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Nonreciprocal charge transport in polar Dirac metals with tunable spin-valley coupling
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Nonreciprocal charge transport in solids, where resistance is different between rightward and leftward
currents, is a key function of rectifying devices in modern electronics, as exemplified by p-n semiconductor
junctions. Recently, this was also demonstrated in noncentrosymmetric materials in magnetic fields since their
band structure exhibits spin polarization coupled to the position of momentum space due to antisymmetric spin-
orbit coupling. To enhance the magnitude of the nonreciprocal effect, it is essential to tune such spin-momentum
coupling, which has been hampered in conventional materials owing to the difficulty in controlling the broken
inversion symmetry built into the lattice and interfacial structures. Here, we report large nonreciprocal resistivity
in the layered polar metal BaMnX, (X = Sb, Bi), where the spin-polarized Dirac dispersion depends on the
in-plane polarization tunable by chemical substitution of the X site. For X = Sb with a pair of single-type
valleys, the nonreciprocal resistivity increases monotonically with decreasing temperature, while for X = Bi
with multiple types of valleys it is reduced by about an order of magnitude and exhibits a peak at a low
temperature. Theoretical calculations indicate that the nonreciprocal resistivity is sensitive not only to the
spin-momentum (spin-valley) coupling but also to the Fermi energy and the Dirac dispersion. The observed
significant variation of nonreciprocal transport in the same series of materials might be of great use in the design

of junction-free rectifying devices and circuits.

DOI: 10.1103/PhysRevResearch.7.013041

I. INTRODUCTION

Broken inversion symmetry in solids enables a variety
of material functions and has long attracted attention in the
field of condensed matter physics [1]. In addition to the
conventional piezoelectricity and natural optical activity, di-
rectional propagation of various quantum particles, such as
photons, phonons, and magnons, is allowed via the spin-orbit
coupling (SOC), leading to nonreciprocal responses in opti-
cal phenomena [2-4] and spin and thermal transport [5-9].
Nonreciprocity in fundamental electron transport, charac-
terized by a difference in electrical resistivity for opposite
current directions, was also recently investigated in noncen-
trosymmetric (super)conductors [10-19]. This is an intrinsic
rectification effect occurring in a magnetic field without any
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junctions, often called magnetochiral anisotropy, and is an-
ticipated to have potential applications for novel rectifying
devices with high controllability. From the heuristic argument
based on Onsager’s reciprocal theorem [10,11], it is allowed
when both inversion and time-reversal symmetries are broken.
Therefore, the resistance taking into account the magnetochi-
ral anisotropy is given by

R = Ro(1 + yBI), (1)

where Ry, B, and I denote the resistance at zero magnetic
field, magnetic field, and electric current, respectively. The
second term, which depends on the electric current and mag-
netic field, describes the nonreciprocal resistance due to the
magnetochiral anisotropy. The coefficient y, corresponding to
the ratio of the nonreciprocal resistance to the normal one,
satisfies the selection rule derived from the symmetry of the
system as follows [20].

When the lattice is polar, the magnetochiral anisotropy
term is given by the vector form [1,11]

y < (P xB)-1, 2

which indicates that nonzero y is allowed when P, B, and
I are orthogonal to each other (P is the polarization vector).
This selection rule was confirmed in two-dimensional (2D)
and quasi-2D systems, where the inversion symmetry perpen-
dicular to the 2D plane is broken. There, the Rashba-type

Published by the American Physical Society
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FIG. 1. (a) Crystal structure of BaMnX,. (b) The top view of the X ~ zigzag layer together with Ba>" ions. The blue arrow denotes the
lattice polarization along the ¢ axis. (c) The calculated Fermi surface for X = Sb. The k,, k,, and k, axes in the momentum space correspond
to the crystallographic a, ¢, and b axes, respectively. The color of the Fermi surfaces denotes the spin polarization (s,); red is up, and blue is
down. Here, the large spin-degenerate Fermi surface around the I' point, as predicted by the calculation, is eliminated since it does not cross
the Fermi level in reality [31]. The polarized microscope images of the X = Sb single crystal (d) before and (e) after microfabrication. In (d),
the positions of the fabricated device and the current path are denoted by the colored bars. In (e), the device with voltage terminal 1-2 (5-6)
corresponds to L P (I || P). The dashed lines in both (d) and (e) show a position of the polar domain wall. The direction of P in each domain
is orthogonal, as denoted by the white arrows in (e). (f) The scanning electron microscope (SEM) image of the fabricated device. The numbers
of the terminals correspond to those in (e). The white arrow shows the direction of the applied current.

SOC generates the helical spin polarization within the k.k,
plane [19,21-26], which leads to the asymmetric band dis-
persion when the magnetic field is applied along the plane.
(For instance, for the magnetic field along the x direction, the
current along the y direction exhibits nonreciprocity.) Rashba-
type spin splitting has been mostly studied at the surface and
interface of thin films, such as Si field-effect transistor devices
(FET) [11], bilayer thin films [22-24], and the surface of topo-
logical insulators [12—14]. In addition, recently, several polar
semiconductors were found to show large Rashba-type spin
splitting [27]. There, the nonreciprocal transport manifests
itself as a bulk property [19,25], which can be modulated by
chemical substitution [26].

When the inversion symmetry parallel to the 2D plane is
broken, the out-of-plane spin polarization is generated via
the so-called Zeeman-type SOC. Contrary to the Rashba-type
SOC, the Zeeman-type SOC is realized only in in-plane asym-
metric layer structures. Therefore, the materials variety has
been limited so far; single- and few-layer H-phase transition
metal dichalcogenides (TMDCs) have drawn research interest
as arare example from an early stage. H-phase TMDCs have a
honeycomblike lattice with the transition metal and chalcogen
atoms on separate sublattices, leading to the inversion symme-
try breaking along the plane. The resultant effective Zeeman
field in momentum space has a different sign between the

K and K’ points, which causes the valley-contrasting out-of-
plane spin polarization [28,29]. However, in monolayer MoS,,
for instance, although the giant nonreciprocal resistance asso-
ciated with the magnetic vortices motion was observed in the
superconducting state (" < 10 K), nonreciprocal resistance
was not detected in the normal metallic state [15,30]. This is
partly because the contribution from each valley cancels out
at the lowest order. To enhance the magnitude of nonreciproc-
ity, it is thus important to modulate spin-polarized valleys.
However, in TMDC:s, their positions are fixed at the K and K’
points because of the symmetry of the honeycomblike lattice.

In this study, we focus on the layered polar Dirac metal
BaMnX, (X = Sb, Bi) [31-35] as a material with tunable
spin-valley coupling and giant Zeeman-type spin splitting.
This compound consists of the alternative stacking of the
Ba?*-Mn?*-X 3 layer and the X~ layer [Fig. 1(a)]. The for-
mer layer works as an insulating block layer, while the latter
layer hosts a quasi-2D Dirac fermion state. The square net
of the X~ layer is slightly distorted to a zigzag chainlike
structure, which gives rise to in-plane polarization in the bulk
[Fig. 1(b)] [31-33]. The magnitudes of polarization and SOC
can be controlled by the chemical substitution of X atoms,
whereby the position and number of spin-polarized Dirac
valleys significantly differ between BaMnSb, (X = Sb) and
BaMnBi, (X = Bi) [31-33]. Furthermore, the strong SOC
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inherent in the X atoms makes the Zeeman-type spin splitting
energy typically ~200 meV. This value is much larger than
the Fermi energy (~20-40 meV measured from the edge
of the Dirac cone [31,32]), leading to perfect spin polariza-
tion in each valley [31,34]. Thus, this series of materials is
suitable for exploring large and tunable nonreciprocal trans-
port. Using devices microfabricated in a single polar domain,
clear polarization-dependent nonreciprocal transport has been
detected even in the normal metallic state for both X =
Sb and X = Bi. Intriguingly, the temperature dependence
significantly differs between the two materials. Based on the
first-principles calculations, we discuss the impact of spin-
valley coupling on the nonreciprocal resistivity.

II. METHODS

Single crystals of X = Sb and X = Bi were grown via a
flux method described elsewhere [31-33]. We obtained plate-
like crystals with a typical size of 0.8 x 0.6 x 0.06 mm? for
X =Sb and 2 x 2 x 1 mm? for X = Bi. Using a polarized
microscope, we found that as-grown single crystals for both
materials contain several twin domains, corresponding to the
90° rotation of lattice polarization P [Fig. 1(d)]. To measure
the transport properties within a single domain, we fabricated
microstructure devices using a focused ion beam (FIB) with
30 kV of acceleration voltage for the Ga ion beam at VERSA-
3D (FEI Company).

The nonreciprocal resistivity p2* was obtained as p2* =
(VX%C“’ /D//S), where VX%C‘“ is the imaginary part of the second-
harmonic voltage drop measured by the conventional AC
lock-in measurement, / is the rms value of the AC current,
[ is the length of the voltage terminals, and S is the cross
section of the current path. To obtain B dependence, we an-
tisymmetrize V2 with respect to B. The measurements were
performed using commercial superconducting magnets (e.g.,
a physical property measurement system, Quantum Design)
with a typical current and frequency of ~1 mA and ~80 Hz,
respectively (for details, see Appendixes A—C). The direction
of magnetic field was controlled using a probe equipped with a
two-axis rotating stage at the Institute for Materials Research,
Tohoku University.

We performed first-principles band structure calculations
based on density functional theory with the generalized
gradient approximation with the Perdew-Burke-Ernzerhof
parametrization [36] and the projector augmented wave
(PAW) method [37], as implemented in the Vienna Ab initio
Simulation Package (VASP) [38—41]. We used the experimen-
tal crystal structures determined in Ref. [32] for BaMnBi,
and in [31] for BaMnSb;. To compare these two compounds,
the direction of the +c (+k,) axis for each compound is
determined so that it coincides with the direction of the lattice
polarization +P. The core electrons in the PAW potential are
[Kr] 44'° for Ba and Sb, [Ar] for Mn, and [Xe] 4f'#5d'° for
Bi, respectively. The G-type antiferromagnetic spin configu-
ration for Mn spins was assumed. A plane-wave cutoff energy
of 350 eV and a 12 x 12 x 12 k mesh were used, along with
the inclusion of spin-orbit coupling.

From the obtained band structure, we constructed the Wan-
nier functions [42,43] using the WANNIER9O software [44].
We did not perform the maximal localization procedure to

prevent the mixture of the different spin components. We
took the Mn d and Bi(Sb) p orbitals as the Wannier basis. A
12 x 12 x 12 k mesh was used for the Wannier construction.
By using the zero-field tight-binding model consisting of these
Wannier functions, we obtained the band structure with spin
polarization (S;). The Fermi surface was depicted using the
FERMISURFER software [45] as in Refs. [31,32].

We calculated the nonreciprocal current in the following
way based on the Boltzmann transport theory within the
constant relaxation time approximation described in the liter-
ature [19,25]. In this model calculation, we added the Zeeman
term, —%guBBUZ, to the tight-binding Hamiltonian, where g,
up, and o, are the g factor, the Bohr magneton, and the Pauli
matrix, respectively. Therefore, the experimentally observable
nonreciprocal coefficient ¥’ of current density is calculated
as [19,25]

1 (o]
=== 3
Y Bo? 3)
Here, o, is the nth-order conductivity, given by
&’k
n = A _ 3 Ux k n k s 4
g q/(2n)3v()f() )

where v, (k) is the velocity along the x direction (the cur-
rent direction) and f; (k) = (%%)" Jfo(k), with fy being the
equilibrium Fermi-Dirac distribution function, t being the
scattering time, ¢ being the elementary charge, and 7 being
Planck’s constant. Note here that y’ is independent of ¢ within
the constant T approximation since o> o< 72 and o7 o< T [19]
and is thus calculable based on the band structure. The ef-
fect of temperature was taken into consideration through the
Fermi-Dirac distribution function. The first-derivative of the
band dispersion, i.e., the group velocity, was calculated using
the Hellmann-Feynman theorem, while the second derivative
was evaluated with numerical differentiation. A magnetic field
of upB =1 meV, which is sufficiently small to lead to a
well-converged value of y’, was applied. We used 2400 x
2400 x 2400 and 1400 x 1400 x 1400 k meshes for X = Sb
and X = Bi, respectively. In the calculation of y’ for X = Sb,
we neglected the hole pocket around the I' point that ap-
peared in the first-principles band structure. This is because
this pocket was found to sink below the Fermi level in angle-
resolved photoemission spectroscopy measurements [31]. For
BaMnBi,, although hole pockets are present along the I'-M
line in the first-principles band structure, we also excluded
these pockets from the calculation of y’. This is justified by
the fact that they are not experimentally observed in trans-
port properties: The Hall resistivity remains negative over the
measured field range, and the electron-type carrier density
estimated from the Hall coefficient closely matches that ob-
tained from Shubnikov—de Haas oscillations [32]. Moreover,
our calculations reveal that the spin splitting of these hole
pockets is very small for both materials, indicating that their
contribution to the nonreciprocal current is negligible.

III. RESULTS

We first focus on X = Sb with a pair of single-type valleys
around the Y point [Fig. 1(c)]. To clarify the selection rule for
the nonreciprocal transport, we fabricated two pairs of voltage
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FIG. 2. Magnetic-field B dependence of nonreciprocal resistivity
p22 for (a) I L P and (b) I || P in the X = Sb single crystal at 20—
150 K at the magnetic field perpendicular to the plane (B||b). The
bottom inset in (a) shows the temperature 7 dependence of p,, for
both I L P (blue) and I || P (red) at zero magnetic field. (c) Second-
harmonic voltage V2 versus /* for I L P at 40 K at 9 T. The dotted
line denotes a linear fit to the experimental data. (d) The out-of-plane
magnetic-field directional dependence of p? for I L P at 20 K at
various fields. The definition of tilt angle 6 is shown in the inset; B
was rotated while keeping B L 1.

terminals in a single polar domain; one probes the resistivity
parallel to P, and the other probes the resistivity perpendicular
to P [Fig. 1(d)]. The direction of P was initially determined
by comparing the domain imaging by a polarized microscope
and optical second-harmonic generation [33]. After the FIB
process [Fig. 1(f)], we checked the direction of P again by
using a polarized microscope [Fig. 1(e)]. For both current
directions (I L P and I || P), the temperature dependence
of the longitudinal resistivity p,, exhibits metallic behavior
[bottom inset in Fig. 2(a)] consistent with that reported for
the single-crystal samples [31,33,34]. However, at the lowest
temperature, the p,, values for the two current directions
are significantly different. This is probably due to the tiny
contamination from the interlayer resistivity p.., which can
be safely eliminated by antisymmetrizing pfj;’ with respect to
B above 20 K [46].

Figures 2(a) and 2(b) show the B dependence of non-
reciprocal resistivity p2* for I L P and I || P in X = Sb,
respectively. The magnetic field is applied perpendicular to
the plane [B || b; top insets in Figs. 2(a) and 2(b)]. At high
temperatures above 150 K, almost no nonreciprocal signal is
discernible for both current directions up to 9 T. However,
with decreasing temperature, ,of;" roughly proportional to B
gradually increases for I L P, where a clear second-harmonic
voltage V2% proportional to 1> was observed [Fig. 2(c)]. On
the other hand, p2* remains close to zero for I || P even
at low temperatures. To further study the details of such

P (1Qem)

5,

P10 °Qcm)

—_~ 50 100 150 200 250 300

g T(K)

S I

% 34 e

Na;g_ I=1mA

- - 80K - 100K

120 K 150 K

-0 175K - 200K
-0 225K | —@— 250K

6 8 8 6 4 20 2 4 6 8
B(T)

FIG. 3. (a)~(d) B dependence of p2* for the two orthogonal
current directions in a single polar domain in the X = Bi single
crystal. The magnetic field is applied normal to the plane. The cur-
rent directions along terminals 1-2 (I};) and terminals 3—4 (I34) are
shown in the SEM image in the left inset. (a) and (c) and (b) and
(d) show the data for /;, and I, respectively. (a) and (b) and (c)
and (d) show the data below and above 80 K, respectively. The right
inset shows the temperature dependence of the in-plane resistivity
Pxx At zero magnetic field for the two current directions.

P-contrasting p>¢, we measured the magnetic-field angular
dependence of p2* by tilting the field towards the in-plane
direction [for the definition of tilt angle 6, see the inset in
Fig. 2(d)]. In Fig. 2(d), we show the 6 dependence of ,o)%;"
at 20 K for selected magnetic fields. Each curve is nicely
fitted by a cosine curve, with the absolute value showing the
maximum when B is perpendicular to both P and I (6 = 0°
and £180°). These P- and B-directional dependences clearly
indicate that p2 satisfies the selection rule given by Eq. (2).
Similar B and I dependences of second-harmonic signals are
reproduced in another sample (S#2; for details, see Fig. 5
in Appendix A). The nonreciprocal transport associated with
spin-valley coupling is thus demonstrated in the normal con-
duction in X = Sb. Note here that the oscillatory component
of p? at 20 and 30 K above 4 T likely arises from the
quantum oscillation since it has a 1 /B period and its amplitude
is strongly enhanced at lower temperatures. This suggests that
the high-mobility Dirac fermions play a dominant role in the
nonreciprocal transport in this material.

We next studied the nonreciprocal transport for X = Bi
with multiple types of valleys [four valleys around the Y
point and two valleys around the X point; see the inset in
Fig. 4(b) below]. Figure 3 displays ,o)%;" versus B for the two
current directions normal to each other in a single polar do-
main (see Fig. 6 in Appendix B) at various temperatures. For
one current direction (along terminals 1-2 shown in the left
inset in Fig. 3) temperature-dependent nonzero p>¢ signals
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were detected [Figs. 3(a) and 3(c)], whereas pf;“ for the other
direction (along terminals 3—4) remains almost zero in the
entire temperature range [Figs. 3(b) and 3(d)]. Note here that
pxx for both current directions are almost consistent with each
other (right inset in Fig. 3). We thus observed a clear P-
contrasting p2 signal similar to that of X = Sb. For X = Bi,
the domain size is too small to precisely determine the P
direction of each domain from the optical second-harmonic
generation [32]. However, based on the present P-contrasting
nonreciprocal signal and the selection rule, it is revealed that
P is perpendicular to current along terminals 1-2 (I, L P),
whereas P is parallel to current along terminals 3—4 (I34 || P).

Interestingly, the temperature dependence of nonzero p>
for X = Bi is nonmonotonic, whereas that for X = Sb mono-
tonically increases with decreasing temperature. In X = Bi,
p2¢ gradually increases with decreasing temperature from
250 to 80 K [Fig. 3(c)], followed by a steep decrease below
80 K [Fig. 3(a)]. Later, we discuss such a difference in the
temperature dependence of p2 between the two materials in
terms of the difference in spin-valley coupling.

We should note that the B dependence of p2¢ is not lin-
ear for either X = Sb or X = Bi [Figs. 2(a), 3(a) and 3(c)].
Especially at low temperatures, higher-order terms with re-
spect to B manifest, as was also observed in BiTeBr [19],
the LaTiO3/SrTiO3 interface [23], and ZrTes [47]. However,
the temperature dependence of the higher-order term is not
well reproduced among the different crystals of X = Sb, while
that of the B-linear term is almost consistent (see Fig. 7 in
Appendix C for details). It is likely that the high-order terms
arise partly from an extrinsic origin, although the mechanism
is unclear at present. For the discussion below, therefore, we
focus on the B-linear term obtained by fitting pfjc" (B) based on
a polynomial taking into account up to the third order of field:
p)%;"(B) = ¢;B + ¢3B3. From the coefficient of the B-linear
term ¢y, we obtain the experimental y’ value (the nonrecip-
rocal coefficient of current density) [19]: ¥' = 2¢1/(pxx0J)
where j is the current density and p.,o is the resistivity at
zero magnetic field. y’ does not depend on the sample size
and represents the rectification coefficient as a bulk property.

IV. DISCUSSION

We here quantitatively compare the Y’ values for X = Sb
and X = Bi (for B||b). Figures 4(a) and 4(b) show the overall
temperature dependence of y’ for X = Sb and X = Bi, re-
spectively. For both materials, y’ clearly satisfies the selection
rule [Eq. (2)]; y’ for I||P (blue) remains close to zero regard-
less of temperature, while that for I L P (red) is nonzero. The
temperature dependence of y' for I L P is markedly different
between the two materials. For X = Sb, y’ continues to in-
crease with decreasing temperature. For X = Bi, on the other
hand, it peaks at around 60 K. Furthermore, the magnitude of
y’is much smaller for X = Bi than X = Sb; the peak value of
y'is ~7 x 1072 A~ T~ m? for X = Bi, while y’ exceeds
70 x 10712 A= T~ m? at low temperatures for X = Sb.

To discuss the origin of such a marked difference in y’,
we now compare the experimental results with the calculation
results. We first focus on X = Sb with a simple two-valley
Fermi surface. Figure 4(e) shows the temperature dependence
of calculated y’ for X = Sb for various Fermi energies, where

the chemical potentials at finite temperatures are set to be
constant. The calculated y’ tends to increase with decreas-
ing temperature regardless of the Fermi energy. From the
measurements on the quantum oscillation for X = Sb, the
Fermi energy is estimated to be ~ — 35 meV, where the
increase of y’ towards the lowest temperature is not as steep
as the experimental results shown in Fig. 4(a). The experimen-
tal temperature dependence of y’ is reproduced for slightly
higher Fermi energy (~ — 15 meV).

The strong dependence of y’ on the Fermi energy and band
structure can be explained by the following expression for o,:

3 2
- [ g gjg")
-/ 4 vk 3 foler)
Qr)y ok, ok,
&k vy (k)
@y

0oy X

3 foler)

86k

L (k
or. v (k)

&)
Since a perfectly linear dispersion of a massless Dirac band
leads to 3%‘—]((") = 0, a gapped Dirac band with Fermi energy
crossing near the charge-neutral point is required for nonzero
y’ [see the last expression in Eq. (5)]. Furthermore, even for a
gapped Dirac band, o, becomes zero owing to the integration
of 3%‘—,&")vx(k) over k when the band dispersion is symmetric
with respect to the charge-neutral point. Therefore, the tilt of
the Dirac cone along the k, direction is also indispensable.
As shown in Fig. 4(c), X = Sb indeed has two slightly tilted
gapped Dirac cones with valley-contrasting spin polarization
centered at the Y point. Because of the delicate conditions
given above, the y’ value is naturally sensitive to the Fermi
energy and the shape of the Dirac bands. However, it would
be impossible to precisely determine them from the first-
principles calculation since they strongly depend on the lattice
structure and the SOC.

In X = Bi, the configuration of Dirac valleys is more com-
plicated than that in X = Sb [inset in Fig. 4(b)]. As shown
in Fig. 4(d), the spin-polarized Dirac bands near the Y point
are similar to those in X = Sb, although the position of the
charge-neutral point slightly deviates from the M-Y-M high-
symmetry line [cut (i) in the inset in Fig. 4(b)], forming four
valleys in X = Bi. In addition to the Y point, there is also a
pair of valleys near the X point in X = Bi [cut (ii) in the inset
in Fig. 4(b)]. The tilt of the Dirac cone with respect to the X
point is similar to that around the Y point, but the sign of the
spin polarization is opposite [Fig. 4(d)]. Therefore, the Dirac
valleys around the X and Y points are subjected to opposite
effective magnetic fields in momentum space, resulting in
opposite contributions to ¥’ [inset in Fig. 4(f)]. Owing to this
partial cancellation, the absolute value of y’ for X = Bi may
be significantly reduced compared to that for X = Sb. The
temperature dependence of y’, which exhibits a peak at low
temperature, is qualitatively reproduced by the calculation for
the selected Fermi energy [105 meV in Fig. 4(f)]. Although
this value is close to that experimentally estimated from the
quantum oscillations (~101 meV), the calculation results are
very sensitive to the Fermi energy within the experimental
error. Thus, a more precise determination of the band structure
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FIG. 4. T dependence of the nonreciprocal coefficient ¥’ obtained from the B-linear component of p2¢ for (a) X = Sb and (b) X = Bi.
Red and blue data correspond to ¥’ for I L P and I || P, respectively. The insets show a schematic illustration of the spin-polarized Dirac
valleys for each material. The color (red and blue) of the valleys denotes the spin polarization (up and down). For clarity, we omit the nearly
spin degenerate Fermi surfaces for both materials. (c) Spin-resolved Fermi contours (top) and energy dispersion (bottom) of the Dirac band
near the Y point for X = Sb at zero field. The contours are the cuts of the valence band above the Fermi energy with an interval of 10 meV.
The dispersion is the cut along the M-Y-M line (k, = 7 /c), where the origin of the energy is the top of the valence band around the Y point.
The color denotes the magnitude of spin polarization (s;). (d) Spin-resolved energy dispersions of the Dirac bands near the Y and X points for
X = Bi at zero field, which are cuts (i) (k, = 0.87 /c) and (ii) (k, = 0) in the inset in (b), respectively. The origin of the energy is the bottom of
the conduction band around the X point. The color denotes the magnitude of (s;) [as shown in (c)]. Calculation results of the T dependence of
y’ for (¢) X = Sb and (f) X = Bi for various chemical potentials x, which we set to be constant over the temperature. The p values are selected
in the vicinity of the experimental values of the Fermi energy [denoted by the shaded regions in (c) and (d)]. The results are normalized by
the value at 7 = 300 K at 4 = —15 meV (X = Sb) and u = 100 meV (X = Bi) since the g factor has not been experimentally determined for
either material. The inset in (f) shows the normalized y’ values of each valley versus temperature for X = Bi (u = 100 meV).

and Fermi energy is necessary for a quantitative comparison
alsoin X = Bi.

V. SUMMARY

We studied the nonreciprocal transport in the polar
Dirac metals BaMnX, (X = Sb, Bi) with tunable spin-valley
coupling. Using microfabricated devices with current both
parallel and perpendicular to the lattice polarization, we
found that a clear nonreciprocal resistivity manifests when
the directions of current, polarization, and magnetic field
are orthogonal to each other, which is consistent with the
selection rule of magnetochiral anisotropy. The temperature
dependence of nonreciprocal resistivity (characterized by a
rectification coefficient y’) is markedly different between
X = Sb and Bi. For X = Sb, y’ increases monotonically with
decreasing temperature, while for X = Bi, y’ peaks at about
60 K and decreases towards the lowest temperature. More-
over, the absolute value of y’ is about 1 order of magnitude

smaller for X = Bi than for X = Sb. From the first-principles
calculation, the observed differences in y’ are qualitatively
explained by the difference in spin-valley coupling between
the two materials. However, the quantitative values are sensi-
tive to the Fermi energy and the curvature of Dirac-like bands
in each material. Since a small distortion of the X square
net leads to a significant change in spin-valley coupling in
this series of materials, the nonreciprocal transport should be
controllable not only by chemical substitution but also by an
external strain.
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the lattice polarization in the fabricated device is denoted by the large arrow. (c) Temperature dependence of p,, for both I L P (blue) and
1 || P (red) devices at zero field. Field dependence of the nonreciprocal resistivity pf;" for the (d) / L P and (e) [ || P configurations at each
temperature. (f) Second-harmonic voltage V2 versus > for/ L Pat40 K at9 T.

No. 22HO01176, No. 21H05470, and No. 24H01622), the
Asahi Glass Foundation and the Spintronics Research Net-
work of Japan (Spin-RNJ). This work was partly carried out
under the Visiting Researcher’s Program and the GIMRT
Program of the Institute for Materials Research, Tohoku Uni-
versity. Calculations in this work were partly done using the
facilities of the Supercomputer Center, The Institute for Solid
State Physics, The University of Tokyo.

APPENDIX A: NONRECIPROCAL TRANSPORT
IN ANOTHER SAMPLE FOR X = Sb

Figure 5 shows a summary of the experimental data for an-
other micro-fabricated sample S#2. The results are consistent
with those for S#1 discussed in the main text.

APPENDIX B: FABRICATED DEVICE FOR X = Bi

For FIB microfabrication on X = Bi, we used a cleavage
crystal. Due to its smaller orthorhombicity compared to X =
Sb [32], multiple twin domains are visible on the as-grown
surfaces of X = Bi single crystals. By carefully observing
the cleaved surface with a polarized microscope, we found
a nearly single-domain region [highlighted by the red square
in Fig. 6(a)], where we fabricated the measurement device
shown in Fig. 6(b). We note here that the crystal was polished
to reduce its thickness to ~40 wm for the FIB fabrication, and

this region maintained its nearly single-domain feature even
after polishing.

APPENDIX C: FITTING OF THE FIELD DEPENDENCE OF
NONRECIPROCAL RESISTIVITY

Figure 7 shows a summary of the fitted results for p2*(B)
using a polynomial of up to third order.

59 200/um

FIG. 6. (a) The polarized microscope image for the cleaved sur-
face of the BaMnBi, single crystal. The red square indicates the
area where the polarity is nearly uniform (the direction predicted
by the nonreciprocal transport measurement is shown by the black
arrow). (b) The SEM image after the FIB microfabrication. The red
square represents the same area as in (a). The numbers of terminals
correspond to those in Fig. 3 in the main text, and the white arrow
indicates the current path.
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FIG. 7. The nonreciprocal resistivity p>® versus field B at T = 40 K for (a) X = Sb (S#1), (b) X = Sb (S#2) and (c) X = Bi (S#3). All

X

data are nicely fitted by the polynomial up to the third term, ¢;B + c3B°. The temperature dependence of the fitting coefficients (d) ¢, and (e)

c3 for X = Sb. (f) Plot of ¢ and c¢; versus temperature for X = Bi.
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