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Electrodynamic properties of the semimetallic Dirac material SrMnBi2: Two-carrier-model analysis
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The electrodynamics of free carriers in the semimetallic Dirac material SrMnBi2 was investigated using optical
spectroscopy and first-principles calculations. Using a two-carrier-model analysis, the total free-carrier response
was successfully decomposed into individual contributions from Dirac fermions and non-Dirac free carriers.
Possible roles of chiral pseudospin, spin-orbit interaction (SOI), antiferromagnetism, and electron-phonon (e-ph)
coupling in the Dirac fermion transport were also addressed. The Dirac fermions possess a low scattering rate
of ∼10 meV at low temperature and thereby experience coherent transport. However, at high temperatures,
we observed that the Dirac fermion transport becomes significantly incoherent, possibly due to strong e-ph

interactions. The SOI-induced gap and antiferromagnetism play minor roles in the electrodynamics of the free
carriers in SrMnBi2. We also observed a seemingly optical-gap-like feature near 120 meV, which emerges at
low temperatures but becomes filled in with increasing temperature. This gap-filling phenomenon is ascribed to
phonon-assisted indirect transitions promoted at high temperatures.

DOI: 10.1103/PhysRevB.96.155139

I. INTRODUCTION

Recently, Dirac materials such as graphene [1–3] and
topological insulators (TIs) [4–6] have attracted attention due
to their linear energy-momentum dispersion. Such linear states
in solids can provide a model platform for exploring relativistic
Dirac physics and intriguing quantum phenomena such as
(anomalous) quantum Hall effects [7–12]. Charge carriers in
the linear state are called Dirac fermions, whose electrodynam-
ics can be described with a relativistic Dirac theory instead of
a nonrelativistic Schrödinger equation [1–12]. Among various
physical properties, the outstanding transport capability of
Dirac fermions potentially holds promise for realizing high-
speed electronic devices [13,14]. In particular, the ultrahigh
mobility of carriers in graphene and TIs, associated with
the chirality (or helicity) of their Dirac fermions [2,3,5,6],
enhances the feasibility of applying these materials to novel
devices. In this context, the investigation of the low-energy
Dirac fermion dynamics is important for both fundamental
studies and practical applications.

Free-carrier electrodynamics can be investigated using low-
energy optical probes, such as terahertz and Fourier-transform
infrared (FTIR) spectroscopy [15,16]. These methods measure
the light absorption by free carriers in the medium, which
results in the characteristic spectral feature, called the Drude
peak, in the low-energy optical spectra [15,16]. The Drude
feature provides the low-energy electrodynamic properties of
free carriers, including scattering rate, direct current (dc) limit
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of conductivity, and mobility [15,16]. Moreover, the optical
methods are usually contact free, nondestructive, and bulk
sensitive. Accordingly, they are not susceptible to the exper-
imental difficulties inherent in transport and angle-resolved
photoemission spectroscopy (ARPES) measurements [15,16].

Here, using FTIR spectroscopy, we studied low-energy
optical properties of SrMnBi2, where a highly anisotropic
Dirac-like state and other semimetallic states appear [17–24].
Free carriers in SrMnBi2 can be influenced by strong spin-orbit
interactions (SOIs), antiferromagnetic ordering, and strong
electron-phonon (e-ph) interactions [17–24]. In particular,
Dirac fermions in SrMnBi2 are expected to have interesting
properties, such as high mobility and small SOI-induced
energy gap [18,21–23]. However, for the band structure
[18,22,23], the low-energy electrodynamics of pure Dirac
fermions has remained unexplored. Lack of understanding
probably originates from the coexistent semimetallic states
near the Fermi energy EF, which hamper the separation
of the Dirac fermions from total electrodynamic response
[18,22,23]. Additionally, the involvement of other degrees of
freedom, such as magnetism and phonons in SrMnBi2, further
complicates such studies. In detail, the antiferromagnetism can
break the time-reversal symmetry and the e-ph interaction can
increase the phase space of the scatterings of Dirac fermions.

Our two-carrier-model analysis will be particularly useful
for SrMnBi2, where the scattering rates of two types of
carriers are significantly different. Note that the Dirac fermions
possess a highly suppressed scattering rate by spin-forbidden
backscattering [17], while the non-Dirac free carriers offer a
much broader Drude form. Given that the width of a Drude
peak is proportional to the scattering rate [15], the spectral
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features of the two free carriers could be well separated
in different spectral regions. The optical responses of the
two bands (i.e., Dirac and semimetallic bands) satisfy the
fundamental relationships given below [15,16]:

ω2
p = ω2

p,n + ω2
p,b (1)

σdc = 4π
[
ω2

p,nτn(T ) + ω2
p,bτb(T )

]
(2)

where ωp represents the plasma frequency, σdc is the dc
conductivity, and τ is the mean scattering time. Here, the
subscripts n and b indicate the Dirac band and semimetallic
bands, respectively, responsible for narrow and broad Drude
responses. The values of ωp and σdc can be acquired from
optical and transport experiments, respectively. Once one set
of Drude parameters (ωp,b and τb) has been obtained from
the measured optical spectra, the remaining Drude parameters
(ωp,n and τn) can be necessarily determined from Eqs. (1) and
(2). This approach will be extremely convenient when one
of the Drude components has an absorption feature too sharp
to measure reliably using conventional spectroscopic methods
[15,16].

Optical properties in the mid- to near-IR region were also
investigated via spectroscopic ellipsometry. Such an investiga-
tion is crucial for understanding fundamental electrodynamics
of Dirac fermions, such as quantized universal absorption [25].
The influence of a SOI-induced gap on the electrodynamics
would also be an interesting research topic. In addition, there
should be a spectral weight due to the optical transition
between semimetallic bands [15,16]. Thus, for more reliable
study, the band structure should be identified based on mid-
to near-IR optical properties, which in turn gives results
consistent with the previous ARPES data.

II. METHODS: GROWTH, EXPERIMENTS, AND
CALCULATIONS

Our SrMnBi2 single crystals were grown using the Bi-flux
method [18]. The dimensions of our single crystal were about
2 mm × 2 mm × 1 mm. The fresh surface of SrMnBi2 was
found to degrade within 1 h in air or 2 days at 10−8 mbar. Thus,
for the optical measurements, the single crystals were cleaved
and then immediately loaded into a high-vacuum cryostat unit
to prevent surface contamination in the atmosphere. FTIR
measurements were performed over photon energies h̄n below
1 eV [26]. For reference normalization, the reflectivity spectra
R(ω) were measured repeatedly before and after in situ gold
evaporation [27]. In the higher-energy region from 0.7 to 5 eV,
we carried out spectroscopy ellipsometry measurements to
obtain complex optical conductivity σ̃ (ω) = σ1(ω) + iσ2(ω)
directly. We obtained σ̃ (ω) in the whole energy region by
anchoring the higher-energy ellipsometry data [15,16]. The
dc transport data were acquired via a six-probe method with
a Physical Property Measurement System (PPMS-14T). For
density functional theory (DFT) calculations, the full-potential
linearized augmented plane-wave method was used, imple-
mented in the WIEN2K package [28]. The generalized gradient
approximation with the Perdew-Burke-Ernzerhof exchange-
correlation potential was used for the DFT calculations [29].

FIG. 1. (a) Crystal structure of SrMnBi2, composed of a SrBi(1)-
square net and an edge-shared MnBi(2) layer. (b) Schematic diagram
of the electronic structure of SrMnBi2 [bottom, based on band
calculation (see Methods section), transport, and optical data], which
possesses both an anisotropic Dirac cone (α) and semimetallic
parabolic bands (β and γ ). The constant energy surface [top, sliced at
the Fermi level μ(T )] consists of two hole pockets (α and β pockets),
respectively, in the middle of the 	-M line and near the 	 point, while
an electron pocket (γ pocket) originates from near the X point. The
Dirac-like state possesses a small energy gap 
SOC induced by sizable
spin-orbit coupling (SOC). The semimetallic bands allow both direct
and indirect optical transitions, represented by red and blue arrows in
(b), respectively.

III. STRUCTURE: CRYSTAL (IN REAL SPACE) AND BAND
(IN MOMENTUM SPACE)

The crystalline structure of SrMnBi2 can be understood
by considering two basis layers, as shown in Fig. 1(a)
[17–24]. There is an array of MnBi4 tetrahedrons connected in
an edge-shared form, the so-called the MnBi(2) layer [17–24].
The Mn2+ ions in the MnBi(2) layer have a formal valence of
2+ [17,20]. As confirmed by a neutron-scattering study [19],
the spins at the Mn2+ ions form an antiferromagnetic order
along the c axis at the Néel temperature TN ≈ 290 K. Between
pairs of MnBi(2) layers, a layer of Bi-square net exists as
sandwiched by top and bottom layers of Sr ions, denoted by
the SrBi(1) layer [17–20,23,24]. The quasi-two-dimensional
(2D) Bi-square net, an unusual conducting channel, causes
SrMnBi2 to exhibit intriguing electronic structures near EF

[17,18,20,22,23].
SrMnBi2 is known to be a novel bulk Dirac material that

hosts a highly anisotropic Dirac conic state in the 2D Bi-square
net [17,18,22,23]. As shown at the top of Fig. 1(b), the constant
energy cut near EF of our band calculation shows an α pocket
in the middle of the 	−M direction in the Brillouin zone. The
electronic band corresponding to the α pocket was found to
have a linearly dispersive state with strong in-plane anisotropy
[17,18,22,23]. The existence of such a Dirac-like state was
confirmed in earlier ARPES [18,22,23] studies as well as
predicted by first-principles calculations [17,18,20]. The α

band in SrMnBi2 is predominantly constructed based on 6px

and 6py orbitals of Bi atoms [17–19,21,24], similar to the
Dirac-like surface states in Bi-based topological insulators
(Bi TIs) such as Bi2Se3 and Bi2Te3 [30,31]. In addition, the
Dirac fermions in SrMnBi2 mostly reside in the quasi-2D

155139-2



ELECTRODYNAMIC PROPERTIES OF THE SEMIMETALLIC . . . PHYSICAL REVIEW B 96, 155139 (2017)

Bi-square net [17,18,20,22,23]. Such 2D characteristics of free
carriers are also reminiscent of the Dirac surface state in Bi TIs
confined in the outermost surface layer [10,32–35]. However,
the Dirac-like state in SrMnBi2 is not necessarily localized
on the surface (or at the boundary) but rather is distributed
throughout the bulk in a discrete periodic pattern [17,18,20].

In addition to the highly anisotropic Dirac state, Fig. 1(b)
shows that SrMnBi2 has a hole-like β band near the 	 point and
electronlike γ bands near the X point [17–20,22,23]. These
valence and conduction bands have parabolic dispersions
[17–20,22,23]. Hence, the entire electronic structure of
SrMnBi2 can be represented by the simple schematic diagram
shown in the bottom of Fig. 1(b), where those bands (one
linear and two parabolic) become involved. Therefore,
the electrodynamic response of SrMnBi2 should be more
complicated than that of graphene, which is well described
by a single Drude model [36,37]. At first sight, it seems to
be appropriate to use a three-carrier model to describe the
electrodynamics of SrMnBi2, but such an analysis would
require too many fitting variables.

We decided to use two-carrier model for the following
reasons. Note that the existence of the γ pocket near the X

point is quite subtle. Our calculation shows that the γ pocket
provides a very small contribution to the Drude term due to
its low doping. In fact, such a γ pocket was not observed
in some of the previous ARPES reports [18,22,23]. Such
a difference may come from the subtle dependence on the
parameters in our calculation and small variation of doping
in real samples. The small number of free carriers in the γ

band, if they exist, does not make a significant contribution in
free-carrier dynamics. Moreover, the scattering rates of carriers
in both β and γ bands are much larger than that in the Dirac
band, so the electrodynamics of β and γ bands can be treated
approximately as an effective parabolic band. Thus, we can
use a two-carrier model to describe the electrodynamics of
SrMnBi2: one from the anisotropic Dirac conic state and the
other from the parabolic bands.

IV. EXPERIMENTAL DATA AND DISCUSSION

The measured reflectivity spectra R(ω) of our SrMnBi2 sin-
gle crystal showed the characteristic response of a semimetal.
Figure 2(a) shows R(ω) at temperatures T from 20 to
300 K. In the far-infrared region (FIR) below 75 meV, R(ω)
increased monotonically and finally approached unity at the
low-frequency limit, following the Hagen-Rubens relation
[15]. Simultaneously, a clear plasma-edge minimum was
observed in R(ω) around 120 meV. These spectral features
suggest the presence of free carriers in our SrMnBi2 crystals
for all T . However, the screened plasma frequency ω∗

p of
SrMnBi2 was only ∼120 meV, which is much lower than
∼5 eV typical for a metal. Since ω2

p = ne2/m∗, the number
of free carriers is much smaller than for a typical metal,
indicating the semimetallic nature of SrMnBi2. Interestingly,
as h̄ω decreased in the low-energy regime, a soft increase in
R(ω) at higher temperatures turned into a sudden increase
below 100 K. This abrupt spectral change is quite intriguing.
It is due to development of a very sharp Drude peak at low
temperature, as we demonstrate later.

The optical conductivity spectra σ1(ω) in Fig. 2(b) show
the Drude response of the free carriers in the FIR region (i.e.,

0 250 500 750 1000
0

2

4

6

8

10

0.6

0.7

0.8

0.9

1.0

 300 K
 250 K
 200 K
 100 K
   50 K
   20 K

(
) (

-1
cm

-1
)

Photon Energy (meV)

R
(

) 

(a)

(b)

p
*

FIG. 2. (a) Temperature (T )-dependent evolution of reflectivity
R(ω) and (b) the calculated optical conductivity σ1(ω) spectra of
SrMnBi2 over the photon energies 7 − 1000 meV. The screened
plasma frequency ω∗

p , a signature of metallic properties here, is
presented at the dip in R(ω). The value of ω∗

p is well defined only
in the low-T regime (T < 100rmK) and broadens out at higher T

(T > 100 K). σ1(ω) in (b) shows the free-carrier response in the
low-energy (far-infrared, FIR) regime and the gaplike feature in the
high-energy (mid-IR) region.

below ∼75 meV) and a double-peak structure in the mid-IR
(MIR) region. As T decreases, the Drude response gradually
became sharper and a gaplike dip develops near 120 meV. At
the same time, the spectral weight around 120 meV transferred
into the higher-energy region, resulting in a double-peak
structure in σ1(ω) near 250 and 550 meV. It is notable that the
double-peak structure did not exhibit a significant peak shift
with increasing T ; instead, an isosbestic point was observed at
190 meV, which has been observed in many strongly correlated
electron systems [38–41]. It was also confirmed that the total
spectral weight, acquired by integrating σ1(ω,T ), was nearly
conserved over frequencies up to 750 meV. Satisfaction of
the optical sum rule indicated that the T -dependent evolution
of the optical responses comes mainly from redistributing the
spectral weight below 750 meV [15,16].

Next we considered the low-energy electrodynamics
of free carriers in view of the Drude term and plasma
excitation. The value of σ1(ω) in the low-energy region below
75 meV is plotted in Fig. 3(a), with the dc conductivity σdc
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FIG. 3. (a) Temperature (T )-dependent change in the optical conductivity σ1(ω) of SrMnBi2 at low photon energies below 75 meV. The
markers (solid circles) correspond to dc conductivity values measured from our complementary transport experiments. The inset in (a) shows the
result of the two-carrier-model fit to our low-energy σ1(ω), representatively performed on our 20-K data, giving rise to highly separable broad
and narrow Drude features. (b) The peak in the energy-loss function −Im{1/ε̂(ω)} indicates the screened plasma frequency ω∗

p of SrMnBi2.
The value of ω∗

P ∼ 120 meV is much lower than that of a typical metal, suggesting its semimetallic nature. (c) The Drude spectral weight ωp
2

and (d) the scattering rate 1/τ were extracted through the two-carrier-model fit. (e, f) T -dependent dc transport properties. As shown in (e),
the dc transport conductivity σdc can be explained when the dc limits of optical conductivity σ (ω → 0) for the Dirac and semimetallic Drude
band contributions are included. The different transport behavior of both bands is evidenced, especially below T = 100 K. The overall T -linear
behavior (with two distinct regimes) of the optical resistivity ρ(ω → 0) for Dirac fermions in (f) implies the presence of strong electron-phonon
interactions. In addition, the deviation (shaded red region) from the linear trend near TN ≈ 290 K presumably indicates the interplay between
Dirac fermions and magnetism.

values acquired from our subsidiary transport measurements
overlain. The individual σ1(ω) spectra measured at a given T

exhibited a clear free-carrier response in this spectral window
[15,16]. At 300 K, the σ1(ω) of free carriers can be represented
approximately by a single broad Drude model; however, as
T decreased, σ1(ω) gradually split into both sharp and broad
components. The inset of Fig. 3(a) shows that the value of
σ1(ω) at 20 K is well described by the linear sum of narrow
and broad Drude components, with scattering rates of 1/τn ∼
20 cm−1(≈2.5 meV) and 1/τb ∼ 160 cm−1(≈20 meV),
respectively. Here, the narrow Drude term is mandated by the
standard extrapolation technique to dc conductivity [15,16].
The substantial T -dependent change in the Drude response
can also be verified by the evolution of the peak in the
energy-loss function −Im(1/ε(ω)) in Fig. 3(b). At 20 K, a
sharp plasma excitation, which is a signature of metallicity,
was observed at ω∗

p ∼ 120 meV. With increasing T , the
spectral feature broadened significantly, becoming barely
noticeable above 200 K. This spectral change in −Im(1/ε(ω))
is closely related to the observed large change in R(ω) near
the plasma-edge minimum at low T [Fig. 2(a)].

It should be noted that the narrow component is necessary
to fill the spectral weight below 25 meV which is notably
missing otherwise. Note that the scattering rate of the narrow
Drude term at T = 20 K is smaller than the lowest frequency of
our reliable measurement window [26]. However, the narrow
component term is indispensable to resolve the discrepancy
between σdc and the dc limit of σ1(ω), which is shown in
Fig. 3(e). Our two-carrier model analysis given in Eqs. (1)
and (2) strongly supports the presence of such a conducting
channel characterized by an extremely low scattering rate.
The resulting value of 1/τn ∼ 20 cm−1(2.5 meV) at 20 K
is comparable with that of Bi TIs when measured at room
temperature [35]. In comparison to Bi TIs, the slightly large
value of 1/τ for Dirac fermions in SrMnBi2 may originate
from the SOI-induced gap in the Dirac-like state [17–24]. Here
we note that the entire Drude feature possibly can be fitted
by a single Drude model with a broad incoherent sideband,
often observed in heavy fermion systems [42]. Note that,
for SrMnBi2, we have two distinct origins responsible for
the Drude response, according to the band structure shown
in Fig. 1(b) and the literature [18,22,23]. In addition, Hall
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measurement data from the literature, identifying the presence
of two distinct types of carriers in SrMnBi2, strongly support
our two-carrier-model analysis of σ1(ω) [21].

Here, we assign the narrow Drude peak to the optical
absorption of Dirac fermions in the Bi(1)-square net, corre-
sponding to the α pocket in Fig. 1(b). Basically, this takes
into account conventional transport properties, such as the
low scattering rate and high mobility of Dirac fermions
[3,17,35]. For SrMnBi2, such superb transport properties arise
from pseudospin conservation under time-reversal symmetry
[17]. The two-carrier-model analysis allows us to isolate ω2

p,n
and 1/τn for pure Dirac fermions in SrMnBi2, as shown
in Figs. 3(c) and 3(d), respectively. As T increased, ω2

p,n
increased sharply below 100 K and gently up to 300 K, while
1/τn increased almost linearly with T . In contrast, the Drude
weight for the broad component ω2

p,b remained more or less
constant as T decreased to 100 K, while a clear upturn appeared
below 100 K [Fig. 3(c)]. For the Drude weight of the narrow
component ω2

p,n, which exhibits a monotonic decrease at low
T , the total ω2

p remained nearly conserved over all values of T ,
particularly below 200 K. The T dependence of ω2

p,b possibly
originates from two factors, namely, the semimetallic band
structure and the small density of states (DOS) near EF in
our SrMnBi2 sample. With a small DOS at EF, the chemical
potential μ(T ) can shift fairly far along the T variation [43].
Thus, we expected T -dependent changes in the carrier density
and a subsequent T evolution of ω2

p,b.
The small 1/τ of the Dirac fermions at low T will govern the

transport properties in the corresponding T range. Figure 3(d)
shows the values of 1/τ acquired from the two-carrier-model
fit to σ1(ω). For comparison, we also calculated the dc
scattering rate 1/τdc = ρdc(T )ωp

2 with ρdc(T ) obtained from
our transport measurements. Below 100 K, the value of 1/τdc

approached 1/τ of the narrow Drude term. In the same T

range, the 1/τ value of the broad Drude peak was about eight
times larger than that of the narrow one. Thus, low-T carrier
transport is governed by the free carriers responsible for the
narrow Drude term. On the other hand, at higher T , 1/τdc

gradually increased and converged to that of the broad Drude
terms. The results imply that the narrow and broad Drude
components serve as the predominant transport carriers at low
and high T , respectively. Note that all values of 1/τ shown in
Fig. 3(d) exhibit nearly linear behavior over the wide T range.

From the narrow Drude response at 20 K, we calculated
the mobility of Dirac fermions in SrMnBi2, which was found
to reach μ = eτ/m∗ ∼ 1600 cm2/(V s), and a Dirac fermion
density of around n ∼ 1.8 × 1020 cm−3. For this estimation, an
effective mass m∗/me ≈ 0.29 of Dirac fermions in SrMnBi2
was adopted from Shubnikov–de Haas oscillations measured
at 20 K [18]. The results were consistent with the Hall
measurement data in [21], especially the mobility of μ ∼
1950 cm2/(Vs) for Dirac fermions in SrMnBi2. With the
dc limit of optical conductivity presented in Fig. 3(e), we
confirmed that our analysis technique is capable of isolating
Dirac fermions from the mixed response, which is generally
impossible using only the transport data (without external
magnetic field H) shown in Fig. 3(f). The success in the
separation of Dirac fermions with no external H implies the
usefulness of our two-carrier-model analysis.

Our electrodynamic studies demonstrate that the small
values of 1/τn play important roles in determining the transport
properties at low temperature. As shown in Fig. 3(f), the dc
limit of resistivity ρ, obtained by taking the low-frequency
limit of the narrow Drude conductivity, has an overall linear T

dependence, except at 300 K [44]. We attribute that the linear
T dependence might come from the strong e-ph interaction
in the 2D low-carrier-density system SrMnBi2. As noted for
graphene [45], ρ exhibits a quasiclassical T -linear (not T 4)
behavior well below the Debye temperature 
D (
D = 310 K
for SrMnBi2 [46]). Similar to graphene, 1/τ for Dirac fermions
in SrMnBi2 is also linear in T , as shown in Fig. 3(d). However,
in comparison with graphene [3], 1/τ for Dirac fermions in
SrMnBi2 has a much steeper slope. This result indicates that
the Dirac fermions in SrMnBi2 are under the influence of
strong e-ph interaction.

The key parameter for assigning such a strong e-ph

interaction to the Dirac fermions in SrMnBi2 would be spatial
overlap between orbitals (electrons) and bonds (phonons).
Essentially, the Dirac fermions in SrMnBi2 predominantly
reside in the in-plane px and py orbitals [17–19,21,24]
while they reside in the out-of-plane pz orbital for graphene.
Accordingly, the Dirac fermions in SrMnBi2 form a huge
density overlap with in-plane Bi(1) ions, giving rise to strong
Coulomb interactions in between; this naturally leads to strong
e-ph interaction in SrMnBi2. In contrast, the Dirac fermions
in graphene have nearly zero density along the C-C bond and,
thus, have only a weak e-ph interaction. This scenario can
be substantiated in the case of graphene in which the e-ph

interaction in the σ (in-plane orbital) band is several orders of
magnitude greater than that in the π (out-of-plane orbital) band
[47–49]. Electron-magnon coupling may possibly form scat-
tering channels; however, the contribution of this mechanism
may be negligible, as explained in [50].

Such strong e-ph interactions cause incoherent transport
of Dirac fermions. As shown by both our transport data
[shown in Fig. 3(f)] and values from the literature [21], the
mobility of Dirac fermions in SrMnBi2 drastically decreases
with increasing T . This behavior differs considerably from
the case of graphene in which the Dirac fermions with high
mobility survive up to room temperature [2,51,52]. Our optical
measurement data provide further decisive evidence for this
incoherence, showing a noticeable increase in 1/τ at high T ,
as shown in Fig. 3(d), and a decrease in dρDirac(ω → 0)/dT ,
which corresponds to the slope of ρDirac(ω → 0) in Fig. 3(f). In
particular, the value of 1/τ is related to the mobility through
the relation μ = eτ/m∗, where e is the elementary charge
and m∗ the effective mass of carriers; 1/τ for Dirac fermions
in SrMnBi2 shows a 20-fold increase as T increases from
20 K to 300 K. Additionally, for the values of σ1(ω) at room
temperature presented in Fig. 3(a), the Drude response showed
flat absorption below 100 meV, with no clear hallmark of
Dirac fermions, and a downturn was observed below 10 meV.
These changes in the optical data at high T correspond to the
typical signature of incoherent transport of highly overdamped
Dirac quasiparticles due to significant scattering processes
[15,42,53,54].

Next, we consider the seemingly optical-gap-like feature
observed in σ1(ω) at low T , which becomes gradually filled as
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T increases. The T -dependent spectral evolution is similar to
that due to spin-density-wave (SDW) formation in iron pnic-
tide superconductors [55–58]. For example, dramatic spectral
evolutions have been reported for various iron pnictides across
the SDW transition below TN [55–58]. The optical spectra of
SrMnBi2 and its T evolution appear qualitatively similar to
those of iron pnictides, specifically, the decrease of 1/τ , the
gap opening in the MIR region below TN , and the transfer
of the spectral weight near the gap into the high-frequency
region. However, we cannot attribute the gaplike feature to
SDW formation in SrMnBi2. According to the SDW scenario,
both ω2

p and 1/τ decrease drastically just below TN , exhibiting
a kink in ρ at TN [59]. Instead, we observed a gradual
change of ω2

p, 1/τ , and ρ (T) with decreasing T . Additionally,
the MIR peak shift is not sufficient to apply the SDW
scenario, which predicts a systematic increase of the gap
size below TN . Moreover, the expected, 2
/kBTN values are
about 10 and 25, which are significantly larger than those
found for conventional SDW materials [55,60,61]. Thus, the
origin of the gaplike feature should be attributed to another
mechanism.

Figure 4(a) shows the T -dependent residual σ1(ω) of
SrMnBi2 after subtracting the free-carrier absorption. Ac-
cording to optical studies on graphene or graphite, their
optical spectra include a frequency-independent universal
conductance in the MIR region, which can be ascribed to
both the two-dimensionality and the linear dispersion of the
Dirac band [62,63]. We would expect such an optical feature
for our case of the anisotropic Dirac band in SrMnBi2. In fact,
the broad flat background above h̄ω = 2EF (≈120 meV in our
case) may be relevant to universal absorption in SrMnBi2.
The absorption edge becomes blunt with increasing T due
to the thermal redistribution of Dirac fermions [64–66]; the
additional gaplike and peak structures in the spectra will be
dominated by the contribution from the semimetallic bands in
the MnBi(2) layer. The theoretical values of σ1(ω) obtained
from DFT calculations at 0 K are also plotted in Fig. 4(a), for
comparison with our optical data. The calculated σ1(ω) was
renormalized by a factor of Z = 0.59 for comparison of values
on the same scale; such scaling may be required due to the
strong correlation in Mn 3d electrons. All of the peak positions
were, overall, in good agreement with the calculations.

To understand the origin of the gaplike and peak structures
in σ1(ω), the band structure along the M-	-X direction is
shown in Fig. 4(b), and the partial density of states (PDOS)
in Fig. 4(c). In the calculation results, the semimetallic band
does not appear to cross EF along the given direction, distinct
from the band schematic shown in Fig. 1(b). The difference
originates from the fact that optical spectroscopy can reflect the
response, which is not selected along a specific direction but
integrated over the entire k space. Nevertheless, we can resolve
the high-energy optical transitions based on our calculation
results without loss of generality. Figure 4(b) shows the
electronic states responsible for the low-energy (∼250 meV;
red) and high-energy (∼550 meV; blue) optical transitions, as
denoted by the arrows in Fig. 4(c). Both optical transitions
give rise to the double-peak structure in the σ1(ω) spectra. In
addition, the bent arrow in Fig. 4(b) indicates possible indirect
phonon-assisted transitions [67], which can lead to the gap-
filling process observed in σ1(ω) at high T . At high T , there
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FIG. 4. (a) Optical conductivity σ1,inter(ω) spectra dominated by
the interband transitions after excluding the free-carrier contribution
from the entire conductivity σ1(ω). The theoretical σ1,inter(ω) at T =
0 K (labeled by LSDA, a black solid line) was also obtained from
density functional calculations with band renormalization by a factor
of Z = 0.59. Here, the dashed background shows our estimation for
the universal absorption expected for the Dirac state. The absorption
edge is less pronounced as T increases due to thermal redistribution of
the Dirac fermion population. (b) The band structure along the M-	-
X direction includes both the linear Dirac-conic (along the M-	) and
parabolic semimetallic bands (	-X). The electronic bands relevant
for direct interband transitions are represented by both the red and
blue lines while a blue arrow indicates the indirect interband transition
possibly assisted by phonons at high T . (c) The partial density of states
(PDOS) integrated over k space also identifies the optical interband
transitions (represented by two black arrows), corresponding to the
double-peak structure in the σ1,inter(ω).

is a sufficient phonon population to open the phonon-assisted
indirect transition channels, with an accompanying transfer
of spectral weight from the higher-lying double peak into
the lower-lying gaplike dip. As T decreases (and, thus, the
phonon population diminishes), phonon-assisted transitions
will be suppressed, leading to the prominent gaplike feature
in σ1(ω) at low T . From this analysis, one can understand
the gap- and peaklike features in the σ1(ω) distribution for
SrMnBi2 and their spectral weight transfer, which are often
observed in various semiconductors or semimetals with an
indirect band gap [68,69].
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V. CONCLUSION

In this study, we separated the optical response of free
carriers in SrMnBi2 through a two-carrier-model analysis:
Dirac fermions in the Bi(1)-square net and non-Dirac fermions
in the semimetallic MnBi(2) layer. This analysis provides a
unique opportunity to investigate the low-energy electrody-
namics of Dirac fermions. The determinants of the transport
properties of Dirac fermions were comprehensively addressed,
including pseudospin, spin-orbit interaction, magnetism, and
e-ph interactions. In sharp contrast to graphene, Dirac
fermions dominated the transport only at low temperatures but
gradually became incoherent as the temperature increased due
to strong electron-phonon coupling. In the mid-IR region, we
identified a seemingly optical-gap-like feature that appeared
at low temperatures but gradually filled in with increasing
temperature. This gap-filling behavior can be ascribed to
indirect phonon-assisted optical transitions.
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