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The composition dependence of the charge density wave (CDW) state is investigated in the solid
solution of 1T-TiSes.xTez using neutron scattering and the pair density function analysis. It is
observed that the CDW order is quickly suppressed with doping, between 0.2 < x < 0.25. The sup-
pression of the CDW is coupled with a change in the local symmetry from hexagonal to monoclinic.
In the monoclinic, high temperature phase, a Jahn-Teller (JT) distortion is observed between Ti
and Se bonds that is suppressed with Te doping. These observations favor a CDW that is driven by
a cooperative JT effect as Ti-Se bond shortening is crucial to CDW formation and excess chalcogen

to Ti charge transfer inhibits the JT mechanism.

I. INTRODUCTION

The transition metal dichalcogenides (TMD) are quasi-
two dimensional layered materials that exhibit many
interesting electronic properties from topological Weyl
semimetals’ to quantum spin liquids®. A notable prop-
erty common to many TMD materials is a charge density
wave (CDW) ordering. CDWs frequently occur in prox-
imity to other interesting phenomena, such as supercon-
ductivity, in materials with competing order. TMDs such
as TiSey exhibit prototypical CDW transitions that al-
low the CDW transition to be studied decoupled from
other phenomena. CDWs occur in many polytypes, such
as the octohedral 1T and trigonal prismatic 2H, in which
the number refers to the number of monolayers in the unit
cell and the letter refers to the local coordination of the
transition metal atom. 1T-TiSey has been extensively
studied for its charge density wave (CDW) transition
occurring upon cooling below 200 K2. The mechanism
driving this transition is still controversial despite years
of research, with exciton condensation? and a pseudo-
Jahn Teller (JT) effect® proposed as candidate processes
driving the CDW order.The layered structure makes 1T-
TiSe; a good candidate for thin film applications® .
Furthermore, superconductivity has been discovered at
CDW domain walls under pressure,'® with the interca-
lation of Cu'! or substitution of Ti with Ta or Pd.!?13
More recently, TiSe; has been proposed as a cathode ma-
terial for Mg ion batteries', spurring an increase in in-
terest in the CDW order and revitalizing the effort to un-
derstand this phase transition'®!®. Using a combination
of angle-resolved photoemission spectroscopy (ARPES)
and neutron scattering on pristine TiSes, we proposed
that a JT mechanism associated with local symmetry
breaking in the low temperature phase is necessary to
describe the CDW!'?. On the other end of the phase
diagram, TiTe; does not exhibit a CDW transition for
reasons that have not been explored. How the CDW dis-
appears as a function of x in TiSes Te, has not been
investigated. While it is to be expected that Te dop-

ing will eventually suppress the CDW transition, a study
of the solid solution with doping can provide insight to
what happens to the lattice with doping. Understand-
ing how the lattice changes between the CDW forming
members of the doping series and the non-CDW forming
members is important to uncovering the lattice effects of
CDW formation.

Both 1T-TiSe; and TiTey crystallize in the CdI-type
structure. The structure consists of a hexagonal lattice
of Ti atoms surrounded by chalcogen atoms in a trig-
onally distorted octahedral environment (Fig 1la). The
TiXg (X=Se, Te) octahedra are arranged in X-Ti-X lay-
ers that are held together by Van der Waals forces??. The
CDW phase of the 1T-TiSe; is a triple q state formed
by wave vectors q; = (%,O,%), @ = (O,%,%), and @3 =
(1,%.1). The electronic character of TiSes is a semimetal
with a negligible gap, with a hole pocket from the Se 4p
band at the ' point of the Brillouin Zone (BZ) and elec-
tron pockets from the Ti 3d bands at M2!. TiTe, is a
semimetal with an indirect gap of 0.6 eV between the Te
5p and Ti 3d bands??-23. In this paper we present results
from neutron scattering experiments of solid solutions of
TiSes «Te, that show the CDW transition is suppressed
between 0.2 < x < 0.25 Using the pair density function
(PDF) analysis we observe changes in the local struc-
ture that persist above the CDW transition temperature
(Tcpw), with atomic distortions indicative of a JT dis-
tortion and we present a phase diagram showing that the
CDW transition vanishes between 0.2 < x < 0.25 as Te is
doped into TiSe;. We also observe how the trigonal dis-
tortions associated with the CDW phase are suppressed
with Te doping. It is suggested that Te doping inhibits a
cooperative JT effect, which suppresses the CDW phase.

II. EXPERIMENT

Powder samples were prepared by the solid state reac-
tion method by mixing elemental Ti, Se, and Te. The
powders were pelletized and sealed in a quartz tube and



heated to 800 °C for 48 hours and slowly cooled to room
temperature. They were ground and pelletized for a sec-
ond time before sintering under the same conditions to
increase phase homogeneity. Samples of TiSes_Te, were
prepared for x = 0 (pristine TiSesy,) 0.025, 0.05, 0.1, 0.2,
0.25, 0.3, 0.5, 1, and 2 (pristine TiTey). Experiments
were conducted using the constant wavelength difrac-
tometers, BT-1 at the NIST Center for Neutron Research
(NCNR) and HB-2A at the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory (ORNL). The
wavelengths used for the measurements were A = 1.540 A
(Cu 311) at NCNR and A\ = 1.539 A (Ge 115) at HFIR.
Further measurements were carried out at the time-of-
flight neutron diffractometer, the Nanoscale Ordered Ma-
terials Diffractometer (NOMAD) at the Spallation Neu-
tron Source (SNS) of ORNL. NOMAD is a diffractometer
with a large bandwidth of momentum transfer, Q, and
provides the total structure function S(Q). The S(Q) was
Fourier transformed into real space to provide the PDF24.
The PDF is a real space representation of the atomic cor-
relations and does not assume any lattice periodicity. For
the Fourier transform of this data, we used a maximum
Q of 40 A1

The PDF analysis is a powerful tool for analyzing the
local atomic structure and takes diffuse scattering into
account. It is obtained after the sample environment and
empty vanadium can are subtracted from the S(Q) and
the data is normalized by a vanadium rod. The PDF is a
function that contains information about the distribution
of distances between atoms in the unit cell and is defined
as:

Gr)owy = > [ QIS(Q) = 1)sin(@r)iQ
0

A model G(r) can be calculated from the atomic coor-
dinates and unit cell dimensions of the crystal model to
obtain:

1 b;b;

G(T)mod = - Z; — 2 d(r —rij) — 4mpo
where b; is the scattering length for atom ¢ and p, is
the atomic density of the crystal. The model G(r)moq is
refined to fit the experimental G(r)exp when differences
are observed.

III. AVERAGE STRUCTURE

We first begin by describing the average structure. In
Fig 1(b), the diffraction pattern is shown as a function
of temperature for the x = 0 system. Earlier studies re-
ported the high temperature phase of x = 0 to be hexag-
onal with space group P3ml and lattice constants a =
b = 3.537 £+ 0.003 A and ¢ = 6.00 + 0.030 A?>. Below
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FIG. 1. (a) The unit cell for the undistorted hexagonal phase
at high temperature. (b) A temperature dependent superlat-
tice peak appears below Tcpw in the TiSez sample. A com-
parison of the breathing mode (c) unit cell consistent with
the local structure and the rotation mode (d) distortions that
have been previously reported.

200 K, the CDW state forms and a 2 x 2 x 2 superlat-
tice peak appears while the symmetry changes to P3cl.
The reported crystal structure modulation that leads to
the CDW is the one by Di Salvo et al® which consists
of a rotational distortion and displacements of 0.014 +
0.003 A and 0.042 + 0.007 A of the Se and Ti atoms,
respectively, around the Star of David motif. Given that
the Te distortion is larger than the Se distortion the Star
of David becomes distorted. The result of the distortion
is the creation of TiSeq trimers with slightly shortened
bonds? as shown in Fig. 1(c).

Superlattice peaks at half-integer (hkl) indices of the
primitive hexagonal unit cell are observed (Fig 1b). The
CDW distortion is small, thus the intensity of the CDW
peaks are of the order of 1% of the non-CDW peaks,
which is comparable to the intensity of the reflections
reported from single crystal diffraction®. The superlat-
tice peaks are similar in intensity to the peaks arising
from impurities such as elemental Ti, Se, and Te, hence
a superlattice reflection is shown with a 260 that does not
coincide with reflections from the extra phases. Fig. 1(b)
shows the temperature dependence of the (%, 0, 4) peak
in TiSey. The diffraction data are fit using the reported
symmetries of P3¢l at 7 and 100 K and P3m1 at 300 K
with x2 = 3.57, 3.49, and 4.43, respectively.

Upon doping, the low temperature symmetry remains
unchanged but the CDW transition is quickly suppressed.
Shown in Fig. 2(a) is a plot of the diffraction patterns
at two temperatures for x = 0.2. Evidence for the com-
mensurate CDW order is observed in this composition
as well, but by x = 0.25, shown in Fig 2(b), the CDW
transition is suppressed.

As the x increases as seen in the nominally x = 1 sam-
ple the low temperature crystal symmetry deviates from
the hexagonal lattice of TiSe;. At low d-spacing shoul-
ders appear on Bragg peaks as seen in the expanded range
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FIG. 2. (a) As Te is doped into the system the superlattice
peak still appears with x = 0.2. (b) At x = 0.25 the su-
peralattice peak is no longer present and the CDW has been
suppressed. (c) At x = 1 shoulders appear on peaks in the
diffraction pattern due to a monoclinic local structure. (d)
The superlattice peak does not appear at the Te end of the
doping spectrum.

of the diffraction data in Fig. 2(c) that are indicative of
a monoclinic distortion. The diffraction patterns for x =
1 can be fit using the symmetry P2/m with y? = 4.881.
Refinement of occupancy of Se and Te suggests that the
stoichiometry is closer to x = .6, although the unit cell
size agrees with the literature?®. No CDW is observed
and the material does not show a structural phase tran-
sition upon warming. At x = 2, in TiTez, no CDW peaks
are observed either (Fig. 2(d)), consistent with the aver-
age structure reported in previous studies of TiTe,.

IV. LOCAL STRUCTURE

The observed CDW peaks cannot be uniquely de-
scribed by the P3cl symmetry, however. As we recently
found, a superlattice with identical lattice constants and
distortions described using P3m1 symmetry fits the av-
erage structure of TiSes as well, while improving the fit
of the local distortions'®. The P3m1 symmetry contains
a breathing mode distortion while the P3cl symmetry
contains a rotational distortion. Local analysis must be
employed to see how the distortions occur in the solid
solution. Shown in Fig. 2 is the G(r) corresponding to
the local atomic structure of TiSes at (a) 2 K and (b)
300 K. The negative Ti-Se correlation peak at 2.55 A has
a shoulder to the left at 2.41 A. The magnitude of the
split is not temperature dependent but the intensity is.
This is shown in the insets of Fig 3. The P3cl CDW
model of Di Salvo fits the local structure of the 2 K data
well except for the first Ti-Se peak. This is seen in Fig
2(a) and in the inset. While the distortions associated
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FIG. 3. (a) The local structure of TiSe; in the low temper-
ature CDW phase is fit with the previously reported P3cl
model and with a P3ml model. Both fit long range correla-
tions well but only the P3m1 model can reproduce splitting
of the first peak. (b) The high temperature phase local struc-
ture is fit with the hexagonal average structure and with a
monoclinic model. Only the monoclinic model can reproduce
correlations above 9 A.

with the CDW phase lead to shortened Se-Ti-Se trimers
as seen in Fig 1(c), the bonds are only shortened by 0.06
A which is not nearly enough to reflect the distortion in
the local strucutre. However, when the symmetry con-
straints are relaxed to P3ml the first peak can be fit well
as seen in the figure. This is because in this symmetry,
the constraints of the atom displacements are lifted and
the Ti atoms move to form a breathing mode, rather than
Ti atoms being constrained to move along the a or b axis
toward another Ti atom as in the P3cl symmetry, where
a and b are the lattice vectors of the primitive hexagonal
unit cell. With P3m1 symmetry, Ti atoms move toward
Se atoms with a JT-like breathing distortion, shown in
Fig. 1(d) in comparison to the Di Salvo model in Fig.
1(a) and fits the local structure very well. This breathing
distortion shortens the bonds of % Ti-Se nearest neigh-
bor bonds as six of the eight Ti atoms in the unit cell
move toward one of their six neighbors. In the non-CDW
phase, above 200 K,the distortions are is still present.
At high temperatures, the long range correlations of the
PDF cannot be fit with the hexagonal symmetry P3m1l
despite the good fit of the average structure using this
symmetry. A local monoclinic model improves the fit as
shown in Fig 3(b). At long distances of r > 9 A above
Tecpw, peaks corresponding to correlations two unit cells
away split into separate distinct peaks (see inset of Fig.
3(b).

At x = 0.1, the splitting of the first Ti-Se peak is un-
changed, as shown in Fig. 4(a-b). The peak at 2.55 A has
a shoulder at 2.41 A for x < 0.1. The concentration of Te
is too low to observe a separate Ti-Te pair correlation.
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FIG. 4. (a) The composition dependence of the first Ti-Se and
Ti-Te peak at 2 K showing that at low concentrations a shoul-
der appears on the first peak that is not present in the x = 1
and x = 2 samples. (b) The composition dependence of the
first Ti-Se and Ti-Te peak at 300 K shows that the splitting of
the first peak occurs even above the Tcpw (c) PDF above 9
A shows that at high temperatures the long distance correla-
tions become split as a monoclinic distortion breaks the a = b
axis symmetry. (d) The red dashed lines show the triangles of
Ti that shift toward Se to cause the distortion observed in (a)
and (b). The black dashed lines indicate correlations of 9.3
A that, along with symmetry equivalent correlations outside
the plotted region, make up the peak that is shown in (c).

At high temperature the peak is more apparent because
the shoulder peak is sharper while the main peak be-
comes broader. At correlations larger than 9 A, there is
a significant change above the Tcpw. Most notably, the
peak at 9.34 A (Fig 4(c)) splits into two. This splitting
can be fit using a monoclinic symmetry with space group
P2/m. The temperature at which this splitting occurs
decreases as the concentration of Te is increased. This
peak is primarily composed of Se-Se correlations. The
correlations are made up of Se atoms that are separated
by a translation of 2a — b and all symmetry equivalents.
Fig. 4(d) shows two of the correlations that split due to
the high temperature monoclinic distortion that breaks
the a = b symmetry.

The G(r) of the x = 1 sample fits the monoclinic phase
with a = 25.004 + 0.011 A b = 11.0072 + 0.0041 A
¢ = 12,6097 + 0.0071 A 8 = 88.752 + 0.057 observed
in the average structure. As the Se and Te atoms are
different sizes, separate peaks occur at 2.55 and 2.79 A
corresponding to Ti-Se and Ti-Te nearest neighbor peaks,
respectively. Integration of the peaks at 2.55 and 2.79 A
suggests that the stoichiometry of the sample is closer to
x = 0.65. The peaks at 2.55 and 2.79 A are symmetric
and there is no evidence for the JT distortion observed
in the CDW materials. For x = 2, there is no splitting
of the nearest neighbor Ti-Te peak at 2.8 A and no JT
distortion is observed in the local structure. As a function
of temperature the local trigonal symmetry is broken as
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FIG. 5. Phase diagram for the TiSes.xTex system. The CDW
transition is suppressed with Te doping and does not appear
above a Te concentration of 12.5%.

in the high temperature phase of the doping series.

The results indicate that the JT distortion exists above
Tepw and becomes cooperative when the CDW forms.
This model retains the breathing mode distortions with
the same bond lengths as the CDW phase while breaking
the overall local trigonal symmetry.

V. DISCUSSION

The composition dependence of the CDW order is
shown in the phase diagram of Fig. 5. It is clear that
as Te is doped into the system, the CDW transition is
suppressed. For x = 0.025, Tcpw is between 150 and 190
K. For x = 0.1 transition occurs between 100 and 150 K.
From the presence of superlattice peaks, the highest dop-
ing level to undergo the CDW transtion is x = 0.2 while
the absence of superlattice reflections in x = 0.25 and x
= 0.3 correspond to the absence of the CDW order.

Splitting of the first Ti-Se peak associated with a trig-
onal distortion is clearly observed in the local structure
for samples with a CDW phase. This splitting does not
occur when the concentration of Te is high enough that
the CDW is suppressed. As this splitting occurs even
at high temperatures, well above the Tcpw, there is a
clear connection between the distortions and CDW for-
mation. The magnitude of the Ti-Se distortion and the
percentage of bonds distorted remains constant for small
x despite a decrease in Tepw. It is likely that compe-
tition between disorder introduced by Te and tendency
toward a long range cooperative JT order with Se leads
to a lowering of the transition temperature.

As mentioned earlier, the suggested mechanisms be-
hind the CDW transition are exciton condensation or a
pseudo JT effect. Exciton formation occurs due to a
weakly screened Coulomb interaction between the hole



pocket of the Se 4p band at I'" and the electron pocket of
the Ti 3d band at L. In order for the hole and electron
pockets to coincide in BZ the lattice periodicity must
be doubled. Although evidence supports the existence
of excitons in the TiSe; system, the CDW has been ob-
served even when the excitons are suppressed by tera-
hertz pulses®”.

Multiple models that consider a JT mechansim have
been proposed for the TiSe; system. The model pro-
posed by Hughes®, for instance, suggests that the energy
of a partially occupied d = band is lower in a trigonal pris-
matic 2-H crystal field than in an octahedral 1-T field.
In this model, the rotational modes of B-site Se about
Ti leads to a configuration intermediate between the 2-H
and 1-T polytypes.

The d electron occupancy of TiSes is quite small and
close to d° while the count in TiTe, is closer to ds as the
size of Te atoms leads to greater chalcogen to transition
metal charge transfer?®. The Hughes model suggests an
increase in charge transfer with Te doping initially lead-
ing to a more robust CDW. The suppression of the CDW
with doping combined with no observation of the rota-
tional modes in the local structure makes the Hughes
mechanism unlikely.

The Whangbo?® model, on the other hand, requires
a JT driven CDW transition to shorten the Ti-Se bond
length. This reduces the energy by delocalizing electrons
and allows for hybridization between the Ti 3d and Se
4p orbitals. In this model, the p band is lowered and
the transition does not rely on chalcogen to Ti charge
transfer.

On the other hand, the Whangbo model can account
for the dependence of the transition on Te doping. Con-
sistent with our measurements, the trigonal phase is sup-
pressed when Te is substituted into the lattice. Te dis-
rupts the electronic homogeneity of the crystal and in-
hibits the cooperative JT observed in pure TiSes. A pos-
sible explanation for this is that Te orbitals are more
diffuse?® and Te atoms are heavier than Se, the energy
gained through orbital overlap is diminished on the Ti-
Te sites. As the Te electrons are more mobile, this may

increase charge transfer to Ti d bands as the reduced p
occupancy of the chalcogen sites leads to a weaker inter-
action.

Further evidence that would support that charge trans-
fer suppresses the CDW comes from the monoclinic dis-
tortion above Tcpw. It is unusual for a high temperature
phase to have lower symmetry than the low temperature
phase. Despite this, the local structure analysis suggests
that there is a monoclinic distortion of the local struc-
ture. CrSey is a material that undergoes a similar phase
transition®’. CrSey has a low temperature trigonal sym-
metry (P3m1) with a monoclinic intermediate tempera-
ture phase (I2/m) that is caused by charge transfer to Cr
leading to a degeneracy in the ty, band that breaks the
threefold rotation symmetry. In TiSes  Tey this mono-
clinic distortion breaks up the long range order associ-
ated with the CDW. At low temperatures a cooperative
JT effect drives orbital ordering that leads to a CDW
phase. As the temperature increases above Tcpw, ther-
mal fluctuations could lead to charge transfer on Ti. A
degeneracy in the to; band of Ti can break the local Cs
symmetry while preserving the short range distortions,
as observed in the local structure.
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