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The cross-relaxation probability~sec21! involving the 5S2 and
5I 8 levels of holmium ions in LiYF4 was

investigated and its concentration dependence determined. By using a random distribution function of ions in
the crystal, it was possible to determine the concentration dependence of the nonradiative probability for the
ion-ion energy transfer by dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole electric interactions.
The applied model shows that the ion-ion cross-relaxation transfer between Ho31 ions in LiYF4 crystals,
cannot account for the experimental results. At a high concentration level of activators~.1%!, the excited ion
must interact with two neighbors of same specie competing with the single ion cross-relaxation transfer.
@S0163-1829~96!01229-5#

I. INTRODUCTION

In a recent paper1 we reported the strong quenching of the
5S2→5I 7 ,

5I 8 luminescent transitions in high-doped LiYF4
with Ho31 by two possible cross-relaxation processes with
almost zero mismatch energy, favoring the population of the
5I 5,

5I 6, and
5I 7 levels. A quantitative spectroscopic study of

the luminescence of the HoLiF4 crystal
1 showed that there is

a total quenching of the 490-, 540-, 749-, and 900-nm lumi-
nescent channels, starting from the5F3,

5S2, and
5I 5 levels,

respectively. These partial luminescence quenchings are in-
dependent of the temperature, indicating that there is some
energy transfer between neighboring excited Ho31 ions
~Ho* ! with approximately zero mismatch energy~DE'0!.
These processes are responsible for the conversion of visible
and near-infrared transitions into the midinfrared ones.

When investigating the schematic energy level diagram of
the Ho31 ions in high-doped LiYF4 crystals, two resonant
cross-relaxation processes were found:P1 andP3 ~DE'0!,
and a nonresonantP2 with DE.0, involving two nearest-
neighbor Ho31 ions. These processes are generically repre-
sented by the sequence@Ho* ~1!, Ho~2!#→@Ho* ~1!, Ho* ~2!#,
respectively,

P1 : ~5F3 ,
5I 8!→~5F5 ,

5I 7! resonantDE'0,

P2 : ~5S2 ,
5I 8!→~5I 6 ,

5I 6! energy mismatchDE

51047 cm21,

P3 : ~5I 4 ,
5I 8!→~5I 6 ,

5I 7! resonantDE'0.

The P1 process short circuits the
5S2 state and populates

the 5F2 level, besides quenching the 490-nm fluorescence.
Clearly, theP1 andP2 processes quench the green emission
from the5S2 level. At 300 K,P2 is more probable thanW2,
a multiphonon emission rate from the5S2 level, according to
the rate equation model presented in the previous paper.1 In
this paper, we present the results from an investigation of the
nature of theP2 cross-relaxation process, determining its
mean value for several Ho31-doped crystals with 0.001–0.1
and 1 mol fractions.

The previous quantitative luminescence measurements in
LiYF4 doped with low Ho31 concentration showed that the
490-nm and 790-nm emissions, respectively, from the5F3
and 5I 4 levels, are much weaker than the 540-nm emission
~from the 5S2 level!, by a factor of 364 times. This fact
makes difficult the use of these two weaker fluorescences for
investigating the nature of cross-relaxation processes be-
tween activators. The 540-nm emission from the5S2 level
was then chosen for that investigation.

II. EXPERIMENTAL TECHNIQUES

The samples used in this investigation were single crystals
of doped LiYF4 containing several Ho

31 concentrations from
0.001 to 0.1 and 1 mol fractions. The starting material for the
crystal growth were synthesized from ultrapure rare-earth
oxides by a conventional hydrofluorination procedure. The
Ho31:LiYF4 thus synthesized was grown by the conventional
Czochralski method under an argon atmosphere. Samples
were extracted from the boule after the appropriate choice of
a region free of scattering defects. The holmium concentra-
tions were determined by an x-ray fluorescence technique.

The lifetimes of excited Ho31 ions were measured using a
pulsed laser excitation~10 nsec! from a dye-pumped nitro-
gen laser tuned at 450 nm. The time-dependent signal was
detected by a fastS-20 extended-type photomultiplier detec-
tor and analyzed using a signal-processing Box-Car averager
~PAR 4402!.

III. RESULTS AND DISCUSSION

Figure 1 shows the schematic energy level diagram of the
Ho31 ions in the LiYF4 crystal where the nonresonant single-
ion process~P2! involving two nearest-neighbor Ho31 ions
may be responsible for the luminescence quenching of the
5S2 level. In addition to that, the double-ion process is pro-
posed for the5S2 level deexcitation.

The experimental value ofP2 was obtained from the total
lifetime ~t! measured after a pulsed laser excitation~10 nsec!
from a dye-pumped nitrogen laser tuned at 450 nm. The
following relation between the total lifetime~t! and the mi-
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croscopic transfer rate was obtained using thef (R)dR dis-
tribution function of ions:

1

t
5

1

t r
1W21P25

1

t r
1W21E

Rmin

`

WD2A~R! f ~R!dR.

~1!

t r
21 andW2 are the radiative transition and multiphonon de-
cay rates of the5S2 level, which are not concentration depen-
dents. Only theP2 transfer rate is strongly dependent on the
Ho concentration.

Table I shows the measured lifetimes values of the
5S2 level in LiYF4 crystals with several Ho concentrations,
and the obtained values ofP2 using Eq.~1!. It is important

to note that the extrapolated value of the (t r
211W2) intrac-

entro transition rate is equal to 6666.7 sec21.
Assuming a multipolar electric interaction between two

Ho31 ions separated by the distanceR, one must have the
microscopic cross-relaxation rate given byWD2A(R)
5(s56,8,10(Cs/R

s), whereCs is the transference constant
~cms/sec!, ands the order of the multipolar electric interac-
tion, i.e.,s56 for dipole-dipole,s58 for dipole-quadrupole,
ands510 for the quadrupole-quadrupole interaction. Using a
random ion distribution in the crystal, it was possible to de-
fine the f (R)dR function which specifies the fraction of
Ho31 ions which have an Ho31 ion as the closest neighbor
inside of a shell between the distancesR andR1dR. Since
the 4f N orbital of the~31! rare-earth ions is always shielded
by the most external fulfilled orbital~5p6!, one expects a
negligible interaction between them in the ground state
which in turn produces no tendency for either preference or
rejection of a closer pair configurations away from statistical
distribution. This argument justifies the use of a random dis-
tribution of Ho ions in the host at relatively high concentra-
tions ~xA.0.01!, in the deexcitation model. This function
was successfully applied to describe theF center-OH2 inter-
action in KCl crystals.2

The f (R)dR distribution function is given by

f ~R!dR5
4pR2

AR0
3 xA~12xA!4pR3/3R0

3
22dR ~2!

with xA the activator concentration given in mol fraction.
R0

351/N, whereR054.16 Å andN51.4131022 Y ions/cm3

for LiYF4 crystals. A is the normalization constant ob-
tained by the following relation:A5*Rmin

` f(R)dR, whereRmin

is the nearest-neighbor~Y-Y ! distance equal to 3.72 Å.
The average value of the cross-relaxation probability

P2~sec
21! can be evaluated using the following expression:

P25^Wtr&av5 (
s56,8,10

CsH E
Rmin

` F S 1RsD f ~R!dRG J . ~3!

CS5RC
S/t r , whereRC is the critical distance for the inter-

action.tr is the radiative lifetime of the5S2 level which has
been estimated to be 0.67 msec.3

By substitutingf (R)dR in Eq. ~3!, one obtainsP2. The
integration part is defined in the following:

I ~s,xA!5E
Rmin

` F S 1RsD f ~R!GdR. ~4!

A numerical calculation of the integration part was per-
formed for each type of individual interaction~i.e.,
s56,8,10!. The results are shown in Fig. 2~full squares!
for dipole-dipole~d-d!, dipole-quadrupole (d-q), and quad-
rupole-quadrupole (q-q) interactions. There it is seen, a lin-
ear dependence ofI (s,xA) with the activator concentration
for xA<0.12, i.e., I (s,xA)5I (s)xA . The same behavior is
obtained for the concentration range wherexA<0.3, when
using an exponential-type law for the exchange ion-ion
transfer~see Fig. 2!. The exchange microscopic interaction
between rare-earth ions at distancesR@R0 ~Rmin53.72 Å for
YLF!, can be given asWexch5W0 exp~22R/R0!, whereR0 is
the Bohr radius.R0 is equal to;0.4 Å for rare-earth ions.

FIG. 1. Energy level diagrams illustrating the single-ion~P2!
and the double-ion energy transfer in Ho31-doped LiYF4 crystals.
The double-ion mechanism involves a cooperative absorption of the
excitation energy by both neighbor~acceptor! ions located at the
same distances from the donor.

TABLE I. Experimental lifetimes values for Ho31 ~5S2!: LiYF4
crystals, measured at 300 K, for several Ho concentrations (xA).
The cross-relaxation probability rate@P2 ~sec21!#, was calculated
using Eq.~1! and the measured lifetimes.

xA P2 ~sec21! t ~msec!

0.002 0 957 131.2
0.005 2 2 608 107.8
0.007 3 3 793 95.6
0.016 9 12 217 53
0.050 9 46 946 18.7
0.107 2 132 222 7.2
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Figure 2 also shows the result obtained for the numerical
calculation of the integration part used for the exchange in-
teraction which is given by

I ~exch,xA!5E
Rmin

` FexpS 22R

R0
D f ~R!GdR.

There it is also seen, a linear dependence ofI ~exch,xA! with
the activator concentration whenxA<0.3.

The observed behavior of the integration part for each
type of microscopic interaction, verified forI (s,xA) and
I ~exch,xA!, states that the average rate probability for the
single-ion transfer model, wherêWtr&av5(sCsI (s,xA)
5[(sCsI (s)]xA , must have a linear dependence onxA in the
range ofxA<0.12. This general conclusion is not satisfied for
the most of theTR31 systems.4 In particular, that linear be-
havior is not in agreement with the estimated values ofP2,
obtained from the experimental lifetime of the5S2 level of
Ho31 ions in LiYF4 ~YLF! crystals. These experimentals val-
ues are exhibited in Fig. 3 which are represented by full
squares.

That result evidences the need of extending this model to
include the ion-~two ions! transfer competing with the actual
ion-ion energy transfer~single-ion transfer!. In this proposed
mechanism~double-ion transfer!, the excitation energy is
splitted and transferred to both neighboring ions situated at
the same distanceR from the donor~see Fig. 1 for the Ho31:
YLF system!. The microscopic transfer probability
WD22A(R) for the double-ion transfer was obtained by ex-
tending the overlap integral between either the acceptor ab-
sorption and donor emission line shape, derived elsewhere
for the case of the ion-ion transfer probability.5 It was done
by replacing the individual absorptions by a cooperative one
composed by the sum of both absorption’s line shape. For a
(d2d) interaction, one must have

WD22A~R!5
3\c2sA1

sD

4p3n2R6 E f D~E!

E2 FFA1
~E1E2!

1S sA2

sA1
D FA2

~E1E1!GdE,
whereE1 andE2 are the average absorption energies from
acceptorsA1 andA2, evaluated using the following expres-
sions:

E15E EFA1~E!dE and E25E EFA2~E!dE.

sD is the integrated emission cross section of donors~D!.
sA1

and sA2
are the integrated absorption cross sections

of acceptors,A1 and A2, respectively.f D(E) is the norm-
alized line shape of the donor emission.FA1

(E1E2) and

FIG. 2. Numeric calculated
values ~represented by full
squares!, for the integration part
I (s,xA) using the (d-d), (d-q),
and (q-q) interaction ~i.e., s56,
8, 10, respectively!. The exchange
was also considered. The calcula-
tion was performed for a LiYF4
crystal lattice with an activator
concentration variation from 0 to
0.9 mol fraction. Full lines repre-
sent the computer fittings using a
fifth-order polynomial function.

FIG. 3. Concentration dependence of the nonradiative deexcita-
tion probability rate@P2~sec

21!# of the 5S2 level of Ho
31 ions in a

LiYF4 crystal. The experimental values were obtained from the
measured lifetimes and are represented by full squares. Full lines
represent the computer best fit using Eq.~7! from the present model
for the average rate probability^Wtr&av, which includes the double-
ion transfer in addition to the single-ion transfer.
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FA2
(E1E1) are the absorption line shape of the two indi-

vidual absorptions of acceptors ionsA1 andA2, translated to
the (E11E2) average energy position.

This proposed interaction must produce a nonlinear con-
centration effect on the activator concentration dependence
of the average transfer rate probability in the range of inter-
est, i.e.,xA.1%.

The statistical model including this proposed double-ion
interaction is obtained from the random walk probability. Let
the h(r )dR function describe the probability of finding one
or two activator ions in the shell between the distancesR and
R1dR from the donor. It can also be written in terms of the
two individuals statistical distributions;f (R)dRwhich is re-
lated to the single-ion transfer, andg(R)dR related to the
double-ion transfer, as follows:

h~R!dR5
Af~R!dR1g~R!dR

B
, ~5!

where B is the normalization constant given byB

5*
Rmin

`
h(R)dR.

f (R)dR was given in Eq.~2!. g(R) specifies the fraction
of activator~A31! ions which will have twoA31 ions as the
closest neighbors inside of the shell between the distancesR
andR1dR from the donor.g(R)dR is also obtained from
the random walk problem, and is given by

g~R!dR5
4pR2

R0
3 xA

2~12xA!4pR3/R0
3
23dR. ~6!

If the energy transfer is dominated by one type of the mul-
tipolar electric dipole interactions, the double-ion and single-
ion microscopic rates can be written asWD22A(R)
5Cs

(2)/Rs andWD2A(R)5Cs
(1)/Rs , respectively. Using the

fact that thef (R)dR distribution should be used to perform
the average value of the microscopic single-ion rate and that
g(R)dR must be used for averaging the double-ion micro-
scopic rate, one must have the following expression for the
observable probability rate in the crystal:

^Wtr&av5
1

B HCs
~1!E

Rmin

` F S 1RsDAf~R!GdR
1Cs

~2!E
Rmin

` F S 1RsD g~R!GdRJ .

Using the approximation that (12xA)
4pR3/R0

3
23>(1

2xA)
4pR3/R0

3
22, and the following ratio between the two nor-

malization constants (A/B)51/(11xA), we have that

^Wtr&av5Cs
~1!S 11axA

11xA
D I ~s,xA!, ~7!

whereCs
(2)5aCs

(1). I (s,xA) is the integration part defined in
Eq. ~4!, involving only the f (R)dR distribution function.

Figure 3 ~solid line! shows the computer best fit of the
experimental data. ThexA dependence ofI (s,xA) term, was
obtained by fitting the numerical integration values~calcu-
lated for eachxA! with a polynomial function of fifth order.
From these results one sees that once starting with any of the
microscopic electric interactions@i.e., (d2d), (d2q) and
(q2q)#, the present model describes the observed deexcita-
tion probability only if the double-ion interaction is used in
addition to the single-ion process for Ho-doped systems.

Table II shows theCs
(1), Cs

(2), RC
(1), andRC

(2) ~for s56, 8
10!, values obtained from the best fit. TheCd2d

(1) ,
Cd2q

(1) , andCq2q
(1) obtained values are of the same order of

magnitude than the theoretical values given in Ref. 6.
Using theI (s,xA)5I (s)xA verified whenxA,0.12 from

the numerical calculations, in Eq.~7!, one must find that

^Wtr&av}Cs
~1!S 11axA

11xA
D xA .

It shows that the nonlinear interaction~double-ion transfer!
will be important only ifa@ 1 ~i.e.,Cs

(2)@Cs
(1)!. The Tm31

~3F4!: Y3Al5O12 system certainly is an example werea<1.7

It seems that in this particular case, the cross-relaxation prob-
ability follows a single-ion behavior, i.e., a linear depen-
dence onxA .

In this paper the Ho system was used as a probe for the
investigation of the cross-relaxation mechanism between
TR31 ions in crystals as a function ofTR31 concentration.
The result derived from the present model states that, inde-
pendently of the microscopic electric interactions (d-d), (d-
q), and (q-q) considered, one always expects from the
theory a linear concentration dependence of the cross-
relaxation probability~sec21! as a function of the activator
doping forxA<0.12, when using a single-ion transfer only.
In order to account for the experimental observation~i.e., a
nonlinear concentration dependence!, the double-ion interac-
tion must be considered in addition to the actual single-ion
transfer mechanism at a higher concentration level of the
activator~i.e., xA>1%!.

IV. CONCLUSIONS

The concentration dependence of the cross-relaxation
probability derived from the present model for Ho ions in the
LiYF4 crystal can be extended to any otherTR31-doped
ionic crystals. The behavior of the concentration dependence
of the integration part,I (s,xA), obtained from the numerical
calculations for each type of interaction (s), is a general
result and does not depend on a specificTR31 ion and host
lattice considered.

It is expected for rare-earth~31! ions in solids, a
quadrupole-quadrupole electric coupling dominating the
dipole-quadrupole~which in turn dominates dipole-dipole!

TABLE II. Parameter values obtained from the best fit of data
using Eq.~7! from the present model which includes the double-ion
transfer in the cross-relaxation process between Ho31 ions in LiYF4
crystals. Cs

(1) (RC
(1)) and Cs

(2) (RC
(2)) refer to single-ion and

double-ion processes, respectively.

Cs
(1) RC

(1) Cs
(2) RC

(2)

s ~cms/sec! ~Å! a ~cms/sec! ~Å!

6 5.1310240 8.4 23.6 1.2310238 14.2
8 1.4310254 7.5 13.8 2.0310253 10.4
10 2.2310269 6.6 16.1 3.6310268 8.7
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transfer for distances of' ~10–20! Å separation.8 Some ex-
perimental investigations have indicated that the resonance
energy transfer between rare-earth~31! ions in a glass host
is governed by the dipole-quadrupole interaction.9 The non-
resonant energy transfer from Eu31 ~5D0! to Yb31 ~2F7/2! in
the Y2O3 crystal is claimed to be dominated by the dipole-
quadrupole interaction.10 In the literature, the interpretation
of the data is based on the observed fluorescence time decay
of donors which has been described by Inokuti and
Hirayama.11 Usually this investigation is restricted to a few
combinations of donor and acceptor concentrations. Also the
luminescence quenching of the5S2 level has been
investigated6 in LiY 12xHoxF4 for Ho doping between 0.01
and 1 mol fractions.

In general, we have found that several authors9,10 have

used an empirical concentration law to explain the experi-
mental results from untrue average arguments, leading to
wrong interpretations.

In view of this, the proposed method of investigation con-
tributes in a decisive way for the investigation of the nature
of rare-earth~31! interactions in solids. Also, it is very ap-
propriate for analyzing the nonradiative energy transfer pro-
cesses between rare-earth ions in solids. The applied model
has the advantage of being general and applicable to any
donor-acceptor transfer case.
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