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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
conditions of ‘‘confined geometry’’ are different from thos
of the bulk. Therefore the behavior of materials confin
within nanometer scale pores is one of the ‘‘hot points’’
modern solid-state physics for fundamental reasons as
as the promising possibilities for practical applications. T
thermal motion of atoms is one of the fundamental proper
of the solid state, however, little is known about the atom
vibrations when the size of the system becomes compar
with the correlation length of interatomic interactions.

Recent experiments have demonstrated that the the
behavior in confinement greatly differs from that of the bu
For example, the record value of dielectric permittivity o
served for NaNO2 embedded into an artificial opal matrix1

has been explained by a giant increase of the thermal vi
tions resulting in a formation of a ‘‘premelted state.’’2 The
unusual increase of the Debye-Waller factor in oxides M
and CoO confined to a porous glass has been observed i
preliminary neutron-diffraction measurements.3

In this context the behavior of Pb in confinement is es
cially interesting. Because of the strong nonlinearity at h
temperatures, large thermal lattice expansion, and low m
ing temperature, lead is a classic material for thermal mo
studies. There is a series of investigations devoted to an
monic effects in lead. Measurements by different techniqu
Mössbauer,4,5 single-crystal neutron,6,7 and x-ray diffraction8

have confirmed the existence of significant anharmonic c
tribution in the interatomic potential in the bulk Pb.

The neutron diffraction is a very powerful method f
studies of thermal vibrations since it offers the direct m
surement of the atomic displacements and gives insight
the structure of confined materials.

In the present work we report the neutron-diffraction stu
ies of the structure and atomic motion in the nanoparticle
Pb embedded in a porous vycor-glass matrix. This silica m
trix has a random interconnected network of elongated po
with a narrow distribution of the pore diameters.9 In order to
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observe the anharmonic effects at elevated temperature~the
melting point for lead is 600.61 K!, such matrix is preferable
because of high thermoresistance. Moreover, the amorph
SiO2 does not give any additional Bragg reflections in t
diffraction pattern.

Lead was embedded in the glass matrix with the me
pore diameter approximately 70–75 Å by a special techni
under pressure in the melted state and crystallized with
creasing temperature. The neutron-diffraction experime
have been performed with the diffractometer SLAD~Ref.
10! of the Studsvik Neutron Research Laboratory using
neutron wavelength of 1.118 Å at temperatures 25–583

All diffraction patterns were analyzed with theFULLPROF

program.11 It should be noted that the atomic temperatu
factorTk(Q), describing the reduction of the Bragg intensi
by thermal vibrations, was calculated in the approximation
the independent normal modes:

Tk~Q!5exp~2 1
2 ^~Q•uk!

2&!, ~1!

whereQ is a scattering vector anduk is the displacement o
k atom. It is customary to describe the displacements
terms of anisotropic temperature parametersb i j , which are
the refined variables and are related with the mean-sq
amplitudes by the unitary transformation.12

Form of the embedded nanoparticles.A typical neutron-
diffraction pattern is shown in Fig. 1. The pattern of the pu
matrix appeared to differ somewhat from the observed
fuse background. Therefore the latter was calculated as a
of experimental points with minimal Bragg contribution.

The refinement using the Thompson-Cox-Hastings
proximation of the line shape with independent variation
the Gauss and Lorenz contributions13 shows that the ob-
served peak broadening is due to a size effect only with
any contributions from inner stresses.

In Fig. 2 the full width at half maximum~FWHM! is
shown versus the diffraction angle 2Q. The reflections 111,
©2004 The American Physical Society01-1
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222, 333, and 444 have systematically smaller FWHM th
expected. It means that the volume average of a par
thickness along axis@111# is bigger than in perpendicula
direction, i.e., nanoparticles have an elongated form al
@111# axis.

The averaged diameters of nanoparticles along and
pendicular to the@111# axis were calculated for all tempera
tures~Fig. 3!. The smaller diameter of nanoparticles, perpe
dicular to the@111# axis of 96~3! Å, is slightly larger than the
estimated mean diameter of nanopore. This fact had b
already marked practically for all compounds embedded
porous glass~for example Ref. 14!, and it was attributed to
the irregular form of confined particles. It is worth to emph
size that in diffraction experiments we can measure the
eraged sizes only.

From a refinement it follows which the peak broadeni
corresponding to the smaller diameter has a signific
Lorentzian contribution, which means the diffuse bounda
While the peak broadening, corresponding to the larger
along the@111# axis, is described by a Gaussian term on
that means well-defined boundary. This can be underst
assuming that the nanoparticles are elongated along the
axis and the smaller diameter is defined by the pore wal

Observed directional crystallization of confined lead
consistent with the equilibrium shape of the lead crysta
Indeed, it was shown by scanning electron microscopy
the nanometric size Pb crystals grew exactly along the@111#
direction.15

FIG. 1. Observed, calculated, and difference neutron-diffrac
patterns of Pb embedded in a porous glass at 300 K. Vertical l
mark the reflection positions.

FIG. 2. Full width at half maximum. The reflectionshhh type
are shown by the triangles. The errors do not exceed the sizes o
symbols. The lines are guides for the eye.
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In Fig. 3 it is seen that approaching the melting point t
particle size rapidly increases showing the softening a
spreading~‘‘percolation’’! of lead throughout the intercon
nected network of pores.

We observed the diffraction reflections at the maxim
used temperature of 583 K. It means that significant amo
of confined lead at this temperature is solid. It is interest
to note that for droplets of lead embedded in SiO at the sa
temperature and of similar size the full fusion w
observed.16 Apparently, the melting temperature depends
both the particle size17 and on the matrix. Therefore we a
tribute the observed discrepancy to the difference in the ‘
stricted geometry’’ for the droplets immersed into SiO a
nanoparticles confined to irregular pores of SiO2 matrix.

Thermal motion of atoms.It is well known that for the
precise evaluation of the integrated peak intensities the c
tribution from the thermal diffuse scattering~TDS! under the
Bragg reflection is important. However, in our case it is pra
tically impossible to extract TDS from the diffraction patte
because of the nonlinear background from the glass ma
Nevertheless, since only a small amount of lead is embed
in the pores and a signal is rather low, the TDS contribut
is of the order of the statistical error and can be neglected
to the temperatures about 400 K. At the higher temperatu
TDS was taken into account by the proper correction of
background.

Because the nanoparticles have an elongated form a
the @111# axis it is natural to search for the correspondi
anisotropy of the mean-square displacement taking into c
sideration the off-diagonal termsb125b135b23 in addition
to the diagonal termsb115b225b33. The condition of
equality of the off-diagonal terms corresponds to the rhom
symmetry with the axis of anisotropy along@111# direction.12

Indeed the refinement shows that the off-diagonal terms
fer from zero at high temperatures~Fig. 4!.

The mean-square displacements along and perpendic
the @111# direction calculated from the anisotropic Deby
Waller factors are shown in@Fig. 5~a!#. It is seen that the
atomic vibrations perpendicular to the pore axis wea
change at high temperatures in contrast with the vibrati

n
es

the

FIG. 3. Averaged diameters of nanoparticles along~solid
circles! and perpendicular~open circles! to the @111# direction ~the
pore axis!. The errors do not exceed the size of the symbols, if
shown. The solid lines are guides for the eye.
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along the pore axis. This could be readily explained that
pore walls limit the atomic motion, while atoms vibrate mo
freely along the pore axis. Note that because of the low
tistics, it is possible to distinguish between the atomic m
tions along and perpendicular to the pore axis only at h
temperatures when the displacements are maximal.

The observed experimental results are consistent with
prediction in Ref. 16 that thermal vibrations of the atom
located at interface are limited by the material having
higher melting temperature, in our case SiO2.

Anharmonic terms in atomic motion.In Fig. 5~b! the iso-
tropic mean-square displacements in confinement and in
bulk6–8 measured by the diffraction method are shown.
anomaly of the mean-square displacements in confined P
clearly seen around the Debye temperature of 105 K.
similar anomaly is also seen in the temperature depend
of the lattice parameter~Fig. 6!.

Obviously, since the potential distribution in the nan
structured objects and in the bulk drastically differ, th
causes the large difference in the atomic motion in confi

FIG. 4. Anisotropic temperature parameters vs temperature
confined Pb. The solid and open circles correspond to the diag
and off-diagonal terms, respectively. The errors do not exceed
size of the symbols, if not shown. Lines are guides for the eye

FIG. 5. ~a! Anisotropic mean-square displacement vs tempe
ture for confined Pb along~open circles! and perpendicular~solid
circles! to the @111# direction. ~b! Isotropic mean-square displace
ment vs temperature for confined~triangles! and the bulk Pb
~circles!. The errors do not exceed the size of the symbols, if
shown.
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ment and in the bulk. Therefore neither the model of on
particle potential used in Ref. 7 for the description of t
mean-square displacement in the bulk lead, nor the num
cal calculations based on the Lennard-Jones potential18 can
be applied in the case of the confined lead.

Therefore to describe the mean-square displacemen
used a power-series expansion of^u2&. Following Ref. 4 the
mean-square displacement for cubic crystals may be wri
as follows:

^u2&bulk5
3\2

mkBQD
T1a2T21a3T3, ~2!

wherea2 anda3 are isotropic, anharmonic contributions du
to the cubic and quartic terms in the interatomic potentialm
is the atomic mass,kB is the Boltzmann constant, andQD is
the Debye temperature.

Setting the Debye temperature to 105 K, the best fit of
experimental data reported for the bulk7 gives the coeffi-
cients a2 and a3 of 1.1(3)31027 (Å2/K2) and 2.0(3)
310211 (Å2/K3), respectively. In Fig. 5~b! the correspond-
ing curve is shown by the solid line.

The similar fitting for confinement at temperatures abo
70 K gives the coefficientsa2 and a3 of 0.79
31027 (Å2/K2) and 16310211 (Å2/K3), respectively. In
this case a constant of 0.017(1) Å2 appears and cannot b
neglecting. Surprisingly, the linear term turns out to be clo
to zero. In Fig. 5~b! the corresponding curve is shown by th
dashed line.

The linear term in Eq.~2! corresponds to the well-known
effect of a reduction in the frequencies of the normal mod
due to the thermal expansion. To outline this effect the me
square displacement in quasiharmonic approximation can
written as follows:12

^u2&5^u2&0$11T@2gGx2a~T!#%, ~3!

where^u2&0 is the isotropic mean-square displacement,x is
the volume coefficient of expansion,gG is the Grüneisen
constant, anda(T) is the intrinsic anharmonic term.

Since the linear term is absent, the Gru¨neisen constan
should be also negligibly small. It means that the soften
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FIG. 6. Unit-cell parameters of confined~circles! and the bulk
Pb ~solid line! versus temperature. The latter curve was calcula
from the temperature dependence of the thermoexpansion co
cient ~Ref. 19!.
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of the vibration due to the thermal expansion is very smal
confined nanoparticles in contrast with the bulk, where t
effect was demonstrated.7

Because the long-wavelength vibrations are strongly
duced or absent in the nanostructured particles, obviously
observed difference in the temperature behavior for the b
and confinement reflects the fundamental difference in t
vibration spectra.

Conclusion.By using neutron diffraction it was show
that Pb nanoparticles confined to a porous glass have
elongated form along the@111# direction, which coincides
with the pore axis. As a result, the mean-square displa
ments along and perpendicular to the@111# direction are dif-
ferent. When approaching the melting point the mean-squ
displacement along the pore axis increases while the m
n
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square displacement in the perpendicular direction rem
limited by the pore walls.

The temperature dependence of the isotropic mean-sq
displacement radically differs from that in the bulk by th
presence of the large anomaly around the Debye tempera
and the negligible small softening of atomic vibration due
the lattice expansion.
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