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Crystal growth, transport, and magnetic properties of quasi-one-dimensional La;MnBis
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Quasi-one-dimensional (Q1D) materials featuring chainlike structures with half-filled transition metal d
shells offer a unique playground to study emergent spin order and quasiparticle interactions. In this paper, we
successfully grow and comprehensively analyze a manganese-based compound, La;MnBis, characterized by
face-sharing MnBig spin chains. At low temperatures, La;MnBis adopts an antiferromagnetic spin configuration
and exhibits various anomalies in both magnetization and specific heat measurements, signatures for successive
magnetic phase transitions upon varying temperature. The electrical transport reveals its metallic behavior, likely
contributed by the itinerant La electrons. We reveal complex hysteretic behaviors in its magnetoresistance under
different transport configurations, indicating the interplay between the interchain and intrachain coupling in this
Q1D material. In this paper, we offer insights into the understanding of the unique magnetic and electronic
properties of the R;MX;s family, and we hope to spark further investigation into the precise magnetic structure

and spin physics in similar systems.

DOL: 10.1103/PhysRevMaterials.8.034402

I. INTRODUCION

Quasi-one-dimensional (Q1D) materials consisting of one-
dimensional (1D) atomic chain or columnlike motifs have
exotic properties arising from their low-dimensional struc-
tures and thus serve as a unique platform for exploring
emerging physical phenomena, such as charge density waves
[1-4], Luttinger liquid phases [5-7], spin-Peierls transi-
tions [8—10], and superconductivity [11-15]. Specifically, 1D
spin chains, in coexistence with interchain coupling in low-
dimensional materials, offer a playground to study various
model magnetism, including but not limited to the Ising model
[16], Heisenberg model [17], and even the XY-type model
[18]. Although the Mermin-Wagner theorem indicates that an
ideal 1D spin chain can host no long-range magnetic order
at finite temperature due to strong thermal fluctuations [19],
the interchain interaction can play a key role in forming and
stabilizing the long-range magnetic order in Q1D systems,
though it is much weaker than the intrachain interaction [20].
For example, LazMnAss has a spin chain of MnAsg and
features a ferromagnetic (FM) phase transition at 112 K,
and it is indicated that the itinerant electrons from La atom
contribute to orbital hybridization and mediate interchain in-
teraction between the 1D MnAsg spin chains [21]. Its sister
compound LazCrAss also shows a FM phase transition at 50 K
with a weak interchain interaction between the CrAsg spin
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chains [22]. Furthermore, Q1D iron selenide BagFe3;Se;s un-
dergoes a FM transition at 14 K [23], while no long-range
magnetic order, but a spin-glass transition has been observed
in BagCosSe s [24]. These studies indicate that the R3zMX;
(R = lanthanide or alkali earth metal; M = transition metal;
X = chalcogen or pnictogen) materials harbor rich spin con-
figurations with great oppurtunities to study 1D spin-chainlike
magnetism in bulk materials [21-29].

Among the Q1D materials, the manganese-based com-
pounds have attracted considerable attention owing to their
unique crystalline structure consisting of [MngBis]™ chains
[13-15,30]. Recently, the Q1D antiferromagnetic (AFM)
material KMngBis has been successfully synthesized, and
emerging superconductivity is observed as its AFM transition
is suppressed at the pressure of 13 GPa [13]. Afterwards,
members of its isostructural compounds RbMngBis and
CsMngBis crystals were synthetized and shown to host
pressure-induced superconductivity on the border of AFM
order in the phase diagrams [14,15]. However, for another
isostructural compound NaMngBis, which is found to have
lower AFM transition temperature, the critical pressure to
induce superconductivity is expected to be less as well, yet
no bulk superconductivity is observed under the measured
pressure even up to 69 GPa [30]. These studies highlight the
complexity in the magnetic order and its interplay with other
degrees of freedom in these Q1D manganese-based materials.
However, although single crystals LnsMnBis (Ln = La — Nd)
have been synthesized, a comprehensive understanding of
their magnetic properties remains elusive [31].

Herein, we report on the synthesis, structure, and mag-
netic and transport properties of LazMnBis, a member of the

©2024 American Physical Society
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FIG. 1. (a) An image of a millimeter-sized single crystal of
La;MnBis. The rod direction is along the crystallographic ¢ axis. (b)
The crystal structure of La;MnBis viewed along the a axis, with unit
cell outlined by the black box. (¢) The crystal structure of La;MnBis
viewed along the ¢ axis, highlighting the quasi-one-dimensional
(Q1D) chain-forming MnBis octahedra. (d) The triangular lattice
formed by Mn atoms is shown in red, and the blue lines and dots
indicate the La network.

R3;MXs family consisting of 1D MnBig spin chains. We find
that bulk LazMnBis prefers an AFM spin configuration at
low temperature and exhibits anomalies when raising temper-
ature or applying external fields. We analyze these features
in magnetization and specific heat measurements, which we
believe to be a strong indication of successive magnetic phase
transitions. Further, electrical transport measurements reveal
its metallic behavior, possibly arising from the itinerant La
electrons, and meanwhile, the magnetoresistance (MR) data
show a clear correlation with its magnetic properties. While
further studies are needed to pinpoint the magnetic structure
associated with each phase, our work underscores the com-
plex spin physics resulting from interchain and intrachain
coupling, the understanding of which is the fundamentals of
probing and manipulating spins in Q1D materials.

II. EXPERIMENTAL METHODS
A. Growth

Single crystals of LazMnBis were synthesized using the
flux method. The starting materials La (ingot, 99.9%), Mn
(piece, 99.99%), and Bi (lump, 99.999%) were mixed in an
Ar-filled glove box at a molar ratio of La:Mn:Bi = 1:6:9. The
mixture was placed in an alumina crucible and sealed in an
evacuated quartz tube. The tube was heated to 900 °C for 10 h
and dwelt for 20 h. Then the tube was slowly cooled to 700 °C
at arate of 2 °C/h, followed by separation of the crystals from
the flux by centrifugation. Rodlike crystals were obtained as
shown in Fig. 1(a), which is along the ¢ axis of the crystal.

B. Characterization

The crystal structure of the as-grown crystals were
identified via single-crystal x-ray diffraction (XRD) measure-
ments conducted on a Bruker D8 VENTURE diffractometer
using Mo Ko radiation (A = 0.71073 A). Structure solutions

were obtained by intrinsic phasing methods using the pro-
gram APEX3, and the crystalline structure was refined by the
full-matrix least square method on F? using the SHELXL-
2018/3 program [32,33]. Elemental analysis of the crystals
was performed using energy dispersive x-ray spectroscopy in
a Hitachi S-4800 scanning electron microscopy at an acceler-
ating voltage of 15 kV.

C. Transport

The magnetic properties of LazMnBis crystals were ob-
tained using a magnetic properties measurement system
(Quantum Design Inc.) and a physical property measurement
system (PPMS-16 T, Quantum Design Inc.). Magnetic suscep-
tibility was measured under different applied magnetic fields
in field-cooling (FC) and zero-field-cooling (ZFC) modes.
Isothermal magnetization was measured at several fixed tem-
peratures by sweeping the applied field from —16 to 16 T. The
specific heat was measured by a thermal relaxation method
using a PPMS-9 T. Electrical resistivity (p) and MR were
measured in the PPMS-16 T with the standard four-probe
method from 2 to 300 K. All these measurements were per-
formed with the ¢ axis of the single crystal both parallel and
perpendicular to the external magnetic field.

II1. RESULTS AND DISCUSSIONS
A. Crystal structure

La;MnBis crystallizes into rodlike morphologies hav-
ing length and radius of ~3 and ~0.2 mm, respectively
[Fig. 1(a)]. The single-crystal XRD measurement reveals that
Las;MnBis exhibits the anti—HfsSn3Cu structure type with
space group P63/mcm (No.193), which is consistent with
the previous single-crystalline study [31]. It has an a lat-
tice parameter of 9.73 A and a ¢ lattice parameter of 6.50 A
[Figs. 1(b) and 1(d)]. The sketches of the crystal structure of
La;MnBis are summarized in Fig. 1, and more detailed crys-
tallographic data and crystalline parameters obtained from the
single-crystal XRD measurements are summarized in Tables
S1 and S2 in the Supplemental Material (SM) [34]. As shown
in Fig. 1(c), the crystal structure of LazMnBis consists of two
1D parts along the c axis: face-sharing MnBig octahedra and
the chain-forming Bi atoms. These octahedral MnBig and Bi
chains are separated by the La ions. Figure 1(b) shows the
side view of the internal structure of the MnBig octahedra
chains, the distance between which is 9.73 A, significantly
larger than that adjacent Mn ions within the chain. Thus, the
crystal structure of LazMnBis shows a strong 1D character.
In addition, Fig. 1(d) shows the trigonal arrangement of the
MnBig octahedra in the ab plane. The Q1D and meanwhile
trigonal arrangement of Mn ions make it appealing to study
the magnetic order of this material.

B. Magnetism

Temperature-dependent magnetization M(7) data mea-
sured at uoH =1 T (HLc) are presented in the inset of
Fig. 2(a). The M(T) curve shows a hump ~45 K and a sudden
drop at 24 K. These transitions can be seen more clearly
from the corresponding first-order derivative of M(T). Within
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FIG. 2. Temperature-dependent magnetization of La;MnBis measured under (a) H Lc and (b) H||c. Insets of (a) and (b) show the low-field
magnetization and their corresponding first derivatives measured at uoH = 1T.

the measured temperature range, there are three anomalies
in M(T), marked as Ty, (45 K), Tno. (42 K), and Tns,
(24 K), an indication of successive magnetic transitions in
Laz;MnBis. The subscript L(||) stands for H Lc (H||c) in this
section. Meanwhile, M(T) measured under varied H for H L c
are shown in Fig. 2(a). With increasing magnetic field, the
transitions at Ty, and Tyz, have no obvious change, while
the sudden drop at Ty3, moved to lower temperature, indicat-
ing AFM ordering at Ty3, (for more details of dM/dT curves,
see Fig. S1(a) in the SM [34]). In addition, the ZFC and FC
curves measured under 5 and 7 T show divergence at low
temperature but overlap under 9 T, consistent with M (H) data,
which will be discussed as follows.

For H||c, M(T) curves presented in Fig. 2(b) show similar
behavior to those for H Lc, with anomalous temperature de-
pendence at45 K (TNIH), 42 K (TN2||), and 24 K (TN3H)' As the
magnetic field increases, the transition at Tyy slightly moves
to lower temperature, meanwhile 7y stays almost unchanged
and T3 clearly decreases with external field, the latter of
which is like that for H L ¢ (for more details of dM/dT curves,
see Fig. S1(b) in the SM [34]).

We then fit x ! vs T for the x ~!(T) data measured at
uoH =1 T by the Curie-Weiss formula y = C/(T — Tp),
where C is the Curie constant and 7 is the Weiss temper-
ature (Fig. S2 in the SM [34]). The obtained 7y values and
calculated effective moment for the two field directions under
varying H fields are summarized in Table S3 in the SM [34].
The negative values of 7y for both Hlc and H||c indicate
AFM interaction between magnetic moments of Mn ions.
The large Ty values for H||c suggest the strong magnetic
interaction along the c¢ axis, i.e., the spin chain direction.
Typically, the effective moment can be estimated by the Curie
constant fleff = V8C . We find the effective moment for
Hl|c to be 6.92 ug under uoH = 7 T, larger than the theo-
retical value of Mn”* ion in its high spin state. For H Lc,
the effective moment g is close to the theoretical value
under puoH =3 T and above. Furthermore, considering the
QID structure of LazMnBis, we have attempted to fit the

magnetic susceptibility data using 1D magnetism models pro-
posed by Wagner and Friedberg [35] and Emori et al. [36].We
found that both models work well at high temperature but
show strong deviation below ~ 120 K (Fig. S3 in the SM
[34]). This might be because, although the LazMnBis lattice
features 1D-like MnBig spin chains, the magnetic properties
do not fully obey strong 1D behavior due to the interchain
coupling and the itinerant electrons. Taken together, possi-
ble reasons for the deviation of the effective moment from
the theoretical value may include FM impurities (though
not large enough) as well as single-ion anisotropy [39—41],
yet further studies are needed to determine the magnetic
configuration.

To better investigate the possible magnetic transitions in
Las;MnBis, we carry out temperature-dependent specific heat
(C,) measurements with and without an external field. In the
absence of external field, the C,(T') curve shows two anoma-
lies, seen by a A-shaped curve with a peak at 7y; and a hump at
T\, [Fig. 3(a)]. When plotting the temperature dependence of
the specific heat and magnetization as well as its derivative
(Fig. S4 in the SM [34]), we find the anomalies in C,(T)
appear at the same temperatures in the M(7T) curve and its
derivative. Since we have measured the crystal structure at 30
K and did not observe a structural change (see Table S1 in
the SM [34]), these highly indicate that long-range magnetic
transitions occur at Ty and Tny. Moreover, we have measured
C,(T) under different magnetic fields for H||c. A clear shift
of Tnp to lower temperature is seen with increasing magnetic
field (Fig. S4(d) in the SM [34]), consistent with magneti-
zation measurements discussed earlier. We further study the
magnetic contribution to the entropy of La;MnBis by sub-
tracting the C, data of its nonmagnetic analog LazMgBis
(mass corrected), shown in Fig. 3(b). The Cp,e(T) curve
shows a peak ~45 K corresponding to the magnetic transition.
The magnetic entropy Smae approaches saturation at 150 K
with a value of 15.9Jmol~1 K1, very close to the theoretical
limit for the high spin state of MnZt, ie., Smag = RIn(2J + 1)
[blue curve in Fig. 3(b)]. The magnetic entropy at Ty; reaches
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FIG. 3. (a) Temperature-dependent specific heat for La;MnBis and its nonmagnetic counterpart La;MgBis. Inset shows the enlarged region
near the possible magnetic transition. (b) Left: Temperature-dependent magnetic specific heat C,,. Right: The magnetic entropy Sy, as a

function of temperature < 200 K.

46% of the saturation value, indicating the entropy gain above
T\ is likely due to the formation of short-range spin orders
of Mn [42]. Moreover, there is no obvious anomaly at Tys3,
possibly because the magnetic entropy has been released com-
pletely above 7x3; similar phenomena have been observed in
other R3MXs compounds [43].

The long-range AFM order is likely to arise from Mn-
Mn interchain interaction, although the Mn-Mn interchain
distance of 9.73 A is much larger than their intrachain dis-
tance of 3.25 A; thus, interaction is expected to be smaller.
A recent study on an isoelectronic compound LazMnAss
revealed a FM transition at 112 K, and density functional
theory calculations show the orbital hybridization between
the MnAsg chain and the La atom around the Fermi level,
suggesting interchain spin coupling via itinerant electrons
from La [21], i.e., a RKKY interaction. LazMnBis could
have the similar magnetism mechanism with La;MnAss due
to their nearly identical electronic configurations. However,
Laz;MnBis features AFM ordering with a lower magnetic tran-
sition temperature than that of LazMnAss. We note that the
distance of interchain is 9.73 and 8.99 A for La;MnBis and
La;MnAss, respectively. Therefore, increasing of the inter-
chain distance may cause the interchain interaction to become
weaker, and thus, the long-range magnetic order forms at
lower temperature. Furthermore, for the RKKY interaction,
local spins can couple ferromagnetically or antiferromagnet-
ically depending on the electronic DOS near the Fermi level
and the distance of local spins [44]. These factors can con-
tribute to the complex magnetic ordering in LazMnBis, but
a more comprehensive theoretical study is needed to clarify
the origin.

Isothermal magnetization M(H) data measured with H L ¢
at 5 and 20 K are presented in Fig. 4(a). At 5 K, a hysteretic
transition occurs in field-sweep up and down measurements,
consistent with our observation that M(T) data in which the
ZFC and FC curves measured under uoH = 5 and 7 T show
divergence [Fig. 2(a)]. The critical fields in field-sweep up and
down measurements are marked as Hy, and Hyown. At higher
temperature of 20 K, both Hy, and Hyow, move to lower field

and the difference between them decreases accompanying a
shrinking range of hysteresis. For H||c, M(H) is measured at
four different temperatures, shown in Fig. 4(b). In this case,
the range of hysteresis deceases with H,, and Hyow, moving to
higher field at higher temperatures. The hysteretic transition
remains visible below Ty, but disappears above it for both
H L c and H||c (for data at 50 K, see Figs. S5(c) and S5(d) in
the SM [34]), indicating the field-induced hysteretic transition
is related to the anomaly at 7n3. The hysteresis loop is an
indication for a possible first-order transition with an existing
crossover between the two magnetic phases. Such a hysteretic
transition has also been discovered in PbCuSO4(OH),, where
the spin chains formed by Cu®* ions transit from the ground
state of a helix arrangement to an excited magnetic phase
likely through a first-order transition [45]. The linear behavior
and nonsaturation of the M(H) curves at high fields further
confirm the AFM coupling. In addition, for H Lc and H]||c,
we see a nonlinear dependence of M(H) at below 1 T. We
thus perform room-temperature measurements and observe a
small hysteresis at ~ 0 T (Fig. S5 in the SM [34]). Further, an
obvious divergence of ZFC and FC curves shows up <100 K
under puoH = 0.1 T (see Figs. S5(a) and S5(b) in the SM
[34]). These together hint of a MnBi FM impurity-related
effect which is likely to induce the nonlinear behavior in the
M(H) curve [46].

C. Electrical transport

Electrical transport measurements with various configu-
rations of the applied current (/) and magnetic field (H)
were carried out from 2 K to room temperature, shown in
Figs. 5(a), 5(c), and 5(e). The subscript || (L) stands for
I|| ¢ ILc) in this section. First, o (T) measured with the
applied magnetic field perpendicular to the ¢ axis is presented
in Fig. 5(a). Within the measured temperature range, the re-
sistivity of LazMnBis increases with temperature, showing
a metallic behavior. The py(T) curve shows an anomaly at
45 K consistent with the transition at 7y; observed in the
M(T) curves. The MR, following the formula 28— g

p0) >
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FIG. 4. Isothermal magnetizations of La;MnBis measured with (a) H Lc and (b) H||c. The arrows refer to the field-sweeping direction.

—13% at 2 K under a magnetic field of 9 T. Here, py(T)
measured with H ||c shows nearly identical behavior with that
for H Lc shown in Fig. 5(c). However, when applying current
perpendicular to the ¢ axis, the resistivity of LazMnBis drops
with increasing temperature at above 45 K [Fig. 5(e)]. Further,
the resistivity is ~5 times of that for pj, indicating a strongly
anisotropic behavior. The transition temperature at 45 K for
01 (T) coincides with that of the o (T") curve, likely caused by
suppressed magnetic scattering as the magnetic order forms.
Different from negative MR for I || ¢, in this case the MR
is 18% at 2 K under a magnetic field of 9 T. The strong
anisotropy origins from its Q1D structure and the negative

(positive) MR for I || ¢ (ILc) suggest that the intrachain
spin arrangement is probably different from interchain spin
arrangement.

Field-dependent MR data measured at different temper-
atures are presented in Figs. 5(b), 5(d), and 5(f), with the
same directions of the current and magnetic field illustrated
in insets of Figs. 5(a), 5(c), and 5(e). Here, MR mea-
sured with H.lc is presented in Fig. 5(b). At 2 K, with
increasing field, MR increases first then suddenly deceases
accompanying a sign changing from positive to negative as
well as a hysteretic transition occurring in field-sweep up
and down measurements. With increasing temperature, the
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FIG. 5. (a), (c), and (e) Temperature-dependent resistivity of La;MnBis measured under zero and 9 T magnetic field. The insets show the
different configurations of the applied current and magnetic field in the measurements. (b), (d), and (f) The corresponding field-dependent
magnetoresistance (MR) of La;MnBis measured under varying temperatures.
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FIG. 6. (a)—(c) Field-dependent magnetoresistance (MR) and magnetization of La;MnBis at 2 K, with MR data consistent with those in
Fig. 5. Up and down arrows refer to the field-sweeping directions. (d) Resistivity anisotropy and magnetization of La;MnBis measured at

different temperatures with H L ¢ and H||c under uoH = 1 T.

range of hysteresis decreases and MR becomes positive at
>10 K. The hysteretic transition disappears at T > Tnp and
the value of MR becomes close to zero. More specifically,
there are two field-induced hysteretic transitions in MR at
T < Ty3. Here, MR measured with H||c shows a similar
behavior to that for H ¢ presented in Fig. 5(d), while it
has only one hysteretic transition at 7' < Tn3. Also, MR
curves measured with H ||c presented in Fig. 5(f) keep the hys-
teretic transition, but it is mostly positive within the measured
temperature.

To better reveal the correlation between the magnetic prop-
erties and electrical transport properties of La;MnBis, we plot
the field-dependent MR and magnetization at 2 K in Fig. 6.
For H Lc, though MR and M(H) show a similar hysteretic
manner, the MR has more complex behavior than M(H) at
high field since the exact alignment of in-plane field with
respect to the crystallographic axis is difficult to determine
under this configuration [Fig. 6(a)]. For Hl||c, MR corre-
lates well with M(H), shown in Figs. 6(b)-6(c). Finally, the
anisotropy in electrical resistivity under uoH =1 T is pre-
sented in Fig. 6(d). As temperature decreases from room
temperature, the resistivity anisotropy first increases, showing
a kink at Ty; and starts to decrease below T < T3, denoted
by the blue dashed lines. The two temperatures agree with the
successive transition features in M(T) curves, indicating that
the electrical transport properties are strongly coupled with
magnetic properties.

The MR is theoretically predicted to be positive for an
AFM metal with the magnetic field applied along the easy
axis, while in the FM and paramagnetic case, the MR is
usually negative [47]. The behavior that MR changes from
positive to negative is thus likely due to the change of
magnetic configurations. Specifically, in the spin-alignment
scenario, MR is dominated by spin scattering, i.e., the inter-
action between the itinerant spins and the lattice spins. AFM
coupling usually generates stronger spin disorder scattering
than FM coupling, resulting in a positive MR. With the mag-
netic field increasing, spin-disorder scattering will decrease
as the spins are gradually polarized to the field direction,
resulting in negative MR. For example, under high magnetic
field, there can be a field-induced magnetic transition to a
canted-AFM phase having an FM component, thus causing
negative MR. The field-induced hysteretic transition in both
M(H) and MR implies a first-order magnetic phase transi-
tion, which has been observed in Ce(Feg9yAlg 04), featuring
hysteretic transport correlated with a FM-to-AFM first-order
phase transition [48].

IV. CONCLUSIONS

In summary, we have successfully grown millimeter-scale
single crystals of Q1D LazMnBis featuring MnBig octahedra
chains. We systematically studied its magnetization, specific
heat, and electrical transport at various temperatures and
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applied external fields. We observed multiple anomalies at
<50 K, indicating complex magnetic phase transitions in
LazMnBis that arise from the coexistence of the interchain
and intrachain interactions. In addition, high magnetic field
can induce a transition characterized by a hysteresis behavior
in both magnetization and MR upon varying the field, which
clearly shows correlation between the transport and the
magnetic configuration. Further, we show a strong anisotropy
in its electrical transport due to its Q1D structure. In this
paper, we show the complex magnetic properties arising from
the intertwined Q1D spin-chain structure and 3D electronic
structure and highlight the interplay between the electron
and spin degrees of freedom. While the precise magnetic
structure in each phase needs further neutron diffraction or
theoretical insights, the Ln3MnBis family offers a platform

to study various of magnetic phase transition mechanisms in
low-dimensional materials.
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