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We present and discuss in detail a theory for atom trar{siebond breakingusing the tip of a scanning
tunneling microscope that was outlined by[@®lid State CommurB4, 271(1992]. The theory is applied to
an atomic switcHNature 352, 600 (1991)]. In this theory the bond is broken by overcoming the associated
potential barrier thanks to a gain in energy from the tunneling electrons. The barrier crossing is described by
a truncated harmonic oscillator and the inelastic electron tunneling is modeled by a simple resonance model for
the electronic structure. The rate of atom transfer is shown to be Arrhenius-like with a vibrational temperature
set by the inelastic tunneling rate. Characteristic features of this mechanism include a crossover from current-
driven to thermally activated bond breaking with decreasing applied voltage and a power-law dependence of
the bond-breaking rate with the applied voltage, the latter in agreement with experimental findings. We have
also identified a current-induced force in the resonance model for tunneling, which in some cases may give an
important current-dependent contribution to the potential-energy surface. The general features of our theory
should have relevance for many other electronically driven surface procgS6&63-182@97)04907-3

. INTRODUCTION electrons’~! In particular, the mechanism for laser desorp-
tion induced by multiple electronic transitidA$DIMET) is

One of the most interesting developments in surface sciclosely related to the above mechanism for atom transfer.
ence in recent years has been the possibility to manipulatéhe prime differences between DIMET and the vibrational
atoms and molecules at a surface on an atomic scale by tm@ating mechanism lie in the character and the control of the
t|p of a Scanning tunne”ng minOSCOﬂSTM).l’Z In particu_ nonequilibrium electron distribution. The pOSS|b|I|ty of a
lar, the atomic switch realized by Eigler, Lutz, and Rudge, mechanism analogous to the DIET process in tip-induced
in which a Xe atom is transferred between a Ni surface and 0ond breaking, in which the barrier crossing occurs via a
tungsten tip, has attracted much attention in this respect. QuRUltistep vibrational excitation induced by a single electron,
understanding of the detailed physical mechanisms behinBas been examined by Salam, Persson, and Pafrirethis
these manipulations is rapidly increasing. The theoretical incase the resulting vibrational excitation is a coherent super-
terest stems, to a large part, from the observation of a power-
law dependence of the transfer rate as a function of applied
voltage® A similar strong power-law dependence has also Ni(110)
recently been observed by Shen and co-wofkémstip-
induced desorption of atomic H on Si surfaces at low applied
voltages.

The atom transfer in an atomic switch may be viewed as a
potential-barrier crossing problem between the potential
wells formed by the interaction of the atom with the tip and
the sample, respectively. In the so-called vibrational heating (@)
mechanism for atom transfer proposed independently by
Gao, Persson, and Lundqvisand Walkup, Newns, and \ n /
Avouris? the atom overcomes the potential barrier by vibra- np-l AT
tional activation through a competition between gaining en- il
ergy from the tunneling current and losing energy to \Ey’
electron-hole pairs and substrate phon@ee Fig. 1L The
results obtained in the vibrational heating mechanism for
atom transfer explain the key features of the atomic switch
and have also been reproduced within a path-integral frame-
work in Ref. 7. For instance, the strong nonlinear depen- (b)
dence of the transfer rate on the applied voltage results from
stepwise vibrational excitation of the adsorbate-substrate G, 1. () Schematic picture of the atomic switdl) Double-
bond by inelastic electron tunneling. well model for atom transfer based on truncated harmonic oscilla-

The importance of nonadiabatic electron processes Ofbrs. In the vibrational heating mechanism, the atom transfer results
bond breaking at surfaces has also been demonstrated in cGfom stepwise vibrational excitation of the adsorbate-substrate bond
nection with desorption induced by electronic transitfons by inelastic electron tunneling as depicted by arrows between the
(DIET) and desorption driven by laser-excited hotbound state levels of the adsorption well 1.
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position of vibrational states as opposed to an incohererinduced resonance close to the Fermi IéVeElectron tun-
superposition in the case of the vibrational heating mechaneling via such a resonance state has been demonstrated to
nism. Henceforth these two mechanisms will be referred tgrovide at large tip-sample separations a dominant channel
as the coherent and the incoherent inelastic electron scattéor the current in a STM® We describe this tunneling pro-
ing (or tunneling mechanisms, respectively. The former co- cess by a standard transfer Hamiltonian for the electrons of
herent mechanism has been shown to dominate over the lahe combined substrate-adsorbate-tip system as
ter incoherent mechanism at such low tunneling currents that
the average time between successive electron tunneling
events is larger than the vibrational lifetime. In addition, they — T T T T
dependence of the transfer rate on the applied voltage is dh!j|e ; POGT % 2pCpCp T £aCala™ Zk (taCiCat H.C)
ferent in the two cases.

In this paper, we present and discuss in detail the theory t
for atom transfeor bond breakingby incoherent inelastic +2p (tpaCpCat H.C), @
electron tunneling that was outlined in Ref. 5 and the theory
is applied to the atomic switch. The theory is based on thgyhere k, p, and a label one-electron St&tdk), |p>1 and
local polaron modéf and a truncated harmonic-oscillator |a) of the sample, the tip, and the adsorbate level, respec-
model for the atom transfér.A key ingredient of the model tyely. with corresponding one-electron energigs £p, and
is that both the nonadiabatic coupling between the ion cores  “Tthe |ast two terms describe the hopping of electrons

and the electrons and the electron tunneling are assumed & con the adsorbate and the tip via the adsorbate level. For

be dominated by the presence of an adsorbate-induced reﬁ?{rge tip-substrate distanceg,— 0 and the Hamiltonian for

nance close to the Fermi level. Such a kind of resonance Itsne adsorbate-substrate electron states reduces to the familiar
expected to be a rather general phenomé&hand is created

when the affinity(or ionization level of an atom or when the single-orbital Anderson Hamiltonian. The effects of spin will

lowest unoccupiedor highest occupiedmolecular orbital of only be included trivially here by a spin sum that results in

a molecule overlaps with the quasicontinuum of levels assol@ctors of 2 at appropriate places. This amounts to a neglect

ciated with the surface. The transfer rate is calculated fronf the potentially important effects of Coulomb correlations
the Pauli master equation and is shown to follow an@Mong the electrons in a spatial orbital with spin degeneracy
Arrhenius-like rate law with a vibrational temperature sus-that under certain circumstances can lead to Kondo and
tained and controlled by the ratio between the inelastic elednixed valence states.

tron tunneling rate and the vibrational damping rate. We The effect of a bia¥ between the tip and the substrate is
have identified two characteristic features of this mechanismto shift their individual Fermi levels and one-electron ener-
(i) a crossover from current-driven transfer to thermally ac-gies with respect to each other. The Fermi leyglof the tip
tivated transfer with increasing temperature or decreasing afis then related to the Fermi level of the substrate accord-
plied voltage andii) a power-law dependence of the transfering to e, =er,—eV. Note thater is defined to be fixed,

rate with applied voltage. Featufig has not yet been experi- which makese, independent o¥/, while e, &,, ty,, and
mentally identified, whereadi) has been observed for the tpa Will in general vary withV.

atomic switch and in the tip-induced desorption of atomic H ™", the presence of a tip with a biag, a net tunneling

on the Si surface. We have also identified a current-induced,rrent will be induced between the substrate and the tip.
force in the resonance model for tunneling, which in SOM&iin the transfer Hamiltonian description, the current from

cases may g_ive an important current-dependent contributiogle tip to the sample is given by the well-known expreson
to the potential-energy surface.

In Sec. Il, we give a detailed account of our theory for )
bond breaking based on incoherent inelastic electron tunnel- _ 5T 2 _ _
ing. The model is based on the transfer Hamiltonian aug-  'a~ 27 DZ‘( ITod T (e~ filep)18(ex—2p), (2
mented with a local polaron Hamiltonian and is presented in
Sec. Il A. The inelastic transition rates between different vi-ynere Tox is a T-matrix element and fg(s)=1/
brational levels that are caused by single electron-hole pai 1+ exfl(e—ersr)/ksT]} are Fermi distribution  functions.

and substrate phonon emission and absorption are derived gives the elastic transition amplitude for hopping of an

detail in Sec. Il B. How these transition rates have been usegPX . .
to calculate the rate of atom transfer in the truncate lectron from a substrate staketo a tip statep via the

harmonic-oscillator model using the Pauli master equation igdsorbate leveh and is given by

presented in Sec. Il C. The characteristic features of the be-

havior of the transfer rate are identified and discussed in Sec. Tok=1tpaGa (&)tak. ©)

IID. The results of the application of the theory to the

atomic switch are discussed in Sec. Ill both with respect tavhere e=g,=¢, and G; (e)=(a|(e +i0" —H,) Ya) is

the power-law dependence of the transfer rate on the appliegie retarded Green function for the adsorbate level interact-
voltage and the direction of transfer. Finally, we give someing both with the substrate and the tip. In this situation the
concluding remarks in Sec. IV. level interacts with two independent continua of states and
the result forG (e) in the Anderson model with a single

Il. THEORY continuum of states generalizes directly to

A. Transfer Hamiltonian and tunneling conductance

A characteristic feature of the electronic structure of many G (e)= 1 4)
adsorbates on metal surfaces is the presence of an adsorbate- a e—eg,—A(e)+iA(e)
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whereA(e)=A4(g)+A(e) and the functiongd\s(e) deter-  bation theory. This assumption ignores the possibility of a
mine the partial widths of the adsorbate level due to themultiple vibrational excitation by a single electron. The first
interaction with the substrate and tip, respectivély(c) is  step is to diagonalize the electronic Hamiltonidp as

defined as

He=>, £.Chc,+ >, &4Chcs, (9)
A(e) =273 |tal* 5z =20, ® = % ouis
where @ and 8 label the stationary electron statgs) and
|B) on the substrate and the tip side, respectively, with cor-
responding one-electron energiesande ;. These two sets
of states are both defined by the Lippmann-Schwinger equa-
tion in a similiar way, so it is sufficient to give the definition
for one set of states

and similiarly forA;(¢). The shift functionA(¢) is related
to A(e) via a Hilbert transform. Inserting the result foy,

in Eq. (3) into Eq. (2) for the tunneling current, one obtains
readily

— d f A 5
I f e (8)_ (8+e\/) t(S)A (8)|Ga(8)| .

In this work we shall primarily be concerned with systems
where the variation of the adsorbate-induced electronic stru&
ture; that is,G (&) is negligible around: over the energy 7
scale'_sJeV andkgT. This implies that the_ current is linear inH, =gl mz (bT+ b)(<M|a><a|V>CLCV—naoo)7
the bias,l,=o,V, and the corresponding elastic tunneling v

la)y=|K)+(e+i0" —Hy) tyda). (10

In terms of the stationary statés) and|8) of H, He, is
iven by

conductancer, is given by (11)
e2 where u and v denote any of the stationary one-electron
Uaz—hAsAth;(sF)lz, (7)  statesa and 8. The magnitude of the overlafu|a) is de-
T

termined from the local density of the subtrate or tip states
whereA g =A (&¢) are key quantities in the theory. In fact, for the levela denoted byp3(e) and p(e), respectively.
the measured conductance provides unique informationhese two functions are defined in a similiar way and, in
about A, because it is dominated by the elastic channelparticular,
whereas\ can be estimated from electronic-structure calcu-
lations or photoelectron spectroscopy data measurements on s 2

= Se—g,). 12
the adsorbate-substrate complex. pa(e) ; [(ala)l?6(e—&.,) (12)

B. Inelastic transition rates As follows directly from Eq.(10), p3'(¢) are given by
1. Electron-hole pairs s )—i Agy(e) 13
In this work we focus on the nonadiabatic resonance cou- Pa e le—ea—A(e) 2+ A(e)%

pling between the vibrational motion and the electron-hole ] ]

pairs since the experience gained from the treatments ofhus the magnitudes of the overlaps in Efyl) are deter-
electron-hole pair damping of adsorbate vibratf8A8 and mined from the width functions and the resonance position.
vibrational excitation by inelastic electron tunneffgug- We need only to calculate excitation and deexcitation
gests that this coupling is often the dominant mechanism/ates, as denoted by, andI'| , respectively, between the
Th|s Coup”ng is mode'ed in a standard manner by assumin |brat|0na| ground state and the f|r5t eXC|ted state. Th|5 IS a

that £,(q) shifts linearly with the vibrational coordinatg, irect consequence of the fact thdy., is linear inq. It will
which results in a total Hamiltonian for the electrons and theonly induce transitions between nearest-neighboring levels
adsorbate vibration of the form of the harmonic oscillator and all the transition rates can then

be expressed in terms &f, andl"| . In first-order perturba-

tion theory, these transition rates are given by
H=H+4Qb'b+

2MQ<bT+ b)(séclca_ 850”300)1

2
(8 FL=ZTV2 K, 0He | v, DPf (1) 8(e ,—&,— 1 Q),
whereH, is the transfer Hamiltonian in Eq1), Q is the i
frequency of the adsorbate vibration with normal coordinate

q=(A12MQ)(bT+b) and massM, and e,=de,/dq at FTZZZh—WE |<M,1|He7v|V-0>|2fy(1—fﬂ)

g=0. The counterterm —&/oQNa0, Where Ny Vi

_/at ; ;

—ﬁCaCa>v=o_'5 the a/ve_ragI;e ochpatlon of the leval at X 8(s,— &, +10Q), (14)
V=0 andq=0, ande_,=¢, atV=0, ensures that the aver-

age force on the oscillator is zero for=0 atq=0. where 0 and 1 denote the vibrational ground state and the

The effect of the electron-vibration interaction, the lastfirst excited state, respectively, apdand v denote any of
term in Eq.(8) denoted byH._,, on the adsorbate vibration the stationary tip or substrate states with corresponding
is in general weak and will be treated by first-order pertur-Fermi distribution functions, ,. These rates can be decom-
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posed into four different terms depending on whether the ( 1)2
initial statev or the final stateu is a tip statew or a substrate Fts
statef as

; | Blay(al a)P[1—f(ep)1fs(e.)

X 6(eg—e,—hQ)

( 2)?

r FSSL+F3tL+FtSL+rH, (15)
=2 fdspa(s)pa(s%ﬂ)[l fi(e+7nQ)]fy(e)

where the first and second indices in the superscript denote
whether the final and initial state belongs to the substrate or .
the tip. 2
~2——(¢ € ep)eV. 19

We shall first evaluate the terni¥® andT'{' | where the o 2 Pa(er)piler) 19
initial and the final states belong to the same electrode. Allrpq first step follows the derivation of E6LE), while in the
these terms are similiar, and it is sufficient to evaluate exy,q; step we have used the basic assumptions of this work:
plicitly only the2 terml“SS Inserting the result in Eq11) into keT<|eM, #Q<|eV], and pS'(¢) is essentially constant
Eq. (14) gives’ over an energy scakeV arounde . These assumptions im-

ply directly that the excitation rate is equal to the deexcita-

( 2)? tion rateI''*=T"'°. For negative bia¥<0, the Pauli exclu-
SS__ 2 T |- !
=2 Za Ke'la)(ala)F[1—fo(ean)]Fs(ea) sion principle prohibits any inelastic scattering from a
' substrate state to a tip state with an energy differenQe
X (&g —e,— 1) which forcesI''=0, while the reverse process is allowed
( 2 and gives a nonzero contribution 8. In fact, time-reversal
‘a f dep(e)pS(e +HQ)[1—f (e +hQ)]f(e)  Symmetry and the negligible variation of the electronic struc-
ture aroundsg on an energy scaleV imply that the prob-
ok ability for the reversed process is the same as for the direct
xzv(gé)ng(SF)Pg(SF)[l"_ n(£Q)], (16)  process when reversing the polarity\of This gives directly
t t t
. . PE=I% +I7,
where in the first step the sum over states has been replaced
with an integral overes by introducingp(e), as defined in %Zﬂﬁ N2t s
Eqg. (12). In the last step we have used one of the basic Ma (5e) palee)paler)|eV, 20

assumption of this work that3(s) is essentially constant
over an energy scaleV>#{() and also that the energy inte-
gral over [1-fye+hQ)]fs(e) reduces to AQ[1 eV A,
+n(£Q)], wheren(#Q)=11expfQ/ksT)—1] is a Bose- ret=——o — 2
Einstein distribution function. In a similiar manner the exci-
tation rate T ®is given by the same expression as fb?s Here we have also used the fact that
except thatf 1+n(%Q)] is now replaced byn(%£Q). The  pl(eg)/pi(ee)=A/As, which follows directly from Eq.
same evaluation goes also through fbﬁfﬁ, and all these (12). This result shows that a largé compared tdi (), can

and, moreover, from Eq18) I''®! is related toy,p, as

(21

rates can be expressed as compensate for the weak coupling between the tip and the
adsorbate relative to the substrate and result IN'®4 that
rsstt [1+n(7Q) 1Y), may be even larger thapp,.
2. Phonons
r$st=n(#Q) yan (17)

The phonon system of a substrate provides a ubiquitous
and important channel for energy transfer between an adsor-
bate vibration and a substrate. A rather detailed understand-
ing of this process has been established in the field of vibra-

(sa)z st(SF)z (18) tional ;pectroscop?‘? The efficiency of vibrational energy
relaxation to the substrate phonon system depends critically
on the vibrational frequency relative to the substrate phonon

In the absence of the tipys, reduces to the result for the frequencies, the shape of the adsorbate-substrate interaction

linewidth broadeningy., of an adsorbate vibration as ob- potential, and the adsorbate-substrate atom mass ratio.
tained by Persson and Pers€6n. In cases when the adsorbate vibrational frequency is out-
The two remaining termb'® andI'*' in Eq. (15) give the  side the frequency range of the substrate phonon band, the
contributions to the transition rates induced by inelastic scatenergy transfer to the phonons can only take place via emis-
tering of tunneling electrons between the substrate and thsion and absorption of several phonons through anharmonic-
tip via the adsorbate level. The evaluation of these two termity of the adsorbate-substrate bond and becomes typically
follows the one ofFT in Eq. (16), but with some important inefficient if more than two phonons are required. When the
differences. Specifically, the deexcitation rate induced by inadsorbate vibrational frequency overlaps with the substrate
elastic tunneling of electrons from the substrate to the tip fophonon band, it turns into a resonance with a temperature
positive biasv>0 is derived from Eqs(11) and(14) as independent widthy,, determined by single-phonon emis-

where

st
Yeh™
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sion and absorption. The width will be particularly large andprocess may, under certain conditions, involve interesting
non-Lorenztian line shapes may develop wHeris of the  phonon-induced dissipative quantum effects. Here our ambi-
order of the zone-boundary surface phonon frequencies dion is to use the simplest possible model that demonstrates
larger, whereas at lower frequencies the interaction is weaken a transparent and sound way the effects of inelastic elec-
due to the decreasing phonon density of st&tds.this fre-  tron scattering on the transfer rate between the two wells.
guency regime the response of the substrate phonon systefherefore we adopt the truncated harmonic-oscillator model
is in the elastic continuum limit and the following simple for the escape rate out of a single potential well. At the end
expression foryy, (full width at half-maximum has been  of this section we shall discuss its applicability to the transfer

derived?® rate between the two wells of the double-well potential. In
particular we argue that this transfer rate is given by the
- m 37 _, escape rate out of a single well in the situation of a highly

YoM 203 (22 asymmetric well.

. ] In the truncated harmonic-oscillator description of the
whereM is the mass of a substrate atom angd is a fre-  5tom transfer, the adsorbate vibrational motion is assumed to
quency characterizing the elastic responsgy0.8wmax ON e harmonic and the transfer is assumed to occur irreversibly
face-centered-cubic surfaces, whesgy, is the maximum 55 soon as the atom reaches a vibrational levelith an
phonon frequency. Note that the strong dependenegidn  energy i+ 1/2)% ) just above the barrier heigMg .*> The
Q is due to two factors(i) the adsorbate-substrate force transijtions among the different vibrational levels is described
constanim()“ and(ii) the phonon density of states scales aspy a Pauli master equation, which is justified in the limit of
Q2. The transition rates between the first excited-state angleak inelasticity(i.e.,I'; | <AQ). In the prevailing situation
the ground state level due to emission and absorption off a harmonic oscillator with inelastic couplings that are lin-

single phonons are then obtained fraay, by including ap-  ear inq, the Pauli master equation reduces to
propriate Bose-Einstein distribution factors as

dP
T pny =[1+n(2Q) ] ypn, d—tm=(m+1)1“1Pm+1+m1“TPm_1

L on=n(RQ) ypn (23 —[ml | +(m+1)T]Pp, (25)

Here P(1) is the probability to find the atom in the vibra-
_ N _ tional statem of the harmonic oscillator at timeandI"; and
We are now in a position to state one of our main resultsy | are the total inelastic transition rates for vibrational exci-

the total inelastic transition rates between the vibrationatation and deexcitation between the vibrational ground state
ground state and the first excited state of the adsorbate vibrang first excited state, which are specified in E2f).

tion due to excitation and deexcitation of electron-hole pairs The solution of this master equation is characterized by
and phonons. In the Spl”t of first-order perturbation theory,two W|de|y Separate time scales under the Cond:}ﬂahat
these two different pI’OCESSGS Contribute add|t|Ve|y to the tothe average numberv Of |eve|s Occupied Shou'd be IeSS than
tal inelastic transition rate¥; | . By collecting the results /10, which, in most situations, is equivalent mg<1.
from Egs.(17), (20), and(23) one obtains directly The two time scales correspond (i a rapid relaxation to a
_ ot guasistationary solution an@) a slow decay of this distri-

I =[1+n(&Q)]y+ 1, bution by particles reaching levaland crossing the barrier.
: Thus the transfer rat® is determined from the quasistation-
— iet
It =n(AQ)y+I"%, (24) ary population of levein—1 times the rate for transitions

where y= yen+ ypn and "' is related toyep, as in Eq.(21). ~ from this level to the leveh. _ _
In this expression we have assumed that the coupling of the The quasistationary distribution is essentially given by the

adsorbate to the substrate is dominating>A,, so that Stationary solution of the master equation in the situation of

Y3~ Yen and 3~ ¥pn. Recall the other basic assumptions infinite barrier height. This solution is in general a Boltz-

behind the results in E§24); the local electronic structure of Mann distribution among the different vibrational levels and
the combined substrate-adsorbate-tip system over an enerfyuniquely characterized by a temperature

3. Total inelastic transition rates

scale ofeV aroundeg is essentially constankgT<|eV], 50

and7<|eV|. The form of the total transition rates in Eq. T,=———, (26)
(24) and the fact thaF''®' is linear inV are not specific to our K In(_l)

model. Rather they are general features of the incoherent B r,

inelastic tunneling mechanism. In fact, this result is also ob- o .
tained in the theory by Walkup, Newns, and Avoufis. where we have explicitly inserted the result for the transition

rates in Eq.(24). At zero bias,V=0, these rates obey de-

tailed balancel’;=I"| exp(—#A{/kgT), which yields T,=T

and a vibrational motion that is in thermal equilibrium with
The transfer between the two wells of a double-well po-the substrate. When a bias is applied between the sample and

tential involves various processes such as thermally activateitte tip, the current-induced transition rdf¢®' destroys de-

barrier crossing and tunneling through the barrier. Astailed balance and a nonequilibrium situation is sustained. In

stressed by Louis and Setfhén the context of atom trans- fact, T, will, be higher thanT since the ratiol”| /"y will,

fer with the tip of a scanning tunneling microscope, the latteraccording to Eq(24), decrease with increasifg®".

C. Rate of atom transfer
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Using the Boltzmann expression for the population of the Wy,
level n—1 and the rate of transitions from this level to the K= W W (32
level n, nT';, we arrive at an Arrhenius-like expression for HL
the transfer rate of the form HereW; =n;T’; is the transition rate from the crossing level

down to the highest bound leva|—1 in well i. Effect (ii)

for well 1 is generated by the back-rate teRaN, in the
kinetic equation foN4, Eq.(28). In generalR; is related to
R; through the detailed balance condition

R=nT p( Ve ) 27)
nl’;ex KaT,)"
Here Vg is defined asif—1)%() and is close to the actual
barrier heightVg. Recall that this expression is valid under _ (Eoo— Eqy)
the condition n,(AQ)=11expfiQd/ksT,)—1]<1 or R2=exp( S
kgT,<<A(). This expression foR is the main result of our B
theory for atom transfer by a tip of a scanning tunnelingwhereE,; andE,, are the ground-state energies of the two
microscope via stepwise vibrational excitation of thewells.
adsorbate-substrate bond by inelastic electron scattering. As we shall see in Sec. lll B., the double-well potential
Moreover, the fact that the population of the levels is close tdor the atomic switch is expected to be highly asymmetric.
a Boltzmann distribution characterized by the temperaturgve argue that this asymmetry validates our description of
T, justifies this mechanism for atom transfer to be called thehe atom transfer rate in terms of an escape rate out of an
vibrational heating mechanism. In Sec. Il D we shall pointisolated well. In this situation whereEg,— Eq,)>kgT the
out and discuss some characteristic features of this mechgesults in Eqs(31) and(32) suggest thak, should be close
nism. to unity and Eq.(33) shows thatR,<R;. Thus we expect
Some caution is needed when applying a model for the 4 pe close tR,.
escape rate out of a single well to the problem of atom trans-
fer between the two wells of a double well. As has been
discussed by Mel'nikof? in the classical regime, two addi-
tional effects are introduced in the double-well situatiGin:
the possibility of rapid recrossing at the top of the barrier, The two prime features of the proposed vibrational heat-
which modifies the escape rate out of a single well, @nda  ing mechanism for atom transfer atg a crossover from
slow back transfer rate of the atom from the other well incurrent-driven transfer to thermally activated transfer with
which it has first been equilibrated. These two effects arelecreasing biagi) a power-law dependence of the transfer
exhibited in the kinetic equation for the populatiodg and  on bias. After discussing these two features in turn, we shall
N, of wells 1 and 2, respectively, which is given®y also bring up the question about the direction of atom trans-
fer, in particular its relation to the effect of the bias on the

Ry, (33

D. Characteristic features of the incoherent inelastic
scattering mechanism

dN; ~ ~ potential energy surface.
dat ~RiN; R:N,, (28) The Arrhenius-like expression for the transfer r&en
Eqg. (27) shows thatR is very sensitive to the vibrational
dN, ~ - temperaturel, . A simple implicit expression fofl, is ob-
Tt - RaNi=ReN,. (290 tained readily from Eqs(26) and(24) by introducing Bose-

Einstein distribution factors
In the Appendix this kinetic equation is also derived within a
simple quantum-mechanical model for the double-well po-
tential simulated by two truncated harmonic oscillators. The
rate of atom transfer is readily obtained from E8) and
(29) to be given by

et

nv(ﬁﬂ)=n(ﬁQ)+7. (34

This result shows directly thdt'®Y/y is a key parameter of
this theory since it determines the “heating” of the vibration
§:’§1+§2_ (30) above the sample temperature. Depending on the magnitude
_ of this ratio relative ton(%(), the atom transfer may be
The presence of the second well modifigsfrom the escape either in a thermally activated reginfé®/ y<n(#Q), in a
rate R, out of a single well by a correction factor that is current-driven regimé™'®"/ y>n(#(), or in an intermediate

given in the classical limit K7 regime I''®Y/y~n(#Q). The current-driven regime is, of
course, of prime interest here in controlling the motion along
6 the reaction coordinate.
K= 61+ 685’ (32) By varying the control parameteXsor T, it is possible to

cross over from one regime to the other. For instance, at
wheres; is the energy loss for an oscillation of the particle in fixed T the corresponding crossover bigl§ is determined
the welli with an energy close to the barrier top. This cor-from n(4Q)=T'¢Yy as
rection factor is a branching ratio that gives the outcome of
the recrossings at the top of the barrier: eff@gtdescribed . hOn(hQ) y A
above. As shown in the Appendix, the correction factor has a =T e y— A (35
similar form in a quantum-mechanical description of the eh =t
transfer rate for a double-well potential based on truncatedh the case whefV|>V* the atom transfer is dominated by

harmonic oscillators and is given by inelastic electron tunneling, whereas in the opposite case
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|V|<V* it is thermally activated. In particular, wheri=0,  atom transfer does not depend directly on the polarity of
the atom transfer is driven by thermal fluctuations and issince I''*' depends only on the absolute magnitude of the
spontaneous, but with a vanishing rate at [dwThus, in  biasV. The only way the polarity oV can influence the
order to favor current-driven transfer one should have a lovatom transfer rate in this model is through a dependence of
T and a largey,, relative toy and a strong coupling of the the potential-energy surface on the bias.
tip to the substrate. The transfer Hamiltonian description suggests two differ-
Another important characteristic feature of the proposednt effects of the bias on the interaction energy of the Xe
mechanism for atom transfer is the power law of the atomatom with the tip and the sample. In the prevailing situation
transfer rate with bias. This result is evident from the rateof a stationary current, the average fofe®n the adsorbate
expression in Eq(27) when using the result fof, in Eq. is, according to the Hellmann-Feynman theorem, given by
(26), which leads to
deg

aq

)n—l F:_ ) 2na+8é02na00, (37)
\%

Iy
l' where e,2n, is the constant counterterm that makes the
I"et) n-1 average force on the adsorbate zergat0 andV=0.n, is

2nl’*iet - g
v the average occupancy of the orbital

o n

v (%9 o= [ delpie) e o))l (39
In the second step we have used the explicit expressions for
the transition rates in the current-driven regime and the conthe biasV will influence n, and thusF in two different
dition n,(2Q)<1 behind the Arrhenius expression. In the ways. The first effect is that the local electrostatic potential at
final step where the power law d® with V is explicitly  the adsorbateb(q), induced byV, will shift £, and in turn
demonstrated, we have invoked the linear dependence éhange the local density of states on the substrate and tip in
I''®t on biasV. The powem is simply the number of levels in  EQ. (38). This shift is given by
the potential well. Note that the power law is caused by the
Boltzmann factor exptVg/ksT) in Eq. (27) and is thus ex- €a=¢€a0(q) —€(Q). (39

pected to be a robust result of our model. The second effect is through the change of the occupancy of
Strong deviations from this simple power law can be en+he orbitala by the change of the tunneling current wkh

countered in a few extreme cases. In the case of strong ingng is governed by,(e) in Eq. (39).

elastic electron tunneling, whei&®' is of the order ofy or The nature of these two effects dhis revealed by an

larger, the simple Arrhenius expression for the rate behingypansion of in Eq. (37) to linear order inV, which gives
the result in Eq(36) breaks down. Another extreme case is

encountered whe¥ is so large thap(e = eV) starts to differ
appreciably fromp(gg), so thatl®! is no longer linear in ~ F=Fo(d)—2
V. For instance, in the situation of energgnd bias) inde-

pendentAg,(e) corresponding to a Lorentzian form for an 3 an
pa(e) and bias-independent,, the maximum rate of vibra- x| —2 7%a _a \V;
tional excitation by inelastic tunneling is given by % 0) deq y v Vv
q €4
"2
iet _ m(ea)” [~ s t d , ang
Fma=27310) SFdSPa(S)pa(erﬁQ) =Fo(@)— Z5| (= 2em(@) ()]~ eao(@2| 75 |V,
, €a=¢ :
A, mA Yeh B a F4 (40
= Eq— EF —_ . . . o
Ag 410 27en( T) . Ea—ep>A, where the subscript 0 indicates that it is the valu&/at0.

The second term of the last line in EGI0) describes the
where Z,=e,+ A and yen= 175, refers to the linewidth force from the interaction of the adsorbate with the electro-
broadening av=0 and its value is different in the two lim- Static potential induced by, whereas the third term of the
iting cases. In the situation of a half-filled resonancel@st line describes the.current—lnduced fqrce from the average
T.—er, [ saturates at a value b= A/ for ¢!, assum- ~ occupancy of the orbita by the tunneling current. Using
ing a linear dependence, whereas for a resonance with a lo@Hr explicit results for the local density of states in EDg)
partial occupatiois,— > A, the rapid increase of available and for the tunneling current in Eq), Fhe current-induced
density of states on the tip makE&! much larger than the force term can be expressed in two different ways
initial y.n. Except in these two rather extreme cases, the At
observation of a power-law dependgnce in the atom t_ransfer Fe=—¢e5(q) EZPZ(SF)eV (41)
should be a strong signature of the incoherent inelastic elec-
tron scattering mechanism.

An important issue is the question about how the bias N (q)ﬁ (42)
influences the direction of atom transfer. The current-driven a0t eAS’
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where | ,i/eA® is the average occupancy of the orbital contribution to the observed tunneling conductance from
(including spin degeneragyy the tunneling current. Note electrons tunneling directly between the tip and the sample.
that F. is sensitive to the direction of the current. For in- The existence of this contribution is corroborated from a
stanceF has the opposite direction to the tunneling electronmore detailed theoretical analysis by Ceetal co-workerd
current for an affinity level, where/,(q)>0. of the tunneling current.

An accurate evaluation of the electrostatic force and the The linewidthsy,, and y,, of the Xe vibration due to
current-induced force requires a more detailed description o#mission and absorption of electron-hole pairs and phonons,
the electronic structure than is offered by the transfer Hamilvespectively, are estimated in the following manner. The
tonian, which is primarily tailored to give a good represen-value for the linewidthy,, is taken from the analysis by
tation of the electronic structure around the Fermi surfacePerssoff of the measured surface resistivity induced by Xe
Nevertheless, we think that this model can be used to estadsorption on Ag, which giveg.,~3.3x 10° s~ *. Note that
mate the magnitude of the current-induced force as done ithis value should only be viewed as an order of magnitude
Sec. Il B. estimate since this kind of measurement gives only informa-

tion about the lateral Xe vibration on a different surface. The
IIl. RESULTS AND DISCUSSION analysis by Persson shows also that the deduced value of
o ven €an only be accounted for in a resonance model for the
~ We have developed a theory for atom transfer via inelasg|ectron-vibration coupling involving a partially occupied 6
tic electron tunneling in a rather general way because W& resonance. The linewidtty,, of the Xe vibration due to
believe it should be applicable to a wide variety of adsor-gmission and absorption of single phonons, on the other
bates and also to the more general phenomenon of bonghng can be calculated directly using E22) since its vi-
breaking. We shall illustrate this theory by applying it to the jy;ational energy is expected to be small compared to the
specific case of the atomic switch, where a rather detaileghaximum phonon energy of about 36 meV for Ni. No direct
comparison between theory and experiment is possible.  information is available on the value 68 for Xe adsorbed

As we demonstrate below, the atomic switch provides &, Nj and we have used the valti€ ~ 4 meV, as suggested

prototype for inelastic electronic tunneling in atom transfer.by the measured frequency of the perpendicular vibration of

The results are divided i_nto two parts) an explanation of va in a monolayer on Pt This value forz () gives a value
the ob;ervgd power law in the atom transfer rate of thg 9063,ph:3>< 101° s~1, which is aboutiwo orders of magnitude
k€ switch in terms of the number of adsorbate levels in thg
potential well and(ii) the question about the direction of
transfer and its relation to the behavior of the potential

energy surface with bias.

arger thanyey,.

An estimate ofn, the number of levels in the potential
“‘well of Xe adsorbed on Ni, requires information about the
potential barrier of the double-well potential of the Xe atom
between the Ni sample and the tip. The corresponding barrier

A. Power law of the transfer rate in the 906-K switch height Vg can be estimated from calculations of the phys-

Before making a detailed comparison between theory anéorption interaction energy of Xe with the sample and the
experiment, we need to determine the key parame}grt's tlpthat We Sh.a.” return to |ate.|’ on in thlS section. At thlS
Yeh: 7ph1 andN in order to calculate the atom transfer rate. pOInt, it is sufficient to use the information that the diffusion
For some of these parameters, we are only able to determif&rrier for the lateral motion of Xe on RRef. 32 is ~30
a reasonable range of values, which are consistent with oure€V, which gives an upper limit 0g since this diffusion

knowledge about Xe adsorption on metal surfaces. process competes with atom transfer. This consideration sug-
The parameterAg is estimated from the electronic- gests than<5-7. N
structure calculations by Eigler and co-workérsf Xe ad- Now we are in a position to calculate the transfer rate and

sorption on a jellium surface. We fit their calculated localMmake a detailed comparison with experiments. Figure 2 de-
density of states for theséresonance of the adsorbed Xe Picts the calculated transfer rates by numerically integrating
atom to a Lorentzian form fopS$(e). This amounts to the the master equation for the potential wells witk 4, 5, and

approximation thatt ((s) —iA(e) in Eq. (12) is energy in- 6 vibrational levels, respectively, using the values for the
dependentpS(s) is then given by parameters given above affid=0 K. These rates show a
a

power-law dependence on the bias with powers 3.89, 4.87,
1 Ag and 5.85, which are close to their respective valuas. dhis
P§(8)=; m (43 behavior confirms the expected result in the current-driven
a s regime for the power-law dependence, as discussed in Sec.
where €,=¢,+ A is the resonance energy. The valuesll D. In fact, for this set of parameters, we find from Eg§4)
As=0.6 eV ands,—er=3.5 eV suggested by this fit indi- thatT,<14 K for this range ofV and the necessary condi-
cate that the resonance has only a small occupation and alson n,(%#»)<1 behind the result for the power law in Eq.
that the adsorbate-induced electronic structure is essentiall6) is fulfilled. Hence the vibrational heating mechanism is
constant around the Fermi level fefV|<e,—&r. The par-  able to reproduce the observed power-law dependence with
tial width A, arising from the interaction with the tip can be the power 4.80.2 in the 906-K} atomic switch in the situ-
estimated from the measured tunneling conductance usirgtion of five levels in the potential well for a Xe atom on the
these resonance parameters and the result for the elastic tud{110 surface. The corresponding barrier height of about
neling conductance in Eq7). This givesA~0.2 eV for the 20 meV, which we believe to be a very reasonable value. It is
906-K2 junction. However, this value should only be viewed lower than the value of the barrier for the lateral diffusion
as an estimate of the upper limit because there will also be along the surface and is also consistent with simple modeling
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FIG. 2. Calculated atom transfer ratBsfor various numbers
n of levels in the potential well at zero temperatui€) = 4 meV,
Yen=3.3x10% s71, y=3x10%s"1 A,=0.6 eV, andA,=0.2 eV.

FIG. 4. Temperature dependence of the calculated transfer rate
R. The results are based di+=5, A;/A;=0.07, and otherwise the
same values for the parameters as in Fig. 2.

of the potential-energy surface for Xe interacting with both

the sample and the tip, as discussed later in connection withia the resonance. MoreoverA;=0.04 eV leads to
the question about the direction of transfer. Moreover, thisA;/A,~0.07, a value that is also consistent with the assump-
barrier height is expected to increase with increasing tiption behind the results for the transition rates that the inter-
sample separations and explains the observed competitigittion of the atom with the tip should be small compared to
between the lateral diffusion process and the atom transfer ifis jnteraction with the substrate. In the expressionIft
atomic switches with larger resistance, that is, larger tipthe small value for the ratid, /A is compensated for by the

surface separatioris. large factore|V|/AQ), with the net resultl'®'~4y,, at
We shall now demonstrate that the proposed set of param; "o o v put is still much less thap~ yp~ 10y,,. How-

eters is consistent with both the observed magnitude of thgver the value of the ratiB'®!/y is still sufficiently large so

atom transfer rate and the fact that the thermal activation 'ﬁwat for the range of biases of interest the atom transfer is in

negligible atT=4 K. In Fig. 3 the calculated transfer rate for . .
the N=5 case is shown for three different values\gf. The the current drlv_en_ regime at the temperatlire4 K of the
xperiment. This is evident from the fact that the crossover

observed magnitude of the transfer is well reproduced for the™™~" , : .
value A,=0.04 eV. This value is consistent with the upper Pi2SV", as defined in Eq35), where thermal activation and

limit of ~0.2 eV set by the measured tunneling conductancdnelastic electron tunneling are equal contributors, is below

and indicates that only a minor fraction of the current passe’€ threshold for vibrational excitation by the current.
The effect of varying the temperature on the calculated

atom transfer rate is shown in Fig. 4. As the temperature is

100000 elevated, the thermally activated regime, as characterized by
10000 _ ] a constanR, increases in range ovr. For instance, already
E 3 atT=8 K, R starts to deviate substantially from a power-law
= 1000 [ . behavior in the range of of interest in the experiment. This
E i ] behavior ofR with T constitutes a definite prediction of the
5 100F 3 vibrational heating mechanism that could be tested experi-
% 10 3 mentally. At zero bias, transfer can be induced by thermal
2 E fluctuations, which has also been reported in the atomic
= 1k ] switch experiment at closer tip-sample separation wigye
c is expected to be smaller.
01k 3 Finally, we comment on the possibility of Xe atom trans-
F 3 fer via coherent inelastic electron tunneling. This process has
oot - — '1(')0 — been shown by Salam, Persson, and Palfrierdominate at

small tunneling currentk through the resonance well below
the characteristic curremt = Cyevy. In the case of the 906-k

FIG. 3. Calculated atom transfer rd&efor various values of the Q switch, the calculated value foy~y,, andc,~2 gives
partial width A, compared with the observed transfer rate for the! "~10 NA, and based on the suggestion that about 20%
atomic switch atT=4 K. The calculated results are based on Passes through the resonance, this mechanism should start to
n=5; A,/A, =0.07 (a), 0.1 (b), and 0.05(c), respectively; and be dominating forv well below 50 mV. Thus this mecha-
otherwise the same values for the parameters as in Fig. 2. Thaism may be an important contributor to Xe atom transfer in
experimental data are taken from Eigler, Lutz, and Ru@Rgf. 3. the 906-K) switch at low biases.

BIAS VOLTAGE (mV)
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B. Direction of Xe transfer A 1

er 1
o_ |°F -~
The experiments show clearly that the Xe atom can be Na= ﬁ ds; (e—2,)2+A2 7% _
. . ® a EqT EF

transferred reversibly between the tip and the sample by ap-
plying voltage pulses-0.8 V and the direction of Xe trans- Our estimated values for thes8esonance parameters gives
fer is in the direction of the electron current. In the lower n9~0.055. Thus the current-induced forEg is about a fac-
range of biases, as used in the measurements of the transiticr 3 less than the electrostatic forEg, at the equilibrium
rate, the Xe transfer is also in the direction of the electromosition in our model.
current, but, to the best of our knowledge, results have only

(45

b_een reported_ for_positive bias in this sitl_Jation. We now IV. CONCLUDING REMARKS
discuss the direction of the Xe transfer in terms of the
potential-energy surfacd®ES and its bias dependence. We have given a detailed presentation and discussion of a

There have been several attempts by differentd¢heory for tip-induced atom transféor bond breaking by
group$333*to model the PES of a Xe atom between the Winelastic electron tunneling. This theory was outlined by us
tip and the Ni surface using empirical potentials. The paramand applied to the atomic switch in Ref. 5. The atom transfer
eters are chosen in different ways, but all these PES coris viewed as a potential-barrier-crossing problem and is mod-
structions give rise to a highly asymmetric double-well po-eled by a one-dimensional truncated harmonic oscillator. The
tential with a barrier height that increases with increasingnelastic tunneling by a single electron is assumed to induce
tip-sample distance. The potential well is deeper on the tipnly stepwise transitions between the different vibrational
side, which is consistent with larger experimental adsorptiorlevels and the corresponding rates have been calculated
energyD of Xe on W than on Ni:D(Ni) ~240 meV(Ref.  within a simple resonance model of the electronic structure.
35 andD(W) ~350 meV (Ref. 39, and also with the ob- This assumption has previously been shown to be valid in
servation that there is an irreversible and spontaneous transituations where the resonance tunneling rate is much larger
fer of the Xe atom from the sample to the tip at small tip-than the vibrational lifetime.
sample distances. At distances in a range suggested by The rate of atom transfer is shown to follow an Arrhenius-
experiments, the barrier height is in the range 5—-30 meVlike rate law with a vibrational temperature sustained and
Another consensus of all this work is the finding that thecontrolled by the ratio of the inelastic electron tunneling rate
dipole interaction term explains the observed direction of Xeto the vibrational damping rate. We have identified two char-
transfer when applying large voltage pulse®.8 V. The acteristic features of this mechanisii a crossover from
electrostatic interaction of the electric field with the largecurrent-driven transfer to thermally activated transfer with
dipole moment of~ 0.3D of the adsorbed Xe atom is suf- decreasing applied voltage afit) a power-law dependence
ficiently large to change the asymmetry of the double-wellof the transfer rate with applied voltage. Feattipehas not
potential atv=—0.8 V, leading to Xe transfer from the tip yet been observed, whiléi) has been observed for the
to the sample. atomic switch and in the tip-induced desorption of atomic H

In addition to the dipole interaction as discussed in Secon Si surface. We have also identified a current-induced
II D, the tunneling current may affect the atom transfer byforce in the resonance model for tunneling, which in some
changing the occupancy of the resonance and induce gases may give an important current-dependent contribution
current-induced forcé=, on the atom. We have made an to the potential-energy surface. Although here discussed for
estimate of the magnitude &, using the transfer Hamil- the atomic switch, the general features of our theory should
tonian by comparing its magnitude at the equilibrium posi-have relevance for many other electronically driven surface
tion with the electrostatic forc€,, induced by the charge- processes.
transfer into the & resonance of the Xe atom upon
adsorption. Note that the simple charge-transfer model is too ACKNOWLEDGMENTS
naive to describe the adsorbate-induced dipole moment for _ ] ] ]

Xe adsorbed on a metal surface; it gives the wrong sign of This work is supported by the Swedish Natural Science
the dipole moment. The forcE is simply given by the R_esearch Counc(lNFR) and the National Board for Indus-
electric field at the adsorbate times the net charg@n® on  trial and Technical DevelopmefNUTEK).

the adsorbate. The ratio between these two forces is given by

APPENDIX
At In this appendix we extend the truncated oscillator model
lel| —spaler)d for the escape rate out of a single well to the transfer rate
Fe _ A (44) between the two wells of a double-well potential. In this
—— ——h, . . . .
Fel N, model we derive the kinetic equations, EG88) and (29),

for the populations of the two wells and the correction factor

in EqQ. (32). We begin with a discussion of the escape rate out
where the distancel between the tip and substrate entersof a single well.
though the estimate/d for the electric field at the adsorbate. ~ As demonstrated by Montroll and Shuler many years ago,
Using the values for the resonance parametersdan8l a.u.,  the escape rate out of a truncated harmonic oscillator is given
the value of the numerator is0.015. The occupancy® at by the smallest eigenvalue of the transition matrix in the
zero bias can be directly estimated from the local density ofnaster equatiof?. In this model the well is represented by a
states of the § resonance of Xe as truncated harmonic oscillator withlevels and the particle is
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assumed to escape promptly as soon as it reachesrevel the truncated harmonic-oscillator model, as obtained by
The time dependence of the probabili® to find the  Montroll and Shulef? It is the same as in E¢27) in Sec.

particle in levelk is governed by the master equation INc.
A simple extension of the truncated oscillator model for
dpP the escape rate out of a single well to the transfer rates be-
dat —WP, (A1) tween the two wells of a double-well potential is obtained by

representing also the second well by a truncated oscillator
whereP=(Pg,P, ... ,P,) andW is the transition matrix. and letting the energy levels close to the potential barrier
Note that we have defined the transition matrix with a negapetween the two wells be represented by a sing|e Crossing
tive sign. The solution of the master equation is determinedevel. The transfer rate between the two wells of this model
by the eigenvalues and eigenvectorsVéf Because of the can now be calculated using the same methodology. As

detailed balance condition shown schematically in Fig.(th), the model consists now of
three parts: two truncated oscillators with andn, bound
Wige =exf — B(E— E) [Wiek, (A2) states at the two sides and the crossing leyel The transi-

where — W, is the transition rate from levek’ to k, tion rates between the crossing lewgl and the highest

B=1ksT, andE, is the energy of levek, W is nonsymmet- bound levelsn;—1 andn,—1 of vyells 1 and 2, respectively,
ric and the eigenvectors do not form an orthogonal set. &€ Now treated as a perturbation. The unperturbed system

This problem is remedied either by a symmetrization, ad!@S now three degenerate eigenvectors with eigenvalues
done originally by Montroll and Shuléf, or by redefining equal to zero. Two of these vectors represent the stationary

the scalar product as done here. We define the scalar prod rmal distributions of the isolated wells and are given in

as normalized form by
e_ﬁEk
= in well 1
(P.Q)=2 Zexp( BEPIQy, (A3) po-{ ZZ.

whereZ=3 e P&« is the partition function, so that the con- 0 for k=n or in well 2,

dition of detailed balance, E¢A2), implies thatW is Her- e
mitian under this scalar product, that s, e "« in well 2

<P,WQ}:<V_VP,Q>. Thus the normalized eigenve_ctoPgL PRO=1{ ZZ, (A8)
of W with eigenvaluesv,, are orthogonal under this scalar

product and form a complete set, in which the solution to Eq. 0 for k=nc or in well 1,

(A1) can be expanded as whereas the third normalized eigenvector represents a sta-
tionary distribution on the crossing level and is given by
P()=2 exp—w,t)(P, ,P(t=0))P,.  (A4) o BB 12
. 0)_ for k=n,
In the situation, when the smallest eigenvalug is well Pak = vz (A9)
separated from the other ones, the populatis >, P, 0 otherwise.

obeys a simple rate equation with the ratg . :
For low temperaturegf () <1, Montroll and Shuler have In Egs.(A8) and(A9), Z, andZ, are the partition functions

shown that the smallest eigenvalue \Wf is well separated ©Of the isolated wells 1 and 2, respectively, ahis that of the
from the other ones and it can be calculated perturbatively/0le system. We can now calculate the transfer rate using
when taking the transition rate from leval-1 ton as a  lrstorder de(%])ener(g)te pertu(r(?)aﬂon theory in the subspace
perturbation. This perturbation is given by spanned byP1™, P3”, andP3”. The secular equation for
the eigenvaluav reads
Wik =Wh n-10k/n-10kn-1- (A5) WP = (PO SWPLYPO + (PO sWPL) PO,
The smallest eigenvalue of the unperturbed sysm%fﬁ=0

and the associated normalized eigenve®f} is given by WP =(PP sWPLYPLO + (PR swPL)Y PP

the stationary thermal probability distribution (A10)
P2 et~ 65, MO WD (P, WRO)P (P WP

Hence, from first-order perturbation theory the rRtéor the +(PY sWPOYVPY),

populationN(t) =(Po, P(t)) is given by where W is the perturbation matrix, that is, the matrix of

_/po) o)\ _ _ transition rates between the crossing lemgland the two
R=(Py ’SWPB y=Wiex = B(Er-1~Bo)l. (AD) wells, as shown in Fig. 1. One of theg threge solutions to the
Because we are considering the low-temperature limit, weecular matrix has a large eigenvalue that is of the same
have made the approximati@=exp(—BEy) and in addition ~magnitude as the transition matrix elements and is not of
introduced the notatioW,; =W, ,_;. This expression is a interest here. This solution is disregarded by eliminating

well-known result for the escape rate out of a single well inP(3°) from Eqg. (A10) and the resulting equation is given by
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0)_ ffp (0 ffp (0
wP = sWETPO — sWETPLY,

wPP = — sWETP(O) 4 sWETPLO) (A11)

The effective transition matrix elements &We™ in Eq.
(A11) are given by

WlTWZl exq - BEnlfl)

SWeff= , A12
LWy Wy, Z, (A12)
ff Zy ff
SWS =Z—5vv§ , (A13)
2
ff ff Z; ff
SWS5= W51 = \/-oW;", (A14)
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transition, respectively. We have also negleateth the ef-
fective transition matrix elements because the values of
interest are much smaller than the matrix elements in Eq.
(A10).

The results of Eq(A11) for the populationsN4(t) and
Ny(t) of the two wells are identical to that of the kinetic
equation in Eq(28): N;(t)=(P{® P(t)) andR;= sWf" for
i=1,2. An inspection of Eq(A12) shows thatR; differs
from the single-well result in Eq(A7) by the factor

Wy,

K=o
W11+W21

(Al15)

which proves the result in E¢32). The relation in Eq(A13)
is also valid betweerR, and R;. It is a statement of the

whereW;,; andW;, are the transition rates from the highest detailed balance condition in E(3) in the low-temperature

bound level of welii to the crossing level and for the reverse

limit becauseZ, /Z,=exd — B(Eg1— Egy) ] in this limit.
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