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The rare-earth ditellurides are known to form a two-dimensional square lattice where the strong Fermi

surface nesting leads to structural modulation. In contrast to charge density waves, the supercell modulation

is accompanied by the formation of the periodic Te vacancy network, where the Te deficiency affects the nesting

vector, i.e., the supercell size, via tuning the chemical potential. In this work, first-principles electronic-structure

calculations for the
√

5 ×
√

5 supercell, which commonly appears in this family of tellurides, reveal interesting

electronic and transport properties of the Te defect lattice in DyTe1.8. The reconstruction of the Te-deficient

square lattice, consisting of a single Te dimer and a pair of Te trimers per unit cell, gives rise to an out-of-plane

polarization, whose direction depends on the position of the dimer. This results in various close-in-energy parallel

and antiparallel polarization configurations of successive Te layers depending on the dimer positions. We predict

that the orientation of the Te dimers, and hence the corresponding structural motifs, can be reversibly switched

between two in-plane perpendicular directions under tensile epitaxial strain via a piezoelectric substrate, resulting

in a colossal conductivity switching. Furthermore, the Te-dimer orientations result in an asymmetric Fermi

surface, which can be confirmed by quantum oscillations measurements.

DOI: 10.1103/PhysRevB.110.245106

I. INTRODUCTION

The rare-earth ditellurides RTe2 (R represents a lanthanide

element) are a family of layered materials renowned for

a wide range of intriguing properties at low temperature.

These include charge density waves (CDWs) [1,2] mag-

netism [3], superconductivity under high pressure [4], and

the simultaneous presence of a CDW, superconductivity, and

antiferromagnetism [1]. The unit cell of the crystal structure

comprises double-corrugated R-Te quasi-ionic layers sepa-

rated by single planar square Te sheets stacked in the [001]

direction, as illustrated in Fig. 1(a). From the electronic-

structure point of view, each (R-Te)1+ pair on the corrugated

layer donates one electron to the Te atoms (Tes) in the square

plane [5,6].

In contrast to the rare-earth tritellurides RTe3, which form

stoichiometric compounds, the RTe2−δ (0.0 � δ � 0.2) com-

pounds host Tes vacancies on the Tes square layer, giving rise

to a wide range of structural motifs which depends sensitively

on the Te deficiency δ and the rare-earth cation [7,8]. The

Tes vacancies effectively contribute extra charge to the layer

which, along with the isolated Te2− anions, forms differently

ordered patterns within the Te sheets. This results in super-

structure modulations which can be commensurate with the

parent structure, such as in CeSe1.9 [9] and Gd8Se15 [10]

structures, and incommensurate modulated structures, such as

DySe1.84 [11] and RSe1.84 (R = La–Nd, Sm) [12].

Recently, we reported [7] experimental and first-principles

electronic-structure studies of the supercell formation in epi-

taxial DyTe2−δ thin films, where for δ = 0.2 the modulation
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is a (
√

5 ×
√

5) R26.6◦ × 2 superlattice. The superlattice

emerges due to a periodic Te-defect lattice, which also acts

to open a gap in the electronic spectrum and induces semi-

conducting transport behavior. First-principles calculations

point towards nesting conditions of the Fermi surface at a

q vector that corresponds to the
√

5 ×
√

5 condition, sug-

gesting that the formation of the defect lattice results from

a driving force similar to the conventional picture of CDW

formation, where sections of the Fermi surface are gapped out

by the formation of supercells with periodicity corresponding

to the nesting condition [13]. Our total energy calculations

[7] of the
√

5 ×
√

5 supercell with Tes mono- and divacan-

cies in different configurations for δ = 0.1 and 0.2 showed

that the second-nearest-neighbor vacancy configuration [re-

ferred to as the A-C configuration in Fig. 5(c) of Ref. [7]]

has the lowest formation energy among the various struc-

tures considered, in agreement with previous x-ray-diffraction

measurements in SmTe1.8 [14]. The second-nearest-neighbor

divacancy configuration shown in Fig. 2(c), where the diva-

cancies nucleate on sites 0 and 4 {0, 4} in Fig. 2(a), consists

of an ordered lattice of Tes dimers and trimers. Furthermore,

first-principles calculations of the (
√

5 ×
√

5) × 2 modulation

along the c axis corresponding to the nucleation of a pair of

A-C (0,4) divacancies on two Te square layers reveal that the

second-nearest-neighbor A-C divacancy appears at a laterally

displaced position (0.5, 0.5) relative to the divacancy on the

adjacent Te square net layer [7].

The objective of this work is to reveal the emergence of in-

teresting properties of the periodic Te-defect lattice associated

with the onset of ferroelectric polarization, which depends

sensitively on the position of the Te dimer. In Sec. II we

outline the methodology employed. In Sec. III we present

results of the position and orientation of the various Te-dimer

configurations (Sec. III A), the potential arrangement of dimer
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FIG. 1. (a) Unit cell of pristine DyTe2 with two Te sites Tes

on the square net layer. (b) Calculated nesting function of DyTe2.

The background color map illustrates the Gaussian-smeared nesting

function for an electron doping level corresponding to Te deficiency,

δ = 0.2. The red cross at (0.2,0.4) indicates the
√

5 ×
√

5 wave vec-

tor. The two local nesting function peaks are marked with dots upon

the doping level, which moves away from the origin with increasing

electron doping.

orientations (Sec. III B), the polarization coupled with the

dimer position (Sec. III C), the density of states with divergent

peaks (Sec. III D), the Fermi surface anisotropy (Sec. III E),

and the transport properties (Sec. III F). Conclusions are sum-

marized in Sec. IV.

II. METHODOLOGY

The density functional theory calculations are performed

using the Vienna ab initio simulation package [15,16] with the

projector augmented wave method [17,18]. The Dy 4 f states

are treated as a core with valence configurations 5p65d16s2

and 5s25p4 for Te. All structures are optimized using the

PBEsol exchange-correlation functional [19] and the Bloch

states are calculated and wannierized [20,21] with the a

modified Becke-Johnson potential [22,23], which provides

accurate band gaps, effective masses, and frontier-band or-

dering. The momentum space is sampled at a 80 × 80 ×
80k-point mesh with the Wannier interpolation scheme. The

conductivity is calculated using the semiclassical Boltzmann

transport theory assuming a constant relaxation time. The

tetrahedron method is employed to obtain the Fermi surface

and its cross-section area. In the polarization calculation, the

topmost 51 valence bands are wannierized for each spin chan-

nel where three and two p orbitals are initially projected on

the Tec and Tes atoms, respectively, and five s orbitals are

projected at the center of the Te-Te bonds in the square lattice.

The integer ionic charges Zn in Eq. (6) are +3 for Dy and +4

for Te atoms.

III. RESULTS AND DISCUSSION

A. Crystal structure

The crystal structure of pristine DyTe2 is shown in

Fig. 1(a), where the buckled DyTe slabs are separated by

the planar Te square lattice that tends to undergo a supercell

modulation whose periodicity interestingly depends on the

Te vacancy concentration [7,8]. The nesting function N (q)

of the Fermi surface for an electron doping corresponding

FIG. 2. Structural modulation of DyTe2. (a) Projection of the Te

square network on the (001) plane, where the numerical indices of

the
√

5 ×
√

5 modulated cell denote the plausible positions of the

Tes divacancies. The a
p

i are the primitive lattice vectors and as±
i are

two sets of supercell lattice vectors with ± chirality. (b) Side view

of
√

5 ×
√

5 × 2 modulated DyTe1.8. Arrows depict the polarization

configuration of individual Te square lattice layers in the ground

state. The reconstructed ordered Te square network of DyTe1.8 is

shown for several Te divacancy positions and orientations at the

(c) {0, 4}, (d) {1, 5}, and (e) {1, 3} sites. Small squares in (c) and

(d) denote the pristine cell enclosing the Te dimer. (f) Mixed phase

of the reconstructed Te square network comprised of the structural

motifs of (c) and (e), respectively, where the large square denotes the√
5 ×

√
5 cell.

to the Te deficiency δ = 0.2, reported in our recent calcula-

tions [Fig. S7(h) in the supporting information of Ref. [7]],

is replotted in Fig. 1(b), which shows a close-up near the

q point corresponding to the
√

5 ×
√

5 modulation, marked

with a cross at (0.2,0.4). Two strong peaks near the cross,

illustrated with dark orange colors, are traced as a function

of doping, displayed with the blue and green dots, where

their separation increases with electron doping. The green

peak is found to pass the cross at a higher Te deficient level

(δ > 0.2) that does not necessarily imply the need for addi-

tional Te vacancies, since the nesting function calculations

involve several assumptions such as the rigid band approxi-

mation, constant matrix elements, and the exclusion of strain

effect on the chemical potential. Our calculations demonstrate
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that the nesting function peaks associated with the forma-

tion of various supercell modulations change with chemical

doping. In particular, the nesting function peaks (denoted by

blue and green dots) approach the
√

5 ×
√

5 modulation q

vectors with increasing Te deficiency, in good agreement with

experiments.

Consequently, in this work we focus on the
√

5 ×
√

5 mod-

ulation that commonly occurs for various rare-earth elements

with two Tes vacancies per modulated cell (δ = 0.2) [7]. The

in-plane lattice vectors of the supercell exhibiting chirality,

shown in Fig. 2(a), are

a
p

1 =
a0√

2
(x̂ − ŷ), a

p

2 =
a0√

2
(x̂ + ŷ),

as±
1 = 2a

p

1 ± a
p

2, as±
2 = ∓a

p

1 + 2a
p

2, (1)

where a
p

i are the primitive lattice vectors and as±
i are two

sets of supercell lattice vectors with ± chirality. In general,

a synthesized sample may have both types of domains leading

to domain walls across which the chirality gets reversed. The

two supercell structures with different chirality and their phys-

ical properties can be transformed to each other by a mirror

operator My : (x, y, z) → (x,−y, z). Unless stated otherwise,

throughout the remainder of this paper we focus on only the +
chirality structure and ignore for convenience the superscript

s+, namely, ai ≡ as+
i .

The numerical indices in Fig. 2(a) represent the ten Tes

sites of the
√

5 ×
√

5 supercell where the divacancy may

be placed. The second-nearest-neighbor divacancy (such as

{0, 4}, referred to as the A-C configuration in Ref. [7]) is

found to have the lowest formation energy for the
√

5 ×
√

5

modulation. The reconstructed square lattice consists of one

Te dimer and two Te trimers per unit cell, resulting in several

isoenergetic and ordered structural motifs. Figures 2(c) and

2(d) show the first and second structural motifs, associated

with the {0, 4} and {1, 5} second-nearest-neighbor divacan-

cies, respectively, that look almost identical except for their

positions relative to the DyTe slab. The thick squares in

each panel emphasize the position of the Tes dimers whose

centers lie atop the Dy (Tec) atoms for the first (second)

structural motif. The two structural motifs transform into each

other through the mirror operation Mz, followed by a proper

in-plane translation, indicating a finite vertical polarization

whose sign depends on the position of the Te dimer, as will be

discussed in the next section. The divacancy also reduces the

C4 rotation symmetry of the pristine supercell to the C2 sym-

metry, whose rotational axis can be placed at the center of the

Te dimer. The third structural motif associated with the {1, 3}
divacancy can be transformed into the first motif of the {0, 4}
divacancy through a C4 rotation, as illustrated in Figs. 2(c) and

2(e). In general, CDWs with a commensurate cell modulation

of n × m can introduce nm distinct types of domains, associ-

ated with the relative translations of the modulated supercell.

Therefore, there can be five different types of domains for

the
√

5 ×
√

5 modulation of DyTe1.8. It is noteworthy that the

three structural motifs discussed above do not transform into

one another via lateral translation alone. The total number of

distinct domains amounts to 2 × 2 × 5 = 20, where the first

(second) factor of 2 arises from the two possible positions

(orientations) of the Te dimer in addition to the factor of 5

due to the lateral translations.

B. Dimer orientation arrangement

The actual DyTe1.8 samples may consist of a mixed phase

of the {0, 4}- and {1, 3}-based structural motifs as shown in

Fig. 2(f). This in turn raises an intriguing question whether

the orientation of the Te dimers, corresponding to the two

isoenergetic structural motifs, can be aligned. In order to un-

derstand the potential dimer-orientation ordering, we consider

dimer-dimer couplings and dimer-strain couplings.

The dimer-dimer coupling energy up to the second-nearest

neighbor can be written as

Ecoupling = �1ν1 + �2ν2, (2)

where �1 and �2 are the first- and second-nearest cou-

pling energies, respectively, and νi are the sums of the

mutual-dimer-orientation-coupling variables that run over all

the first- (i = 1) and second- (i = 2) nearest-neighbor sites,

namely,

ν1 =
∑

〈i, j〉

cic j, ν2 =
∑

〈〈i, j〉〉

cic j . (3)

Here cn = ±1 denotes either of the dimer orientations. The

single and double angular brackets indicate the first- and

second-nearest-neighbor pairs, respectively. Figures 3(a)–3(d)

show four different dimer-orientation configurations whose

coupling parameters (ν1, ν2) are given in the caption. The

structures are relaxed with fixed in-plane lattice vectors so that

all structures preserve tetragonal symmetry. By fitting the total

energies, we find that the coupling energies are

�1 	 5 meV, �2 	 6 meV. (4)

Positive values indicate that dimer orientations of oppo-

site sign are favored at neighbor sites. The coupling of the

first-nearest neighbor is slightly weaker than that of the

second-nearest neighbor, leading to a stripe pattern [i.e., pe-

riodic repetition of Fig. 3(d)] of the ground state. However,

the estimated coupling energies are negligibly small compared

to the synthesizing temperatures [7,8], indicating a random

distribution of the dimer orientations. This raises the inter-

esting question whether the stripe pattern can be synthesized

via a slow cooling down after annealing so that the dimer

configurations are not quenched.

Such a random distribution of the dimer orientation can

then preserve the tetragonal symmetry in macroscopic scale

while the microscopic local domains reduce the in-plane sym-

metry from C4 to C2, leading to a coupling between the dimer

orientation and the in-plane strain. Figure 3(e) shows the

landscape of the total energy difference �E = E ({0, 4}) −
E ({1, 3}) between the {0, 4} and {1, 3} divacancy structural

motifs under in-plane strain, rx ≡ ax

a0
and ry ≡ ay

a0
. Here a0 is

the in-plane equilibrium lattice constant from a tetragonal-

symmetry-preserved calculation, and the relative directions

of x̂ and ŷ to the supercell are shown in Fig. 2(a). The

calculations reveal the dimer-strain coupling, showing that

under 1% distortion, the energy difference exceeds 120 meV

per Te dimer [Fig. 3(f)]. Hence, the sample may develop strain

domains in which the dimers align according to the distortion

of the domain. The neighbor domain would exhibit different

lattice distortion to avoid the accumulation of stress. In this

regard, the naturally grown samples can be considered as a
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FIG. 3. Four different configurations of Te-dimer orienta-

tions in the 2
√

5 × 2
√

5 × 1 supercell with coupling parameters

(a) (ν1, ν2) = (8, 8), (b) (ν1, ν2) = (0, 0), (c) (ν1, ν2) = (−8, 8), and

(d) (ν1, ν2) = (0, −8). The corrugated DyTe slabs are omitted from

the figure for clarity. Red and blue colored dimers indicate posi-

tive (ci = +1) and negative (ci = −1) orientations, respectively. (e)

Landscape of total energy difference �E = E ({0, 4}) − E ({1, 3})

between the {0, 4} and {1, 3} divacancy structural motifs of the√
5 ×

√
5 supercell with two-dimensional epitaxial strain rx ≡ αx

α0

and ry ≡ αy

α0
. Yellow and blue dashed curves indicate energy contours

of the {0, 4} and {1, 3} phases, respectively. (f) Relative total energies

of the two structural motifs under the in-plane lattice deformation

along the black solid line shown in (e).

polycrystalline structure with different dimer orientations as

well as lattice distortions. The relative domain sizes of either

of the dimer orientations are then expected to depend on the

epitaxial strain, providing an external knob to control the

dimer-orientation ratio. (See the Supplemental Material [24]

for the energy barrier of the dimer-rotation transition.) In the

following sections, we discuss the electronic structure of a

single domain, assuming that the dimer orientations are well

aligned within the domain. Interestingly, as will be discussed

below, these two distinct Tes-vacancy ordered networks have

substantial different transport properties.

C. Polarization

The emergence of the
√

5 ×
√

5 superlattice induced by the

periodic Te-vacant sites renders the DyTe1.8 insulator [7]. The

(a) (b) (c)

FIG. 4. Polarization of the Te square network. (a) Center of the

Te dimer atop the Dy atom corresponding to the {0, 4} divacancy con-

figuration. (b) Center of the Te dimer atop the Te atom corresponding

to the {1, 5} divacancy configuration. The interlayer distances of

the corrugated Dy-Te layers sandwiching the Te-dimer sheet are

different. The Te trimers are omitted for clarity. (c) Wannier charge

centers lying on the covalent bonds, denoted by the purple dots on the

reconstructed Te square lattice for the {0, 4} divacancy configuration.

The position of the Wannier charge centers affects the polarization as

well as the dipole moments.

formation of the divacancy breaks the inversion symmetry,

which in turn results in finite polarization. Figures 4(a) and

4(b) clearly show the Dy-Te bonds of the Tes dimers for

the first and second structural motifs, which depend on their

lateral position. More specifically, in the first motif, where the

center of the Te dimer is atop the Dy atom, the dimer forms

four (two) bonds with the Dy atoms on the upper (lower) layer,

resulting in its proximity to the upper Dy-Te corrugated layer.

Conversely, the second structural motif exhibits the opposite

behavior.

The polarization p and dipole moment d of an insulator can

be computed by considering the position of charged ions and

Wannier charge centers (WCCs) of the occupied Bloch states

below the insulating band gap [21,29]. As described in Sec. II,

the topmost 51 valence bands, well separated from both the

semicore states and the conduction bands, are wannierized.

The Wannier functions are found exponentially localized near

the initial position of projectors. Three and two Wannier func-

tions are thus attached to Tec and Tes atoms, respectively. The

positions of five interstitial Wannier functions, illustrated in

Fig. 4(c), lie on the Tes-Tes bonds. The Wannier functions that

deviate from the atomic sites render the system an obstructed

atomic insulator [30–33]. The polarization and dipole moment

are given by

d = pV (5)

= Qe

(

ions
∑

n

Zn(Rn − r0) −
WCC
∑

n

D(rn − r0)

)

(6)

= Qe

(

ions
∑

n

ZnRn −
WCC
∑

n

Drn − r0{N+ − N−}

)

(7)

= Qe

(

ions
∑

n

ZnRn −
WCC
∑

n

Drn

)

, (8)

where V is the unit cell volume, Qe is the electron charge, Zn

and Rn are the ionic charge number and atomic position of
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TABLE I. Dipole moment and polarization of DyTe1.8 for the

{0, 4} divacancy along the supercell lattice vectors ai of the
√

5 ×√
5 × 1 cell.

ai Dipole moment Qeai Polarization (C/m2)

a1 0.500 0.095

a2 0.500 0.095

a3 0.893 0.160

the nth atom, respectively, rn is the position of the nth WCC,

and D = 2 is the spin degeneracy of the Wannier functions.

The origin r0 does not affect the dipole moment as it is charge

neutral N+ = N−, where the net ionic charge N+ =
∑ions

n Zn

is equal to the number of WCCs N− = D
∑WCC

n . Note that the

WCC position rn can be shifted by integer multiples of lattice

vectors rn → rn +
∑

i miai without affecting the physical ob-

servables that are associated with the gauge freedom, leading

to the modulo definition of the modern theory of polarization

[34–36]. The dipole moment is thus defined under modulo

DQeai as long as the time-reversal symmetry is preserved on

the surface as well as in the bulk.

The calculated dipole moment and polarization of the first

structural motif of the {0, 4} divacancy are listed in Table I.

The C2 symmetry of the crystal structure confines the in-

plane components of the dipole moments to be quantized

[37] to either 0 or 1
2

in units of Qea1,2. The calculated in-

plane dipole moment value of 1
2

indicates the nontrivial Zak

phase [37] of DyTe1.8 in the
√

5 ×
√

5 × 1 supercell that

induces metallic (side) surfaces due to the emergent in-gap

states. We note that the physical samples, however, exhibit

additional ×2 structural modulation in the ẑ direction [7],

resulting in a
√

5 ×
√

5 × 2 supercell which cancels out the

in-plane dipole moment. The concept of quantized polariza-

tion under crystal symmetry was first elucidated by Zak [37]

and subsequently integrated into the framework of topological

insulators [35,38–40].

This additional modulation also controls the net dipole mo-

ment along the ẑ direction as each layer may have an upward

or a downward dipole moment depending on the position of

the Tes dimers of each layer. In our previous study [7], the

total energy of the
√

5 ×
√

5 × 2 supercell was calculated

(see Table II) for various pairs of divacancy configurations

{0, 4} − {d, d + 4}, d = {0, 1, 2, 3, 4, 5}, where the first diva-

cancy nucleates at sites {0, 4} on the first Tes layer while the

TABLE II. Calculated total energy of the
√

5 ×
√

5 × 2 supercell

for the lateral position d of the divacancy on the second Te layer rel-

ative to the first. The relative polarization directions of the two layers

are labeled as P and AP for parallel and antiparallel configurations,

respectively.

Displacement of second layer d

Parameter 0 1 2 3 4 5

�E (meV/Dy) 0.0 −6.0 −8.4 −5.8 −7.3 −10.8

polarization P AP P AP P AP

FIG. 5. Calculated electronic structure of DyTe1.8 and Van Hove

singularities near the Fermi level. (a) Band structure of the {0, 4}
divacancy configuration along high symmetry lines. (b) BZ of the√

5 ×
√

5 modulated supercell cell and the high-symmetry points,

and Van Hove singularities near the Fermi level. (c) Calculated

density of states near the Fermi level showing the emergence of

Van Hove singularities at the energies e1 and e2 of the saddle points

in both the hole- and electron-doped regimes. (d) Two-dimensional

band structure on the b̂1-b̂3 plane, where the orange and blue colors

denote the Tes p and Dy d orbital characters, respectively. The

valence (conduction) band exhibits a saddle point(s) at the � (near

the Z) point marked with red curves. The energy levels e1 and e2 of

the saddle points are illustrated with transparent planes.

second pair nucleates on sites {d, d + 4} on the second Tes

layer. The supercell structure with d = 5 is found to exhibit

the lowest energy in which the polarization direction of the

upper layer is opposite to that of the lower layer, as illus-

trated in Fig. 2(b). The next stable structure with d = 2 has

2.4 meV/Dy higher total energy and the polarization di-

rections of the two layers are parallel, leading to finite net

polarization, suggesting that an out-of-plane external electric

field E � 15 MV/m may stabilize the polarized structure.

D. Van Hove singularities

Figure 5 shows the calculated electronic structure of

DyTe1.8 with the {0, 4} divacancy configuration. In Fig. 5(b)

we plot the Brillouin zone (BZ) of the
√

5 ×
√

5 modulated

cell of DyTe1.8 with the high-symmetry directions used in

the band-structure plot. The blue, orange, and yellow colors

denote projections on the Dy d , Tes p, and Tec p orbitals. Note

that the Tec-derived bands are well occupied below −0.9 eV
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from the Fermi level and hardly affect the transport properties.

The indirect (direct) band gap is 0.14 (0.33) eV, in qualitative

agreement with the activation gap measured in transport [7].

In our previous study [7] of the electronic structure of pris-

tine DyTe2, we found that the Tes p bands, originating from

the square lattice, intersect the Fermi level and give rise to the

nesting peaks near the q vectors corresponding to the
√

5 ×√
5 cell modulation. These nesting peaks explain the cell mod-

ulation and resulting insulating band gap in DyTe1.8, which

is further enhanced by the formation of the vacancy network,

which increases the internested states’ coupling strengths. The

topmost valence band of DyTe1.8 retains the two-dimensional

(2D) nature of the square lattice, with highly dispersive bands

along the in-plane direction and weakly dispersive bands

along the out-of-plane direction such as the �-Z and R-S

symmetry lines. The dimensional reduction in the band struc-

ture likely introduces saddle points, leading to Van Hove

singularities (VHSs). Figure 5(d) illustrates the saddle points

on the b1-b3 plane and the corresponding divergent peaks of

the density of states. The conduction band, dominated by the

Dy d orbital character, also exhibits saddle points on this

plane which slightly deviate from the Z point by ±0.1b3.

These VHSs in both the valence and conduction bands are

expected to give rise to significant optical responses due to

the high joint density of states, where the energy difference

e2 − e1 = 0.44 eV corresponds to the infrared wavelength

λ = 2.8 µm. However, these saddle points are separated in

momentum space, necessitating a phonon coupling to comple-

ment the momentum difference �kz ∼ 0.4|b3|. Fortunately,

the system undergoes another double cell modulation along

the ẑ direction, which in turn folds the Z point to the �

point. Thus, in the long-wavelength limit, optical absorption

between the two saddle points can occur without phonon as-

sistance. Additionally, the vertical polarization of each square

lattice layer induces a Rashba spin splitting in the presence

of spin-orbit coupling. The alignment of these layers’ polar-

izations determines the spin texture chirality of the spin-split

bands, influencing the band alignment and consequent optical

responses. Further theoretical and experimental investigations

are needed to fully understand these effects.

E. Fermi surface

Figures 6(a)–6(e) display the calculated 3D Fermi surface

(FS) sheets and their (001) projections of DyTe1.8 with the

{0, 4} divacancy configuration for chemical potential shifts

μ = E − EF ranging from +0.3 eV [Fig. 6(a)] to −0.5 eV

[Fig. 6(e)] in steps of 0.2 eV. The orange and blue colors

denote the Tes p and Dy d orbital characters, respectively. For

μ = −0.5 eV the chemical potential lies in the Tes p–derived

valence bands [see Fig. 5(a)], and the FS consists of highly

nested parallel sheets stacked normal to the �-S symmetry

direction of the BZ [Fig. 5(b)]. As the chemical potential shifts

upward in energy, the FS area gradually gets reduced and

isolated pockets appear at the Z point. Above the Fermi level,

two elongated electron pockets emerge on the side surface of

the BZ as shown in Fig. 6(b) and eventually a Dy d–derived

electron pocket emerges at the � point [Fig. 6(a)]. In Fig. 6(f)

we display the FS sheets and their (001) projections for the

{1, 3} divacancy configuration for μ = −0.5 eV. A compari-

FIG. 6. Asymmetric Fermi surface sheets (left columns) and

their (001) projections (right columns) of DyTe1.8 with the {0, 4}
divacancy configuration for chemical potential shifts μ = E − EF

ranging from (a) +0.3 eV to (e) −0.5 eV in steps of 0.2 eV. Orange

and blue colors denote the Tes p and Dy d orbital characters, respec-

tively. (f) FS sheets (left) and their (001) projections (right) for the

{1, 3} divacancy configuration for μ = −0.5 eV. (g) Fermi surface

at μ = −0.1 eV. The green circular area shows the k̂x-k̂y plane on

which the external magnetic field is swept with an azimuthal angle

φ from the k̂x axis. The corresponding maximal cross-section paths

under the external field along B1 and B2 are illustrated with blue

and red stripes, respectively, on the Fermi surface. (h) Calculated

maximal cross-section area versus φ.

son of Figs. 6(e) and 6(f) clearly shows the 90◦ rotation of the

FS associated with the Tes dimer rotation by 90◦ about [001],

shown in Fig. 2(e). Since the group velocity is always normal

to the FS, the parallel FS sheets indicate 1D conducting chan-

nels where their direction can be switched by the Te-dimer

orientations, which will be discussed in the next section.

As alluded to above, the valence bands are dominated

by the Tes atoms of the 2D square lattice. The Te-dimer

orientations switch the hopping directions within the square

lattice, which further refines the 2D-like band structure into an

effective 1D channel, resulting in an asymmetric FS as shown

in Fig. 6. The FS asymmetry can be confirmed by measuring

the quantum oscillations under an external magnetic field

whose frequency provides information about the maximal

cross-section area of the FS. Figure 6(g) shows the disk-shape

FS centered at the Z point under hole doping for μ = −0.1 eV.
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FIG. 7. Effect of uniaxial in-plane strain on Te-dimer orientation.

(a) Schematic figure of DyTe1.8 epitaxially grown on a piezoelectric

substrate. Small (large) square shows the in-plane unit cell of a prim-

itive DyTe2 (
√

5 ×
√

5 modulated DyTe1.8) structure. (b) Calculated

conductivity of DyTe1.8 with the two vacancies at {0, 4} versus the

chemical potential μ. Conductivity along ŷ [see (a) or Fig. 2(a) for

the direction] is more than one order of magnitude higher compared

to the other directions under hole doping. The dashed line denotes

the in-plane conductivity ratio σyy/σxx . The band gap near μ = 0 is

marked with the gray box. (c) and (d) Relatively stable Te-dimer ori-

entations under uniaxial strain. The (c) {0, 4} and (d) {1, 3} phases are

preferred under uniaxial strain in the ŷ and x̂ directions, respectively.

Gold (black) leads indicate the higher (lower) conductivity channel.

The maximal cross-section area shown in Fig. 6(h) is expected

to strongly depend on the magnetic-field direction, where a

peak appears at the azimuthal angle (measured from k̂x) φ ∼
103◦, corresponding to B2. The red stripe on the FS shows the

cyclotron motion path under the external field B2, while the

blue stripe is under B1, whose cross-section area is smaller

than that of B2 by a factor of 5.

F. Quasi-1D conducting channel

As discussed in Sec. III B, the in-plane strain couples to the

dimer orientation, determining the orientation of the asym-

metric FS as well [Figs. 6(e) and 6(f)]. Here we suggest an

experimental setup to test the controllable anisotropic in-plane

conductivity by using piezoelectric substrate as illustrated in

Fig. 7(a). Regarding the release of the epitaxial strain with

increasing film thickness [see Fig. 3(d) in Ref. [7]], this setup

would be valid only for a thin-film device.

Figure 7(b) shows the matrix elements of the

longitudinal conductivity σii (i = x, y, z) of DyTe1.8 with

the {0, 4} divacancy configuration versus the chemical

potential μ. The conductivity ratio
σyy

σxx
versus μ is also plotted

as a dashed line whose scale appears on the right vertical

axis. Interestingly, σyy is higher by more than one order of

magnitude compared to σxx under hole doping. This notable

conductivity switching between the two phases upon the

Te-dimer orientation suggests potential applications such

as a memory device or a mechanical strain sensor. If the

dimer orientations are fully aligned, one may reach a colossal

conductivity contrast, ranging from 1000% to 2500% between

the on and off phases.

Consequently, the Te dimer in the supercell acts as a

molecular switch not only on a macroscopic scale but also

on a microscopic level by controlling the electron hopping

directions within the
√

5 ×
√

5 supercell. This resembles the

two-dimensional percolation network [41,42], where the over-

all conductivity is determined by the statistical configurations

of the nanotube orientations. We acknowledge the significance

of prior nanotube percolation experiments [43,44], particu-

larly those where the nanotube orientation was controllable,

which garnered considerable attention within the research

community. Given the potential for strain-controlled dimer

orientations, DyTe1.8 emerges as another interesting platform

to study the conductivity, determined by the statistical dimer-

orientation configurations.

IV. SUMMARY

The structural and electronic properties of DyTe1.8 were

investigated by employing first-principles calculations. In ad-

dition to the
√

5 ×
√

5 modulation, the detailed position and

orientation of the Te dimers were found to play a crucial role

in determining the polarization and the electronic structure

near the Fermi level. The predicted small insulating gap with

VHSs in both the valence and conduction bands imply char-

acteristic optical responses with fine structures related to the

polarization direction of each Te square lattice layer. The Te-

dimer-orientation-induced asymmetric Fermi surface may be

directly confirmed by quantum oscillation measurements and

paves a way to memory device application with mechanically

switchable quasi-one-dimensional conductivity. Our predic-

tions of these interesting and diverse properties of DyTe1.8

will hopefully motivate further experimental and theoretical

investigations.
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