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Abstract: In this study, we report the successful growth of single crystals of a magnetic Weyl
semimetal candidate NdAlGe with the space group I4;md. The crystals were grown using a floating-
zone technique, which used five laser diodes, with a total power of 2 kW, as the heat source. To
ensure that the molten zone was stably formed during the growth, we employed a bell-shaped
distribution profile of the vertical irradiation intensity. After the nominal powder, crushed from an
arc-melted ingot, was shaped under hydrostatic pressure, we sintered the feed and seed rods in an
Ar atmosphere under ultra-low oxygen partial pressure (<10~2° atm) generated by an oxygen pump
made of yttria-stabilized zirconia heated at 873 K. Single crystals of NdAlGe were successfully grown
to a length of 50 mm. The grown crystals showed magnetic order in bulk at 13.5 K. The fundamental
physical properties were characterized by magnetic susceptibility, magnetization, specific heat, ther-
mal expansion, and electrical resistivity measurements. This study demonstrates that the magnetic
order induces anisotropic magnetoelasticity, magneto-entropy, and charge transport in NdAlGe.

Keywords: NdAlGe; magnetic Weyl semimetal; crystal growth; laser floating-zone technique; bulk
physical properties

1. Introduction

Weyl semimetals have been rapidly advanced as a topologically nontrivial phase of
matter. As the low-energy, excited quasiparticles are characterized by relativistic fermions,
the electronic structures yield exotic physical phenomena such as Fermi arcs and chiral
anomaly [1-5]. The topological Weyl semimetals can be realized when either the spatial
inversion or time-reversal symmetry is broken. As well as these semimetals, magnetic
topological materials have attracted much attention because the interplay between their
magnetic correlations and topological electronic structures can provide rich physical prop-
erties. Novel magnetoresistance, anomalous Hall and Nernst effects, axion insulator, and
chiral domain walls have been experimentally revealed in several materials [6-9]. Es-
tablishing a fundamental framework of magnetic Weyl semimetals is a demand for the
next generation of spintronics applications, such as high-density and high-speed memory
devices, and quantum information technology, because development of these technologies
is based on the intrinsic physical properties of the Weyl semimetals [10].

The RAIT family (R: lanthanides, T: Si, Ge) with the space group I4;md (No. 109) has
been considered to be a candidate material in a new class of magnetic topological semimet-
als, because the system breaks both the spatial inversion and time-reversal symmetries [11].
The crystal structure of RAIT is shown in Figure 1. As theoretically predicted [12], the
reports of topological magnetic order [13,14], topological Hall effect [15], anomalous Hall
and Nernst effects [16-18], unusual quantum oscillatory effect [14,19,20], possible axial
gauge fields [17], domain wall chirality [21], and Fermi arcs [22] have revealed that RAIT
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can offer rich electromagnetic properties. Since these properties can be tuned by exchang-
ing the rare-earth elements (R) and T [17], this motivates us to systematically explore the
relationship between the topology and magnetism in the RAIT family.

R

a

Figure 1. Crystal structure of a magnetic Weyl semimetal candidate RAIT (R: rare earth element, T:
Si, Ge), with the space group I4;md (No. 109).

Thus far, a series of flux-grown crystals of RAI(5i,Ge) with R = Ce, Pr, Nd, and
Sm, has been investigated [11,14,16-19,21-23], whereas floating-zone crystals have been
examined only in CeAlGe and PrAlGe [11,15,17]. The floating-zone method offers two main
advantages: (1) it minimizes the contamination level during the growth process, (2) it can
obtain large crystals in cm size [24-26]. This enables us to deepen our knowledge of
the materials through several experimental probes of the same batch of crystals. In this
paper, we present the successful growth of NdAlGe crystals with the length of 50 mm by
the floating-zone method, adopting laser diodes as the heat source. We demonstrate the
fundamental physical properties of NdAlGe, focusing on its anisotropic response with
magnetic order at 13.5 K.

2. Materials and Methods
2.1. Crystal Growth by the Floating-Zone Method

Crystal growth by using the floating-zone method is mainly composed of a polycrys-
talline feed-rod, molten zone, and a seed/grown crystal. As these components never touch
any other part of the apparatus (including the quartz tube) throughout the growth, the
growing crystal is protected from accidental contamination of any kind of impurity [24-26].
However, as the molten zone is fragilely supported only at the edges of the feed and seed
rods, it is easily destabilized. Maintaining a stable molten zone requires great care and
the optimizing of many parameters, such as the heat power required to melt the rods, the
feed/seed speed, the gas atmosphere, and the applied pressure. In this study, the NdAlGe
growth was kept stable by employing a laser diode as the heat source, and preparing a
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feed/seed rod: the latter has been successfully applied to oxides in previous studies [27].
These two stabilization techniques are described in detail below.

2.2. Laser Floating-Zone Technique

The recently developed laser-based floating-zone technique has opened a new window
for crystal growth, because the laser diode enables the growth of materials that have not
been obtained under optical halogen/xenon lamps connected to an infrared image furnace,
which is used as the conventional heat source [28]. The laser emission can sharply define the
focal point of melting, forming a narrower molten zone than can be achieved by radiation
from lamps reflected at the elliptical mirrors of an image furnace [29]. Consequently, the
laser-heated molten zone is homogeneous and tolerates a steeper temperature gradient at
the boundary between the molten zone and the grown crystal. Most recently, the distribu-
tion profile of the vertical irradiation intensity along the length of the rod has progressed
from flat to bell-shaped, where the original flat horizontal profile was maintained along
the radical direction of the rod (see Figure 2 of [30]). The new bell-shaped distribution is a
significant advance because it relaxes the thermal stress in the grown crystals. The modi-
fied temperature gradient imposed by the bell-shaped distribution prevents the as-grown
crystals from cracking. Crystals grown under the original flat laser profile are frequently
cracked by the too-sharp temperature gradient developed at the boundary [30]. Thus,
modern laser technology has dramatically advanced the crystal growth field in recent
years [29-31]. We grew single-crystalline NdAlGe using a laser diode floating-zone furnace,
in which five laser diodes produce a vertical bell-shaped distribution around the focal point.

‘Molten

[100] (d) [001]

Figure 2. (a) Picture of crystal growth of NdAlGe using a laser diode heated floating-zone furnace.
Dotted white lines outline the rod and grown crystal for clarity. (b) Photograph of the grown NdAIGe
crystal showing the necking formed at the beginning of the growth; (c) and (d) back-scattered Laue
photographs along the [100] and [001] axes, respectively.

2.3. Preparation of Feed and Seed Rods

The floating-zone technique has grown intermetallic compounds, as well as oxides
and chalcogenides [28-35]. Feed rod preparation is an important procedure for the entire
growth process because the quality of the feed rods strongly affects the stability of the
molten zone. In particular, the feed rods must be well-shaped, and mechanically robust
with uniform density and composition [36]. The rods for intermetallic alloys have been
conventionally shaped by melting the starting materials in an arc furnace or a radio-
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frequency induction-heating furnace. However, these methods may introduce cracks inside
the resultant rods, and the cracks prevent a stable form of the molten zone during the
crystal growth. An alternative advanced method has been reported, consisting of designing
a modified radio-frequency induction-heating furnace [36].

We prepared a polycrystalline feed rod of NdAlGe by the following process. First, we
prepared polycrystalline ingots of NdAlGe with a nominal composition via arc-melting
under an Ar atmosphere (Techno Search Corp., SE-11399). The button-shaped ingot was
turned over and melted several times to ensure homogeneity. The arc-melted ingots were
subsequently powdered using an agate mortar and pestle. The powder with a typical
weight of 18 g was packed into a tubular rubber balloon for shaping into a cylindrical
rod. The powder-filled balloon was pressed under hydrostatic pressure at 40 MPa for
5 min. Here, to avoid the contamination from the as-purchased balloon of which surfaces
were coated with a fine powder, we carefully cleaned both the inner and outer surfaces
of the balloon before filling the NdAlGe powder, as experienced from the growth of
ruthenates [27]. After their removal from the balloon, the uniform-shaped rods were
sintered at 1123 K for 24 h in a tube furnace under an Ar gas flowing at 3 L/min. The Ar
gas was regenerated using an oxygen pump made of yttria-stabilized zirconia heated at
873 K and circulated under an ultra-low oxygen partial pressure of less than 10~2° atm
(Canon Machinery Inc., ULOCE-530) [37]. Finally, the sintered rod with a typical diameter
of 6 mm was cut into two unequal parts. The longer part, with a length of 80 mm, was
designated as the feed rod and the shorter part, with a length of 30 mm, was used as the
seed. High-quality ruthenates were previously grown by a similar procedure [27,38-43].
This process obtained homogeneous rods with a minimal contamination risk; consequently,
a series of ruthenate crystals was successfully grown under stable conditions, with no
accidental cracks to the rods during irradiation in the furnace [27,39,41-43]. We note that
the procedure can be applied to that for the growth of intermetallic alloys.

2.4. Crystal Growth

Both the feed and seed rods were set into a laser diode floating-zone furnace equipped
with five 400 W GaAs-based laser heads with a wavelength of 940 nm (L-FZ 2000, Quantum
Design Japan). Here, the bell-shaped distribution profile of the vertical irradiation intensity
was optimized. The feed rod was suspended from a hock (made of platinum) on the upper
shaft using molybdenum wire, and the seed rod was set in an alumina holder on the lower
shaft. Since the growth area of the furnace was separated by a quartz tube from the outside,
we could select the desired atmosphere and pressure of the gas during the crystal growth.
For the growth of NdAlGe, we used a gas mixture of Ar (96%) and H; (4%). As the laser
power was smoothly increased, the bottom end of the rod started to melt. The molten rod
was then connected to the top of the seed rod. The growth started with necking because a
polycrystalline rod was used as the seed. Once the necking was complete, the molten zone
was stabilized at both feed and seed speeds of 5 mm/h in the Ar-H, gas mixture at 0.4 MPa
and with a flow rate of 1 L/min. Applying the pressure to 0.4 MPa was in order to attempt
the suppression of the evaporation during the growth. The feed and seed were rotated at
10 rpm in opposite directions to homogenize the molten liquid. The molten zone remained
stable until the end of the growth without any cracking or other accidental issues arising
from the sintered rods prepared by the above procedure.

2.5. Characterization

The phase purity of the crushed single crystals was checked using power X-ray
diffraction under Cu Ka radiation (MiniFlex600, Rigaku) at room temperature. To cut the
grown crystals along their principle crystallographic axes (the a and c axes), the orientations
of the crystals were checked by a back-scattered X-ray Laue diffraction technique. The
composition of the grown crystal was determined using inductively coupled plasma optical
emission spectrometry (ICP-OES).
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The bulk physical properties were measured down to 2 K using the options of the
Physical Property Measurement System (Dynacool, Quantum Design). The temperature
dependence of the magnetic susceptibility was measured in a magnetic field (H) of 0.01 T
under zero-field-cooled (ZFC) and field-cooled (FC) conditions: that is, by cooling the
sample before and after applying a static magnetic field, respectively. The isothermal
magnetization (M) was measured between —9 and 9 T. The temperature dependence of
the specific heat (Cp) was measured by a relaxation method. The thermal expansion was
measured by a capacitive-based technique with a temperature sweep of 0.1 K/min. In the
thermal expansion measurements, we used a fused quartz dilatometer cell because fused
quartz has the weakest temperature dependence among the known thermally expansive
materials [44]. The magnetic entropy change (ASy) of H//a and H//c was determined

using the thermodynamic Maxwell relation, ASy; = fOH %—AT/IdH [45], obtained from the
temperature dependence of the magnetization up to 9 T under the FC process. The magnetic
susceptibility, magnetization, specific heat, and thermal expansion measurements were
measured on the same sample with dimensions of 2.0 mm after cutting and polishing
along the a and c axes. The electrical resistivity was measured by the standard four-
probe AC method, after spot-welding electrical contacts on the rectangular-shaped crystals.
We also examined measurements of the g-axis resistivity of the crystals in a top-loaded

dilution fridge.

3. Results and Discussion
3.1. Crystal Growth

Figure 2a shows a photo of the crystal growth of NdAlGe. The bell-shaped distribution,
created by the five laser diodes, focused on the molten zone with a length of 6 mm. The rod
was not cracked by the laser emission during the growth. As seen in Figure 2b, crystals with
a length of 50 mm were grown under stable conditions. Additionally, there were no signs
on the surface of the grown crystals that the molten liquid was dropped during the growth,
suggesting that the growth was performed under stable temperature control. Figure 3
displays the powder diffraction pattern of a partially crushed crystal. All peaks were well
indexed to the space group I4;md [11] and no impurity phases were detected. The lattice
parameters were deduced as a = 0.42245(13) nm, and ¢ = 1.4576(6) nm, consistent with
previous reports on polycrystals [46] and flux-grown crystals [23]. Figure 2c,d show the
back-scattered Laue photographs of the grown crystal along the [100] and [001] directions,
respectively. Clear and sharp spots from the bulk crystal confirmed that a large single
crystal was obtained. From the ICP-OES results, the molar ratio of the grown crystal
was determined as Nd: Al: Ge = 1.00: 0.93: 0.98. The ratio was identical along the
crystal rods within the experimental error, suggesting the grown crystal is homogeneous.
The aluminum deficiency reflects the evaporation of aluminum during the growth. The
evaporated powder was deposited on the inside surface of the quartz tube.

3.2. Bulk Properties of the Grown Crystal

The temperature dependences of the magnetic susceptibility (M/H) were measured
in a field of 0.01 T. The results along the a and c axes are presented in Figure 4a,b, re-
spectively. A clear magnetic transition (Ty) appears at 13.5 K in both field directions.
The transition temperature of our floating-zone crystal exceeded that of the flux-grown
crystals [23]. Here, T\ defines the temperature at which clear hysteresis occurs between
the ZFC and FC processes. Such hysteresis can be attributed to pinning of the magnetic
domains below the magnetic ordering temperature. We also observe a large anisotropy of
the magnetic susceptibility below T\ between H//a and H//c, as seen in the flux-grown crys-
tal [23]. Figure 4c,d plot the temperature dependence of the inverse magnetic susceptibility
(M/H) ! along the a and c axes, respectively. The black lines in the figures are the fits to
Napseig
3kp(T—6p)
Avogadro’s number, and the Bohr magneton, respectively. From the fits between 100 and
300 K, the effective magnetic moments (ps) in the paramagnetic region were pqgs = 3.57 yp

the Curie—Weiss law, % = + Xxo, where kg, N4, up are the Boltzmann constant,
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and 3.66 ug under H//a and H//c, respectively. These values are very close to the theoretical
value of the free Nd3* with a total angular momentum of | = 9/2, which corresponds to
Hett = 3.62 up. The results suggest a well-localized nature of the 4f electrons. The small
temperature-independent term ), which typically represents Pauli paramagnetic and
Larmor diamagnetic contributions, was 8.14 x 10~* (4.82 x 10~%) emu/mol for H//a (H//c).
The Weiss temperatures under H//a and H//c were obtained as fp = —4.4 K and +11.4 K,
respectively. Here, the negative and positive 0p indicate an antiferromagnetic correlation

and ferromagnetic coupling, respectively.

o~

NdAIGe
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Figure 3. Powder X-ray diffraction pattern showing the indices of crushed NdAlGe crystal (Cu Ka

radiation at room temperature).
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Figure 4. Temperature dependences of the magnetic susceptibility of NdAlGe under the field along
(a) H//a and (b) H//c. Measurements were performed under zero-field-cooled (open circles) and field-
cooled (closed circles) processes at 0.01 T. Inverse magnetic susceptibility as a function of temperature
under (c) H//a, and (d) H//c. Solid black lines are fits to the Curie-Weiss law between 100 and 300 K.
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The anisotropy of the magnetic property was observed by the isothermal magnetiza-
tion at 2 K under H//a and H//c up to 9 T (Figure 5a). Figure 5b enlarges the low-field region
to emphasize the obvious hysteresis under H//c. The overall behavior is similar to that
observed in flux-grown crystals, in which measurements were performed up to 30 T [23].
The magnetization under H//c shows a clear hysteresis with a remnant magnetization and a
small coercive field of 0.07 T, indicating magnetic order with a spontaneous magnetization.
In contrast, the a-axis magnetization shows no clear hysteresis and is nearly 100 times
smaller than the c-axis magnetization at 0.3 T. The a-axis magnetization is linear in H up
to 2 T and slightly deviates upwards at higher field. The strong anisotropy suggests that
NdAIGe has an Ising-like magnetism with the c axis being the easy axis.

3 T T T
NdAIGe [ 7 ,.

2 r-2K

M (ug)

NdAIGe
T=2K

M (ug)

(b)

_3 1 1 l 1 1
206-04-02 0 02 04 0.6
uoH (T)

Figure 5. (a) Isothermal magnetization of NdAlGe at 2 K under H//a, and H//c between -9 and +9 T.
(b) Zoom-in of the low-field region between 0.6 and +0.6 T to emphasize the hysteresis under H//c.

Figure 6a,b plot the isothermal magnetization of NdAlGe under H//a, and H//c, respec-
tively, at several temperatures across the Ty;. These data were taken after field cooling.
Under H//c, the rapid increase in magnetization at low fields was suppressed as the temper-
ature increased. The remnant magnetization disappeared at T;. Under H//a, the upward
behavior observed at 2 K was suppressed as the temperature was raised.

Figure 7a shows the temperature dependence of the specific heat (Cp) without field. We
can see a well-defined lambda-type anomaly, as seen in the sister materials RAI(Ge,Si) [14,18].
A second-ordered-like transition temperature at 13.5 K, defined as the midpoint of the
jump, corresponds accurately to the onset of the magnetic transition at Ty observed in
the magnetic susceptibility measurements. Judging from the result, the observed phase
transition in NdAlGe occurs in bulk. We mention that only a single peak with a sharp
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transition width of less than 0.4 K is seen; no other transitions were detectable at our
experimental resolution down to 2 K. Figure 7b plots the temperature dependence of the
specific heat divided by temperature (Cp/T). The ACp/T jumped by 0.69 ] /mol K? at Ty;.

3 T T T T
NdAIGe (@)

M (pp)

0 2 4 6 8 10

1.0

™
7~

M (up)
2N
7(:

0.5

NdAIGe

O 1 1 1 |
0 2 4 6 8§ 10

ot (T)

Figure 6. Isothermal magnetization curves of NdAlGe under (a) H//a, and (b) H//c at temperatures below

and above the transition temperature at 13.5 K. The data were taken under the field-cooled process.

Thermodynamic phase transitions can be detected through thermal expansion ex-
periments, which provide the directional information along the independent crystallo-
graphic axes [47]. In contrast, specific heat measurements probe the overall information
on phase transitions, as shown in Figure 7. Figure 8a shows the linear thermal expansions
AL; _ Li(T)—L;(300 K)

Li — ~ Lj300K)
ature. The inset shows the temperature- dependent L i up to 300 K. Both AL“ and ALC
show a clear kink (not a discontinuous jump) at T = 135K, suggesting a second ordered
phase transition. Moreover, the results are highly anisotropic: on cooling, the thermal
expansions along the a and ¢ axes increase and decrease below Ty, respectively. This
result is possibly attributable to the anisotropic magnetic correlations of this material, as

discussed for NdAISi [14]. Figure 8b presents the temperature dependence of the linear
1 dAL(T)
LGO0K) dT
is the volume expansion coefficient ay deduced as 2x, + a., considering the tetragonal
crystal symmetry of this material. Anomalies in both &, and a. correspond to the magnetic

transition temperature at Ty, suggesting a strong magnetoelastic coupling in NdAIGe.

, where the index i refers to the a and c axes, as functions of temper-

thermal expansion coefficient a; =

along the a and c axes. Also shown
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Figure 7. (a) Temperature dependence of specific heat (Cp) of NdAlGe under zero field. (b) Specific
heat divided by temperature (Cp/T) plotted against temperature.

For a second-ordered phase transition, the uniaxial and hydrostatic pressure depen-
dence of the magnetic transition temperature can be determined by the Ehrenfest rela-

tion [47] ‘%"f = AY&”I)A%), where Vi, = 3.92 x 1075 m3/mol is the molar volume, A(Cp/T)
defines the jump in the specific heat divided by the temperature (Cp/T) (Figure 7b), and Ax;
is the jump in the thermal expansion coefficient at Ty (Figure 8b). Using our experimental
results with A(Cp/T) = 0.69 J/mol K2, Aw, = —2.2 x 1070 K1, and Aac = +1.2 x 107> K1,
we obtained ZLPB: = —0.13K/GPa, and ‘%\C/I: +0.68 K/GPa under the uniaxial pressure along
the a and c axes, respectively. This result suggests that uniaxial pressure along the c axis
stabilizes the magnetic ordered state, whereas that along the a axis suppresses this state.

In addition, the hydrostatic pressure dependence of the magnetic transition temperature

‘%ﬁ’[ = Z'ZLPI‘; + ‘%ﬁ" was obtained as +0.42 K/GPa. The obtained hydrostatic pressure depen-
dence on Ty in NdAlGe is close to that in the sister compounds CeAlGe, and CeAlSi with
dde;’I = +0.64 K/GPa, and +0.62 K/GPa, respectively, and the signs of all dependencies are
positive although the magnetically easy axis in these Ce-based materials reportedly aligns
perpendicular to the c axis. [20,21]. The same trend of ‘%}" > ( was seen in a substitution
study of PrAl(Gej.4Six); specifically, the magnetic ordered tempera ture monotonically

increased with shrinkage as Si was substituted for Ge [18].
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Figure 8. (a) Temperature dependences of (a) thermal expansion ALLl_f = % and (b) linear
thermal expansion coefficient a; = m dAgi’T(T) along the a and c axes. Indexed by i. The volume

expansion coefficient ay, obtained as 2a, + «¢ considering the tetragonal crystal symmetry of NdAlGe,
is also shown.

The magnetocaloric effect, which determines the correlation between the ordered
magnetism and entropy, is worth exploring in magnetic materials. The magnetocaloric
effect is a consequence of temperature change (heating or cooling) in a magnetic material
under adiabatic conditions when an external magnetic field is applied and removed [48].
The efficiency of the magnetocaloric effect can be evaluated through the magnetic entropy
change ASy;, defined as the entropy difference between the magnetized material (S(H)) and
demagnetized material (5(0). Formally, ASy; = S(H)-S(0) [45]. The magnetocaloric effect is
usually examined in ferromagnetic materials because such materials should, in principle,
gain larger ASys through the demagnetized and magnetized process than non-ferromagnetic
materials [49-51]. Although evaluating the ASy; of NdAlGe with Ising-like magnetization
under H//c (Figure 5a) is an interesting proposition, the ASy; of Nd-containing materials
are rarely considered because the magnetic moments of materials containing light rare-
earth elements are smaller than those of other magnetocaloric materials containing heavy
rare-earth elements such as Ho, Gd or transition metal Fe [49-51].

To evaluate the ASy; of NdAIGe, we first show the temperature dependences of
the magnetization (M vs. T) of NdAlGe under H//a and H//c (Figure 9a,b, respectively),
under various magnetic fields up to 9 T. These measurements were performed under
the FC process. Figure 9c,d present the magnetic entropy changes (ASy) as functions of
temperature under H//a, and H//c, respectively, for various fields up to 9 T. Here, the ASy
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was evaluated from the above-mentioned Maxwell relation. Under H//c, the ASy; shows
a single minimum around Ty;. The negative magnetic entropy change indicates that the
entropy was released/gained under magnetization/demagnetization in NdAlGe. When
the field was changed from zero to 5 and 9 T, the ASy; values were —4.2 and —5.7 J/K
mol, respectively. The value at 5 T was comparable to that in a series of ternary systems
summarized in a review article [52], which focused mainly on materials containing heavy
rare-earth elements. In contrast, the ASy; under H//a peaked at low temperatures and
became negative at higher temperatures. Similar sign-changing behavior is seen in Ni-Mn-
Sn alloys [53]. When the field changed to 9 T, the minimum value of ASy; under H//a was
—1.3 J/K mol. The positive and negative behavior of ASy; under H//a, and the smaller
values than under H//c might reflect the anisotropic magnetic coupling.

1.5 .
2 o
g g
3 = 1.0
g g
(] Q
en <
S S 0.5
= S
0 0
AO.S . Of
N ) N
=) S ook -
s £
p— | — _4_ B
28 %
< L0 < l9T
(d
-1.5 -6 ' '

o

20 40 60 0 20 40 60
T'(K) T'(K)

Figure 9. Temperature dependence of magnetization of NdAlGe for (a) H//a and (b) H//c under the
field-cooled process. The applied magnetic fields are 0.01, 0.05,0.1,0.3,0.5,1,2,3,4,5,6,7,8,and 9 T.
The magnetic entropy change ASy as a function of temperature for (c) H//a, and (d) H//c.

The floating-zone technique obtained the large-sized NdAlGe crystals in which we
could investigate the directional electrical charge transport properties. Figure 10a presents
the temperature dependences of the electrical resistivities p, and p. as the current flow along
the a and c axes, respectively. Figure 10b enlarges the low temperature region. Both p, and
pc exhibit metallic behaviors with sublinear temperature dependence at a high temperature.
We also mention that the resistive behavior in p, was identical along the radial direction in
the grown crystal, suggesting there were homogeneous crystals in the ingot. The residual
resistivity ratios (RRRs) were approximately 1.5 and 1.4, respectively. Comparable RRRs
were reported in floating-zone crystals CeAlGe and PrAlGe, in which the materials were
almost stoichiometric [11,17]. We also mention that the RRRs in our crystals were lower
than those seen in the flux-grown crystals [14,16,18,21]. The resistive anisotropy of NdAlGe
(oc/ pa~2) was almost temperature-independent in the paramagnetic region (above Tyy),
but the behaviors of p, and p. contrasted below T);; specifically, p, and p. were suppressed
and enhanced below T\, respectively. In typical magnetic materials, in general, spin
scattering and/or reconstruction of the Brillouin zone can influence the scattering rate of
the conducting carriers when the system enters the ordered state [54,55]. Suppression of the
scattering rate by spin scattering is frequently seen in the magnetic materials, for example,
in the ferromagnetic oxide StRuOs [42]. Meanwhile, Brillouin zone reconstruction may
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enhance the resistivity, as observed in a pressure-induced antiferromagnetic ordered state
in FeSe [56]. In NdAlGe, the upturn seen in p. is possibly attributable to a reconstructed
zone, whereas the downturn in p, below Ty might be dominated by suppression of the
spin scattering.
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Figure 10. (a) Temperature dependence of electrical resistivities p,, and p. under the current flow
along the a axis and c axes, respectively. (b) Low temperature resistivities for capturing the anisotropic
behavior below the transition temperature.

4. Summary

In summary, we successfully grew single crystals of a magnetic Weyl semimetal can-
didate NdAlGe using the laser diode heated floating-zone technique. Five laser diodes
produced a bell-shaped distribution profile of vertical irradiation intensity. After the nomi-
nal powder, crushed from an arc-melted ingot, was shaped under hydrostatic pressure, we
sintered the feed and seed rods under Ar gas at ultra-low oxygen partial pressure (<10~2°
atm). The crystals were grown under the stable conditions of the molten zone without any
cracks on the rods. We finally obtained a large-sized crystal with a length of 50 mm. When
examined with bulk-sensitive probes, the grown crystals showed magnetic order at 13.5
K. The ordered state presented Ising-like behavior. The magnetic entropy largely changed
when a magnetic field was applied along the easy axis (the c¢ axis). The linear thermal
expansion also confirmed anisotropic responses at the magnetic transition temperature. Ap-
plying the thermodynamic Ehrenfest relation based on our experimental data, we revealed
the anisotropic uniaxial pressure dependence of the magnetic transition temperature. The
hydrostatic pressure dependence on the magnetic transition temperature in NdAlGe was
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positively signed, as observed in sister materials of NdAlGe. Anisotropic charge transport
below the ordered temperature probably originates from the scattering mechanism.
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