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First-principles theory of inelastic currents in a scanning tunneling microscope
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A first-principles theory of inelastic tunneling between a model probe tip and an atom adsorbed on a surface
is presented, extending the elastic tunneling theory of Tersoff and Hamann. The inelastic current is propor-
tional to the change in the local density of states at the center of the tip due to the addition of the adsorbate. We
use the theory to investigate the vibrational heating of an adsorbate below a scanning tunneling microscopy tip.
We calculate the desorption rate of H fron{1%10-H(2x 1) as a function of the sample bias and tunnel current,
and find excellent agreement with recent experimental §8@163-182@08)09036-5

Atom manipulation using scanning tunneling microscopesgial Hamiltonian is given by:| :|:|S+a+ |:|tip+ |:|T, where
(STM's) has been reported for a wide range of systefis. the terms on the right are the surface plus adsorbate, tip, and
The manipulation of atoms has been attributed to Variou?unneling parts, respectively. We first examife. ,. Let
origins: direct forces between the tip and the surfatimdi- |a) and k) be the one-electron eigenstates of separated
rect interaction through the tip induced electric figfiland  atom and the surface, respectively. When the atom adsorbs
inelastic scattering by electrons tunneling from the tip to thegnig the surface. a coupling terﬁ]( =t Sla+He. is
surface’® The last mechanism, for example, is thought to ’ 2 2k
account for the reversible transfer of a Xe atom between
Ni(110) surface ad a W tip®~*! hydrogen desorption from

introduced(wheref:l< anda are the field operators for states
)y and|a), respectively. The surface plus adsorbate system
can be diagonalized to yield eigenstalgs. The adsorbate

hydrogen-passivated silicdnand dissociation of @mol- 4155 can vibrate on the surface, which implies a localized
ecules on a NiL10) surface® However, it is often not evident
from the experimental data which mechanism dominates, Surface Tip

and input from theoretical calculations is vital to establish
the microscopic mechanisms behind atomic manipulation on
surfaces.

In this paper we present a first-principles method for cal-
culating the inelastic current in a STM tunnel junction due to
inelastic scattering of the tunneling electrons with an
adsorbate-induced resonance. Our method is based on the
Tersoff-Hamann approximation for the STM tunnel
junction'? and builds on previous work on inelastic tunneling
in STM's.1*~%8 The main result of this paper, E¢p), is an
expression for the inelastic current in terms of the partial
local density of state€DOS) of the adsorbate wave function
at the position of the tip. This expression allows us to calcu-
late the current and bias dependence of the desorption rate of
H from the monohydrate §i00) surface, by solving a Pauli
master rate equation for transitions between the different vi- -~ 1 < ematic figure of the tunneling modedp), and as-
brational Ievels_ of the gdsorbate. Ina r.ecent Iéﬁ@me used . sociated density of statébottom). When the adsorbatlack do}
Eq.(9 to gxplam experlmental desorptlon rates at a negativey separated from the surface, the eigenstates of the surface and
sample bias due to inelastic hole tunneling. Here we presenfysorhate ark) and|a), respectively. Upon adsorption, a coupling
a derivation of Eq.(9), and use it to calculate desorption term with elements,, is introduced betweetk) and|a). In addi-
rates at positive sample bias due to inelastic electron tunnejon, there is a phonon term corresponding to the local oscillation of
Ing. the adsorbate. The electronic pére., when there are no phongns

We divide the tunnel region into a tip and a sample partcan be diagonalized to yield eigenstatgs. The center of reso-
and assume that the atom to be manipulated is adsorbed oniance of the broadened leval), ¢, , is a function ofz the distance
the sample. The model is shown schematically in Fig. 1. Thef the adsorbate from its equilibrium position.
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phonon term with a boson field operafmr Furthermore, the (N) e N *
adsorbate vibration couples to the energy-level of the elec- Tonun+n= VIN+M)/niA <a|'“>§ Lurp
tron in state|a). Therefore,Hg; ,=He+Hpn+Hepn, (the A
electron, phonon, and coupling term, respectiyelyhere X(u'|9(e,+Nhawg)|a)
- ~t o X alg +(N—jhwg)la) (5
Ho=> €, L " (13 j=H71< |9(€,m+ (N=])hwo)la) (5)
o

whereg(g)=(e —He+i0") 1 is the sample plus adsorbate
th:ﬁwo b'D, (1b)  electron Green functiofwithout phonons
The Lippmann-Schwinger equation gives the one-electron
eigenstates of the sample plus adsorbate in terms of the
eigenstates of the atom and the sample,)= k)

The tip Hamiltonian is given byg,= 2,1, (where|p) +Q(8uk)|a>t’|fa- This, together with Eq(5) and the relation-
are the tip eigenstatesind the tip to surface tunneling by ship between,; andt,,, yields

Hr== ,ptupClCp+ H.C=Z ptpCiCp+ H.C. (herex=k or a). N) TR TTeT Nk g
The matrix elements are related Vg =2 ,(«|u)t,p. Ton = VINENJ NI, =t

The coupling between the tip and the surface is normally

Hepn=A(b"+b)a"a. (10)

weak, hence it is sufficient to work to loweSte., secong X 11 <a|§;(guk+(N—j)ﬁwo)|a)

order in the tunneling matrix element. Ligt,n) be the state J=0N-1

with an electron in statp on the tip andh phonons on the V() 6)
adsorbate, anflu,n’) be thecoupledeigenstate oH, aris- PN +N -

ing from the interaction between electron stateandn’  The termY corresponds to processes where the electron tun-

adsorbate phonons. The inelastic component of the currepfg|s from the tip into the sample state, hops back into the
from tip to surface which changes the phonon occupationygsorbate, emits phonons, and hops back out again. Gener-
from nton’ is given by® ally, such terms are small, and moreover it may even be
inaccurate to include this term, since the lifetime of state
probably will be dominated by scattering with electron-hole
excitations or bulk-phonon statéwhich is excluded in our
mode).

pnun'| 28l ep—&,— (N —N)fwo], 2 The next step is to relate the above equation to the pro-

R jectors(alu). We use the identity
where Ty, ,nv=(pn|H|un") is the T-matrix element and

fsi(e) =141+ exd(e—ersry)]} are Fermi distribution func-

2me
(=)= 5 3 fuep1- (e,

x|T

’ 2 _
tions. The Fermi levelg s and e, of the sample and tip, 7"2, (' [a)|*5(e . —2)
respectively, are determined by the applied sample bigs, |(alg(e)|a)>= , (7)
and related by r=er—€V,. A(e)

We define uncoupled electron-phonon eigenstdt®s,  \here A(e) is the magnitude of the imaginary part of the
setting\=0) of the sample afu)®|n). The coupled eigen- self-energy 0f(a|§(s)|a>. We now assume that the adsor-

states can be expressed as a Born séifés bate resonance is broad compared tofthg. Hence we(l)
" approximate the terms#k+(N—j)hw0w8Mk, (2) assume
|u,n>=|20 [Ga(eun)Hepnl'lw)@(n), (3)  A(s)~A(s)=A, and (3) set £, [(u'la)|?8(e, —5,)
- ~[(ulay|?ps where ps==, 8(e,—¢,) is the density of
where €, ,~¢,+nhw, is the eigenenergy ofu,n), and  states ab.a. These assumptions together, with E(®, (6)
Go=(e—He—Hpy+i0%) "1is the Green function of the un- and(7), yield

coupled electron-phonon system. Using E3), the T-matrix (n+N)! 27e

elements can be written as [(n—n+N)= ol TKNpE |thp—tkp|2
! T
. ’ A~ X X a 2Nf 1_f
prn,:z tf"‘ﬁ:zo (1 |®<n|[G®(6,u,n’)He-ph]l|lu> (il @) (e )l s(&,,)]
- X 8(ep—&,,~Nho), (8)

®|n’). 4 o
whereK = 7p\?/A is a dimensionless quantity.

We now considen’ =n+N; i.e., whereN phonons are The last step is to evaluate the matrix elemgnt—ty,
absorbedthe emission case is simifaiThe first term in the  ysing the Tersoff-Hamann approximatitit? In this ap-
Born serie§Eq. (4)] which contributes is thé&lth-order term  proximation the tunneling is assumed to be through a single
containing ")N. In this paper, we ignore the higher-order atom at the tip apex with as-type wave function. We
terms in the serie$. This term gives define|t, o—tipl*="f, plt, pl% Wheref, =[(alm]?/(x,,
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+|(alw|?) is essentially the fraction of electrons which tun- 2.0
nel from the tip into statew, through the resonance. The
evaluation oﬂtﬂkp—tkp|2 is then equivalent to previous work

on elastic tunneling? and for a W tip we obtain

n+N)! [ev
I(n—>n+N)~CW¥f " |g2Rwn(e)]
n: N wq
xpN(d+Rw,8,E)d8. (9)

In this equationd is the tip-sample distancex(e)
=2m(¢;+eV,—e)/# is the wave-function inverse decay
length, ¢,=4.5 eV the work function of the W tip* E is the
electric field between the tip and sampi,= 3 bohr is the
atomic radius of W, and the normalization constamy,
=0.007R%, ampere bohr is obtained from a calculation of a
model W tip? The local weighted DOS,

60 partial DOS (states/eV)

_wn 2n 2 _
pn(re,E)=K % ful(@l ), (rE)[*o(e —e,), FIG. 2. Projections of the Si-H moleculaw® eigenstate onto
the eigenstateg, of a S(100-H(2x 1) slab for different Si-H bond

is the DOS weighted by powers of the dimensionless cou- lengths(Az=0 is the equilibrium bond lengthsOnly projections
pling K and the projectior(a|,u> of the resonance wave Of states withe, > e are included, and each partial DOS is normal-
function y, onto the eigenstateg, of the sample. For high ized to 1. The inset shows the average centeirsle) and widths
biases [V, >2 V) the effect of the electric field between the (error bay as determined from first and second moments. The
tip and the sampleE, must be taken into account when dashed line shows the results of a linear least-squares fit to centers,
calculatingy,, .?* The inelastic current with energy transfer - with 2> —0.1 A.

nhawg is weighted by [(a|w)|?K)"™; thus only eigenstates From the first and second moments we determine the average

with a significant overlap with the adsorbate resonance COMsentersy ,(Az), and widthsA(Az), as shown in the inset of

trib\‘;\}e to the ineIIEastgc ?“”e”(tj' | the STM-induced d Fig. 2. At the equilibrium bond lengtiyz= 0, the resonance
€ now use Eq(9) to model the -Inauced desorp- 4o entered ats,=4.6 eV, and has an average width

tion of H from S(100-H(2X1). It has previously been ™ A o ~ .
proposed that inelastic scattering of the tunneling electrons;egﬁ;/iin':e‘;rréﬁz 1;c?r.nla I’inteh:r ‘f:g;t'ggug';‘zas 1\‘1\?:2 tﬁizs 'rsé gion
with Si-H 60* resonance is the dominant desorption mechaWe Calculate g ,/dz= —3.12+ 0.06 eV/A. The electron-

nism for sample biases in the range V<4 V. In the . C o e
following we make a first-principles calculation of the de- prrzonolr\}l QOL:EImgdterrB Its given b)y—d fﬁ/(Ztl\r/]I wO)b‘?sa/az’l f
sorption rate due to this mechanism as a function of thd/NEreM 1S the agsorbate mass, and from the above value o

tunnel current and sample bias, and compare with experl‘—yea/az,We_Obta"’"‘:O'26 ev. . —
To find ps we use the relatiom,(e)~|(a|u)|*ps. Con-

mental desorption rates. s i _ T
The electronic structure calculations are based on density>d€ring only the eigenstates with the largest projections

functional theory®?® within the generalized-gradient (@lx), we findps~1.5eV % To estimate an average value
approximatiofi’ using 20-Ry plane-wave basis sets. We de-of X, e will use the relation |t,,|*~ (K x[a)l
scribe the SiL00-H(2x 1) surface by a 12-layer:2l slab,  +X.)|tapl*. We first select the stat, with largest overlap,
and use 3% points in the surface Brillouin zone. Ultrasoft (&/8). in the energy range of interest. If we assultig)|
pseudopotentiaf8 are used for both H and Si. The geometry 81dX,, are constant in the energy range, we obtain the equa-
of the surface is obtained by relaxing the H atoms and th&®?  Xu=(KBla)[*[t,pl” —[{r@)*|tgol /[t gpl" [ t,pl ) .

first six Si layers, and the resulting bond lengths and bond/Nich we use to estimatefor each eigenstate in the energy

angles of the surface atoms are similar to other first prin-range 2-4 V. We find the average value~0.01

_~ 2 i i i =~
ciples calculationd®*°From a frozen phonon calculation we E)iagéji,(i?l'[t;rz!a)r.a\r/]\h:ehzﬂlli \\’/‘g_ll?ﬁug%gg%? ttr?:E()a/I;sti% .E(;Ifé)c:trons
obtain the Si-H stretch frequendywy,=0.26 eV, and sub- g ' 0

tracting th d-stat f 4 free H at | passes through the resonance.
racting the ground-state energy ot a free 1 atom we Calcu™ v now have all the parameters entering E9j.for the
late the desorption barridt,.—= 3.36 eV.

X : ) inelastic current. From the inelastic currents we calculate the
We will use the Si-H moleculard eigenstate|ms,+),  desorption rateR by solving the Pauli master equation for
to represent thed resonance. We expefstis,« ) to have a  the transitions among the various levels of the oscillor,
large overlap with the & resonance, and smaller overlaps and vibrational relaxations due to phonon-phonon coupling
with the other resonances localized around Si-H, which args described by a current independent relaxation ratel
mainly the Si-H 4 and 5 resonances. Thesdand 57 reso-  x 10% s™1.73 We assume that desorption occurs when the
nances are well below the Fermi level, and we remove thesenergy of the H atom exceeds the desorption endgy
components by projecting out the overlap betwéeg, ) =3.36 eV, corresponding to a truncated harmonic potential
and occupied slab eigenstates. In Fig. 2 we show the resulivell with 13 levels. Our objective is to obtaR as function
ing 60* partial DOS for different Si-H bond length&z. of I andVy. However, the inelastic current is a function of
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V, and d, and we therefore calculate the elastic current ' A 7 / 7
I(V},d) to establish a relation betweeénV,, andd. For a i g:g\gv /,":},""3;/5\/ / A
given value ofd andV,, we then calculate the inelastic cur- 10" | A2V / /’EE v
rentsl (n—n+N) andl(n+N—n) for all bound vibrational ;

statesn=1,2,..,13. Weinclude events witiN=1, 2, and 3,
and note that th&l=1 term gives the main contribution to
the desorption rate in the current range relevant for desorp-
tion.

In Fig. 3 we compare the calculated current dependent
desorption rate for sample biases of 2, 2.5¢d &V with I
experimental data obtained by (zpen symbolsand Shen E S m
et al.’ (filled symbol3. The two experimental data sets have R YA
been obtained on highly dopedtype samples using similar 10
experimental procedures. The dashed lines show the first-
principles calculation of the desorption rates. Both experi-
mental and theoretical desorption rates follow a power law FIG. 3. Desorption rateR as a function of current foV,
Rl with a~9-10 for the theoretical curves and =3.0V (square, V,=2.5V (circles, and 2.5 V(triangle3. Open
a~10-13 for the experimental data. However, the theoreti_symbols show our experimental data, and filled symbols show data
cal curves are shifted toward lower currents. The discrepanc rqm .Ref. 7. Dashed lines show theoretical calculati0n§ with first
is due to the three main approximations of the theoreticaP"NciP/es value=0.26 eV for the electron-phonon coupling, while

. - . solid lines show results using a fitted valne0.20 eV.
model: an expansion based @&®\, wy, a harmonic ap-
proximation for the Si-H bond potential, and neglect of In conclusion, we have presented a first-principles theory
excited-state orbital relaxation when calculating the resoof inelastic scattering, and used it to calculate the voltage and
nance wave function. In order to obtain theoretical desorpcurrent dependent variation of the hydrogen desorption rate
tion rates comparable to experiment, we adjust the electrorffom the S{100-H(2x1) surface at positive bias conditions.
phonon coupling. Solid lines in Fig. 3 shows results usingVe find that the desorption in the voltage range 2-3 V is
A=0.20 eV, and we see that with this moderate change of th€onsistent with vibrational heating of the H atom due to in-
coupling constant we can obtain quantitative agreement witff/aStic scattering with the Si-Ho resonance.
the experimental data in the Voltage range 2—-3 V. Above 3 This work was Supported by the Japanese Science and
V, the calculated desorption rates are too small to explairechnology Agency, and the use of Danish national com-
experimental desorption rates, and the measured desorptiguter resources was supported by the Danish Research Coun-
rates must be related to another mechanism, most likely diils. B.Y.-K.H. and X.C.X. acknowledge a grant from
rect excitation of the Si-H bond as suggested in Ref. 7. NATO.
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