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Line shape of the Cr + luminescence in garnet crystals
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The line shapes of Cr'+ photoluminescence in garnet crystals, in which the E and T2 excited states
are close in energy, have been calculated with use of the vibronic tunneling model developed previously

by the present authors. At low temperatures, the experimental luminescence spectrum from Cr'+ in

Y3Ga&O», Gd3Sc&A130», and Gd3Sc2Ga30» is always an admixture of E~ A2 and T,~ A2, the rel-
ative amounts being determined by the energy difference hE=E( T2) —E( E). The line shapes, calcu-
lated in terms of mixing of E and T2 adiabatic vibronic wave functions via spin-orbit and nuclear
kinetic-energy operators, reproduce the experimental low-temperature spectra rather well. Our calcula-
tion of the temperature dependence of the Cr'+:Gd3Sc2A130» line shape agrees with the experimental
spectra.

I. INTRODUCTION

The mixed oxide garnets A38zC30, z are ideal host lat-
tices in which to study the optical-absorption and emis-
sion spectra of trivalent transition-metal ions. Such ions
prefer to occupy octahedral 8 + sites, which undergo
weak trigonal distortions. Interest in these materials is
related to their potential as tunable laser gain media
operating at room temperature. The strength of the octa-
hedral crystal field in these hosts may be varied in a sys-
tematic way through the size of the unit cell and, thereby,
the chemical composition. For example, along the series
in which the A + site is occupied by Y +, Gd +, or
La +, the octahedral field weakens progressively. Simi-
larly, a monotonic diminution of the octahedral field
occurs along the series in which Al +, Ga +, or Sc + ions
occupy the 8 + site.

Whether the E or Tz level is the lowest, resulting in

sharp line or broadband emission, respectively, is deter-
mined by the strength of the crystal field. The ordering
of these excited levels of Cr + in garnets such as
Y Al 0, (YAG), Y Ga 0, (YGG), Gd Ga 0, (GGG),
Gd3Sc2A130&2 (GSAG), Gd3Sc2Ga30, 2 (GSGG), and

La3Lu2Ga30, 2 (LLGG) depends on whether the crystal
field is weak, in which case b,E =E( T2) E( E) (0, or-
strong, where EE)0.' The luminescence spectra of
Cr + ions in these materials, as discussed by the au-
thors and others, ' ' are also complicated by Cr +

multisites associated with nonstoichiometry. ' ' Vari-
ations in crystal-field strength in the presence of composi-
tional disorder lead to interesting spectral variations in
both wavelength and time domains.

Sharp R-line emission, due to the E~ A z
multiplicity-forbidden transition, is allowed by mixing of
the Tz and E electronic states through spin-orbit cou-
pling. ' ' In ruby, where Dq/B -2.8, the observed emis-
sion is in the R line, even at 300 K. A contrast is found

with LLGG, where Tz is lowest: At room temperature
the observed emission is then the broad 4T2~4A2
luminescence band. ' The gadolinium-based garnets
GSGG and GSAG are interesting because the energy
difference between E and Tz is small; as a consequence,
the emission line shape is a mixture of R-line and broad-
band processes, even at 4.2 K.' For Cr +:GSGG and
Cr +:GSAG, the room-temperature luminescence is
predominantly the broad Tz~ Az band. Both materi-
als are suitable for use as gain media in tunable solid-state
laser operating at room temperature. Nonradiative decay
processes hardly affect the radiative decay time and the
emission intensity below room temperature: These effects
appear in the emission spectra at higher temperature
(T)500 K).' Unfortunately, the slope efficiency of these
Cr +-garnet lasers is strongly reduced relative to, e.g.,
the alexandrite laser as a consequence of excited-state ab-
sorption of both excitation and emission radiation. ' '

Recently, the authors have solved the vibronic Harnil-
tonian appropriate to the Cr +-garnet case in the Born-
Oppenheimer (BO) adiabatic approximation: The in-
clusion of spin-orbit coupling as a perturbation on the
electronic terms mixes different E and Tz electronic lev-
els with the same nuclear configuration, whereas the
electron-vibrational coupling includes an electronic
operator that mixes levels with different configurations.
These mixings result, respectively, in vertical and hor-
izontal tunnelings between the levels. ' The theory
gives an excellent theoretical fit to the observed intensi-
ties and luminescence decay times for E and Tz states
as a function of temperature for Cr + ions in the garnets
YGG, GSAG, and GSGG. '"

The present paper describes the E and Tz vibronic
wave functions of Cr + ions, for which the E and Tz
energy levels are very close, using mixed-spin BO basis
sets. The line shape of the Cr + luminescence is then
calculated in terms of the lowest vibronic wave functions
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and compared with the experimental line shapes in YGG,
GSAG, and GSGG. The theory is shown to account for
the material-by-material variations in luminescence be-
havior of Cr + ions in ionic crystals. Furthermore, the
temperature dependence of the Cr:GSAG emission line
shape is also calculated and compared with the experi-
mental results. Such a calculation is important in ac-
counting for the room-temperature operation of lasers
based on Cr +-doped garnets, in particular their broad-
band tuning range. Nonradiative decay processes hardly
affect the radiative decay time and the emission intensity
below room temperature: These effects appear in the
emission spectra at higher temperature (T) 500 K). ' '
Indeed, the primary process resulting in a decrease in the
slope efficiencies of the GSGG and GSAG lasers is
excited-state absorption of the broad emission band. ' '

II. THEORY

A. E and T2 vibronic states of Cr'+

Radiationless transitions due to intersystem crossing
between multiplet spin states in polyatomic molecules
have been discussed by several authors in terms of a vib-
ronic Hamiltonian including as perturbations spin-orbit
coupling and nuclear kinetic-energy operators. This
paper applies this vibronic Hamiltonian to the energy lev-
els of Cr'+ ions in garnet crystals. Figures 1(a) and l(b),
respectively, show the electronic energy levels of Cr + in
octahedral symmetry and on a single-configuration coor-
dinate diagram. The arrows in Fig. 1(a) indicate transi-
tions allowed through spin-orbit coupling between the
electronic states. In the BO adiabatic approximation, the
E and T2 excited vibronic states of Cr + are separated

by a potential barrier, as shown in Fig. 1(b). When the
energy levels of the E and T2 vibronic excited states of

(b)

Cr + are almost degenerate, the adiabatic approximation
breaks down, and the states are mixed by the combined
action of spin-orbit coupling and nuclear kinetic-energy
operators including zero-point vibrations.

The vibronic Hamiltonian is written as

H(r, R}=— Vz — V„+V&(R)+ VEP(r, R)
2M 2m

+Hso(r, R ),
where M and m are effective nuclear and electronic
masses, Vz and V'„operate on the nuclear collective coor-
dinate R (= IR. J ) and electronic collective coordinate r
(=tr;I ), and Vz(R) is the harmonic potential, VEp(r R)
is the electron-vibrational potential, and Hso(r, R) is the
spin-orbit coupling. The terms VEp(r, R) and Hso(r) in-

clude electronic operators which mix different electronic
states. In the BO adiabatic approximation, Eq. (1)
separates into two equations, one associated with the
electronic coordinates and the other with nuclear coordi-
nates of the vibronic wave functions 4;„(r,R)
[=P,(r, R)P,„(R)]: i.e.,

V„+Vz(R)+ VEp(r, R)+Hso(r, R) P;(r, R)
2m

e;(=R)f;(r,R), (2)

2M
V2a+e;(R) P;„(R}=E;„$;„(R),

where i and n represent electronic and vibrational states.
The terms of VEp(r, R) and Hso(r, R) may be expanded

about the R =0 nuclear equilibrium configuration, where
the subscript j indicates the jth vibrational mode:

8 VEp
VEp(r, R)= VEp(r)+g R

BR,

4 T
1

2 T2
4 T2

3Q x 1Q clr} +(higher-order terms},

BHso
Hso(" R) Hso(")+g R

j j
+(higher-order terms) .

(4)

(5)
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FIG. 1. (a) Energy levels of the Cr'+ (3d ) system in an octa-
hedral crystal field and spin-orbit coupling scheme among E,
'T, , 'T„T2, and T, . Arrows indicate transitions through
spin-orbit coupling between the electronic states of Cr . (b)

Configuration coordinate diagram in the harmonic approxima-
tion for the electronic states including spin-orbit coupling.

The expanded vibrational modes may be classified as ac-
cepting modes and promoting modes: ' ' The former
is a sink for the electronic energy, and the latter induces
electronic transitions. In cubic symmetry (e.g. , Y3A150,2

crystal), the irreducible representations of the vibrational
modes are Raman-active 3, , E, and T2 modes and ir-
active T&„and T2„modes. Since the 3, breathing
mode only shifts all the energy levels equally, it is ig-
nored. The even-parity E and T2 modes split and shift
energy levels via the Jahn-Teller effect. In contrast, the
odd-parity T,„, and T2„modes induce parity-forbidden
transitions, as discussed in detail by Yamaga, Henderson,
and O'Donnell.

The electronic configurations of T2 and T
&

in Cr +

are t e. Since the spatial extent of the e orbital projects
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out toward the neighboring ligand ions, these states un-

dergo strong Jahn-Teller coupling. The E Jahn-Teller
mode is dominant. On the other hand, the electron-
vibrational coupling of the E Jahn-Teller mode for E,
T„and T2 states, the electronic configurations of

which are t, is very weak, as is confirmed by the ob-
served sharp zero-phonon lines due to transitions be-
tween the E, T„and T2 excited states and the A2
ground state. Although the T2g Jahn-Teller mode mixes
the different electronic states via the interactions E X T„
EXT2, and T~ XT2 the coupling coefficient is small
compared with that of the E Jahn-Teller mode operating
on the T2 and T, states. Here we adopt the Eg mode as
one accepting mode and the T2g mode as one promoting
mode denoted by subscripts a and p, respectively. The
electronic wave function f, (r, R) in Eq. (2) is replaced by
g;(r, R„R ). The coupling coefficients BVap/BR, for
the accepting mode are set to a constant value A;. As-
suming that Hso(r)))(BHso/BR )R, (BV&p/BRp)R,
and the higher-order terms of the electron-vibrational
coupling are small and negligible, the electronic Hamil-
tonian [Eq. (2)] may be written as

V, + Vtt(R)+ Vap(r)+ A;R,
2m

+Hso(r) P;(r, R„O)=e;(R,)P, (r, R. „O) . (6)

The zeroth-order eigenvalues and eigenfunctions of Eq.
(6) in the absence of Hso(r) are represented by e, (R, )

and P, (r, R„O), respectively. In a first-order calculation,
we find the eigenfunction of Eq. (6) to be

P;(r,R„O)
=1(,(r,R„O)

(gi, (r, R„O)~Hso(r)~g;(r, R„O) )

k e;(R, ) —ek(R, )

Xfk(r, R„O),
where f, (r,R„O) and gk(r, R„O) are E, T2, Ti, Ti,
and T2 in Fig. 1(a). The eigenfunctions of Eq. (2), in-
cluding the terms of (iso/BR )R and (t) Vap/BR )R
as perturbations, are represented by a linear combination
of P, (r, R„O) and are given by

(g„(r,R„O)~(BH /t)R +dV /dR )R ~f;(r, R„O))
P, (r,R„R )=f, (r, R„O)+.g gi, (r, R„O) .

k ei Ra ~k a

qI,.„(r,R)=g,„,„„(r,R)=g, (r, R)P,„.,„-(R),

E,„=E,„.„-=E,-oo+ n '%co+ n "Am',

(10)

where E, is the zero-phonon energy level of ith vibronic
state and co and co' are vibrational frequencies of the ac-
cepting and promoting modes.

B. Mixing of T2 into E vibronic states

1. Zero point vibration of accepting -phonon mode

As the barrier separating the E and T2 vibronic states
is lowered until it becomes comparable to the phonon en-

The vibrational wave functions of Eq. (3) are approxi-
mated by a product of harmonic-oscillator wave func-
tions of accepting and promoting modes:

P;„(R)=P;„„-(R)=y„(R„)y„(R;),
Rgj Rg R5gf/ Rpj Rp

5R„=A;/(Mao ),
where n' and n" are vibrational quantum numbers, 5R„.
is a displacement from the equilibrium position for the
accepting mode, and co is the vibrational frequency of the
accepting mode. Here we assume that the displacement
for the promoting mode may be ignored.

We focus attention on the E and T2 vibronic states.
The eigenfunctions and eigenvalues given in the form of
diagonal matrix elements of Eq. (1) in the BO adiabatic
approximation are

When there is small energy separation
bE=E( T2) E( E), the se—cular matrix including tun-
neling splitting is

'pE~(& R)

qlTQQ(r, R )

0 EQQ(r, R) O'TQQ(r, R)

0

AE .

(13)

The E lowest excited wave function mixed through tun-
neling is

0 zQQ(r, R) =O'FQQ(r, R)+a%'7QQ(r, R), (14)

—25
g++ [(g+ )2+452]1/2

2. Break of adiabatic potential
due to promoting phonon mode

The nonadiabatic terms ignored in the BO adiabatic
approximation permit also mixing between different BO

ergy, the adiabatic approximation becomes invalid and
tunneling occurs between the two potential minima.
Tunneling splitting 25, corresponding to the rate of tun-
neling between two zero-phonon states with the same en-

ergy, is calculated using Eqs. (8)—(10) and is given by

25=( IlzQQ(r, R)l&coliprQQ(r, R) )

=%to(QT(r, R)~fz(r, R))(yQ(R, T)~yQ(R, p)) . (12)
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eigenfunctions. The mixing due to the promoting pho-
non mode is dominant. The nonadiabatic Harniltoni-
an" "is

r)g;(r, R) BP,„„-(R)
HNAV, „,„., (r, R)=-

M BR BR

where the term

8 g, (r, R)
(R)

gR2
P

is ignored. The off-diagonal matrix elements in Eq. (1)
calculated using the E and T2 mixed-spin BO vibronic
wave functions are

(Vr„„-(r,R)IHN~I+z (r, R)) = — gr(r, R) QF(r, R) P&„,„„(R) Pz, „(R)a a
(17)

gr(r, R) g~(r, R)
BR

The electronic part in Eq. (17) is rewritten as

(g (r, R„O)I(dHsolr)R +BVFp/BR )Igz(r, R„O))
ez(R, )

—er(R, )

where a term representing a two-phonon process is ignored. The mixing between E and T2 electronic states occurs
through spin-orbit and electron-vibrational couplings for the promoting mode as second-order perturbation. The vibra-
tional part of Eq. (17) is

Pr )R) )')z"(R) = y ' )R"r) "y "(R g)))y (R r )ly '( g))a = a

1/2

(y„.(R,r)Iy (R,z)) =exp S
2

Mao'

2A

n't

(/N -6„] /N +15„-+,)(y (R r)ly .(R,s. )),
1/2

S )n' m'Ln' —m—(S)

(19)

(20)

N =, , &S =+Sr—QSs, A'ozS; = 2; /2Mciz (i =E,t),
exp(Aaz'/k T) —1

' (21)

where Sz and S~ are the Huang-Rhys parameters of the
E and Tz excited vibronic states and L" (S) are

Laguerre polynomials.
At low temperatures the excited electron popolates

only the lowest zero-phonon level. Assuming that the
lowest excited vibronic state is F., Eq. (17) may be ap-
proximated by

(4r 'i(r, R)IHN~(r R)lq'Eoo(r, R))

=RFr &Xr))'(R~r ) IX~o(RgF ) ~

(n'=0, 1,2, 3, . . . ) . (22)

The admixture coefficients a„between )Phoo(r, R) and
+r„., (r, R) are given approximately by first-order pertur-
bation theory as

—
& or„,, (r, R ) IHN„(r, R ) I

q ~~(r, R ) &

Er '& EEOO
a ~—n'

The value of the denominator [in Eq. (17)] is maximal at
n'=S, whereas that of the numerator is proportional to
n '. The calculated coeKcient ao in the case of
Cr +:Gd3SczGa30&z (GSGG) is bigger than those of a„.
(n'~ 1). The value of Rzr including the term N . in Eq.
(19) is estimated from the temperature dependence of the
lifetime and the line shape of the luminescence.

In consequence, the E lowest excited vibronic wave
function of Eq. (1), mixed by both the zero-point vibra-
tion of the accepting mode and the nonadiabatic operator
due to the promoting mode, is approximately given by a
linear combination of 'Phoo( r, R ) and '0 z o„(r,R).
(n" =0, 1):

0'zoo(r, R) =0'zoo(r, R)+a%'roo(r, R)+ao%'roi(r, T) .

(24)

In a previous paper, Yarnaga, Henderson, and O'Donnell
described the tunneling that occurs between the E and

T~ zero-phonon levels in the presence of zero-point lat-

tice vibrations around the equilibrium point at low tern-

perature. The above treatment adds a nonadiabatic effect

to the mixing of Tz into E vibronic states.

C. Line-shape function
of an emission spectrum of Cr +

We consider the line shape of an emission spectrum de-
rived from the probability of the transition from the E
lowest excited vibronic state +Foo(r, R) in Eq. (24) to the

Az ground state, qi~ ~ (r,R). The square of the elec-
tric dipole (magnetic dipole) matrix element between
these states ' is



LINE SHAPE OF THE Cr + LUMINESCENCE IN GARNET CRYSTALS 3277

WEg =I&q g -(r, R)lp, lqEoo(r, R}&I'

=PE~ I &y~ -(R) lyEoo(R) & I'+P» [a'I &yg -(R) lyT~(R) & I'+~2o
I & yg -(R) lyTog(R) & I'J,

where

P;„=I & y„(r,R) Igloo;(r, R) & I' (~ =E, T) .

The transition probability WE&, obtained by substituting Eq. (20) into Eq. (25), is rewritten as
I

SE ST
Wsg =PEgexp( SE),

~

5 o+P»exp( Sr),
~

(a 5 'o+&o5 "t)

(25)

(26)

The line-shape function of an emission spectrum at T =0 is

I(E)=Io X WEA5(E EEoo—+E„~~. }
m'm"

Sm'
E=Io g P@„exp(—SE),,

5(E E~o—o+ m'fico)
I m'I

ST 2+Pre exp( Sr ) I a 5(E EEoo+ m Act) ) +a o5(E EEoo+ pl A'co+fgco ) Im't (27)

where EEoo is given in Eq. (11}and the zero-phonon ener-

gy E„00is set equal to 0. The zero-phonon lines from the
first and second terms in Eq. (27) are located at E =EEoo,
wheras the lines from the third term are shifted to lower
energy by %co', associated with phonon emission of the

promoting mode. Therefore the line-shape function is the
superpostion of the R line and its phonon sideband due to
the weak vibronic coupling of the state VEoo(r, R) and the
broadband due to the strong vibronic coupling of the
states +roo(r, R) and +ro, (r,R) with an intensity ratio of
PE. (a'+~o}P»

The emission spectrum represented by Eq. (27) consists
of a sum of 5 functions. There is some distribution of the
vibrational frequencies of the accepting mode. Pryce
has developed the line shape taking account of the distri-
bution p(E). We describe this method briefly assuming
that the couplings SE and ST are constant in the energy
range of p(E). The modified function is

The emitted phonon spectrum is approximated by the
sum of Gaussians with mean phonon energy Acok.

(E+Amok )
p(E) =N g ak expp k (30)

8 (E)=N exp
(E —E,)2

2A
(32)

where ak is a constant value, 6,k a width, and N a nor-
malization factor. The line-shape functions 8 (E) for
higher-order processes are obtained by performing an
m'-times convolution with the pnonon spectrum p(E}:

8 .(E)=J B,(E')p(E E')dE' (m—'&1) . (31)
0

The convolution of a Gaussian with a Gaussian is a
Gaussian. Assuming that p(E) is a single Gaussian, the
function is

Sm'
I(E)=Iog Pz„exp( —SE),, 8 (E)m'I

where

E .=EE00—m'%co (33)
Sm'

T+PT„exp( —ST ) m't
and

=6 +m'5 (34)

X I a 8 (E)+aoB (E+A'co)I, (28)

(29)

where N0 is a normalization factor and A0 is a width.

where the function 8 (E) is the line shape for an m'-
phonon process. For m'=0, Bo(E) is the zero-phonon
line-shape function. The function is a Gaussian rather
than Lorentzian because there is a distribution of random
strain in real crystals. Accordingly, we write

(E—EEo)8 (E)=N exp0 0
2A 0

III. EXPERIMENTAL PROCEDURE
AND RESULTS

The GSAG and GSGG single crystals were grown
from high-purity oxides using the Czochralski tech-
nique, whereas the YGG samples were thin films grown
by rf sputtering. ' The growth processes of these mixed
garnet materials may be controlled to give various de-
grees of compositional disorder. The different garnet
compositions were estimated by the energy-dispersed x-
ray spectra detected with an x-ray microanalyzer. The
compositions of the mixed garnet crystals used in this
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study were Y3,Ga490, z (YGG1), Y3 sGa4 zO, z (YGG2),
Gd3SC22A12. 8012 (GSAG), and Gd3sc1.9Ga3 1012
(GSGG). The deviation from the

3~2C3&&2 stoichiometric composiion is manifest as
structural disorder, which influences the shape of the R
lines in Cr +-doped garnet crystals. ' The luminescence
spectra from the samples were excited using the 488-nm
line from an Ar+ laser and detected using a GaAs pho-
tomultipler tube at the exit slit of a 1-m grating mono-
chromator. In fiuoresence line narrowing (FLN), a nar-
row laser line is tuned to wavelengths in the inhomogene-
ously broadened R

&
lines. The samples were mounted in

a closed-cycle refrigerator with temperature controlled to
+0. 1 K in the range 10—300 K.

Figure 2 shows the cw emission spectra of Cr +-doped
YGG1, YGG2, GSAG, and GSGG at 10 K. ' ' In
YGG1 and YGG2, the Cr + ions occupy a strong octa-
hedral crystal-field site, so that at low temperature
(T(50 K) the emission is due to the R line and its pho-
non sideband with a fairly weak broadband observed at
longer wavelengths. The integrated intensity ratio
(Iz /IF ) of the broadband to the R line and its phonon
sideband is 0.4 for YGG1 and 1 in YGG2. This is ex-
plained in terms of the nonstoichiometry of samples
YGG1 and YGG2 in which Y + ions with larger ionic
radius replace the smaller Ga + ions in octahedral sites. '

The replacement decreases the crystal field of the Cr +

ion, the strength of which rejects the distance between
the central Cr + ion and six nearest-neighbor 0 ions. '

The crystal field of Cr +:GSAG and Cr +:GSGG is in-
termediate, the E and T2 levels being close together in

energy. The energy separation (hE =Ezo EFO) is—
50—110 cm '.' ' ' The superposition of the broadband
on the R line and its phonon sideband in Cr +:GSGG is
observed even at 1.6 K, where the thermal energy k~ T is

fairly sma11 relative to the energy separation. The ratios
of IT/Iz for GSAG and GSGG are —5. These experi-

Eex {a) 6SGG

&00 200 300''
i

400
I

I

I

I

Raman

&00 200 300

wave number ( cm ' )

400

Eex (b) GSAG

emissi on

mental results indicate that the mixing of the T second
2

2
excited vibronic state into the E lowest excited vibronic
state occurs through spin-orbit coupling in the nonadia-
batic Hamiltonian.

Figure 3(a) shows the phonon structure of the emission
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FIG. 2. Emission spectra of Cr +-doped Y3,Ga4 901~
(YGG1), Y3 8Ga4. zOiz (YGG2), Gd3Scz zAlz 80iz (GSAG), and

Gd3Scl 9Ga310,~ (GSGG) at 10 K with excitation using the
488-nrn resonance line from an Ar+-ion laser.

FIG. 3. Fluoresence line narrowing of Cr + ions compared

with Rarnan spectra at 300 K: (a) GSGG at 10 K excited in the

R l (a) line at 696.6 nm and (b) GSAG at 4.2 K excited in the R l

line at 692.7 nm. The energy origin of emission spectra is the

excitation energy.
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of Cr +:GSGG observed at 10 K with excitation of 696.6
nm resonant with the R, (a) line ' and the Raman spec-
trum at 300 K. The horizontal scale is changed to a wave
number in order to compare the emission spectrum with
the Raman spectrum. The origion is 14 355 cm of exci-
tation energy. The R

&
line is accompanied by its phonon

replica. The arrows indicate that the phonon energies be-
tween the emission and Raman spectra are equal to each
other. The phonon energy (100 cm ') of the emission
spectrum is shifted to lower energy from that (113 cm ')
of the Raman spectrum. It may be due to phonon cou-
pling with the excited state. The phonon spectrum
around 178, 278, and 355 cm ' is the accepting phonon
modes. The sharp line denoted by To and T, are separat-
ed in energy by 186 cm ', which is nearly equal to the
phonon energy (178 cm ') denoted by A, . The intensity
ratio of the To and T& lines is about 1:4. The To and T&

lines may be assigned as the zero- and one-phonon lines,
respectively, due to the T2~ A2 transition assisted by
the promoting phonon mode. Equation (28} indicates
that the zero-phonon energy of the broadband is shifted
to lower energy from the R& zero-phonon line by an
amount equal to the energy fuu' of the promoting pho-
non. Similar spectra were observed in Cr +:GSAG, as
shown in Fig. 3(b}. The energy origin is 14441 cm
The phonon energy (104 cm ') of the emission spectrum
is also shifted to lower energy from that (122 cm ') of the
Raman spectrum. The energy separation (161 cm ') be-
tween To and T& is very close to that (160 cm ') of the
accepting phonon mode denoted by A, .

The temperature dependence of R-line spectra of
Cr +:GSGG excited with 488 nm from an Ar-ion laser
was measured. The line shape of the R, line observed at
10 K fitted a Gaussian due to an inhomogeneous
broadening. The width b,o in Eq. (29) was 6 cm '. In-
creasing the temperature broadens the R

&
line. The tem-

perature dependence of the width is assumed to be
[&»,(&)] =ho+[ho(T)] and 6»,(10)=ho. The values
of 6»,( T) and do( T) at temperature T are summarized in
Table I.

Figure 4 shows the temperature dependence of the
emission spectra of Cr +:GSAG. The linewidths of R
lines and their phonon sidebands are broadened, and the
broadband is enhanced with the increase of temperature.
The integrated intensities of the emission spectra are al-
most constant up to 300 K. The lifetime and intensities

10
30
45
60
70
90

120
176

6
6
7
9

18
22
42
50

0
0
4
7

17
21
42
50

TABLE I. Linewidth of R
&

line of Cr +:GSGG.

Width (cm ')
Temperature T (K) A,b,(T) (cm ') 60 (cm ') ho(T) (cm ')

700 coo
wave l eng t h (nm)

t

900

of Cr +:GSAG (Ref. 17) and Cr +:GSGG (Refs. 16 and
17}were decreased abruptly above 500 K.

IV. COMPARISON
OF EXPERIMENTAL RESULTS WITH THEORY

We calculate the line shape using Eq. (28) to compare
with the observed spectra in Cr +:YGG1, Cr +:YGG2,
Cr +:GSAG, and Cr +:GSGG in Fig. 2. Equation (28)
includes terms of both zero-point vibration of the accept-
ing mode and the breakdown of the adiabatic potential
caused by the promoting mode. The former is indepen-
dent of temperature, whereas the latter includes the tem-
perature dependence of the mixing coefficient ao multi-
plied by a factor of N .+ 1. Which mode is dominant for
the broadband is determined experimentally. Here we as-
sume that the promoting mode effect is dominant, taking
account of FLN measurements (Fig. 3) and temperature
dependence of the luminescence (Fig. 4) of Cr +:GSGG
and Cr + GSAG.

First, we estimate the physical parameters in Eq. (20):
We determine Sz-=5.5 and SE =0.5 from the line-shape
analysis of the broadband due to the T2 A2 transition
and of the R line and its phonon sideband due to the
E~ A2 transition in the case of Cr +:GSGG. The

electronic transition probabilities Pz„and Pz~ are es-
timated from the lifetime of the Cr + luminescence. The
lifetime of the R line of Cr +:Y3A150,2 (YAG) associated
with Cr + ions in a strong crystal field is =8 ms at 4 K,

FIG. 4. Temperature dependence of the emission spectra of
Cr'+-doped Gd3Sc»Al& 80» (GSAG) with excitation using the
488-nm resonance line from an Ar-ion laser.
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FIG. 5. Calculated line shapes of the Cr'+ luminescnece due
to transitions from (a) the pure 'F. lowest excited state (ao =0),
(b) the lowest excited stated mixed between E and T, vibronic
states with mixing parameter ao =0.01, (c) the mixed lowest ex-
cited state with ao=0.04, and (d) the pure T2 lowest excited
state. Dotted curves represent the contribution from a fraction
of the T2 vibronic state in the lowest excited state. The origin
of the calculated line shape in (a), (b), and (c) takes the energy
(690 nm) of the R, lines of Cr +:YGG2 and Cr +:GSAG,
whereas that in (d) takes the energy of the zero-phonon line
from the T2~ A2 transition.

whereas that of the broadband of Cr +:La3Lu2Ga30&2
(LLGG) with a weak crystal field is = 150 ps at 4 K. As
PE„and PT~ are the inverse of the lifetimes, the ratio
PE„.PT„ is 1:50. The linewidths [full width at half max-
imum (FWHM)] of the zero-phonon R lines observed in
YGG1, YGG2, GSAG, and GSGG are in the range
10—50 cm '. The large widths observed in YGG2 and
G SAG are caused by disorder due to the non-
stoichiometric composition of mixed garnet crystals. The
value of 50 is 20 cm '. The accepting phonon spectrum
p(E) is determined from the observed phonon sideband
due to the transition E~ A2. The phonon structure in
YGG1 and GSGG is resolved, whereas that in YGG2
and GSAG is unresolved. Then the accepting phonon
spectrum for the E state is approximated by the sum of
four Gaussian with Ace&=180 cm ', fico2=380 cm
Ac03 520 cm ', and Aco4 =720 cm ' with
ai.a2:a3.a4=0.1:0.7:0.12:0.08 in Eq. (30), whereas that
for the T2 state is a single Gaussian with
%co, =180 cm '. The promoting phonon energy fico' is
100 cm . The widths 6, of these Gaussian distributions
are nearly equal to 50 cm

Figure 5 shows the line shapes at T =0 calculated us-
ing Eq. (28), the estimated physical values, and different
values of mixing parameter ao. The origin of the calcu-
lated line shape is set to the energy (690 nm) of the R,
lines of Cr +:YGG2 and Cr +:GSAG. The intensity of
the experimental zero-phonon emission line may be re-
duced because of the reabsorption. The reduction factor

is defined as R. Figure 5(a) shows the line shape due to a
transition from a pure E lowest excited vibronic state,
corresponding to a0 =0, with a reduction factor R =0.3.
The line shape calculated using a0=0.01 and R =0.3
[Fig. 5(b)] fits the observed spectrum of Cr3+:YGG2.
The broadband is gradually enhanced as the mixing pa-
rameter ao increases. The line shape calculated using
ao =0.04 and R =0.18 [Fig. 5(c)] fits the observed spec-
trum of Cr:GSAG. The line shape due to a transition
from the pure T2 lowest vibronic state [Fig. 5(d)] is ap-
propriate to the observed spectra of Cr +:La3Lu2Ga30)2
(Ref. 4) and Cr +:ZnWO4. ' The values of ao calculated
for YGG2 and GSAG are small compared with those
(ao=P /a =0.02, 0.1) estimated from the temperature
dependence of the intensity ratio IT/IE. The difference
may be due to the estimation of IT/IF because it is
difficult to separate accurately the different parts of the
E~ A2 and T2~ A2 transitions in the observed emis-

sion spectra.
The temperature dependence of the line shape of the

luminescence and the decay times including the effect of
radiationless transitions between the excited states and
between the excited and ground states is very important
for laser operations. The radiationless relaxation process-
es and energy migration in alexandrite, ' emerald,
and garnet crystals' ' have been studied by laser-
induced grating spectroscopy. The dephasing time T2,
corresponding to radiationless relaxation processes from
the T2 to the E states, is 33 fs for GSGG crystals. '

The processes involve internal conversion (IC) and inter-
system crossing (ISC). The radiationless relaxation to the
E level through intersystem crossing is dominant. The

ratio EN„(ISC)/KNR(IC) of the nonradiative decay rates
for the two processes was estimated to be 2.2 for the T2
band excitation of Cr +:GSGG. As the temperature in-
creases, radiationless transitions from the lowest excited
state to the ground state occur. The process reduces
the quantum efficiency of the luminescence. The ob-
served integrated intensities of the luminescence for
Cr +:GSAG and Cr +:GSGG are nearly constant below
300 K. The behavior of the spectra measured for
Cr +:GSGG in the range 77—600 K indicates lumines-
cence quenching above 500 K.'

We consider the temperature dependence of the line
shape of the luminescence for Cr +:GSAG, taking ac-
count of the above radiationless processes: The electron
excited into the T, or T2 band relaxes nonradiatively to
the lowest excited state through intersystem crossing.
The effect of radiationless transitions to the ground state
are neglected below room temperature. Increasing tem-
perature broadens the emission lines and excites popula-
tion in the higher excited electron levels. The contribu-
tion from temperature of the R-line width of
Cr +:GSGG is estimated and summarized in Table I.
The higher excited levels consist of the E vibronic levels
with dominant frequency 380 cm ' and the T2 vibronic
levels with a single frequency 160—180 cm ' for
Cr +:GSGG and Cr +:GSAG. The energy separation
between E and T2 zero-phonon levels for Cr +:GSAG
was estimated to be 150 cm ' from the temperature
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FIG. 6. Line shapes of the luminescence calculated as a func-
tion of temperature. The solid and dotted lines represent the
whole spectra and the component contributed from the second
excited state %"~00(r,R), respectively.

dependence of the intensity ratio Iz/IE. Here w. e as-
sume that the excited electron populates only the second
excited zero-phonon level associated with the wave func-
tion

0'zoo(r, R ) =%'zoo(. r, R ) a%'Eoo(r, R)—
and that the population to the higher vibronic levels
O'E„„-(r,R) and 4'r„„-(r,R) is neglected below 300 K.

Figure 6 shows the line shape of the luminescence calcu-
lated with a simple contribution from two E and T2
zero-phonon levels as a function of temperature. The
solid and dotted lines represent the whole spectra and the
components contributed from the second excited state
4'zoo(r, R), respectively. The calculated line shapes of the
luminescence agree with the observed spectra of
Cr +:GSAG in Fig. 4.

The enhancement of the broadband emission with the
increase of temperature has been calculated in terms of
the temperature dependence of the mixing parameter ao
produced by the promoting mode and thermal population
of the second excited zero-phonon level. Donnelly
et al. ' and others, have discussed a shift of T2 levels to
lower energy due to lattice dilation with the increase of
temperature. Increasing temperature, the energy separa-
tion hE between E and T2 states is reduced so that
thermal population to T2 occurs easily at lower tempera-
ture. However, it is very diScult to distinguish experi-
mentally between them.

V. CONCLUSIONS
(

The breakdown of the E and T2 adiabatic vibronic
states of Cr +, the energy levels of which are very close,
occurs through spin-orbit coupling and the nuclear
kinetic-energy operators. This effect shows up in the
emission spectra of Cr + ions in garnet crystals (e.g.,
Cr +:GSAG, GSGG). Even at T (30 K, where the
thermal energy is fairly small compared with the energy
separation between E and T2 levels, the experimental
emission line shape is composed of the R line with the
phonon sideband associated with the E~ A2 transition
and the broadband T2~ A2 transition. The calculated
emission line shapes due to the transition from the lowest
excited vibronic state mixed by spin-orbit coupling and
nuclear kinetic-energy operators agree fairly well with
the observed emission spectra in Cr +:YGG1,
Cr +:YGG2, Cr +:GSAG, and Cr +:GSGG. The calcu-
lated temperature dependence of the line shape also
agrees with that of the observed spectra for Cr +:GSAG.
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