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In this study, we report the effects of the exciton line widths on the amplitude of quantum beat oscillations

using a model with the Voight function. Using the Voight function, the maximum amplitude appears at

the central energy between two excitons. This result agrees with many experimental results reported

previously. Our analysis helps in identifying the condition for strong quantum beat oscillation, which is

important for device applications such as terahertz electromagnetic wave emitters and ultrafast switches.

Exciton quantum beat is an important ultrafast coherent oscillation.1–15) For instance, the

frequency of these oscillations is used to decide the energy separation between two exciton

states in inhomogeneous systems.16) Moreover, from the device application perspective, a fre-

quency tunable terahertz electromagnetic wave emitter2,9) and an ultrafast optical switch8,17)

have been proposed. To generate strong quantum beat oscillations, the excitation laser is

tuned to the central energy of two exciton states, which was demonstrated by detection of the

terahertz wave and by a pump-probe technique.9,18–21)

Given that the typical quantum beat in nanostructured semiconductors is generated by

simultaneous excitation of the split heavy-hole (HH) and light-hole (LH) excitons in quantum

wells, we discuss HH-LH exciton quantum beats as an example hereafter. In general, the

quantum beat oscillation appearing in a pump-probe signal can be described as follows:1,22,23)

IPP(t) ∝ |µHHµLH|2 (1 + cos(−ωQBt)) exp(−γLH−HHt), (1)

where µHH and µLH are the self-dipole moments of the HH and LH excitons, respectively;

ωQB is the quantum beat frequency corresponding to the HH-LH splitting energy; t is the

time delay and γLH−HH is the dephasing rate caused by the intersubband transition between

the LH and HH exciton states. Considering the dipole moment is described by the oscillator

strength and the wave functions which are not explicitly a function of energy,24,25) the product

of |µHHµLH| in this form does not have the peak located at the central energy between the

HH and LH excitons.

On the other hand, |µHHµLH| may also be interpreted by the spectral weight.1,26) When

the amplitude is given in spectral weights, the product of the laser intensities at the two
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exciton energies in the laser spectrum shows the maximum amplitude at the central energy.

However, this amplitude depends on the laser intensity, which makes it difficult to explain other

dependences, such as temperature dependence. Moreover, although the oscillator strength of

the HH exciton is three times larger than that of the LH exciton, the maximum amplitude

appears at the central energy and the number ratio of the photogenerated excitons may not

determine the peak position. Therefore, in this study, we focus on the effects of the exciton

line widths on the amplitude from the perspective of pump energy dependence. When the

Voigt function is used for the exciton line shape, the calculated pump energy dependence

agrees with the experimental results. The computed results for the quantum beat amplitude

are discussed below on the basis of the exciton broadening factors.

First, the pump-energy dependence derived from various exciton waveforms is compared.

Figure 1 shows the calculated results for the pump-energy dependence of the oscillation ampli-

tude based on the Lorentzian, Gaussian, and Voigt functions. The horizontal axis is presented

by the excess energy from the HH exciton. In these calculations, the HH-LH exciton splitting

energy is taken to be 15 meV. The dotted lines indicate the exciton energies. In the case that

the Lorentzian function is used for the HH and LH excitons, the following formula is used:

Ln(E) ∝ 1
(E − En)2 + γ2

n

, (2)

where En and γn refer to the exciton energy and the broadening factor that is associated

with the homogeneous broadening, respectively. The subscript n refers to either the HH or

LH excitons. The pump-energy dependence calculated as LHHLLH indicated as the top profile

in Fig. 1 shows the exciton resonance profile, with the width given by γn = 2.0 meV, which

does not agree with the experiment results at all. Here, because the coherent overlap causing

the quantum beat is given by the product of the wavefunctions,,23) this product corresponds

to the pump-energy dependence. This result demonstrates that the Lorentzian component

determines the intensity at the exciton energy so that the ratio of the oscillator strengths

hardly affects the position of the maximum amplitude at the central energy. In addition,

considering that the amplitude is proportional to the product of two exciton shapes, the

difference of the number of the generated excitons changes not the peak position but the

maximum value.

The inhomogeneous broadening originating from the fluctuation of the well width due to

the randomness in the monolayer unit is described by the Gaussian function as follows:

Gn(E) ∝ exp
(
−(E − En)2

2σ2
n

)
, (3)

where σ2
n indicates the dispersion related to the inhomogeneous broadening. While GHHGLH

in the case of σHH = σLH = 2.5 meV shows a peak at the central energy, the width is nar-

rower than that in the experimental results. Therefore, although the Gaussian components

contribute to the maximum at the central energy, use of the Gaussian function alone is insuf-
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ficient to explain the pump-energy dependence.

Thus, to include the effects of both the Lorentzian and Gaussian components, the Voigt

function is used. The Voigt function is given by the convolution of Ln and Gn and can be

expressed as follows:

Vn(E) ∝
∫

Ln(E)Gn(E − E′)dE′. (4)

The explicit form of the function used for the calculation27,28) is shown as follows:

Vn(E) ∝
Erf

(
−[(E−En)+E′]√

2σn

)
2[(E − En)2 + γ2

n]
−

Erf
(
−[(E−En)−E′]√

2σn

)
2[(E − En)2 + γ2

n]
. (5)

The VHHVLH product indicated at the bottom of Fig. 1 shows a peak with moderate width at

the center between the exciton energies. Therefore, comparing the experimental result plotted

by the open circles,18) the Voigt function is a reasonable choice to discuss the effects of the

exciton line width.

Here the role of the Gaussian component is discussed. Figure 2(a) shows the calculated

results for various σ values and a constant γn value of 2.0 meV. With an increasing σ value,

VHHVLH increases, and excitonic peaks appear in the profiles of σ ≥ 4.0 meV. To clarify the

dependence on σ, the value of VHHVLH is plotted in Fig. 2(b) as a function of σn. The solid

and dotted curves indicate the values at the central and exciton energies, respectively. When

σn ≤ γn, both values of VHHVLH increase gradually. On the other hand, in the case of σn > γn,

the amplitudes at the exciton energies increase rapidly in comparison with the amplitude at

the central energy. Therefore, to generate the intense quantum beat, larger σ values may be

better, because it is possible to excite the larger numbers of excitons within inhomogeneous

widths. Moreover, the increase in σ corresponds to that in the generated excitons so that

the amplitude of the quantum beat depends on the generated exciton number. As a result,

when the number of generated HH excitons is different from that of LH excitons, the smaller

number decides the amplitude. This is the reason for the insensitivity of the peak energy to

the ratio of the oscillator strength.

Next, the role of the Lorentzian component is discussed. Figure 3(a) demonstrates the

pump energy dependence of the quantum beat amplitude for a constant σn value of 2.5

meV and various γ values. With increasing γn, the peaks at the exciton energies disappear,

whereas that at the central energy prevails; the resulting profile changes from the exciton

resonance characteristic to a single peak. The VHHVLH values at the central and the exciton

energies are plotted as a function of γn in Fig. 3(b), represented by solid and dotted curves,

respectively. With increasing γn, the amplitude at the central energy decreases gradually,

whereas that at the exciton energies decreases rapidly. Therefore, unless γn is less than half

of σn, which is difficult in samples with high purity and small thickness fluctuations at the

interfaces, suppression of the inhomogeneous width in the growth process hardly contributes
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to the generation of strong oscillations. In addition, because generation of the quantum beat

increases the value of γ due to the intersubband transition,28) a reduction in γ for strong

oscillations is not easy to achieve. Although the values of γHH and γLH are usually different,

same value was used for the calculation. When the γ value increases, the Lorentzian shape

spreads and the peak value decreases. Hence, in the case of that the values are the same

order, the difference of the γ value changes only the intensity at the exciton energies and

hardly changes the profile.

In summary, we have investigated the effects of exciton line shapes on the amplitude

of quantum beat oscillation. The Voight function, including the inhomogeneous and homo-

geneous broadening factors, could demonstrate results similar to the experimental results,

which showed a peak at the central energy between two excitons. Moreover, to enhance the

oscillation amplitude, the inhomogeneous width was found to be an important factor, because

the number of photogenerated excitons increases. Our results help in the determination of a

valid value for the exciton widths in order to generate strong oscillations.
Acknowledgment This work was partially supported by Grants-in-Aid for Scientific Research

(Grant No. 26289088) from the Ministry of Education, Culture, Sports, Science, and Technology of

Japan.
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Fig. 1. Dependence of the calculated quantum beat amplitude on the pump energy. The horizontal

axis is represented by the excess energy from the HH exciton. The dotted lines indicate the exciton

energies. From the top, the Lorentzian, Gaussian, and Voigt functions are used to represent the exciton

line profiles. The open circles indicate the experimental result reported in Ref. [18].
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Fig. 2. (a) Dependence of the calculated amplitude on the pump energy using γn = 2.0 meV and

various σn values. The vertical dotted lines indicate the exciton energies. (b) The amplitudes at the

central and exciton energies are plotted as a function of σn, represented by solid and dotted curves,

respectively.
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Fig. 3. (a) Dependence of the calculated amplitude on the pump energy using σn = 2.5 meV and

various γn values. The vertical dotted lines indicate the exciton energies. (b) The amplitudes at the

central and exciton energies are plotted as a function of γn, represented by the solid and dotted curves,

respectively.
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Quantum Electron. 28, 2498 (1992).

23) J. Shah, Ultrafast Spectroscopy of Semiconductors and Semiconductor Nanostructures,

2nd ed., edited by M. Cardona, Springer Series in Solid-State Sciences, Vol. 115 (Springer-

Verlag, Berlin, 1999), Chap. 2.

24) Y. Masumoto, M. Matuura, S. Tarucha, and H. Okamoto, Phys. Rev. B 32, 4275 (1985).
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