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The Weyl semimetal CeAlGe is a promising material to study nontrivial topologies in real and momentum
space due to the presence of a topological magnetic phase. Our results at ambient pressure show that the
electronic properties of CeAlGe are extremely sensitive to small stoichiometric variations. In particular, the
topological Hall effect (THE) present in CeAlGe is absent in some samples of almost identical chemical
composition. The application of external pressure favors the antiferromagnetic ground state. It also induces a
THE where it was not visible at ambient pressure. Furthermore, a small pressure is sufficient to drive the single
region of the THE in magnetic fields into two different ones. Our results reveal an extreme sensitivity of the
electronic properties of CeAlGe to tiny changes in its chemical composition, leading to a high tunability by
external stimuli. We can relate this sensitivity to a shift in the Fermi level and to domain walls.
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I. INTRODUCTION

The interaction between electronic charge transport and
magnetization dynamics is at the basis of spintronics [1].
This field offers the opportunity to enable and develop new
memory devices that are faster and more energy efficient
than the semiconducting ones [2]. In particular, combining
spintronics with nontrivial spin textures, such as chiral domain
walls or skyrmions, is a promising way to achieve improved
memory devices [3,4]. The topological Hall effect (THE),
which may arise from these textures, opens an improved way
to manipulate the magnetization in such devices due to the
interplay between Weyl fermions and domain walls through
the topological Hall torque [5].

An excellent playground for the study of domain walls and
nontrivial topological quasiparticles, such as Weyl fermions,
is the LnAlPn family (Ln = lanthanides, Pn = Ge and Si).
These materials crystallize in a noncentrosymmetric crystal
structure (I4md), breaking the space-inversion (SI) symme-
try. In addition, several members exhibit magnetic ordering
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at low temperatures, breaking time-reversal (TR) symmetry.
The breaking of SI or TR symmetries is essential for Weyl
semimetals [6—8]. Several compounds in this family have
been predicted or experimentally demonstrated to be Weyl
semimetals [9—18].

Crystalline structures without inversion symmetry can give
rise to Dzyaloshinskii-Moriya interactions (DMIs), which to-
gether with spin-orbit coupling are key ingredients for chiral
domain walls [19]. The importance of the DMIs for the topo-
logical behavior has been established for NdAISi [16], and
chiral domain walls have recently been observed in CeAlSi
[20]. Moreover, the scattering of Weyl fermions through do-
main walls in CeAlSi leads to a skew-scattering contribution
in the anomalous Hall effect (AHE) [21]. This makes the
members of the LnAlPn family excellent candidates to study
the interplay between domain walls and nontrivial topology.

Here, we focus on the Weyl semimetal CeAlGe. Recently,
the presence of a topological magnetic phase in CeAlGe for
a magnetic field applied parallel to the ¢ axis has been re-
ported [18]. Previous studies have shown that ferromagnetic,
antiferromagnetic, or both phases are present in samples of
this material, depending on small stoichiometric variations
[22-25]. The previous results indicate that the properties of
this compound are tightly coupled to its crystalline structure,
suggesting that small changes in the lattice parameters, for
example, by the application of external pressure, can lead to
large changes in its ground-state properties. An antiferromag-
netic ordering close to the stoichiometric ratio of 1:1:1 was
observed below ~5 K at ambient pressure [25]. In addition,
the presence of domain walls with high electrical resistance
in CeAlGe has been proposed to be responsible for a recently
observed singular angular magnetoresistance [26]. Moreover,
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the Fermi surface of CeAlGe is formed by small hole and
electron pockets [26]. Despite the sensitivity of the magnetic
structure, similar electronic band structures were found when
antiferromagnetic or ferromagnetic order was considered as
shown in Refs. [27,28], respectively. The first study yielded
20 Weyl nodes in the antiferromagnetic phase, whereas, the
second reported a detailed analysis of the position of 16 nodes
considering ferromagnetic order. The application of external
pressure has been shown to be an effective tool for tuning
Weyl points closer to the Fermi energy in closely related ma-
terials without introducing additional disorder [29-32] and for
modifying the domain-wall landscape in its sister compound
CeAlSi [21].

In this paper, we present electrical transport studies under
hydrostatic pressure on CeAlGe samples with slightly differ-
ent compositions. Our data show that the topological Hall
effect present in CeAlGe is sample dependent and extremely
sensitive to small stoichiometric variations. The application of
external pressure leads to the evolution of a single THE region
into two distinct regions in magnetic fields applied parallel
to the ¢ axis, possibly due to changes in the domain-wall
landscape, in agreement with other results [27]. Remarkably,
we induced a THE by applying external pressure even in
samples where it was absent in the low-pressure regime. Our
data highlight that CeAlGe is a highly tunable material.

II. METHODS

Single crystals of CeAlGe were grown by an Al-flux tech-
nique as described in Ref. [24]. The crystal structure was con-
firmed by powder x-ray diffraction. Two single crystals were
selected for the electrical transport experiments. Their exact
composition was determined by wavelength dispersive x-ray
spectroscopy (WDS) performed on ten different spots on each
single crystal. The WDS results yielded similar average sto-
ichiometric ratios of Ce:Al:Ge of 0.996(1):1.034(3):0.970(2)
for sample 1 (s1) and of 0.992(1):1.031(2):0.977(2) for sam-
ple 2 (s2). These ratios are the closest to 1:1:1 reported so far
for Al-grown single crystals, almost comparable to floating-
zone grown crystals [25,27]. The only noticeable deviation
froma 1:1:1 stoichiometry is found for Al and Ge, which may
indicate some small site disorder between Al and Ge. Magne-
tization measurements were performed out using an MPMS3
(Quantum Design). Measurements of the electrical transport
properties under hydrostatic pressure were conducted using
a LR700 resistance bridge (Linear Research) in a physical
property measurement system (Quantum Design) equipped
with a 9-T superconducting magnet. Electrical transport data
were collected at fixed temperatures during increasing and
decreasing magnetic-field runs. The magnetic field was sta-
bilized prior to each measurement. Pressures up to 2.4 GPa
were generated utilizing a self-clamped piston-cylinder-type
pressure cell. Silicon oil served as the pressure transmitting
medium, and lead served as the pressure gauge.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) present the temperature dependence
of the electrical resistivity p for the two investigated CeAlGe
samples at different applied pressures. At low temperatures,
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FIG. 1. Electrical resistivity p as a function of temperature at
different pressures for (a) s1 and (b) s2. The difference in the abso-
lute values in p is due to difficulties in determining the geometric
factor for sl, which did not have an ideal bar-shape geometry.
(c) Temperature-pressure phase diagram. The solid lines are linear
fits, and the dashed line is a guide to the eye.

an upturn in the resistivity close to 5 K, visible for both
crystals, characterizes the antiferromagnetic transition tem-
perature Ty, in agreement with previous reports [18,24,25]. A
residual resistivity ratio (RRR) of 2.46 for s1 and of 2.59 for
s2 indicates a comparable quality of both samples. However,
s2 displays an additional shoulder below Ty, labeled with
T* in Fig. 1(b), which could be related to the presence of
another magnetic phase as previously reported for CeAlGe
[25]. The application of external pressure favors the anti-
ferromagnetic state in both samples as clearly seen in the
temperature-pressure phase diagram shown in Fig. 1(c). The
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FIG. 2. Magnetization M as a function of magnetic-field H || ¢
for (a) s1 and (b) s2 at ambient pressure for magnetic-field —2.5 T <
nmoH < 2.5 T. The field sweeps for increasing and decreasing field
were taken between —7 and 7 T, see Fig. 8 in the Appendix. The
curves have been shifted vertically for clarity. Arrows mark the two
hysteresis regions.

antiferromagnetic transition temperature Ty (p) increases lin-
early with a rate of dTy(p)/dT ~ 0.41(1) K/GPa for sl and
0.48(1) K/GPa for s2 with the latter being only slightly larger.
The second anomaly, observed only in s2, shows a domelike
shape as a function of pressure. Its origin is not yet clear, but
it is likely to be of magnetic origin.

Magnetization (M) data as a function of the applied
magnetic-field H || ¢ at ambient pressure are presented in
Figs. 2(a) and 2(b) for sl and s2, respectively. Sample 1
displays a small hysteresis in M (H ) in a narrow region around
1.2 T, which is absent in s2. No hysteresis is found above 3 K.
We note that the hysteretic behavior is observed in the same
region where neutron-diffraction experiments detected a tran-
sition from an incommensurate to a ferromagnetic polarized
phase in CeAlGe [18].

We now turn our attention to the evolution of the Hall
resistivity pgy of CeAlGe as a function of the magnetic field
applied parallel to the ¢ axis. As can be seen from the
ambient pressure data in Fig. 3, at 2 K a maximum (mini-
mum) appears at & 0.8 T in pp, after being antisymmetrized
with respect to the origin for measurements performed with
increasing (decreasing) magnetic fields. These features oc-
cur in the same field range as the topological magnetic
phase that has been observed in CeAlGe before [18]. For
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FIG. 3. Example data of the Hall resistivity py (H) for increasing
and decreasing magnetic fields to illustrate the procedure for extract-
ing the topological Hall effect Apy /2. The red line is a linear fit to
determine the ordinary Hall constant Ry;.

magnetic fields higher than 2 T, py(H) displays a linear
behavior.

The total Hall resistivity can be written as py = p°HE +
pAHE 1 pTHE “wwhere pOHE is the ordinary Hall effect caused
by the Lorentz force acting on the charge carriers described
by pOHE = RyuoH, where Ry is the Hall coefficient, g is
the magnetic constant, and H is the applied magnetic field.
The second term pAHE = R p?>M is the anomalous Hall effect.
It arises due to the presence of magnetism, strong spin-orbit
coupling, and/or from an intrinsic Berry curvature in the
momentum space [19], and it is proportional to the bulk mag-
netization M and p?. R, is the anomalous Hall coefficient. The
last term p™ME is the topological Hall effect caused by the
presence of a Berry phase curvature created by topological
spin textures, such as chiral domain walls or skyrmions [19]. It
is worth noting that both ordinary and anomalous Hall effects
do not depend on the history of the measurement. The tiny
hysteresis in M (H) that is observed in sl [see Fig. 2(a)] does
not give rise to any visible feature in py, in agreement with
previous reports [24,26,27]. We note that a large AHE was
observed in a previous study [18]. Since the AHE is propor-
tional to the longitudinal resistivity, high quality samples with
lower residual resistivity could have a weaker contribution of
the AHE to the Hall effect. In fact, the AHE was observed in
CeAlGe for samples with an RRR of 1.3 [18], and it is absent
for samples with an RRR higher than 1.85 [24,27].

On the other hand, the THE can be caused by chiral
domain walls or other unconventional spin textures, which
may depend on the history of the applied magnetic fields.
Therefore, a simple way to extract the THE is to subtract the
antisymmetrized Hall resistivity data obtained in experiments
with decreasing applied magnetic field (9 — —9 T) from
those recorded with increasing the applied magnetic field
(=9 — 9 T), and then divide the result by 2 to scale the
absolute values, which we will denote hereafter as A py /2.

Figure 4(a) presents Apy(H)/2 at different pressures at
2 K for sample 1. At ambient pressure, a peak at 0.8 T is
clearly visible. A small increase in the externally applied
pressure of only 0.2 GPa is sufficient to split the peak into two,
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FIG. 4. (a) Apy/2 and (b) MR as functions of magnetic-field
H || ¢ at different pressures at 2 K for sl. The curves have been
shifted vertically for better visualization. The open (transparent)
symbols in (b) are obtained with increasing (decreasing) magnetic
field. The arrows in panels (a) and (b) mark the maxima in Apg/2
and the midpoints of the steplike feature in MR(H ), respectively.

the first occurring around 0.9 T, and the second one occurring
around 2.2 T. At the same time, the THE signal is suppressed.
Further increase in pressure enhances the height of the second
peak and drives both peaks closer together, reaching 1.2 and
1.8 T for the position of the first and second maxima in A pg /2
at 2.4 GPa, respectively. We note that this response is in
contrast to a previous report [27] in which the peak in the Hall
resistivity splits only at 1.8 GPa, and where further increase in
pressure drives the peaks further apart. This may be taken as
another indication of the strong sensitivity of the properties of
CeAlGe to small differences in the sample stoichiometry.

To gain further insight into the evolution of the magnetic
properties with pressure, we now turn to the magnetoresis-
tance MR = [p(H) — p(H = 0)]/p(H = 0) at 2 K with the
field applied parallel to the c axis [see Fig. 4(b)]. At ambient
pressure, a steplike feature is observed at 0.9 T. Furthermore,
there is no difference in the measurements performed with in-
creasing and decreasing fields, in contrast to what is observed
for the Hall resistivity. The application of external pressure
splits the steplike anomaly in the MR(H) into two separate
steps, similar to the splitting of the maximum in Apgy /2. The
steplike feature at 0.9 T at ambient pressure splits already at
0.2 GPa into two steps, the first one occurring at 0.9 T and
the second one occurring at 2.4 T. Again, a further increase
in pressure tends to merge the steps at 1.2 and 1.6 T into

a single step at 2.4 GPa. Note that the total step size in the
MR, about 12% between 0 and 5 T, remains almost the same
between ambient pressure and 0.2 GPa. This is a hint that the
single steplike feature at ambient pressure actually consists of
two overlapping steps that are driven apart by the application
of pressure. The positions of the features in Apy(H)/2 and
MR (H ) show a similar evolution as a function of pressure [see
the arrows in Figs. 4(a) and 4(b)]. This suggests that the THE
in CeAlGe is indeed related to magnetic phases or structures
that merge at ambient pressure and can be separated by slight
compression of the material.

The connection of the THE with the presence of the mag-
netic phase(s) is also shown by the temperature evolution of
the peak in Apy(H)/2 [see Figs. 5(a) and 5(b)]. The size of
the maximum in Apgy(H)/2 decreases with increasing tem-
perature and disappears close to the Néel temperature 7y. On
the other hand, the steplike features in the magnetoresistance,
Figs. 5(c) and 5(d), are much more robust to increasing tem-
perature and are clearly visible at temperatures higher than
the peak in Apy(H)/2, but also disappear close to Ty. We
may speculate that the origin of the different behavior lies in
the different response of the MR and the Hall effect to the
evolution of the magnetic domain structure with temperature.
It has been shown that a THE can be generated by chiral
domain walls or by the scattering of Weyl fermions through
the domain walls [21,33]. It is, therefore, conceivable that
the features in Apy(H)/2 that may arise from the domain
walls are less robust to increasing temperature than the MR
features associated with the bulk domains. For example, a
complex evolution of the domains and domain walls with
increasing temperature from 2 K up to the magnetic transition
temperature has been observed in the sister compound CeAlSi
in magneto-optical Kerr effect experiments [20].

To learn more about the sensitivity of the THE in CeAlGe
to small changes in the sample stoichiometry, we come to s2.
Sample 2 has almost the same average stoichiometric ratio and
only a slightly larger RRR than s1, suggesting the presence of
similar magnetic and electrical transport properties. Contrary
to the expectation, we find distinct differences in s2 compared
to s1. We analyzed the Hall resistivity in the same way as
we did for s1, but at ambient pressure, we find no peak in
Apg(H)/2 in a similar field as in sl at 2 K [Fig. 6(a)].
However, a small peak is visible at 0.3 T, a much smaller field
than the the feature in s1. It shifts monotonically to lower
fields with increasing pressure. At 0.4 GPa, a peak appears
at 2.6 T. The position of this peak is very close to that of the
second peak in s1 at 0.2 GPa. Similar to the behavior in s1, the
application of pressure pushes the peak toward lower fields,
suggesting a similar origin. We emphasize that we do not find
a similar peak at the position of the first peak seen in s1, even
under pressure.

The magnetoresistance provides additional information.
Although the MR for s1 shows a clear steplike structure and
well-defined plateaus, these features are washed out for s2
[Fig. 6(b)]. This makes it more difficult to associate features
in the MR with corresponding signatures in the topological
Hall effect. At low field, a prominent feature in MR (H ) tracks
the peak in Apy (H)/2. The broad washed-out step at higher
fields is already present at ambient pressure where no peak in
Apg(H)/2 can be resolved; at higher pressures, the onset of
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FIG. 5. (a) and (b) Temperature evolution of the field dependence of the Apy(H)/2 and (c) and (d) MR taken on s1 at ambient pressure
and 2.4 GPa. The magnetic field was applied parallel to the c axis in all panels. The curves shown in panels (c) and (d) have been shifted

vertically for better visualization.

the step in MR(H ) appears to track the position of the peak in
Apy(H)/2. This result for sample 2 compared to the clear
data for sl is surprising since our WDS analysis indicates
almost the same sample stoichiometry, and the higher RRR
even suggests that s2 should be of slightly better quality
than s1.

The origin of the THE can be related to the presence of a
topologically nontrivial magnetic texture in CeAlGe [18]. In
the sister compound CeAlSi, the presence of an anomalous
Hall effect and a loop Hall effect could be explained by the
scattering of the Weyl fermions through domain walls [21].
Chiral domain walls have also been observed experimentally
[20], and their sensitivity to magnetoelastic couplings has
been established in CeAlSi [34]. In CeAlGe, on the other
hand, high-resistance domain walls have been shown to give
rise to a singular angular magnetoresistance as a function of
the in-plane magnetic field [26]. Therefore, it is reasonable
to speculate that the domain walls also play an important
role in the transport properties of CeAlGe for the field along
the ¢ axis. A similar conclusion was reached in Ref. [27].
However, we find different results at the first sight for almost
identical samples. In the following, we attempt to recon-
cile our data on the THE with the results reported in the
literature [18,24,27] and to develop a common picture.

By analyzing the ordinary Hall effect, we can get informa-
tion about the charge-carrier density and possible differences
between the two samples. The Hall response at high fields is
linear with field, indicating that it is dominated by the ordinary
Hall effect (see Fig. 3). From a linear fit to py (H ) in the range

of 4 to 9 T, as highlighted by the red solid line in Fig. 3, we can
determine the ordinary Hall constant Ry and, subsequently,
the carrier-density nj,. We find a holelike behavior in the
whole temperature and pressure range. Figures 7(a) and 7(b)
present n;, as a function of temperature at different pressures
for sl and s2, respectively. At ambient pressure, we find
ny = 1.94(1) x 10! and n;, = 1.46(1) x 10! holes/cm3 for
sl and s2 at room temperature, respectively. In both samples,
n, shows a smooth variation as a function of temperature,
only at low temperatures a pronounced kink appears related
to the magnetic order. At 2 K, n;, reaches 1.98(1) x 10%!' and
1.52(1) x 10?! holes/cm® for sl and s2, respectively. The
application of external pressure leads to a monotonic increase
in the holelike carrier density for both samples within the
error bars of the analysis. We note that we find a considerably
higher carrier density for the two investigated samples than
reported in Refs. [24,26,27]. We will return back to this point
later.

The difference in the carrier density between the two sam-
ples is remarkable given that both samples are from the same
growth and have almost identical stoichiometry and a similar
RRR. At ambient pressure, n, of SI is around 25% larger
than that of S2. This may indicate a different position of the
Fermi level in the band structure of the two samples, possibly
caused by the different levels of defects present in sl and
s2, implying a different distance of the Weyl nodes from the
Fermi level as also observed in the sister compound CeAlSi
[35]. This is consistent with a scenario where the Weyl nodes
are closer to the Fermi surface in s1 than in s2, leading to the
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observation of more pronounced THE features in sl than the
pressure-induced THE in s2.

Previous reports show apparently conflicting data on the
Hall resistivity of CeAlGe where a THE has been observed
[18,27] or where it has not been reported [24,26]. Compared
to our samples, all available data in the literature find a sig-
nificantly lower carrier density. Neglecting the influence of
disorder scattering, this is also consistent with our samples
having the highest RRR. Our material is almost as close to
the 1:1:1 stoichiometry as the floating-zone grown samples
[18]. These samples have the lowest reported carrier density
and are the only ones to show a pronounced AHE. However,
they have a THE in a similar magnetic field range as our
sample 1. Although a THE cannot be identified in the data
of Suzuki et al. [26], it was overlooked in Hodovanets et al.
[24]. In the latter work, a shallow minimum can be identified
at about 2 T. This seems to suggest that the THE is a universal
feature in CeAlGe, noting the large deviations from the 1:1:1
composition.

Coming back to our data taken on two high quality samples
with almost identical chemical compositions close to 1:1:1
and RRR around 2.5, which show a qualitatively different
Hall response. This demonstrates the extreme sensitivity of
the electronic properties of CeAlGe. Although s2 does not
show a THE at ambient pressure, we can induce it by apply-
ing pressure. Our results together with those reported in the
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FIG. 7. Hole density (n,) as a function of temperature at different
pressures for (a) s1 and (b) s2, respectively.

literature indicate the robustness of THE in CeAlGe. We
note that the THE phase appears in different magnetic-field
ranges in our data and in the data sets reported in the litera-
ture. Furthermore, the THE regime shows a different pressure
evolution in our data and in those of Ref. [27]. It is impor-
tant to emphasize that all data suggest a much broader field
range of the topologically nontrivial magnetic structure than
the region where the THE is observed. This points to the
importance of the domain walls and not (only) the topologi-
cally nontrivial magnetic structure as the origin of the THE.
A field-driven modification of the domain-wall structure is
easily conceivable and likely to be more sensitive to lattice de-
fects. Unfortunately, it is not straightforward to quantitatively
relate the observed behavior to the sample composition and its
structural properties. This requires further studies and seems
to be very challenging at the resolution level required.

IV. CONCLUSION

In conclusion, our study shows that the low-temperature
properties of CeAlGe are extremely sensitive to small stoi-
chiometric variations especially the topological Hall effect.
Simultaneous measurements of the magnetoresistance and
the Hall effect suggest that inhomogeneities in the topolog-
ical magnetic phase, i.e., a different domain structure, have
a strong influence on the observed THE. Despite the only
small stoichiometric variations between the samples, we also
find a large difference in the carrier density, suggesting a
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FIG. 8. Magnetization (M) as a function of the magnetic-field
H || c for (a) s1 and (b) s2 at ambient pressure.

significantly different position of the Fermi level in the band
structure in different samples. This can also directly change

the contribution of Weyl fermions to the observed transport
properties either by shifting the Weyl cones with respect to
the Fermi energy and/or by a smaller or larger contribution
of normal electrons to the transport properties. The latter
should not affect the size of the THE. Finally, our study shows
that a consistent data set on different samples using different
physical probes, would be highly desirable to gain a complete
understanding of the topological properties of CeAlGe.

Data that underpin the findings of this paper are available at
Edmond-the open research data repository of the Max Planck
Society at Ref. [36].
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APPENDIX: MAGNETIZATION MEASUREMENTS

Figure 8 presents magnetization data as a function of the
magnetic field at ambient pressure for CeAlGe sl and s2 for
fields in the full investigated field range —7 T < uoH <7 T.
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