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Nonmonotonic and anisotropic magnetoresistance effect in antiferromagnet CaMn2Bi2
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We found a large and unique magnetoresistance (MR) effect for CaMn2Bi2. When the magnetic field was
applied along the crystallographic c axis at low temperatures, the resistivity increased with the magnetic field and
the MR ratio reached several hundred percent, but then it decreased with further increasing the applied field. In
addition, the angle dependence measurement revealed a strong anisotropy. This compound is an antiferromagnetic
semiconductor with a narrow band gap, and Mn atoms form a corrugated honeycomb lattice. Therefore, a
frustration among the magnetic moments is expected, and we propose that our observations can be understood
by a nonmonotonic modulation of magnetic fluctuation under the magnetic field.
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The interplay between conduction electrons and local
magnetic moments is the origin of many fundamentally and
technologically important material properties. The importance
of this interplay was first strongly recognized in the study of
the Kondo effect [1], and later it became clear that it plays an
important role in vastly different physical phenomena. In some
manganese oxides, for instance, the conduction electrons are
scattered by localized spins in the paramagnetic state at high
temperature because of strong Hund’s coupling, and a so-called
colossal magnetoresistance (CMR) effect is observed in the
vicinity of the ferromagnetic transition, where the localized
spins can be easily aligned by a magnetic field [2–5].

If the background magnetic state is frustrated, it is conceiv-
able that the interplay between conduction electrons and local
magnetic moments leads to even more exotic magnetotransport
phenomena. In fact, an anomalous Hall effect was observed
for some pyrochlore compounds that have strong geometrical
frustration [6–8], and was attributed to the finite Berry phase
that the electron acquires in the chiral spin texture [9]. Another
example is the CMR effect reported for NaCr2O4, which was
attributed to an unconventional, cycloidally rotating magnetic
structure caused by magnetic frustration [10]. However, ex-
perimental research focusing on magnetotransport phenomena
in magnetically frustrated materials are still limited, probably
because many of such materials tend to be insulating.

CaMn2Bi2 is a trigonal system composed of Bi-Mn bilayers
and Ca layers [11]. The Bi-Mn bilayer can be described as
a corrugated honeycomb lattice with alternating Mn and Bi
atoms, and an antiferromagnetic order was observed below
150 K with the moments lying in the honeycomb plane
[12]. It is isostructural to CaMn2Sb2, which is considered to
locate very close to a tricritical point where Néel order and
two spiral antiferromagnetic configurations coexist [13,14].
A weak ferromagnetic component was observed above the
Néel temperature (TN) for CaMn2Sb2 [15] and was attributed
to the strong magnetic frustration arising from the proximity
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to the tricritical point [13,14]. Because CaMn2Bi2 possesses
the same corrugated honeycomb lattice structure, a similarly
large magnetic frustration can be expected. While CaMn2Sb2

is an insulator, CaMn2Bi2 is reported to be a narrow-band-gap
semiconductor [12], and hence interactions between conduct-
ing carriers and localized spins can be expected. However,
no detailed studies on magnetotransport properties have been
reported so far.

In this Rapid Communication, we report the results of
magnetoresistance (MR) effect measurements on CaMn2Bi2

single crystal. We observed an unexpected behavior when
the magnetic field (H ) was applied to the crystallographic
c-axis direction, i.e., the resistivity (ρ) increased first with
the magnetic field, recorded a significantly large MR ratio
at μ0H ∼ 4 T (μ0 is the permeability of vacuum), but then
decreased with further increasing the applied field. In sharp
contrast, almost no MR effect was observed when the field
was applied along the (010)⊥ axis, revealing that the MR effect
is highly anisotropic. The MR effect measured with rotating
the field in different planes showed different angle dependence
governed by different axis components of the magnetic field.
We argue that our results cannot be explained by a conventional
mechanism and discuss the possible origin.

CaMn2Bi2 single crystals were grown by a Bi flux method
similarly to the report by Gibson et al. [12]. The ob-
tained samples had platelike shapes with a typical dimension
of 2 × 2 × 0.5 mm3. The samples were characterized by
x-ray diffraction (XRD) measurements using Cu Kα radiation
and energy-dispersion x-ray (EDX) spectroscopy. The crystal
orientation was determined by a transmission Laue method
using Mo Kα radiation with the incident beam perpendicular
to the platelike surface. The electrical resistivity was measured
with a four-probe method. The magnetic field was varied in the
range of μ0H = ±9 T and was rotated within two mutually
orthogonal planes. We define the magnetoresistance ratio RM

as RM ≡ 100 × [ρ(H ) − ρ(0)]/ρ(0).
Figure 1(a) depicts schematically the crystal structure of

CaMn2Bi2 together with the magnetic moments based on the
magnetic structure proposed in Ref. [12]. Figures 1(b) and 1(c)

2469-9950/2018/97(14)/140403(5) 140403-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.140403&domain=pdf&date_stamp=2018-04-25
https://doi.org/10.1103/PhysRevB.97.140403


KAWAGUCHI, URATA, HATANO, IIDA, AND IKUTA PHYSICAL REVIEW B 97, 140403(R) (2018)

0 20 40 60 80
2θ (deg.)

101

102

103

104

In
te

ns
ity

 (c
ps

)

(-11-1)

(0-15)
(-205) (2-25)

(-12-4) (11-4)

(-11-1)(03-8)

(13-6)
(-235) (21-5)

(12-6)

(a) (b)

(011)

(001)

Ca

Bi

Mn

(c)

01
1

02
2

FIG. 1. (a) Depiction of the crystal structure of CaMn2Bi2. The
blue and green planes represent the crystallographic (001) and (011)
planes, respectively. The red arrows indicate the magnetic moments
of Mn, which were reported to lie in the (001) plane [12]. (b) The
transmission Laue pattern of the CaMn2Bi2 single crystal. Some
representative diffraction spots are indexed based on the structure
of CaMn2Bi2 [11]. The line-shaped diffraction extending radially
(marked by red arrowheads) are artificial and stem from impurities
contained in the entrance slit. (c) The out-of-plane x-ray diffraction
pattern.

show the transmission Laue and out-of-plane XRD patterns,
respectively. The clear diffraction spots observed in the Laue
pattern proved that our CaMn2Bi2 is a single crystal. The Laue
pattern agrees well with that expected for a trigonal system
assuming the incident beam is perpendicular to the (011) plane.
Only 0kk diffraction peaks were observed by out-of-plane
XRD without any impurity peak. Hence, both measurements
consistently indicate that the largest natural crystal face is the
(011) plane. Chemical analysis by EDX confirmed the crystal
stoichiometry as nearly Ca : Mn : Bi = 1 : 2 : 2.

Figures 2(a) and 2(b) show the temperature (T ) dependence
of ρ under various applied fields measured with the electrical
current parallel to the a-axis direction. The sample was tilted
in the magnetic field in order to align the field perpendicular
to the (001) or (010) plane. The ρ-T curve without magnetic
field is in qualitative agreement with the report by Gibson
et al. [12]. A clear kink was observed around 150 K, which
can be attributed to an antiferromagnetic transition. For H

perpendicular to the (001) plane, the ρ-T curve was strongly
affected by the magnetic field below 20 K [Fig. 2(a)]. With
an applied field of 4 T, ρ was about five times larger than the
zero-field value at 5 K, while this ratio decreased to almost
unity with a stronger magnetic field of 9 T. On the other hand,
almost no change was observed when the magnetic field was
applied perpendicular to the (010) plane [Fig. 2(b)]. These
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FIG. 2. Temperature dependence of resistivity measured with (a)
H ⊥ (001) and (b) H ⊥ (010). The insets show enlarged plots of the
same data for T � 40 K.

results indicate that CaMn2Bi2 exhibits an anisotropic and
nonlinear MR effect at low T .

Figure 3(a) shows the magnetic field dependence of RM

at various T below 40 K. The magnetic field was applied
perpendicular to the (001) plane and the current parallel to the
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FIG. 3. (a) Magnetic field (μ0H ) dependence of the magne-
toresistance ratio (RM) at various temperatures with μ0H applied
perpendicular to the (001) plane. The inset shows an enlarged view
near RM = 0. (b) RM as a function of μ0H at 4 K for different field
directions.
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FIG. 4. (a), (e) Schematic illustrations of the measurement configuration depicted in the Cartesian coordinate system. The sample surface
[(011) plane] is defined as the x-y (blue) plane. The magnetic field was rotated in the (a) x-z (green) or (e) y-z (pink) plane, always directing
perpendicular to the current which was parallel to the y or x axis. The data taken with configurations (a) and (e) are shown in (b)–(d) and (f)–(h),
respectively. (b), (f) The angle (θ or χ ) dependence of the magnetoresistance ratio (RM) for various applied fields at 4 K. θ = 28◦ (208◦) and
118◦ (298◦), indicated by vertical gray solid lines and black dashed lines, correspond to the directions perpendicular to the (010) and (001)
planes, respectively. (c), (g) The angle dependences of RM for various applied fields at 4 K presented by polar plots. (d) RM plotted as a function
of the c-axis component of the magnetic field. (h) RM plotted as a function of the field component projected onto a heuristically determined
direction (χ = 163◦).

crystallographic a axis. RM showed an interesting behavior
depending on the field strength: it increased with the magnetic
field up to about 4 T, and decreased at higher fields. At T = 4 K,
RM reached a large value of 500% at 4.1 T, while it decreased
to 17% at 9 T. In addition, a negative RM was observed at high
magnetic fields for T � 10 K as shown in the inset. Figure 3(b)
shows the magnetic field dependence of RM at 4 K for different
field directions with the current parallel to the a axis of the
crystal. Clearly, the giant MR effect was strongly anisotropic
and was most prominent when the magnetic field was applied
perpendicular to the (001) plane, whereas almost no change
in ρ was observed for fields perpendicular to the (010) plane.
These results indicate that the origin of the unique MR effect
has an anisotropic nature.

The upper part of Fig. 4 shows the angle dependence of
RM measured with the configuration depicted schematically
in Fig. 4(a). The current was supplied parallel to the crys-
tallographic a axis, which we define as the y direction. The
magnetic field was rotated within the x-z plane, hence always
being perpendicular to the current. θ = 0 corresponds to the
direction perpendicular to the (011) plane, while θ = 28◦ and
118◦ are the directions perpendicular to the (010) and (001)
planes, respectively. Figure 4(b) shows the results of angle
dependence measurements at 4 K for various field strengths,
and the same data are presented by polar plots in Fig. 4(c).
Obviously, RM depended strongly on the field orientation. The
MR effect was small at θ = 28◦, consistent with the data plot-
ted in Fig. 3(b). When the magnetic field was rotated, RM varied
nearly proportionally to | cos(θ − 118◦)| at low fields (μ0H �
3 T), where (θ − 118◦) corresponds to the field angle measured

from the c axis. The angle dependence altered at higher fields
(5 T � μ0H � 9 T), and characteristic valleys were formed
that centered at around 118◦ and 298◦ [perpendicular to the
(001) plane]. The valleys correspond to the decreasing of RM

at μ0H � 4.1 T of Fig. 3(a). Despite this change in the angle
dependence, however, all data collapsed into one curve when
we plotted RM as a function of the field component projected
to the c axis, as shown in Fig. 4(d). Note that this scaling law
holds only at low T , as we observed a deviation from it at higher
T [16].

We also measured the angle dependence of the MR effect
by rotating the field within the plane that includes the crystal-
lographic a-axis direction. The experimental configuration is
depicted in Fig. 4(e). The current was applied within the (011)
plane and perpendicular to the a axis, while the magnetic field
was rotated within the y-z plane, always being perpendicular
to the current. Interestingly, as shown in Figs. 4(f) and 4(g), the
angle dependence was quite different from that of the previous
case. RM was almost field independent at around 73◦ (253◦)
and showed a small dip at around 168◦ (348◦). These angles,
however, cannot be assigned to any crystallographic direction
with small indices. If the magnetoresistance were governed
by the c-axis component, RM would have a local minimum at
H ‖ a axis (χ = 90◦), which was obviously not the case. This
indicates that the MR effect is not simply ascribable to the two
dimensionality of the system. We plotted the MR curves as a
function of the field component projected on various directions
and found heuristically that they nearly collapse on a single
curve if plotted as a function of cos(χ − 163◦) as shown in
Fig. 4(h), except for the small dip at around 168◦ (348◦). Here
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again, χ = 163◦ cannot be assigned to any crystallographic
direction with small indices. Note that the smaller magnitude
of RM in Fig. 4(f) compared to Fig. 4(b) does not necessarily
reflect an intrinsic property since there was an interval of a few
weeks between the two measurements and the sample may
have degraded.

In the framework of semiclassical theory, a large positive
MR effect can be expected if there are two types of carrier that
are compensated and have sufficiently large mobility [1]. In
fact, MR reaches several ten thousands percent in high-quality
semimetals (e.g., Bi [17]), and an even larger MR effect was
recently discovered in WTe2 [18]. However, the semiclassical
theory cannot account for the decrease of RM at high magnetic
fields of CaMn2Bi2. In addition, the MR effect depends on
the relative angle between the current and the magnetic field
within the semiclassical treatment, but we did not see any
difference in the qualitative behavior of RM when we tilted the
field toward the current direction as shown in the Supplemental
Material [16].

It is possible that the observed MR effect results from a
combination of different mechanisms that are independent to
each other. For instance, we may assume RM = R+

M + R−
M,

where the superscript + (−) denotes a positive (negative) MR
effect. In this case, the total MR ratio may have a nonmonotonic
field dependence even if R+

M and R−
M depend monotonically on

the field strength. However, the large drop of MR ratio (from
+500% to +17%) cannot be accounted for because R−

M does
not exceed in principle −100%.

Alternatively, it seems to be plausible that the nonmonotonic
field dependence of the observed MR effect was caused by a
single mechanism, because both the rising and falling of ρ

with the magnetic field can be scaled by the same function.
A peak in the MR curve similar to our observation was
reported for CeNi2As2 below the antiferromagnetic transition
temperature [19]. At almost the same magnetic field where the
MR ratio recorded a peak, a spin-flop transition was observed
by magnetization measurements. For CaMn2Bi2, we do not see
any abrupt change in the magnetization curve that suggests a
spin-flop transition at the field of the MR peak as shown in
the Supplemental Material [16]. The magnetization showed
basically a linear dependence on the applied field. Therefore,
it is unlikely that a change in the magnetic structure caused the
nonmonotonic field dependence of the MR effect. However, we
think that spin fluctuation might be the origin of the peculiar
MR effect. As mentioned above, the isostructural compound
CaMn2Sb2 is considered to locate in proximity to a tricritical
point of antiferromagnetic orders and be highly frustrated
[13,14]. As both compounds possess the same corrugated
honeycomb structure, the magnetic interactions among Mn
atoms in CaMn2Bi2 would be similar to CaMn2Sb2. Probably,

CaMn2Bi2 locates slightly away from the tricritical point
because of the higher TN = 150 K compared to CaMn2Sb2

(TN = 85 K), but frustration would be still significantly large.
Applying a magnetic field usually suppresses spin fluctua-

tion, and ρ would decrease because of less magnetic scattering.
In this scenario, the negative slope of ρ at high fields can
be easily understood. On the other hand, the increase of
ρ at low fields cannot be straightforwardly interpreted, but
we speculate the application of a magnetic field may have
first increased spin fluctuation rather than decreasing it in
CaMn2Bi2. As already stressed out, the honeycomb structure
of this compound is corrugated, that is, every other Mn atom
is shifted in the c-axis direction. The exchange interaction
between the nearest neighboring Mn is therefore not directing
parallel to the basal plane, unlike an ideal honeycomb lattice.
It was shown theoretically that even a simple two-dimensional
antiferromagnet on a square lattice exhibits a rather unexpected
field dependence of magnetization, namely, the staggered
magnetization along the easy axis first increases instead of
decreasing when a magnetic field is applied perpendicular to
the easy axis [20,21]. With an even more complicated structure
like the corrugated honeycomb bilayers, it might well be that
applying a transverse external field has a nontrivial effect.
This possibility has yet not been explored theoretically, to the
best of our knowledge. Nevertheless, because the same field
scaling law holds both for the rising and falling of ρ, it is
tempting to think that CaMn2Bi2 is the first example in which
a nonmonotonic change of spin fluctuation manifests itself as a
peculiar MR effect. To validate this hypothesis, measurements
under magnetic fields using probes that are sensitive to spin
dynamics such as nuclear magnetic resonance and neutron
spectroscopy would be desirable.

In conclusion, we found a giant MR effect with a
large anisotropy for CaMn2Bi2. The magnetoresistance ratio
reached 500% at 4 K and 4.1 T when the field was applied to
the c-axis direction, but decreased rapidly at higher fields. The
MR effect showed a strong and complicated angle dependence,
and depended on the plane the magnetic field was rotated.
Remarkably, both the increasing and decreasing MR effect
collapsed on a single curve when plotted as a function of a
specific field component, suggesting that they have a common
origin. As a possible interpretation for this peculiar MR effect,
we argued that spin fluctuation might have a nonmonotonic
magnetic field dependence in this compound.
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