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Spin-Canting-Induced Band Reconstruction in the Dirac Material Ca1 − x Nax MnBi2
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The ternary AMnBi2 (A is alkaline as well as rare-earth atom) materials provide an arena for
investigating the interplay between low-dimensional magnetism of the antiferromagnetic MnBi layers
and the electronic states in the intercalated Bi layers, which harbor relativistic fermions. Here, we report on
a comprehensive study of the optical properties and magnetic torque response of Ca1−x Nax MnBi2 . Our
findings give evidence for a spin canting occurring at T s ∼ 50–100 K. With the support of first-principles
calculations we establish a direct link between the spin canting and the reconstruction of the electronic band
structure, having immediate implications for the spectral weight reshuffling in the optical response,
signaling a partial gapping of the Fermi surface, and the dc transport properties below T s.
DOI: 10.1103/PhysRevLett.124.137201

Even though topological materials, based on novel
Dirac-Weyl quasiparticles as well as Majorana fermions
[1–6] are fairly well understood, there is still an ongoing
effort to understand related elusive quantum phenomena
and their potential applications when band topology conspires and coexists with magnetic order, as suggested by the
significant anomalous Hall effect and chiral anomalies in
Mn3 Sn [7,8] and GdPtBi [9,10].
Recently, the ternary materials AMnBi2 (A is alkaline as
well as rare-earth atom) [11,12] have attracted special
attention as magnetic topological systems because of the
antiferromagnetic (AFM) ground state [Fig. 1(a)] [13] in
the presence of anisotropic Dirac cones [14,15], the latter
being of relevance for novel electronic devices. The
transition Néel temperature (T N ) ranges between 270
and 290 K, with spins along the easy c axis [16,17].
As recognized early in EuMnBi2 [38], it has been
conjectured that the interlayer magnetic coupling along
the c axis between the Bi square net and AFM order within
the MnBi layers parallel to the ab plane plays a central role
and may be even the origin of the bumplike feature in the dc
resistivity ρðTÞ, observed in CaMnBi2 at T s ∼ 50 K
[11,12,39]. By substituting Ca with Na, T s shifts to higher
temperatures and the anomaly of ρðTÞ is enhanced
[Fig. S1(a) in the Supplemental Material [19] ]. The underlying mechanism for this anomaly and whether it reveals an
0031-9007=20=124(13)=137201(6)

interaction between magnetism and Dirac fermions remains
nonetheless to be explored in detail. While both Ca2þ and
Naþ are nonmagnetic, the transition at T s could be the
consequence of a spin reorientation, for instance, due to
spin canting or weak ferromagnetic order [11,14,39].
In our first attempt [18] to establish a link between the
anomaly in ρðTÞ and the electronic properties of the title
compound, we uncover optical signatures for a partial
gapping of the Fermi surface (FS), for energy scales up to
0.2 eV and with onset at T s . This may reveal the inclination
toward a FS instability in topological materials, accompanied by a sizable depletion of the density of states (DOS)
at the Fermi level (EF ). The present work intends to
precisely address the microscopic origin of the FS gapping.
To this goal, we study Ca1−x Nax MnBi2 at three dopings
(x ¼ 0, 0.03, and 0.05) and as a function of temperature (T)
with magnetic torque measurements, as well as with the
support of first-principles calculations. We provide evidence for a spin canting occurring at T s and leading to a
remarkable reconstruction of the electronic band structure,
with implications on the reshuffling of spectral weight
between the intra- and interband optical response across T s ,
and possibly anticipating the generation of Weyl states.
In order to set the stage for the present work, we first
revisit our previous optical results [18]. We focus our
attention on the real part σ 1 ðωÞ of the in-plane optical
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FIG. 1. (a) Crystal structure and C-type AFM order of
Ca1−x Nax MnBi2 (adapted from Ref. [13]). (b) Drude-Lorentz
fit and its components of σ 1 ðωÞ for CaMnBi2 at T≷T s . Experimental data are partially reproduced from Ref. [18]. The fit
consists of two Drude terms (D1 and D2) and three additional
Lorentz harmonic oscillators (HOs) (L1, L2, and L3) [19]. Black
arrows denote the split of the MIR peak (HO L1 above T s ) into
two HOs L1a and L1b below T s (see text). (c) Spectral weight of
the Drude components (ω2p;D ¼ ω2p;D1 þ ω2p;D2 ), of the MIR
Lorentz HO (Ω2L ¼ Ω2L1 above T s and Ω2L ¼ Ω2L1a þ Ω2L1b below
T s ) and of their sum (ω2p;tot ¼ ω2p;D þ Ω2L ), calculated from the
fitted strength or plasma frequencies [19].

conductivity for the pristine composition (x ¼ 0), shown
in Fig. 1(b) from 10 to 4000 cm−1 at 50ð>T s Þ and
10ð<T s Þ K. A full review of our original optical findings
is provided in Ref. [19], which also details their generality
for all Na doping. The narrowing with decreasing T of the
low-frequency free-carrier response obviously reflects a
better coherence with less scattering from thermal fluctuations. Its high-frequency tail then merges into a series of
absorptions. The dominant feature, emphasized here, is the
midinfrared (MIR) peak at ∼1200 cm−1 . We highlight the
additional split into two features of this MIR absorption
below T s, which is particularly evident at large Na doping
[Figs. S4(a), S4(b), and S5 in Ref. [19] ] and bears
testimony to a remarkable band reconstruction in coincidence with the spin reorientation at T s .
With the goal to quantitatively describe the electrodynamic response, we expand our previous discussion of the
optical data with their fit within the common DrudeLorentz phenomenological approach [40]. The resulting
fits of σ 1 ðωÞ with their constituent components are displayed in Fig. 1(b). We refer to Ref. [19] for details of the fit
procedure and parameters. Complementary to our previous
analysis of the integrated spectral weight (SW) [18], we can
address here the phenomenological SW, defined as squared
plasma frequency (ω2p;Di ) or oscillator strength (Ω2j ). This
allows us to focus the attention on its reshuffling within

selected spectral ranges (i.e., related to each fit component).
Figure 1(c) shows the T dependence of the Drude (ω2p;D )
and MIR (Ω2L ) SW as well as of the total one (ω2p;tot ¼
ω2p;D þ Ω2L ). Since the Lorentz harmonic oscillators (HOs)
above 4000 cm−1 do not show any noteworthy T dependence (Fig. S7 in Ref. [19]), the conservation of SW only
requires that ω2p;tot remains constant. This is indeed the case in
Fig. 1(c), and it phenomenologically emphasizes that the
reshuffling of SW upon lowering T must essentially occur in
the energy interval of about 0.2 eV from EF between the Drude
and MIR contributions in σ 1 ðωÞ, suggesting a sizable T
dependence of the electronic band structure also at energy
scales relevant for transport [18]. Above T s , the SW of the
Drude components increases, while there is a slight suppression of SW in the MIR absorption upon cooling. Since the
scattering rates of the Drude components (Fig. S6 in Ref. [19])
do not show any remarkable T dependence above T s , the
decreasing resistivity [Fig. S1(a) in Ref. [19] ] is mainly due to
the increasing Drude weight. The reinforcement of the Drude
weight at the cost of the MIR interband transitions may be the
consequence of a reduced Pauli blocking effect upon lowering
the chemical potential with decreasing T within the lower
Dirac cone [41]. When T < T s , the SW of the Drude
contribution is partially suppressed, while the SW of the
MIR harmonic oscillator increases, in broad agreement with
our conclusions drawn from the integrated SW [18]. The
depletion of the intraband SW signifies at least a depletion of
DOS at EF below T s [18], which is also in line with the
suppressed thermal conductivity and Hall carrier density
observed earlier [19,39]. In principle, such a reduction of
DOS at EF should result in an increase of ρðTÞ. However, the
scattering rate (1=τ) of the residual Drude components
appreciably decreases at low T (Fig. S6 in Ref. [19]), so that
the competition between 1=τ and DOS leads to a bumplike
feature in ρðTÞ, as observed in Fig. S1(a) in Ref. [19].
In Ref. [18], we advance the scenario that the experimental signatures in σ 1 ðωÞ and ρðTÞ of the transition at T s
are reminiscent of the consequences due to the FS instability, induced by a charge or spin density-wave transition
[42]. However, the absence of a jump in the specific heat
[Ref. [11] and Fig. S1(b) in Ref. [19] ], the smooth behavior
of the lattice parameter detected by neutron scattering [16],
and the absence of any obvious band folding in angleresolved photoemission spectroscopy (ARPES) data [15]
tend to a scenario for which the reduction of DOS at EF
[i.e., reduction of the Drude SW below T s, Fig. 1(c)] is due
to a reconstruction of the electronic band structure driven
by the spin reorientation itself [43], rather than a densitywave order.
Instrumental in solving this dichotomy is then the
magnetic torque (τ ¼ μ0 M × H, Ref. [19]) experiment.
Because of the resolution limit of our commercial instrument at low magnetic fields, we measure the angle
dependence of τðθÞ at a relatively high field [19]. We
show it below (30 K) and above (100 K) T s in Figs. 2(a)
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FIG. 2. (a).(b) Magnetic torque (τ ¼ μ0 M × H) as a function of
the polar angle (θ) of x ¼ 0.03 above and below T s ∼ 60 K,
respectively. Red curve is the total fit after Eq. (1). We refer to
Fig. S8 in Ref. [19] for the comprehensive display of the original
data at all Na doping. (c),(d) Schematic representations of the
experimental configuration for the magnetic torque measurements and the proposed spin canting. The phase shift D is the
canting angle. (e)–(g) T dependence of the coefficients A (black)
and −B=A (red) of Eq. (1) for x ¼ 0, 0.03 and 0.05. The vertical
dashed lines mark T s .

and 2(b), respectively, for x ¼ 0.03 as a function of the
angle θ between the c axis and applied field of 3 T
[Fig. 2(c)]. All curves show roughly a − sin 2θ behavior.
However, at T < T s the discrepancy from the − sin 2θ
functional is more prominent [Fig. 2(a) herein and Fig. S8
in Ref. [19] ].
In order to precisely analyze the τðθÞ data, we make use
of the phenomenological two components fit given by
τðθÞ ¼ A sin 2ðθ þ CÞ þ B sinðθ þ DÞ;

ð1Þ

where the first term refers to the AFM response and the
second one stands for the FM contribution, while C and
D are the corresponding phase shifts [19,44–47]. The
coefficient A is equal to 12 μ0 ðχ k − χ ⊥ ÞH2 [48]. Since the
magnetic moments in Ca1−x Nax MnBi2 are preferentially
aligned along the easy c axis [Fig. 1(a)] of the AFM state
[16], one can set χ k ¼ χ c and χ ⊥ ¼ χ a ; χ c and χ a are the
magnetic susceptibility along the c and a axis, respectively.
The deviation below T s from the purely AFM response
[dashed line in Figs. 2(a) and 2(b)] may be accounted
for by the second term in Eq. (1), for which B ¼ μ0 Ms H,
where Ms is the saturated magnetization of the FM
response [19,46]. In Fig. S8 of Ref. [19], the τðθÞ data
are decomposed after the AFM and FM components.
Figures 2(e)–2(g) show the T dependence of the resulting
A and −B=A coefficients for all investigated compositions.
We choose to show −B=A in order to enhance the (weak)
FM contribution over the dominating AFM one. Upon
cooling, A is negative and its absolute value progressively
increases. The T dependence of A is overall consistent with

the magnetic susceptibility of CaMnBi2 , for which the inplane one (χ a ) is almost unchanged, and the out-of-plane
one along the easy axis (χ c ) decreases continuously with
lowering T, both being largely shaped by the AFM state
[11]. On the contrary, B, being positive and much smaller
than jAj, moderately increases from 300 K to T s , which is
associated with a weak FM signature, possibly caused
by vacancies [19,43]. Around T s its enhancement occurs
more rapidly, which signifies a net, additional FM response
causing the weak bumplike anomaly in χ c below T s [11].
The phase shifts C and D are estimated by fit to be 0 and
−10.5  2°, respectively [19]. If the FM response is
exclusively along the c axis, the phase shift D should be
zero. Therefore, the finite D value signals the presence of a
tilting of about 10° of the magnetic moments from the c
axis, as shown in Fig. 2(d), which is particularly relevant
below T s [Fig. S8(d) in Ref. [19] ] and gives rise to a canted
AFM order. The presence of in-place projected magnetic
moments below T s is also supported by our data collected
at fixed angles upon sweeping the magnetic field (Fig. S9 in
Ref. [19]). It is fair noting that, besides the already
mentioned tiny discrepancies from stoichiometry, the spin
flop [49] could also lead to a net FM response. Nonetheless,
its absence in the title compound [12], the phase shift
D ≠ 0 itself, and the encountered FM behavior in both
the in-plane and out-of-plane susceptibility (Fig. S2 in
Ref. [19]) further favor the spin-canting scenario, a signature of growing importance in topological magnetic
materials [43,50].
We introduce here the calculation of the electronic
band structure of CaMnBi2 based on the density functional
theory, which is of paramount importance toward a comprehensive account of the experimental findings deployed
so far. Figure 3(a) displays the band structure in the C-type
AFM state [Fig. 1(a)] without canting, while Fig. 3(b)
shows it with 10° canting angle. Upon switching on the spin
canting, the exchange effect caused by the net FM response
leads to a split of almost all bands into spin-up and spindown dominated branches [Fig. 3(b)]. However, near EF
only the holelike bands from the intercalated Bi pz orbital
(which predominantly hybridizes with the Mn dx2 −y2 orbital
through the intralayer Bi pz orbital, Fig. S10 in Ref. [19])
are remarkably split, while the linear bands from the
intercalated Bi px=y orbitals are almost unchanged [19].
This means that the px=y orbitals are marginal to the
magnetism in MnBi layers and less sensitive to the net
FM order. The consequences of canting are also imaged
by the changes of DOS at EF , shown in Figs. 3(c)–3(e).
We observe an overall depletion of DOS at EF , which
mainly affects the pz orbital contribution [Fig. 3(d)], while
negligible variations are encountered at EF for px=y orbitals
[Fig. 3(e)].
Supported by our first-principles calculations, we propose to interpret the MIR absorption in σ 1 ðωÞ above T s
[Fig. 1(b) herein and Figs. S4(a) and S4(b) in Ref. [19] ] in
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FIG. 3. (a),(b) Electronic band structure without (a) and with (b) spin canting. In (a), the contribution from different Bi p orbitals in the
square net are denoted by different colors [19]. Insets: Enlargement of the electronic band structure inside the black boxes of the main
panels (a) and (b). (c)–(e) Total density of states (DOS) (c) as well as partial one for pz (d) and px=y (e) orbitals. (f),(g) Calculated
interband contribution [σ inter
1 ðωÞ] of the optical conductivity [19] from the band structure without (f) and with (g) spin canting. The
arrows in (a),(b) and (f),(g) (blue without, and red and green after canting) highlight the interband transitions responsible for the MIR
absorption and its split in σ 1 ðωÞ [Fig. 1(b) herein and Figs. S4(a) and S4(b) in Ref. [19] ].

terms of the interband transition between the Mn dx2 −y2 dominated band and the intercalated Bi pz -dominated hole
pocket around the Γ point of the Brillouin zone (BZ), as
indicated by the blue arrows in Fig. 3(a) and its inset.
Indeed, the calculated (interband) optical conductivity
σ inter
1 ðωÞ shows an excitation at a similar energy scale
[Fig. 3(f)]. This absorption reflects the p − d hybridization
between Mn and intercalated Bi orbitals, which are
involved in the interlayer magnetic coupling. On the other
hand, the spin-canting-induced split of the intercalated Bi
pz orbital around the Γ point of the BZ [insets of Fig. 3(b)]
leads to a shift above EF of one branch and thus induces
a hole pocket (i.e., empty states). The resulting enhanced
hole character also generates the possibility for additional
interband transitions [Fig. 3(b) and its inset]. Concomitantly, the MIR feature in σ inter
1 ðωÞ splits into two
peaks [indicated by the red and green arrows in Figs. 3(b)
and 3(g)], in excellent agreement with the experimental
findings [Fig. 1(b) herein and Fig. S4 in Ref. [19] ].
Moreover, the related reduction of DOS at EF with spin
canting [Figs. 3(c)–3(e)] foresees the depletion of the
Drude-like SW in σ 1 ðωÞ [Fig. 1(c) and Refs. [18,19] ].
So far, we have focused the attention on the impact of the
experimentally determined spin canting on the electronic
band structure. The outcome of our first-principles calculations similarly catches a glimpse of the driving mechanism leading to the spin canting itself. We propose that it
resides in the interlayer magnetic coupling between the Mn
d orbitals, mediated by the p orbitals of the intercalated Bi

square nets [Fig. 1(a)]. Such a scenario encounters the basic
features of the superexchange magnetic coupling (details in
Ref. [19]) and may reveal the microscopic origin of the
anomaly in ρðTÞ and its Na doping dependence. Indeed,
with Na doping, the reduced interlayer distance enhances
the overlap between the Bi p and Mn d orbitals and thus the
p − d hopping integral, while more unoccupied states as a
consequence of the hole doping in the Bi pz orbital should
equally reduce the energy difference between the relevant
occupied p=d orbitals. All this leads to an enhancement
of the interlayer magnetic coupling, which favors a
higher transition temperature T s in accord with ρðTÞ of
Ca1−x Nax MnBi2 [Fig. S1(a) in Ref. [19] ]. Furthermore, we
speculate that with a larger hole pocket, as for Na-doped
CaMnBi2 because of the robust downward energy shift of
the chemical potential, even more DOS at EF will be
consumed by spin canting (also irrespective of correlation
effects, Fig. S11 in Ref. [19]). Thus, a more obvious
anomaly may be foreseen in ρðTÞ, in trend with the
experimental observations [Fig. S1(a) in Ref. [19] ] despite
the impact of the decreasing scattering rate at T < T s
(Fig. S6 in Ref. [19]).
Finally, we shall compare the title compound with the
structurally similar YbMnBi2. Even though they both share
the same fingerprints in their electronic band structure, one
can notice that in YbMnBi2 all bands around the Γ point are
below EF [50,51], while those in CaMnBi2 cross EF . The
hopping between the p − d orbitals, introduced above for
mediating the magnetic interlayer coupling, is then blocked
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in YbMnBi2 , making the electronic environment for spin
canting less favorable. Moreover, neutron scattering investigations [16,52] determine a smaller single-ion anisotropy
in CaMnBi2 than in YbMnBi2 . The smaller the latter
parameter, the weaker the spins will be constrained along
the easy c axis, so that the spin canting takes place more
easily in CaMnBi2 .
ARPES investigations on YbMnBi2 [50], though, give
evidence for the realization of a type-II Weyl semimetal and
it was claimed that the necessary breaking of the timereversal symmetry (TRS) is driven by spin canting, as well.
This is however debated and experimentally controversial.
Recent neutron scattering measurements on YbMnBi2 [52]
do not detect any fingerprints of spin canting in the bulk but
cannot exclude that it might happen at the sample surface
only (where ARPES is sensitive), for instance, as a
consequence of Yb vacancies. This possibility could
reconcile such a variety of yet contrasting data [51].
Obviously, if spin canting is the principle driving
mechanism for the reconstruction of the electronic band
structure below T s, as revealed by our experiments, we
might expect the realization of Weyl states in Na-doped
CaMnBi2 as a consequence of the broken TRS. This is of
wider interest because of the peculiar Dirac band crossing
along a continuous line in momentum space in CaMnBi2
[53]. There is thus a pressing need for high-resolution
ARPES experiments at T < T s in Ca1−x Nax MnBi2 , paired
with neutron scattering investigations on their single
crystals.
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