
Band nesting and the optial response of two-dimensional semionduting transitionmetal dihalogenidesA. Carvalho1, R. M. Ribeiro1,2, A. H. Castro Neto1
1Graphene Researh Centre, National University of Singapore, 6 Siene Drive 2, Singapore 117546 and

2Center of Physis and Department of Physis, University of Minho, PT-4710-057, Braga, Portugal(Dated: July 18, 2013)We have studied the optial ondutivity of two-dimensional (2D) semionduting transition metaldihalogenides (STMDC) using ab initio density funtional theory (DFT). We �nd that this lassof materials presents large optial response due to the phenomenon of band nesting. The tendenytowards band nesting is enhaned by the presene of van Hove singularities in the bandstruture ofthese materials. Given that 2D rystals are atomially thin and naturally transparent, our resultsshow that it is possible to have strong photon-eletron interations even in 2D.PACS numbers: 71.20.Mq,78.40.Fy,71.10.-wSemiondutor transition metal dihalogenides(STMDC) are a family of rystals with a hemialformula MX2 where M = W, Mo, Ti, Zr, Hf, Pd, Pt,and others, and X = S, Se, Te,1�3 whih an exist in atwo-dimensional (2D) struture onsisting of one layerof transition metal atoms sandwihed by two layersof halogens, all in hexagonal sublatties. They havetwo known strutural polytypes, trigonal prismati (T)and otahedral (O), whih an be distinguished by therelative staking of the halogenide layers. Most 2DSTMDC have band gaps in the visible range, between1 eV and 3 eV, and have been the subjet of studyin the last few years4,5 sine the emergene of the�eld of 2D rystals.6 Beause of these band gaps, ina tehnologially interesting range, these materials arebeing onsidered for a new generation of 2D transistor,sensor, and photovoltai appliations.It was disovered reently7 that these materials havestrong optial properties even when they are only threeatoms thin. This is rather surprising beause atomiallythin �lms like these, only tens of Ångströms in thik-ness, are naturally transparent and we would not expeta strong photon-eletron oupling a priori. In this arti-le, we show that this extraordinary optial response isdue to the phenomenon of �band nesting", namely, thefat that in the bandstruture of these materials thereare regions where the ondution and valene bands areparallel to eah other in energy. Band nesting impliesthat when the material absorbs a photon, the produedeletrons and holes propagate with exatly the same,but opposite, veloities. We �nd that band nesting ispresent in the bandstruture of all these materials. Fur-thermore, the existene of strong van Hove singularities(VHS) failitates the phenomenon of band nesting. Intwo-dimensional materials, the band-nesting results in adivergene of the joint density of states, leading to veryhigh optial ondutivity. We present alulations of theoptial response of the 2D STMDC with X =S,Se, illus-trating how it is enhaned by the phenomenon of bandnesting.

A. Band nestingIn semiondutors, the band gap plays an importantrole in what onerns optial absorption. It de�nes thethreshold after whih there is absorption of eletromag-neti radiation, by the promotion of an eletron from thevalene band to the ondution band. But the largestabsorption is usually not at the band gap edge; it is of-ten onsidered to be in a VHS in the eletroni stru-ture. These orrespond to singularities in the density ofstates; if at a given point of the reiproal spae there areVHS both in the ondution and the valene band, therewill be a singularity of the optial ondutivity. Yet,this oinidene normally happens only at high symme-try points, and there are very few in the Brillouin Zone(BZ). A partiular ase is the extended van Hove singu-larity (EVHS) in that these are single band saddle pointswith a �at band in one of the diretions.8The optial ondutivity of a material an be writtenas
σ1(ω) = κ2(ω)ωǫ0 ,where κ2(ω) is the imaginary part of the relative eletripermittivity, ω is the frequeny of the inoming eletro-magneti radiation, and ǫ0 is the vauum permittivity.In the optial dipole approximation we an write:

κ2(ω) = A(ω)
∑
v,c

∫
BZ

d2k

(2π)2
|dvc|

2δ (Ec − Ev − ℏω) ,(1)where Ec and Ev are the energies of the lowest uno-upied ondution band and highest oupied valenebands, respetively. The sum is over the oupied statesin the valene band (v) and the unoupied states in theondution band (c), and inludes impliitly the sum overspins, A(ω) = 4π2e2/(m2ω2) (e is the eletri hargeand m the arrier mass), dvc is the dipole matrix ele-ment. The integral in (1) is evaluated over the entire2D BZ. If we onsider uts S(E) of onstant energy E,
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E = ℏω = Ec − Ev, in the bandstruture, we an write:

d2k = dS
d (Ec − Ev)

|∇k (Ec − Ev) |
,and the integral in (1) an be rewritten as:

κ2(ω) = A(ω)
∑
v,c

1

(2π)2

∫
S(ω)

dS

|∇k (Ec − Ev) |
|dvc|

2 .Notie that the strong peaks in the optial ondu-tivity will ome from regions in the spetrum where
|∇k (Ec − Ev) | ≈ 0. If dvc varies slowly over these re-gions (so that there is a gradient expansion) we an write:

κ2(ω) ≈ A(ω)
∑
v,c

|dvc|
2ρvc(ω) ,where

ρvc(ω) =
1

(2π)2

∫
S(ω)

dS

|∇k (Ec − Ev) |
,is the joint density of states (JDOS).The points where ∇k (Ec − Ev) = 0 are alled rit-ial points (CP) and they an be of several types. If

∇kEc = ∇kEv = 0 we have either a maximum, a min-imum or a saddle point in eah band; this an ouronly in high symmetry points. Usually, these points re-eive more attention, beause they are easy to pinpointby visual inspetion of the bandstruture, and give rise tosingularities in the DOS. On the other hand, the ondi-tion ∇k (Ec − Ev) = 0 with |∇kEc| ≈ |∇kEv| > 0, thatis band nesting, gives rise to singularities of the JDOS,and therefore to high optial ondutivity. Notie thatthis ondition di�ers from an EVHS8 in that the laterrefers to saddle points in one band, with a �at band inone of the diretions, while here it is determined by the�topographi� di�erene between the ondution and va-lene bands. In the ase of two dimensional materials, asaddle point of Ec − Ev gives rise to a divergene of theoptial ondutivity, whereas in 3D materials it merelygives rise to an edge with (E−E0)
1/2 dependene, in �rstapproximation.9 I. METHODWe performed a series of DFT alulations for theSTMDC family using the open soure ode QuantumESPRESSO.10 We used norm onserving, fully relativis-ti pseudopotentials with nonlinear ore-orretion andspin-orbit information to desribe the ion ores.11 Theexhange orrelation energy was desribed by the gen-eralized gradient approximation (GGA), in the shemeproposed by Perdew, Burke and Ernzerhof12 (PBE). Theintegrations over the Brillouin-zone (BZ) were performedusing sheme proposed by Monkhorst-Pak13,14 for allalulations exept those of the density of states, for

whih the tetrahedron method15 was used instead. Fromthe bandstruture we alulated the optial ondutivitydiretly.16 It is well known that GGA underestimates theband gap, and hene the optial ondutivity shows thepeaks displaed towards lower energies relative to atualexperiments. However, the shapes and intensities are ex-peted to be orret.We notie the importane of inluding spin-orbitand so to perform full relativisti, non-ollinearalulations17,18. Signi�ant spin-orbit splittings in therange 50 meV to 530 meV an be obtained in these rys-tals and an be measured using urrent spetrosopitehniques. Still, spin-orbit interation is largely ignoredin most of DFT alulations19�22. In our ase, evenfor light transition metals, suh as Ti, we an have aspin-orbit splitting of the order of 40 meV, whih anbe easily measured. The trigonal prismati (T) geom-etry does not have inversion symmetry, and has a on-siderable spin-orbit splitting, speially around the highsymmetry point K. The otahedral struture (O) has in-version symmetry, and therefore no spin-orbit splittingan be observed (E(k, ↑) = E(k, ↓)). This results fromthe inversion symmetry of the energy bands in the re-iproal spae, whih implies that E(k, ↑) = E(−k, ↑)and E(k, ↓) = E(−k, ↓), while time reversal symmetry(preservation of the Kramers degeneray) requires that
E(k, ↑) = E(−k, ↓). II. RESULTSA. Bandstruture alulationsCalulations of the eletroni struture were performedfor all 2D MX2 with X =S, Se, for both the trigonalprismati and otahedral strutures. Amongst these, wefound eleven to be semiondutors. Unless otherwisestated, we will only show results for the lowest energystrutures for eah ompound, whih are the T stru-ture for MoX2 and WX2 and the O struture for TiX2,ZrX2, PtX2 and PdX2. However, the same analysis anbe extended to the metastable strutures as well.The eletroni bandstrutures and density of states(DOS) of TiS2, ZrS2, MoS2, WS2, PtS2 and PdS2 areshown in Fig. 1. It is useful to ompare the results fordihalogenides with M belonging to the same group ofthe periodi table, whih usually have the same lowestenergy struture type and have similar features in thebandstruture lose to the gap. The same an be saidof MS2 and MSe2 for the same transition metal. How-ever, T- and O- strutures, even of the same material,are very di�erent. Nevertheless, all of them present VanHove singularities of Ec, Ev or both, inluding saddlepoints whih give rise to sharp peaks in the DOS.We start by analyzing the bandstruture of WS2, oneof the most studied STMDC. At the K point, where thediret gap is smallest, the Van Hove singularities are theminimum of Ec and maximum of Ev, and therefore only
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Figure 1. (Color online) Band strutures, and DOS of TiS2 and ZrS2 (group 4A sulphides), MoS2 and WS2 (group 6A sulphides)and PdS2 and PtS2 (group 8 sulphides). The arrows indiate the transitions orresponding to the �rst peak in the optialondutivity.give rise to steps of the DOS. These steps are low om-pared to the sharp peaks originating on the very �atbands near the ondution band minimum between theM and the Γ points (see point marked as G in Fig. 1),whih is not a high symmetry point. Still, the singularityof the DOS itself is not su�ient to explain the high ab-sorption peak that an be seen in the optial ondutivity(see Fig. 2).In order to identify the origin of the largest peakat low energy (at 2.56 eV), we analyze the energy dif-ferene between the highest oupied band and lowestunoupied band, Ec − Ev, together with its gradient,along the high symmetry lines of the Brillouin Zone (Fig.3). We �nd the gradient to be very low between the
Γ and the Λ points (orresponding to transitions sig-naled in Fig. 1) whih is the �rst large optial ondu-tivity peak at 2.56 eV. It is also small near the rightarrow of Fig. 1, at around 2.7 eV. We de�ne the re-

gions where this band nesting ours using the riteria
|∇k (Ec − Ev) | ≪ 1 eV/(2π/a) (where 2π/a is the mod-ulus of the reiproal lattie vetor).We explored all the BZ to �nd the extent of the bandnesting. Figure 5 shows |∇k (Ec − Ev) | for WS2. Thelarge white areas lose to Λ are the areas where bandnesting ours for these two bands.The band nesting an also be observed for other bandsimmediately below or above, as for example for the tran-sitions between the seond highest band and the ondu-tion band (Ec − Ev2), also illustrated in Fig. 1. Forexample the 2.96 eV peak in optial ondutivity resultsmostly from ontributions of other bands.The bandstrutures of the other trigonal prismatiompounds, WSe2, MoS2 and MoSe2 display similarband nesting.The band nesting is also present in the bandstrutureof otahedral polytype ompounds. Figure 1 shows the
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Figure 2. (Color online) Real part of the optial ondutivityof 2D transition metal disulphides.bandstruture and DOS of O-TiS2 single layer. Thismaterial exists in the bulk in the otahedral form, andwas predited to be an energetially stable semi-metal19.However, our alulations show it to be an indiretband gap semiondutor, with a small gap. Experimen-tally, the bulk form of TiS2 is a very narrow band gapsemiondutor24,25 (Eg ≈ 0.3 eV). This value is proba-bly underestimated due to the semiloal approximationused for the exhange and orrelation energy funtional.We also note that, sine there is no spin-orbit splitting,all the bands shown are degenerate, and so ontributedoubly to the DOS.Following the same reasoning we used for the trigonalprismati materials and analyzing the energy gradients(Fig. 3), we notie that |∇k (Ec − Ev) | ≪ 1 eV/(2π/a) inthe regions orresponding to the arrows of Fig. 1. Thereis another band bellow, and very lose in energy to thehighest oupied band, whih is also plotted in Fig. 1.Sine it has transition energies very lose to the ones fromthe highest oupied band, it mostly reinfores the peaksdue to the band nesting. All the three transitions havesimilar energies, being the strongest near M at 1.5 eV;the others ontribute to the large broadening of the peakin the optial ondutivity (Fig. 2).We analyze the extent of this band nesting over theBZ by plotting |∇k (Ec − Ev) | for TiS2 (Figure 4). Inwhite we have the zone orresponding to values less than
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Figure 3. (Color online) Di�erene Ec −Ev and the modulusof its gradient for monolayer WS2, TiS2 and ZrS2 in the highsymmetry path.23 Ev1 indiates the highest oupied band,while Ev2 indiates the energy of the seond highest oupiedband. a is the lattie onstant.1 eV/(2π/a). It an be seen that band nesting extendssigni�antly beyond the high symmetry lines. The largerthe area, the more intense the absorption peak is ex-peted to be.Another element of this family, ZrS2, behaves in a sim-ilar way. ZrS2 has the same otahedral struture and thesame number of valene eletrons as TiS2. But in thisase, the gap is muh wider (Fig. 1).The transitions marked by the arrows in Fig. 1 orre-spond to regions where the gradient of Ec − Ev is small(Fig. 3). Hene, the absorption is very high at these en-ergies, as an be seen in Fig. 2. There we have two verylose peaks, forming a very broad peak. They orrespondto a transition at the M point with an energy E = 2.0 eV,
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Figure 4. (Color online) Map on the BZ of |∇k (Ec − Ev) | forTiS2. a is the lattie onstant.

Figure 5. (Color online) Map on the BZ of |∇k (Ec − Ev) | forWS2. a is the lattie onstant. In the Γ-M line, ∇k (Ec − Ev)is unde�ned due to band rossing.and the transition indiated by the letter A with an en-ergy E = 2.2 eV. The transitions at B (E = 1.88 eV) alsogive some ontribution to the broadening of the peak inthe optial ondutivity. The transition at M is even

stronger than for TiS2. Both TiS2 and ZrS2 have ab-sorption at lower energies than the orresponding to thesetransitions, but the intensity is almost an order of magni-tude smaller. It is interesting to note that TiS2 and ZrS2have a larger optial ondutivity than the orrespondingsystems based on W or Mo.We have veri�ed all these results for all elements of the2D STMDC that inlude WS2, WSe2, MoS2, MoSe2, inthe trigonal form, and TiS2, ZrS2, ZrSe2, PdS2, PdSe2,PtS2, PtSe2 in the otahedral form and the band nestingis qualitatively the same. The only variation that we�nd is quantitative, namely, the intensity of the optialresponse hanges from system to system (Fig. 2 showsthat the high peaks near the absorption edge are abouthalf as high for PtS2 and PdS2 as for TiS2, for example).However, band nesting is present for all members of thisfamily of 2D materials.III. SUMMARYIn onlusion, we have shown that all 2D STMDC dis-play band nesting in large regions of the Brillouin Zone.This feature of their bandstruture leads to a large op-tial response with peaks in the optial ondutivity.The otahedral ompounds TiS2 and ZrS2 are amongstthose with largest band nesting regions. The trigonalprismati systems, whih lak inversion symmetry, alsohave strong non-linear optial response. This result indi-ates that despite their thikness, these materials presentstrong photon-eletron oupling. The existene of largeeletron-photon interation in 2D opens up the possibil-ity to exiting opportunities for basi researh as well asfor appliations in photonis and opto-eletronis.ACKNOWLEDGMENTSWe gratefully aknowledge JJ Woo and MC Costa andthe omputer resoures from TACC and GRC. RMR isthankful for the �nanial support by FEDER throughthe COMPETE Program and by the Portuguese Foun-dation for Siene and Tehnology (FCT) in the frame-work of the Strategi Projet PEST-C/FIS/UI607/2011and grant nr. SFRH/BSAB/1249/2012. We aknowl-edge the NRF-CRP award "Novel 2D materials with tai-lored properties: beyond graphene" (R-144-000-295-281).1 J. Wilson, F. Di Salvo, and S. Mahajan, Adv. Phys. 24,117 (1975)2 Q. H. Wang et al., Nature Nanotehnology 7, 699 (2012)3 M. Chhowalla et al., Nature Chemistry 5, 263 (2013)4 M. S. Fuhrer and J. Hone, Nature Nanotehnology 8, 146(2013)5 K. F. Mak et al., Phys. Rev. Lett. 105, 136805 (2010)
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