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Abstract

Unconventional features of relativistic Dirac/Weyl quasi-particles in topological materials are

most evidently manifested in the 2D quantum Hall effect (QHE), whose variety is further en-

riched by their spin and/or valley polarization. Although its extension to three dimensions has

been long-sought and inspired theoretical proposals, material candidates have been lacking. Here

we have discovered valley-contrasting spin-polarized Dirac fermions in a multilayer form in bulk

antiferromagnet BaMnSb2, where the out-of-plane Zeeman-type spin splitting is induced by the

in-plane inversion symmetry breaking and spin-orbit coupling (SOC) in the distorted Sb square

net. Furthermore, we have observed well-defined quantized Hall plateaus together with vanishing

interlayer conductivity at low temperatures as a hallmark of the half-integer QHE in a bulk form.

The Hall conductance of each layer is found to be nearly quantized to 2(N+1/2)e2/h with N being

the Landau index, which is consistent with two spin-polarized Dirac valleys protected by the strong

spin-valley coupling.
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Researches of topological materials have currently been one of the central topics of the

condensed matter physics. Their topologically non-trivial electronic structure leads to the

relativistic quasiparticles, Dirac/Weyl fermions, whose most prominent feature is seen in

QHE in 2D systems[1], such as the relativistic QHE in graphene[2, 3] and topological in-

sulator films[4]. The half-integer quantization of the Hall plateaus and the zero-energy

Landau level forming at the charge neutral Dirac point were experimentally clarified, which

are associated with the Berry phase of Dirac fermions and hence have no analog in con-

ventional 2D systems. More recently, the variety of QHE in topological materials has

been further expanded by utilizing the spin and/or valley polarization in the system[5–

9]. The extension of such unconventional QHE to three dimension should be of particular

interest in terms of novel topological phenomena[10] and potential application beyond 2D

systems[11]. However, in so-called Dirac/Weyl semimetals hosting three-dimensional rela-

tivistic quasiparticles[12, 13], the QHE usually does not occur owing to the energy dispersion

along the applied field.

To achieve the quantum Hall states in three dimensions, multilayer systems are viable,

since the interlayer coupling is so weak that the energy gap between the Landau levels can

form. In fact, over the last few decades, not only engineered semiconductor superlattices[14–

16] but also highly-anisotropic layered compounds[17–22] have been reported to exhibit the

quantum Hall signatures. As a topological analog, AMnX2 (A: alkaline-earth and rare-

earth ions, X : Bi and Sb)[23–35] is promising, since the crystal structure consists of an

alternate stack of a 2D Dirac fermion conduction layer (X− square net)[36, 37] and a (Mott)

insulating layer (A2+-Mn2+-X3−) [see Fig. 1(a)]. In fact, in addition to the π phase shift

in the SdH oscillation reported for several related materials[23, 33], signature of half-integer

QHE was experimentally observed in EuMnBi2[30]. More importantly, the AMnX2 materials

have an advantage of enabling the QHE to be coupled with various degrees of freedom in

the insulating layer, such as magnetism and lattice distortion, whicn may achieve the spin

and/or valley polarization. For instance, in EuMnBi2, the exchange interaction with local

Eu spins indeed causes significant spin splitting in the Dirac-like bands[38], although the

external fields are necessary to induce the net magnetic moment of the Eu layers. As another

source of spin polarization, the SOC of Bi and Sb atoms is available even at zero field, if the

inversion symmetry of the lattice is broken. So far however, the crystal structure for this

series of materials has been limited to a simple tetragonal one, resulting in spin degenerate
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FIG. 1: (Color online) (a) Crystal structure for BaMnSb2 deduced from the single-crystal x-ray

diffraction at ∼100 K. The formal valence of each ion is also described. (b) Plan view of the

distorted Sb− square net (with 1D zigzag chains) coordinated with Ba ions. (c) Calculated band

structure for BaMnSb2 with the SOC. Fermi surfaces for BaMnSb2, deduced from (d) the ARPES

intensity map at ∼ 60 K (integrated over 100 meV at the Fermi level) and (e) first-principles

calculation. The k-component along the crystallographic a(c) axis corresponds to kx(ky) [see panel

(b)]. In (e), the Fermi energy is set at −130 meV measured from the valence band top so that

the valley size matches the result of the quantum oscillation[50]. The color of the Fermi surfaces

represents the spin polarization 〈sz〉. (f) Cut of the ARPES intensity taken along the white dashed

line in (d), with the calculation results overlaid on the right side (white dotted curve). The ARPES

data are symmetrized with respect to ky=0. (g) Calculated Dirac-like band dispersion near the Y

point along the M-Y-M line, where the 〈sz〉 value of each band is represented by red (up) and blue

(down) colors. The dashed curve denotes the band dispersion calculated without the SOC.

Dirac bands.

We have here discovered the in-plane inversion symmetry breaking in the weakly-distorted

Sb square net of BaMnSb2[34, 35, 37] [Figs. 1(a) and (b)]. In combination with the SOC

of Sb atoms, this polar structure causes valley-contrasting spin splitting in the Dirac-like
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bands at zero field, as clarified by both angle-resolved photoemission spectroscopy (ARPES)

and first-principles calculations. In addition, owing to the highly 2D nature attained by the

high-temperature antiferromagnetic order of the Mn sublattice (TN ∼285 K) for BaMnSb2

(Fig. S1), we have experimentally observed the half-integer QHE, where clear quantized Hall

plateaus coinciding with vanishing interlayer conductivity manifest themselves at high fields

even in a bulk sample. Based on the experimental values of the quantized Hall resistivity,

we estimate the spin-valley degeneracy factor consistent with the spin-valley-locking in the

present compound.

As a result of single-crystal x-ray structural analysis (Table S1), we have found that

BaMnSb2, which was previously reported to be tetragonal[34, 35], has an orthorhombic

structure, where the Sb square net is distorted to a zigzag chain-like structure [Fig. 1(b)].

The similar distorted Sb square net is formed in (Ca,Sr)MnSb2 [39–42], although the type of

layer stacking is totally different; BaMnSb2 hosts the coincident arrangement of Ba atoms

above and below the Sb layer, while (Ca,Sr)MnSb2 hosts the staggered arrangement. Con-

sequently, the former results in a new crystal structure (space group Imm2) among the

AMnX2 family, which is polar along the in-plane direction [thick arrow along the c axis in

Fig. 1(b)], whereas the latter has a nonpolar space group Pnma.

The coincident-type layer stacking for BaMnSb2 is identical to that for (Sr,Eu)MnBi2,

which hosts quasi-2D Dirac fermions on the Bi square net. In BaMnSb2, however, the

square net is distorted to form polar zigzag chains, which should greatly influence electronic

states. For clarifying this, we show in Fig. 1(c) the band structure calculated on the basis

of the experimental crystal structure. For tetragonal SrMnBi2 [23, 36] and EuMnBi2 [32],

the Dirac-like band along the Γ-M line crosses the Fermi energy, forming four equivalent

valleys. However, the zigzag-type distortion for orthorhombic BaMnSb2 opens a sizable gap

(∼ 1 eV) at the Dirac points on the Γ-M lines. In the square-net layered compound, another

Dirac-like band can form at the X point, where the SOC-induced energy gap tends to be

large for (Sr,Eu)MnBi2 [36] and hence no Fermi pockets are created. For BaMnSb2, on the

other hand, although a similar large gap is formed at the X point, the energy gap around

the Y point remains relatively small (∼200 meV) even after taking account of the SOC and

the zigzag-type distortion. This leads to a highly-dispersive gapped Dirac band, as denoted

by shaded area in Fig. 1(c). The ARPES experiments have revealed that its valence band

indeed crosses the Fermi level, forming two small hole pockets near the Y point along each
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Y-M line [Fig. 1(d)]. Note here that the broad intensity centered around the Γ point arises

from the less-dispersive parabolic valence band situated just below the Fermi level[43]. This

band is unlikely to form a Fermi surface, as is also supported by the transport features (vide

infra); the field-linear Hall resistivity and the single-frequency quantum oscillation indicate

a single-carrier system.

Figure 1(f) shows a cut taken along the white dashed line in Fig. 1(d) (kx=−0.075Å),

where the linearly dispersing high-velocity Dirac-like band is observed near the Y point

(ky∼0.7Å). The ARPES dispersion is roughly reproduced by the present calculation [white

dotted curves on the right side of Fig. 1(f)]. However, the calculation overestimates the

energy of the parabolic band near the Γ point relative to that of the Dirac-like band (by

∼100 meV).

An impact of the polar lattice distortion manifests itself as valley-contrasting spin polar-

ization of the Dirac valleys near the Y point, as shown in Figs. 1(e) and (g). Figure 1(e)

presents the calculation result of spin-resolved Fermi surfaces for BaMnSb2, where two small

elliptic cylindrical Fermi surfaces along the M-Y-M line are nicely reproduced. It is striking

that each Fermi surface exhibits almost full spin polarization 〈sz〉 opposite to one another, as

denoted by red (spin-up) and blue (spin-down) colors. Note here that a large Fermi surface

is formed around the Γ point because of the overestimation of the parabolic band energy

in the calculation, as discussed above. To clarify the origin of such spin polarization de-

pending on the valley position, we show in Fig. 1(g) the calculated band structure together

with the 〈sz〉 value along the M-Y-M line. For comparison, the band structure without

the SOC is also plotted as a dashed curve, which is less dispersive and spin-degenerate.

The onset of the SOC induces significant spin splitting in the Dirac-like band, which corre-

sponds to the out-of-plane Zeeman-type splitting reflecting the polar structure within the

plane[44]. Since the energy splitting is particularly large (∼200 meV) around the Dirac

point, only the higher-energy band hosting steep linear dispersion crosses the Fermi energy.

The kx-dependent spin splitting is qualitatively explained by the SOC Hamiltonian as fol-

lows: HSO ∝ σ · (k × E) ∝ σzkxEy (for kz = 0), where σ is the spin Pauli matrix and

E = (0, Ey, 0) is the built-in electric field due to the polar structure. Thus, in BaMnSb2,

the strong SOC together with the broken inversion symmetry inherent to the distorted Sb

square net provides the spin-valley-coupled quasi-2D Dirac fermion, which is highlighted in

the relativistic QHE in three dimensions shown below.
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FIG. 2: (Color online) Field (B) dependence of (a) Hall resistivity ρyx and (b) interlayer conduc-

tivity σzz (=1/ρzz) for BaMnSb2 at selected temperatures for B||b up to ∼55 T. The measurement

setup is schematically shown in each panel. Inset shows σzz versus 1/B at low fields (< 9 T), where

the SdH frquency BF is defined [BF =21.3(2) T for the sample #2][50].

Figure 2(a) presents the field (B) dependence of Hall resistivity ρyx for BaMnSb2 at

various temperatures for B||b. While ρyx is almost B linear up to 55 T above 150 K, it

weakly bends downward above 40 T at 100 K, which evolves into a clear plateau structure

below 55 K. With further decreasing temperature, in addition to the main ρyx plateau

above 25 T, other ρyx plateaus become discernible even at low fields. Correspondingly, we
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observed clear Shubnikov-de-Haas (SdH) oscillations in the interlayer conductivity σzz =

1/ρzz [Fig. 2(b)], which is proportional to the density of states of the Landau levels in

multilayer systems[15, 16]. To clarify the Landau levels for the present compound, σzz is more

suitable than σxx, because tiny mixture of voltage drop along the interlayer direction into

that along the in-plane direction prevents the precise measurement of ρxx. As temperature

decreases, the dip structure of σzz becomes deeper, leading to a giant SdH oscillation; the

ratio of the peak σzz value (at ∼20 T) to the bottom one (at ∼30 T) reaches as high as

∼600 at 1.4 K. The observed vanishing σzz accompanied by the ρyx plateaus indicates that

the energy gap between the Landau levels is sufficiently larger than the bandwidth of the

extended state, which is the hallmark of the QHE.

To show the detailed features of the QHE for BaMnSb2, we plot 1/ρyx and σzz at 1.4

K as a function of BF/B in Figs. 3(a) and (b), respectively, where BF is the frequency of

the SdH oscillation estimated in the low-field region [inset to Fig. 2]. Note here that BF/B

is the filling factor normalized by the spin-valley degeneracy factor[30, 45]. Clear plateau

structures of 1/ρyx manifest themselves near half-integer values of BF/B, accompanied by

deep σzz minima. In particular, the σzz value reaches almost zero for BF/B=0.5 and 1.5,

reflecting the well-defined quantum Hall states at high fields. Since the quantum Hall states

correspond to BF/B=N+1/2−γ, where N is the Landau index and γ is the phase factor

expressed as γ=1/2−φB/2π with φB the Berry phase[46], the half-integer values of BF/B

indicate γ=0, i.e., the nontrivial π Berry phase in the present compound.

We further analyze the quantized values of 1/ρyx. Considering the parallel transport

of each Sb layer stacking along the b axis, ρyx is expressed by the Hall resistance of each

layer (Ryx) as follows: ρyx =Ryx/Z
∗, where Z∗ =1/(b/2) = 8.23 × 106 cm−1 is the number

of the Sb layers per unit thickness with b being the b axis length (Table S1)[35]. For the

quantum Hall state, Ryx is quantized as 1/Ryx = ±gd (N+1/2−γ) e2/h [47, 48], where e

is the electronic charge, h is the Planck’s constant, gd is the spin-valley degeneracy factor.

From these relations, the 1/ρyx plateaus are given by 1/ρyx=Z∗gd(N+1/2−γ)e2/h, where

Z∗gde
2/h≡ 1/ρ0yx corresponds to the step size of successive plateaus. Figure 3(a) displays

1/ρyx scaled by 1/ρ0yx, where the plateaus are nicely quantized to half-integer values, i.e.,

N +1/2−γ = 0.5, 1.5, 2.5,...[49]. This clearly supports that each Sb layer exhibits the

half-integer QHE, originating from φB = π for the Dirac fermion. Furthermore, from the

experimental value of 1/ρ0yx = 650±60 Scm−1, we estimate the degeneracy factor gd to be
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FIG. 3: (Color online) (a) Normalized inverse Hall resistivity (ρ0yx/ρyx) and (b) σzz versus BF /B at

1.4 K forB||b, whereBF is the SdH frequency estimated separately for each sample[50]. 1/ρ0yx(=650

Scm−1) is obtained from the step size of the 1/ρyx plateaus between BF /B=0.5 and BF/B=1.5,

where σzz is almost vanishing.

2.0±0.2, where the error includes that in the ρyx (or sample thickness) measurement (±6%,

Fig. S2) and the definition of plateau positions (±3%, Fig. S3)[50]. The obtained gd value

is thus consistent with the two spin-polarized Dirac valleys described in Figs. 1(d) - 1(g).

To experimentally reveal the spin polarization of Dirac fermions, we measured the field
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angle dependence of SdH oscillations for BaMnSb2. In spin-degenerate 2D systems, in

general, the ratio of the Zeeman energy EZ=g∗µBB to the cyclotron energy Ec=e~B⊥/mc

[B⊥ = B cos θ the field component perpendicular to the 2D plane and θ the tilt angle of

field from the normal to the 2D plane, see Fig. 4(c)] is tunable with θ, as is given by

EZ/Ec = g∗(mc/2m0)(1/ cos θ), where g∗ is the effective g factor, µB = e~/2m0 is the Bohr

magneton, mc is the cyclotron mass[51], and m0 is the bare electron mass. Therefore, when

EZ increases close to Ec/2 by increasing θ, marked changes in amplitude and phase of the

SdH oscillation are anticipated as a result of the overlap of the neighboring Landau levels

with opposite spins[38, 52]. In Fig. 4(a), we present the θ dependence of σzz versus BF (θ)/B

at the lowest temperature, where BF (θ) is the SdH frequency determined at each θ. At θ=0◦,

we have BF (0) = 21.3(2) T, corresponding to the cross-sectional area of the Fermi surface

normal to the field SF =0.203(2) nm−2, as small as ∼0.1% of the total area of the Brillouin

zone. Reflecting the strong 2D nature of the Fermi surface, BF (θ) increases with increasing

θ (Fig. S4), which nicely follows the 1/ cos θ scaling up to θ=81◦ [Fig. 4(b)]. What is

noteworthy is that the overall behavior of the SdH oscillation plotted versus BF (θ)/B is

almost independent of θ, except for a slight phase shift above 71◦[22]. We thus observed no

spin splitting in experiments, consistent with the fully spin-polarized Dirac valleys.

We note that, since two Dirac valleys are oppositely spin-polarized, the remaining valley

degeneracy should be lifted by EZ when the field is applied along the sz axis (θ=0◦). As

shown in Fig. 4(a), however, no signature of split Landau levels was detected at θ=0◦.

This indicates EZ is much smaller than Ec/2, putting a constraint on the g factor; g∗ ≪

(m0/mc)∼10, where mc/m0∼0.1 is deduced from the temperature dependence of the SdH

oscillation at θ=0◦ (Fig. S5). Such a small g∗ value for BaMnSb2 may reflect the fact that

the SOC-induced energy splitting dominates over EZ . If this is the case, the spins for the

Dirac valleys are considered to be almost locked along the sz axis even when the field is

tilted. Therefore, EZ/Ec should be nearly independent of θ owing to EZ ∝B⊥, which is in

fact consistent with the experimental results, i.e., no θ-evolution of Landau level splitting

up to 81◦.

In conclusion, we have found that polar antiferromagnet BaMnSb2 hosts quasi-2D Dirac

fermion with the Zeeman-type spin-valley locking, which originates from the in-plane in-

version symmetry breaking and strong SOC in the distorted Sb square net. We have also

observed the well-defined Hall plateaus accompanied by vanishing conductivity at high fields
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resistivity measurement in tilted fields.

as a manifestation of bulk QHE. There, the peculiar Dirac fermion state is highlighted by the

nearly half-integer quantization of Hall plateaus as well as the degeneracy factor reflecting

the spin-polarized multiple valleys. Thus, the AMnX2 compounds hosting a distorted X

square net can be a novel platform for a variety of spin-valley-coupled Dirac fermions, which

open the door to exotic QHE phenomena in a bulk form that may contribute to emerging

topological (spin)electronics.
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