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Thermal motion in lead confined within a porous glass
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By neutron diffraction it was shown that Pb nanoparticles confined within a porous glass have an elongated
form along the[111] direction which coincides with the pore axis. The mean-square displacements along and
perpendicular to this direction are different. When approaching the melting point the mean-square displacement
along the pore axis increases while the displacement in the perpendicular direction remains nearly constant as
limited by the pore walls. The temperature dependence of the isotropic mean-square displacement greatly
differs from that of the bulk. The softening of the atomic vibrations due to lattice expansion in confinement is
negligible in contrast with the bulk.
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The physical properties of condensed matter under thebserve the anharmonic effects at elevated temperétuee
conditions of “confined geometry” are different from those melting point for lead is 600.61 Ksuch matrix is preferable
of the bulk. Therefore the behavior of materials confinedbecause of high thermoresistance. Moreover, the amorphous
within nanometer scale pores is one of the “hot points” in SiO, does not give any additional Bragg reflections in the
modern solid-state physics for fundamental reasons as wedliffraction pattern.
as the promising possibilities for practical applications. The Lead was embedded in the glass matrix with the mean
thermal motion of atoms is one of the fundamental propertie®0re diameter approximately 7075 A by a special technique
of the solid state, however, little is known about the atomicunder pressure in the melted state and crystallized with de-
vibrations when the size of the system becomes comparabf@€asing temperature. The neutron-diffraction experiments
with the correlation length of interatomic interactions. have been performed with the diffractometer SLARef.

Recent experiments have demonstrated that the thermaP) of the Studsvik Neutron Research Laboratory using a
behavior in confinement greatly differs from that of the bulk. Neutron wavelength of 1.118 A at temperatures 25-583 K.
For example, the record value of dielectric permittivity ob- Al diffraction patterns were analyzed with tfFLLPROF

served for NaN@ embedded into an artificial opal mattix program*! It should be noted that the atomic temperature

has been explained by a giant increase of the thermal vibrdactor Ti(Q), describing the reduction of the Bragg intensity
tions resulting in a formation of a “premelted state The by thermal vibrations, was calculated in the approximation of
unusual increase of the Debye-Waller factor in oxides MnOthe independent normal modes:
and CoO confined to a porous glass has been observed in our
preliminary neutron-diffraction measurements. T(Q)=exp —3((Q- uk)2>), (1)

In this context the behavior of Pb in confinement is espe-
cially interesting. Because of the strong nonlinearity at highwhereQ is a scattering vector ang) is the displacement of
temperatures, large thermal lattice expansion, and low melk atom. It is customary to describe the displacements in
ing temperature, lead is a classic material for thermal motiorterms of anisotropic temperature parameigfs which are
studies. There is a series of investigations devoted to anhathe refined variables and are related with the mean-square
monic effects in lead. Measurements by different techniquesamplitudes by the unitary transformatitéh.

Mossbauef;® single-crystal neutroft! and x-ray diffractiof Form of the embedded nanoparticléstypical neutron-
have confirmed the existence of significant anharmonic condiffraction pattern is shown in Fig. 1. The pattern of the pure
tribution in the interatomic potential in the bulk Pb. matrix appeared to differ somewhat from the observed dif-

The neutron diffraction is a very powerful method for fuse background. Therefore the latter was calculated as a set
studies of thermal vibrations since it offers the direct mea-of experimental points with minimal Bragg contribution.
surement of the atomic displacements and gives insight into The refinement using the Thompson-Cox-Hastings ap-
the structure of confined materials. proximation of the line shape with independent variation of

In the present work we report the neutron-diffraction stud-the Gauss and Lorenz contributidisshows that the ob-
ies of the structure and atomic motion in the nanoparticles o$erved peak broadening is due to a size effect only without
Pb embedded in a porous vycor-glass matrix. This silica maany contributions from inner stresses.
trix has a random interconnected network of elongated pores In Fig. 2 the full width at half maximum(FWHM) is
with a narrow distribution of the pore diametérk order to  shown versus the diffraction anglé2 The reflections 111,
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FIG. 1. Observed, calculated, and difference neutron-diffraction ® 0 T T T T T
patterns of Pb embedded in a porous glass at 300 K. Vertical lines Y 100 200 300 400 500 600
mark the reflection positions. temperature (K)

222, 333, and 444 have systematically smaller FWHM than  F'C- 3. Averaged diameters of nanoparticles alofslid
expected. It means that the volume average of a particlg'rdes) and perpendiculafopen circles to the[111] direction (the
thickness along axi§111] is bigger than in perpendicular pore axig. The errors do not exceed the size of the symbols, if not

. . . . shown. The solid lines are guides for the eye.
direction, i.e., nanoparticles have an elongated form along g y

[111] axis. _ _ In Fig. 3 it is seen that approaching the melting point the
The averaged diameters of nanoparticles along and peparticle size rapidly increases showing the softening and
pendicular to thg¢111] axis were calculated for all tempera- spreading(“percolation”) of lead throughout the intercon-
tures(Fig. 3). The smaller diameter of nanoparticles, perpennected network of pores.
dicular to the[111] axis of 983) A, is slightly larger thanthe \we observed the diffraction reflections at the maximal
estimated mean diameter of nanopore. This fact had be€fsed temperature of 583 K. It means that significant amount
already marked practically for all compounds embedded in &t confined lead at this temperature is solid. It is interesting
porous glasgfor example Ref. 14 and it was attributed to g note that for droplets of lead embedded in SiO at the same
the irregular form of confined particles. It is worth to empha-temperature and of similar size the full fusion was
size that.in diffraction experiments we can measure the avppserved® Apparently, the melting temperature depends on
eraged sizes only. _ _ both the particle siZé and on the matrix. Therefore we at-
From a refinement it follows which the peak broadeningtripute the observed discrepancy to the difference in the “re-
corresponding to the smaller diameter has a significangtricted geometry” for the droplets immersed into SiO and
Lorentzian contribution, which means the diffuse bOU”darynanoparticles confined to irregular pores of Si@atrix.
While the peak broadening, corresponding to the larger size Thermal motion of atomdt is well known that for the
along the[111] axis, is described by a Gaussian term only, precise evaluation of the integrated peak intensities the con-
that means well-defined boundary. This can be understooglihytion from the thermal diffuse scatteritDS) under the
assuming that the nanoparticles are elongated along the poggagq reflection is important. However, in our case it is prac-
axis and the smaller diameter is defined by the pore walls. tically impossible to extract TDS from the diffraction pattern
Observed directional crystallization of confined lead iSpecause of the nonlinear background from the glass matrix.
consistent with the equilibrium shape of the lead crystalsyevertheless, since only a small amount of lead is embedded
Indeed, it was shown by scanning electron microscopy tha, the pores and a signal is rather low, the TDS contribution
the nanometric size Pb crystals grew exactly along1é] s of the order of the statistical error and can be neglected up

direction:® to the temperatures about 400 K. At the higher temperatures
TDS was taken into account by the proper correction of the
25 background.
Because the nanoparticles have an elongated form along
'32'0' the [111] axis it is natural to search for the corresponding
§ 1.5] anisotropy of the mean-square displacement taking into con-
o sideration the off-diagonal term8,,= 813= B3 in addition
2 4.0 to the diagonal terms3,,=B.=B33. The condition of
% equality of the off-diagonal terms corresponds to the rhombic
=05 , symmetry with the axis of anisotropy alofitfl1] direction?
w T 8 8 3 Indeed the refinement shows that the off-diagonal terms dif-
0.0 fer from zero at high temperaturéBig. 4).

0 20 439 (dggree:)o 100 120 The mean-square displacements along_and p_erpendicular
the [111] direction calculated from the anisotropic Debye-
FIG. 2. Full width at half maximum. The reflectiofhh type ~ Waller factors are shown ifiFig. 5a)]. It is seen that the
are shown by the triangles. The errors do not exceed the sizes of tt@fomic vibrations perpendicular to the pore axis weakly

symbols. The lines are guides for the eye. change at high temperatures in contrast with the vibrations
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FIG. 4. Anisotropic temperatur rameters vs temperature f FIG. 6. Unit-cell parameters of confinddircles and the bulk
C sotropic temperature parameters vs temperature 0IBb(soIid ling) versus temperature. The latter curve was calculated
confined Pb. The solid and open circles correspond to the dlagon%Iom the temperature dependence of the thermoexpansion coeff-
and off-diagonal terms, respectively. The errors do not exceed the.

size of the symbols, if not shown. Lines are guides for the eye. Cient (Ref. 19.

along the pore axis. This could be readily explained that thé“en.t Iand in thel bu”‘a 'I.'heéeffor(; ?eithr?r :jhe mpdgl offor;]e—
pore walls limit the atomic motion, while atoms vibrate more Particle potential used in Ret. 7 for the description of the

freely along the pore axis. Note that because of the low stal'€an-square displacement in the bulk lead, nor the numeri-

tistics, it is possible to distinguish between the atomic mo-&! cakl:_ulgt_ionf] based ofn ;he Le?na(rjdl-Joges pot€htiah
tions along and perpendicular to the pore axis only at higfpe applied in the case of the confined lead.
temperatures when the displacements are maximal. Therefore to describe the mean-square displacement we

The observed experimental results are consistent with thdSed & power-series expansior(of). Following Ref. 4 the
prediction in Ref. 16 that thermal vibrations of the atoms™Mean-square displacement for cubic crystals may be written
located at interface are limited by the material having the®S follows:
higher melting temperature, in our case SiO 52

Anharmonic terms in atomic motiom Fig. 5b) the iso- (U= 3 T+ a-T2+ T3 @)
tropic mean-square displacements in confinement and in the Pk mke®p 2 o
bulk®~=8 measured by the diffraction method are shown. An _ _ _ o
anomaly of the mean-square displacements in confined Pb ygherea, anda; are isotropic, anharmonic contributions due
clearly seen around the Debye temperature of 105 K. Th_éo the cublq and quarfuc terms in the interatomic poten_mal,
similar anomaly is also seen in the temperature dependendg the atomic massg is the Boltzmann constant, aiiy, is

of the lattice paramete(Fig. 6). the Debye temperature. _
Obviously, since the potential distribution in the nano- Setting the Debye temperature to 105 K, the best fit of the

structured objects and in the bulk drastically differ, this®XPerimental data reported for the blilgives the coeffi-

causes the large difference in the atomic motion in confinegie”tsll% gmd az of 1.1(3)X 1077_ (A%/K?) and 2.0(3)
x 101t (A?/K?), respectively. In Fig. &) the correspond-

ing curve is shown by the solid line.

The similar fitting for confinement at temperatures above
70 K gives the coefficientsa, and az of 0.79
X107 (A?%/K?) and 16<10 1 (A?/K3), respectively. In

0_1 5 - confinement (anisotropic)
2

O «<u > along [111] (pore axis)
2

o~ < 0 1 0 J ® <u>perpendicular [111]

o Q 0.05 this case a constant of 0.017(1¥ Appears and cannot be
v neglecting. Surprisingly, the linear term turns out to be close

0-00 L) L) L) T T T

A eonfinement (isotropic)
—— bulk

to zero. In Fig. Bb) the corresponding curve is shown by the
dashed line.

The linear term in Eq(2) corresponds to the well-known
effect of a reduction in the frequencies of the normal modes
due to the thermal expansion. To outline this effect the mean-
square displacement in quasiharmonic approximation can be

00 T L} L} T T T . 2
0 100200300 400 500 600 written as follows.
temperature (K)
(UA)=(Uu?)o{1+T[2yex—a(M]}, ()
FIG. 5. (a) Anisotropic mean-square displacement vs tempera-

ture for confined Pb alon¢ppen circley and perpendicula¢solid where(u?), is the isotropic mean-square displacements
circles to the[111] direction. (b) Isotropic mean-square displace- the volume coefficient of expansion is the Gruneisen
ment vs temperature for confinedriangles and the bulk Pb constant, andy(T) is the intrinsic anharmonic term.

(circles. The errors do not exceed the size of the symbols, if not Since the linear term is absent, the Geisen constant
shown. should be also negligibly small. It means that the softening
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of the vibration due to the thermal expansion is very small insquare displacement in the perpendicular direction remains
confined nanoparticles in contrast with the bulk, where thidimited by the pore walls.
effect was demonstratéd. The temperature dependence of the isotropic mean-square

Because the long-wavelength vibrations are strongly redisplacement radically differs from that in the bulk by the
duced or absent in the nanostructured particles, obviously theresence of the large anomaly around the Debye temperature
observed difference in the temperature behavior for the bulland the negligible small softening of atomic vibration due to
and confinement reflects the fundamental difference in theithe lattice expansion.
vibration spectra.
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