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THRUST II

Highlights 2015-16

#1 SCAN and related 
atomistic simulations

#2 Ab-initio informed 
continuum approaches

•  Bilayers:  identical layers w/ or w/o a twist or different layers ! 
tunable electronic behavior 

•  Earlier work: dislocations between layers1 

•  Twisted bilayer3:  determine equilibrium structure from multiscale 
model including first-principles interlayer bonding2, bending, 
stretching,… all in a continuum model – based upon a Generalized 
Peierls-Nabarro model 

•  Equilibrium: minimize energy w.r.t. shape and distortion of layers 
•  Results:  layers form well-stacked domains separated by partials 
•  Surprise:  equilibrium structure is near a perfect Moiré pattern but with 

dislocation twists – bulges and twists have same origin 
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1. Dai, Xiang and Srolovitz, PRB, 2016;  2. Zhou, Han, Dai, Sun and Srolovitz, PRB, 2015;  3. Dai, Xiang and Srolovitz, in preparation 
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Bending Two-Dimensional Materials To Control Charge Localization
and Fermi-Level Shift
Liping Yu,* Adrienn Ruzsinszky, and John P. Perdew
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ABSTRACT: High-performance electronics requires the fine control of
semiconductor conductivity. In atomically thin two-dimensional (2D) materials,
traditional doping technique for controlling carrier concentration and carrier
type may cause crystal damage and significant mobility reduction. Contact
engineering for tuning carrier injection and extraction and carrier type may suffer
from strong Fermi-level pinning. Here, using first-principles calculations, we
predict that mechanical bending, as a unique attribute of thin 2D materials, can
be used to control conductivity and Fermi-level shift. We find that bending can
control the charge localization of top valence bands in both MoS2 and
phosphorene nanoribbons. The donor-like in-gap edge-states of armchair MoS2
ribbon and their associated Fermi-level pinning can be removed by bending. A
bending-controllable new in-gap state and accompanying direct−indirect gap
transition are predicted in armchair phosphorene nanoribbon. We demonstrate
that such emergent bending effects are realizable. The bending stiffness as well as
the effective thickness of 2D materials are also derived from first principles. Our results are of fundamental and technological
relevance and open new routes for designing functional 2D materials for applications in which flexuosity is essential.
KEYWORDS: Flexible electronics, two-dimensional materials, first-principles calculations, bending stiffness, strain engineering,
Fermi-energy pinning

Atomically thin and highly flexible layered 2D materials
offer a unique and compelling capability for a wide variety

of applications,1−6 particularly in flexible nanoelectronics.7−9

To realize such applications, it is critical to understand the
interplay between flexural bending and the electronic properties
of 2D materials. For a 2D material consisting of two or more
atomic layers (e.g., phosphorene and MoS2), it is known that
bending induces compressive and tensile strains in its inner and
outer layers, respectively. However, it is largely unknown how
flexural bending transforms to local in-plane strains (small or
large, slightly nonuniform or highly nonuniform) at the atomic
scale within each constituent layer, and how such local strains
couple with other physical properties (e.g., flexoelectricity, the
coupling between polarization and strain gradients10,11). The
coexistence of compressive and tensile strains is expected to
have different physical effects than those of uniform uniaxial or
biaxial strains, which are either compressive or tensile in all
constituent layers. The latter have been studied extensively in
the past,12−16 whereas the former have been largely unexplored
at least from first-principles, especially in the 2D materials
beyond graphene.
In this work, we use Kohn−Sham density functional orbitals

and orbital energies to study the bending effects on the
structural and electronic properties, and their consequences for
the conductivity behavior. We consider monolayer MoS2 in the
1H structure, phosphorene, and graphene, representing 2D
materials of three-, two-, and one-atomic layers thin,

respectively. They have the same hexagonal in-plane structure
(Figure 1a−c) and can be cut into nanoribbons with either
armchair or zigzag edges on both sides (Supplementary Figure
S1). Our study is based on first-principles density functional
methods with the generalized gradient approximation17

(justified because the nanoribbons we study have only covalent
and not van der Waal bonds.) The bending is applied to the
nanoribbon width direction. The ribbon axial direction (parallel
to the edges, with atomistic periodicity) is free of bending,
making the band structure one-dimensional. The overall
bending deformation is quantified by an effective bending
curvature (κ) or curvature radius (R = 1/κ), which is defined by
the width of the ribbon before bending and the distance
between its two edges after bending (Figure 1d). This bending
scheme is similar to the setup for a two-point bending stiffness
measurement.

Deleterious Edge-States and Fermi-Level Pinning.
Consistent with previous studies,18,19 we find that the flat
undoped armchair 1H-MoS2 nanoribbon (denoted as A-
MoS2R) is a direct-gap semiconductor (Figure 2a). The band
gap is formed between two 2-fold-degenerate edge-state bands,
which are well separated from the nonedge-state bands. The
occupied edge-state bands can donate electrons and hence are
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THRUST II: 
Highlights #1

Sun, Ruzsinszky, Klein & Perdew

Whether&a&molecule&or&material&can&exist&and&with&what&structures&and&energies&is&of&cri5cal&
importance.&Density&func5onal&theory&is&the&only&prac5cal&electronic&structure&theory&to&answer&
this&ques5on&when&the&calcula5ons&are&demanding.&SCAN&is&shown&to&have&unprecedented&
accuracy&for&diversely@bonded&systems&simultaneously.&
Refs:&1.&Sun,&Ruzsinszky,&Perdew,&PRL,&115,&036402&(2015);&&
&&&&&&&&&&2.&Sun,&Remsing,&Zhang,&Sun,&Ruzsinszky,&Peng,&Yang,&Paul,&Waghmare,&Wu,&Klein,&and&Perdew,&accepted'by'Nat.&Chem.&&

Whether&a&molecule&or&material&can&exist&and&with&what&structures&and&energies&is&of&cri5cal&
importance.&Density&func5onal&theory&is&the&only&prac5cal&electronic&structure&theory&to&answer&
this&ques5on&when&the&calcula5ons&are&demanding.&SCAN&is&shown&to&have&unprecedented&
accuracy&for&diversely@bonded&systems&simultaneously.&
Refs:&1.&Sun,&Ruzsinszky,&Perdew,&PRL,&115,&036402&(2015);&&
&&&&&&&&&&2.&Sun,&Remsing,&Zhang,&Sun,&Ruzsinszky,&Peng,&Yang,&Paul,&Waghmare,&Wu,&Klein,&and&Perdew,&accepted'by'Nat.&Chem.&&

SCAN: unprecedented accuracy for diversely-bonded materials.
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Bending Two-Dimensional Materials To Control Charge Localization
and Fermi-Level Shift
Liping Yu,* Adrienn Ruzsinszky, and John P. Perdew

Department of Physics, Temple University, Philadelphia, Pennsylvania 19122, United States

*S Supporting Information

ABSTRACT: High-performance electronics requires the fine control of
semiconductor conductivity. In atomically thin two-dimensional (2D) materials,
traditional doping technique for controlling carrier concentration and carrier
type may cause crystal damage and significant mobility reduction. Contact
engineering for tuning carrier injection and extraction and carrier type may suffer
from strong Fermi-level pinning. Here, using first-principles calculations, we
predict that mechanical bending, as a unique attribute of thin 2D materials, can
be used to control conductivity and Fermi-level shift. We find that bending can
control the charge localization of top valence bands in both MoS2 and
phosphorene nanoribbons. The donor-like in-gap edge-states of armchair MoS2
ribbon and their associated Fermi-level pinning can be removed by bending. A
bending-controllable new in-gap state and accompanying direct−indirect gap
transition are predicted in armchair phosphorene nanoribbon. We demonstrate
that such emergent bending effects are realizable. The bending stiffness as well as
the effective thickness of 2D materials are also derived from first principles. Our results are of fundamental and technological
relevance and open new routes for designing functional 2D materials for applications in which flexuosity is essential.
KEYWORDS: Flexible electronics, two-dimensional materials, first-principles calculations, bending stiffness, strain engineering,
Fermi-energy pinning

Atomically thin and highly flexible layered 2D materials
offer a unique and compelling capability for a wide variety

of applications,1−6 particularly in flexible nanoelectronics.7−9

To realize such applications, it is critical to understand the
interplay between flexural bending and the electronic properties
of 2D materials. For a 2D material consisting of two or more
atomic layers (e.g., phosphorene and MoS2), it is known that
bending induces compressive and tensile strains in its inner and
outer layers, respectively. However, it is largely unknown how
flexural bending transforms to local in-plane strains (small or
large, slightly nonuniform or highly nonuniform) at the atomic
scale within each constituent layer, and how such local strains
couple with other physical properties (e.g., flexoelectricity, the
coupling between polarization and strain gradients10,11). The
coexistence of compressive and tensile strains is expected to
have different physical effects than those of uniform uniaxial or
biaxial strains, which are either compressive or tensile in all
constituent layers. The latter have been studied extensively in
the past,12−16 whereas the former have been largely unexplored
at least from first-principles, especially in the 2D materials
beyond graphene.
In this work, we use Kohn−Sham density functional orbitals

and orbital energies to study the bending effects on the
structural and electronic properties, and their consequences for
the conductivity behavior. We consider monolayer MoS2 in the
1H structure, phosphorene, and graphene, representing 2D
materials of three-, two-, and one-atomic layers thin,

respectively. They have the same hexagonal in-plane structure
(Figure 1a−c) and can be cut into nanoribbons with either
armchair or zigzag edges on both sides (Supplementary Figure
S1). Our study is based on first-principles density functional
methods with the generalized gradient approximation17

(justified because the nanoribbons we study have only covalent
and not van der Waal bonds.) The bending is applied to the
nanoribbon width direction. The ribbon axial direction (parallel
to the edges, with atomistic periodicity) is free of bending,
making the band structure one-dimensional. The overall
bending deformation is quantified by an effective bending
curvature (κ) or curvature radius (R = 1/κ), which is defined by
the width of the ribbon before bending and the distance
between its two edges after bending (Figure 1d). This bending
scheme is similar to the setup for a two-point bending stiffness
measurement.

Deleterious Edge-States and Fermi-Level Pinning.
Consistent with previous studies,18,19 we find that the flat
undoped armchair 1H-MoS2 nanoribbon (denoted as A-
MoS2R) is a direct-gap semiconductor (Figure 2a). The band
gap is formed between two 2-fold-degenerate edge-state bands,
which are well separated from the nonedge-state bands. The
occupied edge-state bands can donate electrons and hence are
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1.  Interplay between bending and defects 
Traditionally, the carrier type (n-type or p-type) and 
carrier concentration in a semiconductor are 
controlled by defects and doping.  

      Completed project: for 2D materials, using first-
principles calculations, we recently found that the 
carrier type and carrier concentration can also be 
tuned by external mechanical bending – a unique 
attribute of 2D material. 

Future plan: we plan to use SCAN to systematically study how bending 
interplays with defects and doping, and their consequences on the 
electronic, optical, and catalytic properties of 2D materials. By this study, 
we aim to design new transformative techniques for controlling the 
properties of interest (especially conductivity) in 2D materials.  

Yu,$L.;$Ruzsinszky,$A.;$and$Perdew,$J.P.;$Bending$Two;Dimensional$Materials$to$Control$
Charge$LocalizaDon$and$Fermi;Level$ShiH,$Nano%Le(.$16,$2444$(2016).$$

Ab-initio calculations have 
demonstrated that charge 
carrier type and 
concentration can be tuned 
via mechanical deformation 
(bending), opening a new 
route for the design of 
functional materials.

THRUST II: 
Highlights #1

Strain effects on electronic 
properties of TMDs
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✤ Water	  is	  basically	  a	  2D	  
dipolar	  2luid	  when	  
con2ined	  within	  MnO2

?

✤ Water	  is	  frustrated	  when	  shared	  between	  
cations	  in	  interlayer

✤ Frustration	  =	  Enhanced	  2luctuations	  	  	  	  	  	  	  =	  
Increased	  electron	  transfer	  rates

✤ Improved	  catalysts	  on	  this	  principle
Remsing	  et	  al.,	  J.	  Phys.	  Chem.	  Lett.,	  6,	  4804	  (2015)
Thenuwara	  et	  al.,	  Angew.	  Chem.	  2016	  (in	  press)

Klein Tuning electron transfer through solvent effects

THRUST II: 
Highlights #1
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Sun & Klein

✤ Coexistence:	  
semiconducting	  solid	  and	  
metallic	  liquid	  silicon

✤ Tm	  ~	  1550	  K,	  closer	  to	  Exp.	  
(1680	  K)	  than	  LDA:	  
1200-‐1300	  K

Simultaneous description of mixed covalent/metallic bonds with 
SCAN for accurate first-principles phase transitions

Sun	  et	  al.,	  Nature	  Chem.	  (2016) Remsing	  et	  al.,	  to	  be	  submitted

✤ Possible	  transition	  between	  metallic	  high	  and	  covalent	  low	  density	  
liquids	  also	  at	  higher	  T	  (1300-‐1500	  K)

THRUST II: 
Highlights #1
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Srolovitz & Sun
•  Bilayers:  identical layers w/ or w/o a twist or different layers ! 

tunable electronic behavior 
•  Earlier work: dislocations between layers1 

•  Twisted bilayer3:  determine equilibrium structure from multiscale 
model including first-principles interlayer bonding2, bending, 
stretching,… all in a continuum model – based upon a Generalized 
Peierls-Nabarro model 

•  Equilibrium: minimize energy w.r.t. shape and distortion of layers 
•  Results:  layers form well-stacked domains separated by partials 
•  Surprise:  equilibrium structure is near a perfect Moiré pattern but with 

dislocation twists – bulges and twists have same origin 
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1. Dai, Xiang and Srolovitz, PRB, 2016;  2. Zhou, Han, Dai, Sun and Srolovitz, PRB, 2015;  3. Dai, Xiang and Srolovitz, in preparation 
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Bilayers:  identical layers w/ or w/o a twist or different layers 
—> tunable electronic behavior.

Results from multiscale model (ab-initio + generalized Peierls-
Nabarro):  twisted layers form well-stacked domains 
separated by partials.

Surprise:  equilibrium structure is near a perfect Moiré pattern 
but with dislocation twists & bulges.

THRUST II: 
Highlights #2

Twisted graphene bilayers
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Haataja, Srolovitz & Sun Structural phase transformations in TMDs

1μm

1T’

Figure 1. Controlling phase transition of MoTe2 and accompanying semiconductor−metal transition by strain. (a) Atomic structures of 2H and 1T′
MoTe2. Polymorph of MoTe2 is controlled by in-plane tensile strain. (b) Semiconductor−metal transition. Semiconductor−metal transition
accompanies the 2H to 1T′ phase transition as observed by the change in the IV curves. (c) Schematic view of phase transition barrier modulated by
strain. Under tensile strain, the activation energy of the phase transition is lowered, resulting in a lowered phase transition temperature.

Figure 2. AFM/Raman study of suspended MoTe2. (a) AFM topography image of the suspended 2H MoTe2 flake (thickness of ∼20 nm) obtained
from noncontact mode. Circles (squares) outline the cavities partially (fully) covered by MoTe2. (b) Raman spectra taken at the outside
(supported), periphery, and the center (suspended) of the cavities showing different Raman signatures of 2H and 1T′ under 0.2% strain. Initially, the
entire film started with the 2H phase. (c) Raman intensity mapping near 230 cm−1 (2H) with a spectral width of 20 cm−1. 2H Raman signal is absent
in the two fully covered cavities outlined in squares, indicating phase transition from 2H to 1T′. (d) Raman intensity mapping near 140 cm−1 (1T′)
with a spectral width of 20 cm−1. 1T′ Raman signal emerged within the cavities, with higher intensity in the larger cavities due to the increased strain.
(e) The position of 1T′ MoTe2 is identified by the intensity mapping near 520 cm−1 (Si). The Si peak intensity is also weakened by the presence of
the 1T′ MoTe2 thin film. The sample (the underlying cavities) is (are) outlined by white-dashed lines (in circles). (f) Raman spectra taken at the
suspended region of 1T′ MoTe2 before and after straining, featuring no phase change. (g) Raman intensity mapping images near 140 cm−1 (1T′)
with a spectral width of 20 cm−1. The entire film is in the 1T′ phase. The intensity is stronger at the suspended regions due to enhanced out-of-plane
mode due to the absence of substrate. (h) Raman intensity mapping near 230 cm−1 (2H) with a spectral width of 20 cm−1. No indication of the 2H
phase is observed.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b03481
Nano Lett. 2016, 16, 188−193
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Figure 1. Controlling phase transition of MoTe2 and accompanying semiconductor−metal transition by strain. (a) Atomic structures of 2H and 1T′
MoTe2. Polymorph of MoTe2 is controlled by in-plane tensile strain. (b) Semiconductor−metal transition. Semiconductor−metal transition
accompanies the 2H to 1T′ phase transition as observed by the change in the IV curves. (c) Schematic view of phase transition barrier modulated by
strain. Under tensile strain, the activation energy of the phase transition is lowered, resulting in a lowered phase transition temperature.

Figure 2. AFM/Raman study of suspended MoTe2. (a) AFM topography image of the suspended 2H MoTe2 flake (thickness of ∼20 nm) obtained
from noncontact mode. Circles (squares) outline the cavities partially (fully) covered by MoTe2. (b) Raman spectra taken at the outside
(supported), periphery, and the center (suspended) of the cavities showing different Raman signatures of 2H and 1T′ under 0.2% strain. Initially, the
entire film started with the 2H phase. (c) Raman intensity mapping near 230 cm−1 (2H) with a spectral width of 20 cm−1. 2H Raman signal is absent
in the two fully covered cavities outlined in squares, indicating phase transition from 2H to 1T′. (d) Raman intensity mapping near 140 cm−1 (1T′)
with a spectral width of 20 cm−1. 1T′ Raman signal emerged within the cavities, with higher intensity in the larger cavities due to the increased strain.
(e) The position of 1T′ MoTe2 is identified by the intensity mapping near 520 cm−1 (Si). The Si peak intensity is also weakened by the presence of
the 1T′ MoTe2 thin film. The sample (the underlying cavities) is (are) outlined by white-dashed lines (in circles). (f) Raman spectra taken at the
suspended region of 1T′ MoTe2 before and after straining, featuring no phase change. (g) Raman intensity mapping images near 140 cm−1 (1T′)
with a spectral width of 20 cm−1. The entire film is in the 1T′ phase. The intensity is stronger at the suspended regions due to enhanced out-of-plane
mode due to the absence of substrate. (h) Raman intensity mapping near 230 cm−1 (2H) with a spectral width of 20 cm−1. No indication of the 2H
phase is observed.
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Song et al.,  Nano Lett. 16, 188 (2016)

Experiment 
Controlling Crystal Structure in MoTe2

Figure 1. Controlling phase transition of MoTe2 and accompanying semiconductor−metal transition by strain. (a) Atomic structures of 2H and 1T′
MoTe2. Polymorph of MoTe2 is controlled by in-plane tensile strain. (b) Semiconductor−metal transition. Semiconductor−metal transition
accompanies the 2H to 1T′ phase transition as observed by the change in the IV curves. (c) Schematic view of phase transition barrier modulated by
strain. Under tensile strain, the activation energy of the phase transition is lowered, resulting in a lowered phase transition temperature.

Figure 2. AFM/Raman study of suspended MoTe2. (a) AFM topography image of the suspended 2H MoTe2 flake (thickness of ∼20 nm) obtained
from noncontact mode. Circles (squares) outline the cavities partially (fully) covered by MoTe2. (b) Raman spectra taken at the outside
(supported), periphery, and the center (suspended) of the cavities showing different Raman signatures of 2H and 1T′ under 0.2% strain. Initially, the
entire film started with the 2H phase. (c) Raman intensity mapping near 230 cm−1 (2H) with a spectral width of 20 cm−1. 2H Raman signal is absent
in the two fully covered cavities outlined in squares, indicating phase transition from 2H to 1T′. (d) Raman intensity mapping near 140 cm−1 (1T′)
with a spectral width of 20 cm−1. 1T′ Raman signal emerged within the cavities, with higher intensity in the larger cavities due to the increased strain.
(e) The position of 1T′ MoTe2 is identified by the intensity mapping near 520 cm

−1 (Si). The Si peak intensity is also weakened by the presence of
the 1T′ MoTe2 thin film. The sample (the underlying cavities) is (are) outlined by white-dashed lines (in circles). (f) Raman spectra taken at the
suspended region of 1T′ MoTe2 before and after straining, featuring no phase change. (g) Raman intensity mapping images near 140 cm−1 (1T′)
with a spectral width of 20 cm−1. The entire film is in the 1T′ phase. The intensity is stronger at the suspended regions due to enhanced out-of-plane
mode due to the absence of substrate. (h) Raman intensity mapping near 230 cm−1 (2H) with a spectral width of 20 cm−1. No indication of the 2H
phase is observed.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b03481
Nano Lett. 2016, 16, 188−193
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peaks is also observed from a scattered plot of height and
current as the high current level is exclusively observed in the
valleys (Figure S4). The I−V curves taken at different contact
forces indicates a SM transition as the I−V changes from a
double Schottky junction to Ohmic (inset of Figure 3d).
Detailed descriptions of the electrical system formed between
the tip and the substrate are provided in Figure S5.
After confirming the phase transition at 150 nN, the force

was reduced back to the initial level under 15 nN (Figure 3e).
Interestingly, a portion of the film (∼50 nA) remained metallic
during the first 15 nN scan immediately following the 150 nN
scan. The retained metallicity is attributed to some portions of
the film that had not been reverted back to 2H phase within the
scan time (∼40 min). In the second 15 nN scan, the current
recovered to the original semiconducting state. The resistance
of the system as a function of force under 5 mV bias is
summarized in Figure 3e, where metallization under tensile
strain and resulting phase reversal after release of strain is
shown. The large resistance change of nearly 4 orders of
magnitude under increased contact force cannot be explained
exclusively by the improved contact of AFM tip but by the
associated phase transition from semiconducting to metallic
MoTe2. This process was fully cyclic without an appreciable
baseline resistance change. A detailed study on the reversal
dynamics is provided in the Supporting Information (Figure
S6), where the initial 2H phase is shown to be completely
recoverable within several tens of minutes after strain release.
To explore engineering of phase transition temperature by

strain, a set of CAFM experiments at different temperatures was
also performed on a 5 nm 2H MoTe2 film prepared on Au/
SiO2/Si substrate (the flake of 5 nm MoTe2 is shown in Figure

S7a). The sample was heated to different temperatures, and the
required force to induce SM transition was monitored by
CAFM at each temperature. Figure 4a shows the resistance as a
function of applied force (and the corresponding strain) at
different temperatures. At room temperature, no phase
transition occurs up to 360 nN. The increase in the force
required (compared to the sample in Figure 3) to induce a
phase transition is due to a reduced surface roughness (Rrms
0.24 nm) and an absence of local valleys to facilitate the
application of local tensile strain. Under the same force,
however, the phase transition is triggered at 60 °C. At elevated
temperatures, the required force (strain) to activate the phase
transition is reduced further, indicating clear dependence of the
phase transition temperature by strain. Note that temperatures
above 120 °C were unavailable due to the indium contacts used
to connect the gold surface to the AFM system. Figure 4b
shows I−V curves at various temperatures for a fixed force of
250 nN, demonstrating a phase transition at 90 °C under
contact force of 250 nN. The resistance of the system decreases
by nearly four orders as shown in the inset of Figure 4b (also
see Figure S7b−d), confirming a SM transition.
Figure 4c summarizes the temperature-force phase diagram

showing the phase boundary as a function of both applied force
and temperature. The corresponding in-plane strain can be
estimated to be the same order of magnitude (in the order of
0.1%) as the AFM/Raman study using a simple vertical
compression model (because of the uncertainty in the exact
strain distribution, only the order of magnitude of the
quantified strain values should be considered). The modulation
of the phase transition temperature is given by the Clausius−
Clapeyron equation12,15,26 as dT/dσ = ΔVT/ΔH, where T is

Figure 4. Modulating the phase transition temperature of MoTe2 by strain. (a) Force vs resistance plots at different temperatures. The graph shows
that the resistance of the system converging to the contact resistance with smaller forces at elevated temperatures. (b) IV curves taken under 250 nN
at different temperatures. The phase transition occurred around 90 °C under a strain, confirming the phase transition temperature modulation by
strain. The inset shows the resistance as a function of temperature changing nearly 4 orders of magnitude. (c) Temperature-force phase diagram for
semiconducting 2H and metallic 1T′ MoTe2. (d) DSC results on 2H MoTe2 powder. Two endothermic peaks were observed at 855 and 860 °C
corresponding to 2H-1T′ phase transition and the alloy-related transition due to Te loss.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b03481
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Strain-Induced 2H to 1T’ transformation via AFM tip in suspended multilayers

2H 1T’

1T

1T’2H

Eda et al., ACS Nano 6 (2012)
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Figure 1 | 1T and 2H phases of MoS2. a,b, Crystal structures of the 2H and 1T phases, respectively. In the upper diagram, trigonal prismatic (a) and
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highly reproducible and independent of the type of contact metal
pads used.

Wehave recently demonstrated the exfoliation of transitionmetal
dichalcogenides (TMDs) such as MoS2 and WS2 (refs 38,39) using
the well-known organolithium chemical method40,41. This synthesis
route leads to the formation of the metallic 1T phase38,42,43. It has
been shown that the 1T phase is stabilized by electron donation from
the organolithium during intercalation42,44–46. As shown in previous
studies by others47–50, we have also demonstrated that the 1T phase
is maintained even after complete removal of organolithium38,39.
The 1T phase is metastable, with a relaxation energy of ⇠1.0 eV
for conversion to the thermodynamically stable 2H phase39,51,52. The
crystal structures of the 2H and 1T phases are shown in Fig. 1a,b.
High-resolution transmission electronmicroscopy has revealed that
the 1T and 2H phases can coexist in the same TMD nanosheets
and that the phase boundary between the two phases is atomically
sharp with no visible defects, as shown in Fig. 1c (ref. 53). Local
and patterned conversion of the semiconducting 2H phase to the
metallic 1T phase is shown in Fig. 1d,e. The photoluminescence (PL)
map of a chemical-vapour-deposited single-layer triangle of MoS2
that has been partially converted to the 1T phase is shown in Fig. 1d.
PL is substantially quenched in the region that has been converted
to the 1T phase. The concentration of the 1T phase in the converted
regionwas obtained byX-ray photoelectron spectroscopy (XPS) and
found to be ⇠60–70%, as shown in Fig. 1f (ref. 38). An electrostatic
force microscopy (EFM) phase image of a micro-scale patterned
1T/2H/1T MoS2 nanosheet is shown in Fig. 1e. The colour contrast

in EFM arises from conducting and non-conducting regions on the
single-layer nanosheet. The results in Fig. 1d,e indicate that local
patterning of the 1T phase on 2H nanosheets is possible and the
interface between the phases is sharp. The electronic properties of
the 1T phase show that it is metallic, with an estimated carrier
concentration of>1013 cm�2. The high electron density andmetallic
nature of the phase is also demonstrated by the fact that gate
modulation in the 1T phase is absent, as shown in Fig. 3a.

All FET devices reported in this study were fabricated on
mechanically exfoliated ultrathin nanosheets of MoS2 (obtained
from SPI) with thicknesses ranging from one to three layers on
100 nm of SiO2/Si substrates. Source and drain electrodes were
defined by lithographic patterning of the 1T phase, in which regions
for conversion were left exposed while covering other regions
with polymethylmethacrylate (PMMA). The uncovered regions
were then treated with n-butyl lithium at room temperature for
1 h in a glove box (see Supplementary Information for details).
The organic butyl residue and lithium ions were removed after
treatment through thorough washing with hexane and de-ionized
water, respectively38. The absence of lithium was confirmed by
both electron energy-loss spectroscopy (EELS) in a scanning
transmission electron microscope, as well as nuclear reaction
analysis (NRA) shown in Supplementary Figs 9 and 10. Metal pads
were then deposited on top of the 1T phase regions. After the 1T
conversion, both top- and bottom-gated devices were processed
(metal pad deposition and high k dielectric deposition) in exactly
the same manner and simultaneously. Optical images of typical
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THRUST II: 
Highlights #2

Quantum spin Hall (QSH) insulators (10–16)
have an insulating bulk but conducting edge
states that are topologically protected from back-
scattering by time-reversal symmetry. Quantized
conductance through QSH edge states have been
experimentally demonstrated in HgTe/CdTe
(13, 14) and InAs/GaSb (17, 18) quantum wells.
This could in principle provide an alternative
route to quantum electronic devices with low
dissipation. However, the realization of such
QSH-based devices for practical applications
is impeded by three critical factors: (i) band
gaps of existing QSH insulators are too small,
which limits the operating regime to low tem-
peratures. This has motivated efforts to search
for large-gap QSH insulators (19–26); (ii) the
small number of conducting channels (e2/h per
edge, where e is the elementary charge and h is
Planck’s constant) results in a small signal-to-
noise ratio; and (iii) efficient methods of fast
on/off switching are lacking.
Here, we use first-principles calculations to

show that 2D materials can provide a practical
platform for developing topological electronic
devices that may potentially overcome the above
hurdles. Specifically, we predict a class of large-
gap (~0.1 eV) QSH insulators in 2D transition
metal dichalcogenides (TMDCs) MX2 with M =
(W, Mo) and X = (Te, Se, S). We demonstrate
the feasibility of a vdW-heterostructured topo-
logical field-effect transistor (vdW-TFET) made
of 2D atomic layer materials. The proposed de-
vice exhibits a parametrically enhanced conduc-
tance through QSH edge channels in the “on”
state and can be rapidly switched off via a to-
pological phase transition by applying a vertical
electric field. Our findings have potential appli-
cations in low-power quantum electronics and
spintronics and may enable topological quan-
tum computing based on Majorana fermions
(27–30).
Monolayer TMDCs (31)—MX2 with M = (W,

Mo) and X = (Te, Se, S)—possess a variety of
polytypic structures such as 1H, 1T, and 1T′
(32, 33) shown in Fig. 1. The most-studied 1H
structure is a sandwich of three planes of 2D
hexagonally packed atoms, X-M-X, forming
Bernal (ABA) stacking. In contrast, the three
atomic planes in the 1T structure form rhom-
bohedral (ABC) stacking. It has been known
that the 1T structure in MX2 is typically un-
stable in free-standing condition and undergoes
a spontaneous lattice distortion in the x di-
rection to form a period-doubling 2 × 1 dis-
torted structure—i.e., the 1T′ structure, consisting
of 1D zigzag chains along the y direction (Fig.
1C) (33); this structure is the subject of our
work.
The electronic structures of various 1T′-MX2

materials were obtained by many-body per-
turbation theory calculations (34). Figure 2A
shows a typical band structure of 1T′-MX2

using 1T′-MoS2 as an example, and the results
of the other five compounds are shown in fig.
S1. Unlike its 1H or 1T counterparts, 1T′-MoS2
is a semiconductor with a fundamental gap (Eg)
of about 0.08 eV, located at L ¼ Tð0; 0:146ÞÅ−1
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1H-MX2 1T’-MX21T-MX2

X1

M

X2

x

y

x

z

Fig. 1. Atomistic structures of monolayer transition metal dichalcogenides MX2. M stands for
(W, Mo) and X stands for (Te, Se, S). (A) 1H-MX2 in ABA stacking with P6m2 space group. (B) 1T-MX2

in ABC stacking with P3m2 space group. (C) 1T′-MX2, distorted 1T-MX2, where the distorted M atoms
form 1D zigzag chains indicated by the dashed blue line. The unit cell is indicated by red rectangles.
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Fig. 2. Calculated electronic structures of 1T′-MX2. (A) Band structure and (B) Brillouin zone of
1T′-MoS2. Eg, fundamental gap; 2d, inverted gap. The inset compares band structures with (red
dashed line) and without (black solid line) spin-orbit coupling. Four time-reversal invariant
momenta are marked by black dots and labeled as G, X, Y, and R. The locations of the fundamental
gap are marked by red dots and labeled by L. (C) Fundamental gap (Eg) and inverted gap (2d) of all
six 1T′-MX2. Detailed values are listed in table S1. (D) Edge density of states and (E) local density of
states at G point as a function of distance away from the edge (Ly). A sharp peak from edge states
appears in the gap with a decay length of ~5 nm.
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The accuracy of these predictions of small transition strains
based on 2D interpolation is validated using additional calcula-
tions in the case of MoTe2. We run a 10! 10 grid of PBE, phonon
and HSE06 calculations in a region in (a,b)-space with axial
strains ranging from " 5 to 10%. This new data set is three times
as fine as the 7! 7 grid and also includes PBE-calculated
phonons. Coexistence regimes are extracted from a series of 1D
fits on this refined grid, as illustrated in Supplementary Fig. 2. The
typical difference between uniaxial-load transition strains from
this approach and the equivalent strains from the 2D Lagrange-
interpolating method used throughout the main text is 0.002 for
HSE06 and 0.005 for PBE (Supplementary Fig. 3).

In the case of macroscopic uniaxial strain at 300 K (not shown
in Fig. 8), the HSE06 functional predicts an onset of the
coexistence regime at 1.6% strain, whereas PBE predicts 3.0%.

These strains are obtained from 1D cubic fits (illustrated in
Supplementary Fig. 4) on the refined 10! 10 grid of DFT-
calculated energies, at fixed lattice constant a¼ 3.550 Å and
varying b. Supplementary Figure 5 summarizes all uniaxial-load
and uniaxial-strain results based on this 10! 10 grid.

Discussion
Recent calculations and AFM experiments43 have demonstrated
that a MoS2 monolayer can be subjected to 20% equibiaxial strain.
In these experiments, a pre-tensioned MoS2 sheet is pushed into a
circular cavity by means of an AFM probe. These experiments
report no evidence of a phase transition, but do report the
presence of sufficiently large equibiaxial deformations (Fig. 4) in
the small region under the AFM tip. The indentation timescale
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Figure 7 | Phase coexistence under an applied force or extension. A tensile mechanical deformation (for example, hydrostatic, uniaxial load or uniaxial
strain) expands a region of the TMD monolayer. This strained region can be freely suspended or locally sliding over a low-friction substrate, as shown in a.
The 2H/1T0 Helmholtz free energy landscape b is traversed in this process. In step 1, the 2H phase deforms elastically and no phase transition is observed.
Beyond some critical strain in step 2, the lowest free-energy path is a common tangent between the 2H and 1T0 energy surfaces, manifesting a coexistence
regime where both phases are coexisting in mechanical equilibrium. If the experimental setup is such that the extension is controlled (for example, using a
stiff AFM probe), this region is observed as a plateau in the applied force c. At the strain level of step 3, the lowest energy phase is composed of 100% 1T0,
completing the mechanically induced phase transition.
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Figure 6 | Load-specific trajectories and transitions of MoTe2 at 300 K. Panel a uses the PBE functional to calculate the crystal energy, whereas the
HSE06 functional is used in b. Starting at their stress-free 2H equilibrium values a0 and b0, the lattice constants a and b evolve in response to progressive
application of a uniaxial-load (Fy) or a ‘hydrostatic’ isotropic tension (s). At a certain load, the 2H and 1T0 thermodynamic potentials cross. When this
transition occurs, the lattice constants jump from their 2H to their 1T0 values. A coexistence regime is expected to exist in the dashed regions, where
increasing the b lattice constant while keeping Fx¼0 (uniaxial load) or increasing the area ab under hydrostatic conditions can yield regions of 2H and 1T0 in
the monolayer. Although the solid trajectories appear to be mostly rectilinear, they represent an aggregate of finely sampled data points travelling along the
Lagrange interpolation surface.
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The accuracy of these predictions of small transition strains
based on 2D interpolation is validated using additional calcula-
tions in the case of MoTe2. We run a 10! 10 grid of PBE, phonon
and HSE06 calculations in a region in (a,b)-space with axial
strains ranging from " 5 to 10%. This new data set is three times
as fine as the 7! 7 grid and also includes PBE-calculated
phonons. Coexistence regimes are extracted from a series of 1D
fits on this refined grid, as illustrated in Supplementary Fig. 2. The
typical difference between uniaxial-load transition strains from
this approach and the equivalent strains from the 2D Lagrange-
interpolating method used throughout the main text is 0.002 for
HSE06 and 0.005 for PBE (Supplementary Fig. 3).

In the case of macroscopic uniaxial strain at 300 K (not shown
in Fig. 8), the HSE06 functional predicts an onset of the
coexistence regime at 1.6% strain, whereas PBE predicts 3.0%.

These strains are obtained from 1D cubic fits (illustrated in
Supplementary Fig. 4) on the refined 10! 10 grid of DFT-
calculated energies, at fixed lattice constant a¼ 3.550 Å and
varying b. Supplementary Figure 5 summarizes all uniaxial-load
and uniaxial-strain results based on this 10! 10 grid.

Discussion
Recent calculations and AFM experiments43 have demonstrated
that a MoS2 monolayer can be subjected to 20% equibiaxial strain.
In these experiments, a pre-tensioned MoS2 sheet is pushed into a
circular cavity by means of an AFM probe. These experiments
report no evidence of a phase transition, but do report the
presence of sufficiently large equibiaxial deformations (Fig. 4) in
the small region under the AFM tip. The indentation timescale
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strain) expands a region of the TMD monolayer. This strained region can be freely suspended or locally sliding over a low-friction substrate, as shown in a.
The 2H/1T0 Helmholtz free energy landscape b is traversed in this process. In step 1, the 2H phase deforms elastically and no phase transition is observed.
Beyond some critical strain in step 2, the lowest free-energy path is a common tangent between the 2H and 1T0 energy surfaces, manifesting a coexistence
regime where both phases are coexisting in mechanical equilibrium. If the experimental setup is such that the extension is controlled (for example, using a
stiff AFM probe), this region is observed as a plateau in the applied force c. At the strain level of step 3, the lowest energy phase is composed of 100% 1T0,
completing the mechanically induced phase transition.
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The accuracy of these predictions of small transition strains
based on 2D interpolation is validated using additional calcula-
tions in the case of MoTe2. We run a 10! 10 grid of PBE, phonon
and HSE06 calculations in a region in (a,b)-space with axial
strains ranging from " 5 to 10%. This new data set is three times
as fine as the 7! 7 grid and also includes PBE-calculated
phonons. Coexistence regimes are extracted from a series of 1D
fits on this refined grid, as illustrated in Supplementary Fig. 2. The
typical difference between uniaxial-load transition strains from
this approach and the equivalent strains from the 2D Lagrange-
interpolating method used throughout the main text is 0.002 for
HSE06 and 0.005 for PBE (Supplementary Fig. 3).

In the case of macroscopic uniaxial strain at 300 K (not shown
in Fig. 8), the HSE06 functional predicts an onset of the
coexistence regime at 1.6% strain, whereas PBE predicts 3.0%.

These strains are obtained from 1D cubic fits (illustrated in
Supplementary Fig. 4) on the refined 10! 10 grid of DFT-
calculated energies, at fixed lattice constant a¼ 3.550 Å and
varying b. Supplementary Figure 5 summarizes all uniaxial-load
and uniaxial-strain results based on this 10! 10 grid.

Discussion
Recent calculations and AFM experiments43 have demonstrated
that a MoS2 monolayer can be subjected to 20% equibiaxial strain.
In these experiments, a pre-tensioned MoS2 sheet is pushed into a
circular cavity by means of an AFM probe. These experiments
report no evidence of a phase transition, but do report the
presence of sufficiently large equibiaxial deformations (Fig. 4) in
the small region under the AFM tip. The indentation timescale
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Figure 7 | Phase coexistence under an applied force or extension. A tensile mechanical deformation (for example, hydrostatic, uniaxial load or uniaxial
strain) expands a region of the TMD monolayer. This strained region can be freely suspended or locally sliding over a low-friction substrate, as shown in a.
The 2H/1T0 Helmholtz free energy landscape b is traversed in this process. In step 1, the 2H phase deforms elastically and no phase transition is observed.
Beyond some critical strain in step 2, the lowest free-energy path is a common tangent between the 2H and 1T0 energy surfaces, manifesting a coexistence
regime where both phases are coexisting in mechanical equilibrium. If the experimental setup is such that the extension is controlled (for example, using a
stiff AFM probe), this region is observed as a plateau in the applied force c. At the strain level of step 3, the lowest energy phase is composed of 100% 1T0,
completing the mechanically induced phase transition.
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the monolayer. Although the solid trajectories appear to be mostly rectilinear, they represent an aggregate of finely sampled data points travelling along the
Lagrange interpolation surface.
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The accuracy of these predictions of small transition strains
based on 2D interpolation is validated using additional calcula-
tions in the case of MoTe2. We run a 10! 10 grid of PBE, phonon
and HSE06 calculations in a region in (a,b)-space with axial
strains ranging from " 5 to 10%. This new data set is three times
as fine as the 7! 7 grid and also includes PBE-calculated
phonons. Coexistence regimes are extracted from a series of 1D
fits on this refined grid, as illustrated in Supplementary Fig. 2. The
typical difference between uniaxial-load transition strains from
this approach and the equivalent strains from the 2D Lagrange-
interpolating method used throughout the main text is 0.002 for
HSE06 and 0.005 for PBE (Supplementary Fig. 3).

In the case of macroscopic uniaxial strain at 300 K (not shown
in Fig. 8), the HSE06 functional predicts an onset of the
coexistence regime at 1.6% strain, whereas PBE predicts 3.0%.

These strains are obtained from 1D cubic fits (illustrated in
Supplementary Fig. 4) on the refined 10! 10 grid of DFT-
calculated energies, at fixed lattice constant a¼ 3.550 Å and
varying b. Supplementary Figure 5 summarizes all uniaxial-load
and uniaxial-strain results based on this 10! 10 grid.

Discussion
Recent calculations and AFM experiments43 have demonstrated
that a MoS2 monolayer can be subjected to 20% equibiaxial strain.
In these experiments, a pre-tensioned MoS2 sheet is pushed into a
circular cavity by means of an AFM probe. These experiments
report no evidence of a phase transition, but do report the
presence of sufficiently large equibiaxial deformations (Fig. 4) in
the small region under the AFM tip. The indentation timescale
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regime where both phases are coexisting in mechanical equilibrium. If the experimental setup is such that the extension is controlled (for example, using a
stiff AFM probe), this region is observed as a plateau in the applied force c. At the strain level of step 3, the lowest energy phase is composed of 100% 1T0,
completing the mechanically induced phase transition.
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Phase Field Model of Strain-Induced
Structural Transformations in 2D TMD Monolayers

April 26, 2015

Background

MX2 structures
Strain engineering to tune electric, photonic, mechanical properties

Devices can be made from layers with coexisting in-plane metallic and semiconducting
domains (Chhowalla et al)

2H (semiconducting) to 1T’ (metallic) structural transformation induced by applied tensile
strain in Group VI TMDs (Reed et al)

Displacive transformation, shu✏e along 1 of 3 2H lattice directions
Alloying M atoms to tune transformation strain and T (Reed et al, unpublished)

Geometry of the 2H to 1T’ Displacive Transformation

The 1T’ structure can be generated from the 2H lattice by shu✏e/displacement opera-
tions along 1 of 3 axes, each separated by 120�, as dictated by the 3-fold symmetry of the
2H lattice (Fig. 1). Mirror and 180� rotational symmetry operations on the 1T’ unit cell
can be shown to generate 4 di↵erent structures for a given 1T’ orientation relative to the
2H parent (Fig. 2). 2 of these structures are associated with the 1T’ y-z mirror asymmetry,
and each of these has an antiphase variant associated with the x-y mirror asymmetry. This
leads to 3⇥ 4 = 12 total variants.

a

b

x
-

y 6

y
-

z 6

FIG. 1: From left to right: 2H, 1T, and 1T’ lattices. Side views are shown in the upper panel, top
views in the lower panel. Metal (M) atoms are shown in gray, upper chalcogenide (X) atoms in
light blue, and lower chalcogenide (X) atoms in dark blue.
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FIG. 2: 12 variants of the 1T’ lattice relative to the 2H lattice shown in Fig. 1. Superscripts (+,
�) indicate phase/antiphase variants. Variants 1+, 1�, 2+, and 2� are produced by displacements
along the 2H y axis. 3+, 3�, 4+, and 4� are produced by displacements along the (�3a/4)x +
(
p

3a/4)y direction (60� rotation). 5+, 5�, 6+, and 6� are produced by displacements along
the (3a/4)x + (

p
3a/4)y direction (-60� rotation). Metal (M) atoms are shown in gray, upper

chalcogenide (X) atoms in light blue, and lower chalcogenide (X) atoms in dark blue.

Generalized Model

Our description of strain-induced structural phase transformations in 2D TMD mono-
layers is based on the phase field microelasticity (PFM) approach to martensitic transfor-
mations introduced by Wang, Khachaturyan, et al. [1–3]. PFM models of this type can be
formulated for general elastically inhomogeneous systems, but for the sake of simplicity we
begin with an elastically homogeneous description that is formulated in terms of continuous
order parameter (OP) fields �p(r) (p = 1, 2, ..., n). These OPs represent the long-range order
profiles of the n = 6 orientation variants (each OP describes a variant p+ and its antiphase
counterpart p�). The free energy of the system is therefore defined in terms of these OP
fields, and can be generically decomposed as

Ftot = Fchem + Eel, (1)

where Fchem is defined as the stress-free energy of the structurally inhomogeneous state and
Eel is the strain energy functional.
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FIG. 1: TMD crystal structures and orientational variants. a) 2H, 1T, and 1T lattices. Side views are shown in the upper
panel, top views in the lower panel. Metal (M) atoms are shown in gray, upper chalcogenide (X) atoms in light blue, and lower
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+,� distinguish phase/antiphase variants (x-y mirror asymmetry).
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TABLE I: Transformation properties deriving from the 2H to 1T’ and 2H to 1T transformation strain tensors in Group VI
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ŷ = ✏

0
s
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A. Interface structure and dynamics

The interfaces created during displacive structural
transformations, in this case 2H-1T’ and 1T’-1T’ vari-

ant interfaces, are generally coherent and thus carry rel-
atively little interfacial energy. Domain microstructures
are therefore often assumed to be driven by bulk elastic
energy minimization with little modulation due to inter-
facial energy e↵ects. Interfacial e↵ects may nonetheless
play significant roles in domain evolution kinetics and in
domain structure at su�ciently small length scales. We
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•  MoS2:  stable 2H and 1T’ phases can be achieved by 
manipulation of experimental conditions 

•  Interfaces: several competing interface structures – sensitive 
to environment (chemical potentials) 

•  Interface energy:  determine from DFT calculations  
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•  Edge and interface energies are calculated 
as a function of chemical potentials 
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III. MODELING APPROACH AND RESULTS

In this section, we present a continuum PFM-based
description of strain-induced 2H to 1T’ structural phase
transformations in 2D TMD monolayers. The PFM ap-
proach has been employed in simulation studies of struc-
tural transformations in a wide variety of systems. It
permits e�cient Fourier-based numerical solution of the
elastic energy of an arbitrary coherent multiphase config-
uration of misfitting inclusions (orientational variants) in
terms of coarse-grained order parameter fields. Twelve
such long-range order parameters ⌘p are in principle
needed here to describe each 1T’ orientational variant,
but since the 2H to 1T’ transformation is ‘improper’,
a description in terms of only six order parameters can
be formulated. One of the symmetry operations of the
parent 2H phase, reflection across the plane of the sheet
in x-y, generates di↵erent variants when applied to the
1T’ phase (we refer to these reflection-related structures
as anti-phase variants, denoted in Fig. 1 by +/� super-
scripts). These anti-phase variants can be represented by
an ⌘p ! �⌘p transformation, such that ⌘p = ±1 inside a
1T’ domain of variant p and ⌘p = 0 otherwise.

For further simplicity, we reduce the number of order
parameters from six to three by removing the distinction
between variants related by the 1T’ x-z reflection asym-
metry (denoted in Fig. 1 by A, B subscripts). This sim-
plification prevents one from locally distinguishing be-
tween subscript A and B variants, as these are merged
into a single ⌘p, but it does not a↵ect the strain states
as long as the elastic symmetries of the 1T’ phase are
invariant with respect to the operations that map the A

variants onto the B variants. This is the case, for ex-
ample, under isotropic elasticity, which will be employed
in this study. Neither should this simplification alter the
simulated 2H-1T’ morphologies when the interfacial en-
ergies of the A and B variants are identical or are small
enough to have negligible impact on the transformation
pathway.

To describe freely suspended monolayers and monolay-
ers on flexible substrates, we have reformulated the PFM
approach to incorporate out-of-plane deflections of the
2D sheet within a large deformation framework. Whereas
the standard formulation can be fully reduced to equa-
tions of mechanical equilibrium expressed in terms of the
order parameters alone, our approach requires explicit
piece-wise minimization of the free energy with respect
to all displacements (in-plane and out-of-plane) and or-
der parameters ⌘p. We find that the increased complexity
and numerical cost are reasonably manageable. Though
it is possible to generalize for elastic heterogeneity, it will
be assumed in the present formulation that the elastic
moduli are spatially homogeneous (identical in 2H and
1T’ phases).

A. Governing equations

The total free energy is first decomposed into chemical
and elastic contributions,

Ftot =
Z

A

(fchem + felas) dA (7)

where

fchem = fbulk(⌘1, ⌘2, ⌘3) +
�

2

X

p

|r⌘p|2 (8)

is the stress-free energy of the structurally inhomoge-
neous state. fbulk must contain a single global minimum
corresponding to the parent 2H phase, and six degener-
ate local minima corresponding to the three primary 1T
variants and their anti-phase counterparts. The simplest
polynomial form that satisfies these conditions is fbulk =
�f(T )[(a/2)

P
p ⌘

2
p�(b/4)

P
p ⌘

4
p+(c/6)(

P
p ⌘

2
p)3], where

�f(T ) sets the magnitude of the chemical driving force
for transformation in concert with the adjustable con-
stants a, b, and c. Under su�ciently large applied strain
or stress, which couple to ⌘p as defined in the follow-
ing equations, two or more of the 1T’ minima become
the global minima and transformation is induced. The
constant � in Eq. (8) controls the energy of both 2H-1T’
and 1T’-1T’ interfaces, presently assumed to be isotropic.
This could be changed if strong anisotropy can be con-
firmed by DFT. Would also still like to distinguish be-
tween interface types and penalize each appropriately.

The elastic energy density of a thin elastic plate can
be decomposed as

felas = hfstretch + hfnorm + fbend (9)

where h is the plate thickness. The stretch component,
which describes in-plane deformations, including the ef-
fects of 1T’ domains, can be written in general form for
an improper transformation as

fstretch =
1
2
�ijkl✏ij✏kl+

X

p


1
2
�ijkl✏

0
ij(p)✏0kl(p)⌘4

p � �ijkl✏ij✏
0
kl(p)⌘2

p

�
.

(10)

where �ijkl is the elastic sti↵ness tensor, ✏

0
ij(p) is the

transformation strain tensor of variant p, and ✏ij is the
elastic strain tensor (i, j, k, l = x, y). Explicitly,

✏

0
ij(p) = R[✓p]

 
✏

0
a 0
0 ✏

0
b

!
RT[✓p] (11)

where ✏

0
a = (a1T 0 � a2H)/a2H , ✏

0
b = (b1T 0 � b2H)/b2H ,

R[✓p] =

 
cos ✓p � sin ✓p

sin ✓p cos ✓p

!
, (12)
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In this section, we present a continuum PFM-based
description of strain-induced 2H to 1T’ structural phase
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proach has been employed in simulation studies of struc-
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elastic energy of an arbitrary coherent multiphase config-
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needed here to describe each 1T’ orientational variant,
but since the 2H to 1T’ transformation is ‘improper’,
a description in terms of only six order parameters can
be formulated. One of the symmetry operations of the
parent 2H phase, reflection across the plane of the sheet
in x-y, generates di↵erent variants when applied to the
1T’ phase (we refer to these reflection-related structures
as anti-phase variants, denoted in Fig. 1 by +/� super-
scripts). These anti-phase variants can be represented by
an ⌘p ! �⌘p transformation, such that ⌘p = ±1 inside a
1T’ domain of variant p and ⌘p = 0 otherwise.

For further simplicity, we reduce the number of order
parameters from six to three by removing the distinction
between variants related by the 1T’ x-z reflection asym-
metry (denoted in Fig. 1 by A, B subscripts). This sim-
plification prevents one from locally distinguishing be-
tween subscript A and B variants, as these are merged
into a single ⌘p, but it does not a↵ect the strain states
as long as the elastic symmetries of the 1T’ phase are
invariant with respect to the operations that map the A

variants onto the B variants. This is the case, for ex-
ample, under isotropic elasticity, which will be employed
in this study. Neither should this simplification alter the
simulated 2H-1T’ morphologies when the interfacial en-
ergies of the A and B variants are identical or are small
enough to have negligible impact on the transformation
pathway.

To describe freely suspended monolayers and monolay-
ers on flexible substrates, we have reformulated the PFM
approach to incorporate out-of-plane deflections of the
2D sheet within a large deformation framework. Whereas
the standard formulation can be fully reduced to equa-
tions of mechanical equilibrium expressed in terms of the
order parameters alone, our approach requires explicit
piece-wise minimization of the free energy with respect
to all displacements (in-plane and out-of-plane) and or-
der parameters ⌘p. We find that the increased complexity
and numerical cost are reasonably manageable. Though
it is possible to generalize for elastic heterogeneity, it will
be assumed in the present formulation that the elastic
moduli are spatially homogeneous (identical in 2H and
1T’ phases).

A. Governing equations
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as anti-phase variants, denoted in Fig. 1 by +/� super-
scripts). These anti-phase variants can be represented by
an ⌘p ! �⌘p transformation, such that ⌘p = ±1 inside a
1T’ domain of variant p and ⌘p = 0 otherwise.

For further simplicity, we reduce the number of order
parameters from six to three by removing the distinction
between variants related by the 1T’ x-z reflection asym-
metry (denoted in Fig. 1 by A, B subscripts). This sim-
plification prevents one from locally distinguishing be-
tween subscript A and B variants, as these are merged
into a single ⌘p, but it does not a↵ect the strain states
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invariant with respect to the operations that map the A

variants onto the B variants. This is the case, for ex-
ample, under isotropic elasticity, which will be employed
in this study. Neither should this simplification alter the
simulated 2H-1T’ morphologies when the interfacial en-
ergies of the A and B variants are identical or are small
enough to have negligible impact on the transformation
pathway.

To describe freely suspended monolayers and monolay-
ers on flexible substrates, we have reformulated the PFM
approach to incorporate out-of-plane deflections of the
2D sheet within a large deformation framework. Whereas
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tions of mechanical equilibrium expressed in terms of the
order parameters alone, our approach requires explicit
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it is possible to generalize for elastic heterogeneity, it will
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an ⌘p ! �⌘p transformation, such that ⌘p = ±1 inside a
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tween subscript A and B variants, as these are merged
into a single ⌘p, but it does not a↵ect the strain states
as long as the elastic symmetries of the 1T’ phase are
invariant with respect to the operations that map the A

variants onto the B variants. This is the case, for ex-
ample, under isotropic elasticity, which will be employed
in this study. Neither should this simplification alter the
simulated 2H-1T’ morphologies when the interfacial en-
ergies of the A and B variants are identical or are small
enough to have negligible impact on the transformation
pathway.

To describe freely suspended monolayers and monolay-
ers on flexible substrates, we have reformulated the PFM
approach to incorporate out-of-plane deflections of the
2D sheet within a large deformation framework. Whereas
the standard formulation can be fully reduced to equa-
tions of mechanical equilibrium expressed in terms of the
order parameters alone, our approach requires explicit
piece-wise minimization of the free energy with respect
to all displacements (in-plane and out-of-plane) and or-
der parameters ⌘p. We find that the increased complexity
and numerical cost are reasonably manageable. Though
it is possible to generalize for elastic heterogeneity, it will
be assumed in the present formulation that the elastic
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or stress, which couple to ⌘p as defined in the follow-
ing equations, two or more of the 1T’ minima become
the global minima and transformation is induced. The
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and 1T’-1T’ interfaces, presently assumed to be isotropic.
This could be changed if strong anisotropy can be con-
firmed by DFT. Would also still like to distinguish be-
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a description in terms of only six order parameters can
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firmed by DFT. Would also still like to distinguish be-
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✓1 = 0, ✓2 = 2⇡/3, and ✓3 = �2⇡/3.
The strain tensor ✏ij is taken here to be linear with re-

spect to gradients of in-plane displacements ui and non-
linear with respect to gradients of out-of-plane displace-
ments w,

✏ij(~r) = ✏̄ij +
1
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, (13)

which is appropriate for large out-of-plane deflections.
Under strain-controlled deformation, as considered here,
✏̄ij is interpreted as the externally imposed, applied
macroscopic strain. Strain-control implies here that the
macroscopic size and shape of the body are fully con-
strained by macroscopic boundary conditions. For a
given external strain, only displacements that do not al-
ter the body’s macroscopic size or shape are permitted.
Stress-controlled and/or mixed boundary conditions, un-
der which the body is allowed to relax and change its
macroscopic shape at fixed applied stress, can also be
considered with appropriate modifications.

We introduce an additional normalizing term, follow-
ing Kobayashi, to ensure that the free energy minima
remain at ⌘p = 0 and ±1 under all simulated conditions,
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✏̄

⇤
ij(p) is a strain tensor that sets the applied strain values

at which the global free energy minimum crosses over
from 2H to 1T’. Note that fnorm ! 0 when ⌘p = 0 or
±1 and therefore does not alter the elastic energies of the
parent or variant domains.

The bending energy of an elastically isotropic thin
plate is given by
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where the bending modulus is  = µh

3
/6(1 � ⌫). When

the boundaries of the plate are clamped, the second term
in Eq. (15) vanishes.

The exact solution for the in-plane displacements ui

can be obtained in Fourier space as
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where ~

k is wave vector, Gij(~k) is the Green’s function
of elasticity, �

0
ij(p) = �ijkl✏

0
kl(p) is the transformation

stress tensor of variant p, and .̂ denotes a Fourier trans-
formed field variable. Gij(~k) can be defined in terms
of ⌦�1
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porates nonlinear terms originating from Eq. (13), and is

defined as
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Isotropic elasticity and plane stress conditions will be
assumed to apply in the following, such that

�ijkl = µ
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and

Gij(~k) =
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The preceeding equations fully specify the free energy
of the system, for which the conditions of mechanical
equilibrium are given by Eq. (16), �Ftot/�w = 0, and
�Ftot/�⌘p = 0. The latter two equations are highly non-
linear and must be solved iteratively. We therefore take
the following approach to gradually evolve the system
toward mechanical equilibrium. Eq. (16) is first used to
directly obtain ux and uy, and then w and ⌘p are iter-
ated by identical small increments of fictitious time t.
Since both w and coherent ⌘p interfaces can in princi-
ple propagate at the speed of sound during a displacive
transformation, we evolve these variables using damped
wave equations which incorporate rapid propagation and
relaxation;
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�0,w is a uniform damping parameter, �1,w is a damping
parameter that preferentially suppresses large wavenum-
ber oscillations, and ↵w is the wave speed. ⌫w

is a Gaussian noise variable with h⌫wi = 0 and
h⌫w(~r, t)⌫w(~r0, t0)i = �2kBT �(~r � ~r
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0). Similarly,
for the order parameters,
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where analogous definitions apply. Further details of the
numerical discretization of space and time are provided
in the Supplementary Material, as well as a description
of the stochastic seeding algorithm employed later in this
section.

Models of this type are most appropriate for trans-
formations in which a group-subgroup relation exists,
and thus interfaces generally remain coherent through-
out many transformation cycles. When a group-subgroup
relation does not exist, such as in the triangular to cen-
tered rectangular transformation, the original defect-free
parent structure is not guaranteed to be recovered upon
reverse transformation to the parent phase. Instead, par-
tial dislocations may be generated such that the assump-
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which is appropriate for large out-of-plane deflections.
Under strain-controlled deformation, as considered here,
✏̄ij is interpreted as the externally imposed, applied
macroscopic strain. Strain-control implies here that the
macroscopic size and shape of the body are fully con-
strained by macroscopic boundary conditions. For a
given external strain, only displacements that do not al-
ter the body’s macroscopic size or shape are permitted.
Stress-controlled and/or mixed boundary conditions, un-
der which the body is allowed to relax and change its
macroscopic shape at fixed applied stress, can also be
considered with appropriate modifications.
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ing Kobayashi, to ensure that the free energy minima
remain at ⌘p = 0 and ±1 under all simulated conditions,

fnorm =
X

p

�
�ijkl✏

0
kl(p)

⇥
✏̄ij � ✏̄

⇤
ij(p)

⇤ �
�⌘

2
p + ⌘

4
p

� 
.

(14)
✏̄

⇤
ij(p) is a strain tensor that sets the applied strain values

at which the global free energy minimum crosses over
from 2H to 1T’. Note that fnorm ! 0 when ⌘p = 0 or
±1 and therefore does not alter the elastic energies of the
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where the bending modulus is  = µh
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the boundaries of the plate are clamped, the second term
in Eq. (15) vanishes.
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The preceeding equations fully specify the free energy
of the system, for which the conditions of mechanical
equilibrium are given by Eq. (16), �Ftot/�w = 0, and
�Ftot/�⌘p = 0. The latter two equations are highly non-
linear and must be solved iteratively. We therefore take
the following approach to gradually evolve the system
toward mechanical equilibrium. Eq. (16) is first used to
directly obtain ux and uy, and then w and ⌘p are iter-
ated by identical small increments of fictitious time t.
Since both w and coherent ⌘p interfaces can in princi-
ple propagate at the speed of sound during a displacive
transformation, we evolve these variables using damped
wave equations which incorporate rapid propagation and
relaxation;
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where analogous definitions apply. Further details of the
numerical discretization of space and time are provided
in the Supplementary Material, as well as a description
of the stochastic seeding algorithm employed later in this
section.

Models of this type are most appropriate for trans-
formations in which a group-subgroup relation exists,
and thus interfaces generally remain coherent through-
out many transformation cycles. When a group-subgroup
relation does not exist, such as in the triangular to cen-
tered rectangular transformation, the original defect-free
parent structure is not guaranteed to be recovered upon
reverse transformation to the parent phase. Instead, par-
tial dislocations may be generated such that the assump-
tion of coherency becomes less valid as more cycles are
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where the bending modulus is  = µh
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the boundaries of the plate are clamped, the second term
in Eq. (15) vanishes.
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linear and must be solved iteratively. We therefore take
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directly obtain ux and uy, and then w and ⌘p are iter-
ated by identical small increments of fictitious time t.
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ple propagate at the speed of sound during a displacive
transformation, we evolve these variables using damped
wave equations which incorporate rapid propagation and
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where analogous definitions apply. Further details of the
numerical discretization of space and time are provided
in the Supplementary Material, as well as a description
of the stochastic seeding algorithm employed later in this
section.

Models of this type are most appropriate for trans-
formations in which a group-subgroup relation exists,
and thus interfaces generally remain coherent through-
out many transformation cycles. When a group-subgroup
relation does not exist, such as in the triangular to cen-
tered rectangular transformation, the original defect-free
parent structure is not guaranteed to be recovered upon
reverse transformation to the parent phase. Instead, par-
tial dislocations may be generated such that the assump-
tion of coherency becomes less valid as more cycles are
executed. Thus, our model may adequately describe a
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Under strain-controlled deformation, as considered here,
✏̄ij is interpreted as the externally imposed, applied
macroscopic strain. Strain-control implies here that the
macroscopic size and shape of the body are fully con-
strained by macroscopic boundary conditions. For a
given external strain, only displacements that do not al-
ter the body’s macroscopic size or shape are permitted.
Stress-controlled and/or mixed boundary conditions, un-
der which the body is allowed to relax and change its
macroscopic shape at fixed applied stress, can also be
considered with appropriate modifications.
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where the bending modulus is  = µh
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the boundaries of the plate are clamped, the second term
in Eq. (15) vanishes.
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The preceeding equations fully specify the free energy
of the system, for which the conditions of mechanical
equilibrium are given by Eq. (16), �Ftot/�w = 0, and
�Ftot/�⌘p = 0. The latter two equations are highly non-
linear and must be solved iteratively. We therefore take
the following approach to gradually evolve the system
toward mechanical equilibrium. Eq. (16) is first used to
directly obtain ux and uy, and then w and ⌘p are iter-
ated by identical small increments of fictitious time t.
Since both w and coherent ⌘p interfaces can in princi-
ple propagate at the speed of sound during a displacive
transformation, we evolve these variables using damped
wave equations which incorporate rapid propagation and
relaxation;

@

2
w

@t

2
+
�
�0,w � �1,wr2

�
@w

@t

= �↵

2
w

�Ftot

�w

+ ⌫w. (20)

�0,w is a uniform damping parameter, �1,w is a damping
parameter that preferentially suppresses large wavenum-
ber oscillations, and ↵w is the wave speed. ⌫w

is a Gaussian noise variable with h⌫wi = 0 and
h⌫w(~r, t)⌫w(~r0, t0)i = �2kBT �(~r � ~r

0)�(t � t

0). Similarly,
for the order parameters,

@

2
⌘p

@t

2
+
�
�0,p � �1,pr2

�
@⌘p

@t

= �↵

2
p

�Ftot

�⌘p
+ ⌫p, (21)

where analogous definitions apply. Further details of the
numerical discretization of space and time are provided
in the Supplementary Material, as well as a description
of the stochastic seeding algorithm employed later in this
section.

Models of this type are most appropriate for trans-
formations in which a group-subgroup relation exists,
and thus interfaces generally remain coherent through-
out many transformation cycles. When a group-subgroup
relation does not exist, such as in the triangular to cen-
tered rectangular transformation, the original defect-free
parent structure is not guaranteed to be recovered upon
reverse transformation to the parent phase. Instead, par-
tial dislocations may be generated such that the assump-
tion of coherency becomes less valid as more cycles are
executed. Thus, our model may adequately describe a
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where the bending modulus is  = µh

3
/6(1 � ⌫). When

the boundaries of the plate are clamped, the second term
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equilibrium are given by Eq. (16), �Ftot/�w = 0, and
�Ftot/�⌘p = 0. The latter two equations are highly non-
linear and must be solved iteratively. We therefore take
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directly obtain ux and uy, and then w and ⌘p are iter-
ated by identical small increments of fictitious time t.
Since both w and coherent ⌘p interfaces can in princi-
ple propagate at the speed of sound during a displacive
transformation, we evolve these variables using damped
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where analogous definitions apply. Further details of the
numerical discretization of space and time are provided
in the Supplementary Material, as well as a description
of the stochastic seeding algorithm employed later in this
section.

Models of this type are most appropriate for trans-
formations in which a group-subgroup relation exists,
and thus interfaces generally remain coherent through-
out many transformation cycles. When a group-subgroup
relation does not exist, such as in the triangular to cen-
tered rectangular transformation, the original defect-free
parent structure is not guaranteed to be recovered upon
reverse transformation to the parent phase. Instead, par-
tial dislocations may be generated such that the assump-
tion of coherency becomes less valid as more cycles are
executed. Thus, our model may adequately describe a
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Theta=pi/3 (blue points) are interfaces between different p’s in our model. Anisotropy favors  
p=2/p=3 along 0 (x axis). Habits: +160/+80 & -80/-160. +160/-160 & +80/-80 may zip up along 0? 

p=1/p=left along 60/240. Habits: +40/-40 & +160/+80. +40/+80 & -40/+160 may zip up along 60 & 240? 
p=1/p=right along 120/-60. Habits: +40/-40 & -80/-160. -40/-80 & +40/-160 may zip up along -60 & 120? 

How to build into model s.t. p’s know each other ? 2-fold or 4-fold symmetry?  
Enough anisotropy for faceting? Will pick up 2H-1T’ interfaces too - ok? 

2H-1T’ anistropy still unknown (some info @ habit incl. soon) but magnitudes much larger (180-680) 
!

Theta=0 (red points) don’t exist in our model, but does this data suggest we add them? 
Says strong anisotropy should lead to faceting w/ (0,pi/6) textures, but smallness vs lowest blue point 
(pi/3,0) also says ~ok to neglect? Just more low cost texture w/in 1T’ regions? (texture w/in texture?) 

!

No results for APBs (PBC symmetry issue?) Assume negligible energies?
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1+ 1� 2+ 2�

3+ 3� 4+ 4�

5+ 5� 6+ 6�

FIG. 2: 12 variants of the 1T’ lattice relative to the 2H lattice shown in Fig. 1. Superscripts (+,
�) indicate phase/antiphase variants. Variants 1+, 1�, 2+, and 2� are produced by displacements
along the 2H y axis. 3+, 3�, 4+, and 4� are produced by displacements along the (�3a/4)x +
(
p

3a/4)y direction (60� rotation). 5+, 5�, 6+, and 6� are produced by displacements along
the (3a/4)x + (

p
3a/4)y direction (-60� rotation). Metal (M) atoms are shown in gray, upper

chalcogenide (X) atoms in light blue, and lower chalcogenide (X) atoms in dark blue.

Generalized Model
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D. Strain-variant coupling

Under zero external stress, the symmetry of the 1T’
variants favors nested 3-fold star patterns, as observed in
models of 2D ferroelastics with the same symmetry. This
is a frustrated ground state. When strain is applied, this
3-fold symmetry is broken, and in general one or two
variant orientations will become favored over the others,
depending on the strain state. For example, uniaxial ten-
sion along y favors variant p = 1, while uniaxial tension
along x favors variants p = 2 and 3. Thus the orienta-
tion of the microstructural domains can be controlled to
some degree via the orientation of applied strain relative
to the initial 2H crystal. As the dilatation ratio magni-
tude |R| increases, applied axial/hydrostatic strains more
e↵ectively select and maintain individual variants.

E. Nonlinear buckling analysis

Suspended monolayers are susceptible to buckling un-
der compressive strain, which may be externally applied
or may develop internally during strucutral transforma-
tion, even when all external strains are tensile. Con-
tinuum shell or plate theory can be used to estimate
the amount of compression required to induce buckling.
A nonlinear analysis of 1D buckling in an elastically
isotropic plate produces a buckle amplitude of

A =

s
2

µhk

2
x

q
2µh(�✏̄xx � ⌫✏̄yy)� (1� ⌫)k2

x (3)

where µ is the shear modulus, ⌫ is the Poisson ratio, h is
the plate thickness, kx is the buckle wavenumber along
x,  is the bending modulus, and ✏̄ii is the applied axial
strain. Real solutions are obtained for

�✏̄xx �
(1� ⌫)k2

x

2µh

+ ⌫✏̄yy, (4)

or equivalently for domains of size

L

⇤
x =

2⇡

k

⇤
x

� 2⇡

s
(1� ⌫)

2µh(�✏̄xx � ⌫✏̄yy)
. (5)

Using the physical constants of MoS2 (h ' 0.6nm,  '
10eV, ⌫ ' 0.29, mu ' 80GPa), we find that domains of
size L

⇤
x & 22nm will begin to buckle under compressive

strains of 0.1%, L

⇤
x & 7nm under strains of 1%, and L

⇤
x &

2nm under strains of 10%. Therefore the development of
small internal compressive strains during transformation
could quite readily lead to buckling and subsequent strain
relief.

Two factors act against the development of buckling
during transformation under uniaxial applied tension.
Consider the case of ✏̄xx = 0 and ✏̄yy > 0. First, the
sheet feels an e↵ective tension in the transverse direction
(x in this case) if it is not free to contract along x ac-
cording to its Poisson ratio. For example, if ✏̄yy = 3%

and ⌫ = 1/3, an e↵ective tension of 1% along x must be
overcome before buckling can occur in a sheet with con-
strained boundaries. Second, since it is the total elas-
tic strain ✏ij � ✏

0
ij that must become compressive dur-

ing transformation, an additional e↵ective strain equal
to �✏

0
xx is felt by a p = 1 domain. For MoTe2, this corre-

sponds to 2.68% tension, meaning that an internal com-
pression of & 3.68% must develop at ✏̄yy = 3% for buck-
ling to become possible. For MoS2 with �✏

0
xx = 0.13%,

a smaller internal compression of & 1.13% must develop
at ✏̄yy = 3% for buckling to become possible. This could
feasibly be overcome, particularly if the sheet is free to
contract along x, but transformation is not expected to
occur in MoS2 for ✏̄yy . 10%. More complicated 2D
buckling modes such as herringbone patterns could sim-
ilarly occur under equibiaxial compression, but are un-
likely to appear under any applied tensile strain.

F. Indentation

Transformation may also be induced by the tension re-
sulting from out-of-plane mechanical indentation. Here
we estimate the deflections or pressures required to in-
duce and complete transformation in MoTe2 and pre-
strained MoS2. Consider a disk of radius Rd clamped
around its perimeter and indented a distance � at its
center r = 0. If the disk is assumed to adopt a linear
displacement profile, f(r) = �(1 � r/Rd), such that in-
plane axial tension distributes uniformly over the disk,
then the relation between deflection and in-plane tension
✏ii is

� ' Rd

p
✏ii(✏ii + 2). (6)

In MoTe2, where the upper and lower coexistence bounds
computed by DFT are ✏yy ' 3.0% and 5.5%, respec-
tively, a disk with Rd = 1µm would induce and com-
plete transformation at �

⇤ ' 0.25µm and 0.34µm, respec-
tively. In MoS2, with estimated coexistence bounds near
✏yy ' 15% and 25%, transformation would begin and
end at �

⇤ ' 0.57µm and 0.75µm, respectively. A pre-
strain of 12% would reduce these values to �

⇤ ' 0.25µm
and 0.53µm, respectively. This is overly simple, I have
sketched out one or two slightly more involved calcula-
tions to estimate �

⇤, but am finding that they give similar
numbers and similar dependences on Rd and ✏

⇤
ii to those

above.
The size and morphology of domains around the inden-

ter tip and/or other stress concentrators such as clamped
boundaries are not a priori clear. One may expect a
composite disk-like or ellipsoid-like pattern of 1T’ do-
mains to form around the indenter tip, reflecting the
heterogeneous strain state produced by the indenter, but
the domain morphologies and their dependence on tip ge-
ometry, boundary conditions, etc are di�cult to predict
without the aid of numerical modeling.
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strained boundaries. Second, since it is the total elas-
tic strain ✏ij � ✏

0
ij that must become compressive dur-

ing transformation, an additional e↵ective strain equal
to �✏

0
xx is felt by a p = 1 domain. For MoTe2, this corre-

sponds to 2.68% tension, meaning that an internal com-
pression of & 3.68% must develop at ✏̄yy = 3% for buck-
ling to become possible. For MoS2 with �✏

0
xx = 0.13%,

a smaller internal compression of & 1.13% must develop
at ✏̄yy = 3% for buckling to become possible. This could
feasibly be overcome, particularly if the sheet is free to
contract along x, but transformation is not expected to
occur in MoS2 for ✏̄yy . 10%. More complicated 2D
buckling modes such as herringbone patterns could sim-
ilarly occur under equibiaxial compression, but are un-
likely to appear under any applied tensile strain.

F. Indentation

Transformation may also be induced by the tension re-
sulting from out-of-plane mechanical indentation. Here
we estimate the deflections or pressures required to in-
duce and complete transformation in MoTe2 and pre-
strained MoS2. Consider a disk of radius Rd clamped
around its perimeter and indented a distance � at its
center r = 0. If the disk is assumed to adopt a linear
displacement profile, f(r) = �(1 � r/Rd), such that in-
plane axial tension distributes uniformly over the disk,
then the relation between deflection and in-plane tension
✏ii is

� ' Rd

p
✏ii(✏ii + 2). (6)

In MoTe2, where the upper and lower coexistence bounds
computed by DFT are ✏yy ' 3.0% and 5.5%, respec-
tively, a disk with Rd = 1µm would induce and com-
plete transformation at �

⇤ ' 0.25µm and 0.34µm, respec-
tively. In MoS2, with estimated coexistence bounds near
✏yy ' 15% and 25%, transformation would begin and
end at �

⇤ ' 0.57µm and 0.75µm, respectively. A pre-
strain of 12% would reduce these values to �

⇤ ' 0.25µm
and 0.53µm, respectively. This is overly simple, I have
sketched out one or two slightly more involved calcula-
tions to estimate �

⇤, but am finding that they give similar
numbers and similar dependences on Rd and ✏

⇤
ii to those

above.
The size and morphology of domains around the inden-

ter tip and/or other stress concentrators such as clamped
boundaries are not a priori clear. One may expect a
composite disk-like or ellipsoid-like pattern of 1T’ do-
mains to form around the indenter tip, reflecting the
heterogeneous strain state produced by the indenter, but
the domain morphologies and their dependence on tip ge-
ometry, boundary conditions, etc are di�cult to predict
without the aid of numerical modeling.
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variants favors nested 3-fold star patterns, as observed in
models of 2D ferroelastics with the same symmetry. This
is a frustrated ground state. When strain is applied, this
3-fold symmetry is broken, and in general one or two
variant orientations will become favored over the others,
depending on the strain state. For example, uniaxial ten-
sion along y favors variant p = 1, while uniaxial tension
along x favors variants p = 2 and 3. Thus the orienta-
tion of the microstructural domains can be controlled to
some degree via the orientation of applied strain relative
to the initial 2H crystal. As the dilatation ratio magni-
tude |R| increases, applied axial/hydrostatic strains more
e↵ectively select and maintain individual variants.

E. Nonlinear buckling analysis

Suspended monolayers are susceptible to buckling un-
der compressive strain, which may be externally applied
or may develop internally during strucutral transforma-
tion, even when all external strains are tensile. Con-
tinuum shell or plate theory can be used to estimate
the amount of compression required to induce buckling.
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tions to estimate �
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boundaries are not a priori clear. One may expect a
composite disk-like or ellipsoid-like pattern of 1T’ do-
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heterogeneous strain state produced by the indenter, but
the domain morphologies and their dependence on tip ge-
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(x in this case) if it is not free to contract along x ac-
cording to its Poisson ratio. For example, if ✏̄yy = 3%
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xx is felt by a p = 1 domain. For MoTe2, this corre-

sponds to 2.68% tension, meaning that an internal com-
pression of & 3.68% must develop at ✏̄yy = 3% for buck-
ling to become possible. For MoS2 with �✏

0
xx = 0.13%,

a smaller internal compression of & 1.13% must develop
at ✏̄yy = 3% for buckling to become possible. This could
feasibly be overcome, particularly if the sheet is free to
contract along x, but transformation is not expected to
occur in MoS2 for ✏̄yy . 10%. More complicated 2D
buckling modes such as herringbone patterns could sim-
ilarly occur under equibiaxial compression, but are un-
likely to appear under any applied tensile strain.

F. Indentation

Transformation may also be induced by the tension re-
sulting from out-of-plane mechanical indentation. Here
we estimate the deflections or pressures required to in-
duce and complete transformation in MoTe2 and pre-
strained MoS2. Consider a disk of radius Rd clamped
around its perimeter and indented a distance � at its
center r = 0. If the disk is assumed to adopt a linear
displacement profile, f(r) = �(1 � r/Rd), such that in-
plane axial tension distributes uniformly over the disk,
then the relation between deflection and in-plane tension
✏ii is

� ' Rd

p
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In MoTe2, where the upper and lower coexistence bounds
computed by DFT are ✏yy ' 3.0% and 5.5%, respec-
tively, a disk with Rd = 1µm would induce and com-
plete transformation at �

⇤ ' 0.25µm and 0.34µm, respec-
tively. In MoS2, with estimated coexistence bounds near
✏yy ' 15% and 25%, transformation would begin and
end at �

⇤ ' 0.57µm and 0.75µm, respectively. A pre-
strain of 12% would reduce these values to �

⇤ ' 0.25µm
and 0.53µm, respectively. This is overly simple, I have
sketched out one or two slightly more involved calcula-
tions to estimate �

⇤, but am finding that they give similar
numbers and similar dependences on Rd and ✏
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ii to those

above.
The size and morphology of domains around the inden-

ter tip and/or other stress concentrators such as clamped
boundaries are not a priori clear. One may expect a
composite disk-like or ellipsoid-like pattern of 1T’ do-
mains to form around the indenter tip, reflecting the
heterogeneous strain state produced by the indenter, but
the domain morphologies and their dependence on tip ge-
ometry, boundary conditions, etc are di�cult to predict
without the aid of numerical modeling.
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1+ 1� 2+ 2�

3+ 3� 4+ 4�

5+ 5� 6+ 6�

FIG. 2: 12 variants of the 1T’ lattice relative to the 2H lattice shown in Fig. 1. Superscripts (+,
�) indicate phase/antiphase variants. Variants 1+, 1�, 2+, and 2� are produced by displacements
along the 2H y axis. 3+, 3�, 4+, and 4� are produced by displacements along the (�3a/4)x +
(
p

3a/4)y direction (60� rotation). 5+, 5�, 6+, and 6� are produced by displacements along
the (3a/4)x + (

p
3a/4)y direction (-60� rotation). Metal (M) atoms are shown in gray, upper

chalcogenide (X) atoms in light blue, and lower chalcogenide (X) atoms in dark blue.

Generalized Model

Our description of strain-induced structural phase transformations in 2D TMD mono-
layers is based on the phase field microelasticity (PFM) approach to martensitic transfor-
mations introduced by Wang, Khachaturyan, et al. [1–3]. PFM models of this type can be
formulated for general elastically inhomogeneous systems, but for the sake of simplicity we
begin with an elastically homogeneous description that is formulated in terms of continuous
order parameter (OP) fields ⌘p(r) (p = 1, 2, ..., n). These OPs represent the long-range order
profiles of the n = 6 orientation variants (each OP describes a variant p+ and its antiphase
counterpart p�). The free energy of the system is therefore defined in terms of these OP
fields, and can be generically decomposed as

Ftot = Fchem + Eel, (1)

where Fchem is defined as the stress-free energy of the structurally inhomogeneous state and
Eel is the strain energy functional.
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Phase Field Model of Strain-Induced
Structural Transformations in 2D TMD Monolayers

April 26, 2015

Background

MX2 structures
Strain engineering to tune electric, photonic, mechanical properties

Devices can be made from layers with coexisting in-plane metallic and semiconducting
domains (Chhowalla et al)

2H (semiconducting) to 1T’ (metallic) structural transformation induced by applied tensile
strain in Group VI TMDs (Reed et al)

Displacive transformation, shu✏e along 1 of 3 2H lattice directions
Alloying M atoms to tune transformation strain and T (Reed et al, unpublished)

Geometry of the 2H to 1T’ Displacive Transformation

The 1T’ structure can be generated from the 2H lattice by shu✏e/displacement opera-
tions along 1 of 3 axes, each separated by 120�, as dictated by the 3-fold symmetry of the
2H lattice (Fig. 1). Mirror and 180� rotational symmetry operations on the 1T’ unit cell
can be shown to generate 4 di↵erent structures for a given 1T’ orientation relative to the
2H parent (Fig. 2). 2 of these structures are associated with the 1T’ y-z mirror asymmetry,
and each of these has an antiphase variant associated with the x-y mirror asymmetry. This
leads to 3⇥ 4 = 12 total variants.
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FIG. 1: From left to right: 2H, 1T, and 1T’ lattices. Side views are shown in the upper panel, top
views in the lower panel. Metal (M) atoms are shown in gray, upper chalcogenide (X) atoms in
light blue, and lower chalcogenide (X) atoms in dark blue.
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FIG. 2: 12 variants of the 1T’ lattice relative to the 2H lattice shown in Fig. 1. Superscripts (+,
�) indicate phase/antiphase variants. Variants 1+, 1�, 2+, and 2� are produced by displacements
along the 2H y axis. 3+, 3�, 4+, and 4� are produced by displacements along the (�3a/4)x +
(
p

3a/4)y direction (60� rotation). 5+, 5�, 6+, and 6� are produced by displacements along
the (3a/4)x + (

p
3a/4)y direction (-60� rotation). Metal (M) atoms are shown in gray, upper

chalcogenide (X) atoms in light blue, and lower chalcogenide (X) atoms in dark blue.

Generalized Model

Our description of strain-induced structural phase transformations in 2D TMD mono-
layers is based on the phase field microelasticity (PFM) approach to martensitic transfor-
mations introduced by Wang, Khachaturyan, et al. [1–3]. PFM models of this type can be
formulated for general elastically inhomogeneous systems, but for the sake of simplicity we
begin with an elastically homogeneous description that is formulated in terms of continuous
order parameter (OP) fields ⌘p(r) (p = 1, 2, ..., n). These OPs represent the long-range order
profiles of the n = 6 orientation variants (each OP describes a variant p+ and its antiphase
counterpart p�). The free energy of the system is therefore defined in terms of these OP
fields, and can be generically decomposed as

Ftot = Fchem + Eel, (1)

where Fchem is defined as the stress-free energy of the structurally inhomogeneous state and
Eel is the strain energy functional.
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SCAN & other atomistic approaches:
• Further development of SCAN & SCAN + rVV10
• Improvements to SCAN for strongly-correlated systems
• Ab-initio calculations of interfacial properties in TMDs
• Tuning electronic properties of TMDs via substrate engineering
• Confinement effects on catalytic activity

Coarse-grained approaches:
• Coupling between mechanical deformations and electronic properties in 

monolayer TMDs
• Heterogeneous/homogeneous alloy systems

Current/future work

THRUST II

This%work%was%supported%as%part%of%the%CCDM,%an%Energy%Fron:er%Research%Center%funded%
by%the%U.S.%Department%of%Energy,%Office%of%Science%under%Award%#DEFSC0012575%%

WHAT’S NEEDED:  Improved synergy between different 
computational approaches; connection to experiments 
within CCDM; …????


