 4.71 2.31 0.20

“The metal—metal distances and van der Waals gap thicknesses are
extracted from their structure files.'”***® The mass ratio is defined as
¢ X Mipere/ Mpose- Here, ¢ is the concentration of intercalated element,
M erc is the atomic mass of the intercalated element, and M, is the

atomic mass of the host elements.

Figure 4 summarizes how the monolayer excitations scale
with characteristic distances and the metal-to-chalcogenide
slab mass ratio. These parameters are summarized in Table 1.
We find that the frequencies of the in- and out-of-plane metal
monolayer excitations decrease with increasing metal—metal
distance in the plane (Figure 4a,b). These trends emanate from
softer potentials (and weaker force constants) in more weakly
associated lower concentration networks. As we shall see
below, an analysis of frequency trends in terms of the mass
ratio provides an even more comprehensive framework for
understanding these effects.

The in-plane metal—-metal distance also impacts relative
intensities of monolayer excitations (Figure 4c). The intensity
of the out-of-plane excitation diminishes (and even falls to zero
in RbFe(SO,),) as the Fe network tightens and the narrower
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Figure 4. (a) Frequency of the in-plane metal monolayer excitation vs
in-plane metal—metal distance in Fe,TaS, (x = 1/4 and 1/3) and the
analog materials. Results from Cr,;;NbS, are normalized by the mass
of the transition metal center as well as the slabs to better compare
with the Fe-containing series. (b) Out-of-plane monolayer excitations
as a function of in-plane metal—metal distance. (c) Relative intensity
of the out-of-plane to in-plane rattling mode vs in-plane metal—metal
distance. (d) In-plane frequency vs mass ratio between the
intercalated metal monolayer and the chalcogenide slab. The red
line is a fit to eq 2. We find @wg 0 = 192 em™ and & = 0.059.

van der Waals gap confines motion to the ab-plane. In other
words, when tightly packed, the out-of-plane motion of the
metal monolayer is quenched because the matrix element
drops to zero.

Modeling Frequency vs Mass Ratio Effects. To
examine the frequency vs mass ratio relationship, we expanded
the mode frequency @, about the mass ratio y as

Oy = Opy o — K(d,,/dpt) (1)
Here, @, is the maximum mode frequency, and « is an
“effective” spring ratio between the monolayer and slab. The
mass ratio is defined as the ratio of metal monolayer to the slab
within the unit cell (M,,/M,) (Table 1). For example, the
metal to chalcogenide slab mass ratio for Fe,,Ta$S, is
calculated as mass ratio = 1/4Mg./(Mg, + 2Mg) = 0.25 X
56/(181 + 2 X 32) = 0.06. Assuming that « is constant for the
mode environment, frequency is given by

o (1 - /)

m=a)

m, max (2)

This solution fits the data in Figure 4d very well. We extract
a maximum in-plane mode frequency of 192 cm™' and an
effective spring ratio of 0.059 for our materials. Eq 2 also has a
conceptually interesting limit impacting the growth process of
these materials. Comparing the maximum mode frequency to
the data in Figure 4a, we find that the minimum metal—metal
distance is near 4.5 A. The maximum possible mass ratio is
therefore between 0.21 and 0.25, suggesting an intercalation
threshold. Beyond this limit, interlayer interactions become
comparable to intralayer interactions, blurring the distinction
between weakly bound metal monolayers between chalcoge-
nide slabs and a more standard multilayered material.

Initially, only the Fe and Cr systems were used for the fit,
providing a prediction for other similar materials. To test our
model further, we included data from ref 50. In sodium
intercalated cobalt dioxide (Nay3CoO,), only the Na atoms in
the 2b Wyckoff site associated with clusters of three vacancies
display in-plane excitations.” Strikingly, the mode frequency of
Na;3Co0, is in excellent agreement with the overall frequency
vs mass ratio trend (Figure 4d). The agreement reveals that,
for this specific type of chemical and interaction environment,
the mass ratio effect is general. Different chemical and
interaction environments, however, modify the effective spring
ratio for an intercalated metal monolayer. This effect is
illustrated in Figure S5f where different @, ., and «
parameters are required to capture out-of-plane mode
frequency vs mass ratio effects for the same set of materials.
That the spring constant ratio is different for in- vs out-of-
plane fits makes sense because the layer/slab interactions are
distinct. Further discussion of the mass ratio is available in
Supporting Information.

Spin-Phonon Coupling in Fe,,,TaS,. To further explore
metal monolayer excitations, we measured the Raman response

Monolayer excitations of Fe, TaS,

In-plane excitation

Out-of-plane excitation
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Figure S. (a) Close-up view of the Raman response of Fe, ,, Ta$, as a function of temperature. (b) In-plane mode frequency of the Fe monolayer vs
temperature. (c) Frequency of the out-of-plane mode of the Fe monolayer vs temperature.
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of these materials as a function of temperature. Fe,,TaS$, is
unique in that it exhibits strong spin-phonon coupling across
the magnetic ordering transition. This coupling may be due to
the robust ferromagnetic ground state and sharp coercive field
in the x = 1/4 compound. In contrast, the x = 1/3 member has
frustration due to the triangular Fe lattice and a much softer
coercive field. > Figure 5a displays a close-up view of the
Raman response of Fe;,,TaS, at three characteristic temper-
atures. The rattling excitations become sharper and more well-
separated with decreasing temperature due to standard mode
hardening and line width effects. The in-plane excitation
hardens most noticeably, at roughly twice the rate of the out-
of-plane mode. We also observe a Ta$S, layer twisting mode
nearby at 110 cm™, which softens at low temperatures. This
effect is probably associated with a weak interlayer interaction
between the Fe monolayer and TaS, slab.

Figure 5b,c displays frequency vs temperature for the in- and
out-of-plane modes of the intercalated Fe monolayer in
Fe;/, TaS,. We use a Boltzmann sigmoid model to capture
anharmonic and short-range interactions.”>” The spectral data
deviate from the fit below the 160 K ferromagnetic ordering
temperature. The strong frequency shift across a magnetic
ordering transition is clear evidence for spin-phonon
coupling.”>~>° Assuming only nearest neighbor exchange
interactions in the Fe monolayer (probably interacting through
the S centers on the chalcogenide slabs), we extract the spin-
phonon coupling constant ™%

o = o, + A(S:S;) (3)
Here, w, denotes the unperturbed phonon frequency, @ is the
renormalized frequency in the presence of spin-phonon
coupling, (S;-S;) is the spin—spin correlation function, and 4
is the spin-phonon coupling constant. To extract the coupling
constant, we assume a limiting low-temperature value of the
spin—spin correlation function: (S:S;) = §* = (2)* = 4. We find
A values for the in- and out-of-plane excitations to be 1.1 and
0.3 cm™', respectively. In-plane coupling is thus an order of
magnitude larger than the out-of-plane effect. Spin-phonon
coupling constants for other vibrational modes in Fe,,,TaS,
are summarized in Table S1, Supporting Information.

How Do Metal Monolayer Excitations Influence
Properties? It is well-known that rattlers in filled cavities
and channels impact thermoelectricity and ionic conductiv-
ity.>>”~> In this context, a rattler consists of a weakly bound
atom with a large thermal ellipsoid confined to a cavity or cage.
Our situation is different because metal monolayer excitations
are coherent, and as a result, they can change properties in
completely different ways. In fact, any mechanism requiring a
highly polarizable response or peak in the dielectric constant
can benefit from these excitations. Because the collective
excitations of intercalated metal monolayers act as highly
sensitive terahertz resonators, this work may open oppor-
tunities for ultra-fine sensing and flash LiDAR detection. That
the in-plane mode is more intense than the majority of
chalcogenide slab-related phonons is useful for these
applications.

Our structure—property relations suggest that external
stimuli can tune metal monolayer excitations. One such
example is electrical switching in Fe,,sNbS,, another magneti-
cally intercalated transition metal dichalcogenide of interest as
an antiferromagnetic spintronic device.” Here, the current
draws the Fe centers back and forth, supported by the facile in-
plane motion of the Fe network that we discuss in this work.

103

Switching occurs as the field-induced motion of the ions
changes both the low-temperature magnetism and transport
properties. The ability to use a current pulse to rotate an in-
plane component of the antiferromagnetic order’ is also
interesting and potentially related to the ability of the x = 1/3
materials to support chiral phonons.”’

Metal monolayer excitations may even influence crystal
growth and microstructure. For instance, the structural Zg
vortices in chiral Co,/;NbS, and Cr,/3TaS, are associated with
antiphase domains with in-plane shift of intercalants, and the
formation of Z, vortices®' likely results from an order—
disorder transition of intercalants far above room temperature.
The in-plane monolayer excitations may act as a soft mode for
this type of transition.

B SUMMARY AND OUTLOOK

We combined Raman scattering spectroscopy with comple-
mentary lattice dynamics calculations to uncover the
fundamental excitations of intercalated metal monolayers in
the Fe,TaS, (x = 0, 1/4, and 1/3) family of materials.
Extension to related systems including Cr,NbS, (x = 0, 1/3)
and RbFe(SO,), reveals similar features that we describe as in-
and out-of-plane excitations of the embedded metal mono-
layers. We discuss the frequency, lifetime, and intensity trends
as well as a spin-phonon coupling in terms of the in-plane
metal—metal distance, the size of the van der Waals gap, and
the mass ratio between the intercalant and the chalcogenide
slab. These structure—property relations along with our model
for frequency vs mass ratio effects suggest that external stimuli
such as pressure and strain may be able to tune these
excitations. We discuss the consequences for properties
including thermoelectricity and electrical switching in anti-
ferromagnetic spintronic devices as well as processes such as
phase transition mechanisms and domain formation.

B METHODS

Single Crystal Growth and Characterization. 2H—
Fe,TaS, (x =0, 1/4, and 1/3), 2H—Cr,NbS, (x = 0, 1/3, and
RbFe(SO,), were grown using chemical vapor transport
techniques and hydrothermal methods.”>*”**®* The Fe/Cr
concentrations were confirmed using energy dispersive X-ray
spectroscopy, magnetization, and TEM (electron diffraction +
dark field images (Figure S1)).”**”% Basic characterization,
including TEM evidence for chirality in Fe,,;TaS,, is shown in
refs 25 and 27. The Supporting Information contains
additional details.

Raman Scattering Spectroscopy. Raman scattering
measurements (Aee = 476, 532 nm; <3.2 mW; averaged 45
s integrations; 4.2—300 K) were performed in the back-
scattering geometry using a Labram HR Evolution spectrom-
eter. An open flow cryostat provided temperature control.

Lattice Dynamics Calculations. Phonon calculations
employed density functional theory provided with Quantu-
mATK.**~% Using a local density approximation on 3 X 3 X 3
unit cell repetitions, we examined phonon density of states and
vibrational modes for comparison with and assignment of the
experimental features. For dynamical matrix calculations, we
used 3 X 3 X 3 repetitions of the various unit cells, which
produced supercells consisting of 27 unit cells with a total of
162 to 702 atoms depending on the system. Details are
available in Supporting information.
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