
PHYSICAL REVIEW B 1 NOVEMBER 1997-IVOLUME 56, NUMBER 17
Effect of pressure and temperature on the lifetime of Cr31 in yttrium aluminum garnet
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~Received 14 April 1997!

We have measured the room temperature~RT! and 20 K luminescence lifetime of Cr31 in yttrium aluminum
garnet as a function of pressure up to 240 kbar. The RT lifetime changed from 1.7~1! ms at ambient pressure
to 42~2! ms at 220 kbar and the 20 K lifetime from 8.8~1! ms at ambient pressure to 67~2! ms at 240 kbar, the
largest value ever observed for a Cr31-doped material. The distinct pressure dependences of the RT and 20 K
lifetimes allowed us to clearly distinguish the contributions of electronic radiative decay,2E→4A2 vibronic
transitions, and the thermal population of the4T2 state to the2E→4A2 transition of Cr31. Analysis of the
temperature dependence of the ambient-pressure lifetime showed that both the2E→4A2 and 4T2→4A2 vi-
bronic transitions have a significant effect on the2E→4A2 luminescence lifetime. Within the context of the
single configurational coordinate model, the coupling of the2E and 4T2 states via the spin-orbit coupling
(HSO) and the electron-phonon coupling (HEP) mechanisms was considered in describing the observed life-
time as a function of pressure. Models formulated in either theHEP.HSO orHSO.HEP perturbation schemes
agreed well with the lifetime data.@S0163-1829~97!02341-2#
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I. INTRODUCTION

Trivalent chromium (Cr31) has been widely used as
luminescent dopant and luminescence sensitizer in var
materials. Recent investigations have focused extensivel
electronic structure, radiative, and nonradiative processe
octahedrally coordinated Cr31 systems due to the potentia
application of Cr31-doped systems as tunable solid-sta
lasers,1–3 high-temperature sensors,4–8 and high-pressure
calibrants.9,10

Spectroscopic properties of Cr31 systems depend directl
on the crystal-field~CF! strength (Dq/B) which determines
the sequence of the two lowest excited states, the2E doublet
and 4T2 quartet. Since the4T2 quartet is sensitive toDq/B
and the2E doublet, in contrast, is insensitive toDq/B, their
energy separation,D5E(4T2)2E(2E), varies in different
Cr31 systems.

The energy separationD has a decisive effect on the Cr31

emission. WhenD,0, the low field case, Cr31 luminescence
occurs from the spin-allowed4T2→4A2 transition and is
characterized by a broad band with a short lifetime. In
high field case,D.0, the Cr31 luminescence arises from th
spin-forbidden 2E→4A2 transition and is characterized b
sharp zero phononR lines, phonon sideband, and relative
long lifetime. The appearance of the spin-forbidd
2E→4A2 transition is due to a direct linkage between t
spin doublet and quartet states through spin-orbit coupl
In intermediate fields,uDu→0, the 2E and 4T2 states
strongly couple both thermally and through spin-orbit co
pling. As a consequence, the luminescence will have cha
teristics of both states. Theoretical attention has been
voted to understanding the doublet-quartet coupl
mechanism and recent models have been proposed to
count for the effect of the4T2-2E energy separation on th
emission line shape and lifetime of Cr31 ~Refs. 11–15!.

Of particular recent interest are Cr31-based garnets. Gar
net hosts are important both technologically and beca
560163-1829/97/56~17!/10882~10!/$10.00
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they offer an opportunity for gaining a deeper understand
of doublet-quartet mixing due to the possibility of discrete
varing D from ;21000 cm21 to ;1000 cm21 in a series of
isostructural crystals by varing chemical composition. Gar
crystals belong to the cubicIa3d structure16–18and have the
general chemical formulaA3B2C3O12, where A denotes
dodecahedrally,B octahedrally, andC tetrahedrally coordi-
nated crystallographic cation sites. Cr31 ions preferentially
occupy theB sites and experience an octahedral crystal fi
with a small trigonal distortion.18,19A systematic decrease i
the CF strength experienced by Cr31 in garnets (Dq/B
'2.59-2.39) was observed with increasing lattice constan
the following series: YAG ~Y3Al5O12!-YGG
~Y3Ga5O12!-GGG ~Gd3Ga5O12!-GSAG ~Gd3Sc2Al3O12!-
GSGG ~Gd3Sc2Ga3O12!-LLGG (La3Lu2Ga3O12).

11,17 More
detailed analyses of the Cr31 luminescence kinetics in this
series of garnet crystals have attempted to describe a ge
theoretical coupling scheme of the4T2 and 2E states as a
function of Dq/B or D.11–13,15,20–22

Recent high-pressure spectroscopic studies on Cr31-doped
garnets10,23,24 and other Cr31-activated materials25–30 have
clearly demonstrated that high pressure is a powerful tool
investigating the2E-4T2 coupling of Cr31 systems becaus
of its ability to continuously alter the CF strength and t
4T2-2E energy separation. As a consequence, high pres
provides fine control and continuous tuning of the degree
mixing of the two coupled states of Cr31. This capability is
particularly important right at the point of crossover of th
2E and 4T2 states where their interaction is strongest a
changes most abruptly with changes inD. Pressure is also
useful, when combined with simultaneous temperature va
tion, for separating thermal population effects from sp
orbit coupling effects and therefore provides a finer basis
developing theoretical models. In addition, with pressure
coupling of the states can be studied in a given chem
composition thereby avoiding potential complications due
differences in factors such as defects and dopant aggreg
10 882 © 1997 The American Physical Society
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that may accompany changes in chemical composition.
The objective of this paper is to present combined pr

sure and temperature studies of Cr31 in yttrium aluminum
garnet ~YAG!. Since a pure2E→4A2 emission is spin-
forbidden and activated via4T2 coupling, the lifetime of
Cr31 provides a quantitative reflection of the degree
2E-4T2 coupling. Previous ambient pressure studies
Cr31:YAG have focused on CF analysis,31 absorption and
excitation spectra,32–34and temperature dependence of lum
nescence and lifetime.8,35–37They provide a good basic foun
dation which can be expanded with high-pressure studie
previous room-temperature~RT! study of the effect of pres
sure on the luminescence of Cr31:YAG up to 150 kbar10

revealed a large change in the luminescence and lifet
properties. At RT and ambient pressure, however, Cr31:YAG
showed zero phonon2E→4A2 , phonon-assisted2E→4A2 ,
and broad4T2→4A2 emissions. These overlapping lumine
cence contributions complicate spectral analysis and hin
the theoretical analysis and understanding of the2E-4T2
coupling process. In the present study, we have extended
pressure range up to 240 kbar and have considered the e
of temperature at various pressures in order to separate
different physical processes involved in the Cr31:YAG lumi-
nescence. Lifetime results as a function of pressure and
perature were quantitatively analyzed taking into acco
spin-orbit and electron-phonon coupling within the sing
configurational coordinate~SCC! model. We show that the
proposed theoretical models can reasonably describe
pressure and temperature variation of the lifetime
Cr31:YAG.

II. THEORY

Cr31(3d3) ions as optical centers in a host lattice strong
interact with lattice phonons because of the spatial exten
d electrons in the solid. The coupled electron-phonon sys
for Cr31 is described by the following vibronic
Hamiltonian:13,38

H5HEL1HPH1HEP1HSO, ~1!

whereHEL is the electronic Hamiltonian including the stat
crystal field potential (HCF), HPH is the lattice phonon
Hamiltonian,HEP is the electron-phonon interaction, an
HSO represents the spin-orbit coupling. In the Bor
Oppenheimer adiabatic approximation, the vibronic wa
functions can be expressed as a product of the electronic
vibrational wave functions.

A. Single configurational coordinate model

In the harmonic approximation, vibrational states are r
resented by harmonic oscillator wave functions,un&, wheren
is the the vibrational quantum number. Using the SC
model, the vibronic wave functions for the4T2 quartet and
2E doublet are given by

u2E,a&5u2E&ua&, EE
a5EE

01a\v,

u4T2 ,b&5u4T2&ub&, ET
b5ET

01b\v, ~2!

whereua& andub& refer to the vibrational levels of the2E and
4T2 harmonic electronic energy potentials. In the pres
-
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work we assume that the phonon energy\v is the same for
both states.EE

0 andET
0 are the zero phonon energies of the2E

and 4T2 states in the absence of perturbations and are de
mined by the HamiltonianH05HEL . Figure 1 shows the
SCC diagram for the2E and 4T2 excited states as well as th
4A2 ground state of Cr31 ~Refs. 13,15,38!. The Huang-Rhys
factorS measure the Franck-Condon offset for the4T2↔4A2
transition. We have assumed no Franck-Condon offsetSE
50) for the 2E↔4A2 transition because the2E and 4A2
states belong to the samet3 configuration.

B. 4T2-2E mixing

Since it is not possible to solve the eigenvalues of Eq.~1!
exactly, we have used a perturbation method. When the s
orbit coupling is weaker than the electron-phonon inter
tion, HSO,HEP, we considerHSO as the perturbation. This
case will be referred to as model I. IfHEP,HSO, HEP is
treated as the perturbation, referred to as model II. The th
ries have been described in detail previously in Refs. 12,
15 and will only be summarized here. The summary is
tended to facilitate later discussion of the experimental
sults.

1. Model I: HSO<HEP

In this model, the spin-orbit coupling is treated as a p
tubation to the system. The resulting Hamiltonian becom
H5H01HSO, where the zero-order HamiltonianH0 con-
tains the first three terms of Eq.~1!. The energy matrix ele-
ments ofH based on the basis wave functions given in E
~2! are given by

^2E,auHu2E,a8&5~EE
01a\v!da,a8 ,

^4T2 ,buHu4T2 ,b8&5~ET
01b\v!db,b8 ,

FIG. 1. Energy level diagram for Cr31:YAG. NT andNE are the
population of the4T2 and 2E states.gT andgE denote the energy
level degeneracy of the4T2 and 2E states, wheregT /gE53. WE

andWT are defined as the total2E→4A2 and 4T2→4A2 transition
probabilities.
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10 884 56Y. R. SHEN AND K. L. BRAY
^2E,auHu4T2 ,b&5^HSO&^aub&, ~3!

where^HSO&5^2EuHSOu4T2& is the effective spin-orbit cou
pling constant.̂ aub& is the vibrational overlap integral an
can be evaluated using Manneback recursion formulas.39,40

We have neglected the contribution of the spin-orbit co
pling to the diagonal matrix elements because the spin-o
coupling does not split the2E doublet in cubic field symme
try and results in negligibly small splittings of the4T2
quartet.41 By diagonalizing the secular energy matrix ofH,
we obtain the eigenvalues and the eigenvectors. The re
ing perturbed 2E and 4T2 wave functions,uCE ,m& and
uCT ,n&, are linear combinations of the basis wave functio
as follows:

uCE ,m&5(
a
CE,a

m u2E,a&1(
b
CT,b

m u4T2 ,b&,

uCT ,n&5(
b
CT,b

n u4T2 ,b&1(
a
CE,a

n u2E,a&, ~4!

where the mixing coefficientsCE,a andCT,b are given by the
eigenvectors. In the application of this model, a reasona
limited set of basis wave functions can be used to solve
eigenvalue problem because of the rapid convergence o
vibrational overlap integral with increasing number of vibr
tional quanta.

2. Model II: HEP<HSO

The order of the contribution of pertubationsHEP and
HSO has an interesting effect on the mixing between the4T2
quartet and the2E doublet.13 The main reason for this is tha
HEP is diagonal with respect to the pure electronic2E and
4T2 wave functions. As a result in model I, whereHEP is
applied beforeHSO, HEP leads to no off-diagonal elemen
and does not mix the2E and 4T2 states. In actuality,HEP
leads to mixing in the presence of spin-orbit coupling. Mod
II attempts to account for this effect by first applyingHSO to
mix the pure electronic2E and 4T2 . Subsequent applicatio
of HEP then leads to further mixing. Models I and II ca
therefore be viewed as different limiting case approximatio
of a more general model in whichHEP andHSO are compa-
rably important.

When we reverse the order of the spin-orbit and electr
phonon perturbations used in model I, we first assume
lattice is frozen at an equilibrium position. Thus, the ze
order Hamiltonian isHEL and the zero-order wave function
are the pure electronic statesu2E& and u4T2&. Model II, re-
ferred to by Wojtowiczet al. as the frozen lattice model,13

includes two steps. In the first step, spin-orbit coupling
introduced as a perturbation to mix the two purely electro
states. In the second step, the electron-phonon coupling
the lattice Hamiltonian as further perturbations are includ

Spin-orbit coupling leads to mixing of the2E and 4T2
states and yields the following wave functions:

uFE&5CEu2E&2CTu4T2&,

uFT&5CTu2E&1CEu4T2&,

where
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CE5A1

2 F11
D

AD214^HSO&2G 1/2

,

CT5A1

2 F12
D

AD214^HSO&2G 1/2

, ~5!

andD is the energy separation between the unperturbed4T2

and 2E states,D5ET
02EE

0 .
Using the spin-orbit perturbed states as basis wave fu

tions and conventional perturbation methods, the electr
phonon interaction and the lattice Hamiltonian are then ta
into account simultaneously. A rigorous solution would i
volve diagonalization of the resulting matrix. In the case
Cr31:YAG, in which a large 4T2-2E energy separation is
present, the off-diagonal elements are small and the follo
ing 2E vibronic wave function becomes an excellent a
proximation:

uCE ,a&5uFE ,a&1(
b

^buHEPua&

D̄1b\v
uFT ,b&, ~6!

where D̄5AD214^HSO&2. In the assumption of linea
electron-phonon coupling, the mixing coefficients can be
tained. For example, the mixing coefficient foruCE,0& is
given by13

CT,b
0 5

^buHEPu0&

D̄1b\v
52&

CECT

CE
22CT

2

3
2b\v1S̄\v~12A1/2!

D̄1b\v

exp~2S̄!S̄b

b!
,

whereS̄ is defined asS̄5S(CE
22CT

2)2.
Models I and II, as formulated above, will be used belo

to describe the pressure dependence of the RT and 2
lifetimes of Cr31:YAG.

III. RESULTS AND DISCUSSION

A. Experimental procedure

The sample used for the present study contains 0.5 mo
Cr31 ions. Because of the large blue shift of the4T2→4A2
absorption band with pressure, different excitation wa
lengths were used at low and high pressures. Below
kbar, pulsed 580 nm excitation obtained from a Nd31:YAG
laser pumped dye laser~Rhodamine 590 dye! was used.
Above 160 kbar, the 532 nm pump wavelength of t
Nd31:YAG laser was used directly to excite Cr31. The lumi-
nescence was dispersed by a 1 m monochromator and de
tected by a photomultiplier tube. The luminescence de
data were collected by a 100 MHz digital storage oscil
scope capable of averaging over 1000 signal pulses. H
pressure was generated in a diamond anvil cell~DAC! based
on a modified Merrill-Bassett design. For low-temperatu
experiments, the DAC was cooled by a closed-cycle cr
genic refrigerator. The pressure was calibrated with theR1
luminescence line of ruby.9,42 A 4:1 mixture of methanol-
ethanol served as the pressure transmitting medium. Pie
rini et al.9 showed that this mixture remains hydrostatic up
;100 kbar and quasihydrostatic up to;200 kbar. In the
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present high-pressure experiments, the well-resolvedR lines
and the symmetric line shapes of ruby indicated that a qu
hydrostatic pressure distribution was maintained up
240 kbar.

B. Ambient pressure luminescence and temperature induced
R-lines shift

The luminescence features of Cr31:YAG ~emission inten-
sity, lifetime, and line position! are strongly temperatur
dependent.10,33,35,36Figure 2 shows typical ambient pressu
luminescence spectra of Cr31:YAG at RT and 20 K. The low
temperature spectrum consisted of the two2E→4A2 zero-
phononR lines ~6873.6 Å forR1 and 6864.2 Å forR2! and
the associated Stokes phonon sideband. At RT, a struct
anti-Stokes emission band appeared on the high energy
of the R lines. In addition, we observed a broad4T2→4A2
emission band~approximated with the dotted curve in Fig. 2!
which develops upon thermal population of the4T2 state at
RT.

In the temperature region 12 K–RT, theR1,2 lines of
Cr31:YAG shifted to longer wavelength with increasing tem
perature. The line shift as a function of temperature is sho
with open circles forR1 and open squares forR2 in Fig. 3.
The red shifts for theR1,2 lines of Cr31:YAG with tempera-
ture from 12 K to RT were very similar, about 32 cm21, and
are twice as large as the red shifts for the rubyR lines.43 The
temperature-induced shifts are primarily due to the coup
of optically active ions with lattice phonons and can be d
scribed by the generalized form44

DE(T)5 a2p 0` D̄(v)n(v)dv,~7!

wheren(v)5@exp(\v/kBT)21#21, kB is the Boltzmann con-
stant, anda is the ion-phonon coupling constant.D̄(v) is the
effective phonon density of states~DOS! resulting from the
ion-phonon interaction and is related to the low-temperat
vibronic structure, the phonon sideband associated with
zero-phonon line. Since the vibronic transition intens

FIG. 2. Ambient pressure luminescence spectra of Cr31:YAG at
20 K and RT. The dotted curve denotes the broad4T2→4A2 emis-
sion band.
i-
o

ed
ide

n

g
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re
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should be proportional to both the effective phonon DOS a
the probability of emitting a phonon, 11n(v), the effective
phonon DOS for Cr31:YAG can be determined from the
phonon sideband of the 20 K luminescence spectrum in
2 by a normalization procedure and is presented in Fig. 4
the same way, the effective phonon DOS for V21:MgO was
obtained by Zhanget al.45 and for Sm21:KBr by Timusk and
Buchanan.46 The results for these two cases showed qu
good agreement with the phonon DOS for the host cry
determined from neutron scattering experiments, referre
here as the lattice phonon DOS. Although no direct exp
mental data for the lattice phonon DOS of YAG crysta
have been reported, the infrared spectra,47–49an early Raman
spectrum,50 and our present Raman spectrum in Fig. 4 co
firm that the effective phonon DOS derived from th
2E→4A2 phonon sideband of Cr31:YAG is reasonable.

FIG. 3. Temperature dependence of theR1,2-lines shift of
Cr31:YAG at ambient pressure.

FIG. 4. Effective phonon density of statesD̄(v) for Cr31:YAG
~top, derived from the 20 K vibronic emission sideband shown
Fig. 2! and a room-temperature Raman spectrum of YAG upon
nm excitation~bottom!.
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10 886 56Y. R. SHEN AND K. L. BRAY
When theD̄(v) of Fig. 4 is used in Eq.~7!, we obtain the
solid line theoretical curve for theR-line shift with tempera-
ture shown in Fig. 3. The coupling constanta
52836(40) cm21 was chosen to give the best fit to the lin
shift data and is almost twice as large as the value for r
(a52400 cm21).43 It is seen from Fig. 3 that the line shif
data agree well with the theoretical curve. Zhanget al.45

used the effective and lattice phonon DOS to describe
temperature dependence of the linewidth and line shift
V21:MgO, and found that the effective phonon DOS yield
a better fit than the lattice phonon DOS. They also app
the two different phonon DOS to the specific heat for pu
MgO crystal, and found that the lattice phonon DOS fits
data very well, whereas the effective phonon DOS does
It is not surprising that the effective phonon DOS did not
the specific heat data since the specific heat results from
phonon contribution of the entire lattice, whereas the eff
tive phonon DOS results from only the ion-phonon intera
tion. On the other hand, the temperature-induced line bro
ening and line shift can be described very well by t
effective phonon DOS because only the phonons partici
ing in the ion-phonon interaction are important. Therefo
we believe that the effective phonon DOS obtained from
vibronic structure reasonably reflects the effect of the i
phonon interaction on the line shift with temperature.

C. Temperature dependence of2E lifetime

The ambient pressure2E lifetime of Cr31:YAG was mea-
sured from 12 K to RT. Figure 5 shows the present lifetim
data together with those obtained by Hehiret al.33 over the
temperature region from 77 K to 400 K and by Fernicola a
Crovini5 from ;288 to ;550 K. These data are in clos
agreement with each other in the overlapping tempera
regions. At temperatures below;100 K, the lifetime was
nearly constant. As temperature was increased ab
;100 K, the lifetime began to decrease rapidly. This ra
decrease in lifetime with increasing temperature is mai
due to the appearance of the anti-Stokes phonon sideb
and the broad4T2→4A2 emission band, as seen from th
typical RT spectrum in Fig. 2.

The temperature dependence of the2E lifetime, under
conditions of thermal equilibrium with the4T2 state, is given
by22,35,38

tE
215

WE1WT~gT /gE!exp~2D/kBT!

11~gT /gE!exp~2D/kBT!
. ~8!
y

e
n
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e
e
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e
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When WE and WT in Eq. ~8! are assumed to be the pu
electronic radiative transition probabilities~WE

0 and WT
0!,

only the effect of the thermal population of the4T2 state is
included in the temperature dependence of the2E lifetime.
This approach has been used previously to anal
temperature-dependent and pressure-dependent lifetime
ies of Cr31 in YAG and other garnets.10,22,35A more com-
plete analysis requires inclusion of the temperature dep
dence of the radiative decay rates of the phonon-assi
Stokes and anti-Stokes sideband transitions. The Stokes
non process originates from emission of a phonon of ene
\v with a transition probability,D̄(v)@11n(v)#, and the
anti-Stokes phonon process originates from absorption
such a phonon with probabilityD̄(v)n(v).51 The total con-
tribution of the two processes to the transition probability
D̄(v)@112n(v)#5D̄(v)coth(\v/2kBT). The total transi-
tion probability for the 2E→4A2 transition of Cr31:YAG
may be derived by integrating over all phonon-assisted tr
sitions: WE(T)5WE(0)*0

`D̄(v)coth(\v/kBT)dv, where
WE(0) is the direct process2E to 4A2 transition atT50 and
equal to the pure electronic transition probability,WE

0 . Thus,
the temperature dependence of thetE lifetime can be de-
scribed more fully by

FIG. 5. Temperature dependence of the2E luminescence life-
time of Cr31:YAG at ambient pressure. Data 1: this work; da
2: Hehiret al. ~Ref. 33!; and data 3: Fernicola and Crovini~Ref.
5!. The curves 1, 2, and 3 were calculated using the values forWE

0 ,
WT

0 , D given in Table I.
fitting

n
rature,

m
Fig.
tE
215

WE
0*0

`D̄~v!coth~\v/2kBT!dv1WT
0~gT /gE!exp~2D/kBT!

11~gT /gE!exp~2D/kBT!
, ~9!

whereD̄(v) is given in Fig. 4.WE
0 , WT

0 , andD are adjustable parameters which can be determined in the least squares
to the experimental data presented in Fig. 5.

In calculating the temperature dependence of the2E lifetime, the temperature dependence of the energy separatioD
between the4T2 and 2E levels was further taken into account and was assumed to decrease linearly with tempe
dD/dT520.1 cm21/K, based on the shift rate of20.25 cm21/K for 4T2 ~Ref. 22! and about20.15 cm21/K for 2E obtained
from Fig. 3. Our first fit of Eq.~9! to the temperature dependence of the2E lifetime over the whole temperature region fro
12 to 550 K produced the values forWE

0 , WT
0 , andD presented in Table I and the calculated result shown as curve 1 in
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5. It can be noted from Fig. 5 that Eq.~9! fitted the high-temperature data closely. However, the fit over the temperature r
below;240 K showed a significant deviation from the data. Curve 2 represents a fit for only the data at and below R
restricted fit led to excellent agreement in the low-temperature region, but to a large deviation in the temperature regio
RT ~see curve 2 in Fig. 5!.

This large deviation in the high-temperature region occurs because the broad Stokes-shifted4T2→4A2 emission is a
vibronic transition with a temperature dependence that was not taken into account in Eq.~9! and that also contributes to th
decrease in the2E luminescence lifetime with increasing temperature. This effect is especially important at higher tem
tures, because the broad Stokes-shifted4T2→4A2 emission becomes dominant as the thermally induced population of the4T2
state increases. If we incorporate the coth(\v̄/2kBT) temperature dependence, which is valid for broad vibronic bands
vated by a single odd-parity phonon mode,38 for the 4T2→4A2 transition, Eq.~9! becomes

tE
215

WE
0*0

`D̄~v!coth~\v/2kBT!dv1WT
0coth~\v̄/2kBT!~gT /gE!exp~2D/kBT!

11~gT /gE!exp~2D/kBT!
, ~10!

TABLE I. Parameters fitted to the experimental lifetime data in Fig. 5.s denotes the standard deviation.

Curve Eq.
(WE

0)21

~ms!
(WT

0)21

~ms!
D

(cm21)
Fitting
range

s
~ms!

1 ~9! 8.2~2! 43~3! 1083~21! 12–550 K 0.37
2 ~9! 8.8~1! 240~20! 726~31! 12–300 K 0.22
3 ~10! 8.8~1! 154~15! 828~15! 12–550 K 0.23
fo
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where\v̄ is energy of the odd-parity phonon responsible
the vibronic process and will be assumed to be 400 cm21,
the value of the most intense sideband feature shown in
4. A fit of Eq. ~10! to the lifetime data in Fig. 5 using th
parameters given in Table I yields curve 3. A substan
improvement in the analysis of the fit is obtained when
temperature dependence of the4T2→4A2 transition is con-
sidered.

It should be noted that the theoretical description of
temperature dependence of the2E luminescence lifetime of
Cr31:YAG is mainly controlled by two parameters, the pu
radiative transition probabilityWT

0 for the 4T2 quartet and
the energy separationD between the4T2 quartet and the2E
doublet. Hehiret al.33 observed two4T2→4A2 zero-phonon
lines, 873 and 1066 cm21 relative to theR1 line, from the
excitation spectrum of Cr31:YAG at 77 K. The derivedD
value using Eq.~10! is very close to those observed in th
excitation spectrum. The value (WT

0)215154(15)ms ob-
tained from Eq.~10! is also close to the reported experime
tal 4T2 lifetimes of 90ms11 and;130ms14 for the low-field
system Cr31:LLGG (D0521000 cm21).

D. Pressure dependence of2E lifetime

Pressure affects the2E lifetime in a fundamentally differ-
ent way than temperature. Temperature affects the lifet
primarily through the thermal population of the4T2 state and
enhancement of radiative vibronic transitions. The ene
separationD is only secondarily influenced by temperatur
With pressure, on the contrary, an increase inD is the domi-
nant effect and the thermal population and vibronic intens
effects are secondary. As a result, variations in the stren
of 4T2-2E spin-orbit coupling with pressure assume prima
importance.
r

ig.

l
e

e

e

y
.

y
th

The luminescence and lifetime of Cr31:YAG at RT and
20 K were measured over a pressure range of 240 kbar.
pressure dependence of the RT and 20 K lifetimes
Cr31:YAG is shown in Fig. 6. The 20 K lifetime increase
from 8.8~1! ms at ambient pressure to 67~2! ms at 240 kbar,
while the RT lifetime increased from 1.7~1! ms at ambient
pressure to 42~2! ms at 220 kbar. Since the2E doublet and
4T2 quartet states can couple both thermally and through
spin-orbit interaction, the pressure-induced increase in
2E lifetime is directly related to the decoupling of these tw
states. The increase in the 20 K lifetime with pressure
attributed to the decrease in the purely electronic4T2-2E

FIG. 6. Pressure dependence of the2E luminescence lifetime of
Cr31:YAG at RT and 20 K. The solid lines denote polynomi
fitting curves showing the trends of lifetime changes with pressu
The dashed line denotes the 20 K lifetime data multiplied by
factor of 0.71~see text!.
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admixture through the spin-orbit interaction, due to the n
ligible contribution of the thermal population of4T2 to the
2E lifetime at 20 K. Since the main effect of high pressure
to increase the4T2-2E energy separationD, pressure results
in the reduction of the4T2-2E admixture and an increase o
the 2E lifetime.

Comparing the pressure dependence of the RT lifet
with that of the 20 K lifetime, one can notice from Fig. 6 th
as pressure is raised from 100 to 240 kbar, the RT and 2
lifetimes increase keeping a constant lifetime ratioR
5tE(RT)/tE(20 K). The lifetime ratio is pressure indepe
dent and the valueR50.71 was obtained from the RT an
20 K lifetime data at pressures above 100 kbar. The das
line in Fig. 6 was obtained by multiplying the 20 K lifetim
data in the entire pressure range by 0.71. The proportio
difference between the 20 K and RT lifetime at pressu
above 100 kbar and in the dashed line extrapolation to lo
pressures is attributed to the vibronic2E→4A2 transition
associated with the Stokes and anti-Stokes phonon s
bands. Using Eq.~10!, the lifetime ratio at high pressure ca
be obtained if the effective phonon DOS at high pressur
known. The effective phonon DOS can be obtained from
normalized phonon sidebands and the evolution of the s
bands with pressure is shown in Fig. 7. Using the data of F
7 and only the temperature-dependent vibronic2E contribu-
tion to the lifetime in Eq.~10!, we obtainR50.69 at ambient
pressure andR50.68 at 240 kbar for the RT to 20 K lifetime
ratio. These ratios are very close to the ratio derived dire
from the experimental lifetime data, which indicates the g
in phonon sideband intensity with temperature is a relia
measure of the vibronic2E contribution to the reduction in
lifetime.

In the pressure range below 100 kbar, the thermal c
pling between the4T2 and 2E states at RT is an additiona
important process. The increase inD with pressure results in
a continuous loss and elimination of the contribution of t
thermal population of the4T2 state to the RT lifetime. This
is evident in Fig. 6, where the contribution of the therm
coupling, corresponding to the difference between

FIG. 7. Normalized2E→4A2 phonon sidebands of Cr31:YAG
at 20 K and different pressures.
-
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dashed line and the measured RT lifetime, diminished w
increasing pressure and was negligible above 100 kbar.

Theoretical modeling of the effects of pressure on
lifetime at RT and 20 K requires an understanding of h
pressure influences the spin-orbit coupling of the2E and 4T2

states. The spin-orbit coupling introduces4T2 quartet char-
acter into the2E doublet and relaxes spin selection rule f
the 2E↔4A2 transition. The radiative2E→4A2 transition
probability is proportional to the square of the mixing coe
ficients CTb representing components of the4T2 quartet in
the 2E doublet. The mixing coefficients can be calculated
models I and II formulated in the previous section. Sin
high pressure has a large effect on the degree of mix
through variation inD, we expect the radiative2E→4A2

transition probability to be strongly dependent on pressu
To calculate the mixng coefficients we need four physi

quantities:S, \v, D, and^HSO&. The Franck-Condon offse
S\v can be determined from the Stokes shift, which is t
energy difference between the zero phonon line and the
sorption or emission maximum. The4A2→4T2 absorption
band maximum in Cr31:YAG occurs around 605 nm
(;16500 cm21)32,52,53 and the 4T2→4A2 emission band
maximum is near theR1,2 lines ~see Fig. 2!. Thus, the zero
phonon energy of the4A2↔4T2 transitions is estimated to b
at about 15500 cm21, in close agreement with previous ob
served experimentally.33,34 These observations lead toS\v
5;1000 cm21 and S5;2.5, if we use the dominan
400 cm21 phonon sideband for\v.

The change inD, the 4T2-2E zero phonon energy separa
tion with pressure can be determined fromD5D0

1@dE(4T2)/dP2dE(2E)/dP#P, whereD0 is defined as the
4T2-2E energy separation at ambient pressure. Our anal
of the temperature dependence of the ambient pressure
time yields D05828 cm21 ~Table I!. The shift rate
dE(4T2)/dP59 cm21/kbar for Cr31:YAG has previously
been determined from the4T2→4A2 emission maximum up
to 40 kbar. No significant change in the shape of t
4T2→4A2 emission band with pressure was observ
previously,10 so we assume that the band maximum and z
phonon energy change at the same rate with pressure.
2E→4A2 R lines were observed to shift at a rate
dE(2E)/dP520.8 cm21/kbar up to 240 kbar. Combining
the shift rates of the4T2 and 2E states givesdD/dP
5;10 cm21/kbar.

The final quantity,^HSO&, was the only free paramete
used to calculate the mixing coefficientsCTb . To model the
pressure dependence of the 20 K and RT lifetime data
Cr31:YAG in Fig. 6, we have used Eq.~10! modified by
substitutingWT

0(buCTbu2 for WE
0 . The spin-orbit coupling

constant̂ HSO& and the radiative4T2 transition probability
WT

0 were adjusted as free parameters to achieve the bes
Within model I, 30 vibronic states for both the2E and 4T2
states were used to diagonalize the secular energy m
whose elements are calculated using Eq.~3!. Within model
II, the 4T2 vibronic states with contributions larger tha
0.1% were taken into account in Eq.~6!. Excellent agree-
ment between the model predictions and the experime
lifetime data was obtained for̂HSO&5211(10) cm21 and
(WT

0)215170(10)ms within model I, and ^HSO&
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5202(8) cm21 and (WT
0)215163(10)ms within model II.

The calculated results from the model II are shown in Fig
The average value of̂HSO&5207(9) cm21 derived from

the two present models is reasonably close to the repo
values of̂ HSO&5219 cm21 for YAG, ^HSO&5279 cm21 for
GGG, and^HSO&5319 cm21 for GSGG,15 as well as to the
value ^HSO&5291 cm21 calculated by Morrisonet al.31 in a
CF level simulation of Cr31:YAG. Struve and Huber11 used
the pure spin-orbit mixing model@Eq. ~5!# and estimated a
smaller value of̂ HSO&5105 cm21 in some Cr31-doped gar-
nets. The smaller value is due to the neglect of the elect
phonon interaction and artifically compensates for the ef
of a reduction of the electronic matrix elements through
brational overlap integrals.

In our description of the electron-phonon interaction
the framework of the SCC model and in introducing t
spin-orbit coupling as a perturbation, we assumed
Huang-Rhys factorS, the phonon energy\v, and the spin-
orbit coupling constant̂ HSO& to be pressure-independe
quantities. In fact, pressure induces slight changes in th
parameters. For the Huang-Rhys factor, it has been repo
in ruby that theS factor for the 4T2 quartet decreases b
1.4% at 100 kbar from the ambient pressure value of 3.526

The phonon energy should increase with pressure du
bond compression and stiffening of the lattice.
Cr31:YAG, a shift rate for\v of ,0.4 cm21/kbar can be
estimated from the2E→4A2 phonon sidebands at differen
pressures shown in Fig. 7. For the pressure-induced varia
in ^HSO&, no reliable experimental result is available. Fro
the symmetry restricted covalency model of the nephela
etic effect in transition metal ions,54–57we expect a decreas
in ^HSO& of about 1% at 100 kbar. This prediction assum
that the decrease in the RacahB parameter in Cr31:YAG
with pressure is similar to that reported by Ducloset al.26 for
ruby.

The overall agreement between the model predictions
the data is excellent. The main simplications contained in

FIG. 8. Calculated and experimental results for pressure de
dence of the 20 K and RT lifetimes of Cr31:YAG. Data 1–2 from
this work and data 3 taken from Ref. 10. The solid lines denote
calculated results from model II.
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present study are the assumptions of the cubic field appr
mation and the two level scheme. In fact, there is a sm
trigonal field distortion from perfect octahedral symmet
present at the Cr31 site in YAG. One can notice from a CF
analysis of Cr31:YAG at ambient pressure31 that the CF pa-
rameter ratio ofB3

4 to B0
4 ~1.26! is very close to the cubic

field ratio (A10/751.20). Furthermore, a pressure-induc
decrease in theR1,2-lines separation was observed in prev
ous work10 and in the present study. The2E splitting was
reduced from 19 cm21 at ambient pressure to 9 cm21 at 150
kbar. As pressure was increased above 150 kbar, theR1,2

lines were unresolved due to theR1,2-line overlapping and
the line broadening, however, the2E splitting was estimated
to be;6 cm21 at maximum pressure on the basis of a li
shape deconvolution. Since there is negligible contribut
of the spin-orbit coupling to the variation of the2E splitting
with pressure, we conclude that the observed decrease in
2E splitting is due mainly to a pressure-induced reduction
the magnitude of the second-order trigonal field parame
B0

2. This indicates that the trigonal field distortion of th
Cr31 site in YAG decreases with increasing pressure a
suggests that the cubic field approximation used
Cr31:YAG at ambient pressure and high pressure is reas
able.

Finally, the two level scheme presented in Fig. 1 sho
be sufficient enough to allow an accurate quantitative
scription of the temperature and pressure dependence o
2E lifetime in Cr31:YAG. Grinberg15 used an extended leve
scheme to describe the temperature dependence of the
nescence lifetime of Cr31 in some high and intermediat
field garnets. The extended level scheme was built by us
seven CF energy levels,G8(2E), G8(2T1), G6(2T1),
G6(4T2), G7(4T2), G8(4T2), andG88(

4T2). It was found that
the seven level scheme and the two level scheme gave
similar results.

IV. CONCLUSIONS

Our investigation of the pressure and temperature dep
dence of the luminescence lifetime of Cr31:YAG results in
the following conclusions.

~1! Combined pressure and temperature studies are a p
erful tool for resolving the different physical processes th
govern the properties of optical materials. In the pres
work, we demonstrated that pressure can be used to res
and separately quantify thermally sensitive contribution
the 4T2 state population and vibronic transitions to the lum
nescence decay of Cr31.

~2! The luminescence and lifetime of Cr31-doped systems
are strongly influenced by both spin-orbit coupling a
electron-phonon coupling processes of the2E and 4T2 states
of Cr31 at ambient and high pressure.

~3! Proposed theoretical models that account for th
processes in the context of the SCC model are able to
sonably describe the temperature and pressure variatio
the lifetime of Cr31:YAG.

~4! More generally, the present results have demonstra
the unique ability of high pressure to continuously tune

n-
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10 890 56Y. R. SHEN AND K. L. BRAY
degree of mixing of coupled states in a system with a giv
chemical composition. This ability can be exploited in t
study of other optical systems. Two such cases include
study of the 1E and 3T2 states ofd2 transition metal ions
~e.g., Cr41 and Mn51! in a tetragonal field, and the study o
strong 4f -5d configuration interactions of divalent 4f n lan-
thanide ions with a low-lying 5d state~e.g., Sm21!. Investi-
gations in these directions are currently in progress.
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