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Photoacoustic signal in strongly luminescent crystals: Bulk-surface states deexcitation model

M. Grinberg, A. Sikorska, and A. S´ liwiński
Institute of Experimental Physics, University of Gdan´sk, Wita Stwosza 57, 80-952 Gdan´sk, Poland

~Received 23 May 2002; published 31 January 2003!

We present a model describing the photoacoustic-photothermal signal in the presence of spatial energy
migration from the luminescence center to the surface. We have developed a quantitative model describing
nonradiative internal conversion processes in the centers and energy migration in the sample and influence of
both on the amplitude and phase of the photoacoustic signal. The model has been used for obtaining a relation
between photoacoustic and absorption spectra in the yttrium aluminum garnet (YAG):Cr31 crystal. We have
estimated the local quantum efficiency of the Cr31 in YAG and the quantity of the excitation energy diffusion
length.

DOI: 10.1103/PhysRevB.67.045114 PACS number~s!: 71.55.Ht, 76.30.Fc
n
he
tio
le

e

ef
ca
w
r
th
t

i
di
ee
d
fo
ua
l
d.
a
o
-
d

en

m
an
an
tio

a
he
e
, t

not

at
and
ion
ns-
th.
ions
AS
mal
tion

tion
-
the

an
on-
rial

re-
ra-

ife-
r a
e

ion
the

th-
m.

lcu-
as-
ction
ent
mis-
I. INTRODUCTION

In standard theory of photoacoustic signal~PAS!
generation1 it is usually assumed that heat deposited at a
particular location in the samples is derived only from t
light absorbed at the same location. It is a good assump
when spatial migration of the excitation energy is negligib
As has been discussed in our previous paper2 ~paper I! in
such a case the photoacoustic spectrum, defined as th
pendence of PAS amplitude on excitation wavelength~or en-
ergy!, is proportional to the absorption spectrum. The co
ficient of proportionality is considered as the relative opti
to thermal energy conversion efficiency. In this paper
focus our attention on the case where the excitation ene
absorbed by a localized center after fast relaxation to
metastable excited state is transferred from the center to
surface states and then released as heat.

The effect of spatial energy migration in the solid state
quite well known. The physical background for the nonra
ative transfer from point sensitiser to point activator has b
examined by Dexter3 and reexamined by Inokuti an
Hirayama.4 They have listed the mechanisms responsible
the energy transfer, namely, electric dipole, electric q
druple, and superexchange interactions. Later the mode
energy transfer based on the diffusion effect was propose5,6

The theory of transfer has been successfully used by m
authors for describing the luminescence kinetics
sensitizers.7–11 From our point of view the important conclu
sion is that the characteristic distance of sensitization
pends on the interaction and can even extend up to 103 lattice
constants.3 In the case when energy migration between s
sitizers is considered this distance can be much longer.11

Generation of PAS in the presence of spatial energy
gration has been discussed theoretically by Quimby
Yen.12 They analyzed the dependence of magnitude
phase of the PAS related to localized centers on modula
frequency exciting light. Flaherty and Powell13 discussed the
problem of concentration luminescence quenching for Nd31

ions in NdxY12xP5O14 crystals. They presented a model th
allowed one to calculate the probability of migration of t
excitation to the surface for a given location of sensitiz
Although they measured and analyzed the PAS spectra
0163-1829/2003/67~4!/045114~8!/$20.00 67 0451
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influence of surface quenching on the PAS amplitude has
been discussed.

Our intuition regarding the photoacoustic effect is th
that the nonradiative energy transfer becomes important
can influence the PAS of the system when the excitat
deposited in the luminescence center is nonradiatively tra
ferred within a distance larger than thermal diffusion leng
We have considered that in such a case the simple relat
between the characteristic absorption coefficient and P
spectra are not valid and PAS, as well as other photother
techniques need special treatment to yield the absorp
spectrum of the system.

In paper I we have analyzed photoacoustic and absorp
spectra of Y3Al5O12 ~YAG! doped with chromium and mag
nesium. We have found that in the as-grown sample and
sample annealed in air~part of the Cr31 ions were oxidized
to the Cr41), the relation between PAS and absorption c
be easily explained by considering only the intracenter n
radiative relaxation. However, in the case when the mate
contains only octahedrally coordinated Cr31 centers~in the
sample annealed in hydrogen! the relation between the PAS
and absorption cannot be described by the model of the
laxation process that neglects the excitation energy mig
tion. Since in this case the first excited state of the Cr31

system2E is the metastable state characterized by the l
time equal to 3 ms we expect that the system is excited fo
sufficiently long time to allow the process of migration of th
excitation energy between the Cr31 ions as well as from the
Cr31 to the surface.

The main purpose of the paper is to explain the relat
between PAS and absorption spectra. We also consider
possibilities of using photoacoustic and photothermal me
ods for analysis of the spatial energy migration in the syste

II. PAS SIGNAL GENERATION

According to Rosencwaig Gersho1 the PAS is propor-
tional to the temperature of the sample surface that is ca
lated by solving thermal conductivity equation. We have
sumed that the heat propagates in the sample in one dire
z. The geometry of the sample with respect to the incid
light beam is presented in Fig. 1. One neglects the heat e
sion at the sides of the sample@three-dimensional~3D! ef-
©2003 The American Physical Society14-1
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fect# when the sample thicknessL is small in comparison to
its diameter. This condition is satisfied in our case sin
sample diameter was 6 mm and thickness 1 mm. Under
mogeneous excitation~it is assumed that the incident light
parallel to thez direction! the heat flow is described by th
following equation:14

]2Q~z,I !

]z2
2

1

a

]Q~z,t !

]t
52

H~z,t !

q
, ~1!

whereQ(z,t) is the temperature field,H(z,t) is the rate of
heat input per unit volume, anda and q are the thermal
diffusivity and conductivity, respectively. Considering on
the harmonic part of the excitation with frequencyv one can
replace Eq.~1! by

]2T~z!

]z2
1s2T~z!52

H~z!

q
, ~2!

where H(z,t) and T(z) are defined as follows:H(z,t)
5H(z)exp(ivt) andQ(z,t)5T(z)exp(ivt). Quantitys is re-
lated to thermal diffusion lengthl(v)5A2a/v as follows:
s5(11 i )/l(v). Equation~2! can be solved using the Fou
rier transformH(k)5*H(z)exp(2ikz)dz,

T~z!5
1

2pE H~z!eikzdz

q~k21s2!
1ue2sz1fesz. ~3!

Constantsu and f can be found from boundary condition
for temperature and thermal flux. We have considered th
regions~see Fig. 1!. The region for2`,z,0 corresponds
to the air in front of the sample~we indicated this region a
‘‘1’’ !. The region 0<z<L is related to the sample~we indi-
cated this region as ‘‘2’’!. The third region is defined forL
<z,` ~we indicated this region as ‘‘3’’!. Depending on the
construction of the cell the third region can be the air or
background material. In our case it is the quartz windo
Assuming that the heat is released only in the sample one
assumeH(z)50 in air and background material~regions 1
and 3!.

One has to consider that the sample contains two type
states the bulk states of densityNb(z) that contribute to the
heat throughHb(z)5Nb(z)Qb and surface statesNs1 and
Ns2 that contribute to the heat throughHs5@Ns1d(z)
1Ns2d(z2L)#Qs . Qb and Qs are the energies emitted a
heat per individual process of deexcitation in the bulk ma
rial and at the surface, respectively. Considering that the b
states are excited by absorption of photons of energyE one
obtains

FIG. 1. Geometry of the system.
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H~z!5Hb~z!1Hs~z!5Cbe2b(E)z1Cs1d~z!1Cs2d~z2L !,
~4!

whereb(E) is optical absorption. CoefficientsCb , Cs1, and
Cs2 can also depend on the absorption but do not depend
the ‘‘z’’ coordinate. The density of bulk states is related
the Cr31 ions concentration by absorption coefficient, th
Cb5I 0(E)b(E)Qb where I 0 is the intensity of excitation
~number of exciting photons!. Csi5NsiQs andNs1 , Ns2 are
the concentrations of surface centers at the 1 and 2 surfa
We have assumed the following solutions of Eq.~2!:

T~z!5
1

2p 5
f1es1z, z,0

E H~z!eikzdz

q~k21s2
2!

1u2e2s2z1f2e2s2z,

u3e2s3(z2L), z.L.

0<z<L, ~5!

Considering relations~4! and ~5! one obtains

E H~z!eikzdz

q~k21s2
2!

5
Cb

q2
F e2bz

s2
22b2

1
e2s2z

2s2~b2s2!

1
e2bLe2s2(z2L)

2s2~s21b! G
1

1

2s2q2
lim
g→0

@Cs1e2s2uz2gu

1Cs2e2s2uz2L1gu#. ~6!

Conditions for continuity of the temperature functio
and heat flow at the boundaries allow to calcula
f1 ,u1 and f2 ,u2. Considering T1(0)5T2(0),T3(L)
5 T4(L), q1 @]T1(z)/]z# uz50 5 q2 @]T2(z)/]z# uz50 and
q2@]T2(z)/]z#uz5L5q3@]T3(z)/]z#uz5L and assuming tha
our sample of YAG:Cr31 is thermally opaque (us2u@L) one
obtains

u252
Cb

2q2s2

12x

~s21b!~11x!
2

Cs1~12x!

2q2s2~11x!
~7!

and the temperature at the surface atz50

T~z50!5
x

q2s2~11x! F Cb

~s21b!
1Cs1G , ~8!

wherex5q2s2 /q1s1.
Next simplification can be done assuming thatq25q3 and

s25s3. Since in our cell the background material is th
quartz window and sample is garnet crystal this assump
is quite reasonable. Thus one obtains

f25
2Cbe2(s21b)L

q2s2~s21b!
~9!

and
4-2
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u25
Cb

2q2s2

12x

~s21b!~11x!
2

~Cs11Cs2e2s2L!~12x!

2q2s2~11x!
.

~10!

Finally relations~9! and~10! yield the following formula for
the temperature at the surface of the sample:

T~z50!5
2Cbe2(s21b)L

2q2s2~s21b!
1

x

q2s2~11x! F Cb

~s21b!
1Cs1

1Cs2e2s2LG . ~11!

To consider the photoacoustic signal quantitatively one
to relate constantsCsi to Cb .

III. KINETICS OF THE DEEXCITATION

In the following a model of the excitation energy migr
tion from the Cr31 system to the surface is considered. O
starts with the optical excitation of the Cr31 system to the
state of the energyE via the spin allowed4A2→4T2 or
4A2→4T1a transitions. In the first step the system relaxes
the metastable state2E of the energyEm @see Fig. 1~b! in
paper I#. Next, the excitation of the Cr31 ions can decay
radiatively or nonradiatively, or can be transfered to the s
face. This process is much slower since is controlled by
metastable state lifetime.

The first fast process yields the fast heat, which is crea
in a particular Cr31 ion in a place where light has bee
absorbed. In the next step the excitation can decay ra
tively with the rate constant 1/tR (tR is radiative lifetime!
through the spin-forbidden2E→4A2 transition or it can dif-
fuse to the surface with the probabilityf (z2zs), wherez
2zs is the distance between the Cr31 ion and a surface. Two
additional processes take place. The fast nonradiative in
nal conversion from the higher excited states of the C31

directly to the 4A2 electronic manifold and the slow nonra
diative internal conversion processes that takes place in
Cr31 system after thermalization in the2E state. The third
process is the spatial energy transfer between the Cr31 ions.
We have not taken this process into account since it is c
pletely reversible process~when a particular Cr31 ion passes
the excitation to another Cr31 ion the number of excited
Cr31 ions does not change!.

The excitation of the Cr31 system is described by follow
ing rate equation:

dne~z,v!

dt
5I 0~E!b~E!e2b(E)z~11eivt!2

ne~z,v!

te
,

~12!

wherene and te are the population and lifetime of the ex
cited state~the bulk states! of energyE, respectively. The
rate 1/te51/te

intra11/te
inter include the relaxation to the meta

stable state2E, described by lifetimete
intra as well as the

interconfigurational internal conversion process, descri
by te

inter. I 0 is intensity of excitation,b is the bulk absorption
coefficient, andv is frequency of excitation modulation. Us
ing the standard methods one can solve Eq.~12! and obtain
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ne~z,v!5teI 0~E!b~E!e2b(E)zF11
ei (vt1we)

A11v2te
2G , ~13!

where the phase shift is generated byte , we
52arctan(vte). One defines the population of bulk stat
contributing to the thermal process in the unit timeNb
5ne /te .

Occupation of the metastable2E state is given by the
following relation:

dnm~z,v!

dt
5

ne~z,v!

te
intra

2
nm~z,v!

tm~z!
. ~14!

In Eq. ~14! the metastable state lifetimetm depends on dis-
tance of the ion from the surface. Similarly, as in the case
Eq. ~12!, one obtains

nm~z,v!5tm~z!
te

te
intra

I 0~E!b~E!e2b(E)z

3F 11
ei [vt1we1wm(z)]

A11v2tm
2 ~z!A11v2te

2G . ~15!

In formula~15! the phase related to the lifetime of metastab
state iswm52arctan@vtm(z)#.

We have considered three slow processes that depop
the metastable state, the radiative2E→4A2 transition, the
nonradiative internal conversion process in the Cr31 system
related to the2E→4A2 transition and the spatial excitatio
energy migration. The metastable state depopulation rate
be given as follows:

1

tm~z!
5

1

t0
1 f ~z2zS!, ~16!

where f (z2zs) the probability of excitation energy transfe
from the Cr31 to the surface.t0 is the 2E state ‘‘local’’
lifetime related to the radiative and nonradiative lifetimes
follows: 1/t051/tR11/tNR.

The kinetics equation describing the population of the s
face states is given as follows:

dns~v!

dt
5E nm~z,v! f ~z2zs!dz2

ns~v!

ts
, ~17!

wherets is the lifetime of surface states. Relations~15! and
~17! allow one to obtain

ns~v!5I 0~E!b~E!
tste

te
intraH E0

L

e2b(E)ztm~z! f ~z2zs!dz

1F ei (vt1we1ws)

A11v2ts
2A11v2te

2G E0

L

e2b(E)ztm~z!

3F eiwm(z)

A11v2tm
2 ~z!

GdzJ , ~18!
4-3
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where the phase shift related to surface states
ws52arctan(vts). We have assumed that the Cr31 ions be-
have as sensitizer between which the exchange of the e
tation can take place and that the sample does not con
any other point defects that behave as activators. Thus
excitation energy, if it is not released in the ion, is pass
step by step to the surface. To calculate the probability
such a process we have used the surface quenching m
proposed by Flaherty and Powell.13 According to this ap-
proach the probability of transfer of the excitation from t
metastable state of the Cr31 ion that is at the distancez from
the surface is given by

f R~z!5
1

t0p
A~12z2! arccosS z

RD ~19!

for z<R and zero elsewhere.R is the parameter representin
the excitation diffusion~radius of the diffusion! length. Tak-
ing into account that we have two surfaces atz50 and z
5L we have used the following function:

f ~z2zs!5 f R~z!1 f R~z2L !. ~20!

One can see thatf R changes from 0 forz5R to 1/2t0 for
z50. Thus considering relations~20! and~16! one sees that
for the reasonable assumption 2R,L, tm(z) changes from
t0 to 2

3 t0. This allows one to use the approximation

F exp@ iwm~z!#

A11v2tm
2 ~z!

G>F exp~ i w̄m!

A11v2t̄m
2 G ,

wherew̄m and t̄m are average values of the phase shift a
lifetime, respectively. One notices that both the relaxat
from the excited state to the metastable state of the Cr31 ion
and nonradiative processes at the surfaces are of the ord
ns or shorter. Thus considering the time scale of the inve
gated processes the assumption thatvsts!1 andvste!1 is
quite reasonable. As a result one can simplify relation~18!
and obtain:

ns~v!5
tste

te
intra

I 0~E!b~E!F 11
ei (vt1w̄m)

A11v2t̄m
2 G

3E
0

L

e2b(E)ztm~z! f ~z2zs!dz, ~21!

where according to Eq.~19!

E
0

L

e2b(E)ztm~z! f ~z2zs!dz

5
R

p F E0

L e2b(E)RxA12x2arccos~x!

11
1

p
A12x2arccos~x!

dx

1e2b(E)LE
0

L eb(E)RxA12x2arccos~x!

11
1

p
A12x2arccos~x!

dxG , ~22!
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wherex5z/R.
One can calculate both integrals for different values of

productbR. In the case of the samples doped with Cr31 we
deal with weak absorption. Thus one can use the assump
bR!1 and exp(2bRx)>1, even if the migration distanceR
is comparable with sample thicknessL. Similarly like in the
case of estimation of average lifetimet̄m one can approxi-
mate

1

11p21A11x2arccos~x!
>

4

5
.

Than considering that*0
1A11x2arccos(x)dx5 1

4 1p2/16 one
obtains

E
0

L

e2b(E)ztm~z! f ~z2zs!dz>
R

5 F 1

p
1

p2

4 G~11e2b(E)L!.

~23!

Finally the number of surface states that contribute to
heat released at the front and back surface in the unit tim
given by

ns~z,v!

ts
5Ns1d~z!1Ns2d~z2L!5I0~E!b~E!

3
R

5 F1p 1
p2

4 G@d~z!1d~z2L!e2b(E)L#

3F11
eivt1iw̄m

A11v2t̄m
2 G te

te
intra

. ~24!

IV. PAS SIGNAL IN THE CASE YAG:Cr 3¿ SYSTEM

The relation between the coefficientsCb and Csi can be
calculated when we consider that the surface states beha
activators that obtain excitation via the sensitizing Cr31 ions.
Considering Eqs.~24! and ~11! one obtains the following
relations:

Cb5I 0~E!b~E!Qb , ~25!

Cs15Cb

te

te
intra

@s21b~E!#
Rs2

5 F 1

p
1

p2

4 GF e2 i w̄m

A11v2t̄m
2 G Qs

Qb
,

Cs25Cs1e2[s21b(E)]L.

For an optically thin sample, whereus2u@b relation~11!
can be presented in the form

T~z50!5
x

q2s2
2~11x!

I 0~E!b~E!FQb1
Rs2

5 F 1

p
1

p2

4 G
3

~11e2s2L!e2 i w̄m

A11v2t̄m
2

te

te
intra

QsG . ~26!

Sinces25(11 i )Av/2a2, the above relation yields
4-4
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T~z50!5
x

q2s2
2~11x!

I 0~E!b~E!

3FQb1K0Av
~11e2s2L!e2 i (w̄m2p/4)

A11v2t̄m
2

te

te
intra

QsG ,

~27!

whereK0 is a real quantity:

K05
R

5A2a2
F 1

p
1

p2

4 G . ~28!

One can see that productRs2 yields an additional phas
shift equal to2p/4 for the thermal signal generated at t
surface. As will be discussed later this effect influences
total PAS phase quite strongly.

Since the energy migration is the energy conserving p
cess, the heat released after migration at the surfaceQs
5Em , whereEm is energy of the2E state of the Cr31 ion.
When the isolated Cr31 ion has a 100% quantum efficienc
the heat released in the bulk by the excited Cr31 ion Qb
5E2Em , whereE is the excitation energy. It is the hea
emitted immediately after excitation in the Cr31 place. It is
easy to extend the model to include the effect of nonradia
relaxation inside the Cr31 system. In this case

Qb5E2Em1PNR
e ~E!Em

1@12PNR
e ~E!#PNR

m Em

~11e2s2L!e2 i w̃m

11v2t̄m
2

, ~29!

where PNR
e (E)5te /te

inter512te /te
intra is the probability of

the fast internal conversion processes in the excited vibro
states of the2E, 4T2, and 4T1a electronic manifolds~this
probability depends on the excitation energy!, PNR

m is prob-
ability of nonradiative internal conversion of the Cr31 sys-
tem after termalization in the2E state~this probability de-
pends on temperature!. As a consequence of consideration
the fast internal conversion processes in the excited st
occupation of the metastable state is reduced by facto
(12PNR

e ). Total nonradiative energy conversion quantum
ficiency of the isolated Cr31 hNR, defined by Eq.~6! in
paper I can be related toPNR

e and PNR
m . Using a diabatic

model15 of nonradiative relaxation one obtains

hNR512hR512~12PNR
e !~12PNR

m !. ~30!

One can easy see that relation~30! allows thatPNR
e 1PNR

m

.1. Since the quantity that is analyzed is the PAS of
sample divided by the PAS obtained from excitation of c
bon reference material one obtains the complex PAS sig

QPAS}b~E!FE2Em

E
1K

Em

E G . ~31!

Here the complex coefficientK is given as
04511
e

-

e

ic

f
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of
-

e
-
l

K5PNR
e 1~12PNR

e !PNR
m

~11e2s2L!e2 i w̄m

A11v2t̄m
2

1~12PNR
e !K0Av

~11e2s2L!e2 i (w̄m2p/4)

A11v2t̄m
2

. ~32!

The amplitude of PAS is given as

QPAS5b~E!AFE2Em

E
1Re~K !

Em

E G2

1F Im~K !
Em

E G2

,

~33!

where Re(K) and Im(K) are the real and imaginary parts o
the K coefficient. One can analyze the quantity

d

dE FQPAS~E!

b~E! G
5

Em

E2

$E1@Re~K !21#Em%@12Re~K !#2@ Im~K !#2Em

A@E2Em1Re~K !Em#21@ Im~K !Em#2
.

~34!

$E1@Re(K)21#Em#@12Re(K)#2@ Im(K)#2Em.0 corre-
sponds to an increase of the ratio of theQPAS to the absorp-
tion coefficient, whereas$E1@Re(K)21#Em%@12Re(K)#
2@ Im(K)#2Em,0 yields the decreasing of the ratio ofQPAS
to absorption, with increasing excitation energy. Consider
the QPAS(E)/b(E) for different excitation energy one ob
tains information on the nonradiative processes that t
place in the system. QuantityQPAS(E)/b(E) calculated us-
ing our model for different values of parameters is presen
in Fig. 2. In all cases theQPAS(E)/b(E) has been normalized
to the quantity obtained forE2Em5100 cm21. It is quite an
arbitrary choice that has been taken because it allows on
present the results as not crossing curves. In fact we
interested in the slope not in absolute value
QPAS(E)/b(E). The curves in Fig. 2~a! have been obtained
under assumptionPNR

e 50 and correspond to differentK0,
indicated in figure, and to two limit values ofPNR

m , zero and
unity. Quantity of the ratio of PAS amplitude to absorptio
for other values ofPNR

m should be placed between the lim
curves. In Fig. 2~b! theQPAS(E)/b(E) has been obtained fo
nonzero values ofPNR

e . We have considered that the pro
ability of internal conversion process in the higher vibron
states of excited electronic manifolds are described by dia
tic model.15 We have approximated results of the model u
ing an analytical function. Thus

PNR
e ~E!5b

e2ENR /(E2Em)

11be2ENR /(E2Em)
. ~35!

HereENR is the characteristic energy barrier for nonradiati
processes~this energy is related to the energy of the grou
and excited electronic manifold crossover! andb is the rela-
tive frequency factor describing the probability of the inte
nal conversion with respect to the probability of intraco
figurational relaxation. For performing calculations we ha
4-5



o

x
ce
-

en
le.

-
ed

f

re-
ata
rnal

as-

-
.

een

ing
he
nal
f

ates
e

th

e

ar fit
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assumedENR53000 cm21 and b51. The shape of this
function is presented in the inset of Fig. 2~b!.

Actually we have measured the ratio of the amplitude
PAS to the absorption coefficient in the region of the4A2
→4T2 absorption band and in the region of4A2→4T1a ab-
sorption band of the Cr31 ion. One defines the quantity

g5
QPAS~

4A2→4T1a!

b~4A2→4T1a!

b~4A2→4T2!

QPAS~
4A2→4T2!

. ~36!

Quanityg is presented in Fig. 3 versus frequency of e
citation. One can consider some special cases. In absen
the spatial energy migration (K050) and nonradiative inter
nal conversion (PNR

e 50 andPNR
m 50) one obrtains

g5
E~4A2→4T2!

E~4A2→4T1a!

E~4A2→4T1a!2Em

E~4A2→4T22Em!
.

For YAG:Cr31, where E(4A2→4T2)516 670 cm21,
E(4A2→4T1a)522 830 cm21, and Em514 450 cm21, this

FIG. 2. Dependence of the ratio of photoacoustic signal to
absorption on excitation energy for different values ofK0. Solid
curves have been obtained assumingPNR

m 50, dashed curves hav
been obtained forPNR

m 51. ~a! Curves obtained assumingPNR
e 50,

~b! curves obtained forPNR
e Þ0, quantityK0 is given in s21/2 units.
04511
f

-
of

ratio would be equal to 2.76. The second limit case is wh
the excitation can migrate through all volume of the samp
This corresponds toK05`. For YAG:Cr31 one would ob-
tain g5E(4A2→4T2)/E(4A2→4T1a)50.73, independently
of PNR

m for any PNR
e ,1. It is seen from Fig. 3 that experi

mental ratio is of the order of 0.5–0.6. We have perform
calculations of ratiog using formula~31! with K defined by
relation ~32!. Already we have considered that the2E state
of the Cr31 system is much better excited via the4A2
→4T2 transition than4A2→4T1a transition. The analysis o
the excitation spectra presented in Fig. 4~c! ~paper I! allows
one to consider that probabilityPNR

e is equal 0 and 0.63 for
excitation via the4A2→4T2 and 4A2→4T1a transitions, re-
spectively „or more generally, the ratio@12PNR

e (4A2

→4T2)#/@12PNR
e (4A2→4T1a)#5

1
0.37

… . We have calcu-

lated quantityg keeping parameterPNR
e fixed 0 and 0.63, for

respective transitions, and treating the quantitiesK0 andPNR
m

as fitting parameters. The results of calculations are p
sented in Fig. 3. The solid curves correspond to the d
obtained assuming that we have not the nonradiative inte
conversion in the Cr31 after termalization in the2E state
(PNR

m 50). The dashed curves have been obtained under
sumption that dominant internal relaxation in the Cr31 sys-
tem is nonradiative (PNR

m 51). It is of course not true be
cause we have the2E→4A2 luminescence, but similar Figs
2~a! and 2~b!, curves obtained forPNR

m 50 andPNR
m 51 rep-

resent the limit cases and all other value ofPNR
m parameter

should be represented by the functions with values betw
them.

One should notice that there are two effects diminish
the quantityg: the energy migration to the surface and t
dependence of the probability of fast nonradiative inter
conversionPNR

e on excitation energy. Since the probability o
nonradiative internal conversion process in the excited st
of the Cr31, PNR

e , is known our model allows estimating th

e

FIG. 3. Quantityg @see Eq.~36!# versus excitation frequency
calculated for different valueK0, solid curves correspond toPNR

m

50, dashed curves have been obtained forPNR
m 51, rectangles rep-

resent the experimental values, and the dot-dashed line is a line
to the experimental data, quantityK0 is given in s21/2 units.
4-6
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quantityK0, the constant that describes the energy migrat
from Cr31 to the surface. The estimated value wasK0
50.07 s21/2. Considering that the thermal diffusivity of th
garnet isa253.6631022 cm22/s and the corresponding m
gration radius isR50.034 cm. One can see that forK0
.0.07 s21/2 the difference between curves corresponding
PNR

m 50 andPNR
m 51 are negligible. This is a reason why w

cannot estimate the total quantum efficiency of the Cr31 ion
from this analysis. We have used our model and analyzed
frequency dependence of the PAS phase. The experime
results are presented in Fig. 4. The phase of the PAS
been measured under excitation with 600 and 438 nm, wh
correspond to the excitation via4A2→4T2 and 4A2→4T1a
transitions, respectively, and calibrated with respect to
glassy carbon. The phase has been calculated accordin
the formula

F52arctanF Im~K !Em

@E2Em1Re~K !Em#G , ~37!

where theK coefficient is defined by Eq.~32!. We have
compared the results of our model with predictions of
model suggested by Quimby and Yen16 and Mandeliset al.,17

for analysis of the quantum efficiency of ruby crystal. Th
model does not include the nonradiative internal convers
in the higher excited states described in our model by qu
tity PNR

e and spatial energy migration described by const
K0. Further we refer to the latter as a basic model. One
see that the experimental phase shift is quite large, wh
may suggest the weak quantum efficiency of the YAG: Cr31

system. To reproduce more or less the experimental data
the basic model one should make the assumption that
Cr31 is an almost nonradiative center. In Fig. 4 the pha
shifts calculated according basic model with quantum e
ciency equal zero are represented by dashed curves. On

FIG. 4. Dependence of PAS phase on excitation frequency. D
correspond to the experimental data obtained under excitation
600 nm, rectangles correspond to the experimental data obta
under excitation with 438 nm. Dashed curves have been obta
using the basic model, solid curves have been obtained using
model ~see the text!, quantityK0 is given in s21/2 units.
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see that the basic model reproduces the experimental
quite well obtained when the excitation with 438 nm is co
sidered, and the reproduction is bad when the excitation w
600 nm is considered. Experimentally the PAS phase for
citation 600 nm is more positive than under excitation 4
nm, whereas the basic model yields an opposite effect.
have reproduced the phase shift using our model quite w
The theoretical dependence of PAS phase on frequenc
excitation obtained forK050.07 s21/2 for PNR

m equal to 0 are
presented in Fig. 4. In both cases the fitting is not bad. S
cifically our model reproduces the proper phase differe
between PAS excited with 600 and 438 nm. In addition o
experimental phase shifts show the existence of an additi
phase shift2p/4 induced by the effect of energy migration
Our fitting to the PAS phase has been the best when we h
assumed a high local quantum efficiency of Cr31. This is
expected since in YAG we deal with a high field mater
characterized by strongR line luminescence.

V. CONCLUSIONS

We have extended the standard theory of photoacou
photothermal processes by considering the spatial migra
of excitation energy in solids. Specifically we have cons
ered the transport of the excitation from the Cr31 center to
the surface states. As far as the qualitative theoretical res
are considered we have obtained the final formulas that re
PAS to optical absorption given by relations~31! and/or~33!.
Actually these formulas are already known to describe s
tems characterized by two step deexcitations. As an exam
one can mention the paper by Oufazeet al.,18 where the PAS
signal from a molecular system have been discussed.
can consider relation~31! in a quite general way. IfK50 we
deal with a completely radiative center. The quantum e
ciency of the system is 100%. In such a case the PAS
generated due to the fast nonradiative process in higher
cited states of the system. IfK51 the PAS follows~is pro-
portional to! the absorption. It is equivalent to the case wh
all energy is transformed into heat without delay. No pha
shift of PAS related to the ‘‘long living’’ excited metastabl
states in the system is noticed. This is the case where we
use the Rosencwaig-Gersho,1 approach without any modifi-
cations.

The interesting implication of the present extension of
theory of photoacoustic effect is that in the case of existe
of nonradiative transfer from the localized absorbing cen
to the surface the coefficientuKu can be much greater tha
unity. This is because only the Cr31 ions from the layer
thinner than thermal diffusion length can contribute direc
to the PAS whereas all the Cr31 ions that are placed at dis
tanceR from the surface contribute to the PAS coming fro
the surface. This is the main reason for the nontrivial eff
of diminishing the ratio of PAS to absorption coefficient wi
increasing excitation energy. However, the decrease of
ratio of the PAS amplitude to absorption coefficient wi
increasing of excitation energy can also be caused by res
tive increasing of the probability of fast nonradiative intern
conversion. The latter effect emerges when a change in p
ability of internal conversions yields the change of the P
phase. In this paper we have particularly discussed the
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ed
ed
ur
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of the YAG:Cr31 system, with chromium concentration
31020 cm23. We have found that in our system the excit
tion energy migration from chromium to surface states is
main effect responsible for PAS generation. Using our mo
we have estimated the local quantum efficiency of the s
tem. Specifically we have found that the probability of no
radiative internal conversion of the system thermalized in
2E state is very small,PNR

m >0. Thus the quantum efficienc
of the Cr31 excited via4A2→4T2 is equal to 100%. There is
a different situation where the system is excited via
4A2→4T1a transition. Since in this case the probability
the internal conversion in the excited states isPNR

e 50.63 the
quantum efficiency of the Cr31 ion defined by relation (1
2PNR

e )(12PNR
m ) is equal 37%. This is a reason why th

basic model16,17 can reproduce the dependence of the P
phase excitation frequency for excitation with 438 nm . T
basic model fails when we excite with wavelength 600 nm
the region of the4A2→4T2 transition when the quantum
efficiency of the Cr31 is high.

We can relate the isolated Cr31 ion quantum efficiency to
the quantum efficiency of all the systems. Our analysis of
2E state radiative and nonradiative deexcitation@formulas
~16! and ~19!# showed that depending on diffusion lengthR
up to 1/3 of the excited ions can transfer their energy to
surface. This means that the quantum efficiency of the en
system can be diminished by factor 2/3, actually indep
dently of the local quantum efficiency.

Let us consider the example of ruby crystal, for whi
many reports on quantum efficiency is available in literatu
The energetic structure of the Cr31 ion in Al2O3 lattice~very
high field material with the energy of4T2 far above 2E)
allows assuming that it is pure radiative center character
by quantum efficiency very close to 100%. The2E state is
characterized by very weak electron-lattice coupling, th
according to the diabatic model,15 also presented in paper
the probability of fast nonradiative internal conversion p
cesses in this system is very small. On the other hand,
entire system (Cr31 and lattice! can be characterized by th
n,

F
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spatial excitation energy migration from the ion to the s
face and nonradiative relaxation through the surface sta
This causes the final quantum efficiency of the system to
smaller than 100%. According to the above remarks
quantum efficiency of all the system can be diminished fr
100 to 66.~6! %.

There are two methods that allow one to determine qu
tum efficiency. The direct one is optical based on the estim
tion of the ratio of emitted to absorbed photons.19 This
method does not allow one to distinguish between differ
nonradiative processes. It is interesting that in some case
quantum efficiency of ruby crystal obtained using the pu
optical approach is quite small and close to the limit 66.~6!%
obtained by us@63%,19 65%20 and 78%~Ref. 21!. Such a low
quantum efficiency can be related to the effect of nonrad
tive energy transfer to the surface states.

The indirect method of estimation quantum efficiency
based on the analysis of the dependence of PAS
frequency.12 This method allows one to estimate the quantu
efficiency based on the nonradiative processes only. Mo
over as has been shown in this paper the photoacou
method allows one to distinguish between local nonradia
processes and energy migration processes. For the case
ruby system the quantum efficiency estimated us
photoacoustic/photothermal methods has been larger@90%,16

90–98%~Ref. 17!#. It should be mentioned that the exper
mental results presented in Refs. 16 and 17 allow one
exclude the existence of the spatial excitation energy mig
tion in the samples under consideration. Based on the ab
considerations the general conclusions that the photoaco
method is a very powerful tool for investigation of nonrad
ative processes in the luminescence centers and studying
ergy migration in the complex systems can be formulated
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