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Photoacoustic and optical absorption spectroscopy studies of luminescent Cr3¿ and Cr4¿ centers in
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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 garnet~YAG!:Cr,Mg crystals. The experimental results
were analyzed and discussed for both Cr31 and Cr41 centers in the host lattice within the framework of the
Rosencwaig-Gersho~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 Cr41 centers in YAG but failed in the case of high-field Cr31 centers in YAG that contain
a long-lived emitting state (2E) unless the quantum efficiency of Cr31 is assumed to increase with increasing
excitation energy.
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I. INTRODUCTION

Yttrium aluminum garnet@Y3Al5O12 ~YAG!# single crys-
tals are widely used as a solid state laser host medium
YAG crystals, chromium ion such as Cr31 can occupy octa-
hedrally coordinated Al31 sites or Cr41 tetrahedrally coordi-
nated Al31 sites. Cr41 in YAG exhibits a near-infrared~NIR!
luminescence broadband safe for the eye and potentially
plicable in medicine.1–3 The Cr41 NIR luminescence proces
in YAG is accompanied by a strong nonradiative relaxati
Since Cr31 ions always coexist in Cr41 systems, the inves
tigations of YAG material systems containing only Cr31 and
a Cr31 and Cr41 mixture in different ratios are crucial to
improving the Cr41 lasing efficiency because competitiv
processes and mutual interactions between Cr41 and Cr31

ions occur.
Photoacoustic spectroscopy, one of the photothermal t

niques, provides an efficient tool for one to directly inves
gate nonradiative processes of optical materials. A basic
sumption used for the interpretation of the photoacou
signal ~PAS! is that the heat is generated at the place wh
the light is absorbed. For point centers, this assumption
lows one to directly relate the PAS spectra to the charac
istic absorption spectra of the centers. Some recent pape4–9

have reported PAS results for comparison with optical
sorption results in garnet crystals doped with cerium io4

and chromium ions,5–9 and discussed the relative quantu
efficiency of the systems as a function of excitation ener

A localized system after highly excited nonradiatively r
laxes to its first excited state and behaves more or less m
0163-1829/2003/67~4!/045113~9!/$20.00 67 0451
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stable. After reaching a thermal equilibrium in the metasta
excited state, the system can further relax to its ground s
in radiative and/or nonradiative ways. In the strong electr
lattice coupling case, internal conversion processes can
radiatively convert the energy from the excited vibron
states of the excited electronic manifold to the ground el
tronic manifold before the excited system reaches ther
equilibrium. A theoretical model that describes the kinet
of nonradiative processes and is used to determine the q
tum efficiency of excited systems has been proposed
Grinberg and Mandelis10–12for analysis of photopyroelectric
data. This model was later extended for analysis of phot
coustic spectroscopy4 and also successfully applied fo
analysis of the relation between photoacoustic and abs
tion spectra of chromium doped Y3Ga5O12 ~YGG! and YAG
crystals.6,7

In this paper, we present and discuss experimental res
for photoacoustic and optical absorption spectroscopy
YAG crystals doped with chromium and magnesium. W
modify relative concentrations of trivalent and tetravale
chromium ions (Cr31 and Cr41) by the use of heat annealin
treatments in air and hydrogen atmosphere. Next we es
lish a quantitative relation between the optical absorpt
and photoacoustic spectra in the context of the abovem
tioned model for the kinetics of nonradiative relaxatio
processes12 and a standard Rosencwaig-Gersho theory
photoacoustic processes.13

II. TRIVALENT AND TETRAVALENT CHROMIUM
ELECTRONIC STRUCTURES

Cr41 and Cr31 ions are occupied by two and threed
electrons, respectively. In standard crystal field theory, e
©2003 The American Physical Society13-1
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tronic structures and optical properties of Cr41 and Cr31

ions are essentially governed by crystal fields and spin-o
interactions. In both the Cr31 and Cr41 cases, their elec
tronic structures are graphically given by Tanabe-Sug
diagrams ofd2 and d3 ions in a cubic approximation14 and
described by two Racach parameters (B and C) and one
crystal field strength (10Dq). In the ground state, both sys
tems are characterized by a high spin state (S51 for d2

systems andS53/2 for d3 systems!. The octahedrally coor-
dinated Cr31 ion has thet2

3 ground electronic configuration
whereas the tetrahedrally coordinated Cr41 ion has thee2

ground electronic configuration. Both ions can be excited
two ways: either by reversing the spin of one electron
exciting one electron to excited electronic configuratio
without changing the spin. Cr31 ion has the4A2 ground state
and its first excited state depending on the crystal fi
strength is either4T2 (Dq/B,2.4, low field! or 2E (Dq/B
.2.4, high field!. The 2E excited state and the4A2 ground
state of Cr31 belong to thet2

3 ground electronic configuration
whereas the4T2 exited state belongs to thet2

2e excited elec-
tronic configuration. The higher excited states are two2T1

and 2T2 doublets belonging to thet2
3 ground electronic con-

figuration and two4T1a and 4T1b quartets belonging to the
t2
2e and t2e2 excited electronic configurations, respective

The Cr41 ion has the3A2 ground state and its first excite
state depending on the crystal field strength is eit
3T2 (Dq/B,2.7, low field! or 1E (Dq/B.2.7, high field!.
The 1E excited state and the3A2 ground state of Cr41 be-
long to thee2 ground electronic configuration whereas t
3T2 exited state belongs to theet2 first excited electronic
configuration. The1E and 1A1 excited states also belong t
the e2 ground electronic configuration. The3T1a and 3T1b

excited states are originated from theet2 first andt2
2 second

excited electronic configuration, respectively. In YAG, Cr31

ion is in strong field and Cr41 ion in weak field.3,15,16

When a system is excited from its ground electronic c
figuration to one of its excited electronic configurations
change in the electron distribution leads to the rearrangem
of ligand ions. This is due to the fact that negative ligan
have to shift in response to the change in thed-electron
charge density. As a result, the energy of the system a
excitation is lost with the quantity ofS\v, whereS is the
Huang and Rhys factor and\v is the energy of the loca
phonon mode. This effect can be intuitively represented b
configurational coordinate diagram. Figures 1~a! and 1~b!
show the diagrams for Cr41 and Cr31 ions, respectively.
According to the spin selection rule, transitions occur pr
erentially between the same spin states. This is a reason
Cr31 ion exhibits dominant absorption transitions betwe
the ground state (4A2) and the excited quartet states (4T2 ,
4T1a , and 4T1b) and Cr41 ion exhibits dominant absorptio
transitions between the ground state (3A2) and the excited
triplet states (3T2 , 3T1a , and 3T1b).

Cr31 and Cr41 ions in YAG after excitation relax nonra
diatively to the first2E excited state and the first3T2 excited
state, respectively. The Cr31 system shows long-lived R line
luminescence that originates from a spin forbidden2E
→4A2 transition and can be observed at all temperature17
04511
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TheR line luminescence of Cr31 in YAG has a temperature
dependent lifetime~from ;3 ms at room temperature t
;9 ms at 20 K!.17 The temperature-dependentR line lumi-
nescence lifetime is mainly due to the variation of populat
with temperature in the higher excited vibronic states of
2E state and the4T2 excited state that have a larger radiati
transition rate. The higher vibronic states of the2E elec-
tronic manifold are mixed with the4T2 state through the
spin-orbit coupling.18 The Cr41 system shows a weak3T2
→3A2 emission whose lifetime is temperature depend
~from ;2 ms at room temperature to;30 ms at 20 K in
YAG:Cr41).19 The strong decrease in the Cr41 lifetime with
increasing temperature is mainly due to nonradiative inter
conversion processes.

III. PHOTOACOUSTIC SIGNAL AND EFFICIENCY
OF NONRADIATIVE TRANSITIONS

PAS signals originate from the generation of heat flux
system excited by a modulated light beam of an excitat

FIG. 1. Configurational coordinate diagrams for~a! Cr41 and
~b! Cr31.
3-2



i-
ns

he
ig

m

s

m

a

n
o

pl
o

de
a

d
t
rg

e

p
is

en-

-
ple

the

u-
us-
nal

ude

nt.
tly

ed

as
ium
lso
r
-

ab-
ular

ical

h-
en-

d a
eri-
-
ete

ed
en-
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wavelength ofl ~the excitation energy of\V) and a modu-
lation frequency off. The periodical heat flux causes period
cal variations of the sample surface temperature and co
quently generates the overpressure~registered with a
microphone! in a gas-filled photoacoustic cell~PAC!. When
l s@ms , where l s and ms are the sample thickness and t
thermal diffusion length, respectively, the Rosencwa
Gersho theory,13 refined later by McDonald and Wetsel,20

yields the following expression for complex PAS signal a
plitudes:

P52
i I 0p0

4p f l grcv
H b

ssT0~g11!~r 11!

1j@12exp~2b l s!#J , ~1!

whereI 0 is the incident light intensity,p0 andT0 are ambient
pressure and room temperature, respectively,cv is the heat
capacity of the sample,l g and l s are the thickness of the ga
layer and the sample in the PAC, respectively, andb, r, and
j are the absorption coefficient, the density, and the ther
expansion coefficient of the sample, respectively.g, r andss
are complex quantities given by

g5
kgag

ksas
, r 5~12 i !

b

2as
, ss5~11 i !as , ~2!

wherekg andag are the thermal conductivity and the therm
diffusion coefficient of the gas in the PAC, respectively.ks
and as are the thermal conductivity and thermal diffusio
coefficient of the sample, respectively. Thermal diffusion c
efficients are a functions of the modulation frequency (f ):

ai5m i
215A2p f

2a i
, ~3!

wherea i ( i 5s,g) is the thermal diffusivity andm i is ther-
mal difusion length.

In the original Rosencwaig-Gersho model for solids,13 it
has been assumed that the relaxation process in the sam
purely nonradiative and instantaneous within the period
the light modulation. When a system simultaneously inclu
nonradiative and radiaitve processes, the excitation or
sorbed energy (Eex5\V) is not fully converted to heat an
photoemissive effects are therefore taken into accoun
analysis of the PAS signals. The optical to thermal ene
conversion efficiency@hNR

(e)(\V,T)# is given by

hNR
(e)~\V,T!5

Q

\V
~4!

where Q is the heat energy converted from the absorb
energy andT is the absolute temperature.

When we deal with fast relaxation processes~the lifetime
of an excited state is much shorter than the modulation
riod!, the optical to thermal energy conversion efficiency
given in the modified form
04511
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hNR
(e)~\V,T!512hR~\V,T!

\Vem

\V
~5!

where\Vem is the emission photon energy andhR(\V,T) is
the quantum efficiency of the system. The nonradiative
ergy conversion quantum efficiency@hNR(\V,T)# is given
by

hNR~\V,T!512hR~\V,T!. ~6!

In a weak absorption limit (bms!1) and under assump
tion that the thermal expansion coefficient and the sam
thickness are small enough, the second term in Eq.~1! can be
neglected and Eq.~1! is now simplified to

P~\V!5AI0~\V!hNR
(e)~\V,T!b~\V!, ~7!

whereA is the apparatus correction factor independent of
excitation energy.

After taking into account the spectral intensity distrib
tion of the used light source and calibrating the photoaco
tic spectrum of the sample with a reference of the PAS sig
from glassy carbon the measured PAS signal amplit
@QPAS(\V)# is described by

QPAS~\V!5AhNR
(e)~\V,T!b~\V!. ~8!

Thus,hNR
(e)(\V,T) can be obtained from Eq.~8! if b(\V) is

determined from another independent experime
hNR(\V,T) andhR(\V,T) can be determined subsequen
by the use of Eqs.~5! and ~6!.

IV. SAMPLE PREPARATION AND ANNEALING
TREATMENTS

YAG:Cr,Mg single crystals with a diameter of;10 mm
were grown by a Czochralski method and grown in a mix
atmosphere of 97% N2 and 3% O2 along the@111# direction
with a growing rate of 2 mm/h. A magnesium metal ion w
used as a compensating ion to form tetravalent chrom
ions in the host lattice. Calcium metal ion is sometime a
used for this purpose. Since Mg21 ion has a much smalle
ionic radius than Ca21 ion, it preferentially substitutes octa
hedral Al31 sites to promote forming Cr41 ion at tetrahedral
Al31 sites.

The single crystal samples used for PAS and optical
sorption measurements were cut in a direction perpendic
to the growing axis and with a thickness of;1 mm. Their
crystal surfaces were gradually polished up to the opt
quality.

In addition to as-grown crystal samples, we used hig
temperature annealing treatments to modify relative conc
trations of Cr31 and Cr41 ions in YAG crystals. A
H2-annealed sample was obtained at 1200 °C for 10 h an
air-annealed sample at 1400 °C for 2 h. Previous exp
ments performed by Ubizskiiet al.21 showed that these an
nealing treatment conditions sufficiently provide a compl
saturation in chromium recharging processes.

The total chromium content of YAG:Cr,Mg samples us
for this work was determined by the absorption band int
sity of Cr31 in the H2-annealed sample. First, the Cr31 con-
3-3
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centration of a YAG:Cr31 sample used as a reference w
determined by a chemical analysis and we then compared
absorption band intensities of the referenced YAG:Cr31

sample and the H2-annealed YAG:Cr,Mg sample to obtai
the total Cr content of;231020 cm23 in YAG:Cr,Mg.21

The Cr41 concentration in our present YAG:Cr,Mg sampl
was estimated to be;431017 cm23 by comparing the in-
tensity of a characteristic absorption band near 1mm with
the absorption data reported in the literature.22

V. EXPERIMENTS AND RESULTS

Optical absorption spectra were measured with a C
Zeis Jena spectrometer. Visible and near-infrared lumin
cence measurements were performed with two separate
ups. For the visible mesurements, luminescence was
persed by a 2 mmonochromator adapted by a spectrogra
~Carl Zeiss Jena PGS2 with a 651 grooves/mm grating! and
detected by a photon counting technique~a Hamamatsu
R943-02 photomultiplier tube!. For the near-infrared mea
surements, luminescence was dispersed by a 1 mspectrom-
eter ~SPEX 1704! and detected by a standard lock-in tec
nique ~a liquid nitrogen cooled germanium detector!. An
argon laser working in a single line mode was used as
excitation source. Low-temperature experiments at 20
were performed using a closed cycle helium refrigera
~APD Cryogenic INC HC4!.

Photoacoustic spectroscopy measurements were ca
out using a single beam spectrometer presented in Fig.
xenon arc lamp~XBO 900! was used as a light source.
frequency-variable chopper was used to generate peri
light amplitudes. A computer- controlled monochroma
~SPM2 with a grating 600 groves/mm! equipped with a non-
resonant photoacoustic detector~PAC 300, MTEC, USA!. A
sample compartment made of brass and with entrance
exit quartz windows is referred to a photoacoustic c
~PAC!. A dual phase lock-in amplifier~SR850! driven by a
computer was employed to complete PAS registration
data acquisition and to measure in-phase and out-of p
components of PAS signals simultaneously.

Figures 3~a! and 3~b! show luminescence and absorptio
spectra of as-grown, air-annealed, and H2-annealed
YAG:Cr,Mg. Red luminescence (13 200–15 400 cm21) oc-
curred in all the samples and is attributed to the2E→4A2

FIG. 2. Schematic PAS setup.
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transition of Cr31 accompanying Stokes and anti- Stok
phonon sidebands. NIR luminescence (6000–8000 cm21)
occurred only in as-grown and air-annealed YAG:Cr,Mg a
is attributed to the 3T2→3A2 transition of Cr41.
H2-annealed YAG:Cr,Mg exhibited only two4A2→4T2 and
4T1a absorption bands of Cr31 @Fig. 3~b!# and as-grown
YAG:Cr,Mg exhibited a superposition of Cr31 absortion
bands (4A2→4T2 and 4T1a) and Cr41 absorption bands
(3A2→3T1a and 3T1b).

For our PAS experiments, we carefully considered the f
lowing factors that significantly influence the accuracy a
analysis of PAS data. First, we discuss the validity of a we
absorption limit (bms!1). The thermal diffusivity of YAG
single crystals experimentally reported for 3.6
31022 cm2/s.23 When a modulation frequency of 60 Hz
used for PAS experiments, the thermal diffusion length
YAG is obtained forms'1022 cm using Eq.~3!. Since the
optical absorption coefficients (b) of both Cr31 and Cr41

ions in the YAG:Cr,Mg samples used for this study do n
exceed 15 cm21, the weak absorption limit ofbms!1 is
fulfilled and Eq.~8! is reasonably applicable to our samp
systems.

FIG. 3. ~a! Room temperature~dotted curves! and 20 K~solid
curves! luminescence spectra and~b! room temperature absorptio
spectra of as-grown and H2-annealed YAG:Cr,Mg crystal samples
3-4
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Second, existing theories describe photoacoustic eff
within a one-dimension approximation. However, the effe
of heat flowing in three dimensions~3D! become important
in some material systems.24 Due to this effect critical fre-
quency dependent on a cell diameter and thermal diffusi
of a filling gass emerges. Below this frequency on
dimensional theories are not valid. Recently, Jones
McCleland25 have examined 3D effects for different mate
als and for different distances from entrance window w
photoacoustic cell~PAC300, MTEC USA! filled with helium
gas. They have shown that even the PAS signal has b
disturbed by 3D effects the correct quantitative results can
obtained based on a one-dimensional model provided tha
measurements are related to a proper reference sampl
minimize the 3D effects in our PAS experiments, we filled
PAC with air because air has a lower thermal diffusivity th
He gas. To check the influence of the 3D effect we ha
measured the dependence of the PAS amplitude on mod
tion frequency for the glassy carbon sample of the sa
shape as sample under investigation. Since dependenc
have obtained was in full accordance with one dimensio
model26 we have assumed that the 3D effects are neglig
in our PAS experiments.

Last, we considered the absorption from PAC windo
and walls. For each of our PAS experiments, we first m
sured a blank PAS spectrum of the used PAC. The blank P
spectrum as the background was subtracted from the m
sured PAS spectrum of the sample (X’s and Y’s represent
in-phase and out-of-phase components of the sample, res
tively!. Blank in- phase components (Xb) and out-of-phase
components (Yb) of the PAC were first measured with
polished quartz disc placed in the PAC~the quartz disc thick-
ness was 1.5 mm similar to the thickness of our YAG:Cr,M
samples!. A PAS signal vector magnitude (QPAS) can be de-
fined by the in-phase and out-of-phase components of
signals as follows:

QPAS5A~Xs2Xb!21~Ys2Yb!25AXcor
2 1Ycor

2 ~9!

Corrected PAS spectra of as-grown, air-annealed,
H2-annealed YAG:Cr,Mg samples are presented in F
4~a!–4~c!, respectively. Absorption spectra of these samp
are also given in the right axis of Figs. 4~a!–4~c!. For the
H2-annealed sample, an excitation spectrum of the2E
→4A2 luminescence is also presented in Fig. 4~c!.

VI. DISCUSSION

A. Cr 4¿ case

From Figs. 4~a! and 4~b!, we see that both as-grown an
air-annealed YAG:Cr,Mg samples exhibit a constant ratio
the PAS signal amplitude to the absorption coefficient ove
spectral range of 400–800 nm. This indicates, using Eq.~8!,
that the optical to thermal energy conversion efficien
@hNR

(e)(\V)# is independent of the excitation energy (Eex

5\V) in both samples that contained Cr41 ions and exhib-
ited strong Cr41 absorption bands@;620 nm for 3A2
→3T1a and;480 nm for 3T1b in Figs. 3~b!, 4~a!, and 4~b!#.
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From the configurational coordinate diagram of Cr41 in Fig.
1~a!, one can clearly see that the thermal barrier (Enr) of the
3T2 first excited state of Cr41 is much lower relative to the
Cr31 case in Fig. 1~b!. At room temperature, both the the
mal energy conversion efficiency (hNR

(e)) and the nonradiative
energy conversion quantum efficiency (hNR) are close to 1
in our two Cr41 contained systems.

FIG. 4. PAS and absorption spectra of~a! as-grown,~b! air-
annealed,~c! H2-annealed YAG:Cr,Mg samples at room temper
ture. A room temperature excitation spectrum of2E→4A2 lumines-
cence of Cr31 for the H2-annealed sample is also included in~c!.
3-5
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B. Cr3¿ case

When looking at the pure Cr31 case in Fig. 4~c!
~YAG:Cr,Mg annealed in H2). we found that the optical to
thermal energy conversion efficiency (hNR

(e)) is excitation-
energy dependent between 400–800 nm. For the sake o
tuition, we rewrite Eq.~8! in the form

hNR
(e)~\V!}

QPAS~\V!

b~\V!
. ~10!

Using Eq.~10! and the PAS and absorption data presente
Fig. 4~c!, we obtainedhNR

(e)(438 nm)'0.7hNR
(e)(600 nm). We

therefore expect from Eqs.~5! and ~6! that the quantum ef-
ficiency (hR) of Cr31 increases with decreasing excitatio
wavelength~increasing excitation energyEex).

Since high-field Cr31 ion has a long-lived emitting stat
(2E), both fast and slow relaxation processes occur simu
neously. In this case, Eq.~5! cannot be reasonably applied
the prediction of the PAS effects in our H2-annealed
YAG:Cr,Mg sample and a new model should generally co
sider nonradiative relaxation processes with fast heat com
nents (Qe) and slow heat components (Qm). The fast heat
components are produced by excited ions relaxing from t
short-lived states (4T1a and/or 4T2) via the fast interconfigu-
rational relaxation to their long-lived2E state @Fig. 1~b!#.
The slow heat components are released via the slow int
onfigurational relaxation starting with the long-lived2E
state. Ouzafeet al.27 have studied photoacoustic effects in
molecular system that contains two heat sources corresp
ing to nonradiative relaxation processes of two different
cited states with significantly different lifetimes and obtain
PAS signals in the following complex form:

P5QPASexpi ~2p f t1f!, ~11!

where the amplitude of PAS signals (QPAS) is

QPAS5A
I 0bmsQe

4p f EexasA~bms11!211

3H 11

2S Qe

QmhNR
D11

S Qe

QmhNR
D 2

@11~2p f tm!2#
J 1/2

~12!

and the phase of PAS signals (f) is

f52p1arctan~bms11!

2arctanH 2p f tm

11S Qe

QmhNR
D @11~2p f tm!2#J . ~13!

Here tm is the lifetime of the long-lived excited state. W
have considered that for the Cr31 system we have two ste
relaxation, the first, fast nonradiative relaxation fromEe state
to theEm state (2E), and than the second, slow radiative
nonradiative process that ends in the ground state, thusEex
5Qe1Qm . Upon application of Eqs.~11!–~13!, we have
04511
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calculkated the PAS amplitude as a function of the modu
tion frequency~f! for two absorption bands of Cr31 @peaked
at ;438 and;600 nm in Fig. 4~c!#. Calculations have been
preformed for two cases, assuminghNR50.5 and hNR
50.1. In both cases we used the quantity of the lifetime
the 2E excited state of Cr31, tm53 ms. Our results are
illustrated in Fig. 5~solid lines forhNR50.5 and dotted lines
for hNR50.1). One can clearly see that the PAS amplitud
for both bands vary with the modulation frequency in t
same way. The PAS amplitudes of the H2-annealed
YAG:Cr,Mg sample at;438 nm (Eex522 830 cm21) and
;600 nm (Eex516 670 cm21) as a function of the modu
lation frequency~f! were experimentally determined~solid
circles and squares in Fig. 5!. It can be seen that althoug
calculated slopes and intensities differ from measured c
acteristics, qualitative agreement between theory and exp
ments exists.

Using Eq.~12!, one obtains the optical to thermal energ
conversion efficiency (hNR

(e)) for the system with a long-lived
excited state such as the2E excited state of Cr31 given by

hNR
(e)}H S Eex2Qm

Eex
D 2

1

2S Eex2Qm

Eex
D S QmhNR

Eex
D1S QmhNR

Eex
D 2

11~2p f tm!2
J 1/2

.

~14!

Figure 6 presents calculated results for the optical to ther
energy conversion efficiency (hNR

(e)) as a function of the ex-
citation energy (Eex) using Eq.~14! and f 560 Hz as well as
with a constant optical to thermal energy conversion qu
tum efficiency for a set ofhNR50.0, 0.2, 0.4, 0.6, 0.8, 1.0
From Fig. 6, we notice thathNR

(e) for all cases increases wit
increasing excitation energy (Eex). One possibility to have a

FIG. 5. Calculated and experimental PAS amplitudes as a fu
tion of modulation frequency~f! for 438 and 600 nm absorption
bands of Cr31 in the H2-annealed YAG:Cr,Mg sample.
3-6
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decrease inhNR
(e) with Eex is to assume that the energy co

version efficiency (hNR) decreases with increasing excitatio
energy (Eex). This is a reason why we will discuss the d
tails of nonradiative internal conversion processes in lu
nescent centers below.

C. Modeling of nonradiative relaxation processes

The quantum efficiency of an optically activated mater
system can be described in the context of the configuratio
coordinate model~Fig. 7!. When the system is excited from
its ground state~g! to a vibronic state (ue,n&, Ee

n) of its
excited electronic manifold~e! with a photon of\V, two
nonradiative relaxation processes occur. One is an intra
figurational relaxation process fromue,n& down to ue,n
21& that emits a phonon with a probability ofpintra

n (e) and

FIG. 6. Calculated nonradiative energy conversion efficiency
a function of excitation energy (Eex5\V) based on Eq.~14!.

FIG. 7. Configurational coordinate diagram. Solid and das
arrows represent nonradiative and radiative processes, respect
pintra

n , pinter
nm , andpr represent the probability of the intraconfigur

tional and interconfigurational nonradiative relaxation proces
and the radiative process, respectively.\V denotes the excitation
energy.
04511
i-

l
al

n-

another is an interconfigurational nonradiative internal rel
ation process that transforms the system without losing
energy (Ee

n5Eg
m) from ue,n& to ug,m& with a probability of

pinter
nm (e→g). Upon a steady-state excitation ofI 0(\V) with

an absorbed power ofb(\V)I 0(\V), we can obtain a set o
rate equations describing the kinetics of deexcitation p
cesses and calculate the quantum efficiency (hR) of the sys-
tem in Fig. 7 by12

hR~\V,T!5F )
k51

n(\V) pintra
k ~e!

pintra
k ~e!1pinter

kl ~e→g!
GF pR

t

pR
t 1pNR

t ~T!
G ,

~15!

wherepR
t and pNR

t are the probability of radiative and non
radiative processes, respectively, in a thermalized system
Eq. ~15!, the term in the first brackets describes fast p
cesses before thermalization and the term in the sec
bracket describes slow processes after thermalization.
slow processes are temperature-dependent because the
ability of nonradiative processes in the thermalized system
a function of temperature in the following form:

pNR
t ~T!5

(
n

pinter
nm ~e→g!exp~2Ee

n/kT!

(
n

exp~2Ee
n/kT!

. ~16!

It is straightforward to see that the total probability of all th
fast processes decreases with increasing excitation en
(\V). If \V2.\V1,

)
k51

n2(\V2) pintra
k ~e!

pintra
k ~e!1pinter

kl ~e→g!

5F )
k51

n1(\V1) pintra
k ~e!

pintra
k ~e!1pinter

kl ~e→g!
G

3 )
i .n1

n2(\V2) pintra
i ~e!

pintra
i ~e!1pinter

i l ~e→g!

, )
k51

n1(\V1) pintra
k ~e!

pintra
k ~e!1pinter

kl ~e→g!
. ~17!

As extrapolated directly from this inequality, the quantu
efficiency of the system described by Eq.~15! decreases with
increasing excitation energy. As a consequence, the non
ative energy conversion efficiency (hNR

(e)) is expected from
Eq. ~5! to havehNR

(e)(\V2).hNR
(e)(\V1) for \V2.\V1. In

the special case when a system has 0% quantum efficie
its optical to thermal energy conversion efficiency is\V
independent. This is our Cr41 case@Figs. 4~a! and 4~b!#.

Our Cr31 case in Fig. 4~c! showed that the;600 nm
absorption (4A2→4T2) is weaker than the;438 nm absorp-
tion band (4A2→4T1a) whereas the;600 nm excitation
band (4A2→4T2) is stronger than the;438 nm excitation
band (4A2→4T1a). From the excitation spectrum, the qua
tum efficiency of our Cr31 system is expected to be great

s

d
ely.

s,
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upon excitation into the lower energy4T2 quartet state than
into the higher energy4T1a quartet state of Cr31. The ratio
of the excitation spectrum to the absorption coefficient
Cr31 @Fig. 4~c!# yields the direct information about the non
radiative internal conversion processes in the excited st
of the Cr31 system. Actually, this ratio for the4A2→4T1a
band is smaller by a factor of 0.37 than that for the4A2
→4T2 band. Such a fact indicates that the nonradiative
ergy conversion efficiency (hNR

(e)) increases with increasin
excitation energy, even faster than the result predicted by
~14! ~Fig. 6!. As far as we have considered the abov
formulated theory that describes the relaxation processes
system such as our present Cr31 system, it cannot predict a
decrease in the optical to thermal energy conversion e
ciency (hNR

(e)) with excitation energy (\V). We will develop
and discuss a generalized theory that concerns the pres
of spatial energy migration processes in our forthcom
paper.

VII. CONCLUSIONS

We have analyzed the nonradiative processes in the C41

and Cr31 systems in different YAG:Cr,Mg crystals. Th
analysis of the PAS and optical absorption spectra yiel
the conclusion that the quantum efficiency of Cr41 in as-
grown and air-annealed YAG:Cr,Mg samples is very wea~
at room temperature, almost all energy is transformed
heat!. It is much less than that obtained by Ku¨ck et al.19

where the quantum efficiency of YAG:Cr41 has been esti-
mated as 0.5 for helium temperature and 0.2 for room te
perature. We have found that PAS spectra of the YAG:C41

system can be analyzed using the standard Rosencw
Gersho theory that relates PAS to absorption coefficient
relation ~7!.

A very interesting result has been obtained in the cas
the sample annealed in hydrogen@Fig. 4~c!#. Actually, this
sample contains only Cr31 centers. We see that the ratio
PAS amplitude to the absorption coefficient decreases w
increasing of excitation energy. One can also see that
effect is directly related to Cr31 from analysis of the as
grown sample. Here we deal with Cr31 and Cr41 and what is
seen from the double absorption bands in the higher en
region. One can see that for the energy 22 830 cm21, where
we expect the absorption band related to the4A2→4T1a tran-
s

in

d

.
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sition in the Cr31 system the PAS signal is smaller than t
absorption.

Considering the ratio of photoacoustic amplitude signa
the absorption coefficient in the case of the Cr31 system in
the framework of the standard approach one obtains decr
ing of optical to thermal energy conversion efficiency wi
increasing of excitation energy. On the other hand, our an
sis of nonradiative processes in the luminescence center
shown that such an effect is impossible. The increasing of
probability of the nonradiative internal conversion proce
with increasing excitation energy is also obtained from co
parison of the absorption and excitation spectra.

Thus, the specific ratio of the PAS to absorption in t
case of the Cr31 system has to be related to more comp
cated phenomena. In all samples we have approximately
same quantity of chromium. In the as-grown sample and
the sample annealing in air the dominant dopant was Cr41.
In the sample annealed in hydrogen atmosphere all c
mium ions were reduced to Cr31 ~no Cr41 was detected!.
Only Cr31 has a metastable2E state that is characterized b
a lifetime of 3 ms. Since the2E state is characterized by ver
weak electron-lattice coupling no the Stokes shift betwe
absorption and emission is noticed. Thus although the
sorption 4A2→2E is weak the resonance excitation ener
transfer between isolated chromium is possible. One sho
notice that in the case of the Cr41 ion the first excited state is
3T2, which is rather strongly coupled to the lattice. In add
tion this is not the metastable state due to the quite h
probability of radiative and nonradiative processes. The3T2
lifetime is of the range ofms.19 As a result the spatial exci
tation energy migration between Cr41 is much less effective
that between the Cr31 ions of the same concentration. In th
next paper we provide the model of the energy migration
the surface that explains our experimental results.28
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