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would find for g*(T/6)°* < I'/Ey that
Ar~g*T/6)°In(py/prP""°). (19)

For T/ <1 it is possible (but not likely) for ex-
pression (19) to be greater than expression (18)
and still have g%(T/6)} < (\kg) ' ~I'/E;, as re-
quired in order that A be determined essentially
by the electron-impurity interactions. The low-
temperature resistivity of dilute alloys of Au has
been studied by Damon, Mathur, and Klemens'’;
it appears possible to express their results in
the form of Eq. (19). In any event, our mecha-
nism allows the possibility of understanding the
different behavior observed in Au and Al in
terms of differences in the Fermi surface of
these metals, whereas the mechanism of Mills
and Campbell, Caplin, and Rizzuto does not.

We might also note that our analysis in the cy-
lindrical case [and Eq. (19) in the spherical case]
would also apply if electron-boundary, rather
than electron-impurity, interactions were domi-
nant,'*

We have neglected the effects of phonon-impur-
ity scattering, umklapp processes, the fact that
the crystal is clamped, etc. These are not incon-
sequential, and we hope to present a detailed
analysis in a future paper.

The author wishes to thank J. E. Neighbor and
R. I. Boughton both for bringing this question to
the author’s attention and for numerous valuable

discussions.
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Optical Phonon Lifetime Measured Directly with Picosecond Pulses

R. R. Alfano and S. L. Shapiro
Bayside Reseavch Centev, GTE Labovatovies, Bayside, New Yovk 11360
{Received 20 January 1971)

The lifetime of the 1086-cm™! optical phonon in calcite is measured directly to be 8.5
=2 psec at 297°K and 19.1+4 psec at 100°K by using a picosecond laser beam to create
the phonons by stimulated Raman scattering, and then observing Raman scattering off
the phonons at various delay times with a weaker picosecond beam at another frequency.

Despite the importance and great interest in
the temporal behavior of an optical phonon in sol-
id-state physics and nonlinear optics, the optical-
phonon lifetime has never been measured direct-
ly. In the past the lifetime has been deduced
from the linewidth of spontaneous Raman scatter-
ing. This lifetime is typically ~107! sec, too
short to measure directly by conventional means.
The advent of a mode-locked laser with resolu-
tion on a picosecond scale makes such a mea-
surement possible. This paper reports the first

direct measurement® of an optical-phonon life-
time in a crystal. A calcite crystal has been
chosen for this experiment.

In the experiment a high-power picosecond las-
er beam operating at a wavelength of 1.06 um
creates the optical phonons in calcite by stimu-
lated Raman scattering (SRS). A second, but
much weaker, picosecond laser beam operating
at a wavelength of 0.53 um, acting as a probe,
travels along a variable optical delay path and
undergoes Raman scattering off the created pho-
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FIG. 1. (a) Schematic of the experimental appratus, (b) the experimental angles for the probe and exciting laser
beams outside the calcite, and (c) the noncollinear phase matching inside the calcite.

nons. Such probe scattering off created phonons
in calcite has been previously demonstrated,?
and collisional de-excitation of vibrational levels
in hydrogen gas® of the order of 10°° sec and
acoustic-phonon lifetimes in liquids* of the order
of 10°7 sec have been measured previously by
probe techniques. The decay rate of the optical-
phonon population is obtained by measuring the
intensity of the Raman light produced by the
probe as a function of delay between the laser
and probe pulses.

The experimental arrangement is shown in
Fig. 1(a). The Nd-glass mode-locked laser is
described in earlier papers® and emits about 50
pulses of ~5X10° W peak power. A fraction of
the beam is converted to second harmonic with a
peak power of ~2X10® W. The total bursts of ra-
diation for the fundamental and harmonic are 6
and 4 psec, respectively, as measured by two-
photon fluorescence.® A dielectric mirror (M,)
reflects 99.9% at 1,06 um and transmits 90% at
0.53 um, The 1.06-um beam is collimated to
1 mm in diameter over the sample length of 3 cm
and is polarized as an ordinary wave. The 0,53~
um beam is collimated to 4 mm in diameter and
traverses the crystal as an extraordinary wave.
Figures 1(b) and 1(c) show the experimental an-
gles for Stokes phase matching of the probe beam
to the phonons generated by the 1.06-um beam
and also having the ray direction (Poynting vec-
tor) of the probe beam collinear with the propa-
gation direction of the phonons and 1,06-pm
beams. These conditions can be satisfied in cal-
cite because of its large birefringence. A vari-
able time delay is introduced between the 1.06-
and 0.53-um beams by the movable prism P. The

1248

time of coincidence between the probe beam and
the exciting beam is found by using the optical
Kerr-effect gate” of a 1-cm sample of CS,.2
Cooled nitrogen gas is used to obtain a tempera-
ture of 100°K.

The condensing system for the 1.06-yum beam
is carefully adjusted so that no crystal damage
occurs. This adjustment is of critical impor-
tance to the success of the experiment. Occa-
sionally the crystal is damaged, but when this
occurs, the data for the entire run are rejected.
Only one of six crystals we tried had a high dam-
age threshold. This crystal—type B+ quality—is
used for all the experimental data at room tem-
perature. However, at low temperatures many
crystals had high damage thresholds.

Self-focusing is observed in the calcite over
the last 2 cm. SRS is observed at 1.19 yum with
a conversion efficiency of 1%, The Raman
pulse widths are estimated from transient Ra-
man-gain equations® to be <2,7 psec, The Raman
pulse widths could be shorter because approxi-
mately the first ten laser pulses of the train pro-
duce SRS, and these pulses are the shortest
pulses in time.,!'! Therefore, the optical phonons
are created in a time less than 2.7 psec. The
0.53-um light scatters off the phonons and pro-
duces probe Stokes light at 0.562 pm with a con-
version efficiency of 20.1%. The coherence
length'? for the probe and probe Stokes light is
~11 cm, and the coherence length between the
1.06- and 0.53-um pulses is ~9.3 cm. There-
fore, the distance between the 1.06- and 0.53-um
pulses remains constant throughout the sample.

The presence of optical phonons is indicated by
the Stokes Raman-scattered probe light at a
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wavelength of 0.562 um which strikes an MgO
plate and is imaged on the slit of a 3-m Jarrell-
Ash spectrometer. The light is detected by an
RCA 7265 photomultiplier. Typically 25 shots
are taken at each delay position, and the intensi-
ty of the 0.562-um light is normalized by divid-
ing by the intensity of the 0.53-um probe beam
and 1.19-um beam, Only about seven shots at
each position are analyzed as a datum point—they
are chosen on a basis of nearly the same laser
intensity and “perfect” mode-locked train as dis-
played on a Tektronix 519 scope, The 1.06-,
1.19-, 0.53-, and 0.562-um beams are displayed
coincidently on a Tektronix 555 scope. The in-
tensity of the 0.562-um light is found to be linear
with respect to the 1.19-um intensity.

The following experimental procedures are
used to insure that the Raman probe light arises
from the created phonons: (1) At room tempera-
ture Raman spectra occur at 0.562 um in a 100~
cm ! wide band and appear only when the 1.06-
u4m beam is present and coincident within ~40
psec with the 0.53-um light beam. (2) The 0.562-
um light disappears when the 0.53-um beam is
not present, (3) The intensity of the 0.562-um
light depends critically on the orientation of the
calcite crystal—the intensity decreases with a
full width at half-maximum of 0.6° from the
phase-matching angle at room temperature.

(4) The 0.562-um radiation is emitted from the
calcite crystal at an angle of 28’ from the propa-
gation direction of the 5300-A radiation which is
in good agreement with calculation,

We have completed the discussion of the neces-
sary experimental procedures and now proceed
to the crux of the paper —the optical-phonon life~-
time which is obtained from the curve displayed
in Fig. 2, Figure 2 shows the best individual
runs. The intensity profile of the tail of the
curves in Fig. 2 is exponential. It represents a
convolution of the exponentially decaying phonon-
density profile and the probe laser pulse. The
lifetime is obtained from these tails for times
much greater than the pulse width of the laser.
The curves in Fig. 2 are exponential for ten pulse
widths of the probe beam. As long as the pho-
nons decay exponentially, convolution calcula-
tions show that the shape of the tail'® is not al-
tered by the shape of the laser pulses.'* The
best fit to the experimental tail in Fig. 2 is found
for the decay rate of 19.1+4 psec at 100°K and
8.5+ 2 psec at 297°K. At 100°K the average life~
time measured for seven runs is 22+4 psec.

Spontaneous Raman-linewidth measurements!®
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FIG. 2. Normalized Stokes Raman-scattered probe
intensity versus delay time between 1.06~- and 0.53-um
beams.

indicate a phonon lifetime at room temperature
of =3.6-4.8 psec and a lifetime of =7.7 psec at
100°K. These results are not within our experi-
mental error. The question arises, why should
there be a disparity between the direct lifetime
measurement and the spontaneous measurement?
We offer two possible explanations for the differ-
ence. First, decay rates may differ for coher-
ent phonons and thermal phonons.'® The coher-
ent phonons created by SRS have a state charac-
terized by frequency w,=1086 cm™ and wave
number % =0.11X10° cm ™!, and within an angle
of 1072 rad. The population of coherent phonons
in the same state (element of phase space) is
about 10° times greater than the thermal back-
ground at room temperature and 10° times great-
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er at 100°K. The relative number of thermal
phonons available to scatter with the created pho-
nons is far less than for a thermal distribution

of phonons in this state. If the decay mechanism
involves interaction with thermal phonons, these
coherent phonons will live longer in this state be-
cause the thermal phonon background cannot ther-
malize the large flux of coherent phonons. As
evidence supporting this hypothesis, we note that
not only is our measurement at room tempera-
ture in closer agreement with the decay time ob-
tained from the spontaneous Raman linewidth
near liquid-nitrogen temperature®® (77°K), but al-
so the measurement at 100°K is closer to the
spontaneous linewidth measurement of 13.4+4
psec at 4°K. Also, besides thermal saturation ef-
fects the decay rate of intense coherent phonons
may be influenced by mutual interactions*? (in-
creasing the lifetime) and parametric-generation
decay'® processes (decreasing the lifetime).

A second explanation for the disparity between
the lifetime measurements is that thermal and
coherent phonons are iocated at different points
on the optical-phonon branch and thus may have
intrinsically different lifetimes.!® Spontaneous
Raman measurements at 90° to the incident beam
of wavelength 6328 A propagating along the ¢ axis
determine the linewidth for a phonon with mo-
mentum #,=2.3%X10° cm ™ whereas the direct
technique detects a phonon of 2,=1.1X10* cm ™
propagating at a different angle in the crystal.
Since the dispersion curve in calcite is incom-
pletely known,2° it is impossible to estimate the
decay rate for these two different phonons.

In conclusion the first direct measurements of
the optical-phonon lifetime show that the optical-
phonon lifetime in calcite at both room tempera-
ture and at 100°K is considerably longer than
that deduced previously from spontaneous mea-
surements.

We thank Dr. A. Lempicki for helpful discus-
sions and for his interest and encouragement
during all phases of this experiment, and S. Hus-
sain for technical assistance.
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d-Band Difficulties in the k - p Method*
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The k- P-APW (augmented-plane-wave) method (extrapolation of energy bands through-
out the irreducible wedge of the first Brillouin zone from a set of APW basis states at
one point in the wedge) has been applied to TiC. Very poor results are obtained in com-
parison to those found for PbTe, the material most studied to date using the method.
The difficulty appears to be associated with the d bands in TiC and possibly with the
sparseness of states at I' for certain rather large energy ranges.

In a series of papers!”® appearing during the
last half-decade, Pratt and co-workers have re-
ported the calculation of energy bands, interband
matrix elements of momentum, vacancy-state
properties, and optical properties of PbTe. All
of this work has as its foundation the E-ﬁ—APW
(augmented plane wave) method, in which the
APW? solutions w,i(¥) to the one-electron Shcrod-
inger equation (with local exchange®) at k=0 (or
some other point Eo of high symmetry) are used
to form the trial wave function

b, (F) =23, B,y (K) exp (i K- Pz, (F). (1)

This wave function then yields the customary )
secular equation,

det{ 2(k-K,)- (w,ic | Bl wi i)
—6j1[€n (E)_€1(ko)_(E—Eo)2]} =O, (2)

when used in the ordinary Rayleigh-Ritz varia-
tional principle. It is straightforward to include
relativistic corrections and obtain a generaliza-
tion of (2); the reported work on PbTe has in
fact incorporated such corrections.

Because of the wide range of successful appli-
cations of the K-p-APW method to PbTe, we be-
gan an effort to develop independent computer
programs and make tests of the method on a va-
riety of compounds. It was hoped that a rapid,
economical, and widely applicable method for

extrapolating energy bands from the APW would
result. To this end we selected the NaCl struc-
ture (for checking against nonrelativistic PbTe
results, and for application to TiC, a compound
of independent interest to some of us), and de-
veloped the codes necessary for computing the
matrix element of momentum which appears in
(2), and for subsequently solving (2). Insofar as
we are able to ascertain, both the structure of
our calculational procedure and some of the nu-
merical methods employed are rather different
from those of Pratt et al. However, we defer a
discussion of these technical points to a forth-
coming publication on our techniques.

One sensitive test of the computer code is the
calculation of the energy bands for the empty
lattice. Using the structure elements, lattice
spacing (2 =8.1606 a.u.), and APW sphere radii
appropriate to TiC, we computed energy bands
for a potential which vanished everywhere. In-
cluded in our basis set for the empty lattice test
were symmetrized plane waves with reciprocal
lattice vectors of squared magnitude up to and
including 327%/a®., Matrix elements of P between
plane waves belonging to different wave vectors
should vanish identically; the magnitude of the
calculated values was never in excess of 6 X107%
a.u. and was commonly two orders of magnitude
smaller. The energy bands were in agreement
with the exact analytic results to within 10°® Ry,
which is a reasonable limit on our overall numer-
ical accuracy. (The coding is in FORTRAN IV,
double precision, using an IBM 360/65. The
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