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Neutron diffraction studies of structure and atomic vibrations in gallium nanoparticles with the size of 13 nm
embedded into a porous glass were performed. At crystallization of gallium, which at room temperature is in
a liquid state, the texture effects were observed. The modeling of texture by generalized spherical harmonics
allowed us to measure the temperature dependence of the mean-square displacement. It was shown that the
contribution of acoustic vibrations in the phonon spectrum of conned gallium is dominant. The Debye temperature
of nanostructured gallium appeared to be close to that for the bulk. The Griineisen constant was found to be
strongly reduced with respect to the bulk, as well as the thermal expansion coefficient. It was demonstrated that
texture affects physical properties, in particular, superconductivity through inner stresses.
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I. INTRODUCTION

Atomic motion determines fundamental macroscopic prop-
erties of condensed matter such as thermal conductivity,
thermal expansion, and others. Therefore, atomic vibrations
in nanoparticles embedded within porous host matrices attract
great interest, taking into consideration the potential oppor-
tunities for a practical application. These nanoparticles are
under the so-called conditions of “confined geometry” and
demonstrate unusual physical properties. They are caused
by several fundamental reasons: The size of nanoparticles
is comparable with the characteristic lengths of interactions
and the number of atoms at the surface of a nanoparticle is
comparable to its total number of atoms. Note that physical
properties of nanoparticles within a porous matrix are strongly
influenced by the interaction between particles and the matrix.

Low-melting metals such as Ga, Bi, Pb, and others possess
a large amplitude of atomic vibrations and are attractive for
studies of atomic motion. Moreover, the developed technology
of embedding nanoparticles into a porous glass from melt
under an external pressure allows us to produce nanoparticles
with a small size dispersion. The average dimension of
nanoparticles can range from 6 up to 40 nm, depending on
the glass characteristics and conditions of the synthesis.

To our knowledge, there are only a few studies of atomic
motion in low-melting metal nanoparticles by elastic neutron
scattering through measurements of atomic thermal factor'=
and density of phonon states via inelastic neutron scattering.”®
This state of research is caused by the difficulty in the
preparation of a sufficient amount of a sample for neutron
diffraction. Since this quantity is usually small and diffraction
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peaks are strongly broadened because of size effects, the
registered signal is very weak. Apart from neutron diffraction,
last year’s other experimental methods such as synchrotron
Mossbauer spectroscopy were started to probe the phonon
density of states in nanomaterials.® However, due to the
multiphonon processes, such measurements are usually carried
out at low temperatures only.

The present paper continues the investigations by neutron
diffraction. We report on the results of neutron diffraction
studies of gallium nanostructured within a porous glass over a
wide temperature range.

Among low-melting metals, gallium attracts particular
attention. Bulk gallium crystallizes in eight different modi-
fications of which only the orthorhombic one, known as «
phase with the space group Cmica, is stable under ambient
conditions.” Nanostructured gallium has different crystalline
modifications as well, crystal structures for some of them
have not been identified yet.'>"'® It should be noted that in
the bulk only the orthorhombic « phase is stable. Others
can be observed solely under special conditions. Moreover,
gallium expands during solidification within pores; that creates
additional stresses, which affect its physical properties.

Finally, at helium temperatures, gallium undergoes a
transition into a superconducting state. The coherence length
(the size of Cooper pair) for the bulk gallium is more than
160 nm." Although the coherence length is much larger
than the size of gallium nanoparticles within a porous glass,
14-15 nm, a sharp superconducting transition was observed
at low temperatures.'®?%?! The samples with different pore
sizes and, consequently, with different sizes of the embedded
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nanoparticles were studied. It was shown that in the samples
with the pore size of 7 nm there is a gradual superconducting
transition, whereas for other samples the transition was
sharp.!!

The large discrepancy in the reported results initiated the
neutron diffraction studies of gallium nanostructured within
a porous glass with the pore size of 7 nm. In diffraction the
amplitude of atomic vibrations can be revealed by an atomic
temperature factor (Debye-Waller factor), which is the Fourier
transform of the probability density to find an atom at a certain
distance from an equilibrium position.

II. EXPERIMENT

The porous vycor™-type glass with a random network
of elongated pores was used as a host matrix.?> The volume
fraction of pores was about 20%; their mean diameter was
7 nm with a dispersion of a few percent.

The amorphous quartz (silica), which composes the body of
the matrix, does not give any Bragg reflections. Therefore, the
coherent scattering from the embedded objects can be easily
separated from the diffuse scattering from the amorphous
matrix. Since the silica is chemically inert and has a high-
melting point, there is a possibility to synthesize the metallic
nanoparticles into the pores from the melt under the external
pressure of 10-15 kbar. After reaching the desired pressure,
the temperature is slowly decreased and the metal starts to
crystallize. In this technique, up to 90% of the pore volume is
occupied by metal.

The diffraction experiments were performed on the diffrac-
tometer HRPT (Paul-Scherrer Institute, Switzerland) with the
wavelength of 1.494 A using a standard “orange cryostat” with
vertical loading. The sample had a form of parallelepiped with
the dimensions of 4 x 5 x 12 mm.?’

At room temperature, gallium within the pores is in a liquid
state. The crystallization occurs during cooling about 240—
280 K in the cryostat chamber. To determine the effect of
crystallization conditions on the structure and the morphology
of the gallium nanoparticles, we performed experiments with
different cooling rates. In a typical experiment, the sample was
cooled to 2 K with a cooling rate of 2 K/min. The successive
measurements of neutron diffraction were carried out with
heating from 2 K to room temperature.

III. RESULTS AND DISCUSSION

Unexpectedly, the diffraction measurements demonstrated
a strong texture since the intensities of the reflections varied
with sample orientation (Fig. 1). Moreover, the intensities
varied with temperature, unlike the normal dependence due to
the temperature factor. It is rather surprising, as the previous
structural studies of the nanostructured lead and selenium'-?
showed that the powder averaging is well accomplished.

In principle, the incomplete powder averaging is possible
if the sample consists of randomly oriented large (in order
of microns) crystallites. However, the size of the embedded
particles, defined from the peak broadening, was estimated to
be 130-140 A. It should be stressed that the porous glass cannot
be responsible for the appearance of the texture, because the
pores are oriented randomly.
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FIG. 1. Neutron diffraction patterns measured at 2 K for two
orientations of the sample, differing by 30 deg.

Since the texture is much more pronounced for fast cooled
samples, the possible reason for the texture could be a
presence of temperature gradients. These nonuniform fields
can initiate a preferable orientation of the crystallites during
the crystallization. Gallium is a highly anisotropic material,**
which gives strong evidence for such a scenario.

Thus, in order to describe the neutron diffraction pattern
and to acquire the Debye-Waller factors, we have to describe
the texture.

A. Texture

In general, the orientation of a certain crystallite is
determined by the orientation of its coordinate system K¢
with respect to the laboratory coordinate system K. These
coordinate systems are related by

Kc=g-Ki, (1)

where g is the orientation matrix.

Let us denote the probability for a crystallite to be oriented
in the direction defined by the matrix g as f(g)-orientation
distribution function. Then the intensity of a diffraction
reflection Akl can be written as®

Nt
Iy = —

> Sf(g)dg. 2
T J(hkl)

The integration is performed over all crystallites, which are
oriented in the reflecting position hkl. The coefficient Ny,
determines other factors affecting intensity: Structural factor,
temperature factor, Lorentz factor, absorption, etc.

It is convenient to model the orientation distribution

function f(g) by spherical harmonic expansion®’:

Imax l l
f@=Y_>"> . 3)
=0 m=—I n=—1

The weighting factors C;"" are considered variable parame-

ters during the diffraction pattern fitting. For centrosymmetric
crystals, the series (3) contains terms with even / only.?°

The texture effects are usually described by the projection
of the reflection sphere “density” of a certain reflection in
the equatorial plane. Such projections are well known as the
“pole figures.” We used for evaluation of the texture effects
the simpler integral parameter, known as the texture index F,
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FIG. 2. The dependence of the convergence factor x? vs the
number of spherical harmonics used in an approximation.

(Ref. 25):
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Here the integral is taken over all possible crystallite
orientations. For an ideal powder F, = 1, while for another
limit case a single crystal F, = oo. In the spherical harmonic
expansion the texture index can be expressed as

Imax ]

1 1
F2=1+221—HZZC,’””. 5)
=2

m=—In=-1

In refinements of the neutron diffraction patterns by the
Rietveld method?” we used the MAUD code, where the
spherical harmonic expansion was carried out.”® In Fig. 2 the
dependence of the convergence factor x> on the number of
harmonics used in refinement is shown. It can be seen that
5-6 harmonics are enough for an adequate description. An
example of profile analysis of a neutron diffraction pattern is
shown in Fig. 3.

intensity (arb. units)

FIG. 3. Profile analysis of the neutron diffraction pattern mea-
sured at 2 K after slow cooling of the sample. The row of bars marks
the positions of Bragg reflections. Below is the difference between
the measured and calculated profiles.
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The texture effects strongly depend on a cooling rate. In par-
ticular, fast cooled samples exhibit very strong texture, which
cannot be described reliably. Here, for a correct description, a
large number of the spherical harmonics is needed. It leads to
an increasing number of variable parameters, which become
bigger than the number of observed reflections.

Note that the texture effects in gallium nanoparticles had
also been observed before, although they were not identified
in these terms. It was reported that at crystallization of gallium
in nanotubes with the diameter of about 100 A, the Ga
nanocrystals are always oriented in the same way with respect
to the nanotube axis.!”

B. Temperature evolution of morphology, structure, and texture

Peak broadenings corrected for instrumental resolution
originate from the size effect and inner stresses. In the first
case, the peak broadening does not depend on reciprocal
lattice vectors, while, in the second case, it is proportional
to momentum transfer. Therefore, the contributions from the
size effect and inner stresses can be distinguished.

The size of the nanoparticles is about 13.0-13.5 nm*
and appears to be temperature independent except for low
temperatures, where a slight decrease with temperature can
be seen [Fig. 4(a)]. However, the inner stresses demonstrate
a sharp dependence, they practically disappear above 5 K
[Fig. 4(b)].

In calculations the pseudo-Voigt line shape, known as the
Thompson-Cox-Gastings approximation, was used.”’

There are some reports about different crystal structures of
the nanostructured gallium: Monoclinic, 617 hexagonal,16 and
tetragonal'® at freezing. However, in our neutron diffraction
experiments at all cooling rates, the reflections from the nanos-
tructured gallium were indexed with the centrosymmetric
orthorhombic space group Cmca, which corresponds to the
known o phase’ with eight atoms at the unit cell. The unit
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FIG. 5. The temperature dependence of the unit cell parameters
a (squares), b (circles), and c (triangles) (top panel). y (circles) and z
projection (squares) of the Ga atom coordinate (bottom panel). The
experimental errors do not exceed the symbol size if not shown.

cell parameters of the nanostructured gallium at 250 K were
refined as follow: a = 0.4513(2) nm, b = 0.7654(1) nm, and
¢ = 0.4523(1) nm. They are similar to those reported for the
bulk.

The temperature dependencies of the unit cell parameters
and atomic coordinate of the Ga atom are shown in Fig. 5.
Above 50 K the temperature dependence does not show any
features. However, at low temperatures, some anomalies are
clearly seen. Apparently at temperatures below 10 K, gallium
undergoes structural changes: The z coordinate of the Ga atom
decreases, whereas the y coordinate increases on cooling. It
corresponds to a rotation of dimers comprised from nearest
pairs of atoms, while the size of the dimers remains constant.
The correlation of the structure parameters with the stresses,
estimated from the peak broadening, and a texture is clearly
visible [see Figs. 5(b) and 6].

The texture index displays an abrupt decrease at low
temperatures as well (Fig. 6). It means that the strong
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FIG. 6. Temperature dependence of the texture index. The texture
index in the low temperature range is shown in an inset. The
experimental errors do not exceed the symbol size if not shown.
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FIG. 7. Isotropic mean-square displacement vs temperature for
confined Ga. Solid line is a fit by the Debye model, dotted line is a fit
by the Einstein model.

texture, which appeared at solidification rapidly, relaxes with
increasing temperature. It looks like the inner stresses are
related to the texture.

C. Atomic motion in confined Ga

The effect of atomic thermal vibrations on the intensity of
Bragg reflections is described by the temperature factor 7;(Q),
which, in the approximation of the independent normal modes,
can be written as

1
Ti(Q) = exp [—E«Q : uk)ﬂ , 6)
here Q is momentum transfer and uy is the displacement of
the k atom from its equilibrium position. In an isotropic case,
the atomic motion is expressed by the isotropic Debye-Waller

factor B:

B = 872 (u?). (7)
Then the atomic temperature factor reduces to
0?
Tio(Q) = exp <_BW) . ®)

The temperature dependence of the mean-square displace-
ment (u?), calculated from the refined Debye-Waller factors,
is shown in Fig. 7. A relatively high value of the temperature
independent constant mean-square displacement shows a weak
binding among atoms that should be attributed to a high density
of defects which is typical for nanostructured objects.

As well known, the temperature dependence of (%) can be
described by the Debye or the Einstein model.*® The Debye
model ignores optical branches, while in the Einstein model
only optical vibrations are considered. It appears that the
temperature dependence is well approximated by the Debye
model:

wy= T T/’D Y g+ 22 )

u)=—-1|— ——ax + — Uy),

mkp®2 | Op Jo  exp(x) — 1 AT 0
)

with parameters ®p = 185(3) K and the static contribution
(u3) = 0.0015(2) A%. The approximation based on the Einstein
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model is worse, the value XZ, which defines the goodness-
of-fit, is larger by five times. In Fig. 7 it can be seen that
the deviation from the Einstein model occurs mainly at low
temperatures. Better agreement of experimental data with the
Debye model shows that the contribution of the acoustic
vibrations in the phonon spectrum of nanostructured gallium
is dominant.

It is interesting that x-ray diffraction measurements on
bulk gallium®' demonstrate the Debye temperature of 189(6)
K, which is close to that measured for nanostructured Ga
within a porous glass in our case. Moreover, analysis of
literature data shows that the Debye temperature measured
from the low temperature specific heat in the nanostructured
gallium® and in the bulk®® appear to be very close too: 300
and 325(2) K, respectively. The difference of the specific heat
and diffraction Debye temperatures arises from the different
averaging among the velocities of longitudinal and transverse
phonons. It was shown that in the classical limit specific-heat
Debye temperature should be +/Z times larger than diffraction
Debye temperature, where Z is the number of atoms in the unit
cell.*

The proximity of the Debye temperatures for nanoparticles
and for the bulk measured by different methods means that the
density of phonon states does not undergo significant changes
atlow frequencies. It should be noted that for the liquid gallium
within a porous glass the situation is opposite—the density of
phonon states is reduced at low frequencies in comparison to
the bulk.>3

The similar closeness of Debye temperatures in the em-
bedded nanoparticles of Se and in the bulk were reported.’
However, for Pb within a porous glass, the decrease of
specific-heat Debye temperature with respect to the bulk was
claimed.?® That agrees to the increase in the density of phonon
states at low energies as observed experimentally.’

It is well known that anharmonicity plays an important
role in the thermal motion of atoms. Unfortunately, in our
case, an accuracy of the refined mean-square displacement
is not enough to see the anharmonic effects. However,
the anharmonicity of atomic vibrations determines thermal
expansion, which can be calculated from the temperature
dependence of unit cell parameters (Fig. 8).

In the first approximation, this dependence, obtained from
the classical Mie-Griineisen equation, can be written as
follows’7-38:

V(T) = Vo + %E(T), (10)

here Vj is the molar volume, ¢ is the elastic modulus, y
is the Griineisen constant, and E(T) is the thermal energy.
In the Debye model the thermal energy at temperature 7T is
determined as follows:

[S]

E@p.T) = Nahg e [T E 4 1
(©p,T) = AB®_%/(; Wx- (11

Here N, is the Avogadro’s number, kp is the Boltzmann
constant, and ® p is the Debye temperature.

The fit of V(T') according to Eq. (10) gives ¢/y = 64(3)
GPa at fixed ©p = 185 K, found from (u(7)?). In the Debye
model the elastic modulus ¢ is proportional to the square of
©p.% Therefore, taking into account the known values of the
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Debye temperature for the bulk and the nanostructured gallium
and the elastic modulus of bulk gallium of 61.3 GPa,*’ one can
estimate the elastic modulus of the nanostructured gallium as
59(3) GPa and, consequently, y = 0.92(6).

For most ordinary metals the Griineisen constant y takes
values from 0.8 to 3. For example, in bismuth it equals
1.2, in lead 2.63. Since y = 1.5 in the bulk galliurn,‘”’42 the
nanostructured gallium value appears to be strongly reduced.
The similar decreasing of the Griineisen constant was observed
in diffraction studies of the lead nanostructured within a porous
glass.!

The smaller magnitude of y is consistent with the lower
thermal expansion coefficient (TEC) of gallium embedded
within a porous glass with respect to the bulk.**** These
dependencies are shown in the inset in Fig. 8. The TEC for
nanostructured Ga is calculated from the fitting of the thermal
dependence of the unit cell volume according to Eq. (10).

IV. PHYSICAL PROPERTIES AND TEXTURE

Despite a strong influence of texture on the physical
properties of gallium within a porous glass, our diffraction
experiments demonstrated that at 270 K Ga is in a crystallized
state in all cases, while at 290 K it is in a liquid state. It is
consistent with the results from Ref. 14.

There are some general peculiarities, which are independent
of the cooling rate. In particular, the observed sharp change in
texture in the temperature range 5—7 K does not depend on the
cooling rate. This means that the specific temperature range
cannot be a characteristic of the embedded nanoparticle. In the
inset in Fig. 8, it can be seen that at low temperatures the TEC
of the nanostructured gallium is close to zero, in any case it is
less than 3 x 1077 K~!.

To our knowledge, there are no experimental measurements
of the TEC for a porous glass at low temperatures. However,
from the approximation of the diffuse scattering due to the
porous silica glass by the sum of Debye-like functions,*®
one can estimate Si-O and O-O distances of the tetrahedra
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FIG. 8. The temperature dependence of the unit cell volume for
nanostructured gallium. In the inset the thermal expansion coefficient
for the nanostructured gallium calculated from the model fitting of
the thermal dependence of the unit cell volume by Eq. (10) (solid
line, dotted lines—confidence interval) and literature data for the
bulk (solid circles) are shown.***
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FIG. 9. ZFC magnetization vs temperature for the sample of
gallium nanostructured in 7 nm porous glass. Reproduced from a
paper by Charnaya et al.'?

constituting silica. It was found that these distances are
practically temperature independent. Since the TEC of the
porous vycor-type glass at room temperature is about 7-8 x
1077 K~1% it is very plausible that the TEC of a porous
glass is comparable with the TEC of gallium nanoparticles
at helium temperatures. In this case, the observed effects at
low temperatures, a sharp texture change, disappearance of the
inner stresses, and structural transformation in the embedded
gallium nanoparticles should be attributed to mechanical
interactions between nanoparticles and a glass host matrix
due to the difference in TEC. Similar effects were observed in
the confined Se” and maghemite.*

In the bulk gallium, a sharp superconducting transition ap-
pears at 1.08 K. However, in gallium within a porous glass with
the pore size of 7 nm, a smeared superconducting transition
was observed'"!? (see Fig. 9). With decreasing temperature, a
diamagnetic behavior occurred at 6.2 K, whereas the complete
superconductivity was aroused at 2.5 K. The samples used
in these experiments were very close by technology of
preparing those studied in our experiments. Therefore, we
believe that the observed spreaded superconducting transition
could be explained by the structural transformation at low
temperatures since a similar effect was observed in our
diffraction experiments.

Moreover, the increase of the superconducting transition
temperature for confined nanoparticles, respectively the bulk,
could be easily explained by the inner stresses. Indeed, in
the model of the granular superconductor comprised of grains
connected by the Josephson junctions,'®!!?%2! the supercon-
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ductivity should strongly depend on the strains, which directly
affect the contacts. The differences in texture and inner stresses
may explain the different behavior of the superconducting
transition reported for the samples with different pore size.'!

V. CONCLUSION

By neutron diffraction it was shown that nanoparticles of
gallium with the sizes of 13-13.5 nm synthesized within a
porous glass with the pore size of 7 nm possess unusual
properties. At room temperature, gallium in pores is in a liquid
state, therefore, at crystallization, a texture appears, which
depends on the cooling rate of the sample and which affects
the physical properties.

For heating the texture index decreases sharply in the tem-
perature range 5—10 K. There the internal stresses, detected at
the lowest temperatures, disappear. These effects are explained
by a mechanical interaction between the nanoparticles and
the glass matrix associated with the difference in thermal
expansion coefficients of gallium and glass.

The modeling of texture by spherical harmonic expansion
allowed us to measure the temperature dependence of the
mean-square displacement. The approximation of this depen-
dence by the Debye and the Einstein models indicates that the
contribution of acoustic vibrations in the phonon spectrum of
nanostructured gallium is dominant. The Debye temperature
of nanostructured gallium appeared to be close to that for
the bulk. It means that the density of phonon states does not
undergo significant changes at low frequencies.

The anharmonic effects in the nanostructured gallium ap-
peared to be strong. The Griineisen constant for nanostructured
gallium, acquired from the temperature dependence of the unit
cell volume, was found strongly reduced with respect to the
bulk that is consistent with the lower coefficient of thermal
expansion of the embedded gallium in comparison to the bulk.
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