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The coherent dynamics of the exciton center-of-mass motion in bulk GaN are studied using de-
generate four-wave-mixing (FWM) spectroscopy with Laguerre–Gaussian (LG) mode pulses. We
evaluate the exciton orbital angular momentum (OAM) dynamics from the degree of OAM, which
is derived from the distributions of OAM (topological charge) of the FWM signals. When excitons
are excited with two single-mode LG pulses, the exciton OAM decay time significantly exceeds the
exciton dephasing time, which can be attributed to high uniformity of the exciton dephasing in our
bulk sample because the decoherence of the exciton OAM is governed by the angular variation in the
exciton dephasing. We also analyze the topological charge (ℓ) dependence of the OAM decay using
a multiple-mode LG pump pulse, which allows us to simultaneously observe the dynamics of the
exciton OAM for different ℓ values under the same excitation conditions. The OAM decay times of
the ℓ = 1 component are usually longer than those of the ℓ = 0 component. The ℓ-dependent OAM
decay is supported by a phenomenological model which takes into account the local nonuniformity
of the exciton dephasing.

PACS numbers: 78.47.nj, 42.50.Tx

I. INTRODUCTION

Optical vortices have azimuthal phase structures that
can be expressed as exp (iℓφ), where ℓ is an integer
and φ is the azimuthal angle in the beam cross sec-
tion, and these vortices carry orbital angular momen-
tum (OAM) owing to the rotational energy flow vec-
tors around phase singularities where the intensity of
the fields vanishes. Since Allen et al.1 demonstrated
that a Laguerre–Gaussian (LG) beam with the azimuthal
phase structure exp (iℓφ) carries an OAM of ℓ~ per pho-
ton, research on optical vortices has spread to various
fields, including solid-state-device applications such as
spintronics2, information storage3–5, processing6–8, and
quantum computation9. In such devices, information
multiplexing using the OAM degree of freedom may sig-
nificantly increase information capacity. Moreover, the
topological aspects of OAM offer unique photoexcitations
in semiconductors such as chiral imbalance of electrons10,
circular current11,12, magnetic field13,14, spin-polarized
photoemission15, and the photovoltaic effect16. In gen-
eral, topological vortices are stable against continuous
deformations, which is crucial for the above applications.

In our earlier studies, we demonstrated coherent ex-
citations of the center-of-mass motion of semiconductor
excitons with OAM via four-wave mixing (FWM) using
LG pulses17. The dark centers associated with the phase
singularities were observed in FWM signals, and their
time evolution showed that the exciton OAM was co-
herently excited during the exciton dephasing time T2.
A similar result was reported by another group using
a CdTe/CdZnTe quantum well sample18. Those charac-
teristics were subsequently analyzed using OAM-resolved
FWM spectroscopy19, wherein the OAM spectra of the

FWM signals indicated high purity of the exciton OAM
when illuminated with single-mode LG pulses. However,
while the time evolution of the FWM signals suggests
that the decay of the exciton OAM should be longer than
T2, the details of the intrinsic decay dynamics including
robustness against scattering, disorder, and/or correla-
tion are still unclear.

In principle, the coherent FWM dynamics of excitons
reflect the dephasing of exciton polarization induced by
short-range disorder, wherein the spatial variations are
averaged out over the optical excitation area. On the
other hand, the OAM dephasing of the exciton center-of-
mass motion results in transverse mode distributions and
thus can provide information on the spatial variations in
the dephasing.

In this study, we investigate the effects of spatially vari-
ant dephasing on the exciton OAM theoretically (Sec.
II) and experimentally (Sec. III and IV). In the exper-
iments, the exciton OAM dynamics is evaluated by the
degree of OAM in the OAM spectra of the FWM sig-
nal. The exciton OAM with the topological charge of
ℓ = +4 shows a subnanosecond decay, which is consid-
erably longer than T2 (Sec. IVA). We also demonstrate
the topological charge dependence of the exciton OAM
dynamics, wherein a multiple-mode LG pulse is used as
one of the excitation pulses to compare the OAM decay
for different values of ℓ. The decay of the ℓ = +1 compo-
nent is usually longer than that of the ℓ = 0 component
(Sec. IVB). The ℓ-dependent OAM decay is discussed in
terms of the spatially dependent dephasing (Sec. V).
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II. COHERENT DYNAMICS OF EXCITON

OAM

We analyze the exciton OAM via degenerate FWM
using LG pulses. We first examine the FWM process in
Fig. 1, where we consider a two-level exciton system for
simplicity. As shown in Fig. 1 (a), we use a pair of pulses
with a degenerate frequency of ω0, wavevectors ki, and
topological charge ℓi, where i = 1 and 2 represent the
pump and probe pulses, respectively. The pump pulse
with wavevector k1 first excites the system to a coher-
ent superposition state between the ground and excited
states, thereby creating exciton polarization (see Fig. 1
(b)). The polarization immediately undergoes dephasing
after the excitation. When the probe pulse with wavevec-
tor k2 arrives within the polarization dephasing time, the
pulse promotes the system to the excited state or back to
the ground state according to the phase of polarization.
In real space, this process produces a spatially modulated
excited state grating, and its decay is governed by the de-
phasing of the exciton polarization. The probe pulse is
then self-diffracted into the direction 2k2 − k1 by the
grating. The exciton dephasing dynamics are thus ob-
tained by detecting the signal as a function of the delay
time τ between the pump and probe pulses20–24.

For single-mode LG pulses with ℓi 6= 0, the excited
state grating generates fork-like fringes, and the result-
ing self-diffracted FWM signal exhibits an LG mode with
ℓ = 2ℓ2−ℓ1 if the excitons completely conserve the OAM
in the FWM process. On the other hand, the spatial dis-
tributions of scattering, disorder, and/or correlation in-
duce angular modulations on the exciton coherence and
generates the ℓ 6= 2ℓ2 − ℓ1 components in the FWM sig-
nal based on the Fourier relationship between the angu-
lar position and OAM25,26. Therefore, we can evaluate
the coherent dynamics of the exciton OAM by measur-
ing the distribution of ℓ, i. e., the OAM spectrum27,28 of
the FWM signal. In the experiments, the OAM spectra
were obtained with the mode conversion technique us-
ing a spatial light modulator (SLM)9,29. Programmable
holograms on the SLM decompose the FWM signal into
a series of LG components with different values of ℓ.

Here, we introduce descriptions of the FWM using LG
pulses for the exciton OAM dynamics. In the case when
ki/|ki| ≈ ez, where ez denotes the unit vector along
the z direction, the incident electric field for co-linearly
polarized pump and probe pulses can be written in the
cylindrical coordinates (r, φ, z) as

E(r, φ, z, t, τ) = E1(r, φ, z)A(t) + E2(r, φ, z)A(t− τ)

∝ Uℓ1(r)A(t) exp [i (k1z + ℓ1φ− ω0t)]

+Uℓ2(r)A(t − τ) exp [i (k2z + ℓ2φ− ω0t)] .

(1)

Here, A(t) represents the temporal envelope of the op-
tical pulses. We define the delay time τ > 0 when the
pump pulse precedes the probe pulse. The amplitude
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FIG. 1. Schematic of four-wave mixing (FWM) using
Laguerre–Gaussian pulses in (a) real space and (b) the cor-
responding time sequence. For simplicity, a two-level exciton
system is presented in (b).

distribution of an LG mode Uℓ(r) is
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where w is a parameter associated with the beam size.
The distribution Uℓ(r) corresponds to a ring-shaped in-
tensity profile for an LG beam with ring radius ρ (the
distance between the beam center and the position at
which the LG beam exhibits its peak intensity) defined
by

ρ =

√

|ℓ|
2
w. (3)

It is to be noted that U0(r) corresponds to a Gaussian
distribution and the ring radius ρ is thus undefined.
When the pulse duration is considerably shorter than

the exciton dephasing time, A(t) can be treated as a
δ-function. The third-order nonlinear polarization P (3)

(along the 2k2 − k1 direction) induced by the LG pump
and probe pulses is subsequently expressed as

P (3)(r, φ, z, t, τ) ∝ Θ(t− τ)α(r, φ, t)Uℓ1 (r)U
2
ℓ2
(r)

× exp [i {(2k2 − k1 ) z + (2ℓ2 − ℓ1 )φ}] ,
(4)

where Θ(t − τ) represents the Heaviside step function.
The term α(r, φ, t, τ) associated with the exciton system
is expressed as

α(r, φ, t, τ) = |µx(r, φ)|4 exp [−iωx(t− 2τ)]

× exp [−γ(r, φ)t] , (5)

where both the dipole matrix element µx and dephas-
ing rate γ exhibit spatial variation owing to the spatially
dependent scattering, disorder, and/or correlation. It is
to be noted that we neglect the spatial variation in the
resonance energy ωx.
In the time evolution of the exciton polarization,

γ(r, φ), i. e., spatially dependent dephasing, modulates
the angular distribution of the exciton center-of-mass mo-
tion and generates a distribution of ℓ in the OAM spec-
trum. In order to verify the effects of spatially depen-
dent dephasing γ(r, φ), we consider the Fourier relation-
ship between the OAM and angular distribution for the
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exciton polarization P (3)(r, φ, z, t, τ) in Eq. (4). The re- lationship is described as follows25,26:

P (3)(r, φ, z, t, τ) =
1√
2π

∞
∑

ℓ=−∞

C(ℓ, r, t, τ) exp[iℓφ], (6)

C(ℓ, r, t, τ) =
1√
2π

∫ π

−π

P (3)(r, φ, z, t, τ) exp[−iℓφ]dφ

∝ Θ(t− τ)Uℓ1(r)U
2
ℓ2
(r)

∫ π

−π

exp[−γ(r, φ)t] exp[−i(ℓ− ℓx)φ]dφ, (7)

where ℓx = 2ℓ2 − ℓ1, and we neglect the spatial depen-
dence of µx to restrict ourselves to consider the effects
of the spatially dependent dephasing γ(r, φ). The OAM
spectrum of the FWM signal is obtained from C(ℓ, r, t, τ)
in Eq. (7) as

IFWM(ℓ, τ) ∝
∫ ∞

τ

dt

∫ ∞

0

r |C(ℓ, r, t, τ)|2 dr. (8)

It is apparent from Eqs. (7) and (8) that if the exci-
ton dephasing rate γ is spatially (azimuthally) uniform,
C(ℓ, r, t, τ) can be described by δℓ,ℓx . As a result, there is
a single non-zero component at ℓ = ℓx in the OAM spec-
trum. On the other hand, the spatially (azimuthally)
dependent dephasing γ(r, φ) yields non-zero C(ℓ, r, t, τ)
for ℓ 6= ℓx and therefore induces spectral broadening in
the OAM spectrum. This indicates that the spatially de-
pendent dephasing γ(r, φ) results in decoherence of the
exciton OAM, and the time-resolved measurement (i. e.,
measuring the τ -dependence) of the OAM spectrum of
the FWM signal allows us to evaluate the exciton OAM
decoherence.

III. EXPERIMENTS

In the experiments, the pulses of ∼175 fs from a
frequency-doubled mode-locked Ti: sapphire laser (repe-
tition rate of 76 MHz) were used to perform the two-pulse
degenerate FWM measurements. The center wavelength
(λ0 = 2πc/ω0) of 356.4 nm with the spectral width of
1.1 nm was selected to resonantly excite the exciton res-
onances of GaN. In our measurements, the exact λ0 was
slightly changed (±0.5 nm) to optimize the resonance
condition. The co-linearly polarized two pulses were con-
verted into LG modes and focused onto the sample with a
lens (f = 200 mm). The FWM signal in the reflection ge-
ometry was detected either with a CCD camera or with
a monochromator equipped with a CCD after passing
through another mode conversion setup for the OAM-
resolved measurements. The average power before the
focusing lens was fixed to be ∼1 mW for both the pump
and probe beams. The beam radius on the sample was
estimated to be ∼50 µm. The total group-delay disper-
sion induced by our experimental setup was evaluated to

be 2300 fs2, which resulted in the pulse duration of ∼190
fs on the sample. For the LG mode conversions for the
excitation and signal detection, we used programmable
holographic gratings on SLMs (Hamamatsu Photonics,
X10468), where the pixel size is 20 µm with a pitch of 0.2
µm. The sample of a free-standing GaN (thickness of 70
µm) grown using a lateral epitaxial overgrowth technique
was mounted inside the He-flow cryostat, and its temper-
ature was kept at ∼10 K for all measurements. Details
on the linear optical properties of the sample have been
reported in Ref. [30].

IV. EXPERIMENTAL RESULTS

A. Exciton OAM excited with single-mode LG

pulses

We first consider the case for the single-mode LG pulse
excitation: the pump pulse with ℓ1 = −2 and the probe
pulse with ℓ2 = +1. The corresponding result has already
been reported in Ref. [19]. In the report, we attributed
origins of imperfect OAM conversions to ℓ = 0 modes of
the excitation pulses by comparing the results obtained
using different excitation modes. Here, we focus on the
decay dynamics of the exciton OAM, and as described
below, we newly introduce the degree of OAM to evaluate
the intrinsic exciton OAM dynamics.
Figure 2 (a) illustrates the spectrum of the FWM sig-

nal and excitation pulse. The spectral peak of the exci-
tation pulse is positioned between the heavy-hole exciton
(XA) resonance at 3.474 eV and light-hole exciton (XB)
resonance at 3.479 eV. The simultaneous excitations of
XA and XB results in quantum beats (QBs) of FWM
signals23,24.
Figures 2 (b) and (c) show the intensity profiles and

OAM spectra of the pump and probe pulses, respectively.
The distinct peaks in the OAM spectra indicate the suc-
cessful single-mode generation of the ℓ1 = −2 pump and
the ℓ2 = +1 probe pulses. In the experiment, second-
and first-order-diffracted beams of a holographic grating
with ℓ = +1 were used to generate the ℓ1,2 6= 0 pump
and probe pulse beams, respectively. We mention here
that we added three extra mirrors in the optical path of
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FIG. 2. (a) The spectrum of the four-wave mixing (FWM)
signal. For reference, the spectrum of the excitation pulse
is also overlaid. (b) The orbital angular momentum (OAM)
spectrum of the pump pulse and (c) that of the probe pulse.
For each spectrum, the vertical axis is normalized by its peak
intensity. The insets show the intensity profiles of the cor-
responding beams. (d) The time evolutions of the OAM-
resolved FWM signal (with a logarithmic vertical scale). In
the figure, the ℓ = 3, ℓ = 4, and ℓ = 5 components of the sig-
nal are plotted. (e), (f) The OAM spectra of the FWM signal
at the selected delay time τ (the first and fourth QB peaks
indicated by the dashed vertical lines in (c)). The intensity
profiles of the FWM signal are also shown in the insets.

the probe pulse to change the sign of ℓ2 (+2 → −2).

Figure 2 (d) shows the time evolution of the OAM-
resolved FWM signals for select values of ℓ, where
the signal of XA is displayed. A similar result is
observed for XB. In the figure, oscillations are ob-
served for every value of ℓ, which are attributed to
QBs. Upon fitting the sinusoidal exponential decay func-
tion, [1 + cos (2πτ/TQB)] exp (−2τ/T2), to the ℓ = ℓx(=
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FIG. 3. The time evolution of the degree of the exciton orbital
angular momentum (OAM) P4 (with a logarithmic vertical
scale). The solid curve indicates the sinusoidal exponential
decay obtained by our fitting31.

2ℓ2− ℓ1) = +4 component, we obtain the beating period
TQB = 0.75 ps and the dephasing time T2 = 1.88 ps, both
of which are consistent with the spectral features.
It is important to note that in our previous work, we

used the ℓi = 0 mode as one of the excitation pulses and
observed an intense ℓ = 0 6= 2ℓ2 − ℓ1 component in the
OAM spectrum. This ℓ = 0 anomaly is attributed to
the contamination of the ℓi = 0 mode in the excitation
pulses19. In this experiment, we employed LG pulses
with ℓi 6= 0 for both the pump and probe pulses. As a
result, we could strongly reduce the the effect of ℓ = 0
anomaly in the OAM spectra and thus more accurately
evaluate the exciton OAM coherence.
Figures 2 (e) and (f) show the OAM spectra of the

FWM signal observed at the first and fourth QB peaks.
The intensity profiles are also shown in the insets. The
ring-shaped intensity pattern associated with the phase
singularity is clearly observed, and the corresponding
OAM spectrum indicates that the ℓ = ℓx = +4 is dis-
tinct, thereby suggesting that the exciton OAM is nearly
completely preserved at least up to τ = 2.5 ps. This is
also confirmed in Fig. 2 (d), where the ℓ = +4 component
is predominant for most of the delay time τ . However, in
these results, the decay dynamics of the OAM is unclear
because the FWM signal is limited by T2.
To extract the intrinsic OAM decay from the dephasing

dynamics, we analyzed the degree of OAM, which is given
by

Pn =
Wn

+∞
∑

q=−∞
Wq

, (9)

where Wn denotes the spectral power weight of the ℓ = n
component. The degree of OAM (Pn) is an excellent mea-
sure to evaluate the exciton OAM decoherence because
Pn decreases with increasing OAM spectral broadening.
Figure 3 shows the time evolution of P4, wherein the
summation is performed from ℓ = 0 to 10 to preserve
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experimental accuracy. While the result clearly indicates
that the OAM transfer is nearly perfect (P4 ≈ 1) within
the dephasing time T2 ≈ 1.9 ps, it is also observed that
P4 slowly decreases with τ , thus indicating exciton OAM
decoherence. When we assume that P4 is governed by
the exponential decay of exp (−2τ/TOAM), the OAM de-
cay time TOAM is evaluated to be 88 ± 3 ps. This value
is considerably larger than the exciton dephasing time
T2 ≈ 1.9 ps.
As pointed out in Sec. II, the coherence of the exciton

OAM is lost due to the azimuthal variation in the de-
phasing γ(r, φ), meaning that the OAM decay reflects the
global uniformity of the dephasing. Because we use the
bulk GaN sample, the observed long OAM decay time,
which is considerably longer than T2, is reasonable. In
fact, our previous strain-field analysis using a spatially
resolved FWM suggests that the spatial variation in the
exciton dephasing rate is small32. In other words, the de-
cay of the exciton OAM allows us to evaluate the spatial
uniformity of the sample with high sensitivity.
Further in Fig. 3, we also observe a periodic reduction

in P4, which is synchronized with the oscillation period of
the QB. The periodic reduction in P4 is thus attributed
to the shifts of QB oscillation of the ℓ 6= ℓx(= +4)
components. Indeed, the contaminant ℓ = +3 compo-
nent in Fig. 2 (d) shows a small phase shift relative to
ℓ = +4. In general, the QB phase is sensitive to the spin-
dependent exciton-exciton interactions33. For typical ex-
ample, in bulk GaN, the QBs in the co-linear polarization
excitation show no phase shift while the QBs in the co-
circular polarization excitation show a shift between XA

and XB. Since we use the co-linear polarization configu-
ration, the QBs ideally show no phase shift. However, the
shift can arise if there is some spatial symmetry breaking
(where the spin states are not well-defined). Therefore,
it is reasonable to consider that the contaminant compo-
nent arises at the position with an azimuthal symmetry
breaking, for example, around the localized potential, in
which the effects of exciton correlation are expected to
be enhanced32. Indeed we observed that the phase shift
was changed depending on the location of the sample.

B. Exciton OAM excited with multiple-mode LG

pump and single-mode Gaussian probe pulses

In the previous subsection, we observed the exciton
OAM decoherence for ℓx = 4 and obtained the long
OAM decay time TOAM. Next, we demonstrate the ℓx-
dependence of the exciton OAM decoherence. The ℓx-
dependence of the exciton OAM decoherence is predicted
from the uncertainty principle for the OAM and angular
distribution, i. e., ∆φ ·∆ℓ ≥ 1/234. The details are dis-
cussed in the next section with the use of a simplified
model for spatially dependent dephasing. In this sub-
section, we experimentally examine the ℓx-dependence of
the exciton OAM decoherence.
In order to compare the OAM decay for different val-
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FIG. 4. (a) The orbital angular momentum (OAM) spectrum
and intensity profile of the pump pulse. The angular extent
of the pump pulse is restricted to π with an azimuthally re-
stricted holographic grating. The spectral center is located
at ℓ1 = −1 owing to the rotational phase modulation on the
holographic grating. (b) The OAM spectrum and intensity
profile of the probe pulse beam. (c) The time evolutions of
the OAM-resolved FWM signal at ℓ = 0, ℓ = 1, and ℓ = 2.
(d)-(g) The OAM spectra of the FWM signal obtained for the
different delay times τ indicated by the dashed vertical lines in
(c). The numerically calculated OAM spectrum is also shown
in each spectrum, where the differences of the decay time for
different values of ℓx are not taken into account to emphasize
the changes of the OAM spectra as a function of τ .

ues of ℓx under similar conditions concerning such as the
spatial overlap between the pump and probe pulses, po-
sitions of the sample, and the sample temperature21,22,
we employed a multiple-mode LG pulse as the pump
pulse. Furthermore, the multiple-mode pulse excitations
allow simultaneous measurements for different values of
ℓx while the sequential single mode excitation with a dis-
tinct OAM cannot avoid the influences of, for example,
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FIG. 5. The time evolutions of P0 and P1 (with a logarith-
mic vertical scale). The dashed curves indicate the sinusoidal
exponential decays obtained by our fitting36. The solid lines
are the exponential decays exp(−2τ/TOAM) extracted from
the fitting curves and shown to highlight the difference of the
decay times TOAM between P0 (15.6± 0.1 ps) and P1 (46± 2
ps).

long-term fluctuations of the laser. The OAM spectra
of the pump and probe pulses are shown in Figs. 4 (a)
and (b), respectively. The OAM spectrum of the probe
pulse exhibits a single peak at ℓ2 = 0 while that of the
pump pulse shows the distribution resulting from the an-
gular restriction of the beam (see the inset of Fig. 4
(a)). In order to obtain the OAM-resolved FWM signals
with a similar intensity, we optimized the highest peak
of the pump pulse to be located at ℓ1 = −1 by super-
imposing a fork dislocation on the angularly restricted
grating35. In Fig. 4 (a), the dominant components of
the pump pulse are ℓ1 = 0,−1, and −2. Since the probe
pulse beam can be approximately regarded as the pure
ℓ2 = 0 mode, we expect that the FWM signal consists of
ℓx = 2ℓ2 − ℓ1 = 0,+1, and +2.

Figure 4 (c) shows the time evolution of the OAM-
resolved FWM signals at ℓ = 0,+1, and +2. The result
shows QB dynamics similar to that in Fig. 2 (d). Figures
4 (d)-(g) show the OAM spectra obtained at the peak po-
sitions of the QB. One may consider that the OAM spec-
trum of the FWM signal is equal to that of the multiple-
mode pump pulse with opposite sign (ℓx = 2ℓ2−ℓ1 = −ℓ1
when ℓ2 = 0). However, the FWM spectrum exhibits
significant difference with respect to the pump spec-
trum, which arises from the topological charge depen-
dence of the FWM conversion efficiency due to the differ-
ence of the spatial overlap between the LG modes given
by Uℓ1(r)U

2
ℓ2
(r) in Eq. (4). By using the OAM spectra

of the excitation pulses in Fig. 4 (a) and using Eq. (8),
we calculate the OAM spectrum under the spatially uni-
form dephasing condition. As shown in Figs. 4 (d)-(g),
the calculations well reproduce the experimental results.
We note that the FWM signal intensities of the ℓ = 0
and 1 components are nearly identical, and this allows
us to compare the two components under similar excita-

tion conditions21,22.
Although the calculated spectrum well reproduces the

experimental spectrum at τ = 0, its time series shows
some differences: for example, the ℓ = +1 component
at the fourth peak (Fig. 4(g)). Moreover, the difference
between the intensities for ℓ = 0 and ℓ = +1 decreases as
the delay time increases, suggesting ℓx-dependent OAM
decoherence. To clarify this hypothesis, we analyze the
degrees of the OAM in Fig. 5, where P0 and P1 are
displayed as functions of τ . The time evolutions of P0 and
P1 clearly show that the decay of the ℓx = 0 component
is faster than that of ℓx = 1 component. Assuming the
exponential decay function in the same manner as in the
previous subsection, we evaluate the OAM decay time
TOAM to be 15.6 ± 0.1 ps and 46 ± 2 ps for P0 and P1,
respectively. We note that while these decay times are
exemplary and position dependent, the decay times for
ℓx = 1 are usually longer than those for ℓx = 0.

V. ℓx-DEPENDENT EXCITON OAM DECAY

In Sec. IVB, we observed the ℓx-dependence of the
OAM decay time TOAM. The OAM decay times for
ℓx = 1 are usually longer than those for ℓx = 0. Al-
though both the excitation condition and position of the
sample are different from those in Sec. IVB, the degree
of OAM P4 in Sec. IVA exhibits the longest OAM de-
cay time in our experiments. These results indicate that
the exciton OAM decay time increases with increasing
ℓx. In this section, using numerical calculations, we show
that the spatially dependent dephasing results in such
ℓx-dependent exciton OAM decoherence.
Figure 6 shows the ℓx-dependence of the OAM deco-

herence in the presence of spatially dependent dephas-
ing γ(r, φ). To easily understand this phenomenon, we
employed a simplified model in which the spatial varia-
tion in γ was induced only by a point-like defect located
at (r0, φ0) and the exciton dephasing rate on the defect
γ(r0, φ0) was different from that in the defect-free region
(see the insets of Fig. 6 (a), (b), and (c)). As discussed
in Sec. II, such spatially dependent dephasing modifies
the angular distribution of exciton polarization and re-
sults in the OAM decoherence. We remark here we only
consider a single defect for γ(r, φ) although many defects
may contribute to the signal. However, as shown in Sec.
IVA, the profile of the FWM signal is nearly identical to
that of an LG mode, thereby indicating that the number
of defects that can modify the angular distribution of the
exciton polarization (i. e., P (3) in Eq. (4)) is very lim-
ited. Therefore, we believe that our simplified model is
reasonable for qualitative analysis. We note that the ef-
ficiency of the OAM decoherence (the OAM decay time)
depends on the defect position (r0, φ0). In our model, the
defect is located at the position where the most efficient
OAM decoherence occurs for each value of ℓx.
We first consider the results of the numerical calcu-

lations for ℓx = 2ℓ2 − ℓ1 6= 0 in Figs. 6 (e) and (f).



7

OAM ( )

OAM ( )

OAM ( )

1

10−1

10−3

10−2

C
al

cu
la

te
d

 I
F

W
M

( 
, 
τ)1.0

0.2

0.4

0.6

0.8

0.0

φ (radian)

N
o

rm
al

iz
ed

 
 I

F
W

M
(a

/2
, 

φ,
 τ)

N
o

rm
al

iz
ed

 
 I

F
W

M
( ρ

, 
φ,

 τ)

φ (radian)

N
o

rm
al

iz
ed

 
 I

F
W

M
( ρ

, 
φ,

 τ)

φ (radian)

(f)

(e)

(d)

(c)

(b)

(a)

−4 420−2

−4 420−2

−4 420−2

C
al

cu
la

te
d

 I
F

W
M

( 
, 
τ)

C
al

cu
la

te
d

 I
F

W
M

( 
, 

τ)

−3 320−2 −1 1

1.0

0.2

0.4

0.6

0.8

0.0

−3 320−2 −1 1

−3 320−2 −1 1

1.0

0.2

0.4

0.6

0.8

0.0

1

10−1

10−3

10−2

1

10−1

10−3

10−2

10−1

−1

0

1

x/w

y
/w

10−1

−1

0

1

x/w

y
/w

10−1

−1

0

1

x/w

y
/w

FIG. 6. (a)-(c)The calculated four-wave mixing (FWM)
signals and their angular distributions at delay time τ > 0
for ℓx = 0, 1, and 2 including the effects of the spatially
dependent dephasing. In the calculation, we use τ = 1/γ0
and the exciton dephasing rate in the defect γ(r0, φ0) = 2γ0,
where γ0 represents the exciton dephasing rate on the defect-
free region. At τ > 0, the signal intensity rapidly decays in
the point-like defect located at (r, φ) = (ρ, π/2) except for
the case of ℓx = 0. When ℓx = 0, the defect is slightly shifted
from the beam center by a/2. In the calculation, γ0 = 1 and
a = 0.3w are used. (d)-(f) The OAM spectra calculated for
the FWM signals shown in (a)-(c) with the use of Eq. (8). In
the figures, we use a logarithmic vertical scale and the OAM-
resolved intensity is normalized so that the maxima are equal
to unity.

When ℓx 6= 0, P (3) in Eq. (4) corresponds to a ring-
shaped distribution, and the defect located on the ring
restricts the angular extent of the exciton center-of-mass
motion at τ > 0 (see Figs. 6 (b) and (c)). The resulting
OAM spectra in Figs. 6 (e) and (f) thus exhibit OAM
spectral broadening, thereby indicating that the coher-
ence of the exciton OAM with ℓ = ℓx is partially lost.
It is noteworthy that there is virtually no broadening if
the defect is positioned near or far from the beam cen-
ter since P (3) with ℓx 6= 0 has no field amplitude. As
for the ℓx-dependence of the OAM decoherence, Figs. 6
(e) and (f) indicate that the broadening reduces with
increasing ℓx. The ℓx-dependent broadening can be un-

derstood by the uncertainty relationship ∆φ ·∆ℓ ≥ 1/2.
Assuming that the point-like defect has a finite size of
a, ∆φ is approximately 2π − a/ρ, where ρ is given by
Eq. (3). Since ρ is proportional to the square root of
the topological charge ℓx, ∆φ increases with increasing
ℓx for the defect with fixed a. Consequently, the broad-
ening decreases with increasing ℓx. In other words, the
OAM coherence is robust against the spatially dependent
dephasing γ(r, φ) for higher values of ℓx.

Next, we consider the case of ℓx = 0. When ℓx = 0, i.
e., P (3) is described by a Gaussian field, the most efficient
OAM decoherence occurs when the defect is positioned
in the vicinity of the center of the field. We note that the
defect at the exact field center shows no broadening due
to its rotational symmetry. Since the point-like defect
is only slightly shifted from the center, the distribution
of P (3) is restricted to a small angular extent, and thus,
the broadening is large compared to the case of ℓx 6= 0
(see Figs. 6 (a) and (d)). The above discussion suggests
that the exciton OAM decay time TOAM becomes larger
with increasing ℓx. This prediction is consistent with our
experimental results in Sec. IV.

VI. SUMMARY

In summary, we investigated the coherent dynamics
of exciton OAM transferred by LG pulses via FWM in
bulk GaN. To extract the intrinsic OAM decay from the
dephasing dynamics, we analyzed the degree of the exci-
ton OAM, which was derived from the OAM spectrum of
the FWM signal. The result shows nearly a subnanosec-
ond decay for ℓ = ℓx = +4, which is considerably longer
than T2. We also demonstrated the topological charge
dependence of the exciton OAM dynamics, wherein a
multiple-mode LG pulse was employed as the excitation
pulse to compare the OAM decay for different values of
ℓx. The decay of the ℓ = ℓx = +1 component is usually
longer than that of the ℓ = ℓx = 0 component, thereby
suggesting robustness of the exciton OAM. Both the ob-
served long OAM decay time and its topological charge
dependence are explained on the basis of the uncertainty
relationship between the angular distribution and OAM.
The angular extent of the exciton center-of-mass motion,
which is determined by the azimuthal variation in the
exciton dephasing, is large for larger ℓx. Consequently,
the exciton OAM shows a smaller distribution, thereby
resulting in a longer OAM decay time. This tendency
was verified by the numerical calculations. On the other
hand, the subnanosecond decay of the ℓx = +4 exci-
ton implies that the spatial variation in the dephasing is
small in our bulk sample. In other words, the degree of
the OAM allows us to evaluate the spatial uniformity of
the dephasing even without scanning the sample. One
straight-forward way to test this ability is a comparison
with a less spatially homogeneous sample, which will be
investigated elsewhere.
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