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We report a combined study of the structural and electronic properties of the spinel-type semiconductor

MnIn
2
S

4
under high pressures by means of X-ray diffraction (ADXRD), X-ray absorption (XAS), and op-

tical absorption measurements. The three techniques evidence a reversible structural phase transition near

7 GPa, that according to ADXRD measurements is to a double-NaCl structure. XAS measurements evi-

dence predominant tetrahedral coordination for Mn in the spinel phase that does not noticeably change

with increasing pressure up to the phase transition. XAS measurements indicate that the static disorder in-

creases considerably when the sample reverts from the double-NaCl phase to the spinel phase. Optical ab-

sorption measurements show that the direct gap of MnIn
2
S

4
exhibits a nonlinear behaviour with a positive

pressure coefficient at pressures below 2.5 GPa and a negative pressure coefficient between 2.5 and

7 GPa. The pressure behavior of the bandgap seems to be affected by the defect concentration. The dou-

ble-NaCl phase also exhibits a bandgap with a negative pressure coefficient.
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We report a combined study of the structural and electronic properties of the spinel-type semiconductor 

MnIn
2
S
4
 under high pressures by means of X-ray diffraction (ADXRD), X-ray absorption (XAS), and op-

tical absorption measurements. The three techniques evidence a reversible structural phase transition near 

7 GPa, that according to ADXRD measurements is to a double-NaCl structure. XAS measurements evi-

dence predominant tetrahedral coordination for Mn in the spinel phase that does not noticeably change 

with increasing pressure up to the phase transition. XAS measurements indicate that the static disorder in-

creases considerably when the sample reverts from the double-NaCl phase to the spinel phase. Optical ab-

sorption measurements show that the direct gap of MnIn
2
S
4
 exhibits a nonlinear behaviour with a positive 

pressure coefficient at pressures below 2.5 GPa and a negative pressure coefficient between 2.5 and 

7 GPa. The pressure behavior of the bandgap seems to be affected by the defect concentration. The dou-

ble-NaCl phase also exhibits a bandgap with a negative pressure coefficient. 
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1 Introduction 

MnIn2S4 is an n-type semiconductor of the AIIBIII
2C

VI
4 family that crystallizes in the cubic spinel structure 

(space group Fd3m) with Mn occupying tetrahedral positions in the lattice and In occupying octahedral 
positions. This family of materials is interesting for optoelectronic applications because they have shown 
nonlinear optical properties, like nonlinear optical susceptibility combined with natural birefringence [1]. 
In particular, MnIn2S4 is a very promising candidate for optoelectronic applications such as solar cell 
windows because it has an optical direct energy gap of 1.95 eV [2] that can be modified after suitable 
doping or by changing the cation concentration [3]. An important aspect of this semiconductor is that 
both cations Mn and In have nearly the same ionic radii for the same coordination [4]. This usually leads 
to a high degree of inversion; i.e., a number of Mn and In cations can interchange their positions in the 
lattice. Therefore, MnIn2S4 is a defect semiconductor with a relatively high concentration of antisite 
defects that can be tailored for different applications. 
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 This semiconductor still lacks a systematic characterization of their structural and optical properties so 
in this work, we have used pressure as an excellent tool to give an insight of the ambient pressure proper-
ties and to obtain information about the structural and optical modifications introduced by compression. 

2 Experimental 

Spinel-type MnIn2S4 samples used in this study were obtained from a single crystal grown by chemical 
vapour transport using iodine as a transport agent [5]. Angle-dispersive X-ray diffraction measurements 
(ADXRD) at room temperature (RT) inside a diamond anvil cell (DAC) were performed up to 15 GPa in 
the ID09 beamline at the ESRF with a wavelength λ = 0.40896 Å in powder samples obtained from a 
bulk single-crystal ingot and with nitrogen as pressure medium. X-ray absorption (XAS) measurements 
at RT in powder samples were performed at the Mn K-edge (6.539 keV) at the LUCIA beamline of SLS 
(PSI, Villingen, Switzerland), in the transmission mode with a spot focused to 10 × 20 µm2. For XAS 
measurements the powder sample was inserted in a 80 µm hole drilled in a stainless steel gasket mounted 
on a DAC with partially hollow diamonds (200 µm in diameter) to reduce the absorption of diamonds at 
the low-energy Mn K-edge. For optical absorption measurements at RT in the UV-VIS-NIR range under 
pressure, bulk single crystals (15–30 µm thick) with parallel faces were loaded in a DAC with methanol-
ethanol-water (16:3:1) as pressure transmitting medium. The optical set-up consists of a halogen lamp, 
fused silica lenses, microscopic objectives, a UV-VIS-NIR spectrometer, and a silicon or germanium 
photodiode. In all the experiments the pressure was determined by the ruby fluorescence technique [6]. 

3 ADXRD measurements 

Figure 1 shows the RT ADXRD patterns of MnIn2S4 at increasing pressures up to 15 GPa. The ambient 
pressure pattern can be clearly attributed to the cubic spinel phase. A Rietveld refinement of the structure 
at 1 atm allows us to obtain a volume of 1233.5(5) Å3 and an inversion parameter of i = 0.25 in agree-
ment with previous Raman measurements under pressure [7]. The inversion parameter does not change 
appreciably with pressure. The spinel phase is stable up to around 7 GPa, where a phase transition is 
observed. The X-ray patterns above 7 GPa can be reasonably fitted with an ordered double-NaCl struc-
ture of the LiTiO2 type. At the phase transition pressure (7 GPa) the volume contracts by about 4%. The 
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Fig. 1 RT ADXRD data of MnIn
2
S

4
 at different 

pressures up to 15 GPa. 
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space-group remains Fd3m, but Mn moves from the tetrahedral 8a position to the octahedral 16c posi-
tion, with a 0.5 occupancy, while In remains in the 16d position and S in the 32e position. 
 The phase transition is reversible and the spinel phase is recovered when releasing pressure, as shown 
by the last pattern of Fig. 1. The inversion parameter at 3.9 GPa during downstroke is i = 0.12, that is, 
half of the value during upstroke. This result is consistent with the decrease of the inversion parameter in 
MnIn2S4 under compression observed from Raman measurements under pressure [7], and suggests that 
with increasing pressure In is more compressible than Mn so they tend to their normal positions in the 
lattice. The unit cell volume as a function of pressure is well described by the Murnaghan equation of 
state [8] which yields the bulk modulus and its pressure derivative at ambient pressure: B0 = 73(2) GPa 
and B′ = 2.8(6) for the spinel phase, and B0 = 40(3) GPa and B′ = 5.1(5) for the high pressure LiTiO2-
type phase. It is interesting to note that the bulk modulus of the spinel phase of MnIn2S4 is half the value 
of spinel oxides (around 200 GPa) and similar to that of Se spinels, like CdCr2Se4 (101 GPa) [9]. Since 
the volume fraction occupied by the anion in spinels is near 75% and the bulk moduli of spinels are re-
lated to the dominant atom in the unit cell [10], our result suggests that the compressibility of S is similar 
to that of Se in the spinel structure. 

4 XAS measurements 

Figure 2 shows the X-ray absorption spectra of MnIn2S4 at the Mn K-edge at different pressures up to 
12 GPa. The general spectral features remain essentially unchanged up to 7 GPa, where noticeable modi-
fications occur. In particular, the pre-edge feature, associated to transitions to Mn d empty levels, disap-
pears. At low pressures, the pre-edge feature suggests the absence of inversion symmetry at the Mn site, 
as it is the case in tetrahedral coordinated Mn. The absence of significant changes in the XAS spectra 
before the phase transition suggests that the predominant tetrahedral coordination for Mn is maintained 
up to the phase transition, in agreement with XRD and Raman results [7]. The lack of the pre-edge fea-
ture above 7 GPa is coherent with the octahedral coordination of Mn in the LiTiO2 phase obtained in 
XRD measurements. 

 

 

Fig. 2 Room-temperature XAS spectra of MnIn
2
S
4
 at the Mn K-edge. Numbers next to the spectra indi-

cate pressure in GPa. Spectra labelled d are taken in the downstroke. The inset zooms the pre-edge feature. 
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 Extended X-ray absorption fine structure (EXAFS) analysis performed with ab-initio phases and am-
plitudes (FEFF code [11]), results in a Mn–S distance of 2.45 ± 0.02 Å at ambient pressure, and a Mn–S 
bond length compressibility given by χ = (4.5 ± 0.6) 10–3 GPa–1. Although it has not been possible to 
deduce the inversion parameter from EXAFS analysis, the rather high value of the pseudo Debye–
Waller factor (~0.009 Å2) reveal the presence of significant static disorder, which does not vary appre-
ciably under high pressure, in agreement with XRD and Raman results [7]. On decreasing pressure the 
sample reverts to its original spinel phase. The absorption spectra in the spinel phase recorded on down-
stroke reveal a higher static disorder than that on upstroke, showing a slightly larger pseudo Debye–
Waller factor (~0.012 Å2). This higher static disorder is likely caused by the defects introduced by the 
pressure-induced phase transition. 

5 Optical absorption measurements 

Figure 3 shows the absorption spectra of MnIn2S4 single crystal at different pressures up to 20 GPa. The 
bandgap energy of MnIn2S4 shows a nonlinear behaviour under pressure. It exhibits a positive slope at 
pressures below 2.5 GPa, reaching the maximum value of the bandgap energy around this pressure. 
Above 2.5 GPa the bandgap energy exhibits a negative pressure coefficient up to the phase transition 
observed near 7 GPa. This nonlinear behaviour of the bandgap in MnIn2S4 under pressure contrast with 
the linear dependence of the indirect bandgap in CdIn2S4 that shows a positive pressure coefficient up to 
6 GPa [12]. 
 On decreasing pressure from 20 GPa the spinel phase is recovered below 6.5 GPa, however, the band-
gap energy did not revert to its original value at 1 atm. Furthermore, on downstroke the sample did not 
gain the maximum bandgap energy at 2.5 GPa, but at 1 GPa, thus showing a dependence of the bandgap 
on either the defect concentration in the sample or on the different inversion parameter. A different 
bandgap is observed in spinels with same stoichiometry but different inversion parameters [13]. The 
dependence of the bandgap on the inversion parameter is related to the different amount of hybridization 
of the cation electron wavefunctions to give the topmost valence and lowest conduction bands. There-
fore, the different bandgap energy measured at 1 atm (and the different pressure for the maximum of the 
bandgap) before and after the pressure run seems to be related to the different inversion parameter of the 
spinel phase during upstroke and downstroke. Since the bandgap usually decreases with the increase of 
the inversion parameter between 0 and 0.25 [13], the larger bandgap found at 1 atm on downstroke with 
respect to upstroke is coherent with the decrease of the inversion parameter observed by XRD after the 
pressure run. Finally, we must note that the double-rocksalt phase exhibits a linear dependence of the 
bandgap between 7 and 20 GPa with a negative pressure coefficient (see Fig. 3). 
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Fig. 3 Room temperature optical absorption 

spectra of MnIn
2
S

4
 at different pressures up to 

20 GPa. Solid lines represent the absorption coef-

ficient during upstroke and dotted lines represent 

the absorption coefficient during downstroke from 

20 GPa. 
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6 Concluding remarks 

We have studied the pressure dependence of the atomic and electronic structure of spinel MnIn2S4. 
ADXRD measurements up to 15 GPa show that the spinel structure transforms into a double NaCl struc-
ture of the LiTiO2 type above 7 GPa and reverts to the spinel phase on downstroke. XAS measurements 
up to 12 GPa show predominant tetrahedral Mn coordination in the spinel phase, with significant disor-
der which is not considerably affected with increasing pressure, but which however increases after the 
reversal of the sample to the spinel phase on downstroke. Finally, optical absorption measurements up to 
20 GPa show a highly nonlinear behaviour of the optical gap of the spinel phase under pressure. The 
bandgap increases initially with increasing pressure up to 2.5 GPa and decreases above that pressure. 
After the reversal of the sample to the spinel phase, the bandgap exhibits again its nonlinear behaviour 
but the bandgap did not recover its initial value after releasing pressure. Furthermore, the pressure for the 
maximum energy of the bandgap was lower than during upstroke, thus showing a certain memory effect 
and a clear dependence of the bandgap energy on the inversion parameter. 
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