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Phase transitions between polytypes and intralayer superstructures
in transition metal dichalcogenides
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The different polytypic structures observed in transition metal dichalcogenides are described as the result of
ordering processes from a common parent disordered polytype structure. Interpolytypic transitions are sug-
gested to be favored by the intrinsic stacking faults induced in the ordering mechanisms. The influence of these
mechanisms on the intralayer superstructures is discussed.
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I. INTRODUCTION

Since the observation of stacking disorder in molybden
and niobium disulphides by Jellinek, Brauer, and Mu¨ller,1 the
transition metal dichalcogenides~TMD’s! have attracted
considerable interest from a number of viewpoints,2–4 in-
cluding intercalation physics, charge-density waves, su
conductivity, and optical and transport properties. The co
mon thread that ties these properties together is the pse
two-dimensional nature of the materials, which a
structurally similar in that they are all made up ofX-M -X
slabs whereX refers to a chalcogen~S, Se, Te! and M is a
transition metal belonging to group IVb~Ti, Zr, Hf!, group
Vb ~V, Nb, Ta!, or group VIb ~Cr, Mo, W!. TMD’s display
strong intralayer covalent bonding and weak interlayer v
der Waals bonding. Sheets ofM atoms are strongly bonde
and sandwiched each between two hexagonal close-pa
layers ofX atoms, the coordination ofM atoms being either
octahedral or trigonal-prismatic. TheMX2 slabs are weakly
bonded and stacked along the direction perpendicular to
layers. Various stacking sequences give rise to polytypi
The basic symmetries of TMD’s are either hexagonal
rhombohedral.

In the present work, we intend to go beyond the obser
tion of similarities between the various TMD structures, a
to describe the different atomistic mechanisms which re
these structures to a common disordered parent struc
The mechanisms are described as ordering processes s
to those which connect the phases surrounding an or
disorder phase transition. After describing crystallograp
cally the ordering process for each type of polytype struct
~Sec. II A!, we show that these processes correspond
small number of order-parameter symmetries and b
phase diagrams~Sec. II B!. They also imply intrinsic stack-
ing faults when the temperature is varied. This provide
justification for the interpolytypic transitions found in TMD
materials. The influence of the polytypic ordering on t
commensurate and incommensurate superstructures rep
in members of the TMD family is discussed in Sec. III.

II. THEORY OF INTERPOLYTYPIC PHASE
TRANSITIONS IN TRANSITION METAL

DICHALCOGENIDES

A. Crystallographic description

Eleven different types of polytype structures have be
observed up to now in TMD materials2 which are repre-
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sented schematically in Fig. 1. Their occurrence among
TMD materials is indicated below each polytype structu
On top of Fig. 1, a hypothetic structure formed by oneMX2
layer is shown which will be assumed in our description
be thedisordered parent structurefor all the ordered MX2
polytypes. In this structure, which has the hexago
P6/mmmsymmetry and will be denoted hereafter as theP
structure, theM andX atoms are statistically disordered wit
a fractional occupancyxM5xX51/3 corresponding to one
formula unitMX2 per primitive hexagonal cell. TheM atoms
occupy statistically the positions 1(b) : 0 0 1/2 and 2(d) :
1/3 2/3 1/2, whereas theX atoms are disordered over th
Wyckoff positions 2(e) : 0 0 z and 4(h) : 1/3 2/3 z with z
close toz051/4. We will now describe the ordering mech
nisms which lead to the formation of theMX2 polytypes in
order of increasing complexity using the Ramsdell notatio5

nY for the stacking polytypic sequences, wheren is the num-
ber ofX-M -X slabs in a unit cell andY stands for the lattice
type which can be trigonal (T), hexagonal (H), or rhombo-
hedral (R).

1. 1T polytype

The only known structure with oneMX2 layer per unit
cell is that of the 1T polytype, which is found for all group
IVb and vanadium dichalcogenides and for TaS2 , TaSe2 ,
NbS2, and NbSe2.2 This structure is obtained when theM
atoms order on the 1(b) position and theX atoms occupy
half of the 4(h) positions. The parent hexagonal symmetry
lowered toP3̄m1 with the octahedrally coordinatedM atoms
in 1(a) positions, and theX atoms in 2(d) positions. The
layer stacking is of theCbA type where capital letters cor
respond to the chalcogen positions and lower case le
designate theM positions.

2. 2H polytypes

Three different polytypes are known to possess twoMX2
layers per unit cell which are denoted 2Ha , 2Hb , and 2Hc .
Dichalcogenides of Nb and Ta crystallize in the 2Ha struc-
ture whereas the 2Hc polytypes are stabilized in Mo and W
dichalcogenides. The 2Hb polytypes are obtained for th
nonstoichiometric compounds Nb11xSe2 and Ta11xSe2, with
the excess metal atoms intercalated in the van der W
interlayer gaps. All three polytypes involve a doubling of t
©2004 The American Physical Society11-1



e
ed
s

s.
rge
e
l
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FIG. 1. Ordering mechanisms leading to th
formation of the 11 polytype structures observ
in TMD materials. The polytypes are shown a

(112̄0) projections of their hexagonal structure
Small circles represent the metal atoms and la
circles the chalcogens. The partial filling of th
circles for theP structure indicates the positiona
occupancy.
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c-lattice translation with respect to theP structure, corre-
sponding to one 2(e) and one 4~h! position for theM atoms.
Each of theX positions 2(e) and 4(h) in theP structure split
into two 2(e) and two 4(h) positions. A further ordering
mechanism yields a differentiation between the 2H poly-
types.

~i! In the 2Ha polytype theM atoms occupy the 2(e)
position whereas theX atoms fill the two 4(h) positions, one
half each. The resulting structure hasP63 /mmc symmetry,
in which theM atoms occupy the 2(b) positions~0 0 1/4!
and theX atoms the positions 4(f ) : 1/3 2/3z with z;1/8.
The corresponding stacking sequence isAbACbC.

~ii ! In the 2Hb polytype the position 2(e) is half filled
and the position 4(h) is filled by one-quarter withM atoms.
The chalcogens are shared between the two initial 4(h) po-
sitions. The parent hexagonal symmetry is reduced toP6̄m2
with the positions 1(a) and 1(d) for the M atoms and the
position 2(h) : 1/3 2/3z and 2(i ) : 2/3 1/3z for theX atoms.
The stacking sequence isAbACaC.

~iii ! In the 2Hc polytype, half of the 4(h) position is filled
by the metal atoms whereas theX atoms occupy half of the
two 4(h) positions. The space-group type isP63 /mmc, as
13411
for the 2Ha polytype. However, since the metal atoms o
cupy the positions 2(c) : 1/3 2/3 1/4, and the chalcogens th
positions 4(f ) : 1/3 2/3z, theM atoms in adjacent layers ar
displaced by 1/3 2/3 0 with respect to their positions in t
2Ha structure where they are on top of each other. The sta
ing sequence isCaCAcA.

3. 3R polytype

The 3R polytype structure with the rhombohedralR3m
polar symmetry has been observed in NbS2, NbSe2 , TaS2 ,
TaSe2 , MoS2, and WS2. Its three-layer structure correspond
to a triplication of the parentc translation and a consecutiv
ordering of theM andX atoms over the available position
The triplication of theP unit cell leads to a splitting of the
1(b) metal atom positions into nonequivalent 1(b) and 2(e)
positions, while the 2(d) metal atom positions split into
2(d) and 4(h). Each of the initial 2(e) and 4(h) chalcogen
positions splits into three different 2(e) and 4(h) positions.
In the 3R polytype, half of the 2(e) and 2(d) positions and
one-quarter of the 4(h) position are filled by the metal at
oms. The chalcogens occupy the 2(e) position and two of
the 4(h) positions half. In the ordered rhombohedral stru
1-2
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TABLE I. Change in the Wyckoff positions from theP structure to the 4Ha , 4Hb , 4Hc , 4HdI , and 4HdII polytypes, and stacking
sequences.

Polytype Initial Wyckoff positions in theP structure Final Wyckoff positions Stacking sequence

4Ha M :@2(e)#,@2(e)#1/2,@4(h)#1/4, M :1(a),1(d),2(g), AbA CbC BaB CbC
X:@2(e)#1/2,@2(e)#1/2,@4(h)#1/2,@4(h)#1/2,@4(h)#1/4, X:2(g),2(h),2(i ),2(i )

X:@4(h)#1/4

4Hb M :@2(e)#,@2(e)#, M :2(a),2(b), CbA CbC AbC AbA
X:@4(h)#1/2,@4(h)#1/2,@4(h)#1/2,@4(h)#1/2 X:4( f ),4(f )

4Hc M :@4(h)#1/2,@4(h)#1/2, M :2(b),2(b), BcB AcA BaB CaC
X:@2(e)#1/2,@2(e)#1/2,@2(e)#1/2,@2(e)#1/2,@4(h)#1/4, X:2(a),2(a),2(b),2(b)

X:@4(h)#1/4,@4(h)#1/4,@4(h)#1/4

4HdI M :@2(e)#,@2(e)#1/2,@4(h)#1/4, M :1(a),1(a),1(a),1(b), AbA CbA CbC BaC
X:@2(e)#1/2,@4(h)#1/2,@4(h)#1/2,@4(h)#1/2,@4(h)#1/4 X:1(a),1(b),1(b),1(b),1(c),1(c),1(c),1(c)

4HdII M :@2(e)#,@2(e)#1/2,@4(h)#1/4, M :1(a),1(d),2(g), AbA CbA CaC AbC
X:@4(h)#1/2,@4(h)#1/2,@4(h)#1/2,@4(h)#1/2 X:2(h),2(h),2(i ),2(i )
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ture both metal atoms and chalcogens are in positions 3(a) :
0 0 z, with z;0 for the M atoms while for theX atomsz
;1/4 andz;5/12. The stacking sequence isAbABcBCaC.

4. 4H polytypes

Five different polytypes with four slabs per unit cell ha
been observed in TMD’s.1,2 They are shown schematically i
Fig. 1. The polytypes 4Ha , 4Hb , and 4Hc are obtained at
different temperatures in TaS2 and TaSe2, whereas the poly-
types 4Ha , 4HdI , and 4HdII form in NbSe2. In the 4Ha and
4Hc structures the metal atoms are exclusively in trigon
prismatic coordination, while they display mixed octahed
and trigonal-prismatic coordination in the 4Hb , 4HdI , and
4HdII structures. Table I indicates the changes in the Wy
off positions from the disorderedP structure to the final or-
dered structures as well as the corresponding stacking
quences. The ordering process reduces the parent symm
to P6̄m2 (4Ha , 4HdII), P63 /mmc (4Hb), P63mc (4Hc),
andP3m1 (4HdI).

5. 6R polytype

The 6R polytype with R3m symmetry is observed in
TaS2 and TaSe2. Half of theM atoms of the six-layer struc
ture are octahedrally coordinated, while the other half are
trigonal-prismatic coordination. The sixfold multiplication o
theP unit cell causes a splitting of the 1(b), 2(d), 2(e), and
4(h) positions into, respectively, three 2(e) and 4(h) posi-
tions and six 2(e) and 4(h) positions. The ordering mecha
nism producing the 6R structure consists of a filling by th
M atoms of one of the 2(e) positions and a half filling of two
of the 4(h) positions. TheX atoms occupy one of the 2(e)
positions fully and two of the six 2(e) positions one half
each. From the six 4(h) positions, three are half filled an
two are occupied at one-quarter byX atoms. In the finalR3m
structure all atoms occupy the 3(a) : 0 0 z positions. The 6R
stacking sequence isAbABcABcBCaBCaCAbC.

B. Order-parameter symmetries, free energies, and phase
diagrams

From the translational symmetry breaking occurring
the transition from theP structure to the ordered polytyp
13411
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structures, indicated in Fig. 1, one can deduce that all th
latter structures are related to instabilities corresponding
points of the hexagonal Brillouin zone~BZ! located on theD
(G-A) line. Using Kovalev’s notation6 for the irreducible
representations~IREPS! of the P6/mmm space group, a
Landau-type symmetry analysis7 yields the following de-
scription, summarized in Fig. 2.

~1! The P→1T phase transition is induced by the on
dimensional IREPt5(k16) of the BZ center (G point!, the
symmetry breaking order parameterh coinciding with the
elastic stiffness componentC14. The order-parameter expan
sion has the canonical form

F1~T,P,h!5F01~T,P!1
a1

2
h21

b1

4
h41

g1

6
h61••• .

~1!

FIG. 2. Order-parameter symmetries for the ordering transiti
from the P structure to the ordered polytypes. The points of t
hexagonal Brillouin zone and the irreducible representations~in
Kovalev’s notation6! are indicated. The macroscopic tensor comp
nents arising at the transitions (C14, d22) and the equilibrium rela-
tionships fulfilled by the order-parameter componentsh i are indi-
cated below each polytype. The IREP denotedt3(k11) corresponds
to the different image groups for the polytypes 3R or 6R ~image
groupC6v) and 4Hb or 4Hc ~image groupC4v) since the respective
values ofkz are different.
1-3
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The standard phase diagram associated withF1 is repre-
sented in Fig. 3~a!. It involves a first-order (b1,0) or
second-order (b1.0)P→1T transition.

~2! The P→2Ha andP→2Hc transitions result from the
activation of a one-dimensional IREP@t5(k17)# at the bound-
ary A point of the hexagonal BZ. The order-parameter exp
sion has the same form as given in Eq.~1! and therefore the
transition corresponds to the same phase diagram as in
3~a!. In contrast, the 2Hb structure cannot be obtained d
rectly from theP structure, but only via the 2Ha structure.
This is consistent with the observation that in TMD com
pounds~as TaSe2 or NbSe2) the 2Hb and 2Ha polytypes
always take place concomitantly, the 2Hb structure stabiliz-
ing at lower temperature. The 2Ha→2Hb transition is in-
duced by a zone-center instability of theP63 /mmc space
group @t8(k16)# giving rise to a spontaneous compone
(d22) of the piezoelectric tensor.

~3! The 3R, 4H, and 6R symmetries are related to bid
mensional IREPS ofP6/mmm, corresponding to points lo
cated on theD line ~0 0 kz) of the hexagonal BZ, withkz
52p/3c (3R), kz5p/2c (4H), and kz5p/3c (6R). The
P→3R and P→6R transition order-parameter symmet
has the image groupC6v which is the group formed by the
distinct matrices of the IREP,7 with the equilibrium values of
the order-parameter componentsh1Þ0,h2Þ0. Using the po-
lar mappingh15r cosQ and h25r sinQ, the Landau free
energy reads

FIG. 3. Basic topological features of the phase diagrams inv
ing the P phase and the different polytype structures. Dashed
full lines represent second- and first-order transition lines, resp
tively. T1 and T2 are triple points.T, Tc1, and Tc2 are tricritical
points. The arrows represent possible thermodynamic paths, s
ing that the 2Hb , 4Ha , and 4HdII structures cannot be reache
directly from theP phase.
13411
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F2~T,P,r,Q!5F02~T,P!1
a2

2
r21

b2

4
r41

g2

6
r6

1
g28

6
r6cos 6Q1••• . ~2!

Note that theR3m symmetry of the 3R and 6R structures
corresponds to a limit situation which is reached for spec
positions of the atoms@~0 0 z), ~1/3 2/3 2/31z), and ~2/3
1/3 1/3 1z)] of the P3m1 supergroup symmetry which i
actually induced by the IREPt3(k11) of P6/mmm. It has the
consequence that the phase transitions to the limit statesR
and 6R from the other polytype polymorphs are of the r
constructive type~the group-subgroup relationship bein
lost! and, in particular, are necessarily first order as assum
in the phase diagram of Fig. 3~b!.

The P→4Hb , P→4Hc , andP→4HdI transitions corre-
spond to a different order-parameter symmetry with the
age groupC4v associated with the free energy

F3~T,P,r,Q!5F03~T,P!1
a3

2
r21

b3

4
r41

b38

4
r4cos 4Q

1••• . ~3!

The 4Hb and 4Hc structures are stabilized whenh1Þ0,
h250 and h150, h2Þ0, respectively, whereas the 4HdI
structure occurs forh1Þ0 andh2Þ0. The 4Ha and 4HdII
structures cannot be obtained directly from theP structure
but derive from the 4Hb structure, being induced by th
zone-center instabilityt8(k10) of theP63 /mmcspace group.
Figure 3~c! shows the theoretical phase diagram in which
different 4H polytypes are inserted.

In TMD materials the 1T polytype is generally stable a
higher temperatures~e.g., above 950 °C in TaSe2 and
NbSe2) and the 2H phases at lower temperatures~e.g.,
600 °C in TaSe2), while the other polytypes (3R, 6R, 4H)
occur in the intermediate range. Referring to our descripti
it means that thek vector associated with the onset of th
polytypes from theP structure increaseswith decreasing
temperatures from the center (G) to the boundary (A point!
of the hexagonal Brillouin zone and locks in at the interm
diate values 2p/3c, p/2c, p/3c on the D line. However,
such a picture is oversimplified since the polytypes can
bilize at various temperatures depending on the transfor
tion kinetics and on the treatment of the material~quenching,
annealing, slow-cooling or heating, etc.!. Figure 4 shows, for
example, the interpolytypic transformations observed
TaSe2 under various external conditions.8–11 One can verify
that the transformations are liable to occur between mos
the polytypes without simple symmetry constraints such a
group-subgroup relationship between the polytypes, or an
crease of their stacking order. This suggests, as noted
Jellinek,12 that stacking faults should play an essential ro
in the interpolytypic transformation mechanisms.

The existence of a parent disordered polytype struct
assumed in our approach implies indeed that the differ
TMD polytypes should be intrinsically faulted. There are tw
different origins for the stacking faults.

-
d
c-

w-
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~1! One type of stacking faults results from the loweri
of symmetry taking place in the formation of the polytyp
from theP structure. It gives rise on the one hand to a bre
ing of translational symmetry corresponding to the existe
of antiphase domains. Thus, the 2H, 3R, 4H, and 6R poly-
types should display, respectively, 2, 3, 4, and 6 distinct
tiphase domains. These so-called ‘‘deformation’’ stack
faults13 combine with the ‘‘twinning’’ stacking faults13 in-
duced, on the other hand, by the breaking of rotational s
metry (6/mmm) of the P structure yielding the point sub
groups of order 2 (1T, 2Hb , 4Ha , 4Hc , and 4HdII) or 4
(3R, 6R, and 4HdI).

~2! Another type of stacking faults, which does not d
pend on symmetry but on temperature, originates in the
dering mechanism assumed for the formation of the TM
polytypes. In the disorderedP structure eachMX2 slab rep-
resents a stacking fault. The ordering process can be cha
terized by the numbern512Nd /N, where N is the total
number of layers andNd is the number of stacking faults
One hasn50 in theP structure andn51 in an ideal ordered
structure. Intermediate states correspond to 0,n,1. The
value ofn at a given temperature is determined by the nu
ber of defects. In the ordered structures the asymptotic va
of n will reflect the symmetry-induced type of stackin
faults, whereas in the disordered structuren accounts as wel
for the temperature-dependent defects.

From the preceding description one can infer a qualita
picture of the formation of TMD polytypes. Below the me
temperature the polytypes are partially ordered (0,n,1)
and principally formed by the smaller 1T polytypes sur-
rounded by disordered sequences ofP type polytypes. On
cooling the fraction of disordered sequences of layers
duces and the intrinsically faulted regions tend to coales
giving rise to longer sequences of ordered polytypes. T
picture provides on the one hand a justification, in terms

FIG. 4. Interpolytypic phase transitions observed in TaSe2 under
different external conditions, from Refs 8–11.
13411
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the interpolytypic transformation kinetics, of the hexagon
P structure, assumed from symmetry considerations to be
parent structure for the TMD polytypes. On the other han
allows us to understand why at moderate or high tempe
tures a crossover between the different polytypes can oc
as this is favored by a high density of stacking faults.

III. INFLUENCE OF THE LAYER ORDERING ON THE
INTRALAYER SUPERSTRUCTURES

Because of their layer structures and weak interlayer
teractions TMD materials have been categorized as t
dimensional solids with respect to their in-layer properti
This low dimensionality shows up in many ways as, for e
ample, in the compressibility, optical, electrical and magne
properties, superconductivity, etc. Along this line most of t
models which attempted to describe the intralayer struct
phase transitions14–16 taking place in different polytypes o
TMD compounds, such as TaS2 or TaSe2, have neglected the
interpolytypic transitions considered in the preceding s
tion. However, both interlayer and intralayer phase tran
tions can be observed concurrently~as, for example, in
1T-TaSe2

2! and, more generally, there exist several expe
mental facts showing the influence of the layer stacking
the commensurate and incommensurate superstructures
ing at low temperatures within the layers. A coupling b
tween the interlayer and intralayer orderings is obvious
the shortest 1T polytypes in which the commensurate supe
structures display a three-dimensional character, i.e.,a
32a32c in 1T-TiSe2 , A13a3A13a313c in 1T-TaSe2 ,
A13a3A13a33c in 1T-TaS2, and 4a34a34c in 1T
VSe2. For example, in 1T-TaS2 the X-ray observations by
Tandaet al.17 reveal a correlation length corresponding
about 56 layers with a disordering of the layers leading to
stabilization of a triclinic phase~the T phase! with a seven-
layer periodicity above the commensurate phase.

Although it is less pronounced for the longer polytype
the influence of the stacking order on the intrapolytypic tra
sitions manifests itself in different ways. For example,
4Hb-TaSe2 Lüdeckeet al.18 have shown that the location o
the charge-density waves in the lock-in superstruct
A13a3A13a3c is disordered between different layers: th
atoms in the Se planes display a transversal modula
along thec axis corresponding to a relaxation of these plan
to the modulation of the Ta planes. In 2Ha-TaSe2 one needs
to take into account the interlayer coupling in order to d
scribe theoretically the stabilization of a commensur
phase with Cmcm symmetry,19 or the reentrance unde
pressure20 and anisotropy of the discommensurations21 ob-
served for the preceding phase. Indeed, interlayer inte
tions have been included in some theoretical approache
the structural transitions occurring in some of the TMD po
types as a correction to the discrepancies of the experime
results with single layer models, but the interactions ha
been restricted to the neighboring layers.

The sequences of commensurate and incommensurat
perstructures taking place in the 1T, 2Ha , and 4Hb poly-
types of TMD compounds have been the subject of comp
hensive theoretical descriptions22–27 in the framework of the
1-5
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Landau theory of phase transitions. In what follows we
strict ourselves to describe the phase diagrams which ca
worked out for the illustrative example of the 2Ha polytypes,
when assuming a full coupling between the stacking or
and the in-layer commensurate superstructures. The m
complex situations found in 1T and 4Hb polytypes are only
briefly discussed.

The orthorhombicCmcmcommensurate phase found
2Ha-TaSe2 below 90 K displays a 3a33a3c superstruc-
ture, wherec is the lattice parameter of the 2Ha polytype
unit cell. TheP63 /mmc→Cmcmstructural change, which
has been analyzed by Dvo´r̆ak and Janovec28 within a stan-
dard Landau approach, is associated with the critical w
vector k05a* /3, wherea* 5(8p/3a,4p/3a,0) is the basic
hexagonal reciprocal lattice vector.k0 is located along theS
line, inside the hexagonal Brillouin zone~Fig. 5!. Assuming
a parentP structure, the superstructure corresponds toa
33a32c, wherec is the lattice parameter of theP unit cell,
induced by the critical wave vectorkc5(a* /3,0,c* /2) ending
on theR line of the surface of the hexagonal Brillouin zon
(k7 in Kovalev’s notation6! ~Fig. 5!. The little group ofkc is
Gkc

5mm2 corresponding to a six-branch starkc* , which
allows the construction of four six-dimensional IREPS
P6/mmm, denotedt1(k7) to t4(k7). A symmetry analysis
shows that theP6/mmm→Cmcm transition is associated
with the IREP denotedt2(k7) corresponding to a six
component order parameter formed by the componentz i

( i 51 –3) and their complex conjugatez i 135z i* ( i 51 –3).
Using the polar mappingz i5r icosQi , z i* 5r isinQi ( i
51 –3), one can show that theCmcmstructure is stabilized
for the equilibrium values ofr1Þ0, r25r3Þ0, Q1
5(0,p), andQ25Q35(0,p). It yields theeffectiveform of
the Landau free-energy density associated with
P6/mmm→Cmcmtransition:

FIG. 5. The hexagonal Brillouin zone with the points and lin
involved in the present study.
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-
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F4~T,P,r i ,Q i !5F4
h1F4

inh ~4!

with F4
h5F04~T,P!1

a1

2
~r1

212r2
2!1

b1

4
~r1

212r2
2!2

1
b2

4
~r1

412r4
4!1••• ~5!

and F4
inh5 (

i 51,2
u5x,y

H cir i

dQ i

du
1diF S dr i

du D 2

1r i
2S dQ i

du D 2G J
1•••, ~6!

where the homogeneous and inhomogeneous parts of
free-energy density have been expanded to the lowest de
involving a symmetry breaking mechanism, i.e., up to t
fourth degree forF4

h and to the second degree in ther i ,
(dr i /du), and (dQ i /du) for F4

inh .
In order to work out the phase diagrams involving t

transitions from theP structure to the 2Ha andCmcmstruc-
tures one has to minimize the total free ener
*Ft(T,P,h,r i ,Q i)dV ~summed over a given volume of th
system! with

FIG. 6. Phase diagrams resulting from the minimization of
Landau free energy corresponding to the free-energy density g
by Eq. ~7!. Dashed and solid lines correspond to second- and fi
order transition lines, respectively.T, T1, andT2 are triple points,N
is a four-phase point, andTtc is a tricritical point.F1 is expanded at
the sixth degree inh whereasF4

h corresponds to a sixth degree inr
in ~a!–~c!, and to an eighth degree in~d!. F4

inh is expanded to the
second degree inr in ~a!–~c! and to the fourth degree in~d!. The
following conditions distinguish the phase diagrams.~a! d.0, b1

.0, g1.0, b11b2.0, ci.0, di.0, D54b2b22d2.0. ~b! d

.0, b1,0, g1.0, b11b2.0, D.0, ci.0, di.0. ~c! d.0,
b1,0, g1.0, b11b2,0, D.0, ci.0, di.0. ~d! d.0, b1

,0, g1.0, b11b2,0, ci.0, di,0.
1-6
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Ft~T,P,h,r i ,Q i !dV5F1~T,P,h!1F4
h~T,P,r i ,Q i !

3dh2@~r1
212r2

2!1F4
inh#, ~7!

whereF1 is expressed by Eq.~1! and thed term represents
the coupling between the order parameters associated
the P→2Ha and P→Cmcm transitions. Using the minimi-
zation procedure described in Ref. 29, which consists of s
plifying the standard Euler-Lagrange minimization proce
one can deduce the phase diagrams shown in Fig. 6.
topologies of the phase diagrams depend on the sign
magnitude of the phenomenological coefficients in the L
dau free energy and on the degrees to whichF1 , F4

h , and
F4

inh are expanded. Figure 6~a! represents the simplest situ
tion where theP63 /mmc and Cmcmphases are separate
by an incommensurate phase~INC! as it is observed experi
mentally in 2Ha-TaSe2 at atmospheric pressure. Howev
the three phases are separated by second-order trans
whereas the INC-Cmcmtransition is experimentally first or
der. Figure 6~b! shows a more realistic phase diagram
which the lock-in INC-Cmcm transition is of first order,
whereas the 2Ha→INC transition can be either first or sec
ond order depending on the thermodynamic path. The ph
diagram of Fig. 6~c!, which assumes an eighth-degree exp
sion ofF4

h shows an INC phase located between twoCmcm
phases as it is observed in 2Ha-TaSe2 with increasing
pressure.30 The phase diagram of Fig. 6~d! implies a fourth-
degree expansion inF4

inh and reveals the possibility of stab
lizing two distinct incommensurate phases.

A similar description of the phase diagrams resulting fro
the coupling between the layer stacking and in-layer tra
tions can be performed for the other TMD polytypes. Ho
ever the corresponding symmetry and thermodynamic c
siderations are more complex due to the location of
relevant critical wave vectors. With the exception of t
1T-TiSe2 superstructure, which can be related to a thr
m

.

e

te

13411
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-

i-
-
n-
e

-

dimensional IREP at theL point of theP6/mmmspace group
„t2(k14)…, the superstructures found in 1T-VSe2 , 1T-TaS2,
and 1T-TaSe2 correspond to critical wave vectors in gener
positions in theGML plane of the hexagonal Brillouin zon
~Fig. 5!. It therefore coincides with a 24-dimensional IRE
of the parent~or P3̄m1) structure. For the superstructure
found in the 4Hb and 6R polytypes the in-layer transition
correspond, as for the 2Ha polytypes, to critical wave vec-
tors on the zone-boundaryR line, but the stacking order is
associated with two-component order-parameter expans
involving inhomogeneous terms. Therefore the coupling
tween the layer stacking and in-layer superstructures lead
a minimization procedure of the total free energy which
more difficult to handle.

IV. SUMMARY AND CONCLUSION

In summary, we have shown that the large number
polytypic structures occurring in TMD materials can be a
sociated with different ordering mechanisms from the sa
parent disordered structure formed by oneMX2 subunit. This
disordered polytype structure gives rise to intrinsic stack
faults in the resulting ordered polytype structures and fav
the crossover between the polytypes. The coupling of
preceding ordering mechanism with the structural transiti
occurring within the layers in some TMD compounds allow
us to clarify some discrepancies with the two-dimensio
models and allows to work out the topology of the pha
diagrams of TMD materials when intrapolytypic and inte
polytypic transitions are involved concurrently.
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