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Interaction between Kondo impurities in a quantum corral
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We calculate the spectral densities for two impurities inside an elliptical quantum corral, using exact diago-
nalization in the relevant Hilbert subspace and embedding into the rest of the system. For one impurity, the
space and energy dependence of the change in differential conductdmbtdV observed in the quantum
mirage experiment is reproduced. In presence of another imphidtydV is very sensitive to the hybridiza-
tion between impurity and bulk. The impurities are correlated ferromagnetically between them. A hopping
=0.15 eV between impurities destroys the Kondo resonance.
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[. INTRODUCTION width due to hybridization with bulk state$, is as large as
that due to the surfac&,. On the other hand, the rapid decay
In recent years, the manipulation of single atoms on top obf the hybridization matrix elements with distance and simi-
a surface using scanning tunneling microscéByM) was  lar or larger density of andp states at the surfatiesuggests
made possiblé,and quantum corrals have been assembledhat 8, is negligible and the experiment for one impurity can
by depositing a closed line of atoms or molecules on noblelso be explained i¥/,=0.1%* A calculation of §, has not
metal surface$-* The local conduction spectral density of been made yet. A recent experiment suggests\thas more
statesp.(r,w), measured by differential conductandédV  important tharlVs based on the rapid decay in the amplitude
reveals patterns that remind us of the wave functions of twoef the dip indl/dV as the STM tip is moved away from a Co
dimensional noninteracting electrons under the correspondmpurity.13 However, the interpretation, based on a model
ing confinement potential. In a recent experiment, a Co atondeveloped by Plihal and Gadzttk.assumes a flat jellium
has been placed at a focus of an elliptic quantum corral, anchodel for the conduction states at the surface. Ifsfa@dp
the corresponding Kondo feature is observed not only at thatlectrons of Co were included in the model, one would ex-
position, but also at the other focus, where a “mirage” ispect a bump in the local conduction density of states at the
formed as a consequence of the quantum interferéheei-  impurity site which should increase the amplitude of the
ants of this experiment involving several impuriti€3o at-  resonance there. The role ®, is not only crucial for a
oms and eventually mirages inside the corral are being pereorrect theory of the mirage experiment, but also for a gen-
formed, opening new possibilities in nanotechnolddyor  eral understanding of the interaction between metallic sur-
example, for two impurities at given positions inside a cir-faces and adsorbates. Since actuallywas introduced as a
cular corral of adequate radius, two independent mirages aghenomenological parameter which takes into account the
observed, suggesting the possibility of a simultaneous translectrons lost in the scattering procé$s,one expects that if
mission of information to remote places. Also, when two d,= d5, the interaction between impurities is roughly a
impurities are placed next to each other, the signature of thiourth of that forV,=0 if the same total widths,+ &, is
Kondo effect disappears and reappears again for a cluster &épt.
three impurities. For one impurity, the main features of the We obtain the ground state of the Anderson model in a
observed space and voltage dependenatl ifV have been  cluster which contains one or two impurities and the relevant
reproduced by several theori&s! However, they have se- conduction states inside a hard wall ellipse using the Lanczos
vere limitations. Since in Refs. 6—8 the density of states pemethod. These states are then mixed with bulk states using
spin at the impurityp4( ) is assumed rather than calculated, an embedding methdd.This embedding is essential to de-
these theories cannot account for the interaction between inscribe the low-energy physi¢8 Since the average separation
purities. In Ref. 9 the Kondo effect is absent, and perturbabetween the relevant conduction states100 meV (Refs.
tion theory in the Coulomb repulsidd (Refs. 10 and lis 8 and 10 is much larger than the Kondo temperatdrg
restricted to small values aJ. ~5 meV? a Kondo peak at the Fermi levet is absent in
The aim of the present work is to present a many-bodythe finite systemt*1This is confirmed by our calculations.
theory of the quantum mirage which reproduces the experiin addition, if the energy scale for embeddihgs much
mental results for the case of one impurity and gives reliablemaller thand, a Kondo peak is present at, but with
predictions when more than one impurity is inside the corralan exponentially small width~2T,. In any case the
We calculated/dV and several correlation functions. In ad- experimental line shape fatl/dV cannot be reproduced for
dition, we show that experiments with two impurities cansmallt.
elucidate the role of the direct hybridization between the im- The model and the embedding approximation are de-
purity and the bulkV,. Scattering theori€$’ obtained scribed in Sec. Il. Section IIl contains the results. Section IV
agreement with experiment assuming that the resonant leved a summary.
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[l. MODEL AND APPROXIMATION impurity spectral density at the Fermi energy(eg) practi-
cally coincides with the exact value, known from Friedel's
sum rule in cases in which the unperturbed conduction den-
sity of states is nearly a constant arougd.?>?* We have
H=2 ecl,Cj,+Ea> dl,di,+UY diididfdi verified this for the whole functional dependencepgf er)
1o ' ! with the occupation at an impurity site, embedded in a linear
chain. For much large¢, the approximation loses its quan-
+ 2 V[gj(R)d! cj,+H.c]+H". (1) titative validity. In the mirage experimegt-800 A and the
v size of the ellipse is~140 A. These arguments and com-
Herec], creates an electron on tith conduction eigenstate Parison of our results with those of other approximati8ns

(in Ordjérr of increasing energy)f a hard-wall e|||pt|c corral indicate that the apprOXimation is quantitatively valid for the
with wave functiong;(r) (Ref. 18 and d/, is the corre- ~Pparameters relevant for the experiment.

sponding operator for the impurity at sit. The hybridiza- The ¢j(r) are obtained as described eI_sewHQreNe
tion of these states with bulk states of the same symmetry ighoose the ellipse with eccentricigy=1/2 and size such that

described byH’. We assume that each of the impurity and the statej =42 lies ater.* The change indl/dV (Ad1/dV)
conduction states mixes with a different continuum of bulkafter an impurity is placed inside the corral is determined by
states: the conduction states which lie nee¢ and have a strong

amplitude|¢;(R;)| at the impurity position. FoR; at one
L : : focus they aré =32, 35, 42, and 51’ We have also included
H =t% (Cioij+H-C-)+Vb% (digbig+H.c). (2 j=24 and 62, although this inclusion leads to negligible
changes in the results. We took the impurity parameigrs
The by, represent bulk states for which we take a constant=—1 eV andU=3 eV used before by jsaghy et al.?* We
unperturbed density of 0.05 states/eV, similar to the densitfirst consider the cas¥,=0 and one impurity at the left
of bulk s andp states ak .*? Approximation(2) is justified  focus[R,=(—0.53,0)]. The valueV=0.04 eV was chosen
by a comparison of the noninteracting Green functions fotto lead to the observed width dfdl/dV. This corresponds
hard-wall corrals and more realistic boundary potentialS. to a hoppingV,=1.12 eV between an impurity and a sur-
The dressed matrixs describing the one-particle Green face atom below it, if a tight-binding model were used to
function is calculated by solving the Dyson equat®rg  describe the surface'! The remaining parametércontrols
+gH’'G, whereg is the corresponding matrix fdd’=0.>  the amplitude of the mirage at the right focus.
This equation represents an infinite sum of particular dia-
grams in perturbation theory inH’ (the chain . RESULTS
approximatio®). The diagonal matrix elements gfare cal-
culated using the recursion technique combined with the In Fig. 1(a we represent the resulting impurity spectral
Lanczos method. Off-diagonal matrix elements are calcudensity pg(w) for two values oft. A clear Kondo peak is
lated from diagonal elements of hybrid states, involving sunpbtained and fot=0.3 eV its width is very weakly depen-
and difference of basis states. The resultidgs exact not dent ont. Instead, fort—0, the peak splits into two very
only for H'=0 (isolated corrg| but also for the infinite narrow peaks out ofeg, in agreement with previous
system in the uncorrelated cabe=0. This shows that the studies:®**"We note that in this limit there is also a peak at
method is able to take into account adequately both strongr With very small spectral weight which corresponds to a
interactions at short distances and itineracy at small energgepressed Kondo effect: as long as there is a finite density of
scales. The interplay between both is essential to the physi¢gperturded conduction states at the Fermi engrgyone
of the Kondo effect. A similar approximate Dyson equationexpects a Kondo peak at the Fermi energy. However, since
in systems out of equilibrium has been used by Meir andhe relevant energy scalgx decreases exponentially with
Wingreen to extend the Landauer formula to interactingdecreasing,, the spectral weight of this peak also vanishes
systems! However, they do not attempt to solve the many-when t—0 or if the temperature is increased abovg.
body problem. Since, forTx—0, & diverges, our approximatiofas well as
Previous studies suggest that the approximation is googrevious one$"'1j are unable to describe this central peak.
when the matrix elements of the many-body self-energy beklnstead, recent results using Wilson’s renormalization group
tween states of the bath is small. This is the case here, baere able to describe correctly the structure with three peaks
cause the bath is far from the impurities, and experimentallyn a system with rotational symmetry in two dimensiéhin
it is clear that the spectral density of the conduction stateany case, the regime with split peaks does not correspond to
out of the corral is practically not altered by the addition of the mirage experiments.
one impurity. One would expect that a rough criterium for In contrast topy(w), the magnitude of the change in the
the validity of the approximation in the description of the conduction densityAp.(r,w) at the empty focusr= —R;)
Kondo effect is that the size of the exactly solved part shoulds quite sensitive td=0.3 eV: ast increases, the width of
be smaller or of the order of the screening length the conduction states increases, the weight of the states 32,
~hvelTk, whereTg is the Kondo temperature ang- is 35, and 51(odd under the reflection through the minor axis
the Fermi velocity. In practice, even whehis 10 times of the ellipseo) at ex increases and the depression ggf
larger than the size of the system, the resulting value of thé—R;,») decreases as a consequence of the negative inter-

The Hamiltonian can be written as
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-40 ! ! s ! ! the theory reproduces the space and energy dependence of
o8 el o0t ee0eer 021 WS AdI/dV observed in the experimefifll results so far agree

semiquantitatively with perturbative calculatiolfs- To see
FIG. 1. (a) Impurity spectral density as a function of energy for how the results change i#,= &5 is assumed, we have re-
two values of. (b) Change in the density of the mixed stéte[Eq.  ducedV by a factor\2. This should reducé by a factor 2.
(3)] at the impurity site(left focus for two values ofg and at the  Increasingv,, from zero to 1.2 eV, the original width gfy is
other focus fort=0.4 eV. restored. The intensity is reduced by a facta2 (due to the

_ 0 _ strong energy dependence &f). Ap. turns out to be~4
ference of these states with the even staté®4e differen-  times smaller. The additional factor 2 can be understood

tial conductancell/dV at zero temperature is proportional to from the fact that the change in conduction electron Green
the densityp; of the staté® function is proportional toV2G4(w), where G4(w) is the
impurity Green functiort® Except for these factors, the re-
sults are surprisingly similar to the previous ones. Some of
them will be displayed in Fig. 4.

We now turn to the case of two impurities, one at each
Hereq is related to Fano's interference parameter and reprefocus, forV,=0. The spectral density for one of these im-
sents the effect of a direct tunneling from the tip to the im-purities is represented in Fig(83. Comparison with the pre-
purity. Therefore, it is relevant only very near the impurity. vious case(Fig. 1) shows that the peak arourg broadens
Forq=0, ps(r,w)=p.(r,w). In Fig. (b) we represent the (by a factor~ 1.5), loses intensity, and shifts to lower ener-
effect of adding the impurity onp;(=R;,w) (Ap; gies. In addition, another very narrow peak appears
~Adl/dV). At the impurity siteR;, Ap.(r,w) is asymmet- ~13 meV belower . An analysis of the energy dependence
ric and smaller at the right of the valley. This is a conse-of the density of the individual conduction states shows that
quence of the asymmetry of the hybridization arowd the broad peak aroune is due to hybridization with states
[les1(Ri)|>|@35(Ri)|]. A symmetric line shape, as observed even undew (mainly 42, while the narrow peak reflects the
in the experimentaAdl/dV, is restored fog~1. The effect hybridization of the impurity states with odd stat@sainly
of this q is consistent with the fact that on a clean surface51). The effect of the second impurity qry is stronger than
Adl/dV is larger at the right of the peak. Another nice fact is that ondl/dV. This is due to the effect of the unperturbed
that the minimum ofAp; for g=1 lies at the experimental Green functions of the conduction states and is also present
position 1 meV. At the right focusr& —R;) we obtain a  in the one impurity cas®. Nevertheless, a broadening of the
similar valley, although slightly asymmetric and shifted to depression should be observed Adl/dV and seems in
the left. Increasing from 0.4 to 0.5, the magnitude of this qualitative agreement with recent experimehihe space
valley is strongly reducedits minimum is shifted above dependence is similar to that for one impuriBig. 2 but it
—5/eV) but its shape and width is retained. At the impurityis, of course, even under and not attenuated at the right
position there are no significant changes. focus.

The space dependence dp; for g=0 is represented in Qualitatively, the shape g4 can be understood looking
Fig. 2. As in the experimentald|/dV, the main features of at the noninteracting cadé=0, E4~eg. In this case, for
|oas(r)|?, attenuated at the right focus, are displayed. Thuspne impurity, the Kondo peak is replaced by a Lorentzian

f,,<r>=; ¢i(r)Cj,+ad;,. (3)
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FIG. 3. (@ Impurity spectral density for one impurity at each
focus and two values df (b) Change in the density of the mixed
statef, after addition of both impuritiefEg. (3)], at one impurity
site for two values ofy. Parameters ar¢=0.04 eV,V,=0, and
t=0.4 eV.

neareg. For two impurities, a change of basis of theor-
bitals to e,=(d;,+d»,)/v2, 0,=(d;,—ds,)/\2, sepa-
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FIG. 4. Ap.(r,w) as a function ofw for the case of one impu-
rity at the left focugsolid and dashed ling®r one impurity at each
focus (dash—double-dotted lipeParameters arg=0.04 eVA/2,
V=12 eV, andt=0.4 eV.

Hamiltonian is a doublet in which the impurity spins are
correlated ferromagnetically between thef8(- S,)=1/4)
and antiferromagnetically with state 42-s,,)=—1/2).
These values are near to those we find. The effect of the
hybridization of state 42 with bulk states can be modeled by
a tight-binding Hamiltonian in terms of Wilson’s orbitald,

is the strong-coupling fixed point of Wilson’s renormaliza-
tion group. An analysis of the stability of this fixed point
using perturbation theory as in Ref. 27 leads to the conclu-
sion that the ground state is a doublet Y¢gy=0. However,

we expect that as soon &g+ 0, the doublet is screened at a
very low temperature. The RKKY interaction between impu-
rities is several orders of magnitude smaller tlaand can

be neglected.

rates the problem into those corresponding to even and odd For the set of parameters correspondingye: &5, pq(w)

states undetr. The even state hybridizes mainly with con-

duction state 42 to form a resonance neay roughly twice

is much more similar to the one-impurity case, although a
structure reminiscent of a splitting is also present near its

wider than for one impurity due to the larger effective hy- maximum. In contrast to the case ¥f=0, when a second

bridization. Instead, the odd state, is displaced towards

impurity is added, the depressionAdl/dV at one impurity

lower energies due to hybridization with state 51 that liessite R; increases and its width is roughly the safsee Fig.
abovee (the hybridization with other odd states like 32 and 4). Comparison with results wheris increased from 0.4 eV

35 is smalley. The interactions modify the quantitative de-

tails of this picture. However, it remains qualitatively valid,

to t=0.5 eV (not shown suggests that whenS,= s,
Adl/dV at = R; for two impurities is roughly the sum of the

as indicated by the above-mentioned energy distribution ofesults atR; and —R; for one impurity. This is what one

the different conduction states.

would expect if the interaction is small enough.

To gain insight into the nature of the ground state, we Coming back to the casé,= 0, we have also verified that

have also calculated spin-spin correlation functions tfor
=0. A reliable method to includél’ in these calculations
has not been developed yet. For one impurity we ob{&jn
-Sy0)=—0.73, where§ is the spin of the impurity ands; is
the spin of the conduction stateThis value is close to the
minimum possible one-3/4. For j#42, (S-s;) are very

qualitatively similar features ihdI/dV are obtained at one
focus, if one impurity is placed there and the second impurity
is put at another extremum @f,,(r), like (0.222,0) in Car-
tesian coordinates with the origin at the center of the ellipse
(instead of placing it at the other fogudn this case, the
spectral densities at (0.220) have some additional structure

small. Inclusion oH’ should increase these correlations anddue to an important admixture of the state1n contrast, if
decreasésS; - s,,) by a few percent. The space dependence oboth impurities are placed close to the same focus and near

(S-s(r)), wheres(r) the conduction spin at positionfol-
lows closely|g4,(r)|%. For two impurities we find'S;- s,,)
—0.47 and(S,;-S,)=0.21. In the limit of largeU, one
expects that the main features of the spin dynamicsvipr
=0 are described by the Hamiltonidthy=J(S;+S,) - Syo,

each other, a moderate hoppitg 0.15 eV or larger be-
tween them is sufficient to destroy the Kondo resonance. In
particular Adl/dV becomes flat and featureless nezf.
This has been experimentally observe@ihe phenomeno-
logical theorie&” would predict approximately an additive

whereJ>0 is the Kondo coupling. The ground state of this effect.
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IV. SUMMARY neglected. If this hopping is larger than 0.15 eV, there is a
. . . .. .. tendency to form a singlet state between both impurity spins
We have studied the spectral density for impurities 'ns'deand the Kondo resonance disappears. To our knowledge, this

a quantum corral, using a many-body approach which treatlsé the first theory which is able to describe the line shape of

e_xactly the correlations in the Impurities and their hybrIOIIZa't e differential conductance when more than one Kondo im-
tion with the relevant conduction states at the surface an

treats approximately the hybridization with bulk states. Th Sgtmgflsp!]gg,ggresq;ﬁ gltjllem dcé) Sréﬁlbgrlﬁethg%zr\grlﬁ?aﬁhs o?]%nl]g_
method gives also the exact result in absence of interaction§ance for other corral shapes or positions of the Fermi
We have reproduced the main features of the mirage experk, ergy

ment for one impurity inside the corral. For two impurities '
inside the corral, the differential conductance is very sensi-

tive to the ratioVs/Vy. For the parameters of the experi-

ment, the spins of both impurities are antiferromagnetically This work benefited from PICT 03-06343 of ANPCyT

coupled with the conduction electrons and ferromagneticallyand PIP 4952/96 of CONICET. Guillermo Chiappe benefited
correlated between them, provided they are placed sufffrom EX210 of UBA. We are partially supported by
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