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Orbach Relaxation and Hyperfine Structure in the Excited E('E)
State of Cr" in Al, Os

S. GzscHwrNr)) G. E. DzvLiN, R. L. CoHENp AND S. R. CHlNN

Bell Telephone Laboratories, Murray Hill, Sew Jersey
(Received 28 September 1964)

Several methods of optical detection of electron pars, magnetic resonance (epr) of excited states in crystals
are outlined. The application of these methods to observation of epr in the excited metastable E('E) state
of Cr'+ in A1203 is described. The most recent technique made use of a high-resolution optical spectrometer
to monitor the change of intensity of one of the Zeeman components of the Ri fluorescent light LE('E) ~
'A sj as E was saturated by the microwaves. when the magnetic field was swept through resonance. A sample
doped with Cr enriched to 92/& Cr'3 was used to study the hfs in the If' state. An upper limit of 25 kG is set
on the hyperfine field per unit spin (A/grPv) This sm. all value compared to that of 200 kG for the ground-
state results from a near cancellation of the negative core polarization Geld by an equally large but positive
orbital Geld. The spin-lattice relaxation time T& in the E level was determined by observing the recovery of
the light signal after the microwave saturating pulse was switched o6. A continuous averaging technique
using a multichannel analyzer was employed to improve the signal-to-noise ratio. T& is found to very ac-
curately follow an Orbach process with Tz ——3.8&10 9 e i'~ sec where 6=28.8&1.0 cm ', i.e., the separation
between 2A and E. In the range of temperature where the Orbach process was observed (4.2'K ~,2.8'K),
Ti was found to be essentially independent of concentration (0.05 and 0.005Vo) and frequency (24 and
48 kMc/sec), as anticipated. The coefFicient 3.8&(10 sec is signi6cant in that it measures the maximum
transition time from 2A to Z, T2@~g, with spontaneous emission of a 29-cm phonon. This time plays an
important role in considering the production of 29-cm ' acoustic phonons by the pumping light. Initial evi-
dence is cited for the generation by the pumping light of a narrow-band "hot-phonon" spike at 29 cm ' as
seen by the spin-lattice relaxation in the E level.

I. INTRODUCTION
" 'N recent years there has been a growing interest in

~ a detailed examination of excited states of magnetic
impurity ions in crystals. Specifically, it would be de-
sirable to study these excited levels with the high
resoluti. on of electron paramagnetic resonance which
has been so successfully applied to the study of ground
states. In the attempt to detect the microwave ab-
sorption directly in the excited states one is generally
hampered by the fact that the number of ions that
can be maintained in these excited states by the usual
methods, such as optical excitation, is far too small;
i.e., the combination of the relevant factors such as
pumping power available, optical absorption factor,
and lifetime of the excited state are such as to yieM
a number of ions in the excited state below the limiting
sensitivity of conventional epr techniques. However,
if the excited state in question is Quorescent, one can
seek to monitor a change in the fluorescent light from
this level when the microwave frequency coincides with
its Zeeman splitting, rather than monitor the absorp-
tion of microwave power. As one is detecting optical
rather than microwave photons, orders of magnitude
sensitivity may be achieved. This would be the analog
in solids of the optical rf double resonance techniques
first suggested by Brossel and Kastler' and widely used

Method 1. Circular Polarization

If we look a,long the direction of magnetic field, the
intensity of the left-circular component of light (line A)
will be less than the right-circular component (line 8)
since e, (n~. If one therefore monitors with appro-
priate pola, rizers the light along the dc magnetic field,
one will observe an increase in left-circularly polarized
light and a decrease in right-circularly polarized light
as microwave transitions are induced at the resonance
between levels a and b, due to the increase in e, and
decrease in n~.

Note that the Zeeman splitting Deed not be resolved
at all in this method, i.e., the linewidths may be con-
siderably greater than the splitting. However, as fa,r as

'To the extent that we are solely concerned with impurity
ions in essentially ionic crystals, these remarks are generally
valid. They do not apply to excited triplet states of organic
crystals which are so long-lived (one second or greater) that one
can easily produce sufhcient excited centers so that, they can be
observed by direct microwave absorption. B. A. Hutchison, Jr.,
and B.W. Mangum, J. Chem. Phys. B4, 908 (1961).' J. Brossel and A. Kastler, Compt. Rend. 229, 1213 (1949). s J. Brossel and F. Bitter, Phys. Rev. 86, 308 (1952).
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in gases as, for example, first applied by Bitter and
Brossep to the 'P~ sublevels of Hg.

Within the general framework of optical detection
of microwave absorption in excited states in solids
three methods immediately suggest themselves and are
illustrated by reference to Fig. 1. For the purposes of
illustrating these different methods, consider an excited
state doublet which is maintained in a steady state by
some continuous pumping means and which decays by
Ruorescence to a, ground doublet. Assume that both
doublets are split in a magnetic field and have selection
rules as shown. Further assume that there is a ther-
malization of a certain degree or that if necessary some
selective means of filling levels a and b has been used
so that the population of level a, e„is less than that
of b, ng.
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FIG. 1. Illustration of optical detection of epr in an excited
state. ub is the hypothetical excited-state doublet which Auoresces
to the ground-state doublet cd. It is assumed that the population
of level b is greater than that of A as a result of either thermaliza-
tion in the excited state or selective filling, hu indicates an induced
microwave transition.

solids are concerned this method of circular polarization
has several disadvantages. For one, it requires looking
along the direction of the field, which could prove ex-
perimentally inconvenient where one is pressed for
space between pole faces of a magnet with a microwave
cavity inside a double Dewar arrangement for low-
temperature work. In addition, for other than cubic
crystals, one must not only view along the field direction
but the dc held must be along the unique axis of the
crystal for the light to be completely circularly po-
larized. This limits one's attempt to study the epr
spectrum of the excited state with the magnetic field
in any arbitrary direction relative to the unique axis.
None of these latter objections can really be considered
as overriding considerations, but in any case no ex-
cited state epr has been done as yet in a sold by moni-
toring a change in circularly polarized light.

Method 2. Selective Reabsorption

Imagine that the total fluorescent light is viewed
after being passed through a material that selectively
absorbs line A. Then in effecting a microwave transi-
tion from b to u, light which was previously emitted in
line 8 will now be emitted in line 3 which is more
strongly attenuated by the absorber, so that the total
light 2+8 reaching the viewer will be decreased. The
absorber in question need not be external to the Quo-
rescent system. For example, lines 3 and 8 may have
sufhcient oscillator strength and enough centers may be
present in the ground state so that 3 and 8 are in-
ternally reabsorbed in the sample. Reabsorption will
decrease the intensity of emitted radiation from the

sample as one may assume the existence of nonradiative
decay to the ground state as well as the more probable
decay by radiative transition. If, in addition, one is at
suKciently low temperature such that ed&e„then 3
will be more strongly reabsorbed than 0. If one now
induces a microwave transition from b to a, then again
the total light (2+8) viewed in a, given direction
(which now may be arbitrary and, for example, in the
more convenient direction at right angles to the ex-
ternal magnetic 6eld) will be found to decrease due to
this selective reabsorption.

This method of selective reabsorption has been used.
in gases. ' It was applied successfully for the first time
in a solid in the initial epr study of the excited meta-
stable E('E) of Cr'+ in Alsos reported earlier, ' following
the study of this reabsorption by Varsanyi, Wood, and
Schawlow. ' However, such large internal reabsorption as
is present in ruby is not so easily achieved in other cases,
as for example in V'+ and Mn4+ in A1203, which are
under study, or in exceedingly dilute ruby (parts per
million of Cr). In general therefore factors such as
smaller available concentrations of the impurity ion,
reduced oscillator strength and broader optical lines
will reduce the reabsorption. In addition, at higher
temperatures, levels c and d of the ground state are
more nearly equally populated and the reabsorption
becomes less selective between lines 3 and 8. In ruby,
for example, a significant decrease in signal-to-noise,
S/X, was observed as one went from 1.6 to O'K, due
to the decrease in selective reabsorption. This led to the
adoption of method 3 described in the next paragraph.

Method 3. Use of High-Resolution
Optical Spectrometer

Assume that the Zeeman splitting between A and 8
can be resolved with a high-resolution optical scanning
spectrometer. Then one may sit on line 3 and monitor
its intensity with a photocell. If a microwave transition
is induced between b and a, thereby increasing the
population of a, one will observe an increase in the
photocell output. It is this latter that we have found
most useful in studying the epr and specifically the
spin-lattice relaxation time between the Zeeman com-
ponents of the excited E('E) state of ruby.

II. ENERGY LEVEL SCHEME OF Cr'+ IN A120~

We briefly review the very well known energy level
scheme of Cr'+ in A1203 with the aid of Fig. 2.' The
free-ion ground state is 4F with L=3 and 5=23. The

4H. Bucka, Naturwiss. 43, 371 (1956); H. Bucka, Z. Physik
151, 328 (1958).R. H. Kohler, Phys. Rev. 121, 1104 (1961).

~ S. Geschwind, R. J. Collins, and A. L. Schawlow, Phys. Rev.
Letters 3, 544 (1959); S. Geschwind, in 3fagletec and Eiectrec
Resonance and Relaxation ProceedAzgs of Colloque Ampere, Eind-
hoven, July JWZ, edited by J. Smidt (Interscience Publishers,
Inc. , New Vork, 1963), p. 548.

F. Varsanyi, D. L. Wood, and A. I.. Schawlow, Phys. Rev.
Letters 3, 545 (1959).

r S. Sugano and Y. Tanahe, J. Phys. Soc. Japan '.i.3, 880 (1958).



and are shown in Fig. 3(a) for the o polarized light
(EJ c). The s. components (EIIc) are considerably
weaker and are discriminated against by the optical
spectrometer so tha, t they have been omitted. (These
selection rules have been largely verified in experi-
mental studies of the optical Zeeman spectrum of ruby
by Sugano and Tsujikawa" and Sugano, Aoyagi, and
Misu. ") A steady-state population is maintained in E
by comtieuous excitation to the absorption bands with
mercury light. Epr in E is observed using method 3
outlined above by monitoring the change in the in-
tensity of line A with a high-resolution spectrometer.

There are no matrix elements, diagonal .or off-
diagonal, of spin-orbit coupling or trigonal field within
the 'E level. The trigonal field V ec (xy+ys+xs) trans-
forms as the T2 irreducible representation of the cubic
group, and since the direct product EXE=/I i+&s+E
does not contain T2 there are no matrix elements of
trigonal field within E. Similarly, the angular momen-
tum L transforms as a vector or as the Ti representation
so that in addition there are no matrix elements of
spin™orbit coupling within E. However T2)&Tq does
contain E so that in second order the combined action
of the trigonal field and spin-orbit coupling splits the E
level into two Kramers doublets separated by a dis-
tance 6 given by~
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FIG. 2. Partial energy-level diagram of Cr'+ in A1203
in an external magnetic Geld.

sevenfold orbital degeneracy is split in a cubic field
into a 4Am orbital singlet and the 4T2 and 4T~ triplets
which are shown cross-hatched and are the main ab-
sorption bands of ruby. The fa,mous fluorescent 'E
state arises primarily from the free ion 'G level but at
the strength of cubic crystal Geld in ruby is, of course,
an admixture of many of the free-ion doublet states,
i.e. 'Gt 'D 'FI 'P. The splitting of the 'G level in a
cubic 6eld is also shown. ' The strength of the cubic
crystal fieM is such that the 'E level falls below the
4T2 and 4T& levels. The 'E is populated by the ion-
absorbing light in the green and blue, corresponding to
the 'A2~'T2 and 'A2~'T& transitions, and subse-
quent decay by radiationless transitions to the 'E level.
The quantum eKciency of this Quorescence is of order
unitys (anywhere from 50 to 90%). Jn addition to the
predominant cubic field there is also present a smaller
trigonal 6eld which in combination with the spin-orbit
coupling splits the 4A& ground state by 0.4 cm ' and
the 'E state into two Kramers doublets separated by
approximately 29 cm '. lt is in the lower of these
doublets, i.e., in the E('E) that epr is performed.
Figure 3(a) extracts from Fig. 2 that portion of the
diagram most pertinent to the experiment. The selec-
tion rules for the optical transitions between the E and
the 'A2 states with the external magnetic fieM along
the c axis have been worked out by Sugano and Tanabe~
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Fio. 3. (a) 0 components of Rr light LE('I') ~ 'As) with H,„q
along the e axis. The two ~ components have been omitted as
they are weaker and are discriminated against by the grating of
the spectrometer. (b) Decrease of intensity of line A as ions are
transferred from (+1, —ss) to (—1, +s) and subsequent recovery
due to spin-lattice relaxation and radiation to ground state. Sample
is continuously irradiated with Hg light.

'The apparent nonconservation of center of gravity of the
levels split oR from the 'G level is due to the fact that these
crystal Geld states are admixtures of many other free-ion states
and one must consider the conservation of the center of gravity
of all)the levels combined, many of which are not shown.

'T. H. Maiman, Phys. Rev. Letters 4, 564 (1960); T. H.
Maiman, R. H. Hoskins, I. J. D'Haenens, C. K. Asawa, and
V. Evtuhov, Phys. Rev. 123, 1151 (1961).

~ S. Sugano and I. Tswikawa, J. Phys. Soc. Japan 1B, 899
1448 (1958)."K.Aoyagi, A. Misu, and S. Sugano, J. Phys. Soc. Japan 18,
(1963).
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6guration only. Evaluation of (1) gives ML REFERENCE
SIGNAL

(2)

where E is the trigonal field parameter and i the one-
electron spin-orbit (s—o) coupling parameter. In a
magnetic field, the Kran1ers doublets are split with
first-order eigenfunctions as labeled in Fig. 4. Here the
&2 are the spin quantum numbers and &1 is an orbital
quantum number describing the transformation prop-
erties of the wave functions under rotation around the
axis of quantization which is taken to be the trigonal
axis of the crystal.

Since no matrix elements ot L exist within E one
would expect a gl 1 for the 8 and 2A levels corresponding
to spin only, i.e., glt=2. 0023. Moreover, since the spin
operator cannot affect the orbital quantum number,
transitions between the Zeeman components of E or 2A
would be forbidden to first order, i.e.,

Sg
c

f(~E, tx2, +1)
aA('E)

f (~E,-112,-1)

MA Ma Ms

f( E, 1/2, -1)

—f( E, —1/2, +I}

I.IG. 4. Zero-order designation of E and 2A states. ~ is approxi-
mately 29 cm '. Afar refers to a nonspin-fBp matrix element for
phonon emission from 2A to E without a spin change, while M~
refers to a spin Qip. iVg(Mg.

"A. M. Clogston, Phys. Rev. 118, 1229 (1960).

(4)

Sugano and Tanabe' have shown that higher order
processes involving Vt„~mix in some orbital angular
momentum from the 'T~ and 'T~ states into the 'I' to
give a g~~ (E)=2.4 and g, & (2A) = 1.6. In addition,
Clogston'2 has shown how a whole series of higher
order processes involving Vt„~, VH o and Vc,„~give
rise to a small g&=0.06. The experimentally observed
upper limit for g~ is =0.06.

It is important to keep in mind these higher order
modifications of the 'E states for several reasons. First,
since g& of the E is not identically zero, microwave
transitions between its Zeeman components will be
allowed. However, as g~ is so small, one will require
microwave power levels much larger than normally
needed to saturate most paramagnetic transitions at
low temperatures. Secondly, the departure of gl& from
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FIG. 5. Block diagram of system used for optical detection of epr
in the E('E) excited state of ruby.

2.0023 measures the admixed orbital angular momen-
tum and will have a bearing on the hyperfine field in
this state.

Finally, as concerns spin-lattice relaxation, since
neither E nor T2 vibrations couple to 'E(I2'), the 'E(t2')
has no direct interaction with the lattice, one must go
outside this state to eGect spin-lattice relaxation. More-
over, we will have occasion later to consider the transi-
tion from 2A to E with spontaneous emission of a
29-cm ' phonon. Actually, there will be four such pho-
nons which difIer from each other by roughly the Zee-
man energy. Two of these transitions will involve a
spin Rip (M'~) and the other two are nonspin Rip (M~)
as shown in Fig. 4. Since the very existence of these
radiationless transitions depends upon the mixing into
'E of some of the 'T2 state by spin-orbit interaction and
trigonal fi.eld, the relative ratio of the spin-Rip and
nonspin-Qip transitions is not readily apparent and will
depend on the details of this mixing.

13 Manufactured by Jarrell-Ash Company. A Harrison grating of
7620 lines per inch blazed for operation around 55' is used in
eighth order giving a resolving power of over 250 000 in this region.

III. EXPERIMENTAL PROCEDURE

The experimental arrangement used is shown in Fig.
5. The ruby samples varied in size from ~~~ to 8 in. in
diameter and approximately 8 in. in length. The c axis
was at right angles to the cylinder axis and normally
parallel to the magnetic Geld. The sample is mounted
vertically along the axis of a microwave cavity operating
in the TEoy2 mode. It is continuously illuminated by a
250-% Osram mercury lamp through a small hole in
the bottom of the cavity. A Corning glass fi,lter is used
to cut out red light from the mercury lamp. The Quo-
rescent radiation is viewed at right angles to the field
through horizontal slots cut in the cavity which do not
interfere with current Qow in this mode. A particular
Zeeman component of the E~ light is selected by the
high-resoLution 1-m Ebert scanning spectrometer. " It
is monitored by an RCA 7326 photomultiplier or a
cooled RCA 7102. At E band, the microwave generator
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used was a, 2K33 klystron while at 48 kMc/sec a BTL
backward wave oscillator was used. Fach tube had a
maximum power output of approximately 40 mW. The
microwave generator was amplitude modulated with a
low-frequency square wave (20 to 400 cps) so that the
small percentage change in light intensity of a selected
Zeeman component, which occurs as the magnetic field
moves through resonance in E, is modulated at this
frequency. This signal is then fed through a lock-in
detector and on to a pen recorder. An illustration of the
signal to noise obt.ained by this technique is shown in
Fig. 6 where it is estimated that there were approxi-
inately 10" ions in E('E). Note that the epr linewidth
of approximately 16 G is orders of magnitude less than
the width of the E level (=0.1 cm ' or 1-kG) which is
due to inhomogeneous crystal-fieM broadening.

At temperatures below the X point of helium the
change in light signal was large enough compared to
noise that the resonance could be observed directly
on the oscilloscope without the need for the narrow-
banding techniques of lock-in detection.

6.86 6.88 6.90 692 6.94 6.96 6.98
MAGNETIC FIELD IN KILOGAUSS (M DIES)

FIG. 6. Epr signal observed by optical detection in A&' at 1.6'K
from approximately 10"spins in I&".

A sample of AlsOs containing 0.1% Cr enriched to
92% Cr" was grown from the flux by Remeika. In
Fig. 7(a) is shown the hyperfine structure splitting of
the ——,

' —++-,' transition of the 'As ground state for
which A&1 is known to be 16.80&0.04&&10 ' cm '.""
In Fig. 7(b) is shown the (——,', +1)~ (+-,', —1) transi-
tion in the E state in the same isotopically enriched
crystal with no hfs apparent. From the width of this
line in the unenriched crystals we may put an upper
limit on A „(E)(2.0X 10 ' cm ' which corresponds to a
field per unit electron spin at the Cr nucleus of &25 kG
in contrast with —202000 in the ground state. This
result is easily understood in terms of the near cancella-
tion of the orbital hyperfine field with the core polariza-
tion field in the E state. The hyperfine field in the 432
ground state is essentially due to core polarization, i.e.,
of the total hyperfine field of —202 000 G per unit spin
only some —7000 G is contributed by orbital and
dipolar fields, so that we may adopt a figure of —195 000
G for the core polarization field for 3d'"."However, as
indicated by the g shift in E there is a not inconsider-
able admixture of orbital angular momentum which
would lead to a large orbital hyperfine (h.f.) field. The

gp/ ENRICHFD Cr 1N Atsos (CI":At-1:10 )

(a)
H

II
C - AX 1 S

(-I/2 + &/2)

(3 =1,9818

~go I=

GAUSS

(b}
E('.E)

I3
= —2.445

IV. HYPERFINE STRUCTURE IN E('E) STATE

The essential spectroscopic results of the E level
were presented earlier' and are well represented by the
spin Hamiltonian

~ 2O
GAUSS

Fio. 7. Top figure shows epr signal from —
~

—++& transition
of 422 ground state in sample enriched with Cr". The hyperGne
constant is approximately 20 G (separation between h.f. com-
ponents). Lower Ggure shows resonance observed in same sample
with no resolved hfs apparent. One may place an upper limit on
A in the excited state of less than 2 0 or 2X10 4 cm '. Reduction
of A in excited state is due to partial cancellation of core polariza-
tion Geld by orbital hyperGne Geld.

(5)3('.=g„pH,S,+gi)3 (H,S,+HJS„),
with g„=2.445 and go&0.06.

To these earlier results we now wish to add the mag-
netic hyperfine interaction of the Cr" nucleus in the
E('E) state. This interaction is represented by an
additional term

3C~ AnI, S,+At(I S.+I„——S„).
Because g~ was so close to zero we could not determine
Ag but only AII.

"A. A. Manenkov and A. M. Prokhorov, Zh. Eksperim. i Teor.
I'"iz. 31, 346 (1956) LEnglish transl. : Soviet Phys. —JETP 4, 288
(1957)g.

(6) "G. M. Zverev and A. M. Prokhorov, Zh. Eksperim. i Teor.
Fiz. 34, 513 (1958) /English transl. : Soviet Phys. —JETP 7, 354
(1958)g."A survey of the systematics of hyperfine Gelds in the 3d ions
is in preparation by one of us, S. Geschwind.
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orbital h.f. field per unit spin is directly related to the

g shift as indicated by Abragam and Pryce" by the
very simple expression

Np

Hh t "b.=. 2iip&1/r')hg, (7)
PUMP
l.lGHT

Rq

where pe is the Bohr rnagneton, (1/r') refers to the 3d
electrons of the ion, and Dg=

l g l

—2.0023. This may be
written numerically as

+h.f. 12& ~g&1/r )atomic units kG ~

As gg for E=+ 0. 443 and for the free Cr'+, (1/r"')
=3.958 atomic units" we find Hh. t "b=+219000 G,
which almost cancels within the accuracy of measure-
ment the —19S 000-6 core polarization field. The
validity of Eqs. (7) and (8) is based on the assumption
that the Ag is a manifestation of orbital eRects only and
arises from a perturbation term PH L so that the corre-
spondence with the orbital hyperfine interaction
ppsi(1/rs)I L may be made via Eq. (7). Equation (7)
is not valid for that part of the g shift which would
arise from the 2PS H term appearing in a perturbation
expression. Sugano and Tanabe considered such terms
in Eq. (6.18) of their paper, for example, terms of the
type

&sZl V„,, isa, )(srsl2S, isa, )&sT, I) L Sl'E)
(9)

LW('E) —W('Ts) ]'

However, the three such terms that appeared canceled
each other so that to this order of perturbation theory
Eq. (7) is valid for the 'E level.

We would expect that in the case of the E state for
V'+ in A1203 where hg is half the value it is for Cr'+,"
a resolved hyperfine structure should be observed.

Vote added i'l proof This hfs h. as been observed. See
S. Chinn, G. Devlin, F. Irnbusch, and S. (ieschwind,
Bull. Am. Phys. Soc. (to be published).

V. SPIN-LATTICE RELAXATION IN E

The spin-lattice relaxation time Tj between the Zee-
man components of E is measured in the following way.
The sample is continuously illuminated with Hg light
to maintain an equilibrium population in the Zeeman
levels of E. At a 6,xed magnetic field, corresponding to
resonance in E for the microwave frequency used, a
particular Zeeman component is monitored, for ex-
ample line A in Fig. 3(a), with the high-resolution
optical spectrometer and photomultiplier tube. As the
microwaves are switched on, ions are transferred from
the (+1, ——,') to the (—1, +-', ) level reducing the in-

tensity of line A. When the microwaves are switched

"A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London)
4205, 135 (195I).

"A. Freeman and R, E. Watson, in Treatise oe 3fegeetism,
edited by G. Rado and H. Suhl (Academic Press Inc. , New York,
to be published).

"M. D. Sturge, Phys. Rev. 130, 639 (1963),

Aa (ZEEMAN
SPLITTlNG
OMI TTED)

FIG. 8. Parameters used to describe recovery of intensity of
line & (assumed proportional to n1) after microwave saturation
pulse is turned off. See Sec. Va of text.

«, the (+1, ——,) level will recover to its initial popula-
tion as shown in Fig. 3(b). This recovery time will

depend on the spin-lattice relaxation time and the
radiative lifetime as examination of the rate equations
will now show.

a. Rate Equations Describing Relaxation
Between Zeeman Levels of E

To describe the recovery of the light signal after the
microwave saturation pulse, we use a phenomenological
model illustrated in Fig. 8. This model omits many of
the details of the pumping cycle and radiationless
transitions to the E level, etc., and limits itself to only
those phenomenological aspects which are necessary to
describe the recovery of the light signal 3 after the
microwave pulse is turned off.

The coetinnols light pump is, even at its most in-
tense value, such that in combination with the other
parameters of the problem the population (tsr+ris) of
the E('E) state is orders of magnitude smaller thanS„the population of the ground state. lV„~~,and r2
are the population and relaxation times of a hypo-
thetical excited state from which the levels 1 and 2 are
being filled. 7& and v.2 are not necessarily equal since
levels 1 and 2 may be populated at different rates. ~z,
and 7-~, are essentially the effective radiative lifetimes
of levels 1 and 2 to the ground state and are indeed
diGerent as lines A and D, for example, are selectively
reabsorbed at low temperatures. It is these effective
lifetimes in the presence of reabsorption that one must
consider rather than the lifetime in the absence of re-
absorption such as would be measured in an opticaHy
thin crystal. This is so, as it is these eRective lifetimes
which determine the populations of levels j. and 2 and
correspondingly the intensity of light from these levels.
Not only are 7~, and ~~, unequal but they are also
temperature-dependent in the region of interest (1.5 to
4.2'K), reflecting the redistribution of population
among the 'A2 ground-state levels with temperature.
In addition, v g, and rg, will depend upon concentration,
geometry, method of viewing the light, and whether one
is sitting on the peak or side of the optical line. There-
fore, T'p1 and v g, must be measuredin si]N under identi-
cal conditions used in the microwave experiment. This
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At equilibrium, ril ——ri2 ——0 and adding Eqs. (10) and
(11) we 6nd

(N2/r R,+22,/r R,) =X,(1/r, +1/r, ) . (12)

(By equilibrium we mean, of course, equilibrium in the
presence of the continuous light pump. ) Thus, if rR,
=rR, ——rR then 221+222 ——constant at equilibrium inde-
pendent of Tl and P12, Eqs. (10) and (11) then reduce
to erst-order uncoupled equations. In this case the
populations of el and n2, after being disturbed by a
microwave pulse, show an exponential recover r with a
time constant 7 given by

1/r = 1/rR+ 1/Tl.

However, if rR, /rR, then (Ii+222) does depend on Tl
and P12, and, in addition, will not be a constant during
the recovery of the populations el and e2 towards
equilibrium after the microwaves are shut off.

As we are only concerned with the individual de-
velopment in time of el and e2 after the microwaves
are shut o6 we may set P12=0 and we have the two
coupled equations

FIG. 9. EGective radiative lifetimes of lines A and D of Fig.
3 (a) as a function of temperature. Change in selective reabsorption
due to repopulation of ground state levels with temperature is
responsible for different vg for A and D and variation with
temperature.

was done in a separate experiment using a pulsed light
source and the results are shown in Fig. 9 for a par-
ticular size sample, concentration, and spectrometer
slitwidth. nl and n& are the populations, respectively,
of the upper and lower Zeeman components of E; Tl is
the spin lattice relaxation between levels 1 and 2, and
P12 is the rate of transitions between levels 1 and 2

induced by the microwave power. With these de6ni-
tions, the rate equations for el and sz2 are

rt2 1V., 242 (221+222)p-
ri2 — +—————— —(222—»)~12,

TR2 T2 ~l

221 ~' 221 (221+222) (1 p)

1 p ) (1—p) ~V,
ril ——221~

— ——~+n2 +—,
rR Tl/ Tl rl

p 1 (1—p)' /V,
ri2 221—+N2——

Tl TR2 Tl T2

whose solutions are

—c e(a+) )t/2yc e(tt—x) t/2y22 «.

222
——c2e(~+") ' '+ c4e(~")'/'+22 «.

7

where
1 1 ) 1

+
rR, rR2i Tl

p(1
+—

I

— I+
rRlrR2 T—l ~&R2 rRt J TlrR1

X=+ (a2+4p)'/2.

(15)

(16)

(17)

, (»)

(20)

TR1 Tl

p e ///2ECT/ ( 2eX4/T+ e 2X4T/)

(121 /22) P12 .

221«and 62«are determined from (14) and (15) with
Al= n2=0; cl, c2, c3, and c4 are constants determined by
the initial conditions (i.e., degree of microwave satura-
tion of levels 1 and 2). However, cl/c2 and c2/c4 are
independent of initial conditions and are given by

L1/ —p/T ( ./ —1)+1/T ( ./ )+l( —&)3

c2 [1/r R, p/Tl (r R,/r R, 1—)+I/Tl (». 2/r—»)+ 2 (ct+~)]
(21)

c2 $&/rR2 p/Tl(1 rR, /rR, )+—1/Tl /+ 2
—(a ~)

c4 $1/rR., p/Tl(1 rR, /rR, )+1/—Tlj+ 2(n—+I )
(22)
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Above 3.3'K, reference to Fig. 9 shows that 7.&,—r» so that the recovery time of the light signal will

be adequately described by Eq. (13) instead of Eqs.
(16)—(22). This is also true even at lower temperatures
in the more dilute -samples as reabsorption is less pro-
nounced. In addition, of course, since above 3.3'K
T&((7 &I or 7 & the radiative correction becomes less
significant and first-order corrections to Eq. (13) a,re
often adequate so that one can avoid the complexity of
Eqs. (16) through (22). However, at lower tempera, —

tures and in the more concentrated samples where

zz, &7» and Tj 7z, it was necessary to trial fit the
experimental results to Eqs. (16)—(22) to obtain the
best T&.
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FIG. 10. (a) Square wave modulation of microwave signal.
Upper portion of sque, re wave corresponds to microwaves on and
lower portion to microwaves off. (b) Recovery of light signal from
a particular Zeeman component after microwaves are shut off,
displayed directly on oscilloscope. Temperature is 1.6'K and
change of light signal due to microwave saturation is approxi-
mately 5%%ua of total.

b. Continuous Averaging Technique

Below the X point of He, where microwave saturation
of the Zeeman levels of E is easier because of the
longer T&, the change of intensity of line 3 can be as
large as 10% so that the relaxation process could be
easily observed as shown in Fig. 10(b) by connecting
the output of the photomultiplier tube directly to the
oscilloscope. However, at higher temperatures, the de-
crease in T~ made it more dificult to saturate the
transition (recall the small value of g,). In addition,
above the X point the bubbling of the helium would

produce a 10% noise modulation of the light signal so

~ '~DEAD Tik'E

DC A BCD
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PULSE
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Fxo. 11. Illustration of recovery of signal from noise with con-
tinuous averaging technique. See Sec. Vb of text.

"M. P. Klein and G. W. Barton, Jr. , in Irlterriatiorial ConfererIce
orI, Paramagnetic Resonance (Jerusalem 196Z), edited by W. Low
(Academic Press Inc. , New York, 1963, p. 698; Rev. Sci. Instr.
34, 754 (1963).

21 The basic idea behind the continuous averaging technique
must go back at least as far as Lord Rayleigh. Nuclear physicists
have been using it for years and the people who study the Moss-
bauer effect use it regularly. We have singled out Klein and Barton
for special reference as the possibility of using it in our applica-
tion was stimulated by their paper in Jerusalem in July, 1962 and
subsequent discussions with Dr. Klein, Further references to the
recent application to nmr and epr may be found in L. C. Allen
and L. F. Johnson, J. Am. Chem. Soc. SS, 2668 (1963).

that at times no signal at all was discernible on the
oscilloscope as seen in Fig. 12(a).

To circumvent this diS.culty, use was made of a
continuous averaging technique described by Klein
and Barton"" whereby the transient recovery cycle
was averaged over several hundred thousand cycles to
improve the signal to noise. As a general illustration of
this technique, consider a repetitive phenomenon whose
start each time is associated with some synchronization
pulse as shown in Fig. 11. This same synchronization
pulse starts a sequence of events in a multichannel
analyzer as follows: The amplit, ude of the signal at
point 2 in time is sampled and converted in an analog-
to-digital converter (ABC) to a 4-Mc(sec pulse train
whose duration (and therefore the number of pulses
contained) is proportiona, l to the amplitude at time A.
The number of pulses in this train is then counted be-
tween times A a,nd 8 (the channel width) and stored
in the first channel (address) of a multichannel memory.
There is a 12.5-@sec dead time while the memory is
switched to the second channel and the signal is again
sampled at point C in time. Again the ADC produces a
train of pulses whose number is proportional to the
amplitude of the signal at time C and these are counted
between C and D and stored in channel 2 of the memory,
etc. This sequence of sampling the signal starts again



hfs IN EXCITED E( sZ) STATE OF Crs+ IN AI QOq A 1095

=—2.5 M SEC
7 =3,484 &

(b)
OUTPUT

(APPROX S MIN
RUNbiiNG TiME:)

r

N

( (&)
lNPUT TO

with sufficient bandwidth to reproduce the signal.
If we go twice as fast and change nothing else we dis-
tort our signal, if the time constant preceding the
analyzer had been properly adjusted for the first rate
of scan.

Each dot on the photograph in Fig. 12(b) represents
a memory cha, nnel and its vertical position is propor-
tional to, the total 'number of counts accumulated per
channel. Initially the data were actually printed digi-
tally. More recently it has been punched on paper tape
in binary coded decimal form and these tapes are
processed by an IBM 7090 to yield a logarithmic plot
of the light recovery signal versus time as shown in
I'ig. 13.

A block diagram of the system used in the continuous
averaging technique is shown in Fig. 14. An RIDL 400
channel analyzer with internal ADC was used. "

=—MlCROWAVES
ON

--=—MlCROWAVFS
QFF

Fro. 12. (a) Light signal, modulated at microwave chopping
frequency (200 cps), buried in noise. (b) Extraction of signal from
noise after 8 min running time, corresponding to 96 000 samplings,
giving an improvement in S/A' of 96 000=305. Each dot repre-
sents a channel and its ordinate is proportional to the amplitude
of the signal.

c. Features of Main Spin-Lattice
Relaxation Processes

Before proceeding to a presenta. tion of the results, we
brieRy cite the main well-known spin-lattice relaxation
processes. Excellent detailed presentations of the sub-
ject may be found in many places. A theoretical

10
6

6

at the next synchronization pulse. The actual rms
amplitude of the noise, V„„„maybe much greater
than the actual signal. However, on repeated samplings
in any one channel, V„„„willappear with equal proba, -

bility with either positive or negative sign. Therefore,
after V samplings the accumula, ted rms noise signa, l
will be Ã't"V„„„,i.e., a random walk in one dimension.
The desired signal will, on the other ha, nd, accumulate
at a ra, te directly proportional to the number of passes
Ã. Thus the final signal to noise will be i~~proved by a
factor of gcV. To see what this amounts to, consider a
200-cps repetitive signal and an 8-min running time. In
this case 1V =96 000 a,nd +1tT= 311, so that we expect
an improvement in signal to noise of approximately
300, resulting in the signal shown in Fig. 12(b). It is
worth observing that this technique discriminates
against low-frequency noise and drift since any drift
caused by drift in lamp intensity, etc. , which occurs in
a time long compared to the repetition period is aver-
aged out.

The +1V improvement does not mean that if we make
twice as many passes in the same time interval that we
will increase the S/E by v2 at no other cost to us. For
this would seem to violate the fact that improvement
in 5/1V must go as g(time). The answer is that we
assume that the time constant of the circuit that pre-
cedes the analyzer is of the order of the channel width
time so as to keep the noise to a minimum consistent

1+
I

I I
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~' Radiation Instrument Development Laboratory Multichannel
Analyzer, Model 34-123. Multichannel analyzers suitable to this
application are available from at least half a dozen other
manufacturers."J. H. Van Vleck, Phys. Rev. 5?, 426 (1940).

24 R. Orbach, Proc. Roy. Soc. (London) A264, 458 (1961)."R.D. Mattuck and M. %. P. Strandberg, Phys. Rev. 119,
1204 {1960)."P.L. Scott and C. D. Jeffries, Phys. Rev. 12?, 32 (1962).

FIG. 13. Semilog plot of recovery of light signal when micro-
waves are switched off. Data are plotted by IBM 7090 from
punched paper tape output of RIDL multichannel analyzer.
Abscissa scale refers to channel number while ordinate scale refers
to counts per channel modulo 10'. Time between channels in this
6gure is 112.5 @sec, giving a recovery time at this temperature
of 3.12'K of 1.75 msec. This time has to be corrected for the
radiative lifetime of E to give T1 as described in Sec. Va of text.
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Fn. 14. Block diagram of continuous averaging technique
used to measure T& in E using an RIDL multichannel analyzer
with ADC. In most runs only 100 to 200 channels of the 400
available were used. Filtering precedes the analog-to-digital con-
verter whose time constant is roughly equal to a channel width.

study specifically related to the '-E state in ruby has
been made earlier by Kiel."However, there were some
errors and omissions in Kiel's original approach. These
have been corrected in a more accurate treatment by
Orbach, Blume, Kiel, and Geschwind. "

In the direct process the ion either emits or absorbs
a phonon of frequency v=8&/h equal to the Zeeman
splitting of the E state. At the very lowest tempera-
tures, the direct process will dominate as only these
very low frequency phonons are thermally excited. As
the temperature is raised and higher frequency phonons
are made available, the indirect or two-step processes
come into play. If there is a real excited state of the
ion a distance d above our doublet, with d less than the
Debye energy, we anticipate an Orbach process. '9 In
this two-step process (see Fig. 4) the ion in level "b"
absorbs a phonon of frequency approximately 6 and
makes a transition to a real intermediate state a dis-

tance =6 away and then emits a phonon of frequency
A+8r as it makes a transition from this intermediate
state to level "a."Energy is conserved at each stage of
this process. At still higher temperatures the Raman
process enters in which the intermediate state is virtual
and may lie at any distance above the ground state
below the Debye frequency. Although the Raman
process makes use of a large portion of the entire
phonon spectrum, it is nonetheless a higher order
process and so only becomes eRective at higher tempera-
tures where the phonon spectrum becomes very rich.
The temperature and frequency dependence associated

with these three main processes are listed below:

Direct process: Tr cc 1/(t 'T) (Kramers doublet),

Orbach process: Tj ~ e~'~~,

Raman process: Tr ~ T' (Kramers doublet) .

d. Experimental Results and Discussien

The recovery time v of the intensity of line 3 after
the turning oR of a microwave saturation pulse is
plotted in Fig. 15 as a function of temperature for a
fairly dilute sample of ruby at 48 kMc/sec. The leveling
oR of v at lower temperatures is due to the masking of
the spin-lattice relaxation time T& by the radiative life-
time vg as described earlier. In Fig. j.6, the corrections
for the radiative lifetime have been made, as described
in Sec. IVa, and T~ of the E level is plotted as a func-
tion of inverse temperature on a semilog plot for two
different concentrations and at 24 and 48 kMc/sec.

It is seen that T~=conste~)'~~where 6=29cm '. As
this separation corresponds so well to the known separa-
tion of 29 cm ' between the E and 2A levels as meas-
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» A. Kiel, gdeances in Qgentlm Electronics (Columbia Univer-
sity Press, 1961),p. 417.

"M. Blume, R. Orbach, A. Kiel and S. Geschwind (to be
published)."C.B. P. Finn, R. Orbach, and W. P. Wolf, Proc. Phys. Soc.
(London) 77, 261 (1961).

0,26 0,30 0.34 0 38
~r T ('K)-~

0,@2 0.46

FIG. 15. Semilog plot of recovery time of light signal from an
Ej Zeeman component after microwave saturation pulse in E
is switched oB.Leveling off of curve at low temperatures is due to
masking of T& in Fi& by the radiative lifetime v.z.
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ured spectroscopically, it is iminediately apparent that
we are dealing with an Orbach process with 2A as the
intermediate state. Further evidence for this is the
essential frequency or Geld independence of T~. As
stated earlier the direct process, for example, would
exhibit a 1/v' behavior. The Orbach process should
also be concentration-independent, which it is essen-
tially seen to be over a range of concentrations varying
by a factor of 10.

One would anticipate that at lower temperatures
where T& due to the Orbach process becomes very long
that one would begin to observe the direct process.
However, while one can still observe a qualitative in-
crease in v with decreasing temperature below 2.8'K it
becomes very dificult to extract qnaetitatkt, ly accurate
values of T~ as T~ has become longer than r~ with which
it is in parallel [see Eq. (13)].In addition, the optically
produced 29-cm ' "hot phonons" to be discussed in
Sec. VI affect T~ at the lower temperatures. These
effects must be explored in greater detail before one
can say anything qlmtitati~e about the direct process,
so that this paper limits itself essentially to the Orbach
process.
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Since 6 is very much greater than the Zeeman split-
ting, we do not expect to see a very signi6. cant depend-
ence upon field. or frequency for the Orbach process.
However, it is interesting to examine just how large it
might be for our range of fields. Referring to Fig. 4,
let M~ be proportional to the spontaneous emission
rate for the spin-fiip transition from 2A to E by phonon
emission and M~ the corresponding nonspin-Rip rate.

Fio. 16. Semilog plot of T~ in E versus l/T, showing Orbach
relaxation with T1=3.8X10~e~/+ sec and 6=28.8&1.0 cm '.
The constant 3.8X10~ sec multiplied by four is the time for spon-
taneous decay from one Zeeman component of 2A to E with a
spin flip and emission of a 29-cm ' phonon.

Then following Finn, Orbach, and Wolf" we write the
following rate equations, where direct connections be-
tween a and b and between t," and d are neglected:

Wi ——(w„, wd. „-„)s,—$A ', (br+——bs)]s—M-g{1V,N(A ', (8i+8s))——-N.[N(A —-', (Sr+Is))+1]},
Ws (wup wda wn) bd [t1 s (~1 ~s)] ~B{NsN(A s (~1 ~s)) Nd[N(A s (81 52))+1]))

Ws ——(w„,—wd„.)..= [6+-,' (8r—bs)]sag {N jV(A+-', (5i—bs)) —N.[N(h+-', (8i—6s))+1]),
W,=( .,—,.„„)..=[~+-,'(S,+~,)]1If,{N~(A+-;(~,+S,)) N.[N(A+ ',—(~,+~,))+I-]}

I

F is the Bose factor corresponding to the energy in parentheses.

dN. /dt = —(Wi+ Ws),

dN, /dt = —(Ws+ W4),

dN, /dt = (Wi+ Ws),

dNd/dt= (Ws+W4).

(23a)

(23b)

(23c)

(23d)

(24b)

(24c)

(24d)

Assuming that (N +Ns+N, +Nd) is constant, Eqs. (24) reduce to a set of three simultaneous linear first-order
differential equations in three unknowns. As such, the return to equilibrium of the population of any of the levels
will in general be described. by three time constants. However, as 6»kT, N.+N&(N, or Ns, and if terms of order
(N.+Nd)/(N, +Ns) are neglected compared to unity we find that the recovery of the populations e and b may be
expressed by a single time constant, i.e.,

(foal-, Iy ) =—[(N,—j)'.)—(.Nses: —N."s )]
4t T~
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with T~ given by

Md+Mii 1
ed, /kT

"jIIg3fg

6g 6g
4 cosh cosh +4 cosh sinh

2kT 2kT 2kT 2kT

3 (bi+ h2) ( Md 3 Mg
X —1 +—(&,—S,) —1 . (25)

2A (3II„jMIi 2A M„+Me

The fust correction term, 4 cosh(8i/2kT) cosh(52/2kT)
represents the effect of the Zeeman splitting in the ex-
ponential term on the Bose factor, whereas the second
term, 4 cosh(8i/2kT) sinh(82/2kT), , is the effect of
the Zeeman splitting on the 6' or density of states
term. As 8/d((1, this second correction term, connected
with the 6' factor, is negligible compared to the first
term associated with the Boltzmann factor, so'that

Md+Ma 1
eA/kT

4MgiV~ 6'
cosh cosh

2kT 2kT
(26)

The Zeeman splitting correction to the usua, l ex-
ponential temperature dependence of T~ in the Orba, ch
process, given by the denominator of Eq. (26) will be
important only when the Zeeman splitting becomes
comparable to kT. At 48 kMc/sec and at the lowest
tempera, tures shown in Fig. 16, this correction amounts
to 10%. Therefore we do not expect a magnetic field or
frequency dependence any greater than this in the
ra, nge of temperature covered in Fig. l6. However, this
correction was made for the low-temperature points
(approx. 3.2 to 2.8'K) and is included in Fig. 16 so that
in effect the ordinate being plotted is Ti cosh(8i/2kT)
Xcosh(52/2kT), which we call Ti'.

Tl g T2A~E—& (32)

Assume that (for what are essentially the spontaneous
emission rates since n&(1) w..= wdb, ~e,b ——ied. , i.e., that
the nonspin-flip matrix elements are equa, l and that
the spin-Qip matrix elements are equal and that the
density of states factor 6' is the same for all the transi-
tions. Then again neglecting the popula, tions of c and
d compared to a and b we have

1/Ti = ceab+uiba = uicb~cal (uica+uicb)

X L&ac+ ibad+ 1lbc i rbbd] -(30)
or

1/T i w, bw——,./(w, .+7e,b)

Xe b'" L4 cosh(b, /2kT) cosh(5~/2kT)]. (31)

If ui, b&(rb„,we see that w, bw„/(u~„+w,b)
—+ ie„.Con-

versely if zv, ((.m, &, this ratio approaches m„,i.e., it is
the slower of the two rates that appears as the coeffi-
cient in the Orbach process. This result is of course
apparent from Eq. (26) as well, which is identical to
Eq. (31), but in which the density of states factor LV

has been included in the m's. In Ref. 28 it is shown that
it is the spin-Qip transition which is the slower, i.e.,
7iida=uicb&&Wdb 7e„IfW——e Wr.iteied, ——1/T2d+ g, Where
+ and —refer to m, =+—', and ——,', respectively, then

f. Lifetime of 2A Level Experimentally we find —4T2~+ z =3.8X10 ' sec. We
will show below that this is close to what is predicted by
a rough theoretical estimate. This number is in ex-
cellent agreement with the more detailed analysis in
Ref. 28 where it is also shown that T2~+ g+ is approxi-
ma, tely 50 times faster or approximately 3X10 ' sec.
This predicts a lifetime broadening of the 2A level of
approximately 0.017 cin '. As this figure is by no means
negligible compared to the observed linewidths of R,
at low temperatures whose linewidth is due to random
crystal strains (lifetime broadening of Ri is insignificant
as rib=3X10 ' sec), one might expect to observe a
slightly wider line for R& compared. to R&. Indications of
this have been observed by McCumber and Sturge. "

This lifetime of the 2A level would result in an epr
linewidth of approximately 0.2 kG in this level which
in combination with the difficulty of saturating would
make it very difficult to observe.

The lifetime of the 2A level against spontaneous
emission of a 29-cm ' phonon and decay to the E level
will play an important role in the discussion in Sec. VI

"D. E. McCumber 3,nd M. D. Sturge, J. Appl. Phys. 34,
1682 (1963).rb"= (eisi &'&Ib& 1)——ij

It is importa, nt to note that the constant which ap-
pears in front of the exponentia. l factor in the Orbach
process is the time for spontaneous decay from 2A to
E with emission of a 29-cm ' phonon. However, as was
mentioned earlier, one expects two different rates of
spontaneous emission of a phonon corresponding very
roughly to the "spin-Rip" and "nonspin-Rip" transi-
tions from 2A to E. It is easy to show that it is the
slower of these two rates that appears as the coefficient
in the Orbach process. Referring to Fig. 4 we see that
the rate for a single ion to go from b to a via the inter-
mediate states is given by

u~b, ——wb, X (time spent in e) Xw. +Vebd

X (time spent in d) Xied, (27)

7eba =Yebcieca/uicb+uica+uibduidaluidb+deeda (28)

Similarly z,& is given by

7' b =W a cvecbluica+ uicb+ uiaduidb/usda+ iedb ~ (29)
Now u~„/w„=n„/(n„+1)n„since n((1, etc.,

where
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of the bottlenecking of the 29-cm ' phonons produced
by the light pump.

g. Estimate of T2& ~ from Static Strain
on R Lines

It is interesting to estimate T2~+ g from thestatic
strain data on the E lines and compare this estimate
with the observed values of 4&(3.8&(10 ' sec,

The electrostatic potential energy at a paramagnetic
center may be expanded in powers of the local strain e ..

V= Vp+ V(1)s+ V(2)p2+. . . (33)

V' is the static term in the absence of strain. V(')& is
the first-order change in potential energy due to the
strain and is the orbit-lattice operator which is re-
sponsible for phonon assisted transitions between elec-
tronic states when e is the dynamic strain produced
by the thermal phonons. V") operates on the coordi-
nates of the electrons and e is a lattice or photon
operator. The transition rate from 2A to E with emis-
sion of a phonon will then be given by first order time-
dependent perturbation theory as

2~
wpx-s =—

f
&E'I U"'

I
2A') I'1&rr+1I p Irr& I'p (34)

A'

where p~is the density of states at 29cm ' in the acoustic
phonon spectrum. The primes have been placed on 2A.

and E to designate these states as modified by the
admixture of the 'T2 by s—o coupling and trigonal field.
Without this admixture there are no matrix elements
of the appropriate orbital operators V in the pure
'L~'(Ip') state, as shown in Ref. 28. Actually Vorp is a
tensor dot product"" V").6

V:.=Z, , V(1')c(1',v) (r,v), (35)

where I' refers to an irreducible representation of the
point group at the paramagnetic site, y is one of the
basis vectors of I' and c(l',y) are combinations of the
spherical harmonics appropriate to the site symmetry;
s (I',y) are those linear combinations of the strains which
transform as c(I',p). It is customary to attempt an esti-
mate of the orbital operator ma, trix element in Eq. (34)
by reference to the experimentally observed shifts in
energy levels with static strain.

The change in splitting between the 2A and E levels
with static strain measured by Schawlow" involves
diagonal elements of the perturbing potential in E'
and 2A', i.e.,

V.-2j&2A 'j Vj2A ')j.=2f(E ' Vjg ')j, , (3g)

where e is some average strain. Schawlow finds Ve
=0.055 cm ' for a stress of 10' dyn/crrP a,long the c

"M. Slume and R. Orbach, Phys, Rev. 12?, 1587 (1962).
3' A. L. Schawlow, A. H. Piksis, and S. Sugano, Phys. Rev. 122,

1469 (1961).
33A. L. Schawlow, in advances ie Quartz' Irlectroeics (Co-

lumbia University Press, New York, 1961),p. 50.

axis. Using the clast. ic compliance constant 533 0.2
&&10 " cm'/dyn to extract an average strain we find
V=200 cm '. One can hope for a rough estimate of
m2z z by assuming that

j&E'j Vf2A')
f

j(2A'j Vf2A') f. (37)

we find, since n((1,
wpx+ rr =24V'vp's'/hc'p. (40)

Taping V=2()0 cm; pp=10 cps; p=4 g/cm', and
v=8&&10' cm/sec, we find wpz+ z =1.5X10p sec ', »
compared to the experimental value of 0.6)(10' sec '.
Such good agreement is to be regarded as fortuitous in

view of the rough approximations used, but is indicative
of the good order of magnitude agreement that one can
usually anticipate by this rough approximation of the
necessary matrix element from strain data. '4 A more
detailed application of the approach of Blume et al. as

given in Ref. 28 indeed shows equally good agree-
ment and is of course far more reliable.

VI. OPTICAL GENERATION OF 29 cm ' (10" cps)
ACOUSTIC PHONONS

It was observed that below approximately 2.8'K the
relaxation time T~, in E, decreased with increasing light

'4 P. G. Klemens, Appl. Phys. Letters 2, 81 (1963). Our pro-
cedure is identical to that used by Klemens in estimating the de-
crease in thermal conductivity of ruby when the 'F. level is popu-
lated. Our value of 1/'=200 cm ' is more accurate than the value
10' 'K used by Klemens.

Such an assumption will generally be valid within an
order of magnitude and is especially good for our case
as shown in a detailed examination of the problem by
Blume, Orbach, Riel, and Geschwind" who find that

j«+'f Vj»+')j»j«~'j Vl»+'&I
= f(»+'f Vf2A+'&I (38)

Here + and —refer to the two spin states. In effect
the expression (38) shows that the spin-flip transition
from 2A to E is slower than the nonspin-Rip transition
and that the matrix element of this slower path is

approximately equal to the relevant matrix clem. ent
which appears in the static strain experiment on the
displacement of the E. lines. We saw earlier that it is

the slower of the two rates from 2A to E which appears
as the constant multiplying the exponential in the
Orbach process. We may therefore set

j
(E~'

f Vj 2Ap'&
j

= V=200 cm ' in Eq. (34). The evaluation of Eq. (34)
then proceeds in the well-known fashion"'4 for the
direct process. We use an isotropic approximation for
our estimate assuming equal velocities for longitudinal
and transverse modes and use an average strain ~. In
addition, v e assume that 29 cm ' is sufficiently below

the Debye acoustic cutoff so that we may neglect
dispersion and set s = cp/k. Then substituting into

Eq. (34)

ps = 12s v'/v'h and

j (14+1 j
s

j e& j

'= h(n+1)P/2Mco, (39)
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intensity. A microwave susceptibility technique that
could measure ielative changes in sample temperature
as small as 10 ' deg Kelvin was used to establish that
this decrease in T» was not a heating effect due to the
higher light intensity.

Secondly, it was noticed that at the highest light
intensity that was conveniently accessible, T» was inde-
pendent of temperature below 2.8'K (the correction of
course having been made for the radiative lifetime).

It is suggested that these effects are due to T» being
controlled by 29-cm ' phonons produced by the con-
tinuous pumping light in the decay of E2 to E», rather
than by the thermal background of 29-cm ' phonons.
We now wish to examine this possibility that the 29-
cm ' phonons (10" cps), which are emitted in the
spontaneous transition of the Cr'+ ion from 2A to E
level in the optical pumping cycle, are "bottlenecked"
at low temperatures. As is well known, " by this is
meant that these phonons do not come into thermal
equilibrium with the ba, th (or to phonons of other
energy) rapidly enough so that the phonon occupation
number n at this frequency is greater than its equi-
librium value corresponding to the bath temperature.
In effect, one has a narrow band of "hot phonons"
around 29 cm ' corresponding to a temperature
Tph+ Tbgfh

Let us assume that both E and 2A are populated at
equal rates from levels above. Then since at very low
temperatures (1.5'K) one finds virtually all the ions in
the E level, we may conclude that roughly half the
ions in the E level have arrived there via the 2A level
accompanied by the spontaneous emission of a phonon.
If we designate by e» the equilibrium population of E,
then the rate at which E is being filled from the 2A
level must be equal to nt/2rz where rz is the radiative
lifetime to the 432 ground state. If we call rph, the life-
time of the emitted phonons and E» their dynamic
equilibrium number, then at dynamic equilibrium

ts]/2rrt 1Vph/Tpg

The lifetime Tph is quite distinct from the lifetime of the
2A level and could be considerably longer than it. At
these very low temperatures, judging from thermal con-
ductivity data, "we expect z» of the transverse acoustic
phonons to be limited by boundary scattering only and,
therefore, might be as long as 10 ' sec. Recent theo-
retical work of Orbach and Vredevoe, ' indicates that
the lowest (transverse) branch of the phonon spectrum
has an anomalously long lifetime for hen))kT. These
phonons decay by boundary scattering which converts
them to other modes (longitudinal) which decay more
rapidly. However, we will adopt a more conservative
value of 7ph=10 ' sec. Our sample ha, d 10" Cr'+ ions

"J.H. Van Vleck, Phys. Rev. 59, 724 (1941); 59, 730 (1941).
3 We wish to thank K. Dransfeld for the earliest discussions of

this possibility prior to our accidental encounter with this phonon
bottleneck in our experiments.

3 M. G. Holland, J. Appl. Phys. 33, 2910 (1962)."R.Orbach and L. A. Vredevoe, Physics 1, 90 (1964).

and let us assume that even for intense pumping light
only 1 part in 104 are in the excited state, so that ss»

=10" Since r~=3.5&10 ' sec, we find mph=10+'. To
't

find the average excitation n, p& per mode corresponding
to these optically generated acoustic phonons, we must
divide X„h by the total number of acoustic modes
(using the Debye approxima, tion) in the bandwidth DE
into which these phonons are being emitted, i.e.,

iA' pQ

9q (E/E )sAE/E
(42)

Here ED is the Debye energy of the acoustic modes and
is approximately 300 cm ' ";X= 10 the total number
of unit cells in our sample; E=30 cm '; d E is deter-
mined by the total lifetime of the 2A level which we
saw in Sec. V was 3&(10 "sec as determined from the
Orbach process so that AE/E=2X10 '. We therefore
find that n,p&=10 '. But since the thermal background
at this energy of 29 cm ' at 1.5'K is fsgherm, )=1.0 ",
fE p). is some five orders of magnitude larger than n&h«111»

aDd Pl p& 10 ' actually corresponds to an @thermal of
2.6'K. Fs,p~ could easily be an order of magnitude larger
than our estimate.

In effect therefore the Orbach relaxation at high
light intensity is being controlled up to approximately
2.8'K by an optically generated spike in the phonon
spectrum at 29 cm '. Above a lattice temperature of
2.8'K, the thermal phonons will dominate again, ex-

plaining the two experimental facts alluded to at the
beginning of this section. We have only briefly men-
tioned these experimental results, as the effects of
these optically generated phonons form a large topic in
themselves and will be treated in a separate publica-
tion. The data on the Orbach process presented in this
paper in Sec. V is in the regime of low light intensity
where the effects of these optically produced phonons
may be neglected. "

"M. D. Sturge and D. E. McCumber (private communication)
have arrived at this 6gure from an analysis of the vibrational
satellites of the R lines, The exact 8D will not be terribly important
in any event, as one is producing orders of magnitude increase in
the 29-cm ' phonons,

~ Failure to consider the effect of these optically produced
29-cm ' phonons casts doubt on the meaningfulness of the T1's
reported earlier at 1.6'K (Ref. 5). This would apply to Ref. 5
as well as the work of W. H. Culver, R. A. Satten, and C. R.
Viswanathan, J. Chem. Phvs. 38, 775 (1963).
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