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L’objet	
   de	
   cet	
   examen	
   est	
   d’étudier	
   la	
   structure	
   électronique	
   de	
  TiSe2.	
   Il	
   s’agit	
   d’un	
  

composé	
   «	
  lamellaire	
  »	
   constitué	
   d’un	
   empilement	
   de	
   feuillets	
   Se-­‐Ti-­‐Se.	
   La	
   structure	
  

électronique	
  de	
  Ti	
  est	
  [Ar]3d24s2,	
  et	
  celle	
  de	
  Se	
  :	
  [Ar3d104s2]4p4.	
  

[1]	
   La	
   1ere	
   zone	
   de	
   Brillouin	
   est	
   représentée	
   ci-­‐contre	
  

Quel	
  est	
   le	
   réseau	
  de	
  Bravais	
  associé	
  à	
   ce	
   réseau	
  réciproque	
  

(précisez	
   l’orientation	
   relative	
   des	
   deux	
   réseaux).	
   Les	
  

paramètres	
  de	
  maille	
  mesurés	
  dans	
  le	
  plan	
  xy	
  et	
  la	
  direction	
  z	
  

sont	
  respectivement	
  a	
  ~	
  3.5A	
  et	
  c	
  ~	
  6.0A.	
  

	
  [2]	
   Sa	
   structure	
   de	
   bandes	
   calculée	
   à	
   partir	
   des	
   bandes	
   4p	
   du	
   sélénium	
   et	
   3d	
   du	
  

titane	
  est	
  donnée	
  ci	
  dessous1	
  :	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

1	
   les	
   états	
   4s	
   du	
   sélénium	
   (pleins)	
   sont	
   situés	
   à	
   ~	
   10eV	
   sous	
   le	
   niveau	
   de	
   Fermi	
   et	
   n’ont	
   pas	
   été	
  
représentés,	
  de	
  même	
  les	
  électrons	
  4s	
  du	
  titane	
  ont	
  été	
  transférés	
  dans	
  les	
  couches	
  4p	
  et	
  les	
  états	
  4s	
  (vides)	
  

correspondants	
  n’ont	
  pas	
  non	
  plus	
  été	
  reportés.	
  	
  

	
  

pressure36. Our calculations confirm this observation. The structure
parameters of 1T-TiSe2 at ambient pressure show errors of 21%
(2%), 23% (9%), and 4% (27%) for the values of a, c, and z, respect-
ively, employing the local density (generalized gradient) approxi-
mation. These errors are problematic because of a high sensitivity
of the electronic states to the structure, see also the text below. The
generalized gradient approximation with explicitly treated van der
Waals interaction leads to even worse errors of 5%, 8%, and 5% for
the three parameters. On the other hand, the experimental structure
is available for 1T-TiS2 under pressure37. The similarity of the crystal
structure and chemical composition38 justifies to adopt the values of
a/a0, c/c0, and z of 1T-TiS2 for the normal state of pressurized 1T-
TiSe2, which we make use of in the following. Note that the crystal
symmetry of the high-temperature normal phase is adopted for the
entire pressure range, although a CDW transition with lattice dis-
tortion appears at low temperature for a pressure below 2 GPa. We
will argue that this assumption does not affect the conclusions of our
work.

The fully-relativistic electronic band structure of the normal state
of 1T-TiSe2 at ambient pressure is depicted in Fig. 1(b). The observed
energy overlap of the valence band maximum (VBM) and conduc-
tion band minimum (CBM) indicates a semimetallic nature. The
almost full valence and almost empty conduction bands show mainly
Se 4p and Ti 3d characters, respectively, indicating an overall ionic
bonding with charge transfer from Ti to Se. Near EF the electronic
structure of 1T-TiSe2 is governed by two bands, giving rise to the
hole-like Se 4p derived VBM at the C-point and the electron-like Ti
3d derived CBM at the L-point. The space inversion symmetry of 1T-
TiSe2 allows us to calculate the band topological invariants by the
parity check method proposed by Fu and Kane39. Due to the semi-
metallic nature, however, one needs to consider the valence states
instead of the occupied states below EF. The Z2 topological invariant
can be calculated directly from knowledge about the parity of each
pair of Kramers degenerate bands up to the local VBMs at the eight
time-reversal momenta (1C, 3M, 1A, and 3L). A value of zero is
obtained for all four Z2 topological invariants, reflecting a topologic-
ally trivial nature of the normal state of 1T-TiSe2 at ambient pressure.

Due to the smaller energy gap around the C-point, as compared to
the other seven time-reversal momenta, the band topology is mainly
defined by the band order at the C-point, on which we focus in the
following. A zoom of the VBM is displayed in Fig. 1(c) for ambient
pressure. Below EVBM, we see two spin-orbit split Se 4px,y states: the
lower doublet C{

4 and the upper doublet C{
56, where the latter forms

the VBM. Above EVBM, the spin-orbit coupling lifts the degeneracy of
the Ti 3dxz,yz states and yields the lower doublet Cz

4 and the upper
doublet Cz

56. Under sufficient pressure, the odd parity Se 4p C{
56 state

is pushed on top of the Ti 3d Cz
4 state with even parity. As an

example, Fig. 1(d) illustrates the band structure of the normal state
of 1T-TiSe2 under a pressure of 3 GPa. We find that the band order is
not changed at the other seven time-reversal invariant momenta.

According to the parity check method for calculating topological
invariants, inversion of bands with a different parity at the C-point
transforms 1T-TiSe2 into a topologically nontrivial state of (1;000)
type. The same topological phase transition due to pressure induced
band inversion has been observed in layered GaS and GaSe40. For
higher pressure, the odd parity Se 4p C{

4 state is pushed above the Ti
3d Cz

56 state with even parity, see the band structure in Fig. 1(e) for a
pressure of 5 GPa. As a result, the band topology switches back to
trivial. Therefore, we are confronted with a pressure induced trivial-
nontrivial-trivial topological phase transition in the normal state of
1T-TiSe2.

The phase transition may be viewed as a result of the small energy
gap at the VBM and, hence, the sensitivity of the band hierarchy
against modifications of the structure. In addition, spin-orbit coup-
ling is crucial for its occurrence and the appearance of a topologically
nontrivial phase. Without spin-orbit coupling, the Se 4px,y C

{
4 and

C{
56 states would form a degenerate pair. Under pressure these odd

parity states would simultaneously be pushed above the even parity
Ti 3d states and no phase transition would be observed. Therefore, an
energy difference between the C{

56 and C{
4 states is necessary for the

emergence of a pressure induced topological phase transition. In the
present case, the energy difference is caused by the spin-orbit coup-
ling. It determines the pressure range of the topologically nontrivial
phase. Specifically, the critical pressures of the trivial-nontrivial (p0c)
and nontrivial-trivial (p00c ) transitions, are related to the energy dif-
ferences between C{

56 and Cz
4 D0E
! "

and C{
4 and Cz

56 D00E
! "

, respect-
ively. Accordingly, the topological phase diagram of the normal state
of 1T-TiSe2 under pressure can be derived from the band order. The
result is shown in Fig. 2(a) for pressures between 1.5 and 4.5 GPa.

Figure 2(a) includes the experimental pressure phase diagram for
the ground state. We obtain p0c~2:7 GPa and p00c ~3:2 GPa. On the
other hand, experiments for sub-Kelvin temperature point to pres-
sure induced phase transitions from CDW to superconductor to the
normal state34. With increasing pressure, the superconductivity
appears around 2 GPa and disappears beyond 4 GPa. The pressure
range p0c to p00c overlaps with the range in which the superconducting
ground state develops. Since the band hierarchy is sensitive to the
structure parameters, the pressure range p0c to p00c could depend on
uncertainties in the structure determination. Using the data set
reported in Ref. 41 for a/a0, c/c0, and z, we obtain another topological
phase diagram, which is depicted in Fig. 2(b). The pressure range p0c
to p00c changes substantially with respect to Fig. 2(a), but still overlaps
with the range of the superconducting ground state. As mentioned
above, a hypothetical crystal symmetry without CDW distortion is
used for pressures lower than 2 GPa, which, however, is in the range
where our assumption on the crystal symmetry does not influence
the conclusions. The discrepancy between the two experimental sets
of lattice constants concerns mainly the value of c/c0. For a pressure
of 3 GPa, for example, the difference is 0.1% for a/a0 but 0.7% for
c/c0. This leads to a 0.1 GPa shift for p0c and a much larger shift of
1 GPa for p00c . Therefore, as long as p0c is in the pressure range from
2 GPa to 4 GPa, the range of the nontrivial phase will overlap with

Figure 1 | Normal state of 1T-TiSe2. (a) Crystal structure. (b) Electronic
band structure at ambient pressure. (c–e) Detailed band structures
near the VBM under ambient pressure, 3 GPa, and 5 GPa, respectively. It
should be noted that the Fermi energy is located around 0.5 eV below the
VBM.
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Justifiez	
   la	
   présence	
   de	
   5	
   bandes	
   «	
  bleues	
  »	
   et	
   6	
   bandes	
   «	
  rouges	
  »	
   (en	
   fait	
   2	
   fois	
   3).	
  

Justifiez	
   qualitativement	
   la	
   position	
   du	
   niveau	
   de	
   Fermi	
   au	
   sein	
   de	
   cette	
   structure	
   de	
  

bandes.	
  Ce	
  composé	
  peut	
  être	
  qualifié	
  de	
  «	
  semi	
  »	
  -­‐	
  métal.	
   Justifiez	
  cette	
  qualification	
  et	
  

indiquez	
  la	
  nature	
  des	
  porteurs	
  proche	
  du	
  niveau	
  de	
  Fermi	
  pour	
  les	
  bandes	
  notées	
  5,	
  6	
  et	
  

7.	
  Pourquoi	
  s’intéresse-­‐t-­‐on	
  uniquement	
  à	
  ces	
  3	
  bandes.	
  

[3]	
  On	
  s’intéresse	
  tout	
  d’abord	
  à	
  la	
  bande	
  5.	
  Quel	
  modèle	
  vous	
  semble	
  le	
  mieux	
  adapté	
  

pour	
   décrire	
   cette	
   bande	
   (électrons	
   presque	
   libres	
   ou	
   liaisons	
   fortes,	
   justifiez	
   votre	
  

réponse).	
   Tracez	
   (schématiquement)	
   la	
   forme	
   de	
   la	
   surface	
   de	
   Fermi	
   associée	
   à	
   cette	
  

bande	
  dans	
  le	
  plan	
  ALH.	
  De	
  même,	
  quel	
  modèle	
  vous	
  semble	
  le	
  plus	
  adapté	
  pour	
  décrire	
  la	
  

bande	
  7,	
  quelle	
  sera	
  la	
  surface	
  de	
  Fermi	
  associée	
  à	
  cette	
  bande	
  dans	
  le	
  plan	
  ALH.	
  	
  

	
  [4]	
   La	
   figure	
   ci-­‐dessus	
   est	
   un	
   agrandissement	
   de	
   la	
   structure	
   de	
   bande	
   autour	
   du	
  

niveau	
   de	
   Fermi.	
   On	
   suppose	
   que	
   les	
   bandes	
   5	
   et	
   7	
   sont	
   isotropes.	
   Donnez	
   alors	
   pour	
  

chacune	
  de	
  ces	
  deux	
  bandes	
  une	
  valeur	
  approximative	
  :	
  

-­‐	
  (i)	
  du	
  vecteur	
  de	
  Fermi	
  kF	
  [rappel	
  ΓM=2π/√3a,	
  ΓK=4π/3a],	
  	
  

-­‐	
  (ii)	
  de	
  m*/me	
  (où	
  m*	
  est	
  la	
  masse	
  effective	
  et	
  me	
  la	
  masse	
  de	
  l’électron),	
  	
  

-­‐	
  (iii)	
  de	
  la	
  densité	
  de	
  porteurs	
  (électrons	
  ou	
  trous	
  par	
  cm3)	
  et,	
  

-­‐	
  (iv)	
  de	
  la	
  vitesse	
  de	
  Fermi	
  (en	
  m/s).	
  	
  

[5]	
  Pour	
  la	
  bande	
  6,	
  on	
  se	
  propose	
  de	
  d’utiliser	
  plutôt	
  une	
  relation	
  du	
  type	
  :	
  

	
  

Justifiez	
   ce	
   choix.	
   Estimez	
   la	
   valeur	
   de	
   γ	
   et	
   de	
   la	
   masse	
   effective	
   le	
   long	
   de	
   ΓA	
   (au	
  

voisinage	
   du	
   point	
   A).	
   Que	
   vaut	
   cette	
   masse	
   effective	
   dans	
   le	
   plan	
   ALH	
  ?	
   Reportez	
   la	
  

surface	
   de	
   Fermi	
   associée	
   à	
   cette	
   bande	
   sur	
   le	
   schéma	
   précédent	
   (Q3)	
   puis	
   tracez	
   les	
  

surfaces	
  de	
  Fermi	
  associées	
  aux	
  trois	
  bandes	
  (5,	
  6	
  et	
  7)	
  non	
  plus	
  dans	
  le	
  plan	
  ALH	
  mais	
  

dans	
  le	
  plan	
  ΓMK.	
  	
  

	
  

pressure36. Our calculations confirm this observation. The structure
parameters of 1T-TiSe2 at ambient pressure show errors of 21%
(2%), 23% (9%), and 4% (27%) for the values of a, c, and z, respect-
ively, employing the local density (generalized gradient) approxi-
mation. These errors are problematic because of a high sensitivity
of the electronic states to the structure, see also the text below. The
generalized gradient approximation with explicitly treated van der
Waals interaction leads to even worse errors of 5%, 8%, and 5% for
the three parameters. On the other hand, the experimental structure
is available for 1T-TiS2 under pressure37. The similarity of the crystal
structure and chemical composition38 justifies to adopt the values of
a/a0, c/c0, and z of 1T-TiS2 for the normal state of pressurized 1T-
TiSe2, which we make use of in the following. Note that the crystal
symmetry of the high-temperature normal phase is adopted for the
entire pressure range, although a CDW transition with lattice dis-
tortion appears at low temperature for a pressure below 2 GPa. We
will argue that this assumption does not affect the conclusions of our
work.

The fully-relativistic electronic band structure of the normal state
of 1T-TiSe2 at ambient pressure is depicted in Fig. 1(b). The observed
energy overlap of the valence band maximum (VBM) and conduc-
tion band minimum (CBM) indicates a semimetallic nature. The
almost full valence and almost empty conduction bands show mainly
Se 4p and Ti 3d characters, respectively, indicating an overall ionic
bonding with charge transfer from Ti to Se. Near EF the electronic
structure of 1T-TiSe2 is governed by two bands, giving rise to the
hole-like Se 4p derived VBM at the C-point and the electron-like Ti
3d derived CBM at the L-point. The space inversion symmetry of 1T-
TiSe2 allows us to calculate the band topological invariants by the
parity check method proposed by Fu and Kane39. Due to the semi-
metallic nature, however, one needs to consider the valence states
instead of the occupied states below EF. The Z2 topological invariant
can be calculated directly from knowledge about the parity of each
pair of Kramers degenerate bands up to the local VBMs at the eight
time-reversal momenta (1C, 3M, 1A, and 3L). A value of zero is
obtained for all four Z2 topological invariants, reflecting a topologic-
ally trivial nature of the normal state of 1T-TiSe2 at ambient pressure.

Due to the smaller energy gap around the C-point, as compared to
the other seven time-reversal momenta, the band topology is mainly
defined by the band order at the C-point, on which we focus in the
following. A zoom of the VBM is displayed in Fig. 1(c) for ambient
pressure. Below EVBM, we see two spin-orbit split Se 4px,y states: the
lower doublet C{

4 and the upper doublet C{
56, where the latter forms

the VBM. Above EVBM, the spin-orbit coupling lifts the degeneracy of
the Ti 3dxz,yz states and yields the lower doublet Cz

4 and the upper
doublet Cz

56. Under sufficient pressure, the odd parity Se 4p C{
56 state

is pushed on top of the Ti 3d Cz
4 state with even parity. As an

example, Fig. 1(d) illustrates the band structure of the normal state
of 1T-TiSe2 under a pressure of 3 GPa. We find that the band order is
not changed at the other seven time-reversal invariant momenta.

According to the parity check method for calculating topological
invariants, inversion of bands with a different parity at the C-point
transforms 1T-TiSe2 into a topologically nontrivial state of (1;000)
type. The same topological phase transition due to pressure induced
band inversion has been observed in layered GaS and GaSe40. For
higher pressure, the odd parity Se 4p C{

4 state is pushed above the Ti
3d Cz

56 state with even parity, see the band structure in Fig. 1(e) for a
pressure of 5 GPa. As a result, the band topology switches back to
trivial. Therefore, we are confronted with a pressure induced trivial-
nontrivial-trivial topological phase transition in the normal state of
1T-TiSe2.

The phase transition may be viewed as a result of the small energy
gap at the VBM and, hence, the sensitivity of the band hierarchy
against modifications of the structure. In addition, spin-orbit coup-
ling is crucial for its occurrence and the appearance of a topologically
nontrivial phase. Without spin-orbit coupling, the Se 4px,y C

{
4 and

C{
56 states would form a degenerate pair. Under pressure these odd

parity states would simultaneously be pushed above the even parity
Ti 3d states and no phase transition would be observed. Therefore, an
energy difference between the C{

56 and C{
4 states is necessary for the

emergence of a pressure induced topological phase transition. In the
present case, the energy difference is caused by the spin-orbit coup-
ling. It determines the pressure range of the topologically nontrivial
phase. Specifically, the critical pressures of the trivial-nontrivial (p0c)
and nontrivial-trivial (p00c ) transitions, are related to the energy dif-
ferences between C{

56 and Cz
4 D0E
! "

and C{
4 and Cz

56 D00E
! "

, respect-
ively. Accordingly, the topological phase diagram of the normal state
of 1T-TiSe2 under pressure can be derived from the band order. The
result is shown in Fig. 2(a) for pressures between 1.5 and 4.5 GPa.

Figure 2(a) includes the experimental pressure phase diagram for
the ground state. We obtain p0c~2:7 GPa and p00c ~3:2 GPa. On the
other hand, experiments for sub-Kelvin temperature point to pres-
sure induced phase transitions from CDW to superconductor to the
normal state34. With increasing pressure, the superconductivity
appears around 2 GPa and disappears beyond 4 GPa. The pressure
range p0c to p00c overlaps with the range in which the superconducting
ground state develops. Since the band hierarchy is sensitive to the
structure parameters, the pressure range p0c to p00c could depend on
uncertainties in the structure determination. Using the data set
reported in Ref. 41 for a/a0, c/c0, and z, we obtain another topological
phase diagram, which is depicted in Fig. 2(b). The pressure range p0c
to p00c changes substantially with respect to Fig. 2(a), but still overlaps
with the range of the superconducting ground state. As mentioned
above, a hypothetical crystal symmetry without CDW distortion is
used for pressures lower than 2 GPa, which, however, is in the range
where our assumption on the crystal symmetry does not influence
the conclusions. The discrepancy between the two experimental sets
of lattice constants concerns mainly the value of c/c0. For a pressure
of 3 GPa, for example, the difference is 0.1% for a/a0 but 0.7% for
c/c0. This leads to a 0.1 GPa shift for p0c and a much larger shift of
1 GPa for p00c . Therefore, as long as p0c is in the pressure range from
2 GPa to 4 GPa, the range of the nontrivial phase will overlap with

Figure 1 | Normal state of 1T-TiSe2. (a) Crystal structure. (b) Electronic
band structure at ambient pressure. (c–e) Detailed band structures
near the VBM under ambient pressure, 3 GPa, and 5 GPa, respectively. It
should be noted that the Fermi energy is located around 0.5 eV below the
VBM.
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Montrez	
  que	
  la	
  densité	
  de	
  porteurs	
  associée	
  à	
  cette	
  bande	
  :	
  
  

€ 

N
L3

=
m*(EF − E0)

π!2c
≈
kF
2

2πc
	
  

	
  [6]	
  Tracez	
  schématiquement	
   l’allure	
  de	
   la	
  densité	
  d’états	
   totale	
  entre	
  -­‐6eV	
  et	
  4eV	
  à	
  

partir	
  de	
  la	
  structure	
  de	
  bandes	
  donnée	
  en	
  Q2.	
  Commentez	
  les	
  points	
  particuliers	
  de	
  cette	
  

courbe.	
  Estimez	
  la	
  valeur	
  de	
  la	
  densité	
  d’états	
  au	
  niveau	
  de	
  Fermi	
  (en	
  états/[eV	
  x	
  maille	
  

élémentaire])2	
   (i)	
   à	
   partir	
   des	
   données	
   obtenues	
   en	
  Q4	
  pour	
   les	
   bandes	
  5	
   et	
   7	
   et	
   (ii)	
   à	
  

partir	
  des	
  résultats	
  obtenus	
  en	
  Q5	
  pour	
  la	
  bande	
  6.	
  Donnez	
  la	
  densité	
  d’états	
  totale	
  pour	
  

l’ensemble	
  des	
  3	
  bandes.	
  

[7]	
  A	
  basse	
  température,	
  une	
  onde	
  de	
  densité	
  de	
  charges	
  couplant	
  les	
  porteurs	
  de	
  la	
  

bande	
   5	
   (en	
   L)	
   et	
   ceux	
   de	
   la	
   bande	
   7	
   (en	
  Γ)	
   se	
   développe	
   dans	
   ce	
   composé	
   (pour	
   T	
   <	
  

200K).	
   Rappelez	
   brièvement	
   l’origine	
   d’une	
   onde	
   de	
   densité	
   de	
   charges	
   (en	
   précisant	
  

notamment	
  les	
  énergies	
  impliquées	
  dans	
  ce	
  phénomène)	
  et	
  donnez	
  dans	
  ce	
  cas	
  la	
  valeur	
  

du	
  vecteur	
  Q.	
  Tracez	
  schématiquement	
  le	
  comportement	
  attendu	
  pour	
  la	
  dépendance	
  en	
  

température	
  de	
  la	
  résistance	
  électrique.	
  	
  

[8]	
   Ce	
   composé	
   peut	
   également	
   devenir	
   supraconducteur	
   lorsqu’il	
   est	
   «	
  dopé	
  »	
   au	
  

cuivre.	
  Rappelez	
  quelles	
  sont	
  les	
  différences/similitudes	
  entre	
  la	
  supraconductivité	
  et	
  les	
  

ondes	
   de	
   densité	
   de	
   charges.	
   Pour	
   cela	
   des	
   atomes	
   de	
   cuivre	
   sont	
   intercalés	
   entre	
   les	
  

feuillets	
  TiSe2.	
  On	
  suppose	
  qu’un	
  électron	
  par	
  atome	
  de	
  Cu	
  intercalé	
  est	
  transféré	
  dans	
  les	
  

bandes	
  de	
  la	
  structure	
  électronique	
  donnée	
  en	
  Q23.	
  Le	
  composé	
  devient	
  supraconducteur	
  

pour	
  4%	
  de	
  cuivre	
  (ΔN=0.04	
  atome/maille).	
  	
  Estimez	
  le	
  décalage	
  ΔE	
  du	
  niveau	
  de	
  Fermi	
  à	
  

partir	
  de	
  la	
  densité	
  d’états	
  totale	
  obtenue	
  en	
  Q6.	
  Conclusion.	
  	
  

	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2	
  Rappel	
  :	
  le	
  volume	
  de	
  la	
  maille	
  élémentaire	
  vaut	
  :	
  63	
  A3	
  
3	
  Supposition	
  dite	
  de	
  «	
  bande	
  rigide	
  »,	
  en	
  réalité	
  les	
  atomes	
  de	
  cuivre	
  sont	
  principalement	
  liés	
  aux	
  
atomes	
  de	
  Se	
  et	
  80%	
  du	
  transfert	
  de	
  charge	
  se	
  fait	
  vers	
  les	
  niveaux	
  p,	
  mais	
  on	
  ignorera	
  ici	
  cet	
  effet.	
  


