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Spin-Orbit-Induced Magnetic Anisotropy for Impurities in Metallic Samples
of Reduced Dimensions: Finite Size Dependence in the Kondo Effect
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We show that the conduction electron mediated interaction between a magnetic impurity and a
nonmagnetic, semi-infinite host can lead to an impurity magnetic anisotropy with an easy plane parallel
to the surface. Similarly, that anisotropy occurs in any mesoscopic sample. The effect is due to spin-
orbit coupling and can lead to the freezing out of &= 5/2 or § = 2 spin into anS, = 1/2 or
S, = 0 state at low temperatures. We argue that this phenomenon provides a natural explanation for
the anomalous behavior of the Kondo resistivity in a number of experiments involving thin films.

PACS numbers: 72.15.Qm, 71.70.Ej

In the past four years a number of groups have studiedurface of the sample and its directinris perpendicular
the Kondo resistance minimum as a function of the size ofo the surfacelf| = 1). The anisotropy is given by the
the samples [1-5]. The aim of the first experiments in thidHamiltonian
series was to observe the spin-compensation cloud of the H = KnS)?, 1)

impurity, which has never been observed experimentally

before on the scale larger thani 000 A [6]. Surprisingly, ~WhereS is the spin of the impurity and the strength of
the interpretation of these measurements is problematic @iSOTOPy isK which depends on the position of the
say the least. Some of them, on films of Au(Fe), Cu(Cr)/MPUrity, the shape of the sample, etc. ,
and Cu(Fe) show a size dependent Kondo resistivity [2—4], 1he model is based on the interaction of the conduction
while others do not [5], depending whether the thicknes&!€ctrons with the magnetic impurity, which is described
or width of the samples were varied or not. Moreover, in®Y the simplest realistic Hamiltonian with orbital quantum

some experiments the Kondo resistivity increases when thaumbers [12]

sample is covered by a film of the host metal [3] and in all _ 4
cases studied so far the Kondo temperatligeshows no Hy = Z Eklkmo Akmo
. e . . k,m,o
significant size effect. No theory, so far, is able to account
for all these effects. As it has been known for a long +J Z S(a} O Ao’ Smm 2)
time that the formation of the Kondo compensation cloud e K mom'

o,0

depends only on the local electron density [7,8], therefore,
the geometry can influence only its shape and not thwherea,;rlm(, (axme) Creates (annihilates) an electron with
existence of the Kondo compensation cloud. In this Lettemomentumnk, angular momenturh m, and spino, J is the
we present a simple model calculation which provides affective Kondo couplingg- stands for the Pauli matrices,
coherent physical picture, based on spin-orbit interactionand the origin is placed at the impurity site. Keeping only
which is consistent with all the observed phenomena. the! = 2 channels the index is dropped. For the sake
Concerning magnetic films it has been known sinceof simplicity spinS = 5/2 is chosen, in which case the
van Vleck [9] that the spin-orbit interaction can result Hamiltonian is diagonal in quantum numberbecause of
in magnetic anisotropy which hinders the motion of theHund’s rule (in any other case the Hamiltonian consists of
spin. This has been widely applied for magnetic layerseveral complicated terms [12]). For further simplification
[10,11] but not for a single spin. In the present Letterit is assumed that the free-electron-like conduction elec-
we propose to our knowledge for the first time that fortrons move in the whole space and the shape of the sample
magnetic impurities in a nonmagnetic metallic host theis imitated by the positions of the atoms with spin-orbit in-
conduction electrons interacting with the magnetic momenteraction (see Fig. 1). The spin-orbit interaction is weak;
and having also a spin-orbit scattering on, e.g.tevels  therefore its effect will be considered as a perturbation. In
of the host atoms can induce a spin anisotropy, whiclorder to make transparent that the spin-orbit interaction is
reflects the reduced dimensionality and the shape of thmainly in thed channel and due to the Coulomb potential
sample and may result in the suppression of the Kondof the nuclei we introduce a simple model, where the spin-
effect. In order to get this anisotropy the different angularorbit interaction takes place on thklevels of the host,
momentum channels must be taken into account. Thehich hybridizes with the conduction electrons. The host
largest anisotropy is expected to occur in the vicinity of theatom orbitals are labeled hyreferring to the positioR,
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FIG. 1. The positions of the orbitals with spin-orbit interac-
tion are shown by circles which are placed into an infinite <)
electron gas. The position of the magnetic impurity is also N n
indicated. o100 Glmo,lmo, ImioTy _ o . o
] v A \% J
and also by the quantum numbérs:, o (e.g.,l = 2 for d)

the Cu and Au host and the indéis dropped again). The

. . . . no spin-orbit coupling
Hamiltonian of these extra orbitals is

Hy = g Z bITb)

nmao R’
+ A Z <m|L|m/> <0’|0‘|0'/>b,(1;1()71- b,(,?/)(,/ spin-orbit coupling
nmm’ €)

ogo'!
FIG. 2. (a)—(c) The self-energy diagrams of the impurity
+ Z [Vkmm,(R,,)b,%)jakm/(, + H.c], 3) spin. The double line represents the spin, the single one the
nkmm' o conduction electrons. The solid circles stand for the exchange
interaction and the< labeled byn for the spin-orbit interaction
where 001 (b)) creates (annihilates) the host atomon the orbital of the atom a,. (d) The conduction electron

orbital at siten, Vi (R,) is Anderson’s hybridization Propagator which contains hybridization with the localized

matrix element, which depends B, since spherical wave orbital where the heavy lines are the localizéeelectron
ST ith oriai h s o dpropagators and\ indicates the spin-orbit interaction. The

representation with origin at the magnetic Impurity IS Usedjnices are according to the local system. (e) Carrying out the

A is the strength of the spin-orbit coupling, add is  average over the sites of localized orbitals, the different shells
the orbital momentum at site. For each host atom the are shown which can be restricted by the surface.

Hamiltonian can be simplified by using the local coordinate

tsryl/sttem ¥vhere_ the,) axis IdS dlrgcttrf:d pa}]ralllel It(R"' In .thwave with origin at the host atom to the local orbital. The
at systemm IS conserved and the spherical wave wi scattering amplitude in Eq. (4) could also be introduced

i ; (mt
origin atR, is created by;;,,, . The overlap between these phenomenologically by taking the/ wave character
spherical waves can be evaluated analytically. In the Iocaéranted.
system the matrix elements are different for differents As the diagram Fig. 2(b) contains two host atoms with
the spherical waves disappear along that axisno¥ 0 jngicesn andn’, the summation over those must be carried
and they show different power behaviors in the distance,y;  For the sake of simplicity an infinite half space is
measured from that axig,). In this way, the calculated cqnsidered for the host atoms and the impurity is placed
Viw=m(R,) matrix elementsk, = [R,|) atk = kr also 4 3 distancet (see Fig. 1) from the surface; furthermore,
exhibit different power dependence. The local host atompe homogeneous average over the host atom positions is
propagator in f|rszt order of the spin-orbit coupling is taxen (no crystal structure effect). The most tedious part
proportional toA/ej for low frequencies» < &p. _ of the calculation is to rotate the local system back to the
The diagrams for the self-energy for the impurity spingystem of the sample, where thexis is perpendicular to
are shown in Fig. 2. Because of t_he structures |n_the SPithe surface. Turning to the average over the positions of
factors onIy.the diagram (b) cqntrlbutes to the anisotropyne diagram Fig. 2(b) first the shells with const&ytand
constantk in Eq. (1). The diagrams for the electron p  are considered [see Fig. 2(e)] and the integration with
propagator leaving and arriving at the impurity are Showr}espect to the angles must be performed. If, Rg.> d
in Fig. 2(d). In the local system the propagator has thgnhen the presence of the surface appears as a limit in these

following matrix form: integrals. It turns out that the dominant contribution arises
)x_V2 1 from those terms wherR, > d > R, or the opposite. A
el T — & long but rather straightforward calculation which will be
1 published elsewhere gives; for kpd > 1 as
X <B+a‘7 +B ot + BZO'Z> / ,—w . s (4) ) A2)\2 w 1 P(kFV())
where B* and B are 5 X 5 matrices in the quantum Ka = 4D po) (82)? <D > (kpa)®  krd =0
numberm andV is the hopping amplitude of a spherical (5)
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wherer is a short distance cutoff in range of the atomicground state must be not a doublet, but a sindlet= 0).
radius and the numerical factor depending strongly orn that case in the regiok > T = Tk, whereTk is the

ro is P(kprg) ~ 1 — 100 if krprg ~ 1. The function bulk Kondo temperature, the spin flip electron scattering
f gives the analytical part of the diagram which iscannot occur; thus the Kondo resistivity anomaly cannot
a slowly varying function andf(w/D) ~ 2, po is the be manifest fos = 2.

density of the states of the conduction electrons for one If for the bulk Kondo temperatur&x > K then obvi-
spin direction andD is its bandwidth. In the case of ously the Kondo temperature is not affected. T ~ K
realistic Kondo temperaturéx ~ 0.1-1 K, Jpy ~ 0.1.  then the anisotropy cannot have an essential effed@ixgn
Furthermore,a® is the size of the volume per host as no extra logarithmic terms arise from the energy region
atom which appears in the normalization of the average < K. Thus for those impurities where the resistivity
over the host atoms. A realistic value for the spin-orbitanomaly is formed the Kondo temperature must have the
coupling isA ~ 1 eV, the width of the host/ band is  bulk value.

A = 27wV?py, and the average of the square of the energy The principal implications of the present theory con-
& of the d resonance ige?) ~ maxe3,(A/2)?}. Using cerning the Kondo resistivity amplitude in thin films and
the parameterA ~ D ~ 5eV, gy ~ 2 eVkra ~ 3,the  wires are the following.

final estimation of order of magnitude is (i) The Kondo temperature experimentally determined
as the position of the largest slope in the resistivity is
d/—A 10*eV< K < ﬁ 1072 eV. (6) practically unchanged for Cr and Fe impurities [3—5]. For

S = 2 only those impurities contribute to the resistivity
Thus for a considerable large distande~ 30 A we anomaly for whichTx = K whereTk is the bulk Kondo
obtained thatk ~ 1073 eV (107 eV) = 10 K (0.1 K),  temperature and the resistivity increase is only slightly
which is for the Au (Fe) system abodTx (0.5Tx), affected compared to the bulk. On the other hand, if
then the splitting between the states= 5/2, S, = 3/2, K > Ty then the Kondo anomaly is drastically reduced;
and S, = 1/2 is 300Tx (3Tx) and 100Tk (1Tx). The thus their contribution is negligible. Faof = 5/2 the
largest ambiguity comes from the functidh which is  situation is more complex as the states with= *=1/2
very sensitive on the choice dfzry. Obviously these play a role even forTy < K and it will be discussed
estimates are very rough, but clearly show the correctlsewhere.
order of magnitude to freeze the spin states in the lowest (ii) Decreasing the thickness of the film the percentage
states afl’ = Tk. of the hindered spins is increased and the Kondo amplitude

The result shows that the term dominating at largeiis reduced compared to the bulk [see Fig. 3(a)] in agree-
distances does not contain oscillation contrary to the nexinent with experiments [1—4]. If the thicknessf a film
correction. The calculation can be carried out for differents large enough [1-4] then the Kondo resistivity of the
geometries. sample is reduced by a factor bf— 2Ay/#, Ay being the

It is important that no randomness is taken into accounteffective thickness of the surface layer where the Kondo
thus the calculation is valid only in the ballistic region. effect is absent due to surface anisotropy. A fit of the data
The essence of the calculation is the angular dependenagf, Ref. [1] with this simple formula is shown in Fig. 3(d).
as keeping only-wave scattering the spin-orbit coupling The fitted value), = 180 A, is still in the ballistic regime
cannot influence the dynamics of the impurity [13]. Thus[1] and is consistent with our theory. For sample sizes
the mean free path limits the number of the effectivecomparable with\, the dependence is more complex.
host atoms and that reduces the influence of geometry by In this way the contradiction between experiments
restricting it to the ballistic region. [1-4] and [5] seems to be resolved as well. In Ref. [5]

The strength of the anisotropy is determined by the disthin stripes with thickness kept constant but varying
tanced of the surface and occurs as a low-energy cutoffvidth w > r have been measured. In this case the
in the logarithmic terms where it may replace the temperarelative Kondo contribution is practically unaffected by
ture. At a given place lowering the temperature for spinthe change of the width of the wire [see Fig. 3(c)] as
S =5/2,eq., firstall = T3, theS, = *=5/2 statesare only ¢ is a relevant parameter concerning the anisotropy
frozen out, leaving the spin stat§s = +3/2, =1/2 and for w > 1.

at T = Ty, the spin is further reduced t§, = *1/2. (iii) In a film covered by an extra layer of the host

Thus it may happen that at the surface for a given temmaterial with long mean free path the impurities at the
peratureS, = *=1/2 and going inside the states wih = interface have no magnetic anisotropy [see Fig. 3(b)];
+3/2 andS, = *=5/2 recover gradually. thus the Kondo amplitude increases (see Ref. [4]).

The form of the impurity spin Hamiltonian given by the  (iv) If the covering is made by a material with short
second term in Eq. (2) is more complicated o= 5/2  mean free path then the asymmetry survives near to the
(I = 2), as Hund'’s rule does not forbid the changenof interface and the previous effect is much less effective [3].
during the scattering (the ground state of the spin is not (v) Covering a film with different materials of negli-

L = 0 [12]). The formation of the anisotropy must be, gible spin-orbit interaction, the asymmetry effect must be
however, general, but in the case of inte§ehe impurity  unaffected.
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= ae— atom orbitals with spin-orbit interaction are characterizing
------------ the shape of the samples.

AuFe The main conclusions of the present Letter are that in

any sample with strong spin-orbit interaction a magnetic

i) b} impurity has a strong spin-orbit induced magnetic aniso-

tropy nearby the surface inside the ballistic mean free path
and that must show up in the spin dynamics at low tem-

- ":' _ perature. The spin-orbit induced anisotropy explains all
..... > the experimental facts related to Kondo resistivity anoma-
e B O S U 11 lies in quasi-one and -two dimensions.
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