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Space-selective valence state manipulation of transition metal ions inside
glasses by a femtosecond laser
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We report the observation of space-selective oxidation of Mn21 to Mn31 in a transparent and
colorless Mn and Fe ions codoped silicate glass at room temperature by using an
800-nm-femtosecond laser. Difference absorption spectrum of the glass after and before the
irradiation of the focused infrared femtosecond pulsed laser showed that a portion of Mn21 ions
near the focused part of the laser beam inside the glass were oxidized to Mn31 ions after the laser
irradiation. Mn31 ions were stable at the temperatures below 300 °C. It is suggested that Mn21 ions
act as hole trapping centers while Fe31 ions as well as active sites in the glass matrix act as electron
trapping centers. A promising application was demonstrated for the fabrication of three-dimensional
colored image inside a transparent material. ©2001 American Institute of Physics.
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Materials with three dimensionally modulated micr
structures has potential applications in optical field.1,2 Up to
now, there have been much investigation on the thr
dimensional microfabrication.3–5 Braun and Witzius have
successfully fabricated three-dimensional structures of se
conductors by template-directed electrochemical depositi3

Cumpstonet al. have succeeded in the fabrication of micr
optical elements with two-photon photopolymerization.4 Ho-
lographic lithography has been used to fabricate thr
dimensional photonic crystals, which have periodic
dielectric structures and can manipulate light in much
same way that a superconductor manipulates electrons.5

It is well known that laser light can be pulsed and f
cused to a spot of wavelength order. Ultrashort pulsed la
has been used as a powerful tool to clarify elementary p
cesses, such as excitation-energy relaxation and both ele
and proton transfer on nanosecond and picosecond
scales, that occur in a micrometer-sized area.6,7 Ultrashort
pulsed laser can also be used to make microscopic modi
tions to transparent materials. The reason for using this l
is that its electric field intensity can reach 100 TW/cm2,
which is sufficient for inducing nonlinear optical effects
materials by use of a focusing lens, when the pulse widt
100 fs and the pulse energy is 1mJ. The photoinduced reac
tion is expected to occur only near the focused part of
laser beam due to nonlinear optical processes.

Up to now, there have been a lot of studies on the
croscopic modifications in transparent materials by us
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femtosecond lasers.8–14 Various induced structures can b
produced by using pulsed laser operating at the nonreso
wavelength with pulse widths of the order of femtosecon
colored lines due to the formation of color center, refract
index spot due to densification and defect formation, mic
void due to remelting and shock wave, microcrack due
destructive breakdown, etc.14 Composite structures were als
observed after the focused femtosecond laser irradiatio14

Promising applications using these phenomena have
been demonstrated for three-dimensional optical memory
tegrated optical circuit, and optical display.8–14

In this letter, we report the observation of space selec
valence state manipulation of transition metal ions in tra
parent materials. We observed space selective, persi
photo-oxidation of Mn21 to Mn31 in a silicate glass by fo-
cusing 120 fs laser pulses from a regeneratively amplified
sapphire laser through a microscope objective lens. Abs
tion and electron spin resonance spectra were measure
the glass before and after the femtosecond laser irradia
The mechanism of the phenomenon is also discussed.

Glass composition of the Mn and Fe ions codop
silicate glass sample used in this study w
0.05Fe2O3•0.1MnO•70SiO2•10CaO•20Na2O~mol %). Re-
gent grade SiO2 , CaCO3, Na2CO3, Fe2O3, and MnO were
used as starting materials. An;40 g batch was mixed, and
placed into a platinum crucible. Melting was carried out
an electronic furnace at 1550 °C for 1 h under the ambien
atmosphere. Glass sample was obtained by quenching
melt to room temperature. The glass sample thus obta
was transparent and colorless. The glass sample was
polished, and subjected to experiments.
il:
7 © 2001 American Institute of Physics
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A regeneratively amplified 800-nm-Ti sapphire laser th
emits 120 fs, 1 kHz, mode-locked pulses was used for
study. The laser beam with an average power of 400 m
was focused by a 103 objective lens with a numerical ape
ture of 0.30 on the interior of the glass sample with the h
of an XYZ stage. The spot size~diameter! of the laser beam
was estimated to be 10mm.

Absorption spectra of the glass samples were meas
by a spectrophotometer~JASCO V-570!. Electron spin reso-
nance~ESR! measurements were carried out atX-band fre-
quency ~9.8 GHz! by an ESR spectrophotometer~JEOL-
FE3X!. The microwave power, time constant, modulati
amplitude, and sweep time was 1 mW, 0.03 s, 13100, and 4
cm/min, respectively. All of the experiments were carried o
at room temperature.

Figure 1 shows the image of the spots after irradiation
the focused infrared femtosecond laser on each spot for
s ~i.e., 16 pulses!. A 4 mm spot was formed in the focuse
area of the laser beam in the Mn and Fe ions codoped g
sample. In addition, a purple colored area with diameter
about 30mm was observed around the spot. The length of
induced structure along the axis of the laser beam was a
1.5 mm via the observation of optical microscope. To m
sure the absorption spectrum of the glass sample after
laser irradiation, we wrote a ‘‘damaged’’ plane of 3.033.0
mm2 inside the glass sample, which consisted of ‘‘damage
lines at an interval of 10mm by scanning the laser beam at
rate of 1 mm/s. The distance of the plane from the surfac
the glass sample was about 0.5 mm.

Figure 2 shows the absorption spectra of the gl

FIG. 1. Image of induced spots in the Mn and Fe ions codoped silicate g
after focused 800 nm femtosecond laser for 1/63 s on each spot. Dis
between adjacent spots is 50mm.

FIG. 2. Absorption spectra of the Mn and Fe ions codoped silicate g
before~a! and after~b! the femtosecond laser irradiation. The inset sho
the difference spectrum between absorption of the glass sample afte
before the femtosecond laser irradiation.
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sample before~a! and after~b! the femtosecond laser irradia
tion. No apparent absorption was observed for the unirra
ated glass sample in the wavelength region from 400 to 1
nm, while there was an apparent increase in the absorb
in the wavelength region from 300 to 1000 nm in the irra
ated region. The inset of the Fig. 2 shows the differen
absorption spectrum of the glass sample after and before
femtosecond laser irradiation. A peak ranging from 400
800 nm, peaking at 520 nm was observed. This peak ca
ascribed to the absorption of Mn31 ions.15,16 In addition, a
peak was observed at 320 nm, which can be assigned to
absorption of hole-trapped centers as observed in the x
irradiated silicate glasses.17

Figure 3 shows the absorption spectra of the femtos
ond laser-irradiated glass sample annealed at various
peratures for 1 h. No apparent decrease was observed i
laser-induced absorption at temperature below 300 °C.
did not observe any variation for the absorption of the
duced Mn31 ions at room temperature even after one mon
Therefore, the induced Mn31 ions are thermally stable.

Figure 4 shows the electron spin resonance spectra o
glass sample before and after the femtosecond laser irra
tion at room temperature. The spectrum of unirradiated g
exhibits a resolved hyperfine structures of six lines spr
over a range of about 500 G in width centered at 3350
~splitting coefficientg;2.0!. The spectrum showed a patte
similar to those observed for various glasses contain
Mn21 ions.18 The low resolution of the hyperfine lines is du
to the dipolar broadening. In Fig. 1, no apparent absorpt
due to Mn31 was observed in unirradiated glass. Therefo
most of Mn ions are present as divalent state in glass. T
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ss
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FIG. 3. Absorption spectra of the irradiated Mn and Fe ions codoped sili
glass annealed at various temperatures for 1 h.

FIG. 4. Electron spin resonance spectra of the Mn and Fe ions codo
silicate glass before~a! and after~b! the femtosecond laser irradiation.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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new signals atg of 2.010 and 2.000 were observed in t
glass sample after irradiation. The signals can be assigne
hole-trapped centers in the glass matrix.19

From the above results, a part of Mn21 was oxidized to
Mn31 after the femtosecond laser irradiation. Mn and
codoped silicate glass sample has no absorption in the w
length region near 800 nm. Therefore, photo-oxidation
Mn21 to Mn31 should be a nonlinear optical process. W
suggest that multiphoton absorption be one of the mec
nism of the observed phenomenon.20 Free electrons are gen
erated by the multiphoton absorption of the incident pho
and consequent avalanche ionization. Mn21 captures a hole
to form Mn31, while Fe31 as well as active sites in glas
matrix may act as electron trapping centers, resulting in
formation of Mn31. However, the length of the induce
structure~1.5 mm! is far longer than that of the Rayleig
length of the focused beam~200 mm!. Therefore, other
mechanisms also should be taken into consideration. S
the power density is larger than 1012 W/cm2, nonlinear re-
fractive index largely contributes to the refractive index
the glass during the laser irradiation. The refractive ind
increases when the intensity of the laser increases and
focusing of the laser beam occurs. On the other hand, for
tion of electron plasma due to electric field, causes a
crease in the real part of the refractive index and indu
self-defocusing of the beam. The balance between the
focusing due to the increase of refractive index and s
defocusing due to the plasma formation results in a phen
enon called self-trapping or filamentation.21 In the filaments,
white light supercontinuum containing Stokes and an
Stokes wave is generated due to self-phase modulation.
single or two-photon absorption of short wavelength com
nent of the white light supercontinuum causes photoion
tion of transition ions as well as glass matrix, leading to
formation of Mn31. We confirmed that the length of th
induced structure was directly proportional to the square r
of the average power of the laser beam. If we assume tha
length of the induced structure is directly proportional to t
length of the filament, the result is in good agreement w
the theory of Zverevet al.22 Therefore, filamentation due t
the balance of self-focusing arose from an increase in ref

FIG. 5. Image of a butterfly in purple color written inside the glass using
femtosecond laser.
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tive index and self-defocusing arose from plasma format
which takes an important role in the oxidation of Mn21 to
Mn31. The trap levels of defect centers may be deep, t
resulting in the stable Mn31 at room temperature. The struc
tural difference among the cross section of the induced st
ture may result from the high temperature and high press
at the center part due to the strong plasma formation,
ionization of transition metal ion as well as glass matrix d
to the multiphoton absorption of the incident laser and sin
or two photonabsorption of the white light supercontinuu

In summary, we have observed persistent pho
oxidation of Mn21 to Mn31 in a silicate glass by a focuse
infrared femtosecond pulsed laser at room temperat
Mn21 is suggested to act as hole trapping centers w
Fe31, active sites in glass matrix act as an electron trapp
center. White light supercontinuum takes an important role
the formation of Mn31. Since the focused area becom
purple after the laser irradiation, it is possible to write
three-dimensional colored image inside the transparent
colorless glass as shown in Fig. 5. Since the length of
induced structure is directly proportional to the square r
of the average power of the laser beam, it is possible
control the longitudinal spreading of the oxidation area fro
several hundred nanometers to several millimeters by se
ing the proper irradiation condition. This method should a
be useful for the space-selective valence state manipula
of other transition metal ions inside transparent materi
Therefore, the present technique will be useful in the fab
cation of three-dimensional colored industrial art object, o
tical memory, and micro-optical devices.
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