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Saturation of a resonant phonon-band mode by far-infrared excitation
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We have observed saturation of a resonant phonon-band mode in an oxygen-doped silicon crystal.

By use of a tunable pulsed high-power far-infrared laser, we excited the mode monochromatically
and found that the absorption decreased strongly with increasing laser pulse energy. We show that
the excitation resulted in a nonthermal state that decayed most likely by a process of spectral
diff'usion of phonons, caused by scattering at low-lying states.

It is well known that defects in crystals can induce res-
onant phonon-band modes. ' ' For a resonant band
mode with a resonance frequency within the phonon
bands of the unperturbed crystal, the vibrational ampli-
tude of a defect is much larger than the vibrational am-
plitude of the regular crystal atoms. In this paper we re-
port the first observation of light-induced saturation of a
resonant band mode. We have studied oxygen-doped sil-
icon where the interstitial oxygen impurities give rise to a
resonant band mode. We will also present an analysis of
the absorption behavior of the resonant band mode by
describing it as a saturable two-level system strongly cou-
pled to a nonsaturable system of acoustic phonons, and
we will discuss the decay of the coupled system after
monochromatic excitation by absorption of far-infrared
radiation.

Oxygen in silicon crystals occupies preferentially an in-
terstitial site on the [111]axis between two silicon atoms;
the corresponding Si—Si bond is replaced by covalent
bonds with the oxygen atom. The oxygen atom is, how-
ever, slightly shifted away from the axis and can vibrate
in a plane perpendicular to the [111]axis. This vibration
can be described by a perturbed two-dimensional har-
monic oscillator model with a potential energy that is ro-
tationally symmetric with respect to the [111]axis (Fig.
1). The corresponding energy levels are nonequidistant.
The lowest vibrational transition (at an energy of 29.2
cm ), which is infrared active, lies in the acoustic pho-
non band of the silicon crystal. Interaction of this transi-
tion with the phonon system of the crystal by emission
and reabsorption of resonant phonons, i.e., phonons that
have the same frequency as the vibrational transition,
gives rise to a resonant phonon-band mode. Excitation
of the mode leads to both an excitation of the

I 1, +1 & vi-
brational level of the oxygen vibration and to a popula-
tion of phonon modes. The far-infrared absorption be-
havior is therefore determined by the occupation num-
bers of both subsystems.

Our silicon crystal, containing 1.8 X 10' cm ' oxygen
atoms had been annealed 2 h at a temperature of 600 C
and 2 h at 1090 C to remove thermal donors. Other im-
purities in the crystal were boron ( & 10' cm ), phos-
phorus (10' cm ') and carbon ( & 5 X 10' cm ). The
crystal was immersed in liquid helium at a temperature of
1.7 K. We used a pulsed high-power tunable CH, F Ra-
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FIG. 1. Potential energy and vibrational energy levels of oxy-
gen in silicon (Ref. 4); R is the distance of the oxygen atom from
[111] axis and v and 1 are the quantum numbers of a two-
dimensional harmonic oscillator.

man laser pumped by a high-pressure CO, laser that had
strong emission at the oxygen resonance frequency. Far-
infrared laser pulses (duration 70 ns, maximum energy
400 pJ, bandwidth 0.12 cm ') were focused on the crys-
tal, with a maximum pulse intensity of about 100
kW/cm on a small spot exhibiting Gaussian profile
(=1.7 mm diameter). Transmitted radiation was detect-
ed by a Golay detector. A small part of the radiation en-

ergy was focused to a reference Golay detector for moni-
toring the pulse energy of the incident laser beam. By re-
placing these detectors by Schottky diodes it was possible
to observe synchronously the shapes of the incident and
transmit ted pulses.

We first measured the sample transmittance at low
far-infrared pulse energies. The transmittance curve (Fig.
2) is mainly determined by interference of radiation
reflected at the two parallel surfaces of the (5-mm-thick)
crystal, but shows clearly the resonant band mode at a
frequency of 29.2 cm '. Taking account of the interfer-
ence and of the bandwidth of the laser radiation, we can
describe the experimental transmittance spectrum by the
solid curve of Fig. 2 and find that the oxygen resonance
line has Lorentzian line shape with an absorption
coeScient of 18 cm ' in the line center, and a half width

39 1286 1989 The American Physical Society



1287SATURATION OF A RESONANT PHONON-BAND MODE BY. . .

O

50

RESONANT
BAND MODE

40
E

~i 20

I ( )

28 30 32
FREQUENCY (cm )

34

.~FIG. 2. Far-infrared transmittance of oxygen doped silicon,
our far-infrared laser is tunable in the ranges of the points.
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FIG. 3. Energy transmittance (points) of oxygen-doped sil-
icon for pulsed radiation a . ct 29.2 crn ' and calculated curves or
the cases of spectral phonon diffusion (solid line), of ast
thermalization (dashed) and of nondecaying phonons (dotted).

full width at half maximum) of 0.13 cm ', our results
are consistent with earlier far-infrared absorption mea-
surements an a so wid 1 'th results of spectroscopic studies
with phonons, performed by use of superconducting tun-

cts. The half width, which is also consistent
h theoretical estimate, corresponds to a ep asingwit a eor

the ox entime (80 ps) due to energy exchange between the yg
vibration and acoustic phonons.

We have measured the energy transmittance at line
center or i ef d fferent laser pulse energies. We foun ig.
3) that the transmittance increased strongly, from . o
at small pulse energy to 2% at large energy. Our result
demonstrates clearly a saturation behavior of the absorp-
tion.

r of theWe have also investigated the temporal behavior o e
absorption. Results are shown in Fig. 4 for a medium
pulse energy p(110 J) In comparison to the incident
pulse [Fig. 4(a)], the transmitted pulse [Fig. 4(b)] was not
only reduced in intensity, but had a different shape, in i-
cating that during the first part of the pulse stronger a-
sorption occurred. The corresponaing transient trans-
mittance is shown in Fig. 4(c). The transmittance in-
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FIG. 4. Pulse shapes for the (a) incident andnd b) transmitted
laser pulses, and (c) transient transmittance; dashed curve,
theoretical transmittance for the case of spectral p onon
diffusion.

creases strongly in the front of the pulse, shows a max-
imum, and decreases in the tail. In comparison to the in-
cident pu se, e'd 1 the maximum of the transmittance is e-
layed. The results show that the excited-band mo e s a e
exists for a time longer than the laser pulse duration.
However, t e ecre, th decrease in the tail indicates that a decay
process sets in already during the laser ulse. We willP
su est that this decay is mainly due to spectral difFusionsuggest t at is ec
of the resonant phonons caused by mu pmulti le inelastic

~ ~

enc chan es of thett ring processes, with single frequ y g
order of the spectral width of the oxygen resonanc e line
an origina y monoc11 ochromatic phonon distribution —as it

~ ~

results rom t e ecayf h d cay of the oxygen vibrations-
d nd the energy injected by far-infrared absorp-

emofox-tion is slowly removed from the coupled system o oxy-
gen vibrations and resonant phonons.

For an ana ysis o ourf results we consider the resonant
b d de as composed of two strongly coupled subsys-an mo ea
tems, name y e1 th system of the oxygen vibrations, w

Fi. 1),n be re arded as saturable two-level systems ( &g.

and the nonsaturable system of the phonons o e sns of the silicon
crystal. The coupling is performed by emission and reab-
sorption of resonant phonons by the oxygen vibrations.
U ing appropriate rate equations s ppsin

lculated the crystal transmittance assumingmin thatfirst cacuae e

remains stored in the coupled system during the laser-
pulse duration, i.e., athat the resonant phonons remain
monochromatic; spatial escape of phonons from t e ex-
cited volume during the laser pulse duration can e
ne lected because of spatial trapping of the phonons due
to strong resonance scattering at yg

1 1 ted increase of transmittance (dotted curve in Fig.cacua e in
3) h 1 rger than the observed mcrease. iis muc a

that a decay of the resonant band mode uring ecates a a
e other ex-duration of the laser pulse occurred. For t e o
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treme case, namely for fast therrnalization during the
laser pulse duration, the calculation delivers almost no
saturation (dashed line in Fig. 3). Thermal population of
the oxygen vibrational levels due to heating of the crystal
by the absorbed far-infrared radiation can therefore not
be the reason for the observed strong nonlinear transmit-
tance. However, we can consistently describe both the
transient transmittance and the energy transmittance if
we assume that spectral diffusion of the resonant phonons
occurred. Spectral diffusion of phonons is characterized
by a spectral diffusion constant D,,

=v~ /~;„, where v~ is
the mean frequency shift in a single scattering process
and ~;„' the inelastic scattering rate. With a value
D„=1.3X10 Hz s ', the results of our calculation
shown in Fig. 4(c) (dashed line) and Fig. 3 (solid line) de-
scribe the experimental results reasonably well. Our
analysis is consistent with the results of a time-of-flight
experiment that shows typical characteristics of spectral
phonon diffusion. ' Since the inelastic scattering sets in
already during the laser pulse we guess for the inelastic
scattering rate a value ~;„'=10 s ', and find a mean fre-
quency shift vz —10 GHz for a single scattering process;
this value is comparable with the width of the Lorentzian
oxygen resonance line.

We have also taken into consideration other energy-
loss mechanisms for the resonant band mode. For in-
stance, we found that inelastic scattering processes with
frequency changes of the phonons that are large com-
pared with the linewidth of the oxygen resonance could
not deliver a consistent description of both the energy
transmittance and the transient transmittance. On the
time scale of our experiment, anharmonic down-con-
version' of phonons is too slow and should play no role.
We have also considered phonon up-conversion, expected
for large phonon occupation numbers. At the phonon
occupation numbers ( ~ 2) of our experiment phonon up-
conversion is most likely not important, as we found by
an estimate of conversion rates that follow from anhar-
monic parameters. '

In analogy to spectral diffusion of high-frequency pho-
nons observed in A1203 containing vanadium and chro-
mium ions" and in A1203 containing chromium ions, '

where inelastic scattering is attributed to Raman scatter-
ing at low-lying electronic two-level systems, we suggest
that in our oxygen-doped silicon crystal low-lying two-
level systems, presumably of vibrational origin, are re-
sponsible for Raman scattering of high-frequency pho-
nons. Evidence for low-lying energy levels, in undoped
silicon crystals, is known from specific heat studies' ''
and from a sound velocity study. ' Our present investiga-
tion gives further evidence"' that the dynamical behav-
ior of high-frequency phonons can be markedly
influenced by low-lying excitations. For a characteriza-
tion of the nature of the corresponding defects and their
interaction with phonons further studies are necessary.

In summary, we have found saturation of a resonant
phonon-band mode in an oxygen-doped silicon crystal.
For an analysis we take into account that the resonant
band mode in silicon corresponds to saturable two-level
systems coupled to a nonsaturable system of acoustic
phonons. Our analysis gives evidence that the mode de-

cays mainly by a process of spectral phonon diffusion due
to interaction of high frequency phonons with low-lying
excitations.

We have enjoyed very stimulating discussions with R.
O. Pohl. We would like to thank W. Eisenmenger, K.
Lassmann, and also P. Wagner, D. Huber, and J. RefHe
(Wacker Chemitronic) for valuable discussions and for
making available oxygen-doped silicon crystals.

APPENDIX

The equilibrium condition of the coupled system of ox-
ygen vibrations, considered as two-level systems, and the
phonons follows from the rate equation

dN, (t)
dt

N, (t) „Z(v, )+ dv
T, o r„„(v)

(Al)

where X2 is the density of excited oxygen vibrational
states, T, the lifetime of these states against emission of a
resonant phonon, Z(v, t) the spectral phonon density,
and r„„.'(v) the resonance scattering rate for phonons of
frequency v. With'

r„„'(v)=4D '(vo)g(v)(N —2N2), (A2)

where N is the concentration of oxygen atoms, D (vo) the
density of phonon states near the oxygen resonance fre-
quency vo, and where g(v)= —,'I [ —,'I +(v —vo)'] ', with
I =(2nT, ) ', is the Lorentzian line-shape function of
the absorption line, we obtain the equilibrium condition

Nq—D(v, )r = f Z(v)g(v)dv. (A3)
2 X —2Nz o

Neglecting, first, the coupling between the two-level sys-
tems and the phonons, we can describe the propagation
of the far-infrared radiation pulse inside the crystal by
the rate equations

BN~( t, z)
=[N —2N2(t, z)] crF&tt(v)F(t, z, v)dv, (A4a)

Bt o

BF(t,z, v) = —o„,R(v)F(t, z, v)[N —2Nz(t, z)], (A4b)
az

where the z axis corresponds to the propagation direction
of the far-infrared radiation, F(t, z, v) is the far-infrared
spectral photon flux, and .

o& F(vR) the far-infrared absorp-
tion cross section that follows from the transmission
spectrum of Fig. 2. Since our experiment was performed
at low temperature (kT «hv) we have the boundary
condition Nz(t =O, z) =0 and Z(t =O, z, v) =0.

We have solved Eqs. (A4) numerically for our spectral
photon flux density F(t, O, v). In order to take into ac-
count the coupling of the two-level systems and the pho-
non system, we have divided the laser pulse (duration 70
ns) in single portions of 1 ns duration. Each of these
pulse portions leads to an increase of the density N2 of
excited two-level systems according to Eq. (A4a). Energy
loss by emission of resonant phonons can be calculated
using Eq. (A3), and so a corrected value of the densi'y N2
can be found with which the procedure is repeated for
the next 1-ns portion of the laser pulse. Using Eq. (A4b)
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the spectral photon flux density F(t, d, v) behind a crystal
of thickness d can be calculated stepwise. Taking into ac-
count the frequency distribution of the far-infrared radia-
tion, we determined, from jF(t,d, v)dv, the transient
transmittance of the crystal; additional integration, in the
time scale, delivered the energy transmittance for a laser
pulse. In the calculation a triangular laser-pulse shape in
the time scale and a Gaussian distribution over the beam
cross section were assumed.

For description of spectral diffusion of the phonons we
used the one-dimensional diffusion equation

diffusion of the phonons during the laser pulse can be
neglected because of the strong resonance scattering even
in the wings of the Lorentzian oxygen resonance line.
Since phonons are generated only in a sma11 frequency in-
terval around the resonance frequency vo, we obtain for
phonons generated at time to (within a l-ns interval) the
solution

2

Z(v, t)-D, (r —to) / exp — . (A6)
—1/2 —1/2

4D„(r —r, )

(A5)

where D „ is the spectral diffusion constant. Spatial

Taking account of Eq. (A6), we have solved the rate Eqs.
(A4) and obtained a good description [Fig. 4(c) dashed
line and Fig. 3 solid line] of our experimental results.
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