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Adamantine ternary ordered-vacancy compounds (OVCs) of
the AB2X4 family derive from the zincblende structure of binary
AX compounds and share many properties with the chalcopyrite-type ternary ABX2 compounds. AB2X4 mainly crystallize in
the defect chalcopyrite (or thiogallate) structure but also in
other vacancy-ordered phases, like the defect stannite (DS, or
defect famatinite) and the pseudocubic (PC) structures, where
vacancies occupy a fixed Wyckoff site in an ordered and
stoichiometric fashion. Order–disorder phase transitions have
been studied in several adamantine OVCs at high temperatures

and/or pressures, where OVCs undergo a phase transition to a
disordered zincblende (DZ) structure on increasing temperature
and to a disordered rocksalt (DR) structure on increasing
pressure. It has been suggested that these order–disorder
transitions should undergo via intermediate phases of partial
disorder between the fully ordered phases and the fully
disordered phases. In this work we study the different possible
intermediate phases of partial disorder and discuss the
possibility to find them with the help of vibrational spectroscopies, like Raman scattering or infrared measurements.

ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Adamantine ordered-vacancy compounds (OVCs) are a class of compounds which derive from
the cubic diamond and zincblende [space group (S.G.) F43m,
No. 216, Z ¼ 4 structures. They are tetrahedrally coordinated
compounds which include binary B2X3 compounds, like
sesquisulfides and sesquiselenides, and ternary AB2X4
compounds, like sulfides, selenides, and tellurides. The
common characteristic of adamantine OVCs is that they have
a different number of anions and cations in the unit cell so
there is a cation site occupied by a vacancy in an ordered and
stoichiometric fashion; i.e., each anion is surrounded by
three cations and a vacancy.
Ternary adamantine OVCs usually crystallize in one of
three tetragonal structures: (i) the ordered pseudocubic
(PC) structure (S.G. P42m, No. 111, Z ¼ 1) [Fig. 1(a)],
(ii) the ordered defect stannite (DS) or defect famatinite
structure (S.G. I42m, No. 121, Z ¼ 2) [Fig. 1(b)], and
(iii) the ordered defect chalcopyrite (DC) or thiogallate
structure (S.G. I4, No. 82, Z ¼ 2) [Fig. 1(c)]. Despite their
different structures, adamantine OVCs have in common,

unlike in the zincblende structure, the presence of several
nonequivalent tetrahedrally coordinated cations. The
unequivalent cations occupy different Wyckoff positions
resulting in a doubling of the cubic zincblende unit cell
along the c-axis in these compounds. The tetragonal
symmetry of OVCs provides them with special properties
not present in cubic zincblende-type compounds. In
particular, adamantine OVCs have important applications
in optoelectronics, solar cells, and non-linear optics that
have attracted considerable attention in the last 30 years as
evidenced in several reviews [1–4].
OVCs are also important materials in Solid State Physics
from the theoretical point of view because they constitute
a bridge between perfect materials (with no vacancies at
all) and defect materials (with vacancies as point defects).
Therefore, the study of OVCs will allow us to understand
the role played by vacancies in the physical and chemical
properties of solids. In this respect, a common trend of
OVCs is the occurrence of order–disorder phase transitions
due to the unbalanced number of cations and anions.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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should also occur via intermediate phases of partial disorder
[12, 13, 16].
The discussion on the possible disordered phases
occurring in ternary OVCs is commented in several works
[3, 20, 25–27]; however, a there is a lack of a general
discussion regarding the different possible intermediate
phases with partial disorder that can lead from the ordered
phases (DC, DS, and PC) in OVCs and the fully cationvacancy disordered DZ phase. In this work, we go one step
further and study the different possible intermediate phases
of partial disorder and discuss the possibility to find them
by means of in situ Raman scattering and/or infrared
measurements.

Figure 1 Scheme of atoms in OVC’s of the AB2X4 family:
(a) ordered PC structure (model 1), (b) ordered DS structure
(model 1), (c) ordered DC structure (model 1), and (d) DZ structure.
Both PC and DZ phases have double unit cell along the c-axis for
better comparison with the DC and DS structures. Small (blue) atoms
are X anions, medium size (red) atoms are B cations, and large (light
pink) atoms are A cations. The mixture of A and B cations and
vacancies is shown by medium semitransparent pink color. For the
sake of clarity Wyckoff sites are given in parenthesis.

Temperature- and pressure-induced order–disorder
phase transitions have been studied in several adamantine
VI
OVCs [5–20]. In particular, many AIIBIII
2 X4 compounds
undergo a phase transition to the disordered zincblende (DZ)
structure [Fig. 1(d)] on increasing temperature, where A and
B cations and vacancies are randomly distributed on the
cation sites of the DZ structure [3, 5–8]. In this sense, several
ternary OVCs have been crystallized at ambient conditions
in the DZ structure [21]. This order–disorder transition is
similar to that observed in ABX2 chalcopyrites at high
temperatures [3, 5, 22–24]. Bernard and Zunger suggested
that the order–disorder transition in OVCs should undergo
via intermediate phases of partial disorder between the lowtemperature fully ordered phases and the high-temperature
fully disordered phases [3]. On the other hand, several
VI
AIIBIII
2 X4 compounds undergo a phase transition to the
disordered rocksalt (DR) structure on increasing pressure
which result in a DZ structure when decreasing pressure [9–11,
14, 16, 19, 20]. Similarly to the case of temperature-induced
order–disorder transitions, several works have suggested that
pressure-induced order–disorder phase transitions in OVCs
www.pss-b.com

2 Results and discussion
2.1 Order–disorder processes Figure 1 shows the
three ordered phases [PC (model 1), DS (model 1), and
DC (model 1)] and the fully disordered DZ phase of
ternary OVCs. Such structures and several disordered
phases were commented by Bernard and Zunger in a paper
devoted to PC-CdIn2Se4 [3]. In that paper, temperatureinduced order–disorder processes leading from the ordered
phases to the DZ phase were reviewed and suggested to
take place in two stages: (i) a first stage where there is
a mix of A and B cations that leads to an intermediate
structure with a partial disorder (there is only cation
disorder since vacancies remain ordered), and (ii) a second
stage, where cations and vacancies get mixed resulting in
the DZ structure. Bernard and Zunger proposed two
possible intermediate phases of disorder with PC and
DS structures [Fig. 1(a) and (b)] but make no additional
comments on them.
Unfortunately, the two intermediate phases with cation
disorder proposed by Bernard and Zunger were soon realized
not to be compatible with the structures found in several
ternary OVCs and in particular in ZnGa2S4 and ZnGa2Se4.
This lead to Lowe-Ma and Vanderah [25] and then to Eifler
et al. [26, 27] to propose other several possible DS phases
with different degrees of cation and vacancy disorder.
However, in those works other possible intermediate phases
of disorder prior to the transition to the DZ phase were not
considered. In this respect, Gomis et al. recently revised the
DS phases proposed by Eifler et al. in a high-pressure study
of CdGa2Se4 and showed that additional intermediate phases
with a disordered layered CuAu-like (DCA) structure (S.G.
P4m2, No. 115, Z ¼ 2) could be found with a larger disorder
than that present in DS phases [20]. However, Gomis et al.
did not considered in their work neither the order–disorder
processes of the PC structure nor other possible disordered
phases of the DC phase. In this work, we go beyond previous
studies and report in Table 1 a complete set of possible
intermediate structures with partial disorder between the
ordered PC, DS, and DC structures and the DZ phase shown
in Fig. 1. In the following we will describe the possible
disorder stages going from the three ordered phases to the
DZ structure and we will refer to the different models
summarized in Table 1.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Distribution of cations and vacancies in the Wyckoff sites of the different structures that can be originated upon disorder of
OVCs.
P-42m space group (PC structure)
Wyckoff site
1a (0,0,0)

cation
plane 1

1d (1/2,1/2,0)

cation
plane 2

2f (1/2,0,1/2)

I-42m space group (DS structure)

Model 1

Wyckoff site

2AII

2a (0,0,0)

2V

2b (0,0,1/2)

cation
plane 1

4d
(0,1/2,1/4)

cation
plane 2

4B

III

I-4 space group (DC structure)

Model 1

Wyckoff site

2AII

2a (0,0,0)

2V

2b (0,0,1/2)

4B

Model 1
2BIII

cation plane 1

2d (0,1/2,3/4)

cation plane 2

P-42m space group (PC structure)

1a (0,0,0)

cation
plane 1

1d (1/2,1/2,0)

cation
plane 2

2f (1/2,0,1/2)

2/3(AII +2BIII)

2a (0,0,0)

2V

2b (0,0,1/2)

Model 2

2d (0,1/2,3/4)

in both
cat. planes

3c (0,1/2,1/2)

Model 2

Model 3

2AII

2/3(AII + 2BIII)

2/3(V + 2BIII)

2V+4B

V + BIII

2B

II

III

Partially
disordered

III

V+B

AII + BIII

2AII

I-42d space group (DIC structure)

Model 1

III

2BIII

2V

cation plane 1

cation plane 2

Model 3

AII + BIII

2c (0,1/2,1/4)

4/3(AII +2BIII)

Wyckoff site

2AII

Wyckoffsite

P-43m space group (DC3A structure)

1a (0,0,0)

Ordered

I-4 space group (DC structure)

Model 2

Wyckoff site

2V
2BIII

2c (0,1/2,1/4)

III

III

2V + 4/3(A +2B )

Wyckoff site

II

4a (0,0,0)
III

2A + 4/3(V +2B )

4b (0,0,1/2)

in both
cation planes

Model 1

Model 2

4BIII

2(AII + BIII)

Partially
disordered

III

II

2(V + A )

2(V + B )

I-42m space group (DS structure)
Wyckoff site
2a (0,0,0)
cation plane 1

2b (0,0,1/2)
4d (0,1/2,1/4)

cation plane 2

Model 2

Model 3

Model 4

Model 5

Model 6

Model 7

Model 8

Model 9

2/3(AII + 2BIII)

2AII

2BIII

2BIII

2BIII

2BIII

2BIII

AII + BIII

2V

2/3(V + 2BIII)

AII + BIII

V + BIII

2V

2AII

V + AII

V + BIII

4/3(V + 2BIII)

2V + AII + BIII

2AII + V + BIII

2(AII + BIII)

2(V + BIII)

V + AII + 2BIII

V + AII + 2BIII

4/3(AII + 2BIII)

Partially
disordered

P-4m2 space group (DCA structure)
Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

1a (0,0,0)

cation
plane 1

2(V + AII)

2V + 2/3(AII + 2BIII)

2AII +2/3(V + 2BIII)

AII + 3BIII

V + 3BIII

2(V + BIII)

1c (1/2,1/2,1/2)

cation
plane 2

4BIII

4/3(AII + 2BIII)

4/3(V + 2BIII)

2V + AII + BIII

2AII + V + BIII

2(AII + BIII)

Wyckoff site

Wyckoff site

F-43m space group (DZ structure)

4a (0,0,0)

2AII + 2V + 4BIII

2.1.1 Disorder processes of the ordered PC
phase The ordered PC structure (model 1) [Fig. 1(a)] is
known to be the structure of CdIn2Se4 and consist of AII (Cd)
cations located at 1a (0,0,0) sites and BIII (In) cations located
at 2f (1/2,0,1/2) sites, while vacancies occupy 1d (1/2,1/2,0)
sites, and X (Se) anions occupy 4n (x,x,z) sites. The disorder
processes leading from the ordered PC structure, located at
the top of Table 1, to the DZ phase, located at the bottom of

Partially
disordered

Totally
disordered

Table 1, can be understood with the help of Fig. 2, where we
represent the three initially possible intermediate phases of
disorder of the PC structure. The three possible paths of
disorder leading to intermediate phases are:
(1) If there is a mix of A and B cations at 1a and 2f sites but
vacancies remain ordered in their 1d sites, the resulting
structure is another PC phase (model 2) [Fig. 2(a)].

Figure 2 Scheme of atoms in AB2X4 compounds derived from the ordered PC structure
(model 1) during a first stage of disorder: (a) PC
structure (model 2), (b) DC3A structure
(model 1), and (c) DCA structure (model 1).
All structures have double unit cell along the
c-axis. Small (blue) atoms are X anions,
medium size (red) atoms are B cations, and
large (light pink) atoms are A cations. Mixed A
(B) cations and vacancies are shown in semitransparent light pink (red) color, while mixed
A and B atoms are shown in pink color. Wyckoff sites are given in parenthesis for each
structure.

ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(2) If there is a mix of B cations at 2f sites and vacancies at 1d
sites but A atoms remain ordered in 1a sites, the resulting
structure is model 1 of a disordered Cu3Au-like (DC3A)
structure (S.G. P43m, No. 215, Z ¼ 1) where A cations
remain at 1a sites but B cations and vacancies are located
at 3c sites (anions are then located at 4e sites) [Fig. 2(b)].
Note that in the DC3A structure any mixture of atoms or
vacancies at 1a and 3c sites results in the DZ phase.
(3) If there is a mix of A cations at 1a sites and vacancies at 1d
sites but B atoms remain at 2f sites, the resulting structure
is a DCA phase (model 1) where A cations and vacancies
occupy 1a sites and B cations occupy 1c sites [Fig. 2(c)].
Note that in the DCA structure 1a and 1c Wyckoff sites
correspond to the two different cation planes perpendicular to the c-axis (anions occupy 2g sites) and that if B
cations would occupy 1a sites and A cations and vacancies
would occupy 1c sites it would result in the same phase.
Further disorder due to the mixture of atoms or vacancies
at 1a and 1c sites results in the DZ phase.
The structures resulting from the disorder processes
described for the PC phase (model 1) are depicted in blue in
Table 1 and are in agreement with the description given by
Bernard and Zunger of the PC structure and its different
variants. However, other structures with a larger disorder can
be obtained from the PC phase (model 2) and they were not
considered in the paper of Bernard and Zunger [3]:
(1) If there is a mix of A and B cations of the 1a site in the PC
phase (model 2) with vacancies at 1d sites, the resulting
structure is a DCA phase (model 2) where A and B cations
andvacanciesoccupy1asitesand AandBcationsoccupy1c
sites. As already commented for the DCA phase (model 1),
further disorder would lead directly to the DZ phase.
(2) If there is a mix of A and B cations of the 2f site in the PC
phase (model 2) with vacancies at 1d sites, the resulting
structure is a DC3A phase (model 2) where A and B cations
occupy1asitesandAandBcationsandvacanciesoccupy3c
sites. Asalready commented for the DC3A phase (model 1),
further disorder would lead directly to the DZ phase.
The two DCA phases here commented (models 1 and 2)
were already proposed by Gomis et al. [20]; however, the
D3CA (model 2) is proposed here for the first time to our
knowledge. We hope that the present description of disorder
processes in compounds with the PC structure will stimulate
further studies in PC-CdIn2Se4.
2.1.2 Disorder processes of the ordered DS
phase The ordered DS structure (model 1) [Fig. 1(b)] is a
rather uncommon phase in ternary OVCs of the AB2X4
family and consists of AII cations located at 2a (0,0,0) sites
and BIII cations located at 4d (0,1/2,1/4) sites, while
vacancies occupy 2b (0,0,1/2) sites and X anions occupy 8i
(x,x,z) sites. The disorder processes leading from the ordered
DS phase, located at the top of Table 1, to the DZ structure
can be understood with the help of Fig. 3, where we represent
www.pss-b.com
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Figure 3 Scheme of atoms in AB2X4 compounds derived from the
ordered DS structure (model 1) during a first stage of disorder: (a) DS
structure (model 2), and (b) DS structure (model 3). The DCA
structure (model 1) is already shown in Fig. 2(c). Small (blue) atoms
are X anions, medium size (red) atoms are B cations, and large (light
pink) atoms are A cations. Mixed B cations and vacancies are shown
in semitransparent red color, while mixed A and B atoms are shown in
pink color. Wyckoff sites are given in parenthesis for each structure.

some of the possible intermediate phases of disorder of
the ordered DS phase. They can be obtained by a similar
reasoning to the one made for the disorder of the ordered PC
phase. Note the similarity of both ordered PC and DS
structures in Fig. 1. The three possible paths of disorder
leading to intermediate phases are:
(1) If there is a mix of A and B cations at 2a and 4d sites in the
ordered DS phase (model 1) but vacancies remain ordered
in their 2b sites, the resulting structure is another DS phase
(model 2) [Fig. 3(a)].
(2) If there is a mix of B cations at 4d sites and vacancies at 2b
sites but A atoms remain ordered in 2a sites, the resulting
structure is another DS phase (model 3) [Fig. 3(b)]. The
DS structure (models 2 and 3) are depicted in violet in
Table 1 because they can be obtained by disorder either
from the ordered DS phase or from he ordered DC phase as
will be commented below.
(3) If there is a mix of A cations at 2a sites and vacancies at
2b sites but B atoms remain at 4d sites, the resulting
structure is a DCA phase (model 1) [Fig. 2(c)]. As already
commented, further disorder in the DCA phase yields
directly the DZ phase.
The structures resulting from the disorder processes
described for the ordered DS phase (model 1) are depicted in
blue and violet in Table 1. In fact, DS phase (model 2) was
already commented by Lowe-Ma and Vanderah [25] and
Eifler et al. [26, 27] and the DCA phase (model 1) was
already proposed by Gomis et al. [20]. However, other
structures with a larger disorder could be obtained from the
DS phase (models 2 and 3):
(1) If there is a mix of vacancies at 2b sites with A and B
cations at 2a sites in the DS phase (model 2) but not
with A and B cations at 4d sites, the resulting structure
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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is a DCA phase (model 2) where A and B cations and
vacancies occupy 1a sites and A and B cations occupy 1c
sites. Further disorder would lead directly to the DZ
phase.
(2) If there is a mix of vacancies at 2b sites with A and B
cations at 4d sites in the DS phase (model 2) but not with A
and B cations at 2a sites, the resulting structure is a DC3A
phase (model 2) where A and B cations occupy 1a sites and
A and B cations and vacancies occupy 3c sites. Further
disorder would lead directly to the DZ phase.
(3) If there is a mixture of A cations at 2a sites and B cations
and vacancies at 2b sites of DS phase (model 3) but not
with B cations and vacancies at 4d sites, the resulting
structure is a DCA phase (model 3). Further disorder
would lead directly to the DZ phase.
(4) Finally, if there is a mixture of A cations at 2a sites and B
cations and vacancies at 4d sites of DS phase (model 3) but
not with B cations and vacancies at 2b sites, the resulting
structure is a DC3A phase (model 3). Further disorder
would lead directly to the DZ phase.
These additional intermediate structures were not
considered either by Lowe-Ma et al. or by Eifler et al. but
some of them were considered by Gomis et al. [20]. Note that
on the light of the above arguments it is clear that DC3A
phases (models 2 and 3) have a larger disorder than DS
phases (models 2 and 3) therefore they should be located
below DS phases in Table 1 at the same level that DCA
phases. However, they have been placed above the
disordered DS phases near the DC3A model 1 to make
Table 1 more simple and symmetric.
We must note that, despite the DS structure (model 1)
is not common in ternary OVCs, there are several
compounds which are proposed to crystallize in the DS
phase (model 2), like ZnGa2S4 [25]. However, some authors
have proposed that ZnGa2S4 crystallizes in the DS phase
(model 6) due to the small difference between models 2 and 6
of the DS phase [28]. At present there is no knowledge of any
ternary OVC crystallizing in the model 3 of the DS phase, but
again we cannot discard it because there are compounds
proposed to crystallize in the model 7 of the DS phase, like
HgAl2S4 [29], which is very close to model 3 of the DS phase.
Therefore, we hope that the present discussion regarding
the different possibilities of disorder of the DS phases will
stimulate further studies in these OVCs crystallizing in these
partially disordered structures.
2.1.3 Disorder processes of the ordered DC
phase The ordered DC structure (model 1) [Fig. 1(c)] is
the more common phase of ternary OVCs of the AB2X4
family and consist of BIII cations located at 2a (0,0,0) and 2c
(0,1/2,1/4) sites and AII cations located at 2d (0,1/2,3/4) sites,
while vacancies occupy 2b (0,0,1/2) sites and X anions
occupy 8g (x,y,z) sites. The disorder processes leading from
the ordered DC phase, located at the top of Table 1, to the DZ
structure can be understood with the help of Fig. 4, where
we represent some of the possible intermediate phases of
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4 Scheme of atoms in AB2X4 compounds derived from the
ordered DC structure (model 1) during a first stage of disorder: (a) DC
structure (model 2), (b) DIC structure (model 1), (c) DS structure
(model 6), and (d) DS structure (model 7). The DS structure (models 1
and 2) are already shown in Fig. 3(a) and (b). Small (blue) atoms are X
anions, medium size (red) atoms are B cations, and large (light pink)
atoms are A cations. Mixed A (B) cations and vacancies are shown in
semitransparent light pink (red) color, while mixed A and B atoms are
shown in pink color. Wyckoff sites are given in parenthesis for each
structure.

the ordered DC phase upon disorder. They can be obtained
by a similar reasoning to those used for ordered PC and
DS structures. The possible paths of disorder leading to
intermediate phases are depicted in violet-pink in Table 1
and are:
(1) If there is a mix of A and B cations at 2d and 2a sites,
respectively, in the ordered DC phase (model 1) but B
cations at 2c sites and vacancies at 2b sites remain
ordered, the resulting structure is a disordered DC phase
(model 2) [Fig. 4(a)].
(2) Similarly, if there is a mix of vacancies and B cations at 2b
and 2c sites, respectively, in the ordered DC phase but B
cations at 2c sites and A cations at 2d sites remain ordered,
the resulting structure is a disordered DC phase (model 3).
(3) If there is a mix of vacancies and A cations at 2b and 2d
sites, respectively, in the ordered DC phase but B cations
at 2a and 2c sites remain ordered, the resulting structure is
a disordered chalcopyrite (DIC) structure (model 1)
[Fig. 4(b)]. The DIC structure (S.G. I-42d, No. 122, Z ¼ 4)
has only two cations at 4a and 4b sites that are in both
cation planes perpendicular to the tetragonal c axis, while
anions are located in 8d (x,1/4,1/8) sites.
www.pss-b.com
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(4) If there is a simultaneous mix of vacancies and B cations at
2b and 2c sites, respectively, in the ordered DC phase, and
also of A and B cations at 2d and 2a sites, the resulting
structure is also a disordered chalcopyrite (DIC) structure
(model 2). Note that this structure can also be obtained by
further disorder from the disordered DC phases (models 2
and 3).
(5) If there is a mix of A cations at 2d sites and B cations at 2a
and 2c sites in the ordered DC phase but vacancies at 2b
sites remain ordered, the resulting structure is a DS phase
(model 2) [Fig. 3(a)].
(6) Similarly, if there is a mix of vacancies at 2b sites and B
cations at 2a and 2c sites in the ordered DC phase but A
cations at 2d sites remain ordered, the resulting structure
is a DS phase (model 3) [Fig. 3(b)].
(7) If there is a mix of A cations at 2d sites and B cations at 2c
sites in the ordered DC phase but B cations at 2a sites and
vacancies at 2b sites remain ordered, the resulting
structure is a DS phase (model 6) [Fig. 4(c)].
(8) Finally, if there is a mix of vacancies at 2b sites and B
cations at 2a sites in the ordered DC phase but B cations at
2c sites and A cations at 2d sites remain ordered, the
resulting structure is a DS phase (model 7) [Fig. 4(d)].
Note that in this case 2c and 2d Wyckoff sites of the
ordered DC phase transform into 2a and 2b sites of the DS
phase whereas the mixture of 2a and 2b sites of the DC
phase lead to the 4d site of the DS phase.
The five models of DS structure commented up to now
(models 1, 2, 3, 6, and 7) were already suggested by Eifler
et al. and Gomis et al. in previous works [20, 26, 27]. In fact,
Eifler et al. showed that four of these five models match with
the experimental structures proposed for Zn-based OVCs at
ambient conditions [27]. However, new structures with a
larger disorder can be obtained from the eight paths of
disorder of the ordered DC phase stated above:
(1) As commented before, a mixture of ordered vacancies
and B cations in DC (model 2) or of ordered A and B
cations in DC (model 3) results in the DIC structure
(model 2). Further disorder in the DIC phase (model 2)
leads directly to the DZ phase.
(2) If there is a mixture of B cations at 2c sites with A and B
cations either at 2a or 2d sites in the DC phase (model 2)
but vacancies remain ordered, the resulting structure is a
DS phase similar to model 2 but with slightly different
occupation factors of A and B cations in 2a and 4d sites.
Therefore, this model has not been shown in Table 1 for
simplicity reasons.
(3) If there is a mixture of vacancies at 2b sites with A and B
cations at 2a sites in the DC phase (model 2) but B cations
at 2c sites and A and B cations at 2d sites remain ordered,
the resulting structure is a DS phase (model 4).
(4) If there is a mixture of B cations at 2a sites and vacancies
and B cations at 2b (or 2c) sites in the DC phase (model 3)
but A cations at 2d sites and vacancies and B cations at 2c
(or 2b) sites remain ordered, the resulting structure is a DS
www.pss-b.com
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phase similar to model 3 but with slightly different
occupation factors of A and B cations in 2a and 4d sites.
Therefore, this model has not been shown in Table 1 for
simplicity reasons.
(5) If there is a mix of vacancies and B cations at 2c sites with
A cations at 2d sites in the DC phase (model 3) but B
cations at 2a sites and vacancies and B cations at 2b sites
remain ordered, the resulting structure is a DS phase
(model 5).
(6) If there is a mixture of B cations at 4a sites with A cations
and vacancies at 4b sites in the DIC phase (model 1), the
resulting structure is the DZ phase; however, if there is a
mix of only B cations at 4a sites with A cations and
vacancies at 4b sites that lie in the same cation plane, the
resulting structure is the DS phase (model 8). Further
disorder of DS phase (model 8) leads directly to the DZ
phase.
(7) Similarly, if there is a mixture of A and B cations at 4a
sites with B cations and vacancies at 4b sites in the
DIC phase (model 2), the resulting structure is the DZ
phase; however, if there is a mix of only A and B cations
at 4a sites with B cations and vacancies at 4b sites that
lie in the same cation plane, the resulting structure is
the DS phase (model 9). Further disorder of DS phase
(model 9) leads directly to the DZ phase.
After considering all the different models of the DS
phase with partial disorder, it is easy to reason that the main
disorder process that can occur in DS phases (models 2 to 7)
is the mixture of cationic 2a and 2b sites leading to the
corresponding DCA phases. In this way:
(1) Disorder on the DS phases (models 2 and 3) leads to DCA
phases (models 2 and 3) and ultimately to the DZ phase, as
already commented in the previous subsection.
(2) Disorder on the DS phases (models 4 and 5) leads to
DCA phases (models 4 and 5) and further disorder leads
directly to the DZ phase. It is also noteworthy the
similarity of models 2 and 4 of the DCA phase and models
3 and 5 of the DCA phase. They differ only in the
fractional occupation of the two different cation sites by
A and B cations.
(3) Finally, disorder on the DS phases (models 6 and 7) lead
to the DCA phase (model 6) and further disorder leads
directly to the DZ phase.
Now, after having considered the different paths of
disorder of the three ordered structures of ternary OVCs, it is
clear that there are more paths of disorder for the ordered DC
phase than for the ordered PC and DS phases because the
ordered DC phase has more degrees of freedom for the location
of the different atoms. The order–disorder phase transition
leading from the DC phase into the DS phase to finish in the DZ
structure has been observed in a number of OVCs at high
temperatures [5–8]. Similarly, order–disorder processes leading from the DC phase to the DR phase via intermediate DS
and/or DZ phases have been suggested in several studies
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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at high pressures [12, 13, 16, 20]. However, till now no
intermediate phases with the DCA structure are known in
OVCs. We hope that the present discussion promotes further
studies to elucidate the existence of these intermediate
phases between DC and DZ or between DC and DR
phases. In the following we will consider the possibility to
distinguish from the above-cited structures by means of
vibrational spectroscopies.
2.2 Identification of intermediate phases by
vibrational spectroscopies It has been argued in
several works that the identification of many of the different
structures of OVCs shown in Table 1 is difficult by means
of X-ray diffraction measurements. In particular, the
assignment of a compound to the DC structure or to the DS
structure is delicate since both tetragonal phases have the
same extinction coefficients for X rays. Furthermore, such
a task is almost impossible in the case of compounds with
Zn and Ga or with Cd and In because their similar masses
lead to only slightly different intensities of the X-ray
diffraction peaks in the different phases considered. In
this respect, it is of great help to perform Raman scattering
or infrared measurements since the Raman-active and
infrared-active modes of different structures, like DC
and DS phases, can be rather different [20–36]. In the
following we will summarize the different vibrational
modes expected for the different structures summarized
in Table 1.
According to group theory [37], Raman-active (R) and
infrared (IR)-active modes can be obtained from the
vibrational modes of the mechanical representation at G for
the different structures. Note that two different wavenumbers (R or IR) should be observed for each polar mode, due to
the transversal–longitudinal optic (TO–LO) splitting.
(1) PC structure (models 1 and 2): these two models have
occupied 1a, 2f, and 4n Wyckoff sites. Thus, they have the
mechanical representation
G 21 : 2A1 ðRÞ  2A2  B1 ðRÞ  3B2 ðR; IRÞ
 5EðR; IRÞ  B2  E;

(1)

where A1, A2, and B1 modes are non-polar modes, and
B2 and E modes are polar, being E modes doubly
degenerated. A total of 11 Raman-active and 8 IR-active
modes are expected since one B2 and one E modes are
acoustic and the A2 modes are silent.
(2) DS structure (models 1, 2, and 6): these three models have
occupied 2a, 4d, and 8i Wyckoff sites. Thus, they have the
mechanical representation
G 21 : 2A1 ðRÞ  A2  2B1 ðRÞ  3B2 ðR; IRÞ

degenerated. A total of 12 Raman-active and 8 IR-active
modes are expected since one B2 and one E modes are
acoustic and the A2 mode is silent.
(3) DS structure (models 3, 4, 5, 7, 8, and 9): these six models
have occupied 2a, 2b, 4d, and 8i Wyckoff sites. Thus, they
have the mechanical representation
G 24 : 2A1 ðRÞ  A2  2B1 ðRÞ  4B2 ðR; IRÞ
 6EðR; IRÞ  B2  E;

(3)

where A1, A2, and B1 modes are non-polar modes, and
B2 and E modes are polar, being E modes doubly
degenerated. A total of 14 Raman-active and 10 IRactive modes are expected since one B2 and one E
modes are acoustic and the A2 mode is silent.
(4) DC structure (models 1 and 2): these two models have
occupied 2a, 2c, 2d, and 8g Wyckoff sites. Thus, they
have the mechanical representation
G 21 : 3AðRÞ  5BðR; IRÞ  5EðR; IRÞ  B  E;

(4)

where A modes are non-polar modes, and B and E
modes are polar, being E modes doubly degenerated. A
total of 13 Raman-active and 10 IR-active modes are
expected since one B and one E modes are acoustic.
(5) DC structure (model 3): this model has occupied 2a, 2b,
2c, 2d, and 8g Wyckoff sites. Thus, they have the
mechanical representation
G 24 : 3AðRÞ  6BðR; IRÞ  6EðR; IRÞ  B  E; (5)
where A modes are non-polar modes, and B and E
modes are polar, being E modes doubly degenerated. A
total of 15 Raman-active and 12 IR-active modes are
expected since one B and one E modes are acoustic.
(6) DIC structure: all models (1 and 2) have occupied 4a, 4b,
and 8d Wyckoff sites. Thus, they have the mechanical
representation
G 24 : A1 ðRÞ  2A2  3B1 ðRÞ  3B2 ðR; IRÞ
 6EðR; IRÞ  B2  E;

(6)

where A1, A2, and B1 modes are non-polar modes, and
B2 and E modes are polar, being E modes doubly
degenerated. A total of 13 Raman-active and 9 IR-active
modes are expected since one B2 and one E modes are
acoustic and the A2 modes are silent.

(2)

(7) DC3A structure: all models (1, 2, and 3) have occupied 1a,
3c, and 4e Wyckoff sites. Thus, they have the mechanical
representation

where A1, A2, and B1 modes are non-polar modes, and
B2 and E modes are polar, being E modes doubly

G 24 : A1 ðRÞ  EðRÞ  2T1  4T2 ðR; IRÞ  T2 ; (7)

 5EðR; IRÞ  B2  E;
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where A1, T1, and E modes are non-polar modes, while
T2 modes are polar, being E and T modes doubly and
triply degenerated, respectively. This results in a total of
8 Raman-active and 4 IR-active modes since one T2
mode is acoustic.
(8) DCA structure: all models (1, 2, 3, 4, 5, and 6) have
occupied 1a, 1c, and 2g Wyckoff sites. Thus, they have
the mechanical representation
G 12 : A1 ðRÞ  2B2 ðR; IRÞ  3EðR; IRÞ  B2  E;
(8)
where A1 is a non-polar mode, and B2 and E modes are
polar, being E doubly degenerated. This results in a total
of 6 Raman-active and 5 IR-active modes whereas one
B2 and one E modes are acoustic.
(9) DZ structure: all cations and vacancies randomly occupy
4a sites while anions occupy 4c sites. Thus, they have the
mechanical representation
G 6 : T2 ðR; IRÞ  T2 ;

(9)

where T2 modes are polar modes triply degenerated.
This results in only 1 Raman-active and 1 IR-active
modes whereas one T2 mode is acoustic.
As already commented, the vibrational modes of the
different structures between the ordered tetragonal PC, DS,
and DC phases and the totally disordered DZ phase could be
used for the identification of intermediate phases of disorder;
thus complementing X-ray diffraction, neutron diffraction,
and electron diffraction techniques. However, we must note
that the identification of partially or totally disordered phases
by means of vibrational spectroscopies can be more difficult
than expected because of the presence of cation–cation or
cation–vacancy disorder. Disorder will produce a general
broadening of vibrational spectra and can result in the
observation of disorder-activated modes [38], like silent
Raman modes (one example is the A2 mode in DS-ZnGa2Se4
[39]). Furthermore, a large disorder like that present in the
DIC phase (model 2), in the DC3A phases (models 2 and 3),
in the DCA phases (models 2, 3, 4, 5, 6), and in the DZ phase
could lead to the observation of a very broad vibrational
spectrum. In particular, the comparison of the Raman spectra
of CdGa2Se4 before and after being pressurized till 22 GPa at
ambient temperature clearly shows the differences between
DC and DZ structures [20]. The narrow features of the
Raman spectrum of the DC phase lead to a very broad Raman
spectrum of the DZ phase that resembles the one-phonon
density of states of the material, which is characteristic of
very disordered materials. Similar effects have been recently
reported in a high-pressure study of HgGa2S4 [40].
Finally, it is worth to mention that the identification of
the vibrational modes at high frequencies of the tetragonal
phases commented in this work is sometimes complex, even
www.pss-b.com

in ordered structures. The reason is that the tetragonal
structures of OVCs result in optically uniaxial crystals. This
means that, except for incidence along the optical axis or at
908 from it, symmetry or character coupling is to be expected
for vibrational polar modes [31, 33, 36, 41, 42]. Thus, one
may observe E, B, LO, and TO quasimodes, resulting from
the coupling of ETO þ ELO, BTO þ BLO, ETO þ BTO, or
ELO þ BLO modes. These couplings depend on the relative
magnitude of polar (LO–TO) versus anisotropy (B–E)
splitting for each B–E pair of modes. In particular, when
Raman scattering is measured with laser incidence along
the (111) plane, which is the direction perpendicular to
the typical cleavage plane of OVCs one does not expect to
observe pure E or B modes but quasimodes. This character
mixing has been observed in high-frequency modes, with
higher LO–TO splitting, but not for low-frequency modes in
ternary OVCs.
3 Conclusions OVCs usually crystallize in the several
vacancy-ordered phases, like the DC, the DS, and the PC
structures. High temperature and high pressure studies in
adamantine OVCs have shown order–disorder phase transitions resulting from disorder of the cation sublattice.
In this work we have revised the possible different cation
and vacancy orderings in OVCs of the AB2X4 family that can
occur upon disorder of the cation sublattice. We have studied
the different possible intermediate phases of partial disorder
and discuss the possibility to find them by means of in situ
vibrational spectroscopies, like Raman scattering or IR
measurements. We hope the present study will stimulate
further works in ternary adamantine OVCs.
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J. López-Solano, P. Rodrı́guez-Hernández, A. Muñoz,
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