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Spectral hole burning and excited electrons in S -doped ALO,-SiO, glasses
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Persistent spectral hole burning in the: f transition and changes in tie~d transition spectra upon laser
irradiation were investigated in Sindoped ALO;-SiO, glasses prepared by a sol-gel process. The hole was
burned in the’Fy— 5D, line of Sn?* ions using a DCM dye laser at 77 K and the dependence of the burning
efficiency on laser power and burning time was measured. The hole depth increased with increasing laser
irradiation time, reaching up te- 12% of the total intensity within a few hundred seconds. Neither an antihole
around the burned hole nor a change in the fluorescence line narrowing spectrum were observed after hole
burning. The hole depth linearly increased with increasing the incident laser power-~up W/mn?, indi-
cating a single-photon hole-burning process. On the other hand, laser irradiation with a wavelength correspond-
ing to the energy of the #— 41°5d transition resulted in a decrease of both the absorption and fluorescence
intensities but no formation of a hole. It was concluded that the electrons excited irf6d kevel were
further excited into the conduction band of the host matrix by a two-photon absorption process and then
captured in the trapping cent¢50163-18207)02025-7

I. INTRODUCTION have been limited to the fluoride and borate glasses. New
glass compositions, if available, are expected to elucidate the
Recently, persistent spectral hole burnif@SHB has mechanism of hole burning. We doped the “Snions in
been observed at room temperature for thetransitions of ~ aluminosilicate glasses using the sol-gel process. The sol-gel
Sttt ion-doped fluoride single crystals® This room-  technique can be used to advantage in preparing glasses with
temperature PSHB is a significant scientific breakthrough foRigh purity and high homogeneity at lower temperatures than
the development of new optical memory devices. Many hosthat required in the melting method. The obtained glasses,
materials have been prepared to develop materials dopd@Ntly Pink colored, exhibit high transparency compared

with Sm?* ions. Among them, glasses are considered to bé(vith fluoride and borate glasses, which is favorable for
more favorable than single crystals, because of their Widétudylng the optical properties mvolymg hole burning. .
In this paper, we report hole-burning measurements in the

e et s o, oo s ooFo2Dg I of Sri fonsat 77 € and changes i e
P 9 prep gpectra upon laser irradiation to thle—d transition in

m.eltmgt thle ra\(/jv mz;tebrlal tu nd:ar a regucmdg a.i?fssﬁ%ﬁ_?ie' Al,05-Si0, glasses. Fluorescence line narrowing spectra are
Irao €t al. produced borate glasses doped wi compared before and after hole burning to find?Srions

+
In contrast, recently, we have SUCCGSSfu'%g;ePare& SM responsible for the hole formation. The behavior of electrons
ion-doped silicate glasses by a sol-gel method. Since the oy cited in the 455d level is also investigated using absorp-

silicate glasses surpass fluoride and borate glasses in cherﬂbn, fluorescence, and photoconductivity measurements.
cal durability, it thus becomes possible to extend the study

beyond the limitations of these fluoride and borate glasses.
Room-temperature PSHB is observed in the excitation
spectra when detecting the fluorescence of tBg— 'F,, Snt*-containing aluminosilicate glasses were prepared
transition of SMA™. A possible mechanism for hole burning by the sol-gel method using ®C,Hs),, Al(OC4Hg)s, and
in this system is the photoionization of $minto Sn¥* by ~ SmCk-6H,0. S(OC;Hs), was first hydrolyzed with a solu-
laser irradiation, although experimental evidence for this igion of H,0O, C;HsOH, and HCI, followed by a reaction with
lacking. The question where the electrons produced by thél(OC4Hy); to form an alkoxide complex of Si and Al ions.
ionization are captured still remains unknown. WinnackerAfter adding SmCJ-6H,0 dissolved in GHsOH, the alkox-
et al. asserted that the electrons are trapped in th&'Sams  ide solution was further hydrolyzed with a mixture of®
based on an experiment involving photon-gated hole burning,HsOH, and HCI, and then kept at room temperature for 2
in a Snf":BaCIF crystal' On the other hand, it has been weeks to form a stiff gel. The gel was heated in air at 500 °C
reported that hole burning occurs without gating light. for 1 h. The glass was cut into a 00X 2 mm block and
Hirao et al® and Kuritaet al!? measured hole burning using the 10< 10 mm surfaces were polished with fine Gg@w-
fluoride and borate glasses doped with’Srand considered ders. The glass composition is 188%-90Si0, (in mol %)
that Sn?* is not the main trap for electrons. The search forcontaining nominally 5 wt % Sp®;. The glass heated in air
hole burning in Srfif-doped glasses is necessary for both theshowed optical properties characteristic of the3Srions,
understanding of the mechanism of hole burning and thée., sharp absorption peaks at 345, 360, 375, and 406 nm and
development of new materials with the properties requiredroad fluorescence bands around 550, 600, and 650 nm, all
for optical memory devices. To date, experimental studie®f which are assigned to tHef transitions of the SAT ions.

IIl. EXPERIMENT
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To reduce the SAT ions to Sm*, the glass was heated at A
800 °C under flowing Hgas. A detailed explanation of the
glass preparation is given elsewhéte!’ When heated in Conduction band of host
H,, the glass became faintly pink, indicating the formation of As—————>Trap
the Snf" ions. )

The optical absorption spectra were measured with a
spectrometefJasco, U-best 50 A hole was burned in the 30000
'Fo—°Dy line near 14640cm by a cw Ar-
laser-pumped DCM dye las¢€oherent CR599, bandwidth
of ~1cm?! full width at half maximum(FWHM)]. The
burning-fluence density was changed from 0.15 to
8 W/mn?. The hole spectra were recorded by scanning the
laser from 14 380 to 14 810 crh while monitoring the fluo-
rescence of theD,— 'F, transition at 13 790 cmt. The
laser power for reading the hole was attenuated by ND filters
to less than 0.1% of that for burning.

A fluorescence line narrowingFLN) spectral measure-
ment was performed using the Ataser-pumped DCM dye
laser. The fluorescence intensity was measured at 77 K with
a chopper that alternately opened the optical paths before and
after the sample. The chopping frequency was 150 Hz. The
fluorescence wavelength was selected using a Jobin Yvon 32
cm monochromator. Valence band of host

Photoconductivity measurements were made using block-
ing electrodes. The transparent ITO electrodes were coated g 1. Energy-level diagram of the $fnion doped in
on the 10<10 mm surfaces, where the Adon laser was  101,0,-90Si0, glass. The energy gap of the host glass is esti-
passed through the water filter to avoid any heat effect on th@yated from the optical absorption spectrum. The trapping of elec-

sample. The current was measured at an applied 5-V dc withions via the conduction band proceeds through a two-photon ab-
a vibrating reed electrometer which was sensitive tosorption process.

1076 A.

» Trap

Energy (cm)

10000

°D level into the ground'F; states. Based on these experi-
mental results, the energy-level diagram of the?Srions
. RESULTS doped in ALO5-SiO, glasses is schematically drawn in Fig.
1. The 4°5d has a broadband originating at
_ _ . ~16100 cm? (620 nm, which is higher by about
Heating the glass in Hgas reduces the Sfhions to 1460 cni than the®Dy level at 14 640 cr! (683 nm). The

trum ranging from 620 to 300 nm with a peak at 350 nm a”dobserving the hole burning.

a shoulder around 500 nm. The Shion has a 4° configu-
ration, which is the same as that of the®Eion. The lowest
and first excited states of thef% configuration are’F and
°D, respectively. In view of this configuration, the absorp-  Hole burning was observed on the excitation spectrum of
tion spectrum of the Sfi ions is expected to resemble that the ’F,— 5D, transition. Figure 2 shows typical excitation
of the EG&* ion. However, no absorption from tHfef tran-  and FLN spectra of the glass before and after hole burning at
sition of the 4° configuration was observed. The broadband77 K. A hole was burned by irradiating with a DCM dye
can be assigned to thef%—4f55d transition of the SH™  laser with a power of 1 W/mfnat 14 640 cm* for 10 min.
ions and its separation into the 350 ard00 nm bands is A hole is clearly observed in the excitation spectrum after
due to the degeneration of thel ®rbital. The %l orbital of  burning. The hole widtiFWHM) and depth are 5 ciit and
the excited-state configuration is crystal-field-split into two ~12%, respectively. We found that the hole width increased
degenerates; and t,; components. The magnitude of the with increasing burning temperature; it wasl5 cm ! at
crystal-field splitting of the two levels in our glass was cal- room temperature. The excitation profile represents an inho-
culated to be~8500 cm ! based on the position of the two mogeneous line shape with a width of 80 chiFWHM. This
separate peaks. large width is due to the random structure of the glass and is
In the fluorescence spectrum using the 406-nm excitatiomuch broader than that observed in cry$taad fluoride
wavelength of a Xe lamp, three lines were observed at 683jlasses,but is comparable to borate glassédhe inhomo-
~700, and 725 nm in the visible region, which are attributedgeneous width did not change after burning, and was almost
to the 5Do—>7Fj (i=0.1,2) transitions, respectively, of the independent of temperature up to room temperature.
Snt* ions. No radiative transition from thef25d level was The FLN spectra, measured at 77 K under the
observed. These results indicate that the fluorescence of tHet 640-cm* excitation energy of the DCM dye laser, show
Sntt ions is associated with the non-radiativetwo groups of bands in the wave-number ranges
4f55d—°D,, relaxation and the radiative transition from the 14 500—14 100 cm* and 14 000—13 600 crt due to the

A. f—f transition of the Sm?* ions

B. Hole burning
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FIG. 2. Excitation and fluorescence spectra, measured at 77 K 0l
of Sn?*-doped glass befor@otted ling and after(solid line) hole 300 400 Wavelengst(l:o (m) 600 700
burning with a DCM dye laser at 14 640 ¢t Burning power and
time are 1 W/mrh and 10 min, respectively. The excitation spec- . .
trum was obtained by monitoring theD,— 'F, fluorescence at FJG' 4. Optical absorption spectra, measured at 77 K, of
13790 cm!. The fluorescence spectrum was obtained usingSrnz -doped glass beforilotted ling and after(solid line) iradia-
14 640 cni* excitation energy of the DCM dye laser. tion using the 488-nm line of an Arlaser for 10 min. The inset

shows the difference before and after irradiation.
°Do—'F; and °Dy—'F, transitions, respectively. In the . 5 . L _
wave-number range of theD ,— ’F, transition, which theo- 4f°—4f>5d transition of Sm". Figure 4 shows the optical
retically consists of five Stark components, only two broad@bsorption spectra before and after irradiation. The sharp
incompletely resolved bands are seen. On the other han§@nds peaking at 360, 375, and 406 nm are due to the exis-

3 + . . - .
three distinct peaks due to the Stark splitting of fifg state t€nce of the ST ions which remain unreduced. The differ-
appear in the wave-number range from 14500 to€nce spectrum before and after irradiation, shown in the inset

14100 cm®. Compared with the FLN spectrum before of Fig. 4, indicates that the laser irradiation causes a decrease

burning, it is evident that the fluorescence intensity de" the intensities of theey and tpg components of the &

creases, but no change in the shape of the spectrum is Olg_vels of the 455d. ponfiguration. The decrease in intensity
served after burning. Figure 3 shows the hole depth deperfr!t a_selectlve position such as 488 nm was not observed.
dence on time during burning at 77 K. The hole depth, which Figure 5 Sh.OWS .th.e fluorescence spectra change before
is normalized to the excitation intensity before burning at theand after laser irradiation. The 337 nm of albser was used

burning wavelength, increases with burning time up to abou{or excitation. It is evident that the intensities of the lines due
129% within a few hl'mdred seconds to the °Dy— F; transitions decreased after irradiation. In

contrast, a small but positive fluorescence change was ob-
C. 46—, 4554 transition of the Sm?* ions se_r\{ed fror_n 18 000 to 23 000 crh upon irradiation. Th_e
o . n origin of this fluorescence is unknown at the present time.
The glass was irradiated using the "Aion laser at |nstead of the Bllaser, which is not effective for the excita-
488-nm wavelength corresponding to the energy of thejon of Sn#*, the 406-nm wavelength of a Xe lamp was used
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FIG. 3. Hole depth burned as a function of burning time. The FIG. 5. Change in fluorescence, measured at 77 K upon irradia-
hole was burned using 14 640 cfhexcitation energy of the DCM  tion with the 488-nm line of an Ar ion laser with a power of
dye laser with a power of 1 W/mimThe depth was normalized to 1 W/mn? for 3 min. The inset shows an enlargement of this change
the excitation intensity before burning. for clarity.
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FIG. 7. Hole depth burned as a function of burning power. A
FIG. 6. Fluorescence intensities at 14 640 and 21 050'@aa  IN€ is drawn as a guide for the eye.

function of time during irradiation and after stopping the irradiation. .
selected wavelength in the FLN spectrum but only a decrease

for the excitation to examine the changes in the fluorescend® the whole line after burning. No anti-hole was observed
spectra of the SAT ions. However, even under excitation around the burned hole. These results imply that thé*sm
with a 406-nm wavelength, the intensities of the fluorescencéS aré not the main trap for the released electrons.
bands due to the St ions did not change following irra- The hole depth is related to the number of electrons cap-
diation. tured in the trap. The hole was burned using the DCM dye
The fluorescence intensities in the two wavelength relaser with a power of 0.15-5 Winfmat 77 K, the depth of
gions of 18000-23000 and 13 000—15 000 ¢mwere which is plotted in Fig. 7 as a function of burning power. It
measured under the Ar laser irradiation. Figure 6 shows thi$ €vident that the hole depth linearly :)ncreas\(/a\;/ with the
fluorescence intensities at 14 640 and 21 050 tas a func-  POWer of the laser, and reaches about 12% at 1 WinTris
tion of time under irradiation and after stopping the irradia-/inéar dependence of the depth on power strongly suggests
tion. The intensity at 14 640 cm decreased to a constant that hole burning in this system is a smgle-photon Process
value within a few hundred seconds. After stopping the irra.Put N0t & two-photon process as shown in the? Suoped
diation, the intensity increased but did not reach the initial@/ide single crystals. In this one-photon process, the elec-
intensity, even after a long period. On the other hand, thdrons, which are excited into theD, level, nonradiatively

behavior of the fluorescence at 21 050 ¢rwas reversed. ~ MOVe into the trapping center without being excited into up-
per levels. The hole-burning time shown in Fig. 3 is consid-

ered to correspond to the time required for trapping the elec-
trons through the nonradiative decay pathway. This time is
A. f-f transition of Sm?* and spectral hole burning as long as a few hundred seconds for the present glass. How-
ever, the driving force for pumping the electrons into the
trapping center is still unknown at the present time.

IV. DISCUSSION

As shown in Fig. 2, the hole of the $iions is observed
in the excitation spectrum of théF,—°D, transition, the
depth of which is saturated at about 12% after about 10-min
irradiation. This hole-burning behavior is similar to that ob-
served in crystals and other fluoride and borate glasses con- At energies higher than théD, level there are broad
taining Snf* ions. One possible mechanism of hole burningabsorption bands arising from transitions to tHéstl states
is the photoionization of the St; Sm?*—SnP"+e~.  (see Fig. 1 The 4f°5d configuration has a wide distribution
However, at the present time, it is unknown where the rein energy and overlaps with thef%levels and the conduc-
leased electrons are captured. Winnackeérl. observed tion band of the host. Therefore, although this level is not
photon-gated hole burning in a $mBaCIF crystal and directly related with hole burning, it is important to study the
claimed that the electrons are trapped by theé”'Sians# In  behavior of electrons excited into the*d configuration
this system, the pumping electrons move back and forth befor a better understanding of the hole-burning mechanism. In
tween Sm* and SmM" in the hole-burning and erasing pro- this section, the behavior of electrons excited into the
cess. The question whether the ¥nions act as a trap for 4f°5d level is investigated based on measurements of the
electrons still remains unanswered. In the glass structurgbsorption, fluorescence, and photoconductivity.

Sn?* and Smi" ions are located in more random sites than  Upon irradiation using the 488-nm line of an Alaser, a

in crystals. According to this idea, when the released elecdecrease was observed in both the absorption intensities of
trons are captured on Smlocated at different sites than the the Eq4 andT,4 components in the #5d configuration(see
burned S ions, a change due to the reduction of 3m Fig. 4) and the fluorescence intensities of ﬁ[eo—>7Fj tran-

ions should be detected in the optical spectra, because easttions (see Fig. 5. The fluorescence in the wavelength re-
Sm ion has a different environment. However, as shown irgion of 15 000—12 500 citt shown in Fig. 5 is due to the
Fig. 2, we found no significant change in intensity at thetransition from the’D,, level, in which electrons excited into

B. Electron transition in the 4f°5d level
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FIG. 8. Change in photocurrent under irradiation using the FIG. 9. Photoc_urrent at the maximum value as a function of
488-nm line of an AF ion laser with a power of 0.%solid circleg  laser power. The line drawn has a slope of about 2.2.

and 1(open circles W/mnt. with n=2.2. The experimental value=2.2 is close to an

n=2 exponent in the power-law behavior, indicating that the

the 4f°5d level are nonradiatively relaxed, and the decreasumping of electrons to the conduction band proceeds
in intensity is associated with the decrease in the relaxatiothrough a two-photon absorption process. As shown in Fig.
probability of the 4°5d— 5D, transition. This means that 1, we concluded that this two-photon process could happen
the electrons which are not relaxed into th®, level are  from theE, level of the 4 °5d configuration. Excitation by
captured by some trapping center. One possible pathway f&P% Ar laser pumps electrons from the ground state to the
the released electrons is the conduction band. The broa%i‘c 5d level, followed by promoting them to the conduction
4155d band may overlap with the conduction band of the and by ?bsorb'”g one more photon, .and électrons are then
host matrix. A photoconductivity measurement is useful tocaptured n the_ trap. Hc_)wever, pumping of these electrons
detect the interaction of electrons between tlié54l level, QOes not result n f_ormatlon of hole l_Jurnlng such as observed
the conduction band, and the othef®4levels. Figure 8 in the f—f transition. Hole vacancies produced by the_ re-
shows a typical experimental result indicating the photocur—rnc’\/":;I 2f5eléactro?s are 'compensated by other electrons in the
rent dependence on laser irradiation time. The photocurrerlﬁroa >d configuration.
rapidly increases within a few seconds, and then gradually
decreases over a few hundred seconds. The appearance of
photoconductivity means that the electrons are excited into In this paper, the behavior of electrons excited into the
the conduction band of the host matrix. Furthermore, the —f and f—d transitons of Sri" ions doped in
gradual decrease in the photocurrent after approaching th&l,0O5-SiO, glasses prepared by the sol-gel process was dis-
maximum value strongly suggests that the electrons in theussed as a consequence of PSHB, FLN, and photoconduc-
conduction band are captured in a trapping center. The timgvity measurements. We concluded that spectral hole burn-
required for the completion of the photocurrent is almost théng proceeds as a single-photon process, and electrons
same as that for the decrease in fluorescence intensity akcited into the’D, level move nonradiatively into the trap-
14 640 cm* (Fig. 6). ping center within a few hundred seconds without being ex-

Figure 9 shows the relationship between the maximuntited into upper levels. On the other hand, electrons excited
photocurrent), and the incident laser powe?, at 488 nm. into the 4f°5d level are captured in the trapping center via
This result can be fitted to a power-law behavibs P", the conduction band by absorbing a second photon.

V. CONCLUSIONS
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