an effective field resulting from the invariant of the
fourth degree in y and min the thermodynamic potential
that describes the magnetic properties of the crystal.
Knowing the values of the magnetic susceptibilities for
FeCl,, we can determine the values of the effective
field H, = (140 +10) kOe, where 2H, =BL,.
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Kinetics of population and decay of highly excited states of
TR®** ions under conditions of strong incoherent
interaction in the intermediate states
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The possible mechanisms of population of highly excited states of erbium ions by IR excitation into the
absorption band of ytterbium ions is analyzed. The time dependences of the populations of these states
following pulsed excitation are theoretically obtained for these mechanisms in a large temperature interval.
The time evolutions of the populations of the highly excited states of erbium are measured in the dynamic
range of variation of the radiation intensity, which reaches three orders of magnitude when they are excited

into the ytterbium absorption band in polycrystalline Y,

—x—y

Yb, Er, OCI samples. All the intermediate levels

that participate in the population of the highly excited states of erbium are selectively excited and their
population and depletion kinetics are measured. The population mechanisms of these excited states are
identified and switching from one mechanism to another in the course of time is observed. The theoretical and
experimental results are in agreement. It is shown that a regime of strongly incoherent interaction in the low
excited states of erbium and ytterbium is realized in the Y4, Y, Er,,,0Cl system. The complicated time
evolutions of the populations of the highly excited states of erbium are described by characteristic times that
are determined by the regime of strong incoherent interaction of the erbium and ytterbium in low excited

states.

PACS numbers: 31.50. + w
INTRODUCTION

The discovery of the interaction of trivalent ions of
rare-earth elements (TR*') in excited states'”? is to a
considerable degree the result of the use of kinetic
methods to investigate the excitation-energy transfor-
mation in condensed media.> To distinguish between
the mechanisms of interaction between the impurity
system and the radiation, which brings about anti-
Stokes radiation, many criteria were subsequently
developed, based on an analysis of the optical spectra
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and of the dependences of the intensity on the impurity-
particle concentration and on the excitation clensity.1 o
It was reliably established as a result that in most
cases the process of population of the highly excited
states of TR®' ions in condensed media is collective
and proceeds via many stages. The branched struc-
ture of the states of the TR* ions, in conjunction with
multistage character of the process, leads to an ex-
traordinary variety of mechanisms whereby the highly
excited states of these ions are populated. In many
cases it remained unclear which of the TR®" ion levels
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participate in the population of the highly excited states
from which the anti-Stokes radiation is observed, and
which stages of the nonradiative energy transfer limit
the process of population of these states in each con-
crete case. These questions are closely related to the
more general unsolved problem of the influence of the
crystalline host on the effectiveness of the anti-Stokes
energy conversion in systems with rare-earth activa-
tors. It is well known that by virtue of the good
screening of the 4f electrons the multiplet energies

and the Einstein coefficients of the intermultiplet tran-
sitions of the TR® ions vary little on going from one
matrix to another. It is also known, however, that in
various hosts, for the same interactions of the TR
ion pairs, different excited states are populated with
different effectiveness.*® The crystal lattice deter-
mines the probability of the electron-phonon interaction
and the Stark structure of the multiplets. This can
strongly influence in turn each stage of the successive
energy transfers. To understand on which of the stages
the influence of the host on the population of the excited
states is decisive, we must determine the contribution
of each stage to the observed anti-Stokes radiation,
taking it into account that the interaction of the impurity
ions is collective in all stages. It was recently estab-
lished that the temporal population evolutions due to

the interation of TR®' ions that are mainly in excited
states are in general not described by simple experi-
mental relations.” A precise analysis of these relations
yields extensive information on the mechanisms of non-
radiative energy transfer. It is natural to assume that
interactions of TR ions in excited states should lead
in the general case to non-exponential population time
evolutions that reflect the contributions of different
stages of the nonradiative energy transfer. There are
practically no published experimental data on this sub-
ject, and the employed kinetic methods did not make it
possible to analyze the decay curves of highly excited
TR® states following anti-Stokes excitation in a suffi-
ciently wide dynamic range of radiation intensity.

The task of the present paper is to study the time
evolutions of the populations of the excited states of
E»* ions following anti-Stokes excitation via Yb** ions,
wherein the time of registration of the anti-Stokes
radiation exceeds greatly the characteristic lifetimes
of all the excited states. Other tasks are to determine
the contributions of various mechanisms to the popula-
tion of the excited levels, and an investigation of the
influence of interactions in intermediate states on the
kinetics of the anti-Stokes radiation.

INVESTIGATED OBJECTS AND EXPERIMENTAL
PROCEDURE

We investigated a group of polycrystals Y;. ., Yb,Er,
OC1 with x=0,1, 3, and 10 and ¥y =0, 1, 3, and 10
at.%. Upon excitation into the Yb*" absorption bands,
the Er®* ions in the YOCI crystals emit primarily in
the red region of the spectrum. The Yb* ion was
selectively excited by the first harmonic of a neody-
mium-garnet laser (,,,=1.06 um) or by a gallium-
arsenide semiconductor laser (},,,=0.906 um). The
exciting-pulse duration was 15 and 100 nsec in the first
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FIG. 1. Decay curves of excited *F;,, states of ytterbium ions (1) and *I,5,, states of
erbium ions (2).

and second cases, respectively. The Er*’ ion (Hy )
level) was selectively excited by the second harmonic
of the garnet laser (A,,=0.53 um). The spectral in-
struments used were the DFS-12 spectrometer and
MDR-2 monochromator. The radiation receivers were
FEU-62 or FEU-14B photomultipliers or photoresis-
tors based on PbS. In the former case the time resolu-
tion was not worse than 5 usec, and in the latter not
worse than 200 usec. The radiation was time scanned
by an EMG-1546 or S1-15 oscilloscope. The procedure
developed made it possible to investigate the kinetics
of the anti-Stokes radiation in an intensity dynamic
range as large as three orders of magnitude.

EXPERIMENTAL RESULTS

Figure 1 shows the decay curves of the excited state
2Fs,, of the Yb* ion. The kinetics of the Yb** emission
turned out to be exponential with a damping constant
400 psec for all three Yb®** concentrations (1, 3, and
10 at.%). Figure 1 shows also the exponential decay
curves of the ‘I3, state of the Er®* ions under Stokes
excitation (A,,,=0.5 um). The decay constant was 5
msec. Figure 2 shows the decay of the ‘I n level of
Ef* ions following Stokes excitation. The decay is ex-
ponential with constants 2 and 2.6 msec and 300 and 77
K, respectively. The deactivation of the states 2F3 n
and Yb* and *I3;, and *I3,; of Er*, shown in Figs. 1
and 2, is due to intracenter relaxation processes.

Figure 3 shows the decay curves of the states 483 P
and *Fy,; of the erbium ions under Stokes excitation.
In contrast to the states ‘I 2 and *Ij; 5 of the Er®" ions,
these states are subject to cross relaxation via the low-
lying erbium level, and the emission from the is, » and

8 A
t/msec

FIG. 2. Decay curves of the *I,,, state of erbium ions:1—7 = 300 K; 2—T = 77K.
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FIG. 3. Decay curves of states*F,,(1,2) and “S, ,(3) of the erbium ion:1,3 — T = 300
K2—T=71K

"Fm levels is subject to concentration quenching. This
is precisely the cause of the deviation of the decay from
exponential during the initial stage of the process for
the state *S;, (Fig. 3). In the course of time the curve
becomes exponential with a constant 65 Lsec. An

even more complicated time evolution is experienced
by the population of the *Fy, state (Fig. 3). The maxi-
mum of the population is reached 25 usec after the ex-
citation pulse, followed by a rapid decrease with a
characteristic time 60 usec, which slows down in the
subsequent stages of the process to a characteristic
time 1.2 usec. At 77 K, however, no slow relaxation
process is observed, and the characteristic decay time
turns out to be 140 usec (Fig. 3).

The foregoing experimental results pertain to singly
activated systems. These data are needed for the in-
terpretation of the results on anti-Stokes emission of
erbium ions excited via ytterbium ions. The experi-
mental decay curves of a doubly activated system are
shown in Fig. 4. The coactivation of the erbium ions
by the ytterbium ions has led to equalization of the life-
time 7 of the states 2F5, and the Yb*" ions and *Ij;, of
the Er®* ions. The time T of the state 2F5 2 of the yt-
terbium ions has increased from 400 to 440 usec,
while 7 of the state "Iu 2 of the erbium ions decreased
correspondingly from 2 msec to 440 usec. This effect
is independent of which of the interacting ions is sub-
jected to selective excitation. The decay kinetics of
highly excited states of erbium ions that are anti-Stokes

-

1
800
7, usec

1 |
200 1000

FIG. 4. Decay curves of excited states of ytterbium and erbium ions in the doubly
activated system Yo g7 Ybgy Erggy OCl:1—states 2Fs;; Yb3* and 1y Er*Y;
2-state * Fopp Er®*; 3—state *S3p Er**.
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excited via ytterbium ions changed substantially (Fig.
4) in comparison with the kinetics observed in Stokes
excitation of the same states of the erbium ions (Fig.
3). The maxima of the populations have shifted towards
longer times, while the characteristic times of the
population growth and falloff increased, the latter ac-
quiring a substantial dispersion. Thus, for the sys-
tem Yg,gYbg,1Erg,03OCl the maximum of the population
of the *Fy,, state shifted to 80 usec as against the 25
usec for Stokes excitation, a fact likewise accompanied
by an increase of the growth time.

On their initial sections, the decay curves are char-
acterized by a smooth increase of the characteristic
decay times to their asymptotic values, which set in at
the later stages of the process, at 400 and 210 isec
for the states*Fy, and *S;; respectively.

ANALYSIS OF POSSIBLE MECHANISMS OF
POPULATION OF HIGHLY EXCITED
STATES OF ERBIUM IN ANTI-STOKES
EXCITATION VIA YTTERBIUM IONS

By now we can regard as firmly established the mech-
anism whereby the state Sy, of the erbium ion is popu-
lated upon excitation via ytterbium ions,®?? leading to
emission in the green region of the spectrum (Fig. 5).
During the first stage of the process, the ytterbium
ion excited into the *Fy n state transfers its energy to
the %31, level of the erbium ion. The second stage of
the transfer is the result of the interaction between the
erbium ions in the *Ij; » state and the ytterbium ion in
the excited *Fs,, state. Excitation by the Yb*' ions
participating in the subsequent transfer stages can be
the results of either the energy migration over the Yu*
ions or of the action of an external source. The energy
transfer excites the state *Fy , of the erbium ion,

E r/ﬂ‘;'cm"
Jr F
Z["7/1
r ”E”/Z
20+ vf’/f
-~ f;”n/z
5
i z Fay
I
y
Ty,
hyy
2, J oy
0+ &/I 1, 'y
2
”1,%
i I\ r I
. !
2 1
0=Fy, Yo+ Eret If!/z

FIG. 5. Level schemes of Yb** and Er** (showing only the levels tht participate in
the onset of anti-Stokes radiation). The numbers I and II designate the stages of
successive energy transfer when green radiation is produced. Wavy arrow—nonra-
diative relaxation.
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FIG. 6. Schemes of possible mechanisms of the population of the *F;,, state of the
erbium ion. The Roman numbers designate the stages of the successive energy
transfer (double arrow- the *F,,,— |5/, transition with emission of red photon).

which undergo a rapid intracenter relaxation that de-
termines the irreversibility of the second act of the
transfer, into the state *S;;. The unequivocal estab-
lishment of this mechanism is due to the use of kinetic
methods to investigate the population of the "S3 2

state, ¥710

The situation is much more complicated with the
mechanism that populates the 4Fg 2 state of the erbium
ion. Six possible mechanisms are discussed in the
literature (Fig. 6).2 In five of them, the first transfer
stage is identical with the one just considered, i.e., it
is determined by the interaction between the ytterbium
ions in the state 2F;,, and the erbium ions in the ground
state *I;5, (Fig. 6, a—e). We discuss briefly the dif-
ferences in the succeeding transfer stages.

1. The first mechanism''** is similar to the mecha-
nism that populates the *S;, state, but it is assumed
that the erbium ion goes over non-radiatively, by vir-
tue of the electron-phonon interaction, from the 4S3 P
to the *Fy, state, followed by emission of a red pho-
ton (Fig. 6a).

2. The second mechanism'® presupposes that the
first transfer act is followed by intracenter relaxation
of the erbium ion form the Iy, state to the 513, state.
The 4Fg,z level of the erbium ion is populated as a re-
sult of the interaction between the Yb®" ions in the ®Fj
state with the erbium ions in the *Ij;,; state (Fig. 6b).

3. The third mechanism consists of four energy-
transfer stages‘,“'15 The first two transfer stages are
identical with those of the first mechanism. These
are followed by the interaction of the ytterbium ions in
the ground state 2Fy, with the erbium ions in the state
4Syp; this interaction populates the level *Iz of the
erbium ions. The last and fourth transfer stage is
identical with the second stage of the second mechanism,
i.e., interaction of Yb®" ions in the ?F;, state with er-
bium ions in the %5, state, and leads to population of
the 4Fy,, state (Fig. 6c).

4, The fourth mechanism proceeds likewise in four
stages.'®!” In contains in their entirety the two stages
of the mechanism that populates the *S;, state and
leads to the onset of the green emission. The first
stage is the interaction of ytterbium ions in the 2Fs 2
state and erbium ions in the 483 2 State, as a result of
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which the erbium ions are excited to the 2G-, 2 State,
followed by intracenter relaxation into the *Gy; , state.
The last and fourth transfer act is due to the interaction
of the ytterbium atoms in the ground state and erbium
ions in the state *Gy1, which leads to excitation of the
ytterbium ions to the 2Fy; level and of erbium ions to
the *Fy 5 level (Fig. 6d).

5. The fifth mechanism allows for an interation of
erbium ions in excited states® in addition to the inter-
action of the ytterbium and erbium ions in excited
states. The population of the *F;,, state proceeds via
the mechanism that produces the green emission. On
the other hand the third energy transfer act is due to
the interaction of the erbium ions in the states *Fy,
and *I1 5, and leads to population of the *Fy, states in
both erbium ions (Fig. 6e).

6. The sixth mechanism differs from all the preced-
ing ones in that the first act of energy transfer'® is
supposed to be an essentially nonresonant interaction
of the ytterbium ions in the ®F; , state with the erbium
ions in the *I;, state, leading to population of the %Iy,
state of the erbium ions. The second transfer act
leads to population of the *Fy,, state via interaction
between the ytterbium ions in the 2Fs ,2 State with the
erbium ions in the *I5,, state, in analogy with the sec-
ond mechanism (Fig. 6f).

We shall not discuss in detail the advantages and
shortcomings of each of the considered mechanisms.
We note only that the much more complicated descrip-
tion of the population of the highly excited states of the
erbium ions in the last four mechanisms compared with
the first two is justified to some degree. This is due
to the need for explaining the experimentally observed
dependences of the intensity of the emission from the
4Fy, level of the erbium ions on the intensity of the
exciting IR radiation in certain hosts.

The first two mechanisms should lead to a quadratic
dependence. Experiment, however, has shown for
some hosts a cubic dependence,'®"!” which follows from
the third and fourth mechanisms, as well as a sublin-
ear dependence’® that is implied in the fifth mechanism.
We note also that the only methods used to distinguish
between the mechanisms that populate the *Fy,, state
were based on stationary excitation, and no use was
made of the most informative kinetic methods. An ex-
ception is Ref. 14, in which the kinetics of the emis-
sion from the "Fm level of the erbium ion in an La;O;S

" host was attributed to the third mechanism. No alter-

nate mechanisms were considered, however.

As will be shown below, our analysis of the kinetic
equations for the description of the population of the
‘Fy n state of the erbium ions under IR excitation, and
the comparison with the obtained experimental data,
make it possible to identify uniquely the mechanism
whereby the highly excited states of the erbium ion are
populated.

We have solved the standard kinetic equations.
We shall not specify at first the concrete mechanism
whereby the excitation reaches the radiative states of
the erbium ions following the IR excitation. We then

9 ,10,14
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obtain automatically for the populations of the levels
*Fy2 and *S;,

ns () =A 6= [ [0t ar+4, ] , (1)

16 () =B, e [j'(pae"-" dt+B, ] , (2)

where A;, Ay, By, and B, are constants that do not de-
pend on the time; a¥and af are the probabilities of the
deactivation of the states *Fy,, and *S; 2 of the erbium
ions, respectively, Stokes-excited in the presence of
ytterbium ions; &; and ®g are the respective population
functions of the erbium-ion states *Fy and 'Sy, deter-
mined by the concrete mechanisms that populate these
states in anti-Stokes excitations, i.e., $; and &g are
determined entirely by the populations of the levels
that participate in the intermediate stages of energy
summation.

Using for the linearization of the complete system of
kinetic equation the standard assumptions, it is easy to
obtain analytic solutions for ns and ng for all the mech-
anisms considered above, except the fifth, and this is
what we did. The obtained expressions, however, are
cumbersome and do permit comparison of theory with
experiment. It is more useful to consider one limiting
case of interaction of ytterbium and erbium in the re-
spective intermediate states *F5, and *I;; 5, namely the
case of a strong incoherent interaction, defined by the
condition

‘ﬁaNn. pn"o»*‘lzy as, (3)

where P, is the constant of energy transfer between the
%Fs,y level of the ytterbium ion and the *Iy; 5 level of the
erbium ion (the arrow indicates the transfer direction);
Ny and n; are the concentrations of the ytterbium and
erbium ions, respectively; A; is the probability of the
deactivation of the 2F, 5,2 of the ytterbium ion; a; is the
probability of deactivation of the 1,2 state of the er-
bium ion.

As shown in Refs. 9, 20, and 21, if the energy-donor
system has in the absence of interaction a lifetime 74,
and the energy acceptor system has a lifetime 73, then
if condition (3) is satisfied both systems will emit with
a single lifetime 7,, which in our notation can be writ-
ten in the form

P.N+P
T = 1i¥o 1Mo . (4)

 APN+aPn,
We then obtain for the population of the 4S3 2 state of the
erbium ion when excited in ytterbium ions in accord
with the described mechanism

Nzo;i),Noﬁxﬂni;z (5)

ne(t) = — — (e~2/rav—eg=a’t),
(P1N0+P1no) z (as.—ZT;; )

where Ny is the population of the 2F,; state of the Yb**
ion after the end of the action of the exciting pulse; E
is the constant of energy transfer from the 2F5 2 level
of the Yb**ion to the Sy, level of the Er® ion, which is
already in the state *I; ;. Similar expressions were
obtained in Refs. 9 and 14.

We write down the expressions obtained by us for the
populations of the *Fy,, state of the erbium ion for the
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various population mechanisms considered above (Fig.
6).

The first mechanism (Fig. 6a):

NzﬂzﬁlNoi;lnﬂi)ﬂwﬂﬁ { 1

ns(t) = — — o—2/7ay
(P|N0+P1no)z(ﬂa'-2‘1'a—v’ ) \ (l;'—ZT:;
. . (8)
—_ ~ag*t__ — —ag*t
as"—as’ ¢ ( ﬂs.—2T;,} as"—as’ )'e }’
where wgs is the probability of relaxation from the
state S, to the state *Fy .
The second mechanism (Fig. 6b):
" Nag? PyN, Pingwss Py l 1 —(attl)
ng(t) = — e av
o) (PuNo + Ping)? (vgy — a2) | a5* —aa — 7oy
1 ~2!/ 7y ‘l’;‘}—ag 4 }
—w—rg . ermam e ) O

where wj, is the probability of relaxation from the state
111, to the state *Ii;2; P4 is the constant of energy
transfer from the level 2F3 n of the Yb®* ion to the *Fy P
level of the Er®* ion, which is already in the *Ii5.
state; a, is the probability of deactivation of the ths 2
state of the erbium ion.

Third mechanism (Fig. 6¢c):

ng (t) =

Nog® (P1No)? PyngPoPy N, By {( 1
2

= = = -
(P1No + Pino)® (ag* — 273y) Tav — a2
1 ) 1 eyt (@t 3T e,
ag* —aq /ag*— 1l —a, 2t l—a
ag* —ag)™t —(ae+T ) ¢ .
+a‘£la *_)T—l € e Tay) __[_._164;*1 ’ (8)
5 6 av

where P; is the constant of energy transfer from the
%S, 5 level of the erbium ion to the *Ij5 2 level of the
erbium ion, and the ytterbium ion goes over at that
time from the ground to the excited state. Here and
elsewhere [. . . ] stands for the sum of the coefficients
of all the preceding exponentials.

Fourth mechanism (Fig. 6d):

e e A *__ 2.1
ng (8) = Ny (P1Na)? PinoPe Py PN, { (as* —3731) -3ty
5 - re — — O P ©
) (PiNo + Ping)? (ag* — 2730 | a*— 371
(as* —a — 7)™ e‘(“"“;) t[ as*—a;* as* —a* gt
a:* — ag* — ':;3 a* — 31;}, a*— ag* — T
— [ ey, (9

where E is the constant of energy transfer to the "Gm
level of the Er®* ion as a result of summation of the
energies of the states *F;, of Yb** and *S;, of Er®'; P,
is the constant of the reverse transfer of energy from
the level *Gy1 » to the levels *Fy of Er®* and *Fy,, of
Yb*; a* is the probability of deactivation of the Gy
state following Stokes excitation in the presence of Yb*',

Sixth mechanism (Fig. 61f):

ng () = '_Nm‘-’ (P_-l:'\"o)’ PiPury { * ! = e_(u'”;‘lf)l
(PiNo + Ping) (151 —aq) | 45" — 82— T5,
L (e )
—_—— e ¥ Ty . e-arty 10
as* — 2} + (as* — a2z —13}) (as*—27.1) (10)

where 13; is the constant of the direct nonresonant ener-
gy transfer from the level st/z of Yb* to the level ‘I3,
of Er*'.
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ANALYSIS OF EXPERIMENTAL RESULTS

The analysis of the mechanisms of population of the
high-lying excited states of erbium ion following IR ex-
citation via ytterbium ions shows that an investigation
of the kinetics of the populations of these states per-
mits an unambiguous interpretation of the mechanisms
of their population. The experimental results show
that in the case of the Y,3;Yby,1Ery,03OCl system there
is realized a case of strong incoherent interaction in
the intermediate states. Indeed, the states 2Fs 2 of the
ytterbium ions and *f; ; of erbium ions emit with the
same lifetime, 440 usec, regardless of which of these
ions is excited. When account is taken of the fact that
Py and 1_51 are different, owing to the presence of an
energy gap in the energies of the transitions 2F7,2 -‘zF5 P
of the Yb ions and *Iy5,; =*I11 5 of the Er®* ions,? satis-
faction of the condition (3) should yield for 7,, a value,
calculated from (4), of 450 isec, in agreement with
experiment. Accordingly, the observed evolution of
the population of the state S;,, is well described by ex-
pression (5) (Fig. 4). We note that in Ref. 9 agree-
ment was obtained between the calculated and experi-
mental curves in the later stages of the damping for the
LaFy - Yb* - Er® crystal, whereas in Ref. 11 the
agreement was in the region of the maximum of the
population for the LayOpS — Yb** — Er®* system. The
reasons are the single mechanism of populating the
"Sa n State and the realization of the regime of strong
incoherent interaction.

The strong incoherent interaction determines also
the rate of population of the I3, state of the erbium
ion when excited via ytterbium ions (Fig. 7). An ana-
lysis of this figure shows that in this case the increase
of the population of the *I;3,, state takes place in a time
~T,,, Whereas in the case of excitation into high-lying
erbium level this time is much shorter, a fact appar-
ently determined by the rates of the transitions from

the upper states to this level.

Figure 8 shows the time evolutions of the populations
of the *Fy , state of the erbium ion IJR—excited via ytter-
bium ions for two possible population mechanisms, de-
scribed by Eqs. (6) and (7), curve 1 of Fig. 8 is experi-
mental. It is seen that the experimentally observed
asymptotic behavior in the later stages of the decay
process can be described within the framework of the
second mechanism. However, a complete description
of the experimental curve can be obtained only by com-
bining the curves corresponding to different mechan-

Z) ,rel. un.

i J

Il 1 1
500 1000 t, usec

FIG. 7. Kinetics of population of the state */,5,, in the systems

Y097 Er.03 OCl QAexc 0.53 um) (1) I Yo 87 Ybo,1 Ergo3 « OCl (Rexc = 1.06 um(2),
Aexc is the excitation wavelength.
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FIG. 8. Time evolution of the populations of the *F,,, state of erbium: 1—experi-

ment; 2 and 3—theoretical curves plotted in accord with Eqgs. (6) and (7), respective-
ly; 4—superposition of curves 1 and 3, taken with statistical weight 8:1.

isms; furthermore, analysis shows that there is only
one combination, namely a combination of curves 2 and
3.

Thus, the experimentally observed curve of the time
evolution of the population of the *Fy,; state is well de-
scribed by a combination of curves 1 and 3; the ratio
of the excitation fluxes to this level in accord with the
first and second mechanisms is 8:1 at the initial of
time.” At 300-400 psec after the end of the excitation
pulse, however, these fluxes become equal, and the
second flux predominated during the later stages. This
means that at the initial instant the *Fg; level is popu-
lated by relaxation from the Sy, level, the relaxation
rate being (7,)", while the ‘I3, level, with a popula-
tion rate -r;:, is note yet populated. Population of the
4113,2 level after the lapse of a time ~7,, switches over
the channel through which the *Fy,, state is populated.
In fact, by that time the %S;, level has become depleted
and, accordingly, no longer feeds the "Fm state, the
excitation of which now becomes excited on account of
summation of the energies of the Fj, state of the
ytterbium ions and the */33,; state of the erbium ions,
at a rate 7.

The experimentally observed flareup of radiation
from the *Fy; level, with a time constant 35 usec, is
determined by the lifetime of this state under Stokes
excitation in the presence of ytterbium ions, as fol-
lows from (6). That the chosen combination of mecha-
nisms for the description of the time evolutions of the
population of the 4Fg,z state erbium ions IR-excited into
the ytterbium absorption band is correct, is con-
firmed also by the fact that, unlike the others, these
two mechanisms yield a quadratic dependence of the
radiation intensity on the exciting IR radiation in the
stationary regime, as was indeed observed in experi-
ment.”® Our experiments on stationary excitations have
confirmed this result. Attention should be called to
the fact that the case of strong incoherent interaction
is realized in not all hosts, even at high activator con-
centration. This is attested to by the result of Ref.

24 as well as by our preliminary measurements of the
kinetics of the anti-Stokes radiation in the
(Yo,“Yb0,1Er0,06)zozs) system.

We note in conclusion that the time evolutions of the

Glushko et al. 103



populations of the low excited states influence the time
evolution of the high-lying excited states of erbium
even in a singly activated system. In fact, when the
YOC1:Er* system is excited into the “S,,, state (Fig.
3), multiphonon relaxation populates the *Fy, level,
from which luminescence with the proper lifetime be-
gins. At the same time, all the remaining low-lying
levels of erbium begin to be populated. This is due
both the intracenter process and to cross relaxation
processes. Therefore, after some time interval, the
Fyp2 level starts to be populated not on account of re-
laxation from above, but on account of summation of
the energies of two erbium ions, one of which is in the
state *I;; , and the other in the state *j3,. The damping
constant that will be observed at the later stages of the
decay of the *Fy,, level is determined by the sum of the
probabilities of the deactivation of the levels *Ij; 5 (7
=2 msec) and *13, (7 =5 msec), yielding a value 1.4
msec. This is in good agreement with experiment.

"It is appropriate to note that this result does not contradict the data of Ref. 6,
inasmuch as under stationary excitation this relation does not hold and the second
mechanism predominates.
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It is shown that in a crystal possessing a polar direction any process of relaxation to thermodyanmic
equilibrium should be accompanied by a current. Unlike the currents connected with polarization direction
(i = P), relaxation currents do not destroy the existing charge separation but lead to the appearance and to
maintenance of this separation. The nonuniformity that causes the charge separation can cause also

electrization of the crystal for a prolonged time. Concrete models are considered, in which the disequilibrium
of the crystal is attributed to an excess concentration of point defects. The question of activation of relaxation

currents by light is considered.

PACS numbers: 77.40. + i

1. INTRODUCTION

The results of research into the photogalvanic effect
in crystals that have no symmetry centers,!’? which has
been intensively pursued in the past 4-5 years, point
to the existence of a new class of transport phenomena.
Namely, fluxes of charges, particles, and other phy-
sical quantities can exist in media without symmetry
centers even in the absence of macroscopic inhomo-
geneities or external field. For these fluxes to exist
it suffices only that there be no complete thermodynam-
ic equilibrium in the medium. Thus, in the case of the
photogalvanic effect a disequilibrium of the electron
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subsystem and a direct electric current are maintained
by uniform illumination.

The disequilibrium of the medium need not necessar-
ily be dueto an external action. Even the presence of
all types of defects (point, line, or volume) takes the
medium quite far from thermodynamic equilibrium.

The relaxation time of this disequilibrium obeys as a
rule the activation law. Even at room temperatures,

it can be quite long-on the order of months and years.
Thus, a realcrystal (as well as an amorphous medium)
constitutes a highly unbalanced system that relaxes very
slowly to equilibrium. It can be stated that in a medium
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