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Phase-change functionality in gallium nanopartidéfers an innovative
conceptual basis for the development of high dgnkitv energy, non-
volatile optical memories.

Phase-change materials, wherein structural forrtis avifering electronic and/or optical properties ased to
encode digital information or control signal propagn, have recently attracted great interest duéeir potential
to address growing challenges of size and poweswuoption in data storage and memory applicationd, ta
enable innovative photonic and plasmonic functiiesal [1-4]. Their functionality may enable the shrinking of
optical switching and memory devices all the wawddo the nanoscale, thereby helping to achieveuttimate
goal of nanophotonics - that is, to create devétaaller than or comparable in size to the waveleofthe signals
they handle (a relationship of proportions thatdsily achieved in most electronic circuits).

Several problems hinder the nanoscale miniatuazatif photonic circuits and data storage technekghe
need to guide optical signals in narrow and shabplyding waveguides; and the need to modulate #igeals and
encode information in very small active regionseTise of surface-plasmon-polariton waves as infobomaarriers
may address the guiding issue [5, 6] but the olticalulation and information storage problems seenise much
more difficult to tackle. In essence, both requieey strong changes in the absorption or refractibnanoscale
volumes of material in response to external conextitations, be they temporary changes to effégra
modulation or more permanent bi- or multi-stablanges in the logic state of memory elements. Saoyel
changes in absorption and refraction are only pésén media where there is something substamiahange, and
in this respect metals fit the bill.

Large changes in the optical properties of metats anly be achieved through a phase change, and som
metals, notably gallium, can exist in several phaggh markedly different optical properties. Indethe properties
of gallium’s various phases range from those ofaimeost semiconductor-like, partially covalent dali phase to
those of the almost ideally metallic liquid [7, 8].
While electronically very different, many of galtivs 4
phases are energetically very close to each ofber; r )
example thes and B crystalline phases (normally ‘\ ..@.. 4
metastable, but preferred to the phase in the &
confined geometry of a nanopatrticle [9]) are onlyg
separated by 3xI0 eV/atom [10]. This is of §
considerable benefit for nanophotonics application$
because it means that the energy requirements for .
switching are very low. Consider for example a &0 n_§ v
particle: to completely transform the particle frine S5 |... @0 .. @ . @ . € .
d to thep phase requires only ~20 fJ of energy — |on © & % ..... e
around three orders of magnitude less than theygner o)
required to achieve a nonlinearity through the >
electronic excitation of every atom (assuming one 1 Temperature or absorbed energy
eV photon per atom). Fig. 1. Phase-change optical functionality in a aparticle.

Of crucial importance to the optical memory andperendence of optical cross-section on absorbedggnéor a

L . . . . nanoparticle undergoing a phase transition. At temperature particle
switching functionality of metallic nanoparticlesthe ¢, phase A. Reversible changes in cross-sectiocur in the
nature of the phase transition process itself (E)g. excitation range betwee®, andQ, during the continuous transition to
Transitions in bulk materials are characterizedaby phase B (indicated by the mixed-phase shell stresju Excitation

discontinuous Change in the state of the body, I%/els abqu}z lead to a memory ef‘fect:_ once th_e transform_at'm)n t
phase B is complete, the particle remains in thiasp even if the

sud_den (lrrever&bl_e.) rearrangement of the CI’YBE?" excitation is withdrawn. A transition back to phaseoccurs abruptly
lattice at a specific temperature. In nanoparticlesly after overcooling (After Ref.[3])
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however, transitions from lower to higher energagas proceed through a surface-driven dynamic steexde of
forms across a size-dependent range of temperdtites3]. Where, as in gallium, the two forms inved have
different dielectric coefficients, this gives ride a continuous change in optical properties. Wi#treasing
temperature, the reverse phase transition occuysafter substantial overcooling. The resulting teyssis in their
optical properties forms the basis of gallium nartiples’ memory functionality.

We report here on phase-change memory functionalifijms of gallium nanoparticles and in singletides,
demonstrating that data can be written to bi- andtisstable memory elements both optically andaliectron-beam
excitation, and that logic states can be identifibdough measurements of the particles’ reflegtivéind
cathodoluminescent (CL) emission. Together theseltseoffer an innovative conceptual basis fordeeelopment
of high density phase-change memories.
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Fig. 2: (a and b) Integrated system, based on afddcanning electron microscope, for growth, gimg, cathodoluminescence study,
and optical interrogation of gallium nanopartidlen§; (c) Secondary electron image of part of digad nanoparticle film grown on the
core area of a single-mode fibre end face; (d) Sicgnelectron microscope images of the nano-aperatirthe tip of a near-field
microscopy probe before (left) and after (rightligan deposition. A single nanoparticle is formedthe apertur

In the experiments reported here, nanoparticle trowaging, optical measurements, and CL studiee all
performed under high vacuum inside a scanning releanicroscope (SEM) equipped with an effusion el
gallium deposition and a nitrogen-cooled cryostatdantrol sample temperature in the 100-305 K rgR@ge’s 2a
and b).

Monolayer films of gallium nanopatrticles were groamthe end faces of cleaved single-mode fibrezmgusie
light-assisted self-assembly technique [14]. With fibre tip held at a temperature of 100 K, galliwas deposited
at 0.3 nm/min for 50 min (giving a mass thickne$®nm) while 1us pulses from a 1550 nm diode laser (19 mW,
1 kHz repetition rate) were launched into the filbmem outside the SEM chamber. This process pradce
monolayer of particles with a mean diameter of 60am the optical core area of the fibre end fadg. (Fc).

Single, isolated nanoparticles were formed by dépgsgallium, typically for 30 min. at a rate ofd
nm/min., onto near-field optical microscopy probdspered, gold-coated fibres with nano-apertutebeir tips.
Here, they are ideally located for optical inteatign and excitation via the fibre (Fig. 2d).

The integrated experimental system allows for plagi to be imaged in situ by the SEM and for their
cathodoluminescence to be probed, with the emligidd being directed out of the chamber by a bespumdrabolic
mirror to a spectrum analyzer comprising a Horibhild-Yvon CP140spectrograph and a liquid nitrogen-cooled
CCD array for wavelength-sensitive detection in4068-1000 nm range. Samples’ reflective opticapprties can
also be studied via the fibre, and phase transitan be stimulated in the particles by both optcal electron
beam excitations.

Bistable memory functionality, engaging transforiorag between the solid (logic ‘0’) and liquid (legil’)
states, has been demonstrated in films of nanafeston cleaved fibre tips (Fig. 3). In this cabe, state of the
nanoparticles can be read via measurements of fféftectivity using a low power optical probe beam,
measurements of nonlinear reflective response tseguoptical excitation (this technique discriméststrongly
between the phases because their responses havstemigns), or measurements of cathodoluminesgsigsion
in response to low energy electron beam excitaitg. 3b, the advantage here being that an eledteaim can
probe small regions within the particle film).
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Fig. 3: (a) Reflectivity hysteresis of a galliumnogarticle film on a fibre end face (measured Via fiber) as function of cryostat
temperature. Single optical or electron beam puts@sbe used to induce abrupt phase (memory staihing atT, = 200 K To < T, <

T1); (b) Cthodoluminescence spectra obtained,diefore and after excitation-induced switching bestw the two phase states, together
with the difference spectrum.

At a fixed temperatureTy, in Fig. 3a) within the hysteresis loop, singleid, 1550 nm optical pulses with a
fluence of >0.3 fl/nfcan irreversibly switch the nanoparticles from ki reflectivity solid phase (‘0’) into the
high reflectivity liquid phase (‘1’), thus providinmemory ‘write’ functionality. Single electron bagulses with a
fluence of >35 fJ/nfcan also be used to perform the write functiorthwlie advantage that they can selectively
address small areas within a large film of particlehe ‘erase’ function is achieved by cooling plaeticles down to
below their solidification pointT, in Fig. 3a), either by cooling the sample as ale/ffoon-volatile mode) or, in the
case where the bistable operating temperature iistaireed by the local heating effect of continuguebe laser
illumination, simply by switching the laser off (\adile mode).

Single, isolated nanoparticles, free from the inbgemeous broadening effects of the size distribuimnd
in a particle film, show more complex phase chagaviour. Here, transitions between differentteadiise solid
states, and ultimately between solid and liquig abserved. This multi-stable system has facilitatee first
demonstration of a quaternary logic resonatorledisa memory element. Single pulse energies dfgusw pJ are
required to encode information in the phase sththeparticle, and read-out is achieved throudlective optical
pump-probe measurements.

To summarize, particulate phase-change memory eksnudfer the possibility of very high data storage
densities. For example, if individual binary (twbgse) elements within a close-packed array of 6(particles
could be addressed, as they might with a steetighithy focused electron beam, a storage density0o2 Thit/ in?
could be achieved. Smaller particles and highee-tagical elements would obviously further increttsis value
(for comparison, today’s ‘BluRay’ disks offer antiopl storage density of ~ 0.015 Thit/3n.
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