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Anisotropic and mutable magnetization in Kondo lattice CeSb,*
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We have systematically studied the behaviors of the resistivity and magnetization of CeSb; single crystals as a function
of temperature and external field. Four anomalies in the resistivity/magnetization-versus-temperature curves are observed at
low magnetic field. They are located at 15.5 K, 11.5 K, 9.5 K, and 6.5 K, corresponding to the paramagnetic—magnetically
ordered state (MO), MO-antiferromagnetic (AFM), AFM-AFM, and AFM—ferromagnetic (FM) transitions, respectively.
The anomaly at 9.5 K is only visible with H || [010] by magnetic susceptibility measurements, indicating that the AFM—
AFM transition only happens along [010] direction in ab-plane. The four magnetic transitions are strongly suppressed by
high external field. Finally, the field-temperature phase diagrams of CeSb, with different orientations of the applied field
in ab-plane are constructed and indicate the highly anisotropic nature of the magnetization of CeSb,.

Keywords: CeSb,, electronic properties, magnetic properties

PACS: 71.27.+a, 51.60.+a

1. Introduction

Rare-earth compounds usually exhibit peculiar properties
due to local magnetic moments, which originate from the par-
tially filled f-shell.l!?] The local moments interact with each
other at low temperature, mediated by the Ruderman—Kittel-
Kasuya—Yosida (RKKY) interaction.’] When RKKY interac-
tion is strong enough, the ground states of the rare-earth com-
pounds become antiferromagnetically or ferromagnetically

[4-6] ascribed to the lattice constant and Fermi vec-

ordered,
tor of the systems. The light rare-earth diantimonides ReSb,
crystallize in the layered orthorhombic structure.!”~1%! Novel
properties are reported in these quasi-two-dimensional com-
pounds, such as charge density wave transitions in LaSb, and
PrSb,, and superconductivity in LaSh,. 710111 Begides, mul-
tiple magnetic properties, such as metamagnetic transitions
(antiferromagnetic (AFM)), are observed in CeSb;, PrSb,,
and NdSb, (PrSby) compounds.!'®!?] Take the metamag-
netic compound CeSb, for example, there are three anomalies
in the resistivity/magnetization-versus-temperature curves, lo-
cated at 15.5 K, 11.7 K, and 9.3 K. Except for the anomaly at
15.5 K, which is ascribed to the paramagnetic (PM) to ferro-
magnetic (FM) transition in ab-plane, the other two anomalies
are not well identified.!”-'%13] Beyond that, due to the antici-
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pated in-plane anisotropy of the metamagnetic transition, how
the magnetization of CeSb, evolves as a function of temper-
ature and external field with different field orientations is un-
clear.

In this paper, we have carefully studied the resistivity and
magnetization of CeSb; single crystals as a function of tem-
perature and external field. Upon cooling, four anomalies are
observed, corresponding to the PM-magnetically ordered state
(MO), MO-AFM, AFM-AFM, AFM-FM, respectively. In
addition, the H-T phase diagrams of CeSb, with different ori-

entations of the applied field are also constructed.

2. Materials and methods

High-quality single crystals CeSb, were grown using the
self-flux method.!"*!5] Ce and Sb raw materials (Alfa Ae-
sar) were put together in alumina crucibles and sealed in
quartz ampoules in a vacuum. Ampoules were heated to
950 °C in 3 hours, kept at 950 °C for 24 hours, then cooled
down to 650 °C in 150 hours, and finally spun. The crys-
tals grow as soft plates with the ¢ axis perpendicular to the
plates. The chemical compositions of the single crystals were
determined by energy-dispersive x-ray spectroscopy. X-ray
Laue diffraction and low energy electron diffraction (LEED)
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experiments were performed to determine the crystal orien-
tations of CeSb, single crystals. LEED experiments (elec-
tron energy = 90 eV) were performed in an ultra-high vac-
uum chamber (< 10~ !9 mbar, 1 bar= 10> Pa) using the in-situ
cleaved samples. The resistivity and magnetization measure-
ments were performed with a Quantum Design Physical Prop-
erty Measurement System (PPMS).

3. Results and discussions

The results of the resistivity measurements for CeSb, are
presented in Fig. 1. The value of the residual resistance ra-
tio (RRR = p300 k/p2 xk ~ 130) is higher than the one previ-
ously reported!!%! indicating the high quality of the samples.
Upon cooling, the resistivity-versus-temperature (R—7') curve
in Fig. 1(a) shows a broad hump at ~ 100 K accompanied by a
decrease of the resistivity, resembling other typical Kondo lat-
tice systems.[!®!17) Besides, a dramatic decrease of the resistiv-
ity at ~ 15.5 K implies a phase transition, '® accompanied by
the decreased scattering rate and a much more ordered state.
To trace the transition more clearly, the derivative of the re-
sistivity dp/dT curve is presented in the insert in Fig. 1(a).
Except for the anomaly at 15.5 K, another three anomalies
at 11.5 K, 9.5 K, and 6.5 K are also observed. The former
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three anomalies (15.5 K, 11.5 K, and 9.5 K) were reported
previously.l'” and correspond to three magnetic transitions.
Interestingly, we find a new anomaly at 6.5 K, which could be
clearly observed in Figs. 1(a)—1(c). It is accompanied by an in-
crease in resistivity, implying an enhancement of the electron
scattering or a decrease of the density of state near the Fermi
level. The onset temperatures of the four anomalies from the
R-T curves all decrease and eventually vanish with increasing
magnetic field, indicating that all the anomalies are related to
magnetism. Figure 1(d) shows the field-dependent magnetore-
sistance of CeSb, with different temperatures. Two dramatic
changes in resistivity as a function of applied field occur at low
temperature. The first change at ~ 0.3 T emerges below 13 K,
while the other one at ~ 2 T becomes evident below 16 K. By
comparing the R—T curves and the magnetoresistance curves
in Figs. 1(b)-1(d), we find that the changes of the magnetore-
sistance at ~ 0.3 T and ~2 T seem to be related to the magnetic
transitions at 11.5 K and 15.5 K, respectively. First, the change
at 0.3 (2) T in the magnetoresistance curve emerges below 13
(16) K, consistent with onset temperature of the anomaly at
11.5 (15.5) K in the R-T curve. Second, the anomaly at 11.5
(15.5) Kin the R-T curve disappears when the external field is
above 0.3 (1.8) T, in agreement with the onset magnetic field
of the change at 0.3 (2) T in the magnetoresistance curve.
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Fig. 1. (color online) Resistivity measurements of CeSby with 7 || (001). (a) Zero-field resistivity of CeSb,. The insert is the temperature deriva-
tive of the resistivity at low temperature. (b) and (c) Resistivity of CeSb, and the corresponding temperature derivative at different magnetic
fields. The red triangles and vertical bars are marks of the anomalies at 6.5 K and 15.5 K, respectively. (d) Field-dependent magnetoresistance
for CeSb; at different temperatures with H || (001). The curves in Figs. 1(b)-1(d) are shifted for a better view.
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Due to the tiny discrepancy between a and b axes
(@ ~ 0.6295 nm, b ~ 0.6124 nm) in ab-plane,l'”! a possi-
ble anisotropy of the susceptibility is anticipated. The crystal
structure of CeSb; is exhibited in Figs. 2(al)-2(a2), consist-
ing of a layered structure along c¢ axis and an orthorhombic
structure in ab-plane. Figure 2(a3) shows the LEED pattern of
the as-grown facet of CeSb; single crystal. The bright spots
in the square-like lattice reflect the pristine 1 x 1 surface, in-
dicating the high quality of CeSb, single crystals and their in-
plane crystal orientations. However, it seems difficult to dis-
tinguish the [010] and [100] directions for the tiny difference
between the lattice constants along the two directions. We sys-
tematically study the magnetic properties of CeSb, with differ-
ent external field orientations in (001) plane. Take the result
of magnetization with H || [010] for example—complicatedly
magnetic properties of CeSb; as a function of temperature and
magnetic field are observed. First, we focus on the anomaly
at ~ 15.5 K in Figs. 2(b)-2(c). The onset temperature of this
anomaly goes down with increasing applied field and finally
disappears at ~4 T. This feature agrees well with the anomaly
at 15.5 K in resistivity in Fig. 1 and is ascribed to the PM-MO
transition. However, the behavior of the anomaly at 15.5 K
is different from the ferromagnet Naj55Co0O; as a function
of magnetic field."?"! Second, the value of magnetic suscepti-
bility sharply decreases at 11.5 K with H = 0.1 T. When the
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applied field is in the range of 0.1 T< H < 0.7 T, the sudden
turning point at 11.5 K splits into two. The onset temperatures
of the two turning points both decrease with increasing applied
field until 1.5 T, where the turning points totally disappear. We
suppose that CeSb, compound goes through two AFM transi-
tions in the small temperature range. One is an MO-AFM
transition and the other is an AFM—AFM transition. The two
transitions are suppressed under high external field, similar to
the two anomalies at 11.5 K and 9.5 K in resistivity curves.
Third, when the external field is smaller than 0.5 T, the mag-
netic susceptibility curves start to increase below 8 K and pos-
sess the largest slopes at about 6.5 K. This temperature agrees
well with the new anomaly in resistivity curve in Fig. 1 [panels
(a)—(c)]. Therefore, we speculate that an AFM—FM transition
happens at about 6.5 K and seems to gap the Fermi surface par-
tially, quite similar to other spin density wave compounds. >}
Up to now, we almost complete the ground state of CeSb,
compound under low temperature and low applied field. Com-
plicated PM-MO (15.5 K)-AFM (11.5 K)-AFM (9.5 K)-FM
(6.5 K) phase transitions occur, whereas the situation starts to
change with higher applied field. When the applied field is in
the range of 1.5 T< H < 4 T, only PM-MO transition remains
with an anomaly at ~ 15 K in susceptibility curves. When the
magnetic field is above 4 T, the anomaly at ~ 15 K disappears
in Fig. 2(c).
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Fig. 2. (color online) Magnetic susceptibility measurements of CeSb, with H || [010]. (al) Side view of the crystal structure of CeSby. (a2) top view of
crystal surface of CeSb, along [001] direction. (a3) LEED pattern for the as-grown facet of CeSb, single crystal. The red arrows indicate the in-plane
[100] and [010] directions. (b)—(c) Zero-field cooling (ZFC) magnetic susceptibility of CeSb, with different magnetic fields along [010] direction.
The insert in Fig. 2(b) is the results of the ZFC and FC magnetic susceptibility measurements. (d) Magnetization isotherms for CeSb, at different
temperatures with H || [010]. The curves in Fig. 2(d) are shifted for a better view.
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Several metamagnetic transitions of CeSb; are observed
at low temperature in the magnetization isotherms in Fig. 2(d).
The step-like changes of the magnetization as a function of ex-

However, the other two transitions located at 1 T and 3.5 T in
Fig. 2(d) seem inconsistent with the magnetoresistance curve.

In addition, the shape of the M(H) curve at 2.2 K is different

ternal field at 2.2 K are gradual and may be due to the rotations . [10]
. . . . from the literature''®! and the shapes of the other M(H) curves
of the spins. The first and third metamagnetic transitions at

~0.3 T and 2.3 T are consistent with the sudden jumps in the with external field along other directions in Fig. 3. It results

magnetoresistance curves in Fig. 1(d), which are related to the ~ from the in-plane anisotropy of the metamagnetic transitions

MO-AFM (11.5 K) and PM-MO (16 K) transitions closely. (discussed in Fig. 4).
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Fig. 3. (color online) Magnetic susceptibility measurements of CeSb, with H || [100], [110], and [110]. (a) and (b) ZFC magnetic susceptibility of CeSb,
with different magnetic fields along [100] direction. (c) Magnetization isotherms for CeSb, at different temperatures with H || [100]. (d)—(e) ZFC magnetic
susceptibility of CeSb, with different magnetic fields along [110] and [110] directions. (f) Magnetization isotherms for CeSb, at different temperatures with

H || [110] and [110]. The curves in Fig. 3(c) and Fig. 3(f) are shifted for a better view.

When the external field is along [100] direction, some
changes in the magnetic susceptibility curves occur in
Figs. 3(a)-3(c). The neighboring two AFM transitions with
H || [010] around 11.5 K merge to one in Fig. 3(a). The behav-
ior of the metamagnetic transitions in Fig. 3(c) also becomes
simpler. Only three metamagnetic transitions remain. The
PM-MO and MO-AFM transitions with H || [100] are totally
suppressed when external field is larger than 2.5 T and 1.2 T,
respectively. When the magnetic field turns to the [110] or
[110] direction, the PM—MO and MO-AFM transitions are to-
tally suppressed when the external field is larger than 1.7 T and
1 T, respectively. The metamagnetic transitions at low temper-
ature in Fig. 3(c) and Fig. 3(f) are similar to each other. Only
the absolute values of the parameters, such as the saturation
magnetization and the critical magnetic field, are different.

The anisotropy of the metamagnetic transitions is pre-
sented in Fig. 4(a). The magnetizations with H || [110] and
H || [110] nearly coincide with each other. However, the satu-
ration magnetization increases to Moo = 0.99v/2M, 10(Mo10 =
0.92\@M110) when the orientation of the magnetic field is

along [100] ([010]) direction. The values of saturation mag-
netization with H || [100] and [010] are larger than the values
with H || [110] and [110], whereas they also need larger mag-
netic fields for magnetizations to be saturated with H || [100]
and [010].
easy axis of this compound in (001) plane. For Kondo lat-

Consequently, it is quite difficult to define the

tice systems, RKKY interaction is significant for the forma-
tion of the magnetic ground state. Because RKKY interaction
decays as /r°,[?2l where r is the distance between the inter-
acting magnetic moments, the ratio of the RKKY interaction
strengths between ag 6295 nm and bg.g124 nm axes in ab-plane
is RKK Y 6295 /RKK Y 6124 = (0.6124/0.6295)3 = 0.92, con-
sistent with the ratio of the magnetic susceptibility along the
two directions M100/Mp10=0.923 at 0.1 T and 2.2 K under FC
process. When the external field is smaller than 0.3 T, CeSb,
compound does not go through the first metamagnetic tran-
sition and can be regarded in the ground state. Therefore, we
speculate that RKKY interaction is dominated in this low mag-
netic field region and consequently, the [010] ([100]) direction
corresponds to the b 6124 nm (@0.6295 nm) axis.
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Fig. 4. (color online) Field-temperature phase diagrams of CeSb,. (a) In-plane magnetization isotherms for CeSb, with external field along
different orientations at 2.2 K. (b) H-T phase diagrams of CeSb, with external field along different orientations. The phase diagram with
H || [100] is similar to the ones with H || [100] and [110]. Only the absolute values of the parameters, such as the saturation magnetization, are

different.

Based on the measurements of the magnetization as a
function of temperature and magnetic field in Fig. 2 and Fig. 3,
complete H-T phase diagrams of CeSb, single crystal with
magnetic field along (001) plane are exhibited in Fig. 4(b).
When the external field is along [100] ([110] [110]) direction,
the system shows at least three magnetically ordered states,
including an FM, an AFM, and an MO state in the left plane
in Fig. 4(b). If the applied field is turned to [010] direction,
namely the agg124 nm axis, the phase diagram becomes more
complicated, consisting of an FM, two AFM, and two MO
states in the right plane in Fig. 4(b).

4. Conclusions

In summary, we have studied the resistivity and mag-
netization of CeSb, as a function of temperature and exter-
nal field. Four anomalies in the resistivity and magnetization
curves, located at 15.5 K, 11.5 K, 9.5 K, and 6.5 K, are ob-
served. They correspond to the PM—MO, MO-AFM, AFM-
AFM, and AFM-FM transitions, respectively. In addition, the
H-T phase diagrams of CeSb, with different orientations of
the applied field are constructed.
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