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Sub-μeV decoherence-induced population pulsation resonances in an InGaN system
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We report on high frequency resolution coherent nonlinear optical spectroscopy on an ensemble of InGaN
disks in GaN nanowires at room temperature. Sub-μeV resonances in the inhomogeneously broadened third
order (χ (3)) absorption spectrum show asymmetric line shapes, where the degree of asymmetry depends on
the wavelength of the excitation beams. Theory based on the optical Bloch equations (OBE) indicates that the
line shape asymmetry is a result of fast decoherence in the system and the narrow resonances originate from
coherent population pulsations that are induced by decoherence in the system. Using the OBE, we estimate that
the decoherence time of the optically induced dipole (formed between the unexcited ground state and the excited
electron-hole pair) at room temperature is 125 fs, corresponding to a linewidth of ∼10 meV. The decay time
of the excitation is ∼5–10 ns, depending on the excitation energy. The line shapes are well fit with the OBE
indicating that the resonances are characterized by discrete levels with no evidence of many body physics.
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I. INTRODUCTION

Coherent nonlinear optical spectroscopy can be used to
understand and characterize optical physics related to the
origin of the nonlinear optical response and fundamental decay
parameters in a system beyond what is measurable from
more conventional measurements such as linear absorption
or photoluminescence. In the absence of many-body physics,
the third order (χ (3)) nonlinear absorption spectrum typically
shows narrow resonances arising from spectral hole burning
that can be used to simultaneously understand the degree of
inhomogeneous broadening, dipole decoherence rates, and
population decay rates [1,2]. In atomic gases, resonances in
the third order nonlinear optical spectrum that are induced by
decoherence from environmental interactions such as pressure-
induced extra resonances have been predicted theoretically [3]
and observed experimentally [4] in high resolution four-wave
mixing spectroscopy. Narrow resonances in the coherent
nonlinear optical spectrum of atomic gas systems can also
occur due to the effects related to collisions in the presence of
quantum state specific reservoir coupling [5,6].

Studies featuring coherent nonlinear spectroscopy tech-
niques have been more recently focused on understanding
the dynamics between optically excited excitons in solid state
systems and the surrounding environment. One of the key
drivers for this research is the utilization of optically controlled
exciton states in coherent control applications such as quantum
information processing and all-optical switching that requires
a detailed knowledge of the exciton intrinsic decay rates.
Coherent optical control of excitons was demonstrated in
single III-As quantum dots [7] following detailed characteri-
zation of the coherent nonlinear optical response [8]. Spectral
hole burning spectroscopy has been used to characterize the
intrinsic decay rates of excitons in ensembles of nanocrystals
[9] and to observe narrow population pulsations in 2D
material [10]. High resolution nonlinear optical techniques
have also been used to probe effects such as exciton diffusion
and migration [11,12]. Theoretical studies have predicted

that narrow resonances in the coherent nonlinear absorption
spectrum of solid state systems can occur due to exciton
decoherence [13], similar to those observed in atomic gases.

III-nitride systems are well known for solid state lighting
and laser applications; however, the high temperature stability
of excitons in the system has recently thrust III-nitride nanos-
tructures into research towards room temperature quantum
photonics applications [14,15], where it would be required to
be able to optically excite electronic states in the system. The
InGaN disk-in-GaN nanowire (DINWs) system has emerged
as a good potential candidate for future quantum photonics
applications as they can be grown free of extended defects in
the active region [16–18], have a reduced internal electric field
compared to other InGaN structures [19], and have demon-
strated electrically injected engineered single photon emission
up to 90 K [20,21]. Most reports related to optical physics in
DINWs thus far have been at cryogenic temperature [20–22].
The potential for future quantum photonics applications at
room temperature in DINW systems will require a detailed un-
derstanding of the physics and intrinsic decay rates of optically
excited electron-hole pairs at room temperature, properties that
are relatively unknown in this system at this point.

In this paper, we report on the high resolution (sub-μeV)
third order (χ (3)) nonlinear optical absorption spectrum for an
ensemble of InGaN disks in GaN nanowires (DINWs) at room
temperature. From this spectrum, we can extract important
new physics [2–6,8,10,23] as mentioned earlier. The disks
in nanowires show an inhomogeneously broadened nonlinear
optical absorption spectrum (∼100 meV width), measured
using modulated absorption techniques, which is expected to
be broadened due to variations in the morphological properties
of the disks. The high resolution optical measurements,
performed at energies within the modulated absorption distri-
bution, reveal narrow sub-μeV resonances that are attributed
to coherent population pulsations. The population pulsations
exhibit asymmetric line shapes, where it is found from the
optical Bloch equations (OBE) that the asymmetry is induced
by fast (∼100 fs) decoherence in the system. The resonances
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are designated extra in the original analysis because they are
not present in the nonlinear optical spectrum in the absence of
decoherence beyond population decay because of interference
of competing terms in the third order polarization that gives
rise to the scattered electromagnetic field [3,4].

II. RESULTS

For the high resolution nonlinear optical measurements, two
frequency stabilized cw dye lasers (Coherent 899-29 and Spec-
tra Physics/Sirah Matisse 2 DS using Rhodamine 6G and DCM
laser dyes) with a mutual coherence bandwidth ∼2–3 MHz
are focused onto the sample surface and the nonlinear signal
is detected in transmission, using phase-sensitive detection
as described below. The experimental setup is also shown in
the Appendix. One of the beams is fixed in energy (labeled
ω1), while the other beam (labeled ω2) is detected in the far
field and scanned over resonances excited by the ω1 beam.
The signal of interest is proportional to the imaginary part of
the polarization that is determined by the third order optical
susceptibility χ

(3)
sijk(ωs = ωi − ωj + ωk)EiE

∗
j Ek , where ωs =

ω2 = ω2 − ω1 + ω1 and (ks = k2) so that the signal is emitted
along the direction of the scanning beam ω2. The nonlinear
signal is homodyne detected with the transmitted ω2 beam
on a photodiode, so that the photocurrent signal of interest is
proportional to χ

(3)
2211(ω2)|E1|2|E2|2. To ensure that the signal

is in the χ (3) limit and no higher order terms (such as fifth
order nonlinearities, etc.) are significant, the intensities of the
ω1 and ω2 beams are kept sufficiently low so that the signal
scales linearly with the ω1 and ω2 intensities and measured
parameters do not change with intensity.

Nonlinear signals are detected using phase-sensitive differ-
ential transmission (dT /T ). The ω1 and ω2 beams are sent
through two acousto-optic modulators that are modulated by
two separate function generators at frequencies �1 and �2. The
third order nonlinear signal is detected at the difference of the
modulation frequencies |�1 − �2| using a lock-in amplifier.

The sample under study in this work is an ensemble
of selective area InGaN disks in GaN nanowires (DINWs)
grown using molecular beam epitaxy (MBE) techniques. A
growth mask of hole-patterned titanium film layer was used
on a GaN/sapphire substrate in order to fabricate the GaN
nanowires on the desired site with uniform diameter. The
growth conditions for the GaN nanowire were used as a
substrate temperature of 830 ◦C with a gallium (Ga) beam
equivalent pressure (BEP) of 2.1 × 10−7 Torr and a nitrogen
flow rate of 0.55 standard cubic centimeter per minute (sccm).
The substrate temperature for InGaN disk/GaN barrier regions
was reduced to 640 ◦C with a Ga BEP of 1.5 × 10−8 Torr
and In BEP of 1.6 × 107 Torr, respectively. Further details
of the growth procedure can be found in Refs. [24,25]. The
InGaN disks are 3 nm thick and are grown on 〈0001〉 direction
along the polar c axis of GaN structure. Each GaN nanowire
contains eight InGaN disks that are separated by 3 nm of GaN
barrier. The GaN nanowire is tapered at the end as part of the
growth procedure so that several of the InGaN disks within
each nanowire have varying diameters.

In this work, modulated absorption spectroscopy is based on
exciting electron-hole pairs into the continuum energy levels
of the InGaN active region. This is achieved by replacing

FIG. 1. Modulated absorption data (red points) fit to a Gaussian
(black line) at 300 K. The Gaussian has a FWHM of ∼140 meV.
Inset: photoluminescence at 300 K.

ω1 with a modulated cw blue (3.06 eV) nonscanning laser
while probing the nonlinear absorption using a resonant
ω2 (∼2.0 eV) scanning laser again using phase-sensitive
detection [26,27]. Again, the intensities of ω1 and ω2 are kept
sufficiently low so that the nonlinear signal can be described
as a third order signal (χ (3)). Within the field of view of the
measurement (∼1.5 μm2 focal spot), ∼200–300 DINWs are
optically excited.

The modulated absorption data is shown in Fig. 1. The
data (red points) show a broad nonlinear absorption spectrum
that is composed of several resonances. The resonances are
distributed around a peak near 2.05 eV. As an approximation,
the distribution is fit to a Gaussian (black line) that has a width

FIG. 2. Third order (χ (3)) coherent nonlinear absorption spectrum
at 300 K. The fixed energy of ω1 is shown for each panel by the red
arrow. The modulated absorption spectrum from Fig. 1 is shown
in the inset of each panel and the ω1 energy corresponding to the
nondegenerate nonlinear absorption spectrum is shown in each panel,
within the modulated absorption spectrum, represented by the red
arrow. The solid lines are a least squared fit of the imaginary part of
Eq. (1).
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of ∼140 meV. Inhomogeneous broadening in the system is
expected [21,28] and can be caused by slight variations in
the inter-DINW thickness, diameter, or InN concentration.
Within each nanowire, the tapered design can give additional
inhomogeneous broadening because the energies of transitions
within the DINWs along the tapered end are heavily affected by
the DINW diameter. Generally, transitions for smaller diameter
DINWs are blueshifted compared to larger diameter DINWs
due to strain relief effects [19]. The sample photoluminescence
(PL) is shown in the inset of Fig. 1. The linewidth of the PL
is similar to the modulated absorption; however, the peak of
the photoluminescence is redshifted from the peak of the mod-
ulated absorption by ∼100 meV. The redshift of the sample
PL peak from the nonlinear absorption has been observed in
previous studies and is likely related to sample disorder [29].

The high resolution nonlinear absorption spectrum for
co-polarized ω1 and ω2 fields at room temperature is shown
in Fig. 2 for several different ω1 energies (red arrows) that
are within the energies spanned by the modulated absorption
distribution. The modulated absorption distribution from Fig. 1
is shown in the inset of each panel and the arrow in each
inset gives the energy of ω1 within the modulated absorption
distribution. In each panel, a narrow resonance is observed as
well as a positive dT /T offset that corresponds to a broad
resonance (having a width similar to the modulated absorption
distribution) underneath each narrow resonance. When the
wavelength of the ω1 optical field is tuned near the center
of the modulated absorption distribution (top panels in Fig. 2),
the narrow resonance is reasonably well described by a single
Lorentzian line. When the wavelength of the ω1 optical field
is tuned above or below line center, a clear deviation [evident
even in Figs. 2(a) and 2(b)] from a Lorentzian emerges: the
narrow resonance acquires a clear asymmetry where the sign
of the asymmetry depends on whether ω1 is tuned to the
high energy or low energy side of the modulated absorption
distribution. The asymmetry becomes more pronounced as
a function of increased detuning from line center of the
modulated absorption distribution.

III. DISCUSSION

The nonlinear optical response of excitons in bulk direct
band gap semiconductors just below the band edge is known
to be dominated by complex many body physics and cannot be
interpreted or predicted by application of the OBE for two or
few level atomic systems [30]. Unlike in bulk, semiconductor
nanostructures such as quantum dots and 2D materials have
shown that, with sufficient quantum confinement, many body
physics is suppressed and nanostructures have the potential to
exhibit the features fully consistent with the OBE [8,10].

To qualitatively understand the physical origin of the
behavior in Fig. 2, the DINW ensemble optical response is
modeled using the OBE for an inhomogeneously broadened
resonant two-level system. We will show that, based on
the agreement between our data and the OBE theory, the
OBE provides a good description of the optical dynamics
in the DINWs, which is likely due to a large confinement
energy in the system. For analytical simplicity, we consider
a model in which the inhomogeneous distribution of tran-
sition frequencies ω is assumed to be a Gaussian given
by W (ω) = 1/(

√
πσW )e(−[(ω−ω0)/σW ]2). Each two-level system

that composes the inhomogeneous distribution of transition
frequencies represents a single DINW where the ground state
is the crystal ground state of the DINW and the excited state
represents the creation of an electron-hole pair. The decay
rate of the off-diagonal density matrix elements (i.e., the
optically induced polarization or coherence) is taken to be
γ = γ2/2 + �dec, where �dec is the rate of pure dephasing
(i.e., the result of phase changing due to the coupling to the
reservoir that is separate from the decay of specific eigenstates
in the systems, such as γ2) and γ2 is the excited population
decay rate. Using a perturbative solution to the OBE for weak
optical fields in the rotating wave approximation and assuming
a scaler form for the optical coupling, an expression for the
third order off-diagonal density matrix element generated by
two laser fields in a Gaussian distribution of homogeneously
broadened two-level systems is given by [2,31]

ρ
(3)
21 (ω1,ω2) = −2i

( μ

2h̄

)3
ei(k·x−ω2t)

√
π

σW

[ 1 + 2�dec
γ2

ω2 − ω1 + 2iγ

(
1

ω2 − ω1
[A(z1) + A∗(z2)] + 1

2iγ
[A(z1) + A∗(z1)]

)

×
(

1 − 2i�dec

ω2 − ω1 − iγ2

)([
1

ω2 − ω1 + 2iγ

]2

[A(z1) + A∗(z2)] − 1

σW (ω2 − ω1 + 2iγ )

∂A(z1)

∂z1

)]
, (1)

where μ is the transition moment, A(z) = i
π

∫ ∞
−∞

e−x2

z±x
dx,

with Im(z) > 0, z1 = −ω1−ω0−iγ

σW
, and z2 = −ω2−ω0−iγ

σW
. The

nonlinear polarization is then given by P = Tr[ρ̂μ] (where μ

is the dipole moment operator and ρ̂ is the density matrix
operator), and the signal of interest is proportional to the
imaginary part of Eq. (1).

In Fig. 2, the solid black curve is a least squares fit of the
imaginary part of Eq. (1). To understand the physics behind
the model, we plot the theoretical description in Eq. (1) for
a number of different parameters in Fig. 3. We take the
width of the Gaussian distribution to be σW = 105γ2 and

plot the nonlinear response as a function of the detuning
(ω2 − ω1) in units of γ2 for several different values of the
pure decoherence rate �dec in Fig. 3(a) and different ω1

energies for a fixed value of �dec in Figs. 3(b). In Fig. 3(a),
the ω1 energy is fixed near the wings of the inhomogeneous
Gaussian distribution at a detuning ω1 − ω0 = 1.8σW . In the
sample we cannot experimentally control the decoherence in
this system, but for purposes of clarity, we show the theory
for different decoherence rates. Note that a positive dT /T

signal corresponds to a decrease in absorption of the ω2

field due to the presence of ω1. Equation (1) contains two
resonances that contribute to the nonlinear response. The
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FIG. 3. Normalized theoretical differential transmission signal
for an inhomogeneously broadened ensemble of two-level systems
(assuming a Gaussian distribution with inhomogeneous bandwidth
1 × 105γ2), proportional to the part of Eq. (1) for a fixed ω1 energy
as a function ω2 in units of γ2. (a) dT /T plotted as a function
of decoherence rate dec for a fixed detuning (ω1ω0) = 1.8σW .
(b) dT /T plotted as a function of ω1 detuning for a fixed decoherence
rate �dec = 5 × 104γ2. The dotted black lines in each plot show zero
signal. The color shows the relative contributions of the population
pulsation term and the hole burning term so that the solid blue region
represents the contribution of the population pulsation term relative
to the hole burning term (red is a lower relative signal).

population pulsation resonance is the second bracketed term
on the right-hand side of Eq. (1) and that is multiplied by a
factor of [1 + (2i�dec)/((ω2 − ω1) − iγ2)] and originates from
interference between the ω1 and ω2 beams in first and second
order of perturbation theory. The first bracketed terms on the
right-hand side of Eq. (1) describe a resonance associated with
incoherent spectral hole burning.

Figure 3(a) is colored to show the relative contributions
of the population pulsation term and the hole burning term
so that the solid blue region represents the contribution of
the population pulsation term relative to the hole burning
term (red is a lower relative signal). When �dec = 0 and
σW 	 γ2 the total nonlinear response can be described by
a single Lorentzian with a width given by twice the transition
linewidth 2γ = γ2. When �dec > 0, the nonlinear absorption
shows both the hole burning component (broad resonance
with FWHM ∼ γ ) and a narrow resonance (FWHM ∼ γ2)
that is on top of the hole burning resonance. The narrow
resonance comes from the term (2i�dec)/((ω2 − ω1) − iγ2)
that originates from the population pulsation component and
is a decoherence-induced resonance (not present in the absence
of pure decoherence). Seen in the density matrix picture, the
physics associated with decoherence-induced extra resonances
has to do with the noncancellation of terms contributing to the
nonlinear optical polarization and hence the signal [3,4,32,33].
However, a deeper physical understanding emerges from the
full quantum treatment where it is seen that the signal arises
from contributions of nonenergy conserving terms allowed by
the presence of decoherence [34,35]. A review of decoherence
induced effects in nonlinear spectroscopy is reviewed in
Ref. [33]. As the rate of decoherence increases, so that σW 	
�dec 	 γ2, the hole burning resonance becomes essentially a
constant dT /T offset compared to the population pulsation
component that is dominated by the (2i�dec)/((ω2 − ω1) −
iγ2) resonance. When �dec becomes comparable to σW 	 γ2,
the population pulsation resonance (on top of the very broad
hole burning resonance that can be treated essentially as a
constant) shows an asymmetric line shape and becomes more
asymmetric as the rate of pure decoherence increases.

In Figs. 3(b) the nonlinear absorption in the fast decoher-
ence limit is shown for several different ω1 energies tuned
within the inhomogeneous distribution. The asymmetry of
the population pulsation resonance exhibits a sign change
depending on whether ω1 is tuned to above or below line center
of the linear absorption and becomes more asymmetric as the
magnitude of the detuning increases so that near the center
of the inhomogeneous distribution the asymmetry disappears.
To understand the origin of the energy-dependent line shape
asymmetry, we consider the nonlinear response in the limit that
�dec > σW 	 γ2. In this case, the two-level system nonlinear
response can be approximately described by the third order
off-diagonal density matrix element for a homogeneously
broadened two-level system [2]:

ρ
(3)
21 (ω1,ω2) = −2i

( μ

2h̄

)3
ei(k·x−ω2t)

√
π

σW

[
1

(ω0 − ω2 − iγ )([ω0 − ω1]2 + γ 2)

(
1 + 2�dec

γ2

)

+ 1

(ω0 − ω2 − iγ )2(ω0 − ω1 + iγ )

(
1 − 2i�dec

ω2 − ω1 − iγ2

)]
. (2)

The population pulsation term of interest is again given by the
imaginary component of the second term on the right hand
side of Eq. (2).

For small values of detuning so that ω1,ω2 ≈ ω0 (�dec 	
γ2), Eq. (2) is approximately given by 2i

γ 3 ( 2i�dec
ω2−ω1−iγ2

). The

imaginary part gives a Lorentzian with a FWHM of 2γ2.
When |ω1 − ω0| and |ω2 − ω0| ∼ γ , the line shape becomes
a weighted combination of the narrow resonance Lorentzian
and the corresponding dispersive part, hence the asymmetry.
The wavelength-dependent line shape asymmetry discussed
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above is then a signature of decoherence-induced population
pulsation resonances in two-level systems and is not observed
in the saturation term [the first term in Eq. (1)].

Based on a comparison of the ω1 wavelength dependence
of the theoretical population pulsation line shapes in Fig. 3 to
the data in Fig. 2, we assign the narrow resonances in Fig. 2
to coherent population pulsations. The population pulsation
resonances are decoherence-induced extra resonances as noted
above, where in this case the theory from Eq. (1) and Fig. 3
indicates the rate of decoherence �dec is comparable to the
inhomogeneous bandwidth from Fig. 1, thus giving an asym-
metric dT /T line shape. Measurement of the asymmetric res-
onance allows us to simultaneously measure the wavelength-
dependent rate of decoherence and the wavelength-dependent
population decay rate γ2, a measurement that is normally more
difficult using photoluminescence techniques. The population
decay rate for an excitonic system is given by the sum of the
radiative and nonradiative decay rates of the optically excited
excitons back to the crystal ground state. The decay times
γ −1

2 extracted from the fits in Fig. 2 are ∼5–10 ns and are
dependent on excitation energy. The energy dependence of
γ2 will be discussed below. The values of the decay time
obtained in this study are slightly longer than decay times
reported in similar, but smaller diameter samples using time-
resolved photoluminescence techniques at lower temperatures
(∼1–4 ns) [21,22]. This result is possibly related to lower
internal electric fields in smaller diameter DINWs caused by
more complete strain relaxation resulting in a faster exciton
radiative decay time.

The decoherence rate �dec of optically excited electron-hole
pairs is estimated from an average of the fit parameters from
Fig. 2 to be �−1

dec ∼ 125 fs, with significant variation (±38 fs)
as a function of the frequency of ω1, perhaps reflecting
the sample inhomogeneity. In principle, the value of the
inhomogeneous bandwidth σW could be a fixed constant for
each fit to the data based on the measurements in Fig. 1.
The average inhomogeneous bandwidth extracted from the fits
(∼75 ± 12 meV) is smaller than the bandwidth expected from
the Gaussian fit to the modulated absorption data in Fig. 1. We
attribute this discrepancy to the fact that the inhomogeneously
broadened nonlinear absorption signal in Fig. 1 is more
complex than a single Gaussian as seen by a close inspection
of the PLE data in Fig. 1. A more accurate description
of inhomogeneous distribution would likely involve using a
kernel function in Eq. (1) with multiple resonances, where
each would have a linewidth less than the Gaussian fit in
Fig. 1. We did not observe a clear correlation between the ratio
of the decoherence rate to the inhomogeneous bandwidth �dec

σW

as a function of ω1. Ultrafast decoherence (�−1
dec ∼ 100 fs) has

been reported in time domain studies of optically excited states
in InGaN/GaN quantum well systems at low temperature [29]
that was attributed to effects related to material disorder [36].
At room temperature, effects due to the interactions of optically
excited electron-hole pairs with acoustic and optical phonons
can create an additional source of decoherence [37]. The
temperature dependence of the decoherence rate of optically
excited electron hole pairs in the DINW system will be the
subject of future studies.

Previous studies have given evidence to linearly polarized
in-plane selection rules for excitons in DINWs due to strain

FIG. 4. Population decay rates γ2 as a function of ω1 energy
obtained from the fits of Eq. (1) to the data in Fig. 2 and the
modulated absorption distribution from Fig. 1. The uncertainties in
the population decay times are from the error to the fit.

anisotropy effects [21]. In an ensemble of DINWs with
different strain anisotropies, such as in the sample featured
in this work, we may therefore expect to observe a distribution
of randomly oriented linear in-plane polarization selection
rules for exciton states. In this case, we expect the third order
population pulsation signal for cross-polarized excitation to be
reduced by a factor of 3 compared to the co-polarized response.
We find that the cross-polarized response is reduced from the
co-polarized response by a factor of 2.6 ± 0.5, consistent with
the expected value from theory.

Figure 4 shows a plot of the dependence of the decay rate
γ2 as a function of ω1 (in energy units) superimposed on the
modulated absorption data. On the low energy side of the
modulated absorption distribution the decay rate decreases
as a function of decreasing energy; however, it is relatively
independent of energy on the high energy side of the modulated
absorption distribution. Similar energy-dependent lifetime
effects have been reported in a bulk [38] and multiquantum
wells [39,40], where the effect was attributed to the existence
of a mobility edge that occurs at the line center of the
exciton transition. Effects such as coupling of optically excited
electron-hole pairs to charge traps or other states that can
provide additional decay channels (where the rate of decay is
∼γ2) in the system would give additional narrow population
pulsation resonances [10]. These effects do not appear to be
significant in this sample as the population pulsations in Fig. 2
fit well to a single resonance. Hence an understanding of this
behavior remains unclear and requires further investigation.

IV. CONCLUSION

In summary, we have observed narrow (sub-μeV) reso-
nances in the high resolution nonlinear absorption spectrum
of an ensemble of InGaN DINWs that are attributed to
coherent population pulsations. The population pulsation
resonances, measured at energies within the inhomogeneously
broadened nonlinear absorption spectrum, show asymmetric
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FIG. 5. Experimental setup for coherent nonlinear optical experi-
ments. The lasers are modulated by two traveling wave acousto-optic
modulators that are driven by separate 40 MHz oscillators/amplifiers
at 2 W. Each of the oscillators is amplitude modulated using a separate
function generator at frequencies �1 and �2. The function generators
are phase locked and the signal is detected at the difference frequency
|�1 − �2| using a lock-in amplifier. The dT and T signal from the
sample are both monitored by the lock-in amplifier and sent to the
CPU for analysis.

line shapes that become more pronounced as a function of
detuning from the line center of the inhomogeneous distribu-
tion. The asymmetric population pulsations are assigned to
decoherence-induced extra resonances based on a qualitative

comparison of the data to the nonlinear response expected
from a Gaussian inhomogeneous distribution. The qualitative
agreement with the OBE is evidence that the DINWs suppress
many body physics in the nonlinear response. We estimate that
the inverse decoherence rate of optically excited electron-hole
pairs is ∼125 fsec at room temperature, comparable to the
inhomogeneous bandwidth. The energy-dependent exciton
population decay rates γ2 extracted from the population
pulsation measurements suggest the possible existence of a
mobility edge in the system that occurs near the center of
the modulated absorption distribution. This study lays the
groundwork for future research towards room temperature
quantum photonics applications in InGaN such as quantum
information processing or all-optical switching as the quality
of the material improves.
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APPENDIX: EXPERIMENTAL SETUP

As noted in the main text, coherent nonlinear optical
measurements are performed using two continuous-wave
frequency-stabilized dye lasers and phase sensitive detection
techniques. See Fig. 5 for the experimental setup for coherent
nonlinear optical experiments.

[1] Y. R. Shen, The Principles of Nonlinear Optics (Wiley-
Interscience, New York, 1984).

[2] P. R. Berman and V. S. Malinovsky, Principles of Laser
Spectroscopy and Quantum Optics (Princeton University Press,
Princeton, NJ, 2011).

[3] N. Bloembergen, H. Lotem, and R. T. Lynch, Indian J. Pure
Appl. Phys. 16, 151 (1978).

[4] Y. Prior, A. R. Bogdan, M. Dagenais, and N. Bloembergen,
Phys. Rev. Lett. 46, 111 (1981).

[5] J. F. Lam, D. G. Steel, and R. A. McFarlane, Phys. Rev. Lett.
49, 1628 (1982).

[6] D. G. Steel and J. T. Remillard, Phys. Rev. A 36, 4330
(1987).

[7] G. Chen, N. H. Bonadeo, D. G. Steel, D. Gammon, D. S. Katzer,
D. Park, and L. J. Sham, Science 289, 1906 (2000).

[8] N. H. Bonadeo, G. Chen, D. Gammon, D. S. Katzer, D. Park,
and D. G. Steel, Phys. Rev. Lett. 81, 2759 (1998).

[9] P. Palinginis, S. Tavenner, M. Lonergan, and H. Wang,
Phys. Rev. B 67, 201307 (2003).

[10] J. R. Schaibley, T. Karin, H. Yu, J. S. Ross, P. Rivera, A. M.
Jones, M. E. Scott, J. Yan, D. G. Mandrus, W. Yao, K.-M. Fu,
and X. Xu, Phys. Rev. Lett. 114, 137402 (2015).

[11] C. M. Lawson, R. C. Powell, and W. K. Zwicker, Phys. Rev.
Lett. 46, 1020 (1981).

[12] H. Wang, M. Jiang, and D. G. Steel, Phys. Rev. Lett. 65, 1255
(1990).

[13] R. F. Loring and S. Mukamel, J. Chem. Phys. 84, 1228 (1986).

[14] M. J. Holmes, K. Choi, S. Kako, M. Arita, and Y. Arakawa,
Nano Lett. 14, 982 (2014).

[15] S. Deshpande, T. Frost, A. Hazari, and P. Bhattacharya, Appl.
Phys. Lett. 105, 141109 (2014).

[16] B. H. Le, S. Zhao, X. Liu, S. Y. Woo, G. A. Botton, and Z. Mi,
Adv. Mater. 28, 8446 (2016).

[17] H. P. T. Nguyen, S. Zhang, K. Cui, X. Han, S. Fathololoumi, M.
Couillard, G. A. Botton, and Z. Mi, Nano Lett. 11, 1919 (2011).

[18] S. D. Hersee, A. K. Rishinaramangalam, M. N. Fairchild, L.
Zhang, and P. Varangis, J. Mater. Res. 26, 2293 (2011).

[19] L. Zhang, T. A. Hill, C.-H. Teng, B. Demory, P.-C. Ku, and H.
Deng, Phys. Rev. B 90, 245311 (2014).

[20] S. Deshpande, J. Heo, A. Das, and P. Bhattacharya,
Nat. Commun. 4, 1675 (2013).

[21] L. Zhang, C.-H. Teng, T. A. Hill, L.-K. Lee, P.-C. Ku, and H.
Deng, Appl. Phys. Lett. 103, 192114 (2013).

[22] S. Deshpande, T. Frost, L. Yan, S. Jahangir, A. Hazari, X. Liu,
J. Mirecki-Millunchick, Z. Mi, and P. Bhattacharya, Nano Lett.
15, 1647 (2015).

[23] X. Xu, B. Sun, P. R. Berman, D. G. Steel, A. S. Bracker, D.
Gammon, and L. J. Sham, Science 317, 929 (2007).

[24] Y.-H. Ra, R. Wang, S. Y. Woo, M. Djavid, S. M. Sadaf, J. Lee,
G. A. Botton, and Z. Mi, Nano Lett. 16, 4608 (2016).

[25] S. Albert, A. Bengoechea-Encabo, M. A. Sanchez-Garcia, E.
Calleja, and U. Jahn, J. Appl. Phys. 113, 114306 (2013).

[26] F. H. Pollak and H. Shen, Mater. Sci. Eng., R: Rep. 10, xv (1993);
10, 275 (1993).

115302-6

https://doi.org/10.1103/PhysRevLett.46.111
https://doi.org/10.1103/PhysRevLett.46.111
https://doi.org/10.1103/PhysRevLett.46.111
https://doi.org/10.1103/PhysRevLett.46.111
https://doi.org/10.1103/PhysRevLett.49.1628
https://doi.org/10.1103/PhysRevLett.49.1628
https://doi.org/10.1103/PhysRevLett.49.1628
https://doi.org/10.1103/PhysRevLett.49.1628
https://doi.org/10.1103/PhysRevA.36.4330
https://doi.org/10.1103/PhysRevA.36.4330
https://doi.org/10.1103/PhysRevA.36.4330
https://doi.org/10.1103/PhysRevA.36.4330
https://doi.org/10.1126/science.289.5486.1906
https://doi.org/10.1126/science.289.5486.1906
https://doi.org/10.1126/science.289.5486.1906
https://doi.org/10.1126/science.289.5486.1906
https://doi.org/10.1103/PhysRevLett.81.2759
https://doi.org/10.1103/PhysRevLett.81.2759
https://doi.org/10.1103/PhysRevLett.81.2759
https://doi.org/10.1103/PhysRevLett.81.2759
https://doi.org/10.1103/PhysRevB.67.201307
https://doi.org/10.1103/PhysRevB.67.201307
https://doi.org/10.1103/PhysRevB.67.201307
https://doi.org/10.1103/PhysRevB.67.201307
https://doi.org/10.1103/PhysRevLett.114.137402
https://doi.org/10.1103/PhysRevLett.114.137402
https://doi.org/10.1103/PhysRevLett.114.137402
https://doi.org/10.1103/PhysRevLett.114.137402
https://doi.org/10.1103/PhysRevLett.46.1020
https://doi.org/10.1103/PhysRevLett.46.1020
https://doi.org/10.1103/PhysRevLett.46.1020
https://doi.org/10.1103/PhysRevLett.46.1020
https://doi.org/10.1103/PhysRevLett.65.1255
https://doi.org/10.1103/PhysRevLett.65.1255
https://doi.org/10.1103/PhysRevLett.65.1255
https://doi.org/10.1103/PhysRevLett.65.1255
https://doi.org/10.1063/1.450515
https://doi.org/10.1063/1.450515
https://doi.org/10.1063/1.450515
https://doi.org/10.1063/1.450515
https://doi.org/10.1021/nl404400d
https://doi.org/10.1021/nl404400d
https://doi.org/10.1021/nl404400d
https://doi.org/10.1021/nl404400d
https://doi.org/10.1063/1.4897640
https://doi.org/10.1063/1.4897640
https://doi.org/10.1063/1.4897640
https://doi.org/10.1063/1.4897640
https://doi.org/10.1002/adma.201602645
https://doi.org/10.1002/adma.201602645
https://doi.org/10.1002/adma.201602645
https://doi.org/10.1002/adma.201602645
https://doi.org/10.1021/nl104536x
https://doi.org/10.1021/nl104536x
https://doi.org/10.1021/nl104536x
https://doi.org/10.1021/nl104536x
https://doi.org/10.1557/jmr.2011.112
https://doi.org/10.1557/jmr.2011.112
https://doi.org/10.1557/jmr.2011.112
https://doi.org/10.1557/jmr.2011.112
https://doi.org/10.1103/PhysRevB.90.245311
https://doi.org/10.1103/PhysRevB.90.245311
https://doi.org/10.1103/PhysRevB.90.245311
https://doi.org/10.1103/PhysRevB.90.245311
https://doi.org/10.1038/ncomms2691
https://doi.org/10.1038/ncomms2691
https://doi.org/10.1038/ncomms2691
https://doi.org/10.1038/ncomms2691
https://doi.org/10.1063/1.4830000
https://doi.org/10.1063/1.4830000
https://doi.org/10.1063/1.4830000
https://doi.org/10.1063/1.4830000
https://doi.org/10.1021/nl5041989
https://doi.org/10.1021/nl5041989
https://doi.org/10.1021/nl5041989
https://doi.org/10.1021/nl5041989
https://doi.org/10.1126/science.1142979
https://doi.org/10.1126/science.1142979
https://doi.org/10.1126/science.1142979
https://doi.org/10.1126/science.1142979
https://doi.org/10.1021/acs.nanolett.6b01929
https://doi.org/10.1021/acs.nanolett.6b01929
https://doi.org/10.1021/acs.nanolett.6b01929
https://doi.org/10.1021/acs.nanolett.6b01929
https://doi.org/10.1063/1.4796100
https://doi.org/10.1063/1.4796100
https://doi.org/10.1063/1.4796100
https://doi.org/10.1063/1.4796100
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1016/0927-796X(93)90004-M


SUB-μEV DECOHERENCE-INDUCED POPULATION . . . PHYSICAL REVIEW B 96, 115302 (2017)

[27] N. H. Bonadeo, A. S. Lenihan, G. Chen, J. R. Guest, D. G. Steel,
D. Gammon, D. S. Katzer, and D. Park, Appl. Phys. Lett. 75,
2933 (1999).

[28] H. Sekiguchi, K. Kishino, and A. Kikuchi, Appl. Phys. Lett. 96,
231104 (2010).

[29] D. O. Kundys, J.-P. R. Wells, A. D. Andreev, S. A. Hashem-
izadeh, T. Wang, P. J. Parbrook, A. M. Fox, D. J. Mowbray, and
M. S. Skolnick, Phys. Rev. B 73, 165309 (2006).

[30] Y. Z. Hu, R. Binder, S. W. Koch, S. T. Cundiff, H. Wang, and
D. G. Steel, Phys. Rev. B 49, 14382 (1994).

[31] H. Wang and D. G. Steel, Phys. Rev. A 43, 3823 (1991).
[32] G. Khitrova, P. R. Berman, and M. Sargent, J. Opt. Soc. Am. B

5, 160 (1988).
[33] L. Rothberg, Prog. Opt. 24, 39 (1987).

[34] G. Grynberg and P. R. Berman, Phys. Rev. A 39, 4016
(1989).

[35] P. R. Berman and G. Grynberg, Phys. Rev. A 39, 570 (1989).
[36] C. Lonsky, P. Thomas, and A. Weller, Phys. Rev. Lett. 63, 652

(1989).
[37] B. Krummheuer, V. M. Axt, and T. Kuhn, Phys. Rev. B 65,

195313 (2002).
[38] E. Cohen and M. D. Sturge, Phys. Rev. B 25, 3828

(1982).
[39] J. Hegarty, L. Goldner, and M. D. Sturge, Phys. Rev. B 30, 7346

(1984).
[40] Y.-H. Cho, T. J. Schmidt, S. Bidnyk, G. H. Gainer, J. J. Song,

S. Keller, U. K. Mishra, and S. P. DenBaars, Phys. Rev. B 61,
7571 (2000).

115302-7

https://doi.org/10.1063/1.125177
https://doi.org/10.1063/1.125177
https://doi.org/10.1063/1.125177
https://doi.org/10.1063/1.125177
https://doi.org/10.1063/1.3443734
https://doi.org/10.1063/1.3443734
https://doi.org/10.1063/1.3443734
https://doi.org/10.1063/1.3443734
https://doi.org/10.1103/PhysRevB.73.165309
https://doi.org/10.1103/PhysRevB.73.165309
https://doi.org/10.1103/PhysRevB.73.165309
https://doi.org/10.1103/PhysRevB.73.165309
https://doi.org/10.1103/PhysRevB.49.14382
https://doi.org/10.1103/PhysRevB.49.14382
https://doi.org/10.1103/PhysRevB.49.14382
https://doi.org/10.1103/PhysRevB.49.14382
https://doi.org/10.1103/PhysRevA.43.3823
https://doi.org/10.1103/PhysRevA.43.3823
https://doi.org/10.1103/PhysRevA.43.3823
https://doi.org/10.1103/PhysRevA.43.3823
https://doi.org/10.1364/JOSAB.5.000160
https://doi.org/10.1364/JOSAB.5.000160
https://doi.org/10.1364/JOSAB.5.000160
https://doi.org/10.1364/JOSAB.5.000160
https://doi.org/10.1016/S0079-6638(08)70301-9
https://doi.org/10.1016/S0079-6638(08)70301-9
https://doi.org/10.1016/S0079-6638(08)70301-9
https://doi.org/10.1016/S0079-6638(08)70301-9
https://doi.org/10.1103/PhysRevA.39.4016
https://doi.org/10.1103/PhysRevA.39.4016
https://doi.org/10.1103/PhysRevA.39.4016
https://doi.org/10.1103/PhysRevA.39.4016
https://doi.org/10.1103/PhysRevA.39.570
https://doi.org/10.1103/PhysRevA.39.570
https://doi.org/10.1103/PhysRevA.39.570
https://doi.org/10.1103/PhysRevA.39.570
https://doi.org/10.1103/PhysRevLett.63.652
https://doi.org/10.1103/PhysRevLett.63.652
https://doi.org/10.1103/PhysRevLett.63.652
https://doi.org/10.1103/PhysRevLett.63.652
https://doi.org/10.1103/PhysRevB.65.195313
https://doi.org/10.1103/PhysRevB.65.195313
https://doi.org/10.1103/PhysRevB.65.195313
https://doi.org/10.1103/PhysRevB.65.195313
https://doi.org/10.1103/PhysRevB.25.3828
https://doi.org/10.1103/PhysRevB.25.3828
https://doi.org/10.1103/PhysRevB.25.3828
https://doi.org/10.1103/PhysRevB.25.3828
https://doi.org/10.1103/PhysRevB.30.7346
https://doi.org/10.1103/PhysRevB.30.7346
https://doi.org/10.1103/PhysRevB.30.7346
https://doi.org/10.1103/PhysRevB.30.7346
https://doi.org/10.1103/PhysRevB.61.7571
https://doi.org/10.1103/PhysRevB.61.7571
https://doi.org/10.1103/PhysRevB.61.7571
https://doi.org/10.1103/PhysRevB.61.7571



