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2Center of Physi
s and Department of Physi
s, University of Minho, PT-4710-057, Braga, Portugal(Dated: July 18, 2013)We have studied the opti
al 
ondu
tivity of two-dimensional (2D) semi
ondu
ting transition metaldi
hal
ogenides (STMDC) using ab initio density fun
tional theory (DFT). We �nd that this 
lassof materials presents large opti
al response due to the phenomenon of band nesting. The tenden
ytowards band nesting is enhan
ed by the presen
e of van Hove singularities in the bandstru
ture ofthese materials. Given that 2D 
rystals are atomi
ally thin and naturally transparent, our resultsshow that it is possible to have strong photon-ele
tron intera
tions even in 2D.PACS numbers: 71.20.Mq,78.40.Fy,71.10.-wSemi
ondu
tor transition metal di
hal
ogenides(STMDC) are a family of 
rystals with a 
hemi
alformula MX2 where M = W, Mo, Ti, Zr, Hf, Pd, Pt,and others, and X = S, Se, Te,1�3 whi
h 
an exist in atwo-dimensional (2D) stru
ture 
onsisting of one layerof transition metal atoms sandwi
hed by two layersof 
hal
ogens, all in hexagonal sublatti
es. They havetwo known stru
tural polytypes, trigonal prismati
 (T)and o
tahedral (O), whi
h 
an be distinguished by therelative sta
king of the 
hal
ogenide layers. Most 2DSTMDC have band gaps in the visible range, between1 eV and 3 eV, and have been the subje
t of studyin the last few years4,5 sin
e the emergen
e of the�eld of 2D 
rystals.6 Be
ause of these band gaps, ina te
hnologi
ally interesting range, these materials arebeing 
onsidered for a new generation of 2D transistor,sensor, and photovoltai
 appli
ations.It was dis
overed re
ently7 that these materials havestrong opti
al properties even when they are only threeatoms thin. This is rather surprising be
ause atomi
allythin �lms like these, only tens of Ångströms in thi
k-ness, are naturally transparent and we would not expe
ta strong photon-ele
tron 
oupling a priori. In this arti-
le, we show that this extraordinary opti
al response isdue to the phenomenon of �band nesting", namely, thefa
t that in the bandstru
ture of these materials thereare regions where the 
ondu
tion and valen
e bands areparallel to ea
h other in energy. Band nesting impliesthat when the material absorbs a photon, the produ
edele
trons and holes propagate with exa
tly the same,but opposite, velo
ities. We �nd that band nesting ispresent in the bandstru
ture of all these materials. Fur-thermore, the existen
e of strong van Hove singularities(VHS) fa
ilitates the phenomenon of band nesting. Intwo-dimensional materials, the band-nesting results in adivergen
e of the joint density of states, leading to veryhigh opti
al 
ondu
tivity. We present 
al
ulations of theopti
al response of the 2D STMDC with X =S,Se, illus-trating how it is enhan
ed by the phenomenon of bandnesting.

A. Band nestingIn semi
ondu
tors, the band gap plays an importantrole in what 
on
erns opti
al absorption. It de�nes thethreshold after whi
h there is absorption of ele
tromag-neti
 radiation, by the promotion of an ele
tron from thevalen
e band to the 
ondu
tion band. But the largestabsorption is usually not at the band gap edge; it is of-ten 
onsidered to be in a VHS in the ele
troni
 stru
-ture. These 
orrespond to singularities in the density ofstates; if at a given point of the re
ipro
al spa
e there areVHS both in the 
ondu
tion and the valen
e band, therewill be a singularity of the opti
al 
ondu
tivity. Yet,this 
oin
iden
e normally happens only at high symme-try points, and there are very few in the Brillouin Zone(BZ). A parti
ular 
ase is the extended van Hove singu-larity (EVHS) in that these are single band saddle pointswith a �at band in one of the dire
tions.8The opti
al 
ondu
tivity of a material 
an be writtenas
σ1(ω) = κ2(ω)ωǫ0 ,where κ2(ω) is the imaginary part of the relative ele
tri
permittivity, ω is the frequen
y of the in
oming ele
tro-magneti
 radiation, and ǫ0 is the va
uum permittivity.In the opti
al 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 
ondu
tion band and highest o

upied valen
ebands, respe
tively. The sum is over the o

upied statesin the valen
e band (v) and the uno

upied states in the
ondu
tion band (c), and in
ludes impli
itly the sum overspins, A(ω) = 4π2e2/(m2ω2) (e is the ele
tri
 
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,



2
E = ℏω = Ec − Ev, in the bandstru
ture, 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 .Noti
e that the strong peaks in the opti
al 
ondu
-tivity will 
ome from regions in the spe
trum 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-i
al 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 ea
h band; this 
an o

uronly in high symmetry points. Usually, these points re-
eive more attention, be
ause they are easy to pinpointby visual inspe
tion of the bandstru
ture, 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 opti
al 
ondu
tivity. Noti
e thatthis 
ondition di�ers from an EVHS8 in that the laterrefers to saddle points in one band, with a �at band inone of the dire
tions, while here it is determined by the�topographi
� di�eren
e between the 
ondu
tion and va-len
e bands. In the 
ase of two dimensional materials, asaddle point of Ec − Ev gives rise to a divergen
e of theopti
al 
ondu
tivity, whereas in 3D materials it merelygives rise to an edge with (E−E0)
1/2 dependen
e, in �rstapproximation.9 I. METHODWe performed a series of DFT 
al
ulations for theSTMDC family using the open sour
e 
ode QuantumESPRESSO.10 We used norm 
onserving, fully relativis-ti
 pseudopotentials with nonlinear 
ore-
orre
tion andspin-orbit information to des
ribe the ion 
ores.11 Theex
hange 
orrelation energy was des
ribed by the gen-eralized gradient approximation (GGA), in the s
hemeproposed by Perdew, Burke and Ernzerhof12 (PBE). Theintegrations over the Brillouin-zone (BZ) were performedusing s
heme proposed by Monkhorst-Pa
k13,14 for all
al
ulations ex
ept those of the density of states, for

whi
h the tetrahedron method15 was used instead. Fromthe bandstru
ture we 
al
ulated the opti
al 
ondu
tivitydire
tly.16 It is well known that GGA underestimates theband gap, and hen
e the opti
al 
ondu
tivity shows thepeaks displa
ed towards lower energies relative to a
tualexperiments. However, the shapes and intensities are ex-pe
ted to be 
orre
t.We noti
e the importan
e of in
luding spin-orbitand so to perform full relativisti
, non-
ollinear
al
ulations17,18. 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 spe
tros
opi
te
hniques. Still, spin-orbit intera
tion is largely ignoredin most of DFT 
al
ulations19�22. In our 
ase, evenfor light transition metals, su
h as Ti, we 
an have aspin-orbit splitting of the order of 40 meV, whi
h 
anbe easily measured. The trigonal prismati
 (T) geom-etry does not have inversion symmetry, and has a 
on-siderable spin-orbit splitting, spe
ially around the highsymmetry point K. The o
tahedral stru
ture (O) has in-version symmetry, and therefore no spin-orbit splitting
an be observed (E(k, ↑) = E(k, ↓)). This results fromthe inversion symmetry of the energy bands in the re-
ipro
al spa
e, whi
h implies that E(k, ↑) = E(−k, ↑)and E(k, ↓) = E(−k, ↓), while time reversal symmetry(preservation of the Kramers degenera
y) requires that
E(k, ↑) = E(−k, ↓). II. RESULTSA. Bandstru
ture 
al
ulationsCal
ulations of the ele
troni
 stru
ture were performedfor all 2D MX2 with X =S, Se, for both the trigonalprismati
 and o
tahedral stru
tures. Amongst these, wefound eleven to be semi
ondu
tors. Unless otherwisestated, we will only show results for the lowest energystru
tures for ea
h 
ompound, whi
h are the T stru
-ture for MoX2 and WX2 and the O stru
ture for TiX2,ZrX2, PtX2 and PdX2. However, the same analysis 
anbe extended to the metastable stru
tures as well.The ele
troni
 bandstru
tures and density of states(DOS) of TiS2, ZrS2, MoS2, WS2, PtS2 and PdS2 areshown in Fig. 1. It is useful to 
ompare the results fordi
hal
ogenides with M belonging to the same group ofthe periodi
 table, whi
h usually have the same lowestenergy stru
ture type and have similar features in thebandstru
ture 
lose to the gap. The same 
an be saidof MS2 and MSe2 for the same transition metal. How-ever, T- and O- stru
tures, even of the same material,are very di�erent. Nevertheless, all of them present VanHove singularities of Ec, Ev or both, in
luding saddlepoints whi
h give rise to sharp peaks in the DOS.We start by analyzing the bandstru
ture of WS2, oneof the most studied STMDC. At the K point, where thedire
t 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 stru
tures, and DOS of TiS2 and ZrS2 (group 4A sulphides), MoS2 and WS2 (group 6A sulphides)and PdS2 and PtS2 (group 8 sulphides). The arrows indi
ate the transitions 
orresponding to the �rst peak in the opti
al
ondu
tivity.give rise to steps of the DOS. These steps are low 
om-pared to the sharp peaks originating on the very �atbands near the 
ondu
tion band minimum between theM and the Γ points (see point marked as G in Fig. 1),whi
h 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 opti
al 
ondu
tivity(see Fig. 2).In order to identify the origin of the largest peakat low energy (at 2.56 eV), we analyze the energy dif-feren
e between the highest o

upied band and lowestuno

upied 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) whi
h is the �rst large opti
al 
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 o

urs using the 
riteria
|∇k (Ec − Ev) | ≪ 1 eV/(2π/a) (where 2π/a is the mod-ulus of the re
ipro
al latti
e ve
tor).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 o

urs 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 se
ond highest band and the 
ondu
-tion band (Ec − Ev2), also illustrated in Fig. 1. Forexample the 2.96 eV peak in opti
al 
ondu
tivity resultsmostly from 
ontributions of other bands.The bandstru
tures of the other trigonal prismati

ompounds, WSe2, MoS2 and MoSe2 display similarband nesting.The band nesting is also present in the bandstru
tureof o
tahedral polytype 
ompounds. Figure 1 shows the



4

0 1 2 3 4 5
0

0.5

1

σ
x

(m
S

)

0 1 2 3 4 5 0 1 2 3 4 5

T-WS2

O-TiS2

O-ZrS2

0 1 2 3 4 5
Energy (eV)

0

0.5

1

σ
x

(m
S

)

0 1 2 3 4 5
Energy (eV)

0 1 2 3 4 5
Energy (eV)

T-MoS2 O-PdS2

O-PtS2

Figure 2. (Color online) Real part of the opti
al 
ondu
tivityof 2D transition metal disulphides.bandstru
ture and DOS of O-TiS2 single layer. Thismaterial exists in the bulk in the o
tahedral form, andwas predi
ted to be an energeti
ally stable semi-metal19.However, our 
al
ulations show it to be an indire
tband gap semi
ondu
tor, with a small gap. Experimen-tally, the bulk form of TiS2 is a very narrow band gapsemi
ondu
tor24,25 (Eg ≈ 0.3 eV). This value is proba-bly underestimated due to the semilo
al approximationused for the ex
hange and 
orrelation energy fun
tional.We also note that, sin
e 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 noti
e 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 o

upied band, whi
h is also plotted in Fig. 1.Sin
e it has transition energies very 
lose to the ones fromthe highest o

upied band, it mostly reinfor
es 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 opti
al 
ondu
tivity (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�eren
e Ec −Ev and the modulusof its gradient for monolayer WS2, TiS2 and ZrS2 in the highsymmetry path.23 Ev1 indi
ates the highest o

upied band,while Ev2 indi
ates the energy of the se
ond highest o

upiedband. a is the latti
e 
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-pe
ted to be.Another element of this family, ZrS2, behaves in a sim-ilar way. ZrS2 has the same o
tahedral stru
ture and thesame number of valen
e ele
trons as TiS2. But in this
ase, the gap is mu
h 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). Hen
e, the absorption is very high at these en-ergies, as 
an be seen in Fig. 2. There we have two very
lose 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 latti
e 
onstant.

Figure 5. (Color online) Map on the BZ of |∇k (Ec − Ev) | forWS2. a is the latti
e 
onstant. In the Γ-M line, ∇k (Ec − Ev)is unde�ned due to band 
rossing.and the transition indi
ated 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 opti
al 
ondu
tivity. 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 opti
al 
ondu
tivity than the 
orrespondingsystems based on W or Mo.We have veri�ed all these results for all elements of the2D STMDC that in
lude WS2, WSe2, MoS2, MoSe2, inthe trigonal form, and TiS2, ZrS2, ZrSe2, PdS2, PdSe2,PtS2, PtSe2 in the o
tahedral form and the band nestingis qualitatively the same. The only variation that we�nd is quantitative, namely, the intensity of the opti
alresponse 
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 
on
lusion, we have shown that all 2D STMDC dis-play band nesting in large regions of the Brillouin Zone.This feature of their bandstru
ture leads to a large op-ti
al response with peaks in the opti
al 
ondu
tivity.The o
tahedral 
ompounds TiS2 and ZrS2 are amongstthose with largest band nesting regions. The trigonalprismati
 systems, whi
h la
k inversion symmetry, alsohave strong non-linear opti
al response. This result indi-
ates that despite their thi
kness, these materials presentstrong photon-ele
tron 
oupling. The existen
e of largeele
tron-photon intera
tion in 2D opens up the possibil-ity to ex
iting opportunities for basi
 resear
h as well asfor appli
ations in photoni
s and opto-ele
troni
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