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Single crystals of CeMn g5Sb, have been successfully synthesized by using the Bi as flux. Analysis of single crystal
x-ray diffraction data confirms that CeMng g5Sb, crystallizes in the HfCuSi,-type structure with the space group P4/nmm
(No. 129). In the case of H || ¢, CeMn g5Sb, displays a robust antiferromagnetic transition at ~ 160 K for Mn-sublattice,
and there is no sign of magnetic order regarding Ce-sublattice. In the case of H ¢, the Mn-sublattice shows signs of
magnetic order at 160 K and 116 K, indicating a possible spin reorientation. There is no sign of magnetic order for the Ce-
sublattice either, but, alternating current magnetic susceptibility measurements reveal a spin glass state below 18 K in the
case of H 1 c. Isothermal magnetization curves measured below magnetic order with H | ¢ show saturation and even large
hysteresis at 2 K, indicating the presence of a ferromagnetic component. In addition, a field-induced spin-flop transition is
observed in the case of H L c, indicating a field-induced spin reorientation of Mn spins. Electrical resistivity measurements
indicate a metallic nature for CeMn g5Sb; and large anisotropy which is consistent with its quasi-two-dimensional layered

structure.

Keywords: CeMn g5Sb,, magnetism, spin glass, layered structure, square lattice

PACS: 75.10.Nr, 75.30.Gw, 71.20.Lp

1. Introduction

Intermetallic compounds with a general formula ATX,
(A = Ca, Sr, Ba, or a rare earth element; T = a tran-
sition metal element; X = Sb or Bi) can host numer-
ous exotic phenomena such as giant magnetoresistance,
Dirac semimetals, Weyl semimetals, and magnetic Weyl
semimetals. 118! Particularly, Ce-based CeT X, intermetallic
compounds show Kondo behavior, magnetic orders, and su-
perconductivity due to competition between the Ruderman—
Kittle-Kasuya—Yosida (RKKY) magnetic interactions and the
on-site Kondo interactions.!*! Interestingly, both antiferro-
magnetic (AFM) and ferromagnetic (FM) orders have been re-
ported for CeT X, with different lattice parameters, indicating
that the RKKY interactions are sensitive to the distance be-
tween Ce ions.[?>2* Rosa et al. proposed that the magnetism
in this family of compounds can also be understood based on
the subtle changes of ¢/a.l**

When T = Mn, AMnX; intermetallic compounds distin-
guish themselves from the family because the Mn-sublattices
generally display AFM orders with relatively high transi-
tion temperatures.

Ca, Sr, Ba; X = Bi, Sb) all show high-temperature (>

For instance, compounds AMnX; (A =
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280 K) AFM orders for the Mn-sublattice.!!-7-1825-271 When
A is a magnetic rare-earth element, AMnX, shows succes-
sive AFM orders corresponding to both Mn and rare-earth
sublattices, respectively. Examples are EuMnSb,, EuMnBi,,
PrMng 31 Sby, and NdMng ggSb; exhibiting two AFM orders
related to magnetic sublattices of rare earth and Mn sub-
lattices, respectively.[!28-30] Studies on PrMngg;Sb, sug-
gested that the AFM orders for Mn and Pr-sublattices are in
competition.?®! The magnetic structures of Mn or rare earth
sublattices would also influence the transport properties dom-
inated by the Sb or Bi square lattice. 3134

Compounds CeT'X,, containing only magnetic Ce-
sublattice, generally show AFM or FM order with different
lattice parameters.!?>~41 However, CeMnX, compounds with
both Ce and Mn-sublattices have not been well studied. A
previous study on a polycrystalline sample of CeMn;_gSb,
indicated magnetic orders for both Mn and Ce-sublattices. >3]
In this work, we want to investigate the detailed magnetic and
electrical properties of CeMnSb, based on the single crystals.
By using the Bi flux, we successfully synthesize high-quality
CeMnSb, single crystals and study their detailed anisotropic
magnetism and resistivity. Our studies of CeMnSb, find an

AFM order for the Mn-sublattice (160 K), but no sign of mag-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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netic order for the Ce-sublattice.

2. Experimental details

Single crystals of CeMnSb, were grown from Bi flux
with starting elements of Ce (ingot, 99.9%, Purui Advanced
Material Technology Co. Ltd., Beijing, China), Mn (pieces,
999.98%, Alfa Aesar), Sb (pills, 99.999%, Alfa Aesar), and
Bi (pills, 99.999%, Alfa Aesar) with a molar ratio of 1:1:2:6.
The mixture was placed in an alumina crucible which was
then sealed in a quartz tube. The sealed tube was heated up
to 1323 K in 10 h and then dwelt for 24 h before cooling down
to 923 K at a cooling rate of 2 K/h. The excess Bi flux was re-
moved by centrifugation at 923 K, and shiny plate-like single
crystals with a typical size of 10 mm x 10 mm x 3 mm were
obtained (see the inset in Fig. 1(b)). The crystals were stable
in the air.

Single-crystal x-ray diffraction (SCXRD) data were col-
lected on a Bruker D8 VENTURE PHOTON II diffractome-
ter with Mo Ko (A = 0.71073 A) radiation. Unit cell refine-
ment and data merging were done with the SAINT program,
and an absorption correction was applied using the multi-scan.
Structural solutions were obtained by intrinsic phasing meth-
ods using the program APEX3, and the final refinement was
completed by a full-matrix least-squares method on F? using
the SHELXL-2016/6 programs.3%371 Powder x-ray diffrac-
tion (PXRD) was performed in Rigaku SmartLab 9 kW (Cu
K o) and structure refinement was performed with the program
package GSAS-II suite. 38!

Magnetic properties were measured in a magnetic proper-
ties measurement system (MPMS-III, Quantum Design Inc.).
Magnetic susceptibility () was measured at temperatures be-
tween 2 K to 300 K under varied magnetic fields (H) with
field-cooling (FC) and zero-field-cooling (ZFC) conditions.
Isothermal magnetizations were measured between magnetic
fields of —70 kOe to 70 kOe. The alternating current (AC)
magnetic susceptibility was measured at several frequencies
between 2 K and 80 K in the MPMS with an excitation field
H =3 Oe. The C, was measured by a thermal-relaxation
method in a physical property measurement system (PPMS-
9T, Quantum Design Inc.). The samples were thermally con-
nected to the holder stage with Apiezon N grease. Electri-
cal resistivity (p) and magnetoresistance were measured in the
PPMS-9T using the standard four-probe method.

3. Results and discussion
3.1. Crystal structure

Analysis of the SCXRD data measured at room tempera-
ture indicates that CeMnSb; crystallizes in the HfCuSi,-type

structure with the tetragonal space group P4/nmm (No. 129),
which is as same as other similar AMnSb; (A =La, Yb, Pr, Nd)
compounds. 283031 n this structure, Ce occupies the crystal-
lographic 2¢ (1/4,1/4,7) site, Mn occupies the 2b (3/4,1/4,0)
site, and Sb occupies the 2a (3/4,1/4,0) and 2¢ (1/4,1/4,2/3)
sites. The refined cell parameters are a = 4.3655(4) A and
¢ =10.7662(1) A, which are comparable to those reported for
the polycrystalline sample. 3! During the refinement, we find
a considerable amount of Mn deficiency, and the final refined
composition is CeMng g5Sb,. The goodness of fit for the final
refinement is 1.119. Detailed crystallographic information is
shown in Table 1. Refined atomic positions and displacement
parameters are summarized in the crystallographic informa-
tion file (Cif) attached as the supplemental materials.!*?) The
Mn deficiency has also been reported in previous polycrys-
talline work. It should be noted that deficiency at the transition
metal site is a common phenomenon in this family, as observed
in AMn;_gSby (A = La-Sm), CeZn;_sSb,, CeAu;_sBiy,
CeNi,_gBis, and CeAu,_5Sb,.33#143] This deficiency can
be explained using the Zintl concept, the electron partition for
ATSb, can be simplified as A%+ T2 Sb3~Sb! ~.[43] Thus, it be-
comes electron-rich when A is a trivalent ion and then a defi-
ciency in the T site can compensate for it. This oversimplified
scenario can be supported by the stochiometric compositions
when A is a divalent ion, such as BaMnSb,,?’”! CaMnSb,, !
EuMnSb,,*!! and YbMnSb,. %4

Table 1. Crystallographic data of CeMng g5Sb;.

Empirical formula CeMn g5Sby

Formula weight 430.33 g/mol
Temperature 299(2) K
Wavelength 0.71073 A
Crystal system tetragonal
Space group P4 /nmm

Cell parameters

Cell volumes
Z
Density
F (000)
hkl range
®mins ®max
Linear absorption coefficient
No. of reflections
No. of independent reflections
No. of observed reflections
R factors
Goodness of fit
Weighting scheme

Refinement software

a=b=43690(8) A
c=10.799(3) A
a=p=y=90°

206.13(9) A3
2
6.933 g/cm?

363
—6<h<7,-T<k<7,-17<1<18
3.7738, 36.4128
26.108 mm™!

4250
350
350
Ry =0.019, wRy = 0.051
1.119
w=1/[c%(F2)+(0.0141P)? 42.382P]
where P = (F2+2F2)/3
SHELXL-2016/6

The crystal structure obtained from the refinement is il-

lustrated in Fig. 1(a). Their structure can be understood from
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the stacking arrangement of CeSb—Mn—CeSb-Sb, for which
two-dimensional square nets are formed by Mn and Sb1. The
distance between Ce ions is 4.366 A in the ab plane, which
is comparable to 4.363 A in CeAgSb,. Figure 1(b) shows a
typical out-of-plane x-ray diffraction pattern of the obtained
sample. The major peaks are (00/), indicating that the surface
of the sample is (00/). To further check the purity, single crys-
tals of CeMn;_,Sb; are ground into powders and their powder
x-ray diffraction pattern is collected at room temperature. The
pattern, shown in Fig. 2, affirms the presence of flux Bi and
an alien phase MnSb. Two unknown minor impurity peaks
located at 22.45° and 25.44° are also found.

Intensity (arb. units)
(005)
(006)

5 15 25 35 45 55 65 75 85

20 (°)
Fig. 1. (a) Crystal structures of CeMn g5Sb, obtained from the single crys-
tal refinements. The green, brown, and purple balls stand for Ce, Sb, and
Mn, respectively. (b) A typical out-of-plane x-ray diffraction pattern of the
obtained samples. Unindexed diffraction peaks between 20°-30° are from
Bi flux and MnSb impurity. The inset is a photograph of the crystal.

R o Observed

~T 8 Calculated

b= . — Difference

ER Bi: 1.6 wt% 1 CeMn, g5Sb,
L MnShb: 0.3 wt% Bi

f; ' MnSb

< b X2 =2.58

.*? R,,="7.393

7}

=

v F

+ >

E 1 I] " I[ LU R B IR TR B NIE U N NIRRT R LN DR TR
20 40 60 80 100 120

20 (°)
Fig. 2. Room-temperature powder x-ray diffraction patterns for powdered
single crystals of CeMn g5Sb,. The Bi with a weight percent of 1.6% and
MnSb with a weight percent of 0.3% are detected. Two unknown minor
impurity peaks located at 22.45° and 25.44° are marked with asterisks.

3.2. Magnetism

Figure 3(a) shows the temperature-dependent magnetiza-
tions, M(T), of CeMng g5Sb, measured with magnetic fields
parallel to the c-axis (H || ¢). The FC curves overlap the
ZFC curves over the measured range. The M(T) curve mea-
sured with H = 5 kOe shows a broad peak at ~ 160 K (de-
fined as the Néel temperature, 7y), indicating an AFM or-
der, possibly for the Mn sublattice. This order temperature
is comparable to 175 K and 170 K reported for Mn-sublattice
in the PrMng g; Sby and NdMn ggSb,, respectively. (28,301 Byt
it is somewhat higher than that reported by Sologub et al.
(~ 130 K).3!l With increasing H, the peak shifts toward lower
temperature and decreases from ~ 160 K (H = 5 kOe) to
~ 130 K (H = 70 kOe) as shown in Fig. 3(a). There is no
additional sign of magnetic order for Ce-sublattice at low tem-
peratures.

Isothermal magnetizations, M (H ), of CeMny gsSb, mea-
sured at different temperatures with H || ¢ are shown in
Fig. 3(b). All these M(H) curves measured at 300 K, 30 K,
and 2 K deviate from linearity around the zero magnetic field
region and can be regarded as a straight line superposed with
an FM component (see the inset in Fig. 3(b)). The FM com-
ponents for the 300 K M(H) curve saturate with a saturation
magnetization (M;) of ~ 0.05 pp/f.u. This small FM compo-
nent is more likely due to the impurity phase MnSb because
even the M(H) curve measured at 300 K (much above the
1) has this FM component. MnSb has an FM transition at
~ 590 K.[%I It should be noted that a similar superposition
of small FM components in the M(H) curves measured above
magnetic transition temperatures has been observed in other
AMn,_5Sb, (A = La, Pr, Nd) compounds. 283!

When H is perpendicular to the c-axis (H.Lc), M(T)
curves measured with different H are plotted in Fig. 3(c). The
M(T) curve measured with 5 kOe does not show the AFM
peak as in the case of H || ¢ but displays a slope change around
the Ty (see the inset in Fig. 3(c)), indicating the magnetic order
of Mn-sublattice. With further cooling, there is another slope
change around ~ 116 K, indicating a possible spin reorienta-
tion of the Mn sublattice. The kinks around 116 K are sup-
pressed toward lower temperatures and disappear when H is
30 kOe or larger. The M(T) curves measured with 30 kOe and
50 kOe show ferro- or ferrimagnetic-like behavior, indicating
a field-induced magnetic state change for Mn-sublattice.

To further understand these magnetic transitions, isother-
mal M(H) curves of CeMng g5Sb, measured with H Lc at dif-
ferent temperatures are shown in Fig. 3(d). The curve mea-
sured at 300 K is similar to the H || ¢ case and shows linear
behavior superposed with an FM component, agreeing well
with the presence of a tiny amount of FM impurity MnSb in
the sample. At 80 K, M increases with H and tends to satu-
rate after H is 30 kOe or larger, indicating the presence of an
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FM component with My = 1.81 ug/f.u. At 30 K, M increases
linearly first, then shows a sharp increase at 19.6 kOe (deter-
mined by the dM/dH), indicating a field-induced spin-flop
transition. M tends to saturate when H is larger than 20 kOe,
and M is about 2.44 ug/f.u. The ferromagnetic components
at 80 K and 30 K are too large to be explained by the tiny
amount of FM MnSb impurity, and they are possible due to
a field-induced canting of Mn moments. In the AMnX; fam-
ily, the Mn moments are generally parallel to the c-axis (or
perpendicular to the two-dimensional layers), examples are
YbMnBi,,*”1 YoMnSb,,*8] PrMng g;Sbs,[?8! EuMnSb,, !
and LaMng 9;Sb,.?%! When applied magnetic fields are per-

a) H
1.0_( ) H c »
0.10
=
0.08} «5 kOe FC
0.8t
3 100 200
< 0.6} 50 kOe T (K)
=
= 04 30 kOe
0.2F 10 kOe

5
o . .
\g 100 200
— T (K)
= 1.0F
10 kOe
0.5
—
0 50 100 150 200 250 300
T (K)

pendicular to the c-axis, they would tend to align the Mn mo-
ments toward the magnetic field direction, resulting in canted
Mn moments. At 2 K, the M(H) curves at 2 K show satu-
ration with a M of 2.68 ug/f.u. and a large hysteresis with
a coercivity of 6 kOe. The origin of coercivity is not gen-
erally understood. In comparison with LaMng¢;Sby which
also shows saturation without hysteresis in the M(H) curves
at 2 K,B% the presence of the coercivity in CeMng g5Sb, may
be related to the magnetocrystalline anisotropy induced by the

[50

rare earth element Ce.’! The Ce-sublattice shows spin glass

behavior (vide infra) and can be responsible for the observed
51]

coercivity. !
0.6+ (b) Hlc
0.4f
—~ 0.2p
=
[
g
g Or - +AFM component
~ - ---FM component,
= I |

—0.2

—-0.4

—0.6f 0

M (pg/fu.)

¢ 30 K

) * 80 K
300 K
_3t
—60 —40 —20 0 20 40 60
H (kOe)

Fig. 3. (a) Temperature-dependent magnetizations of CeMng g5 Sb, measured with H || c. The inset shows the enlarged view for H = 5 kOe curves.
(b) Isothermal magnetizations of CeMng g5 Sby measured with H || c. The inset shows the decomposition of the AFM and FM components for the
300 K data. (c) Temperature-dependent magnetizations of CeMn g5Sb, measured with H L c. The inset shows an enlarged view for H = 5 kOe
curves and the corresponding dM/dH for the FC curve. (d) Isothermal magnetizations of CeMng g5Sb, measured with H Lc.

In the case of H Lc, there is also no sign of magnetic
order of Ce-sublattice at low temperatures. But we see a
divergence of ZFC and FC curves below 18 K (see the in-
set of Fig. 3(c)). To further study this anomaly, we carry
out AC magnetic susceptibility measurements at low tempera-
tures. The temperature-dependent AC susceptibility data mea-
sured at different frequencies are shown in Fig. 4. A shift
of peak positions toward higher temperatures (from 15.3 K to
18.3 K) with increasing frequency is observed. The peaks in

AC susceptibility increase with the increase of frequency, indi-

cating either a glassy or a superparamagnetic state. We plot the
peak temperature (7sg) vs. the logarithmic frequency log(f) in
Fig. 4. According to the equation, K = ATy, /(Ti,Alog(f)),
where ATy, and Alog(f) refer to the difference of spin-
glass transition temperature and logarithmic frequency be-
tween measurements at different frequencies. The fitting re-
sults in K = 0.08, which indicates a spin-glass system. 323!
To further study the magnetic transition of CeMn g5Sbo,
temperature-dependent specific heat, C,(T'), of CeMng g5Sb)

is shown in Fig. 5(a). A A-type anomaly around 160 K

067501-4



Chin. Phys. B 32, 067501 (2023)

is observed, supporting the long-range AFM order of Mn-
sublattice. This anomaly can be suppressed toward lower tem-
peratures by applying H (see Fig. 5(b)), which is consistent
with the shift of AFM peaks of M(T') curves (H || ¢). It should
be noted that the single crystal was pulled away from the sam-
ple puck for the C;, measurement when H of 50 kOe was ap-
plied.

At low temperatures, there is no sign of magnetic order re-
garding the Ce-sublattice. The C, between 2 K and 50 K was
further measured with 0 kOe, 10 kOe, 20 kOe, and 30 kOe
(see Fig. 5(c)). There is no sign of magnetic order and the
Cp(T) curves measured under different H are almost super-
imposed with each other, which is consistent with the spin-
glass behavior. The inset of Fig. 5(c) shows the lowest part of
Cp/T vs. T? and the data are fitted by an approximated De-
bye model, C,/T = y+ BT?. The fitting (the red dashed line)
gives a Sommerfeld coefficient () of 24.6 mJ-mol~!-K~2,
which is smaller than some typical Ce-based compounds in
this series, such as CeNiSb; (55 mJ-mol~!-K~2),54 CeAuSb,
(90 mJ-mol~'-K~2),54! CeAgSb,(75 mJ-mol~!-K~2),[3 and
CeCdy 7Sbs (77 mJ-mol—1-K~2).124]

We further study the magnetic contribution from Ce
for CeMnggs;Sb, by subtracting its nonmagnetic analog

100 T T T T
(a)
° "0“'.
80F .‘,..o:..'- -
f o..o°..
eo_o
? 60 ..o. o® 1
5 oo’ ©LaMn,,Sh,
40 b
E ® CeMn gSby
& -
o 20 0 kOe
0 -
100 150 200
T (K)
1.0 -(C) o (0 kOe
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|
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7
3 0.6 |
g Hlle -
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: 044 1()410 '... 1]
] ..
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= U ge®
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30 : '
20 40
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LaMng 9;Sb; (normalized at 200 K) as its phonon contribu-
tions. The resulting Cy, /T vs. T curve is shown in Fig. 5(d).
Except for the peak around 160 K, there is a broad peak at
lower temperatures which may be due to the crystalline field
effect. The integrated entropy up to 150 K (below the Ty for
the Mn-sublattice) is about 13.2 J-mol~'-K~!, which is not
far from the theoretical value of 14.9 J-mol~"-K~! for a Ce?*

J=5/2).

0.45

0.40

0.35
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X' (emumol~1.0e™ 1)
©
b
=

T (K)

Fig. 4. The AC susceptibility data of CeMn( gsSb, measured with H L¢
with different frequencies. The inset shows the peak temperature (7gg) vs.
the logarithmic frequency log(f).
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Fig. 5. (a) Temperature-dependent specific heat capacity C,(T) for CeMng g5Sb; and its non-magnetic analog LaMny 91 Sb, (normalized accord-
ing to 200 K data). (b) The C,(T') curves measured between 140 K and 190 K with H = 0 kOe, 10 kOe, and 30 kOe. (c) The C,/T vs. T curves,

measured under H = 0 kOe, 10 kOe, 20 kOe, and 30 kOe, below 50

K. The inset shows the Debye model fitting in the lowest temperature range.

(d) The magnetic contributions of heat capacity Cy, /T vs. T and the corresponding entropy.
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3.3. Electrical resistivity

Temperature-dependent resistivities of CeMng g5Sby
were measured with electrical current parallel to the c-axis (p.)
and the ab-plane (p,;), respectively, are shown in Fig. 6(a).
Metallic behaviors are observed in both directions. There is
no Kondo behavior and no corresponding anomaly related to
the magnetic transition. The p./p, ratio is about 14 at 300 K
and about 9.5 at 2 K, suggesting a quasi-2D electronic band
structure and is consistent with the layered crystal structure of
CeMny g5Sb,. The residual resistivity ratios are 2 and 1.6 for
pc and p,yp, respectively. The resistivity of p,, measured un-
der 90 kOe is almost coincident with 0 kOe for temperatures
higher than 75 K and shows a small negative magnetoresis-
tance at low temperatures (about —4% at 2 K). The small neg-
ative magnetoresistance may be attributed to the suppression

of the magnetic scattering.

80
70
60 F

2 50 e p. 0 kOe

Q,‘? 40 o pgy 0 kOe

= Pap 90 kOe

< 30~ =
sE B -
4:///

3O 50 100 150 200 250 300

T (K)

Fig. 6. Temperature-dependent resistivity with electrical current parallel
to the c-axis (p.) and the ab-plane (pgp).

4. Conclusion

Single crystals of CeMnggsSb, have been successfully
synthesized by using Bi as the flux. Analysis of SCXRD data
confirms that CeMng g5Sby crystallizes in the HfCuSi,-type
tetragonal structure with the space group P4/nmm (No. 129).
Our magnetic susceptibility and specific heat measurements
confirm a long-range AFM order for CeMng g5Sb, with a Ty
of ~ 160 K. In the case of H || ¢, the intrinsic M(H) curves
(below 7y) display linear behavior without hysteresis, consis-
tent with AFM order of Mn-sublattices. However, the M(H)
curves measured below Ty with H | ¢ show saturation and even
large hysteresis, indicating the presence of the FM component.
The FM component is possibly due to the canting of Mn-spins
in the ab-plane. In addition, a field-induced spin-flop transi-
tion is observed in the case of H L ¢, indicating a field-induced
spin reorientation of Mn spins. In CeMng gsSb,, there is no
indication of magnetic order for Ce-sublattice down to 2 K.

However, there is a spin glass behavior below 18 K in the case

of H1c, which may correspond to the Ce-sublattice. Elec-
trical resistivity measurements indicate metallic behavior with
large anisotropy, supporting its quasi-two-dimensional layered

crystal structure.
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