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Many-body theory of the quantum mirage
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In recent scanning tunneling microscopy experiments, confinement in an elliptical corral has been used to
project the Kondo effect from one focus to the other one. | solve the Anderson model at arbitrary temperatures,
for an impurity hybridized with eigenstates of an elliptical corral, each of which has a resonant levebwidth
This width is crucial. If6<20 meV, the Kondo peak disappears, whil&i 80 meV, the mirage disappears.

For particular conditions, a stronger mirage with the impurity out of the foci is predicted.
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The recent advances in nanofabrication has led to fascaffect the wave functions mucif.H' describes the hopping
nating experiments. In one of them, the electrons on thef each corral state with a continuum of conduction states
Cu(112) surface are confined in a quantum corral assembledutside the corral, with the same symmetry. If the hopping
by depositing other atoms on the boundary of an ellipseand spectral density of these states is constant, and if the
When a Co atom is positioned at one focus of the ellipse, theffective interaction between corral states can be neglected,
corresponding Kondo signature is observed by scanning turthe effect ofH’ is simply to introduce a width5 in the
neling microscopy not only at the atom, but also at the otheunperturbed ¥;=0) Matsubara Green function of each
focus? Another remarkable feature of the experiments isstate:
that eigenstates of a two-dimensional free-electron gas con-
fined into the ellipse are clearly displayed. The average sepa- G{(iwn)=((CjyiCl,))i =[iwq—2;+idsgnwy)] %
ration between the corresponding eigenvalues 1 meV, (2
and one might expect that the confinement is good enoug
such that the level width of each eigenstate10 meV. On
the other hand, a Kondo peak in the impurity spectral densit
of states is, in general, observed when the impurity hybrid
izes with a continuum of conduction stafe€an the Kondo
feature exist if these states are discrete? From recent work in Er—E]
mesoscopic systems, we know that the answer is positive if V;=25 meV \/ﬁqoj(Ri)mED{ 1+—.0)- (©)

i eV
the Kondo temperaturéc=d, whered is the average sepa-
ration of the levels which have a significant hybridization a (b) is the semimajofsemiminoy axis of the ellipse, andg
with the impurity? However, in the experimentsTy is the Fermi energy. The last factor produces a slow decrease
~5 meV, whiled~100 meV. of V; with energy and a smooth cutoff 1 eV abowe. It

In this paper, | calculate the impurity and conduction dendeads to a more symmetrical line shape, equilibrating ap-
sity of states as a function af. This requires an explicit proximately the weight of th¥/; at both sides o and does
calculation of the many-body effects, which has not beemot affect the physics. The energy prefactor was chosen to
done in previous theories of the mirage effédt/| find that  lead to the experimental width of the Kondo feature for
only for values ofé large enough to lead to a well defined =50 meV. If the Cu surface is represented by a tight-
Kondo peak, but low enough to allow coherence betweeminding model with one orbital per sifethis amounts to a
both foci, the theory is consistent with experiment. From thehoppingt’~0.67 eV between the impurity and the atom
insight gained on the decoherence effects, | propose a slighielow it (or t’/n if the impurity hasn nearest neighbors on
modification of the experiment, which should result in anthe surfacg® This value is reasonable for a hopping between
enhanced mirage effect, with the impurity out of the foci. 4s and 3 electrons. The rapid decay of this hopping with

To describe the essential features of the experiment, | usdistance allows us to neglect hopping of the impurity with
the following Anderson modé!: other atoms. Since in addition the densitysafndp states at
e is two times larger in the clean surface than in the Bulk,
one can safely neglect the coupling of the latter with the
impurity.

The eigenstates of free electrons inside an ellipse
were obtained by solving the matrix Hamiltonian in the
basis of eigenstates for a circle, deformed to fit into
the eIIipsg—:-l.0 These basis states are proportional to
Herec|, andd] create an electron on thjéh eigenstate of a = Ji(yknp) (€%?=e %), where p=[(x/a)?+(y/b)?]*? @
hard wall elliptic corral and the impurity, respectively. =arctaya/(xb)], Ji is thekth Bessel function, ang, is its
Roughness of the boundaries of the corral on a length scaleth zero. We retained the 100 lowest states in each of the
smaller than the Fermi wave lengthrke~30 A does not  four symmetry sectors of the groud,, . From the solution

Ptake this form with 6 independent of for simplicity. V;
should be proportional to thérea) jth normalized wave
¥unction @j(r) of the corral at the impurity positioR; . |
take

H=3 &jcl,ci,+Eq2 dld,+Ud]ddd,
Jo T

+ 2 Vi(c],d,+H.c)+H'. (1)
jo
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with an enlarged basis with a total of 1600 states, the error in 5 - - -
the &j near the Fermi energy is estimated toba0 © ev.
Recently, this problem was solved analytic&liwe take an = 4F .
ellipse with eccentricitye=1/2, a=71.3 A (b=/3a/2), = (a)
and the effective mass was adjusted so thate. & 3f .

The particular structure of the noninteracting problem in-
troduces technical difficulties in the many-body problem. In ol ]
addition, the fact that the temperature of the experimient
=4 K<Tx=53 K, seems to invalidate the use of the non- 1k _

crossing approximation, since it works fé= Ty and vio-
lates Fermi liquid relations at low.*! | obtain the retarded
Green function for the impurit4(w)=((d, ;d!)),, using
finite-T perturbation theory up to second ordefUrand ana-
lytic continuation’? Gj'=(GJ)1-3, with GY(iw,)
=liw,—Eq—3V?G(iw,)] %, Eq=E4+U(d}d,), and

p, (1/eV)

S(iw)=—(UT)2Y, GY(iw —ivmGi(iwy)

XGY(iwn+ivy), (4)

with w,=(2n+1)7T and v,=2m=T. For cases studied
before (with a simple band structurecomparison with cal-

culations using Wilson's renormalization grdughows that 803 002 001 000 o001 002 003
the approximation is qualitatively correct for all valuestaf o (eV)

The method has proven to be quantitatively correct even for ) ) _

U=2.57A, where A is the resonant level widtl. In the FIG. 1. (a) Impurity spectral density as a function of energy).

present case, the particular features of the noninteracting sysemperature dependence of the central peak.
tem renders an estimate Af difficult, but in absence of the
corral A~0.2 eV | have choseJ=1 eV. This value is The differential tunneling conductanch/dV is essentially
enough to lead to a strong Kondo peak, remaining within theroportional to the local conduction spectral density
range of validity of the approximatiorEy was adjusted in  p (r,w)=—Im{G(r,w)}/ 7. At or very nearR; there might
order that the Hartree-Fock effectivklevel E4 falls near be a small deviation due to direct tunneling between the
er, as suggested by first-principles calculatiédéwith a  STM tip and the impurity, which affects the line shape?
small shift of—22 meV to displace the Kondo feature to the This direct contribution cannot be transmitted to the mirage
experimenta| position fob=50 meV. The resu|ting impu- and for the sake of Clarity, | neglect it here. In addition, the
rity spectral functiorp ()= — Im{Gy(w)}/ is represented ~Similarity between the observed line shape at both foci sug-
in Fig. 1(a) for 5=50 meV. The shifts in the broad peaks gests that this effect can be neglected.
from Eq~—0.5 eV andEq+U~0.5 eV are due to the par-  For the case ofp;(r)V; independent of and constant
ticular structure of; andV; . The only peak of interest here density ofe; (as in the case of realistic models for 4f impu-
is the central one. Its temperature dependence is shown fifies in a metallic bulR with r at the impurity sitg the sum
Fig. 1(b). The peak looses intensity and broadens as the ten¥(f, @) can be evaluated easily, and in usual cases in which
perature is increased. This is a clear signature of its manythe distribution ofe; is much broader than the peak in
body nature. FoiT=T, the maximum of the peak with pd(®), the resultingSlies near the imaginary axis fes near
respect to the background is reduced to roughly half its valughe peak, ands® can be approximated by a negative real
atT=0. constant. Then, the change g(r,) after addition of the
OnceGgy(w) is known, the local conduction electron re- impurity Ap.=—1m{G4S?}/, is proportional to— pq(w)
tarded Green functioch(r,w)z((z/;(r);¢(r)T))w, with near its peak. Physically, the I.evel repulsion with the impu-
Y(r)=2;¢;(r)c;, can be obtained using the following exact rity states causes a depression @{r,w). However, the
relationship (simplified for real ¢;(r)) obtained from the above mentioned hypothesis are not valid in the present case,
equations of motion: and although this picture remains qualitatively correct for
large 6, the situation is different for smal. In Fig. 2 we
show the dependence pfi(w) with § at T=0. If & is very
Gc(r"")zzj: ¢{(NG](w)+Gu(w){S(r,w)}?, (5 small, there are two narrow peaks which correspond to two
discrete energy levels fa¥— 0. This agrees with the results
with of Thimm et al. for the case when one of the discrete states
coincides withe (the figure remains practically unchanged
S(r,w)=z <p]-(r)VjGQ(w). (6) if e is increased toe,g).* In addition, for 5=1 meV,
j ! pc(r,w) increasesat the position of these two peaks after
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FIG. 2. Impurity spectral density as a function of energy for
several values ob.

adding the impurity, and the shape afp.(w), although
smoother than that gb.(w) is also in strong disagreement
with experiment. The structure with two peakspif{ w) dis- FIG. 4. Contour plot ofpy(r,@) for =50 meV (top left,
appears for_5~ 18 meV, but a_clear s_harp peak d(_)es _notApc(r,w) for 5=20 meV (top right, and Ap, for 5=50 meV
develop until3~30 meV. In spite of this, as shown in Fig. (pottom lefy, with w=10 meV. For comparisons|e(r)|? is
3(a), Ape(Ri,w) for 6=20 meV is roughly consistent with gisplayed at the bottom right.
experiment. This is easily understood noting that for sréall
S is dominated by the term proportional tGZZE(w sity at the empty focus is nearly 8 times smaller. &sn-
—g49) 1, and In{G4S?} becomes narrower than By . creases, other conduction states increase their contribution to
The fact thatS is dominated by the term with=42, Sandp.. By symmetry, all of them are even under reflection
means that essentially only this state “feels” the presence othrough the major axis, but they can have any parity under
the impurity atR; and leads to a large mirage effect, sincereflection through the minor axis. While ¢4(r) is even
this state transmits coherently the information to the otheundero, the other states nearestdp with important hybrid-
focus[see Fig. 8a)]. However, in the experiment the inten- ization with the impurity (V;|>|V,,//2), namely 32, 35, and
51, are all odd. These states contribute with the same sign as
. . . . r 42 to the imaginary part o8 at the impurity focusR; [see
Egs. (3) and (6)], but with the opposite sign at the empty
focusoR;=—R;. In other words, at the position of the mi-
rage there is a negative interference of the states with oppo-
site parity which tends to destroy coherence. Fér
=0.1 eV, the mirage is lost.
To confirm this physical picture, | have repeated the cal-
culation for6=0.1 eV, setting/;=0 for j=32, 35, and 51.
oft focus The Kondo feature becomes significantly narrower and the
-50 -~ right focus || mirage is restored with an intensity ratio 1/2. From results
60 . . . . . similar to those shown in Figs. 3 and 4 as a functiod,ahe
- - - - - experimental situation seems to correspon@dte40 meV.
If the direct tunneling between tip and impurity is indeed
important, 5 might be smaller. | have verified th& ap-
proaches an imaginary constant # 50 meV, and thatas
a consequengel p.(w) is quite similar topy(w) inverted
for 6=50 meV and all temperatures displayed in Fi¢h)1
(b) 3=50 meV In Fig. 4, | show the spatial dependencepefand Ap..
The former displays some features of the state 43 and is
similar to the experimental topograpkig. 2(c) of Ref. 1].
However, it is more sensitive to andeg thanAp., and to
003 o0 001 o000 o061 ooz o003 compare W|2th experiment it is necessary to perform an inte-
o (eV) gral overw. .In the dn‘feren.cge plow;pc(r),_ the c_qntrlbutl_on
of states which do not hybridize with the impuritike 43) is
FIG. 3. Change in the local conduction density of states at theemoved, and as in the experimentp.(r) displays essen-
impurity site (full line) and at the other focu@ashed lingfor two tially minus the density of the state 42. One effect of increas-
values ofé. ing § is that the minimum ofA p.(r), which [as the maxi-
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mum of | ,(r)|?] is slightly out of focus, displaces towards
it due to the increasing influence of other states.

The analysis of the decoherence effects point out the con-
ditions to improve the signal at the mirage, in addition to the
control of the confinement. Keeping for simplici® on the
major axis and the mirage point aiR;= —R;, one should
find a wave functiong,(r) with large amplitude at some
point R, with the condition that all wave functiong;(r)
with opposite parity unders than ¢(r) and |g;—¢g|
s(_).l QV have small amplitgde atR;. The size of the 003 002 001 000 001 D002 003
ellipse is then changed keepiegonstant to set| neareg o (eV)
and the impurity is positioned &®;. It turned out to be
difficult to find an ideal case for conditions close to the ex- FIG. 5. Ap.(r,w) as a function ofw at two positions = (x,0),
perimental ones. However, inspection of several tenths ofor an ellipse withezs=er, =50 meV, and the impurity posi-
wave functions suggests that af and b are reduced by a tioned atR;=(—0.4a,0).
factor 1.104(so thata becomes 64.6 Ain order that state ]

35 reaches the Fermi energy, and the impurity is placed at a N summary, | have shown that the level width of the
distance of 0.4 from the center of the ellipse, the feature conductlon states In a quantum corral, determined by the
observed airR; should be larger than that of the original quality of the confinement, controls the shape of the ob-

experiment. Keeping other parameters as in Fi@),3the served Kondo feature and the intensity of the mirage effect.
perl ' ping parame L The nature of the decoherence effect is clarified and the con-
resultingAp.(£R;,w) is shown in Fig. 5. The signal at the

; . . . . ditions to observe an enhanced effect with the impurity out
mirage IS in fag:t nearly two times Iarger than in the previous the foci are stated. Replacement of the Kondo resonance
case. The partial loss of coherence is here due to the states % a phenomenological form or a low-energy phase shift
and 42‘hWh('jCh are ?v_en_ undet Wh]'cli.ﬁ.S '3 odd. Th's result might be valid for poor confinement, but for the general de-
seems hard o explain in terms of billiard scattering. scription, a genuine many-body treatment is needed. To my

. In.order to |nvestlgate if nonmagnetic impurities like S Orlknowledge, this is the first calculation of this type for the
Si might lead to a mirage effect, | have repeated some Cac’wantum mirage

culations forU=0 and tuningEy so thatpy(w) is peaked
nearer. In agreement with Ref. 7, a mirage effect roughly | am indebted to C.R. Proetto for explaining to me the
consistent with experiment is possible onlyif are reduced procedure used to find the eigenstates of free electrons inside
by a factor~5, so that the hopping ~0.1 eV. This seems an ellipse'® Helpful discussions with C.R. Proetto, M.
unrealistic since replacement ofl dy s or p orbitals is ex- Weissmann, and H. Bonadeo are gratefully acknowledged.
pected to increase the hopping and involve more sites on thehis work benefitted from PICT 03-00121-02153 of ANP-
surfacé® In addition, the property of the Kondo resonance toCyT (Argentind, and PIP 4952/96 of CONICET. | am par-
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tune itself neag is lost. tially supported by CONICET.
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