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Excited-state absorption in ruby, emerald, and Mgo:Cr'+~
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(Received 26 August 1974)

Absorption from the metastable '-E a~ -'T, states of Cr'+ has been measured in ruby with more
precision than in previous experiments and in emerald and MgO:Cr'+ for the first time. The sharp -'E,
'T, ~'-T, I lines are resolved in these three crystals, as well as the 'E ~'A, lines in ruby and the
E ~ A, lines in ruby and MgO:Cr'+. Three excited-state bands are also seen in each crystal. To

confirm the assignments of the observed transitions, the energy matrices are diagonalized, and intensity
calculations using the closure approximation are made. In particular, the sharp lines in MgO:Cr' are
found to be from the tetragonal vacancy and pair systems rather than the cubic system. The predicted
polarization selection rules are experimentally confirmed and, except for the 'E ~'A, transition, the
observed intensities are explained well by theory. This anomalous transition is more than an order of
magnitude stronger than predicted by theory in all three crystals.

I. INTRODUCTION

The optical properties of Cr ions in various
crystal lattices have been a subject of a large
amount of research over the last two decades.
Most of the experimental work has involved transi-
tions from the A& ground state. The few experi-
ments which measured excited-state absorption
from the metastable E and T~ levels have concen-
trated mainly on ruby. In this paper we report
excited-state absorption measurements for ruby,
emerald, and MgO: Cr '. Three broad excited-
state absorption bands are observed in all three
crysta1. s. In addition, detailed measurements are
made of the sharp structure in the transitions to
the T2, A„and A2 levels. The intensities of
the observed transitions are studied theoretically
to confirm the assignments and to analyze the
source of the strength of these parity-forbidden
transitions.

In all three cyrstals the Cr '
impurity ions enter

sites of octahedral coordination. The predominant
crystal field is of cubic symmetry, but there are
also small even- and odd-pari|;y fields which vary
from crystal to crystal. These small fields split
the energy levels and break the cubic-symmetry
selection rules. By studying several crystals we
can compare the effects of different perturbing
fields.

The Cr '
ion in ruby (A120s: Cr ') is in a site of

trigonal symmetry Cs. The even-parity trigonal
component T@, results from a stretching of the 0
ions along the C3 axis. The odd-parity field con-
tains three terms of symmetry type T,„ao, Tq„yo,
and A&„ez. These arise, respectively, from a dis-
placement of the Cr along the C3 axis relative to
the octahedron center, a rotation of one triangle of
0 about the C3 axis relative to the other triangle,
and a size reduction of one triangle relative to the
other. .

The Cr ' ion in emerald [Be~Alz(SiO~)6: Cr '] is

also in a site of trigonal symmetry, but in this case
it is D3. ' In addition to the C3 axis found in
ruby, there are two C2 symmetry axes perpendicular
to it through the chromium ion. In this case the
trigonal Tz field results from a compression along
the C~ axis (note that this is the opposite of the ex-
tension in ruby so that splittings are reversed with
respect to ruby). The only possible odd-parity
field is of type T2„XO.

' lt could arise from the in-
fluence of the Si04 tetrahedrons surrounding the
Cr ', or perhaps from a distortion of the octa-
hedron.

MgO: Cr is both simpler and more complex than
ruby and emerald. Most of the ions (81% to 95/o in
weakly doped crystals) ' enter sites of purely
cubic symmetry. A study of these sites is useful
for isolating the effects of the cubic field. The
crystal is complicated, however, by the existence
of one vacant Mg

' site for every Cr '
ion in order

to ensure charge neutrality in the crystal. The va-
cancies often occur (perhaps for 15% of the ions)
in a next-nearest-neighbor Mg site along the Cr —0
axes. The chromium ions in these "vacancy" sites
experience tetragonal fields of both even and odd
parity. A smaller number of Cr '

(4%) ~' have a
vacancy in the nearest-neighbor site along one of
the [110]axes. These ions experiencing rhombic
symmetry have been seen by ESH but have never been
positively identified in optical spectra. " %hen the
doping is large, sites with pairs of chromium ions
or a pair plus a vacancy must also be considered.
Pr edominantly these "pair" sites experience a
tetragonal field nearly the same as the vacancy
sites. There are also sites of more complicated
configuration which are probably responsible for
some of the unidentified lines seen in ESR and op-
tical spectra. One can see, therefore, that a
wealth of interesting information can be found in the
multiplicity of sites in MgO: Cr '. But one must
pay the price of having to unravel the various con-
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FIG. 1. Apparatus for measuring excited-state absorp-
tion in crystals.

tributions of the different sites.

II ~ EXPERIMENTAL

The excited-state absorption apparatus is shown
in Fig. 1. It is similar to previous schemes ' '

but has some special features which result in better
signal-to-noise ratio and resolution than has pre-
viously been achieved. Cr ' atoms in various sam-
ple crystals are pumped to the lowest excited
states ( 8 and T&) by a flash lamp. A short time
later a probe lamp is pulsed to look for absorp-
tion from these excited states. Probe light which
is transmitted through the sample passes through
a spectrometer and is monitored in a sophisticated
detector scheme.

The flash lamp (PEK, Xe-14-C-3) was water
cooled to allow' a repetition rate limited only by
sample cooling capacity. The pulse width was 1
msec. The probe lamp was a 300-W Xe short arc
(PEK, C-300-6050A) running continuously at rated
power and pulsed with 1 J in 15 msec. This lamp
and its hydrogen thyratron pulsing circuit were
designed to produce light pulses of high reproduci-

bility; the design and performance of the probe
lamp system is described elsewhere. The sam-
ples were mounted in a Dewar and cooled with a
flow of cold nitrogen or helium gas. The sample
could be cooled to 95 K with nitrogen and to 40 K
with helium. The various samples used in this
study are listed in Table I.

The detectors were an InSb photoconductor
(Philco ISC-5018) for the near-infrared, a PIN
diode (UDT PIN-10) or a photomultiplier (RCA
C31000F) for the visible, and an RCA 1P28 photo-
multiplier for the ultraviolet. The integrator was
of the "boxcar" design modified to reset after
each pulse. The dc voltage from the integrator was
measured with a digital voltmeter and entered into
a Hewlett-Packard 9100A desktop calculator which
operates as an on-line computer. The details of
the calculator and control system have been de-
scribed elsewhere. It functions to average the
data at a particular wavelength, print and plot the
results, and step the spectrometer to the next
wavelength position.

The data analysis is as follows: Each piece of
absorption data at a single wavelength consists of
two intensity measurements, one with the crystal
unpumped and one with the crystal pumped, just
after the flash lamp has been fired. The calculator
averages the ratio of these intensities which are
entered at a rate of 15 pairs (15 ratios) per minute.
The transmitted intensity in the unpumped case is

I e-&0
Q 0

When the sample is pumped, the transmission is
(Np62+&g eg) l (2)

N& and Nz are the number of Cr ions in the ground
( A') and excited ( E and T,) states, respectively,
Np is the total ion density, 0~ and oz are the ab-
sorption cross sections for the ground and excited
states, and I is the crystal length. We assume

TABLE I~ Samples used in this experiment.

Sample

Ruby

Size

cyl. 3 in. x 2-in.
cyl. 2 cmx ~-in.
cyl. 3 cmx 2-in.
cyl. 1 cmx 2-in.

dlaII1.
diaII1,
diaII1 ~

diam.

Orientation

90'
90'
90'

00

Concentration

0.044-wt Ip Cr203 ~

0.044-wt k Cr&03~
0. 021-wt % Cr203
nominal 0.05-wt %

N (cm+)

1.4x 10&~

1.4 xl0i~
6. 7x 10is
1.6x10"

Source

Mueller
I inde
Mueller
Linde

Emerald 1 slice 4 in. x 36 in. x
&6

in in plane
of slice

0.6-wt %Cr ' 1.85x 10" Chatham

MgO: Cr '1
2
3

cyl. 3 cmx 2-in. diam.
cyl. 8 in. x 2-in. diam.
cyl. 8 in. x--in. diam.

0.061-wt % Crp03
0.018-wt % Cr203
0.22-wt Vo Cr203

1.79 x 10~9 Norton
5.3 x 10 Materials Research
6.4 x 10~~ Norton

Analyzed spectrophotometrically {Ref. 42).
"Spectrophotometrically referenced to Wood (Ref. 13).
Analyzed by Norton Company.
Spectrophotometrically referenced to sample 1. For sample 3, this was consistent with a cubic site spin mea-
surement by Wertz if approximately 50% of the Crs' ions are in cubic sites.
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o = v + (I/N l) ln(I„/I ) . (4)

The cross section v2 in Eq. (4) is not in general
a meaningful cross section because two metastable
excited states, each split into several levels, are
involved. Absorption from these various levels
overlap and cannot be resolved in most cases.
Only for some of the sharp-line transitions can
cross sections for individual transitions be quoted.
Except for these cases the listed cross section o2
is therefore the ratio of the total excited-state ab-
sorption coefficient

nz ——Z N;v;, (5)

and the excited-state population

t

N; are the Boltzmann populations of the metastable
excited states. With the exception of the T~- T~
transition, the quoted oscillator strengths in this
paper are.also not corrected for the Boltzmann
populations.

The excited population can be measured by sev-
eral means, ' ' ' the most successful of which
has been to measure a decrease in ground-state
absorption upon pumping. Sharp ground-state
transitions such as the 8 lines in ruby and emerald
are ideal since they are strong and can be distin-

that N, + N2 = No so that the ratio of the two detected
intensities is

/I EP(v2- sg) I

It is clear from this equation that to extract o2,
both the excited population N3 and ground-state
cross section 0& must be known. Solving for 0.

2 we
get

guished easily from overlapping excited absorp-
tion. A sharp peak in o, appears as a sharp dip in
the raw data, ln(I„/I&). Assuming the excited ab-
sorption, 0'~, is smooth over this small region
we can adjust N2/No in (4) until the peak in o,
balances the dip in the raw data, and n~ is smooth.
Using this technique we have measured populations
in the (20—40)% range to + 10% of the measurement.
For MgO: Cr '

an alternate technique was required,
since the B lines of the vacancy site are too weak
for reliable population measurements. (The R
lines cannot be used because of strong fluores-
cence. ) This other technique relies on correcting
the absorption data. Note from Eq. (3) that the ex-
ponent is negative when o~& 0~. The data are cor-
rected for ground-state population by adding N~a &l

to the exponent [Eq. (4)]. If N2 is unknown, a lower
limit can be established as that required to make
02 positive or zero at all wavelenghts. An upper
limit can be estimated, for if Ã2 is too high the
calculated excited absorption appears much like
the ground-state curve. Although unappealing,
this technique is reasonably effective in practice.
For MgO: Cr '

we can bracket the population as
between 3. 5% and 6%.

It should be noted that the excited absorption can
be readily confirmed as arising from the metastable
states by observing its decrease as the probe pulse
is further delayed from the pump pulse. In all
cases the excited absorption accurately followed
the lifetime of the metastable states. This proce-
dure can be used to confirm the identity of sharp
transitions as wi1.1 be shown later in the case of
MgO: Cr '. Color centers, observed in MgO: Cr ',
have lifetimes much longer than the metastable
states, and their effect, usually very small, can be
eliminated from the data.

a 0

c3 5—
I-
fL
K
v) 40
t5

181K

I 2c I

2T 2T 2E bT bT
I I

c 2 2

FIG. 2. Ground- and
excited-state absorption
spectra of ruby (sample 3)
at 103 K. The excited-
state spectra are shifted by
the E state energy and
normalized to 100% popu-
lation in the metastable ex-
cited states. (The A&

level absorption was mea-
sured with sample 1 and
normalized to the density
and length of sample 3. )
The results of energy level
calculations are shown.
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The excited-state absorption coefficients for
ruby, emerald, and MgO: Cr ', along with ground-
state absorption curves measured on a Cary 14
spectrophotometer, are shown in Figs. 2-4. The
solid line represents the ground-state absorption
coefficient. The excited-state absorption coeffi-
cient is shown by vertical lines representing indi-
vidual point-by-point measurements with + one
standard deviation error bars. As most excited-
state absorption arises from the metastable E
level, the excited-state data have been shifted by
the E state energy. In this way all energies can
be compared relative to the ground-state level.
Theoretical level positions from energy-level cal-

culations are also shown. For clarity, excited-
state data on lines in the infrared discussed below
are omitted from Figs. 2-4.

The outstanding new features of these data are
the sharp lines in the high-energy (ultraviolet)
portion of the excited-state spectra. In ruby these
were observed by Dunn and Francis by photographic
means. Detailed quantitative measurement of the
structure of these lines and sidebands is presented
here. In Fig. 4 the same type of strong lines are
observed in MgO: Cr . For emerald in Fig. 3 the
lines and sidebands are broadened into a weak
band. Theoretical assignment, discussed later,
identifies these levels as the (t2e) Az of Cr '

in an
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FIG. 4. Ground- an.d
excited-state absorption
spectra of Mgo: Cr '
(sample 1) at 120 K. The
results of the energy level
calculations for the cubic
system are shown.
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TABLE II. Approximate total oscillator strengths of ground- and excited-state tran. sition. s
in ruby, emerald, and two MgO: Cr3' systems. The calculations for the MgO vacancy system
assume 10% of the Crs' are in the vacancy system in sample l.

Transition Ruby Emerald MgO (cubic) MgO (vacancy)

4X -4T
2 2

2. 6x10+
0.8xl0 4

0. 6x10+
lx10 4 0. 3x10~

4&2 -4T,

'E -'T2
2Ti -'T2

E A.

E A

no-phonon lines

no-phonon lines

total
no-phonon

total
no-phonon

4x10 4 0. 8x10 4

6x10+ 0. 7x10+

5 x 10"6 7x 10-'

1.4x10-4 &2x10-4

l. 5x10"6
2xlQ 7

5x10 5 -1xl0 ~

2 x10-'

1.7x 10-4

3x10 6

9x 10"5

1.3x 10

22E c 2T b2T

E b T(

1.2x10 4

0. 8 x10-4

1.4xl0 4

2. 1x10 4

0. 5x10 4

0. 9x 10

0.4x 10+
0. 3 x 10-4

0. 2x 10-4

1.Qx10+

E —c T2

2. 1x10 4 0. 6x10 4

2. 8x 10+ 0.35x 10 4 0. 9x10 4

octrahedral coordination.
We also observe sharp structure in the excited-

state data at lower energies (red light) in ruby.
This is assigned to the (tze) A~ level. In MgO and
emerald E- A.

&
absorption is not observed because

the predicted wavelength is above 7000 A, where
fluorescence from the sidebands of the 8 line over-
whelms excited-state absorption measurements
[Eq. (4) is only applicable at wavelengths where
there is no fluorescence].

In addition to the lines, three excited bands are
seen for all the crystals in Figs. 2-4. These are
assigned to other states of the tee configurations:
b Tz and c T, together unresolved, b T» and
c T2. Kushida observed small bumps on the low-
energy side of the first band, which he claimed to
be the b T~ level. No such bumps are observed
here. His small bump in a polarization is prob-
ably the A~ level absorption, seen here with much
better resolution.

The oscillator strengths of the observed excited-
state transitions are listed in Table II. In these
calculations we have included the proper correc-
tion to the oscillator strength due to reduction of
the electric field in a medium of refractive index

24

inc 9vf= z ~ a .g k(v)dv .

To compare our data to others who ignore refrac-
tive effects, multiply our numbers by 1.66, 1.42,
and 1.61 for ruby, emerald, and MgO: Cr ', re-
spectively.

The data which follow are separated into two
categories by type of transition which also corre-
spond to distinct wavelength regions. The initial
states for all transitions are the metastable (tz) E
and (tz) T, levels which are in thermal equilibrium.
The first category involves the terminal state
(tz) T2 and appears in the near-infrared; the sec-
ond involves higher states of configuration (t2e)
and appears in the visible and ultraviolet regions.

A. Transitions to (t2) T2

1. Ruby

The appropriate energy levels and eigenfunctions
for trigonal symmetry are shown in Fig. 5. The
transitions E- T2 were first observed by Klau-
minzer, et al. ' Later Kushida presented more
complete data, but his linewidths at low tempera-
ture were instrument limited. Kushida also ob-
served the Tj T2 transitions but was unable to
separate components. In the spirit of the R and
8 lines which appear in the red and blue regions,
respectively, these infrared transitions are desig-
nated the I lines. Individual transitions a,re identi-
fied by two subscripts for initial and final states
which follow the numbers in parentheses in Fig. 5.
For example, the transition from the lowest E
level to the highest T~ level is designated I~3.

Figure 6 shows the entire infrared spectrum at
room temperature in both 0 and m polarizations.
This is very similar to Kushida's data. The ar-
rows are the positions of the I lines predicted
from the energies measured from the ground state.
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FIG. 5. Energy levels and transition notation for the
I lines in ruby.
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The allowed electric-dipole transitions are indi-
cated.

At low temperature (Fig. 7) most of the E- T2
transitions are completely separated. The mea-
sured positions, which shift with temperature,
agree with ground-state measurement to within
0. 1 cm . The widths agree with the sum of the
R- and 8-line widths at various temperatures to
within 2 cm . Thus there is no doubt about the
identity of these transitions.

The T~- T~ absorption must be observed at
temperatures where the T~ levels are appreciably
populated. At room temperature, only about 6/o of
the excited ions are in the T~ states. From Fig.
6, it is clear that even with this low population,
the measured absorption is comparable to the E- T2 group. As the temperature is decreased,
these lines are still not resolved, as expected
from the R' linewidths (Az TJ) which also re-
main broad. Figure 8 shows the T~- T2 spec-
trum on an energy scale along with a trial-and-
error component fit. Although such unfolding may
appear unwarranted, only the intensities of the

I & I I I I I I I ~ I I

1.50 I 51 1.523
WAVELENGTH (/L)

FIG. 7. E T2 spectra in ruby.

I

1.53

The lowest excited-state levels in emerald are
shown in Fig. 9. As expected from the compres-
sive trigonal field, the levels are inverted with re-
spect to ruby. The energies of the levels observed
from the ground state are given; the dashed levels
are uncertain for the T~ state and are not ob-

components were varied; the positions and widths
were fixed by data for the R' and 8 lines. It should
be noted that in fits at lower temperature each of
the components decreased, following the Boltz-
mann distribution of the corresponding T~ sublev-
el. This confirms the identity of the transitions.
The oscillator strength for the group is approxi-
mately 1.4X10 with a 20/o uncertainty, or thirty
times that measured for E- T~. Table III gives
the relative intensities of the I lines corrected for
the Boltzmann distribution and normalized to the

I~~ line.

2. Emerald
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FIG. 6. Room-temperature infrared spectra of excited
ruby (sample 1).

FIG. 8. Trial-and-error fit to the T~ —T2 absorp-
tion data in ruby at room temperature.
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TABLE III. Relative intensities of the I lines normal-
ized to the I&& line and corrected for the Boltzmann distri-
bution.

1.0
1.5

30
~0
15

1.2
0. 9

30
15
~0

1.0
~ 0
30
30

2A

served at all for the T~ state. The latter are
probably broadened considerably by relaxation pro-
cesses since the Debye temperature is much lower
than in ruby while the splittings are larger.

The fluorescent lifetime of light emerald is much
shorter than ruby, ranging from 10 ' sec at room
temperature to 10 sec at 77 K. The lifetime of
our dark sample was observed to be reduced by
nearly a factor of 2 from these values. To accomo-
date this shorter lifetime, the probelamp was
pulsed at the time of maximum population as de-
termined by the 8-line fluorescent intensity. Since
this time was during the pumping pulse, care was
taken to avoid contamination of the probe signal
by the pump.

The E- T~ absorption in cr polarization is shown
in Fig. 10. A doublet occurs at precisely the ener-
gy difference expected from Fig. 9. As with the
ruby results, the axial spectrum (light path along
the optic axis) is identical to that shown, confirm-
ing the electric-dipole nature of the transition.
No absorption was observed in n polarization. The
integrated intensities of the lines are equal when
corrected for the Boltzmann factor; the widths are
50 cm for I33and 48 cm for I~3. The line desig-
nations are shown in Fig. 9. The subscripts are
designated to agree with the ruby eigenfunction

labels rather than the line positions.
The T&- Tq transitions are of interest for com-

parison with ruby where the corresponding absorp-
tion is very strong. The 8' lines have not been
firmly identified so that an additional result would
be locating the T, level. In order to balance the
competing effects of Boltzmann factor and lifetimes
(the former demands a high temperature, the latter
a low temperature), a temperature was chosen
where the product of the two is a maximum. No
absorption was observed in the region I. 6—1.8 p, m.
Given a minimum detectable absorption change and
R' linewidths comparable to those found in ruby,
the upper limit to the oscillator strength for the
T,—Tz transition is established as f& 2x 10 '.

Thus the transition may indeed be strong but unob-
servable under present experimental conditions.

3. NgO:Cr"

The excited-state absorption in the region of the
expected E- Tz transitions in MgO: Cr ' is shown
in Fig. II. For the single line observed at I. 550
pm (Fig. 12), the larger bands to shorter wave-
lengths appear very similar to the phonon sidebands
of the A line. This line was first thought to be the
magnetic dipole E- Tz (I'~) transition of the cubic
system. Refined population measurements, how-
ever, placed the oscillator strength at 3 x 10 if one
assumes most of the chromium ions are in cubic
sites. This is an order of magnitude greater than
that predicted by Macfarlane, for the magnetic di-
pole transition. Thus the previous assignment
must be wrong.

Measurements of the B and A' ground-state tran-
sitions indicate that the observed transition is
E(v)- T~($, g) of the chromium vacancy system.

This assignment is corroborated by the position of
the line, the intensity, and the electric dipole selec-
tion rules for the tetragonal peturbations. Under
this assignment the oscillator strength is 3x IO
if 10% of the ions are assumed to be in next-near-
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Eb 2IO57 cm

Q ~ ~ ~ ~ ~ m ~emE,

2
T

E ~ m ~am

Q 2—
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O
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I I I
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23 I&

l4717 cm

I4655 cm
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l, 52
I
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I l

I.56 l.58
WAVE L E NGTH (IJ. )

l.60

FIG. 9. Observed doublet levels in emerald (solid
lines),

FIG. 10. E —T2 absorption in emerald at 97 K. The
solid curve is a trial-and-error fit using two Lorentzians.
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FIG. 11. Excited absorption spectrum of MgO: Crs'
(sample 1) at 160 K.
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est-neighbor vacancy sites. It should be noted that
absorption in the pair system also contributes to
these lines. However, in this region the pair and
vacancy lines are expected to be only slightly
separated and not resolvable. No evidence of ab-
sorption in the I lines of the cubic system was ob-
served.

B. Sharp line transitions to t 2e states

1. Ruby

Until recently, all spin-allowed transitions be-
tween the configurations tz and tze were observed
as broad bands. This is to be expected because of
the strong coupling between an e~ electron and the
dominant cubic field. However, the sharp lines ob-
served by Dunn and Francis indicate that cases of

0.75—

FIG. 13. E —A2 doublet and sidebands in. ruby (sam-
ple 3) at 103 K.

weaker coupling do exist. Our measurements of
the sharp excited-state transitions in the near uv
and in the red are shown in detail in Figs. 13 and
14. The oscillator strength for the uv doublet is
2&&10 . The phonon sideband series is quite clear
and has a spacing of 190 cm . The red doublet is
much narrower and also much weaker with an os-
cillator strength of approximately 2x10 . The
sidebands in this case appear very similar to the
R line sidebands.

Dunn and Francis assigned these uv and red
sharp lines to the E- A2 and E- A, transitions
by energy considerations. Further evidence sup-
porting this assignment is given later in this paper.

The temperature dependence of the linewidth of
these sharp doublets is shown in Fig. 15. Since
both upper states A, and A2 involve an e, elec-
tron which might be more sensitive to crystal
strains than a tz electron, one might expect a
strain-limited linewidth at low temperatures larger
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FIG. 12. I&& line at 140 K in MgO: Cr3' (sample 1).
FIG. 14. E —A& doublet and sidebands in ruby (sam-

ple 1) at 113 K.
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FIG. 16. The E —A& transition no-phonon lines in
three MgO: Crs' samples.
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FIG. 15. Variation of the E A&, A& linewidths in
ruby with temperature.

than the —0. 1 cm limit for the R lines. How-
ever, at our lowest temperature, 51 K, the E- A~ transition was pure Lorentzian within the
limits of the data. With 20% as an upper limit for
the inhomogeneous strain contribution, we get an

upper limit of the strain width of the E- A& tran-
sition of 0.4 cm . This is only slightly greater
than the strain limit of the R line.

2. Emerald

Having observed the E- Az transition in ruby,
we searched in detail the corresponding wavelength
region in emerald. A broad bump similar to the
sidebands of this transition in ruby was observed in
o polarization only. Apparently relaxation pro-
cesses broaden the no-phonon transitions so that no
sharp structure is resolved. The total oscillator
strength of the E- A2 transition was 1&&10, which
is somewhat weaker than in ruby.

3. Ago: Cr'+

estimate a population for these samples by assum-
ing that the background absorption level (on the high-
energy side of the E- c T2 band) is the same in all
crystals. This is not unreasonable since the bands
are probably predominantly vibronic and relatively
independent of small crystal variations between the
different types of sites. With this assumption, the
parameters for the Lorentzians used to obtain the
solid line fits in Fig. 16 are listed in Table IV.
Note that for comparison the peak absorptions are
normalized to the Cr density and length of sample 1.

The 3823. 5-A line, which is the only line ap-
pearing in the light sample, must be due to the
cubic or vacancy system. We will see be1.ow that
it must be of the vacancy system. At higher Cr '
densities this line becomes weaker, presumably
due to the capture of another Cr ' ion on the op-
posite side of the vacancy. Qn the other hand, the
line at 3825. 3 A increases approximately linearly
with density until it dominates in the dark sample.
One should not rely heavily on the listed intensities
of this line since it was not resolved in sample 1,
and part of its intensity quoted in sample 3 could
come from the 3823. 5 A line. The 3819.5 A line
increases rapidly from sample 2 to sample I and

Sharp-line structure in the E- A& transition
was observed in MgO: Cr '. The region of the no-
phonon lines in three samples varying from light
yellow to dark green is shown in Fig. 16. There
is only a single line in the light crystal, whereas
more lines are evident in the darker crystals. A

population (-4%) was determined only for sample 1
by doing a complete excited-state absorption spec-
trum. Thus absolute cross sections cannot be de-
termined for the other samples. However, we can

v(cm ') Sample 1 Sample 2 Sample 3

3819.5
3823. 5
3825. 3
3830

26174. 0
26146. 6
26134.3

l. 21
3, 70
1.12
(0. 17)

3.5
2. 5
5 ~ 5

(& 0. 4)
4. 38 2„5

(& 0. 4)

0. 90
0

3.675
(0. 4)

, 5

&. 5

TABLE IV. Lorentzian linewidths (A) and peak absorp-
tions (cm ') (normalized to the Cr ' density in sample 1)
used to make the solid line fits in Fig. 15. The numbers
in parentheses indicate possible contributions which were
not included in the fits.
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TABLE V. Lifetimes (in msec) of the R lines and the excited-state absorp-
tion (ESA) in the different systems of MgO:Cr '.

Cubic

Vacancy E(u)

pair and vacancy E(u)

Sample X (A)

6981
6891
6981

6992
6992
6992

7038
7038
7038

v (R lines)

10.1+0.1
10. 5 +0.1
8. 5+0.1

6. 0+ 0.1
5. 5+0.1

6. 9 + 0. 1
6, 3+0, 1

5.30+0.05

~ (ZSA)

3823. 5 7.1+0.5
3823. 5 6. 7 + 0.3

6989 7. 7+0.4

7034
7034

6. 50+ 0. 05
5. 60+ 0. 06

3819.5 7. 0 + l. 0

~Higher than a due to self-trapping'P

appears to be slightly smaller in sample 3. How-
ever, the latter number has a large uncertainty
because the data are not as good as for the other
samples. Either of these lines, or both, could be
associated with pair system transitions. There
also appears to be a small amount of absorption
around 3830 A which increases linearly with den-
sity. This could be a,ssociated with the unidentified
satellite lines observed in ESR and in ground-state
absorption around 7000 A.

To confirm the assignments the lifetimes of the
various types of F. sites were measured under
flashlamp excitation. The lifetime of the excited
absorption in the different lines was also mea, sured
by varying the time delay between pump and probe
pulses. While some energy transfer is known to
occur from cubic to noncubic sites, this did not
appreciably affect our results since the fluores-
cence and excited absorption were measured under
identical conditions. Resonant absorption and re-
emission is likewise a small effect.

The results of a weighted least-squares fit to the
exponential decay are listed in Table V. The cubic
site is clearly ruled out for the 3823. 5- and
3819.5-A lines. The error for the 3819.5-A line
is large, but the results are consistent the aboye
pair system assignment. No lifetime measure-

0
ments were made on the 3825. 3-A line since it
was not resolved from the 3823. 5-A line.

C. Broad band transitions to t2e states

The oscillator strengths of the ground- and ex-
cited-state absorption bands in Table II were de-
termined from the peak absorption and width of the
bands. Actual integration would produce slightly

more accurate results. Note that the excited-state
bands are of similar strength to the ground-state
bands and are of comparable strength in all three
crystals.

III. THEORETICAL

A. Energy level calculations

There are two basic approaches to energy level
calculations of transition-metal ions in a crystal
lattice: one begins with either strong- or weak-
field basis functions. The strong-field approach
has the advantage of being able to identify levels
with certain symmetr, ies of the crystal field. Selec-
tion rules can often be obtained from group-theo-
retical arguments. However, because the crystal
field is actually of only intermediate strength, con-
siderable mixing of strong-field states occurs.
First- and second-order perturbation theory is not
always useful. In the weak-field approach it is
more difficult to assign symmetries to the eigen-
values. However, this method allows corrections
to the free ion energies such as a Trees correc-
tion to be incorporated into the calculation. If
one cannot calculate the free ion levels accurately,
one will probably not be able to calculate the im-
purity ion levels accurately.

In our calculations we have used both methods;
the choice was made on the availability of matrices
already tabulated. The strong-field matrices of
Eisenstein were used to calculate the cubic field
plus spin-orbit interaction case. The weak-field
matrices of Macfarlane and Jesson were used to
incorporate trigonal and tetragonal fields, respec-
tively. The Trees correction was simply incor-
porated by adding a nL(L+ 1) term to the diagonal
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TABLE VI. Calculated and observed energy levels for
ruby and emerald. All numbers are in cm 1.

g 'E (t', )

a 2T, (t,')

'T, [t,' ('T, )e]

a 2T2 (t2)

a 'T, [t,' ('T, )e]

'A, [t,' ('E)e]

b T2 [t2 ( Ti)e]

c Ti [t2('T2)e]

Calo.

14 171

Ruby

14 744
14 875

18 002
18 453

21 308

21 687

24 079
25 158

30 308

32 312
32 753
32 622
32 915 .

Obs.

14 418
14 447

14 957
15 168

15 190

18 000 cr

18400 n

20 993

21 068
21 357

24300 o'

25100 7T

29 425

32 500 7f

32550 o

Calc.

14472

Emerald

14 944

15 347

16 043
16 727

21 085

22 262

22 855
23 759

28 758

30 666
30 786
31 644
32 036

Obs.

14 655
14 717

15700 n

16800 (r

21 037

22800 o

24000 7t

30700 n'

31650 o

b 'E [t,'('E)e]

b Ti [t) ( Tf)e]

b Tf [t2e ( A2)]

c T2 [t2 ( T2)el

2A2 [t ('E)e]

34 329

,'37 034
37 523

39 069
39 176

40 792
41 297

42 678

36700 7f

37100 o

39000 o'

39000 m'

41100 o

41 100 7f

41 894

33 215

36 126
36 138

34 319
37 479

40 518
40 752

42 241

36300 o'

-37400 7f

39900 o- 39 900 7i

41 800

Dq
B
C

1815
645

3000
800
680

70

1640
710

2960
—1550

1380
70

matrix elements. (L is the orbital angular mo-
mentum of the free ion basis state. ) Our minicom-
puter was not large enough to diagonalize the com-
plete matrices of Macfarlane which incorporated
cubic and trigonal fields plus the spin-orbit inter-
action. Since trigonal field splittings generally
dominate over spin-orbit splittings, we chose to
diagonalize the simpler set of cubic-plus-trigonal-
field matrices. For the tetragonal-field case the
complete matrix was diagonalized on a large com-
puter.

For ruby and emerald which have trigonal fields,
the weak-field matrices were used. It was found
that a Trees correction (we used the free ion value,
@=70 cm ) definitely improves the fit of the theo-
retical levels to the experimental results. In par-
ticular it improves the agreement of the (t2) T2
level which has been hard to fit in the past without
this correction. The best-fit energy levels are
listed in Table VI and indicated in Figs. 2 and 3.

For the cubic system in MgO: Cr' the strong-
field matrices were used. The weak-field matrices
were also tried to check the effect of a Trees cor-
rection. The two fits produced comparable results.

For the noncubic systems, the weak-field matrices
were used. The results for all systems are tabu-
lated in a previous paper. '

One should note in evaluating the fit of energy-
level calculations to experiment that one ordinarily
relies heavily on the positions of the peaks of the
ground-state absorption bands to determine the
cubic field parameters 8 and C. This is because
states of tze configuration are much more sensitive
to these parameters than t2 states. Unfortunately,
the matrices used above do not incorporate the
electron-phonon interaction, which plays a major
role in determining the shape and position of a band.
Therefore one may derive incorrect parameters
by assuming that the peak. of the band coincides with
the pure electronic level calculated from the ma-
trices. However, we will see that this assumption
is approximately correct.

When interactions of the impurity ion electron
with the lattice are included with the normal para-
bolic harmonic oscillator potential curve, an addi-
tional term, linear in the normal-mode coordinates

qg ls added

bE„=N 2 A)q) . (8)

The coefficients A& depend on the electron-lattice
interaction in the state e. For a nondegenerate
state these coefficients are small. For degener-
ate states, however, the potential curve will be
shifted in q,. space. The intercept of the curvewith
the q,. = 0 axis will remain the same, but the poten-
tial minimum will be lower and will occur off the
axis. This is the well-known Jahn-Teller theorem.

The shape of transitions between two states will
depend on the relative shifts of the potential curves.
If the two states are not shifted, the sharp no-pho-
non line will predominate. If one state has a large
shift, absorption will occur from the zero- or one-
phonon level s of the lower state a to multiphonon
levels of the upper state b. Thus the absorption
will be broadened into a band. Using the semi-
classical Franck-Condon approximation, Lax shows
that the mean absorption energy is

hP = E„—E, —( (Aq —Ai)A) /(M(u)) ) . (9)

Note that if state a has little or no electron-lattice
interaction (A&-0), then the mean absorption ener-
gy coincides with the separation of the pure elec-
tronic states, E, —E,. This certainly applies to
transitions from the nondegenerate A& state. It is
also true for transitions from other metastable t&

states, E and T~. This is because a first-order
Jahn- Teller distortion does not occur for the half-
filled configuration, tz.

There are many assumptions made in this sim-
ple argument, including the neglect of mixing of
electronic states by nuclear motion. One should
therefore expect errors of 10/o to 20% of the zero
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FIG. 17. Pictorial representation of the potential
curves for the states of Cr3' in an. octahedral lattice.
The coordinate Q is representative of displacement in one
of several symmetry coordinates of the lattice.

phonon line shift in the determination of E~ —E,
from the band peaks. The fact that bands and lines
can be fit with the same parameters to within a
few hundred wave numbers when the zero phonon
line shift of the bands is about 1500 cm indicates
that the above approximations are not unreasonable.

The expected types of potential curves for the

different states involved in this analysis are shown
in Fig. 17. The position coordinate Q represents
displacement in one of several possible symmetry
coordinates. One can see why the observed ground-
and excited-state transitions are bands or sharp
lines from this diagram.

B. Transition probabilities: Lines

In this section we will determine selection rules
and intensities for electric -dipole transitions
slightly allowed by a weak odd-parity crystal field.
The predictions will be compared to the experi-
mental data for the sharp lines observed in excited-
state absorption given above. In this way the
transition assignments can be confirmed.

For the electric-dipole transitions we use the
technique of closure, as developed by Shinada,
Sugano, and Kushida. This elegant method great-
ly simplifies the calculations by summing over
the many odd-parity intermediate states. The ap-
proximations required in order to invoke closure
can be quite severe, however, so that it must be
used with caution. The more tedious method of
specifying in detail all of the odd parity states, as
applied to the t& transitions in ruby, has also been
employed el sewher e.

As is well known, under perturbation theory the
electric-dipole matrix element for a normally
parity-forbidden transition slightly allowed by an
odd-parity field U' is

& nSryM,
~

P
~

n'Sr'y'M, ) =
z u

(nSI'yM, I Pl n "SI"„"y"M,) & n"SI'„"y"M,
l V; I n'SI"y'M, )

W(n'SI"y'M, ) —W(n "SI'„"y'M,)

z'
u t

(nsryM, I v'; I
n"'sI'„'"y'"M, ) &

n'"sl"„"'y"'M,
l Pl n'sl"y'M, )

W(nSryM, ) —W(n"'Sr„" y" M, )
(lo)

where n is the electronic configuration, and y is
the component of state 1. Since we are dealing
with spin-allowed transitions, S and M, must re-
main constant throughout and will be dropped to
simplify notation. Under closure the two sums are
combined, and

& nry~ P,
~

n'r'y')

ry P„,. ' 'r'y',

where 4S' is a "suitable average of energies, " and

P, is the kth component of P = g; er, which trans-.
forms as T~„under a cubic field. P, U', can be
expressed as

p„(r,.„)v',."(r„,.o)

=Z x„-(r:r„,.)&ry~ T,p, r„,.o) .
ry

I

In practice this simply tells us which I'y to use
in the matrix element in Eq. (11). Applying the
Wigner-Eckart theorem, the final result is

(nI'y~ P„~ n'I"'y')

+ &ry~ Tj„k, I'„;0)
AN'

&&&ry~ r'y', ry)&nr llx(r: r„,.)ll n'r ), (13)

where the reduced matrix elements are those for
three electrons.

The analysis which follows will a,gain be divided
into two sections according to the configuration of
the terminal state of the transition. We will show
that the polarization of the observed transitions
agree with the closure predictions. However, the
intensities of some transitions cannot be explained
under this crystal field treatment without a more
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TABLE VII. Identification of the E, T& T2 I-line
transitions.

2A

a4

E

B

2A (

2A Ti

'T2

detailed understanding of the chromium environ-
ment.

20'3 = 0'4 = 0'5 = 300y,

7T) = 1,40' —2. 80p

ng-—v3-0 .
If V,(T,„) is assumed to be the dominant odd-field
term, then an intensity ratio w, /o~ = 4 is predicted.
The observed ratio m~/o~ =1.4 is a radical depar-
ture from this prediction. This indicates that the
first-order V~(T~, ) terms must be reduced in this
case to the same strength as the third-order terms
Vq(T2„) and V~(A2, ). The reason for this reduced
influence is that both the initial and final states of
the transition are of configuration t2. The I tran-
sitions involve only ta, electrons which are not per-

C. Transitions to (t2 ) T2

l. Ruby

Of the three odd-parity fields in ruby —V, (T~„aq),
Va(Tq )(o) a d Vs(A2 e2) U&(Ts ao) is expected to
have the largest contribution to most transitions
since it appears in first order in the power series
expansion with respect to the electron coordinate

The other two terms do not appear until third
order. Thus it is usually assumed that V, (T~„ao)
dominates. '

Shinada, Sugano, and Kushida have calculated
the intensities for the transitions considered here. '
Their results are shown in Tables VII and VIII.
Within experimental error (which is small for the
narrow E- T2 lines) the observed transitions
accurately follow the predicted polarization. An
immediate conclusion can be drawn from this:
the mixing of E, and E~ components of T2 must be
negligible.

The experimental intensities in Table III can be
approximately described by the following choice of
parameters:

turbed as strongly by a T~„ field as e~ electrons.
One might have expected this effect to have been
seen before in other transitions within t~: the R,
R', and 8 lines. These transitions, however,
actually involve an e electron since they occur
through spin-orbit coupling to the (t2e) Tz and 'T~
bands. The complications of phonon-assisted tran-
sitions prevent determination of the pure electron-
ic contribution in these bands. One can expect
from the above arguments, however, that the elec-
tronic contribution to the ground- and excited-
state bands would be stronger than the integrated
I-line intensity.

The most unexpected feature of the I-line spec-
tra is the 0-polarized strengths of the T~- Tz
transitions which are fifteen and thirty times the
strength of the E- T2 transitions. From Table
VIII only the terms B(V~) and B(Uz) can account for
this result. ' That is, the B(V;) terms must be
an order of magnitude larger than the A(V;) terms.
Unfortunately no choice of A and B parameters can
account for the factor of 2 difference between 03

TABLE VIII. Transition intensities of the I lines using
closure.

~2A(V, ) -ve A(V, )]'
4

oi =
2 {[A(Vi) +v 6 A (V3)] + 3A (V2) )

2
7]2 9~~2 [2A (V() —v 6 A (V3)]

12 ; [a (v, )'+a (V2)'l

2 ([A (Vi) —W6 B (Vi ) + v 6 A (V3)]
2

+ 3[A(V2) +@2 B(V2)] )

o5 =
p ([A(Vi)+@6 ( Bi)V+@6 A(V3)]

2

+3fA(V2) —W B2(V ) 2)]

where

A(V, ) = «„IIx (T„:I„,) IIt„)
1 3 2=~ (t'„'E, IIX (T„:I „,) IIt'„'T„)

B(V])= (t2 IIx (E:I.'„])Ilt2 )
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and both o4 and o, . Nor can this theory account
for 0& and o~, which are equal in theory but differ
by a factor of 2 experimentally. The vanishing of
m2 indicates that V~(Tz„) may be the dominant term
in the E- T~ transitions, but again there is a dis-
crepancy since one would have expected mz =- —,'m&

from Table VIII.
One can conclude, therefore, that the closure

theory explains the general features of the I lines
in ruby. The correct lines are predicted in the
proper polarization. However, there are discrep-
ancies of up to factors of 2 in some of the relative
intensities.

2. Fmerald

The analysis is the same for emerald as for ruby
except only the T&„ terms are used. The observed
E- T& transitions correspond to a& terms in Ta-

ble VIII, where

o2 = [«3(~iV)'] [~(Va)]' . (14)

There is no absorption in v polarization, as ex-
pected. The large oscillator strength, f=4x10 6

(comparable to ruby) indicates that a Tz„crystal
field can produce moderately strong transitions
within the t~ configuration. This supports our as-
sumption that the A(Vz) term is dominant in the
E- Ta transitions in ruby. The experimental

upper limit of the oscillator strength of the T~
T2 transitions, f 2x10 ' does not answer the

question of whether or not a T~„ field causes en-
hancement of these lines relative to the E- T~
transitions.

of these states, and the splitting is calculated to be
only 1 cm in this case. ' This is much smaller
than the linewidth of 38 cm ~. Second, the unob-
served E(u)- T2 ($, q) transitions should be re-
duced in intensity by a factor of 3 times the Boltz-
mann factor 1.46, or a factor of 4. 4 from the ob-
served line. The experimental sensitivity was only
a factor of 3 lower than the observed line, so the
nonobservation of the E(u)- Tq ($, q) transition is
in agreement with theory. Unfortunately, line
broadening and phonon-assisted sidebands prevented
observation at high temperatures where the Boltz-
mann factor is more favorable.

D. Transitions to t2e: Bands

1. Ruby and emerald

The excited-state bands should occur with a
large strength from both the E and T& levels.
However, since the most of the excited population
is in the E level, we can assume for a theoretical
analysis that most of the observed band absorption
comes from the E leve.'".

Using the closure approximation, Shinada, Su-
gano, and Kushida have calculated the intensities
of the four E- b, c 7'» b, c 7'2 bands:

a [3D(Tg, ) +D(Tp, ) ],
16

D(T,„),
o' = ([C(T,„)+v GC(A „)] +BC(T „)q,

3. MgO ' Cr3+

As stated previously the predicted magnetic di-
pole transitions in the cubic system are not strong
enough to account for the one I line observed at
l. 550 p. m in MgO: Cr '. Thus we need to consider
electronic dipole transitions which are slightly
allowed in the vacancy and pair system. The tetrag-
onal odd-parity fields are of type T,„z and E„u."
T~„enters in first order in the power-series expan-
sion, whereas E„does not enter until fifth order.
Thus we can expect V(T,„y) to be the dominant
term.

Since Ex T&= T, +T2, the only possible closure
operators are 1 = T&„and Tz, in Eq. (12). The re-
lation

(t", E l(X(T„):r„, I[ t", T,)

(t II x(T:1"„)II t

leaves only one operator I'= T. This greatly sim-
plifies the results which appear in Table IX. That
only one line is observed is understandable. First,
the $ and q components of Ta are not split by a
tetragonal field. Only spin-orbit coupling can cause
a small splitting between two linear combinations

, [W2C(T,„)—W3C(a,„)]'.

The subscripts 1, 2, 3, 4 refer to transitions to the
Tp& c &j 6 Tj &

and c T2 states, respectively.
Since there are transitions to two substates in cr

polarization and to one substate in m polarization in
each case, we must multiply the cr,.'s by two when
comparing to experimental results in Table II.

The first two bands are not resolved experi-
mentally. Thus the o&=0& and ~&= m2 relations can-
not be tested. In ruby the band in o-polarization is
stronger, indicating that the T~„ field (or T,„vibra-
tions) makes the predominant contribution. How-

TABLE IX. Predicted electric-dipole intensities for
the vacancy system F. —T2 transitions [in units of
A /36%, where A = (t2~ II T&~ . T~„) II tq~). ]
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TABLE X. Transitions in a cubic basis allowed by
T&„p and E„g tetragonal fields. The parameters are the
following: cr& 2=(1/M, R')I.D(T~„) +2 D(E„) ]; m f ~ 2
= (8j3EW ) D(EJ; a'p 4

= (1jBDW )[C(T(„)2+ 2C(E„) ).

2

2

0(
0

302
0

0'4

0

(T2

r2

0'3

0

304
0

ever, the large absorption in m indicates that T2„
contributions are nearly as important. In emerald
the p absorption is stronger, indicating that T~„
dominates. Some T~„contribution is needed, how-

ever, to explain the observed v/o- 2 ratio. The
above observations are in general agreement with
the expected T&„and T2„static fields in ruby and
emerald, respectively. However, one cannot r ule
out T~„and T3„odd vibrations as the source of the
absorption strength rather than the static field. In

fact, the T&„contribution in emerald can come only
from odd vibrations: Bands 3 and 4 are predicted
to be equal in both polarizations but differ by 30 jp

experimentally in ruby. The extra strength of
band 4 could be due to a smaller energy dominator
since the c Tz state is closer to the odd-parity
states. One could use this information to place the
odd parity states at around 80 000 cm from the
ground state. However, in view of larger dis-
crepancies in calculating the dichroic nature of
the ground-state bands, this prediction cannot be
taken very seriously. In emerald, band 4 is also
slightly larger in both polarizations, but bands 3
and 4 are only barely resolved, and accurate
oscillator strengths cannot be determined.

The observed dichroic ratios for bands 3 and 4
favor a predominant T~„ field in ruby and Tz„ field
in emerald, although large contributions from the
other fields are also needed. This is in agree-
ment with the analysis of bands 1 and 2.

2. Mgo: Cr3+

Using the closure approximation [Eq. (13)]we
have calculated the intensities of the excited-state
bands in a cubic basis with T&„and E„ tetragonal
perturbing fields. The results are shown in Table
X. Unfortunately, since the tetragonal symmetry
axes in Mgp: Cr are randomly distributed, the
interesting selection rules in Table X cannot be
tested. Perhaps with polarized excitation of the
E excited state, experiments to test these selec-
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FIG. 18. Possible sources for the observed strength
of the E —A&, A2 transitions.

tion rules will be done in the future. The present
experiment can only test the predicted equality of
bands 3 and 4 (bands 1 and 2 are not resolved in
this case either).

From Table II the bands are seen to be about
equal but with band 3 ( E- b T~) slightly larger.
This is the opposite of ruby and emerald. This
casts doubt on the validity of making conjectures on
the position of the odd parity levels from slight
band intensity differences.

E. Transitions to t,'e: Lines

1. Ruby and emerald

If one tries to apply Eq. (13) to the E- A~, Az
transitions, one finds that the reduced matrices
( o.'& ll &(&:I'„) ll n'I') vanish. This is because the
A~ and Az states lack a common tz parent with the
metastable E state. Thus it is surprising that one
sees such strong absorption in these transitions
since they are forbidden even via odd-parity per-
turbations.

To explain the experimental results one looks for
configuration mixing in the initial and final states.
The transitions might borrow intensity from a near-
by strong band via trigonal field or spin-orbit
coupling (terms 1 and 2 in Fig. 18) as the R and
B lines borrow from the ground-state bands. To
make the energy denominators more favorable, the
states may borrow from the small Coulomb admix-
ture of another state in a nearby band (term 3).
Or the transitions might borrow intensity by direct
Coulomb admixture (term 4) in analogy to the 'A~

The contribution of these terms to the observed
oscillator strength in ruby is shown in Table XI.
The numbers would be quite similar for emerald.
The trigonal field contributions (term 1) give the
right polarization but are too small to account for



EXCITED-STATE ABSORPTION IN RUBY, EMERALD, AND. . .
TABLE XI. Contributions to the E A&, A& oscillator

strengths in units of 10 ~ from the mixing terms shown in
Fig. 18.

where E(I'„,) and F(I"„;)are the single-electron
reduced matrix elements

F Ag

2E ~2A

cr 0. 41
0

0 0. 04
0

0. 006 0. 004 —1
0. 004 0. 003 0

0. 001 0. 05" —1
0 001 0 07~ 0

1.5

50

Calculated using AE =700 cm

o ( Al) a (~E(Tlu) +(a ~~)E(T1MH

the large E- A~ strength. Spin-orbit terms give
the wrong polarization and are negligible except
for term 3 in the E- Az transition. This is an in-
teresting case because the A~ level sits on the side
of the c T~ band. Thus the energy denominator is
uncertain. The 700 cm splitting between the Az
no-phonon line and the c Tz band peak was used
for the calculation. However, if the vibronic over-
lap with c T~ multiphonon levels near the A2

level were large, the energy denominator might be
much smaller. To fit the observed 5&& 10 oscilla-
tor strength in 0., however, an effective energy de-
nominator of 20 cm ~ is needed. Denominators this
small may be possible, but then a stronger absorp-
tion in m would also be predicted. Since no absorp-
tion is seen in m, the contribution from term 3 must
be small.

Term 4 is the most probable source of the E- A ~, A~ intensities. This ter m arises from a
9. 4~/o admixture of the b E state, which has a com-
mon parent with the A& and A~ states, into the
metastable a E level. The transition can now occur
via the closure theory, but will be reduced by
(0. 094) -10 . If one assumes that the baE- A&, Az strength is similar to other ground- and
excited-state bands (f 10 ) the-n one can explain
the E- A~ strength but not the E- A~ strength.
The details of the closure theory follow.

For E- A„A& transitions the only closure
operators which give nonzero ( I'yl I"y', I'y) in
Eq. (13) are I'y= aEu, for transitions from the
Eu, state The ( I.'yl T,„k, I'„,.0) coefficient can

then be calculated to predict equal transitions in
o polarization only from both 3E levels with

V(T&„aa) or Va(Ta„Xa). Va(Aa„ea) cannot induce these
transitions. Numerically the transition strengths
from b Eu, to A& or A~ via k = + 1 can be written

(Is)

The E(I'„,) are identical to the B(I'„;)parameters
which were found to be the major contributors to
the strong T~- Ta I lines. Thus the E(I"„,) should
cause transitions with f - 10 . The E(I'„;)have
never been needed before since we have always
used a fa state for the initial state. Therefore it
is not clear how large they will be.

Thus one can conclude that the strength of the
E- A~ transition in ruby is consistent with pre-

dictions based on the strength of other transitions.
The E- Az transition is anomalously large in
both ruby and emerald and cannot be explained by
this simple theory. This large strength probably
comes from high-order mixing with the c Tz level
by an operator which preserves the polarization.
Presumably this operator must be the trigonal
field rather than the spin-orbit interaction.

2. MgO: Cr3+

The theory for MgO: Cr follows the same lines
as the theory for ruby and emerald. Transitions
are not expected in the cubic system except through
odd-parity phonons. Thus a E- Az no-phonon
line is not expected for the cubic system. This is
confirmed by experiment.

For the tetragonal pair and vacancy systems, no
coupling to the excited bands can occur via the
tetragonal field. Terms 2 and 3 in Fig. 18 should
be similar to ruby. Hence, they can be neglected
also. The E- A& transition therefore must be al-
lowed via term 4. With a T~„ field only one transi-
tion E(u)- Aa is allowed in a polarization [ A~
transitions can occur only from the 2E(v) statej.
This explains why only one line was seen in the
weakly doped sample. Again we cannot experimen-
tally confirm the polarized nature of the transition
because the axes are randomly oriented. (This
would be a particularly interesting case for a po-
larized excitation experiment. )

We cannot be sure whether the 3819.5-A or the
0

3825. 3-A line corresponds to the major pair sys-
tem with the 7034-A R line. However, the lack of
a 91-cm splitting (the pair system E splitting)
between any two lines indicates that the pair sys-
tem has only one line as predicted by theory.

IV. CONCLUSIONS

In summary, we have measured the excited-state
absorption spectrum in ruby, emerald, and
MgO: Cr . The sharp I lines ( E, T~- Ta) have
been seen in all three crystals. Detailed traces
of the sharp E- A~ doublet in ruby and the E- Aa lines in ruby and MgO: Cr ' have also been
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made. In addition, the three excited absorption
bands seen are observed with similar strengths in
all three crystals.

Energy level calculations and intensity calcula-
tions using the closure approximation have been
done to confirm the assignments of these transi-
tions. In particular, we have shown that the sharp
structure in the MgO: Cr ' spectra arises from the
vacancy and pair systems rather than from sites

of cubic symmetry. The agreement between theory
and experiment is excellent as to polarization se-
lection rules. Quantitatively the agreement is
quite good although small discrepancies exist, as
is expected with the closure approximation. The
intensity of the E- A& transition is explained
well, but the E- A2 transition is more than an
order of magnitude stronger than predicted in all
three crystals.
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