
Vol . 104 (2003) A CT A PHY SIC A POLON IC A A No . 3{ 4

P r oceedi ng s o f t h e 3rd I n t ern at io n al Sy m p osiu m on Scan ni n g Pr o b e Sp ect rosc opy, SPS '0 3

St ar k E ˜ ect

and Scan n in g Tunnelin g Sp ectr oscop y

of t he Ag (111 ) Surfac e State

L . L imot a , T. M aro utia n a , P. Jo ha n sson b and R . B erndt a

a Insti t ut f�ur Ex perim entel le und An gewandte Physik

Chri sti an-Al brechts- Uni versit�at zu Ki el, 24098 Ki el, Germ any
b D epartm ent of Natura l Sciences, Uni versi ty of �Orebro , 70182, �Orebro , Sweden

L ow -t emp erat ure scann ing tunne li ng spectroscop y is used to study t he
A g(111) sur face state over an unprecedented range of j unction resistances .
T he presence of the tip causes a shif t of the surf ace state tow ards higher bind-
ing energies , increasin gly stronger as the resistance decreases. A one-dimen-

sional mo del calcula tion repro duces this observation and pro vides a connec-
tion to existing photo emissi on spectroscopy data. Implication s of the e˜ect
on ST S studies are discussed.

PACS numb ers: 73.20.{r, 68. 37.Ef

1. I n t rod uct io n

Since the earl y days of scanni ng tunnel ing micro scopy (ST M), i t is kno wn
tha t the presence of an electri c Ùeld between the surface and the ti p of the m i-
cro scope pro duces a displacement of the surface band structure . For exampl e, in
STM studi es on semiconducto rs, where the electri c Ùeld is onl y parti al ly screened
by the electrons, the electri c Ùeld yi elds a drasti c ẽ ect kno wn as band bending
[1]. Thi s is not the case wi th m etal surf aces where the electri c Ùeld is e£ cientl y
screened out in the bulk. Ho wever i t subsists outsi de of the bul k and consequentl y
surf ace electrons, especial ly tho se wi th a large decay into vacuum | tho se states
whi ch are most easily pro bed by STM and by scanni ng tunnel ing spectro scopy
(STS), are l ikely to be a˜ected by a Stark e˜ect. The archetyp e of such states are
the Ùeld emission resonance states, whi ch Becker et al . and Bi nni g et al . evi denced
to exhi bi t a Sta rk e˜ect in STS [2]. Ho wever, these states can only be probed in
the Ùeld emission regim e of an STM, i .e. at large ti p{ sam ple bi ases tha t exceed
the ti p and sam ple work functi ons (¢ t ip ; ¢ samp <

¿
V ).

(185)
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Ari ses then the question whether the Sta rk e˜ect is sti ll sizeable enough to
a˜ect STS data even in the tunnel l ing regime where STS experim ents are usual ly
perform ed (V § ¢ tip ; ¢ sa mp ). To date, no study addressed thi s issue. W e present
here STS data on one of the long studi ed Shockley surface states [3, 4], the Ag(111)
surf ace state, a quasi-tw o-dim ensional electron gas tra pped between the surface
barri er potenti al and a band gap in the crysta l , whi ch enables us to answer thi s
questi on. By varyi ng the electri c Ùeld of the juncti on over a large set of ti p{ sampl e
separati ons, we establ ish, on an exp erim ental basis, the existence of a ti p- induced
downw ard Stark shif t of the Ag (111) surf ace-state spectrum . W e also pro vi de a
one-dim ensional m odel whi ch disentangles the contri buti ons to the exp erimenta l
shi ft, nam ely the vol ta ge bias of the juncti on, the m ul tipl e im age potenti al and
the conta ct potenti al , and whi ch establ ishesa connecti on to existi ng angle-resolved
photo emission spectro scopy (PES) data .

2. E x per i m en t a l

A custom -bui l t ul tra hi gh vacuum STM was used to perform al l the m easure-
m ents at a tem perature of 4.6 K. The W ti ps were etched electrochemical ly ex sit u
and further trea ted i n si tu by indenta ti ons into the Ag(111) surface. Spectro scopy
of the di ˜erenti al conducta nce (d I =dV ) versus sampl e vol ta geV was perform ed by
freezing the feedback loop always at the center of impuri t y- and step- free regions
( Ñ 4 0 0 nm 2 ), a lock- in detecti on uni t being used to record the d I =dV signal (the
AC vol ta ge wa s 1 mV rm s in am pl i tude and ¤ 1 { 10 kHz in f requency).

3 . R esul t s an d d iscu ssio n

A typi cal dI =dV of the Ag (111) surface state acqui red at a tunnel ing resis-
ta nce of R = 2 G ¨ i s presented in Fi g. 1. The conducta nce yi elds a sharp step- l ike
onset at an energy E 0 whi ch corresp onds to the lower edge of the Ag (111) surf ace-

Fig. 1. d I = dV spectrum ta ken on A g(111) ( T = 4: 6 K ). The feedback loop w as opened

at I = 0 pA , V = 100 mV ( R = 2 G ). A geometrical analysis is used to determine E

and the w idth Â of the surf ace state [4].
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-state band (E ( k
k

) À E 0 / k 2
k
, seeFi g. 2b) and is constant for E > E 0 as expected

for a 2D electro n gas. From the onset of Fi g. 1 we determ ine E 0 = À 6 6 : 0 ( 5 ) m eV,
typi cal of STS [4].

Fi gure 2 presents our essential experim enta l Ùndings. As shown in Fi g. 2a,
the surface-state spectra underg o a negati ve shift when decreasing R , i.e. when de-
creasing ti p{ sam pledi stance. No appreci able broadeni ng is observed. W hen sweep-
ing R from 2 G ¨ to 20 k¨ , respectivel y the m axi mum and mini mum resistances
where we could perform rel iabl e spectroscopy , a shift of ¤ À 1 4 m eV occurs for
E 0 . Thi s corresponds to a 20% lowering of the Ag (111) low band edge as depicted

Fig. 2. (a) Dow nward shif t of E 0 w hen R is decreased. A ll spectra are averages of at

least 5 single spectra from varying sample locations and tips ; the spectra w ere renor-

mali zed to match the conductance of the 2 G ¨ spectrum. (b) Schematic view of the

A g(111) surf ace state band shif t when R is reduced.

in Fi g. 2b. Ho wever, from Fi g. 2a, i t can be seen tha t in the k¨ -range the shift is
m ore sensiti ve to smal l vari ati ons of R : when decreasing R from 50 k¨ to 20 k ¨

the d I / dV i s shif ted by ¤ À 1 0 m eV, whi le when decreasing R over 5 orders of
m agni tude (f rom 2 G ¨ to 50 k¨ ) the spectrum is shi fted by ¤ À 4 m eV.

Fi gure 3 is the quanti ta ti ve evaluatio n of the band edge shi ft of all the
recorded spectra : Fi g. 3a is the dependency of E 0 on R and, sim i larly, Fi g. 3b the
dependency of E 0 on the ti p displacement to wards the Ag (111) surface, whi ch we
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Fig. 3. (a) E 0 versus R (log- scale for R ). T he arrow indicates the PES value of E 0 [8].

(b) E 0 versus tip displacemen t tow ards the surf ace. The solid line show s the calcula ted

result for a tip w ork function ¢ t i p = 4 :56 eV (solid) and in absence of the tip (dash).

Since experimentally we only prob e a displacement of the tip tow ards the sample, the

calculated curve w as shif ted horizontally to match the data.

wi l l detai l further below. The two di stinct shift regimes menti oned above can be
cl earl y seen in both Ùgures. In order to ensure data qual ity , im ages of the surface
and hi gh-R spectra were systemati cal ly recorded pri or and after the acqui siti on
of each spectrum . Since no change was discernible in these im ages and in these
spectra we concl ude tha t nei ther a ti p m odicati on nor a ti p- induced damage of the
surf ace occurred when acqui ri ng spectra in the 20 k ¨ { 2 G ¨ range. A tho rough
testi ng of our experim enta l setup also ensured tha t arti f acts l ikely to pol lute the
shi ft of the spectra are negl igibl e (< 0 : 5 m eV).

Fi nal ly, to gain a deeper insight on our data , we m easured the evoluti on of R

wi th ti p{ surface separati on over a distance of ¤ 6 ¡A whi ch covers the range of re-
sistances of interest. Thi s m easurement enabl es us then to express the dependency
of E 0 on ti p displ acement as shown in Fi g. 3b and to l ink the data to our m odel cal-
cul ati on of the shift (presented below). Since, unf ortuna tel y, absolute ti p{ sampl e
di stances cannot be m easured in STM, the ori gin of Fi g. 3b is arbi tra ri ly Ùxed to
2 G ¨ . The dependency of R on ti p displacement d also sheds l ight on the ori gin
of the two regimes observed for the shift (R ç 5 0 k¨ and R > 5 0 k¨ ). Indeed,
whi le for R > 5 0 k ¨ we observe the usual tunnel ing behavi or R / exp(1 : 0 2 5

p

¢ d ) ,
wi th an apparent barri er height of ¢ = 4 : 0 (2 ) eV typi cal of nobl e m etals [5], when
R ç 5 0 k¨ the resistance devi ates from thi s exp onenti al behavi or, decreasing
faster tha n exp ected. It is well kno wn from break juncti ons [6] tha t thi s signals
tha t the juncti on is no longer in a tunnel ing regim e, rather in a conta ct regim e
where importa nt modicati ons of the ti p and the surface morphologies occur. As
di scussed later, thi s has strong im pli cati ons on the surf ace-state shi ft.

In summ ary, our STS data underl ine the exi stence of a downw ard shift of
the Ag(111) surf ace state whi ch can be tuned by varyi ng R , i .e. by increasing or
decreasing the ti p{ sam ple di stance. Since a varia ti on in the ti p{ sam ple di stance
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im pl ies also a vari atio n in the am pl i tude of the electri c Ùeld in the tunnel ing
juncti on, we conclude tha t the shift is produced by a Sta rk e˜ect acti ng on the
energy levels of the surf ace state. In the f ollowing paragraph we develop thi s idea
by proposing a m odel calcula ti on whi ch further com forts thi s concl usion. W e Ùrst
deta i l som e aspects of the m odel and then di scuss the calcul ati on in the l ight of
our data .

The Ag(111) surface-state electrons are m odeledby using the one-di mensional
potenti al pro posed by Chul ko v et al . [7]: i t is periodic in the bulk (z < 0 ), has
a potenti al well just outsi de the surface (0 < z < z 1 ), then decays exponenti al ly
to wards the vacuum (z1 < z < z im ) to Ùnal ly cross over to a long-range im age
potenti al (z > z im ). The presence of the ti p at z Ñ z tip i s then accounted for by
addi ng to the potenti al the l inear contri buti on of the vol ta ge V between the ti p
and the sam ple, as well as the di ˜erence between the wo rk functi ons of the ti p
(¢ tip ) and the sam ple (¢ samp ) to incl ude the conta ct potenti al . Furtherm ore, the
shape of the image potenti al is modiÙed to account for m ul ti ple im ages in the ti p
and the sampl e. Thi s yi elds

V ( z ) = 2 V 1 1 1 cosg z ; z < 0 ; V (z ) = V 2 0 + V 2 cosÙz ; 0 < z < z 1 ;

V ( z ) = V li n ( z ) + V3 eÀ ˜ ( z À z 1 ) ; z 1 < z < z im ;

V ( z ) = V lin ( z ) À Vim ( z ) ; z im < z < ztip ;

where

V lin ( z ) = E F + s ( eV + ¢ tip ) + (1 À s ) ¢ samp ;

where E F i s the sam ple Ferm i energy, s = ( z À z 1 )= ( z tip À z 1 ), and

V im ( z ) = [1 À eÀ Ñ ( z À z i m ) ]
e2 [2 ˆ (1 ) À ˆ (± ) À ˆ (1 À ±)]

1 6 ¤ ¯ 0 ( z tip
im À z im )

;

wi th ± = ( z À z im =( z tip
im À z im ) and ˆ i s the digamma functi on. The param eters

V 1 1 1 ; g ; V 2 0 ; V 2 ; Ù , and z1 = 5 ¤ =(4 Ù) describi ng the potenti al in the absence
of the ti p are Ùxed to thei r correspondi ng values of R ef. [7]. The remaini ng pa-
ram eters V 3 ; ˜ ; Ñ, and z im and z tip

im tha t account for the ti p contri buti on, were
Ùxed by requi ri ng the potenti al and i ts derivati ve to be conti nuous everywhere
(except at z = z tip for the deri vati ve). The energy of the surface state at a given
ti p{ sam pl e distance was calcula ted by searchi ng f or the correspondi ng maxi mum
in the tra nsmission pro babi l it y for electro ns tunnel ing from the ti p to the sam -
pl e. The solid l ine in Fi g. 3b is the calcul ati on perf orm ed using the Ag (111) work
functi on ¢ samp = ¢ tip = 4:56 eV for both the ti p and the sam ple. As shown, i t
repro duces the data down to resistances ¤ 5 0 k¨ , where a stro ng discrepancy
occurs wi th the data .

W e Ùrst focus on the R Ñ 5 0 k ¨ region where the model works. T o probe the
inÛuence of the conta ct potenti al , we perform ed other calcul ati ons wi th di ˜erent
values for ¢ tip . These fai led to repro duce the data as well as the calcul ati on wi th
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¢ tip = 4:56 eV, and theref ore we concl ude tha t for the ti ps used the contri buti on
of the conta ct potenti al to the Stark shift is m inor. We note also tha t since the
data of Fi g. 3b were obta ined wi th a vari ety of ti ps, the highl y repro duci bl e shift
observed indi cates tha t our in situ ti p preparati on yi elds always a sim i lar ti p apex.
In conclusi on, on the basis of our model , the Stark shi ft is pro duced by the electri c
Ùeld stem m ing from the bias and the im age potenti al , wi th, at these ti p{ sampl e
di stances, a 2 to 1 rati o in the contri buti on of the two.

W e now discuss the asym pto ti c behavi or of the Stark e˜ect and i ts impl ica-
ti ons for STS. W hen the ti p is retra cted, the Sta rk e˜ect progressivel y disapp ears
and E 0 smoothl y reaches i ts non-perturb ed value. To evaluate thi s non-perturb ed
energy we sim ply suppress the presence of the ti p in our model . W e estimate then
the non-perturb ed energy to be À 6 4 m eV (dashed l ine in Fi g. 3b), in agreement
wi th the { 63(1) m eV value reported from recent Ag(111) PES experim ents where
no electri c Ùeld is present [8]. Unf ortuna tel y in rea l l i fe, the hi ghest tunnel ing re-
sistances exp erimenta l ly accessibl e in STS are typi cal ly in the G ¨ - range, hence
the Sta rk contri buti on cannot be elim inated, but only m inimi zed. For Ag(111) the
Sta rk contri buti on resul ts then, at the best, in a ¤ 4 À 5% error in the evaluati on
of E 0 .

T urni ng now to the R < 5 0 k ¨ regim e where our model calcul ati on does
no longer repro duce the exp erimenta l data , i t can be seen tha t the compari son
in Fi g. 3b between data and theo ry indicates tha t the actua l electri c Ùeld in the
juncti on is stronger tha n the one predi cted in our m odel calcul ati on. Since in the
m odel the ti p and the sam ple m orpho logies are assumed to be consta nt over the
enti re range of tunnel ing currents, we hint tha t in the R <

¿
5 0 k¨ range, the ti p and

the sam ple deform to yi eld a stronger electri c Ùeld. Thi s pi cture agrees wi th calcu-
lati ons perf orm ed f or Au(1 00) [5], whi ch Ùnd tha t the ti p and the surf ace stretch
to wards each other because of attra cti ve adhesive forces acti ng at R <

¿
1 0 0 k¨ . In

parti cul ar, thi s is predi cted to pro duce a devi ati on in tunnel ing behavi or, such as
we observe in our R versus displacement measurements when R <

¿
5 0 k¨ .

4 . Co n cl usion s

T o summ arize, we evidenced the existence of a Sta rk e˜ect for the Ag(111)
Shockley surface state, whi ch can be tuned by varyi ng the ti p{ sam ple di stance,
but not suppressed. From a m odel calculati on we extra ct a non-perturb ed value of
{ 64 m eV for E 0 in agreement wi th PES data . Fi nal ly, for R <

¿
5 0 k¨ , an enhanced

shi ft is observed, whi ch we assign to an elasti c deform ati on of the ti p and surface
m orpho logies. The ti p induced Stark shi ft of the Ag(111) surface state, supp orted
by our recent observati on of a sim ilar shi ft in STS for other reference system s
such as the Cu(1 11) and Au(1 11) surf ace states and the Ag / Ag(111) adato m [9],
indi cates tha t the Sta rk e˜ect cannot be neglected in STS. Rather our data suggest
tha t STS requi res a tho rough quanti Ùcati on of the Sta rk e˜ect when stri vi ng for
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hi gh energy resoluti on, especial ly for states who se wave functi ons have large decay
lengths into vacuum .
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