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The layered AMP2 (A = alkali-earth or rare-earth atom, M = transition metal, P = Sb, Bi) compounds are
widely studied for their rich magnetism and electronic structure topology. We provide a detailed characterization
of the magnetic and transport properties of LaMnxSb2, an understudied member of the AMP2 family. LaMnxSb2

forms with intrinsic Mn vacancies, and we demonstrate that by varying the starting ratio of La, Mn, and Sb, we
can synthetically control the Mn occupancy and produce single crystals with x = 0.74–0.97. Magnetization and
transport measurements indicate LaMnxSb2 has a rich temperature-composition (T–x) magnetic phase diagram
with physical properties strongly influenced by the Mn occupancy. LaMnxSb2 orders antiferromagnetically at
T1 = 130–180 K, where T1 increases with x. Below T1, the T–x phase diagram is complicated. At high x, there
is a second transition T2 that decreases in temperature as x is lowered, vanishing below x � 0.85. A third,
first-order, transition T3 is detected at x ≈ 0.92, and the transition temperature increases as x is lowered, crossing
above T2 near x ≈ 0.9. On moving below x < 0.79, we find the crystal structure changes from the P4/nmm
arrangement to an I4̄2m structure with partially ordered Mn vacancies. The change in crystal structure results
in the sudden appearance of two new low-temperature phases and a crossover between regimes of negative and
positive magnetoresistance when x � 0.78. Finally, we provide powder neutron diffraction for x = 0.93, and
find that the high-x compositions first adopt a G-type antiferromagnetic structure with the Mn moments aligned
within the ab plane, which is followed upon further cooling by a second transition to a different, noncollinear
structure where the moments are rotated within the basal plane. Our results demonstrate that LaMnxSb2 is a
highly tunable material with six unique magnetically ordered phases, depending on T and x.
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I. INTRODUCTION

Defect chemistry strongly influences nearly all material
properties, making study of defects in different chemical
compounds necessary at a fundamental and applied level,
both to understand basic physical properties and to engineer
functional materials with well controlled behavior. The role
of defects is particularly salient in compounds with large
widths of formation, where intrinsic vacancies and/or in-
terstitial atoms substantially shift the chemical composition
from the ideal stoichiometry. In such materials, the disorder
inherently produced alongside vacancies or interstitials can
be undesirable, yet the flexible composition can in many
cases be exploited as an intrinsic tuning parameter and used
to manipulate the Fermi level, electronic structure, and the
associated physical properties. In this regard, proper defect
engineering is essential to achieving the desired behavior in
materials and applications spanning superconductivity [1–3],
thermoelectricity [4–6], and catalysis [7–9], amongst others.

The RMSb2 (R = rare earth, M = transition metal) mag-
netic topological semimetals, in which magnetic order and
nontrivial electronic structures can coexist, are an attractive
family to study the influence of vacancies or defects on their
magnetism and electronic properties, and consequentially on

their topological features. The RMxSb2 compounds are part of
the wider AMP2 class, in which A is an alkali-earth or rare-
earth element, and P is Sb or Bi. Depending on the identity
of the A and P atoms, the AMP2 materials adopt a layered
tetragonal structure (see the example of LaMnxSb2 shown in
Fig. 1), or lower symmetry distortion of the parent structure.
A prominent structural motif common to these materials is
a square net of P atoms that is separated from the tetrahe-
drally bonded M–P layers by the A ions. The symmetry of
the square net protects linear crossings (Dirac points) of the
bands derived from the pnictogen px and py orbitals [10–12],
providing topological physics if the Fermi level is near the
Dirac points. Because the rare-earth and transition-metal sites
can host moment bearing atoms, the AMP2 materials have
been exhaustively studied as magnetic topological semimetals
[13–32].

Most existing work on the AMP2 family focuses on mem-
bers in which A is a divalent cation, normally an alkali-earth
element, Eu or Yb. On the other hand, many of the AMP2

compounds in which A is a trivalent rare-earth element are yet
to be widely studied. This may be part be due to their large
widths of formation. With the exception of the case in which
M = Ag [33], most of the RMSb2 materials with trivalent R
(La-Nd, Sm) form with a high fraction of transition metal
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FIG. 1. The P4/nmm crystal structure of LaMnxSb2. (a) A per-
spective emphasizing the layered structure consisting of tetrahedrally
bonded Mn-Sb sheets and square nets of Sb atoms separated by La.
(b) An isolated square net of Sb viewed down the c axis. The color
code is as follows: red, La; blue, Mn; brass, Sb. The partial blue
shading for Mn represents the partial occupancy of the Mn site (see
text).

vacancies and have true compositions of RMxSb2 with x ≈
0.5–0.9 [34–36]. The vacancies introduce undesired disorder,
which may obscure the quantum transport properties associ-
ated with the symmetry protected energy bands. Nevertheless,
vacancies will naturally hole dope the material, so if the Mn
occupancy can be chemically manipulated, this may be a fea-
sible means to control the physical properties, as was observed
in the isostructural LaAuxSb2, where altering the Au vacancy
density between x = 0.9–1 allowed for tuning of the charge
density wave transition temperatures by up to 80 K [37].

Here, we report the compositional dependence of the
magnetic phases of LaMnxSb2. The limited data available
on LaMnxSb2 report conflicting magnetic behavior. Initially,
work by Sologub et al. on several polycrystalline samples
with x spanning 0.65–0.9 indicated ferromagnetic order be-
low TC ≈ 350 K [34]. More recently, Li et al. analyzed
single crystals of LaMnxSb2 and found evidence for an initial
ferromagnetic or spin-canted antiferromagnetic transition at
138 K followed by a second antiferromagnetic transition at
56 K, but no evidence for magnetic order near or above room
temperature [38]. Likewise, Yang et al. observed a single
antiferromagnetic transition TN = 146 K and 138 K in sin-
gle crystals with respective compositions LaMn0.86Sb2 and
LaMn0.84Sb2 [39]. Whereas the recent work on single crystals
is limited to only several compositions, x = 0.84, 0.86, and
0.91, the observance of different magnetic states and ordering
temperatures for different compositions supports the notion
that controlling the Mn vacancies may allow for tuning of the
magnetic order.

To determine what magnetic states are found in LaMnxSb2

and clarify how these depend on the Mn occupancy, we
conducted an exhaustive characterization of LaMnxSb2 sin-
gle crystals. We grow single crystals of LaMnxSb2 from
a ternary La-Mn-Sb solution, and by changing the starting
melt composition, we are able to synthetically control the
Mn occupancy to produce crystals with x = 0.74–0.97. In
contrast to the earlier reports of ferromagnetic order, we
find that LaMnxSb2 orders antiferromagnetically below T1 =
130–180 K, depending on the Mn occupancy, and we ascribe
the apparent room-temperature ferromagnetic behavior in the

TABLE I. Nominal LaaMnbSbc compositions used to grow
LaMnxSb2 and values of the Mn occupancy x estimated from Ri-
etveld refinements of the PXRD patterns and energy dispersive
spectroscopy (EDS).

Melt Composition x (refined) x (EDS)

La15Mn22Sb63 0.739(3) 0.73(3)
La15Mn25Sb65 0.764(3) 0.75(3)
La19Mn19Sb62 0.785(3)
La7Mn29Sb64 0.795(1) 0.78(2)
La7Mn36Sb57 0.803(4) 0.82(2)
La7Mn40Sb53 0.825(4) 0.84(3)
La15Mn35Sb50 0.86(1) 0.84(3)
La7Mn44Sb49 0.87(3)
La7Mn46Sb47 0.904(5) 0.87(2)
La7Mn47Sb46 0.92(2) 0.91(2)
La7Mn47Sb46 0.920(2) 0.93(2)
La7Mn48Sb45 0.932(5) 0.91(3)
La7Mn50Sb43 0.959(5) 0.98(2)

older literature, pertaining to polycrystalline samples, to small
amounts of a ferromagnetic impurity, MnSb. We find the
antiferromagnetism in LaMnxSb2 to be complex and highly
sensitive to the Mn stoichiometry, and provide evidence for
six different magnetic states in LaMnxSb2 depending on the
temperature and x. Field-dependent magnetization data points
to an equally complex temperature-field phase diagram when
x > 0.93. Powder neutron diffraction measurements reveal
that when x � 0.93, LaMnxSb2 initially adopts a G-type
antiferromagnetic structure below 170 K in which the Mn mo-
ments are oriented in the ab plane. On cooling below 150 K,
we find a different noncollinear arrangement where the Mn
moments are rotated within the basal plane. We furthermore
find evidence that the crystal structure changes from P4/nmm
when x � 0.78 to a different, I4̄2m, structure when x �
0.78, associated with partial ordering of the Mn vacancies.
Given the ability to tune between six magnetically ordered
states and two crystal structures, our study ultimately shows
that LaMnxSb2 is an extremely sensitive material and may
serve as an excellent model system for studying the effects
of vacancies and disorder.

II. EXPERIMENTAL METHODS

Crystal growth. Single crystals of LaMnxSb2 were grown
from ternary La-Mn-Sb melts. Because LaMnxSb2 has a
known width of formation, we attempted to grow crystals
with different Mn occupancy (x) by varying the stoichiometry
of the starting mixture. To grow the crystals, elemental La,
Mn, and Sb were weighed (according to the compositions in
Table I) and placed into 2 mL frit-disc alumina crucible sets
(Canfield crucible sets, CCS, sold by LSP Ceramics) [40,41]
and flame sealed under vacuum in fused silica ampules. The
tubes were loaded into a box furnace and brought to 1150◦C
over 12 h and held at temperature for 6 h. The furnace was
then cooled over ≈ 150 h to 850◦C after which the tubes
were quickly removed from the furnace and the excess flux
decanted using a centrifuge with a specially fabricated metal
rotor and cups [42]. After cooling to room temperature, the
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tubes were broken open to reveal metallic plates up to 1-cm in
length. Pictures of typical crystals are shown in the left inset
to Fig. 2(a).

We emphasize that after cooling, the decanted material
(solidified flux captured in the catch crucible) was strongly
attracted to a Nd2Fe14B magnet, indicating a ferromagnetic
material forms from the excess liquid phase. In agreement
with this expectation, powder x-ray diffraction patterns ob-
tained on the solidified decant indicate a significant fraction
of the binary compound MnSb (see Fig. 13 below in the
Appendix), which is a known ferromagnet with TC > 300 K
[43,44]. Furthermore, small droplets/patches of solidified flux
that were present on the surfaces of our crystals were also
attracted to a magnet, whereas the bulk crystals were not
(after carefully removing all droplets and polishing the sur-
faces).

Powder x-ray diffraction. The identity of the crystals were
determined by powder x-ray diffraction (PXRD). Several
crystals from each batch (corresponding to the compositions
in Table I) were ground to a powder, sifted through a 45 mi-
cron mesh sieve. In-house (laboratory) diffraction patterns
were collected at room temperature on a Rigaku Miniflex-II
instrument operating with Cu-Kα radiation, λ = 1.5406 Å
(Kα1) and 1.5443 (Kα2) Å, at 30 kV and 15 mA. High-
resolution PXRD was performed on samples with x = 0.93
and x = 0.74 at 295 K and 90 K at the Advanced Photon
Source Beamline 11 BM at Argonne National Laboratory and
with a wavelength of λ = 0.458949 Å. Rietveld refinements
of the experimental powder patterns were used to determine
the unit cell parameters and estimate the Mn site occupancy
(x). The powder data was refined using GSAS-II software
[45]. To ensure reasonable reproducibility and estimate the
uncertainty, we collected and refined two or three separate
patterns from each batch of crystals. The crystal structures
were visualized using VESTA software [46].

Energy dispersive spectroscopy (EDS). The Mn occupancy
of the LaMnxSb2 samples were also inferred using energy
dispersive spectroscopy (EDS) quantitative chemical analysis
using an EDS detector (Thermo NORAN Microanalysis Sys-
tem, Model C10001) attached to a JEOL scanning-electron
microscope (SEM). The compositions of the crystals were
measured at ten different positions on the crystal’s face (per-
pendicular to c axis), revealing good homogeneity in each
crystal. An acceleration voltage of 11 kV, working distance
of 10 mm and take off angle of 35 deg were used for mea-
suring all standards and crystals with unknown composition.
A LaSb2 single crystal was used as a standard for La and
Sb quantification [47], and a SmMn2Ge2 single crystal was
used as a standard for Mn [48]. The spectra were fitted us-
ing NIST-DTSA II Microscopium software [49]. The average
compositions and error bars were obtained from these data,
accounting for both inhomogeneity and goodness of fit of each
spectra.

Magnetic property measurements. The magnetization mea-
surements were performed in a Quantum Design Magnetic
Property Measurement System SQUID magnetometer. Prior
to each measurement, any visible surface contamination of
MnSb was cut away and the crystals were carefully pol-
ished on all surfaces until they were no longer attracted to
a Nd2Fe14B magnet at room temperature (see the crystal

growth section and the Appendix for more details). The mea-
surements were conducted with the field oriented parallel
and perpendicular to the c axis, where c is perpendicular
to the plate-like surface of the single crystals. The sam-
ples were mounted on a plastic (Kel-F) disk, and a blank
background using the bare disk was first measured and the
values subtracted out from the sample data. The magnetic
transition temperatures were determined by the extrema in the
temperature-susceptibility derivative d (χT)/dT [50].

Electronic transport properties. The temperature- and
field-dependent electrical resistivity was measured in a Quan-
tum Design Physical Property Measurement System (PPMS).
The measurements were conducted in standard four point
geometry. The samples were prepared by cutting the crystals
into bars along the plate edges. The contacts were made by
spot welding 25 µm thick annealed Pt wire onto the LaMnxSb2

samples, giving contact resistance generally ≈ 1 �. To ensure
mechanical durability, a small amount of silver expoxy was
painted on top of the spot welded contacts. In all cases, the
current was applied within the ab plane, and the field was
applied along the c axis for the magnetoresistance measure-
ments.

Neutron diffraction. To determine the magnetic structures,
neutron powder diffraction measurements were performed
using time-of-flight powder diffractometer, POWGEN, at
Spallation Neutron Source at Oak Ridge National Laboratory.
Approximately 1.6 g of samples were prepared by grinding
several crystals and passing the powder through a 45-micron
sieve. Diffraction patterns were collected at 200, 160, and
20 K using a neutron beam with center wavelengths of 1.5
and 2.665 Å.

Single-crystal neutron diffraction were measured on the
TRIAX triple-axis-neutron spectrometer at the University of
Missouri Research Reactor. Measurements on TRIAX were
made using a neutron wavelength of λ = 2.359 Å selected by
a pyrolytic-graphite (PG) monochromator.

Computational methods. Band structure and total energy
for LaMnxSb2 (assuming a disorder free, x = 1 composi-
tion) were calculated in density functional theory [51,52]
(DFT) using PBE [53] as exchange-correlation functional
with spin-orbit coupling (SOC) included. All DFT calcula-
tions were performed in VASP [54,55] with a plane-wave
basis set and projector augmented wave [56] method. We used
the tetragonal unit cells with a �-centered Monkhorst-Pack
[57] (11×11 × 4) k-point mesh with a Gaussian smearing of
0.05 eV. The kinetic energy cutoff was 270 eV.

III. RESULTS

A. Composition and phase analysis

Figure 2(a) shows a typical powder XRD pattern obtained
from finely ground x = 0.93 crystals (details on the deter-
mination of x in the following discussion). Similar patterns
were obtained from crystals from each of the different batches
listed in Table I, and the primary reflections observed in the
powder data are in excellent agreement with the P4/nmm
structure expected of LaMnxSb2, confirming growth of the
desired phase. Likewise, Rietveld refinements of the powder
patterns using the P4/nmm structural model give reasonable
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FIG. 2. (a) Powder x-ray diffraction pattern from LaMnxSb2 with x = 0.93. The solid lines are the calculated pattern from a Rietveld
refinement using the P4/nmm structural model. The right inset shows a close-up of several small reflections from MnSb (marked with arrows),
and the left inset shows typical crystals on a mm grid. [(b),(c)] Rietveld refined lattice parameters a and c respectively as a function of Mn
occupancy x for LaMnxSb2. The horizontal error bars were determined from the deviation in the values of x from the PXRD refinements and
EDS measurements.

refinement statistics with Rwp < 10 and GOF < 2 for all
cases.

The powder patterns for all samples generally show weak
reflections corresponding to MnSb [marked by arrows in the
inset of Fig. 2(a)]. PXRD analysis indicates that MnSb readily
forms out of the decanted liquid phase (Fig. 13 in the Ap-
pendix), implying that the MnSb detected in Fig. 2(b) likely
is from residual flux, which remains on the surfaces of the
crystals after decanting. Supporting this interpretation, the
as-grown crystals normally have small patches/droplets of
solidified flux on their surfaces that are easily visible upon
inspection with a microscope. We found different decanting
temperatures to have a negligible impact on the amount of
MnSb left on the LaMnxSb2 crystals. Because MnSb is a
TC > 300 K ferromagnet, we carefully polished all surfaces of
the LaMnxSb2 crystals prior to conducting the magnetization
measurements in order to ensure the samples were sufficiently
free of the undesired second phase (see the experimental sec-
tion and Appendix for additional details).

As described in the experimental section, we attempted to
synthetically control the Mn occupancy by growing samples
from melts with different LaaMnbSbc stoichiometry. For each
initial melt composition, Table I lists the values of x deter-
mined from Rietveld refinements of the powder diffraction
data and from energy dispersive spectroscopy (EDS). The
Rietveld refined and EDS results are in reasonable agreement,
with both showing an increase in x from ≈ 0.74–0.97 as the
melt compositions become more Mn rich. These values are
within the span of x previously reported for polycrystalline
samples [34]. For the remainder of this paper, the x values
used for each sample are the averages of the refined and EDS
values, (generally from 2–3 separate refinements and 1–2 EDS
measurements collected from each batch, see experimental
details for more information).

Figures 2(b) and 2(c) show the refined lattice parameters
as a function of the Mn occupancy. Between x = 0.79–0.97,
the in-plane a lattice parameter shrinks monotonically with

increasing x, from 4.385 Å to 4.365 Å while the axial c lattice
parameter grows from 10.78 Å to 10.92 Å as x increases.
Below x = 0.79, a is effectively constant at ≈ 4.835 Å, while
c slightly increases as x is lowered to 0.74.

The deviation in the x dependence of the lattice parameters
below x = 0.79 may suggest a structural change occurs when
x becomes lower than ≈ 0.79. Because our laboratory PXRD
patterns for samples with x < 0.79 do not show any Bragg
peaks that are unexpected based on the P4/nmm structure
(or identifiable impurities, i.e., MnSb), we conducted high-
resolution synchrotron PXRD data at the Advanced Photon
Source. Figure 3 displays the high-resolution powder data
collected at 295 K and 90 K for samples with x = 0.74
and x = 0.93. All reflections found in the patterns for x =
0.93 [Figs. 3(c) and 3(d)] are attributable to the P4/nmm
structure (or a small MnSb impurity) and are in good agree-
ment with the laboratory PXRD data. On the other hand,
the patterns for x = 0.74 [Figs. 3(a) and 3(b)] show sev-
eral weak, but clearly well resolved, reflections at Q = 1.05
and 1.34. The refinement in Fig. 3(b) explicitly shows that
the two new peaks are inconsistent with the P4/nmm struc-
ture, and furthermore, the peaks cannot be matched with any
known binary or ternary compounds in the La-Mn-Sb phase
space, suggesting they are intrinsic to the sample. The pres-
ence of new reflections strongly supports our inference from
the lattice parameters, indicating the structure of LaMnxSb2

changes from P4/nmm to a different arrangement when x is
below ≈ 0.79.

The two new reflections can be indexed with a propa-
gation vector of (1/2 1/2 1/2) where the lower-Q peak is
(1/2 1/2 1/2) and the higher-Q peak is (1/2 1/2 3/2). Since
the P4/nmm crystal symmetry captures the vast majority of
the peaks, as shown in Fig. 3(b), it is likely that the crystal
symmetry for x < 0.79 is closely related to, or even a subgroup
of P4/nmm. Hence, using the ISOTROPY suite [58,59], we
explored the possible subgroups of P4/nmm with a τ vector
of (1/2 1/2 1/2). Among nine possible subgroups, three be-
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FIG. 3. Synchrotron powder x-ray diffraction patterns for LaMnxSb2 samples collected at 295 K and 90 K. [(a),(b)] Data for x = 0.74 and
[(c),(d)] data for x = 0.93. The left panels show the full patterns and the right panels zoomed views of the low-Q data. The solid red line in
each panel shows the theoretical pattern based on the Rietveld refinements in P4/nmm or I4̄2m as listed in the legends. The data in (b) is shown
with a refinement in the P4/nmm arrangement to emphasize the two low-Q peaks (marked with black arrows) not captured by this structural
model.

long to tetragonal crystal systems with body centering, and
the remaining are orthorhombic. We attempted to refine the
powder data using each of the possible subgroups, and found
that I4̄2m (# 121), with the basis (1, 1, 0) (−1, 1, 0) and (0 0
2) with respect to the P4/nmm space group, best agrees with
the x-ray diffraction data. The atomic positions and structural
parameters for the I4̄2m structural model are given in Table II.
As shown in Fig. 3(a), the Rietveld refinement captures both
the low-Q peaks with statistical parameters of Rwp = 9.24 and
χ2 = 2.82, indicating a reasonable refinement. We empha-
size that due to the low intensity of the new Bragg peaks,
the final refinement statistics are not significantly different
for P4/nmm and I4̄2m structural models, so we assessed the
quality of the different structural models by direct comparison
with the experimental diffraction data. The other possible sub-
groups either failed to capture the observed peaks or produced
additional peaks not observed in our powder patterns, giving
reasonable confidence in the I4̄2m symmetry.

Figure 4 shows the x < 0.79 crystal structure. The structure
is very similar to the parent P4/nmm arrangement, but with
partial ordering of the Mn vacancies. Instead of a single Mn
site, the low-x structure has three Mn sites, with Wyckoff

positions 4c, 2a, and 2b. The Mn occupancy on each site is
different, as illustrated in Fig. 4 and listed in Table II, and
the 2b site is nearly fully occupied at f ≈ 0.92. Compared to
the high-x P4/nmm structure, the partial ordering of the Mn
vacancies onto three distinct crystallographic sites produces
longer periodicity along both the a and c axis, such that the
unit cell is doubled along c (cI 4̄2m = 2cP4/nmm). Likewise,
the I4̄2m unit cell is rotated by 45 degrees around the c axis
relative to the P4/nmm, and aI 4̄2m = √

2aP4/mmm.

B. Physical properties

1. Composition-dependent magnetic phase diagram of LaMnxSb2

Figures 5 and 6 respectively show the temperature-
dependent magnetization measured at H = 1 kOe and
the zero-field resistance of each LaMnxSb2 sample. Like-
wise, Figs. 7 and 8 show corresponding field-dependent
M(H) isotherms and the transverse magnetoresistance resis-
tance (MR), defined as [R(H)–R(0)]/R(0). The key results
from Figs. 5–8 are summarized in Fig. 9, which shows a
temperature-composition (T–x) phase diagram outlining the
evolution of the various magnetic states observed for different

TABLE II. Rietveld refinement information for LaMnxSb2 using the I4̄2m structural model and data collected at 295 K [shown in Fig. 3(a)].
The lattice parameters are a = 6.20118(1) and c = 21.57376(5), and the refinement statistics are Rwp = 9.24 and χ 2 = 2.82.

label site x y z frac Uiso

La1 8i 0.2497(2) 0.2497(2) 0.36644(1) 1 0.00209(6)
La2 8i 0.2508(3) 0.2508(3) 0.077170(14) 1 0.00339(8)
Mn1 4c 0 0.5 0 0.668(13) 0.0027(5)
Mn2 2a 0 0 0 0.572(15) 0.0102
Mn3 2b 0 0 0.5 0.918(15) 0.005
Sb1 4d 0 0.5 0.25 1 0.002
Sb2 4e 0 0 0.25 1 0.00237(13)
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FIG. 4. (a) I4̄2m structure for LaMnxSb2 with x < 0.79. (b) Same
structure viewed down the c axis. The dashed yellow square denotes
the P4/nmm unit cell of the x > 0.79 LaMnxSb2. The dashed yellow
color code is red, La; blue, Mn; and brass, Sb. The partial shading
for Mn atoms represents the partial occupancy.

compositions. Owing to the complexity of the data, we also
show the data for each sample (individual plots for each value
of x) in Figs. 19–31 in the Appendix.

At a course level, the LaMnxSb2 samples all have metal-
lic transport behavior with relatively low residual resistance
ratios, RRR = R(300 K)/R(2 K), consistent with the sub-
stantial vacancy concentrations. Both magnetic and transport
results indicate that LaMnxSb2 has rich, composition and
temperature-dependent magnetic behavior. The M/H datasets
in Fig. 5 show the onset of an initial antiferromagnetic feature
at T1 = 130–180 K, where the transition temperatures increase
with x. Likewise, the resistance curves in Fig. 6 all exhibit
a clear loss of spin disorder scattering at T1, signaling the
emergence of magnetic order. The values of T1 are consistent
between magnetic and transport measurements, and below T1,
most of the samples have additional transitions upon further
cooling. In the following paragraphs, we outline the evolution
of the magnetic states as the vacancy concentration is raised
from x = 0.74 to x = 0.97. The discussion is organized such
that we present data from Figs. 5–8 for samples grouped into
regions of x that show similar behavior, roughly correspond-
ing to a low-x region with three transitions (x = 0.74–0.78), a
middle region with one or two transitions (x = 0.79–0.87), and
a high-x region with two or three transitions (x = 0.89–0.97).
We outline this below in detail.

The magnetic data in Figs. 5(a) and 5(e) and resistance
data in Fig. 6(a) show that the low-x LaMnxSb2 samples with
x = 0.74–0.78 first enter a magnetically ordered state at T1

≈ 130 K, below which the behavior is complicated. For the
H ‖ c orientation [Fig. 5(a)], M/H reaches a peak at T1, and
further cooling reveals a broad hump centered at ≈ 50–60 K,
which may be indicative of a spin reorientation. For H ⊥ c
[Fig. 5(e)], the susceptibility shows a kink at T1 and mono-
tonically increases upon further cooling, with two more kinks

that appear at similar temperatures as the broad, hump-like
feature observed in the H ‖ c data. Based on the d (χT)/dT
derivatives [Figs. 19(b), 20(b), and 21(b) in the Appendix], the
low x samples each have two additional transitions below T1.
Of these, only the higher-temperature transition is observed in
the resistance derivatives [Fig. 6(d)], which likely reflects the
relatively low RRR. The lower-temperature transitions do not
trend monotonically with x, and are both maximized at T2 ≈
81 K and T3 ≈ 64 K for x = 0.76.

The magnetic and transport properties substantially change
when x > 0.79. The most prominent difference is the
abrupt disappearance of the two lower-temperature transitions
observed in the x � 0.78 samples. Likewise, the 2 K magne-
toresistance found in Fig. 8 switches from having a positive to
negative field dependence when x > 0.79. Finally, the RRRs
increase abruptly when x < 0.79 [see Fig. 6(g)]. These sudden
changes near x = 0.78–0.79 are excellent agreement with the
change from P4/nmm to I4̄2m symmetry we observe when
x � 0.78. The low-x I4̄2m structure, with three distinct Mn
sites, apparently allows for two additional transitions below
T1, which both abruptly vanish when the structure changes
to the P4/nmm variant. Likewise, the partial ordering of the
Mn vacancies in the I4̄2m arrangement is consistent with
the higher RRRs observed for the lowest x samples, despite
nominally having more vacancies.

For LaMnxSb2 samples with x = 0.81–0.87, the tempera-
ture dependence of M/H remains qualitatively similar to the
lower x samples, as M/H reaches a peak at T1 when H ‖
c and increases rapidly below the transition when H ⊥ c.
The samples with x = 0.85 and x = 0.87 undergo a second
transition, T2, below T1 [see the arrows marking T2 in Fig. 5(f)
and in Figs. 6(b) and 6(e)]. T2 increases from 29 K to 65 K as x
is increased from 0.85 to 0.87. We note that separate magnetic
and transport data was recently published by Yang et al. for
samples with x = 0.84 and x = 0.86 [39]. Our measurements
are largely in agreement with the earlier data; however, Yang
et al. observe only a single transition in both samples, whereas
we clearly observe two transitions when x � 0.85. Given
the otherwise good agreement between measurements, this
discrepancy likely reflects the uncertainty in the composition,
in which the samples reported by Yang et al. may have slightly
lower values of x than the corresponding samples reported
here.

The behavior of M/H again significantly changes when x
� 0.89. First, Figs. 5 and 7 both suggest that the easy direction
switches from axial (moments oriented along c) to planar (mo-
ments within the ab plane) when x > 0.89. This change is most
clear in the M(H) isotherms shown in Fig. 7. Here, samples
with x � 0.89 undergo metamagnetic transitions when H ‖ c,
and the onset field moves to lower H as x increases. When
x � 0.91, metamagnetism is instead observed when the field
is applied in the ab plane [see the inset to Fig. 7(f)], and the
onset fields shift to higher H as x is increased. The change in
sample orientation for which metamagnetism occurs clearly
suggests the orientation of the ordered moment changes from
axial to planar as x > 0.89.

Furthermore, the behavior of M/H at T1 changes when x
� 0.89. Unlike the lower-x samples for which a peak in M/H
is observed at T1 when H ‖ c, the M/H for x � 0.89 samples
have a more subtle feature at T1. Here, instead of a peak, the
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FIG. 5. Temperature-dependent magnetic susceptibility (M/H) for LaMnxSb2 (all field cooled). The panels display data for different ranges
of x as follows: [(a)–(d)] Data collected with H ‖ c where (a) x = 0.74–0.79, (b) x = 0.81–0.87, and (c) x = 0.89–0.97. (d) Close-up view
of the same data in (c). [(e)–(f)] Data the same respective ranges of x for H ⊥ c. The insets in (a) and (e) show close-up views of the data at
lower temperature. The arrows mark the transitions as determined by the d (χT)/dT derivatives (see Appendix). Note the different scale bars
for different panels.

H ‖ c and H ⊥ c datasets begin to split away from each other
(see Figs. 27–31 in the Appendix); however, M/H continues
to increase with further cooling in both sample orientations.
When x = 0.89–0.92, two lower-temperature transitions are
observed below T1, as denoted by the arrows in Figs. 5(d),
5(h), and 6(f). In particular, Fig. 5(d) shows that M/H under-
goes a very sharp drop at T2 for x = 0.89 and at T3 for x = 0.91
and 0.92. The step-like drop suggests a first-order transition,
and Fig. 16 in the Appendix shows that T3 has measurable
hysteresis between warming/cooling sweeps, confirming that
this transition is first order

Finally, the highest x samples with x > 0.93 enter a mag-
netically ordered state at T1 = 170–180 K and undergo a
second transition at T2 = 150–170 K where M/H reaches a
maximum in both sample orientations. Below the peak, M/H
falls monotonically when H ⊥ c and has more complicated be-
havior in the H ‖ c orientation, with a prominent minima near
140–150 K. These magnetization data suggest that samples
with x � 0.93 undergo two closely spaced transitions below
T1. However, field-dependent measurements shown in Fig. 17
in the Appendix suggest the lowest-temperature transition is
a finite-field phase that is absent at lower fields but starts to
become observable at ≈ 1 kOe and separates from the T ≈

150 K transition by moving to lower temperatures as the field
is increased towards 10 kOe. Likewise, zero-field resistance
measurements (see Fig. 6) show only two transitions. We
therefore conclude that when x � 0.93, LaMnxSb2 has two
intrinsic zero-field transitions as denoted in the phase dia-
gram, but shows rich field-dependent behavior where several
new phases are observed at H > 1 kOe. We note that for
samples with x < 0.93, measurements at both lower and higher
fields are not substantially different than the H = 1 kOe data
presented in Fig. 5.

Figure 9 summarizes the above results in a temperature-
composition (T–x) phase diagram. The phase diagram high-
lights the complexity of the magnetism in LaMnxSb2, showing
there are at least six magnetically ordered states, depending
on the temperature and x. The samples with closest to full Mn
occupancy, x = 0.93–0.97, undergo two magnetic transitions,
where both transition temperatures T1 and T2 fall with decreas-
ing x. Starting near x ≈ 0.92, there is third transition, which
is first-order and occurs at higher temperatures as x decreases,
such that T3 moves above T2 at x ≈ 0.9.

The magnetic behavior distinctly changes at x = 0.89.
Based on the anisotropy observed in temperature and field-
dependent magnetization data, the direction of the ordered
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FIG. 6. Temperature dependence of the normalized resistance R(T)/R(300 K) for LaMnxSb2. The curves are offset for clarity. The panels
show data for different ranges of x as follows: (a) x = 0.74–0.79, (b) x = 0.81–0.87, and (c) x = 0.89–0.97. [(d)–(f)] The respective derivatives
dR/dT corresponding to the data in (a)–(c). The arrows denote the magnetic transitions. (g) Residual resistance ratio (RRR) for each sample,
where the RRR’s are the average of 3 to 5 measurements for each x.

moment shifts from planar to axial orientation when x � 0.89.
At intermediate x = 0.79–0.87, T1 and T2 continue to fall
monotonically as x is lowered, and T2 is not observed below x
= 0.85. Further decreasing the Mn occupancy below x � 0.78
results in a change in the crystal structure from a P4/nmm
arrangement with a crystallographically disordered Mn sub-
lattice to a I4̄2m structure with partial ordering of the Mn
vacancies. The change in crystal structure is marked by the
vertical dashed line in Fig. 9. The structural transition results
in the appearance of two low-temperature transitions below T1

and a crossover from negative to positive magnetoresistance
regimes at the lowest x.

C. Magnetic structures of LaMnxSb2 for x = 0.93

Considering the possibility for electronic structure topol-
ogy associated with the Sb net, the ability to tune between
numerous magnetically ordered phases by varying the Mn
occupancy x may allow access to multiple topological states in
LaMnxSb2. Ultimately, neutron diffraction experiments cov-
ering each of the salient regions of the phase diagram are

needed to provide the magnetic ordering wave vector and
magnetic moment direction of each region that will lead to
understanding of what topological phases can occur within
the LaMnxSb2 system. Such work is beyond the scope of the
present text, so we limit ourselves here to the discussion of
the highest x region closest to the ideal LaMnSb2 (x = 1)
compound.

Figure 10 shows powder neutron diffraction patterns for a
x = 0.93 sample that were measured at 200 K, 160 K, and
20 K, corresponding to the paramagnetic state and two or-
dered states found in the highest x region of the phase diagram.
At 200 K, the neutron data shown in Fig. 10(a) are consistent
with a paramagnetic state, since all observed Bragg peaks
correspond to the nuclear peaks anticipated for the P4/nmm
structure. Several very weak reflections can also be indexed
to MnSb, as was the case in the PXRD data. After cooling to
160 K, Fig. 10(b) shows the emergence of three new peaks not
found in the 200 K paramagnetic data, pointing to a reduction
of symmetry associated with the onset of long-range antifer-
romagnetic order. Likewise, additional Bragg peaks are again
observed in the 20 K pattern shown in Fig. 10(c). Because
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FIG. 7. Field-dependent magnetization for LaMnxSb2 measured at 5 K. The panels show data for different ranges of x as follows. [(a)–(c)]
Data collected with H ‖ c for (a) x = 0.74–0.79, (b) x = 0.81–0.87, and (c) x = 0.89–0.97. [(d)–(f)] Data in the same respective ranges of x for
H ⊥ c. The insets in (c) and (f) are close-up views of the low-field data.

the 90 K (below both T1 and T2) synchrotron PXRD patterns
discussed previously [Figs. 3(c) and 3(d)] show no peaks
beyond those expected from the P4/nmm structure, the new
reflections observed in the neutron data must be associated
with the magnetic order.

The magnetic reflections in the 160 K data [Fig. 10(b)]
are consistent with a propagation vector of τ = (0 0 1/2),
corresponding to a magnetic unit cell that is double the chem-
ical unit cell along the c direction. The additional Bragg
peaks are (1 0 L), where L = (2n+1)/2, and n is an in-
teger. The allowed magnetic structures were determined by
group-subgroup analysis of the propagation vector τ = (0 0
1/2) applied to the high-temperature crystal structure using
SARAh-Representational Analysis [60]. The symmetry anal-
ysis produces four allowed irreducible representations (IRs),
and their associated basis vectors (BV) are given in Table III.

Of the four IR’s, �3 and �9 describe A-type antiferromag-
netic structures in which the moments are respectively aligned
along the c axis (�3) or within the ab plane (�9). The magnetic
structures corresponding to these IR’s can be ruled out, as �3

fails to capture all of the observed magnetic Bragg peaks,
whereas �9 leads to expected peaks that are not found in
the 160 K diffraction pattern. The �6 and �10 IR’s are both
consistent with the observed Bragg peaks in Fig. 10(b) and
correspond to G-type structures with axial and planar moment
directions, respectively. Figure 10(b) shows the refinement
using the planar G-type structural model corresponding to
�10. The simulated pattern matches reasonably well with the
experimental data, with Rwp = 3.46 and Rmag = 16.4, indi-
cating a satisfactory refinement. Using the alternative, axial
G-type structure described by �6 leads to a slightly worse
refinement with Rwp = 3.60 and Rmag = 19.2. To fully re-
solve the ambiguity, we also conducted single-crystal neutron
diffraction, and the data is shown in Fig. 18 in the Appendix.
The single-crystal neutron diffraction measurements indicate
the moment direction is within the ab plane, ruling out the �6

structure.
The refined magnetic structure is illustrated in Figs. 11(a)

and 11(b). At 160 K, LaMn0.93Sb2 adopts a G-type an-
tiferromagnetic structure in which the Mn moments align
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FIG. 8. Transverse magnetoresistance of LaMnxSb2 samples
measured at 2 K with H ‖ c and I ⊥ c. The panels show data for
different ranges of x as follows: (a) x = 0.74–0.79, (b) x = 0.81–0.87,
and (c) x = 0.89–0.97.

FIG. 9. Temperature-composition (x) phase diagram for
LaMnxSb2. The transition temperatures were determined by the
local maxima in d (χT )/dT (filled points correspond to H ‖ c and
open points to H ⊥ c) and dR/dT (crossed points). The vertical
dashed black line on the left marks the structure change below x
� 0.78, and the asterisk on the transition labels also refer to the
different crystal structure.

antiparallel within the basal plane and stack in alternating
directions along the c axis. As noted above, this structure is
described by the �10 IR, and the refined moment is μtot =
1.4(8) μB/Mn. Very recently, Yang et al. reported neutron
diffraction data for a LaMnxSb2 sample with x = 0.86, and
found that this composition also adopts a G-type antiferro-
magnetic structure, but with spins oriented along the c axis
[39]. These results are consistent with our magnetic mea-
surements that indicate the direction of the ordered moment
changes from planar to axial alignment when x � 0.89.

The neutron powder pattern collected at 20 K [Fig. 10(c)]
shows several new Bragg peaks, marked by arrows in
Fig. 10(c), indicating the magnetic structure is different than
that observed at 160 K. The magnetic Bragg peaks in the 20 K
neutron data can again be indexed to a propagation vector
of τ = (0 0 1/2); however, both �9 and �10 are needed to
capture all of the observed reflections. Refinement using the
basis vectors ψ4 and ψ5, or equivalently, ψ3 and ψ6 of �9

and �10 respectively produces the magnetic structure shown in
Fig. 11(c), with reasonable statistics of Rwp = 3.72 and Rmag

= 6.91.
Upon cooling below T2, we find that the G-type mag-

netic structure distorts by a rotation of the magnetic moments
within the basal plane as seen by comparing Figs. 11(b) and
11(d). The direction of the rotation alternates between Mn
layers such that the moments remain antiparallel when stacked
along the c axis. The distortion corresponding to rotation of
the moment directions within the plane requires the addition
of the �9 IR to the collinear structure described by �10 that
is observed at 160 K. This structure is consistent with the
experimental magnetic anisotropy (see Figs. 5 or 30), which
also indicated that the moment direction is primarily within
the basal plane. The refinement suggests the total moment
associated with the Mn atoms is 3.51(2) μB at 20 K. Given our
2 K M(H) measurements shown in Fig. 7 indicate a maximum
moment of 1.4 μB/Mn at 70 kOe, these results likely suggest
additional metamagnetism should occur at higher fields.

D. Electronic band structure

Having determined the magnetic structures for the high-
x region of the phase diagram, we used density functional
theory (DFT) to calculate the electronic band structure of
LaMnxSb2 in the paramagnetic and magnetic states, assum-
ing x = 1 (no Mn vacancies). Figure 12(a) shows the band
structure calculated with spin-orbit coupling in the paramag-
netic (or nonmagnetic) phase. The projection overlaid on the
band structure shows that the states around the Fermi level
(EF) are mostly derived from the Mn 3d orbitals, which form
relatively flat bands with small dispersion and contribute to a
large density states near the EF to induce magnetic exchange
splitting. In contrast, the states with large band dispersion are
derived from Sb 5p orbitals and well below the EF, except for
along certain directions, such as the M-� and A-Z directions,
where they also overlap with Mn 3d bands.

Figures 12(b) and 12(c) display the band structures zoomed
in near the EF for the collinear G-type antiferromagnetic
structure and lower-temperature noncollinear antiferromag-
netic state, respectively. The DFT calculations indicate that
the noncollinear structure is 28 meV/f.u. more stable than the
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FIG. 10. Time-of-flight (TOF) powder neutron diffraction patterns for x = 0.93 LaMnxSb2 collected at (a) 200 K, (b) 160 K, and (c) 20 K.
The left panels are the full patterns and the right panels are a close-up view of the low time-of-flight (TOF) data. The black arrows mark the
magnetic Bragg peaks not present in the 200-K data.

collinear structure, consistent with the experimental finding of
the noncollinear ground state. Likewise, the calculated mag-
netic moment is 3.8 μB/Mn, in reasonably agreement with

TABLE III. Irreducible representations and corresponding basis
vectors (BV) for the space group P4/nmm with τ = (0, 0, 1/2). The
decomposition of the magnetic representation for the Mn site (3/4,
1/4, 0) is �1

3 + �1
6 + �2

9 + �2
10. The atoms of the nonprimitive basis

are chosen to be 1: (3/4, 1/2, 0), 2: (1/2, 3/4, 0).

BV components

IR BV Atom m‖a m‖b m‖c im‖a im‖b im‖c

�3 ψ1 1 0 0 8 0 0 0
2 0 0 8 0 0 0

�6 ψ2 1 0 0 8 0 0 0
2 0 0 -8 0 0 0

�9 ψ3 1 4 0 0 0 0 0
2 4 0 0 0 0 0

ψ4 1 0 −4 0 0 0 0
2 0 −4 0 0 0 0

�10 ψ5 1 4 0 0 0 0 0
2 −4 0 0 0 0 0

ψ6 1 0 4 0 0 0 0
2 0 −4 0 0 0 0

FIG. 11. Magnetic structure for x = 0.93 LaMnxSb2 at (a) and
(b) 160 K, (c) and (d) 20 K. [(b),(d)] Perspectives looking down the
c axis showing the in-plane rotation of the Mn moments in the 20-
K structure. The color code is as follows: green, La; blue, Mn; and
brass, Sb. The red arrows depict the orientation of the Mn moments.
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FIG. 12. Electronic band structure for LaMnSb2 (assuming x =
1) calculated in (a) the paramagnetic state, (b) the collinear G-type
antiferromagnetic structure, and (c) the noncollinear antiferromag-
netic structure. The cyan shading in (a) represents the projection of
the Mn-3d orbitals. The blue and green shading in (b) and (c) repre-
sent the Mn dxz and dyz orbital projections, respectively.

the 3.5 μB moment inferred from the 20-K neutron data. The
valence bands just below the EF near the M and A points are
derived from the Mn dxz orbitals (green), while the conduction
band just above the EF are derived from the Mn dyz orbitals

(blue). This splitting reflects that the magnetic moments in
the collinear state are along the a axis. Entering the lower-
temperature noncollinear state, as shown in Fig. 12(c), the
valence and conduction bands near the M and A points now
both have a mixture of dxz and dyz character, which favors a
larger splitting and gives a more stable magnetic state than the
collinear case. For the collinear configuration, the spin mo-
ment is also near 3.8 μB/Mn. The smaller measured apparent
moment at T = 160 K is due to partially random orientation of
moments at elevated temperature. Because our magnetization
isotherms obtained at T = 2 K only reach maximum values of
≈ 1.4 μB/Mn, the larger moment inferred by both neutron
diffraction and the DFT calculations strongly suggest that
additional metamagnetic transitions will occur above 70 kOe.

The calculated band structures in Figs. 12(b) and 12(c) also
show Dirac-like band dispersion from the gaped nodal lines
along the M-� and A-Z directions located ≈ 0.6 eV below
the EF. These Dirac-like bands are derived from the Sb 5p
orbitals that make up the square net and are reminiscent of the
bands near EF in the isostructural CaMnBi2. In LaMnxSb2,
the presence of trivalent La in place of divalent Ca should
make LaMnxSb2 (with x > 0.5) electron rich compared to
CaMnBi2 and move EF to higher energy (assuming a rigid
band model), which is consistent with our calculated results
showing EF well above the Dirac-like dispersion for x = 1.
In both magnetic phases, the calculations show gaped Dirac-
like bands ≈ 0.6 eV below the Fermi level. This finding
unfortunately suggests the LaMnxSb2 samples with x close
to 1 are unlikely to display the topological physics associated
with the Sb p-orbital derived Dirac-like bands on the square
lattice. Because each Mn vacancy will in principle introduce
two holes into the valence band, EF should move closer to the
Dirac-like dispersion in the samples with lower x.

IV. DISCUSSION

Our paper shows that it is possible to chemically manip-
ulate the Mn occupancy in LaMnxSb2. The high vacancy
concentrations endemic to LaMnxSb2 likely arise from an
attempt to achieve charge balance, which can be seen by com-
parison with other AMSb2 compounds. In LaMnxSb2, there
are two unique Sb atoms in each unit cell, one bonded to the
Mn atoms in tetrahedrally coordinated layers, and the second
bonded only to other Sb atoms and forming a 2D square
net (see Fig. 1). According to the electron counting rules
described by Hoffman [61], the formal charge on the antimony
atoms in the Mn-Sb layers should be 3- and for those in the
square net should be 1-, giving a net 4- charge from the anions.
When both the transition metal and A cations are divalent, for
example M = Mn, Fe, Co, Ni, Zn and A = Ca, Sr, Ba, Eu, Yb,
the net positive charge balances the negative charge from the
Sb, and vacancies are not reported in these AMP2 compounds
[21,22,24,62–64]. Likewise, charge balance is also achieved
in RAgSb2 and RAuSb2, where R is a trivalent rare earth and
M is the monovalent Ag or Au, and no (or considerably fewer,
x = 0.9–1 for Au) Ag/Au vacancies are reported [33,36].
On the other hand, the AM1−xP2 combinations in which A is
trivalent and M is divalent are nominally electron rich for x
= 0. In these cases, the vacancies, with x reported as low as
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0.5 [35,36,65], move the total electron count closer to charge
balance.

Here, we are able to grow single-crystalline LaMnxSb2

with x spanning ≈ 0.74–0.97 simply by varying the com-
position of the starting melt. Whereas the distance between
the Dirac bands and the Fermi level indicate LaMnxSb2 is
unlikely to display topological physics, our measurements
demonstrate that LaMnxSb2 is nonetheless a remarkably
tuneable material in which the magnetic state is strongly
dependent on the Mn occupancy. One possible explanation
for this behavior is found in the electronic band structure.
Figure 12 shows a very flat band near EF along X–M–G, which
is derived from Mn d orbitals. Such a flat band should produce
a spike in the density of states. In intermetallic compounds,
the exchange interaction and proclivity towards magnetic or-
der depend intimately on the density of states at the Fermi
level DOS(EF ); consequentially, increasing the number of Mn
vacancies will lower EF , change DOS(EF ), and likely alter the
magnetic structure.

Another observation from our data is that compared to
other AMnP2 materials, the magnetic ordering temperatures
for LaMnxSb2 are surprisingly low. Depending on the specific
compound, the Mn sublattices in other AMnP2 compounds,
where A = Ca, Sr, Ba, Eu, or Yb, are all reported to
order antiferromagnetically at TN ≈ 270–350 K [14,16–
18,20–23,25,31,32,63,64], temperatures approximately dou-
ble the initial transitions (T1 = 130–180 K) observed here
in LaMnxSb2. The possibility of magnetic transitions above
300 K can likely be ruled out in LaMnxSb2 by the neu-
tron diffraction, as the patterns collected at 200 K show no
additional reflections beyond the anticipated nuclear peaks,
indicating there is no long range order above T1. Likewise,
the temperature and field-dependent magnetic data collected
above T1 are consistent with paramagnetic behavior.

Whereas it may be tempting to relate the low-ordering
temperatures with the disorder associated with the Mn va-
cancies, this notion is inconsistent with the weak trend of T1

with x, which suggests an extrapolated ordering temperature
still below 200 K for a hypothetical disorder-free LaMnSb2

(x = 1). More realistically, the higher position of the Fermi
level in LaMnxSb2 compared to the other AMnP2 materials
substantially changes the DOS(EF ) and likely results in a
relatively low-ordering temperature.

V. SUMMARY AND CONCLUSIONS

We studied evolution of the magnetic and transport proper-
ties of LaMnxSb2 as a function of Mn vacancy concentration
x. By altering the composition of ternary La–Mn–Sb melts, we
are able to control the Mn occupancy and produce single crys-
tals of LaMnxSb2 with x ≈ 0.74–0.97. Whereas some previous
publications indicate LaMnxSb2 may order ferromagnetically,
our paper unambiguously demonstrates that LaMnxSb2 is a
complex antiferromagnet. We provide evidence suggesting
earlier reports of ferromagnetism can be explained by the
presence of a small of MnSb impurity, which masks the intrin-
sic properties of LaMnxSb2 unless it is carefully removed. Our
transport and magnetic measurements show that LaMnxSb2

has an rich composition-temperature phase diagram, first en-
tering into an antiferomagnetic state at T1 ≈ 130–180 K and

with six possible magnetic phases accessible by changing the
temperature and Mn occupancy. Powder neutron diffraction
data show that at high values of x � 0.93, LaMnxSb2 first
orders in a collinear G-type antiferromagnetic arrangement,
with moments aligned within the basal plane, and this is
followed by a second transition into a noncollinear state where
the moments are rotated within the plane. Furthermore, we
observe a change in the crystal structure from the high-x
P4/nmm arrangement to a low-x I4̄2m structure when x �
0.78. The change in structure is associated with partial order-
ing of the Mn vacancies and results in the sudden appearance
of two new magnetic states below T1 and a crossover from
negative to positive magnetoresistance regimes when x falls
below 0.79. Ultimately, additional neutron diffraction mea-
surements will be needed to assess the numerous magnetic
phases; however, given the ability to tune between six mag-
netically ordered states and two crystal structures, LaMnxSb2

appears to be a rich playground for studying different phases
within a single material system.
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APPENDIX

1. Removal of the MnSb second phase

As discussed in the crystal growth section, the LaMnxSb2

crystals always formed with a small fraction of a MnSb
impurity (see the right inset to Fig. 2) that is normally vis-
ible as small droplets or patches of residual self-flux on the
surfaces of the crystals. Figure 13 shows a powder x-ray
diffraction pattern obtained from the solidified decant. The
pattern indicates that the primary phase in the decanted liquid
is MnSb, with smaller amounts of LaMnxSb2 and the known
ternary compound La6MnSb15. The high fraction of MnSb
in the decant is consistent with our discussion in the main
text and implies that the MnSb secondary phase found on
our LaMnxSb2 crystals forms from residual flux that is not
completely removed during the centrifugation/decanting step.
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FIG. 13. (a) Powder x-ray diffraction pattern obtained from the
solidified decanted liquid that passed through the frit disc and was
captured by the catch crucible. (b) A close-up of the low-intensity
data to better see the weaker peaks. The experimental pattern is com-
pared with the simulated diffraction patterns for LaMnxSb2, MnSb,
and La6MnSb15, showing the decant to be primarily composed of
MnSb, with smaller quantities of LaMnxSb2 and La6MnSb15. The
vertical lines in (b) show the expected position of the Bragg peaks
for each phase.

Because MnSb is a known ferromagnet with TC > 300 K
[43,44], it was essential to eliminate the impurity to avoid
obscuring the intrinsic features in the magnetic data. This
is especially pertinent given that some of the limited data
available also suggests that LaMnxSb2 is ferromagnetic with
a TC ≈ 310 K [34]. To remove the MnSb, we carefully
polished each surface of our sample. After this cleaning step,
the crystals were no longer attracted to a Nd2Fe14B magnet,
suggesting LaMnxSb2 is not intrinsically ferromagnetic at
room temperature.

Figures 14(a) and 14(b) show the field-dependent magne-
tization M(H) curves collected on the cleaned LaMnxSb2 at
300 K. The magnetization increases linearly with H up to

FIG. 14. Field-dependent magnetization for LaMnxSb2 mea-
sured at 300 K. (a) Results for samples oriented with H ‖ c and (b) for
H ⊥ c.

FIG. 15. Field-dependent magnetization data measured at 300 K
on “dirty” samples of LaMnxSb2 containing a MnSb impurity (solid
points). The open points show the data after polishing all surfaces of
the sample to remove the MnSb. (a) Data for x = 0.76 and (b) for x =
0.93. Both samples show clear signatures of ferromagnetic behavior
at low fields, superimposed on the intrinsic linear behavior of the
LaMnxSb2.
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FIG. 16. Close-up view of M/H around T3 in (a) x = 0.91 and
(b) x = 0.92 LaMnxSb2. Both datasets show measurable hysteresis
between warming/cooling sweeps, indicating T3 corresponds to a
first-order transition.

the highest fields, inconsistent with ferromagnetic order at
room temperature. These results should be contrasted with
the data found in Fig. 15, which shows T = 300 K M(H)
isotherms obtained on as-grown samples still containing resid-
ual MnSb on their surfaces. The magnetization of the MnSb
contaminated samples increases rapidly upon application of a
small field, and at ≈ 2 kOe, begins to show a more gradual,
linear, field dependence that persists up to 55 kOe. The open

points in Fig. 15 show the magnetization of the same samples
after polishing, demonstrating that the low-field saturation is
eliminated once the surfaces have been cleaned. Therefore,
the results in Figs. 15(a) and 15(b) can be interpreted as
the signal from the ferromagnetic impurity (MnSb) imposed
on the intrinsic antiferromagnetic properties of LaMnxSb2.
In both cases, the MnSb moments are quickly polarized by
≈ 2 kOe, which gives the steep rise in M at low fields. Above
2 kOe, the linear increase of M is the intrinsic signal from
LaMnxSb2 in the paramagnetic regime.

Based on the above results, we conclude that LaMnxSb2

is not a TC > 300 K ferromagnet. Considering that MnSb
appears to readily form from La–Mn–Sb melts and is present
as a second phase in all of our as-grown samples, it is very
likely that the polycrystalline samples previously character-
ized also contained a small amount of MnSb that lead to the
misattribution of ferromagnetism to LaMnxSb2.

2. Additional magnetic data for LaMnxSb2

The magnetic data presented in Fig. 5 in the main text
shows a striking change in the behavior near x = 0.89. The
M/H for x = 0.89 prominently features a very strong, step-like
drop at 117 K, indicating a first-order transition. The data for
x = 0.91 and x = 0.92 samples show similar transitions (T3),
but the drops in M/H are not as sharp, making it ambiguous
whether these are first- or second-order transitions. In our T–x
phase diagram, shown in Fig. 9, we interpret T3 as increasing
in temperature as x is lowered, such that T3 crosses above T2

FIG. 17. [(a),(c)] Temperature-dependent M/H and resistance data for a x = 0.93 crystal and collected at different fields between 0.2–11
kOe. [(b),(d)] The derivatives, d (χT)/dT and dR/dT, of the curves in (a) and (c) respectively, with arrows marking the assigned magnetic
transitions. (e) A H-T phase diagram assembled from the data in (a)–(d). The closed points are from the magnetic data and the crossed open
points from the resistance data. All dashed lines are guides to the eye.
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FIG. 18. Results from single-crystal neutron diffraction for a x
= 0.93 LaMnxSb2 sample. (a) Intensity of the [1 0 L] Bragg peaks
at 155 K. The blue points are the experimental data, and the green,
purple, and orange points the calculated intensities assuming the
moments are respectively aligned along [1 0 0], [0 0 1], or [1 1 0].
Temperature dependence of the (1 0 0.5) and (0 0 1.5) Bragg peaks.
The solid lines show the behavior expected for a mean-field-like
transition.

near x ≈ 0.9. Because such a crossing between T2 and T3 is
only possible if one of the transition is first order [66], we
show in Fig. 16 a close-up view of T3 in x = 0.91 and x = 0.92
samples. Each dataset shows measurable hysteresis between
warming and cooling sweeps, confirming T3 is a first-order
transition, as expected.

The magnetic data for samples with x � 0.93 ambiguously
suggest there are three magnetic transitions, the first occur-
ring at ≈ 170–180 K and followed by two closely spaced
transitions near 150 K, whereas the corresponding resistance
data does not show any evidence for the lowest-temperature
transition. Figures 17(a) and 17(b) show M/H and resistance
curves collected at fields ranging from 0.2–11 kOe for a x
= 0.93 sample, and the corresponding derivatives d (χT)/dT
and dR/dT are given in Figs. 17(b) and 17(d). We find that
in addition to the complex composition-dependent magnetic
properties outlined in Figs. 5 and 9, LaMnxSb2 samples with

x � 0.93 also have a rich H-T phase diagram as summarized
in Fig. 17(e).

The 200 Oe data shows only two transitions, at 169 K
and 146 K, consistent with the two transitions detected in the
zero-field resistance data. The decrease in M/H and peak in
d (χT)/dT corresponding to the lower-temperature transition
both broaden as the field is increased, and by 2 kOe, has
clearly split into two transitions at ≈146 K and 140 K. A
fourth transition is discernible in the 4 kOe data, and the
two lowest-temperature transitions are steadily suppressed to
lower temperatures as the field increases. These results in-
dicate that the lowest-temperature transitions suggested by
the M/H data in Fig. 5 for x � 0.93 correspond to a finite
field phase and are therefore not included in the T-x phase
diagram. Whereas the two lower-temperature transitions are
not detectable in the resistance data, the higher-temperature
transitions are in good agreement with those determined from
the magnetic data. This interpretation is consistent with our
neutron diffraction data, which detect only two zero-field tran-
sitions for x = 0.93. We finally emphasize that for samples
with x < 0.93, M/H measurements at lower and higher fields
(up to 10 kOe) are not substantially different that the 1 kOe
data in Fig. 5.

3. Additional neutron diffraction results

The powder neutron diffraction presented in Fig. 10 of
the main text implies a G-type magnetic structure; however,
we cannot confidently distinguish between arrangements in
which the moments are aligned within the basal plane or
along the c axis. Analysis of single-crystal neutron diffraction
measurements resolved the ambiguity. Figure 18(a) shows the
intensities of the [1 0 L] Bragg peaks from single-crystal neu-
tron diffraction measurements that were conducted at 155 K.
The dashed lines show the projected intensities assuming that
the moments are aligned along [1 0 0], [0 0 1], or [1 1 0].
We find that the experimental data is in good agreement with
the calculated results for moments along [1 0 0]; i.e., the
single-crystal neutron diffraction implies the Mn moments are
aligned within the basal plane.

Figure 18(b) shows the temperature dependence of the (1
0 0.5) and (0 0 1.5) single-crystal neutron diffraction peaks,
indicating two transitions at ≈170 K and 150 K in good
agreement with the M(T) and R(T) results. The solid lines
show both transitions are mean-field-like near TN .

4. Magnetic data for individual LaMnxSb2 samples

For clarity, Figs. 19–31 shown below give the individ-
ual M(T)/H, d (χT)/dT, and M(H) data for each sample of
LaMnxSb2 separated for unique values of x. The data is the
same as that presented in Figs. 5, 7, 14.
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FIG. 19. Magnetic properties of LaMnxSb2 (x = 0.74). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.

FIG. 20. Magnetic properties of LaMnxSb2 (x = 0.76). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.
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FIG. 21. Magnetic properties of LaMnxSb2 (x = 0.78). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.

FIG. 22. Magnetic properties of LaMnxSb2 (x = 0.79). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.
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FIG. 23. Magnetic properties of LaMnxSb2 (x = 0.81). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.

FIG. 24. Magnetic properties of LaMnxSb2 (x = 0.83). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.
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FIG. 25. Magnetic properties of LaMnxSb2 (x = 0.85). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.

FIG. 26. Magnetic properties of LaMnxSb2 (x = 0.87). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures. The inset shows a close-up of the
low-temperature transition in the H ‖ c orientation. (c) Field-dependent magnetization at 5 K, and (d) field-dependent magnetization at 300 K.
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FIG. 27. Magnetic properties of LaMnxSb2 (x = 0.89). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K. The inset in (a) shows a close-up view of the M/H for H ⊥ c with the two lower-
temperature transitions marked with arrows.

FIG. 28. Magnetic properties of LaMnxSb2 (x = 0.91). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.

114203-21



TYLER J. SLADE et al. PHYSICAL REVIEW MATERIALS 7, 114203 (2023)

FIG. 29. Magnetic properties of LaMnxSb2 (x = 0.92). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.

FIG. 30. Magnetic properties of LaMnxSb2 (x = 0.93). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures, (c) field-dependent magnetization
at 5 K, and (d) field-dependent magnetization at 300 K.
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FIG. 31. Magnetic properties of LaMnxSb2 (x = 0.97). (a) Temperature-dependent magnetic susceptibility, (b) temperature-susceptibility
derivatives [d (χT)/dT] with the arrows marking the peaks used to assign magnetic transition temperatures. The inset shows a close-up of the
transition near 180 K. (c) Field-dependent magnetization at 5 K, and (d) field-dependent magnetization at 300 K.
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