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Persistent and time-resolved transient holes were burnt into the Dg E—H4 transition of Pr +

and the Do E—Fo transition of Eu + in silicate glasses. The holewidths were studied as a function
of burning-Quence density, wavelength, and temperature between 0.4 and 12 K. Transient holes
arising from optical pumping of ground-state nuclear hyperfine levels were found for both ions at
T (3 K. Their lifetime decreases with increasing temperature. They are accompanied by symmet-
rically placed antiholes. For Eu +, two pairs of antiholes were found which are attributed to the
two europium isotopes, Eu and Eu. For Pr +, an additional mechanism leading to persistent
hole burning dominates above 3 K. The holewidth follows a T + dependence for Pr + and
a T + dependence for Eu +. The temperature dependence is the same as that of the con-
tribution of the two-level systems to the specific heat measured on the same samples and in the
same temperature range. The quadrupole splittings of the Fo ground state and the crystal-field
splittings of the Fq and F2 levels of Eu + as a function of excitation wavelength indicate that the
strength of the noncubic component of the crystal field varies monotonically for excitation across the

Dp M Fo absorption band, falling to zero at the long wavelength edge. The hole width shows a
similar variation with excitation frequency. No inBuence of the experimental time scale on the hole
width was detected for either sample between 10 and 10 s.

I. INTRODUCTION

Considerable work has been carried out in the last sev-
eral years to understand the dynamics of glasses. One
approach has been to study the interaction of an elec-
tronically excited impurity (molecule or ion) with its sur-
rounding amorphous host. It has been found that the
temperature dependence and magnitude of line broaden-
ing is very different &om that in crystals below 40 K.
The first optical experiments on inorganic glasses doped
with rare-earth ions at low temperature were performed
on Eu + in a silicate glass by fluorescence line-narrowing
(FLN) spectroscopy between 8 and 90 K.~ The results
revealed a linewidth which was more than 1 order of
magnitude larger than in crystals at about 80 K, and
its temperature dependence was found to be quadratic,
instead of T or exponential as in crystals. Such a T de-
pendence was also found for other rare-earth ions in inor-
ganic glasses between 10 and 800 K by FLN (Refs. 2—7)
and for Nd + in a silicate glass between 1.6 and 70 K by
picosecond accumulated photon echoes.

The homogeneous linewidth of the D2+— H4 tran-
sition of Pr + in silicate glass, however, was reported
to follow a linear T dependence between 1.6 and 20 K

when studied by hole-burning and accumulated photon
echoes, s whereas the 4Fs~2E—4Is~2 transition of Nd + in
fused silica yielded a T~ s dependence between 0.1 and 1
K as measured by two-pulse nanosecond photon echoes.
On the other hand, hole-burning studies of organic glassy
systems and porous silica glass doped with organic
molecules have shown that a T dependence of the
holewidth, extrapolated to zero burning-fluence density,
is generally found below 20 K and down to 0.3 K. By
contrast, Eu + in organic amorphous hosts yielded an
exponential dependence between 0.3 and 4.2 K.

Current theories of optical dephasing ' predict
that the temperature dependence of the homogeneous
linewidth is determined by the energy dependence of the
density of states of the two-level systems (TLS) of the
glass. This is because the coupling between the optical
transition and the TLS is modulated by absorption and
emission of phonons, and this leads to a dependence of
the form T with n = 1—2. '~ Although the models
do not predict the exact T dependence for a given amor-
phous system, it is expected that this dependence should
be the same for the homogeneous linewidth and the con-
tribution of the TLS to the specific heat, C

Due to the limited amount of available data on. homo-
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geneous linewidths for doped inorganic glasses at very
low temperatures, we decided to investigate two systems,
Pr + and Eu + in silicate glasses, by means of spectral
hole-burning. We have studied the widths, shapes, and
positions of holes burnt into the D~ +—H4 transition of
Pr + and the Dp ~ Fp transition of Eu + as a function
of burning-fluence density and excitation wavelength, for
temperatures between 0.4 and 12 K, and compared the
T dependence of the "effective" homogeneous linewidth,
I'h (equal to one-half of the holewidth at low fluence),
with that of t . Two types of hole-burning mecha-
nisms, a persistent and a transient one, are active for
Pr + in silicate glass, whereas Eu + only shows transient
hole burning which is due to optical pumping of the nu-
clear quadrupole levels. The temperature dependence of
the holewidth is independent of the hole-burning mecha-
nism. We were also able to distinguish the two isotopes
of europium, Eu and Eu, &om the position of an-
tiholes and have studied this position as a function of
excitation wavelength.

An increase of I'h with decreasing excitation wave-

length within the inhomogeneously broadened Dp E—Fp
transition of Eu + has been reported in the literature for
various inorganic glasses at room temperature. This ob-
servation was interpreted in terms of a variation of the
coupling strength between the ion and the TLS with the
lattice. Also the fluorescence lifetime of the Dp state
was reported to vary with the crystal-field strength for
diferent sites within the inhomogeneously broadened ab-
sorption band. In this work we have observed an in-
crease of the holewidth with decreasing wavelength for
Eu + at liquid-helium temperature, which we attribute
to the same crystal-field eKect as in Refs. 16 and 17.
By contrast, we have not observed any variation of the
holewidth within the D2 E—H4 transition of Pr +. Fi-
nally, we have studied the holewidths for Eu + and Pr +

for di8'erent experimental time scales between 20 ms and
100 s in search of spectral diffusion in silicate glasses and
found no evidence for it on this time span.

II. EXPERIMENT

The Eu +- and Pr3+-doped silicate glasses had the fol-
lowing compositions: 74.75% Si02, 15% Na20, 5%%uo BaO,
5% ZnO, and 0.25% Eu20s, and 59.9% Si02, 27.5%
Li20, 10% CaO, 2.5% A120s, and 0.1% Pr20s. Flu-
orescence and excitation spectra were obtained by ex-
citing the samples with a pulsed nitrogen-laser-pumped
dye laser (Molectron UV-22, DL 200, rhodamine 6G dye,
bandwidth 0.7cm ), or a cw Ar+-laser-pumped dye
laser (Coherent CR 599, rhodamine 6G dye, bandwidth

1 cm ) and detecting the fluorescence by means of
a 0.85 m double monochromator (Spex 1402, resolution

2 cm ). Time-resolved fluorescence was recorded, af-
ter wavelength selection with the double monochromator,
using a transient digitizer (LeCroy 9540, 300 MHz band-
width).

A cw sing1e-frequency dye-laser (Coherent CR 599-21,
rhodamine 6G dye, frequency jitter I'i, , 2 MHz, am-
plitude stabilized to ( 0.5%) was used to burn and sub-

TABLE I. Burning-iiuence densities (J/cm ) used to ob-
tain holes about 1-2% deep for Pr + and Eu + in silicate
glasses at various temperatures.

Pr'+
i

Eu +

T =o.4 K(
3xlo 3

i

ox 10

7 =1.2K'
2x10-'

i

2x1O-'
[

T =4.2 K~

9x 10
4x1O-

T =11 K

2 x 10

sequently probe the holes. Typical burning-Huence den-
sities used in these experiments at various temperatures
are listed in Table I. The holes were probed by means of
fluorescence-excitation spectroscopy: after burning, the
laser was attenuated by a factor of 20 to 100 and its
&equency scanned over the absorption band while the
fluorescence signal was detected using a cooled photo-
multiplier (EMI 9658R) in combination with appropri-
ate cutoff filters (Schott RG 645-6 mm for Pr +, and
Schott RG 610-6 mm for Eus+). In some experiments
where transient holes were probed, two single-&equency
dye lasers were used, one for burning at a fixed &equency
and the other for probing the hole. The &equency of the
second laser was scanned across the hole profile.

Long-lived holes (lifetime wb i, ) 50 s) were recorded
in a single scan in 50 s after burning for 1—1000 s, using a
current amplifier (Keithley 610 CR), an analog-to-digital
converter and a personal computer. Short-lived holes
(wi, i, & 20 s) were recorded in a time between 10 and
100 ms after the burn pulse (tb„,„=5 ms —10 s) by means
of time-resolved hole burning (for details, see Ref. 18).
In order to obtain short burn and probe pulses, the laser
was gated by an acousto-optic modulator (AOM). In the
present setup, which was slightly modified with respect
to that of Ref. 18, a single AOM (Coherent 305A, carrier
frequency 40 MHz) was used instead of two. In this way
experimental difhculties which previously arose using two
laser beams, like overlapping them at the sample, were
overcome. In order to use the same beam for burning
and probing, the electronics of the rf driver of the AOM
was modified in such a manner that the output ampli-
tude of the difFracted laser beam was controlled by a sec-
ond input signal. To avoid detection of persistent holes,
the laser &equency was shifted after each burn-probe cy-
cle to a new frequency range covering up to 30 GHz.
The procedure was repeated at di8'erent &equencies un-
til the desired averaging (10—1000 times, depending on
the signal-to-noise ratio) was coinpleted.

The "effective" homogeneous linewidth, I'h, which
may be larger than the real homogeneous linewidth due
to spectral diffusion (see Sec. III F), was determined from
the holewidth, I'j, i, . The latter was measured as a func-
tion of burning-fluence density, its/A, where Pb is the
burning power, tg the burning time, and A the area of
the laser spot on the sample. The holes were fitted with
a Lorentzian curve. The extrapolation value of —,'I'h i,
for its/A -+ 0, after subtracting the laser jitter of

2 MHz, was taken as the value of I'h, or "efFective"
homogeneous linewidth.

Figure 1(a) shows typical holes burnt into the
Dp E—Fp transition of Eu + at 580 nm and the
D2 ~ H4 transition of Pr + at 606 nm, at 1.2 K, for
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different burning-fluence densities, its/A. For Prs+, a
holewidth of I'h 1, = (86 +5) MHz with a depth D=1.7%
was obtained at the lowest value of Pstg/A = 2 x 10
J/cmz, while the hole broadens to I'h 1, = (267+22) MHz
and deepens to D =3.1% at its/A = 2 x 102 J/cm2. A
significantly smaller holewidth was obtained for Eu +,
I'h 1, = (28 6 3) MHz and depth D=1.5% at the lowest
burning-fiuence density of 2x10 J/cm .

The holewidth, Fh ~„has been plotted as a function
of the logarithm of the burning-fiuence density, its/A,
in Fig. 1(b). The value of the latter was varied from
about 2 x 10 z J/cm2 to 2xlGz J/cm for Pr +, and
from 2x10 J/cm to 102 J/cm2 for Eu +. The result
of an increase in burning-Quence density of 4 orders of
magnitude is a broadening of I'h ~, by a factor of about 4
for Pr +, and a factor of 2 for Eu +. The points marked
with diamonds and triangles were taken &om Refs. 9 and
19, respectively. These results prove that there is no con-
tradiction between the values of I'p ~, previously reported
and those presented here, since the apparent discrepan-
cies are only due to the different burning-fluence den-
sities used. The value for Eu + at 1.6 K reported in
Ref. 9, I'h 1,=50 MHz for its/A = 5—100 J/cm2, is also
consistent with the data of Fig. 1(b) if a linear tempera-
ture dependence were assumed (see Sec. III E), and thus
1 h ( ——37 MHz at 1.2 K.

From the extrapolation of I'h 1, for its/A ~ 0, and
after subtracting the laser jitter of 2 MHz, we obtained
I'h = (38+5) MHz for Pr + and I'h ——(13+2) MHz
for Eus+, at 1.2 K. This procedure was used to determine
the value of Fh at each temperature and wavelength.

The experiments at T & 4.2 K were performed in a He-
fiow cryostat (Leybold-Heraeus). Between 1.2 and 4.2 K,
a 4He-bath cryostat was used in which the temperature
was controlled by means of the vapor-pressure of the 4He.
For temperatures below 1.2 K, a He insert was placed
into the bath cryostat. The temperature was measured
using calibrated carbon resistors in contact with the sam-
ple, which allowed a determination of the temperature
with an accuracy of 0.01 to 0.05 K, depending on the
temperature range.

~ ~

~ ~ ~~ ~

~ ~

~ +y
~ ~

T=1.2K
E 3+

2 10 J/cm
I~=28 MHz

4~
M
C
0)
C

~ ~
~ ~ ~

~ ~

~ ~

er"
2 10 J/cm

I
O

0)
O

I
0

I =86 MHz

0 E~ ~~ ~1

~ 0

er"
2 10 J/cm

~ ~ ~

~ ~

I

0
bu (MHz)

(s)

I

400
I

200
I

-200
I

—400

400—

III. RESULTS AND DISCUSSION
T = 1.2K

300— A. Optical spectra

The absorption spectrum of the ~D2+- H4 transition
of Prs+ in silicate glass at 1.2 K is given in Fig. 2(a)
(dashed line) between 560 and 610 nm. z~ The band,
which is inhomogeneously broadened, consists of the
overlap of the Bve crystal-Beld components of the first
electronically Dq excited state [see energy-level dia-
gram on the left of Fig. 2(a)]. The fiuorescence spec-
trum [Fig. 2(a), full line], excited at 580 nm, originates
&om the lowest crystal-Geld component of the D2 state
because fast nonradiative relaxation occurs between the
higher crystal-field levels. This is confirmed by the obser-
vation that the Quorescence spectrum does not depend on
excitation wavelength when pumping into higher crystal-
field components between 570 and 600 nm (not shown).
The broad emission bands between 600 and 640 nm are
due to the overlap of the nine crystal-field components
of the sH4 ground state [Fig. 2(a), left]. Holes were
burnt into the lowest D2 component between 598 and
606 um [shaded area in Fig. 2(a)]. The nuclear hyper-
fine splittings [Fig. 2(a), left] are of the order of a few
tens to hundreds of MHz (Refs. 22 and 23) and cannot
be distinguished in these spectra.

N
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FIG. l. (a) Holes burnt into the Do ~ Fo transition of
Eu + and the Dq ~ H4 transition of Pr + in silicate glasses
at 1.2 K for difFerent burning-Buence densities, at 580 and
606 nm, respectively. The solid curves represent Lorentzian
fits to the data points. (b) Holewidth, 1'h ~„as a function of
burning-fiuence density, Pr,tr, /A, for Pr +- and Eu +-doped
silicate glasses at 1.2 K. [Optical transitions as in (a).]
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The excitation and Buorescence spectra of the
Dp M Fp transition of Eu + in silicate glass at 1.2 K

consist of a single band arising &om the nondegenerate
nature of the electronic levels involved [see Fig. 2(b),
left].2~ This band, which has a width of 75 cm ~, is in-
homogeneously broadened due to variations in the local
environment of the different Eu + ions. The Buores-
cence spectrum, excited into the D2 E—Fp transition at
464 nm, shows several bands which originate &om tran-
sitions between the sDo level and various rF„ levels [Fig.
2(b), left]. The nuclear quadrupole splittings are of the
order of tens to hundreds of MHz (Refs. 23—26) and are
obviously not visible.

In Fig. 3 a three-dimensional plot is shown with a
series of Buorescence spectra, between 570 and 640 nm,
of Eu3+ in silicate glass at 1.5 K. Each spectrum was
excited with the laser at a different wavelength within
the Dp +—Fp band, &om 570 to 582 nm. The Buores-
cence spectra excited at A,„, &576 nm (Fig. 3, front
spectra) are enlarged by a factor of 30 with respect to
those excited at A,„, )576 nm (Fig. 3, back spectra).
The shape and position of the individual components of
the sDo -+ Fq fiuorescence transition (585—600 nm) and
of the sDo ~ F2 transition (600—630 nm) vary strongly
with excitation wavelength within the Dp ~ Fp absorp-
tion band, as previously found for other glasses.

The difference in energy, LE, between the position
of an individual Buorescence component and the exci-
tation energy is plotted in Fig. 4(a) as a function of
excitation energy for the Dp ~ F~ transition, and in
Fig. 4(b) for the sDo -+ rF2 transition of Eus+ in sili-
cate glass at 1.5 K. On the long-wavelength side of the

Dp f— Fp absorption band, at A,„, 582 nm, the in-
dividual crystal-field components tend to converge to a
common point at AE 320 cm for the Dp -+ Fq
transition (see also Fig. 3, back spectra), and to two
points at LE 800 and 1050 cm for the Dp + F2
transition. The variation of LE with excitation energy
amounts to

~
dEE jdv,„,

~

1 cm /cm, which is of the
same order as found for other Eu +-doped glasses.
Such spectral shifts have been attributed in Refs. 17
and 27 to the variation of the local crystal-field strength
of the Eu + ions in the glass. From the fact that the
sDo -+ rFq bands tend to converge to a triply degenerate

state [Fig. 4(a)] and the sDo ~ "F2 bands to a doubly
and a triply degenerate state [Fig. 4(b)] at low excita-
tion energy, we infer that the ions on the red wing of the

Dp f— Fp absorption band at 582 nm have a local
symmetry which is approximately cubic. Thus, the low-

symmetry component of the crystal field increases to-
ward the blue side of the band. A similar conclusion was
reached in the literature, ' where a crystal-field analy-
sis had been performed for Eu + in two different glasses
using a point-charge model and assuming a lowering of
the local symmetry &om Op to C2 . Since the optical
transition is electric-dipole forbidden in cubic symmetry,
this may account for the asymmetric shape of the absorp-
tion band which drops sharply on the low-energy side.

B. Hole-burning mechanism

So far only short-lived holes had been reported for
Eu3+ in a silicate glass at 1.6 K and persistent holes
for Pr + in another silicate glass. In the present study
we have found a second type of hole-burning mechanism
for the latter system and confirmed the already known
mechanism for the former.

Pr3+ in silicate glass shows persistent or long-lived
(v~ ~, ) 1 h) holes (PHB) between 1.2 and 12 K and tran-
sient (rg ~, ( 10 min) holes (THB) between 0.4 and 2.5
K. Since the burning-Buence densities needed for Pr3+ at
T & 1.2 K are much larger than those needed at T & 1.2
K (see Table I), we conclude that the burning efficiency
for THB is much higher than that for PHB. The temper-
ature dependence of I'g, however, does not depend on
the hole-burning mechanism involved, as will be shown
below (Sec. IIIE). We have verified this for temperatures
between 1.2 and 2.5 K where both mechanisms are simul-
taneously active.

Eu3+ in silicate glass, on the contrary, only undergoes
THB which we have observed between 0.4 and 4.2 K. We
were not able to detect persistent holes in this sample,
not even with 1000 times higher burning-Buence densities
than those used to burn short-lived holes.

Whereas the PHB mechanism for Pr3+ in silicate glass
has been attributed to a photo-induced rearrangement of
the local structure of the glass surrounding the ions, the

7F

58

30

FIG. 3. Fluorescence spectra of the
Dp M Fy and Dp m F2 transitions of Eu +

in silicate glass at 1.5 K excited at difFerent
wavelengths within the Dp E—Fp absorption
band. The spectra excited at A „,& 576 nm
(in the front) are enlarged by a factor of 30
with respect to those excited at A,„, )576
nm (in the back).

580
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THB-mechanism for both the Pr + and the Eu + sam-
ples is due to optical pumping of their nuclear hyper-
fine and quadrupole levels ' which leads to short-lived
holes (lifetimes of ms to min, depending on the temper-
ature). The disappearance of these holes is caused by
nuclear spin-lattice relaxation, as previously reported for
crystals, ' but the decay in glasses is much faster. This
mechanism requires that the ground-state quadrupole
splittings exceed the homogeneous linewidth, so that only
sites for which this is true contribute to the holes.

We have studied transient holes in Pr + and Eu + in
silicate glasses as a function of temperature and wave-
length. From the shape and positions of very deep holes
and antiholes we could get an estimate of the hyperfine
and quadrupole splittings and their inhomogeneous dis-
tribution in the glass (Sec. IIID). The lifetime of these
transient holes decreases with increasing temperature.

1000 -''
C. Holewidth as a function of excitation energy
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FIG. 4. Energy difference, AE, between the spectral posi-
tions of the individual components of the Ds -+ Fq (a) and
the Do -+ Fq (b) transitions of Eu + in silicate glass as a
function of excitation energy, v „„within the Do m Fo ab-
sorption band, at 1.5 K.

The homogeneous linewidths, I'g, as a function of
excitation wavelength, A,„„within the inhomogeneously
broadened absorption bands of the D2 E— H4 transi-
tion of Pr + and the Do +- Fo transition of Eu +, at
1.2 K are plotted in Figs. 5(a) and 5(b). ~ For Pr +,
I'g = (38 + 5) MHz, independent of A,„, between 598
and 606 nm [Fig. 5(a)]. In addition, the decay of the D2
fIuorescence was found to be nonexponential, with a ma-
jor lifetime component of 80 ps, independent of A,„,.
These results are in contrast to those of Ref. 9, where
an increase of I'g from 250 to 850 MHz had been re-
ported for the same wavelength region. The broadening
in Ref. 9 was attributed to fast relaxation of the higher-
lying crystal-field levels to the lowest one. We think that
these discrepancies arise from the much higher burning-
fIuence densities used in Ref. 9. Since we could not burn
holes at a wavelength below 597.5 nm, we believe that
this is due to fast relaxation from higher excited crystal-
field levels and that the holes in this region are too broad
and shallow to be observed.

Eu +, on the contrary, does show an excitation-
wavelength dependence of I'i, [Fig. 5(b)]. On the red
wing of the absorption band, at 581 nm, I'h = (12+3)
MHz, whereas on the blue wing, at 573 nm, I h,

(60 6 5) MHz, at 1.2 K. The slope b, i'h /dv, „,=0.19
MHz/cm ~ corresponds to a relative change with respect
to I'h of 1%/cm . An increase of the homogeneous
linewidth with decreasing A,„, had previously been re-
ported for Eu + in a variety of glasses at room tem-
perature obtained by FLN. ' ' Although the FLN ex-
periments showed a much larger slope, AI'h /b, v,„,
1GHz/cm, the relative change with respect to I h

was also found to be l%%uj&/cm . The increase of I'h

with a decrease of A,„,was interpreted in Ref. 16 in terms
of a variation of the coupling strength between the rare-
earth ion and the two-level systems of the glass with the
lattice for difFerent sites. This efFect is further paral-
leled by a decrease of the fluorescence lifetime, ~, with
decreasing A,„„asobserved by Brecher and Riseberg.
The value of T was defined in Ref. 17 as the major com-
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ponent of a nonexponential decay of the Dp level, which
varied &om 2.18 ms at 580 nm to 0.45 ms at 573 nm.
These results were interpreted by associating an increase
of the radiative transition probability with an apparent
increase of the total crystal-field strength. Thus, the
varying crystal-field strength within the inhomogeneous
linewidth seems to affect both the Huorescence lifetime
of the Dp state of Eu + and the homogeneous linewidth
of the Dp E—Fp transition at room and at liquid-helium
temperature. The linear dependence of I'h on excita-
tion energy extrapolates to I'h 0 at 582 nm. This
wavelength coincides with that obtained in Fig. 4 &om
the extrapolation of the splittings of the Fq and F2

components. At this spectral position the low-symmetry
component of the crystal field is much smaller than that
of the cubic component. The fact that I'h 0 implies
that the Eu + ions sit in sites with no interacting TLS
nearby.

D. Transient holes and antiholes: hyperfine structure

The shapes of three short-lived holes are shown in Fig.
6. The two upper profiles correspond to holes burnt into
the 5Dp +— Fp transition of Eu + in silicate glass at 580
and 577 nm at 1.2 K, the bottom one to a hole burnt
into the D2 +— H4 transition of Pr + at 606 nm at 0.4
K. On both sides of the deep resonant hole (D 20%)
there appear symmetrically distributed antiholes, which
are only observable if the holes have depths D ) 10%
[compare to Fig. 1(a)j. Such antiholes are characteristic
of a hole-burning mechanism caused by optical pumping
of nuclear hyperfine or quadrupole levels. 2s Whereas the
hole resonant with the laser arises &om depletion of a par-
ticular ground state, the symmetric antiholes are caused
by enhanced population of the other ground-state hyper-
fine levels (see also Fig. 2, energy-level diagrams on the
left). The frequency positions of the antiholes are given
by the sums and differences of the hyperfine splittings
in the ground and excited states. zz'zs 2s Therefore, by
comparison with hole-burning spectra of Eu3+ and Pr3+
in crystals, ' we would expect a group of antiholes at
a spectral distance within 100 MHz &om the resonant
hole in Pr +, and two groups of antiholes within 100
and 300 MHz &om the resonant hole in Eu + due to
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FIG. 5. Homogeneous linevridth, I'g, as a function of ex-
citation wavelength, A,„„within the Dq +—H4 transition
of Pr + (a) and the Do ~ Fc transition of Eu + in silicate
glasses (b), at 1.2 K.

FIG. 6. Pro61e of deep resonant holes (D 20%) and
antiholes burnt at 580 nm (top) and 577 nm (middle) in
Eu +-doped silicate glass at 1.2 K, and at 606 nm (bottom)
in Pr +-doped silicate glass at 0.4 K. The solid lines are fits
to the data (see Sec. III D).
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the two isotopes of europium, Eu and Eu, respec-
tively. Since in a glass the homogeneous linewidth is
much larger than in crystals and, in addition, the hyper-
fine splittings may vary &om site to site giving rise to an
inhomogeneous distribution, the antiholes are expected
to be given by a superposition of nonresolved individual
homogeneously broadened antiholes. The patterns shown
in Fig. 6 have been interpreted by us in this way. In or-
der to analyze the observed hole shapes, we have fitted
the data with a Lorentzian hole resonant with the laser
frequency and one or two pairs of Gaussian antiholes at a
variable distance &om this hole. Since the resonant holes
are very deep (D = 10—20%), their linewidths are power
broadened by a factor of 2—4. We further observe that the
widths of the antiholes are about 2—3 times larger than
the Lorentzian resonant holes for both samples, at all
temperatures and wavelengths measured. The positions
of the antiholes for Eu + strongly depend on excitation
wavelength (compare the two upper traces in Fig. 6). We
also notice that the ratio between the frequency positions
of the two antiholes in Eu + is about 1:3at 1.2 K. If we

compare the results for the two ions, we conclude (i) the
values of the widths of holes and antiholes for Pr + are
all a factor 4—5 larger than those for Eu + under similar
conditions; (ii) there is only one antihole present on each
side of the resonant hole in Pr +, whereas there are two
in Eu; (iii) there is no A,„,dependence of the antihole
position for Pr +, whereas there is for Eu +.

In Fig. 7 we have plotted the dependence of the an-
tihole position with respect to the resonant hole as a
function of excitation frequency, within the Dp m Fp
transition of Eu + at 1.2 K. Both antiholes display a lin-
ear shift of 0.77 MHz/cm for one and of 2.4 MHz/cm
for the other.

The splitting of the Fp state is due to the interaction
between the nuclear quadrupole moment of Eu and the
electric-Beld gradient of the environment. This splitting

is zero for a pure J = 0 state and requires an adrrmrture
of the Fz state by the noncubic part of the crystal field,I„,= Az(3z —r ). The quadrupole splittings, Eg,
are then given by~

('FolII-I'Fz) ('FzlII~I'Fo)
E(~Fz —~Fo)

where Hg is the quadrupole-interaction term propor-
tional to the quadrupole moment of each isotope of Eu,
and the energy denominator ( 1000 cm ) is the sepa-
ration between the J, = 0 component of the "F~ and Fp
levels. The excited Dp state is less affected by such a
perturbation because of the large energy difference be-
tween the Dz and sDo levels ( 4300 cm ). There
is also a pseudoquadrupole contribution to the splitting
which is a second-order hyperfine interaction, but this
is much smaller than the pure quadrupole term ' and
can be neglected. The observed variation of quadrupole
splittings with excitation wavelength (Fig. 7) is not due
to the wavelength dependence of the energy denomina-
tor in Eq. (1), which is approximately 1 part in 10 [Fig.
4(b)], but rather due to the variation of the strength of
the noncubic crystal field, A&. From the linear variation
of the sidehole-splitting with excitation energy across the

Dp M Fp band we conclude that A& also varies linearly
across this band. This is consistent with the close-to-
linear variation of the splittings of the F» and F~ states
shown in Fig. 4, where these splittings are seen to col-
lapse towards the long-wavelength edge of the absorption
band and where the environment around the Eu + ions
is evidently almost cubic. In this case one expects the
quadrupole splittings and the F» splittings to vanish
and the Fq splitting to be determined by the cubic part
of the crystal field which seems to be weak.

Since the two isotopes of Eu + have different
quadrupole moments, Q, with a ratio Q( Eu)/
Q( Eu)=2.556, the expression for Eq in Eq. (1) is
different for each isotope. Thus, we would expect the
position of the antihole corresponding to Eu to shift
about 2.5 times more than that of Eu with respect
to the excitation energy. In fact, we have measured a
ratio of 3 between the slopes in Fig. 7, which agrees
reasonably well with the assignment of the two groups of
antiholes to the two isotopes Eu and Eu.
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~ 4000 E. Optical dephasing
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v,„, (crn ')
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1.74 xylo'

FIG. 7. Spectral positions of the two antiholes with respect
to the resonant hole as a function of excitation energy, v
for Eu + in silicate glass at 1.2 K. The two antiholes arise
from the two europium isotopes, Eu and Eu.

We have carried out a study of the homogeneous
linewidth, I'g, as a function of temperature for the

Dq ~ H4 transition of Pr + in a silicate glass between
0.4 and 12 K, and for the Dp E— Fp transition of Eu + in
another silicate glass between 0.4 and 4.2 K. The results
are shown in Fig. 8. As mentioned above, the value of
I'~ for Pr + does not depend on the hole-burning mech-
anism. We could not detect holes for Eu + at T )4.2 K
because they decay in a time shorter than 50 ms, which
was the time resolution of our experimental setup.

The best fit to the Pr + data is a power law with
I'g = (30+2) T + MHz over the whole temperature
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range between 0.4 and 12 K. The discrepancy between
these results and the linear temperature dependence of
I'h previously reported 9 can be understood if we take
into account the dependence of I'i, i, on burning-fluence
density [see Fig. 1(b)]. Recently a similar T~ z+o ~ depen-
dence was found for Pr + in yttria-stabilized-zirconia.
For Eu + in silicate glass, however, I'h increases lin-

early with temperature,

I'h, = (9+ 1)T( ' + ) MHz,

between 0.4 and 4.2 K. We note that, as for Pr +, the
values of I'i, reported earlier for Eus+ (Refs. 9 and 19)
were more than 30'%%uo larger than the present ones due to
the larger burning-fluence densities used [see Fig. 1(b)].

In the inset of Fig. 8 a plot of I'h versus temperature
between 0.4 and 1.2 K is shown in more detail. I'h,

extrapolates approximately to zero for both samples for
T -+ 0 K, within the laser jitter of 2 MHz. Other sources
of dephasing such as population decay or nuclear spin

800—

600—

Eo 400
L

200

flips are much less than 1 MHz and cannot be observed
with our resolution.

It is interesting that the optical homogeneous linewidth
for Pr + shows a T + dependence between 0.4 and 12
K, whereas that for Eu + yields a linear T dependence
between 0.4 and 4.2 K. The exact power law of the tern-
perature dependence of I'h is supposed to depend on
the variation with energy of the density of states of the
two-level systems of the glass. ' The latter can be de-
duced from the temperature dependence of the specific
heat. It has been shown that if the density of states,
p, varies with energy as pdE oc E"dE, the contribution
of the TLS to the specific heat, C+~s, varies with tem-
perature as C oc T +". The homogeneous linewidth
should then vary as I'h oc T, where the relation be-
tween a and p is given by:

(2)

In Eq. (2) n depends on the type of coupling between
the optical center and the surrounding two-level systems.
For an elastic (strain) dipole-dipole coupling (n = 3),
which is generally assumed, ' I'h should show the
same temperature dependence as C

In order to unravel the difference in the temperature
dependence of I h for the two samples, specific heat
experiments were carried out as a function of temper-
ature on the same samples between 0.1 and 15 K.
The results of C+~s are drawn in Figs. 9(a) and

9(b) in a double-logarithmic plot together with those
of I'h . For the Pr +-doped silicate glass we found
C+L = (9.6+0.1)T~ s+o'o p J/gK between 0.1 and 15
K, whereas for the Eu +-doped silicate glass,

CTLs (3 5 + 0 1)T1.01+0.02pJ(g K

between 0.1 and 8 K. The results agree with theoretical
predictions if we assume that the TLS density of states
varies with energy according to pdE (x E"dE with @=0.3
for the Pr +-doped glass, and p =0 for the Eu +-doped
glass. We attribute the differences in the T dependences
of I'g for the two samples to differences in the compo-
sition of the two silicate glasses. 3

F. Time dependence of the holewidth

0
0

I
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I (K)

I I

10 12

FIG. 8. Homogeneous linewidth, I'h, as a function of
temperature for Pr +-doped between 0.4 and 12 K (open cir-
cles) and for Eu +-doped silicate glasses between 0.4 and
4.2 K (full circles). The burning wavelength was 606 nm
for Pr + and 580 nm for Eu +. The solid lines represent
Sts to the data with I'go = (30 + 2)T + for Pr + and
I'h = (9 + l)T + for Eu +. Inset: I'h vs T for
both samples between 0.4 and 1.2 K. The data extrapolate
to Fh 0 for T ~ 0 K, within the accuracy of the experi-
ment ( 2 MHz).

Figure 10 shows values of the "effective" homogeneous
linewidth, I'h (see Sec. II), as a function of the loga-
rithm of the experimental time scale, t, pt The latter,
which is defined here as the sum of the burning time and
the delay between burning and probing the hole, was
varied between 70 ms and 100 s for the Pr +-doped and
between 20 ms and 20 s for the Eu +-doped sample at 1.2
K. The lower limit of t „p& is given by the maximum scan
speed of our HB apparatus, whereas the upper limit is
determined by the hole-decay time of the transient holes.
The results of Fig. 10 show no indication of hole broaden-
ing within the time span of three decades measured. This
was confirmed for various temperatures between 0.4 and
1.2 K, and suggests that there is no spectral diffusion in
these silicate glass samples between 10 and 10 s.
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No experimental time dependence of I'h had previ-
ously been found either for the same Pr + sample by
comparing hole-burning data at t, pt:100 s with accu-
mulated photon-echo data at t, pt —100 @is By con-
trast, low-temperature spectral diffusion processes seem
to occur in a Nd +-doped silica glass fiber in a time scale
of 100 ns as compared to 100 s. This was concluded &om
a two-pulse ns-photon-echo experiment (t,„~q ——100 ns) as
compared to a 3-pulse-echo (Ref. 35) and spectral hole-

burning experiments (t,„~q——100 s). Recently, spectral
diff'usion has also been observed for an Eu +-doped sili-
cate glass fiber by two-level hole-burning experiments
on a microsecond time scale as compared to hole burn-
ing by optical pumping on a time scale of 1 s. Since the
holes in Ref. 37 broadened by a factor of 2 over 6 orders
of magnitude in time, it is possible that in the present
samples we have not covered a large enough time span to
be able to observe spectral diffusion.
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FIG. 9. (a) Homogeneous linewidth, I'q

(circles, left scale), and contribution of the
two-level systems to the specific heat, t „
(triangles, right scale), as a function of
temperature for Pr +-doped silicate glass,
I'q = (30 6 2)Ti ' + ' MHz between
0.4 and 12 K and C„= (9.6
+0.1)T ' + '

y J/g K between 0.1 and
15 K. (b) As (a) for Eu +-doped silicate
glass, I'q, = (9 6 1)T ' + ' MHz be-
tween 0.4 and 4.2 K, and. C„" = (3.5 6 0.1)
T + pJ/g K 'betw'een 0.1 and 8 K (see
Ref. 33).
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FIG. 10. Homogeneous linewidth, Ig, as function of ex-
perimental time scale, t,„~q, for Pr + (open circles) and Eu +

(full circles) in silicate glasses at 1.2 K between 10 and
10 s.

IV. CONCLUSIONS

Our results show that the optical dynamic behaviour of
Pr + in a silicate glass is quite different &om that of Eu +
in another silicate glass at low temperature. We have
observed no dependence of I'h on excitation energy for
Pr +, while we did observe such a dependence for Eu +
with a broadening of AI'h /b, v,„,=0.19 MHz/cm
Since the relative increase of I'h with excitation energy
within the inhomogeneous linewidth is about 1%/cm
at liquid-helium as well as at room temperature, the re-
sults suggest that the broadening in both cases is due to
the same mechanism. We propose for it the variation of
the strength of the noncubic component of the crystal
Beld within the 5DO ~ Fo transition of Eu +.

We found that two types of hole-burning processes are
active for Pr + in silicate glass, a persistent and a tran-
sient one, whereas only transient hole burning has been
observed for Eu3+ in silicate glass. The mechanism re-
sponsible for transient hole burning is optical pumping of

nuclear hyperfine and quadrupole levels, while that for
persistent hole burning is probably a slight rearrange-
ment of the local structure of the glass in the vicinity
of the rare-earth ion. We have 6tted the hole shapes of
deeply burnt transient holes with a simple model &om
which we have obtained the distribution of the hyper6ne
levels in the glass. Further, &om the shift of the antiholes
with excitation energy observed for Eu + we concluded
that the strength of the noncubic component of the crys-
tal 6eld varies linearly with excitation energy. We have
also identi6ed the contribution to the hole-antihole pat-
tern as due to the two isotopes of Eu, Eu, and 5 Eu,
because of their different quadrupole moments. This is
the 6rst time, to our knowledge, that the spectroscopic
structure due to the two isotopes has been distinguished
in a glass.

The "effective" homogeneous linewidth, I'h, , follows
a T( ' + ) dependence for Pr + in a silicate glass,
whereas I'h oc T~ ' + ' ) for Eu + in a silicate glass of
different composition. For comparison, the contribution
to the specific heat of the two-level systems, C, fol-
lows a T( + ' ) dependence for the Pr +-doped sample
and a T( + ' 2~ dependence for the Eu +-doped sample
in the same temperature region. These results corrobo-
rate theoretical models of optical dephasing in which the
same T dependence is predicted for both I'h~m and C
in a given sample.

Finally, we have observed no influence of the time scale
of the experiment on the holewidth between 10 2 and
10~ s for the two rare-earth-doped silicate glasses. Thus,
spectral diffusion does not seem to play a role in these
samples within this time-span.
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