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The temperature dependence of transient and persistent spectral holes is reported for the?R«tin®&,(
transitions) in 4% chromium(lll) doped NaMgAl(oxalag®H,O. The temperature dependence is well described
by taking into account two pseudolocal vibrations in a weak eleetpdronon coupling model and the direct
process between the twi levels. The persistent spectral hole-burning is based nonghotochemical
mechanism involving mainly a rearrangement of a water molecule of crystallization. The 1.12 GHz width of
the transient hole in the Rine provides a value for the relaxation rate within fitemultiplet, k(R; — Ry)

= 3.5x 1 st at 2.5 K. The observed optical line width 6f= 46 MHz for the R-line at 2.5 K is most

likely dominated by chromium(l1h-chromium(lll) spin-spin interactions. Spectral diffusion on the ms time
scale causepersistentspectral holes to be significantly broader and holewidths of 260 MHz and 1.63 GHz
for the R and R-line, respectively, are observed. Spontaneous hole-filling is thermally activated and spectral
diffusion on the minute time scale is slow in the investigated temperature range-8Q .

1. Introduction TABLE 1: Results of Elemental Analysis

. .. . . . 0, 0, 0,
Optical transitions in condensed phases invariably suffer from Yocalc  %hecalc % calc

0,
inhomogeneous broadening and valuable information regarding Y found 8HO SHO 1070
the electronic structure is obscurkd. Optical transitions are hydrogen 3-2%%65& N 3.34 3.63 3.89
broleadened by thlt_e variation _of Io'gzla_ll flel(;js. Laseg the(fhnk:que_; such carbon 14.'45 '14.'527 14.94 14.40 13.90
as fluorescence line narrowing (FLA\Jnd spectral hole-burnihg 14.4% 1438

can overcome some aspects of this broadening. Subtle details *Ref 18.5Thi ‘ vsi . d by the Mi wiical
can be explored by spectral hole-burning and this technique has . "' -8.° Ihis work; analysis periormed by the Microanalylica
been applied to investigate a wide range of probIéTﬁs. Bmf/grfs-i{;e Research School of Chemistry, The Australian National
Potential applications in optical storage devices prevail to be ’

one of the driving forces behind many hole-burning studies. tigated by Mortenset The space group was reported to be

Although the phenomena of persisteéhtand transiert eitherP3c1 orP3clwith six formula units per unit cell. This is
spectral hole-burning in the solid state were discovered almostin agreement with the findings of EPR measurements: there
30 years ago, the number of crystalline systems for whith are six magnetically inequivalent chromium(lll) sites composed

effects have been reported is limitéd! The present paper  of two sets of three, each set being rotated from the other by
reports on transient and nonphotochemical persistent spectrall7.7about thec axis. Furthermore, it was reported that the
hole-burning in NaMgAl(oxalatg)9H,O:Cr(lll). Nonphoto- distortion from axial symmetry arises through the presence of
chemical hole-burning is a common phenomenon in amorphousone molecule of water of hydration for each [Cr(gX)
solids but rarely observed in crystalline systefid> NPHB complex. Upon removal of this water molecule, the Cr(lll) EPR
can occur upon selective excitation of a subset of chromophoresand the?’Al NMR spectra become axidh241t was postulated
by minute variations of hostguest interactions1617 For that the ease of reversibility of the water removal is due to the
example, the hydrogen bonds between the host and the guespresence of channels within the crystal struciire.
can be rearranged upon photoexcitation leading to a shift of Recently, the crystal structure was redetermined and the space
the transition energy of the selected chromophores. NPHB in group was refined t®3c1.25 On the basis of the space group it
amorphous systems is usually described by the so-called two-was concluded that there are 10 molecules of water of
level systems (TLSs)!617The reported NPHB mechanisms in  crystallization. Elemental analysis has been performed by several
crystalline systems have been assigned to light-induced re-groupst®2land it was found that there aninewater molecules
arrangements of iorng: 15 of crystallization. We have analyzed the NaMgAl(g@H,0
Some early work reported the polarized absorption and System again and our results are compared in Table 1 with the
emission spectra of NaMgAl(0xPH,0:Cr(I11).18-20 These early data published by Piper and Ca#fiThe results are in

studies were complemented by single-crystal BRRd mag- best agreement with the assumptiomife molecules of water
netic susceptibilit? experiments on théA, ground state. The  of crystallization. It_has been noted previously by other
crystal structure originally reported by Fross&ndas reinves-  researchers that thié3cl space group requires a disorder of

the water molecules in the nonahydréteén the basis of the

*To whom correspondence should be addressed. E-mail: h.riesen@ EPR Spectra in comparison with the disordergalfox)s-3H,0
adfa.edu.au. Fax+61 (0)2 6268 80 17. host it was concluded that the NaMgAl(@9H,O system
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assumes th&3cl space group for which no disorder of the
water molecules is required. The present work shows that the
nonahydrate exhibits relatively efficient nonphotochemical hole-
burning. Properties, such as spontaneous hole-filling etc., are
reminiscent of two-level systems (TLSs) encountered in amor-
phous hosts. TLSs in crystals are usually associated with some
disorder.

Luminescence Intensity

2. Experimental Section

NaMgAl(oxalate}-9H,0 and NaMgCr(oxalate)9H,O were
prepared as is described in the literati#@&NaMgAl(oxalate):
9H,0 crystals doped with chromium(lll) were grown by slow
evaporation from aqueous solutions. The effective chromium-
(111 concentration of the crystals used in the present work was
4%, as measured by absorption spectroscopy. A 1.5 mm thick ———-J
crystal was used in the hole-burning experiments.

The samples were cooled by a Janis/Sumitomo SHI-4.5closed %0  6%© 700 70 720 730 740 750
cycle refrigerator capable of reaching 2.5 K. The crystals were _ Wavelengi nm
mounted on a sapphire window using heat conductive greaseF'gure 1. Nonselectively excited Iumlnescenc_e spectrum of NaMgAl-
(Cry-con). (oxalate}-9H,O:Cr (1) at 2.5 K. The 2.5-K luminescence and absorp-

. . . tion spectra in the region of théE — “A, electronic origins are
Luminescence spectra were excited by the 514.5-nm liné of ¢ompared in insea. Insetb illustrates the temperature dependence of
an Ar' laser (Spectra PhYSICS Stabilite 2017) and the collected the luminescence in the same region.
emission was dispersed by a monochromator (Spex 1704)
equipped with a 1200 grooves/mm holographic grating. Con-
ventional transmission spectra were measured by passing white
light through a 694-nm interference filter with a 10-nm bandwith
and analyzing the transmitted light with the monochromator.

Spectral holes were measured in transmission by using a
single-frequency laser diode (Hitachi HL6738MG). The tem-
perature and current of the laser diode was stabilized and
controlled by a Thorlabs LDC500 laser diode driver and a
Thorlabs TEC2000 temperature controller in conjunction with
a Thorlabs TCLDM9 thermoelectric laser mount. The laser diode
had to be operated at 580 °C to reach the wavelength of the
R-lines. The frequency of the laser was scanned by modulating
the current. The modulating waveform was generated by a
Stanford SRS DS345 synthesized function generator. In the
transient hole-burning experiments, the current, and hence the
wavelength, of the laser diode was kept constant for a particular
period of time (10Q:s —1ms). The current was then modulated
by a triangle ramp. The laser diode used in the present
experiments could be continuously scanned ov4® GHz. The I ' ' !
effective line width of the laser was 50 10 MHz as measured 6921 692.4
by a scanning confocal Fabry-@¢ interferometer (Coherent Wavelength / nm
Model 240 spectrum analyzer with a free spectral range of 1.5 Figure 2. Resonant FLN spectrum of the-fne of NaMgAl(oxalatey
GHz). 9H20.:(.3r(lll) at 2.5 K and the. agsomated energy level diagram. The

The light was detected by a cooled RCA31034C photomul- gﬂiﬁf&?ﬂﬁ%?éﬁ. asterisk is due to excitation energy transfer as
tiplier and the photocurrent was converted by a Products-for-

Research Model PSA preamplifier. The signal was processed
by a lock-in amplifier (EG&G 5210) or a digital storage
oscilloscope (Tektronix TDS210).

Ry
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luminescence spectrum. The intensity of theliRe is propor-
tional to the pseudo-Boltzmann population of the ugeievel.
The 2E splitting is 20 cm! and is the result of spirorbit
coupling and the trigonal and rhombic ligand field contributions.
Figure 2 illustrates a 2.5-K resonant FLN experiment in the
Figure 1 presents the nonselectively excited luminescenceR;-line of NaMgAl(oxalatey-9H,O:Cr(lll). The line width is
spectrum of NaMgAl(oxalatg)9H,O:Cr(lll) at 2.5 K. In inset limited by the instrumental resolution of the monochromator.
a of Figure 1, the absorption and luminescence spectra areA typical three-line pattern is observed because the chromium-
compared. The Rline in luminescence is slightly shifted to  (lll) centers can have the;R:3/2) or the R(+1/2) transition
the red in comparison with the absorption spectrum. This shift (originating from the+3/2 or the41/2 spin components of the
is indicative of the presence of some excitation energy transfer “A, ground state, respectively) in resonance with the laser light.
which can be caused by the reabsorption of emitted photonsLuminescence occurs to both Kramers doublets leading to the
(radiative process) or a nonradiative mechanism. It is most likely observation of a central resonant line and two equally spaced
that both mechanisms contribute since the chromium(lll) sidelines. The spacing is given by the zero field splitting (zfs)
concentration in the present experiments is relatively high (4%). of the A, ground state. The observed zfs value of £®.1
Insetb of Figure 1 shows the temperature dependence of thecm™ is in agreement with results of EPR and magnetic

3. Results and Discussion
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Figure 3. Typical transient spectral hole-burning experiment in the
Ri-line of NaMgAl(oxalatey-9H,O:Cr(lll) at 2.5 K. The voltage ramp,
used to modulate the current, is shown in the upper trace. k&

mV ramp provides a current modulation-80.5 mA which corresponds

to a frequency scan of2.5 GHz. In the example shown the current

of the laser was kept constant at about 76 mA for 0.5 ms; subsequently
a triangular ramp was applied in 0.5 ms. The hole was burnt at 692.3
nm with 1 mW of laser light. The hole-burning spectrum is the average
of 640 scans.

susceptibility experimentd:22 From the latter experiment, it
followed that thet3/2 Kramers doublet is theery ground state.
From the EPR experiments zfs parameterof= 0.7786 cnt
and |[E| = 0.0306 cm! were derived. These parameters are
defined by the effective spin Hamiltonian of tH&, ground
state as is given by eq 1

H=D[S+ S(S+ 1]+ ES’ - §)

The nonzero value oE implies the presence of a lower-
symmetry ligand field.

The transition marked with an asterisk in the inset of Figure
2 is due to excitation energy transfer. Centers that have the R
(+3/2) transition in resonance with the laser can emit resonantly
via the R(£3/2)-line or nonresonantly via the;&1/2)-line.

The latter transition can coincide with the(R3/2)-line of other
chromophores within the inhomogeneous distribution providing
a pathway for radiative or nonradiative excitation energy
transfer. These centers can reemit at the same wavelength o
by the R(41/2)-line, shifted to lower energy by tHé, zfs of

1.6 cnt? (transition marked by an asterisk).

A typical transient hole-burning (THB) spectrum is shown
in Figure 3. The current of the laser diode, and hence the
wavelength, is kept constant for a particular time; subsequently
it is scanned by applying an external voltage ramp to the laser
diode controller. The+10 mV triangle ramp in Figure 3
translates to a current variation #0.5 mA which corresponds
to a frequency scan 6f2.5 GHz. To verify the transient nature
of the holes we have also performed experiments where the
burn period (constant current) is followed by several scans. This
is illustrated in Figure 4 where the hole depth is compared with
the single-exponentiaH exp(—t/T1) which describes the decay
of the excited state with a lifetime @, = 0.90 ms. We notice
that the holes decaglightly faster than predicted by the decay
curve. This indicates thaionradiative excitation energy transfer
to chromophores with different transition energies occurs in the
lifetime of the excited state.

@)
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Figure 4. lllustration of the transient nature of a 5% deep spectral
hole burnt into the Rline of NaMgAl(oxalatey-9H,O:Cr(lll) at 2.5 K

and 692.4 nm. The waveform generator provides multiple scans; the
hole is read out 5 times at intervals of 206 after a burn period of
330us. The dashed line is the calculated decay curwrbdxp(—t/T,),

with T; = 0.9 ms. The hole-burning spectrum is the average of 640
scans.
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Figure 5. Shallow AOD = 1%) transient spectral hole in the-Rne

of NaMgAl(oxalate)-9H,O:Cr(lll) at 2.5 K. The solid line is a
Lorentzian with a widti™ = 180 MHz. The hole-burning spectrum is
the average of 1280 scans.

with a width of ~90 MHz at 2.5 K.

1—‘hole ~ 2rh + \/Erlaser (2)
The temperature dependence of the transient spectral hole is
summarized in Figure 6. The data in this figure were collected
under ideal conditions that is to say short burn (280 and
delay time (20Qus).

Neglecting power broadening the line width of an electronic

The observed width depends both on the depth and the delaytransition is given by eq 3

time of the readout of the hole. Figure 5 shows a very shallow
hole (~1% change in optical density). Correcting for the laser
line width, I'jaser= 50 MHz, using eq 2 we could observe holes

®3)
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T T T T T T T T wheren(AE) = 1/[exp(AE/kgT) — 1] with AE = 20 cnTt.

I Second, the contribution by the two-phonon Raman scattering
41 - process can become dominant at higher temperatures. When
/ the quadratic electrerphonon coupling is weak the contribution
to the holewidth (line width) by this process can be described
by the perturbative expressioRd®6

R.
9.45 GHz

<4“—>
—————

0 20 40 60 80100
Time/us

w
|

Traman [ p(@)N()[N(w) + 1]dw (6)

where p(w) is the weighted density of phonon states. If the
Debye approximation is used for the density of phonon states
in eq 6, the famou3” temperature dependence for the Raman
process result¥). The density of phonon states can also be
approximately determined by the intensikft), of vibrational
sidelines in the luminescence spectrum by using €q 7

Holewidth/GHz
N
T

l(w) O % )

-

oE="-"-r" L1 H

0 5 10 15 20 25 30 35 h lar f ) d relati he el .
e angular frequency is measured relative to the electronic
Temperature/K origin. g quency
Figure 6. Temperature dependence of the width of a transient spectral ~ The [Cr(oxalatej]®~ anion is a distinct unit in the present
hole burnt into the Rline of NaMgAl(oxalate3-9H,0:Cr(lll) at 692.22 system. Hence, the vibrations which couple to the electronic
t”m' .Thet bhurln abnd ic‘fmt t'TheS gere Zﬁgiﬁ‘é The '”?{ﬁt Sh?;’t"s da states of the molecular anion are best described as pseudolocal.
ransient hoje bumt 1nto the zane 4 o M with a fitte If the frequency and lifetime of the pseudolocal modes in the

Lorentzian [ = 1.19 GHz). The dashed line is the contribution to the . . . . -
R, holewidth by the direct process as calculated from thadkewidth, ground electronic state are given byi andzi, respectively,

Tarect = 1.120(20 cnt?). The dash-dot line shows the temperature ~ and their productoiwei > 1 eq 6 can be approximated ¥y
dependence predicted by the silime= I'o + Tgirect + ['ramanUSing €q 6

for I'raman@nd the solid line is the calculated sum using eq 8i@¥nan T ~ S .af(oINa(w) + 1 8
The experimental data has been corrected for the laser line width of Raman z'a' (@o)[N(@o) + 1] ®)
50 MHz. .
whereg; are coupling constants.
where the effective dephasing timfe is determined by the In Figure 6, the holewidth data is analyzed by eq 9
lifetime of the excited statéel;, and the pure dephasing time
To*. (M= Lot girect T I'raman )
11,1 4) employing either eq 6 or 8 for the Raman teilfpis the residual
T, 2T, T,* holewidth for temperatures approaching 0 K; it can contain both

homogeneous and heterogeneous contribufidns.
The pure dephasing time is strongly temperature dependent. In |t appears that the temperature dependence is not well
the present system we have to consider two contributions to described when the integral eq 6 is applied. However, a very
the holewidth of the Rline. First, the direct process to the upper good approximation is obtained by taking into account two
’E level is thermally activated. To calculate this contribution pseudolocal phonons for the Raman term given by eq 8 with
we have performed transient spectral hole-burning experimentsexperimentally determined frequencies of 33.3 and 52.3'cm
on the R transition. A transient spectral hole in this higher- and fitted coupling constants af = 3.2 anda, = 14.9.
energy transition is illustrated in the inset of Figure 6. The  Nonsymmetric low-frequency vibrations of the [Cr(oxalgfe)
holewidth of 1.12 GHz at 2.5 K (corrected for the 50 MHz laser molecular anion may substantially alter the trigonal and/or
line width) directly measures the lifetime of the, Rvel. To rhombic ligand field. Consequently, it can be expected that such
our knowledge this is the first report of transient hole burning modes may be very effective in dephasing the electronic wave
in the R-line of a chromium(lll) system. At 2.5 K, pure functions. If eq 6 is used in conjunction with an effective density
dephasing is relatively slow and the dominant contribution to of phonon states as determined from the vibrational sidelines
the holewidth of the Rline is by the direct process reflected in  in the luminescence spectrum the contribution by these low
T;. By using eq 3 we then evalua®(R;) = 284 ps. This energy modes may be underestimated.
lifetime lies somewhere between the reported values for ruby A relatively high chromium(lll) concentration of 4%-@ 101°
(~1 ns) and [Rh(bpy](PFe)3:Cr(lll) (~3 ps)?":?This can be  [Cr(ox)s]3 /cm®) was used in the present experiments. We have
expected since tHé splitting in the three systems is comparable recently measured spectral holes in th¢4RL/2) transition of
but the density of phonon states at-28D cnT! increases in  a 0.5% crystal using a pseudo-external cavity laser and found
the order AJOs:Cr(lll) < NaMgAl(oxalate}9H,O:Cr(lll) < a holewidth of ~20 MHz at 2.5 K in zero field” This
[Rh(bpy)](PFe)3:Cr(lll). The direct process from the,Ro the concentration dependence indicates that the residual holewidth
Rz level requires the absorption, and hence the presence, of 20n the present sample ofy = 93 MHz is governed by
cm™! phonons. Thus, the temperature dependence of its chromium(lil)—chromium(lll) spin-spin interactiondé38To a
contribution to the line width can be calculated by using eq 5 lesser extent superhyperfine interactions with 4t nuclear
spin, | = 5/2, of the surrounding [Al(oxalatgf~ complexes
1 N(AE) (5) and the proton spin of the water molecules may also contribute

FjieclR) = ———=—
direct ™1 27aT,(R,) to the line width3’
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Figure 7. Persistent spectral hole burnt into thelRe of NaMgAl- 2.5 K. The samples were exposed to the same burn fluence.

(oxalate)-9H,O:Cr(lll) at 2.5 K. The hole was burnt with 1 mW of
692.24 nm laser light for 20 min and subsequently measured with a
delay of 30 s and 1140 min. The initial hole depth wak%.
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N

We note here that the direct process betweenttB& and
+1/2 spin components of théA, ground state will also
contribute to the (residual) holewidth. In a Debye approximation
of the density of phonon states this process is expected to be
~2000 times slower than the;,R> Ry relaxation and thus this
contribution is of the order of magnitude of 0.5 MHz.

The R transition of NaMgAl(oxalate)9H,O:Cr(l11) exhibits
persistent spectral hole-burning. This is illustrated in Figure 7
which shows an~1% deep spectral hole burnt into the lihe
at 692.24 nm for 20 min at 2.5 K. The hole was measured 30 257 0 267
s and 1140 min after the burn period. Taking into account the Frequency / GHz
50 MHz laser line widthI'iases the hole widths['hoe, are 260 Figure 9. Temperature dependence of a persistent spectral hole burnt
+ 20 MHz and 280t 20 MHz. The hole broadening over this into the R-line of NaMgAl(oxalate)-9H,0:Cr(lll) at 692.25 nm and
extended period of time has an order of magnitude of only 20 2.5 K.

MHz. Consequently, spectral diffusion is not significant on the
minute time scale in the present system. The hole area is reduce
by about 15 % after the 1140 min period implying that
spontaneous hole filling is rather slow at this temperature,
however, it is thermally activated. For example, if a hole is
initially burnt at 2.5 K and subsequently the sample temperature
is cycled to 30 K for 600 s, only 30% of the original hole area
remains at 2.5 K; raising the temperature to 45 K for 120 s
reduces the hole area to 8%; if the temperature is raised to 60
K the hole is completely erased in a few seconds. The
temperature dependence of the spontaneous hole-filling is
symptomatic of TLSs in a crystal.

The holes can also be erased by exciting the sample into the
4T, < #A; transition with 50 mW of 514.5 nm Arlight for a
few seconds. This,_ together with the erasure (.)f holes at el_evatg After each measurement the temperature was lowered back to
temperatures, indicates that the hole-burning mechanism is

nonphotochemical. Support for this assignment stems from the2'5 K and the hole was remeasured. The 2.5-K-holewidth
observation that the integrated absorbance of the R-lines isremalned constant after e_ach temperature c_ycl_e r_md he_nce
invariant to multiple hole-burning. Furthermore, the system spec_;tral d_n‘fusmn on the minute time scale_ls |nS|gn|f|cant in
exhibits no photochemistry upon iaser excitatioﬁ into 4he the investigated temperature range. Upon increasing the tem-
transition. Thus, the “photoproduct” lies within the inhomoge- perature, th(_e spectral hole broadens and sh_|fts to the red. The
NEOUS diétributién same experiment was performed on a persistent spectral hole

L : . burnt into the R-line. Some representative spectra are shown

A variation of some hydrogen bond between crystalline water in Figure 10.

nmoor:eﬁlcj)ltischiﬁictglehé)l)éilaiﬁilrllga:lgihljniasnl*:k?l'lc))lir?\;gs"t} g{et?ﬁis In the weak coupling limit the temperature-dependent shift
P 9 ' 9 of the electronic origin by two-phonon Raman processes can

possibility we have burnt a spectral hole into theliRe of the - . oo
NaMgAl(ox)s*8H,0:Cr(lll) system. Previous work has shown be described by the perturbative expressioh10
that the ¥ water molecule in NaMgAl(0x)9H,0O can be ©
reversibly removed at 98C without causing significant OEramanl) [, p(w)R(w)dw (10)
variations in the optical or macroscopic qualities of the

crystal?1-2440lt has been suggested that the water molecule can When the Debye approximation is employed in eq 10 for the
move in to and out of the crystal through some channels within density of phonon states the widely reporfEdtemperature

3

ll) )
\f
|

sl b bogalagalagalagalegal

%he structuré? Upon the removal of the water molecule #te
splitting collapses from 20 cm to ~3 cnm! and the R-line
shifts to 690.8 n® We have burnt holes in the nona- and
octahydrate under the same conditions as is illustrated in Figure
8. It appears that the hole-burning efficiency is drastically
reduced by the removal of one water molecule. Thus, the
efficient nonphotochemical hole-burning observed for the non-
ahydrate is most likely caused by hydrogen-bonding of the water
molecule with the oxalate ligand.

The temperature dependence of a persistent spectral hole burnt
into the R-line of NaMgAl(oxalate}-9H,O:Cr(lll) at 2.5 K is
illustrated in Figure 9. The hole was burnt with 1 mW of 692.25
Opm laser light for 20 min and the initial hole depth wa%.
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Figure 10. Temperature dependence of a persistent spectral hole burnt
into the R-line of NaMgAl(oxalatey-9H,O:Cr(lll) at 691.45 nm and
25 K.
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Figure 11. Summary of the temperature dependence of the width of
persistent spectral holes burnt into the &d R-lines of NaMgAl-
(oxalate}-9H,O:Cr(lll) at 1.5 K. The solid lines were calculated by
using eq 9 where the Raman term was approximated by eq 8 with the
parameterg; = 33.3 cnT?, w, = 52.3 cn?; &y = 2.6,a, = 12.9 for

R; anda; = 2.5,a, = 12.4 for R. Data were corrected for the laser
line width.

dependence is predictéd Again, if we restrict the model to
pseudolocal modes eq 10 simplifiesto

6ERaman= zbiﬁi(w) (11)

In Figures 11 and 12 we have analyzed the temperature

dependence of persistent spectral holes in the R-lines by using

the eqs 5-11. In the analysis of the temperature dependence of
the width, the ratio ofa;/a, was kept at a value of 0.21 as
determined in the transient spectral hole-burning experiments.
For the R line, the contribution to the width by the direct

process is given by eq 12 because this process involves the

emission of a phonon and hence is possibl& a 0 K

1
— 12
27 Tl( RZ) ( )

LgirecdR) = [N(w) + 1]

Lewis and Riesen
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Figure 12. Summary of the temperature dependence of the shift of
persistent spectral holes burnt into the @®ull circles) and R (full
triangles) lines of NaMgAl(oxalatePH,O:Cr(lll) at 2.5 K. The dashed

line has been calculated by using eq 10 with a density of phonon states
determined from the vibrational sidelines in the luminescence spectrum.
The solid line has been calculated by using eq 11 with= 33.3 cn1?,

wy, = 52.3 le, by = 7.7, b, = 81.3.

The fitted values for the coupling parameters are reasonably
close to the ones obtained in the transient hole-burning
experiment. Furthermore, within the standard deviation, they
are the same for both R-lines. The determined residual hole-
widths T'g(R1)) = 260 MHz andTy(R;) = 1.63 GHz are
significantly larger than in the transient hole-burning experi-
ments for both lines. The two experiments are performed on
theus-ms and minute time scale, respectively. Spectral diffusion
is a likely cause for the larger widths of the persistent holes.
To measure the broadening of the hole by spectral diffusion
various burn periods and lengths of the triangle ramp were
applied in thetransienthole-burning experiments. The transient
spectral hole shows a broadening of 3010 MHz from 0.2
ms (burn and read time) to 1.2 ms (30 GHz/s). This result has
to be compared with the spectral diffusion observed in the
persistent holes of3 x 1074 MHz/s on the minute time scale.
It is obvious that spectral diffusion is much slower at long times
and the behavior can be described by a logarithmic law.
However, more data points between 1 md ars are needed to
assign any particular function to the time behavior. It is possible
that the spectral diffusion on thes—ms time scale is governed
by electronic (and nuclear) spin-flips whereas the long time
behavior may be associated with TLSs of the water molecules
responsible for the hole-burning mechanism.

4. Conclusions

By using transient and persistent spectral hole-burning in the
%E < 4A, transitions of NaMgAl(0x)-9H,0:Cr(lll) we have
been able to demonstrate that pseudolocal vibrations are mainly
responsible for the temperature dependence of the dephasing
of the %E levels and their energy shift. The residual line width
of 46 MHz is dominated by chromium(lHychromium(lll)
electron spir-spin interactions but may also contain contribu-
tions by superhyperfine interactions with tHal and H nuclear
spins. This is currently the subject of investigation by the
application of external magnetic fields.

The NaMgAl(ox}-9H,O:Cr(lll) system exhibits nonphoto-
chemical hole-burning, a rare phenomenon in crystalline
systems. The hole-burning mechanism appears to be based on
the rearrangement of some water molecule of hydration. It seems
likely that many other inorganic systems, containing water
molecules of crystallization, may exhibit persistent nonphoto-
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chemical hole-burning in electronic transitions. This may enable
the chemist to optimize the hole-burning efficiency by tailoring
compounds. We note here that the present work is related to
the elegant infrared hole-burning studies of water molecules in
Tutton salts*!

Spontaneous hole-filling in NaMgAl(oxPH,O:Cr(lll) is
thermally activated and spectral diffusion on the minute time
scale is relatively slow in the investigated temperature range of
2.5-30 K.

The present study shows that there is a great potential for
the application of inexpensive laser diodes in the spectroscopy
of coordination compounds. For example, due to the inherent
properties of diode lasers it is possible to measure very shallow
holes with extremely good signal-to-noise ratios. Furthermore,
the wavelength of laser diodes can be rapidly scanned, enabllng
elegant transient hole-burning studies.
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