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Possible coexistence of magnetism and paramagnetic singularity in lightly Fe-doped WTe2
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Topological semimetals possess nodal or nodal-line phases where conduction and valence bands touch at
points or lines in momentum space, respectively. Such band touching is symmetry protected and gives rise to
exotic and interesting electronic properties. Coupling topological order with magnetism provides a platform for
exploring time-reversal (TR) symmetry breaking topological physics, such as axion electrodynamics, inverse
spin-galvanic effect, and the quantized anomalous Hall effect. The Weyl semimetal (WSM) requires breaking
either TR symmetry or lattice inversion symmetry (I). By doping inversion-symmetry-broken WSM with mag-
netic dopants, one can expect to create a WSM with both symmetries breaking simultaneously. Here, structural,
electrical, and magnetic properties of FexW1−xTe2 (x = 0 and 0.011) are reported. It is revealed that, with a
small Fe doping concentration (x = 0.011), a ferromagnetism is induced at low temperature (<10 K). Scanning
tunneling microscopy and spectroscopy measurements in Fe0.011W0.989Te2 further reveal only substitution and
no intercalated dopants being observed. The probabilities of the Fe substitutions at the two nonequivalent W
sites are quantified with equal probability. The dI/dV point spectra indicates that the Fe substitution in WTe2

manifests itself as electron doping regardless of doping sites. The results clearly reveal the possible coexistence
of magnetism and Weyl points in the lightly Fe doped WTe2 at low temperature. This provides an ideal system
for further study on the interplay between the topological Weyl points and the TR symmetry breaking.

DOI: 10.1103/PhysRevB.109.245419

I. INTRODUCTION

Ever since the realization of the topological insulators
[1–5], inducing magnetism in topological phases has been
widely pursued [6–15] for understanding the influence of
the time-reversal (TR) symmetry breaking on the topological
phases. Phenomena, such as axion electrodynamics [8,10],
inverse spin-galvanic effect [9], quantized anomalous Hall
effect [11], enhanced anomalous Hall effect [16], magneti-
cally tunable point nodes [17], and emergent domain wall
properties [18], have been reported in such systems. The Weyl
semimetals (WSM) requires the breaking of either the TR
symmetry or the lattice inversion symmetry (I). This leads
to signatures in the band structures of WSM where conduc-
tion and valence bands touch to form pairs of nodes with
opposite chirality at different points in three-dimensional (3D)
momentum space. A number of magnetic WSM have been
proposed and demonstrated, such as Y2Ir2O7 [19], HgCr2Se4

[20], Co3Sn2S2 [21], and certain Co2-based Heusler com-
pounds [22–24]. Breaking both TR and I is expected to be
unfavorable for the Weyl phase from a theoretical perspective
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[25]. Discovering how the Weyl phase is suppressed or pos-
sibly survives by breaking both symmetries owing to some
intrinsic or extrinsic reason, would be important for better
understanding of this topological phase and would help to
explore other exotic phenomena such as large anomalous Hall
conductivity and large anomalous Hall angle [26,27].

Transition metal dichalcogenides (TMDs) are layered ma-
terials with van der Waals (vdW) forces between the layers
and exhibit thickness-dependent electrical and optical prop-
erties when approaching monolayer thickness [28]. These
TMDs are hosts of both electronic correlations and novel mag-
netisms, which are the sources of many exotic phenomena,
such as Mott physics [29,30], charge density waves [31], su-
perconductivity [32–34], and large magnetoresistance [35,36].
These properties lead to variety of potential applications,
such as the catalysis of chemical reactions [37], solid-state
lubricants [38], next-generation electronics [39–41], opto-
electronics [42,43], flexible electronics [44], and transparent
electronics [45,46]. WTe2 is an unusual material, where
topology, correlations and spin-orbit coupling are all simul-
taneously important [47–49], leading to various interesting
properties, such as excitonic insulating observed in mono-
layer WTe2 [50], extremely large positive magnetoresistance
[35], electric-field switchable Berry curvature dipole [51], in-
plane interlayer sliding crystal phase switching [52], type-II
Weyl semimetal phase [53–55], charge ordering [56] and 2D
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topological insulator [47,57] with the nontrivial edge states
[48,56,58,59] that supports the quantum spin Hall effect in the
monolayer form. Since the topological Weyl semimetal and
2D topological insulator phases are sensitive to TR symmetry,
using magnetic dopants to induce magnetism in WTe2 would
offer opportunities for further investigating the exotic topolog-
ical phases and possibly opens novel pathway for topological
fermion-based electronics and spintronics.

Doping TMDs with magnetic elements has been reported
to induce local magnetic moment [60–62], such as Fe doping
in SnS2 [62,63], and MoS2 [64]; Mn doping in MoS2 [64,65],
MoSe2 [66], MoTe2 [66], and WS2 [66]; as well as Co doping
in MoS2 [64]. Even near-room temperature ferromagnetism
has been reported in Cr-doped WTe2 [60] and Fe-doped ZrS2

[61]. Interestingly, diluted magnetic doping (less than 6%) is
sufficient to establish ferromagnetic (FM) ordering on TMDs
[60–62]. It is still elusive but critical to know that if the
topological phases still exist with the induced magnetism in
these materials. Here, we aim to break TR symmetry in a
broken-I symmetry WSM − WTe2 through doping magnetic
element, Fe. Particularly, the magnetization induced with a
small Fe substitutional doping level (1.1%) in WTe2 and the
signs of the coexistence with the Weyl points are identified.

II. METHODS

Sample Preparation, EDS, XRD, and Hall Measurements.
Single crystal FexW1−xTe2 were grown by a two-step method.
First, a polycrystalline precursor was prepared by heating
the stoichiometric mixture of W, Fe, and Te at 700 °C for
two days. The precursor was then used as a source for
chemical vapor transport (CVT) growth with a temperature
gradient from 900 °C to 800 °C for two weeks using I2 as
the transport agent to obtain millimeter sized single crystal.
The compositions of the obtained crystals were determined
by energy-dispersive x-ray spectroscopy (EDS). The crys-
tal structure has been examined using x-ray photoemission
(XRD) to confirm the crystallinity of the sample. Magneti-
zation measurements were performed in a magnetic property
measurement system (MPMS3 superconducting quantum in-
terference device (SQUID), Quantum Design). Hall effect
was measured using a physical property measurement system
(PPMS, Quantum Design).

STM Measurement. For low temperature scanning tun-
neling microscopy (STM) (Scienta Omicron LTSTM) mea-
surements, a FexW1−xTe2 single crystal was attached onto
a stainless-steel sample plate using a conductive epoxy
(EJ2312, from Epoxy Technology). Samples were then
cleaved in UHV (base pressure: 1.5 × 10−10 mbar) at room
temperature prior to the STM measurements. The STM/S
results presented here were measured at 77 K with a base pres-
sure of 6.3 × 10−12 mbar. A chemically etched W tip was used
for STM/S measurements. Differential conductance (dI/dV)
were measured with lock-in technique using the modulation
frequency of 5.577 kHz and modulation voltage of 20 mV.
The STM images were analyzed using WSxM [67].

Simulation of Topographic Images. Density functional the-
ory (DFT) calculations were performed using the Vienna
ab initio Simulation Package (VASP) [68–70] based on the
projector augmented wave method [71]. The Perdue-Burke

-Ernzerhof version [72] of the generalized gradient approxi-
mation was used in the calculation. The plane wave energy
cutoff was set to 500 eV. The energies were converged to
10−4 eV. The initial ionic relaxation for the bulk crystal was
performed using 19 × 11 × 7 k-point sampling in the Bril-
louin zone and the energies were converged to 10−6 eV. The
surface calculations were performed using a 3 × 3 × 1 super-
cell of bilayer WTe2 with 12 × 8 × 1 k-point sampling in the
Brillouin zone. A vacuum layer of ∼15 Å was used between
the slabs. Van der Waals interactions were accounted for
using the DFT-D3 correction method adopted from Grimme
et al. [73] The simulated STM images were generated using
VASP [68–71] by integrating density of states from EF to
EF + 0.3 eV to compare with the experimental STM images
obtained at the same bias-voltage. The total energies of Fe
substituted WTe2 and of pristine WTe2 were also calculated
using VASP.

III. RESULTS AND DISCUSSIONS

WTe2 is a vdW material formed by stacking Te-W-Te
sandwich layers [74,75] [Figs. 1(a) and 1(b)]. Bulk WTe2

crystallizes with the space group Pmn21 and the lattice con-
stants of a = 3.496 Å, b = 6.282 Å, and c = 14.07 Å [76,77].
The crystal in its pristine phase has two nonequivalent top-
layer Te and W sites as shown in Fig. 1(b), marked by Te1, Te2

and W1, W2, respectively. Te1 and Te2 on the top surfaces are
responsible for the observed features in STM images in most
scanning conditions [77]. Te2 is positioned slightly higher
compared with Te1 along the c direction. Both the pristine
and Fe doped WTe2 single crystals used in this work were
grown by a chemical vapor transport method (see Methods).
The composition analysis was achieved through counting the
observed number of dopants per area in STM images as will
be discussed below to be 1.1%. The EDS yielded negligible Fe
peaks making it unreliable for determining the doping level.
The lattice structures were examined by XRD. Figures 1(c)
and 1(d) show the (00L) XRD peaks of pristine and 1.1%
Fe doped WTe2 samples. Close examination of the diffrac-
tion peak (002) of pristine and 1.1% Fe doped WTe2 shows
a peak shift towards a higher angle upon doping as shown
in Fig. 1(d), suggesting a decrease in interplanar spacing.
Providing a smaller ionic radius of Fe compared to W, such
a reduction implies a scenario of substitution doping at this
doping level, rather than intercalation doping which generally
expands the interlayer spacing.

The effect of Fe doping on magnetism was characterized
by magnetization measurements, as shown in Fig. 2. A quartz
sample holder was used for the measurements to minimize
the contribution of the sample holder, and consequently the
magnetic field was applied parallel to the sample cleavage
plane (i.e, the ab plane). The contribution from the sam-
ple holder was removed from the measured data to obtain
the magnetic properties of the samples. To ensure accuracy,
the measurements on pristine and Fe doped samples were
performed on the identical sample holder at the same temper-
atures. As shown in Figs. 2(a) and 2(b), despite displaying an
overall diamagnetic response [upper insets of Figs. 2(a) and
2(b)], both WTe2 and Fe0.011W0.989Te2 exhibit a field-induced
polarization behavior characterized by a strong nonlinear
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FIG. 1. Crystal structure of FexW1−xTe2. (a) Top view of WTe2 crystal structure showing the top Te layer and the W layer. The bottom Te
is hidden in this drawing. (b) Side view of WTe2 crystal structure showing three Te-W-Te layers. The unit cells are marked by solid rectangular
boxes in both (a) and (b). Te1 and Te2 represent the nonequivalent Te sites; and W1 and W2 represent the nonequivalent W sites in the crystal.
(c) XRD of the pristine and Fe0.011W0.989Te2 show narrow peaks which indicates high quality single crystals. (d) Comparison of XRD (002)
peak positions of the pristine and the 1.1 % Fe doped WTe2. Peak positions are obtained from Gaussian fitting.

field dependence near zero field. Such polarization behavior
occurring from 2 to 300 K can be clearly seen after removing
the diamagnetic background [Figs. 2(a) and 2(b), main panel].
Accompanied with the polarization is the hysteresis loops, as
shown in the lower insets in Figs. 2(a) and 2(b), from which
the remanent magnetization at zero field and coercivity from
2 to 300 K are extracted as shown in Fig. 2(e). All those
observations appear consistent with ferromagnetic behavior.

The low field nonlinear magnetization for WTe2 has been
previously reported to be attributed to defect-induced weak
ferromagnetism [60]. In our WTe2 single crystals, we in-
deed observed a very tiny amount of Te vacancies in STM
experiments as discussed later. However, such trace amount
of Te vacancies can hardly explain the substantial nonlinear
magnetization seen in Fig. 2(a). As will be shown below, the
observed temperature dependence of magnetic properties is
also hardly attributed to a vacancy-induced magnetism. In
fact, such a magnetization anomaly is more likely arising
from the spin singularity at the Weyl point. This phenomenon
was observed in topological insulators [78,79] in which each
individual gapless surface Dirac cone exhibits opposite spin
helicities for the upper and lower half of the Dirac cone. Such
spin texture leaves a singularity at the Dirac point, causing
the spins of the corresponding Dirac fermions to orient ran-
domly at zero field but align with even a small magnetic
field. Therefore, this paramagnetic response of Dirac fermions
at the Dirac point causes a low field polarizationlike feature
in magnetization measurements, which manifest into a cusp-
like feature centered at zero field in differential susceptibility
dM/dH. Because this Dirac paramagnetic singularity arises

from the spin singularity at the Dirac point and thus should be
temperature-independent, robust susceptibility cusp against
temperature variation is considered as the evidence for the
presence of such paramagnetic singularity [78,79].

In addition to topological insulators, paramagnetic sin-
gularity has also been observed in topological semimetals
due to the bulk Dirac cones [80,81]. In Weyl semimetals
such as WTe2, the lift of spin degeneracy causes the emer-
gence of a pair of Weyl cones with opposite chirality. For
each of the Weyl cones, the opposite spin textures above
and below the Weyl point are expected to give rise to a
similar singularity. Indeed, as shown in Fig. 2(c), differ-
ential susceptibility dM/d (μ0Hd ) for WTe2 is essentially
temperature-independent from 2 to 300 K. Vacancy-induced
ferromagnetism has been reported to persist up to room tem-
perature [82], but it weakens with increasing temperature [82].
Therefore, the observed anomaly in magnetism in pristine
WTe2 is most likely governed by paramagnetic singularity for
Weyl points.

For the Fe-doped samples, Fe-induced magnetism starts to
play a substantial role in mediating magnetization. Figure 2(d)
displays the differential susceptibility at zero field for the
x = 0.011 sample. Differential susceptibility at 2 K is well
above other temperatures, which, as will be shown below,
is caused by the Fe-induced magnetism. In contrast, differ-
ential susceptibilities measured above 20 K almost overlap,
which is consistent with the temperature-independent nature
of paramagnetic singularity. Figure 2(f) summarizes the tem-
perature dependence of differential susceptibilities for the
pristine WTe2 and the x = 0.011 samples. The temperature
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FIG. 2. Magnetic properties of FexW1−xTe2, (x = 0 and 0.011). (a) and (b) M vs μ0H measurements of x = 0 (a) and x = 0.011 (b) at
various temperatures ranging from 2 to 300 K with B ‖ a-b plane. Inset: Upper inset in both (a) and (b) shows the raw data before removing
the diamagnetic background. Lower inset in both (a) and (b) is the zoom-in plot of the low-field range between -0.2 T and +0.2 T, to highlight
the presence of hysteresis loop. (c) and (d) Differential magnetic susceptibility [dM/d (μ0H)] obtained from the data shown in (a) and (b),
respectively. Legend in (d) applies to all figures from (a) through (d). In (d), differential magnetic susceptibility at 2 K for the x = 0.011
sample is higher than that of measurements at other temperatures. This is due to its strong magnetization nonlinearity covering a relatively
broader field region at 2 K. At high field, differential magnetic susceptibility at various temperatures overlaps. (e) Upper panel: Remanent
Magnetization (MR) and lower panel: Coercivity (HC) vs T, obtained from (a) and (b). (f) Maximum differential magnetic susceptibility vs T,
obtained from (c) and (d).

variation of differential susceptibility for the pristine WTe2

is rather weak and is attributed to paramagnetic singularity
as discussed above. For the x = 0.011 sample, differential
susceptibility is essentially temperature independent above
20 K, but increases rapidly upon lowering temperatures below
20 K and reaches a maximum value of 0.45 emu/g T at
T = 2 K. The absence of obvious temperature dependence
at high temperatures can be ascribed to the paramagnetic
singularity for Weyl points similar to that in pristine WTe2.
Below 20 K, however, the strong increase of susceptibility is
most likely caused by the rise of ferromagnetism due to Fe
doping. As will be discussed below, Fe doping likely induces
short-range ferromagnetic correlations, which manifest into
the growth of susceptibility with reducing temperature.

Therefore, the temperature dependence for the zero-field
differential susceptibility in Fe-doped WTe2 can be under-
stood in terms of the coexistence of paramagnetic singularity
for Weyl points and ferromagnetism from Fe doping. As
shown in Fig. 2(e), remanent magnetization and coercivity of
the magnetic hysteresis loop for the lightly Fe-doped sample
are stronger than that of the pristine WTe2, implying the pres-
ence of Fe-induced magnetism. The gradual suppression of
hysteresis loop with rising temperature is also consistent with
such a scenario. However, differential susceptibility dM/dH

is expected to reduce at higher temperatures for the case
of magnetism. Hence, the observed temperature-independent
differential susceptibility in a lightly Fe-doped sample should
be attributed to the coexistence of paramagnetic singularity
and ferromagnetism. As shown in Fig. 2(f), at low temper-
atures (below 20 K), short-range ferromagnetic correlations
dominate the strong increase of differential susceptibility.
When magnetism is strongly suppressed above 20 K, the
temperature-independent paramagnetic singularity becomes
significant, and differential susceptibility is comparable with
that of the pristine WTe2. This result indicates possible co-
existence of ferromagnetism caused by Fe doping and the
Weyl points. How does the Weyl state persists upon breaking
both time reversal and inversion symmetries, and whether the
observed coexistence is due to phase separation or not, need
further investigation.

With the above picture of ferromagnetism induced by Fe-
doping, next we clarify the microscopic mechanism of the rise
of ferromagnetism. Doping in TMDs can be categorized into
surface adsorptions [83,84], intercalation [85,86], and substi-
tutions [87–90]. The Fe dopants in this work are incorporated
into the WTe2 crystals during the synthesis. Thus, the surface
adsorptions are not in consideration here. Both intercalation
and substitution have been observed in Fe-doped TMD, such
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FIG. 3. STM topographic image: (a) Atomic resolution image showing the two distinct types of defects: A (green box) and B (blue box).
Inset: crystal structure overlaid on the STM image of the defect-free region. Scale: 1 nm. (b) Line profile across the black and red arrows in
(a). (c) Te vacancy defects. Scanning condition of (a) and (c) : U = 200 mV, Iset = 500 pA.

as Fe-substituted SnS2 [62] and ZrS2 [61], and Fe-intercalated
TaS2 [91] and NbS2 [91]. As discussed above (Fig. 1), the
shrinking of interlayer spacing of the Fe-doped WTe2 implies
the substitution of W by smaller Fe ions. Fe substitution in the
lightly doped samples is further demonstrated and confirmed
by STM experiments and DFT calculations. To investigate the
doping nature of the Fe dopants in WTe2, STM/S is utilized.
Since Te2 is located higher compared to Te1, it usually appears
as brighter feature in the STM topographic image [77]. In
the crystal structure shown in Fig. 1(a), the distances between
Te2 − Te1 rows are marked as c1 (3.19 Å) and c2 (3.09 Å). Us-
ing the differences between c1 and c2, the crystal orientation
in the STM images was determined and is later compared with
DFT simulated topographic images. There are two dominant
defect types which are illustrated and labeled as A and B
shown in Fig. 3(a). Typical defects in TMDs could be vacancy
defects due to missing atoms [58]. When dopants are in-
volved, intercalations [85,86] and substitutions [87–90,92] are
expected as well. The STM images with the vacancy defects
were previously reported [93,94] and have distinctly different
appearances when compared with the defect images as shown
in Fig. 3(a). Very few vacancy defects have been observed
with similar appearances as previously reported [93–95] and
shown in Fig. 3(c), demonstrating that the crystal is of high
quality. Intercalation of Fe between the layers is also ruled
out, based on the STM topography. It is expected that the
intercalated dopants appeared in STM topographic images
as laterally diffused protrusions with lateral sizes in few nm
scale, and without interrupting the surface crystal structure
[86,96]. The images of the defects shown in Figs. 3(a) and
the line profiles of the topography near the defects shown in
3(b) exhibit clear local density of state reconstruction, and
atomic scale lateral dimensions, which are contrary to the
expected appearances for the intercalated dopants. Thus, it
is believed that these observed defects are the substitutions
of Fe at W sites in Fe0.011W0.989Te2. As already discussed,
WTe2 has two nonequivalent W sites, W1 and W2, as shown
in Figs. 1(a) and 1(b). The A and B defect types observed
are suspected to be Fe substitutions at the two nonequivalent
W sites.

To confirm that the Fe substitutions of the two nonequiv-
alent W sites are responsible for the A and B defect types,
simulated STM images of the Fe substituted WTe2 are per-
formed. Regions far away from the doped sites, such as

that shown in Fig. 4(a), agree well with the reported lattice
structure of the pristine WTe2. The brighter and the dim-
mer chains in the STM topography [Figs. 4(a)–4(c)] and in
the simulated images [Figs. 4(d)–5(f)] correspond to the Te2

and Te1 rows, respectively. The distances between the Te1

and Te2 rows [c1 and c2 shown in Fig. 4(a)] are used to
unambiguously determine the crystal orientations of the STM
images. Figures 4(b) and 4(c) shows the magnified atomic
resolution images of the defect types A and B, respectively.
The simulated STM images for the Fe substitutions at the
two nonequivalent W sites, namely W1 and W2, are shown
in Figs. 4(e) and 4(f), respectively. By comparing the features
observed in the experimental and the simulated STM images,
the doping sites, A and B, are assigned to the Fe substitutions
at W1 and W2 sites, respectively. Furthermore, nine distinct
STM topographic images were analyzed to investigate the
preferential doping site and to determine the doping level.
Figure 5 shows an example of such topographic image. Bright
spots in Fig. 5(a) are the doping sites presenting concentration
of Fe substitution on WTe2. A total of 317 dopants (Fe) were
identified in a total surface area equivalent to 14 246 unit cells
of WTe2. This indicates that 1.1% (= NA+NB

ρW ×Ncell
= 317

2 × 14246 ) of
W atoms are substituted by Fe atoms, where NA and NB are
number of A and B defects, respectively, in the total number
of unit cells (Ncell); ρW is the number of W per unit cell. In
the magnified images [Fig. 5(b)], two different types of doped
sites can be distinguished easily. These images were taken at
random locations of the sample, and it was observed that type
A and B are randomly distributed with no preferential sites. It
is revealed that there are 150 A sites and 167 B sites identified,
indicating that the probabilities of the Fe substitution doping
at W1 and at W2 sites are 47% and 53%, respectively.

The similar probabilities of the two substitution doping
sites, A and B, agree well with the calculated formation en-
ergies. The formation energy, Eform, of the Fe substitution
doping is defined [88,95] as

Eform = Etot,sc[FeWTe2] − Etot,sc[WTe2] + μ[W] − μ[Fe].
(1)

The evaluations of the formation energy can be achieved
by the following procedures.

(a) Etot,sc[FeWTe2] is the total energy of the 3 × 3 × 1
supercell of bilayer WTe2 with one Fe substitution at a
certain W site (W1 or W2). Values of these quantities are
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FIG. 4. Experimental and simulated STM images of Fe0.011W0.989Te2. Experimental STM topographic images of the (a) pristine WTe2 (far
from the defects); (b) type A; and (c) type B doped sites. Scanning condition: U = 300 mV, Iset = 1 nA. The simulated STM images of the (d)
pristine WTe2; (e) W1 substitution site; and (f) W2 substitution site. Dashed boxes represent the 3 × 3 supercells of the bilayer WTe2 used in
the simulation. Crystal structure of the top Te-W layer [Fig. 1(a)] is overlaid for showing the substitution sites in the simulated STM images.

obtained from VASP [69–71]: Etot,sc[FeWTe2] =
−699.5984 eV and −699.6014 eV for Fe substituting W1

and W2 atoms, respectively.
(b) Etot,sc[WTe2] is the total energy of 3 × 3 × 1 su-

percell of pristine bilayer WTe2 and is calculated to be
−704.6918 eV.

(c) μ[W] is the chemical potential of W in the pris-
tine WTe2 and is determined using the relation: μ[WTe2] =
μ[W] + 2μ[Te], where μ[WTe2] is the chemical potential
of WTe2 in a pristine crystal. μ[WTe2] equals to the total
energy per formula unit of WTe2, Etot,fu[WTe2]. As the unit
cell of WTe2 contains four formula units of WTe2 [as shown

FIG. 5. Density of W substitution sites. (a) STM topographic
image of the 50 × 50 nm2 surface of Fe0.011W0.989Te2. (b) STM
topographic image of 15 × 15 nm2 surface showing two different
doped sites, namely A (green) and B (blue). Scanning condition:
U = 200 mV, Iset = 0.5 nA.

in Figs. 1(a) and 1(b)], Etot,fu[WTe2] equals to 1/4 of the total
energy of WTe2 unit cell, Etot,uc[WTe2]. Thus,

(i) Etot,fu[WTe2] = 1
4 × Etot,uc[WTe2] = −22.1106 eV.

(ii) μ[Te] is the chemical potential of Te in its natural form
so it equals to the total energy per Te atom in the crystal. Te
crystallizes in trigonal structure having three Te atoms in
the unit cell. Thus, μ[Te] can be determined as 1/3 of total
energy of the unit cell of Te, Etot,uc[Te]. That is, μ[Te] =
1
3 × Etot,uc[Te] = −3.1423 eV.

Putting these together, one can get μ[W] =
Etot,fu[WTe2]−2μ[Te] = −15.8260 eV.
(d) μ[Fe] is the chemical potential of Fe in its natural form

so it can be determined as the total energy per Fe atom in
the crystal, i.e., body centered cubic (bcc). As the bcc crystal
of Fe contains two Fe atoms per unit cell, μ[Fe] equals to
1/2 of the total energy of the unit cell of Fe, Etot,uc[Fe]. So,
μ[Fe] = 1

2 × Etot,uc[Fe] = −8.2249 eV.
Putting these values together into Eq. (1), one would obtain

the formation energies of the Fe substitutions at W1 and W2

sites to be −2.5077 eV and −2.5107 eV, respectively. The
negative formation energies indicate that the Fe substitutions
are stable. The difference in the formation energies between
the two substituting sites, W1 and W2, is merely 3 meV. This
small difference in the formation energies suggests that the
substitution in both sites should be equally probable, which is
consistent with the experimental results.

Magnetism induced by low Fe doping has been observed
in a few layered materials such as SnS2 [62] and ZrS2

[61]. When a small amount of Fe is present in TMDs, the
magnetic ordering should be short-range in nature. A recent
theoretical work predicts that weak long-range FM interac-
tions in monolayer MoTe2 can occur at 15% of Fe atomic
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FIG. 6. Electron doping with Fe dopants. (a) STM topography (top panel) and dI/dV mapping (bottom panel) of a region showing both the
substitution sites A and B. Scanning condition: U = 200 mV, Iset = 0.5 nA. Locations of the spectra shown in (b) and (c) are indicated here.
(b) and (c) dI/dV spectra measured near the substitution site B, and A, respectively. Inset: zoomed in view of the dI/dV near Fermi energy.
Each spectrum in the inset is shifted vertically for better comparison. The horizontal dashed lines indicate the zero level of the corresponding
spectrum. (d) Spectrum minimum biases of the dI/dV spectra are summarized.

substitution [97]. Indeed, in the x = 0.011 sample, the STM
results (Fig. 5) have revealed a large average distance be-
tween Fe atoms, over which magnetic exchange coupling can
hardly occur. A Kondo or a Ruderman-Kittel-Kasuya-Yosida
like exchange coupling between Fe local moments may occur
through itinerant electrons. Therefore, Fe-induced ferromag-
netism is expected to be tunable by carrier density and the
amount of Fe dopant, which paves a way to investigate the
interplay between the Type-II Weyl state and the magnetism
in WTe2. As discussed above, the temperature dependence
of differential susceptibility [Figs. 2(c) and 2(d)] implies the
paramagnetic singularity from Weyl points persists in the
1.1% Fe-substituted sample, suggesting the coexistence of
the Weyl state and magnetism. Therefore, combined with the
layered structure of WTe2, the findings in this work could
further provide insights into Weyl-fermion based electronics
and spintronics.

To understand the differences of the impacts of the substi-
tution sites on the electronic properties, the dI/dV point spectra
are taken at the vicinity of both types of the substitution sites,
namely A and B. dI/dV spectra taken on the site B and A are
shown in Figs. 6(b) and 6(c), respectively. dI/dV spectra were
taken at symmetric points [sides (S1 and S2) and far (F1 and
F2)] on site A (W1 substitution) and site B (W2 substitution)
as labeled in Fig. 6(a). For comparison, the dI/dV spectrum
taken at locations far from the doping sites is also plotted as
“pristine”. Each spectrum presented in Figs. 6(b) and 6(c))
is averaged over 5 to 10 spectra taken at the same location.
It is obvious that the spectra taken at F1 and F2 are similar
to that of the pristine case. This indicates that the influences

of the Fe substitutions on the electronic wave function do
not extend too far from the substitution sites. This is further
confirmed by the dI/dV mapping in Fig. 6(a), lower panel,
where the mapping resembles the pristine regions ∼1 nm
away from the substitution sites. The shapes of the spectra
near the substitution sites (S1 and S2) exhibit different spectral
weight and the spectrum minima biases are shifted from that
of the pristine ones. It was reported that the contributions
of W in the density of states are mainly around 0.3–0.6 eV
above Fermi energy and some below the Fermi energy [98].
This explains that the Fe substitutions at the W sites lower
the spectral weight at these energy ranges, which can be
seen in Figs. 6(b) and 6(c). Furthermore, by fitting the dI/dV
spectra near the spectrum minima with a parabolic function,
the spectrum minimum biases were determined, as indicated
by the inverted triangles in the insets of Figs. 6(b) and 6(c)
and summarized in Fig. 6(d). The spectrum minimum bias of
the dI/dV spectrum taken on the pristine region is determined
to be 23.8 ± 0.3 meV. The spectrum minimum biases near
the substitution sites are all negative in the range between
0 V and -40 mV, as can be seen in Fig. 6(d). This confirms that
the contributions of the electron doping (confirmed by Hall
measurements as shown below) are almost identical between
the two Fe substitution sites in WTe2.

The electron doping upon Fe substitutions is further con-
firmed by Hall measurements. The Hall resistivity ρxy(B) of
the pristine WTe2 and doped Fe0.011W0.989Te2 are found to
show linear field dependence at 200 and at 300 K, as shown in
Fig. 7. The Hall coefficients (RH) extracted by RH = dρxy/dB
is found to be −3.01 µ� cm/T and −1.08 µ� cm/T at
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FIG. 7. Hall resistivity measurement of the 1.1 % Fe doped WTe2 and the pristine WTe2 at (a) 200 K; and at (b) 300 K.

200 K for pristine WTe2 and for Fe0.011W0.989Te2, respec-
tively. While for 300 K, the Hall coefficients (RH) extracted
by RH = dρxy/dB is found to be −2.27 µ� cm/T and
−0.97 µ� cm/T for pristine WTe2 and for Fe0.011W0.989Te2,
respectively. The linear field dependence and negative Hall co-
efficients suggest the transport is dominated by electron-type
carriers. The corresponding charge carrier densities, n, are
determined through the single band Hall coefficient, RH = 1

ne ,
where e is the elementary charge. The charge carrier (elec-
tron) densities for the pristine WTe2 and Fe0.011W0.989Te2

are found to be 2.06 × 1020 cm−3 and 5.78 × 1020 cm−3 at
200 K (2.74 × 1020 cm−3 and 6.41 × 1020 cm−3 at 300 K),
respectively. In another words, the electron density increases
with a factor of 2.8 and 2.3 at 200 and 300 K, respectively,
upon the Fe doping. This indicates that the Fe dopants pro-
vide extra electrons as charge carriers into the WTe2 crystals,
which may play a role in mediating magnetism as discussed
above. The small carrier density change revealed by Hall
effect, as well as the tiny shift of EF probed by STM as shown
above, indicate light carrier doping, which may be due to the
following factors: (1) modification of local environment led
to band shift; and (2) WTe2 is a multiband system with both
electron and hole bands at Fermi surfaces. The substitution
may cause band dependent scattering that affects Hall effect.
On the other hand, the influences of the two types of substi-
tutions on the band structures, which are related to the Weyl
points, or their influences on the scattering, which is related to
the quasiparticle interference (QPI) results, are still unclear.
Further experiments are needed to elucidate these aspects
of doping.

IV. SUMMARY

Ferromagnetism is induced due to the 1.1% Fe substitution
doping in WTe2 from the diamagnetic pristine WTe2. 1.1% Fe
doped WTe2 is also measured with STM/S in details down to
the atomic scale. The observed magnetism in undoped WTe2

is most likely due to the paramagnetic singularity of Weyl
points. Likewise, in the case of 1.1% Fe doped WTe2, FM
is most likely due to the coexistence of two effects, (i) para-
magnetic singularity for Weyl points, and (ii) Fe substitution
doping. At this doping level, WTe2 grown by CVT technique

with I2 as a transport agent shows substitution doping only. Fe
substitutions are responsible for the decrease of interplanar
spacing in Fe0.011W0.989Te2. Substitutions of W at the two
nonequivalent sites, namely W1 and W2 are equally probable,
confirmed by the STM and the formation energy calculations.
With STS and Hall measurements, Fe substitutions in WTe2

are found to introduce the electron doping and there are no
significant differences in the electron doping between the two
doping sites. The results indicate that when substituting Fe
into WTe2, no significant concerns are needed for the precise
control of the doping sites on the electron doping behavior.
These results exhibit possible coexistence of the Weyl points
and the magnetism induced by Fe dopants. Further exper-
iments are needed and encouraged to study the influences
of the two substitutions sites on the Weyl points and the
QPI behaviors.
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