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between the two D& levels, seperated by 9 cm ',
is negligable}. Roughly half of the ions excited to
the upper Dg level appear to relax directly to Do,
which requires that the one-phonon spontaneous
relaxation rate between the 'D, levels be approxi-
mately equal to the spontaneous MP relaxation
rate of the upper level. At 77 'K the upward and
downward transition rates between the 'D, levels
were large, so that the two levels were then strong-
ly coupled and incapable of responding indepen-
dently to the MP process that depleted the mani-
fold. This picture predicts that the 2. O'K excita-
tion spectrum using the 'D, fluorescence (which
simply shows the "true" relative pumping strength
of the 'D, levels) should look the same as both
77'K spectra; this is indeed observed. It should
be noted that the small (about 4% at 2. O'K and
«1% at 77'K) radiative depopulation of 'D, (which
bypasses 'Do) has been neglected in this discussion.

B. MP Relaxation Rate

Further evidence of the weak coupling between
the D~ Stark levels is contained in the W -versus-
temperature data shown in Fig. 2. Each value of
W, was obtained from the reciprocal of the mea-
sured fluorescence lifetime after a small correc-
tion (negligible at all but very low temperatures,
where it was only 4%) for the radiative contribution.
Consider first the performance of W, at low temp-
peratures and neglect the drop in W, at high tem-
peratures (which will later be shown to be due to
thermal population of D& from Do). The rapid
rise in W, with increasing temperature at low
temperatures indicates that the upper double de-
generate level in D, has a much larger MP decay
rate than the lower level. The weak coupling be-
tween the levels acts as a bottleneck, so that the
MP decay rate for the manifold (measured using
the fluorescence from the lower level} should not
increase as rapidly with temperature as in the
tightly coupled case. The level structure is sim-
ple enough that this picture can be checked quantita-
tively Consider th. e level scheme in Fig. 3(a).
Recall that the fluorescence occurs primarily from
the lower level at all temperatures. Remembering
that level 2 is doubly degenerate, the following
notation is adopted: the A' s denote one-phonon
transition rates involving the lower and One of the
upper states; W, is the spontaneous MP decay rate
of level 1 to Do, W~ is the spontaneous MP de-
cay rate of each of the upper states to Do' 8 is
the rate that ions are pumped into level 2 (i.e.,
the sum of the rates into each state of that level);
and c s (c is a constant) is the rate ions are pumped
into level 1. The weak fluorescence of level 1
will be neglected. It is necessary to consider
this situation in which both levels 1 and 2 are
pumped, since the lifetime measurements had to

be performed with wide premonochromator slits
for intensity reasons. If N& is the number of ions
in level 2 (i.e. , the sum of the ions in each state)
and N~ the number in level 1, the rate equations
are

dN3
dt

= 8 + 2 A~p Nj- Aag Np- Wp Np,
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FIG. 2. (a) Temperature dependence of the MP transi-
tion rate of Eu ~D~ in YVO4. The relative error between
data points is much less than the absolute error indicated
by the bars. The solid line is a theoretical fit: W' (0
~ T —200'K) is the dependence expected from the weakly
coupled model [Eq. (2)]; W"' (T&200'K) isthehigh-tem-
perature dependence expected when Di and Do are
coupled by a two-phonon process [Eq. (7)]. The dashed
line is the expected dependence due to a three-phonon
process between D~ and D0, (b) Low-temperature re-
gion of (a) expanded. W' is the dependence of the weakly
coupled model [Eq. (2)]. W" is the dependence expected
from the tightly coupled model [Eq. (4) ].
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de
dt

= c&+ Az~ N2- S'AN&- 2 A» Ng.

A Fourier series was substituted for the chopped
pump & and the two equations were solved simul-
taneously for the phase shift of the first Fourier

component of N~ (t}, since the fluorescence origi-
nates from level 1. The result for this model
is that the MP relaxation rate W' determined by
measuring the phase shift of the fluorescence from
the lower Dj Stark level is

[ An+c(Ami+ W2) ] [A~& W~+ 2A~2W2+ W~ Wz]+to [c(W&+2A~2)-Az~]
A2~ [ W&+ Wz+A2&+ 2A&2] +c [2 Am& W2+Az&+2A2&A&2+ W2+ &u ]

co is the angular chopping frequency. c can be de-
termined from the excitation spectrum of the Do
fluorescence [Fig. 1 (a)] and is 1/2. 10. A rela-
tionship between W2 and the spontaneous part of
A2~ can be found. Let Q(2} be the quantum yield
of the Dj fluorescence when level 2 is pumped at
the rate 8 and Q(1) the yield when level 1 is pumped
at the rate c s . At 2. O'K, A» is negligible and

Q(2) 8 A2g
( T~ 2. 0oK)

Q(1) cs A3&+ Wz

Obtaining the quantum yield ratio from Fig. 1 (b),

Aqi/(A2i + W~) =1.05/2. 10 = 0. 50,

or A» = W, ( T ~ 2. 0 ' K). The values of A„and A»
as functions of temperature are Wq[ n(9)+ 1] and

Wqn(9), respectively, where n(9) denotes the Bose-
Einstein occupation probability' at h&u = 9 cm
Finally, W~ and W2 were determined approximately
from the measured values of W, in the high- and
low- temperature limits. They were then varied
slightly (a 5/0) for a best fit to the data. The re-
sulting fit is the solid line in Fig. 2(b) and t.ie
solid line below 200 'K in Fig. 2(a), with tl.e values

W&=1. 30&10 sec

W, = 2. 00 & 10' sec ',

I

in the measured W, with increasing temperature
below 15'K. As shown in Fig. 2(b), when W" is
adjusted to pass through the data point at 2. O'K,
it is almost 50% too large at 4. 2'K.

Next consider the high- temperature performance
of the measured MP decay rate shown in Fig. 2(a).
The drop in W, at high temperatures is caused
by transitions from Do to D~ stimulated by ther-
mal phonons. This thermal population is impor-
tant here because of the relatively narrow energy
gap and the small transition rate (1.74x 10' sec ')
of Do. By fitting a stimulated emission model
to the measured W, values at high temperatures,
it will be shown below that Dj and Do are coupled
by a two-phonon process. Consider the level
scheme of Fig. 3(b), in which 5D~ is pumped at
rate 0'. (For T2 200 'K the iwo ~D~ levels are
tightly coupled and only the manifold as a whole
need be considered in the MP relaxation process. )
The fluorescence from D~ is negligible. Above
200'K the three states of Dj are approximately
equally populated. Using Eq. (3), the W' s of Fig.
3(b) are

c=0.476,

A2, = 2. 00 x10' [n(9)+ 1] sec ',

A,2= 2. 00x105[n(9) ] sec ' .

(3)

By contrast, if the spontaneous part of A~& were
much greater than W» i.e. , the two 'D, levels
were tightly coupled, the MP transition rate of
Dj would be

1.30+40. 0 "'
4

ey g, g
x 10 sec ~ (4)

This result differs from W' significantly only at
low temperatures and is plotted as a dashed line
in Fig. 2(b).

Comparing the rates W' and W" in Fig. 2(b), it
is clear that W' provides a very good fit to the
measured values of W „while W" does not. There
was no way the parameters in the expression for
W

' could be adjusted to fit the relatively slow rise
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FIG. 3. (a) Energy levels of Eu 5D~ in YVO4. The
two are split 9 cm . The rates are used in Eq. (1). (b)
Eu D~ and Dp manifolds. The energy gaps for the two
5D& levels are 1749 and 1758 cm . The rates are used
in Eq. (6).
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W„= 13.8x10' [n(880)+ 1]' sec ',

Wo| = 41.3 x 10 [n(880) ] sec
(5)

C. Discussion

The quite different MP decay rates of the two

Dg levels could be due simply to a difference in
their coupling strengths with the lattice; symmetry
considerations do not appear to shed any light on

this possibility. Another possible explanation can
also be given. The gaps (to ~DO) for the levels are
1749 and 1758 cm . Considering the YVO4 vibron-

ics, it is seen that transitions from the upper lev-
el (which need two 879-cm ~ phonons) can make

use of the large, but energetically narrow, density
of phonon modes centered at 880 cm ' (with an er-
ror of, at most, 5 cm ). Transitions from the
lower level, however, can only use the less-dense
modes removed from the 880-cm peak. Since the
density of phonon modes is convoluted with itself
in the theoretical expression for the MP transition
rate, this could explain the factor of about 15
difference in the two MP decay rates.

The observed one-phonon spontaneous transition
rate between the two Dj levels was found to be
2. 00& 10' sec . This at first appears to be ab-
normally small. However, it is possible to esti-
mate the expected rate using an expression due to
Qrbach'.
W=(35 /2nPv Y)) (D&q& J, =0 i V(„ I Dg& Jg=+1) l

(8)

A two-phonon model has been assumed. If N,
and Np are the populations of Dj and Dp, respec-
tively, and B is the transition rate of Dp the
rate equations are

dNj p + WpgNp- Wgp N~,
(6)

dNp

dt
= WgpNg Wpg Np 8 Np ~

Substituting a Fourier series for 4 and solving for
the phase shift of the fundamental component of
N& (t) results in the following predicted high-tem-
perature MP decay rate of 'Dj.

+ 2

Wgo g g (T & 200 K) (7)io
(Was + R) + Wos W|0+ &

(d is the angular chopping frequency. Using the
measured value (1.74&& 10 sec ~) for R, and the
values of W~ and W, 0 from Eq. (5), W"' yielded
the solid line above 200'K in Fig. 2(a). It pro
vides an excellent fit to the data. For comparison,
the result predicted by a three-phonon process be-
tween Dz and Dp is shown by a dashed line above

200 'K. There is no question that the high-tem-
perature 'D& - 'Dp decay occurs predominantly via
a two-phonon process.

V,„ is the term in the expansion of the ion-lattice
interaction which is linear in the normal coordi-
nates. 5 is the energy seperation of the states,
p is the mass density of the crystal, and v is the

speed of sound in the crystal. v was estimated
using the Debye temperature for GdVO4 "(which
should be close to that of YVO4 ~~) to be 3.44 && 105

cm/sec. p was calculated from the lattice param-
eters of YVO4~ to be 4. 24 g/cm'. Following

Orbach, an estimate of the matrix element in
Eq. (8) can be made using the static crystal-field
parameters for Eu ' in YVO4. Using the static
crystal-field parameters due to Brecher et al. ,

3

the tables of Nielson and Koster, "the tables of
Rotenberg et al. ,

' and the 'D, wave functions of
Ofelt ' (neglecting terms which contributed less
than 0. 06 to the wave function), the squared ma-
trix element was estimated to have the value
40. 5 cm . The value of the one-phonon sponta-
neous decay rate between the Eu D~ levels was
then calculated to be 1.9&&10 sec '. Thus, the
low rate determined experimentally is consistent
with that predicted from theory.

Eu D~ fluoresced too weakly in YAsO~ and YPO4
for these systems to be investigated for any un-

usual effects.

III. Ho E ( 'S2, F4 ) IN YVO4

Excitation spectra and lifetime measurements
indicated in this case also that MP relaxation at
4. 2 'K was occurring from a higher level in E
directly to Ho D, bypassing the lowest E level.
Due to the complexity of the level scheme, how-

ever, a detailed mathematical analysis could not
be made in this case. Analogous to Fig. 1 for
Eu D~, four Ho E excitation spectra were recorded
(not shown), monitoring E and D fluorescences at
4. 2 and 77'K. As with Dj, the relative pumping
strengths of the E levels (six were seen) differed
in the two 4. 2 K spectra, but were the same in
the 77 'K spectra (which were complicated by ab-
sorption from higher levels in the ground mani-
fold). Phase-shift measurements on the E and D
fluorescences when E was pumped at 4. 2 'K were
even more striking. In such a case the phase shift
of a D fluorescence, say D» 2, should be the sum
of the shifts due to D and E separately (obtained by

pumping D and measuring D- F, and by pumping
E and measuring E- Y). However, this was not
observed. When using wide premonochromator
slits and pumping E, the phase shift of the D
fluroescence was about 25% less than that of the
fluorescence from E. When the premonochroma-
tor slits were narrowed to selectively pump one E
level at a time, the size of the phase-shift anomaly
was found to depend on which E level was pumped.
The phase shift discrepancy ranged from none to
about 35%. (For example, assume D contributed
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a 3 phase shift, and the phase shift of the E
fluorescence was 45 '. If the D fluorescence when
E was pumped had a 35' shift, "the discrepancy, "
was 48' —35' = 13'. ) Unfortunately, the lowest E
level could not be pumped directly at 4. 2' K, but
it appears from fluorescence spectra that it lies
about 8 cm below the lowest level seen in the
4. 2 'K excitation spectra. The phase-shift dis-
crepancies were consistent with the excitation
spectra in the sense that the levels in the 4. 2 K
excitation spectrum monitoring the E fluorescence
which departed most from their "true" relative
pumping strengths (as given in the 4. 2 'K excita-
tion spectrum monitoring the D fluorescence) were
the ones which showed the largest phase-shift dis-
crepancies. The phase-shif t discrepancies dis-
appeared at 77 'K. The temperature dependence
of the HO E W, (not shown) indicates that a level
approximately 9 cm above the lowest in the mani-
fold has a MP transition rate perhaps ten times
that of the lowest.

HO E in YAs04, also showed phase-shift anom-
alies, but they were not as large as with YVO4.
This system was not investigated in detail because
the fluorescences were rather weak.

IV. CONCLUSION

Measured temperature dependences of MP tran-
sition rates (W, ) indicate that the W, of the sep-
arate levels in a manifold can differ significantly.

Eu 'D, in YVO4 consists of two leveLs, separated
by 9 cm, and the upper level has a MP transition
rate which is about 15 times that of the lower. The
high-temperature 8' data on SDt were complicated
by effects due to thermally stimulated excitation of
'D& and Do, but it was shown that the MP decay
of 'D& is predominately a two-phonon process.
This fact along with the vibronics for YVO4 sug-
gest a reason for the factor of 15 difference in

W, for the two levels: the two phonons for the
upper level are in resonance with a spike at about
880 cm in the phonon energy distribution. The
energy levels of HOE are much more complicated,
but it appears from the W,-versus-temperature
data at low temperatures that one of the upper lev-
els has a MP relaxation rate perhaps ten times
that of the lowest level.

One of the most interesting results of this study
was the observation of MP relaxation from mani-
folds whose Stark levels were not in thermal equi-
librium at 4. 2 'K. The observation of this phe-
nomenon may have been facilitated by the particular
parameters of the levels studied. The ideal con-
ditions for observing the slow thermalization are
obtained when the lowest level has a not-too-large
MP relaxation rate and an upper level has a large
MP relaxationrate. This is precisely the situation
with HOE and Eu D j in YVO4. The relatively
slow thermalization of a rare-earth manifold in
these and other hosts may be an occurrence which
is more common than is realized.
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