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Metamagnetic transitions associated with two antiferromagnetic phases of PrMn1−xSb2

and its magnetic phase diagram
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PrMn1−xSb2 exhibits two antiferromagnetic orders that are attributed to the two magnetic elements Mn and
Pr. Both magnetic phases have an intriguing magnetic structure as the magnetic moments are tilted from the
principal crystal axes, but the magnetic properties had not been studied in detail. We grew single crystals of
PrMn1−xSb2 and measured the temperature and magnetic field dependencies of magnetization for different field
directions. We found that both Mn and Pr moments undergo a metamagnetic transition at different temperatures
and different field directions. A spin-flop transition was observed prior to the metamagnetic transition of the
Mn sublattice when the magnetic field (H) was applied parallel to the crystallographic a axis, but not for H ||
[110], reflecting the magnetic anisotropy. The destruction of the antiferromagnetic order of the Mn sublattice
via metamagnetic transition promoted the ordering of the Pr moments, indicating that the two antiferromagnetic
phases are in competition. The magnetic phase diagrams determined from our measurements indicate that the
present compound is strongly anisotropic and exhibits a far richer variety of magnetic states than the other
compounds in the same material family AMnX2 (A: alkaline earth or rare earth element; X: Sb or Bi).

DOI: 10.1103/PhysRevB.104.054408

I. INTRODUCTION

Manganese pnictide compounds AMnX2 (A: alkaline earth
or rare earth element; X: Sb or Bi) have attracted consider-
able attention in recent years. These materials have layered
structures with a tetragonal (I4/mmm or P4/nmm) or a slightly
distorted tetragonal (orthorhombic, Pnma or Imm2) symmetry
[1–8]. It has been argued that the electronic states of the
two-dimensional square net of X atoms form a Dirac cone near
the Fermi energy [9,10]. The Mn moments display an antifer-
romagnetic order, and it was demonstrated that the magnetic
structure can influence electrical transport [11]. This gives
the possibility to control Dirac fermions via manipulating the
magnetism, making these materials interesting candidates for
novel spintronic applications [12].

Magnetic elements can also enter the A site of AMnX2. Sev-
eral interesting transport phenomena have been reported for
EuMnBi2 and EuMnSb2 [5,13,14]. In both systems, the Mn
moments order antiferromagnetically near room temperature,
while the Eu sublattice forms an antiferromagnetic order at
a much lower temperature. The Eu moments undergo a spin-
flop transition in both systems by applying a magnetic field,
which significantly affects the transport properties. Particu-
larly, the spin-flop transition enhanced the two-dimensionality
of the Dirac fermions in EuMnBi2 and led to the observation
of a quantum Hall effect even though a bulk crystal was
used in the experiment [14]. Other rare-earth elements can
also enter the A site of AMnX2, and one of the most stud-
ied compounds is YbMnX2 [6,7,15–17]. However, Yb was
reported to be a divalent ion in these compounds [7,17] and
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does not contribute to the magnetism because the total angular
momentum is J = 0. Other examples are A = La–Sm, for
which samples with the P4/nmm space group structure can
be synthesized when X = Sb [3]. As these elements can be
magnetic except for La, studying these compounds would be
beneficial to increase our understanding of how magnetism
affects the anticipated Dirac state. However, studies on the
physical properties of these compounds are still limited; es-
pecially those using single crystals are lacking.

In this study, we focus on PrMnSb2. The magnetic structure
of this compound has been determined from magnetization
and neutron powder diffraction experiments using polycrys-
talline samples [18]. On cooling, first Mn moments order
antiferromagnetically at T I

N = 175 K (AFM I phase) and then
Pr moments at T II

N = 35 K (AFM II phase) according to this
report. The crystal and magnetic structures are shown in
Fig. 1. Both Mn and Pr moments are canting from the princi-
pal crystal axes. The ab-plane component of the Mn moment
is larger than the c-axis one in both AFM I and II phases,
although the canting angle is slightly different in the two
phases. Conversely, the Pr moment in the AFM II phase is
tilted predominantly to the c axis. The magnetic propagation
vector is (0, 0, 1/2), and hence the unit cell is twice as large as
the nonmagnetic one in the c-axis direction. Although canting
of Mn moments had been reported for YbMnBi2 [6] and
SrMnSb2 [19], and that of Eu for EuMnSb2 [20], the magnetic
structure of PrMnSb2 is unique as both Pr and Mn moments
are inclined from the principal crystal axes.

We studied the magnetic and electrical transport prop-
erties of PrMn1−xSb2 single crystals and summarized the
results on magnetic phase diagrams. From the temperature
(T) dependence of magnetization (M), we observed two an-
tiferromagnetic transitions at low external fields, consistent
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FIG. 1. The crystal structure of PrMnSb2 drawn using origin
choice 2 of P4/nmm of the International Tables of Crystallography.
The black frame indicates a unit cell. The magnetic structures are
depicted by showing only the ordered magnetic atoms in the right
two figures. Only Mn moments order at T II

N < T < T I
N, and both Mn

and Pr moments order below T II
N . For the canting angles of Mn and

Pr moments with respect to the c axis, we used the values reported in
Ref. [18]. All figures were drawn using VESTA [21].

with the study on a polycrystalline sample [18]. We also
observed kinks in the temperature dependence of resistivity,
corresponding to the magnetic transitions. The M-T curve
showed a complex change with increasing the external field
(H) when the field was applied parallel to the a axis or [110].
The field dependence of magnetization, on the other hand,
showed a two-step change when H was applied parallel to the
a axis in the temperature range where only the Mn moments
order (T II

N < T < T I
N). These two steps can be attributed to

a spin-flop and a metamagnetic transition at low and high
magnetic fields, respectively. In contrast, only a metamagnetic
transition was observed for H || [110] in the same temperature
range. A metamagnetic transition was also observed in the
low-temperature phase (T < T II

N ) when H was applied parallel
to the c axis, which should be attributed to the Pr moments.
Interestingly, the destruction of the antiferromagnetic order
of Mn moments (AFM I phase) via metamagnetic transition
triggered the ordering of the Pr moments (AFM II phase)
above the zero-field Néel temperature, indicating that the two
antiferromagnetic phases are in competition.

II. EXPERIMENT

Single crystals of PrMn1−xSb2 were grown using a Sn
flux method. Pr, Mn, Sb, and Sn were weighed to a molar
ratio of 1 : 1 : 2 : 8, placed in an alumina crucible, and
sealed in an evacuated quartz tube. The sealed ampoule was
heated to 1000 °C, dwelled there for 20 h, and then was cooled
down to 550 °C at a rate of 2.5 °C/h. The flux was separated
by centrifugation immediately after the ampoule was taken
out from the furnace. The obtained samples had a metallic
luster and a typical size of ∼0.2 mm2 in area and about 50
μm in thickness. Their characterization was conducted by

FIG. 2. (a) The out-of-plane x-ray diffraction pattern of
PrMn1−xSb2. The inset is a photograph showing some of the crystals
grown in this study. (b),(c) Transmission Laue photographs (b) with
represented spots indexed and (c) overlapped by a simulated pattern.
Since the incident x-ray beam was slightly misaligned from the
c-axis direction of the specimen, the Laue pattern is not perfectly
fourfold symmetric.

out-of-plane x-ray diffraction (Cu Kα radiation) and trans-
mission Laue (white incident light) measurements. The
composition analysis using energy-dispersive x-ray spec-
troscopy (EDX) showed that the samples were deficient in
Mn by 10–20% of the stoichiometric ratio. This is a common
trend for AMnSb2 with A = La–Sm [3,18,22]. The magnetic
properties were measured by a superconducting quantum in-
terference device (SQUID) magnetometer (Quantum Design,
MPMS). The transport properties were measured by a four-
terminal method (Quantum Design, PPMS).

III. RESULTS

Figure 2(a) shows a typical out-of-plane x-ray diffraction
pattern of the obtained samples. Only 00l peaks were ob-
served, indicating that the sample’s largest surface is the (001)
face. The c-axis length determined from the peak positions
is 1.073 nm, which is in good agreement with the report on
a polycrystalline sample [18]. The inset shows a photograph
of the crystals. The transmission Laue measurement revealed
that the sample’s edge is parallel to the a axis. Figure 2(b)
shows the result of the transmission Laue measurement car-
ried out with white incident light exposed from the c-axis
direction. The sharp diffraction spots ensure that the sam-
ple is a single crystal. Figure 2(c) maps the simulated spot
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FIG. 3. The temperature dependence of magnetization. The data
were taken upon cooling in various field strengths. The field was
applied parallel to (a) c axis, (b) a axis, and (c) [110]. The insets
show the data of μ0H = 0.5 T. The broken lines connect the features
discussed in the text.

positions calculated using the reported structure data [18], and
the agreement with the experiment is quite good.

Figure 3(a) shows the temperature dependence of mag-
netization of PrMn0.81Sb2 measured with the magnetic field
applied parallel to the c axis. Note that we used the same
crystal for all magnetization measurements in this study. The
result measured with an applied field of 0.5 T is replotted in
the inset and shows two peaks corresponding to the antiferro-
magnetic transitions. The peaks were observed at T I

N = 190 K
and T II

N = 32 K, respectively, and we regard these values as
the antiferromagnetic transition temperatures in zero field.
The transition temperatures are slightly different from those
reported by Malik et al. [18], the reason of which is not clear
but might be caused by the difference of polycrystalline and
single crystalline samples. With increasing the applied field,
both T I

N and T II
N decreased as shown in the main panel of

Fig. 3(a), and the magnetization peak corresponding to T II
N

was no longer observed for fields higher than 2.6 T.
A more complicated behavior was found when the mag-

netic field was applied parallel to the ab plane. Figure 3(b)
shows the M-T curves measured under various magnetic fields
with H ‖ a. Three features can be seen in the 0.5-T curve
that is replotted in the inset, i.e., on cooling, the magneti-
zation showed a peak at 190 K (=T I

N ), increased below 32
K (=T II

N ), and decreased below about 14 K. It is notice-
able here that the magnetization did not show a peak but
an increase by entering the AFM II phase. The increase of

FIG. 4. The temperature dependence of resistivity of
PrMn0.86Sb2. The inset shows an enlarged view near T = 0.
The red curve is a result of power-law fitting to the data in the
temperature range 40–60 K. The first derivative of resistivity with
respect to temperature is shown by blue.

magnetization at T II
N was probably caused by reorientation of

the Mn moments induced by the ordering of the Pr moments.
In fact, the canting angle of the Mn moments is different
between T = 70 and 10 K according to the results of neutron
powder diffraction [18], consistent with our conjecture. Fur-
thermore, reorientation of the Mn moments induced by the
ordering of the Pr moments was also observed for PrMnSbO,
which has a crystal structure with the same space group [23].

When the external field was increased to 1 T, a broad
peak was observed below 150 K in addition to the above-
mentioned three features. These four temperatures showed a
different change upon further increasing the field. The peak
corresponding to T I

N shifted monotonically to lower tempera-
tures with increasing the applied field and disappeared above
5 T. The broad second peak also decreased monotonically and
was only visible up to 2.5 T. In contrast, the two features
found at and below T II

N showed nonmonotonic field dependen-
cies. The temperature where the magnetization started to rise
(T II

N ) decreased first, but then increased. The peak seen at the
lowest temperature shifted first to higher temperatures, and
then to lower temperatures at μ0H � 5 T. The broken lines
in Fig. 3(b) are guides to the eyes showing how these four
temperatures shifted with increasing the applied field. Figure
3(c) shows the M-T curves measured with the magnetic field
applied to the [110] direction. The general shape of the M-T
curve and its change with the magnetic field are similar to
those obtained with the magnetic field applied parallel to the
a axis.

Figure 4 shows the temperature dependence of resistivity
(ρ) measured in zero magnetic field. The crystal used for
the resistivity measurement is different from the magnetiza-
tion measurements and had a slightly smaller Mn deficiency,
PrMn0.86Sb2. Nevertheless, the result of resistivity measure-
ment is well correlated with the magnetic properties as will
be shown below, and we think the small difference in the Mn
content had no significant influence on the results. The current
was applied along the ab plane. A metallic behavior was
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FIG. 5. The magnetic field dependence of magnetization (M-H) measured at various temperatures. The field was applied parallel to (a),
(b) c axis, (c), (d) a axis, and (e), (f) [110]. (a), (c), (e) The insets show the M-H curves measured at 200 K. (a) The hysteretic behavior at
4.2 K is marked by red arrows. The broken line indicates a linear fit to the data of 4.2 K at high fields. (d) At T II

N < T < T I
N and H || a, two

successive transitions were observed. The red line is a linear fit to the data between the first and second transitions. (d), (f) A kink was observed
at T = 40 K and high fields (black arrow).

observed, i.e., ρ decreased with decreasing the temperature.
A kink was observed around 190 K and correspondingly a
sharp peak in the temperature derivative of ρ, which is shown
in blue. This change in resistivity slope can be attributed to
the antiferromagnetic transition of the Mn sublattice as the
temperature agrees quite well with T I

N determined by magneti-
zation measurements. Changes in the temperature dependence
can also be seen in the range 18–32 K. The inset shows an
enlarged view of the low-temperature region. The red line
shows the fitting result of a power-law behavior AT γ + B (A,
B, and γ are temperature independent constants) to the data
from 40 to 60 K. One can see that the fitting curve deviates
from the data points below 32 K, which corresponds to T II

N
deduced from the magnetization measurement. On the other
hand, we think the change at 18 K corresponds to where
the magnetization started to decrease below T II

N , although the
temperature is slightly different.

To get further information about the magnetic structure,
we measured the magnetic field dependence of magnetization
at various temperatures. The results for H ‖ c are shown in
Figs. 5(a) and 5(b). As shown in Fig. 5(a), a rapid magne-
tization increase was observed with increasing the field at
4.2 and 20 K (both temperatures are below T II

N ). At 4.2 K,
this change was accompanied by a hysteresis. In addition,
extrapolation of the high field behavior to zero field does

not intersect the origin, suggesting that it is a metamagnetic
transition. In general, a metamagnetic transition occurs when
a magnetic field is applied parallel to the magnetic moments
of an antiferromagnet that has a large magnetic anisotropy. As
already mentioned, the Pr moments are canting in the AFM
II phase, but the c-axis component is predominant. Therefore,
the Pr moments are likely to be responsible for the metam-
agnetic transition. Note that the difference in magnetization
before and after the metamagnetic transition is larger than the
Pr moment of 0.94 μB reported for the present compound by
Malik et al. [18]. Further, a metamagnetic transition normally
settles the system into a forced-ferromagnetic state and the
magnetization is expected to saturate, but the magnetization
continued to increase after the transition as shown in Fig. 5(a).
We think the metamagnetic transition of the Pr sublattice
triggered reorientation of the Mn moments, resulting in the
larger than expected magnetization step. However, the Mn
moments did not fully align at the metamagnetic transition and
were further inclined to the field direction with increasing the
magnetic field, and hence no saturation was observed within
the field range of the present experiment. Compared to the
low-temperature behavior, on the other hand, the M-H curves
measured between 50 and 150 K (T II

N < T < T I
N) showed a

rather simple behavior and increased monotonically with the
magnetic field [Fig. 5(b)]. As shown in the inset of Fig. 5(a),
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the field dependence was also monotonic at 200 K, i.e., in the
paramagnetic phase (T > T I

N).
The M-H curves measured with H ‖ a are shown in

Figs. 5(c) and 5(d). The results for 4.2 and 20 K, both being
below T II

N , showed a slight nonlinearity but no abrupt change
in the field dependence [Fig. 5(c)]. On the other hand, a two-
step increase was observed in the temperature range 40–150 K
as shown in Fig. 5(d), which is within the temperature range
T II

N < T < T I
N. A linear extrapolation of the data between the

first and second magnetization steps was found to pass quite
close to the origin for all M-H curves in this temperature
range, as exemplified by the fitting result to the 40-K data
shown by the red line. This implies that the system remained
in an antiferromagnetic state after the first transition, and
hence it was a spin-flop transition. In contrast, the magnetiza-
tion tended to saturate at higher fields after the second step,
indicative of a metamagnetic transition. Note that different
from the metamagnetic transition discussed in the preceding
paragraph, the one discussed here is that of the Mn sublattice
as only the Mn moments order in this temperature range. It is
also notable that there is an inflection of the M-H curve at 40 K
above the metamagnetic transition field. Two lines were fitted
to the region below and above this magnetization inflection,
and the intersection is indicated by an arrow in the figure.

Figures 5(e) and 5(f) show the M-H curves measured with
the magnetic field applied along the [110] direction. The over-
all behavior of the M-H curves at 4.2 and 20 K was similar
to the results obtained with the applied field parallel to the
a axis. In the temperature range 40–150 K, however, only
a slight nonlinear behavior but no spin-flop transition was
observed at low fields as can be seen from Fig. 5(f), while
the metamagnetic transition was clearly seen. In addition,
the metamagnetic transition was found to take place at lower
fields compared to H ‖ a. The inflection of the field depen-
dence above the metamagnetic transition was also observed
for this field configuration at 40 K.

Figures 6(a)–6(c) show the magnetic phase diagrams
summarizing our findings made with the M-T and M-H mea-
surements [24]. As shown in Fig. 6(a), the phase diagram is
relatively simple for H ‖ c, as T I

N and T II
N decrease monotoni-

cally with increasing the magnetic field. The boundary of the
AFM II phase determined from the M-T curves coincides well
with where we observed the metamagnetic transition in the
M-H curves. Note that two data points determined from the
M-H curve are plotted at 4.2 K because of the hysteresis. The
phase diagram for H ‖ a, on the other hand, is more com-
plicated [Fig. 6(b)]. For T II

N < T < T I
N (32 < T < 190 K),

the phase diagram is divided into three regions: the AFM I
phase, the region where the Mn moments are spin-flopped
(SFMn), and the forced-ferromagnetic region of the Mn sublat-
tice (F − FMMn). Note that the phase boundaries determined
from the M-T and M-H measurements are consistent with
each other. At lower temperatures, T < T II

N , the AFM II
phase sets in. Here, recall that the M-T curve showed first
an increase on cooling due to the reorientation of the Mn
moments [Fig. 3(b)]. The width of this region [the shaded
region in Fig. 6(b)] decreased with increasing the applied
field and almost disappeared at 3 T. The manifestation of
the Mn-reorientation in the M-H curve is not clear, but a
slight nonlinear behavior was observed as mentioned above

FIG. 6. The magnetic phase diagram of PrMn0.81Sb2 for the mag-
netic field parallel to (a) c axis, (b) a axis, and (c) [110]. The data
points were determined from the M-T (open symbols) and M-H (blue
dots) curves. The solid lines connect data points showing the same
change in the M-T or M-H curves. The black triangles indicate the in-
flection points in the temperature dependence of resistivity measured
for PrMn0.86Sb2. PM, F-FM, SF, and Mn-RO stand for paramagnetic,
forced ferromagnetic, spin flop, and Mn reorientation, respectively.

and a broad hump was apparent at 20 K [Fig. 5(c)]. However,
assigning the broad hump to Mn-reorientation remains incon-
clusive since the difference with the M-H curve of 4.2 K is
small, which is below the Mn-reorientation region. Another
interesting behavior seen in the phase diagram of Fig. 6(b)
is that the AFM II region protrudes to higher temperatures at
around 6 T. This indicates that the metamagnetic transition of
the Mn sublattice promotes the antiferromagnetic ordering of
the Pr moments. Note that there is one blue data point on the
boundary between the AFM II and F − FMMn regions, which
corresponds to the inflection point of the M-H curve at 40 K
observed at high field [Fig. 5(d)].

The phase diagram of H ‖ [110] shown in Fig. 6(c) had
some differences from the one shown in Fig. 6(b), reflecting
the in-plane magnetic anisotropy. With H ‖ [110], the M-T
curves showed a broad peak in the temperature range T II

N <

T < T I
N as in the case of H ‖ a, but no spin-flop transition
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FIG. 7. Schematic pictures of the magnetic structure of
PrMn1−xSb2. (a) Pr moments at T < T II

N and H || c. The directions
of Pr moments change when a magnetic field larger than Hm is
applied. (b) Mn moments at T II

N < T < T I
N for H || a and [110]. When

H was applied parallel to the a axis, two field-induced transitions
were observed. The first transition at the lower field (H = H1) is
deduced to be a spin flop (SF) and the second one (H = H2 > H1)
a metamagnetic (MM) transition. On the other hand, only a MM
transition was observed for H || [110].

was observed in the M-H curve. Furthermore, the height of
the region bordering the forced-ferromagnetic state at T II

N <

T < T I
N is lower than that of H ‖ a because the metamagnetic

transition of Mn takes place at a lower field. Correspondingly,
the protrusion of the AFM II region to higher temperatures
occurred at a lower field, around 5 T.

IV. DISCUSSION

We discuss how the magnetic structure of PrMn1−xSb2

changes by applying a magnetic field. The change induced
by the metamagnetic transition observed for H ‖ c at T < T II

N
is simple. Figure 7(a) depicts schematically the Pr moments
omitting the other atoms because the metamagnetic transi-
tion in this field configuration and temperature range can be
attributed to Pr as mentioned above. The Pr sublattice main-
tained the zero-field magnetic structure while the applied field
was weak, and the moments oriented abruptly to the field

direction when the magnetic field exceeded a threshold value
Hm.

A metamagnetic transition was also observed for H ‖ a and
H ‖ [110] in the temperature range T II

N < T < T I
N, where only

Mn moments order. From neutron powder diffraction [18], it
was deduced that the ab-plane component of the Mn moment
is substantially larger than the c-axis one. Therefore, it is
consistent with the magnetic structure that the metamagnetic
transition of Mn sublattice was observed for H ‖ a and H ‖
[110], but not for H ‖ c. Further, a spin-flop transition prior
to the metamagnetic transition was observed for H ‖ a. The
upper part of Fig. 7(b) illustrates this two-step process seen
from the c-axis direction. When the magnetic field exceeded
a threshold value H1, the Mn moments rotated and pointed
to the direction perpendicular to the magnetic field while
maintaining an antiferromagnetic order. A metamagnetic tran-
sition then took place at a higher magnetic field of H2. The
change from a spin-flop state to a forced-ferromagnetic state
is usually continuous. The observation of a two-step transition
suggests that the spin-flopped state in the present compound
is metastable.

In contrast, no spin-flop transition was observed when the
field was applied along the [110] direction. This can be un-
derstood if the projection of the magnetic easy axis on the ab
plane is nearly, if not exactly, parallel to [110]. In that case, the
energy gain acquired by a spin-flop transition may not be suffi-
cient to overcome the anisotropy energy, and the Mn moments
maintain their directions. Here, it is worthwhile to mention
that we observed a weak nonlinear behavior in the M-H curves
at low fields in the temperature range of T II

N < T < T I
N instead

of a spin-flop transition as described above [Fig. 5(f)]. This
was probably caused by a gradual rotation of the moments
in the symmetrically equivalent magnetic domains that were
orienting perpendicular to the magnetic field. The broad peak
observed in the M-T curves in this temperature range might
also be related. With further increasing the field, H reached
the threshold H2 and the Mn moments aligned abruptly to
the field direction. This process is schematically drawn in the
lower part of Fig. 7(b).

Finally, it should be emphasized that a metamagnetic tran-
sition of the Mn moments has not been observed in the other
AMnX2 systems reported so far. We think PrMn1−xSb2 can be
characterized by a weak antiferromagnetic correlation and a
strong magnetic anisotropy. The former is evidenced by the
lower ordering temperature of Mn moments (T I

N = 190 K)
compared to the other AMnX2 systems. As for the latter, al-
though the magnetic anisotropy originating from 3d transition
metals is usually not large, interaction with the 4 f electrons
of Pr may have enhanced it in PrMn1−xSb2. We speculate
that the combination of these two features is the reason why
the Mn sublattice undergoes a metamagnetic transition in
PrMn1−xSb2.

V. CONCLUSION

We carried out detailed magnetization and resistivity
measurements on PrMn1−xSb2 single crystals. From the tem-
perature and magnetic field dependencies of magnetization,
the magnetic phase diagrams were constructed for three field
directions, H ‖ c, � a, and � [110]. It was found that both
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Mn and Pr sublattices undergo a metamagnetic transition. The
metamagnetic transition of Pr moments was observed at low
temperatures and when the field was applied parallel to the c
axis, while that of Mn moments at higher temperatures and for
magnetic fields parallel to the a axis or [110]. The magnetic
behavior of the Mn sublattice depended on the field direction
within the ab plane, and a spin-flop transition was observed at
low fields prior to the metamagnetic transition for H ‖ a but
not for H ‖ [110]. This difference suggests that the projection
of the magnetic easy axis of the Mn sublattice on the ab
plane is primarily parallel to [110]. We also found that the
antiferromagnetic ordering of the Pr sublattice takes place at a
higher temperature when that of the Mn sublattice is destroyed
by the metamagnetic transition, indicating that the AFM I and
II phases are in competition.

The magnetic phase diagrams revealed in this work ex-
hibit a far richer variety of magnetic states than the other
AMnX2 systems. The reason for this diversity seems to root
in a weak antiferromagnetic correlation and a strong magnetic
anisotropy. It will be interesting to investigate how these vari-
ous magnetic states influence the anticipated Dirac electronic
states discussed in the AMnX2 systems.
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