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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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[. INTRODUCTION sented schematically in Fig. 1. Their occurrence among the
TMD materials is indicated below each polytype structure.
Since the observation of stacking disorder in molybdenun©On top of Fig. 1, a hypothetic structure formed by dM&,
and niobium disulphides by Jellinek, Brauer, andiy' the  layer is shown which will be assumed in our description to
transition metal dichalcogenide€TMD’s) have attracted be thedisordered parent structuréor all the ordered MX,
considerable interest from a number of viewpofits,in- polytypes. In this structure, which has the hexagonal
cluding intercalation physics, charge-density waves, supefpg/mmmsymmetry and will be denoted hereafter as the
conductivity, and optical and transport properties. The comsrycture, thevl andX atoms are statistically disordered with
mon 'ghread_that ties these properties togejher is the pseudg-fractional occupancyy =Xy =1/3 corresponding to one
two-dimensional nature of the materials, which areg, 5 unitM X, per primitive hexagonal cell. The atoms
structurally similar in that they are all made up )éfM-X occupy statistically the positions hY : 0 0 1/2 and 2) :
slabs whereX refers to a chalcoge(8, Se, TeandM is a 1/3 2/3 1/2, whereas th¥ atoms are disordered over the

transition metal belonging to group IV@i, Zr, Hf), group " ; . .
e W7 Wyckoff positions 2¢€) : 0 0zand 4f) : 1/3 2/3z with z
Vb (V, Nb, Ta), or group VIb(Cr, Mo, W). TMD's display (flose tozo=1/4. We will now describe the ordering mecha-

strong intralayer covalent bonding and weak interlayer varr’ ; . )
der Waals bonding. Sheets bf atoms are strongly bonded NiSmMS which lead to the formation of théX; polytypes in
and sandwiched each between two hexagonal close-packé?dider of Increasing COmp|§XIty using the Ramsdell notation
layers ofX atoms, the coordination dfl atoms being either NY for the stacking polytypic sequences, wheris the num-
octahedral or trigonal-prismatic. THé X, slabs are weakly ber ofX-M-X slabs in a unit cell an& stands for the lattice
bonded and stacked along the direction perpendicular to thiype which can be trigonall)), hexagonal ki), or rhombo-
layers. Various stacking sequences give rise to polytypismhedral R).
The basic symmetries of TMD’s are either hexagonal or
rhombohedral.

In the present work, we intend to go beyond the observa- i ]
tion of similarities between the various TMD structures, and The only known structure with onb1X;, layer per unit
to describe the different atomistic mechanisms which relatgell is that of the T polytype, which is found for all group
these structures to a common disordered parent structur®/b and vanadium dichalcogenides and for JaSaSe,
The mechanisms are described as ordering processes simildbS,, and NbSeg.? This structure is obtained when tié
to those which connect the phases surrounding an ordeatoms order on the bj position and theX atoms occupy
disorder phas_e transition. After describing crystallographihalf of the 4() positions. The parent hexagonal symmetry is
cally the ordering process for each type of polytype Structurgq,ered toP3m1 with the octahedrally coordinatéd atoms

(Sec. IIA), we show that these processes cprrespond to p 1(a) positions, and the< atoms in 2(l) positions. The
small number of order-parameter symmetries and baSIEa ’

X : RO yer stacking is of the&CbA type where capital letters cor-
phase diagramé&Sec. 11 B. They also imply intrinsic stack- d to the chal i 9 lett
ing faults when the temperature is varied. This provides gespond 1o the chaicogen positions and lower case [etlers
justification for the interpolytypic transitions found in TMD designate thé/ positions.
materials. The influence of the polytypic ordering on the
commensurate and incommensurate superstructures reported 2. 2H polytypes
in members of the TMD family is discussed in Sec. lll.

1. 1T polytype

Three different polytypes are known to possess b,

Il. THEORY OF INTERPOLYTYPIC PHASE layers per unit cell which are denoteti2, 2H,, and H..
TRANSITIONS IN TRANSITION METAL Dichalcogenides of Nb and Ta crystallize in thel 2struc-
DICHALCOGENIDES ture whereas the 2. polytypes are stabilized in Mo and W

dichalcogenides. The k2, polytypes are obtained for the

nonstoichiometric compounds fNb,Se and Ta ,,Se, with
Eleven different types of polytype structures have beerihe excess metal atoms intercalated in the van der Waals

observed up to now in TMD materidlsvhich are repre- interlayer gaps. All three polytypes involve a doubling of the

A. Crystallographic description
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c-lattice translation with respect to tHe structure, corre-
sponding to one ) and one 4h) position for theM atoms.
Each of theX positions 2€) and 4 ) in the P structure split
into two 2(e) and two 4f) positions. A further ordering
mechanism yields a differentiation between thid poly-

types.

(i) In the 2H, polytype theM atoms occupy the 2|
position whereas th¥ atoms fill the two 40) positions, one
half each. The resulting structure hB§;/mmc symmetry,
in which theM atoms occupy the 2 positions(0 0 1/4
and theX atoms the positions 4} : 1/3 2/3z with z~1/8.
The corresponding stacking sequenc&BACbC

(i) In the 2H, polytype the position 2) is half filled
and the position 4) is filled by one-quarter wittM atoms.
The chalcogens are shared between the two initial) 40-

sitions. The parent hexagonal symmetry is reduced@m?2
with the positions 14) and 1@d) for the M atoms and the
position 24) : 1/3 2/3zand 2() : 2/3 1/3zfor the X atoms.
The stacking sequence AshACaC

(iii ) In the 2H . polytype, half of the 4lf) position is filled
by the metal atoms whereas teatoms occupy half of the
two 4(h) positions. The space-group typeR&;/mmg as

PHYSICAL REVIEW B69, 134111 (2004

FIG. 1. Ordering mechanisms leading to the
formation of the 11 polytype structures observed
in TMD materials. The polytypes are shown as
(1120) projections of their hexagonal structures.
Small circles represent the metal atoms and large
circles the chalcogens. The partial filling of the
circles for theP structure indicates the positional
occupancy.

for the 2H, polytype. However, since the metal atoms oc-
cupy the positions 1) : 1/3 2/3 1/4, and the chalcogens the
positions 4€) : 1/3 2/3z, theM atoms in adjacent layers are
displaced by 1/3 2/3 0 with respect to their positions in the
2H, structure where they are on top of each other. The stack-
ing sequence i€aCAcA

3. 3R polytype

The 3R polytype structure with the rhombohedi@Bm
polar symmetry has been observed in Mp8lbSe, Tas,
TaSe, MoS,, and WS. Its three-layer structure corresponds
to a triplication of the parent translation and a consecutive
ordering of theM and X atoms over the available positions.
The triplication of theP unit cell leads to a splitting of the
1(b) metal atom positions into nonequivalent) (and 2€)
positions, while the 24) metal atom positions split into
2(d) and 4f). Each of the initial 2¢) and 4) chalcogen
positions splits into three different & and 4 ) positions.

In the 3R polytype, half of the 2¢) and 2{d) positions and
one-quarter of the 4() position are filled by the metal at-
oms. The chalcogens occupy thee? (position and two of
the 4() positions half. In the ordered rhombohedral struc-
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TABLE I. Change in the Wyckoff positions from the structure to the ®,, 4H,, 4H., 4Hy,, and H,, polytypes, and stacking
sequences.

Polytype Initial Wyckoff positions in thé structure Final Wyckoff positions Stacking sequences
4H, M:[2(e)1,[2(e)]1/2.[4(h) 114, M:1(a),1(d),2(g), AbA ChC BaB CbhC
X:[2(e) ]y, [2(€)]1/2,14(N) 112,04 (D) 112, 4 (D) ]1sa, X:2(9).2(h),2(i).2(1)
X:[4(h)]ya
4H, M:[2(e)].[2(e)], M:2(a),2(b), CbA CbC AbC AbA
X:[4(h)J2.[4(N) 12,04 (D) 112, [ 4 (M) ]2 X:4(f).4(f)
4H, M:[4(h)]1/2.[4(h) 12, M:2(b),2(b), BcB AcA BaB CaC
X:[2(€)]12.[2(€) Jas2:[2(€) J1s2.[2(€) ]112.[ 4 () ]y, X:2(a),2(a),2(b).2(b)
X:[4(h)Jya,[4(0) 1y/a,[4 (D) 11/
4Hy, M:[2(e)1,.[2(e)]1/2.[4(h) 14, M:1(a),1(a),1(a),1(b), AbA CbA CbC BaC
X:[2(&)]y2,[4(h) 12, [4(N) 12, [4(N) 12, [4(N) s X:i1(a),1(b),1(b),1(b),1(c),1(c),1(c),1(c)
4Hgy, M:[2(e)],[2(e)]1/2.[4(h) 114, M:1(a),1(d),2(g), AbA CbA CaC AbC
X:[4(h)]y2.[4(0) ]a2,[4 (D) 112, [ 4 (M) 112 X:2(h),2(h),2(i),2(i)

ture both metal atoms and chalcogens are in positioa$ 3( structures, indicated in Fig. 1, one can deduce that all these
0 0z with z~0 for the M atoms while for theX atomsz  latter structures are related to instabilities corresponding to
~1/4 andz~5/12. The stacking sequenceA®ABcBCaC  points of the hexagonal Brillouin zori8Z) located on theé\
(T-A) line. Using Kovalev's notatichfor the irreducible
representation§IREPS of the P6/mmm space group, a
Five different polytypes with four slabs per unit cell have Landau-type symmetry analySigields the following de-
been observed in TMD'$? They are shown schematically in scription, summarized in Fig. 2.
Fig. 1. The polytypes M., 4H,, and 4. are obtained at (1) The P—1T phase transition is induced by the one-
different temperatures in Ta®nd TaSg whereas the poly- dimensional IREPr5(k;¢) of the BZ center [' point), the
types 4H,, 4Hg;, and Hy, form in NbSg. Inthe 4H, and  symmetry breaking order parametercoinciding with the

4H, structures the metal atoms are exclusively in trigonal-g|astic stiffness compone@,. The order-parameter expan-
prismatic coordination, while they display mixed octahedralgjgy, has the canonical form

and trigonal-prismatic coordination in theH4, 4Hy,, and

4. 4H polytypes

4H,, structures. Table | indicates the changes in the Wyck- ar , PB1 o, Y1 g
off positions from the disorderef structure to the final or-  Fi(T.P.7)=Fo(T.P)+ == 9"+ 7= 7"+ =+ -
dered structures as well as the corresponding stacking se- 1)
quences. The ordering process reduces the parent symmetry
to P6m2 (4H,, 4Hy,), P63/mmc(4H), P6smc (4H,), P (1
andP3ml (4Hy)). ‘
T(000) A@©0T Aom A Q07 Ao
5. 6R polytype | | 8 2 |°
The 6R polytype with R3m symmetry is observed in 7 &® 7o (lur) 774 (k) 7 (bur) 7o (1)
TaS and TaSe Half of theM atoms of the six-layer struc- l
ture are octahedrally coordinated, while the other half are in ml:f(l) ps,ﬂf‘nﬁf“(z) R;_}‘(a) pe,/fﬁc @ ps,ﬁ’@) mﬁj(s)
trigonal-prismatic coordination. The sixfold multiplication of ¢, n mPm MmA0,m=0 Mm="  m#m
the P unit cell causes a splitting of the Y, 2(d), 2(e), and r(000) roooN
4(h) positions into, respectively, three &(and 4 ) posi- | -mﬁ*«u
tions and six 2¢) and 4f) positions. The ordering mecha- 73 (k) e *;:,;,,:
8 \116,

nism producing the B structure consists of a filling by the }
M atoms of one of the 2 positions and a half filling of two .v, ‘"

. PBm2 (2 P8m?2 (4
of the 4(h) positions. TheX atoms occupy one of the &) [ dy
positions fully and two of the six &) positions one half _ _ N
each. From the six 41) positions, three are half filled and FIG. 2. Order-parameter symmetries for the ordering transitions
two are occupied at one-quarter ¥yatoms. In the finaR3m from the P structure to the ordered polytypes. The points of the

sructure all atoms occupy he 0 0zposiions The g 1e/26ora Srlaun zone and e mecucle ereserauns
stacking sequence BbABcABcBCaBCaCAbC o o ) pic fen: P
nents arising at the transition€{,, d,;) and the equilibrium rela-

tionships fulfilled by the order-parameter componentsare indi-
cated below each polytype. The IREP denotgtk,,) corresponds
to the different image groups for the polytypeR ®r 6R (image

From the translational symmetry breaking occurring ingroupCg,) and 44, or 4H_ (image grougC,,) since the respective
the transition from theP structure to the ordered polytype values ofk, are different.

B. Order-parameter symmetries, free energies, and phase
diagrams
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(b e @y B2 , L
(®) . Fo(T,P.p,0)=FodT,P) + 5 p+ = p*+ 5 p°

% s Y3
P3m1 P3lm + Epecos @+ . @)

1T or 2H, or2H/ A /3R.o 6R b
Note that theR3m symmetry of the ® and &R structures
o corresponds to a limit situation which is reached for specific
H,
/ actually induced by the IRER;(kq1) of P6/mmm It has the
consequence that the phase transitions to the limit staRes 3

positions of the atomg0 0 z), (1/3 2/3 2/3+2z), and(2/3
/ B L Q) and &R from the other polytype polymorphs are of the re-
b
I

a3 1/3 1/3 +2z)] of the P3m1 supergroup symmetry which is
constructive type(the group-subgroup relationship being

4, lost) and, in particular, are necessarily first order as assumed
! \ in the phase diagram of Fig(i3.

\ The P—4H,, P—4H., andP—4Hy, transitions corre-

H L spond to a different order-parameter symmetry with the im-
age groupC,, associated with the free energy

o

Bs 4, B

4H, or 4Hgn 3(T P Py @) Fog(T P) + 4 — P COS4®

| 2 4
. . . ) T A3
FIG. 3. Basic topological features of the phase diagrams involv-

ing the P phase and the different polytype structures. Dashed anq-he 4H, and 4, structures are stabilized when,#0
full lines represent second- and first-order transition lines, respec -0 abnd 7=0, 7,#0, respectively, whereas tﬁeHl&’
1= 2 , I

tively. T, and T, are triple points.T, T.;, and T, are tricritical
p0|n)t/s 'Fhe arrc>2ws reprgser?t possnblecihermod;znamlc paths, show structure occurs fowy, #0 and »,#0. The H, and Hay
ing that the M, , 4H,, and 4y, structures cannot be reached “Sructures cannot be obtained directly from mstructure
directly from theP phase. but derive fr_om thg B, structure, being induced by the
zone-center instabilityg(k,) of the P63/mmcspace group.
Figure 3c) shows the theoretical phase diagram in which the

The standard phase diagram associated ithis repre-  (ifferent 4H polytypes are inserted.
sented in Fig. @. It involves a first-order g,<0) or In TMD materials the T polytype is generally stable at
second-order £;>0)P— 1T transition. higher temperaturege.g., above 950°C in Tageand

(2) The P—2H, and P—2H. transitions result from the NbS%) and the M phases at lower temperaturée_g_,
activation of a one-dimensional IRER5(k;7) ] at the bound- 600 °C in TaSg), while the other polytypes [, 6R, 4H)
ary A point of the hexagonal BZ. The order-parameter expanpccur in the intermediate range. Referring to our description,
sion has the same form as given in Et). and therefore the it means that theé vector associated with the onset of the
transition corresponds to the same phase diagram as in Figelytypes from theP structureincreaseswith decreasing
3(8) In contrast, the Elb structure cannot be obtained di- temperatures from the Centdf'x to the boundaryA p0|nt
rectly from theP structure, but only via the 2, structure.  of the hexagonal Brillouin zone and locks in at the interme-
This is consistent with the observation that in TMD com- giate values 2/3c, m/2c, w/3c on the A line. However,
pounds(as TaSg or NbSg) the 2Hy, and H, polytypes  sych a picture is oversimplified since the polytypes can sta-
always take place concomitantly, théig structure stabiliz-  pijlize at various temperatures depending on the transforma-
ing at lower temperature. TheH,—2H), transition is in-  tion kinetics and on the treatment of the matefialenching,
duced by a zone-center instability of th3;/mmc space  annealing, slow-cooling or heating, étd=igure 4 shows, for
group [7g(kig)] giving rise to a spontaneous componentexample, the interpolytypic transformations observed in
(dz) of the piezoelectric tensor. TaSe under various external conditioAs!! One can verify

(3) The R, 4H, and R symmetries are related to bidi- that the transformations are liable to occur between most of
mensional IREPS oP6/mmm corresponding to points lo- the polytypes without simple symmetry constraints such as a
cated on theA line (0 0 k,) of the hexagonal BZ, witkk,  group-subgroup relationship between the polytypes, or an in-
=2m/3c (3R), k,=mu/2c (4H), andk,=n/3c (6R). The crease of their stacking order. This suggests, as noted by
P—3R and P—6R transition order-parameter symmetry Jellinek!? that stacking faults should play an essential role
has the image grou@g, which is the group formed by the in the interpolytypic transformation mechanisms
distinct matrices of the IREPwith the equilibrium values of The existence of a parent disordered polytype structure
the order-parameter componenyts# 0,7,# 0. Using the po- assumed in our approach implies indeed that the different
lar mappingzn,;=p cos® and 7,=p sin®, the Landau free TMD polytypes should be intrinsically faulted. There are two
energy reads different origins for the stacking faults.
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the interpolytypic transformation kinetics, of the hexagonal
P structure, assumed from symmetry considerations to be the

580"
8000\ parent structure for the TMD polytypes. On the other hand it
120°CN\\ 970°C or Guench. + allows us to understand why at moderate or high tempera-
arssC \ 61 reheat. 200°C tures a crossover between the different polytypes can occur,

as this is favored by a high density of stacking faults.

Eo

- T00°C

IIl. INFLUENCE OF THE LAYER ORDERING ON THE
INTRALAYER SUPERSTRUCTURES
780°C 880°C ) . .
8W'C  780°C qnench 4 Because of their layer structures and weak interlayer in-
rehe.;t/ teractions TMD materials have been categorized as two-
220° . . . ; 7 )

dimensional solids with respect to their in-layer properties.

quench. + m . : ; . .
reheat. 225°C This low dimensionality shows up in many ways as, for ex-
o slow o5 mg 1°°°° ample, in the compressibility, optical, electrical and magnetic
- properties, superconductivity, etc. Along this line most of the
580°C| | 800°C 830°C| | 770°C models which attempted to describe the intralayer structural

phase transitiot$2° taking place in different polytypes of

TMD compounds, such as Ta8r TaSeg, have neglected the
2H, - interpolytypic transitions considered in the preceding sec-

tion. However, both interlayer and intralayer phase transi-

FIG. 4. Interpolytypic phase transitions observed in pas®ler  tions can be observed concurrentlgs, for example, in
different external conditions, from Refs 8-11. 1T-TaSe? and, more generally, there exist several experi-

mental facts showing the influence of the layer stacking on

(1) One type of stacking faults results from the lowering the commensurate and incommensurate superstructures aris-
of symmetry taking place in the formation of the polytypesing at low temperatures within the layers. A coupling be-
from theP structure. It gives rise on the one hand to a breakiween the interlayer and intralayer orderings is obvious for
ing of translational symmetry corresponding to the existencéhe shortest T polytypes in which the commensurate super-
of antiphase domainsThus, the M, 3R, 4H, and &R poly- structures display a three-dimensional character, i.a., 2
types should display, respectively, 2, 3, 4, and 6 distinct anx 2ax2c in 1T-TiSe,, Y13ax13ax13c in 1T-TaSe,
tiphase domains. These so-called “deformation” stackingy13ax 13ax3c in 1T-TaS, and 4ax4ax4c in 1T
faults™ combine with the “twinning” stacking fault$ in-  VSe,. For example, in I-TaS, the X-ray observations by
duced, on the other hand, by the breaking of rotational symTandaet all’ reveal a correlation length corresponding to
metry (6Mmmm) of the P structure yielding the point sub- about 56 layers with a disordering of the layers leading to the
groups of order 2 (T, 2H, 4H,, 4H., and H,) or 4  stabilization of a triclinic phasé&he T phase with a seven-
(3R, 6R, and H)). layer periodicity above the commensurate phase.

(2) Another type of stacking faults, which does not de- Although it is less pronounced for the longer polytypes,
pend on symmetry but on temperature, originates in the orthe influence of the stacking order on the intrapolytypic tran-
dering mechanism assumed for the formation of the TMDsitions manifests itself in different ways. For example, in
polytypes. In the disorderefd structure eactM X, slab rep-  4H,-TaSe Lideckeet al® have shown that the location of
resents a stacking fault. The ordering process can be charaitte charge-density waves in the lock-in superstructure
terized by the numben=1—N4/N, whereN is the total \/13ax\13axc is disordered between different layers: the
number of layers andy is the number of stacking faults. atoms in the Se planes display a transversal modulation
One hasn=0 in theP structure anch=1 in an ideal ordered along thec axis corresponding to a relaxation of these planes
structure. Intermediate states correspond tong<1l. The to the modulation of the Ta planes. IiH2-TaSe one needs
value ofn at a given temperature is determined by the num+o take into account the interlayer coupling in order to de-
ber of defects. In the ordered structures the asymptotic valuescribe theoretically the stabilization of a commensurate
of n will reflect the symmetry-induced type of stacking phase withCmcm symmetry!® or the reentrance under
faults, whereas in the disordered structaraccounts as well  pressur€ and anisotropy of the discommensuratidneb-
for the temperature-dependent defects. served for the preceding phase. Indeed, interlayer interac-

From the preceding description one can infer a qualitativéions have been included in some theoretical approaches to
picture of the formation of TMD polytypes. Below the melt the structural transitions occurring in some of the TMD poly-
temperature the polytypes are partially ordered<¢(B<1) types as a correction to the discrepancies of the experimental
and principally formed by the smallerTlpolytypes sur- results with single layer models, but the interactions have
rounded by disordered sequencesPofype polytypes. On been restricted to the neighboring layers.
cooling the fraction of disordered sequences of layers re- The sequences of commensurate and incommensurate su-
duces and the intrinsically faulted regions tend to coalesceyerstructures taking place in thelf12H,, and 4, poly-
giving rise to longer sequences of ordered polytypes. Thisypes of TMD compounds have been the subject of compre-
picture provides on the one hand a justification, in terms ohensive theoretical descripticis?’in the framework of the
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FIG. 5. The hexagonal Brillouin zone with the points and lines ~ C™®

involved in the present study. FIG. 6. Phase diagrams resulting from the minimization of the
Landau free energy corresponding to the free-energy density given
by Eq. (7). Dashed and solid lines correspond to second- and first-
Landau theory of phase transitions. In what follows we re-order transition lines, respectivelf, T,, andT, are triple pointsN
strict ourselves to describe the phase diagrams which can i@ four-phase point, anf, is a tricritical point.F, is expanded at
worked out for the illustrative example of théi2 polytypes, the sixth degree im wheread, corresponds to a sixth degreegn

. . . in (8—(c), and to an eighth degree id). Fi"" is expanded to the
when assuming a full coupling between the stacking ordegeCOnOI degree ip in (3—(c) and to the fourth degree ifd). The

and the in-layer commensurate superstructures. The MOKGliowing conditions distinguish the phase diagrar®. >0, 8,

complex situations found inTLand 4, polytypes are only >0, 4,>0, b,+b,>0, ¢,;>0, d.>0, A=48,b,— 62>0. (b) &

briefly discussed. >0, 8;<0, y;>0, b;+b,>0, A>0, ¢;>0, d;>0. (c) §>0,
The orthorhombicCmcmcommensurate phase found in 8,<0, y,>0, b;+b,<0, A>0, ¢;>0, d;>0. (d) 6>0, B,

2H_-TaSe below 90 K displays a 8x3axc superstruc- <0, y;>0, b;+b,<0, ¢;>0, d;<0.

ture, wherec is the lattice parameter of theHy polytype

unit cell. TheP63/mmc—Cmcmstructural change, which .

has been analyzed by Drak and Janové within a stan- Fa(T,P,p;,0)=Fh+F" (4)

dard Landau approach, is associated with the critical wave

vectorky=a*/3, wherea* =(8w/3a,4m/3a,0) is the basic ) h ap s b1, 2.2

hexagonal reciprocal lattice vectdt, is located along th& with  F4=FodT,P)+ = (p1+2p3) + 4 (p1+2p3)

line, inside the hexagonal Brillouin zor{€ig. 5). Assuming

a parentP structure, the superstructure corresponds & 3

X 3ax 2c, wherec is the lattice parameter of tHreunit cell,

induced by the critical wave vecttg= (a*/3,0¢*/2) ending

b,
Fapir2ph e ©)

on theR line of the surface of the hexagonal Brillouin zone inh do, dp;\? ,(dO; 2

(k7 in Kovalev’s notatiof) (Fig. 5). The little group ofk, is and F,7'= 22 Cirigy il o] TP gu

Gy =mn2 corresponding to a six-branch stef , which u=x

allows the construction of four six-dimensional IREPS of T (6)

P6/mmm denotedr,(k;) to 74(k;). A symmetry analysis

shows that theP6/mmm-—Cmcm transition is associated where the homogeneous and inhomogeneous parts of the
with the IREP denotedr,(k;) corresponding to a six- free-energy density have been expanded to the lowest degree
component order parameter formed by the componénts involving a symmetry breaking mechanism, i.e., up to the
(i=1-3) and their complex conjugate,;=¢ (i=1-3).  fourth degree forFE‘1 and to the second degree in the,
Using the polar mapping;=p;cos®;, {F=p;isin®; (i (dp;/du), and @O;/du) for Fi™".

=1-3), one can show that tl@mcmstructure is stabilized In order to work out the phase diagrams involving the
for the equilibrium values ofp;#0, p,=p3#0, O, transitions from the> structure to the B, andCmcmstruc-
=(0,m), and®,=0,;=(0,7). It yields theeffectiveform of  tures one has to minimize the total free energy
the Landau free-energy density associated with thgF(T,P,7,p;,0;)dV (summed over a given volume of the
P6/mmm— Cmcmtransition: system with
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Fu(T,P,7,p1,0)dV=F((T,P,5)+FXT,P,pi,0;) dimensional IREP at the point of theP_6/mmmspace group
(72(k14)), the superstructures found inTdVSe,, 1T-TaS,

X 8nY(pi+2p9)+F", (7  and IT-TaSe correspond to critical wave vectors in general

whereF is expressed by Eql) and thes term represents
the coupling between the order parameters associated wi
the P—2H, and P—Cmcmtransitions. Using the minimi-

positions in thel’'ML plane of the hexagonal Brillouin zone
ﬁfig. 5). It therefore coincides with a 24-dimensional IREP

of the parent(or P3m1) structure. For the superstructures

zation procedure described in Ref. 29, which consists of simfound in the 44, and & polytypes the in-layer transitions
plifying the standard Euler-Lagrange minimization processcorrespond, as for thet2, polytypes, to critical wave vec-
one can deduce the phase diagrams shown in Fig. 6. THers on the zone-boundafy line, but the stacking order is
topologies of the phase diagrams depend on the sign arfpsociated with two-component order-parameter expansions
magnitude of the phenomenological coefficients in the Laninvolving inhomogeneous terms. Therefore the coupling be-

dau free energy and on the degrees to wigh FQ, and
F'4”h are expanded. Figurgd& represents the simplest situa-
tion where theP6;/mmcand Cmcmphases are separated
by an incommensurate phadbIiC) as it is observed experi-
mentally in 2H,-TaSe at atmospheric pressure. However

tween the layer stacking and in-layer superstructures leads to
a minimization procedure of the total free energy which is
more difficult to handle.

IV. SUMMARY AND CONCLUSION

the three phases are separated by second-order transitions

whereas the INGEmcmtransition is experimentally first or-
der. Figure @) shows a more realistic phase diagram in
which the lock-in INCEmcm transition is of first order,
whereas the B,—INC transition can be either first or sec-

In summary, we have shown that the large number of
polytypic structures occurring in TMD materials can be as-
sociated with different ordering mechanisms from the same
parent disordered structure formed by &, subunit. This

ond order depending on the thermodynamic path. The phagéisordered polytype structure gives rise to intrinsic stacking
diagram of Fig. &), which assumes an eighth-degree expa_n.fau|tS in the resulting ordered polytype structures and favors

sion of F}; shows an INC phase located between @mcm
phases as it is observed inH2-TaSe with increasing
pressuré® The phase diagram of Fig(d implies a fourth-
degree expansion iRj"" and reveals the possibility of stabi-
lizing two distinct incommensurate phases.

A similar description of the phase diagrams resulting from
the coupling between the layer stacking and in-layer transi
tions can be performed for the other TMD polytypes. How-

ever the corresponding symmetry and thermodynamic con-
siderations are more complex due to the location of the

relevant critical wave vectors. With the exception of the

the crossover between the polytypes. The coupling of the
preceding ordering mechanism with the structural transitions
occurring within the layers in some TMD compounds allows

us to clarify some discrepancies with the two-dimensional
models and allows to work out the topology of the phase
diagrams of TMD materials when intrapolytypic and inter-

polytypic transitions are involved concurrently.
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