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Abstract: The non-trivial topology of electronic bands in Weyl semimetals originates from band
inversion due to strong spin—orbit coupling. The Weyl semimetals have pairs of Weyl gap-less
nodes in the bulk Brillouin zone. The tungsten ditelluride WTe, likely belongs to type II Weyl
semimetals. Doping WTe, with magnetic ions could induce magnetic ordering in this crystal,
which provides prospects for practical applications. We studied the magnetic properties of the iron-
doped single crystals Fep g3Wy 97 Te,, annealed and unannealed, in comparison with the undoped
WTe;. Measurements of the dc magnetization were carried out from 1.8 to 400 K. We revealed
pronounced ferromagnetic ordering that was affected by annealing. Anomalies associated with
antiferromagnetism and paramagnetism were also found. The magnetic order was suppressed
by a field of 60 kOe. The rise in susceptibility with increasing temperature was observed at high
temperatures in all samples and was treated using a model developed for Weyl semimetals. The
Curie-Weiss law fit at 60 kOe showed that the effective magnetic moment was close to that of Fe?*.
Metamagnetism was demonstrated for the unannealed doped WTe, crystal. The data for the heat
capacity of the iron-doped sample agreed with results for the undoped WTe,.

Keywords: type II Weyl semimetal; iron-doped WTe;; magnetic ordering; metamagnetism

1. Introduction

Weyl semimetals (WSM) are three-dimensional topological materials [1-3]. The
non-trivial topology of electronic bands in WSM originates from band inversion due
to strong spin-orbit coupling. This is related to the violation of the time-reversal sym-
metry (T-symmetry) [4-6] or the lattice inversion symmetry (P-symmetry) [7-10] and
is associated with the existence of pairs of gap-less Weyl points with opposite chiral-
ity in the bulk Brillouin zone of WSM. The surface Brillouin zone comprises the Fermi
arcs, which connect the projections of the Weyl nodes [1]. It was suggested that the non-
centrosymmetric tungsten and molybdenum ditellurides, WTe; and MoTe,, the mixed ditel-
lurides MoxW1_Te; [11-19] and the Heusler alloy LaAlGe [20] belong to type II WSM.
While the attribution of WTe; to WSM raised doubts [21], recent studies agreed with
its non-trivial topological nature [17,22-24]. The electron and hole bands in type Il WSM
have touching points and form tilted Weyl cones with a finite density of states at nodes [25],
whereas the Fermi surface in type I WSM shrinks to zero at the Weyl points. In addition,
the Lorentz invariance in type II WSM is broken because of tilted Weyl cones. The pairs
of Weyl points in WSM can be considered as Dirac points separated owing to breaking
symmetry [1,2]. The tungsten ditelluride was well known before it was attributed to WSM
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as a good thermoelectric material [26]. WTe; also showed the temperature-driven Lifshitz
transition [27], the non-saturated magnetoresistance probably related to the hole and elec-
tron compensation [28,29], and anisotropic non-linear magnetoresistance [30]. Recently, a
metallic ferroelectricity was experimentally confirmed in WTe; [31]. It was shown in [32]
that the stacking order and symmetry in WTe; can be drastically affected by special op-
tical excitation. Great interest was caused by the behavior of WTe; monolayers, which
demonstrated a strain-induced transition into a topological phase [33], the properties of
an excitonic insulator [34], and an anomalous Hall effect in the heterostructure with a
ferromagnetic insulator [35].

Doping the topological materials remarkably influences their behavior. For instance,
the magnetic ordering emerges in the BiySe; topological insulator doped with chromium
ions, which allows observing the anomalous quantum Hall effect in the internal fields [36].
Coexistence of several types of magnetic orders was found for the Cr-doped Bi;Ses in [37].
Doping the Big 97— xSbg.o3 topological insulators with magnetic Ni and Fe ions was found
in [38] to affect the magnetoresistance. In addition, the metamagnetic hysteretic behav-
ior was observed in [37], which differed from hysteresis loops considered for the anti-
ferromagnetic topological materials [39,40]. Strong effects of doping were observed in
topological semimetals. Doping with S and Ir ions led to the pronounced enhancement
of superconductivity in a MoTe; single crystal [41,42]. Theoretical studies showed that
doping with magnetic ions can produce a topological phase transition from a Dirac to a
Weyl semimetal [43]. The experimental evidence was obtained for the Mn-doped Dirac
semimetal VAl [44]. As a result of doping the Weyl semimetallic state coexisted with the
Kondo effect. Ni doping was shown to reduce the rise of the resistance with increasing
magnetic field in WTe; [45], which agrees with general effect of the disorder on the magne-
toresistance [46]. However, the magnetoresistance was found to be increased by p doping
in WTe, likely due to better carrier compensation [47]. The potassium intercalation in
WTe; induced superconductivity below 2.6 K [48]. The impact of Fe doping on the WTe,
transport properties was recently reported in [49,50]. Substituting Fe for Te induced the
metal-insulator transition and changes in the transport. Magnetic ordering was recently
found only in the crystalline chromium-doped WTe; [51]. The temperature dependence
of magnetization was measured at a field of 1 kOe. Ferromagnetism was noticed below
room temperature. The findings for doped topological materials open new possibilities
for tuning electronic properties, which can be of great importance for applications [52-55].
However, more various doped WSM should be studied to outline the prospective trends.

Here, we present results of magnetic studies of the iron-doped single crystals Fey i3 Wo 97 Tes,
which were compared with the data for the non-doped single-crystalline WTe,. Detailed
measurements show ferromagnetic ordering with the phase transition above room temper-
ature at low magnetic fields. Strong anisotropy of magnetic properties is observed. The
impact of annealing is seen. Ferromagnetism coexists with paramagnetic behavior, as well
as with additional anomalies at low temperatures. Metamagnetism is demonstrated, which
is characterized by hysteresis loops typical for the itinerant nature.

2. Sample and Experiment

The tungsten ditelluride WTe, (TD) single crystal and its iron-doped Fe( g3 W 97 Tez
counterpart were grown by the chemical vapor transport method with iodine as the trans-
port agent. The process of the crystal growth was carried out in an evacuated quartz-glass
ampoule over three weeks [56]. Plates for magnetic measurements were split from the
grown ingots perpendicular to the crystalline c axis. One plate of the iron-doped tungsten
ditelluride before measurements was annealed at T = 1183 K for two hours followed by
water quenching while another plate was studied as it was grown. The annealed and unan-
nealed iron-doped tungsten ditelluride were denoted as FeTDa and FeTD, respectively. The
weights of the FeTD, FeTDa, and TD samples were 3.96, 6.32, and 23.53 mg, respectively.
The undoped WTe; was not annealed. The layered WTe; crystal has an orthorhombic,
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non-centrosymmetric Td lattice structure (space group Pmn21) [57]. The structure of WTe;
keeps stable with changing temperature [58,59].

The X-ray diffraction carried out at room temperature confirmed that both the doped
and undoped samples belonged to the Td symmetry and were single crystalline. The X-ray
diffraction spectra for the undoped and doped WTe, are shown in Supplemented Materials,
Figure S1. The tiny differences in the X-ray peaks between the doped and undoped samples
can be caused by some disorder induced by doping. The Td lattice consists of Te-W-Te
triple atom layers bounded by weak van der Waals interactions, while the intralayer bonds
are covalent. The triple layers are stacked up along the c-axis. The unit cell comprises four
formula units. Iron ions substitute for tungsten. An example is shown in Figure 1a.

(a) (b)

Figure 1. (a) Crystalline lattice of WTe,. An example is shown of iron substitution for tungsten.

(b) The element mapping images of the FeTD.

The nominal composition was close to that obtained by Tescan Mira SEM equipped
with Oxford Instruments INCA x-act EDS spectroscope and electron backscatter diffraction
(see Figure S2 in Supplemented Materials). The elemental mapping obtained for FeTD and
FeTDa confirmed that Fe doping was homogeneous without iron agglomeration (Figure 1b).
This suggests that the magnetic properties reported in the present work do not appear
because of segregated magnetic phases.

Dc magnetization M was measured using a Quantum Design MPMS SQUID magne-
tometer (SQUID VSM). The temperature range of measurements was from 1.8 to 400 K. The
magnetic field changed up to 70 kOe. The temperature dependence of M was monitored
under the ZFC and FCC protocols at warming after cooling in zero field and subsequent
cooling in fields. The bias magnetic field was oriented either along or perpendicularly to
the crystalline c-axis. The M(H) isotherms were also obtained at cycling field. The heat
capacity was measured on a Quantum Design Physical Property Measurement Systems
PPMS-9 + Ever-Cool-II using the built-in procedure at temperatures from 1.9 to 300 K in
fields from 0 to 1 kOe. A magnetic field was applied along the c-axis.

3. Results and Discussion

Figure 2 shows the temperature dependences of susceptibility x for the FeTD sample
at a magnetic field of 100 Oe in two sample orientations c||H and c1 H. Pronounced
bifurcations of the ZFC and FCC curves can be seen below 300 K, which evidence the
emergence of the ferromagnetic ordering. The ferromagnetic phase transition temperature
decreases down to approximately 170 and 20 K with increasing magnetic field to 1 and
10 kOe, respectively (Figure 2a). In contrast, the ferromagnetic transitions did not shift
noticeably and remained below room temperature in the Cr-doped WTe, [51] when the
magnetic field increased from 0 to 1 kOe.
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Figure 2. Temperature dependences of the dc susceptibility for FeTD at two orientations obtained in
magnetic fields shown in the panels. Open and closed symbols are ZFC and FCC.

At the field 60 kOe, the ferromagnetic transition shifts below the lower limit of our
measurements as the ZFC and FCC susceptibilities run close to each other. At the fields
100 Oe and 1 kOe, we can see humps on the ZFC curves for the cL H orientation (Figure 2a),
which demonstrate the second, low-temperature, ferromagnetic transition. This transition
moves to low temperatures when magnetic field increases from 100 Oe to 1 kOe. The
similar humps are not seen for another sample orientation. Instead, a ZFC susceptibility
peak appears neat 10 K. The magnetic anomalies associated with the second ferromagnetic
transition are not observed at the fields 10 and 60 kOe (Figure 3) due to a reduction in its
temperature. Figure 2 shows a remarkable rise of both ZFC and FC susceptibilities with
decreasing temperature below 10 K. Such behavior likely corresponds to the paramagnetic
contribution, which becomes noticeable at low temperatures on the background of ferro-
magnetism. The magnetic susceptibilities at 60 kOe anomalously rise from approximately
250 to 400 K. The rise is weaker for the c L H sample orientation. For the c||H orientation,
the similar rise of the susceptibility can be also seen at lower fields (Figure 2a).

The inset in Figure 3b shows the temperature dependences of the ZFC and FCC
susceptibilities for the undoped TD plate at 1 and 60 kOe. The ZFC and FCC curves
coincide within the whole temperature range of our experiments in agreement with the
non-magnetic nature of this WSM.

The susceptibilities are noticeably smaller than the relevant values in the doped FeTD
and are negative confirming its diamagnetic properties [60]. Weak paramagnetism below
60 K might be caused by small amount of magnetic impurities or defects. However, we
should emphasize the rise of susceptibility above 60 K, which is similar to the behavior of
X in the iron-doped FeTD sample.

The magnetization isotherms M(H) for FeTD in two orientations c||H and cL H at
several temperatures are shown in Figure 4a,b, respectively. The hysteresis loop obtained at
5K in the orientation c|| H is typical for metamagnetism [61]. The descending and ascending
branches of the hysteresis loop merge with the virgin magnetization and with each other
at the origin H = 0, M = 0. The hysteresis loops obtained at 15 K in the orientation c||H
(Figure 4a) and at 2 K in the orientation cL H (Figure 4b) represent both the ferromagnetic
and metamagnetic features. The magnetization isotherms in Figure 4a,b are far from
saturation at a field of 70 kOe.
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Figure 3. Temperature dependences of the dc susceptibility for FeTD at 60 kOe. The inset in the panel
b shows the dc susceptibility for the undoped TD. The solid line is the fitting curve described in
the text. The sample orientations and magnetic fields are indicated in the panels. Open and closed
symbols are ZFC and FCC.
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Figure 4. (a) Magnetization isotherms for FeTD in the c|| H orientation. (b) Magnetization isotherms
for FeTD in the c | H orientation at 2 K. The arrows show the directions of field changes.
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Temperature dependences of susceptibility for the annealed FeTDa single crystal are
shown in Figure 5 at the sample orientation c||H. Ferromagnetic ordering with the phase
transition above 400 K at 100 Oe is evidenced by strong bifurcation of the ZFC and FCC
curves. This ordering is not seen in the whole temperature range of our experiments at
the magnetic field 60 kOe. Other magnetization anomalies associated with phase transi-
tions appear on the temperature dependences at fields 100 Oe and 1 and 10 kOe below
room temperature; however, they are completely smoothed down at 60 kOe. Note the
pronounced rise in the susceptibility at low temperatures. In 60 kOe the behavior of sus-
ceptibility is described by the Curie law within a limited temperature range from 125 to
265 K (see the inset to Figure 5b). In this range the susceptibility follows the relationship
X(T) = C/(T — ©) + xo, where the Weiss temperature © = 123 K, the Curie-Weiss
constant C = 1.93 x 1074 emu - g/K and the temperature-independent diamagnetic contri-
bution x¢ = 1.03 x 10-8 emu/g. The Curie-Weiss constant allows evaluating the effective

magnetic moment of Fe ions: p.rr = 1/3kgC/N 1%, where kg is the Boltzmann constant, N
is the number of the iron ions per gram, yp is the Bohr magneton. This gives pi,rr = 4.7up,
which is close to the effective moment of FeZ* [62].

cll H
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10 kOe 60 kOe
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| S S ST W [N ST W SN S [N SN S W S | of TS
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Figure 5. Temperature dependences of the dc susceptibility for FeTDa in the c||H orientation at

200 300 400

different fields indicated in the panels. The inset in the panel (a) shows the scaled susceptibility. The
inset in the panel (b) shows the inversed susceptibility x ' (T). Open and closed symbols are ZFC
and FCC.

The magnetization isotherms M(H) for FeTDa in the orientation c||H are shown in
Figure 6. The hysteresis loops are observed from 2 to 320 K (see the lower inset in Figure 6).
The temperature dependence of coercitivity Hc calculated from the loops is presented in
the upper inset to Figure 6.
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Figure 6. Magnetization isotherms for FeTDa in the || H orientation at temperatures indicated in the
panel. The upper inset shows the temperature dependence of the coercitivity Hc(T). The lower inset
shows the central parts of the isotherms. The arrows show the directions of field changes.

The heat capacity C of FeTD in zero magnetic field is shown in Figure 7. Measurements
were also carried out at 0.5 and 1 kOe. The variations of C/T versus T? obtained in different
magnetic fields are shown in the inset in Figure 7. The plot in the inset demonstrates the
validity of the relationship C = 7T + BT at low temperatures below 5 K, which describes
the contribution of the electron and phonon systems [62]. Here, the Sommerfeld constant
v =57m] mol ! K1 and the phonon coefficient § = 1.4 m] mol ! K™%, The Debye
temperature 6 can be found using the coefficient B: 6 = 161 K. The calculated values of
the Sommerfeld constant and Debye temperature agree well with the studies of the WTe,
single crystal in [63]. Note, that the application of the magnetic field does not noticeably
affect the heat capacity in the iron-doped sample.
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Figure 7. Temperature dependence of the heat capacity C(T) for FeTD at zero magnetic field. The

2

inset shows the C/T(T?) plots at fields 0 and 500 Oe and 1 kOe.
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The magnetic properties of the undopped WTe; crystals were studied long before the
discovery of their non-trivial topology [60]. The susceptibility of TD at room temperature
was shown to be negative and equal to —1.5 x 1077 emu/g. This consists of the Pauli
paramagnetism (~2.2 x 107 emu/g) and greater diamagnetic contribution of the W4
and Te 2 ions. The total susceptibility found in [60] agrees rather well with the results
obtained here at the field 1 kOe and presented in the inset to Figure 3b. The continuous
increase in the susceptibility above the minimum near 85 K at increasing temperature,
which is not related to magnetic ordering, is likely similar to the behavior of suscepti-
bility in some other topological materials. Minima on the temperature dependences of
susceptibility were observed in single crystals of type | WSM TaAs [64], NbP and TaP [65],
as well as in graphene [66]. Such behavior was not observed, however, for the undoped
and Cr-doped WTe; at zero field and a field of 1 kOe in [51]. A theoretical treatment
developed in [65] predicts for the particular case of WSM the logarithmic dependence
X = alnT + x{, for the susceptibility at low field and high enough temperatures. Here, « is
the temperature-independent coefficient and x, is the temperature-independent contribu-
tion. Approximation with this relationship of the susceptibility in TD at 1 kOe is shown in
the inset in Figure 3b. The agreement between the theory and experiment is excellent above
250 K for & = (2.91£0.07) x 108 emu/g-Kand xj = —(3.27 £ 0.04) x 10~7 emu/g. The
similar model can be used to treat the anomalous rises of susceptibility at high temperatures
in the iron-doped crystals. Note that no susceptibility rise is seen in Figure 2b for FeTD
up to 400 K. We can suggest that for this particular case, the susceptibility minimum and
further rise are moved above the upper temperature limit of our measurements.

The iron-doped crystals, both unannealed and annealed, show the ferromagnetic
ordering as can be seen from pronounced bifurcations of the ZFC and FCC curves in contrast
to the undoped TD. Annealing of the doped crystals strengthened the ferromagnetismism
and shifted the transition to high temperatures (Figures 2 and 5). Weak magnetic anomalies
below room temperature, which became more noticeable after annealing, can emerge
due to antiferromagnetic correlations or charge density waves. The similar numerous
magnetization maxima were observed in [67,68] on studying the magnetic and transport
properties of the antiferromagnetic GdTe; with Van der Waals structure and for frustrated
antiferromagnetic with spin-glass phases [69,70]. The emergence of the Kondo effect,
which coexisted with the Weyl semimetallic state, was suggested on the base of transport
measurements for the Mn-doped VAlj in [44]. The Kondo effect also can influence the
low-temperature magnetism in our samples. The additional low-temperature anomalies on
the temperature dependences of susceptibility were not obtained in the Cr-doped WTe;
in [51]. The nature of magnetic ordering in doped Weyl semimetals is related to the RKKY
and to the Dzyaloshinskii-Moriya interactions [71-73].

The very interesting metamagnetic phenomenon was observed for the unannealed
FeTD crystal at 5 K in the c||H orientation. Metamagnetism demonstrates itself as a pro-
nounced rise of magnetization in applied magnetic fields. The common metamagnetic
phenomenon is observed due to the magnetic field-induced spin reorientation in antiferro-
magnets [61] and is associated with opening the hysteresis loops at a threshold field. Some
recent studies reported this type of metamagnetism in topological antiferromagnets [39,40]
as was mentioned in Introduction. Another type of metamagnetism emerges in conductors
and is caused by charge carriers [74,75]. The hysteresis loops shown in Figure 4 are similar
to the isotherms observed due to such itinerant metamagnetism. The itinerant metam-
agnetism was also observed in the doped topological insulator [37]. Note that the itiner-
ant metamagnetism can be related to the changes in the Fermi surface topology [76,77].
The metamagnetism in the doped FeTD sample weakens with increasing temperature
(Figure 4a) and in other crystal orientation at magnetic field (Figure 4b). Annealing sup-
presses completely the metamagnetism in the FeTDa sample (Figure 6).

A remarkable increase in the susceptibility at low temperatures was seen in all three
samples (TD, FeTD, and FeTDa) (Figures 2, 3 and 5). This can be caused by paramagnetism
related to structural defects in the samples under study.
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4. Conclusions

Studies of the magnetic properties of the undoped WTe; single crystal revealed the
rise in susceptibility with increasing temperature above 80 K, which was treated using a
model developed for type I Weyl semimetals. The similar anomalous rises in susceptibility
were found for the iron-doped samples, both annealed and unannealed, at high enough
temperatures. The paramagnetic contribution to susceptibility likely due to growth defects
was observed at low temperatures in the undoped and doped crystals. The dc magnetization
measurements showed the strong bifurcation of the ZFC and FCC curves in the doped
samples. This demonstrated the ferromagnetic ordering that was affected by annealing.
Anomalies associated with antiferromagnetism were also found. The magnetic order was
suppressed by a magnetic field of 60 kOe. We also observed the anisotropy of the magnetic
behavior of the doped samples. The itinerant metamagnetism was demonstrated for the
unannealed doped WTe, crystal at low temperatures for the c||H orientation. At higher
temperatures and another crystal orientation, the metamagnetism weakened and was
masked by ferromagnetic ordering. A magnetic field did not affect the heat capacity of the
iron-doped sample, which coincided with the heat capacity of the undoped WTe,.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /condmat8010006/s1, Figure S1: Comparison of X-ray diffraction
(XRD) patterns for (a) WTe, and (b) Fe doped WTey, respectively. The patterns correspond to the
crystal plane (001). The inset shows scaled diffraction peaks; Figure S2: Area EDS spectrum and table
for the atomic and weight percentage of the elements.
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