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Mid-infrared dielectric response of Fermi-degenerate electron-hole droplets in diamond
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Exploring the properties of a highly quantum-degenerate electron-hole (e-h) state as a many-body system
is an interesting problem in solid-state physics. Electron-hole droplets (EHDs) offer a potential platform for
investigating such a state of Fermi-degenerate carriers at an extremely high density. Herein we present dielectric
response measurements of carriers in the mid-infrared (MIR) region for a definitive evaluation of the dynamic
properties of the e-h state of EHDs in diamond. With photoexcitation across the band-gap energy by using
the two-photon absorption process, we performed time-resolved differential transmission spectroscopy by using
MIR probe light and time-resolved photoluminescence spectroscopy in the deep-ultraviolet region. By linking
the two temporal profiles, we overcame the problem of previous ambiguous PL analyses and elucidated the MIR
dielectric response that reveals the surface plasmon resonance (SPR) of EHDs and the effect of the e-h Coulomb
interaction on the dynamic dielectric response. Thus, we found that the carrier density inside EHDs remained
constant at 8 × 1019 cm−3 up to 2 ns, whereas a decay time of 1 ns of the condensed volume was found and the AC
conductivity relaxation rate of 2 × 1014 s−1 maintained during this nanosecond timescale was the highest among
group-IV semiconductors. We predicted a strong dependence of the e-h scattering rate on the probe frequency in
the high-frequency region in which SPR appeared, suggesting that—when probed in the low-frequency region—
dynamical relaxation does not interfere with the order formation expected in quantum-degenerate e-h systems at
ultralow temperatures.

DOI: 10.1103/PhysRevB.106.235205

I. INTRODUCTION

Photoexcited semiconductors generate various electron-
hole (e-h) states, depending on the carrier temperature and
density. However, what kinds of states are exhibited when
high-density e-h states are strongly quantum degenerate are
still unclear. To explore such an unknown state, electron-hole
droplets (EHDs) generated by spontaneous condensation from
a lower-density exciton gas are attractive because they main-
tain a high-density state over nanoseconds [see Fig. 1(a)].
This study focuses on diamond as a potential platform for
exploring a highly quantum-degenerate regime because the
carrier density of EHDs is orders of magnitude higher than
that among group-IV materials [1,2]. We attempt to quantita-
tively evaluate high-density carriers in EHDs by measuring
the dynamic dielectric response in the mid-infrared (MIR)
region.

EHDs have been found in three-dimensional indirect
band-gap semiconductors, such as germanium (Ge), sili-
con (Si) [3], and diamond. In direct-band-gap materials
without valley degeneracy of the conduction bands, such
high-density states appear only when they are strongly
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excited close to the Mott density [4]. Recent studies have
shown that EHDs are formed at and above room temper-
ature in quasi-two-dimensional monolayer transition metal
dichalcogenides [5–7], which indicates that EHDs are useful
for studying many-body interactions and device applications.
EHDs are Fermi-degenerate states that vary in many aspects
from other quantum-degenerate systems. Their unique ele-
ments include the Coulomb interaction, the mass imbalance
between an electron and a hole, and the nonequilibrium na-
ture of the system, all which are absent in superconductive
electron gases in solids, Fermi atomic gases, and neutron
stars. Therefore, the nucleation and decay dynamics of EHDs
have attracted scientific attention for several years [3]. His-
torically, researchers have investigated EHDs mostly in Ge
and Si in group-IV multivalley semiconductors by measur-
ing the photoluminescence (PL) and induced absorption (IA)
of far-infrared continuous-wave light from surface plasmon
resonance (SPR) [3,8–10] and optical-pump terahertz-probe
spectroscopy [11]. However, experimental observations have
thus far been interpreted as analogous to water-drop conden-
sation in a classical picture, and discussions remain qualitative
within the relatively high-temperature range compared to
a highly quantum-degenerate regime well below the Fermi
temperature.

The existence of EHDs in diamond was discovered in
2000 in the PL spectra [1,2,12], which was made possible
by deep-ultraviolet (DUV) laser technologies (necessary for
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FIG. 1. (a) Schematic of the formation and decay dynamics of
EHDs in diamond. (b) Experimental setup of deep-ultraviolet (DUV)
pump–mid-infrared (MIR) probe spectroscopy combined with DUV
photoluminescence (PL) spectroscopy. (c) Calculated MIR absorp-
tion spectrum of excitonic (Ex) internal transitions and surface
plasmon resonance of EHDs in diamond. ωp is the plasma frequency;
τ−1 is the AC conductivity relaxation rate, where we assume τ−1 is
frequency independent. Inset: Schematic of the DUV-PL spectrum in
diamond.

carrier generation in diamond). Following the conventional
method for Ge and Si, they fitted the PL spectrum of EHDs as
a function of carrier density and temperature by the product of
the density of states and the Fermi-Dirac distribution function.
The linewidth and energy position of the emission spec-
trum provided clues for determining these two parameters.
Conventional spectral analysis [1,2] has indicated a critical
temperature Tc of the order of 100 K, as well as an extremely
high carrier density nD inside the EHDs, as shown in Table I.
Furthermore, the high Fermi temperature TF of approximately
680 K leads to the relation T/TF � 1 at cryogenic temper-
atures (see Table I) and makes diamond a host of particular
interest for highly quantum-degenerate e-h systems.

However, PL analysis includes ambiguities in the evalua-
tion of density and temperature in the case of diamond. This is
because of ambiguity in the inclusion of finite-size effects [13]

TABLE I. Comparison of material and carrier parameters in
diamond, silicon, and germanium. Dielectric constant (εb), carrier
density inside an EHD at T = 0 K (nD,0 K) (theoretical value) [2],
critical temperature of EHD formation (Tc) [2], Fermi energy (EF),
Fermi temperature (TF) [14], and T/TF at T = 2 K in diamond,
silicon, and germanium.

Diamond Si Ge

εb 5.7 11.4 16.0
nD,0 K (cm−3) 1.0 × 1020 3.3 × 1018 2.5 × 1017

Tc (K) 165 24.5 6.7
TF (K) [EF (meV)] 680 (59) 130 (11) 35 (3.0)
T/TF (T = 2 K) 0.003 0.02 0.06

in the theoretical curve of the PL spectrum when the droplet
size is limited by the fast decay of the carriers unique to
diamond [∼1 ns, as sketched in Fig. 1(a)] [2]. For emission
from a finite-size droplet, the spectral shape changes, and
the energy position is blueshifted [15], making it difficult to
determine the density and temperature accurately. In addition,
the theoretical spectral shape cannot precisely consider carrier
correlation effects; hence, the analysis is model dependent and
an indirect evaluation method. Therefore, decisively extract-
ing the time variation in the parameters that characterize the
droplet remains challenging.

Here we address this issue by demonstrating that the
densities, volume occupancies, and dynamical carrier scat-
tering can be unambiguously evaluated by combining DUV
pump–MIR probe spectroscopy with time-resolved DUV-PL
spectroscopy, as shown in Fig. 1(b). We show that the di-
electric response of EHDs and the photoionizing transition
of excitons overlap spectrally in the MIR region. Our unique
analysis, in contrast to other reports of DUV pump–MIR
probe spectroscopy [16,17], enables us to extract the dielec-
tric response of high-density carriers in EHDs. We extract
the temporal profiles of EHDs and excitons from the decay
characteristics of EHDs and exciton signals of DUV-PL and
use them to separate the time-resolved spectrum of EHD and
exciton components mixed in the MIR differential transmis-
sion (DT) spectrum. These analysis procedures enable the
extraction of temporal variations in the parameters of EHDs
without ambiguity, leading to quantitative confirmation of the
high-density e-h system in EHDs. Interestingly, the EHDs
decay in 1 ns by decreasing the volume while maintaining a
density as high as 8 × 1019 cm−3 for up to 2 ns.

As shown in Fig. 1(c), we observe SPR of EHDs in the
MIR region with a broad width. From this broadening we
calculate the conductivity relaxation rate of the electrons and
holes in the EHD to be as large as 2 × 1014 s−1. If this rate
is attributed to the thermal collision of carriers, the corre-
sponding effective temperature is surprisingly high (800 K)
compared with Tc. We theoretically discuss three processes
of scattering because of droplet finite-size effects, electron-
phonon scattering, and carrier-carrier scattering as the origin
of the broadening and the effects on the carrier temperature
evaluation. The high e-h density in the EHD suggests the
possibility of observing unique quantum phenomena in highly
quantum-degenerate e-h systems, such as the appearance of
the e-h Bardeen-Cooper-Schrieffer (BCS) phase. The energy
scale that characterizes these phenomena is in the region of
the terahertz (THz) frequency. Therefore, studying the effects
of dynamic relaxation at the THz frequency is important.

The rest of this paper is organized as follows. In Sec. II we
explain the experimental scheme and setup. In Sec. III A we
present our experimental results and analyze the MIR spectra
to extract the carrier density, AC conductivity relaxation rate,
and volume occupancy of EHDs. In Sec. III B we evaluate
temporal variations in these parameters. The correlation be-
tween the carrier density and AC relaxation rate allows us
to discuss the origin of the carrier conductivity relaxation by
considering the many-body effect. We also calculate the probe
energy dependence of the AC relaxation rate and discuss
the possibility of observing the BCS gap in the Coulomb-
correlated e-h pairs. Finally, Sec. IV presents our conclusions.
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II. EXPERIMENT

EHDs can be regarded as small metallic spheres floating
in an exciton gas, as shown in Fig. 1(a). The dielectric re-
sponse of this system is described well by the Drude response
with SPR under the effective medium approximations [11,18]
when the probe wavelength is significantly longer than the
size of the metallic spheres. Based on the classical droplet
formation model, the droplet size in diamond is expected to
be a few hundred nanometers [19,20]. Therefore, this approx-
imation is valid for time-resolved DT spectroscopy in the MIR
region (MIR-DTS).

Following the Drude free-electron model, the dielectric
function of e-h plasma as a metallic state is described by

εM (ω) = εb(ω) − ω2
p

ω(ω + iτ−1)
, (1)

where ω is the optical frequency and εb(ω) = [n(ω) + iκ (ω)]2

is the background dielectric function without photoexcita-
tion. We assumed a refractive index n(ω) as determined by a
Herzberger-type dispersion formula known for diamond [21].
In the MIR region, intrinsic absorption occurs with the cre-
ation of two and three phonons [22]. Thus, we deduced the
extinction coefficient κ (ω) = αi(ω)c/(2ω) based on the in-
trinsic absorption coefficient αi(ω), measured in our sample
at 60 K, by using a Fourier transform (FT) IR spectrometer
and considering the reflections at the sample surfaces, where
c is the speed of light. In Eq. (1),

ωp =
√

nDe2

ε0μ
(2)

is the plasma frequency with nD as the carrier density, μ =
0.19 m0 (m0 is the free-electron mass) as the reduced mass for
an e-h pair, and ε0 as the vacuum permittivity. τ−1 denotes
the AC conductivity relaxation rate. Here, we assumed that
the relaxation rate was equal for electrons and holes and that
it was frequency independent. Based on the Maxwell-Garnett
theory, the absorption coefficient for EHDs is described by

αD(ω) = ω

cn(ω)
Im

[
3εb′ (ω) fD[εM (ω) − εb′ (ω)]

(1 − fD)[εM (ω) − εb′ (ω)] + 3εb′ (ω)

]
,

(3)

where fD is the volume occupancy of EHDs. εb′ (ω) =
{n(ω) + i[αi(ω) + αex(ω)]c/(2ω)}2

is the complex back-
ground dielectric constant, including IA coefficient αex(ω)
because of excitonic ionization [see Eq. (6)].

The dashed line in Fig. 1(c) is the mid-infrared induced
absorption (MIR-IA) spectrum αD(ω), calculated for nD =
1020 cm−3. The linewidth corresponds to the AC conduc-
tivity relaxation rate. The peak energy was approximately
h̄ωp/

√
3 = 0.2 eV. To observe the entire spectrum of αD, we

used MIR light ranging from 0.1 to 0.4 eV. The dotted line
indicates the exciton internal transition from the 1s-bound
state to the ionized continuum state, which spectrally overlaps
with the Drude response of the EHDs. In the spectral analy-
sis of MIR-DTS we determined the time-dependent relative
amplitudes of the exciton and EHD components by using the
different temporal responses between the exciton and EHD

components appearing at separate energy positions in the
time-resolved DUV-PL spectra, as the inset of Fig. 1(c) shows.
Section III B provides further details.

For our sample, we used a type IIa single-crystal diamond
with a 337-µm thickness, grown for noncommercial purpose
by using a high-temperature high-pressure method [23]. A
nitrogen concentration of less than 0.1 ppm was confirmed
by UV absorption spectroscopy, a boron concentration of less
than 0.05 ppm by PL spectroscopy, and dislocation-free by x-
ray projection topography [24,25]. We mounted the sample on
a continuous-flow cryostat (Oxford Instruments, Microstat) at
60 K. We used this relatively high lattice temperature because
EHDs can be detected most clearly in the PL spectra without
the formation of polyexcitons [26]; thus, it is best suited
for demonstrating the validity of the present experimental
technique. We used a Ti:sapphire regenerative amplifier (Co-
herent, Libra) as the light source, with its center wavelength
at 800 nm, pulse duration at ∼100 fs, and repetition rate at
1 kHz. We divided the output into two beams. One generated a
third-harmonic pump beam by wavelength conversion through
two beta-barium borate crystals. We injected the second into
an optical parametric amplifier (Light Conversion, TOPAS)
and used it to generate the MIR probe beam through the
difference-frequency generation of the signal and idler light.

We excited the sample above the band gap (5.5 eV) by
using two-photon absorption [27] at an incident photon en-
ergy of 4.65 eV to generate high-density e-h pairs. The
defocused pump beam having effectively a Gaussian profile
was incident on the sample. The spot diameter (full-width at
half-maximum, FWHM) was 169 ± 18 µm on the incident
surface with a reduction by 1.3% at the back surface. Under
two-photon excitation, the penetration depth depends on the
excitation power, the two-photon absorption coefficient (β),
and the pulse duration (τp). Therefore, we estimated β/τp to
be (1.1 ± 0.1) × 104 cm J−1 by using pulse-energy-dependent
transmission measurements [28]. Because we need two pho-
tons to create one e-h pair, the photogenerated carrier density
should be half the excitation density, as defined in Eq. (2) of
Ref. [27].

We aligned the probe beam by using a metal pinhole
with an aperture diameter of 200 µm placed on the sample
surface and confirmed the spatial overlapping between the
probe and pump beams. By using a 25-cm monochromator,
we dispersed the transmitted MIR light and detected it by
either a nitrogen-cooled HgCdTe detector for the probe energy
from 0.1 to 0.2 eV or a nitrogen-cooled InSb detector from
0.2 to 0.4 eV. The spectral resolution was determined by the
0.10–0.15 µm wavelength intervals set by the monochromator,
and was 2 meV at 0.1 eV and 8 meV at 0.4 eV. For MIR-
DTS we obtained DT signals between pump-on and pump-off
�T/T = (Ton − Toff )/Toff , by taking the signal at every shot
by using a boxcar integrator with a sample-and-hold circuit.
Repeating this procedure for probe wavelengths from 3 µm
(0.41 eV) to 10 µm (0.12 eV) yielded the MIR response.

By using this procedure, we obtained MIR-IA spectra. We
obtained temporal profiles by scanning a mechanical delay
stage from �t = −100 ps to �t = 2380 ps in 40 ps steps at
a fixed probe wavelength. For the time-resolved PL measure-
ment, we sent the signal in the forward direction to a streak
camera system (Hamamatsu Photonics, C5094) placed at the
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FIG. 2. (a) and (d) PL spectrum obtained at �t = 420 ps. Black lines represent the data, whereas the cyan (dotted) and red (dashed)
lines are fit functions for the exciton [Ex(1P)] and EHD components. All fit functions were convoluted with the spectral broadening function
considering the finite slit width of the spectrometer. (b) and (e) MIR-IA spectrum at �t = 420 ps. The cyan lines represent the MIR-IA spectra
of excitons calculated by substituting αex given by Eq. (6) into α’s of Eq. (4), which includes the Fabry-Perot effect of the probe beam. (c) and
(f) Temporal profiles of the MIR-IA and PL signals. We obtained (a) though (c) under low excitation (2.5 µJ pulse energy), while obtaining
(d) through (f) under high excitation (13.5 µJ pulse energy). The temperature was set at 60 K.

exit slit of a 25-cm spectrometer. The spectral resolution was
0.020 eV in the DUV region.

III. RESULTS AND DISCUSSIONS

A. MIR-IA spectra and EHD parameters

First, we present the experimental results obtained by using
weak excitation with a pulse energy of 2.5 µJ. We estimated
the penetration length as 0.7 ± 0.1 mm and the corresponding
excitation carrier density as (8 ± 2) × 1015 cm−3. Figure 2(a)
shows the PL spectrum obtained at 420 ps after excitation.
We observed one- and two-phonon-assisted emission lines
from excitons [24], peaking at 5.27 and 5.12 eV, respectively
[denoted as Ex(1P) and Ex(2P) in Fig. 2(a)]. By fitting a
Maxwell-Boltzmann distribution function [12] to the emis-
sion lines from 5.233 to 5.330 eV considering contributions
from four phonon modes and four fine-structure states of
excitons [29,30] (see Appendix A), we obtained the effec-
tive excitonic temperature as Tex = 57.6 ± 0.5 K, which is in
agreement with the set temperature of the cryostat.

The blue dots in Fig. 2(b) indicate the MIR-IA spectrum
after a 420 ps delay. The data points appeared to scatter
because of the Fabry-Perot effect of the probe beam in the
sample; see the inset in Fig. 2(b). We obtained the cyan lines
in Fig. 2(b) by calculating the quantity

−ln

(
1 + �T

T

)
= −ln

⎛
⎝

∣∣ t̃1 t̃2e(iθ̃−αd/2)

1−r̃1 r̃2e(i2θ̃−αd )

∣∣2

∣∣ t̃1 t̃2eiθ̃

1−r̃1 r̃2ei2θ̃

∣∣2

⎞
⎠. (4)

In this equation we included the pump-on effect in the com-
plex phase difference. α is the coefficient of IA and d is

a parameter representing the effective interaction length be-
tween the probe and pump light, which depends on the
excitation intensity. It takes the shorter one of the two values:
the crystal thickness l or penetration length of the excitation
pulse. θ̃ = ñlω/c is the phase difference without a pump,
which is a function of the complex index of refraction ñ =
n + iκ . t̃ j ; r̃ j are the transmissions and reflections on the front
( j = 1) and back ( j = 2) sample surfaces, respectively.

Because the photon energy of the probe light was set higher
than the binding energy of the exciton in diamond, we believe
that the (1s) excitons in the ground state transitioned to the
ionized state because of IA by the probe light. The coefficient
of IA for excitons is expressed as

αex(ω) = ω

cn(ω)d

∫ l

0
dz Im[χex(z, ω; �bb, �bc)] (5)

by using the susceptibility χex based on the Lorentz oscillator
model established for various excitonic systems [11,31–34],
as presented in Appendix B. Here d is equal to the sample
thickness l because the penetration depth is greater than l at
this excitation level.

From Eq. (B1), χex(z, ω; �bb, �bc) is proportional to the
exciton density (nex) and is z dependent. �bb and �bc corre-
spond to the damping rates of the exciton internal transitions
from the 1s-bound state to higher-energy bound states (np)
and from the 1s-bound state to the ionized continuum
state, respectively. Here we rewrote Im[χex(z, ω; �bb, �bc)] =
Im[S(ω; �bb, �bc)]nex(z) for the explicit expression of the z
dependence as follows:

αex(ω) = ω

cn(ω)
n̄exIm[S(ω; �bb, �bc)]. (6)
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In this equation, n̄ex is the excitonic density averaged over d ,
n̄ex = 1

d

∫ l
0 dz nex(z). We obtained a good agreement between

the calculation and data after fitting by adjusting n̄ex in Eq. (6),
while fixing the damping rates �bb and �bc to 0.001 eV.
Consequently, we obtained an average excitonic density n̄ex

of 8.7 × 1015 cm−3 after a 420 ps delay.
To confirm the origin of IA, we compared the temporal

responses of MIR-IA at three probe energies (0.12, 0.18, and
0.41 eV) with that of the excitonic PL in the DUV region
[dashed line in Fig. 2(c)]. We obtained the latter from a
streak image cut along the temporal axis for excitons centered
at 5.274 eV with a width of 0.045 eV. Based on the good
agreement between these responses, we concluded that IA is
indeed derived from excitons and that the amplitude reflects
the number of excitons. After a 420 ps delay, the amount of IA
decreased to 95% of its maximum value, as shown in Fig. 2(c).
Because the initial carrier density was (8 ± 2) × 1015 cm−3,
this result also verified the average excitonic density obtained
by the spectral analysis explained previously.

Second, we studied DUV-PL and MIR-IA spectra under
high excitation to explore the dielectric response of EHDs.
Figure 2(d) shows the PL spectrum after a 420 ps delay with
a pump pulse energy of 13.5 µJ, where we estimated the
penetration depth to be 0.15 ± 0.03 mm, which was shorter
than the sample thickness. In addition to the Ex lines, a
broad emission line peaking at 5.17 eV appeared because of
one-phonon assisted PL from the EHDs [denoted as EHD in
Fig. 2(d)] [1,2]. By fitting a Maxwell-Boltzmann distribution
function to the emission lines from 5.256 to 5.333 eV, we
obtained Tex as 76.6 ± 0.7 K. This temperature was higher
than the set temperature of the cryostat sample holder. Such
a temperature increase usually happens when excitons coexist
with EHDs in diamond [27]. The heat source is explained by
the phonons produced by the nonradiative Auger recombina-
tion process [35].

Figure 2(e) shows the simultaneously measured MIR-IA
spectrum after a 420 ps delay. Compared to the spectrum
under weak excitation, as shown in Fig. 2(b), we observed
a bump structure at approximately 0.18 eV. This appeared
to be induced by the response of EHDs, as expected in the
previous section. Therefore, we considered that the time re-
sponse of the MIR-IA signal was a mixture of these two
components. By comparing it with the temporal profiles of
PL, we indeed found that excitons and EHDs caused these
two components. The triangles in Fig. 2(f) along the left axis
represent the temporal response of IA at a probe energy of
0.18 eV as an example. The dashed and solid lines along the
right axis show the temporal profiles of PL from excitons and
EHDs, respectively. We obtained the latter from the streak
image, which was cut along the temporal axis for droplets
and integrated from 5.135 to 5.177 eV. We found that PL
from the EHDs decayed exponentially with a time constant
of approximately 1 ns, whereas that from excitons decayed
more slowly. The response of MIR-IA differed from that of
both excitons and EHDs. This situation differed from the case
of weak excitation, as shown in Fig. 2(c).

To understand the MIR response under high excitation in
more detail, Fig. 3(a) shows three representative temporal IA
profiles with probe energies of 0.12, 0.2, and 0.4 eV, using
triangles. We found that these profiles differed significantly.

FIG. 3. (a) Temporal profiles of IA for a probe energy (Epr) of
0.12, 0.2, and 0.4 eV (triangles), with a pump pulse energy of 13.5 µJ.
The fitting curves obtained based on the temporal profiles of PL from
EHDs (dotted line) and excitons (dashed line) are also shown. (b)
Reconstructed MIR-IA spectrum after time delays of 20, 180, 1020,
and 2020 ps (triangles). Circles and squares: Droplet and exciton
components of the IA spectrum. Solid lines are their theoretical fits.

For a probe energy of 0.12 eV, the signal increased rapidly and
decayed slowly, similar to the temporal profile of excitonic
PL. In contrast, for probe energies of 0.2 and 0.4 eV, the
signal increased slowly and decayed rapidly, similar to the
temporal profile of droplet PL. These features indicate that
MIR-IA includes contributions from both EHDs and excitons
with different weights at different probe energies.

We reproduced the temporal profiles of MIR-IA at each
probe energy—the triangles in Fig. 3(a)—as the weighted
sum of the PL of excitons (dashed lines) and EHDs (dotted
lines). By fitting the temporal range of 540 to 2380 ps, we
obtained the weights. The solid line in each panel of Fig. 3(a)
indicates the weighted sum. As shown in the two lower panels,
the solid line slightly deviates from the triangles because the
decomposition did not succeed earlier (�t � 180 ps), con-
sidered as an underestimation of the EHD contribution to the
PL caused by the redshift of the spectrum immediately after
excitation. Therefore, we extracted the EHD components from
the spectrum—the red circles in Fig. 3(b)—by subtracting the
exciton components (blue squares) from MIR-IA (triangles).
The red lines on the circles represent the IA spectra of EHDs
calculated according to αD, as given by Eqs. (1)–(3). The
peak energy remained almost constant, and only the amplitude
decreased with time. We found consistency for the spectral
shape of MIR-IA with the calculations performed by using the
effective medium model, as schematically shown in Fig. 1(c).
The cyan lines on the squares represent the IA induced by
excitons. The green lines on the triangles represent the calcu-
lated sum of the EHD and exciton components.

The legends in Fig. 3(b) show the best-fit parameters nD,
fD, and τ−1 for the four time delays. In this analysis we
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FIG. 4. Dynamics of (a) exciton density, (b) volume occupancy
of EHDs, (c) AC conductivity relaxation rate in EHDs, and (d) den-
sity of e-h pairs in an EHD deduced from the analysis of MIR data at
a pulse energy of 13.5 µJ and Tset = 60 K. (a) and (b) Dotted and
dashed lines, respectively, for normalized temporal profiles of PL
from excitons and EHDs.

assumed τ−1 in Eq. (1) was frequency independent. We found
that nD and τ−1 remained almost constant at approximately
8 × 1019 cm−3 and 2 × 1014 s−1 for all time delays. In con-
trast, fD differed at time delays of 20, 180, 1020, 2020 ps,
taking values of 0.07%, 0.13%, 0.07%, 0.04%, respectively.

After a time delay of 420 ps, the obtained value of nD

via MIR-IA analysis was (7.6 ± 0.6) × 1019 cm−3. For ref-
erence, we compare this with the case of a PL line-shape
analysis. Compared to the methods in Refs. [1,2], the fit-
ting function has been revised to include contributions of
all four different phonon modes and to remove the uncer-
tainties regarding the relative intensity ratio of these phonon
modes (see Appendix A). By fitting with various initial pa-
rameters (nD (5 × 1019–12 × 1019 cm−3), T (60–140 K), and
EL (5.205–5.245 eV)) to the emission lines from 5.140 to
5.233 eV, the evaluated values and errors for each param-
eter were nD = (7.5 ± 0.4) × 1019 cm−3, T = 126 ± 4 K,
and EL = 5.232 ± 0.002 eV. The fitting curve is indicated
by the dashed red line in Fig. 2(d). The obtained density
value agreed with that obtained from the MIR-IA analysis
within the error range. It should be kept in mind that the
error of T is the accuracy in this fitting procedure and does
not assert that the EHD temperature was determined with this
accuracy.

B. Detailed dynamics of EHDs

After the fitting procedure discussed in the previous sub-
section, we deduced the temporal dynamics of n̄ex, fD, τ−1,
and nD. Figures 4(a)–4(d) show the results. The temporal
dynamics of n̄ex—the circles in Fig. 4(a)—were the same
as those of PL from excitons (dotted lines), indicating the
consistency of this fitting procedure. fD—dots in Fig. 4(b)—
increased rapidly and reached a peak at 180 ps. Then, it
decreased with the same dynamics as the PL from exci-
tons (dotted line); lastly, at approximately 660 ps, its decay
curve agreed with the exponential curve of PL from EHDs
(dashed line). τ−1 remained almost constant with a value of

TABLE II. (Row 1) Reduced mass of an e-h pair in diamond, Si,
and Ge [36], used in the numerical calculations of electron-phonon
and e-h scattering. All masses are in units of the free-electron mass
(m0). (Rows 2–5) Carrier density, temperature, AC conductivity re-
laxation rate, and the rate obtained based on the FWHM of the IA
spectrum from experiments in diamond (this study), Si [10], and
Ge [8,9]. (Rows 6 and 7) Calculated rate because of electron-phonon
scattering (τ−1

ph ) [37] and e-h scattering (τ−1
eh ) [38] (see text for

details).

Diamond Si Ge

μ/m0 0.19 0.12 0.047

Expt. nD (cm−3) 8 × 1019 3.4 × 1018 2.2 × 1017

TD (K) 126 14 1.5
τ−1 (s−1) 2 × 1014 6 × 1012 5 × 1012

FWHM/h̄ (s−1) 2 × 1014 2 × 1013 1 × 1013

Calc. τ−1
ph (s−1) 7 × 1010 4 × 109 5 × 107

τ−1
eh (s−1) 9 × 1013 1 × 1013 3 × 1012

2 × 1014 s−1, as shown in Fig. 4(c), and nD remained almost
constant, with a value of 8 × 1019 cm−3, as shown in Fig. 4(d).

Based on these results, we unveiled the formation and de-
cay dynamics of EHDs in diamond. The initial rapid increase
in fD and decrease in n̄ex indicate that the droplets grew
by collecting excitons, as postulated in the classical droplet
formation model. From 180 to 660 ps, when the temporal
change of fD was equivalent to that of n̄ex, the droplet size
decreased by balancing the gain and loss rates of droplet
growth, implying that the state was in quasiequilibrium. The
loss rate consisted of exciton evaporation and carrier recom-
bination [20]. Subsequently, the loss rate because of carrier
recombination by the Auger process surmounted the gain rate
as a result of the decrease in the surrounding exciton numbers.
The almost constant value of nD—even after fD drops to
0.04% approximately at 2000 ps—indicates that the droplet
maintains a constant e-h density after the formation of a stable
liquid state as long as the surface energies are small.

The decay rate of fD after 660 ps agreed well with the
Auger recombination rate of 1/(Cn2

D) = 1 ns, where we used
C = 1 × 10−31 cm6/s [2]. However, τ−1 was much higher
than the Auger recombination rate, implying that the Auger
process did not contribute to the relaxation of AC conductivity
in the Drude response. We compared the AC conductivity
relaxation rate in diamond with those in Ge [8,9] and Si [10]
in Table II. Note that in Si and Ge, the rates were obtained
by fitting the spectrally overlapping SPR and interband tran-
sitions between the light- and heavy-hole bands in the same
energy region [9,10]. Therefore, the rates estimated from the
FWHM of the IA spectra were larger than the conductiv-
ity relaxation rates for Si and Ge. In the case of diamond,
interband transitions occurred in a frequency region signifi-
cantly lower than the SPR frequency and did not affect the
FWHM; therefore, an agreement occurred between the AC
conductivity relaxation rate and the rate obtained based on
the FWHM. The AC conductivity relaxation rate for diamond
was the highest among the three materials. To investigate this
origin, we discuss the scattering of high-density e-h systems
with many-body interactions.
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Generally, the conductivity relaxation processes reflected
in the Drude response are derived from a change in
carrier momentum. We considered three processes: mo-
mentum scattering because of the finite-size effect of
a droplet, electron-phonon scattering, and carrier-carrier
scattering.

In the first case, the rate is given by the Fermi velocity
divided by the droplet radius R—that is, 1/R(nm) × 1014 s−1

at nD = 8 × 1019 cm−3. For example, when R = 100 nm [20],
the rate was 1 × 1012 s−1. This value is significantly smaller
than the estimated value. Additionally, the rate should increase
when the droplet size decreases. Experimentally, τ−1 remains
almost the same at �t � 180 ps, whereas the droplet size
decreases, eliminating the possibility of this process. For the
second case, Combescot and Bok discussed the rate by us-
ing the Boltzmann equation approach, including screening of
the electron-phonon interaction by high-density carriers [37].
We considered only the interaction with longitudinal acous-
tic (LA) phonons [39] and used m = moe = 0.39 m0 as the
electron optical effective mass [36], Vs = 1.8 × 104 m/s as
the sound velocity, and E1 = 8.7 eV as the deformation
potential [40] in Eq. (30) of Ref. [37]. We obtained an
electron-phonon scattering rate of τ−1

ph = 7 × 1010 s−1, which
is three orders of magnitude smaller than the experimental
value. We also found that the calculated values of the electron-
phonon scattering rate in Ge and Si (τ−1

ph in Table II) were

significantly lower than the experimental values of the AC
conductivity relaxation rate (τ−1 in Table II). These results
indicate that the phonon scattering process is not the origin
of the high relaxation rate of the AC conductivity. Next, we
considered e-h scattering. Combescot and Combescot derived
the e-h relaxation rate in a photoexcited e-h plasma by using
Boltzmann equations [41]. This approach offers an exact solu-
tion to the quantum limit and provides a good approximation
of the classical limit. However, it cannot produce results in the
intermediate region, where the e-h relaxation rate reaches its
maximum. Moreover, their approach provides the conductiv-
ity relaxation rate in the DC limit rather than that at the high
frequency of the external laser field. By contrast, Sernelius
discussed the conductivity relaxation rate using the gener-
alized Drude approach, which can be used for all densities
and temperatures at finite frequencies [38,42]. For simplic-
ity, he studied a model semiconductor with single, isotropic
conduction- and valence-band extrema, described by the same
effective mass. In this study we applied this general treatment,
which allowed us to calculate the frequency dependence of
the relaxation rate. According to his theory, the probe light
induces relative motion between the photoexcited electrons
and holes, which then relaxes via e-h scattering. He derived
the dynamic relaxation rate as a function of the frequency of
the probe light ωpr, temperature T , and carrier density n, as
shown in Eq. (23) in Ref. [38]:

τ−1(ωpr ) = h̄

6nμπ3ωpr

∫ ∞

0
dω

sinh
( h̄ωpr

2kBT

)
sinh

( h̄ω+
2kBT

)
sinh

( h̄ω−
2kBT

)
×

∫ ∞

0
dqq4Im[α(q, ω+)]Im[α(q, ω−)]

(
1

|4πε0 + 2α(q, ω+)|2 + 1

|4πε0 + 2α(q, ω−)|2
)

. (7)

Here ω± = ω ± ωpr/2 and α is the polarizability defined in
Ref. [38]. It has been reported that his theory effectively
reproduces the MIR and terahertz response at room temper-
ature [43] and a zero-frequency conductivity relaxation rate
above 90 K in Si [44].

The open circles in Fig. 5 show the calculated relaxation
rate because of e-h scattering as a function of probe energy
(Epr = h̄ωpr). In our calculation we set n = nD, μ = 0.19 m0,
and T = 126 K, which was a reference value obtained by
PL line-shape analysis in the previous section. We found that
the rate depended on the probe energy; it peaked at around
0.6–0.7 eV, which is ten times of the Fermi energy (EF)
and slightly higher than the probe energies (0.1–0.4 eV) of
the MIR-DTS. The theoretical value was 9 × 1013 s−1 at the
highest probe energy of 0.4 eV in our experiment, whereas it
was 5 × 1013 s−1 at the lowest probe energy of 0.1 eV. These
values were found to be from 2 to 5 times lower than the value
obtained in our experiments (the red line in Fig. 5).

In Eq. (7) we ignored the nonparabolicity of the valence
bands [45] and the anisotropy of the conduction and valence
bands. If we considered the former effect, the number of
final states of e-h scattering would increase because of the
heavier effective masses at larger wave vectors. In the latter
effect, new channels by electron-electron and hole-hole scat-

tering might open in multiple anisotropic bands, in addition
to e-h scattering [42]. Thus, the actual relaxation rate can be
higher than the calculated value by one order, as described in
Ref. [42], and the ambiguity in these correction factors could
explain the difference between the calculated and experimen-
tal values.

Similarly, we calculated the rate of e-h scattering for Si
and Ge at the peak energy of the SPR of EHDs—that is,
0.034 [10] and 0.009 eV [8], respectively—as τ−1

eh in Table II.
The theoretical value of 1 × 1013 s−1 for Si resulted between
the experimental values of τ−1 and the rate corresponding
to the FWHM. For Ge, the theoretical value of 3 × 1012 s−1

is in close agreement with τ−1 = 5 × 1012 s−1. The highest
relaxation rate found in diamond was consistent with the
highest observed carrier density in a droplet among the three
materials. Furthermore, the highest effective carrier temper-
ature and lowest dielectric constant enhanced the rate. The
number of carriers contributing to scattering increases with
temperature, and attenuated Coulomb screening leads to an
enhancement in the relaxation rate. The above discussion sug-
gests that the large relaxation rate of the AC conductivity in
diamond can be explained by the effect of the Coulomb inter-
action between electrons and holes on the dynamic dielectric
response.
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FIG. 5. Calculated relaxation rate because of e-h scattering at a
carrier density of 8 × 1019 cm−3 in diamond at 126 K (open circles),
9 K (open triangles), and 2 K (open squares) versus the probe energy.
Our experimental value estimated from MIR-IA at probe energies
from 0.1 to 0.4 eV is shown by the solid line. Downward arrows
denote the Fermi energy (EF) and gap energy (�BCS) of the e-h BCS
state. The horizontal dashed line denotes the rate corresponding to
the BCS gap energy.

Now that we have elucidated using the MIR dielectric re-
sponse that a remarkably high-density e-h state exists in EHDs
in diamond, we can discuss a future prospective investigation
of the quantum-degenerate states expected at high densities
and low temperatures. Based on the isotropic two-band model
discussed by Mizoo et al. [46], when the carrier density is
8 × 1019 cm−3, the e-h BCS gap (�BCS) is estimated to be
0.002 eV with an angular frequency of �BCS/h̄ = 3 THz,
with the critical temperature (T BCS

c ) at 9 K [47–49]. The
Auger recombination process, which determines the popula-
tion decay rate, does not prevent gap opening because the
Auger rate (1 GHz) is three orders of magnitude lower than
the gap frequency. Regarding the momentum decay rate, our
estimation revealed that the AC conductivity relaxation rate
considering e-h scattering is expected to be significantly lower
than the gap frequency when the probe energy is set below the
gap frequency, as indicated by the open triangles at 9 K and
squares at 2 K in Fig. 5. The rate of relaxation by acoustic
phonon scattering was predicted to be reduced to 8 MHz at
T BCS

c because of the quantum phase-space restriction [37].
However, when the droplet size was decreased to 100 nm, the
size-dependent rate became equivalent to the gap frequency.

A future challenge is to lower the temperature of the high-
density e-h system to observe the quantum-degenerate state.
To achieve this, the temperature of the EHD must be eval-
uated unambiguously. In this study we evaluated the carrier
temperatures based on PL line-shape analysis, which limits
the quantitativeness of the obtained values. In the dynamic
dielectric response, the linewidth of the dielectric response
is expected to be independent of the carrier temperature in
the MIR region based on the theoretical curves of the AC
conductivity relaxation rate shown in Fig. 5. Therefore, an
accurate temperature evaluation by using the linewidth of the

SPR spectrum is not expected. However, because the relax-
ation rate strongly depends on the carrier temperature in the
low-frequency region, if the probe frequency is extended to
the THz region and the induced complex dielectric response
can be measured with high precision, the carrier temperature
could be evaluated by spectral analysis. One possible way
to lower the temperature of the EHD is to reduce the Auger
recombination rate, which is proportional to the square of
the carrier density and is believed to be responsible for the
increase in the carrier temperature [50]. For example, if we
applied strain in the [100] direction and reduced the valley
degeneracy [51], the carrier density of the droplet would be
reduced to 0.3 times the current density, which would reduce
the Auger rate by one order of magnitude.

Finally, we give a brief comment on the sample de-
pendence. Because the decay rate of carriers in EHDs is
considered to be determined by the Auger recombination due
to the e–h many-body interaction rather than impurity trap-
ping, we believe that the AC conductivity relaxation and the
decay dynamics of EHDs discussed for high-purity samples
as used in this study are insensitive to the sample quality and
can be treated as an intrinsic phenomenon. By contrast, we
have observed that the ratio of the EHDs to exciton emission
lines tends to be higher when the impurity concentration is
higher, which indicates that the EHD formation may be trig-
gered by impurity sites [24]. In addition, the emission from
EHDs is observed up to higher temperatures for samples with
fewer dislocations [25]. These results suggest that it would be
interesting to investigate the impurity/dislocation dependence
of the formation and the stability of EHDs.

IV. CONCLUSION

We characterized the e-h states of EHDs in diamond at
60 K by performing MIR-DTS in addition to time-resolved PL
spectroscopy. We succeeded in separating the broadband MIR
spectra into two components, one because of excitonic inter-
nal transitions and the other because of SPR of the EHDs. We
applied the Maxwell-Garnett theory to the spectral analysis of
SPR.

A unique feature of this analysis is that the carrier density
of the EHD can be evaluated directly from the peak frequency
of the SPR spectrum, and the dynamics of the density, volume
occupancy of the EHD, and AC conduction relaxation rate can
be evaluated. The carrier density was as high as 8 × 1019 cm−3

up to 2 ns. The relationship between the time evolution of
exciton density and EHD volume occupancy revealed that the
classical droplet formation model was effective in explaining
the dynamics of EHD formation and decay in diamond.

The AC conductivity relaxation rate was found to be 2 ×
1014 s−1—the highest value among group IV semiconduc-
tors. Owing to the effect of the Coulomb interaction between
electrons and holes in the dynamic dielectric response, the re-
laxation rate of the AC conductivity strongly depended on the
probe frequency of the electromagnetic wave that drove the
e-h motion. Theoretical calculations revealed that the
relaxation rate will be highest at a frequency near the SPR
resonance of the EHDs, and that the SPR linewidth will
be dominated by temperature-insensitive e-h scattering. Con-
versely, the relaxation rate in a lower frequency region was
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dependent on the carrier temperature and decreased with de-
creasing temperature. Therefore, the carrier temperature could
be evaluated if the probe energies are extended to a lower
frequency region in the THz range. Furthermore, capturing
the BCS transition might be possible by suppressing e-h scat-
tering, which may interfere with the macroscopic quantum
phenomena in Fermi-degenerate e-h systems at low temper-
atures.

This study indicates that the EHD in diamond is in a
remarkably dense e-h state. The temperature evaluation and
generation of a low-temperature, high-density e-h state are
challenges to be addressed in the future. If such a state can
be realized, we could observe macroscopic e-h quantum states
that have not been previously observed.
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APPENDIX A: PL SPECTRAL ANALYSIS

To calculate the theoretical curve of one-phonon assisted
PL from excitons, we considered the contributions from four
different phonon modes, i.e., longitudinal optical (LO), trans-
verse optical (TO), LA, and transverse acoustic (TA) phonons,
and also fine-structure states of excitons. The relative intensity
ratio of TO:LA:TA was set to be 1:0.06:0.07 based on theoret-
ical values [30]. The relative ratio of LO:TO was determined
to be 0.03:1 from fitting results of the exciton emission in
Fig. 2(a), since the LO component of the exciton emission
has little overlap in the spectrum with the TO component.
The contributions from the four fine-structure states of exci-
tons (EXl , l = 1, 2, 3, 4) was considered by the Boltzmann
factor, which depends on the energy separations of the four
components, and also the relative intensity ratio obtained by
derivative of the absorption spectra in Ref. [30] and reported
values in Ref. [29] (see Table III). The energy separations
of EX2, EX3, and EX4 to EX1 were set to 3.6, 6.7, and
13.6 meV [29].

The theoretical curve of one-phonon assisted PL from
EHDs is described by a convolution of the electron and
hole density of states and Fermi-Dirac distribution func-
tion [52] considering contributions of four phonon modes,

which is

IEHD(ω; A, nD, T, EL)

= A
∑

j

a j

∫ ∞

0
dεe

√
εe f

(
εe − Ee

F, T )
√

εh f (εh − Eh
F , T )

× δ(h̄ω − εe − εh − EL + h̄� j ), (A1)

where A is a constant, a j is the relative ratio for each
phonon mode j with the phonon energy h̄� j , f (E , T ) =
[1 + exp(−E/kBT )]−1 is the Fermi-Dirac distribution func-
tion at the carrier temperature of T . Ee

F and Eh
F are the electron

and hole Fermi energies at the carrier density nD and carrier
temperature T , which is Ee(h)

F = h̄2(3π2nD)2/3/(2mde(dh) ) −
(kBT )2π2mde(dh)/[6h̄2(3π2nD)2/3] with mde = 1.64m0 and
mdh = 0.94m0 [36]. EL represents the low-energy edge of the
PL spectrum, which is conventionally taken as the renormal-
ized gap and is a function of nD and T ; however, because
the energy edge is blueshifted for the PL of finite-size
droplets [15], its effect must be included in EL. Therefore,
during optimization of the fitting function, we set A, nD, T,

and EL as free parameters. We set the fitting range from 5.140
to 5.233 eV for the present line-shape analysis for EHDs, be-
cause below 5.14 eV, the emission lines of EHDs overlap with
two-phonon-assisted emission lines of excitons [Ex(2P)].

APPENDIX B: OPTICAL SUSCEPTIBILITY DUE
TO EXCITONIC INTERNAL TRANSITIONS

Based on the Lorentz oscillator model, the optical suscepti-
bility because of excitonic internal transitions [31–33] is given
by

χex(z, ω; �bb, �bc) = nex(z)
e2

ε0μ

( ∞∑
n=0

f1s,np(Enp−E1s

h̄

)2−ω2−iω�bb

+ L

π

∫
dk

f1s(k)(E (k)−E1s

h̄

)2−ω2−iω�bc

)
,

(B1)

where we consider spin degeneracy and use the following
parameters: 1s-exciton energy E1s = −Ry, np-exciton energy
Enp = −Ry/n2, and the kinetic energy for the ionized state
E (k) = h̄2k2/2μ. L is in units of length and is used to normal-
ize the hydrogenlike wave function of the excitons [33], where
L → ∞. The first term in Eq. (B1) represents transitions from

TABLE III. Relative ratio of contributions from four phonon
modes (aj) and the excitonic fine structure for each phonon modes
(EX1–EX4) [29,30].

j a j EX1 EX2 EX3 EX4

LO 0.03 0.07 0.2 1 0.6
TO 1 0.03 1 0.6 0.9
LA 0.06 0.09 0.09 1 1.1
TA 0.07 0.04 1 0.4 0.8
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the ground state (1s) exciton to higher-energy states (np), and
the second term transitions from 1s to the ionized continuum.
�bb and �bc correspond to the damping rates for each tran-
sition, considered as �bb = �bc = 1 meV. Then, the oscillator
strengths for the transition from 1s to an np or continuum state

are given by

f1s,np = 210μa2(Enp − E1s)

3h̄2

n7

(n + 1)2n+5(n − 1)−2n+5

(B2)

and

f1s(k) = 210μa2[E (k) − E1s]

3h̄2

π

L

a2k
(

i+ak
i−ak

)− 2i
ak

(1 + a2k2)5
(
1 − e− 2π

ak

) , (B3)

where a = 1.5 nm is the excitonic Bohr radius.
We assumed that the ground state of excitons has four levels because of fine-structure splitting [29]. For the thermal

distribution we used the excitonic temperature deduced from the line-shape analysis of the PL spectrum.
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