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Based on first-principles calculations, the structural, electronic, and optical properties of mono-

layers PtS2 and PtSe2 are investigated. The bond stiffnesses and elastic moduli are determined by

means of the spring constants and strain-energy relations, respectively. Dynamic stability is con-

firmed by calculating the phonon spectra, which shows excellent agreement with experimental

reports for the frequencies of the Raman-active modes. The Heyd-Scuseria-Ernzerhof functional

results in electronic bandgaps of 2.66 eV for monolayer PtS2 and 1.74 eV for monolayer PtSe2.

G0W0 calculations combined with the Bethe-Salpeter equation are used to predict the optical

spectra and exciton binding energies (0.78 eV for monolayer PtS2 and 0.60 eV for monolayer

PtSe2). It turns out that the excitons are strongly bound and therefore very stable against external

perturbations. Published by AIP Publishing. https://doi.org/10.1063/1.5010881

The zero bandgap nature of famous graphene has trig-

gered a lot of interest in semiconducting two-dimensional

materials, including boron nitride,1 transition metal dichalco-

genides (TMDCs),2–12 transition-metal trichalcogenides,13,14

and phosphorene.15–19 In bulk TMDCs, covalently bound

TM and chalcogen atoms form layers held together by weak

van der Waals forces, which opens access to a rich class of

two-dimensional materials with considerable bandgaps of

1–2 eV and potential applications in field-effect transis-

tors,20–23 logic circuits,24 and memory devices,25 for exam-

ple. To date, mainly 2H phase monolayer TMDCs have been

used, fabricated by exfoliation or chemical vapor deposition,

while 1T phase monolayer TMDCs received attention only

recently.

Despite the high cost of Pt, 1T phase Pt dichalcogenides

are interesting because of their high carrier mobilities26 (as

compared to the Mo and W dichalcogenides23,27,28) com-

bined with the possibility to tune the bandgap by the film

thickness,29 which is beneficial for constructing functional

devices. Monolayer PtSe2, synthesized by direct selenization

of a Pt(111) substrate,30 is known to be stable in air with

high photo-responsivity26 and can be used to sense NO2 with

ultrahigh sensitivity and fast response time.31 In addition, the

unconventional R-2 Rashba effect has been realized for the

first time in monolayer PtSe2.
32 Strong interlayer interactions

and bandgaps of 1.6 eV (Ref. 29) and 1.2 eV (Ref. 30) have

been reported for monolayers PtS2 and PtSe2, respectively,

which is the spectral range of interest for solar energy har-

vesting. However, the optical properties of Pt dichalcoge-

nides are hardly investigated, in contrast to the 2H phase

monolayer TMDCs.6,10,11 To overcome this knowledge gap,

we employ in the present work first-principles calculations

and the Bethe-Salpeter equation (BSE) to predict the absorp-

tion spectra and exciton binding energies of monolayers PtS2

and PtSe2. The bond stiffnesses, elastic moduli, phonon

spectra, and electronic band structures of the two materials

are calculated and analyzed.

We employ density functional theory using the projector

augmented plane wave method as implemented in the

Vienna Ab-initio Simulation Package.33 Monolayer struc-

tures are constructed by taking one chalcogen-Pt-chalcogen

slab from the bulk crystal structures with the experimental

lattice constants29,34 and complementing it with a vacuum

layer thicker than 16 Å in the out-of-plane direction (which

also prevents artifacts of the periodic boundary conditions).

The van der Waals correction of Grimme is employed,35 and

the spin-orbit coupling is taken into account (except for the

structure relaxation and BSE calculations) because Pt is a

heavy element. The lattice constants and atomic positions

are relaxed using the Perdew-Burke-Ernzerhof (PBE) gener-

alized gradient approximation (plane wave cutoff energy of

450 eV, 6� 6� 1 k-mesh) until the energy is converged

within 10 meV and the atomic forces have dropped below

1 meV/Å. Heyd-Scuseria-Ernzerhof (HSE06) calculations

are performed starting from the converged PBE wave func-

tions (plane wave cutoff energy of 450 eV, 8� 8� 1

k-mesh). G0W0 calculations to obtain the quasi-particle ener-

gies are then conducted based on the HSE06 single-particle

energies and wave functions (8� 8� 1 k-mesh), using a

truncated Coulomb potential. Finally, the BSE optical spec-

tra are derived from the quasi-particle energies, taking into

account the 10 highest valence and 10 lowest conduction

bands. We construct 5� 5� 1 supercells of the monolayer

structures to calculate the phonon spectra by means of the

second order force constants obtained from density func-

tional perturbation theory,36 using the PBE functional

(3� 3� 1 k-mesh). Strain-energy relations are calculated by

changing the lattice constant in steps of 0.5% and relaxing

the atomic positions in each step.

As monolayers PtS2 and PtSe2 belong to the family of

1T phase TMDCs, Pt is octahedrally coordinated by six chal-

cogen atoms. The side view given in Fig. 1(a) shows that a

layer of Pt atoms is sandwiched between layers of chalcogen

atoms. The PBE functional overestimates the lattice con-

stants only by 0.5% as compared to the experimental values,

see Table I. The spring constants calculated as trace of thea)udo.schwingenschlogl@kaust.edu.sa. Tel.: þ966(0)544700080.
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second order force constant tensor (second derivatives of the

energy with respect to the displacements of the Pt and chal-

cogen atoms along the Cartesian axes) are given in Table I.

We find that the bond stiffness is smaller for the heavier

chalcogen atom, consistent with Ref. 37. The Pt-S and Pt-Se

bonds are less stiff than the corresponding bonds in 2H phase

monolayers MoS2 (11.2 eV/Å), MoSe2 (9.8 eV/Å), WS2

(11.7 eV/Å), and WSe2 (10.2 eV/Å) but more stiff than those

in 1T phase monolayers ZrS2 (4.6 eV/Å), ZrSe2 (3.7 eV/Å),

HfS2 (5.2 eV/Å), and HfSe2 (4.2 eV/Å).37 Lower bond

stiffness agrees with a reduced span of phonon frequencies

(Fig. 2) as compared to the 2H phase monolayer TMDCs

reported in Ref. 37. We therefore can also expect lower lat-

tice thermal conductivities for monolayers PtS2 and PtSe2,

which is one of the key requirements for a material with a

high thermoelectric figure of merit. The elastic modulus

(obtained from the strain-energy relation38) is higher for

monolayer PtS2 than for monolayer PtSe2 due to the higher

bond stiffness (Table I).

The phonon spectra in Fig. 2 show three acoustic and

six optical phonon branches, as the primitive unit cells of

monolayers PtS2 and PtSe2 contain one Pt and two chalcogen

atoms. The fact that there are no imaginary frequencies

demonstrates the dynamic stability of the two materials. The

phonon modes at the C point are decomposed as A01 ðRÞ
þ2A002 ðIRÞ þ 2E01 ðRþ IRÞ þ E00 ðRÞ, where R and IR

mark Raman and infrared active modes, respectively. The

frequencies of the A01 and E00 modes, given in Table I,

show excellent agreement with the experimental values.26,29

In addition, the frequency of the A01 mode of monolayer

PtS2 agrees reasonably well with the theoretical value of

338 cm�1 reported in Ref. 39. The authors of Ref. 29 have

not found the A01 mode in monolayer PtS2, most likely due to

the limited thickness of their samples. We note that the

HSE06 approach is computationally too expensive to per-

form phonon calculations for the present supercells with 75

atoms. The 3� 3� 1 k-mesh used for the phonon calcula-

tions is well converged, as the differences to results for a

2� 2� 1 k-mesh (Fig. 1 in the supplementary material) are

small.

Figure 3 shows the electronic band structures of mono-

layers PtS2 and PtSe2 obtained by PBE, HSE06, and G0W0

calculations using an 8� 8� 1 k-mesh. The corresponding

results for a 6� 6� 1 k-mesh (Fig. 2 in the supplementary

material) exhibit no significant differences; in particular, the

values of the bandgap change by less than 0.01 eV. We

observe an indirect bandgap nature for both materials. The

valence band maximum is located along the C-M direction

in monolayer PtS2 and at the C point in monolayer PtSe2,

while the conduction band minimum appears always along

the C-M direction. According to Fig. 3, the PBE, HSE06,

and G0W0 values of the indirect bandgap are 1.76 eV,

2.66 eV, and 3.43 eV for monolayer PtS2 and 1.18 eV,

1.74 eV, and 2.53 eV for monolayer PtSe2, respectively.

Our PBE results thus agree well with Ref. 40 (1.73 eV for

FIG. 1. (a) Side and (b) top views of monolayer PtX2. The large and small

spheres represent the Pt and X atoms, respectively.

TABLE I. Optimized lattice constant, frequencies of the Raman active

modes, spring constant, and elastic modulus as obtained by PBE calculations.

Monolayer PtS2 Monolayer PtSe2

Calculated Experiment Calculated Experiment

a0 (Å) 3.56 3.54 (Ref. 29) 3.72 3.70 (Ref. 30)

E00 ðcm�1Þ 270 302 (Ref. 29) 172 185 (Ref. 26)

A01 ðcm�1Þ 321 212 206 (Ref. 26)

K (eV/Å) 8.8 7.7

C (N/m) 101 87

FIG. 2. Phonon band structure as ob-

tained by PBE calculations.
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monolayer PtS2 and 1.20 eV for monolayer PtSe2). When we

calculate the G0W0 values based on the PBE single-particle

energies and wave functions, we obtain 2.88 eV and 2.06 eV

for monolayers PtS2 and PtSe2, respectively, which agrees

for both materials with Ref. 41 (2.83 eV and 2.10 eV) but

only for monolayer PtS2 with Ref. 42 (2.95 eV and 2.48 eV).

The partial densities of states given in Fig. 4 demonstrate

that the valence and conduction band edges of monolayers

PtS2 and PtSe2 are due to hybridized Pt d and chalcogen p
states.

As the electron-hole interaction is crucial for the absorption

behavior of two-dimensional semiconductors, we calculate

the optical spectra of monolayers PtS2 and PtSe2 by the

G0W0/BSE scheme. Similar to monolayer MoS2, excitonic

peaks appear in Fig. 5 below the minimal direct bandgap.

The corresponding results in the random phase approxima-

tion (HSE06 functional) show no features in this energy

range. The difference between the minimal direct bandgap

(G0W0) and the energy of an excitonic peak in the optical

spectrum is the exciton binding energy. In the case of an

18� 18� 1 (14� 14� 1) k-mesh, the first excitonic peak

appears at 2.74 eV (2.77 eV) for monolayer PtS2 and at

2.22 eV (2.23 eV) for monolayer PtSe2. Minimal direct

bandgaps of 3.54 eV (3.52 eV) and 2.81 eV (2.82 eV) thus

FIG. 3. Electronic band structures as

obtained by PBE (top), HSE06 (mid-

dle), and G0W0 (bottom) calculations

using an 8� 8� 1 k-mesh.
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lead to exciton binding energies of 0.78 eV (0.77 eV) and

0.60 eV (0.58 eV) for monolayers PtS2 and PtSe2, respec-

tively. Similarity of the results obtained for the two k-

meshes shows that these values are well converged.

Our results agree perfectly with the prediction of the

Mott-Wannier model of two-dimensional materials that (in

the case of high polarizability) the exciton binding energy is

inversely proportional to the polarizability (ratio of obtained

exciton binding energies: 0.78/0.60¼ 1.3; inverse ratio of

polarizabilities: 50.2/38.7¼ 1.3).43 Interestingly, the exciton

binding energies of the materials under investigation are

much higher than those predicted for 1T phase monolayer

SnS2 [0.41 eV (Ref. 44)] This is a significant finding because

strongly bound excitons give rise to stable material proper-

ties. In addition, the excitons can sustain strong electric fields

and high carrier injection. It turns out that the application of

2% tensile strain red-shifts the first excitonic peak to 2.49 eV

for monolayer PtS2 and to 1.98 eV for monolayer PtSe2.

Minimal direct bandgaps of 3.24 eV and 2.52 eV then result

in exciton binding energies of 0.75 eV and 0.55 eV for mono-

layers PtS2 and PtSe2, respectively.

In conclusion, we have demonstrated the absence of

negative phonon frequencies and therefore the dynamic sta-

bility of the two-dimensional structures for monolayers PtS2

and PtSe2. The frequencies of the Raman active modes show

excellent agreement with experimental reports. The bond

stiffness is found to be lower than those in monolayers

MoS2, MoSe2, WS2, and WSe2. We observe indirect band-

gaps and hybridization between the Pt d and chalcogen p
states at the valence and conduction band edges. The lowest

energy optical transitions turn out to be due to strongly

bound excitons, which is of great interest from an application

point of view.

See supplementary material for two figures: Phonon

band structure as obtained by PBE calculations using a

2� 2� 1 k-mesh; Electronic band structures as obtained by

PBE, HSE06, and G0W0 calculations using a 6� 6� 1

k-mesh.
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