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ABSTRACT: The new compound WTe,I was prepared by a
reaction of WTe, with iodine in a fused silica ampule at
temperatures between 40 and 200 °C. Iodine atoms are
intercalated into the van der Waals gap between tungsten
ditelluride layers. As a result, the WTe, layer separation is
significantly increased. Iodine atoms form planar layers between
each tungsten ditelluride layer. Due to oxidation by iodine the
semimetallic nature of WTe, is changed, as shown by comparative
band structure calculations for WTe, and WTe,I based on density
functional theory. The calculated phonon band structure of WTe,I
indicates the presence of phonon instabilities related to charge
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density waves, leading to an observed incommensurate modulation of the iodine position within the layers.

B INTRODUCTION

Transition metal dichalcogenides (TMDCs) are quasi-two-
dimensional layered materials, formed by monolayers of metal
atoms sandwiched between layers of chalcogen atoms. Weak
van der Waals interlayer bonding between building blocks of
hexagonal chalcogen layers with nearly octahedral or nearly
trigonal prismatically coordinated metal atoms allow many
polytypes to form.'™*

The weak interlayer bonding permits intercalations, quite
akin to other layered materials such as graphite,” allowing the
incorporation of various metal atoms® '’ and organic
molecules' "' between the layers to form stoichiometric or
nonstoichiometric compounds. Depending on the intercalated
species, changes in the physical properties of the host can
occur. In addition, such intercalated species can be used as
precursors for the exfoliation of single TMDC layers.">~"®

Tungsten ditelluride (WTe,)"” is a typical TMDC that
crystallizes with the so-called distorted 1T (T;) structure. The
structure resembles a distorted derivative of the TiS,”
structure with distorted tellurium octahedra and tungsten
atoms shifted away from octahedral centers, thereby forming
W—W zigzag chains along the a-axis direction (Figure 1). The
arrangement of tungsten atoms in the structure plays a
significant role in the remarkable electronic properties of
WTe,. Electronic structure calculations have revealed WTe, to
be a semimetal.”' ">’ Physical studies have revealed many
unusual properties of WTe,, including charge density wave
(CDW)**™*" formation, superconductivity,”> large magneto-
resistance,”” and the presence of nontrivial topological
properties such as the appearance of type-II Weyl Fermions,**
making this material interesting for a variety of electronic
applications. Herein, we demonstrate that the oxidation of
WTe, by iodine and the formation of the intercalated species
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WTe,I modifies the electronic structure and therefore changes
the properties of this material. According to our knowledge,
this type of anionic intercalation has not been reported before
in a TMDC and may be applicable to other TMDC systems as
well.

B EXPERIMENTAL SECTION

Synthesis of WTe, and WTe,l. Manipulations of starting
materials were performed in an argon-filled glovebox (MBraun,
Labmaster 130, O, < 1 ppm, H,0 < 1 ppm). WTe, was prepared in a
dry, vacuum-sealed silica ampule with a 1:2 molar ratio of tungsten
powder (ABCR GmbH, 99.95%, 0.6—0.9 um) and tellurium pieces
(Evochem, 99.999%) heated at 800 °C for 24 h (total mass = 1 g). An
additional 0.1 equiv of WClg (Arcos, 99.9+%) was added as an oxygen
getter.

WTe,I was prepared by heating a 1:2 molar mixture of WTe, and
iodine (Honeywell, >99.8%) in a dry, vacuum-sealed silica ampule at
100 °C for 16 h. The product appeared as black powder. Excess
iodine aggregated at the top of the ampule.

Synthesis of WTe,l Single Crystals. The as-prepared WTe,
product contained some single crystals. Carefully selected single
crystals of WTe, were heated with an approximately 4 molar excess of
iodine at 120 °C for 16 h.

Powder X-ray Diffraction. PXRD patterns of products were
collected with a Stadi-P (STOE, Darmstadt) powder diffractometer
using germanium monochromated Cu—K,, radiation (1 = 1.5406 A)
and a Mythen 1K detector.
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Figure 1. Projection of the WTe, structure. View along the c-axis of
the distorted T structure in which tungsten (gray) atoms follow a
CDW along the g-axis. Tungsten atoms are shifted off the octahedral
centers formed by tellurium (yellow) atoms.

ICP-OES. After dissolution of WTe,l in 2 wt % NaOH/H,0,, the
W/Te/I ratio was determined by ICP-OES (iCAP 7400 Thermo
Fisher Scientific).

Thermal Analysis. Differential thermal analysis (DTA) and
thermal gravimetry (TG) measurements were performed with a
Netzsch Jupiter, STA 449 F3 apparatus between room temperature
and 350 °C with a heating and cooling rate of 2 K min™" in a bespoke
silica crucible (height: 2 cm, inner diameter: 0.6 cm, thickness of wall:
0.1 cm).

DFT Calculations. Calculations were performed using the
ABINIT software package with the projector augmented-wave
(PAW) method and a plane-wave basis set.’™*® The Perdew—
Burke—Ernzerhof exchange—correlation functional was used with the
vdw-DFT-D3 dispersion correction.’”** PAW data files were used as
received from the ABINIT library.>” Methfessel—Paxton smearing was
used to determine band occupation.*” Convergence studies and
structural relaxation were performed prior to calculation of the
electronic structure. Spin—orbit coupling was included by calculation
of the electronic wave function of each spin separately, as described in
ref 41. Example input files are available as part of the Supporting
Information.

B RESULTS AND DISCUSSION

Reactions of metal dichalcogenides with halides have been
reported to yield mixed chalcogenide-halide cluster com-
pounds. An example is the formation of Re;Se,Br; from ReSe,
with Br, (at 450 °C).* Following this example we have
explored the reaction of WTe, with iodine. WTe, can be
prepared from well-known transport reactions of the elements
in fused silica tubing, like other transition metal chalcoge-
nides.'”*"*7% A detailed study of the reaction of WTe, with
iodine in a fused silica ampule reveals several reaction steps
with increasing temperature and iodine pressure. The first step
is an intercalation of iodine into interlayers of the WTe,
structure, yielding the new compound WTe,l, which occurs
following heating above 40 °C in a closed vessel. When heated
above 200 °C, iodine and Tel, are released until
(Tel,),[Wl,,] is formed at 250 °C.*’

A chemical analysis of WTe,I by inductively coupled plasma
optical emission spectrometry (ICP-OES) confirmed the
identity of the product with an average ratio of elements
(from a number of measurements) corresponding to W:Te:I =
1:1.98:0.99.

The crystal structure of WTe,l is closely related to that of
WTe, but contains jodine atoms in interlayers and was refined
by powder X-ray diffraction (PXRD) in the centrosymmetric
space group Pmmn (Figure 2).

The structure refinement converged with a conclusive crystal
structure model, revealing unusually high anisotropic displace-
ment parameters (ADPs) of the iodine atoms (Table S2). A
single-crystal X-ray analysis of the reciprocal a*/b* plane
(Figure S2) revealed perturbations of some weak Bragg
reflections away from the exact regularity of the basic lattice
reflections. The PXRD pattern exhibits a few additional
reflections (with I/I,, = 1/100, marked with asterisks in
Figure 2) that could not be assigned to any known compound
(and the purity of all starting materials was carefully checked
by EDX, ICP-OES, and RFA).
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Figure 2. PXRD refinement pattern of WTe,] at 298 K with the experimental (red) and calculated (black) patterns of the Rietveld refinement.
Bragg positions (green) of WTe,I and the difference curve (blue) are also shown. Asterisks (*) are discussed in the main text.
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The observation of large ADPs of the iodine atoms can be
seen to be indicative of a modulation of the iodine atom
arrangement in interlayers of the structure. Hence, based on
our PXRD studies, we can only provide an average location of
the iodine atoms relative to the WTe, lattice. Low-temperature
PXRD measurements (at 120 and 12 K) did not introduce a
significant change in the diffraction pattern, nor in the iodine
ADPs (Figure SS, Figure S6, and Table S8).

The a, b, and ¢ axes in WTe,I correspond to the ¢, a, and b
axes, respectively, in WTe,. Individual WTe, layers and
corresponding W—W and W-Te distances are nearly
unchanged before and after the reaction with I, (Table 1).
Therefore, the cell dimensions within the layers remain almost
the same. However, due to the intercalation of iodine between
adjacent WTe, layers, the lattice parameter along the stacking
direction are approximately doubled (Table 1, compare the c-
axis of WTe, and a-axis of WTe,I) (Figure 3). The relative
orientation of adjacent WTe, layers changes compared to
WTe, in a way such that the tungsten chains are aligned
parallel along the stacking axis.

Iodine atoms form nearly square (Figure 4), planar layers
within the bc-plane with I-I distances of 3.18(1) A and
3.48(1) A. A similar arrangement of iodine layers with values
of 3.32 and 3.84 A was reported in the unusual intercalation
compound (Te,),(I,).*” Another, more closely related, TMDC
intercalation compound containing a planar iodine network is
AuTe,],* which has I-I distances of 4.06(1) and 4.74(1) A.

As noted above, the incorporation of iodine atoms into the
structure of WTe, yields a significant increase of the interlayer
W-W (from 7.01 A in WTe, to 10.95 A in WTe,]) and Te—
Te (from 3.911to 6.813 A) distances. This increase is huge in
comparison to cationic intercalation compounds like in WS,In
(increasing from 6.16 A in WS, to 6.18 A in WS,In).”" As a
result of this strong interlayer expansion and weak interaction
forces between layers, dislocations are typically obtained (see
Figure S1).

The intercalation reaction between iodine and WTe, in a
sealed ampule proceeds without a detectable calorimetric
feature. The deintercalation of iodine from WTe,I under
ambient pressure can be observed above 100 °C (Figure $).
The observed exothermic effect corresponds to the enthalpy of
sublimation of the released iodine (in a constant argon flow of
60 mL/min) and has no correlation with the intercalation
energy.

Electronic Structure. The calculated electronic band
structure of WTe,l is shown in Figure 6. This electronic
structure calculation was performed on the average structure,
as determined by XRPD; a discussion of the potential origins

Table 1. Crystallographic Data and W—W and W—Te
Distances of WTe, and WTe,l

WT(-‘:;_48 WTe,l
space group Pmn2, Pmmn
a/A 3.477(2) 21.8967(2)
b/A 6.249(4) 3.4759(0)
c/A 14.018(9) 6.3270(1)
V/A3 304.6(3) 481.54(1)
d(W—W)/A 2.85(1), 3.48(1) 2.87(1), 3.48(1)
d(W-Te)/A 2.70(1)—2.80(1) 2.68(1)—2.83(1)
d(Te-1)/A - 4.14(1)— 4.36(1)
Ripgg - 5.0301
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Figure 3. Perspective projection of the crystal structure of WTe,],
showing a layered arrangement. Tungsten atoms are shown gray,
iodine atoms in violet, and tellurium atoms in yellow.
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Figure 4. Arrangement of a rectangular net of iodine atoms on top of
a WTe, layer of the WTe,l structure (W = gray, Te = yellow, I =
violet).
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Figure S. DTA/TG measurement of WTe,l in an open SiO,
container up to 350 °C with complete iodine loss (DTA: red line,
TG: black line).

and effects of a modulation of the iodine positions can be
found below. Comparison of Figure 6 to the band structure of
WTe, (Figure 7) shows that the addition of iodine layers into
the structure increases the density of states (DOS) at the
Fermi level significantly, leading to a transition from a
semimetal to a metal. These additional states are largely
located between the I' ([000]), X ([1/200]),and Z ([00 1/
2]) points in reciprocal space. The projected density of states
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Figure 6. Electronic band structure and density of states of WTe,], calculated with spin—orbit coupling. The projected densities of states within the
PAW spheres are shown as colored lines at right. Special points in the Brillouin zone are shown as an inset.
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Figure 7. Electronic band structure and density of states of WTe,,
calculated without spin—orbit coupling (see ref 8 c for the band
structure with spin—orbit coupling). The projected densities of states
within the PAW spheres are shown as colored lines at right.

shows that the states around the Fermi level have contributions
from W, Te, and I atoms; many of the states project onto
interatomic regions which cannot be assigned to a single atom.
Along the '=Y—S—X-T" path in reciprocal space (Figure 6),
the calculated band structure of WTe,l closely resembles that
of WTe, along the I'=X—U—Z-T" path, with the Fermi level
shifted downward in energy by approximately 0.5 eV. The
significant increase in the DOS at the Fermi level following the
addition of iodine can therefore be partially attributed to the
depletion of some electron density from the tungsten telluride
layers into the iodine layers. The magnitude of this charge
transfer can be estimated from the calculated density of states
of WTe, and WTe,l as 0.7 electrons per formula unit. In
WTe,, an avoided crossing of two bands due to spin—orbit
coupling near the Fermi level along the I'=X direction gives
rise to Weyl semimetal behavior.””** The addition of iodine to
form WTe,] moves the Fermi level away from the
corresponding feature (located between I' and Y), into a
region with more conventional bands at the Fermi surface.
The addition of iodine to WTe, also creates additional
bands at the Fermi level between R ([1/2 1/2 1/2]) and S

1414

([1/21/2 0]) and between Y ([01/20]) and T ([0 1/2 1/2])
(compare Figure 6 and Figure 8). These bands have very high
dispersion, indicating small effective electron masses and large
charge carrier mobility. They are associated with Dirac cone-
like anticrossings lying approximately 0.5 eV below the Fermi
level. Several methods were used to investigate the nature of
these highly dispersive bands. Projections of the wave
functions near each atom onto spherical harmonics were
used to determine the atomic and orbital character of the wave
functions corresponding to the bands. As shown in Figure 10,
this indicates that the bands of interest can be largely assigned
to iodine p, orbitals. To validate this result, the electronic band
structure of the iodine layer alone was calculated, and the
features between R and S and Y and T can also be found there
(Figure 8).

Careful examination of the electron density around the
iodine atoms (Figure 9) shows evidence of bonding (i.e., some
interstitial electron density) in chains along c. Stronger
bonding is indicated between iodine atoms with an interatomic
distance of 3.148 A in the XRD crystal structure. The
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Figure 8. Electronic band structure of the iodine layers in WTe,l.
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Figure 9. Density of valence electrons in a section through iodine
atoms in the bc plane. A slight increase in electron density between
iodine atoms along ¢ evidence I-I bonding. The Te atoms above the
plane are shown for comparison.

formation of dimers along ¢ indicates that the bands with p,
character (Figure 10) correspond to ¢ bonding and
antibonding orbitals.

The effects of modulation of the iodine layers upon the
electronic band structure were investigated by calculation of
the electronic band structure of WTe,I with a displacement of
the iodine atoms by —0.25 along ¢ (Figure S3), in order to test
the sensitivity of the band structure to the Te—I distances. The
band structure was mostly unchanged, with the largest
modification being a significant increase in energy of the
valence band between R, S, Y, and T. This increase led to the
valence band reaching the Fermi level at R and T, indicating
that modulation of the iodine layers may introduce more states
which contribute to electronic conductivity. Shifting the iodine
atoms such that there is only one crystallographically
independent I-I distance resulted in no noticeable effect on
the electronic band structure (Figure S4).

Calculation of the phonon band structure of WTe,]I revealed
the presence of several soft modes (modes with imaginary
frequencies, shown as negative values in Figure 11). These
modes indicate instabilities of the crystallographic Pmmn
structure and can be identified as Kohn anomalies, that is, they
indicate that a charge-density wave ordered structure is more
stable at 0 K than the Pmmn structure.' The CDW ordering
can be commensurate or incommensurate with the lattice
vectors. The presence of these Kohn anomalies therefore offers

Energy (eV)

Figure 10. Projected contributions of p, spherical harmonics to
electronic bands in WTe,]I, shown in red as fatbands.
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Figure 11. Calculated phonon band structure of WTe,l.

an explanation for the modulation of the iodine layers detected
by X-ray diffraction and indicate that a phase transition to a
CDW disordered state can be expected on heating (although
decomposition could happen prior to such a transition).

The Kohn anomalies are related to nesting vectors of the
Fermi surface (Figure 12); the introduction of additional
sheet-like bands crossing the Fermi level therefore opens new
possibilities for such nesting. The phonon band structure also
shows numerous triply degenerate nodal points between R and
S and Y and T, where optic bands invert and become lower in
energy than the acoustic bands. These topological features can
act as additional phonon scattering centers and lead to glass-
like thermal conductivity.>”** There are also numerous
crossings and near-crossings of bands, especially near T
which may correspond to Dirac points which could, by
breaking the inversion symmetry, be transformed into
topologically charged Weyl phonons.”***

The nature of the CDW can be determined by examination
of the eigenvectors of the soft modes, which are shown in
cartoon form in Figure 13. These modes all involve oscillations
of iodine atoms along b, with rocking motions of the Te, layers
being incorporated in some cases. Since the soft modes involve
motions of individual iodine atoms, not rigid I, units, we can
conclude that the CDWs are related to instabilities of the weak
I-I bonds seen in the average structure and in Figure 9. This
offers an interesting parallel to the dissociation of I-I bonds
under pressure in solid iodine, which involves the formation of
a modulated structure where some of the I-I distances vary
between the values seen in the average structure.’®

TR ZU TR
S)Y sSY
zZU TR
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Figure 12. Calculated Fermi surface of WTe,l. Nesting vectors (from
left to right, [0 0 0.52], [0 0.34 0.20], [0 0.28 0], and [0 0 0.45]) are
shown as black arrows.
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Figure 13. A cartoon view of several soft modes in WTe,l. The modes
with the largest imaginary frequency (most negative values in Figure
8) at the Z, T, R, and U points are shown. Linear oscillations of I
atoms are shown as black arrows, and rocking motions of the WTe,
layers are shown as curved arrows.

B CONCLUSIONS

The reversible intercalation of iodine into the structure of
WTe, is presented with an average crystal structure of WTe,l
obtained by PXRD. Iodide atoms in interlayers of the structure
appear not fully ordered and show therefore anomalous large
ADPs. Single-crystal studies have revealed additional reflec-
tions inconsistent with the Bragg reflections of the structure,
leading to the assumption of the presence of an incommen-
surable structure.

To our knowledge, the example of WTe,I represents the first
reported halide intercalation into a dichalcogenide structure.
Although other intercalation compounds of WTe, with alkali
ions are known, no crystal structures have been reported in
ICSD.* In light of the many unusual physical properties of
WTe,, this intercalate with oxidized WTe, layers represents an
interesting material for electronic applications. Electronic band
structure calculations reveal WTe,I to be metallic and to have
steep bands with dominant iodine p-band character crossing
the Fermi level. The phonon band structure indicates that
modulation of the iodine layers is due to Kohn anomalies in
the Pmmn structure. Halogen intercalation is therefore
demonstrated to present a potential method to reversibly

modify the physical properties of WTe,.
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