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Phonon-induced Raman processes connecting the E(%E) and 24 (2E) states in ruby
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The dynamics of near-zone-boundary phonons is investigated in ruby at low temperature by use of
a technique of modulated pumping. The phonons are generated in the nonradiative decay to *E fol-
lowing optical excitation of *T; or *T,. The detection is via phonon-induced Raman transitions
from E(’E) to 24 (*E), and the associated enhancement of the R, luminescence. The phonon occu-
pation is linear in the optical-pumping intensity, but becomes quadratic in case of significant secon-
dary optical pumping starting from the 2E states, and reaches values of up to 10~". The prevailing
decay mechanism appears to be ballistic flight out of the pumped zone over distances of up to 0.3
mm, corresponding to lifetimes of over 200 ns. An additional result is the optical feeding constant

into 24 (2E).

I. INTRODUCTION

During the last few years there has been considerable
debate on the lifetime of near-zone-boundary phonons.
Experiments in quartz,! and recently in GaAs (Refs. 2 and
3) and TICL* all point to long lifetimes (up to 1 us) and
large distances of travel (up to 1 mm). Indeed, by quite
general theoretical arguments near-zone-boundary pho-
nons of the lowest acoustic branch cannot decay by anhar-
monic processes,’ which in the case of perfectly
translation-invariant crystals would infer infinitely long
lifetimes. In real crystals, however, mode conversion in-
duced by impurities, defects, and isotopes would presum-
ably limit the intrinsic lifetime by a breakup into rapidly
decaying modes at lower frequencies. In this paper we
present experiments on near-zone-boundary acoustic pho-
nons taking advantage of optically pumped Cr’* centers
in diluted ruby. The results point to surprisingly long
lifetimes by ballistic motion, and consequently weak mode
conversion. The phonons are generated by the breakup of
the energy associated with the nonradiative decay follow-
ing optical pumping, and detected by the enhancement of
the R, luminescence due to Raman transitions invoked by
these phonons. The rate of these transitions is in fact
directly accessible to experimental examination by
measuring the total feeding in 24 (?E) via the modulated
pumping scheme employed here. The Raman processes
connecting 24 (E) and E(?E) also bear on the discrepan-
cy between earlier continuous-wave® and time-resolved”?
experiments on 29-cm~! phonons, as was first noted by
Basun et al.” Additional feeding into 24(?E) turns out to
drive the hot 29-cm™! phonon spike several orders of
magnitude above the value expected from the measured
relaxation time of 24(?E) and the rate of the optical-
pumping cycle alone. This effect, as will become clear
below, is entirely due to the optical generation and the
longevity of near-zone-boundary phonons. The above
findings have been corroborated, in a separate paper,'® by
independent measurements in ruby of the Raman transi-
tion rate induced between the Zeeman components of
E(’E) in an external magnetic field. Finally, the feeding
rate of the optical pumping into 24 (2E) is determined.

II. INTERPRETATION OF EXPERIMENTS
WITH MODULATED PUMPING

The technique of modulated pumping allows one to
determine in a single experiment, i.e., at identical total
metastable concentration N*, (i) the equilibrium popula-
tion of the metastable levels that would be maintained
under the conditions of continuous pumping, and (ii) the
decay time of these levels as measured in a time-resolved
experiment. When applied to the case of the metastable
E(?E) and 24(2E) states of ruby (Fig. 1) at low tempera-
tures (~ 1.5 K), modulated pumping implies a repetition
period short compared to the radiative lifetime (7 =3.7
ms), but long compared to the decay time Tg of 24(E)
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FIG. 1. Schematic energy-level diagram of Cr3*:Al,0s.
Near-zone-boundary phonons are generated in the nonradiative
decays following primary and secondary optical pumping.
These phonons induce additional feeding into 24 (?E) by Raman
transitions starting from E(’E). Resonant 29-cm~! phonons
are produced in the one-phonon decay 24(%E) to E(’E) with a
time constant T, elongated by bottlenecking. Diagram applies
to pumping with the 458-nm argon line; at 514 nm, pumping is
primarily to the *T), band located around 18000 cm ™!, while no
efficient secondary pumping occurs.
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(Tegr <3 us, dependent on the conditions). Accordingly,
repetition rates as high as 200 kHz are feasible. Under
these conditions, a virtually constant N * is produced, cor-
responding to the average pumping intensity (note that
Nz = N?%*). The equilibrium ratio of populations may then
be derived from the R, and R; emissions, while T is
retrieved from the decay of R, following removal of the
optical pumping.
The rate of the Raman processes connecting E(%E) and
24A(%E) induced by optically generated near-zone-
“boundary phonons!! is. now accessible by combining the
population ratio and T.y. To demonstrate this point, we
write down the rate equations of the Cr3* populations Nz
and N,z in the metastable states, and the occupation
number p of the resonant 29-cm ™! phonons. That is,

dt T,

PZB(Nz'AT*NE)

TRam
Ng

———+Pgn(1),
TR

pzs(Ng—N,3)

dN,7 —(p+1)N,;+pNg

dt Td TRam
N.o
2 o), 80
TR
,ap _ (p+1N,z—pNg  pAwp
p dt - Td T ’

in which T, is the spontaneous direct transition time of
24(*E) to E(’E), pzp is the occupation number of the
near-zone-boundary phonons averaged over the modes ac-
tive in Raman transitions, Tg,,, is the effective time con-
stant of the Raman processes, ®z7(t) and P@,5n(¢)
represent the optical feeding, p is the density of the
resonant phonon modes, and Av is the width of the
resonant phonon packet; n(¢)=1 during optical pumping,
and 7(¢)=0 in the light-off period. We have, for simplici-
ty, assumed the phonon decay to be described by a linear
loss term with a unique time constant 7. The time con-
stant Tg,,, contains all relevant details of the Raman pro-
cesses, and has been estimated in a calculation connecting
the rates of these processes to 7T, with the result
Tram ~ 1071010

We solve Egs. (1) under the conditions of strong
bottlenecking of the. 29-cm~! phonons (o=N*r/
pAvT,; >>1), negligible radiative decay (7g >>Teg), and
light-on and light-off periods longer than T but shorter
than 75, to obtain for the time-averaged excited-state pop-
ulation ratio

(sz)/Ni':<(¢22+pZB/TRam)>0'Td ’ (2)
with (@,7)=(®,5)/N*, and for the decay time of R,
following removal of the feeding

Teff=0'Td(1+pAV/N*) . (3)

In connection with Eq. (2), we point out that, because
N,7 <<Ng, the Raman process may alternatively be en-
visaged as an additional feeding into 24 (2E) of magnitude
: pZB/TRam’ or
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;(;_; =@,7 +PzB /TRam . 4)

Combining Eqgs. (2) and (3), and noting that in all experi-
mental situations encountered here pAvV/N* <<1
(pAv=4x10'6 cm~3 for transverse acoustic phonons), we
finally arrive at

(N22>
NgTer

(633 = (5)

Equation (5) expresses that the basic information to be
retrieved from the two quantities measured in the modu-
lated pumping experiments, (N,7)/Ng and Ty, is the
total feeding into 24 (2E). It should be emphasized that
this result is to a large extent independent of the particu-
lar mechanism of the phonon decay, since Eq. (5) merely
reflects a balancing of the processes governing the 24 (’E)
population. Even such a fundamental modification of
Egs. (1) as the replacement of the phonon loss mechanism
adopted by pure boundary-limited spatial diffusion® does
not affect the functional dependence of Eq. (5), although
it adds a multiplicative factor of 0.72 on the right-hand
side. With regard to the sensitivity of the scheme for the
detection of near-zone-boundary phonons, we see that the
Raman-induced feeding is already of the order of the
direct optical feeding for pzp as low as 10~° (an upper
limit of ¢, is 1/75).

III. EXPERIMENTAL RESULTS
AND DISCUSSION

In this section we present measurements on the total
feeding into the 24(’E) levels, ¢5%, for three different
ruby samples. By use of atomic absorption, the Cr’*
ground-state concentrations for these crystals were deter-
mined to be 130, 700, and 2500 at.ppm.!? The crystals
have the form of thin slabs (thickness 0.3, 0.4, and 0.2
mm, respectively). The excitation was accomplished with
an argon laser operating either in the single-line mode at
514 or 458 nm, or in the all-lines mode (5 W maximum
output). The laser beam was chopped by an acousto-
optical modulator, achieving rise and fall times of better
than 30 ns. The R; and R, emissions were detected with
a double monochromator and standard photon-counting
techniques. The temporal evolution of the intensities was
determined by use of a time-to-amplitude converter. All
measurements were done at low temperature (1.5 K) to
eliminate relaxation by thermal phonons. For further de-
tails, including those pertaining to the numerical analysis
of the decays leading to T, one is referred to Ref. 13.

A. Raman feeding versus N *

To illustrate the technique, and also to discuss the ori-
gin of pzp, we first present some representative data on
the 700—at. ppm sample taken with a laser beam with ra-
dius R=200 um, ie., such low N* that ¢,; and
Pze/ Tram are of similar magnitude. Figure 2 shows both
(N,7)/Ng and Ty versus N*, where by virtue of the’
modulated pumping scheme the abscissas are automatical-
ly tied together. These data reworked to ¢5% according to
Eq. (5) are presented in Fig. 3. A linear increase with N*
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FIG. 2. T and N,/ Ng, as determined by the modulated
pumping technique, vs N* in 700—at. ppm ruby at 1.5 K with
optical pumping at 514 nm. The excited zone is a cylinder with
radius 200 um. The N* scale has limited accuracy only. Data
have been corrected for reabsorption of the luminescence.

is observed, intersecting the ordinate at ¢,5=19+10 s~ L
with the error mainly residing in a correction for reab-
sorption. It is noted that similar results for ¢5% in the
130— and 2500—at. ppm samples, not presented here, also
exhibit a linear rise vs N*. All data taken together, we
arrive at ¢, =20%5 s—114

The most prominent result borne out by Fig. 3 is the
linearity of pzg on N*, justifying the assumptions leading
to incorporating terms of the form pzg(Ng—N,%)/ Tram
in Egs. (1). Thus, the optically produced near-zone-
boundary phonon occupation appears to be proportional
to the pumping intensity. In working this out in some-
what more detail, we estimate the number of phonons
produced as follows. The excess energy of the optical-
pumping cycle released in the nonradiative decay from the
broadbands amounts to about 5000 cm~! at 514 nm, and
ultimately has to be taken up by the acoustic phonons,
presumably more or less uniformly distributed over all
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FIG. 3. Total feeding into 24 (’E), ¢5%, in 700—at. ppm ruby
at 1.5 K vs N*, derived from the data in Fig. 2. Intercept at
N*=0 represents the direct optical feeding, and the linear in-
crease represents the Raman transition rate of E(2E) to 24(2E).
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modes. The emphasis that the density of states puts on
the region in k space near the zone boundary then ensures
that the energy associated with the nonradiative decay
preferentially ends up in phonons near the zone boundary,
having an average energy of about 230 cm~!. The feeding
of near-zone-boundary phonons generated may thus be as-
sessed to be

1 _N* 5000

Pm= N o 230 °

(6)

where 3N is the number of acoustic modes. For a typical
N*=10"® cm~3 in ruby, the feeding per mode equals
®75=0.2 s~!. Then, pzp of the transverse branches is
determined by balancing the feeding into the near-zone-
boundary phonons with their decay, which is assumed to
be uniexponential with a unique decay time 7,5, or

pz=Pzp77B - (7

The longitudinal acoustic phonons have such short life-
times (~10~!! s) as to be ineffective in Raman transi-
tions. It is further noted that near-zone-boundary pho-
nons are favored in effecting Raman transitions by the
transition probability of the process, which approximately
goes with k2k'?/ww’, where o is the angular frequency
and the primed quantities refer to the outgoing phonon
(fi> —#iw’ =29 cm™Y).

Results for 775 of the transverse phonons deduced with
Egs. (6) and (7) from the experimental pzg/Tr., are, to
better accuracy than Fig. 3 permits, extracted from the
data extended to higher N* by focusing down the laser
beam (R =25 um). The result for all three samples are,
after subtraction of ¢,4, presented in Fig. 4. We first dis-
cuss the data with optical pumping at 514 nm. The
pumping up to higher N* allows a reliable calibration,
with reference to the “4, ground-state concentration, of
the N* scale versus the R intensity by observing the de-
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FIG. 4. Raman part of the feeding into 24 (’E), ¢}% — ¢, in
130—, 700—, and 2500—at.ppm ruby at 1.5 K upon optical
pumping at 514 or 458 nm. The excited zone has diameter 60
pm. Data for 700 and 2500 at. ppm are corrected for reabsorp-
tion. Slopes 1 and 2 point to generation of near-zone-boundary
phonons in the primary and secondary optical-pumping cycles,
respectively.
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pletion of the ground state as reflected in the leveling off
of the R, intensity versus laser power. The N* scale
determined in this way is to a large degree insensitive of
the effects of reabsorption. We estimate the N* scale to
be accurate within 25%, apart from any systematic errors
in the determination of the ground-state concentration.
Further, the narrowing down of the laser beam permits
smaller distances of travel of the R luminescences to the
surface of the crystal, thus reducing the undesired effects
of reabsorption on both the ratio R,/R; and the R, in-
tensity. In Fig. 4, the N* scale being fixed, the
130—at. ppm data, for which reabsorption is negligible,
are taken as a gauge for the ordinate. To correct for reab-
sorption in the 700- and 2500-at. ppm samples, the data in
these samples as measured at 514 nm have subsequently
been shifted downwards by factors of 1.3 and 1.7, respec-
tively, to obtain coincidence in regimes of N* for which
data for all three concentrations are available. These fac-
tors are consistent with the results of independent mea-
surements on the reabsorption in these samples in magnet-
ic fields, while the corrections are in the right direction in
view of the transition probabilities of R; and R, in the
specific geometry. Returning to the interpretation of

2% —#,7 (Fig. 4), we first observe this quantity to be
linear in N* over at least two decades, which confirms the
assumed independency of 7,3 on N*, and thus rules out
trapping of the phonons by excited Cr®*. For N*=10!%
cm~> and an excited-zone radius R=25 pm, then, we
find with Eq. (4) from Fig. 4 the result pzp~5x107,
leading with the appropriate ®z5~0.2 s~! to 725~25 ns.
This corresponds to an escape out of the excited zone at a
velocity of approximately 10° cm/s, substantially below
the velocity of sound, which is 6.4 10° cm/s. The latter
result is, of course, subject to some uncertainty because of
the approximations made in the calculation of Tg,, and
®,5, but may nevertheless be regarded to constitute fur-
ther evidence for the involvement of near-zone-boundary
phonons.

B. Secondary optical pumping

In the preceding subsection the laser excitation was at
514 nm. Here, we consider excitation with the 458-nm
line. In contrast to an 514-nm line, the 458-nm line falls
near the center of an absorption band from the 2E meta-
stable states to still higher states. The resultant secondary
pumping provides an additional generation of near-zone-
boundary phonons, proportional to N*2 rather than N*,
provided a significant fraction of the Cr** ions is in the
metastable states. By analogy with Eq. (6), the number of
near-zone-boundary phonons generated is
1 | N* 7400

Dpp=——
LB 3N | 7x 230

a N*2 21800
[o4] N()TR 230

) (8)

where N, is the ground-state concentration, and «; and a,

denote the cross sections for absorption of laser quanta by
Cr*+ in the “4, and E(%E) states, respectively. For the
polarization of the incident beam used here (E||c axis)
ay/a;~40 at 458 nm (cf. Ref. 15, with allowance for the
reduction of a; by a factor of 4 upon cooling from 105 to
1.5 K). For comparison, for the same polarization
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ay/a;=1 at 514 nm. Accordingly, at 458 nm the phonon
production is being taken over by the secondary pumping
cycle above N* /Ny~1072, while at 514 nm N*/N,~0.3
would be needed to achieve an equivalent effect.

Data of ¢;% —,7 versus N* upon excitation at 458 nm
are presented in Fig. 4 for 700-at.ppm ruby. To these
data applies the same N* calibration as in the 514-nm
case, but the effects of reabsorption may differ to some
extent because the tuning of the laser is inevitably accom-
panied by a displacement of the excited zone. Indeed, as
expected from Eq. (8), a pure quadratic dependence is ob-
served above N*=~10" cm™3, corresponding to
N*/Ny=~3Xx10"2 at the appropriate Ng. It is of interest
to note that the linear part of the 458-nm data, when com-
pared with the 514-nm data with due account of the ex-
cess energies [cf. Eqgs. (6) and (8)], yields a comparable
7zp. The transition of the 458-nm data to linear depen-
dence occurs at an N* that is too high by a factor of 2,
but the disparity should not be considered to be beyond
the inaccuracy of the data at the lowest N*. At 514 nm,
the transition from a linear to a quadratic N* dependence
is, according to a suitable analog of Eq. (8), not expected
to occur until N*~10" cm~2 in 700-at. ppm ruby, and
N*=~3x10" cm~? in the case of 2500 at. ppm.

C. Size dependence of 723

In this section we present experiments that give access
to the dependence of the lifetime of near-zone-boundary
phonons on the dimensions of the excited zone. Via the
size dependence one would be able to distinguish between
various possible decay mechanisms, such as mode conver-
sion (7zp independent of the dimensions), decay by ballis-
tic flight (rzp proportional to the average flight path L
out of the zone), and decay by boundary-limited spatial

diffusion (rzp L?. In Fig. 5, we present the results of

measurements of the Raman transition rate for a selection
of diameters of the pumped cylinder upon varying the po-
sition of the focusing lens (R =30—280 um). The diame-
ter of the zone was calculated from the known beam di-
ameter by standard geometrical optics with a correction
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FIG. 5. Raman part of the feeding into 24(’E), ¢}% —¢,=, in
700—at. ppm ruby at 1.5 K vs the laser power for various beam
diameters, as indicated (in mm). Laser is operating in the all-
lines mode. Solid lines represent a fit of Eq. (9) to the data,

demonstrating 7zp to scale approximately with R.
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for diffraction. To have efficient pumping also at the
largest zone diameters, the laser was operated in the all-
lines mode. For each diameter these measurements have
been carried out as a function of the laser power to deter-
mine the effects of the secondary optical-pumping cycle
with increasing N*. Indeed, at small R a faster than
linear increase of ¢ with laser power is observed, while at
large R the increase is strictly linear.

To extract the L dependence of 7,5, we recall that

5% —¢,7 =Pzp77p/ Tram, While N* is proportional to
the laser-power density P/mR2 We further adopt at this
point a power-law dependence of 775 of the form
778 < LY, where the size dependence is contained in the
exponent y. Accordingly, we have

P
mR?

2

P.
¢34 —da=a —2+B RY, ©)

where we have identified L with the cylinder radius R.
The solid curves in Fig. 5 represent a fit of Eq. (9) to all
data at the same time, with «, 8, and ¥ as adjustable pa-
rameters. The quantity S is a measure of the contribution
of the secondary pumping cycle. By extending Eq. (8)
such as to include all appropriate laser lines and compar-
ing Eq. (9) with the resultant expression, 8 may be related
to (N*/Ny)/(P/mR?), the relevant ratios a,/a;, and the
ratio of the powers of the Ar lines. The result
B=2.7Xx10"* mm?/mW calculated in this way appears to
be consistent with the fitted result B=(2.0+0.5)x 10~*
mm?/mW within the uncertainties. The value for B
shows that the data in Fig. 5 have entered the regime
quadratic in P at the higher laser powers and the smaller
diameters. As regards ¥, with inclusion of the errors pro-
pagated from L and P, and a minor upward correction as-
sociated with the effects of reabsorption, amounting to
0.1, we arrive at y=0.8+0.2. The result, within errors
equal to unity, indicates that the predominant loss mecha-
nism for near-zone-boundary phonons is removal out of
the excited zone by ballistic flight, at least in the case of

zone diameters up to about 0.6 mm. Combined with the
result for 7,5 of Sec. III A, 7,5=25 ns at R=30 pum, the
result implies the intrinsic lifetime of near-zone-boundary
phonons to be at least 200 ns.

IV. CONCLUSIONS

With a technique of modulated pumping, which makes
it feasible to eliminate the effects of bottlenecked 29-cm ™!
phonons, it has been demonstrated that the feeding into
2A4(%E) is substantially larger than the direct optical feed-
ing. The additional feeding per metastable Cr’* is linear
in N*, but becomes quadratic in case the laser wavelength
allows for a secondary pumping cycle. The experiments
further show the additional feeding to scale approximately
with the excited-zone dimensions. These phenomena are
explained by a Raman process connecting the E(2E) and
24(’E) populations. The process is induced by near-
zone-boundary acoustic phonons produced in the breakup
of energy released in the nonradiative decays following the
optical excitations. From the analysis, it appeared that
occupation numbers per mode of order 10~ are reached
at feasible laser powers. The prevailing decay mechanism
of the near-zone-boundary phonons is ballistic flight out
of the excited zone, at least up to flight paths of 0.3 mm,
corresponding to intrinsic lifetimes of over 200 ns. The
above study has further demonstrated that the ruby level
scheme is selectively sensitive to near-zone-boundary pho-
nons, and hence may be employed as a detector of such
phonons.!
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