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Abstract. The first-order character of the o +» 3 transition in micron-size quartz is shown to be strongly
reduced in natural nano-size quartz with no significant variation of the transition temperature. Three
different experimental techniques (differential scanning calorimetry, X-ray diffraction and second-harmonic
generation) are applied on natural nano-size quartz to evaluate the variation of the character of the
transition. The excess entropy of nano-size quartz is described in the framework of Landau theory. The
renormalization of the fourth-order term is explained to arise from the elastic 3D-clamping imposed on each
grain by the surrounding nanocrystallites. The presence of hydrous species and inhomogeneous internal
stress due to the growth process are considered as well in the interpretation. The anomalous increase in the
linewidth of diffraction maxima at the transition temperature is related to surface relaxation phenomena.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals — 91.60.-x
Physical properties of rocks and minerals — 64.70.Kb Solid-solid transitions

1 Introduction

Nanocrystals are at the heart of the development of
novel submicron-size devices for a large variety of ap-
plications [1,2]. Several of these materials undergo phase
transformations in the bulk material. The question arises
if these phase transformations also exist in the nanocrystal
and if so, to what extent the characteristics of the tran-
sition are themselves size dependent. Typical samples are
semiconductors [3,4], ionic solids [5], and ferroelectric and
ferroelastic materials [6,7] which show significantly differ-
ent behaviour on a nanometer length scale compared with
a micrometer length scale.

Theoretical and experimental work has helped to clar-
ify the question. It appears that modifications relate to
two physical effects. Firstly, an increase of the surface to
volume ratio leads to an increase in surface related relax-
ations, which may destabilise thermodynamic phases and
significantly modify the order parameter profiles of the
nanocrystal [8,9]. The second effect is the implementation
of boundary conditions through intergrain contacts as in
ceramics or via constraints by substrates in thin films [10].

Besides a large body of theoretical work, little is known
about the performance of ceramics built from nanocrys-
tals. In contrast to thin films, it is experimentally more dif-
ficult to produce powders with uniform and narrow grain
size distribution. In nature, such materials do exist, how-
ever. A typical example is the mineral agate which, in the
case of this study, is a compact intergrowth of nanopar-
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ticles (between 50-90 nm, as shown below) of a-quartz
(SiO2). This example of nanomaterial becomes even more
significant as all structural parameters of the o <= ( phase
transition are well known [11] (and references therein) and
could be used to predict how the nanoceramic material
will transform at high temperatures [12].

In the past, several authors reported variations in
the character of the a-( transition between macroquartz
(micron-size quartz) and submicron-size quartz. In these
works, the experiments were performed either in ground
quartz (up to 400 hours milling) [13,14], or in natural com-
pact fine quartz varieties, such as: agates and chert [15,16].
Calorimetric and dilatometric studies did indicate that the
first-order transition observed in quartz became smoother
in fine ground quartz. However, no clear explanation for
such an effect was presented. Thus, while some authors
did attribute the smoothening of the transition and the
decrease of the latent heat to a particle size effect [13],
others discussed the actual variation in terms of the abil-
ity of fine quartz to release the internal stress created at
the transition through the grain boundaries [16].

Recently, it has been predicted [12] that under
isotropic 3D elastic clamping conditions, like the condi-
tions present in agates, the fourth-order term in the free-
energy expansion is renormalized by the mechanical inclu-
sion/matrix interaction. The first-order character of the
transition is thus destroyed and the transition becomes
continuous. It is the purpose of this paper to show to
what extent the theoretical predictions are born out by
the experimental observations.
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Fig. 1. Peak broadening in nanoquartz, at room temperature,

due to small grainsize and internal strain. (a) Bragg peak in

nanoquartz (sample mql). The continuous line indicates the resolution of the instrument. (b) Williamson-Hall plot for three
different nanoquartz samples. Notice the smaller grainsize and larger internal strain of nanoquartz compared with quartz. Dotted

lines are guides for the eyes.

It should be pointed out that the o < 3 transition is
not direct but develops via an incommensurate phase sta-
ble over 1.5 K [17-19]. Nevertheless, the steplike increase
of the order parameter of the a-phase at the transition
temperature is rather large and it should not be very much
affected by the incommensurate phase [12].

2 Experimental procedure

The first-order transition observed in quartz (at 847 K
from (-quartz (P6222) to a-quartz (P3,521) [20,21]) is ex-
pected to become continuous under isotropic 3D clamp-
ing. Three different techniques have been applied to
evaluate the change on the character of the transition:
X-ray diffraction (XRD), differential scanning calorimetry
(DSC) and optical second-harmonic generation (SHG).

2.1 The agate samples

From the structural point of view, several submicron crys-
talline silica minerals exist in nature, such as: microcrys-
talline quartz and moganite, and microcrystalline opal
with a disordered cristobalite/trydimite structure. These
forms are classified depending on their growth and mi-
crostructure [22,23]. Agates are a variety of microcrys-
talline quartz (chalcedony). The agates selected for this
work are of the wall-lining type. They form within gas cav-
ities of volcanic host rocks when microcrystalline quartz
nucleates on the walls and grows inwards forming fibers.
The bands (at the micron scale) are a consequence of
the growth process and the varying defect concentra-
tion (mostly hydrous species) [24]. Agates have often
been reported to contain moganite, a novel silica poly-
morph [25,26]. Nevertheless, none of the specimens stud-

ied in this work did contain moganite as tested by X-ray
diffraction methods.

For each of the techniques, a different specimen ob-
tained from the same agate was used. All the experi-
ments were carried out on untreated specimens which were
colourless and translucent. The agate used for this work is
from Ardownie, Scotland. For the X-ray diffraction mea-
surements two more agates from Iran and Mexico were
also used.

2.2 X-ray diffraction

X-ray diffraction experiments were performed on a slab of
agate of 10 x 3 mm?, and 500 pm thick in order to decrease
the thermal gradient inside the sample (the thermocouple
is in contact with the bottom surface while the beam is
focused on the top surface). Powdered silicon (NBS) was
spread on top of the sample for calibration purposes. The
diffractometer used has been described previously [27].
It uses Cu Kay radiation and employs a 120° position-
sensitive detector. The measurements were carried out un-
der vacuum (<5 x 10~# mbar), from room temperature up
to 1173 K. A diffractogram was collected every 20 K with
a counting time between 2-3 hours.

Data were analyzed using the Fullprof software [28].
Due to the poor crystalinity of the samples under study,
a full Rietveld refinement could not be undertaken. Thus
only a profile matching type analysis was carried out in or-
der to extract the cell parameters as a function of temper-
ature. The peak broadening in agate samples due to small
grainsize and internal strain is shown in Figure 1a. Here-
after, we will refer to the agate samples as nanoquartz.
The micron-size quartz used as reference will be termed
quartz, and it was a powder from a single-crystal of a
quartz sample from Brazil.
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For the profile matching analysis only peaks up to 80°
in 20 were used, as the intensity was very weak at higher
diffracting angles. Moreover, given the large intensity dif-
ference between the second Bragg peak (20 =~ 26°) and
the rest, it was difficult to achieve good convergence dur-
ing refinement. Therefore, the first two peaks were also
removed from the refinement. Approximately, 35 diffrac-
tion maxima were used to refine the lattice parameters
and a scale factor. During the experiments a significant
increase in the linewidth of the peaks was noticed close to
the transition point. In order to account for such broad-
ening an isotropic strain factor was included in the refine-
ments. No extra peaks, apart from the ones corresponding
to a-quartz were observed at room temperature.

2.3 Differential scanning calorimetry

Calorimetric measurements were made with an automated
Perkin Elmer DSC 7 differential scanning calorimeter [29].
All scans were made with a flow of dried nitrogen gas
with the calorimeter block being thermostated at 293 K.
For temperature and heat capacity calibration a standard
quartz disc (cut from a single-crystal) of 5 mm diameter
by 0.7 mm thick, and weighing 24.4 mg was used. The ref-
erence quartz samples used for the three different type of
experiments (XRD, DSC and SHG) had the same origin.
The transition temperature and heat capacity of quartz
were taken from the literature (Tabs. I, IT and VI [30]).
The nanoquartz sample was a disc of 6 mm diameter by
1 mm thick and weighing 46.4 mg. The weighting of the
sample and the Au-pans was repeated five times and was
accurate within £0.2 mg. Heat capacity was determined
following the scanning method described in [31]. Heat ca-
pacity experiments consist of three alternating measure-
ments: a baseline run (empty Au-pan), a calibration run
(standard quartz in our case), and the unknown sample
(nanoquartz). The baseline scan is then subtracted from
both the standard and specimen scans. For this work, only
a small temperature interval around the transition (847 K)
was studied. The 773-903 K temperature range was cov-
ered by six 30 K intervals with 10 K overlap. The first
run was done in the following way. The two Au empty
pans, without a lid, were loaded in the calorimeter, heated
to the starting temperature and held constant for sev-
eral minutes to allow thermal equilibrium. The starting
baseline was recorded for 2 min. Then the temperature
interval was scanned at 10 K/min, and lastly, the final
baseline was measured for 2 min. Next, the calorimeter
was cooled down to room temperature and measurements
over the same temperature interval were made on the stan-
dard quartz and the nanoquartz. As the same specimen
pans were used for all three scans, no correction for pan
mass was required. The precision is estimated to be be-
tween 2-3%. Following [31], the thermal lag during the
experiment was estimated to be about 1 K in the case of
the nanoquartz (probably due to the mass difference be-
tween the reference quartz and the nanoquartz); however
no temperature correction was carried out in our data.

2.4 Second-harmonic generation

The transition from a-quartz to S-quartz is accompanied
by large changes in the magnitudes of the second-harmonic
coefficients. These describe the conversion of a fundamen-
tal light wave to a frequency-doubled light wave in an
acentric crystal in the form of a third-rank tensor with
similar symmetry restrictions as the scheme of piezoelec-
tric modulii, dj:

P (2w) = eodiy By (w) Bi (w) (1)
where PNI'(2w) is the second-order non-linear polarization
in the crystal and E;(w) the electric components of the
fundamental light. The use of SHG in the study of phase
transitions is described in an early review by Vogt [32].
The only coefficient expected in quartz is d1; which is non-
zero in a-quartz and zero above T.. This belongs to the
same representation as the order parameter for the a-3
transition. The intensity of the optical second-harmonic
generation in quartz and nanoquartz can therefore be
used to elucidate the temperature-dependence of the or-
der parameter below the transition as has been previously
demonstrated [33]. The intensity of optical frequency-
doubled light is usually several orders of magnitude less
than that of the fundamental wave. For this reason, a
high-intensity high-power laser light source is needed if
optical SHG signals are to be detected from illuminated
crystals. We used a Q-switched Nd-YAG laser with a high
peak power and low jitter as the fundamental light source,
with a 20 ns pulse width and 200 mJ pulse energy. This
equates to a peak pulse power of around 10 MW, in a
beam of 6 mm diameter (approx. 3.5 x 107 Wem™2). This
is a very respectable power density, but one that is fur-
ther amplified in this instrument by focusing the beam
down to a diameter of a few 100 pm. The light passing
through the sample was filtered, to remove the fundamen-
tal wave, using a high-power interference beam splitter. A
narrow band-pass (532 nm) filter was then used to exclude
background light, and frequency doubled light (532 nm)
was measured using a low-background photomultiplier. In
addition to the light measured at the sample, the funda-
mental beam was split before falling on the sample. Part
passed through a second standard quartz sample, filtered
in the same way as that at the sample and passed to a
photomultiplier from which a measure of the incident in-
tensity was made. Further filters are placed along the optic
axis of the instrument to exclude light from the laser flash-
lamp, the furnace, and interference of frequency doubled
light created at the sample with frequency doubled light
created at the quartz reference. For each pulse the peak
intensity at the sample and the reference were measured.
Typically around 20 pulses were measured for each tem-
perature, giving a mean and standard deviation for each
datum.

A randomly oriented irregular cleavage shard of a sin-
gle crystal of quartz was used to measure the temperature-
dependence of the frequency-doubled intensity of light
through the phase transition. This was compared with the



78 The European Physical Journal B

5,01 1
5.00F
agol T
498
97
4.96]
495
4,94
493

a-axis (A)

T,=847K

4.92 ook
° o
491
4.904 1 1 1 1 1 l 1 1 1

300 400 500 600 700 800 900 1000 1100 1200

Temperature (K)

54l ———7—7 771 71— T 7T

541

5.4()%........ . .l.. . I-

300 400 500 600. 706 800 906 1060 lJ:OO 1200
Temperature (K)

Fig. 2. Cell parameters: (a) a-axis and (b) c-axis as a function of temperature in mql (o), mq2 (o), and (e) quartz [11]. Error

bars were estimated by refining the data several times.

behaviour observed for a fragment of nanoquartz. Mea-
surements were made with a collimated and focussed beam
in transmission geometry, and data were collected at 5 K
intervals up to 930 K for the nanoquartz and at 10 K
intervals up to 973 K for the quartz sample. Tempera-
tures at the sample were determined using an independent
thermocouple which was placed in direct contact with the
sample. It is estimated that the uncertainty in the tem-
perature measurement is + 1 K. Data were normalized
against the signal obtained for a single-crystal of quartz
(of different dimensions) held at room temperature.

3 Results
3.1 XRD

Figure 1b is a Williamson-Hall plot [34,35], which is used
to assess the peak broadening arising from small grain-
size and/or internal strain. In the graph the full width at
half maximum (FWHM) as a function of the diffraction
angle, 6, is shown for the three nanoquartz samples (la-
beled as mql (Scotland), mq2 (Iran) and mqg3 (Mexico))
and quartz. The peaks typically used were: (010), (011),
(110), (012), (200), (201), (112), (211), (113), (014), (221).
(132) and (124). The FWHM was obtained by fitting indi-
vidual peaks to a normalized Pseudo-Voigt type function.
In a Williamson-Hall plot, the FWHM cosf versus sin 6 is
represented, and is commonly expressed as:

FWHM cosf = A\/L + € siné. (2)
The point where the linear extrapolation of the data in-
tercepts the ordinate axis is equal to A/L (from Scherrer’s
equation [36]), with A the wavelength of the radiation
used and L(nm) the estimated diameter of the grains in
the polycrystal. Additionally, the slope gives an estimate
of the internal strain, which in our case arises from the
mechanical constraint imposed on each grain by the sur-
rounding matrix. The strain is likely to depend on the

growth of the polycrystal, and thus to vary from one sam-
ple to another.

In Figure 1b, quartz does not show any internal strain
(as expected), and the nominal grainsize derived from the
figure is only indicative of the instrumental resolution. In
the three nanoquartz samples the slope indicates an inter-
nal heterogeneous strain of about Ad/d = 3 x 1073, Af-
ter correcting for instrumental resolution, and using Fig-
ure 1b, the grainsize was estimated to be about 90 nm
in samples mql and mq2, and 50 nm in sample mq3.
These grainsizes are in very good agreement with val-
ues given previously in the literature (60-90 nm) [22].
Thus, given the grainsize (<100 nm) we believe that the
term nanoquartz is more appropriate than microquartz,
for these samples.

The evolution of the cell parameters in mql and mq2
samples as a function of temperature is shown in Figure 2.
For comparison, the cell parameters of quartz [11] have
been included. The first-order step of quartz disappears
in nanoquartz. Although heating and cooling runs were
performed in mq2, data collected during cooling were of
poor quality indicating sample deterioration. Therefore no
reliable cell parameters could be extracted from this run.
Sample deterioration was evident from the “milky” ap-
pearance shown by the sample when back to room tem-
perature. The cell parameters of nanoquartz above the
transition are similar to those of quartz.

The FWHM of mql and mq2 was found to depend
on temperature. Close to the transition temperature the
FWHM of the diffraction peaks increased, and decreased
again above the transition (Fig. 3). The variation in
the FWHM was analyzed in two different ways. Firstly,
the FWHM as a function of temperature was calcu-
lated by fitting individual peaks. For this purpose, two
of the strongest peaks were used: (112) and (211), at
about 50 and 60° in 26, respectively. Secondly, during
the refinement of the diffractograms, the FWHM of all
peaks was simultaneously refined by using the expres-
sion: FWHM|(260)=e¢ tan 6, where € is the isotropic internal
strain (the Lorentzian contribution to the line broadening,
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see [28]). As shown in Figure 4, the strain obtained in these
two ways shows similar results. In order to compare the
FWHM of peak (211) with the strain (€) in Figure 4, the
contribution to the total FWHM coming from the particle
size had first to be removed. The variation of the strain
with temperature can also be observed in a Williamson-
Hall plot (Fig. 5). The increase of FWHM at the transition
was observed in both samples, mql and mq2, whereas no
such effect is observed in quartz. From the evolution of
the FWHM as a function of temperature the transition in
nanoquartz appears to be spread over a large temperature
interval, about 100 K, when heating the sample. However,
the transition is sharper when cooling the sample, see Fig-
ure 3. Although in Figure 3 the FWHM is smaller above
the transition than below, this is probably due to the fact
that measurements were not performed at temperatures
high enough to determine properly the baseline. Figure 5
clearly shows that the strain above and below the transi-
tion is the same.

3.2 DSC

The data for the specific heat of nanoquartz are shown in
Figure 6. The dotted line in Figure 6 is the specific heat
baseline which follows the polynomial form given in [11].
It was derived by fitting experimental data between 900
to 1400 K and extrapolated to lower temperatures. No-
tice the significant difference between the specific heat of
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Fig. 4. Strain as a function of temperature (heating) in sample
mql obtained in two different ways: by fitting the FWHM of
peak (211) using a normalized Pseudo-Voigt type function (e),
and from the refinement of the whole diffractogram (o).
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quartz and nanoquartz. The large latent heat associated
to the first-order transition in quartz vanishes. The transi-
tion temperature however is equal to that of quartz, 847 K,
within the accuracy of our experiment. Although it is not
relevant for this work, it is worth pointing out the tail
observed above the transition in the quartz data taken
from the literature when compared to the data obtained
in this work. As showed in [37], the anomaly related to the
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incommensurate-3 transition (around 848 K) does depend
strongly in the thermal history of the sample. Thus, the
heat treatment of the sample can lead to a rounding of the
Cp peak, and appear as a tail above the a-incommensurate
transition, as in [30]. The fact that we do not see such a
tail could be due either to a longer heat treatment dur-
ing the experiments (difficult to estimate), or to a larger
heating rate during the measurements (10 K/min).

In order to compare data from nanoquartz with those
from quartz the excess entropy was calculated by integra-
tion of the excess specific heat data [38]. Results are shown
in Figure 7.
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Fig. 8. Excess second-harmonic intensity as a function of tem-
perature: (o) quartz [33], (e) quartz as obtained in this work
and (») nanoquartz.

3.3 SHG

The second-harmonic intensity obtained in nanoquartz
as a function of temperature is shown in Figure 8. The
small residual intensity observed above the transition,
most likely due to surface effects, has already been sub-
tracted. Data obtained in quartz are in agreement with
those reported previously (Tab. I [33]). The absolute in-
tensity of the SHG signal is a function of polar order, sam-
ple thickness, opacity and orientation, with temperature-
dependent phase mismatch also playing a part. To a first
approximation the data can be cross-compared taking ac-
count of the overall thickness of the nanoquartz sample
with that of the quartz fragment (which was approxi-
mately twice as thick). The SHG data show the same
qualitative trends as the calorimetric results, with a sig-
nificant tail above the transition point. The intensity of
the tail seems to vary from one experiment to another
(XRD, DSC and SHG), which is probably related to dif-
ferent defect-contents (as explained below). In all three
experiments the tail is spread up to 900-920 K.

4 Discussion

Under isotropic 3D clamping conditions in nano-size poly-
crystals, following [12], in the case of the linear-quadratic
coupling between strain and order parameter in quartz,
the first-order character of the transition is destroyed and
the transition is expected to become continuous. Using
the known elastic constants and coupling parameters, the
renormalization of the fourth-order Landau term in quartz
(b = —1931 J/mol [11]) leads in this approximation to
b = 851 J/mol. Nevertheless, one should keep in mind
that defect configurations and surface relaxation phenom-
ena which couple to the order parameter might also have
a significant contribution at the transition and weaken the
effects of the clamping.



S. Rios et al.: Nanoquartz vs. macroquartz: a study of the o «» § phase transition 81

Experimentally, as shown in Figures 2, 7 and 8, there
is a clear evidence of the drastic change in the behaviour
of the @ < [ transition in nanoquartz, compared to
what is observed in quartz. In all three independent ex-
periments, the discontinuity observed at the transition in
quartz disappears, and a continuous transition is found at
its place. This observation is in agreement with previous
works on small-grain quartz, natural [15] and artificially
ground [13,14], where a decrease of the thermal response
in DTA experiments had been reported. In these works
however, the effect was only associated with the nano- size
of the grains, without taking into account strain effects.

The clear change in the character of the transition
can be first evaluated in the framework of the Landau
theory. In previous works, the excess entropy observed
at the first-order transition of quartz has been described
by a 2-4-6 Landau potential with a = 9.8 J/(mol K),
b = —1931 J/mol and ¢ = 10190 J/mol, T, = 840 K
and Ty, = 847 K [11]. The continuous line in Figure 7
is the expected temperature evolution of such a Landau
potential.

If we assume that the variation in the excess entropy
of nanoquartz is due to the renormalization of the fourth-
order term of the Landau potential as a consequence of
the elastic clamping, then, a similar expression should
also be valid for nanoquartz with b6 > 0. In nanoquartz
however, excess entropy is also observed above the tran-
sition point. As explained below, the tail is believed to
originate from strain fields created by the defects (mostly
hydrous species) present in natural nanoquartz. Thus, the
excess free energy expression may include, apart of the
2-4-6 Landau potential, a term of the form —hQ in order
to take into account the coupling between the order pa-
rameter (Q) and the conjugated field, h, created by the
lattice impurities [38]. This expression leads to a temper-
ature dependence for @) (above T¢) characterised by what
is commonly known as a defect tail. In a general case, the
field A may be divided into two terms: one uniform which
depends on the host matrix, and a second term associ-
ated to the spatial distribution of the defects. In the most
simple approximation, the field generated by the defects
can be assumed to be uniform with no spatial distribu-
tion [39]. The reason for including such a coupling term is
purely empirical. We are aware that the physical meaning
of h is difficult to identify, given the symmetry properties
of the order parameter. We can only say that defect fields
seem to have appropriate components which can be cast
into a simple field description as shown in Figure 7.

Using the above explained mathematical expression,
the experimental excess entropy for nanoquartz was ad-
justed keeping a, ¢, Tt, and T, fixed (with the values ob-
tained in quartz), and only b and h parameters were left
to vary in a least square fit procedure. Figure 7 shows
the result of the best fit, with b = —700(50) J/mol and
h = 30 J/mol. The small value of h, h ~ 3a, indicates
that the nominal field component is relatively weak com-
pared with the entropy term. Although b was found to
be negative in nanoquartz, implying that the transition
is not of second-order, the absolute value is three times

smaller than the value obtained for quartz. Thus, the first-
order character of the transition is strongly reduced in
nanoquartz. The use of a constant field to describe the
defect tail is probably far from reality, and a better de-
scription would be achieved with an inhomogeneous and
temperature dependent field, h(r). However, such an anal-
ysis is beyond the scope of this paper.

The question arises now whether the observed effect is
related either to the elastic clamping effect of the nano-
size grains, to the lattice defects or to a combination of
all these factors. Besides, and due to the relatively small
grainsize, surface relaxations might as well play a signifi-
cant role. Next, we discuss our experimental results taking
into account all these factors.

The samples under study are compact nano-size grain
polycrystals with a large anisotropic and inhomogeneous
internal strain originating both from the growing pro-
cess and possible defect configurations. When heating the
sample, the grains are not free to expand giving rise to
the increase in linewidth shown in Figures 3, 4 and 5.
The fact that the internal strain at room temperature is
larger in mq2 than in mql (see Fig. 1b) might explain
why the lattice expansion above the transition is smaller
in mq2 sample. Above the transition, as a consequence
of the structural rearrangements, the grains are able to
relax and hence the excess strain observed at the transi-
tion disappears. Lattice parameters are known to expand
when decreasing the diameter of the nano-size grains [40].
The nanoquartz samples studied here do not show any
significant lattice expansion at room temperature when
compared with quartz, however.

The variation of the linewidth as a function of tem-
perature has to be analyzed considering two contribu-
tions: the surface relaxation inside each of the grains, and
the anisotropic strain imposed on each grain by the in-
homogeneous surrounding matrix. Lattice relaxation on
the surface of the grains is known to give rise to asym-
metric diffraction peaks and increase of the linewidth as
a function of temperature [41]. Although no clear asym-
metry was found in our diffraction peaks, a clear increase
of the linewidth is observed, see Figures 3 and 4. The
asymmetry of the peaks could possibly be hidden by the
spread of the lattice parameters enhanced by the inter-
nal inhomogeneous strain. The fact that the increase in
linewidth is spread over 100 K when heating the sample
but it is sharper when cooling down (see Fig. 3) is likely
to be a consequence of the inhomogeneous strain between
grains. It can be explained as follows. When increasing the
temperature, grains expand anisotropically increasing the
strain between grains and thus the linewidth of the diffrac-
tion peaks. This effect will be superimposed to the surface
relaxation existing on each single grain. Grains will then
transform into the § phase and relax after structural re-
arrangements. When then the sample is cooled down, the
strain between grains is no longer relevant and only the
linewidth increase associated with the surface relaxation
is observed.

We discuss now the origin of the tails observed above
the transition temperature. The tails present in the three
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independent experiments (see Figs. 2, 7 and 8) are most
probable due to inhomogeneous strain fields created by
lattice imperfections. The most important defects found
in natural nano-size quartz are hydrous species, typically
with a weight content around 0.6-2% wt. Three different
types of hydrous species have been characterized in natu-
ral nanoquartz [23]: molecular water, OH-groups located
on the grain boundaries and OH-groups incorporated in
the structure. Molecular water leaves the structure at
about 373 K, and its effects are not relevant for the present
case. The two other types of species however will only start
leaving the structure around 773 K [22]; and temperatures
as high as 1073 K are necessary to drive off all the hy-
drous species [13]. Therefore, the defect tail observed in
all three experiments is most probable related to the lat-
ter two forms of hydrous species. Preliminary results on
heat-treated nanoquartz (to be published elsewhere) seem
to suggest that dehydration is accompanied by a decrease
of the defect tail without a significant change of the ex-
cess entropy. Another effect which could also be relevant,
and related to the lattice imperfections, is the presence
of micron-size bands in this type of natural quartz. The
bands are known to be oscillations of defect concentra-
tions [24]. Thus the inhomogeneity of these bands might
as well contribute to the defect tail.

Nevertheless, the tail above the transition point could
also be attributed to the spread of the transition temper-
ature as a consequence of the inhomogeneous strain on
each grain or inside the grain. The transition temperature
between « and 3 quartz is known to increase as a function
of applied pressure with a slope of ca. 5 MPa/K at room
pressure [42]. Given that longitudinal elastic constants in
quartz are about 100 GPa [11], and that the internal strain
in nanoquartz (see Fig. 1) is about 3 x 1073, one expects
the transition temperature to rise by ca. 60 K. Such an ar-
gument had already been pointed out by Keith and Tuttle
(1952) [43] in relation to their work on chert and novac-
ulite (another variety of microcrystalline quartz). They
found that while there was no heat effect on the slabs of
sample, there was a measurable heat effect when samples
were ground to a grainsize comparable to the individual
grains. Therefore, it is possible that the internal stress
plays a fundamental role concerning the character of the
transition.

The inhomogeneity of the order parameter thus arises
from inhomogeneous strain fields which are created by
defect configurations and/or by the growth process of
the nanoquartz per se. In order to achieve a better un-
derstanding of the origin of the tail, a complete charac-
terization of the defect configurations present in natural
nanoquartz is first needed. With that purpose, annealing
experiments are under progress.

5 Conclusions

The first-order discontinuity observed in quartz at 847 K
is shown to be very much reduced in nano-size quartz.
The analysis of the excess entropy of nanoquartz in the
framework of Landau theory reveals that when using the

same 2-4-6 Landau potential as in the case of quartz, the
fourth-order term is significantly renormalized being the
new fourth-order term coefficient b = —700(50) J/mol,
compared with b = —1931 J/mol found in quartz.

The renormalization of the fourth-order term is in
agreement with the elastic clamping expected in compact
nano-size quartz. The importance of the clamping effect in
this natural nanoquartz is also evident from the increase
of the XRD peak linewidth at the transition point. Elastic
clamping effects are strongly linked to surface relaxations
effects, which are relevant in nano-size materials. The in-
terplay between clamping effects and surface relaxation
phenomena is thus an essential part of the transformation
behaviour, and merits further investigation. The weak de-
fect field found in nanoquartz suggests that the effects of
lattice imperfections play a minor role in the transition
mechanism. The defect tail present in the studied natural
nanoquartz samples originates either from defect configu-
rations and/or inhomogeneous internal strain.
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