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Crystal structure and electromagnetic responses
of tetragonal GdAIGe
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The ternary rare-earth aluminum germanide GdAlGe with tetragonal structure is systematically studied by x-ray
diffraction, magnetic and electric measurements. The magnetic and electric properties of GdAlGe are strongly related to
its special magnetic structure formed by magnetic Gd3 isosceles triangles As. The GdAlGe orders ferromagnetically at
21 K due to the exchanging interaction of Gd3 AT-A7T Gd3. The mechanism of magnetic transport originates from the slip
scattering induced by Stoner spin fluctuation in the magnetic ordering region and the spin wave scattering induced by the
thermal photon excitation and phonon scattering in the paramagnetic region. The positive magnetoresistance is observed in
GdAlGe, which might be due to the disordered magnetic scatter induced by magnetic anisotropy in GdAIGe.
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1. Introduction

Weyl fermions, ! each of which consists of a pair of rel-
ativistic fermions with different chiralities, are originally con-
sidered as the particles in massless quantum electrodynamics,
but they have not been observed as fundamental particles in
nature. Although these conceptual fermions have been the-
oretically predicted in a framework of high energy physics,
Weyl fermions are generally believed to be realized in the solid

[2-101 type-I and type-II. Recently,

state, i.e. Weyl semimetals
it has been theoretically understood that the Weyl fermions
can exist in some novel semimetals with non-trivial topol-
ogy. However, the experimental study in this field has been
held back because Weyl semimetals are extremely rare in na-
ture. Although the quasiparticles in condensed matter systems
can break Lorentz symmetry, the emergent Weyl fermions
in the traditional (type-I) Weyl semimetal state,[!!~'4] which
is realized in the TaAs class of materials,!'51°) still approx-
imately complies with Lorentz symmetry. More recently,

20-241 Weyl semimetal was proposed in

the so-called type-II!
WTe, material.>>->’ Though one is intensively interested in
WTe, and it is one of various candidate materials, the type-
IT Weyl semimetal state is directly evidencd rarely in exper-
iment until the recent direct observation of the type-1I Weyl

28,291 based on angle re-

fermions in the nonmagnetic LaAlGe!
solved photo emission spectroscopic (ARPES) measurement,
which paves the way for experimentally studying the novel
spectroscopic and transport phenomena caused by the type-
IT Weyl fermions and provides a platform for testing the ex-
otic Lorentz-violating high energy theories in table-top experi-

ments. The mixture of Weyl semimetal, which includes type-I

fCorresponding author. E-mail: yqguo@ncepu.edu.cn
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and type-1I with inversion-breaking and time-reversal break-
ing, is proposed by the extensive study of RAlGe (R = La, Ce,
Pr).[30J Thus, the interest has been extensively aroused in the
family of RAIGe due to its remarkable tenability, depending
on a suitable choice of rare earth elements. More recently,
the crystal structure, magnetic anisotropy and magnetic trans-
ports have been experimentally studied on the predicted mag-
netic Weyl semimetals CeAlGe!®>'=331 and PrAlGe!*3-33 sin-
gle crystals. The CeAlGe orders antiferromagnetically at low
temperatures and the PrAlGe shows a spin-glass-like charac-
teristics at low temperatures. It is suggested that the GdAIGe
be an antiferromagnetic (AFM) Weyl semimetal. However, the
band structure has not been calculated due to the unmeasured
detailed configuration of the AFM ordering in experiment. 3]
The GdAIGe has two structures, i.e., high temperature (HT)
phase with tetragonal a-ThSi, type and low temperature (LT)
phase with orthorhombic YAIGe type, 3371 but there is no re-
port on its properties, such as magnetic properties or electro-
magnetic responses. In this study, the crystal structure and
electromagnetic responses of tetragonal GdAlGe are system-
atically studied for revealing the relation between the magne-
toelectric properties and structure.

2. Experimental details

The raw metals of rare earth Gd, Ge, and Al with high pu-
rities more than 99.99 wt% were used for the sample prepara-
tion. The samples with normal structural formula of GdAIGe
were prepared by using the non-consumable vacuum arc melt-
ing under atmosphere of high pure argon gas, and each sample

was re-melted four times for ensuring the homogeneity. The
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annealing process was carried out at 1373 K for 50 h in an
evacuated quartz tube for eliminating the residual stress, and
followed by quenching process in cooling water.

The crystal structures of samples were determined by
powder x-ray diffraction (XRD) with Cu-Ky; radiation. The
diffraction peaks were initially indexed by Semi-Exhaustive
Trial-and-Error (TREOR) program[*®! for determining their
lattice parameters and followed by structural refinement with
the Rietveld powder diffraction profile fitting technique!*’!
for determining their crystal structures. The field emission
scanning electron microscopy (SEM) equipped with energy
dispersive x-ray spectroscopy (EDS) was used to check the
chemical compositions. The applied field dependence of mag-
netization (M-H) and temperature dependence of magneti-
zation (M-T) were measured by using a superconducting
quantum interference device (SQUID)-vibrating sample mag-
netometer (VSM) in applied fields ranging from —50 kOe
(1 0e=79.5775 A-m~!) to 50 kOe at 5 K, 10 K, 15 K, 25 K
for M—H measurement and in temperature ranging from 5 K
to 300 K with applying external field of 100 Oe for M-T mea-
surement. The temperature dependence of resistivity (R—T')
was measured by using a physical property measurement sys-
tem (PPMS) with a standard four-probe technique from 5 K to
300 K under an applied field of 50 kOe. The field dependence
of magnetoresistance was investigated in fields ranging from
—50 kOe to 50 kOe and at temperatures ranging from 5 K to
300 K.

3. Results and discussion
3.1. Crystal structure

The XRD phase identification, which is based on the In-
ternational Center of Diffraction Database (ICDD), confirms
that the annealed sample is single phase. Figure 1 shows the
refined XRD patterns of GAAIGe, where the observed and cal-
culated XRD patterns are marked with the symbol of “+” and
solid lines, respectively. The lowest trace indicates the differ-
ence between the observed and calculated XRD patterns. The
diffraction peaks are marked with Miller planar indices in the
XRD pattern.

The determination of the crystal structure is first based on
a structural model of isomorphic a-ThSi; with a space group
of I4;/amd for the tetragonal phase according to Ref. [37],
where the crystal positions are occupied by the rare earth Gd
atoms at 4a site and Al/Ge at 8e site. However, this model does
not fit the experimental XRD patterns well due to the high
figural residual factor R and weighted figural residual factor
Ryp, which originates from the disordered occupation of Al
and Ge atoms at 8e, which is caused by the symmetric oper-

ation of a glide plane perpendicular to the c axis. If a glide

plane is removed from the structural model, the space group
is modified as /4md. This modified model has been success-
fully used to determine the crystal structure of LaAlGe,[?%%°]
CeAlGe,B1-331 and PrAlIGe.[33-351 The essential difference be-
tween the two structural models is the atomic occupation tran-
sition from the disordered state at 8e site to the ordered state at
two nonequivalent 4a sites for Al and Ge. The structural model
with a space group of /4;md works for tetragonal GdAlGe,
where the rare earth Gd, Al, and Ge occupy orderly three kinds
of nonequivalent 4a sites with atomic ordinates (0, 0, 0.58854)
for Gd, (0, 0, 0.14990) for Al and (0, 0, 0) for Ge, respec-
tively. The lattice parameters of GdAlGe are a = 4.1500 A
and ¢ = 14.4033A. The structural refinement parameters of
GdAIGe are listed in Table 1.
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Fig. 1. Refined and observed XRD patterns of GdAlGe.

Table 1. Refined structure parameters of GdAlGe.

Parameters Values

alA 4.1500

bIA 4.1500

c/lA 14.4033

Gd 4a (0,0,0.55854)
N4

INEY (0,0,0.14990)
N4

Ge 4a (0,0,0)
N4

R, 7.534

Rup 9.945

s 2375

According to the refined crystallographic parameters, the
tetragonal structure of GdAIGe can be constructed by using
Diamond software as shown in Fig. 2. The crystal cell consists
of alternating stack of A/B layers arranged by Ge3, Al3, and
Gd3 isosceles triangle A in the A layer/Gd3, Ge3, and Al3 re-
versed isosceles triangle V in the B layer along the short edge
direction (a axis). The symmetry along the long edge direc-
tion (c axis) shows that the unit cell is constructed by the trig-

onal prisms of Ge6, Al6, and Gd6 constructed by the isosceles
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triangles As between two A-layers, the Gd3, Ge3, and Al3
reversed isosceles triangles Vs in the B layer and two layers
of Ge4 squares Us. Based on the A/B stack, a nonsymmor-
phic C4 rotation symmetry is formed along the c-axial direc-
tion by shifting ¢/4, and this structure could give rise to Weyl
fermions because of lack of space-inversion symmetry, 8]
without symmetry center marked by symbol *.

4.1500 A Gd

4.1500 A
I4177’Ld

Fig. 2. Crystal structures of GdAlGe, where bond lengths and bond angles
of isosceles triangles A and V formed by Gd, Al, Ge are supplied, double
tetrahedron of Gd3 A and V Gd3 with common vertex marked with black
star = is shown in tetragonal structure.

400

300
2 200
3]

100

Energy/keV
Fig. 3. SEM morphology and EDS pattern of GdAlGe.

Table 2. The quantitative atomic compositions in GdAIGe detected by
EDS.

GdAIGe Designed Measurement
[Gdp)/at.% 33.33 31.91
[Alg]/at.% 33.33 34.25
[Gek ]/at.% 33.33 33.85

The SEM morphology and EDS spectrum of GdAIGe are
shown in Figs. 3(a) and 3(b), respectively. The grains are dis-
tributed irregularly with sizes ranging from 1 pm to 5 um. The

chemical compositions are listed in Table 2. The atomic ratio
among Gd, Al and Ge is nearly 1:1:1. The content of Gd is
slightly lower than that of the normal composition due to the
evaporation in the melting preparation.

3.2. Magnetic properties

The GdAIGe orders ferromagnetically at 21 K as shown
in Fig. 4. In general, the ferromagnetism can be explained as
Zeeman coupling to the conduction electron states, >’ which
lifts the spin degeneracy by time-reversal symmetry breaking
and required Weyl semimetals. The temperature-dependent
paramagnetic susceptibilities of tetragonal GdAlGe follows
the Curie—Weiss law in the paramagnetic temperature region
as shown in the inset of Fig. 4. According to the fitted Curie—
Weiss constant, the effective magnetic moment Py of GAA1Ge
is estimated as 8.20 ug. Since P is close to the theoretic mo-
ment 7.94 ug of Gd3*, the contribution to moment originates
from Gd atoms. The surplus moment is attributed to the polar-
ization of the 5d—6s conduction electrons,*?! which can bring
the strong electronic interactions to the Weyl fermionic sys-
tem, leading to the time-reversal breaking.

S 0.12 2 | Curie—Weiss law:
80 Q x=C/(T —Tp)
g 0.08 X2 =1.3558x10~"7
= R?=0.99979
= ] 0.04 C'=8.414014+0.00362
é) s To = —36.41599+0.04363
£ 60 >
E 0 T00 200 300
by Temperature/K
2 —
~ s} 1
80
= £ 60
X =
= R
= = 21 K
@ 20+ ?/1 K £ 20 %
S )
S0
H=1000e = 0 10 20 30
Temperature/K
O L 1 L 1 L 1 L 1 L 1 L 1
0 50 100 150 200 250 300
Temperature/K

Fig. 4. Temperature-dependent magnetization for GdAlGe under applied
field of 100 Oe, with insert plot 1 displaying enlarged M—T curve for showing
clearly magnetic transition temperature, and insert plot 2 indicating observed
and fitted M-T curve according to Curie—Weiss law in paramagnetic region.

It is suggested that the special structure of magnetic Gd3
isosceles triangle A be strongly related to the magnetic re-
sponse in GdAlGe. The magnetic order is related to the Gd3
A, the ferromagnetic order originates from the ferromagnetic
exchanging interaction of Gd3 AT-A7T Gd3 between the two
A layers. The field-dependent magnetizations for GdAlGe at
various temperatures are studied and the results are shown in
Fig. 5(a). The magnetization does not reach the saturation state
under a maximum field of 50 kOe, which might be attributed to
the magnetic structure of the strong magnetic anisotropy orig-
inating from the magnetic ordering arrangement of Gd atoms.
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The same phenomena are observed in isostructural CeAlGe[3!]

and PrAIGe single crystals, 33! the easy magnetizing direction
(EMD) and hard magnetizing direction (HMD) correspond to
a axis and bc plane, the magnetization reaches saturation only
along the EMD. The magnetization cannot reach the saturation
along the HMD in a maximum applied field of 50 kOe. As
for polycrystalline GdAlGe, the magnetizing process is disor-
dered along various directions between EMD and HMD. Thus,
it is difficult to reach the saturation state under an applied field
of 50 kOe for the polycrystalline case. The magnetizing hys-
teresis loops of GdAlGe can be observed in the enlarged plot
of Fig. 5(b) under the low field. The coercive force decreases
from 0.24 kOe to 0.11 kOe with the temperature rising from
5 K to 25 K. However, the loop disappears at room tempera-

ture in the paramagnetic region.

— 5K
(a) 30— 10 K
15 K
ool —25 K
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Fig. 5. Plots of (a) field-dependent magnetization and (b) its partial magni-

fication indicating coercivity of GdAlGe at various temperatures.

3.3. Magnetic transport

The electric phase transitions are associated with the mag-
netic phase transitions in GdAlGe as shown in Fig. 6. Two
electric phase transitions are observed: the one occurs at 21 K,
which corresponds to Curie temperature 7;, implying that the
electric transport is strongly related to the magnetic scatter-
ing interaction between spins of the conduction electrons and
magnetic excitations such as Stoner fluctuations,*!! and the
other one occurs at 51 K, which might be due to a superpo-
sition of different contributions in resistance: spin wave scat-

tering induced by thermal excitation, phonon scattering, and

spin flip scattering induced by the Stoner fluctuations. In the
low temperature ferromagnetic region, the spin wave scatter-
ing caused by temperature-excited is forbidden, and since the
energy of spin flip is lower than that of individual spin wave,
the scattering caused by Stoner fluctuations effect preserves

42,43

the conduction electrons spin.[*>#3] The electric transport fits

a semimetal power law model as follows:
p=poi+a-T", (1)

where the first term on the right-hand side is the intrinsic re-
sistivity, which is independent of temperature and magnetic
property, and caused mainly by defects, electronic and nucle-

[44] the second term is most likely due to a spin

onic scattering;
flip scattering, where a and n denote the scattering coefficient
and temperature indices, respectively. The scattering coeffi-
cient a reflects the spin flip scattering capability, and 7 is the
temperature index and its value is 2 for the normal metal and
less than 2 for the semimetal. In our case, the fitted resistivity
is well consistent with the experimental one in the ferromag-
netic region. The fitted index n is 1.51 (1 < n < 2), which
confirms that the GdAlGe is semimetal and Stoner fluctuation
exists in the ferromagnetic state.*!l Thus, the essential status
of transport is corresponding to the ferromagnetic semimetal
phase. In the paramagnetic region, the Stoner spin fluctuation
is suppressed, and the spin wave scattering and phonon scat-
tering contribute to the resistivity, which can be explained as
a result of an extinction of a spin flip scattering mechanism
in the high-temperature region. The resistivity also follows a

modified semimetal model and is expressed as
p=po+b (T-T)", ()

where Tj is a constant, which is close to the transition temper-
ature: the introduction of T reveals that the spin wave scat-
tering contributes to the resistivity beyond the region of mag-
netic ordering; b is a scattering coefficient, which reflects the
scattering capability of the thermal excited spin wave. The
temperature-dependent resistivity curves are fitted before and
after 51 K, respectively. The fitted resistivity accords with the
experimental one very well, and the fitted 7j is very close to
the ferromagnetic transition temperature, demonstrating that
the magnetic scattering mechanism disappears and spin wave
scattering contributes to the resistivity in the temperature re-
gion of T > Tp. The temperature index n decreases from 1.75
to 0.78 with the transition occurring at 51 K, and electric resis-
tivity versus temperature curve bends down toward the temper-
ature axis after 51 K, but this transition point is not observed
in the magnetization curve (M-T'), which implies that the ther-
mally excited spin wave scattering tends to be saturated and

the phonon scattering mainly contributes to the resistivity.
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o0 Obs
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Fig. 6. Observed and fitted R—T curves for GAAlGe under applied field of
50 kOe.

The field-dependent resistances of GdAlGe are shown in
Fig. 7(a). The resistance tends to increase with increasing ap-
plied field. The signals of measurement are very weak in a
range from 0.00108 Q and 0.00117 , which causes the R—-H
curves to significantly fluctuate. The magnetoresistance (MR)
equals the ratio between resistances before and after the appli-
cation of external field as defined below:
R(H)—R(0)

MR=""%0)

3
where R(H) and R(0) denote the resistances under an applied
field of H and zero field, respectively. The magnetizing scat-
tering contributes to MR and the relation between MR and

magnetization (M) can be related by the following equation

MR = kM?, 4)

where k is a constant. The fitted MR—H curves of GdAlGe at
various temperatures are shown in Fig. 7(b).

The weak positive MR with a maximum of 1.2% is ob-
tained in the GdAIGe. The same phenomena are also observed
in RAIGe (R = La, Ce)B3!! and ZrTes '8! single crystals along
the HMD (vertical to the a axis). The ZrTes shows a large
positive MR in the whole temperature range, which is different
from the weak positive MR in GdAlGe. The Hall MR of TaAs
is also positive along the field direction perpendicular to the
current (equivalent to HMD). However, our interest focuses
on the negative MR. No further explanation for the positive
MR can be made. According to the quantum field theory, the
occurring of Weyl points on Fermi level causes novel trans-

193] such as

port phenomenon related to the chiral anomaly,
the negative MR along the longitudinal direction (equivalent to
EMD) under parallel electric and magnetic field. %! The longi-

tudinal negative MR arises from the non-zero Berry curvature

of the Weyl fermions in TaAs. However, the MR is positive
along the transversal direction.*! In the case of GdAIGe, the
magnetic anisotropy originates from the magnetization along
the direction parallel or vertical to the special magnetic struc-
ture of Gd3 AT-A7T Gd3, which causes the magnetic scatter-
ings different from electrons’ scattering, and its MR should
be corresponding to negative MR in EMD and positive MR in
HMD. For polycrystalline GdAlGe, the magnetization is disor-
dered along various directions between EMD (parallel to Gd3
AT-AT Gd3) and HMD (vertical to Gd3 AT-AT Gd3). The
disordered magnetic scatters cause the resistance to increase
and induce the positive MR. Thus, the MR of polycrystalline
GdAIGe shows weak positive MR. It implies that the Weyl
semimetal state exists only along the EMD in single crystal.

1.175F

_(a) —-—21 K

1.170| o¥kH

1.165
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—40 —20 0 20 40

0.012F &

0.008F

MR

0.004

M?/(emu/g)?

—60 —40 —-20 O 20 40 60
Applied field/kOe

Fig. 7. Plots of (a) field-dependent resistance at 10 K and 21 K, and (b)
magnetoresistances (MRs) of GdAIGe.

4. Conclusions

In this work, the proposed Weyl semimetal GdAIGe is
systematically studied, which covers crystal structure, mag-
netic properties and magnetic transport.
of high-temperature phase GdAlGe is /4ymd, which is dif-

The space group

ferent from previously reported structure of o-ThSi, with a
space group of /4 /amd. The structural model changing from
141 /amd to I4;md is induced by the structural transition from

disordered occupation (Al, Ge) at 8e site to the ordered oc-
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cupations at two nonequivalent 4a sites for Al and Ge. The
GdAlIGe orders ferromagnetically at 21 K due to the exchange
interaction of Gd3 AT-AT Gd3 between two A-layers. The
GdAlIGe is hardly magnetized due to magnetic anisotropy, but
the coercive force of GdAlGe decreases with temperature ris-
ing. The magnetic transport depends on the slip scattering in-
duced by Stoner spin fluctuation in the magnetic ordering re-
gion and the spin wave scattering induced by thermal photon
excitation and phonon scattering in the paramagnetic region.
The positive MR is observed, which might be due to the dis-
ordered magnetic scatter induced by magnetic anisotropy in
GdAlGe.
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