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An analysis is made of the time dependences of the populations in a donor subsystem interacting with energy
acceptors. Various methods of transport of the excitation to the region where it is lost in a solid are
considered. The criteria of validity of various models of energy relaxation in a set of noncoherently interacting
particles at macrolevels and microlevels are considered. It is shown that in addition to the familiar relaxation
mechanisms (diffusion, mixed, and hopping) there is a new transition mechanism distinguished by a
characteristic population profile of the donor subsystem in the region of an energy acceptor. This mechanism
is a consequence of the discrete nature of the structure and corresponds to a wide range of parameters in the
theory of energy transport in solids. This transition model is used to obtain expressions for the steady-state
rate of energy relaxation in a regular donor lattice in a real crystal. Similar expressions are obtained also for
the mixed mechanism. A report is given of a study of the evolution of the population of a metastable state of
donors in La, _,_ Nd, Dy, PO, crystals. All the characteristic parameters in the theory of energy transport
are determined for this system and the transition relaxation model is confirmed. The nature of kinetics of
nonradiative energy transport in a set of interacting particles is established for the whole time scale. A

quantitative agreement between the theoretical and experimental results is obtained.

PACS numbers: 61.70.Rj, 71.55. — i

Relaxation of electron excitation in a set of interact-
ing particles in a solid is a superposition of a large
number of elementary energy transport events of two
types. These are events resulting in migration of ex-
citation between metastable donor (D) states and
events resulting in the transfer of excitation from don-
ors to acceptors (A). The probabilities of the occur-
rence of these elementary events (per unit time) are®~?

Wopr=Cppfon(R)s  Wpa=Cpa fpa(R), (1)

where C,,and C,,,are the microparameters of the D-D
and D-A interactions; R is the internal distance in a
pair of interacting particles; £, (R) and f,(R) are the
functions whose form is governed by the nature of the
D-D and D-A interactions.

The quantities C and C,, are governed by the crystal
basis and by the properties of transitions responsible
for the transport of excitation. Consistent theories
revealing the functional relationship between the rate
of loss of excitation in a set of interacting particles,
the properties of these particles in a given crystal ba-
sis, and their concentrations have been developed for
two limiting situations, for which the criteria

Cp>Cpp (2a)
(Refs. 1, 3, and 4) and
Cpp>Cpa (2b)

(Refs. 1 and 4-6) are largely intuitive. Other restric-
tions have been assumed also in the theories of Refs. 1
and 3-6 and these we shall consider later.

The fullest experimental investigations have been made
of the situation in which direct loss of excitation occurs
via an intermediate nonradiative state (cross relaxa-
tion). In this case each particle can act as an energy
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donor and as an enercy acceptor, i.e., the concentra-
tions of energy donors and acceptors are the same and
equal to the iotal concentration (n, =ng=n).

It would be interesting to investigate the processes of
relaxation of the energy of electron excitation in a set of
interacting particles at general relationships between
Cppand Cp,, and also between the concentrations of
donors and acceptors in a crystal.

This problem was tackled in the present study by syn-
thesizing a large number of La,_,_,Nd Dy P.O,, penta-
phosphate crystals, in which the donars are neodymium
ions and the acceptors are Dy3** ions. These crystals
provide a convenient model for investigating relaxation
processes because the lattice structure of these penta-
phosphate crystals is well known, and the neodymium
and dysprosium ions are incorporated isomorphously
in the lanthanum sublattice up to complete replacement
of the lanthanum ions. It is thus possible to vary in an
arbitrary manner the concentrations of the energy
donors and acceptors within the same crystal structure.
Changes in the population of a metastable state of Nd**
with time were investigated in a wide range of neody-
mium and dysprosium concentrations.

The transfer of energy from a metastable state of
neodymium ions to Dy®* may occur along several
channels” and the value of the microparameter C,,(Nd-
Dy) is the sum over all possible channels. The most
important circumstance is that the Nd-Dy transfer is
irreversible. This simplifies greatly the interpreta-
tion of the results. :

The selected energy donors (Nd**) and acceptors
(Dy3*) can be used to model situations not investigated
earlier and this can be done by varying their concentra-
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tions. It is important to note that in all cases the fol-
lowing conditions of noncoherence of the transport pro-
cesses are obeyed:

I>W,,, Wop /%, - (3)

where T is the line width in the optical spectra and 7, is
the intrinsic lifetime of the excited states. In the case
of trivalent rare-earth ions the conditions of Eq. (3) are
always satisfied.® In the case of our system this

allows for the use of the probabilistic approach of Eq.
(1) to the theoretical interpretation of the relationship
obtained by us.

SYNTHESIS OF INVESTIGATED CRYSTALS

We synthesized complex phosphates of the following
compositions: Nd, ,La, q-,Dy,P;O,, (where y=0.001,
0.005, 0.01, 0.02, 0.05, and 0.1); Nd, ;La, s-,Dy,P;0,,
(y=0.01, 0.02, and 0.05); Nd,_,Dy,P,O,,(y =0.001, 0.005,
0.01, 0.02, 0.05, 0.1, 0.3, and 0.5); the synthesis
method was that described in Ref. 9. The starting
materials were lanthanum, neodymium, and dyspro-
sium oxides, containing 99.900-99.999% of the main
substance, and phosphoric acid of 86% concentration.

It was reported earlier'® that La and Nd pentaphosphates
have the same structure characterized by the mono-
‘clinic system with the space group P2,/c. According to
our results, Dy pentaphosphate may crystallize (depend-
ing on the synthesis conditions) in two structures which
both belong to the monoclinic system but have different
space groups (P2,/c and C2/c). The presence of two
other components (La and Nd) in the synthesis of these
mixed pentaphosphates causes them to crystallize in

the structure with the space group P2,/c, giving rise to
continuous series of solid solutions. The existence of these
solid solutions inthe investigated Nd, ,La, o-,Dy,P;O,,;
Nd, ,La, ;-,Dy,P;0,,, and Nd,_,Dy P.O,, systems was
confirmed by x-ray diffraction,

KINETICS OF DECAY OF DONOR EXCITATIONS

The existence of the donor-donor (DD) and donor-
acceptor (DA) interactions in a set of particles gives
rise to a complex evolution of the population of the ex-
cited state of the donor subsystem. However, in all
cases of practical importance the process of excitation
decay has the following characteristic stages.

Before the populations of the various donors begin
to differ significantly (ordered stage of static decay),
the decay process is exponential (Refs. 2 and 4):"

Ng4(t) ~exp (—tyCDAZR.‘°) , (4)

where y is the relative concentration of acceptors and
21 R{® is the sum over all the lattice sites accessible
to A. The duration 7, of the static ordered decay stage
is governed by the reciprocal of the scatter of the rates
of static deactivation in a system of many donors D and
acceptors A, and it is estimated from the expression*

“~{ -} ®)

where Wha, is the maximum possible rate of energy
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transfer in a DA pair, i.e., W, =Cys/RS, where R,
is the minimum possible distance between D and A in
a crystal.

After a time 7, the difference between the acceptor
environments begins to tell and, consequently, the
rates of decay of different donors become significant;
therefore, the populations begin to fluctuate greatly from
one donor to another. The static ordered stage of Eq.
(4) is followed by a static disordered decay stage'! -2

Ny (t) ~exp (—yt"), (6)
y="/s*n\Cop - (7

In the absence of migration of excitation in the donor
subsystem, the loss of excitation should occur in ac-
cordance with Eq. (6), irrespective of time. Energy
migration, which frequently takes place in real systems,
influences the nature of decay kinetics of donor excita-
tions in the 7> 7, case. It has been established® that the
experimentally observed nonradiative decay curves of
an excited neodymium state under conditions of energy
migration can be described statisfactorily by the follow-
ing expression valid in the interval 7,< {<T1,:

N, (t)~exp [— (yt"+We) ], (8)

where W is the steady-state rate of loss of excitation at
the acceptors because of migration of energy to the
acceptors from the donors. The moment 7, can be
estimated from

Tz"'('Y/W).' (9)

Eventually, this migration of energy between excited
donor states results in decay of the exponential type
(migration-limited relaxation).

It has also been found experimentally?® that in the case
of migration-limited relaxation the kinetics of the energy
transfer process at times ¢>7, is described well by the
expression

Ny(t)~exp [-(Wt+4)], (10)

where exp(-A) is the proportion of excitation not lost
statistically.

Determination of the dependence of the steady-state
rate of loss of excitation W on Cp,, Cp, np, and n,,
together with determination of the general nature of
the decay kinetics throughout the whole time scale
represent some of the main tasks in the study of energy
transfer in a set of interacting particles.

A very important auxiliary role in finding this rate
dependence is played by the concept of a sphere of
strong quenching surrounding A. The radius of the
sphere Ry, is given by

CDA‘L’“—/Rw’zi, (11)

where 7, is the time that an excitation spends inside a
sphere of radius R, in the absence of an acceptor.

The mechanism of steady-state migration quenching
in a set of interacting particles is governed by the ratio
R,/X, where X =n3;"/® is the average distance between
the donor particles, i.e., the characteristic length of
a migration jump. The condition
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Rw>1 (12)

means that the density of the donor excitations at
neighboring donors differs only slightly, so that a con-
tinuous distribution of this density can be assumed in
the kinetic equations. We can then speak of the diffu-
sion of the excitation energy to an acceptor.’® It follows
that in the diffusion quenching mechanism the value of

Ry is given by

ngRwdz(DTW),k, (]3)
where
D~Cpp/At (14)

is the diffusion coefficient. It follows from Egs. (11),
(13), and (14) that

ConlCop (Rud) /2%, (15)
It is clear from Eq. (15) that the condition (12) is satis-
fied if

Co>Cy (16)

DD -

Doktorov, Kipriyanov, and Burshtein!* obtained a more
rigorous criterion of the validity of the diffusion theory,
which is as follows:

A<bry., (16a)

where 8z =R,/m (m is the multipole order of the inter-
action; in our case m =6) is the thickness of the quench-
ing layer. The condition (16a) is a consequence of the
fact that in the diffusion model the complete quenching
of an excitation occurs already on the boundary of a
sphere of radius Ry in a layer of thickness 6, . The
passage through this layer is by diffusion, i.e., it oc-
curs by a large number of jumps. The layer thickness
Og,, =R,/m is the distance to the boundary of the sphere
in which the probability of excitation loss decreases by
a factor of e. Clearly, it is meaningful to speak of
diffusion-limited relaxation only if ny>n,, since in the
opposite case the condition (16) has the effect that the
decay is hardly accelerated by energy migration and
may remain purely static.

The condition

Ruw<] (17)

means that the excitation cannot migrate by jumps in-
side the sphere and a single jump is sufficient to enter
or leave the sphere (hopping energy relaxation mech-
anism). The time for the transfer of excitation between
particles separated by a distance X is

Tlrz;ua/CDD' (18)

Thus, it follows from Egs. (11) and (18) that the condi-
tion (17) implies

Cos>Con. (19)
The rise of the donor concentration reduces both X
and Ry. The inequality
Rw<R, (20)

means that the density of donor excitations remains
constant in space and that it varies with time in ac=-
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cordance with the exponential law (4), i.e., rate of
decay over the whole time scale is equal to the rate of
decay during the initial stage when the donor density is
low. This situation is known as relaxation under super-
migration conditions. We shall call it the kinetic limit.
Clearly, the conditions (12) and (20) are mutually con-
tradictory. This means that the kinetic limit cannot be
reached within the framework of the diffusion approach.
It can be reached only when the condition (12) is re-
versed. In fact, it follows from Egs. (11) and (18) that
in the hopping model, we have

Ry~ (Cpa/Cpp)"s (21)

and if the condition (19) is obeyed, we can satisfy not
only Eq. (17) but also Eq. (20) even when x«< 1 (x is the
relative concentration of the donors).

In the first approximation the condition for attaining
the kinetic limit can be expressed as follows in terms of
microparameters?

Cop/ A3 Cop/ReY, (22)

which means that the rate of migration in the average
distance must be greater than the rate of loss of ex-
citation in the minimum possible distance between the
interacting particles. It is important to note that in a
set of interacting particles the most probable migration
rate W is greater than the rate of excitation jumps over
distances X given by Eq. (18):

='/s (‘/,n“naci")’n):”9%:)"4", (23)

which makes it easier to reach the kinetic limit, and
the condition (22) becomes less stringent:

Cop=Cpala™. (24)

This condition is satisfied when a certain critical donor
concentration x* is reached.?

An allowance for the fact that the most probable mi-
gration rate W is a set of particles is greater than the
rate of migration over a distance X results in a sig-
nificant easing of the condition of validity of the hopping
model when

<<l (25)

In this case the criterion of validity of the hopping
mechanism can be written as follows:

ICppnyg®>Cp /2%, (26)

from which it follows automatically that, when the
composition obeys Eq. (25), the hopping mechanism is
obtained if

Cop=Cpx 27

The transition from Eq. (19) to Eq. (27) when the condi-
tion (25) is satisfied represents reformulation of the
definition R, (Ref. 1), so that in Eq. (11) we substitute
not Eq. (18) but W defined by Eq. (23), and this gives
rise to a numerical factor of ~10. In other words, in
contrast to Eq. (12), the condition (17) is not rigorous.

The relationship between the rate of relaxation W due
to energy migration to an acceptor was established in
Refs, i, 4-6, and 15 for microparameters of the energy
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transfer process typical of the hopping mechanism.
This relationship is

Wen () ranaCiCioP (28)
where P, is the probability that during a random walk on
a lattice a particle never returns to the starting point.”
This formula is derived without allowance for fluctua-
tions of the donor-donor distances. An attempt to allow
for these fluctuations was made by Vugmei'ster“ and it
resulted in a slight increase in the numerical coefficient
in Eq. (28). It is essential to stress the following point.
Equation (28) is derived on the assumption that the
donor-acceptor distance fluctuates in different quenching
spheres. In a crystal lattice, when both donors and ac-
ceptors replace the same ion in the matrix, this is valid
only in the case of low concentrations of the active par-
ticles, i.e., when the condition (17) is satisfied, but the
number of points of rest in a sphere of radius Ry, is
large.

The rate of nonradiative relaxation in the diffusion
model can easily be calculated using the formalism of
Eq. (11) and the procedure described in Ref. 14. The
steady-state solution of the diffusion equation is of the
form

W=4nn,DRw". (29)
According to Ref. 14, we have
do (’ﬂ 1/(m-2)
Rw'= (‘m‘D) ’ (30)
Substituting Eq. (30) into Eq. (29), we obtain
W=04-4n,D"Cop . (31)

This result is in good agreement with the exact solu-
tion® in which the numerical coefficient 0.4 is replaced
with the coefficient 0.676. This difference is the con-
sequence of using the formalism of a strong quenching
sphere whose radius is given by Eq. (30) and it is not
exactly the quantity which should be substituted in Eq.
(29). However, this formalism is useful because it
makes it possible to analyze the criteria of validity of
various models and to estimate the energy relaxation
rate for any value of Ry and X. Moreover, the formal-
ism of this sphere allows us to give a simple interpre-
tation of the expressions for the nonradiative relaxa-
tion rate W. According to this interpretation, W is the
product of the volumes of the quenching spheres and the
frequency of arrival of excitations in these spheres:

W="/snRw’n/tw. (32)

The knowledge of the exact expressions for W in the
hopping® and diffusion® models allows us to determine
accurately the radii of the spheres R,, which can be
done by comparing the expression (32) and the exact
solutions. The resultant correction of Eq. (11) is unim-
portant and it does not affect our analysis of the validity
criteria of the various models.

In specifying the value of D we should bear in mind
that the correct formula of the relationship between D
and the microparameter Cp in the case of the dipole-
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dipole interaction is available only for a regular donor
lattice and homogeneous broadening of the spectral
lines. It then follows from Ref. 13 that

1 1
D=FCDDZ‘—I-7—‘T
i
(R, is the distance to the i-th donor; summation is
carried out over all the donors in the lattice) and the ex-

pression (31) including the correction in the definition
of Ry can be rewritten in the form

(33)

Wit 1y
W=0'676.4nnACDA(FCDDZ‘-H:‘) . (34)
At low donor concentrations there is some scatter of
D due to fluctuations of the donor-donor distances. In
this case an expression analogous to Eq. (3) becomes*

D=1/61, (35)

where X is the average scale of a jump and 7,°is the
time between successive jumps. There is some arbi-
trariness in the definition of A and 7,. For example, the
mean-square value of the jump length A? is given by
M= IR‘f(R)dR/jR‘f(R)dR, (36)
o 0
which becomes meaningless in the case of the dipole-
dipole interaction because the integrals in Eq. (36) then
diverge.®) A rigorous definition of 7, is also lacking.
There are several ways of overcoming these difficulties.

a. Introduction of the diffusion coefficient by means
of an integral is proposed in Ref. 1:

37

which is an expression that can be obtained from Eq.
(33) by changing from summation over i, i.e., over
the sites occupied by the donors, to integration with
respect to R. The resultant divergence is suppressed
by introducing a cutoff factor A». This factor can be
X=np’2.

b. One can use Eq. (35) in which in accordance with
Ref. 12 the value of 7,=W™' is substituted from Eq. (23)
and it is also assumed that A* =p?/3,

c. One can also follow Eq. (33), i.e., assume that
the distribution of donors is regular even at low concen-
trations and that the distance between donors is
X =np'3.

d. A rigorous solution of the problem of disorder in
the donor system was attempted by Vugmeister® who
allowed for the effects of disorder in the initial kinetic
equations.

All these cases give the following expression for the

diffusion coefficient:
D=ACppna’ (38)

but the value of the coefficient A varies. The values of
A for the various ways of allowing for the disorder in
the donor subsystem are as follows:

Bondar’ et al.



It follows that in the calculation of the numerical coef-
ficients by means of the expression W=fin ,,np, Cypy Cpa)
in the x< 1 case considered in the diffusion model there
is some indeterminacy because the procedures a, b,
and ¢ are to some extent speculative, and the claim in
Ref. 16 to give a correct allowance for the disorder ef-
fect is unjustified. In fact, an analysis shows that the
result of Ref. 16 is an increase in D, i.e., acceleration
of migration in a disordered system compared with a
regular lattice, for the same donor concenteration. This
is in conflict with the existing ideas!” according to which
one can expect slowing down of such motionin disordered
media. This comment applies also to the hopping
model, for which allowance for disorder in Ref. 16 also
increases the rate of migration, although by a very
small amount. Bearing the points made above in mind
and substituting Eq. (38) into Eq. (31), we obtain

W=A4"0.676-4nin,nsCyaCop. (39)

It should be stressed that introduction of the concept of
a quenching layer makes the criterion of the diffusion
model more stringent compared with Eq. (16), namely

Z=Cpn/Cop=10'. (40)

A mixed energy degradation mechanism is proposed in
Ref. 14 and its range of validity is given by

Rw/m<A<Ry, (41)

where R, is defined in the dame way as for the hopping
model:

CoalRw) " W=i~1. (42)

The essence of this mechanism is that the motion of an
excitation obeys the diffusion laws and the passage of
a distance equal to the thickness of a quenching layer
R,/m occurs in one jump. Bearing in mind that the
hopping criterion of Eq. (17) is not rigorous, we can
make the inequality (41) less stringent:

Ryw/m<A<Ry. (43)

The value of W is calculated in Ref. 14 for the mixed
mechanism on the assumption that one can use the dif-
fusion formula (29) in which the diffusion coefficient is
substituted in accordance with the diffusion theory
[Eq. (38)], and Ry, is defined in accordance with the
hopping model [Eq. (42)]. Bearing in mind that in the
case of a regular donor lattice the time for a single
jump is

tw=(ConY ) - (44)
i Ria
and the diffusion coefficient is given by Eq. (33), we ob-
tain

W= i"nAcK;)CSﬁi(Zl h% ) (E Ri_ ) - (#9)

In the calculation of W for the mixed mechanism when
x<< 1 we again face the problem because of the indeter-
minacy of the diffusion coefficient. Bearing this point
in mind, we find that the substitution of Eqgs. (38) and
(42) into Eq. (29) gives

W=0.7-4n4 nAndC,;/[',C[;i;. (46)
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The conditions of validity of the mixed relaxation mech-
anism, Egs. (43) and (42), indicate that in the case of
the dipole-dipole interaction the range of this mechanism
is very narrow; it is then given by

10°<Z<10". (47)

It is important to stress also that correction of the
validity criteria of the diffusion model and the proposal
of the mixed mechanism™ in the case of solid discrete
structures have in now way reducz2d the region lying
between the hopping and diffusion models. The mixed
mechanism simply displaces the range of validity of the
diffusion model to even lower values of Z=C,,/Cy

This analysis shows that a study of the decay kinetics
of the donor excitations makes it possible to determine
the value of C;, by two independent methods using the
nature of the kinetics during the stages described by
Eqgs. (4) and (6). However, difficulties are encountered
in the establishment of the migration-limited relaxa-
tion mechanism and determination of the value of Cy,
because the ratio R,/A is not known. The situation is
further worsened by the fact that the existing theories
do not allow us to go from one model to another. Never-

theless, in the limit x— 1 it is possible to obtain an ex-
pression for W which is valid irrespective of the value

of the ratio Cy,/Cppprovided the lattice structure is
known, i.e., provided the coordinates of all the donor
sites are known, and the acceptor concentration is low.

The relevant calculation reduces to finding the donor
population in the case of steady-state energy flow to the
acceptors, i.e., it reduces to solution of the system of
equations '

—n, (Z W...+W,-_.) + ¥ o (48)
A A

subject to the boundary condition that n; -~ 1 when -«
(fand % label the donor sites; W,, is the probability of a
migration jump of an excitation from a donor ¢ to a
donor k, and W, , is the probability of a jump to an ac-
ceptor). The required rate W is then

W=y} Wan. (49)

Solution of this problem becomes much easier if Z <10.
This restriction is due to the fact that the function W, ,
decreases rapidly on increase in the distance of a donor
i from an acceptor A. Consequently, we can simplify
Eq. (49) retaining only the terms corresponding to the
interaction between the acceptors and donors in the first
coordination sphere. Then,

W=yKW,n,, (50)

where W, , and n, are, respectively, the deactivation
probability and the population of the donors in the first
coordination sphere; K is the coordination number of
the acceptors. The approximation (50) is justified only
if even the second coordination sphere satisfies the in-
equality

E Wa>Wia (51)

In the case of a simple cubic lattice the condition (51)
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reduces to 9C,,» C,,/8, i.e., Cp,/Cpy<< 70, and this de-
fines the region where finite results can be applied to
describe the migration-limited relaxation in a cubic lat-
tice. We can assume (see the Appendix) that the solution
of the system (48) is in this case

n=1/(1+%tZ), (52)
and the expression for W becomes
W=yKW./(1+£2), (53)

where ¢ is some numerical coefficient. It is thus clear
that at low values of Z the above formula reduces to that
for the kinetic limit obtained in the hopping theory.

We shall apply the same procedure but to the lattice of
a pentaphosphate NdP,O,, crystal. We shall assume that
an acceptor “senses” six of the nearest donors located at
distances 5.2, 5.9, 6.6, 6.6, 6.8, and 7.4 A. These dis-
tances are deduced from the results of Ref. 18 and agree
with those of Ref. 19. In the case of the seventh donor
site, located at 8.8 A from the energy acceptor, the prob-
ability of the interaction with the acceptor for Z=10 is
an order of magnitude less than the probability that an
excitation escapes from this donor site without loss;
the population at this donor site can be regarded quite
accurately as equal to the population at the more dis-
tant donors. Solution of the system (48) under the above
assumptions gives the following expression for W (C,,
is in units of cm®/sec):

0.51
Wlc-t]1= L4108
(e7*]=1.32yCon 10 [1+0,51Z

0.23
1+0.182
0,12 0.1
1+0,09Z  1+0,07Z

0.06
1+0.04Z 1°

0.12
1+0.09Z

(54)
+

0 Sty

A 3

FIG. 1. Profiles of steady-state populations n; of donor ex-
citations in the region of an energy acceptor in the limit x —1
calculated for different migration mechanisms of energy re-
laxation; a) kinetic limit; b) diffusion mechanism; c) mixed
mechanism; d) transition mechanism. Here, ® represents an
acceptor and O are donors.
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In the limit Z - 0 the expression (54) reduces to that for
the kinetic limit. The fact that we have ignored the
difference bewteen the populations at the donors located
further than 7.4 A sets the limit of validity of Eq. (54):

(55)

The differences between the various mechanisms of
the migration-limited relaxation are due to the different
profiles of the donor populations in a certain region
near an acceptor. This is demonstrated in Fig. 1 for the
x—-1 case. It should be stressed that the transition
mechanism, like the kinetic limit, appears because the
minimum approach distance between excitations R, is
comparable or greater than the radius of the strong-
interaction sphere Ry, and this is characteristic of
solids.

Z<10%

EXPERIMENTAL RESULTS AND DISCUSSION

The results of measurements of the decay curves of
the *F,,, metastable state of neodymium in La,_Nd,P;0,,
crystals with x=0.1, 0.2, 0.5, 0.9, and 1 confirmed
the earlier results. For practically any value of x, the
decay curves were exponential with the nonradiative
decay constant

(56)

(1,=310 usec is the radiative lifetime and 7,,,, is the
measured lifetime of a sample with a given composition),
directly proportional to x. This was explained earlier?°
by the fact that the mutual quenching of neodymium ions
as a result of the cross-relaxation mechanism (n, =np
=n) in pentaphosphate crystals makes it possible to
reach the kinetic limit even at low neodymium concen-
trations and the observed decay kinetics can be des-
cribed by

W=1/Ttmeas—1/70

t 1
1(t)=I(0)exp (- — —2CpA(Nd-Nd) Z‘R—‘_J) : (57)
Qur calculation of the lattice sum showed that its value
is 1.5x10* cm™® Hence, the microparameter
CpA(Nd-Nd) is 3.7x107*' ecm®/sec.

Figures 2(a) and 2(b) show the decay curves of the
*F,,, excited neodymium state for various concentra-
tions of the neodymium and dysprosium ions in
La,_,.,Nd Dy, P.O,, crystals. Ineach case we have
included also the decay curves of the excited neodymium
state in dysprosium-free crystals. We can see that for
all the investigated concentrations the dysprosium ions
reduce the duration of luminescence of neodymium and
the kinetics of decay is nonexponential obeying

I(t)=I(0)exp{ —[—t—+1CDA(Nd—Nd) 2-1— t+0 (1) ]} (58)
T =R !
where &(¢) is a function describing the kinetics of energy
transfer from the neodymium to the dysprosium ions.

Some conclusions can be drawn even from a qualitative
analysis of the results in Figs. 2(a) and 2(b). Further
stages of the decay of all the curves are characterized
by exponential asymptotics, indicating that some excita-
tions are lost at the dysprosium ions having migrated
first between the neodymium ions.
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FIG. 2. Decay curves of the ‘F, /2 metastable state of neody-
mium in a Lay.,_,Nd,Dy,P;Oy4 crystal at 300 K; the points are
the experimental results and the curves are theoretical. a: x
=0.1;1) y=0.01, 2) y=0.02, 3) y=0.05, 4) y=0.1, 5 y=0.
b: 1) x=0.995, y=10.005; 2) x=0.99, y=0.01; 3) x=0.98,
9=0.02; 4) x=1.0, y=0.

A strictly exponential decay is not observed at any
concentration of neodymium or dysprosium, including in
the limit x- 1 [Fig 2(b)] and this is true over the whole
time scale. Consequently, in the process of quenching
of the neodymium by the dysprosium ions an increase in
the donor concentration makes it impossible to reach the
kinetic limit, whose existence is postulated in the hop-
ping model. Hence, it follows that C,,(Nd-Dy)
> Cpp{Nd-Nd) and the hopping mechanism should be re-
jected in the present case. On the other hand, if x=0.1
and y#0 [Fig. 2(a)], exponential asymptotics is ob-
served during the latter stages of the relaxation process
and the measured exponential decay time 7., is then
considerably less than the time 7 in a sample with x=0.1
and y=0. It follows that the relaxation due to migration
to the dysprosium ions does occur in this case. It would
seem that when the inequalities of (47) are obeyed, and
particularly those of Eq. (40) (they represent the condi-
tions of validity of the mixed and diffusion mechanisms,
respectively), and if x =y, such migration should not
occur because then excitations would have been lost
statistically in the interaction with the dysprosium ions
and after a moderately long time the decay curve for a
sample with x=0.1 would have had the form
1(t)=1(0)exp {— [ 4 (Nd—Dy) £#+0.1Cp A(Nd—Nd) 2 :vt +i1]} .(59)
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The experiments show that the constant 7,  obtained
during the later stages is then less:

- - 1 1
-rm‘,..>0,1CDA(Nd—Nd)Z"E.+— (59a)

[see Fig. 2(a)].

We can thus see that qualitative considerations de-
monstrate that we are dealing with an intermediate case
when the application of the diffusion, mixed, and hopping
mechanisms is not justified.

We shall now analyze qualitatively the decay curves
using the theoretical ideas put forward in the preceding
section.

Figure 3 shows the forms of the function &(¢) plotted
as the dependences 1n &(¢) =f(In¢) during the initial
stage of the decay process. They are obtained by sub-
tracting the initial decay curves, plotted on a logarith-
mic scale, for samples without and with dysprosium
and with the same neodymium concentrations. We can
see that the dependences obtained are near-linear and
the slope is close to unity. Consequently, the law of
nonradiative decay of the neodymium ions interacting
with the dysprosium ions is initially near-exponential.
Figure 4 shows the dependence of the rate of this decay
on the dysprosium concentration for various neodymium
concentrations. We can see that, in accordance with the
theory described by Eq. (4), the decay rate is indepen-
dent of the concentration of the energy donors (neo-
dymiun ions) and is directly proportional to the concen-
tration of the energy acceptors (dysprosium ions).
Hence, we may conclude that initially the decay of the
neodymium ions interacting with the dysprosium ions is
of the static ordered nature and during this stage the
general decay curve is described by the expression

1(t)=I(0)exp { - [!/CDA(Nd_DY) Zl I:_ﬂ

+2Cpp(Nd~Nd) Zn_i‘Lri]‘} (60)

This result and Eq. (4) yield the value of the micro-
parameter Cp,(Nd-Dy), whose value is 2 X 10738-cm®/
sec.

We shall identify the region of static disordered decay
in accordance with the procedure of Ref. 2, which in-
volves subtraction of the exponential component (applic-
able during the later stages of the process) from the

-2

_] -
(i)

FIG. 3. Forms of the function &(f) during the initial stage of
decay in La,.,,Nd,Dy,P;Oy crystals at T=300°K. 1) x=0.5,
9=0.05; 2) x=0.99, y=0.01; 4) x=0.995, y=0.005, :
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FIG. 4. Dependence of the rate of static ordered decay on the
dysprosium concentration in Lay, ,Nd,Dy,PsOy. ) x=0.1;
0O) x~1 (0.995, 0.99, 0.98); A) x=0.5.

general decay curve plotted on a logarithmic scale. This
gives the component of the kinetics of energy transfer
from the neodymium to the dysprosium ions in the form
of Eq. (6). The values of y are directly proportional to
the dysprosium concentration and independent of the
neodymium concentration (Fig. 5). Then, using Eq. (7),
we can obtain Cpa(Nd—Dy) by another (independent)
method, which gives 2x107%® ¢m®/sec, which is identical
with the result obtained from the initial static ordered
part of the decay curve. We can thus see that in a cer-
tain time interval the observed decay curve is described
by

1(t)=I(0)exp {.— " 2Cp (Nd—Nd) 2 %,m (Nd—Dy) £+ We+ _‘;]} .

(61)
The process of relaxation entirely due to migration

during the latter stages of decay gives rise to an expon-
ential law, i.e., the decay rate is given by

- 1 1
W 2CoANNO Y (62)
Clearly,
1,1 1
2CpANd—Nd) Z“—k—“+—1; -, (63)

where 7 is the lifetime of the excited neodymium state
for a given value of x in a sample free of dysprosium.
Thus, the exponential decay kinetics observed during
the later stages is

1(t)=I(0)exp {— [% +WetA+aCoNd-Na) ) 1% :]} (64)
An analysis of the experimental dependences (58),

(60), (61), and (64) suggests the empirical form of the
function &(¢), which provides a good quantitative des-

7 ;y:‘-"c-llz

) 49.05 a1
.‘/Dy

FIG. 5. Dependence of the parameter of static disordered de-
cay on the dysprosium concentration in Laj.,.,Nd,Dy, P50y
crystals. o) x=0.1; O x=1(0.99, 0.98); A) x=0.5.
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cription of the observed decay of the excited donor
state over the whole time scale:

O (t)=yCpa Ei‘-atexp (—%) +[y(Nd~Dy)¢*
" (65)
+Wt] [ 1—exp (—— TL‘)] exp ( — —:T) +(Wt+A) [1—exp (—%)] ,

2

where 7, is the time for transition from the static
ordered decay to the static disordered decay, and T,

is the time of the transition from the static to the
steady-state migration decay. Figures 2(a) and 2(b)
show the curves plotted on the basis of Eq. (65) and they
agree well with the experimental results. The times 7,
and 7, can be found by fitting the theoretical and experi-
mental results, Thus, the decay process described by
Eq. (60) is localized in time up to 7,; the decay of the
type given by Eq. (61) occurs between 7, and 7,, where-
as the decay given by Eq. (64) occurs after 7,.

We now face the question of the mechanism of the
migration-limited relaxation and determination of
the microparameter C,, Substituting the values of W
determined experimentally for x=0.1 and various values
of y [Fig. 2(a)] into the equation (28) for the hopping
quenching mechanism and using the value C,,(Nd-Dy)
=2x 1072® cm®%/sec obtained earlier, we find that
C,{Nd-Nd) =7.6 x107* cm®/sec, i.e., the condition of
validity (27) of the hopping model is clearly not obeyed.

Application of the formulas for the diffusion and
mixed mechanisms also gives values of C,,, which are
in conflict with the conditions (40) and (47). A calcula-
tion of Cppon the basis of Eq. (54) for the transition
mechanism in the limit x~ 1 gives C,{Nd—Nd) =5x107%
cm®/sec, which satisfies the condition (55) and supports
the transition mechanism.

The results obtained allowed us to calculate all the
characteristic parameters of the theory and to analyze
quantitatively the energy relaxation process in the in-
vestigated crystals.

1. Energy Relaxation in Neodymium Ions. As expected,
the ratio

CosNd—Nd) _ 3.7-10-4

= ~0.7-10"*
CogNa—Na) 50 0710

lies in this case in the range where the hopping model
applies.

Figure 6 shows the dependences of R{V(Nd-Nd) and
X on the neodymium ion concentration. For Z=x=107%,
which applies in this case, the condition R} <X is
always obeyed. The point of intersection of the depen-
dences R(x) with the line R, [Fig. 6(a)], correspond-
ing to the critical concentration, separates the regions
of the migration-limited relaxation and of the kinetic
limit. For x=0.05, the excited state lifetime 7
differs slightly from the radiative lifetime 7,=310
usec, i.e., quenching is unimportant in the region of
the migration-limited relaxation. Figure 6(a) demon-
strates clearly the fact that practically throughout the
range where the concentration quenching of the neody-
mium luminescence is exhibited by pentaphosphate
crystals, the energy relaxation occurs in the Kinetic
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FIG. 6. Dependences of the characteristic parameters of the
theory (A) on the donor concentration in a pentaphosphate
crystal: a)Nd—Nd interaction; b) Nd—Dv interaction.

limit regime and the decay of the excited state is des-
cribed by Eq. (57). Then, the population profile in the
donor subsystem has the form shown in Fig. 1(a). This
situation, which is characteristic of the linear concen-
tration dependence of the nonradiative relaxation rate
(4), is exhibited by a wide range of neodymium-activa-
ted materials in which the concentration quenching
effect is anomalously weak.?!

2. Relaxation of Energy of Neodymtum Ions Interacting
with External Acceptors. Figure 6(b) shows the depen-
dence of R4(Nd-Dy) on the concentration x plotted on the
basis of the results obtained (Z =4) for the case when
R}(Nd-Dy) is determined using the hopping model. We
can see that R}(Nd-Dy)~X> R, applies at all values of
x, including the limit x—- 1. Consequently, the kinetic
limit cannot be reached in the investigated crystal lat-
tice, which is confirmed experimentally.

The same figure gives also the dependences of
RJ(Nd-Dy)/6 and of R%(Nd-Dy) on the concentration x.
We can see that the condition R,> X is not obeyed. It
follows that the diffusion and mixed mechanisms do not
occur either in the investigated crystal. The steady-
state population of the donor nearest to an acceptor is
~0.3, i.e., the donor population profile is that expected
of the transition relaxation mechanism (Fig. 1). Then,
for any donor concentration we are dealing with the mi-
gration (and not the diffusion) control of the nonradiative
relaxation rate during the later stages of the decay. The
transition energy relaxation mechanism occurs in real
crystals because of the existence of the minimal ap-
proach distance R, between an excitation and an energy
acceptor, which is ignored in the theory of Ref. 14.

In conclusion, the authors which to express their
gratitude to V. A. Myzina for an analysis of the com-
position of the samples using a Camevax system.

APPENDIX

The steady-state rate of deactivation of a donor ex-
citation can be found by solving the following infinite
system of equations:

2 Wu'ﬂkr=0,

AT
where k and &’ label the coordination spheres of an
acceptor,

(A.1)

War: = [ Wolk,0)+ Y, Wonk, k) | Sw—Woolk', ),
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Wpa(k, 0) and W, (k, k') are the total probabilities of ex-
citation transfer from the donors belonging to the k-th
coordination sphere of an acceptor to the acceptor in
question and to the donors located in the ’-th coordina-
tion sphere of the acceptor. The system (A.1) must be

solved subject to the boundary condition
(A.2)

lilﬁ m=1, k—oo,

and then the required donor deactivation rate is

WeCy Y Woalk, 0.
a

It follows from the condition (A.2) that the system
(A.1) and (A.2) is identical with the solution of a finite
system of equations in which it is assumed that n, =1
at values of k2 somewhat greater than K, and then K is
allowed to become infinite, i.e.,

ny=lim n, (K), K-,

where n,(K) is found from the equations

Z Wans: (K)=— ), W (A3)
VK A'>K

Solution of the system (A.3) gives
e (K) =Aw (K) /A (K), (A.49)

where A(K) is the determinant of a matrix block com-
posed of elements W, with (&, ') <K (K block of a
matrix) and A, «(K) is the determinant of the K block of
a matrix deduced from the matrix W,,. by replacing in
it the column K’ with a column of elements given by
_Ek "> g Wi

When excitation transfer to an acceptor occurs only in
its first coordination sphere, Eq. (A4) is easily trans-
formed to

n,(K)=[1+xWpa(1, 0)]~, (A.5)

where x=A} (K)/|Ap(K), Ap(K) is the determinant of

the K block of a matrix W, in which it is assumed that
Wpa(1,0) =0, and A}, (K) is the minor of the (1,1) element
of this matrix. If the DA and DD transfer processes are
of the dipole-dipole nature, Eq. (A5) becomes

n(K) =[1+&(K) (G Cop 17,
where
£(K)=R,"°®,'(K)/R(K),

R, is the radius of the first coordination sphere of the
acceptor, whereas #(K) and #}(K) are obtained from
|AL, (K) and Ap(K), respectively, by the formal sub-
stitution Cyp—~ 1. Thus, the quantity ¢ is governed by
the geometry of the lattice composed of the donor sites.
In the case of a simple cubic lattice, we have £(1)=0.2;
as K increases, the function £(K) rapidly (for K~17)
reaches a plateau and we have £(10)~0.37. Thus, in this
case we obtain

W6C,Cp/a* (1+0.37 Gop/Cop,

where ¢ is the lattice constant.

Here and later, we shall consider specifically the dipole—di-
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pole interactions, which are characterized by fpn(R)=/p, (R)
= foa®)=R"E.

Dn the case of the simplest random three-dimensional walk,
we have P;=0. 66, i.e., allowance for the fact that an excita-
tion may escape from the range of influence of an acceptor
without being lost gives rise to a numerical coefficient which
differs little from unity.

31t is possible to calculate A? for the exchange interaction. 14

!M. V. Artamonova, Ch. M. Briskina, A. 1. Burshtein, L. D.
Zusman, and A. G. Skleznev, Zh. Eksp. Teor. Fiz. 62,

863 (1972) [Sov. Phys. JETP 35, 457 (1972)].

2Yu. K. Voron’ko, T. G. Mamedov, V. V. Osiko, A. M. Prok-
horov, V. P. Sakun, and 1. A. Shcherbakov, Zh. Eksp. Teor.
Fiz. 71, 478 (1976)[Sov. Phys. JETP 44, 251 (1976)].

3M. Yokota and O. Tanimoto, J. Phys. Soc. Jpn. 22, 779
(1967).

4y. P. Sakun, Fiz. Tverd. Tela (Leningrad) 14, 2199 (1972)
[Sov. Phys. Solid State 14, 1906 (1973)].

SA. 1. Burshtein, Zh. Eksp. Teor. Fiz. 62, 1695 (1972)[Sov.
Phys. JETP 35, 882 (1972)].

8L. D. Zusman, Zh. Eksp. Teor. Fiz. 73, 662 (1977)[Sov.
Phys. JETP 46, 347 (1977)].

Yu. K. Voron’ko, V. V. Osiko, A. M. Prokhorov, and I. A.
Shcherbakov, Zh. Eksp. Teor. Fiz. 60, 943 (1971)[Sov. Phys.
JETP.33, 510 (1971)].

81. A. Shcherbakov, Doktorskaya dissertatsiya (Doctoral The-
sis), Lebedev Physics Institute, Academy of Sciences of the
USSR, M., 1978.

%, A. Bondar’, L. P. Mezentseva, A. I. Domanskii, and M.
M. Piryutko, Zh. Neorg. Khim. 20, 2618 (1975).

54 Sov. Phys. JETP 54(1), July 1981

101, A. Bondar’, L. P. Mezentseva, L. N. Koroleva, and A.
Ya. Vaitere, Tr. X Vsesoyuznogo soveshchaniya po éksperi-
mental’nof i tekhnicheskol’ mineralogii i petrografii (Proc.
Tenth All-Union Conf. on Experimental and Technical Miner-
alogy and Petrography), Naukova Dumka, Kiev, 1978, p. 142,

T, Férster, Ann. Phys. (Leipzig) 2, 55 (1948); Z. Natur-
forsch. Teil A 4, 321 (1949).

12\, D. Galanin, Zh. Eksp. Teor. Fiz. 28, 485 (1955)(Sov.
Phys. JETP 1, 318 (1955)]; 1. M. Rozman, Opt. Spektrosk. 4,
536 (1958).

133, Heber, Phys. Status Solidi B 48, 319 (1971),

145 B. Doktorov, A. A. Kipriyanov, and A. I. Burshtein, Zh.
Eksp. Teor. Fiz. 74, 1184 (1978)[Sov. Phys. JETP 47, 623
(1978)].

5y, p. Sakun, Fiz. Tverd. Tela (Leningrad) 21, 662 (1979)
[Sov. Phys. Solid State 21, 390 (1979)].

168, E. Vugmelster, Fiz.Tverd. Tela (Leningrad) 18, 819
(1976)[Sov. Phys. Solid State 18, 469 (1976)).

p, W. Anderson, Phys. Rev. 109, 1492 (1958).

8¢, R. Abrand, R. Attig, J. Fenner, J. P. Jeser, and D.
Mootz, Mater. Res. Bull. 9, 129 (1974).

19y, Schulz, K. H. Thiemann, and J. Fenner, Mater. Res. Bull.
9, 1525 (1974).

201 A, Bondar’, B. I. Denker, A. I. Domanskii, G. T. Mame-
dov, L. P. Mezentseva, V. V. Osiko, and I. A. Shcherbakov,
Kvantovaya Elektron. (Moscow) 4, 302 (1977) [Sov. J. Quantum
Electron. 7, 167 (1977)].

B, I, Penker, V. V. Osiko, A. M. Prokhorov, and A. I.
Shcherbakov, Kvantovaya Elektron. (Moscow) 5, 847 (1978)
[Sov. J. Quantum Electron. 8, 485 (1978)].

Translated by A. Tybulewicz

Bondar’ et al. 54



