
PHYSICAL REVIEW B VOLUME 20, NUMBER 5 1 SEPTEMBER 1979

optical detection and phonon bottleneck of the direct
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Direct relaxation within the optically excited E(2E) level of 700-ppm ruby is investigated in

magnetic fields up. to 65 kG making an angle to the c axis. At low pump intensities, the experi-
mental relaxation rates are found to be in excellent agreement with the theory by Blume et al. ,
predicting a fifth-power dependence on field and a cos csin 8 dependence on orientation. The
observed proportionality constant of 4.7 x 10 G s ' is close to the theoretical estimate based
on static experiments in ruby. When increasing optical pumping, the phonon-bath conduction is

demonstrated to become the limiting process due to resonant trapping of the phonons. Follow-

ing pulsed excitation, a prolonging of the decay time by a factor up to 13 is attained at excited-

state concentrations N —2 x 10' /cm . In stationary experiments, a nonlinear increase with

N is observed of the equilibrium population of the upper Zeeman level of E to over a decade
above the. nonbottlenecked value, corresponding to bottlenecking factors of over -200. Under
the assumption of a constant phonon lifetime of the order of the flight time through the il-

luminated region, rate equations appear to consistently account for the experiments. A

Gaussian-type resonance line, fully homogenized supposedly by magnetic interactions with the

surrounding Al nuclei and Cr3+ ions, explains the lattice-bath equilibration. Finally, the pros-

pect is discussed of using the E direct transition in ruby as a tunable phonon generator and

detector with bandwidth 0.002 cm ' iri the practical frequency range of 2—15 cm

I. INTRODUCTION

During the last few years, a series of experiments
has led to a renewed interest in the ruby system, in
particular with regard to nonequilibrium distributions
of 29 cm ' phonons resonant between the optically
excited Krarners doublets E('E) and 2A ('E) of
Cr3+. At temperatures where thermalization is ab-
sent, such a bottlenecking of phonons is reflected in
the populations of these levels, which in turn can be
sensitively monitored by the intensities of the various
components of the R~ and R2 fluorescent decays.
Besides the detection sensitivity, the ruby system
offers versatility in varying the physical conditions
that affect the bottlenecking, such as the concentra-
tion of resonant centers and the physical size of the
region in which they are contained. After initial evi-
dence of bottlenecking of 29 cm ' phonons by
Geschwind et a/. ,

' Renk et al. 2 observed resonant
absorption and imprisonment of these, phonons, pro-
duced by short heat pulses, through the development
of the R2 fluorescence when the phonons pass the
optically excited region. Experiments in the station-
ary case' revealed a nonlinear behavior of the intensi-
ty of the R 2 fluorescent line as a function of the R ~

intensity, which is due to multiple interruption of
optically generated 29 cm ' phonons. In addition,
the dependence of the bottlenecked R2 intensity on

magnetic field provided a new technique to probe the
spectral width of the bottlenecked phonons, and to
investigate their spectral diffusion. Meltzer and
Rives" studied the temporal decay of optically gen-
erated 29 cm ' phonons following a short light pulse,
to find it slowed down upon increasing the concentra-
tion of excited Cr'+. They took the phonon lifetime
limited by anharmonic decay and spatial propagation.
Subsequently, conclusive evidence for spatial diffu-
sion was found in a third-power dependence of the
R2 on R ~ intensities when the excitation zone is re-
duced in size. ' Recently, there has also been exten-
sive theoretical work on energy transfer in inhomo-
geneously broadened systems, with special attention
to ruby. The important interaction here is the ex-
change between the Cr'+ ions. More specifically, the
transfer at low temperatures is believed to be
governed by exchange processes involving a resonant
phonon transition within E It is finally worth men-
tioning, although only remotely related to the present
study, that the ruby system has been utilized to
demonstrate the occurrence of Anderson localiza-

' tion.
In this paper, it is first shown that in a magnetic

field at an angle to the c axis, and at low tempera-
tures, the direct process between the Zeeman com-
ponents of the F. state may become several orders of
magnitude faster than both the Orbach relaxation
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within E via 2 A and the radiative decay to the ground
state. The observed magnetic field dependence and
the angular dependence will in fact be found to be in
excellent agreement wi th earlier theoretical predic-
tions ty Blume et al. Additionally, it will be demon-
strated that the phonon system resonant with the
direct transition within E can be driven to bottle-
necking conditions, both under continuous and
pulsed optical pumping. The combination of sensi-
tivity through optical detection, the narrowness of the
transition, the flexibility of tuning, and the feasibility
of bottlenecking offer unique perspectives for utiliz-

ing ruby as a highly monochromatic generator and
highly energy-selective detector of phonons in a pos-
sibly practical range of 2—15 cm '.

SPIN-LATTICE RELAXATION OF THE E STATE

The spin-lattice relaxation between the Zeeman
components of the E state of ruby is governed by

several processes. In this section, a number of a
priori considerations are given, in view of earlier
theoretical and experimental work on this system.

In particular during the sixties, much experimental
and theoretical work has been done on the direct
spin-lattice relaxation of paramagnetic ions in the
ground state. The occurrence of phonon bottleneck
was a major point of interest, but also raised substan-
tial complications in comparing theoretical spin-lattice
relaxation times with experiment. Although the
predicted linear temperature dependence of direct
spin-lattice relaxation found wide experimental verifi-
cation, only very few experimental data exist on the
magnetic field and angular dependences, clearly due
to the resonance character of the experimental
methods (EPR), which does not easily allow variation
of the field. In a number of cases, " theoretical
magnetic field and angular dependences have been
confirmed by experiment, although not simultane-
ously in one system. Quantitative comparison of the
prefactor could, however, not be achieved, since the
constants appearing in the equations are hard to esti-
rnate.

As already noted by Kiel in 1961," the theory of
direct spin-lattice relaxation can equally well be ap-

plied to excited states, Blume et al. ' calculated the
spin-lattice relaxation rates of various processes
within the 'E manifold of ruby. The rates of the
spin-flip and the non-spin-flip transitions from
2 A E were computed, by use of static strain data
on the R fluorescent lines. Their results turned out
to differ by less than a factor of four from the ob-
served spontaneous decay times, ""which are about
15 ns for spin flip and 1 ns for non spin flip. In ad-

dition, they considered the direct process within the E
state, which turned out to be quite different from the
2 A E decay processes. The point is that an electric
potential cannot couple the states of a Kramers doub-

let unless a magnetic field admixes other states. In
case ari applied magnetic field has a component per-
pendicular to the c axis, the direct process may
indeed compete with the radiative decay of E
(rR =3.7 ms). The result of Blume er aI. for the
direct relaxation time T~~ within the E state of ruby
is [Eq. (33) of their paper]

1/T~q ~ H' cos 9 sin 8 coth(5/2kT)

where H is the magnetic field, 8 the angle of the field
to the c axis, and 5 the Zeernan splitting of the E
state. The proportionality factor is evaluated by sub-
stituting the appropriate values for the ruby system to
be 2.7 x10 ' G 's ', yielding a direct relaxation
time of T~q =1,25 ms at 1 K for a magnetic field of
26 kG applied at 45' to the c axis.

The optically excited E state in ruby is an ideal sys-
tem to experimentally verify the theoretical predic-
tions on the direct relaxation time. The crux is that
both the establishment of non-Boltzmann equilibrium
and the monitoring of the relaxing populations can be
done by optical methods in contrast to the situation
in a fixed-field EPR experiment. Another advantage
of ruby is that with optical detection one observes the
decays of integrated popu, 'actions, thereby eliminating
effects of diffusion from one inhomogeneous packet
to another. Finally, the relevant parameters in the
prefactor of Eq. (1) are quite well known. There
remain a few complications originating from Orbach
relaxation of E, with 2 A as intermediary, and phonon
bottlenecking. These can, however, be reduced by a
suitable choice of the experimental conditions, and
their residual effects can be accounted for to extract
pure E direct relaxation rates,

The Orbach relaxation within the E level via 2A,
induced by the thermal phonons, has been studied in
detail by Geschwind et al. ' in the range 2.8 to 4.2 K.
Because of the exp( —5/kT) dependence
(6 =29 cm '), the Orbach relaxation time extrapolat-
ed to 2 K, below which our experiments were done,
is already three orders of magnitude larger than the
radiative decay. However, Geschwind et al. observed
a speedup of the relaxation at 1.5 K with increasing
pump light intensity, which was ascribed to nonequili-
brium resonant 29 cm ' phonons generated in the
fast nonradiative decay 2A E of the optical purnp-
ing cycle. By now many experiments have proved
strong bottlenecking of these phonons at high
excited-state concentrations. ' With a pulsed light
source, as we have used, a nonequilibrium population
distribution over the E levels is established by excita-
tion selective due to spin memory via the broad
bands T~ and "T2."' After the pulse the 29 cm '

phonons generated in the 2 A E decay return to
thermal equilibrium on a time scale small compared
to T~~, even under severe bottlenecking conditions of
these phonons. Therefore, the decay of the R~ com-
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ponents following excitation is virtually determined
by the direct decay within E, in parallel to the radia-
tive decay to the ground state.

At this point, we examine the phonon reabsorption
processes within E in order to see what low excited-
state concentrations are required to minimize phonon
bottlenecking of the direct process. Since only -4%
of our ruby sample is illuminated and therefore active
as a phonon trap, bottlenecking occurs because of
resonant trapping of the phonons rather than boun-
dary scattering. To estimate the excited-state concen-
tration at which phonon bottlenecking comes in, we
calculate the mean free path of the phonons against
absorption by a Cr'+ ion in the lower Zeeman state of
E, and compare the result to the dimensions of the il-

luminated region. At a magnetic field of 50 kG at
45' to the c axis, corresponding to a Zeeman splitting
of 4 cm ', we expect, according to Blume et al. ,

' a
direct relaxation time T~d = 50 p,s. The spectral
width of the phonons on speaking terms can be es-
timated from the width of the excited-state EPR, ob-
served by Geschwind et al. ' to be b, v=60 MHz.
Assuming coupling predominantly to the transverse
branches, putting the sound velocity at
u =6 x 105 cm/s, and taking the density of phonon
modes to be p =2 x 10 /Hz cm3, we estimate a mean

free path A = u pAv Ttq/N —400 p, m for an excited-

state concentration as low as N —10"/cm'. There-
fore, the direct relaxation process is anticipated to be
heavily slowed down by phonon bottlenecking at the
highest pumping, at which we may easily attain

N =10's/cm3 in a 700-ppm sample. Bottlenecking,
of course, goes with A ', or through p and T~~ with
—H cos&sin 8.

Summarizing this section, relaxation within the E
state is dominated by direct spin-lattice relaxation ac-
cording to Etl. (1), provided the temperature is suffi-
ciently low to suppress the Orbach relaxation via 2A.
The relaxation must, however, be sufficiently fast not
to be masked by ~~ —4 ms, which requires fields of
over, say, 30 kG at 8 —40'. Further, the excited-
state concentration has to be reduced as much as pos-
sible to minimize bottleneck, while pulsed optical
pumping is advantageous to eliminate spurious relax-
ation induced by bottlenecked 29 cm ' phonons.

III. DISCUSSION OF EXPERIMENTS

%e first present the experimental results on the
field and angular dependence of the spontaneous
direct relaxation of the upper Zeeman level of E.
Subsequently, we will consider both pulsed and con-
tinuous experiments at high pump levels to demon-
strate strong imprisonment of resonant phonons gen-
erated in the nonradiative decay E E+ of the opti-
cal pumping cycle.

The experimental arrangement consists of a 3 %

argon laser as a pumping source, the outcoming
beam of which could be modulated by means of an
acousto-optical crystal with a suppression of —3000
and a risetime of -200 ns.

'

The ruby crystal, con-
taining 700-ppm Cr, is immersed in pumped liquid
He held at a temperature of 1.5 K. Magnetic fields
up to 65 kG are generated in a superconducting
split-coil system. A double monochromator selects a
particular component of the R ~ fluorescence emanat-
ing at right angles to the laser beam from the ruby
crystal. A photomultiplier followed by conventional
photon-counting electronics, records the time develop-
ment of the emitted light. A multichannel analyzer
allowed time averaging of typically 50000 passes
through the decay, at a repetition rate several times
slower than ~R .

N+ = a exp[ t (1/Ttg + 1/r—R)]

+ b exp( t/rR)— (2)

A. Direct relaxation within E
in the limit of no bottleneck

1. Decay offluorescence and temperature of the sample.

The ratio of the populations of the upper and lower
Zeeman levels of E (E+ and E, respectively) im-
mediately following a light pulse short compared to
the time constants involved, T~q and v~, is equal to
the ratio of optical feeding constants into E+ and E,
or N+/N =@+/$ . The relative feeding rates into E,
@+, are known to be determined by the spin memory
in the optical pumping cycle. " In case of high mag-
netic fields and low temperatures the population of
the 432 ground state is essentially in the lowest level,
and the ratio @+/@ =0.2 according to recent work. '6

Therefore, immediately after the pulse the fluores-
cence from E+ is already weaker than that from E,
but still substantially above Boltzmann distribution.
It is nevertheless easily distinguishable since its time
evolution contains the decay of the direct process,
which under appropriate experimental conditions is
faster than 7~. A typical decay of the E+ fluores-
cence is shown in Fig. 1. Here, balancing the con-
flicting conditions of low excited-state concentrations
to suppress bottlenecking and of high pumping to ob-
tain a satisfactory signal to noise ratio, we applied
light pulses of -90 p,s at maximum laser power,
corresponding to exciting roughly 0.1% of the Cr +

ions. Apart from the direct decay, an additional
slower component shows up. The latter clearly does
not find its origin in the background of the strong
neighboring lines emanating from E, but rather
represents the radiative decay of the total E popula-
tion after E+ and E have reached Boltzmann equili-
brium via the direct process. From simple rate equa-
tion considerations it follows that the E+ population
decays according to'
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FIG. 1. Decay of thc upper Zeeman level of the E state in

700-ppm ruby at 1.5 K. The magnetic field is 43.3 kG at
64.5' to the c axis. The fast decay is due to the direct pro-
cess within E, awhile the slow one is the radiative decay of
the total E system in internal Boltzmann equilibrium. The
inset shows the equilibrium population ratio within E, de-
duced from extrapolating the slow part of the observed de-
cay to t =0, vs the angle between a magnetic field of 43.3 kG
and the c axis. The full curve represents the corresponding
inverse Boltzmann factor for 1.5 K.

The ratio a/b is related to the relative optical feeding
rates into E and the inverse Boltzmann factor
corresponding to the Zeeman splitting 5 of E through

(e'+r+ 1) —1
b 4++ 4-

For the data in a magnetic field of 43.3 kG, the in-
verse Boltzmann factors exp(5/kT) obtained from
Eq. (3) are plotted in the inset of Fig. 1 as a function
of the angle 8 of the field to the c axis. Here, correc-
tions have been applied for direct decay within E tak-
ing place during the 90-p,s pumping period. An in-

teresting point is that these results allow the in situ

determination of the temperature of thc specimen
just following excitation by adjusting the temperature
in the Boltzmann factor. The full curve in the inset
of Fig. 1 represents exp(5/kT) as a function of II for
T =1.5 K, with 5 calculated with gII=2.445, ' and

gq =0.' In the following we will adopt the fitted
value of 1.5 K as the internal temperature of the
crystal.

2. Magnetic field dependence and angular
dependence of the direct process.

The results for the direct relaxation rate within E at
1.5 K versus magnetic field at a polar angle of 11.5

10
i I I 1 I

100

MAGNETIC FIELD (gG)

FIG. 2. Direct relaxation rate within the E state at 1.5 K
vs magnetic field at 11.5' to the e axis. Thc rates have been
corrected for radiative decay and residual bottlenecking.
The full curve represents Eq. (1), i.e., a fifth-power depen-
dence on field, apart from a minor correction below 20 kG,
due to the finite temperature, for thc coth(8/2kT) appearing
in Eq, (1).
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are presented in Fig. 2. Again, 90-JM,s excitation was
used. A small angle was chosen to further reduce
the bottlenecking correction, which scales with
cos8sin'8 for a Debye density of phonon modes and
a constant phonon lifetime. Despite the reduction of
pumping light and polar angle, some correction ap-
peared to be necessary to eliminate residual slowing
down by bottlenecking, amounting to up to 5% at the
highest fields. Details on this correction are deferred
to the more pertinent Sec. III B. In the analysis of
the decays, the fast part, i.e. , the a component in Eq.
(2), was corrected for rq to extract the T~q's in Fig.
2. At a field of 14 kG a decay time of 4.35 ms was
observed, which may be identified to vR of the E+
level, since at such a low field the direct decay is
slower by two orders of magnitude. At 1.5 K, how-

ever, r~ gradually decreases with increasing field to
its untrapped value of 3.7 ms, ' since the terminal lev-
el of the decay to A2 becomes depopulated. In this
connection, it is further noted that the effect of v.~
parallel to T~q quickly looses importance with field.
The results on the variation of the relaxation rate of
the E+ level with the angle of the magnetic field are
collected in Fig. 3 for 43.3 kG and 1.5 K. Again, the
measurements have been corrected for the presence
of weak bottlenecking (bottlenecking factors o. up to
0.4 around 8=60'), which, because of the nonex-
ponential character of the decay due to temporal
variation of u, is the main source of the vertical er-
ror bars in Fig. 3. Since the splitting of the A2

ground state, and thus its population distribution,
does not substantially change with angle, the minor
correction due to radiative decay to be subtracted
from the observed rates has been taken independent
of 8 (rR =3.9 ms). The error in 8 is estimated to be
1.5 '.

%e now compare the data on the relaxation within
E to the behavior of the direct process predicted by
Blume et al. The full drawn curves in Figs. 2 and 3
are fits of Eq. (1) to the data for 1.5 K, yielding a

proportionality factor of 4.7 && 10 '9 G 's ', within a
factor of two equal to the value calculated in Ref. 8.
It should be emphasized that, in contrast to previous
experiments on direct relaxation, we are in a regime
where 5 ) kT, i.e., the thermal phonon occupations
are much smaller than unity and the decays are virtu-
ally spontaneous. In Fig. 2, coth(5/2kT) deviates
from unity by less than 3% above say 35 kG, so that
T~~ essentially varies with the fifth power of the
field; in the low-field region there is a slight deviation
from H, increasing to 18% at 22 kG. In Fig. 3, tem-
perature plays a role only at the larger 8, amounting
to coth(5/2kT) =1.4 at 70'. In view of the excellent
accord between experiments and Eq. (1) with respect
to the functional dependences on Hand 8, while, in

addition, the prefactor agrees within the uncertainties
of the parameters involved, the results of Figs. 2 and
3 unambiguously demonstrate that the direct process
considered by Blume et al. indeed is the dominant
decay process within E. We note, however, that Eq.
(I) appears to slightly underestimate the data at low

angles (8 (15') in Fig. 3. We suggest that this
speedup of the observed rate is indicative of a direct
process originating from configurational mixing as
treated by Kiel, ' which is operative in a magnetic
field parallel to the c axis. Taking into account the
correction to the Kiel formulas suggested in Ref. 8,
we find a rough estimate of -250 s ' for the direct
rate at 43.3 kG along the c axis, which is of the right
order of magnitude to explain the deviation.

B. Bottlenecking of the direct process

15—
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As discussed in Sec. II, bottlenecking of phonons
generated in the optical pumping cycle in the transi-
tion E+ E is anticipated at high concentratioris of
Cr'+ ions in the excited E state. In this part, we will

consider measurements on the relaxation within the
Kramers doublet E at high optical pump levels.
Pulsed experiments will reveal a slowing down of the
direct relaxation by over an order of magnitude upon
increasing N, demonstrating unambiguously the
bottlenecking of the energy transport to the bath by
the phonons on speaking terms with the transition.
The analysis of the data is based on rate equations
governing ion and phonon occupations. In passing,
the corrections on the data points presented in Figs. 2

and 3 will be clarified, Finally, in steady-state exper-
iments at high excitation the population of the E+
level is observed to increase by at least an order of
magnitude above Boltzmann equilibrium.

FIG. 3. Angular dependence of the direct relaxation
within E, corrected for radiative decay and residual
bottlenecking at 43.3 kG and 1.5 K. The full curve, a fit of
Eq. (1) to the data, is according to cos 9sin Hcoth(h/2kr).

1. Direct decay rate under bottlenecking conditions.

In Fig. 4, measurements at 1.5 K on the direct re-
laxation rate as a function of the excited-state con-
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FIG. 4. Direct relaxation time of the E+ level vs excited
state population W' in a magnetic field of 56.5 kG at 8 =40'
to the c axis. The slowing down up to a factor of 1+o. =14
is due to multiple interruptions of the resonant phonons, N'
is estimated from the bottlenecked ratio R2/R&.

centration N are presented. The acousto-optical
modulator is adjusted to a pulse length of 3.2 ms, in

order to integrate N over a time interval of the order
of the radiative lifetime prior to observation of the
decays. The intensity is varied by inserting calibrated
neutral density filters into the pulsed beam. In order
to couple the phonons to the Cr'+ ions in the E state
as strongly as allowed by the apparatus, the field was

set to 56.5 kG, close to quenching of the supercon-
ducting magnet at high optical pumping, at an angle
of 40'. Under these conditions, N+ appeared to be
less than 1% of N, duc to the small Boltzmann fac-
tor (8/kT =5), and therefore all of the population of
the metastable states of 'E is in E, or N = N . A

linear increase of the bottlenecked direct relaxation
time T~q, up to a factor of -14, is found with in-

creasing N .
In order to estimate the phonon lifetime we set up

a simple description of the phonon bottleneck in the
spirit of Brya et al. , " and apply this to the ruby case.
The situation differs, however, from EPR ground-
state experiments in that N &)N+, rather than
'N =N+. The rate equations describing the time
development of the populations of the two Kramer
states E+ and E can be written, after s~itching off

where T~'q' ' ~ H'cos'8 sin'8 is the spontaneous
direct relaxation rate from E+ to E, vq+ and vq are
the radiative lifetimes of the Zecman levels of E,
which are not necessarily equal to each other due to
reabsorption of the fluorescence, and p is the occupa-
tion number of the phonons on speaking terms with

the transition; N++N = N . The multiple interrup-
tion of these phonons due to the trapping by the Cr'+
ions can be formulated in the form of the rate equa-
tion

pkp dp (1 +P)N+ PN P~&(P Po)
dr Tt&;&

in which we assume, for simplicity, a square phonon
packet of width Av, p is the density of phonon modes
per frequency interval at the resonance frequency, po
is the thermal phonon occupation number, and 7 is
the phonon lifetime. In general these equations have
no analytical solution. However, since we are only
interested in the decay on the time scale T&q, the
phonon system, which adjusts itself on the much fas-
ter time scale 7, may be considered in equilibrium,
i.e., dp/dr =Q. Then, we have from Eq. (5)

N+/T(~gI + phvpp/r

aN/T, ", + pa~/r

with hN = N —N~. Substituting this into Eq. (4),
we have

(6)

o. = 76N/pd v T)~g~ (8)

According to Ref. 19, the time interval pd, v T~q /hN
is equal to the average time a phonon spends
between the emission and the reabsorption by Cr3+

ions in the excited E state. Therefore, cr represents
the number of interruptions the phonon suffers
within its lifetime ~. Of course, a- will vary with hN
during the decay under bottlenecking conditions. In
the present experiments, however, N & & N+, or

hN =N, so that on the time scale T~~ (& ~~, o. is

essentially constant, and the decay is uniexponential
with a characteristic time

T,g = T)g(1+ o.) (9)

in parallel to ~~,

dN+ 1 +2po 1 poN'
() + N++ , 7)

d& (1+rr) T)'j Ts+ (1+o) T~~~qI

where we have introduced the bottlenecking parameter
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Returning to Fig. 4, we see that Eq. (9) indeed
represents the observed linear increase of the data up
to an observed o =13. Fitting Eq. (9) to the data,
we find Ttq 20+2 ps, which, because coth(8/2kT)
= 1, essentially equals the spontaneous decay time
T&q at H = 56.5 kG and 8 =40'. %e now can esti-
mate ~ by substituting the relevant parameters in Eq.
(8). Assuming the coupling to the transverse mode
dominant, we take the number of phonon modes on
speaking terms equal to the transverse
phd.=2 x 10' /cm3, with the spectral width of the
phonons equal to the half-width of the EPR meas-
ured by Geschwind et al. ' The metastable popula-

tion density N can be estimated from the observed
ratio of the fluorescent R 2 and R ~ intensities upon
stationary pumping by use of Fig. 1 in a previous pa-

per, yielding a maximum N —2 x 10"/cm3 in Fig.
4. The maximum value of cr reached in the experi-
ments of Fig. 4 is 13, and substituting the above esti-
mates in Eq. (8), we finally obtain a phonon lifetime
~ -0.2 p,s. A lifetime of 0.2 p,s for the 5 cm ' pho-
nons resonant within E cannot originate from anhar-
monic decay, as has been proposed for 29 cm ' pho-
nons in ruby, ' since at low temperatures the anhar-
monic lifetime scales with 1/v5, '0 and would be of
the order of milliseconds. Instead, in view of the fact
that the path travelled by the phonons in 0.2 p.s
(about 1 mm) is of the order of the characteristic di-
mension L of the illuminated region (a cylinder with
diameter of about 0.3 mm and length of 4 mm), we

suggest v to originate from ballistic phonon transport
to the edge of the excited region. In this context, we
note that by putting r = L/u in Eq. (8), Eq. (9) be-
comes identical to the result of Giordmaine et al. '9

for marginal trapping [See Eq. (5) in their paper].
Although Eq. (9) represents the behavior of the

data (Fig. 4), there remains a problem of conceptual
nature. In the present experiments a reaches values
of about 13, so that the condition of marginal trap-
ping is not fulfilled. Since for o- & & 1 the mean free
path of the phonons is shorter than I., a random walk
of the phonons to the border of the illuminated re-
gion occurs in the absence of other phonon loss
mechanisms, 5 in which case a quadratic dependence
on the excited-state concentration should have been
observed [see Eq. (4') in Ref. 19]. This is not found
in the experiments. If we consider a shape of the
spectral line more realistic than a square packet. , the
phonons resonant in the wings of the line have a

-mean free path comparable to at least the dimensions
of the excited region. If, in addition, fast spectral
redistribution exists within the resonance line, the
phonons in the core of the resonance line will have
access' to those in the more transparent wings, which
in turn will transport the energy to the nonexcited re-
gion of the crystal. For the present case of an essen-

tially Gaussian resonance line, ' the result for T~q in

case of severe trapping, Eq. (7') in Ref. 19, is identi-
cal to our Eq. (9), apart from a weakly varying loga-
rithmic factor. The conclusion is that bottlenecking
of the direct process in 700-ppm ruby is accompanied
by fast spectral redistribution operative within the
resonance line. As to the mechanisms for spectral
redistribution, in a two-level system any change in

phonon frequency must occur when the system is in
the upper level during the imprisonment time T~q of
the phonon. As the main origin of the broadening of
the Cr + EPR in E seems to be inhomogeneous su-
perhyperfine interaction with the surrounding Al nu-
clear spins, " spin-spin relaxation of the Al nuclei,
which is fast relative to T],q,

" is the most likely
source for redistribution. Additional redistribution
could be provided by dipolar broadening among the
excited Cr + and those in the A2 state.

Finally, we return to the corrections for bottleneck-
ing to arrive at Figs. 2 and 3 presented in Sec. III A.
The weak-bottleneck data were obtained at essentially
the same N'. They were tied to Fig. 4 by use of Eqs.
(1) and (9), where a was adopted to be proportional
to H'cosH sin28, in accordance with a Debye density
of modes and a frequency-independent phonon life-
time. The resulting a. for H =56.5 kG and 8=40
(=0.4) was subsequently rescaled to the particular H
and 8 to correct the measured times to the un-
bottlenecked ones.

2. Ratio N+/N under steady-state

bottlenecking conditions.

In view of the prolonging of the direct relaxation
time within E already at excited-state populations of
the order of -10"/cm' due to bottlenecking of the
phonons generated in the decay E+ E, it is antici-
pated that under the conditions of severe continuous

pumping the ratio N+/N, or the fraction N+/N", will

deviate from its low-pump value. The situation is
very similar to the 2 A E transition, where
bottlenecking of optically generated 29 cm ' phonons
has been found to dramatically affect the R2/R &

fluorescent intensity ratio. 3 5 The fraction N+/N'
under continuous optical pumping with a focussed
laser beam is presented in Fig. S as a function of the
total excited-state population N' otherwise under the
conditions of Fig. 4, i.e., a temperature of 1.5 K and
a magnetic field of 56.5 kG at 40' to the c axis
(8 =5.3 cm '). Again, the intensity of the pumping
light is varied by means of a set of neutral density
filters. At low concentrations, a constant N+/N" is
found, while upon raising N' an increase of the frac-
tion by an order of magnitude is observed. Because

.of the different matrix elements and reabsorptions of
the various R ~ Zeeman components, the data are
normalized to the nonbottlenecked ratio.

In order to demonstrate the consistency of these
measurements with the time-resolved experiments of
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FIG. 5. Fractional population N+/rY'of E+, normalized
to absence of bottleneck, vs the bottlenecking factor o-, ad-
justed according to Eq. {10). The full curve corresponds to

@+/@ =0.2, yielding N+/N' =0.01 at very low o-, the
dashed curve accounts for redistribution of the feeding by
29 cm ' phonons, -as expressed in an effective Q+/$ =0.7.

Fig. 4, we apply Eq. (7) to the case of stationary opti-
cal pumping. Accordingly, we set the optical feeding
rate into the E+ level, $+N; equal to the time
derivative of N+ and solve the resultant equation,
yielding for the fractional population of the upper
Zeeman component of E

p0+ 4+7 1d (1 + o)
1+2po+ T~~d~(1+ a)/rR~

(10)

Note that N+/N' = N+/N . At low excited-state po-
pulations (o. & 1), N+/N' has a constant value of
(po+$+T~tdt)/(1+2poT~td'/rq+), determined by ther-
mal background and optical feeding, but at 1.5 K pri-

marily by the former. Towards higher values of 0-,

N+/N increases, until at the highest bottlenecking a

new constant level equal to /+re+ is reached,
corresponding to the situation of a bottlenecked
direct decay within E that can no longer compete with

the radiative decay.
To compare Eq. (10) to the data points of Fig. 5,

we first substitute the Bose factor p0=1.0 x 10 ' at
1.5 K, given 5. For the ratio of the feeding constants
we adopt @+/$ =0.2 according to Ref. 16, which,
noting that R~ mainly departs from E, corresponds
to @+=0.2/1 2rs, or with rq =6.7 ms, /+=25 s '.
Finally, T~d' =20 p,s under the present conditions.

From Eq. (10) we thus obtain N+/N vs a, where
according to Eq. (8) o. is proportional to N". The
result is represented in Fig. 5 by the full line, after
horizontal adjustment tq the low-bottleneck regime
(5 & 20). The horizontal calibration thus obtained
has, of course, to comply with rough estimates for N'
from R2/R ~ as well as R ~. We then estimate a max-
imum attainable N' —5 x 10"/cm in 700 ppm,
corresponding to a- —300, larger than in the time-
resolved experiments mainly because the acousto-
optical modulator could be left out. In comparing the
full curve to the data, we see that the variation of

N+/N with pump intensity is indeed generally con-
sistent with the idea of bottlenecking of optically gen-
erated 5 cm ' phonons, despite the fact that at
bottlenecking substantially beyond that in Fig. 4
(a. ) 50) the increase of N+/N' is clearly underes-
timated.

Two explanations for the deviation at high a. are
considered here. First, w'e note that a good fit to the
shape of the data would have been obtained for a

Bose factor of 2 x 10 ', corresponding to a sample
temperature of 1.2 K. However, a sample tempera-
ture around 1.5 K is more realistic. Secondly, in the
continuous case we have to consider the effects of
Orbach-type processes connecting the two Kramers
levels of E via the 2A state 29 cm ' above. In effect,
as discussed in Sec. II, these optically induced Orbach
processes redistribute the optical feeding into the 2A
level over the two Zeeman levels of E, i.e.,

' the ratio

$+/P is changed as compared to the non-
bottlenecked value of Ref. 16. The following qualita-
tive experiment was carried out to support this. The
populations of 23+ were monitored through the R2
Zeeman lines as a function of a magnetic field at 40
to the c axis. It is found that, starting from zero
field, the R2 intensities drop by orders of magnitude,
until at 56 kG the lines are hardly discernable, %e
note that at low fields the direct E relaxation is
masked by radiative decay, and therefore N+ —N .
Accordingly, the phonons on speaking terms with the
transitions E+~2 A+ are about equally trapped as
those resonant with E ~2 3+. In contrast, at 56 kG
N+ is smaller than N by at least an order of magni-

tude, and the phonons associated with E+ experience
the lattice as more transparent. As a result the part
of the optical feeding of E via 2 A., being 1t2.6 of the
direct feeding into E, ' will eventually terminate in

E+. If we assume the ratio of the direct feeding con-
stants into E due to the spin memory alone to be 0,2,
we have for the present situation an effective P+/@
of 0.7, yielding @+=60 s . Adopting this value for

@~, Eq. (9) at 1.5 K results in the dashed curve in

Fig. 5, i.e., the dashed curve corresponds to a max-
imum two-phonon redistribution within ~E. A good
fit to the data is obtained, demonstrating consistency
between the time-resolved and continuous experi-
ments.

IV. CONCLUSIONS

The direct relaxation within the E state of ruby has
been investigated. Excellent agreement has been
found between the experimental results at low-optical

pump levels and theoretical predictions by Blume
et al. , with special emphasis on the fifth-power
dependence on the magnetic field and the cos 8 sin 0
dependence on the orientation. Also the prefactor
calculated by Blume et al. from static data turned out
to be near experiment. Thus, the ruby system pro-
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vided an exceptionally sensitive verification of direct
spin-lattice relaxation theory.

Secondly, quite similar to earlier experiments on 29
cm ' phonons resonant between -E and 2 A,
bottlenecking of the direct process produced by in-

creasing the optical pumping was detected both in

pulsed experiments through the slowing down of the
direct decay, and in stationary experiments by moni-
toring the nonlinear increase of the E+ population. A
consistent description for these observations could be
arrived at assuming a constant phonon lifetime of the
order of the transit time through the illuminated re-
gion. To explain such a linear phonon-loss rnechan-
ism up to the observed bottlenecking factors of
-200, fast spectral redistribution is suggested to take
place, producing spectral contact between the pho-
nons in the core of the resonance line and those in
the wings. Due to the nonresonant character, these
experiments on phonon trapping may easily be ex-
tended to a ~ider range of resonance frequencies as
well as variation of the opacity and the dimensions of
the trapping region.

%e finally consider the capabilities that the direct
process within E has in acting as a tunable narrow
bandwidth phonon detector and generator. Acting as
a detector, the system should have a high concentra-
tion of Cr'+ in E, as under severe pumping, making

it opaque to phonons fitting E E+. Particular ad-
vantages of the detector are its bandwidth, which,
essentially equal to that of the transition
(=. 0.002 cm '), is extremely narrow compared to
other level schemes suited for phonon detection, and
its sensitivity through optical detection. The absorp-
tive rate, scaling with T~~~ ', would be highest near
8=40'. Tuning would simply require varying the
field, The highest frequencies are in practice set by
the limitation of laboratory magnets, say 12 T,
corresponding to 15 cm ', the lo~er limit has to do
with the efficiency, which severely drops when T~~
becomes comparable to ~g, say at 2 cm '. Another
limiting factor for a detector is the mean free path,
which however at X =10'9/cm, easily attainable in
a slightly more concentrated ruby than we used, is
less than 1 mm at a splitting smaller than 1 cm '.
Phonon generation by the E system is simply accom-
plished by the nonradiative decay E+ E . The
characteristics, regarding the bandwidth and the tun-
ing range, are of course similar to those of the detec-
tor. Angles somewhat smaller than 8 =40' are prob-
ably more favorable here to reduce resonant absorp-
tion. A final point to note is that inversion of the E
populations with dye-laser excitation of E+ w'ould, un-
der appropriate conditions, open new perspectives for
phonon amplification and spin-phonon super-radiance.
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