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ABSTRACT

The quest for pragmatic room-temperature (RT) magnetic semiconductors (MSs) with a suitable bandgap con-
stitutes one of the contemporary opportunities to be exploited. This may provide a materials platform for to bring
new-generation ideal information device technologies into real-world applications where the otherwise
conventionally separately utilized charge and spin are simultaneously exploited. Here we present RT ferro-
magnetism in an Fe-doped SnSe (Fe:SnSe) van der Waals (vdW) single crystalline ferromagnetic semiconductor
(FMS) with a semiconducting bandgap of ~1.19 eV (comparable to those of Si and GaAs). The synthesized Fe:
SnSe single crystals feature a dilute Fe content of <1.0 at%, a Curie temperature of ~310 K, a layered vdW
structure nearly identical to that of pristine SnSe, and the absence of in-gap defect states. The Fe:SnSe vdW
diluted magnetic semiconductor (DMS) single crystals are grown using a simple temperature-gradient melt-
growth process, in which the magnetic Fe atom doping is realized uniquely using Fely as the dopant precursor
whose melting point is low with respect to crystal growth, and which in principle possesses industrially unlimited
scalability. Our work adds a new member in the family of long-searching RT magnetic semiconductors, and may
establish a generalized strategy for large-volume production of related DMSs.

1. Introduction

From a pragmatic perspective, in order for MSs to function as the
building blocks in real and ideal devices in the realm of practical ap-

Many materials platforms for conceptually new information devices
and technologies have been and/or are being explored. One such plat-
form is the magnetic semiconductors (MSs) where semiconducting and
magnetic properties coexist, and in which the charge and spin degrees of
freedom can be manipulated and exploited simultaneously to realize
devices of nonvolatile logic-memory functionalities that are not possible
in conventional devices [1-13]. Therefore, seeking ferromagnetic
semiconductors (FMSs) has long been the focus of fundamental and
technological research from both academia and industry, for developing
the targeted devices that host intertwined co-spin-charge functionalities
[1-13]. An ideal ferromagnetic semiconductor for potentially making
such an objective multifunctional device has not yet been found.
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plications, it requires inevitably that the MSs exhibit magnetic critical
temperatures (T, Curie temperature for a ferromagnet) at or above
room temperature [1-13]. Besides the utmost important
room-temperature (RT) standard of T, a magnetic semiconductor needs
to host a set of essential intrinsic properties of technological relevance,
e.g., a suitable semiconducting energy gap (Eg), and high stability in air
and other working environments, etc. Finally, it is of particularly prac-
tical importance that the MSs are composed of earth-abundant elements
with complementary metal oxide semiconductor (CMOS) compatibility,
and that an industry-accepted approach is applicable to bulk production
of large-size high-quality crystals.

To quest a demandingly pragmatic FMS, numerous materials systems
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have been continuingly explored with sophisticated fabrication pro-
cesses [1-15]. In particular, doping transition-metal magnetic elements
into the parent nonmagnetic semiconductors to form diluted magnetic
semiconductors (DMSs), such as III-V magnetic semiconductors [e.g.,
(In,Mn)As, (Ga,Mn)As and (Ga,Mn)N], has been extensively pursued
using molecular beam epitaxy growth (MBE) [6-13]. However, these
DMSs normally feature a relatively low T..

Recently, the magnetic two-dimensional (2D) van der Waals (vdW)
materials have emerged into center stage of fundamental and applied
materials research. They offer unprecedented opportunities for
exploring magnetism and related exotic quantum phases in the 2D limit,
and particularly, for easily and rapidly creating various functional het-
erostructures with nearly perfect surfaces and interfaces to build new-
concept devices [1-5,16-22]. The exciting discoveries and break-
throughs in this area include the ferromagnetism in atomically thin
layers of 2D materials [23-30], the electrostatic tuning of magnetism in
atomically thin 2D crystals [25,31-33], the quantum anomalous Hall
effect [34-37], the axion insulator states [38-42], the promising ferro-
valley semiconductor [43], the prototypical spintronic devices such as a
magnetic vdW heterostructured spin filter [44-47] and a spin-orbit
torque (SOT) manipulator [48-52], among an array of others. Howev-
er, the growth of large-size vdW single crystals of RT MSs, which may
offer an on-demand and clean “LEGO” playground for fundamental
studies and device explorations, has been so far scarce.

Herein, we report experimental realization of RT ferromagnetism in
Fe-doped SnSe (Fe:SnSe) bulk single crystals which exhibit a T, of ~310
K. The Fe:SnSe has crystal structure almost the same as that of pure SnSe,
and hosts an Eg of ~1.19 eV, which is comparable to those of the most
widely used semiconductors of Si (E; ~1.1 eV) and GaAs (Eg ~1.5 eV).
This MS is implemented via in situ iron-doping from low melting point
Fel, using an industry-standard temperature gradient growth process,
which guarantees the low-cost high-volume production of large-size,
high-quality single crystals. Given the coveted combination of T, and
Eq, together with the earth-abundant and CMOS-compatible elements in
the discovered Fe:SnSe, our work might introduce a new building block
for constructing co-spin-charge-functional devices, and engineering
hybrid devices into mainstream Si platforms. Furthermore, with the
scalable growth process in which the low-melting transition-metal hal-
ogenides are used as magnetic atom doping precursors, our work may be
extended to the production of a variety of MSs with desirable properties,
offering the materials foundation for device engineering.

2. Results and discussion

SnSe is a simple compound semiconductor consisting of earth-
abundant elements with anisotropic layered vdW structure. The
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schematic atomic structures of SnSe are shown in Fig. S1, supplementary
material. It hosts remarkable electronic, optoelectronic and thermo-
electric properties (which is arguably considered the best thermoelectric
crystal known), and a suitable Eg of ~1.0-1.1 eV [53-56]. In our study,
we proposed to dope magnetic elements into the non-magnetic SnSe
semiconductor aiming at converting it into a FMS together with other
fascinating properties inherited from the parent SnSe. For this goal, we
adopted the temperature-gradient melt-growth process which is the
most cost-effective and simplest approach for bulk crystal growth. It is
known that the magnetic transition-metal elements (e.g., Fe, Co, Ni, and
Mn, etc.) normally have high melting-points, which is drastically unfa-
vorable for melt-growth. To overcome this obstacle, we first converted
the high-purity transition-metals (Fe in our experiments) into the low
melting-point iodides (Fely in our experiments) using a simple iodization
process. The low melting-point Fel, (~585 °C) produced was used as the
starting dopant precursor in the growth of Fe:SnSe single crystals (see
Materials and methods for details).

Fig. 1a shows an optical image of the as-synthesized Fe:SnSe single
crystals, featuring large sizes (centimeters in three dimensions) and
smooth layered structure. Fig. 1b and c displays X-ray diffraction (XRD)
patterns of single crystals and powders of the synthesized Fe:SnSe, as
well as those of pure SnSe for a comparison. Analyses of XRD data
demonstrate that Fe:SnSe possesses an orthorhombic unit cell (lattice
constants a = 11.49+0.01 A, b = 414+ 0.01 A, ¢ = 4.43+0.01 A)
with Pnma space group, which is nearly the same as that of pristine SnSe
(PDF#48-1224). To clarify the elemental composition in the as-
synthesized crystals, we performed X-ray photoelectron spectroscopy
(XPS) analyses. A broad Fe 2p3,» peak with intensity maximum located
at ~707.2 eV can be identified, which corresponds to the binding energy
of Fe2* 2p3 -, verifying the presence of Fe?* state in our Fe:SnSe sample
(Fig. S2). Combined with the extensive composition analyses using
energy-dispersive X-ray spectroscopy (EDX) (see below), we concluded
that the as-synthesized Fe:SnSe single crystals had a dilute Fe atomic
concentration of <1.0 at%.

With the goal to realize large-size single crystalline DMSs, we char-
acterized the magnetic properties of the synthesized Fe:SnSe and its
temperature-dependent characteristic behaviors. In line with our ex-
pectations, the obtained Fe:SnSe clearly manifested ferromagnetism at
room temperature. Fig. 2a shows a set of typical measurements of
magnetization versus magnetic field (M-H), for which the magnetic field
is applied in parallel to the (100) atomic planes of Fe:SnSe (denoted as
H)), at different temperatures of 50 K-350 K. The observation of the
well-defined M-H hysteresis loops at temperatures below 300 K dem-
onstrates clear evidence for ferromagnetism. The coercive field (H.) at
50 K is ~1960 Oe, while it decreases to ~35 Oe at 300 K (Fig. S3a). At
350 K, the magnetization signals show only a diamagnetic background
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Fig. 1. Structures of the synthesized Fe:SnSe single crystals. (a) Optical image of the as-synthesized Fe:SnSe single crystals. The crystals were synthesized with 1.3 at
% of the starting precursor Fel2 in the raw materials (Sn, Se, and Fel2). (b) XRD patterns of single crystals measured along the (100) atomic planes of Fe:SnSe and
SnSe. (c) Powder XRD patterns of Fe:SnSe and SnSe crystals. The powders were made from bulk single crystals by thoroughly grinding in an agate mortar.
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Fig. 2. Magnetic properties of Fe:SnSe crystal. (a) M — H hysteresis loops under H| field at temperatures from 50 K to 350 K. (b) In-plane remanent magnetization
versus temperature. (¢) M — H hysteresis loops under H, field at temperatures from 50 K to 350 K. (d) Out-of-plane remanent magnetization versus temperature. The
remanence measurements were performed by first applying a magnetic field of 20000 Oe at 50 K, and then after a demagnetizing process the remanent magnetic

moments were measured with increasing the temperatures from 50 K to 350 K.

(see inset in Fig. 2a). Measuring the remanent magnetization as a
function of temperature (Fig. 2b) revealed a clear transition that the
complete loss of magnetic moment occurred at ~310 K, corroborating a
Curie temperature T. of ~310 K. This is further verified by the tem-
perature dependence of magnetization (M-T) measured under both field
cooling (FC) and zero-field cooling (ZFC) regimes, as shown in Fig. S4a,
which clearly displays a ferromagnetic to non-magnetic transition at
~310 K.

A series of magnetization measurements performed with the applied
magnetic fields perpendicular to the (100) atomic planes (denoted as
H,) gave similar results (Fig. 2c and d). However, the perpendicular
ferromagnetic properties of Fe:SnSe exhibit a lower coercivity but a
higher saturation magnetization (M) compared to those measured in
plane (Fig. S3). This indicates the presence of anisotropic ferromagnetic
properties in the Fe:SnSe ferromagnets. The perpendicular remanence
measurements (Fig. 2d) demonstrated that the ferromagnetic signal
vanished at ~309 K (inset in Fig. 2d), consistent with the M-T mea-
surements under FC and ZFC conditions (Fig. S4b). The critical tem-
peratures obtained from H, and H show good consistency.

The M-T and M-H measurements clearly verify that the synthesized
crystals remain ferromagnetic above room temperature. Furthermore,
the synthesized Fe:SnSe crystals possess both in-plane ferromagnetic
ordering and inter-plane ferromagnetic coupling with respect to the
(100) atomic planes. Measurements on pure SnSe crystals provided only
diamagnetic signals from RT to low temperatures (Fig. S5), excluding
the assignment of ferromagnetic signal to SnSe. Therefore, we have
synthesized large-size Fe:SnSe single crystals in which both the aniso-
tropic in-plane and out-of-plane ferromagnetic ordering persist to above
room temperature.

We employed high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) to characterize the atomic

structure of Fe:SnSe crystal. Fig. 3a shows an atomic resolution STEM
image of Fe:SnSe. The atomic structure and STEM contrast observed
along the [010] zone axis of Fe:SnSe demonstrate an armchair-like
atomic configuration which show consistent features with those of
pure SnSe [53-56]. The selected area electron diffraction (SAED) pat-
terns shown in Fig. 3b and atomic lattice distances revealed in Fig. 3a
further confirm that our Fe:SnSe possesses crystal structure almost
identical to that of SnSe, which are in agreement with an orthogonal
structure with lattice parameters of a = 11.48 ;\, b =4.17 f\, and ¢ =
4.44 A and a space group of Pnma (#62). Quantification of the elemental
compositions using EDX inside the STEM, as shown in Fig. 3c, reveals
that the Fe atomic concentration in the Fe:SnSe sample is less than 1.0 at
%, which agree with that of XPS analyses.

We acquired atom-resolved elemental mappings of Sn, Se and Fe
(shown in Fig. 3e-h). The Sn and Se atomic sites agree reasonably well
with those revealed in STEM atomic resolution image where larger and
brighter spots correspond to Sn atoms (Fig. 3d). While, through
exhaustive STEM experiments, we found that it were difficult to clearly
distinguish the Fe atoms from Sn and Se in the contrast-corrected STEM
images and atom-resolved EDX mappings though Fe (Z = 26) has a
smaller atomic number than Sn (Z = 50) and Se (Z = 34) atoms. This
may be because the Fe content in our Fe:SnSe is too low to be clearly and
directly identified. However, EDX mapping elemental distributions at
low magnifications in the STEM demonstrate that Fe atoms are clearly
visible over large area and seem to uniformly distribute in the crystals
(Fig. S6 and Fig. S7).

In our control experiments, we have prepared Fe:SnSe crystals with
different atomic ratios of the starting precursor Fel, from 1.0 at% to 5.0
at%. However, it was found that atomic doping concentration of Fe had
a limited tunability, which almost did not exceed 1.0 at% in all the Fe:
SnSe products. This may be attributed to the high energy barrier for Fe to
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Fig. 3. STEM characterizations of Fe:SnSe crystal. (a) High resolution STEM image of Fe:SnSe acquired along the [010] zone axis. The ball-and-stick model of Sn-Se
atomic armchair rows is superposed on the STEM image to locate Sn and Se atoms. The measured lattice plane spacings are d(100) = 11.50 A and d(gp;) = 4.50 A. (b)

SAED pattern corresponding to (a). The measured lattice parameters for (100), (001) and (101) atomic planes are d(;o0) = 11.48 A, doory = 4.44 A, and daony =

4.17 A, respectively. (c) EDX spectra of Fe:SnSe. The inset shows the zoomed-in EDX spectra around the Fe Ka peak. (d-h) Atomic resolution STEM image and the
corresponding elemental mappings of Sn, Se, and Fe, respectively. The brown balls and the yellow-dotted rectangles in (d,e,h) are marked to try to locate one of the
Fe contrasts in (h). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

replace other metal atoms in 2D vdW materials [28,57,58]. Considering
that Fe is a transition metal element, we suggest that Fe might substitute
the Sn host site, similar to those demonstrated in other Fe-doped tran-
sition metal dichalcogenides (TMDs) vdW materials [28,29,57,58].
Indeed, our preliminary density functional theory (DFT) calculations
showed that that a substitution of Sn host site with Fe was thermody-
namically favored (see Fig. S8 in supplementary material). This is
further supported by our atomic-scale measurements of local atomic and
electronic properties of Fe:SnSe using scanning tunneling micro-
scopy/spectroscopy (STM/STS) and qPlus atomic force microscopy
(gPlus AFM).

Fig. 4a shows a typical large-area STM topographic image of freshly
cleaved Fe:SnSe(100) surface. The most obvious feature is that there
exist much more defects in Fe:SnSe, which present distinct STM con-
trasts, compared with pure SnSe (Fig. S9a). According to the STM con-
trasts at different biases, the defects are generally categorized into defect
1 to 4 as marked in Fig. 4a. Among these defects, defect 2 is dominant.
Closely examining the atomic structure of defect 2 revealed that it might
be originated from Fe substitution of Sn. Though STM topographic
image appears that there is a lattice distortion around defect 2
(Fig. S10), the atom-resolved qPlus AFM image (Fig. 4b) reveals that the
atomic plane is smoothly continuous around defect 2 and the Sn site is
replaced by a smaller atom (the one at the center of the white-dotted
circle in Fig. 4b). This type of defects is the uniquely characteristic
one in Fe:SnSe; no such defect is observed in pure SnSe. This supports
our deduction that it originates from the substitutional Fe at the Sn site.

The lattice constants measured by both STM and AFM on Fe:SnSe
(100) surface are consistent with those of pure SnSe [Fig. S9 and
Fig. S10], which is in agreement with our XRD and TEM results.
Importantly, we did not observe clusters through thorough STM exam-
inations on the Fe:SnSe(100) crystal surfaces freshly cleaved under ul-
trahigh vacuum in the STM preparation chamber; this is consistent with
STEM imaging and EDX mapping results. The experimental data sug-
gests that the formation of clusters seems unlikely to happen in the vdW

inter-layer space of SnSe atomic planes.

STS spectra (Fig. 4c and d) of Fe:SnSe highlight its p-type semi-
conductor characteristics with measured Eg of ~1.19 eV, comparable to
that of pure SnSe (Eg ~1.15 eV in our STM measurements). This energy
bandgap is comparable to those of the most widely used industrial
semiconductors of Si (Eg ~ 1.1 eV) and GaAs (Eg ~ 1.5 eV). Of particular
importance here is that, as shown in Fig. 4c, the STS spectra acquired
from Fe:SnSe manifest no presence of in-gap defect states no matter
where they are measured (either acquired from the smooth areas or just
from the different defect sites). This characteristic also implies that the
substitutional doping of Fe atoms takes place, since either interstitial
and/or intercalated Fe atoms would probably introduce atomic in-gap
defect states within SnSe’s pristine bandgap. The absence of in-gap
defect states and the fact of bandgap values keeping constant
throughout the crystal feature a unique character of the synthesized Fe:
SnSe, which may offer a compelling advantage for its applications in
electronic and optoelectronic devices.

We note that further theoretical and experimental work is needed to
understand the origin of RT ferromagnetism as well as to study the
atomic and electronic structures in the synthesized Fe:SnSe. However,
we expect that, together with the RT ferromagnetism, an appropriate Eg,
the absence of in-gap defect states, and other fascinating properties
possibly inherited from the parent SnSe semiconductor (such as the
record-setting thermoelectric performance), the obtained Fe:SnSe may
provide a materials foundation for future explorations. For example,
considering its wafer-volume production and atomically smooth vdW
surface and interface, it can be used directly as a magnetic semi-
conductor substrate for the fabrication of various exotic electronic and
optoelectronic devices, which offer an integrated solid-state magnetic
environment for achieving and manipulating unique functionalities.
When exfoliated into atomically thin layers, it can serve as the magnetic
tunneling barriers and/or as an essential component to construct various
vdW heterostructures for building high-performance new-concept
spintronic devices and/or artificial quantum materials. These coveted
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Fig. 4. STM and AFM characterizations of the Fe:SnSe. (a) Large-area STM image revealing the high density of defects. STM imaging parameters: bias voltage V}, =
— 1.3V, tunneling current I, = 10 pA. (b) Atom-resolved qPlus AFM image (Af = — 5.95 Hz) acquired from the region marked by the black-dotted rectangle in (a).

The surface lattice constants are measured to be 4.48 +-0.01 A and 4.15 + 0.01 A along the armchair (AC) and zigzag (ZZ) directions, respectively. They are
consistent with those measured on pure SnSe with cac = 4.44 + 0.01 A and bzz = 4.16 £0.01 A (Fig. S9 and Fig. S10). The white-dotted circles in (b) and in Fig. S10
enclose the same defect which represents a characteristic defect 2 in (a). (c) STS spectra measured from smooth Fe:SnSe surface (the red curve) where is free of
defects, and from the sites of defects 1-4 marked in (a). (d) A comparison of STS spectra between Fe:SnSe and SnSe. The measured p-type Eg for SnSe is ~1.15 eV. The
black and red triangles in the inset STM images mark the regions on SnSe(100) and Fe:SnSe(100) surfaces from where the STS spectra have been acquired. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

opportunities to be explored might make the synthesized Fe:SnSe RT
ferromagnetic semiconductor attractive as the versatile “LEGO” com-
ponents for future materials and device engineering.

3. Conclusions

In summary, using a simple temperature-gradient melt-growth pro-
cess, we have grown large-size (centimeters in three dimensions) vdW
Fe:SnSe bulk single crystals in which the intrinsic semiconducting (Eg
~1.19 eV) and RT ferromagnetic (T, ~310 K) properties coexist. In the
growth process, we use the low melting point Fel; as the dopant pre-
cursor to achieve an effective Fe atomic doping into the pristine SnSe
semiconductor, which is free from expensive facility and complicated
techniques. This scalable process may be applicable to the growth of a
variety of MSs and other exotic quantum materials that need doping
with high melting-point transition-metal atoms, which is otherwise
difficult to achieve if pure transition-metal elements are used. We have
grown Fe-doped SnSe; (Fe:SnSe;) DMS single crystals with centimeter-
scale sizes, which host a T, of ~320 K, higher than that of Fe:SnSe,
using this cost-effective and scalable growth process.

4. Materials and methods
Synthesis of Fe:SnSe and SnSe single crystals. The iron-doped

SnSe (Fe:SnSe) and pristine SnSe single crystals were grown using a
modified temperature-gradient melt-growth method. In the growth of

single crystals, high purity (99.9999 %) Sn and Se granules were used as
the starting materials. For Fe:SnSe single crystals, besides Sn and Se,
high purity Fel, (purity better than 99.95 %) was used as the Fe doping
precursor. The Fel, was synthesized via a simple iodization reaction of
iron powders (purity 99.99 %) and iodine granules (purity 99.99 %) at a
temperature of 520 °C, which were vacuum-sealed in a quartz tube at 5
x 107> Torr. Sn, Se and Fel, granules with the designed stoichiometric
atomic ratios and a total weight of about 30 g were loaded into a quartz
ampoule with an inner diameter of 11 mm. Then the ampoule was
evacuated to <5 x 107> Torr and sealed. The primary ampoule was
inserted in another quartz tube with inner diameter of 16 mm, and was
evacuated and sealed to protect the sample and ampoule. The double-
sealed quartz tubes were loaded into a tubular furnace at a 15° angle
from the horizontal plane. The samples in the furnace was slowly heated
to 980 °C over 30 h, soaking at this temperature for 48 h, and then
cooling from 980 to 500 °C with a precisely controlled cooling rate of
1°Ch™!. After cooling the furnace to room temperature, the synthesized
SnSe and Fe:SnSe single crystals were taken out from the quartz ampoule
and used for the experiments.

XRD, STEM and XPS characterizations. X-ray diffraction analyses
were carried out using a Rigaku SmartLab SE X-ray diffractometer with
Cu Ko radiation. HAAD-STEM observations were carried out using a
Talos F200X G2 probe-corrected scanning transmission electron micro-
scopy equipped with an energy-dispersive X-ray spectroscopy (EDX).
The STEM analyses were performed at an acceleration voltage of 200 kV
with a spatial resolution of ~1.4 A. XPS measurements of both of SnSe
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and Fe:SnSe single crystal samples were carried out using an ESCA-
LAB250Xi XPS spectrometer, where Al Ka X-rays were used.

STM/STS and qPlus AFM measurements. STM, qPlus AFM, and
spectroscopy experiments were carried out in an ultrahigh vacuum
(UHV) low temperature STM system (CreaTec). STM topographic im-
ages were acquired in constant-current mode. The dI/dV spectra were
measured using the standard lock-in technique with a bias modulation of
8.0 mV at 711.333 Hz. The STM tips were chemically etched tungsten,
which were further calibrated spectroscopically against the Shockley
surface states of cleaned Cu(111) or Au(111) surfaces before performing
measurements on the freshly cleaved SnSe and Fe:SnSe single crystals
(the Fe:SnSe and SnSe crystals were cleaved in-situ in a preparation
chamber under ultrahigh vacuum at room temperature). For the qPlus
AFM measurement, the tip was decorated with CO by picking up a single
molecule from an Ag(100) surface. The parameters for picking up CO
were sample bias of Vi, = 40 mV with tunneling current I, = 100 pA.
The AFM imaging was performed by frequency modulation (FM-AFM)
with a constant amplitude of A = 100 pm. The resonance frequency of
the AFM probe was fo = 24.5 kHz and its quality factor Q was 47962 at
~5.0 K.

Magnetization measurements. Temperature- and magnetic field-
dependent magnetization measurements were performed using the
vibrating sample magnetometers (VSM) in a superconducting quantum
interference device (MPMS3, Quantum Design) and a physical property
measurement system (PPMS, Quantum Design). The measurements were
carried out in two types of magnetic fields applied with respect to the
orientation of crystals. One was that the magnetic field was applied in
parallel to the (100) atomic planes (denoted as H|). Another was applied
perpendicular to the (100) atomic planes (denoted as H, ). The Fe:SnSe
single crystal slices with weight of ~5 mg were cleaved from the as-
grown crystal ingot for the magnetic measurements. The freshly
cleaved slice was glued on a standard quartz sample holder using wax
for magnetization measurements under parallel H) field, while a special
quartz holder on which the crystal slices were placed horizontally was
used for the measurements under perpendicular H, .

DFT calculations. DFT calculations were performed using the same
methods described in Refs. 59-62. Grimme’s semiempirical D3 scheme
[63] for dispersion correction was employed to describe the vdW in-
teractions in combination with the Perdew-Burke-Ernzerhof functional
(PBE-D3) [64]. On-site Coulomb interactions on Fe 3d orbitals were
considered with U = 4 eV. A uniform Monkhorst-Pack (MP) k-mesh of
14 x 14 x 6 was adopted for integrating over the Brillouin zone of a
SnSe unit cell. The shape and volume of the unit cell of pristine SnSe was
fully optimized and all atoms were allowed to relax until the residual
force per atom was less than 0.01 eV/A. An orthorhombic 4 x 4 x 4
supercell was used for predicting magnetic properties of SnSe bulk
crystals with low defect density, in which a MP k-mesh of 4 x 4 x 1 was
used. A kinetic energy cutoff of 400 eV for the plane-wave basis set was
used for both structural relaxations and electronic structure calculations
of defective SnSe bulk crystals.
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