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APPENDIX

We wish to treat the case of a thin slab (M((P.) of
excited harmonic oscillators. The surface density of
oscillators is f7=.VM. The displacement can be repre-
sented in terms of a slowly varying envelope:

X(t,z) = exp(icoot)8(z) X(t), (A1)

where 8(z) is the Dirac 8 function. We require a solution
that is symmetric in the forward and backward direc-
tions. Once can verify that such a solution for Eqs. (4)
and (A1) is

I'(t, z) = ix—ef"'cubic '(8(z) exp(icoo(t —sjc)j
+8(—s) exp/1(do(t+zjc)$), (A2)

where derivatives of X(t) have been dropped and 8(s)
is the step function. The harmonic oscillator equation

(3) for y=0 becomes

d X(t) = ——',r X(t), (A3)

with I'= s fisoajmc', where we have kept only erst de-

rivatives of X(t). Equation (A3) leads to exponential
decay of the stored energy kV:

W(t) = fV(0)e "'. (A4)

The decay rate I' is proportional to the number of oscil-
lators, as is characteristic of a coherent process.
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The fine structure of the optical fluorescence spectrum arising from the fourth-nearest-neighbor chromiunl
ion pair system in ruby is studied using high-resolution optical spectroscopy, ordinary electron-spin reso-
nance, and optically detected electron-spin resonance. The ground-state energy levels of this system are
found to be describable by a simple spin Hamiltonian of the form

3'.= gp H S+J/2I S(S+1)—15/2 j+Dg$S.'—3S(S+1)7+E,gjS~'—S '7

where the directions of the symmetry axes, D8, and I.'z each depend on the spin S in a predictable way,
requiring only two adjustable parameters: D, (the usual second-order crystal-field term of axial symmetry)
and DE (a similar term arising from the anisotropic exchange interaction). The value of D, is found to be
—0.191&0.005 cm ', which is equal to that for the isolated ion. The value of Dg is found to be —0.021
&0.005 cm '. A phonon-assisted energy-transfer mechanism is postulated to account for the existence of
the optically detected spin-resonance spectrum.

I. INTRODUCTION

A SUBSTAXTIAI. amount of attention has been
given to the subject of chromium ion pairs in

ruby (n —Al&O&. Cr' ) over the past several years. In
particular, experimental work on the optical spectrum, '
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0$ce of Naval Research, under Grant No. N00014-68-A-0381-
0002.

t Based on part of the Ph.D. dissertation of M. J. Berggren,
Stanford University, 1969 (unpublished).
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(1968); and references therein.

and on the paramagnetic resonance spectrum, ' ' as
well as theoretical work on systems of such pairs of
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ions' ' have contributed substantially to the under-
standing of the nature of the coupling of the first four
near-neighbor pair types.

In general, the ground states of such pairs seem to be
reasonably well described by a Harniltonian of the form

=+a++b++ex
y

where X and 3C~ are the single-ion Hamiltonians of ions
a and b in the absence of any interaction, and

X, =JS Sb+ j(S, Sb)'+V„b (2)

Here 5 and Sq are the spins of the ions a and b. V, g

is a term which describes any remaining interaction
between the ions which is not attributable to the terms
in J or j, and is usually small, giving rise to splittings

TAaLE I. Exchange parameters for the 6rst four near-
neighbor pair types. Units are cm '.

Near-neighbor
pair type

6rst
second
third
fourth

240
83.6
11.59—6.99

?—9.7
0.06
0.14

e A. M. Clogston, Bell Telephone Laboratories International
Report, 19S9 (unpublished).' J. Ierguson, H. J. Guggenheim, and Y. Tanabe, J. Chem.
Phys. 45, 1134 (1966).' M. H. L. Pryce (to be published).

FxG. 1. Portion of the A1~03 lattice (from Geschwind and
Remeika), showing the geometrical relationships of the various
pair types. The black circles represent aluminum ions (for which
chromium ions may be substituted) the white circles represent
oxygen ions. If ion b is a reference ion, a is a 6rst-nearest neighbor,
c is a second-nearest neighbor, h is a third-nearest neighbor, and
f and g are fourth-nearest neighbors. The C3 axis is vertical, and
all of the aluminum ions shown lie in one of the three equivalent
mirror planes.

b

FIG. 2. Schematic diagram of apparatus for optical detection of
spin resonances. a, 200-% mercury short-arc lamp; b, copper-
sulfate 6lter; c, ruby sample; d, microwave cavity; e, 7009 A
narrow-band interference filter; f, light pipe; g, 5-20 phototube;
h, microwave modulator; i, shaft for rotating sample; j, wave-
guide; k, helium Dewar; 1, liquid helium.

of less than 1 cm '. Some of the principle findings re-
ported and analyzed in this paper relate to the nature
of V„g.

The present state of our knowledge regarding the first
four near-neighbor pair types (for the geometrical
relationships of these pairs, see Fig. 1) is summarized in
Table I, ~here we tabulate values of J and j obtained
by a least-squares fit of observed ground-state energy
levelse to a Hamiltonian of the form of Eq. (2), in which
V ~ has been neglected.

The optically excited states of such pairs appear to
require a more general form of X„for their descrip-
tion, ' "given by

Bc,„=gJ,,(s.; sb,),

where s; and s». are the spins of electrons occupying
the various one-electron orbitals on ions u and b. In
this expression, the smaller biquadratic terms have
been neglected.

In the following sections, we shall concern ourselves
mainly with the fourth-nearest-neighbor pair types, and
with the detailed splittings of energy levels, especially
in the ground states. In particular, this will involve an
investigation of the detailed nature of the term V ~ in
Eq. (2).

'P. Kisliuk, X. C. Chang, P. L. Scott, and M. H. L. Pryce,
Phys. Rev. 1S4, 367 (1969)."R.J. Birgeneau, J. Chem. Phys. 50, 4282 (1969).
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Fn. 3. Geometrical relationships of fourth-nearest neighbors,
showing a central reference ion with the six symmetrically placed
fourth-nearest-neighbor sites. Oxygen ions are not sho~n. The
C3 axis, the external magnetic field, and one of the fourth-nearest-
neighbor axes all lie in a mirror plane.

II. EXPERIMENTAL TECHNIQUES N
C3
O

N
O

Three diferent kinds of experiments were used to
investigate the behavior of the energy levels of the
fourth-nearest-neighbor ion pairs: (1) high-resolution
optical fluorescence, (2) ordinary electron spin reso-
nance (ESR), and (3) optically detected spin resonance.
These techniques are described in this section.

Fro. 4. Group of fluorescence lines arising from the fourth-
nearest-neighbor pair system at T=2'K. The relevant energy
levels are also shown.

A. High-Resolution Optical Fluorescence

In these experiments, a 1.g-m Jarrell-Ash scanning
spectrometer was used to observe the optical Ruores-
cence in a high-quality Linde ruby rod of 0.05%
chromium ion concentration. Even at this relatively
low concentration, many of the pair lines are quite
strong in fluorescence, and the strain broadening is less
than in more concentrated rubies. Nevertheless, in all
cases the resolution was limited by the strain broadening
of the lines. Generally, the splittings of the various
components of the lines could be measured to within
an uncertainty of &0.02 cm '. In all cases, the Quores-
cence was excited using a high-pressure mercury arc
lamp filtered by 1 cm of saturated copper sulfate
solution. The Zeeman effect of some of the pair lines
was observed, using magnetic fields between 0 and
161G.

S. Ordinary ESR

In these experiments, ESR was observed using an
ordinary crystal-video microwave spectrometer operat-
ing at frequencies between 24 and 37 GHz, with
magnetic fields between 0 and j.9 kG. High sensitivity
was obtained by using high-frequency field modulation
(~40 kHz) introduced via a stiff wire loop inside a
TE()~2-mode cavity. Ruby samples of approximately

0.3% chromium ion concentration were used. In a
few instances, a superheterodyne detection scheme was
used to avoid saturation of the resonances at low

temperatures.

C. Optically Detected ESR

In these experiments, the ESR's associated mainly
with the fourth-nearest-neighbor pair types were

Wavelength

Fro. 5. 7009 A line seen under high resolution.
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7002 A Line 0
6992 A Line

Fio. 7. 7002 A line seen under
high resolution. Splittings shown
are in cm '.

Wavelength

observed by monitoring the fluorescent intensity of the
X& line at 7009 A, while simultaneously irradiating the
crystal with microwave radiation. Figure 2 shows a
block diagram of the experimental arrangement. In this
apparatus, the ruby sample, which is supported inside
the microwave cavity and immersed in liquid helium,
is pumped with a filtered 200-W mercury arc lamp in
the usual way. The fluorescent intensity in the vicinity
of 7009 A is monitored using a narrow-band interference
filter of 5-A bandwidth" and a photomultiplier tube
with an S-20 response. The microwave radiation is

chopped at 90 Hz using a microwave modulator, and
the 90-Hz component of the 7009 A fluorescence is
monitored using a P.A.R. lock-in detector as the mag-
netic field is swept. Since the X2-line fluorescence at
7009 A has been shown to arise from fourth-nearest-
neighbor pair types, ' we might expect that resonances
seen by use of this technique would arise mainly from
microwave transitions within the fourth-nearest-neigh-
bor system. As we shall discuss in the following para-
graphs, this in fact appears to be the case.

Before discussing the detailed nature of the various
spectra, we review the geometrical relationships of the
various near-neighbor pair types. Figure 1 shows a
portion of the Alq03 lattice (taken from Geschwind and
Remeikai2). For any given reference ion, there is one
possible first-nearest-neighbor site, three possible
second-nearest-neighbor sites, three possible third-
nearest-neighbor sites, and six possible fourth-nearest-
neighbor sites. In Fig. 1, the crystal-line C3 axis is
vertical, and all of the aluminum ions shown in the
figure lie in one of the three equivalent mirror planes.
Perpendicular to the three mirror planes are three C2
axes.

Since most of our discussion relates to fourth-nearest-
neighbor pair types, we show in Fig. 3, the six equiva-
lent sites which may be occupied by fourth-nearest

Wave 1 en g th ~
FiG. 8. 6992 A line seen under high resolution. The 0.74-cm ~

splitting of the optically excited state is indicated.

neighbors. Note that any fourth-nearest-neighbor pair
axis makes an angle 8= 51.7' with the C3 axis.

III. OPTICAL FLUORESCENCE SPECTRUM FROM
FOURTH-NEAREST-NEIGHBOR PAIRS

The fluorescence spectrum at 4.2'K from the fourth-
nearest-neighbor pair types and the set of energy levels
associated with this spectrum are shown in Fig. 4. The
line at 7009 A is one of the strongest fluorescence lines
in dark ruby, and is usually called the lV2 line. All four
lines apparently originate from the lowest of the
optically excited states of the fourth-nearest-neighbor
pair system. It is labeled an S= 1 state because it
appears to behave as a spin triplet. "

Close examination of the four lines shown in Fig. 4
shows evidence of fine structure associated with each
line. Figure 5 shows'4 the structure for. the E2-line
fluorescence at 4.2'K. This structure may be presumed
to arise from small splittings in the ground and excited
states. In an attempt to deduce the origin of these
splittings, we focus our attention first on the 7012 A
line, which presumably terminates on the 5=0 state.

I

'0.74 cm
I

70l2 A Line

Frc. 6. 7012 A line seen under
high resolution.

Waveleng th

"Obtained from Baird-Atomic Inc. , Cambridge, Mass."S. Geschwind and J. P. Remeika, Phys. Rev, 122, 757 (1961),

HIC 3 H llC3~

"G. F. Imbusch and M. B. Graifman, J. Appl. Phys. 39, 981
(1968)."A similar figure appears in A. I.. Schawlow, J. Appl. Phys.
33, 395 (1962).

FrG. 9. Energy-level diagram of the lowest excited state of
the fourth-nearest-neighbor system, as deduced from Zeeman
studies of the 7012 A line.
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~l Cfn plained by assuming a 0.74-cm ' splitting in the excited
state, and a 0.25-cm ' splitting in the ground state. The
structure associated with the 6992 A line, shown in
Fig. 8, while not completely resolved, clearly shows the
0.74-cm ' excited-state splitting.

H=2000 G

H= I500

H = IOO

H=50

H=
WAVELENGTH ~

FIG. 10. Zeeman effect of the 7009 A line, showing the
splitting of the two outermost components.

Figure 6 shows this line as it appears at 4.2'K. Upon
lowering the temperature to 1.4'K, the shorter wave-
length component becomes weaker, indicating that the
0.74-cm ' splitting is associated with the excited state.

Next we look at the 7009 A line, whose structure can
be explained by assuming an excited-state splitting of
0.74 cm ', and a ground-state splitting of 0.51 cm '.
Similarly, the structure of the 7002 A line, whose
fluorescence at 4.2'K is shown in Fig. 7, can be ex-

IV. ZEEMAN EFFECTS IN THE OPTICAL
FLUORESCENCE SPECTRUM

The splitting of the 7012 A line (which ends on $=0)
under an applied magnetic 6eld leads us to make an
energy-level diagram for the lowest excited state such
as that shown in Fig. 9. We note that this excited
state apparently behaves as a spin triplet ($=1),
and that the axis of symmetry for this state appears to
lie close to the C3 axis of the crystal. Similar behavior
has recently been observed by Kanskaya and
Prezhevuskii for this transition. " Having determined
the behavior of the excited state helps us to unravel
the Zeeman splitting of the other ground-state levels

by studying the optical Zeeman eRect of the other
fluorescence lines.

The 7009 A line splits into six fairly well-de6ned
components when a magnetic 6eld of about 2 kG is
applied along the C3 axis, with each of the two outermost
components splitting into two, while the two innermost
components remain more or less unaffected, as shown in
Fig. 10. This behavior leads us to describe the terminal
state of the 7009 A fluorescence as an $= 1 state whose

energy levels may be approximately described by a
spin Hamiltonian of the form

X=gPH. S+D[$ '——'$($+1)j (4)

with g—2.0, and D—0.51 cm '. It also appears that the
axis of symmetry for this state lies fairly close to the
C3 axis. ESR data for this state are in agreement with
these observations, as we shall see in Sec. V.

FrG. 11. Trace (A) (above): ordi-
nary E SR spectrum, showing the
derivative of the absorption versus H,
of a 0.3 j() ruby, at room temperature,
with H parallel to C3. The three
strongest lines arise from isolated
chromium ions; the remaining multi-
tude of lines are probably due to
exchange coupled pairs of various
types and orientations. Trace (B)
(below): optically detected ESR spec-
trum of the same sample at 2'I, with
II parallel to Cg. Increasing 7009k
Buorescent intensity is downwards.
All lines labeled 4G arise from the
S=3 ground state of the fourth-
nearest neighbors. The origin of other
lines is described in the text. Both
spectra were taken at a microwave
frequency of 35 6Hz. The six
arrows indicate corresponding fourth-
nearest-neighbor resonances in the two
spectra.

(A')

4G
4G

4G

0 I

4G 4GI4G I
14GI

2 3 4 5

I I I T

SG r SG SG, ,

4G 4G

SE

4G
4G

I I I I I I I I I I I

6 7 8 9 IO I I 12 13 14 l5 16 17 18 19

Magnetic F ield (Kilogauss)

rs L. M. Kanskaya and A. K.Przhevnskii, Opt. i Spektroskopiya 26, 226 (1969) I English transi. :Opt. Spectry. (USSR) 26, 121 (1969)j.
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Fio. 12. Portion of a plot showing the positions of ordinary
spin resonances as a function of the angle y between the magnetic
6eld and the C3 axis. A resonance arising from the $=1 ground
state of the fourth-nearest neighbors is shown.

The Zeeman effects of the 7002 and 6992 A lines
were not studied, but one would expect for both lines
fairly complex, unresolved Zeeman patterns. As we shall
see later, the axis of the 5=2 terminal state of the
7002 A line probably lies along the fourth-nearest-
neighbor pair axis. Also both lines are fairly weak even
in the absence of a magnetic field, and would be ex-
tremely dificult to study. Nevertheless, the fluorescence
pattern of the 7002 A line (Fig. 7) is consistent with
the designation of the terminal state as an S=2 state
whose levels are described by a spin Hamiltonian of the
form of Eq. (4), with D= 0.07 cm '. (The M =—0 state
would be split from the &=~1 states by only 0.07
cm ', and would probably not be resolved, whereas the
M = ~2 states would be split from the 3f= ~1 states
by 0.21 cm ' thus giving rise to the observed splitting
of 0.25 cm '.)

7. ESR OF PAIR GROUND STATES

The room-temperature KSR spectrum of dark ruby
consists of hundreds of lines, most of which are un-
resolved. A typical spectrum, taken at 35 GHz, with
H parallel to the C3 axis, is shown in Fig. 11(A). In
general, there are six transitions arising from the S=-,
ground state of the single Cr'+ ion, three of which are
allowed, and three of which are more or less forbidden,
depending upon the angle between the magnetic field
and the C3 axis. Most of the remaining lines probably
arise from coupled pairs of chromium ions. tA'e have
focussed our attention on those ESR lines which are

well resolved, at least for some orientations of the
magnetic field. The expectation is that at least some of
these lines arise from the more strongly coupled ion
pair systems, that is, the first- through fourth-nearest
neighbors. This expectation turns out to be fulfilled.

A general examination of the resonance spectrum at
room temperature was made by sweeping the magnetic
field through the spectrum at each of many angles p,
where y is the angle between the magnetic field II and
the C3 axis. B lies in a mirror plane, as shown in Fig. 3.
By this technique, a large plot was constructed showing
the positions of the resonances as a function of the
angle y. A small portion of such a plot is shown in
Fig. 12, in which one of the resonances arisesfrom the
S=1 state of the ground states of the fourth-nearest-
neighbor system. This resonance was searched for and
found on the basis of the Zeeman studies of the 7009 A
line, and on the basis of predictions made by the theory
developed in Sec. VII. The resonance may be described
by a Hamiltonian such as given by Eq. (4), with
D=0.492 cm ', and with an axis of symmetry in the
direction y= —13 .

Of course, such plots will include many resonances
which are irrelevant to our investigation of the fourth-
nearest-neighbor pair system, since it will include
resonances from all coupled pairs of various orientations
in the crystal. Also, each coupled-pair ground state will
have 16 energy levels in general, with possible reso-
nances occurring between many of these 16 levels.
Nevertheless, by using some of the techniques described
below, considerable information may be obtained.

One of the simplest techniques involves lowering the
temperature in order to depopulate energy levels. Of
the first four nearest-neighbor pair types, the first,
second, and third are all antiferromagnetically coupled,
with the nonmagnetic S=O singlet lying lowest. Only
the fourth-nearest neighbor is ferromagnetically coupled,
and at liquid-helium temperatures only the 5=3 state
of this system will be thermally populated. Hence, at
liquid-helium temperatures, one expects to see only
resonances from this state, in addition to single-ion
resonances, and perhaps resonances from more weakly
coupled systems. In addition, lowering the temperature
from 4.2 to 1.5'K will change the relative intensities of
the various resonances within the 5= 3 state in a more
or less predictable way as the thermal populations
change among the various Mq levels.

Another technique involves observing changes in the
positions of the resonance lines when the microwave
frequency is changed. By this technique, the relative
slopes of energy levels with field can be observed, and
in many instances allowed transitions (AM=1) can
be distinguished from forbidden transitions (AM=2,
3, etc.). Using these techniques, several resonances were
tentatively assigned to the S=1 and 3 states of the
fourth-nearest neighbors, to be later confirmed using
the techniques described in Sec. VI. Resonances from
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the 5= 2 states were not observed. They are predicted
by our theoretical analysis (Sec. VII) to lie in regions
such that they are unresolvable from other lines in the
spectrum.

VI. OPTICAL DETECTION OF FOURTH-NEAREST-
NEIGHBOR PAIR RESONANCES

When the intensity of the 7009 A fluorescence is
monitored while simultaneously irradiating the crystal
with microwaves and sweeping the magnetic field, a
spectrum is observed, as shown in Fig. 11(B).As with
the ordinary ESR spectrum, the positions of the
resonance lines may be observed and plotted as a func-
tion of the angle p. In addition, one may investigate
the dependence of the line positions on the microwave
frequency. One may also determine the dependence of
the line intensities on micro~ave power, with the
notion that the intensities of strongly allowed transitions
may be less power-dependent than the more forbidden
transitions. Using all three of these techniques, one can
identify six resonances which correspond to the six
hM= ~1 allowed transitions within the 5= 3 multiplet
of the fourth-nearest-neighbor ground state. These are
indicated by the double-ended arrows in Fig. 11, which
also indicate the corresponding resonances in the
ordinary ESR spectrum. Those resonances not observed
above 14 kG in the optically detected spectrum are
presumably absent because the energy levels involved
in these resonances are not populated at 2.0'K, the
temperature at which the spectrum was taken.

In analyzing this spectrum, we first attempt to fit the
observed AM= ~1 transitions using a simple spin
Hamiltonian of the form

V3——gpH S+D3[S' 'S(S+1)j+—E-3[S '—S„'j, (5)

where the subscript 3 implies reference to the 5=3
state. We find D3= —0.096 cm ', and E3———0.01
cm '. We have taken g=1.985, the single-ion g value.
In addition, we determine an axis of symmetry for this
S=3 state at y=22.0' (see Fig. 3). We then use a
simple computer program to diagonalize V3 for off-axis
directions, and to plot the energy levels versus magnetic
field H. Such a plot is shown in Fig. 13, for H parallel
to C3. Note that when H is parallel to C3, it makes an
angle of 51.7' with all fourth-nearest-neighbor pair
axes, and presumably an angle of 22.0' with these 5= 3-
state symmetry axes. This plot of energy levels versus
H may then be used to predict the positions of addi-
tional resonances, as shown by the arrows of Fig. 13.
In this manner, one may predict, with an accuracy of

50 G, all of the resonances labeled 4G (for fourth-
nearest-neighbor ground state) shown in Fig. 11(B).
We note that such an analysis accounts for the majority
of the resonances appearing in the optically detected
spectrum, and supports the notion that detecting pair
resonances in this way serves to isolate those microwave
transitions arising from a particular pair type.

I I I I I I l I I I ~ I i I

$ = 0' (HIIC, )

2 —

~
0

L

2 4 8 8
Magnetic field

I I I I I I t I I

14 1610 12

(kflogaUSS)

Fit . 13. Computer-generated plot of the energy levels versus
magnetic field for the S=3 ground state of the fourth-nearest-
neighbor pair system, using the spin Hamiltonian of Eq. (9), and
the values of D3 and E3 given in Table II. All possible microwave
transitions are indicated, and all but the two highest field transi-
tions are observed as shown in Fig. 11(B).

A few additional resonances occurring in the spectrum
shown in Fig. 11(B)are also of interest. The resonance
marked 4E arises from the lowest of the optically
excited states of the fourth-nearest neighbors, and
provides evidence for the 5= 1 character of this state,
as noted by Imbusch and Graifman. " (A second reso-
nance from this state would appear at H = 19.2 kG, just
beyond the range of our magnetic field for this par-
ticular run. ) The sharp resonance marked SE in Fig.
11(B) arises from the optically excited 'E state of the
single ion. The presence of this resonance, in addition
to the broad resonances arising from the single-ion
ground states, marked SG in Fig. 11(B),are an indica-
tion of the role played by the isolated chromium ions
in the observation of these resonances, as discussed in
the following paragraph. A few remaining weak reso-
nances, marked U in Fig. 11(B),remain unassigned.

Of considerable interest is the mechanism by which
these optically detected resonances are observed. Since
the 5=3 ground state of the fourth-nearest-neighbor
pair system is neither the initial state nor the terminal
state for the 7009 A fluorescence, it is perhaps a little
surprising that the resonances are seen at all. One rather
curious feature of these resonances is that nearly all
of them are seen as an increase in the 7009 A fluorescent
intensity. While we do not thoroughly understand the
mechanism, it seems possible that it relies on energy
transfer between the single ions and the fourth-nearest-
neighbor pairs. A possible nonradiative-energy-transfer
mechanism is shown in Fig. 14. Our supposition is that
the efFiciency of the energy transfer is enhanced when a
fourth-nearest-neighbor-pair system is raised from a
lower level of the 5=3 multiplet to a higher level of
this same multiplet through application of the appro-
priate microwave frequency. That is, in Fig. 14, the
energy-transfer process labeled A is less efFicient than
that labeled B.The process shown is a phonon-assisted
process, with a phonon energy of about 120 cm '.
Process A involves a slightly lower energy phonon than
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2E(E) s=2

S=I

7009 A

S=I

to ask whether these levels can be described in terms of
a simple spin Hamiltonian. Ke have already seen that
the seven levels of the 5=3 state can be described by
the Hamiltonian V3 LEq. (5)]. We now attempt to
generalize this to describe the remaining energy levels.
As a starting point, we use a spin Hamiltonian which is
a slight generalization of that used by Owen":

Vs=gj9H S+3asD, LS ,'S(S-+—1—)]

+PsD.$5 '——,'S(S+1)]. (6)

In this expression, s" is the direction of the pair axis,
and z is the direction of the C3 axis. S is the total spin
of the pair. D, includes the axially symmetric aniso-

tropic exchange interaction as well as the dipolar
interaction:

4A
2

Microwove transition

levels

where
D,=Ds (exchange)+De(dipole-dipole),

D.= (g'P'I—' '), (7)

Single ion Pair

l'io. 14. A possible (phonon assisted) energy transfer mechanism
giving rise to the observed optically detected ESR spectrum.
Process A is presumed less e%cient than process 8, so that the
total 7009 '. intensity increases when the microwave transition
is induced. Only a selected few energy levels are shown, and are
not to scale. Some additional energy transfer, not requiring
phonons, may occur via the 5= 2 excited state of the pair, but
does not appear to be primarily responsible for the observed
spectrum.

process B, and since in this region the density of phonon
states increases with increasing energy, we might expect
process 3 to be less efFicient, thus leading to an increase
in 7009 A intensity when a microwave transition is
induced, as observed. Another possibility is that a
resonant transfer of energy takes place, involving the
S= 2 excited state of the pair shown in Fig. 14, which
is nearly coincident with the 'E(E) excited state of the
single ion. With this process, however, one might
expect at least some of the 5=3 microwave resonances
to be observed as decreases in the 7009 A intensity.
While it is possible to conceive of other mechanisms
involving only the energy levels of the pair, the fact
that the single-ion resonances in both the 432 ground
state and the 'E exdited states are observed in this
spectrum lends support to the hypothesis of an energy
transfer mechanism between the single ions and the
pairs. It is also known from previous experiments that
the abnormally strong fiuorescence of the LV lines owes
its existence to such energy transfer. ""
VII. THEORY OF FOURTH-NEAREST-NEIGHBOR

GROUND STATES

In light of the wealth of experimental data relating
to the ground-state energy levels of the fourth-nearest-
neighbor pair system (5=0, 1, 2, 3). it seems reasonable

"G. F. Imbusch, Phys. Rev. 153, 326 (1967).

and r g is the separation between the two ions, about
3.57 A for the fourth-nearest neighbors. D, is the usual
second-order crystal-field term with axial symmetry.
Terms of rhombic symmetry, E, and E„areneglected
in our approximate theory. n8 and Pq are the operator
equivalent factors given by Owen":

1 5(5+1)+4S,(5,+1)
&s=—

2 (25—1)(2S+3)
3S(S+1)—3 —4S (S,+1)

(25—1)(25+3)
(Sb)

Z'(C& axis)
Z (overoli symmetry oxis)

i

Z" (pair oxis)

8= Si.7

FxG. 15. Diagram showing the relationships of the various axes
of symmetry. All axes, including the x axis, lie in the plane of the
paper, which is a mirror plane.

J. Owen, J. Appl. Phys. 32, 213S (1961).

where 5,(= ~) is the spin of a single isolated ion.
ln order to cast Eq. (6) into a form which can be

compared with experiment, we write it with respect to
a, single set of symmetrv axes (x,y,s):
Vs= gi9H S+DsLSs' —35(5+1)]+Es(Sz' Sw'] (9)—
The directions of these symmetry axes mill depend on
5, as mill Dg and E~. Ke choose the x-s plane to be that
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SP ill

S=1

5=2

Param-
eter

gt
Dl
El
+3
D2
E»

Value from
optical dataa

small
0.51 &0.02 cm

unresolved"

—0.075+0.02 cm 1

unresolved b

Value from
ESR dataa

—13 +1
0.492 cm 1

Theoretical
value

—14.3
0.491 cm '

—0.10 cm '
—51.7
—0.087 cm '

0

TAvl. E IE. E'arameters of fourth-r&earest-neigh)~or
ground-state energy )evels.

Ke note, in particular, that within our experimental
uncertainty, the value of D, is found to be equal to that
for the isolated ions, for which D,= —0.191 cm '. From
our experimentally determined value of D„and the
known value of the dipolar interaction, we can deter-
mine a value for Dg, the anisotropic exchange inter-
action. We find, with Dq= —0.037 cm ', that

D&——D,—Dd ———0.021~0.005 crn '.
4p3

D3
E3

unresolvedb
unresolvedb

+22 +1
—0.0965 cm
—0.01 cm '

+19.2
—0.0935 cm '
—0.011 cm '

"A blank in the Table implies that the parameter was not determinable
by this method.

b In these cases, the theoretically predicted splittings are smaller than
the observed strain-broadened linewidth.

VIII. RESULTS AND DISCUSSION

In making the comparison between theory and ex-
periment, we have taken the known pieces of experi-
mental data and have obtained a best fit of these data
to the theory. Table II shows the comparison. A prin-
cipal result is that we can determine values for D, and
D, . We find

D,= —0.058&0.005 cm ',
D,= —0.191&0.005 cm '.

containing both the C3 axis and the pair axis (i.e., a
mirror plane) as shown in Fig. 15. ys designates the
direction of the principal symmetry axis of V,q, and its
value will also depend on 5. We then let

5,"=S,cos(8—ya)+5, sin(8 —ys),
5,'= S, cosy~ —5, sing~.

Substituting these expressions into Eq. (6), and adjust-
ing yq such that the term in SQ, vanishes, we find that

sin28
tan2q 8=- (11a)

PsDe(3osD6+cos28

Ds = ',osD.P cos'(8 —y-,)—1j
+ ',PBD,P cos'v -s —1], (1].b)

Es=2»asD, sin'(8 —ys)+~PsD, sin'ps. (11c)

Thus, according to this theory, we expect the observed
zero-field splittings for each of the spin states, as well
as the symmetry axes of the ESR spectra, to depend
only on the two parameters D, and D,.

Ke note that the value found for D~ is quite small.
In general, we can say that the fine structure of the

fourth-nearest-neighbor ground states is rather weLL

described by our simple theory. It also appears from our
value for D, that the combined effect of the spin-orbit
coupling and the crystal field, which gives rise to the
ground-state splitting of the single ion, is not changed
by the presence of a neighboring chromium ion. It is
also apparent that such a term is primarily responsible
for the observed ground-state fine structure of the
fourth-nearest-neighbor pairs.

Our main emphasis in this paper has been on the
nature of the ground-state energy levels of an exchange-
coupled pair, for which the technique of detecting the
spin resonances optically has proved invaluable. The
main virtue of the technique is that it selects, from
among the many resonances arising from a variety of
different paramagnetic systems within the crystal, those
resonances arising from a particular system, in this
case, those associated with fourth-nearest-neighbor
pairs. A second attractive feature of this technique is
that it allows one to study paramagnetic resonances in
optically excited states, and to study the details of
exchange interactions in these states much as we have
done here for the ground states. A third virtue of this
technique is that it allows one to study some of the
aspects of the energy transfer mechanisms giving rise to
the Ruorescences from dilute impurity traps, such as the
fourth-nearest-neighbor fluorescence here.
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