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In this work, single crystals of LaMng ¢; Sb, and NdMn, gsSb, with deficiencies of Mn have been successively
grown by using the Bi-flux method. They all crystallize in the HfCuSi,-type tetragonal structure with space
group P4/nmm (No.129). LaMn, ¢, Sb, displays signs of successive antiferromagnetic transitions around 133
and 108 K for Hl|c. In the case of H_lc, LaMngq;Sb, shows signs of weak ferromagnetic transition around
138 K and antiferromagnetic transition at 56 K. However, there is no anomaly observed in the temperature-
dependent specific heat curve. For NdMng ggSb, measured with H||c, the Mn sublattice orders antiferromag-
netically below 170 K and the Nd sublattice shows successive antiferromagnetic orders at 34 and 26 K. The
antiferromagnetic state of Nd sublattice can be induced to be a ferromagnetic state through a spin-flop transition
at 2 K. When H L c, the Mn sublattice displays antiferromagnetic orders at 171, 156, and 74 K. The Nd sublattice
orders antiferromagnetically below 32 K. Ferromagnetic state for the Nd sublattice is induced by magnetic fields
through a spin-flop transition at 2 K. Magnetic phase diagrams for NdMn, gsSb, are depicted for cases of H||c
and H Lc, respectively. LaMng ¢;Sb, and NdMn, gsSb, show metallic behavior. Negative magnetoresistance in

LaMny ¢;Sb, and NdMn, g3 Sb, are possibly related to canted-antiferromagnetic orders of Mn sublattices.

DOI: 10.1103/PhysRevB.105.224429

I. INTRODUCTION

Ternary compounds with a general formula AMPn; (A =a
rare earth or alkali earth element; M = transition metal; Pn =
Sb, or Bi), usually crystalize in tetragonal structures (P4/nmm
or I4/mmm) or orthorhombic structures (Pnma or Imm?2) with
A ions sandwiched between two-dimensional pnictides layer
and the layer of edge-sharing M Pny4 tetrahedra [1-17]. In
recent years, compounds with M = Mn have attracted great
attention due to their exceptional electronic bands, such as
quasi-two-dimensional massless Dirac fermions in CaMnSb,
and SrMnSb, [2,8,18,19], chiral surface state, and profound
Shubnikov—-de Haas oscillations in a noncentrosymmetric
Dirac semimetal BaMnSb, [20], quantum Hall effect in bulk
antiferromagnet EuMnBi, [21], as well as large negative mag-
netoresistance in EuMnSb, [22,23].

When A is divalent alkali earth or Yb** ion, AMnPn,
(Pn = Sb or Bi) generally displays antiferromagnetic (AFM)
orders of Mn ions near room temperature [24-26]. Stud-
ies on YbMnSb; indicate that different magnetic structures
can affect the topological nature of fermions [27]. When
A is a trivalent rare earth element, the AMnPn, (Pn = Sb
or Bi) compounds commonly have deficiencies on Mn sites
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[16,17,28], and their magnetic properties are getting richer
because of the interactions between magnetic active rare-earth
ions and Mn ions. For example, PrMn,_,Sb, shows two AFM
transitions related to Pr and Mn moments, respectively, and
has a complex magnetic phase diagram [28]. A recent study on
EuMnSb, indicates that the magnetic sublattice of rare-earth
ions has an influence on the conduction electrons near the
Dirac point [29]. Polycrystalline samples of LaMnSb, and
NdMnSb, with weak ferromagnetic (FM) orders of the Mn
sublattice at ~ 310 and ~ 250 K, respectively, have been
reported, and second magnetic order at ~ 45 K associated with
Nd sublattice was suggested for NdMnSb, [17]. In this work,
single crystals of LaMnSb, and NdMnSb, are successfully
grown, and their detailed magnetic properties and electrical
resistivity are reported.

II. EXPERIMENT

Single crystals of NdMnSb, and LaMnSb, were grown by
using Bi-flux. High purity elements Nd (ingot, 99.9%, Purui
Advanced Material Technology Co. Ltd., Beijing, China), La
(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)
were used. Start materials with a molar ratio of Nd/La : Mn :
Sb:Bi=1:1:2:10 were weighed and placed in alumina
crucibles. The crucibles were then sealed in evacuated quartz
tubes under a high vacuum. The sealed tubes were heated up
to 1050°C over 10 h and then dwelt for 24 h, before slowly

©2022 American Physical Society
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FIG. 1. (a) Images of typical single crystals for LaMng ¢; Sb, and
NdMng ggSb,. (b) Crystal structures for AMn;_,Sb, (A = La or Nd)
view along with a- and c-axis.

cooling to 650 °C at arate of 2 °C/h. The Bi-flux was removed
by centrifuging. Plate-like crystals with a typical size of 5 x
5 x 1 mm?® were obtained [see Fig. 1(a)]. The crystals were
stable in the air.

Single-crystal x-ray diffraction data were collected on
a Bruker D8 VENTURE PHOTO II diffractometer with
Mo Ko (A = 0.71073 A) radiation. Unit cell refinement and
data merging were done with the SAINT program, and an ab-
sorption correction was applied using multi-Scan. Structural
solutions were obtained by intrinsic phasing methods using
the program APEX3 [30], and the final refinement was com-
pleted by a full-matrix least-squares method on F? using the
SHELXL-2016/6 programs [31,32]. Powder x-ray diffraction
(PXRD) was performed in Rigaku SmartLab 9%kW (Cu Ko)
and structure refinement was performed with the program
package GSAS-II [33]. Elemental analysis of the samples
was performed using energy dispersive x-ray spectroscopy
(EDX) in a Hitachi S-4800 scanning electron microscopy at
an accelerating voltage of 15 kV.

Plate-like crystals were used for magnetic and specific
heat capacity (C,) measurements. The magnetic properties
were measured in a Magnetic Properties Measurement System
(MPMS-III, Quantum Design Inc.). Magnetic susceptibility

was measured at temperatures between 2 and 300 K un-
der varied magnetic fields (H) with field-cooling (FC) and
zero-field-cooling (ZFC) conditions. Isothermal magnetiza-
tions were measured between magnetic fields of -70 kOe to
70 kOe. The C, was measured by a thermal-relaxation method
from 2 to 300 K in a Physical Property Measurement System
(PPMS-9T, Quantum Design Inc.). The samples were ther-
mally connected to the holder stage with Apiezon N grease.
Electrical resistivity (p) and magnetoresistance were mea-
sured in the PPMS-9T with the standard four-probe method.

III. RESULTS AND DISCUSSIONS

Analysis of single-crystal x-ray diffraction data for
NdMnSb, and LaMnSb, indicated that they crystallize in the
HfCuSi,-type tetragonal structure with space group P4/nmm
(No.129) which is consistent with the previous polycrystalline
studies [17]. The refined cell parameters are a = 4.320(1)A
and ¢ = 10.670(1) A for NdMnSb, and a = 4.384(3) A, and
c= 10.839(2)1& for LaMnSb,. LaMnSb, has a relatively
larger unit cell than NdMnSb, due to the larger ionic radius of
La’* than Nd**. The structure refinements indicate a consid-
erable amount of Mn deficiency in both compounds, and the
refined compositions are LaMn ¢; Sb, and NdMng ggSb,. The
goodness of fit values for the refinements are 1.227 and 1.208
for LaMng¢;Sb, and NdMngggSb,, respectively. Detailed
crystallographic information, refined atomic positions, and
displacement parameters for LaMng ¢;Sb, and NdMny gsSb,
are listed in Tables S1, S2, and S3 in the Supplemental
Material (SM) [34]. It should be noted that deficiencies of
Mn sites have been reported in most AMnSb, compounds
with a trivalent rare-earth ion in the A site. When A is a
divalent ion, CaMnSb,, BaMnSb,, and YbMnSb, are stochio-
metric [18,20,27]. Their electron-partition can be simplified
as A>*Mn**Sb>"Sb'~ by using the Zintl concept when A is
a divalent ion. Thus, it becomes electron-rich when A is a
trivalent ion and this oversimplified scenario can somehow
explain the tendency for deficiencies of Mn sites [24]. The
Mn deficiencies were also reported for the polycrystalline
samples with compositions of LaMn g7Sb, and NdMn g3Sb,
[17]. The crystal structures for LaMng 9; Sb, and NdMng ggSb,
are illustrated in Fig. 1(b). Their structures consist of layers
of edge-sharing MnSby/4 tetrahedra, two-dimensional square
nets formed by Sb atoms, and Nd or La cations between
them. The bond lengths of Mn-Sbl are 2.7776(7) A for
NdMng ggSb, and 2.7726(7) A for LaMng¢;Sb,, which are
comparable to 2.7643(7) A reported for YbMnSb,.

The chemical compositions of the as-prepared single crys-
tals were further examined using EDX. The EDX data,
measured at several points, are shown in the SM (See Tables
S4 and S5) [34]. There are Bi elements in both LaMng 9; Sb,
and NdMny gsSb, single crystals. The normalized elements
ratio for LaMngg;SbyisLa: Mn:Sb:Bi=1:0.92:1.97:
0.12, and for NdMng ggSb, is Nd : Mn: Sb: Bi=1:0.86:
1.99 : 0.09. The ratio between La(Nd): Mn is close to the
composition refined from the single-crystal x-ray diffraction
data. Single crystals of LaMng¢;Sb, and NdMn ggSb, were
ground to be powders and their powder x-ray diffraction pat-
terns were collected at room temperature for both compounds.
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FIG. 2. Room-temperature powder x-ray diffraction patterns for
powdered single crystals of (a) LaMng¢;Sb, and (b) NdMng gsSb,.
Two unidentified impurity peaks are marked with asterisks in the
NdMn, ggSb, sample.

The x-ray diffraction patterns, shown in Fig. 2, affirm the
presence of flux Bi in both compounds.

Magnetism. Temperature-dependent  magnetizations,
M(T), of LaMngg¢;Sb, measured under varied H (H||c)
are shown in Fig. 3(a). The M(T) curves of LaMngg;Sb,
measured under 0.1 and 1 kOe show peaks around 133 and
108 K [see the inset in Fig. 3(a)], indicating successive
AFM transitions in LaMng¢;Sb,. The peak around 108 K
becomes less prominent with increasing of H to 10 kOe and
disappears in the 30 kOe curve [see Fig. 3(a)]. The peaks
around 133 K (defined as Tyj) survive up to 30 kOe, and
the M(T) curves measured under 50 and 70 kOe show a
monotonic increase with cooling and display a slope change
around Ty (see corresponding dM/dT curves in Fig. Sl
in the SM [34]). For Hlc, M(T) curves of LaMngg;Sb,
measured under varied H are shown in Fig. 3(b). The curves
measured with 0.1 and 1 kOe display peaks around 56 K,
suggesting an AFM order. Above this transition, the M(T)
curves show a slope change around 138 K, defined as Tx.
(see the corresponding dM/dT curve shown in Fig. S2 in the
SM [34]). M increases faster below Ty, indicating a weak

FM transition. Weak FM order at ~ 310 K was previously
reported for the polycrystalline samples of LaMnSb, [17].
The peak around 56 K is suppressed when the M(T') curves
measured under 10 kOe and above [see Fig. 3(b)], and M(T)
curves measured under 10, 30, 50, and 70 kOe all show
slope changes around 7y, (see corresponding dM/dT curves
shown in Fig. S3 in the SM [34]). It should be noted that the
ZFC and FC curves measured under 0.1 kOe show divergence
below ~ 250 K for both H||c and H Lc and this divergence
is suppressed when H is 1 kOe or larger, indicating a small
ferromagnetic component in this sample.

Isothermal magnetizations, M (H ), for LaMng ¢9; Sb, mea-
sured with H||c at different temperatures, are shown in
Fig. 3(c). The M (H ) curves measured at 300 and 400 K (above
Tny) deviate from linearity around the zero magnetic field
region and can be regarded as a straight line superposed with a
small FM component (see Fig. S4 in the SM) [34]. This weak
FM component saturates with saturated magnetizations (M)
of 0.047 up/f.u. and 0.029 ug /f.u. at 300 and 400 K, respec-
tively. It can not exclude the possibility that this small FM
component is intrinsic. But it is more likely due to impurity
phases. A study on PrMnSb; found a similar superposition of
small FM components in the M (H) curves measured at 400
and 250 K [9], and one possible impurity is MnSb with an
FM transition at ~ 590 K [35]. Though there is no clear evi-
dence of MnSb phase in the XRD pattern of LaMng 9| Sb,, the
presence of a small amount (less than 1% wt) of MnSb cannot
be excluded. The M (H ) curve measured at 100 K (below Ty;))
shows linear behavior below 30 kOe, consistent with the AFM
order, and displays a sharp increase around 30 kOe, indicating
a field-induced metamagnetic transition. At 50 and 2 K, the
M (H) curves show sharp slope changes around 17 kOe and
30 kOe (critical fields defined from dM/dH curves shown in
Fig. S5 in the SM [34]), indicating successive field-induced
metamagnetic transitions of Mn sublattice. M tends to saturate
when H is larger than 40 kOe and is about 1.1 ug/f.u. at2 K
and 70 kOe, which is much smaller than the M expected for
areal FM state, thus indicating a field-induced weak FM state
of Mn sublattice. For H lc, M(H) curves of LaMng;Sb,
measured at 300, 100, and 2 K are shown in Fig. 3(d). The
M (H) curve measured at 300 K (above Ty ) is similar to the
one measured with H||c, which can be regarded as a straight
line superposed with a small FM component with a M of
0.40 pug/f.u. (see Fig. S6 in the SM [34]). The M (H ) curves
measured at 2 and 100 K (below Ty ) show nonlinear behav-
iors and are consistent with the weak FM transition around
Tn.. There is no indication of field-induced metamagnetic
transition in the case of H 1c¢. The M(H) curve measured at
2 K tends to saturate when H is larger than 30 kOe, and M is
about 1.1 ug/f.u. at 2 K and 70 kOe.

Signs of successive AFM transitions are observed at 133
and 108 K for LaMng ¢;Sb, with H||c. In the case of H Lc,
the M(T) curves show weak FM transition at 138 K and AFM
transition at 56 K. In comparison with similar compounds
EuMnSb, [29] and PrMnSb, [9,28] all having AFM orders
for the Mn sublattices, AFM orders are expected for the
Mn sublattice in LaMng ¢; Sb,. The weak FM transition at 138
K may be a canted-AFM order. To further study these mag-
netic orders of LaMng¢;Sb,, temperature-dependent specific
heat, C,(T), of LaMng.9;Sby was measured from 300 to 2 K
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FIG. 3. (a) and (b) Temperature-dependent magnetizations of LaMng¢;Sb, measured with H||c and H Lc, respectively. (c) and (d)
Isothermal magnetizations of LaMn ¢; Sb, measured with H ||c and H Lc, respectively.

(see Fig. 4). There is no clear anomaly around temperatures
138, 133, 108, and 56 K in the C,(T') curve of LaMng.9;Sb,.
A possible explanation for the absence of anomaly in the
C,(T) curve is that the magnetic entropy is distributed over a
wide temperature range as evidenced by the signs of magnetic
orders for LaMng ¢;Sb, observed at temperatures 138, 133,
108, and 56 K. Future measurements, such as neutron diffrac-
tions, are needed to study the successive magnetic orders in
LaMno_QIsz.
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FIG. 4. Temperature-dependent specific heat for NdMn gsSb,
and LaMn, ¢;Sb,. Inset shows the C,/T vs. T data for NdMn g3 Sb,
measured between 20-50 K under varied H (H||c).

The M(H) curves of LaMng ¢;Sb, measured at 2 K show
field-induced metamagnetic transitions when H]||c, but dis-
play a continuous increase of M with increasing of H when
H | c. This suggests that the direction of magnetic moments of
Mn is possibly parallel to the ¢ axis (perpendicular to the two-
dimensional layers) because that field-induced metamagnetic
transitions generally occur when the applied H is parallel to
the magnetic moments in a weak anisotropic system. This
is consistent with neutron diffraction studies on YbMnBi,
[36,37], YbMnSb, [27], PrMnSb; [9], and EuMnSb, [29,38]
in which moments of Mn are mainly aligned parallel to the
c axis (or perpendicular to the two-dimensional layers). The
possibility of a small canting angle was suggested in PrMnSb,
[9] and the study on YbMnBi, puts an upper limit of 3° on any
canting of the ordered moment of Mn from the c-axis [37].

M(T) curves of NdMng ggSb, measured under 10, 20, 30,
50, and 70 kOe (H ||c) are shown in Fig. 5(a). The M(T) curve
of NdMn ggSb, measured under 10 kOe shows three features:
apeak at 170 K, a kink around 34 K, and another peak at 26 K.
The peak at 170 K (defined as Txy)) indicates an AFM order.
The magnetic order at 7y is possibly due to an AFM order
of Mn sublattice in NdMn ggSb,. The Ty, is comparable to
the AFM order temperature of ~175 K for Mn sublattice in
PrMnSb; [9,28]. The long-range magnetic order at 7y, is also
confirmed from the C,(T') data of NdMng g3Sb,, showing a
A-type anomaly around 169 K (see Fig. 4). The C,(T') data of
NdMn ggSb, also shows a large anomaly around 34 K which
is corresponding to the kink around 34 K (defined as Tny)) in
the M(T) curve. The magnetic transition at Txp is possibly
due to a magnetic order of Nd sublattice. Below Ty, the
magnetizations increase with further cooling, indicating that
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FIG. 5. (a) and (b) Temperature-dependent magnetizations of and NdMn, ggSb, measured with H||c and H Lc, respectively. (c) and (d)
Isothermal magnetizations of and NdMny gsSb, measured with H ||c and H Lc, respectively.

the AFM order of Nd ions is possibly canted. With further
cooling, the M(T') curve shows another peak at 26 K (defined
as Ty3j), which is possibly due to a reorientation of Nd mo-
ments from canting to collinear.

With increasing of H to 20 kOe and above, the AFM order
of Nd at 73 is almost suppressed, and the canted-AFM
order of Nd at Ty, shifts toward higher temperatures and is
suppressed at 70 kOe, indicating a possible field-induced FM
state for Nd sublattice of NdMn gsSb,. This field-dependent
behavior is also confirmed from field-dependent C,(T') data
as shown in the inset of Fig. 4: anomalies corresponding to
Ina)) shift toward lower temperatures while anomalies cor-
responding to Tnp; move toward higher temperatures with
increasing of H. It should be noted that the single crystal
was pulled away from the sample puck for the C, measure-
ment when H = 50kOe was applied. The AFM order of
Mn sublattice at Ty is robust against H up to 30 kOe. With
further increases of H to 50 and 70 kOe, the Ty peaks are
suppressed toward much lower temperatures. Kinks around
168 and 175 K (see corresponding dM/dT curves in Fig. S7
in the SM [34]), defined as Ty, appear for M(T) curves
measured under 50 and 70 kQOe, indicating that the Mn sublat-
tice first undergoes a canted-AFM order before reaching the
AFM order.

To further understand these magnetic transitions, M (H)
curves of NdMng ggSb, measured with H||c at different tem-
peratures are shown in Fig. 5(c). The curve measured at
300 K shows linear behavior as expected for the paramagnetic
state. The curve measured at 150 K (below Tyij;) shows a
linear behavior with H up to 40 kOe, then shows a rapid
increase of M, indicating a field-induced spin-flop transition

of Mn sublattice. This is consistent with the scenario proposed
in the M(T) parts that the Mn AFM state is robust up to
30 kOe and the Mn sublattice first undergoes a canted-AFM
state before reaching the AFM state when measured at 50
and 70 kOe. The M(H) curve measured at 30 K (between
TNz and Ty3)) shows nonlinear behavior, consistent with a
canted-AFM state of Nd sublattice. At 2 K, the M(H) curve
shows linear behavior when H is not larger than 17 kOe, con-
sistent with the AFM state. Above 17 kOe, the magnetizations
increase rapidly with increasing magnetic fields, indicating
a field-induced spin-flop transition. This spin-flop transition
is possible first-order because a large magnetic hysteresis is
observed. The critical field for increasing H (Hy)), is 22.5
kOe and the critical field for decreasing H (Hy) is 13.0 kOe
determined from the dM/dT curve (see Fig. S8 in the SM
[34]). The spin-flop transition field for H||c (Hsg) is about
17.1 kOe according to the equation Hsp = (H H»)'* [39].
When H is larger than ~50 kOe, M shows a linear correla-
tion with H. Subtracting the linear component, the M; of the
resulting saturated FM component is 1.63 ug/f.u. (see Fig. S9
in the SM [34]). This value is close to an ordered moment of
1.69 up for Nd** in a similar compound NdNiSb, having
the same P4/nmm space group as NdMng ggSb, [40]. The Nd
ions have comparable coordination of eight Sb ions in both
compounds. These moments are lower than the theoretical
moment of g;J = 3.27 ug for a free Nd** ion (J/ = 9/2 and
gs = 8/11), indicating the electronic state of Nd ions is af-
fected by the crystalline electric field.

M(T) curves of NdMng ggSb, measured under 10, 20, 30,
50, and 70 kOe (HLc) are shown in Figs. 5(b). Different
from the 10 kOe M (T') curve measured with H||c, the 10 kOe

224429-5



LL YANG, YAN, MIAO, YANG, FENG, AND SHI

PHYSICAL REVIEW B 105, 224429 (2022)

curve measured with H L ¢ does not show a typical AFM peak
around 170 K, but displays kinks at 171 and 156 K, and a peak
around 74 K. The kink at 171 K (defined as Ty, ) indicates
a canted-AFM transition of Mn sublattice. The Mn sublat-
tice then undergoes a spin-reorientation at 156 K (defined as
T2, ) before reaching an AFM order at 74 K (Tn31). At 32
K (defined as Tna. ), the 10 kOe M(T) curve shows a sharp
drop, which should indicate an AFM order of Nd sublattice.
The Tyy, is close to the Ty (34 K) for the canted-AFM
order of Nd sublattice when measured with H||c. The Tyz |
and Tns4y are suppressed toward lower temperatures when
measured under 20 kOe, and disappear when H is 30 kOe
or larger, indicating a field-induced magnetic-state change for
both Mn sublattice and Nd sublattice. The transition at Ty is
robust against the increase of H, but Ty, shifts toward lower
temperatures with the increase of H.

M(H) curves of NdMn ggSb, measured with H | ¢ at dif-
ferent temperatures are shown in Fig. 5(d). The M(H) curve
measured at 300 K shows linear behavior which is consistent
with the paramagnetic state. At 150 K, the M(H) curve is
nonlinear which is consistent with the proposed canted-AFM
state of Mn sublattice. At 2 K, the M (H) curve shows linear
behavior with H up to 27 kOe, which supports the proposed
AFM ground state for both Mn and Nd sublattices. Above
27 kQOe, the M(H) curve deviates from linearity and shows a
rapid increase, indicating a spin-flop transition. This spin-flop
transition is also associated with large magnetic hysteresis.
The critical fields are H;; = 31.4kOe for increasing H and
H,, = 17.0kOe for decreasing H determined from the cor-
responding dM/dH curve (see Fig. S10 in the SM [34]). The
spin-flop transition field for H Lc, Hsg L, is about 23.1 kOe
according to the equation Hsr = (H| H>)'/? [39]. When H is
larger than 40 kOe, the M(H) curve shows a roughly lin-
ear behavior. Subtracting the linear component, the resulting
M(H) curve saturates above 50 kOe, and the Mg for the FM
component is 2.2 ug/f.u. (see Fig. S11 in the SM [34]). This
value is larger than the Mg observed for H||c (1.63 ug/f.u.)
and suggests some FM contributions are from Mn sublattice
due to the canted-AFM structure when H is 30 kOe or larger.

Magnetic phase diagrams of NdMnggSb, according to
the M(T), M(H), and C,(T) data for both H||c and H Lc
cases are shown in Figs. 6(a) and 6(b), respectively. In the
case of H||c, the Mn sublattice displays an AFM order below
Ini) when H is no more than 30 kOe. When H is larger
than 30 kOe, the Mn sublattice first undergoes a canted-AFM
state before reaching the AFM state. The Nd sublattice first
undergoes a canted-AFM state below Ty before reaching
the AFM state, and there is a field-induced FM state for
Nd sublattice at low temperatures with Hsg; = 17.1kOe at 2
K. For H lc, the Mn sublattice undergoes a canted-AFM-1
state and a canted-AFM-2 state before reaching the AFM
state. At low temperatures, the AFM state of the Mn sub-
lattice will change to the canted-AFM-2 state through the
field-induced metamagnetic transition. The Nd sublattice dis-
plays an AFM order below Tns, when H is less than 23.1
kOe. When H is larger than 23.1 kOe, a field-induced FM
state is reached for Nd sublattice. Though magnetic phase
diagrams for H||c and H Lc are a little different, AFM ground
states are proposed for both H||c and H L ¢ cases because the
M(H) curves of NdMng ggSb, measured at 2 K show linear
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FIG. 6. (a) Magnetic phase diagram of NdMn, gsSb, with H||c;
(b) Magnetic phase diagram of NdMn,ggSb, with H Lc. The red
dots and red dashed lines indicate the critical fields for the spin
flop transitions and the estimated boundary between AFM and FM
state for Nd sublattice, respectively. PM = paramagnetic; CAFM =
canted-AFM.

behavior before the spin-flop transition for both H||c and H Lc
cases. Field-induced spin-flop transitions for Nd sublattice are
observed for both H||c and H L ¢ cases with Hsg); = 17.1kOe
and Hsg, = 23.1kOe, respectively, at 2 K. There is no strong
magnetic anisotropy for NdMng ggSb,. The transitions above
the AFM-Mn and AFM-Nd are defined as canted-AFM-Mn
and canted-AFM-Nd transitions in these magnetic phase dia-
grams to be consistent with their AFM ground state. However,
these canted-AFM transitions may also be regarded as weak-
FM transitions. Studies of polycrystalline NdMnSb, reported
a weak-FM transition at ~ 250 K for the Mn sublattice [17].
In this work, the magnetic order temperature for Mn sublattice
(~ 170 K) is lower than that reported for the polycrystalline
sample, and the magnetic order at ~ 34 K for Nd sublattice is a
little lower than that reported in the polycrystalline NdMnSb,
(45 K) [17].

224429-6



CRYSTAL GROWTH AND MAGNETIC PROPERTIES OF ...

PHYSICAL REVIEW B 105, 224429 (2022)

goksg Iiab

— e

16} I=2mA
140 kOe Hllc

14l LaMn,,,Sb,

(a)

MR (%)

(c)

50 kOe
140 kOe

£ 8}

(5]

= ;

E ——0kOe 1]] ab

[ —tok0e 25
—20 KOe Hilc

——50 KOe
—90 kOe

NdMn, ,,Sb,

(b)

50

40t

30

"

0 50 100 150 200 250
i TK)

20

50 100 150 200 250
T (K)

300

1 1 1 1
50 100 150 200 250 300
T(K)
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magnetoresistance under varied H for LaMng g; Sb, and NdMn, ggSb,, respectively.

Temperature-dependent  of  resistivity, p(T), for
LaMng9;Sb, and NdMngggSb, are shown in Figs. 7(a)
and 7(b), respectively. On cooling, a metallic behavior
was observed for both LaMngo;Sb, and NdMng ggSb,.
The residual resistivity ratio defined as p(300K)/p(2K)
is ~ 2.0 for LaMngg;Sb, and ~ 2.5 for NdMnyggSb,,
indicating bad metals. For the p(T) curve of LaMngg;Sb;
measured without a magnetic field, there is no kink or
anomaly observed corresponding to the magnetic orders of
Mn sublattice (~130 K). When measured under an H of
50 kOe, negative magnetoresistance (MR) emerges below
~130K [see Fig. 7(c)], which is possibly related to the
field-induced weak FM state of the Mn sublattice. The
negative MR is further enhanced when measured under
140 kOe, and the maximum MR is about —13.7% at 2 K and
under 140 kOe [see Fig. 7(c)]. The MR was calculated by
equation MR = 100% x [p(H) — p(0)]/p(0), where p(H)
and p(0) are p measured under H and without H, respectively.
The p(T') curve of NdMng ggSb, measured without magnetic
field shows kinks at ~125, ~32, and ~23 K. The drop of
p at ~125 K is possibly attributed to the AFM order of Mn
sublattice, though this temperature is little lower than the
Iniy) of 170 K. The drop of p at ~32 and ~ 23 K is possibly
related to the magnetic orders of Nd sublattice at Ty of
34 K and Ty3| of 26 K, respectively. The magnetic orders
would generally reduce the scattering of conduction electrons
by paramagnetic fluctuations, responsible for the drop of
p. From the corresponding dp/dT curve [see the inset in
Fig. 7(b)], kinks around ~125 K are robust up to 30 kOe and
shift to ~150 K when H is 50 and 70 kOe. With the increase
of H, anomalies around 32 and 23 K shift toward higher and

lower temperatures, respectively, which is consistent with the
shift of Tny and Tn3 under varied H, further confirming their
relevance. Compared with the curve measured without H,
p(T) curves of NdMng ggSb, measured under 10 and 20 kOe
(H||c) do not show clear MR. MR can be observed below
250 K for the p(T) curves measured with 50 and 90 kOe. The
MR increases with cooling and reaches maximums around ~
125 K, indicating the long-range AFM order of Mn sublattice
goes against the negative MR. Recalling the magnetic phase
diagram for NdMng ggSb, with H||c, the Mn sublattice first
undergoes a canted-AFM state before reaching the AFM
state when H is larger than 30 kOe. It seems that the canted
AFM state of Mn sublattice in NdMn ggSb, is related to the
negative MR, which is also indicated by the p(T) data of
LaMn ¢; Sb,. Magnetic orders of Nd sublattice do not have a
significant contribution to the negative MR.

IV. CONCLUSION

Single crystals of LaMngg¢;Sb, and NdMngggSb, have
been successively grown by using the Bi-flux method. They
all crystallize in the HfCuSi,-type tetragonal structure with
space group P4/nmm (No.129). Analysis of the single-
crystal x-ray diffraction data suggests moderate deficiencies
of Mn in both compounds and the refined compositions are
LaMn9;Sb, and NdMngggSb,. Signs of successive AFM
transitions are observed at 133 and 108 K for LaMng 9;Sb,
with H||c. In the case of H lc, the LaMngg;Sb, shows a
weak FM transition around 138 K and an AFM transition
at 56 K. However, there is no anomaly observed in the
C,(T') curve. Magnetic phase diagrams for NdMn, ggSb, are
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depicted according to its M(T'), M(H ), and C,(T') data. When
H||c and H is no more than 30 kOe, the Mn sublattice goes
into an AFM order below Txj);. When H is larger than 30
kOe, the Mn sublattice first undergoes a canted-AFM state
before reaching the AFM state. The Nd sublattice first un-
dergoes a canted-AFM state below Txp) before reaching the
AFM state. The AFM state of Nd sublattice can be induced
to be an FM state by H through a spin-flop transition with
Hsp) = 17.1kOe at 2 K. For H Lc, the Mn sublattice under-
goes a canted-AFM-1 state and a canted-AFM-2 state before
reaching the AFM state. The Nd sublattice displays an AFM
order below Tns; when H is less than 23.1 kOe. The FM
state for the Nd sublattice is induced by H at 2 K when
H is larger than Hgp; of 23.1 kOe. Analysis of the p(T)
curves of LaMng ¢;Sb, and NdMng ggSb, measured with var-
ied H indicates that LaMng ¢9;Sb, and NdMng ggSb, all show
metallic behavior and the negative MR in LaMng ¢;Sb, and

NdMn ggSb, are possibly related with the canted-AFM orders
of Mn sublattice.
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