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Variations in atomic structure of liquid bismuth clusters
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A large number of elemental and compound semiconductors in bulk form become metallic upon melting due
to changes in the local atomic structure occurring in the transition from the solid to the liquid state. We report
studies of the vibrational properties of liquid Bi clusters that suggest that for the smaller sizes this atomic
structure transition does not occur. Using interference enhanced Raman spectrimssiopgiudies of bismuth
ultrathin films, supported on weakly interacting carbon substrates, have been performed. Changes in the
vibrational spectra with liquid cluster size have been correlated e¥thitutransmission electron microscopy
to estimate a critical size below which densification of the structure does not occur. For various models this
yields clusters of diameter in the range-#5-75 A.[S0163-1828)00835-7

I. INTRODUCTION (TEM) images indicate that this transformation occurs in
clusters with~1300 atoms. In the present study of supported
It is well known that upon melting many elemental sys-liquid Bi clusters it is shown that the liquid state of a cluster
tems, such as metals, maintain a high conductivity and gontaining ~1000 atoms or less differs substantially from
local liquid structure that is statistically related to that of thethat of bulk Bi, with coordination not being modified in the
solid state. In contrast, semiconductors in elemental or commelting process.
pound form very often exhibit important structural and elec-
tronic property changes upon meltihg-he loss of covalent Il EXPERIMENT
bonding and the resulting metallic behavior in the liquid state
occur for a majority of elemental and binary semiconductors

including thg group-lv materials .S' andﬁnge, as well Sters were formedin situ by dc magnetron sputterings
group-V semimetallic As, Sb, and Bi systemé.basic ques- mTorr of Ar, 3 W, 10 A/min onto trilayer structures of

tion concerns the role of size on this behavior, particuIarIyC/SiOZ/AI and subsequently melted by filament heating. For

wh.ether.small Ilqum_i (;Iusters formed from SemlconduCtmgisolated amorphous or liquid clusters Raman scattering is
solids will be metallic in character.

: . . uite weak, requiring methods that enhance the electric field.
The properties of solids change in the cluster state due taherefore the special C/Sj0Al trilayer substrates were
the increased role of the surface atoms. In addition, small- '

scale systems may exhibit possible quantum-size effects thgtsed to utilize interference-enhanced Raman scattering,
° SY o P q ; . Which had been shown to provide a meansiffositu studies
modify the electronic states of the small particles. While

studies have been performed on molecular and attfhic of clusters on surfaces in ultrahigh vacutn.
) 1P . - ... The Raman-scattering spectra were obtained with a Spex
clusters in the melting process and in the liquid state, little iSp

known about finite-size effects in other systems such as met- plemate spectrometer and a multichannel Mepsicron de-
als, semimetals, and semiconductors ())/ne exception is th{ector, using 6096 A excitation from a Spectra Physics 3758
study of the substantial depression of the melting point o ye laser pumped by a Spectra Physics 2020 Ar laser. The

choice of the 6096 A wavelength was determined by the

. Y6 . . _ . .
metglhé cluster73 and of the liquid-solid phase COBXISIeNCE 5onance in the Raman cross section of Bi in the red and the
in Nijgog Clusters!

Information about the structure of liquid clusters is lim- maximum of the output power for an R6G dye used in the

ited by the difficulty of performing diffraction measurements measurements. All liquid spectra were taken above the bulk
y yorp 9 melting point of 271 °C. At this temperature coexistence

in the gas phase or of stable, isolated liquid clusters on su Shase phenomena are precluded, as all clusters were in a

strates. However, structural information can be obtained NS olten state. Liquid count rates at the measuring temperature

directly by vibrational spectroscopy. For amorphous or qu-Of 290 °C were quite low, having a maximum of0.13

uid semiconductor systems it has been shown that Rama&)unts/sec above background for the 6-A spectfsee Fig
scattering reflects the form of the vibrational density ofl) TEM studies were performeex situat 20 °C with a‘

state€ As the peaks in the vibrational density of states ar.ePhiIIips 420T instrument using bright field imaging. The

sensitive to changes in short—rang_e order, including bond d'sétructures of the C coating on the TEM grids and of the top
tances, the number of nearest neighbors, and bond angle d

L : . X > dg layer of the trilayers are alike. This allows for similar
tribution dlsqrder, |nformat|or_1 about local °fdef and borw“ngcluster growth conditions for the Raman and TEM studies.
may be obtained. It has previously been obsetire@aman-
scattering studies tha_tt clusters of sqlld Bl_ formed on a sgb- Il RESULTS AND DISCUSSION
strate at 110 K exhibit a transformation with decreasing size
from nanocrystalline rhombohedral structures to smaller The Raman spectra of Bi films of different phases and
amorphous particles. Transmission-electron microscopyhicknesses are shown in Fig. 1. The spectra include nano-

The experiments were carried out in a multichamber UHV
system with a base pressure 0£20° Torr. Bismuth clus-
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FIG. 1. Variations in Raman scattering for nanocrystalling,  sented by the Raman spectra with that of other forms of Bi
liquid (1), and amorphouga) cluster films for different thicknesses. the coordination of which is known. For the 70- and 140-A
The estimated stray light background is indicated by dashed linesfjlm spectra one finds that the peak frequency is considerably

below that obtained for threefold-coordinated amorphous Bi
crystalline (no) clusters of a 70-A-thick film, a 6-A-thick clusters (see Fig. 4or that of the phonon density of states of
amorphouga) Bi low-temperature deposited cluster film and nanocrystalline Bi, which is estimated from the second-order
series of liquid(1) cluster films. Upon melting of nanocrys- Raman scatterinf However, the peak for these thicker
talline Bi clusters, the Raman spectrum of the 70-A-thickfilms is found to be near that observed in inelastic tunneling
film changes from two sharp peaks to a single, very weakneasurementd of higher coordinated, continuous thin
broad peak superimposed on a smoothly declining backamorphous superconducting films deposited and studied at
ground. Similar behavior is observed upon melting for othedow temperatures<20 K. Structural studies by electron dif-
thicknesses. This is the first observation, to our knowledgefraction have indicated approximately sixfold coordinatfon
of Raman scattering from an atomic solid in the liquid statefor this latter form of amorphous Bi. These results suggest

The change in the form of the spectra upon melting is dughat the 70- and 140-A films contain clusters the average
to the loss of periodicity. For nanocrystalline clusters the twocoordination of which is similar to that of superconducting
peaks in the Raman spectra reflect the two allowed longamorphous Bi, i.e., close to 6. The reduced phonon fre-
wavelength Aq andE modes that are derived from that of quency for the optlcal modes is due to the weaker metallic
bulk crystalline Bi® For amorphous or liquid materials Ra- bonding relative to that of amorphous or nanocrystalline,
man scattering yields a phonon density of states weightethreefold-coordinated atoms. The high coordination for the
with a matrix coefficient. Therefore, the single broad peaMiquid clusters is also supported by inelastic neutron scatter-
exhibited by the liquid Bi films in Fig. 1 is associated with a ing measurements of bulk liquid Bi. Although the latter spec-
maximum in the phonon density of states. The thermallytra are not fully corrected for background, they also yield a
reduced Raman spectra obtained after dividing the backpeak in the correlation functiody (Q,E) near that of the 70-
ground subtracted spectra by the- 1 Bose factor yield the and 140-A films for highQ momentum transfers. The more
liquid cluster spectra shown in Fig. 2. For the films with extensive high-frequency Raman scattering in both bulk and
average mass thickness of 70 and 140 A the Raman spectiiguid Bi clusters relative to the low temperature amorphous
are similar, exhibiting a peak at75 cm ! after subtraction films is attributed to thermal broadening and disorder effects.
of the stray light background. For the 6- and 23-A films theThe fact that the 70- and 140-A samples have higher-
spectra show distinct changes in both form and in peak poeoordinated structure similar to that of bulk liquid Bi is sup-
sition. These substantial changes imply modification of theported by the relatively large size of the clusters noted in the
phonon density of states with the cluster size, i.e., the shorfFEM distributions of Fig. 3. The loss of the interference
range order of the liquid clusters appears to be size depemnhancement and the presence of high bulk liquid reflectivity
dent. preclude studying thicker films.

The coordination number of bulk liquid Bi was estimated ~ For the thinnest films studied, correspondingstA mean
by inelastic neutron scattering measuremEntso be thickness, Raman spectra indicate a distinct peak at
~7=1. It is interesting to determine the coordination of at-~85—90 cmil. This peak is similar in position to that ob-
oms within liquid Bi clusters and to estimate the critical sizeserved for a low-temperature deposited 6-A-thick amorphous
below which the liquid short-range order changes. Thiscluster film shown in Fig. 4. Previous Raman-scattering
change was suggested by the differences in the Raman spestudie§ have demonstrated that amorphous Bi clusters have
tra in Fig. 2. One way to obtain the coordination number is tothreefold coordination. In addition, both the magnitude and
compare the liquid cluster phonon density of states represhift of the main vibrational band of the clusters with de-
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interacts with carbon, thin liquid films have an island struc-
ture. Upon solidification the dimensions of the clusters are
not substantially modified, so that TEM of solidified clusters
yields the approximate liquid cluster size distributions. The
ex SituTEM determined distributions are shown in Fig. 3. A
20 |- 20 40 60 80 - crude estimate of the critical size can be done in the follow-
ing way. For the 70- and 140-A-thick films that consist
mostly of high coordination clusters, a small number of clus-
ters have sizes below70-80 A. In contrast, the 6-A film
contains both low- and high-coordination clusters and has
1B 20 40 80 &0 100 120 140 4 few clusters with size above 70—80 A. This places an upper
10 70A - limit of ~75 A for the liquid cluster transition from high to
low coordination. In order to obtain a lower limit, the cluster
size distribution for the 23-A film has to be considered. The
100 ) 00 23-A film contains a small yet detectable fraction of clusters
with low coordination. The TEM studies for this film indi-
cate very few clusters with sizes below 45 A. At the same
|| || ‘ | time, clusters with sizes up to 45 A constitute a significant
| | l ” ||| fraction in the cluster size distribution for the 6-A film that is
O 200 400 600 800 1000 1200 consistent with the Raman-scattering observations. This
Cluster size (,&) places a lower limit of-45 A for the transition.
A more detailed estimate of the transition size may be
FIG. 3. Size distribution of the solidified liquid cluster films of obtained by considering the Raman spectra to be due to a
Fig. 2 obtained from bright field TEM images. linear combination of clusters with higher and lower coordi-
nation. For the 6- and 23-A spectra it is reasonable to de-
gompose these spectra into two contributions with one being
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creasing cluster size suggested the formation of a semicory;"' e '
ducting state. The similarity of the 6-A liquid spectrum to Similar to the 70-A spectrum. This yields for the 6-A film the
that of the amorphous phase indicates that a substantial nurfc0mposition shown in Fig. 4 in which two peaks of com-
ber of atoms in this sample are threefold coordinated. Thesarable areas are obtained. The high-frequency difference
results imply a structural transformation from predominantlyPeak is found to have both a very similar peak position and
high- to low-coordination clusters with decreasing film thick- Nalf-width as the 6-A as-deposited amorphous Bi film. This
ness. However, the liquid Raman spectrum for the 6-A-thickS consistent with the presence of smaller clusters of three-
film exhibits a substantial asymmetry toward low frequencyf,OId bonded atoms in the.d|str|but|on of .part|cles for the 6-A
relative to the amorphous clusters. This result for the g-Afilm. For the 23-A film, this procedure yields a smaller frac-

film and the broad flat form of the spectrum of the 23-A film tion of ~10-20% of the scattering having a higher-
in Fig. 2 suggest that a mixture of high- and low- frequency contribution. The intensity of Raman scattering is

coordination clusters occurs within their particle distribu- Proportional to both the volume of the material studied and
tions. to the Raman cross section of this material. Therefore, it is

The next step is to estimate the critical size below Whichpossmle to estimate th_e critical size by cor_1$|der|ng the (ela—
the transition from high to low coordination occurs. In order V€ Raman cross section for the two bonding configurations

to do this, TEM studies should be employed. As Bi weaklyar_]d_the volum_es of_threef_old and sixfold bo_nded clusters
within one particle distribution necessary to yield the high-

and low-frequency portions of the Raman spectra obtained
with the decomposition procedufsee Fig. 4 TEM stud-
ies of Bi particles suggest approximate hemispherical
shapes?!®implying that the scattering volume for each par-
ticle varies as the cube of its radius. Thus, partial volumes
occupied by low- and high-coordination clusters and conse-
quently the critical size can be readily calculated from the
TEM size distributiongsee Fig. 3 and the decomposed Ra-
man spectrasee Fig. 4. Unfortunately, the relative bond
polarizability scattering cross section for the proposed lower-
and higher-coordinated atoms is not known. If a cross sec-
tion ratio of one is assumed this yields from Fig. 3 and the
Raman-spectra decomposition procedure a transition diam-
eter of ~55 A for the 6-A-thick film and~63-67 A for the
23-A film. Increasing the ratio of the lower- to higher-
FIG. 4. Comparison of the thermally reduced Raman spectra of0ordination scattering to a value of 2-3 reduces the differ-
6-A-thick, amorphous and liquid cluster films. The liquid spectrumence between the transition sizes, yielding a value of

is decomposed into a contribution similar to the 70-A-thick film of 48=5 A.
Fig. 2(----) and a difference peak---). The transition size obtained above assumes a simplified
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model in which clusters beyond a critical size have a chang@fluence the electronic states and modify the bonding within
in the coordination of all the atoms of the cluster. However,clusters. It has been suggested that the structure of liquid Bi
more sophisticated analysis should take surface effects inte determined by an interatomic potential with a repulsive
account. A 48-A hemispherical cluster with a density ap-core and attractive interactions having longer-range Friedel
proximately that of crystalline Bi contains1000 atoms. A  oscillations!’ It is possible that quantum-size effects modify
substantial fraction of the atoms in such a cluster is on othese longer-range oscillations, allowing for enhanced cova-
near the surface, where the electronic states of atoms atent interactions in Bi clusters. In addition exchange-
modified. For higher-coordination clusters with size some-correlation effects, known to be important in Bi, might be
what larger than the 48-A transition estimate, a substantianodified by finite-size effects.

fraction of surface atoms might have lower coordinations.

This implies that the origin of the higher-frequency scatter- IV. CONCLUSIONS

ing may be partially associated with the presence of such

atoms. If, for example, it is assumed that the surface coordit-erlsnocnorxéfk'lo ni’n?ear?;r;;scgtfl;'ngofttuhd;sz %felé?‘]wdeﬁ‘loﬂ]l:::;j
nation of the clusters is threefold then it would reduce th y 9 PP P '

transition size since the surface of large, high—coordinatio(:il;]le(:I(:l"J Ssligfssggffi;gatASti:]uEﬁiﬁ;ﬁ’:rasfhtéagsg'eorc;icocﬁrg’ffor
clusters would contribute additional low-coordinated atoms,, .” ~. . e :
this size-dependent transition from higher to lower coordina-

Assuming similar Raman cross sections for all atoms within[. . : -
: L . ' ion with decreasing size in the Raman spectra also suggests
a continuum approximation, for a thin shell of surface atomsthat the smaller cI?Jsters may be nonmgtallic in charggter

this shifts the transition to 50 and 55 A, for the 6- and 23-A _. . : . X C )
Either semiconducting or semimetallic behavior is possible.

films correspondingly. More complex models with thicker ther techniques, such as, for example, high-resolution elec-
shells are also feasible. The assumption of substantial sca?— ques, ' e, g "
ron energy loss spectroscopREELS), that are sensitive

tering from low-coordinated surface atoms, as well as th 0 greater electronic screening in the metallic state as com
unknown relative Raman-scattering cross section for atom 9 9

with different bonding, places significant constraints on moreg ﬁcrilj dtgeﬂ;‘:‘ OI:) tgg t?;}'gggg;:;;ﬁg;??ﬁ:?ﬁ?ge stg;es?_
accurate microscopic cluster modeling. ploy P

It also has to be mentioned that a possibility of a Continu_b|||t|es. The size effect noted in Bi clusters suggests that

ous transition from threefold to sixfold coordination exists.Slmllar effects may also occur in other semiconducting sys-

The transition can be continuous by simply decreasing théems in which large coordination changes occur upon melt-

difference between the three shorter and three longer inte%[]g' For group-IV and -V systems, such as Ge, Si, and Sb,

atomic distances for Bi atoms. Simple quantitative analysis i he increase in density and metallic character of the bulk

unfeasible in this case. It would only be safe to conclude tha'qu'd.maY’ for exa}mple, b.e replaced n cIustgrs by lower
coordination, semiconducting, or semimetallic structures

this effect would appear in liquid Bi clusters with size belowtsimilar to that of bulk crystalline and amorphous phases.

~75 A. Similar to the previous discussion, this statemen
follows explicitly from the TEM cluster size distributions in
Fig. 3.

In addition to the effects described above, modification of This work was supported by NSF Grant No. DMR-
longer-range interactions may yield quantum-size effects tha623315.
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