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We report spectral hole burning in the deuteride”jDmodified Tn?* centers in Caf; where the hole
burning mechanism is known to involve localized displacement of thei@hs. Two main families of
Tm®*-D~ centers are present; thé tenters yield spectral holes that have been measured to be fully persistent
for 48 hours at liquid-helium temperatures, while spectral holes of theavters have a hole-recovery time
constant of approximately 20—30 s. Hole widths vary from 18—40 Nfdlt 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 pro¢d&3163-182809)10721-3

I. INTRODUCTION AND MOTIVATION near 800 nm, in a wavelength region conveniently accessible
by cheap and compact GaAlAs diode lasers. For one D
Persistent spectral hole burning is a powerful techniqueompensated center, hole depth was preserved for over 48 h
for high-resolution spectroscopy and also allows controlledvith no observable changes. No other ¥'rdoped crystal,
modification of the absorption profile of an inhomogeneouslyto our knowledge, exhibits persistent spectral hole burning.
broadened spectral line. Many possible applications havéndeed other T" systems typically exhibit millisecond
been describédexploiting the high-frequency resolution and time scale hole lifetime$:
programmable nature of persistent spectral hole burning, in-
cluding frequency-domafr? and time-domaifi ® optical data
storage, amplitude and temporal pulse shapifigholo-
graphic image storade'® frequency-multiplexed optical Three main single TAT ion centers are found in undeu-
filtering** cw laser beam modulatidd, and optical terated Caf:Tm®"? The principal center is the
computing®? In addition, we are currently exploring passive Ca,-SymmetryA center in which the Ti" ion is charge
optical routing and frequency reference applications. Focompensated by an"Hon in the nearest-neighbor interstitial
such applications, the principal hole burning parameters thatosition in the(001) direction. The secondar center with
characterize the device performance are the persistencés, Symmetry was initially proposed to have its charge com-
spectral width, and saturation depth of the hole. In additionpensating F ion in the next-nearest-neighbor position in the
the transition energy is important in determining the avail-(111) direction, but more complex configurations have since
ability and cost of an appropriate single-frequency lasebeen suggested to account for the observed dielectric relax-
source. ation and anomalous crystal-field splittifgs* The A andB
Almost all previously reported cases of persistent spectratenters undergo millisecond time scale transient hole burning
hole burning in rare-earth doped crystals involve photoionfrom population storage in the metastaiig, level?* For
ization of the rare earth as the hole burning mechanism, limthe cubic center with remote charge compensation, electric-
iting such observances to specific ions and hence specifidipole transitions such as théd g— 3H , transition studied in
wavelengths*~¢ The hole burning mechanism that applies this report are forbidden by inversion-symmetry selection
to rare-earth transitions in deuterated Catvolves D" ion  rules. However, the cubic center is known to be present in
displacement’*® This mechanism is host specific, rather Cak»:Tm** as evidenced by the magnetic-dipole allowed
than dopant-ion specific, and it therefore provides greatefHg— Hs transition®?
wavelength versatility by allowing the relatively free choice  The introduction of negative deuteride {Ip ions into
of rare-earth dopant. Site-distortion mechanisms for holeare-earth-doped Caferystals produces a series of new rare-
burning are often found in rare-earth-doped glasses but amarth centers that involve Dions substituting for interstitial
unusual for crystalline hosts. Other site-distortion mechaor lattice F ions in the vicinity of the rare-earth ion. These
nisms in crystals have been reported for SWWM@P* and  centers give rise to a series of additional sharp absorption
BaWO,:U%" (Ref. 19 and Cel:Cm’**.%° lines and can therefore be probed selectively using a tunable
Here, we report a study of persistent spectral hole burningaser'®?2?° Cak,:PP":D~ and the closely related
on the ®Hg— 3H, transition of deuteride compensatedm  SrF,:PP*:D~ are the most extensively explored of these
centers in Caf This transition of TM*-doped materials is systems, and site configuration models have been profbsed
of particular interest for applications since it typically lies for the D compensated centers from the polarized laser se-

A. D™-compensated rare-earth centers
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FIG. 1. Proposed site configuration of the L1 spectroscopic cen- g
ter, and the D ion displacement mechanism responsible for persis- =

Ml
tent spectral hole burning of this centéa) the original configura-

tion, and(b) the photoproduct configuration.

lective excitation spectroscopy and bleaching dynamics. In 12450 12500 12550

these models, the rare-earth ion is charge compensated by an wavenumber (cm™?)
interstitial D™ ion residing at the nearest-neighbor interstice, _ _ .

tion can then be reduced by the substitution of further D In deuterated Cak Major absorption features that displayed
ions for the F ions of the lattice. The simplest of these spectral_ hole burning are Iabelgd. I_nset: a perS|ste_nt spect_re_ﬂ hole
low-symmetry centers, having one substitutional @n in burne(_j in the L1 center absorption line, and Lorentzian fit, giving a
addition to the interstitial, is represented in Fig. 1. ForhOIeWIGIth of 18 MHz.

heavier rare earths, such asEmand Tni ", a second family
of centers appearé:?® These are most likely based on the
Cs, symmetry configuration of thB center.

its dipole axis reoriented. This gives rise to the polarized
reversible bleaching in the broadband pumping case. How-
For the Tmi* centers reported here the first group of ever, in the hole purning regime the reoriented phqtoproduct
deuteride-compensated centers, derived from Aheenter, will experience cﬁfferent local strains from t.he orlglnal cen-
have been labeledi(i =0,1,2,3f2 where LO is theC,, sym- ter. In ge_ngral, its resonance frequency WlI_I be shnfted ran-
metry center with only one D ion. The second group of domly within the inhomogeneous absorption profile, and

deuteride-compensated centers, presumed to derive from tﬁl&erefc.)re a d'St'n(.:t antihole is not produced. .The' bleaching
B center, are labeled M behavior for the M centers has not been studied in any de-

tail, but the involvement of D ion motion is clear.
B. Hole burning mechanism

The absorption transitions of the low-symmetry multiple- Il. EXPERIMENT
D~ compensated rare-earth centers can be bleached uponThe 3H, absorption lines of TR in CaR:Tm3*:D~

pumping with a tunable laser. Such bleaching using a broadyere excited and detected using a tunable Coherent 899-21
band laser with linewidth similar to the absorption linewidth Sing|e_frequency Ti:Sapphire |aser, pumped by a Coherent
has been reported for several rare-earth ions in SucBapre argon-ion laser and intensity-stabilized by a Laser
sites:>“““ The extension to spectral hole burning with a power Controller from Cambridge Research & Instrumenta-
narrow-band laser has been reported for th&"Rioped  ion. The holes were probed by measuring the transmission
CaF, and Srk systems”’ of the laser using a Hamamatsu R928 photomultiplier tube,
The bleaching behavior has been well characterized fogt |aser intensities reduced by 1 to 2 orders of magnitude
the Li centers, and the mechanism involves local displacerelative to the burn intensity. Sample temperatures could be
ment of the D ions in the vicinity of the rare-earth ioff.  controlled anywhere between 1.5 and 300 K in an Oxford
From the reduced fluorescence lifetime of these centers, it ifxstruments Optistat-Bath cryostat and were determined us-
known that the principal relaxation pathway for the photo-ing a Lake Shore Cryotronics carbon-glass resistance ther-

excited rare-earth ion is to transfer its energy to multiplemometer. Sample temperatures were typically between
high-energy (700 cm') local-mode vibrations of adjacent 1.5-2 K, unless otherwise stated.

D™ ions. These excited Dions then have some chance of
migrating into nearby interstices. The stepwise process illus-
trated in Fig. 1 illustrates the necessity of a substitutional D
ion; the substitutional D ion moves into a vacant interstitial The Cak crystal was grown using the Czochralski
position and the interstitial D ion takes its place at the method, with 0.05%molar) TmF; added in the melt. Deu-
substitutional site. This proposed mechanism is supported bigration was achieved by baking the sample for 48 h at
the absence of any bleaching behavior for thg, center 850°C in 2/3 atmosphere of deuterium gas and in contact
involving just a single D ion for any of the rare earths with aluminum metal. The absorption spectrum of the
studied to date, showing that a direct tunneling process fronim®* *H, multiplet for the deuterated crystal is shown in
one interstitial site to another does not occur at low temperaFig. 2. Due to transition selection rules and the broadening of
ture. upper levels, the absorption spectrum of the parent, undeu-

In some cases, such as for the center illustrated in Fig. Zterated crystal has only one sharp absorption line for each of
the photoproduct center is equivalent to the original but hashe C4, and C3, F~ centers in this frequency rangeand

A. Absorption spectrum, site identification



14 330 N. M. STRICKLAND, R. L. CONE, AND R. M. MACFARLANE PRB 59

TABLE |. Characteristic parameters of tfiel, absorption lines TABLE Il. Characteristic spectral hole burning parameters of
of each major TM" center in the deuterated CaFm®" sample  the four centers which were found to give long-term spectral hole
studied. burning.

Line Peak Line- Line Estimated Center Hole Quantum Recovery
center height  width strength concentrafion FWHM efficiency time
(cm™1) (em™) (em ) (em™?) x10¥cm3 (MHz) (X104 )
12438.8 (M1) 0.79 0.41 0.51 10 L1 18 8 >1002
12442.1 1.18 0.38 0.70 20 L2 30 20 >10°2
12443.9 1.34 0.30 0.63 10 M1 20 300 23
12448.3 (M4) 1.85 0.37 1.08 20 M4 40 100 23
12452.2 1.09 0.46 0.79 20

4 ower limit for persistence dependent on measurement duration

12457.1 0.16 0.30 0.08 2

12469.1 022 027  0.09 2 (see Sec. Il &

12470.3 0.32 0.35 0.17 4 ) . . )

12479 2 0.17 0.46 0.12 3 the same. This last assumption is weak, partmularly when

124821 0.46 056 0.40 9 comparing betw_een the two fam|llgs of_ centers, but it pro-
des the only simple means of estimating individual center

12501.7 027 053  0.23 5 ‘é'oncemrations_

12527.3 0.22 0.45 0.15 3

12529.7 (L2) 1.87 0.52 1.52 30

125314  (L1) 3.45 0.60 3.23 70 B. Persistent spectral hole burning

12538.1 C4, (D7) 073 0.70 0.81 20 Of the four absorption lines that exhibit hole burning, two

12568.5 C,, (F7) 0.28 0.36 0.16 4 are from Li-type centers and two from iMype centers and

12599.1 0.17 0.38 0.10 2 as noted earlier these have qualitatively different persistence

behaviors. The L-center holes did not show any measurable
change over 48 h, the longest period measured, while the
Mi-center holes have decay constants of less than a minute.
the remaining absorption lines in the spectrum of the deuterA representative spectral hole burned in the L1 absorption
ated crystal are due to Dion compensated centers. peak is shown in the inset of Fig. 2. Typically, a laser inten-
The absorption transitions in Fig. 2 are clearly divisible sity of 1 mWi/cn? was used for burning, and this was re-
into groups of transitions corresponding to the two types ofduced by one to two orders of magnitude for the scan cycle.
centers. The higher energy group, near 12530 s due  In this regime, shallow holes took tens of seconds to burn,
to the Li centers, with only one line per center, and thesewhile burning during the scan cycle was minimized. A rela-
lines exhibit the expected reversible polarized bleaching betively large laser spot size of 2-3 mm was used to provide
havior under broadband pumping conditions. The secongufficient total power for efficient detection. Hole burning
group of lines near 12 440 cm corresponds to the Mcen-  parameters for each center are listed in Table II.
ters, and these may have one or two lines per center, since The hole widths listed in Table Il are much broader than
the corresponding line of th& center is known to be a those that have been measured in the transient regime in
singlet-doublet transitioft undeuterated CaETm®" (Ref. 21) or those associated with
Four of the absorption lines, labeled in the absorptiorthis transition of the Tri* ion in other ionic crystals, but
spectrum, give long-term or medium-term persistent spectrahey are similar to those observed in Ga*:D~.!" Nei-
hole burning. The centers giving rise to these lines are lather fluorescence lifetime nor nuclear spin-flip processes can
beled L1, L2, M1, and M4. Table | lists the peak absorptionaccount for the extra dephasing in these deuterated™Tm
coefficient and linewidth of each of the absorption lines insystems; the nonmagnetic $fstates are relatively insensi-
the deuterated sample. In order to estimate the hole burnintive to local magnetic-field fluctuations arising from Fer
guantum efficiencySec. 11 Q, we require the absolute con- D™ nuclear spins. It is possible that spectral diffusion, due to
centration of each center, which in turn requires that weD~ motion at one Tii" site affecting the resonance fre-
know the oscillator strength of the absorption transition. Pregquency at another T site, is responsible for the width.
vious methods for determining transition oscillator strengths No decay of the hole amplitude or area was seen for the
have depended on measuring the radiative transition ratel center for up to 48 h after burning. The persistence of the
from the level lifetime?® however, in this case the population L1 hole is represented in Fig. 3, where the peak hole inten-
decay is almost entirely nonradiative through relaxation bysity and the hole area are plotted as functions of time after
D™ localized vibrations, making direct determination of ra- burning. A series of open circles plotted for the period be-
diative transition rates impossible. tween 31 and 39 h shows a period where the sample tem-
A very crude estimate of the concentration of each centeperature was inadvertently allowed to increase to 5.2 K, lead-
is obtained here by assuming the entire concentration dhg to broadening of the hole, which reduced the hole peak
Tm3* ions in the crystal to be 0.01%nolan, allowing for  but conserved the hole area. When the sample was cooled
only partial integration of the Tmfinto the Cak crystal and  back to its initial temperature of 1.7 K, the hole recovered its
for the presence of the spectroscopically inert cubic centemriginal depth and width. See Sec. Il E for details of hole
and by taking the oscillator strength of each transition to beecovery after temperature cycling. Overall, no discernible

aSee text for assumptions made.
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03 the probability of an excited T ion inducing site reorien-
[t ‘.M:,«,g,&.*,‘\ ”w tation due to D ion motion. Thus
I L3 o
802t R Y dN / (I,—1)
s w p=——/ ==, (1)
2 dt hvL
%
2 0.1 whereN is the concentration of the absorbing centéis,the
= (@) L1 center transmitted intensityly is the incidgnt inte_nsit)_/, and is.the _
length of the sample. The denominator in this equation sim-
00 10 20 30 40 50 ply giyes the number of photong gbsorbed_per unit volume.
time (hours) This equation does not explicitly take into account the
finite spectral widths of the laser or of the homogeneous line.
In the case of CaFTm®":D ™, the laser linewidth is much
@6" D e e e less than the narrowest measured hole width and it suffices to
S5pie : :,':,': --.:,‘:'-é',}:‘-:‘f% fﬁ’o}.{{?‘: consider the homogeneous line profile only. Such a model
§4_ : has been considered previouslyand the principal features
= are outlined here.
&03 We consider the concentration of absorbing ions per unit
Bol frequency as a function of their resonant frequeiN{y).
2l (b) L1 center Initially we can assume this to be a flat function as the inho-
= mogeneous line profile is much larger than the hole widths.
00 10 20 30 40 50 The homogeneous line shape for a single ion centered at

time (hours) is represented by the normalized functiafy—v'). This
line shape is taken to be Lorentzian for this model. For the
FIG. 3. Persistence of the L1-center spectral hole parametergopulation of ions at a given frequeney the bleaching rate
(a) the peak hole depth anth) the hole area up to 48 h after wj|| be proportional to the incident laser intenslty, the hole
burning. The open circles denote a period where the sample te”burning guantum efficiency, the absorption cross section

perature was uncontrolled and increased up to 5.2 K. From this datg he population of these ion$(»), and the overlap of the
and the temperature dependent studies, one may conclude that thesg ogeneous line shape with theylaser frequen@y— vo)
holes persist at least for several weeks at liquid-helium tempera-rhus o’
tures.

dN(v) B nloN(v)ok(vy—v)
degradation could be observed over 48 h. Attempts to im- dt hvg @

pose an exponential decay curve on the data yield a lower i i
bound on the decay time constant of the order of several/hich yields the solution

weeks.
Hole degradation would be expected to manifest itself in N(»)=No( V)exp{ _ Mook(vo=v) | 3)
two ways. First, simple hole decay, in which photo- hvg

transformed ions resume their original configurations, would ) L . .

be expected to reduce the peak intensity without greatly af- 1€ absorption coefficient is the convolution of this popu-
fecting the hole width, thus reducing the area. Second, sped@tion function with the homogeneous line shape:

tral diffusion effects, where the hole broadens, would in-

crease the width and reduce the peak intensity without a(,,):f N(v' )ox(v' —v)dy’ (4)
changing the hole area. No mechanism for increasing the

hole area at a fixed sample temperature is expected. Singg\y the transmitted intensity can be obtained from Beer's
any hole degradation effects would be expected to reduce g,y |y order to determine the quantum efficiency, the total

peak intensity of the hole, the smoother plot of the hole peakncentration of resonant ions and the transition oscillator
intensity in itself shows that the hole undergoes neither deétrength must be known.

cay nor spectral diffusion, within the uncertainty of measure-

ment, for at least 48 h. _ the resulting burndown curve, numerical simulations were
The persistence of spectral holes in the L2 center wag with the hole burning quantum efficiency and homoge-

tested for 7 h, with a similar lack of degradation. In contrast,,aus linewidth as parameters. The fitted and measured ab-

spectral holes burned in the M1 and M4 absorption "”e%orption coefficient and full width at half maximum

decayed with time constants of 23 s with the sample in th‘i’FWHM) of the hole are plotted as functions of time in Fig.
dark at 1.7 K. 4, with the fit giving homogeneous linewidths of 13 and 16
MHz and quantum efficiencies of810™ % and 2x 102 for
the L1 and L2 centers, respectively. It is clear that the in-
crease of the hole width and the nonexponential hole growth
The quantum efficiency; has been defined as the prob- are fundamental features of any simple model of spectral
ability of an ion being bleached from the absorption profilehole burning where the laser linewidth is narrower than the
once it has absorbed a phottin this case this translates to homogeneous linewidtf The population of centers that

While it is not possible to find an analytical expression for

C. Model for hole burning curves
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FIG. 4. Experimental and calculated burndown curve&bthe
hole depth andb) the hole width of the L1 and L2 center spectral
holes.

Holes burned in the two lines have similar hole-recovery
have a small overlap of their homogeneous line with thefime constants of 23 s at a temperature of 1.7 K. This sug-
laser frequency have a lower effective transition probabilitygests that they may indeed belong to the same center, or at
for absorption at the frequency of the laser and thereforéeast have closely similar ion configurations.
bleach on a longer time scale than those having their homo- Table Il lists the hole burning quantum efficiencies and
geneous line centered at the laser frequency. hole recovery time constants extracted from these fits, using

The close match of the experimental burndown curveghe center concentrations estimated in Sec. Il A. These quan-
with the functional form resulting from this simple model tum efficiencies are estimates only, with large uncertainty
shows that it is not necessary to consider multiple quantunﬁrising from the estimations of center concentrations and os-
efficiencies arising from slightly inequivalent centers. Physi-Cillator strengths. In particular, the apparent discrepancy be-
cally, this implies that the efficiency of the bleaching mecha-tween between the quantum efficiency values found for the
nism described in Sec. IB is not strongly affected by smallM1 and M4 spectroscopic lines does not preclude the possi-
perturbations of the crystal-field interaction. bility that these lines are resonances associated with two

For the M family centers, an additional term needs to becrystal-field components of the excited state of the same
added to represent power-independent refilling of the hole: spectroscopic TR center. However, it is evident that the

Mi centers have higher quantum efficiencies for hole burning

dN(v) oN(v)ok(vg—v) 1 than the L centers. Together with the spontaneous hole re-

a hg +~[No(»)=N(»)], coverability of the M centers, this indicates a much lower
(5) potential barrier for D ion displacement around the P

ion for the M center configurations.
whereNy is the initial (equilibrium) value for the concentra-
tion of resonant ions and the hole recovery time constant.
This will lead to exponential hole decay in the absence of
laser irradiation, and a power-dependent saturation value The temperature dependence of the hole burning process
(equilibrium leve), as in the burndown curves for the M1 was investigated up to 30 K. Holes were burned and read at
and M4 centergFig. 5. Fits to the model outlined above a series of temperatures from 2—30 K, with the laser fluence
yield hole burning quantum efficiencies o&x3072 and 1  for hole burning fixed at 6 mWi/cfnfor 1 min. The widths
X102 for the M1 and M4 centers, respectively. Figure 5(FWHM) of the resulting holes are plotted as a function of
also shows the subsequent recovery of the hole peak, kegmperature in Fig.®), and the hole depth is plotted against
continuing to measure the laser transmission with a 100-folavidth in Fig. 6b). As expected, holes burned at higher tem-
reduction in laser intensity. A filter originally placed in front peratures are broader, due to phonon-induced dephasing, and
of the photomultiplier tube was also removed at this time, sare therefore shallower. The solid curve in gradphrepre-
that the detected signal would be of a similar magnitudesents hole depth and width calculated using the model of

D. Temperature dependence
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FIG. 6. Temperature dependence of L1-center spectral hole FIG. 7. Recovery ofa) the hole depth an¢b) the inverse of the
burning. Spectral holes were burned and read with the sample maitole width of L1-center spectral holes, after cycling the sample to
tained at the stated temperatures.hole width increase with tem- elevated temperatures. The similar functional forms show that the
perature andb) hole depth dependence on hole width. The solidhole area is conserved for cycling up to at least 70 K.
line in (b) is from simulation, where the hole widths were taken as
input parameters. temperatures. In this experiment, holes were burned with the

sample at 2 K, then the sample temperature was raised to the

Sec. IIC, with the homogeneous linewidth the only variedspecified intermediate value and held there for 10 min, then
parameter. The measured decrease in hole depth matchegooled 6 2 K before being remeasured. Some variation in
closely the expected behavior arising from homogeneous linghe time at the elevated temperature arose as a consequence
broadening. The product of width and depth approximatesf the time taken to achieve the temperature ramp, which
the hole strength, and for fixed burn parameters this increasegried from 2—20 min depending on the temperature differ-
with temperature. This is not due to increased quantum effience. The resulting changes in hole depth and widtha
ciency, but rather is due simply to a higher rate of absorptioteciprocal scale are plotted in Fig. ®). There is some

for cases where the hole depth is shallower. broadening of the holes, and with this broadening matching

The homogeneous line broadening can be modeled as bgye decreasing hole depth, the area of the hole is conserved
ing caused by a single phonon annihilation process, whergifter cycling up to at least 70 K, as depicted in Fign)7For
the phonon energy is resonant with a transition amongycling to higher temperatures, the holes broaden to such an
crystal-field states within either the ground or excited mani-extent that they cannot be measured accurately for the burn
fold of the Tn?" ion. The probability of such a phonon parameters used. This broadening most likely arises from
being absorbed is proportional to the phonon occupatioihermal relaxation of the D and Cak lattice ion positions.
number, and the temperature dependence of this mechanisthese results show that thermally induced relocation of the
for the homogeneous linewidth is D~ ions is inhibited up to at least 70 K, an important result
. " for situations in which occasional sample heating may occur.
F(T)=r(0)+—exp(——w). ©6)

T kT F. Estimate of barrier heights
The dashed line in Fig.(6) represents a fit to this model, We can place a lower limit on the barrier heightfor the
giving a phonon energy of 4010 cmi 1. This does not D~ ion relocalization of the L1 center by considering the
match the known 96 cmt splitting in the *Hg ground  thermal barrier hopping rate to be given by the Arrhenius
state?? however the splitting of théH, excited state is not relation
known and could account for the observed hole broadening.
R=Qqexp —W/KT), )

E. Temperature cycling where (), is the attempt frequency. The fraction of centers

An important hole burning parameter for device applica-that have not reverted to their original configuration after the
tions is the recoverability of the hole after cycling to elevatedhold timet,, is given by
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f=exp —Rt,). (8) under temperature cycling to at least 70 K, with the con-

served hole areas demonstrating that reverse processes are

Thes_e relations give a strong thrgshold for thermal barriehot significant up to such temperatures. From this we esti-
hopping at the temperature at whi€k-0.5. If we takeQo  mate 3 lower limit on the D displacement barrier potential

=2x10" Hz as a typical attempt frequency correspondingyt 1800 cmr L. Broadening of the holes with cycling is at-
to the ~700 cm * energy of the D vibrational modest,  ipyted to thermally induced relaxation of neighboring ion
=600 s for the hold time at each elevated temperature, angysitions. Assuming that this is the important mechanism for

the lower-limit threshold temPleratqre_ of 70 K, we estimate &,qje relaxation, one may realistically expect very long per-
barrier height ofW=1800 cm ~. This is in good agreement gjstence at low temperature.

with values that have been determined for the analogous cen- A second family of centers, the iMcenters, have hole

ters in Cap:Pr™:D” using broadband fluorescence burning quantum efficiencies approximately an order of

bleaching?” magnitude higher than the lcenters, and spectral holes that

We can also estimate the barrier heights of the M1 angjecay with a time constant of approximately 23 s at 1.7 K
M4 centers. At a fixed temperatureRUs the lifetime of the giving an estimated D displacement barrier potential of
hole, measured to be 23 s at 1.7 K in Sec. Il C. If we take thig cyi-1. The hole-reversal processes responsible for this
same value of, as above, then we estimate a barrier heightyecay also give a power-dependent saturation level for the
of W=40 cm ! for the Mi centers, a factor of 50 smaller hole depth.

than for the i centers. This is consistent with thel Menters Hole widths measured for shallow holes varied from 18 to
having greater hole burning quantum efficiencies than the L4 MHz among the centers studied, and are possibly limited
centers. by instantaneous spectral diffusion effects from the ibn
vibrations. The L1 center appears to be the prime candidate
lll. CONCLUSIONS for hole burning applications as it has the highest absorption
coefficient of the hole burning centers, has the narrowest

compensated by multiple Dions in Cak:Tm*" has been holes, and has immeasurably small changes in hole width or

shown to yield long-term persistence for one family of cen-2'ca OVer a perlo_d O.f at least 48 h. In part|cu!a_1r, we are
ters. No measurable decay was observed over 48 h for the Lelxplorlng the application of laser frequency stabilization by

. L reference to a spectral hole, and the L1 center of
center, with a similar result for the L2 center measured Ove?an'Tm“'D* is being used as a test bed for these reasons
7 h. Transmission-peak and hole-width burndown curves fo d d ¢ .th i gb'l't f diode | t the 798 ’
these centers were found to follow the behavior predicted b nd due 10 he avallability ot diode fasers at the nm
a simple model in which all resonant centers have the sam avelength.
hole burning quantum efficiency, and no reverse processes
are allowed. Nonexponential decay, hole broadening with
increasing burn time, and non-Lorentzian-shaped deep holes Research at Montana State University was supported in
are all features that arise naturally within this model. Thepart by U. S. Air Force Office of Scientific Research Grant
hole burning quantum efficiency in the L1 and L2 centers isNos. F49620-96-1-0466 and F49620-98-0171. The crystal
~ 103, For applications requiring hole stability during long sample was grown and prepared under the guidance of Dr.
reading cycles, such as laser frequency references, this lo@lynn D. Jones at the University of Canterbury,
efficiency is desirable. The L1 and L2 centers are robusChristchurch, New Zealand.

Spectral hole burning in the Tt centers that are charge
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