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We report the valley-selective interlayer conduction of SrMnBi, under in-plane magnetic fields. The
c-axis resistivity of SrMnBi, shows clear angular magnetoresistance oscillations indicating coherent
interlayer conduction. Strong fourfold variation of the coherent peak in the c-axis resistivity reveals that the
contribution of each Dirac valley is significantly modulated by the in-plane field orientation. This originates
from anisotropic Dirac Fermi surfaces with strong disparity in the momentum-dependent interlayer
coupling. Furthermore, we found a signature of broken valley symmetry at high magnetic fields. These
findings demonstrate that a quasi-two-dimensional anisotropic Dirac system can host a valley-polarized

interlayer current through magnetic valley control.
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Controlling the valley degree of freedom can be an
effective way to modulate charge conduction and to induce
intriguing phases [1-10]. In the so-called Dirac materials
like graphene, two energy bands, corresponding to two
equivalent sublattices, intersect linearly at different posi-
tions in the momentum space, providing multiple valley
degeneracy. Since the valley degeneracy is balanced by
crystal symmetry, producing a valley-selective current
usually requires breaking crystal symmetry by, e.g., strain
[1-3]. However, a recent study on a three-dimensional (3D)
Dirac material, bismuth, demonstrated that a rotating
magnetic field modulates the contribution of each valley
to the conduction and also reveals the field-induced valley
polarization [7-9]. In this case, the essential ingredient
for magnetic valley control is the strong anisotropy in the
Dirac valleys, which has been rarely found in the Dirac
materials.

Among various Dirac materials, SrMnBi, is of
particular interest because of its highly anisotropic quasi-
two-dimensional (2D) Fermi surface (FS) [11-15]. In
StMnBi,, four valley-degenerate Dirac cones are on the
I'-M symmetry lines in the Brillouin zone, which has
distinct energy dispersion against the momentum direction.
Along the I'-M line, a significant overlap between Bi p, ,
orbitals in the plane leads to fast dispersion. On the other
hand, much slower dispersion normal to the I'-M line is due
to hybridization between Sr d,, ,. and Bi p, , orbitals. The
resulting anisotropy in the Fermi velocity of the Dirac cone
reaches ~5-10 [11,12,15], much larger than found in other
Dirac systems [16,17]. Therefore, StMnBi, provides a
model system with anisotropic quasi-2D Dirac valleys,
which can host the valley-polarized current under a
magnetic field.
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In this Letter, we report that the interlayer conduction of
SrMnBi, can indeed be valley polarized at a tilted magnetic
field. From a detailed investigation of angular magneto-
resistance oscillations (AMROs), we found that the con-
tribution of each valley to the interlayer conduction
strongly depends on the in-plane field direction. In contrast
to bismuth, the valley control in StMnBi, is based on the
field-induced change in the coherent interlayer conduction,
which is sensitive to the curvature of the side wall of the
quasi-2D FS. The resulting anisotropy is significantly
enhanced at high magnetic fields, reaching ~100 without
saturation, much higher than found in bismuth.
Furthermore, we found a signature of broken valley
degeneracy at high magnetic fields. These results suggest
that the valley degree of freedom in quasi-2D anisotropic
Dirac systems can be effectively controlled by the in-plane
magnetic field.

The temperature dependence of the in-plane (p,;,) and
the out-of-plane (p.) resistivity of SrMnBi, is shown in
Fig. 1(b). Experimental details are given in Supplemental
Material [18]. In the whole temperature range, p.(T) is
nearly 2 orders of magnitude larger than p,,(7). A broad
maximum at 7 ~200 K in p.(T) resembles the typical
behavior of quasi-2D systems showing a crossover from
high-T incoherent to low-T coherent conduction [19,20].
Previous studies [11,12] revealed quasi-2D open FSs and a
3D closed FS with a donut shape in the Brillouin zone
[Fig. 1(a)], which are denoted as a and 8 FSs, respectively
[21]. In such a multiband system, the c-axis conduction is
often dominated by the 3D FS. However, the T dependence
of p. and its field dependence shown below suggest that
quasi-2D FSs significantly contribute to interlayer con-
duction in SrMnBi,.
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FIG. 1 (color online). (a) Calculated Fermi surface of StMnBi,.
The quasi-2D Dirac FSs and the 3D FS near I' are denoted by «,,
(n = valley index) and S, respectively. Also the definition of
polar (0) and azimuthal (¢) angles is shown. (b) Temperature
dependence of the in-plane resistivity (p,;) of S1 and the c-axis
resistivity (p.) of S1, S2, and S3. (c) The p.(@) for S1 at
T = 0.6 K under various magnetic fields up to H = 35 T. The
p.(0) curves for S2 and S3 taken at H = 14 Tand T = 2 K are
also shown. The azimuthal angle is fixed at ¢ = 30°. The
coherent peak at & = 90° as well as Yamaji peaks at § = 75°
and 105° are indicated by the dashed lines.

The c-axis magnetoresistivity p,. at tilted magnetic fields
exhibits clear AMRO behaviors for all three samples. The
definition of the polar (9) and azimuthal (¢) angles of the
magnetic field is given in Fig. 1(a), and here the azimuthal
angle is fixed at ¢p = 30°. Near H||c (6 = 0 or 180°), the
peak positions of the AMRO depend strongly on the field
strength as shown for S1 in Fig. 1(c). This AMRO
originates from the Shubnikov—de Haas (SdH) effect.
The AMRO curves taken at different fields up to 35 T
fall onto a single curve, when plotted against the normal
component of the magnetic field H, = H cos @ [18]. This
indicates that the responsible FS for the SdH oscillations is
2D, which corresponds to the a FS in Fig. 1(a). The SdH
frequency F = 127(3) T is in good agreement with the size
of the a FS with F = 137(7) T, estimated from the in-plane
magnetoresistance [14].

There are additional peaks near H||ab, whose positions
are not sensitive to the field strength. This AMRO near
H||ab arises from the geometrical effect of the quasi-2D
FS. At characteristic angles, called Yamaji angles, the
quasi-2D FS has only one extremal cross section, and
the group velocity along the ¢ axis is averaged to zero in the
orbits, producing the resistive peaks [22-24]. Furthermore,
the resistive peak is also found with the in-plane H at
0 = 90°. The width of the 90° peak, estimated from the
derivatives of p.(0), is independent of the field strength up
to 35 T [18]. This confirms that the 90° peak is the coherent
peak, which is attributed to the effect of either the closed
orbits [23-25] or the self-crossing orbits [26] formed on the

side of the corrugated quasi-2D FS. These results clearly
show that the coherent conduction in the quasi-2D a FSs
contributes significantly to the c-axis conduction in
SrMnBi,.

Figure 2 presents the normalized c-axis resistivity
pc(0)/p.(60 =0) as a function of the polar angle () at
different azimuthal angles (¢). The AMRO curves taken at
different magnetic fields [Fig. 2(a)] and temperatures
[Fig. 2(b)] are offset for clarity. The magnitude of the
coherent peak shows a clear ¢ dependence even at high T
or at low H. At a certain ¢, like ¢p = 90°, the coherent peak
is almost completely suppressed. At low 7 or high H,
Yamaji peaks develop, whose positions are systematically
modified by changing ¢ [Fig. 2(d)]. The momentum k;(¢),
the maximum Fermi wave-vector projection on the plane of
rotation of the field, is estimated from the Yamaji peaks
[18]. The strong fourfold variation of kj(¢) [Fig. 2(c)]
can be attributed to two 90°rotated FSs having an
elliptical cross section. Based on the relation kj(¢)? =
[kax cos ()] + [Kmin sin(¢p)]? [27], where kP& (KR is
the longer (shorter) radius for the ellipse, we calculated the
ky (¢) curve by using the FS size A, = 1.21 nm™? from the
SdH frequency of 127(3) T and the anisotropy k™ /kp™ =~
6 [11,15] as shown in Fig. 2(c). A good agreement between
the experiment and calculation confirms that the relevant
FS for the AMRO is indeed the highly anisotropic a FS.
This clearly demonstrates that the variation of the coherent
peak due to the geometrical effect of the quasi-2D o FS
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FIG. 2 (color online). (a) The normalized resistivity
pc(0)/p.(0) for S3 taken at 7 =2 K with different azimuthal
angles (¢) and magnetic fields. (b) The normalized p.(0)/p.(0)
for §2 taken at H = 14 T with different ¢ and temperatures. In (a)
and (b), the data are shifted along the vertical axis for clarity, and
the same color code for ¢ is used. (c) The projection vector (k)
estimated from Yamaji peaks. The solid lines are the calculated
curve using two 90°-rotated elliptical quasi-2D FSs (see the text).
(d) The systematic changes in p.(0)/p.(0) of S2, taken at H =
14 Tand T = 2 K, for different ¢ from 80° (top) to 32° (bottom)
with a span of 6°. The curves are offset for clarity, and the small
triangles indicate the position of the Yamaji peaks.
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determines the significant ¢ dependence of p.(¢) at
6 = 90° [28].

The p.(0 =90°¢) at the coherent peak exhibits
strong fourfold symmetry in the ¢ dependence
[Figs. 3(a) and 3(b)]. With increasing H, the anisotropy
of p.(¢) becomes stronger; i.e., the dips at ¢ = mn/2
(m = integer) become deeper and narrower. This reflects
strong twofold anisotropy in the contribution of each a FS,
which is rotated by 90° against its neighbors [Fig. 1(a)],
consistent with the results in Fig. 2(c). The strong twofold
anisotropy of a single a FS originates from the field-
induced change in the interlayer conduction. At high in-
plane H, conduction electrons of the quasi-2D FS make
complete closed orbits before scattering by the Lorentz
force F; « vp X B, significantly reducing the interlayer
conduction. However, this is not the case for electrons on
the flat part of the FS, which experience nearly zero F; due
to the almost parallel v, to B. Therefore, the c-axis
conductivity under the in-plane magnetic field is extremely
sensitive to the curvature of the side wall of the FS, as found
in various quasi-2D systems [29-31].

In StMnBi,, when the magnetic field is along the longer
axis of the a FS (H_LI'-M), large corrugation on the side of
the FS leads to the minimum conductivity o.(¢). In
contrast, for the magnetic field along the shorter axis
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FIG. 3 (color online). (a) The azimuthal angle (¢) dependence
of the c-axis resistivity p.(¢) of S1 under various magnetic fields
(@ =90° at T =5 K. The solid lines are the fit of the model
taking account of the anisotropic valley conduction (see the text).
(b) The corresponding polar plot for p.(¢). (¢) Schematic
illustration of the quasi-2D a FS with H along or normal to
the I'-M symmetry line in the k space. The electron orbits formed
perpendicular to the magnetic field are shown in both cases.
(d) The expected twofold ¢-dependent conductivity o.(¢) from a
single Dirac valley (a FS). (e) Each contribution from the valleys
with odd and even index (solid lines) together with the total
conductivity (dashed line).

(H||T"-M), electrons in the flat side FS have the maximum
o, [Fig. 3(c)]. The alternative explanation with the self-
crossing orbits [26] predicts the same angle dependence of
o.(¢). As a consequence, the rotating field by 90° turns on
or off the contribution of a single a FS to the conduction
[Fig. 3(d)]. Here, four valley-degenerate anisotropic a FSs,
denoted by valley index n, are rotated by 90° [Fig. 1(a)].
Then the ¢ dependence of c-axis conduction from the
valleys with odd indices (n = 1 and 3) is shifted by 90°
against that from the valleys of even indices (n = 2 and 4)
[Fig. 3(e)]. In other words, when the valleys with odd n
contribute the most to the c-axis conduction, the valleys
with even n do the least. Hence, the in-plane field
orientation can control the relative contribution of the
valleys with odd or even indices in SrMnBi,.

In order to estimate the twofold anisotropy in the a FS,
we employed a phenomenological model for p.(¢) taking
account of contribution from the valley-degenerate a FS
and the 3D g FS [32]. Here we assumed that the
conductivity of # FS (co4) has negligible ¢ dependence,
which is justified by the fact that the ¢ dependence of p.(¢)
at @ = 90° is dominated by the variation of the coherent
peak [Fig. 2]. For the twofold anisotropic interlayer
conductivity of each a FS [o,,(¢)], a phase shift by 90°
is introduced between those of odd and even n. Then, the
c-axis conductivity o.(¢) ~ pz'(¢) [33] is approximately
given as their sum, expressed by

4
Z Oq, n + Gﬁ

n=1
20'2D
1 + rcos?(¢p + n/2)

o 262D
1 + reos?¢

=+ o3p, (1)

where the o, (03p) are the relative contribution of the a ()
FS and the anisotropy factor r reflects the anisotropy in
effective mass and scattering time. This model nicely
reproduces the observed data [Fig. 3(a)]. The fit yields
the ratio between the quasi-2D (four a FSs) and 3D (f FS)
conductivities, 4o,p/03p ~ 0.08, suggesting the a FSs
contributes ~10% of the total c-axis conduction. This is
consistent with the fact that the amplitude of the SdH
oscillations from the a FSs is ~10% of p, [Fig. 1(c)].
Despite many similarities, as compared to bismuth [7],
the quasi-2D nature of SrMnBi, leads to different high-
field dependence of the resistive anisotropy r(H). As
shown in Fig. 4(a), the dips in p.(¢) become narrower
with H, indicating a monotonic increase of r(H) [33]. At
low temperatures, the resistive anisotropic factor r(H)
increases linearly with H but starts to bend above
H ~ 14 T, reaching ~100 at H =30 T [Fig. 4(b)]. This
contrasts to the case of bismuth [7], showing saturation of
r(H) to its high-field limit ~40, mainly set by the
anisotropy in the effective mass of 3D FSs. In quasi-2D
systems, field-induced suppression of the interlayer
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FIG. 4 (color online). (a) The ¢ dependence of the normalized
pe(P)/p.(@p=0) of SI at high fields up to H=30T at
T =2 K. (b) The field dependence of the anisotropic factor
r(H) for the a FS. (c) The field dependence of p.(¢)/
pe(¢p=0) for the peaks at ¢ = (2m —1)z/4 and for the
dips at ¢ = mn/2 (m = 1,2,3,4). The solid lines in (b) and
(c) are guides to the eye.

conduction is amplified differently, depending on the
corrugation of the quasi-2D FS. With increasing H along
the corrugated region, a larger area of the FS does not
participate in charge conduction, significantly enhancing
pe- On the other hand, along the flat FS, the magnetic field
remains less effective in p,.. This leads to a much larger
enhancement of r(H) at high H in SrMnBi, [34].
Therefore, valley control in the interlayer conduction can
be more effective in quasi-2D Dirac systems [35].

In quasi-2D Dirac systems, strong anisotropic corruga-
tion of the FS is essential for valley control. In StMnBi,,
the relevant states along the shorter axis of the o FS are the
Bi p,, orbitals lying in the Bi plane. Their significant
overlap in the plane gives fast dispersion and a strong 2D
character. In contrast, along the larger axis of the a FS,
hybridization between the Bi p and Sr d orbitals in the
neighboring layers leads to much slower dispersion and a
relatively stronger 3D character. The strong disparity in the
interlayer coupling and the curvature of the in-plane FS
cross section of the a FS are intimately related with each
other in StMnBi,. This implies that further tuning of the
orbital overlap by, e.g., external pressure or chemical
substitution can enhance the anisotropic factor r for more
effective valley control.

Finally, we discuss possible broken fourfold symmetry
in p.(¢) at high fields. As shown in Fig. 4(a), the fourfold
symmetry in p.(¢), clearly present at low H, is destroyed
above H ~ 14 T, where the r(H) deviates from the
H-linear dependence [Fig. 4(b)]. From the two-axis rota-
tion measurements at H = 14 T, we found a somewhat
weaker difference between the coherent peaks than found

in Fig. 4(a), indicating a possible misalignment of the field
out of the ab plane. However, the difference between the
p.(¢) data taken at ¢p = 45° (225°) and at ¢p = 135° (315°)
remains negligible below H ~ 14 T and suddenly becomes
significant at higher fields [Fig. 4(c)]. Also, the p.(¢) for
¢ = (2m — 1)x/4 shows twofold behavior, whereas data
taken at ¢ = mr/2 (m = 1,2,3,4) remain symmetric at
high magnetic fields [36]. Furthermore, the two-axis
rotation measurements on another sample S3 show a weak
but noticeable twofold behavior at H = 14 T [18]. These
results cannot be explained by the field misalignment only.
In fact, similar behavior of broken valley degeneracy was
found in bismuth at high magnetic fields [7,9]. In StMnBi,,
incipient electronic instability might be stabilized at high
fields, lifting valley degeneracy. The nesting effect of the
flat part of the a FSs can be important for electronic
instability, which also induces a charge density wave phase
in structurally related compounds CaMnBi, and LaAgBi,
[37-40]. Further investigation at high fields is highly
desirable to clarify the possible electronic nematic phase.
Nevertheless, our findings suggest that interlayer conduc-
tion of anisotropic quasi-2D Dirac systems can be modu-
lated with a magnetic field, providing an effective way for
valley control.

In conclusion, we have shown that the coherent interlayer
conduction of a quasi-2D Dirac system SrMnBi, is signifi-
cantly modulated by a rotating magnetic field. Based on the
detailed AMRO experiments, we found that such a strong
modulation of the c-axis resistivity is attributed to the
magnetically valley-selective conduction. The key ingre-
dient of magnetic valley control in SrMnBi, is strong
momentum-dependent disparity in interlayer coupling.
The layered compounds with anisotropic Dirac valleys
provide an interesting platform to study valley-selective
conduction and also field-induced valley polarization at high
magnetic fields.
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