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Resonant phonon-assisted energy transfer in ruby from 29-cm '-phonon dynamics
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The dynamics of 29-cm ' phonons resonantly trapped in the E 2A excited-state resonance

of Cr + ions in A1203 is studied as a function of excited ion concentration, spot size, and Cr +

concentration employing pulsed optical techniques for generating and detecting the phonons. It
is shown that serious differences exist between the present pulsed experiments and the cw opti-

cal experiments described elsewhere. The observed saturation of the bottlenecked lifetime at

high excited-ion concentrations and its independence of spot size is shown to be consistent with

a resonant-phonon-assisted energy transfer (RPAET) among nonresonant ions, which shifts the

phonons out of the resonance. Detailed computer calculations of this rate are performed which

include a random distribution of Cr + pairs with an exchange which decays exponentially with

separation. Several models are considered for the minimum pair separation which leaves the

pairs resonant with the single ions. Calculations for both microscopic and macroscopic broaden-

ing are examined. We find that the calculated rates are consistent with the observed magnitude

of the saturated lifetime and its dependence on Cr +-ion concentration assuming microscopic

broadening and a value of the exchange an order of magnitude smaller than previously estimat-

ed for average pair separations in 1% ruby, Implications for the effects of RPAET on the prob-

lem of energy transfer in ruby are discussed and it is shown that the absence of RPAET in

fluorescence line narrowing and transient grating experiments is consistent with its dominant

role in 29-cm '-phonon dynamics assuming these smaller values for the exchange.

I. INTRODUCTION

Ruby offers a unique opportunity to study the

dynamics of high-energy phonons. The 'E state of
Cr + in A1203 is split by 29 cm ' into the E (lower)

and 2A (upper) states, as shown in Fig. 1. The reso-

nance is unusually narrow for a resonance between

two crystal-field states. At low temperatures relaxa-
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FIG, 1. Energy-level diagram of Cr + in A1203 (ruby)

showing alternative methods of generating 29-cm ' phonons

pumping either the broadbands or 2A states.

tion between 2A and E occurs predominantly via a
single-phonon process with T~ =1 ns. 29-cm ' pho-
nons can be generated via the relaxation 2A E
which follows optical pumping of the 2A state directly
or optical pumping of the broadbands with the subse-
quent subnanosecond relaxation of some of the ions
to 2A. The resulting 29-cm ' phonons can be detect-
ed from the enhanced 82 luminescence which results
from the strong absorption of the resonant phonons
by the excited ions in E. The strong absorption leads
to phonon bottlenecking and resonant trapping of the
29-cm ' phonons.

The literature concerned with the dynamics of
resonantly trapped 29-cm ' phonons in ruby is quite
extensive. ' " In the earliest experiments by Renk
and Peckenzell4 in which 29-cm ' phonons from a
heat pulse were trapped in an optically excited
volume and detected from the enhanced R2 emis-
sion, it was concluded that the phonon lifetime vis-
a-vis spontaneous anharmonic breakup was =1.5 p,s
in 0.075 wt'/0 ruby. Later experiments by Meltzer
and Rives9 using optical techniques to generate only
resonant phonons directly within the excited volume
suggested values =0.5 p,s for anharmonic decay in

0.08 wt% ruby. Later experiments by Pauli and
Renk'0 gave closer agreement (0.35 p,s) between the
two experiments.

Dijkhuis, van der Pol, and de mijn, using cw exci-
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tation into the broadbands of a 0.1% ruby sample to
maintain an excited ion density N' while simultane-

ously generating resonant phonons in the subsequent
2A E relaxation, concluded from measurements of
the R2/R I intensity ratio using 0.3-mm-diam spots at
N'=10' cm that the phonon relaxation time was
10 ps. Further experiments with smaller (120 pm)
spots and larger N'(= 10'9 cm ~) yielded bottleneck
factors in excess of 2 x 10', which by applying the
same arguments as were used for the 0.3-mm data,
give a phonon lifetime of 200 JM, s, in marked
disagreement with the most recent results of the
pulsed experiments (1—4 ps)." " Similar work by
Kaplyanskii, Basoon, and Shekhtman" in very large
(1.3-mm diameter) cylindrical volumes yielded
bottleneck factors at N' =10' cm ', which are an
order of magnitude smaller than observed by
Dijkhuis, in their 120-p,m-diam spot data for the
same N'. Kaplyanskii concluded that the phonon
loss could be explained solely in terms of spatial dif-

fusion and an anharmonic decay time of 2 IM, s within
the theory of Levinson' and Malyshev and Shekht-
man" which treats the resonance as homogeneous
with no spectral transfer. Thus not only is there
severe disagreement between the pulsed and cw ex-
periments, but considerable inconsistencies appear to
exist among the cw experiments themselves.

Using a magnetic field, Dijkhuis and de Wjjn'"
concluded that for low N" spatial diffusion governs
the phonon loss, but that at larger N' strong spectral
redistribution of the phonons occurs within a Gauss-
ian type resonance of half-width duo =0.015 cm '.
They showed that for their largest N'(= 10' cm ')
the phonon distribution broadens to 3dvo at zero
field. Pauli et al. " and Pauli and Renk" also exam-
ined the question of spectral redistribution using cw
and combined cw and pulsed techniques and conclud-
ed from the observed N" ' dependence of the life-
time and the behavior of their data on spot size that
the resonance is Lorentzian and that the frequency
spread of the phonon distribution increases in pro-
portion to (N'R)'~', reaching a value of 30 dvo for
N'= l.5 &10' cm ', a value about ten times larger
than that obtained by Dijkhuis at that N'.

Egbert, Meltzer, and Rives' have examined the
spot size dependence (0.1—0.5 mm) of the temporal
response of A2 emission after pulsed optical excita-
tion of 0.08% ruby. They found that for N" ) 10'
cm ~, their data were almost independent of spot
size, indicating for the first time the absence of any
mechanism requiring spatial transport from the excit-
ed volume. In addition, v saturates at a value of =1
p,s in their samples for N' & 10' cm ', showing no
further increase with N'. They suggested for an ex-
planation a mechanism first discussed by Holstein,
Lyo, and Orbach' to explain phonon-assisted elec-
tronic energy transfer in ruby whereby the energy
mismatch between nearby Cr~+ ions is taken up by

the 29-cm ' phonon, thereby shifting the phonon's
energy out of the narrow E 2A resonance. The
model predicts a saturation of the observed lifetime
at high N', and using reasonable parameters, a value
of =1 p,s is obtained from the model, as observed.

Most recently Hu' has seen evidence for stimulat-
ed emission of transverse 29-cm ' phonons from
cylindrically excited regions by pumping directly the
R2 absorption thereby creating a population inver-
sion.

Clearly, our understanding of 29-cm '-phonon
dynamics in ruby is far from complete. The early
conclusions which claimed to have measured the
anharmonic decay time are probably incorrect. It is
reasonably certain that spatial diffusion dominates the
loss for small N" and R, aided by spectral diffusion at
moderate N' and R. For the largest values of N'
other mechanisms which do not involve spatial or
spectral diffusion or anharmonic decay must limit
the time the resonant phonons remain trapped in the
excited volume.

In this paper we present the results and analysis of
a comprehensive group of experiments using pulsed
optical generation and time-resolved optical detection
techniques to measure the 29-cm '-phonon lifetime
as a function of excited-ion resonant-scatterer densi-

ty, spot size, and ground state Cr'+ concentration.
The emphasis will be on the moderate and high N'
regime. We show that (1) for large excited ion den-
sities, the behavior of the 29-cm -phonon lifetime
upon these experimental conditions is consistent with
a model in which the phonon lifetime is limited by a
resonant-phonon-assisted energy transfer, (2) the ob-
served contribution of RPAET to the phonon loss is
compatible with recent experiments in electronic en-
ergy transfer in ruby using fluorescence line narrow-

jng, transjent gratjng, and Stark shjftjng tech-
niques, which indicate very slow nonresonant and
resonant energy transfer, providing the values of the
exchange contribution to the energy transfer are re-
duced by at least one order of magnitude compared
with previous estimates for average Cr~+ separations
appropriate to 1% ruby, and (3) serious differences
exist between the pulsed and cw experiments and
indeed among the cw experiments themselves, which
at this point remain totally unresolved.

In Sec. II we discuss the experimental techniques
used in the present work. The results of these exper-
iments are examined in Sec. III and compared with
those of previous workers. In Sec. IV we present a
model to explain the large N' results using a
resonant-phonon-assisted energy transfer, and in-
clude a calculation of its magnitude and ruby concen-
tration dependence, which is in reasonable agreement
with the experimental results. In Sec. V we discuss
the relationship between the phonon and energy-
transfer experiments in ruby and finally present our
conclusions in Sec. VI.
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II. EXPERIMENTAL TECHNIQUES

In this paper we examine the temporal response of
the R2 luminescence as a function of spot-diameter
(0.1 mm( 2R (2 mm) and excited-ion concentra-
tion {1.5 x 10"cm ' (N' ( I 5 x 10"cm ') for
three different Cr3+ ground-state concentrations. In
all experiments the samples were fully immersed in

liquid helium at 1.5 K.
The samples were typically 3 to 5 mm on a side

and had concentrations of 0.023, 0.081, and 0.28
wtok Cr203/A1203, as determined spectroscopicaily. 23

The spot size was controlled using masks directly in

front of the samples with pinholes varying from 0.1

to 2.5 mm in diameter. The laser spot size was usu-

ally a factor of 2 larger than the pinholes to minimize
nonuniform excitation across the illuminated regions.
N was estimated in the pulsed-excitation experi-
ments from the known absorption coefficients and
laser-pulse energies and where cw excitation was em-

ployed, the absorption coefficient at 5140 A along

with the E radiative lifetime, including effects of ra-

diation trapping, were utilized.
In order to cover the large range of R and N', and

in an attempt to minimize sample heating which oc-

curred with the largest excitation energies, experi-
ments were carried out using a variety of excitation
techniques. In this section we describe six types of
experiments employed.

ce pumping with a xenon lamp and a N2-pumped

dye laser. Some of the data included in this paper
were presented previously9 when a high-pressure xe-
non lamp was utilized to prepare a metasable E pop-
ulation in conjunction with a N2-pumped dye laser

pumping the broadbands to prepare the 29-cm
resonant phonons in the subsequent relaxation from
2A and E. These experiments covered the low-N'

range for large spot sizes (2R =1 mm). The R2
emission was vie~ed parallel to the xenon lamp and

laser excitation. Filters were used to remove the R2
wavelength fI'OIIl the xenon-laIYlp exc1tatlon. Th1n

samples ( —1 mm) were used to minimize X' varia-

tion through the excitation cylinder.
2. Broadband excitation with a N2 laser-pumped dye

iaser For small spo. t size (2R ( 200 p,m) it was pos-

sible to cover nearly the full range of N' using a N2

laser-pumped dye laser pumping into the broadband
absorption with up to 250 p,J in a 3-ns pulse. The R2
luminescence was collected over a small section of
the excitation cylinder (to minimize .W" variation
across the absorption path) by looking perpendicular-

ly to the cylinder axis. Time-resolved spectra in this

and the previous technique were obtained using a
single-photon time-correlation technique described
previously. '4

3. Broadband excitation with a coaxial f1ashlamp

pumped tunable dye laser. In order to obtain high

values of N in larger excitation volumes, a

flashlamp-pumped tunable dye laser was employed.
With a Littrow grating in the cavity, up to 70 mJ of
light at 5800 A were obtained in a 700-ns pulse. Be-
cause the laser pulse length is comparable to the pho-
non decay time, we inserted a Pockels cell in the
laser cavity, which acted as a 0 switch, to abruptly
terminate laser action with a fall time of about 20 ns.
This allowed us to examine the R2 decay immediately
after the peak power point of the laser without the
complication of simultaneous phonon and N' genera-
tion. This attempt was only moderately successful
because when more than 5 mJ were injected into the
sample, sufficient heating of the sample occurred
such as to make it impossible to examine the
resonant phonon dynamics. A major part of the
heating results from the nonradiative multiphonon
relaxation between the broadband states and the ~E

states converting approximately 20'k of the absorbed
light energy into high-energy phonons. Further re-
laxation within the sample results in a thermal distri-
bution of phonons over the full sample volume cor-
responding to a temperature well above that of the
bath. It is this crystal heating which is seen by our
optical detector of 29-cm ' phonons at times well in
excess of the bottlenecked relaxation times v.

With the flashlamp-pumped laser, the R2 lumines-
cence was sufficiently strong to give an analog signal
rather than individual pulses on our fast photomulti-
plier {Amperex TVP56). We stored the signal from a

single flash on a 500-MHz transient recorder (Bioma-
tion 6500) and between flashes transferred the data
digitally to a signal averager.

4. Resonant excitation to 2A with a coaxial flashlamp
laser using external injection. In order to avoid the
multiphonon relaxation, we pumped directly to the
2A level with the flashlamp-pumped tunable dye
laser. In order to narrow the bandwidth sufficiently
to couple to the 0.2-cm ' absorption bandwidth we

injected a 0.2-cm ' 10-ns pulse from a N~-pumped
tunable dye laser. The flashlamp laser cavity was Q
spoiled with a Pockels cell until injection. The cavity
was left in a high-0 condition until broadband laser
radiation began to build up at which point laser action
was terminated with the Pockels cell. Using 10~-M
Oxazine 720 in methanol we were able to obtain up
to 35 mJ with a 0.2-cm ' bandwidth in a 300-ns
pulse. Although the crystal heating was reduced, it
remained a problem at the highest pulse energies.

5. Argon ion laser excitation fol-lowed by pulsed exci
tation into the broadbands. To further avoid crystal
heating, experiments were carried out with an argon-
ion laser pumping the broadbands at 5140 A, main-

taining a large value of N' in the Estate. A pulsed
N2-pumped dye laser exciting the broadbands was
used to generate the 29-cm ' phonons but with suffi-
ciently low energy that N' was not substantially af-
fected. The relative number of ions excited by the
two lasers could be determined by watching the in-
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crease in the A~ lumiriescencc due to the pulsed laser
after the 29-cm '-phonon decay ceased. The ob-
served relative increase agreed with our relative es-
timated values of N' due to the individual lasers.
When cw power in excess of 1 W was focused on thc
sample, bubbling of the helium (normally 1.7 IO
prevented the use of the maximum argon-ion laser
power. For thc larger spot sizes, the pulsed N2-

pumped dye laser was replaced by the flashlamp-

pumped dye laser, however at relatively low pulse en-
ergies ((1 mJ) to improve the signal to noise ratio
in these large volumes.

6. Flashlamp- and N2-pumped dye laser broadband
excitation. For maximum values of N' in the larger

spot sizes, use was made of both pulsed laser systems
tuned to the broadband absorption at —5800 A, . The
flashlamp-pulsed dye laser prepared a large value of
S'. The X2-pumped dye laser which generated a
small pulse of 29-cm ' phonons was delayed up to
200 p,s to allow the crystal to return to thermal
equilibrium before the nonequilibrium resonant pho-
non population was generated.

III. RESULTS
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FIG. 2. Typical experimental results of the temporal
response of the A2 emission under varying experimental
conditions. A: Single 0.15-mJ 3-ns pulse at 5800 A in a
250-p,m-diam spot. 8: Single 0.5-mJ 700-ns pulse at 5800 A
in a 200 p.m diam spot. C: 150-m% cw argon laser plus
50-p J 3-ns pulse pumping 2A in an 800-p,m-diam spot. D:
15-mJ 700-ns pulse at 5800 A folio~ed by a delayed 200-p,J
3-ns pulse at 5800 A.

In this section we summarize the results of all the
experiments described in Sec. II in order to obtain an
overall picture of the 29-cm '-phonon dynamics over
a broad range of N', 8, and Cr'+ concentration. Be-
fore presenting these results we discuss typical exper-
imental data from a few of these experiments show-

ing especially some of thc difficulties encountered in

interpreting the results.
In those experiments in which a single laser was

used to both prepare N' and to generate the pho-
nons, the R2 decay was not purely exponential as il-

lustrated in Fig. 2 (curve A). In this example, a
0.15-mJ 3-ns pulse at 5800 A excited the 0.081'/o

sample in a 250-p, m-diam spot. The background
level (shown for curve A) which is generally present,
was first subtracted from the raw data. The back-
ground exhibits a decay and may result from a return
to thermal equilibrium after heating of the sample by
the excitation pulse. A local heating of the excited
volume to 5 K due to the large fraction of light ener-

gy which is converted to high-energy phonons in the
multiphonon relaxation from the broadbands (0.03
mJ) is all that would be required. The data corrected
for the background show an exponential decay over
two decades except during the first —1 p,s. This
enhanced decay at early times is very typical of that
seen in experiments where a single pulsed laser is
used to both produce a large value of N' and gen-
erate the phonons. Some enhanced decay at early
times is expected since initially only 72'/0 of the excit-
ed ions are in the lower state after relaxation from
the broadband states. The effect, however, is much

too great to bc explained in this way. It appears that
the phonons escape more rapidly initially. Although
stimulated emission of 29-cm ' phonons in ruby has
been observed, ' a population inversion is not pro-
duced in pumping the broadbands. It could play a
role in those experiments in which 82 was directly
excited although we have seen no evidence for it.

Thc initially enhanced decay is also observed in ex-
periments in which the broadbands were pumped
with a long (700-ns) pulse as shown in curve B of
Fig. 2. Here a 200-p.m-diam spot was excited with
0.5 mJ. Note thc more rapid decay during the first
0.5 p,s after the excitation has ceased. Aside from
this deviation, the decay follows a pure exponential
for over two decades.

When, however, N' is prepared with an argon laser
or a preceding flashlamp laser pulse and the resonant
phonons are prepared with a weak pulse from a N2-

pumped dye laser, this initially enhanced decay is not
observed as shown in Fig. 2, curves C and D, respec-
tively. In curve C, obtained with 150 mW of cw

power focused to a 800-p,m spot, the sharp spike at
t =0 results from scattered R2 laser light off the sam-
ple from the 50-p,J dye laser pulse in resonance with
the spectrometer. For curve D, a 15-mJ flashlamp-
pumped dye laser pulse focused on a 1-mm-diam
spot prepared N'. A 200-p,J pulse from the W2-

pumped dye laser, also tuned to the broadband ab-
sorption but delayed about 200 p,s to allow thc sam-
ple to cool from the first pulse, was used to generate
the 29-cm ' phonons.

Attempts to use the flashlamp-pumped dye laser
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alone were restricted to pulse energies & 5 mJ. This
is illustrated in Fig. 3. Curve A, in which 3.5 mJ was
focused onto a 500-p,m spot, sho~s a slight nonex-
ponential behavior at long times which is a precursor
of sample heating. %hen 7 mJ are focused on the
same spot, a noticeable hump and tail are observed
extending to about 20 IMs (curve B). When 18 mJ
are focused on the sample, (1.8-mm spot) a pro-
nounced heating occurs (curve C). The heating per-
sists for almost 1 ms (see insert). We compared the
time dependence of the intensity of the 82 and R1
emission, and found, after correction for the differ-
ence in their transition probabilities, that initially thc
2A to E population ratio is about 0.4 as predicted
from thc known branching ratio in the relaxation
from the broadbands. This corresponds to an effec-
tive initial resonant-phonon temperature of -50 K.
However, even after the resonant phonons have es-
caped the excited volume, the R2/Rt intensity ratio
indicates a bulk sample temperature of -30 K,
which results from the thermalized burst of high-

encrgy phonons accompanying the multiphonon re-
laxation from the broadbands.

%C now discuss the phonon dynamics in 0.081'/0

ruby as a function of X' and 2R. These results are a
composite obtained from all of the experiments
described in Sec. II which do not exhibit heating ef-
fects and appear in Fig. 4. The lines drawn through
the data serve only as guides to the eye. Thc relative

uncertainties in N' are probably & +10'/0 in any

glvcn scl'1cs of cxpcrimcnts us1ng a slnglc technique.
However the relative uncertainties in comparing data

5 lO l5
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FIG. 3. Temporal response of the R2 emission showing

heating effects for large laser pulse energies: A: 3.5-mJ
700-ns pulse at 5800 A in a 500-pm-diam spot, 8: 7-m J
700-ns pulse at 5800 A in a 500-pm diam spot. C: 18-mJ
700-ns pulse at 5800 A in a 1.8-mm-diam spot.
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FIG. 4. Decay rate of the 82 emission in 0.081% ruby as
a function of excited ion density for several spot sizes. The
dashed curves are guides to the eye. The dash-dot curves
are calculations based on the cw excitation data of Dijkhuis
and de Wijn (Ref. 13) and are shown for comparison pur-

poses. The solid curve is based on a model calculation dis-
cussed in Sec. V,

taken using different techniques are probably no
better than X30'/0. Thc absolute scale on N' is also
estimated as + 300/0.

The most prominent feature of these data is the
change in the spot-size dependence of the relaxation
rate as a function of N'. At low N' (=10"cm '),
r ' is strongiy dependent on 2R [r ' ~ (2R) ";
x )1], whereas for N" ) 10"cm ', r ' is indepen-
dent of 28. It is also evident that for low N',
v' ~X ~, 0.5 &p & 1 wh1lc for N & 5 X 10 cm
~ ' is nearly independent of N', especially for the
larger spot sizes. %bile various theories for spatial
and spectral diffusion predict different dependencies
of v

' on spot size and N', none of them predict an
independence of these quantities. This independence
implies a mechanism which does not involve spatial
diffusion from the excited volume. Although the
low-N' data are insufficient to obtain the exact rela-
tionship between v

' and N' or 28, the indepen-
dence at large N' is quite clear. One further impor-
tant point is the additional decrease in v

' at the
highest S'. %e shall return to this later, simply not-
ing for the present that at these values of N", the
ground-state population is being significantly depleted
(no=2. 5 &10' cm ').

In Fig. 5 we show the phonon dynamics for 0.023'/0

ruby as a function of A" arid 2R Quahtatlvely tlM

behavior is similar to that of 0.0810/0 ruby. At low
X"(=10"cm ') there is a strong spot-size depen-
dence of 7. ' with 7 ' ~ 8 as would be expected for
pure spatial diffusion while at large N' =10'
v

' is nearly independent of spot size. Unlike the
0.081'/0 data, only the large spot-size data exhibit a

independent of N . Note, however, that in the
0,081'/0 results the smaller spot sizes show an X" in-
dependence only over a more restricted range of W'.
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FIG. 6. Decay rate of the R2 emission in 0.28% ruby as a

function of excited-ion density. The dashed curve is a guide
to the eye. The solid curve is based on a model calculation
discussed in Sec. V.

FIG. 5. Decay rate of the R2 emission in 0.023% ruby as
a function of excited-ion density for several spot sizes. The
dashed curves are guides to the eye. The dash-dot curve is
a smoothed representation of the data of Pauli et al. (Ref.
11) in 0.03% ruby. The solid curve is based on a model cal-
culation discussed in Sec. V.

tion value of ~ ' = 1.7 x 10 s ' is almost a factor of
2 greater than that observed in 0.081% ruby and al-
most a factor of 4 greater than that observed in our
0.023% sample. We will discuss this in the next Sec.
IV.

In general the 29-cm '-phorion relaxation rates are
lower in 0.023% ruby than 0.081% at a particular 2R
and N'. However, at low N', ~ ' ~ N' ~,

0.5 & y (1, as was the case for 0.081% ruby. This
result is consistent with previous conclusions of Pauli
et al. "who found for 28 =700 p.m in 0.03% ruby
r ' ~ N' '~' (dash-dot curve in Fig. 5). However,
Pauli observed 7 '=2.5 X10 s ' for N'=1.5 x10"
cm ' which is a factor of 2 smaller than the value ob-
served for 0.023% ruby in the present experiments.
We do, however, observe this rate by N'= 5 & 10"
cm '. It is possible that our relative N' scales could
differ by a factor of 2 or 3. A further similarity to
the 0.081% data is the noticeable decrease in ~ ' at
the largest value of N' when the ground-state popu-
lation (no =7 x 10'8 cm 3) is significantly depleted.

When we compare the present results with those of
Dijkhuis and de Wijn' using cw techniques the
disagreement is striking. Dijkhuis and de Wijn's
results using the relation r ' = Tt '/b (dash-dot curve
in Fig. 4) for 2R =120 p,m in 0.1% ruby show
~ '=N' 'up to N'=10" cm 'with no tendency
toward saturation at large N'. It appears as if quanti-
tative agreement between the two results is being ap-
proached at N' = 5 && 10' cm ', but at larger N' the
behavior of 7 ' with N' is not even qualitatively in
agreement. By N'=3. 4 && 10"cm ' (not shown in
Fig. 4) Dijkhuis finds r ' -—4.5 && 10' s ', almost 3
orders of magnitude smaller than the values obtained
by oursleves and Renk using pulsed techniques.

In 0.28% ruby (Fig. 6) we find r ' ~ N"04 over a
wide range of N'(4 x 10'6 cm 3 (N' ( 2 x 10'8

cm 3) with a saturation occurring above N' = 10'
cm . We did not do an extensive spot-size study but
at N = 10' cm it appears that ~ ' is identical for
2A =0.17 mm and 0.8 mm. We note that the satura-

IV. PHONON LOSS BY RESONANT PHONON-

ASSISTED ENERGY TRANSFER
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FIG. 7. Schematic diagram of phonon-energy shifting by
resonant two-phonon-assisted energy transfer (RPAET) in
ruby. (a) One-site transfer process on site 1; (b) two-site
transfer process; (c) phonon-energy shifting due to the
ground-state splitting.

Electronic energy transfer between nonresonant
Cr'+ ions in ruby has been extensively studied exper-
imentally by a number of groups. ' " Holstein, Lyo,
and Orbach" considered several phonon-assisted
processes which could lead to the observed transfer
rates and concluded that the dominant process is a
resonant two-phonon-assisted energy transfer
(RPAET) pictured in Fig. 7. The energy mismatch
5 between the two Cr'+ ions is due to crystal-field in-

homogenieties. The circled numbers indicate the or-
der of transitions. For the one-site process shown in

Fig. 7(a) a Cr'+ ion at site 1 initially excited to the E
state first absorbs a 29-cm ' phonon taking it to the
2A state. This is folio~ed by the emission of a
29+5-cm ' phonon and finally by transfer of the ex-
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citation energy to the ion at site 2 via the exchange
coupling J~ between the ground state and the E state.
Since the phonon energy shift 5 (typically 0.1—0.5
cm ' in ruby) is much larger than the 2A ~E reso-
nance width of =0.015 cm ' the emitted phonon is
nonresonant and wi11 escape the excited volume of
the crystal ballistically. The similar transfer mechan-
ism with the phonon processes taking place at site 2

is not shown in Fig. 7, but must be included in the
calculations. The two-site process shown in Fig. 7(b)
initiates with resonant absorption of a 29-cm pho-
non at site 1 followed by transfer of energy to site 2

with the emission of 29+5-cm ' phonon at site 2. In
this case J2 represents the exchange coupling between
the ground state and the 2A state. Corresponding to
the processes depicted in Figs. 7(a) and 7(b) are contri-
butions which occur when the ion initiates and ter-
minates on different ground-state levels which pro-
duce an additional energy shift of 0.38 cm ' as shown
in Fig. 7(c).

These processes produce an energy-transfer rate'
between a pair of Cr + ions

g2 J2
WFr'(J. S) = Jt2 + 8'+r(27)'

[1+exp(5/kT) ]
25

E 2A

where 1 (2A) is the E 2A phonon absorption
homogeneous linewidth and 8'E» = T) '

x exp( —6/kT) is the phonon absorption rate with

Tt, =10 s ' and 6 =29 cm '. For the case at hand,
I'(2A ) « 5 « kT and Eq. (1) reduces to

when p (or the effective phonon temperature) is
small.

Although immediately after the laser excitation
pulse the spin temperature as well as the resonant
phonon temperature (and p) are both quite large
( T, = T~h ))5/k), the exponential decay times are
evaluated at later times when p &(1 and

Tph « ~/k thus making Eq. (5) valid in the experi-
mental analysis.

An expression identical to Eq. 5 was recently ob-
tained by Holstein, Lyo, and Orbach' by direct calcu-
lation of the phonon frequency shifting due to
RPAET.

For pairs in which ions are strongly coupled
(J/5 P 1), the eigenstates of the pair become sym-
metric (+) or antisymmetric (—) linear combinations
of basis states with ion 1 excited and ion 2 excited,
whose eigenvalues are

E + = ——,(4J'+ 5') '/' —= —ap (6)
(-)

In this circumstance, the resonant-phonon scattering
can best be viewed as resonant-phonon absorption
from one component of the E pair states to a com-
ponent of the 2A pair states, followed by emission of
a phonon to the initially unoccupied E pair state as
shown in Fig. 8. We should therefore make the re-
placement 8~ (4J2+82) in Eq. (5) since this
represents the true phonon energy shift.

The total phonon loss rate due to RPAET must in-

clude a sum over all Cr'+ pairs taking into account
the spatial dependence of the site-site coupling J(r)
and the distribution of energy mismatch 5. We carry
out the sum as a double integration over 5 and r. In

4JWc" (J, S)=, Ws-2g,52
(2)

where we have set J2=(Js2+ J2„-)/2. Hereafter we

shall denote J~ and J2 by JE and J», respectively.

If we assume that each Cr + ion energy transfer is

accompanied by the loss of a resonant phonon by en-

ergy shifting, then by detailed balance the phonon
loss rate due to that pair, Wg'(J, 8) is given by

I, t " ~a+ Bzz
2A && 2go

5/z
~

)k

+ Q/2

AE

2A+

2 + 82)l/2

E+

Wph' (J, 5) Nph = Wc'„' (J, 5) N'P (J, 5)
2fo

Q/2 (4J2 ~ $2)l/2

(4)
which becomes

4J2
W "h' (J, 8) = Tt 'P( J, 8)

where N' is the density of excited Cr'+ ions, P( J, 5)
is the probability of finding a pair with Jand 5,
+ph Xp is the density of 29-cm ' phonons, where X

is the number of phonon modes within the excited
state resonance width and p = (ea/kr —1) ' is the
average population of each mode. Thus

Wph'(J, S) =
2 Tt 'P(J, S)

4J2 pp exp(h/kT —1)
S' X exp 6 kT

ion I ion pair

(a)

E

lon 2
E

(b)

FIG. 8. Energy levels of Cr3+ pairs in the presence of pair

interactions. (a) Energy levels in the presence of identical

exchange in the E and 2A states, where E'p =
2

(4J +8 )'/2.

Note that 4, the energy of phonons produced at nonin-

teracting single-ion sites, is still in resonance with the ion-

pair states. (b) Energy levels in the presence of different
exchange JE and J2A as well as different energy shifts of the

single-ion states, yE and y2A-. Note that b is no longer in

resonance with the ion-pair states.
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P(J, 5) = p(r) P(5), (7)

where p(r) is the radial density of Cr3 ions, which
in a purely random model is just 4mr no, and no is
the ground-state Cr3+ concentration. P(5) is the
probability distribution of energy mismatch 8 given

by

all calculations of the present work, J and 5 are total-

ly uncorrelated. Since J is a function only of r, the
pair probability function P(J, 5) can be separated

a phonon then r„„/(r„„+Tt) is the relative time the
29-cm ' energy spends as a phonon. The ratio
T~/r„, can also be expressed as the ratio of available
spin states to the number of resonant-phonon states,
N'/X—= b. Thus the fraction of time the energy exists
as a phonon is just

cafes

( T] +rpgg) 1 + b

Hence the observed rate is

P(5) = J, g(E)[g(E+5)+g(E —5)]dE, (8) 7 '= W,"'h(tot)/(1+b) (12)

where g (E) is the probability of finding an ion of ex-
citation energy E. The nature of the inhomogeneous
broadening has been the subject of much debate. At
present it is still not clear whether the inhomo-
genieties are microscopic or macroscopic in nature.
For the purpose of these calculations we treat
separately the case of pure microscopic broadening
and total absence of microscopic broadening (no local
energy mismatch). For the case of microscopic
broadening with a Gaussian distribution of energies J(r) = Joexp( —ar) (13)

For dilute ruby X = 3.5 & 10'6 cm ', so for N' ~ 10"
cm '(b » 1) the RPAET process predicts a phonon
loss rate which is independent of N' in agreement
with the present observations. The mechanism is in-
dependent of spot size for all N', again consistent
with experiment at large N'.

For the radial dependence of the site-site exchange
coupling we follow the superexchange model of Lyo"
with an exchange of the form

g(E) =(2mbE ) '~ exp[ —(E —Eo) /26E ] . (9)

Eo is the energy at the peak of the E optical absorp-
tion and AEis related to 5E, the full width at half
maximum (FWHM) of the optical absorption line, by
the expression (AE)2 =0.18(5E)2. For macroscopic
broadening 5 =0 and P ( 5) = 1.

For the case where there is no energy shift due to
the ground-state splitting this gives

f oo goo J'(r)8 h'(tot)=4bT~ ' „J P(5)p(r)» d5dr
0 min 4J' r +5'

(10)

where 4J +5 is the true energy mismatch including
the effects of the coupling as discussed above. Ener-

gy shifts less than the E 2A resonance width will

not shift the phonon frequency out of resonance and
hence are excluded by choosing 5;„such that
(4J2+52)' '~b'av„„, where 3v„, is the E 2A res-
onance width. For the cases where the ground-state
splitting is included in the energy mismatch, the term
in the denominator, 4J + 5 must be replaced by the
term

[(4J2+52)1/2 +0 38]2

In order to compare the predicted phonon loss rate
from Eq. (10) with the experimentally observed
rates, v ', it is necessary to consider the phonon
dynamics and the Cr3+ system in more detail. In the
absence of energy transfer the 29-cm ' phonons are
resonantly absorbed and reemitted by the excited
Cr'+ ions. If ~„„is the average propogation. time for

For parameters appropriate to ruby, Lyo finds a = 1
-1

The selection of a value for Ro, the lower limit of
integration in Eq. (7) is quite subtle and represents a
severe limitation on our ability to calculate an abso-
lute value for v '. Clearly the excited levels corre-
sponding to the single-ion 'E states of the nearest
pairs (1st—4th nearest neighbors) cannot interact
resonantly with the 29-cm ' phonons produced at
single-ion sites since the well-known energy-level
structures of the pair states do not exhibit any 29-
cm ' resonances. At what value of Ro does the reso-
nance condition reappear? Off resonance can occur
for many reasons when the energy shifts or splittings
of the E and 2A states due to the presence of the
nearby Cr'+ ion are not identical as indicated in Fig.
8(b). The factors which can contribute to this lack of
resonance include (1) different exchange splittings
and energy-transfer matrix elements for the E and 2A
states expected due to the different phase factors
entering the sum of two electron exchange integrals
for these two single-ion states, 2' (2) variations in the
single-ion trigonal field of each Cr'+ ion of the pair
due to the presence of the other nearby Cr'+ ions
which alters the E 2A splitting energy, and (3)
differences in the Racah parameters for the E and 2A
states of the strongly coupled ions of the pair relative
to those of the single ions leading to different shifts
of the E and 2A states. Mechanisms (2) and (3) give
rise to the different shifts yg and y» also shown in

Fig. 8(b).
A proper treatment of all of these effects from first

principles would be impossible at the present time,
and even if it were possible, it would have to be car-
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ried out separately for all of the many strongly cou-
pled (J/8 & 1) pairs; We have therefore chosen to
approach the calculation of 7 ' from two extreme
points of view. In the first, referred to as Model 1,
we consider only mechanism (1), the exchange itself,
as the cause for resonance failure. It is assumed that
because of the difference in the phase factors for the
E and 2A states, which enter into the sum of two
electron exchange intcgrals in determining the total
exchange interaction, 28 there is no correlation
between the exchange of the E and 2A states. %c
therefore take the exchange in the E state Jg equal to
twice the exchange in the 2A state, J2„-, so that the
difference between the exchange interaction Jg —J»
is of the order of either JE or J» or their average J.
In this model, Ao is determined by the Cr'+ ion
separation for which

—(4J2+82)'~2 —-(4J —+8 )'~ = b'av„,

It is a function of the single-ion energy mismatch of
the ions in the pair. To the extent that this overesti-
mates their difference, we underestimate the contri-
bution of RPAET. To the extent that we ignored
mechanisms (2) and (3) we overestimate the contri-
bution of RPAET.

In the second point of view, Model 2, we ignore
mechanism (1) and assume that the off-resonance
condition is produced solely by mechanisms (2) and
(3) which result from the presence of the other
member of the Cr'+ pair at a nearby site. %e assume
that the difference between the E ~22 transition en-
ergy of the pair and that of the single ions varies
monotonically with distance, which results in a cutoff
Ao which is independent of Cr + concentration,
depending only on the Cr + separation of the pair.
As a consequence, the increased optical linewidth 8E,
which accompanies an increase in concentration,
results in a reduced contribution to RPAET of any
single pair of ions separated by distance r because of
the proportional increase in their energy mismatch 5
which follows from a microscopic model for the
broadening as discussed above.

%e first consider the results of Model 1 with mi-
croscopic broadening. The integrals in Eqs. (8) and
(10) were computed numerically for several values of
the parameter a. For each choice of a, Jo was deter-
mined from the best fit to the 0.081'k data. The
results for a =1.0 A ', Ja =1.1 cm ' are compared
with the experimental results at these concentrations
in Table I. The calculated asymptotic value of v

'

would be linear in na as seen from Eq. (7), were it
not for the variation in optical linewidth 5E which
was included in the calculation as estimated from op-
tical linewidth studies of ruby. The inclusion of thc
concentration dependence of 5E reduces the concen-
tration dependence of 7

' from a factor of 12 (the
range of concentrations) to 6, which brings it more in

TABLE I. Comparison of calculated and experimental
phonon loss rates at large N' for Model 1 with microscopic
broadening.

Cr'+ conc.
{wt o/o)

—1 (106 -1)
Calc.

SE (cm ) h b u„„(cm ) RPAET Expt.

0.023
0.081
0.28

0.15
0.2
0.3

0.016
0.019
0.026

0.39
1.0
2.44

0.5
1.0
1.7

'Jo was varied to produce fit to 0.081/o data. Result with

a =1 A Jo = I.l cm

TABLE II. Values of Jo for Model 1 which fit the ob-
served RPAET rate ~ for several values of a and the cor-
responding magnitude of the exchange at r =3.5 A and

0
r =13 A.

a(A ') Jo (cm ')
J(3.5 A}
(cm ')

J(13 A)
(10 3 cm ')

1.0
1.2
1.4

1.1
3.3

10.0

0.033
0,048
0,074

0.0025
0,00055
0,00012

line with the observed variation of a factor of 3.4. In
the calculation it was assumed that the inhomogene-
ous part of the phonon-resonance width increased in
proportion to 8E with concentration as shown in
Table I.

The values of Jo which fit the 0.081% data for this
and other values of a arc shown in Table II along
with values of J for 3.54 and 13-A. pair separations.
These are values appropriate to 4th nearest-neighbor
pairs and average pair separations in 1ok ruby, respec-
tively. These values of the exchange are significantly
smaller than other estimates. Thc exchange interac-
tion of 4th nearest-neighbor pairs (r =3.5 A) can be
estimated from the work of Allen, Macfarlane, and
%hite' on the exciton spectrum of Cr203. They ob-
tained a value of —10 cm for a single pair. Bir-
geneau29 has made an estimate of the exchange at 13
A from Imbusch's'a measurements of nonresonant
energy transfer between single ions and pairs in 1'/o

ruby and finds J=2.5 x 10 ' cm '. Many assump-
tions were involved in this estimate including a non-
stochastic treatment of the ion separation, a long-
wavelength approximation for the —1004 phonons,
and estimates of the strain differences for both the
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Using reasonable values of Jo(10' —10' cm ') leads
to values of 8",h'(tot) for the ground-state energy
shift term which are 2—5% of those observed.
WPh' (tot) in Model 1 is extremely insensitive to an
increase in Jp due to the effective cutoff on the max-
imum value of /for Model 1 such that J(RO)
«1.Shb v„„. Increasing Jp simply increases the range
in r which makes the major contribution to the in-

tegral with a small resulting increase in Wg,'(tot)
due to the factor p(r) ~ r'.

For the calculation of Model 2 and microscopic
broadening we start with the same exponentially de-
caying spatial dependence for the exchange J= Jpe ",
but with combinations of a and Jp which are con-
sistent with the Cr203 exciton results, J=10 cm ' at
3.5 A. The lower integration limit in Eq, (10) is now
selected so as to fit the 0.081% results. The optical
and phonon-resonance linewidths are allowed to vary
as in Model 1. The results are shown in Table III.
With reasonable values for the concentration depen-
dence of the optical linewidth 5E, the concentration
dependence of v

' can now be successfully described.
Similar results can be obtained with other parameters
for the exchange as shown in Table IV. In Model 2

TABLE III. Comparison of calculated and experimental
phonon loss rates at large W for Model 2 with microscopic
broadening.

T (10 $ )
Cr3+ conc. Calc.

(wt%) 5E (cm ) h ~ores (cm ) RPAET Expt.

0.023
0.081
0.28

0.15
0.2
0.3

0.016
0.019
0.026

0.46
1.02'
1.76

0.5
1.0
1.7

Rp was varied to fit the 0.081% data with a = 1 A
0

Jp=330 cm ' yielding Rp=11.0 A.

the single ions and the pairs. As a result, Birgeneau
estimated an accuracy of an order of magnitude in his
result. Nevertheless, the values shown in Table II
are more than two orders of magnitude smaller. It
may be that Model 1 includes too many closely
spaced pairs (( 10 A) forcing an underestimate of Jo
in attempting to fit the experimental results.

With macroscopic broadening, since 5 =0 for all

pairs and P(5=0) =1, only those energy transfers
accompanied by a change in the ground-state energy
produce a phonon shift out of the resonance so that

p(r) J'(r) dr

0 [2J(r) +(0.38 cm ')]
(14)

TABLE IV. Alternate sets of exchange parameters a and

Jp and integration limit Rp in Eq. (10) which fit the 0.081%
data in Model 2 ~

a(A ') Jp (cm ')
J(13 Ai

(10 3 cm ')

1.0
1.2
1,4

330
667

1343

11.0
9.6
8.tj

0.74
0.11
0.017

only pairs outside the range 8—10 A are active in
RPAET. Note also that J(13 A) is still about one to
two orders of magnitude smaller than estimated by
Birgeneau. Because of its ability to correctly describe
the concentration dependence of the large N' value
of 7

' and its ability to do so with reasonable values
of the exchange at 3.5 A, we consider Model 2 to be
closer to a description of the RPAET contribution to
the phonon loss in ruby.

With no local energy mismatch (5=0) in Model 2

the ground-state energy shifting term is adequate to
explain the observed 7 ' but with a smaller value of
Ro(7—8 A). However, the RPAET contribution to
the phonon loss is strictly proportional to np, contrary
to experiment. Because of the inability of both
Models 1 and 2 to explain the magnitude or n p

dependence of RPAET in the absence of local-energy
mismatch, we favor a picture of ruby which contains
at least some microscopic broadening.

Despite the inability of either model to determine
the absolute magnitude of the RPAET contribution
to the phonon loss without an empirical fit to the
data, both models predict an identical N' dependence
which is in good accord with experiment as shown in

Fig. 4 for the 0.081% sample. The model (solid
curve) correctly predicts the independence of r ' on
N' and spot size for N' ~10' cm '. For N'~3
& 10"cm ' the models also correctly predict the de-
crease in 7

' due to the depletion of the ground-state
concentration np. At N'=10' cm ', for instance,
40% of the Cr'+ ions are excited. The solid curves in
Figs. 5 and 6 are the calculated rates for the 0.023
and the 0.28% samples, respectively, using Model 2
and parameters identical to those of the 0.081% sam-
ple except for the linewidth changes described above.

Since RPAET can be seen from Figs. 4—6 to dom-
inate the phonon loss rate only at large N', we have
subtracted this rate from the total experimental rate
in order to display the N' dependence of the remain-
ing mechanisms. The difference between the experi-
mental rates and the RPAET rates are shown in Fig.
9. The data for all three concentrations are con-
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TABLE V. Dependence of the relaxation time on the size
of the excited region (L =28) and the density of excited
ions (W ).

Spectral redistribution:
Gaussian linc shape v '~(N"L) 'F
Lorentzian line shape v '~(N L) ~/'2

Spatial diffusion (b &&1): 7 ~ (N L,)

sistent with a rate which varies as (X") ", where
0.8 ~ n ~1.0. It is now possible to draw some con-
clusions from the data shown in Fig. 9 for the non-
RPAET portion of the phonon loss rate v '. In the
bottlenecked regime, spatial diffusion and spectral
redistribution can lead to phonon escape from the ex-
cited volume of the crystal. Giordmaine and Nash '

treated the case of phonon bottlenecking in detail. and
calculated the dependence of the bottlenecked relaxa-
tion time on the size of the excited region (l. =28)
and the density of excited ions (X') for both Gauss-

j g.Z8% RUBY

ian and Lorentzian line shapes. Their results ex-
pressed in terms of the rate are summarized in Table
V. F is a very weakly dependent function of N' and
L. The data presented in Fig. 9 have a concentration
and size dependence approximately of the form

(gp)-1(1 )-3/2

which are most closely consistent with a Gaussian
E 2A resonance line shape with spectral redistribu-
tion mainly responsible for thc Qon-RPAET phonon
loss rate over the range of N' covered in these ex-
periments, A similar conclusion was obtained in
some of the cw experiments. 8 Spatial diffusion is not
observed since for b &&1, thc diffusion times are
not rate limiting under the conditions of these experi-
ments.

Anharmonic decay should be most evident at small
b since the contribution of the anharmonic decay to
7' ls

rAH=TAH(l+&) ',
where TAH is the intrinsic phonon anharmonic decay
time. It should also exhibit an independence on spot
size. However, the low b data in 0.023% ruby exhi-
bit a strong dependence on spot size, providing a
limit TAB P 10 p,s. Since anharmonIC decay 1s duc
predominantly to decay of longitudinal phonons
which represent only 10% of the active phonons, a
lower limit of —1 p,s can be established for the
anharmonic lifetime of longitudinal 29-cm phonons.

l

l% RUBY
V. CONNECTION WITH ENERGY TRANSFER

EXPERIMENTS IN RUBY

5,0
V)

CO

Qi I.O

I

0.5

I

5% RUBY

FIG. 9. Non-RPAET contribution to the experimental de-

cay rates as a function of S' and spot size. These data are
obtained by subtracting thc RPAET rates sho~n in Figs.
4—6 from the experimental rates.

The RPAET process which limits v ', the effective
8,2 lifetime in these pulsed laser experiments, is
identical to the process which had been predicted to
dominate the nonresonant energy transfer in ruby 's

It is therefore of great interest to compare ihe results
of the phonon experiments with those of energy-
transfer experiments in ruby such as fluorescence
line narrowing (FLN) and transient grating experi-
ments.

Based on the linear dependence on temperature of
the transfer rate and the simultaneous appearance of
the full inhomogeneous background, it was concluded
in the FLN experiments of Seizer et aI. 2 that the
single-phonon process dominated the nonrcsonant
energy transfer in 1% ruby belo~ 50 K. This was
quite surprising in view of the results of Holstein,
Lyo, and Orbach' who showed that (l) the single-
phonon process should make only a small contribu-
tion and (2) that of the possible two-phonon
processes, the resonant processes (RPAET) should
dominate in the 5—50-K temperature range in 1%
ruby. Computer simulations of RPAET werc per-
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formed by Holstein, Lyo, and Orbach3 for 1'/o ruby

in the case of a Gaussian inhomogeneously
broadened profile in the nonstochastic approximation.
Using Birgeneau's29 conclusion as to the exchange
matrix element for the 134 average separation of
ne8rest neighbor in 1% ruby of J=2.5 &&10 cm ',
they estimated a transfer time of 0.3 ms at 10 K and
15 IM,s at 40 K, about two orders of magnitude shorter
than observed by Seizer et aI. In addition, the
RPAET transfer rate was expected to show an ex-
ponential dependence on temperature, contrary to ex-
periment. Suppose, however that we reduce the
value of the exchange at 13 by one order of mag-

nitude, based on the results of Sec. V. This reduces
the effect of RPAET in the FLN experiments by up
to two orders of magnitude (~ J'), leading to
transfer times of 10 and 1 ms at 4.2 and 50 K,
respectively. Thus below 50 K observation of
RPAET in the FLN experiments in 1% ruby begins
to become marginal. 33 A stochastic treatment of the
energy transfer, including the possibility of weak
links in the energy-transfer chain should certainly fur-
ther limit the role of RPAET in both FLN and tran-
sient grating experiments.

%e next examine the transient grating experi-
ments ' which set an upper limit of 300 A on the en-

ergy transport in the 2E state of —1'/o ruby from 10
K to room temperature. These experiments measure
the contribution from both resonant and nonresonant
energy transfer. %e first examine the nonresonant
(RPAET) contribution to the transfer. Using
Birgeneau's estimate of J=2.5 x 10 3 cm ' for the
134 mean Cr'+ separation, we find a typical transfer
ate for a & =0 25 cm ' energy mismatch of

(J2(g2) y 1~ 42/r M5e —42/-T—
Diffusion of 300 A would require times of 400 and 4
ms at 10 and 100 K, respectively. Thus one might
expect a measurable contribution at higher tempera-
tures. However, if Jat 13 A is reduced by even one
order of magnitude, 300-A diffusion times for
RPAET become larger than 400 ms even at the
highest temperatures.

Turning to the resonant contribution we note that
in the approximation of microscopic strain broaden-
ing, the exchange contribution to the resonant part of
the spatial energy transfer is negligible. Assuming a
ratio of homogeneous to inhomogeneous widths of
10 ', nearest-neighbor Cr3+ ions are separated on the
average by —40 A in 1% ruby. At these distances
multipolar transfer will certainly dominate the short-
range exchange. In fact, experiments with a Stark
field pseudosplitting indicate very slow resonant
transfer. 22

Finally we ask why RPAET plays a dominant role
in the resonant-phonon dynamics, but is not seen in
energy-transfer experiments. It is the relatively small
number of strongly coupled pairs (r =10—12 A),

whose excitation energy is transferred back and forth
between the members of the pair by the resonant
phonons which act repeatedly, thus shifting the pho-
nons out of the resonance. The excitation energy
remains localized within the group of strongly cou-
pled ions for a long time before transfer across a
weak link in the interaction can occur. Therefore
long-range energy transport occurs slowly despite the
rapid energy transfer between the two members of
the strongly coupled pairs. Only =5'/o of the Cr'
ions are involved in the pairs which make a signifi-
cant contribution to RPAET. The bulk of the ions,
which are the ones sampled in a FLN experiment,
remain too weakly coupled with the reduced values of
J required for interpretation of the RPAET experi-
ments to transfer their energy within the Cr3+ radia-
tive lifetime, even at 50 K.

VI. CONCLUSIONS

Although our understanding of the dynamics of
resonantly trapped 29-cm ' phonons in ruby is not
complete, we can draw several conclusions about
both the phonons and energy transfer. (1) For Cr'+
concentrations in excess of c =0.03 wt'/o, resonant-
phonon-assisted energy transfer (RPAET) dominates
the phonon loss in the high N" region (/t/'c & 10"
wt'/0 cm '). (2) Comparison of calculations on the
magnitude of RPAET with experiment leads us to
conclude that previous estimates of the exchange
contribution to energy transfer in the 'E states of
ruby may be too large by about one order of magni-

tude, at least at mean pair distances in 1'/o ruby
(r = 13 A), and that this explains why RPAET was
not seen in the fluorescence line-narrowing experi-
ments. (3) We find that for the models considered
in this work, only the assumption of some microscop-
ic broadening can successfully describe all of the ob-
servations including the magnitude and concentration
dependence of RPAET. (4) A mechanism exists, in
addition to pure spatial diffusion, which contributes
to the resonant-phonon loss at moderate values of
N' which seems to be most consistent with the
model of spectral diffusion of Giordmaine and Nash30

for a Gaussian-shaped resonance. (5) No evidence
for anharmonic decay of 29-cm ' phonon is observed
in our experiments and we conclude that the anhar-
monic decay time of 29-cm longitudinal phonons is
& 1 p,s.

Finally, we emphasize that there remain large
differences in the results of the pulsed and cw experi-
ments and within the cw experiments themselves
which, at this point, are totally unexplained. Prob-
lems remain, therefore, both experimentally and
theoretically, in our understanding of the dynamics of
resonantly trapped 29-cm ' phonons in ruby.
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