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We synthesize high-quality single crystal of CeGaSi by a Ga self-flux method and investigate its physical properties
through magnetic susceptibility, specific heat and electrical resistivity measurements as well as high pressure effect. Mag-
netic measurements reveal that an antiferromagnetic order develops below T, ~ 10.4 K with magnetic moments orientated
in the ab plane. The enhanced electronic specific heat coefficient and the negative logarithmic slope in the resistivity of
CeGaSi indicate that the title compound belongs to the family of Kondo system with heavy fermion ground states. The max
magnetic entropy change —ASY™ (UoH Lc, tpH = 7 T) around Ty, is found to reach up to 11.85J kg~ K~!. Remark-
ably, both the antiferromagnetic transition temperature and —In7 behavior increase monotonically with pressure applied

to 20 kbar (1 bar = 10° Pa), indicating that much higher pressure will be needed to reach its quantum critical point.

Keywords: heavy fermion, antiferromagnetic order, magnetocaloric effect

PACS: 71.27.4a, 75.30.Sg, 75.30.Gw, 71.20.Eh

1. Introduction

In recent years, the RAIX (R = rare earth; X = Si,
Ge) series of compounds derived from alloys RAIL,Siy_, or
RAl,Ge;_,, as the candidates for magnetic topological Weyl
semimetals, have attracted considerable attention because they
have neither inversion nor time-reversal symmetry, which of-
fers a rare platform to explore exotic quantum phenomena aris-
ing from the interplay between magnetism and topology.!!~7!
For instance, a singular angular magnetoresistance (AMR),
arising from the momentum space mismatching across real
space domains and highly tied to principal symmetry direc-
tions, was observed in single-crystalline CeAlGe.®! A novel
type of quantum oscillations has also been detected in the
temperature dependent electrical resistivity, specific heat, See-
beck and Nernst coefficients under a constant magnetic field
in NdAISi, which was considered to arise from the destruc-
tive interference between quantum oscillations from the spin-
splitting of Fermi surface due to the strong Weyl fermions—f
electrons exchange interaction.[”:8]

Remarkably, the RALX system offers significant material
tunability. Replacing Al with Ga makes it very easy to obtain
RGaSi from RGa,Siy_, alloys. The properties of these com-
pounds have also been extensively studied, particularly for the
polycrystalline samples.®~131 For example, CeGa,Si,_, series
of compounds demonstrate magnetic properties that are easily
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adjustable, possibly due to a strong competition between the
Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions and

t.1%141 In the region 0.7 < x < 1.3, the relative in-

Kondo effec
tensity of RKKY interactions and Kondo effect changes with
x increasing, resulting in a transition from a ground state that
is RKKY-dominated to one that is Kondo-dominated. Such
an easily adjustable behavior enables the CeGa,Si,_, series of
compounds to exhibit a wide range of physical properties. To
date, however, only few studies have been performed on the
single crystals.[!>]

In this work, we successfully grow the high-quality single
crystal of CeGaSi and its non- f reference compound LaGaSi,
and systematically study their physical properties. Magnetic
and specific heat measurements on CeGaSi unveil an antiferro-
magnetically ordered state below 7, = 10.4 K. Especially, the
Ce moment undergoes a metamagnetic transition at different
temperatures and magnetic field directions, reflecting a strong
magnetic anisotropy. A large magnetocaloric effect (MCE)
(—ASTx = 11.85J-kg~!-K™!, uoH =7 T), almost twice those
of other Ce-based materials with the same structure, can be
observed. The resistivity and specific heat data reveal com-
parable energy scales for the RKKY interactions and Kondo
effect. The monotonic enhancement of the Kondo effect and
magnetic ordering temperature under applied pressure up to
20 kbar, indicate that much higher pressure is needed to drive
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a quantum phase transition.

2. Experiment details

Single crystals of CeGaSi and LaGaSi were synthesized
by the self-flux method. 19! High purity Ce/La (3N), Ga (6N),
and Si (4N), in a molar ratio of 1:7:2, were placed in an alu-
mina crucible and sealed into a quartz tube under high vac-
uum. The sealed quartz tube was heated to 1100 °C in 10 h,
held there for 24 h and then cooled to 500 °C at a rate of 6 °C
per hour. At this temperature, the liquid flux was removed by
centrifugation. A small amount of Ga metal was still attached
to the surface of some samples, which could be removed by a
short soaking in dilute hydrochloric acid.

Crystal structure was characterized by x-ray diffraction
using Cu-Ka (wavelength A = 1.5418 A) radiation with a
PAN-analytical x-ray diffractometer at room temperature and
was analyzed by using the Rietveld method with GSAS-
EXPGUI software. The chemical composition was analyzed
by an energy dispersive x-ray spectrometer (EDS) equipped
on a Phenom scanning electron microscope (SEM) operated at
15 kV. Magnetic property measurements were carried out by
using a commercial Quantum Design vibrating sample magne-
tometer (VSM-7T). Electrical transport properties and specific
heat measurements were performed on a commercial Quan-
tum Design physical property measurement system (PPMS).
A hybrid CuBe/NiCrAl pressure cell and pressure-medium of
daphne 7373 were used to achieve hydrostatic pressure up to
20 kbar for the electrical resistivity measurements under ap-
plied pressure.

3. Results and discussion

Figure 1(a) shows the structure of CeGaSi which crystal-
lizes into a tetragonal structure with the space group 14, /amd
(-ThSi; type). For this structure, Ga and Si equally popu-
late the positions of each other. The obtained single crystal
is plate-like with a size of about 1.2 mmx0.8 mmx0.1 mm

as shown in Fig. 1(b). X-ray scans reveal that the naturally
grown single-crystalline plate has facets perpendicular to the
[001] direction as shown in Fig. 1(c). The lattice parameters,
determined from the powder x-ray data (not presented here),
a=4239 A, c =14.14 A, are in good agreement with pre-
vious results.’) The EDS analysis yields an atom molar ratio,
Ce:Ga:S1=0.98:1:1.02, consistent with the formula CeGaSi.

In order to explore the magnetism of CeGaSi, temper-
ature dependence of magnetic susceptibility y(7) was mea-
sured in zero-field-cooling (ZFC) mode and field-cooling (FC)
mode under magnetic field (ugH = 0.1 T) perpendicular (the
left axis) and parallel (the right axis) to the ¢ axis, respec-
tively as shown in Fig. 1(d). Evidently, the susceptibility is
highly anisotropic. For uoH Lc, both x(T)zrc and x (7T )rc
curves exhibit an increase with temperature decreasing ini-
tially at relatively high temperature. Below 10.4 K, x(T)zrc
curve and X (T )gc curve show a noticeable deviation from each
other, with the ¥ (T)zrc curve peaking sharply. For ugH || c,
X(T)zrc and x(T)gc curves also deviate from each other at
low temperature. Both ) (T)zgc curve and x (T )pc curve de-
flect at 10.4 K. Clearly, CeGaSi undergoes a magnetic transi-
tion at Ty, = 10.4 K and exhibits a strong magnetic anisotropy.

The inverse magnetic susceptibility 1/y as a function of
temperature is plotted in the inset of Fig. 1(d). We fit the
data within a temperature range of 150 K-300 K by using the
Curie-Weiss law y = C/(T — 6,) (C is the Curie constant and
6, is the Weiss temperature). The values of effective mag-
netic moment g are estimated at 2.51 ug and 2.54 up for
UoH Lc and poH || ¢, respectively. These values are close to
the theoretical free magnetic moment of the Ce3tion, 2.54 us,
indicating the presence of well localized cerium magnetic mo-
ment. The derived Weiss temperatures are 6, = 6.91 K and
6, = —26.01 K, respectively. Below 150 K, both curves of
1/x deviate from linear fittings, which should be caused by
the crystal electric field (CEF) effect and will be further dis-
cussed later.
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Fig. 1. (a) Schematic diagram for structure of CeGasSi. (b) Picture of single-crystalline CeGaSi. (c) The x-ray diffraction pattern of single-crystalline CeGaSi,
with inset showing SEM image and molar ratio from EDS. (d) Temperature dependence of magnetic susceptibility x(7'), measured in ZFC mode and FC
mode under magnetic field yugH = 0.1 T perpendicular (the left axis) and parallel (the right axis) to the ¢ axis, respectively, with inset showing inverse
magnetic susceptibility 1/ measured under magnetic field uoH = 0.1 T, and red and black dashed lines representing Curie—Weiss fittings for pigH Lc and

UoH || ¢, respectively. The unit 1 Oe =79.5775 A-m~!.

067101-2



Chin. Phys. B 33, 067101 (2024)

[ (a) wHLle ZFC  FC (b) T (K)
~ 1 JoH (T) © 0-01 =+ 0.01 poH Le 2
N 0.1 0.1 ook
S ©0.5 - 0.5 :
Tl p ?
) Q0.2 poH (T) Q 0.6L
£ = -1y || B
= E 0.1 5 ——7 ~ 24
g 0.1 g =
S = 0.3
> 30 40
0.01
1 1 1 1 0 1 1 1
10 20 30 40 50 0 2 4 6 8
T (K) poH (T)
() poHl|lc  ZFC  FC (d)
0.01 - 0.01
= moH (T) 0 L o1 HoH|le
o 0.2F ©0.5 = 0.5 091 7 (K)
? - R S
1 8 0.09 poH (T) o —9
S | L i3 Fo06p 12
= £ 0.06 57 3 — 15
g 0.1 £ = 20
5 - 0.3F
~ 20 30 40
> T (K)
0 n 1 n 1 1 1 O n 1 n 1 n 1 n
10 20 30 40 50 0 2 4 6 8
T (K) poH (T)

Fig. 2. (a) Curves of x(T) versus T measured in ZFC mode and FC mode under different magnetic fields for poH Lc, with inset showing
T-dependent x(7') curves measured under different magnetic fields for uoH Lc. (b) Curves of M(H) versus toH Lc measured at different
temperatures (T =2, 5, 8, 10, 11, 12, 13, 14, 15, 16, 18, 21, 24 K). (c) Curves of x(7') measured in ZFC mode and FC mode under different
magnetic fields for uoH || ¢, with inset showing x(7) measured under magnetic fields for poH || c. (d) Curves of M(H) measured at different

temperatures (T = 2,9, 12, 15 K) for puoH || c.

To further investigate the magnetic properties of CeGaSi,
the values of x(T') under different magnetic fields were mea-
sured in ZFC mode and FC mode. In the yoH Lc configu-
ration, as shown in Fig. 2(a), the drop of x(T)zpc below Ty,
is gradually suppressed with increasing magnetic fields and
disappears above 0.5 T. Meanwhile, the x(T)zrc and X (T )rc
curves gradually tend to coincide. As shown in the inset of
Fig. 2(a), when the temperature is higher than 1 T, x(T) in-
creases with temperature decreasing in ferromagnetic fashion.
The M(H) curve measured at 2 K, plotted in Fig. 2(b), deflects
at 0.5 T, which may correspond to a metamagnetic transition.
With temperature increasing, the deflection moves towards the
lower field and disappears at 11 K.

When poH || ¢ (upH = 0.01 T), as depicted in Fig. 2(c),
the % (T)zrc and x (T )rc curves diverge at low temperature,
and the x(T)zrc curve reaches its peak at Tp,. With the in-
crease of magnetic field, ¥ (T )grc curves each exhibit a con-
current decrease at Tp,. At upH = 0.5 T, the x(T)zpc and
x(T)gc curves overlap and descend below Ty, in an antifer-
romagnetic manner. With further increase of magnetic field,
spike in the x (T') curve shifts towards lower temperatures. The
spike of x(T) curve is entirely suppressed until the magnetic
field reaches 7 T. While for both x (T )zpc curves at 0.01 T with
UoH Lc and poH || ¢, there is a deflection above Ty, suggest-
ing the presence of a short-range spin—spin correlations. Fig-
ure 2(d) shows M (H) measured at different temperatures with

UoH || c. At 2 K, M(H) increases linearly under low fields.
When magnetic field increases to 6 T, a metamagnetic-like
transition appears, corresponding to the bending on the M(H)
curve. It is associated with the suppression of the magnetic
order, which is also observed in x(T) data. With tempera-
ture increasing, the bending in M(H) curve moves towards the
low magnetic fields and finally disappears at 12 K. The M(H)
curves for ugH || ¢ display characteristics indicative of antifer-
romagnetic interactions. All of these indicate that the present
compound is strongly anisotropic and, like other compounds
in the material family RAIX, exhibits a rich variety of mag-
netic states. To elucidate the intricate magnetic structure of
CeGaSi, additional studies by using neutron diffraction is nec-
essary.

It is noteworthy that the reported magnetic properties
of polycrystalline CeGaSi are quite different from those of
single-crystalline CeGaSi. As listed in Table 1, with x increas-
ing from O to 2, polycrystalline CeGa,Si,_, undergoes an evo-
lution from non-magnetic to ferromagnetic to antiferromag-
netic ground state.[1%-111416-181 Egpecially, the polycrystalline
CeGa,Sip_y in a range of 0.7 < x < 1 are ferromagnetical at
low temperature.!'’l When x > 1.5, the compounds exhibit
an antiferromagnetic ground state.!'°! The ferromagnetic-like
properties observed in polycrystalline CeGaSi may be at-
tributed to its high anisotropy.
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Table 1. Magnetic properties of polycrystalline CeGa,Si_y. SC: single-
crystals, PC: polycrystals, AF: antiferromagnetic, NM: non-magnetic, FM:
ferromagnetic.

Materials Magnetic transitions T (K) Reference
CeGaSi SC AF 10.4 this work
CeSi, PC NM - [18]
CeGay 7Si; 3 PC M 10.5 [17]
CeGaSi PC M 9 [17]
CeGa, 3Sip7 PC FM 2.5 [17]
CeGa, 5Sips PC AF 3 [10]
CeGa, PC multi-AF 11; 8.5 [16,19]

Based on the M(H) plotted in Figs. 2(b) and 2(d), the
magnetic entropy change ASy resulting from the change of
magnetic field can be calculated from the following thermo-

dynamic Maxwell relation:?"!

H /98 H (oM
ASM(T,H):uO/O (aH)TdH:uo/o (8T>HdH.(1)

Figures 3(a) and 3(b) show that the —ASy; of CeGaSi is also
anisotropic. —ASy curves for both poH Lc and HoH || ¢ ex-
hibit sharp peaks near 12 K, with the variation of peak val-
ues. For ugH Lc, —ASy reaches a maximum value —ASy™,

9.94Jkg~!-K ' and 11.85 J-kg~'-K~! around T}, for uyAH =
5 T and 7 T, respectively. However, for tyH || ¢, the values
of —ASN™ are only 4.66 J-kg~!-K~! and 6.45 J-kg~ 'K~ !, re-
spectively. The relative cooling power (RCP) can be calculated

from —ASy by using the following formula:[?%]

RCP (,I.LOH) :| ASﬁax (,LL()H) | -OTEWHM. 2)
Here, 0Trwum represents the full width at half maximum
of the corresponding —ASy* curve. The value of RCP can
be used to estimate the amount of heat which can be trans-
ferred between cold reservoir and hot reservoir. For poH Lc,
the value of RCP reaches 63.3 J-kg~! for upAH = 5 T and
93.12 J-kg~! for uyAH = 7 T. As shown in Fig. 3(c), the RCP
increases linearly with the increase of field.

Parameters of MCE for other Ce-based materials are
listed in Table 2. It is clear that —ASY™ (UoH Lc) of single-
crystalline CeGaSi is much larger than that of other Ce-based
materials with the same structure and is approximately 1/4
that of ErAl,, which is one of the best magnetic refrigerants
near 10 K, suggesting potential applications for CeGaSi.

12 HoHLe (a) poHl||c (b) (c)
—~ ~ 6} uoH e
| moAH (T) O waH (T) 80+
X sk =1 I ol =
! i L, 4F =+ 3 bo 60
o - e i
= 5 = 2 0k
T e = 2F 7 e |
9 0 O
< < x 20
Lok I o i

1 1 1 1 1 1 1 1 O 1 1 1
0 4 8 12 16 20 2 4 8 12 16 0 2 4 6
T (K) T (K) woH (T)

Fig. 3. (a) Magnetic entropy change —ASy(T') for poH Lc. (b) —ASm(T) for poH || c. (c) Relative cooling power (RCP) for uoH Lc.

Table 2. Comparison of MCE between CeGaSi and other Ce-based magnetic materials for gAH =5 T or 7 T. SC:

single-crystals, PC: polycrystals.

Materials UoAH (T) T (K) —ASy (Jkg LK™ RCP (J-.kg™1) Reference
CeGaSi SC 5 10.4 9.94 63.3 this work
CeGaSi SC 7 10.4 11.85 93.12 this work
CeGayg 7Si; 3 PC 5 10.5 5.7 328 [13]
CeAlSi SC 5 5 6 - [21]
CeGa, PC 7 10 6.5 - [22]

Figure 4(a) shows the specific heat divided by tempera-
ture, Cp/T versus T2 of CeGaSi. It is clear that a A-shaped
peak appears at 10.4 K, corresponding to the magnetic transi-
tion at Tp,. According to the Debye model, the specific heat at
low temperatures is described by the following equation:

Cy=1T +BT°, 3)
where yT and BT3 denote the contributions of electrons and

phonons to the specific heat, respectively. The Debye temper-

ature satisfies the following equation:

1/3

@p = (127*°NR/(5B)) )

By fitting the data in a temperature range of 10 K-15 K, the
Debye temperature @p = 308.1 K and the specific heat coef-
ficient yc. = 83.8 mJ/(rnol~K2) are obtained. To further in-
vestigate the specific heat, single-crystalline LaGaSi with the
same structure was also synthesized and its C,/T versus T?
in a temperature range of 0 K-15 K is shown in the inset of
Fig. 4(a). The fitting below 10 K yields %, =2.7 mJ/(mol-K?)

067101-4



Chin. Phys. B 33, 067101 (2024)

and Op = 314.6 K, with the 1, significantly lower than Jc.
and the ®p close to that of CeGaSi, which confirms that the
two do have the same lattice contribution. Thus, the spe-
cific heat of LaGaSi can be treated as a contribution from
the lattice to obtain the magnetic contribution to specific heat
Cm = Cce — CLa, as shown in Fig. 4(b). The magnetic entropy
Sm is obtained by integrating Cp,,/T over T, which is plotted
in the inset of Fig. 4(b). The Sy, reaches RIn2 at T ~ 15 K,
indicating that the ground state of CeGaSi is Kramers two-fold
degenerate. According to the Kondo model with a spin of 1/2,
the magnetic entropy Sy, and Kondo temperature Tk satisfy the

following equation:[?3-24]

exp(=¢)
I+exp(é) |

Here, & = Tx /Tyy. When S, reaches 0.72RIn2 at T,, = 10.4 K,
the Tk is estimated at 13.3 K, which is close to Tp,, suggesting

Sm(§) =Rin|1+exp(=¢)+¢ (5)

that the energy scale of the RKKY interaction is comparable
to that of the Kondo effect. A broad hump centered around

50 K can be seen in the Cy, curve, which is a common feature
of Kondo lattice compounds and usually attributed to the CEF
effect.[>>-281 The Schottky anomaly contribution arising from
the CEF effect to the specific heat conforms to the following

equation: 27291

Cepr (T) = (71?2) {;giexp (—?f) Zi:giAizexP (‘?)
(Ban(3)
X (;giexp <§1>)2 (6)

Here, g; represents the degeneracy of the i-th excited level
with energy separations A;. For Ce*" ion experiencing tetrag-
onal crystal-field potential, we chose the doublet—doublet—
doublet scheme with energy separations A; and A; to express
the Schottky anomaly. The fitting parameters are as follows:
A; =106 K (~ 9.1 meV) and Ay = 149 K (~ 12.8 meV).

900 e ~= 900
S coot® o SEE | e
¥ L ‘M ~—CeCGaSi §734 RIn2 <
1 o0or ; 1 600 +Iaa(/3;sl iou 20 4G 1 600
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> > ~
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Fig. 4. (a) Specific heat divided by temperature C, /T versus T? of single-crystalline CeGaSi in a temperature range of 0 K-20 K, with inset showing
Cp /T versus T2 of LaGaSi, and red dashed lines representing fittings of Cp/T by Debye model. (b) Curves of Cp, /T versus log T of CeGaSi and LaGaSi
in a temperature range between 0 K and 100 K. Cp, /T = Cce/T — Cra /T, with blue dashed line showing the contribution of the CEF effect, and inset
indicating magnetic entropy Sy, calculated by integrating Gy, /T over T'. (¢) Cp/T of CeGaSi measured under different magnetic fields for oH || ¢ within

temperature range of 2 K-20 K.

The values of C,/T measured under different magnetic
fields are shown in Fig. 4(c). As the magnetic field increases,
the peaks of the specific heat curves at Ty, undergo gradual
suppression and significant broadening. At 5 T, a broad hump
emerges above the magnetic transition at Tp,, which is char-
acteristic of polarized ferromagnetic state. Such a behavior is
very common in the antiferromagnetic Ce-based Kondo lattice
compounds, such as CeNiGes B0l and CeAgAsy, B11 which fur-
ther proves that the transition at Ty, is not a simple ferromag-
netic transition that can be detected in polycrystalline sample.

Figure 5(a) depicts the curves of resistivity p(7) of
single-crystalline CeGaSi under various pressures, which is
measured by four-probe method with an applied current in
ab plane. At zero pressure, p(T) of CeGaSi decreases with
temperature decreasing in a temperature range from 300 K
to 200 K and subsequently starts to rise below 200 K. The
p(T) increases in a minus logarithmic temperature manner in
temperature ranges of 50 K-200 K and 10.4 K-20 K, reflect-

ing the Kondo-type scattering.!®?! There is a bulge centered
around 50 K on the p(7T') curve, which is caused by the CEF
effect.3334] Considering the aforementioned data, the temper-
ature regions exhibiting changes caused by the CEF effect in
1/x, Can(T) and p(T) are consistent. Below 10.4 K, the re-
sistivity drops rapidly with temperature decreasing, due to the
reduced scattering in the ordered state.

Apparently, the resistivity p(7) rises with pressure in-
creasing at a constant temperature. 7Tp, at which the resistiv-
ity starts to decline is increasing, suggesting that the RKKY
interaction is enhanced with the increase of pressure. Similar
behavior was also observed in the isostructural CeAlGe. 3!
Meanwhile, the — InT behavior in p(T) is also enhanced, sig-
nifying an enhancement of the Kondo effect in CeGaSi. As is
well known, by applying pressure, most of the antiferromag-
netic transitions of heavy fermions first increase and then de-
crease, and finally reach a quantum critical regime.*®! There
is no doubt that much higher pressure is demanded to study
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the effect of quantum criticality in CeGasSi.

Figure 5(b) shows the angular magnetoresistance p(8) of
CeGaSi. Here, 0 represents the angle between pioH and c axis.
Directions of magnetic field rotate in the plane containing the
applied current and ¢ axis. p(0) curves exhibit a period of
180°. When ugH || ¢ (6 = 0°), p(0) of CeGaSi reaches a

of @)
CeGaSi
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maximum value at 7 T, and then decreases with field increas-
ing, which may be related to the metamagnetic transition at
6 T. When poH Lc (6 =90°), p(0) hardly varies with mag-
netic field. At this point, the material is approaching a fully
polarized state, making the change in resistivity with the mag-
netic field very small.

noH

c axis
|

0 90 180 270 360
O_

(d)
_5-
_10_
_15_

60
—20 I I I I I
215 —10 —05 0 05 1.0 1.5
poH/(THT")

Fig. 5. (a) Plots of resistivity p(7') versus log7T of CeGaSi measured under various pressures (pressures from bottom to top are 0, 3.31,
8.74, 10.36, 13.32, 14.94, 16.83, 18.18, and 20.08 kbar (1 bar=10° Pa), respectively) and resistivity p(T) versus logT" of LaGaSi under zero
pressure, with black lines representing linear fittings to log 7. (b) Angular magnetoresistance of CeGaSi at 2 K under different magnetic fields
with current in the magnetic field rotation plane. (c) Magnetoresistance MR for toH || ¢ and poH LI measured at several temperatures. (d) MR
for uoH || ¢ and poH LI as a function of poH /(T +T*) (T* is the characteristic temperature).

For further study, the curves of field-dependent magne-
toresistance MR (uoH || ¢, HoH LI) are measured at several
temperatures as shown in Fig. 5(c). Below T, MR is posi-
tive at low fields. As field increases, MR reaches a maximum
and subsequently decreases. Such MR curves are commonly
observed in Kondo lattice compounds with antiferromagnetic
correlations, like CeNiGes, 3% Ce,IrSiz,’”! and YbNiAl,. 38!
Above Ty, MR becomes negative and MR curves at different
temperatures exhibit a characteristic Kondo-like shape. These

curves conform to equation3”!

MR (oH) = flHoH /(T +T")]. )

Here, T* represents the characteristic temperature related to
Kondo temperature. When 7* is —5.8 K, MR isotherms over-
lap as shown in Fig. 5(d), indicating the presence of strong
ferromagnetic correlations. 394!

Figure 6(a) shows the curves of Hall resistivity py, versus

UoH || ¢, measured at various temperatures. In the same field,

the absolute value of p,, increases with the increase of tem-
perature in a temperature range of 2 K—-10 K, followed by a
decrease in a temperature range of 11 K-30 K. Such a behav-
ior is typical in Ce-based Kondo lattice compounds and may
be attributed to the ordinary Hall effect and residual skew scat-

s.[*11 Since the field dependence

tering by defects and impuritie
of p,, is approximately linear in low fields, the Hall coefficient
Ry can be roughly defined as the slope of the p,,. As shown
in Fig. 6(b), the Ry is almost temperature-independent at high
temperatures. While below 100 K, Ry decreases with temper-
ature decreasing, and turns into a sharp dip around Ty,. The
following equation has been used to fit the Ry data within the
high-temperature range (7 > T):[4?!
Ru(T) = Ry +y2(T)p(T)

+[Ru (T =0) — Ry (T)/2(T =0). (8)

Here, Ry is the ordinary Hall coefficient, ¥ (T) = x(T)/C
(C is the Curie constant), and p(T) = pce(T) — pra(T).[**
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The second term on the right-hand in Eq. (8) represents the
contribution from intrinsic skew-scattering, and the third term
characterizes contribution from the residual scattering by de-
fects and impurities. The 7 is the temperature-independent
coefficient related to the phase shift.?%! By fitting the data
in a temperature range of 100 K-300 K, the parameter
RY4=0.019 uQ-cm'T~! and y= —0.485 K-T~! are derived.
The corresponding carrier density is determined as 3.31 x
10?2 cm ™~ under one-band approximation n = 1/(eR{).
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Fig. 6. (a) Curves of field-dependent Hall resistivity p,, measured at
various temperatures. (b) Curve of temperature-dependent Hall coeffi-
cients Ry, with red dashed line representing fitting of Ry to Eq. (8).

4. Conclusions

In this work, we have systematically studied the mag-
netic, thermodynamic, and electrical transport properties of
single-crystalline CeGaSi synthesized by the self-flux method.
We find that single crystalline CeGaSi exhibits an antiferro-
magnetic state instead of the observed ferromagnetism in poly-
crystalline sample. In order to characterize the magnetic be-
havior of CeGaSi in more detail, further experimental studies,
such as neutron-diffraction investigation, are needed. In addi-
tion, the specific heat and electrical resistivity measurements
demonstrate that CeGaSi belongs to the family of Kondo sys-
tems with heavy fermion ground states. The Kondo tempera-
ture Tk estimated from the specific heat data is about 13 K. Up
to the pressure of 20 kbar, both the Kondo effect and the mag-
netic ordering temperature are monotonically enhanced, indi-
cating that much higher pressures are needed to suppress the

magnetism and expose a quantum phase transition. Further-
more, the magnetic entropy change —ASy; around 7y, = 10.4 K
for (uoH Lc, oH =7 T) reaches up to 11.85 J-kg~1-K~!, sug-
gesting that CeGaSi is a promising magnetocaloric material
with great potential applications in low temperature refrigera-
tion.
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