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Molecular dynamics simulations of water at 298 K and 1 atm of pressure are used to investigate the electric-
field dependence of the density and polarization density of water between two graphite-like plates of different
sizes (9.8x 9.2 and 17.7x 17.2 A) in an open system for plate separations of 8.0, 9.5, and 16.4 A. The
interactions with water were tuned to “hard-wall-like” and “normal>~QO hydrophobic potentials. Water
between the larger plates at 16.4 A separation is layered but is metastable with respect to capillary evaporation
at zero field (Bratko, D.; Curtis, R. A.; Blanch, H. W.; Prausnitz, J. MChem. Phys2001, 115 3873).
Applying a field decreases the density of the water between the plates, in apparent contradiction to
thermodynamic and integral equation theories of bulk fluid electrostriction that ignore surface effects, rendering
them inapplicable to finite-sized films of water between hydrophobic plates. This suggests that the free energy
barrier for evaporation is lowered by the applied field. Water, between “hard-wall-like” plates at narrower
separations of 9.5 A and less, shows a spontaneous but incomplete evaporation at zero field within the time
scale of our simulation. Evaporation is further enhanced by an electric field. No such evaporation occurs, on
these time scales, for the smaller plates with the “hard-wall-like” potential at a separation of 8.0 A at zero
field, signaling a crossover in behavior as the plate dimension decreases, but the water density still diminishes
with increasing field strength. These observations could have implications for the behavior of thin films of
water between surfaces in real physical and biological systems.

I. Introduction Removing one of the plates, to soften the effect of confinement,
) o . . produced no significant change in the density of water near the
A confined liquid has properties very different from those of e maining plate from which an exponentially decaying electric
the bulk. In small quantities, only a few molecules across, the {4 emerged? zhu and Robinsct also studied water between
discrete nature of matter becomes important and continuum .05 in the presence of an electric field and concluded that
_descrlptlons are no Ionger adequate_. One mamfestatlon_ of thisihe breakage of hydrogen bonds near the walls was enhanced
is the molecular layering gbserved in the classic experiments ,y ihe field because of molecular alignment. These simulations
of Horn and Israelachvifi.-* Another is the water occupancy \ere carried out in closed systems. Our observations of the
of nonpolar cavitiesand carbon nanotub&s'? In a seminal behavior of water between plates in an open system are
paper, Stillinget® suggested that hydrogen bonding between gyjvingly different. We find that an electric field decreases the
water molecules is partially disrupted near a hydrophobic gensity “of a narrow film of water several angstroms wide
surface, inducing dewetting. This could lead to the evaporation atveen plates open to a reservoir. This is the opposite of what

of a narrow film of water confined tp’éaat‘}"éee” the plates and has js hredicted from the bulk thermodynamics of electrostriction
been the subject of many theoretical® and computational \hen syrface effects are ignored and, to our knowledge, has
studies'*41728 |t has been suggested that it may also lead t0 ot peen reported before

I i ,20,29 A ) . ) i
attraction between two hydrophobic plafes: The thermodynamics of a dielectric bulk fluid open to a

In this paper we discuss molecular dynamics (MD) simula- reservoif>-37 and subject to an external electric field predicts
tions to study electric-field effects on water between two plates that the change in densigywith the field E is given by537
in an open system. Svischev and Kus#liland Xia and
Berkowit! have reported electric-field-induced freezing of 1(9p (0P _ 1% 1
water in MD simulations, and Yeh and Berkow#ztudied the ;(3_5)‘,4,\,; - (a_p )E,N,T - KTP(a_p )E,T (1)
effect of electric fields on the dielectric constant of water
between plates. They observed no perceptible change in thewhere 2 is the polarization density? is the pressure, andr
density of the water layers confined between two Ag(1,1,1) [=(1/p) (3p/0P)e1] is the compressibility of the fluid at a volume
plates when a constant electric field of 2.5 V/A was apptied. V, atemperaturd, and a chemical potential The temperature
and chemical potential are identical to those of the reservoir
T Part of the special issue “David Chandler Festschrift”. which is in thermal and chemical equilibrium with the dielectric
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and integrating it with respect 8, one finds that the relative =~ HereAy = —y cosé,, y is the surface tension of the free liquid,
change in the density of the fluid is proportional to the square p is the number density of the liquid, and. is the difference

of the fieldE in chemical potentials between liquid and vapor. However, liquid
water can coexist in a metastable state with a surface vapor
o(E) — p(0) K30(0) e 5 film between large hydrophobic plates at much smaller separa-
50 87 9p(0) 3 tions. Lum et al® estimate this limit of metastability to be about

5 nm for water between hard walls at room temperature and a
with k1 = K$ + O(E?) and de/dp = deldp(0) + O(E?). This pressure of 1 atm. Grand canonical Monte Carlo (GCMC)
well-known expression for electrostriction, discussed by Kirk- Simulations by Bratko et at.at ambient conditions, suggest
wood and Oppenheithiand Frani can also be derived from  that the limit of metastability (spinodal region) over practical
a molecular theo#3%and applies only at low electric fields to ~ Simulation times occurs at separations of 1.27 nm for weakly
the first order inE2. The density changes with the square of the attractive hydrocarbon-like plates with about three intervening
electric field, and the sign of this change is determined by the Water molecule layers when the plate dimensibrare much
sign of d¢/3p(0). From experimental studi®sof water at 25 larger than their separation. Smaller plates shift the critical
°C,dIn €/dIn P =4.7 x 1075 whereP is the pressure. Because distance for thermodynamic stability to lower values when the
deldp = (1lpkt) (9e/dP) and k7 is positive, we conclude that  plate size dominates the denominator in eq 4. Spontaneous
deldp(0) is also positive for a macroscopic sample of water at €vaporation occurs at plate distances below the metastable
25°C and the density should initially increase with the applied limit.?* This was seen in GCMC simulatici®f water between
electric field. hard walls and in MD simulatiod% of two hydrophobic

In this study, we find just the opposite effect when an electric €llipsoidal surfaces immersed in water. More receffiyhe
field is applied to a narrow water sample between two graphene collapse of ellipsoidal particles induced by dewetting and the
plates open to a water reservoir. The field acts only on the water evaporation of water between platebave been observed in
between the plates. In addition, we observe spontaneousMD simulations.
evaporation of water between large graphene plates at a Equation 4 reduces to the Kelvin equatibn~ 2Ay/pAu in
separation of 9.5 A at zero field, when the plateater the limit L — . Dzubiella and Hanséfhave generalized this
interaction is tuned to be more repulsive than the “normal” to include the effect of an electric field in studying the stability
carbon-water interaction. Evaporation is further enhanced by of charged colloids and find that it suppresses water expulsion.
applying an electric field between the plates. The zero-field This is also the opposite of what we observe for water between
effect disappears for smaller plates, signaling a crossover with plates.
decreasing plate size, but the density depletion with the Presencs; simulation Details
of an electric field remains. '

We note that a statistical mechanical theory of electrostriction ~ The package DL_POL¥ was used to conduct constant-
has been developed using integral equation approximations forPressure and -temperature MD simulations with the ‘Nose
the wall-particle (in this case water) correlation function. The Hoover algorithm. Simulations were performed with SPC/E
hypernetted chain approximation for the walarticle closure ~ WateP? at pressure® = 1 bar, temperaturd = 300 K, and
also predicts electrostriction proportional to the square of the time step= 1 fs. Systems of two different sizes were
electric field, but with a different positive proportionality ~investigated. The smaller one had 500 water molecules in a
constant42Comparison with the thermodynamic theory, after cubical simulation cell that was about 25 A on each side.
addition of the bridge diagram @®(E?) to the wall-particle ~ Embedded in this cell, parallel to thé—Y plane and sym-
correlation functions, leads to a differential equation for the Metrically along theZ axis, were two plates of dimensions 9.8
dielectric constant whose solution is an exact expression for X 9-2 A with 45 atoms in a graphene structure. The plate
the dielectric constafit first proposed by Ramshaff. The separationD was 8.0 A. The larger system had 1372 water
integral equation theory, however, is not directly relevant to Molecules in a cubical cell that was approximately 35 A on
the present study because it applies to a dipolar fluid that is €ach side. These plates (Figure 1) of dimensions ¥717.2
infinitely far away from a charged wall and not to a fluid A had 133 atoms in the same graphene structure. Simulations
between plates at a finite distance apart. In a different sense,Were carried out at plate separatidhsf 8.0 (data not shown),
this is also true of the thermodynamic theory of electrostriction 9-5, and 16.4 A. ) . ]
discussed above because surface effects are ignored. The atoms on the plates interacted with the oxygen atoms in

The apparent contradiction with the bulk thermodynamics of the water molecules via a Lennard-Jones potential. Two different
electrostriction suggests that the water between the platesSets of parameters for the effective sizend well depthe were
considered in our study may be at or near a metastable region Studied. The first had = 3.283 A ands = 0.000 28 kcal/mol.
The free energy of water between or near such surfaces in the' Nis mimics a hard wall at the position of each plate because
absence of an electric field has been discussed theoretically by¢ IS Small, finite, and positive. The second had the samalue
Chandler and his grodp*-47 in the context of hydrophobic with € = 0.116 kcal/_mol. Th_|s potential corresponds to the
solvation and dewetting. The dynamics of water evaporation standard € O interaction obtained from the LorentBertholet

between plates has been studied by Lum and [24zad by mixing rules applied to carbon atoms in graphite and oxygen

Luzar et aR32528 atoms in water, and it is more hydrophilic and less hydrophobic
The critical distancéD. below which water between plates than the former. We refer to these sets as *hard-wall-like” and
of lateral dimensiorL is thermodynamically unstabfe?! is “normal” C—O potentials. In keeping with common usage, both
given by of these may be termed hydrophobic potentials, but we use them
only in a relative sense. We have also carried out a few
D, ~ 2Ay/(pAu + 4ylL) (4) simulations for a soft repulsive potential between the atoms of

the graphene sheet and water in which the attractive dispersion
This could be as large as 1024 nm for infinitely large plates term in the Lennard-Jones potential is suppressed by setting it
under ambient conditions, assuming a contact afgtd 135°. equal to zero.
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Figure 2. Snapshot of the larger system with “hard walls” at zero
field (left) and an electric field oE = 4.34 V/nm (right). The field is
directed along theZ axis, as indicated by the arrow. Only water
molecules between or directly above and below the plates are shown

for clarity.
Figure 1. Large graphite plate with 133 carbon atoms and dimensions 140 " " "
17.7x 172 A 8 P o
I 120 Ei f- + {‘_\nnormal potential

The region between the plates is thus an open system that is S l
free to exchange matter and energy with the surrounding bath. g 100 "x.,‘. 1
To study the effect of an external electric field on a fluid in an 2 \ l
open system, a uniform field ranging from 0 to 8.68 V/nm was 8 80 r ]
turned on perpendicular to the plates alongZtexis and acted § e | { _______ l "hard wall-like" ]
only on the water between the plates. To place this in - N N
perspective, we note that a surface charge density of one * 40 . . X ,
electronic charge per 100024orresponds to a field of 1.8 0 2 4 6 8
V/nm. Periodic boundary conditions were applied with Ewald Electric Field (V/nm)

sums for the long-range eIeCtrOStatl.C mtera(.:tlons' Equilibration Figure 3. Number of water molecules between the plates as a function
runs were at least 500 ps long, with the time step gradually of the applied electric field for the large system for the two potentials
increasing from 0.1 to 1 fs. After equilibration, data were studied. The plates are 16.4 A apart, and the volume between them is
collected for 306-500 ps for each system. Temperature fluctua- 304.4 A
tions were found to have standard deviations~e£.66 K,
irrespective of the platewater interaction or the applied field. ~ density can be clearly seen. In Figure 3, we plot the number of
Pressure fluctuations were insensitive to the platater water molecules between the plates, averaged over-300
interaction but increased with the field strength. The standard PS, as a function of the applied field. The steep drop in this
deviations were~0.3 bar atE = 0 V/nm and~1.2 bar atE = number when the field strength exceee.2 V/nm along with
8.68 V/nm. These very large pressure fluctuations can be the nearly two-state behavior suggests a liquid-to-vapor-like
attributed to the low compressibility of water. phase transition. Density profiles for different field strengths
MD trajectories were saved every 50 steps for further analysis. and plate separations (16.4 and 9.5 A) are shown in Figure 4.
Density profilesip(z, E)0= N(z, Az, t)lAAz were calculated At zero field, with a plate separation of 16.4 A (Figure 4a),
from histograms of the number of water molecules alongzhe ~ the water between the plates is layered with four peaks visible
axis, whereN(z, Az, t) is the number of water molecules at time ~ at densities close to that of the bulk liquid, 1 gm/ciwater

tin a bin of widthAz at positionz along theZ axis andAisthe ~ On either side of the plates is also perturbed, with two peaks
area of each plate. Similar profiles were calculated forzhe Visible in the density profile on each side. Applying an electric
component of the molecular dipole moment,(z, E)O= field to the water between the plates has the unexpected and

dramatic effect of reducing the density between the plates
ty gradually and then rapidly at fields just beyond 2.17 V/nm. At
this point, the layers next to the plates are more sharply defined,
with merging of the layers in between. At a slightly larger field
strength of 2.82 V/nm, the intervening fluid has a greatly
reduced density, with the layers immediately next to the plates
still well-defined but showing a marked asymmetry, reflecting
1. Larger Plates of 17.7x 17.2 A.Figure 2 shows snapshots the charge asymmetry of the oriented water molecules in the
of the large equilibrated system with “hard-wall-like” plates at layers next to the plates. At or near this field strength, the fluid
a separation of 16.4 A with and without an external electric between the plates is in transition to a lower-density vaporlike
field between the plates, along tReaxis. The polarization of  phase accompanied by large density fluctuations, as seen from
the water by the external field along with a reduction in the the error bars in Figure 3. Long-lived density fluctuations in

3 M%,i(z, Az, t)/N(t)L) and for the component of the molecu-
lar dipole moment parallel to the plates. The polarization densi
was also calculated fronP,(z, E)0= (¥ Nui(z, Az, t)IAAZ,
which is also equal tas(z, t) ufz, Az t)

I1l. Results and Discussion
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electric fields of (a) 0.87 V/nm, (b) 2.82 V/nm, and (c) 4.34 V/nm. To
improve the clarity of the figure, the time interval between data points
for parts a and ¢ was chosen as 5 ps, while that for part b was 0.05 ps.
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the oxygen of the water molecules but with the sasmend e

‘ . as the “normal” C-O potentials. On average, slightly fewer

-20 -10 0 10 20 water molecules were observed between the plates, but the
Z-axis (&) fluctuations and density depletion in the presence of an electric

Figure 4. Density profiles for the larger system (1372 water molecules) f"?'d ?re similar 'to ,\,Nhat we observe for water between plates

with “hard walls” of dimensions 17.% 17.2 A at separations of (3) ~ With “hard-wall-like” potentials.

16.4 A and (b) 9.5 A. When the separation between the plates is reduced to 9.5 A,
spontaneous evaporation of water between “hard-wall-like”
6F ' ' ' "] plates at zero field occurs, which is shown in Figure 4b. The
fluid between the plates is structureless, with a greatly reduced
ol i density of~0.2 gm/cn? at this separation. Evaporation of water
&4 .
= between closely spaced hydrophobic surfaces has been reported
=3 earlier in MD" and Monte Carlb??2325simulations. The system
“2r ) in Figure 4b is comparable to the ones studied by Wallqvist
and Bern&® and Huang et af? with plates of similar size and
) L . : at the same center-to-center separation. We observe a further

E?V/nm) 6 § reduction in the density when an electric field is applied between
Figure 5. Compressibility of water in the region between “hard-wall- ~ the plates. To our knowledge, this has not been reported before.
like” plates at 300 K calculated from the particle fluctuations in this We next consider our simulations of water between plates
region at a constant volume. with the “normal” C-0O potential corresponding to the regular
C-0 interaction. Figure 3 shows that the number of water
confined water have also been observed earlier by Bratko etmolecules between the plates again decreases with increasing
al., but in the absence of an electric fidldthe compressibility field strength, as with the more hydrophobic “hard-wall-like”
of the fluid between the plates, calculated from fluctuations in plates. However, while the latter had a phase-transition-like
the number of water molecule@\?[}- IN[3), shows a maximum  character between liquid- and vaporlike phases, the density
at a field of 2.82 V/nm (Figure 5), resembling a liquidapor change with the presence of an electric field is less abrupt for
phase transition. The water density decreases to about 0.5 gmthe more attractive and less hydrophobic (“normal>@
cm? at a field of 3.47 V/nm, with only a further small decrease potential) plates. The density profiles (Figure 7) show that the
as the field strength increases to 8.68 V/nm. At these high fields, water between these plates retains its layering at all fields, with
the water between the plates, which is open to a reservoir, the density in each layer close to or exceeding the density of
becomes more vaporlike, and the density remains constant withbulk water, 1 gm/cr The stronger interaction between the plate
increasing field (Figure 3). The water in the region immediately carbons and the water molecules corresponds to a smaller
outside the plates is insensitive to the electric field (Figure 4a). contact angle than that for the “hard-wall-like” potential. This
The fluctuations in the number of water molecules as a prevents field-induced evaporation and leads to more sharply
function of time for differing electric fields are illustrated in  defined water layers between and immediately outside of the
Figure 6. At a field of 2.82 V/nm, which coincides with the plates. The water density in the first layers next to the plates
observed shift in the average density, the number of water exceeds 3 gm/ctnat zero field. Correspondingly, the first
molecules (dark curve in Figure 6) changes between the averageminima next to the plates are deeg).5 gm/cni. At zero field,
number observed at low (0.87 V/nm) and high (4.34 V/nm) the water between the plates exists in four well-defined layers.
fields. Our simulations over equilibrated times of 500 ps are With an increasing field strength, the number of layers also
too short to provide a more detailed picture of the dynamics of increases; there are five at fields of 2.17 and 4.34 V/nm and
these transitions. six at the highest field of 8.68 V/nm. As the electric field
These calculations for water between large plates at aincreases, an asymmetry develops in the density profile that is
separation of 16.4 A were repeatédsing only the repulsive due to the charge asymmetry of the water molecule, as reported
part of the Lennard-Jones potential between the plate atoms andabove for “hard-wall-like” plates.
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the middle layer for both wat particle potentials. Solid symbols refer
to the left ordinate, and open symbols refer to the right ordinate. The
smooth curve in part b is the prediction of the Deby@ngevin
equation for a dipolar fluid in an electric field. Circles apply to the

between the plates were seen to be in phase with the density’hard-wall-like” potential and squares to the “normal” potential.

profiles. Figure 8a shows the polarization density in the middle
layer z = 0) between the plates as a function of the field for
both the “normal” C-O and “hard-wall-like” plates. This is
calculated directly in our simulations and compared with the
approximationP,(z, E)J~ [p(z, E){k,z, E)(3? in the same
figure. The two are virtually identical for both types of plates,
showing that the approximation is excellent. The same ap-
proximation holds for a Stockmayer fluid in a closed system in
the presence of an electric field that was shown in studies by
one of us with Lee and HubbaPéFigure 8b displays the local
densitylp(z, E)Cand the averagecomponent of the molecular
dipole moment of watel,[in the middle layer, both of which
are used in the above approximation. The density variation with
electric field follows nearly the same trend as that of the total
number of water molecules in the region between the plates
(Figure 3), while thez component of the dipole moment is the

3 T T T T T T T T
— E=0
------ E = 4.34V/nm
2_ —
=1
®]
=1
1_ 3
0

r(A)

same for both plate types and is well represented by the DebyeFigure 9. Pair correlation function of oxygen atoms on water molecules

theory of ideal dipoles withg,[0= ulL(y), whereL(y) is the
Langevin function and/ = (u|E|/ksT), in which kg is Boltz-
mann’s constanfl is the temperature in degrees Kelvin, and
(=2.35 D) is the dipole moment of an SPC/E water molecule.
This behavior was also observed earlier for a Stockmayer fluid
in a closed systertt.

The orientational polarization of the water molecules by an
electric field affects their spatial correlation. We investigated
this by calculating the pair correlation function between oxygen
atoms of distinct water molecules & 1 Athick layer halfway
between “hard-wall-like” plates at zero field and a field of 4.34
V/nm. Figure 9 shows that the height of the first nearest-
neighbor peak is sharply reduced when a field of 4.34 V/nm is

in the middle layer of thicknesd A between “hard-wall-like” plates
of dimension 17.7% 17.2 A at zero field and at a field of 4.35 V/nm.

2. Smaller Plates of 9.8x 9.2 A. Smaller “hard-wall-like”
plates have a qualitatively different effect on the interstitial fluid.
Figure 10 displays the density profiles, averaged over 300 ps,
for the smaller system of 500 water molecules with parallel
plates immersed at a separation of 8.0 A. These plates have
dimensions of 9.8x 9.2 A and, have less than one-third the
surface area of the larger plates discussed above. At zero field,
two well-defined water layers are observed between the plates
with a local density of~1.5 gm/cn, in contrast to the larger
plates at the same separation, which peak at a density0df

applied and is accompanied by a wider and enhanced distributiongm/cn? (data not shown). The local density of water in the

of molecules at larger distances.

layers between the smaller “hard-wall-like” plates is thus greater



F J. Phys. Chem. B Vaitheeswaran et al.

2 dewetting at large hydrophobic surfaces, but also to the
D=80A . E=0 metastability or instability of thin films between finite-sized
98AX92A — E=4.34V/inm plates at separations below the critical distance for thermody-

15 . namic stability?41525This has interesting implications for the
i N behavior of narrow films of water between surfaces and

membranes in real physical and biological systéfns.
Our simulations suggest that the free energy barrier for
capillary evaporation between narrowly separated plates is

3
{p) (gm/cm”)
— o

|
V E \ ! ll
i W ) reduced by the application of an electric field. A qualitative
05 . '; explanation of water depletion between such plates, when open
: ', to a reservoir, follows from a consideration of its orientation
; i polarization in an electric field. At zero field, the average
oL b component of the dipole moment perpendicular to the confining
-15 -10 -5 0 5 10 15 plates &) and in the middle layers of water between the plates
Z - axis (A) is also zero. The intervening fluid is polarized as the field

Figure 10. Density profiles for the box of 500 water molecules with ~between the plates increases, and at the highest fields investi-
embedded “hard walls”, with and without an applied electric field. gated here, the water molecules are almost completely oriented
Profiles are averaged over 300 ps. The plates have dimensions of 9.8yith the field. The mutual repulsion between the water dipoles
x 9.2 A and are positioned at4.0 A along theZ axis. in the same layer promotes fluid transfer from the region
between the plates to the surrounding bath. Evaporation is

than the water density in the reservoir, unlike the density S
lowering due to the spontaneous evaporation of water between.enh"’mc.ed _vvhen the fluid IS meta}st_able and _the_ phaeter
nteraction is strongly repulsive. This interpretation is consistent

larger plates at a 9.4 A separation. This signals a crossover agh . wog e .
the plate dimensioh decreases, when the second term in the with our cqlculatlons of the m-plane dlstrlbythn functions
denominator of eq 4 becomes dominant, and the critical distanceOf water (Figure 9) near the middle of the fluid film between

D., at which the intervening fluid is metastable, becomes Iar\g,;\;ethard-\lfvall-lllke platesr.] d wall ient ; vt
smaller. It is like the crossover associated with the formation ater molecules near a nhard wall reorient spontaneously 1o

of a liquid—vapor interface as the size of a nonpolar solute maximiz_e hydrogen bondinig:>*When th_is occurs, the preferred
increaseds orientation near the wall could be disrupted by an external

When an electric field is applied between the plates, we again electnp f'el.d and modified by changing . the watbartlcle
see a transition to a vapor phase with an average density Ofpotentlal to include van der Waals or other interactions. At very

~0.3 gm/cnt and a complete loss of layering. With field large plate separations, the surface contributions to the ther-
stréngths of 0 and 4.34 V/nm. there are on avéragé and modyanmics of the fluid are less evident, and its behavior

~4 water molecules, respectively, between the plates approaches that of a bulk fluid in an electric field. A quantitative
' ' ' theory of electric field effects on narrowly confined water or

polar fluids between plates that takes into account surface effects

) ) o including reorganization and polarization near the interface has
We have studied the behavior of thin films of water between yet to be developed.

plates of different hydrophobicity by MD simulation, both in

the presence and in the absence of an electric field and at aAcknowledgment. We thank Steven Fortune for his as-
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