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The anisotropic properties of 1T- and 2H-TaS2 are investigated by the density functional theory within the

framework of full-potential linearized augmented plane wave method. The band structures of 1T- and 2H-TaS2 exhibit

anisotropic properties and the calculated electronic specific-heat coefficient γ of 2H-TaS2 accords well with the existing

experimental value. The anisotropic frequency-dependent dielectric functions including the effect of the Drude term

are analysed, where the εxx(ω) spectra corresponding to the electric field E perpendicular to the z axis show excellent

agreement with the measured results except for the εxx

1 (ω) of 1T-TaS2 below the energy level of 2.6 eV which is due to

the lack of the enough CDW information for reference in our calculation. Furthermore, based on the values of optical

effective mass ratio P of 1T and 2H phases it is found that the anisotropy in 2H-TaS2 is stronger than that in 1T-TaS2.
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1. Introduction

Transition-metal dichalcogenides compounds

(TMDCs) have been of widespread interest for a long

time because of their unique structural and electronic

properties.[1,2] 1T- and 2H-TaS2 are two prototypes

for such materials. In the terms of structure, 1T and

2H phases can be regarded as strongly bonded two-

dimensional S-Ta-S layers or sandwiches which are

loosely coupled with each other by relatively weak Van

der Waals forces. Within a single S-Ta-S sandwich,

the Ta and S atoms form two-dimensional hexagonal

arrays. The Ta atoms are octahedrally coordinated by

six neighbouring S atoms in the 1T phase, whereas in

the 2H phase, the coordination of Ta atoms is trigonal

prismatic. 1T- and 2H-TaS2 have rich phase diagrams

of charge-density waves (CDWs). 1T-TaS2 shows a√
13×

√
13 CDWs for T < 540 K which changes upon

cooling from incommensurate to nearly commensu-

rate at 350 K and then to commensurate at 180 K.[3]

2H-TaS2 forms a 3 × 3 commensurate CDW states

below 70 K[4] similar to those for 2H-TaSe2.
[5] Due to

the weak Van der Waals interlayer forces, 1T- and 2H-

TaS2 can be intercalated and dramatically changed in

their physical properties.[6,7] Recently, the experimen-

tal studies about TaS2 have made great progress: it

has obtained a continuous tuning of electronic correla-

tions by alkali adsorption on layered 1T-TaS2,
[8] that

is, there is a metal-insulator transition by changing

the band-filling n, the on-site Coulomb correlation

energy U , or the one-electron bandwidth W. The

superconducting transition temperature (Tc) of 2H-

TaS2 has been enhanced by intercalating Na atoms

(NaxTaS2).
[9] It is found that the Tc rises with the

increase of Na content.

Up to now, there have already existed electronic

structure calculations for us to understand the 1T-

and 2H-TaS2. By applying the empirical tight-binding

method to 1T- and 2H-TaS2 in the presence of a

commensurate CDW, Smith et al
[10] have shown that

in reconstruction in the presence of CDW phase the

Ta d-band splits into three subbands with gaps in

1T-TaS2, but the effect of CDW on the electronic

structure is very weak in 2H-TaS2. And the nonrel-

ativistic augmented-plane-wave (APW) method was

employed by Matthesis[11] to calculate the electronic

band structures of 1T- and 2H-TaS2 and metallic be-

haviour was predicted for these compounds. While

Myron and Freeman [12] exhibited the full-Brillouin-

zone Fermi surfaces of 1T-TaS2 and 1T-TaSe2 us-
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ing the Korringa–Kohn–Rostoker (KKR) method in

the muffin-tin approximation. Woolley and Wexler[13]

also calculated the Fermi surface of 1T-TaS2 by using

the layer method within the muffin-tin approximation.

Sharma et al
[14] presented the anisotropic frequency-

dependent dielectric functions for 1T and 2H phases

of TaS2 and TaSe2 using the linear muffin-tin or-

bital method within the atomic sphere approxima-

tion, in which their results were still shown to be un-

satisfactory at the spectrum peak position compared

with the experimental results. Recently, Reshak and

Auluck[15] carried out the calculations about the elec-

tronic and optical properties of these compounds using

full-potential linearized augmented plane wave (FP-

LAPW) method in which the exchange-correlation po-

tential was treated within the local density approxi-

mation (LDA). They analysed the effect on the elec-

tronic and optical properties when S was replaced by

Se. Blaha [16] also used the same method earlier to dis-

cuss the bonding mechanism as well as the electronic

field gradients of 2H TaS2.

However, the existing calculations are still insuf-

ficient due to lack of detailed comparison between 1T-

and 2H-TaS2 phases, in particular their anisotropic

properties, and accurate methods. Therefore in this

work, we intend to emphasize the anisotropic proper-

ties of TaS2 and compare in detail 1T- and 2H phases

by using a more accurate full-potential method. It is

found that the calculated frequency-dependent dielec-

tric functions are in excellent agreement with experi-

mental results.

The remainder of this paper is organized as fol-

lows: In Section 2 we give a brief description of the

computational method. In Section 3 the main results

and discussion are presented. The brief conclusions

are given in Section 4.

2. Computational method

The calculations in this work are performed with

the FP-LAPW method which is implemented in the

WIEN2k package in a scalar relativistic version.[17]

The generalized gradient approximation (GGA)[18] is

adopted for the exchange-correlation potential. The

charge density, potential and wavefunctions are ex-

panded in spherical harmonics with l ≤ 10 inside

the muffin-tin spheres whose radii are set to 2.32,

2.06 a.u. for Ta and S atoms, respectively. We em-

ploy 28 × 28 × 13 special k meshes in the irreducible

Brillouin-zone (IBZ) for 1T-TaS2, and 36 × 36 × 8

meshes for 2H-TaS2, respectively, and let RKmax =

7.0 and Gmax = 14, resulting in about 1865 and

2030 plane waves. In our calculations the 4f5s5p5d6s

of Ta and 3s3p orbitals of S atoms are treated self-

consistently. The calculation and the integration of

density of states on the IBZ are carried out using the

tetrahedron method.[19]

Table 1. The lattice constants of TaS2 of 1T and 2H

phase.

Compound a/Å c/Å c/a

1T-TaS2 3.38 6.19 1.83 This work

3.36 5.85 1.74 Exp.[11]

2H-TaS2 3.342 12.54 3.75 This work

3.316 12.07 3.64 Exp.[20]

In 1T-TaS2 (space group P -3m1) the unit cell

contains three atoms in which the Ta atom is at 1

c (0, 0, 0) and two S atoms at 2 d ±(1
3 , 2

3 , z) sites

where z ∼0.25. The unit cell of 2H-TaS2 (space group

P63/mmc) contains six atoms, the two equivalent Ta

atoms are at 2b ±(0, 0, 1
4 ) and four S atoms are at 4f

±(1
3 , 2

3 , z), ±(1
3 , 2

3 , 1
2 -z) sites where z ∼ 1

8 . The opti-

mized lattice constants of TaS2 of 1T and 2H phases

are listed in Table 1 together with their experimental

values. The IBZ for 1T-TaS2 is very similar to that

for 2H phase as shown in Fig.1, where Γ , M , K, A, L,

H represent the special symmetry points on the IBZ

edge.

Fig.1. The Irreducible Brillouin Zone of TaS2 of 1T and

2H phases.

3. Results and discussion

3.1. The feature of electronic bands

The calculated band structure for 1T-TaS2 is

shown in Fig.2(a). The bands are localized along

Γ -M -K-Γ , A-L-H-A and Γ -A directions. S s-state

is far away from the Fermi level around the energy
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range from −15.2 to −15.5 eV. The bands ranging

from −7.0 to −1.3 eV are mainly of S p-state and

have a slight contribution from Ta d-state. The bands

between −1.2 and 2.9 eV as well as between 3.4 and

6.0 eV are mainly of Ta d-state. The mixing of S p

and Ta spd-states appears above 6.0 eV. The occu-

pied Ta d-state below Fermi level exists only along

Γ -M -K and A-L-H directions, and there is no occu-

pied d-state along K-Γ -A and H-A directions. The

bandwidth of occupied Ta d is about 1.33 eV which

is in good agreement with the value 1.16 eV obtained

from the results using the layer method[13] and also

with the experimental value 1.5 eV through photoe-

mission studies.[21] In particular, S p-states coincide

with the measured results from the angular-resolved

photoemission experiment,[22] which has a rigid shift

by about 1.35 eV to wards the high energies compared

with the APW results.[11] From this figure it is also

found that the bands along the Γ -M -K-Γ and A-L-H-

A directions are nearly identical near the Fermi level

and very weakly dispersed along Γ -A direction, im-

plying no significant interaction along the z direction.

These two features of bands described above indicate

that 1T-TaS2 is a quasi-two-dimensional system.

Figure 2(b) illustrates the band structure of 2H-

TaS2. Here S s-state is also away from the Fermi

level ranging from −14.4 to −12.0 eV. From −6.2 to

−0.3 eV the bands are contributed from S p-state and

a mixture with Ta d-state. The p-state in 2H phase

shifts towards high energies by about 0.8 eV with re-

spect to Fermi level compared with that in 1T phase.

The bandwidth of S p band in 2H phase is 5.9 eV

which is nearly the same as that in 1T phase and is

very close to the experimental values 6.0 − 7.0 eV.[21]

Between −0.5 and 6.0 eV the bands mainly come from

the Ta d-state. The bands above 6.0 eV are composed

of S p and Ta spd-states. The crystal field in 2H phase

resulting from trigonal prismatic coordination of Ta

atoms by S atoms splits off a narrow subband which

corresponds roughly to the Ta dz2 subband, and the

small energy gap is 0.5 eV which is in excellent agree-

ment with Reshak’s result[15] but is slightly less than

the value 1.0 eV obtained by Matthesis.[11] The occu-

pied Ta d subband below the Fermi level exists along

Γ -M -K-Γ and A-L-H-A directions while it exists only

along Γ -M -K and A-L-H directions in 1T phase. We

also find that the bandwidth of the occupied Ta d-

state is 0.5 eV which is smaller than that (1.33 eV)

of 1T phase. In addition, the Ta dz2 subband man-

ifests a split along the Γ -M -K-Γ -A direction due to

the interlayer d–d interactions.[22]

Fig.2. The band structures of (a) 1T-TaS2, (b) 2H-TaS2.

3.2.Decomposed density of states

The decomposed density of states of 1T-TaS2 is

shown in Fig.3(a). We notice that Ta d state splits

into three lower t2g (dz2 , dyz, dx2−y2) and two degen-

erate upper eg (dxy, dyz) because of the lattice dis-

tortion. The energy separation between t2g and eg is

about 0.6 eV. A strong hybridization between S p and

Ta d appears in valence and conduction bands ranging

from −7.0 to 6.0 eV, which determines the transport

properties of 1T-TaS2. The states in this range con-

sist of three main peaks that are assigned to pdπ and

pdσ bondings (−7.0 − 1.2 eV ), Ta t2g antibonding

(−1.2 − 2.9 eV) and eg antibonding (3.4 − 6.0 eV).

The value of the density of states at the Fermi level

(N (EF)) is 1.512 states/eV per unit cell as shown in

Table 2. These data can give the electronic specific-

heat coefficient γ of about 3.56 mJ/mol·K2. How-

ever, we cannot find any experimental data about the

electronic specific-heat coefficient of 1T-TaS2 for ref-

erence.

Figure 3(b) presents the decomposed density of

states of 2H-TaS2. Owing to the trigonal prismatic
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coordination of Ta atoms in 2H phase, there appears a

dramatic change in decomposed density of states com-

pared with that of 1T phase. The eg subband shifts

towards lower energies while the t2g subband shifts

to higher energies with respect to Fermi level, mean-

while, the band gap between t2g and eg disappears. In

other words, Ta d state splits into upper subband (dxy,

dyz, dxz) and lower narrow subband (dz2 , dx2−y2). A

strong hybridization between S 3p and Ta 5d appears

in a range from −6.2 to 6 eV. The states in this range

are assigned to pdπ and pdσ bondings (−6.2−0.5 eV),

t2g and eg antibondings (−0.5−6.0 eV). The N (EF) is

4.67 states/eV per unit cell (shown in Table 2) which

is about 3.1 times that in 1T phase. This datum is

consistent with the previous theoretical values 4.6−4.8

states/eV per unit cell.[11,15] and is also close to the

experimental value 6.5 states/eV per unit cell.[23] And

it leads to the electronic specific-heat coefficient γ of

about 11.02 mJ/mol·K2 which is comparable well with

the experimental value of 8.5 mJ/mol·K2,[24] impli-

cating that the present description of the electronic

property is quite acceptable.

Fig.3. The decomposed density of states of (a) 1T-TaS2,

(b) 2H-TaS2.

Table 2. The DOS at the Fermi level N(EF)(States/eV

per unit cell), electronic specific-heat coefficient

γ(mJ/mol·K2), the plasma frequency ωP(eV) and the

value mxx/mzz .

Compound N (EF) γ ωxx

P ωzz

P mxx/mzz

1T-TaS2 1.512 3.56 5.415 1.59 0.09

2H-TaS2 4.67 11.02 3.524 0.91 0.07

3.3. The frequency-dependent dielectric

functions of 1T- and 2H-TaS2

The frequency-dependent dielectric functions in-

cluding the intraband contribution is ε(ω)=ε1(ω)

+iε2(ω), where ε1(ω) and ε2(ω) are the real and imag-

inary parts of the function, respectively. The ε(ω)

is calculated within the random phase approximation

(RPA) based on the calculated band structure. The

imaginary part ε2(ω) is calculated from the momen-

tum elements between the occupied and unoccupied

wavefunctions. The real part ε1(ω) is obtained by

means of Kramers–Kroning relation. In 1T- and 2H-

TaS2 the εxx(ω) and εzz(ω) correspond to the electric

field E perpendicular and parallel to the z axis, re-

spectively.

The dependences of εxx
2 (ω) and εzz

2 (ω) on photon

energy in a range of 0–13.6 eV are shown in Figs.4(a)–

(b), which demonstrate sizable anisotropies of 1T- and

2H-TaS2. The εxx
2 (ω) of 1T-TaS2 is shown to be in

good agreement with the measured data (see Fig.10(a)

in Ref.[22]). Particularly the special features of our re-

sults accord very well with their corresponding exper-

imental results: two maxima of εxx
2 (ω) = 15.51 at 1.1

eV and εxx
2 (ω) = 10.79 at 6.5 eV and a minimum of

εxx
2 (ω)=3.19 at 3.17 eV in our calculation of Fig.4(a)

correspond to the two maxima of ε2(ω) = 24.6 at 1.3

eV and ε2(ω) = 12.2 at 6.5 eV, and a minimum of

εxx
2 (ω) = 2.3 at 3.7 eV in the measured results. Addi-

tionally, from this figure it is found that the contribu-

tion from the Drude term (intraband contribution)is

significant for energies below 1.0 eV for 1T-TaS2. The

curve of ε2(ω) reveals the critical points at around 1.1,

5.5, 6.5, 9.3, 10.3 eV which are assigned to A1 −A5 in

turn. A1 and A2 peaks primarily originate from the

transition of S p to Ta t2g bands. And A3 −A5 peaks

mainly come from the transition of S p to Ta eg bands.

As for the case of 2H-TaS2, the εxx
2 (ω) spec-

trum (Fig.4(b)) is also comparable well with the mea-

sured data (see Fig.9(a) in Ref.[25]): a maximum of

εxx
2 (ω) = 10.8 at 3.7 eV corresponding to the ex-

perimental data of 11.8 at 3.7 eV, a minimum of
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εxx
2 (ω) = 1.5 at 1.5 eV corresponding to the exper-

imental data of 1.2 at 1.9 eV, and another maximum

of εxx
2 (ω) = 12.8 at 4.9 eV matching the experimen-

tal data of 11.5 at 5.0 eV. Obviously, the effect of the

Drude term is significant for energies less than 0.2 eV.

The dielectric function is highly anisotropic for the en-

ergies less than 10 eV. The critical points at around

1.0, 3.7, 4.9, 6.4, 7.1, 8.8 eV are assigned to B1 − B6

in turn. The structure B1 is dominated by transition

from S p to Ta dz2 bands, and B2 −B6 peaks are due

to the transitions of S p to the mixture of Ta t2g and

eg bands.

Fig.4. The frequency-dependent dielectric functions: the imaginary parts of (a) 1T-TaS2, (b) 2H-TaS2; the real

parts (c) 1T-TaS2, (d) 2H-TaS2.

The real part of the dielectric function is derived

from the imaginary part using Kramers-Kroning rela-

tion. The calculated εxx
1 (ω) for 1T (Fig.4(c) primarily

matches the experimental curve shown in Fig.10(a) of

Ref.[23], and that of 2H-TaS2 agrees well with the ex-

perimental results shown in Fig.9(a) of Ref.[22]. How-

ever, the calculated εxx
1 (ω) of 1T-TaS2 in the ener-

gies below 2.6 eV exhibits big difference from the ex-

perimental results of which the curve goes down to

negative, presenting a semi-conductor behaviour. As

mentioned above, the experiments confirmed the pres-

ence of nearly commensurate CDW phase which might

lead to a narrow-bandgap semiconductor for 1T-TaS2,

while our present calculations are carried out without

enough CDW information and consequently give out

metallic ground state. Calculations including enough

CDW information will be discussed elsewhere.

In the low energy range the effect of Drude term

is very accountable. We can see from Figs.4(c)–(d)

that there exists a very large static dielectric constant

(ε1(ω), ω = 0), which means that in 1T and 2H phases

the screening effect is very strong so that the electron-

hole interactions in 1T and 2H phases are very weak,

that is, the excitonic effect may be very weak. Both in

1T- and 2H-TaS2 the values of εxx
1 (ω) drop to negative

values beyond 6.5 and 5.9 eV, respectively, which are

comparable well with the experimental values 6.6 and

6.4 eV. The plasma frequency ωP values are shown

in Table 2. It is known that the plasma frequency de-

scribes the collective excitations within the long wave-

length limit and ω2
P = 4πne2/m,[26] where n is the

electron concentration and m is the optical effective

mass. Therefore, the optical effective mass is inversely

proportional to the square of the plasma frequency

so that we can obtain the ratio of anisotropy optical

effective mass P = mxx/mzz = (ωzz
P /ωxx

P )2 in one
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system where n is assumed to be a constant. The

dimensionless P describes the strength of anisotropy

of a system, and P = 1 indicate that the system is

isotropic. We find that the P values are 0.09 and

0.07 for 1T- and 2H-TaS2, respectively, which imply

that TaS2 is anisotropic both for 1T and 2H phases.

We can also see the anisotropic feature from the band

structure above. Simultaneously, the deviation from 1

of P value for 2H phase is much larger than that for

1T phase, which implicates that the anisotropy in 2H

phase is stronger than that in 1T phase.

4. Conclusions

We have reported the anisotropic properties via

the electronic structure and the frequency-dependent

dielectric functions of TaS2 of 1T and 2H phases with-

out including the specific information of CDWs using

the first-principles FP-LAPW method with the GGA

exchange-correlation. A parallel comparison between

1T and 2H phases is made in detail. It is found that

the S p and Ta d states dominate the valence and con-

duction bands of 1T- and 2H-TaS2. The locations of S

p and Ta d states with respect to the Fermi level, ob-

tained from the present calculation, are in very good

agreement with the experimental results. The densi-

ties of states at the Fermi level for 1T- and 2H-TaS2

are 1.512 and 4.67 states/eV per unit cell, respectively,

leading to the values of electronic specific-heat coef-

ficient γ of 3.56 and 11.02 mJ/mol·K2, respectively.

The frequency-dependent dielectric functions present

critical points of A1 −A5 and B1 −B6 in ε2(ω) of 1T-

and 2H-TaS2, which are determined with respect to

the energy transitions in band structure. The large

static dielectric functions in 1T- and 2H-TaS2 indi-

cate that there exists a very strong screening effect, in

other words, the excitonic effect is very weak in such

systems. From the band structure feature as well as

the optical effective mass ratio P we conclude that

there exist anisotropic (two-dimensional characteris-

tic) properties in 1T- and 2H-TaS2 and the anisotropy

in 2H phase is stronger than that in 1T phase. Most of

the calculated properties are comparable well with the

experimental results except for the εxx
1 (ω) of 1T-TaS2

below the energy level of 2.6 eV. We believe that the

CDW phase plays an important role in that energy

range.
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