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We conduct a detailed examination of the magnetic and electrical transport properties in GdAISi and SmAIGe crys-
tals, which possess a LaPtSi-type structure (space group /4;md). The magnetic susceptibility data unambiguously reveal
magnetic ordering below a characteristic transition temperature (7y). For GdAlSi, a hysteresis loop is observed in the mag-
netization and magnetoresistance curves within the ab plane when the magnetic field is applied below Ty, which is around
32 K. Notable specific heat anomalies are detected at 32 K for GdAISi and 6 K for SmAIGe, confirming the occurrence
of magnetic transitions. In addition, the extracted magnetic entropy at high temperatures is consistent with the theoretical
value of RIn(2J + 1) for J =7/2 in Gd**tandJ =5 /2 in Sm3+, respectively. SmAIGe also exhibits Schottky-like specific
heat contributions. Additionally, both GdA1Si and SmAIGe exhibit positive magnetoresistance and a normal Hall effect.

Keywords: crystal growth, magnetism, magnetotransport properties, specific heat

PACS: 73.43.Qt, 75.47.—m, 75.60.Ej, 81.10.Fq

1. Introduction

Recently, the fascinating interplay between electronic
correlations and topology has ignited considerable interest in
magnetic Weyl semimetals.!'™! The LnAlX (Ln = rare earth,
X = Si, Ge) family offers an excellent platform for inves-
tigating their distinctive topological characteristics and rich
magnetic properties, which is exemplified by the discovery
of pressure-induced superconductivity and a spin Hall effect
in LaAlLX,[%7] the observation of anisotropic anomalous Hall
effects and a topological magnetic phase in CeAlX,[31?! the
measurement of a significant anomalous Hall conductivity and
a field-induced Lifshitz transition in PrAlIX,[!3-17] and the
detection of quantum oscillations, an anomalous Nernst ef-
fect, and the formation of helical incommensurate spin density
waves in NdALX .[18-22]

The insights from earlier research suggest that replacing
the rare earth elements in the LnAlX series can lead to a spec-
trum of magnetic and transport characteristics. This variability
spurs our interest in examining the properties of SmALX and
GdAIX. To date, SmAISi has displayed Shubnikov—de Haas
oscillations, topological spiral magnetism, and a Kramers
nodal line.[?3-27] However, there is a lack of research on the
magnetic and electrical transport properties of SmAIGe sin-
gle crystals. These discoveries solidify our intention to delve
deeper into SmAIlGe. Concerning GdALX, GdAIGe exists in
a tetragonal phase at temperatures above 1300 K, whereas

fCorresponding author. E-mail: tIxia@ruc.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad41ba

the orthorhombic phase is formed below this threshold.?8-30]
This contrasts with the tetragonal LnAlX family, complicat-
ing direct comparisons of their physical properties. To date,
only a couple of studies have been published on the tetrag-

31321 highlighting the importance

onal GdAISi single crystal,!
of a more thorough examination of its electronic and magnetic
properties.

In this work, we have successfully grown single crystals
of GdAISi and SmAIGe using the flux method and have con-
ducted a thorough investigation of their magnetic and elec-
trical transport properties. Analysis of powder x-ray diffrac-
tion (XRD) patterns from crushed samples confirms that both
GdAISi and SmAIGe crystallize in a noncentrosymmetric
structure with the space group I4;md. We observe mag-
netic order below temperatures of 32 K and 6 K for GdAISi
and SmAIGe, respectively. For GdAISi, we detect a field-
induced phase transition with a loop both in magnetization
and magnetoresistance (MR) curves. A positive MR, at-
tributed to the Lorentz force, is observed in both GdAISi and
SmAIlGe. Furthermore, by analyzing the normal Hall effect,
we estimate the carrier concentrations to be approximately
~ 1.1 x 10*! cm™3 at 2 K for GdAlSi and ~ 2.5 x 10*! cm™3
for SmAIGe. The maximum mobility up to 96 cm?-V~1.s~!
and 50 cm?-V~!.s~! for GdAISi and SmAIGe are obtained.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experiment

Single crystals of GdAISi and SmAIGe were grown by
the self-flux method. The Gd/Sm ingot, Al column, Si powder
and Ge pieces were combined in ratios of Gd: Al:Si=1:10:1
and Sm:Al:Ge=1:10:1, then placed into an corundum cru-
cible and vacuum sealed in a quartz tube. The quartz tube was
placed in a box furnace, which is heated to 1150 °C at a rate of
60 °C/h, and held for two hours. Then, it was cooled to 750 °C
with a rate of 3 °C/h, at which the excess Al flux was separated
from the crystals by centrifugation. The atomic proportions of
GdAISi and SmAIGe were verified to be Gd: Al: Si=1:1:1
and Sm:Al:Ge=1:1:1, respectively, using energy disper-
sive x-ray spectroscopy (EDS, Oxford X-Max 50). The single
crystal and powder x-ray diffraction (XRD) data for GdAlSi
and SmAIGe were collected from a Bruker D§ Advance x-
ray diffractometer using Cu Ky radiation. The refinement
of the data was performed using TOPAS-4.2 software. An
atomic-resolution high-angle annular dark field (HAADF) im-
age was obtained with a spherical-aberration corrected JEOL
ARM200F instrument equipped with double-aberration cor-
rectors and operated at 200 kV. The magnetic properties of
the samples were measured with a Quantum Design magnetic
property measurement system (QD MPMS-3). The electri-
cal resistivity, specific heat, and Hall effect were measured
in another Quantum Design physical property measurement
system (QD PPMS-14T). Resistivity, magnetoresistance, and
Hall resistivity measurement were performed by the four-
probe method. To eliminate the influence from voltage probe
misalignment, the raw resistivity data were evaluated by the
formulae: Py(B) = [Pux(—9T — 9T) 4+ pue(9T — —9T)]/2
and Py (B) = [pry (—9T = 9T) — py (9T — —9T)] /2.

3. Results and discussion
3.1. Crystal structure

As shown in Fig. 1(a), the structure consists of stacks of
Gd/Sm, Al, and Si/Ge layers along the c-axis. The single-
crystal XRD patterns for GdAlSi and SmAIGe, as shown in
the upper panels of Figs. 1(c) and 1(d), respectively, reveal the
surface of the samples with the (00/) plane, which is presented
in the insets of Figs. 1(c) and 1(d). The powder XRD patterns
for GdAISi and SmAIGe are displayed in the lower panels of
Figs. 1(c) and 1(d), respectively, which show no trace of any
other impurity phase. From previous reports on LnALX fam-
ily, it is now clear that LnAlX family belongs to the noncen-
trosymmetric space group I4;md (No. 109).[8:10.15.20.22,26,31]
Subsequently, a refinement of the powder XRD pattern was
performed using the space group /4;md. The obtained lattice
parameters for GdAlISi are a = b = 4.1278 A, c = 14.4323 A,
and for SmAIGe, they are a = b = 4.1957 A, ¢ = 14.5880 A.
Table 1 summarizes the refinement parameters for GdAISi

and SmAIGe. The crystal structure of as-grown GdAlSi was
further confirmed by the transmission electron microscopy
(TEM) data. Figure 1(b) shows an atomically resolved high-
angle annular dark-field (HAADF) image of GdAISi recorded
along the [001] zone axis with the corresponding fast Fourier
transform (FFT) images inserted. A simulation of the model
structure is overlaid with an enlarged image from Fig. 1(b) as
shown in the upper-right inset, where Gd, Al, and Si atoms
are represented as purple, white, and blue balls, respectively.
The lower-right inset presents a typical selected-area electron
diffraction (SAED) pattern taken along the [001] zone axis.
The diffraction spots can be well indexed with respect to the
space group I4;md, with a = b = 4.08 A, which is consistent
with the result obtained from XRD measurement.

(2)

° Gd/Sm

O Al

© Si/Ge

c

a®—=b
- 0
] (c) |01 £ (@) (004)
E 5 (008)

. 3 . 2mm (0012)
_% (003)] 0 0012)] F%
~1 ~ ) Exp. ~ Exp.
b CGAAIST R —sran ' cob 5| SmAlGe R, =6.13%Cal
& — Diff. b 732 ift.
7} ; Bragg @ rass
2N [ . g
5 aETETEwE R | T S RN
= =

| | | |
10 20 30 40 50 60 70 80 10 20 30 40 50 60
26 (%)

70 80

20 (%)
Fig. 1. (a) Crystal structure of non-centrosymmetric GdAlISi and
SmAIGe with space group /4;md (No. 109). (b) An atomically resolved
high-angle annular dark-field (HAADF) image of GdAISi recorded
along the [001] zone axis. Inset: fast Fourier transformation (FFT) of
HAADF image. Upper right panel: a simulation of the model struc-
ture is overlaid with an enlarged image. Lower right panel: the FFT of
SAED in GdAISi. [(c), (d)] Upper: single crystal XRD pattern of the
(00/) plane. Inset: picture of the polished crystal. Lower: the x-ray
powder-diffraction pattern of GdAlSi and SmAIGe. The values of Ryp
for GdAISi and SmAIGe are 3.82% and 6.13%, respectively.

Table 1. Structure parameters of GdAISi and SmAIGe.

Compound GdAISi SmAIGe
Space group 14ymd (No. 109)
Crystal structure LaPtSi-type
a(A) 4.1278 4.1957
c(A) 14.4323 14.5880
V (A% 245.9081 256.8057
Ryp (%) 3.82 6.13

3.2. Resistivity and specific heat

Figures 2(a) and 2(b) show the temperature dependence
of longitudinal resistivity (py,) for GdAISi and SmAIGe, re-
spectively, which indicates typical metallic behavior. It can
be seen that the resistivity shows a kink at 32 K for GdAlSi,
indicating the Néel temperature, and this is also evidenced in
the specific heat [Fig. 2(c)]. The magnetic phase transition
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31321 Ip gen-

temperature is consistent with previous reports.|
eral, a kink or drop on resistivity curve may happen related to
transitions. However, in the magnetic SmAIGe, the interaction
between the electrons and spin may be too weak and no kink or
drop is observed at Ty in the resistivity. Similar behavior has
also been reported in MnSbgTeo*3! and EuzIn,Py, 34 etc.
The measurement of specific heat is a valuable technique
for investigating magnetic ordering phenomena in materials. It
not only indicates the magnetic ordering temperature but can

also be employed to estimate the magnetic entropy, which, in
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turn, can provide information about crystalline electric field
(CEF). The specific heat of GdAISi and SmAIGe, as well as
their nonmagnetic isostructural LaAlSi and LaAlGe, in zero
magnetic field is presented in Figs. 2(c) and 2(d). As the tem-
perature decreases, a peak emerge around 32 K for GdAlSi and
6 K for SmAIGe, indicating the emergence of magnetic phase
transition. In contrast, the specific heat of LaAlSi and LaAlGe
exhibits no anomalies, which is consistent with that expected

for nonmagnetic reference compounds.
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Fig. 2. [(a), (b)] Temperature dependence of the resistivity py, for GdA1Si and SmAIGe, respectively. The inset illustrates the definition
of a Cartesian coordinate system based on the tetragonal lattice. [(c), (d)] Temperature dependence of the specific heat in GdAISi and
SmAIGe. Inset: magnetic specific heat C,, and magnetic entropy Sp, of GdAISi and SmAIGe. The carmine dashed line is the Schottky
fits of SmAIGe. The two horizontal black dashed lines stand for RIn8 and RIn6, respectively.

The magnetic contribution of GdAIlSi and SmAIGe to
specific heat Cy, are calculated by subtracting the data of
isostructural non-magnetic LaAlSi and LaAlGe Cp,, as shown
in the inset of Figs. 2(c) and 2(d). The sharp peaks observed
around 32 K in GdAISi and 6 K in SmAIGe are indicative of
magnetic phase transitions. Figure 2(d) shows a broad peak
around 26 K, which is related to the Schottky anomaly con-
tributed by the CEF splitting of Sm>* atomic levels. This be-
havior of the specific heat has also been observed in CeAlSi, 8]
NdAISi, 8221 and SmAISi.!?%! The Schottky specific heat Cy,

of two levels is estimated using the equation!3”!

AN2
Can=nr(7) (o) 7
T/ \g

[ ()]

where n is the number of Sm atom in one formula, R is the

AJT

(1

gas constant, A is the energy separation between the lowest

and first excited states measured in K, and go/g; is the de-
generacy ratio between the ground state and the excited state.
For SmAIGe, the parameters used are n = 1 and go/g1 = 1/2,
respectively. The Schottky fits (carmine dashed line) yield a
CEF gap A = 6.1 meV in SmAIGe. Because the Gd** ion

[36-38] the crystal

has a zero orbital magnetic moment (L = 0),
field splitting is negligible, resulting in no Schokkty anomaly
observed in GdAISi. To examine the energy spectrum of the
CEF states, the magnetic entropy S (7') is calculated accord-

ing to the equation

Sn(7) = [ g,

@

and plotted in the insets of Figs. 2(c) and 2(d). The magnetic
entropy saturates around 100 K at value of 16 J-mol~!.K~!
and 14 J-mol~!-K~! for GdAISi and SmAIlGe, which is close
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to RIn(2J + 1) = RIn8 and RIn6 expect for J(Gd*") = 7/2
and J(Sm*T) = 5/2, respectively.

3.3. Magnetic properties

Figures 3(a) and 3(c) show the temperature-dependent
magnetic susceptibilities ¥ (7') with H || ¢ and H || ab under
the zero-field-cooled (ZFC) and field-cooled (FC) modes for
GdAISi and SmAIGe, respectively. With H || ab, the ZFC and
FC curves show a kink at 32 K in GdAISi, which marks the
onset of magnetic order. As the temperature further decreases,

a : : : " " :
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T B[N M\H =500 5T
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@] 7 132K
T k 6
o 6f i ;
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the ZFC and FC curves do not saturate, as shown in the in-
set of Fig. 3(a). With H || ¢, ZFC and FC nearly saturate
at low temperature with slight bifurcation. As we measured
x(T) at 50 Oe, it differs from the previously reported results
at 1000 Oe.3!! For SmAIGe, with H || ab, as the temperature
decreases, the ZFC and FC curves bifurcate and begin to drop
at 6 K, which marks the onset of magnetic order as shown in
the inset of Fig. 3(c). With H || ¢, the ZFC and FC curves
slightly bifurcate around 6 K and do not saturate at 2 K.
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Fig. 3. [(a), (¢)] Low temperature dependence of the magnetic susceptibility x(7) of GdAISi and SmAIGe. Inset shows an enlarged
view of the magnetic susceptibility. [(b), (d)] Temperature dependence inverse magnetization of GdAlSi from 50 K to 300 K and

SmAIGe from 25 K to 300 K.

Figure 3(b) shows the inverse magnetic susceptibility 1/
curve fitted by the Curie—Weiss law expression between 50 K
to 300 K for GdAISi,

C

x(T) = T_9 3)
where C is the Curie constant, and 6 is the Weiss temperature.
From the fitting of Eq. (3), 8% = —102 K and 8¢ = —151 K
are obtained, which indicates the dominant AFM interaction
for GdAISi. The C is 8.9 emu-K-mol~'-Oe~! (H || ab) and
14.4 emu-K-mol~!-Oe™! (H || ¢). The effective magnetic mo-
ments along different directions are estimated with relation
Uit = v/8C. The yielding effective magnetic moment is 8.4 i
with H || ab, which approaches to the theoretical value of a
free Gd** ion, which is approximately 7.9 . With H || c,
the effective moment is determined to be 10.7 ug, which is
larger than the theoretical value of a free Gd*>* ion. The sur-
plus moment may be attributed to the conduction electron spin
polarization. 34?1
A significant curvature of inverse magnetic susceptibility

(1/y) occurs in SmAIGe [Fig. 3(d)], which is usually observed
in metallic rare earth magnets due to a large Pauli contribution

(431 [n this case, the curve can be described

to the susceptibility.
by a modified Curie—Weiss law within the temperature range

of 25 K to 300 K,

C
X(T):X0+m» 4

where xo is the temperature-independent term includ-
ing the contribution from the core diamagnetism and
the Van Vleck paramagnetism. From the fitting of
Eq. 4), 6% = —3.01 K and 6° = —7.79 K are ob-
tained, which indicates the dominant AFM interaction in
SmAIGe. The C is 0.13 emu-K-mol~!-Oe~! (H || ab) and
0.15 emu-K-mol~!-Oe~! (H || ¢). The effective magnetic mo-
ment approaches 1.0 gy both in the ab plane and along the
c-axis, which approaches the theoretical value of a free Sm>+
ion (~ 0.85 ug). The parameters obtained from Egs. (3) and
(4) of the x~!(T) data are summarized in Table 2.
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Table 2. The Curie constant C, the Weiss temperatures 6 and the effective moments Uegr = v/8C obtained from
Curie-Weiss and modified Curie-Weiss fits to the high temperature y (7T') data for GAAISi and SmAIGe.

Compound Field direction X0 C (emu-K-mol~!-Oe~1) 6 (K) Hefr
H || ab - 8.9 —102 8.4
GdAISi la
Hlc - 14.4 —151 10.7
H | ab 0.00084 0.13 —3.01 1.03
SmAIGe la
Hlc 0.00194 0.15 -7.79 1.09
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Fig. 4. (a) Field-dependent magnetization M (H) of GdAlSi at different temperatures for H || ab. The 2 K curve has correct values in
units of 0.02 up/Gd and the rest of the curves are shifted uniformly to improve visibility. Inset shows M(H) measure up to a higher
field of 7 T. (b) The derivatives of the M (H || ab) curves reveal four peaks. The triangular symbol and star symbol indicate the
acsending field and descending field, respectively. (c) Field dependent magnetization M (H) of GdAISi at different temperatures for
H || c. (d) Field dependence of the ab plane magnetic moment in SmAIGe. Inset: Isotherm M (H) curves for H || c.

Isothermal M (H) curves with H applied parallel to the ab
plane and along the c-axis in GdAISi are shown in Figs. 4(a)
and 4(c). The magnetization curves are linear at high tempera-
tures, which corresponds to the paramagnetic state. A hystere-
sis behavior in low field occurs to each M(H) curve below Tx,
which may implies a field-induced phase transition.[6:2426:44]
With the temperature decreases, the hysteretic metamagnetic
transition shifts to lower fields. The dM/dH as a function of
field is shown in Fig. 4(b). The magnetizations are discovered
to keep increasing as field increases and do not reach satura-
tion at 2 K. The maximum moment approximately 0.77 tz/Gd
with H || ab, as shown in the inset of Fig. 4(a). With H || ¢, the
magnetization does not show any signature of saturation up to
a field of 7 T at 2 K, and attains a value of only 0.75 uz/Gd
as shown in Fig. 4(c), which confirms the antiferromagnetic
ordering of the Gd moments.

The magnetization of SmAIGe as a function of field at
different temperatures with H || ab and H || ¢ is shown in
Fig. 4(d). The magnetization curves are linear at high temper-
atures above Ty, which corresponds to the paramagnetic state.
With the temperature decreasing, the moments with H || ab

gradually increase and a small hysteresis loop appears around
zero field, which corresponds to the bifurcation behavior of the
x-T curve. At 2 K, the magnetization exhibits a continuous
increase until the field reached 7 T. The maximum moment of
~0.09 up/Sm with H || ab. With H || ¢, the magnetization also
does not show any signature of saturation up to a field of 7 T
at 1.8 K and attains a value of only 0.09 uz/Sm, as shown in
the inset of Fig. 4(d).

3.4. Magnetoresistance and Hall effect

To investigate magnetotransport of GdAlSi, the field de-
pendent MR are measured with H || ab and H || ¢, as shown in
Figs. 5(a) and 5(c), in which the MR is defined as [p.(toH) —
Pxx(0)]/pxx(0). Positive MRs are observed with H || ab and
H || ¢, which is due to the scattering of the conduction elec-
trons in cyclotron motion of the carriers influenced by Lorentz
force in magnetic field.!*3! With H || ab, hysteresis loops are
observed at finite fields below 30 K, possibly due to metam-

[44.46] With the temperature decreases, the

agnetic transitions.
hysteresis loop shifts to lower field. This behavior is consistent

with the M(H) curve. Meanwhile, we measured the angular
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MR, with the field directed at various angles (0) with respect
to the c-axis in the yz plane at 2 K, as depicted in Fig. 5(b).
The schematic diagrams of experimental setup are shown in
the inset of Fig. 5(b). The MR values increase with the ap-
plied field and do not saturate until 14 T. Figure 5(e) exhibits
the field dependence of p,y at 2 K (below Ty ~ 6 K) and 8 K
(above Ty ~ 6 K) for SmAlGe. The measurement configura-
tion is shown in the inset of Fig. 5(e).

The field dependence of Hall resistivity of GdAlSi and
SmAIGe at various temperatures are measured, as shown in
Figs. 5(c), 5(d), and 5(f). The positive sign of Hall coefficient
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(a) ¢ ' Hllab, I1lc @
430K I
S
o~
=
() 12+ wf . ]
’g? 20
10 & 1
= 0
~ 8f & 1
5 — 40
6 ~16 50 B 16 1
&~ noH (T)
= 4t A
9 Hlle,Ilec
GdAISi 2K
O» -
—-10 -8 -6-4-20 2 4 6 8 10
woH (T)
(e)1.5 T T T T T T T T

MR (%)

0.0f

Hlab, I1Lc

L

L

L

L

L

L

L

L

indicates that the charge carriers are hole-type in both GdAlSi
and SmAIGe. The insets of Figs. 5(d) and 5(f) show carrier
concentrations n and mobilities i as a function of temperature.
Using the one-band model, the carrier concentration is esti-
mated to be ~ 1.1 x 10?! cm™3 and ~ 2.5 x 10?! cm =3 at 2 K
for GdAISi and SmAIGe, respectively. The carrier concentra-
tions in the LnAlSi family of compounds are higher than those
in other compounds within the same family.[!3-18.23:2431] The
mobilities of GdAISi and SmAIGe equals 96 cm?-V—!.s~! and
50 cm?-V~.s7! using u = 1/(enp(or)) as shown in the insets
of Figs. 5(d) and 5(f).
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Fig. 5. (a) Magnetic field dependence of MR at various temperature measured with H || ab in GdAISi. The 2 K curve has correct
values in units of 0.5% and the rest of the curves are shifted uniformly to improve visibility. (b) The MR are shown at 2 K with the
field pointing at several angles as indicated in the inset. (c) Magnetic field dependence of MR at 2 K with H || ¢ in GdAISi. Inset:
field-dependent Hall resistivity curves for H || ¢ at 2 K. (d) Field-dependent Hall resistivity curves for H || ab at different temperatures
in GdAISi. Inset: temperature dependence of n and u. (e) MR curves of SmAIGe for H || ab at temperatures 2 K and 8 K. The
2 K curve has correct values in units of 0.6%, and the 8 K curve is shifted uniformly to improve visibility. (f) Field-dependent Hall
resistivity curves for H || ¢ at different temperatures in SmAlGe. Inset: temperature dependence of n and .

4. Conclusion

In summary, we have systematically investigated the
magnetic and electrical transport properties of GdAIlSi and
SmAIGe, which have a LaPtSi-type structure (space group

14ymd). The magnetic phase transitions occur at 32 K for
GdAISi and at 6 K for SmAIGe, respectively. The results of
the Curie—Weiss fitting indicate the presence of AFM inter-
actions in both GdAISi and SmAIlGe. Additionally, GdAISi
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exhibits a field-induced phase transition in magnetization and
MR. The normal Hall effect is observed in both GdAISi
and SmAIGe. The carrier concentration at 2 K is ~ 1.1 x
102! ¢cm™3 and the mobility is 96 cm?-V~!.s~! for GdAISi,
while for SmAIGe, the carrier concentration is approximately
2.5 x 10! cm™3 and the mobility is 50 cm?>-V~'.s~!. These
findings not only provide a new platform for studying the
transport properties of the LnAlX (Ln = rare earth; X = Si,
Ge) family but also deepen our understanding of the exotic
physical phenomena associated with magnetic properties.
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