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Kinetics of gallium films confined at grain boundaries

H. Konrad,* J. Weissmu¨ller, and R. Birringer
Universität des Saarlandes, Postfach 15 11 50, 66041 Saarbru¨cken, Germany

C. Karmonik
National Institute of Standards and Technology, Gaithersburg, Maryland

H. Gleiter
Forschungszentrum Karlsruhe, Postfach 36 40, 76021 Karlsruhe, Germany
~Received 8 September 1997; revised manuscript received 23 March 1998!

We report on a combined study, byin situ x-ray diffraction at temperatures between 293 and 80 K,
differential scanning calorimetry, and coherent quasielastic neutron scattering~QENS!, of thin Ga films con-
fined at grain boundaries in Al2O3-Ga nanocomposites that are produced by high-energy ball milling. We find
that a molar fraction of Ga of up to 0.18 does not undergo phase change in the temperature interval investi-
gated, which contains the bulk melting temperatureTM

bulk , and conclude that this Ga is located in confined
layers at grain boundaries, with an estimated thickness of six atomic monolayers. In samples with a higher
overall molar fraction, the Ga in excess of molar fraction 0.18 melts and crystallizes reversibly when cycled
between 100 and 320 K. For such samples, QENS at 320 K, that is, 17 K aboveTM

bulk , indicates three distinct
diffusion coefficientsD for Ga: one below the resolution limit,D1,131026 cm2/s, one agreeing with the
bulk liquid value,D253.431025 cm2/s, and a faster coefficientD352.431024 cm2/s. We argue that the
smaller and medium diffusion coefficients,D1 and D2 , represent, respectively, solidlike layers near the
Al2O3-Ga interface and liquid Ga in the core of interfacial layers and in liquid droplets. The fast diffusion
coefficient (D3) may be due to diffusion on free surfaces.@S0163-1829~98!06728-9#
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I. INTRODUCTION

The last few years have witnessed renewed interest in
properties of liquids confined within very narrow space
e.g., in small pores or capillaries or in molecularly thin film
adsorbed on substrates or confined between two surfa
This interest has extended to both the static and dyna
properties of the confined liquids. There exists general ag
ment that properties of bulk liquids may change substanti
by the confinement. Several studies of the melting beha
of materials in confined geometries have been reported.
instance, computer simulations1–3 as well as experimenta
data on inert gases in porous glasses,4 for water and nonpolar
organic liquids in intercalates5 and for Ge/Pb/Ge layers6 re-
veal that melting in confined geometries is a broad transi
that starts up to 40 K below the bulk melting temperature
useful tool for studying the premelting of thin adsorbed film
is quasielastic neutron scattering.7,8 This technique allows us
not only to investigate the diffusion mechanism of the fi
atoms but also to determine the temperature dependenc
the liquid fraction. Some experiments indicate that ev
above the melting point ordering~stratification! of the first
few monolayers adjacent to the interface persists due
steric forces9 or compression10 of these layers or due to
chemical bonding.11 The dynamic properties of ultrathi
films between two molecularly smooth surfaces sliding p
each other have also been investigated.12 These studies
clearly reveal film properties that are profoundly differe
from those of bulk liquids. Once the film thickness falls b
low five molecular diameters, these liquid films exhibit so
idlike properties, i.e., support uniaxial stress as well as sh
stress.
PRB 580163-1829/98/58~4!/2142~8!/$15.00
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Recently, a new approach to study thin films in confin
geometry was realized by preparing composites of a nan
rystalline ~i.e., polycrystalline with a mean grain size of th
order of 10 nm! matrix and wetting films in the grain
boundaries.13 These alloys were produced by modifying th
standard inert gas condensation process used for prep
single-phase nanocrystalline solids14 so that isolated nm-
sizedW particles are coatedin situ with Ga prior to being
consolidated into a bulk solid. Thus, it was possible to inc
porate several layers of Ga in the grain boundaries of nan
rystalline W. Because of their high specific grain bounda
area the nanocrystalline microstructure can incorporate la
volume fractions~up to 50 vol %! of grain boundary films
and thus offer the unique opportunity to investigate thin film
at grain boundaries by volume-sensitive methods such a
ray scattering or neutron scattering. In the present work,
used high-energy ball milling to prepare a similar compos
microstructure. The choice of the components, alum
(Al2O3) as the matrix and Ga as the film, is motivated by t
favorable combination of melting points, that of Ga bei
close to room temperature~303 K!, thus allowing experi-
ments at the film melting point without irreversible chang
of the microstructure of the high melting point matrix. Fu
thermore, alumina has a suitably low electron density co
pared to Ga so that x-ray scattering cross sections of
composite contain relatively strong contributions from t
Ga. High energy ball milling, a method that is being us
extensively to prepare nanostructured samples15 was chosen
as the method of preparation, because in contrast to inert
condensation, it allows for convenient preparation of t
2142 © 1998 The American Physical Society
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comparatively large quantities of sample required for neut
scattering studies.

Here we report on a combined investigation of the str
ture and dynamics of alumina-Ga composite nanostruct
by in situ x-ray diffraction between 293 and 80 K, differen
tial scanning calorimetry, and quasielastic neutron scatter

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

Nanocomposites of composition (Al2O3)(12x)Gax , with
molar fractionsx of Ga in the interval 0⇐x⇐0.4 were pre-
pared by high-energy ball milling in a Spex2000 mill. F
minimizing contamination by wear from the hardened st
vials, it was found suitable to proceed as follows: first, co
mercial alumina powder~Pechiney Altech, purity: 99.9%!
was milled for 4 h, which refined the grain size to 25 n
Then Ga~Heraeus, purity: 99.999%! was added and the mill
ing vial heated for 1 h at 100 °C inorder to melt the Ga. The
sample was then milled for an additional 1-h period, so t
a fine dark gray powder was obtained, with a powder part
size in themm range. The last two steps were omitted for t
sample withx50. Contamination by wear was found to be
at % Fe ~metal atom fraction!, as determined by energy
dispersive analysis with a scanning microscope. Fe has
ligible solubility in liquid Ga near the Ga melting point, an
is thus concluded to have no noticeable influence on
properties of the Ga phase. Of the intermetallic Ga pha
none was detected by x-ray scattering.

The x-ray diffraction patterns were recorded with a S
emens D5000u-u diffractometer equipped with a coolin
stage. We used Mo-Ka1/2 radiation and a Si~Li ! detector. The
mean grain size was computed from the broadening of
Bragg reflections after correction for microstrain.16

Differential scanning calorimetry~DSC! was carried out
in a Perkin Elmer DSC7 in the temperature range 100–
K. Heating cycles were performed for all samples, and
cooling cycle was recorded for the sample withx50.3. In
general, three melting peaks occurred upon heating. The
heat of fusion was calculated by integrating the area un
each melting peak, and was converted to a molten m
fraction of Ga using literature values for the molar entha
of fusion of the respective phases.17 The sum of the molten
amounts of Ga in the temperature interval 100–320 K c
stitutes the molar fraction of Ga that melts and crystalliz
reversibly in the temperature interval 100–320 K,xmolten.
When all Ga in the sample is found to melt, the
xmolten5x.

The diffusivity of the Ga was investigated for sever
temperatures in and near the interval of the melting tra
tions by means of quasielastic neutron scattering~QENS!.18

The as-prepared sample withx50.3 Ga was first measured a
288 K, then cooled to 77 K and upon heating spectra at 2
270, 290, 303, and 320 K were recorded. Upon cooling
measurements at 303 and 290 K were repeated. A pure
reference sample was measured at 320 K and in the un
cooled liquid state at 290 K. Approximately 100 spec
were recorded at the time-of-flight spectrometer IN5 at IL
Grenoble19 at scattering anglesu with 11°,2u,130°. The
wavelengthl of the incoming neutrons was defined by a fo
chopper system to a value of 3 Å giving an instrumental
energy resolution of 506meV half-width at half-maximum
n

-
es

g.

l
-

.

t
le

g-

e
s,

-

e

0
a

tal
er
ar
y

-
s

l
i-

0,
e
Ga
er-

,

~HWHM!, a symmetric energy transfer of about 5 meV an
maximumQ value of 3.83 Å21; Q is the scattering vecto
given byQ54p sinu/l. The 200-K data was used to defin
the instrumental resolution. Multiple scattering was correc
for by applying the programDISCUS.20 Apart from a negli-
gible incoherent scattering contribution~incoherent scatter-
ing cross sections inc

Al 50.0092!,21 the scattered intensity o
the crystalline alumina appears only at Bragg angles.
QENS only angles between the Bragg positions of alum
were investigated, hence the intensity of the spectra or
nates practically exclusively from elastic and quasielas
scattering of solid or liquid Ga.

Since Ga is a purely coherent scatterer (scoh
Ga56.674),21

coherent QENS was measured. In the more commonly u
technique of incoherent ~a/o to coherent! QENS, the
HWHM v of the quasielastic broadened line can be rela
to the self-diffusion coefficientDself by

\* v5DselfQ
2. ~1!

For alloys, coherent QENS satisfies Eq.~1! with Dchem, the
chemical diffusion coefficient, substituted forDself. To iden-
tify the appropriate diffusion coefficient for the case of c
herent QENS by a single component substance, conside
relation between the coherent and incoherent structure
tors,S(Q) andSinc(Q), respectively, and the time-depende
van Hove ~total! correlation and self-correlation functions
G(r ,t) andGself(r ,t), respectively:22

S~Q,v!51/2pE E G~r ,t !exp~ iQr !exp~2 ivt !dr dt, ~2a!

Sinc~Q,v!51/2pE E Gself~r ,t !exp~ iQr !exp~2 ivt !dr dt.

~2b!

Gself(r ,t) denotes the conditional probability that a partic
originally located at positionr50 at timet50 is located at
positionr at timet. Given the same initial condition,G(r ,t)
denotes the probability that there isany particle located at
position r at time t.

With a Gaussian form ofGself(r ,t),

Gself~r ,t !5~4Dselft !
23/2 exp~2r 2/4Dselft !,

Eq. ~2b! leads to a Lorentzian energy dependence ofSinc(Q),

Sinc~Q,v!5DselfQ
2/@~DselfQ

2!21v2#,

and hence to Eq.~1!. By analogy, a Gaussian form of the va
Hove total correlation function leads to

S~Q,v!5DQ2/@~DQ2!21v2#,

with D the diffusion coefficient corresponding to the tot
correlation function.

To illustrate the difference betweenDself andD, consider
two individual atomistic diffusion events on a lattice:~a! the
vacancy mechanism, in which the vacancy exchanges s
with an atom, and~b! the direct interchange of two atoms
that does not involve vacancies. Process~a! leads to time
dependence of bothG(r ,t) and Gself(r ,t), whereas process
~b! results in a time dependence only ofGself(r ,t), not of
G(r ,t). The diffusion coefficientD that is measured by co
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2144 PRB 58H. KONRAD et al.
herent QENS refers selectively to those atomic rearran
ments that modify the local short-range order, such as~a!. By
contrast, rearrangements that maintain the local short-ra
order @such as~b!# do not contribute toD.

Assuming an energy transfer of 1 meV, we can calcula
by Eq. ~1!, that in this experiment diffusion coefficients i
the range of 1025 cm2/s—a value typical for liquids—can
easily be resolved. A further consequence of the cohe
scattering is de Gennes narrowing,23 that is, the diminishing
of the observed half-width at wave vectors where the st
structure factorS(Q) has a maximum. Since for Ga th
maximum in S(Q) appears at 2.52 Å21, only the spectra
recorded atQ values lower than 2 Å21 have been analyze
in order to simplify the data evaluation process.

The neutron energy spectra recorded at differentQ were
grouped into ten summed spectra, withQ values in the range
between 0.53 and 3.68 Å21, omitting the Bragg peaks of th
crystalline Al2O3. These spectra were fitted by assuming
quasielastically broadened part due to diffusing Ga ato
with a mobile fractionqmobile and an elastic contribution (1
2qmobile) due to Ga atoms immobile at the time scale of t
experiment. The data were analyzed by assuming Lorent
line shapes, convoluted with an experimentally determin
instrumental energy resolution function, for the quasiela
cally broadened line. To stabilize the fit a simultaneous d
evaluation of six energy spectra forQ,2 Å21 assuming that
a Q2 dependence of the half-width@Eq. ~1!# was carried out
for each temperature.

As discussed in Sec. III C below, a satisfactory fit to t
energy spectra at each wave vector required the assum
of two superposed quasielastically broadened lines of dif
ent width. Altogether, each energy spectrum is therefore
composed into three lines: one elastic line, with a pro

FIG. 1. Upper graph, x-ray diffraction pattern of pure nanocr
talline Al2O3 ~dashed line!, and two samples withx50.1 Ga~dotted
line! andx50.3 Ga~solid line!; lower graph, x-ray diffraction pat-
tern of bulk liquid Ga at 320 K.
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exclusively due to the measured instrumental broaden
and two quasielastically broadened lines.

III. RESULTS

A. X-ray scattering

The upper graph in Fig. 1 depicts x-ray diffractograms
a pure nanocrystalline alumina sample and for as prepa
samples withx50.1 and 0.3 Ga, recorded at 293 K. A
diffractograms show the Bragg reflections ofa-alumina, but
no additional peaks that might indicate crystalline Ga phas
From the broadening of the Bragg peaks the grain size of
alumina was determined to 2562 nm. At 293 K, the Ga-
containing samples also show a background scaling in he
with the Ga content. By comparison with the scattering
bulk liquid Ga ~lower graph! the background is consisten
with liquid or amorphous Ga.

Figure 2 shows the low-temperature x-ray-diffraction p
terns forx50.3, obtained upon cooling in the sequence 2
150, and 80 K, together with literature data for the Bra
reflection positions of thea-, b-, and g-Ga.24–26 The grain
size of the alumina phase was found to be invariant dur
cooling and reheating. Besides the alumina reflections,
patterns at and below 250 K showed reflections from cr
talline a-Ga @Fig. 2~a!#, at and below 150 K theb-Ga reflec-
tions are also present@Fig. 2~b!#, and weak Bragg peaks o
g-Ga appear at 80 K@Fig. 2~c!#. Hence, during coolinga-Ga
crystallizes between 293 and 250 K,b-Ga crystallizes be-
tween 250 and 150 K, andg-Ga crystallizes between 150 an
80 K. Accordingly, the intensity of the amorphous bac

-
FIG. 2. Low-temperature x-ray diffraction pattern for a samp

with x50.3 Ga recorded at 250 K~a!, 150 K ~b!, and 80 K~c!. The
solid lines are the theoretical Bragg positions ofa-Ga ~a!, b-Ga ~b!,
andg-Ga ~c!.
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ground is found to diminish with decreasing temperatu
Due to the overlap of the Bragg reflections from the differe
crystalline phases the magnitude of the amorphous si
could not be quantified. However, the molar fractions of
individual phases can be determined from the calorime
data.

B. Differential scanning calorimetry

In Fig. 3 the DSC measurements for three samples w
x50.2, 0.3, and 0.4 and for a pure bulk Ga reference sam
is shown. The reference sample reveals a single endothe
peak with an onset temperature of 304.4 K, which agr
with the literature value of 302.93 K for a melting point o
a-Ga.7 The other samples show three broadened endothe
peaks with onset temperatures of 235, 250, and 290 K. Th
transitions are reversible, i.e., after cooling and reheating
peaks occurred again. The peaks can be related to the m
ing transitions ofg-, b-, and a-Ga: comparison with the
corresponding melting temperatures from literature~237.55
K for g-Ga and 256.85 K forb-Ga!17 reveal a premelting by
about 2 K for g-Ga, 7 K forb-Ga and 13 K fora-Ga.

Figure 4 shows a heating and a subsequent cooling c
for the sample withx50.3. A comparison of the temperatu
intervals for melting and freezing reveals that in the case
the a-Ga the melting and freezing intervals overlap. Hen
a-Ga crystallizes without noticeable undercooling. Forb-Ga
the freezing is clearly shifted to lower temperatures. T
freezing of g-Ga was not detected by DSC. However, t
low-temperature x-ray diffraction data recorded during co
ing, show crystallization ofg-Ga between 150 and 80 K
well below the melting point of 237.55 K. Thus, both met
stable phases~b- and g-Ga! crystallize from the severely
undercooled melt.

As indicated in Sec. II, we aim to estimate the mo
faction of Ga that melts upon heating to 320 K,xmolten, from
the molar enthalpies of fusion of the individual crystallin
phases. The limited amount of melting point suppression

FIG. 3. DSC measurements for three samples withx50.2 Ga
~dotted line!, x50.3 Ga~dashed line!, andx50.4 Ga~upper solid
line! and for a pure Ga reference sample~lower solid line!.
.
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tifies the use of literature data for the molar enthalpy of fu
sion in bulk for that purpose. Significant changes, relative
bulk, of the molar enthalpy of fusion in the crystallizing
fraction, due to a potential effect of size or confinemen
would result in corresponding variation of the melting points
and are thus ruled out by the data.

Figure 5 shows the variation ofxmolten with overall Ga
molar fractionx, with xmolten determined as discussed above
By inspection of the figure, two ranges can be distinguishe
in samples withx,0.2 only a small amount of Ga~1 mol %!
can melt. For samples withx>0.2, xmolten increases linearly
with x. The dashed line was computed on the assumptio
that all Ga in excess ofx50.18 melts, and is seen to be in
excellent agreement with the data. Thus, the finding is th
up to a maximum molar fraction of 0.18, the Ga does no
undergo a first-order phase transition in the temperatu
range 100–320 K, as suggested by the absence of meas
able latent heat for that fraction.

FIG. 4. Heating~upper line! and cooling~lower line! cycle for a
sample withx50.3 Ga.

FIG. 5. Molar fraction of molten Gaxmolten for samples with
different Ga contents. Explanation of the dashed line is in the tex
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FIG. 6. Spectrum of scattered neutrons atQ50.82 Å21 andT5320 K ~upper diagram! and corresponding residuals~lower diagram!. ~a!
Fit with one Lorentzian,~b! fit with two Lorentzians.
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C. Quasielastic neutron scattering

Figure 6 shows a typical quasielastic neutron scatte
spectrum,27 in the exampleQ50.82 Å21, T5320 K. Beside
an elastic contribution, one can clearly detect broade
wings due to quasielastic scattering of mobile Ga. By app
ing Eq.~1! to the elastic line of 506meV HWHM we deduce
an upper limit of 1026 cm2/s for the diffusivity of the elastic
component. Since this is much smaller than typical liqu
diffusion coefficients, which are of the order of 1025 cm2/s,
we shall refer to the matter that contributes to the ela
component as immobile, a notion that depends on the exp
mental energy resolution. Figures. 6~a! and 6~b! display the
results of the fits with the elastic plus one or two quasiel
tically broadened lines, respectively. Systematic deviati
between fit and experiment in the single-line cases, that
present at all temperatures, motivate the use of the two
fit, as detailed in Sec. II. The diffusion coefficients for d
ferent temperatures deduced by applying Eq.~1! to the two
components are shown in Fig. 7. The lower diffusion coe
cients agree within error bars with our finding for the bu
liquid Ga at 290 and 320 K. The faster diffusion coefficie
is in the order of 1024 cm2/s.

Since in our QENS experiment, only the Ga contributes
the investigated spectra, the relative intensity of
quasielastically broadened line can be directly assigne
the amount of Ga that is mobile in terms of the experimen
resolution, i.e., with diffusion coefficients larger tha
1026 cm2/s. Thus we can compare the mobile Ga fracti
qmobile with the relative molar fraction of molten Ga deduc
from the DSC dataxmolten/x for the sample withx50.3.
Figure 8 displays the mobile Ga fractionqmobile determined
from the area under the broadened components in the q
elastic line, versus temperature~triangles and left ordinate!
and the relative molar fraction of molten Gaxmolten/x that
g
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t

o
e
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si-

melts and crystallizes reversibly, and hence is molten at
K as determined by DSC~circles and right ordinate!. For
ease of reference, the DSC traces that illustrate the loca
of the melting transitions~compare with Fig. 3! are also de-
picted. It is seen that the endothermic DSC peaks wh
indicate melting transitions concur qualitatively with in
creases in the mobile fraction determined by QENS: At 2
270, and 290 K, respectively,g- andb- and part of thea-Ga

FIG. 7. Diffusion coefficients for a sample withx50.3 ~squares!
and a bulk liquid Ga sample~triangles!. The as-prepared sampl
was measured at 288 K, cooled to 77 K, and upon heating spect
different temperatures up to 320 K were taken. Then, the meas
ments at 303 and 290 K were repeated upon cooling. The b
liquid sample was measured at 320 K and in the undercooled liq
state at 290 K.
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have melted and contribute to the quasielastic broaden
But at 303 and 320 K, where thea-Ga is completely molten
there is no quantitative agreement: the relative molar frac
of molten Ga inferred from the calorimetric dataxmolten/x
50.4 is about twice the mobile fraction determined from t
quasielastic neutron scatteringqmobile50.19.

IV. DISCUSSION

Summarizing, the experimental results and the ensu
points of discussion are as follows: the Ga componen
noncrystalline at 293 K, and upon cooling part of it cryst
lizes in a variety of stable and metastable phases. The
heat of fusion indicates that only a fraction of Ga actua
crystallizes and melts upon cycling between 320 and 77
that fraction appears to be the Ga that is in excess of
molar fraction of 0.18. At least part of the molten Ga ha
diffusivity that agrees within error bars with that of the bu
liquid. There is no evidence for a change of phase in
remaining Ga molar fraction of 0.18, and the QENS d
imply that the diffusivity of that fraction is significantly be
low that of liquid Ga, even at temperatures up to 17 K abo
the bulk melting point. We shall first discuss why the me
stable crystalline phases form and why they show underc
ing, whereas the stable crystalline phase does not. Then
proceed to discuss the nature of the remaining Ga.

The equilibrium phase of bulk Ga is thea-phase, but
when undercooled to 256.7 K the Ga melt is known to cr
tallize in the metastableb phase, and upon further unde
cooling to 237.4 K the formation of yet another metasta
phase, theg-Ga, has been reported.17 There are two reason
for undercooling to appear: for small particles it is oft
energetically favorable to remain liquid even below the b
melting point because the surface energy of a liquid dro
is lower than the surface energy of the corresponding c

FIG. 8. Comparison of the mobile fractionqmobile from QENS
~left ordinate! with the relative molar fraction of molten G
xmolten/x from DSC ~right ordinate!. The lower diagram shows th
corresponding DSC measurement.
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tallite. Ga droplets are known to show this undercooling28

The second reason for undercooling is the presence o
energy barrier to build a solid nucleus and is also obser
for bulk samples. Since thea-Ga does not show undercoo
ing we can conclude that the nucleation barrier for the cr
tallization of a-Ga is insignificant. Theb- and g-Ga are
present only to a small amount. From the observed und
cooling of theb- and g-Ga we can conclude that there
either a nucleation barrier for the freezing of these phase
that this part of the Ga could be present in the form of sm
droplets. Ga droplets are like to be formed due to the in
mogeneity of the preparation process. As has been poi
out above this would explain the formation of the metasta
phases. The observed premelting of 2–13 K can be un
stood as an effect of reduced dimension or dimensiona
This phenomenon has often been observed for sm
particles29 as well as for thin adsorbed films.30

The mobile fraction deduced from QENS increases w
the fraction of molten Ga deduced from calorimetry forT
5250, 270, and 290 K. In addition, the measured diffus
coefficients agree with the value obtained for the bulk
reference sample at 290 and 320 K. This supports the c
clusion that the formation of the metastable crystalli
phases is through crystallization of droplets of bulk liquid

The prominent properties of the remaining Ga are t
(12qmobile)50.81 of the Ga in the sample withx50.3,
which corresponds to a molar fraction of 0.243 retains
diffusivity considerably below that of the bulk liquid
throughout the investigated temperature range and henc
to 17 K above the bulk melting point. Furthermore, up to
molar fraction of 0.18 the Ga does not undergo a first or
phase transition. As no bulk phase with those propertie
known, we conjecture that the unusual behavior of this fr
tion of Ga results from an interfacial component, that is fro
layers of Ga confined at grain boundaries.

The thickness of the grain boundary film that accomm
dates a molar fraction of 0.243, the maximum molar fract
that shows reduced mobility, at the matrix grain size of
nm was computed to be equivalent to nine atomic monol
ers in average. The molar fraction of 0.18, the maximu
molar fraction that undergoes no first order phase transit
is equivalent to six atomic monolayers. These values
based on Eq.~3!:31

Z5
x•VGa

1/3
•m

~12x!•3VAl2O3

, ~3!

where Z denotes the number of monolayers,V5Mmol /
NArbulk , Mmol the molar mass,NA the Avogrado number,
rbulk the bulk density, andm the surface mean diamete
which can be calculated from the mass mean diameter
duced from the broadening of the Bragg peaks. A sim
behavior, i.e., nonmelting of Ga, has also been observed
the nanostructured WGa samples with a calculated interfa
layer thickness of five atomic monolayers.32

This observation is compatible with a model where t
grain boundary film has outer layers, at each Al2O3-Ga inter-
face, with a maximum thickness of three layers each, tha
not melt and remain immobile above the bulk melting po
and a core of thickness equivalent to three atomic mono
ers, that undergo the structural phase transformation
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contributing to the latent heat of fusion, but that retain lo
atomic mobility in the noncrystalline state for the most pa
~Fig. 8!.

The phase transformation in the core layers, a transit
between crystalline and noncrystalline state that involves
tent heat of fusion, is evocative of the ‘‘crystal to glass tra
sition,’’ a melting process induced by the shear instability
a crystalline alloy.33 In both cases, the diffusion coefficien
of the disordered phase is characteristic of a solid, the gla
as opposed to the liquid. But, in the present case, the tra
tion in the core layers occurs near the bulk melting point an
hence, above the~bulk! glass transition temperature. Thi
suggests that the confinement imposes severe restriction
the kinetics of the core layer.

The observation, by calorimetry, thata-Ga crystallizes
with negligible undercooling is also in agreement with th
model: the outer layers provide sites for heterogeneo
nucleation; alternatively, the phase transition may be co
tinuous, proceeding progressively from the outer layers in
the core when the temperature deviates from the transit
onset. This effect has been observed experimentally in m
ing of intercalates.5

In terms of the model, the results of the QENS experime
indicates a diffusivity for the confined layers at the gra
boundaries of less than 1026 cm2/s. Thus, the consistent ob
servation of the absence of a melting transition and of lo
diffusivity for part of the Ga phase supports the idea th
layerlike structures constrained between nanocrystallites m
exhibit interesting properties in comparison to their bu
counterparts.

The slight increase in mobile fractionqmobile at T
5290 K gives evidence of the partial contribution of th
molten core to the quasielastically broadened line. The c
culation of the layer thickness by Eq.~3! assumes a constan
thickness of the layers. However, with the preparatio
method of ball milling we must, rather, assume an inhom
geneous distribution of Ga in the grain boundaries, thus
calculated thickness should be rather seen as an ave
value. Therefore, the core thickness may partially exceed
calculated average value of three layers and the liquid c
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may partially become mobile enough to have bulk liqui
features, thus contributing to the quasielastic broadening.

The existence of a third diffusion coefficient, represent
tive of kinetics faster than that of bulk liquid, remains puz
zling. This fast diffusion coefficient may be due to surfac
diffusion on the external surface of the powder particles~as
opposed to grains! produced by ball milling.

V. SUMMARY

We produced composites of nanocrystalline alumina a
Ga. By using x-ray scattering, differential scanning calorim
etry, and quasielastic neutron scattering, we could deduce
following structural model: The majority of the Ga is con
fined in the grain boundaries of the nanocrystalline alumin
About six layers of Ga are prevented from melting even 17
aboveTm

Ga due to the interaction with the confining matrix. If
the sample contains more Ga, the average thickness of
grain boundary film increases. The excess Ga experience
weaker interaction with the matrix and can melt. But there
strong indication that due to the confining geometric cond
tions the diffusion coefficient of these liquid layers is smalle
than the diffusion coefficient of the bulk liquid. A small
amount of Ga cannot be incorporated in the grain boundar
due to the inhomogeneity of the preparation process. This
is left over in the form of small droplets and freezes asb-
andg-Ga from the undercooled melt.

Presently further QENS experiments are planned. B
choosing a better energy resolution we intend to meas
smaller diffusion coefficients, i.e. the diffusion of the grai
boundary film.
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