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ABSTRACT: The realization of low-dimensional ferroelectrics is
both fundamentally intriguing and practically appealing, to be used
in nanoscale devices. Here, GeS and SnS nanowires are predicted
to be one-dimensional (1D) ferroelectrics with inversion symmetry
spontaneously broken by soft optical modes. Despite the low
dimensionality, the estimated Curie point for GeS nanowires is
above room temperature, benefiting experimental detection and
suggesting realistic applications. To this end, further aspects of
these 1D ferroelectrics are also examined, revealing the domain
wall localization, switchable carrier mobility, and practically
effective shieling by confining the nanowires inside the carbon
nanotubes, all together potentially useful for nanoscale ferroelectric

devices of broad interest.

o998 | 6294]
it a3
/[ aonan \
L // | \\ q
|/ ,&13 ]

FE

[»‘~v -
N

E, meV

20

XIX

B INTRODUCTION

Ferroelectrics, with spontaneous switchable electric polar-
ization,' are a vital branch of functional materials due to their
broad use in nanodevices, such as field-effect transistors
(FET),” random-access memory (RAM),” and photovol-
taics.”> Nowadays, the miniaturization of ferroelectricity-
based devices is suffering from the size limitation due to the
internal depolarization field."® In order to overcome this
challenge, significant progress has been made in two-dimen-
sional (2D) ferroelectrics.”>* Differing from perovskite oxides,
the ferroelectric polarization (Pg) in 2D materials of atomic
thickness can be strong enough to subsist, offering a natural
solution for nanoscale ferroelectric applications.

However, while formally the extent of the remaining
dimensions in 2D ferroelectrics is infinite, the in-plane
ferroelectricity may be undercut by practical size reduction
(as in ribbons or flakes). To circumvent this shortcoming, one-
dimensional (1D) ferroelectrics with perfect “no-boundary”
may provide a compelling alternative. Indeed, ferroelectricity
has already been identified or proposed in quasi-1D systems of
various chemistries,” " such as tetrabromo-p-benzoquinone
chain,”® water molecules in quasi-1D beryl crystal,” BaTiO,
and PbTiO; nanotubes,”” and quasi-1D CsH,PO,.”" However,
these materials cannot be considered as really successful 1D
ferroelectrics due to various issues, such as the difficulty of
exfoliation into a stable 1D nanowire forms®" or the large pore
diameter (>10 nm) of perovskite nanotubes.”® Desirable
archetypal 1D ferroelectrics should be of nearly atom-small
diameter, entailing also a structurally perfect “boundary”, and
of high stability, and such attributes still remain unavailable.
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Recently, confinement inside carbon nanotubes (CNT) was
shown as an efficient strategy of making not only monatomic
chains of carbyne®” but also nanowires of diverse chemical
compositions.33 In particular, 1D SnTe nanowires were
experimentally synthesized inside the CNT,** with their crystal
structure actually controlled by the CNT diameter: inside the
narrow CNT the linear monatomic SnTe chain forms, while at
larger CNT diameter the most favorable structure is a rocksalt-
like SnTe nanowire; according calculations it retains its
stability even outside CNT. Structurally, both the SnTe
nanowire and the corresponding bulk phase are centrosym-
metric. However, in other MX compositions (M = Ge, Sn and
X = S, Se) in 2D or 3D more favorable is the black-
phosphorus-like layered structure, where inversion symmetry is
broken.”® This suggests that monochalcogenide MX nanowires
(formed in CNT) provide a likely route to pursue 1D
ferroelectrics, aiming for high performance.

In the present work, we explore the ferroelectricity of SnS
and GeS nanowires using density functional theory (DFT)
computations, complemented by the fitted model analytics.
The details of methods can be found in the Supporting
Information (SI). On the basis of molecular dynamics (MD),
the Curie temperature (T) of GeS nanowire is estimated to
be above room temperature. Furthermore, somewhat practical
issues of these 1D ferroelectrics are also investigated: the
domain wall energy and spatial extent, the carrier mobility, as
well as confinement of nanowires inside carbon nanotubes (as

Received: March 25, 2019
Published: September 4, 2019

DOI: 10.1021/jacs.9b03201
J. Am. Chem. Soc. 2019, 141, 15040—15045


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03201/suppl_file/ja9b03201_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03201/suppl_file/ja9b03201_si_001.pdf
pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b03201
http://dx.doi.org/10.1021/jacs.9b03201

Journal of the American Chemical Society

seen for other similar 1D structures)—all to show their
teasibility and promise for nanoscale ferroelectric devices of
broad interest.

B COMPUTATIONAL METHODS

The DFT calculations were performed using the Vienna ab initio
simulation package (VASP).***” The projector-augmented wave
(PAW) potentials with the generalized gradient approximation of
Perdew—Burke—Ernzerhof (GGA-PBE) formulation are used with a
cutoff energy of 500 eV. A vacuum region with 20 A thickness is
introduced to eliminate interaction between nanowires, and the
Brillouin zone is sampled with 1 X 1 X 20 k-points. More
computational details can be found in the SIL

B RESULTS AND DISCUSSION

A. Crystal Structure. Motivated by experimentally
observed SnTe nanowires, we begin by constructing rocksalt-
like SnS and GeS nanowires with nonpolar D, symmetry
(paraelectric, PE), shown in Figure la. Unexpectedly, the
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Figure 1. Structural phase transition in 1D MS. (a) Rocksalt-like
structure; green and yellow are Ge and S atoms. (b) Its phonon
dispersion, with unstable modes a, b, and ¢ shown as red lines; the
largest frequency most unstable is mode a. (c) Distorted polar 1D
rocksalt-like GeS structure, and (d) its phonon dispersion; note all
modes 4, b, and ¢, now transformed into stable optical phonons.

structures appear dynamically unstable around I point in the
phonon spectrum (Figure 1b for GeS and SI Figure Sla for
SnS), where the imaginary-frequency modes must result in a
shift of a cross-diagonal M atoms pair with respect to S atoms
away from the centrosymmetric position, as characterized by
X' and X" in Figure lc. The mode ¢ of largest imaginary
frequency (ca. —62 cm™' for GeS, ca. =71 cm™' for SnS)
corresponds to X’ = X" = X in Figure 1c. This mode ¢ breaks
the space inversion symmetry and yields a structure of polar
C,, symmetry, Figure 1c. Note that now the phonon spectrum
displays no imaginary frequencies, Figure 1d. (Two other
imaginary-frequency modes are also noncentrosymmetric but
would result in nonpolar structures of energy higher than the
polar one, see Figure S1 and Table S1.)

To identify the most stable ferroelectric phase in 1D MS,
including all soft modes a, b, and ¢ (all being linear
combinations of X' and X”), the scanned free-energy contour
is calculated with different values of X’ and X”. Here, we again
show GeS as an example, in Figure 2a. Two equivalent minima,
separated by the nonpolar PE state (X’ = X”= 0), are found in

15041

b
-{60

X" A ¢

0.0

-0.4

-0.4 00 x. A 04

-120

Figure 2. (a) Free-energy contour plot as a function of the Ge’s
displacements, X’ and X”; FE, FE’, and PE are marked. (b) Structures
of FE, PE, and FE’ phase in 1D MS, FE, and FE' have opposite
polarization.

the diagonal direction, that is MS-nanowire prefers the X' =
X"= + 0.4 A configuration. Thus, only pure c-mode distortion
leads to the ground state, eliminating all imaginary frequencies.
Importantly, these two minima in anharmonic double-well
potential (along X) have opposite polarizations, labeled as FE
and FE’ in Figure 2b, strongly suggesting the existence of
ferroelectricity of 1D MS.

Before investigating the details of ferroelectricity in 1D SnS
and GeS, the thermodynamic stability of ground-state
structures should be evaluated by calculating their formation
energies (using DFT+D2, with van der Waals correction, see
ST in detail). With the energy of the bulk crystal as a reference
(Table S2), the obtained values for FE 1D nanowires (~0.46
eV/fu for GeS, ~0.58 eV/fu for SnS) are slightly higher than
for their corresponding 2D layers (~0.26 eV/fu for GeS, ~0.32
eV/fu for SnS) but lower than the energy of experimentally
obtained 1D SnTe (~0.71 eV/fu above its bulk structure).
Therefore, similar to rocksalt-like SnTe nanowire, it should be
teasible to synthesize 1D SnS and GeS nanowires, perhaps in
CNT of appropriate diameter.

B. Ferroelectricity. To characterize basic electronics, the
calculated band structures of PE and FE of both SnS and GeS
nanowires are shown in Figure S3; it is clear that they are all
direct band-gap semiconductors with different band gaps (E,),
Table 1. We note that the band gap is not changed much if

Table 1. Calculated Band Gap E, (eV), Atomic
Displacement X (A), Repolarization FE < PE < FE’
Barrier E, (meV/cell), Polarization Quantum Py (107 ¢/
m), and Spontaneous Polarization Pr; (107! C/m) of 1D
GeS and SnS

E, Ep Py X Prx
GeS 2.15(FE)/1.66(PE) 121.97 1278 032 574
Sn$ 1.83(FE)/1.62(PE) 39.32 1024 024 486

spin—orbit coupling is included, only some bands splitting
around the I point (Figure S4). The finite band gap in the
ferroelectric permits the switching of its polarization by
applying an external electric field.

We then proceed to calculate the magnitude of such
polarization following the ways of modern theory of polar-
ization, especially using standard Berry phase calculations.”>*”
We take the PE structure as reference and select the side area
of the nanowire unit cell to be able to compare with the values
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for 2D layers of the same stoichiometry. This gives a significant
spontaneous polarization of 5.7 X 107" C/m for GeS and 4.9
X 107" C/m for SnS, Figure 3a. Furthermore, the energy
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Figure 3. Ferroelectricity of GeS nanowire. (a) Polarization P as a

function of atomic displacement, X. (b) Energy E as a function of P or

X; repolarization barrier E, is marked.

versus polarization P (or displacement X) is plotted in Figure
3b, where the anharmonic double-well energy curve is found to
be in accord with ¢* potential for ferroelectrics.”” The large E,
= 122 meV (down from the PE state) in GeS indicates its
strong ferroelectric instability, which is inherently related to
the ferroelectric transition temperature. The value E, = 39
meV for SnS is much smaller, implying its weaker ferroelectric
instability.

It is a known concern that there should be no ferroelectric
transition in 1D systems based on Landau theory.*" A similar
situation is also known in 1D isotropic magnetic systems,
where long-range ma%netic order is hardly achievable at
nonzero temperature.4 Even then there are two reasons
alleviating this drawback of a low-dimensional system. First, it
has been reported*’ that the interchain coupling can stabilize
the long-range magnetic order in an array of infinite 1D wires
(however, for optimized 1D MS ferroelectric, the interchain
coupling favors antiparallel order, which is antiferroelectricity,
see Table S3). Second, the prohibition is for the thermody-
namic limit of the infinite, truly 1D systems. For MS nanowire
of finite length, it is quite realistic to obtain the FE state at
finite temperature, when the correlation length is beyond the
length of nanowire.

In order to obtain this effective T, direct ab initio MD was
employed for a 1D ferroelectric nanowire.'’”'>**** The MD
results indicate that T is about 310 K for GeS, Figure 4a. With
such T value above room temperature, the 1D FE nanowires
appear attractive for applications. Due to the lower energy
barrier of Ep in SnS nanowire, the corresponding T =~ 230 K
is lower than that in GeS, Figure 4b. In addition, Monte Carlo
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Figure 4. Temperature dependence of polarization obtained from ab
initio molecular dynamics (red dots). Black lines are sigmoid fits to
MD results and the pyroelectric response, dP/dT (blue line). (a) GeS
and (b) SnS.

(MC) simulation based on polar mode a is also performed
with the Landau—Ginzburg model,*" as shown in SI (Section
IV). The obtained T is much higher than the values from MD
calculations, because MD simulation accounts for more
phonon modes, which more realistically evaluates the energy
barrier between ferroelectric and paraelectric phases at finite
temperatures (nonpolar mode b may weaken the values of T
during MD simulations).

Having now the values of spontaneous polarization P, the
T, and the effects of finite temperature (via MD simulations),
we can turn to the FE domain wall as a key for switching and
domain spatial resolution for memory density. One can first
estimate the domain wall width w (number of half-unit cells)
by considering its energy cost using the following expression

E= Y 2@+ 2@+ S Y- By
T2 2 2 (1)

where the first two terms express the energy contribution from
the local modes up to the fourth order. The corresponding
parameters A and B are obtained by fitting the double-well
potential as shown in Figure 3b. The third term reflects the
nearest-neighbor dipole—dipole coupling within nanowire, and
the coeflicient C is fitted by using mean-field theory within a
nearest-neighbor approximation, Figure S6a. The obtained
values of A, B, and C are listed in Table 2.

Table 2. Fitted to Match Direct DFT Data; A, B, and C
Parameters of Eq 1¢

A B C Te
GeS —14.4 022 7.31 310
SnS —8.8 0.19 10.4 230

“T¢ (K) is Curie temperature from MD calculations.

The polarization change across the wall from —P to + P, by
the increments of ~2P/w, brings about an extra energy 0.5
(A?%/8B)-w + (AC/B)-w™". Its minimum is reached at w ~ (C/
A)"2, which numerically yields w ~ 3 and 4 for GeS and SnS,
respectively. Such a small value opportunely makes direct DFT
computations affordable for a reasonably small segment, shown
in Figure S after relaxation (as we tested, larger supercells do
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Figure S. Domain wall structure in GeS and the FE P plot.

not change the wall structure, confirming the analytic
estimate). The estimated energies of domain walls based on
eq 1 are ~337 and ~146 meV for GeS and SnS and are in good
agreement with DFT results (~376 meV for GeS, ~197 meV
for SnS). The corresponding domain wall is very sharp, ~1 nm
in Figure S.

In experiments, by analogy with successful SnTe nanowires
synthesis,”* GeS or SnS wires should also be possible to
produce inside CNT. Thus, the effect of CNT is also
important to describe. Here, we take SnS as an example, due
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to its lesser lattice mismatch with CNT (<2%). To simulate
the experimental situation, an SnS nanowire is placed in the
center of CNT of various diameters, Figure 6a. The formation
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Figure 6. (a) (Top) Sketch of SnS nanowire in SWCNT; (bottom)
computed charge density isosurface illustrates the radial fit of the wire.
Purple and yellow are Sn and S atoms. (b) Energy change as a
function of atom displacement X, in vacuum, inside (8,8) and (7,7)
CNT.

(adsorption) energies for the SnS@CNT are calculated to be
—0.71 and —1.99 eV/fu for (8,8) and (7,7) CNT, respectively.
The repolarization energy barrier E, is also decreased in
smaller diameter CNT, Figure 6b, leading correspondingly to a
lower Curie temperature. However, it does not change much
the dipole moment, Pgg.

It is well known that the intrinsic electronic field in
ferroelectric photovoltaic devices can effectively separate
photoexcited electrons and holes, which is worthy to improve
the photon-to-current efficiency.”” Moreover, the carrier
mobility is another important parameter for ferroelectric
devices, which is proportional to conductivity in the semi-
conductor. Within the Boltzmann transport theory, their
mobility is estimated by u = o/ne** where o is the
conductivity, n is the carrier density, and e is the elementary
charge. To calculate 0, a constant carrier relaxation time 7 is
estimated using a phonon-limited scattering model.” Detailed
descriptions about this method are provided in the Supporting
Information.

The estimated 7 &~ 10 fs for GeS and SnS indicates the
strong phonon scattering. In Figure 7 one can see that electron
mobility (~180 cm® V™' s7') is larger than hole mobility (~90
ecm? V7' s7') in GeS FE phase. If GeS changes from FE to PE,
the mobility raises to ~160 cm” V™! s7! for the holes, while it
does not change much for electrons. However, the situation is
much different in SnS where hole and electron mobilities are
very similar in both FE (~125 cm? V™! s7') and PE (~90 cm?
V™! s7") phases. Therefore, the carrier mobility in 1D MS is
related tightly with polarization displacement X and can be
switched by an external electric field.

It is noted that when 2D GeS and SnS are exfoliated from
layered bulk phase there are no dangling bonds, and the
ferroelectricy survives this process (in spite of some dangling
bonds around the edges). Similarly, the ferroelectricy near the
ends of 1D wires may be suppressed by unpaired ions around
the ends (similar phenomena also exist for conventional 3D
ferroelectrics due to their surfaces). Even though the
terroelectric distortion far from the ends should persist, the
effect of end geometry on the ferroelectricity may be an
interesting detail, which could be studied in further works.
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Figure 7. Calculated carrier mobility in 1D GeS and SnS. VBMs are
set as zero; CBMs (conduction band minimum) of these systems are
indicated by the vertical dashed line. Plateaus above the VBM stand
for the hole mobility, while the plateaus below the CBM stand for the
electron mobility. Note that the peaks near the middle of band gaps
are caused by the too small and inaccurate carrier densities, which are
not accurate or reliable and indicated by gray lines.

B CONCLUSION

In summary, GeS and SnS nanowires, apparently synthetically
feasible by analogy with already obtained SnTe, are predicted
here to be quasi-1D ferroelectrics, with the Curie point
reaching above room temperature in GeS nanowires. For the
more likely experimental system of MS in CNT, the
repolarization energy barrier and Curie temperature will be
influenced by the adsorption to the encapsulating CNT. The
wires display rather thin/abrupt domain walls of ~1 nm width,
suggesting the possibility, in principle, of high density for
memory functionality. The calculated carrier mobility shows
tight connection with ferroelectric displacement X and can
thus be switched by an external electric field. The stable and
robust ferroelectricity in quasi-1D structures and their
potential applications in nanoscale devices offer a very
promising topic for future work.
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