PHYSICAL REVIEW B 66, 012105 (2002

In situ observation of a fluid amorphous phase formed in isolated nanometer-sized particles
in the Sn-Bi system
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It is revealed byin situ transmission electron microscopy that a unique, fluid amorphous phase is produced
in Sn-Bi alloy particles at room temperature when the size of particles is below 10 nm. Bright and dark spots
in the granular contrast in the high-resolution electron microscopy images of the fluid amorphous phase
exhibited continuous changes in position and intensity with time, suggesting a high atomic mobility in the
amorphous phase. Upon heating the fluid amorphous phase went to melt without crystallization and upon
cooling it solidified again into the fluid amorphous phase with no traces of crystallization. These results
indicate that due to the finite-size effect, the eutectic pojgtin this system is lowered to a temperature below
room temperature where observations were carried out, and that the glass transition tempgraturere a
liquid goes to an amorphous solid, locates near room temperature.
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Understanding the structuréor phasg stability of  such an order as RTT,>T,,, and in this case it is pre-
nanometer-sized condensed matter is one of the key issuesditted that a crystalline phase would change into an amor-
current general physics, and dramatic progress in the undephous phase with fluidity by simply addirigppropriatg sol-
standing has been achieved by virtue of the rapidly advanaddte atoms onto nanometer-sized crystalline particles of a pure
ing technique of transmission electron microscbpyn fact, ~ substance. The present paper presents the formation of such a
with the technique, the structufer phasg stability of iso- ~ unique, fluid amorphous phase, found in nanometer-sized
lated nanometer-sized alloy particles can be studied as R@rticles in the Sn-Bi system. _ _
function of temperature, composition, and size of the par- Preparation of nanometer-sized tin particles and subse-
ticles, and this technique has made a remarkable contributiofent vapor deposition of bismuth onto tin pamcles was car-
to experimental physics on nanometer-sized condensed ma{f—ed out using a double—_sourge evaporator installed in t'he
ters in various aspects. specimen chamber of a Hitachi H-800-type 200-kV transmis-

. . . _— ion electron microscop€TEM). The evaporator consisted
O_ng hOt. topic revealed by the t_echnlque_ 'S t_he finding thaﬁf two spiral-shaped tungsten filaments. Source substances
the finite-size effect on the eutectic poih{, in binary alloy

) . . . (i.e., Sn and Bi were put on the filaments. The distance
systems is so strong that in hanometer-sized alloy particl etween the filaments and a supporting filsubstratg for
Teu Can be lowered down to a temperature even below th

- P e s _ Particles was approximately 100 mm. An amorphous carbon
glass transition temperatufg . This is a situation ascribed  fjjm was used as the supporting film, and was mounted on a
to the large suppression df, acrossTy, induced by the  molybdenum grid. Using this evaporator, tin was first evapo-
size reduction, and to our best knowledge, this situatiortated from one filament onto the supporting film kept at am-
never takes place in bulk materidl3As a result of such a pient temperature in a base pressure of arourd® ° Pa,
situation, in a particular system of the Au-Sn system at roomand nanometer-sized tin particles were produced on the film.
temperaturéRT) at which observations were carried out, lies Next, bismuth was evaporated from the other filament onto
in such an order asT,>RT>T,,, a crystalline-to- the same film kept at ambient temperature. Alloy phase for-
amorphougC-A), solid-to-solid transition has been observedmation in the nanometer-sized particles associated with bis-
by simply adding solute atomgi.e., Sn atoms onto  muth deposition was studied by both bright-field image
nanometer-sized crystalline particles of a pure substance @¢BFI) and selected area electron diffraction patt6SAED).
Au, whereas in the Sn-In system where RT lies in such ann the present experiments, the electron flux used was ap-
order as RB-Ty>T,,, a crystalline-to-liquid(C-L) transi-  proximately 1.5<10?° em 2s™ 1.
tion has been observed by simply adding solute at@iras A series of alloy formation experiments were additionally
In atomg onto nanometer-sized crystalline particles of a purecarried out in a 200-kV high-resolution electron microscope
substance of Sn. It should be emphasized here that neith@dREM) of Hitachi HF-2000 type, in order to study the ato-
the amorphous phase in the former system nor the liquighistic structure of alloy phases formed. The base pressure in
phase in the latter system is the equilibrium phase at RT ithe specimen chamber of this microscope was below 5
bulk materials. These phases can be present at RT as thel0 ' Pa. A flake of graphite was used as a supporting
equilibrium phase only when the size of the system is in thesubstrate. Prior to experiments, the flake was baked at 1073
nanometer range. K for 60s to get a cleaned surface of graphite. After being
One quite interesting relative position among the threebaked, the graphite substrate was cooled down to room tem-
temperatures, R4, andT,,, is the case where they lie in perature. The preparation of nanometer-sized alloy particles
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IO Ry {0l Rsn e @ U‘ .%) SAED [Fig. 1b")]. This fact indicates that when bismuth
if;' 3 g 00 @ @ ( atoms are vapor deposited and come in contact with tin par-
o Vi e ,,4 ticles they dissolved quickly into tin particles to form either
o @ “. amorphous or liquid Bi-Sn alloy particles. To examine the
. @ @ atomic structure of the noncrystalline alloy particles as
(i‘,.‘ shown in Fig. 1b), a series ofn situ alloying experiments

was carried out in the HREM. The results will be shown later
in Fig. 2. Figures (c) and(c’) shows a BFI of particles after
additional deposition of bismuth and tin and the correspond-
ing SAED, respectively. The mean particle size increased to
approximately 20 nm. In this additional deposition, the
amounts of bismuth and tin deposited were controlled so that
the composition of particles was kept constant at about 60

FIG. 1. All hase formation in nanometer-sized particles inat' % Bi, i.e., at the same composition as that in Fi@) it
. 1. Alloy p - ; . . o
the Sn-Bi system at room temperatutey BFI of as-produced tin is evident in Fig. 1c) that there appeared definite interfaces

particles on an amorphous carbon film, and)) (fae corresponding (?‘”"Wed within_individual partl(':les. Th.e Debye-Scherrer
SAED. (b) BFI of particles after depositing bismuth atoms, and rngs !n the S_AED can be consistently |nd_exed as those of
(b') the corresponding SAED. Particles showr(ti contained, on ~ Pure tin superimposed with those of pure bismfuil these
average, about 60 at.% Bic) BFI of particles after additional Observations in Figs.(&) and (c’) indicate that in approxi-
deposition of bismuth and tin, and’{(cthe corresponding SAED. In mately 20-nm-sized particles of a Sn-60-at. % Bi alloy, each
this additional deposition, the amount of bismuth and tin depositedsolated particles was composed of two phases, pure tin
were so controlled that the composition of particles remained unand bismuth, which is the same phase equilibrium at RT in
changed as compared to that of particles showtbjn the bulk alloy of the same composition. Thus it seems safe to
conclude the following from Fig. 1: When the size of par-
was carried out by a similar method as that mentioned aboveicles of a Sn-60-at. % Bi alloy is approximately 20 nm or
For in situ HREM observation of the alloying process, a above, a mixture of pure tin and bismuth is the most stable
television camera and video tape recorléfR) system was  equilibrium microstructure at RT as in the case of bulk ma-
employed. The chemical composition of individual particlesterials, but when the size of particles is approximately 10 nm
on the substrate was analyzed by energy-dispersive x-ragr below, such a noncrystalline phase as shown in Fig. 1
spectroscopyEDS). and (b’) appears as the stable phase. This fact clearly indi-
A typical example of alloying process of bismuth atomscates the strong finite-size effect on the phase equilibrium in
into tin particles examined by a conventional transmissiorthe binary alloy system.
electron microscopéHitachi H-800-type TEM is shown in Figure 2 shows a typical sequence of alloying process of
Fig. 1. Figures (a) and(a’) show a BFI of as-produced tin bismuth into a nanometer-sized tin particle as observed by
particles on an amorphous carbon film and the correspondingREM. This observation was carried out to see whether such
SAED, respectively. The mean diameter of tin particles isa noncrystalline phase as shown in Figd)and(b’) was in
approximately 6 nm. The Debye-Scherrer rings can consisan amorphous state or in a liquid state. The images were
tently be indexed as those of pugeSn with a tetragonal reproduced from the videotape. Figuréa2shows an as-
structure with lattice constants c8=0.583 nm andb  produced pure tin particle on a graphite substrate. The 0.291
=0.318 nm. The structure is the same as that of [gi&n.  nm-spaced fringes seen in this particle is {020 lattice
Figures 1b) and(b’) show a BFI of particles after bismuth fringes of 8-Sn. Figure 2b) shows the same particle after
deposition and the corresponding SAED, respectively. Théismuth deposition. The particle increased from 5 to 6 nm in
particle size increased from 6 to 10 nm by bismuth deposidiameter by bismuth deposition, but remained a single crys-
tion. The size increment partially came from the coalescenceal, indicating that a solid solution is formed in the particle.
among particles. It was revealed by electron probe miWith continued deposition of bismuth, the structure of the
croanalysis(EPMA) that particles shown in Fig.(fh) con-  particle changed from crystalline to amorphous, as shown in
tained, on average, about 60 at. % Bi. It should be noted her€ig. 2(c). Namely, granular contrast, which is often called as
that no interfaces were recognized in the interior of indi-the “salt-pepper contrast” and is characteristic of an amor-
vidual particles in Fig. (b) and only halos appeared in the phous structure, appeared in the particle after bismuth depo-

FIG. 2. A sequence from a
video recording of the alloying
process of bismuth into a
nanometer-sized tin particle. A
crystalline-to-amorphous  transi-
tion took place during deposition
of bismuth onto the tin particle
kept at room temperaturgcom-
pare(b) with (c)].
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FIG. 3. In situ observation of fluid amorphous
formed in a 9-nm-sized Sn-Bi alloy particle. Se-
guential micrograph&)—(d) were taken at a time
interval of 100 ms. It is shown that bright and
dark spots in the granular contrast in the particle
changed in position and intensity with time
whereas such lattice fringes in the graphite sub-
strate as those encircled remained fixed. This
fluctuation in the granular contrast reflects a high
atomic mobility in the particle.

sition [Fig. 2(c)], instead of the lattice fringes characteristic quently cooledin situ in the HREM. Figure &) shows an

of a crystalline solid solutiofiFig. 2(b)]. This fact indicates as-produced alloy particle at RT with a fluid amorphous
that a crystalline-to-amorphous {€A) transition was in-  Structure, sitting on a flake of graphitep). With increasing
duced in the tin particle by alloying of bismuth. The particle temperature, the time frequency of fluctuation in the granular
increased to 9 nm in diameter, and EDS analysis of the pafontrast became high, suggesting an enhanced atomic mobil-
ticle revealed that it contained 70 at. % Bi. One point to beity. With continued heating, the particle eventually melted,
noted here is the observation that the bright and dark spots f"d in the molten state there appeared only a quite uniform

the granular image changed in position and intensity witiontrast typical of a liquid statéFig. 4(b)]. It should be

time during observation. This is in sharp contrast to the feal0t€d here that prior to the melting no traces of crystalliza-

ture of images obtained from the conventional amorphou%Ion were observed. Upon cooling to room temperature, the

material, in which these spots remain unchanged with timeIquid parti_cle solidified _again into_the fluid amqrphous
’ bhase, as illustrated in Fig(e}. No traces of crystallization

An;xaglple thSUtCh quc;]tuaUﬁp ;]n granular codntras; |fs sho;/;/] ere again recognized prior to the solidification. It is evident
N 7g. 5 as pnotographs which were reproduced from thg,, Fig. 4 that the fluid amorphous phase possesses a high
videotape. Figures(8)—(d) show sequential micrographs of hpaqe stapility so that upon heating it melts without prior
one particle taken at a time interval of 100 ms, keeping theysiajlization and upon cooling the melt solidifies directly

objective lens excitation constant. The particle depicted ir]nto the amorphous phase. This fact indicates that at least at

Fig. 3_is the same as in Fig(cz. It is evident from Fig. 3th_at. emperatures near and above room temperature the Gibbs
the bright and dark spots in the granular contrast exhibite

) h . C qi . it ree energy of the fluid amorphous phase is lower than that
continuous changes in. position anc intensity wit t",“eof a crystalline counterpgd) and in this context the amor-
whereas lattice fringes in the graphite substrate remaine

fixed with ti ¢ | ; h i ﬂhous phase is more stable than a crystalline gegasehich
ixed with time (for example, refer to such fringes as en- s ot the case for the conventional amorphous alloys in bulk.
closed with a circlg This fluctuation in the granular contrast Namely, in the case of the conventional bulk materials, the

reflects fluctuation of the electron-optical phase shift, WhiChGibbs free energy of an amorphous phase is higher than that

comes from the fluctuation of local mass thickness. Therebf a crystalline counterpag) and therefore crystallization

fore the observed fluctuation in granular contrast provide%uways takes place once the atomic mobility in the amor-
evidence for the high atomic mobility enough to induce theghous phase becomes high.

mass-thickness variation in the nanometer-sized particle in
time interval less than 100 ms. In other words, such high @) = = S
atomic mobility is responsible for the fluid amorphous struc- i ' :
ture observed in the particle in Fig. 3.
In an attempt to study the phase stability of the fluid 3nm

amorphous structure, annealing experiments of Sn-Bi alloy

particles were carried out. Figure 4 shows a sequence from a FIG. 4. A sequence from a video recording of the melting and
video recording of the melting and the subsequent solidificasubsequent solidification of a Sn-40-at. % Bi alloy particle heated
tion of a Sn-40-at. % Bi alloy particle heated and subse-and subsequently cooléd situin a HREM.
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It is shown in Figs. 1—-4 that an amorphous phase is probehaviors are consistently explained in terms of the relative
duced in nanometer-sized Sn-Bi alloy particles at RT wherposition amongl,, RT, andT, in the systems. These ob-
the size of particles is below 10 nm, and that the amorphougervations provide concrete evidence for the formation of the
phase is more stable than a crystalline ptgis&hese results thermally stable amorphous phase in nanometer-sized alloy

. . < particles over a temperature range fragito T, Here, the
present direct evidence for the fact that due to the finite-siz ording of “thermally stable amorphous phase” comes from

effect, T, in the Sn-Bi system is suppressed to a temperaturgye sense that upon heating it goes to melt without crystalli-
below RT where observations were conducted, andftha@t  zation and upon cooling it solidifies into an amorphous solid
this system locates near RT. with no traces of crystallization, and it should be noted that
The present work, being in conjunction with our previoussuch a thermally stable amorphous phase never appears in
work,*® can be summarized as follows. Although different bulk materials and is, in this sense, an alloy phase character-
types of transitions are observed in nanometer-sized allo{ptic to materials in the nanometer range.
particles in particular systemge., C—A transition in the This work was supported by the Ministry of Education,
Au-Sn systenf, C—L transition in the Sn-In systethand  Science and Culture under a Grant-in-Aid for Scientific Re-
C—fluid A in the Sn-Bi system mentioned abgyall these search(Grant No. 13450260
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