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Time-resolved spectroscopic study of the excited-state spin-phonon interaction in ruby
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The time evolution of the non-spin-flip 2A ~E spin-lattice relaxation in ruby has been studied with

subnanosecond time resolution, following excitation of the broadband Cr'+ states with a N2 laser pumped-

tunable-dye laser. From the short-time dependence of the R, and R, emission we directly obtain T, = 1.1
ns for this relaxation. The branching ratio for relaxation from the broadband states to the E and 2A

states, respectively, is found to be 2.6. The significance of these measurements in relation to previous

estimates of T, and to recent 29-cm ' phonon spectroscopy is discussed.

I. INTRODUCTION

There have been several recent successful at-
tempts to monoenergetically generate and/or de-
tect high-energy acoustic phonons in ruby using
the 2X E excited-state spin-phonon interaction.
Renk and Peckenzell' used this transition to reso-
nantly trap 29-cm ' phonons from heat pulses in
order to obtain the lifetime of 29-cm phonons in
ruby. Dijkhuis et al. ,

' using cw optical generation
and detection techniques, were able to examine
the spectral width and spectral diffusion of these
optically generated 29-cm ' phonons. Meltzer
and Rives' have used this resonance as a pulsed
source of 29-cm ' phonons to examine the time
evolution of the 29-cm ' phonon population and
have remeasured the lifetime of these phonons.

All of the above experiments depend upon the
2L—E spin-lattice relaxation for the production
and/or detection of 29-cm ' phonons. It is there-
fore of considerable importance to examine in
detail the spin-phonon interaction responsible for
the phonon generation and detection processes.
In this paper, we measure directly the 2X E
spin-lattice relaxation time for the non-spin-flip
single-phonon processes and obtain the branching
ratio for nonradiative relaxation from the broad-
band Cr" states to the E and 2A excited states.
Relaxation from the broadband states has been
used in all these optical-phonon generation experi-
ments to populate the 2X state. A knowledge of
the branching ratio is necessary in order to deter-
mine the efficiency for 29-cm ' phonon generation.

In Sec. II we describe the experiments and our
measurements. In Sec. III we consider the rate
equations for the E, 2X, and phonon populations
required to analyze the time-resolved emission
spectrum and consider some typical numerical
solutions. In Sec. IV we determine, from a com-
parison of the observed data and these numerical
solutions, the parameters in the rate equations.
%e show that the 2X E non-spin-flip relaxation

time at low temperatures is T, = 1.1 ns, more than
three times larger than estimates based upon
studies' of the Orbach contribution to the spin-
lattice relaxation within E, and that the branching
ratio for relaxation from the broadband states
favors E by a factor of 2.6 relative to 2X yielding
a phonon-conversion efficiency of about 2Y/0 rela-
tive to the number of absorbed photons.

II. EXPERIMENTAL
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FIG. 1. Energy-level diagram of Cr ' in A120& show-
ing the pumping scheme and relaxation mechanisms.
The broadband states, after pumping with a pulsed
tunable dye laser, relax to E and 2A with a branching
ratio c&jc2. Those ions decaying through 2A generate
29-cm i phonons. The population of 2A and E is mon-
itored from the R2 and R& emission.

The 2X—E spin-phonon interaction is examined
from the time evolution of the R, and R, emission
after pulsed excitation into the broadband absorp-
tion (see Fig. I) with a N, laser-pumped pulsed
tunable dye laser. About 20 pJ of energy at
-5800 A are focused to a rectangle -0.2 x 3 mm on
a 1 mm thick slab of 0.06% ruby, producing a near-
ly uniform excitation density along the laser beam.
After excitation, the broadband states rapidly
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detected photons from the back reflection of the
laser off the front surface of the crystal. The
laser pulse is asymmetric with a 2 ns full width
at half-maximum. The R, emission shows first
a rapid buildup as the broadband relaxation pumps
the 2X state and then a rapid decay as the 'E states
relax with 29-cm ' phonon generation. The R,
emission remains enhanced, however, as the
phonon bottleneck develops. The decay time of
the bottleneck and the level at which the bottleneck
develops depends on the laser energy as shown
previously. '
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III. RATE EQUATIONS
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FIG. 2. Normalized emission from 2A(s2) and E(xf)
after pumping the broadband states. The open circles
show the laser pulse; the closed circles and triangles
indicate the normalized R 2 and R& emission, respective-
ly. The solid curves show the best numerical solutions
to the rate equations with T

&
~1.1 ns, branching ratio

=2.6, Tzh =37.5 ns, and b =0.08.

The two-level spin-lattice relaxation between
the 2X and E states in ruby can be described by
standard rate equations, ' modified to explicitly
include the laser pumping function. If n, and n,
are the populations of the E and 2X states, re-
spectively, the total excited-state population N*
is n, + n, . In terms of the normalized populations,
x, =n, /N* and x,= n, /N~, the rate equations are

relax (T~ ~«1 ns) to the 2X and Z states. At low
temperatures, those ions which decay via the 2X
states further relax to E by means of 29-cm '
single-phonon emission. During the relaxation
processes, the 2X population is above its thermal
equilibrium value while the 'E states thermalize.
In addition, the 29-cm ' phonons can be resonantly
absorbed and reemitted by the excited Cr" ions,
causing diffusive phonon motion and a phonon
bottleneck, whereby the 2X population can remain
enhanced for a time v'» T, until the phonons either
diffuse out of the excited region, or undergo in-
elastic scattering, removing them from the reso-
nant channel. It is the early dependence of the
R, emission, before development of the phonon
bottleneck, ' that provides the information concern-
ing the spin-phonon interaction of interest in this
paper.

The time evolution of the R, and R, emission is
obtained with subnanosecond time resolution using
the single-photon time correlation technique.
Since this has been described in some detail else-
where, ' we discuss it only briefly here. The time
difference between the laser excitation pulse (start
pulse) and the detection of a single emitted photon
(stop pulse) is obtained from a time-to-amplitude
convertor, the output of which is stored on a
pulse height analyzer. This operation is per. -
formed -10' times producing a histogram of the
time distribution of emitted photons.

A typical histogram of the laser pulse, R, and
R, emission is shown in Fig. 2. The laser-pulse
data were obtained by selecting for the stop-pulse

d
'= -TP[xp -x,(p+ 1)]+

' = T,'[x,p -x,(P+ 1)]+
dt

——T,„'p —bT, '[x,p -x,(p+ 1)],

where p is the average resonant-phonon occupation
number, T, is the spin-lattice relaxation time,
T,h is the resonant-phonon lifetime, and b =N*/Z
is the bottleneck factor with Z = 12vv'&v/v', the
number of phonon modes within the resonant width
&v. It has been assumed in Eqs. (1) that Tb
«T„so that F(t) just represents the time depen-
dence of the laser output, and c,/c2 is the branch-
ing ratio from the broadband to the E and 2X
Cr~ states, respectively. The total excited-state
population N» is fF(t) dt. If the laser function
F(t) is known, the rate equations can be solved
numerically for the time dependence of x„x„and p.

Typical numerical solutions for the time depen-
dence of x, are shown in Fig. 3 for a range of
values of the bottleneck factor b. The laser pulse
shown in Fig. 2 was used for these calculations,
and values for T, and T,„of 1.0 and 40.0 ns, re-
spectively, were chosen to be close to the best fit
values for this experiment as discussed in Sec. IV.

Initially x, increases rapidly in response to the
laser pumping. For 5 & 1.0 the slower bottlenecked
decay, at the rate r '= T,h(1+ b), develops only
after a sufficient phonon population is built up by
the spin-lattice relaxation at the rate 1','. The
height of the resulting peak in@, in these cases
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shown is the analytic fit to the laser pulse. The
best values for T, and c,/c, are

T, = 1.1+0.3 ns,

and the branching ratio is

c,/c, = 2.6 + 0.2.
The values of b and T,„will depend on the laser
energy and the size of the excitation region. ' In
the present case, as discussed in Sec. II, we find

b = 0.08+ 0.01
and
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FIG. 3. Time dependence of the numerical solutions

to the rate equation for x2, the normalized R 2 emission,
as a function of b. In these calculations, T& =1.0 ns,
branching ratio=l, and T~= 40 ns. Note the develop-
ment of the phonon bottleneck at about 20 ns.

is determined primarily by the branching ratio
c, /c2 and T, , while the separation in time between
the laser peak and the peak in x, depends mainly
on T&

An analysis of the short-time behavior of the
measured values of x, and x» therefore, provides
a direct determination of the spin-lattice relaxa-
tion time T, and the branching ratio. Analysis of
the bottlenecked decay yields the value of the
bottleneck factor b and the phonon lifetime T,„for
the particular experimental conditions.

IV. RESULTS AND DISCUSSION

The time evolution of the normalized ~z) and

2X(x,) populations, ' shown in Fig. 2, was compared
with numerical solutions to the rate equation in
order to extract values for the parameters T„
c,/c„b, and T,„. In order to obtain a reliable
fit to the data it was necessary to express the
laser function E(t) in analytic form for input into
the computer program. An asymmetric Lorent-
zian of the form f(t) =At/f&t'+ (t —t,)'] with an ap-
propriate cutoff was found to provide a good fit
for the pulse, except for the small shoulder at
about t = 6 ns. Adding a small Gaussian contribu-
tion around t = 6 ns produced an excellent fit of the
entire pulse. A good estimate of T,„was obtained
directly from the R2(x,) data in the bottlenecked
regime. The four parameters were tQen varied
to produce the best fit to the R, and R, data, shown
as solid curves through the data in Fig. 2. Also

T,„=37.5+ 2.0 ns.
These values are consistent with those found in
earlier measurements on this same crystal. '

The data also indicate that Tb ~& 0.3 ns. This
justifies our assumption that Tb q«T~= 1.1 ns,
from which we concluded that E and 2X are pumped
with a time dependence identical to that of the
laser -excitation source.

The above value of T, = 1.1 ns is about 40% of
the value obtained by Kurnit et al."in a photon-
echo experiment. The difference may be due to
the presence of a phonon bottleneck in the photon-
echo experiment. In that case, the high concen-
tration of excited Cr" ions produced with the ruby
laser may have depleted the resonant-phonon
population leading to an increase in the observed
relaxation time. " On the other hand, our value
of T, is about 3-4 times larger than that obtained
in indirect measurements by Geschwind et al.' and
by Lengfeller et al." Geschwind based their value
on a measurement of the Orbach contribution to the
spin-lattice relaxation rate within the 'E(Z) state.
They obtained a value of 16 ns for the spin-flip
relaxation time between 2X and E which when cou-
pled with a calculation of 50 for the ratio of the
non-spin-flip to spin-flip relaxation rates by
Blume et al."implies 0.3 ns for the non-spin-flip
relaxation time. Our direct measurement of T,
taken with Geschwind's results implies a value of
15,for this ratio. Lengfeller observed the E- 2X
resonance width in an excited-state infrared-ab-
sorption experiment. The line was nearly Lorent-
zian with a 360-MHz width. Assuming that this
width is limited solely by the 2X-E relaxation
they obtained a value of T, = 0.44 ns. However,
there may be a significant contribution from in-
homogeneous broadening implying a somewhat
longer relaxation time.

Finally we note that the value of 2.6 for the
branching ratio implies a 28% efficiency for con-
version of absorbed photons to 29-cm ' acoustic
phonons.
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