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The ruby R,-line intensity at 2.1 K is observed to be nearly quadratically depedent on
the R, intensity, indicative of strongly bottlenecked 29-cm™! phonons generated by the
24 (’E)—~E(’E) decay in the optical pumping cycle. The spectral width of the phonon exci-
tation is probed by separating the degenerate phonon packets in a magnetic field and mon-

itoring the decrease of the bottlenecking.

Bottlenecking of acoustic phonons resonant be-
tween the optically excited metastable E (°E) state
of Cr®* in ruby and the 24 (°E) state 29 cm™* high-
er has been observed at liquid helium tempera-
tures during recent years. The first demonstra-
tion® of the reality of bottlenecked 29-cm™! pho-
nons was through the slowing down, with increas-
ing excited-state population, of the Orbach relax-
ation® between the E magnetic substates via 24 as
intermediate level. Subsequently, local impris-
onment of 29-cm™! phonons produced with heat
pulses was shown to exist by monitoring intensity
changes of the R, luminescent line.® In this Let-
ter, we report first on a new and different meth-
od of generating bottlenecked 29-cm~! phonons in
ruby, viz., by the nonradiative decay of the opti-
cal pumping cycle in the temperature regime
where thermalization is essentially absent (T <3
K). Secondly, we present a scheme of probing
the spectral width of the bottlenecked phonon ex-
citation by separating the Zeeman components of
the transition in a magnetic field.

Under the condition of stationary optical pump-
ing, the optical feeding into the metastable levels
equals the radiative decay to the ground state.
Below 3 K, where the R, luminescence is weaker
than the R, luminescence by many orders of mag-
nitude, the R, intensity therefore is, apart from
a measure of the excited-state population, a di-
rect gauge for the feeding into 24. On the other
hand, the 24 population, which is accessible to
measurement through the intensity of the R, lu-
minescence, decays predominantly to the E state.
Balancing the feeding and the decay, and noting
that the transition probabilities of the R, and R,
lines are about the same, we have for the effec-
tive decay time between 24 and E

TS%LE/TRsz/Ru (1)

where 7~ 4 ms is the radiative lifetime of the R,
line, while R, and R, henceforth denote the inte-
grated luminescent intensities. Under bottleneck-
ing conditions the reabsorption E - 24 of reso-
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nant 29-cm™! phonons becomes a process with a
rate competing with the spontaneous decay 24
—~E. As a result the net decay rate 1/7Hf. ¢ will
be slowed down relative to the spontaneous rate
1/T ;z-%, and R, will no longer be proportional
toR,.

The excited-state population is maintained by
continuous pumping with a 1-W argon laser tuned
to 514.5 nm. At the highest intensities the fo-
cused laser beam is capable of exciting a good
fraction of the ground state population in the
~T700-ppm ruby crystal, which was immersed in
liquid helium below the A point. A double mono-
chromator was employed to suppress the instru-
mental wings of the R, line at the position of the
much weaker R, line. A cooled photomultiplier
and photon counting assured sensitivity and lin-
earity of the detection system. Neutral density
filters were used to avoid overload.

The experimental dependence of R, on R, at 2.1
K is shown in Fig. 1. It is observed that the de-
pendence of R, on R, is close to quadratic (expo-
nent 2.1+ 0.1). In other words, the population de-
pendence of T¢, ¢ is close to linear, indicative
of a situation of complete bottlenecking through-
out the region of intensities shown.* It is noted
here that lowering the temperature to 1.5 K does
not affect these results, ruling out residual heat-
ing of the crystal by the pumping light. One may
estimate T¢4f . and the bottlenecking factor o
=T /T ,z_.¢ associated with it from Eq. (1).

At the highest intensity T¢ff.z~ 0.00275~ 10 us
and, with T,5_.£~107° 5,*% 0~ 10*. Similarly, at
the lowest intensities in Fig. 1, T¢4.£=0.2 us
and o= 200.

The spectral width of the “hot” optically gen-
erated 29-cm™! phonons, a principal point of in-
terest in this Letter, is accessible to experiment
by observing the change of R, upon applying a
magnetic field. The 24 - E line is gradually split
by the Zeeman effect into four distinct transi-
tions. With the same optical feeding into 24, the
number of phonon modes to be bottlenecked there-



VoLuME 37, NUMBER 23 PHYSICAL REVIEW LETTERS 6 DECEMBER 1976
o ' o) T 500
2 104 o
105} 5 .
T 250F - |
0.8 q .

computed 00 05 o 10
Gaussian INTENSITY Ry (10 xcounts/s)

slope=21:0.1

107

INTENSITY OF R, LINE (counts/s)

2 R L
108 107 108
INTENSITY OF R, LINE (counts/s)

10

FIG. 1. The integrated intensity of the R, line vs the
integrated intensity of the R, line at 2.1 K for a 700~
ppm ruby sample. The slope of 2.1+ 0.1 indicates
strong bottlenecking (¢~ 10°-10* of optically generated
29 cm™! phonons.

by increases relative to the zero-field case un-
til ultimately each of the four Zeeman components
is exclusively on speaking terms with its own pho-
non packet. The degree of bottlenecking will thus
decrease with field, resulting in a reduction of
the 24 population maintained in the bottleneck
and the corresponding R, intensity. The precise
field dependence of R, of course depends on the
g factors of 24 and E, and the shape and further
characteristics of the phonon packets, but rough-
ly speaking the width of the bottlenecked phonons
manifests itself in the form of the “width” of the
field dependence.

Experimental data on the field dependence of
R, at constant optical feeding are collected in Fig.
2 for several excited-state populations in the bot-
tlenecked regime. At the highest excited-state
population (N~ 10'°/cm?) substantial separation
of the phonon packets is already attained at 500
G, while full separation is reached beyond 1.5
kG, where R, levels off at about § of the zero-
field intensity. At lower excited-state population
the packet width appears to be effectively small-
er. Inthe inset to Fig. 2 the width of the field
dependence 6H is shown to saturate finally at the
higher populations.

The transition 24 -~ E may be thought of as hav-
ing a line shape inhomogeneously broadened by,
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FIG. 2. The integrated intensity of the R, line, nor-
malized to zero field, vs the magnetic field parallel to
the ¢ axis at 2.1 K for several excited-state populations
as measured by the R; intensity. The curve through the
data points with R;=9.0x 10" counts/s has been comput-
ed for a homogeneous Gaussian resonance line with
half-value width 0.017 cm™!, as explained in text. The
inset gives the field 6H at which R,/R,(H=0)=0.5 vs
Ry.

e.g., local strains in the crystal. The half-value
width is ~0.02 em™?!, as will appear below, an
order of magnitude larger than the spontaneous
decay width 1/27T 7.5~ 0.002 cm™!. The region
of bottlenecking then extends to a point in the
wings, dependent on the E population, where the
number of interruptions of a phonon within its
lifetime has become unity, while the spectral
distribution of the phonons has the same form as
the 24 -~ F transition. However, under strong bot-
tlenecking conditions (o> 1) the line will be ho-
mogenized to some extent by spectral redistribu-
tion of the phonons. The change of the phonon
frequency per absorption of a phonon in a spin-
flip transition E - 24, followed by the emission
of a phonon in a spin-nonflip transition 24 ~-E,
or vice versa, is of the order of the dipole-di-
pole splitting of the E level, which is about 0.002
cm™! at our ground-state concentration, irre-
spective of any further spin-dependent inhomoge-
neous broadening of the E substates.® The range
of this random-walk spectral redistribution, ex-
pected to scale with the square root of the num-
ber of interruptions of a phonon within its life-
time, or roughly o%2, is largest in the center of
the bottlenecked line and gradually becomes
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smaller towards the wings. As a result the spec-
tral distribution of the phonons is smeared out
about the line center. With increasing population
of the E state the interruption rate of a phonon
increases, and the area of spectral redistribu-
tion broadens correspondingly, until under ex-
treme bottlenecking conditions the line becomes
spectrally diffusive over a region many times
broader than its width. The phonon distribution
has then leveled off over a diffusive region which
virtually coincides with the entire bottlenecked
area.

At lower bottlenecking, the experiments in Fig.
2 suggest a limited area of spectral redistribu-
tion in the central area of the inhomogeneous line.
Applying a magnetic field provides an additional
mechanism, similar to dipolar homogenization,
that brings the homogenized central area in con-
tact with the wings, viz., spin-flip absorption E
- 24 followed by spin-nonflip emission 24—E of
a phonon, or vice versa, changing the phonon fre-
quency by the Zeeman splitting. Apart from the
decrease of the bottlenecking induced by the grad-
ual Zeeman splitting into four distinct phonon
packets, the resultant migration of the phonon
excitation to the wings further reduces the bottle-
necking as soon as the Zeeman splitting exceeds
the dipolar splitting. The effects are of course
smaller the farther the spectrally diffusive re-
gion extends into the wings, until for a line al-
ready fully homogenized at zero field the effects
are completely masked. In Fig. 2 it is indeed ob-
served that the drop of R, with field is steeper,
the lower the bottlenecking. The case with R,
=9.0x 107 counts/s, for which 6H is approaching
saturation, is apparently close to full homogen-
ization.

The rate equations governing the occupation of
the sublevels of the E and 24 states and the pho-
non occupation numbers are numerically solved
for various resonance line shapes with neglect of
thermal phonons and in the stationary case. To
make the model mathematically tractable, instan-
taneous spectral redistribution, which occurs in
the limiting case of infinite bottlenecking, is as-
sumed between the phonons within the bottle-
necked region of the 24 — E resonance line, and
further it is assumed that the phonons decay with
a lifetime® T'; ;~ 107° s to “sinks” uniformly dis-
tributed throughout the crystal.” A similar mod-
el, but for a two-level scheme corresponding to
the zero-field situation in our case, is used by
Giordmaine and Nash,? who calculated the relax-
ation time in the bottlenecked regime for several
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line shapes as a function of the concentration of
bottlenecking centers. In agreement with their
results, we find in the zero-field case an in-
crease of the 24 population with the 3/2 and sec-
ond power of the total metastable occupation for
Lorentzian and Gaussian line shapes, respective-
ly. These results only apply to the upper part of
Fig. 1, where the bottlenecking is sufficiently
strong to have substantial homogenization.® It is
concluded that the experimentally found power of
2.1+ 0.1 is in accord with a Gaussian-type line
shape rather than a Lorentzian one.

The magnetic field dependence of the 24 popu-
lation with constant pumping under very strong
bottlenecking conditions (o~ 10%), calculated with
the four-level model discussed above, is insert-
ed in Fig. 2 in the case of R, =9.0% 107 counts/s
for a Gaussian resonance line with a half-value
width of 0.017 cm™!,° i.e., with a width fitting the
experimental decrease of R,. For the case in
point, the width of the homogenization of the bot-
tlenecked phonon packet then is ~0.017(Ing)"?
=0.05 cm™!, so that the assumption of a fully ho-
mogenized line and diffusion to transparent wings
is indeed found to apply.'® It is noteworthy here
that, under the same conditions, in case of a ho-
mogeneous Lorentzian line with a width as small
as the spontaneous decay (= 0.002 cm™?!), magnet-
ic fields of ~4 kG would be required to reduce R,
by 50%, in contrast to experiment and corroborat-
ing the above conclusion that the line is of Gauss-
ian type.

In summary, it is concluded that a Gaussian-
type resonance line with half-value width 0.02
cm™!, homogeneous through strong spectral re-
distribution of the phonons, provides an excellent
description of both the close to quadratic depen-
dence of R, on R, and the experimental decrease
of R, with field at high bottlenecking. However,
at lower bottlenecking spectral diffusion appears
to be confined to the central part of the transition.

We are grateful to G. J. Dirksen for crystal
growing.
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Analysis of the diffuse x-ray scattering in the one-dimensional ionic conductor K, 54~
Mg,. 7 Ti;, 93044 (hollandite) yields a detailed microscopic picture of the cationic short-
range order. This order is characterized by large shifts of some ions off their crystal-
lographic sites, evidencing that in a superionic conductor the ion-ion interaction may be
stronger than the periodic potential of the host erystal.

The rapidly growing interest in electrochemical
devices based on solid electrolytes has stimulated
an intensive search for new materials with high
ionic conductivities, the so-called superionic con-
ductors,'?

The mobile ions in a superionic conductor typi-
cally reside on a fractionally occupied sublattice
with open pathways between adjacent sites. The
number of sites available to the mobile ions is of-
ten not much larger than the number of occupied
sites, and diffusion in such systems is no longer
a single-particle process as described by the tra-
ditional random-walk theory. The path probabili-
ty method by Sato and Kikuchi?® is a major and sig-
nificant step towards a correct description of dif-
fusion in concentrated systems. More recently,
Monte Carlo calculations have been performed on
simple model systems* which go beyond the near-
est-neighbor interaction of the path probability
method.

Experimental and theoretical studies of the dy-
namics of ionic motion in superionic conductors®
have shown that interaction among the mobile ions
leads to structure in o(w) in the frequency range
of a typical jump rate and affects the parameters
describing the high-frequency behavior. The

structure of the static short-range order among
the mobile species gives in principle the most di-
rect information about ion-ion interactions; but,
unfortunately, the complex diffuse x-ray scatter-
ing observed in solid electrolytes®® inhibits in
general an unambiguous determination of the lo-
cal atomic arrangement.

By considering a one-dimensional model system
with the hollandite structure, I have now for the
first time been able to obtain a precise micro-
scopic picture of the state of order in a solid
electrolyte. My results give direct evidence that
the effective ion-ion interaction in a solid electro-
lyte is potentially of the same strength as the pe-
riodic potential of the host crystal. As a conse-
quence, all models which treat ion-ion interac-
tions in terms of occupational short-range order
are incomplete, and it is necessary to include
strong deviations of the equilibrium positions
from crystallographic sites.

In the composition K, Mg, Ti; O, (0.75 < x <1),
hollandite®!'® consists of a framework of edge-
and corner-sharing TiO; and MgO, octahedra
forming parallel, nonintercommunicating chan-
nels of nearly square cross sections along the ¢
axis of the tetragonal unit-cell, The distance be-
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