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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 wherwsmgéiium 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 The reflectivity relaxes back to that @fgallium when the excitation is withdrawn in a time that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 nonlinearitiesusing pump-probe techniques: pump light, at 1536 nm, was
or that show a marked response to low-power optical excitatsed to modify the interface’s reflectivity whilst it was being
tion, as required for applications such as all-optical switch-continuously measured with a much weaker probe beam, at
ing, has concentrated on media whose optical electrons e4550 nm. The pump and probe were generated by
hibit a highly anharmonic response; most notablydistributed-feedback laser diodes with the pump radiation
semiconductors, which exploit free excitonic and near-bandsubsequently amplified by an erbium-doped fiber amplifier
gap eﬁ’ectS, and Organic materials with Weak|y bound e|ecand modulated Wlth an acousto-optic modulator. The overall
trons. Here we report on a study of a novel type of reversibldreéguency bandwidth of the probe detection system was 125
optical response associated with a surface-assisted, lightfHz. Figure 1 shows the dependence of the interface’s re-
induced transition between structural phases with signififl€ctivity on temperature around gallium’s melting point in
cantly different optical properties. One can illustrate this typePoth the “ground” (no pump beam presgrand “excited”
of reversible response to optical stimulation by considering®dimes. In the absence of pump light a significant and
an ice cube at a temperature just below the bulk meltingtPrupt reflectivity change is seen at the melting and solidifi-
point. A skin of water develops on the ice because the energy 90
of a water/air interface is lower than that of one between ice A
and air. This is known as premelting. The delicate balance 85 - Probe i Pump
between water and ice may be shifted very easily, for ex- A=1.55um {| 1 =1.536um
ample by heating with light, thus inducing a change in the 80 1 o

water skin depth. Water and ice have similar optical proper- g 75 4 oo oo c

ties but if they were different, such an excitation would lead _ : S

to a change in the sample’s reflectivity and transmission. 5 70 | galium :";ggsce ::3 2
Recently we found that gallium confined at an interface with "g 65 - * =l =
silica exhibits this type of response via light-assisted surface % 3 2
metallization® This transformation engages only a few X g0 A

atomic layers but leads to a very considerable change in op-
tical properties. In this paper we report on the transient dy- 55 1
namic characteristics of the response, measured with nano- 50 -
second time resolution at various excitation intensities and
interface temperatures, and we propose a microscopic 45 T T T T T T

mechanism for the observed behavior. -12 -10 -8 -6 -4 -2 0 2
We investigated gallium/silica interfaces formed by in- T-T

serting a freshly cleaved single-mode optical fiber, with a m

mode radius of y=4 um, into an initially molten bead~1 FIG. 1. Interface reflectivity as a function of temperatlinela-

mm diametey of 6N purity gallium (see the inset to Fig.)1 tive to gallium’s melting poinfT,, as measured by the probe beam
The gallium was then frozen to form a mirror at the end ofin the absence of a pump bedf) and in the presence of a 5-mwW
the fiber. The bead’s temperature was controlled to a nomiew pump bearr(M). The inset shows a schematic of the gallium/
nal precision of 0.01 °C. We studied the interface’s responssilica interface.
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Time delay relative to rising edge of pump pulse, ps FIG. 3. Induced reflectivity change recovery timas a function

of temperatureT relative to gallium’s melting temperatufg,, for
different pump pulse durations at a peak pump poRer70 mw.
Inset: induced reflectivity change recovery timas a function of
energy density for different temperatures of the gallium drop.

foa

lium and disappears completely above the melting point. Im-
mediately after termination of the pump pulse the reflectivity
level begins to recover to the initial level. The effect is fully
repeatable angerfectly reproducibldor at least 10 pulses.
The recovery time is relatively slovins to us) and, impor-
tantly, temperature dependent. Figure 3 presents induced re-
flectivity change recovery time as a function of temperature.
This graph shows the remarkably accurate proportionality of
5 the recovery timer to (T,,—T) 2, indicating a “critical”
enhancement of the effect: the closer the sample temperature
is to the melting point, the longer the relaxation time. For a
FIG. 2. (a) Dynamics of the reflectivity change after excitation given temperature the relaxation time steadily increases with
with 100-ns pump pulse@ashed lingof varying peak power, at a pump pulse energy densitgee the inset to Fig.)3
temperaturel =24 °C. The inset shows dynamics near the rising  The |aser-induced reflectivity change can be explained by
edge of the pump pulse with an enlarged time sadleAmplitude  ,nyersion ofe-gallium (the normal crystalline form at room
of th_e |nduced_ ref'lectlwt)_/ change as a function of temperafure temperature and pressiite a new, more metallic, more re-
relative to gallium’s melting temperaturg,, for a range of peak flective phase. This new phase could be moléguid) gal-
PUMP POWETS. lium or a highly reflective crystalline phase. We begin by
assuming that such a conversion is the result of laser-induced
cation points. Supercooling is clearly seen, resulting in ghermal melting. To evaluate the temperature change due to
well-defined hysteresis curve. On heating, a small reflectivityaser heating we solved the three-dimensional heat propaga-
increase can be seen just below the bulk melting point indition problem in the time domain using a method based on
cating the presence of premelting at the interface. ApplicaGreen’s functiorf. Our heat propagation model described the
tion of a cw pump beam modifies the hysteresis curve, makexperimental conditions very closely—accurately accounting
ing the melting transition far less abrupt. Considerablefor the geometry of the experiment and the materials’ ther-
reflectivity changes>30%) were induced by only a few mal characteristics. The incident radiation is absorbed within
milliwatts of laser power and were fully reversible. We stud- the optical skin depthe ™%, which in gallium is only~38
ied the reflectivity change’s dynamics by initiating it with nm at a wavelength of 1.5mm. The reflectivity of the
nanosecond pump pulses of varying peak power and durax-gallium/silica interface was taken to be 60%w-gallium
tion. These transient measurements show the reflectivity’sianifests considerable anisotropy in its thermal conductiv-
fast response to optical excitation. Recent measurements pety. It was established recently that gallium dimers in the
formed with a femtosecond laser reveal that the intrinsic reliquid phase tend to be oriented perpendicular to an
sponse time can be just a few picosecotidsee Fig. 2a)]. interface® Therefore, we expect that after solidification this
Importantly, the reflectivity starts to increaisemediatelyaf-  orientation would prevail near the interface. This expectation
ter commencement of the pump pulsee the inset to Fig. is supported by our measurements of interface reflectivity
2(a)]. For the range of pump pulse parameters available itevels for the solid phase. In the direction perpendicular to
our experiment the effect accumulates with time and inthe interface the thermal conductivity s\,
creases with laser power. The peak response for various ex=15.9W m 1Kt and in the plane of the interface it is an-
citation levels is presented as a function of temperature ifsotropic with principal coefficientd ,=41Wm *K™! and
Fig. 2(b). These data show that the effect is much more pro9\b=88Wm*1K*1.4 All of these parameters were used in
nounced at temperatures just below the melting point of galeur calculations. Using this model we were able to calculate,

Melting
point

Peak Reflectivity Increase (arb. units)
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1 T Here we propose such a mechanism involving a nonther-
Ty=22°C | To£24°C mal light-induced transition frona-gallium to a phase that
T only becomes stable in the presence of light. This process

< !To=24°cl naturallyrestricts energy dissipation into the bultonfining
b\ ' it to the optical skin deptlr 1. The light-matter interaction
~

@

0.1

1]

Temperature increase, °C
o = N W A~ o,

| o
S ] =200 : is thus confined within a volumerra~1=1.9x10"¥mq,
NP+ SO 0 02 04 06 08 1 The equilibrium energy difference betweengallium and
N ~NTY the metastable metallic phases is of the order 8.3
SRR g ><10*2eV/at_om (1.% 10*2_°J/atom)_(Ref. 5 and so to
0.01 . transform this volume, which contains 1420 atoms, to
i the metallic phase, a total energy of 2 nJ is needed. Compar-
:! T,=28°C L] ing this with the 5-10 nJ typically absorbed from the light
— pulse in our experiments confirms that the energy balance
allows such a transition. The metastable phase could be
100 107 107 107 10° quasi-liquid or amorphous gallium, or one of several “me-
Pulse duration, sec tallic” crystalline phases of the metal, which is known for its
polymorphism®~1

yAN 4
y A

Pulse peak power (W)
11/

0.001

FIG. 4. Duration and peak power of the optical excitation pulse We believe that the light-induced transition is made pos-
necessary to achieve gallium’s melting temperat(#28.8 °Q at

; : - sible by the unique structure efgallium in which molecu-
the interface for different initial ~temperatures Tof lar and metallic properties coexist—some interatomic bonds
=22°C,24°C,26 °C,28 °C) of the gallium drop. Inset: dynamics of . . .

fe strong covalent bonds, forming well-defined, @amers

?molecule$, and the rest are metalld;*? Absorption results
in highly localized excitation of the dimers from the bonding
to the antibonding state, reducing the stability of the sur-
for a given initial sample temperature, the optical power lev-rounding crystalline cella-gallium subsequently undergoes
els and laser pulse durations at which the melting temperaa transition to a new configuratigorystalline or disordered
ture is reachedsee Fig. 4 Since we neglected the thermal creating a microscopic inclusion of the new phase without
conductivity of the optical fiber, the values shown are uppechieving the melting temperature. The rapid increase in re-
estimates of the temperature increase. The assumption thégctivity, which follows excitation, is then a result of the
thermal melting causes the reflectivity increase is clearly irincreased density of the metallic phase in the skin layer. It is
conflict with our experimental observatiofigs. 2 and R not quite clear yet whether, within the duration of the exci-
For example, with an initial temperature of 24 °C we wouldtation pulse, the metallic phase inclusions form a well-
have seen no reflectivity change at powers below 14 mwilefined metallic layer at the interface that grows during the
even with 100-ns pulse&he longest used in our experi- pulse. If this is the case, the increase in the velocity of the
ments and at higher power levels the reflectivity would only a-gallium/metallic-gallium interface upon approaching the
begin to change after a delay during which the interface ignelting point explains why the light-induced effect increases
heated to the melting temperature and the latent heat of melwith temperature towards the melting point as shown in Fig.
ing is accumulated. In contrast, we see reflectivity changes &(b). It should be noted that this scenario of light-induced
intensities below 14 mW and we see in all cases that th@etallic film formation was recently found to be a very ac-
change starts as soon as the pump pulse starts. Therefore, thggate model for the behavior of a gallium/silica interface
laser-induced thermal melting mechanism does not explaigubjected to cw excitatiot?.
the reflectivity behavior observed experimentally. When the excitation is withdrawn, the metallic phase be-

Let us now suppose that another hypothetical nonmeltingomes metastable and recrystallizes back to éhphase.
mechanism exists wherein reflectivity depends on interfac€orrespondingly, the reflectivity is restored to its initial
temperaturgwhich changes due to laser heatirgit does Vvalue. The reflectivity relaxation time is a function of the
not involve a change in the phase of gallium. Reflectivitygrowth velocityv, of the a-gallium phase(i.e., the rate at
would then relax as temperature relaxes. According to ouwhich energy is released due to solidificatiamd the rate of
calculations, this would happen within approximately 60 nsthermal diffusion. Under the conditions used in our experi-
following a 100-ns pulsésee the inset to Fig.)4Ilmpor- ments, the former is dominant because the characteristic
tantly, this relaxation time would biedependentf the ther-  thermal diffusion time is shorter than the recrystallization
mostat temperature or laser power level. In contrast, our exime. The growth velocity depends on temperature;
periments show that the relaxation time is a strong functior=g(1—T/T,,), whereg is a function of the recrystallization
of the excitation leve[see Fig. 2a)] and background tem- mechanisnt**® The recovery timer=d/v, therefore in-
perature (see Fig. 3 This leads us to conclude that a creases critically on approaching,. One thus expects
temperature-dependent mechanism that does not involve langer recovery times for larger induced reflectivity changes,
change in the structural phase of gallium at the interface ise., thicker metallized layers, at a fixed temperature, and a
also not possible. There must therefore be another mechatowing of the response at fixed optical excitation strength as
nism behind the reflectivity increase, wheret»gallium is  the temperature is increased towardsgallium’s melting
converted into a different phase. point. All of these features have been seen in our experi-

the interface temperature increase due to 100-ns excitation pulses
14- and 6-mW peak poweiT(=<24.3°C).
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ments, in particular, the recovery time increases-d4(T,,  highly delocalized and the phase transition occurs through
—T) (see Fig. 3 Our data are not, however, sufficient to plasma-induced instability in the acoustic phonon modes,
conclude that the metastable phase is liquid. Indeed, it hagpically on a subpicosecond time scale. In gallium localiza-
been suggested thatgallium melting is in fact a continuous tion of the excitation is possibly an important factor, which

transition through several of the crystalline phases that areould lead to local transformation of the structure. This al-
energetically very closeand therefore, the metastable phasejows us to discuss the transition in terms of the much slower
could be one of these. nucleation and growth mechanisms.

The light-induced transition in gallium is different from |y conclusion, the observed response of gallium to low
those observed in semiconductors such as Si and Ge8%s  power optical excitation is of considerable interest for appli-

. . 7 .
Ref. 16 for a reviewand recently in A" To achieve non-  cations requiring light-by-light control at low power levels,
thermal effects in these materials high-intensity femtosecongng in particular for photonic switching devices. The recent
optical excitation is needed. In crystalline silicon, for in- gemonstration of gallium mirrors as effectiv@switching

stance, all of the bonds are covalent and so its specific eRsiements in fiber lasel&convincingly confirms this point.
thalpy of melting is 8-10 times higher than that of

a-gallium. Furthermore, the above-band-gap absorption We would like to acknowledge the support of The Royal
depth in Si is 20—70 times greater than in gallium. Impor-Society, NATO, The Engineering and Physical Sciences Re-
tantly, in silicon and GaAs the result of optical excitation is search Council, UK, and Goodfellow Cambridge, Ltd.
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