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Spin-lattice relaxation in the lower doublet of the excited "S3/, state of Er'+:I ap, shows a weak temperature
dependence for low magnetic fields and at temperatures below -2.5 K. Orbach relaxation is not yet effective in this
temperature range and for magnetic Aelds 50.8 T the residual relaxation process is field independent, which rules
out the direct process as a relaxation mechanism. Er'+-Er'+ cross relaxation can act as a relaxation process and
depends on the Er'+ concentration. %e measured the residual spin-lattice relaxation rates in the range 1.5-3 K for
different Er + concentrations, using a laser spectroscopic method. No apparent correlation between the Er'+
concentration and the measured relaxation rates was observed. A model involving cross relaxation between Er'+
ions and impurities is used to fit the data.

I. INTRODUCTION

In an earlier paper' me reported on the spin-
lattice relaxation (SLR) in the excited 'S,~, state
of Er" in LRF,. This state is split into tmo
Kramers doublets separated by 31 cm '. The
Kramers degeneracy is removed by an externa1.
magnetic field and SLH occurs betmeen the tmo

Zeeman-split levels of the lower doublet 'S», (1).
It was observed' that for temperatures above
= 2.5 K the SLB time g, is strongly temperature
dependent and the relaxation mechanism was iden-
tified as the Qrbach process' through the upper
double. Below 2.5 K the SLH rate weakly depends
on the temperature and mas fitted to the direct
process. ' However, the characteristic magnetic
field dependence of the direct process was not ob-
served for fields ~ 0.8 T and it was concluded that
there ls R residual SLH process Rt these low fields
and temperatures. In a more recent paper, %olf-
rum e] a/. ' repeated the experiment at stronger
magnetic fields (& 1.3 T) and showed that the di-
rect process dominates the relaxation within this
doublet for these stronger fieMs. It was suggest-
ed' that the residual relaxation at low magnetic
fields was caused by optical cross relaxation or
energy transfer between the Er" ions. This sug-
gestion mas based on the observation of residual
SLR rates in the 'I»~, (1) ground state by Schulz
and Jeffries, ' who showed that these results mere
consistent with singl. e ion-pair cross relaxation.

The purpose of this investigation was to deter-
mine if the residual SLH is due to Er'+-Er" in-
teractions. Since such processes mould be con-
centration dependent, me extended the initial g,
measurements on a 0.3-molg~ sample to different
Er" concentrations. Although there is no appar-
ent correlation between the residual relaxation
rates and the concentration, the data can be fit
to a two-sp1n-system cross-relaxat1on model in

which the Er" ion presumably interacts with im-
purities.

SLR between Zeeman-split levels 1s DolnlRlly
observed by standard EPR methods. ' Other meth-
ods, such as magnetic circular dichroic absorp-
tion (MCDA) or Faraday rotation, ' ' involve opti-
cal means and probe ground-state SLH. Excited-
state SLR has been studied with R combination of
optical and microwave techniques. 9* ~0 %'ith the
advent of narrow-band, tunable, pulsed dye lasers
it has become possible to study SLH in an excited
state by purely optical means. Selective pulsed
excltatl, on cx'eRtes R nonegull1br1um population dis-
tribution in the Kramers doublet and the SLH is
revealed by the time development of the fluores-
cence from the Zeeman components to the ground
stRte. Th1s method was used 1n pr'evlous work '

Rnd was used ln this study.

The initial g, measurements' on a 0.3-molo«Er'+
sample mere extended to concentrations of 0.05,
0.1, and 1.0 mole /p. The relevant energy levels
and the pumping scheme are shown in Fi,g. 1. The
lower component of the 'S,~,(l) doublet was ex-
cited with a tunabl, narrow-band, N„ laser-
pumped dye laser. ' The thermalization of the
doublet mas measured by observing the rise in
the fluorescence intensity from the other Zeeman
component (line C in Fig. 1). The fluorescence
was analyzed with a SPEX double monochromator
and detected with an EMI 9658 photomultiplier
tube. The time evolution of the Quorescence mas
observed with standard gated integrator tech-
nigues. " In the case of a weak signai (low-con-
centration samples), a photon-counting system
was used, which stored the data in an on-line
coDlputex'.

All T', measurements mere carried out with a

1981 The American Physica1 Society



CONCENTRATION 9KPKNDKNCK OF RESIDUAL SPIN-LATTICE. . .

magnetic field of O. S T applied along the c axis
of the samples. The resulting four lines A, 8, C,
D in Fig. 1 were easily resolved with this field.
The sample was mounted in an immersion cryo-
stat, in which the temperature was varied be-
tween 1.5 and 3 K. In this temperature region the
Orbach process does not dominate the thermali-
zation process and the residual relaxation can be
studied in detail.

n, =A exp(- t /Ts) [1—exp(- f/T, )j,
with 7„ the radiative lifetime, T, the SLR time,
and A. a constant. One can therefore determine
g, by measuring the time evolution of the fluores-
cence from level 0; 7~ is known from the decay of
the luminescence from level a (lines B and D in
Fig. 1). The relevant SLR processes in this case
are the direct and the Qrbach process. ' For the
direct process the relaxation rate is given by

Z', ' B'cot -(8/2kr),

where 8 is the applied magnetic field and 5

(2)

S3(2)~: ld&

ic&

[a)

Laser

AB CO

III. THEORETICAL REVIEW

A. Single-ion SLR

Pumping into level a of the 'S,~,(1) doublet and

subsequent thermalization causes the population
of level b to increase (Fig. 1). The fluorescence
intensity from level 5 is proportional to the popu-
lation of level b(n~) where'

=gp, s B is the splitting of the 'S,~,(l) doublet'.
This relaxation process involves the absorption
(or emission) of a single phonon of energy 5. For
the Orbach process,

T, ' -exp(- a /kT ),
where b, (31 cm ') is the crystal-field splitting
between the 'S,~,(1) and 'S», (2) doublets. In this
process absorption of a phonon raises the ion
from level a to level c and a phonog. is emitted,
which takes the ion to level b.

B. Cross relaxation

At low temperatures where the Orbach process
is not yet effective, one expects the relaxation of
the 'S,~,(1) doublet to be caused by the direct pro-
cess. As can be seen from Etl. (2), this process
has a weak temperature dependence. Although in
the 0.3-mo1% sample the residual relaxation data
were fitted to a coth(6/2kT) curve, ' the strong
magnetic field dependence was not observed. This
field dependence is a much stronger test for the
direct process' "and it is therefore ruled out that
in our low-field experiment (B= 0.8 T) the residual
relaxation in the 0.3-mol% sample was caused by
the direct process. Such anomalous behavior at
low fields is not unusual; Panepucci and Mollen-
auer' observed this phenomenon in I' centers in
alkali halides, as did Sabisky and Anderson' in
Tm": Srr, . Schulz and Jeffries4 measured resi-
dual SLR rates in the 'I»~, (1) (ground) state of
Er":Lar, which were strongly dependent on the
concentration. These effects are ascribed to
cross relaxation between the single ion and
pairs or clusters of Er" ions or impurities.
We will use the notation of Larson and Jef-
fries" to describe this cross-relaxation model.

Consider the two-spin systems shown in Fig. 2.
The a spins represent the 'S», (1) doublet and the
b spins represent a doublet of some impurity or
pair, either in the ground state or in an excited
state at an energy L'a k7.' above the ground state.
The splitting of the two doublets is the same, so
that energy is conserved when both carry out a
spin flip. The rate equations for the two-spin sys-
tem are'" '4

/

@I@(l)~,
p

FIG. 1. Spin-lattice relaxation in the Zeeman-split
$3 /2(&) state. Level a is excited with a narrow-band

laser and thermalization is observed through the rise in
fluorescence from the conjugate component (lines A and

C). The other Stark component of the $3~~ manifold is
at an energy 4 above the @~2(&) level.

QS = &u(-N, n, +N, n~) —(n, -n„)/T„,

dn,
d

' =(u( N, n, +N, n, )--(n, -n„)/T„,

where T, and T» are the T, times of the a and b

spins, respectively, ~ is the sum over the proba-
bilities of mutual spin flips between the a and b

spins; n„and e„are equilibrium population dif-
ferences, and N, and N~ are the total number of
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a and b spins. " Solving these equations'4 in the
approximation N, »N„yields the ref. evant time
constant X for the rise in the luminescence from
level 5:

(8)' T"'1 1 1

~12 ~lb ~lg

where 'I» is the cross-relaxation time which is
related to e. This decay rate can be simplified
in the following cases.

(i) Strong cross relaxation between the two spin
system s4:

N» 1
T„

Schulz and Jeffries considered the N~ population
to be the excited-state doublet at an e. ergy ~'
above the ground state. Hence N~ in thi above
expression should be replaced by N~/[1+ exp(a'/
kT)], where N, is now the total concentration of
6 spins. If the 5-spin doublet relaxes by the
"inverse" Orbach process, "

T,,' -[1 —exp(- a '/kT)]

Here N, has again to be replaced by N~/[1+exp(g'/
kT)] . For .a temperature-independent T», the
time constant becomes

- [ 1+ exp(b, '/kT )]

If the b spins represent a ground-state doublet,
Eq. (10) becomes temperature independent, since
in that case N~ becomes the total concentration of
impurities, pairs, or clusters. Equations (9)-(11)
describe the temperature dependence of the cross-
relaxation processes in the various regimes and
will be used to fit the residual SLR rates.

IV. RESULTS

A. Residual relaxation versus direct process

As mentioned before, the relaxation rate of the
0.3-mo1% sample did not show the magnetic field
dependence of the direct process over the temper-
ature range 1.5-2.5 K. Wolfrum' et al. measured
in a 0.05-mo1% sample at 1.8 K a direct relaxa-
tion rate of 2.8x 10' s ' at a field of 1.3 T. Writing
the direct process rate as

gI =Q~8 c 0th( 5/2kT ),

a Spina b Spins

= np

the expression for A. [Eq. ('7)] becomes

-csch(a'/kT) .

(ii) Strong SLH of the excited state b spins:

(9)

(10)

we find, using the above numbers, the constant

8, = 655 T ' s '. Assuming this value for A„ the
direct reiaxation rate at B= 0.8 T becomes g, , ~
= 240 s '. At 1.95 K and 9= 0.8 T a rate of = 2.8
x10' s ' was observed in the 0.3-mol% sample. '
This means that for lower-field values, the direct
process is obscured by the "residual" process.
Therefore, the anomalous behavior of the 0.3-mol /p

sample is not inconsistent with the observation of
the direct process by Wolfrum' ef al. This is
confirmed by the rate P, ' =1.5x10' s ' at 1.86 K
and 0.8 T for our 0.05-mol% samples. This value

is still larger than the direct process would be
expected to exhibit at 0.8 T if we use Wolfrum's
numbers.

B. Concentration dependence

-- =--n4

8 (&kT)

&)s(I)~.',
nf1 = np- n]

a=nI+np

nb= n~-n4

Nb=n~+n4

FIG. 2. Cross relaxation between ions in the $3/2(1)
doublet (a spins) and impurity ions or clusters in an ex-
cited state (b spins); n~ and n& represent population dif-
ferences between the two components in each doublet.

and Nb are the total populations in each doublet.

We measured the g, times for the 0.05-, 0.1-,
and 1.0-mo1% sample at 8 =0.8 T and over the
temperature range 1.5 K&T &3 K. The results,
including previously' taken data for the 0.3-mo1%
concentration, are shown in Fig. 3. There is no

apparent correlation between the Er" concentra-
tion and the observed rates. We checked, there-
fore, the concentrations of the samples by a mea-
surement of the integrated absorption spectrum. "
We found that the relative concentrations of the

0.05-, 0.1-, 0.3-, and 1.0-mol% samples were
actually 0.02, 0.03, 0.07, and 0.42 mole%. All
four concentrations show an Orbach process which
begins to dominate at = 2.5 K. This Orbach pro-
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FIG. 3. Measured values of 1/T~ as a function of tem-
perature for four Er concentrations. The bottom solid
line is a fit to the 0.03-mol% data, the dashed line to the
0.42-mol% data, and the two upper solid lines are the
fit to, respectively, the 0.07-mol% and the 0.02-mol%
data.

0.6

T, '=4[1 ex+p(b, /T)] '+Beech(b, '/T)

+C exp(-44. 6/T)+D,

cess is, within the variation of the data points,
independent of the concentration. This is to be
expected, ' since this relaxation mechanism is a
single-ion process and this was also observed in
ground-state SI,R of Er3+:Lar .~ An attempt was
made to fit the data to expressions consisting of a
combination of Eqs. (9}and (11). These represent,
respectively, strong cross relaxation between Er"
ions and some impurity or Er" ion pairs or clust-
ers, as well. as strong SLR of the impurity. A
combination of these processes was observed in
ground-state SLR in Yb":Lar,.' A temperature-
independent term for the case of strong SLR of an
impurity ion in its ground state [Eq. (10)] can
also be included. No direct-process term
-coth(6/2kT) was used in the curve fitting since
it was shown that at this magnetic field (B=0.8 T),
the direct process rate is negligible compared to
the observed rates.

The SLH, data are best fitted by

where the values of the parameters A, B, C, D,
h, , and 4' for the four concentrations are shown
in Table I. Due to the scatter in the data points,
one must be careful in interpreting these results
in terms of the responsible cross-relaxation
mechanism. The 0.02-molg-sample data can
ec[ually well be fitted to a term A csch(5. 5/T)
+ B+ C exp(-44. 6/T) where A, B, and C are con-
stants and the 0.02-mol% data can be fitted to a
term -csch($.5/T). In the latter case this would
mean that strong cross rel.axation to an impurity
or a pair of Er'+ ions causes the residual relax-
ation process, rather than strong SLR of the im-
purity or the pair in an excited state 3.5 K above
the ground state. Similar problems were encoun-
tered by Schulz and Jeffries' in fitting ground-
state SLR data in Er":Lar,. The static and dy-
namical spectral properties of the main 'S,~,(l)-'I,.„~,(1) line were examined for the presence
of exchange-coupled Er" pairs or clusters, which
may cross relax with the single ions. An excita-
tion scan of the O.OV-mol% sample showed the
main line to be inhomogeneously broadened with a
Gaussian profile (full width at half maximum
=0.1V cm '). No asymmetries were found in the
line shape, which may be caused by satellites, as
was found" in Pr":LaF,. Only the 0.42-mol

%%d

sample had a strong satellite structure around the
main transition, which may indicate the existence
of Er" pairs. Hence, we have no evidence of
coupled Er"-Er" pairs for the used concentra-
tions, as was observed by Yen" eg aL

Ion-ion interaction in the form of self quenching
may result at these low temperatures in a non-
exponential fluorescence decay" due to cross re-
laxation between an excited and an unexcited ion.
This was not observed in any concentration and the
radiative lifetime is the same for all concentra-
tions. These results suggest strongly that the
Er" ion-ion interaction (in the form of energy
transfer or cross relaxation} is negligible in these
low concentrations. Consequently, there is no in-
dication of pairs or clusters of Er'+ ions with
which the single ions may cross relax in the SLR
process. It is reasonable then to explain the
residual relaxation by cross relaxation between

TABLE I. Measuredparameters A, B, C, D„A, ~ in the SLR rate T& =A[1+exp(A/T)j ~

+B csch{A'/T)+ C exp(-44. 6/T)+D for different Er + concentrations in LaP3Xr +.

Concentration
(%)

A
(jL0' s-')

B
(10' s-')

C
(101 s"1) (s+)

0.02
0.03
0.07
0.42

0.21
0.63
1.50

0.24
0.14
0.42
0.24

860 1.6
3~3
3.0
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Er" ions and impurities, either in the ground or
in an excited state and not to Er" ion-ion inter-
actions. The absence of a correlation between the
Er" concentration and the observed rates can be
attributed to a varying concentration of these im-
purities in the samples.

V. CONCLUSION

The process responsible for the thermalization
within the S,g,(1) doublet is a concentration-in-
dependent Orbach relaxation through the upper
doublet of the 'S,~, manifold above 2.5-3 K. At
lower temperatures and at high magnetic fields
(1.3-7.6 T) Wolfrum' et al. demonstrated the
characteristic field dependence of the direct pro-
cess. Using their rate values we showed that the
direct process, at B=0.8 T, is about 10 times
slower than the observed residual relaxation
rate. Although there is no correlation between
the Er" concentration and the residual relaxa-
tion rates, the data were fit to a cross-relaxation

model. The insensitivity of the data to the differ-
ent fitting functions makes an interpretation of
the exact nature of the responsible interaction
difficult. There is no evidence for the existence
of Er" pairs or clusters, which may cross relax
with the single ions and cause the residual SLR.
The anomalous behavior of the SLR rate at low
magnetic fields (where the direct process is not
effective) is therefore not due to an Er"-Er" ion
interaction, but is apparently caused by cross re-
laxation between an Er" ion and impurities in the
samples.
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