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We prepared the semimetals RAISi (R =light rare earth), and systematically study their crystal structures and magnetic
properties. X-ray diffractions confirm the coexistence of the site-disordered phase with group space of 14| /amd and the
noncentrosymmetrically ordered phase with space group of /4;md in RAISi alloy. The ordered phase is the main phase in
RAISi alloy. RAISIi alloys show nonmagnetic character for R = La, low temperature ferromagnetic order for R = Ce, Pr, and
paramagnetic character for R = Nd, respectively. SmAISi shows metamagnetic transition at 10 K and ferromagnetic order
at 143 K, respectively. SmAISi follows the van Vleck paramagnetic model in its paramagnetic region. The magnetization
curves of RAISi (R = Ce, Pr, Sm) follow the mixed model of ferromagnetism and paramagnetism, and the fitted saturation
moment Mg depends on the moment of trivalent rare earth. The paramagnetic susceptibility )y of RAISi is going up with
increasing the atomic order numbers of rare earth elements. This reveals that the magnetic property of RAISi originates

from the rare earth.

Keywords: RAISi, crystal structure, magnetic properties

PACS: 51.60.+a, 75.50.—y, 75.47.—m

1. Introduction

The topologically electronic and strongly spin-orbit cou-
pling materials have been systematically investigated and their
unique characteristics have been revealed so far.l'-'4] Weyl
semimetals have received great attention due to their unusual
characters of space-inversion symmetry breaking for type
I or time-reversal symmetry breaking for type IL[!>810.12]
Type-1 Weyl semimetals have been realized experimentally in
TaAs and its isostructural materials such as TaP, NbAs, and
NbP. 36391 Though it is difficult to identify the magnetic Weyl
semimetals with type I by utilizing the angle resolved photo
emission spectroscopic (ARPES) measurement, the unique
properties of type-I Weyl semimetals have been experimen-
tally verified by magnetic and electric measurements for some
intermetallic compounds such as HgCr»Sey,!'*! RAIGe (R =
La, Ce, Pr),[1115-171 §tMnSb,,9 and Mn3Z (Z = Ga, Sn,
Ge).!!8191 The significant coupling of magnetic configura-
tions to semi-metallic electronic structure in magnetic Weyl
semimetal may provide technologically useful behavior for
sensors and spintronic devices. 20!

In recent years, the ternary RAIGe (R =La, Ce and Pr) in-
termetallics have attracted considerable attention as potential
candidates of Weyl semimetals.[!!-13-17:21-23] The body tetrag-
onal RAIGe (R = rare earth) with space group /4;md are firstly
predicted to have either type-I or type-I Weyl fermions, de-
pending primarily on the radius of rare earth.?>! The light
rare earth based RAIGe (R = La, Ce, Pr) have been experi-
mentally studied.[!1:15-17:21=231 T 3 A]Ge and CeAlGe belong to
the type-Il Weyl semimetals.>>?3] Ce AlGe exhibits ferromag-
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netic characteristics with strong magnetic anisotropy along the
crystallographic a axis and its angular magnetoresistance re-
sponse exceeds 1000% rad~! along the high symmetry axis
within 1°.[11:211 PrAlGe presents the ferromagnetic character-
istics along the easy c¢ axis. A large anomalous Hall conduc-
tivity of 680 Q~'-cm~! has been observed, which may be due
to the contribution of intrinsic Berry-phase Karplus—Luttinger
mechanism. "] NdAlGe shows the spin-glass-like characteris-
tics at low temperature and van Vleck paramagnetism in high
temperature region, respectively.!”*! The tetragonal GdAlGe
orders ferromagnetically at 21 K, and its magnetic properties
are strongly related to its special magnetic structure formed by
magnetic Gd3 isosceles triangles. The ferromagnetism may
originate from the exchange interaction between two parallel
Gd3 isosceles triangles.[*]

Recently, the interest has been extended to the iso-
morphous RAISi family. PrAlGe;_,Si, is revealed with a
transition of the anomalous Hall effect from an intrinsic (x
below 0.5) to an extrinsic region (x higher than 0.5).1%6]
CeAlSi is a new type of ferromagnetic Weyl semimetal, which
shows novel anisotropic anomalous Hall responses along
the easy and hard axes.!*’! The ferromagnetic PrAlSi has a
huge anomalous Hall conductivity of ~2000 Q~'.cm~!.[28]
The crystal structure of CeAlSi is initially reported as site-
disordered 14, /amd.lzg‘m However, the later studies show
that the noncentrosymmetrically ordered structure with a
space group of I4;md is preferred,?®! which is an isostruc-
ture of CeAlGe.[!!"1%21] The same question arises for the pre-
ferred structural model in the other RAISi alloys. Accord-
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ing to the international center of diffraction database (ICDD),
the crystal structures of RAISi (R = light rare earth) are the
noncentrosymmetric with space group of I4;md for R = Ce
and Sm; site-disordered 14 /amd for NdAISi, respectively.
However, no record is available for equiatomic LaAlSi and
PrAlSi, which may be considered as RSip_,Al, solid solu-
tion with x = 1. RSiy_,Al, solid solutions crystallize in body
centered tetragonal ¢-ThSi, type structure with a space group
of 14| /amd, where Al and Si occupy randomly the 8e crys-
tal position.[?>3%331 However, the recent study shows that the
equliatomic PrAlSi not only fits the site-disordered ¢-ThSi;
type structure but also the noncentrosymmetrically ordered
I41md as well. The minor difference between the two models
is the temperature factor. (28] Thus, in order to determine the
structural models of equiatomic RAISi (R = light rare earth),
the interest has been focused on the crystal structure and mag-
netic properties of RAISi in this study.

2. Material and methods

The nominal composition of RAISi (R = light rare-earth
element) were prepared using arc melting under an argon gas
atmosphere and vacuum solid state reaction technology. The
Each
sample was remelted four times for its homogeneity. The

purities of raw materials are more than 99.99 wt%.

vacuum annealing process, which could remove the poten-
tial metastable phase and residual stress in samples, was car-
ried out at 1023 K for seven days in the vacuum evacuated
quartz tube. The crystal structures of RAISi (R = light rare-
earth element) were measured using a Rigaku G/max 2500 x-
ray diffractometer with Cu K radiation (A = 1.54056 A).
The surface morphologies and element components of RAISi
(R = light rare-earth element) were recorded with the field

emission scanning electron microscopy (SEM) equipped with
energy dispersive spectra (EDS). The applied field dependence
of magnetization (M—H) and temperature dependence of mag-
netization (M-T') of RAISi alloys were measured using a su-
perconducting quantum interference device (SQUID). M-T
curves were measured in the temperature range of 2 to 300 K
with an external field of 50 Oe for CeAlSi and PrAlSi, and in
the temperature range from 5 to 300 K with an external field
of 1 kOe for NdAISi and SmAISi, respectively. M—H curves
of RAISi alloys were measured in applied fields ranging from

0 to 50 kOe at various temperatures.

3. Results and discussion

In order to determine the crystal structures of equiatomic
light rare earth based RAISi, the three possible structural mod-
els, which correspond to the site-disordered 14 /amd, non-
centrosymmetrically ordered /4;md and their mixed model,
are used for Rietveld structural refinement. The refinement re-
sults show that the x-ray diffraction patterns of RAISi prefer
to follow the mixed model, the residual pattern factor R, and
residual weight pattern factor Ry, are the smallest among the
three models. NdAISi is selected as a typical example, and its
x-ray diffraction patterns are refined with the above-mentioned
three possible structural models, as shown in Figs. 1(a)-1(c).
The difference between site-disordered 14 /amd and noncen-
trosymmetrically ordered /4;md is small. R, and Ry, are cor-
responding to 12.352% and 16.355% for 141md; 12.404% and
16.389% for 14| /amd. However, the x-ray patterns of NdAISi
fit the mixed model very well. R, and Ry, decrease to 9.235%
and 12.951%, implying that this structural model is accept-
able.

45 ( ) 45 45 + Lobs
—~ a + Lobs + + Lobs +
a i Lcalc 2 (b) + Lcalc = (C) = I4y/amd %(i?flc
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Fig. 1. The refined x-ray diffraction patterns of NdAISi based on the noncetrosymmetrically ordered /4;md model (a), the site-disordered

141 /amd model (b), and the mixed model (c) of I4ymd and 14, /amd.

The refinement shows that the lattice parameters of the
disordered phase is slightly larger than those of the ordered
phase. It reveals that the peak separation is necessary for the
widened diffraction peaks caused by overlaps of diffraction
peaks for the two phases. The refined x-ray diffraction pat-
terns of RAISi are shown in Figs. 2(a)-2(e). The red symbols

of 4 and green lines denote the observed and calculated x-ray
diffraction patterns of RAISi. The intensity differences be-
tween the observed and calculated x-ray diffractions are shown
in the lowest line. The orange and violet vertical bars rep-
resent the peak positions of I4ymd and 14, /amd phases, re-

spectively. It is significant that diffraction peak positions of
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14, /amd phase shift to the low angle compared to those of
I41md phase. This phenomenon is ascribed to the increase of
lattice parameter for site-disordered 14, /amd phase, induced
by the different occupations of Al and Si atoms in two struc-
tures. The lattice parameters of RAISi decrease with increas-
ing the atomic order number of rare earth element due to the
lanthanide contraction effect.

The weight proportion of two phases in RAISi alloys can

W— SiAiViZ;

_ SifAiVidi 1
Y SiAiViZ; M

where S;, A;, V;, Z; are the scale factor, molecular weight, cell
volume and numbers of molecular in unit cell for the ith phase,
respectively. The calculations of phase contents reveal that the
noncentrosymmetrically ordered phase is the main phase in
RAISi alloy. Table 1 lists the refined structural parameters and

be estimated by the following equation: ¥ phase weight proportions in RAISi alloys.
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Fig. 2. The refined and observed XRD patterns of RAISi.
Table 1. The refined phase structural parameters of RAISi with structural models of I4,md and 14, /amd.
LaAlSi CeAlSi PrAlSi NdAISi SmAISi
a(A) 4.3069 4.2502 4.2525 4.2010 4.1566
c(A) 14.6494 14.5769 14.5743 14.5079 14.4552
I4,md phase R (4a) (0,0,0.57515) (0,0,0.58924) (0,0,0.57618) (0,0,0.57802) (0,0,0.57744)
Al (4a) (0,0,0.16793) (0,0,0.16902) (0,0,0.16541) (0,0,0.16227) (0,0,0.16602)
Si (4a) (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0)
a(A) 4.3299 4.2462 4.2480 4.2230 4.1733
c(A) 14.6767 14.5521 14.5705 14.5235 14.4784
14, /amd phase :
Al/Si (8e) (0,0.25,0.30298) (0,0.25,0.30282) (0,0.25,0.30190) (0,0.25,0.28313) (0,0.25,0.31496)
R (4a) (0,0.75,0.125) (0,0.75,0.125) (0,0.75,0.125) (0,0.75,0.125) (0,0.75,0.125)
Ry 9.547 8.647 9.622 9.235 8.666
Ryp 12.876 12.460 12.563 12.951 11.647
Percentage of /4, md phase 0.9652 0.7800 0.9568 0.9467 0.8773
Percentage of 14 /amd phase 0.0348 0.2200 0.0432 0.0533 0.1227

SEM morphologies and EDS spectra of RAISi (R = light
rare-earth element) powders are displayed in Figs. 3(a)-3(e).
The grain growths exhibit inhomogeneity from large bulks to
small pieces with sizes ranging from 0.5 um to 7 pum, the
small grains distribute on the surface of the large ones, and
the grains tend to agglomerate with increasing the atomic or-
der number of rare earth element. EDS measurements show

that the element compositions of RAISi alloys are close to the

ratio of 1:1:1 as the stoichiometrically equiatomic RAISi, and
the slight deviation from the normal structural formula may be
ascribed to the volatilization during the melting process.
Figures 4-7 show that the temperature dependence of
magnetizations (M-T') curves of RAISi alloys measured with
field-cooled (FC) and zero-field-cooled (ZFC). CeAlSi is fer-
romagnetic, as shown in Fig. 4, which ascribes to the inter-

action between the local f-moments of Ce3* and the non-
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centrosymmetric lattice.?’! Curie temperature of CeAlSi is
7.7 K, which is close to that of CeAly oSiy.1.5
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Fig. 3. SEM morphologies and EDS patterns of RAISi: (a) for LaAlSi,
(b) for CeAlSi, (c) for PrAlSi, (d) for NdAISi, and (e) for SmAISi.

Figure 5 shows that PrAlSi orders ferromagnetically at
17.7 K, its Curie temperature is very close to the previously
reported T = 17.2 K.[?% The cusp-like transitions are ob-
served at 5.2 K for CeAlSi and 16.5 K for PrAlSi. The re-
markable difference between ZFC and FC curves suggests that
the cusp-like transition may be due to the spin-glass-like phe-
nomenon, which is similar to the thermal irreversibility x(7')
for RAIX (R = Ce, Pr; X = Ge, Si) in the temperature region
of T < Tc.[15‘17’26’28’36] However, the M—T curve of NdAISi
shows only paramagnetic characteristics as shown in Fig. 6.
SmAISi shows complex magnetic properties. According to
the FC curve in Fig. 7, SmAISi shows metamagnetic transi-

tion at 10 K and weak ferromagnetic-paramagnetic transition
at 143 K. However, the ZFC curve shows an extra magnetic
transition at 60 K, which may be due to the disordered ar-
rangement of Sm moment. In addition, the unconventional
fluctuations may be due to the heavy-fermion effect in temper-
ature ranges from 50 to 80 K, which is possibly caused by the
unconventional magnetic ordering of the involvement of mul-

tiple 4f elections of Sm ions in the hybridization process.?”!
16
é = 16 % "0 CeAlSi-FC!
141 <12 A\ CeAlSI-ZFC
Q 1 1 1 1 1
T 1A <1 [N L U
S ’ E
= 10— =
o >
g Il
~ 3T 4 8 12 16 20
= Temperature (K)
E ol
2L
= 4F O
2 | AN
0 L 1 1

0 50 100 150 200 250 300
Temperature (K)

Fig. 4. The temperature dependence of magnetization (M-T) for
CeAlSi, and the fitted M-T curve based on Curie-Weiss law in para-
magnetic region. Inset: the ferromagnetic transition.

4 T
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Fig. 5. The temperature dependence of magnetization (M-T') for

PrAlSi, nd the fitted M-T curve based on Curie-Weiss law in para-
magnetic region. Inset: the magnetic transition.
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Fig. 6. The observed and fitted M-T curves based on Curie—Weiss law
of NdAISi.
The x-T curves of RAISi (R = Ce, Pr, Nd) follow the

Curie—Weiss law in their paramagnetic region. The fitted
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curves are shown in Figs. 4, 5, and 6 for CeAlSi, PrAlSi, and
NdAISi, respectively. The fitted Curie—Weiss temperature 6p
is corresponding to —24.33 K for CeAlSi, 5.56 K for PrAlSi,
and —8.75 K for NdAISi. The negative Op implies the possi-
ble antiferromagnetic order in NdAISi. However, the antifer-
romagnetism is not experimentally observed in NdAISi alloy.

12 T T

10 O SmAISi-FC
~ g H SmAISi-ZFC
S E — Van-Vleck fitting
3 Sta g 1
ERRA a
=) 4F10 K E ]
:
EV‘J g 2.8
o o= 50 60 70 80 90
= 2} 143 K Temperature (K) ]
= \ -

e

50 100 150 200 250 300
Temperature (K)

ot

Fig. 7. The temperature dependence of magnetization for SmAISi, and
the fitting M-T curve based on the van Vleck law in paramagnetic re-
gion.

The effective moment g is estimated with the equation

25} (a) CeAlSi 5 K
20 20}
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N uesz =3CMKg, where C, M, Kg, N correspond to the Curie—
Weiss constant, the molecular weight, the Boltzmann constant
and the number of atoms.[*® The calculated Ues’s are 2.53 up
for CeAlSi, 3.56 up for PrAlSi and 3.79 up for NdAISi.
The effective moments of paramagnetic CeAlSi, PrAlSi and
NdAISi are close to the moments of trivalent Ce3* (2.54 us),
Pr3* (3.58 up) and Nd**(3.62 up). This reveals that the con-
tribution to moment originates from rare earth in RAISi.

The temperature dependence of susceptibility for SmAISi
does not fit the Curie—Weiss law in the paramagnetic region.
The surplus molar magnetic susceptibility most likely comes
from a typical behavior of Sm>* ions, which ascribe to the dif-
ferent multiplets between J = 5/2 (ground state) and J = 7/2
(first excited state).[3**3! In the paramagnetic region, the sus-
ceptibility of SmAISi follows the modified van Vleck param-
agnetic mode with an equation of ¥ = yo+ C/(T — 6p).[4*4]
The effective magnetic moment is 0.329 ug, which is smaller
than the moment of Sm>* (0.85 ug). Such a reduction reveals
a pronounced crystal field effect in SmAISi. 3?4441 The small
positive value of Bp indicates dominant ferromagnetic interac-

tions for the magnetism of SmAISi.?")
40
(b) PrAlSi
~
=
g oaf
5 16 35 K
]
£
[©]
= 8r
op ¢ . . . . .
0 1 2 3 4 5
Magnetic field (T)
0.6f (d) SmAISi 10 K
w0 0.5f 30 K
=
Ar
g0 50 K
= 0.3}
z 70 K
g 0.2f
e}
= 0.1}
0.

0 1 2 3 4 5
Magnetic field (T)

Fig. 8. The observed and fitted field dependences of magnetizations for RAISi: (a) for CeAlSi, (b) for PrAlSi, (c) for NdAISi and (d) for

SmAISi.

Figure 8 shows that RAISi (R = Ce, Pr, Sm) exhibit mix-
ture of ferromagnetism and paramagnetism, however, NdAISi
presents only the paramagnetic character. In paramagnetic re-
gion, the magnetizing curves for RAISi follow a linear equa-

tion as follows:
M=xH, (2

where H and Y are the external field and susceptibility, respec-
tively.

The field dependence of magnetization curves for the
RAISi alloys follows the mixture magnetism model as
follows: [46:47]

M:Ms-exp(—%)—i—xH. 3)

The first term originates from the contribution of ferromag-
netic phase, which is based on the Langevin model, (48] and
the second term contributes to magnetization originating from
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the paramagnetic phase, where M and ) are the saturation
moment and susceptibility, respectively.

The fitted and observed magnetization curves for RAISi
are marked with circles and solid lines as shown in Fig. 8, re-
spectively. Table 2 lists the fitted parameters of PrAlSi and
NdAISi in the paramagnetic region. The paramagnetic sus-
ceptibility )y of RAISi is enhanced with increasing the atomic
order number of rare earth elements from Ce to Nd, which
may be due to the increasing moment of trivalent rare earth
ions. Table 3 lists the fitted parameters of RAISi (R = Ce,
Pr, Sm) alloys based on the mixture model of ferromagnetism
and paramagnetism. For ferromagnetic RAISi (R = Ce, Pr),
the saturation moment of PrAlSi is larger than that of CeAlSi,
which is due to the large moment of trivalent Nd compared
to that of Ce3T. Thus, it implies that the saturation moment

Mg depends on the moment of trivalent rare earth. With in-
creasing temperature, the fitted Ms of CeAlSi shows an op-
posite tendency with its susceptibility . M is going down,
whereas the susceptibility x is going up. The susceptibility of
SmAISi shows a decreasing tendency with increasing temper-
ature, which may be due to its various magnetic transitions.

Table 2. The fitted parameters of RAISi (R = Ce, Pr, Nd) in their para-
magnetic regions.

Parameters M= yH
Compounds PrAlSi 35 K NdAISi 30 K
Reduced > 9.5307x10~* 0.0034
Adjusted R? 0.99992 0.99982
% (emu/g-kOe) 2.40591 3.06891
Standard error of 43641x10°* 8.3263x 104

X (emu/g-kOe)

Table 3. The fitting parameters of RAISi (R = Ce, Pr, Sm) with the mixed model of ferromagnetism and paramagnetism at various temperatures.

Parameters M = Ms -exp(—a/H)+ xH
CeAlSi PrAlSi SmAISi
Compounds
5K 15K 16K 10K 30K 50 K 70 K
Reduced x2 0.03695 0.0026 0.1548 5.336x1077 3.525x107° 1.512x10° 2.644x1077
Adjusted R? 0.9841 0.9999 0.9957 0.9999 0.9998 0.9999 0.9999
Values:
Ms (emu/g) 20.4342 1.6228 22.7781 0.01771 0.03495 0.06945 0.02802
a (kOe) 0.00651 1.12465 0.09123 0.1351 0.77448 0.13965 0.1163
x (emu/g-kOe) 0.72686 1.77590 2.92897 0.11308 0.08776 0.07113 0.05599
Standard error:
Ms (emu/g) 0.01982 0.03549 0.0588 1.238x107* 9.314x107* 2.085%x107* 8.179% 1075
a (kOe) 1.993%10~* 0.01765 0.00113 0.00346 0.02118 0.00147 0.00132
x (emu/g-kOe) 0.00626 0.0057 0.01607 3.216x107° 1.671x107* 5.424%107° 2.182x107°

4. Conclusion

RAISi (R =light rare earth) alloys consist of two phases
according to x-ray diffraction, which are corresponding to the
site-disordered phase with group space of I4;/amd and the
noncentrosymmetrically ordered phase with space group of
I4ymd. The ordered phase is the main phase in RAISi al-
loy. RAISI alloys show nonmagnetic character for R = La,
low temperature ferromagnetic order for R = Ce, Pr, and para-
magnetic character for R = Nd, respectively. SmAISi shows
metamagnetic transition at 10 K and weak ferromagnetic or-
der at 143 K, respectively. RAISi (R = Ce, Pr, Nd) follow the
normal Curie—Weiss law in their paramagnetic regions, how-
ever, SmAISi follows the van Vleck paramagnetic model. In
the paramagnetic region, the susceptibilities of RAISi are en-
hanced with increasing the atomic order number of rare earth
element. The magnetization curves of RAISi (R = Ce, Pr,
Sm) follow the mixed model of ferromagnetism and param-
agnetism. The fitted Mg depends on the moment of trivalent
rare earth. For ferromagnetic RAISi (R = Ce, Pr), the Mg of
PrAlSi is larger than that of CeAlSi. With increasing tempera-
ture, the fitted Mg of CeAlSi shows an opposite tendency with
its susceptibility x. M is going down, whereas the suscep-

tibility y is going up. The susceptibility of SmAISi shows a
decreasing tendency with increasing temperature. This may be
due to its various magnetic transitions. The studies reveal that
the magnetic property of RAISi originates from the rare earth.
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