
VOLUME 17, NUMBER 5 P HYSI CAI. RKVIE%' I.KTYKRS 1 AUcUSV 1966

"This research was supported by the Advanced Re-
search Projects Agency (Project DEFENDER) moni-
tored by the U. S. Army Research Office, Durham, un-
der Co~~r~c~ No. DA-31-124-AHO(D)-139.

)Of the National Bureau of Standards and the Univer-
sity of Colorado.

S. Geltman, Proc. Phys. Soc. (London) 75, 67 (1960).
The results in this paper are spuriously large because
of the use of nonorthogonal approximations for the ini-
tial and final atomic wave functions (S. Qeltman, pri-
vate communication) .

M. R. C. McDowell and J. H. Williamson, Phys. Let-
ters 4, 159 (1963).

M. R. H. Rudge, Proc. Phys. Soc. (London) 83, 1
(1964).

B. M. Smirnov and M. I. Chibisov, Zh. Eksperim. i
Teor. Fiz. 49, 841 (1965) [translation: Soviet Phys.
-JETP 22, 585 (1966)l.

G. C, Tisone, dissertation, Department of Physics
and Astrophysics, University of Colorado, Boulder,
Colorado, JILA Report No. 73, 1966 (unpublished).

6B. L. Schram, F. J. de Heer, M. J. van der Wiel,
and J. Kistemaker, Physica 31, 94 (1964).

W. C. Lineberger, J.W. Hooper, and E. W. McDan-
iel, Phys. Rev. 141, 165 (1966).

GROUND-STATE SPIN MEMORY IN THE E( E) LEVEL OF RUBY
IN OPTICAL PUMPING VIA THE BANDS

G. F. Imbusch and S. Geschwind
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received 20 June 1966)

We wish to present direct experimental evi-
dence of the retention of ground-state spin mem-
ory in the E(2F. ) level of ruby under broadband
optical pumping. This has been done by observ-
ing a. change in the relative populations of the
Zeeman components of F.('E) when the popula-
tions of the ground-state ( A, ) spin levels are
readjusted by microwave saturation.

Recent experiments on excited state epr in
the E('E) state of d' ions in corundum have in-
dicated preferential populating of the Zeeman
levels of metastable states in pumping through
higher broad-absorption bands. '~' The evidence
for this selective pumping is that one can ob-
serve epr in excited states (therefore imply-
ing a population difference between the Zeeman
levels) in spite of the fact that spin-lattice re-
laxation between these levels is much slower
than the radiative decay. In effect, at very
low temperatures the levels cannot thermalize
before they radiate and, therefore, must have
been preferentially populated. Further corrob-
orating evidence is had from the direct mea-
surement of the intensity of fluorescent lines
emanating from these Zeeman levels, which
indicated that the excited-state spin tempera-
ture differed from the lattice temperature. '
The existence of this preferential population
in the absence of spin-lattice relaxation is not
in itself sufficient evidence to indicate a spin .

memory from the ground state, for such pref-
erential pumping could also come about by ther-
malization in higher-lying levels which feed

the E state. In general, one might not antici-
pate a spin-lattice relaxation time in these high-
er levels which is fast compared to the feed-
ing time of the metastable state, ' in ruby, for
example, this feeding time from T, -'E has
been experimentally shown to be approximate-
ly 10 sec. However, an experiment of the
type reported here, where a change in the rel-
ative populations of the ground-state Zeeman
levels .by microwave saturation produces a
change in the relative populations of the F- Zee-
man levels, seems to demonstrate unambigu-
ously this spin memory.

In Fig. 1 is shown the Zeeman splitting of
the E('E) and A, states. With H parallel to
the c axis, pumping from the A, to T, preserves
m+. Spin memory would now imply that spin
selection rules are operative in the multipho-
non cascade from the T, band to the final meta-
stable-doublet level without any intervening
thermalization in any of the intermediate states.
Since the spin-orbit perturbation must be in-
volved in order to make the transition from
quartet to doublet, we would anticipate a 4m~
=Q, +1 selection rule in the ~T2-'E cascade,
considering the admixture of T, to 'E to first
order in spin-orbit coupling. This will, there-
fore, also be the selection rule from A, to
the 'F. via the T,. Vfe make no assertions about
the details of the cascade process or interme-
diate states which may be involved, such as the
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of E are monitored by observing the intensity
of the e and & fluorescent transitions as shown.
The presence of reabsorption of the fluorescent
light by ground-state ions, which becomes se-
lectivev when ground-state splittings are com-
parable to kT, also influences the intensities
of n and 5 and must be separated from the true
spin-memory effects. The points in Fip. 1(a)
and 1(c) indicated by open circles refer to data
taken on exceedingly dilute ruby, i.e. , 8 parts
in 10 Cr per A1. In this low concentration,
auxiliary experiments indicate that trapping
is negligible. Spin-memory effects will only
be observed, of course, at such low tempera-
tures that the spin-lattice relaxation time is
longer than the radiative lifetime. This occurs
in the E('E) state of ruby below O'K. '

The single crystals of ruby were mounted
in a 48-kMc/sec microwave cavity with the ex-
ternal magnetic field along the c axis. The ruby
was pumped from an Osram HBO-200 Hg lamp
in a broad band centered at the T~, using un-
polarized light through a hole in the base of the

FIG. 1. Fractional change of intensities of n and 6
lines observed when the ground-state -2 -2 transi-
tion is saturated with microwaves. Curves (a) and (c)
are proportional to the Boltzmann difference of popula-
tion between the -& and -2 ground states, where each
curve has been adjusted to fit one low-temperature da-
ta point. Curve (b) is extrapolated from the high-tem-
perature data points for the o. line in the concentrated
sample and is what is expected for trapping alone. At
approximately 2.6'K, the spin-lattice relaxation in E
becomes faster than the radiative lifetime and begins
to mask the spin memory.

cavity. The fluor escent Zeeman components
were monitored with a high-resolution Jarrell-
Ash one-meter spectrometer through horizon-
tal slits cut in the cavity wall. With fixed mi-
crowave frequency, the magnetic field is swept
through a ground-state resonance saturating
it, and the change in monitored light intensity
of the n or 6 component is observed. The out-
standing, pertinent experimental fact is that
when the —2- —2 ground-state transition is sat-
urated, the intensity of the n line decreases
while the intensity of the 6 line increases, in-
dicating an increase in the population of the

mz =+—,
' level relative to the rnid

= ——,
' level in

the excited E state. This change in the popu-
lation ratio is what is expected from the sim-
ple spin selection rules Am~ =+1,0.' The size
of the above-mentioned changes in intensity
of n and 6 will depend upon the difference in

3
population, ~, between the -2 and ——,

' ground-
state levels. It will also be a function of the
relative efficiency of the Am~ =0, and +1 pump-

ing transition probabilities. With increasing
temperature this population difference decreases,
and so will the change in 6 and n intensities
with microwave saturation. Curves (a) and (c)
show how one expects these intensity changes
to vary with temperature, assuming a Boltz-
mann distribution before complete microwave
saturation, where the curves have been fitted
at a single low-temperature point. ' The exper-
imental points indicated by open circles follow
this expected variation up to approximately
2.6'K. This is the temperature at which the
spin-lattice relaxation time in E becomes com-
parable with the radiative lifetime' and rapid-
ly begins to exceed it, so that spin-memory
effects are not exhibited.

In a more heavily doped sample of ruby, re-
absorption of n is no longer negligible. Now,

3 1saturation of the -2 —-2 ground-state transi-
tion reduces the population in the -2 level,
which reduces the trapping of the o line, there-
by increasing its intensity. This effect in the
concentrated sample, which is opposite in sign
to the spin-memory effect, is shown in curve (b).
This curve is the change in o intensity expect-
ed due to trapping as observed by monitoring
the e intensity above 3'K in the absence of mi-
crowave power. Below 3'K the spin-memory
effects set in and operate in conjunction with
trapping. The dotted curve is that expected
from the sum of spin-memory effects as de-
termined in the dilute sample plus the trapping
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effects seen in the more concentrated sample.
The experimental points are in essential agree-
ment with the expected change from these two
effects.

Even in the more concentrated sample at 48
kMc/sec and very low temperatures, the pop-
ulation of the +z state is so low that trapping
is negligible for the 6 line. This is seen in the
figure, where the observed fractional change
in 5 intensity for the concentrated sample (in-
dicated by dark points) is seen to coincide with
that observed on the more dilute sample. As
one approaches higher temperatures and be-
gins to populate the +z level, reabsorption ef-
fects should appear, and it is likely that the
slight difference between the experimental points
for the 6 line for the two samples above 3'K
is attributable to such effects.

Changes in n and 6 intensity were also ob-
I 1 I 3served when the —z +z and +z +z transitions

were saturated. The observed changes were
all consistent with the above notions of spin
memory and trapping, assuming that the ground-
state 4m~ = +2 spin-lattice relaxation transi-
tions are faster than the ground-state ~mz -—+1,
0 relaxation rates. This is to be expected from
examination of the phonon coupling constants
given by Donoho for ruby. "

One would expect that this phenomenon of
spin memory is fairly general and not restrict-
ed to ruby. Some such effect would explain
the ability to detect excited-state epr in the
E('E) state of Mn + in Al,03 at temperatures
sufficiently low such that T, in this state is
longer than the radiative lifetime. ' Very re-
cently, selective population of the Zeeman com-
ponents of the excited E„,metastable state
has also been observed in CaF, :Tm'+ by An-
derson and Sabisky. " As pointed out by these
authors, this selective populating of the excit-
ed state is qualitatively consistent with partial
transfer of ground-state magnetization to the
excited state. We feel that the detailed quan-
titative results given here for ruby, relating
the change in excited-state magnetization to
the redistribution of the ground-state popula-
tion by microwave saturation, clearly distin-
guish spin-memory effects from other conceiv-
able causes of preferential populating of the

excited state.
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