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Selectively excited luminescence and magnetic circular dichroism of Cr41-doped YAG and YGG
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Site selective luminescence and magnetic circular dichroism experiments on Cr41-doped yttrium aluminum
garnet and yttrium gallium garnet have been made at low temperature. The spectral assignments for these
near-IR lasing materials have been made using experimental data and ligand field calculations guided by the
known geometry of the lattices.@S0163-1829~99!07003-4#
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I. INTRODUCTION

There has been intense interest in the spectroscop
Cr41 in tetraoxo coordination environments since roo
temperature laser operation has been demonstrated in m
doped systems. These include Cr41 doped into forsterite
(Mg2SiO4),

1 yttrium aluminum garnet (YAG, Y3Al5O12),
2

and yttrium oxyorthosilicate (Y2SiO5).
3 Recently, an all

solid-state Cr41:YAG laser has been used to generate 43
pulses.4 Spectroscopic studies of these systems have es
lished that the Cr41 emitting center is fourfold
coordinated5–8 with various degrees of distortion away fro
exact tetrahedral symmetry. However, there remain puzz
aspects including multiple charge states and site symme
of the Cr dopant, which have resulted in ambiguous spec
and electronic structural assignments. Here, we present
selective luminescence and magnetic circular dichro
~MCD! spectra of Cr41-doped yttrium aluminum garne
~YAG! and yttrium gallium garnet~YGG!. A summary of
the problems and many of the spectroscopic results
Cr41:YAG are given in Eilerset al.6 There has been com
paratively little work on Cr41:YGG previously published,7

but the present investigation indicates close similarities
the Cr41:YAG system. Here we interpret the spectra in ter
of a detailed ligand field analysis and find that while t
guest ion adopts the host geometry, the interelectron re
sion Racah parameter is required to be much smaller
expected.

II. EXPERIMENT

YAG and YGG are both cubic structures (Oh
10) that can

be written asA3B2(CO4)3 , where theM31 cation sites are
nominally dodecahedral (A5Y), octahedral~B5Al, Ga!,
and tetrahedral~C5Al, Ga!. The tetrahedral site has exa
S4 symmetry but isD2d considering only nearest neighbor
The D2d distorted tetrahedron is elongated, the angle e
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bond makes with the elongation axis is reduced from
tetrahedral value of 54.7° bya54.6° (a55.2°) for YAG
~YGG!.9,10 The crystals of Cr41:YAG and Cr41:YGG were
grown at OMRC, University of Strathclyde, Glasgow, U
using a Czockralski crystal puller.9 Appropriate combina-
tions of powdered components were sintered at 1200 K
mildly oxidizing atmosphere (N212%O2) before melting in
Ir crucibles. Single-crystal boules of typical dimensions
mm diameter by 60 mm length were grown onto seed cr
tals of known orientation that had been previously grown
Ir wires. The CaO/Cr2O3 ratios were chosen to give optima
Cr41 concentrations after growth and post-growth proce
ing. In both YAG and YGG the dopant ratio was determin
to be 4:1 (CaO:Cr2O3) by weight, and the total Cr content o
the melt 2.831019 Cr cm23. The boules were subsequent
annealed in a N2120%O2 mixture at 1400 K for 24 h. Spec
troscopic assay showed that some 90% of Cr ions occupy
octahedralB sites as Cr31, with 2% and,1%, respectively
of Cr41 and Cr61 occupying the tetrahedralC sites.9 Optical
absorption ~170–2000 nm! and luminescence~500–2000
nm! studies of these and related crystals show complex o
lapping bands associated with~at least! Cr31, Cr41, and Cr61

charge states of the active dopant. However, the domin
components of the optical absorption and luminescence s
tra are associated with Cr41 ions occupying theD2d distorted
tetrahedralC sites.

Simultaneous MCD and absorption spectra were m
sured using an Spex 1404 monochromator, photoela
modulator, Oxford Instruments SM4 cryomagnet, and coo
InSb detector with heterodyne detected modulation in an
paratus described previously.11 The sample temperatur
could be varied from 1.5 to 100 K while in a helium ga
liquid environment.

The luminescence spectra were obtained using the s
cryostat. Samples were excited with either a cw Ar1 laser or
tunable 5 ns pulsed radiation from a Mirage 500 OPO/O
driven by a Continuum Powerlite injection seeded YAG
1850 ©1999 The American Physical Society
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PRB 59 1851SELECTIVELY EXCITED LUMINESCENCE AND . . .
ser system. Luminescence was detected with an A
LN2-cooled germanium diode and a Spex 0.75 M mon
chomator fitted with a grating blazed at 1.6mm.

III. RESULTS

The absorption and MCD spectra of Cr41:YAG and
Cr41:YGG in the near-IR region at 1.5 K are shown in Fig
1–3. There is a strong (;1/T) temperature-dependent d
crease of the MCD magnitudes~see Fig. 2!. SuchC term
type12 behavior is most often associated with a~quasi!degen-
erate ground state of the absorbing species.

The MCD spectra taken in the visible region also rev
the presence of Cr31 ions ~Fig. 3!. Distinctive R lines are
seen, with 26 cm21 spacing and strong negative MCD fe
tures withDA/A approaching 2 under saturation conditio
(gbB@kT). The R lines occur near 14 550 cm21 in YAG

FIG. 1. The near-IR absorption~thicker traces:A! and MCD
~thinner traces:DA! spectra atT51.5 K and applied fieldB of 5 T;
of ~a! Cr41:YAG and ~b! Cr41:YGG. Light was propagated down
the ~001! direction of the cubic crystals.

FIG. 2. Near-IR absorption at 5 K~lower! and temperature-
dependent MCD~upper! spectra withB55 T in Cr41:YAG at the
temperatures indicated.
C
-

.

l

and near 14 500 cm21 in YGG.13

Concentrating on the near-IR region associated with Cr41,
there are two sets of distinct origins in both YAG and YG
in Fig. 1; a weak pair near;7800 cm21 and a stronger pair
near;9000 cm21. Linewidths are significantly narrower in
YAG. The values for these transitions are given in Table
The relative sharpness of the Cr41:YAG spectra is due to the
fact that YAG crystals grown by the Czockralski method a
ordered, whereas YGG is distorted by a distribution of Ga31

ions betweenA andB sites@Y32xGa21x(GaO4)3#. Since this
disorder is random, it leads to the broadening of the spec
features of both the Cr41 and Cr31 ions.14

The selectively excited luminescence spectra
Cr41:YAG and Cr41:YGG are shown in Fig. 4. In each cas
there appears to be two luminescence sites. Luminesc
from both sites is obtained with 780.0-nm excitation, wh
the lower energy luminescence dominates when 999.8
excitation is used. CW excitation at 514 nm with an A1

laser leads to emission spectra similar to that obtained w
780-nm pulsed excitation. Selective narrowing experime
exciting with narrow band radiation into the origin featu
near 9000 cm21 in YAG, showed some slight narrowing o
the emission feature near 7840 cm21.

IV. DISCUSSION

The luminescence of tetrahedral ions in the iso-electro
series Fe61, Mn51, Cr41 are characterized by a decreasi
ligand field.15 This results in 1E→3A2-type emission in
Fe61, Mn51, and 3T2→3A2-type emission in Cr41. For a
weak ligand field~smallDq!, the 3T2 state becomes the low
est excited state and the emitting state. The level crossin
the 1E/3T2 states occurs close to the value of the ligand fi
strength of the Cr41 garnet systems.

The triplet character of the emitting state in Cr41:YAG
has been established by the intensity, lifetime~;30 ms! and
the existence of a large vibrational sideband characteristi
a 3T2 state. The alternative1E→3A2-type emission is char-
acterized by a longer lifetime~; 1 ms!, a strong zero phonon
line with a weak vibrational sideband. It is the large vibr
tional sideband of the Cr41:YAG system that makes it attrac
tive as a tunable laser material.

FIG. 3. Visible region absorption~lower! and MCD~upper! at 5
K and B55 T in Cr41:YAG. Inset shows the expanded absorptio
and MCD of theR line region associated with Cr31 at an octahedral
site in the sample~see text!.
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TABLE I. Experimental electronic transition energies and assignments for Cr41:YAG, YGG.

Observed transitions
~cm21! (DA/A) D2d assignmentsa

YAG YGG Spinor states Orbital states
G5→G4

3B1 ZFS
7814 ~2!b 7511~?! G5→G3

3B1(3A2)→3B2(3T2)
7842 ~2!b G5→G5

8977 ~10.3!c 8919 ~10.3!c G5→G1
3B1→3A2(3T1)

9281 ~210.05!c 9140 ~210.05!c G5→G5

;10 000d ;10 500d 3B1→3E(3T2)
;15 650 ;16 000 3B1→3E(3T1)

aThe irreducible representations of theD2d point group are used to label both orbital and spin-orbital sta
The tetrahedral labels are given in brackets.

bMCD sign only, absorption feature not observable.
cEstimated forgbB@kT.
dCalculated. The transition is assumed to lie under the vibronic sideband of the3B1(3A2)→3A2(3T1) tran-
sition.
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The 3A2→1E transition in the absorption spectrum of th
Cr41:YAG system has variously been assigned as the
weak doublet~;7800 cm21!,16 the second strong double
~;9000 cm21!,5 or to a pair of weak transitions betwee
these~;8265 cm21!.6 In this study, we will show that thes
assignments are incorrect. It is misleading to treat the1E
transition as a doublet in Cr41:YAG as the tetrahedral1E
state will be split by.1000 cm21 by theD2d distortion.

Notwithstanding their1E assignment, we do agree wit
the overall assignments of Eilerset al.,6 which is based on
polarized absorption/fluorescence and piezospectroscop
exact tetrahedral symmetry the Cr41 system is expected to b
very close to the cross-over point of the3T2 and 1E excited
states. This is shown schematically in Fig. 5 together w
the relationships between theTd andD2d energy levels. The
large D2d distortion splits the3T2 state into 3B2(3T2) and
3E(3T2) states; the3B2 state is then pushed further belo
the 1E state for a tetragonal elongation of the tetrahed

FIG. 4. Selective luminescence spectra excited at the wa
lengths indicated atT51.5 K of ~a! Cr41:YAG and ~b! Cr41:YGG.
Spectra have not been corrected for system response. Sharp~nega-
tive going! features near 7200 cm21 are due to atmospheric absor
tion.
st

In

h

.

This 3B2 state is then further split by spin-orbit coupling an
is seen as a doublet in both the absorption and emis
spectra shown in Figs. 1 and 4 at 7814 and 7842 cm21. The
stronger doublet at 8977 and 9281 cm21 then corresponds to
the spin-orbit split3A2(3T1) state that results from theD2d
splitting of the 3T1 state. The other component,3E(3T1)
occurs as a strong peak centered much higher in energ
15 500 cm21.

This large3A2(3T1)-3E(3T1) splitting of ;6500 cm21 is
exactly that predicted using a ligand field model~see Secs.
IV A and IV B! for a tetragonal distortion ofa515° as
shown in Fig. 6. The3E(3T2) state is predicted to be a
;10 000 cm21, and absorption to this state is hidden und
neath the vibronic sideband of the3B1(3A2)→3A2(3T1)
transition. A summary of assignments for Cr41-doped YAG
and YGG is given in Table I. These assignments are requ
on intensity as well as energy grounds. The transitions res
ing from components of the tetrahedral3A2→3T2 transition
are expected to be very weak as they are electric dipole
bidden, whereas the3A2→3T1 transitions are electric dipole
allowed. In addition, the polarization intensities in absorpti
and emission are consistent with the above assignment.6

A. The tetragonal distortion

Figure 6 shows the energy levels resulting from the sp
ting of the tetrahedral states relative to the ground state,

e-

FIG. 5. The schematic energy levels of ad2 ion in a regular
tetrahedral (Td) and elongated tetrahedral (D2d) environment. Only
levels relevant to the discussion in the text are shown.
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FIG. 6. The low-energyd2 ligand field levels as a function of theD2d distortion anglea; ~a! z50, ~b! z5220 cm21. Other parameters
es513 585 cm21, es /ep53, B5430 cm21, C53575 cm21. The points indicate the split components of the1E state using the approximat
expressions given in Eqs~2!–~4!. In ~a! the D2d (Td) symmetry labels are given foraÞ0 (a50), respectively.
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function of theD2d distortion of the Cr41 tetrahedron. This
D2d distortion is quantified bya, defined as the angle tha
each Cr-O bond deviates from tetrahedral and where a p
tive distortion results in an elongation. In Fig. 6~a! the spin-
orbit coupling is set to zero to show the gross behavior of
energy levels as a function of the tetragonal distortion. T
energy of the3B2 component of the3T2 state drops substan
tially relative to the ground state as the tetrahedron is e
gated. The energy of the3B1(3A2)↔3B2(3T2) transition can
be expressed analytically as a function ofa for zero spin-
orbit coupling and is given by

E~3B223B1!5es1/3~c222A2sc11!2

1es4/9~7c414A2sc3210c214A2sc21!,

~1!

wherees ,ep are the angular overlap model~AOM! sigma
bonding parameters, which quantify the ligand field17 ands
and c denote sina, and cosa, respectively. Figure 6~b!
shows the same calculation with spin-orbit coupling nonze
For the values used (z5220 cm21) the orbital integrity is
kept although strong mixing is seen between the3A2(3T2)
and 1A1 ,1B1(1E) states at thea;5° geometry relevant to
this study~Figs. 6 and 7!. It is worth noting that neither of
the 1A1 ,1B1(1E) states become the lowest excited state
any values ofa.

The observed spectral features given in Table I were fi
to a d2 ligand field calculation by allowing the ligand fiel
(es ,a), spin-orbit coupling~z!, and interelectron repulsion
si-

e
e

-

.

r

d

parameters~B,C! to vary. The calculation used the diagona
ization of the fulld2 basis17 on each iteration of a nonlinea
least squares algorithm.18 The geometry was constrained
D2d symmetry while the anglea was allowed to vary, how-

FIG. 7. Thed2 ligand field energy levels near the1E/3B2 cross
over region as a function of the sigma bonding AOM parameteres .
The geometry is fixed to that of the YAG host (a54.66°). Other
parameters: es /ep53, B5430 cm21, C53575 cm21, z
5220 cm21. The inset indicates the % singlet character of the t
lowestG1 states.
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ever it was found that good agreement could be obtai
using geometry of the host lattice (a54.6°). The calculated
and experimental transition energies are given in Table
Differences between calculated and observed energies c
be reduced to zero, but the parameters obtained w
rounded and the calculation redone. This results in sm
differences between calculated and observed values in T
II but allows the calculated energies to be reproduced us
the quoted parameters.

B. The splitting of the tetrahedral 1E state

As seen in Fig. 6~a!, the tetrahedral1E state splits into
1A1 and 1B1 states in aD2d tetragonal field. This splitting is
essentially independent of the spin-orbit coupling and is p
dominately caused by a large off-diagonal coupling betw
the 1A1(1E) and 1A1(1A1) states by the tetragonal ligan
field. Approximate expressions have been found for the
components1A1 ,1B1(1E). These are given by

E~1B1!5E~1Ea!,
~2!

E~1A1!51/2„E~1Ea!2E~1A1
a!

1$@E~1Ea!2E~1A1
a!#214DE2%1/2

….

Here,E(1Ea) andE(1A1
a) are the~exact! orbital energies of

the lowest1E and 1A1 states of ad2 system in tetrahedra
symmetry

TABLE II. The ligand field calculation for Cr41/YAG. (* ,1

indicates states that strongly mix. Parameters used:es

515 585 cm21, es /ep53, a54.66°, B5430.0 cm21, C
53585 cm21, z5220.0 cm21.)

Energy~cm21! (D2d* ) D2d(Td) Observed~cm21!

0.0 (G5) 3B1(3A2)
1.2 (G4)

7814.6 (G3) 3B2(3T2) 7814
7842.6 (G5) 7842

8974.4 (G1)* 3A2(3T1) 8977
9278.4 (G5) 9281

9583.0 (G1)* 1E(1E) ;9500
10 652.4 (G3)1

10 113.9 (G3)1

10233.3 (G4) 3E(3T2) ;10 000
10366.2 (G5)
10459.1 (G2)
10518.1 (G1)
15 741.0 (G4)
15 752.6 (G3)
15 761.0 (G1) 3E(3T1) ;15 000
15 771.5 (G5)
15 796.2 (G2)
16 927.0 (G2) 1A2

17 672.0 (G1) 1A1

18 280.1 (G4) 1B2
d
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E~1Ea!517/2B12C1D2$~7/2B!21BD1D2%1/2,
~3!

E~1A1
a!517B19/2C1D2$@5/2~2B1C!#2

1~2B1C!D1D2%1/2,

whereD54/9 (3es24ep).
The symbolDE in Eq. ~2! denotes the energy inequiva

lence of thedz2, dx22y2 orbitals due to the tetragonal disto
tion of the tetrahedral ligand field

DE5ess2~7c214A2sc11!

14/3ep~7c414A2sc328c211!, ~4!

wheres5sina andc5cosa.
This expression works well for a large range ofa values

and are shown as the points in Figs. 6~a! and 6~b!. Even
when spin-orbit coupling is introduced, the above appro
mate expressions correctly span avoided crossings betw
states that carry the greatest singlet character. As indicate
the diagrams, ata55° the 1B1-1A1 splitting is some
;1500 cm21. The large tetragonal distortion in the host la
tice (a54.66°), which is required to explain the spectr
assignments, would also cause a large splitting of the1E
tetrahedral state. It is for this reason that we feel that
assignment of Eilerset al.6 of the 1E to bands at 1206 and
1210 nm is unlikely. However, the singlet character is n
well defined in this region due to spin-orbit interaction wi
the 3A2(3T2) state. This is shown at the bottom of Fig.
where the singlet character of the two relevantG1 states
changes as they undergo an avoided crossing.

C. Polarizations and MCD spectra

A number of important experiments have made by Eil
et al.6 The zero phonon lines of transitions toG1 , G5 of the
3A2(3T1) state were studied as a function of uniaxial stre
Stress applied parallel to the~001! direction in the lattice
caused a splitting of each line due to an orientational rat
than intrinsic degeneracy. This is because the Cr41 will dope
randomly into tetrahedral sites where the elongated axis
be along thex, y, or z crystallographic axes. Stress applie
parallel to the~111! direction does not result in a splitting a
all three sites are equivalent in this direction. This is ad
tional confirmation that the Cr41 enters the distorted tetrahe
dral site of YAG as well as the assignment of these tran
tions as arising from the3A2 state.

In addition, the polarization dependent emission was u
to assign the emitting state as originating from the3B2(3T2)
level, based onz-polarized magnetic dipole selection rule
However, while agreeing with the assignment, we would
gue that anxy electric dipolemechanism dominates the in
tensity of this transition. Exactly the same polarization b
havior for emission is expected in this case and agrees
the experimentally determined sign of the MCD.

With spin-orbit coupling, the3B2(3T2) emitting state
splits into aG3 below aG5 ~see Table II!. The selection rules
indicate that the transitions fromG3 to components of the
3B1(3A2) ground state are electric dipole allowed inxy po-
larization. The transition is also allowed by anxy-polarized
magnetic dipole mechanism, but this will be very weak. T
strong z-polarized magnetic dipole intensity of the3T2
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→3A2 tetrahedral transition ends up in the ‘‘hot band’’ em
sion from the higher energyG5 component of the3B2(3T1)
state.

Excitation with 1064-nm light propagating along~100!
and polarized along~001! selectively excites the3A2(3T1)
state of the sites with the elongation along~001!. This site
then relaxes to the emitting state. For anxy electric dipole
allowed transition this site will then emit with light polarize
along ~010! and ~100!. Light polarized along~100! is ob-
served in the~010! direction. Thus, the origin of the emissio
is expected to be polarized parallel to the 1064 nm excita
light, as is observed.6 For excitation with 600–700-nm ligh
propagating along~100! and polarized along~001!, the
3E(3T2) state is excited inxy polarization, selecting the two
sites elongated along~100! and~010!. In this case relaxation
to the emitting state will result in emission with greater i
tensity polarizedperpendicular to the excitation, as is
observed.6

Thus, the emission can be eitherz magnetic dipole, orxy
electric dipole allowed to reproduce the behavior of t
emission polarizations. However, emission from the low
excited state (G3) is magnetic dipole forbidden inz polariza-
tion using theD2d* double point group. In addition, thexy
electric dipole mechanism is required to explain the signs
the MCD. For an applied magnetic field parallel to~001! the
symmetry of the threeD2d sites are reduced to one ofS4* and
two of C2* symmetry~for sites with the elongation axis pa
allel and perpendicular to the applied magnetic field resp
tively!. The energy levels that give rise to the3B2(3T2) and
3A2(3T1) zero phonon lines split in a manner indicated
Fig. 8.

We first consider theS4* site. In the low-temperature limi
the electronic selection rules give nonzero transitions to
lower of each doublet. TheG3(3B1)→G2(3B2) transition is
completely right circularly polarized,e1521/2(ex1 iey),
while the G3(3B1)→G1(3A2) transition is completely left
circularly polarized,e251/2(ex2 iey). This will contribute
to a negative and positive MCD sign to these transitio
respectively, as is seen experimentally~Fig. 1 and Table I!. If
the magnetic dipole selection rules were used for

FIG. 8. The energy levels involved in the two pairs of sharp z
phonon lines in different orientations of an applied magnetic fie
The left-hand side gives the orbitals states inD2d symmetry, where
theG notation for the double point groups is used. Nonzero elec
dipole transitions are indicated. ForBÞ0, the applied magnetic
field is directed alongz. In these cases onlyxy polarized electric
dipole allowed transitions relevant to the MCD are indicated. T
z-polarized electric dipole allowed transitions,G3→G4 in S4* , and
G2→G2 in C2* , are omitted for clarity.
n

t

f

c-

e

,

e

G3(3B1)→G2(3B2) transition, apositiveMCD would be pre-
dicted, contrary to the negative sign observed. TheS4* site
will not contribute to the MCD of the upper componen
G3(3B1)→G3 , G4(3B2) and G3(3B1)→G3 , G4(3A2) of the
doublets.

For the two sites in which the elongated axis is perp
dicular to the applied field, the situation is more ambiguo
All transitions are x,y electric dipole allowed from the
G2(3B1) ground state, except forG2→G2 transitions. How-
ever, the Zeeman splitting of the excited stateG1 , G2 pairs
are calculated to be split,1 cm21 in the 5 T applied mag-
netic field and can be considered degenerate. It is not p
sible to determine the sign of the MCD of theC2* centers
from the selection rules alone. However, the axial MCD
the S4* center determines that the limitingDA/A52, while
the transverse MCD of theC2* centers impliesuDA/Au!2.
~We use the standard definitions12 DA5^e2&22^e1&2;
A51/2@^e2&21^e1&2#.! The observedDA/A ratios ~Table
I! indicate that theS4* sites are dominating the intensity o
the zero phonon lines. The MCD sign of these zero phon
lines then confirms the present assignments.

D. High pressure luminescence

Recently high-pressure luminescence spectra have b
measured for Cr41:YAG and have been interpreted as due
a 2T221E crossover.8 The emitting state becomes blue
shifted with pressure as expected for an increase in the lig
field. At 206 kbar the blue shift ceases and the emiss
lifetime increases. This indicates that a component of the1E
state, which is insensitive to the ligand field, becomes
lowest excited state.

Figure 7 shows a ligand field calculation as a function
the ligand field parameteres at the fixed geometry of YAG
(a54.66°) with spin-orbit coupling included. An increase
the ligand field simulates the application of external press
to the Cr41:YAG system. As has been observe
experimentally,8 at a certain value as the pressure~ligand
field! is increased, one component of the1E state becomes
the lowest excited electronic state. For all reasonable va
of ligand field parameters, only theG1 component of the1E
state can become the emitting state.

E. d-s mixing

TheD2d symmetry allows the 3dz2 orbital to mix with the
4s metal orbital. It is known thatd-s mixing sometimes
produces large energy shifts.19 In the present case the 3dz2

orbital will be depressed as a function ofa by an amount

E~3dz2!52eds4~s212A2sc!2, ~5!

whereeds is a parameter quantifying thed-s mixing.19 The
above expression gives the correct values ofE(3dz2)50
and 24eds for the limiting cases ofa50°(Td) and
a5235.26°(D4h). For distortions of the ordera'5°,
the energy shift due tod-s mixing amounts toE(3dz2)'
20.25eds . For CuCl4

22 complexes it has been found19 that
eds51000 cm21, so the effects here will be small.

The d-s mixing was investigated as a possible reason
the large reduction in the Racah parameterB, but we con-
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clude thatd-s mixing is not important for these system
Both the 3B1(3A2) ground state and3B2(3T2) first excited
state contain thedz2 orbital so their energy difference is un
affected byeds . The 3A2(3T1) excited state to a first ap
proximation does not contain thedz2 orbital and so the tran
sition energy will be calculated to be larger ifeds is included.
Since the3T1 state is atD112B from the ground state in the
tetrahedral limit, this would require a further reduction ofB.
However, since the effect is likely to be quite small,eds
mixing was not included in the final fit.

F. Multiple Cr 41 sites

Although the luminescence for the two sites shown in F
4 can be of comparable intensity, the lower energy lumin
cence arises from a minority site, its intensity being e
hanced by laser selection. This is evident from the absenc
comparable absorption features associated with the l
energy site. Luminescence from up to four Cr41 sites has
been previously observed8 and it has been suggested th
they arise from site perturbation by the Ca21 codopant.

The dodecahedral, octahedral, and tetrahedral site
YAG have the bond lengths 2.38~av!, 1.94, and 1.76 Å
respectively. The Ca-O bond length of the CaO6 center in
CaO is 2.405 Å, so substitution of Ca21 at the dodecahedra
site would seem most likely. The dodecahedral polyhe
share the short edge of the tetrahedral polyhedra,10 an in-
crease in the dodecahedral polyhedra from Ca21 substitution
could possibly increase the short edge of the tetrahe
polyhedra. This would reduce tetragonally elongated dis
tion and increase the energy of the Cr41 emitting state, as
observed. In addition, the garnet glossularite (Ca3Al2Si3O12)
contains Ca31 ions in the dodecahedral site.10 The presence
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of Ca31could also account for some minority sites, as cou
calcium ions in the next nearest-neighbor positions.

G. Comparison with previous ligand field parameters

The ligand field parameterses513 585 cm21, es /ep53
give a cubic ligand field splittingD54/9(3es24ep)
510 063 cm21, similar to the values 9150 cm21 ~Ref. 6! and
10 667 cm21 ~Ref. 5! found previously. The value ofB
5430 cm21 obtained here is lower than values@515 cm21

~Ref. 6! and 500 cm21 ~Ref. 5!# previously given. Our value
is ;43% of the free ion value. This large reduction in th
Racah parameters ofd2 MO4

x2 ions has previously been
commented on by many others and is largest in FeO4

22

where a reduction to 27% of the free ion value is observe20

We have investigated possible explanations for this red
tion, which included-s mixing and a differential nephelaux
etic effect but conclude that neither of these refinements
account for the large reduction. It appears that large co
lency effects are present in these systems.

V. CONCLUSIONS

The MCD and luminescence of the Cr41 ion in the D2d
distorted tetrahedral sites of YAG and YGG hosts has b
studied. The identification and nature of the different o
served sites has been investigated by site selective lumi
cence. The spectra can be assigned using the geometry o
host lattice, the energies from a ligand field calculation a
the polarization and MCD selection rules. A large reducti
of the interelectron repulsion ligand field parameterB from
the free-ion value was required. We examine some poss
reasons for this and conclude that covalency effects are
important for these tetraoxo ions.
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