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Suppressed formation of electron-hole droplets in diamond under a strain field
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We present time-integrated and time-resolved photoluminescence spectra of excitons and electron-hole drop-

lets in externally stressed diamond. A suppression of droplet luminescence and an enhancement of exciton
luminescence are clearly observed due to the application of the strain field, reducing the degeneracy of the
conduction bands. We observe that the application of a 1.1 GPa stress to the crystal results in a decrease of the
critical temperature by approximately 10 K. Based on these results, we discuss the possibility to manipulate the
quantum degenerate phases of an electron-hole ensemble at high density and low temperature.
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Many-body interactions play an essential role in deter-
mining the conditions for which an ensemble of carriers
reaches a metallic or insulating state.! The study of metal
insulator phase transitions (MITs) has been a central topic in
solid state physics for the past few decades. An exotic mate-
rial phase often appears near the MIT phase boundary in
strongly correlated electron systems, such as a superconduct-
ing phase in transition metal oxides. Therefore, much work
has been devoted to exploring the nature of MIT both theo-
retically and experimentally.” The appearance of novel criti-
cal phenomena near the MIT phase boundary provides some
opportunities to realize highly sensitive functional materials.
An electron-hole ensemble in optically pumped, indirect-gap
semiconductors has been introduced as a suitable system to
examine the MIT of quantum mechanical particles with a
strong Coulombic interaction. Of particular interest has been
the crossover between a Bose-Einstein condensate (BEC) of
excitons and a metallic liquid state at low temperature and
high density.? Systematic experiments so far on silicon and
germanium, however, revealed a stabilized normal Fermi lig-
uid state; neither BCS-type electron-hole condensate nor ex-
citonic BEC phase appeared.* Recent attempts to realize an
excitonic condensate by introducing repulsive exciton-
exciton interaction in two-dimensional structures have
brought renewed interest on this topic.”®

Another route that may allow reaching a quantum degen-
erate state with ensemble of excitons is to destabilize the
electron-hole liquid (EHL) phase by using an external field.
Modification of the phase diagram in silicon and germanium
by uniaxial stress application®!? and by nonuniform stress
application'"!> was reported in the 1970s to 1980s. One
problem of the emission spectral analysis was the overlap of
different recombination lines: EHL, plasma, free exciton, as
well as biexciton lines within a narrow energy range of
~10 meV. Thus, there remained ambiguities on the phase
diagram of stressed silicon analyzed from “poorly struc-
tured” spectra.” We revisit this problem to control the EHL
phase by applying a strain field to diamond which is a wide
indirect-gap semiconductor. Diamond has a much wider en-
ergy scale than silicon and germanium; therefore, spectral
overlap is not problematic. In addition, following the recent
development of ultrafast laser technology and advanced the-
oretical models!? on nonequilibrium states of carriers, find-
ing new hosts possessing material parameters that are com-
pletely different from silicon or germanium has become a
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pressing issue. In previous publications on diamond,'*! the
appearance of a metallic phase as electron-hole droplets
(EHDs) spatially separated from the excitonic gas was re-
ported. Because diamond has high critical temperature and
density and an extremely short electron-hole lifetime, it is
well suited for the experimental investigation of dynamical
many-body problems well below the critical temperature. As
a next step to clarify similarities and differences with silicon
and germanium, it is essential to demonstrate controllability
of MIT (or an exciton Mott transition) or formation of liquid
states. In this Brief Report, we demonstrate the control of the
EHD phase in diamond by the application of a strain field.
We succeeded in destabilizing the metallic phase and stabi-
lizing a neutral excitonic phase. We have observed a drastic
suppression of the EHD luminescence and an enhancement
of the excitonic luminescence due to the applied strain field.

Figure 1(a) shows a schematic band diagram of diamond.
The conduction band has sixfold minima along [100] axes.'®
In the figure, for illustrative purpose, we depict only three
valleys, the [100] and [100] ones in a superimposed way.
The valence bands have a maximum at the I" point. The
spin-orbit splitting of the valence bands is negligibly small as
compared to the Fermi energy Ep;, of holes, thereby making
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FIG. 1. (Color online) Schematic picture of the band structure of
diamond (a) without and (b) with stress along a [011] axis. Ep, and
Ep;, denote Fermi energies of electrons and holes, respectively. (c)
Phase diagram for unstressed (solid line) and stressed (dashed line)
diamonds. EX, EHD, EHP, and EHL represent excitons, electron-
hole droplets, electron-hole plasma, and electron-hole liquid, re-
spectively. The upward arrows indicate the points for the critical
condition for the formation of EHDs.
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FIG. 2. (Color online) (a) Birefringence pattern taken under
monochromatic light illumination. The fringes with orders of up to
4 are seen. The area of view is 1.7 X 1.8 mm?. (b) Solid line, light
intensity along the primary stress axis; solid squares, shear strain,
(e,,—€,,), calculated by using Eq. (1). The maximum shear stress,
7=2.5 GPa, occurs at 0.1 mm inside the sample surface. Dotted
line: sin?(8/2) calculated from &’s with interpolation.

the valence degeneracy to be virtually threefold. Under stress
applied along the [011] axis, four valleys along the [010] and
[001] axes lower the energy, as depicted in Fig. 1(b). This
causes a lifting of the band degeneracy from sixfold to four-
fold. The corresponding change in the phase diagram, as cal-
culated from a microscopic theory presented in Ref. 9, is
schematically shown in Fig. 1(c). The solid line represents
the phase boundary of excitons (labeled EX) and EHL or
electron-hole plasma (EHP) without stress. Inside the phase
boundary, there is a coexisting region of EX and EHL, which
we call EHD. The dashed line represents a case under finite
stress. At the critical point (n.,T,), the lift of the band de-
generacy may cause a drastic change of the properties of the
electron-hole system. The EHD phase becomes more un-
stable, leading to the reduction of the critical density n,. and
the critical temperature T.,.

We use colorless, type Ila single crystals of diamond syn-
thesized by a high-temperature, high-pressure method. We
apply a Hertzian stress with the primary stress axis along a
[011] axis [see Fig. 2(a)]. The contact between the spherical
plunger and the flat diamond surface leads to an inhomoge-
neous strain distribution.'” We used an R=1 mm ball of
tungsten carbide as the plunger. Figure 2(a) shows a birefrin-
gence pattern taken under monochromatic light illumination
of a strained sample at 20 K between crossed polarizers. The
polarizers are aligned so that the polarizations make an angle
of £45° to the primary stress axis. Diamond becomes biaxial
under [011] compression.'® The fringes are caused by the
interference of ordinary and extraordinary waves.

According to the photoelastic theory,'® the phase differ-
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ence of the two waves passing through a diamond crystal
deformed along a [001] axis is given by

d
o= _Km\/(Pu —-pi)i(e,

N — €, +4pyE (1)

zy°

where d and \ are the thickness of the crystal and the wave-
length of the illumination light, respectively, and « is the
dielectric constant. Here, we assume that the strain tensor
components €; are homogeneous along the light path, be-
cause the curvature of the plunger and the extension of the
strain distribution are much larger than d. In other words, we
consider “effective” ¢; averaged over the sample thickness.
We neglect the strain component €,,, which is small along
the primary stress axis, and take the values d=0.5 mm, \
=610 nm, «=5.7," and the piezo-optic constant |p;—p,
=0.31.2! For the birefringence patterns, the intensity of the
transmitted light is proportional to sin?(5/2).

The solid line in Fig. 2(b) represents the measured light
intensity along the primary stress axis. From the minima and
maxima of this line, we quantify the phase & as indicated in
the figure. The solid squares are the shear strain, (€,.—¢,,),
calculated by solving Eq. (1) with these &’s. Since diamond
is known to be very isotropic in terms of photoelasticity,'8
we use Eq. (1) for analysis of [011] compression. The dotted
line indicates sin?*(8/2) calculated by interpolating points for
&’s, which is comparable with the measured intensity (solid
line). The slight deviation is due to the spatial inhomogeneity
of the illuminated light intensity. We also estimate the mag-
nitude of the shear stress, 7, by using an elastic relation 7
=(0,,~0,,)=(€,~¢€,)/(s;;=51,) with compliance constants
of 51,=9.521 X 10™*/GPa and s5,,=-9.920 X 10~/ GPa.?? The
maximum shear stress is 7=2.5 GPa at 0.1 mm inside the
sample surface.

Figure 3(a) shows a typical photoluminescence spectrum
of diamond at 124 K under zero stress. The light source is
the fourth harmonics of Ti:sapphire laser light, at a wave-
length of 202 nm. The pulse duration and the repetition rate
are 200 fs and 1 kHz, respectively. The excitation light is
focused on a spot of 40 um diameter on the surface of the
sample kept in a closed-cycle cryostat. The luminescence
light is imaged onto the entrance slit of a monochromator
(Acton, Spectra Pro 300i) by a pair of achromatic lenses. The
detection was made by a liquid-nitrogen cooled charge
coupled device camera (Princeton, LN/CCD-1100PB/UV).

The spectrum shows primary two components, the EHD
(labeled EHD in the figure) and exciton (EX) components.
The largest EHD line is due to TO-phonon assisted recom-
bination. It takes on a broad bell-shaped line represented by
an integral with Fermi distributions for electrons and holes.
The red dashed line shows a simulated spectral shape assum-
ing an EHD temperature of 133 K and a density of 8
% 10" cm™. The maximum of the peak occurs at 5.18 eV.
The line shapes of exciton components are represented by a
Maxwell-Boltzmann distribution, 1,(E)=VE exp(—E/kgT,,),
where E is the photon energy measured from the low-energy
edges of the lines. To fit the measured spectra, we also in-
clude spectral broadening due to the resolution of the detec-
tion system by convoluting the Maxwell-Boltzmann distribu-
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FIG. 3. (Color online) (a) TO-phonon assisted luminescence
spectrum of excitons (EX) and EHD at 124 K without stress. Small
peaks due to TA- and (TO+Or)-phonon assisted recombination of
excitons are also seen. The dashed lines are calculated spectra with
parameters in text. (b) Spectrum with a 1.1 GPa stress. The shoul-
der below the TO-phonon assisted excitonic line is due to recombi-
nation of EHP. (c) Luminescence spectrum of stressed diamond at
different temperatures. A indicates the separation of the split-off
band under stress. Horizontal arrows indicate energy ranges for
plotting EHD and EHP luminescence intensities in (d). (d) Tempo-
ral profiles of the EHD (solid line) and EHP (dashed line) compo-
nents at different lattice temperatures, obtained by analyzing streak
images. Inset: Temperature dependence of the rise time.

tion with a Gaussian function with a half-width of 3 meV.
The green dashed line is the sum of contributions from TA-,
TO-, LO-, and (TO+Or)-phonon assisted recombination,
with 7,,=133 K. The respective phonon energies are taken
as 90, 141, 163, and 291 meV and intensity ratios
0.05:1:0.05:0.15.13

The solid curve in Fig. 3(b) is a spectrum taken at a po-
sition where a 1.1 GPa stress is applied. No distinct EHD
line is seen because there is a broad luminescence ranging
from 5.15 to 5.23 eV, which has been assigned as a recom-
bination of the EHP.!*> Even though we exclude the existence
of EHD based on the temporal analysis described below, for
indicative purpose only, we show a maximum estimate of the
EHD component with the red dashed line. As compared to
the curve in Fig. 3(a), the ratio of EHD to exciton compo-
nents is greatly suppressed, and the absolute intensity of the
excitonic luminescence is increased. This is a clear indica-
tion that the EHD formation is suppressed and electron-hole
pairs remain as excitons under a strain field.

The time-resolved measurements in Refs. 15 and 23 have
demonstrated that the EHD luminescence appears several
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tens of picoseconds after the excitation laser pulse. This fi-
nite delay is a good method to distinguish EHD lumines-
cence from EHP luminescence, which appears just after the
laser pulse. Above the critical temperature, we expect no
delay for luminescence at the photon energy for the EHD
component. In order to know the critical temperature under
stress, we carried out time-resolved measurements. The lu-
minescence light was detected by a streak camera
(Hamamatsu, M1955) mounted at the exit port of a 25 cm
monochromator (Chromex, 250I). The temporal resolution
was typically 40 ps.

For determining appropriate energy ranges for EHD and
EHP luminescence, we show in Fig. 3(c) spectra in stressed
diamond at lower and higher temperatures. At a lower tem-
perature of 45 K, there is almost no EHP component. We
find that the maximum of the EHD peak occurs at 5.15 eV, a
slightly lower energy than in Fig. 3(a) due to a lowering of
the split conduction bands by the strain, which can also be
seen in the split A of the excitonic line. At a higher tempera-
ture of 164 K, the EHD component disappears and the EHP
component shows up around 5.23 eV. Curves in Fig. 3(d) are
temporal profiles of EHD and EHP components at different
lattice temperatures. We plot luminescence intensities inte-
grated over 5.14-5.16 eV for EHD and 5.21-5.23 eV for
EHP as a function of time delay following the laser pulse.
The inset shows the difference between rise times for the
EHD and EHP components as a function of temperature. Up
to 115 K, there is a clear delay for the EHD component. On
the other hand, no delay is seen above 120 K. This indicates
that the critical temperature is between 115 and 120 K. In the
absence of a strain field, the critical point is at a lattice tem-
perature of 132 K. Therefore, the change in the critical tem-
perature by the stress application is (12+3) K.>*

‘We now compare experimental values with theoretical ex-
pectations. Reductions of the critical temperature and density
by a lift of the band degeneracy [Fig. 1(c)] can be understood
in the following way. The critical density is proportional to
the ground state density at which electron-hole pairs take the
minimum energy E,. This minimum energy, or so-called
ground state energy, is linked to the critical temperature by
the scaling law E,/ (kgT,)=const=9.3.>!5 The lift of the de-
generacy causes a decrease in the number of bands occupied
by electrons at a given density, thereby making the kinetic
energy larger, which has a positive contribution to the total
energy. Thus, the total energy has a higher minimum point at
a lower density. This implies reductions of the ground state
energy, the ground state density, and the critical temperature.

In the Hertzian contact configuration, the stress is ap-
proximately uniaxial along the primary stress axis where we
measure the change of the luminescence spectrum. There-
fore, we expect that the conduction band degeneracy v
changes from 6 to 4 at high stresses. For simplicity, we as-
sume a high-stress limit for the conduction bands and neglect
the change or nonparabolicity of the valence band structure;
for the mass parameters for diamond, we use an electron
density-of-state mass of 1*3m,=v*3(0.57my) and a hole
density-of-state mass of 0.91m,,>> where m, is the electron
mass at rest. We estimate that the ground state density is
reduced by 20% and that the corresponding change in the
critical temperature is 8 K. The experimental values are in
reasonable agreement.
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To conclude, we have observed suppression of electron-
hole droplet formation in stressed diamond. The Hertzian
strain distribution was examined by observing birefringence
patterns. The critical temperature was derived from the tem-
perature dependence of rise times in the time-resolved spec-
tral images. A decrease of the critical temperature by ~10 K
was obtained with a 1.1 GPa applied stress, in reasonable
agreement with a value estimated by a simple model assum-
ing a high-stress limit in the [011] direction. The measure-
ments we presented here were done at relatively high tem-
peratures, where EHD lifetime is only in nanoseconds and
the diffusion length is very small. Interesting future research
directions may be to observe EHD condensation into a large
droplet or to reveal ultrafast dynamics of nucleation. Stabili-
zation of the excitonic phase, demonstrated in this study, is
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the first step toward excitonic Bose-Einstein condensation in
indirect-gap semiconductors, which can be masked by an
EHD phase in the absence of external fields. A complete
lifting of the valence and conduction band degeneracies
leads to a destabilization of the EHD phase (namely, EHD
binding energy becoming smaller than the excitonic binding
energy). This could be achieved by a combined application
of strain and magnetic fields as was done in germanium.?®
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