PHYSICAL REVIEW B VOLUME 58, NUMBER 4 15 JULY 1998-II

Kinetics of gallium films confined at grain boundaries
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We report on a combined study, by situ x-ray diffraction at temperatures between 293 and 80 K,
differential scanning calorimetry, and coherent quasielastic neutron scatt@tgS, of thin Ga films con-
fined at grain boundaries in AD;-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 temperatﬂiké'k, 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 Eﬁ'ﬁ'i/,eindicates three distinct
diffusion coefficientsD for Ga: one below the resolution limih;<1x10 ¢ cn?/s, one agreeing with the
bulk liquid value,D,=3.4x1075 cn/s, and a faster coefficield;=2.4x10"* cn?/s. We argue that the
smaller and medium diffusion coefficientd,; and D,, represent, respectively, solidlike layers near the
Al,0;-Ga interface and liquid Ga in the core of interfacial layers and in liquid droplets. The fast diffusion
coefficient O3) may be due to diffusion on free surfac€S0163-18208)06728-9

I. INTRODUCTION Recently, a new approach to study thin films in confined
geometry was realized by preparing composites of a nanoc-
The last few years have witnessed renewed interest in thegstalline (i.e., polycrystalline with a mean grain size of the
properties of liquids confined within very narrow spaces,order of 10 nm matrix and wetting films in the grain
e.g., in small pores or capillaries or in molecularly thin films pondaried® These alloys were produced by modifying the

adsorbed on substrates or confined between two surfaceg,ngarg inert gas condensation process used for preparing
This interest has ext_ende_d to both the static and dyn‘r’lm'gingle-phase nanocrystalline sofitiso that isolated nm-
properties of the confined liquids. There exists general agree-

ment that properties of bulk liquids may change substantiallyc"zedw par'ut_:les are coateph situ W'Fh Ga prior. o be|_ng
by the confinement. Several studies of the melting behaviofonsolidated into a bulk solid. Thus, it was possible to incor-
of materials in confined geometries have been reported. Fgiorate several layers of Ga in the grain boundaries of nanoc-
instance, computer simulations as well as experimental rystallineW. Because of their high specific grain boundary
data on inert gases in porous glassés, water and nonpolar area the nanocrystalline microstructure can incorporate large
organic liquids in intercalatésand for Ge/Pb/Ge layetse-  volume fractions(up to 50 vol % of grain boundary films
veal that melting in confined geometries is a broad transitiorand thus offer the unique opportunity to investigate thin films
that starts up to 40 K below the bulk melting temperature. Agt grain boundaries by volume-sensitive methods such as x-
useful tool for studying the premelting of thin adsorbed filmsyay scattering or neutron scattering. In the present work, we
:150?%"’[‘15"6133#%2;‘:"‘1” ?ﬁat'ﬁ;h@?r his tecnmq_ue allfoms lﬁ used high-energy ball milling to prepare a similar composite
y gate the dinusion mechanism ot the WM ;. ostructure. The choice of the components, alumina

atoms but also to determine the temperature dependence P 1,0,) as the matrix and Ga as the film, is motivated by the

the liquid fraction. Some experiments indicate that evenf bl binati ¢ " ints. that of Ga bei
above the melting point orderingtratification of the first avorable combination of mefting points, that oft>a being
8Iose to room temperatur03 K), thus allowing experi-

few monolayers adjacent to the interface persists due t . . ) ! . .
steric force$ or compressiof! of these layers or due to ments at the film melting point without irreversible changes

chemical bondind® The dynamic properties of ultrathin of the microstrqcture of the .high melting point matr[x. Fur-
films between two molecularly smooth surfaces sliding pasth€rmore, alumina has a suitably low electron density com-
each other have also been investigdfedihese studies pared to Ga so that x-ray scattering cross sections of the
clearly reveal film properties that are profoundly differentcomposite contain relatively strong contributions from the
from those of bulk liquids. Once the film thickness falls be-Ga. High energy ball milling, a method that is being used
low five molecular diameters, these liquid films exhibit sol- extensively to prepare nanostructured saniplems chosen
idlike properties, i.e., support uniaxial stress as well as sheas the method of preparation, because in contrast to inert gas
stress. condensation, it allows for convenient preparation of the
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comparatively large quantities of sample required for neutrofHWHM), a symmetric energy transfer of about 5 meV and a

scattering studies. maximumQ value of 3.83 A'1; Q is the scattering vector
Here we report on a combined investigation of the strucgiven byQ= 4 sin ¢/x. The 200-K data was used to define

ture and dynamics of alumina-Ga composite nanostructurege instrumental resolution. Multiple scattering was corrected

by in situ x-ray diffraction between 293 and 80 K, differen- for by applying the progranmiscus?® Apart from a negli-

tial scanning calorimetry, and quasielastic neutron scatteringjible incoherent scattering contributigimcoherent scatter-

ing cross sectionry.=0.0092,% the scattered intensity of

the crystalline alumina appears only at Bragg angles. For

QENS only angles between the Bragg positions of alumina
Nanocomposites of composition (&) ;-xGa, with ~ were investigated, hence the intensity of the spectra origi-

molar fractionsx of Ga in the interval @&=x<0.4 were pre- nates practically exclusively from elastic and quasielastic

pared by high-energy ball milling in a Spex2000 mill. For scattering of solid or liquid Ga.

minimizing contamination by wear from the hardened steal Since Ga is a purely coherent scatteref0%=6.674) 2

vials, it was found suitable to proceed as follows: first, com-coherent QENS was measured. In the more commonly used

mercial alumina powdefPechiney Altech, purity: 99.9% technique of incoherent (a/o to coherent QENS, the

was milled for 4 h, which refined the grain size to 25 nm.HWHM w of the quasielastic broadened line can be related

Then Ga(Heraeus, purity: 99.999%vas added and the mill- to the self-diffusion coefficienD s by

ing vial heated fo1 h at 100 °C inorder to melt the Ga. The

sample was then milled for an additional 1-h period, so that A* 0=DgeQ. (1)

a_ﬁne_: dark gray powder was obtained, with a povyder particlq;or alloys, coherent QENS satisfies E) with Do, the
slz€ |r|1 thgﬂhrxn_r%ngce. The .IaSt.tWObStepS were (;mlttzd fobr thlechemical diffusion coefficient, substituted ;. To iden-
sample withx=0. Contamination by wear was found to be tify the appropriate diffusion coefficient for the case of co-

herent QENS by a single component substance, consider the
iaibl lubility in liauid G he G i . d %lation between the coherent and incoherent structure fac-
Igible solubility In liquid Ga near the Ga melting point, an tors, S(Q) andS;,(Q), respectively, and the time-dependent

IS thus.concluded to have no notlc_eable mflgence on th?/an Hove (total) correlation and self-correlation functions,
properties of the Ga phase. Of the intermetallic Ga phase§3(r t) and Ge.(r,t), respectively’?
L] se 1 1 .

none was detected by x-ray scattering.

The x-ray diffraction patterns were recorded with a Si-
emens D50000-6 diffractometer equipped with a cooling S(Q.w)=1/27rf f G(r,t)expiQr)exp —iwt)dr dt, (2a)
stage. We used Mo+, radiation and a $LLi) detector. The
mean grain size was computed from the broadening of the
Bragg reflections after correction for microstrafh. SndQ,w)= 1/277j f Gge(r,t)expiQr)exp —iwt)dr dt.

Differential scanning calorimetryDSC) was carried out (2b)
in a Perkin EImer DSCY7 in the temperature range 100—-320
K. Heating cycles were performed for all samples, and &sef(r,t) denotes the conditional probability that a particle
cooling cycle was recorded for the sample witk0.3. In  originally located at positiom=0 at timet=0 is located at
general, three melting peaks occurred upon heating. The totgpsitionr at timet. Given the same initial conditioi&(r,t)
heat of fusion was calculated by integrating the area undedlenotes the probability that there ay particle located at
each melting peak, and was converted to a molten molapositionr at timet.
fraction of Ga using literature values for the molar enthalpy With a Gaussian form 0G¢(r,t),
of fusion of the respective phastsThe sum of the molten 3 )
amounts of Ga in the temperature interval 100-320 K con- Gseif(r,1) = (4Dseif) ' €xp( — 1 /4D eit),
stitute§ thg molar fraction of Qa that melts and crystallizesEq_(Zb) leads to a Lorentzian energy dependencg,qfQ),
reversibly in the temperature interval 100—320 oiten-

When all Ga in the sample is found to melt, then Sin( Q, ) =D Q%[ (D geifQ?) %+ w?],
Xmolten™ X- :

%’ﬁe diffusivity of the Ga was investigated for several and hence to qu)'. By analpgy, a Gaussian form of the van
temperatures in and near the interval of the melting }gansiHove total correlation function leads to
tions by means of quasielastic neutron scattef@gNS. - P02 242, 2
The as-prepared sample with- 0.3 Ga was first measured at S(Q.0)=DRYDRY) w7,

288 K, then cooled to 77 K and upon heating spectra at 250yith D the diffusion coefficient corresponding to the total
270, 290, 303, and 320 K were recorded. Upon cooling theorrelation function.

measurements at 303 and 290 K were repeated. A pure Ga To illustrate the difference betwedh;andD, consider
reference sample was measured at 320 K and in the undemwo individual atomistic diffusion events on a lattid@) the
cooled liquid state at 290 K. Approximately 100 spectravacancy mechanism, in which the vacancy exchanges sites
were recorded at the time-of-flight spectrometer IN5 at ILL,with an atom, andb) the direct interchange of two atoms,
Grenoblé® at scattering angleg with 11°<26<130°. The that does not involve vacancies. Procéssleads to time
wavelength\ of the incoming neutrons was defined by a four dependence of bot(r,t) and G¢(r,t), whereas process
chopper system to a valud 8 A giving an instrumental (b) results in a time dependence only Gf.(r,t), not of
energy resolution of 50@eV half-width at half-maximum  G(r,t). The diffusion coefficienD that is measured by co-

Il. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS
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FIG. 1. Upper graph, x-ray diffraction pattern of pure nanocrys-
talline Al,O5 (dashed ling and two samples witk=0.1 Ga(dotted
line) andx=0.3 Ga(solid line); lower graph, x-ray diffraction pat-
tern of bulk liquid Ga at 320 K.

FIG. 2. Low-temperature x-ray diffraction pattern for a sample
with x=0.3 Ga recorded at 250 ), 150 K (b), and 80 K(c). The
solid lines are the theoretical Bragg positionsweGa (a), 8-Ga(b),
and y-Ga (c).

herent QENS refers selectively to those atomic rearrange-
ments that modify the local short-range order, sucteaBy  exclusively due to the measured instrumental broadening,
contrast, rearrangements that maintain the local short-ranggnhd two quasielastically broadened lines.
order[such agb)] do not contribute td.
Assuming an energy transfer of 1 meV, we can calculate,

by Eq. (1), that in this experiment diffusion coefficients in Il RESULTS

the range of 10° cm?/s—a value typical for liquids—can '

easily be resolved. A further consequence of the coherent A. X-ray scattering

scattering is de Gennes narrowifighat is, the diminishing The upper graph in Fig. 1 depicts x-ray diffractograms for

0{ th? obsfer\iedshalf-vr\]/idth at wave vectgr.s there (t;he tsht."iti% pure nanocrystalline alumina sample and for as prepared
rsngjx?nlqjtrﬁw ?ncg(rQ()Qz)appZZr? ;?a; guﬂrrll. ohqsethgrsp:ctrals samples withx=0.1 and 0.3 Ga, recorded at 293 K. All
recorded a0 values lower than '2'&1 h,ave been analvzed diffractograms show the Bragg reflections@flumina, but
in order to simplify the data evaluation process y no additional peaks that might indicate crystalline Ga phases.
e From the broadening of the Bra eaks the grain size of the
The neutron energy spectra recorded at diffe@nuere /=" 2 determgined o 25?%5’] At 2939K o

grouped into ten summed spectra, wdhvalues in the range o S )
between 0.53 and 3.68 &, omitting the Bragg peaks of the cc_mtamlng samples also show a packgr(_)und scaling in height
crystalline ALOs. These spectra were fitted by assuming awith the .Ga content. By comparison with thg scatte'rlng of
quasielastically broadened part due to diffusing Ga atom8ulk liquid Ga (lower graph the background is consistent
with a mobile fractiongoie and an elastic contribution (1 With liquid or amorphous Ga. _ _
— Oimobiid due to Ga atoms immobile at the time scale of this  Figure 2 shows the low-temperature x-ray-diffraction pat-
experiment. The data were analyzed by assuming Lorentziai¢ns forx= 0.3, obtained upon cooling in the sequence 250,
line shapes, convoluted with an experimentally determined50, and 80 K, together with literature data for the Bragg
instrumental energy resolution function, for the quasielastiteflection positions of thex-, -, and y-Ga?*~?® The grain
cally broadened line. To stabilize the fit a simultaneous data&ize of the alumina phase was found to be invariant during
evaluation of six energy spectra f@<2 A~! assuming that cooling and reheating. Besides the alumina reflections, the
a Q? dependence of the half-widftEq. (1)] was carried out  patterns at and below 250 K showed reflections from crys-
for each temperature. talline a-Ga[Fig. 2(a)], at and below 150 K thg-Ga reflec-

As discussed in Sec. lll C below, a satisfactory fit to thetions are also presefiFig. 2(b)], and weak Bragg peaks of
energy spectra at each wave vector required the assumptionGa appear at 80 KFig. 2(c)]. Hence, during cooling--Ga
of two superposed quasielastically broadened lines of differerystallizes between 293 and 250 R;Ga crystallizes be-
ent width. Altogether, each energy spectrum is therefore detween 250 and 150 K, angGa crystallizes between 150 and
composed into three lines: one elastic line, with a profile80 K. Accordingly, the intensity of the amorphous back-
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FIG. 4. Heatinglupper ling and cooling(lower line) cycle for a

FIG. 3. DSC measurements for three samples with0.2 Ga sample withx=0.3 Ga.

(dotted ling, x=0.3 Ga(dashed ling andx= 0.4 Ga(upper solid

line) and for a pure Ga reference samglewer solid line. tifies the use of literature data for the molar enthalpy of fu-

sion in bulk for that purpose. Significant changes, relative to

ground is found to diminish with decreasing temperaturePulk, of the molar enthalpy of fusion in the crystallizing
Due to the overlap of the Bragg reflections from the differentTaction, due to a potential effect of size or confinement,
crystalline phases the magnitude of the amorphous signdyould resultin corresponding variation of the melting points,
could not be quantified. However, the molar fractions of theand are thus ruled out by the data.

individual phases can be determined from the calorimetric Figure 5 shows the variation Ofyqpen With overall Ga
data. molar fractionx, with X,qendetermined as discussed above.

By inspection of the figure, two ranges can be distinguished:
in samples withk<<0.2 only a small amount of G4 mol %)
can melt. For samples witk= 0.2, X,oen iNCreases linearly

In Fig. 3 the DSC measurements for three samples withyith x. The dashed line was computed on the assumption
x=0.2, 0.3, and 0.4 and for a pure bulk Ga reference samplghat all Ga in excess ot=0.18 melts, and is seen to be in
is shown. The reference sample reveals a single endothermakcellent agreement with the data. Thus, the finding is that
peak with an onset temperature of 304.4 K, which agreegp to a maximum molar fraction of 0.18, the Ga does not
with the literature value of 302.93 K for a melting point of yndergo a first-order phase transition in the temperature

a—Ga.7 The other SampleS show three broadened endotherm%nge 100-320 K’ as Suggested by the absence of measur-
peaks with onset temperatures of 235, 250, and 290 K. Thesgyle latent heat for that fraction.
transitions are reversible, i.e., after cooling and reheating the
peaks occurred again. The peaks can be related to the me™ . : : , : : . .
ing transitions ofy-, B-, and a-Ga: comparison with the s s
corresponding melting temperatures from literat(287.55 ,,E
K for y-Ga and 256.85 K fop-Ga)'’ reveal a premelting by 20F . )
abou 2 K for y-Ga, 7 K for 8-Ga and 13 K fora-Ga. - | E'

Figure 4 shows a heating and a subsequent cooling cycté s K
for the sample withx=0.3. A comparison of the temperature g K
intervals for melting and freezing reveals that in the case o— - [1
the a-Ga the melting and freezing intervals overlap. Hence
a-Ga crystallizes without noticeable undercooling. BeGa "
the freezing is clearly shifted to lower temperatures. The r |
freezing of y-Ga was not detected by DSC. However, the K
low-temperature x-ray diffraction data recorded during cool- /
ing, show crystallization ofy-Ga between 150 and 80 K, - »
well below the melting point of 237.55 K. Thus, both meta- 0 , ]
stable phase¢s- and y-Ga) crystallize from the severely SR U U A S S S I
undercooled melt. 0 5 10 15 20 25 30 35 40 45

As indicated in Sec. Il, we aim to estimate the molar x [ mol% ]
faction of Ga that melts upon heating to 320%,ojen, from
the molar enthalpies of fusion of the individual crystalline  FIG. 5. Molar fraction of molten Ga&ouen for samples with
phases. The limited amount of melting point suppression jusdifferent Ga contents. Explanation of the dashed line is in the text.

B. Differential scanning calorimetry
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FIG. 6. Spectrum of scattered neutrongat 0.82 A~ andT= 320 K (upper diagrarmand corresponding residuglswer diagran. (a)
Fit with one Lorentzian(b) fit with two Lorentzians.

C. Quasielastic neutron scattering melts and crystallizes reversibly, and hence is molten at 320

Figure 6 shows a typical quasielastic neutron scatteriné; as determined by DSCxircles and right ordinaje For .
spectrun?’ in the exampleQ=0.82 A-1, T=320 K. Beside 2S¢ of reference, the DSC traces that illustrate the location

an elastic contribution, one can clearly detect broadene8?c the melting transition¢compare with Fig. Bare also de-

wings due to quasielastic scattering of mobile Ga. By appIyP'Cted‘ It is seen that the endothermic DSC peaks which

: - indicate melting transitions concur qualitatively with in-
ing Eq.(2) to the elastic line of 50@.eV HWHM we deduce . . . . i
an upper limit of 106 c/s for the diffusivity of the elastic 'c2S€S IN the mobile fraction determined by QENS: At 250,

component. Since this is much smaller than typical quuid270’ and 290 K, respectively: and 8- and part of thex-Ga

diffusion coefficients, which are of the order of T0cn¥/s,
we shall refer to the matter that contributes to the elastic A bulk liquid Ga
component as immobile, a notion that depends on the exper ", T-a——o—(ALO,) Ga
mental energy resolution. Figuresaband 6b) display the “g 49 PovRTe
results of the fits with the elastic plus one or two quasielas;, © I
tically broadened lines, respectively. Systematic deviation: '2 l ;—
between fit and experiment in the single-line cases, that ar — 3¢ AN
present at all temperatures, motivate the use of the two lin & - S
fit, as detailed in Sec. Il. The diffusion coefficients for dif- ]
ferent temperatures deduced by applying 8g.to the two
components are shown in Fig. 7. The lower diffusion coeffi-
cients agree within error bars with our finding for the bulk
liquid Ga at 290 and 320 K. The faster diffusion coefficient .
is in the order of 104 cn/s. -
Since in our QENS experiment, only the Ga contributes tc : 4\\\1/%>E>t
the investigated spectra, the relative intensity of the Ot T T T T T T T
quasielastically broadened line can be directly assigned t 220 230 240 250 260 270 280 290 300 310 320 330
the amount of Ga that is mobile in terms of the experimenta temperature [ K ]
resolution, i.e., with diffusion coefficients larger than
10" ¢ cnmP/s. Thus we can compare the mobile Ga fraction

Omobile With the relative molar fraction of molten Ga deduced ;4 4 pulk liquid Ga samplériangles. The as-prepared sample
from the DSC datamoren/x for the sample withx=0.3.  \yas measured at 288 K, cooled to 77 K, and upon heating spectra at
Figure 8 displays the mobile Ga fracti@p,opie determined  gifferent temperatures up to 320 K were taken. Then, the measure-
from the area under the broadened components in the quaskents at 303 and 290 K were repeated upon cooling. The bulk
elastic line, versus temperatugiangles and left ordinaje  liquid sample was measured at 320 K and in the undercooled liquid
and the relative molar fraction of molten G@,gen/X that  state at 290 K.

/

fficie

204 I &

10n coe

10 H

ffus

1

d

FIG. 7. Diffusion coefficients for a sample wiih= 0.3 (squares
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- tallite. Ga droplets are known to show this undercoofifig.
E_ 40 The second reason for undercooling is the presence of an
® QENS energy barrier to build a solid nucleus and is also observed
A DsC ] w for bulk samples. Since the-Ga does not show undercool-

3 ing we can conclude that the nucleation barrier for the crys-
tallization of a-Ga is insignificant. Thes- and y-Ga are
present only to a small amount. From the observed under-
20 | 420 cooling of the 8- and y-Ga we can conclude that there is

E E E either a nucleation barrier for the freezing of these phases or
I A ] that this part of the Ga could be present in the form of small
10 | 410 droplets. Ga droplets are like to be formed due to the inho-
mogeneity of the preparation process. As has been pointed
§ ] out above this would explain the formation of the metastable
0 —ttt++—+—+0 phases. The observed premelting of 2—-13 K can be under-
12} 1 stood as an effect of reduced dimension or dimensionality.
B-Ga This phenomenon has often been observed for small
10 yGa 1 particle$® as well as for thin adsorbed filmiS.
\ : . - The mobile fraction deduced from QENS increases with
%0 240 260 280 300 320 the fraction of molten Ga deduced from calorimetry for
temperature [ K | =25(_),_270, and 290. K. In addition, tht_a measured diffusion
coefficients agree with the value obtained for the bulk Ga

FIG. 8. Comparison of the mobile fractiag,ie from QENS  reference sample at 290 and 320 K. This supports the con-
(left ordinate with the relative molar fraction of molten Ga clusion that the formation of the metastable crystalline
Xmotten! X from DSC (right ordinat@. The lower diagram shows the phases is through crystallization of droplets of bulk liquid.
corresponding DSC measurement. The prominent properties of the remaining Ga are that

(1= dmobie =0.81 of the Ga in the sample witk=0.3,
have melted and contribute to the quasielastic broadeningvhich corresponds to a molar fraction of 0.243 retains a
But at 303 and 320 K, where theGa is completely molten, diffusivity considerably below that of the bulk liquid
there is no quantitative agreement: the relative molar fractiothroughout the investigated temperature range and hence up
of molten Ga inferred from the calorimetric daxa,/x t0 17 K above the bulk melting point. Furthermore, up to a
=0.4 is about twice the mobile fraction determined from themolar fraction of 0.18 the Ga does not undergo a first order
quasielastic neutron scatterigg,qpje=0.19. phase transition. As no bulk phase with those properties is

known, we conjecture that the unusual behavior of this frac-

tion of Ga results from an interfacial component, that is from

IV. DISCUSSION layers of Ga confined at grain boundaries.

Summarizing, the experimental results and the ensuin The thickness O.f the grain boundary 'film that accommo-
points of discussion are as follows: the Ga component iGates a molar fraction of 0.243, the maximum molar fraction
noncrystalline at 293 K, and upon cooling part of it crystal- &t shows reduced mobility, at the matrix grain size of 25
lizes in a variety of stable and metastable phases. The totgfm was computed to be equwale_nt to nine atomic mof‘o'ay'
heat of fusion indicates that only a fraction of Ga actually®'s in @verage. The molar fraction of 0.18, the maximum
crystallizes and melts upon cycling between 320 and 77 K‘molar f_ractlon that'underg_oes no first order phase transition,
that fraction appears to be the Ga that is in excess of thi €duivalent to six atomic monolayers. These values are
molar fraction of 0.18. At least part of the molten Ga has a°25€d on Ed(3):
diffusivity that agrees within error bars with that of the bulk

40

qmobile[ % ]
uayjout

[%] x/

heat flow [ mW ]

1/3
liquid. There is no evidence for a change of phase in the 7— X-Qga 3)
remaining Ga molar fraction of 0.18, and the QENS data (1-%)-3Qp0,’

imply that the diffusivity of that fraction is significantly be-

low that of liquid Ga, even at temperatures up to 17 K abovevhere Z denotes the number of monolaye@,=M/

the bulk melting point. We shall first discuss why the meta-Nappux: Mmo the molar massN, the Avogrado number,

stable crystalline phases form and why they show undercooly, the bulk density, andu the surface mean diameter,

ing, whereas the stable crystalline phase does not. Then, wehich can be calculated from the mass mean diameter de-

proceed to discuss the nature of the remaining Ga. duced from the broadening of the Bragg peaks. A similar
The equilibrium phase of bulk Ga is the-phase, but behavior, i.e., nonmelting of Ga, has also been observed for

when undercooled to 256.7 K the Ga melt is known to crysthe nanostructured WGa samples with a calculated interfacial

tallize in the metastablg phase, and upon further under- layer thickness of five atomic monolay€fs.

cooling to 237.4 K the formation of yet another metastable This observation is compatible with a model where the

phase, the-Ga, has been reportédThere are two reasons grain boundary film has outer layers, at eachQ\tGa inter-

for undercooling to appear: for small particles it is oftenface, with a maximum thickness of three layers each, that do

energetically favorable to remain liquid even below the bulknot melt and remain immobile above the bulk melting point

melting point because the surface energy of a liquid dropleand a core of thickness equivalent to three atomic monolay-

is lower than the surface energy of the corresponding crysers, that undergo the structural phase transformation thus
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contributing to the latent heat of fusion, but that retain lowmay partially become mobile enough to have bulk liquid
atomic mobility in the noncrystalline state for the most partfeatures, thus contributing to the quasielastic broadening.
(Fig. 8). The existence of a third diffusion coefficient, representa-

The phase transformation in the core layers, a transitiotive of kinetics faster than that of bulk liquid, remains puz-
between crystalline and noncrystalline state that involves lazling. This fast diffusion coefficient may be due to surface
tent heat of fusion, is evocative of the “crystal to glass tran-diffusion on the external surface of the powder parti¢kes
sition,” a melting process induced by the shear instability ofoPPosed to grainsproduced by ball milling.
a crystalline alloy’® In both cases, the diffusion coefficient V. SUMMARY
of the disordered phase is characteristic of a solid, the glass, '
as opposed to the liquid. But, in the present case, the transi- We produced composites of nanocrystalline alumina and
tion in the core layers occurs near the bulk melting point andGa. By using x-ray scattering, differential scanning calorim-
hence, above thébulk) glass transition temperature. This etry, and quasielastic neutron scattering, we could deduce the
suggests that the confinement imposes severe restrictions &lowing structural model: The majority of the Ga is con-
the kinetics of the core layer. fined in the grain boundaries of the nanocrystalline alumina.

The observation, by calorimetry, thatGa crystallizes About six layers of Ga are prevented from melting even 17 K
with negligible undercooling is also in agreement with theaboveTS? due to the interaction with the confining matrix. If
model: the outer layers provide sites for heterogeneouthe sample contains more Ga, the average thickness of the
nucleation; alternatively, the phase transition may be congrain boundary film increases. The excess Ga experiences a
tinuous, proceeding progressively from the outer layers intoveaker interaction with the matrix and can melt. But there is
the core when the temperature deviates from the transitioit’ong indication that due to the confining geometric condi-
onset. This effect has been observed experimentally in melfions the diffusion coefficient of these liquid layers is smaller
ing of intercalate. than the diffusion coefficient of the bulk liquid. A small

In terms of the model, the results of the QENS experimenf"mount of _Ga cannot b_e incorporated in Fhe grain bound_arles
indicates a diffusivity for the confined layers at the grainfjue to the |nhomogene|ty of the preparation process. This Ga
boundaries of less than 10 cn?/s. Thus, the consistent ob- 'S left over in the form of small droplets and freezes/as
servation of the absence of a melting transition and of Iov\f"‘nd 7-Ga from the undercooled me]t.
diffusivity for part of the Ga phase supports the idea that Pre_sently further QENS experiments are planned. By
layerlike structures constrained between nanocrystallites ma oosing a b_etter energy res_olutlon we m_tend to measure
exhibit interesting properties in comparison to their bulk maller dlff_usmn coefficients, i.e. the diffusion of the grain
counterparts. boundary film.

The slight increase in mobile fractiogye at T
=290 K gives evidence of the partial contribution of the
molten core to the quasielastically broadened line. The cal- This work was supported by the Sonderforschungsbereich
culation of the layer thickness by E() assumes a constant 277 of the Deutsche Forschungsgemeinschaft and by the Hu-
thickness of the layers. However, with the preparationman Capital Mobility Project of the European Community
method of ball milling we must, rather, assume an inhomo-under Contract No. ERBCHRX-CT9-40433. The QENS
geneous distribution of Ga in the grain boundaries, thus theneasurements were supported by the Institut Laue Langevin,
calculated thickness should be rather seen as an avera@genoble. We wish to thank Jeremy Cook for technical as-
value. Therefore, the core thickness may partially exceed thsistance. We also thankrdpSchmauch for his help with the
calculated average value of three layers and the liquid corBSC measurements.
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