the saturated behavior of the phase in the
valley, our results do not agree with the re-
cent prediction by Gerland et al. (9), who
calculated the saturation of the phase to be at
/2. Although the conductance usually serves
as a qualitative and approximate mark to the
onset of the Kondo correlation, the phase
evolution has a distinctively different and
pronounced behavior in the Kondo regime.
This behavior abruptly changes as the Kondo
correlation weakens, evolving into the known
Coulomb Blockade regime. The reasons for
the deviation of the measured phase from the
fundamental predictions are presently not
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clear. We believe that a complete insight into
the Kondo-correlated regime can only be
achieved after full understanding of the Cou-
lomb Blockade regime.
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Moissanite: A Window for
High-Pressure Experiments

Ji-an Xu and Ho-kwang Mao

We achieved a pressure of 52.1 gigapascals with moissanite anvils, which have
optical, thermal, electric, magnetic, and x-ray properties that rival those of
diamond. The mode-softening of D,O toward the pressure-induced hydrogen
bond symmetrization and the Raman shifts of diamond under hydrostatic and
nonhydrostatic compressions were studied with moissanite anvils in the spec-
tral regions normally obscured by diamond anvils. Moissanite anvil cells allow
maximum sample volumes 1000 times larger than those allowed by diamond
anvil cells and may enable the next level of advancement in high-pressure

experiments.

Sustained breakthroughs in ultrahigh-pres-
sure technology over the past 25 years have
had impacts in areas ranging from fundamen-
tal physics and chemistry (/, 2) to earth,
planetary (3), and materials research (4).
Pressures achievable with the Mao-Bell-type
diamond anvil cell (DAC) exceeded the 50-
GPa (half-megabar) barrier in 1975 (5) and
subsequently increased to hundreds of GPa
(6-9). The DAC thus became the only re-
search tool for static pressure experiments
above 30 GPa. The infrared, visible, x-ray
transparency, and other favorable properties
of diamond provide a window for laser (10),
x-ray (11, 12), electric (13), and magnetic
(14) microprobes in situ at high pressures.
The use of diamonds, however, also imposes
limitations. The characteristic infrared, Ra-
man, and Brillouin peaks of diamond inter-
fere with measurements of sample peaks in
similar spectral regions. Diamond shows sur-
face oxidation above 900 K and burns above
1120 K in air and must be kept in a reducing
atmosphere for experiments at high pressure
and temperature (P-7') with external heating
(15). The most severe constraint is that per-
fect diamonds have limited availability and
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very high cost, restricting high-pressure sam-
ples to microscopic volumes (1071° to 10713
liters).

Previous experiments in the search for su-
perhard gem anvils to use as replacements or
complements for diamond have only reached
pressures of a maximum of 16.7 GPa with
cubic zirconia (/6) and 25.8 GPa with sapphire
(17). With a hardness (Knoop scale) of 3000,
synthetic moissanite (hexagonal silicon car-
bide) is harder than sapphire (2000) and cubic
zirconia (1370) but softer than diamond (5700
to 10,400). Large, gem-quality, single-crystal
moissanite has recently become available (18).
We carried out experiments using moissanite
anvils with the ¢ crystallographic direction par-
allel to the compression axis. The fluorescence
spectra of ruby grains compressed without a
pressure medium were measured through the
moissanite window for pressure calibration
(Fig. 1). The moissanite anvils readily achieved
52.1 GPa.

Complementary to diamond, moissanite
provides a clear window between 0.4 and 5.5
pm for optical spectroscopy. For instance,
moissanite has sharp Raman spectral peaks at
149.6, 766.9, 788.4, and 964.7 cm™! that do
not overlap with the first-order Raman peak
of diamond at v, = 1333 cm™"' or with the
broad multiphonon second-order Raman
band of diamond in the region from 2300 to
2700 cm™!. High-pressure phase transitions
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and symmetrization of hydrogen bonds in
H,O and D,O ices have been characterized
by Raman mode-softening (/9-21). With
moissanite anvils, we observed the evolution
and splitting of E_ and B, peaks of D,0 ices
in the spectral region from 2300 to 2700
cm™! without the background interference of
diamond anvils (Fig. 2).

A fundamental problem for understanding
the bonding nature of superhard materials is
the effect of hydrostatic and nonhydrostatic
stresses on the first-order Raman peak of
diamond itself (22-24). Separation of the
Raman peaks of the diamond samples and the
DAC is difficult, particularly at pressures
below 10 GPa, when the total shift is less than
the bandwidth of the peaks. Isotopic '3C-

52.1 GPa

)

42.6 GPa

’

33.8 GPa

22.2 GPa

=

17.2 GPa

700 710
Wavelength (nm)

Fig. 1. Ruby fluorescence spectra observed in a
MAC up to 52.1 GPa. The experiments were
conducted with a moissanite anvil with a 300-
pm-diameter flat culet opposing a second anvil
with a 300-um 10° beveled culet with a 100-
m central flat culet.
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Fig. 2. High-pressure Raman spectra of liquid
D,O (0 and 0.77 GPa), ice VI D,O (1.40 and
1.97 GPa), and ice VIl D,O (=2.91 GPa), mea-
sured in a MAC at 298 K.

enriched diamond samples have been used
for the peak separation, but the pressure co-
efficients of the '*C and !'2C diamonds are
different (24). We used a moissanite anvil
cell (MAC) to overcome the problem and
observed a pressure shift of w/dP = 2.96 +
0.05 cm™! GPa™! for the natural diamond
sample compressed in a hydrostatic medium
up to 10 GPa (Fig. 3). This is in good agree-
ment with the highest reported value of 2.93
cm™! GPa~! (23) measured above 10 GPa in
a helium pressure medium in a DAC, indi-
cating that previously reported lower values
[see summary in (24)] are contaminated by
the spectra of DACs or caused by various
degrees of nonhydrostaticity in the sample.
We also studied diamond Raman peaks under
the maximum nonhydrostatic stress in a
MAC and observed much smaller peak shifts
(/0P = 1.0 = 0.1 cm™' GPa™'), about
one-third of the hydrostatic value (Fig. 3).
The triple degeneracy of the F),, zone center
phonon is lifted in the randomly oriented
diamond grains under nonhydrostatic com-
pression, resulting in a broad peak that would
be completely obscured by the DAC but is
visible in the Raman spectrum obtained with
the MAC. With the complementariness of
diamond and moissanite, the entire ultravio-
let-visible-infrared spectral range from 200
nm to 200 wm can now be explored with
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Fig. 3. First-order Ra- l
man frequency shift of
diamond samples as a
function of hydrostatic
(in an ethanol-metha-
nol pressure medium)
(circles) and nonhydro-
static (without a pres-
sure medium) com-
pressions in a MAC.
Three different nonhy-
drostatic sample con-
figurations yielded sim-
ilar results: squares,
mixture of ruby and di-
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powder; open triangles, diamond powder sprinkled on top of compacted ruby powder.

Raman, Brillouin (25), absorption, reflec-
tance, and other spectroscopies, free of anvil
interference.

With its high thermal conductivity (500
W m~! K™! at 293 K) and transparency in
the near-infrared, moissanite behaved sim-
ilarly to diamond when tested by double-
sided Nd:yttrium-aluminum-garnet laser
heating to 3700 K at 3 GPa of a graphite
sample sandwiched between two layers of
NaCl platelets. We also heated moissanite
anvils in air to 1400 K for 36 hours without
damage, showing that the moissanite anvil
is useful for high P-T experiments with
resistive heating. Like diamond (26), mois-
sanite anvils have been used to seal and
solidify the hard-to-contain hydrogen and
helium gases. Moissanite is a wide-gap in-
sulator suitable for high-pressure electric
conductivity measurements (/3) and has no
detectable magnetic signal to interfere with
high-pressure  magnetic measurements
(14). Moissanite is a strong x-ray absorber
below 20 keV and is thus unsuitable for
x-ray diffraction with the conventional Mo
Ka source, but is transparent at x-ray en-
ergies above 25 keV, which is the main
region for high-pressure synchrotron exper-
imentation with monochromatic x-radia-
tion. We have obtained energy-dispersive
x-ray diffraction patterns of graphite sam-
ples in MACs that are comparable to DAC
results above 25 keV. Moissanite is ame-
nable to shaping by diamond tools and
opens new possibilities for intricate anvil
configurations.

Finite-element calculations (27) have
demonstrated that, within the strength lim-
itations of the anvil materials, larger sam-
ple volumes can be used at the same max-
imum pressures by proportionally scaling
up the dimensions of the anvils, gaskets,
and samples. We have verified this conclu-
sion experimentally with diamond anvils
ranging from 0.02 to 2 carats. Single-crys-
tal moissanite is available up to the volume

equivalent of a 300-carat diamond anvil.
Scaling up the MAC design with such large
moissanite anvils will be suitable for com-
pressing millimeter-sized samples to 50
GPa and will allow sample volumes 1000
times greater than with a typical DAC,
which has <(0.3 carat of diamond. The
large sample size could allow the use of
additional types of analysis, such as neu-
tron diffraction (28), neutron scattering
(29), inelastic x-ray spectroscopy, X-ray
Compton scattering, nuclear magnetic res-
onance (30), and ultrasonic interferometry
(31, 32). The larger sample could also im-
prove the currently established techniques,
including x-ray diffraction, optical spec-
troscopy, electric conductivity (/3), and
magnetic susceptibility (/4).
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Forster Energy Transfer in an
Optical Microcavity

Piers Andrew* and William L. Barnes

By studying the transfer of excitation energy between dye molecules confined
within an optical microcavity, we demonstrate experimentally that Férster
energy transfer is influenced by the local photonic mode density. Locating donor
and acceptor molecules at well-defined positions allows the transfer rate to be
determined as a function of both mutual separation and cavity length. The
results show that the Férster transfer rate depends linearly on the donor
emission rate and hence photonic mode density, providing the potential to
control energy transfer by modification of the optical environment.

Processes involving the interaction between
light and matter are fundamental to much of
science. An important example is the transfer of
excitation energy from an excited donor mole-
cule to an acceptor molecule through the reso-
nant dipole-dipole interaction (RDDI). In addi-
tion to its key role in photosynthesis (/, 2), this
process is of increasing importance as a means
of improving the functionality and efficiency of
light-emitting diodes and lasers based on organ-
ic materials (3, 4). Control of the spontaneous
emission of light is accomplished by the use of
structures in which the photonic mode density
(PMD) is altered, thus manipulating the optical
modes into which emission may take place (5,
6). A wealth of research based on this concept
is found within the areas of cavity quantum
electrodynamics (7) and photonic band gap
materials (8), and it would be of great interest if
one could similarly enhance energy transfer.
Here, we demonstrate that such enhancement is
possible for the Forster transfer process by
studying the transfer of excitation energy be-
tween molecules confined within an optical
microcavity.

The physical nature of the excitation energy
transfer mechanism depends on the donor-ac-
ceptor separation, d. When the donor and ac-
ceptor are far apart (d > N10), transfer is
radiative, coupling being mediated by a real
photon. In contrast, when donor and acceptor
are close, transfer is nonradiative, being medi-
ated by a virtual photon, a process known as
Forster transfer (9). Both processes involve in-
teractions between the dipole moments of the
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donor and acceptor molecules (/0); the radia-
tive process proceeds through the dipole far
field, whereas nonradiative transfer occurs
through the evanescent near-field components.

Various theoretical investigations have ex-
amined how the RDDI is modified by confined
geometries such as microcavities (//—/3) and
periodic structures (/4, 15). They predict that
the PMD affects the RDDI, the strength of the
effect dependent on the donor-acceptor separa-
tion. Recent experiments on microcavities con-
taining donors and acceptors in well-defined
and widely separated positions (~N\/4) have
demonstrated control over the radiative transfer
process (16). To investigate the nonradiative
Forster process requires a much reduced sepa-
ration between donor and acceptor molecules.
Hopmeier et al. (17) studied transfer between
donors and acceptors randomly distributed
throughout a cavity, observing increased accep-
tor emission when the transfer energy was res-
onant with a cavity mode. However, because
Forster transfer depends strongly on the donor-
acceptor separation, they were unable to draw
any conclusions about the influence of the cav-
ity on the nonradiative transfer process. The
absence of appropriate experimental informa-
tion leaves open the question of whether Forster
transfer can be controlled by the local optical
environment.

To explore this question, we measured en-
ergy transfer between monomolecular layers of
donor and acceptor molecules separated by
known distances contained within a series of
microcavity structures. Locating donors and ac-
ceptors at fixed positions within the microcav-
ity structure ensured that the molecules experi-
enced the same PMD. We show that transfer is
by the Forster process and that the transfer rate
depends on the PMD, demonstrating that mod-
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ification of the local optical environment can be
used to control the Forster transfer process.

The length scale associated with the Forster
process is called the critical distance and corre-
sponds to the donor-acceptor separation for
which the transfer rate equals the sum of all
other donor decay rates, of order 5 nm. Because
of this small characteristic distance, we need
molecular resolution in the position of the do-
nor and acceptor molecules, which we achieved
using the Langmuir-Blodgett technique. This
monomolecular deposition technique allows
fabrication of microcavities in which cavity
length, donor-acceptor separation, and position
within the cavity can be specified with molec-
ular precision. To clarify the effect of PMD on
Forster transfer, we used a donor with mono-
chromatic emission, ensuring a single transfer
wavelength. This was achieved by the use of
a Eu®* complex [N-hexadecyl pyridinium
tetrakis (1,3-diphenyl-1,3-propandionato) eu-
ropium (III)] as the donor molecule because
the electric dipole transition at 614 nm has a
width of only ~5 nm and the long lifetime
(~1 ms) allows accurate dynamic measure-
ments of the transfer process. The acceptor,
1,1'-dioctadecyl-3,3,3',3'-tetramethylindodi-
carbocyanine, has a high absorption coeffi-
cient at the donor emission wavelength, allow-
ing very efficient transfer to take place. The
relevant absorption and emission spectra are
given in Fig. 1. The combination of high ab-
sorption and excellent spectral overlap results in
an extremely large critical transfer distance
(~14 nm), ensuring that we can measure the
distance dependence of the transfer with suffi-
cient spatial resolution by intercalation of
monomolecular spacer layers (thickness = 2.6
nm) between donor and acceptor layers.

The energy transfer system that we used
consisted of donor and acceptor monolayers
separated by zero, two, four, six, and eight
layers, respectively, of a transparent material,
22-tricosenoic acid. The strong distance depen-
dence of the Forster process means that transfer
from the donor occurs predominantly to the
nearest acceptor. To ensure that the donor—
nearest acceptor separation coincided with the
donor-acceptor layer separation, we had to use
highly condensed acceptor monolayers (area
per molecule ~1 nm?). In this way, we could
vary the separation between donors and accep-
tors from 0 to 25 nm in a carefully controlled
manner. A consequence of the highly con-
densed acceptor layer is that the acceptor emis-
sion is strongly self quenched and we were
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