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We present the experimental results for photoacoustic and optical absorption spectra of as-grown, air-
annealed, and hydrogen-annealed yttrium aluminum gdi#&®):Cr,Mg crystals. The experimental results
were analyzed and discussed for boti 'Cand Cf* centers in the host lattice within the framework of the
Rosencwaig-Gersh@RG) theory that was extended by considering the existence of radiative processes in the
emitting centers. The extended RG theory reasonably predicted a low and excitation-energy-independent quan-
tum efficiency for C#* centers in YAG but failed in the case of high-field®Crcenters in YAG that contain
a long-lived emitting state’E) unless the quantum efficiency of Cris assumed to increase with increasing
excitation energy.
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[. INTRODUCTION stable. After reaching a thermal equilibrium in the metastable
excited state, the system can further relax to its ground state
Yttrium aluminum garnefY ;AlsO;, (YAG)] single crys-  in radiative and/or nonradiative ways. In the strong electron-
tals are widely used as a solid state laser host medium. Ilgttice coupling case, internal conversion processes can non-
YAG crystals, chromium ion such as €rcan occupy octa- radiatively convert the energy from the excited vibronic

. . : . states of the excited electronic manifold to the ground elec-
he?rglklﬁioq;dmeg?g {QFY'SA'ESS og.gi tetrahe_d;ally Co?éd' tronic manifold before the excited system reaches thermal
nhate sites. n exhibits a near-infrareNIR) o4 jilibrium. A theoretical model that describes the kinetics

luminescence broadband safe for the eye and potentially at nonradiative processes and is used to determine the quan-
plicable in mediciné-3The C#™ NIR luminescence process tum efficiency of excited systems has been proposed by
in YAG is accompanied by a strong nonradiative relaxation.Grinberg and Mandelt8~1?for analysis of photopyroelectric
Since CP* ions always coexist in ¢F systems, the inves- data. This model was later extended for analysis of photoa-
tigations of YAG material systems containing only*Crand  coustic spectroscoflyand also successfully applied for

a CP'T and CFf" mixture in different ratios are crucial to analysis of the relation between photoacoustic and absorp-
improving the Cf* lasing efficiency because competitive tion spectra of chromium dopeds®a;0,, (YGG) and YAG

6,7
processes and mutual interactions betweeh™ Gind cA+  Crystals: . .
ions oceur In this paper, we present and discuss experimental results

. Photoacogstic Spectr'o'scopy, one of the phqtothermal tepf?&eprl?;zgguzgge%nsvi%pgiigrﬁﬁlsrgrg:%n n?ggrfter:ii(r:r?P)\/NIen
niques, provides an efficient tool for one to directly investi- ity relative concentrations of trivalent and tetravalent
gate nonradiative processes of optical materials. A basic aghromium ions (C¥* and Cf*) by the use of heat annealing
sumption used for the interpretation of the photoacoustigreatments in air and hydrogen atmosphere. Next we estab-
signal (PAS) is that the heat is generated at the place wherdish a quantitative relation between the optical absorption
the light is absorbed. For point centers, this assumption aland photoacoustic spectra in the context of the abovemen-
lows one to directly relate the PAS spectra to the charactetioned model for the kinetics of nonradiative relaxation
istic absorption spectra of the centers. Some recent pgafers processes and a standard Rosencwaig-Gersho theory for
have reported PAS results for comparison with optical abPhotoacoustic processes.
sorption results in garnet crystals doped with cerium fons
and chromium ions;® and discussed the relative quantum
efficiency of the systems as a function of excitation energy.
A localized system after highly excited nonradiatively re- Cr** and CP" ions are occupied by two and three
laxes to its first excited state and behaves more or less metalectrons, respectively. In standard crystal field theory, elec-

Il. TRIVALENT AND TETRAVALENT CHROMIUM
ELECTRONIC STRUCTURES
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tronic structures and optical properties of*Crand CF*
ions are essentially governed by crystal fields and spin-orbit
interactions. In both the &f and CF* cases, their elec-
tronic structures are graphically given by Tanabe-Sugano
diagrams ofd? and d® ions in a cubic approximatidf and
described by two Racach parameteB §nd C) and one
crystal field strength (1Dq). In the ground state, both sys-
tems are characterized by a high spin stafe={ for d?
systems an®=3/2 for d® systems The octahedrally coor-
dinated C?* ion has thet3 ground electronic configuration
whereas the tetrahedrally coordinated* Cion has thee?
ground electronic configuration. Both ions can be excited in
two ways: either by reversing the spin of one electron or
exciting one electron to excited electronic configurations
without changing the spin. €f ion has the*A, ground state

energy

and its first excited state depending on the crystal field 3A2
strength is eithefT, (Dg/B<2.4, low field or 2E (Dq/B a
>2.4, high field. The 2E excited state and th&A, ground

state of C#* belong to theg ground electronic configuration b

whereas thé'T, exited state belongs to thée excited elec- N ./ /4T

tronic configuration. The higher excited states are Vg

and 2T, doublets belonging to th@ ground electronic con-

figuration and twoT,, and *T,, quartets belonging to the E,
t2e andt,e? excited electronic configurations, respectively.

The CF#* ion has the®A, ground state and its first excited

state depending on the crystal field strength is either -
3T, (Dg/B<2.7, low field or ‘E (Dg/B>2.7, high field.

The 'E excited state and th&A, ground state of Ct" be-

long to thee? ground electronic configuration whereas the 5

3T, exited state belongs to thet, first excited electronic o 3+
configuration. The'E and A, excited states also belong to © Cr
the e ground electronic configuration. Th&r;, and 3T, 2
excited states are originated from tbg first andt3 second
excited electronic configuration, respectively. In YAG3Cr Q

ion is in strong field and Cr ion in weak field®>1®

When a system is excited from its ground electronic con- FIG. 1. Configurational coordinate diagrams faey Cr** and
figuration to one of its excited electronic configurations, a(b) Cr*".
change in the electron distribution leads to the rearrangement
of ligand ions. This is due to the fact that negative ligandsThe R line luminescence of € in YAG has a temperature-
have to shift in response to the change in thelectron dependent lifetime(from ~3 ms at room temperature to
charge density. As a result, the energy of the system after 9 ms at 20 K.1” The temperature-dependeRtine lumi-
excitation is lost with the quantity 0% w, whereSis the  nescence lifetime is mainly due to the variation of population
Huang and Rhys factor antlw is the energy of the local with temperature in the higher excited vibronic states of the
phonon mode. This effect can be intuitively represented by £E state and thé T, excited state that have a larger radiative
configurational coordinate diagram. Figure&@)land 1b) transition rate. The higher vibronic states of thE elec-
show the diagrams for ¢f and CP" ions, respectively. tronic manifold are mixed with thé'T, state through the
According to the spin selection rule, transitions occur pref-spin-orbit coupling® The Cf* system shows a weakT,
erentially between the same spin states. This is a reason why A, emission whose lifetime is temperature dependent
Cr*" ion exhibits dominant absorption transitions between(from ~2 us at room temperature to 30 us at 20 K in
the ground state*@,) and the excited quartet state’Tg,  YAG:Cr*").2® The strong decrease in the*Crlifetime with
*T,a, and*T,;) and CF* ion exhibits dominant absorption increasing temperature is mainly due to nonradiative internal
transitions between the ground staf#\{) and the excited conversion processes.
triplet states ¥T,, 3T;,, and 3T,).

Cr’* and Cf ions in YAG after excitation relax nonra-
diatively to the first’E excited state and the fir$T, excited
state, respectively. The €r system shows long-lived R line
luminescence that originates from a spin forbiddéa PAS signals originate from the generation of heat flux in
—*%A, transition and can be observed at all temperattires. system excited by a modulated light beam of an excitation

long-living
luminescence

IIl. PHOTOACOUSTIC SIGNAL AND EFFICIENCY
OF NONRADIATIVE TRANSITIONS
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wavelength of\ (the excitation energy ot{)) and a modu- A Qem

lation frequency of. The periodical heat flux causes periodi- PAHQ,T)=1- np(hQ,T) ET 5)

cal variations of the sample surface temperature and conse-

quently generates the overpressuegistered with a wheref),is the emission photon energy angd(#(2,T) is
microphong in a gas-filled photoacoustic c&lPAC). When  the quantum efficiency of the system. The nonradiative en-
|>pus, Wherelg and ug are the sample thickness and the ergy conversion quantum efficien¢yyygr(%€,T)] is given
thermal diffusion length, respectively, the Rosencwaig-by

Gersho theory? refined later by McDonald and Wets@l,

yields the following expression for complex PAS signal am- nR(AQ,T)=1—7g(AQ,T). (6)
plitudes: In a weak absorption limit8us<1) and under assump-
. tion that the thermal expansion coefficient and the sample
—_ 1l oPo [ B thickness are small enough, the second term in(BEgcan be
4mflgpc, [ osTo(g+1)(r+1) neglected and Eq1) is now simplified to
- (e)
+§[1—exp(—ﬁ|s)]], & P(AQ)=Alo(h ) &AL TBAQ),  (7)

whereA is the apparatus correction factor independent of the

wherel , is the incident light intensityp, and T, are ambient ~ €Xcitation energy. _ o
pressure and room temperature, respectivglyis the heat After taking into account the spectral intensity distribu-
capacity of the sampld, andl are the thickness of the gas tion of the used light source and calibrating the photoacous-

layer and the sample in the PAC, respectively, g, and tic spectrum of the sample with a reference of the PAS signal
¢ are the absorption coefficient, the density, and the therm [om %ila(t)ssy_ cgrbon_bthde bmeasured PAS signal amplitude
expansion coefficient of the sample, respectivgly.ando, | Qpash )] is described by

are complex quantities given by

Qragfi2) =An&(h Q. T) B(AQ). ®
kgag B . Thus, (£ Q,T) can be obtained from E¢8) if B(%Q) is
- keas ' r=(1—|)2—aS, os=(1+1)as, (2 determined from  another independent  experiment.

(2 Q,T) and ng(2Q,T) can be determined subsequently
wherek, anda, are the thermal conductivity and the thermal by the use of Eqs(5) and(6).
diffusion coefficient of the gas in the PAC, respectivedy.
and ag are the thermal conductivity and thermal diffusion IV. SAMPLE PREPARATION AND ANNEALING
coefficient of the sample, respectively. Thermal diffusion co- TREATMENTS

efficients are a functions of the modulation frequenty: ( i ) )
YAG:Cr,Mg single crystals with a diameter ef 10 mm

gy were grown by a Czochralski method and grown_in a mixed
ai=p 1= [— (3)  atmosphere of 97% Nand 3% Q along the[111] direction
2a; with a growing rate of 2 mm/h. A magnesium metal ion was
, ) L , used as a compensating ion to form tetravalent chromium
wherea; (i=s,0) is the thermal diffusivity ands; is ther-  jons in the host lattice. Calcium metal ion is sometime also
mal difusion length. , _ used for this purpose. Since Kigion has a much smaller
In the original Rosencwaig-Gersho model for sofité,  ionic radius than G4 ion, it preferentially substitutes octa-

has been assumed that the relaxation process in the sample,isyra AP+ sites to promote forming ¢ ion at tetrahedral
purely nonradiative and instantaneous within the period ofy|3+ gjies.

the light modulation. When a system simultaneously includes 1,4 single crystal samples used for PAS and optical ab-

nonradiative and radiaitve processes, the excitation or alsyrntion measurements were cut in a direction perpendicular
sorbed energyBe,=#{2) is not fully converted to heat and 4 the growing axis and with a thickness sfL mm. Their

photoemissive effects_are therefore .taken into account i@rystal surfaces were gradually polished up to the optical
analysis of the PAS signals. The optical to thermal energy,ality.

conversion efficiency 7{(4 0, T)] is given by In addition to as-grown crystal samples, we used high-

temperature annealing treatments to modify relative concen-
@£, T)= Q @ trations of CP* and Cf* ions in YAG crystals. A
INR ’ Q) H,-annealed sample was obtained at 1200 °C for 10 h and a
air-annealed sample at 1400°C for 2 h. Previous experi-
where Q is the heat energy converted from the absorbednents performed by Ubizskit al?! showed that these an-
energy andr is the absolute temperature. nealing treatment conditions sufficiently provide a complete
When we deal with fast relaxation process$te lifetime  saturation in chromium recharging processes.
of an excited state is much shorter than the modulation pe- The total chromium content of YAG:Cr,Mg samples used
riod), the optical to thermal energy conversion efficiency isfor this work was determined by the absorption band inten-
given in the modified form sity of C** in the H,-annealed sample. First, the3Crcon-
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chopper . T N ~ e “AI .
Xe | T,>°A,(Cr"™) ->'A, (Cr )é
arc monochrom. |———-—- w irror a""eai‘*d/J\\j
] N A i
lamp in air __V\,/\-.__A\%-
géll microph. | e
3 o ;
3 . Q g
S reference signal 3 as grojvn/\/\"i
X /M-\\
personal lockein
amplifier annealed P~
computer P a inhydrogen ./ "l
" P, \\"—--.‘.
FIG. 2. Schematic PAS setup. 6000 7000 8000~ 14000 15000
energy(cm™)

centration of a YAG:Ct" sample used as a reference was
determined by a chemical analysis and we then compared the
absorption band intensities of the referenced YAGICr A>T (Cr*)
sample and the jHannealed YAG:Cr,Mg sample to obtain
the total Cr content of~2x10?°cm 2 in YAG:Cr,Mg.*
The Cf* concentration in our present YAG:Cr,Mg samples
was estimated to be-4x 107 cm™2 by comparing the in-
tensity of a characteristic absorption band neakrh with
the absorption data reported in the literattfre.

b

2 3. 4+
A>T, (Cr*)

as grown

V. EXPERIMENTS AND RESULTS .
annealed in H2

Optical absorption spectra were measured with a Carl

Zeis Jena spectrometer. Visible and near-infrared lumines- “A2->“T2(Cr3*)
cence measurements were performed with two separate se : : : . : : :
ups. For the visible mesurements, luminescence was dis: 15000 20000 25000 30000

persed g a 2 mmonochromator adapted by a spectrograph
(Carl Zeiss Jena PGS2 with a 651 grooves/mm gratmgl

detected by a photon counting techniq(e Hamamatsu FIG. 3. (3) Room temperaturédotted curvesand 20 K(solid
R943-02 photomultiplier tube For the near-infrared mea- cyrveg luminescence spectra afib) room temperature absorption
surements, luminescence was dispersg@ i mspectrom-  spectra of as-grown and jannealed YAG:Cr,Mg crystal samples.
eter (SPEX 1704 and detected by a standard lock-in tech-
nique (a liquid nitrogen cooled germanium detegtoAn  transition of CP* accompanying Stokes and anti- Stokes
argon laser working in a single line mode was used as aphonon sidebands. NIR luminescence (6000—8000'¢m
excitation source. Low-temperature experiments at 20 koccurred only in as-grown and air-annealed YAG:Cr,Mg and
were performed using a closed cycle helium refrigeratois attributed to the 3T,—3A, transiton of Cf*.
(APD Cryogenic INC HC4 H,-annealed YAG:Cr,Mg exhibited only tw8A,—*T, and
Photoacoustic spectroscopy measurements were carriéd ,, absorption bands of €f [Fig. 3b)] and as-grown
out using a single beam spectrometer presented in Fig. 2. XAG:Cr,Mg exhibited a superposition of & absortion
xenon arc lamp(XBO 900 was used as a light source. A bands {A,—“T, and “T;,) and Cf* absorption bands
frequency-variable chopper was used to generate periodicA,—3T,, and 3Tyy).
light amplitudes. A computer- controlled monochromator For our PAS experiments, we carefully considered the fol-
(SPM2 with a grating 600 groves/mmaquipped with a non- lowing factors that significantly influence the accuracy and
resonant photoacoustic detect®AC 300, MTEC, USA. A  analysis of PAS data. First, we discuss the validity of a weak
sample compartment made of brass and with entrance arabsorption limit Bus<1). The thermal diffusivity of YAG
exit quartz windows is referred to a photoacoustic cellsingle crystals experimentally reported for 3.66
(PAC). A dual phase lock-in amplifiefSR850 driven by a X102 cn?/s.?> When a modulation frequency of 60 Hz is
computer was employed to complete PAS registration andised for PAS experiments, the thermal diffusion length of
data acquisition and to measure in-phase and out-of phasAG is obtained forug~10 2 cm using Eq.(3). Since the
components of PAS signals simultaneously. optical absorption coefficientsg) of both CP* and Cf*
Figures 3a) and 3b) show luminescence and absorption ions in the YAG:Cr,Mg samples used for this study do not
spectra of as-grown, air-annealed, and,-dtinealed exceed 15 cm!, the weak absorption limit oBu<<1 is
YAG:Cr,Mg. Red luminescence (13200-15400Cmoc- fulfilled and Eq.(8) is reasonably applicable to our sample
curred in all the samples and is attributed to tHe—*A, systems.

energy (cm™)
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Second, existing theories describe photoacoustic effects wavelength (nm)
within a one-dimension approximation. However, the effects 0300 500 _ 600 700
of heat flowing in three dimension8D) become important as grown YAG: Cr, Mg
in some material systeni$.Due to this effect critical fre-
guency dependent on a cell diameter and thermal diffusivity
of a filling gass emerges. Below this frequency one-
dimensional theories are not valid. Recently, Jones and
McCleland® have examined 3D effects for different materi-
als and for different distances from entrance window with
photoacoustic celPAC300, MTEC USA filled with helium
gas. They have shown that even the PAS signal has been
disturbed by 3D effects the correct quantitative results can be
obtained based on a one-dimensional model provided that all
measurements are related to a proper reference sample. To N R
minimize the 3D effects in our PAS experiments, we filled a T 24 22 20 18 16 14
PAC with air because air has a lower thermal diffusivity than energy (10%m”)

He gas. To check the influence of the 3D effect we have wavelength (nm)
measured the dependence of the PAS amplitude on modula- 400 500 _ 600 700
tion frequency for the glassy carbon sample of the same air-annealed YAG:Cr,Mg
shape as sample under investigation. Since dependence we
have obtained was in full accordance with one dimensional
modef® we have assumed that the 3D effects are negligible
in our PAS experiments.

Last, we considered the absorption from PAC windows
and walls. For each of our PAS experiments, we first mea-
sured a blank PAS spectrum of the used PAC. The blank PAS
spectrum as the background was subtracted from the mea-
sured PAS spectrum of the sampl¥’q and Y’'s represent 01
in-phase and out-of-phase components of the sample, respec

X ~ absorption
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tively). Blank in- phase componentXy() and out-of-phase 00 =220 18 16 12
components Y},) of the PAC were first measured with a energy ( 10%m™)
polished quartz disc placed in the PAtBe quartz disc thick- wavelength (nm)
ness was 1.5 mm similar to the thickness of our YAG:Cr,Mg 400 500 600 700

o
=)

samples A PAS signal vector magnitudeQpag) can be de- H,-annealed YAG:Cr Mg
fined by the in-phase and out-of-phase components of PAS
signals as follows:

=4
e
N

13.0

excitation_j/‘\_

Qras= V(Xs— Xp) 2+ (Y= Yp) 2= VX4 + Y2, (9)

o
[=]
@
T
N
(=}

Corrected PAS spectra of as-grown, air-annealed, and
H,-annealed YAG:Cr,Mg samples are presented in Figs. i
4(a)—4(c), respectively. Absorption spectra of these samples LA
are also given in the right axis of Figs(ad—4(c). For the S \
H,-annealed sample, an excitation spectrum of i . ;bsorpﬁoé 3
—%A, luminescence is also presented in Fir)4 0.00 s 15 1z °0

energy (103cm‘1)

(L_ wo) uondiosqe

o
(=]
=
N
=}

PAS, luminescence excitation (arb.units)

VI. DISCUSSION FIG. 4. PAS and absorption spectra @ as-grown,(b) air-
A. Cr3* case annealed(c) H,-annealed YAG:Cr,Mg samples at room tempera-

. ture. A room temperature excitation spectrun?Bt—*A, lumines-
~From Figs. 4a) and 4b), we see that both as-grown and cence of C}* for the Hy-annealed sample is also included(@.
air-annealed YAG:Cr,Mg samples exhibit a constant ratio of

the PAS signal amplitude to the absorption coefficient over &rom the configurational coordinate diagram of Cin Fig.
spectral range of 400—800 nm. This indicates, using(8q. 1(a), one can clearly see that the thermal barrigs,§ of the
that the optical to thermal energy conversion efficiency®T, first excited state of G is much lower relative to the
[n&e&(ﬁﬂ)] is independent of the excitation energ., Cr* case in Fig. (b). At room temperature, both the ther-
=#Q) in both samples that contained“Crions and exhib- mal energy conversion eﬁiciencyyk,e%) and the nonradiative
ited strong Ct* absorption band{~620 nm for ®A,  energy conversion quantum efficiencyy) are close to 1
—3T,, and~480 nm for3T,, in Figs. 3b), 4@, and 4b)].  in our two Cf* contained systems.
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B. Cr3* case

1k H,-annealed YAé:Cr,Mg ]
When looking at the pure €f case in Fig. &)

(YAG:Cr,Mg annealed in k). we found that the optical to )
thermal energy conversion efficiencyyﬁfp){) is excitation- 3
energy dependent between 400—800 nm. For the sake of in- g

tuition, we rewrite Eq(8) in the form L 0.1
Qpag(72) £
C(HQ)c~—— = (10) m
R B Q) 2

Using Eqg.(10) and the PAS and absorption data presented in
Fig. 4(c), we obtained;{4(438 nm)~0.77{$(600 nm). We
therefore expect from Eq¢5) and (6) that the quantum ef-
ficiency (»g) of CP™ increases with decreasing excitation , :
wavelength(increasing excitation enerdys,). 20 40 60 80100 200
Since high-field Ct' ion has a long-lived emitting state modulation frequency (Hz)
(?E), both fast and slow relaxation processes occur simulta-
neously. In this case, E€b) cannot be reasonably applied to ) _
the prediction of the PAS effects in our ,fnnealed tion of modglgtlon frequencyf) for 43§ and 600 nm absorption
YAG:Cr,Mg sample and a new model should generally con-bands of C¥* in the Hy-annealed YAG:Cr,Mg sample.

sider nonradiative relaxation processes with fast heat compo- . .
nents Q) and slow heat componentQ). The fast heat calculkated the PAS amplitude as a function of the modula-

L : tion frequency(f) for two absorption bands of €f [peaked
components are produced by excited ions relaxing from the|¥J N - - )
short-lived states’(T;, and/or*T,) via the fast interconfigu- a:ef;?fezn?of?oonn;agegg';g]'n?alcmitggs Z%e been
rational relaxation to their long-livedE state[Fig. 1(b)]. P W : UMINGR= 0. "INR

The slow heat components are released via the slow intra%o'%l'zm bqthdcases W? LCJ?SFd thi guantlt)gof the Il:‘etlme of
onfigurational relaxation starting with the long-livetE the ex.cne. state of &1, Tm=3 MS. Lur resu ts. are
state. Ouzafet al?’ have studied photoacoustic effects in alllustrated in Fig. S(solid lines foryye=0.5 and dotted Imes
molecular system that contains two heat sources correspon&-r 7nr=0.1). One can clearly see thgt the PAS amp]nudes
ing to nonradiative relaxation processes of two different ex-Or both bands vary with the modulation frequency in the

. i : - . . The PAS amplitudes of the,-Bhnealed
cited states with significantly different lifetimes and obtaineg>aMme way 2
PAS signals in the following complex form: YAG:CrMg sample at~438 nm E.=22830 cm’) and

~600 Nm E,=16670 cm?') as a function of the modu-

0.01

FIG. 5. Calculated and experimental PAS amplitudes as a func-

P =Qpasexpi (27ft+ ¢), (1) lation frequency(f) were experimentally determinefgolid
circles and squares in Fig).5t can be seen that although
where the amplitude of PAS signal@#ag is calculated slopes and intensities differ from measured char-
acteristics, qualitative agreement between theory and experi-
_ loBursQe ments exists.
QPAS_A4waeXaS\/W Using Eq.(12), one obtains the optical to thermal energy

conversion efficiency £{&) for the system with a long-lived

2( Qe i1 1z excited state such as th& excited state of Gi given by
<\ g sznNR (12)
e
1+ (27fry)? Eo— 2
(anNR [1+( m ] e ( e)|(5 Qm)
ex
and the phase of PAS signalg) is s 1o
E —
b= —m+ arctar Bu.+ 1) 2( ex Qm) Qm77NR>+<Qm77NR)
s N Eex Eex Eex
27fr 1+ (27fry)?
—arctal o n (13 ( m) 14
1+ ° 1+ (27f7)?
Qm7nr [ ( m"]

Figure 6 presents calculated results for the optical to thermal
Here 7,, is the lifetime of the long-lived excited state. We energy conversion efficiency) as a function of the ex-
have considered that for the Cr system we have two step citation energy E,,) using Eq.(14) andf=60 Hz as well as
relaxation, the first, fast nonradiative relaxation freistate ~ with a constant optical to thermal energy conversion quan-
to theE,, state €E), and than the second, slow radiative or tum efficiency for a set ofyyz=0.0, 0.2, 0.4, 0.6, 0.8, 1.0.
nonradiative process that ends in the ground state, Bqys From Fig. 6, we notice thaz‘gf\ﬁ{ for all cases increases with
=Q+ Q. Upon application of Eqs(11)—(13), we have increasing excitation energ¥g,). One possibility to have a
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another is an interconfigurational nonradiative internal relax-
ation process that transforms the system without losing the
energy Eo=Eg) from [e,n) to |g,m) with a probability of
Pine{€—0). Upon a steady-state excitation lg{# ) with

an absorbed power @(7Q)14(%()), we can obtain a set of
rate equations describing the kinetics of deexcitation pro-

&) c 03l 0 cesses and calculate the quantum efficiengy) (of the sys-
= tem in Fig. 7 by?
0.4
0.2 f=60 Hz n(A0) . .
0.1 lo.2 Pintra(©) Pr
] 7r(7Q,T)= k ki t, ot ’
004 O k=1 Pinga(€) + Pined €—9) | PrTPrr(T)
T T T T T T T T (15)
15000 20000 25000 30000 35000 . -
) wherepi, and py are the probability of radiative and non-
energy (cm’) radiative processes, respectively, in a thermalized system. In

FIG. 6. Calculated nonradiative energy conversion efficiency asEq' (15), the term in th_e f|.rst brackets descnpes fast pro-

a funct.ion. of excitation energyE,~#) based on Eq(14) cesses beforg thermalization and the term in .the. second
X ' bracket describes slow processes after thermalization. The

e ) slo_v_v processes are temperature—_dependent be_cause the prob—

decrease ik With E¢ is to assume that the energy con- apility of nonradiative processes in the thermalized system is

version efficiency gng) decreases with increasing excitation a function of temperature in the following form:

energy E,). This is a reason why we will discuss the de-

tails of nonradiative internal conversion processes in lumi- am n

nescent centers below. ; Pinied €—9)eXp( — Ee/KT)

par(T) = . (16

C. Modeling of nonradiative relaxation processes Z exp(— EQ/kT)
n

The quantum efficiency of an optically activated material ) N
system can be described in the context of the configurationd} 1S Straightforward to see that the total probability of all the
coordinate modefFig. 7). When the system is excited from fast processes decreases with increasing excitation energy
its ground state(g) to a vibronic state |e,n), ED) of its (7€) 1T Allo=AL,,
excited electronic manifolde) with a photon ofA (), two N Q) K
nonradiative relaxation processes occur. One is an intracon- Pintra(©)
figurational rlelaxation process frode,n}_down to [e,n k=1 pkia(e)+ple(e—g)
—1) that emits a phonon with a probability of},,.(€) and

Ny (A Q) pikmra( e)

k=1 p:;tra( e)+ piknltel( e—g)

nm ) ) p:ntra( e)
p inter n" |e'n> e X H

) i il
Nt P [en-1>4 / =Ny pintra(e)+p=nter(e_’g)

)\ /
\ VI / ny(782y) p!?m‘a( e)
|
‘\-_—‘i // = Kl (17)

k=1 pikmra( e)+ pinter( e—g) .

As extrapolated directly from this inequality, the quantum
efficiency of the system described by Efj5) decreases with
increasing excitation energy. As a consequence, the nonradi-
ative energy conversion efficiency/;ﬁ,{) is expected from

Eq. (5) to have 7{&(1Q,)> 7(&(AQ,) for £Q,>#0,. In

the special case when a system has 0% quantum efficiency,
its optical to thermal energy conversion efficiency?7i§)
independent. This is our €F case[Figs. 4a) and 4b)].

FIG. 7. Configurational coordinate diagram. Solid and dashed ©OUr _C73+ case In Fig. &) showed that the~600 nm
arrows represent nonradiative and radiative processes, respectivefjPSOrption (A~ 4T2) is weaker than the-438 nm absorp-
" . p"™  andp, represent the probability of the intraconfigura- ion band (A,—“T;,) whereas the~600 nm excitation
tional and interconfigurational nonradiative relaxation processespand (A,—"T,) is stronger than the-438 nm excitation
and the radiative process, respectiveél§) denotes the excitation band ¢A,—4T,,). From the excitation spectrum, the quan-
energy. tum efficiency of our Ct* system is expected to be greater
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upon excitation into the lower enerdiT, quartet state than sition in the C?* system the PAS signal is smaller than the
into the higher energyT,, quartet state of Gf. The ratio absorption.

of the excitation spectrum to the absorption coefficient of Considering the ratio of photoacoustic amplitude signal to
Ccr* [Fig. 4(c)] yields the direct information about the non- the absorption coefficient in the case of the Csystem in
radiative internal conversion processes in the excited statdébe framework of the standard approach one obtains decreas-
of the CP" system. Actually, this ratio for théA,—*T,;,  ing of optical to thermal energy conversion efficiency with
band is smaller by a factor of 0.37 than that for th&, increasing of excitation energy. On the other hand, our analy-
—4T, band. Such a fact indicates that the nonradiative enSis of nonradiative processes in the luminescence center has
ergy conversion efficiencyrﬂf%) increases with increasing shown that such an effect is impossible. The increasing of the

excitation energy, even faster than the result predicted by E@roPability of the nonradiative internal conversion process
with increasing excitation energy is also obtained from com-

f(14) (Fig. 6. As far as we have con5|dered the abov.e'parison of the absorption and excitation spectra.
ormulated theory that describes the relaxation processes in‘a Thus, the specific ratio of the PAS to absorption in the
system such as our presentCrsystem, it cannot predict a case of,the G system has to be related to more compli-
decrease in the optical to thermal energy conversion eﬁiéated phenomena. In all samples we have approximately the
ciency (nii%) with excitation energy£(). We will develop  g;me quantity of chromium. In the as-grown sample and in
and discuss a generalized theory that concerns the presengg, sample annealing in air the dominant dopant wés Cr
of spatial energy migration processes in our forthcoming he sample annealed in hydrogen atmosphere all chro-
paper. mium ions were reduced to €r (no CA* was detected
Only CP* has a metastabléE state that is characterized by
VIl. CONCLUSIONS a lifetime of 3 ms. Since théE state is characterized by very
weak electron-lattice coupling no the Stokes shift between
absorption and emission is noticed. Thus although the ab-

. 4 2 . . .
analysis of the PAS and optical absorption spectra yielde&Orptlon Ar—"E IS weak the resonance excitation energy
transfer between isolated chromium is possible. One should

the conclusion that the guantum efficiency of*Crin as- notice that in the case of the €rion the first excited state is
grown and air-annealed YAG:Cr,Mg samples is very weak 5

at room temperature, almost all energy is transformed into, 1 2 W_h'c_h is rather strongly coupled to the lattice. In add."
heal. It is much less than that obtained by ¢iuet al® tion this is not the metastable state due to the quite high

where the quantum efficiency of YAG:€r has been esti- probability of radiative and nonradiative processes. ¥he

mated as 0.5 for helium temperature and 0.2 for room temlf€time is of the range ofzs.° As a result the spatial exci-
perature. We have found that PAS spectra of the YAG*Cr tation energy migration between Cris much less effective
system can be analyzed using the standard Rosencwaiglat between the éf_ ions of the same concentration. Ir} the
Gersho theory that relates PAS to absorption coefficient b{i€Xt Paper we provide the model of the energy migration to
relation (7). he surface that explains our experimental resilts.

A very interesting result has been obtained in the case of
the sample annealed in hydrogHfig. 4(c)]. Actually, this
sample contains only €f centers. We see that the ratio of  The Authors express their great gratitude to Dr. Z.
PAS amplitude to the absorption coefficient decreases witlfFrukacz(Institute for Electronic Materials Technology, War-
increasing of excitation energy. One can also see that thisaw, Polangland Dr. . Solskii(R&D Institute for Materials,
effect is directly related to Gf from analysis of the as- SRC “Carat,” Lviv, Ukraine for growing single crystals of
grown sample. Here we deal withCrand Cf* and whatis  YAG:Cr,Mg, and also to Dr. B. Kuklinski for measuring the
seen from the double absorption bands in the higher energyxcitation spectra. This study has been supported by the Pol-
region. One can see that for the energy 22830 tmvhere ish Committee for Scientific ResearcH{Grant No.
we expect the absorption band related totAg—*T,, tran-  7T07B04918.

We have analyzed the nonradiative processes in thé Cr
and CP' systems in different YAG:Cr,Mg crystals. The
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