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Abstract

The interaction between localized and extended vibrational modes in solids is of central importance in understanding
how local vibrational modes (LVMs) decay into phonons. In this study, we have investigated interstitial oxygen (O;) in
silicon as a model ‘laboratory’ for such local-extended mode interactions. Using hydrostatic pressure and infrared
spectroscopy, we brought the stretch mode of '*0; in silicon into resonance with a second harmonic of the 'O, resonant
mode. The resonant interaction results in an avoided crossing between the modes. In addition to this anti-crossing
behaviour, the line width abruptly increases, due to a dramatic decrease in lifetime as the LVM enters the two-phonon
continuum. A model of the interaction between these modes produced excellent agreement with the experimentally

observed frequencies and line widths.
© 2003 Elsevier B.V. All rights reserved.
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The mechanisms by which local vibrational
modes (LVMs) decay into lattice phonons are
largely unknown. Recent ultrafast pump-probe
experiments have succeeded in measuring vibra-
tional lifetimes of hydrogen and oxygen in silicon,
shedding light on this problem [1-3]. In the
frequency domain, Fourier transform infrared
(FTIR) spectroscopy has been used to investigate
resonant interactions between vibrational modes
of hydrogen in semiconductors [4,5]. With FTIR
or Raman spectroscopy, vibrational lifetimes can
be inferred from the line widths of the peaks,
although inhomogenous broadening necessarily
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affects these results. Hydrostatic pressure is an
excellent means for tuning interactions between
vibrational modes [6].

In this paper, we review recent work [7] in which
we used hydrostatic pressure to induce a resonant
interaction between extended and localized vibra-
tional modes of interstitial oxygen in silicon. In
addition, the results of first-principles calculations
are presented to illustrate the ‘localized’ versus
‘extended’ character of these modes. The interac-
tion between localized and extended modes is
important because it can provide information
about the first steps in the decay of a LVM into
lattice phonons.

Over the past half century, the LVMs of
interstitial oxygen have been measured and
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modelled extensively, [8—13] making Si:O a model
system for the study of vibrational dynamics. The
antisymmetric stretch mode has a frequency of
1136cm ™! and corresponds to the oscillation of an
%0, atom along the [111] direction [14]. The
transverse mode at 29cm ' corresponds to move-
ment of the oxygen atom in the [11 1] plane [15].
The resonant mode of '°O; has a frequency of
517cm™! [16], and it involves the transverse
motion of the neighbouring silicon atoms. Unlike
the stretch mode, the resonant mode is extended
spatially, with many neighbouring silicon atoms
participating in the vibration.

A custom piston-cylinder diamond-anvil cell
(DAC) [17] was used in our high-resolution
vacuum FTIR spectrometer (Bomem DAS). An
off-axis parabolic mirror efficiently focuses a
collimated IR beam onto the sample. A Ge:Cu
photoconducting detector [17] is placed in close
proximity to the sample, so that a large fraction of
the transmitted IR light is collected. The DAC was
placed in a Janis STVP continuous-flow liquid-
helium cryostat with wedged ZnSe windows, and
maintained at a temperature of 8 K. Between
measurements, the DAC was removed from the
cryostat and warmed up to room temperature. The
pressure was then adjusted and the DAC placed
back in the cryostat.

Fig. 1 shows IR absorption spectra of the '*O;
stretch mode. Near atmospheric pressure, four
distinct peaks are observed [8]. The highest-energy
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Fig. 1. IR spectra of Si:'®O under pressure.

peak (I) corresponds to a transition from the
ground state to the stretch-mode excited state. The
two smaller peaks correspond to the same transi-
tion, but with the '®0O; atom bound to combina-
tions of less abundant Si isotopes. The lowest
energy peak (II) corresponds to a transition from a
thermally populated transverse mode to a stretch-
plus-transverse mode. At high pressures, the
frequencies of the two transitions (I and II)
become nearly degenerate, as shown in the case
of Si:'°0;. However, the peak at high pressure is
very broad, which is evidence of a significant
decrease in lifetime. This abrupt decrease in
lifetime is a result of the LVM frequency entering
the two-phonon continuum at a pressure of 4 GPa.

The full-width at half-maximum (FWHM) for
peak I is plotted as a function of pressure (Fig. 2).
FWHM values are plotted for peaks above and
below the avoided crossing, as explained further.
Whereas the width of the '°0; peak remains fairly
constant over the entire pressure range, the '*O,
peak broadens at 4GPa. For pressures greater
than 4 GPa, the stretch mode lies within the two-
phonon density of states. Assuming the local
density of states is roughly flat for frequencies
below the resonant mode [18], the line width
should increase when the mode enters the two-
phonon continuum [19], in agreement with the
experimental observation.

Fig. 3 shows a plot of the frequencies of the
observed peaks for both '°O; and '%0; as a
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Fig. 2. Plot of Si:O stretch-mode FWHMSs as a function of
pressure.
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Fig. 3. Plot of Si:O stretch-mode frequencies as a function of
pressure.

function of pressure. The dotted and solid lines are
frequencies generated by the theoretical model, as
discussed in Ref. [7]. The peaks associated with
Si:'%0; show a smooth, continuous shift with
pressure. However, for the Si:'®0; peaks, there is
an avoided crossing around 4 GPa. This antic-
rossing behaviour is the result of a resonant
interaction between the '0; stretch mode and
modes involving the second harmonic of the
517cm ™' resonant mode. ‘Mode 1” is the combi-
nation of the second-harmonic resonant mode and
a second-hamonic transverse mode. ‘Mode 2’ is the
combination of the second-harmonic resonant
mode and the fundamental transverse mode. Both
of these modes are spatially extended, in contrast
to the stretch mode. At the anti-crossing pressures,
the eigenstate of the system is not a stretch mode
or resonant mode, but rather a linear combination
of these modes.

To illustrate the localized versus extended
nature of these modes, first-principles calculations
were performed on a SiysH30O cluster, using the
commercially available software Gaussian98 [20].
Density-functional theory was used with the Becke
3-parameter method [21] and the 3-21G basis set.
The stretch (A4,,) and resonant (E,, doubly
degenerate) modes were calculated to be 1216

and 482cm ™', respectively, in fair agreement with
the experimental values of 1136 and 517cm™". In
Fig. 4, the normal modes of the stretch and
resonant modes are shown, where the bar charts
indicate the magnitudes of the atomic displace-
ments. It can be seen that the stretch mode is
strongly localized, whereas the transverse mode
involves significant motion of all the atoms in the
cluster. Hence, a transition from a stretch mode to
a second-harmonic resonant mode would substan-
tially delocalize the vibrational mode. Such a
transition is the first step on the downbhill journey
that an LVM takes as it eventually becomes a
collection of lattice phonons; i.e., heat.
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Fig. 4. Calculated displacements for the stretch and resonant
modes of Si:O. The numbering of the atoms is shown in the top
figure. The bar charts show the magnitudes of the normal-mode
displacements for the two vibrational modes.
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