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Persistent spectral hole burning in deuterated CaF2:Tm31
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Department of Physics, Montana State University, Bozeman, Montana 59717-3840
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~Received 23 November 1998!

We report spectral hole burning in the deuteride (D2) modified Tm31 centers in CaF2, where the hole
burning mechanism is known to involve localized displacement of the D2 ions. Two main families of
Tm31-D2 centers are present; the Li centers yield spectral holes that have been measured to be fully persistent
for 48 hours at liquid-helium temperatures, while spectral holes of the Mi centers have a hole-recovery time
constant of approximately 20–30 s. Hole widths vary from 18–40 MHz~full width at half maximum! for the
different centers. Burn-down curves are in agreement with a simple and general model that takes into account
the finite homogeneous linewidth but makes no other assumptions about the nature of the hole burning
mechanism. The area of the spectral holes is found to be conserved after the sample temperature has been
cycled to up to 70 K, while the hole profile is broadened by this process.@S0163-1829~99!10721-5#
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I. INTRODUCTION AND MOTIVATION

Persistent spectral hole burning is a powerful techniq
for high-resolution spectroscopy and also allows control
modification of the absorption profile of an inhomogeneou
broadened spectral line. Many possible applications h
been described1 exploiting the high-frequency resolution an
programmable nature of persistent spectral hole burning
cluding frequency-domain2,3 and time-domain4–6 optical data
storage, amplitude and temporal pulse shaping,7–9 holo-
graphic image storage,6,10 frequency-multiplexed optica
filtering,11 cw laser beam modulation,12 and optical
computing.13 In addition, we are currently exploring passiv
optical routing and frequency reference applications.
such applications, the principal hole burning parameters
characterize the device performance are the persiste
spectral width, and saturation depth of the hole. In additi
the transition energy is important in determining the ava
ability and cost of an appropriate single-frequency la
source.

Almost all previously reported cases of persistent spec
hole burning in rare-earth doped crystals involve photoi
ization of the rare earth as the hole burning mechanism,
iting such observances to specific ions and hence spe
wavelengths.14–16 The hole burning mechanism that appli
to rare-earth transitions in deuterated CaF2 involves D2 ion
displacement.17,18 This mechanism is host specific, rath
than dopant-ion specific, and it therefore provides grea
wavelength versatility by allowing the relatively free choi
of rare-earth dopant. Site-distortion mechanisms for h
burning are often found in rare-earth-doped glasses but
unusual for crystalline hosts. Other site-distortion mec
nisms in crystals have been reported for SrWO4:U61 and
BaWO4:U61 ~Ref. 19! and CeF4 :Cm41.20

Here, we report a study of persistent spectral hole burn
on the 3H6→3H4 transition of deuteride compensated Tm31

centers in CaF2. This transition of Tm31-doped materials is
of particular interest for applications since it typically lie
PRB 590163-1829/99/59~22!/14328~8!/$15.00
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near 800 nm, in a wavelength region conveniently access
by cheap and compact GaAlAs diode lasers. For one2

compensated center, hole depth was preserved for over
with no observable changes. No other Tm31-doped crystal,
to our knowledge, exhibits persistent spectral hole burni
Indeed other Tm31 systems typically exhibit millisecond
time scale hole lifetimes.21

A. D2-compensated rare-earth centers

Three main single Tm31 ion centers are found in undeu
terated CaF2 :Tm31.22 The principal center is the
C4v-symmetryA center in which the Tm31 ion is charge
compensated by an F2 ion in the nearest-neighbor interstitia
position in the~001! direction. The secondaryB center with
C3v symmetry was initially proposed to have its charge co
pensating F2 ion in the next-nearest-neighbor position in th
~111! direction, but more complex configurations have sin
been suggested to account for the observed dielectric re
ation and anomalous crystal-field splittings.23,24TheA andB
centers undergo millisecond time scale transient hole burn
from population storage in the metastable3F4 level.21 For
the cubic center with remote charge compensation, elec
dipole transitions such as the3H6→3H4 transition studied in
this report are forbidden by inversion-symmetry select
rules. However, the cubic center is known to be presen
CaF2 :Tm31 as evidenced by the magnetic-dipole allow
3H6→3H5 transition.22

The introduction of negative deuteride (D2) ions into
rare-earth-doped CaF2 crystals produces a series of new rar
earth centers that involve D2 ions substituting for interstitial
or lattice F2 ions in the vicinity of the rare-earth ion. Thes
centers give rise to a series of additional sharp absorp
lines and can therefore be probed selectively using a tun
laser.18,22,25 CaF2 :Pr31:D2 and the closely related
SrF2 :Pr31:D2 are the most extensively explored of the
systems, and site configuration models have been propos18

for the D2 compensated centers from the polarized laser
14 328 ©1999 The American Physical Society
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PRB 59 14 329PERSISTENT SPECTRAL HOLE BURNING IN . . .
lective excitation spectroscopy and bleaching dynamics
these models, the rare-earth ion is charge compensated b
interstitial D2 ion residing at the nearest-neighbor interstic
in the ~100! direction. TheC4v symmetry of this configura-
tion can then be reduced by the substitution of further2

ions for the F2 ions of the lattice. The simplest of thes
low-symmetry centers, having one substitutional D2 ion in
addition to the interstitial, is represented in Fig. 1. F
heavier rare earths, such as Er31 and Tm31, a second family
of centers appears.22,25 These are most likely based on th
C3v symmetry configuration of theB center.

For the Tm31 centers reported here the first group
deuteride-compensated centers, derived from theA center,
have been labeled Li ( i 50,1,2,3)22 where L0 is theC4v sym-
metry center with only one D2 ion. The second group o
deuteride-compensated centers, presumed to derive from
B center, are labeled Mi .

B. Hole burning mechanism

The absorption transitions of the low-symmetry multip
D2 compensated rare-earth centers can be bleached
pumping with a tunable laser. Such bleaching using a bro
band laser with linewidth similar to the absorption linewid
has been reported for several rare-earth ions in s
sites.18,22,25 The extension to spectral hole burning with
narrow-band laser has been reported for the Pr31-doped
CaF2 and SrF2 systems.17

The bleaching behavior has been well characterized
the Li centers, and the mechanism involves local displa
ment of the D2 ions in the vicinity of the rare-earth ion.18

From the reduced fluorescence lifetime of these centers,
known that the principal relaxation pathway for the pho
excited rare-earth ion is to transfer its energy to multi
high-energy (700 cm21) local-mode vibrations of adjacen
D2 ions. These excited D2 ions then have some chance
migrating into nearby interstices. The stepwise process il
trated in Fig. 1 illustrates the necessity of a substitutional2

ion; the substitutional D2 ion moves into a vacant interstitia
position and the interstitial D2 ion takes its place at the
substitutional site. This proposed mechanism is supporte
the absence of any bleaching behavior for theC4v center
involving just a single D2 ion for any of the rare earth
studied to date, showing that a direct tunneling process f
one interstitial site to another does not occur at low tempe
ture.

In some cases, such as for the center illustrated in Fig
the photoproduct center is equivalent to the original but

FIG. 1. Proposed site configuration of the L1 spectroscopic c
ter, and the D2 ion displacement mechanism responsible for per
tent spectral hole burning of this center;~a! the original configura-
tion, and~b! the photoproduct configuration.
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its dipole axis reoriented. This gives rise to the polariz
reversible bleaching in the broadband pumping case. H
ever, in the hole burning regime the reoriented photoprod
will experience different local strains from the original ce
ter. In general, its resonance frequency will be shifted r
domly within the inhomogeneous absorption profile, a
therefore a distinct antihole is not produced. The bleach
behavior for the Mi centers has not been studied in any d
tail, but the involvement of D2 ion motion is clear.

II. EXPERIMENT

The 3H4 absorption lines of Tm31 in CaF2 :Tm31:D2

were excited and detected using a tunable Coherent 89
single-frequency Ti:sapphire laser, pumped by a Cohe
Sabre argon-ion laser and intensity-stabilized by a La
Power Controller from Cambridge Research & Instrumen
tion. The holes were probed by measuring the transmiss
of the laser using a Hamamatsu R928 photomultiplier tu
at laser intensities reduced by 1 to 2 orders of magnit
relative to the burn intensity. Sample temperatures could
controlled anywhere between 1.5 and 300 K in an Oxfo
Instruments Optistat-Bath cryostat and were determined
ing a Lake Shore Cryotronics carbon-glass resistance t
mometer. Sample temperatures were typically betw
1.5–2 K, unless otherwise stated.

A. Absorption spectrum, site identification

The CaF2 crystal was grown using the Czochrals
method, with 0.05%~molar! TmF3 added in the melt. Deu-
teration was achieved by baking the sample for 48 h
850 °C in 2/3 atmosphere of deuterium gas and in con
with aluminum metal. The absorption spectrum of t
Tm31 3H4 multiplet for the deuterated crystal is shown
Fig. 2. Due to transition selection rules and the broadening
upper levels, the absorption spectrum of the parent, und
terated crystal has only one sharp absorption line for eac
the C4v and C3v F2 centers in this frequency range,22 and

n-
-

FIG. 2. Absorption spectrum of the3H4 multiplet of Tm31 ions
in deuterated CaF2. Major absorption features that displaye
spectral hole burning are labeled. Inset: a persistent spectral
burned in the L1 center absorption line, and Lorentzian fit, givin
holewidth of 18 MHz.



te

le
o

s
b
on

in

io
tr
la

on
in

ni
-
w
re
th
ra
n
b
a-

t

te
b

en
ro-
ter

o

nce
le
the
ute.

tion
n-

e-
cle.
rn,

la-
ide
g

an
e in

can

i-

to
-

the
the
en-
fter
e-
em-
ad-
ak

oled
its
le

ble

n

of
ole

tion

14 330 PRB 59N. M. STRICKLAND, R. L. CONE, AND R. M. MACFARLANE
the remaining absorption lines in the spectrum of the deu
ated crystal are due to D2 ion compensated centers.

The absorption transitions in Fig. 2 are clearly divisib
into groups of transitions corresponding to the two types
centers. The higher energy group, near 12 530 cm21, is due
to the Li centers, with only one line per center, and the
lines exhibit the expected reversible polarized bleaching
havior under broadband pumping conditions. The sec
group of lines near 12 440 cm21 corresponds to the Mi cen-
ters, and these may have one or two lines per center, s
the corresponding line of theB center is known to be a
singlet-doublet transition.21

Four of the absorption lines, labeled in the absorpt
spectrum, give long-term or medium-term persistent spec
hole burning. The centers giving rise to these lines are
beled L1, L2, M1, and M4. Table I lists the peak absorpti
coefficient and linewidth of each of the absorption lines
the deuterated sample. In order to estimate the hole bur
quantum efficiency~Sec. II C!, we require the absolute con
centration of each center, which in turn requires that
know the oscillator strength of the absorption transition. P
vious methods for determining transition oscillator streng
have depended on measuring the radiative transition
from the level lifetime;26 however, in this case the populatio
decay is almost entirely nonradiative through relaxation
D2 localized vibrations, making direct determination of r
diative transition rates impossible.

A very crude estimate of the concentration of each cen
is obtained here by assuming the entire concentration
Tm31 ions in the crystal to be 0.01%~molar!, allowing for
only partial integration of the TmF3 into the CaF2 crystal and
for the presence of the spectroscopically inert cubic cen
and by taking the oscillator strength of each transition to

TABLE I. Characteristic parameters of the3H4 absorption lines
of each major Tm31 center in the deuterated CaF2 :Tm31 sample
studied.

Line Peak Line- Line Estimated
center height width strength concentratioa

(cm21) (cm21) (cm21) (cm22) 31016 cm23

12438.8 ~M1! 0.79 0.41 0.51 10
12442.1 1.18 0.38 0.70 20
12443.9 1.34 0.30 0.63 10
12448.3 ~M4! 1.85 0.37 1.08 20
12452.2 1.09 0.46 0.79 20
12457.1 0.16 0.30 0.08 2
12469.1 0.22 0.27 0.09 2
12470.3 0.32 0.35 0.17 4
12472.2 0.17 0.46 0.12 3
12482.1 0.46 0.56 0.40 9
12501.7 0.27 0.53 0.23 5
12527.3 0.22 0.45 0.15 3
12529.7 ~L2! 1.87 0.52 1.52 30
12531.4 ~L1! 3.45 0.60 3.23 70
12538.1 C4v (D2) 0.73 0.70 0.81 20
12568.5 C4v (F2) 0.28 0.36 0.16 4
12599.1 0.17 0.38 0.10 2

aSee text for assumptions made.
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the same. This last assumption is weak, particularly wh
comparing between the two families of centers, but it p
vides the only simple means of estimating individual cen
concentrations.

B. Persistent spectral hole burning

Of the four absorption lines that exhibit hole burning, tw
are from Li -type centers and two from Mi -type centers and
as noted earlier these have qualitatively different persiste
behaviors. The Li -center holes did not show any measurab
change over 48 h, the longest period measured, while
Mi -center holes have decay constants of less than a min
A representative spectral hole burned in the L1 absorp
peak is shown in the inset of Fig. 2. Typically, a laser inte
sity of 1 mW/cm2 was used for burning, and this was r
duced by one to two orders of magnitude for the scan cy
In this regime, shallow holes took tens of seconds to bu
while burning during the scan cycle was minimized. A re
tively large laser spot size of 2–3 mm was used to prov
sufficient total power for efficient detection. Hole burnin
parameters for each center are listed in Table II.

The hole widths listed in Table II are much broader th
those that have been measured in the transient regim
undeuterated CaF2 :Tm31 ~Ref. 21! or those associated with
this transition of the Tm31 ion in other ionic crystals, but
they are similar to those observed in CaF2 :Pr31:D2.17 Nei-
ther fluorescence lifetime nor nuclear spin-flip processes
account for the extra dephasing in these deuterated Tm31

systems; the nonmagnetic Tm31 states are relatively insens
tive to local magnetic-field fluctuations arising from F2 or
D2 nuclear spins. It is possible that spectral diffusion, due
D2 motion at one Tm31 site affecting the resonance fre
quency at another Tm31 site, is responsible for the width.

No decay of the hole amplitude or area was seen for
L1 center for up to 48 h after burning. The persistence of
L1 hole is represented in Fig. 3, where the peak hole int
sity and the hole area are plotted as functions of time a
burning. A series of open circles plotted for the period b
tween 31 and 39 h shows a period where the sample t
perature was inadvertently allowed to increase to 5.2 K, le
ing to broadening of the hole, which reduced the hole pe
but conserved the hole area. When the sample was co
back to its initial temperature of 1.7 K, the hole recovered
original depth and width. See Sec. II E for details of ho
recovery after temperature cycling. Overall, no discerni

TABLE II. Characteristic spectral hole burning parameters
the four centers which were found to give long-term spectral h
burning.

Center Hole Quantum Recovery
FWHM efficiency time
~MHz! (31024) ~s!

L1 18 8 .106 a

L2 30 20 .105 a

M1 20 300 23
M4 40 100 23

aLower limit for persistence dependent on measurement dura
~see Sec. II B!.
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PRB 59 14 331PERSISTENT SPECTRAL HOLE BURNING IN . . .
degradation could be observed over 48 h. Attempts to
pose an exponential decay curve on the data yield a lo
bound on the decay time constant of the order of sev
weeks.

Hole degradation would be expected to manifest itsel
two ways. First, simple hole decay, in which phot
transformed ions resume their original configurations, wo
be expected to reduce the peak intensity without greatly
fecting the hole width, thus reducing the area. Second, s
tral diffusion effects, where the hole broadens, would
crease the width and reduce the peak intensity with
changing the hole area. No mechanism for increasing
hole area at a fixed sample temperature is expected. S
any hole degradation effects would be expected to reduce
peak intensity of the hole, the smoother plot of the hole p
intensity in itself shows that the hole undergoes neither
cay nor spectral diffusion, within the uncertainty of measu
ment, for at least 48 h.

The persistence of spectral holes in the L2 center w
tested for 7 h, with a similar lack of degradation. In contra
spectral holes burned in the M1 and M4 absorption lin
decayed with time constants of 23 s with the sample in
dark at 1.7 K.

C. Model for hole burning curves

The quantum efficiencyh has been defined as the pro
ability of an ion being bleached from the absorption profi
once it has absorbed a photon;27 in this case this translates t

FIG. 3. Persistence of the L1-center spectral hole parame
~a! the peak hole depth and~b! the hole area up to 48 h afte
burning. The open circles denote a period where the sample
perature was uncontrolled and increased up to 5.2 K. From this
and the temperature dependent studies, one may conclude that
holes persist at least for several weeks at liquid-helium temp
tures.
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the probability of an excited Tm31ion inducing site reorien-
tation due to D2 ion motion. Thus

h52
dN

dt Y ~ I 02I !

hnL
, ~1!

whereN is the concentration of the absorbing centers,I is the
transmitted intensity,I 0 is the incident intensity, andL is the
length of the sample. The denominator in this equation s
ply gives the number of photons absorbed per unit volum

This equation does not explicitly take into account t
finite spectral widths of the laser or of the homogeneous li
In the case of CaF2 :Tm31:D2, the laser linewidth is much
less than the narrowest measured hole width and it suffice
consider the homogeneous line profile only. Such a mo
has been considered previously,28 and the principal features
are outlined here.

We consider the concentration of absorbing ions per u
frequency as a function of their resonant frequencyN(n).
Initially we can assume this to be a flat function as the inh
mogeneous line profile is much larger than the hole widt
The homogeneous line shape for a single ion centered an8
is represented by the normalized functionk(n2n8). This
line shape is taken to be Lorentzian for this model. For
population of ions at a given frequencyn, the bleaching rate
will be proportional to the incident laser intensityI 0, the hole
burning quantum efficiencyh, the absorption cross sectio
s, the population of these ionsN(n), and the overlap of the
homogeneous line shape with the laser frequencyk(n2n0).
Thus

dN~n!

dt
52

hI 0N~n!sk~n02n!

hn0
~2!

which yields the solution

N~n!5N0~n!expH 2
hI 0sk~n02n!

hn0
tJ . ~3!

The absorption coefficient is the convolution of this pop
lation function with the homogeneous line shape:

a~n!5E N~n8!sk~n82n!dn8 ~4!

and the transmitted intensity can be obtained from Bee
law. In order to determine the quantum efficiency, the to
concentration of resonant ions and the transition oscilla
strength must be known.

While it is not possible to find an analytical expression f
the resulting burndown curve, numerical simulations we
run with the hole burning quantum efficiency and homog
neous linewidth as parameters. The fitted and measured
sorption coefficient and full width at half maximum
~FWHM! of the hole are plotted as functions of time in Fi
4, with the fit giving homogeneous linewidths of 13 and
MHz and quantum efficiencies of 831024 and 231023 for
the L1 and L2 centers, respectively. It is clear that the
crease of the hole width and the nonexponential hole gro
are fundamental features of any simple model of spec
hole burning where the laser linewidth is narrower than
homogeneous linewidth.28 The population of centers tha
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m-
ta
ese
a-



th
lit
o
m

ve
el
tu
si
a
a

be
le

-
t.
o
lu

1
e

5
,
fo
t
s

de

ry
ug-
or at

nd
ing
an-

nty
os-
be-
the
ssi-
two
me
e
ing
re-
r

cess
d at
nce

of
st
m-
, and

l of

al

ery

14 332 PRB 59N. M. STRICKLAND, R. L. CONE, AND R. M. MACFARLANE
have a small overlap of their homogeneous line with
laser frequency have a lower effective transition probabi
for absorption at the frequency of the laser and theref
bleach on a longer time scale than those having their ho
geneous line centered at the laser frequency.

The close match of the experimental burndown cur
with the functional form resulting from this simple mod
shows that it is not necessary to consider multiple quan
efficiencies arising from slightly inequivalent centers. Phy
cally, this implies that the efficiency of the bleaching mech
nism described in Sec. I B is not strongly affected by sm
perturbations of the crystal-field interaction.

For the Mi family centers, an additional term needs to
added to represent power-independent refilling of the ho

dN~n!

dt
52

hI 0N~n!sk~n02n!

hn0
1

1

t
@N0~n!2N~n!#,

~5!

whereN0 is the initial ~equilibrium! value for the concentra
tion of resonant ions andt the hole recovery time constan
This will lead to exponential hole decay in the absence
laser irradiation, and a power-dependent saturation va
~equilibrium level!, as in the burndown curves for the M
and M4 centers~Fig. 5!. Fits to the model outlined abov
yield hole burning quantum efficiencies of 331022 and 1
31022 for the M1 and M4 centers, respectively. Figure
also shows the subsequent recovery of the hole peak
continuing to measure the laser transmission with a 100-
reduction in laser intensity. A filter originally placed in fron
of the photomultiplier tube was also removed at this time,
that the detected signal would be of a similar magnitu

FIG. 4. Experimental and calculated burndown curves of~a! the
hole depth and~b! the hole width of the L1 and L2 center spectr
holes.
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Holes burned in the two lines have similar hole-recove
time constants of 23 s at a temperature of 1.7 K. This s
gests that they may indeed belong to the same center,
least have closely similar ion configurations.

Table II lists the hole burning quantum efficiencies a
hole recovery time constants extracted from these fits, us
the center concentrations estimated in Sec. II A. These qu
tum efficiencies are estimates only, with large uncertai
arising from the estimations of center concentrations and
cillator strengths. In particular, the apparent discrepancy
tween between the quantum efficiency values found for
M1 and M4 spectroscopic lines does not preclude the po
bility that these lines are resonances associated with
crystal-field components of the excited state of the sa
spectroscopic Tm31 center. However, it is evident that th
Mi centers have higher quantum efficiencies for hole burn
than the Li centers. Together with the spontaneous hole
coverability of the Mi centers, this indicates a much lowe
potential barrier for D2 ion displacement around the Tm31

ion for the Mi center configurations.

D. Temperature dependence

The temperature dependence of the hole burning pro
was investigated up to 30 K. Holes were burned and rea
a series of temperatures from 2–30 K, with the laser flue
for hole burning fixed at 6 mW/cm2 for 1 min. The widths
~FWHM! of the resulting holes are plotted as a function
temperature in Fig. 6~a!, and the hole depth is plotted again
width in Fig. 6~b!. As expected, holes burned at higher te
peratures are broader, due to phonon-induced dephasing
are therefore shallower. The solid curve in graph~b! repre-
sents hole depth and width calculated using the mode

FIG. 5. Experimental and calculated burndown and recov
curves of the hole depth for~a! the M1 center and~b! the M4 center
spectral holes.
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PRB 59 14 333PERSISTENT SPECTRAL HOLE BURNING IN . . .
Sec. II C, with the homogeneous linewidth the only vari
parameter. The measured decrease in hole depth ma
closely the expected behavior arising from homogeneous
broadening. The product of width and depth approxima
the hole strength, and for fixed burn parameters this incre
with temperature. This is not due to increased quantum e
ciency, but rather is due simply to a higher rate of absorpt
for cases where the hole depth is shallower.

The homogeneous line broadening can be modeled as
ing caused by a single phonon annihilation process, wh
the phonon energy is resonant with a transition amo
crystal-field states within either the ground or excited ma
fold of the Tm31 ion. The probability of such a phono
being absorbed is proportional to the phonon occupa
number, and the temperature dependence of this mecha
for the homogeneous linewidth is

G~T!5G~0!1
1

pt
expS 2

\v

kT D . ~6!

The dashed line in Fig. 6~a! represents a fit to this mode
giving a phonon energy of 40610 cm21. This does not
match the known 96 cm21 splitting in the 3H6 ground
state,22 however the splitting of the3H4 excited state is no
known and could account for the observed hole broaden

E. Temperature cycling

An important hole burning parameter for device applic
tions is the recoverability of the hole after cycling to elevat

FIG. 6. Temperature dependence of L1-center spectral
burning. Spectral holes were burned and read with the sample m
tained at the stated temperatures.~a! hole width increase with tem
perature and~b! hole depth dependence on hole width. The so
line in ~b! is from simulation, where the hole widths were taken
input parameters.
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temperatures. In this experiment, holes were burned with
sample at 2 K, then the sample temperature was raised to
specified intermediate value and held there for 10 min, th
recooled to 2 K before being remeasured. Some variation
the time at the elevated temperature arose as a consequ
of the time taken to achieve the temperature ramp, wh
varied from 2–20 min depending on the temperature diff
ence. The resulting changes in hole depth and width~on a
reciprocal scale! are plotted in Fig. 7~a!. There is some
broadening of the holes, and with this broadening match
the decreasing hole depth, the area of the hole is conse
after cycling up to at least 70 K, as depicted in Fig. 7~b!. For
cycling to higher temperatures, the holes broaden to suc
extent that they cannot be measured accurately for the b
parameters used. This broadening most likely arises fr
thermal relaxation of the D2 and CaF2 lattice ion positions.
These results show that thermally induced relocation of
D2 ions is inhibited up to at least 70 K, an important res
for situations in which occasional sample heating may occ

F. Estimate of barrier heights

We can place a lower limit on the barrier heightW for the
D2 ion relocalization of the L1 center by considering th
thermal barrier hopping rateR to be given by the Arrhenius
relation

R5V0 exp~2W/kT!, ~7!

whereV0 is the attempt frequency. The fraction of cente
that have not reverted to their original configuration after
hold time th is given by

le
in-

FIG. 7. Recovery of~a! the hole depth and~b! the inverse of the
hole width of L1-center spectral holes, after cycling the sample
elevated temperatures. The similar functional forms show that
hole area is conserved for cycling up to at least 70 K.
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f 5exp~2Rth!. ~8!

These relations give a strong threshold for thermal bar
hopping at the temperature at whichf 50.5. If we takeV0
5231013 Hz as a typical attempt frequency correspond
to the ;700 cm21 energy of the D2 vibrational modes,th
5600 s for the hold time at each elevated temperature,
the lower-limit threshold temperature of 70 K, we estimat
barrier height ofW51800 cm21. This is in good agreemen
with values that have been determined for the analogous
ters in CaF2 :Pr31:D2 using broadband fluorescenc
bleaching.29

We can also estimate the barrier heights of the M1 a
M4 centers. At a fixed temperature 1/R is the lifetime of the
hole, measured to be 23 s at 1.7 K in Sec. II C. If we take
same value ofV0 as above, then we estimate a barrier hei
of W540 cm21 for the Mi centers, a factor of 50 smalle
than for the Li centers. This is consistent with the Mi centers
having greater hole burning quantum efficiencies than thei
centers.

III. CONCLUSIONS

Spectral hole burning in the Tm31 centers that are charg
compensated by multiple D2 ions in CaF2 :Tm31 has been
shown to yield long-term persistence for one family of ce
ters. No measurable decay was observed over 48 h for th
center, with a similar result for the L2 center measured o
7 h. Transmission-peak and hole-width burndown curves
these centers were found to follow the behavior predicted
a simple model in which all resonant centers have the s
hole burning quantum efficiency, and no reverse proces
are allowed. Nonexponential decay, hole broadening w
increasing burn time, and non-Lorentzian-shaped deep h
are all features that arise naturally within this model. T
hole burning quantum efficiency in the L1 and L2 centers
;1023. For applications requiring hole stability during lon
reading cycles, such as laser frequency references, this
efficiency is desirable. The L1 and L2 centers are rob
nd

rf

J.

n,

s.

s,
r

nd
a

n-

d

e
t

-
L1
r
r
y
e

es
h
les
e
s

w
st

under temperature cycling to at least 70 K, with the co
served hole areas demonstrating that reverse processe
not significant up to such temperatures. From this we e
mate a lower limit on the D2 displacement barrier potentia
of 1800 cm21. Broadening of the holes with cycling is a
tributed to thermally induced relaxation of neighboring io
positions. Assuming that this is the important mechanism
hole relaxation, one may realistically expect very long p
sistence at low temperature.

A second family of centers, the Mi centers, have hole
burning quantum efficiencies approximately an order
magnitude higher than the Li centers, and spectral holes th
decay with a time constant of approximately 23 s at 1.7
giving an estimated D2 displacement barrier potential o
40 cm21. The hole-reversal processes responsible for
decay also give a power-dependent saturation level for
hole depth.

Hole widths measured for shallow holes varied from 18
40 MHz among the centers studied, and are possibly lim
by instantaneous spectral diffusion effects from the D2 ion
vibrations. The L1 center appears to be the prime candid
for hole burning applications as it has the highest absorp
coefficient of the hole burning centers, has the narrow
holes, and has immeasurably small changes in hole widt
area over a period of at least 48 h. In particular, we
exploring the application of laser frequency stabilization
reference to a spectral hole, and the L1 center
CaF2 :Tm31:D2 is being used as a test bed for these reaso
and due to the availability of diode lasers at the 798
wavelength.
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