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Kondo effect and STM spectra through ferromagnetic nanoclusters
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Motivated by recent scanning tunneling microscdSd M) experiments on cobalt clusters adsorbed on
single-wall metallic nanotubg®domet 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 ferromagiefm itinerant model with
delocalizeds, p, andd electrons andii) a local moment model with both localizellevel 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.
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[. INTRODUCTION Cluster ferromagnetism may be described by two alter-
nate models.

Kondo physics has seen a revival in recent years due to (i) In the experiments of Odorat al.” magnetism of the
an exciting series of new experiments on mesoséomad  cluster is most likelyitinerant in nature as bulk Co is an
nanoscal®&’ systems, which has enabled a more thorougtitinerant band ferromagnet. The basic physics of itinerant
and controlled study of the basic problem of a local momentlusters is captured in the model of Refs. 11 andsk® Sec.
interacting with a sea of conduction electrons. It is now posdl).
sible, for example, in quantum dots, to tune the Kondo tem- (ii) In some other cases, however, including the case of
perature, T, with externally applied gate voltage¥® or, ~many semiconducting ferromagnetsind rare-earth materi-
with the scanning tunneling microscof8TM), to study the ~ als, ferromagnetism is better described in termkoél mo-
Kondo effect at single magnetic impurities on metallic Mentsthat couple ferromagnetically or antiferromagnetically
surfaced:® The superb spatial resolution of the STM permits 1© the cluster conduction electrofisoles.
unprecedented direct local spectroscopic detail of Kondo im- 1S motivated us to introduce another exactly solvable
purities. model, whered_—electrons _pro_duce highly localized magnetic

Recent low-temperature-(4 K) STM experimentshave moments. While the excitation spectrum of the two models

. turns out to be very similar, the way they couple to the me-
probed the spectroscopy of isolated nanometer and Sum?zillic substrate is rather different. The most appropriate
nometer ferromagneti¢Co) clusters on metallic single- : pprop

led b b&sTh i £ th model to use in a given physical situation depends on the
walled carbon nanotubesThe tunneling spectrum of tese o rja| that composes the nanoparticle and whether it is

small ferromagnetic clusters exhibitgd several interestingmre appropriate to think of the magnetism of the particle as
features—most notably Kondo effect in subnanometer diamgye to localized moments or itinerant electrons that, although
eter clusters and well resolved discrete level spacing in Nggee to move about, are nevertheless polarized strongly
nometer size clusters. Both subnanometer and nanometghough to give a net spin to the cluster.
size clusters exhibited a Coulomb charging gap in the spec- \We make several assumptions during our computations.
trum near zero bias. The Kondo effect in the subnanometep/e assume the clusters to have between, say, eight and forty
size clusters appeared in the spectrum as a Fano-like shaggoms and that they are large enough that bulk properties,
peak'ith a half-width~15 meV (Tx~80 K) at 4 K. This  such as the magnetization per atom, are not changed substan-
peak was not present at 100 K, presumably due to thermaially due to their finite size. Furthermore, we assume that the
destruction of the Kondo resonance. single-particle states on the island are of extended character,
The goal of this paper is to present a theoretical frameand therefore the single-particle level spacing decreases as
work to study the spin-flip scattering of conduction electrons~ 1/N, with an increasing number of cluster atorhg,. We
from finite-size ferromagnetic clusters adsorbed on metalli@lso assume that the ferromagnetic spin splitingof the
surfaces. In particular, we are interested in understandingxtended states on the island is much larger than the single-
some of thesize-dependent featuredserved in the tunnel- particle level spacing and is approximately independent of
ing spectrum. We focus on how the Kondo Effect, the levelthe size of the cluster. Thus the total spin of the cluster is
spacing, and the level widths depend on the size of the clugather large and is roughly proportional toN,>1.
ter. Depending on the strength of the electron tunneling be-
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tween the metal and the cluster we may distinguish two re- (a) (b) (©)
gimes: weak and strong. For weak tunneling we derive an . . o
effective Kondo Hamiltonian in second-order perturbation 9 147 c 47
theory in the tunneling. In this regime we find that at very A S
low energy scales the cluster behaves most similarly to a | — — 4_ )
quantum dot with a single unpaired electron. However, fer- o 4 - b T
romagnetic interactions induce a large spin on the cluster and ! H_# 4—# 4+t

at the same timeeducethe value of the effective exchange (N, Sy) (N Sy+1) (N, Sy-1)

coupling between the spin of the cluster and the electrons in

the metal. . . FIG. 1. Spin excitations of a ferromagnetic nanoparticle. For the
The sign of the exchange coupling depends on the specifigrecise definition ok, 5, andA see text(a) The fully po-

details of the band structure on the nanoparticle. For a Cearized ground stateb) and (c), lowest lying particle-hole excita-
cluster, in particular, the itinerant model gives a tendency fotions having energy- 8, .

antiferromagnetiaccoupling, and possibly produces a Kondo

effect. However, the Kondo temperatufg, decreases very itinerant cluster using second-order perturbation theory in the

fast with increasing cluster sizes, and therefore the Kondeluster-substrate tunneling, and we derive a general expres-

effect can be observed only for very small clusters. sion for the matrix of Kondo couplings®®. In Sec. IV we
The effective couplings we obtaid®", turn out to be in make contact to the experiments of Odemal” by calcu-

general MXM matrices describing spin-flip scattering lating in a simple approximation the STM tunneling spec-

among theM conduction band orbital modes that couple totrum of a ferromagnetic Co cluster on a metallic substrate in

the cluster W =4 for metallic nanotube¥) Therefore we the limit of weak tunneling. In Sec. V we introduce a local

expect that a series of Kondo effects takes place at Kondmoment model for ferromagnetism and show how to com-

temperatures corresponding to the antiferromagnetic eigerpute the effective interactiod®™ in this case. In Sec. VI we

values 0fJ®". The total spin of the impurityS; gets succes- discuss in detail the connection between our work and recent

sively screened at each Kondo temperature as the temperexperiments. Finally, in Sec. VII we present our conclusions.

ture is lowered:S;—S;—1/2—S;—1 . ... For ananotube

this compensation can never be compfetor any spin | |TINERANT FERROMAGNETIC CLUSTER MODEL

greater than 2 since there are only four channels available for

screening® The degeneracy of the remaining unscreened An itinerant mean-field model of a magnetic nanoparticle

spin will ultimately be lifted by magnetic anisotropy induced was first proposed by Canali and MacDorfaland later ex-

by spin-orbit coupling® tended by Kleffet al'® to explain the dense spectrum in
To make closer contact with the experiments of Odomtunneling measurements of nanometer size Co parti€les.

et al” we compute the STM tunneling spectrum using theThe basic Hamiltonian is

itinerant model. The simultaneous observation of the Cou-

lomb gap and the discrete levels, whose widths aimost equal v o _ 1U:zs, E(N— 02 (D)

the level spacing, suggest that the clusters investigated are in o 1T 2 Ny 2 9

the intermediate tunneling regime. Nevertheless, carrying out

perturbative calculations in the weak tunneling limit, we arewherec/, (c;,) creategdestroy$ an electron with spirr at

able to reproduce the essential features of the STM spectruthe jth energy level of the cluster with kinetic energy(see

abovethe the Coulomb charging energy. We find that smallFig. 1). The first term in Eq(1) represents the kinetic energy

fluctuations in the charging energies can give rise to venpf the hybridizeds-, p-, andd-band electrons. The parameter

asymmetrical STM spectra. U>0 is the effective ferromagnetic exchange interaction on
From the STM spectra of the clusters at higher voltagesthe cluster,N, is the number of atoms that constitute the

we can crudely estimate the Kondo temperatirg, of a  cluster, and

small Co cluster of the size that exhibited a Kondo effect in

Ref. 7. How_ever, our estimates tend to glvé',ath:_slt is too éZE E E S @)

small. We find that typical mesoscopic fluctuations in the T2 e ]

charging energies of a ferromagnetic cluster can considerably '

increase the Kondo temperature, however, they do not ads the total spin of the cluster. The second term in Eq.

count for the difference between our theoretical estimate§orresponds to ferromagnetic exchange on the cluster. It

and the experimentally observag .” Nevertheless, the fact Jives rise to a spontaneous polarization of the cluster by

that some small Co clusters exhibit Kondo effect while oth-making spin alignment of different levels energetically favor-

ers do not, indicates that these mesoscopic fluctuations maple. Finally, the last term describes the charging of the clus-

indeed play an important role in determinifig . SinceTy  ter with E¢ the Coulomb charging energil==2; ,n;, the

depends exponentially alf", relatively small changes in the total number of electrons on the cluster, amga dimension-

latter can induce large variations f . less gate voltage that determines the number of electrons in
This paper is organized as follows. In Sec. Il we introducethe ground staté®

the itinerant model of nanoscale ferromagnets. In Sec. Ill we Throughout this paper we are neglecting fluctuations in

study the spin-flip scattering of conduction electrons from arthe level spacing. In @&eal nanoparticle, the level spacing
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=
=

between thgth and ( +1)th energy level can be written as
8;=(6;)+ n;, where(d) is the level spacing corresponding
to the bulk energy-dependent density of statgs;)
~1lo(€;), and 7; ((7;)=0) is a fluctuating part due to
shape irregularities in the nanoparticle. In this paper we take
7;=0, corresponding to an infinitely strong level repulsion.

The advantage of this model is th&t, S?, andn; are
conserved quantities and therefore the Hamiltonian in(Eq.
can be diagonalized exactly. In the more general situation a
magnetic anisotropy term should be added to the Hamil-
tonian. Nevertheless, for the experimentally investigated
clusters this anisotropy is estimated to be much less then the
width of the Kondo resonance observed, and therefore it can
be neglected®

The ground state can be explicitly constructéd,

Tl
HETT I &

(Se+1/2,N +1) (S—-1/2,N +1)

=<
=

INAR
T 4

nT nl
z_ N_ T T
|SOvS_SO>G_J_1;[l anl;[l ¢ lvag, 3 (Sy= 12N - 1) (So+ 12N - 1)
with S, and N the spin and particle number in the ground FIG. 2. Charging excitations of a ferromagnetic particle. Circles
state. The remaining states within the ground-state multiplefdicate particles added teemoved from the ground statda), (b):

may be explicitly constructed using the lowering operator, \OWest energy state for adding a majorityinority) electron to the
cluster.(c), (d): lowest energy state for adding a majoritginority)

hole to the cluster.
(St o qroyg,
(259! (Sp— SZ)!( So-So)e- whereE g denotes the ground-state energy, #ad §,) is the
(4)  level spacing neae, (¢). If U is large enough to fully
polarize the cluster, the energy scales outlined above may
In itinerant ferromagnets there is an approximate rigidchange**
band splitting between spin-up and spin-down electron den- The minimum cost of adding a particle or a hole to the
sity of states® Throughout this paper, we will assume that cluster can be defined as
our clusters are large enough that the band splitting energy,
A, is well approximated by the bulk value of the specific OE. ,=min{E(N=1Sy+0/2) - Eg}, @)
material we are considering. In our modg] can be defined \ here the minimum is over all possible excited states. To
as the energy difference between the highest ocCupiefeterminesk. , we consider processes like those in Fig. 2.

spin-up level,e,, and the highest occupied spin-down level, Thaqe energies can be estimated as
€,

S0, )8 =

— 1S 3 Ag
As=ep—€, 5E+,T%E+EC+ 5A_§N_Ado_§§ , 8
and from band-structure calculations it is known to be typi- o 15, 1A
cally of the order of a few electron voff§(see Fig. 1 It can OE, |~et ES+| 8+ > N—d0+ = —S) , 9
be determined by demanding that the ground state of the A 8 S
ferromagnetic cluster be stable to fluctuations of energy-level 1 3 A
occupations with constant particle number, and is related to SE_ T,NVZL Ec— (_ id(ﬁ - _5) (10)
the interaction parametéf as’ ' 2Na " 85
_ 1S, 1A
NA ~ - _— —_ _S
Ungs—’—dO! (5) 5E*,l 6+EC+ ZNAdO—’_SSO), (11)

] ) , where the corrections scale @‘{llNi), andE¢ denote the
whered, is a small quantity that scales aN}/, while the  opar6ing energies in the limit of vanishing ferromagnetic

first term is_ roughly independent pf the cluster size, Sincecoupling and an infinitely dense single-particle spectrum,
So~Na. Using Eq.(5), one can estimate the energy cost of

a particle-hole excitatiofsee Figs. (b) and Xc)]. This turns . 1
out to be of the order of the level spacing¥/N,) (andnot EEEE0<§i(N—ng))- (12
the exchange splitting ), o
The parametee=(ea+ €)/2 in Eq.(8) can be absorbed into
SE(Sp=1N)=min{Egycited So=1N)—Eg}~6a, 6, the definition ofn,, and we will set it to zero in what fol-
(6) lows.
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The last terms in Eq$8)—(11), proportional toA¢/S,, are In the limit of weak tunnelingJ*” can be calculated in
specific to the mean-field model discussed here and hav&econd-order perturbation theory in the tunneling. The

little phySical meaning. Their effect can be fU”y taken into Hamiltonian we consider |§-| :ﬂ0+\,\/' where |:|0: F'metal

account by renormalizing the “chemical potentia’and the A and whereH...=3 € .a . a is the
g X cluster metal K, o€ w k?*pko*uko
mesoscopic parametelp, and they therefore do not modify Hamiltonian of the free conduction electrons of the metal
our results. and
Using a stability analysis similar to the previous one it is
a trivial matter to show that typically
9 ik
V=2 (Vicl,au,+H.c), (17)

SE. ,~Ec/2. (13) el

For later purposes it is also useful to have excitation enyhere
ergies of particles and holes added day level defined,
6E'iYU(Nil,SO+ ol2). For example, increasing the total Np
spin by adding an electron to thiéh unoccupied level rather vik= V.oo* (R = 18
than the one immediately aboeg gives, » nZl n#] (R) ¥ i(Ro), 18

OEL (=€~ (eat Op) T OE, ;. (14 andN, is the number of points of electrical contact between
Removing an electron from levglbelow ¢, so that the total  the cluster and the metal. Thg(R,) are the wave functions
spin increases gives of thejth levels on the cluster at the points of contBgtand
j the z//#,k(ﬁn) are the wave functions of the metall%{. The
SE_ =€~ €+ ;. (19  tunneling amplitudev,, can be estimated with a knowledge

o _ _ of the wave functions near the cluster-metal contact points
mesoscopic fluctuations have been put into the quantities \we can determing“” by equating

Ec, do, andng. All other quantities of the itinerant model
are specified by the bulk band structure and the number of

atoms,N,, in a given nanocluster. G =3 <f|v||5ri]>—<|2LV|l>’ (19
ll. WEAK TUNNELING BETWEEN A FERROMAGNETIC

CLUSTER AND A METAL where|i)=|S,,S)g|v.ki,o) and |f)=|So,S")g|u.ks o)

A. General expression denote the initial and final states with energigsand E;,

respectively, andn) stands for all possible intermediate

A finite-size ferromagnetic cluster can scatter electrong,ias with energ§,, Holn)=E,|n). Here| v,k o) denotes
between different orbital channels in the substrate and fligyo Formi sea withnén aodditiongl electron in thié channel

theirlspin thilre]: doéng so. If the spin-r?rbit _coupling _is s:;fﬁ- with momentumk and spine.
fr;e?tt%/ vvlea then @%Sytr_"m?“y in tt_e SE": secto:h|mp||est The easiest way to determird” is to focus on purely
at the low-energy efiective interaction between the clus eEpin—flip processes to which potential scattering does not
spin and the electrons takes the fofapart from a potential , ” ,
contribute, and choos#=S;,0=| andS* =S,—1,0' =1,

scattering ter
g term giving (f|HEM Ji)=2y2S5,J*". The right-hand sidéRHS)
~ off 1 LE of Eq. (19 is evaluated by summing over both states with an
Hkondo™ 5 2, IS0 T aar @k ar s (16)  extra particle and states with an extra hole in the intermediate
Kk state(See Fig. 3. After a rather straightforward computation

whereJ*" is a Hermitian matrix of Sp|n_f||p exchange cou- we find thatJ*” is given by the sum of three Contributions,
plings among the various orbital channels, indexegkbgnd

v. (In a one-dimensional system, such as a carbon nanotube, JHv= JHY 4 BV 4GB (20)

wu labels left-going and right-going modes of different sym-

metries. In an isotropic two or three dimensional hasta-

bel | b he clustEh | spin of th The couplingsJ§” and J5” describe the contributions from
€ls anguiar momenEraa out the clugtéhe total spin of the tunneling processes involving doubly occupied and empty

cluster isS and theaﬂk'a (a.ke) are creatior(annihilqtior) _ single particle levels,
operators for conduction electrons of the metal in orbital
channelw, wave numbek, and spina. A finite-size cluster

in an isotropic host will generally scatter electrons among all Jur— _ E VALERVEL

orbital channels, but in practic#” can be truncated to in- d Sot 2=+ Y

clude a finite number of channels, the largest angular mo-

mentum beind ~L/\g whereL is the size of the cluster and % ! — 1 (21)
\r is the Fermi wavelength of the conduction electrons. OE_+e€—¢ OE_ | +Aste—¢)’
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(a) (b) Singly occupied levels, on the other hand, giveaatifer-
_ 7 romagneticcontribution toJ*”,
v, k,¥ u, K5 4
j i +— +— +— A
. 1 ‘ .
\\% v & g —f—_) 4 L —+ [ —— E Vl’kf*VJ:ki
""" T S B e S
N N+1 N 4 4 I
‘ 4 A 4 1 1
time S e S +—~ X + , (23
OB, |—€11t€ OE_ | +tepr—e€
(© @ with J&" having only non-negative eigenvalu@sThis is a
v K4 w k4 - - result of the Pauli principle, because only electrdmdes in
— +— states with spin antiparallel to that of the cluster may hop
y = JhA—  — onto singly occupied levels in second-order perturbation
a W :: :: +—  theory, and thereby reduce their kinetic energy.
* v a4 ﬁ Equations.(21), (22), and(23) constitute one of the cen-
N N-1 N ++ ++  ++  tral results of the paper. They describe hatt depends on

the density of states of the singly occupied levels on the

FIG. 3. Kondo scattering from a ferromagnetic clustal.and luster, the excitation energies to the- 1 manifold of states

(c), time ordered diagrams in second order perturbation generating d the t i litudes to th . | s of th
the single-particle contribution E@23) to the effective exchange SclTjstere unneling ampiitudes 1o the various leveis of the

J#7. Solid lines represent the incoming and outgoing electron . .
while dashed lines denote the intermediate excited state of the nano- [N general, there is a competition among the three terms
particle. In(a) an electron in statpv,k, | hops on the cluster onto Of EQ. (20), and thus the sign of eigenvalues3f” depends
level j and another electron leaves the cluster from Igvelith ~ ON the specific structure of the single-particle density of
outgoing statéu,k’,1). In (c) first an electron hops out from level States on the cluster, and other mesoscopic parameters such
j into statel k', 1) and then the incoming electron hops onto level as 6E.. . In the absenceof ferromagnetic interactions on

j- Level occupation changes are showr(di the clusterU=0, however, the ferromagnetic contributions
J&¥ and J4” identically vanish, and the effective interaction
1 _ _ is always antiferromagnetic, provided there is an odd number
Jur=— 5+ 1/22 VL‘kf*V’V'ki of electrons on the cluster.
i=A The itinerant model has been used independently in Ref.
1 1 23 to describe spits=1 metallic nanoclusters with similar

results. In that case the ferromagnetic interaction is weak,
U<, the island is far from a ferromagnetic unstability, and

(22)  the S=1 ground state of the island results rather from two

single-particle states of the island having energies acciden-

and the incoming and outgoing electrons were put at thdally closer thanU<_5. Then the ferrqmagnetic.contribution
Fermi energy. Sinca > JE.. , both contributions aréerro- c.)f ;he doubly occup|eq and unoccup'led Ievgls 1S usually neg-
magne e, all cgenvalues o+t are negaive, To (9115 214 1 fectue oxcianee erecion & o
see this let us first neglect tHedependence of thb’JM""s. y 9

levels?®
iceg”’ (a= .
Then the matricedz” (a=e,d) can be. expre§sed asasum, tpe off-diagonal elements qf*” are a sum of random
Ji"=2;P{”. Each of these terms is obviously negative

InUR Lo numbers since the? (R,) ¢, «(R,) of Eq.(18) have random
semidefinite, i.e., for any vecta* the productay; P/"a, is J A Rk

) . - phase for differenf and u’s. Therefore the size of the off-
negative or zero. As a consequendg, and J5” are also diagonal elements of”* will be down by a factor of

negative semidefinite, i.e., in a diagonal basis all their eigen-_ N ; :
values are negative or zero. This simple proof can readily be V1255~ y(8a,)/A; compared to the diagonal ones with

ded fold deni/-© =, and the matrixd*” will be dominated by the diagonal
extended fok-dependent/;;"s. _ elements if the number of scattering chanrilis much less
The physical reason that the doubly occupied and empt

single-particle states give rise to a ferromagnetic contribution N Bo.
to J*” is that in the intermediate state in second-order per-
turbation theory an electrofhole) that hops onto the island
with spin parallel to that of the cluster has smaller energy It is instructive and also useful to specialize the results of
than an electroithole) with opposite spin orientation, due to Sec. Il A to the important case of a ferromagnetic cluster
the ferromagnetic exchanga the cluster. Therefore an elec- that makes contact with a metallic substrate in only a single
tron (hole) on the substrate with spin parallel to that of the point. Then we can choose a basis whét& consists of a
cluster can lower its kinetic energy more efficiently throughsingle nonzero element as all but one conduction channel
hopping to the emptydoubly occupiel states. This is re- will decouple from the clustefthat is, a linear combination
flected by the smaller energy denominator in E@4) and  of the host orbital modes can be found such that only one
(22). orbital mode in the new basis has nonzero amplitude at the

>< - 1
5E+,T_6A+1+€j 5E+,1+AS_6A+1+EJ

B. Weak tunneling at a single point of contact
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impurity location). With the origin taken as a single point of SE.. , in small clusters by a factor of 2 can lead to sample to
contact, VJM'k of Eqg. (18) reduces toV;=Ve[ (0)yy(0). sample fluctuations of-10% in J¢f for Co. This ultimately

Equation(23), e.g., then becomes leads to large fluctuations in the Kondo temperatdrg,
from cluster to cluster, sincg®" appears in the exponent of
1=S V2 1 N 1 the expression foly .
s T Sy \OEi | —€i1te€ OE_ tea—¢) Equation(26) also describes howe™ scales with cluster

(24)  size. From the normalization of the cluster wave functions
o we find (|V;[)2~1/N,. Assuming that the magnetization of
In the limit A, 6E. ,>6 Egs.(22), (21), and(23) can be  the cluster per atom is determined by microscopic mecha-
approximately evaluated by assuming that the tunneling manisms and thus) ~ A does not depend on the cluster size,
trix amplitudes do not vary too much from level to level, and poth SyxN, and @=N,. This results in a fast decrease of
replacing the sums by integrals. Ry, e.g., we obtain Je™ with increasing cluster sizéspin), J¢c 1/Ny 1/S,, and
) therefore an exponentially suppresséd. Note that this
I~ (IVil9); fASdgg(e +8) T 1 suppression i depends only on the level structuréthe
S Jo ' OB, +& OE_ |+A—¢&)"  ferromagnetic nanocluster, not on any interference effects
(25) which may come from several points of contétt.

It is useful at this point to mention what would happen if
with o(e) the single-particle density of states on the clusteru< ¢, , and we had an odd number of electrons on the clus-
and (|V;|?); the average hybridization strength. The ferro-ter. There is then only one singly occupied level on the clus-
magnetic couplingsly and J, can be expressed by similar ter, the sums in Eq$21) and(22) vanish, and the sum in Eq.
integrals. ForSy>1/2 these integrals can be combined in a(23) reduces to just two terms. As a result, for the spin 1/2
straightforward calculation where the integrandB./ ,+ & cluster, Ji;fzoc<|vj|>2/Ecoc1/N}\*“ with >0 since E¢
is separated into the two regiods>6E.. , and {<JE. ,  «1/N%. Thus, for sufficiently largeN,, J¢% for the ferro-
and then approximated in each region. We obtain the followmagnetic clustery> s, ») will scale to zero faster withN ,
ing estimate for the effective exchange coupling valid whenthan for the nonmagnetic cluster. In Sec. IV B and in the

OE. ;> conclusions, we will comment on what this means for the
5 scaling of the Kondo temperature with the number of atoms
Jeff_ (|Vvjl >[PJ” As0(§)dé in such a cluster.
So —=(E—€)(ea—§)

C. Weak tunneling at several points of contact

SE. | SE. ;
—e(e)in| <= +e(ea)ln| =] 1. (26) For tunneling at several points of contact we again turn to
1 — Egs.(20-23. In this caseJ*” is necessarily a matrix reflect-

This simple expression is one of the central results of thidng the scattering of electrons in more than one orbital chan-
work. Equation(26) describes the dependencesf on the  nel. As Eq.(18) shows, there will be significant random fluc-
particular details of the density of state$ an itinerant fer-  tuations in the matrix element3“” from the ¢;(R,) as
romagnetic nanocluster. The first term involves a principakluster size is changed. Fbt, points of contact there are a
value integraldenoted byP) over energy and clearly shows maximum ofN, orbital channels that will be scattered. How-
that wheneveg, < é< e, the contribution ta)®" is antiferro-  ever, if N, is large, the number of orbital channels that are
magnetic; otherwise it is ferromagnetic, i.e., electron andscattered may be much smaller. The largest angular momen-
hole excitations in the singly occupied states give rise to amum (orbital) channel scattered beirlg~L/\g, the matrix
antiferromagnetic coupling while electrghole) excitations ~ J*” is approximately of size-12x 12 for a cluster in bulk or
of the empty(doubly occupiedl states give rise to a ferro- ~|x| for a cluster in contact with a two-dimensional elec-
magnetic contribution. The last two terms of EQ6) are  tron gas. For a nanotube at most four orbital channels can
mesoscopic fluctuatiorteat depend on the specific charging scatter low-energy electron®.
energies of the nanocluster and the density of states at the top As we discussed earlier in this case, in principle at least,
of the minority and majority bands. Other mesoscopic fluc-one may observe a series of Kondo effects. The cluster dis-
tuations come from variations in the tunneling matrix ele-plays an underscreened Kondo effect, where the spin of the
ments and in the level spacing, which are ignored in ouimpurity is large and several channels with different coupling
model. These mesoscopic corrections become more prgonstants try to screen it. The channel with the largest cou-
nounced for smaller cluster sizes and lead to strong fluctugpling to the impurity screens half a spin first and ceases to
tions aroundi®f, interact with the impurity. Then the channel with the largest

For Co, the single-particle density of states has a maxicoupling from the remaining channels screens half a spin and
mum within the spin-polarized part of the spectruen< é so on. In practice, however, the various Kondo temperatures
<ea, resulting in aJ®" that tends to bantiferromagnetic  are exponentially separated, and the very small Kondo tem-
Numerical evaluation of E¢26) using the actual density of peratures are likely to be much smaller then the spin-
states for cobait shows that the ferromagnetic contributions anisotropy energy of the cluster. Therefore in a realistic situ-
to J™ from J4 andJ,, reduce the dominant antiferromagnetic ation one can only observe one, or possibly two Kondo
contribution fromJg by roughly 50—60%. Fluctuations of effects®®
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V. STM TUNNELING SPECTRA AND KONDO EFFECT self-energy produces only a slight shift of the levels, and it
can be neglected. The imaginary part, on the other hand,
describes the broadening of the spectrum.

In the simplest model of STM spectra the tip is treated as  Within these approximations the STM spectrum can be
a point source of electrons and the resulting signal is proporexpressed as

tional to the local density of states (LDOS) at the tunneling

positionr, 28 d I
- ) >\ 12 *,0

dvocj,a,t |€D](r)| (

A. STM tunneling spectra of ferromagnetic clusters

. — (30
dl . R 1 R 0¥ SEL )2+ (T 12)?
d—v(r,V)ocLDOS(r,wzeV)E—;Im[GR(r,wzeV)]. o ’
(27  whereT'y s the total decay rate of the excited state with
. excitation energysE’, .
Here GR(r,w) is the retarded Green's function of the sub-  Equation(30) assumes that no two states of the cluster in
strate below the tip, anWl is the voltage difference between the same spin sector are closer to each other Fra®ther-
the STM tip and the substrate. Below we consider only tunyyise they may produce Fano-type resonances due to the in-
neling directly into the cluster, ignoring any Fano-type inter-terference between electrofisr holes that tunnel through
ference effeCtg'-lo _ these states. For our mean field models with maximum level
Let us first focus on the high-energy part of the spectrumepuision, however, this condition is always satisfied”jf
at o>Ty, where the Kondo-type strong correlations are< s, s, . Also, if the ground-state energy difference for the
negligible. Using stand.ard manipulations we can express thgster withN andN=+ 1 electrons on itor with spinS, and
retarded Green's function as Sp*1) is too small compared tB, the initial state will not
have a definite electron numbéar spin and our computa-
~ tion breaks down.
(Gle(r)[E) For 6E. ,>6,, we find that the decay rate’, , is typi-
cally larger than the single-particle tunneling ratd'} . This
1 o can be understood as follows. Assuming that the STM-
X( = R ) (E'|€0T(r)|G> cluster voltage is already large enough to overcome the Cou-
[o=(E=Eg)]=M (@) /¢, lomb blockade, an energy E/2 is transfered to the cluster
as an electron or hole hops onto the cluster from the STM
tip. The extra charge carrier then tunnels into the leads. How-
ever, forE!. ;> 8, the island can be left behind in a state
that contains electron-hole excitations. Assuming for the
sake of simplicity thal})=T; is independent of the single-
particle state indek we obtain the result that the width of a
given level is proportional to the number of ways it can
where now|E) denotes excited states of the system in thedecay: T, ,~NY: 9T, whereN{; ) is the number of
absenceof tunneling, i.e.|E) is a direct product of the ex- island states withN electrons whose energf(N)—Eg
cited states of the isolated cluster and the excited states of th<é5EJtJ and which are accessible by the additi@n sub-

isolated substrate arff= 5g ¢ E. The operatop'(r) (¢(r))  traction of just one electron from the state corresponding to
S ' .2 i i i H |, F,0)1a-

createsannihilates an electron at position on the cluster. 9E=,- There is no simple expression for tNGscay”'s: they

We average over the ground-state multig@} with degen- ~ depend sensitively on the levgIN,, Ec, and thefluctuat-

eracyNg=2S,+ 1, andMR is the generalized retarded self- N9 Mesoscopic parameteds andng, and we have to de-

energy matrix. termine them for each set of parameters and each level sepa-

Assuming that Ti=2m0,3 ,|VI [2<min{E. ,,o,,8),  ratel. _ . .
we can do perturbation theooryliLr|1 tlﬁ|e tunné{ling.' In this} case W|th|n the mear_1-f|AeId model we are using and to leading
the ground stathG) can be approximated in leading order by order in the tunnelingy the number of decay channels of the
the product of the independent ground states of the clustétate with energyE’, , does not depend op This is an
and the metal, and the summation over the excited stefes artifact of the mean-field approximation. In higher orders of
turns into a sum over the statki'sjivg defined in Sec. I[see  the tunneling(virtual tunneling processgsr in the presence

Fig. 2. With these assumptions the retarded self-energpf electron-electron interactions on the islafwhich may
MR(w) is approximately diagonal i& andE’, also change level occupationsxcited states with larger en-

ergies generally have a larger decay amplitude. Examples of
. decay processes for a given excited state are shown in Fig. 4.
MR(w)ge ~(real pari—idge 7>, 8(w—Ey)|(n|V|E)|?, According to Eq.(30), the weakly coupled cluster spec-
" (29) trum is simply a series of Lorentzian peaks centered at the
particle and hole addition energies determined by @&g,.
where summation is carried out over all possible intermediEq. (5), and the actual band structure of (®ef. 20 with a

ate statesn) andV is given by Eq(17). The real part of the weight modulated by a random amplituﬂ@j(F)|2. In our

GR<F,w>~Ni >

G G,E,E’

+(G|lot(N|E _
(Gle'(r) >([w+<E—EG>]—MR<w>)

EE’

X(E'l(N)|G) |, (28)
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@) (b) can probably be neglected with respect to the single-particle
relaxation channel considered here.

N To compute the tunneling spectrum of an actual cluster
== — with N atoms we generated a discrete set of legglwith a
—-+— —+4— level spacing corresponding to the single-particle density of
S — i — states in C3° As discussed above, the nonuniform density of
—+— E_, 4 states is important to obtain a predominantly antiferromag-
“+— oA

Eis - netic coupling, but is also important to obtain a stable ground
4 R state with a partially polarized band. The STM spectrum for
<4 R low bias voltages is governed by the level structure rear
4+ t and ¢, since these are the only states probed in an STM

measurement at low voltage bias. The majority and minority
level spacing at these energies can be estimated from band-

FIG. 4. The dashed lines represent possible decay channels ngructure calculatlzt())ns a8,=5.55 eVN,, 6,=1.43 eVIN,
the state§E. ;)(N+1 electrongand|E_ ;) (N—1 electron} to and S, =0.853N, .~ For Co,Ag= €A €~2ev.
lower energy states witN electrons. In an actual decay, only one of ~ For the sake of simplicity we set=(€,+ €,)/2=0 in our
the processes indicated by the dashed lines would occur. computations, effectively absorbing it intg,. This corre-

sponds to a specific choice of contact potential between the

calculation(See Fig. 5 of the STM tunneling conductance lead and the cluster, and does not influence the overall fea-
we ignore(i) the amplitude modulation(i) fluctuations in  tures of the spectrum.
the level spacing of the cluster beyond that given by band- Equation(30) assumes the cluster is in its ground state
structure calculatiorf$ (as we discussed in Sec),land(iii)  before the electron from the STM tunnels into it. Thus, in the
fluctuations in the hybridizatioR,~T",. These effects could humerical calculation it is important to ensure that the pa-
be included with some effort, but they would not be expectedameters of the model give a ground state with defisije
to change our conclusions. andN. Using Eq.(1) and Eq.(5) and keeping track of the

In principle, contributions from phonon scattering or 1/Na corrections which are all put inthy, one can derive the
electron-electron interactions also contribute to the relaxconditions for stability of the ground state, which we assume

ation ratel',. _; however, in the experiments of Ref. 7 theseto haveNs~1.7IN, singly occupied levels. By considering
' the fluctuations in the ground-state spin shown in Figb) 1

350 . . . : and Xc) one can show that to guarantee stabildy, must
satisfy the conditions

[Sg+1/2 , N+ 1> [Sy+1/2,N- 1)

300
250 N, N, A,
200 S 5'<d°<(80+1) Oa So) (31
150
—~ 100 For Co this simplifies to —1.67 eVNa<dj
= 50 <3.21 eV/(0.85Bl,+1). Similar conditions can easily be
8 derived for the quantitieEg andE¢ by considering fluctua-
> 220 | tions to theN=1 manifold of states like those in Fig. 2 and
g fgg requiring 6E.. ,>0. For our model applied to Co we obtain
© e Eé>-1.0 eVMN, andEc>2.48 eVN,.
140 A calculatlor_1 of the tunneling spectrum of a fgrromag-
120 netic clyster Wlth.NA'Z 32 atoms and a corr.espondmg spin
100 Sp=27 is shown in Fig. 5. For the computations we used the

parameter&€ =0.01 eV,Ec=0.08 eV and’,=0.02 eV in
both figures. Then once, is given all theSE!,  are deter-

*,0

80

ig , , , , mined via relations similar to Ed8). The quantityN,(jJé;S,")
03 02 01 0 01 02 03 is computed numerically. In Fig.(8 d,=0.07 eV, and the
ground state is close to being unstable against the lowest
Bias Voltage (V) lying state within the l,Sy+ 1) subspace, while in Fig.(B)

do=—0.05 eV, and the ground state is close to the lowest
FIG. 5. Calculated STM spectra of nanometer-size ferromaglying state within the K,S,—1) subspace.

netic clusters with parameterN,=32, E£=0.01eV, Eg In the spectrum in Fig.(®) there is a series of sharp peaks
=0.08eV,T',=0.02 eV, andu=0 at 4 K(see main tejt We took  at negative biagelectrons are removed from the clugter
rg:2W|Vj|290~ro, independent of, and|¢(r)|2=const in Eq.  While the spectrum at positive bidslectrons are added to
(30). In (a) we setd,=0.07 eV while in(b) dy=—0.05 eV. The the clusteyis rather smooth. These features correspond very
difference between the two cases demonstrates the sensitivity well with asymmetrical features seen in some spectra of Ref.
mesoscopic parameters. 7. On the other hand, the lower spectra of Figp) have less
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contrast between positive and negative biases. The only pa- T«=D \Eﬁg_oe—ll.]eﬁgo, (32)

rameter that has been changed between the two speciga is
of Eq. (5). Different values ofd, lead to different values of WwhereD is the bandwidth of the conduction electrons of the
j,*,0)

the number of decay Channaéjecay for positive and nega- metallic host an(Po is the density of states of the host at the
tive bias, and hence lead to different widths of the peaks ifmpurity site. For a ferromagnetic cluster, however, this for-

dI/dV. This calculation shows how mesoscopic fluctuationdMul2 is incorrect, since the Kondo Hamiltonian provides an

may make a significant qualitative difference in the spectrat"@‘ppmpr'aIte de_sc_rlpnon of the cl_uster <_jynam|<_:s pnly below
of two clusters with the sambl,, E¢, andn,. For real the characteristic energy of inelastic excitations,,q

: : =Mmir{Eq,0n 1 AS S , i - -
clusters mesoscopic fluctuations iy andny are also ex- MEc g} hown, for example, in the two-level sys

ected for fixedN, and these will also lead to qualitative tem modef,” above this energy scale fluctuations to various
Ehanges i the spAe ctra q excited states destroy the coherent spin processes leading to

) the Kondo effect, and in the renormalization-group approach
A careful comparison of our calculated spectra corre-

! : s i _ in the regime abové;, the Kondo coupling remains un-
sponding to the first few charging peaks with the experimenienqrmalized. Therefore, for a single point of contact we
tal spectra shows that at voltage biases uptadEc our  ggtimate the Kondo temperature as
calculations are in agreement with experiment, however, at
larger biases, e¥E. [when two additional electrongor ~mi JIeo e~ 10%Me,
holes could be added to the cluster at the same fjntfee Tic MiMEc, 01} vI7eoe ’ 33
experimental spectra show additional structure, not presenthere we replaced the bandwidihof the conduction elec-
in our calculations, presumably due to many body and/otrons by the energy gap for inelastic processes on the cluster,
nonequilibrium excitations left out of our simple model. D— min{Ec,d,,}. Equation(33) is only of logarithmic accu-

As we will see in the following section, for the cluster racy. In generalT contains an overall prefactor that incor-
size of Fig. 5 the estimated Kondo temperature is signifiorates corrections from higher excited states as well as pos-
cantly below the experimental temperature, and no Kondsible mesoscopic fluctuation effects. This prefactor is usually
peak appears at zero bias. of the order of unity, however, in some cases it can be quite

large and considerably increase the Kondo temperafure.
In principle, the quantitiesc and 65, can be obtained
B. Estimating the Kondo temperature directly from the STM spectra, antfo, can also be related

It is obvious that Eq(30) does not include Kondo corre- to the spectra via the width of the energy levels of the cluster.

. . i j = j|2 i
lations and therefore does not produce a Kondo peak in thecallingl'y=27|V![?¢, we can write
spectrum. However, it is generally true that when the Kondo

effect is present, it produces a peak of widthT¢ at the Joffo o~ To [PJ'OO Ase(£)dg
Fermi level with relative weight- T /T, due to the approxi- O 27mS| Jowl(é—€)(ep—$)
mate unitary scattering, provided the temperature is less than

T, T<Tg.21® OB, |

In order to estimatd@ and its dependence on cluster size,
we will use the results of Sec. Il B for a cluster contacting . )
the substrate in only a single point of contact. There ardvhere we have used E(@6) and taker{V![*—(|V/|%). Re-
several reasons why we believe this may be a reasonabf@!l thate(€)=Nx. _
assumption to make for Co nanoclusters on metallic AS iS evident from Eq.(30), the actual level width of
nanotubeg.First of all, the ratio of broadenin§ of energy ~ cluster excited states observed in experiment Iis
levels on the cluster compared to their separatiofl, | is = NdecaJ 6. WhereNgecayis the number of energetically al-
experimentally found to be almost independent of the clustelowed decays for a particular excited state in the 1 mani-
size. Sincedy ,~1/N, andl'~Np/N, (Np is the number of ~ fold as described in Sec. IV A. According to our model STM
points of contadt this indicates that the number of effective spectra calculationgSec. IVA) (which computesN{;..”
tunneling points is approximately constant for the clustersiumerically Ngecayis typically 1-3 for clusters with 7—-30
investigated in the measuremeftdn fact, since the diam- atoms. As the most favorable case for obtaining an experi-
eter of the cluster§0.5—1 nm of Odomet al.” are compa- mentally consistenT , we takeNgecay=1 in our estimates.
rable to the diameter of a nanotube there is appreciable cur- To obtain an estimate of the Kondo temperature for Co
vature at the cluster-nanotube interface, and it is quitéxtoms adsorbed on nanotubes we used the experimental data
possible that the cluster touches the surface of the nanotulsd Ref. 7. For a cluster experimentally estimated to have
only at a few points. Since the tunneling amplitude is expo-N,=8 atoms, the valué¢’~0.24 eV andE;~0.36 eV can
nentially sensitive to the tunneling distance, it is also posbe directly determined from the experimental STM spectrum
sible that only one or two of these points dominates theof cluster. Unfortunately, the level spacing o cannot be
conductance between the cluster and the nanotube, resultingtermined directly from the STM spectra for these small
effectively in a coupling in the form of a single point of clusters, but can we estimate them by rescaling the level

SE, .
—Q(ﬂ)'n(E +Q(€A)|n<5E_’l”, (39

contact. spacing measured at larger clusters, giviig 0.24 eV.
The standard expression for the Kondo temperature in the Assuming that the spin splitting takes its bulk valude,
Kondo model is given by ~2 eV we can then estimafE using Egs.(34) and (33).
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We numerically evaluated both the integral in Eg86) as the Kondo temperature is suppressed less rapidly with in-
well as the discrete sums in Eq21)—(23) using the actual creasingN,. In this sense, the large spin of a ferromagnetic
Co density of staté8 (assuming a single point of electrical cluster does not “help” the Kondo effect in any way.
contacl. Neglecting the mesoscopic fluctuationsdg. ,

the integral and the discrete sum were found to be within V. LOCAL MOMENT CLUSTERS

10% of each other foN,=8, 16, and 32. The Kondo tem- A. Local moment mean-field model

perature estimated this way fdi,=8, Tx~0.16 K turned

out to be about a factor 500 smaller than the experimentally . N many magnetic materials it is more appropriate to think
observed Kondo temperatur&®~80 K. (We obtain a of a localizedd or f level (as in the Anderson modethan to
1K .

value of J¢o,=0.12 forN,=8. This would need to be in- think of strongly hybridizeds, p, andd bands. These local

creased by a factor of 2.5 to reach agreement with experi- moments may coupl_e to each-other ferromagnetically and

ment) Mesoscopic fluctuations d&.. , may increaséor de- produce ferromagnetism. . .

crease J° by ~10%. Furthermore our integraland sums F_or small enough magnetic clusters with large enough
o ! . Curie temperature, at low enough temperature the local mo-

were evaluated with the assumption thatis independent of ments form a large and rigid ferromagnetic sp8y, that

energy. This is not strictly true and will lead to additional g g 9 ”

. L e : . . couples to the extended stat@s “conduction band} of s
fluctuations inJ®". These mesoscopic fluctuation effects typi- andp character. The simplest Hamiltonian that one can con-
cally change the value df" altogether by 10—15%. It seems P : P

unlikely that such fluctuations could bring the theoretical es-Ce'Ve to describe this situation reads

timate of T into the experimentally observed range. Thus, . . J. . Ec.

there is a discrepancy between experiment and theory. There ~ Helusier= 2 €C]oCjot NSeSat 5 (N— ng)? (35)

may be several explanations for this disagreement that we b A

discuss in detail in Sec. VI of the paper. with S, and Sy the total spin of the extended states and the
Equation(34), on the other hand, is in qualitative agree- local moments, respectively. A justification of E(B5) is

ment with the experiments in that it predicts an extremelygiven in Appendix A. Similar to the itinerant model, the first

rapid decrease of¢ with increasing cluster size. Since for a term describes the kinetic energy of the extended electron

single point of contactl'y~1/N,, Sp~Na, and o(é) states, and the third term accounts for the finite charging

~N,a, the dimensionless exchange coupling scales aenergy of the cluster. The second term of E2p) describes

J®"0,~1/N,. We also verified numerically that the scaling the exchange interaction between the local moments and the

J®fc 1/N, of Eq. (26) is maintained for the discreet sum in extended states and tends to polarize the latter. We assume in

Egs.(2D)—(23). what follows that the total spin of the conduction electrons is
Note that if one were to assume multiple contacts betweemuch smaller than that of the localized electrons. The ex-

the cluster and substrate, while keeping the decay rate fixedhangelJ is typically antiferromagnetic)>0, and the con-

then one would obtain smaller values for the typical tunnel-duction electrons are polarized oppositedtelectrons:’

ing matrix eIement/JM'k and, hence, a lower Kondo tempera-  The local moment model h&;,S7 (the total spin and its

ture. z component {n;}, Sy, andS; as conserved quantum num-
As we found in Sec. Il B, the dimensionless coupling bers, and can thus be diagonalized exactly. The ground state

constant for a nonmagnetic clustéfho,~1/Nx ¢, so that s given by

S8 s=, 2 (5SS S SIS Suist 59" (36
cd ST Sg=

where|S;,Sy; Sz, SHN=1S4,SP)|Se, SN andS;=S;—S. if  lar, we find that for charge fluctuationsE . ,~Ec/2, and
J>0. The statéS;,S;)" can be computed from E¢B) with spin fluctuations have a gapd,, 9, .
S. replacingS, everywhere, andiS.,S2)N is computed from
Eg. (4) with S; replacingS, and S} replacingS?. ‘ .
Stability of the ground state implies the relation B. Computation of the exchange coupling
N The coupling constantd“” of the local moment model
J= A Ag+O(1MNy), (37) depend on the sign of the exchange couplihgf Eq. (35).
(Sa+1) Let us first focus on the case>0 andSy>S; . For the local
whereA, is now the band splitting of the conduction band. moment model{f|H&" . Ji)=1/2\2S;3**. To evaluate the
Considering the type of particle-hole excitations shown inRHS of Eqg.(19) we must again evaluate contributions from
Fig. 1 and using Eq(37), one finds that the excitation spec- the conduction electron states with double, single, and no
trum is very similar to that of the itinerant model. In particu- occupation,
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spin, resulting in a ferromagnetic contribution to the effec-
tive interaction between the total cluster spin and the sub-

For the sake of simplicity, let us consider the contribution ofstrate. On the other hand, due to the antiferromagnetic inter-

singly occupied Ievelﬁg“’. Various matrix elements of the
typd"* (Sy+1/2S;— 1/2|c] | Sy, Sp)N arise in course of the
evaluation ofJ*”, and in contrast to the itinerant cluster
model, the intermediate states of the local moment mod
(with J>0 andS;>S.) have anincreasein total spin on the
cluster in this case. To evaludfe'(S;+1/2S;
—12c] S, SN we first expand|Sy,Sy)g s, and |Sy
+1/28r—1/2)5 "% 5, Using Eq.(36) to obtain

) S+ 128r- 12l | Sy SN
SC

>

Si=—S

(Sc.Sq4:S:.Sr—= SISy St)

N+1

X (So—1/2Sy; St~ 11251~ S Sr+ 1128~ 1/2)!

J
X (S~ 1128;—12c] [S: . SHN. (39)

What remains to be computed in E§9) is the matrix ele-
ment [ Y(S,—1/28—1/2c]||S; . SHN. To determine this,
we use the states of E(l) with S replacingS,. The overlap
is computed by first directly evaluating'™*(S,—1/2S;
—1/2|cJ-Tl|SC,SC)N and then applyir.]g theNl/}/igner—Eckhart
Theorem for generalS;. This yields ;" (S;—1/2,S
—1/2c] |S;,SHHN=\/S;+ S/2S.. This can then be substi-
tuted into Eq.(39) which finally gives

NS+ 1128 1/2c] | Sy, SN

> S+ & , ,
= > (Sc,S¢3S%,Sr—SiISr . Sr)
S=-5 25
c C

X(Se—1/2S4;S2— 1/2Sr— SISy + 1128 — 1/2)
(40)

e

action with the local spin, hopping to empty states with spin
down have an energy smaller than those with spir(pgy-
allel to the total spii and give rise to an antiferromagnetic
cfontribution to the effective interaction between the cluster
spin and the substrate. The ca3€0 can be understood
along the same lines.

Similar to the itinerant case, the signs3f’, andJ“" are

always opposite to that af” regardless of the sign af.
Therefore, there is in general a competition between these
terms, and the sign of the final coupling depends on specific
band-structure features.

For an antiferromagnetic couplingl>0, in the limit
whereAg,Ec> 68, andS;,Sy,St>1 we can obtain the fol-
lowing simple estimate for a single point of contact, analo-
gous to Eq(34):

A (- et
G~ T, PL(&—e.)(eA—f)
SE_ .||

OoE_ |
The sign of the effective coupling depends on the sign of
S.— Sy (here given forS,—Sy<<0). For completeness, we
also give the expression fdr<0, which does not depend on
the relative size of5, and Sy (note changes in mesoscopic
fluctuations and overall sign

Jeff

(41)

—e(e.)ln( +e(eA)In<

~ (Vi (= Ase(d)d¢
eff , J
T f_w(g—e.xeA—f)
SE. | SE, ;
—o(€)n E +o(€p)n E_ )| (42

The results of the evaluation of all the matrix elements on the'hese expressions are particularly interesting. However large

right-hand side of Eq(19) for the local moment model as

the constituent spins;,S,) of the cluster are, the cluster

well as the expression equivalent to Eg0) are somewhat may still have a large effective couplid§" if the couplingJ
lengthy, so we relegated them to Appendix B. We evaluateghetyweens, andS, is antiferromagneticJ>0) and the total

them numerically forS;=Sy;— S, (antiferromagnetic] and

Sq¢>S;) and found that the single-particle contribution to the
final exchange coupling differs in an overall sign from the
itinerant model result of Sec. IIl, and it is ferromagnetic. On

the other hand, ifl is ferromagnetic, theis;=S;+ S, and

the matrix elements above agree in sign with those of Se

spin is sufficiently small. In most cas8s< Sy, thereforel®
is ferromagnetic and no Kondo effect develops. FRyr
>S,, however,J®" changes sigistill assumingd>0) and
becomes antiferromagnetic. In this case a Kondo effect oc-

curs with an effective coupling proportional tel1/Sy.

It should be pointed out that the results described above

This can qualitatively be understood as follows. Suppos@'® valid only in the weak tunneling limit. In the strong tun-
the total spin,S;, of the cluster points upward. Then by neling limit, the relative signs ai®™ andJ are switched. For

assumptiorS;>S; the spin of thed levels, Sy, also points
up. If the internal interaction], betweenS; and S. is anti-

example, when the “internal” interactiod>0 and the clus-
ter is in thestrongtunneling regime one cannot distinguish

ferromagnetic, delocalized electrons of the cluster with spirthe cluster wave functions from those of the host. Thus, the
down will partially screen the local spir§y, so that the J®" would have the same sign dsTherefore we expect in
singly occupied states tend to have have spin down. A sulthis casel.s to change sign as one gradually increases the
strate conduction electron that hops on a singly occupietunneling between the cluster and the substrate. We have not
state must have, therefore, spin up that is parallel to the totatudied in detail how this transition would occur.
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VI. DISCUSSION shall discuss it in a subsequent publicatidive would like

to mention, however, two important results that may be rel-

evant to the experiments. Large spin anisotropy is usually

unfavorable to the Kondo effect. In most cases it leads to an

Ising-like behavior with exponentially suppressed effective
ondo couplings, and gives rise to a dramatic decrease of
k - However, for very small grains with a half-integer total

spin and an almost perfeptanar anisotropy, it can result in

This work grew out of an effort to better understand the
experiments of Odoret al.” in which Kondo effect was ob-
served at low temperatures5 K for subnanometer Co par-
ticles adsorbed on metallic carbon nanotubes. Our mod
correctly predicts a Kondo temperature that decreas
quickly with increasing cluster size, however, our numerical

estimates off  tend to be too small by a factor 67500 for 5 effective strongly anisotropic Kondo coupling that is con-
a cluster withN,=8. _ _ siderablylarger than the couplings in Eq34). We find that

There may be several explanations for our low estimate ofy; the smallest grains in Ref. 7 strong planar anisotropy
Tk could give rise to alk in the experimental range.

(@ Mesoscopic fluctuations in Eq26) can eventually (e) Another possible source of error is our assumption that
increase the effective Kondo coupling and thus brig  the calculated bulk density of states can be used for a small
close to its experimental value. However, since the sign otluster. If the peak in the density of singly occupied states is
the mesoscopic fluctuations is random, this interpretatioshifted significantly from the energy value shown in Ref. 20,
would appear to contradict the experiments in which a sigthe value ofJ®™ might be increased. It is also possible that
nificant fraction of small Co clusters produced a Kondo ef-many-body corrections, omitted from our mean field model,

fect. could increase the value df" sufficiently to account for the
In addition to fluctuations in the various charging ener-discrepancy with the experimenta .
gies, the tunneling parametevs and the level positions; It is interesting to compare the results for ferromagnetic

also fluctuate from cluster to cluster. These additional fluc-Co clusters with nonmagnetic Ag clusters studied on single-
tuations were neglected in E(26), since their contributions wall metallic nanotube$.The Ag clusters showed no Cou-
decrease with increasing cluster size. For small clusterdpmb gap or discrete level spacing in the STM spectrum.
however, they may produce important additional fluctuationsThis suggests that the Ag clusters were not in the weak tun-
in Jef, neling regime where valence fluctuations can be ignored, and
(b) It appears furthermore that the experiments were perwhere an effective Kondo Hamiltonian can be derived for a
formed close to the mixed valence regime as the width of thearticle with an odd number of electroritndeed, if the cou-
levels is comparable to the Coulomb charging gap. The efpling to the substrate is sufficiently large, the mean number
fective Kondo Hamiltonian we derived in second-order per-of electrons on the cluster may be far from an integer, and
turbation theory may not adequately predigt in that case. the distinction between even and odd becomes meaningless.
In general, approaching the mixed valence regime the Kond®ur analysis suggests that a Kondo effect can occur for a
temperature becomes larger than expected by the naivgarticle of a nonmagnetic metal, with odd electron number, if
Kondo model calculation, the Coulomb gap shrinks, and théhe coupling to the nanotube is in an appropriate intermediate
Kondo resonance gradually merges with the high-energy paregime.
of the spectrum. Itis also interesting to compare the results for Co particles
(c) It could be possible that some of the Co atoms in theon nanotubes with measurements of several Co particles on a
cluster are not strongly attached to the others, and in thbighly-oriented pyrolytic graphittHOPG sheet reported in
STM spectrum one observes the signal of these individuaRef. 7. The STM measurements did not show apparent
atoms. This explanation is, however, very unlikely in oursingle-particle levels in the latter case. Assuming that the
opinion, because the Co atoms show a very strong tenden®pupling to a nanotube and graphite were not too different,
to cluster formation, and moreover the Kondo resonance ihis could be explained by a higher density of states on the
observed rather uniformly over the surface of clusters whictHOPG surfacé? (Recall that for 1 nm Co clusters on nano-
are supported on nanotubes. tubes, the level broadening was roughly equal to the level
(d) In our analysis, we assumed that the anisotropy energgpacing. Thus the levels may be broadened beyond resolu-
is smaller than the Kondo temperature, and therefore neiion on the HOPG surfaceThe STM measurements typi-
glected it. However, it is conceivable that very small clusterscally show a minimum in thell/dV spectrum near zero bias,
have a considerably larger anisotropy than our estimateghen tunneling into the Co cluster on HOPG, but the width
based on experiments on large clustérccording to the of the feature is relatively large. When fit to a Fano formula
STM measurements,Co clusters in the nanotube experi- for a Kondo resonance, the authors of Ref. 7 obtained values
ments tend to have a “pancake shape” and the relative posbf Ty of order 700 K even for clusters as large as 1 nm in
tion of the Co atoms is probably strongly modified with re- diameter. Since it was not possible to raise the temperature
spect to the bulk due to the presence of the substratenough to observe a temperature effect on the tunneling fea-
Although the value of spin-orbit interaction on cobalt is notture, however, supporting evidence for existence of a Kondo
particularly large, it is still possible that the highly aniso- effect could not be obtained from this source. We note that
tropic shape of the cluster and the deformed bonds genera®TM measurements for tunneling directly into the HOPG
an anisotropy that is larger than or comparable to the obsubstrate also show a mininum at zero bias.
served Kondo temperaturg@,~70 K. The effect of anisot- Differences in the coupling of Co clusters to a nanotube
ropy on the behavior of the grain is rather complex, and weor graphite surface may also play a role in the observed
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spectral differences. Theoretical and experimental studies dérger than the quantum conductance, the effective charging
STM images of graphite surfaces have indicated that there isnergy is renormalized to a value close to zero, and a pertur-

an asymmetry in the local density of states at nearestative computation iV breaks down. In this regime ex-
neighbor atoms? This difference may also play a role in the tended states on the cluster are strongly hybridized with
interpretation of the spectra of Co on HOPG. Finally, it isthose in the metal, and can be viewed as part of the extended
possible that the matrix element for coupling between thestates in the metal.

cluster and the nanotube is reduced relative to the coupling |n the regime of strong electron tunneling between the
to graphite due to the curvature of the nanotube. substrate and cluster, it is not clear whether the itinerant
model is able to produce a Kondo effect. On the other hand,
our local moment cluster model gives a natural description of
the strong tunneling regime. In the local moment model the

In this paper we have studied electron scattering fronlocalized d-electron spins can be viewed as a magnetic clus-
ferromagnetic clusters on a metallic substrate. We studieter embedded in the metallic host. This model has been ana-
two cluster models. The first model describes itinerantyzed in detail in Ref. 24. In our local moment model, anti-
ferromagnetisttt and is probably appropriate for the descrip- ferromagnetic exchandggd>0 in Eq.(35)] between the local
tion of experiments such as those of Odamal” on Co moments and the conduction electrons produces a Kondo
clusters. We also proposed another solvable cluster modegffect in the strong tunneling regime, though, the Kondo
where spins on the levels are treated dscalizedentities.  temperature decreases very fast with increasing cluster size.
This latter model may be more appropriate for nanoscal&Ve have also argued that within the local moment model, the
rare-earth ferromagnets or semiconducting ferromagnetsffective coupling between the electrons in the substrate and
such as GaMnAs, though in both cases spin-orhit interactiothe cluster spin must change sign as one gradually increases
plays an important role and leads to strong spin-anisotropthe tunneling between the cluster and the substrate.
effects. Both the itinerant and local moment calculations show

We derived a general expression for the Kondo couplingshat the Kondo coupling igwerselyproportional to theotal
J~*¥ for both ferromagnetic cluster models. The sign of thespin S of a ferromagnetic cluster, which in turn, is propor-
obtained coupling depends in both models on the details dional to the size of the clustét.The Kondo effect is due to
the band structure. For the itinerant model, virtual tunnelingguantum fluctuations of the cluster spin, and these are sup-
onto the singly occupied levels on the cluster induces ampressed as % for large ferromagnetic clusters. Thdg
antiferromagnetic exchange interaction, while doubly occu-goes to zer@xponentiallywith increasing cluster size.
pied and unoccupied levels generate a ferromagnetic contri- To make stronger contact with the experiments of Ref. 7
bution to the exchange coupling. on Co clusters on a carbon nanotube, we also calculated the

We have shown that for Co clusters the itinerant modelSTM spectra of a ferromagnetic cluster as described in Sec.
leads todominantly antiferromagnetic couplifigetween the 1V A. We found that mesoscopic fluctuations in the charging
cluster spin and the conduction electron spins. Howeverenergies may give rise to interesting qualitative changes and
fluctuations to doubly occupied and empty states give a largagsymmetries in the STM spectrum. It is possible, for ex-
ferromagnetic contribution to the exchange coupling that reample, that the positively and negatively charged states of
duce it to roughly half its original value, and thus cannot bethe cluster have very different decay rates and therefore the
neglected(As we discussed in Sec. lll, for the nonferromag- positive (negative voltage side of the spectrum shows dis-
netic spinS=1 islands studied in Ref. 23 these ferromag-crete levels while the negativi@ositive voltage side dis-
netic contributions are small. plays a continuum spectrum.

The exchange coupling”” involves various scattering We can use the model parameters extracted from the high-
channels. Therefore, in principle, the cluster could produce a&nergy part of the STM spectra to make an estimat& of
series of Kondo effects where the spin of the cluster is graduand predict how it scales with cluster size. Our results agree
ally screened® with the experiments in that they produce a rapid decrease of

It is important to emphasize that in the regime of weakTy thereby rendering the Kondo effect impossible to observe
electron tunneling between the metallic substrate and tha larger clusters. However, the Kondo temperature we find
cluster, ferromagnetism has no special role in producing thé already too small by a factor 6f 500 compared to th€g
Kondo effect as we have emphasized in Sec. IV B. In factpbserved for a small cluster of 8 atoms. In Sec. VI we
our calculation shows that ferromagnetism tendsuppress have enumerated a number of effects which might radise
the Kondo temperature with increasing,Mhore so than for relative to the predictions of our simple model which may be
the case of a non-ferromagnetic clusteBesides the a possible explanation for the discrepancy between theory
“strength” of the ferromagnetism,), the Kondo scale is also and experiment. We remark that by neglecting the ferromag-
affected by the density of states on the cluster and finitenetic contributions to the exchange coupling one would ob-
charging energy, as well as the cluster-metal conductance.tain aTy that is larger by a factor of- 10°. Thus the ferro-

The weak tunneling analysis we performed is only appro-magnetic contributions to the effective coupling are essential
priate if the conductance between the cluster and the metaind cannot be neglected.
lead is smaller than the quantum conductance. Increasing the Many open questions remain regarding the physics of
number of tunneling points leads to an increase in thesmall ferromagnetic clusters. Among them afi¢:accurate
cluster-metal conductance. Once this conductance becomestimates of the net spin of 5-50 atom clusters supported on

VIl. CONCLUSIONS
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a substratefii) Magnetic anistropy energies in clusters of described in Sec. Ilkp;(r) describes the conduction-band
this size;(iii) the nature of nonequilibrium and other many wave functions of the ferromagnet or ferromagnetic semi-
body effects. We believe that the STM is a crucial tool for conductor and for a cluster in the strong tunneling regime
gathering cluster-specific data for ferromagnetic nanoparg, (r) is a strong hybridization of the ferromagnetic
ticles and will undoubtedly reveal even more intriguing conduction-band electrons and the conduction electrons of

physics of these tiny systems in the years to come. the host metal.
To derive Eq.(35), we neglect anisotropy in the cluster
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APPENDIX A: DERIVATION OF THE LOCAL centrate on the subspace where

MOMENT MODEL

Consider N, magnetic impurities embedded in close > Su(r)=NaSg=Sj*. (A3)
proximity in a metallic host. The Hamiltonian 4= H e N r _ .
+Flint WhereF et =, ko€, i describes the free con- Within the subspace of maximum totellevel spin, thed
duction electrons and level spin is a rigid spin which can only change its projection
on thez axis. The collective effect of the impurigylevels is
to give the cluster a net spin. It is this spin that conduction

Hine= _2 Je(r,r)Su(N)-Sa(r) +32 SelF)- Sy(r) electrons will scatter from—either “directly” in the limit of
o ' (A1) strong tunneling between the cluster and metallic host or
“indirectly” as described in Sec. Ill in the limit of weak

describes the direct interactions between the imputiyv-  tunneling.(In the limit of weak tunneling only conduction-
els and the interactions between the conduction electrons anghnd electrons may hop on and off the clugt@vithin the
the magnetic impurities. The first term in E@\1) describes Sy¢= S subspace,

the ferromagnetic interaction among the localizddvels of R

the impurity atoms and the second tert=J=;S.(r)  (Su,S¢H«klS4,S5)

.éd(F), describes Kondo scattering from theddevels by

J - -
the conduction electronsle(r,r’)>0 is the ferromagnetic =3 QE’QDJ*(r)(Pj’(r)CjTao-aa’Cj’a<Sdanzlsd(r)|Sd- a)
exchange interaction between two localized d-levels &nd il
>0 is the bare Kondo exchange coupling between dhe (A4)

levels and the conduction electrons. The conduction-electron

J
~2 S (D)t auc
spin operator at position is 2 <~ (1)1 aarCjra

rj.g’

R | - I 1 -
S(n=5 2 oF (N (NCyTaarCirar,  (A2) XN_A<SdiSdZ|Sd|Sdi Q) (A5)
i’
where ¢;(r) is the wave function of conduction electrons The sum over can be estimated,
with level indexj atr. The utility of Eq.(Al) is twofold. 1 j =]’ (normalization
(i) It gives an expression for the important limiting case of ., > -
a “clustfr” WhiCh consists of just one impurity. In this limit, 2 ¢ (Nej(r)= - 1 j#j’ (random numbejs
Hine=JS(0)- S4(0) which is justHg for a single impurity. Na
(i) Equation(Al) can describe the limit of a cluster so (A6)

strongly coupled to the metallic host that the conduction\eglecting the off-diagonal terms,
band conduction electrons of the cluster and those of the host

cannot be distinguished. _J1 . .

Thus, the character of the;(r) that appear in EGA2) Hi N, 2 EJ: CjaTaa’Cjra" S (A7)
varies depending on the physical situation. For a single im-
purity, goj(F) is the wave function of the host metal conduc- =i§ S (A8)
tion electrons, for a cluster in the weak tunneling regime as Na™" ¢
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The full Hamiltonian is \/3 A B X
j/’-V: Vl f*vJ
2 s ST] %1 "
H cluster™ 2 6] jot 2 Nje— ) M M, M,M,
5E—,T+€A_Ej_ 6E+:T_6|+1+€j ! (84)
—Z Jr(r,r7)Sy(r) - Sy(r’) (A9)  whereM; denotes the matrix element already given in Eq.
o (40). The productsM M5 and M,M; can be evaluated di-
where we have put |n the Coulomb charging energy by hanJeCtIy’
Recall that now thee! j» refer to conduction-band electrons, B 1 A ' _
nots, p, andd hybridized bands as in the itinerant model. W=—57 > V'M’kf*V'V’ki
The last term in Eq(A9) is just an irrelevant shift in the total Srl s
energy in the subspacg;=S]?* so we drop it. Thus, we 1
arrive at X B Ten—e + E: —eite)’ (B5)
2 giving a ferromagnetic contribution whelh>0. If J<0 and
Houste™ 2 €Nj,+ E Njo— ) . Sr=S4+S, (1—1) one finds— 1/(S;+1)—1/(Sy), which

agrees with Eq(23) of the itinerant model witts;— S,.
A calculation similar to the one that led to E@®4) and
Eq. (B5) then yields:

(A10)

APPENDIX B: MATRIX ELEMENTS AND KONDO

COUPLINGS FOR THE LOCAL MOMENT MODEL FJrr— 2 VJ Kk VJ Ki
e
A M
In this Appendix, we include some more lengthy expres- =
sions not included in Sec. V B. To complete the evaluation 2 1 2S.
the RHS of Eq(19) for the local moment model described in 2S;+1 Sr+1125.+1

Sec. V B we need the matrix elements, —
5E+,l_6A+1+6J 5E+,T+AS_6A+1+6j
=N(Sr,Sr—1cjy[Sr+ 125~ 1/2)) "t (B6)
s - and from the doubly occupied states
¢~ “c
— ——(S,,54;S%,S5— S —1|Sr,5— 1 . .
Si_ESC ZSC < cd ¢ ST (o |ST ST > jé‘“ 2 Vfuikf*vj,ki
<=l v

X(Sy— 1128y S+ 11281 — So— 1| S+ 112 S;— 1/2),
2 1 [ 2S.

(B1) s S;+1\25.+1
OE_ | +€—¢ OE_ ;+Aste€—¢

_N l(S-|-+1/2fST 1/2|C”|ST ST>N

(B7)
R S+t ~
= > ¢ C<Sc-3d;Sﬁ,ST—S§|ST,ST> there we have agained assumed0, giving J5”>0 and
Si=-5; J4">0 sincedE. ,~Ec/2. In the limit of a single point of

_ oz o2 _ contact, one recovers an expression similar to (26), Eq.
X(Se= 12843 S~ 12.Sr— S S+ 125 1/2), (41), except with an overall sign difference whér0 (and

(B2)  the precise form of the mesoscopic fluctuatijoris the case
J<O0 (takeT—] and | —1) we have

M 4= N<ST,ST—1|cL|sT+1/2,ST—1/2>j“‘1 2 2
% S— 25+1 25;+1
= <S !Sd szT_SZ_1|STIST_1>
gos, 28, '° ¢ ¢ and
X(Sy— 125y S+ 1128~ So— 1|Sy+ 11251 1/2). 1 (25 |  1[.25%
(3 S+1125.+1 S;l25.+1

which makesJ#*<0 andJ4”<0.
The matrix elements then directly yield the expression for The reduced matrix elementgor the all the states of the
the generalized Kondo couplings for the local momentlocal moment model are given below.
model, (1) 3>0,
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2S,

i ST 2lelISnd= \ 55 1V2Srt2,
_ 2S;
N 1<ST—1/2||cj||sT>§=m,
N+1 T N_ 28T+1
NS+ 112l S)s Nt
NS+ 1/2l[cilISr) e = V2S+ 2,

N 2S;+1 2S5,

s vl =75 11
P (s 12|cflISre = V2Sr+ 1.

(2) 3<0
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) 25142
‘s lIsni= o
- " 2S5,
NN Sr—1/2eil[Spa= V2Sy 25.+1°
) 2S:+1
NS 172 c]l[Sr)s = s

NN sr— 12| [Sn =25y,
NS+ 172 o[ SpN= 2S5+ 1,

2S;+1 [ 2S
N+1 _ t N_ c
i <ST 1/2||C]||ST>e \/E ZSC+1'
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