Chapter 2

Introducing the Inner Structure

of the Magnetic Atom in the Interaction
Between a Transition Metal Atom Impurity
and a Metal Surface

Fernando Flores and E.C. Goldberg

Abstract This paper presents a review of the work performed by the authors to
incorporate the inner structure of a d-shell magnetic atom in the description of the
many-body interaction between a transition metal atom impurity and a metal host.
Two main assumptions are made in this approach: (i) the magnetic atom has an
orbital singlet with a total electronic spin S (as corresponds to a case for which
the angular moment is quenched); (ii) the first Hund’s rule determines the inner
electronic structure of the magnetic atom. Using these two assumptions and the
rotational symmetry of the electronic spin, an ionic Hamiltonian is introduced and,
in a further step, the effective exchange metal atom coupling and the impurity Kondo
temperature are analyzed.

Introduction

Kondo related problems are still an important issue in many-body condensed
matter [1]. In the earliest approaches, very idealistic models [2-5] with a very poor
description of the inner structure of the magnetic atom involved in the problem were
introduced. This was a very convenient way for understanding the general proper-
ties of that basic problem. In particular, in the Anderson-like Hamiltonian a spin
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degenerate level, with an intra-site Coulomb interaction U, interacting with a metal
band is introduced. Kondo-like properties of this Hamiltonian are crucially depen-
dent on the correlation effects associated with its twofold degenerate level and the
U-value. In section “The Anderson Model Revisited”, we present a summary of the
well-known main properties of that Hamiltonian, including the effective exchange
coupling between the atom and the metal, and its Kondo temperature.

Although it has been a great success of nanoscience the realization of differ-
ent many-body systems in the quantum wells fabricated using different techniques,
Kondo resonances and their electron correlation properties have been found to play
also an important role in the interaction between d orbitals ( f orbitals) of transition
(rare-earth) metal impurities and the electrons of a metal band [6]. However, the
analysis of the properties of these impurities has not yet been fully developed except
for the so-called N-fold degenerate case [2].

Recent data in the experiments of inelastic tunneling spectroscopy of transition
metal magnetic atoms [7-9] or single atom transistors [10] also points out to the
need to understand the properties of those systems including the inner structure of
the atom with its Hund’s rule. A first attempt in this direction was taken by Hirst [11]
who introduced the following Hamiltonian:

Y =" o8y o + O [Eaciln— 1m)n = 1,m| + E,|n, m)(n, m|]
ko m

+> [V,;;(m)éjmm —1,m—o){n, m|

kom

+Vkﬂ(m)|n9m><n_lam_a|ék0]a (21)

where, for simplicity, only fluctuations of one electron in the atom are considered. In
the Hamiltonian, Eq. (2.1), one electron from state |n, m), with n electrons and S, =
m, jumps to a k, o state leaving the atom in a [n — 1, m — o) state. Apparently, the
Hamiltonian, Eq. (2.1), is rather complicated because it requires many parameters to
specify it; however, using Hund’s rule and the spin symmetry of the states associated
with the d-shell we have introduced an ionic Hamiltonian that only depends on one
parameter [12].

In section “The Anderson Model Revisited”, the Anderson Hamiltonian is revis-
ited and used to introduce, in section “An Ionic Hamiltonian for d Electrons”,
the main ideas leading to our generalization of the Hirst Hamiltonian. Then, in
section “Effective Exchange Coupling and Kondo Temperature” we review the main
properties of that model, including its effective exchange coupling with the metal
and its Kondo temperature [13]. Finally, in section “Discussion and Conclusions”
we present our main conclusions.
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The Anderson Model Revisited

In the Anderson model [3], the interaction between an atom with a nondegenerate
d-level and a metal is described by the following Hamiltonian:

H = Hy + Hi, (2.2)
where

Hy = ol 1 01 01 +10 1)(0 4 [1+ Qo + DI (AL 1+ D ey i
ko
(2.3)

ko) being the metal states, and | 1 0), O |), | 1| ) the single and configurations.
The atom-metal interaction is described by

Hing = > {Vic[I 1 0)(001éis + 10 1)(00]éxy + [ 14)(0 § Iéy — [ 1)(1 0léky ] +c.c.}

‘ 2.4)
with electrons being transferred between the atom and the metal (the metal Fermi
energy, Er, is taken as the origin of energies). We stress that, for the convenience of
our discussion below, we are using the projector operators for the atom instead of
the more conventional creation and annihilation operators [14].

This Hamiltonian has been analyzed using many different (exact and approximate)
solutions [2]; we mention here the solution obtained using a many-body technique
that uses a Green function method combined with an appropriate self-energy [15, 16].
Figure 2.1 shows the DOS calculated with that approach taking U = 0.2, U/I" = 10
(I" is the usual linewidth of the one-electron problem: I" = 7| V1200, po being the
metal density of states and V = Vi assuming that Vj is k-independent), and different
values of ¢ (—0.1, —0.15, —0.2, and —0.25). For ¢y = —0.1, the solution has an
electron—hole symmetry with a narrow Kondo peak at the Fermi level; for ey = —0.15
the solution is asymmetric, but still there is a Kondo peak at Ep; for &g = —0.20,
g0 + U =0, the Kondo peak disappears and the second electron level, g9 + U, is
already the only one appearing practically in the DOS; finally for &g = —0.25 this
regime is completely developed and the one-electron solution coincides practically
with the many-body one.

The Hamiltonian, Eq. (2.2) can be transformed into an effective spin scattering
Hamiltonian by means of a Schrieffer-Wolff transformation [17], assuming that the
atom is mostly in a spin state with S = 1/2. We illustrate here briefly how this
transformation can be obtained using the projector operators just discussed; this will
also be useful for our discussion below.

The main idea is to eliminate the atomic excited states, |00), | 1), using a second-
order perturbation theory in Hine:
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Fig. 2.1 Upper panel (from Ref. [14]): DOS for U/I" =10, U = 0.2 anda g9 = —0.1; b gg =
—0.15; ¢ g = —0.2, and d g9 = —0.25. Dashed line one-electron solution without correlation
effects. Full line many-body solution following Ref. [15]. Lower panel indicates the energy window,
g9 < Er < &9 + U, for which the effective atom-metal exchange coupling is antiferromagnetic

; Hin|n) (n] Hin
Hyr = — Z —E-F (2.5)
Taking |n) = |00) and |n) = | 1) in Eq. (2.5), and assuming the energy levels,
&o (¢0 + U), much lower (higher) than the Fermi level, so that Ey — E = |¢g| and
Eyy — E = |g9 + U], Eq. (2.5) yields:

) ViVE WV o
Her = — Z [ + j| lo) (o |ck(,cl£,a,

= L leol  leo+ U
== D Jlo) (0 1o by 2.6)
kk'oo’
where |o) = | 1 0) foro = %,and o) =10 |) foro = —%,and we have introduced

1 1
Jw = WV | — + —|. 2.7
. ""[|eo| |50+U|] @7
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Now, introducing the spin operators for the atom and the k states, respectively,
- 1
St =13k ST=1-96GE S=5[0GI- -] 28

She =t Sao = e Saw =5 [Shder — Géa ] @)

N =

we can write Eq. (2.6) in the following way:

~ A a 1 A A
Her = Z Jiae' S - S + 3 Z Jiw [CIT(TCM + Cilcm] - Z Jik- (2.9)
k

kK’ kK’

This equation can be written in a more transparent way if we assume a localized
description of the k-band states, ¢x = Za aggoa, with the index « denoting the dif-
ferent metal local (Wannier) orbitals. If the k-band and the atom interact through a
single channel state « [18], the atomic spin part of Hamiltonian, Eq. (2.9), can be
written as follows:

He(fsfpm) =2J4S - Sa (2.10)

a 3’—§a antiferromagnetic interaction, with J, = |V, |*[1/|eo| + 1/]eo + U|] (remem-
ber that we have assumed ¢y < Ep < g9 + U). Equation (2.10) represents the s-
d model of the Anderson Hamiltonian [19]. Notice that in the limit of U — oo,
Jo 2 |V, )?/|e0l; however, when Eg < &g, J, = —|V,|?/|€ol, so that the S-3, inter-
action becomes ferromagnetic. Likewise, if the (gy + U) level is much closer to Er
than &g, J, & |Vy|?/leo + Ul; but if Eg < g9+ U, J, = —|V,|*/|g0 + U], show-
ing that there is a S-54 ferromagnetic interaction. This is shown schematically in the
lower panel of Fig. 2.1, where the window of energy is indicated, &g + U > Eg > &,
for which there appears an antiferromagnetic interaction and, consequently, a Kondo
resonance, as it can be seen in the upper panel of Fig.2.1.

This Kondo-temperature, 7k, can be calculated by applying the poor man’s scaling
method to the antiferromagnetic interaction given by Hamiltonian, Eq. (2.6) [2, 3, 5],
whereby metal k-states in the energy intervals (D, D — D) and (—D, —D + § D)
are removed from that Hamiltonian, Eq. (2.6); the metal states are characterized by
a constant density of states per spin, py, and a bandwidth extending from —D to D.
This is achieved by using second-order perturbation theory and summing upon the
K-states in the following equation:

Heir|K) (K| Hegr
8 Heir = —Z Ee B @.11)

where |K) represents excited states like ELI |o’) or ¢ks|o’). This analysis yields the
following Tx:

ksTx ~ Dexp (—3p0o) - (2.12)
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An Ionic Hamiltonian for d Electrons

We describe the interaction between a metal and a d-shell atom by the following
Hamiltonian:

H = Hy + Hiy. (2.13)

In Eq. (2.13) Hy = > ko Eklke + Hyom includes the energy terms of both, the solid
and the atom. The solid is described by the conduction band energies ex with an
occupation number given by nyx, = ck(T Cko- The atomic part, Hatom, in the extended
version appropriate for treating any multi-electron atom [20], takes the form:

Hyom = zgmﬁma Z Udannml + 5 Z ]dnmanm —o

mo m#m o
+_ Z (Jd - Jd )nmanma Y Z XA;:mém —oé;n',aém/a- (214)
m;ﬁm o m;ém o

Here, c » (Cmo) are the fermionic operators creating (annihilating) an electron with
spin prOJecnon o in the orbital m and 7,,, = cjm, Cmo; the intra-atomic Coulomb
interactions U, and Jy, as well as the intra-atomic exchange interaction Jj, are
assumed to be constants independent of the orbital index m. The last term, related to
spin-flip processes, restores the invariance under rotation in spin space.

The interaction term, Hiy, contemplates the charge exchange between the atom
and the solid through a one-electron tunneling mechanism described by the following
expression:

A = D [Vinlmo + VigyChaho | (2.15)

kmo

In transition metal atoms where the orbital contribution to the angular moment is
often quenched due to crystal field effects associated with the low symmetry of the
environment (this implies that the ground state of the atom is an angular singlet), the
maximum spin associated with a given number of electrons, say N, determines the
atomic ground state (first Hund rule). Figure 2.2 shows the atomic states and their
corresponding energies as defined by the atomic Hamiltonian, Eq. (2.14), for N < 5;
for N > 5, we find a hole—electron symmetry with respect to the previous case (their
energies are included in the caption of Fig.2.2).

Then, we introduce the electronic states of total spin S and spin projection
M, |S, M), and |S, M), for N <5 and N > 5 respectively, to rewrite the atomic
Hamiltonian, Eq. (2.14), as follows:

Huom = D_ [Es.elS, M)e(S, Mo + EsplS, M),(S, Ml,], (2.16)
SM
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Fig. 2.2 It is shown the atomic d N states and their energies for different number of electrons, N;
S = N/2and M is taken equal to S (N < 5). For N > 5 we find: Eg = 654 + Ug + 14J, — 14J3
for N =6; Es =Teq +2Uq +19J4 — 1975 for N =7; Es =8e4 +3Ud +25J; —25J; for
N =8; Eg =9eq +4Uy +32J; —32J7 for N =9 and Es = 10g4 45Uy +40J, — 40J; for
N =10

where the energies Eg are given in Fig.2.2. In this way we reduce the configuration
space of Hamiltonian, Eq. (2.14), to the one spanned by those eigenvalues, so that
we have D> ¢\, [IS, M) (S, M|, + |S, M), (S, M|;] = 1.

Notice that the one-electron levels, E(d"), associated with the many-body
Hamiltonian, Eq. (2.16), are defined by the equation: E(d") = E5(N) — E 51
(N — 1). This yields:

Ed') = &4, (2.172)
E(d®) =gq+ Js— T}, (2.17b)
E(d®) = &4+ 2y —2J7, (2.17¢)
E(d) =4 +4J4 —4J3, (2.17d)
E(d®) = eq+ Ug +4J; — 47, (2.17¢)
EWd) =g+ Us 4514 —5J}, (2.17f)

E@") = &4+ Uqs+8Js— 8J;. 2.17g)
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For E(d") < Er < E(dV*") we can expect the atom to have N electrons. However,
when Eg approaches the levels E(d") or E(dY +1), the atom should start to have
fluctuations to either N — 1 or N + 1 electrons.

We describe those metal atom processes by assuming that an atomic ground state
with N electrons, | S, M), has fluctuations to the states with N — 1 or N + 1 electrons,
which for N < 5, correspond to the states | S — %, M), |S + %, M), respectively. For
the sake of simplicity, we restrict our discussion to N < 5, and neglect the sub-index
e from the atomic states. Then, the corresponding interaction Hamiltonian has the
form:

B = 3 [Vl 81 = 3 M = 0)(S. M1+ VS, 15, M)S = 3. M — 016, |

kMo
Sly S+3% A
+ [kag G S, M — o) S+ 5 M+ Ve 21+ 3, My(s, M — U|Cka:| :
kMo

(2.18)

. . . S+5
where the different interaction elements, V,5,,, and V2, are calculated by ensur-
ing to have spin rotation invariance. This is illustrated in Fig.2.3, where we

S§=3/2

Fig.2.3 Illustrates how to calculate the matrix elements between the states |S, M) and |S — %, M)
due to the interaction: >y I:Vkélta Clo + Vi élr o ékg]
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consider states with § = and S =1, and assume to have the following interac-

tion: >y [chkgclg + Vi c,acka] between them, where 1 refers to the first d state
in the sequence of the 5 d-states shown in that figure. In Fig. 2.3, the different S, M )
or |S — 1, M) states are generated by successive application of the operator S~

this way the following expression for the coupling terms, V;5,,, in Eq. (2.18), w1th
N — N — 1, is calculated for the case of a half-filled or less than half-filled shell

(N <5)[21]:
S+ (—DrM
VS, = ,/%ka (2.19)

For the sake of completeness, we also mention that for N > 5 and fluctuation from
NtoN+1(StoS — % in the hole picture), we obtain:

[S—(=1)rM
Ve = (=1)7 Tde. (2.20)

Effective Exchange Coupling and Kondo Temperature

Equations (2.16), (2.18), and (2.19) define our ionic Hamiltonian. In this section,
we are going to analyze the effective exchange coupling and the Kondo tempera-
ture associated with it [13]. We calculate the effective exchange coupling by using
the Schrieffer—Wolff transformation as performed above for the case § = % We
also start by considering only the atomic fluctuations, |S, M) — |S — %, M') and
N < 5. Then, using Eq. (2.5), and |n) = |S — 1, M) we find the following effective
Hamiltonian:
AT

A VS Cka|S, M)(S, M—0+a| y aaa,ca
Heffzz kM M=ot Kk

P ES — ES™1 — (ex — 1)
Ko/

2.21)

Next, approximate ES — ES™2 — (g0 — &) by ES — ES=2 = E(dN) = —A, use
the expression, Eq. (2.19) for VkSMU, the following equations for S,

+=Z\/S(S+1)—M(M+1)|S,M+1)(S,M|, (2.22a)
M

S = z\/S(S—i- 1) — MM —1)|S, M — 1)(S, M|, (2.22b)
M

S.=> MIS, M)(S, M|, (2.22¢)

M
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and the expressions of §, §q» and §, y given by Eq. (2.8b). All this leads to

; I (st
A= —S Sk + § 2 (Erdr + G,y — 200 (2.23)
kk’

which defines a Heisenberg exchange interaction between a local moment and the
conduction electrons with a coupling constant Jiw = Vi V5 / A.

The spin part of this effective Hamiltonian in the case where the k-band and the
atom interact through a single channel is given by:

Ja" A~
A" = 28, (2.24)

with J, = |V,|?/A. This is an antiferromagnetic exchange interaction between S
and §, with a coupling constant J, /S when A > 0, or equivalently when E(S) —
E(S — -) =E@") <0.
Up to this point, we have assumed the atom to fluctuate from the spin S (the
normal state of the atom) to spin S — % If the atom fluctuates to S + %, our analysis
yields that the effective spin Hamiltonian is (written in the channel representation):

Jo & 1
A = —F"ls Sa forS > S+ -, (2.25)
2

where J, = |V,|>/A’, with A’ = E(d"*"). This is a ferromagnetic exchange inter-
action if E(@V*!) > 0.

Notice that in all these cases, there appear renormalization factors, S or S + %,
changing the J-coupling, defined in the conventional way J, = |V,|?/A, to either
J/S or J/(S + %). Then, we have that a large spin would imply a reduction in

the effective S - §, interaction and in the corresponding Kondo resonance for the
antiferromagnetic case. This is illustrated in the results shown in Fig.2.4. In this
figure, we show the impurity atom spectral densities for 0 < N < 5 electrons in
the d-shell and § — § — % fluctuations. These ones have been obtained from the
imaginary part of the Green function defined in the projection operator language,

G,y 1) =i0G =) ({IS. MNS — 3. M = 3l IS — 3. M = 3)(S. MI.})
(2.26)

and solved by using the equation of motion technique up to second order in the
coupling term Vi [12].

From this figure a decreasing antiferromagnetic exchange interaction between S
and §,, accordingly with an effective coupling constant J /S results evident. Consis-
tently, the corresponding Kondo temperature should decrease with S (see below).
Experimental evidences of these results exist from long time ago [22] being recently
confirmed by using scanning tunneling spectroscopy [23]. Jamneala et al. have found
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Fig. 2.4 The impurity

: 6 -
density of states p(w) around S=12 t0 S=0
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From up to down: d' < d©, el
& < d' &P o d?, 49

d* < d3,d5 < d*. The 3

energies w are measured in
units of D. From Ref. [21]

) —r—— —
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-0,004 -0,002 0,000 0,002 0,004
w

that atoms near the middle of the 3d row, such as V, Cr, Mn and Fe, show no dis-
cernible features of the local density of states at low energy, while atoms near the
ends of the row, such as Ti, Co, and Ni, show narrow resonances near the Fermi
energy [23].

Although the cases S — § — % and S - S+ % have been presented indepen-
dently, they can be combined simultaneously in one equation because, in the second-
order perturbation theory used to calculate the exchange interaction, both terms
appear as contributions that add to each other in the effective Hamiltonian. This
means that we can combine Eqgs. (2.24) and (2.25) into the equation

N

I:I(spin) _ Jas, A~

=8 b - S5y, forS—S—1ands— S+1I(N<5).

S+3
(2.27)

A similar argument can be applied to the case N > 5, with the magnetic atom of
spin S fluctuating to spin § — % or S+ %, S defining the normal state of the atom. In
general, our analysis yields the same result, Eq. (2.27), for the corresponding spin
effective Hamiltonian. It should be stressed, however, that there is an exception to
Eq. (2.27), when the normal state of the atom corresponds to the half-filled shell
(N =5). In such a case the N to N — 1 fluctuation is related to the spin fluctuation
S—> S§— % within the electron picture, and the N to N + 1, in the hole picture, is
related to the same spin fluctuation § — S — % Therefore, due to the hole—electron
symmetry of the problem we find that both fluctuations have an antiferromagnetic
character if E(d") < Er < E(dV*"). Then, the effective spin Hamiltonian reads as:

A emi J, ~ J A
Héfsfpm) — ?"S - Sq + ?"‘S -84 (S corresponds to the half-filled shell).  (2.28)
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On the other hand, it is worth mentioning that our results for the effective Hamiltonian
keep the rotational symmetry of the problem in all the cases, giving an independent
confirmation to the validity of the ionic Hamiltonian introduced for d-transition metal
atoms.

Regarding the Kondo temperature associated with our ionic Hamiltonian, we can
start our analysis with the spin effective Hamiltonians, Egs. (2.27) and (2.28), and
write e .

A = J'S -5, (2.29)

where J' = (J,/S) — (J, + %) for S # 3, or J' = (Jy/S) + (J,/S) for S =3.
Equation (2.29) allows us to calculate the Kondo temperature for the antiferromag-
netic case by using results obtained by other researchers for the same Hamiltonian,
Eq. (2.29) [1, 4]. In this way, we can write:

ksTx ~ Dexp(—1/pyJ’). (2.30)

Assuming that the term J, /S dominates the J-value for the case S # %, we obtain
the following Kondo temperature

kpTx ~ Dexp(—=S/poto) (S # 3). (2.31a)

This equation indicates how the Kondo temperature decreases with increasing values
of S. On the other hand, for S = 3, if we assume that Ex = [E(d®) + E(d°)]/2 and
Jy = JJ, we can write

ke Tk ~ Dexp(—S/2poJe) (S =2). (2.31b)

Discussion and Conclusions

In this paper, we have discussed the properties of an ionic Hamiltonian introduced
to describe the interaction between a metal band and a d-shell magnetic atom with
an orbital singlet. As an introduction to that general problem, we have reviewed
in section “The Anderson Model Revisited” the properties of the Anderson Hamil-
tonian, where only one-electron d-level is introduced; in particular we have discussed
for this Hamiltonian the exchange coupling between the metal and the atomic spin
as well as the corresponding Kondo temperature.

In section “An Ionic Hamiltonian for d Electrons”, we have presented our ionic
Hamiltonian [12] and have shown how the different hopping parameters between the
metal and the atomic wave functions, |S, M), defined by the first Hund’s rule can be
calculated, up to a factor, using the spin rotational symmetry.

In section “Effective Exchange Coupling and Kondo Temperature”, we have
discussed [13] how to apply the Schrieffer—Wolff transformation to our ionic
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Hamiltonian to obtain the effective exchange coupling interaction between the
metal and the atom. Our results show that this effective interaction has the form:
rs.§+ yf , confirming that our Hamiltonian has the appropriate rotational spin
symmetry. Consider the case N < 5; § is related to the number of electrons in the
d-shell by the equation 2S5 = N. The atomic occupancy is determined by the posi-
tion of the Fermi level; for E(dV*') > Er > E(dV), we can expect the atom to
be in the d"-state (with N electrons and S = N/2), and to develop charge fluctua-
tions to states with either N + 1 (d¥*t') or N — 1 (d¥ ') electrons. Depending on
those fluctuations we find different effective spin interactions with the metal. If EF is
closer to the E(d") level, the system develops an antiferromagnetic (AF) interaction,
with N — N — 1 fluctuations; when Ef approaches the E (d¥+") level, the effective
spin interaction is ferromagnetic (FM) and N — N + 1. Things are different when
E(d® > Ep > E(d”), which shows in both cases, for Er close to either E(d°) or
E(d’) an AF interaction; this is due to the electron—hole symmetry of the system
between the cases N < Sand N > 5. For example, the case E(d*) > Er > E(d")is
the symmetric of E(d®) < Er < E(d®), the system being in both cases AF if Ep is
closer to either E(d®) or E (d?); for that AF interaction, we find the following fluctu-
ations d>(S = 1) — d'(S = %) ord¥(§S=1) — d°(S = %), and a similar effective
spin interaction, (J,/ S)S’ - 8¢, Eq. (2.24), with S = 1.

Notice an interesting similarity between the conventional d-shell atom, with a
fivefold orbital degeneracy, and the Anderson model. For the Anderson model we
have two levels, E(d") and E (d?), and the system shows an AF behavior for E(d') <
Ep < E(d?) (see Fig.2.1), while for the conventional d-shell atom we find the same
AF behavior for E(d°®) > Er > E(d”). In this last model we find, however, that
for any other Fermi energy interval E(dV*') > Eg > E(dV), N # 5, the system
shows either an AF or a ferromagnetic behavior depending on the position of Ep
with respect to E(d") or E(@N ™).

Finally, for an AF exchange interaction we expect to have a Kondo resonance in
the electronic density of states as shown in Fig. 2.4 [12]; we have also analyzed the
Kondo temperature associated with that resonance and have found that it decreases
exponentially with the total spin of the normal atomic state [13, 24].
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