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We have carried out magneto-transport measurements for single crystal StMnSb;. Clear Shubnikov—de Haas oscil-
lations were resolved at relatively low magnetic field around 4 T, revealing a quasi-2D Fermi surface. We observed a
development of quantized plateaus in Hall resistance (Ryy) at high pulsed fields up to 60 T. Due to the strong 2D confine-
ment and layered properties of the samples, we interpreted the observation as bulk quantum Hall effect that is contributed
by the parallel 2D conduction channels. Moreover, the spin degeneracy was lifted leading to Landau level splitting. The
presence of anisotropic g factor and the formation of the oscillation beating pattern reveal a strong spin—orbit interaction in

the StMnSb, system.
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1. Introduction

SrMnSb; is a member of widely studied ternary crystal
family AMnB,, A = Sr, Ca, Ba, Eu, Yb; B = Bi, Sb). This
material group was reported to host quasi-2D Dirac fermions
that possess outstanding physical properties.'!~'3! Intriguingly,
despite the theoretical prediction which suggests the absence

4] the nonstoichiometric co-

of Dirac fermions in SrMnSb,,
ordinate Sry_yMn;_,Sb; (y,z < 0.1) was found to be magnetic
topological semimetal.l'?! Here we carried out the magneto-
transport study for single crystal StMnSb,. A trivial Berry
phase and a highly anisotropic Fermi surface were identified
from Shubnikov—de Hass (SdH) oscillations. With the 60 T
pulsed field, the sample was driven to the second Landau level.
Accompanied by the minima in longitudinal resistance Ry, the
quantized plateaus were developed in Hall resistance R,,. We
interpreted the plateaus as the bulk quantum Hall effect that is
attributed to the strong 2D confinement and layered structure
of the material. Notably, the spin degeneracy is readily lifted at
high fields, resulting in pronounced Zeeman splitting. Due to
the strong spin—orbit interaction (SOI), the g factor calculated
from the splitting is highly anisotropic. Moreover, the pres-
ence of the beating pattern in the SdH oscillations provides a
direct evidence of the SOI splitting of the Fermi surface.

DOI: 10.1088/1674-1056/27/1/017504

2. Experiment
2.1. Material characterizations

Our samples are nonstoichiometric single crystals

with deficiencies in Sr and Mn. The sample provid-
ing the transport data has the specific composition of
Sr(0.88:0.02)Mn(0.91+0.06)Sb2 Which is obtained by averaging
four energy-dispersive x-ray spectroscopy (EDX) results. De-
spite the deficiency of the Sr and Mn elements, the bulk crystal
exhibits a good crystalline quality as confirmed by the sharp
diffraction peaks from the x-ray diffraction (XRD) spectrum
(Fig. 1(b)). All the peak positions match well with those of the
stoichiometric coordinate,!') and the layer normal is along the
a-axis. Data for additional samples are available in the supple-
mentary materials.

2.2. SdH oscillations at low fields

Our samples were measured in a Hall bar geometry as
illustrated in the inset of Fig. 1(c). A constant current was
applied in the bc plane with a magnetic field along the a-axis
(the out-of-plane direction). Figure 1(c) displays the temper-
ature dependence of the resistivity (R-1 curve) at zero field,
which exhibits a metallic feature. Figure 1(d) shows the carrier
density and mobility at different temperatures. Mobility up to
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6200 cm~2-V~!.s~! at 2.5 K was obtained from the Hall effect
measurement. In the whole temperature range, the Hall sig-
nal shows positive slopes, indicating a hole-dominated trans-
port behavior which is consistent with the previous report. ']
Notably, the electron carriers were reported to be dominant
in StMnSb, elsewhere.!'3! The striking difference in the car-
rier type implies that StMnSb; is a sensitive system that strin-
gently relies on composition and growth details.

Typical magnetoresistance (MR = [R(B) —R(0)]/R(0)) is
shown in Fig. 2(a). To explore the conduction channels’ di-
mensionality, MR was measured at different angles. With the
perpendicular geometry (the field direction is parallel to the
a axis), the MR ratio almost reaches 200% at 2.5 K, which
exceeds the previously reported giant MR in Dirac semimet-
als CaMnBi, (105%)'%! and StMnBi, (~ 120%).2] Moreover,
clear SdH oscillations start to appear around 4 T. Subtracting
the parabolic MR background resolves the evident SdH oscil-
lations that persist beyond 20 K. Only one main frequency was
observed in fast Fourier transform (FFT) spectrum at each an-
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gle in the field range of 0-9 T. The oscillation frequency is
associated with the external cross-sectional area of the Fermi
surface (Ag). For a 2D Fermi surface, the cross section has
an angular dependence following Ap(0) =Ao/|cos(6)|. The
angle O is defined as the angle between the magnetic field and
the normal of the bc plane. As displayed in Fig. 2(b), the an-
gular dependence of the frequency follows the cosine law (the
red dashed curve). The quasi-cosine behavior of the frequency
indicates a highly anisotropic Fermi surface. Similar oscil-
lation analysis was carried out for the temperature-dependent
MR in Fig. 2(c). For the oscillation at 2.5 K, the Fourier spec-
trum reveals a single frequency of F = 74.6 T (the inset of
Fig. 2(c)). Oscillations at other temperatures also reveal the
same frequency since there was no apparent peak shift. De-
24’702) Ap (P is the flux
quantum), the frequency of 74.6 T corresponds to the external

ducing from the Onsager relation F' = (

cross-sectional area of the Fermi surface Ap= 0.71 nm 2. This
area is just slightly larger than that of the nonstoichiometric
sample which hosts the relativistic fermions. !
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Fig. 1. (color online) Characterization of Sr;_Mn;_,Sb;. (a) A schematic drawing of StMnSb; crystal structure. Single crystal SrMnSb;
is composed of two formula layers (SrSb and MnSb), stacking along the a axis. (b) X-ray diffraction pattern of SrpggMng.9;Sb, on the (001)
plane. The XRD pattern peaks of our sample match well with the stoichiometric coordinate. (c) The temperature dependence of in-plane
resistivity. A constant current was applied within the bc plane. The inset shows the geometry of Hall bar. (d) The carrier density and mobility
at different temperatures. The mobility of the sample exceeds 6200 cm? -V~ .s~! at 2.5 K.

We performed the fitting of the temperature-dependent

oscillation amplitudes to the Lifshits—Kosevich formula: !

F
AR, =< RTRpRscos[27 (B) + 9],

where
2m2kgTm* ieB
sinh (2n2kgTm* /heB)’

m*
oo [ (Z5 )|

T

7.[ *
R; = cos ( &m > .
2m0

Identifying the oscillation amplitudes at different temperatures
at one specific magnetic field strength and fitting the set of data
to the Rt formula enable the extraction of the effective mass.
The fitting yields an effective mass m*= (0.126 4-0.003)my,
where myis the bare electron mass. This value is larger
than the conventional Dirac semimetal system, such as

CdszAs, (0.044m0),“7] but smaller than those of Dirac cousins
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SrMnBi; (0.29mg)!?! and CaMnBi, (0.32my).1!

The expression of Dingle temperature is Tp = -2

2ntokp’
where 7 is the quantum lifetime of carries due to scattering. BIt
can be obtained from the slope of the linear fitting of In[D] ~
1/B, D = ARBsinh (2”2;1‘#”) As shown in Fig. 2(e), the
Dingle temperature is found to be 15 K at 7 = 2.5 K. Then
we extract the carrier lifetime o= 8.18x 104 5. The quan-
tum lifetime 7q (also known as the single-particle lifetime)
and the transport lifetime are two important time scales. It
is widely accepted!'¥! that the ratio R; = % is an indica-
tion of the dominant scattering mechanism since the quan-
tum lifetime 7g obtained from SdH oscillations measures the
collision events at all directions while T; obtained from the
conductivity (7 = “%"*) counts the collision events in only
particular direction."® In our trivial SrtMnSb, system, 7 is

4.44x10713 s, giving R; = 5.42, which is in the conventional

case that the transport lifetime is regarded as the same or-
der as the quantum lifetime. Commonly, larger ratio is ex-
pected in topological system, since the large ratio between
the two time scales is usually associated with the suppres-
sion of backscattering that originates from the chiral nature in
topological semimetal systems. '] Besides the 2DEG systems
with a factor of 10-100,[1820-22] the large R; was reported in
Weyl semimetal TaAs[?¥ and in topological semimetal LaSb
with an extraordinary large value reaching 10*.[24]

The corresponding mobility obtained from the quan-
tum lifetime is U :en:? ~ 1125 cm?/Vs, which is signifi-
cantly larger than that of SrMnBi,.!?! It is remarkable that
the sample’s physical properties are comparable with its Dirac

cousins, requiring us to attain more information on sample’s
relativistic properties. Therefore, we calculated the Berry

phase accumulated along cyclotron orbits.
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Fig. 2. (color online) SAH oscillations at low fields. (a) The magneto-resistance ratio ((R(B) — R(0))/R(0)) at different angles. The angle
of magnetic field is defined as the angle between the magnetic field and the normal of the bc plane (zero degree means that the magnetic
field is perpendicular to the bc plane). The maximum MR ratio is approximately 200%. Clear SdH oscillations persist beyond 45°. (b) The
angular dependence of the oscillation frequency, following the cosine law F (8) = Fy/|cos(0)|. The red dashed curve indicates the cosine
fitting. (c) SAH oscillations at different temperatures. AR,, were obtained by subtracting a parabolic background. Inset: Fourier transform of
the oscillations at 2.5 K, revealing a single frequency F = 74.6 T. (d) The Lifshitz—Kosevich formula fitting to the oscillation amplitudes at
different temperatures. The fit yields the cyclotron effective mass m* = 0.126 £ 0.003my, where my is the bare electron mass. (e¢) Dingle plot.
The oscillation amplitude at 2.5 K decays exponentially. The Dinge temperature fitting yields the Dingle temperature of 15 K. The quantum
lifetime obtained is 4.44x10~'3 s. (f) Landau index plot. Inset: integers correspond to the valleys in the conductance spectrum. All the data
align well on a straight line. The red dashed line is the linear fit using n :% + ¢. The intercept 0.55 £ 0.05 corresponds to a trivial Berry phase

either for 2D or 3D system.

In the Lifshitz—Kosevich (LK) formula,!'®! AR,, is pro-
portional to cos[2w (%) +¢], where F, B, and & stand for
frequency, magnetic field, and phase shift, respectively. It is
widely believed that in a Dirac system, the linear dispersion
band contributes an extra & Berry phase, which leads to a
different phase shifts in 2D (1/8) and 3D (0) systems.!>! To
avoid the obstacles in carrying out a complete fitting for the
oscillation pattern by the LK formula, an alternative approach
is through the Landau fan diagram. In the Landau fan dia-

gram in which the inverse magnetic field (1/B) is set as x-axis

and integer n as y-axis, the position of peaks and valleys will
fall on a straight line. Then F' and ¢ can be extracted from
the linear fit using N = F/B+ ¢.1°! 1t is worth to mention
that due to the complexity of the Landau level quantization
in 3D semimetal systems, the assignment of the integer in-
dex is different from the cases of the topological insulator and
graphene.>>! We follow the rule that is suggested by Wang!%’!
to index the extrema, in which the Landau level integers are
assigned to the peaks in resistivity oscillation. The slope of

the linear fitting corresponds to the oscillation frequency. The
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value 74.0+0.3 T is consistent with the FFT result. A phase
shift ¢ = 0.55+0.05 (Fig. 2(f)) was obtained, which corre-
sponds to a trivial Berry phase.

The trivial Berry phase was suggested by the theoretical

141 As illustrated in Fig. 1(a), the crystal structure

calculation.
of SrMnSb, is similar to its cousin material StMnBi,, con-
sisting of a periodic arrangement of Mn—Sb and Sr—Sb layers
along the a axis, but with an orthorhombic distortion. The dis-
tortion in Sb layer dictates the symmetry and is responsible for
the absence of the Dirac fermion. Practically, the composition
of our sample has a small deviation from the stoichiometry,
which is Srg g8+0.02) Mn(0.91+0.06)Sb2, While the crystal struc-
ture remains unchanged compared to the stoichiometric sam-
ple as evidenced by the XRD pattern. Thus, we consider that
the chemical deficiency is not likely to significantly modify the
crystal symmetry and introduce Dirac points in our sample’s
band structure.

2.3. Bulk quantum Hall effect

To investigate the transport behavior when approaching
the quantum limit, we applied a pulsed magnetic field up to
60 T. We observed the developing of quantized plateaus in
Ryy. Each plateau position is aligned with the minima of Ry, as
shown in Fig. 3(a). We interpreted the quantized feature as the

multilayered quantum Hall effect arising from the stacked 2D
conduction channels. Due to the weak interlayer interaction
between unit layers and the strong 2D confinement revealed
in the transport, the bulk sample behaves like a stacked sys-
tem forming by many parallel 2D channels. The bulk quan-
tum Hall effect has been reported in highly-doped topological

(261 Dirac semimetal ZrTes, >’ n-M401,1?%
[29-31

insulator Bi,Ses,
and Bechgaard salts. I The quantized Hall resistance takes
value ~ %NZ, where Z is the number of stacked quantum lay-
ers, and N is the Landau index. Figure 3(b) displays 1/R,,
scaled with Z as a function of N. The sample thickness is
around 80 wm, the value of lattice parameter c calculated from
XRD data is 23.12+0.02 A (the uncertainty comes from the
standard deviation across the measured peaks), and each unit
layer contains two van der Waals layers Sr—Sb and Mn-Sb.
The inset shows that the scaled 1/Ry, falls on a straight line.
The linear fit gives a slope of (3.75+0.10)x 1075, which in-
dicates a deviation of 3% to the value of e /h=3.874x107°.
The error could come from the estimation of sample thickness
and the deficiency-leading non-ideal current paths. The highly
linear relation between the 1/R,, value and the index shows an
excellent quantization coming from the multilayered quantum
Hall effect.
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Fig. 3. (color online) Pulsed high field experiments. (a) Magnetoresistance (R,.) and Hall resistance (Ryy) as functions of the perpendicular
field along the a axis. The data is presented at 4.2 K. (b) Nearly quantized plateau in G, divided by the number Z as a function of 1/B.
Adjacent LLs are separated by ¢?/h. Inset: normalized G,y of each Landau level aligns in a straight line. Red dashed line is the linear fitting,
yielding a slope of 3.7540.10x 107> with 3% deviation from the standard value ¢?/h = 3.874 x 107>, (c) Oscillatory beating patterns were
developed in sample 1 and sample 2. The first node position is around 10 T. (d) Peak splitting in the FFT transform spectrum of high field SdH
oscillations of sample 1. The two frequencies are 74.6 T and 88.2 T respectively, indicating two Fermi surfaces differing 18% in cross-section
areas. (e) Conductivity oscillation in 1/B scale at 4.2 K with 8 = 0°. Pulsed field of 60 T drove sample to the second Landau level. Pronounced
Zeeman splitting was observed as labeled on the plot. An oscillatory beating pattern can be observed. The red dashed line is for guiding eyes.
(f) Angular dependence of the Zeeman splitting spacing. Red and navy arrows show the splitting spacing change of the 3th and 4th Landau

levels.
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2.4. SOI induced beating and anisotropic g factor

Meanwhile, the field-dependent resistance evolves into a
beating pattern with the first beating node positioned at 10 T.
The beating pattern indicates the existence of two frequencies.
Accordingly, the Fourier transform analysis of the resistance
oscillation engenders a double-peak spectrum (Fig. 3(d)). The
first frequency 74.6 T corresponds to the frequency appeared
at low fields. The other frequency is 88.2 T. The two frequen-
cies stand for two Ar differing by 18%, which means that there
are two sets of Landau levels with comparable carrier density
and cross-section area.

With the magnetic field strength up to 60 T, we can probe
the transport channels with relatively low mobility. It is possi-
ble that an additional channel with lower mobility contributes
to the beating feature. According to the SAH oscillations, the
Fermi level lies around 138 meV below the top of the valence
band where a small pocket located at ¥ could be involved
in the transport. However, the difference between the cross-
section areas of pocket at Y and I' is remarkable and tends to
rule out the two-band origin of the beating oscillation.

Zeeman splitting only produces two identical sets of sub-
levels along the field direction, so that the interference be-
tween the two sets of sublevels will not give rise to the beat-
ing pattern. On the other hand, a large spin orbit interaction
often causes electronic band structure splitting and can mani-
fest itself as a beating behavior in the SdH oscillations.3>34]
There are two types of spin—orbit interaction: Rashba type
and Dresselhaus type. Rashba terms appear in the systems
lacking of interface inversion symmetry, while Dresselhaus
effect is considered in bulk inversion asymmetry crystals. 3]
The distorted Sb atom net intrinsically breaks the inver-
sion symmetry in SrtMnSb; along the a crystallographic axis.
Meanwhile, Sb atom is relatively heavy, thus sizable spin—
orbit coupling should be expected in the sample.?>! Besides,
Rashba terms usually play significant roles in 2D electron gas

[32,33,36

systems I and also manifest in topological insulator sur-

5.37] For a trivial parabolic band, the Fermi energy

face state
is proportional to carrier density. The 18% splitting in den-
sity can be translated into 18% splitting in the Fermi energy,
corresponding to the SOI splitting on the order of 20 meV. 34l
Although the dominated SOI type requires more detailed work
to determine, the presence of splitting in SdH oscillation fre-
quency is a direct manifestation of the SOI splitting in the
Fermi surface.

In the presence of the strong SOI, spins with different ori-
entations are mixed in the Zeeman sublevels, and give rise to
variations in g factor from the pure Zeeman splitting. It is no-
ticeable that the magnetic field above 22 T lifts the Zeeman
splitting as shown in Fig. 3(e), where pronounced splitting
peaks and valleys were resolved in the conductance oscillation

curves. It is known that Zeeman splitting is subjected to the to-

tal external magnetic field and it should be independent of the
field direction. However, we observe the angular-dependent
oscillations in the high field regime, as displayed in Fig. 3(f).
The splitting spacing in our sample shows an obviously an-
gular dependence. The g factor calculated at 10 degree is 5.0
which differs from the value at 40 degree (3.5) by 30%. An
angular-dependent Zeeman splitting can be developed when
SOI is involved by which the external field can induce ex-
change interaction. Any exchange splitting can be decom-
posed into the orbital independent and dependent part. 38! The
former one corresponds to the isotropic Zeeman splitting part,
while the latter one is highly sensitive to the field’s direction,
giving rise to a highly anisotropic g factor.!*”! The anisotropic
g factor is discovered in many 2D hole systems*? as well
as in the interface of heterostructrues,*!=** where Rashba-
type SOI usually dominates. Similar g factor variation is also
discovered in materials that exhibit highly anisotropic Fermi

[27

surface, such as ZrTes.?”) The anisotropic g factor provides

another unambiguous evidence of the SOI in STtMnSb;.

3. Conclusion and perspectives

In conclusion, we carried out magneto-transport exper-
iments for single crystal SrMnSb,. Trivial hole-like carri-
ers dominate in the transport measurements, which implies
the composition sensitivity of sample’s band structure. We
suggest a fine-tuning composition experiments by molecular-
beam epitaxy to explore sample’s topological properties evo-
lution. Angular dependent SAH oscillations reveal a quasi-2D
Fermi surface. The strong 2D confinement also manifest itself
in high field Hall signals where quantized plateaus are aligned
with the minima in resistance oscillation. We interpret this
behavior to the stacked parallel 2D conduction channels. Be-
sides, the pulsed high field up to 60 T lifts sample’s spin degen-
eracy leading to the pronounced Zeeman splitting. Anisotropic
g factor and the development of the beating oscillation pattern
reveal a significant spin—orbit interaction in the system. The
outstanding transport properties, together with its layered na-
ture and strong spin—orbit interaction render StMnSb, to be an
attractive candidate in the spintronics field.
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