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Anderson Localization and Mobility Edges in Ruby
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When the R~ line in ruby is swept with a tunable laser from the center to the wings,
the ratio of trap emission to R& emission remains constant up to a point in the line where
it suddenly drops to a lower constant value out to the wings. We suggest that this break
corresponds to mobility edges separating delocalized states in the central region from
"localized" states beyond this break.

In ruby, the Cr" ion substitutes randomly for
the Al" in the Al, O, lattice. The uncorrelated
random components of the crystal field at differ-
ent Cr" sites give rise to a distribution of ener-
gies of width 2I' for the 'A, -E('E) transition
(8, line). 21 is observed as the limiting width
of the &, absorption line at sufficiently low tem-
peratures (~ 20 K) such that phonon-broadening
effects' are negligible and is of the order of 1
cm ' in our samples. An interaction V«. (r«)
transfers excitation from an ion in the excited
E('E) state at site i to an ion in the 'A, ground
state at site i'. According to Anderson's ideas, '
if V«, falls off faster than 1/r«', there is a
critical concentration of Cr" ions, c„;„below
which there is no diffusion and the excitation is
spatially localized. Lyo' using an anisotropic ex-
change interaction for V..,. as suggested by Bir-
geneau' for ruby, has calculated c„,, to be about
0.3% Cr".

Mott' and others" have extended Anderson's
remarkable result to c& c„,, Their results im-
ply that above c„... mobility edges, +E, from
line center (Fig. 1), should separate delocalized
or excitonic E('E) states in the central region of
the g, line from localized states in the wings.
E, should increase rapidly as c increases. An

extensive literature' deals with this Anderson
transition in the context of the metal-insulator
transition, where the existence of mobility edges
is deduced from an average transport property
such as conductivity. However, very few if any
experiments exist which have selectively probed
the states in the bandwidth 2I' to discriminate
between localized and delocalized states. We re-
port here on such an experiment in ruby.

In our experiment, a cw ruby laser tuned by
magnetic field and temperature, and pumped by
an argon-ion laser, excites different regions of
the g, absorption line. The laser linewidth is a
fraction of the g, linewidth (Fig. 1). Excitation
in single Cr" ions may also be transferred to

exchange-coupled Cr" pairs, which act as traps
several hundred reciprocal centimeters below
the single-ion E level. Imbusch' first indicated
that emission from these traps is enhanced by
energy migration among single ions which brings
the excitation closer to the trap. Thus, if we
excite in the region of the &, line where the sin-
gle ions are localized, trap emission will be im-
peded compared to excitation in the central re-
gion. We have chosen the fluorescence of the
trap at 7009 A (N, line) as our monitor of local-
ized versus delocalized E states. For c& c„,„
the N, /R, emission intensity ratio should drop
from one constant value to a lower one as the
laser is swept from the A, line center to the
wings through the mobility edge.

To avoid reabsorption of A, light, we used sin-
gle-crystal ruby samples of micron-size parti-
cles deposited in a single layer on a glass slide,
or platelets & 0.001 in. thick. Samples studied
ranged in concentration from 0.05 to 1.4%. All
measurements were taken at a temperature of
-2 K.
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FIG. 1. Schematic division of inhomogeneously broad-
ened line, above the critical concentration for an Ander-
son transition, into regions of "localized" and delocal-
ized states. Laser light is used to excite these states
selectively.
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FIG. 2. Normalized trap gV2 line) to single-ion emis-
sion (R g line) in ruby as a function of laser excitation
in different regions of the R& line. The observed breaks
suggest mobility edges separating delocalized states in
the central region from the localized states beyond the
break.

Besides feeding of the traps by excited single
ions, one may have direct excitation into some
excited state of the trap by the g, laser light it-
self. As the radiative lifetime or the traps is
T~ =1 msec and that of the single ions is v„=3.6
msec, the trap emission associated with this di-
rect excitation may be essentially eliminated by
starting the measurement of the N, /R, emissions
at a time t, = 5 msec after shutoff of the laser ex-
citation.

The specimen was illuminated by the ruby laser
for 5 msec by means of a mechanical chopper
wheel. This was followed by a delay, t, = 5 msec,
after which the N, and g, photon counts in the
next 20-msec interval were integrated. This cy-
cle was repeated at 20 cycles per second for a
few minutes and the ratio of the accumulated-
trap to single-ion counts, which we call T/S,
was recorded as a function of the position of the
excitation from the p, line center. The results
are plotted in Fig. 2 for samples of three differ-
ent concentrations with T/S normalized to unity
at line center and the position from line center
normalized to the half-width I" for each particu-
lar sample. We suggest that the region of con-
stant T/S in the central portion of the line corre-
sponds to delocalized or excitoniclike states and
the point in each line where the T/S ratio drops
marks the mobility edge separating delocalized
from localized states. The observed motion of
the position of the edges versus c is such that
even if the breaks were perfectly sharp, a rea-
sonable macroscopic inhomogeneity in c of -10%%u&

e

p, =-p, /T, +g, x,n,~„. (2)

~(t) is the laser pump rate, constant during the
pumping and zero thereafter; x, and y,. equal 1
(or 0) when there is (or is not) a Cr'+ ion or trap,
respectively, at site i or j; and u„. is the rate at
which an excited Cr" at i decays by the transfer
of energy to a trap at site j. At a temperature of
2 K there is no feeding of the single ions by the
traps. The direct pump contribution to P,- is ig-
nored since this has substantially vanished at t,
when the counting starts, as indicated earlier.

Equations (1) and (2) may be solved exactly for
a given set of x,. and y,-. The integrated single-
ion count, S = (1/7'~) J,",((g,.x, n, (t))) dt, and the in-

would smear them to the extent seen.
In the central region diffusion is governed by

the short-range anisotropic exchange and the
states are strongly delocalized. The mobility
edges mark the point at which this diffusion is
inhibited. However, beyond the edges, diffusion
persists from the electric dipole interaction, '
V«, -1/~„. ,', which is orders of magnitude less
than the anisotropic exchange for the concentra-
tions studied. The states are now relatively lo-
calized, but since the single-ion-single-ion
transport remains, as will be seen, fast com-
pared to other rates, the observed breaks in T/S
are small.

To stimulate localization in a tractable model
we assume that there is a term in the rate equa-
tion for the single-ion excitation at site i, n„of
the form -D(n, —(n, )), where (n, ) is the instan-
taneous spatial average of n, . D serves as a mea-
sure of the localization, taking on a value D, at
the center of the line and a very much smaller
value D in the wings. This description of the
single-ion-single-ion transport of excitation is
plausible if D exceeds all other relevant rates in
the problem. An analysis of the data in terms
of this model implies that, even in the wings, D
satisfies this condition. The model is also for-
mally correct for strict localization (D =0). How-
ever, in this case the predicted ratio (T/S)D /
(T/S)D is an order of magnitude less than is
found and so we reject such small values of D.
At laser pump levels insufficient to saturate the
traps, the rate equations for n, and for P,, the
trap excitation probability at site j, are now tak-
en to be

—n, Qy, w„.+D —n, )
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tegrated trap count, T = (1/v„)f,", ((g,.y,.P,.(t))) dt,
where ((. . .)) indicates an ensemble average,
may then be written down. ((x,)) = c and ((y, )) =d,
the trap concentration (where in fact d = 2c').
For small t". and d, it is sufficient to calculate S
to first order in c and zero order in d, and T to
first order in c and d. The expression for T/S
now simplifies for significant values of D, and
becomes

T
R

—=d~ Q
D M)pg

~ D+ Kp~

R
—~p expr. - 4(~~ —~ ')1

TR Tp
(3)

The summation runs over the complete Lattice,
excluding those neighbors of a given trap (whose
center. is at 0) which are so perturbed by the pair
that they no longer appear in the spectrum of the
&, line. These were taken to be the first to
fourth neighbors of either ion in the pair. se„. is
taken to be proportional to the square of the an-
isotropic exchange" and may be expressed as
A exp(-2o~„.), where we estimate o. =1.03 A '.
The ratio of T/S in the localized regime (D =D )
to T/S in the delocalized regime (D =D, ) is now

(T/S),. Z D.~.,/(D. + ~a~)

(T/S) Q 'D, ggo,./(D, + w„.)

Assuming a particular value for D„we use Eq.
(3) and the observed values of T/S at the line
center to fix the amplitude A in w». Equation (4)
may then be used with the experimental T/S val-
ues to find corresponding D values. D, should
be of the order of some representative single-
ion-single-ion transfer rate associated with an-
isotropic exchange which Birgeneau' has estimat-
ed to be of the order of 10' sec ' in 1% ruby. On-
ly D, /Q 'av,

~
is determined from our data, but

requirements upon this ratio can be used to fix
D,. Since the single-ion to trap energy transfer
rate -cg'av„. must be phonon assisted, "it will
be down by approximately a factor of 10' from D, .
Thus, from the experimental value T/S =15.9
x10 ' for c =0.23 x10, the requirement D, /
cP'zv„.& 10' is only satisfied for D, & 10', which
is not inconsistent with the earlier estimates. "
Contrary claims that D, is essentially zero are
at variance with our observation of the mobility
edges. ""

In Table I are listed the values of D derived
from the experimental T/S values using Eqs. (3)
and (4). We find that any value of D, & 10' yields
the same results for D as for D, =10'. The de-
rived values of D increase with c as expected

TABLE I. p'/S)D, p'/S)~ /(T/S)D, and T~ for
samples of different Cr3+ concentration, c. The val-
ues of D~ listed pertain to D~-106 sec ~. Quoted c's
are accurate to 10%.

p'/S)D
~B

(msec)
(T/S)
0'/S),

QJ

(sec ~)

]
0.5
0.23
0.14
0.09
0.05

0 ~ 0

15.9x 10
4.6x 10-3
2 x 10"

&2
3.4
3.6
3,6
3.6
3,6

No break
No break

0.85
0.67
0.59

No break

~ D ~

1.31X 10'
4.54x 104

3.07x 10

and the variation goes almost as c' or as (1/
r«. '), which is suggestive of a dipolar depen-
dence. However, the exact behavior of dipolar
diffusion in the Anderson model is rather com-
plicated. The values of D derived are larger
than suggested by previous estimates. "Note
the very narrow range of c over which the mo-
bility edges may be observed. " No mobility
edge was found for c = 5X10 ' and our data in
Fig. 2 suggest that the Anderson transition oc-
curs at c=0.8x10 '. At higher c the break be-
comes smaller, moves towards the wings, and
is obscured by reabsorption.

If T~' is the effective single-ion relaxation time
one may derive a relation between measured
quantities:

1+6
S 7~ —1 ~ exp[ —Io(Tp —T~ )]

where b (-3) takes account of relaxation to other
types of traps in addition to the monitored fourth-
nearest neighbors. When the experimentally ob-
served values of T/S are inserted in Eq. (5), the
second term in the brackets is seen to produce
an unobservable correction to 7„up to c = 2.3
&& 10 ' and indeed none is observed within the ex-
perimental error of a few percent in T~. For c
=14x10 ' the predicted T„' is 1.6 msec but be-
cause of reabsorption ~„'=2.0 msec is observed.
These effects for larger c, even in the fine pow-
ders, precluded the observation of the mobility
edges and the Anderson transition by the mea-
surement of different T~''s in the wings and cen-
ter of the line. " Finally, the spatial delocaliza-
tion we see need not necessarily imply spectral
diffusion. '
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Possible Effects of Decays of Charmed-Particle Resonances
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(Received 7 October 1975)

Under the assumption that production of the charmed vector meson D* is important in
the charm threshold region, the soft cascade pion (photon) from D~ Dx (D+ Dy) for
ML, ~ -MD & M~ (MD ~ —MD &M„) could serve as a very useful clue for charmed particles.
Also the pions produced in e+e" collisions together with (strong-interaction-stable)
charmed particles must obey energy equipartition. This strongly suggests other new
heavy-quark thresholds and/or heavy-lepton production.

The discovery of even-charge-conjugation
states in (( -~ decays" and of the r},(2.85 GeV)'
strongly suggest that l( spectroscopy is that of a
fermion-antifermion system. If the structure in
o„,(e'e -hadrons) in the region 4 ~ W & 4.6
GeV reflects cc continuum states decaying into
charmed-particle pairs, many such cq (q = u, d, s)
composites have already been produced at SPEAR
and DESY. The failure to find charmed particles
there (and elsewhere) is attributed to multibody
decays and to the possible almost simultaneous
onset of a heavy-lepton-pair threshold4 which
tends to reverse the charmed-particle signal in
the K/n ratio. ' The small mass difference be-
tween D~ (1 ) and D, ' the corresponding 0
state, leads to soft m and y emissions for 6=- M~.
—M~ & m., and 6 & m„respectively. The possi-
ble implications, particularly of the ~ &0 case,
for charmed-particle searches are discussed be-
low.

Simple potentiallike models for cc bound states

tend to predict g-g, mass differences much
smaller than the observed value of 250 MeV. The
presumably short-range spin-spin forces which
cause 'S-'S splittings are likely to be less effec-
tive in the more extended (cq) systems D and D*
than in the g and rt, systems which are composed
of two heavy quarks. Thus it is expected that 6
= mD. —m~- m& —m„and in the following I will
assume 6- 200 MeV. On the other hand com-
parison with the larger light-quark system (i.e.,
the ordinary mesons) suggests that (mo. )' —(mo)'
~ mi. ' - ml'. Thus for m~. =2 GeV as indicated
by the large rise in A at g = 4 GeV we find 6
& 0.14 =m, .

Specific model calculations" predict almost
complete dominance of the D*D* mode in the
charm threshold region. Even if the detailed pre-
diction of a, huge jump (6B=3) in A over a very
small (10-20 MeV) range due to D*D* is not
verified experimentally I believe the qualitative
result that D*D* states are important just at the


