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Weyl semimetals have a variety of intriguing physical properties, including topologically protected electronic
states that coexist with conducting states. Possible exploitation of topologically protected states in a conducting
material is promising for technological applications. Weyl semimetals that form in a noncentrosymmetric
structure that also contain magnetic moments may host a variety of emergent phenomena that cannot be seen in
magnetic, centrosymmetric Weyl materials. It can be difficult to distinguish definitively between a centrosymmet-
ric structure and one of its noncentrosymmetric subgroups with standard powder x-ray diffractometers in cases
where two atoms in the compound have nearly the same atomic number, as is the case for the candidate Weyl
semimetal CeGaGe. In these cases, a careful single-crystal neutron diffraction experiment with high-angle reflec-
tions provides complimentary information to x-ray diffraction and definitively resolves any ambiguity between
centrosymmetric and noncentrosymmetric crystal structures. Single-crystal neutron diffraction measurements
on the candidate Weyl semimetal CeGaGe confirms that its structure is noncentrosymmetric, described by space
group 109 (I4,md) rather than the centrosymmetric space group 141 (/4,/amd). There are many high-angle
reflections in the dataset that give clear, physically intuitive evidence that CeGaGe forms with /4,md symmetry
since Bragg planes of these reflections can contain Ga with no Ge or vice versa, whereas the Bragg planes for a
structure with /4, /amd symmetry would have a mix of Ga and Ge. Further, in some crystals we have studied,
there is clear evidence for a structural transition from body-centered /4;md symmetry to primitive P4; and/or

P4, symmetry.

DOI: 10.1103/PhysRevB.111.184102

I. INTRODUCTION

The recent appreciation for the role of topology in con-
densed matter physics has driven the study of materials that
host protected electronic states due to their potential uses
in next-generation technologies [1-6]. Among bulk materials
that potentially host such states, Weyl semimetals also feature
conducting states in their bulk, allowing for the exploitation
of both protected and conventional electronic states in future
applications. For candidate Weyl materials, it is critical to
have a detailed understanding of the underlying symmetries in
the material, as these properties govern whether or not Weyl
points in the electronic band structure can exist at all and
what properties these Weyl points may posses. For a Weyl
semimetal to exist, there must be either ordered magnetic
moments that break time-reversal symmetry (TRS) [7] or
broken inversion symmetry in the crystal structure [8]. When
combined with spin-orbit coupling, these broken symmetries
can lead to degenerate bands that are topologically protected
with linear dispersions that mimic Weyl particles [4—6]. Some
exotic topological states—for instance, lines of Weyl points in
the band structure known as Kramers nodal lines—can only
exist in materials with broken inversion symmetry [9,10].

*Contact author: wgannon @uky.edu

2469-9950/2025/111(18)/184102(10)

184102-1

Given that the physical properties observed in experiments
on correlated topological matter are intricately linked to the
underlying symmetries of the material, it is absolutely critical
to have an understanding of these symmetries. For a potential
Weyl material, the presence or lack of TRS can be found
through measurements of thermodynamic properties to deter-
mine whether a material is in a magnetically ordered state in
a certain temperature range. However, the presence or lack of
inversion symmetry can be a much more subtle detail, as it
relates to the intricacies of a crystal structure, and determina-
tions are also complicated by the elements that make up the
material.

Regardless, in some instances, materials with Weyl points
in their band structures possess both magnetic moments that
order, breaking TRS, and noncentrosymmetric crystal struc-
tures. In such materials, it is possible to have Weyl states
above the magnetic ordering temperature and study the in-
terplay of Weyl quasiparticles with magnetic ordering. One
such family of materials with noncentrosymmetric crystal
structures that have been studied in this context are the RXZ
materials where R is a rare-earth element, X is Al or Ga,
and Z is Si or Ge. There are at least 12 known materials
in this family [8,11-61]. When the rare-earth element is La,
there are no magnetic moments, and TRS is preserved [8,
37-39]. When the rare-earth element is Ce, Pr, Nd, Sm, or
Gd, the materials order magnetically and break TRS below the
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ordering temperature [11-36,40-61]. As single crystals, each
member of this family has tetragonal, noncentrosymmetric
I4,md symmetry (space group 109).

A wide variety of physics is found in this material family.
For instance, in NdAISi, the ordered magnetic structure is
helical, with an incommensurate ordering vector that matches
the nesting of the Weyl nodes in the band structure [11].
In CeAlGe, the magnetic order is a long-wavelength meron-
antimeron type order, where the topology of the order can
be tuned with magnetic field while simultaneously chang-
ing the magnitude of the observed topological Hall effect
[22]. In CeAlSi, the positions of the Weyl nodes move in
reciprocal space with the onset of magnetic order [34]. In
PrAlSi, a magnetic field—induced Lifshitz transition has been
observed [53].

Several of these materials were first identified not as high-
quality single crystals but rather in polycrystalline form. For
example, CeAlGe and NdAISi were both first produced as
polycrystals via arc-melting [62—-64]. In these instances, the
materials were reported to be alloys, with symmetry given as
14 /amd (space group 141) based on powder x-ray diffraction
(PXRD) measurements.

The difference between 14;md and 14, /amd in the context
of these materials is the positioning of the X and Z atoms
in the structure. With noncentrosymmetric /4;md symmetry,
the X and Z atoms occupy distinct crystallographic sites (with
Wyckoff site symmetry 4a), shown in Figs. 1(a) and 1(c) for
the material CeGaGe, the subject of this paper. With 14, /amd
symmetry, the X and Z atoms would need to randomly occupy
the same crystallographic site (with site symmetry 8e) with
50% occupancy, restoring inversion symmetry in the structure
[Figs. 1(b) and 1(d)].

In arc-melted samples, the random polycrystalline /4md
grains would be practically indistinguishable from an
141 /amd alloy in a PXRD experiment, especially due to the
possibility of inversion twinning with the /4;md symmetry.
Since the band structure in a material is intimately linked to
the crystal structure, it is critical to have an accurate structure
determined from high-quality single crystals to fully under-
stand the emergent physics. In the case of CeAlGe, this was
done with careful single-crystal x-ray diffraction (SCXRD)
since the atomic scattering factors of Al and Ge are signifi-
cantly different [19,65]. For NdAlSi, a careful single-crystal
neutron diffraction (SCND) experiment was performed due to
the similarities in the x-ray atomic scattering factor of Al and
Si [11,65].

The subject of this paper CeGaGe is also a member of
the RXZ family. Authors of early reports on arc-melted
samples determined the crystal structure to have 14;/amd
symmetry from PXRD [66,67]. In CeGaGe, ferromagnetic
order was seen at 7o = 5.5 K, with a Sommerfeld coefficient
y = 40 mJ/mol K? [68], significantly larger than in CeAlGe
(y =0.93 mJ/mol K?) [19], suggesting enhanced electronic
correlations. Authors of a more recent report on single crystals
of CeGaGe grown from flux have confirmed the magnetic
ordering at 7c = 5.5 K but found a considerably smaller
Sommerfeld coefficient y = 13 mJ/mol K? [69]. Authors of
all of these reports have confirmed that CeGaGe is a poor
metal, with a residual resistivity ratio as high as 2 in the likely
higher-quality flux-grown crystals.
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FIG. 1. Structure of CeGaGe: The unit cell of CeGaGe given
(a) 14,md and (b) 14, /amd symmetries. Ce (cyan), Ga (green), and
Ge (purple) are shown. For the /4,md space group, Ga and Ge
occupy distinct crystallographic sites, each with Wyckoff symmetry
4a. For the 14, /amd space group, Ga and Ge are shown as a random
mixture on the crystallographic site with Wyckoff symmetry 8e.
Structures with the same (c) /4;md and (d) 14, /amd symmetries are
shown projected along the crystal ¢ axis. (¢) The normalized x-ray
atomic scattering factors as a function of scattering angle 26 are
shown for elemental Ga (black solid line) and Ge (gray solid line)
as well as the common Ga>* (green dashed line) and Ge** (magenta
dashed line) oxidation states calculated using the method prescribed
in Ref. [65].

The central problem is that there has not yet been a defini-
tive structural determination for CeGaGe. This is not possible
using standard powder x-ray characterization tools available
at most institutions. As discussed above, structural determi-
nation would not have been possible in early polycrystalline
samples with PXRD. However, even a PXRD experiment on
a sample made from crushed single crystals would struggle
to determine the structure in the RXZ materials because of
the random orientation of the powder grains. It was shown
that PXRD data from flux-grown single crystals of CeGaGe
fits well to a model with I4;md symmetry [69], but a side-
by-side comparison of refinements to models with 74;md and
14, /amd symmetries has not been made. PXRD data collected
from a sample made from crushed single crystals is shown in
Figs. 2(a) and 2(b). Rietveld refinements [70] using models
with I4,md [Fig. 2(a)] and I4,/amd [Fig. 2(b)] symmetries
are virtually identical and give equivalently good descriptions
of the data. This is discussed further in Sec. II. In CeGaGe
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FIG. 2. Powder x-ray diffraction (PXRD): Scattered x-ray intensity as a function of scattering angle 26 measured by PXRD (red) and
calculated by Rietveld refinements (black) to models with (a) /4,md and (b) 14, /amd symmetries. Refinements are nearly identical in both
panels. Expected positions of Bragg reflections (green hatches) and offset residuals (blue) for each fit are shown. These refinements are virtually

indistinguishable.

specifically, SCXRD is complicated by the similarities of
x-ray scattering factors for Ga and Ge. The x-ray scattering
factors for Ga, Ge, and their common oxidation states are plot-
ted in Fig. 1(e). There is little difference between Ga and Ge
across 180° in scattering angle 26. A single-crystal structural
determination avoiding the powder grain issue that also uses
a complimentary technique to increase the contrast between
the Ga and Ge sites would definitively determine the structure
when combined with PXRD and SCXRD measurements that
can be made at many institutions.

This same issue was faced with the material NdAISi, where
the similarity of Al and Si in XRD measurements made struc-
tural determination difficult, even with high-quality single
crystals [11]. For that material, the structure was definitively
determined to have I4;md symmetry using SCND. Al and
Si have significantly different coherent neutron scattering
lengths [71,72], making SCND a straightforward way to de-
termine the structure.

We have performed a similar SCND experiment on
CeGaGe as well as a number of SCXRD experiments. We
find that the structure has /4md symmetry in all samples.
However, we also find in some samples that there is a subtle
structural transition away from the body centered /4,md to the
primitive, noncentrosymmetric P43 (and/or P4;) symmetry
upon decreasing temperature. These results lay a foundation
for understanding the broader picture of magnetic and poten-
tial Weyl physics in CeGaGe and emphasizes that extreme
caution in structural determination is needed in this family of
materials.

II. CRYSTAL SYNTHESIS AND CHARACTERIZATION

Elemental Ce (Aldrich 99.9%), Ga (Aesar 99.99999%),
and Ge (Aldrich 99.999%) in the molar ratio 0.86:1.0:0.79
were arc-melted into two rods ~3 inches each in length. The
melted material in each rod was cut, mixed, and remelted
several times to ensure compositional homogeneity. These
polycrystalline rods were then mounted and coaligned in a
Quantum Designs two-mirror floating-zone furnace. Floating-

zone refinement was done under a 3 bar argon atmosphere to
minimize loss of Ga and Ce due to their relatively high vapor
pressures. While the crystal was being grown, there was a
4 scf/h flow of Ar through the system to minimize vapor plat-
ing to the walls of the growth chamber between the samples
and mirrors. Growth was done at a rate of 8 mm/h, and each
rod was rotated in opposite directions with a frequency of
5 rpm. This yielded a crystal of ~2.5 cm in length and 1.7 g
in mass.

Energy dispersive x-ray spectroscopy (EDX) was used
to determine composition of the sample. EDX spectra were
taken at 38 sites on the sample using a Quanta FEG 250
environmental scanning electron microscope (SEM) equipped
with an Oxford Instruments XSTREAM2 EDX detector. Each
spectrum was collected with ~500000 photon counts. A
representative spectrum can be found in Fig. S-2 in the
Supplemental Material [73]. Data were analyzed with the
Oxford Instruments AZtec data suite using 20 keV range,
2048 channels, and pulse pile-up correction [74]. Carbon from
the SEM mounting tape, aluminum from the interior of the
SEM chamber, and any possible residual oxygen were in-
cluded in fits to spectra but not included in calculating molar
compositions of the elements. Ce, Ga, and Ge showed molar
ratio 0.95:1.0:0.86, as can be seen in Table I. All spectra

TABLE 1. Composition of CeGaGe: The composition of the
CeGaGe floating-zone refined crystal determined by EDX and by
SCND refinements to models with /4;md and 14, /amd symmetries.
The compositions from EDX data and refinement with /4,md sym-
metry are within uncertainty of each other.

Composition of Ce,GagGe,

a (Ce) B (Ga) y (Ge)
EDX 0.95(2) 1.000(9) 0.86(1)
14,md 0.91(2) 1.00(2) 0.83(2)
14, /amd 0.93(4) 0.96(2) 1.00(8)
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were normalized to a maximum composition of 1, with other
compositions adjusted accordingly.

To confirm that models with 14,md and 14, /amd symme-
tries cannot be distinguished with PXRD tools, we performed
an experiment using a powder prepared from the floating-zone
refined crystal. Measurements were made with a Bruker D8
Advance diffractometer equipped with a Gobel mirror and
Soller slits for beam collimation and nickel filter to suppress
K B radiation. The results of the measurements are shown in
Fig. 2. Rietveld refinements [70] to models with /4;md and
14, /amd symmetries using the FULLPROF Suite analysis pack-
age [75] are virtually identical. The reported x? values are
1.05 for I4;md and 1.08 for 14, /amd. The reliability factor
Ry was 18.7 for I4;md and 19.0 for /4, /amd. Details of the
refined structures can be seen in Table S-I in the Supplemental
Material [73].

III. SCND DATA ACQUISITION AND ANALYSIS

A high-resolution neutron diffraction experiment with suf-
ficient reciprocal space coverage can accurately determine
whether CeGaGe has [4ymd or I4;/amd symmetry. The
bound coherent neutron scattering lengths for Ga and Ge
differ by 12% [71,72], making neutron scattering quite sensi-
tive to differences in Ga and Ge. A single-crystal experiment
eliminates the randomization of the crystal grains, while an
experiment with large reciprocal space coverage can resolve
features at particularly small length scales.

A SCND experiment was done using the TOPAZ diffrac-
tometer at the Spallation Neutron Source at Oak Ridge
National Laboratory [77]. A crystal with mass 3.37 mg and
roughly spherical shape with radius 0.3 mm cut from our
floating-zone grown crystal was chosen for the experiment.
The sample was mounted with random orientation onto an alu-
minum sample holder pin with glue, as is typical for TOPAZ
experiments. The sample and pin were wrapped with pure Al
foil to ensure good thermal contact and loaded into a closed
cycle refrigerator on the instrument and cooled to 7 = 100 K.
The orientation of the sample was varied by rotating around
the vertical axis, and data were collected for 19 different rota-
tion angles ¢. At each angle, data were collected for ~50 min
as the sample was exposed to a white beam of neutrons. The
wavelengths of the scattered neutrons were resolved by time
of flight (TOF).

From these measurements, the crystal unit cell was deter-
mined to be tetragonal with a = b = 4.2708(1) A and ¢ =
14.5480(4) A. All reciprocal space scattering data are indexed
in reciprocal lattice units (r.L.u.). A representative plot of the
data in the k = O reciprocal space plane is shown in Fig. 3.
Measurements from all 19 rotation angles merged well, and all
diffraction peaks appear at integer reciprocal lattice indices,
indicating a high-quality single-crystal sample. The k = %1
planes are shown in Fig. S-3 in the Supplemental Material
[73] to further illustrate data quality.

The raw TOF data were reduced using MANTID reduc-
tion scripts for TOPAZ measurements [78,79]. The reduction
normalizes the data, accounting for absorption, neutron flux,
solid angle, Lorentz factor, background, and outliers. The
reduced data give the structure factor for each observed Bragg
reflection in arbitrary units. For both structures, 4430 Bragg
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FIG. 3. The k = 0 plane of the merged single-crystal neutron
diffraction (SCND) data before normalization. The data for the 19
different ¢ angles merged well, showing reflections only at integer
indices in reciprocal space which are consistent with the reflection
conditions for /4,md and 14, /amd symmetries [76].

reflections were indexed. Each of the structure factors had
square modulus |F,|?> and uncertainty 002 such that |F,|?/ 002 >
3, which is larger than the forced signal to noise cutoff of
/o2 > 1.

Structural refinement was performed using GSAS-11 [80]
software. Scale, atomic position, anisotropic thermal param-
eters, occupancy, and extinction were refined for models with
I4ymd and I4,/amd symmetries. When the refinement is
carried out with site exchange in a model with /4;md sym-
metry, there is <3% site exchange between Ga and Ge, with
uncertainty on the order of 10%, and so the crystallographic
information reported here is from a refinement that does not
include site exchange. Calculated structure factors using both
the 14,md and 14, /amd space groups agree reasonably well
with observed structure factors, as can be seen in Figs. 4(a)
and 4(c). When |F,|? is plotted as a function of the refined,
calculated structure factors |F.|%, in both models, the result is
a dataset that is tightly grouped to a line of slope 1 passing
through the origin, indicating that the refinements |F,|> are
good descriptions of our observation |F,|>. Indeed, for the
strongest reflections, there is little difference between the two
crystal structures in question.

However, the reliability factors (R) for the two structural
models are significantly different, where R is given by

R = Z| |F0|_|Fc||
YRl

where F, and F, are the observed and calculated structure fac-
tors, respectively. Here, R = 0.161 for /14;md and R = 0.224
for 14, /amd, a difference of 32.7%, suggesting that 14,md
is a significantly better description of the measurements. The
goodness-of-fit value of 19.13 for I/4,md is lower than that
of 22.40 for 14, /amd by 15.7%. The main difference in the
refinements for the two structural models is seen in the weak-
est Bragg reflections. When the same data from Figs. 4(a) and
4(c) are plotted on a log-log scale to emphasize the weakest

ey
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FIG. 4. Single-crystal neutron diffraction (SCND) refinements:
Square moduli of observed vs square moduli of calculated structure
factors for space groups (a) /41md and (c) 14, /amd. The solid black
lines have slope 1 and pass through the origin. Plots (b) and (d) are
the same plots as (a) and (c), respectively, but on a log-log scale.

reflections [Figs. 4(b) and 4(d)], it is clear that there are a
number of peaks that are not well described by a model with
14| /amd symmetry.

This is not simply an artifact of plotting on a log-log scale.
There are 1236 data points where 107* < |F.|?> < 1.25 for
the 74, /amd space group. Each of these reflections in the
14| /amd dataset indexed by hkl with rotation angle ¢, can
be plotted against the corresponding reflection in the 14,md
dataset indexed by the same Akl and ¢. For 986 of the 1236
reflections, /4;md predicts more intensity than [4,/amd,
putting 911 of the 1236 measured |F,|?’s in better agreement
with the /4,md structural model.

The scattering vectors for these 1236 data points have
relatively large magnitudes, as can be seen in Fig. 5(b).
Since magnitudes in reciprocal space are generally inversely
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FIG. 5. Reflections with small |F,|?: (a) |F,|* for the I4,md space
group vs corresponding |F,|? for I4; /amd for common Bragg reflec-
tions appearing at the same ¢. The black line has a slope of 1 and
passes through the origin. (b) Magnitude of scattering vector as a
function of |F.|? for I4, /amd. In both (a) and (b), points indexed by
h,k,l =—2,—2,—16 are highlighted in red since this reflection is
shown in Fig. 6 as an example of a high quality, weak reflection.
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FIG. 6. (a) The crystal structure with /4;md symmetry without
Ce atoms, showing Ga in green and Ge in purple. Lattice planes
with indices (—2, —2, —16), corresponding to one of the Bragg
reflections where the structure factors for the /4,md and 14,/amd
models differ most, are shown. (b) Plot of the (-2, —2, —16) peak
in reciprocal space, indicating that, although a weak reflection, it is
clearly distinguishable from the background scattering.

proportional to magnitudes in real space, this suggests that
the reflections where 14;md provides a significantly better
description are representative of structure at short length scale.
Indeed, the distance between Ga and its nearest neighbor Ge
is 2.417 A, which is a short length scale.

Closer examination of these reflections reveals how impor-
tant they are in the structural determination. Example Bragg
planes for one of the reflections in Fig. 5, the (-2, —2, —16)
peak, can be seen in Fig. 6(a), along with a plot of the
(=2, —2, —16) peak in reciprocal space, Fig. 6(b). Although
this is a weak peak, it has good signal to noise and is con-
siderably stronger than the Al background that surrounds it.
Considering that the Bragg plane for (-2, —2, —16) can have
Ga atoms with no Ge atoms or vice versa for the /4,md space
group but would include both Ga and Ge for /4,/amd, it
is physically intuitive why the intensities of these peaks are
predicted to be significantly lower for the 14, /amd model.
A common feature of the data points in Fig. 5 is that they
appear at relatively large scattering vectors and come from
Bragg planes that would contain only Ga or Ge for /4;md but
would contain a mix of Ga and Ge for /4, /amd.

All of the refined quantities for the correct /4;md model
except for the scale factors are shown in Table II. The unit cell
parameters are in excellent agreement with previous reports
[66,67,69]. The average of the anisotropic thermal parameters
is smaller than the isotropic thermal parameters reported in
Ref. [66]. This is expected, given that the present experiment
was done at T = 100 K, while the experiment in Ref. [66]
was done at room temperature.

IV. SCXRD

A complimentary single-crystal x-ray scattering measure-
ment can give further structural information, especially since
Friedel’s law prevents observation of inversion twinning with-
out resonant scattering, and none of the elements in CeGaGe
have resonant effects in the thermal neutron range [81,82].
The only merohedric twin law allowed for /4;md is inversion
twinning, which is distinguishable in a SCXRD experiment
due to resonant scattering of electrons. Moreover, the relative
ease of a SCXRD experiment in a local laboratory would
allow for far more rapid structural analysis of new samples
grown under different conditions going forward.
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TABLE II. Crystallographic information of the CeGaGe structure for /4,md refinement: The anisotropic thermal parameter U, ; is
proportional to the mean square displacement of the atom along the a axis, U, is proportional to the mean square displacement of the
atom along the b axis, and U 3 is proportional to the mean square displacement along the ¢ axis. The secondary type-1 extinction parameter

E, was 5.22 x 107,

Atom X y Z Occ. U111 U212 U3,3
Ce 0.0 0.0 0.000 0.91(2) 0.0038(8) 0.010(1) 0.0077(7)
Ga 0.0 0.0 0.4171(1) 1.00(2) 0.0031(3) 0.0146(7) 0.0011(4)
Ge 0.0 0.0 0.5829(1) 0.83(2) 0.019(1) 0.019(1) 0.013(1)

A small grain of the sample used for SCND was used to
conduct a SCXRD experiment. Data were collected at T =
100 K on a Bruker D8 Venture «-axis diffractometer using
molybdenum Ko x-rays with nitrogen gas stream for cool-
ing. Raw data were integrated, scaled, merged, and corrected
for Lorentz-polarization effects using the APEX3 package
[83]. Corrections for absorption were applied using SADABS
[84]. The structure was solved by iterative dual-space meth-
ods (SHELXT [85]), and refinement was carried out against
square moduli of observed structure factors by weighted full-
matrix least-squares (SHELXL [86]). All atoms were refined
with anisotropic displacement parameters. Crystallographic
parameters of the determined structure are summarized in
Table S-1I in the Supplemental Material [73].

The crystallographic reliability factors, defined by Eq. (1),
are superior for refinements using I4ymd vs 14,/amd sym-
metry, giving R = 0.0249 for I4;md and R = 0.0263 for
14| /amd. The goodness-of-fit values are 1.146 for /4,md and
1.258 for 14, /amd.

Given all of these results, the SCXRD analysis corrobo-
rates the SCND analysis, and /4,md symmetry is the correct
description for this CeGaGe sample. Analysis of the SCXRD
data with this symmetry give a Flack parameter [87] of
0.49(8). The small uncertainty of the Flack parameter indi-
cates that the parameter is well defined, and so the structure
is noncentrosymmetric. The Flack parameter being ~0.5 in-
dicates that there is nearly perfect inversion twinning in the
sample.

These SCXRD results are plotted in Fig. 7 in a fashion
like the SCND presentation (Fig. 4). The discrepancies be-
tween data and refinements in Figs. 7(b) and 7(d) are not
nearly as pronounced as they are in the the SCND analysis,
Figs. 4(b) and 4(d). When combined, SCND and SCXRD
give a more complete picture of the crystal structure of
CeGaGe.

V. STRUCTURAL PHASE TRANSITION
IN OTHER CeGaGe SAMPLES

Given the relative scarcity of neutron scattering time on
a high-resolution diffractometer and reasonable agreement
between our SCND and SCXRD results, SCXRD was used
to determine the structure of additional CeGaGe crystals. As
discussed above, the crystal that was used on the TOPAZ
diffractometer was found to have /-centered /4,md tetragonal
symmetry at 7 = 100 K in the SCND experiment and at
T =100 K in the SCXRD experiment. Additional SCXRD
measurements confirm that this is the correct symmetry at
room temperature for this sample.

However, a crystal synthesized using the flux-growth tech-
nique [88,89] using the same recipe as in Ref. [69] shows a
transition from /-centered to a primitive tetragonal symmetry,
as can be seen in Fig. 8. When this sample is measured with
SCXRD at room temperature, all Bragg reflections that are
observed can be indexed with reflections that are expected
for I4ymd symmetry. As an example, the k = 1 Bragg plane
is shown in Fig. 8(a), where only expected reflections are
observed. When the sample is cooled to 7 = 100 K and the
measurement is repeated [Fig. 8(b)], weak Bragg reflections
appear that are not allowed for /4;md symmetry. These addi-
tional reflections are consistent with a transition to a primitive
tetragonal structure.

SCXRD refinement shows that the structure of the flux-
grown sample is well described with chiral P43 symmetry
(space group 78). A Flack parameter of 0.44(8) indicates
a mix of P43 and its enantiomer P4, (space group 76)
since point inversion of a chiral structure transforms it to
its enantiomer [90,91]. Crystallographic information for the
refinement to the P45 structure can be found in Table S-III in
the Supplemental Material [73].
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FIG. 7. Square moduli of observed structure factors measured
with single-crystal x-ray diffraction (SCXRD) vs square moduli
of calculated structure factors for space groups (a) [4,md and
(c) 14, /amd. Solid black lines have slope 1 and pass through the
origin. Plots (b) and (d) are the same plots as (a) and (c), respectively,
but on a log-log scale. There are 181 data points where 0.001 <
|F.|?> < 0.0064 for I4;md. For each of these 181 data points, all
data points with matching sk!/ indices for the /4, /amd dataset have
|F.|> = 0.
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FIG. 8. Evidence of structural transition in flux-grown CeGaGe
obtained with single-crystal x-ray diffraction (SCXRD). (a) The k =
1 plane at room temperature. Intensity is on a linear scale and contrast
has been enhanced to show weaker peaks more clearly. The [ axis is
vertical, and the / axis is horizontal. (b) The k = 1 plane at 100 K.
The appearance of additional weak peaks indicates that the structure
has transitioned from the body-centered tetragonal /4;md structure
to the primitive tetragonal P4, or P45 structure.

The difference between I4ymd and P45 (or P4,) is ex-
tremely subtle in this context. Given that it occurs at a
temperature between room temperature and 7 = 100 K, the
thermodynamic signature of such a minor movement of the
atoms would be virtually impossible to resolve using typical
laboratory-based physical property probes such as specific
heat. A more precise measurement of one of the elastic prop-
erties of the crystal would be needed to find the precise
temperature of the phase transition or if the transition is
continuous.

Since we have demonstrated that it is possible to synthesize
CeGaGe crystals that remain in the body-centered structure
down to 100 K using float zone refining, we can speculate that
the structural transition observed in the flux-grown crystals is
either due to small amounts of impurities or crystallographic
defects in the flux-grown samples. Given the dependence
on the physical properties of CeAlGe to precise stoichiome-
try [19,26,63,92], minor compositional variations could also
be responsible for the symmetry change upon lowering
temperature.

VI. CONCLUSIONS

The measurements presented in this paper definitively
show that the candidate Weyl semimetal CeGaGe crystal-
lizes with noncentrosymmetric /4;md symmetry at room
temperature and, in some samples, remains in this sym-
metry at cryogenic temperatures. For those samples that
show a structural transition, it is a transition to another
noncentrosymmetric symmetry. This structural transition is
extremely subtle. We do not observe it in measurements of
the bulk thermodynamic properties, as it involves atomic dis-
placements that are below the level expected from thermal
contractions at these temperatures. A careful measurement of
the temperature dependence of the elastic constants would be
required to resolve the temperature of the phase transition.

With any quantum material, having high-quality samples is
extremely important, but since the electronic band structure is
intimately linked to the crystal structure and its symmetries,
having high-quality, well-characterized samples is especially
important for materials thought to host topologically protected
states. As we emphasize in this paper, in the RXZ materials,
a simple powder diffraction experiment is not enough. These
experiments do not resolve differences between centrosym-
metric and noncentrosymmetric structures. In CeGaGe,
we clearly see a temperature-dependent change in crystal
symmetry.

Given its compositional and structural similarities to other
materials that host an interplay between exotic electronic
states and magnetism, CeGaGe is an excellent candidate
for study in this context. The strong magnetic anisotropy
and possible signatures of multiple magnetic phases seen in
measurements of the magnetic susceptibility in flux-grown
crystals [69] suggest that it is likely that there will be rich
magnetic phenomena in CeGaGe, which can now be un-
derstood definitively with respect to the crystal structure.
Given the strong sensitivity of the physical properties to pre-
cise stoichiometry in related CeAlGe [26] and the structural
transitions discussed in Sec. V, caution should be used in
interpreting CeGaGe measurements. However, now that the
structure is known, any future measurements and calculations
of electronic structure are on much firmer footing, both in
the broad context of magnetic Weyl semimetals and in the
narrower context of CeGaGe specifically.
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