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ABSTRACT

Chemical doping-induced magnetism in semiconducting transition metal dichalcogenides (TMDC) can have significant implications in elec-
trically controlled spintronics. In addition, strain engineering of the layered structures of TMDCs can further allow for tuning the interlayer
van der Waals (vdW) bonds and controlling their electronic properties. Of particular interest are the effects of Fe doping coupled with strain
tuning on the vdW bonds and associated electronic properties of Fe:MoS2. Here, we have investigated compressive strain tuning effects on
the structural and vibrational properties of Fe:MoS2 using in situ angle-dispersive x-ray diffraction and Raman scattering spectroscopy at
quasi-hydrostatic pressures up to 25.0(1) GPa. Our results indicate that Fe:MoS2 undergoes isostructural electronic transitions similar to
those in pristine MoS2, but at significantly lower pressures. Sudden changes in the microscopic strain, Raman peak splitting, and phonon soft-
ening are observed at the transition pressures, suggesting that the structural instability introduced by the Fe dopants is responsible for the
early onset of the transitions. The significant effects of Fe dopants on the interlayer vdW bonding, as well as the structural and phononic
properties under compressive strain indicate a strategy for modulating the electronic and ferromagnetic properties of TMDCs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0202113

Molybdenum disulfide (MoS2) is a promising candidate for next
generation spintronic, electronic, and optoelectronic applications1–4

due to its excellent electronic mobility reaching �103 cm2/V�s and
layer-dependent sizeable bandgap.3–6 The absence of inversion sym-
metry in MoS2 further leads to strong spin-valley coupling and opens
the opportunities for valley-based spintronics applications. One way of
manipulating the spin-polarized charge carriers is to incorporate mag-
netism into MoS2 by chemical doping, such as iron, to form diluted
magnetic semiconductor (DMS). Indeed, Fe-doped MoS2 (Fe:MoS2)
has been reported to exhibit room-temperature ferromagnetism

(RTFM) down to the monolayer limit.7,8 Density functional theory
(DFT) calculations further indicate that Fe-doping introduces in-gap
states and shifts the Fermi level close to the conduction band mini-
mum, giving rise to the observed RTFM.7,8 By incorporating the mag-
netism degree of freedom with the well-studied exotic material
properties of MoS2, the Fe:MoS2 will allow for various engineering
approaches to tune the magnetism. For example, gate-modulation of
electronic transport and exciton emission,9 dielectric encapsulation-
induced bandgap modulation,10 ultrafast charge separation in van der
Waals (vdW) heterostructure,11 and moir�e superlattice that gives rise
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to ferroelectricity12 could all encompass additional spin-dependence
effects with Fe:MoS2 in place of MoS2.

Alternatively, strain engineering is very effective in tuning the van
der Waals (vdW) bonds and thus the electronic properties of the
transition-metal dichalcogenides (TMDCs).13 Theoretical14–17 and
experimental18–20 studies have shown that bulk MoS2 undergoes
pressure-induced semiconducting-to-metallic transition due to the
reduced interlayer spacing and enhanced sulfur–sulfur (S-S) interac-
tion. The pressure-induced vdW bonding modulation is even more
effective in monolayer TMDCs, wherein the lack of interlayer interac-
tion enhances bandgap opening due to hydrostatic compression.13,21

Structurally, no first-order structural phase transition was reported for
the pristine MoS2 (P-MoS2) up to�60GPa, except for the 2Hc-to-2Ha

isostructural transition, which has been theoretically argued to proceed
through the sliding of the layers in the unit cell without altering the
crystal space group D6h

4.18–20 However, the proposed scenario remains
unsettled experimentally.18,19 L�opez-Su�arez et al.22 pointed out that
application of compressive strain can result in out-of-plane deforma-
tion and trigger the electronic transitions in few-layer MoS2. Cheng
et al.23 reported that the pressure-induced 2Hc-to-2Ha isostructural
transition in MoS2 is thickness-dependent, indicating the importance
of vdW interaction in modulating the structural and electronic proper-
ties. In view of the lack of studies on how chemical doping affects the
pressure-induced structural transition in multilayer MoS2, it is impera-
tive to further delineate what happens when both strain and extrinsic
electronic states are introduced simultaneously. In this study, system-
atic in situ angle-dispersive x-ray diffraction (ADXRD) and Raman
scattering measurements in a diamond anvil cell on multilayered P-
MoS2 and Fe:MoS2 were conducted to reveal the effects of Fe-doping
with pressures up to 24.8(2) GPa.7

Sample preparation and experimental methods are described in
the supplementary material. Briefly, bulk MoS2 and Fe:MoS2 crystals
were synthesized using CVT method, which were then grounded to a
powder before being loaded and pressurized in a diamond anvil cell.
Note that our specimen, denoted as multilayer, still maintains the vdW
layered structure (supplementary material, Figs. 8–11), and is of thick-
ness beyond where the structural, electronic, and phononic properties
lose their layer-dependency. Inductively coupled plasma optical

emission spectrometer (ICP-OES) results indicate that the Fe concen-
tration is approximately 0.21 at. % (Fig. S1), which is below the
reported solubility limit of 0.3–0.5 at. % governed primarily by ionic
radii mismatch and structural difference between MoS2 (2Hc trigonal)
and FeS2 (cubic).24 Raman spectra of Fe:MoS2 show no additional
peaks or features compared to P-MoS2, suggesting that the doping
does not cause major adjustment to the lattice vibration modes
[Fig. 1(a)]. The in-plane E12g peak in Fe:MoS2 shows slight blue-shift
compared to P-MoS2, indicating a smaller lattice constant in the in-
plane direction. The lattice parameters and the atomic volume of Fe:
MoS2 extracted from ambient pressure XRD [Fig. 1(b)] are
a¼ b¼ 3.1591(1) Å, c¼ 12.3079(6) Å, and V/Z¼ 53.187(3) Å3,
respectively. These values are slightly smaller than the values of
a¼ b¼ 3.1680(1) Å, c¼ 12.3220(1) Å, and V/Z¼ 53.550(1) Å for P-
MoS2 (ICSD #95570), likely due to the smaller ionic radius of Fe4þ

(0.5850 Å) compared to that of Mo4þ (0.6500 Å).25

In situ ADXRD spectra of Fe:MoS2 obtained from a compression
run up to 19.7(1) GPa with that of the decompressed sample are
shown in Fig. 2(a). Evolution of five representative diffraction peaks
corresponding to (002), (100), (101), (102), and (103) crystallographic
planes of 2Hc phase are labeled accordingly. All the Bragg peaks shift
to larger angles, indicating the progressive lattice shrinkage in Fe:
MoS2. The ADXRD patterns show no trace of iron or iron oxide clus-
ters or signs of newly formed phases up to 19.7(1) GPa, suggesting a
homogeneous doping and absence of pressure-induced structural
phase transition. The decompressed pattern shows that Fe:MoS2
appeared to have completely recovered back to the original hexagonal
crystal structure.

Figure 2(b) shows the pressure-dependence of the interplanar dis-
tance (dhkl) of {002} and {100} planes for Fe:MoS2 (additional interpla-
nar distances are included in Fig. S2). Although along the compression
course all the diffraction peaks can be refined to crystallographic
planes of 2Hc-structured MoS2 and no new diffraction peak is
observed up to 19.7(1) GPa, noticeable discontinuities in dhkl
decrease rate are observed at pressures of 6.5(1) and 13.5(1) GPa,
respectively. Here, we define three pressure zones according to the dhkl
decreasing rate, namely zone I [0–6.5(1) GPa], zone II [6.5(1)–13.5(1)
GPa], and zone III [13.5(1)–19.7(1) GPa]. Linear compressibility

FIG. 1. (a) Raman spectra of Fe:MoS2 and P-MoS2. The inset shows normalized spectra of E2g and A1g peaks. (b) X-ray diffraction spectra of Fe:MoS2 and P-MoS2. A refer-
ence pattern from ICSD-95570 is plotted for comparison.
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Kdhkl¼�(1/dhkl)[d(dhkl)/dP]T is extracted from the pressure-
dependent dhkl for the three pressure zones and the results are listed in
Table I. From the pressure-dependent c/a ratio displayed in Fig. 2(c)
and the compressibility values shown in Table I, it is evident that the
average compressibility along the c-axis is larger than that along the a-
or b-axis in all three pressure zones, presumably due to the vdW inter-
layer bonding of the layered structure. The anisotropy is particularly
strong in zone I, suggesting that in this pressure range, the compres-
sion affects the interlayer distance more effectively. With further
increasing the pressure to zone II, the compressibility along each

individual crystallographic orientation becomes more isotropic, imply-
ing that the strength of interlayer bonding becomes comparable to that
of intralayer covalent bonding. The normalized decrease rate for the c-
parameter is approximately four times of that of the a-parameter in
zone I, whereas the ratio reduces to about 2 in zone II, implying that
the enhanced S-S interaction may be responsible for reducing the com-
pressibility along the c-axis. The compression becomes anisotropic
again in zone III, in which the d002 spacing experiences sudden col-
lapse at �19.5GPa [Figs. 2(b) and 2(c)]. Similar pressure-dependence
discontinuities appear in the volume change as shown in Fig. S3.

FIG. 2. (a) ADXRD spectra of multilayered Fe:MoS2 at pressures up to 19.9(1) GPa. The spectrum from decompressed sample is plotted at the top for comparison. (b)
Pressure dependence of the d002 and d100 spacings in multilayered Fe:MoS2 at room temperature (Symbols). Lines indicate reported data of pristine MoS2 from the literature.
(c) Pressure dependence of c/a ratio of Fe:MoS2 (symbols) and reported values of P-MoS2 (line). Three pressure zones are identified in panels b and c. (d) XRD peak fitting
errors, for a- and c-lattice parameters, resulting from inhomogeneous broadening of XRD peaks as a function of pressure.
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The values of volume compressibility KV¼�(1/V0)[dV/dP]T extracted
for each pressure zones are �1.91� 10�2, 8.09� 10�3, and 8.23
� 10�3GPa�1 for zones I, II, and III, respectively.

The evolution of Fe:MoS2 d002 compression is particularly
intriguing when compared with those of P-MoS2 [lines in Fig. 2(b)],
where the change in d002 compression slope (i.e., Kd002) occurs at
�8.0(1) GPa and was attributed to an isostructural electronic phase
transition from semiconductor to an intermediate state.18,19 The
behavior of compression slope in Fe:MoS2 closely resembles that of
P-MoS2 and thus may also be attributed to the similar isostructural
electronic transition, only with a significantly lower onset pressure
[�6.5(1) GPa]. The early onset of electronic transition is likely due
to the smaller interplanar spacing of Fe:MoS2 at ambient condition
(6.1481 Å) than that of P-MoS2 (6.2000 Å).

26 It is worth mentioning
that the Kc and Ka of Fe:MoS2 in zone I are slightly less than those of
pristine 2Hc MoS2 (Kc¼ 16.46 0.3 and Ka¼ 3.46 0.1GPa�1,
respectively,) at pressure below 5GPa,27 suggesting that in the low
pressure regime, the a- and c-axis of Fe:MoS2 is less compressible
than the P-MoS2. Considering that the magnitudes of Pauling’s elec-
tronegativity for S, Mo, and Fe are 2.58, 2.16, and 1.83, respec-
tively,25 significantly more charge transfer from Fe to S is expected
than from Mo. As a result, stronger ionic bonding is anticipated in
Fe:MoS2 than in MoS2, which could explain the a- and c-axis being
smaller and less compressible than those in P-MoS2 in the low pres-
sure regime. Moreover, Connell et al.28 argued that the S atoms at
the corners of the trigonal prisms with saturated 3s subshells are
responsible for the interlayer vdW force. Thus, the introduction of
Fe not only shortens the interlayer spacing but also enhances the S-S
interaction.20 Increase in Kd002 was also reported in P-MoS2 at
�19GPa and was attributed to the electronic transition to metallic
state. However, the collapse of d002 [Fig. 2(b)] was not reported in P-
MoS2 at the intermediate-to-metallic transition, implying that the
collapse can be linked to the doping-induced structural disturbance
but not to the electronic transition. Little discrepancy was observed
for d100 compression between Fe-doped and undoped MoS2.

One possible reason for the early onset of the pressure-induced
isostructural electronic transition of Fe:MoS2 could be the reduced
crystal ordering caused by iron doping, which, in turn, reduces the
stability of the 2Hc crystal structure. Similar change was observed in
Fe-doped zinc blende InP, wherein the hybridization of iron 3d orbi-
tals and phosphide p orbitals reduced the stability of InP lattice and
triggered an early pressure-induced phase transition.29 In the present
case of Fe:MoS2, the hybridization between the iron 3d orbitals and the
sulfur 3p orbitals tends to distort the lattice structure of multilayered
Fe:MoS2 (Ref. 28) and, hence, will likely reduce the onset pressure of
the electronic structure transition associated with the pressure-induced
lattice distortion.19 In addition, the ionic size difference between Fe4þ

(0.5850 Å) and Mo4þ (0.6500 Å)25 is also expected to result in local

lattice strain, contributing to the lowering of the transition pressure.
Such structural effects, in combination with the in-gap states intro-
duced by Fe-doping8 that will promote metallization, can be attributed
as the main mechanisms for the early onset of electronic transitions in
Fe:MoS2.

19,20 Alternatively, the random substitution of Mo by Fe could
lead to a landscape of varying local micro-strains due to the differences
in the ionic size and the associated Mo–S and Fe–S bond lengths.30 As
can be seen from Table SI and Fig. 2(d), the fitted c-axis parameters
from the XRD spectra show much larger scattering errors (indicated
by the number in the parenthesis) than that of the a-axis. More
intriguingly, scattering error for the c-axis parameters show sudden
changes when plotted as a function of pressure, i.e., abrupt increase
after �5.0(1) GPa. Such increase in fitting error is reportedly linked to
pressure-induced enhancement in the local micro-strain and variations
of interlayer vdW interactions.31 Layer-dependence of the transition
pressures are suggested for future works, which could further enlighten
the role of vdW interactions in Fe:MoS2.

Raman spectroscopy is an effective and powerful method for
detecting minute changes in the lattice vibration as well as electronic
phase transitions.32 Figure S2 shows the typical Raman spectrum
obtained at ambient conditions, which indicates that 28 peaks can be
identified by Lorentzian curves, consistent with previously reported
experimental results for bulk MoS2 (Refs. 33–37) and Fe-doped MoS2
films.38 The assignment of each Raman peak position and the pro-
posed symmetry assignment, compared to those of P-MoS2 from the
literature, are presented in Table SII. It is noteworthy that both in-
plane E2g

1(C) and out-of-plane A1g(C) frequencies of Fe:MoS2 are
slightly higher than those of P-MoS2, in good agreement with the
smaller lattice parameters.

With increasing pressure, all Raman modes shift progressively
toward higher frequencies, and many of them broadened and eventu-
ally disappeared. Figure 3(a) shows the Raman spectra of Fe:MoS2 at
representative pressures. As shown in Fig. 3(b) and Fig. S4, deconvolu-
tion of Raman spectra with Lorentzian curves allowed identification of
13 peaks in pressure zone I. At 6.4(1) GPa, E2g

1(C) and A1g(C) modes
become degenerate and show clear peak splitting into two peaks at
384.26 and 392.71 cm�1, and 423.08 and 430.67 cm�1, respectively,
presumably due to the pressure-induced symmetry breaking of the
crystal [Fig. 3(a); red curve].39,40 Also, all other modes exhibit slight
softening (red-shift). These anomalies at 6.4(1) GPa coincide with the
transition from zone I to zone II, determined earlier from XRD analy-
ses. The phonon softening (PS) coinciding with the phase transition is
similar to the pressure-induced electronic topological transition (ETT)
observed in pnictogen chalcogenide crystals,32,41 inferring that the
changes in lattice compression is related to the electronic transition in
Fe:MoS2, as well. Similar to the XRD analysis, no signs of the first-
order phase transition were observed before and after this transition
pressure. It is notable that similar peak splitting and PS were also
observed in strained monolayer and bilayer MoS2 (Ref. 39) and in
Zn0.84Fe0.16Se dilute magnetic semiconductor (DMS) under high
pressure.42

As the pressure is further increased to 12.5(2) GPa, all visible
modes exhibit blue-shift with the exception of nearly unchanging
A1g(M)-ZA(M) and E1u(M)-TA(M) modes. This suggests accelerated
blue-shifts of the transverse [TA(M)] and acoustic [ZA(M)] phonons
from the vicinity of the high-symmetry M point of the Fe:MoS2
Brillouin zone.36 As the pressure reaches 13.2(2) GPa, the transition

TABLE I. Linear incompressibility of Fe:MoS2 at high pressure.

Kd002 (GPa
�1) Kd100 (GPa

�1)

Zone I ambient to 6.5(1) GPa 1.291� 10�2 3.106� 10�3

Zone II 6.5(1)–13.5(1) GPa 2.836� 10�3 2.263� 10�3

Zone III 13.5(1)–19.7GPa 6.682� 10�3 4.803� 10�3
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pressure from zones II to III, all observable modes show slight soft-
ening. The apparent PS prior to metallization and progressive hard-
ening afterward have also been reported by Nayak et al.19 The
pressures where the peak splitting and PS occurs are in excellent
agreement with ADXRD results, thus validating the assignments of
zones I, II, and III according to electronic transitions. More impor-
tantly, the coincidence of PS and electronic phase transition further
implies the interaction between the phonons and electrons originat-
ing from the inter-valence charge transfer accelerated by Fe-doping,
which has been reported to play an important role in causing struc-
tural distortion.39 In fact, a plethora of layer structured materials,
such as FePO4, VO2, and many DMSs, had been found to display a

similar electronic intermediate state accompanying the PS behavior
while undergoing a transition from a semiconducting to a metallic
state.42–44

To further reveal the relevance of the Raman shifts and structural
parameters under pressure, the Gr€uneisen parameters (c) of Fe:MoS2
E2g

1(C) and A1g(C) modes in three pressure zones are extracted and
listed in Table SIII. The c values in lower pressure range are similar to
those of P-MoS2 [0.21 for E2g

1(C) and 0.42 for A1g(C)].
45 Interestingly,

the c values for both E2g
1(C) and A1g(C) modes are the largest in zone

II, in agreement with the lattice parameter compression in Fig. 2(b),
suggesting that the atomic compression is the most nonlinear in the
intermediate electronic phase (zone II).

FIG. 3. (a) Raman spectra of Fe:MoS2 at representative pressures. The spectrum at 6.4 GPa is fitted with multiple Lorentzian functions, showing signs of peak splitting. (b)
Raman peak positions as functions of pressures. Blue symbols are the reported peak positions of P-MoS2. (c) In-plane (Cjj) and out-of-plane (C?) compressive forces as a
function of pressure.
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Other informative parameters to be derived from the Raman
spectroscopy is the variation of the out-of-plane (C?) and in-plane
(Cjj) compressive force constants with pressure, which can be
described by a linear-chain model.33 According to the Wieting’s model
of equations (S5) and (S6), Fig. 3(c) shows the pressure dependence of
Cjj and C? (solid symbols) together with respective values at ambient-
pressure (open symbols) for multilayered Fe:MoS2. It is clear that, at
ambient pressure, the C? value for Fe:MoS2 (C?¼ 0.23 millidynes/
Angstrom; md/Å) is significantly smaller than that of P-MoS2 (C?
� 0.76 md/Å), while the respective values of Cjj are comparable
(Cjj ¼ 2.72 md/Å vs Cjj � 2.50 md/Å), indicating that iron-doping has
induced significant softening of the out-of-plane vibrating mode
[A1g(C)], while the in-plane mode is marginally affected.33,46 The soft-
ening of out-of-plane vibrating mode could have resulted from an
increased electron density in the layer, which is consistent with the
Raman spectra of n-type Fe:MoS2 reported by Kang et al.46 Moreover,
as indicated by Iqbal et al.,47 in-plane E12g mode is sensitive to strain,
while the out-of-plane A1g mode is sensitive to doping; this is exactly
reflected in Fig. 3(c), wherein Cjj increases with the applied pressure
(strain), while C? exhibits an essentially pressure-independent behav-
ior. The compressive force ratio (C?/Cjj) as a function of pressure is
shown in Fig. S7 and the force constants’ pressure derivatives for each
pressure zones are listed in Table SIV. Figure S7 also suggests that the
iron impurity in MoS2 is an n-type dopant.

In summary, we have carried out high-pressure ADXRD and
optical Raman scattering measurements on Fe:MoS2 up to 19.7(1) and
24.8(2) GPa, respectively. The ADXRD and Raman results consistently
reveal that the electronic phase transitions are similar to those of pris-
tine MoS2 but occur at significantly lower pressures. The discontinu-
ities in pressure-dependence of micro-strain coincide with the
changing rate in lattice compressions, suggesting that the combina-
tional effects of local strain-induced lattice instability, the variations in
interlayer van der Waals bonding associated with the shortened Fe-S
bond, and in-gap states introduced by Fe-doping are responsible for
the early onset of the electronic transitions. Raman peak splitting and
phonon softening are observed at the same transition pressures, imply-
ing that the electronic transitions may also be closely related to the
evolutions in the microstructure. Our findings provide a new approach
of vdW engineering for manipulating the electronic and magnetic
properties of the emergent family of two-dimensional diluted magnetic
semiconductors.

See the supplementary material for additional information about
cell parameters of multilayered Fe:MoS2 with pressures (Table SI),
pressure dependence of the d-spacings in three transition zones of
multilayered Fe:MoS2 at 300K (Table SII), the mode frequencies vs the
pressure and Gr€uneisen parameter (ci) of E2g

1(C) and A1g(C) modes
in three zones (Table SIII), the compressional force constant of out-of-
plane (Cb

c), in-plane (Cw
c), their pressure derivatives for respective

zones (Table SIV), comparison of growth methods (Table SV), ICP-
OES spectrum (Fig. S1), pressure dependence of the d-spacings (Fig.
S2) and volume (Fig. S3) of multilayered Fe:MoS2 in respective zones
at 300K, the (2xhkl)

2cos2hhkl vs sin
2hhkl plot for multilayered Fe:MoS2

at 8.6(1) GPa (Fig. S4), the deconvoluted Raman spectra of multilay-
ered Fe:MoS2 at ambient conditions (Fig. S5) and at 2.2(1) GPa (Fig.
S6), ratio of compressive forces as a function of pressure (Fig. S7), the
top view SEM images, EDX spectra and EDX spectroscopy mapping

for (a) pristine MoS2 and (b) Fe-doped MoS2 (Fig. S8) and the side
view SEM images, EDX spectra, and EDX spectroscopy mapping for
(a) pristine MoS2 and (b) Fe-dopedMoS2 (Fig. S9).
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