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Coherent scattering of exciton polaritons and acoustic phonons in a ZnO single crystal
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The light reflection oscillations resulting from the coherent scattering of polariton states and propagating
coherent acoustic phonons (CAPs) in a ZnO single crystal are studied by using a two-color femtosecond
pump-probe technique. The oscillation frequency manifested in the photoinduced reflectance shows a nonlinear
dependence on the probe-beam wave vector owing to the variation of the refractive index near the band gap. The
oscillation amplitude is affected by the refractive index modulation derived from the CAP-detuning polariton
states. The larger oscillation for shorter probe-beam wavelengths is consistent with the stronger scattering between
the CAP and excitonlike polariton states closer to the band gap.
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Exciton polaritons, quasiparticles resulting from the strong
coupling of excitons and photons [1], usually strongly interact
with each other and their surrounding media through their
excitonic component [2]. Polariton-polariton scattering is the
driving force behind various polaritonic nonlinear processes
[3,4]. Polaritons can be scattered or modulated by phonons
[5], and this leads to the transition between the polariton
states on their dispersion [6,7]. In fact, polariton acoustic-
phonon (AP) scattering is an effective mechanism for the
momentum modulation of polariton [8], especially when the
scattering processes are coherent, i.e., polaritons are scattered
by specific APs with a given momentum but preserve the
phase coherence. It is essential to realize coherent control or
modulation of propagating polariton waves for optophononic
device applications [9,10]. However, due to the small change of
energy and the relatively weak interaction strength compared
with other polaritonic scatterings, the coherent scattering of
polariton and AP is yet to be demonstrated.

With the fast development of femtosecond and picosecond
lasers, coherent acoustic-phonon (CAP) waves could be
effectively generated in semiconductors, metallic films, and
some other heterostructures by optical excitation [11–15]. Due
to the interaction of the CAP and the electronic or excitonic
states, the refractive index and the reflectivity of the materials
are modulated. Using the optical pump-probe technique, the
scattering of the CAP manifests itself as periodic oscillations in
the time-resolved reflectance of the probe light [16]. However,
most of the previous experiments on the CAP scatterings
are performed with the probe photon energy far below the
band-gap energy (and/or the excitonic energies) to avoid light
absorption by the materials [14]. As a result, how the CAP
waves affect the reflectivity by modulating the electronic
structures near critical energies such as the band edges [17],
excitonic [18,19], and, most importantly, the polaritonic states,
i.e., the scattering characteristic of the CAP and polariton,
remains unexplored.
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In this Rapid Communication, we demonstrate the CAP
scattering of the polariton states in semiconductors: A
two-color femtosecond pump-probe reflectivity measurement
is adopted to generate and detect the CAP in a typical
metal-semiconductor heterostructure sample, i.e., ZnO coated
with a thin Au film. The heat-induced lattice expansion in the
Au film after absorbing the pump laser pulse generates CAP
waves transmitting into the ZnO sample, and then the CAP
waves modulate the polariton states. For different probe-light
wavelengths, the modulation strength of the polariton states
which manifests itself by the changes of the refractive index
is extracted from the amplitude of the probe-light reflectance,
and compared with the theory of polariton-CAP scattering.

The sample we used is a 0.5-mm-thick ZnO single crystal
(wurtzite structure, c plane) with an 8-nm-thick Au film
deposited on the top by using the magnetron sputtering
technique. The coated Au film facilitates the enhancement
of the thermal-induced CAP wave [20]. The pump-probe mea-
surements are performed by using a mode-locked Ti:sapphire
femtosecond laser with a pulse width of ∼100 fs, and a
repetition rate of 80 MHz. The output laser beam is divided
by a beam splitter into the pump and probe light. The pump
light passes an acoustic optical modulator with a modulation
frequency of 50 kHz, and then is normally incident on the
sample with a spot diameter of ∼150 μm, and energy density
of ∼12 μJ/cm2. A beta barium borate crystal is used to
generate the frequency-doubled ultraviolet light as the probe
light, which is incident at an angle of 40◦ with a p-polarization
configuration on the sample as shown in Fig. 1(a), and the
spot size is slightly smaller than the pump spot. The weak
modulation of the reflected probe light is measured by a lock-in
amplifier combined with a sensitive photodetector. A variable
optical delay line is placed in the probe-beam path to vary the
time delay (τ ) between the pump and probe pulses. In order to
tune the probe-light wavelength near the ZnO band-gap energy
(∼3.3 eV), the corresponding pump wavelengths vary within
750–800 nm (well below the band-gap energy). However, the
absorption of Au in such a wavelength range keeps almost
constant, so the heating effect and the resultant CAP wave do
not change [21].
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FIG. 1. (Color online) (a) The schematic diagram of the coherent scattering process between the polariton wave and AP wave at a fixed
delay time τ . (b) The oscillatory components of the �R/R signals for different probe-light wavelengths from the ZnO single crystal coated with
8-nm-thick Au film, as functions of the pump-probe delay time. The inset shows the transient reflection signal with a sharp change immediately
following pump excitation for probe wavelengths of 386 nm.

In the presence of CAP, the reflectivity R of the sample is
modulated. As a result, the time evolution of transient differ-
ential reflectivity �R/R signals displays periodic oscillations
with respect to τ , as shown in Fig. 1(b). The period and
amplitude of �R/R display a strong variation for different
probe-light wavelengths. Phenomenologically, the modulated
�R can be regarded as the self-interference between two probe
reflections, one from the sample surface and the other from
the CAP wave [22], as schematically shown in Fig. 1(a).
When the probe pulse reaches the sample surface at τ after
the pump pulse, the CAP wave induced by the pump pulse
has propagated a distance L = vτ , with v being the sound
velocity along the c-axis direction in ZnO. The amplitude
ξph of the phonon wave has weakened as ξph = ξ 0

phe
−αphL,

where ξ 0
ph is the initial amplitude, and αph is the absorption

coefficient of the phonon in ZnO. Considering that the velocity
of the polariton is orders of magnitude larger than the sound
velocity, the polariton wave in ZnO will propagate the distance
L/cos θ with a much shorter time and be scattered by the
AP wave. Due to the requirement of momentum conservation
in the polariton-AP scattering processes, only those APs
with a specific momentum kph = kpol − kpol−S can scatter
strongly with the polariton wave, where kpol and kpol−S are
the momenta of the polariton before and after scattering.
Because of the very thin thickness of the Au film, the
CAP momentum width is much larger than kpol. In addition,
as the energy of AP is much smaller than that of a polariton,
the scattering is in fact a Brillouin scattering process, with
the energy shift of the polaritons being small. Thus, |kpol| ≈
|kpol−S | and the momentum change of the polariton can
be obtained as �kpol = kph ≈ 2|kpol| cos θ × eph. Meanwhile,
the scattering angle is nearly twice the probe-light refraction
angle θ. The amplitude of the scattered polariton wave
ξpol−S can thus be described as [23] ξpol−S ∝ SC(λ)ξpolξph =
SC(λ)ξ 0

phξ
0
pole

−(αphL+αpolL/ cos θ), where SC(λ) is the scattering
coefficient for the probe-beam wavelength λ, ξ 0

pol is the

amplitude of the probe light transmitted into ZnO, and αpol is
the absorption coefficient of the polariton wave. The scattered
polariton wave propagates towards to the sample surface,
refracts out, and interferes with the probe light reflected
directly at the sample surface. Thus, the modulated reflectivity
�R/R can be expressed as [11,24]

�R(τ )

R
∝ SC(λ)e−τ/T sin (2πf τ + ϕ) , (1)

f τ = 2L
n (λ) cos θ

λ
= vτ

π
|kprobe|n (λ) cos θ, (2)

T = 1

v

(
αph + 2αpol

cos θ

)−1

, (3)

where kprobe is the probe-beam wave vector, f is the oscillation
frequency of the �R/R signals, ϕ denotes the phase shift,
and n(λ) represents the refractive index of ZnO. Due to
the coherent scattering of polaritons and APs, the phases of
scattered polaritons are preserved and the superposition of the
reflective signals results in the interference oscillation as a
function of τ . The exponential term in Eq. (1) describes the
amplitude decay of the polariton wave scattered by the AP.

The solid curves in Fig. 1(b) are the fitting results given
by Eq. (1). One can see that the fitting curves match well
with the experiment results (the black dots). Besides the
coherent oscillations discussed above, a rapid change in the
transient reflectance signal within the initial 3 ps is observed,
as illustrated in the inset of Fig. 1(b). This is mainly caused by
the nonequilibrium dynamics of photoexcited carriers in the
metal film [25]. Here we focus on the coherent process with a
longer duration [26].

The oscillation frequency f extracted from the fitting shown
in Fig. 2(a) displays a strong nonlinear dependence on kprobe.
From Eq. (2), one can see that f for the specific probe
wavelength is equal to the frequency of the scattered AP (fph)
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(a)

(b)

FIG. 2. (Color online) (a) The probe-beam wavelength depen-
dence of the oscillation frequency of the �R/R signals (solid
triangles). (b) The refractive index vs the probe-beam wavelength;
the inset shows the calculated exciton-polariton dispersion.

with the corresponding momentum, because fph = v
2π

|kph| =
v
π
|kprobe|n(λ) cos θ . Therefore, such results also indicate a

nonlinear relationship between the scattered AP frequency and
kprobe. This is different from the linear fph − kprobe dependency
in the previous reports in which the probe phonon energy is
well below the band-gap energy [14,16]. The rapid increase
of the AP frequency at the near-band-gap energy mainly
originates from the variation of the momentum |kpol|, as
described by the scattering momentum-change equation of the
polariton, i.e., the nonlinear dispersion of polariton [27–29].
When the probe light propagates in the sample, it will strongly
couple with the excitons and behave as exciton-polariton wave
with a nonlinear dispersion [30,31], contributing significantly
to the variation of the refractive index near the band gap.
In order to compare the refractive index obtained from the
experiments and the polariton model, we deduce n(λ) from
the AP frequency data with Eq. (2) using a sound velocity
of 6200 m/s [32]. The results are shown as the solid circles

FIG. 3. (Color online) The �n induced by the polariton-CAP
scattering. The inset shows the probe-light wavelength dependence
of the oscillation amplitude of the �R/R signals.

in Fig. 2(b). We use the exciton-photon coupling model (see
the Supplemental Material) to fit f and n(λ) [33]. Due to
the large incident angle of the probe beam, the reflective
index comes from the transverse magnetic (E ‖ c) polarized
polariton modes, and all the A, B, and C excitons contribute
to the nonlinear exciton-polariton dispersion [29], but the
coupling of the photon and A,B excitons plays a much more
important role [34,35]. The fitting results are shown as solid
curves in Figs. 2(a) and 2(b). The inset of Fig. 2(b) is the
exciton-polariton dispersion, derived from the polariton model
with the fitting parameters in the Supplemental Material [33].

In the following, we will discuss the oscillation amplitude
which reflects the scattering coefficient SC(λ). The scattering
strength is correlated with the CAP detuning of the polariton
states which, on the other hand, determine the refractive
index modulation �n. Thus, the CAP oscillation can also
be simulated with the interference model by considering the
reflectivity change due to �n using Fresnel equations. It turns
out that such a model leads to the same frequency formula as
in Eq. (2). In addition, we may extract �n from the oscillation
amplitude, and compare to that derived from the detuning of
the polariton states.

The solid circles in Fig. 3 represent the probe-light wave-
length dependent �n extracted from the measured oscillation
amplitude (the inset of Fig. 3). We also deduce the �n − λ

relationship from the polariton-phonon coupling model. In
such a model, an energy change of the exciton in the polariton
�EX is introduced by the lattice distortion due to the CAP.
For the polariton state with a certain energy, its momentum
has a correspondent variation �kLP (λ) = �EX( ∂kLP

∂EX
)ELP =hc/λ.

Thus, �n can be obtained as �n(λ) = �c
ELP

�kLP (λ). With
�EX = 1.6 μeV, we calculate �n for different probe-beam
wavelengths, shown as a solid curve in Fig. 3. The calculated
�n agrees well with that obtained from the measured oscilla-
tion amplitude. This result thus corroborates the scattering
model of CAP and polariton states near the band gap.
In particular, the scattering strength becomes stronger for
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FIG. 4. (Color online) The dissipation coefficient of the polariton
waves in the sample near the band gap of ZnO. The inset shows the
time decay of the �R/R oscillations.

excitonlike polaritons than the photonlike polaritons [33],
as the oscillation amplitude and �n increase for probe-light
energies closer to the band gap.

Apart from the significant variation of the oscillation
amplitude, we also note from Fig. 1(b) that the oscillation
decay becomes much more rapid for probe energies closer to
the band gap. From the fitting of the oscillations by Eq. (1),
we obtain the decay time T shown in the inset of Fig. 4. The
decay of the oscillations is associated with the attenuation
of both the polariton and phonon waves, as described by
Eq. (3). The decay is relatively slower at the longer probe
wavelengths, because the exciton component of the polariton
wave is relatively small and it is not easy to dissipate during the

propagation. In this case, the dissipation of the phonon wave
is the main contribution to T . With the probe-light wavelength
approaching 375 nm, the increased exciton components lead
the polariton wave to dissipate within ∼10 ps, where T is
mainly determined by the dissipation of polariton waves.
Therefore, we calculate the dissipation coefficient of the
scattering oscillation amplitude D (λ) = (vT )−1, shown as
solid circles in Fig. 4. The thus obtained D (λ) can be well fitted
(solid curve in Fig. 4) by D (λ) = αph + 2αpol

cos θ
from Eq. (3).

Here, we use the fitting parameters αpol from Refs. [30,36],
and αph = 1610 cm−1 corresponding to the AP lifetime of
∼1 ns. In order to verify that the oscillation decay and
frequency are independent on the pump power and the
amplitude is in the linear response regime, we vary the pump
power in the measurements, and the results are discussed in
the Supplemental Material [33].

In conclusion, we observe light reflection oscillations
caused by the interaction of propagating CAP and polariton
states in a bulk ZnO single crystal by a two-color femtosecond
pump-probe technique. We reveal a nonlinear relationship of
the oscillation frequency with the probe-beam wave vector
near the band gap owing to the variation of the refractive index.
The oscillation amplitude is effectively accounted by the index
refraction modulation derived from the CAP detuning of the
polariton states. The larger oscillation for the shorter probe
wavelength is consistent with the stronger interaction between
the CAP and the excitonlike polariton states closer to the band
gap. Our results show a potential application for developing
the acoustic-phonon modulated polariton devices.
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No. 61222407), and NCET (No. 11-0119).
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Lüpke, J. Demsar, A. J. Taylor, and M. Onellion, Phys. Rev. B
69, 132503 (2004).

[17] M. R. Wagner, G. Callsen, J. S. Reparaz, R. Kirste, A. Hoffmann,
A. V. Rodina, A. Schleife, F. Bechstedt, and M. R. Phillips, Phys.
Rev. B 88, 235210 (2013).

[18] I. A. Ostapenko, G. Hönig, S. Rodt, A. Schliwa, A. Hoffmann,
D. Bimberg, M. R. Dachner, M. Richter, A. Knorr, S. Kako, and
Y. Arakawa, Phys. Rev. B 85, 081303(R) (2012).

[19] D. V. Vishnevsky, D. D. Solnyshkov, G. Malpuech, N. A.
Gippius, and I. A. Shelykh, Phys. Rev. B 84, 035312 (2011).

[20] H. Ogi, M. Fujii, N. Nakamura, T. Shagawa, and M. Hirao, Appl.
Phys. Lett. 90, 191906 (2007).

201201-4

http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1103/PhysRevLett.110.196406
http://dx.doi.org/10.1103/PhysRevLett.110.196406
http://dx.doi.org/10.1103/PhysRevLett.110.196406
http://dx.doi.org/10.1103/PhysRevLett.110.196406
http://dx.doi.org/10.1103/PhysRevB.67.195321
http://dx.doi.org/10.1103/PhysRevB.67.195321
http://dx.doi.org/10.1103/PhysRevB.67.195321
http://dx.doi.org/10.1103/PhysRevB.67.195321
http://dx.doi.org/10.1103/PhysRevLett.108.166401
http://dx.doi.org/10.1103/PhysRevLett.108.166401
http://dx.doi.org/10.1103/PhysRevLett.108.166401
http://dx.doi.org/10.1103/PhysRevLett.108.166401
http://dx.doi.org/10.1063/1.3257366
http://dx.doi.org/10.1063/1.3257366
http://dx.doi.org/10.1063/1.3257366
http://dx.doi.org/10.1063/1.3257366
http://dx.doi.org/10.1103/PhysRevB.20.628
http://dx.doi.org/10.1103/PhysRevB.20.628
http://dx.doi.org/10.1103/PhysRevB.20.628
http://dx.doi.org/10.1103/PhysRevB.20.628
http://dx.doi.org/10.1103/PhysRevB.83.081404
http://dx.doi.org/10.1103/PhysRevB.83.081404
http://dx.doi.org/10.1103/PhysRevB.83.081404
http://dx.doi.org/10.1103/PhysRevB.83.081404
http://dx.doi.org/10.1103/PhysRevLett.105.116402
http://dx.doi.org/10.1103/PhysRevLett.105.116402
http://dx.doi.org/10.1103/PhysRevLett.105.116402
http://dx.doi.org/10.1103/PhysRevLett.105.116402
http://dx.doi.org/10.1088/1367-2630/14/1/013037
http://dx.doi.org/10.1088/1367-2630/14/1/013037
http://dx.doi.org/10.1088/1367-2630/14/1/013037
http://dx.doi.org/10.1088/1367-2630/14/1/013037
http://dx.doi.org/10.1103/PhysRevB.83.245212
http://dx.doi.org/10.1103/PhysRevB.83.245212
http://dx.doi.org/10.1103/PhysRevB.83.245212
http://dx.doi.org/10.1103/PhysRevB.83.245212
http://dx.doi.org/10.1103/PhysRevB.34.4129
http://dx.doi.org/10.1103/PhysRevB.34.4129
http://dx.doi.org/10.1103/PhysRevB.34.4129
http://dx.doi.org/10.1103/PhysRevB.34.4129
http://dx.doi.org/10.1103/PhysRevB.83.212302
http://dx.doi.org/10.1103/PhysRevB.83.212302
http://dx.doi.org/10.1103/PhysRevB.83.212302
http://dx.doi.org/10.1103/PhysRevB.83.212302
http://dx.doi.org/10.1063/1.1418450
http://dx.doi.org/10.1063/1.1418450
http://dx.doi.org/10.1063/1.1418450
http://dx.doi.org/10.1063/1.1418450
http://dx.doi.org/10.1103/PhysRevB.76.085210
http://dx.doi.org/10.1103/PhysRevB.76.085210
http://dx.doi.org/10.1103/PhysRevB.76.085210
http://dx.doi.org/10.1103/PhysRevB.76.085210
http://dx.doi.org/10.1016/j.ssc.2007.08.042
http://dx.doi.org/10.1016/j.ssc.2007.08.042
http://dx.doi.org/10.1016/j.ssc.2007.08.042
http://dx.doi.org/10.1016/j.ssc.2007.08.042
http://dx.doi.org/10.1103/PhysRevB.69.132503
http://dx.doi.org/10.1103/PhysRevB.69.132503
http://dx.doi.org/10.1103/PhysRevB.69.132503
http://dx.doi.org/10.1103/PhysRevB.69.132503
http://dx.doi.org/10.1103/PhysRevB.88.235210
http://dx.doi.org/10.1103/PhysRevB.88.235210
http://dx.doi.org/10.1103/PhysRevB.88.235210
http://dx.doi.org/10.1103/PhysRevB.88.235210
http://dx.doi.org/10.1103/PhysRevB.85.081303
http://dx.doi.org/10.1103/PhysRevB.85.081303
http://dx.doi.org/10.1103/PhysRevB.85.081303
http://dx.doi.org/10.1103/PhysRevB.85.081303
http://dx.doi.org/10.1103/PhysRevB.84.035312
http://dx.doi.org/10.1103/PhysRevB.84.035312
http://dx.doi.org/10.1103/PhysRevB.84.035312
http://dx.doi.org/10.1103/PhysRevB.84.035312
http://dx.doi.org/10.1063/1.2737819
http://dx.doi.org/10.1063/1.2737819
http://dx.doi.org/10.1063/1.2737819
http://dx.doi.org/10.1063/1.2737819


RAPID COMMUNICATIONS

COHERENT SCATTERING OF EXCITON POLARITONS AND . . . PHYSICAL REVIEW B 89, 201201(R) (2014)

[21] T. Oonishi, S. Sato, H. Yao, and K. Kimura, J. Appl. Phys. 101,
114314 (2007).

[22] P. Babilotte, P. Ruello, D. Mounier, T. Pezeril, G. Vaudel, M.
Edely, J-M. Breteau, V. Gusev, and K. Blary, Phys. Rev. B 81,
245207 (2010).

[23] ξph is the amplitude of the phonon with the specific momentum
kph, and the variation of it in the region concerning our work is
ignored.

[24] The modulated reflectivity is related to the amplitude of field
rather than the energy intensity of field. It is described as �R

R
=

(ξ0+ξ )2−(ξ0−ξ )2

ξ2
0

� 4 ξ

ξ0
, with ξ0 and ξ the reflected amplitudes of

fields from the sample surface and propagating acoustic-phonon
wave, respectively.

[25] V. E. Gusev and O. B. Wright, Phys. Rev. B 57, 2878
(1998).

[26] All the data in Fig. 1 comes from the oscillatory components of
the typical transient reflectance signals, and they are subtracted
by the exponential decay backgrounds from the measured �R/R

signals.
[27] J.-R. Chen, T.-C. Lu, Y.-C. Wu, S.-C. Lin, W.-F. Hsieh, S.-C.

Wang, and H. Deng, Opt. Express 19, 4101 (2011).

[28] D. Xu, W. Xie, W. Liu, J. Wang, L. Zhang, Y. Wang, S. Zhang,
L. Sun, X. Shen, and Z. Chen, Appl. Phys. Lett. 104, 082101
(2014).

[29] A. Trichet, L. Sun, G. Pavlovic, N. A. Gippius, G. Malpuech,
W. Xie, Z. Chen, M. Richard, and L. S. Dang, Phys. Rev. B 83,
041302(R) (2011).

[30] L. Sun, Z. Chen, Q. Ren, K. Yu, L. Bai, W. Zhou, H. Xiong,
Z. Q. Zhu, and X. Shen, Phys. Rev. Lett. 100, 156403 (2008).

[31] S. Faure, T. Guillet, P. Lefebvre, T. Bretagnon, and B. Gil, Phys.
Rev. B 78, 235323 (2008).

[32] K. Sarasamak, S. Limpijumnong, and W. R. L. Lambrecht, Phys.
Rev. B 82, 035201 (2010).

[33] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.89.201201 for a more detailed discussion.

[34] S. F. Chichibu, A. Uedono, A. Tsukazaki, T. Onuma, M.
Zamfirescu, A. Ohtomo, A. Kavokin, G. Cantwell, C. W. Litton,
T. Sota, and M. Kawasaki, Semicond. Sci. Technol. 20, S67
(2005).

[35] M. Zamfirescu, A. Kavokin, B. Gil, G. Malpuech, and M.
Kaliteevski, Phys. Rev. B 65, 161205(R) (2002).

[36] J. Lagois, Phys. Rev. B 23, 5511 (1981).

201201-5

http://dx.doi.org/10.1063/1.2743736
http://dx.doi.org/10.1063/1.2743736
http://dx.doi.org/10.1063/1.2743736
http://dx.doi.org/10.1063/1.2743736
http://dx.doi.org/10.1103/PhysRevB.81.245207
http://dx.doi.org/10.1103/PhysRevB.81.245207
http://dx.doi.org/10.1103/PhysRevB.81.245207
http://dx.doi.org/10.1103/PhysRevB.81.245207
http://dx.doi.org/10.1103/PhysRevB.57.2878
http://dx.doi.org/10.1103/PhysRevB.57.2878
http://dx.doi.org/10.1103/PhysRevB.57.2878
http://dx.doi.org/10.1103/PhysRevB.57.2878
http://dx.doi.org/10.1364/OE.19.004101
http://dx.doi.org/10.1364/OE.19.004101
http://dx.doi.org/10.1364/OE.19.004101
http://dx.doi.org/10.1364/OE.19.004101
http://dx.doi.org/10.1063/1.4866385
http://dx.doi.org/10.1063/1.4866385
http://dx.doi.org/10.1063/1.4866385
http://dx.doi.org/10.1063/1.4866385
http://dx.doi.org/10.1103/PhysRevB.83.041302
http://dx.doi.org/10.1103/PhysRevB.83.041302
http://dx.doi.org/10.1103/PhysRevB.83.041302
http://dx.doi.org/10.1103/PhysRevB.83.041302
http://dx.doi.org/10.1103/PhysRevLett.100.156403
http://dx.doi.org/10.1103/PhysRevLett.100.156403
http://dx.doi.org/10.1103/PhysRevLett.100.156403
http://dx.doi.org/10.1103/PhysRevLett.100.156403
http://dx.doi.org/10.1103/PhysRevB.78.235323
http://dx.doi.org/10.1103/PhysRevB.78.235323
http://dx.doi.org/10.1103/PhysRevB.78.235323
http://dx.doi.org/10.1103/PhysRevB.78.235323
http://dx.doi.org/10.1103/PhysRevB.82.035201
http://dx.doi.org/10.1103/PhysRevB.82.035201
http://dx.doi.org/10.1103/PhysRevB.82.035201
http://dx.doi.org/10.1103/PhysRevB.82.035201
http://link.aps.org/supplemental/10.1103/PhysRevB.89.201201
http://dx.doi.org/10.1088/0268-1242/20/4/009
http://dx.doi.org/10.1088/0268-1242/20/4/009
http://dx.doi.org/10.1088/0268-1242/20/4/009
http://dx.doi.org/10.1088/0268-1242/20/4/009
http://dx.doi.org/10.1103/PhysRevB.65.161205
http://dx.doi.org/10.1103/PhysRevB.65.161205
http://dx.doi.org/10.1103/PhysRevB.65.161205
http://dx.doi.org/10.1103/PhysRevB.65.161205
http://dx.doi.org/10.1103/PhysRevB.23.5511
http://dx.doi.org/10.1103/PhysRevB.23.5511
http://dx.doi.org/10.1103/PhysRevB.23.5511
http://dx.doi.org/10.1103/PhysRevB.23.5511



