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Quantum mirages in scanning tunneling spectroscopy of Kondo adsorbates:
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Scanning tunneling microscopy/spectroscopy on Kondo systems consisting of magnetic atoms adsorbed
upon nonmagnetic metal surfaces has demonstrated the ability of suitable two-dimensional nanostructures
(such as “quantum corralg”to influence the surface electron transport that is part of the total scanning
tunneling microscopy(STM) process. In a well known paradigm, an elliptical arrangement of Co atoms
adsorbed on Qull) gives rise to an apparent enhanced electronic communication between points on the
surface which are near the two elliptical foci. The question addressed here is whether a similar imaging/mirage
effect has the potential for being interesting and/or useful when “focused” tunneling processes also involve the
vibrational modes of the Kondo adsorbate. Theory for the total process of tip-to-corral-state tunneling, focus-
to-focus transport viécorral surface statefollowing Agam and Schiller Phys. Rev. Le&6, 484(2001)], and
adsorbate resonance scattering has been developed within a localized polaron framework for incorporation of
vibrational effects. Calculated lineshapes illustrate the potential utility of tunneling spectroscopy for obtaining
detailed, atomic scale understanding of the role of the elliptical nanostructure size, shape, and chemical
composition(as manifest in resonance characterigtios both surface transport processes and also on the
measurement methodologies required to probe such systems. This presents unusual challenges since all the
characteristic energigsesonance position and width, vibrational, relaxation, and quantum carealikely to
be of comparable magnitude in realistic experimental STM Kondo systems.
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I. INTRODUCTION (8,+Q)2
Yeano(e') = (i+e'3 1

Scanning tunneling microscopéSTM) observations of
“quantum mirages” of magnetic atoms situated within ellip- @ssociated with resonance tunneling involving the narrow
tical “quantum corrals” by Manoharan, Lutz, and Eigler (~10meV) Co Kondo resonance straddling the Cu Fermi
have received widespread attention in a diverse media, spalfVvel- In Eq.(1), e'=2(s —&,)/I" whereg, is the renormal-
ning the spectrum from that of theoretical phy&icgo cor-  iz€d resonance positiol,is the width (=2kTy with Ty the
porate stockowner reports to the lay press. Part of the fascl¢ondo temperatuje andq is the tip-position-dependent ra-

nation and appeal has to do with the stunning STM picturedi® Of the tunneling amplitude involving the Co atofthe
um of direct tip-to-adatom plus tip-to-substrate followed by

and the whimsical and suggestive names for various compos- b q litudetvided by the di .
nents of the system. Furthermore, the whole phenomenon strate-to-adatom amp_'t“d vided by the direct tip-to-
substrate amplitude. This is completely analogous to the ratio

an mtngumg mixture of intuitively satisfying classical p_h ys® of the amplitude for excited-state-to-perturbed-discrete-state
ics supporting the observed quantum electron conduction be-

ST coupling divided by that of the excited-state-to-unperturbed-
havior in an atom-by-atom-constructed nanostructure. Th%ontinuum coupling, as considered by Fa&*In addition
actual event is summarized as follows. An elliptical array of, ", tip-position (’Jlependence of. deviatidns from the

up to ~40 atoms(with characteristic dimensions10nm)  gjmpie Fano expression are also expected as the tip is moved
was fabricated on thesurface-state-containin€u(11l) sur- a5 to the surfack2Recent experiments have substan-
face using the STM as the atom-positioning ®&TM im-  tiated this picture for scanning tunneling spectroscopy of
aging and spectroscopy were then carried out on this Kondgingle atomg:*
systeni with and without an additional Co atom placed at  The striking observations of Manoharat al. occurred
one of the foci of the ellipse, as a function of the transverseyith the Co atom placed at one foci of an elliptical corral
STM tip position with respect to the surface nanostructure. (possibly but not necessarily composed of identical Kondo
Consider first the tunneling spectroscopy of single Kondcatoms and the STM tip placed over the oth@moccupied
atoms which has been a topic of active study, bothfoci. Remarkably, a replica of the on-top tunneling spectrum
experimentall§~*° and theoretically’~** Consistent with  (conductance vs bias voltageeduced in overall magnitude
these studies, Manoharahal. observed differential conduc- by an order of magnitude, was observed suggestive of a
tance vs voltage characteristics when the STM tip was posi‘quantum mirage” of the real adatom. While there is an
tioned directly over the added Co atom that displayed a Fanmstinctive intuitive appeal to any observation involving fo-
profile! cused communication between two points within an elliptical
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boundary;>® when the size of the ellipse is reduced to the \STM tip /
atomically resolved nm scale, the transport properties of the \ 1p /
surface-state electroripresumably the mediator of the com- — /
munication confined within the elliptical corral are strongly \_/\R \/

influenced by finite size quantization effe¢ts.’ This may or 2> \ / —
may not lead to a surface transport picture in conflict with & t \T/

that of ballistic electron propagation as represented by %’_ w !

simple classical ray tracing. A semiclassical description of =l : tp Z,
the miraging was provided by Manoharanal. in their ini- g !

tial paper' The essential idea is that since all ballistic paths Zﬂ. ¢

between the foci that involve a single elastic collision with
the elliptical corral wall are of equal length, the phase accu- R Surface
mulation is identical along all paths and the amplitudes add
up in a constructively interfering way.In contrast, the total o
amplitude for propagation between a random pair of points FIG. 1. Schematic picture of the STM geometry.

involves many paths of varying lengths hence varying 3334 o ) )

phases, resulting in destructive as well as constructive intefl€lds,” " where the field is imagined to simulate the postu-
ferences. Ultimately this is the source/origin of the spatial'ated decoherence effects of the localized vibrational mode

variation of the surface state wavefunctidas stressed and acting upon the Kondo resonance. While this will be dis-
exploited in the scarring theory of Hell and thus the cussgsd in more detail Iater,atpe arguements of both Kam_lnskl
standing waves associated with impurities, defects, step§t @l and Nordlandeet al.™ suggest that for the low vi-
and other boundary conditiorfsuch as that of the elliptical Prational frequenciesiw=~kTyongo™~10 meV) and 4-K am-
corra) which are so popular in STM imagery. Almost imme- bient temperature¢hence low oscillator excited state popu-
diately upon publication of the “quantum mirages,” several lation which plays part of the role of the incident ac field
theoretical papers appeared which provided plausible expld0tensity characterizing the STM Kondo studies, suppres-
nations for the effect.* The present work will be based on SION of the Kondo resonance by oscillator-induced decoher-
the exposition by Agam and Schill¢AS) which is particu- €nce should not be a serious problem. . _

larly enlightening and useful for analytic wofkThe ques- With all this in mind, the modest plan for this paper is to
tion addressed here is to what extent can a similar imagingféSent an extension of the AS mirage theory which also
mirage effect be expectgdnd does it have the potential for mclud_es_a vibrationally active adsorbate at one of the foc! of
being interesting, useful, or batwhen “focused” tunneling the elliptical co_rral. The elemgntal ST™M model together W|_th
processes which also involve the vibrational modes of thdéhe AS extensions are described in Sec. Il. The theoretical
adsorbate at the occupied focus are possible? While both ttR@sis of vibrationally assisted, focuséda the AS “pro-
elastic and inelastic tunneling characteristics should be af¢€SS’) resonance tunneling spectroscopy, viewed as a varia-
fected, the dominant vibrational influences should appear iffon on the theme of molecular polarons, is taken up in Sec.
the elastic tunneling chann® .These can be treated within !l @and some numerical consequences presented in Sec. IV.
the polaron framework of localizesingle sit¢ vibrational ~ Section V concludes with a general summary.
renormalization and/or apparent sideband generation in elec-

tron hopping/tunneling/conduction which are issues of sig- Il. STM MIRAGE SPECTROSCOPY
nificance in molecular polarorf, mixed valence L _
system£223and various electron spectroscofiés?’ In ad- Almost all readily implimented theories of STM pro-

dition, vibrationally inelastic tunneling, first considered theo-C€SSes seem to be extensions of the Tersoff-Hamann model

retically within the context of junctior& and then quantum N Which the STM tip is taken to be a single s-wave-emitting
wells 230 has taken on a life of its own within the STM @&tom connected to a reservoir of electrons occupying a struc-
world 3! For the most part, the theory resembles basic inelagtréless continuum of tip conduction band Stéﬁsé? The

tic resonance electron scattering, well known in electron> 1M geometry is shown in Fig. 1 for an example in which
molecule collision theor§®32While it might be more trans- the tip, a distance, from the surface, is also near an adsor-
parent to first consider the vibrational effects in simple non-Pate. In its simplest form, direct tunneling between the tip
Kondo systems, the experimental facts show that mirage@nd surface is characterized by a tunneling ampliigg
have been observed only for scattering from the extraordiwhose magnitude is an exponentially decreasing function of
narily narrow Kondo resonances. This suggests that viabliicreasingz,. Some form of resonance tunneling involving
candidates for vibrationally influenced mirages are necessaf® adsorbate is also possible for which the tip-to-adsorbate
ily restricted to Kondo adsorbates, thus raising the issu@MmPplitude=t,, also drops exponentially with increasing
whether coupling between the vibrational mode and the magseparation, going to zero &5 increases, even for fixed but
netic adsorbate might suppress the Kondo effect. One thingsmall” z,. As a result, if the tip is more than a few atomic
is certain; that with the “correct” couplingthat one dictated radii distant from the adsorbate, then any significant tunnel-
by nature, the observed Kondo effect has not been elimi-ing that is influenced by the adsorbate involves direct tip-to-
nated. Suggestive insights have been provided from theoresurface tunneling followed by some form of on/through- sur-
ical studies on Kondo quantum dots irradiated by acface electron transport/communication between points within
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the “shadow” of the tip and the adsorbate. This “communi- lim Hgl)(x)~mexmx—iwl4). (5)
cation” is expected to be both oscillatory and long range x—large

(inverse power (Refs. 11-13 and can be mediated either
through surface state electrons or by bulk states according

the magnitude of their exponentially decaying tails extendin . ; :
9 P Y ying containing-surface with and without an extra atom at one

out into the vacuum® The modified behavior due to adsor- AS dered as the th tical ivalent. the addi
bates has been given equivalent explanations, explicitly iﬁ.ocus' considered as the theoretical equivalent, the addi-

terms of an adsorbate-induced change to the surface loc4Pn@! contribution to the LDOShencedj/dV via Eq. (2)]
density of state6LDOS) or alternatively as a resonance scat-due to the extra atom &, which is given by
tering cross section involving sequential electron tunneling, 1
transport, and short range adsorbate interactions. Po)— — 7B - 3

A gractical consequegnce of the Tersoff-Hamann mdel Op(Fie) == ZIMG(M.Roie)tCr(e)G(Ro M)}
is that in the limit of vanishingd,,, at zero temperature the (6)
differential conductance of the STM configuration shown inyhere G(r,7":¢) is the retarded surface electron Green’s
Fig. 1 is proportional to the LDOS of the substrate evaluatednction for an empty ellipse,

at ﬁtip, the position of the center of thg-atom, constant _
DOS) STM tip; that is G(e)=Zy/(e—ex+ily) (7)
L E is that part of the adsorbatkelectron Green’s function rep-
o=dj/dVepsufRiip V), @) resenting the Kondo resonafia e with A =kTy (Ti is
whereV is the voltage applied to the surfa¢gositive for  the Kondo temperature-10 K) andZy the spectral weight
tip-to-surface electron floww For many realizations, which AS take as
psub(lfztip :V) in Eq. (2) can be approximated Hs

'Bhe mirage results were obtained by taking the difference
etween measuredlj/dV characteristics from a corral-

Zk=Ay I Avo= Ay (mpet2+ mpptd), (8)

psurRiip ;V) = psd Ry V) [tp(zi;V) 2, wheretq(t,) is the transfer or hybridization matrix element
which is the product oft,,|?, the direct tip-to-surface tun- Zet"‘/e?r? Stur:aICéb(ljJ:E) Stfc’laltets atﬂd th.e.adsofrbtf]nieordbnalb t
) . K 2 1ot the total width reflects the mixing of the adsorbate
Cvil:gr? vs:)%?;tl;lgt{ncrﬂjl#itgI?r((j)rrt:ythtginﬁ?JI?nciutfggeSfo%#n if state with both surface and bulk states of the substrate. For

i - o present purposesG(f,r';e) is taken as the sum of
an adsorbate is located at soiRg. A characteristic feature g (F.F";
[0}

X ’ . . ;e), the free surface propagatpEq. (4)] plus the
of (111) noble metal surfaces is a parabolic two-dimensionajqyest order corral correction, a single scattering with a cor-
surface state bande eq+h%k{/2m* with m*/mg~0.4) (51 atom. Therefore,
starting(at k,=0) ~0.5 eV beloweg, the Fermi level and
crossingeg in the rangek,~0.15-0.2 A'1.3® Since the N L )
STM is particularly(overly? sensitive to these surface states G(,F';8)~Gq(F,F';e)+ >, Go(F,R;;e)TiGo(R;,F;e),
responsible for many of the dramatic STM images involving =1 9
wave like interference phenomena associated with ©)
reflections/scattering from various boundaries and/or adSOK/vhere'T'j , the t matrix for scattering of surface state elec-
bates, the noble metallll) surfaces are very popular trons incident upon a corral atom at sFﬁ? is
choices for picture-producing STM studies. The quantum mi- '

rages under consideration here were so observed. Following mpet? 1 ( A2
(

the leads of A.S(Ref. 2 and Fieteet al.® all electron trans- szitg ImGj(e)=
port and surface point-to-point communication is assumed to

occur via the two-dimensional surface state electron gas, in t

which case =

mpdtet mpptl imps\ (e —e,)?+A2

i ﬂ_pSTo,a(S)- (10
1 . . .
SN > . In Eq.(10), t=A /A, the probability that an incident sur-
re)=——Im{Ggdr,lMe)}l, 3 s/ATot |
psdrie) T {Gsd o)} @ face state electron will scatter into a surface rather than bulk

Loy , state was taken to be 0.5 by Fieteet al. in their studies of
whereGgdr,r;¢e) is the surface state electron Green’s func- . . . ,
standing waves in quantum corrdl$he Lorentzian function

tion that includes the influences of whatever adsorbatesr . . . .
boundaries, and/or “nanostructures” are on the surface. F0r°~a(8) carries the signature of the scattering resonance, its

S > position and width. For instance, if scattering involves the
the free s_qrfacepss(R“,s)=pss—m /27-rﬁ , mdependent Kondo resonance, there,=sx=erem and A =kTg
of the posn!on and_ energy and the two-dimensional free elec= 19 mev. In contrast, for resonanakorbital scattering,
tron Green'’s function is A4=0.5eV andT, ,(¢) can be regarded as an innocuous
Lo . L, constant of order unity over the relevant energy range of
GolF1"58)= _'WPSSl_'gl)[k(g)“_r 11 @ severalk Ty around theyKondo resonance. SincegKS cogrlwsid-
where H{Y(x) is the zeroth-order Hankel function with ered only LDOS and resonances at the Fermi level,
asymptotic, largex form To.a(eFerm) =1 and thus‘?jzt/(iwps) in their treatment.
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~10A, a~70A, k(e)~0.2A 1, t~0.5, and 0.05E<1
| appropriate to the mirage experimentss, (R, —R;&) pro-
vides the dominant contribution 8(R, - R;¢) in Eq. (9).
R Dropping the contribution from the direct term which is re-
2alf1- €- sponsible for the characteristic lineshape observed for uncor-

raled Kondo adsorbaté&;*®the change in the LDOS &

due to the corraled atom atR that follows from Eqs(6),
(10), and(14) is

3

] 16 &%)
- 5p(R;8)%pszg’a(8)|m(

2a

€T €k + | A K
FIG. 2. lllustration of an elliptic corral and the classical trajec- (15

tories associated with the quantum mirage. The ellipse is characte\g\-,ith 8(s)=4k(s)a. Equation(15) is an extension of the

ized by a semimajor axis lengehand an eccentricity. The mean g0 roqit of AS[their Eq. (15)] that includes final states
distance between adjacent atoms forming the ellipse perimeter is away from the Fermi level. As will be discussed in Sec. IV,

[from Agam and SchillefRef. 2]. . ) S
corral-size-dependent oscillatory structureSp(R;e) due to

Now consider the change in the LDOS at the unoccupied® energy dependence &) is a reflection of the quasidis-

L3 ) . .. _crete energy levels of the quantum corral. For the specific
focusr=R when an atom is placed at the opposite position,
- - _ - example of a Kondo resonanc&{~ 10 meV) on an adatom
that one atf=—R in Fig. 2. The Green’s functios(R,

* - _ . placed at the focus of ar-5-10-nm corral, the corral
—Re) appearing in Eq(6) is expressed in Eq9) as the sum  energy-level-spacing is comparable with the resonance
of width.

1/2
i2Ek(s)a—im/4 (11 Ill. VIBRATIONAL /POLARON MANIFESTATIONS

- - ) T
GO(R,—R,8)=—IpS(Ek(8)a - -
_ o . One of the present goals is to understand in what ways the
[from Egs.(4) and(5) with E the eccentricity of the ellipde  mirage effect might survive and influence any observable
and consequences of adsorbate vibrational ma@éber that of

the adsorbate-surface bond or an intra-molecular mode in the

R t . B case of an adsorbed molecuie STM spectroscopy bearing
GiR~Rie)= iprT"'a(s),zl Go(RRj32) in mind that experimentally, the Kondo resonance has been
shown to be necessary for the miragetnithin the context
xGo(ﬁj —R;e). (12 of the AS picture, vibrational phenomena are readily dealt
.. , R with drawing upon analogies with local polaron effects in
While individually Go(R,R;;e)=e*®4i and Gu(R;,  mixed valence systen®€?3In both the mixed valence and

—R;e)xe*(®)2j gre path dependent, the product of the ex-the mirage/STM problems, a crucial issue is the determina-
ponentials appearing within the sum on corral sites in Eqtion of the change in LDOS as a result of a localized oscil-
(12) is identical for all paths by virtue of the defining char- lator that is subjected to a perturbation taken to be both linear
acteristic of the ellipsefy;+ ¢,j=2a), and this is the origin  in oscillator displacement and proportional to the fluctuating
of the dominance of the scattered/focused trajectories oveglectron occupation at the localized site. This suggests the
the direct paths which are described®y(R,—R;¢). Using  incorporation of a displaced oscillator Hamiltonian

Egs. (4) and (5) and the fact that,;+ {,;=2a, Eq. (12 H,ipe=% 0o b+ Ang(b+b) (16)

reduces to
into the adsorbate Green’s function, in which case the zero
temperature, on-focus resonarntcenatrix takes the form

(13 tSGK(s)tS:Ta;Uibe=<O T WL 0>.
AS approximate the discrete sum in E@3) by a line inte- Ko Tvibe TIEK (17)
gral over the ellipse and cleverly find thEl;Ll---:Zw/d )
whered is the mean spacing between discrete lattice sites dft Ed- (16), w, andb andb™ are the(assumed harmonic

21T, ap N
Gi(R,—Rie)= —k(i:; Sez'k(e)ajzl (4182517 Y2

the elliptical corral. Consequently E(L3) is frequency and boson operators for the oscillator originally in
its ground state|0), \ is the strength of the electron-
s o pAmtToa(e) (localizedphonon coupling, andy is the occupation number
Gi(R,—Rje)= W 2ik(e)a, (14  of the localized electronic state which at any given instant is

either zero or one although the time-averaged occupation is
By comparison of the prefactors in Eqdl) and (14), it  fractional. Essentially this is what correlates the electron and
follows that whend/Ea<16xt?/k(e)d (as it is for d vibrational dynamics. When the localized state is occuppied,
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a driving force linear in oscillator displacement is applied
and when unoccuppied, the force is released. Inserting a
complete set of displaced oscillator staf&s. (16) with ng

=1] and “completing the square” it ,;pe,> *°the leading
form of Eq.(17) becomes H

Vist2) T A+M

a;vibe tS< n> o (EK ﬁ e ) nﬁ i ﬁ <n| >tS’

whereAs, =\?/hw,= Bh o, and(f|0) are vibrational over- &
lap integrals of the(unoccupied resonancevibrational- zZ—
ground state with theith excited state of the displaced os- Vo (T2
cillator appropriate to the occupied resonance. As written in _ A [Fin@T)]
Egs.(17) and(18), any electron self-energy corrections due T2 UM

to the resonant electron-oscillator coupling are assumed to be
independent ot over the limited energy range encompass- /____L.L A°+M
ing the useful spectrum, as is common practice, thereby al- N
lowing them to be absorbed into possibly renormalized val- Zoﬁ:l €|

ues of gx and Ayx without any loss of generality. A

Furthermore, the eigenvalue problem represented by Egs. 4

(16) and (17) is equivalent to the Lanczos procedure of di- Z=0

agonalizing a tridiagonal matrf, conveniently given a FIG. 3. Potential-energy curves for neutr&®+M) and nega-

closed zticu_rs_iz\ge representation in terms_of continuediye (A~ + M) adsorbate interaction with surface. The dashed curve
fractions’* Cini*® and also Hewson and Newfishave de- Vei(2) is the equivalent “best harmonic approximation” discussed

rived such an “exact” continued fraction expression which i the text.

retains both the correct energy andlependence ofx and

Ak . For the parameter range of relevance to the presenf,rye labeledA® in Fig. 3. Full electron occuppation within

problem, Eq(18) provides an excellent approximation of the the resonant levelng=1 in Eq. (16)] converts the neutral

“exact” result in terms of the product of the overlap integrals ggparticle into a negative ion which bonds more strongly

(also known as Franck-Condon factofsr the displaced har- it the substrate, as suggested by the potential cArvén

monic oscillator, Poisson distributed according to Fig. 3. Since nowny=1 in Eq.(16), this enhanced bonding

~\12_ —B/ on is automatically accounted for within the context of the dis-

[Om)[*=e"#(B"n). (19 placed oscillator mod&{3° A specific approximate form for

Consequently, in analogy with EGL5) but with the inclu-  the ion curve that has proven useful in many other contéxts

sion of the vibrational effects embodied in Eq48) and is based on additional image-potential attraction resulting in

(19), the change in the LDOS & due to the vibrationally ~@n augmented negative ion-surface curve:
alive and corraled adatom atR is given by

.Y
o4

V_(2)=V,(z2)—e%/4(z—d,)+V*, (21)
- 16t° - : .
Spp(Rig)~ps———5T2.(g) >, e A(B"n!) whereV* is a constant whose value is irrelevant for present
(k(e)d)= = n=0 urposesz is the distance to a sensibly defined origin, and
purp y g
Apelde) d, is the location of the image plane with respect to that
XIm K : , (20 origin.*® The harmonic approximation is certainly valid for
e~ (ex—Ag) ~Nhwot+ilg the low-lying vibrational states o¥, in which the curvature

which is the formal end result. As it now stands, this expresd®V,/dZ’|,—, =k=Mw?. When considering Franck-
sion represents an apparent “elastic line” and a series o€ondon transitions frorA® to A~ it is efficient to use “the
virtual multi-boson satellites or sidebands centeredegn  best harmonic approximatiofBHA),** an expansion of/
=gx—Ae,+nhw,, each of widthA . Viewed in this way, about the poinz=z,, the equilibrium position of the neutral
Eq. (20) is the equivalent of the wide-band limit theory ob- rather than about that of the ion. Sinaks,=1/2k(z,
tained within the context of both the mixed valefitand ~ —z_)2 (which really provides the specification af in the
core level spectroscopl® inquiries. It is important to note  BHA using w_ = w,), it is straightforward to show that
though that this completely “Poisson-redistributed” correc-
2

Next consider some numerical estimates for the all- @o 0z Z—zo)

important 8. As it stands, Eq(16) describes a vibrational

tion to the LDOS is still a purely elastic effect that should not u dV_(2)
. K X u e2 2
mode, possibly one associated with theeutra) adatom- :( —2) (22)
do)®/

be confused with inelastic resonance tunneling/scatté?ing. B=Aer/ﬁwo~(h—
substrate bond represented by the low-lying potential energy ﬁ_wo 4(z,—
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whereu= (#%/2M w,)*? is the spread of the ground state har- the original peak between a shifted Kondo peak and a series

monic oscillator wave function. For a not-unreasonableof satellite peaks in the differential conductanceesat e,

choice ofz,—dy~1-2 A, Aw,~50 meV, andV~60 (im- +n%w, in analogy with expectations expressed by ).

plying u~0.04 A), it follows that3~0.5—1.0, which more The zero-quantum conductance is somewhat weakened from

or-less provides an upper limit to the scale of the polaronicits unitary limit and the satellite peaks appear at its expense.

vibrational modifications to the corral LDOS and thus theThis departure is small as long as the amplitude of the ac

mirage STM spectra. It must be emphasized that any obserwodulationeV,, or the Franck-Condon energy shii, and

able consequences are of course expected to be less than thiee vibrational energyi w are small relative to the “large”
Finally return to the question of possible suppression oenergy parameters such ag, U, andI't,;. These condi-

the Kondo resonance due to its interaction with the oscillatortions are well met for the STM effects under consideration

This issue has been addressed theoretically within the corhere.

text of a Kondo impurity irradiated by an ac fielt** Ka-

minski et al. show that for a specified range of parameters,

the Kondo resonance could be suppressed by a boson- IV. RESULTS

assisted spin-flip tunneling mechanigproportional to the In trying to understand the possible role of localized vi-

intensity of the field that introduces a source of prational modes on the LDOGence STM spectjaassoci-

decoherencé While instructive, the analogy with the ac ated with elliptically corraled focus and mirage atoms, it is

field is imperfect since the properties of a quantized bosoRsefy] to look first at the simple example in which vibrations

system in the low temperature, thus ldphoton or vibra- — are not included. This more clearly demonstrates the pure

ggE?eldqgsrguc?;ggiig?ztrli\olrr;gL;irglze(;f“cncllrtlsa;;itniﬁtt;ililt};e?ﬁ:s éole of finite-size quantization of surface state electrons, as

limitations notwithstanding, the findings of both Kaminski accounted h.ere th_rgug].al(R,—R,s) [Ea. (%4)]' The oscil-

and Nordlander support the neglect of oscillator decoherendgtory behavior ofe! “)in G, and thussp(R;e) [Eqg. (15)]

effects under the operating conditions of the STM experi-deépends upon the phase accumulation for electron propaga-

ments. Both groups consider a Kondo resonance in which thé°n between elliptical foci given a single scattering with the
virtual level position is subjected to an ac modulation corral “wall” and it is here that the characteristic length scale

— eV, cos@t). Kaminski et al. demonstrate that the rate of of the nanostructure in relation to the propagating surface
low-intensity ac-field-induced spin-flip-tunneling that fol- State electron wavelength enters.

lows from the Fermi golden rulgEq. (9) in Ref. 33 is Consider the change in the LDOS given by E&5) for
the rigid adatom. Since the Kondo resonances are near the
o [Tl eV, ]? Fermi level, the functiork(e~eg) 2 in Eq. (15) provides a
lr=—| = — , (23)  slowly varying(with energy and harmless background. The
21 €4 €y

corral atomt matrix and thusT, (&) in Eq. (15) is specified
wherel'1,,<1 eV is the total width of the virtual level char- by Eq. (10). Experimentally the quantum mirages were ob-
acterized by served for corrals composed of non-Kondo as well as Kondo
adsorbateswhich implies that the mirage-producing scatter-
(U—eq)eyg ing mechanism from the corral wall atoms or molecules did
—yg “=lev not involve the narrow Kondo resonance. More likely the
broadd-orbital resonance scattering was responsible. Since
with e4 andU-g4 the ionization and electron affinity ener- A ~0.5 e\>A,~0.01 eV, Eq.(10) implies that T, ,(e¢
gies of the Kondo atom or quantum dot, both of order 1 eV,.+ ~A,)~1 over the entire energy range of the corral-
and U>1eV the electron-electron Coulomb repulsion. A embellished Kondo resonance. Consequently any significant

suppression of the Kondo effect by the oscillatory field OC-gnergy dependence Gb(ﬁ;s) due to the corral occurs only
curs when this inverse spin-decoherence time satisfies thghen the size-quantization energy scéds embodied here
condition by the energy range over whictké)a changes by~ ) is
comparable withAx, the Kondo resonance width. To this
end,b‘p(ﬁ;s) given by Eq.(15) as a function ok is shown
The oscillating-field model provides guidelines for the both in Fig. 4 and also in the left hand column of Fig. 5,
present polaronlike problem #V,, the field amplitude is letting ex=0 define the energy origin and treatiag the
replaced withAe, = B% w, the mean Franck-Condon “exci- ellipse size[and thusé(e;a)] parametrically. Consider first
tation energy.” Settinghw<50 meV, ([1,t/€4)<1, and Fig. 5 in which for present purposes, the dimensionbess
1/24<1 eV ! as upper limits appropriate to the STM Kondo variable can be regarded édentically) 5e/A to facillitate
mirage systems, Ed23) yields #/7(Ae,)<0.28%K which,  comparison with Fig. 4. For reference purposes, the limiting
with B<1 [as follows from Eq. (22)], shows that case in whichd(s;a=0)=0 has been labeleda=0" to
ilr(eV,=Ae,)<KkTkondo~10-50 K, falling far short of denote that extreme in which there is no additional phase due
the conditions required for oscillator suppression of theto interfacial propagation before and after corral scattering. It
Kondo resonance. Going one step farther, Nordlamded. is in this (no-phase-accumulatingense alone that the termi-
demonstrate that not only does the oscillating field at thimology “a=0" should be given any symbolic meaning. In
intensity level not destroy the resonance, but it redistributeshis limit, Eq. (15), and the top left curve in Fig. 5 suggest

EdE

il 7(V,)=KTkondo- (24
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Ag=0.010 eV with 0=<|qg|<large] repeats itself as the corral size is incre-
Epeemi=0.5 €V ' a(nm) mented by~0.5 nm. That cyclic line shape changes occur
LA 0 on this particular distance scale is a direct consequence of the
- ‘2§ 24 ) commensurability of the size-quantization oscillations with
1

= Ay .® A related effect is expected for processes in mesos-
1 copic systems such as excitonic or impurity optical absorp-

2 oy tion in quantum dots as a function of the dot st2é should
=7 -2 Vf ) be pointed out that there is a meaningful connection between
a1 the Fano-like line shapes obtained héas represented by

Eqg. (15)] for resonant STM processes involving scattering

g from a boundary wall or defec¢such as the elliptical corgl
o ’ and the closely relatedbut distinctly different ones that
characterize direct processes such as those in single, uncor-
raled atom systems. In fact it was within this context that
Fano shapes were first considered in STM stutliesboth

FIG. 4. Corral-induced change in the adsorbate-mirage LDOS@ses the resonance tunneling process basically involves tip-
(arb.unit3 at the unoccupied foci vs/A for various corral lengths ~ to-surface tunneling followed by surface propagation to the
a in nm, from Eq.(15). The left hand topographic plot tresasas a ~ adsorbate. For the focus-to-focus corral problem the path
continuous variable in the range 5—7 nm. The right hand columdength via corral scattering is&2 On the otherhand, for
shows three constamt-spectra, as labeled. The Kondo resonancesingle atom systems, only direct propagation from the tip
width is taken to be 0.010 eV. shadow to the adsorbate can ocdaccounted for by

Go(R,—R;e) of Eq. (11) but which has been neglected in

that the energy dependence &f(R=—R=0;¢) is simply  the AS treatment of the corral probl¢mand theR— — R path
proportional to the LDOS of the adsorbate. Increasing thdength, in terms of the ellipse variable for which a compari-
magnitude ofa and thuss(e;a) such that the energy depen- Son is being made, isa. The resulting free-atom change in
dence ofG; plays a dominating role leads to two interesting LDOS is similar to Eq(15) but with appropriately modified
features indp. First is the appearance of a general oscillatoryprefactors and the phasé(e) replaced with &g ()
behavior with frequency proportional to corral size, as is=4k(e)Ea+ 6,=2k(&)R,+ 6, where, as a result of Eqt)
apparent in the progression of LDOS displayed in the leftand (11), 6,=—m/2 but which could also include thg,,

hand column of Fig. 5. Second is the size-dependent mixing=0 contribution to the original Fano asymmetrizitfg*It

of the symmetric InGy(e) and antisymmetric R6(g) with  is at this point in their modeling that Fieé al. introduce an
consequences that the apparent mirage LDOS oscillates bequivalent phase shift identified assyg is a background
tween the resonance, the asymmetric, and the anti-resonan@gase shift....that controls the resonant lineshape of the ada-
shape readily discerned in Figs. 4 and 5, left. Figure 4 showtm scattering cross sectior?.’Consequently

mirage-LDOS changes in some detail within the range of

dp [arb.units]

-1
&/ A ——

i 6 irle
corral sizes realized in actual experiments. Here it can be So (R &)= 2t | Age' %o 2
. . . Pol IIvS) Ps my — : ) (25
seen that a whole family of Fano-like line shapgé&s. (1) 7k(e)R, e—ext+ilAg
hw, =0.050 eV
Ag =0.010 eV

B 0 0.5 1.0
L WS W
“p” ‘ ‘ FIG. 5. Corral-induced change in the

-4-2 1 2 4 -4 -2 2 4 4202 4 adsorbate-mirage LDOSarb.unit$ at the unoc-
o1 -1 _1! cupied foci vse/fiw,, from Eg.(20), for a sys-
. ) tem with %Zw,=0.050eV andA,=0.010eV.
‘ = The corral size parametarvaries by row and the
3 /\4 = electron-vibrational coupling parameteiy col-
-8 W2 oa A 2 ¢ = umn, as labeled. The row labelet=*0"" is
o o =S only meant to imply that(e) = 8(e;a=0)=0 in
= Eq. (20).
1 1
6 4 -\é/\wf\ 7 4 A -\d/\‘/"/\\z’ 4
-1 -1
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fin,=0.050eV, B=1

\Af[eV]= 01 025 .050

a[nm] 1 1
“p” J/L_ 4¥ FIG. 6. Corral-induced change in the
2 % 24 42 24 adsorbate-mirage LDOSarb.unit$ at the unoc-
-1 -1 - cupied foci vse/fw,, from Eqg.(20), for a sys-
1 1 ‘é tem with 2w,=0.050 eV andB=1. The corral
’ = size parametea varies by row and the resonance
3 P 2 O ﬁ = width A by column, as labeled. The row labeled
| E a="0" is only meant to imply thatd(e)
-t -t o =5(e;a=0)=0 in Eq.(20).
1 1 1 w
6
o\ 2 A %
-1 -1 1

whereR; is the tip shadow-to-adsorbate distance. In both thelistribution that becomes increasingly spread out with a
corraled[Eq. (15)] and free[Eq. (25)] adsorbate cases, the down-shifted leading edge g8 increases. Things become
lineshape of the observable sigitas reflected insp or dp,), much less transparent when the influences of both the corral
varies with either corral size or tip position. Manohagdral.  quantization and the localized vibrational modes are acting,
presented tunneling spectitheir Fig. 4 for Co focus atoms  chosing parameter values that are within the realistic range to
in which the |mpllcat|0n(|f not definitive aSSGrtiOhiS that be expected for the experimenta”y accessible Kondo sys-
the mirage spectrum is a faithful replication of the on-focustems. Consider both theé=0.5 and the 1 columns in Fig. 5.
spectrum. The suggestions from the present study are that thote that while thesp, scales within a column are identical,
Fano-asymmetry issues should show a corral size depefhose from column to column are noWhile it appears that
dence similar in spirit to the generally accepted tip-to-gsome form of the purea=‘‘0") vibrational spectrum per-
adsorbate ~ distance  dependence expéltel and  sists in the corraled spectra, what cannot be ascertained in a
observed™ for single adsorbate systems. Interestingly, thegeneralizable way is how the vibrational structure will ap-
spectra obtained for the empty focltheir Fig. 4b)] do  pear; will it be a minimum, a maximum, a point-of-
show an anti-resonance line with rudimentary oscillatoryinflection, or what? The problem is that all the important,
structure similar to Figs. 4 and 5, bottom left here, which aresystem-defining energy scalekd,, Ax, Ae,, ) are in

on comparable energy and corral size scales. In additioRhe same~tens-of-meV range and it is this coincidence that
Manoharanet al* state that they do “find that aa is in-  hinders one from understanding the trends in terms of an
creased monotonically whil& is fixed, the mirage is easily identified dominating mechanism slightly perturbed by
switched on and off. In each period of this switching, the\eaker secondary ones. For instance, at figedariations in
classical path length & changes by half a Fermi wave- 3 can turn enhanced LDOS into depletions at a given energy.
length,” as previously also accounted for by ABef. 2 and  gimilarly, for fixed a, variations in8 can spread out the

expanded upon here. However, at least on the basis of thgprational spectrum into new energetic regions favoring cor-
published data, it is not possible to further pin down thisy3| enhancement or depletion.

Iineshape issue as such a resolution requires more extensive ponother perspective is illustrated in Fig. 6, where spectra
corral-size-dependent spectra. _ . obtained from Eq(20) with 7 w,=0.05 eV andB8=1 show
Moving on to possible vibrationally embellished mirages, how quickly an increase in the resonance width wipes out the
some numerical consequences of the local polaron modgkstiges of vibrational information embedded in the polaron
spectra obtained from EO) are displayed in Figs. 5and 6. | pos. The curves in the left hand column represent the
Figure 5 shows families ofp,(R;e) vse/fhw, spectra fora system whenA,=0.010 eV and show a vibrational signa-
system in whichA,=0.010 eV andfw,=0.050 eV. The ture. Within the realistic corralsa=3 and 6 nn, already for
corral size varies ag=*0," 3, and 6 nm from top to  A,=0.025 eV any vibrational information has been washed
bottom and the electron vibrational coupling parameger out and the observable change in the LDOS is dominated by
=0, 0.5, and 1 from left to right, in line with expectations the oscillatory behavior provided by the corral size quantiza-
from Eq. (22). The vibration-free B=0) left hand column tion. From these examples one must conclude that while
has already been presented and discussed as the paradigome form of polaronlike vibrational signature attached to
demonstrating corral size effects. In a similar fashion, the toghe quantum mirage is indeed possible, at least within the
row of curves shows the evolution from the vibration-free nanoscale corral sizes and energy parameter ranges charac-
pure Lorentzian 8= 0) to the Lorentzian-broadened Poissonteristic of the Kondo systems that have been studied, this
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does not appear to be a promising direction to follow forsubstrate and/or intra molecular vibrations in the spirit of

assured quick and easy spectroscopic rewards. localized polarons. Analytic expressions describing the foci-
adsorbate-induced change in LDOS experienced at the unoc-
V. SUMMARY cuppied foci, as a function of the defining system character-

istics, namely the corral sizea( hence the corral energies

Select aspects of scanning tunneling spectroscopy aksonance energies ) and width (), vibrational ener-
adsorbate/metal substrate systems showing very narrow negjies (i w,), electron-vibrational couplingg), and vibra-
Fermi level resonancesuch as Kondo systermbave been tionally induced resonance level shifAé,). Insights into
considered. The present work was stimulated by the studiethe corral-inspired, Fano line shape have been presented.
of Manoharan, Lutz, and Eiglein which they discovered a While aspects of vibrationally augmented quantum mirages
guantum mirage or “phantom atom” effect when the single could be detectable, the resulting line shapes do not change
Kondo atom is placed at one foci of an elliptical nanocorralwith systematic variation of controllable parameters in an
of surface atoms and scanning tunneling spectroscopy is caintuitively useful way that encourages development of STM
ried out over the other foci. The spectrum at the unoccuppiedpectroscopy for this purpose. This is mainly a consequence
foci appears to be fundamentally related to the directly obof the fact that all the relevant energies are comparable
served(on top spectrum of the real atom and it is believed (~tens of meV and as a result, the description cannot be
that the foci-to-foci information is communicated by surface-broken down into separable parts characterized by simple,
state-electron propagation in which a single scattering frongeneric line shapes. More optimistically, it was demonstrated
the corral wall(or atomg is responsible for the focusing. The that the form of the spectra is vetysefully!) sensitive to the
main question addressed here is to what extent localized videfining parameters of the surface nanostructure/ellipse. For
brational information associated with the occuppied foci adinstance, as is varied through the narrow range 7 sma
sorbate might also appear in the mirage spectrum. The modet 7.5 nm, the LDOS change transforms from a resonance, to
of Agam and Schillerfor fixed atom, Fermi level resonance an asymmetric, to an antiresonance form. It remains to be
tunneling processes within quantum corrals has been exseen whether we will exploit rather than be burdened by this
tended in energy range and adapted to include adsorbatextreme tunneling-spectroscopy nanosensitivity.
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