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Effect of pressure and temperature on the lifetime of CF* in yttrium aluminum garnet
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We have measured the room temperat®E) and 20 K luminescence lifetime of Erin yttrium aluminum
garnet as a function of pressure up to 240 kbar. The RT lifetime changed fré¢i) b3 at ambient pressure
to 422) ms at 220 kbar and the 20 K lifetime from 818 ms at ambient pressure to(@y ms at 240 kbar, the
largest value ever observed for a®Gidoped material. The distinct pressure dependences of the RT and 20 K
lifetimes allowed us to clearly distinguish the contributions of electronic radiative dé&ay,*A, vibronic
transitions, and the thermal population of tHE, state to the?E—“A, transition of CF*. Analysis of the
temperature dependence of the ambient-pressure lifetime showed that bdte-tE, and “T,— %A, vi-
bronic transitions have a significant effect on tfe—*A, luminescence lifetime. Within the context of the
single configurational coordinate model, the coupling of flieand “T, states via the spin-orbit coupling
(Hso) and the electron-phonon couplingtgs) mechanisms was considered in describing the observed life-
time as a function of pressure. Models formulated in eitherag>Hgg Or Hso> Hep perturbation schemes
agreed well with the lifetime dat§S0163-182¢07)02341-7

I. INTRODUCTION they offer an opportunity for gaining a deeper understanding
of doublet-quartet mixing due to the possibility of discretely
Trivalent chromium (Ct") has been widely used as a varingA from ~—1000 cm* to ~1000 cm ! in a series of
luminescent dopant and luminescence sensitizer in variousostructural crystals by varing chemical composition. Garnet
materials. Recent investigations have focused extensively arrystals belong to the cubl@3d structuré®*8and have the
electronic structure, radiative, and nonradiative processes igeneral chemical formulaA;B,C;0;,, where A denotes
octahedrally coordinated &r systems due to the potential dodecahedrallyB octahedrally, andC tetrahedrally coordi-
application of C?*-doped systems as tunable solid-statenated crystallographic cation sites.3Crions preferentially
lasers'™ high-temperature sensdf$ and high-pressure occupy theB sites and experience an octahedral crystal field
calibrants’*° with a small trigonal distortion®° A systematic decrease in
Spectroscopic properties of €rsystems depend directly the CF strength experienced by 3Crin garnets Dq/B
on the crystal-fieldCF) strength Dqg/B) which determines ~2.59-2.39) was observed with increasing lattice constant in
the sequence of the two lowest excited statesteoublet  the following series: YAG (Y3AlI50,,)-YGG
and *T, quartet. Since théT, quartet is sensitive tBq/B  (Y3Ga0,,)-GGG (GthGa0;,)-GSAG (GdSGAIS0;,)-
and theE doublet, in contrast, is insensitive B/B, their  GSGG (GtyS6,Ga0;,)-LLGG (Laglu,Ga0;,). 11" More
energy separationA =&(*T,)—&(%E), varies in different detailed analyses of the €rluminescence kinetics in this
Cr¥* systems. series of garnet crystals have attempted to describe a general
The energy separatioh has a decisive effect on the®Tr  theoretical coupling scheme of tH&, and ?E states as a
emission. Whem <0, the low field case, € luminescence function of Dg/B or A, 11-1315:20-22
occurs from the spin-allowedT,—*A, transition and is Recent high-pressure spectroscopic studies dh-Goped
characterized by a broad band with a short lifetime. In thegarnet®?>24 and other Ct'-activated materiafS—° have
high field caseA>0, the CF* luminescence arises from the clearly demonstrated that high pressure is a powerful tool for
spin-forbidden?E—“A, transition and is characterized by investigating the’E-*T, coupling of CF" systems because
sharp zero phonoR lines, phonon sideband, and relatively of its ability to continuously alter the CF strength and the
long lifetime. The appearance of the spin-forbidden“T,-2E energy separation. As a consequence, high pressure
2E—4A, transition is due to a direct linkage between theprovides fine control and continuous tuning of the degree of
spin doublet and quartet states through spin-orbit couplingmixing of the two coupled states of €r. This capability is
In intermediate fields,|A|—0, the E and *T, states particularly important right at the point of crossover of the
strongly couple both thermally and through spin-orbit cou-2E and “T, states where their interaction is strongest and
pling. As a consequence, the luminescence will have charachanges most abruptly with changesAn Pressure is also
teristics of both states. Theoretical attention has been deiseful, when combined with simultaneous temperature varia-
voted to understanding the doublet-quartet couplingion, for separating thermal population effects from spin-
mechanism and recent models have been proposed to amrbit coupling effects and therefore provides a finer basis for
count for the effect of thé'T,-2E energy separation on the developing theoretical models. In addition, with pressure the
emission line shape and lifetime of Cr(Refs. 1115 coupling of the states can be studied in a given chemical
Of particular recent interest are Crbased garnets. Gar- composition thereby avoiding potential complications due to
net hosts are important both technologically and becausdifferences in factors such as defects and dopant aggregation
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The objective of this paper is to present combined pres-
sure and temperature studies of Ciin yttrium aluminum
garnet (YAG). Since a pure’E—*A, emission is spin- Sshe
forbidden and activated vidT, coupling, the lifetime of E)
Cr* provides a quantitative reflection of the degree of
2E-4T, coupling. Previous ambient pressure studies of
Cr™:YAG have focused on CF analysts,absorption and
excitation spectrd2—>*and temperature dependence of lumi-
nescence and lifetinfe®~3"They provide a good basic foun-
dation which can be expanded with high-pressure studies. A Wr | Wg
previous room-temperatuf®T) study of the effect of pres- NP N 4
sure on the luminescence of TrYAG up to 150 kbat® T T T
revealed a large change in the luminescence and lifetime I*Az)
properties. At RT and ambient pressure, howevet! MAG
showed zero phonoRE—“A,, phonon-assistedE—“A,, )
and broad*T,— %A, emissions. These overlapping lumines-
cence contributions complicate spectral analysis and hinder )
the theoretical analysis and understanding of #ie*T, ,
coupling process. In the present study, we have extended the FIC- 1. Energy level duzagram for €:YAG. Ny andNe are the
pressure range up to 240 kbar and have considered the effdPulation of the'T; and ° states gy andge denote the energy
of temperature at various pressures in order to separate tiy/e degeneracy of théT, and *E States, whergy/ge=3. We
different physical processes involved in thé CYAG lumi- ~ 21dWr are defined as the totdE—*A; and *T,—A, transition
nescence. Lifetime results as a function of pressure and tenﬁ)—mbab'“t'es'

perature were quantitatively analyzed taking into account K hat the bh is th f
spin-orbit and electron-phonon coupling within the single WOk We assume that the phonon enefgyis the same for

configurational coordinatéSCO model. We show that the bothAStatessg and£7 are the zero phonon energies of i
proposed theoretical models can reasonably describe ifahd “T, states in the absence of perturbations and are deter-

pressure and temperature variation of the lifetime ofmined by the Hamiltoniaﬂ}ozHEg. Figure 1 shows the
CrtYAG. SCC diagram for théE and *T, excited states as well as the

“A, ground state of Cf (Refs. 13,15,38 The Huang-Rhys
Il. THEORY factor S measure the Franck-Condon offset for g %A,
transition. We have assumed no Franck-Condon offSgt (
Cr¥*(3d3) ions as optical centers in a host lattice strongly=0) for the ?E«*A, transition because théE and *A,
interact with lattice phonons because of the spatial extent oftates belong to the sané configuration.
d electrons in the solid. The coupled electron-phonon system
for Cr" is described by the following vibronic

N B. “T,-2E mixin
Hamiltonian®®38 2 d

that may accompany changes in chemical composition. [4Tg) \

Aoy

Since it is not possible to solve the eigenvalues of &y.
H=HeL+Hput+ Hept Hso, (1)  exactly, we have used a perturbation method. When the spin-

whereHg, is the electronic Hamiltonian including the static Qrb't coupling is weaker than the electron-phonon interac-

crystal field potential Hep), Hpy is the lattice phonon tion, Hso<Hgp, We considerHgg as the perturbation. This

Hamiltonian, Hep is the electron-phonon interaction, and ¢35€ will be referred to as model I. Kep<Hso, Hep IS
Hso represents the spin-orbit coupling. In the BOm_treated as the perturbation, referred to as model Il. The theo-

Oppenheimer adiabatic approximation, the vibronic waveries have been described in detail previously in Refs. 12, 13,

functions can be expressed as a product of the electronic ari&ngng ,:N'IL Ori1lli¥ tbelstjr?rgiarlzedi hneref. tLhe iumrrinrr?nr/]tlsl 'r”'_
vibrational wave functions. ended to facilitate later discussion of the experimental re

sults.
A. Single configurational coordinate model 1. Model I: Hso<Hep
In the harmonic approximation, vibrational states are rep- In this model, the spin-orbit coupling is treated as a per-

resented by harmonic oscillator wave functiofms, wheren : . I
is the the vibrational quantum number. Using the SCCtubat|0n to the system. The resulting Hamiltonian becomes

) ) ; 'H="Hy+ Hso, Where the zero-order HamiltoniaH, con-
anOdel' the V|bror)|c wave functions for tHT, quartet and tains the first three terms of E¢l). The energy matrix ele-
E doublet are given by

ments of H based on the basis wave functions given in Eq.
|2E,a)=|2E>|a>, 5§=Sg+ aho. (2) are given by
*T2.8)=1*"T)|B), EF=ET+Bhiw, 2) (PE,alH’E,a’)=(Eg+ ahw) 8o ar

where|a) and|) refer to the vibrational levels of théE and . . ’
4T, harmonic electronic energy potentials. In the present (“T2.BIH|*T2,B')=(E3+ Bhow) g p
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1/2

(°E,a|H|*T,,B)=(HsoX{a|B), () o \ﬁ . A
where(Hgso) = (2E|Hsd*T,) is the effective spin-orbit cou- : 2 VAZ+4(Hgo?]
pling constant{«|B) is the vibrational overlap integral and s

A

can be evaluated using Manneback recursion formiil&s. \ﬁ
We have neglected the contribution of the spin-orbit cou- T 2 W
pling to the diagonal matrix elements because the spin-orbit SO
coupling does not split théE doublet in cubic field symme- andA is the energy separation between the unpertuftied

try and results in negligibly small splittings of th&T,  and2E states,A=6$—6E.

quartet!* By diagonalizing the secular energy matrix &f Using the spin-orbit perturbed states as basis wave func-
we obtain the eigenvalues and the eigenvectors. The resulfons and conventional perturbation methods, the electron-
ing perturbed?E and “T, wave functions,|¥,m) and  phonon interaction and the lattice Hamiltonian are then taken
|¥+,n), are linear combinations of the basis wave functionsinto account simultaneously. A rigorous solution would in-
as follows: volve diagonalization of the resulting matrix. In the case of
Cr":YAG, in which a large“T,-2E energy separation is
present, the off-diagonal elements are small and the follow-
ing 2E vibronic wave function becomes an excellent ap-
proximation:

— n 4 n 2 a
|¥r,n) EB C1 4l T2n3>+§a: Ct ol°E.a), (4) Weoa)=|De,a)+ S <i_T;jw>

, ®)

|Pe,my=2 CE”,C,IZE,aH% CT o|*T,.8),

[®r.8), (6

where the mixing coefficientSg , andCr ; are given by the — _ _
eigenvectors. In the application of this model, a reasonablyvhere A=\A“+4(Hsp“. In the assumption of linear
limited set of basis wave functions can be used to solve thelectron-phonon coupling, the mixing coefficients can be ob-
eigenvalue problem because of the rapid convergence of tHained. For example, the mixing coefficient fp¥'g,0) is
vibrational overlap integral with increasing number of vibra- given by

tional quanta.
o _(BIHeAO) o CeCr

2. Model Il:  Hegp<Hso TAT A_+,8hw 22
The order of the contribution of pertubatioftézp and — S
Hso has an interesting effect on the mixing between tiig —pBho+Shw(l- V112) exp—9)s”
quartet and théE doublet'® The main reason for this is that x A+ Bhiw g

Hep is diagonal with respect to the pure electrosE and _ _
4T, wave functions. As a result in model I, whetép is ~ WhereS is defined asS=S(CZ2— )2
applied beforeHsq, Hep leads to no off-diagonal elements ~ Models | and Il, as formulated above, will be used below
and does not mix théE and *T, states. In actualityHgp to describe the pressure dependence of the RT and 20 K
leads to mixing in the presence of spin-orbit coupling. Modellifetimes of CF*:YAG.
Il attempts to account for this effect by first applyifio to
mix the pure electroni@E and *T,. Subsequent application Ill. RESULTS AND DISCUSSION
of Hgp then leads to further mixing. Models | and Il can
therefore be viewed as different limiting case approximations )
of a more general model in whichgp and Hgg are compa- Thg sample used for the present study contains 0.5 mol %
rably important. Cr*" ions. Because of the large blue shift of tfig,—“A;
When we reverse the order of the spin-orbit and electron@bsorption band with pressure, different excitation wave-
phonon perturbations used in model I, we first assume thi€ngths were used at low and high pressures. Below 160
lattice is frozen at an equilibrium position. Thus, the zero-kbar, pulsed 580 nm excitation obtained from a’NYAG
order Hamiltonian is{g, and the zero-order wave functions laser pumped dye las€Rhodamine 590 dyewas used.
are the pure electronic statt&) and |*T,). Model II, re- Above 160 kbar, the 532 nm pump wavelength of the
ferred to by Wojtowiczet al. as the frozen lattice modst, ~ Nd®":YAG laser was used directly to excite Tr The lumi-
includes two steps. In the first step, spin-orbit coupling isnescence was dispersegl & 1 m monochromator and de-
introduced as a perturbation to mix the two purely electronidected by a photomultiplier tube. The luminescence decay
states. In the second step, the electron-phonon coupling arftta were collected by a 100 MHz digital storage oscillo-
the lattice Hamiltonian as further perturbations are includedScOPe capable of averaging over 1000 signal pulses. High
Spin-orbit coupling leads to mixing of th8E and *T, pressure was generated in a diamond anvil @HC) based

A. Experimental procedure

states and yields the following wave functions: on a modified Merrill-Bassett design. For low-temperature
experiments, the DAC was cooled by a closed-cycle cryo-
|®e)=Ce|?E)— Cr]*T,), genic refrigerator. The pressure was calibrated withRhe
luminescence line of ruby* A 4:1 mixture of methanol-
| D)= Cq|2E) +Ce|*T>), ethanol served as the pressure transmitting medium. Pierma-

rini et al® showed that this mixture remains hydrostatic up to
where ~100 kbar and quasihydrostatic up t0200 kbar. In the
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FIG. 2. Ambient pressure luminescence spectra éf ®AG at
20 K and RT. The dotted curve denotes the br6@ig—*A, emis-
sion band.

FIG. 3. Temperature dependence of tRglines shift of
Cr*":YAG at ambient pressure.

should be proportional to both the effective phonon DOS and

present high-pressure experiments, the well-resoRdides  the probability of emitting a phonon,fin(w), the effective

and the symmetric line shapes of ruby indicated that a quasphonon DOS for CGi":YAG can be determined from the

hydrostatic pressure distribution was maintained up tghonon sideband of the 20 K luminescence spectrum in Fig.
240 Kkbar. 2 by a normalization procedure and is presented in Fig. 4. In

the same way, the effective phonon DOS far"WigO was

B. Ambient pressure luminescence and temperature induced  obtained by Zhangt al*® and for S\ :KBr by Timusk and
R-lines shift Buchanarf® The results for these two cases showed quite
good agreement with the phonon DOS for the host crystal
determined from neutron scattering experiments, referred to
here as the lattice phonon DOS. Although no direct experi-

luminescence spectra of CrYAG at RT and 20 K. The low ~Mental data for the lattice phonon DOS of YAG crystals
temperature spectrum consisted of the tiB—*A, zero- have beerg) reported, the infrared speétrd’an early Raman
phononR lines (6873.6 A forR, and 6864.2 A foiR,) and spectrunﬁ and our present Raman spectrum in Fig. 4 con-
the associated Stokes phonon sideband. At RT, a structurég]" Ehat the effective phongjr;_ DOS derived from the
anti-Stokes emission band appeared on the high energy sidé A, phonon sideband of €T'YAG is reasonable.

of the R lines. In addition, we observed a bro4d,—*A, ——
emission bandapproximated with the dotted curve in Fig. 2 Y L
which develops upon thermal population of thE, state at
RT.

In the temperature region 12 K—RT, ti® , lines of
Cr*":YAG shifted to longer wavelength with increasing tem-
perature. The line shift as a function of temperature is shown
with open circles folR; and open squares f&, in Fig. 3.
The red shifts for th&, , lines of CP':YAG with tempera-
ture from 12 K to RT were very similar, about 32 tfp and
are twice as large as the red shifts for the riblnes* The
temperature-induced shifts are primarily due to the coupling
of optically active ions with lattice phonons and can be de-
scribed by the generalized foffn

The luminescence features of*Cr'YAG (emission inten-
sity, lifetime, and line positionare strongly temperature
dependent®33353Figure 2 shows typical ambient pressure

VW (Sl Ao (7T
200 400 600 800

AET)= a7 0 D_(w)n(a))dw,(7) 51000

wheren(w) =[expfw/ksT)—1] %, kg is the Boltzmann con-
stant, andv is the ion-phonon coupling constabt(w) is the
effective phonon density of stat¢é®OS) resulting from the FIG. 4. Effective phonon density of statBgw) for CP:YAG
ion-phonon interaction and is related to the low-temperaturetop, derived from the 20 K vibronic emission sideband shown in

vibronic structure, the phonon sideband associated with theig. 2) and a room-temperature Raman spectrum of YAG upon 488
zero-phonon line. Since the vibronic transition intensitynm excitation(bottom.

Wave number (cm™!)
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When theD (w) of Fig. 4 is used in E¢(7), we obtain the 10! o
solid line theoretical curve for thR-line shift with tempera-
ture shown in Fig. 3. The coupling constan
=—836(40) cm!was chosen to give the best fit to the line
shift data and is almost twice as large as the value for ruby
(a=—400 cm).*® It is seen from Fig. 3 that the line shift
data agree well with the theoretical curve. Zhaegigal*® |
used the effective and lattice phonon DOS to describe the i
temperature dependence of the linewidth and line shift in |
V2*:MgO, and found that the effective phonon DOS yielded i
a better fit than the lattice phonon DOS. They also applied i
the two different phonon DOS to the specific heat for pure RESEEEEENNE ‘

MgO crystal, and found that the lattice phonon DOS fits the 10-t el i L
data very well, whereas the effective phonon DOS does not. 0 100 200 300 400 500 600
It is not surprising that the effective phonon DOS did not fit
the specific heat data since the specific heat results from the
phonon contribution of the entire lattice, whereas the effec-
tive phonon DOS results from only the ion-phonon interac- .
tion. On the other hand, the temperature-induced line broaa‘z'-r,n Hehiret al.(Ref. 33: and data 3: Fericola and Croviief
ening and line shift can be described very well by_ .thes)_ The curves 1, 2, and 3 were calculated using the valued/far
effective phonon DOS because only the phonons participagzo given in Table |
ing in the ion-phonon interaction are important. Therefore, '’ '

we believe that the effective phonon DOS obtained from the

vibronic structure reasonably reflects the effect of the ion\When Wg and Wy in Eq. (8) are assumed to be the pure

)

|
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FIG. 5. Temperature dependence of tHe luminescence life-
e of CPT:YAG at ambient pressure. Data 1: this work; data

phonon interaction on the line shift with temperature. electronic radiative transition probabilitiedV2 and W9),
only the effect of the thermal population of th&, state is
C. Temperature dependence ofE lifetime included in the temperature dependence of tEelifetime.

This approach has been used previously to analyze

The ambient pressur¢E lifetime of CP*":YAG was mea- -
sured from 12 K to RT. Figure 5 shows the present |ifetimef[emperature—dependent and pressure-dependent lifetime stud-

H ,22,35
data together with those obtained by Hegiral 3 over the  1€S Of CP" in YAG and other gamet®:***A more com-

temperature region from 77 K to 400 K and by Fernicola andPlete analysis requires inclusion of the temperature depen-
Crovin® from ~288 to ~550 K. These data are in close dence of the radiative decay rates of the phonon-assisted

agreement with each other in the over|apping temperatur@tOkeS and anti-Stokes sideband transitions. The Stokes phO-
regions. At temperatures below 100 K, the lifetime was Nnon process originates from emission of a phonon of energy
nearly constant. As temperature was increased abovkw with a transition probabilityD(w)[1+n(w)], and the
~100 K, the lifetime began to decrease rapidly. This rapidanti-Stokes phonon process_originates from absorption of
decrease in lifetime with increasing temperature is mainlysuch a phonon with probabili@(w)n(w).Sl The total con-
due to the appearance of the anti-Stokes phonon sidebangfpution of the two processes to the transition probability is
and the broad'T,—*A, emission band, as seen from the p()[1+ 2n(w)]=D(w)cothfrw/2ksT). The total transi-
typical RT spectrum in Fig. 2. o tion probability for the 2E—“A, transition of CF:YAG
The temperature dependence of thE lifetime, under may be derived by integrating over all phonon-assisted tran-
conzdsigicg)gls of thermal equilibrium with thé&T, state, is given sitions:  Wg(T) =Wg(0)/ 2D (w)cothfiwlksT)dw, where
by?2 We(0) is the direct proceséE to A, transition aff =0 and
equal to the pure electronic transition probabilwg. Thus,
7__1:WE+WT(gT/gE)qu_A/kBT) (g the temperature dependence of thelifetime can be de-
E 1+ (g7/ge)exp — A/kgT) scribed more fully by

We JZD(w)coth fiw/2kgT)dw+W2(gr/ge)exp — A/kgT)
B 1+ (gr/ge)exp —A/kgT) '

TEl

(€)

whereD (w) is given in Fig. 4.\/\/%, V\/$ andA are adjustable parameters which can be determined in the least squares fitting
to the experimental data presented in Fig. 5.

In calculating the temperature dependence of {Belifetime, the temperature dependence of the energy separAtion
between the*T, and E levels was further taken into account and was assumed to decrease linearly with temperature,
dA/dT=—0.1 cm YK, based on the shift rate 6f 0.25 cmi YK for *T, (Ref. 22 and about-0.15 cn %K for ?E obtained
from Fig. 3. Our first fit of Eq(9) to the temperature dependence of telifetime over the whole temperature region from
12 to 550 K produced the values f/, W2, andA presented in Table | and the calculated result shown as curve 1 in Fig.
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TABLE |. Parameters fitted to the experimental lifetime data in Figr Blenotes the standard deviation.

(W2)~1 (W91 A Fitting o
Curve Eq. (ms) (us) (cm™Y) range (m9
1 9) 8.2(2) 43(3) 108321) 12-550 K 0.37
2 9 8.8(1) 24020 726(31) 12-300 K 0.22
3 (10 8.8(1) 154(15) 828(15) 12-550 K 0.23

5. It can be noted from Fig. 5 that E) fitted the high-temperature data closely. However, the fit over the temperature region
below ~240 K showed a significant deviation from the data. Curve 2 represents a fit for only the data at and below RT. This
restricted fit led to excellent agreement in the low-temperature region, but to a large deviation in the temperature region above
RT (see curve 2 in Fig. )5

This large deviation in the high-temperature region occurs because the broad Stokes“Shiftet\, emission is a
vibronic transition with a temperature dependence that was not taken into account(®) Bnd that also contributes to the
decrease in théE luminescence lifetime with increasing temperature. This effect is especially important at higher tempera-
tures, because the broad Stokes-shift€g— *A, emission becomes dominant as the thermally induced population 4fthe
state increases. If we incorporate the cbibiRkgT) temperature dependence, which is valid for broad vibronic bands acti-
vated by a single odd-parity phonon motidor the “T,— “A, transition, Eq.(9) becomes

_ W2[5D(w)coth fiw/2kgT)dw+Wicoth 7 w/2kgT) (gr/ge) expl — AlkgT)
B 1+(gr/ge)exp—AlkgT) '

-1
TE

(10

whereiw is energy of the odd-parity phonon responsible for  The luminescence and lifetime of €rYAG at RT and
the vibronic process and will be assumed to be 400%sm 20 K were measured over a pressure range of 240 kbar. The
the value of the most intense sideband feature shown in Figaressure dependence of the RT and 20 K lifetimes of
4. A fit of Eq. (10) to the lifetime data in Fig. 5 using the Cr*":YAG is shown in Fig. 6. The 20 K lifetime increased
parameters given in Table | yields curve 3. A substantiafrom 8.81) ms at ambient pressure to (@Y ms at 240 kbar,
improvement in the analysis of the fit is obtained when thewhile the RT lifetime increased from 1) ms at ambient
temperature dependence of th€,—“A, transition is con- pressure to 42) ms at 220 kbar. Since th&E doublet and
sidered. 4T, quartet states can couple both thermally and through the
It should be noted that the theoretical description of thespin-orbit interaction, the pressure-induced increase in the
temperature dependence of tRE luminescence lifetime of 2E lifetime is directly related to the decoupling of these two
Cr¥*:YAG is mainly controlled by two parameters, the pure states. The increase in the 20 K lifetime with pressure is
radiative transition probabilityV2 for the “T, quartet and attributed to the decrease in the purely electrofilg-°E
the energy separatioh between theé*T, quartet and theéE
doublet. Hehiret al3® observed two*T,—“A, zero-phonon
lines, 873 and 1066 cnt relative to theR; line, from the
excitation spectrum of Gf:YAG at 77 K. The derivedA 5[
value using Eq(10) is very close to those observed in the ; B
2

10% 1

excitation spectrum. The value\/\@)*lz 154(15) us ob-
tained from Eq(10) is also close to the reported experimen-
tal 4T, lifetimes of 90us'! and ~ 130 s for the low-field
system C¥:LLGG (A,=—1000cmY).

Lifetime (ms)
2

D. Pressure dependence ofE lifetime : : :
ool e .

Pressure affects théE lifetime in a fundamentally differ- [ R e e:}%gK '
ent way than temperature. Temperature affects the lifetime joo il
primarily through the thermal population of tH&, state and 0 50 100 150 200 250
enhancement of radiative vibronic transitions. The energy
separatiomA is only secondarily influenced by temperature.
With pressure, on the contrary, an increasaiis the domi- FIG. 6. Pressure dependence of fiieluminescence lifetime of
nant effect and the thermal population and vibronic intensityc**:YAG at RT and 20 K. The solid lines denote polynomial
effects are secondary. As a result, variations in the strengtfitting curves showing the trends of lifetime changes with pressure.
of 4T,-2E spin-orbit coupling with pressure assume primaryThe dashed line denotes the 20 K lifetime data multiplied by a
importance. factor of 0.71(see text

Pressure (kbar)
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dashed line and the measured RT lifetime, diminished with

P increasing pressure and was negligible above 100 kbar.
(kbar) Theoretical modeling of the effects of pressure on the
240 lifetime at RT and 20 K requires an understanding of how

pressure influences the spin-orbit coupling of #eand T,
states. The spin-orbit coupling introducé$, quartet char-
130 acter into the?E doublet and relaxes spin selection rule for
the 2E«—*A, transition. The radiative’E—“A, transition
probability is proportional to the square of the mixing coef-
ficients Cy4 representing components of thd, quartet in
the 2E doublet. The mixing coefficients can be calculated by
68 models | and Il formulated in the previous section. Since
high pressure has a large effect on the degree of mixing
through variation inA, we expect the radiativéE—“A,
transition probability to be strongly dependent on pressure.
To calculate the mixng coefficients we need four physical
Wave number (cm™!) quantities:S, fiw, A, and(Hgp). The Franck-Condon offset
Shw can be determined from the Stokes shift, which is the
FIG. 7. Normalized?’E—*A, phonon sidebands of &rYAG energy difference between the zero phonon line and the ab-
at 20 K and different pressures. sorption or emission maximum. Th&A,— T, absorption
band maximum in Gf:YAG occurs around 605 nm
admixture through the spin-orbit interaction, due to the neg{~ 16500 cmi)3*°2% and the *T,—*A, emission band
ligible contribution of the thermal population dfT, to the ~ maximum is near th&, , lines (see Fig. 2 Thus, the zero
2E lifetime at 20 K. Since the main effect of high pressure isphonon energy of théA,« 4T, transitions is estimated to be
to increase thé'T,-2E energy separation, pressure results at about 15500 cAt, in close agreement with previous ob-
in the reduction of thé'T,-2E admixture and an increase of served experimentalf?* These observations lead &
the 2E lifetime. =~1000cm?! and S=~25, if we use the dominant
Comparing the pressure dependence of the RT lifetim@&00 cm* phonon sideband fabw.
with that of the 20 K "fetime, one can notice from F|g 6 that The Change i\, the 4T2_2E zero phonon energy separa-
as pressure is raised from 100 to 240 kbar, the RT and 20 i§5,  with pressure can be determined from=A,

lifetimes increase keeping a constant lifetime ratfo +[dE(*T,)/dP—dE(2E)/dP]P, whereA, is defined as the
= 1e(RT)/72(20 K). The lifetime ratio is pressure indepen- 4T,-2E energy separation at ambient pressure. Our analysis

dent and the valu®=0.71 was obtained from the RT and : ;
e of the temperature dependence of the ambient pressure life-
20 K lifetime data at pressures above 100 kbar. The dashegd yields Ag=828cni! (Table ). The shift rate

line in Fig. 6 was obtained by multiplying the 20 K lifetime q5(4T2)/dP=9 cm Ykbar for CPT-YAG has previously

data in the entire pressure range by 0.71. The proportion . 4 . .
difference between the 20 K and RT lifetime at pressureil)een determined fr_om_ FhéTz_) Az emission maximum up
40 kbar. No significant change in the shape of the

above 100 kbar and in the dashed line extrapolation to Iowelif 4 o :
pressures is attributed to the vibronfE—*A, transiton 12 A2 omission band with pressure was observed
associated with the Stokes and anti-Stokes phonon sidd@'eviously;” so we assume that the band maximum and zero
bands. Using Eq(10), the lifetime ratio at high pressure can Phonon energy change at the same rate with pressure. The
be obtained if the effective phonon DOS at high pressure isE—> A2 R lines were observed to shift at a rate of
known. The effective phonon DOS can be obtained from th&l€(“E)/dP=—0.8 cm ‘llkbar up 2'[0 240 kbar. Combining
normalized phonon sidebands and the evolution of the siddhe shift rates of the™T, and “E states givesdA/dP
bands with pressure is shown in Fig. 7. Using the data of Fig= "~ 10 c_m’llkbar. _

7 and only the temperature-dependent vibroticcontribu- The final quantity,(Hsg), was the only free parameter
tion to the lifetime in Eq(10), we obtainR =0.69 at ambient USed to calculate the mixing coefficiers;. To model the
pressure an® = 0.68 at 240 kbar for the RT to 20 K lifetime Pressure dependence of the 20 K and RT lifetime data for
ratio. These ratios are very close to the ratio derived directhic” :YAG in Fig. 6, we have used Eq10) modified by
from the experimental lifetime data, which indicates the gairSubstituting W= 5|C+4|? for WZ. The spin-orbit coupling

in phonon sideband intensity with temperature is a reliable€onstant(Hso) and the radiative’T, transition probability
measure of the vibroniéE contribution to the reduction in W9 were adjusted as free parameters to achieve the best fit.
lifetime. Within model 1, 30 vibronic states for both th&E and “T,

In the pressure range below 100 kbar, the thermal coustates were used to diagonalize the secular energy matrix
pling between theé*T, and °E states at RT is an additional Whose elements are calculated using E). Within model
important process. The increaseAnwith pressure results in Il, the T, vibronic states with contributions larger than
a continuous loss and elimination of the contribution of the0.1% were taken into account in E¢(f). Excellent agree-
thermal population of théT, state to the RT lifetime. This ment between the model predictions and the experimental
is evident in Fig. 6, where the contribution of the thermallifetime data was obtained fofHgo)=211(10) cmt and
coupling, corresponding to the difference between the(\/\@)‘1=170(10),u,s within  model I, and (Hgp
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A(em™) present study are the assumptions of the cubic field approxi-
1000 1500 2000 2500 3000 mauon and thg tvvo. level scheme. In fact, there is a small
10% —r— N —— - trigonal field distortion from perfect octahedral symmetry
- e ' present at the GF site in YAG. One can notice from a CF
analysis of C¥":YAG at ambient pressutéthat the CF pa-
rameter ratio ofB3 to B (1.26) is very close to the cubic
field ratio (y10/7=1.20). Furthermore, a pressure-induced
decrease in th&®, lines separation was observed in previ-
ous work® and in the present study. THE splitting was
reduced from 19 cm® at ambient pressure to 9 ¢rhat 150
: kbar. As pressure was increased above 150 kbarRthe
o :data 1-20K . . . ’
1o :data2-RT | lines were unresolved due to tii®y line overlapping and
& :data3-RT . the line broadening, however, tH& splitting was estimated

:model I

N W e
T T T

10!

Lifetime (ms)

WO
T T T T

N . 1 | to be ~6 cm ! at maximum pressure on the basis of a line
10 0 50 100 150 200 250 shape deconvolution. Since there is negligible contribution
of the spin-orbit coupling to the variation of tH& splitting
Pressure (kbar) with pressure, we conclude that the observed decrease in the
2E splitting is due mainly to a pressure-induced reduction in
FIG. 8. Calculated and experimental results for pressure deperthe magnitude of the second-order trigonal field parameter
dence of the 20 K and RT lifetimes of €rYAG. Data 1-2 from B2, This indicates that the trigonal field distortion of the
this work and data 3 taken from Ref. 10. The solid lines denote thez 3+ sjte in YAG decreases with increasing pressure and
calculated results from model II. suggests that the cubic field approximation used in
Cr*":YAG at ambient pressure and high pressure is reason-
=202(8) cm* and W?) ~1=163(10) us within model Il.  gpje.

The calculated results from the model Il are shc_)wn in Fig. 8. Finally, the two level scheme presented in Fig. 1 should
The average value dHso)=207(9) cm* derived from e gyfficient enough to allow an accurate quantitative de-
the two present models I reasonably close to th_el reportegtrintion of the temperature and pressure dependence of the

values o Hsgy =219 cm _for YAG, (Hso=279cm “for  2¢ jifatime in CR*:YAG. Grinberd® used an extended level
GGG, and(Hsg) =319 cm ~ for GSGG,” as well as to the scheme to describe the temperature dependence of the lumi-

— =1 : 31;
\Slilulg\sgssogrr:uzlagt?o%mof ég%’féeds?xjxogr'%oﬁasg Jge?j nescence lifetime of &f in some high and intermediate
' ' field garnets. The extended level scheme was built by using

the pure spin-orbit mixing mod¢Eq. (5)] and estimated a seven CF energy levelsTs(?E), Tg(>Ty), To(2Ty),

smaller value of Hgo) =105 cmi t in some C¥*-doped gar- . ) 4 o
nets. The smaller value is due to the neglect of the eIectronEG( T,), ['7(*T,), I's(*T,), andl'§(*T,). It was found that

phonon interaction and artifically compensates for the effect® Seven level scheme and the two level scheme gave very
of a reduction of the electronic matrix elements through vi-Similar results.
brational overlap integrals.

In our description of the electron-phonon interaction in
the framework of the SCC model and in introducing the IV. CONCLUSIONS
spin-orbit coupling as a perturbation, we assumed the
Huang-Rhys factof5, the phonon energ§w, and the spin-
orbit coupling constan{Hg) to be pressure-independen . >
quantities. In fact, pressure induces slight changes in thedg€ following conclusions. _
parameters. For the Huang-Rhys factor, it has been reported (1) Combined pressure and temperature studies are a pow-
in ruby that theS factor for the *T, quartet decreases by erful tool for resolving the different physical processes that
1.4% at 100 kbar from the ambient pressure value of £59. govern the properties of optical materials. In the present
The phonon energy should increase with pressure due t¢0rk, we demonstrated that pressure can be used to resolve
bond compression and stiffening of the lattice. Inand separately quantify thermally sensitive contribution of
CP":YAG, a shift rate foriew of <0.4 cni Ykbar can be the *T, state population and vibronic transitions to the lumi-
estimated from theE—*A, phonon sidebands at different nescence decay of &r.
pressures shown in Fig. 7. For the pressure-induced variation (2) The luminescence and lifetime of €rdoped systems
in (Hgg), no reliable experimental result is available. Fromare strongly influenced by both spin-orbit coupling and
the symmetry restricted covalency model of the nephelauxelectron-phonon coupling processes of fiieand *T, states
etic effect in transition metal ior¥; >’ we expect a decrease of Cr*" at ambient and high pressure.
in (Hgo of about 1% at 100 kbar. This prediction assumes (3) Proposed theoretical models that account for these
that the decrease in the RacBhparameter in G :YAG processes in the context of the SCC model are able to rea-
with pressure is similar to that reported by Ductisal?® for ~ sonably describe the temperature and pressure variation of
ruby. the lifetime of CF*:YAG.

The overall agreement between the model predictions and (4) More generally, the present results have demonstrated
the data is excellent. The main simplications contained in th¢he unique ability of high pressure to continuously tune the

Our investigation of the pressure and temperature depen-
t dence of the luminescence lifetime of CrYAG results in
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