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Single-ion-pair fluorescence ratios in ruby and Anderson localization
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The experiment of Koo, Walker, and Geschwind (KWG) presenting evidence for a mo-

bility edge separating localized and extended states has been repeated and extended. Al-

though some of the features reported by KWG were seen, there are notable qualitative
and quantitative differences in our work. We conclude that there is no compelling evi-

dence for an Anderson transition in ruby.

I. INTRODUCTION

Since the development of the laser, a great deal
of attention has been paid to understanding static
and dynamic spectral details of ruby (Alz03.
Cr +). Energy transfer studies have become par-
ticularly significant in light of an experiment by
Koo, Walker, and Geschwind' (KWG) which re-
ported the observation of an Anderson mobililty
edge. In spite of a great deal of work on conduc-
tion in amorphous systems, inversion layers, im-
purity-band semiconductors, and exciton mobility
in organic crystals, the subject is haunted by a
lack of unambiguous evidence for this edge.

Rapid single-ion —single-ion transfer in ruby was
postulated by Imbusch who compared the R&

0
fluorescence lifetimes at 6934 A to pair (trap)
fluorescence decays at 7009 A (N2 line) and 7041 A
(N~ line) corresponding to fourth- and third-
nearest-neighbor pairs, respectively. He concluded
that the identical lifetimes of the 6934, 7009,
and 7041 A fluorescence and the large absolute

0
values of the 7009 A fluorescence could be ex-
plained best by postulating a rapid single-
ion —single-ion transfer, which he estimated to
take on the order 1 —10 psec for 1 wt. % ruby,
that could feed the trap states. The necessity for
fast single-ion transfer was also stressed by Seizer
et al. based on similar studies. Birgeneau sug-

gested that the energy-transfer mechanism is dom-
inated by a short-range (exponential) anisotropic
exchange interaction, and suggested a characteris-
tic transfer rate to be -=10 sec ' in 1 wt. %%uoruby.
Recently, Monteil and Duval obtained evidence
favoring single-ion —single-ion transfer with an ex-
ponential range behavior.

Based on the earlier transfer studies, Lyo'
analyzed transfer in ruby using Anderson's
ideas, "' and predicted a critical concentration of

-0.3 —0.4wt. % Cr which would mark the separa-
tion between localized and extended states in ruby.
In an elegant experiment, Koo, %'alker, and
Geschwind' used the ratio of the trap fluorescence

0
~ ~ 0

at 7009 A to single-ion fluorescence at 6934 A as a
monitor of the mobility of the exciton states. They
argued that localized states could not transfer their
energy to the trap states as easily as the extended
states and that if the concentration of the ruby
were correctly chosen, the inhomogeneously
broadened R

~
line in a particular sample would

have regions of localized and extended states.
They observed N2/R

&
emission in several concen-

trations ranging from 0.05% to 1.4%. In the ruby
concentrations of 0.09, 0.14, and 0.23 wt. % they
report an essentially flat N2/R ~

ratio followed by
a fairly sharp drop to a lower N2/R ~

ratio as the
wavelength of a. narrow-band ruby laser was tuned
from line center to the longer wavelength side of
the inhomogeneous R

&
line. The region in the in-

homogeneous line where the drop occurred moved
away from line-center as the concentration was in-

creased, and for 0.05 and 1.4wt. %%uoconcentrations,
no change in the N2/R ~

ratio was observed. This
suggested that at these concentrations the states are
only localized or only extended, respectively.

The status of energy transfer in ruby is by no
means settled, and many seemingly conflicting
results have been reported. Heat-pulse measure-
ments of Heber and Murmann' at 5.3 K have
been interpreted to show that only phonon-assisted
energy transfer exists in ruby, instead of the
resonant energy transfer postulated in the KWG
experiment. Single-ion transfer times were mea-
sured to be on the order of 250 @sec for 1.35 wt. %
doped ruby. Phonon-assisted transfer within the
inhomogeneous R

&
line has been seen in careful

studies by Seizer et al. in a temperature range
5 —80 K and in a concentration range
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A. Experimental Details

The schematic of experimental apparatus is
shown in Fig. 1. A Kr-ion laser was used to pump
an amplitude stabilized cw dye laser. A dilute con-
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FIG. 1. Schematic representation of the apparatus is
shown. Spectrometer resolution was typically set at
AA, =1.5 4, but higher resolution data showed no
change in the N2/R& ratios.

0.03 —1.0wt. %%u'ruby . Alternativel y, Szabo'"' "sees
no evidence of phonon-assisted transfer at =4.2 K
in 0.05 and 0.1 wt. % concentrations. Gerlovin'
has studied 8, , N~, and Xq fluorescence and has
come to the conclusion that the behavior of these
fluorescent lines is not compatible with rapid ener-

gy migration in ruby. Transient grating work by
I.aio et al., ' Hamilton et al.,

' and Eichler et al., '

show no spatial diffusion of the Cr + excitation
down to a scale of & 300 A for a wide range of
concentrations. Finally, although Seizer et a1. be-

lieve that fast resonant transfer between single ions

does occur, they see no dramatic change in the
single-ion —single-ion energy-transfer properties as
a function of laser excitation frequency.

In view of the importance and seemingly con-
flicting results associated with energy transfer in

ruby, we decided to repeat and extend the KWG
experiment. One obvious extension of their experi-
ment would be the ability to selectively excite Cr +

ions both on the blue and red wavelength sides of
the inhomogeneously broadened line. If a similar
break-like feature in the X2/R ~

ratio were ob-

served on both sides of the line, the case for an An-

derson transition in ruby would be strengthened.
The extension would also directly address a criti-
cism of Seizer et al., who suggest that the asym-

metric inhomogeneous distribution in ruby at the
concentrations of interest may be the result of
weak clustering of Cr + ions that create a class of
"abnormal" ions peculiar to the red wavelength

sides of the R& line.

centration of —= 120 mg of Oxazine 725 in 750 ml
of ethylene glycol resulted in ample tunable laser
power in the 6934 A region. Typically, the dye
laser was run in two longitudinal modes separated
by =1.6 GHz, with some mode jitter so that the
time averaged linewidth is -=3 GHz, but single
longitudinal mode operation was possible with the
use of a 1-cm-thick temperature-tuned etalon. The
laser was constantly monitored with a Fabry Perot
etalon in conjunction with a He-Ne reference laser.

The ruby samples were thin platelets or single
layers of ruby powder immersed in liquid helium.
The sample temperature was nominally 1.7 K as
monitored by the helium pressure in the Dewar, but

by observing the ratio of the R
&

and R2 emission
lines separated by 29 cm ' when we excited with a
cw laser tuned to the R

& frequency, the tempera-
ture in the sample due to laser heating was deter-
mined to be & 3.7 K. Typically, laser intensities
of =1 mW average power were delivered to the

sample in a focal spot size of =1 mm . At these
low light levels, only a small fraction of the Cr +

ions were excited, and the saturation of the S2
traps due to energy transfer single ions was avoid-
ed. We eliminated the possibility of trap satura-
tion as well as the possibility that our detectors or
counting electronics were nonlinear by observing
no change in the %2/R

&
ratio near the center when

the laser intensity was reduced by roughly a factor
of 100. In another test of our system, we tuned

0
the spectrometer to 7016 A so that we were observ-

ing the phonon side band of the R
&

decay. As the
laser was tuned in the vicinity of 6934 A, the 7016
A/6934 A fluorescence ratio did not change as a
function of laser wavelength.

A mechanical chopper was used to square-wave
modulate the incident laser light in a square-wave
modulation such that the light radiated the sample
for 20 ms and was blocked for 20 ms. During the
time the laser beam irradiated the sample, we
found that a second mechanical chopper was
necessary to prevent the saturation of the photo-
tubes (RCA 8852 tubes cooled to —40 'C) from
scattered laser light. Saturation of our detectors
and/or counting electronics when the laser beam
was hitting the sample resulted in a several mil-
lisecond recovery time that distorted the true
%2/R &

ratio. This distortion was particularly bad
when we used ac-coupled amplifiers between the
phototubes and scalars, and sometimes caused
spurious changes in the X2/R &

ratio. A beam
splitter directed =30% of the fluorescent light to a
phototube and 6934 A interference filter [10 A full
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width at half maximum (FWHM)] while the
remainder of the light was focused into a 1 m

spectrometer. A 7009 A interference filter was
used in series with the spectrometer.

The experimental arrangement shown in Fig. 1

was not used to measure the absolute value of the
N/R ratios. Instead, the beam splitters, apertures,
etc., were used to adjust the counting rates of the
N& 2 detector and R& detector so that they were
comparable. Since we were searching for sudden

changes in the N/R ratio, we felt that only the re-
lative fluorescence intensities were important. For
example, if the absolute value N/R ratio were
changed by a factor of 3 but a sharp break could
be seen, the break would still be consistent with the
KWG interpretation. Later, separate absolute
measurements of the N/R ratio were made by
directing all the light into the spectrometer/ pho-
tomultiplier detector, and tuning the spectrometer
alternately between the N2 line and the R

&
line.

The specified phototube spectral response decreases

by less than 10%%uo between 6934 and 7009 A and
the grating was blazed for a maximum efficiency

b

at 7000 A, so no correction to the fluorescence ra-
tio was made. The Nz/R

&
ratios of our 0.25, 0.69,

and 1.2 wt. %%uosample swer emeasure d tobe10
2)&10 ',and 8)&10 ', respectively, with perhaps a
20go relative error. These ratios are consistent
with the data of Imbusch and KWG. '

Fluorescence data presented in this paper were
taken by counting single photons collected between
5 and 25 msec after the laser beam was blocked.
Longer delays between pulse turn-off and counter
turn-on did not affect the general character of the
N2/R

&
rates, but shorter delays changed the ratios

significantly when the laser frequency coincided
with a trap absorption. The changes can be as-
cribed to the direct excitation of identified excited
states of the N2 trap spectra and their rapid

0.8 ms decay, or to a fast feeding of single ions
close to traps. The 5 ms delay after the end of
laser excitation allowed us to look at only the trap
emission that is the result of a transfer of energy
from a single ion to a trap. A similar timing se-
quence was also used in the KWG experiment.

Radiative trapping could play a significant role
in the determination of the Nq!R &

ratio. For ex-

ample, suppose a Cr + ion is excited, but for some
reason it has little chance to transfer nonradiatively
to a trap. Under radiative trapping conditions, the
ion could transfer its excitation by emission and
absorption of a real photon to another microscopi-
cally random site which might be able to transfer

to a trap. As the laser is tuned from line center,
the probability that a 6934 A fluorescence photon
will be reabsorbed will decrease, and consequently
the N2/R, ratio will decrease. We avoided reab-
sorption of R

&
light by using particles of ruby as

our samples. Ruby powder of a given size was
made by crushing a sample of known concentra-
tion in an agate mortar and filtering the powder in
a series of fine mesh filters with mesh sizes be-
tween 5 and 50 pm. The particle sizes were mea-
sured using a calibrated optical microscope after a
submonolayer coating of ruby powder was deposit-
ed on a microscope cover slide.

The concentration of Cr ions (by weight of Cr)
in our samples was determined by measuring the
ratio Cr —Ka x-ray fluorescence from an unknown

sample and a standard sample of known concentra-
tion. By measuring the concentration of two
pieces from the same ruby boule, the relative accu-
racy of this technique is estimated to be roughly
10wt. %%uo.

II. EXPERIMENTAL RESULTS

Figures 2 and 3 show the N2/R &
ratios and R

&

fluorescence as a function of laser detuning from
line center. As in the KWG experiment, only the
relative ratios are shown. Unless noted otherwise,

the zero value of the N/R ratio coincides with the

intersection with the x axis. Least-squares fits of
the decay curves give E lifetimes of 3.7 ms for the
3 and 20 pm size particles and show a 10%%uo in-

crease of the lifetime in the 40 pm sample. Our
value of 3.7+0.08 ms for the intrinsic lifetime of
ruby at moderate concentrations agrees with the
values given by Seizer and Yen ' and by Liao et
al. ' Thus we are confident that our 3 and 20 pm
size particles can not be significantly radiatively

trapped. The immediately obvious result of Figs. 2

and 3 is that the shape of the curve of N2/R &
ra-

tio versus detuning remains essentially the same for
the different size samples despite the changes in
the R &-line inhomogeneous width. Since all the
powder samples were made from the same section
of a single ruby boule, the increase in the inhomo-

geneous linewidth is probably due to a macroscopic
strain-induced broadening that results from the
crushing procedure. (Smaller powders would re-

cieve more strain. ) One could argue that each

separate particle in the sample could have a
strain-shifted and broadened line shape as a result

of the sample preparation, and any sharp features
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FIG. 2. X2/8 ~ fluorescence ratios as a function of
laser detuning from line center of the 8 l inhomogeneous

absorption profile for various particle sizes. (A11

X„/R, and a, curves are ply~ed on a relative linear
scale with the zero value intersecting the x axis unless

otherwise noted. Also, negative frequency units

represent frequencies to the red of line center. )

in the Xz/R &
ratio would have been washed out.

Consequently, some of the samples were annealed,

typically for 2 h at 1300 C, to remove the addi-
tional macroscopic strain, and the decrease in
linewidth is shown in the 8 j linewidths in Fig. 3.
The lifetimes in these samples were also 3.7 ms.
Again no qualitative change in the N2/R1 ratios in
Flg. 2 was observed.

Other sample concentrations were measured with
the same procedure and are shown in Fig. 4. The
general features in the %2/R &

ratio seen in Fig. 2
arc repeated 1Il F1g. 4, despite thc order-of-magni-
tude change in concentration. Some of the powder
data were taken in samples that showed a slight
amount of radiativc trapping, as measured 1Q thc
R1 decay lifetimes, but we believe that the work on
the 0.18 wt. % samples indicates that a 10wt. %
increase in the lifetime does not change the essen-
tial character of the Eq/R ~ curves.

Small ruby platelet samples were also studied
and some representative results are shown in Fig.
5. One reason for considering platelets is that an-

FIG. 3. R l inhomogeneous line shapes corresponding
to the N2 /R ~ ratios in Fig. 2. The 0.38 cm ' ground-
state splitting of ruby is partially resolved in all but the
3 pm unannealed powder.

nealing does not completely remove the macroscop-
ic strain induced in the preparation of the powder
samples, and possibly the sharp break-like features
would be obscured by a smooth distribution of
sharp features at slightly different wavelengths.
The inhomogeneous linewidths of the platelet sam-

ples were in fact narrower by approximately a fac-
tor of 2 from the powder data of comparable con-
centration. However, sudden changes in the
N2 jR

&
ratio failed to appear. Also, the resonant-

like peak at -=2.5 cm ' to the blue of line center
sharpened considerably as compared to thc powder
data.

Two 1mportant po1nts should be mentioned 1n

reference to the platelet data. First, we had diffi-
culty in obtaining samples free from radiative trap-
ping. Our attempts to reduce the thickness of the
crystal below -=50 pm using conventional polish-
ing techniques often shattered the crystal. A series
of experimental runs was made on a 0.17wt. %
sample starting at a thickness of 40 pm. After the
f1fst run thc sample was Af-1on milled to 20 pm
and finally to =10—15 pm. The R& lifetime de-
creased from 6.2 to 4.6 ms compared to the 3.7 ms
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FIG. 4. R-line inhomogeneous line shapes and
N2/8 &

ratios for powder samples of several concentra-
tions are shown. The 7009 A. fluorescence varies as c'
where c is the concentration of Cr ions in ruby, thus
making X2/8 I ratio measurements in the 0.035 wt. %
sample difficult. The background correction is due

mainly to phototube dark counts and phonon-assisted
R I-line decays.

untrapped lifetime. As with the powder data at
0.18wt. %, there was no significant change in the
%2/R ~

ratio. Note that the 20 pm powder sample
at 0.17wt. % did not show radiative trapping be-

cause of the substantially broader inhomogeneous
linewidth. Also, part of the radiative trapping is
reflective trapping that occurs when photons in the
sample are reflected at the ruby-helium interface.
%e expected reflective trapping to be larger in our
plate samples. Unfortunately, the ion-milling pro-
cedure proved to be awkward and expensive, so
most of the platelet data were taken on radiatively
trapped samples. The work on the 0.17wt. %
sample sho~s that radiative trapping, even enough
to produce a 6,2 ms lifetime, does not significantly
alter the %2R~ ratio. The second point worth men-

tioning is that platelet data were not as reproduci-
ble as the powder data. Figures 6 and 7 show ex-

amples of strong deviations from the average of all
the data, and Fig. 6 is especially intriguing since it

I I I I I I

- 5.0 -2.6 —0.2 + 2.2 +4.6 + 7.'0

LASER FREQUENCY (cm-~)

FIG. 5. X~/8 I fluorescence ratios for various plate-
let concentrations are shown. The zero for the vertical
axis has been suppressed. Note that the general features
of the Xq/8 I curve are repeated in the 0.45 wt. % sam-

ple in the region —3 to + 3 cm ' from line center.

shows a sharp change in the %2/R
&

ratio reminis-

cent of the K%G data. However, repeated runs on

the same sample did not duplicate this behavior,

and the curve shown in Fig. 5 is representative of
the rest of the runs. Note that the characteristic
frequency width of any X2/R ~

change measured

when the laser is operating with an effective
bandwidth of 3 0Hz is much greater than the
resolution of our experiment, since the R

&
absorp-

tion line always shows sharper features than the

N2/R ) ratio.
%e also took a limited number of single fre-

quency (jitter =40 MHz) scans on low concentra-
tion platelets of 0.035 and 0.99 wt. %. One such

scan is shown in Fig. 8. Also included is a scan
taken of the same sample, but with the laser

operating in the usual multimode fashion. The R
~

fluorescence spectrum actually resolves the
Cr /Cr isotope shift in the R

&
line. Although

there is no sharp structure in the limited tuning

range, there are two "resonances" in the A2/R &
ra-

tio that are associated with the R
&

peaks, but red
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shifted by =0.1 cm '. This result is hard to ex-
plain in the framework of the KWG interpretation.
Alternately, we speculate that the frequency shift
is a result of thc correlation between the excitation
frequency of a Cr+ ion and its ability to transfer
its energy to a trap. %e shall argue later that the
trap fluorescence is not enhanced by the rapid ex-
change of energy among single ions, but probably
is dominated at these concentrations by direct
transfer of nearby single ions to traps. If one as-
sumes this model, then a plausible explanation can
be given for the X2/R ~ shape shown in Fig. 8.
The probability of detecting an X2 fluorescent pho-
ton from a trap not directly excited by the laser is
simply glvcn by thc produc't of thc inhomogcncous
R, line shape and the probability P(co) of transfer-
ring energy from R to N If the. re is a correlation
between the position of any given Cr + ion in the
inhomogeneous line and its distance to a trap [evi-
dence for this correlation can be seen in Fig. 10(b)],
P(co) will certainly be frequency dependent. If one
averages over all single ion-to-trap distances and
assumes a 1/r", n )6 model for the single ion-to-
trap transfer probability, it is possible to obtain a
rough fit to the E2/R1 ratio curve in Fig. 8. The
average is an integral over all distances, ro to co,
whcrc I'o 1s some mlnlmum dlstancc CUtoff param-
eter, and time t~ to t2 define the time interval
where the X& and R

&
counts were recorded. Such
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FIG. 7, Xq/R~ ratio and R
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line shape for the
0.096 wt. % sample.
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FIG. 8. Xq/RI ratio and R~ line shape for the
0.035 mt. % platelet: (a), (b) under single-mode scan
(-40 MHz) and (c), (d) under the usual laser operating
conditions (-3 GHz). The frequency glich in curves (a)
and (b) and the result of a sudden shift in the monitor-

ing Fabry Perot. The error bars in (c) are statistical er-
rors in the mean.
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a fit requires that the closer a "single" ion is to a
trap, the more likely on average it is red shifted
with respect to the center of the inhomogeneous
line. Furthermore, the average frequency shift
favors a long-range dependence (n(3, ) to fit the
N/R ratio line shape. A short-range exchange red
shift gives a skewed line shape for the N/R ratio
that is weighted heavily towards small frequency
shifts.

A summary of the N2/R& data taken with the
same timing conditions as the KWG experiment is

given in Table I. We define a "break" in the 7009
A/ 6934 A ratio and the frequency where it occurs,
as indicated in Fig. 9. Although our break seems

somewhat artificial, it allows us to compare our
data quantitatively with the KWG data, which
have also been included in Table I. The errors list-
ed are statistical errors in the mean, averaged for
all runs of a particular powder or platelet concen-
tration, regardless of particle size.

We also took N2/R
&

data for different condi-
tions. In Fig. 10 we show representative data tak-
en on a 0.18 wt. /o, 20 pm diameter powder sarn-

ple. Curve (a) is data taken under the usual timing
conditions where the fluorescence ratio is recorded
in the time interval 5 —14 ms after laser excitation.
Curve (b) includes only the fluorescence in the first
0.5 ms after the end of the laser pulse, and curve

(c) is the counts in time interval 0—14 ms. Curve

(b) has been divided by ten in order to plot curves

(a) and (b) on the same scale. Curve (b) exhibits a
broad resonance roughly 2 cm ' to the red of the
inhomogeneous line center and coincides with a
known excited state of the N2 trap. Using the
notation of Kisliuk et al. , we are exciting the

4H3 transition. With the laser tuned to the peak
of this resonance, the 7009 A decay shows a sub-

millisecond immediately after the end of the laser
0

excitation that agrees w'ith the 7009 A trap life-

time. This is a clear signature of direct laser excita-
tion of the trap states. However, when the laser is

tuned to line center, the initial decay has a lifetime
slope of roughly 2.4 ms. We identify the initial

decay as the feeding of the Nz traps states by sin-

gle ions in their near vicinity. Curve (b) indicates
that the near-neighbor single-ion feeding to the Nz
trap is slightly higher for those ions with R~ fre-

quencies towards the red side of the inhomogene-
ous line. This result, which is also consistent with

Fig. 8, is not surprising since there appears to be a
general shift toward red frequencies when Cr ions
interact with each other in ruby. Ions close to
traps will have, on average, frequencies that are

slightly red shifted. We feel this correlation ex-

plains the single-mode data shown in Fig. 8.
Clearly, the character of the N2/R

&
fluorescence

ratio is changed if we also include the first 5 ms of
the Nz and R

~
decays. More importantly, the

feeding of traps by single ions in the first few mil-
liseconds after excitation gives a decay curve that
is not single exponential. Historically, the basis for
postulating rapid single-ion —single-ion transfer
has come from the single exponential decay of the
7009 A fluorescence at a rate equal to the 6934 A
single-ion fluorescence. ' However, our studies in
nonradiatively trapped powder samples in a variety
of concentrations have shown that the N2 fluores-
cence decays at a faster rate than the R

~
fluores-

cence, especially at early times, and only after a
few R

&
decay times do the N2 and R

&
decay rates

approach each other. Our results have prompted
us to reexamine the need for rapid single-ion-
single-ion transfer since the 7009 A flourescence
decay rate is not a single exponential decay. The
data and these results will be presented in a later
paper.

III. DISCUSSION OF DATA

The N2/R ~
data can be characterized by a

universal curve, but with some apparent systematic
differences. The + 2.5 cm ' peak is smaller or
lost in the noise at low concentrations, especially in

the powder data, but becomes sharper and more
pronounced in crystal samples of high concentra-
tion and narrower inhomogeneous linewidths. In
the platelet data there is additional structure near
line center that is more pronounced in the single-
mode laser runs at 0.035 and 0.096 wt. %. (Note
that our low-concentration platelets show very nar-
row inhomogeneous broadening: 0.18 cm
FWHM for the 0.096 wt. %%uosampl ean d0.07cm
FWHM for the 0.035 wt. %%uosample. )Thi sstruc-
ture may reflect the effects of radiative trapping,
but is more likely due to the frequency-position
correlation previously discussed. Also, even

though radiative trapping should affect the N2/R ~

ratio at some level, its effect would be a monotoni-
cally decreasing function symmetric about line
center. Thus, the appearance of three or more
bumps in the N2/R

&
data, and certainly the reso-

nance at + 2.5 cm ' can not be explained by trap-
ping.

Obviously, we failed to observe the sharp breaks
presented in the KWG experiment. In addition, the
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FIG. 9. Definition of the terms used in Table I.
Note that the frequency region to the red of line center
bears some resemblance to the KWG data.

LLI
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C3
(f)
LLJ
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contrast between the peak of the X2/R
&

ratio and
the lower values is a factor of 2 or greater than
their results. (Recall that =40% drop is seen in

their 0.09 wt. % sample, but only a =15% drop is
seen in the 0.23 wt. % sample. ) The position of
our breaks as defined in Fig. 9 does not vary with
concentration as in the KWG data, but remains
fixed at roughly 1 cm ' to either side of the two
R

~ lines. Our data are compatible with a concen-

tration-independent N2/R
&

curve. We see a drop
in the N2/R &

ratio in the 0.035 wt. % powder sam-

ple that is consistent with the higher concentration
curves, even though KWG report a flat X2/R~ ra-
tio in their 0.05 wt. /o sample. Similarly, our
0.45 wt. /o plate sample exhibits the same "univer-
sal" structure while the KWG experiment reports
no break. Thus, we conclude that our %2/R ~

ratio
data do not provide any evidence for a sharp mo-
bility edge.

Part of the difficulty in using the 7009 A/6934
O

A data as a reliable measure of the mobility of sin-

gle ions is the existence of excited states of the
fourth-nearest-neighbor traps that are in near reso-
nance with the R& frequency. Figure 11 shows
that lowest lying excited states of the single-ion
and S~ and %2 pair spectra. These states have
been identified by Kisliuk et al., and must be op-
tically connected with the ground states. As we

have shown in Fig. 10, the direct excitation of the
fourth-nearest-neighbor pair can be seen if we gate
our electronics to look during the first few mil-

liseconds following laser excitation where fast 1

msec X2 decay is readily apparent. Since we nor-

mally gate our apparatus to look after 5 mesc, we

can avoid seeing the direct excitation. However;
suppose that there are excited states that are not
strongly optically connected with the ground state
but can be reached via a resonant transfer from an
excited single Cr'+. For example, using the nota-
tion of Kisliuk, the fourth-nearest-neighbor excit-
ed state 4I has an energy (at 77 K) of 14418.2

(0

ac/

O
O
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0

o 0
0 0o 0 00 o o o 0 (c)

0 o 0 o 0 o 0 0
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0cf
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411.2
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FIG. 10. N2/8 j fluorescence ratio as a function of
laser frequency for different counting intervals after
laser excitation. Curve (a) is a N2/R ~ ratio for
0.18 wt. % ruby powder taken under the usual timing
conditions. Curves (b) and (c) show N'2/R l for time in-
tervals 0—0.5 msec and 0—14 ms, respectively. The in-
homogeneous broadening in this sample is =1.0 cm

SINGLE lON 4TH
NEAREST
NEIGHBOR

3RD
NEAREST
NEIGHBOR

FIG. 11. Optically identified states of the lowest ly-
ing levels for single Cr'+ ions and the N] and N2 pair
states. The third-nearest-neighbor pair's spectrum {Nq)
has no identified near-resonance states that are optically
connected to the ground states.
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cm '. The observed R I absorption frequency of
77 K for light polarization perpendicular and
parallel to the z axis is 14418.16 and 14417.63
cm ', respectively. The excited states of the N2
state have linewidths on the order of 1 cm '. (Re-
call that Fig. 10 shows an excited-state resonance
of the N2 trap that is roughly 1 cm ' wide. Another
excited state of N2 located =6.5 cm ' to the red
of the inhomogeneous R

&
line also has an absorp-

tion width of =1 cm '.) Then by tuning the laser
frequency in the vicinity of the R

&
inhomogeneous

line, we may be tuning in and out of transfer reso-
nances between single ions and the N2 pair states.

The fact that we have failed to see the direct ex-

citation of the 4I state may also be used to obtain
a lower limit on the single-ion-to-trap transfer rate.
The two paths for fourth-nearest-neighbor excita-
tion are N~N (the 4I3 transition) and R ~
R*~N*, where R* and N indicates an excited
state of R or N. The data of Fig. 10 and similar
work by Seizer et al. tells us that the probability
for R ~R*~N* must be at least a factor of 10
larger than N~N* since the 0.8 ms lifetime of
the fourth-nearest-neighbor trap is not seen in
time-resolved fluorescence studies. The total
number of excitations N~N* is proportional to
6[R] tT,pA~, where [R] is the fractional ruby

concentration (0.0018, in our case), pA& is the
number density of Al ions in sapphire, o ~, is

the optical cross section, and there are six
equivalent fourth-nearest-neighbor pair sites.
Similarly,

R ~R*~N'=(R ~R")(R*~N')

We estimate that oR R+/0. & &,-10 based on the

lifetimes of the R and N states and the relative
branching ratios for hS =0 and AS = 1 transitions
for fourth-nearest-neighbor pair states. Thus, one
finds that r,ff ) 14 A, a range that is completely
compatible with direct R*~N* feeding only.
Note that if the lower limit on r,g turned out to be
a factor of 3 larger, a strong case could be made
for fast R ~R transfer.

We have also studied the NI /R I fluorescence ra-
tio (7014 A/6934 A) corresponding to single-ion
transfer to third-nearest-neighbor pairs. There are
no identified near-resonant states in the NI spec-
trum, and even if there are nonoptically connected
states in the vicinity of the R

&
line, the likelihood

of a duplication of the N t spectra is highly unlike-

ly. Thus, the N~/Rt fluorescence ratio should be a
better indicator of single-ion —single-ion transfer
since the transfer of energy from single ion to N I

trap is not complicated by near-resonance excited
states of the trap. This study was hampered by
background fromm the large phonon tail in the R]
fluorescence (vibrational side bands) at 7041 A and
some care was needed in subtracting out this back-
ground. The background fluorescence was mea-
sured by scanning the spectrometer in the vicinity

0
of 7041 A. A resonance appears above a smooth,
monotonically increasing background. Figure 12
indicates how the signal-to-background ratio is
determined. Figure 13 shows the ratio data as a
function of laser frequency, ' comparison can be

—4g/3 r 3

=(pA~[R]o~ z, )(l —e " '") .

In the last expression, we are saying that R* will

transfer to N" if the probability for a trap found
within a distance r,f~ from an arbitrary single ion
is at least 0.5. If r,ff turns out to be large, failure
to see N ~N* must be taken as evidence for a
large R'~N', and an excessively probable
R'~N' may demand rapid R to R transfer.
Quantitatively,

MI- 4—

Kl
K

IJJ
O
LLI

co 2—
IJJ

O

CL

K

p I I

8 16
I

24 A

„*p~i6[R]'

R —+R* 4K 3
[R]pA1" fr=10

~w-x+

—4n/3 r 3

N~N*

SPECTROMETER WAVELENGTH

FIG. 12. Spectrometer scan in the frequency region
around 7041 A.. The N~ trap fluorescence is seen above
the phonon tail of the 8 I fluorescence, and the straight
line indicates how the R I fluorescence background is

separated from the trap fluorescence. Laser excitation is
near the center of the R

~
line at 6934 L. Spectrometer

resolution is =1.5 A.



S. CHU, H. M. GIBBS, AND A. PASSNER

024'/o PLATE

OCj

(0
og

0

n

I I I

-3 -2
I I

0 +1
I I

+2 +3

hJ

UJ

LU

O

O~

PO

o~

-6.0 -3.6 -1.2 0 +1.2 +3.6 +6.0

FIG. 13. X~/8 ~ Auorescence spectra as a function of
laser frequency. The horizontal line in the 0.24wt. /o

plate data marks the background level due to the pho-
non tai1 of the 6934 A radiation. The background level
in the 0.45 wt. % plate is less than 10% of the 7041 A
Auorescence.

Extensive measurements of the X2/R &
Auores-

cence ratio as a function of laser frequency in both
powder and platelet samples do no duplicate the
results of the K%G experiment. The major differ-
ences in our data can be summarized as follows:

made to the corresponding X2/8
&

curves in Fig. 5.
The XI/RI ratio data show obvious differences
from the X2/Rt data. The 0.24wt. % sample
gives only small modulations in the S~/R ~

ratio
when compared to the X~/R I ratio. Similar
behavior is also seen in lower concentration sam-

ples. Since the X~/R ~
and X~ /R

&
curves are dif-

ferent at concentrations of 0.25 wt. % or lower, we
must conclude that the X~ /R I and E2/R ~

ratios
cannot both be good measures of the single-
ion —single-ion mobility, casting further doubt on
KWG interpretation of the Xq/R ~

curves. How-

ever, we iterate again that the interpretation of the
7041 A data depends on the background subtrac-
tion. If the broad plateau shown in Fig. 12 is part
of the phonon sideband, the small variations in the

X& /R
&

ratIO may be comparable with the varia-
tions in the X2/R& ratio.

(1) Changes in the %2/R ~ ratio appear in all con-
centrations from 0.035 wt. % powder to 0.4S wt. %
platelets. (2) These changes are not sharp "breaks"
and must be characterized as gradual changes. (3)
The changes in the E2/R I ratio do not move out
w1th thc conccntIatlon, and alc consistent with a
roughly universal curve. (4) Our changes in the
A2/R ~

ratio show greater modulations than the
K%G data.

Thus, we find no clear evidence of a mobility
edge, and although the X&/R& ratios reflect the
ability of a single ion to transfer to a trap, no con-
clusions can be made about the single-ion —single-
ion transfer. Careful studies using samples at
0.18wt. % concentration of different powder sizes
show that a small amount of radiative trapping
does not alter the basic shape of the Nz/R

&
curve.

The nonradiatively trapped powder sample shows
and N2/R

&
ratio very similar to the 40 pm size

sample, although the larger powder sample has a
lifetime 10% longer than the 3 pm size sample.
Finally, there are unexplained features as large as
any candidate for a mobility edge break. There-
fore, any such interpretation is unwarranted. Stud-
ies of the X~/R

&
ratio, although not conclusive,

must cast further doubt on the KWG interpreta-
tion.

After the bulk of these measurements were
made, more direct means were used to measure the
single-ion —single-ion transfer. By extending the
time-resolved fluorescence line-narrowing tech-
niques used by Szabo' ' and Seizer and Yen, ' '

we have been able to determine the fraction of ions
that participate in fast nonradiative resonant
transfer. Also, by using an electric field switching
technique, we have measured directly the times in-
volved in transfer process. These experiments
force us to conclude that thc probability of
resonant nonradiative transfer is much smaller
than previously thought. In fact, in the lifetime of
R ~

excitatE'on, there is on the average only one ener-

gy transfer between single ions in sam@/es of 0.25
mt. % concentration.

There are still many unanswered questions con-
cerning energy transfer in ruby. For example, can a
frequency-independent R —+X transfer and the
measured frequency-dependent R ~R transfer ac-
count for the frequency dependence of the i%2/R

&

ratio, or does one have to use the idea of resonant
transfer to a postulated excited state of the X2
trap? Based on our I;-field switching results, can
one account for both the shape of the R

~
and X2

decay curves and the absolute magnitude of the R I
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and N2 fiuorescence? Can we explain the short-
ened R

~ decay lifetime at concentrations
& 0.5 wt. % even though there is no dramatic in-
crease in the amount of detected resonant nonradi-
ative transfer? Finally, why should the X&/R

&
and

Xz/R
&

ratio curves be different at moderate or low
concentration ruby ((0.25 wt. %) but similar for
0.45 wt. %%uoconcentratio nsamples ?(Compar eFigs.
13 and 5, especially within +3 cm ' of line

center. ) We will address these questions in a subse-

quent publication.
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