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Abstract

We use total scattering to study the reversible transition between the polar 1T’ and non-polar Tq
phases of layered MoTe» taking place at 240 K. Whereas, macroscopically, the transition appears
to be first-order, locally, it is not. In particular, a great deal of the stacking sequence of Te-Mo-Te
layers characteristic to the polar 1T phase persists locally in the non-polar T4 phase, and vice
versa, over a broad temperature range extending about 100 K both below and above the transition.
The intermixing ratio for the two sequences evolves gradually across the transition temperature,
consistent with a second-order transition behaviour. The presence of coexisting local polar and
non-polar regions and the resulting variety of internal interfaces where the spatial inversion
symmetry is broken may be behind some of the unusual electronic properties of Tq-MoTeo,
including its putative type-II Weyl semimetal state.

L. Introduction
Transition metal chalcogenides (TMDs) have attracted an immense interest due to their fascinating
properties and promise for practical applications. A typical example is MoTe>, which has been
reported to exhibit giant magnetoresistance [1-4], non-linear Hall effect [5-10], tunable polar
domains [11-13] and superconductivity that is strongly influenced both by pressure and doping
[11, 14,15]. The material has also been suggested to exhibit properties of a type-1I Weyl semimetal,
an exotic quantum state of matter, where the so-called Weyl points appear at the intersections
between hole and electron pockets [16-23]. It is generally believed that the unique properties of
MoTe; are rooted in its specific layered structure, rich phase diagram and structural tunability [24-
27].

In particular, at room temperature, MoTe: crystalizes in a centrosymmetric hexagonal (2H)
Space Group (S.G.) P6s/mmc type structure, where a perfect trigonal prism of Te atoms surrounds
each Mo atom. At high temperature (>1175 K), it adopts a centrosymmetric monoclinic (1T”) S.G.
P2;/m type structure, where each Mo atom is surrounded by an octahedron of Te atoms, but is
shifted away from its center. The shift is due to metal-metal interactions and results in the
formation of zigzag chains of Mo atoms [28-30]. Notably, MoTe> is unique among the TMDs
because it can be grown in both the stable 2H and unstable 1T’ polymorphs at room temperature.

When cooled down to about 240 K, the latter undergoes a phase transition into a non-



centrosymmetric orthorhombic (Tq) S.G. Pnm2; type structure [31]. In all three polymorphs, Mo
and Te atoms form triple Te-Mo-Te layers, which stack along the ¢ axis of the unit cell and interact
via week van der Walls forces. The layers are perfect in 2H-MoTe» and corrugated in 1T’-MoTe»
due to the metal-metal interaction. The interactions distort Mo-Tos octahedra in the latter, causing
the ¢ axis to incline at a monoclinic angle f of about 93.8 deg. to the layers. As illustrated in Figure
1(a,b), orthorhombic T¢-MoTe: is built from the same layers of distorted Mo-Tes octahedra as
1T’-MoTe: is but exhibits a vertical layer stacking sequence (=90 deg.). Due to their distinctly
different atomic structure, 2H-MoTe» appears semiconducting whereas 1T’-MoTe; and Tq-MoTe»
appear semimetallic [32-34]. However, regardless the atomic structure of 1T ’and Tq phases of
MoTe; is similar, Weyl points may exist only in the latter because of the broken crystal inversion
symmetry [17,18, 35]. Accordingly, most recent studies have concentrated on T¢-MoTe,. It has
been observed that 1T’ and Tq phases co-exist over a wide temperature range extending on both
sides of the transition temperature, suggesting that the energy barrier between them is small but
significant and the crystal lattice is likely to be imperfect in that range [11, 13, 36]. The
imperfections are indeed manifested by the presence of significant diffuse scattering in x-ray [31]
and neutron scattering data [37] obtained near the phase transition. Single crystal studies showed
that, at a macroscopic level, imperfections in TMDs, including MoTe», could involve crystal
twinning and domain fragmentation [38]. On an atomic level, the imperfections could include
unusual distortions of TM-chalcogenide polyhedral units and buckling of chalcogenide-TM-
chalcogenide layers [39]. It has also been recognized that, due to the weak inter-layer interaction,
the imperfections in TMDs are also likely to include stacking faults, involving sliding and rotation
of individual chalcogenide-TM-chalcogenide layers [40]. The nature of structural imperfections
accompanying the 1T°-T4 phase transition in MoTe>, however, is not well revealed because they
have been largely studied by crystallographic techniques that are able to capture well the average
crystal symmetry but may be less successful in revealing fine imperfections of the underlying
crystal lattice. Knowledge of the imperfections and their temperature evolution is important for
clarifying the structural origin of the thermal hysteresis in the low-temperature properties of MoTe»
and puzzling variations in the experimental data and theoretical predictions for the unusual
electronic properties of T¢-MoTe [21, 22, 41, 42].

Here we use advanced x-ray scattering techniques that are applicable to systems with any type

of lattice imperfections [43, 44], including TMDs [39, 45,46], to study the transition between the



IT’ and T4 phases of MoTe, over a broad temperature range. We show that as-synthesized
monoclinic 1T°-MoTe; does not exhibit significant structural imperfections at room temperature.
Upon cooling to Tc=240 K, it undergoes a transition into a phase with an average orthorhombic
crystal symmetry that, macroscopically, appears to be the Tq phase. The phase, however, exhibits
significant local structural imperfections arising from the presence of 1T -type layer stacking
sequence down to 150 K. In turn, upon warming, the layer stacking sequence characteristic to the
orthorhombic Tq phase is preserved well-above T¢, rendering the reconstructed 1T’ phase locally
imperfect in comparison to the pristine one. We argue that the observed phenomenon is a
manifestation of a local atomic structure memory effect, where local structure features
characteristic to the 1T -phase remain frozen in the Tq phase at least 100 K below T, and such of
the latter survive in the former up to about 100 K above T¢. The effect is likely to impact collective
electronic states and related properties of Ty¢-MoTe> significantly and therefore ought to be
accounted for in their considerations. The results expand our knowledge about phase transitions in
TMDs involving emergent quantum states of matter and also demonstrate an experimental

approach to study them in fine structural detail.

2. Experiment

A high-quality 1T’-MoTe; sample was provided by 2DSemiconductors [47]. It was subjected
to XRD experiments using synchrotron x-rays with energy of 105.7 keV (A=0.1173 A). Scattered
intensities were recorded using a 2D amorphous Si detector in a Debye-Sherrer geometry. The
detector was positioned 1000 mm away from the sample to achieve high-g resolution, where the
wave vector ¢ is defined as g=4 nsin(0)/ A and 0 is the Bragg angle. Here it may be added that, due
to the azimuthal integration of the Debye-Sherrer rings, the use of a 2D detector helps not only
optimize the data collection time and improve the statistical accuracy of the XRD data but also
minimize effects of preferred orientation on the data [46,48], which may occur in diffraction
studies on layered materials such as MoTe> [49]. Data in a broad temperature range from 150 K to
350 K were collected using Oxford Cryostream 700+ device to control the temperature of the
sample. Diffraction patterns obtained during cooling the sample from 350 K to 150 K and then
warming it back to 350 K are summarized in Figure 1c and 1d, respectively. Bragg peaks in the
diffraction patterns are sharp, reflecting their good resolution. Inspection of the patterns shows that
several Bragg peaks change systematically with temperature. In particular, in as-synthesized

MoTe,, the diffraction feature at 2.4 deg. appears as a doublet, whose components can be indexed
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as (-112)m and (112)m peaks using a monoclinic (S.G. P2i/m) lattice. The diffraction feature at
2.65 deg. also appears as a doublet, whose components can be indexed as (-113)m and (113)m
peaks using the same lattice, confirming the 1T -type structure of the as-synthesized sample. The
components merge into singlets with decreasing temperature, becoming, respectively, (112)o and
(113)o Bragg peaks characteristic to an orthorhombic (S.G. Pnm2;) lattice. The observation
confirms that MoTe> acquires a Ty-type structure below 240 K. In line with the findings of other
studies [11, 31, 50], the singlets split into doublets upon a subsequent warming the sample to room
temperature, indicating that the reconstructed MoTe; phase restores its initial 1T’-type structure.
The degree of splitting of the doublets in the XRD pattern of the reconstructed 1T’-MoTe> phase
is less well-expressed in comparison to as-synthesized 1T°-MoTe: phase (see Fig. 1e), indicating

that the former is less perfect at atomic level in comparison to the latter.

3. Results and discussion
To obtain more detailed information about the evolution of the average crystal structure with
temperature, the experimental XRD patterns were subjected to Rietveld analysis The analysis was
performed using the software GSAS II [51]. Exemplary results of Rietveld analysis of patterns
obtained during cooling the sample are shown in Figure 2. Exemplary results of Rietveld analysis
of patterns obtained during a subsequent warming the sample are shown in Figure 3. As can be
seen in Figure 2, diffraction patterns for as-synthesized MoTe: collected at temperature above 240
K, are well fit by a model based on the monoclinic 1T’ -structure. The diffraction pattern obtained
at 150 K, i.e. well-below T, is relatively well fit by a model based on the orthorhombic Tq-type
structure. The pattern obtained at 200 K upon cooling, however, exhibits weak signatures of
splitting of the Bragg peaks at 2.4 deg. and 2.65 deg. and, hence, is difficult to be reproduced well
by the Tq model alone. As can be seen in Figure 3, the 1T’ structure is not fully recovered until the
sample 1s warmed to 350 K. Overall, results of Rietveld analysis indicate that some features of the
monoclinic 1T’ structure survive bellow T., where the average crystal structure appears to be of
the orthorhombic Ty type. Also, the diffraction patterns of as-synthesised and reconstructed 1T°-
MoTe; phases appear significantly different at room temperature, indicating the presence of
thermal hysteresis effects in the atomic rearrangement accompanying the reversible 1T’ to Tq

phase transition in MoTe:.



To obtain more detailed information about the evolution of the local atomic structure with
temperature, we conducted atomic pair distribution function (PDF) analysis [43, 44]. In particular,
we collected another set of diffraction patterns, this time positioning the 2D detector 300 mm away
from the sample. This experimental arrangement allowed us to collect diffraction data to ¢ values
as high as 30 A-!, which is important for obtaining atomic PDFs with high real-space resolution
(see Figure S1 in Supplemental Material [52]). Atomic PDFs were derived from the patterns using
well-established procedures [53], as explained in Supplemental Material [52]. The PDFs are
summarized in Figure 4. Selected atomic PDFs are shown over an extended range of r-values in
Figures 5 and 6.

As can be seen in Figures 4-6, the experimental atomic PDFs for studied MoTe, show well-
defined peaks to high real space distances. The observation indicates that it has a well-defined
local atomic structure over a broad temperature range, including the 1T’ to T4 phase transition.
PDF peaks positioned at distances within the unit cell of 1T and Tq phases, i.e. at distances < 15
A, exhibit fine changes with temperature (see Figure 4a). PDF peaks positioned at longer-r
distances change markedly with temperature, and also exhibit clear thermal hysteresis effects (see
Figure 4b,c). To reveal what causes the changes, the atomic PDFs were fit with structure models
based on the 1T’ and Tq structures using the software PDFGui [54]. Note that, as defined and
obtained, PDFs reflect structural information from all physically meaningful components of the
diffraction data used for their derivation. As a result, fits to experimental PDFs are sensitive to
both the average crystal structure, producing sharp Bragg peaks, and local structural imperfections,
producing diffuse scattering. This is advantageous when characterizing changes in the atomic
arrangement in 1T’-MoTe, and Tq-MoTe> because the two phases are built of similar Te-Mo-Te
layers that can slide with respect to each other leading to local variations in the layer stacking
sequence, i.e. stacking faults. The approach is different from the traditional Rietveld analysis of
diffraction data in reciprocal space, where diffuse scattering is largely neglected and, typically,
phase analysis is based on a relatively small number of strong, low-angle Bragg peaks. Exemplary
fits to PDFs obtained during cooling as-synthesized 1T’-MoTe> down to 150 and then warming it
up to 350 K are shown in Figures 5 and 6, respectively.

As can be seen in Figure 5, and in line with the findings of Rietveld analysis shown in Figure
2a, the PDFs for as-synthesized 1T’-MoTe> obtained at 300 K and 250 K, i.e. above T, can be

very well reproduced by a structure model based on a monoclinic (S.G. P2;/m) structure. Notably,



the model reproduces the experimental data over a broad range of real space distances, including
atomic pair correlations within (< 15 A) and well beyond the crystallographic unit cell (15 A - 60
A). The monoclinic structure alone, however, does not reproduce well the experimental PDF data
obtained below Tc. The low-r part of these PDF data is well reproduced by an orthorhombic (S.G.
Pnm2;) structure model. The orthorhombic model, however, fails to reproduce well atomic pair
correlations beyond the crystallographic unit cell at any temperature down to 150 K

As can be seen in Figure 6, upon warming, atomic pair correlations within the crystallographic
unit cell remain orthorhombic-like below and appear monoclinic-like above 240 K, respectively.
However, up to 300 K, atomic correlations beyond the crystallographic unit cell cannot be
described well either by the monoclinic or orthorhombic model alone. In line with results from
Rietveld analysis, PDF fit results show that the monoclinic type of 1T’-MoTe; crystal structure is
indeed completely recovered upon warming only after the temperature reaches 350 K (see
Supplementary Figure S2 in [52]).

Lattice parameters obtained by Rietveld analysis of XRD patterns are summarized in Figure 7.
An orthorhombic (S.G. Pnm2;) type model was used to fit the XRD patterns obtained below Tc
and a monoclinic type model (S.G. P2;/m) model was used to fit the XRD patterns above T¢. The
major difference between the models is the value of angle B, which is 90 deg. for the former and
approximately 93.8 deg. for the latter. Also shown in Figure 7 are lattice parameters derived by
fits to low-r PDF data (< 15 A), which are very sensitive to atomic correlations within the
crystallographic unit cell of 1T’-MoTe, and Tq-MoTe,. The goodness-of-fit indicators, Ry [52],
for the PDF fits are summarized in Figure 8(a,b). Data for Ry, show that the crystallographic unit
cell of studied MoTe; phases is indeed predominantly orthorhombic and monoclinic below and
above Tk, respectively. Rietveld and PDF fit derived lattice parameters shown in Figure 7 are seen
to exhibit a discontinuity at T.=240 K, indicating that, macroscopically, the phase transition
between the 1T’ and Tq phases is first order both upon cooling and warming.

Results from fits to higher-r PDF data (15 A - 60 A), however, show that the interatomic
correlations beyond the crystallographic unit cell are not well reproduced either by the monoclinic
or orthorhombic model alone below 240 K upon cooling and up to 300 K upon warming.
Therefore, we approached the higher-r part of atomic PDFs obtained in this temperature range by
a model featuring a mixture of 1T” and T4 phases, which, locally, appears as a mixture of co-

existing monoclinic (1T -type) and orthorhombic (Tg-type) stacking sequences of near identical



Te-Mo-Te layers. The model performed very well as the exemplary PDF fits in Figure 9 show.
The relative percentage of monoclinic type stacking sequence (Figure 1b) in the studied MoTe»
phases is shown in Figure 8c. As can be seen in the Figure, a large portion of Te-Mo-Te layers in
the orthorhombic T4 phase appear stacked in a sequence characteristic to the monoclinic 1T phase
down to 150 K, i.e. down to almost 100 K below T.. Also, contrary to the case of as-synthesized
1T’-MoTe: phase, a significant portion of Te-Mo-Te layers in the reconstructed 1T’ phase appear
stacked in a sequence characteristic to the orthorhombic Tq phase up to 350 K, i.e. up to about 100
K above T.. Lastly, the relative ratio of the monoclinic to orthorhombic stacking sequence in the
studied phases is seen to evolve continuously across T. and also exhibit a significant thermal

hysteresis effect (see Figure 8c).

4. Conclusion

The picture emerging from the results of our study is as follows: Though metastable at room
temperature, as-synthesized 1T’-MoTe, may appear largely free from structural imperfections at
atomic level. Upon cooling down, continuously, layers in 1T’-MoTe> slide with respect to each
other, forming an orthorhombic type stacking sequence. The average crystal symmetry, as revealed
by Rietveld analysis of XRD data, and the crystallographic unit cell, as revealed by analysis of
low-r atomic PDF data, become predominantly orthorhombic at T.=240 K. Upon further cooling,
the relative percentage of monoclinic-type stacking of Te-Mo-Te layers in the emerged T4 phase
keeps diminishing but remains very substantial down to 150 K, as revealed by analysis of the
higher-r part of atomic PDFs. Upon a subsequent warming, the relative percentage of layers
stacked monoclinically increases steadily but reaches 100 % only when the temperature is
increased to about 350 K, that is, a considerable fraction of layers in the reconstructed 1T -phase
remain stacked orthorhombically up to about 100 K above T.. Here it may be mentioned that recent
neutron scattering studies on MoTe> monocrystals indicated that, upon warming, monoclinically
and orthorhombically-like stacked Te-Mo-Te layers may form a pseudo-orthorhombic polar
superstructure near Tc [50]. A structure model based on that superstructure does not perform much
better than either the monoclinic or orthorhombic models does alone and definitely is not as good
in reproducing the experimental PDF data as the “intermixed stacking sequences” model
considered here (see Supplementary Figure 3 in [52]). However, our results do not completely rule
out the possibility of a spontaneous formation of superstructures of monoclinically and

orthorhombically-like stacked Te-Mo-Te layers near the reversible 1T’ to T4 phase transition.



Likely, such a formation would strongly depend on the thermal prehistory of the studied sample.
More studies are required in this regard.

The main difference between the 1T’ and Tq phases of MoTe; is the stacking of Te-Mo-Te
planes, which is largely controlled by van der Waals interactions. Though weak in general, the
interactions appear to sustain co-existing 1T’- and Tds-type stacking over a broad temperature
range. The co-existence would cause the electronic and lattice excitations in the Tq and recovered
1T’ phases to exist in locally mixed states with respect to lattice polarity, likely making trivial and
topological electronic phenomena intrinsically entangled. It has to be recognized that even though
the reversible 1T’ to T4 phase transition appears first order macroscopically, as indicated by the
disappearance of splitting of Bragg diffraction peaks and presence of discontinuity in the lattice
parameters, it is continuous locally, i.e. second order like, as indicated by the gradual evolution of
the relative percentage of 1T°- vs Tg-type stacking of Te-Mo-Te layers near Tc. This smears
changes in the electronic and thermal transport properties accompanying the transition by
introducing a landscape of transition temperatures. Under such conditions, the kinetics of the 1T’
to Tq phase transition can be hindered and hence the system adopt a metastable state persisting far
below the transition temperature, which is different from a macroscopic phase segregation.
Because this state may vary from sample to sample, experimental data and theoretical predictions
envisioning a perfect crystal structure may be difficult to reconcile. Furthermore, the presence of
coexisting local polar and non-polar regions in this state, including the resulting variety of internal
interfaces where the spatial symmetry is broken, may indeed be behind some of the unusual
properties of T¢-MoTe,. Recent high-pressure neutron diffraction studies on the 1T’ to T4 phase
came to a similar conclusion and described the state as a network of inner 1T°/Tq4 interfaces [57].
Therefore, achieving control over not only the average but also local crystal structure of T¢-MoTe»,
particularly in terms of relative percentage and pattern of stacking faults, would allow us to explore
novel physics, including new geometries of the Fermi surface and Weyl semimetal states in
proximity of superconductivity, warranting further investigations. The investigations will benefit
from non-traditional techniques for atomic structure characterization as the atomic PDF analysis

employed here.
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Figure 1. Atomic structure of (a) monoclinic 1T’ (5= 93.8 deg.) and (b) orthorhombic Ta4 (8= 90

deg.) phases of MoTe: projected on the(B ,8 atomic plane. The respective unit cells are outlined with
a broken blue line. The phases are built of corrugated layers of Mo-Te octahedra stacked along the ¢
axis of the unit cell, where the c-axis parameter of the unit cell for both phases is close to 14 A. The
layers are identical but positioned somewhat differently on top of each other in the different phases.
Thus R (~4.5 A)> R3(~3.9 A) and R3 (~4.6 &) > Ry (~3.9 A) for the 1T” and Tu phases, respectively
(follow the blue arrows). In both phases, R> appears close to 3.80 A. Mo atoms are in light brown and

Te atoms are in red. The @ axis of the unit cell is perpendicular to the (B,E) atomic plane. Also, note
that, for clarity, the unit cell orientation of the Tq structure is changed from the standard,(a. b, ¢) S.G.

Pnm2; setting to the symmetry equivalent (F:E,’Ej S.G. Pmn2; setting. High-energy XRD patterns for
MoTe: obtained during cooling (c) the sample down from 350 K to 150 K (blue arrow) and then (d)
warming it back to 350 K (red arrow). (¢) Evolution of XRD features at Bragg angles of 2.4 and 2.65
degs with temperature. The feature at 2.4 degs. in the XRD pattern of as-synthesized 1T’-MoTez is
split into two components at 350 K. The components can be indexed as (-112)m and (112)m Bragg
peaks using a monoclinic (S.G. P2:/m) lattice. The components merge into a single peak upon
cooling down to 150 K, which can be indexed as (112)o Bragg peak using an orthorhombic (S.G.
Pnm2;) lattice. Furthermore, the feature at 2.65 deg. in the XRD pattern of as-synthesized 1T°-
MoTe: is split into two components at 350 K, which can be indexed as (-113)m and (113)m Bragg
peaks using a monoclinic (S.G. P2:/m) lattice. The components merge into a single peak upon
cooling down to 150 K, which can be indexed as (113)o Bragg peak using an orthorhombic (S.G.
Pnm2;) lattice. Both (112)o and (113)o Bragg peaks split again upon a subsequent heating to 350 K,
indicating that the recovered 1t’-MoTez restores its monoclinic structure. The splitting, however, is
less pronounced in comparison to that observed with as-synthesized 1T’-MoTeo.
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Figure 2. Rietveld fits (red line) to high-energy XRD patterns (symbols) for MoTe: phases collected at
different temperature during cooling the sample from 350 K down to 150 K. The residual difference (blue
line) is shifted by a constant factor for clarity. Vertical green lines denote Bragg peaks in the respective
model structures. Goodness-of-fit indicators, Rwp, are given for each data set. Fits in (a) are based on the
monoclinic (S.G. P2;/m) structure exhibited by 1T’-MoTex. Fits in (b) are based on the orthorhombic
(S.G. Pnm2;) structure exhibited by Ta-MoTez. Diffraction features appearing in the angular range from
2.3 to 2.8 deg. are shown in the inset. Miller indexes assigned to the peaks are those defined in Figure le.
Results in (a) show that the diffraction patterns collected at 300 K and 250 K are well fit by the
monoclinic 1T’ structure. Refined monoclinic lattice parameters and atomic positions for these two fits are
given as Supplemental Material [52]. The structure is less successful in describing the diffraction pattern
collected at 200 K and particularly that collected at 150 K. Results in (b) show that the latter is fit
relatively well by the Ta model. The model is less successful in describing the diffraction data collected at
200 K but still fits them to an acceptable level. The model, however, fails to fit the data sets collected
above T¢ (=240 K). Refined orthorhombic lattice parameters and atomic positions for the fits to XRD data
obtained below T are given as Supplemental Material [52]. Note that the Bragg peak profiles are not
perfectly reproduced by the successful fits to the data sets obtained at 150 K (T4 model) and 250 K (1T’
model). This is largely due to the presence of local structural imperfections such as stacking faults, which
tend to distort the Bragg peak profiles [55, 56] and are difficult to be accounted for in Rietveld analysis.
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Figure 3. Rietveld fits (red line) to high-energy XRD patterns (symbols) for MoTe: phases collected at
different temperature during warming the sample from 150 K to 350 K. The residual difference (blue line)
is shifted by a constant factor for clarity. Vertical green lines denote Bragg peaks in the respective model
structures. Goodness-of-fit indicators, Rwyp, are given for each data set. Fits in (a) are based on the
monoclinic (S.G. P2;/m) structure exhibited by 1T’-MoTe:. Fits in (b) are based on the orthorhombic
structure (S.G. Pnm2;) exhibited by Tq-MoTez. Bragg peaks appearing in the angular range from 2.3 to 2.8
degs. are shown in the inset. Miller indices assigned to the peaks are those defined in Figure le. Results in
the plots show that the diffraction pattern collected at 200 K is quite well fit by the orthorhombic T4 model.
The diffraction pattern obtained at 250 K is somewhat better fit by the 1T’ structure model in comparison
to the Tq model. Refined lattice parameters and atomic positions for these two fits are given as
Supplemental Material [52]. The 1T’ model clearly outperforms the Tq one in the case of data collected at
300 K upon warming. The quality of fit, however, is inferior in comparison to the pattern for as-
synthesized sample also collected at 300 K but upon cooling (compare with data in Figure 2a). The
diffraction pattern collected at 350 K is very well reproduced by the monoclinic 1T’-type model. The same
is true for the respective PDF data set shown in Supplementary Figure S2 [52]. Refined monoclinic lattice
parameters and atomic positions for the 1T’ model fits to XRD patterns collected at 300 K and 350 K are
also given as Supplemental Material [52]. Note that the Bragg peak profiles are not perfectly reproduced by
the successful fits to the data sets obtained at 300 K (1T’ model), 250 K (both models) and 200 K (T4
model). This is due to the presence of structural imperfections such as stacking faults, which tend to distort
the Bragg peak profiles [55, 56] and are difficult to be accounted for in Rietveld analysis.

14



\ (a) (b) (c)
. 350 K] 350 K 350 K
A A AANANAN 084 W
< A A A e
SEM oY e i
& QU/MU \/\ N\ ’:' ‘: (304-’ V\w\\t\ﬂw %“AW My
& 24 \//% WA\VA/ oA L MWMM\WW o]
é a \J/N\J \_\//\\//\/ ; ‘~:\ :‘ ) t , E j’ ¥ J\«/i/ /\V(\/: AWW/\J
g 132\\/&}\/\% \\/\W i ,:z VAN, < Nw\/q/\\v :IMJ(\/ W “M M\W\
S TN N EEVVI e
~ VM /A\/\ \ a7 A %\M\V\%M/N\W
ot 3 &\// N \/N g \f\f\:’&wm\%\ W
o - - 150 A . 150 K :
2 SRadi‘;I disfanceer(A) T Raggl distancae5 r(A) 0 % e % “

Radial distance r(A)

Figure 4. (a) Low-r part of atomic PDFs for MoTe> phases obtained at different temperature during
cooling (blue line) the sample from 350 K to 150 K and then warming it (red line) back to 350 K. The
temperature sequences are those shown in Figures 1c and 1d, respectively. The first PDF peak is positioned
at about 2.9 A. It reflects first neighbor Mo-Mo and Mo-Te distances involving adjacent Mo-Tes octahedra.
Also, it does not change much with temperature, indicating that, barring a small contraction/expansion, the
octahedra do not change significantly during the reversible 1T’ to Tq phase transition. The second PDF
peak at about 3.5 A reflects second neighbor Mo-Mo and near neighbor Te-Te distances. Its shape appears
different at 150 K and 350 K (follow the vertical black arrow) because interlayer Te-Te distances in 1T’
and Ta phases are different, as shown in Figure 1. (b) PDF peaks appearing at longer distances are sharp
both above and below T, indicating that Te-Mo-Te layers do not undergo an unusual buckling [39] during
the phase transition. The peaks, however, exhibit a clear thermal hysteresis effect. The effect is highlighted
in (c), where the intensity difference, A PDF, between PDFs obtained at the same temperature once upon

cooling and a second time upon warming the sample is given. The effect is seen practically all over the
temperature interval accessed in the present studies.

15



(@) (b)
05

r)o" R=17% R,=21% (0.2 . 300K R =24% R,=45% 0.2
: .
)

| Ti

{250 K~ R =21% 0.2
0.5-§ S

-0.2

0.2

o
(S

0.0

Atomic PDF G(r)
Atomic PDF G(r)

o

1-0.2

0.2

g5 \
"2 5 10 20 30 40 50 60 2 5 10 20 30 40 50 60
Radial distance r(A) Radial distance r(A)

Figure 5. Structure model fits (red line) to experimental atomic PDFs (symbols) obtained at different
temperature during cooling the sample from 350 K to 150 K. The residual difference (blue line) is
shifted by a constant factor for clarity. Fits in (a) are based on a monoclinic (1T’-type) structure model.
Fits in (b) are based on an orthorhombic (Tq-type) structure model. The fits are performed over a range
of r-values from 2 A to 60 A. For each data set, results of the fit to low- (2 A to 15 A) and higher-r (15 A
to 60 A) PDF parts are shown side by side on a different scale. Goodness-of-fit factors Ry are also
shown. Note that the c-axis lattice parameter for both 1T and Td phases is about 14 A. Thus, fits to the
low-r PDF part are particularly sensitive to atomic pair correlations within the crystallographic unit cell
of the phases. Fits results indicate that the crystallographic unit cell is of a monoclinic (S.G. P2:/m) type
(Rw <20 %) above T. (=240 K). It increasingly becomes orthorhombic (S.G. Pnm2;) like (Rw < 20 %)
when the temperature is decreased below T.. Furthermore, above T, atomic correlations both within and
beyond the crystallographic unit cell are of the same monoclinic type (the respective Rw values are both
low and comparable in magnitude). Below T¢, however, atomic correlations beyond the crystallographic
unit cell are not entirely either monoclinic or orthorhombic in character, because both the respective Rw
values (> 30 %) and the residual difference are large. Note that the quality of fit, as estimated in terms
of Rw factors, for the low-r part of atomic PDFs obtained at 300 K and 150 K is comparable to that
achieved in [46].
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Figure 6. Structure model fits (red line) to experimental atomic PDFs (symbols) obtained at different
temperature during warming the sample from 150 K to 350 K. The residual difference (blue line) is
shifted by a constant factor for clarity. Fits in (a) are based on a monoclinic (1T’-type) structure model.
Fits in (b) are based on an orthorhombic (Ta-type) model structure. The fits are performed over an r-range
from 2 A to 60 A. For each data set, results of the fit to low- (2 A to 15 A) and higher-r (15 A to 60 A)
PDF parts are shown side by side on a different scale. Goodness-of-fit factors Rw are also shown. Note
that the c-axis lattice parameter for both 1T and Td phases is about 14 A. Thus, fits to low-r PDF part are
particularly sensitive to atomic pair correlations within the unit cell of the phases. Fits results indicate
that the crystallographic unit cell at 200 K is of an orthorhombic (S.G. Pnm2;) type (Rw =20 % for the
orthorhombic vs 22 % for the monoclinic) and increasingly becomes monoclinic-like (S.G. P2/m-type)
with increasing temperature (Rw = 18 % for the monoclinic vs 24 % for the orthorhombic model at 300
K). At any temperature, neither the monoclinic nor the orthorhombic model alone can reproduce well the
atomic correlations beyond the crystallographic unit cell (the respective Rw values are above 30 % and the
residual difference is large).
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Figure 7. Evolution of lattice parameters for MoTez phases during cooling (blue symbols) the sample
from 350 K down to 150 K followed by warming it (red symbols) back to 350 K. Data are derived
through Rietveld fits to high-energy XRD data (circles) (e.g. see Figures 2 and 3) and fits to the low-r
part (2 A to 154) of atomic PDFs (e.g. see Figures 5 and 6) obtained at the respective temperature.
The crystallographic unit cell above 240 K is monoclinic with lattice parameters a # b # ¢, and
monoclinic angles a=y= 90 deg. and f~93.8 deg. The crystallographic unit cell bellow 240 K is
orthorhombic with lattice parameters a # b # ¢ and angles o=p=y=90 deg. Barring small differences in
the position of atoms, the major difference between the two unit cells is that the former is inclined and
the latter is not (see Figure 1a,b). The experimental lattice parameters show a clear hysteresis and a
more (c parameter) or less (a and b parameters) pronounced discontinuous change at 240 K, indicating
that the 1T’ to Taphase transition is first order. Also, the lattice parameters derived through Rietveld
analysis appear somewhat shorter than those derived through fits to atomic PDFs. Difference between
Rietveld and PDF analysis derived lattice parameters may appear because the former does not and the
latter accounts for the diffuse component of the diffraction data [44,45]. Note that, for clarity, the unit

cell parameters for the Ta phase are reported not in the standard,(a, b, Ej S.G. Pnm2; setting but in the
symmetry equivalent (b, @, ¢) S.G. Pmn2; setting.
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Figure 8. Goodness-of-fit indicators, R, for fits to the low-r part of atomic PDFs (2 A -
15 A) obtained during (a) cooling and then (b) warming the sample. The fits are based on a
monoclinic (S.G. P2;/m; magenta triangles) and orthorhombic (S.G. Pnm21; black circles)
unit cells. The results clearly show that the crystallographic unit cell is essentially
orthorhombic below and monoclinic above 240 K. The black and magenta broken lines are
a guide to the eye. (c) Change in the relative percentage of local monoclinic vs
orthorhombic-like stacking of Te-Mo-Te layers during cooling (blue symbols) and
warming (red symbols) the sample. The percentage exhibits a clear hysteresis effect and
changes continuously across the transition temperature, consistent with a second-order
transition behaviour. Notably, signatures of local orthorhombic-like stacking appear in
1T’-MoTe:z above Tc upon cooling and persist well above Tc upon warming. Also, the
percentage of monoclinic-like stacking in the Ta phase remains rather high at 150 K, i.e.
100 K below T.. For reference, macroscopically, the Ta phase appears orthorhombic at 150
K, as indicated by the lack of splitting in the (112)o Bragg peak (Figure 1e) and good-
quality of Rietveld analysis of the respective XRD pattern in terms of an orthorhombic
structure (see Figure 2b). When the trend of data in (c) is extrapolated smoothly toward
low temperature, that percentage appears to approach zero well below 50 K. The vertical
black arrow in (a) and (b) is a guide to the eye.
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Figure 9. Structure model fits (red line) to experimental atomic PDFs (symbols) obtained
during (a) cooling and (b) warming the sample. The residual difference (blue line) is shifted by a
constant factor for clarity. For each data set, results of the fit to low- (2 A to 15 A) and higher-r
(15 A to 60 A) PDF parts are shown side by side on a different scale. Goodness-of-fit factors Ry
are also shown. The model features a mixture of locally co-existing monoclinic (1T’-type) and
orthorhombic (Ta-type) stacking sequences of Te-Mo-Te layers. The relative percentage of the
two sequences is shown in Figure 8c. The quality of the fits at higher-r values is outstanding
comparing to the single-phase model fits in Figures 5 and 6.
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