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The electronic and atomic structure of a bulk 2D layered van-der-Waals compound CdPS; was studied
in the low (R3) and room (C2/m) temperature phases using first-principles calculations within the periodic linear

combination of atomic orbitals method with hybrid meta exchange-correlation M06 functional. The calculation

results reproduce well the experimental crystallographic parameters. The value of the indirect band gap E, = 3.4 eV

for the room-temperature monoclinic C2/m phase is close to the experimental one, while the indirect band gap
E,= 3.3 eV was predicted for the low-temperature trigonal R3 phase. The effect of hydrostatic pressure

on the band gap in both phases was studied in the pressure range from 0 to 40 GPa. In both cases, the pressure

dependence of the band gap passes through a maximum, but at different pressures. In the R3 phase, the band gap

reaches its maximum value of ~ 4 eV at ~ 30 GPa, whereas in the C2/m phase, the maximum value of ~ 3.6 eV

is reached already at ~ 8 GPa.
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1. Introduction

Two-dimensional (2D) layered compounds represent
arich class of functional materials with tunable electronic,
magnetic and optical properties [1-3]. Their atomic struc-
ture is distinguished by strong in-plane bonding and weak
van-der-Waals (vdW) out-of-plane interactions, which make
it possible to exfoliate the material into 2D (single-)layers
and pack them into heterostructures [4, 5]. More than a few
hundred 2D layered materials are known today, while more
than five thousand such compounds were predicted by
high-throughput first-principles calculations [6].

Among different groups of 2D layered materials, metal
thio(seleno)phosphates (MTPs), being moderate- to wide-
bandgap semiconductors, represent a particular interest [7].
Their crystallographic structure (Fig. 1) consists of the
[P,S(Se)s]* anion framework forming slabs, staking along
the c-axis and stabilized by metal cations, which can be
group I and II elements, most of the transition metals,
some heavier metals as well as a few lanthanides and acti-
nides [7]. It is the type of metal cation that is responsible
for a wide variety of the MTP functionalities. While MTP
materials are currently a hot topic of research, some of
them were less studied. Here the case of CdPS; will be
discussed.

At room temperature, CdPS; crystallizes in the mono-
clinic C2/m (No. 12) phase with two formula units in
the primitive unit cell, but with four formula units in
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the crystallographic unit cell [8—10]. The atoms occupy the
following Wyckoff positions: Cd 4g(0, y, 0), P 4i(x, 0, z),
S1 4i(x, 0, z), S2 8j(x, y, z) (Table 1). The experimental
band gap E, is equal to 2.95 eV [11], 3.06 eV [12], and
3.5 eV [13-15], which makes it possible to classify CdPS;
as a wide-bandgap semiconductor.

When the temperature drops below 228 K, CdPS; trans-
forms into the low-temperature trigonal R3 (No. 146) phase
with two formula units in the primitive unit cell, but with
six formula units in the crystallographic unit cell [16—18].
The atoms are located at the following Wyckoff positions:
Cdl1 3a(0, 0, z), Cd2 3a(1/3, 2/3, z), P1 3a(2/3, 1/3, z),
P2 3a(2/3, 1/3, 2), S1 9b(x, y, z), S2 9b(x, y, z) (Table 1).
To our knowledge, the experimental value of the band gap
for the R3 phase has not been reported.

The layered structure of CdPS; can also be character-
ized by the interlayer spacings (vdW gaps) and the layer
thickness, defined as the distance between the planes con-
taining sulfur atoms on opposite sides of the layer (Fig. 1).
The experimental interlayer spacings and the layer thick-
nesses are close in both phases and are, respectively, equal
to ~3.12 A and ~3.37 A for the R3 phase [3] and to ~3.16 A
and ~ 3.38 A for the C2/m phase [9, 10].

Most recent theoretical studies of CdPS; have used the
plane-wave DFT approach [19-21].

The band gap E, equal to 2.96 eV was obtained for bulk
CdPS; and 3.03 eV for its single-layer in [19] using a hyb-
rid HSEO06 exchange-correlation functional [22]. It was
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Fig. 1. (Color online) Crystallographic structure of CdPS; in the
low-temperature trigonal R3 [17] (a) and room-temperature mono-
clinic C2/m [8, 9] phases (b) at pressure P = 0 GPa. The interlayer
spacings (vdW gaps) between neighbouring layers and the layer
thicknesses are indicated. The illustrations were created using
the VESTA software [36].

concluded that the electronic structure of single-layer CdPS;
is suitable for visible-light driven photocatalysis, and the po-
sition of its band edges relative to the water redox potential
makes single-layer CdPS; a promising candidate for photo-
catalytic splitting of water [19].

Vibrational properties of MTPs were studied in [21] using
the generalized gradient approximation (GGA) for the ex-
change-correlation energy in the form of the PBE func-
tional [23]. While the structure of CdPS; was satisfactory
reproduced, the calculated band gap value of 1.93 eV was
underestimated compared to the known experimental values.
The calculated Raman active modes were analysed in detail
for the unstrained and strained layers, and the frequency
shifts of the modes in response to biaxial strain were deter-
mined [21]. The computed elastic properties indicated that
MTPs (including CdPS;) have very soft lattice compared
to other layered materials (e.g., MoS, and graphene) [21].

The effect of strain on the electronic structure of MPX5
(M = Zn, Cd; X = S, Se) single-layers was also studied in
[20]. It was found that CdPS; always has indirect band gap
under the strain load of up to + 10%. Moreover, under
the compressive strain, the band gaps of MPX; single-layers
increase firstly and then decrease, whereas the tensile strain
leads only to a decrease of the band gaps. It was concluded

Table 1. Crystallographic parameters, atomic displacement
parameters (ADPs) B, (at 133 K for R3 and 298 K for C2/m
phases) and band gap E, values for CdPS; in low-temperature R3
and room-temperature C2/m phases

Space group R3 (146) | Space group C2/m (12)
Experiment| LCAO |Experiment| LCAO
[17] [9, 10]
a, A 6.224 6.189 6.218 6.167
b, A 10.763 10.690
c, A 19.490 18.784 6.867 6.752
B, grad 107.58 107.72
y(Cdl) 0.3322 0.3324
Z(Cd1) 0.3291 0.3301
z(Cd2) 0.3380 0.3368
x(P1) 0.0551 0.0575
z(P1) 0.3900 0.3930 0.1698 0.1741
z(P2) 0.2757 0.2739
x(S1) 0.3450 0.3416 0.7686 0.7618
3(S1) 0.3214 0.3266
z(S1) 0.4201 0.4225 0.2541 0.2582
x(S2) -0.0168 —-0.0083 0.2401 0.2467
»(S2) 0.3422 0.3401 0.1567 0.1610
z(S2) 0.2471 0.2443 0.2584 0.2628
B (Cd), A>|  0.856 0.31 1.84 0.67
B.y(P), A? 0.54 0.19 0.91 0.34
By(S), A? 0.65 0.27 1.23,1.28 | 0.52,0.55
E, eV 3.3 2.95eV [11] 34
3.06 [12]
3.5[13-15]

that the MPX; single-layers are promising candidates for
the tunable electronic structures by strain engineering [20].
In this study, the electronic structure of the low (R3)
and room (C2/m) temperature phases of bulk CdPS; was
studied using first-principles linear combination of atomic
orbitals (LCAO) method, and the effect of hydrostatic
pressure on the band gap in both phases was evaluated.

2. Methodology

First-principles calculations of CdPS; were performed
by the linear combination of LCAO method using the
CRYSTALI17 code [24]. The basis sets for P, S and Cd
atoms were chosen in the form of all-electron triple-zeta
valence (TZV) basis sets augmented by one set of polariza-
tion functions (pob-TZVP) [25].

The evaluation of the Coulomb and exchange series was
done with the accuracy controlled by a set of tolerances,
which were selected to be (10°%, 10°%, 107, 107, 10’16).
The Monkhorst—Pack scheme [26] for an 8x8x8 k-point
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mesh was used to integrate the Brillouin zone. The SCF
calculations were performed employing the M06 [35] func-
tional with a 10" tolerance for the total energy change.

The lattice parameters and atomic fractional coordinates
were optimized for the low-temperature trigonal R3 [17] and
room-temperature monoclinic C2/m [9, 10] CdPS; phases.
The atomic charges were estimated from the Mulliken
population analysis [28]. The calculated lattice parameters
(a, b, c, B), atomic fractional coordinates (x, ¥, z) and the
values of the band gap E, are reported in Table 1.

Calculated band structures and total/projected density of
states (DOS) are shown in Figs. 2—4. The band structures
were calculated along band paths in the Brillouin zone cho-
sen according to [29]. Note that in the rhombohedral space
group R3, belonging to the trigonal crystal system, two topo-
logically different shapes of the Brillouin zone (and, respec-
tively, sets of the high-symmetry points) are possible depend-
ing on the ratio between a and c lattice parameters [29, 30].
In our case x/ga < \/Ec (Table 1), and the Brillouin zone has
the topology of the truncated octahedron [30].

Additionally to structural parameters, the atomic dis-
placement parameters B, were determined for the R3 phase
at 133 K and for the C2/m phase at 298 K in order to com-
pare them with the available experimental data (Table 1).
ADPs were calculated in the harmonic approximation for
the supercell size 2x2x1 from the eigenvalues and eigen-
vectors of the dynamic matrix [31], which was obtained
using the direct (frozen-phonon) method [24, 32].

Finally, the lattice parameters and atomic fractional co-
ordinates were optimized at several selected pressures in the
range of 040 GPa for the R3 and C2/m phases of CdPS;.
The structure optimization at the required pressure was
performed using the approach developed in [33]. Total and
projected onto the set of atomic orbitals density of states at
selected pressures are presented in Fig. 4. Pressure depend-
ences of the primitive cell volume V' (P) and the band gap
E, (P) are shown in Fig. 5.
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Fig. 2. Band structure diagrams of CdPS; for the low-temperature
trigonal R3 (a) and room-temperature monoclinic C2/m phases
(b) at P =0 GPa. The energy zero is set at the top of the valence
band (Fermi energy position).

3. Results and discussion

The structural properties of bulk CdPS; from our LCAO
calculations agree with the experimental findings for both
low- and room-temperature phases (Table 1). The obtained
values of the Mulliken charges for three ions are close in
both phases and are equal to Z(Cd) = +0.61, Z(P) = +0.17
and Z(S) = —0.26. The indirect band gap was found in both
phases (Fig. 2). Its value E, = 3.4 eV for the C2/m phase is
close to the experimental ones, ranging from 2.95 to 3.5 eV
[11-15]. The experimental data for the band gap in the R3
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Fig. 3. (Color online) Total and projected onto atoms DOS for the low-temperature trigonal R3 (a) and room-temperature monoclinic

C2/m CdPS; phases (b) at P = 0 GPa. The energy zero is set at the top of the valence band (Fermi energy position).
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phase are not available to our knowledge, and our calcula-

tions predict a value of 3.3 eV.

The atomic displacement parameters B, (Table 1) were
used to estimate the amplitude of thermal vibrations of

atoms in harmonic approximation. The calculations were
carried out at two temperatures (133 K for the R3 phase
and 298 K for the C2/m phase), for which the experimental
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data [9, 10, 17] are available. Comparison of the calculated

Fig. 4. (Color online) Total and projected onto the set of atomic orbitals DOS in CdPS; for the low-temperature trigonal R3 phase at 0 (a),
30 (b) and 40 (c) GPa and room-temperature monoclinic C2/m phases at 0 (d), 8 (e) and 40 (f) GPa. The energy zero is set at the top of

the valence band (Fermi energy position).
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and experimental ADP values for Cd, P and S atoms shows
that the theoretical values are systematically lower. Never-
theless, the relative ADP values (larger for Cd and smaller
for P) are reproduced. The large values of the experimental
ADPs for Cd atoms were attributed in the past to their ap-
parent off-center displacement caused by a second-order
Jahn-Teller effect [10, 34].

The total density of states (DOS) and its projection onto
atoms (Fig. 3) and onto a set of atomic orbitals (the s, p
and d orbitals of Cd, P and S atoms) (Fig. 4) allow us to
draw a conclusion about the nature of electronic states in
the valence and conduction bands.

As one can see, there is no big difference in DOSs for
the R3 and C2/m phases at 0 GPa. The valence band max-
imum is dominated by 3p(S) orbitals with much lower con-
tribution from 4d(Cd) and 3p(P) orbitals. The conduction
band minimum is mainly comprised of the 3p(S), 3s(P) and
3p(P) orbitals with some admixture of the 5s(Cd) and 3s(S)
orbitals. The important role of the 3p(P) states at the bot-
tom of the conduction band was demonstrated recently in
FePS; [9].

An increase in pressure has a similar effect on the den-
sity of states in the R3 and C2/m phases. The contribution
of the 5p(Cd) orbitals appears at the bottom of the conduc-
tion band in addition to the contributions of the 3p(S),

3s(P), 3p(P), 5s(Cd) and 3s(S) orbitals. At largest pres-
sures, the edges of the valence and conduction bands
broaden, which leads to a decrease in the band gap.

The effect of pressure on the CdPS; structure is shown
in Fig. 5. Compression leads to a gradual reduction in the
volume of the primitive cell in both phases, however, the
pressure dependence of the band gap passes through a ma-
ximum, but at different pressures. The band gap increases
almost linearly in the R3 phase reaching a maximum value
of ~4 eV at ~30 GPa and then decreases, while in the
C2/m phase, the maximum value of the band gap of ~ 3.6 eV
is observed at ~ 8 GPa.

Pressure dependence of the interatomic distances is sum-
marized in Table 2 at three selected pressures. The calcula-
tions show that upon compression all interatomic distances
are reduced, but in different ways. In the R3 phase, Cd atoms
coordinated octahedrally by S atoms displace along the c-axis
direction upon increasing pressure, so that the CdSy octa-
hedra become more distorted at 30 GPa. In the C2/m phase,

Table 2. Pressure dependence of the calculated interatomic
distances in CdPS; in low-temperature R3 and room-temperature
C2/m phases at three selected pressures. The difference A between
the distances at 30 and 0 GPa is shown in the last column

0 GPa 8 GPa 30 GPa A
220 [ R3 phase
> CdPS; @ cd-s 2.67 2.60 2.49 ~0.18
s 200 2.70 2.65 2.57 -0.13
£ (Cd-S) 2.69 2.63 2.53 -0.16
S
>
= 180 - P-S 2.07 2.05 2.00 —-0.06
b P-P 2.24 2.20 2.13 —0.11
2t cd-Cd 3.58 3.49 3.34 -0.23
§ 160 | —o— C2/m, room temperature
& r —@— R3, low temperature Cd-P 3.73 3.62 3.44 -0.28
140 L I T T S T H B 3.76 3.69 3.55 -0.22
0 5 10 15 20 25 30 35 40 (Cd-P) 3.75 3.66 3.50 ~0.25
Pressure, GPa
40F cdps (b) C2/m phase
3 /O
3.8 [ /o \O Cd-S 2.67 2.60 2.50 —-0.17
O ° ~o 2.68 2.61 2.51 -0.17
% 36} @-9  R3.lowtemperature 2.70 2.65 2.54 ~0.16
g (Cd-S) 2.68 2.62 2.52 -0.17
&n 3.4
he] [
§ 320 P-S 2.07 2.04 2.00 -0.07
[ P-P 2.24 2.21 2.16 —-0.08
3.0 ’ C2/m, room temperature
28LF Cd-Cd 3.55 3.43 3.20 -0.36
1 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25 30 35 40 3.58 3.52 3.43 -0.15
Pressure, GPa (Cd-Cd) 3.57 3.47 3.31 -0.25
Fig. 5. Pressure dependence of the calculated primitive cell vo- Cd-P 3.73 3.61 3.41 -0.32
lume (a) and the band gap E, (b) for the low-temperature trigonal 3.74 3.64 3.47 -0.27
R3 and room-temperature monoclinic C2/m CdPS; phases. (Cd-P) 3.73 3.63 3.44 -0.30
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their displacement is much smaller and occurs along the
b-axis direction, so that the CdSg octahedra are distorted less.

Different displacements of Cd atoms in the R3 and
C2/m phases have different effects on the Cd—Cd and Cd-P
interatomic distances. In both phases, their mean values
decrease, respectively, by 0.23-0.25 A and 0.25-0.30 A
upon compression. However, only in the C2/m phase there
are two different Cd—Cd distances of about 3.55 A and
3.58 A at 0 GPa, and their difference increases at 30 GPa
up to 0.23 A (the distances are 3.20 A and 3.43 A). The
Cd-P distribution is split in both phases, and the splitting
increases from 0.01-0.03 A at 0 GPa to 0.07-0.11 A at
30 GPa.

The interatomic P-S distances are reduced by 0.07 A
in both phases under compression from 0 to 30 GPa. Simi-
lar behavior is observed for the P-P distances in the P,Sq
group: they are reduced, respectively, by 0.11 A and 0.08 A
in the R3 and C2/m phases at 30 GPa.

4. Conclusions

A detailed investigation of the electronic and atomic
structure of a bulk 2D layered van-der-Waals compound
CdPS; was performed in the low-temperature (R3) and
room-temperature (C2/m) phases using first-principles
LCAO calculations with hybrid M06 exchange-correlation
functional. The obtained results agree with the known ex-
perimental crystallographic parameters. Close indirect
band gaps of 3.3 and 3.4 eV were found for the R3 and
C2/m phases at 0 GPa, respectively. At the same time, the
band gap has a pronounced dependence on pressure with a
maximum value at pressures that differ in the two phases.
Hence, pressure can be used to modulate the electronic
structure of bulk CdPS;.
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[ocnigxeHHs 3 nepwmnx npMHUMNIB
meTogom LCAO a3 CdPS;
Npy HU3bKIN Ta KIMHaTHI TeMmnepaTypax

Alexei Kuzmin
EnextpoHHy Ta aTroMHy CTpyKTypy 0o0’emHOi mapyaroi (2D)

BaH-JIep-BaaibcoBoi croiyku CdPS; BHUBYEHO y HH3BKOTEMIIE-
patypHiit ¢asi R3, a takox y ¢asi C2/m npu KiMHATHIH Temepa-

TYpi 3 BUKOPUCTAHHAM PO3PAXyHKIB 3 IIEPIINX IPUHIIUITIB METOIOM
TIepioIHO] JTiHiHOT KoMOiHail aToMHUX opOiTtaieii 3 ribpuIHIM
MeTaoOMIHHMM KopemsuiinuM ¢yHkuionanrom MO06. Pesynbratn
PO3paxyHKy J00pe Y3roIKYIOThCS 3 eKCIEPHMEHTAIbHUMHU KpH-
cranorpadivaumu napamerpamu. OTpuMaHa IIHPHUHA HEMPSIMOT
3aboponenoi 30mu Ey = 3,4 eB mns Monokmingoi dasu C2/m mpu
KIMHATHIN TeMnepaTypi € OIH3bKOI0 0 eKCIIePUMEHTAIbHOT BEJH-
YHHH, CTOCOBHO HHM3bKOTEMIEpaTypHoi TpuroHambHOi dasu R3
nependavaeThes IMMPUHA HETIPAMOi 3a00poHeroi 30Hu Eg = 3,3 eB.
BB ripoCTaTHYHOrO THCKY Ha IIMPHHY 3a00pPOHEHOI 30HH B
0box ¢dazax mocmijpkeHo y amiamaszoni Tucki Big 0 mo 40 I'Tla.
B o0ox BHmajkax 3aleXHICTh MIUPUHMA 3a00pOHEHOI 30HU BiX
THCKY Ma€ MakCHMyM, aJjie IpH pi3HuX Tuckax. Y ¢a3i R3 mmpu-
Ha 3a00pOHEHOT 30HH JOCSATaE MAKCHMMAJIbHOTO 3HaYeHHs ~ 4 eB
npu ~ 30 I'Tla, Toxi stk y pasi C2/m makcumManbHe 3HaueHHs ~3,6 eB
nocsaraerbes Bxe rpu ~ 8 ['Tla.

Kurouosi cnosa: CdPS;, mapyBaTa criojyka, eIeKTpOHHA CTPYK-
Typa, PO3paxyHKH 3 HEpIINX NPHHIHUIIB, BH-
COKHH THUCK.
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