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Photoacoustic signal in strongly luminescent crystals: Bulk-surface states deexcitation model
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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@stal. We have
estimated the local quantum efficiency of thé Cin YAG and the quantity of the excitation energy diffusion

length.
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[. INTRODUCTION influence of surface quenching on the PAS amplitude has not
been discussed.
In standard theory of photoacoustic signaPAS Our intuition regarding the photoacoustic effect is that

generationh it is usually assumed that heat deposited at anyhat the nonradiative energy transfer becomes important and
particular location in the samples is derived only from thecan influence the PAS of the system when the excitation
||ght absorbed at the same location. It is a good a_ssumptioﬁeposned in the luminescence center is nonradlatlvely trans-

when spatial migration of the excitation energy is negligible.ferred within a distance larger than thermal diffusion length.
As has been discussed in our previous pageaper ) in Ve have considered that in such a case the simple relations

qetween the characteristic absorption coefficient and PAS
spectra are not valid and PAS, as well as other photothermal
techniques need special treatment to yield the absorption

such a case the photoacoustic spectrum, defined as the
pendence of PAS amplitude on excitation wavelerigthen-
ergy), is proportional to the absorption spectrum. The coef

ficient of proportionality is considered as the relative opticalSpeCtrum of the system. . .
to thermal energy conversion efficiency. In this paper we In paper | we have analyzed phqtoacoust{c and absorption
' spectra of %Al;0;, (YAG) doped with chromium and mag-

focus our attention on the case where the excitati.on energy.cium. We have found that in the as-grown sample and the
absorbed by a Iocallzed_center after fast relaxation to thgample annealed in afpart of the C#* ions were oxidized
metastable excited state is transferred from the center to ﬂ'{g the CF*), the relation between PAS and absorption can
surface states and then released as heat. , _ be easily explained by considering only the intracenter non-
The effect of spatial energy migration in the solid state iS 5gjative relaxation. However, in the case when the material
quite well known. The physical background for the nonradi-contains only octahedrally coordinated®Creenters(in the
ative transfer from point sensitiser to point activator has beegample annealed in hydrogethe relation between the PAS
examined by Dextér and reexamined by Inokuti and and absorption cannot be described by the model of the re-
Hirayama’ They have listed the mechanisms responsible folaxation process that neglects the excitation energy migra-
the energy transfer, namely, electric dipole, electric quation. Since in this case the first excited state of thé'Cr
druple, and superexchange interactions. Later the model &fystem?E is the metastable state characterized by the life-
energy transfer based on the diffusion effect was propded. time equal to 3 ms we expect that the system is excited for a
The theory of transfer has been successfully used by mansufficiently long time to allow the process of migration of the
authors for describing the luminescence kinetics ofexcitation energy between the Crions as well as from the
sensitizers™** From our point of view the important conclu- Cr** to the surface.
sion is that the characteristic distance of sensitization de- The main purpose of the paper is to explain the relation
pends on the interaction and can even extend upidatice  between PAS and absorption spectra. We also consider the
constants. In the case when energy migration between senpossibilities of using photoacoustic and photothermal meth-
sitizers is considered this distance can be much loHger.  ods for analysis of the spatial energy migration in the system.
Generation of PAS in the presence of spatial energy mi-
gration has been discussed theoretically by Quimby and
Yen!? They analyzed the dependence of magnitude and
phase of the PAS related to localized centers on modulation According to Rosencwaig Gershahe PAS is propor-
frequency exciting light. Flaherty and Pow@éltliscussed the tional to the temperature of the sample surface that is calcu-
problem of concentration luminescence quenching fot'™Nd lated by solving thermal conductivity equation. We have as-
ions in Nd,Y;_,Ps04, crystals. They presented a model thatsumed that the heat propagates in the sample in one direction
allowed one to calculate the probability of migration of the z. The geometry of the sample with respect to the incident
excitation to the surface for a given location of sensitizerlight beam is presented in Fig. 1. One neglects the heat emis-
Although they measured and analyzed the PAS spectra, trgon at the sides of the sampléhree-dimensional3D) ef-

Il. PAS SIGNAL GENERATION
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1 2 | 3 H(z)=Hp(2)+Hy(2)=Cpe #B?+ Cy 8(2) + Csr8(z— L(L)

Iy

whereB3(E) is optical absorption. Coefficient,, Cg;, and
C., can also depend on the absorption but do not depend on
the “z” coordinate. The density of bulk states is related to
the CP" ions concentration by absorption coefficient, thus
0 L : Co=10o(E)B(E)Q, wherel, is the intensity of excitation
FIG. 1. Geometry of the system. (number of exc_:iting photonsCg;=NgiQs andNg;, N, are
the concentrations of surface centers at the 1 and 2 surfaces.

fect] when the sample thicknessis small in comparison to We have assumed the following solutions of E2):
its diameter. This condition is satisfied in our case since

v

sample diameter was 6 mm and thickness 1 mm. Under ho- $.€7%,  z<0
mogeneous excitatiofit is assumed that the incident light is 1 H(z)e'*%dz
parallel to thez direction the heat flow is described by the T(z)=— f —————+ 0,67 7%+ pe 72

. =) 2w q(k?+o2)
following equation® 2

O 7370 Z> |,
#0(z1) 10(zt)  H(zb) L
972 a a q '’ @ Oo=sz=<lL, (5)

where®(z,t) is the temperature fieldi(z,t) is the rate of Considering relation$4) and (5) one obtains
heat input per unit volume, and and g are the thermal
diffusivity and conductivity, respectively. Considering only H(z)e*?dz C,| e #? e 022
the harmonic part of the excitation with frequensyone can f e e ol 2 s —
replace Eq(1) by q(k3+03) 2| g5—p% 202(B—02)

e Bla—oa(z-L)

F*T(z) H(z) o= 7
e T(@)= - @ " 200 )
where H(z,t) and T(z) are defined as followsH(z,t) + lim[C 1e—oz\z—y|
=H(2)exp(wt) and®(z,t) =T(z)expwt). Quantityo is re- 20702, 9 ®
lated to thermal diffusion length(w) = \2a/w® as follows: L]
o=(1+i)/\(w). Equation(2) can be solved using the Fou- +Cge 7251 (6)

rier transformH (k) = H(z)exp(-ikz)dz Conditions for continuity of the temperature function

and heat flow at the boundaries allow to calculate
— "4 g "+ pe°. 3) ¢1,0, and ¢,,60,. Considering T,(0)=T,(0),T5(L)
q(k?+ o) =TyL), 1[dT1(2)/02] ;=0 = A2[T2(2)/92]|,=o and
Qo[ 9T2(2)/92]| =L =3[ dT3(2)/9z]|,-,. and assuming that
our sample of YAG:Ct" is thermally opaque|,|>L) one

1 [ H(z)e*dz
T(Z) = ﬂ

Constantsd and ¢ can be found from boundary conditions
for temperature and thermal flux. We have considered thre

regions(see Fig. 1L The region for—«<z<0 corresponds btains

to the air in front of the sampléve indicated this region as C, 1—x Cey(1—X%)

“1" ). The region G<z=<L is related to the sampl@ve indi- 0,=— - 7)
cated this region as “2J. The third region is defined fa 20207 (02+ B)(1+X)  20,05(1+X)
<z<= (we indicated this region as “3! Depending on the 514 the temperature at the surfaceat0

construction of the cell the third region can be the air or the

background material. In our case it is the quartz window. X Ch

Assuming that the heat is released only in the sample one can T(z=0)= 14%) | (0% B) +C51}, (8)
assumeH (z)=0 in air and background materiéegions 1 G202 o2t B

and 3 WhereX=q20'2/q10'1.

One has to consider that the sample contai_ns two types of Next simplification can be done assuming that gz and
states the bulk states of densMy(z) that contribute to the  ,=,. Since in our cell the background material is the
heat throughH,(2) =Np(z)Qp and surface stateNg; and  quartz window and sample is garnet crystal this assumption

Ns, that contribute to the heat throughs=[Ns;6(z) s quite reasonable. Thus one obtains
+Ng8(z—L)]Qs. Qp, and Qg are the energies emitted as

heat per individual process of deexcitation in the bulk mate- —Cpe (72tAL

rial and at the surface, respectively. Considering that the bulk ¢2:m 9)
states are excited by absorption of photons of en&gne araTe

obtains and
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; Cp 1-x (Cs1+Cge 725 (1—x) -
= — — - z
27 20,0 (02 B)(1+%) 20,05(14%) Ne(z,0)=Telo(E) S(E)e

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

ei (ot+@g)

1+ 1—1 (13

+ w27'2

e

where the phase shift is generated by., ¢,
= —arctanf7r,). One defines the population of bulk states
contributing to the thermal process in the unit tirhg

—Cpe (2tAL X Cy =N/ 7e.
T(z=0)= + +Cq Occupation of the metastabRE state is given by the
+ + + . :
20202(02F B) - G202(1+X) [ (02F ) following relation:
+Cqe 72| (12) INy(Zw) Ne(zw) Nz o) e
dt - inta. 7 (7
To consider the photoacoustic signal quantitatively one has Te m(2)
to relate constant€; to Cy,. In Eq. (14) the metastable state lifetime, depends on dis-
tance of the ion from the surface. Similarly, as in the case of
I1l. KINETICS OF THE DEEXCITATION Eg. (12), one obtains
In the following a model of the excitation energy migra- r
tion from the CF* system to the surface is considered. One Nm(Z,0)= Tm(z)_—elo(E)ﬂ(E)e‘B(E)Z
starts with the optical excitation of the €r system to the ntra
state of the energy via the spin allowed*A,—4T, or .
4A,—4T,, transitions. In the first step the system relaxes to ailot+ oot or(2)]
the metastable statéE of the energyE,, [see Fig. 1b) in X1+ e ETEN v (15
paper |. Next, the excitation of the €t ions can decay 1+ o m(2) V1t o 7,

radiatively or nonradiatively, or can be transfered to the suryp formula(15) the phase related to the lifetime of metastable
face. This process is much slower since is controlled by theate ise .= — arctafiwr,(2)].

metastable state lifetime. o We have considered three slow processes that depopulate
The first fast process yields the fast heat, which is createghe metastable state, the radiativg—*A, transition, the

. . -+ . . . ’ 1

in a particular Ct* ion in a place where light has been nonradiative internal conversion process in thd*Csystem

absorbed. In the next step the excitation can decay radigg|ated to the?E—“A, transition and the spatial excitation

tively with the rate constant ié (7r is radiative lifetime  gnergy migration. The metastable state depopulation rate can
through the spin-forbiddeRE— A, transition or it can dif- be given as follows:

fuse to the surface with the probabilif{z—z;), wherez
—z, is the distance between the3Crion and a surface. Two 1
additional processes take place. The fast nonradiative inter- 2 T—0+f(Z—Zs), (16)
nal conversion from the higher excited states of thé*Cr "
directly to the A, electronic manifold and the slow nonra- Wheref(z—z) the probability of excitation energy transfer
diative internal conversion processes that takes place in thigom the CP* to the surfacer, is the E state “local”
Cr’* system after thermalization in th#E state. The third lifetime related to the radiative and nonradiative lifetimes as
process is the spatial energy transfer between tAé @ns.  follows: 1/ro=1/7p+ 1/7yg.
We have not taken this process into account since it is com- The kinetics equation describing the population of the sur-
pletely reversible processihen a particular Cr' ion passes face states is given as follows:
thS excitation to another €F ion the number of excited dny(w) ny(w)
Cr*" ions does not change s\ @ :f _ _ @

The excitation of the Gf system is described by follow- dt Mn(2,0)1(2-25)d2 - @7
ing rate equation:

S

wherey is the lifetime of surface states. Relatiofi$) and
dn.(z, o ‘ n.(z, (17) allow one to obtain
L: I O(E)B(E)G_B(E)Z(l—l— giot)— M,
dt Te
(12 ny(w)=1o(E) B(E)
wheren, and 7, are the population and lifetime of the ex-
cited state(the bulk statesof energyE, respectively. The

TsTe

[ fLe’ﬁ(E)zrm(z)f(z— z,)dz
0

intra
Te

intra inter ; ; gl (@t eet ¢g) L
rate 1= 1/7y “+ 17 include the relaxation to the meta- n f e BEZ. (7)
stable state’E, described by lifetimers"™ as well as the V1+0272\1+ w22 | Jo "
. . . . . . L S e
interconfigurational internal conversion process, described )
by 7", |, is intensity of excitationg is the bulk absorption giem?
coefficient, andw is frequency of excitation modulation. Us- X T——5—= dz;, (18
ing the standard methods one can solve @8) and obtain | V1+wm(2)
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where the phase shift related

to surface states
= —arctanfry). We have assumed that theCrions be-
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isvherex=1z/R.

One can calculate both integrals for different values of the

have as sensitizer between which the exchange of the exgproductBR. In the case of the samples doped wit Cwe
tation can take place and that the sample does not contagteal with weak absorption. Thus one can use the assumptions
any other point defects that behave as activators. Thus th@R<1 and exp{B8RX=1, even if the migration distande
excitation energy, if it is not released in the ion, is passeds comparable with sample thicknelssSimilarly like in the

step by step to the surface. To calculate the probability otase of estimation of average lifetimeg, one can approxi-
such a process we have used the surface quenching modghte

proposed by Flaherty and Powé&ll According to this ap-
proach the probability of transfer of the excitation from the

metastable state of the €rion that is at the distancefrom
the surface is given by

1 z
fR(Z):ro_w (1—2z°%) arccos =

= (19

for z<R and zero elsewher® is the parameter representing
the excitation diffusior(radius of the diffusioplength. Tak-

ing into account that we have two surfaceszatO andz
=L we have used the following function:

f(z—z)=fr(z) +fr(z—L). (20

One can see thdt; changes from 0 foe=R to 1/2r, for

z=0. Thus considering relatior{20) and(16) one sees that,
for the reasonable assumptiolRZ L, 7,(z) changes from

7o t0 5 70. This allows one to use the approximation

expli o)

Vi+ w27,2n

exfliem(2)]

V1+ (027'?”(2)

Where;m and?m are average values of the phase shift and

1
1+ 7 11+ x2arccosx)

SRS

Than considering thaﬁ(l)\/1+ x%arccosk)dx= %+ w?/16 one

obtains
fL B () (2 2 da= | S+ |16 O
oe Tm(2)f(2—25) =z |- T( e ).

(23

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

Nny(z,w)

=Ng &2)+Nodz—L)=1¢(E)B(E)

S

R[1
Xg| -+ g [dd+az- Lye AEL]

5|7

dottion

V1+ wz;fn

Te

X[ 1+ —_—. (24
intra

Te

lifetime, respectively. One notices that both the relaxation

from the excited state to the metastable state of tH& @m

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

and nonradiative processes at the surfaces are of the order of
ns or shorter. Thus considering the time scale of the investi- The relation between the coefficierty, and C; can be

gated processes the assumption that,<1 andws7.<1 is

quite reasonable. As a result one can simplify relatib®)
and obtain:

TsTe
ng(w)=——10(E)B(E)
Te

el (0t+en)
1+

Vi1+ wz;an

L
X f e PBZ: (2)f(z—z5)dz, (21
0

where according to Eq19)

L
fo e PBZr (2)f(z—z5)dz

R JL e~ FERX 1 —x2arccos$x) g
= X
1
° 14 ;dl—xzarccoﬁx)
L aB(E)RX [T 2
+e‘ﬁ(E)Lf e - V1—x arcco$x)d
° 1+ ;\/1—x2arcco$x)

x|, (22

calculated when we consider that the surface states behave as
activators that obtain excitation via the sensitizing Cions.
Considering Egs(24) and (11) one obtains the following
relations:

Co=1o(E) B(E)Qp, (25

Te Ro,[1 ? efigm Qs

Ca=Co Tl 72t PR o T o |
e (O™

Cop=Cqye [r2tAEIL

For an optically thin sample, whete-,|> 8 relation (11)
can be presented in the form

T(z=0) WE)8E)| opt N2 T
z=0)=———— +—| =+ —
G203(1+%) 5 |7 4
(1+e “byeiem 7
72 in(taraQS ' (26)
\/1+w Tm Te

Sinceo,=(1+1i)Vw/2a,, the above relation yields
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T(2=0)= — 1 (E)B(E) K=t (1 pypp (e
z=V)=——lo =FNR PPN T/
qza§(1+x) \/1-!—002;2n
(1+ef(rzL)efi(gm7'n'/4) T (1+e7‘72|-)e7i(;m7 l4)
X| Qo Koo =0, +(1=PRe)KoVw — (32
1+w2;|?n Tg‘lfa \/1+w Tm
(27)  The amplitude of PAS is given as
whereKg is a real quantity: E-Ep, E. |2 =K
Qpas= B(E) E +Re(K)E + Im(K)E :
R [1 #? 33
Ko=c o=+ 7 | 28) (33)
Near

where ReK) and Im(K) are the real and imaginary parts of

) . the K coefficient. One can analyze the quantity
One can see that produRio, yields an additional phase
Qpas(E)

shift equal to— #/4 for the thermal signal generated at the ¢
surface. As will be discussed later this effect influences th%—E B(E)
total PAS phase quite strongly.

Since the energy migration is the energy conserving pro- _ _ _ 2
cess, the heat released after migration at the surface =E—2{E+[RG(K) LIEniLL RjK)] [Im(Kl] Em
=E,,, whereE,, is energy of the’E state of the Gt" ion. E VIE—Em+ Re(K)Ep]*+[IM(K)Ep]

When the isolated Gt ion has a 100% quantum efficiency (34)
the heat released in the bulk by the excited ‘Cion Q,
—E—E,,, whereE is the excitation energy. It is the heat {E+[Re(K)—1]E,][1—Re()]-[Im(K)]’E,>0 corre-

emitted immediately after excitation in the Crplace. It is ~ Sponds to an increase of the ratio of @g,s to the absorp-
easy to extend the model to include the effect of nonradiativéion coefficient, whereagE+[Re(K) —1]Ey}[1—Re(K)]

relaxation inside the Gf system. In this case —[Im(K)J?En<0 yields the decreasing of the ratio @pas
to absorption, with increasing excitation energy. Considering
Qu=E—Eqn+PSr(E)En the QpagE)/B(E) for different excitation energy one ob-
B tains information on the nonradiative processes that take
(1+e 72b)e iem place in the system. QuantitYpa(E)/B(E) calculated us-
+[1- PﬁlR(E)]PmREmWr (29 ing our model for different values of parameters is presented
m

in Fig. 2. In all cases th®p,o(E)/B(E) has been normalized
where PEr(E) = Te/TLmer: 1— Te/Tgma is the probability of to the quantity obtained fdE— E,= 100 cm . It !s quite an
the fast internal conversion processes in the excited vibroni@'Pitrary choice that has been taken because it allows one to
states of the?E, *T,, and *T,, electronic manifoldsithis  Present the results as not crossing curves. In fact we are
probability depends on the excitation energyy is prob- interested  in the slope. nqt in_ absolute valu_e of
ability of nonradiative internal conversion of the3Crsys- Qeas(E)/B(E). Theecurves in Fig. @) have bee_n obtained
tem after termalization in théE state(this probability de- 9”‘?‘“ ass_um_ptmnPNR:O and (_:or_respond to differert,,
pends on temperatureds a consequence of consideration of indicated in figure, and to two limit values 8, zero and
the fast internal conversion processes in the excited staté§lity- Quantity of the ratio of PAS amplitude to absorption
occupation of the metastable state is reduced by factor der other values oPf should be placed between the limit
(1-P§g). Total nonradiative energy conversion quantum ef-curves. In Fig. &) the Qeag(E)/B(E) has been obtained for
ficiency of the isolated GF 7w, defined by Eq.(6) in  nonzero values oPyg. We have considered that the prob-
paper | can be related tBS; and Pll;. Using a diabatic ability of internal conversion process in the higher vibronic

model® of nonradiative relaxation one obtains states of (I:;(cited electronic manifolds are described by diaba-
tic model:> We have approximated results of the model us-
nR=1-7r=1~(1-PRe)(1~Pgr). (30)  ing an analytical function. Thus

One can easy see that relati(80) allows thatP§g+ Pl e Enr/(E-Em)

>1. Since the quantity that is analyzed is the PAS of the
sample divided by the PAS obtained from excitation of car-
bon reference material one obtains the complex PAS signaHereEyy is the characteristic energy barrier for nonradiative

processesthis energy is related to the energy of the ground

Nr(E)=D (39

1+be Enr/(E-Em’

E-E, Em and excited electronic manifold crossovandb is the rela-
Qpas* B(E) E +KE . 3D tive frequency factor describing the probability of the inter-
nal conversion with respect to the probability of intracon-
Here the complex coefficier is given as figurational relaxation. For performing calculations we have
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e
100 P° =
] a NR 0
_~"§’ K=0  K=0.008 ,\%
g 104 \ %
A ] =
a | <
% : K,=0.07 %
o / )
1 Fmmane 77 K=0.21 =
] Kot s / K,=0.51
0 5000 10000 15000 20000 25000 - T : T : T - T -
" 0 50 100 150 200 250
E-E_(cm’) frequency (Hz)
y e FIG. 3. Quantityy [see Eq.(36)] versus excitation frequency
100 5 b P tO o calculated for different valu&,, solid curves correspond By
] NR 0t =0, dashed curves have been obtained¥gg= 1, rectangles rep-
—_ 03 resent the experimental values, and the dot-dashed line is a linear fit
[) z : R P in & 1/2 H
= 202 to the experimental data, quantit, is given in s units.
2104 N
}% ] T R TR TT TTRPY ratio would be equal to 2.76. The second limit case is when
t E-E, (en) the excitation can migrate through all volume of the sample.
e This corresponds t&,=%. For YAG:Cr** one would ob-
2, K,=0.07 tain y=E(*A,—T,)/E(*A,—T1,)=0.73, independently
g S ' of PR for any PRr<1. It is seen from Fig. 3 that experi-
................ . K,=0.21 L
— K_05 mental ratio is of the order of 0.5-0.6. We have performed
K=1—" ° calculations of ratioy using formula(31) with K defined by

0 5000 10000 15000 20000 25000 relation (32). Already we have considered that tRE state
of the CP' system is much better excited via tH&,
—4T, transition than*A,— 4T, transition. The analysis of

. L the excitation spectra presented in Fi aper ) allows
FIG. 2. Dependence of the ratio of photoacoustic signal to the P P ¢c)4paper )

. e
absorption on excitation energy for different valueskyf. Solid one to consider that probabili, is equal 0 and 0.63 for

curves have been obtained assumiffy=0, dashed curves have excitgtion via theA,—“T, and 4A2—>4T1a.transitign54, re-
been obtained foPTs=1. (a) Curves obtained assumifz=0,  SPectively (or more generally, the ratiq1—Pyg("A;

B e . . . - —1/2 - 1
(b) curves obtained foPyz# 0, quantityK, is given in § < units. —>4T2)]/[1— PﬁlR(4A2_>4Tla)]:O_37) _ We have calcu-

E-E_ (cm’)

assumedEyng=3000 cm! and b=1. The shape of this lated quantityy keeping paramete?yy fixed 0 and 0.63, for
function is presented in the inset of Figh2 respective transitions, and treating the quantitigsind P
Actually we have measured the ratio of the amplitude ofas fitting parameters. The results of calculations are pre-
PAS to the absorption coefficient in the region of th&, sented in Fig. 3. The solid curves correspond to the data
—4T, absorption band and in the region Hh,—*T,, ab-  obtained assuming that we have not the nonradiative internal
sorption band of the & ion. One defines the quantity conversion in the Cr after termalization in thé’E state
(PNr=0). The dashed curves have been obtained under as-
_ Qpad A= T B(*A—1Ty) sumption that dominant internal relaxation in the’ Cisys-
- B(*A,—2T1.) Qpad “Ay—2T,) tem is nonradiative Ryr=1). It is of course not true be-
cause we have théE—“A, luminescence, but similar Figs.
Quanity y is presented in Fig. 3 versus frequency of ex-2(a) and 2b), curves obtained foPz=0 andPyz=1 rep-
citation. One can consider some special cases. In absencerekent the limit cases and all other valueR{{ parameter
the spatial energy migratiorKG=0) and nonradiative inter- should be represented by the functions with values between

(36)

nal conversion P{z=0 andPyz=0) one obrtains them.
One should notice that there are two effects diminishing
E(*A,—T,) E(*A,—*T12)—Em the quantityy: the energy migration to the surface and the
Y E(A,—Tr) E(*Ap—iT,—E.) . dependence of the probability of fast nonradiative internal

conversionPy on excitation energy. Since the probability of
For YAG:CP*, where E(*A,—%T,)=16670 cm?,  nonradiative internal conversion process in the excited states
E(*A,—%T,,)=22830 cm?!, and E,=14450 cm?, this  of the CP", Py, is known our model allows estimating the
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30 see that the b.asic model reprod_ucgs thga experimeptal data
] A = 600nm K =0.07 quite well obtained when the excitation with 438 nm is con-
20~ o 0 ) sidered, and the reproduction is bad when the excitation with
10 600 nm is considered. Experimentally the PAS phase for ex-
] X, = 438nm citation 600 nm is more positive than under excitation 438
04, nm, whereas the basic model yields an opposite effect. We
D 10 3 have reproduced the phase shift using our model quite well.
8 I The theoretical dependence of PAS phase on frequency of
= 209 ) i gy SRS 8 g - excitation obtained foK,=0.07 s Y2 for P; equal to 0 are
< a0l [T " L A presented in Fig. 4. In both cases the fitting is not bad. Spe-
1 .'.f*l u cifically our model reproduces the proper phase difference
40 e between PAS excited with 600 and 438 nm. In addition our
50 B experimental phase shifts show the existence of an additional
y T , T , T : T - phase shift- 77/4 induced by the effect of energy migration.
0 50 100 150 200

Our fitting to the PAS phase has been the best when we have
frequency (Hz) assumed a high local quantum efficiency of Cr This is

expected since in YAG we deal with a high field material
FIG. 4. Dependence of PAS phase on excitation frequency. Dotgharacterized by strong line luminescence.
correspond to the experimental data obtained under excitation with

600 nm, rectangles correspond to the experimental data obtained V. CONCLUSIONS
under excitation with 438 nm. Dashed curves have been obtained )
using the basic model, solid curves have been obtained using our \We have extended the standard theory of photoacoustic-
model (see the teyt quantityK is given in s *2 units. photothermal processes by considering the spatial migration

of excitation energy in solids. Specifically we have consid-
quantityK, the constant that describes the energy migratiorgred the transport of the excitation from the’Crcenter to
from CP* to the surface. The estimated value wig the surface states. As far as the qualitative theoretical results
—0.07 s Y2 Considering that the thermal diffusivity of the are considered we have obtained the final formulas that relate
garnet isa,=3.66x 10" 2 cm /s and the corresponding mi- PAS to optical absorption given by relatiof&l) and/or(33).
gration radius iSR=0.034 cm. One can see that fér, Actually these formulas are already known to describe sys-
>0.07 s M2 the difference between curves corresponding tdems characterized by two step deexcitations. As an example

' H 1
PM =0 andPT.=1 are negligible. This is a reason why we "€ ¢an mention the paper by Oufasteal, °where the PAS
cannot estimate the total quantum efficiency of thé"apon ~ Signal from a molecular system have been discussed. One
from this analysis. We have used our model and analyzed th n CO’FS'def relatio81) in a quite general way. K=0 we .
frequency dependence of the PAS phase. The experimen al with a completely radiative center. The quantum effi-
: 0 .

results are presented in Fig. 4. The phase of the PAS hddency of the system is 100%. In S.UCh a case thg PAS s
been measured under excitation with 600 and 438 nm, Whicﬂ,enerated due to the fast nonradiative process In higher ex-
correspond to the excitation vi#A,—4T, and *A,—*T,, C|tec_i states of the system. Htffl the_: PAS follows(is pro-
transitions, respectively, and calibrated with respect to th@ortlonal t()_ the absorptlon_. Itis eq“"’f.i'e”t to the case when
glassy carbon. The phase has been calculated according 3 €N€rgy is transformed into heat without delay. No phase

shift of PAS related to the “long living” excited metastable
the formula . X i .
states in the system is noticed. This is the case where we can
use the Rosencwaig-Gershapproach without any modifi-
b=— arcta+ Im(K)Em } (37) cations.
[E-Ent+Re(K)En]/’ The interesting implication of the present extension of the

theory of photoacoustic effect is that in the case of existence
where theK coefficient is defined by Eq32). We have  of nonradiative transfer from the localized absorbing center
compared the results of our model with predictions of theto the surface the coefficiehk| can be much greater than
model suggested by Quimby and Y&and Mandeli®t al,'”  ynity. This is because only the Tr ions from the layer
for analysis of the quantum efficiency of ruby crystal. Thisthinner than thermal diffusion length can contribute directly
model does not include the nonradiative internal conversiofg the PAS whereas all the €r ions that are placed at dis-
in the higher excited states described in our model by quananceR from the surface contribute to the PAS coming from
tity PRg and spatial energy migration described by constanthe surface. This is the main reason for the nontrivial effect
Ko. Further we refer to the latter as a basic model. One caof diminishing the ratio of PAS to absorption coefficient with
see that the experimental phase shift is quite large, whicihcreasing excitation energy. However, the decrease of the
may suggest the weak quantum efficiency of the YAG'Cr ratio of the PAS amplitude to absorption coefficient with
system. To reproduce more or less the experimental data witlhcreasing of excitation energy can also be caused by respec-
the basic model one should make the assumption that théve increasing of the probability of fast nonradiative internal
Cr’* is an almost nonradiative center. In Fig. 4 the phaseonversion. The latter effect emerges when a change in prob-
shifts calculated according basic model with quantum effi-ability of internal conversions yields the change of the PAS
ciency equal zero are represented by dashed curves. One galmase. In this paper we have particularly discussed the case

045114-7



M. GRINBERG, A. SIKORSKA, AND A. SIWISKI PHYSICAL REVIEW B 67, 045114 (2003

of the YAG:CrP" system, with chromium concentration 2 Spatial excitation energy migration from the ion to the sur-
x 107° cm™ 2. We have found that in our system the excita-face and nonradiative relaxation through the surface states.
tion energy migration from chromium to surface states is thelhis causes the final quantum efficiency of the system to be
main effect responsible for PAS generation. Using our mode$maller than 100%. According to the above remarks the
we have estimated the local quantum efficiency of the sysquantum efficiency of all the system can be diminished from
tem. Specifically we have found that the probability of non-100 to 66(6) %.
radiative internal conversion of the system thermalized in the There are two methods that allow one to determine quan-
°E state is very smallPyjz=0. Thus the quantum efficiency UM efficiency. The dII’eCF one is optical based on the estima-
of the CP* excited via?A,—*T, is equal to 100%. There is tion of the ratio of emitted to absorbed phot&HsThls
a different situation where the system is excited via theMethod does not allow one to distinguish between different
4p,—4T . transition. Since in this case the probability of Nonradiative processes. It s interesting that in some cases the
the internal conversion in the excited state®fg,= 0.63 the qu?nttljm eff|C|err]19y of_truby ClrlySt?j' Olbta”ledthuslmg,t(tg;/p”re
s - - - optical approach is quite small and close to the limit(685
iusg :)J(ni ffgﬁsnicsy eog;nge 387;:0%?:]‘;2 e;:i rt;);srsLat\l,s)ﬁy(tlh o Obtained by }J§63%,19 65%° and 78%(Ref. 21). Such a low .
basic modéf-’ can reproduce the dependence of the PA _uantum efficiency can be related to the effect of nonradia-

phase excitation frequency for excitation with 438 nm . The Ive energy transfer to the surface states.

basic model fails when we excite with wavelength 600 nm inba;rehde 'gg'r(taﬁé rg?g;) 2is(,)f c?fs tltrr?gtl?jg qeurijn;lrjga eg:f'g;\csy '2n
the region of the*A,—*T, transition when the quantum Py y Penc

- A frequency!? This method allows one to estimate the quantum
efficiency of the Ct" is high.

We can relate the isolated Trion quantum efficiency to efficiency based on the nonradiative processes only. More-

the quantum efficiency of all the systems. Our analysis of th& "< 2> has been shown in this paper the photoacoustic
2 q L y ' SY . y method allows one to distinguish between local nonradiative
E state radiative and nonradiative deexcitatiéormulas

X T processes and energy migration processes. For the case of the
(16) and(19)] showed that depending on diffusion lendth ruby system the quantum efficiency estimated using

up to 1/3 of the excited ions can transfer their energy to th%h . 16
. - . photoacoustic/photothermal methods has been |48§8h;
surface. This means that the quantum efficiency of the entir 0-98%(Ref. 17]. It should be mentioned that the experi-

system can be diminished by_fz_ictor 213, actually IndeloenFnental results presented in Refs. 16 and 17 allow one to
dently of the local quantum efficiency.

Let us consider the example of ruby crystal, for which gxclgde the existence of the spatial gxcitation energy migra-
many reports on quantum efficiency is available in IiteraturetIon n the _samples under conS|der_at|on. Based on the abovg
The energetic structure of the Crion in AlLO; lattice (very 'conS|der.at|ons the general conclus!ons that t.he photoacoqstlc
high field material with the energy ofT 2fa3r above %E) method is a very powerful tool for investigation of nonradi-
allows assuming that it is pure radiative 2center characterize tive pr_ocetsses_ mﬂ:he Ium|r|1escen;:e centersbanfd stuc;ly;ng en-
by quantum efficiency very close to 100%. TRE state is gy migration In the complex systems can be formulated.
characterized by very weak electron-lattice coupling, thus
according to the diabatic modtlalso presented in paper |,
the probability of fast nonradiative internal conversion pro-
cesses in this system is very small. On the other hand, the This paper has been supported by the Polish Committee
entire system (Gr and latticeé can be characterized by the for Scientific ResearchGrant No. 7T07B049 18
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