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Nanosecond dynamics of a gallium mirror’s light-induced reflectivity change
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Transient pump-probe optical reflectivity measurements of the nano- to microsecond dynamics of a fully
reversible, light-induced, surface-assisted metallization of gallium interfaced with silica are reported. The
metallization leads to a considerable increase in the interface’s reflectivity when solida-gallium is on the verge
of melting. The reflectivity change was found to be a cumulative effect that grows with light intensity and pulse
duration. The reflectivity relaxes back to that ofa-gallium when the excitation is withdrawn in a time that
increases critically at gallium’s melting point. It is shown that thermal processes cannot account for the effect
and so a mechanism based on a nonthermal light-induced structural phase transition is proposed.
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The search for materials with large optical nonlinearit
or that show a marked response to low-power optical exc
tion, as required for applications such as all-optical swit
ing, has concentrated on media whose optical electrons
hibit a highly anharmonic response; most notab
semiconductors, which exploit free excitonic and near-ba
gap effects, and organic materials with weakly bound el
trons. Here we report on a study of a novel type of revers
optical response associated with a surface-assisted, l
induced transition between structural phases with sign
cantly different optical properties. One can illustrate this ty
of reversible response to optical stimulation by consider
an ice cube at a temperature just below the bulk melt
point. A skin of water develops on the ice because the ene
of a water/air interface is lower than that of one between
and air. This is known as premelting. The delicate bala
between water and ice may be shifted very easily, for
ample by heating with light, thus inducing a change in t
water skin depth. Water and ice have similar optical prop
ties but if they were different, such an excitation would le
to a change in the sample’s reflectivity and transmissi
Recently we found that gallium confined at an interface w
silica exhibits this type of response via light-assisted surf
metallization.1 This transformation engages only a fe
atomic layers but leads to a very considerable change in
tical properties. In this paper we report on the transient
namic characteristics of the response, measured with n
second time resolution at various excitation intensities
interface temperatures, and we propose a microsc
mechanism for the observed behavior.

We investigated gallium/silica interfaces formed by i
serting a freshly cleaved single-mode optical fiber, with
mode radius ofr 054 mm, into an initially molten bead~;1
mm diameter! of 6N purity gallium ~see the inset to Fig. 1!.
The gallium was then frozen to form a mirror at the end
the fiber. The bead’s temperature was controlled to a no
nal precision of 0.01 °C. We studied the interface’s respo
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using pump-probe techniques: pump light, at 1536 nm, w
used to modify the interface’s reflectivity whilst it was bein
continuously measured with a much weaker probe beam
1550 nm. The pump and probe were generated
distributed-feedback laser diodes with the pump radiat
subsequently amplified by an erbium-doped fiber ampli
and modulated with an acousto-optic modulator. The ove
frequency bandwidth of the probe detection system was
MHz. Figure 1 shows the dependence of the interface’s
flectivity on temperature around gallium’s melting point
both the ‘‘ground’’ ~no pump beam present! and ‘‘excited’’
regimes. In the absence of pump light a significant a
abrupt reflectivity change is seen at the melting and solid

FIG. 1. Interface reflectivity as a function of temperatureT rela-
tive to gallium’s melting pointTm as measured by the probe bea
in the absence of a pump beam~s! and in the presence of a 5-mW
cw pump beam~j!. The inset shows a schematic of the gallium
silica interface.
©2001 The American Physical Society07-1
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cation points. Supercooling is clearly seen, resulting in
well-defined hysteresis curve. On heating, a small reflecti
increase can be seen just below the bulk melting point in
cating the presence of premelting at the interface. Appli
tion of a cw pump beam modifies the hysteresis curve, m
ing the melting transition far less abrupt. Considera
reflectivity changes~.30%! were induced by only a few
milliwatts of laser power and were fully reversible. We stu
ied the reflectivity change’s dynamics by initiating it wit
nanosecond pump pulses of varying peak power and d
tion. These transient measurements show the reflectiv
fast response to optical excitation. Recent measurements
formed with a femtosecond laser reveal that the intrinsic
sponse time can be just a few picoseconds.19 @see Fig. 2~a!#.
Importantly, the reflectivity starts to increaseimmediatelyaf-
ter commencement of the pump pulse@see the inset to Fig
2~a!#. For the range of pump pulse parameters available
our experiment the effect accumulates with time and
creases with laser power. The peak response for various
citation levels is presented as a function of temperature
Fig. 2~b!. These data show that the effect is much more p
nounced at temperatures just below the melting point of g

FIG. 2. ~a! Dynamics of the reflectivity change after excitatio
with 100-ns pump pulses~dashed line! of varying peak power, at a
temperatureT524 °C. The inset shows dynamics near the risi
edge of the pump pulse with an enlarged time scale.~b! Amplitude
of the induced reflectivity change as a function of temperaturT
relative to gallium’s melting temperatureTm for a range of peak
pump powers.
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lium and disappears completely above the melting point.
mediately after termination of the pump pulse the reflectiv
level begins to recover to the initial level. The effect is ful
repeatable andperfectly reproduciblefor at least 105 pulses.
The recovery time is relatively slow~ns to ms! and, impor-
tantly, temperature dependent. Figure 3 presents induce
flectivity change recovery time as a function of temperatu
This graph shows the remarkably accurate proportionality
the recovery timet to (Tm2T)21, indicating a ‘‘critical’’
enhancement of the effect: the closer the sample tempera
is to the melting point, the longer the relaxation time. Fo
given temperature the relaxation time steadily increases w
pump pulse energy density~see the inset to Fig. 3!.

The laser-induced reflectivity change can be explained
conversion ofa-gallium ~the normal crystalline form at room
temperature and pressure! to a new, more metallic, more re
flective phase. This new phase could be molten~liquid! gal-
lium or a highly reflective crystalline phase. We begin
assuming that such a conversion is the result of laser-indu
thermal melting. To evaluate the temperature change du
laser heating we solved the three-dimensional heat prop
tion problem in the time domain using a method based
Green’s function.2 Our heat propagation model described t
experimental conditions very closely—accurately account
for the geometry of the experiment and the materials’ th
mal characteristics. The incident radiation is absorbed wit
the optical skin depth,a21, which in gallium is only;38
nm at a wavelength of 1.55mm. The reflectivity of the
a-gallium/silica interface was taken to be 60%.a-gallium
manifests considerable anisotropy in its thermal conduc
ity. It was established recently that gallium dimers in t
liquid phase tend to be oriented perpendicular to
interface.3 Therefore, we expect that after solidification th
orientation would prevail near the interface. This expectat
is supported by our measurements of interface reflecti
levels for the solid phase. In the direction perpendicular
the interface the thermal conductivity is lc
515.9 W m21 K21 and in the plane of the interface it is an
isotropic with principal coefficientsla541 W m21 K21 and
lb588 W m21 K21.4 All of these parameters were used
our calculations. Using this model we were able to calcula

FIG. 3. Induced reflectivity change recovery timet as a function
of temperatureT relative to gallium’s melting temperatureTm for
different pump pulse durations at a peak pump powerP570 mW.
Inset: induced reflectivity change recovery timet as a function of
energy density for different temperatures of the gallium drop.
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for a given initial sample temperature, the optical power le
els and laser pulse durations at which the melting temp
ture is reached~see Fig. 4!. Since we neglected the therm
conductivity of the optical fiber, the values shown are up
estimates of the temperature increase. The assumption
thermal melting causes the reflectivity increase is clearly
conflict with our experimental observations~Figs. 2 and 3!.
For example, with an initial temperature of 24 °C we wou
have seen no reflectivity change at powers below 14 m
even with 100-ns pulses~the longest used in our exper
ments! and at higher power levels the reflectivity would on
begin to change after a delay during which the interface
heated to the melting temperature and the latent heat of m
ing is accumulated. In contrast, we see reflectivity change
intensities below 14 mW and we see in all cases that
change starts as soon as the pump pulse starts. Therefor
laser-induced thermal melting mechanism does not exp
the reflectivity behavior observed experimentally.

Let us now suppose that another hypothetical nonmel
mechanism exists wherein reflectivity depends on interf
temperature~which changes due to laser heating! but does
not involve a change in the phase of gallium. Reflectiv
would then relax as temperature relaxes. According to
calculations, this would happen within approximately 60
following a 100-ns pulse~see the inset to Fig. 4!. Impor-
tantly, this relaxation time would beindependentof the ther-
mostat temperature or laser power level. In contrast, our
periments show that the relaxation time is a strong funct
of the excitation level@see Fig. 2~a!# and background tem
perature ~see Fig. 3!. This leads us to conclude that
temperature-dependent mechanism that does not invol
change in the structural phase of gallium at the interfac
also not possible. There must therefore be another me
nism behind the reflectivity increase, wherebya-gallium is
converted into a different phase.

FIG. 4. Duration and peak power of the optical excitation pu
necessary to achieve gallium’s melting temperature~29.8 °C! at
the interface for different initial temperatures (T0

522 °C,24 °C,26 °C,28 °C) of the gallium drop. Inset: dynamics
the interface temperature increase due to 100-ns excitation puls
14- and 6-mW peak power (T0<24.3 °C).
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Here we propose such a mechanism involving a nonth
mal light-induced transition froma-gallium to a phase tha
only becomes stable in the presence of light. This proc
naturallyrestricts energy dissipation into the bulk, confining
it to the optical skin deptha21. The light-matter interaction
is thus confined within a volumepr 0

2a2151.9310218m3.
The equilibrium energy difference betweena-gallium and
the metastable metallic phases is of the order
31022 eV/atom (1.3310220J/atom) ~Ref. 5! and so to
transform this volume, which contains 14.231010 atoms, to
the metallic phase, a total energy of 2 nJ is needed. Com
ing this with the 5–10 nJ typically absorbed from the lig
pulse in our experiments confirms that the energy bala
allows such a transition. The metastable phase could
quasi-liquid or amorphous gallium, or one of several ‘‘m
tallic’’ crystalline phases of the metal, which is known for i
polymorphism.6–11

We believe that the light-induced transition is made p
sible by the unique structure ofa-gallium in which molecu-
lar and metallic properties coexist—some interatomic bo
are strong covalent bonds, forming well-defined Ga2 dimers
~molecules!, and the rest are metallic.5,7,12Absorption results
in highly localized excitation of the dimers from the bondin
to the antibonding state, reducing the stability of the s
rounding crystalline cell.a-gallium subsequently undergoe
a transition to a new configuration~crystalline or disordered!,
creating a microscopic inclusion of the new phase with
achieving the melting temperature. The rapid increase in
flectivity, which follows excitation, is then a result of th
increased density of the metallic phase in the skin layer. I
not quite clear yet whether, within the duration of the ex
tation pulse, the metallic phase inclusions form a we
defined metallic layer at the interface that grows during
pulse. If this is the case, the increase in the velocity of
a-gallium/metallic-gallium interface upon approaching t
melting point explains why the light-induced effect increas
with temperature towards the melting point as shown in F
2~b!. It should be noted that this scenario of light-induc
metallic film formation was recently found to be a very a
curate model for the behavior of a gallium/silica interfa
subjected to cw excitation.13

When the excitation is withdrawn, the metallic phase b
comes metastable and recrystallizes back to thea phase.
Correspondingly, the reflectivity is restored to its initi
value. The reflectivity relaxation time is a function of th
growth velocityv r of the a-gallium phase~i.e., the rate at
which energy is released due to solidification! and the rate of
thermal diffusion. Under the conditions used in our expe
ments, the former is dominant because the character
thermal diffusion time is shorter than the recrystallizati
time. The growth velocity depends on temperature:v r
5g(12T/Tm), whereg is a function of the recrystallization
mechanism.14,15 The recovery timet5d/v r therefore in-
creases critically on approachingTm . One thus expects
longer recovery times for larger induced reflectivity chang
i.e., thicker metallized layers, at a fixed temperature, an
slowing of the response at fixed optical excitation strength
the temperature is increased towardsa-gallium’s melting
point. All of these features have been seen in our exp
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ments, in particular, the recovery time increases as;1/(Tm
2T) ~see Fig. 3!. Our data are not, however, sufficient
conclude that the metastable phase is liquid. Indeed, it
been suggested thata-gallium melting is in fact a continuou
transition through several of the crystalline phases that
energetically very close5 and therefore, the metastable pha
could be one of these.

The light-induced transition in gallium is different from
those observed in semiconductors such as Si and GaAs~see
Ref. 16 for a review! and recently in Al.17 To achieve non-
thermal effects in these materials high-intensity femtosec
optical excitation is needed. In crystalline silicon, for i
stance, all of the bonds are covalent and so its specific
thalpy of melting is 8–10 times higher than that
a-gallium. Furthermore, the above-band-gap absorp
depth in Si is 20–70 times greater than in gallium. Imp
tantly, in silicon and GaAs the result of optical excitation
N.
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highly delocalized and the phase transition occurs thro
plasma-induced instability in the acoustic phonon mod
typically on a subpicosecond time scale. In gallium localiz
tion of the excitation is possibly an important factor, whic
could lead to local transformation of the structure. This
lows us to discuss the transition in terms of the much slow
nucleation and growth mechanisms.

In conclusion, the observed response of gallium to l
power optical excitation is of considerable interest for app
cations requiring light-by-light control at low power level
and in particular for photonic switching devices. The rece
demonstration of gallium mirrors as effectiveQ-switching
elements in fiber lasers18 convincingly confirms this point.
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search Council, UK, and Goodfellow Cambridge, Ltd.
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