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Spectrum of Brst-nearest-neighbor Cr + pairs in ruby
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The optical absorption, emission, and excitation spectrum and the exchange splittings of the
first-neighbor Cr'+ pairs in Al,O, have been studied. The earlier experimental level assignment is shown
to be inconsistent with the theory of Pryce and Naito. The new ground-state level scheme is based on
the tr-polarized fluorescenc line at 7301.5 A which terminates on the S =2 level, which is ~280
cm ' above the S =0 level, and the e-polarized transition to the S =3 level at 7367.5 A. The new

parameters of the ground-state exchange J(SI ' S2)+J'(SI ~ S2) are J=54 and J' = 8.7 cm ~ The
infrared pair transitions obtain their strength mainly from the single-ion mechanism. The weakness of
the exchange-induced dipole moment, which usually dominates in pair spectra, is attributed to a near
cancellation of the single-electron components. A comparison of the relative cr and ~ intensities

suggests that the odd-parity crystal field is somewhat diferent than for single ions. Transitions where
both iona of the pair are excited to the 'E states have been observed at nearly twice the R-line
energy. The cr polarization of these transitions agrees with the exchange-induced dipole-moment
mechanism. The temperature dependence of the absorption. of the S =0 and 1 levels is in good
agreement with the level populations derived from the ground-state exchange splittings.

I. INTRODUCTION

In heavily Cr~-doped Alz03, a complicated pair
luminescence and absorption spectrum is observed
in addition to the sharp single-ion transitions be-
tween the single-ion Aa and the two E states. '
There are four different types of near neighbors
with a single intermediate oxygen ion, and these
pairs have a sizable exchange interaction. The
complexity of the spectrum has made it difficult
to identify a given spectral line with a definite
pair. After a considerable effort this identifica-
tion is now nearly complete, and the level dia-
grams for the second- through fourth-neighbor
pairs appear to be well established. ~ Rather little
is known about the first-nearest-neighbor pair,
even though, because of the relatively high D,
symmetry, the excited-state exchange of this pair
can be expressed in quite a simple form. Such a
calculation has been made by Pryces and by Naito
and the results are discussed in Sec. III. It is
shown in Sec. IV that the theoretical predictions
of the pair line polarization are inconsistent with

the previous assignment of the first-neighbor
spectrum. Using new experimental data, we pro-
pose a new ground-state level scheme which ap-
pears to be in better agreement with theory.

An additional complex absorption spectrum has
been observed near 3400 A by I.inz and Newnham. ~

From the quadratic dependence on concentration
of the absorption coefficient they deduced that this
spectrum also involved Cr~ pairs rather than

single ions. On the basis of crystal-field calcula-
tions of Sugano and Tanabe, they suggested that
these transitions involved excited doublet states
exchange coupled to the ground-state pair states.

More recently it was shown that a line at 29414
cm ' corresponds to the single A~- A, tran-
sition. ~ ' We have observed several strong v-
polarized transitions in the uv spectrum which
are consistent with the simultaneous excitation of
both ions of the first-neighbor pair to the sE states.
The temperature dependence of the absorption is
in reasonable agreement with the new ground-state
splitting assignment.

II. PAIR SYMMETRY

Corundum belongs to the D~~ —Rsc space group,
with the rhombohedral cell containing two A1203
units. ' The Al~ sites on which the Cr~ ions sub-
stitute have approximately an octahedral coordina-
tion of oxygen ions. The site symmetry is C3 and
differs from C3„only by a small rotation of the
oxygen-ion triangles about the C3 axis.

The geometry of the first-neighbor pair is shown
in Fig. 1. The pair has D3 symmetry and in the
(X, Y, Z) pair coordinate frame the Z axis has C,
symmetry and passes through the two Cr~ ions,
and the X axis has C2 symmetry and lies in the
plane of the oxygen triangle and passes through
one of the oxygen ions. There is an additional
mirror plane midway between the ions if the dis-
tortions of the oxygen triangles are neglected. If
the mirror plane is included the first-neighbor
pair has the full D» symmetry of the Cr~03 mole-
cule. Figure 1 also shows several additional co-
ordinate frames introduced by Naito. The
(x„y„z,) axes are directed from the Cr~ ions to
the larger triangle of the 0 ions, and in the octa-
hedral approximation form the cubic bases in which
the g~, wave functions of the Cr~ ions are defined.
The basic (X„Y„Z,) axes are obtained from
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Here s„ is the single-electronic-spin operator
acting on the ith orbital of the first Cr~ ion. The
sums are over the three f2, orbitals which make
up the 4A2 and ~F states and whose strong crystal-
field states transform as ( -d„, g

- d,„, and f -d„,
for i=1, 2, 3, respectively. The biquadratic ex-
change parameters J,», are significantly smaller
than the Jij and the effect of these terms is to in-
troduce small shifts in the energies determined
from the first term.

Equation (l) is invariant under the symmetry
operation of Ds and it follows that the orbital ex-
change parameters fall into three groups:

Xb~

5(

ZbZ

FIG. 1. First-nearest-neighbor Cr ' pair in A1203.
The coordinates discussed by Naito (Ref. 4) are shown.

(x„y„z,) by a coordinate-axis transformation, and

the (X, Y, Z) pair coordinate axes coincide with one
of the ions of the pair. Coordinates (X„Y„Z1)
and (X2, Y2, Z2), in which the Z axes of the pair are
parallel, are used for the description of the angu-
lar momentum.

III. THEORY

A. Exchange interaction and crystal-field effects

The theory of the exchange interaction between
Cr~ pairs in ruby has been discussed by Pryces
and by Naito. In this section we will quote the
results of the calculations which are pertinent to
the first-neighbor pair system. Naito has shown

that the usual bilinear exchange interaction be-
tween two ions with singly occupied orbitals must
be modified in the multielectron case to include
the effects of how the remaining spins are coupled.
These effects are incorporated by including bi-
quadratic terms and the exchange is

SC~„=Z jlj 22Slj S22+ elli2j 1221(sli S2j)(S12 S2l)
j, k ilk, jan/

+ ~ (~liij, llel(sii ' slj)(S12 S2l)
i2t jAk

+ ~2i2j22 ll (S2i S2,j)(S22 ~ Sll ))

for the ground state,

I e„Sm& = I2Eu„iw2Sm&,

I e„Sm) =
I A2 EuNSm)

for the singly excited pair, and

I
e„e„.Sm) =

I
Eu„Eu„.Sm)

(4a)

(4b)

for the doubly excited pair states.
The single-ion 4A3 and 2F. states are split by the

combined effect of the trigonal crystal field and
the spin-orbit interaction. For nearest neigh-

Jii= Jar= Jss .

Jia= J23= Jsi

J21 J32 J13

The additional relation J,2
= Jz, is obtained for the

D» symmetry. Thus, neglecting the small dif-
ferences between J~ and J~„ the major contribu-
tions to the exchange splittings are determined by
two groups of parameters.

Let the t2, orbitals be defined in the idealized
octahedral coordinate frame shown in Fig. 1.
For this geometry the integral giving J» results
from the direct overlap of the d,', and d „orbitals.
The first of the semiempirical Goodenough and
Kanamori rules leads us to expect that this ex-
change will be strongly antiferromagnetic. " There
is no direct overlap between the orbitals d,', and

d„, and, furthermore, the overlap with the oxygen

p orbitals is also small so that the total probability
of electron transfer is small. Thus, from the
second Goodenough and Kanamori rule, we expect
J,2 to be ferromagnetic with I J&2I & J».

The total spin 8 = gj (s„.+ s2, ) and the Z compo-
nent of the spin, m, along the Cs axis commute
with Eq. (l) and the pair wave functions are de-
fined in terms of these quantum numbers. We let
M be the "+, -"orbital components of the ~E state.
The wave function is

I g Sm &
=

I
'ji2 'ji2Sm &
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bors the anisotropy energy of the ~E state is given
by

&AE = ~l 7'inc+ &232.1 ~ (6)

where for ion 1 of the pair T& is an operator which
is diagonal in the u„components of F. with eigen-
values +1, and $~ operates on the z component of
the spin. 6 For the singly excited pair states Eq.
(6) has diagonal matrix elements + mA/4 for each
S value, and off-diagonal elements s A(4 —m2)'~~

&&|)(M, M )/4 between states of different S. For
the states of the doubly excited pair there are
diagonal matrix elements mM(M, M ) for 3= 1 and
off-diagonal elements + X between states with $= 1
and $= 0 for m = 0 and MW M .

Experimentally the splittings due to crystal
anisotropy are found to be quite small for the
first-neighbor pair. This can be understood as
follows: McClure has found that the trigonal field
parameter is a very sensitive function of position
of the Cr+ ion in the lattice ia, ss For the single
ion, A. = 29 cm ' and a value of the trigonal field
parameter v of -1425 cm ' is obtained from the
splitting of the T bands. This is consistent with
a slight displacement of the ion from the Al~
equilibrium position. In Cr~Os the splitting of the
T bands yields v- —700 cm ~, which not only is

smaller but also has the opposite sign. The trig-
onal field of the first-neighbor ions is expected
to have an intermediate value; thus the ~F. split-
tings will be considerably smaller than the single-
ion splitting. The relative smallness of the crys-
tal anisotropy enables us to neglect this effect in
calculating the energies.

Within the A2 state, Eq. (1) can be written

K„=J (S& ~ Sa)+j(S& 82) +j —63j/16, (7)

where the j s are defined in Ref. 4 and J = J+ ~ j
+j +j".

Making use of Eq. (2), the dominant bilinear ex-
change expressed in terms of the single-electron
exchange parameters is

For the single excited states the matrix elements
of the Hamiltonian, Eq. (1), which neglect excited-
state striction effects can be expressed in the
form

e, e e, e

0 -', K, 0

K=R + 0

0

0 gK,

0 4K(

0 0

0

0
+

K~

0

0 K2 0

[-,'S(S+1)- -', j,
0

Ka

where
I .III

R =R-2g + peg,
= J-4j r

K& = K+ 2k —
6 ki s ks y

K~=K+2k + —,
'

k&+ st .
The j's and k's are sums over the biquadratic ex-
change terms which result from the correlational
effect. 4 These terms are probably quite small
compared with the exchange striction effect, which
will contribute to both the diagonal and off-diagonal
terms, and these latter contributions may be of
the same order as for the ground state and may
thus be quite important. However, since the
amount of information about the excited-state lev-
els is limited, the striction effect in the excited
state will not be considered further here. In this
order of approximation K& = K~ = K, which in terms
of the single-electron exchange parameters is

~= (&gg+~gp)/3 . (6)
K= (Jgg —Jgp)/6 .

The term biquadratic in the spine in Eq. (7) is
due to the correlational dependence of the exchange.
Several calculations have shown that j may be of
the order of 1 j& of J and is probably smaller than
this in most cases. ' There is, however, a for-
mally similar term which results from exchange
striction. This effect yields a negative contribu-
tion to j, and in all cases appears to dominate
over the correlational contribution. '

The pair wave functions of the ground state are
given by I Sm+), where the "s" refers to the parity
under the interchange of the two ions. States
with $= 3 and 1 have "+"parity, while those with
$=2 and 0 have "-"parity.

The excited-state exchange parameters may well
be somewhat larger than for the ground state be-
cause of a slight dilatation of the t~, wave func-
tions in the 2F. state, which will increase the over-
lap integral significantly, and the slightly smaller
energy denominator in the theoretical expression
for the exchange. Thus, the exchange parameters
should be considered as empirical quantities for
each state.

The signs of the exchange parameters obtained
from the Goodenough-Kanamori rules" indicate
K& 0 and Fig. 2 shows the normalized exchange
splittings plotted as a function of K/J. Experi-
mentally we will show that the 12 -) singly excited



SPECTRUM OF FIRST-NEAREST-NEIGHBOR Cr ' PAIRS IN. . . 2849

K/Z is shown in Fig. 3. The resonant interaction
K couples the states I e,e ) and I e e, ) and the wave
functions of these states are

(
S+) = (( e,e Sm) +

(
e e, Sm))/W2 (14)

I

LLI

The states with M= M are not coupled by off-
diagonal elements. According to Eq. (13) the
states have a twofold orbital degeneracy. Under
an interchange of particles, these $=1 and 0 states
have even and odd parity, respectively, and are
denoted in Fig. 3 by I 1(+)) and 10(-)).

B. Transition dipole moment

0.5
K/J

I

I.O i.5

FIG. 2. Exchange splitting of the singly excited states
as a function of K//J.

level lies below the I 1+) level, implying J»
& —5J».

Each of the four levels consist of two degenerate
states obtained from I e. ) and I e ) and each has an
additional (2S+ 1)-spin degeneracy. The wave func-
tions of the single excited pair are classified ac-
cording to e„, $, m, and the "+"parity under in-
terchange of particles,

~
SmM +) =

(~ e„sm) +
~
e„sm))/v 2 . (12)

The crystalline anisotropy effects are relatively
small and hence the energies are independent of m

and M. Consequently the levels in Fig. 2 are
simply identified by I S+).

For the doubly excited pair levels, we neglect
all biquadratic exchange and striction effects and re-
tain only the bilinear exchange. The energies in this
approximation are obtained from diaganalization of

ee. ee ee, ee

We have shown that the wave functions are
classified as either symmetrical (+) or antisym-
metrical (-) with respect to the interchange of the
two ions. From the D3 symmetry we obtain that,
no matter what the electric dipole moment mech-
anism, n-polarized transitions are only allowed
between states of opposite parity, and 0-polarized
transitions between states of the same parity.

Transitions between the pure single-ion A~ and
~E states are spin and parity forbidden but become
allowed by the admixture of the odd-parity crystal
field and the spin-orbit interaction. The single-
ion selection rules are b$=0, +1, ~m=0, +1. Since
the second ion of the pair is not affected as the
first undergoes a transition by this mechanism,
these selection rules also apply to the singly ex-
cited pair states. The squares of the matrix ele-

IO

X=2R + 8K

8@*

0
—IP

0.5
K/J

I.O I.5

where the I e„e„.) are defined in Eq. (5). The
normalized exchange splitting as a function of

FIG. 3. Exchange splitting of the doubly excited states
as a function of K//J.
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where &o=e "~ and the superscript denotes the X
direction of the dipole moment. For the doubly
excited states the phase relations are somewhat
different and

x' x x xP m 1T 33+ 7T 18 + 7T 21

The squares of the exchange-induced dipole mo-
ments are given in the tables in the Appendix and
the total dipole strength of the transitions to the
singly excited states are shown in Fig. 4.
IV. EXPERIMENTAL DETERMINATION OF SINGLY EXCITED

PAIR LEVELS

A. Comparison of earlier work with theory
403

)2-& 280

ments of. the single-ion transition dipole moment
are given in the Appendix, and are shown in Fig. 4.

The exchange-induced dipole moment"

P =Z wgy(s( ~ sg) (15)

FIG. 4. Squares of the matrix elements of the dipole
moments to the singly excited state. The squares of the
matrix elements for the individual components are listed
in the Appendix. The two pair transitions and the ground-
state splittings obtained from J=54 and j=- 8.7 cm and
also shown.

Using the piezospectroscopic method, Mollen-
auer and Schawlow have unambiguously identified
two of the first-neighbor lines in the low-tempera-
ture luminescence spectrum. ~' These are the in-
tense broad lines at 7540 A which appear in m po-
larization and a weak line at 7302 A in o polariza-
tion. The emission was identified with transitions
originating on the lowest-energy singly excited
state and terminati, ng on the S= 2 and 1 ground-
state levels, respectively. They thus deduced that
for the ground state J-225 cm '. Based on con-
siderably weaker evidence they found three other
lines in emission and absorption which could also
be identified with the first neighbors. Their en-
ergy-level diagram is shown in Fig. 5 and the
ground-state splittings of this assignment yield
J=185.7 cm 1 and j=-8.7 cm 1.

Let us compare this assignment with the theoret-
ical results of Sec. III. The complete polarization

contributes to the transition strength of some of
the single excited states, and is the sole mech-
anism responsible for the transition moment to the
doubly excited states. ' ~ The selection rules of
Eq. (15) are nS=O and am=0. Using the trigonal
symmetry of the pair we obtain symmetry relations
between the w, ~ analogous to the J,~ in Eq. (2).
For example, applying the C~ operation along the
X direction of the pair we find n&3, m, l, and m» are
parallel to the X axis, and thus appear only in o
polarization. ~

The remaining n, ~ are obtained from appli, cation
of the C~ and C~~ operations and these dipole mo-
ments lie along the two other Ca axes. Thus, if
the dipole moments were simply additive, they
would vanish by cancellation. However, in the
11+) and 12 -) singly excited states as well as the
I 0(-) ) and l 1(+)) doubly excited states the pair
wave functions contain an appropriate phase re-
lationship so that the matrix elements of Eq. (15)
do not cancel for symmetry reasons. For the
singly excited state we let

Ia-&
I
1+&

i3992.0 cm-'
I3933.5

e+
O
In

b
~4g

Ol
O
IO

b
e~

N

Is+& ——
I

~~~ ~ ~~~~ tee I 3pp

cfog

674

I 1+&
lo-&

242

FIG. 5. First-nearest-neighbor energy diagram after
Mollenauer and Schawlow (Ref. 21).
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of the V540- and 7302-A lines agrees with theory,
and the level assignment is explained if the lumi-
nescence originates on the 11+) state. However,
according to a more recent investigation by Eng-
strom the V271-A emission is at least partly o

polarized, and this is inconsistent with polariza-
tion rules for the transition from the l 2 -) excited
state to the l 1+) ground state. ~~'23 The 7175-A line
of Mollenauer and Schawlow has the correct w-po-

larization for the I 1+) to )0-) transition. How-

ever, Engstrom has identified a line at V177.0 A,
which is presumably the same line, with the $= 1
ground-state level from temperature-dependent
absorption data. The 7145-A line was not ob-
served by Engstrom, and its polarization is not
known. The line is identified with the transition
from l 2 -) to ( 0 -) which is forbidden by the theory
of Sec. III, and the assignment of this transition
is deemed to be questionable as mell.

The discrepancies between theory and experi-
ment lead us to question the identification of the
less-well-established first-neighbor transitions,
and suggest that the pair spectrum be reexamined
for an alternative assignment. Figure 4 indicates
that the strongest m-polarized dipole strength oc-
curs for the transition between the 12 -) excited
state and the 13+) ground state. We could tenta-
tively identify this transition with the 7540-A line,
and further identify the 7302-A line with the ) 2 -)

to [2 -) transition, and thus obtain J=143 cm '.
One difficulty with the new identification is the

temperature-dependent absorption data of the 7302-
A line obtained by Mollenauer and Schawlow which
indicates this level is 240+40 cm ' above the $ =0
level. ~' We have estimated the error from the
scatter of their data. The line is very weak in ab-
sorption, and the accuracy of the absorption mea-
surement was relatively low. Nevertheless, this
value is quite different from the value -428 cm '
obtained for the alternative assignment. This al-
ternative value for the ground-state exchange split-
ting is not very different from the second-neigh-
bor splittings. Thus some lines previously attrib-
uted to the second-neighbor pairs may, in fact,
originate on the first neighbors. However, as we
show in Sec. IVB the identification of the 7540-A
line with an electronic transition also appears to
be incorrect.

B. New experimental work

In previous studies of the first-nearest-neigh-
bor Cr~ pairs in LaA10~ and YAlO~ it was found
that, compared to the emission from single ions,
as well as the more-distant-neighbor pairs, the
nearest-neighbor emission intensity is greatly en-
hanced by selectively exciting the doubly excited
pair states. ~o 2 Furthermore, by monitoring the
luminescence of different pair lines one can iden-

AS~0~:Cr
1 O'K

TT

I-
Vl

LIJI-

z0
cn (0) kp =5430
CO

LLI

l i ' I I

7567 {1)—
&7540(i)

7495(1)
7665- 7624 745~ (2)

r
72+(2)

(b) ~p-~9

I

8000 7800 7600
I I I

7400
WAVELENGTH (0

7200

FIG. 6. 7f-polarized emission at 1.8'K for excitation into (a) the 3430-A, doubly excited levels of the first-neighbor
pair, and (b) the T& band of the single ions. The spectral response of the luminescence detection system is shown by
the dashed line. The first- and second-neighbor transitions as deduced from the relative intensities as well as stress
experiments are denoted by (1) and (2), respectively.
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I
I
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i.8 oK
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LLJ
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o~
~ (a) Xp=&4&O
lA

LLJ

UJ)
LLJ

lL

7301.5 ( I )

7289(2)

72I4(2)

7707~~
745( (2j

158(2

7430

I

(b) Xp o390OA

8000 7800 7600
I I i

7400
WAVELENGTH (A)

l

7200

FIG. 7. 0-polarized emission at 1.8 K for similar excitation as in Fig. 6.

tify the lines in the excitation spectrum with the
type of neighbor. A similar experiment was re-
cently reported in ruby by Kushida and Tanaka,
who examined the excitation spectrum of the single

ion, as well as the third- and fourth-neighbor emis-
sion, using a tunable dye laser in the B-line region
between 4600 and 4900 A as the excitation source. ~'

In another experiment the emission intensities of

I-
CO

LLJ

X

I
I

AEpOp: Cr

770K g?540(()
7570 745'(2)

l7710

7427

LLJ

I-

LLJ

lK

728I

(b) X.p 39

8000
I

7800
I

7600
I I I

7400
WAVELENGTH (A)

I

72,00 6800

FIG. 8. x-polarized emission at 77 K for similar excitation as in Fig. 6. Emission from the higher-energy singly
excited levels is shown by an asterisk.
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the first and second neighbors mere found to be
enhanced using a 3371-A N2 laser source. 2'

We have also observed an enhancement of the
pair emission for excitation into the doubly excited
pair states near 3430 A. The excitation source
was a —,'-m Bausch and Lomb spectrometer
equipped with a 150-W xenon arc lamp. The lu-
minescence was detected using a 1-m Czerny-
Turner spectrometer and a cooled $-20 response
photomultiplier tube. According to theory, the
optimum enhancement of the first-neighbor lines
is obtained when the pump radiation propagates
along the c axis of the crystal and hence is com-
pletely o polarized. The 0 and ~ components of
the luminescence were detected in an orthogonal
direction.

The luminescence spectra from a ruby with
0.9-wt'P& Cr which mere obtained by exciting the
doubly excited ion band at 3430 A as well as the
predominantly single-ion T, band, which peaks
at -3900 A, are shown in Figs. 6-9, and the nu-
merical data are shown in Table I. In order to
facilitate the comparison, the slit width of the ex-
citation source mas adjusted to yield about the
same R-line intensity. The spectral response of
the detection system mas also modified by glass
filters, and the response curves, which were cali-
brated using a standard lamp, are given by the
dashed lines in Figs. 6 and 7.

The ratios of the intensities of the emission
under 3430- and 3900-A excitation obtained from

Figs. 6 and 7 are listed in Table I. From Fig. 6,
we see that the enhancement of the 7540- and 7451-
A lines is 12 + 1 and 5.2 + 0.6, respectively, and
this is to be compared with an R-line intensity
ratio of 0.55 + 0.05. Thus, the enhancement of the
7540-A line is significantly higher than for the
second neighbors, indicating that the 3430-A band
corresponds predominantly to first-nearest-neigh-
bor absorption.

An enhancement similar to that of the 7540-A
line is also found for the m-polarized 7367.5-,
7495-, 756V-, and V737-A lines, suggesting that
this emission is also associated with the first-
neighbor system. The enhancement of the V158-,
7214-, 7289-, 7515-, 7600-, V624-, 7665-, and
VVOV-A lines is similar to the enhancement of the
7451-A line indicating that these lines may be as-
sociated with the second-neighbor system. The
intensity of the pair lines relative to the R lines
is a very sensitive function of the mavelength and
slit settings of the excitation spectrometer. Thus,
in Fig. 7, which mas obtained using slightly dif-
ferent settings than Fig. 6, the R-line intensity
ratio is 0.85+ 0.08, mhile the ratios of the first-
neighbor lines at 7301.5 A and the 7451-A line at
7451 A are 12.4 and 5.7, which are only slightly
larger than the ratios of Fig. 6.

In passing we note that the V158- and 7289-A
lines are quite evident in the 1.8 'K spectrum.
This observation is inconsistent with the second-
neighbor assignment of Kisliuk et al. , who identi-

I

AS&O&: Cr
77'K 7710

7451 (2)
7158(2)

7261% 7092(2)"

Ch
X
Ud

2 (a) W, *&4~0
X
O
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lh k.~
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LLJ

I-

tat
lL

7281 (2)— 7214 (2)

730+(1)
7450

7290 I,'2) -7251

8000
I

7800
I

7600
I I I

7400
WAVELENGTH (A)

I

7200 7000 6800

FIG. 9. 0-polarized emission at 77'K for similar excitation as in Fig. 6. Emission from the higher-energy singly
excited levels is shown by an asterisk.
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TABLE I. Energy levels obtained from the 1.8'K fluorescence spectrum (Figs. 6 and 7). The neigh-
bor assignment is derived from the enhancement of the fluorescence intensity under excitation into the
doubly excited pair states near 3430 A relative to excitation at 3900 A.

Wavelength Predominant 5E cm
polarization AP 100 kg/mm~

uv intensity
enhancement

(+10%)
Fig. 6 Fig. 7

Neighbor
assignment Comments

6934
7122
7145
7158

7177
7194
7214
7231

7289
7301.5

7320
7329
7367. 5

7427
7430
7451
7495
7515

7540
7553
7567
7600

7624
7646
7665
7707
7737

U
U
U
U

U

U
U
U

—2. 3
+2. 8

—5. 9
+3.3

+6.4
—27

+5.4
—22. 5

+ 12
—21.8

+5.4

—22. 4

—22. 3

+5. 7
+7. 3

—22. 1

0. 5
0.49

4. 6

12.5

2. 5

5. 2

12

12

12

5
6

11

0. 86

0. 87
5. 2

0. 9
3
5

5. 1
12.4

5. 7

R&

Vibr. of R~

Present at 1.8 'K

Present at 1.8 'K
S=2 —to 2—

$=2 —to 3+

Vibr. of 7367. 5

Vibr. of 7367. 5

Vibr. of 7367. 5

Vibr. of 7367. 5

fied these lines as originating on higher-energy
excited-state pair levels rather than the lowest-
energy excited level which is consistent with our
observations. The crystal was immersed in the
liquid helium, and was not sufficiently heated by
the pump radiation to populate the levels which are
approximately 106.5 and 10V.5 cm ' above the low-

est-energy excited level from which this emission
was presumed to originate. 2 This leads us to sus-
pect their second-nearest-neighbor assignment,
and the subsequent theoretical interpretation of

Naito. '
The V540-A line has a width at half-intensity of

-14 A, which is considerably broader than the
widths of the other pair lines, and has an asym-
metric line shape with an apparent low-energy cut-
off. The more dilute rubies have narrower lines,
and with a 0.093-wt% Cr crystal, this emission is
resolved into two lines at 7541.7 and V536.8 A

(Fig. 10). The lines scale similarly with excita-
tion energy and are thus both identified with the

first-neighbor pair. The temperature independence
of the emission indicates that the 8.6-cm splitting
does not originate in the excited state. This split-
ting also appears to be too large to be due to the
crystal-field effect in the ground state. These re-
sults, together with the anomalously strong inten-
sity relative to the 7301.5-A line, suggest that the

0
7540-A emission is a vibronic rather than an elec-
tronic no-phonon line. Re identify the V36V.5-A
line as the no-phonon origin of this first-neighbor
line.

Confirmation of this assignment is obtained from
the shift of the lines under compression along the
c axis. The 7540-A emission shifts by -22.4
a 0.6 cm ' for an applied stress of 100 kg/mm'
and this agrees with the shift of -22.8 cm ' of
Mollenauer and Schawlow. ~' The 7367.5-A line as
well as the other long-wavelength lines identified
in Fig. 6 and by Table I (l) exhibit similar red
shifts. ~6 Together with the enhancement under uv

excitation, the latter data thus indicate that these
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FIG. 10. Resolution of the first-neighbor emission at
0

7540 A into two components.

lines are also vibronics of the 7367.5-A transition.
Mollenauer and Schawlow observed that the shift

with pressure of the 7301.5-A line was about half
of the shift of the 7540-A line or ——11.4 cm ' per
100 kg/mm~. In contrast we observe this line to
shift -27 +1.5 cm ' under this pressure. In the
same measurement the shift of the 7450-A line is
found to be +12+I cm ' per 100 kg/mm2, which
agrees with the value of 13.5 cm ' obtained by
Mollenauer and Schawlow. ~'

The relative intensities of the 7367.5- and 7301.5-
A lines are also of interest. Unlike the Cr~ pair
spectrum in LaA10~ YA10~~ and the third and
fourth neighbors in ruby, ~ the exchange-induced
dipole moment is not the dominant transition mech-
anism. Since a large dipole moment is observed
for the doubly excited states, there appears to be
a cancellation of the type (v",2+ mz, )/2 = v~~ which
results in the small exchange-induced dipole mo-
ment of the singly excited state.

The single-ion transition to E obtains its
strength via the spin-orbit coupling to the 4T~

state. The cr component of T~ derives from the
C~- and C3-symmetry odd-parity crystal field,
and the m component results only from the C3 odd-
parity crystal field. ' The odd-parity components
are sensitive functions of the position of the ion
and will thus be somewhat different for the single
ion and the first-neighbor pair. However, we
can obtain a rough estimate of the relative inten-
sities if we use the relationship between the cr and
m intensities of the single ion and neglect the con-
tribution of the exchange-induced dipole moment.
Using the experimental intensities of the T~ tran-
sitions, the calculated strengths of the 2E transi-
tions correspond to a polarization ratio (P, /P, )2

However, a large fraction of the m compo-

nent of T~ is vibronically induced, and this does
not contribute to the n component of the R lines.
The experimental ratio of the total R-line intensity
is found to be (P, /P, )~ =/ &&3.2.~

Using the experimental single-ion ratio and as-
suming the 12-) excited state is lowest, the tran-
sitions to 12-) and 13+) yield a o/v intensity ratio
from the single-ion mechanism of -3. This ratio
is ™8.5 for the transitions from the I 1+/ excited
state to 12-) and I 1+). The presence of a o-po-
larized exchange-induced dipole-moment contri-
bution will tend to increase this ratio. The experi-
mental ratio at 77 K, corrected for the response
of the system, is 2.1~0.7, and this can be rea-
sonably ascribed to the 12-) excited state having
the lowest energy. The smaller value of the ratio
suggests that the C, component of the odd-parity
crystal field is larger relative to the C~ compo-
nent for the first neighbors than it is for the single
iona.

On the basis of our assignment the remaining m-

polarized transition to the 11+) is expected to be
-7212 A. This is close to the 7214-A line which
we have identified with the second-neighbor spec-
trum. The fact that this transition is not observed
is not surprising since its intensity is predicted to
be down by a factor 14 as compared to the transi-
tion to 13+). On the other hand, if the 11~) excited
state had the lowest energy, the intensity ratio of
the n-polarized lines would be 5 and this transition
should have been observed. This thus provides
additional confirmation that the 12-) state has the
lowest energy.

The absence of the third line at low tempera-
tures could also result from the crystal-field
splittings of the excited states. From Table V, it
is seen that if the 12-) state is lowest and with a
negative A., strong emission will be observed to
the $= 3 level. The intensity of the transition to
9= 1 will then be very weak owing to the thermal
depopulation of the excited crystal-field states.
Table II indicates that a similar argument applies
when the 11+) excited state is lowest. Up to VV 'K
no additional resolved lines, corresponding to
transitions between other crystal-field components,
are observed on the high-energy side of the 7367.5-
and 7301.5-A lines. The lack of a significant asym-
metry of the 7367.5-A line at 77 K is consistent
with IX)&4 cm '.

Mollenauer and Schawlow reported emission and
absorption lines at 7145 and 7175 A which were
identified by them with transitions involving the
higher-energy excited states of the first-neighbor
pair. ' We find the 7175-A line appears in both
polarizations and does not have the appropriate
enhancement for 3430-A excitation expected of a
first-neighbor line. A similar lack of an enhance-
ment effect was observed for the spectral region
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near 7145 A. Thus, these lines are not associated
with the first-neighbor spectrum.

In Figs. 8 and 9 the wavelengths identified by an
asterisk correspond to transitions from the higher-
energy excited states. The emission does not,
however, involve the first-neighbor pair. For ex-
ample, these lines appear in both polarizations,
being strongest in o, and do not exhibit the expected
enhancement under 3430-A excitation. The failure
to observe the emission from the excited states of
the first neighbors is believed to result from (a)
the weak intensity relative to the emission from the
lowest-energy excited state due to the smaller di-
pole moments and the Boitzmann factor and (b) the
reduction in the enhancement effect due to an in-
crease in energy transfer between pairs and single
ions at the higher temperature. These are techni-
cal difficulties which can be overcome by using a
more intense light source of higher monochroma-
ticity than the monochrometer arrangement used
here. For example, a dye laser, N~ laser, or a
Raman-shifted N~ laser should increase signifi-
cantly the degree of selective excitation of the
first-neighbor system and the higher intensity
would allow the use of more dilute samples in
which energy transfer is reduced.

A further attempt was made to identify additional
first-neighbor lines from the infrared excitation
spectrum of the pair luminescence. The mono-
chromatic excitation was isolated using the Czerny-
Turner spectrometer, and the luminescence was
monitored through a —,'-m Bausch ahd Lomb spec-
trometer which passed a 90-A band.

The relative intensities of the lines in the exci-
tation spectra in Fig. 11 show a considerable de-
pendence on the wavelength of the emission. For
example, the R lines appeared most strongly in

the V300-A spectrum, indicating that mainly the
R-line vibronics were monitored. The band at
6675 A which is cr polarized and the unpolarized
band at 658V A show a similar dependence as the
R lines and are associated with the well-known

T, single-ion spectrum.
First-neighbor emission corresponding to the

excitation of the V145- and V1V5-A lines is not ob-
served. This confirms the earlier conclusions
that these lines do not belong to the 9=0 ground
state of the first neighbors. In comparing the
V540- and V450-A spectra, the V540-A emission
is found to be enhanced by a factor 2.5 +0.15 for
thelinesat6865, 6852, and681V Aandthebandat
6510 A. In contrast, the intensity ratio of the R lines
is 0.6 + 0.05. The former is the largest enhancement
effect observed, and suggests that thesetransitions
are associated with the first-neighbor pair. Except
for the 6852-A line the transitions are all o polarized.
In higher-resolution absorption measurements, the
6852-A line is found to consist of two components: an

22'K

7450 1
6888-
().82)

(O.a)

(0.8)
(O,I7)

(i 40))
70)4
(i.0)

7082
(I 5)

7540 4

686S
(2 44)

68S2
(2.54)

6587
(058)

(065)

7400 7200 7000

ENf RGY (cm-')

6600

FIG. 11. Infrared excitation spectrum obtained by
monitoring the emission at 7300, 7450, and 7540 A.
Several of the wavelengths are shown in the 7540-A. spec-
trum, and the ratios of 7540- to 7450-A. intensities are
shown for the lines. The 1.arge enhancement of the 6865-,
6852-, 6817-, and 6510-A emission suggests that these
lines are associated with the first-neighbor pair.

unpolarized line at 6853 A, and a cr-polarized line
at 6852 A.

The theory of Sec. IV predicts only a single cr-

and m-polarized transitions from the $=0 ground
state. Thus, w'hile the 6510-A band may be iden-
tified with a transition to the T& level of the first-
neighbor pair, it is rather difficult to attribute the
remaining lines with transitions to the first-neigh-
bor single excited ~E levels. Previously, several
of these transitions have been identified with the
second neighbor. However, the intensity ratios
of the second-neighbor lines at V092 and 6994 A

are only -1.4. It has already been observed that
the first-neighbor lines are wholly polarized,
while the second-neighbor lines tend to appear in
both polarizations. Thus both the excitation spec-
tra and the polarization data suggest that these
lines are first-neighbor lines, which is in disagree-
ment with theory.

Four additional absorption lines from the $= 1
level are predicted at high temperatures. Experi-
mentally, at temperatures above 77 K, energy
transfer reduces the enhancement effect in the ex-
citation spectrum, and the relative strengh of the
R lines is increased. While some temperature-
dependent structure is observed near the 6510-A

Tg line, no additional lines were observed in the
excitation spectrum which could be definitely at-
tributed to the S=1 levels of the singly excited ~E

state.
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FIG. 13. 0 and x-polarized absorption spectra near
twice the R-line energy at 2.4'K. In order to show de-
tail the absorption from crystals 0.46 and 1.34 cm thick
is shown.

O.OI
O.OI 0.02 0.03

FIG. 12. Curves are the populations of the S=0, 1,
and 2 levels of the first-neighbor pairs plotted as a func-
tion of T . The open circles with the error bars are
the 7302-A. absorption data of Mollenauer and Schawlow
(Ref. 21). The solid circles and triangles are the inte-
grated absorption coefficients, plotted on an arbitrary
scale of the 28694- and 28980-cm ~ transitions to the
doubly excited state.

ever, this value does not appear to be anomalous
when compared with the second-neighbor exchange
parameters J= 83.6 cm ' and j = -9.7 cm '.' The
biquadratic exchange term is related to the depen-
dence of the exchange on the vibronic interaction.
The unusually large shifts of the first- and second-
neighbor lines under stress indicate that the ex-
change is a strong function of interion separation.
The vibronic interaction thus is also expected to
be quite strong, leading to a large biquadratic
term.

C. Comparison with theory

The two transitions of the first-neighbor pair
are quite insufficient to determine the exchange
parameters. However, we also have the energy
of the excited state from the measured tempera-
ture dependence of the 7301.5-A line. ' This ab-
sorption is now identified as originating on the
S= 2- ground-state level. Because of the tem-
perature dependence of the population of the other
levels, the measured exponential activation energy
is a lower limit of the (S=2-}-level energy. In
order to obtain an estimate of the ground-state
exchange, we have used the 123-cm ' separation
between the 9= 3+ and 2- levels and calculated the
absorption as a function of the $= 2- energy. The
reasonably good fit shown in Fig. 12 is obtained
for the parameters J= 54 cm ' and j= —8.7 cm '.
The major uncertainty in determining the exchange
energy in this manner is due to the limited accu-
racy of the absorption measurement. The absorp-
tion data of the doubly excited states discussed in
Sec. V are also shown by the solid circles in Fig.
12. The exchange splittings are shown in Fig. 4.

Compared with the third and fourth neighbors
the value of j relative to J is quite large. How-

V. DOUBLY EXCITED PAIR STATES

A. Absorption spectrum

X
O

CL

O
Cl

d 1.34
I

28000
I I I

29000 30000
ENERGY (cm-&)

3l 000

FIG. 14. Polarized absorption spectrum near twice
the R-line energy at 77 K.

The polarized absorption spectrum at 2.4 and
77 'K near twice the 3-line energy is shown in
Figs. 13 and 14. The over-all shape of the trans-
mission curve derives from the combined effects



2858 J. P. VAN DER ZIEL

TABLE II. Squares of the matrix elements of the
dipole moment to the ) 1+) singly-excited-states ion in
units of Pt/12, Pt/12, and s= 10P~/2P, .

s=o S=-1 $=2

1
—1
—1

1
—1

1

X/4

-X/4

P"

1 5+x
0
1 5
0 x

4
4 —1 5+x

0
—1

0
—1

1

P2

5+x

2 6
—2 6
—1

1 3
0 1

0 1

27000
i I i i I

28000 29000 30000
EXCITATION ENERGY (CfA 1)

FIG. 15. Excitation spectra at 4'K of the ultraviolet
absorption which was obtained by monitoring the infrared
emission in a number of different spectral regions.
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of the absorption at low energi. es due to the tail of
the 4Tt band, and at high energies as a result of
the combination of crystal absorption and a rapidly
decreasi, ng spectral intensity of the lamp. The
energies (in cm ') of several of the stronger transi-
tions are shown, and are in reasonable agreement
with the earlier work of Linz and Newnham. ' The
resolution of their spectra was somewhat lower,
however, and the line-shape detail is not as evi-
dent as in Figs. 13 and 14.

The major features of the 0-polarized spectrum

at 2.4 'K are the two sharp first-neighbor lines at
28 693 and 28 856 cm ' and the strong band at 29154
cm ' which originate on the $=0 level. The inten-
sity of these lines has decreased at 77 K and a new
line has appeared at 28 980 cm ' which originates
on the S=1 level of the first-neighbor pair. Sev-
eral additional weak lines appear between 28790
and 28&50 cm '.

The line at 29414 cm ' appears most strongly
in m polarization, and has previously been identi-
fied with a single-ion transition to the 'A, state. ~ '
Vibronic and pair transitions of this line are ob-
served above 29600 cm '.

In m polarization there is a group of three broad
lines at 27980, 28180, and 28400 cm '. There is
also a relatively weak line at 28819 cm ' with pre-
dominantly n-polarized vibronics at 29028 and
29290 cm '. These lines become weaker as the
temperature is.raised and several weak additional
lines appear in both the a and m spectra. The en-
ergies of these lines are quite close to twice the
8-line energy (-28835 cm ') and this absorption
is identified with doubly excited pair transitions
of neighbors more distant than the first.

B. Excitation spectrum

Information about the centers responsible for
the absorption was obtained from the excitation
spectrum of the pair luminescence. Polarized
monochromatic uv radiation from the 1-m Czerny-

TABLE III. Squares of the matrix elements of the
dipole moment to the l 1-) singly excited state in units
of Ptplz and Pt/12.

$=0
0, CJ

P-"P'
$=-1

m P
(ys

m P

$=. 2

0'

m P2

I I I

28000 29000
EXCITATION ENERGY (CAl I)

I

30000

FIG. 16. Excitation spectra of the ultraviolet absorp-
tion at 77'K.
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TABLE IV. Squares of the matrix elements of the dipole moment to the I 2+) singly
excited state in units of PP'12 and P$60

S=1 S=2 S= 3

P' m P' m P m

1
—1

1
—1
—1

1
—1

1
—1

1

—2J

-1J
ot
oj

—X/4

2t -X/2

1
1
0
1
0

1 6

0
—1

0
—1

1

2
—2
-1

1
0
0
1

—1

2
—1

1
0
1
0
2

3
—2

20 1
4 —2

32 0
12 —1
24 0
12 —1
20 1
32 —2
60 2
20 —3

20
12
32
12
24
32
20
20
60

Turner spectrometer was incident on the crystal,
and the infrared luminescence was detected at
right angles. The luminescence was isolated using
Corning glass and several interference filters in
front of the photomultiplier tube. The emission
lines of interest are the 3 line at 6934 A, the 7009-
A fourth-neighbor line, the V041-A third-neighbor
line, the V450-A second-neighbor line, and the
7 540-A fi.rst-neighbor li.ne.

Several excitation spectra are shown in Figs.
15 and 16. In Fig. 15 the 6934-A emission in-
creases rapidly at low energies owing to excita-
tion into the 4' band The one sharp feature is
the line at 29 414 cm 1 corresponding to the single-
ion doublet absorption. The strong lines in the
absorption spectrum appear as self-absorption
dips i.n the 4T, -band tail. The excitation spectrum
of the V009- plus V041-A emission shows addition-
al structure near 29 414 cm '. These lines are absent
in the V009-A spectrum and are thus identified with the
single excited pair states of the third neighbor.

The lines of interest appear when the V540- plus
0

V450-A emission is monitored. Tilting the inter-
ference filter shifts its transmi, ssion band to short-
er wavelengths, and the intensity of the sharp lines
are greatly reduced when the filter no longer trans-
mits the V540-A line. The excitation spectrum also
is observed with a filter transmitting from V520 to
'f620 A. Consequently, the strong lines are identi-
fied with transitions from the S=O level of the first-
neighbor pair. The doubly excited pair states of the
second neighbor have not been clearly observed in
the excitation spectrums of the 7450-L emission.

At VV K the 28 980-cm ' line also appears solely
in the spectrum of the V540-A emission, confirm-
ing its identity as a first-neighbor transition which
originates on the $=1 level. The lower trace of
Fig. 15 was obtained using Corning 7-69 and 2-64
filters which transmit for X & V400 L and contain

TABLE V. Squares of the matrix elements of the dipole
moments to the 12-) singly excited state in units of P~J
60, PJ12, and y =6Pg/P~t.

S=1

m P rn P

S=2
0'

m P2

S=3

1 2
—1 —2

1 1
—1 -1
—1 0

1 0
—1 1

1 -1
—1 2

1 ~ 2

X/2

X/4

-X/4

-X/2

—1 1
1 1

0 3
0 3
1 6

—1 6

2 4+y
—1 2

1 1+y
0
1

0
2 2

-1 1+y

-2 4+y

1 2
—2 4+y

0 3
—1 1+y

0 y
—1 3

1 1+y
-2 2

2 4+y

3 60
—3 60

2 40
—2 40
-1 24

1 24
0 12
0 12
1 4

—1 4

the three lower energy peaks. Analysis with sev-
eral interference filters indicates the emission is
mainly in a broad band centered at -V590 A.

The sloping background of the excitation curves
also deserves some comment. The slope is in part
determined by the spectral dependence of the lamp
and the opening of the spectrometer slits whi, ch
govern the excitation i.nto the 4T, single-ion band.
The slope then appears in the pair spectrum be-
cause of 4T& absorption of the pair as well as
from energy transfer from the single ions to the
pairs. Fi.gure 15 shows that the effect of the 4T,
band is quite large for the third- and fourth-neigh-
bor pairs, indicating the transfer from the single
ion is considerably greater than to the first two
neighbors. Comparison of the slopes of the curves
in Figs. 15 and 16 shows that the transfer increases
with temperature.

C. Effects of uniaxial stress and temperature

The dependence on uniaxial stress applied along
the c axis was measured at 77 'K. Stresses up to
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TABLE VI. Squares of the exchange-induced electric
dipole matrix elements to the I 0(-)) doubly excited states
in units of Px /36.

curves and the absorption data when the level en-
ergies are known, it is considerably more diffi-
cult to obtain the energies very accurately from
the absorption data as we have done here.

$=0

)e e)
l e, e, )

0 9

P2

130 kg/mm2 were routinely applied. For a stress
of 100 kg/mrna the shifts of the 3= 0 lines at 28 694,
28857, and 29155 cm are -6.5+0.2, -5.2+0.2,
and -9+0.1 cm ', respectively, and the shift of
the $=1 line at 28980 cm ' is -8.3+0.2 cm '. The
shifts are not the same, suggesting that the absorp-
tion involves different electronic levels.

The observed shift contains contributions from
the change in the ground- and excited-state ex-
change, as well as the change in the crystal-field
splitting, As a first-order approximation we can
use two times the single-ion shift as a measure of
the crystal-field contribution to the shift of the
doubly excited states. The single-ion A, - and &~-
line shifts, according to Feher and Sturge, are
—1.75 and —2.35 cm ' per 100 kg/mm2, respec-
tively. The observed shifts of the doubly excited
states are about twice as large as the values cal-
culated using the single-ion crystal-field shifts.
Thus, in contrast to the singly excited pair states
which showed very large shifts, the stress depen-
dence of the exchange in the ground and excited
states of the doubly excited pair approximately
cancels.

The integrated absorption coefficients of the
28694-, 2& 857-, and 28980-cm ' lines were mea-
sured as a function of temperature using a thin
sample of 0.9wt j&Cr~. The 28694- and 28 980-cm '
data which are shown by the solid circles in Fig.
12 were multiplied by constants in order to bring
them into coincidence with the level-population
curves. The temperature dependence of the 28 &57-
cm ' follows the $=0 curve when the effect of sev-
eral weaker satellite lines is subtracted, and the
strong 29155-cm ' absorption, which was not mea-
sured as accurately, has a qualitatively similar
dependence. The absorption data appear to agree
reasonably well with the temperature dependence
of the population. Comparing the absorption
curves with the $=0 and 1 populations of the sec-
ond neighbors, with which Engstrom had identified
this absorption, ~2 gave especially for the $=1 data
considerably poorer agreement. Vfe should point
out, however, that while it is relatively easy to
obtain excellent agreement between the population

TABLE VII. Squares of the exchange induced electric
dipole matrix elements to the ) 1(+)) doubly excited states
in units of P~~2/36.

le e)

l e, e, )

—1
1
0

—1

0

0

1 5
0 5

—1 5
1
0

—1

D. Comparison with theory

In the bilinear-exchange approximation, the $=0
and 1 doubly excited states consist of three ex-
change-split levels, and the splittings of the $= 1
levels are ——,

' the splittings of the S=O levels.
Each level is doubly degenerate and, in addition,
the $= 1 levels have the usual threefold spin de-
generacy. The spin-dependent dipole moment
couples only to the )0(-)) and )1(+)) states with
a polarization. Experimentally we have identif ied
the three cr transitions at 28694, 28 857, and 29155
cm ' with the $=0 level, and the 28980-cm ' o
transition with the S= 1 level. %e tentatively iden-
tify the latter two transitions with the allowed spin-
dependent dipole absorption. The relative strengths
of the two absorption lines agree with this assign-
ment. At 70'K the ratio of the $=1 to $=0 inte-
grated absorption coefficients is 0.17+0.05, and
this compares very well with the ratio of 0.175 ob-
tained from the theoretical dipole moments and
the level populations shown in Fig. 12. According
to the theory the separat:ion between the two lines
gives the difference in the $=0-to-$=1 exchange
splitting due to J in the ground and doubly excited
states. The observed separation is 175 cm ' and
using the observed 111-cm ' S=O-to-$=1 ground-
state splitting, this results in the )1(+)) state ly-
ing 64 cm ' below the )0(-)) state. The observed
sign of the splitting is thus opposite to the sign pre-
dicted from bilinear exchange (Fig. 3). This re-
versal is not simply explained by spin-orbit-crys-
tal-field interactions or by biquadratic exchange.

A further indication that there is a serious prob-
lem with the interpretation of the doubly excited
states is the observation that the energies of the
S= 0 lines at 28 694 and 28857 cm ' are well below
the strong line at 29155 cm '. If the former two
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transitions are assumed to involve the 10+) and
10 —) excited states, respectively, the identifica-
tion is quite inconsistent with the theory of Sec.
III. Furthermore, the theory also does not ex-
plain the weak dipole moments of these transitions.
The transitions to the I S+) states are forbidden
because of a cancellation of the single-electron-
single-electron contributions of the spin-dependent
dipole moment. For example, the transitions to
the I l +) and 10 -) states vanish because the three
nonzero dipole moments, one of which is given by
Eq. (17), are directed from the center of the oxy-
gen triangle towards the three oxygen ions, and
the sum of the three dipole vectors vanishes. The
transitions would have a nonvanishing spin-depen-
dent dipole moment if the trigonal rotational sym-
metry were removed. This could, for example,
result from a distortion along the X axis. The
transitions to the 10+) and Il —) states, on the
other hand, are forbidden by the interchange sym-
metry of the ions. Removal of this symmetry, by
movement of one of the ions along the trigonal
axis, would also make this transition allowed.
Such distortions may arise from the Jahn-Teller
effect. ' The case of an interaction between two
octahedrally coordinated E,-state ions and a vi-
brational mode has been discussed by Novak.
The Jahn-Teller effect for a pair of T„and 7@
ions has been discussed by Novak and Stevens, "
and has been applied to the two-exciton spectrum
of KMnF~ by Fujiwara. ~ These calculations, un-
fortunately, consider only the lattice-crystal-field
contribution to the energy shift. For a pair of
magnetic ions, a small change in the equilibrium
position may produce a significant modification of
the exchange, which in turn contributes a larger
shift to the energy levels than the corresponding
change due to the crystal field.

VI. SUMMARY AND CONCLUSIONS

In this payer we have compared the theory of bi-
linear exchange of the first-neighbor pair of ruby
with previous as well as new experimental data.
Because the symmetry of the pair is high, the
number of independent bilinear-exchange terms is
reduced to two, and the energies of the excited
states depend on the exchange parameters as shown

in Figs. 2 and 3. While the symmetry helps to
simplify the theory, it increases the experimental
problems. For example, the number of transitions
which are allowed by the exchange-induced dipole
mechanism are reduced. In addition, the magni-
tude of this dipole moment to the singly-excited
states is reduced by a fortuitous near cancellation
of the single-electron dipole moments. Conse-
quently, the dipole strength of these transitions
derives mainly from the single-ion mechanism.
The absence of the intensity enhancement due to

the exchange effect makes it considerably more
difficult to detect the first-neighbor transitions in
the vibronic background of the single ions and the
other pairs. Exchange-striction effects are quite
large in the ground state, and are probably also
significant in the excited states. This is illustrated
by the large shifts of the lines under uniaxial com-
pression along the crystal axis. Exchange stric-
tion adds additional parameters to the theory, and
shifts the energy levels from the bilinear-exchange
values. The corresponding dependence of the equi-
librium position of the ions on the value of the spin
affects the degree of vibronic coupling. This af-
fects the intensities of the zero-phonon lines and
complicates the comparison of the relative inten-
sities.

A significant increase in the pair luminescence,
relative to single-ion excitation is observed when
the doubly excited states are excited. By compar-
ing the intensities of the emission for excitation
into these levels, we have been able to confirm
the v-polarized line at 7301.5 A as an electronic
first-neighbor transition between the ) 2 —) states.
The n-polarized transition at 7540 A is attributed
to a vibronic of the weak m-polarized electronic
12 —)-to-13+) transition at 7367.5 A. The remain-
ing three transitions which were previously identi-
fied with the first-neighbor spectrum do not show
an enhancement effect and thus are not associated
with the first-neighbor pair.

Using the energy difference between the I 3+)
and 12 —) states as well as the temperature depen-
dence of the absorption of the 7301.5-A line, the
ground-state exchange parameters are found to be
J= 54 and j= —8.7 cm ', and the ground-state en-
ergies are shown in Fig. 4. The 7301.5-A absorp-
tion is quite weak and the measured temperature
dependence is relatively inaccurate; consequently,
the precision to which the exchange parameters
are determined is probably quite low. The more
accurately determined temperature dependences
of the S= 0 and 1 doubly excited states are, how-
ever, in quite good agreement with this assign-
ment.

Thus some progress has been made in under-
standing the first-neighbor spectrum, and a new
ground-state assignment has been found. How-
ever, both the theory of the excited state as well
as the experimental determination of these levels
is not yet complete. The theory needs pri. marily
to be extended to include the excited-state analog
of the ground-state exchange-striction effects.
This was not done in this paper because of the
limited number of excited-state levels which were
observed. The weak transitions to the higher-en-
ergy singly-excited-state transitions can probably
be best observed in the excitation spectrum of the
7540-A emission, or in one of the other vibronic
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bands of the 7367.5-A line. By using a tunable
laser source, as well as considerably more dilute
Cr~ concentrations, the large selective enhance-
ment effect should be observable up to tempera-
tures where the excited levels of the ground state
are populated. This should allow for the identifica-
tion of the $=2 as well as the $=1 singly excited
levels. There is also the possibility of observing
the other transitions by reducing the cancellation
of the symmetry-forbidden exchange-induced di-
pole moments by applying an external stress to the
crystal. Finally, the magnetic contributions to a
possible Jahn-Teller effect in the doubly excited
state cannot be ruled out.

ACKNOWLEDGMENTS

The author is grateful to M. H. L. Pryce for a
copy of his unpublished paper on exchange inter-
actions which initially stimulated this work. The
author is indebted to M. Naito for a report prior

to publication of his theory of the pair spectrum
in ruby, to L. F. Mollenauer and M. D. Sturge
for a number of helpful discussions, and to D. L.
Wood and J. C. Koo for the loan of several crys-
tals. The technical assistance of L. Kopf is grate-
fully acknow ledged.

APPENDIX: TRANSITION MOMENTS

Tables II-VII give the squares of the dipole
moments of the single-ion and exchange-induced
dipole-moment mechanism to the single and
doubly excited pair states. The lower-energy
states are denoted by $ and m. The upper states
are denoted by S, m, the (+) parity under inter-
change of the ions, the orbital component of
e„(T=+ l), and the fine-structure energy from
Eq. (6). The transition moments to the single
excited states have previously been given in this
form by Pryce, and in a generalized form by
Naito. 4
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