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We report results of investigation of electrical and thermoelectric properties of Sn2P2S6 under

strong compression up to 20 GPa. An “insulator-metal”(I-M)-type transition was discovered by a

monotonic and reversible lowering of electrical resistivity by 9–10 orders. The energy gap

(Eg¼ 2.3 eV) was estimated to decrease to �0.25–0.3 eV at 20 GPa. X-ray diffraction and Raman

studies on samples recovered from the high pressure experiments confirm a conservation of the

original monoclinic lattice. Thus, a colossal “band-gap engineering” potential is revealed in this

optical material. Sn2P2S6 is a potential candidate for emergent multi-functional switches, between

transparent “insulator” state and conducting state with magneto-dependent properties. VC 2011

American Institute of Physics. [doi:10.1063/1.3662926]

Materials with properties which may be significantly

altered in a controlled manner by some external factor (i.e.,

“smart” materials) are very promising for industrial applica-

tions, e.g., in micro-(nano)-opto-electro-mechanical systems

(M(N)OEMS). Stress-(pressure)-related effects have a great

technological potential.1 For instance, stresses in thin films

permit band-gap Eg tuning.2 Nanoindentation load may be

used for surface modification;3 it is applied, e.g., in “writing

electrically conductive zones” on Si,3 and in data recording

in IBM memory devices of ultrahigh storage density.4

“Insulator-metal”(I-M)-type transitions under moderate pres-

sures (<20–30 GPa) open possibilities for various switches.5

However, well-controlled and reversible tuning of Eg and its

closure are achieved only in some narrow-gap semiconduc-

tors with Eg< 0.3 eV (e.g., PbTe, PbSe).6 Shrinkage of Eg in

wide-gap materials under pressure is usually concurrent with

reconstructive transition (e.g., ZnTe),7 which can lead to

sample damage. Smooth closure of Eg (e.g., in I2, some

iodides, Se)7 is a rare phenomenon, and corresponding

changes in electrical properties are smeared and partly irre-

versible. Thus, no material seemed to be suitable for “I-M”

switches operating in the visible range.

In this work, we show that electrical resistivity of

Sn2P2S6 (Eg¼ 2.3 eV)8 is gradually and reversibly decreased

ten orders of magnitude by pressurizing up to 20 GPa.

Hence, it is a promising candidate for “opto-electrical”

switches. Sn2P2S6 exhibits excellent optical characteristics

and it is particular important for photorefractive applica-

tions.9 In addition, it possesses ferroelectric (piezoelectric)

properties10 and could find applications in tunable capacitan-

ces, non-volatile memory elements, and various sensor devi-

ces.11 Above �0.2–0.5 GPa, it shows a second-order

transition from the monoclinic Pn lattice12 to a paraelectric

phase with a P21/n lattice.
13,14

The measurements of electrical resistivity and thermo-

power were carried out at an automated high-pressure setup.15

The experimental details are similar to previous works15,16

and are described in the supplementary materials.17 Two sam-

ples of Sn2P2S6 were measured, each for five compression-

decompression cycles up to �20 GPa. Before and after the

measurements, the samples were examined by x-ray diffrac-

tion (XRD), Raman and optical absorption studies, using

Rigaku diffractometer (wavelength k¼ 0.7108 Å), LabRam

spectrometer with a He-Ne laser (k¼ 632.8 nm), and Bruker

IFS 120 Fourier transform spectrometer, respectively.18

The pressure dependencies of electrical resistance, R of

Sn2P2S6 indicate a gradual and reversible “I-M”-type transi-

tion (Fig. 1(a)). Direct thermopower, S measurements were

possible only beyond 12 GPa, when, R was lowered substan-

tially (Fig. 1(b)). In the sample #2, we determined thermo-

power values from the linear dependencies of the

thermoelectric current vs temperature difference, DT on the

sample at 9.6 and 10.7 GPa, as S � þ1.65 and þ1.2 mV/K,

respectively (Fig. 1(b), inset). Thus, S also diminishes monot-

onically with pressure. Such behavior of R and S unambigu-

ously suggests a strong narrowing in Eg. The positive sign of

S suggests that the hole conductivity is dominant.

For nearly intrinsic semiconductors, an expression for

thermopower (S) is as follows:19

S ¼ �
k

jej

b� 1

bþ 1
�
Eg

2kT
þ rn þ

5

2

� �

b

bþ 1

�

� rp þ
5

2

� �

1

bþ 1
�
3

4
ln
m�

p

m�
n

�

; (1)

where k the Boltzmann’s constant, e the electron charge,

b¼rn/rp is the ratio of partial conductivities of electrons

and holes, T is the temperature, and rn(rp) and m�
n(m

�
p) are the
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scattering parameter and the effective mass of density of

states of electrons (holes), respectively. Equation (1) is a lin-

ear function of Eg and expressing Eg through electrical resis-

tivity q (q¼ q0 exp[Eg/(2kT)]),
19 a relation between S and q

may be found as follows: S�–(k/jej)[(b–1)/(bþ 1)](lnq–

lnq0). Then, from “R vs S” curves, one can determine the pa-

rameter b from a linear slope. Since the pressure dependence

of q0 is much weaker than q, the former could be neglected.

For the range of 12–20 GPa, we find average, b� 0.4

(� 0.2) in the sample #1 (#2) (Fig. 2); a calculated “R vs S”

curve for b¼ 0 is shown in Fig. 2 also.

For the constants k/jej� –86.4 lV/K and 2kT¼ 50 meV,

the above-estimated b (Fig. 2) and dS/dP coefficients found

from Fig. 1(b) (dS/dP� –30 (–50) (lV/K)/GPa for the sam-

ple #1 (#2)), Eq. (1) gives dEg/dP� –41 (–43) meV/GPa for

the sample #1(#2). Notice that the thermopower data suggest

a bowing in the dEg/dP coefficient. It seems that Sn2P2S6
could reach a (semi-) metal state beyond �30 GPa. Since,

compounds of VI-VII Groups are usually superconducting in

their metal phases, one could expect similar behavior in

Sn2P2S6. A value of Eg in the sample #1 (#2) at 20 GPa may

be estimated to be Eg� 0.25 (0.3) eV. A proposed pressure

dependence of Eg is shown in inset in Fig. 1(a). A study on a

pressure-driven shift of the absorption edge of Sn2P2S6 up to

1 GPa found dEg/dP¼�580 and �80 meV/GPa, in the fer-

roelectric and paraelectric phases (above 0.2 GPa), respec-

tively.14 The former has a correspondence with a strong

reduction in R at very low pressures (Fig. 1(a)), while the lat-

ter agrees with our Eg(P) curve in the range of 0–20 GPa

(Fig. 1(a), inset).

Hole concentration p and mobility lp in model of one-

band conductivity may be determined as follows:19

p¼ [2� (2pm*kT)3/2/h3]� exp(–Eg/(2kT)) and lp¼ 1/(qjejp),
where h the Planck’s constant. For rough estimation, m* may

be put to be equal to the free electron mass, m0 (band structure

calculations of the paraelectric phase found m�
p � (0.8–2)m0).

20

At 20 GPa for Eg� 0.25 (0.3) eV, we find p� 1.7 (0.6)

� 1017 cm�3. We estimate q� 0.2 X� cm for the sample

#1 at 20 GPa, and hence, lp� 180 cm2/(Vs), which corre-

sponds to a covalent semiconductor with direct Eg. The ther-

moelectric power factor (æ¼ S2/q) which characterizes the

thermoelectric performance, increases with pressure (Fig. 1(b),

inset) and reaches values of �10�6 W/(K2cm) at 20 GPa. This

is about two orders lower, than those in good thermoelec-

trics;21 however, a further narrowing in Eg could enhance it.

The electrical resistance data show a perfect reversibility

and a reproducibility of the pressure-driven changes (Fig.

1(a)). Besides, they show an anomaly around 3.5–5 GPa that

could be due either to a crossover between extrinsic and

intrinsic conductivities or to some minor structural modifica-

tion. XRD and Raman studies on the original and recovered

samples confirm a conservation of the initial Pn structure

(Figs. 3(a) and 3(b)).12 This is in contrast to irreversible

changes in SnP2S6 subjected to compression to 40 GPa.22

Both the original and the recovered samples have the same

unit cell parameters (a¼ 9.372(4) Å, b¼ 7.464(4) Å,

c¼ 6.528(6) Å, and b¼ 91.15�) that are very similar to the lit-

erature data.12 Our Raman spectra (Fig. 3(b)) agree well with

previous works.23 The recovered samples show a new peak at

411 cm�1. This could be a local phonon mode related to

pressure-induced defects. Optical spectra demonstrate both an

abrupt absorption edge in the original crystal near

Eg� 2.3 eV8 and its smoothing in the recovered samples (Fig.

3(c)). This observation is corroborated by a color change to

dark red in the recovered samples (Fig. 3(c), insets).

Thus, Sn2P2S6 is a unique optical material that exhibits

a reversible and well-reproducible ten-order tuning in

FIG. 1. (Color online) The pressure dependencies of the electrical resistance

(a) and the thermoelectric power (b) of Sn2P2S6 at room temperature. The

labels #1-#2mark different samples. The inset in (a) shows a pressure variation

of the energy gap, found by the data of (a) and (b) plots. The lower and right

insets in (b) show examples of thermopower determination from linear slopes

of dependencies of the thermoelectric voltage (V) or the current (I) on the tem-

perature difference along a sample (DT). The upper left inset in (b) shows a

pressure variation of the thermoelectric power factor, normalized to 12 GPa.

FIG. 2. (Color online) The examples of the parametric dependencies

“Electrical resistance vs Thermopower” for Sn2P2S6, for samples #1 (cycles 2

and 4) and #2 (cycles 2 and 3). The arrows show the directions of pressure-

driven changes. Values b are determined from the linear slopes using Eq. (1).
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conductivity to 20 GPa, while retaining its structural proper-

ties. “Hard” wide-gap materials predominantly show positive

or minor dEg/dP coefficients.24 While, in some “soft” materi-

als (e.g., S, Se, I2, some iodides), Eg might decrease rapidly

with pressure.7,25 The relatively high mobility of holes found

in Sn2P2S6 at 20 GPa suggests direct Eg and strong sensitiv-

ity to magnetic field. Therefore, Sn2P2S6 is capable of exhib-

iting of new physical properties. For instance, it is likely to

exhibit large magnetoresistance (MR) and magneto-

thermopower effects (they both are functions of l2),19 which

might be enhanced with pressure (for direct Eg: l� 1/Eg).
19

Optical properties of Sn2P2S6 are also expected to be

strongly tuned with pressure, e.g., a large modification of its

photoconductivity is anticipated.9 Since, Eg in Sn2P2S6 is

mainly formed by sp-hybridization of S and P orbitals, it is

the most sensitive to the S-sub-lattice.8,9 In pure sulfur, indi-

rect Eg of� 3 eV decreases to �1 eV upon compression to

25 GPa.25 However, sulfur itself compressed to 25 GPa

shows very low l and electrical conductivity and tiny MR

effect.26

Thus, Sn2P2S6 is a good candidate for multi-functional

“opto-electrical” switches. Similar effects are expected in

other M2P2X6 (M¼ Sn, Pb and X¼ S, Se) materials. Pressure

effects may be simulated in-situ e.g., by stresses in thin

films2 or by electro-mechanically driven nanoindenor.3,4

The work was partly supported by RFBR and by the
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