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PrRhC,; belongs to the rare-earth carbides family, whose properties are of special interest among topological
semimetals due to the simultaneous breaking of both inversion and time-reversal symmetry. The concomitant
absence of both symmetries grants the possibility to tune the Weyl nodes chirality and to enhance topological
effects such as the chiral anomaly. In this paper, we report on the synthesis and compare the magnetotransport
measurements of polycrystalline PrRhC, samples and a single-crystalline PrRhC, sample. Using a remarkable
and sophisticated technique, the PrRhC, single crystal is prepared via focused-ion-beam cutting from the
polycrystalline material. Our magnetometric and specific heat analyses reveal a noncollinear antiferromagnetic
state below 20 K, as well as short-range magnetic correlations and/or magnetic fluctuations well above the
onset of the magnetic transition. The transport measurements on the PrRhC, single crystal display an electrical
resistivity peak at 3 K and an anomalous Hall effect below 6 K indicative of a net magnetization component in
the ordered state. Furthermore, we study the angular variation of magnetoresistivities as a function of the angle
between the in-plane magnetic field and the injected electrical current. We find that both the transverse and the
longitudinal resistivities exhibit fourfold angular dependencies due to higher-order terms in the resistivity tensor,
consistent with the orthorhombic crystal symmetry of PrRhC,. Our experimental results may be interpreted as

Anomalous Hall effect and magnetoresistance in microribbons of the magnetic Weyl semimetal
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features of topological Weyl semimetallic behavior in the magnetotransport properties.

DOLI: 10.1103/PhysRevMaterials.7.104205

I. INTRODUCTION

The realization of Weyl fermions in condensed matter
systems is of great interest to prove novel topological theo-
ries while also having promising applications in the field of
quantum computing, spintronics, and electro-optical devices
[1-10]. Weyl nodes form a pair by breaking a symmetry
such as inversion and/or time reversal. Although the major-
ity of the so-far-discovered Weyl semimetals (WSMs) are
of the parity-broken type, many experimental attempts have
been performed to find magnetic WSMs that, unlike their
nonmagnetic counterparts, combine magnetic order and a
topologically nontrivial band character, giving rise to exotic
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phenomena such as the intrinsic anomalous Hall effect and
axion electrodynamics [11-18]. Among the proposed mag-
netic WSMs, rare-earth carbides [19,20] break both inversion
and time-reversal symmetry due to their noncentrosymmetric
point group and magnetic order, respectively [21-25].

The rare-earth carbides represent a promising material
class to probe the “chiral anomaly” effect, considered a key
fingerprint of topology. In the presence of parallel magnetic
and electric fields, the electrons flow between Weyl nodes
of opposite chirality thereby inducing a negative quadratic
longitudinal magnetoresistance (MR) [26-29]. This chiral im-
balance between the Weyl nodes is permitted in materials
where both inversion and time-reversal symmetries are absent
causing the net chirality picked up by experimental probes to
vanish and, hence, making the chiral anomaly effect invisible.
In turn, observation of a negative longitudinal MR, whose
magnitude strongly depends on the angle between magnetic
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and electric fields, is considered a key observation indicative
of Weyl physics via a topologically protected chiral charge
[30]. As an alternative description, a negative MR can also
be the result of extrinsic mechanisms, such as weak electron
localization [31], ionic impurity scattering processes [32], or
conductivity fluctuations [33], making the identification of the
anomaly highly nontrivial. In semimetals with high mobility,
the evidence of a chiral anomaly can also be strongly hindered
by the “current jetting” effect that leads to a strong apparent
negative longitudinal MR [34,35].

In the class of rare-earth carbide materials, it has been
predicted that an appropriate tilt of the magnetization can
stabilize an odd number of Weyl nodes near the Fermi surface,
giving a nonzero net chirality that can be easily experimen-
tally probed through the chiral anomaly effect [19,20]. The
class of rare-earth—transition-metal carbides, which, accord-
ing to the theory, combine topology and magnetism, includes
GdCoC,, GdNiC,, NdRhC;, and PrRhC, [19]. Magnetization
measurements of single crystals reveal that GACoC, is anti-
ferromagnetic (AFM) below Néel temperature 7y = 15.6 K
[36] and shows an order-order transition at 7 = 14.0 K.
Reference [37] describes the same material as a ferromag-
net with Curie temperature 7¢ ~ 15 K. On the other hand,
GdNiC,; single crystals, like most of the Ni-based members
in this family [38], were proven to reach an antiferromagnetic
state below Ty = 20 K [36]. Experimental reports on poly-
crystals of NdRhC, and PrRhC, have been limited to their
high-temperature susceptibility [39], and single crystals of
NdRhC; and PrRhC; have not been grown, so far. The high-
temperature susceptibility measurements suggest that these
two compounds possess an AFM ground state with critical
temperatures of ~13 K and close to 0 K, respectively. Density
functional calculations based on the generalized gradient ap-
proximation have predicted, however, a ferromagnetic (FM)
ground state for NdRhC,, whereas PrRhC, is theoretically
found to exhibit either an AFM or FM ground state, depending
on the simulation approximations for the two unpaired 4f
electrons [19]. Therefore the growth of a PrRhC; single crys-
tal is highly desirable to experimentally verify its magnetic
structure. Here, we circumvent this experimental challenge by
cutting single-crystal microribbons from a multigrain sample
using a focused ion beam. In addition to analyzing the mag-
netic order of the polycrystalline PrRhC, material through
magnetometric measurements, we are therefore able to in-
vestigate the magnetotransport in the single crystal. Since
for the PrRhC, crystal structure only ferromagnetic order
and noncollinear antiferromagnetic order [40,41] produce the
anomalous Hall effect, this lets us draw conclusions about the
type of magnetic order.

II. PREPARATION AND MAGNETIC
CHARACTERIZATION OF THE POLYCRYSTAL

Polycrystalline samples are prepared by arc-melting slugs
or pieces of >99.9% by mass metals-based pure elements
on a water-cooled copper hearth under purified argon. The
metal blends are melted three times for homogenization
keeping the evaporation losses below 1 wt %. Samples
are then individually wrapped in protective Ta foil, sealed
in evacuated silica ampoules, and annealed at 1000 °C for
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FIG. 1. (a) Crystal structure of PrRhC, (orthorhombic symmetry,
space group Amm?2) including the expected carbon dimers. The unit
cell is indicated by black solid lines. (b) Magnetic susceptibility (SI
units) of PrRhC,; polycrystal measured while increasing the tempera-
ture in the presence of an external magnetic field of 1 T (brown curve)
and the reciprocal of the susceptibility vs temperature (blue dots)
and a Curie-Weiss (CW) fit to the data (solid black line). This linear
fit yields a CW temperature ®cw of about —18.5 K. (c) Magnetic
susceptibility vs temperatures recorded in different magnetic fields
following zero-field-cooled (ZFC) and field-cooled (FC) protocols.
(d) Magnetization curves as a function of magnetic field at different
temperatures. Inset: Magnetization at low field and low temperatures
(2, 10, and 15 K).

1 week followed by quenching the ampoules in cold water.
The crystal structure of polycrystalline samples is deter-
mined by x-ray powder diffraction analysis (STOE STADI
in transmission geometry, CoKwo 1 radiation, equipped with a
germanium monochromator and a DECTRIS MYTHEN 1K
detector). The lattice parameters are obtained from a structural
model derived by Rietveld analysis yielding a = 0.368 76(1),
b=0.47103(1), ¢ =0.66124(1)nm, R, = 0.0281, R,, =
0.0371, R; = 0.0563, and x2 = 1.28. More details can be
found in Table S1 in the Supplemental Material [42].

The magnetic structure of the polycrystal is investigated
by magnetometry measurements in a superconducting quan-
tum interference device (SQUID) down to 2 K. The magnetic
susceptibility x of PrRhC, [Fig. 1(b)], measured at a 1 T
field from 2 to 300 K, displays a steep increase below 10 K,
indicating a net magnetization at low temperature. The inverse
susceptibility above 50 K is well fitted by the Curie-Weiss
(CW) law 1/x = (T — O¢w)/C, where C is related to the
effective magnetic moment per unit cell and O¢cw is the
CW temperature, connected to the sum of all magnetic in-
teractions in the system. The obtained effective magnetic
moment peg = 3.7(2) up is in agreement with the value
expected for Prit, 3.58 g [43]. The CW temperature is
negative [@cw = —18.5(3) K], indicating AFM interactions.
On the other hand, the magnetic susceptibility [Fig. 1(c)],
measured from low to high temperature in 10 and 100 mT
fields, displays a pronounced zero-field-cooled—field-cooled
(ZFC-FC) splitting starting around 24 K. In the FC curve, a
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FIG. 2. (a) Zero-field specific heat of PrRhC,. The red curve represents the lattice specific heat obtained using a Debye model; for
details, see text. Inset: zero-field magnetic specific heat plotted as Cae/T vs T (left scale) together with the magnetic entropy (right scale).
(b) Temperature dependence of the specific heat for applied magnetic fields of 1 and 5 T. The inset shows a zoom of the low-temperature

region.

ferromagneticlike transition is observed at T ~ 22 K (deter-
mined using the second-derivative method, i.e., the transition
temperature is defined as the inflection point of the curve). For
the ZFC magnetization, a kink between 10 and 20 K, possibly
related to a rearrangement of the magnetic structure, is rapidly
suppressed by applying an external magnetic field. Figure 1(d)
depicts the magnetization as a function of external magnetic
fields, at different base temperatures, which indicates the
ferromagneticlike nature of the compound, exhibiting clear
hysteresis loops with coercive fields smaller than 30 mT below
15 K. Additionally, by increasing the applied magnetic field,
the magnetization at the lowest temperature measured, 2 K,
approaches a value of 1.4 pp, which is below the expected
2 wp for the 4% (J = 4) state, assuming that Rh atoms have
no magnetic moment. Altogether, our observations point to a
noncollinear, canted AFM ground state with finite net mag-
netization which, nonetheless, is not fully saturated even up
to 7 T (Fig. S2 in the Supplemental Material [42]). This
finding makes the presence of magnetic domains unlikely.
In ferromagnetic materials with well-organized domains, the
magnetization reaches a saturation point where it no longer
increases with an increasing magnetic field, corresponding
to a single domain phase. Further Kerr microscopy and neu-
tron diffraction experiments are necessary to investigate the
saturation field and to understand the microscopic nature of
the magnetic ordering. This is, however, out of the scope
of this work. It is worth noticing that we observe the same
magnetic properties in two additional polycrystalline samples,
whose surfaces are treated with CH3; and HCI, respectively
(not shown).

The magnetic behavior of PrRhC,; is further analyzed by
specific heat measurements as a function of temperature and
applied magnetic field. The measurements are performed on
four single crystals using a heat-pulse relaxation method in a
Physical Property Measurement System (PPMS) from Quan-
tum Design. In order to obtain the intrinsic specific heat, the
temperature- and field-dependent addenda are thoroughly sub-
tracted from the measured data. The temperature-dependent
specific heat is shown in Fig. 2. As can be observed in

Fig. 2(a), C,(T') at zero field does not show a clear anomaly
associated with the magnetic transition observed in magnetic
susceptibility around 22 K: Instead, a subtle bump appears,
as well as a broad feature detected below 5 K. In order to
better understand this behavior and disentangle the magnetic
contribution to the heat capacity, the lattice contribution is
estimated using the following Debye model:

2 3 ,Op/T 4
T D x*e*
Con = 9R P ——dx,
i Zi_l”<®m> =

where R is the universal gas constant and the index i sums over
two different Debye temperatures ®p,;, each one representing
a part of the total unit cell formed by n = 4 atoms (n; = 2
and n, = 2). The values ®p; = 240 K and ®p, = 1540 K
are determined as the best parameters. The total estimated
lattice contribution is shown by the red curve in Fig. 2(a). By
subtracting the lattice contribution thus calculated from the
experimental data, the magnetic contribution to the specific
heat is obtained, which is plotted as Cyag/T as a function of
temperature in the inset of Fig. 2(a) (left axis). The magnetic
entropy Smag i evaluated by integrating Cp,e/T [Fig. 2(a),
right axis]. An entropy release is observed up to 7 ~ 70 K, fol-
lowed by a plateau with Sy, 2 9.6 J mol~' K~!. Despite the
limits of our phononic background, this value is close to the
expected value for an § = 1 ground state, (RIn (25 + 1)) =
9.1 Jmol~! K~!, probably overestimated by the nonperfect
estimation of the lattice contribution. Most significant is the
fact that magnetic fluctuations and/or short-range correlations
seem to be present well above T =~ 22 K, and that the entropy
related to the magnetic order is gradually released over a
wide temperature range. Last but not least, the temperature
dependence of the specific heat under applied magnetic field is
shown in Fig. 2(b). While the subtle bump around 22 K does
not change noticeably, the broad feature below 5 K slightly
shifts to higher temperature, consistent with a robust ferro-
magneticlike character of the canted AFM moments ordering
at low temperature.

ey
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FIG. 3. (a) Close-up microscopy image of the device. The lamella is obtained with a FIB cut, and electrical contacts are defined by standard
optical lithography. (b) Schematic of the device with the coordinate system. (c) Electrical resistivity measured in a four-point geometry at low

temperatures (main panel) and in the full range of temperatures (inset).

III. PREPARATION AND MAGNETOTRANSPORT
OF THE SINGLE CRYSTAL

For magnetotransport studies, a single crystal of 28 um x
6 um x 300 nm size is mechanically extracted from the as-
cast alloy, and the relative crystal structure is determined
using single-crystal x-ray diffraction, which confirms the
orthorhombic space group Amm?2 phase with lattice param-
eters consistent with the ones from the polycrystal. The
microstructure and chemical composition of single-crystalline
and polycrystalline samples are analyzed by scanning electron
microscopy (SEM) on a ZEISS EVO MA 15 equipped with
an energy-dispersive x-ray (EDX) detector operated at 30 k'V.
Carbon is a rather light element; so any quantification with
EDX is not reliable. Therefore only the Pr and Rh compo-
sitions are determined at several positions of each sample
[Pr 50.2(4), Rh 49.8(4) at. %] confirming their 1 : 1 ratio
in agreement with the PrRhC, composition. For cutting the
microribbon from the bulk material, we utilize a focused ion
beam (FIB) of Ga, ions. A typical position to yield a single
crystal is indicated in Fig. S1 in the Supplemental Material
[42]. After FIB preparation, the ribbons are then lifted out of
the crystal and transferred to the substrate for further device
preparation. Details on the FIB preparation procedure can be
found in Ref. [44].

The electrical contacts are defined by the optical lithogra-
phy and lift-off process with 300 nm of sputtered Au on a thin
Cr adhesive layer [Fig. 3(a)]. Figure 3(b) shows the device lay-
out with the electrical connections and the coordinate system.
Figure 3(c) reports the electrical resistivity p as a function
of temperature measured using a four-point geometry. This
data set shows a metallic behavior with a hump around 20 K,
followed by a peak at 3 K. These features go along with
those observed in the magnetic susceptibility and specific heat
measurements. The local increase of the electrical resistivity
at low temperature could be attributed to the enhanced carrier
scattering by spin fluctuation due to rearrangement of the
magnetic structure [45].

To quantify the MR ratio, defined as (R(H) — R(0))/R(0),
and the Hall effect, a small dc current of I = 50 pA along the x
direction is injected, and the longitudinal (V,,) and transversal
(V) voltages are simultaneously measured in an out-of-plane
magnetic field sweep. The longitudinal resistivity corresponds

to the diagonal components of the resistivity tensor, and their
variation in a magnetic field (magnetoresistivity) is typically
an even function of the magnetic field. The transversal signal
corresponds to the off-diagonal components of the resistivity
tensor, which are typically odd under magnetic field reversal.
In our measured signals we have contributions from both
longitudinal and transversal voltage due to the small misalign-
ment between the electrical contacts on the PrRhC, lamella
[Fig. 3(a)]. When an electrical current is applied along the
high-symmetry direction, we can isolate the longitudinal and
transversal signals, separating the measured signal into sym-
metric and antisymmetric components, respectively. The MR
traces measured in an out-of-plane magnetic field at different
base temperatures are displayed in Fig. 4(a). The negative
MR at low temperature suggests a weak localization effect, a
phenomenon that originates from the constructive interference
of backscattered electronic wave functions, which increases
the probability of localizing the electron [46]. The coherent
superposition of the wave functions is destroyed by applying
a magnetic field, resulting in a decrease of the resistivity and
thus a negative MR. This effect disappears in our sample
above 30 K, due to the dominant incoherent scattering at
higher temperatures. The positive MR with the characteristic
quadratic dependency on the external field above 30 K can be
explained by the Lorentz force acting on the carrier motion.
The absolute transversal resistivity (p,x) curves versus the
external magnetic field, taken at very low temperatures, are
shown in Fig. 4(b), after subtracting the linear ordinary Hall
background with a positive slope of 1.06 uQ2cm T~!. Below
6 K, an anomalous contribution to the Hall signal is visible
around zero magnetic field, consistent with the temperature
dependence of electrical resistivity data [Fig. 3(c)]. Assuming
a single-band model, from the linear region of the p,, at high
magnetic fields of Fig. S3 in the Supplemental Material [42],
we estimate the carrier concentration ny = 1.32 x 10! cm™3
(electron type) and the carrier mobility 1 = 5.7 cm? V! 57!
at 300 K.

In order to study the in-plane anisotropy, we perform
azimuthal-angle-dependent magnetoresistance measurements
at 2K under an in-plane magnetic field with constant
amplitude of 5 T. The azimuthal angular variation of
longitudinal resistivity shown in Fig. 5(a) can be well approx-
imated with p,, = Cy + C cos?(¢p — @) + C4 cos* (¢ — @)
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FIG. 4. (a) Magnetoresistance ratio vs external magnetic field
at several temperatures. (b) Transversal resistivity as a function of
magnetic field at some low temperatures. The linear background
associated with the ordinary Hall effect is subtracted, and an offset is
added for better visualization.
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[47]. This equation is a modified version of a well-known
phenomenological model for anisotropic magnetoresistance
in magnetic systems. The modified equation includes a mis-
alignment angle ¢y and a fourfold term, both of which
have been previously introduced in studying anisotropic mag-
netoresistance (AMR) in other systems arising from the
crystal symmetry [48] or heterointerfaces [47,49,50]. The
misalignment angle ¢, can be attributed to the misalign-
ment between magnetization and the external field, as well
as the orientation of the crystallographic axis with respect
to the transport measurement geometry. Typically, in the ab-
sence of crystalline anisotropy, rotating the magnetic field
within the two-dimensional (2D) plane leads to a conven-
tional twofold-symmetric form for the in-plane anisotropic
magnetoresistance as a function of the angle between the mag-
netic field and the current directions. Our magnetotransport
measurement on a single crystal reveals fourfold-symmetric
contributions, which are consistent and also reflect the un-
derlying crystalline symmetry of the material [47,51,52].
Especially at the intermediate-field limit, a very intricate

150
¢ [deg]

0 90 270 360

FIG. 5. (a) Longitudinal resistivity and (b) transversal resistivity
in the presence of an in-plane 5 T field as a function of the angle
between the current line and the magnetic field direction at 2 K.
The solid black curves are fits based on the phenomenological re-
lations given in the text for p,, and p,.. The fitted values for the
parameters of longitudinal signal are Cy = 521, C;, = 21, Cy = —4,
and ¢y = 65°. For the transverse resistivity the fitting coefficients are
Cl =26,C,=2.0,C, =0.5, ¢y = 14.5°, and O, = 30°. The unit
of all coefficients C;, and C; is uS2 cm, the same as the resistivities.

dependence of the MR as a function of the angle between
magnetization and current with respect to a reference crys-
tallographic axis has been reported even for simple cubic
lattices [53,54]. In the present case, the minimal model given
above sufficiently mimics the observed AMR, as illustrated
by the experimental data. Turning to the transversal signal,
we observe transversal AMR, sometimes called the planar
Hall effect (PHE), together with a cosinelike function as
shown in Fig. 5(b). The PHE was originally proposed and
measured in ferromagnetic thin films, where the Hall volt-
age scales quadratically with the in-plane magnetization as
Pyx XM ﬁ sin 2y, 1, with ¢y ; representing the angle between
the in-plane magnetization and the applied current [49,55,56].
Recently, a very strong PHE has been observed in Weyl
semimetals due to the chiral anomaly in these systems [57,58].
In this case, the Hall conductivity depends quadratically on
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the in-plane magnetic field, and its angular dependence is
determined by the angle between the current and the applied
in-plane magnetic field. Hence a strong PHE may be observed
(i) in FM films with in-plane magnetization and (ii) in Weyl
semimetals caused by the chiral anomaly. PrRhC; is a promis-
ing magnetic Weyl semimetal and, due to its canted AFM
order, has a FM component with in-plane magnetization. An-
other complication arises from the role of magnetization in
tailoring the Weyl cones [19], which may cause linear terms
in the PHE proportional to Bsin (¢ — 0g) as predicted in
Ref. [59]. This quantity could also be given by the ordinary
Hall effect resulting from a finite out-of-plane component
of the magnetic field and/or due to the unknown crystalline
orientation, which might produce any term of the angle-
dependent transverse resistivity. Taking all the effects into
account, we can consider a phenomenological form for the
transverse resistivity, py, = Cj sin (¢ + O) + C; sin [2(¢p —
@)1+ Cycos [4(¢p — @)1, that provides a good agreement
with the measured resistivity, as illustrated in Fig. 5(b). The
angles Oy and ¢ account for asymmetries resulting from
misalignments between the current direction and the crystallo-
graphic orientation of the material. More specifically, 6, can
be interpreted as the direction of Weyl nodes tilting relative to
the device orientation, while ¢, represents the angle between
the current direction and the principal in-plane crystal axis.
For the quantified C; = 2.6 Qcm, an out-of-plane misalign-
ment of 30° would be necessary for the ordinary Hall effect
to be the origin of the linear term, and therefore this scenario
can safely be discarded. Excluding the relative reduced AMR
(C; =2.0Qcm < C]) and a misalignment of the sample,
we assume the contribution to the transverse resistivity to
be caused by the tilted Weyl cones. We emphasize that we
are here dealing with a phenomenological model. Indeed, a
more elaborate theoretical analysis is needed to understand
the origin of different terms and their connection to the

topological Weyl phase of the system along with its magnetic
properties.

IV. CONCLUSIONS

This study investigates the magnetic order of a poly-
crystal along with thermal and magnetotransport properties
in PrRhC, single crystals. Our results strongly suggest a
noncollinear antiferromagnetic state with a robust net magne-
tization at low temperature. This ferromagneticlike behavior is
also confirmed by our magnetotransport study, which shows
a resistivity peak around 3 K and a significant anomalous
Hall signal. We also observe azimuthal angular variations
in magnetoresistance, indicating the presence of higher-order
terms in the resistance tensor and potentially Weyl phase
character of the material. Our findings highlight the potential
of PrRhC,, as a unique material to study the interplay between
magnetic and topological semimetallic properties, particularly
due to the breaking of both time-reversal and inversion sym-
metries.
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