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ABSTRACT

Fine control over material synthesis on the nanoscale can facilitate the stabilization of
competing crystalline structures. Here we demonstrate how carbon nanotube reaction vessels can
be used to selectively create one-dimensional TaTe; chains or two-dimensional TaTe,
nanoribbons with exquisite control of the chain number or nanoribbon thickness and width.
Transmission electron microscopy and scanning transmission electron microscopy reveal the

detailed atomic structure of the encapsulated materials. Complex superstructures such as multi-



chain spiraling and apparent multi-layer moirés are observed. The rare 2H phase of TaTe, (1H in
monolayer) is found to be abundant as an encapsulated nanoribbon inside carbon nanotubes. The
experimental results are complemented by density functional theory calculations for the atomic
and electronic structure, which uncovers the prevalence of 2H-TaTe, due to nanotube-to-
nanoribbon charge transfer and size confinement. Calculations also reveal new 1T type charge

density wave phases in TaTe, that could be observed in experimental studies.
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1. INTRODUCTION

Isolating specific stoichiometries and structures of materials is a key goal of material
property design and control. Transition metal chalcogenides of the form MX,, with M a
transition metal, X a chalcogen, and n typically an integer, are enjoying a resurgence in
popularity for fundamental science study and applications including field-effect transistors,
photodetectors, catalysts, and optoelectronics. [1-7] The materials can assume an abundance of
different stoichiometries and structures, but two of the more popular configurations are the
transition metal dichalcogenides (TMDs), with n = 2, and the transition metal trichalcogenides
(TMTs), with n = 3. TMTs are typically chain-like exhibiting quasi-one-dimensional physical
and electronic structure, while TMDs are typically sheet-like with quasi-two-dimensional
structure.

Many M-X combinations readily adopt independently the TMD and TMT stoichiometry,
as exemplified by the well-known compounds TiS, and TiS;, NbSe, and NbSes, and HfTe, and
HfTe;. For these materials, obtaining a specific stoichiometry, i.e. selecting either TMD or TMT,
is easily achieved by adjusting the reaction temperature and stoichiometric loading of
reagents. [8—10] On the other hand, some M-X combinations are not so easily separated into
TMD or TMT, as is the case for tantalum telluride (Ta-Te). Scant previous reports comment on
the overall crystalline structure of TaTe, compounds, alluding to the fact that they are low-
dimensional structures similar to other members of the TMD and TMT family, but difficulty in
isolating specific phases from the Ta-Te system via temperature or precursor loading has
prevented significant further study. [9,11]

Recent developments in MX,, stabilization and isolation via nanotube encapsulation

demonstrate that a physically-confining carbon nanotube (CNT) or boron nitride nanotube



(BNNT) “reaction vessel” affords an addition powerful synthesis control parameter for the
selection of a specific stoichiometry. [12,13] Indeed, the method has allowed for the stabilization
of previously unknown MX, stoichiometries and crystal structures, [14—18] leading to novel
electrical and optical properties. [19,20]

Here, we report the successful targeted isolation of TaTe; and TaTe, via CNT
encapsulation. The specific stoichiometry can be preferentially selected by choosing the proper
nanotube inner diameter and overall reaction temperature of the synthesis. Encapsulation
provides not only greater experimental control over the obtained structure, but, once the
materials are formed, it facilitates further characterization without the deleterious effects of rapid
oxidation. We find not only excellent reproducibility for creating “expected” phases of TaTe,
(including TMT chain spiraling), but the method yields intriguing and completely new Ta-Te
configurations, such as a moiré-interference-like structure whose detailed atomic configuration
has yet to be determined. We complement our experimental studies with first-principles
theoretical calculations to reveal the electronic structure of the newly isolated TaTe; and TaTe,
phases, and to gain further insight into confinement size-effects on the electronic structure of

TMD materials generally.

2.  SYNTHESIS

Truncating 2-D TMD materials at low layer number, and 1-D TMT materials to low
chain number, via nanotube encapsulation is facilitated by the inherent hierarchical crystal
structure. Figs. 1 and 2 present calculated atomic structures of the TaTe;and TaTe, species,
respectively, highlighting the vdW nature of the crystalline materials. The weak vdW structure of

the crystal allows for isolation within the CNT of the 2-D sheets as few-layer or monolayer



nanoribbons (NRs), and 1-D chains down to few-chains or the single-chain limit. The
encapsulation can also stabilize some crystal structures that are inherently unstable in bulk form
(and have thus previously not been successfully synthesized).

Encapsulated TaTe, NRs, TaTe; chains, and TaTe, moiré-like structures are synthesized
within CNTs using a procedure similar to that used previously for the growth of confined TaS,,
NbSe;, and HfTe;. [15,18,21] For TaTe, and TaTe;, stoichiometric quantities of Ta powder and
Te shot (~450mg total), 1-2mg of opened multi-walled CNTs with inner diameter ranging from
1.0 to 10.0 nm (CheapTubes, 90% SW-DW CNT), and ~5mg/cm?® (ampoule volume) of I, are
sealed under vacuum (~10° Torr) in a quartz ampoule. The TaTe, moiré structures can be
synthesized following the stoichiometry and loading of TaTe,. The ampoule is heated in a single-
zone furnace at 600-900°C for 3 days, then cooled to room temperature over 1-5 days.

Selectively synthesizing the TMT form of TaTe,, i.e.TaTe;, is achieved by using an
overall reaction temperature near 600°C. Selecting the TMD form, i.e. TaTe,, is achieved
through higher reaction temperatures, ranging from 800-900°C, along with the moiré TaTe,

structure.

3. STRUCTURAL CHARACTERIZATION

Ta-Te filled CNTs are dispersed in isopropyl alcohol by bath sonication for 1 hour and
drop-cast onto lacey grids for transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) imaging. TEM imaging is carried out on a JEOL 2010
microscope operated at 80 keV.STEM is carried out on the TEAM 0.5 microscope, a Titan 80-

300 with an ultra-twin pole piece gap, DCOR probe aberration corrector, and is operated at 80



kV with semi-convergence angle of 30 mrad. STEM images are acquired using the ADF-STEM

detector with an inner angle of 60 mrad and a beam current of approximately 70 pA.

TaTe; TMTSs

Fig. 1 presents selected TEM and STEM images for synthesized TMT TaTes. Fig. 1a
shows a multi-chain specimen encapsulated within a 9.4 nm inner diameter CNT. The lattice
constants for bulk TaTe; have not been previously established to the best of our knowledge. In
Figs. 1d,e, we present computationally optimized structures for bulk TaTe; which has the Te
atoms oriented in isosceles triangles perpendicular to the chain direction. The lattice constants
along the a, b and c directions are 3.72, 10.93, and 17.04 A, respectively. Strong intrachain
bonding is observed along the a-axis, while van der Waals gaps can be seen between the chains.
These values are consistent with our experimental TEM and STEM observations. We have found
this 24-atom phase by running a randomized search in unit cells with 448 atoms. In addition to
being the configuration with the lowest energys, it is also dynamically stable, as presented in Fig.
Sla. We have computed this phonon spectrum using a 3x2x1 (144-atom) supercell via the frozen
phonon method.

In other nanotube-encapsulated MX; systems, the trigonal prismatic chains often exhibit
new structural configurations, such as on-chain torsional distortions or multi-chain
spiraling. [15,18] As shown in Figs. 1b,c, we observe similar few-chain spiraling behavior for
TaTe; encapsulated within a 2.2 nm and 2.6 nm inner diameter CNT, respectively. In Fig. 1f, we
present the theoretically relaxed atomic structure of single-chain TaTe;, which adopts a geometry
with equilateral triangles of Te atoms perpendicular to the chain direction with a periodicity of 3

TaTe; units and a lattice constant of 8.54 A. The electronic band structures, including spin-orbit



coupling, for bulk and single chain TaTe; are presented in Figs. 1g,h, and exhibit metallic
behavior. The 3-unit single chain structure is dynamically stable as shown in Fig. S1b. To
compare it with structures with different periodicities, we have run calculations with 1 to 6 TaTe;
units in a cell, which all have higher energy than the 3-unit structure (Fig. S1c). The atomic and

electronic structure of these configurations are presented in Fig. S2.

TaTe, TMDs

Encapsulated TaTe, manifests itself as nanoribbons (NRs), where the width of the ribbon
often just spans the inner diameter of the encapsulating CNT. The NRs can be composed of very
few layers, most often as monolayers or bilayers. Similar behavior has been observed for other
MX, encapsulated NRs. [21,22] We note that at the elevated TMD reaction temperatures, no
concomitant TMT specimens are observed, indicating that the encapsulation, coupled with
higher temperatures, strongly favors the dichalcogenide phase of the TaTe system.

Fig. 2 shows encapsulated TaTe, NRs in various projections. Fig. 2a shows a 7.4 nm
wide bilayer NR, which interestingly and somewhat unusually, begins to fold in on itself (curl) at
the edges due to the extreme confinement. Figs. 2b,c,d are examples of 5.0 nm, 4.8 nm, and 6.4
nm wide monolayer NR specimens, respectively. A closer look at these STEM images reveals
that these NRs adopt the 2H phase in the monolayer, also called 1H (as highlighted in Fig. 2c¢),
so, for simplicity and clarity the 2H phase is used as modeling in the side and plan view atomic
models in Figs. 2e,f. The curling observed in the multilayer specimen precludes the current study
from assigning a polytype to the multilayer encapsulated NR. However, the energy differences
between 1H-based polytypes (e.g. 2H vs. 3R) is expected to be of the order of 0.01 eV [23],

much smaller than the energy difference between 2H and 1T’ (>0.1 eV, as discussed below



below), so we continue the use of the 2H phase observed in the monolayer for atomic modeling

of 1H-based multilayer TaTe..

Ta-Te Moiré-like Structures

In conjunction with TMD NRs observed at higher reaction temperatures, we find some
unexpected, yet fascinating structures stabilized within the CNT. The structure is not only
stabilized in an encapsulated form, but highly reproducible and transferrable to varying pattern
widths. The patterns are moiré-like in appearance as observed in the projection plane. Fig. 3
illustrates several examples of the moiré-like structure observed. Fig. 3a shows a TEM image of
a moiré-like structure roughly 3 patterns wide. Specimen ranging from a single pattern wide up
to five patterns wide can be found in the sample, with the moiré-type pattern retaining the same
overall structure and spacing. Figs. 3b,c,d each show the encapsulated moiré structure in
increasing widths, from a single, double, and triple pattern wide, respectively. The corresponding
widths of these structures are 2.6 nm, 3.1 nm, and 3.6 nm, respectively, indicating the moiré-like
structure itself is roughly 0.5 nm in width and grows in a quantized fashion, requiring select
CNTs of specific widths for each successive pattern added widthwise. Initial studies of these
encapsulated patterned structures in previous work indicates these encapsulated structures are
likely a core-shell entity. [24] This type of extended, coherent structure has not been observed in
any highly confined material systems before. However, similar coherent structural patterns have
been observed in layered TMD material systems, indicating these moiré-type structures could
also arise from stacked layers of TaTe, inside of the CNT or a chiral TMD nanotube. [25]
However, further investigation is required to elucidate the underlying atomic, and electronic

structures of these moiré-like species.



4. DISCUSSION

The fact that the 2H (or 1H for monolayer) phase is experimentally observed for TaTe,
NRs encapsulated in CNTs is unexpected, since TaTe, in bulk crystalline form is normally
observed and reported in a distorted 1T phase (1T’) that is obtained by a 3x1 reconstruction of
the 1T phase. [26-29] The only other experimental evidence of 2H-TaTe, that we are aware of is
for a monolayer (1H) on bulk 1T'-TaTe,. [30] The rarity of the 2H phase is consistent with the
fact that it is 0.106 (0.147) eV/TaTe, higher in total energy than the 1T in monolayer (bulk), as
demonstrated in Fig. 4a.

In order to investigate the potential mechanisms that lead to the stabilization of the 2H
phase, we have conducted a series of DFT relaxations. To start with, the optimized
configurations of the 1T, 1H and 1T" monolayers are obtained, which are presented in Fig.
Sla,b,c, respectively, along with their corresponding band structures that include the spin—orbit
interaction. We find that the 1H monolayer is virtually degenerate with the 1T monolayer,
whereas the 1T monolayer is 106 meV/TaTe, unit lower in energy than the 1T phase, which is in
agreement with previous calculations. [31] The lattice parameter for the 1T and 1H phases are
calculated as 3.69 and 3.67 A, respectively, and for 1T, we find a=10.94 A,b=3.46 A and
y=61.7 °, The atomic and electronic structures of these phases are presented in Fig. S3. In the
bulk limit, we find the interlayer distance for the 1T, 2H and 1T’ phases to be 6.77, 6.88 and 6.64
A, respectively.

The energetics of nanoribbons are expected to differ from the energetics of infinite layers.
In order to explore these differences, we must first calculate the optimal configurations of TaTe,

NRs in the three phases (1H, 1T, and 1T”) from 5- to 12-unit cells (u.c.) wide. We have limited



these calculations to zigzag NRs, as zig-zag edges are experimentally observed in the STEM
images in Fig. 2. In constructing nanoribbons, considerations about the NR axis chosen and
termination need to be made. In the lower symmetry 1T’ phase, because the a and the b
directions are inequivalent, repeating along either direction yields different NR geometries (Fig.
S4c vs. Fig. S4d-f). Also, if the structure is repeated along the b direction, three NR geometries
are possible for each width (Fig. S4d-f). In addition to the NR axis chosen, various edge
terminations are possible for each phase. For simplicity, we choose to keep the NRs
stoichiometric, i.e., the Te:Ta ratio remains 2:1. For stoichiometric NRs, in the case of the 1H
phase, the natural choice is to terminate one edge with Ta and the other edge with Te, (Fig. S4b).
In the 1T and 1T’ cases, lowest energies are obtained when both edges are terminated with Te,
(Fig. S4a and S4c-f). We have compared this termination scheme to one where one edge is
terminated with Ta and the other with Te,, to find that it leads to energies that are a few tenths of
an eV/TaTe, unit higher in energy for each NR. We present the relaxed, 6 u.c. wide NRs of all
configurations of monolayer TaTe, in Fig. S4.

We examine the energetics of these 6 different NR configurations in Fig. 4b, with the 1T
NR energy set to zero. From Fig. 4a and 4b, we find that, when only taking geometry and size
into consideration, the NR favors the 1T phase in terms of its relative position in energy with
respect to the other two phases. This is likely because the distortion of the atomic coordinates in
IT is smaller and more localized to the edges. In contrast, the 1H phase becomes disfavored as a
NR, likely because of the more drastic distortions that occur especially at the Ta edge. We point
out that in the limit of NR width going to infinity, the data points in Fig. 4b should approach the
leftmost data points in Fig. 4a, and this trend does not visibly begin by the largest width we have

considered. Thus, it is safe to say that the 1H phase will remain disfavored for the even wider

10



NRs that are observed in the experiment. Therefore, NR edge effects and size alone cannot
explain the favorability of the 1H phase experimentally observed in the carbon nanotubes, so we
must examine other phenomena known to exist in encapsulated species, such as charge transfer.

When studying the energetics of charge transfer, it is important to notice the differences
in the band structures of the 1H phase and the other two phases, as shown in Fig. S1. As more
electrons are added to the system, the tops of the valence bands that cross the Fermi energy in the
1H phase are filled. Such a large density of low energy states is not available for the 1T and 1T’
phases. To check the effect of added charge on energetics, we have relaxed the three phases in
3x3 phases and added integer numbers of electrons. The resulting energy vs. charge graph is
presented in Fig. 4c, which shows that the 1H phase is indeed favored in the electron rich
environment and becomes the ground state when the system has an extra third of an electron per
formula unit. Hence, if encapsulation by CNTs provides this electron rich environment, then the
1H phase NR is energetically preferred over the more commonly reported bulk 1T’ phase.

In previous studies, encapsulated TMTs were found to gain electrons from the
CNTs. [18,32] To investigate the same possibility for TMD NRs, we have generated model
TaTe,—~CNT systems where the armchair CNTs are constrained the lattice constant of TaTe,
NRs. We have taken 5, 6 and 7 u.c. wide nanoribbons and armchair CNTs with
m=n=16,17,18 ,A19. Because the lattice constant of these CNTs, i.e. 2.46 A, is approximately
two thirds of the NR lattice constants, we have created simulation cells with 3 u.c. of CNT and 2
u.c. of TaTe, NRs. This has led to a total of 32 calculations with 222 to 270 atoms. To avoid
even larger calculations, we have omitted 1T' (a) NRs and only included 1T" (b-1,2,3) NRs. To
approximate the effect of compressive strain on CNTs, which are 0.9%, 0.5% and 6.3% for 1T,

1H and 1T" NRs, respectively, we have increased their diameter proportionally, assuming a
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Poisson ratio of 0.2 based on the existing literature. [33—-38] To estimate the charge transfer
between the CNTs and the NRs, we have simply calculated the electronic structure of these
systems without attempting atomic relaxation. However, the results are instructive in terms of
energetics as well. In Fig. 4d, we plot the binding energy of each configuration as a function of
the distance between the NR edge and the CNT. Here, the binding energy is defined as the total
energy of the CNT+NR system minus the total energies of the CNT and NR systems separately,
and can be negative (attractive) or positive (repulsive). The NR-CNT distance is defined as half
of the difference between the diameter of the CNT and the width of the NR. We find that the
system is stable in this sense when the NR-CNT distance is 3 A or larger. We also find that the
in the optimal 3 to 4 A range, the 1H phase lies about 0.5 eV/f.u. lower in energy than the other
phases. Thus, encapsulation alone favors the 1H phase NRs.

Finally, we have computed the charge transfer between the CNT and the NR in each case
using the charge redistribution defined as A p (r 0, x): p[CNT+NR |—p(CNT|—p(NR |, where
the A p is expressed in terms of cylindrical coordinates with X being the coordinate along the
periodic direction. Two examples of A p can be seen in Fig. S5, which shows that the electron

transfer occurs from the CNT to the NR, which is the case for all the calculations. To get the

21 a

exact value of the electron transfer, A g, we have plotted f f rAp(r,¢,x)dxdg as a function of
0 0

r (where a is the lattice parameter) and integrated the result up to the value of 7 at which the
integral changes sign. For the structures with a binding energy of 1 eV or less, we have found
A g to be in the range of 0.14 to 0.27 e per TaTe,. This range of electron transfer falls short of the

1/3 e per TaTe, calculated for the favorability of the 1H phase, however the 1/3 e per TaTe, is for

12



an infinite layer. An electron transfer of 0.27 e per TaTe, falls roughly where the energetic
favorability of the 1H and 1T’ phase (in Fig. 7¢) are roughly equal. Therefore, the electron
transfer combined with the favorability of the 1H phase NRs given the preferred NR-CNT
distance of 3-4 A (Fig. 4d), suffice to explain the abundance of 1H NRs observed in our
experiments.

In our calculations on TaTe, monolayers, we have also discovered new 1T'-type charge
density wave (CDW) phases, which are presented in Fig. S6 along with the already known
phases. We have found these phases by applying distortions similar to the one that produces the
3x1 1T’ phase from the 1T phase along both lattice directions. To confirm that these structures
are dynamically stable, we have perturbed their atomic coordinates by random fractions of 0.2 A
in 6x6 unit cells and re-relaxed them (3 times each). To the best of our knowledge, the
configurations shown in Fig. S6d-f have not been reported before (the 3x3 structure found in ref.

[31] has a different geometry). It is important to note that 3x3 CDW distortions have been
observed in TaTe, experimentally, along with several other periodicities, so there is a need for
computational work to pin down the exact atomic configurations of such phases. [27-29] The
electronic structures of these phases are presented in Fig. S6, which demonstrate that the system
reduces the density of states at the Fermi energy by allowing distortions in larger unit cells (or

distortions with smaller g).

5.  CONCLUSION
The TaTe system demonstrates significant material flexibility yet specificity in the
encapsulation study presented above. Successful targeted synthesis of both TaTe; and TaTe, via

encapsulation with CNT is discussed in detail, with the specific stoichiometry of the TaTe
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system grown in the confined space within the CNT preferentially selected via the reaction
temperature. Surprisingly, an unexpected 2H phase of the TaTe, NR is experimentally observed
(1H in monolayer). DFT calculations uncover contributions of charge transfer and proximity of
the encapsulated species to the CNT to alter the energetics of the TaTe, phases, accounting for
the stability of the 2H phase as an encapsulated species. A new patterned structure exhibiting
unique and fascinating moiré-like features is presented. Additional studies and examination of
the unique patterned structure is required to elucidate the underlaying atomic and electronic
structure. However, the control shown in the encapsulated TaTe, systems coupled with the
unique structure and strong dependence of phase energetics as a function of size and energy
transfer, further pushes the boundaries of material design and control at the nano- and atomic-

scale.
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Figure 1. Electron microscopy images of encapsulated TaTe; chains. (a) TEM image of multi-
chain TaTe; encapsulated in a 9.4 nm inner diameter CNT. The numerous parallel chains
essentially constitute “bulk” TaTe;. (b) and (c) TEM and STEM images of spiraling few-chain
TaTes, encapsulated in 2.2 nm and 2.6 nm inner diameter CNT, respectively. Scale bars measure
(a,b) 5 nm and (¢) 1 nm. (d,e) Atomic model for bulk TaTe;, with a side view (d) and end view
(e) of the trigonal prismatic chains. (f) Atomic model for single chain TaTe;. Ta and Te atoms
are represented by gold and green spheres, respectively. (g,h) Electronic band structure of bulk
(g) and single chain (h) TaTes;, computed with spin—orbit coupling. The zero of the energy is set
to the Fermi level.
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Figure 2. Electron microscopy images of encapsulated TaTe, Nanoribbons. (a) TEM image of a
curling, multilayer NR. Layer edges are clearly visible on the right-hand side of the image. (b)
TEM image of a monolayer NR. (c) STEM image of a monolayer NR. (d) STEM image of the
basal plane of a flat monolayer NR. Scale bars measure (a,b) 5 nm and (c,d) 2 nm. (e) Atomic
model of the edge view of 2H-TaTe,, which should approximate the structure of the layer edges
in (a). (f) Atomic model of the top view of 1H-TaTe,, which corresponds to the structure in (c).
Ta and Te atoms are represented by gold and green spheres, respectively.
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Figure 3. Electron microscopy images of the encapsulated moiré-like TaTe species. (a) TEM
image of the moiré-like structure about 3 patterns wide. (b,c,d) STEM images of the moiré-like
structure from increasing widths, from a single pattern, double pattern, and triple pattern wide,
respectively. Scale bars measure (a) 5 nm and (b,c,d) 1 nm.
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Figure 4. Energetic comparisons between the three main phases of TaTe,. (a,b,c) Total energy
with respect to 1T examined as a factor of (a) number of layers, (b) nanoribbon (NR) width, and
(c) total charge. (d) For NRs encapsulated in carbon nanotubes (CNTs), the binding energy of
each TaTe, configuration as a function of distance between the NR edge and the CNT inner
walls.
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