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Abstract
Ionic diffusion in the quartz–β-eucryptite system is studied by DC transport
measurements, SIMS and atomistic simulations. Transport data show a large
transient increase in ionic current at the α–β phase transition of quartz (the
Hedvall effect). The SIMS data indicate two diffusion processes, one involving
rapid Li+ motion and the other involving penetration of Al and Li atoms into
quartz at the phase transition. Atomistic simulations explain why the fine
microstructure of twin domain walls in quartz near the transition does not hinder
Li+ diffusion.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Microstructure in crystals can have a dramatic effect on chemical transport. It has been shown
that chemical transport of Na+ in WO3 is significantly faster in domain walls than in the
bulk [1, 2]. However, the effect of twin boundaries is not always to enhance transport. Calleja
et al [3] simulated the transport of Na+ and Li+ through a quartz crystal with (100) Dauphiné
twinning using molecular dynamics. These results showed that twinning reduced the transport
rate of Na+ along the twin wall in the [001] direction. This is related to the local structure of
quartz at the twin boundary, as the channels are elliptically distorted in the twin wall compared
to the bulk material.

The Hedvall effect, an increase of reactivity/diffusivity at the phase transition, is observed
in a wide variety of materials [4, 5]. Hedvall showed that with increasing temperature, the
reactions of NiO and Co3O4 with silica start at the quartz α–β phase transition, and increase
again at the quartz–cristobalite transition.
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The question of ionic transport in quartz at the α–β phase transition is therefore interesting.
On the one hand the Hedvall effect should give an increase in transport; on the other hand, a
fine microstructure of domain walls appears in the incommensurate phase of quartz [6–8] near
Tc, and the results of Calleja et al [3] suggest that this should hinder transport.

We have studied ionic motion in quartz using β-eucryptite (LiAlSiO4) [9–11] as a source
of lithium. In this paper we discuss results from DC transport measurements and SIMS
analysis. A dielectric study on Li+ motion in quartz has already been published [12]. Classical
simulations were also carried out to investigate the structure of domain walls in quartz.
Simulations were performed using the fast framework simulation program GASP [13, 12, 14]
and the lattice energy program GULP [15].

2. Experimental details

2.1. Sample preparation

β-eucryptite synthesis and sample preparation are described elsewhere [9–11]. 6Li (Euroso-
Top 94.99%) carbonate was used for the synthesis. Quartz samples were cut from natural
single crystal perpendicular to the c-axis. The dimensions of the samples were approximately
10 mm × 10 mm × 0.8 mm. Couples of β-eucryptite and quartz were used for doping and for
transport measurements.

Quartz samples for SIMS labelled as ‘500’, ‘574’ and ‘610’ were doped with 6Li from
β-eucryptite at 773, 846 and 883 K respectively for 50 h each. The electric field used for
doping was 1600 V cm−1. Sample ‘q002’ was doped with 6Li during 16 runs: 8 heating
(770–900 K) and 8 cooling (900–770 K). Each run was about 20 h. The electric field used was
1800 V cm−1. For ion microprobe analysis all four samples were cut parallel to the c-axis,
and mounted in epoxy. The imaging surface was then polished and coated with Au.

2.2. Transport measurements

For the transport measurements [16] the equipment consisted of a DC power-supply, a
horizontal furnace, a multi-channel digital data logger and a computer. The heating and
cooling was in steps of 1 K with 10 min equilibrating time after each temperature change. The
temperature stability of the furnace was approximately ±0.5 K. The samples were mounted
between two Pt electrodes using Ag paste for better contacts. The difference between furnace
temperature and thermocouple temperature varied from 30 K for low temperature regimes
to about 50 K for high temperature regimes. The distance between the thermocouple and
the samples was about 2 mm. The temperature calibration on the furnace showed a close to
linear offset of the temperature of the thermocouple from the furnace temperature. Using the
temperature calibration on the thermocouple all the temperatures were recalculated and the
absolute error is ±2 K.

An 1800 V cm−1 DC electric potential was used to drive 6Li+ from β-eucryptite into quartz.
A multi-channel data logger was used to collect DC current, thermocouple temperature and
DC voltage simultaneously. Data were collected at 1 s intervals.

2.2.1. Transport data. Current versus time for heating is shown in figure 1. A transient
increase in current occurs at the α–β phase transition at 847 K. After the increase, the current
gradually relaxes with time (over about 2–5 min) to almost the previous value.

Figure 2 shows current versus time on cooling. As on heating, there is a transient increase
in current, which occurs about 2 K ± 1 K lower than in the heating runs. Just before the
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Figure 1. Averaged current versus time during the heating run. Dots are data. The temperature
in K is represented schematically. An increase in current corresponds to the temperature change
between 846 and 847 K and is indicated by an arrow. The time between each temperature change
is 10 min. The data were collected every 1 s.
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Figure 2. Averaged current versus time during the cooling run. Dots are data. The temperature
in K is represented schematically. An increase in current corresponds to the temperature change
between 845 and 844 K and is indicated by the arrow.

temperature change from 846 to 845 K there is a smaller peak in current. It was not always
reproducible, as it originates from furnace undershoot during the cooling runs. This behaviour
was only seen during the some of the cooling runs, thus it was not considered as universal.

The resistance of the quartz sample can be estimated by assuming that β-eucryptite and
quartz are in series:

Rquartz = Rtotal − Reucryptite (1)

where Rquartz is the resistance of the quartz sample, Reucryptite is the resistance of the β-eucryptite
sample and Rtotal is the resistance of the couple. We have used the value σ = 0.1 �−1 mm−1

for β-eucryptite from [10]. Figure 3 shows the quartz resistance versus time. At the phase
transition, there is a considerable transient decrease of resistance.

The hysteresis in the transition temperature for quartz was expected in the light of quartz
‘global’ hysteresis studies [6, 7]. However, the dramatic increase of current at the phase
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Figure 3. Resistance of quartz in � versus time. The temperature in K is represented schematically.

transition was very unexpected. This observation highlights the effect of the structural phase
transition on the ionic transport in quartz (the Hedvall effect [4, 5]). However, as SIMS data
(section 2.4) will show, the effect occurs not because of Li+ ion motion only, but rather coupled
Al + Li motion at the phase transition, thus showing much more complex diffusion behaviour.

2.3. SIMS measurements

The measurements were carried out with a Cameca IMS4f instrument, in the Edinburgh Ion
Microprobe Facility. Positive secondary ions were generated by a focused primary beam of
16O− ions with 15 keV impact energy. Line profiles and images were made using a 0.022 nA
beam focused to a spot of about 1 µm. The line profiles were made by moving the sample in
1 µm steps beneath a static primary beam. The area (approximately 50 µm × 30 µm) of the
line analysis was presputtered for 5 min using an elongated 11 nA primary beam. An offset
of −5 V was used after presputtering to compensate the sample charging.

The images were made using a 1 µm primary beam rastered over an area of 50 µm×50 µm.
The area to be imaged was cleaned by presputtering using a 100 nA primary beam (again
rastered over about 50 µm × 50 µm). All images covered the interface region and the edge of
the sample.

The spot analyses were made using an 11 nA primary beam focused to a spot of 10–
20 µm. A field aperture was used to restrict the area analysed to only 8 µm. Energy filtering
was employed to improve the precision of the abundance measurement, only ions between 55
and 95 eV being recorded. Analyses were done on H, 6Li, 7Li, Na, Al and Si. The concentration
of H dropped to less then 0.5 ppm during all the runs.

Repeat measurements were performed during short time intervals without changing sample
or readjusting any instrumental parameters between different measurements, to reduce the
statistical error of the analysis.

2.4. SIMS data

The scans for each element were taken from all the samples near the edge. Repeated
measurements were taken on all samples, from 5 to 10 scans on each sample. The beam size
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Figure 4. Scans for 6Li, 7Li, 27Al and 28Si from samples ‘500’, ‘574’, ‘610’ and ‘q002’. The
vertical dashed line shows the edge of the crystal.

was 1 µm, allowing precise observation of the profile. All the scans were about 30–40 µm
long.

Figure 4 shows scans of 6Li, 7Li, 27Al and 28Si from samples ‘500’, ‘574’, ‘610’ and
‘q002’. Surface contamination was removed by presputtering. First, in the ‘574’ and ‘q002’
samples a correlated increase in Al and Li concentration near the edge, over a short range of
�5 µm, is clearly visible. There is no such increase near the edge for the ‘500’ and ‘610’
samples. Further from the edge there are constant Al and Li concentrations for all four samples.
Second, the 6Li to 7Li ratio changes from one sample to another. For ‘500’ this ratio is almost
1:1. It increases slightly for ‘574’, while for ‘610’ and ‘q002’ it is almost 2:1. The natural
abundance of 6Li is 7.59%; therefore the high concentration of 6Li can be attributed to 6Li
diffusion throughout the sample from the 6Li-enriched β-eucryptite.

Spot analyses were done in order to find if the concentration of 6Li near the doping edge
is different from that in the middle of the crystal. For this a large area was presputtered for
5–10 min and then concentrations of 6Li, 7Li, 27Al and 28Si were collected. The analyses are
summarized in table 1. The data which are labelled ‘middle’ were collected in the middle of
the sample area, far away from the doping edge.

As can be seen from table 1, there is an elevated concentration of 6Li in all of the samples,
exceeding the concentration of 7Li. While the concentrations of 6Li and 27Al for ‘500’ and ‘610’
samples are relatively low (0.8–1.4 ppm/Si and 17–23 ppm/Si respectively), the concentrations
for ‘574’ and ‘q002’ samples are considerably higher.

Imaging was done on 6Li, 7Li, 23Na, 27Al and 28Si on all four samples. The images were
made with a beam size of 1 µm rastered over an area of 50 µm. Figure 5 shows the images
for two elements in sample ‘q002’. Figure 5(a) shows the distribution of 6Li across the quartz
sample and interface. The bright area on the left-hand side of the figure is probably left-over
β-eucryptite. The distribution of 6Li across the quartz is almost constant and higher than the
concentration of 7Li (figure 5(b)).
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Figure 5. Images of elemental distribution taken from sample ‘q002’ near the doping edge. The
interface is on the left-hand side. (a) 6Li, (b) 7Li. Lighter colours represent higher concentration.
This area of the sample was chosen deliberately due to having an interface at the edge of the quartz
crystal.

Table 1. Spot analysis data for four samples. All values in ppm relative to Si.

6Li (ppm) 7Li (ppm) 27Al (ppm)

500 edge 1.402(2) 0.188(4) 24.47(4)
500 middle 1.286(2) 0.172(4) 23.82(4)
574 2.985(1) 1.235(4) 63.15(3)
610 0.821(4) 0.559(7) 17.68(4)
q002 edge 2.137(2) 1.969(4) 61.49(3)
q002 middle 2.372(2) 2.129(2) 58.01(3)

2.5. Discussion of experimental results

As can be seen from the SIMS data on doped quartz, there are clearly two processes of ionic
diffusion. First, there is ‘fast Li’ diffusion. This process is present in all four samples. Here
Li+ ions penetrate the quartz crystal and travel freely through the crystallographic channels
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Table 2. Potential parameters of van Beest et al (1991). Partial charges: Si +2.4, O −1.2.
From [17].

Interaction Aij (eV) ρi j (Å−1) Cij (eV Å−6)

O–O 1 388.773 0.3623 175.0
Si–O 18 003.75 0.2052 133.538

perpendicular to the c-axis. This is confirmed by the presence of 6Li across the whole of the
crystals. The ratio of 6Li to 7Li increases with temperature (figure 4). The second process,
Al + Li coupled diffusion, occurs only at the phase transition. Al ions penetrate only a short
distance (�5 µm) into the quartz. We have seen this happening only in samples ‘574’ and
‘q002’, both of which were doped at the α–β phase transition. It appears that not only Li+ ions
are diffusing into quartz, but also Al3+. Dielectric studies on the doped samples [12] indicate
Al substitutional defects in quartz, giving an increased activation energy for Li motion.

The transport data clearly exemplify the Hedvall effect [4, 5] and show the characteristic
‘global hysteresis’ of quartz. We attribute the transient increase of ionic current at the phase
transition to the short-range penetration of Al with Li into the quartz. There is no indication
that the incommensurate phase affects the long-range ‘fast Li’ motion; the point is discussed
further in the computational part of this paper. The incommensurate phase may be connected
to the Al motion, which only occurs at the phase transition.

3. Simulations

Simulations of quartz using Reverse Monte Carlo modelling fitted to total neutron scattering
data [8, 14] indicate that the quartz framework is highly flexible; in the β phase, polyhedra
are capable of rotating by up to 0.5 rad (26◦) relative to the equilibrium position as a result of
thermal motion. This corresponds to oxygen motions on the order of half an ångström. This
remarkable degree of variation is achieved by collective motion of the polyhedral framework
through ‘rigid unit modes’ (RUMs), modes of low frequency in which the polyhedra rotate
with little distortion. The channel width, as represented by the distance between opposing
oxygen atoms, is therefore not a static quantity but a dynamically varying one.

The flexibility of the quartz structure has been investigated by Sartbaeva et al [12] using
the framework simulation code GASP [14] for optimizations and using GULP [15] to calculate
energies using the Si–O potentials of van Beest et al [17] as shown in table 2. The simulation
cell was a supercell of the quartz structure (β or α) containing 576 atoms (192 polyhedra).
Two selected opposing oxygen atoms in the central channel of the supercell were constrained
at a series of different fixed distances relative to each other, representing both contraction and
expansion of the channel width. Figure 6 shows the variation of cell energy with channel width
for both α and β quartz.

The flexibility of the quartz structure is reflected in the low energy cost for even quite
large variations of the channel width; the opposing oxygens can be moved by �0.5 Å in either
direction at a cost of no more than �0.5 eV. An animation of the framework response to these
variations is available as electronic supplementary material. Large variations in channel width
are therefore possible due to thermal motion of the framework.

The relative probability of observing different channel widths can be estimated by
evaluating an Arrhenius factor of exp �E

kT for each width. Figure 4 of [12] shows the probability
distribution of different channel widths at 700 K (for the α-quartz structure) and 900 K (for
the β structure). At 700 K the mean is 3.61 Å and the full width at half maximum (FWHM) is
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Figure 6. Cell energies as a function of O–O cross-channel distance for α-quartz and β-quartz. The
energies for α-quartz have been lowered by 8 eV for easier comparison. Note the wide variation
of channel width at low energy cost.

0.122 Å, while at 900 K the mean is 3.73 Å and the FWHM is 0.258 Å. These large FWHM
values will be relevant to the discussion of channel shapes in the quartz (100) twin domain
wall.

3.1. Minimal simulation of quartz domain wall: the effect of shear

The conventional picture of a Dauphiné-type domain wall in quartz resembles that produced
by Heine’s ‘exaggerated gradient ploy’ [18], in which a single highly elliptical channel is
formed by a shear of one α domain relative to the other. Such a wall is observed at 10 K
in the MD simulations of Calleja et al [3]. In the absence of a shear, a single line of highly
distorted polyhedra would result along the domain wall, with an associated high energy cost.
This, however, is true only if the polyhedra are not permitted to relax, and given the high
flexibility of the quartz structure, noted above (section 3), it seems likely that the distortion
can be accommodated by adjustments among the surrounding polyhedra.

We have therefore formed a minimal model of the quartz domain wall by juxtaposing two
small supercells of α-quartz with opposite orientations. The simulation box for this model has
parameters a = 29.46 Å, b = 39.28 Å and c = 21.61 Å, with γ = 120◦, and contains 1728
atoms (576 polyhedra). The domain walls run along the lines of fractional coordinate y = 0
and 0.5. A variable degree of shear f was imposed by altering the x fractional coordinate
of all atoms by ± f , with domain 1 (between y = 0 and 0.5) and domain 2 being shifted in
opposite directions. An initial series of configurations were created with different degrees of
shear f and their energies were calculated in GULP. The variation of cell energy with degree
of shear is shown in figure 7.

The effect of the distorted polyhedra in raising the cell energy is clear. The optimum
shear was found at f = 0.02, corresponding to displacement of the domains by ±0.59 Å. The
difference in energy between the unsheared and optimally sheared configurations was 79.59 eV.
We then relaxed the structures in GASP at both zero shear and optimum shear ( f = 0 and 0.02),
and the resulting energies (from single-point GULP calculation) are also given in figure 7. The
shear was maintained throughout by pinning the lines of atoms at y = 0.25 and 0.75. The
effect of relaxation is dramatic, reducing the energy difference between the two configurations
to only 3.19 eV. This corresponds to a domain wall energy difference of only 0.04 J m−2.
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Figure 7. Energies of domain wall models, with and without relaxation of the polyhedra, versus
degree of lateral shear.

Figure 8. Minimal models of quartz domain wall, without relaxation of polyhedra. With optimal
shear (above), the polyhedra at the wall are relatively little distorted. In the absence of shear
(below), a single line of highly distorted polyhedra results. The domain wall is marked across the
middle of the figure.

Clearly, once the polyhedra are allowed to relax, the single line of distorted polyhedra does
not persist. The structures obtained without relaxation are shown in figure 8 and those with
relaxation are shown in figure 9.

While these results are only approximate, given the small size of the simulation cell, they
do indicate that the energy cost associated with variations in the degree of shear between the
domains is far smaller than expected from the ‘exaggerated gradient ploy’. This suggests that
the modulation of the order parameter which gives rise to the fine microstructure of domain
walls near Tc need not be accompanied by a modulation of shear between one domain and
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Figure 9. Minimal models of quartz domain wall, with relaxation of polyhedra. The sheared
(above) and unsheared (below) configurations now resemble each other. The domain wall is
marked across the middle of the figure.

another, as the highly mobile structure at high temperatures will be able to accommodate the
variation in the order parameter without producing a line of highly distorted polyhedra.

3.2. Simulation of domain walls in the α and INC phases

With this in mind we have formed two simulation cells representing the (100) domain wall in
quartz. The cells are greatly extended in the y-direction so as to produce a wide separation
of the domain walls. The first cell is intended to represent a Dauphiné twin wall in α-quartz
at low temperature. This cell contains two domains of α-quartz of opposing orientations and
has dimensions a = 29.46 Å, b = 117.84 Å and c = 21.61 Å, with γ = 120◦, and contains
5184 atoms (1728 polyhedra). The second cell has its lattice parameters expanded to values
appropriate to the β phase of quartz, with a = 30.06 Å, b = 120.24 Å and c = 21.88 Å.
In the first cell an initial shear was established between the two domains, while in the second
no shear was established. The second cell is intended to represent the formation of domains
during the β–INC–α transition and will be labelled as the INC configuration.

Pictures of the relaxed forms of both walls are given in figure 10. We may note the
following points. First, while the α domains in both configurations retain the trigonal form
of α-quartz, the degree of distortion from the hexagonal β form is clearly lower in the INC
configuration than the α configuration; that is, the expansion of the cell parameters in the
INC configuration successfully generates a smaller value of the order parameter compared to
the low-temperature α form. Second, both structures have a recognizable domain wall with
a single line of elliptically distorted channels; however, the INC configuration has a lesser
degree of distortion.

We may quantify the distortion of the channels by plotting the values of the three cross-
channel oxygen–oxygen distances (R1,2,3, where R2 is the longest and R3 the shortest distance).
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Figure 10. Models of quartz domain walls: α (above) and INC (below) configurations. Lines
mark the domain walls.
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Figure 11. Cross-channel oxygen–oxygen distances by channel number (0 representing the wall
itself) for the (a) α and (b) INC simulation configurations. The degree of elliptical distortion is
clearly lower in the INC configuration. The ‘ripple’ at channel 2 may be an artefact of the simulation
or a real effect.

For regular α-quartz all three distances should be identical, while in the elliptically distorted
channels two distances are extended and one is reduced. These values are given in figure 11
for both the wall and the neighbouring channels.
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Figure 12. Ellipticities of channels in the wall; bars represent the breadth of variation, estimated
from section 3. The variation in the INC structure extends to very small ellipticities, �1.

The values in the domain wall channel for the α form (R1 = 3.885, R2 = 4.013,
R3 = 3.135 Å) give an ellipticity R2:R3 of 1.28, while the values obtained by Calleja et al
from MD simulation at 10 K (R2 = 4.26, R3 = 3.28 Å) [20] give an ellipticity R2:R3 of 1.30.
The values for the INC form are (R1 = 3.733, R2 = 3.900, R3 = 3.395 Å), showing a lower
degree of elliptical distortion (R2:R3 = 1.15) than in the α form. This is also in line with
the results of Calleja et al [3], for higher temperatures: ‘the tetrahedral arrangement at the
walls starts to resemble that in the bulk due to the markedly increased thermal disorder and
the reduced size of the order parameter’.

The ‘ripple’ visible in channels 1–3 may be an artefact of the simulation, or a result of the
‘ripples’ in the order parameter predicted theoretically by Houchmanzadeh et al [19] and also
observed in the MD simulations [3].

In the MD simulations of Calleja et al [3] it was found that the highly elliptical channel
in the domain wall was a barrier to the motion of Na+ ions along the [001] direction, due to
the reduction of one cross-channel oxygen–oxygen distance. In order to determine whether
the channels in our simulations are likely to pose a similar barrier to Li+ motion, we should
consider both the ellipticity of the channel (as represented by the ratio R2:R3), and the likely
variation of this value due to large-amplitude thermal motion in quartz, as we calculated in
section 3. Since the activation energy for Li+ motion in quartz varies dramatically depending
on the cross-channel oxygen–oxygen distance [12], the relatively short R3 distance will only
pose a serious obstacle to ionic motion if the degree of variation in that distance is so limited
that it cannot reach favourable values for Li+ motion.

In the course of the motion of the structure, the channel may become less elliptical (the
long R2 axis becoming shorter and the short R3 axis becoming longer) or more so. We estimate
the variation of ellipticity in the wall channels on the basis of the FWHM values discussed
above (section 3); taking R2:R3 as our measure of ellipticity, the limits of likely variation are
represented by (R2 +FWHM):(R3 −FWHM) at one extreme and (R2 −FWHM):(R3 +FWHM)
at the other. The ratios R2:R1 and R2:R3 for the wall channels in the α and INC forms are
given in figure 12, with bars representing the breadth of variation.

Clearly, in the α form, where the initial ellipticity is higher and the FWHM for variation
is less, the breadth of variation is not large and the channels will always remain in more or less
the same elliptical form. However, in the INC form, not only is the initial ellipticity lower, but
also the degree of variation is greater; thus the variation extends to values of R2:R3 close to 1,
that is, the channel can vary from elliptical to almost circular. The barrier to Li+ posed by the
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short R3 distance in domain walls in the INC form should therefore be far less than the barrier
posed by the low-temperature Dauphiné twin wall. On this basis, it is understandable that the
phase transition does not appear to hinder the movement of Li+ through the structure, despite
the fine microstructure of twin walls near Tc.

In table 3 of Calleja et al [3], we note that the unpinning energy for Na+ motion in the
[001] direction along the (100) twin domain wall is considerably lower at 700 K (0.30 eV)
than at 300 K (0.95 eV). Our proposal that domain walls at the phase transition in quartz do
not hinder Li+ motion in the same way as low-temperature domain walls is in line with this
result.

4. Conclusions

The β-eucryptite–quartz system shows a dramatic example of the Hedvall effect in the transport
of Al and Li into quartz. The effect is visible as a transient peak in the ionic current at the
phase transition in DC transport measurements. SIMS analysis confirms that samples doped
at the transition are enriched with Al and Li over a range of about 5 µm at the doping edge;
this is not observed in samples doped in the α or β phases. Dielectric studies on the doped
samples [12] show a process attributable to Li+ motion in the presence of Al substitutional
defects in quartz.

There is no evidence that the incommensurate microstructure in quartz slows lithium
transport. SIMS analysis shows that the ratio of doped 6Li to background 7Li increases with
temperature and is not reduced in the sample doped at the transition.

The use of fast framework simulation methods allows the rapid generation of very large
quartz configurations for investigation of the domain wall structure. Simulations indicate that
there is a low energy cost for varying the degree of shear at a (100) twin boundary in quartz;
and that, while Dauphiné twin walls at low temperatures will hinder ionic transport [3], twin
walls in the incommensurate phase have less elliptically distorted channels and therefore do
not affect transport in the same way.
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