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Monocrystalline StMnBis thin films were grown by molecular beam epitaxy (MBE), and their transport
properties were investigated. A high and unsaturated linear magnetoresistance (MR) was observed,
which exhibited a transition from a semi-classical weak-field B2 dependence to a high-field linear
dependence. An unusual nonlinear Hall resistance was also observed because of the anisotropic Dirac
fermions. The two-carrier model was adopted to analyze the unusual Hall resistance quantitatively.
The fitting results yielded carrier densities and mobilities of 3.75 x 10 cm~2 and 850 cm?-V~1.s71,
respectively, for holes, and 1.468 x 10" ecm™2, 4118 cm?-V~1.s7!, respectively, for electrons, with a
hole-dominant conduction at 2.5 K. Hence, an effective mobility can be achieved, which is in reasonable
agreement with the effective hole mobility of 1800 cm?-V~1.s71 extracted from the MR. Further, the
angle-dependent MR, proportional to cos 6, where 6 is the angle between the external magnetic field
and the perpendicular orientation of the sample plane, also implies a high anisotropy of the Fermi
surface. Our results about SrMnBis thin films, as one of a new class of AEMnBis; and AEMnSby (AE
= Ca, Sr, Ba, Yb, Eu) materials, suggest that they have a lot of exotic transport properties to be
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investigated, and that their high mobility might facilitate electronic device applications.

Keywords SrMnBiy, thin films, magnetoresistance, two carriers, anisotropic Dirac fermions

PACS numbers 68.90.4g, 74.78.-w, 81.15.Hi

1 Introduction

Dirac materials, such as graphene [1, 2] and topologi-
cal insulators (TIs) [3, 4], have attracted great atten-
tion, owing to their unique properties, such as high car-
rier mobility with forcefully-suppressed backscattering
[5], anomalous half-integer quantum Hall effect carrying
the nonzero Berry phase [6, 7], and a large linear and
unsaturated magnetoresistance (MR) [5, 8, 9], result-
ing from the linear energy dispersion around the Dirac
points Therefore, graphene and many other Dirac mate-
rials have been applied to multifarious electronic devices
[10, 11]. In particular, graphene is expected to substitute
silicon in integrated circuits [11, 12].

AEMnBi; and AEMnSby (AE = Ca, Sr, Ba, Yb, Eu)
constitute a new class of Dirac materials [13-17]. Taking

*Special Topic: Recent Progress on Weyl Semimetals (Eds. Xincheng
Xie, Xian-Gang Wan, Hong-Ming Weng & Hua Jiang).

SrMnBi; as an example, the crystal structure of SrMnBi,
belongs to the space group I4/mmm, and is comprised of
a layer of MnBi consisting of edge-sharing tetrahedra and
a Bi square net, separated by an electronegative Sr layer
[18, 19], as shown in Fig. 1(a). Most electronic states
near the Fermi level originate from the Bi square net in-
stead of the MnBi layer, because there are energy levels
separating the electronic states in the MnBi layer from
the Fermi level [20]. Thus, the Bi square net is responsi-
ble for the linear energy-momentum dispersion as seen in
graphene. Recently, a highly anisotropic Dirac cone in
SrMnBi;y was theoretically predicted and experimentally
observed [19]. The Dirac cones in graphene and topo-
logical insulators are usually isotropic, unless external
periodic potentials [14, 19] and mechanical stress are ap-
plied [21]. SrMnBi,, containing a Bi square net, provides
a new route for controlling the anisotropy of the Dirac
cone. Recently, the transport properties of bulk SrMnBi,
single crystals have been investigated, and the unsatu-
rated MR resulting from the linear energy dispersion,
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Fig. 1 (a) Crystal structure of StMnBiz. The inset shows the in-situ RHEED patterns of the thin films. (b) XRD pattern
and (c) Surface morphology of the SrMnBis thin films on mica, probed by atomic force microscopy. The RMS is 0.3 nm
with a scan size of 500 nm. (d) X-ray photoemission spectrum of SrMnBi, thin films. The characteristic peaks of Sr 3d, Mn

3p, Bi 4f°/2, and 4f"/? are marked in the spectrum.

angular dependent MR, and oscillations have been ob-
served, illustrating the dominant two-dimensional (2D)
Dirac fermion states in StMnBis [19]. However, there is
limited work on SrMnBis thin films, which are expected
to exhibit new properties originating from the dimen-
sional change.

Here, we report the growth of SrMnBis monocrys-
talline thin films with a molecular beam epitaxy (MBE)
system and its transport properties. The unsaturated
MR was observed and it exhibited a crossover at a criti-
cal B* from a semi-classical low-field B? dependence to
a high-field linear dependence. The nonlinear transverse
resistance (R,,) validates the two-carrier conduction in
SrMnBiy, which is in accordance its multiband, Dirac,
and conventional parabolic band states [22, 23].

2 Growth and characterization

Monocrystalline thin films of SrMnBis were grown in a
Perkin-Elmer MBE. The basic pressure reached 1 x 107°
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mbar. The mica substrates were freshly cleaved and pre-
heated to 400 °C for 30 min. The source cells of Sr
(99.999%), Mn (99.999%), and Bi (99.999%) were heated
up to ensure a beam-flux ratio of approximately 2:1:20,
which was measured in-situ by FTM-2400 quartz moni-
tor crystal. The crystal structure and quality of SrMnBi,
thin films were examined by X-Ray diffraction (XRD)
with Cu-Kea radiation, as shown in Fig. 1(b). The XRD
pattern shows the (001) reflections, which match those in
previous reports [18]. The high crystallinity can be ver-
ified by the small full-width-at-half-maximum (FWHM)
of the (006) plane, which is 0.288°, as well as the reflec-
tion high-energy electronic diffraction (RHEED) streak
patterns [Fig. 1(b) inset]. Figure 1(c) displays the sur-
face topography of SrMnBis; on mica with a root mean
square (RMS) of approximately 0.3 nm. The X-ray pho-
toemission spectroscopy (XPS) of SrMnBiy thin films is
shown in Fig. 1(d), where the peaks of Sr 3d, Mn 3p,
and Bi 4f5/2 and 4f7/2 (spin-orbit split doublet) core lev-
els are evident. There are no other extra peaks, implying
a good surface quality.

Xiao Yan, et al., Front. Phys. 12(8), 127209 (2017)
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3 Results and discussion

3.1 Temperature-dependent longitudinal resistance

The transport properties were analyzed in a Quantum
Design Physical Property Measurement System (PPMS-
9) with a standard six-probe Hall Bar [Fig. 2(a)]. The
longitudinal resistance (R, ) was acquired by measuring
the voltage drop between electrodes 2 and 3 or between
electrodes 6 and 5, when applying a constant current
source to electrodes 1 and 4. The value of R, decreases
along with the decline in the temperature, illustrating
a metallic behavior, as shown in Fig. 2(b). When the
temperature is reduced below 5 K, R,, has a tendency
to decrease slowly and even slightly increase, similar to
the traditional case of a metal with magnetic impurities,
as seen in the Kondo effect [24], which can be described
as

p(T) = po +al? + cp, ln% + 0T, (1)

where pg is the residual resistance and a, ¢,,, and b are
constants, derived from the Fermi liquid properties, the

()

(c) 120

100

80

60

MR (%)

40

20 1

01 2 3 4 5 6 7 8 9
Field (T)

lattice vibrations, and the logarithmic dependence, re-
spectively. By fitting the R,,—T curves at low tempera-
ture with Eq. (1) in the inset of Fig. 2(b), po, @, ¢, and
b can be obtained; their values being 2.345 Q, 5.6 x 1074
Q-T~2, 0.025, and 6.58 x 1072 T2, respectively. The
resistivity of our SrMnBis thin films is lower than that
of the bulk SrMnBi, single crystals [18].

The thickness of the thin films is approximately 300
nm. The temperature-dependent behavior of R, unam-
biguously depends on the thickness, as provided in the
Appendix, Fig. Al. All thin films with different thick-
nesses have a metallic behavior, similar to that shown
in Fig. 2(b). The large, positive, and unsaturated MR
(MR = [Ryo(B) — Ry (0)]/Re2(0)) at different temper-
atures is illustrated in Fig. 2(c). It is linearly dependent
on the external magnetic field up to 9 T, while it has a
semi-classical quadratic dependence when it comes to a
low field range. The MR increases by 116.5% at 2.5 K
and 9 T. A linear unsaturated MR is widely observed in
Dirac materials. The MR can be fitted with MR = A4 B>
in the low-field region (B < 1 T) and MR = A; B+O(B?)
in the high-field region, which can be acquired directly by
the derivative of MR [d(MR)/dB] as shown in Fig. 2(d).
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Fig. 2 (a) Schematic diagram of the transport measurement with the conventional four-wire method, using a standard
six-probe Hall bar. The inset shows the direction of the field relative to the sample plane and the direction of current. (b)
Temperature (T) dependence of Rz at B = 0 T with a metallic behavior, in accordance with the Kondo Effect at low
temperatures (inset). (c) Magnetoresistance (MR) changes at different temperatures. (d) The derivative of the MR with
respect to the magnetic field at different temperatures. The coefficients of A; and critical B* versus T by fitting the MR in
the high-field regions with MR = A; B +O(B?), and in the low-field regions with MR = A»B?, which intersect at the critical

B*.
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The fitting lines in the low-field and high-field regions
intersect with each other at the critical filed B*, which
is considered to be the crossing point between the semi-
classical and the quantum linear transport regimes. The
large unsaturated MR is comparable to that observed
in bulk SrMnBi,, and a transition between the semi-
classical weak-field B square dependence and a high-field

linear dependence was also found in SrMnBi, [18].

3.2 Two-carrier model fitting

Although the large linear MR provides direct evidence
of the Dirac cone states, there should be both Dirac car-
riers and parabolic-band carriers involved in the conduc-
tion in the multiband system. The anisotropic Dirac
fermions have been observed directly by angle-resolved
photoelectron spectroscopy (ARPES) [19]. The Hall re-
sistance (Rqy), as shown in Fig. 3(a), is acquired by mea-
suring the voltage between electrodes 2 and 6 or between
electrodes 3 and 5 when applying a constant current
source between electrodes 1 and 4, with a magnetic field
(up to 9 T) perpendicular to the plane. The nonlinear
Hall conduction can be easily observed at low tempera-
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tures, suggesting an evident two-carrier transport, while
it is approximately linear when the temperature is above
100 K. The slope of the Hall resistance is positive, sig-
naling the dominance of holes instead of electrons in the
conduction. However, the slope of R, is negative in the
low field region in the thin films, shown in the Appendix,
Fig. A5, which suggests the dominance of electrons in the
conduction. In the high-field limit, R, is proportional
to m, where nj, and n. are the carrier densities of
holes and electrons, respectively. In addition, the pres-
ence of the two types of carriers with different scatter-
ing times (7), can be validated by a scaling relation —
Kohler’s rule given by

AR,,(B,T) B
Ro0.T) 7 (Rm(o,T))’ 2)

which can be applied to the system with a constant
7 over the Fermi surfaces [25, 26]. Figure 3(b) illus-
trates the Kohler plots at different temperatures. The
temperature-dependent Kohler plots at different temper-
atures do not overlap with each other, while they should
overlap with each other if there is only one type of carrier.
The unusual nonlinear Hall resistance have not observed
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Fig. 3 (a) Ray at different temperatures. (b) Kohler plots of the MR curves. The inset shows the Hall conductance
[Gay = Ray/(R2, + R2,)] at different temperatures, fitted by the two-carrier model. (c) Fitting results with mobility and
sheet carrier density of holes and electrons after the two-carrier model fitting. (d) The inset is the temperature-dependent

effective MR mobility [umr =

GOy,

ocetop

calculated by the two-carrier model (blue line).

127209-4

(pte + pn) = VAsz] extracted from the low-field MR (pink line) compared with that
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in bulk SrMnBi,, but clear Shubnikov—de Haas (sdH) os-
cillations were observed, which are a strong evidence for
the existence of Dirac fermions in SrMnBis [20]. it is
highly likely that the unusual nonlinear Hall resistance
to derives from dimensionality reduction.

We employed the two-carrier model to analyze the
transport properties of our thin films with the following
equation [25, 27]:

nhﬂ% - neui + (Ne,uhB)z(nh - ne) (3)
e[(nh,uh + neﬂe)2(M6MhB)2(nh - n6)2] '

where pp, and p. are the mobilities of holes and elec-

trons, respectively. As the Hall resistance is low, we

adopted the Hall conductance Gy, = RzR% [the inset
Ty Tx

of Fig. 3(b)] for the fitting model to improve the accu-
racy of the fitting results. It obeys the corresponding

equation:
). ()

Gy =ce neiich
w u2B2+1 piB%2+1

With the best fit to Eq. (4), the temperature-dependent
mobility and sheet carrier density of holes and electrons
can be obtained, as shown in Fig. 3(c). The mobility
of both holes and electrons increases with the decrease
in temperature, due to the decline of the scattering in
the crystal structure and the density of carriers How-
ever, the sheet density of holes decreases while that of
electrons increases, as the temperature decreases. The
mobility of holes increases from 500 cm?-V~!-s~1 to 850
cm?-V~ls71 and that of electrons increases from 1530
em?- Vg™ to 4000 cm?-V~ 1571, when the tempera-
ture decreases from 50 to 2.5 K. However, the sheet den-
sity of holes increases from 3.4 x 10'* cm™2 to 3.7 x 104
cm~? while that of electrons declines from 2.5 x 103
em ™2 to 1.5 x 103 cm ™2, which verifies our qualitative
analysis of the domination of holes in the conduction, as
previously mentioned.

In the multiband system, the MR in the semi-classical
oo (petiin)® B2,

Ry =

transport can be described as MR =

where o, op, e, and py are all in the zero field, when

the Dirac carriers dominate the transport [18]. There-
Oh

fore, the effective MR mobility, umg = (,a_;c,h (tte + pn),

is equal to the coefficient of the low-field B? quadratic
term /Ay, as shown in the inset of Fig. 3(d) with the
blue line. In effect, upr < é(ue + pr) = pave, Which
gives the lower bound of the average mobility of holes
and electrons [22], which is in accordance with the fitting
result of the two-carrier model described above. Since
the conductivities of the electrons and holes are given
by 0. = nepee and o = npupe, respectively, the ef-
fective p can be acquired by the fitting results of the
two-carrier model, as shown in Fig. 3(d) with the blue

line, with pswo-carrier = ﬁ% (tte + ). The mobil-
ities acquired with the MR fitting and two-carrier model
practically overlap with each other, verifying the accu-
racy of our fitting results. uygr and the coefficient of
the high-field linear term A; decrease as the temper-
ature declines, because the thermal fluctuation smears
the Landau level splitting [18]. The effective mobility of
SrMnBis thin films is lower than that of the SrMnBis
bulk (3400 cm?-V—1.s71) [18]. The MR and R, of thin
films with different thickness are shown in the Appendix,
Figs. A2-A6.

3.3 Angular-dependent MR and Hall resistance

The angle-dependent MR and Hall resistance at T = 2.5
K are illustrated in Figs. 4(a) and (b), respectively. The
tilt angle 6 refers to the angle between the directions
of the current and the magnetic field while the sample
plane is perpendicular to the plane containing the cur-
rent and the field, through which the sample holder can
be rotated, as shown in the inset of Fig. 2(a). MR and
R,, show a significant angular dependence. When B
is perpendicular to the sample plane, the largest MR
and R, can be obtained, and as 6 increases, MR and
R;, gradually decrease. When the current is parallel
to B, R, is negligible while MR is not zero, which
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Fig. 4 (a) MR and (b) Ry vs. the external magnetic field B, with different tilt angles (6) at 2.5 K. (c) MR versus the

tilt angle 6 (from 0° to 360°) at B =9 T.
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is due to the carrier scattering. The variation of MR
along with the rotation of the sample plane (tilt angle
) follows the relationship MR = a + bcosf with a pe-
riod of 180°, as shown in Fig. 4(c) (This sample has a
thickness of approximately 80 nm). Therefore, the trans-
fer integral and the coupling between layers along the ¢
axis in the Brillouin zone should be small and the Fermi
surface should be anisotropic with much lower carrier
mobility along the k, plane, and higher carrier mobility
along the k; and &, planes. The anisotropy of thin films
with different thickness is provided in the Appendix,
Fig. A7.

4 Summary

In conclusion, we investigated the transport properties
of a Dirac semimetal thin film of SrMnBi;. We grew
single-crystal thin films of SrMnBiy with good quality,
and observed a large unsaturated linear MR similar to
that in bulk SrMnBis. Further, the MR experiences a
transition at a critical B*, from a semi-classical weak-
field B? dependence to a high-field linear dependence.
An unusual nonlinear Hall resistance was observed be-
cause of the anisotropic Dirac fermions. We adopted the
two-carrier model to quantitatively analyze the unusual
Hall resistance, and the fitting results demonstrated the
carrier density and mobility of holes and electrons, in
good agreement with the effective MR mobility of 1800
em?-V~l.s71 at 2.5 K. Moreover, the angle-dependent
M R, proportional to cos#, implies a high anisotropy in
the Fermi surface. Therefore, our findings in SrMnBi,
thin films can be a platform for investigating other ma-
terials such as thin films of AEMnBi; and AEMnSb, (AE
= Ca, Sr, Ba, Yb, Eu) classes.

Acknowledgements This work was supported in part by
the National Key Research and Development Program (Grant
No. 2016YFA0203900) and the National Natural Science Foun-
dation of China (Grant Nos. 61376093, 61622401, 61322407,
11474058, and 61674040).

Appendix A Temperature dependence

Figure A1 illustrates the temperature dependence of R,
in SrMnBi5 thin films with different thickness, 50 nm, 80
nm, 100 nm, 170 nm, 300 nm, respectively, which was
measured by the DektakXT Step Profiler. R,, of all the
thin films decline with the decrease of temperature; and
the thicker of the thin films, the smaller of the resistances
are, which follow Ohmic’s law in general. No phase tran-
sition has been observed as the thickness decreases even
down to 50 nm.
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Fig. A1 Temperature dependence of R, in SrMnBiz thin
films with different thickness. The thickness of these thin
films ranges from ~50 nm to ~300 nm, and their resistance
declines along with the decrease of temperature, exhibiting a
metallic behavior.

Appendix B Thelongitudinal resistance (R,;)
vs. field (B)

All the transport properties in the main text come from
the intrinsic nature of StMnBis thin films instead of a co-
incidence. Figure A2 demonstrates the transport prop-
erties of the samples with different thickness of (a) 170
nm, (b) 100 nm, (c) 80 nm, (d) 50 nm and the sample
in the main text has a thickness of 300 nm.

MR exhibits a quadratic relationship to field B at low-
field region and a unsaturated linear relationship at high-
field region even up to £9 T. It increases with the in-
crease of B, and the largest MR is 40.3% (2.5 K), 36.7%
(2.5 K), 38.0% (2.5 K), 36.6% (3 K) at B =9 T for the
four thin films with different thickness, respectively. The
linear unsaturated magnetoresistance and the derivation
from the traditional semi-classical transport in SrMnBiy
are derived from the linear energy dispersion. We fitted
MR with MR = A3 B? in low-field region (B < 1 T) and
MR = A; B+O(B?) in high-field region. In the two field
region the two fitting lines intersect with each other at a
critical field, B* at each temperature.

Appendix C Hallresistance (Ryy) vs. field (B)

The presence of the two kinds of carriers with different
scattering time, 7, can be validated by a scaling relation,
Kohler’s rule,

AR,.(B,T) B

Xiao Yan, et al., Front. Phys. 12(8), 127209 (2017)
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which can be applied to the system with a constant 7
over the Fermi surfaces. There should overlap with each
other if there is only one kind of carriers. Nonlinear
R;, demonstrates that there are more than one kind
of carrier. These evidence all verified the existence of
two kinds of carriers. We also employed the two-carrier
model as mentioned in the main text to analyze the
sheet density and mobility of different carriers. On the
whole, the effective mobility acquired by fitting MR at
the low-field region is in accordance with the results of

fitting with two-carrier model, which are obtained with

=L (e + pn)-

Appendix D Angular dependence

Angular-dependent R, of thin film in the thickness of
80 nm in B =9 T at 2.5 K is shown in Fig. A2 with tilt
angle 6 ranging from 0° to 360°. When the plane of the
thin film is perpendicular to the filed, 8 = 0° or 180°,
R,, acquires a wider maximum while it gets a shaper
minimum when the plane is parallel to the field, § = 90°
or 270°. The difference implies the anisotropy of Fermi
surfaces of SrMnBiy thin film and that the mobility of
carriers along k, direction is smaller than that along k.,
k, direction [28]. The whole curve follows the function
of |cosf| very well. R,, and R, change along with
the external field at different angles and a particular low
temperature also verifies this.
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