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A B S T R A C T   

Diluted magnetic semiconductors (DMSs) are an important type of materials for spintronic applications. Con
ventional DMSs are typically based on transition metal doped III-V and II-VI materials such as GaAs and CdSe. In 
this work, we show that a new DMS material can be realized by transition metal doping in BaZrS3, a prototypical 
chalcogenide perovskite semiconductor. Mn and Fe elements are doped into the BaZrS3 lattice with a concen
tration of up to 5%. In particular, Fe-doped BaZrS3 exhibits room temperature ferromagnetism.   

1. Introduction 

Spintronics exploits the spin degree of freedom of electrons to realize 
information storage and logic function[1–3]. Spintronic devices offer 
advantages such as faster speed, ultra-low heat dissipation, and non- 
volatility, making them attractive for future electronics. DMSs[3–8] 
are one type of spintronic materials, where long range magnetism 
typically originates from carrier-dopant exchange interactions. 
Compared with ordinary magnetic materials, magnetism and carrier 
spin polarization in DMSs can be readily tuned by electric gating or light 
irradiation[9]. However, DMSs typically have relatively low Curie 
temperature (TC), which limit their practical applications. Room tem
perature magnetism has been found in doped and undoped oxide 
semiconductors[10–14]. However, the origin of magnetism is contro
versial, and gate and light tunable magnetism and carrier spin polari
zation in such systems remain elusive. Finding true room temperature 
magnetic semiconductor is a key challenge in the field of semiconductor 
spintronics[15–18]. 

The difficulty in realizing room temperature DMSs in either II-VI and 
III-V semiconductors, and controversy in unambiguous demonstration of 
carrier spin polarization in oxide DMSs have established the need for 
investigating new semiconducting host materials for DMSs. Recently, 
chalcogenide perovskites have received increased attention as an 
emerging ionic semiconductor family with fascinating optoelectronic 

properties[19–24]. The chalcogenide perovskites have a general for
mula of ABX3, where A represents a group II cation (e.g., Ca2+, Sr2+ or 
Ba2+), B represents a group IV transition metal (e.g., Ti4+, Zr4+ or Hf4+) 
and X is a chalcogen anion (S2- or Se2-). By replacing O with S or Se, the 
bandgap of chalcogenide perovskite is reduced to the visible-IR range. 
With extraordinarily high absorption coefficients near the visible band 
gap energy[22,25], and high stability against oxidation, moisture, and 
pressure[20,26], chalcogenide perovskites are attractive for photovol
taics and optoelectronics applications[21,27,28]. Recent work has 
shown that chalcogenide perovskite BaZrS3 can be substitutionally 
doped with Ti with a small concentration to effectively low the band gap 
[29,30]. It is therefore reasonable to postulate that Zr can be substituted 
by magnetic transition metal elements such as Mn and Fe to modify its 
magnetic properties. 

In this work, we report the synthesis and characterization of Mn and 
Fe doped BaZrS3, with the goal of achieving a new type of DMS. We 
found that Zr can be substituted by Mn and Fe by a small percentage up 
to 5%, beyond which impurity phase starts to emerge. The doped BaZrS3 
show ferromagnetic properties, with their magnetization increasing 
with increasing doping concentration. In particular, Fe-doped BaZrS3 
exhibits room temperature ferromagnetism, with a relatively large 
coercivity. 
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2. Materials and methods 

BaCO3, ZrO2, MnO2 and Fe3O4 powder (99.9% purity) were used as 
starting materials to make Ba(Zr1−xMnx)O3 powder with x = 0.0, 0.01. 
0.02, 0.03, 0.05 and Ba(Zr1−xFex)O3 powder with x = 0.02, 0.05. The 
molar ratio of Ba: (Zr + Mn) and Ba: (Zr + Fe) was 1: 1. The mixture was 
ball milled and calcinated at 1100 ◦C for 4 hr. The Ba(Zr1−xMnx)O3 and 

Ba(Zr1−xFex)O3 powder was then sulfurized using CS2. CS2 was carried 
by Ar gas at a flow rate of 16–18 ml/min. The gas flow was only turned 
on/off at 800 ◦C during temperature ramping up/down. Sodium hy
droxide solution was used for reacting with excess CS2 from the exhaust. 

Powder X-ray diffraction (XRD) spectra were acquired using a Bruker 
D8 ADVANCE system operating at 1.76 kW (40 kV, 44 mA) with a Cu 
target. The powder XRD measurements were performed under θ-2θ 

Fig. 1. a) XRD patterns of Ba(Zr1-xMnx)S3 powder samples for x = 0, 0.01, 0.02, 0.03, 0.05; The enlarged view of b) (121) peak, c) (040) peak of Ba(Zr1-xMnx)S3; g) 
lattice volume of the Ba(Zr1-xMnx)S3; d) XRD patterns of Ba(Zr1-xFex)S3 powder samples for x = 0, 0.02, 0.05. The enlarged view of e) (121) peak, f) (040) peak of Ba 
(Zr1-xFex)S3; h) lattice volume of the Ba(Zr1-xFex)S3. 
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scanning mode and continuous scanning with a step size of 0.02◦. 
Raman spectra were obtained from a HORIBA Raman spectrometer 
working under 532 nm laser excitation. The scanning electron micro
scopy (SEM) images and energy dispersive X-ray spectroscopy (EDX) 
analysis were acquired from a Focused Ion Beam-Scanning Electron 
Microscope (FIB-SEM) – Carl Zeiss AURIGA CrossBeam with an Oxford 
EDS system. The absorption spectra were collected from a Cary series 
UV–Vis-NIR spectrophotometer measured from 400 nm to 800 nm. The 
magnetic (M−H) measurements were performed using a Super
conducting Quantum Interface Device (SQUID) magnetometer (Quan
tum Design, MPMS-XL-5). 

3. Results and discussion 

XRD spectra of Ba(Zr1−xMnx)S3 power samples for x  = 0, 0.01, 0.02, 
0.03, 0.05 and Ba(Zr1−xFex)S3 powder samples for x = 0, 0.02, 0.05 are 
shown in Fig. 1a and 1d. All peaks match with the standard PDF card 
JCPDS 00-015-0327 of BaZrS3 with distorted perovskite structure (Pnma 
space group). Enlarged views of the strongest peaks (121) and (040) of 
Ba(Zr1−xMnx)S3 are shown in Fig. 1b, c, and of Ba(Zr1−xFex)S3 in Fig. 1e, 
f; It can be seen that as the doping concentration of manganese and iron 
increases, the peak positions of (121) and (040) shift to higher angles. 
The amount of shift is 0.023◦ and 0.020◦ for Mn-doped, and 0.082◦ and 
0.1◦ for Fe-doped samples, respectively, at a doping concentration of x 
= 0.05. This indicates that the volume of the lattice decreases with 
increasing doping concentration, as can be seen from Fig. 1g and 1 h. 
The volume reduction is 0.42% for Ba(Zr0.95Mn0.05)S3 and 0.94% for 
Ba(Zr0.95Fe0.05)S3. The volume reduction suggests that the Mn and Fe 
elements have been incorporated in the perovskite lattice rather than 
forming interstitials, as otherwise it would increase the volume. The 
Ba(Zr1−xMnx)S3 and Ba(Zr1−xFex)S3 lattices are stable without phase 
separation up to x = 0.05, above which impurity peaks start to appear, as 
can be seen from Figure S1. 

The Raman spectra of Ba(Zr1−xMnx)S3 and Ba(Zr1−xFex)S3 with 
different doping concentration measured at room temperature are 
shown in Fig. 2. Several Raman modes can be identified, including B1

2g, 
A6

g , B6
2g and B5

3g. There is no obvious peak shifts within our doping limit. 
It is interesting to observe that the intensity of the B5

3g peak increases 
with increasing doping concentration from 0 to 0.05. This peak was 
earlier attributed to the forbidden longitudinal-optical (LO)-phonon 
scattering of BaZrS3 observed using 676 nm resonant excitation, corre
sponding mainly to the Zr−S stretching mode[26]. In this work, the 532 
nm off-resonance excitation leads to very weak features in this wave
number region in pristine BaZrS3. However, with Mn and Fe substitution 
of the Zr-sites, the selection rules can be relaxed due to local structural 
distortion. Therefore, the increase in intensity of this mode with 

increasing doping concentration is an indication that Mn and Fe are 
substitutionally doped into the Zr-site of the perovskite lattice. 

Typical SEM images of Ba(Zr1−xMnx)S3 and Ba(Zr1−xFex)S3 powder 
samples with x  = 0.05 are shown in Fig. 3 (a) and (b). It can be seen that 
the samples possess uniform grains with grain sizes of a few microns. 
Meanwhile, the sample composition was analyzed by EDX (as shown in 
Fig. 3 (c) and (d)). The composition ratio of Ba/Zr/Fe/S is 24.93: 22.17: 
0.94: 51.96 for Ba(Zr1−xFex)S3, and Ba/Zr/Mn/S is 24.47: 21.31: 0.87: 
53.36 for Ba(Zr1−xMnx)S3. Fe and Mn concentration from EDX anaylsys 
is close to 4%, slightly lower than the nominal concentration of x = 0.05. 
There is a deviation from the stoichiometric 1:1:3 ratio with substantial 
sulfur deficiency due to sulfur vacancy formation from the high pro
cessing temperature, which is consistent with our previously work 
[21,27]. 

We characterized the bandgap of Ba(Zr1−xMnx)S3 and 
Ba(Zr1−xFex)S3 using ultraviolet–visible (UV–Vis) absorption spectros
copy, and extracted the bandgap using the Tauc plot. The Tauc plots of 
Ba(Zr1−xMnx)S3 and Ba(Zr1−xFex)S3, with different doping percentages 
are shown in Fig. 4. It can be seen that without doping, the bandgap of 
BaZrS3 is ~1.78 eV. With increasing Mn and Fe doping concentration, 
the bandgap decreases monotonically. The bandgap drops to 1.58 eV for 
Ba(Zr0.95Mn0.05)S3 as shown in Fig. 4a, and 1.63 eV for Ba(Zr0.95Fe0.05)S3 
as shown in Fig. 4b. Previous theoretical work has shown that the 
valence band maximum (VBM) states of chalcogenide perovskites are 
composed of predominantly chalcogen p orbitals, while the conduction 
band minimum (CBM) states are composed of predominantly transition 
metal d orbitals. Compared with Zr 4d orbitals, the Mn and Fe 3d orbitals 
are significantly deeper in energy. By partially replacing Zr with Mn and 
Fe, the CBM moves downward and thus narrows the bandgap. 

The substitutional doping of Mn and Fe in BaZrS3 at the Zr site is 
confirmed by Raman, XRD and UV–vis spectroscopies. The incorpora
tion of magnetic transition metal elements such as Mn and Fe in the 
lattice is expected to substantially change the magnetic properties of 
BaZrS3, which is otherwise non-magnetic. To investigate the magnetism 
of these doped samples, the magnetic hysteresis loops of Ba(Zr1−xMnx)S3 
and Ba(Zr1−xFex)S3 power samples with x = 0.02 and 0.05 were 
measured at different temperatures, and shown in Fig. 5. It can be seen 
that the magnetization increases with increasing doping concentration 
for both Mn- and Fe-doped samples. However, they show contrasting 
behaviors. For Ba(Zr1−xMnx)S3, both doping levels of 0.02 and 0.05 
show essentially paramagnetic behavior at room temperature, as seen by 
the linear field dependence of magnetization. Ferromagnetism is only 
observed at around 2 K. This is similar to that observed in Mn-doped 
semiconductor quantum dots such as CdSe and PbS[3,31–33]. In 
contrast, Ba(Zr1−xFex)S3 shows clear ferromagnetic behavior at room 
temperature for both doping concentrations, as can be seen from Fig. 5 
(c) and (d). The coercivity is unusually high for a DMS, at 3,760 Oe at 

Fig. 2. Raman spectra of a) Ba(Zr1−xMnx)S3 and b) Ba(Zr1−xFex)S3 for x  = 0, 0.02, and 0.05, measured at room temperature.  
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300 K, which then increases slightly to 3,840 Oe at 2 K, suggesting 
strong magnetic anisotropy. The origin of the room temperature ferro
magnetic behavior for Fe doped BaZrS3 remains to be unveiled. In 
conventional DMS materials such as transition metal doped III-V and II- 
VI semiconductors, magnetism is typically attributed to sp-d exchange 
interactions between the localized dopants and free carriers in the 
semiconductor host[3,4,34,35]. In chalcogenide perovskites such as 
BaZrS3, however, the conduction band edge mainly consists of d states of 
the B cation[19]. Therefore, the magnetic exchange interactions 

between dopant spins are mediated by carriers of d-character, unlike the 
traditional DMS where sp-states mediate the exchange. A stronger con
duction band spin splitting is expected due to the symmetry of mediating 
d-states, that, in turn, implies a larger induced magnetic moment of the 
carrier spins and stronger exchange coupling constant. Such a d-d ex
change between dopants and carriers may induce larger carrier spin 
polarization and it can be further controlled by concentrations of dopant 
and sulfur vacancy. The Curie temperature of such systems could be 
significantly higher than that of the traditional DMS exhibiting sp- 

Fig. 3. Typical SEM images of doped powder samples for a) Ba(Zr0.95Fe0.05)S3, b) Ba(Zr0.95Mn0.05)S3 and the EDX spectra of c) Ba(Zr0.95Fe0.05)S3, 
d) Ba(Zr0.95Mn0.05)S3. 

Fig. 4. a) Tauc plot of Ba(Zr1-xMnx)S3 powder samples for x  = 0, 0.01, 0.02, 0.03, and 0.05; b) Tauc plot of Ba(Zr1-xFex)S3 powder samples for x  = 0, 0.02, and 0.05. 
The tables in the inset show the band gap values extracted from the Tauc plot at different Mn and Fe doping percentage. 
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d exchange interactions. We suggest that this might be a viable approach 
to realize above room temperature magnetic semiconductors. The 
magnetic interactions may also be attributed to their successive spin 
polarization as mediated by the sp-orbitals of the first nearest neighbor 
anions, as theoretically explored in some transition metal oxides [5,6,8]. 
Further magneto-photoluminescence and transport measurements, 
together with detailed modeling of magnetic interactions, in BaZrS3 and 
other related materials, are needed to verify the proposed mechanism, 
and the presence of carrier spin polarization. 

It is important to rule out spurious effects as the origin of the 
observed ferromagnetism in Ba(Zr1−xFex)S3. Contaminations, precipi
tation of secondary phases and defects such as vacancies have all been 
reported to induce weak ferromagnetism in semiconductors. Since 
pristine BaZrS3 shows diamagnetism, and Ba(Zr1−xMnx)S3 and 
Ba(Zr1−xFex)S3 exhibit clearly different magnetic behaviors, despite 
identical processing conditions, this rules out contamination as the 
source of ferromagnetism in Ba(Zr1−xFex)S3. Moreover, magnetization 
increases with increasing Fe doping concentration, despite similar sulfur 
vacancy concentration, which shows that magnetism is associated with 
Fe dopants instead of sulfur vacancies. Secondary phases such as FeSx 
with a variety of stoichiometries such as Fe7O8 and Fe3S4 are stable and 
ferrimagnetic with a TC above room temperature[36,37]. However, 
these secondary phases were not observed from the XRD spectra up to 
the detection limit. The substantial sulfur vacancies in the perovskite 
phase also does not favor the formation of a sulfide impurity phase. 
Furthermore, there has been no report of a FeSx phase with strong 
magnetic anisotropy. Thus, we conclude that the ferromagnetism is 
intrinsic to Fe-doped chalcogenide perovskite BaZrS3. 

4. Conclusions 

In summary, Ba(Zr1−xMnx)S3 and Ba(Zr1−xFex)S3 powders with x 
ranging from 0 to 0.5 were synthesized. XRD and Raman spectroscopies 
suggest that Mn and Fe can be doped in the perovskite lattice at the B- 
site, up to a concentration of 5%. The systematic reduction of the 
bandgap with increasing doping concentration further confirms Zr 
substitution, which lowers the energy of the conduction band. Fe doped 
BaZrS3 exhibits room temperature ferromagnetism. This opens up an 
approach for realizing DMS using chalcogenide perovskite as a new 
semiconductor host. 
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