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Transient resonance structures in electron tunneling through water
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The mechanism of electrons tunneling through a narrow water barrier between (W@ Rhetal
surfaces is studied. Assuming an adiabatic picture in which the water configuration is static on the
time scale of the electron motion, the tunneling probabilities are found to increase nonmonotonically
as a function of incident electron energy. A numerical investigation of single electron scattering
wave functions suggests that the tunneling is enhanced by resonances, associated with molecular
cavities in which the electron is trapped between repulsive oxygen cores. The lifetimes of these
resonances are calculated using a novel filter diagonalization scheme, based on a converging
high-order perturbative expansion of the single-electron Green’s function, and are found to be of
order <10 fs. The possibility that transient resonance supporting structures contribute to the
enhancement of tunneling through water is discussed.1999 American Institute of Physics.
[S0021-960609)70538-9

I. INTRODUCTION This enables us to correlate the resonant enhancement with

Lo . particular water nanostructures, and to estimate the corre-

Electron transmission in and through condensed environ= . o
. ) . . saﬁ)ondlng resonance lifetimes.

ments has been a subject of intensive studies over sever

decades. The most common chemical example is electron

transfer between donor and acceptor molecules in soltition!!. THE MODEL SYSTEM

Here the main role played by the solvent is to affect energy We use the same @D0—H,0—P{100) model system
matching between donor and acceptor levels by thermal fluGat was studied by Benjamiet al. previously® [a polariz-
tuations. Continuum dielectric theory provides a reasonablgpa flexible simple point chargéFSPQ poténtial for the
description of this effect, however, it obviously cannot de-\,oar_water interaction 00 surface with water—Pt in-
scribe the effect of solvent structure on the electronic coUzgraction taken from the work of Sphor and Heinzifgewe
pling itself. This deficiency becomes particularly important 5ic5 yse the same electron—water pseudo-potential used in
in electron transfer at interfaces and in electron transmissiopets 6 This potential is based on that developed by Barnett
through thin molecular layerse.qg., “ur_lderwgter” STM ¢t al® modified to include the many-body interaction associ-
(scanning  tunneling microscopyexperiments, electron e with the water electronic polarizability of water as de-
tunnel-junctions  involving - metal-molecular  layer-metal gcyibe in Ref. 6. The electron metal pseudo-potential is rep-
conta(itsg, photoemission  through absorbed = moleculargsented by a square barrier of height 5 eV. The total
layers; and electron injection into metals through mOIeCUIarpotential experienced by the electron is assumed to be a su-
adsorbgtés, where new molecular structures may appear. Iyerposition of these electron—water and electron—metal
transmission processes the initial and final electron states bﬁ'seudopotentials. The studies described below are done for a
long to continuous manifolds, so the issue of donor-accepiQfjsiance of 10 A between the Pt walls, which accommodates
energy matching becomes moot and the main effect of thg, e \water monolayers at normal density. Water configura-
molecular environment is the one it has on the electronigions are prepared by classical M@nolecular dynamids
coupling, i.e., on the transmission probability. In a recentyyq|ytion at 300 K, using minimum image periodic boundary
series of papers this issue has been investigated by evaluglsnitions in the directions parallel to the metal walls. Over-
ing numerically electron transmission probabilities throughy 197 water molecules are contained in the simulation cell,
static Water Iayer.structur_@s. ) Sai and the system was equilibrated for 200 ps before selected
An important issue raised by these previous stUdi&s \yater configurations were studied. More details about this
the possible involvement of transient water structures that|,ssical MD simulation are provided in Refch Following
may enhance electron transmission v_ia resonance tunneling,o equilibration period we have collected water configura-
It was found that such resonances exist withib eV below  i5ng at intervals of 10 ps. In what follows we refer to these
the bare vacuum barrier, however, their nature and propertieg)nfigurations by the corresponding time along the trajectory
were not elucidated. Here we address this issue in more dgs o “the 50 ps configuration is the structure obtained 50 ps
tail by calculating the electron scattering wave functions.ser the end of the equilibration peripd
For each(statig water configuration obtained in this way
dElectronic mail: nitzan@post.tau.ac.il a potential field for the electron motion is obtained as a su-
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through water, the possibility that rare fluctuations from
equilibrium may contribute to this tunneling enhancement
and the relevance of studies based on frozen water configu-
rations to these processes are presented in Sec. VI.

lll. THE TRANSMISSION PROBABILITY

As in Refs. §b)—6(d) and 9 we use the absorbing bound-
ary condition Green'’s function method to evaluate the trans-

> mission probability for an incoming electron. A stationary
W incident electron flux is represented as a free wave perpen-
ater dicular to the metal surfaces along the tunneling direction
2 ) be(xy.2) — \ g ek M
2¢ z
The elastic transmission probability in the forward direction
T 1 (z—») are calculated using the formulation of Miller
s et al®(b)
Iﬂ:
2 *
E [1 1 P(E)= 7 (¢ele G*(E)e,G(E)e_|de)
ot 2
= = (uele|ve). @
=5 -4 83 -2 - z(%m) 3 P 5

G(E) is the approximate Green operator

FIG. 1. Effective single electron potential. Top: The metal water—metal 1
system. Bottom: a typical electron water interaction as a function of the G(E)=
tunnelingz direction, averaged over the latekaly) directions.

()

[E-H+ie_+ie,]’

whereE= (ﬁzkg)/(Zme) is the incident electron energh, is

perposition of the square barrier representing the electronthe single electron Hamiltonian

metal interaction and the electron water pseudopotential. _ 32

This potential is projected into a cubic grid of dimension H=2—[V)2(+V§+V§]+V(x,y,z)EHo+V, (4)

16X 16X400 with corresponding grid spacings 2X2.77 Me

X 0.4a.u. in the(x,y,2 directions(z is the tunneling direc- and V(x,y,z) is the superposition of the barrier and the
tion). The electronic problem is solved on this electron—water interaction. The approximate Green operator
(23.45,23.45,84)7A grid using periodic boundary condi- contains explicit boundary operators which replace the ana-
tions in thex andy directions and absorbing boundary con- lytic limit e—0. In the present work these operators were
ditions in the tunnelingz) direction, as described below. A taken as a steeply rising local functions at the boundaries of
schematic view of the simulated system and(thg) average the tunneling axis, which was sampled on a finite interval
of the potential experienced by the electron is shown in—L,/2<Z<L,/2

The resulting electron tunneling probabilities through 60( ) © z=0
frozen water configurations are presented in Sec. Ill. The €+(2)= L, ) (5
transmission probability displayed as a function of the inci- 0; z<O0
dent electron energy show distinct but configuration depen-
dent peaks below the ba(® eV) work function. These peaks €-(2)=e4(-2).
were interpreted in Refs.(B) as resonance tunneling fea- In the calculation reported belowy is of order 1 a.u. and

tures, associated with transient water structures. In Sec. Ithe computed transmission was found to be stable with re-
we trace the origin of these resonances to transient nangpect to the specific choice of this parameter within the de-
cavities in the water structure. This assignment is made bgired accuracy, which implies that the absorbing operators
calculating the three-dimensional electron scattering funcwere switched on sufficiently far from the interaction region.
tions in the barrier regions. The resulting functions are  The main computational task in the calculationR{E),
strongly localized inside such cavities. Section V describeg€qg. (2), involves the evaluation of the functione

the calculation of the corresponding resonance eigenvaluessiG(E)e_¢g. This is carried out by solving an inhomoge-
using a novel filter diagonalization scheme based on a highaeous Schidinger equation

order expansion of the Green’s function. Typical resonance . .

widths are found to be-0.05 eV, implying characteristic [E-H+i(es+e)lye=ie de, ®)
lifetimes <10 fs. Conclusions regarding the origin of the on the discretized three-dimensional grid. The large (16
unusually low effective barrier found for electron tunneling X 16X 400) size of the linear system in the present applica-

Downloaded 21 Mar 2004 to 132.66.16.12. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7560 J. Chem. Phys., Vol. 111, No. 16, 22 October 1999 Peskin et al.

tion makes it necessary to apply sparse iterative solvers. A 0
particularly efficient solver is based on a converging high- . g'j =0ps - Z‘j 1=10ps
order perturbative expansion of the Green operator 35 0‘ 3 § 0’3
S o So
k £ 02 £ o2 J/\/\/
0.1 0.1
— |
G(E)yhe= >, ai(Go(E)V)'Go(E) e, (7) 00 oo
=1 4.0 42 44 46 48 5.0 4.0 42 44 46 48 5.0
E(eV) E(eV)

where the expansion coefficients are optimized for any

k-order approximation by the quasi minimal resid(@MVR)
; 10 ; : 0.5 t=20ps 0.5 t=30ps
algorithm:* The zero-order Green operator is given by 2 o o4
52 1 j: 03 :% 0.3
2. v2.v27.,; o 20
Go(E)=|E+ 5 [Vi+ Vy+ V] +i(este)| . (8 < 02 < 02
e 0.1 0.1
0‘040 42 44 4.6 48 5.0 0’040 42 44 46 48 50
Making use of the separable structure@j®, the approxi- T Eew S e
mate Green operator can be applied in terms of a sequence o
one dimensional diagonalization transformatigfis'®
05} t=40ps 0.5 t=50ps
_ —1y -1y -1, ;-1 2 &
Go=UUyU [N+ Ny +N,] 77U, "U, "U 9 g 04 g 04
g 03 = 0.3
s S
where the diagonalization transformations are & Z'f & Z‘f
2 0.0 0.0
h 5 . 4.0 42 44 46 48 50 4.0 42 44 46 48 50
E+ ﬁvz"‘l(é_'_‘f'é_) U,=U,\,, E(eV) E(eV)
e

) FIG. 2. Tunneling probabilities as functions of electron energy. Different
h 2 lines correspond to different water configurations sampled from an equilib-
—VyUy: Uy)\ya (10) rium trajectory at the timegafter the equilibration perigdndicated in the

2me upper left corners. The probabilities were calculated according tdZg.
for an electron incident in the normé) direction to the water layer, on a

h? 5 discrete grid x,=—22.16+2.77(0—1), y,=—22.16+2.77—1), z,

2me ViUyg=U\y. =—80+0.4m—1) a.u.; n=1,...16, m=1,...400. Absorbing boundaries

[Eg. (5)] with €y=1 a.u. were applied in th2 direction.

This separable pre-diagonalization scheme enables the use of

either low-orde¥® -89 or high-ordet* differencing schemes,

or the Fourier method for a discrete representation of thév. THE STRUCTURAL ORIGIN OF THE TUNNELING
kinetic-energy operatorc) In the present application the RESONANCES

Sinc-discrete variable representation of Ref. 11 was applied .
along the tunneling direction with absorbing boundaries, and . As shown above, the detailed dependence of the trans-

the Fourier grid representation was used along the Iatera#F'SSion on the incident electron energy is different for dif-
(x.y) directions erent water configurations. However, the structural origin of

Figure 2 shows transmission probabilities as functions o1th!s erendencg can not be elucidated on the basis of trans-
electron incident energy, computed for several water conmission calculations alone. In order to correlate the apparent
figurations sampled from, the classical equilibrium MD tra- resonances to particular water structures, detailed electron

jectory at the timegafter the equilibration perigdndicated scatter;ng_ v(\;afve (;!;?ctlorgsortrather f_prOb?b'l'ty dsnstltf;
in the caption. The resulting transmission probabilities obyj-VEre studied for difierent water conhigurations and at difier-

ent scattering energies. This analysis is based on an approxi-

ously depend on the water structure. In particular, the trans: ; i ¢ stati lect tteri
mission peaks seen below the bare 5 eV threshold vary ifa ?. repre.‘?ﬁn 8&']0” g S; |on§ry %eg ron sca grln? wave
position and intensity as the water configuration evolves. nfunc lons within the absorbing boundaries approximation as

should be emphasized that with current experime(a., described above. We define this approximate scattering wave

STM) time resolutions these fluctuating structures in thefunCtlon by
transmission spectrum will average out, however, their effect  ,_(xy,2)=iG(E)e_ ¢e(x,y.2), (12)

is expected to be seen as an overall enhancement of the av- _ o _ .
eraged transmission probability. where ¢ is the asymptotic incoming wavefuncti¢gq. (1)]

The appearance of these peaks in the energy dependedtd G(E) is defined as in Eq(3). Equation(11) can be
transmission suggests that the water structures support reg@Wwritten as an inhomogeneous Salinger equation
nance states whose position and coupling properties vary E—Ho—V+i : _

—Hp— ie_+i =ie_¢g. 12
with the water configuration. Next we confirm the resonance [ 0 € €lye=ic-de 12
nature of these transmission peaks and investigate their orin the incoming flux regiori.e., z— — ) z(X,y,z) satisfies
gin in the supporting water structures. the correct incoming wave boundary conditions
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FIG. 3. Probability densitiedse(x,y,2)|?, for different energies as indi-
cated on top of each plot, for the water configuratids='50 ps” of Fig. 2.
The plots represent two dimensional cuts in tkg plane for a fixed value
of y (y=2.77 a.u.). The parameters andZ, correspond to the edges of

the bare barrieZo=—5A, 2,=5 A). FIG. 4. Probability density contours for the transmitted electron. The dif-
ferent plots correspond to energies in which tunneling current is enhanced
for selected water configurations that were presented in Fig(a2t
Z——® =50ps,E=4.4eV, (b) t=50ps,E=4.8eV,(c) t=40 ps,E=4.8eV, (d)
Ye(X,Y,2) —— ¢Pe(X,Y,2), (13 t=0 ps, E=4.5eV. The different slots in each panel are two dimensional
. . . . . .. (x,2 contour plots of the probability densityye(X,Yn,2)|?, in the water
since the effective electron—water interaction vanishes insidggion: x= —22.16--22.16 a.u., z=—9.45--9.45 a.u., withy,=—22.16

[
i
[
[
[
[
{
[
[
[
[
{
{
[
[
[

the metal, i.e., +2.77(—1) a.u.,n=1,2,...,16 from top to bottom in each panel.
z—=*o
V——0, (14
and since t=50ps panel in Fig. 2, for different incident electron ener-

gies. AtE=4.2 andE=4.6 eV the electron probability den-
sity peaks mostly in front of the water barriez<{z,), and

Z——®

e, —— 0, (15
and B the transmission through the barrier is negligible, as expected
in a deep tunneling regime. A qualitatively different behavior
[E—Hg]de(x,y,2)=0. (16 of the probability density is found at energies 4.4 and 4.8 eV,

which correspond to the peaks in the transmission probabil-
¥ty for this configuration. The wave functions associated with
these energies are localized mostly inside the water barrier
20 (-5A=2zy<z<z,=5A). A similar behavior is found for
€. —— 0, 17 : : . -
_ _ other water configurations as illustrated in Fig. 4. The corre-
and the inhomogeneous equation Efj2) reduces to the |ation between the peaks in the transmission probability and

In the range of the electron water interaction the boundar
operators vanish

Schralinger equation the localization of the wave function inside the water barrier
70 is indicative of a resonance tunneling mechanism, and sug-
[E-Ho—V]gg —— 0, (18 gests that the three-dimensional water—electron interaction

which implies that/z approximates the exact solutigiz for ~ Potential supports quasi-bound resonance states at selected

which [E—H—V]¢z=0. At the positive asymptote  (quantized energies.
z—o The nature of these quasibound states is revealed by cor-

Hoo'zf; . and V vanish, while e, —— . Therefore, relating the localized wave functions with the corresponding
g ——— 0 unlike the exact solution. However, our focus potential-energy surfaces of the electron—water interaction
is on the electron wave function in the water barrier and for(Figs. 5 and & It is found that the quasibound states are
this purpose/e provides a reasonable approximation as longlocalized in cavities between repulsive oxygen cores. Such
ase, rises from zero sufficiently far from the electron—water cavities are generated due to the thermal disorder in water,
interaction range. and their lifetime is on the time scale of the intermolecular
In Fig. 3 scattering wave functions are presented for thenotions. Since the water density between the metal surfaces

particular water configuration which corresponds to theis constant, the cavities are found at any tithe., at any
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FIG. 5. Probability densityye(x,y,2)|? (the dense contour linggor the 5
transmitted electron in thie= 50 ps water configuration of Fig. 2, plotted on
top of the contour lines of the electron—water interaction potential at the
range 3.&V<5 eV, for the incident energieE=4.4eV (left) and E
=4.8eV (right) that correspond to the transmission resonance peaks see
for this configuration. The different slots in the right and left panelsxare -10
contour plots in the barrier regiotfor details see caption to Fig.) 4or
different posionsgy/,, along they axis: Left paneh=4,5,6,7,8; Right panel:

X (a.u.)

n=12,13,14,15,16. 20
(c) s
“frozen” water configuration, but their spatial location and 10
shape change with the time evolution of the molecular struc- s _

ture (see Fig. 4.

We end this section with two more observations. First,
all the “configurational holes” that were found in the three
monolayer water structures were in the middle layer, the lay- 10
ers adsorbed on the metal surfaces are much more ordert
and less subject to disordering fluctuations. Similar holes

x (a.u.)

(and similar resonances in the transmissiam found also in 0
the “bulk” region of thicker water layers? 8 6 4 2 0 2 4 6 8
Secondly, we have found that the existence of resonanc z (a.u.)

Squorting structural holes is surprisingly resilient to ir]Creas_FIG 6. Another view of the structure that give rise to the 4.4 eV resonance
ing water denSItY' Add'”g f_lve Wate_r molecules to our mo_in the t=50 ps configuratior{Fig. 2). (a) A contour plot of the potential,
lecular system did not eliminate neither the structural holes;(xy. 2) for n=2 (y,=—19.4 A). (b) A contour plot of the oxygen at-
nor the resonances supported by them, while adding nineteams configuration on the same plane. This plot is obtained by assigning to
molecules(density change of-10%) did. each O_ atom a Gaussiag(r) =exp(—((r—ro)/o)?), withzr_o the center andr
Finally, it should be emphasized again that because thibe radius of the atonic) A contour plot of| #e(x,y,2)|? in the same plane.

resonance structure of the electron transmission through wa-

ter strongly depends on the water configuration, no Suchnneling is associated with a characteristic delay time, for
structure is expected in experiments that monitor signals aVnich the static picture of water may no longer be valid. It

erage over long=1 ps times. On the other hand it is pos- js ‘therefore, important to estimate the time scale associated
sible that the existence of these resonances causes the expgli, the resonant process. We now turn to this issue.

mentally observed enhancerelative to expectations
tunneling of electron in watéf??? Not only does transmis-
sion increases by resonant tunneling, also the distéhizzk-
ness of the water laypdependence may become consider-  The increased electron transmission probability near
ably weaker than expected. We have argued elsewhiérat  quasibound state energies is associated with a time delay of
analyzing tunneling affected by resonances using simpléhe electron motion inside the water barrier. In this section
square barrier models may lead to strongly underestimatede study the characteristic time delay for the trapped elec-
effective barrier. trons. The quasibound states are associated with resonance
It should be kept in mind, however, that these observaeigenvalues of the time independent Sclinger equation
tions are based on computation of tunneling through statievith outgoing wave(Siger) boundary conditions. In the
water configurations. While the electron tunneling timepresent treatment the boundary conditions are imposed in
through a simple barrier of height 1 edbove incident en- terms of the imaginary boundary operators alongzlzis,
ergy) and width 10 A is estimated to be1l fs, resonance given by Eq.(5), and the Schidinger equation reads

V. RESONANCE LIFETIMES
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[N\—H+i(e, +e_ )]y =0. (29 0.00 ‘ ‘ . .
For resonance eigenvalugs=E..—il'/2, whereE, is the A .
resonance energy and=#/I" is the decay time of the A
trapped resonance state. In order to calculate the resonance —0.02 - |
eigenvalues that contribute to the tunneling enhancement, a A
filter diagonalization schenféwas applied. The relevant en- =
ergy interval in the range 4E,<5 eV on the real energy 2 /
axis was discretized intdNg energies §=1,2,...Ng). At = 004 & 8 !
each energy a Green operator was applied onto a random §' o
vectorfr = &
G(E,)R=[E,—H+i(e.+e )] R=¢,, (20) -0.06 r o * N ;
projecting it on a vectogp, close to the eigenvectors pH
—i(e;+e€_)], with energies closest thB,. The set of vec- ‘ ) [ L
tors {¢,} are used as a basis set for a compadtX Ng) "0'084_0 4.2 44 46 48 50
disprete represgntation of the eigen_value equation, yvhose So- Re(?») (eV)
lutions approximate the exact eigenvalues ldf—i(e.
+ e,) FIG. 7. Complex eigenvalues of the single electron Hamiltonian with ab-
sorbing boundary operatofsvater configurationt=50 ps of Fig. 2; ¢,
U%\:)\§¢>\ ) (21 =2.0a.u. in Eq.(5)]. The pluses, crosses, diamonds, and triangles corre-
spond to results of filter diagonalization wity=7,10,15,30 in the energy
Where interval 4<E<5 eV. The converged eigenvalues are marked with arrows.
Un,m:<¢:|(H_iE)|¢’m>
=(R*|G(E,))(H—ie)G(Ey)|R) are associated with poles of the scattering matrix in the lower
. half of the complex energy plane and therefore with asymp-
=EmSnhm—(¢n[%) (22 totically diverging outgoingSigery waves
and z-

d/)‘res( X,y,Z) . S( A res) ei< \sze)\res)zm ’ (24)

=Sn,m:<m* |G(En)G(Em)|m> . . .
. . where the divergence “rate,”-Ifln/2me\ /% is determined
(o7 |9) — (dml9R) e by the complex pole\,.s=\g—i\,. When the artificial
= En—En ' i (23)  boundary operators are addedHo this divergence can be

(prldny; m=n

Note that since the matrix representationtbf-i(e, +€_)
is complex symmetri¢non-Hermitian the left eigenvectors
are not complex conjugates of the right eigenvectors, and the
complex inner product is applidd® As one can see the
construction of the generalized eigenvalue equafign.
(21)] requires only two sets ofNg overlap integrals
{(&%|R)} and{( ¢y | #n)}, and the main computational task, (44243 -0.0424) eV
i.e., the calculation of the vectofg,} according to Eq(20), s
is again done using the high-order expansionG{E) as “
described in Sec. Ill.

In Fig. 7 the complex eigenvalues of H@1) are plotted
for the static electron potential associated with the water con-
figuration att=50 ps(see Fig. 2 Figures 8 and 9 below also
refer to the same configuration. These eigenvalues can be
classified into two groups according to the corresponding
eigenvectorswx(x,y,z):Eﬁilax,nqﬁn(x,y,z). In the first
group the densitiesy, | are delocalized outside the water sl (4.8217,-0.0463) eV
barrier (see Fig. 8 These are continuum functions that are T
discretized ba/lzimposing the artificial boundary conditions

Z—L4

¥ (x,y,z2) ——— 0. The other group of states includes
eigenfunctions that are localized inside the water barrieF!G. 8. Plots of the approximate eigenfunctions[bf—i(e, +e_)], cor-

(Fig. 8. These are the states associated with the resonanfgPonding to the converged eigenvalues of Figeg<2.0a.u.). Each plot

D . . . i5a cut through ¢, (x,y,2)|? in the (x,2 plane fory=2.77 a.u., using arbi-
transmission, and are similar to the localized scattering Wavﬁary normalization ofy. The eigenvalues are marked on the top of each

functions in Fig. 3. The corresponding exact resonance statesot.

(4.4983,~0.0562) eV

(4.7738,-0.0537) eV
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0.00 i . . , should be emphasized that even though these timescales look
favorably consistent with our static water approximation, the
v o time scale separation is not large enough to exclude possible
~0.02 - Ay | deviations from the adiabatic picture due to coupling to in-
' F termolecular water motions on the time scale of the electron
v delay. In this regard, it should be kept in mind that the period
: of OH stretch modes in water is of the same order as the
-0.04 t © \ v v / 1 resonance lifetimes found here. A conclusive determination
@ of the relevance of our observations to the electron tunneling
o enhancement in water requires a better accounting for the
—0.06 + o i role played by the water dynamics in the transmission pro-
, A cess.

Im()) (eV)

0.08 VI. CONCLUSIONS AND OUTLOOK

40 42 44 46 48 50 In Secs. II-IV we have discussed the possible role
Re( 7») (eV) played by structural cavities in the water structure, that were
‘ found to support negative energy states in the range up to 1
FIG. 9. Eigenvalues ofH—i(e. +e )] for different absorbing boundary €V below vacuum energy. We found that such structural
operators. The triangles down, triangles up, and circles correspoeg to cavities naturally exist in the water structure between the two
=0.5,1.0,2.0a.u. in Ed5). The stable resonance eigenvalesirespond-  metal electrodes, and are in fact quite resilient to density
ing to the localized eigenfunctions in Fig) 8re marked with arrows. fluctuations of magnitude expected in this noncompressible
fluid. We have argued that the tunneling enhancement, as
compensated by an asymptotic decay, provided ¢haare ~ Well as the nonmonotonous distance dependence of the tun-
sufficiently large. In this limit the resonance eigenvalues ard€ling rate associated with these resonance states may con-
associated with asymptotica“y decaying eigenfunctions ofribute to the unusually low effective barrier for electron tun-
[H—i(e.+ e_)] which satisfy the artificial boundary condi- neling observed in recent “underwater” STM experiments.
tions, regardless of the specific choice of the boundary opThe possible role of resonance tunneling in electron trans-
erators. This is illustrated in Fig. 9, in which the spectrum ofmission through water has been suggested before by Halbrit-
[H—i(e,+e_)] is plotted for different choices of,, ter and co-worker&® however, the resonance found in the
where the stable numerical eigenvalues correspond to theresent work are very different than those suggested by these
localized resonance wave functions. A similar stability phe-authors.
nomenon is found in other methods for calculations of reso- ~ The observation that electron tunneling through water
nance eigenvalues such as the complex coordinat®dy be enhanced by special tunneling structures raises the
method®@ and the box-stabilization methdd® questions that other structures caused by rare fluctuations,
This numerical procedure which is a sequence of filte0t observables in short time simulations of finite systems,
diagonalizations with different choices of. , enables us to mMay contribute significantly to the transmission probability.
obtain resonance energies and widths for different water conthis possibility exists in principle because far below the bar-
figurations. Characteristic results are presented in Table | fofier resonant tunneling can be enhanced by many orders of
two configurations, each one supporting two resonanc&agnitudes relative to the nonresonant process, therefore,
states. even rare configurations supporting such resonances may in
The resonance lifetimes found are typically less than 1@rinciple dominate the transmission. The Appendix demon-
fs. This time is considerably longer than that estimated fostrates this possibility for a particular example.
tunneling away from resonance. Still, it is short relative to ~ The main shortcoming of the present discussion is the
the solvation response of the water environment. The fast/se of static water configurations in the calculation of reso-
inertial component in the solvation dynamics of a charged’@ance tunneling. We have shown that the lifetimes of the
species in water has been estimated by computer simulatiogvity resonances discussed above is about an order of mag-
to be 20—30 28 but recent experimental results by Barbarahitude shorter than the characteristic time for water rear-
and co-workerS suggest that the simulations may haverangement about an electron moving in its interior. For the
overestimated the solvation rate by at least a factor of 2. Itarer resonance structures discussed in the Appendix, the
resonance lifetime in the cavity and the cavity relaxation
time itself are of the same order of magnitude. Clearly, a
TABLE I. Resonance e_igenv_alues and the corresponding_resonance Iifeprocedure that takes into account the water motion on the
times found for the configurationst*=0" and “t=50 ps” of Fig. 2. . . . .
time scale of this resonance is needed for a conclusive argu-

Configurations Resonance ener@y) Decay time(fs) ment.
0 ps (4.5029, —0.0541) 6
0 ps (4.6987, —0.0545 6 ACKNOWLEDGMENTS
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B This energy can be viewed as consisting of two contribu-
tions: W, the interaction of the ion with the polarization
induced in the surrounding solvent, aWi,, the energy

10* needed to build this polarizatiokV, is given by the product
X VgowventWhereVgoentisS the potential induced by the sol-
. vent at the ion’s position. FroMoenit (0/R) =(q/ eR) we
o 10 find W;=qVoen= 9%/ R(1/e—1).
Consequently
10° q? (1
AF_WZ_WBom_Wl_ﬁ(Z> : (A2)

When the polarization structure is prepared in an electrolyte
layer of thicknesd., AF is smaller, given by

E (eV)

2 1
FIG. 10. Solid line: Transmission probability vs incident electron energy for AF= q_( . (A3)

1 1 1
the configuration with an artificially induced polarization h@@ee text For 2 €

R 4d 4(L—d)
comparison, the dashed line shows the transmission probability associat . .
one of the neutral water configurations from the run shown in Fig. 2. %herEd is the distance of the charge center from the layer

surface. UsingR=1.75A, L=1.75A, d=L/2, q=—0.2,
and T=300K, we getP,~0.009.
tional Science Foundation and the fund for the promotion of A more rigorous value foAG can be obtained from the
research at the Technion. U.P. is a member of the Lis@umerical simulations, using

Meitner-Minerva Center for Computational Quantum Chem- q
istry. AF= ZL da'q’(V)qg—a(V)q. (A4)

Where the instead of usingV),=(q/R)((1/e)—1) for the
APPENDIX solvent potential at the ion as before, we evalyatg, from

Here we speculate on the possibility that rare moleculathe numerical simulations. This calculation is considerably
structures which are hard to come by in ordinary MD simu-Simplified if we assume that the solvent respo(i¥, de-
lations can contribute significantly to electron tunneling byPends linearly oy, i.e.,(V)q=aq, whence
supporting resonances that give rise to strongly enhanced 1
tunneling. As a demonstration of this possibility we consider ~AF= anz, (AS5)
an artificially prepared structure: Water configuration that
will be in equilibrium with an anion of a chlorine anion size « is easily obtained from the numerical simulation of the
(radius=1.75A) carrying a chargg=—0.2e. Such a con- Wwater layer between the two metal walghich also confirm
figuration is sampled from an equilibrium trajectory in a sys-the linearly assumptionyielding P,=0.004, in a reasonable
tem (the same water layer system between the two Pt wall@greement with the continuum dielectric theory result. The
considered aboyewhich contains this artificial ion in the product of the resulting®, and the associated resonance en-
center ¢=0) between the two walls. The ion is then re- hancement factor 500 is larger than 1, indicating that it is
moved for the next stage of the calculation. This stage is fossible for the fluctuation considered to contribute a modest
computation of the transmission properties of tfétatio ~ enhancement to the tunneling probability.
artificial structure. The resulting transmission vs incident en- ~ Calculation of the lifetime of the resonance associated
ergy plot shows a new resonance pealEat3.8eV, below Wwith the structure considered again lead to-10fs.
the vacuum barrier of 5 eV. At the peak energy the transmisMolecular-dynamics simulations show that the lifetime of
sion is enhanced by a factor 6f500 relative to the previ- the polarization bubble considered above is of the same order
ously studied equilibrium configuratiorisee Fig. 10 of magnitude. We conclude that in this case the time scale

Consider now the probability that such a “polarization separation is not large enough to validate unequivocally the
bubble” would form as a spontaneous fluctuation in theestimates based on tunneling through static water configura-
equilibrium water layer. This probability is given b,  tions. Further work is needed in order to assess the possible
=exd —AF/kgT], whereAF is the free energy change asso- influence or rare structural fluctuations in the solvent on elec-
ciated with this fluctuation, i.e., the reversible work requiredtron transmission.
from an external force to create this bubblds the tempera- Obviously this naive calculation should not be taken as
ture andkg—the Boltzmann constant. evidence that fluctuations of the type considered contribute

A rough estimate ofAF can be obtained from con- significantly to the transmission process. Rather, it indicates
tinuum dielectric theory as follows: The free energy gainedthat the possibility of electron tunneling affected by rare
by introducing an ion of chargg and radiusR into the  structural fluctuation cannot be ruled out.
solvent of dielectric constantis (the Born solvation energy

q2 1 1See, e.g., A. M. KuznetsowGharge transfer in Physics, Chemistry and
W, LI (Al) Biology (Gordon and Breach, New York, 1995
Bom™5R 1 € 2(a) R. Christoph, H. Si i i
. ph, H. Siegenthaler, H. Rohrer, and W. Wiese, Electrochim.
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