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1. Introduction

Greigite (Fe3S4) was first discovered in lake sediments from 
California [1] and later on, in anaerobic magnetotactic bacteria 
(e.g. [2]). It is a thiospinel counterpart of magnetite (Fe3O4) 
and has similar inverse spinel structure (Fd-3m space group) 
with the chemical formula Fe3+

A (Fe2+ Fe3+ )BS4 where the 
subscripted A and B indicate the tetrahedral and octahedral 
sites, respectively (figure 1(a)). Greigite is believed to play 
an important role in paleomagnetism as its presence in sedi-
ments can act as a record of the ancient geomagnetic field and 
environmental process (e.g. [3, 4]). Recently, greigite has also 
been suggested to be a good candidate as an anode material in 
lithium-ion batteries [5, 6] and hydrogen storage material [7], 
showing the importance of greigite as a possible candidate in 
the future technological applications.

The magnetic properties of greigite have been extensively 
studied and it was found that greigite is a ferrimagnet which 
orders above room temperature (e.g. [8–12]). The saturation 
magnetization of greigite at room temperature is reported to 

vary between  ∼2.2 µB [9] to  ∼3.7 µB [6], which is lower 
than 4 µB, found in its oxide counterpart, magnetite. Several 
models have been proposed to account for the observed Fe 
moment reduction in greigite, including electron hopping 
which occurs between high-spin Fe2+ and Fe3+ in octahedral 
sites [8] and a delocalization of the Fe 3d electrons that form 
bonds with S atoms [13].

Another interesting behavior of Fe3S4 is the absence of 
a Verwey transition. Given the structural similarity between 
greigite and magnetite, it is expected that such transition 
also occurs in greigite. In magnetite, the resistance increases 
abruptly on cooling below 120 K [14] signaling a metal-insu-
lator transition, which is also accompanied by the formation of 
charge-ordered structure [15, 16]; this transition is known as a 
Verwey transition. However, various experiments were unable 
to observe such transition in greigite. Separate electrical trans-
port measurements on improved Fe3S4 samples only showed 
a broad, continuous transition at low temperatures which sug-
gests a half-metallic or semiconducting behavior of Fe3S4 
[6, 17]. Similarly, neither polarized nor un-polarized neutron 
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diffraction experiments detected the presence of a structural 
phase transition down to 10 K [12]. Previous first principles 
calculations also arrived at a different conclusion regarding 
whether or not the Verwey transition can occur in greigite [18, 
19].

Application of external perturbations such as pressure to the 
spinel system is known to cause disturbance on the tetrahedral 
and octahedral sites giving rise to the stabilization of different 
structural polymorphs under compression. The stabilization of 
these diverse polymorphs can lead to many interesting high 
pressure properties such as semiconductor-semiconductor 
transition, insulator-metal transition, Mott transition and 
superconductivity (e.g. [20–23]). Magnetite, which is the 
most studied compound among the inverse spinel systems, 
has been shown to possess several novel high pressure proper-
ties, such as suppression of Verwey transition under pressure 
[24], inverse-normal spinel transition [25, 26] and high spin 
to intermediate spin transition [27], among others. Indium 
thiospinels and other thiospinels have also been investigated 
at high pressures [28–31]. Interestingly, compared with mag-
netite or other thiospinels, investigations on the high pressure 
properties of greigite received less attention.

Recent theoretical calculations predicted the occurrence 
of structural, electronic and spin transitions in greigite under 
compression [32]. Fe3S4 is predicted to transform from a cubic 
spinel structure (Fd-3m space group) into a monoclinic Cr3S4-
type structure (I2/m space group), a defect NiAs-type structure 
(figure 1(b)), on compression above  ∼3 GPa which is accom-
panied by a half-metal to metallic transition. The high-spin to 
low-spin transition of Fe is also predicted to occur in the high 
pressure monoclinic phase of greigite, albeit at higher pres-
sures of  ∼8 GPa and 17 GPa. Based on this theor etical calcul-
ation, it appears that the high pressure properties of Fe3S4 
will be quite different than that of Fe3O4, despite the fact that 
they share similar inverse spinel structure. It is interesting to 
note that the pressure-induced transitions predicted to occur 
in Fe3S4 show a rather strong similarity with that of chromate 
thiospinel FeCr2S4 [31] than with magnetite. However, to our 

knowledge no experimental studies on Fe3S4 at high pres-
sures have been reported so far. This aspect renders our under-
standing on the high pressure properties of Fe3S4, in particular 
whether Fe3S4 under pressure possess similar properties to 
other thiospinels at high pressures remains unclear.

Motivated by this recent prediction and the absence of any 
high pressure studies on Fe3S4, here we report the results of our 
studies to investigate the structural and electronic properties 
of Fe3S4 at high pressures using synchrotron x-ray diffraction 
(XRD) and electrical transport measurements. A structural 
phase transition from cubic to monoclinic Cr3S4-type struc-
ture is found to occur above 3 GPa, similar to those observed 
in thiospinel FeCr2S4 [31]. This high pressure monoclinic 
phase is found to be stable on decompression to ambient pres-
sure. Interestingly, electrical transport measurements reveal 
that the monoclinic phase of Fe3S4 has a semiconducting-
like behavior rather than a metallic behavior, and no sign of 
metallization is observed up to the highest pressure of meas-
urements of  ∼22 GPa. The observed high pressure electronic 
properties of Fe3S4 has a closer similarity with the behavior 
of Fe3O4 at high pressures than that of common thiospinels.

2. Experimental methods

The polycrystalline Fe3S4 samples were prepared by using 
hydrothermal method. The details of the sample preparation 
procedure have been described previously [6]. X-ray powder 
diffraction at ambient condition was measured with Co Kα 
(λ = 1.789 01 Å) radiation using a PANalytical X-Pert Pro 
diffractometer. High-pressure synchrotron powder XRD 
was performed at room temperature at beamline BL15U1 
(λ = 0.6199 Å) in the Shanghai Synchrotron Radiation 
Facility (SSRF) and at Beamline 12.2.2 (λ = 0.4959 Å) in 
the Advanced Light Source at Lawrence Berkeley National 
Laboratory. Pressure was generated using a symmetric dia-
mond-anvil cell (DAC) using a stainless steel gasket and 
silicon oil as a pressure-transmitting medium. Several ruby 

Figure 1. Structures of (a) cubic spinel phase of Fe3S4, and (b) monoclinic Cr3S4-type structure of Fe3S4 at high pressure.
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balls were used as pressure calibrants [33]. The DIOPTAS 
[34] program was used for image integrations and the Fullprof 
program [35, 36] was employed to fit the XRD data. We note 
that silicon oil pressure medium maintains its hydrostatic con-
dition below 10 GPa and becomes non-hydrostatic above this 
pressure region [37, 38].

The resistivity data at high pressure were collected in 
several runs. In the first two runs we measured high pres-
sure resistivity data at ambient temperature using a Keithley 
6221 current source, 2182 A nanovoltmeter, and 7001 switch 
system as the current source, voltmeter, and voltage/current 
switcher, respectively. In the third run we measured the resis-
tivity of Fe3S4 from 300 K to 2 K up to  ∼23 GPa in a quantum 
design physical property measurement system using a DAC 
made of Be–Cu alloy. The size of the diamond culet used was 
300 µm in diameter for all runs. The stainless steel gasket was 
initially pre-indented to a thickness of 40 µm, then a hole of 
280 µm was drilled using laser drilling system. A mixture of 
epoxy and Cubic boron nitride (cBN) powder was pressed into 
the hole to form an insulating layer between the electrodes 
and the steel gasket. A hole of 120 µm in diameter was re-
drilled in the cBN+epoxy gasket as a sample chamber. Fe3S4 
powder sample was then loaded into the drilled hole without 
any pressure medium, together with several rubies as pressure 
calibrants. We used the van der Pauw four-point probe method 
to measure all electrical resistivity data using platinum (Pt) 
foil as electrodes.

3. Results

Figure 2 shows the Rietveld refinement to the XRD pattern of 
Fe3S4 collected at ambient condition. The pattern can be well-
fitted using the cubic spinel structure (Fd-3m space group) 
with χ2 = 2.0%, RP = 2.4% and Rwp = 3.5%. The refined 
lattice parameter is a = 9.8705(6) Å , which is in agreement 
with the previous reports [6, 12, 17]. From figure  2, it can 
be seen that there are no unfitted peaks, indicating a good 
quality of the Fe3S4 sample studied here. In the low pressure 

spinel structure, the Fe atom occupying the tetrahedral and 
octahedral sites at (0, 0, 0) and (3

8 , 3
8 , 3

8), respectively, while 
the S atom occupies the 32e site at (u, u, u) in the unit cell. 
The refined u position for the S atom at ambient condition 
is 0.2529(8). Scanning electron microscopy energy-dispersive 
x-ray spectroscopy analyses shows that the ratio of Fe:S in 
our sample is found to be 0.742:1, which is close to the ideal 
0.75:1 Fe:S ratio expected in Fe3S4.

High pressure synchrotron XRD was then performed 
at room temperature up to  ∼33 GPa. Figure 3(a) shows the 
selected XRD patterns of a compressed Fe3S4. Diffraction pat-
terns collected below 2 GPa can be well-fitted with a cubic 
spinel (Fd-3m space group, Z  =  8). In addition, we did not 
observe any peak splitting that could indicate the occurrence 
of a tetragonal distortion [39] in this pressure range. It was 
found that the u position of the S atom does not change signifi-
cantly under pressure, with the value of  ∼0.248 up to 3 GPa. 
Above 3 GPa, several new diffraction peaks appear indicating 
the formation of a new high pressure phase. On compression, 
these diffraction peaks quickly dominate the entire pattern, 
and above 6 GPa we observed no peaks which correspond to 
the low pressure spinel phase which evidences a completion 
of the formation of the high pressure phase. Further compres-
sion does not lead to the appearance of additional diffraction 
peaks, and the high pressure phase is stable up to 33 GPa. 
Upon decompression, we only observed the diffraction peaks 
corresponding to the high pressure phase, and these peaks are 
found to be stable to ambient pressure.

In order to determine the high pressure phase of Fe3S4, ini-
tially we attempted to fit the XRD patterns above 5 GPa using 
the typical post-spinel structures such as CaTi2O4, CaFe2O4- 
and CaMn2O4-type structures which are known to be the high 
pressure polymorphs in the spinel oxides. However, none of 
these could fit the XRD patterns well. Attempts to refine the 
XRD patterns using the NiAs-type structure (space group 
P63/mmc) and CdI2-type structure (space group P3̄m1) also 
led to the poor fit to the data. Therefore in the final attempt, 
we consider the monoclinic Cr3S4-type structure (I2/m space 
group) which was predicted to be energetically favorable in 
Fe3S4 at high pressure [32]. As a representative, we first fitted 
the pattern at 14.6 GPa which was measured far above the 
transition pressure. We found that the pattern can be fitted well 
using a monoclinic Cr3S4-type structure (I2/m space group, 
Z  =  2), as proposed from the first-principles calculations [32]. 
We then did proceed to fit the pattern at 3.5 GPa which con-
sists of a mixed phase. This XRD pattern can be fitted using 
a mixture of both cubic spinel and monoclinic phases (see 
figure 3(b)). This indicates that the monoclinic phase begins 
to develop on compression above  ∼3 GPa. Similar cubic-
monoclinic transition was also reported to occur in thiospinel 
FeCr2S4 on compression above  ∼7 GPa [31]. The dominant 
factor in this structural transformation is the change in the 
sulfur sublattice from an fcc to a denser hcp arrangement, 
while both Fe2+ and Fe3+ ions are occupying two different 
octahedral sites in the monoclinic cell (figure 1(b)). Due to the 
development of preferred orientation and inability to resolve 
the individual Bragg peaks caused by peak broadening at 

Figure 2. X-ray diffraction pattern of Fe3S4 collected at ambient 
condition (Co Kα (λ = 1.789 01 Å)).

J. Phys.: Condens. Matter 31 (2019) 095401
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higher pressures, the rest of the XRD patterns were then fitted 
using the Le Bail method to extract the pressure dependences 
of the lattice parameters and the unit cell volume of Fe3S4.

The refined unit cell volume of Fe3S4 as a function of pres-
sure are presented in figure 4. The unit cell volume in each 
low-pressure and high-pressure phase was fitted using the 
third-order Birch–Murnaghan (BM) equation of state which 
takes the form [40, 41]

P =
3
2

[(
V0

V

) 7
3

−
(

V0

V

) 5
3
][

1 +

(
3
4
(B′

0 − 1)

[(
V0

V

) 2
3

− 1

])]

 (1)
where V0, B0 and B′

0 are the unit cell volume, bulk modulus, 
and first-order derivative of the bulk modulus at zero pres-
sure, respectively. The fitting results are shown as solid lines 
in figure 4. Due to the lack of data points for P  <  5 GPa which 
led to the rather large uncertainties of the fitted V0, B0 and B′

0 
values, the unit cell volume in the spinel phase was fitted with 
the B′

0 value fixed to 4. In order to get better comparison, the 
unit cell volume of the monoclinic phase was also fitted con-
sidering the fixed value of B′

0 = 4. BM fits to the data yield 
V0 = 120.4(3) Å

3
 and B0  =  65(4) GPa for the low pressure 

spinel phase, and V0 = 101.4(3) Å
3
 and B0  =  96(2) GPa for 

the high pressure monoclinic phase. These parameters are close 
to those predicted from theoretical calculations [32]. In addi-
tion, we observed a large volume collapse of ∆V/V ∼ 14% 
accompanying a cubic-monoclinic transition. It is worth men-
tioning that the data above  ∼6 GPa were obtained under a 

non-hydrostatic condition due to the loss of hydrostaticity of 
the silicon oil medium used in this experiment. Such a non-
hydrostatic condition could lead to a reduced compressibility 
which in turn increasing the observed bulk modulus [42, 43]. 

Figure 3. (a) X-ray powder diffraction patterns of Fe3S4 (background subtracted) at ambient temperature collected at various pressures 
(λ = 0.6199 Å). Asterisks in the pattern measured at 3.5 GPa represent the diffraction peaks belonging to the low pressure cubic spinel 
phase. (b) Representative refinements of the patterns collected at 0.6 GPa, 3.5 GPa and 14.6 GPa.

Figure 4. Pressure dependence of the unit cell volume for the cubic 
and monoclinic phases of Fe3S4. Solid lines represent fits to the data 
using third-order Birch–Murnaghan equation of state as described 
in the text. Solid and open symbols represent data obtained in the 
compression and decompression cycles, respectively.

J. Phys.: Condens. Matter 31 (2019) 095401
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The pressure-dependence of the lattice a, b and c parameters of 
the high pressure monoclinic phase as presented in figure 5(a) 
is rather anisotropic, with the compressibility of the c-axis 
being larger than that of the a- and b-axes. The β angle of the 
monoclinic Fe3S4 phase (figure 5(b)) increases from  ∼4 GPa 
to  ∼12 GPa, above which it remains relatively constant up to 
33 GPa. The trend in the pressure-dependence of the β angle 
is close to those predicted by the theoretical calculations [32].

Resistivity of Fe3S4 under pressure was measured in sev-
eral runs, at ambient temperature and from 300 K to 2 K. 
The data measured at room temperature are presented in 
figure  6(a). The resistivity values measured in runs 1 and 
2 at the lowest pressure are between 50–70 mΩ cm, which 
are comparable, albeit slightly larger than those reported 
previously [6, 17]. The resistivity data measured at ambient 
temper ature show a drop in resistivity on compression to  ∼2.5 
GPa which then become relatively constant until 20 GPa. In 
addition, in run 2 we observed a slight decrease in resistivity 
which starts from  ∼20 GPa. The resistivity data then becomes 
independent with pressure above 25 GPa up to 34 GPa. 
Analyses of the XRD patterns under pressure revealed that 
Fe3S4 undergoes a cubic-monoclinic transition which begins 
on compression above  ∼3 GPa. Resistivity data presented 
in figure 6(a) show a drop in resistance to  ∼2.5 GPa which 
clearly correlates with the onset of the structural phase trans-
ition in Fe3S4 observed from XRD experiments. A slight dif-
ferent in the transition pressure of these two measurements are 
mostly due to the different hydrostatic condition of the pres-
sure medium used (silicon oil for XRD experiments and no 

pressure medium for resistivity measurements). However, the 
nature of a slight decrease in resistance above 20 GPa in Fe3S4 
is still unclear at the moment, given our XRD measurements 
show no anomalous change around this pressure. In addi-
tion, we noticed that the resistance at 7 GPa becomes roughly 
nine times smaller than that measured at the lowest pressure 
of measurement. Although this observation might indicate a 
possible pres sure-induced metallization, the resistivity value 
at 6 GPa is still between 4–6 mΩ cm; this value is relatively 
large for a metallic sample. As a comparison, we note that 
the resistivity of metallic Fe3Se4, having similar crystal struc-
ture as the high pressure monoclinic phase of Fe3S4, is around  
0.7 mΩ cm [44], an order of magnitudes smaller than the 
observed resistivity of Fe3S4 at 6 GPa. The resistivity of Fe3O4 
at 10 GPa, which was suggested to behave as a semiconductor 
at this pressure, is also around 40 mΩ cm [45].

In order to understand the nature of this resistivity drop, we 
measured resistivity at low temperatures up to  ∼23 GPa. The 
behavior of resistivity between 300 K and 2 K measured at  
0.4 GPa shows a complex behavior: the resistivity first 
decreases from 300 K to  ∼250 K. Below  ∼250 K the resis-
tivity of Fe3S4 exhibits a broad maximum centered at  ∼150 K, 
below which the resistivity further decreases, reaching a min-
imum at 50 K. As the temperature is decreased below 50 K, 
the resistivity begins to increase down to 2 K. This behavior 
is similar to those observed previously [6, 17], therefore we 
attribute this observation to a semi metallic behavior which 
was suggested to be the electronic ground state of a cubic Fe3S4  
[6, 12, 17–19].

The temperature-dependence of resistivity at higher pres-
sures is shown in figure  7. We found that a slight increase 
of pres sure significantly changes the electronic properties of 
Fe3S4, as seen from the clear change in resistivity behavior at  
0.6 GPa (figure 7(a)). While the resistivity between 300 K and 
170 K measured at 0.6 GPa shows the existence of a broad 
maximum similar to that measured at 0.4 GPa (see inset in 
figure 7(a)), below  ∼170 K, the resistivity of Fe3S4 increases 
as the temperature is lowered, suggesting a semiconducting-
like behavior at low temperature. On further compression the 
broad shoulder in resistivity observed between 170 K and  
300 K disappears, and the whole resistivity data down to 2 K  
shows semiconducting-like behavior with the resistivity 
increases as the temperature is decreased (figure 7(b)). This 
semiconducting behavior is maintained, and no sign of metallic 
behavior is observed until the highest pressure of  ∼23 GPa. 
As shown in figure  7(b), the resistivity still increases with 
decreasing temperature at  ∼23 GPa.

The resistivity data (T  >  200 K) measured above 1 GPa 
until  ∼23 GPa can be described by a conventional Arrhenius 
equation  i.e. ρ ∼ exp(Ea/2kBT) where Ea  is the activation 
energy of charge carriers. The activation energy as a function 
of pressure deduced from fits to the linearized ρ(T  >  200 K) 
data is shown in the inset of figure 7(b). The activation energy 
Ea  increases from  ∼10 meV to  ∼18 meV upon compres-
sion from 1.3 GPa to 5.7 GPa. Moreover, by comparing the 
pressure-dependence of Ea  and the results from XRD experi-
ments it can be seen that the increase in Ea  seems to be related 
to the formation of a high pressure monoclinic phase. XRD 

Figure 5. (a) Lattice parameters of Fe3S4 as a function of pressure. 
(b) Pressure-dependence of the β angle of the high pressure 
monoclinic Fe3S4.

J. Phys.: Condens. Matter 31 (2019) 095401
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experiments indicate that the patterns collected between 2 GPa 
and 5 GPa consist of both cubic and monoclinic phases with 
latter becoming more dominant as the pressure is increased. 
The Ea  value reaching its maximum value of  ∼18 meV at  
5.8 GPa, where the monoclinic phase is fully developed, 
which then remains constant until just above 10 GPa. On fur-
ther compression above 20 GPa, we noticed that the Ea  value 
tends to decrease, which suggests that Fe3S4 might undergoes 
pressure-induced metallization at much higher pressures than 
studied here (P  >  60 GPa).

4. Discussion

XRD experiments reveal that Fe3S4 transforms into a mono-
clinic Cr3S4-type structure under compression. The structural 
transition begins already at a moderate pressure of  ∼3 GPa 
and completes around 6 GPa where the monoclinic phase is 

fully developed. In addition, a large volume collapse of  ∼14% 
was observed accompanying this pressure-induced trans ition. 
The increase in the coordination number of Fe3+ from four 
to six might be the dominant contribution to this volume 
collapse. It is worth to mention that similar structural trans-
ition was observed in chromate thiospinels FeCr2S4 [31], 
Fe0.5Cu0.5Cr2S4 [46] and CoCr2S4 [30]. However, compared 
to these thiospinels, Fe3S4 seems to have the lowest trans-
ition pressure, for example the transition pressures in FeCr2S4 
and Fe0.5Cu0.5Cr2S4 are  ∼7 GPa and  ∼14 GPa respectively. 
Moreover, the bulk modulus of Fe3S4 in the low pressure 
spinel phase determined in this study are also smaller than 
most of the thiospinels, as shown in table 1. A small differ-
ence in the free energy between the spinel and monoclinic 
phases in Fe3S4 or more generally, in the A3S4 system (A  = 
3d transition metal) is likely to be the origin of a relatively 
low transition pressure. This is also supported by the finding 

Figure 7. (a) Temperature-dependence of resistivity of Fe3S4 obtained at 0.6 GPa. Inset shows the enlarged high temperature resistivity 
data. (b) Temperature-dependence of resistivity of Fe3S4 at various pressure points between 1.3 GPa–22.7 GPa plotted in a logarithmic 
scale. Inset shows the activation energy (Ea) as a function of pressure derived from the slope of ln ρ  and 1/kBT .

Figure 6. (a) Resistivity of Fe3S4 as a function of pressure measured at room temperature (run 1 and run 2) plotted in a log scale. The inset 
shows the electrical probe arrangement for the resistivity measurements. (b) Temperature-dependence of resistivity of Fe3S4 at 0.4 GPa.

J. Phys.: Condens. Matter 31 (2019) 095401
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that these two phases can coexist between 3 GPa and 6 GPa in 
Fe3S4. Other A3S4 compounds, such as Cr3S4 and V3S4, even 
already crystallize in a monoclinic structure at ambient condi-
tions [47–49]. This indicates that the transformation from a 
cubic spinel to a monoclinic structure is more energetically 
favorable under pressure in many thiospinels. It is also inter-
esting to note that the high pressure monoclinic phase of Fe3S4 
is found to be stable to ambient pressure upon decompression, 
indicating an irreversible phase transition.

Electrical transport measurements suggest a possible half-
metal to a semiconducting behavior on compression above  
 ∼1 GPa. The transition pressure seems to begin earlier than 
the cubic-monoclinic transition observed from XRD experi-
ments, i.e. on compression above 3 GPa, although we have 
noted in section 3 that this difference can be due to the very 
different hydrostatic conditions of these two measurements. 
The observation of semiconducting behavior in a compressed 
thiospinel is anomalous and relatively rare. For example, in the 
case of FeCr2S4, the application of pressure drives the system 
into a metallic state at a moderate pressure of  ∼7 GPa [31]. 
Previous theoretical calculations also predicted that the high 
pressure monoclinic phase of Fe3S4 is metallic [32], although 
the authors in [32] noted that the determination of electronic 
band gap from their calculations might be inaccurate and 
deserves further investigations. On the other hand, Fe3O4, an 
oxide counterpart of Fe3S4, exhibits similar electronic trans-
ition under pressure. The ground state of Fe3O4 upon suppres-
sion of the Verwey transition by pressure was suggested to 
be metallic [24, 50]. However, further compression led to the 
change of electronic properties into a semiconducting state, 
and even insulating behavior was observed at higher pressures 
[50–52]. This suggests that although the structural properties 
of Fe3S4 at high pressure is different, its electronic properties 
under pressure seems to be similar to those observed in Fe3O4 
rather than in the common thiospinels. Clearly, additional 
theoretical calculations would be beneficial to understand 
the origin of the semiconducting behavior of the monoclinic 
phase of Fe3S4.

The drop in resistivity of Fe3S4 on compression to   
∼2 GPa observed at room temperature (figure 6(a)) then cannot 
be attributed to the metallization of Fe3S4 under pressure, as 
the electrical transport measurements at low temperature indi-
cates a semiconducting behavior up to 23 GPa. There are two 
possibilities that can account for such behavior in resistivity. 
First, this drop in resistivity is due to the enhancement of elec-
tronic hopping between Fe2+ and Fe3+ ions by pressure. Such 
mechanism was proposed by Morris and Williams in order to 

explain more than an order of magnitude drop in resistance 
of a compressed Fe3O4 powder [45]. This electron hopping 
was suggested to be mediated by a small polaron mechanism 
[53], and the mobility of polarons might be enhanced on com-
pression [45]. Previous studies suggests a similar occurrence 
of fast electron hopping between Fe2+ and Fe3+ at the octa-
hedral site in Fe3S4 which leads to a semi metallic behavior  
[6, 8, 10, 18]. Considering similar electronic configuration of 
Fe in Fe3S4, it is possible that such a mechanism also occurs 
in a compressed Fe3S4, leading to a drop in resistivity under 
pres sure. The second possibility is due to the initiation of 
percolation effects and enhancement of electrical contacts 
between grains in a compressed powder sample used in this 
work. These factors are known to contribute to the decrease of 
resistance in a compressed powder sample [54].

Lastly, we note that the unit cell volume of the high pres-
sure monoclinic phase derived from the XRD measurements 
shows no pronounced anomalies between 6 GPa–33 GPa, and 
the pressure-dependence of the unit cell volume can be fitted 
well with a single BM equation of state. By comparison, it has 
been predicted that the spin transition of Fe occurs in Fe3S4 
through a two-step transition, at  ∼8 GPa and at  ∼17 GPa, both 
of which involve volume collapses of  ∼5% and  ∼3%, respec-
tively [32]. Such a volume collapse would be detectable in a 
typical high pressure XRD experiments, however we observed 
no such transition in our experiments. We suggest that the spin 
transition of Fe in Fe3S4 might occur almost simultaneously 
with the structural transformation. A large volume collapse 
across the cubic-monoclinic transition in Fe3S4 can involve 
another process such as spin transition, as observed previ-
ously in FeCr2S4. Spin transition of Fe2+ from a high-spin 
to low-spin state was found to occur in FeCr2S4 close to the 
structural phase transition involving a large volume reduction 
of  ∼12% [31]. However, whether or not the spin transition 
of Fe in Fe3S4 occurs close to the structural transition needs 
further investigations, and additional measurements such as 
high pressure x-ray emission spectroscopy or 57Fe Mössbauer 
spectroscopy experiments, which are sensitive to the spin state 
of Fe, would clearly be beneficial.

5. Conclusions

We have investigated structural and electronic properties of 
thiospinel Fe3S4 at high pressures up to 33 GPa. An irrevers-
ible structural phase transition from a cubic spinel to a mono-
clinic structure is observed on compression above  ∼3 GPa, in 
agreement with the recent theoretical prediction. This phase 
transition is also accompanied by a large volume reduction 
of  ∼14%. We found that the high pressure monoclinic phase 
possess a semiconducting behavior, and no sign of metalliza-
tion is observed until the highest pressure of  ∼23 GPa. The 
structural properties of Fe3S4 resemble the typical high pres-
sure behavior of thiospinels, however the high pressure elec-
tronic properties of Fe3S4 seems to be closely related to the 
electronic properties of Fe3O4 under pressure. The observed 
high pressure behaviors places Fe3S4 as a unique example 
among thiospinel compounds.

Table 1. Comparison of the experimental bulk moduli and their 
pressure derivatives of different thiospinel compounds.

Compounds B0 (GPa) B′
0 References

FeCr2S4 85.4(6) 4 [31]
Fe0.5Cu0.5Cr2S4 106(2) 4 [46]
MgIn2S4 76(3) 2.8(7) [29]
CdIn2S4 78(4) 3.1(8) [29]
MnIn2S4 78(4) 3.2(1) [29]
Fe3S4 65(4) 4 This work
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