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Effects of the initial flux ratio on CeSb, crystal
growth by a self-flux method
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CeSb, is a homologue of rare-earth diantimonides. This work reports a systematic study of a series of
high-quality single crystals of CeSb, grown by a self-flux method, which is a heavy fermion Kondo metal
with intricate magnetic transitions. We have grown four types of crystals with different initial material ratios
in order to investigate the effect of growth conditions on the quality of the as-grown crystals. The phase
purity, morphology and composition of the synthesized samples were studied with X-ray diffraction,
scanning electron microscopy, electron-probe microanalysis, and Raman-scattering spectroscopy to
evaluate their quality. It is found that an inappropriate raw material ratio will lead to the inhomogeneity and
poor crystallinity of the as-grown crystal. In addition, the electrical transport properties of the as-grown
crystals were measured, from which the residual resistivity ratios were extracted to further examine the
homogeneity and crystalline quality. Furthermore, the magnetoresistance properties of CeSb, were
observed. Through a systematic study on CeSb,, the most suitable starting ratio for the growth of CeSb,

rsc.li/crystengcomm

1. Introduction

During the last few decades, rare-earth compounds have
aroused broad interest in both fundamental and applied
fields." Unlike other rare-earth compounds, studies on rare-
earth antimonides are quite lacking. The past reports mainly
focused on the magnetic and electrical transport properties,
which largely depends on the growth of high-quality
crystals.® ! However, there is still a lack of investigation on
the impact of crystal quality on the transport properties.
Previous studies reported that rare-earth antimonides belong
to the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction
system.® In this system, the interaction between the
conduction electrons and local magnetic moment ( f electrons)
leads to a strong RKKY interaction, which triggers lots of novel
physical phenomena at low temperatures. CeSb, is a
homologue of rare-earth diantimonides ReSb,.” The earliest
report on light rare-earth diantimonides ReSb, (Re = rare-
earth element) was in 1967, R. Wang et al used X-ray
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was obtained, which might serve as a guide for the growth of other light rare-earth diantimonides.

diffraction to study the lattice structure of LaSb,, CeSb,,
NdSb,, and SmSb,, and gave the atomic occupancies.® Later,
studies on rare-earth diantimonides doped with various rare-
earth elements on the Re site with a similar ReSb, structure
were reported.’"*> However, unlike considerable research on
other rare-earth compound systems, research on rare-earth
antimonides is quite lacking and existing research mainly
focuses on their magnetic and electrical transport properties,
which depend on high-quality crystal growth. In the current
limited reports, some intriguing physical phenomena have
been found in the ReSb, system. The superconductivity was
found below ~0.4 K in LaSb, as reported in ref. 12. Strong
anisotropic ferromagnetism and magnetoresistance (MR)
effects were found in CeSb,, and its temperature and field-
dependent transport behavior was considered to be similar
with some heavy fermions and Kondo lattice materials, such
as CeCuq.'"' Several low-temperature and high-
temperature phase transitions were found in PrSb,.'® The low-
temperature transitions were demonstrated as magnetic
ordering transitions, while the high-temperature ones
originated from a certain kind of density wave.'®'® Among
them, CeSb, is the most reported one. We note that CeSb,
belongs to a heavy-fermion material with strong electron
correlations and some abnormal transport properties of
specific heat and resistivity, and behaves differently from an
ordinary metal."® According to the Kondo lattice model, the f
electrons of the Re element are localized at high temperature,
while their exchange coupling to the conduction electrons

CrystEngComm, 2021, 23, 5045-5052 | 5045
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leads to the formation of bands with heavy masses as the
temperature is lowered, causing the f electrons to become
itinerant."””*® Therefore, new ordered phases are always
generated  in  heavy-fermion  materials, such as
superconductivity and magnetic order, which make CeSb, a
promising material for further deep research. The local
magnetic moment of Ce is expected to interact with the
surrounding conduction electrons, resulting in hybridization.
Due to this hybridization, the effective mass of electrons near
the Fermi surface is quite large, which is hundreds or
thousands of times larger than the free electron mass. Central
to understanding heavy-fermion systems is the interplay of
localization and itinerancy.'® High-quality crystals are
significant for the localization and itinerancy of the conduction
electrons in rare-earth alloy system materials. Hence, in this
work, we grew high-quality crystals for follow-up studies.

Early synthesis of light rare-earth diantimonides employed
the high-temperature and high-pressure method. ReSb, crystals
were grown at 600-1500 °C with a pressure higher than 20
kbars. A series of compounds such as GdSb,, LaSb,, and CeSb,
were successfully synthesized. However, the size and quality of
these crystals are not ideal®® In 1991, Canfield et al
successfully grew single crystals of CeSb, by the self-flux
method." Since then, most single crystals of CeSb, were grown
by this method. Although the physical properties of CeSb, have
been reported, studies of optimizing crystal growth are still
lacking. Through our experiments, we have found that the
phase purity and quality of CeSb, crystals have a great impact
on the physical properties. Optimizing the growth conditions
can help improve crystal quality, which is beneficial to the
following research on exploring its abundant physics. CeSb,
crystallizes in the orthorhombic Cmca space group, with lattice
constants a = 6.295 A, b = 6.124 A and ¢ = 18.212 A.%*!
According to the Ce-Sb phase diagram reported in ref. 22 and
23, CeSb, can be grown with variable ratios of raw materials as
long as the molar ratio of Sb is greater than 68%. However,
crystals grown under different conditions may vary greatly in
crystalline quality, phase purity, and morphology.>**>

High-quality crystals are significant for elucidating their
intrinsic localization and itinerancy of conduction electrons.
To date, studies of the effect of self-flux configurations on the
grown CeSb, have not been reported. In this study, we focus on
the growth of single crystals of CeSb, under different molar
ratios of raw materials to investigate the optimal configurations
of self-flux. A series of single crystals of CeSb, were grown and
measured to determine the effect of molar ratios of Ce and Sb
on their growth. Furthermore, the electrical transport
measurements reveal the complex magnetic and electrical
behavior of CeSb,, which provides a better understanding of
the physics in rare-earth antimonides.

2. Materials and methods
2.1. Synthesis process

Single crystals of CeSb, were grown by the self-flux method
within a graphite resistance heating system and the growth
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temperature was monitored by thermocouples. The
schematic diagram of the crystal growth apparatus is shown
in Fig. 1(a). High purity Ce grains (Aladdin, 99.99%) and Sb
grains (Aladdin, 99.99%) were used as raw materials, among
which, Sb acts as self-flux. Hence we emphasize that the
concentration of Sb is significant for growth. According to
the Ce-Sb phase diagram, the flexible solvent and solidified
crystal in the crucible should be separated rapidly when the
melting zone temperature is just higher than 900 K to avoid
the Sb element wrapping the crystal and ensure its integrity.

Four samples were grown with different molar ratios of
raw materials, in which the molar ratios of Ce are 8%, 10%,
15%, and 20%. The other growth parameters of the four
samples are exactly the same. For convenience, samples
grown with 8%, 10%, 15%, and 20% molar ratios of Ce are
named as sample A, sample B, sample C, and sample D,
respectively. Ce and Sb grains with the above four atomic
ratios were fully mixed in alumina crucibles, and then the
crucibles were covered with an alumina cap to prevent the
raw materials from overflowing. After that the crucibles were
sealed under vacuum in four quartz tubes, where sealing is
achieved by melting the quartz plug and the quartz tube
together through a hydrogen-oxygen flame. The mixtures
were heated to 1470 K for 4 h and kept at this temperature
for 16 h to make the molten Ce and Sb mix evenly, and then
slowly cooled down to 940 K for 168 h. After that, the crystal
and solvent are separated by high-speed centrifugation at 940
K and a block of the as-grown CeSb, sample was obtained.
These as-grown samples are naturally cleaved, showing flat
and shiny facets, as shown in Fig. 2.

2.2. Characterization

X-ray diffraction (XRD) was performed with a BRUKER/AXS
D8 Advance X-ray diffractometer using Cu Ko.1 radiation from
10° to 90° with a step of 0.02°. Laue measurements were
performed with the Multiwire Laboratories MWL120 back
reflection Laue crystal orientation system. Micro Raman-
scattering measurements were performed at room
temperature with a Horiba confocal Raman microscope
LabRAM XploRA, which was excited with a 532 nm laser. The
electron-probe microanalysis (EPMA) was used to detect the
chemical compositions of the as-grown sample on a
Shimadzu EPMA-1720 system with energy-dispersive X-ray
(EDX) spectroscopy function at an accelerating voltage of 15
kv, a probe current of 10.0 mA, and a probe electron beam
diameter of 5 um. The morphology of the samples was
observed wusing a Hitachi S-3400N scanning electron
microscope (SEM). The transport properties were measured
using a Quantum Design physical property measurement
system (PPMS).

3. Results and discussion
3.1. Structural characterization

The optical images and single crystal XRD patterns of the
cleaved surface of the as-grown crystals are shown in

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ce00557j

Published on 18 June 2021. Downloaded on 11/9/2025 1:06:30 AM.

View Article Online

CrystEngComm Paper
2200
(a) (b) 4 Abulkhaev (1997)
Vacuum  2000- 4Yamshchikov (1980)
(c)
Heater L
Lig. =)
Quartz plug 1600 . S
. 3 = &
Quartz tube [ 1400 A I %
‘S B-CeSb> ; } ,%
- o
Thermocouple §1200 A a4 daaa -
'
2 1000 i an  20n 1928
oCe a | 8 & .
Gee K % 2| sb —
«yCe oO|lo |© 8 ime
Thermal insulation 600 s Gt 0 D
» ] O OO
3 3! 3 33
Alumina crucible 400- BCe 5 g 20298
oy T T T T T T
Alumina cap 0 10 20 30 40 S50 60 70 80 90 100
Ce Mole Fraction Sb
Fig. 1 (a) Sample assembly for synthesis of CeSb, by a self-flux method. (b) Ce-Sb phase diagram and (c) temperature-time profile of the growth
process.
(a) (b) (c)
Sample D T -
(006) — Impurities of sample D
& ~ — Sb (PDF#35-0732)
3
©
(008)  (0010)  (0012) ;
Sample C ‘Z’
L
£
= Sample B H : L ,ll { ) : .‘l li , N
:ﬁ 20 40 60 80
}; 2theta (Deg.)
B (d) (e)
g Sample A
A\
PDF#62-6083 .
l ‘ CI ce O
i 1“ N “. lhlu bl Llot bSb °
1 " 1 " 1 " 1
20 40 60 80 a

2Theta (Deg.)

Fig. 2 Structural characterization of the as-grown CeSb, single crystals. (a) Single crystal XRD patterns of the cleaved as-grown crystals, (b) side
view of the crystal structure of CeSb,, (c) XRD measurement of the impurities in sample D. The inset of (c) shows the three pieces cleaved from
one ingot. Pieces of No. 1 and 2 are mainly CeSb, single crystals, while No. 3 is mainly Sb single crystals with the hexagonal C6s/mmc space group.
(d) Laue patterns of (d) CeSb, (sample A) and (e) Sb (sample D) single crystals.

Fig. 2(a). Single crystals of CeSb, obtained with the four
molar ratios of Ce can be cleaved naturally, presenting a flat
cleavage surface. It is shown that the cleaved samples A, B
and C have relatively large crystalline size, while sample D is
more fragmented. Based on the calculated powder X-ray
diffraction patterns of CeSb,, the diffraction peaks of the
cleaved surfaces are found in the standard ab-plane. This

This journal is © The Royal Society of Chemistry 2021

proves that the as-grown samples have a single-crystal
structure without polycrystalline inclusions or misoriented
blocks, indicating that no second phase emerged during the
rapid cooling process of centrifugation. Moreover, we note
that sample D was covered by a large number of impurities.
The impurities were analyzed by powder XRD measurements,
and the results are shown in Fig. 2(c). By comparing with the

CrystEngComm, 2021, 23, 5045-5052 | 5047
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standard pattern, it can be determined that the impurities
covering the surface of sample D were Sb flux. Considering
the same growth conditions of these four samples, only
sample D was found to be covered by a large amount of Sb.
We speculate that the amount of Sb flux is too small, which
decreased the solubility of Ce and inhibited the synthesis of
CeSb,. Therefore, a lot of raw Sb materials remained on the
surface of sample D after crystal growth, which resulted in
the poor size and integrity of sample D. In addition, the
difference in the thermal expansion -coefficient between
impurities and the crystal can cause non-ignorable thermal
stress inside the crystal during the cooling process, which
may lead to the cracking of the crystal. Fig. 2(d) and (e) show
the X-ray Laue diffraction of sample A and Sb impurities
peeled off from sample D, respectively. The bright scattering
spots in Fig. 2(d) demonstrates that the cleaved sample is of
reasonably high quality. This also manifests the fourfold
symmetry of the crystal structure, corresponding to its
orthorhombic structure. Besides, the Sb impurities present
three-dimensional symmetry in Fig. 2(e), which indicates that
Sb crystallizes in the hexagonal C6z;/mmc space group. The
dashed sublines in Fig. 2(e) indicate the twin crystal structure
of Sb crystallization.

3.2. EPMA and EDX analysis

Next, we carried out EPMA and EDX measurements on the
as-cleaved samples to check if there exist CeO, or any other
impurities. EDX is used for qualitative testing of elements,
while EPMA is used for quantitative analysis. The EPMA
results are presented in Table 1. Six different positions of the
samples evenly distributed on the surface have been chosen
to determine the molar ratio of Ce and Sb atoms. Finally we
obtained the actual composition of Ce and Sb by calculating
the average value of the six positions. Since Sb originates
from the solvent of Ce-Sb mixture, although the solvent and
crystals are separated by the exact centrifugation process,
some Sb remains inevitably on the surface of the crystal,
which caused the nominal ratio in some positions of the
samples from the EDX spectroscopy. It also shows that except
for sample A, all the other three samples contain a certain
amount of oxygen. Since cerium is easily oxidized to CeO, in
air, the residual Ce which didn't take part in the reaction
would lead to the presence of oxygen in some samples. The
EDX results indicate that for sample A, Ce almost completely
reacted in the growth process, since the O element was not
found in the results. Furthermore, we note that the molar

Table 1 Element contents of the as-grown samples determined by
EPMA

Sample Ce (Mol%) Sb (Mol%) O (Mol%) Ce:Sb
A 32.717 67.283 0 1:2.06
B 33.676 64.881 1.443 1:1.93
C 33.732 64.662 1.606 1:1.92
D 30.206 68.692 1.102 1:2.27
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ratio of Sb in sample D is the largest among all the samples.
However, the initial molar ratio of Sb in sample D is the
lowest among all the samples. This result is consistent with
our speculation that the deficiency of flux leads to the
suppression of the growing CeSb,. To be specific, the
decrease of the Sb concentration led to a sharp reduction of
Ce solubility, which directly affected the absolute reaction of
Ce and Sb, and thus increased the impurity content in the as-
grown sample D. In the synthesis reaction of the CeSb,
crystal, Ce and Sb react in a molar ratio of 1:2. Therefore,
incomplete reaction will produce more residual Sb, which
leads to the molar ratio of Sb in sample D being the largest
among all the samples. Therefore, our experiments suggest
that the molar ratio of Ce in the raw material should be ~8%
in order to assure that the raw materials would react
thoroughly and obtain crystals with a lower content of
impurities.

3.3. Morphological characterization

Fig. 3 shows the SEM images of the four samples. Compared
with other samples, sample A and sample B show a relatively
flat surface, which reflects the high quality of these two
samples. It also shows that some impurities stick on the
samples, among which sample D has a large number of
impurities under the microscope. According to the above
analysis, the impurities in sample A are mainly Sb particles,
while in samples B-D are mainly CeO,. As the impurity
particles adhere to the crystal surface, the difference in the
thermal expansion coefficient between the impurities and
crystals can cause thermal stress inside the crystals during
the cooling process. We consider that the oxidation of Ce
introduces non-negligible stress in the matrix phase (both Ce
and CeO, have a cubic structure with the space group Fm3m,
and the lattice parameters of Ce are a = b = ¢ = 5.14 A, while
a=b=c =551 A for CeO,), the unreacted Ce impacted more
seriously on the crystal surfaces compared with the influence
of residual unreacted Sb. By SEM measurements, the surface
morphology of samples A-D and the fractured cleavage of
sample D also proved the above speculation. Besides, the
SEM results present that CeSb, possesses a typical layered
structure.

3.4. Raman scattering

The Raman-scattering spectra of samples A-D are shown in
Fig. 4. We choose four positions of each sample uniformly
distributed on the surface to measure the Raman spectra.
The Raman results of each measured positions are highly
consistent, which suggests the uniformity of the as-grown
samples. Fig. 4(a) shows the measured original Raman
spectra for samples A-D which were collected under the same
experimental conditions exactly. We immediately note that
samples A and B have stronger intensity than samples C and
D, which reflects the better crystal quality to some extent.
Fig. 4(b) and (c) present the spectra which are normalized at
a wavenumber of 200 cm™* which belongs to the background

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Raman-scattering results of the as-grown samples. (a) Original data for Raman spectra. (b) and (c) are the normalized spectra. (d-i) are the
peak positions and FWHM of peaks 1-3 obtained by a Lorentzian fit.

This journal is © The Royal Society of Chemistry 2021

CrystEngComm, 2021, 23, 5045-5052 | 5049


https://doi.org/10.1039/d1ce00557j

Published on 18 June 2021. Downloaded on 11/9/2025 1:06:30 AM.

View Article Online

Paper CrystEngComm
(a)160 (b)
o 160
5 160 —*—Room temperature resistivity
140+ * S 155 1 —*—Residual resistivity ratio 4140
3 150 1120 g
g 100 N 0@' 1 1 i
S g @ 145 100 3
e e Sample A o a
= 604 Sample B 5140 180 @
a Sample C ® <,
40 e Sample D 01351 160 <
£ 8
201 £130 1 4140 &
£
0 & T - T T T v T T 8 125 T T T T 20
0 50 100 150 200 250 300 o A B (o] D

Temperature (K)

Sample index
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grown samples.

area of the spectra. As shown in Fig. 4(a)-(c), the Raman
spectra of CeSb, crystals show three peaks at wavenumbers
around 112 em ', 149 cm ™, and 275 em ™. When it comes to
the exact same experimental conditions for samples A-D, the
full width at half maximum (FWHM) of the Raman peak
reflects the impurities and defect density of the material.>**”
Fig. 4(d-i) show the fitting results of peaks 1-3.
Fig. 4(c), (e) and (g) show the peak positions of peaks 1-3,
respectively. Fig. 4(d), (f) and (h) show the FWHM and error
bars of each fitting Raman peak, respectively. It should be
noted that the FWHM and the fitting error bars of peak 3 are
larger than those of peaks 1 and 2. This situation may affect
the reliability of these fitting data to some extent. By
comparing the fitting results of the experimental data under
the same conditions, we concluded that sample A possesses
the highest quality among all samples.

3.5. Transport measurement

In order to further characterize the quality of the as-grown
samples, we carried out the electrical transport
measurements. The results of the zero-field resistivity versus
temperature p(7) are presented in Fig. 5. It is shown that with
the decrease of resistivity, two broad peaks appear at ~100 K
and ~25 K, which is quite similar to other typical Kondo
lattice systems.**° According to previous studies, the peak

at ~100 K is normally attributed to crystal-field splitting,
while the peak at ~25 K is due to the formation of a coherent
state.”®° The value of residual resistivity ratio (RRR) reflects
the purity and integrity of the alloy since the scattering of
impurities and defects on electrons has a significant effect
on the residual resistivity. The RRR of samples A-D was
calculated by the formula RRR = p(300 K)/p(2 K), where p(300
K) and p(2 K) are the resistivity of the material at 300 K and 2
K, respectively. The RRR results of the as-grown samples are
shown in Fig. 5(b). It shows that sample A has the highest
RRR value and lowest room temperature resistivity, (higher
than the results in ref. 6 and 11), which indicates the best
quality of sample A. Overall, the crystal quality evaluated
from resistivity measurements is consistent with the other
results mentioned before.

3.6. Magnetoresistance properties

In Fig. 6, we show the field-dependent resistivity of sample A.
We also calculated the value of MR at various temperatures.
Here, the MR is the variation of a material's resistance in
response to an applied magnetic field, which can be
p(H) - p(0)
p(0)
zero-field resistivity and p(H) is the resistivity under an
applied magnetic field H.*"*> The MR results of CeSb, are

calculated by the formula MR = , with p(0) is the
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Fig. 6 Field-dependent MR of CeSb, at different temperatures: (a) 3-12 K and (b) 14-77 K.
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shown in Fig. 6. The MR data at different temperatures
were measured with the field which is normal to the
ab-plane. It is shown that there are at least two abnormal
transitions induced by the external magnetic field at low
temperature in the MR curves, which is consistent with
previous reports on the magnetic transitions of CeSb, at
low temperatures.”?*** The transitions induced by the
field disappear when the temperature becomes higher
than 10 K, while the anomalous MR effect induced by
magnetic transitions disappears at ~50 K. Moreover, the
MR value reaches the maximum value at 3 K, which is
higher than 100%. This also shows that CeSb, exhibits a
positive MR value at a low temperature region but
negative at high temperature. The negative MR can be
understood in the context of the Kondo effect.*>™” In this
scenario, the Kondo singlet state can be partially broken
by the magnetic field, which releases the localized d-band
electrons and thus lowers the resistivity. In contrast, the
positive MR might be induced by the orbital-scattering
effect.®® The intricate MR effect suggests that CeSb, can
be a promising candidate material in magnetic sensors,
magnetic memory, or other spintronic devices. Further
detailed research is required in order to clarify the cause
of this abnormal MR.

4. Conclusion

In this work, we reported the self-flux growth of single
crystals of CeSb, with different raw material configurations.
We obtained large size crystals from all the four groups, and
three of them possess high crystalline quality with a layered
structure. The crystals can be naturally cleaved along the
ab-plane cleavage surface. The quality of the as-grown crystals
was characterized by XRD, Laue diffraction, SEM, Raman-
scattering spectroscopy, EDX, and EPMA. The results show
that the sample grown with 8% Ce ratio has the highest
crystal quality. Besides, when the proportion of Ce in the raw
materials is higher than 10%, a large amount of Ce will
cluster on the surface of the crystal and be oxidized to CeO,,
which will cause cracks inside the crystal and reduce the
quality of the as-grown crystals. The electrical transport
properties of the as-grown crystals were investigated by
PPMS. We found that CeSb, grown at 8% Ce ratio has the
highest RRR value and the lowest room temperature
resistivity, which supports the best quality of the crystal. We
conclude that a Ce ratio of 8% is the suitable growth ratio for
the self-flux method growth of high-quality CeSb, crystals.
On the other hand, at this ratio, the raw materials can be
completely melted at a temperature lower than 1170 K, which
avoids the generation of B-CeSb,. These results serve as a
guide to synthesize single crystals of other light rare-earth
diantimonides. In addition, the unusual magnetoresistance
properties suggested that CeSb, is a promising quantum
material in spintronic applications. Our work lays the
foundation for the crystal growth of CeSb, and related
compounds, and other studies.
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