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Variation of charge dynamics upon antiferromagnetic transitions in the Dirac semimetal EuMnBi2
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We have investigated the temperature- and field-variation of electronic state for the Dirac semimetal of
EuMnBi2 by means of optical spectroscopy and theoretical calculation. The optical conductivity spectra show
a clear Drude peak in the paramagnetic phase, which gradually diminishes in the Mn-3d antiferromagnetic
phase with decreasing temperature. Meanwhile, the absorption peaks due to the interband transition grow at
low temperatures, resulting in a pseudogap feature with an energy scale of 0.07 eV. The analysis of Drude
weight shows that the Drude response is nearly governed by the Dirac electrons at low temperatures. On the
contrary, both the antiferromagnetic transition and spin reorientation of Eu-4 f moment do not significantly
change the spectra except the moderate variation of Drude weight. As a comparison, we have also investigated the
charge dynamics for EuZnBi2, which is an analog without the Mn-3d antiferromagnetic ordering. In EuZnBi2,
the optical conductivity spectra do not show the pseudogap structure, but show an intense Drude peak at all
temperatures. Combined with the results of ab initio calculation, in EuMnBi2, it is likely that the reconstruction
of electronic state driven by the Mn-3d antiferromagnetic ordering causes the Dirac semimetallic state with tiny
hole pockets, wherein electronic states other than the Dirac band are nearly gapped-out from the Fermi level.

DOI: 10.1103/PhysRevB.104.115111

I. INTRODUCTION

The quantum phenomena of relativistic electron (Dirac
electron or Weyl electron) in solids are subjects of inten-
sive research in the modern condensed matter physics. A
remarkable feature of relativistic electron is the small trans-
port (effective) mass, which typically manifests itself as the
quantum transport such as the quantum oscillation and quan-
tum Hall effect. For example, the quantum Hall effect remains
even at room temperature for the monolayer graphene due to
the exceptionally small cyclotron mass [1,2]. The large energy
scale of cyclotron energy also enables us to access the various
fractional quantum Hall states by tuning the electronic state in
multilayered/interface structures [3–5].

More recently, it is also demonstrated that the quantum
Hall effect can be induced even in bulk materials by utiliz-
ing the coupling between the Dirac electron and magnetism
[13,14,17]. Among them, EuMnBi2 is a prototypical material,
which shows the integer quantum Hall effect in the antifer-
romagnetic state. This material is a member of AMX2-type
pnictides (A = Eu, alkali earth ion; M = Mn; X = Bi, Sb)
[6–17], wherein the crystal structure can be viewed as the
stacking of the Bi-square sublattice, the Eu-sublattice and the

MnBi-sublattice along the c axis as illustrated in Fig. 1(a).
The electronic state nearby the Fermi energy is mainly gov-
erned by the Bi-6p and Mn-3d orbitals, and the gapped Dirac
band emerges nearby the Fermi energy [18,19]. The Mn-3d
spins antiferromagnetically order at TN(Mn) = 310 K and the
Eu-4 f moments do in a manner of the up-up-down-down
along the c axis at TN(Eu) = 22 K [20], which manifests itself
as an anomaly of resistivity [see Fig. 1(c)]. Below TN(Eu),
when the magnetic field is applied along the c axis, the spin
reorientation (spin-flop) transition of Eu-4 f electron occurs
at Hf = 5.3 T and the easy axis of Eu-4 f moment changes
from the c axis (H < Hf ) to the a or b axis (H > Hf ) [see
Fig. 1(b)] [21,22]. In particular, the quantum Hall effect is
observed above 10 T in the spin-flopped phase, wherein the
tilting of Eu-4 f moment likely causes the spin-splitting of the
Dirac band [13,23,24].

As opposed to EuMnBi2, the quantum Hall state has not
been clearly observed in EuZnBi2, wherein the active 3d spin
degree of freedom of Zn is absent [13]. The coupling of the
electronic state with both the Mn-3d and Eu-4 f spin/moment
is likely crucial to realize the quasi-two-dimensional Dirac
semimetallic state in EuMnBi2, but the variation of electronic
state in the course of magnetic transitions has not been well
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FIG. 1. The crystal and magnetic structure of EuMnBi2 (a) in the
antiferromagnetic phase below Hf (=5.3 T) and (b) the spin-flopped
phase above Hf . The green (yellow) arrow denotes the Eu-4 f mo-
ment (Mn-3d spin), respectively. The illustration is drawn by using
VESTA [43]. (c) The resistivity along the c axis (red) and that per-
pendicular to the c axis (blue), respectively. The dashed (dotted) line
denotes the antiferromagnetic transition temperature of Mn 3d-spin
(Eu-4 f moment), respectively. The resistivity shows a jump or kink
at TN(Eu).

understood so far. In this paper, we have investigated the elec-
tronic state for the EuMnBi2 by means of optical spectroscopy
and ab initio calculation on the basis of density functional
theory in the course of ordering of Mn-3d spins and Eu-4 f
moments as well as the spin-flop transition of Eu-4 f moments
under the magnetic field. Furthermore, we have also investi-
gated the electronic state of EuZnBi2 to clarify the correlation
between the electronic state and Mn-3d antiferromagnetic
ordering.

This paper is organized as follows: First, we will present
the results of optical spectra at zero magnetic field in
EuMnBi2 and subsequently compare them with the results of
EuZnBi2. Then, we will show the electronic structure derived
by the ab initio calculations for both materials. Finally, we will
discuss the electronic state for EuMnBi2 under the magnetic
field.

II. EXPERIMENTAL METHODS AND
THEORETICAL CALCULATION

The single crystalline samples of EuMnBi2 were grown
by the self-flux method as described in Ref. [13]. The
resistivity was measured by the four-probe method. For
the measurements of reflectivity spectra, we have cleaved
the samples and obtained a flat surface area with a typical
size of 1 mm×1 mm. The reflectivity spectra under zero mag-
netic field were measured in the geometry of nearly normal
incidence at various temperatures from 310 K to 10 K in the
energy region of 0.015−5 eV. Since the cleaved surface is
usually normal to the c axis, the light polarization is perpen-
dicular to the c axis. We used a Fourier transform spectrometer
(grating-type monochromator) equipped with a microscope
in the energy region of 0.015−0.7 eV (0.5−5 eV). In the
region of 3−30 eV, we carried out the measurement at room
temperature with use of synchrotron radiation at UV-SOR,
Institute for Molecular Science (Okazaki). The optical con-
ductivity spectrum and the loss function spectrum are derived
by the Kramers-Kronig analysis. For the analysis, we adopted

FIG. 2. (a) Reflectivity spectra and (b) optical conductivity spec-
tra of EuMnBi2 at 10 K for the polished sample and cleaved sample.

the Hagen-Rubens-type extrapolation below 0.015 eV and
ω4-type extrapolation above 30 eV. The reflectivity spectra
under the magnetic field along the c axis are measured up
to 14 T in the energy region of 0.025−0.1 eV at BL43IR
of SPring-8. The measurements were performed in the Fara-
day geometry, i.e., the direction of incident/reflected light
is parallel to magnetic field, and the spot size is set to be
about 0.2 mm. We note that the condition of sample surface
significantly affects the reflectivity spectra and optical con-
ductivity spectra. Figures 2(a) and 2(b) show the reflectivity
spectra and optical conductivity spectrum at 10 K measured
for the cleaved sample and mechanically polished sample. The
spectral shape is quite different with each other. It is likely that
the mechanical stress or damage at surface, which is imposed
during the polishing procedure, causes the deformation of the
spectrum.

We performed first-principles calculation on the basis
of the density functional theory with the Perdew-Burke-
Ernzerhof parametrization of the generalized gradient approx-
imation (PBE-GGA) [25] and the projector augmented wave
(PAW) method [26] as implemented in the Vienna ab ini-
tio simulation package [27–30]. We applied the open-core
treatment for the Eu-4 f orbitals, to say, the Eu-4 f orbitals
were not explicitly treated as valence electrons for simplicity.
The spin-orbit coupling was included. The G-type antiferro-
magnetic order of Mn atoms as observed in experiment was
assumed. For EuMnBi2, lattice parameters and atomic coordi-
nates were taken from experiment [20]. For EuZnBi2, we used
the experimental lattice parameters [13] and optimized the
atomic coordinates by calculation. The structural optimization
was performed until the Hellmann–Feynman force becomes
less than 0.01 eV/Å along every direction. The plane-wave
cutoff energies of 350 and 380 eV were used for EuMnBi2

and EuZnBi2, respectively. For the band-structure calculation
and the structural optimization, 16×16×16 and 10×10×10 k
meshes were used for EuMnBi2 and EuZnBi2, respectively.
For both compounds, a 20×20×20 k mesh was used for
calculating the partial density of states.

III. RESULTS AND DISCUSSION

Figure 3(a) shows the temperature dependence of reflectiv-
ity spectra for EuMnBi2. The reflectivity spectra show high
reflectance band below 0.6 eV at 310 K. With decreasing
temperature, a dip structure, which seemingly originates from
the plasma resonance due to the Drude response, gradu-
ally evolves around 0.06 eV. Figure 3(b) shows the optical
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FIG. 3. (a) The reflectivity and (b) optical conductivity σ (ω)
spectra for EuMnBi2 measured with the light polarization perpen-
dicular to the c axis. The vertical dotted line denotes the energy
of isosbestic point (0.094 eV). (c) The spectral intensity below the
cut-off energy ωc = 0.094 eV (circle) and 0.4 eV (triangle) and
their difference �Neff . The dotted (dashed) line denotes the antifer-
romagnetic transition temperature of Eu-4 f moment (Mn-3d spin),
respectively.

conductivity spectra at various temperatures. At 310 K, a
spectacular Drude peak is observed below 0.05 eV. More-
over, two absorption peaks are observed around 0.1 eV and
0.15 eV, respectively. With decreasing temperature, the Drude
peak gradually shrinks, and alternatively the two peaks grow,
resulting in the pseudogap feature with an energy scale of
0.07 eV at 10 K. A small Drude peak as well as the pseudogap
feature suggest the emergence of electronic state with tiny
electron/hole pocket(s) at low temperatures.

To roughly estimate the spectral weight of Drude response
(Drude weight) and absorption peaks, we calculated the effec-
tive number of electrons defined by

Neff (ωc) = 2m0

πe2N

∫ ωc

0
σ (ω)dω (1)

Here, ωc, m0, and N are the cut-off energy, free electron
mass, and number of unit formula per unit volume, respec-
tively. Figure 3(c) shows the temperature dependence of
Neff (ωc) with ωc = 0.094 eV and 0.4 eV and the difference
between them �Neff [= Neff (0.4 eV) − Neff (0.094 eV)]. Here,
we define the energy of isosbestic point as 0.094 eV, and
assume that Neff (0.094 eV) represents the spectral weight in
the low energy region below the pseudogap, which roughly
corresponds to the Drude weight. On the other hand, �Neff

roughly represents the spectral intensity of two absorption
peaks around 0.1−0.2 eV. Neff (0.094 eV) monotonically de-
creases with decreasing temperature and is nearly temperature
independent below 50 K. On the contrary, �Neff is enhanced
at lower temperatures and is nearly constant below 50 K.
Both Neff (0.094 eV) and �Neff appear to substantially change
below TN(Mn), but do not show remarkable change at TN(Eu).
We note that Neff (0.4 eV), which is sum of the Drude response
and absorption peaks, is nearly constant over a whole tem-
perature region. These results imply that the spectral weight
of Drude response is partially transferred to that of absorp-
tion peaks with decreasing temperature below TN(Mn). The

FIG. 4. (a) The fitting of optical conductivity spectra by the
Drude-Lorentz model. The blue curve denotes the Drude response,
and the green and yellow curves correspond to the absorption peak
A and B, respectively. (b) The temperature dependence of Drude
weight estimated from the Drude peak Neff (σ ) (circle) and plasma
frequency Neff (ωp) (triangle). (c) The temperature dependence of
width of Drude peak γD. (d) The loss function spectra Im[−1/ε(ω)].
Each spectrum is offset for clarity. The triangle denotes the peak of
plasmon resonance. The dashed line is the fitting curve of plasmon
resonance at 10 K (see also the Apendix).

thermally-induced spectral change with a similar energy scale
is also observed in other member of AMnBi2 with A = Sr, Ca,
and Yb [31–33].

To more quantitatively estimate the Drude weight, we fitted
the spectra with using the following formula

σ (ω) = σDγ 2
D

ω2 + γ 2
D

+
∑

i=A,B

Siγiω
2
i ω

2

(
ω2 − ω2

i

)2 + γ 2
i ω2

(2)

The first term represents the Drude response with the dc con-
ductivity (σD) and peak width (γD), respectively. The second
term represents the two absorption peaks with the oscillator
strength (Si), damping constant (γi) and peak energy (ωi),
respectively. The result of fitting at 110 K is exemplified
in Fig. 4(a).

Figures 4(b) and 4(c) show the Neff of Drude response (the
Drude weight) and peak width derived by the fitting. Both the
Drude weight and peak width monotonically decrease with
decreasing temperature. In particular, the peak width becomes
less than 10 meV below 110 K and, thus the fitting of narrow
Drude peak cannot be accurately performed. To quantify the
Drude weight below 100 K, we utilized the relation between
the Drude weight and plasma frequency ωp; the Drude weight
is scaled to ω2

p/8 [34]. In general, the plasma resonance
emerges as a peak of the imaginary part of loss function
spectra Im[−1/ε(ω)], and the peak energy corresponds to
the renormalized plasma frequency ω∗

p(= ωp/
√

ε∞) with ε∞
being the dielectric constant arising from the higher energy
optical excitation, e.g., the interband transition. As shown in
Fig. 4(d), the Im[−1/ε(ω)] spectrum shows a peak around
0.055 eV at 10 K. With increasing temperature, the peak
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moves to higher energy region and gradually diminishes. We
fitted the Im[−1/ε(ω)] spectrum in the scheme of Lorentz
oscillator model and derived ω∗

p (see the Appendix). The
Drude weight calculated from the plasma resonance [Neff (ωp)]
is appended in Fig. 4(b). For the calculation, we assumed
ε∞ = 600 so that Neff (ωp) is consistent with the result derived
by the fitting of optical conductivity [Neff (σ )] above 110 K.
We note that the assumption of ε∞ = 600 is not inconsis-
tent with the value expected from the real part of dielectric
spectra (data not shown). The Drude weight shows a sizable
temperature dependence above 50 K, but is nearly temperature
independent below 50 K, which is consistent with the behavior
of Neff (0.094 eV) shown in Fig. 3(c). With assuming the
carrier density estimated by the transport measurements [13],
the effective mass of electron (m∗) is estimated to be 0.068 m0

at 10 K. This value is comparable to the cyclotron mass
of Dirac electrons derived by the transport measurements
(mc = 0.097m0) [23], suggesting that the Drude response,
or equivalently, the charge transport, is nearly governed by
the Dirac electron at low temperatures. Indeed, the opti-
cal conductivity at 10 K is relatively flat in the region of
0.04−0.06 eV, which is consistent with the expected behavior
of the interband transition due to the quasi-two-dimensional
Dirac band.

Such a spectral variation on an energy scale of 0.4 eV
reminds us of the charge dynamics in correlated electron
materials showing the magnetic ordering or metal-insulator
transition [35,36]. For example, in BaFe2As2, the charge dy-
namics changes in an energy scale of 0.3 eV in the course
of Fe-3d antiferromagnetic ordering, resulting in the pseu-
dogap opening and the narrow Drude peak [37–40]. In the
present case, the electron correlation, or equivalently, the an-
tiferromagnetic ordering of Mn-3d spins is expected to be
responsible for the variation of electronic state. To clarify this
possibility, we also investigated the charge transport/dynamics
for EuZnBi2, wherein the nominally divalent Zn-ion does not
possess the active 3d-spin degree of freedom. Figure 5(a)
shows the resistivity along the c axis and that perpendicular
to the c axis. The former is only a few times larger than
the latter in all temperatures. The anisotropy of resistivity
is much smaller than the case of EuMnBi2, wherein the c
axis resistivity is three-orders of magnitude larger than that
perpendicular to the c axis [see Fig. 1(c)]. Furthermore, the
field dependence of magnetoresistivity does not show a clear
anomaly reminiscent of the spin-flop transition unlike the case
of EuMnBi2 (data not shown).

Figure 5(b) shows the reflectivity spectra of EuZnBi2 at
various temperatures. The reflectivity spectra show the high
reflectance band due to the Drude response below 0.5 eV at
all temperatures. The optical conductivity spectra at various
temperatures are shown in Fig. 5(c). The broad and intense
Drude response is commonly observed at all temperatures.
Consequently, Neff (0.094 eV), which is a measure of Drude
weight, is nearly temperature independent as Neff (0.4 eV)
is [see Fig. 5(d)]. It should be noted here that the value
of Neff (0.094 eV) is about four times larger than that for
EuMnBi2 at 10 K. These results suggest that the presence of
Mn-3d state is an essential ingredient to cause the absorption
peaks with a pseudogap feature as well as a tiny Drude re-
sponse for EuMnBi2.

FIG. 5. (a) Temperature dependence of resistivity along the
c axis and that perpendicular to the c axis. (b) The reflectivity spectra
and (c) optical conductivity spectra at various temperatures. (d) The
spectral intensity below the cut-off energy ωc = 0.094 eV (circle)
and 0.4 eV (triangle). The dotted line denotes the antiferromagnetic
transition temperature of Eu-4 f moment.

To get insight into the Mn-3d-state nearby the Fermi en-
ergy, we performed the ab initio calculation on the basis of
density functional theory. Figure 6(a) shows the band structure
in the ground state with the antiferromagnetic ordering of
Mn-3d spins. Valence electrons originate from the gapped
Dirac band on the � − X line, whereas many other bands lie
above 0.1 eV or below –0.1 eV. Consequently, the density
of state (DOS) shows a sharp dip nearby the Fermi energy
as shown in Fig. 6(b). This is in accord with the observation
of small Drude response at low temperatures. The partial-DOS
shows that the conduction band is mainly composed of Bi-6p

FIG. 6. First-principles band structure for (a) EuMnBi2 and
(c) EuZnBi2. (Partial) density of states for EuMnBi2 and EuZnBi2

are shown in panels (b) and (d), respectively. The inset to (c) shows
the illustration of the Brillouin zone and k path.
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state in the energy region from 0 eV (EF) to 0.16 eV, but is
rather governed by the Mn-3d state above 0.16 eV. On the
contrary, the Bi-6p state remains to be the major component
of valence band down to –1.0 eV. Considering that the clear
absorption peaks (pseudogap feature) are absent in the energy
scale below 0.4 eV in EuZnBi2, it is reasonable to assign
the absorption peak to the interband transition between the
occupied Bi-6p state and unoccupied Mn-3d one; although the
calculated partial-DOS of the Mn-3d state has large weight
around 0.5 eV, the Mn-3d state may be actually located more
closely to EF due to the correlation-induced renormalization,
leading to the absorption peaks of optical conductivity around
0.1−0.2 eV. In this context, the thermally-induced blurring
of absorption peak (pseudogap) and enhancement of Drude
weight suggest that the electronic structure due to Mn-3d
state is significantly reconstructed in the course of melting
of Mn-3d antiferromagnetic order, resulting in the crossover
from the Dirac semimetallic state with tiny hole pockets to
the metal with incoherent charge dynamics. Although the
theoretical modeling taking into account the finite temperature
effect is beyond the scope of present paper, we speculate that
the partial gap opening due to the electron correlation inherent
to the Mn-3d state is responsible for the thermally-induced
variation of electronic state.

On the other hand, in EuZnBi2, several bands cross the
Fermi energy besides the Dirac band on the � − X line as
shown in Figs. 6(c) and 6(d). In particular, some of them show
the sizable energy dispersion along the c axis, e.g., along the
� − Z line. These features are consistent with the large spec-
tral intensity of optical conductivity spectra in the low energy
region and less anisotropic transport property in EuZnBi2.
In other words, these results support the scenario that the
Mn-3d antiferromagnetic ordering is essential to realize the
highly two-dimensional state with tiny hole pockets at low
temperatures in EuMnBi2.

Having established these results, we discuss the variation
of electronic state in the course of spin-flop transition of
Eu-4 f moment in terms of field dependence of Drude
response. Since the optical conductivity- or loss function-
spectra cannot be derived by means of the Kramers-Kronig
analysis due to the limited energy window of measurements
under the magnetic field, we evaluate the energy of plasma
resonance from the the dip of reflectivity spectra. As shown
in Figs. 7(a) and 7(b), the dip energy of reflectivity spectrum
nearly coincides with the peak energy of loss function spectra
at 0 T. With increasing the magnetic field from 0 T, the dip
gradually moves to higher energies, but discontinuously shifts
toward lower energies at Hf . It is known that the resonance
energy under the magnetic field (ωr) is described as ω2

r =
ω∗2

p + ω2
c with being ωc the cyclotron energy [41,42]. Given

that the band dispersion does not change by applying the mag-
netic field (the rigid band model), the field variation of ωr is
solely attributed to ωc(= eB/mc) with mc being the cyclotron
mass. In Fig. 7(c), we plot the square of resonance energy
ω2

r as a function of magnetic field. Below Hf , ω2
r increases

as expected from the rigid band model. By fitting the field
dependence of ω2

r with the function of ω∗2
p + (eB/mc)2, mc

is estimated to be 0.074m0. This value is nearly identical to
the effective mass estimated from the Drude response at 0 T
(=0.068m0), supporting the rigid band model below Hf . On

FIG. 7. (a) The reflectivity spectra measured at various magnetic
fields along the c axis and at 6 K. The triangle denotes the dip
structure due to the plasma resonance. (b) The loss function spectra
at 10 K under zero magnetic field. (c) The square of resonance
energy (ω∗2

r ) as a function of magnetic field. The vertical-dashed line
represents the spin-flop transition of Eu-4 f moment (Hf ). The dotted
curve (hatched curve) denote the fitting results with the formula
ω2

r = ω2∗
p + ω2

c (the guide to eyes).

the other hand, the field dependence of ω2
r above Hf cannot

be simply understood from the rigid band model; ω2
r once

decreases up to 10 T, but increases above 10 T. The previous
study argues that the Dirac band shows the spin splitting
and substantially deforms above Hf as the Eu-4 f moment is
gradually tilted toward the c axis by magnetic field [23,24].
The nonmonotonic field dependence of ωr may be attributed
to the deformation or spin splitting of Dirac band coupled to
the tilting of Eu-4 f moment, whereas the specific mechanism
is not simple. Regardless of the reason, considering that the
field variation of ωr is at most 3 meV below 14 T, the energy
scale of band deformation due to the spin-flop transition or
tilting of Eu-4 f moment is likely much smaller than that due
to the Mn-3d antiferromagnetic ordering.

IV. CONCLUSION

In conclusion, we have investigated the temperature- and
field-variation of electronic state of magnetic Dirac semimetal
of EuMnBi2 by means of optical spectroscopy and ab initio
calculation. The optical conductivity spectra show a sizable
temperature variation on an energy scale of 0.4 eV below
the transition temperature of Mn-3d antiferromagnetic order-
ing [TN(Mn) = 310 K], while the spectral variation at the
Eu-4 f moment ordering [TN(Eu) = 22 K] is not remarkable.
In particular, with decreasing temperature, the Drude peak
gradually diminishes and two absorption peaks evolve around
0.1−0.2 eV, resulting in the pseudogap feature with an energy
scale of 0.07 eV at 10 K. As a comparison, we investi-
gated the optical conductivity spectra of EuZnBi2, wherein
the nominally divalent Zn-ion does not possesses the active
3d-spin degree of freedom. In EuZnBi2, a Drude peak with
large spectral intensity remains in all temperatures, and the
pseudogap feature cannot be observed even at low tempera-
ture. Combined with the results of ab initio calculation, it is
likely that the evolution of Mn-3d antiferromagnetic ordering

115111-5



H. NISHIYAMA et al. PHYSICAL REVIEW B 104, 115111 (2021)

significantly modifies the electronic state nearby the Fermi
energy, resulting in the crossover from the incoherent metallic
state at high temperature into the massive Dirac semimetallic
state with tiny hole pockets at low temperatures in EuMnBi2.
Finally, we also explored the plasma resonance under the
magnetic field at 6 K to probe the field dependence of Drude
response. The resonance energy changes only at most 3 meV
at the field-induced spin-flop transition of Eu-4 f moment
(=5.3 T), suggesting that the reorientation of Eu-4 f moment
causes minimal variation of electronic state in contrast with
the case of Mn-3d-antiferromagnetic ordering.
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APPENDIX: MODEL OF LOSS FUNCTION

According to the Lorentz oscillator model, the dielectric
function is written as

ε(ω) = ε∞

(
1 + 	2

ω2
0 − ω2 − iωγ

)
. (A1)

The loss function is written as

Im

[
− 1

ε(ω)

]
= 1

ε∞
· ωγ	2

(
ω2

L − ω2
)2 + ω2γ 2

(A2)

Here ωL is defined as ω2
L = ω2

0 + 	2.
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