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Cross-relaxation process betweer-3 rare-earth ions in LiYF , crystals
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The cross-relaxation probabilitisec ?) involving the °S, and ®lg4 levels of holmium ions in LiYg 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 betwe&hibtws in LiYF, crystals,
cannot account for the experimental results. At a high concentration level of actifatt¥s), the excited ion
must interact with two neighbors of same specie competing with the single ion cross-relaxation transfer.
[S0163-182696)01229-3

I. INTRODUCTION The previous quantitative luminescence measurements in
LiYF, doped with low H3* concentration showed that the

In a recent papéme reported the strong quenching of the 490-nm and 790-nm emissions, respectively, from g
5s,—51-, %l luminescent transitions in high-doped LiYF and®l, levels, are much weaker than the 540-nm emission
with Ho®" by two possible cross-relaxation processes with(from the °S, level), by a factor of 364 times. This fact
almost zero mismatch energy, favoring the population of thanakes difficult the use of these two weaker fluorescences for
%15, %1, and®l levels. A quantitative spectroscopic study of investigating the nature of cross-relaxation processes be-
the luminescence of the HoLjRerystal showed that there is tween activators. The 540-nm emission from figs level
a total quenching of the 490-, 540-, 749-, and 900-nm lumiwas then chosen for that investigation.
nescent channels, starting from tte;, °S,, and®l levels,
respectively. These partial luminescence quenchings are in-
dependent of the temperature, indicating that there is some
energy transfer between neighboring excited®Hdons The samples used in this investigation were single crystals
(Ho*) with approximately zero mismatch ener¢E~0). of doped LiYF, containing several HG concentrations from
These processes are responsible for the conversion of visib®001 to 0.1 and 1 mol fractions. The starting material for the
and near-infrared transitions into the midinfrared ones. crystal growth were synthesized from ultrapure rare-earth

When investigating the schematic energy level diagram obxides by a conventional hydrofluorination procedure. The
the HE" ions in high-doped LiYE crystals, two resonant Ho®*:LiYF, thus synthesized was grown by the conventional
cross-relaxation processes were fouRg:and P; (AE~0), Czochralski method under an argon atmosphere. Samples
and a nonresonarf®, with AE>0, involving two nearest- were extracted from the boule after the appropriate choice of
neighbor H3" ions. These processes are generically reprea region free of scattering defects. The holmium concentra-
sented by the sequenfido* (1), Ho(2) |—[Ho* (1), Ho*(2)], tions were determined by an x-ray fluorescence technigue.

Il. EXPERIMENTAL TECHNIQUES

respectively, The lifetimes of excited HY ions were measured using a
el s - pulsed laser excitatioflO nse¢ from a dye-pumped nitro-
Pi: (°F3,°lg)—(°Fs,”l7) resonantAE~0, gen laser tuned at 450 nm. The time-dependent signal was

. Be 5 5 5 , detected by a fas$-20 extended-type photomultiplier detec-
Pat (°5:,%1g)—=(ls,"le) energy mismatchAE tor and analyzed using a signal-processing Box-Car averager

=1047 cm?, (PAR 4402.

Ps: (Cl,%lg)—(%lg,%l7) resonantAE~O. IIl. RESULTS AND DISCUSSION

The P, process short circuits thiS, state and populates Figure 1 shows the schematic energy level diagram of the
the °F, level, besides quenching the 490-nm fluorescenceHo®" ions in the LiYF, crystal where the nonresonant single-
Clearly, theP; and P, processes quench the green emissiorion process(P,) involving two nearest-neighbor Hb ions
from the®S, level. At 300 K, P, is more probable thaw,, may be responsible for the luminescence quenching of the
a multiphonon emission rate from tA8, level, according to  °S, level. In addition to that, the double-ion process is pro-
the rate equation model presented in the previous palver. posed for the’S, level deexcitation.
this paper, we present the results from an investigation of the The experimental value d?, was obtained from the total
nature of theP, cross-relaxation process, determining itslifetime () measured after a pulsed laser excitaiibd nse¢
mean value for several H6-doped crystals with 0.001-0.1 from a dye-pumped nitrogen laser tuned at 450 nm. The
and 1 mol fractions. following relation between the total lifetimg) and the mi-
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to note that the extrapolated value of the ¢ +W,) intrac-

Ho:LiYF, entro transition rate is equal to 6666.7 Skc
1 %6 Assuming a multipolar electric interaction between two
i P — Ho®" ions separated by the distanBe one must have the
20 | °F, microscopic cross-relaxation rate given bWy _A(R)
1 s, =34-681dCs/R°, where C is the transference constant
| Sy, [HANMUSED N — (cm/seq, ands the order of the multipolar electric interac-
4 I tion, i.e.,s=6 for dipole-dipole,s=8 for dipole-quadrupole,
4 5 . ands=10 for the quadrupole-quadrupole interaction. Using a
{E\ 15 s I random ion distribution in the crystal, it was possible to de-
& 1 s fine the f(R)dR function which specifies the fraction of
DU B ” Ho®" ions which have an HB ion as the closest neighbor
Z 1 e inside of a shell between the distande@andR+dR. Since
=0 ] | R, the 4fN orbital of the(3+) rare-earth ions is always shielded
\ 0 by the most external fulfilled orbital5p®), one expects a

negligible interaction between them in the ground state

. which in turn produces no tendency for either preference or

. I rejection of a closer pair configurations away from statistical

54 07 T distribution. This argument justifies the use of a random dis-
\ I tribution of Ho ions in the host at relatively high concentra-

tions (x,>0.01), in the deexcitation model. This function

i I was successfully applied to describe theenter-OH inter-

0 | "1s R action in KCI crystals.

The f(R)dR distribution function is given by

Ho®®  (Ho™") Ho®*
AmR? 3
_ _y \47R33R3-2
FIG. 1. Energy level diagrams illustrating the single-ig®y) f(R)dR= ARg Xa(1=Xa) o "dR @

and the double-ion energy transfer in Hedoped LiYF, crystals.

The double-ion mechanism involves a cooperative absorption of thevith x, the activator concentration given in mol fraction.

excitation energy by both neighb¢acceptoy ions located at the RZ=1/N, whereR,=4.16 A andN=1.41x10?? Y ions/cn?

same distances from the donor. for LiYF, crystals. A is the normalization constant ob-
tained by the following relatiorA=f°F§mmf(R)dR, whereR, i,

croscopic transfer rate was obtained using fiR)dR dis- s the nearest-neighb@¥-Y) distance equal to 3.72 A.
tribution function of ions: The average value of the cross-relaxation probability
P,(sec’!) can be evaluated using the following expression:

J. 3

Cs=R2/r,, whereR. is the critical distance for the inter-
action. 7, is the radiative lifetime of th&S, level which has
been estimated to be 0.67 msec.

By substitutingf(R)dR in Eq. (3), one obtains?,. The
eintegration part is defined in the following:

1 1 1 «
_:_+w2+p2:_+w2+f Wo_A(RI(R)AR.
T Ty Tr Rmin

Py= (Widam CS[ f )

(1) 5=6,8,10 Rmin

1
g f(R)dR

;L andW, are the radiative transition and multiphonon de-
cay rates of th&S, level, which are not concentration depen-
dents. Only theP, transfer rate is strongly dependent on the
Ho concentration.

Table | shows the measured lifetimes values of th
°S, level in LiYF, crystals with several Ho concentrations, "
and the obtained values &%, using Eq.(1). It is important I(S’XA):I

Rmin

1
(ES f(R)}dR. 4
A numerical calculation of the integration part was per-
formed for each type of individual interactioni.e.,
$=6,8,10. The results are shown in Fig. @ull square$
for dipole-dipole(d-d), dipole-quadrupoled-q), and quad-

TABLE I. Experimental lifetimes values for Ho (°S,): LiYF,
crystals, measured at 300 K, for several Ho concentratian. (
The cross-relaxation probability raf@, (sec'})], was calculated
using Eq.(1) and the measured lifetimes.

XA P, (sec’) 7 (useo rupole-quadrupoled-q) inter'actions. There it is seen, a_Iin—
ear dependence dis,x,) with the activator concentration
0.0020 957 131.2 for x,=<0.12, i.e.,1(s,Xp)=1(S)Xp. The same behavior is
0.005 2 2608 107.8 obtained for the concentration range wheug<0.3, when
0.007 3 3793 95.6 using an exponential-type law for the exchange ion-ion
0.016 9 12217 53 transfer(see Fig. 2 The exchange microscopic interaction
0.0509 46 946 18.7 between rare-earth ions at distan&sR, (Ry,i,=3.72 A for
0.107 2 132 222 7.2 YLF), can be given a®/.,.,=W, exp(—2R/R,), whereR, is

the Bohr radiusR, is equal to~0.4 A for rare-earth ions.
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0r uve,
251 (S=6)
2r FIG. 2. Numeric calculated
values (represented by full
squarey for the integration part
I(s,xa) using the @-d), (d-q),
and (@-q) interaction(i.e., s=6,
8, 10, respectively The exchange
»l . was also considered. The calcula-
osl tion was performed for a LiYF
(s=8) ./ crystal lattice with an activator

15F

1(s, %) (x10%cem®)

= s} _/ concentration variation from 0 to
E / 0.9 mol fraction. Full lines repre-
or Zoaf - sent the computer fittings using a

. fifth-order polynomial function.
(38
0.2F T

1(s,%)(x10%®cm?®)

0 0.2 0.4 06 08 10 0 02 04 06 0.8
X, ( mol fraction ) X, ( mol fraction )

Figure 2 also shows the result obtained for the numerical
calculation of the integration part used for the exchange in-  Wp_,A(R)=

3hc20A10'D J» fo(E)

Fa (E+E>)
3n2p6 2 A 2
teraction which is given by 4mn°R E !
O'A2
+| —|Fa.(E+E;)|dE,
(TAl 2
o —-2R . .
I(excth)=f exp R f(R)|dR. where E; and E, are the average absorption energies from
Rmin 0 acceptorsA; andA,, evaluated using the following expres-

sions:

There i_t is also seen, a _Iinear dependencé(ekchx,) with Elzf EF, (E)dE and EZZJ EF, (E)dE.
the activator concentration when<0.3. ! 2

The observed behavior of the integration part for each . ; . .
type of microscopic interaction, verified fdr(s,x,) and 9o 1S tkc;e mtegrater(]j emission grosbs sec_t|on of dor(ﬁ}}s_

[ (exchx,), states that the average rate probability for the7A, aNd 0a, are the integrate ) a sorptlon- cross sections
single-ion transfer model, wheregW, ), =SCql (5,Xa) of. acce'ptorsAl and A,, respectlvely.fp(E) is the norm-
=[2Cdl(S)]Xa, must have a linear dependencexgnin the alized line shape of the donor emissidf, (E+E;) and
range ofx,=<0.12. This general conclusion is not satisfied for
the most of theTR®* systemd' In particular, that linear be-
havior is not in agreement with the estimated value® gf
obtained from the experimental lifetime of tR8, level of 12
Ho®" ions in LiYF, (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 iong transfer competing with the actual .
ion-ion energy transfe(single-ion transfer In this proposed
mechanism(double-ion transfgr the excitation energy is 2
splitted and transferred to both neighboring ions situated at . . . . .
the same distand® from the donor(see Fig. 1 for the HY : o ooz o080 008 010 0R2
YLF system. The microscopic transfer probability Ho®" Concentration (mol fraction )
Wp_2a(R) for the double-ion transfer was obtained by ex- kG, 3. Concentration dependence of the nonradiative deexcita-
tending the overlap integral between either the acceptor alpn probability rategP,(sec )] of the 5S, level of HG** ions in a
sorption and donor emission line shape, derived elsewherigyr, crystal. The experimental values were obtained from the
for the case of the ion-ion transfer probabifttyt was done  measured lifetimes and are represented by full squares. Full lines
by replacing the individual absorptions by a cooperative ongepresent the computer best fit using E8).from the present model
composed by the sum of both absorption’s line shape. For for the average rate probabilityV,),,, which includes the double-
(d—d) interaction, one must have ion transfer in addition to the single-ion transfer.
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Fa,(E+E;) are the absorption line shape of the two indi- ysing the approximation that HXA)4”R3/R8_3E(1

vidual absorptions of acceptors ioAs andA,, translated to _XA)471-R3/R372' and the following ratio between the two nor-

the (E,+E;) average energy position. _ malization constants4/B)=1/(1+x,), we have that
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- (Wi av=Cs
est, i.e. x,>1%.

The statistical model including this proposed double-ionwhereC @)=aC{!. 1(s,x,) is the integration part defined in
interaction is obtained from the random walk probability. Let Ed. (4), involving only thef(R)dR distribution function.
the h(r)dR function describe the probability of finding one  Figure 3(solid line) shows the computer best fit of the
or two activator ions in the shell between the distarRemd ~ experimental data. The, dependence df(s,x,) term, was
R+ dR from the donor. It can also be written in terms of the obtained by fitting the numerical integration valugsilcu-
two individuals statistical distributiong{R)dR which is re-  lated for eachx,) with a polynomial function of fifth order.
lated to the single-ion transfer, am{R)dR related to the From these results one sees that once starting with any of the

1+axy
1+Xp

l (S! XA) ’ (7)

double-ion transfer, as follows: microscopic electric interactiong.e., (d—d), (d—q) and
(g—q)], the present model describes the observed deexcita-
tion probability only if the double-ion interaction is used in
+ x . .
h(R)dR= ATR)AR g(R)dR’ (5  addition to the single-ion process for Ho-do§)ed systems.
B Table Il shows the€ V), C@ RY), andR P (for s=6, 8

10), values obtained from the best fit. The (Y,

where B is the normalization constant given by Cc{M, andC{Y, obtained values are of the same order of

= [* h(R)AR magnitude than the theoretical values given in Ref. 6.
Rinin ) ) » . Using thel (s,x4) =1(s)xa Vverified whenx,<0.12 from
f(R)dR was given in Eq(2). g(R) specifies the fraction  the numerical calculations, in E€7), one must find that

of activator(A®") ions which will have twoA3* ions as the

closest neighbors inside of the shell between the distaRces 0
and R+dR from the donor.g(R)dR is also obtained from (Wir)ay Cs
the random walk problem, and is given by

+axa
1+Xp

Xp .

It shows that the nonlinear interactigdouble-ion transfer

AR will be important only ifa> 1 (i.e.,C @>C ). The Tn?"
g(R)dR= 77_3 x2(1—x,)*™RIRI3dR, 6)  (Fa): Y3Als0y, system certainly is an example weae=1."
Ro It seems that in this particular case, the cross-relaxation prob-

ability follows a single-ion behavior, i.e., a linear depen-
If the energy transfer is dominated by one type of the mul-dence orx, .
tipolar electric dipole interactions, the double-ion and single- In this paper the Ho system was used as a probe for the
ion microscopic rates can be written ad&/p_,A(R) investigation of the cross-relaxation mechanism between
=CP/IR, and W _(R)=CY/R,, respectively. Using the TR®" ions in crystals as a function aiR** concentration.
fact that thef (R)dR distribution should be used to perform The result derived from the present model states that, inde-
the average value of the microscopic single-ion rate and thgiendently of the microscopic electric interactions ), (d-
g(R)dR must be used for averaging the double-ion micro-g), and @-q) considered, one always expects from the
scopic rate, one must have the following expression for théheory a linear concentration dependence of the cross-
observable probability rate in the crystal: relaxation probabilitysec ') as a function of the activator
doping forx,=<0.12, when using a single-ion transfer only.
1 " In order to account for the experimental observatioa., a
(Wtr>av:§ {C(Sl)f H_S) Af(R)}dR nonlinear concentration dependefdie double-ion interac-
min tion must be considered in addition to the actual single-ion
o[ [gfam
Rmin

transfer mechanism at a higher concentration level of the
dR].
TABLE II. Parameter values obtained from the best fit of data IV. CONCLUSIONS

activator(i.e., Xxa=1%).
using Eq.(7) from the present model which includes the double-ion
transfer in the cross-relaxation process betweet Hans in LiYF,
crystals. Y (R¥)) and c? (R®)) refer to single-ion and
double-ion processes, respectively.

The concentration dependence of the cross-relaxation
probability derived from the present model for Ho ions in the
LiYF, crystal can be extended to any otHER®*'-doped
ionic crystals. The behavior of the concentration dependence

cw R c@ R® of the integration part,(s,x,), obtained from the numerical

S S . . . .

S cnflse A a ense A calculations for each type of interactiors)( is a general
( 9 @) ( 9 @) result and does not depend on a spedifi®°" ion and host

6  5.1x104° 8.4 236  1.x10%® 142 lattice considered.

8 1.4x10°% 7.5 13.8 2.x10°% 104 It is expected for rare-eartl{3+) ions in solids, a

10 2.2x10°%° 6.6 16.1 3.6¢10°%8 8.7 quadrupole-quadrupole electric coupling dominating the
dipole-quadrupolgwhich in turn dominates dipole-dipgle
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transfer for distances of (10-20 A separatiorf. Some ex- used an empirical concentration law to explain the experi-
perimental investigations have indicated that the resonanamental results from untrue average arguments, leading to
energy transfer between rare-eaf®t) ions in a glass host wrong interpretations.
is governed by the dipole-quadrupole interactiorhe non- In view of this, the proposed method of investigation con-
resonant energy transfer from ﬁu(5D0) to Yb" (2F7,2) in tributes in a decisive way for the investigation of the nature
the Y,0O5 crystal is claimed to be dominated by the dipole- of rare-earth(3+) interactions in solids. Also, it is very ap-
quadrupole interactiotf. In the literature, the interpretation propriate for analyzing the nonradiative energy transfer pro-
of the data is based on the observed fluorescence time decegsses between rare-earth ions in solids. The applied model
of donors which has been described by Inokuti andhas the advantage of being general and applicable to any
Hirayamal! Usually this investigation is restricted to a few donor-acceptor transfer case.
combinations of donor and acceptor concentrations. Also the
luminescence quenching of th&S, level has been
investigatedl in LiY ,_,Ho,F, for Ho doping between 0.01
and 1 mol fractions. The authors thanks the &#aulo State Science Founda-
In general, we have found that several authdthave tion (FAPESR for the financial support.
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