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Surface effects on the electrodiffusion of alkali-metal ions and protons in quartz
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The inAuence of the surface on the electromigration of alkali-metal ions or protons acting as
charge compensators of trivalent impurity centers in quartz is determined on the basis of potential
surface calculations. Proton compensator migration depends on the ability for proton penetration
at the anode interface. The ionic current density depends on the ability for alkali-metal ions to es-

cape at the cathode interface. A study of the potential energy experienced by the diA'usive ion dur-

ing its migration through the quartz surface and onto the surface plane allows us to determine the
diffusion path and to calculate the jump frequencies of the surface potential for Li+, Na+, and H+.
The penetration and escape processes are shown to be preponderant for the evaluation of the ionic
current density in the electromigration mechanism.

I. INTRODUCTION

In a-quartz, impurity ions such as Al, Ge, Fe, 8, and
Ti are known to lie in Si substitutional sites and to be as-
sociated each with a nearby interstitial proton or mono-
valent alkali-metal ion that provides electric charge com-
pensation for the whole defect. ' These defects are re-
sponsible for deleterious effects (frequency change and
reduction in quality factor) of quartz resonators and they
have been extensively studied by various experimental
probes. Sweeping quartz with an electric field of
20—2000 Vcm ' and at T=750 K is a well-established
empirical method for improving the resonator perfor-
mance.

The microscopic interpretation of electrodiffusion of
alkali-metal ions is, however, a somewhat complicated
problem that requires an undersanding of the following
physical process questions.

(i) How does the ion migration proceed inside the bulk
quartz sample and what is the phenomenon implied in
the charge compensation effect?

(ii) How does the sample surface influence the alkali-
metal ion or proton diffusion mechanism both at the
anode and cathode?

(iii) Where, and in what way, are the alkali-metal ion
and proton neutralized by electrons at the cathode?

In recent papers, we have examined the bulk
electrodiffusion of alkali-metal ions M+ (M=Li,Na, K)
and protons (H+) located inside optical channels of a P-
quartz sample with infinite dimensions [item (i), no sur-
face effect]. The potential surface experienced by M+ or
H+ has been first determined" in the neighborhood of the
impurity trivalent center (Al +) and far from this center.
The dynamics of M+ has then been described within the
transit-time-concept approach (mass-dependent-rate
theory), and the behavior with time of the ionic current
density has been calculated for various temperatures of
the sample. The substitution mechanism of M+ ions by

protons has also been studied ' within the so-called
diffusion-compensation model in order to interpret the
time variation of the ionic current at short and long
times.

In these diffusion models, the surface inhuence was
disregarded for simplicity, though its inclusion appeared
to us as fundamental in a quantitative estimate of the ion-
ic current intensity. The goal of this paper is to account
for this influence in the M+ (H+) migration mechanism
and to model the ion penetration and escape. Section II
is devoted to the presentation of the microscopic scheme
defining the sweeping. The method used to describe the
structure of the quartz surface and the potential energy
experienced by M+ or H is presented in Sec. III. Nu-
merical calculations for M+ or H+ superficial migration
on the quartz surface and for the ion penetration into the
sample are given in Sec. IV and the results are discussed
in Sec. V.

II. MICROSCOPIC SCHEME
OF THE ELKCTRODIFFUSION

A. General

The sweeping of a quartz sample in ambient atmo-
sphere is schematized in Fig. 1. The Pt foils are in mac-
roscopic contact with the quartz sample. The external
electric field is switched on at time t =0.

At t (0, alkali-metal ions (M+) are assumed to be ex-
act charge compensators of trivalent centers randomly
distributed in the sample. The protons, which will act as
new compensators when the M+ ions are swept, are ei-
ther located in the bulk quartz or outside the sample.

At t )0, the diffusion of the bulk protons will not be
inAuenced by the surface, while the outer protons, which
will diffuse inside the quartz channels, must first
penetrate the surface. We assume that these outer pro-
tons are initially located at the interface between the
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work function that can be lowered with respect to the
mean value of 5.5 eV for a free planar Pt surface, due to
the nature of the interface. In contrast, process (ii)
characterizes the direct escape of alkali-metal ions in the
cathode interface and their capture by the metal surface.
Each M+ ion must then jump the potential barrier
defined by the quartz surface, including the inhuence of
the Pt foil.

The potential energy experienced by M+ or H+ in
their motion at the cathode is expressed as

VM(r')= VM(r', g')+ VM(r')+ V~(~D+z'~)+e6z' . (2)
quor/z sornple

FIG. 1. Quartz sweeping principle. Two Pt foils are inter-
calated between the electrodes and the quartz sample.

anode Pt foil and the quartz solid.
A microscopic study of the penetration mechanism of

protons inside the solid requires a definition of the Pt-
quartz interface, which itself depends on the mechanical
and chemical treatments of the quartz surface. This sur-
face is assumed to be planar, cut perpendicular to the op-
tical axis of the crystal, and formed predominantly by ox-
ygen atoms. This latter hypothesis is consistent with the
results of a statistical study on the atomic distribution at
the quartz surface. Moreover, a HF chemical treatment
at the surface leads to the occurrence of the OH bonds.
The distribution and orientation of these bonds are not
known and we make the additional ansatz that they form
a regular overlayer with OH orientations along the direc-
tion of the oxygen-ghost Si atoms due to the cut. The
surface layer is then schematized as a regular arrange-
ment of Si and 0 ions with an unreconstructed structure.
The 0 ions are H terminated, thus forming a thin slab of
oriented electric dipoles.

At the anode side, an outer proton or alkali-metal ion
located at the position r with respect to the surface origin
experiences the potential

VH(r)=VH(r, g)+ VH(r)+VH'(~D —z )+eh'z . (1)

The first term in Eq. (1) characterizes the potential due to
the bulk quartz crystal, including the lattice distortion g
and the inhuence of the trivalent centers. The second
and third terms describe the interface inhuence, i.e., the
effect of the quartz surface (OH bonds) and the effect of
the metal surface; the interface is assumed to be formed
by two planar parallel surfaces at a distance D. The
latter term in Eq. (1) corresponds to the external electric
field.

At the cathode side, two different, and simultaneous,
phenomena can take place: (i) the alkali-metal ions
remain inside the quartz sample and are electrically neu-
tralized by electrons emerging from the Pt foil; (ii) the
alkali-metal ions escape from quartz and are deposited
onto the Pt foil. Experiments show that the two pro-
cesses coexist since quartz becomes smoky when submit-
ted to a radiation field [item (i)] and alkali-metal deposi-
tion is observed on the Pt foil after sweeping [item (ii)j.

Process (i) corresponds to an electron tunneling from
the metal to the cation slab in quartz, with an effective

This equation is written in a symmetrical form with Eq.
(1); the first and second terms characterize the influence
of the bulk and surface quartz sample. including the dis-
tortion g', whereas the third and fourth terms are con-
nected to the Pt foil and external electric field influences.
r' describes the position of the M+ ion with respect to
the quartz surface.

B. Penetration and escape diffusion mechanism

We disregard here the bulk electromigration of ions,
which has been considered elsewhere, and focus on
the penetration dynamics of H+ or M+ in quartz. To be
consistent with the description of the bulk migration, we
use a transport theory based on a steady-state ap-
proach. ' The ion transport is modeled as a random-
walk process and the diffusion constant is directly corre-
lated to the transit time of M+ (or H+) in a given poten-
tial well. The jump frequency above a potential barrier
V, is defined as'

exp( —V„ Iks T)k TB
(3)k„ R

f "
dr exp[ —V(r)/k&T]

n —1

where kBT is the Boltzmann energy and p* defines the
effective mass of the ion, which can differ from the real
mass due to the momentum transfer of M (H+) to the
surrounding particles. The integral of the potential given
by Eqs. (1) or (2) over the reaction (diffusion) coordinate r
is restricted to the path between two consecutive maxima
R„,and R„of V(r) The comp. utation of the jump fre-
quency requires a detailed knowledge of the potential
function V(r) and more particularly of the successive
minima and maxima of this function outside and inside
the quartz sample.

Equation (3) also holds for the superficial migration of
the alkali-metal ions and protons onto the quartz surface
(without penetration), which is another possible process
for the ion motions. It could also apply to the escape dy-
namics of M+ or H+ ions out to the quartz at the
cathode side.

Note that this transit-time theory is limited to the
description of single jumps from one well to the closest
well, and it cannot describe high-energy processes for the
M+ (H+ ) dynamics. These latter processes, which
would account for the multiwell jumps, are nevertheless
very unprobable for the actual physical conditions of
quartz sweeping.
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III. THE POTENTIAL FUNCTION

A. System geometry cr (A)q /e'

TABLE I. Potential parameters.

a(A) c. (eV)

Although the experimental temperature for electromi-
gration (T=750 K) corresponds to the a variety for
quartz, we have chosen the simpler geometry of P-quartz.
The differences of bond angles and distances between the
two species are sufficiently small" to assume that the
electromigration mechanism will not be affected by this
change. /3-quartz crystallizes in the hexagonal structure
D 6 (P6222) with lattice parameters a =4.99 A and
c =5.456 A.

The sample contains randomly distributed trivalent
centers of aluminum, only; the center that is closer to the
surface than all the others has the main inhuence on the
alkali-metal ion or proton dynamics. Its position inside
the optical channel of quartz can be varied with respect
to the surface.

As mentioned in Sec. II, the quartz surface is planar,
with regularly arranged OH groups at the outer surface
plane. The orientations of the OH bonds are those of the
0—Si bonds. Moreover, the Pt foils (Fig. 1) are schema-
tized as ideal conductors with perfect planar surfaces.
The interfaces are thus formed by vacuum slabs with
parallel surfaces containing protons or alkali-metal ions
(M —=Li or Na); their thickness is D.

The M+ (H+) ion has the running position r; the
diffusion (reaction) coordinate is not rectilinear and we
thus choose the z axis as being collinear to the axis of an
optical channel inside quartz. The origin z=0 is taken
as the intersect of the surface plane and of the z axis.

B. Potentials

m, n, p

+ UM, H-A1(r 0 (4)

where the indices m, n, p are integers that determine the
positions of the silicon atoms, except for the Al-
substituted atom, and the q index (q =2,4) characterizes
the oxygen atoms associated with the corresponding
(m, n, p)th Si. The first oxygen shell, not included in this
sum, will be considered later [Eq. (6)]. The latter term
corresponds to the interaction between the M+ (H+ ) ion
and the Al +-impurity center. The distortions g and g
occur as the result of the presence of the Al center and of
the M+ (H+) ion. Each term in Eq. (4) defines a pair-
wise potential that characterizes the electrostatic, induc-
tion, dispersion, and repulsion contributions, according
to the relation

,
' [a,E~)(r,

&
)+a~E;J(r—,) )]

'6

(5)

The various terms in Eq. (1) [or in equivalent way, Eq.
(2)] are now defined. The interaction between the ion
(M+ or H+) at a position r inside or outside the bulk
crystal is given as

~ (r k) = g* [UM, H-s'(r 4)+&*UM, H-o(r 4)]

Si
0
Al-H+
Al-Li+
Al-Na+
OH

H+
Li+
Na+

0.4
—0.2

0
0.1

0.1

0

0.4
0.3
0.5

6.81
0.72

11.0

0.72

0.03
0.24

1.8
2.1

2.0

2.31

0.70
1.50

0.275
0.012

0.160

0.005

2.980
0.920

'Effective charges obeying the charge neutrality condition, re-
duced by the electronic charge. For the Al atom these charges
are different depending on the second impurity (proton and
various alkali-metal ions) (cf. Refs. 4 and 6).
"The OH superficial group has the oxygen polarizability and
effective Lennard-Jones parameters calculated from the usual
combination rules.

The first contribution characterizes the sum over the
first oxygen layer (p =0) of the pairwise potential be-
tween the ion and the OH groups in the surface region
[Eq. (5) and Table l]. The second contribution takes into
account of the dip olar nature of the OH bonds
(p „q =1.5 D), as

(r r„q )—
M, H-d1 o1 qM, HP q

( i rmnq

where the position of the (m, n, q)th surface dipole mo-
ment is defined as r „q(p =0). Note that the magnitude
of this latter potential depends strongly on the orienta-
tional disorder of the dipoles by thermal agitation, and it
can considerably decrease at high temperature due to the
competition between the Pt-metal effect, the bulk crystal,
and the external electric fields.

The inAuence of the perfectly conducting Pt foil on the
ion (M+ or H+) is described by the image potential
which nicely reproduces the charge-metal interaction
within the jellium approximation for the metal

E; defines the electrical field experienced by the ith atom
and due to the jth atom. The effective charges q, the po-
larizabilities a, and Lennard-Jones parameters (E, o. ) for
each atomic species are given in Table I. Their values
have been determined in such a way that they reproduce
the experimental barrier heights of the (Al-M+) and (Al-
OH) centers. Note that a=0 for the proton, and the
attractive dispersion term thus vanishes in that case.
Moreover, the effective charges of the alkali-metal ions
and of the proton are different inside and outside the
crystal. For instance, in quartz, q&=0.4e, while in the
interace this charge is equal to unity.

The interaction between the ion (M+ or H+) and the
quartz surface can be separated into two terms as

rf [UM, H-OH(r k)+UM, H-dipol (r)]
m, n, q
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IV. NUMERICAL RESULTS AND DISCUSSION

This form is valid when the ion-Pt surface distance is
larger than the adjustable parameter z0=1.38 A. This
statement is assumed to be verified in our case
(~z —D~ ~2 A). The screening parameter I, is equal to
2.23 A '. ' Note that Eq. (8) depends on the value of the
efFective charge q~ H, which, as already mentioned for
Eq. (5), is different inside and outside the quartz crystal.

The latter contribution to the potential energy experi-
enced by the M+ (or H+) ion corresponds to the effect of
the electric field. The screening of this field in the crystal
with respect to vacuum is once again contained in the re-
duced effective charge of M+ (H+). Equations (4)—(8)
are then used to compute the interaction potential [Eqs.
(I) or (2)] and the corresponding jump frequency [Eq. (3)j
for Li and Na ions and for the proton.

A. Numerical backgrounds

The potential surfaces experienced by M+ or H+ have
been calculated by disregarding the dipolar influence of
the superficial OH bonds and the image potential of Pt.
These two contributions are discussed separately since
both poH and the interface thickness D are not known
and they are considered as free parameters. The poten-
tial V(x,y, z, g) is calculated when M+ and H+ are locat-
ed in successive planes parallel to the surface with a path
equal to b,z=c/24=0. 225 A. Inside each plane we ex-
plore 784 points in a rectangle centered on the optical
channel axis and defined by the coordinates of its tops
(+a /2, +&3a /2). We then determine the diffusion path
as the curve joining the absolute minima of the potentia1
calculated for the various planes. The curve defined by
the points r which satisfy this minimum-energy require-

v(ev) v(ev)

-2 0- -2 0-

-3 0-

-c 0-

—~.O -2.0 0.0 2.0 -4.0 -2.0 0.0 2.0 z/~

v(ev) U(pv)

-2.0-

-&.0-

2 O P.Q 2.0 z/a
—6.0

-w.O
I t t i l I 1 I & 1 I l I

-2.0 OX) 2.0 z/a

FIG. 2. Potential curves for the Li diftusion through the quartz surface. The negative and positive values of z correspond to ion
positions inside or outside the sample, respectively. The Al center is located at (a) z = —~, (b) z = —11.82 A, (c) z = —6.36 A, and

(d) z = —0.91 A. k and k are the jurnp frequencies connected to the superficial penetration of the ion and to the bulk penetration,
respectively.
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ment characterizes the penetration potential. For the
z =0 plane, the superficial diffusion coordinate is the
curve y(x) that connects the absolute minima when y is
constant.

The distance z between the M+ (H+) ion and the
quartz surface varies from negative values, inside the
quartz crystal, to positive values, outside the crystal (i.e. ,
inside the interface). When z ~ —4c (= —22.48 A), the
sum of Eq. (4) is over the crystal atoms (Si and 0) located
inside a sphere of radius 4c centered on the M+ ion.
This sphere, which satisfies the electric charge neutrality
condition, ensures the convergence of the total potential
with an accuracy better than 10 eV. In the range—4c ~ z + 0, the radius of the sphere still centered on the
M+ (H+) ion is increased in order to include the same
number of crystal atoms. When z ~ 0 we consider a half'-

sphere centered at the origin (0,0,0) filled with the same
number of atoms, which satisfies, once again, the require-
ment of charge neutrality.

The potential surface and thus the M+ dynamics for
the surface penetration and diffusion depend on the posi-
tion of the Al centers in the sample. Four situations have
been considered. (a) The Al impurity is far enough from
the surface to disregard its inAuence, this corresponds to
a nearly perfect channel; (b) the Al center is located at
mo = 1, no =0, and go= —6, i.e., at a distance of about 12

0

A inside the crystal; (c) then the distance between the sur-
face and the Al center is decreased to 6.4 A (mo= 1,
no =0, and po = —3); and finally (d) the Al center is locat-
ed in the first Si plane (mo = l, no =0, po =0) at a distance
0.9 A from the OH layer.

In a second stage, the inAuence of the dipolar field due
to the OH bonds adsorbed on the quartz and of the metal
foil is introduced. The potential VM Hd;z, &, [Eq. (7)] is
determined for an ideal orientation of the dipoles. '

When the inAuence of the electric fields due to the metal
and to the quartz surfaces is disregarded, the dipoles p&H
are oriented along the broken 0—Si bonds and the angle
(poH, n) is equal to 55' (n is the normal to the quartz sur-
face). The calculation of the potential VM H [Eq. (8)] is
carried out for an interface thickness that is varied from
a=4 A to a=20 A. The surface defects and corruga-
tion are disregarded.

B. Ion penetration results

Figures 2(a) —2(d) exhibit the curve of potential minima
experienced by Li+ as a function of the distance with
respect to the surface, in the case Vd;„,&,

= V '=0 and for
the four selected distances between the quartz surface
and the closer Al center. When the Li+ ion is outside the

g(e V) v(ev)

-2.0- -2.0-

-3.0-

—5.0-

—6.0- 6.0-

-7.0 'i I I I I i l f I I 'i I i I

—4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 &/ & gp -2.0 0.0 2.0 z i a

v(eg)

-').3-

-2.2- -2 3-

—32-

—4.2-

-3.3-

—4 3-

—5.2-

—6.2- -73-

-7 2 I & i I I & I i ( i g -83 I I I I I I i $ I I I
—4 o -3.0 -2Q -~.0 0.0 1.0 2.0 z/a —4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 z/&

FICj'.3. Potential curves for the Na diA'usion through the quartz surface; same as Fig. 2.
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crystal, the potential monotonically decreases. At a dis-
tance from the surface equal to 2.5 A, Li+ experiences
short-range dispersion-repulsion interactions due to OH
terminations, and the slope of the potential curve in-
creases up to the point where the ion reaches the quartz
surface z =0. The shape of the potential depends on the
position of the aluminum center. In a perfect channel,
this potential exhibits a set of maxima and minima
separated by a distance of about c/3, which corresponds
to the distance between successive silicon and oxygen
planes, with alternate positive and negative charges.
When the Al center is drawn nearer to the surface, the
overall shape of the inside potential is modified [Figs.
2(b) —2(d)] due to the increasing infiuence of the charge
defect on the alkali-metal ion. The absolute potential
minimum is obtained on the surface in all cases, but its
depth increases as the Al center becomes closer to the
crystal surface.

Similar potential curves are drawn for Na+ in Figs.
3(a)—3(d). In contrast with the Li+ penetration potential,
the structure with potential minima and maxima does not
occur in the perfect channel. For the channel with an Al
center, this latter impurity strongly modifies the potential
shape and depth as it is drawn nearer to the surface. The
absolute minimum is not found on the crystal surface but
slightly inside the sample (z = —0.9 A) when the Al
center lies far from or close to the surface [Figs.

TABLE II. Potential depths 6 V and 6 V (eV) for the surface
penetration and jump frequencies k and k (s '

) at T=750 K.
[The four situations )2, b, c, and d correspond to the various po-
sitions of the Al center in the channel (Figs. 2—4).]

Ion sv'
Li+ a

b

Na+ a
b

0.6
0.6
0.5
0.3

1.7
0.3
0.4

2.5
1.1

1.8x10'
2.1x10'
2.7 x 10
2.3 x10'

2.0X 10
1.3 X 10'
4.5 x 10

5.7X 10
2.3 x10'

3.3
3.3
3.3
3.9

5

4.9
5.5
6.5

4.7
4.5
4.9
5.7

2.0x10-"
5.1x10-"
4.0x10-"
1.8x10-"
4.0x 10-"
6.4x 10-"
2,2x10-'4
2,0x10-"
1.3x10-"
8.6X 10
1.3X lo
1.4X 10

2(a) —2(c)], or slightly outside the sample (z =0.5 A) when
Al is located on this surface.

Figures 4(a) —4(d) are relative to the proton penetration
potential that exhibits the same overall behavior as for
Na+ (no structure) and an absolute minimum, like Li+,
on the surface. We give in Table II, two characteristic

v(ev) v(~v)

-2 0- -2.0

-&.0-

-2.0 0.0
I I i

2.0 z/a
—60 ) ) ' i t i i l I I & I I t l

-+.0 -2.0 0.0 2.0 z/a

v(ev) v(ev),

-2.0- -2 0-

-&.0-

~60 ) J l ) f i I l I I & I I I I

-40 -2.0 0.0 &.0 z/a - +.0 -2.0 00 2.0 z/a

FIG. 4. Potential curves for the proton diA'usion through the quartz surface; same as Fig. 2.
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potentia ep s1 d th hV and AV. The first quantity corre-
sponds to the barrier that the various ions must overcome
to penetrate the sample; the second one describes the sur-
f '

Auence extent, since it appears as the energy
dift'erence between the ion and the quartz crysta, wi
and without the surface. It may be noted that the surface
influences the ion potential over a range of about
20—25 A. The values of hV are around a fraction o e
for Li+, whereas they can reach 1 —2 eV for Na+ and
H+ and the significantly depend on the Al location.
The 5V values vary from 3.3 eV for Li to . e o
Na+.

The corresponding jump frequencies k and k, calcu-
lated from Eq. (3), are also tabulated for the various cases
considered in Figs. 2 —4. Since AV ~ hV, the frequency

f M+ (or H+) from vacuum into the matter
for a um ofis obviously much larger than the frequency for a jump o

the same ion from vacuum to the bulk crystal without
surface influence. The jump frequency
the quantity that characterizes the ability for the penetra-
tion of the alkali-metal ions and of the proton into
quartz.

oil andThe potential energies connected to the ion-Pt foil an
to the ion-surface dipole interactions are drawn in a
separate way, in ig.F' 5. V ' depends on the interface
thickness between the quartz and platinum surfaces, and

been studied. Within this range of the distances between
the Pt foil and the M+ (H+) ion, the metal surface tends
to attract the cation whatever its location outside or in-
side the crystal. In the second case, the screening effect
of uartz is very serious and the repelling effect of t e
metal becomes inefficient. The VM H potential has an an-
tagonistic in uencet' 0 ence on the above potentials discusse in
Figs. 2 —4 and it modifies mainly the shape of these curves
on the right-hand side of the figures (z )0) by increasing

y/a
0.90

-0.5 0 0.5

their slopes in the range 0 z a.
As the macroscopic external field does not significantly

inAuence the previous potential curves, the remaining po-
tential, which can modify the shapes studied in Figs.
i V, also drawn in Fig. 5. This potential, calcu-is M, H-dipole& a so

surfacelated for an ordered dipole slab on the quartz su
with fixed orientation, is constant outside and inside t e
quartz crystal, with an energy difference u
screening effect in quartz. Close to the surface, this po-
t t' 1 decreases sharply. The values of the extremaen ia
and —l. 3 eV) correspond to the situation of perfec y

V (eV)

3.0-

2.0-

1.0-

quor tz sompIe

Dq 2
I

/
/

/

j'
/

/

D3

/

/

pt/

3'

0.45

0

0-45

0

-1.0—

-3.0
~ 0~~—Cl» l

-2.0 -1.0 ] 0 1.0
I

2.0 30 z/a - 0.45
0.45

-2.0- VM, H-d ipole 0.5 0 0.5

-3.0
FIG. 5. Ion-metal potential VM'H for three characteristic

thicknesses D of the interface ( X, D =4 A, ~,A' D=10 A; and 0,
( ———)D=20 A)' and ion-surface dipole potential v M H dp

for a perfectly ordered and oriented dipole slab. The quartz and
Pt-foil surfaces are schematized by vertical lines.

(b)

FIG. 6. Potential surface V(x,y) for the superficial migration
(inside the z = p ane o e=0 1 ) f th Li+ ion. (a) Three-dimensional
representation, the energy origin Vo is taken to be equal to —3
eV. All the points with V) Vo have been artificially taken to
have a zero energy on the map. (b) Equipotentials V(x,y) and

reduced by the cell parameter a.
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diffusion, and (iii) the probably efficient reverse tnecha-
nism of electron penetration in the sample has been disre-
garded. Electromigration experiments on cleaner quartz
samples with better defined surface states would stimulate
more accurate theoretical approaches of this mechanism.
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