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Kondo Box: A Magnetic Impurity in an Ultrasmall Metallic Grain
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We study the Kondo effect generated by a single magnetic impurity embedded in an ultrasmall
metallic grain, to be called a “Kondo box.” We find that the Kondo resonance is strongly affected when
the mean level spacing in the grain becomes larger than the Kondo temperature, in a way that depends
on the parity of the number of electrons on the grain. We show that the single-electron tunneling
conductance through such a grain features Kondo-induced Fano-type resonances of measurable size,
with an anomalous dependence on temperature and level spacing. [S0031-9007(99)08630-5]

PACS numbers: 72.15.Qm, 71.27.+a, 73.20.Dx, 73.23.Hk

What happens to the Kondo effect when a metal samplé&nderson model with a discrete conduction spectrum, in
containing magnetic impurities is made so small thathe slave-boson representation:
its conduction electron spectrum becomes discrete with
a nonzero mean level spacing? One expects the
Kondo resonance at the Fermi energy to be affected
whenA = Tk, the bulk Kondo temperature, since a fully
developed resonance requires a finite density of states + .
(DOS) neargr, and A acts as a low-energy cutoff for WheerO =2o 8jCjoCjo Here,o.denoteg spin and
the spin scattering amplitude. the_ ¢js Create conduction electrons in the (_j|screte, delo-

To achieveA = Tk, the sample would have to be pallzepl elgenst_atelgwlof the “free” system (i.e., without .
an ultrasmall metallic grain containing magnetic im-impurity). Their energies, measured relative to the chemi-
purities, to be called a “Kondo box” For example, cal potentialu, are taken uniformly spaced for simplicity:

for a metal grain of volumeV = (15 nm)® — (3 nm)® gj = JA + 8 — wm. Asin [3], we follow the so-called
andkr = 1 A1, the free-electron estimate = 1/N, =  Orthodox model and assume that thes include all ef-

27212 /(mkr V), with Ny the bulk DOS neaey, gives fects of Coulomb interactions involving delocalized elec-

A = 0.5-60 K, which sweeps a range including many frons, up to an overall constant, the charging endigy
typical Kondo temperatures. The discrete DOS ofran The localized level of thg magnetic impurity has bare
dividual grain of this size can be measured directly usingEN€rgys. far belowe, and is represented in terms of aux-
single-electron tunneling (SET) spectroscopy [1,2], adliary fermion and boson operators d$ = f1b, supple-
shown by Black, Ralph, and Tinkham [1] in their stud- mented by the constraid, f1f, + bTh = 1[4], which
ies of how a large level spacing affects superconductivityimplements the limit/ — < for the Coulomb repulsioty
Analogous experiments on a Kondo box should be able tbetween two electrons on thdevel. Its hybridization ma-
probe how a large\ (= Tx) affects Kondo physics. trix elementv with the conduction band is an overlap inte-
In this Letter, we study this question theoretically. gral between a localized and a delocalized wave function,
We find (i) that the Kondo resonance splits up into@nd, due to the normalization of the latter, scaleyas'/2.
a series of subpeaks corresponding to the discrete bokhus the effective width of thel level, I' = 7v?/A,
levels; (ii) that its signature in the SET conductancelS volume independent, as is the bulk Kondo tempera-
through the grain consists of Fano-like line shapes withture, Ty = +/2I'D /7 exp(— e, /2I), whereD is a high
an anomalous temperature dependence, estimated to éeergy band cutoff. To distinguish, within the grand
of measurable size; (iii) an even/odd effect: If thecanonical formalism, grains for which the total number of
total number of electrons on the grain (i.e., delocalizecelectrons is even or odd, we chogseeither on(u = &)
conduction electrons plus one localized impurity electron)or halfway between twéu = gy + A/2) single-particle
is odd, the weight of the Kondo resonance decreases molevels, respectively [3].
strongly with increasing\ and7 than if it is even. NCA approach—We calculated the spectral
The modek—For the impurity concentrations of 0.01% density A ,(w) of the impurity Green’'s function
to 0.001% that yield a detectable Kondo effect in bulkG () = —i6(t) {{d,(t),d}(0)}) using the noncrossing
alloys, an ultrasmall grain of typicalljl0*-10° atoms approximation (NCA) [5]. For a continuous conduction
will contain only a single impurity, so that interimpurity band, the NCA is known to be reliable down to energies
interactions need not be considered. We thus begin bgf 0.17¢ or less, producing spurious singularities only
studying the local dynamics of a single impurity in anfor T below this scale [6,7]. Since these are cut off by
isolated Kondo box, for which we adopt the (infinit®  the level spacingA in the present case, we expect the

H=Hy+ e D fifs +vDclbTfe +He), (1)
o j.o
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NCA to be semiquantitatively accurate over the entire paconditions tend to push Green'’s function poles off the real
rameter range studied hergé &nd A between0.1T7x and  axis, thereby broadening spectral peaks), but given the
5Tk). Denoting the retarded auxiliary fermion and bo- limited resolution of measured grain spectra [1], our goal
son propagators by ,(w) = [0 — g4 — Zpo(w)] 7}, here is merely to study th@ominantspectral features.
Gy(w) =[ow — 2,(w)]”", respectively, the self- Despite developing subpeaks, the Kondo resonance
consistent NCA equations read retains its main feature, namely significant spectral weight
de within a few Tx around the Fermi energy, up to the
2i0(w) = F[ —[1 — f(&)]JA%(e)Gy(0 — €), (2) largest ratios of A/ maxT,Tx) (=5) we considered.
& This implies that the Kondo correlations induced by the
de © spin-flip transitions between the level and the lowest-
Sp@) =T, f ;f(S)Aca(S)Gfa(a’ t&). ()  lying unoccupied; levels persist up to remarkably large
7 values ofA/ maxT, Tx) [10]. However, they do weaken
where f(w) = 1/[explw/T) + 1]. The finite grain size systematically with increasing, as can see in the inset
enters through the discreteness of the (dimensionlesgf Fig. 2, which shows the average peak height of the
single-particle spectral density of the baewthout im-  Kondo resonance (which quantifies the “strength” of the
purity, AQ(w) =AY 8(w — €;). (We checked that Kondo correlations) as a function df at fixed 7: The
broadening the Dirad’s by a widthy < 0.1Tx essen- peak height drops logarithmically with increasingonce
tially does not change thg = 0 results shown here.) In A becomes larger than abodit Conversely, at fixed

terms of the auxiliary particle spectral functioﬂib = A, it drops logarithmically with increasing” once T
—% IMGyyp, Ass(w) is given by (for details, see [7], becomes larger than abdubA (main part of Fig. 2), thus
Eq. (24), [8]) reproducing the familiar bulk behavior. Qualitatively,

these features are readily understood in perturbation
Agr(w) = ] de[e P + ¢ PE"9AT (e)A; (e — w).  theory, where the logarithmic divergence of the spin-flip
@) amplitude,r(w) < >, +, i(f’!, is cut off by eitherT or
) ) A, whichever is largest.

Numerical results—The results obtained fat;q(w) Parity effects—For A > T, the even and odd spectral
by numerically solving the NCA Egs. (2) to (4) for fynctionsAy, in Fig. 1 differ strikingly: The former has a
various 7 and A are summarized in Figs. 1 and 2. gingle central main peak, whereas the latter has two main
(We have checked that the equation-of-motion methogheaks of roughly equal weight. This can be understood
[9] yields qualitatively similar results for all quantities 55 follows: For an even grain, spin-flip transitions lower
discussed pelpw._) .FoA_ < T, the shape of the Kondo e energy by roughlyTx by binding thed electron
resonance is indistinguishable from the bulk case—  anqg the conduction electrons into a Kondo singlet, in
0). When A is increased well beyond', however, it \yhich the topmostsingly occupied; level of the free

splits up into a set of individual subpeaks, each of whichrermj sea carries the dominant weight, hence, the single
we found to sharpen without saturation&ss decreased

down to the lowest temperatures for which our numerics

were stable(T = 0.2A). Indeed, atT = 0 each peak o 8
of Ays(w) should have zero width, according to the € 7 [ & =
exact Lehmann representation. The latter also requiresg 4 §’
many additional zero-width “sublines” to appear for> 8 6 [ ¥
0, with exponentially small weights iA/T > 1. The £ ™ &
NCA is unable to resolve these (since self-consistency@ 5 f°|<'1? <
E
o 4
T a) even b) odd o
= A, o873 A, A=3Ty g 3 L
E, 3 { 2Tk ! 7 2Tk <,
= 2 A < 2 ; ;
g 1% 1Tk -0.5 0.0 og . TIT 0.5 1.0
AT S ANy o
0 FIG. 2. Even/odd dependence of the average peak height of
-10 -5 0 5 10 -10 5 0 5 10 the Kondo resonance, as a functionTyfTx. For an even box
w/Tg w/Ty (O), we averagedi,, over a rangeA centered on its central

subpeak, for an odd box®) over a range2A centered on
FIG. 1. Impurity spectral functiod,,(w) for various values its central two subpeaks (as indicated by arrows in Fig. 1).
of A at T = 0.5Tk; (a) even and (b) odd total number of The inset shows the same quantity as a functionAgi.
electrons. The individual curves are offset by one unit each. Numerical uncertainties are smaller than the symbol sizes.
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dominant peak inM4,,. For an odd grain, in contrast, leading contributions tel.(w) and G(V), these are pro-
the free Fermi sea’s topmogtlevel is doubly occupied, portional tov?> = T'A/#7 and thusgrow with decreasing
blocking energy-lowering spin-flip transitions. To allow grain size.

the latter to occur, these topmost two electrons are Gy(V), §G(V), andG(V) are shown in Fig. 3.Gy and
redistributed with roughly equal weights between this anddG, derived from the first and second terms Af(w),
the next-higher-lying level, causing two main peaks inare “out of phase,” because m}(‘?j?g(w) > Rer])-,,(w)

Ads and reducing the net energy gain frafiy by an near the peaks dﬁgg(w) (by Kramers-Kroenig). More-

amount of orderA. Th's. energy penalty 'Ptr'”s'ca”y over, 5G and G have rather irregular structures and line
weakens Kondo correlations in odd relative to even

: O 1
grains; indeed, the average, peak heights in Fig. 2 are Shapes, due toterferencebetweenG,, and[G.;, " in

systematically lower in odd than in even grains, and mor{‘f' and correspondingly betweety, and the bracketed
so the largers and the smallef. actor in (6) for6G(V). This interference is reminiscent
SET conductance-The above physics should show up of a Fano resonance [15], which likewise arises from the

in SET spectroscopy experiments: When an uItrasmaflmerflf")rggc(:"It’e%ve(':'nIi"1 reI:sona?Ee gnd tfhe condlrjlctlog elec-
grain is connected via tunnel junctions to léft) and  TO" . Incidentally, Fano-like interference has been

right (R) leads [11] and if the tunneling current through ©PS€rved in scanning tunneling microscopy spectroscopy
the grain is sufficiently small (so that it only probes but©f @ Single Kondo ion on a metal surface [16], for which

does not disturb the physics on the grain), the tunnelin he conduction electron DOS is flat. In contrast, for an

conductanceG (V) as function of the transport voltage r:trallsm?ll grai.n it con65istsho_f ?iszrete peaksh reflected in
V has been demonstrated [1] to reflect the grain's dist€ 1ast factorin Eq. (). This leads to a much more com-

crete, equilibrium conduction electron DOS. Such meaplex interference pattern, which does not directly mirror

surements are parity sensitive [1] even though a nonzer@?\lSpeC'{:clpeak strugture !g&g(w)bdlscuzsled above.f H
current requires parity fluctuations, since the latter can 'VeverthelessG(V) does bear observable traces of the

be minimized by exploiting the huge charging energie 'on_do effect, in thatthe interference pattern shows a
(E. > 50 K) of the ultrasmall grain. To calculate the distinct, anomalous’ dependencedue to that of the

SET current, we describe tunneling between grain an%ondo_rt_esonance. In particular, the weigtig under

leads byH, = 3}y (Ul et cio + H.c), wheree] the individual peaks ofG(V) becomeT dependent. (In
[ kjoa\"kjoCkoatjo Ly koa . . ..

creates a spipr electron in channet of leade € {L, R}. contrast, the weighw, under an individual peak of the

Neglecting nonequilibrium effects in the grain, the tunnel—balre conductancéi(V) is T independent, since thé
ing current has the Landauer-Biittiker form [12]: dependence of the peak shapeg/gfis determined solely

LR by df(w)/dw.) Thisis illustrated in Fig. 4, which shows

(V) = % f do Fv(w)Z[%} Acjo(®), the T dependence of the weight¥, and W, of the
LYt Yt i, first and second conductance peaks (counted relative to
®)

where Fy(w) = f(wo — eV/2) — f(w + eV/2), Acjs
is the spectral density oG, ;. (1) = —if(t) {c;x (1),
cﬁ,(O)}}, andyj, = 27>, Iuﬁjgl2 [13]. Neglecting the
ajo dependence of, the current thus is governed by oal
the conduction electron DOSA.(w) = X, Acjo(®). 0

Exploiting a Dyson equation fa&. ., it has the form A
, MVAWAIANTAN| WAl

18

1.0 p=

G(V), G, (V)

Aew) = = 3 MR EYE R B
jo 08 [ VA || A /A 4
X MG (@) + V(G (0)FGar ()] L Leee o [
where GEOJ)U =1/(w — &; + i0") is the free conduc- R &8 *oam °
f[lon electron Gree_n’s_ function [14], and the Correspond-HG_ 3. Differential conductance of (a) an even and (b) an
ing Kondo contribution to .the conductano€(V) = odd Kondo box forA = 4T. Dotted, dashed, and bold solid
dI(V)/dV = Go(V) + 6G(V) is lines give, respectively, the bare conductaggéV), the Kondo
2 T contribution8G(V), and the total conductanc®, + §G. The
6G(V) = ——y— AZ#‘J“’ Ags(w) curves with larger (smaller) amplitudes correspond Tte=
h T s 0.6Tx (1Tk); all are normalized such that the average of the

panels showsG(V,T = 0.6Tx) — 6G(V,T = 1Tk); i.e., the

|:I:”V(w) = Fy(e)) di’v(a))/dw:| bare conductanc&,(V) = 1. Thin solid lines in the lower
- . (6)
shaded areas (including signs) give the correspondirange

(w — €;)? w — g
= d of the weightsW;, W, of the first and second conductance
with Fy(w) = —g5[f(o — eV/2) + f(w + eV/2)]/2.  peaks, a< is lowered. This change is negative féf, and
Even though Kondo physics appears only in the subpositive forW, (see Fig. 4).
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1o | ] in this work result, above all, from the discrete density
' T W A=3Tk of states neaer, they should be generic for ultrasmall
1.00 grains, i.e., robust against including randomness in the
I model, such ag-dependent level spacings; and hy-
=" 098 bridization matrix elements;, or resolving the substruc-
-, 096 f ture inAy, (@) that the NCA smears out.
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