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Kondo effect and STM spectra through ferromagnetic nanoclusters
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Motivated by recent scanning tunneling microscope~STM! experiments on cobalt clusters adsorbed on
single-wall metallic nanotubes@Odom et al., Science290, 1549 ~2000!#, we study theoretically the size de-
pendence of STM spectra and spin-flip scattering of electrons from finite size ferromagnetic clusters adsorbed
on metallic surfaces. We study two models of nanometer size ferromagnets.~i! An itinerant model with
delocalizeds, p, andd electrons and~ii ! a local moment model with both localizedd-level spins and delocal-
ized cluster electrons. The effective exchange coupling between the spin of the cluster and the conduction
electrons of the metallic substrate depends on the specific details of the single-particle density of states on the
cluster. The calculated Kondo coupling is inversely proportional to the total spin of the ferromagnetic cluster
in both models and thus the Kondo temperature is rapidly suppressed as the size of the cluster increases.
Mesoscopic fluctuations in the charging energies and magnetization of nanoclusters can lead to large fluctua-
tions in the Kondo temperatures and a very asymmetric voltage dependence of the STM spectra. We compare
our results to the experiments.

DOI: 10.1103/PhysRevB.66.024431 PACS number~s!: 73.22.2f, 72.10.Fk, 73.63.Fg
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I. INTRODUCTION

Kondo physics1 has seen a revival in recent years due
an exciting series of new experiments on mesoscopic2,3 and
nanoscale4–7 systems, which has enabled a more thorou
and controlled study of the basic problem of a local mom
interacting with a sea of conduction electrons. It is now p
sible, for example, in quantum dots, to tune the Kondo te
perature,TK , with externally applied gate voltages2,3,6 or,
with the scanning tunneling microscope~STM!, to study the
Kondo effect at single magnetic impurities on metal
surfaces.4,5 The superb spatial resolution of the STM perm
unprecedented direct local spectroscopic detail of Kondo
purities.

Recent low-temperature (;4 K) STM experiments7 have
probed the spectroscopy of isolated nanometer and su
nometer ferromagnetic~Co! clusters on metallic single
walled carbon nanotubes.8 The tunneling spectrum of thes
small ferromagnetic clusters exhibited several interes
features—most notably Kondo effect in subnanometer dia
eter clusters and well resolved discrete level spacing in
nometer size clusters. Both subnanometer and nanom
size clusters exhibited a Coulomb charging gap in the sp
trum near zero bias. The Kondo effect in the subnanom
size clusters appeared in the spectrum as a Fano-like s
peak9,10with a half-width;15 meV (TK;80 K) at 4 K. This
peak was not present at 100 K, presumably due to ther
destruction of the Kondo resonance.

The goal of this paper is to present a theoretical fram
work to study the spin-flip scattering of conduction electro
from finite-size ferromagnetic clusters adsorbed on meta
surfaces. In particular, we are interested in understand
some of thesize-dependent featuresobserved in the tunnel
ing spectrum. We focus on how the Kondo Effect, the le
spacing, and the level widths depend on the size of the c
ter.
0163-1829/2002/66~2!/024431~17!/$20.00 66 0244
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Cluster ferromagnetism may be described by two alt
nate models.

~i! In the experiments of Odomet al.7 magnetism of the
cluster is most likelyitinerant in nature as bulk Co is an
itinerant band ferromagnet. The basic physics of itiner
clusters is captured in the model of Refs. 11 and 12~see Sec.
II !.

~ii ! In some other cases, however, including the case
many semiconducting ferromagnets13 and rare-earth materi
als, ferromagnetism is better described in terms oflocal mo-
mentsthat couple ferromagnetically or antiferromagnetica
to the cluster conduction electrons~holes!.

This motivated us to introduce another exactly solva
model, whered-electrons produce highly localized magne
moments. While the excitation spectrum of the two mod
turns out to be very similar, the way they couple to the m
tallic substrate is rather different. The most appropri
model to use in a given physical situation depends on
material that composes the nanoparticle and whether
more appropriate to think of the magnetism of the particle
due to localized moments or itinerant electrons that, altho
free to move about, are nevertheless polarized stron
enough to give a net spin to the cluster.

We make several assumptions during our computatio
We assume the clusters to have between, say, eight and
atoms and that they are large enough that bulk proper
such as the magnetization per atom, are not changed sub
tially due to their finite size. Furthermore, we assume that
single-particle states on the island are of extended chara
and therefore the single-particle level spacing decrease
;1/NA with an increasing number of cluster atoms,NA . We
also assume that the ferromagnetic spin splittingDs of the
extended states on the island is much larger than the sin
particle level spacing and is approximately independent
the size of the cluster. Thus the total spin of the cluste
rather large and is roughly proportional to;NA@1.

Depending on the strength of the electron tunneling
©2002 The American Physical Society31-1
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FIETE, ZARAND, HALPERIN, AND OREG PHYSICAL REVIEW B66, 024431 ~2002!
tween the metal and the cluster we may distinguish two
gimes: weak and strong. For weak tunneling we derive
effective Kondo Hamiltonian in second-order perturbati
theory in the tunneling. In this regime we find that at ve
low energy scales the cluster behaves most similarly t
quantum dot with a single unpaired electron. However, f
romagnetic interactions induce a large spin on the cluster
at the same timereducethe value of the effective exchang
coupling between the spin of the cluster and the electron
the metal.

The sign of the exchange coupling depends on the spe
details of the band structure on the nanoparticle. For a
cluster, in particular, the itinerant model gives a tendency
antiferromagneticcoupling, and possibly produces a Kond
effect. However, the Kondo temperatureTK , decreases very
fast with increasing cluster sizes, and therefore the Ko
effect can be observed only for very small clusters.

The effective couplings we obtain,Jeff, turn out to be in
general M3M matrices describing spin-flip scatterin
among theM conduction band orbital modes that couple
the cluster (M54 for metallic nanotubes.14! Therefore we
expect that a series of Kondo effects takes place at Ko
temperatures corresponding to the antiferromagnetic eig
values ofJeff. The total spin of the impurity,ST gets succes-
sively screened at each Kondo temperature as the temp
ture is lowered:ST→ST21/2→ST21 . . . . For ananotube
this compensation can never be complete15 for any spin
greater than 2 since there are only four channels available
screening.14 The degeneracy of the remaining unscreen
spin will ultimately be lifted by magnetic anisotropy induce
by spin-orbit coupling.16

To make closer contact with the experiments of Od
et al.7 we compute the STM tunneling spectrum using t
itinerant model. The simultaneous observation of the C
lomb gap and the discrete levels, whose widths almost e
the level spacing, suggest that the clusters investigated a
the intermediate tunneling regime. Nevertheless, carrying
perturbative calculations in the weak tunneling limit, we a
able to reproduce the essential features of the STM spec
abovethe the Coulomb charging energy. We find that sm
fluctuations in the charging energies can give rise to v
asymmetrical STM spectra.

From the STM spectra of the clusters at higher voltag
we can crudely estimate the Kondo temperature,TK , of a
small Co cluster of the size that exhibited a Kondo effect
Ref. 7. However, our estimates tend to give aTK that is too
small. We find that typical mesoscopic fluctuations in t
charging energies of a ferromagnetic cluster can consider
increase the Kondo temperature, however, they do not
count for the difference between our theoretical estima
and the experimentally observedTK .7 Nevertheless, the fac
that some small Co clusters exhibit Kondo effect while o
ers do not, indicates that these mesoscopic fluctuations
indeed play an important role in determiningTK . SinceTK
depends exponentially onJeff, relatively small changes in th
latter can induce large variations ofTK .

This paper is organized as follows. In Sec. II we introdu
the itinerant model of nanoscale ferromagnets. In Sec. III
study the spin-flip scattering of conduction electrons from
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itinerant cluster using second-order perturbation theory in
cluster-substrate tunneling, and we derive a general exp
sion for the matrix of Kondo couplings,Jeff. In Sec. IV we
make contact to the experiments of Odomet al.7 by calcu-
lating in a simple approximation the STM tunneling spe
trum of a ferromagnetic Co cluster on a metallic substrate
the limit of weak tunneling. In Sec. V we introduce a loc
moment model for ferromagnetism and show how to co
pute the effective interactionJeff in this case. In Sec. VI we
discuss in detail the connection between our work and rec
experiments. Finally, in Sec. VII we present our conclusio

II. ITINERANT FERROMAGNETIC CLUSTER MODEL

An itinerant mean-field model of a magnetic nanoparti
was first proposed by Canali and MacDonald11 and later ex-
tended by Kleff et al.12 to explain the dense spectrum
tunneling measurements of nanometer size Co particle17

The basic Hamiltonian is

Ĥcluster5(
j ,s

e j cj s
† cj s2

1

2

U

NA
SW •SW 1

EC

2
~N̂2ng!2, ~1!

wherecj s
† (cj s) creates~destroys! an electron with spins at

the j th energy level of the cluster with kinetic energye j ~see
Fig. 1!. The first term in Eq.~1! represents the kinetic energ
of the hybridizeds-, p-, andd-band electrons. The paramet
U.0 is the effective ferromagnetic exchange interaction
the cluster,NA is the number of atoms that constitute th
cluster, and

SW 5(
j

1

2 (
a,a8

cj a
† sW aa8cj a8 ~2!

is the total spin of the cluster. The second term in Eq.~1!
corresponds to ferromagnetic exchange on the cluste
gives rise to a spontaneous polarization of the cluster
making spin alignment of different levels energetically favo
able. Finally, the last term describes the charging of the c
ter with EC the Coulomb charging energy,N̂5( j ,sn̂ j s the
total number of electrons on the cluster, andng a dimension-
less gate voltage that determines the number of electron
the ground state.18

Throughout this paper we are neglecting fluctuations
the level spacing. In areal nanoparticle, the level spacin

FIG. 1. Spin excitations of a ferromagnetic nanoparticle. For
precise definition ofeA/I , dA/I , andDs see text.~a! The fully po-
rarized ground state.~b! and ~c!, lowest lying particle-hole excita-
tions having energy;dA/I .
1-2



s
g

ak
n

n
i

te
t

ca

d
pl
r,

gid
e
at
rg
fic

pie
el

pi

th
v

d

c
o

ay

he

To
2.

tic

les

KONDO EFFECT AND STM SPECTRA THROUGH . . . PHYSICAL REVIEW B66, 024431 ~2002!
between thej th and (j 11)th energy level can be written a
d j5^d j&1h j , where^d j& is the level spacing correspondin
to the bulk energy-dependent density of states,^d j&
;1/%(e j ), and h j (^h j&50) is a fluctuating part due to
shape irregularities in the nanoparticle. In this paper we t
h j[0, corresponding to an infinitely strong level repulsio

The advantage of this model is thatSz, S2, and nj are
conserved quantities and therefore the Hamiltonian in Eq.~1!
can be diagonalized exactly. In the more general situatio
magnetic anisotropy term should be added to the Ham
tonian. Nevertheless, for the experimentally investiga
clusters this anisotropy is estimated to be much less then
width of the Kondo resonance observed, and therefore it
be neglected.19

The ground state can be explicitly constructed,12

uS0 ,Sz5S0&G
N5)

j 51

n↑
cj↑

† )
j 51

n↓
cj↓

† uvac&, ~3!

with S0 and N the spin and particle number in the groun
state. The remaining states within the ground-state multi
may be explicitly constructed using the lowering operato

uS0 ,Sz&G
N5A ~S01Sz!!

~2S0!! ~S02Sz!!
~S2!(S02Sz)uS0 ,S0&G

N .

~4!

In itinerant ferromagnets there is an approximate ri
band splitting between spin-up and spin-down electron d
sity of states.20 Throughout this paper, we will assume th
our clusters are large enough that the band splitting ene
Ds , is well approximated by the bulk value of the speci
material we are considering. In our modelDs can be defined
as the energy difference between the highest occu
spin-up level,eA , and the highest occupied spin-down lev
e I ,

Ds[eA2e I ,

and from band-structure calculations it is known to be ty
cally of the order of a few electron volts20 ~see Fig. 1!. It can
be determined by demanding that the ground state of
ferromagnetic cluster be stable to fluctuations of energy-le
occupations with constant particle number, and is relate
the interaction parameterU as11

U5
NA

S0
Ds1d0 , ~5!

whered0 is a small quantity that scales as 1/NA , while the
first term is roughly independent of the cluster size, sin
S0;NA . Using Eq.~5!, one can estimate the energy cost
a particle-hole excitation@see Figs. 1~b! and 1~c!#. This turns
out to be of the order of the level spacing (}1/NA) ~andnot
the exchange splittingDs),

dE~S061,N![min$Eexcited~S061,N!2EG%;dA ,d I ,
~6!
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whereEG denotes the ground-state energy, anddA (d I) is the
level spacing neareA (e I). If U is large enough to fully
polarize the cluster, the energy scales outlined above m
change.21

The minimum cost of adding a particle or a hole to t
cluster can be defined as

dE6,s[min$E~N61,S01s/2!2EG%, ~7!

where the minimum is over all possible excited states.
determinedE6,s we consider processes like those in Fig.
These energies can be estimated as

dE1,↑'ē1EC
11S dA2

1

2

S0

NA
d02

3

8

Ds

S0
D , ~8!

dE1,↓'ē1EC
11S d I1

1

2

S0

NA
d01

1

8

Ds

S0
D , ~9!

dE2,↑'ē1EC
22S 1

2

S0

NA
d01

3

8

Ds

S0
D , ~10!

dE2,↓'ē1EC
21S 1

2

S0

NA
d01

1

8

Ds

S0
D , ~11!

where the corrections scale asO(1/NA
2), andEC

6 denote the
charging energies in the limit of vanishing ferromagne
coupling and an infinitely dense single-particle spectrum,

EC
6[ECS 1

2
6~N2ng! D . ~12!

The parameterē[(eA1e I)/2 in Eq.~8! can be absorbed into
the definition ofng , and we will set it to zero in what fol-
lows.

FIG. 2. Charging excitations of a ferromagnetic particle. Circ
indicate particles added to~removed from! the ground state.~a!, ~b!:
lowest energy state for adding a majority~minority! electron to the
cluster.~c!, ~d!: lowest energy state for adding a majority~minority!
hole to the cluster.
1-3
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FIETE, ZARAND, HALPERIN, AND OREG PHYSICAL REVIEW B66, 024431 ~2002!
The last terms in Eqs.~8!–~11!, proportional toDs /S0, are
specific to the mean-field model discussed here and h
little physical meaning. Their effect can be fully taken in
account by renormalizing the ‘‘chemical potential’’ē and the
mesoscopic parameterd0, and they therefore do not modif
our results.

Using a stability analysis similar to the previous one it
a trivial matter to show that typically

dE6,s;EC/2. ~13!

For later purposes it is also useful to have excitation
ergies of particles and holes added toany level defined,
dE6,s

j (N61,S01s/2). For example, increasing the tot
spin by adding an electron to thej th unoccupied level rathe
than the one immediately aboveeA gives,

dE1,↑
j [e j2~eA1dA!1dE1,↑ . ~14!

Removing an electron from levelj below e I so that the total
spin increases gives

dE2,↑
j [e I2e j1dE2,↑ . ~15!

It is important to point out that in our model all effects
mesoscopic fluctuations have been put into the quant
EC , d0, andng . All other quantities of the itinerant mode
are specified by the bulk band structure and the numbe
atoms,NA , in a given nanocluster.

III. WEAK TUNNELING BETWEEN A FERROMAGNETIC
CLUSTER AND A METAL

A. General expression

A finite-size ferromagnetic cluster can scatter electro
between different orbital channels in the substrate and
their spin while doing so. If the spin-orbit coupling is suffi
ciently weak then SU~2! symmetry in the spin sector implie
that the low-energy effective interaction between the clus
spin and the electrons takes the form~apart from a potentia
scattering term!

ĤKondo
eff 5

1

2 (
k,k8

JmnSW •amka
† sW aa8ank8a8 , ~16!

whereJmn is a Hermitian matrix of spin-flip exchange cou
plings among the various orbital channels, indexed bym and
n. ~In a one-dimensional system, such as a carbon nanot
m labels left-going and right-going modes of different sym
metries. In an isotropic two or three dimensional hostm la-
bels angular momenta about the cluster.! The total spin of the
cluster isŜ and theamka

† (amka) are creation~annihilation!
operators for conduction electrons of the metal in orb
channelm, wave numberk, and spina. A finite-size cluster
in an isotropic host will generally scatter electrons among
orbital channels, but in practiceJmn can be truncated to in
clude a finite number of channels, the largest angular m
mentum beingl;L/lF whereL is the size of the cluster an
lF is the Fermi wavelength of the conduction electrons.
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In the limit of weak tunneling,Jmn can be calculated in
second-order perturbation theory in the tunneling. T
Hamiltonian we consider isĤ5Ĥ01V̂, where Ĥ05Ĥmetal

1Ĥcluster and where Ĥmetal5(m,k,sem,kamks
† amks is the

Hamiltonian of the free conduction electrons of the me
and

V̂5 (
m,s, j ,k

~Vm
j ,kcj s

† amks1H.c.!, ~17!

where

Vm
j ,k[ (

n51

Np

Vnw j* ~RW n!cm,k~RW n!, ~18!

andNp is the number of points of electrical contact betwe
the cluster and the metal. Thew j (RW n) are the wave functions
of the j th levels on the cluster at the points of contactRW n and
thecm,k(RW n) are the wave functions of the metal atRW n . The
tunneling amplitudeVn can be estimated with a knowledg
of the wave functions near the cluster-metal contact po
and the work functions of the cluster and the metal.

We can determineJmn by equating

^ f uĤKondo
eff u i &5(

n

^ f uV̂un&^nuV̂u i &
Ei2En

, ~19!

where u i &5uS0 ,Sz&G
Nun,ki ,s& and u f &5uS0 ,Sz8&G

Num,kf ,s8&
denote the initial and final states with energiesEi and Ef ,
respectively, andun& stands for all possible intermediat
states with energyEn , H0un&5Enun&. Hereun,k,s& denotes
the Fermi sea with an additional electron in thenth channel
with momentumk and spins.

The easiest way to determineJmn is to focus on purely
spin-flip processes to which potential scattering does
contribute, and chooseSz5S0 ,s5↓ andSz85S021,s85↑,
giving ^ f uĤKondo

eff u i &5 1
2 A2S0Jmn. The right-hand side~RHS!

of Eq. ~19! is evaluated by summing over both states with
extra particle and states with an extra hole in the intermed
state~See Fig. 3!. After a rather straightforward computatio
we find thatJmn is given by the sum of three contributions

Jmn5Jd
mn1Js

mn1Je
mn . ~20!

The couplingsJd
mn and Je

mn describe the contributions from
tunneling processes involving doubly occupied and em
single particle levels,

Jd
mn52

1

S011/2(j <I
Vm

j ,kf* Vn
j ,ki

3S 1

dE2,↑1e I2e j
2

1

dE2,↓1Ds1e I2e j
D , ~21!
1-4
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KONDO EFFECT AND STM SPECTRA THROUGH . . . PHYSICAL REVIEW B66, 024431 ~2002!
Je
mn52

1

S011/2(j .A
Vm

j ,kf* Vn
j ,ki

3S 1

dE1,↑2eA111e j
2

1

dE1,↓1Ds2eA111e j
D ,

~22!

and the incoming and outgoing electrons were put at
Fermi energy. SinceDs@dE6,s both contributions areferro-
magnetic, i.e., all eigenvalues ofJd

mn1Je
mn are negative. To

see this let us first neglect thek dependence of theVm
j ,k’s.

Then the matricesJa
mn (a5e,d) can be expressed as a su

Ja
mn5( j Pj

mn . Each of these terms is obviously negati
semidefinite, i.e., for any vectoram the productam* Pj

mnan is
negative or zero. As a consequence,Je

mn and Jd
mn are also

negative semidefinite, i.e., in a diagonal basis all their eig
values are negative or zero. This simple proof can readily
extended fork-dependentVm

j ,k’s.
The physical reason that the doubly occupied and em

single-particle states give rise to a ferromagnetic contribu
to Jmn is that in the intermediate state in second-order p
turbation theory an electron~hole! that hops onto the island
with spin parallel to that of the cluster has smaller ene
than an electron~hole! with opposite spin orientation, due t
the ferromagnetic exchangeon the cluster. Therefore an elec
tron ~hole! on the substrate with spin parallel to that of t
cluster can lower its kinetic energy more efficiently throu
hopping to the empty~doubly occupied! states. This is re-
flected by the smaller energy denominator in Eqs.~21! and
~22!.

FIG. 3. Kondo scattering from a ferromagnetic cluster.~a! and
~c!, time ordered diagrams in second order perturbation genera
the single-particle contribution Eq.~23! to the effective exchange
Jmn. Solid lines represent the incoming and outgoing electr
while dashed lines denote the intermediate excited state of the n
particle. In~a! an electron in stateun,k,↓& hops on the cluster onto
level j and another electron leaves the cluster from levelj with
outgoing stateum,k8,↑&. In ~c! first an electron hops out from leve
j into stateum,k8,↑& and then the incoming electron hops onto lev
j. Level occupation changes are shown in~d!.
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Singly occupied levels, on the other hand, give anantifer-
romagneticcontribution toJmn,

Js
mn5

1

S0
(

j 5I 11

A

Vm
j ,kf* Vn

j ,ki

3S 1

dE1,↓2e I 111e j
1

1

dE2,↓1eA2e j
D , ~23!

with Js
mn having only non-negative eigenvalues.22 This is a

result of the Pauli principle, because only electrons~holes! in
states with spin antiparallel to that of the cluster may h
onto singly occupied levels in second-order perturbat
theory, and thereby reduce their kinetic energy.

Equations.~21!, ~22!, and~23! constitute one of the cen
tral results of the paper. They describe howJmn depends on
the density of states of the singly occupied levels on
cluster, the excitation energies to theN61 manifold of states
and the tunneling amplitudes to the various levels of
cluster.

In general, there is a competition among the three te
of Eq. ~20!, and thus the sign of eigenvalues ofJmn depends
on the specific structure of the single-particle density
states on the cluster, and other mesoscopic parameters
as dE6,s . In the absenceof ferromagnetic interactions on
the cluster,U50, however, the ferromagnetic contribution
Je

mn andJd
mn identically vanish, and the effective interactio

is always antiferromagnetic, provided there is an odd num
of electrons on the cluster.

The itinerant model has been used independently in R
23 to describe spinS51 metallic nanoclusters with simila
results. In that case the ferromagnetic interaction is we
U,d, the island is far from a ferromagnetic unstability, a
the S51 ground state of the island results rather from tw
single-particle states of the island having energies accid
tally closer thanU,d. Then the ferromagnetic contributio
of the doubly occupied and unoccupied levels is usually n
ligible, and the effective exchange interaction is domina
by the antiferromagnetic contributions of the singly occup
levels.23

The off-diagonal elements ofJmn are a sum of random
numbers since thew j* (RW n)cm,k(RW n) of Eq. ~18! have random
phase for differentj and m ’s. Therefore the size of the off
diagonal elements ofJmn will be down by a factor of
;A1/2S0;A^dA,I&/Ds compared to the diagonal ones wi
m5n, and the matrixJmn will be dominated by the diagona
elements if the number of scattering channelsM is much less
than 2S0.

B. Weak tunneling at a single point of contact

It is instructive and also useful to specialize the results
Sec. III A to the important case of a ferromagnetic clus
that makes contact with a metallic substrate in only a sin
point. Then we can choose a basis whereJmn consists of a
single nonzero element as all but one conduction chan
will decouple from the cluster~that is, a linear combination
of the host orbital modes can be found such that only o
orbital mode in the new basis has nonzero amplitude at
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FIETE, ZARAND, HALPERIN, AND OREG PHYSICAL REVIEW B66, 024431 ~2002!
impurity location!. With the origin taken as a single point o
contact, Vm

j ,k of Eq. ~18! reduces toVj[Vw j* (0)ck(0).
Equation~23!, e.g., then becomes

Js5(
j

uVj u2

S0
S 1

dE1,↓2e I 111e j
1

1

dE2,↓1eA2e j
D .

~24!

In the limit Ds ,dE6,s@d Eqs. ~22!, ~21!, and ~23! can be
approximately evaluated by assuming that the tunneling
trix amplitudes do not vary too much from level to level, a
replacing the sums by integrals. ForJs , e.g., we obtain

Js'
^uVj u2& j

S0
E

0

Ds
dj%~e I1j!S 1

dE1,↓1j
1

1

dE2,↓1Ds2j D ,

~25!

with %(e) the single-particle density of states on the clus
and ^uVj u2& j the average hybridization strength. The ferr
magnetic couplingsJd and Je can be expressed by simila
integrals. ForS0@1/2 these integrals can be combined in
straightforward calculation where the integrand 1/dE6,s1j
is separated into the two regionsj@dE6,s and j!dE6,s
and then approximated in each region. We obtain the follo
ing estimate for the effective exchange coupling valid wh
dE6,s@d:

Jeff;
^uVj u2&

S0
FPE

2`

` Ds%~j!dj

~j2e I !~eA2j!

2%~e I !lnS dE1,↓
dE2,↑

D1%~eA!lnS dE1,↑
dE2,↓

D G . ~26!

This simple expression is one of the central results of
work. Equation~26! describes the dependence ofJeff on the
particular details of the density of statesof an itinerant fer-
romagnetic nanocluster. The first term involves a princi
value integral~denoted byP) over energy and clearly show
that whenevere I,j,eA the contribution toJeff is antiferro-
magnetic; otherwise it is ferromagnetic, i.e., electron a
hole excitations in the singly occupied states give rise to
antiferromagnetic coupling while electron~hole! excitations
of the empty~doubly occupied! states give rise to a ferro
magnetic contribution. The last two terms of Eq.~26! are
mesoscopic fluctuationsthat depend on the specific chargin
energies of the nanocluster and the density of states at th
of the minority and majority bands. Other mesoscopic flu
tuations come from variations in the tunneling matrix e
ments and in the level spacing, which are ignored in
model. These mesoscopic corrections become more
nounced for smaller cluster sizes and lead to strong fluc
tions aroundJeff.

For Co, the single-particle density of states has a ma
mum within the spin-polarized part of the spectrum,e I,j
,eA , resulting in aJeff that tends to beantiferromagnetic.
Numerical evaluation of Eq.~26! using the actual density o
states for cobalt20 shows that the ferromagnetic contributio
to Jeff from Jd andJe reduce the dominant antiferromagne
contribution fromJs by roughly 50–60%. Fluctuations o
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dE6,s in small clusters by a factor of 2 can lead to sample
sample fluctuations of;10% in Jeff for Co. This ultimately
leads to large fluctuations in the Kondo temperature,TK ,
from cluster to cluster, sinceJeff appears in the exponent o
the expression forTK .

Equation~26! also describes howJeff scales with cluster
size. From the normalization of the cluster wave functio
we find ^uVj u&2;1/NA . Assuming that the magnetization o
the cluster per atom is determined by microscopic mec
nisms and thusU;Ds does not depend on the cluster siz
both S0}NA and %}NA . This results in a fast decrease
Jeff with increasing cluster size~spin!, Jeff}1/NA}1/S0, and
therefore an exponentially suppressedTK . Note that this
suppression inTK depends only on the level structureof the
ferromagnetic nanocluster, not on any interference effe
which may come from several points of contact.24

It is useful at this point to mention what would happen
U!d I ,A and we had an odd number of electrons on the cl
ter. There is then only one singly occupied level on the cl
ter, the sums in Eqs.~21! and~22! vanish, and the sum in Eq
~23! reduces to just two terms. As a result, for the spin 1
cluster, J1/2

eff }^uVj u&2/EC}1/NA
12a with a.0 since EC

}1/NA
a . Thus, for sufficiently largeNA , Jeff for the ferro-

magnetic cluster (U@d I ,A) will scale to zero faster withNA
than for the nonmagnetic cluster. In Sec. IV B and in t
conclusions, we will comment on what this means for t
scaling of the Kondo temperature with the number of ato
in such a cluster.

C. Weak tunneling at several points of contact

For tunneling at several points of contact we again turn
Eqs.~20–23!. In this case,Jmn is necessarily a matrix reflect
ing the scattering of electrons in more than one orbital ch
nel. As Eq.~18! shows, there will be significant random fluc
tuations in the matrix elementsJmn from the w j (RW n) as
cluster size is changed. ForNp points of contact there are
maximum ofNp orbital channels that will be scattered. How
ever, if Np is large, the number of orbital channels that a
scattered may be much smaller. The largest angular mom
tum ~orbital! channel scattered beingl;L/lF , the matrix
Jmn is approximately of size; l 23 l 2 for a cluster in bulk or
; l 3 l for a cluster in contact with a two-dimensional ele
tron gas. For a nanotube at most four orbital channels
scatter low-energy electrons.14

As we discussed earlier in this case, in principle at lea
one may observe a series of Kondo effects. The cluster
plays an underscreened Kondo effect, where the spin of
impurity is large and several channels with different coupli
constants try to screen it. The channel with the largest c
pling to the impurity screens half a spin first and ceases
interact with the impurity. Then the channel with the large
coupling from the remaining channels screens half a spin
so on. In practice, however, the various Kondo temperatu
are exponentially separated, and the very small Kondo t
peratures are likely to be much smaller then the sp
anisotropy energy of the cluster. Therefore in a realistic s
ation one can only observe one, or possibly two Kon
effects.25
1-6
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KONDO EFFECT AND STM SPECTRA THROUGH . . . PHYSICAL REVIEW B66, 024431 ~2002!
IV. STM TUNNELING SPECTRA AND KONDO EFFECT

A. STM tunneling spectra of ferromagnetic clusters

In the simplest model of STM spectra the tip is treated
a point source of electrons and the resulting signal is prop
tional to the local density of states (LDOS) at the tunnel
position rW,26

dI

dV
~rW,V!}LDOS~rW,v5eV![2

1

p
Im@GR~rW,v5eV!#.

~27!

Here GR(rW,v) is the retarded Green’s function of the su
strate below the tip, andV is the voltage difference betwee
the STM tip and the substrate. Below we consider only t
neling directly into the cluster, ignoring any Fano-type int
ference effects.9,10

Let us first focus on the high-energy part of the spectr
at v.TK , where the Kondo-type strong correlations a
negligible. Using standard manipulations we can express
retarded Green’s function as

GR~rW,v!'
1

NG
(

G,E,E8
F ^Guŵ~rW !uE&

3S 1

@v2~Ê2EG!#2MR~v!
D

EE8

^E8uŵ†~rW !uG&

1^Guŵ†~rW !uE&S 1

@v1~Ê2EG!#2MR~v!
D

EE8

3^E8uŵ~rW !uG&G , ~28!

where nowuE& denotes excited states of the system in
absenceof tunneling, i.e.,uE& is a direct product of the ex
cited states of the isolated cluster and the excited states o
isolated substrate andÊ5dE,E8E. The operatorŵ†(rW) „ŵ(rW)…
creates~annihilates! an electron at positionrW on the cluster.
We average over the ground-state multipletuG& with degen-
eracyNG52S011, andMR is the generalized retarded se
energy matrix.

Assuming that G0
j [2p%0(muVm

j u2,min$dE6,s ,dA ,dI%,
we can do perturbation theory in the tunneling. In this ca
the ground stateuG& can be approximated in leading order b
the product of the independent ground states of the clu
and the metal, and the summation over the excited statesuE&
turns into a sum over the statesuE6,s

j & defined in Sec. II~see
Fig. 2!. With these assumptions the retarded self-ene
MR(v) is approximately diagonal inE andE8,

MR~v!EE8'~real part!2 idEE8p(
n

d~v2En!u^nuV̂uE&u2,

~29!

where summation is carried out over all possible interme
ate statesun& andV̂ is given by Eq.~17!. The real part of the
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self-energy produces only a slight shift of the levels, and
can be neglected. The imaginary part, on the other ha
describes the broadening of the spectrum.

Within these approximations the STM spectrum can
expressed as

dI

dV
} (

j ,s,6
uw j~rW !u2

G6,s
j

~v7dE6,s
j !21~G6,s

j /2!2
~30!

whereG6,s
j is the total decay rate of the excited state w

excitation energydE6,s
j .

Equation~30! assumes that no two states of the cluster
the same spin sector are closer to each other thanG0. Other-
wise they may produce Fano-type resonances due to th
terference between electrons~or holes! that tunnel through
these states. For our mean field models with maximum le
repulsion, however, this condition is always satisfied ifG0
,d I ,dA . Also, if the ground-state energy difference for th
cluster withN andN61 electrons on it~or with spinS0 and
S061) is too small compared toG0 the initial state will not
have a definite electron number~or spin! and our computa-
tion breaks down.

For dE6,s
j .dA,I we find that the decay rateG6,s

j is typi-
cally larger than the single-particle tunneling rate;G0

j . This
can be understood as follows. Assuming that the ST
cluster voltage is already large enough to overcome the C
lomb blockade, an energy;EC/2 is transfered to the cluste
as an electron or hole hops onto the cluster from the S
tip. The extra charge carrier then tunnels into the leads. H
ever, fordE6,s

j .dA,I the island can be left behind in a sta
that contains electron-hole excitations. Assuming for
sake of simplicity thatG0

j 5G0 is independent of the single
particle state indexj, we obtain the result that the width of
given level is proportional to the number of ways it ca
decay:G6,s

j 'Ndecay
( j ,6,s)G0, whereNdecay

( j ,6,s) is the number of
island states withN electrons whose energyE(N)2EG

,dE6,s
j and which are accessible by the addition~or sub-

traction! of just one electron from the state corresponding
dE6,s

j . There is no simple expression for theNdecay
( j ,6,s)’s; they

depend sensitively on the levelj, NA , EC , and thefluctuat-
ing mesoscopic parametersd0 and ng , and we have to de-
termine them for each set of parameters and each level s
rately.

Within the mean-field model we are using and to lead
order in the tunnelingV̂ the number of decay channels of th
state with energyE6,s

j does not depend onj. This is an
artifact of the mean-field approximation. In higher orders
the tunneling~virtual tunneling processes! or in the presence
of electron-electron interactions on the island~which may
also change level occupations! excited states with larger en
ergies generally have a larger decay amplitude. Example
decay processes for a given excited state are shown in Fi

According to Eq.~30!, the weakly coupled cluster spec
trum is simply a series of Lorentzian peaks centered at
particle and hole addition energies determined by Eq.~1!,
Eq. ~5!, and the actual band structure of Co~Ref. 20! with a
weight modulated by a random amplitudeuw j (rW)u2. In our
1-7
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FIETE, ZARAND, HALPERIN, AND OREG PHYSICAL REVIEW B66, 024431 ~2002!
calculation~See Fig. 5! of the STM tunneling conductanc
we ignore~i! the amplitude modulation,~ii ! fluctuations in
the level spacing of the cluster beyond that given by ba
structure calculations20 ~as we discussed in Sec. II!, and~iii !
fluctuations in the hybridizationG0

j 'G0. These effects could
be included with some effort, but they would not be expec
to change our conclusions.

In principle, contributions from phonon scattering
electron-electron interactions also contribute to the rel
ation rateG6,s

j ; however, in the experiments of Ref. 7 the

FIG. 4. The dashed lines represent possible decay channe
the statesuE1,↑&(N11 electrons! and uE2,↑& (N21 electrons! to
lower energy states withN electrons. In an actual decay, only one
the processes indicated by the dashed lines would occur.

FIG. 5. Calculated STM spectra of nanometer-size ferrom
netic clusters with parametersNA532, EC

150.01 eV, EC
2

50.08eV,G050.02 eV, andm50 at 4 K ~see main text!. We took

G0
j 52puVj u2%0'G0, independent ofj, and uw(rW)u25const in Eq.

~30!. In ~a! we setd050.07 eV while in~b! d0520.05 eV. The
difference between the two cases demonstrates the sensitivi
mesoscopic parameters.
02443
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can probably be neglected with respect to the single-part
relaxation channel considered here.

To compute the tunneling spectrum of an actual clus
with NA atoms we generated a discrete set of levelse j with a
level spacing corresponding to the single-particle density
states in Co.20 As discussed above, the nonuniform density
states is important to obtain a predominantly antiferrom
netic coupling, but is also important to obtain a stable grou
state with a partially polarized band. The STM spectrum
low bias voltages is governed by the level structure neareA
and e I since these are the only states probed in an S
measurement at low voltage bias. The majority and mino
level spacing at these energies can be estimated from b
structure calculations asdA55.55 eV/NA , d I51.43 eV/NA
andS050.855NA .20 For Co,Ds5eA2e I'2 eV.

For the sake of simplicity we setē5(e I1eA)/250 in our
computations, effectively absorbing it intong . This corre-
sponds to a specific choice of contact potential between
lead and the cluster, and does not influence the overall
tures of the spectrum.

Equation~30! assumes the cluster is in its ground sta
before the electron from the STM tunnels into it. Thus, in t
numerical calculation it is important to ensure that the p
rameters of the model give a ground state with definiteS0
and N. Using Eq.~1! and Eq.~5! and keeping track of the
1/NA corrections which are all put intod0, one can derive the
conditions for stability of the ground state, which we assu
to haveNs'1.71NA singly occupied levels. By considerin
the fluctuations in the ground-state spin shown in Figs. 1~b!
and 1~c! one can show that to guarantee stability,d0 must
satisfy the conditions

2
NA

S0
d I,d0,

NA

~S011!S dA2
Ds

S0
D . ~31!

For Co this simplifies to 21.67 eV/NA,d0
,3.21 eV/(0.855NA11). Similar conditions can easily b
derived for the quantitiesEC

1 andEC
2 by considering fluctua-

tions to theN61 manifold of states like those in Fig. 2 an
requiringdE6,s.0. For our model applied to Co we obtai
EC

1.21.0 eV/NA andEC
2.2.48 eV/NA .

A calculation of the tunneling spectrum of a ferroma
netic cluster withNA532 atoms and a corresponding sp
S0527 is shown in Fig. 5. For the computations we used
parametersEC

150.01 eV,EC
250.08 eV andG050.02 eV in

both figures. Then onced0 is given all thedE6,s
j are deter-

mined via relations similar to Eq.~8!. The quantityNdecay
( j ,6,s)

is computed numerically. In Fig. 5~a! d050.07 eV, and the
ground state is close to being unstable against the low
lying state within the (N,S011) subspace, while in Fig. 5~b!
d0520.05 eV, and the ground state is close to the low
lying state within the (N,S021) subspace.

In the spectrum in Fig. 5~a! there is a series of sharp pea
at negative bias~electrons are removed from the cluste!
while the spectrum at positive bias~electrons are added t
the cluster! is rather smooth. These features correspond v
well with asymmetrical features seen in some spectra of R
7. On the other hand, the lower spectra of Fig. 5~b! have less

for

-
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KONDO EFFECT AND STM SPECTRA THROUGH . . . PHYSICAL REVIEW B66, 024431 ~2002!
contrast between positive and negative biases. The only
rameter that has been changed between the two spectrad0

of Eq. ~5!. Different values ofd0 lead to different values o
the number of decay channelsNdecay

( j ,6,s) for positive and nega-
tive bias, and hence lead to different widths of the peaks
dI/dV. This calculation shows how mesoscopic fluctuatio
may make a significant qualitative difference in the spec
of two clusters with the sameNA , EC , and ng . For real
clusters mesoscopic fluctuations inEC and ng are also ex-
pected for fixedNA and these will also lead to qualitativ
changes in the spectra.

A careful comparison of our calculated spectra cor
sponding to the first few charging peaks with the experim
tal spectra shows that at voltage biases up to'6EC our
calculations are in agreement with experiment, however
larger biases, eV.EC @when two additional electrons~or
holes! could be added to the cluster at the same time#, the
experimental spectra show additional structure, not pre
in our calculations, presumably due to many body and
nonequilibrium excitations left out of our simple model.

As we will see in the following section, for the cluste
size of Fig. 5 the estimated Kondo temperature is sign
cantly below the experimental temperature, and no Kon
peak appears at zero bias.

B. Estimating the Kondo temperature

It is obvious that Eq.~30! does not include Kondo corre
lations and therefore does not produce a Kondo peak in
spectrum. However, it is generally true that when the Kon
effect is present, it produces a peak of width;TK at the
Fermi level with relative weight;TK /G0 due to the approxi-
mate unitary scattering, provided the temperature is less
TK , T,TK .1,15

In order to estimateTK and its dependence on cluster siz
we will use the results of Sec. III B for a cluster contacti
the substrate in only a single point of contact. There
several reasons why we believe this may be a reason
assumption to make for Co nanoclusters on meta
nanotubes.7 First of all, the ratio of broadeningG of energy
levels on the cluster compared to their separation;dA,I is
experimentally found to be almost independent of the clu
size. SincedA,I;1/NA andG;NP /NA (NP is the number of
points of contact!, this indicates that the number of effectiv
tunneling points is approximately constant for the clust
investigated in the measurements.27 In fact, since the diam-
eter of the clusters~0.5–1 nm! of Odom et al.7 are compa-
rable to the diameter of a nanotube there is appreciable
vature at the cluster-nanotube interface, and it is qu
possible that the cluster touches the surface of the nano
only at a few points. Since the tunneling amplitude is exp
nentially sensitive to the tunneling distance, it is also p
sible that only one or two of these points dominates
conductance between the cluster and the nanotube, resu
effectively in a coupling in the form of a single point o
contact.

The standard expression for the Kondo temperature in
Kondo model is given by1
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TK5DAJeff%0e21/Jeff%0, ~32!

whereD is the bandwidth of the conduction electrons of t
metallic host and%0 is the density of states of the host at th
impurity site. For a ferromagnetic cluster, however, this f
mula is incorrect, since the Kondo Hamiltonian provides
appropriate description of the cluster dynamics only bel
the characteristic energy of inelastic excitations,Einel
[min$EC ,dA,I%. As shown, for example, in the two-level sys
tem model,28 above this energy scale fluctuations to vario
excited states destroy the coherent spin processes leadi
the Kondo effect, and in the renormalization-group approa
in the regime aboveEinel the Kondo coupling remains un
renormalized. Therefore, for a single point of contact
estimate the Kondo temperature as

TK; min$EC ,dA,I%AJeff%0e21/Jeff%0, ~33!

where we replaced the bandwidthD of the conduction elec-
trons by the energy gap for inelastic processes on the clu
D→ min$EC ,dA,I%. Equation~33! is only of logarithmic accu-
racy. In general,TK contains an overall prefactor that inco
porates corrections from higher excited states as well as
sible mesoscopic fluctuation effects. This prefactor is usu
of the order of unity, however, in some cases it can be q
large and considerably increase the Kondo temperature.29

In principle, the quantitiesEC and dA,I can be obtained
directly from the STM spectra, andJeff%0 can also be related
to the spectra via the width of the energy levels of the clus
RecallingG0

j 52puVj u2%0 we can write

Jeff%0'
G0

2pS0
FPE

2`

` Ds%~j!dj

~j2e I !~eA2j!

2%~e I !lnS dE1,↓
dE2,↑

D1%~eA!lnS dE1,↑
dE2,↓

D G , ~34!

where we have used Eq.~26! and takenuVj u2→^uVj u2&. Re-
call that%(e)}NA .

As is evident from Eq.~30!, the actual level width of
cluster excited states observed in experiment isG j

5NdecayG0
j , whereNdecay is the number of energetically al

lowed decays for a particular excited state in theN61 mani-
fold as described in Sec. IV A. According to our model ST
spectra calculations~Sec. IV A! ~which computesNdecay

( j ,6,s)

numerically! Ndecay is typically 1–3 for clusters with 7–30
atoms. As the most favorable case for obtaining an exp
mentally consistentTK , we takeNdecay51 in our estimates.

To obtain an estimate of the Kondo temperature for
atoms adsorbed on nanotubes we used the experimental
of Ref. 7. For a cluster experimentally estimated to ha
NA58 atoms, the valueG;0.24 eV andEC;0.36 eV can
be directly determined from the experimental STM spectr
of cluster. Unfortunately, the level spacingd I ,A cannot be
determined directly from the STM spectra for these sm
clusters, but can we estimate them by rescaling the le
spacing measured at larger clusters, givingd I;0.24 eV.

Assuming that the spin splitting takes its bulk value,Ds
;2 eV we can then estimateTK using Eqs.~34! and ~33!.
1-9
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FIETE, ZARAND, HALPERIN, AND OREG PHYSICAL REVIEW B66, 024431 ~2002!
We numerically evaluated both the integral in Eq.~26! as
well as the discrete sums in Eqs.~21!–~23! using the actual
Co density of states20 ~assuming a single point of electrica
contact!. Neglecting the mesoscopic fluctuations indE6,s ,
the integral and the discrete sum were found to be wit
10% of each other forNA58, 16, and 32. The Kondo tem
perature estimated this way forNA58, TK;0.16 K turned
out to be about a factor 500 smaller than the experiment
observed Kondo temperature,TK

exp;80 K. ~We obtain a
value ofJeff%050.12 for NA58. This would need to be in
creased by a factor of; 2.5 to reach agreement with exper
ment.! Mesoscopic fluctuations ofE6,s may increase~or de-
crease! Jeff by ;10%. Furthermore, our integrals~and sums!
were evaluated with the assumption thatVj is independent of
energy. This is not strictly true and will lead to addition
fluctuations inJeff. These mesoscopic fluctuation effects typ
cally change the value ofJeff altogether by 10–15%. It seem
unlikely that such fluctuations could bring the theoretical
timate of TK into the experimentally observed range. Thu
there is a discrepancy between experiment and theory. T
may be several explanations for this disagreement that
discuss in detail in Sec. VI of the paper.

Equation~34!, on the other hand, is in qualitative agre
ment with the experiments in that it predicts an extrem
rapid decrease ofTK with increasing cluster size. Since for
single point of contactG0;1/NA , S0;NA , and %(j)
;NA , the dimensionless exchange coupling scales
Jeff%0;1/NA . We also verified numerically that the scalin
Jeff}1/NA of Eq. ~26! is maintained for the discreet sum
Eqs.~21!–~23!.

Note that if one were to assume multiple contacts betw
the cluster and substrate, while keeping the decay rate fi
then one would obtain smaller values for the typical tunn
ing matrix elementVm

j ,k and, hence, a lower Kondo temper
ture.

As we found in Sec. III B, the dimensionless couplin
constant for a nonmagnetic cluster,J1/2

eff %0;1/NA
12a , so that
d.
in

c-
u-
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the Kondo temperature is suppressed less rapidly with
creasingNA . In this sense, the large spin of a ferromagne
cluster does not ‘‘help’’ the Kondo effect in any way.

V. LOCAL MOMENT CLUSTERS

A. Local moment mean-field model

In many magnetic materials it is more appropriate to th
of a localizedd or f level ~as in the Anderson model! than to
think of strongly hybridizeds, p, and d bands. These loca
moments may couple to each-other ferromagnetically
produce ferromagnetism.

For small enough magnetic clusters with large enou
Curie temperature, at low enough temperature the local
ments form a large and rigid ferromagnetic spin,Sd , that
couples to the extended states~a ‘‘conduction band’’! of s
andp character. The simplest Hamiltonian that one can c
ceive to describe this situation reads

Ĥcluster5(
j ,s

e j cj s
† cj s1

J

NA
Ŝc•Ŝd1

EC

2
~N̂2ng!2, ~35!

with Ŝc and Ŝd the total spin of the extended states and
local moments, respectively. A justification of Eq.~35! is
given in Appendix A. Similar to the itinerant model, the fir
term describes the kinetic energy of the extended elec
states, and the third term accounts for the finite charg
energy of the cluster. The second term of Eq.~35! describes
the exchange interaction between the local moments and
extended states and tends to polarize the latter. We assum
what follows that the total spin of the conduction electrons
much smaller than that of the localized electrons. The
changeJ is typically antiferromagnetic,J.0, and the con-
duction electrons are polarized opposite tod electrons.30

The local moment model hasST ,ST
z ~the total spin and its

z component!, $nj%, Sd , andSc as conserved quantum num
bers, and can thus be diagonalized exactly. The ground s
is given by
uST ,ST
z&Sc ,Sd

N 5 (
Sc

z ,Sd
z ;Sc

z
1Sd

z
5ST

z
^Sc ,Sd ;Sc

z ,Sd
zuST ,ST

z&uSc ,Sd ;Sc
z ,Sd

z&N, ~36!
l

m
no
whereuSc ,Sd ;Sc
z ,Sd

z&N5uSd ,Sd
z&uSc ,Sc

z&N andST5Sd2Sc if
J.0. The stateuSc ,Sc&

N can be computed from Eq.~3! with
Sc replacingS0 everywhere, anduSc ,Sc

z&N is computed from
Eq. ~4! with Sc replacingS0 andSc

z replacingSz.
Stability of the ground state implies the relation

J5
NA

~Sd11!
Ds1O~1/NA!, ~37!

whereDs is now the band splitting of the conduction ban
Considering the type of particle-hole excitations shown

Fig. 1 and using Eq.~37!, one finds that the excitation spe
trum is very similar to that of the itinerant model. In partic
lar, we find that for charge fluctuationsdE6,s;EC/2, and
spin fluctuations have a gap;dA ,d I .

B. Computation of the exchange coupling

The coupling constantsJ̃mn of the local moment mode
depend on the sign of the exchange coupling,J, of Eq. ~35!.
Let us first focus on the caseJ.0 andSd.Sc . For the local
moment model,̂ f uĤKondo

eff u i &51/2A2STJ̃mn. To evaluate the
RHS of Eq.~19! we must again evaluate contributions fro
the conduction electron states with double, single, and
occupation,
1-10
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J̃mn5 J̃d
mn1 J̃s

mn1 J̃e
mn . ~38!

For the sake of simplicity, let us consider the contribution
singly occupied levels,J̃s

mn . Various matrix elements of the
typej

N11^ST11/2,ST21/2ucj↓
† uST ,ST&N arise in course of the

evaluation of J̃mn, and in contrast to the itinerant cluste
model, the intermediate states of the local moment mo
~with J.0 andSd.Sc) have anincreasein total spin on the
cluster in this case. To evaluatej

N11^ST11/2,ST

21/2ucj↓
† uST ,ST&N we first expanduST ,ST&Sc ,Sd

N and uST

11/2,ST21/2&Sc21/2,Sd

N11 using Eq.~36! to obtain

j
N11^ST11/2,ST21/2ucj↓

† uST ,ST&N

5 (
Sc

z
52Sc

Sc

^Sc ,Sd ;Sc
z ,ST2Sc

zuST ,ST&

3^Sc21/2,Sd ;Sc
z21/2,ST2Sc

zuST11/2,ST21/2& j
N11

3^Sc21/2,Sc
z21/2ucj↓

† uSc ,Sc
z&N. ~39!

What remains to be computed in Eq.~39! is the matrix ele-
ment j

N11^Sc21/2,Sc
z21/2ucj↓

† uSc ,Sc
z&N. To determine this,

we use the states of Eq.~4! with Sc replacingS0. The overlap
is computed by first directly evaluatingj

N11^Sc21/2,Sc

21/2ucj↓
† uSc ,Sc&

N and then applying the Wigner-Eckha
Theorem for generalSc

z . This yields j
N11^Sc21/2,Sc

z

21/2ucj↓
† uSc ,Sc

z&N5ASc1Sc
z/2Sc. This can then be substi

tuted into Eq.~39! which finally gives

j
N11^ST11/2,ST21/2ucj↓

† uST ,ST&N

5 (
Sc

z
52Sc

Sc ASc1Sc
z

2Sc
^Sc ,Sd ;Sc

z ,ST2Sc
zuST ,ST&

3^Sc21/2,Sd ;Sc
z21/2,ST2Sc

zuST11/2,ST21/2&

~40!

The results of the evaluation of all the matrix elements on
right-hand side of Eq.~19! for the local moment model a
well as the expression equivalent to Eq.~20! are somewhat
lengthy, so we relegated them to Appendix B. We evalua
them numerically forST5Sd2Sc ~antiferromagneticJ and
Sd.Sc) and found that the single-particle contribution to t
final exchange coupling differs in an overall sign from t
itinerant model result of Sec. III, and it is ferromagnetic. O
the other hand, ifJ is ferromagnetic, thenST5Sd1Sc and
the matrix elements above agree in sign with those of S
III.

This can qualitatively be understood as follows. Supp
the total spin,ST , of the cluster points upward. Then b
assumptionSd.Sc the spin of thed levels,Sd , also points
up. If the internal interaction,J, betweenSd andSc is anti-
ferromagnetic, delocalized electrons of the cluster with s
down will partially screen the local spin,Sd , so that the
singly occupied states tend to have have spin down. A s
strate conduction electron that hops on a singly occup
state must have, therefore, spin up that is parallel to the t
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spin, resulting in a ferromagnetic contribution to the effe
tive interaction between the total cluster spin and the s
strate. On the other hand, due to the antiferromagnetic in
action with the local spin, hopping to empty states with sp
down have an energy smaller than those with spin up~par-
allel to the total spin!, and give rise to an antiferromagnet
contribution to the effective interaction between the clus
spin and the substrate. The caseJ,0 can be understood
along the same lines.

Similar to the itinerant case, the signs ofJ̃d
mn , andJ̃e

mn are

always opposite to that ofJ̃s
mn regardless of the sign ofJ.

Therefore, there is in general a competition between th
terms, and the sign of the final coupling depends on spec
band-structure features.

For an antiferromagnetic coupling,J.0, in the limit
whereDs ,EC@d, andSc ,Sd ,ST@1 we can obtain the fol-
lowing simple estimate for a single point of contact, ana
gous to Eq.~34!:

J̃eff%0;2
^uVj u2&

ST
FPE

2`

` Ds%~j!dj

~j2e I !~eA2j!

2%~e I !lnS dE1,↑
dE2,↓

D1%~eA!lnS dE1,↓
dE2,↑

D G . ~41!

The sign of the effective coupling depends on the sign
Sc2Sd ~here given forSc2Sd,0). For completeness, w
also give the expression forJ,0, which does not depend o
the relative size ofSc and Sd ~note changes in mesoscop
fluctuations and overall sign!,

J̃eff%0;
^uVj u2&

ST
FPE

2`

` Ds%~j!dj

~j2e I !~eA2j!

2%~e I !lnS dE1,↓
dE2,↑

D1%~eA!lnS dE1,↑
dE2,↓

D G . ~42!

These expressions are particularly interesting. However la
the constituent spins (Sc ,Sd) of the cluster are, the cluste
may still have a large effective couplingJ̃eff if the couplingJ
betweenSd andSc is antiferromagnetic (J.0) and the total
spin is sufficiently small. In most casesSc,Sd , thereforeJ̃eff

is ferromagnetic and no Kondo effect develops. ForSc

.Sd , however,J̃eff changes sign~still assumingJ.0) and
becomes antiferromagnetic. In this case a Kondo effect
curs with an effective coupling proportional to;1/ST .

It should be pointed out that the results described ab
are valid only in the weak tunneling limit. In the strong tu
neling limit, the relative signs ofJ̃eff andJ are switched. For
example, when the ‘‘internal’’ interactionJ.0 and the clus-
ter is in thestrong tunneling regime one cannot distinguis
the cluster wave functions from those of the host. Thus,
J̃eff would have the same sign asJ. Therefore we expect in
this caseJeff to change sign as one gradually increases
tunneling between the cluster and the substrate. We have
studied in detail how this transition would occur.
1-11
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VI. DISCUSSION

This work grew out of an effort to better understand t
experiments of Odomet al.7 in which Kondo effect was ob-
served at low temperatures;5 K for subnanometer Co par
ticles adsorbed on metallic carbon nanotubes. Our mo
correctly predicts a Kondo temperature that decrea
quickly with increasing cluster size, however, our numeri
estimates ofTK tend to be too small by a factor of;500 for
a cluster withNA58.

There may be several explanations for our low estimate
TK .

~a! Mesoscopic fluctuations in Eq.~26! can eventually
increase the effective Kondo coupling and thus bringTK

close to its experimental value. However, since the sign
the mesoscopic fluctuations is random, this interpreta
would appear to contradict the experiments in which a s
nificant fraction of small Co clusters produced a Kondo
fect.

In addition to fluctuations in the various charging en
gies, the tunneling parametersVj and the level positionse j
also fluctuate from cluster to cluster. These additional fl
tuations were neglected in Eq.~26!, since their contributions
decrease with increasing cluster size. For small clust
however, they may produce important additional fluctuatio
in Jeff.

~b! It appears furthermore that the experiments were p
formed close to the mixed valence regime as the width of
levels is comparable to the Coulomb charging gap. The
fective Kondo Hamiltonian we derived in second-order p
turbation theory may not adequately predictTK in that case.
In general, approaching the mixed valence regime the Ko
temperature becomes larger than expected by the n
Kondo model calculation, the Coulomb gap shrinks, and
Kondo resonance gradually merges with the high-energy
of the spectrum.

~c! It could be possible that some of the Co atoms in
cluster are not strongly attached to the others, and in
STM spectrum one observes the signal of these individ
atoms. This explanation is, however, very unlikely in o
opinion, because the Co atoms show a very strong tende
to cluster formation, and moreover the Kondo resonanc
observed rather uniformly over the surface of clusters wh
are supported on nanotubes.

~d! In our analysis, we assumed that the anisotropy ene
is smaller than the Kondo temperature, and therefore
glected it. However, it is conceivable that very small clust
have a considerably larger anisotropy than our estim
based on experiments on large clusters.17 According to the
STM measurements,7 Co clusters in the nanotube expe
ments tend to have a ‘‘pancake shape’’ and the relative p
tion of the Co atoms is probably strongly modified with r
spect to the bulk due to the presence of the substr
Although the value of spin-orbit interaction on cobalt is n
particularly large, it is still possible that the highly anis
tropic shape of the cluster and the deformed bonds gene
an anisotropy that is larger than or comparable to the
served Kondo temperature,TK;70 K. The effect of anisot-
ropy on the behavior of the grain is rather complex, and
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shall discuss it in a subsequent publication.31 We would like
to mention, however, two important results that may be r
evant to the experiments. Large spin anisotropy is usu
unfavorable to the Kondo effect. In most cases it leads to
Ising-like behavior with exponentially suppressed effect
Kondo couplings, and gives rise to a dramatic decrease
TK . However, for very small grains with a half-integer tot
spin and an almost perfectplanar anisotropy, it can result in
an effective strongly anisotropic Kondo coupling that is co
siderablylarger than the couplings in Eq.~34!. We find that
for the smallest grains in Ref. 7 strong planar anisotro
could give rise to aTK in the experimental range.

~e! Another possible source of error is our assumption t
the calculated bulk density of states can be used for a s
cluster. If the peak in the density of singly occupied state
shifted significantly from the energy value shown in Ref. 2
the value ofJeff might be increased. It is also possible th
many-body corrections, omitted from our mean field mod
could increase the value ofJeff sufficiently to account for the
discrepancy with the experimentalTK .

It is interesting to compare the results for ferromagne
Co clusters with nonmagnetic Ag clusters studied on sing
wall metallic nanotubes.7 The Ag clusters showed no Cou
lomb gap or discrete level spacing in the STM spectru
This suggests that the Ag clusters were not in the weak
neling regime where valence fluctuations can be ignored,
where an effective Kondo Hamiltonian can be derived fo
particle with an odd number of electrons.~Indeed, if the cou-
pling to the substrate is sufficiently large, the mean num
of electrons on the cluster may be far from an integer, a
the distinction between even and odd becomes meaningl!
Our analysis suggests that a Kondo effect can occur fo
particle of a nonmagnetic metal, with odd electron numbe
the coupling to the nanotube is in an appropriate intermed
regime.

It is also interesting to compare the results for Co partic
on nanotubes with measurements of several Co particles
highly-oriented pyrolytic graphite~HOPG! sheet reported in
Ref. 7. The STM measurements did not show appar
single-particle levels in the latter case. Assuming that
coupling to a nanotube and graphite were not too differe
this could be explained by a higher density of states on
HOPG surface.32 ~Recall that for 1 nm Co clusters on nan
tubes, the level broadening was roughly equal to the le
spacing. Thus the levels may be broadened beyond res
tion on the HOPG surface.! The STM measurements typ
cally show a minimum in thedI/dV spectrum near zero bias
when tunneling into the Co cluster on HOPG, but the wid
of the feature is relatively large. When fit to a Fano formu
for a Kondo resonance, the authors of Ref. 7 obtained va
of TK of order 700 K even for clusters as large as 1 nm
diameter. Since it was not possible to raise the tempera
enough to observe a temperature effect on the tunneling
ture, however, supporting evidence for existence of a Kon
effect could not be obtained from this source. We note t
STM measurements for tunneling directly into the HOP
substrate also show a mininum at zero bias.

Differences in the coupling of Co clusters to a nanotu
or graphite surface may also play a role in the obser
1-12
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spectral differences. Theoretical and experimental studie
STM images of graphite surfaces have indicated that the
an asymmetry in the local density of states at near
neighbor atoms.33 This difference may also play a role in th
interpretation of the spectra of Co on HOPG. Finally, it
possible that the matrix element for coupling between
cluster and the nanotube is reduced relative to the coup
to graphite due to the curvature of the nanotube.

VII. CONCLUSIONS

In this paper we have studied electron scattering fr
ferromagnetic clusters on a metallic substrate. We stud
two cluster models. The first model describes itiner
ferromagnetism11 and is probably appropriate for the descri
tion of experiments such as those of Odomet al.7 on Co
clusters. We also proposed another solvable cluster mo
where spins on thed levels are treated aslocalizedentities.
This latter model may be more appropriate for nanosc
rare-earth ferromagnets or semiconducting ferromag
such as GaMnAs, though in both cases spin-orbit interac
plays an important role and leads to strong spin-anisotr
effects.

We derived a general expression for the Kondo coupli
Jmn for both ferromagnetic cluster models. The sign of t
obtained coupling depends in both models on the detail
the band structure. For the itinerant model, virtual tunnel
onto the singly occupied levels on the cluster induces
antiferromagnetic exchange interaction, while doubly oc
pied and unoccupied levels generate a ferromagnetic co
bution to the exchange coupling.

We have shown that for Co clusters the itinerant mo
leads todominantly antiferromagnetic couplingbetween the
cluster spin and the conduction electron spins. Howe
fluctuations to doubly occupied and empty states give a la
ferromagnetic contribution to the exchange coupling that
duce it to roughly half its original value, and thus cannot
neglected.~As we discussed in Sec. III, for the nonferroma
netic spinS51 islands studied in Ref. 23 these ferroma
netic contributions are small.!

The exchange couplingJmn involves various scattering
channels. Therefore, in principle, the cluster could produc
series of Kondo effects where the spin of the cluster is gra
ally screened.25

It is important to emphasize that in the regime of we
electron tunneling between the metallic substrate and
cluster, ferromagnetism has no special role in producing
Kondo effect as we have emphasized in Sec. IV B. In fa
our calculation shows that ferromagnetism tends tosuppress
the Kondo temperature with increasing NA more so than for
the case of a non-ferromagnetic cluster. Besides the
‘‘strength’’ of the ferromagnetism,U, the Kondo scale is also
affected by the density of states on the cluster and fi
charging energy, as well as the cluster-metal conductanc

The weak tunneling analysis we performed is only app
priate if the conductance between the cluster and the m
lead is smaller than the quantum conductance. Increasing
number of tunneling points leads to an increase in
cluster-metal conductance. Once this conductance beco
02443
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larger than the quantum conductance, the effective charg
energy is renormalized to a value close to zero, and a pe
bative computation inV̂ breaks down. In this regime ex
tended states on the cluster are strongly hybridized w
those in the metal, and can be viewed as part of the exten
states in the metal.

In the regime of strong electron tunneling between
substrate and cluster, it is not clear whether the itiner
model is able to produce a Kondo effect. On the other ha
our local moment cluster model gives a natural description
the strong tunneling regime. In the local moment model
localized d-electron spins can be viewed as a magnetic c
ter embedded in the metallic host. This model has been a
lyzed in detail in Ref. 24. In our local moment model, an
ferromagnetic exchange@J.0 in Eq.~35!# between the local
moments and the conduction electrons produces a Ko
effect in the strong tunneling regime, though, the Kon
temperature decreases very fast with increasing cluster
We have also argued that within the local moment model,
effective coupling between the electrons in the substrate
the cluster spin must change sign as one gradually incre
the tunneling between the cluster and the substrate.

Both the itinerant and local moment calculations sh
that the Kondo coupling isinverselyproportional to thetotal
spin ST of a ferromagnetic cluster, which in turn, is propo
tional to the size of the cluster.34 The Kondo effect is due to
quantum fluctuations of the cluster spin, and these are s
pressed as 1/ST for large ferromagnetic clusters. ThusTK
goes to zeroexponentiallywith increasing cluster size.

To make stronger contact with the experiments of Ref
on Co clusters on a carbon nanotube, we also calculated
STM spectra of a ferromagnetic cluster as described in S
IV A. We found that mesoscopic fluctuations in the chargi
energies may give rise to interesting qualitative changes
asymmetries in the STM spectrum. It is possible, for e
ample, that the positively and negatively charged states
the cluster have very different decay rates and therefore
positive ~negative! voltage side of the spectrum shows di
crete levels while the negative~positive! voltage side dis-
plays a continuum spectrum.

We can use the model parameters extracted from the h
energy part of the STM spectra to make an estimate ofTK
and predict how it scales with cluster size. Our results ag
with the experiments in that they produce a rapid decreas
TK thereby rendering the Kondo effect impossible to obse
in larger clusters. However, the Kondo temperature we fi
is already too small by a factor of;500 compared to theTK
observed for a small cluster of;8 atoms. In Sec. VI we
have enumerated a number of effects which might raiseTK
relative to the predictions of our simple model which may
a possible explanation for the discrepancy between the
and experiment. We remark that by neglecting the ferrom
netic contributions to the exchange coupling one would
tain aTK that is larger by a factor of;103. Thus the ferro-
magnetic contributions to the effective coupling are essen
and cannot be neglected.

Many open questions remain regarding the physics
small ferromagnetic clusters. Among them are:~i! accurate
estimates of the net spin of 5–50 atom clusters supported
1-13
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FIETE, ZARAND, HALPERIN, AND OREG PHYSICAL REVIEW B66, 024431 ~2002!
a substrate;~ii ! Magnetic anistropy energies in clusters
this size;~iii ! the nature of nonequilibrium and other man
body effects. We believe that the STM is a crucial tool f
gathering cluster-specific data for ferromagnetic nanop
ticles and will undoubtedly reveal even more intriguin
physics of these tiny systems in the years to come.
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APPENDIX A: DERIVATION OF THE LOCAL
MOMENT MODEL

Consider NA magnetic impurities embedded in clos
proximity in a metallic host. The Hamiltonian isĤ5Ĥmetal

1Ĥ int whereĤmetal5(m,k,sem,kn̂mks describes the free con
duction electrons and

Ĥ int52(
rW,rW8

JF~rW,rW8!SW d~rW !•SW d~rW8!1J(
rW

SW c~rW !•SW d~rW !

~A1!

describes the direct interactions between the impurityd lev-
els and the interactions between the conduction electrons
the magnetic impurities. The first term in Eq.~A1! describes
the ferromagnetic interaction among the localizedd levels of
the impurity atoms and the second term,HK[J( rWSW c(rW)
•SW d(rW), describes Kondo scattering from thesed levels by
the conduction electrons.JF(rW,rW8).0 is the ferromagnetic
exchange interaction between two localized d-levels anJ
.0 is the bare Kondo exchange coupling between thd
levels and the conduction electrons. The conduction-elec
spin operator at positionrW is

SW c~rW !5
1

2 (
j , j 8

w j* ~rW !w j 8~rW !cj a
† sW aa8cj 8a8, ~A2!

where w j (rW) is the wave function of conduction electron
with level indexj at rW. The utility of Eq. ~A1! is twofold.

~i! It gives an expression for the important limiting case
a ‘‘cluster’’ which consists of just one impurity. In this limit
Ĥ int5JSW c(0)•SW d(0) which is justHK for a single impurity.

~ii ! Equation~A1! can describe the limit of a cluster s
strongly coupled to the metallic host that the conductio
band conduction electrons of the cluster and those of the
cannot be distinguished.

Thus, the character of thew j (rW) that appear in Eq~A2!
varies depending on the physical situation. For a single
purity, w j (rW) is the wave function of the host metal condu
tion electrons, for a cluster in the weak tunneling regime
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described in Sec. IIIw j (rW) describes the conduction-ban
wave functions of the ferromagnet or ferromagnetic se
conductor and for a cluster in the strong tunneling regi
w j (rW) is a strong hybridization of the ferromagnet
conduction-band electrons and the conduction electron
the host metal.

To derive Eq.~35!, we neglect anisotropy in the cluste
magnetization formed by the localizedd levels. We further
neglect spin-wave excitations to states of different totad
electron spin of the cluster. In a Heisenberg-type model
may estimate the cost for such an excitation asEspin-wave
;JF(ak)2 wherea is the lattice spacing of the cluster’s a
oms andk is the largest wave vector of the spin wave a
lowed by the physical size of the cluster. If we takeJF; 0.1
eV, e.g., then for a small cluster of sizeL;10 Å with lattice
constanta;2.5 Å, kmin;p/L so that the minimum spin-
wave energyEspin-wave

min ;60 meV'600 K. Below that energy
scale spin waves can be therefore neglected and we can
centrate on the subspace where

(
rW

SW d~rW !5NASd5Sd
max. ~A3!

Within the subspace of maximum totald level spin, thed
level spin is a rigid spin which can only change its projecti
on thez axis. The collective effect of the impurityd levels is
to give the cluster a net spin. It is this spin that conduct
electrons will scatter from—either ‘‘directly’’ in the limit of
strong tunneling between the cluster and metallic host
‘‘indirectly’’ as described in Sec. III in the limit of weak
tunneling.~In the limit of weak tunneling only conduction
band electrons may hop on and off the cluster.! Within the
Sd5Sd

max subspace,

^Sd ,Sd8
zuĤKuSd ,Sd

z&

5
J

2 (
rW, j , j 8

w j* ~rW !w j 8~rW !cj a
† sW aa8cj 8a^Sd ,Sd8

zuSW d~rW !uSd ,Sd
z&

~A4!

'
J

2 (
rW, j , j 8

w j* ~rW !w j 8~rW !cj a
† sW aa8cj 8a

3
1

NA
^Sd ,Sd8

zuSW duSd ,Sd
z&. ~A5!

The sum overrW can be estimated,

(
rW

w j* ~rW !w j 8~rW !5H 1 j 5 j 8~normalization!

;
1

ANA

j Þ j 8~random numbers!

~A6!

Neglecting the off-diagonal terms,

HK'
J

NA

1

2 (
j

cj a
† sW aa8cj 8a•SW d ~A7!

5
J

NA
SW c•SW d ~A8!
1-14
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The full Hamiltonian is

Hcluster5(
j ,s

e j n̂ j s1
J

NA
SW c•SW d1

EC

2 S (
j ,s

n̂ j s2ngD 2

2(
rW,rW8

JF~rW,rW8!SW d~rW !•SW d~rW8! ~A9!

where we have put in the Coulomb charging energy by ha
Recall that now thecj s

† refer to conduction-band electron
not s, p, and d hybridized bands as in the itinerant mode
The last term in Eq.~A9! is just an irrelevant shift in the tota
energy in the subspaceSd5Sd

max so we drop it. Thus, we
arrive at

Ĥcluster5(
j ,s

e j n̂ j s1
J

NA
SW c•SW d1

EC

2 S (
j ,s

n̂ j s2ngD 2

.

~A10!

APPENDIX B: MATRIX ELEMENTS AND KONDO
COUPLINGS FOR THE LOCAL MOMENT MODEL

In this Appendix, we include some more lengthy expre
sions not included in Sec. V B. To complete the evaluat
the RHS of Eq.~19! for the local moment model described
Sec. V B we need the matrix elements,

M2[ N^ST ,ST21ucj↑uST11/2,ST21/2& j
N11

52 (
Sc

z
52Sc

Sc ASc2Sc
z

2Sc
^Sc ,Sd ;Sc

z ,ST2Sc
z21uST ,ST21&

3^Sc21/2,Sd ;Sc
z11/2,ST2Sc

z21uST11/2,ST21/2&,

~B1!

M3[ j
N21^ST11/2,ST21/2ucj↑uST ,ST&N

5 (
Sc

z
52Sc

Sc ASc1Sc
z

2Sc
^Sc ,Sd ;Sc

z ,ST2Sc
zuST ,ST&

3^Sc21/2,Sd ;Sc
z21/2,ST2Sc

zuST11/2,ST21/2&,

~B2!

M4[ N^ST ,ST21ucj↓
† uST11/2,ST21/2& j

N21

5 (
Sc

z
52Sc

Sc ASc2Sc
z

2Sc
^Sc ,Sd ;Sc

z ,ST2Sc
z21uST ,ST21&

3^Sc21/2,Sd ;Sc
z11/2,ST2Sc

z21uST11/2,ST21/2&.

~B3!

The matrix elements then directly yield the expression
the generalized Kondo couplings for the local mome
model,
02443
d.

-
n

r
t

J̃s
mn5A 2

ST
(

j 5I 11

A

Vm
j ,kf* Vn

j ,ki

3S M4M3

dE2,↑1eA2e j
2

M2M1

dE1,↑2e I 111e j
D , ~B4!

whereM1 denotes the matrix element already given in E
~40!. The productsM4M3 and M2M1 can be evaluated di
rectly,

J̃s
mn52

1

ST11 (
j 5I 11

A

Vm
j ,kf* Vn

j ,ki

3S 1

dE2,↑1eA2e j
1

1

dE1,↑2e I 111e j
D , ~B5!

giving a ferromagnetic contribution whenJ.0. If J,0 and
ST5Sd1Sc (↑→↓) one finds21/(ST11)→1/(ST), which
agrees with Eq.~23! of the itinerant model withST→S0.

A calculation similar to the one that led to Eq.~B4! and
Eq. ~B5! then yields:

J̃e
mn5 (

j .A
Vm

j ,kf* Vn
j ,ki

3S 2

2ST11

dE1,↓2eA111e j
2

1

ST11 S 2Sc

2Sc11D
dE1,↑1Ds2eA111e j

D ,

~B6!

and from the doubly occupied states

J̃d
mn5 (

j ,5I
Vm

j ,kf* Vn
j ,ki

3S 2

2ST11

dE2,↓1e I2e j
2

1

ST11 S 2Sc

2Sc11D
dE2,↑1Ds1e I2e j

D ,

~B7!

where we have agained assumedJ.0, giving J̃e
mn.0 and

J̃d
mn.0 sincedE6,s;EC/2. In the limit of a single point of

contact, one recovers an expression similar to Eq.~26!, Eq.
~41!, except with an overall sign difference whenJ.0 ~and
the precise form of the mesoscopic fluctuations!. In the case
J,0 ~take↑→↓ and↓→↑) we have

2

2ST11
→2

2

2ST11

and

1

ST11 S 2Sc

2Sc11D→2
1

ST
S 2Sc

2Sc11D
which makesJ̃e

mn,0 andJ̃d
mn,0.

The reduced matrix elements35 for the all the states of the
local moment model are given below.

~1! J.0,
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j
N21^ST11/2uucj uuST&d

N5A 2Sc

2Sc11
A2ST12,

j
N21^ST21/2uucj uuST&d

N5
2ST

A2ST11
,

j
N11^ST11/2uucj

†uuST&s
N5

2ST11

A2ST12
,

j
N21^ST11/2uucj uuST&s

N5A2ST12,

j
N11^ST11/2uucj

†uuST&e
N5

2ST11

A2ST12
A 2Sc

2Sc11
,

j
N11^ST21/2uucj

†uuST&e
N5A2ST11.

~2! J,0
h-
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.
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j
N21^ST11/2uucj uuST&d

N5
2ST12

A2ST11
,

j
N21^ST21/2uucj uuST&d

N5A2STA 2Sc

2Sc11
,

j
N11^ST21/2uucj

†uuST&s
N5

2ST11

A2ST

,

j
N21^ST21/2uucj uuST&s

N5A2ST,

j
N11^ST11/2uucj

†uuST&e
N5A2ST11,

j
N11^ST21/2uucj

†uuST&e
N5

2ST11

A2ST

A 2Sc

2Sc11
.
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