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Local Moments and the Kondo effect.

17

17.1 Strongly Correlated Electrons

One of the fascinating growth areas in condensed matter physics concerns “strongly correlated systems”:
states of matter in which the many body interaction energies dominate the kinetic energies, becoming large
enough to qualitatively transform the macroscopic properties of the medium. Some of the growing list of
strongly correlated systems include

o Cuprate superconductors, where interactions amongst electrons in localized 3d-shells form an antiferro-
magnetic “Mott” insulator, which develops high temperature superconductivity when doped.

e Heavy electron compounds, in which localized magnetic moments immersed within the metal give rise
to electron quasiparticles with effective masses in excess of 1000 bare electron masses.

e Fractional Quantum Hall systems, where strong interactions in the lowest Landau level of a two-dimensional
electron fluid generate a incompressible state with quasiparticles of fractional charge and statistics.

e Quantum Dots, which are tiny pools of electrons in semiconductors that act as artificial atoms. As the gate
voltage is changed, the electron repulsion in the dot causes a “Coulomb Blockade”, whereby electrons
can only be added one by one to the quantum dot.

o Cold atomic gases, in which the interactions between the neutral atoms governed by two-body resonances,
can be magnetically tuned to create a whole new world of strongly correlated quantum fluids.

In each case, the electron system has been tuned - by electronic or nuclear chemistry, by geometry or
nanofabrication, to give rise to a quantum state with novel collective properties, in which the interactions
between the particles are large compared with their kinetic energies. The next two chapters will introduce one
corner of this field: the physics of local moments and heavy fermion compounds. A large class of strongly
correlated materials contain atoms with partially filled d, or f orbitals. Heavy electron materials are an extreme
example, in which one component of the electron fluid is highly localized, usually inside f-orbitals giving rise
to the formation of magnetic moments. The interaction of localized magnetic moments with the conduction
sea provides the driving force for the strongly correlated electron physics in these materials.

Within the periodic table, there are broad trends that govern strongly correlated electron behavior. The
most strongly interacting electrons tend to reside in partially filled orbitals that are well-localized around the
nucleus. The weak overlap between orbitals of neighboring atoms promotes the formation of narrow electron
bands, while the interactions between electrons in the highly localized orbitals are strong.

In order of increasing degree of localization, the unfilled electron orbitals of the central rows of the periodic
table may be ordered

5d <4d <3d <5f < 4f.
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There are two trends operating here: first, orbitals with higher principle quantum numbers contain more
radial nodes and tend to be more delocalized, so that 5d < 4d < 3d and 5f < 4f. Second, as we move from
d to f orbitals, or along a row of the periodic table, the increased nuclear charge pulls the orbitals towards
the nucleus. These trends are summarized in the Kmetko-Smith diagram in Fig 17.1, in which the central
rows of the periodic table are stacked in order of increasing localization. Moving up and to the right in this
diagram leads to increasingly localized atoms In metals lying on the bottom-left hand side of this diagram,
the d-orbitals are highly itinerant giving rise to the metals exhibit conventional superconductivity at low
temperatures. By contrast, in metals towards the top right hand side of the diagram, the electrons in the rare
earth or actinide ions are localized, forming magnets, or more typically, antiferromagnets.

The materials that lie in the cross-over between these two regions are particularly interesting, for these
materials are “on the brink of magnetism”. With some exceptions, it is in this region that the the cerium and
uranium heavy fermion materials, and the iron based superconductors are found.

17.1.1 Local moments

To understand heavy electron materials, we need to understand how electrons localize to form magnetic
moments, and how these local moments interact with the conduction sea of electrons. The simplest example
of a localized moment is an unpaired electron bound in an isolated atom, or ion (17.2 (a)). At temperatures
far below the ionization energy |Ey|, the only remaining degree of freedom of this localized electron is its
magnetic moment, described by the operator

o
M = ,UB&
Increasing localization —

Magnetic moments

Ce Pr Nd P

Th Pa U Np Pu Am Cm Bk

Increasing
localization

Superconductivity

3d 5f 4f

transition actinide rare earth

Hiefalaal | The Kmetko-Smith diagram, showing the broad trends towards increasing electron
localization in the d- and f-electron compounds.
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where & denotes the Pauli matrices and pp = % is the Bohr magneton. In a magnetic field, the Hamiltonian
describing low energy physics is simply H = -M-B = —ugd - B, giving rise giving rise to a “Curie”
susceptibility
oM PF g
0B oB> T

The classic signature of local moments is the appearance of Curie paramagnetism with a high-temperature
magnetic susceptibility of the form

x(T) =

M2

P — M? = g% 1 17.1
3T 1 0) gHpJJ + 1), (17.1)

X
where, n; is the concentration of magnetic moments while M is the magnetic moment with total angular
momentum quantum number J and gyro-magnetic ratio (“g-factor”) g. € is the “Curie Weiss” temperature,
a phenomenological scale which takes account of interactions between spins!. For a pure spin, J = S is the
total spin and g = 2, but for rare earth and actinide ions, the orbital and spin angular momentum combine
into a single entity with angular momentum J'=L+S§ for which g lies between one and two. For example, a
Ce* ion contains a single unpaired 4f-electron in the state 4 ', with / = 3 and s = 1/2. Spin-orbit coupling
gives rise to low-lying multiplet with j = 3 — % = %, consisting of 2j + 1 = 6 degenerate orbitals |4/ : Jm),
(my € [—%, %]) with an associated magnetic moment M = 2.64up.
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(a) In isolation, the localized atomic states of an atom form a stable, sharp excitation
lying below the continuum. (b) The inverse of the Curie-Weiss susceptibility of local
moments y~! is a linear function of temperature, intersecting zero at T = —#.

Though the concept of localized moments was employed in the earliest applications of quantum theory
to condensed matter?, a theoretical understanding of the mechanism of moment formation did not develop

I A positive 6 > 0 indicates an antiferromagnetic interaction between spins, while a negative 6 < 0 is associated with ferromagnetic
interactions. giving rise to a divergence of the susceptibility at the Curie temperature 7. = —6.

2 The concept of a local moment appears in Heisenberg’s original paper on ferromagnetism[1]. Landau and Néel invoked the notion of
the localized moment in their 1932 papers on antiferromagnetism, and in 1933, Kramers used this idea again in his theory of magnetic
superexchange.
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until the early sixties, when experimentalists began to systematically study impurities in metals. > In the early
1960s, Clogston, Mathias and collaborators[2] showed that when small concentrations n; of magnetic ions,
such as iron are added to a metallic host, they do not always form magnetic moments. For example, iron
impurities in pure niobium do not develop a local moment, but they do so in the niobium-molybdenum alloy,
Nbi_.Mo, once the concentration of molybdeneum exceeds 40% (x > 0.4). It was these observations that led
Anderson to develop his model for local moment formation.

17.2 Anderson’s Model of Local Moment Formation
|

Anderson’s model for moment formation, proposed in 1963, combines two essential ideas[3]:

o the localizing influence of Coulomb interactions. Peierls and Mott [4, 5] had reasoned in the 1940s that
strong-enough Coulomb repulsion between electrons in an atomic state would blockade the passage of
electrons, converting a metal into what is now called a “Mott insulator”. These ideas were independently
explored by Van Vleck and Hurvitz in an early attempt to understand magnetic ions in metals[6].

o the formation of an electronic resonance. In the 1950’s Friedel and Blandin [7, 8, 9] proposed that electrons
in the core states of magnetic atoms tunnel out into the conduction sea, forming a resonance.

Anderson unified these ideas in a second-quantized Hamiltonian

Hyesonance

H= kz i + kz [V ko fir + VIRV rert] Epny + Unpng, (17.2)

Hatomic

Anderson model.

where H ;,mic describes the atomic limit of an isolated magnetic ion containing a Kramer’s doublet of energy
E¢. The engine of magnetism in the Anderson model is the Coulomb interaction

U= ezf L )
" 4rng rr |r—r'|pf P

of a doubly occupied f-state, where ps(r) = [¥ f(r)l2 is the electron density in a single atomic orbital ¢ ¢(r).
The operator ¢y, creates a conduction electron of momentum K, spin o and energy & = Ex — u, while

flo= f ¥ (1), (17.3)

creates an f-electron in the atomic f-state. Unlike the electron continuum in a vacuum, a conduction band in
a metal has a finite energy width, so in the model, the energies are taken lying in the range ¢ € [-D, D].

3 It was not until the sixties that materials physicists could control the concentration of magnetic impurities in the parts per million
range required for the study of individual impurities. The control of purity evolved during the 1950s, with the development of new
techniques needed for semiconductor physics, such as zone refining.
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H,e50nance describes the hybridization with the Bloch waves of the conduction sea that develops when the ion
is immersed in a metal. The quantity

VK) = KIVilf) = f P re TV, () (P (17.4)

is the hybridization between the ionic potential and a plane wave. This term is the result of applying first
order perturbation theory to the degenerate states of the conduction sea and the atomic f-orbital.

17.2.1 A competition between localization and hybridization.

To understand the formation and properties of local moments, we need to examine the two limiting types of
behaviour in the Anderson model:

e Localized moment behavior, described by the limiting case where the hybridization vanishes.

o Virtual bound-state formation, described by the limiting case where the interaction is negligible.

Er+U/2

Empty Ef+U/2=‘+‘U

Charge Kondo

fu‘—_-f2 \

Kondo:
sl

Sleiiieet | Phase diagram for Anderson impurity model in the atomic Limit. For U > |[E; + U/2,
the ground-state is a magnetic doublet. When U < 0, the ground-state is degenerate
charge doublet provided Ef + U/2 = 0.

17.2.2 The Atomic limit.

The atomic physics of an isolated ion, described by

Huyomic = Epng + Unpng,. (17.5)
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is the engine at the heart of the Anderson model that drives moment formation. The four atomic quantum
states are

:chi; 58:2; z 3Ef +v } non-magnetic
(17.6)
D D E(fY) = E;. magnetic.
The cost of adding or removing to the magnetic f state is given by
o 2y _ 1y —
rejlifiﬁﬁ; Eﬁjﬁo; _ 2821; _ YEJ; Es } = AE = % + (Ef + %) (17.7)
In other words, provided (Fig. 17.3)

U/2>I|Er+U/2| (17.8)

the ground-state of the atom is a two-fold degenerate magnetic doublet. Indeed, provided it is probed at
energies below the smallest charge excitation energy, AE,,;, = U/2 — |Ef + U/2|, only the spin degrees of
freedom remain, and the system behaves as a local moment - a “quantum top”. The interaction between such
a local moment and the conduction sea gives rise to the “Kondo effect” that will be the main topic of this
chapter.

Although we shall be mainly interested in positive, repulsive U, we note that in the attractive region of
the phase diagram (U < 0) the atomic ground-state can form a degenerate “charge” doublet (| fo), | fz)) or
“isospin”. For U < 0, when E + U/2 = 0 the doubly occupied state | £2) and the empty state |f°) become
degenerate. This is the charge analog of the magnetic doublet that exists for U > 0, and when coupled to the
sea of electrons, gives rise to an effect known as the “charge Kondo effect”. Such charge doublets are thought
to be important in certain “negative U” materials, such as T/ doped PbTe.

Example 17.1: Derivation of the non-interacting Anderson model
Consider an isolated ion, where the f-state is a solution of the one-particle Schrodinger equation

[-V2 + Vion | L) = EE1), (17.9)

where V,,,(r) is the ionic potential and E}"" < 0 is the energy of the atomic f-level. In a metal, the

positive ionic background draws the continuum downwards to become degenerate with the f-level as
shown in Fig. 17.4. A convenient way to model this situation is to use “muffin tin potential”,

V(r) = (Vien(r) + W) 8(Ro — 1) (17.10)

equal to the ionic potential, shifted upwards by an amount W inside the muffin tin radius Ry. The f-state
is now an approximate eigenstate of { = —V> + V that is degenerate with the continuum.

Derive the non-interacting component of the Anderson model using degenerate perturbation theory,
evaluating the matrix elements of #{ between the conduction states |k) and the local f-state |f). You
may assume that the muffin tin R, is much smaller than the Fermi wavelength, so that the conduction
electron matrix elements Vi = (k|V|k’) are negligible.

Solution:

To carry out degenerate perturbation theory we must first orthogonalize the f-state to the continuum
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|f) = |f) = Xa.ei-n.p1 IK){K|f), where D is the conduction electron band-width. Now we need to evaluate
the matrix elements of H = —V? + V. If we set

Vien! = f dre® Py (1) + W), (17.11)
r<Rg

then the conduction electron matrix elements are
(KIHIK') = Exdxw + Viw = Exdi (17.12)
while ( fiH|f) ~ Ejﬁ”’ is the f-level energy.
The hybridization is given by the off-diagonal matrix element,
V() = (KIHIf) = (k| = V> + VIf) = E(KIf) + KIVIf) = (kIVIF), (17.13)

where we have used the orthogonality (k|f) = 0 to eliminate the kinetic energy. Infact, since the f-state
is highly localized, its overlap with the conduction electron states is small (k|f) = 0, so we can now

drop the tilde, approximating (k|V|f) ~ (k|Vin + WIf) ~ (k|Vipnlf), so that

V(EK) = (k|Vie| f) = f dre”™ Vo () (r). (17.14)

In this way, the only surviving term contributing to the hybridization is the atomic potential - only this
term has the high-momentum Fourier components to create a significant overlap between the low mo-
mentum conduction electrons and the localized f-state. Putting these results together, the non-interacting
Anderson model can then be written

a B

n —_—— . —_———
Besonance = ), (Bx+ W = i €'irtur + ) (V(R)ehir f + o) + (EF" = )y
k ko

17.2.3 Virtual bound-state formation: the non-interacting resonance.

When the magnetic ion is immersed in a sea of electrons, the f-electrons within the core of the atom can
tunnel out, hybridizing with the Bloch states of surrounding electron sea [9] as shown in Fig. 17.4.
In the absence of interactions, this physics is described by

Hresonance = Z ENko + Z[V(k)c+k0ﬁr + HC] + Efnf’ (1715)
k.o ko

where ¢’y creates an electron of momentum Kk, spin o and energy e = Ex — u in the conduction band. The
hybridization broadens the localized f-state, and in the absence of interactions, gives rise to a resonance of
width A given by Fermi’s Golden Rule.

A =7 IVE)Po(e - Ep) (17.16)
7

This is really an average of the density of states p(€) = Y\ d(w — &) with the hybridization |V(k)|?. For future
reference, we shall define

A(e) = JTZ |V(k)|26(€k —€) = np(e)V2(e) (17.17)
¥

as the “hybridization” function.
Let us now examine the resonant scattering off a non-interacting f-level, using Feynman diagrams. We’ll
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denote the propagator of the bare f-electron by a full line, and that of the conduction electron by a dashed
line, as follows:

GOw) =
f (@) w—Ef

GOk, w) = (17.18)

w- €&
For simplicity, we will ignore the momentum dependence of the hybridization, taking V(k) = V(k)* = V.
The hybridization is a kind of off-diagonal potential scattering which we denote by a filled dot, as follows:

(17.19)

Now the hybridization permits the f-electron to tunnel back and forth into the continuum, a process we can
associate with the “self-energy” diagram

2
=S (w) = Z 4 (17.20)

. w — €

We can view this term as an effective scattering potential for the f-electrons, one that is frequency dependent
and hence retarded in time, reflecting the fact that an f-electron can spend large amounts of time out in the

@)
(b) £
Vamm(f)"‘W
W W G
Es R Es
B'ék?‘/ ] |
T 0 __________ 0

(a) The immersion of an atomic f state in a conduction sea leads to hybridization
between the localized f-state and the degenerate conduction electron continuum,
forming (b) a resonance in the density of states.
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conduction band. The Feynman diagrams describing the multiple scattering of the f-electron off this potential
are then:

(17.21)

Each time the electron tunnels into the conduction band, it does so with a different momentum, so the mo-
menta of the conduction electrons are independently summed over in the intermediate states. As in previous
chapters, we can sum these terms as a geometric series to obtain a familiar-looking self-energy correction to
the f-propagator.

Gy(w) =GP [1 +Z.GP + (chji”)z +.. | =lw-Ef—Z(w)]” (17.22)

Now for a broad conduction band there is a very useful approximation for X.. To derive it, we re-write the
momentum sum in the self-energy as an energy integral with the density of states, replacing >, — f dep(e),

so that
2
To(w) = f %p(e) sl f de Al©) (17.23)

w-¢€ Tw—¢€

where A(e) = mp(€)V?. In the complex plane, X.(w) has a branch cut along the real axis with a discontinuity
in its imaginary part proportional to the hybridization:

Find(w—e)

d 1

Consider the particular case where A(e€) = A is constant for € € [-D, D], so that

D .
Swein=2 [ Ay erirD)
T J-

sw—exid6 7 lwtio-D
O(w/D)
I ; A +D
e 2 P = 2|22 FiA0D - |w) (17.25)
D iA D bd w-D

which is a function with a branch-cut stretching from w = —D to w = +D. The frequency dependent part of
ReX. = O(w/D) is negligible in a broad band. We can extend this observation to more general functions A(w)
that vary slowly over the width of the resonance (lumping any constant part of X, into a shift of E;.) With
this observation, for a broad band, we drop the real part of ., writing it in the form

Y(w + i) = —iAsgn(w’), (17.26)

where «’ is the imaginary part of the frequency. (at the Matsubara frequencies, Z.(iw,) = —iAsgnw,). On the
real axis, the f-propagator takes a particularly simple form
1

Gf(a) - l(S) = m,

(17.27)

that describes a resonance with a width A, centered around energy E, with a Lorentzian density of states

A

1
= —-ImG —-i0)= ———.
pr(@) nmf(w i) (w—Ef)*+ A2
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Now let us turn to see how the conduction electrons scatter off this resonance. Consider the repeated
scattering of the conduction electrons, represented by the dashed line, off the f-level as follows:

— + + + ...

Now using (17.21) we see that third and higher terms can be concisely absorbed into the second term by
replacing the bare f-propagator by the full (broadened) f-propagator, as follows

= +
(17.28)
GK.kw) = 6xGO%K,w) + GOk, w)V*G (W) GOK', w)
We can identify
Hw) = V2G (w) (17.29)

as the scattering t-matrix of the resonance. Infact, this relationship holds quite generally, even when interac-
tions are present, because the only way conduction electrons can scatter, is by passing through the localized
f-state. The full conduction electron propagator can then be written

GK K, w) = 6 x GOk, w) + GOk, w)H(W) GO K, w). (17.30)

Scattering theory tells us that the t-matrix is related to the S-matrix S (w) = >, where 6(w) is the scattering
phase shift, by the relation S = 1 — 27ip #(w + in)(here we use 7 as the infinitesimal to avoid confusion with
the notation for the phase shift), or

1 1 1
Hw+in=—""Ew)-1)=—-—X ———. 17.31
(@ + i) —27rip( @ =1 mo  coté(w) — i ( )
Substituting our explicit form of the f-Green’s function,
A
2
1 Vv 1 1
Hw+i8) = V2Gw+in = —x —b o~ (17.32)
: o w—E;+iA 7o (EfA‘w)_i
Comparing (17.31) and (17.32), we see that scattering phase shift is given by
L (Er-w -1
O7(w) = cot — )= tan — - (17.33)
f w

0y(w) is a monotonically increasing function, rising from ¢y = 0 at w << 0 to 6y = x at high energies. On
resonance, 6(Ey) = /2, corresponding to the strongest kind of “unitary scattering”.

17.2.4 The Friedel Sum Rule

Remarkably, the phase shift 6y = ¢7(0) at the Fermi surface determines sets the amount of charge bound
inside the resonance. Here, we can see this by using the f-spectral function to calculate the ground-state
occupancy:

0 0
dw A 2 Ef 5f
=2 d =2 = = —Zcot!|HL]=2x 2L, 17.34
s f:m wps (@) Im T (w—Ef)?+A? nco (A) % m ( )
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Note that when 6(0) = n/2, ny = 1. This is a particular example of the “Friedel sum rule”, - a very general
relation between the number of particles An bound in a potential well and the sum of the scattering phase

shifts at the Fermi surface

)
An=> 2 (17.35)
7 T

where 6, denotes the scattering phase shift in the partial wave state labelled by the orbital quantum numbers
A3

0

lllustrating the Friedel sum rule. As the scattering phase shift grows, the nodes of the
eigenstates at the Fermi surface are drawn into the potential well. Each time the
phase shift passes through 7 one more node passes into the well, leading to one
more bound-electron. In this illustration, one bound-state has formed as one node
passes through the boundary, increasing the phase shift by x.

We can understand the Friedel sum rule by looking at the scattering wavefunction far from the impurity.
The asymptotic radial wavefunctions of the incoming and the phase-shifted outgoing electrons on the Fermi
surface take the form

e tker eik”] e sin(kpr +0y)

Y(r) ~ [— + e —
.

r r

which corresponds to a radial wave in which the wavefunction of the electrons is shifted by an amount
0 Ap O
A LV A

kp 2 " n’

Thus for a positive phase shift, electrons are drawn inwards by the scattering process. Each time ¢y passes

Ar =

3 For a spherical atom, without spin-orbit coupling 1 = (I, m, o), where I, m and o are the angular momentum and spin quantum
numbers. With spin orbit coupling, A = (j, m) denote the quantum numbers of total angular momentum ;.
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through m, one more node of the wavefunction passes through the boundary at infinity, corresponding to an
additional bound electron. Anderson has called Friedel’s sum rule a “node counting theorem”.

Example 17.2: Anderson Model as a path integral
Formulate the Anderson model as a path integral and show that the conduction electrons can be “inte-
grated out”, giving rise to an action of the following form[10]

B
S = Z ﬁm{—iwn +Ey —iAsgn(a)n)} Fom + f drUnyn,. (17.36)

0

where f,, = ﬁ*% foﬁ dre f, (1) is the Fourier transform of the f-electron field.

Solution: We begin by writing the partition function of the Anderson model as a path integral

Z= f DIf,cle™s (17.37)

where the action S = S 4 + S 5 is the sum of two terms, an atomic term

SA = de[Z f_o-(a-r ar Ef)fg ar Unanfl]
0 o
and a bath term
Sp= f dr {Z Ok (Or + o) + V| rcrr + a.mf{r]} (17.38)
0 ko

describing the hybridization with the surrounding sea of conduction electrons.
We can re-arrange the path integral so that the conduction electron integral is carried out first,

Zgl{fN
= =
Z= f DfleSF f Dlcle™Ss, (17.39)

where Zg[{f}] contains the change to the f-electron induced by “integrating out” the conduction elec-
trons. The bath action is free of interactions and can be written schematically as a quadratic form

Sp=C-A-c+-j+j-c (17.40)

where A = (0; + &)d(t — 7’) is the matrix acting on the fields between the fields ¢ = ck,(7) and
= & (1), while j(t) = Vf,(7) and j = f,(7)V are source terms. You may find it reassuring to recast
S g in Fourier space, where A = (—iw, + &) is explicitly diagonal.

Using the standard result for Gaussian fermion integrals,

7 = f Dlcle ™7 = det A x exp[J.A™".j].

or explicitly,

Zc=e’ﬁFC V2
Z = det[d, dtf, 2 17.41
S = detl +ek]exp[ jf tf. (zk] Mﬁ(]f} (17.41)

The first term is the partition function Z- of the conduction sea in the absence of the magnetic ion.
Substituting Zg[{f}] back into the full path integral (17.39) and combining the quadratic terms then

gives
- V2
Z =27 D — | dt{fs|0: + Ef — >+ U .
cxf [f]eXP[ fT{f( +Ef Zk:@r+ek)f + mmH
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If we transform the first term into Fourier space, substituting f,(t) = B2 %, frne ™, fo(1) =
B2 Y frneT so that ;. — —iw,, the action can be written

—iAsgn(wn)

_ V2
Si= Y fon {—iwn +Ept Y Ek}fm, + deUnTnl (17.42)
k n

aiwn

~G7! iwn)

The quadratic coefficient of the f-electrons is the inverse f-electron propagator of the non-interacting
resonance. We immediately recognize the self-energy term X (iw,) = —iAsgn(w,) introduced in (17.20).
From this path integral derivation, we can see that this term accounts for the effect of the conduction
bath electrons, even in the presence of interactions. If we now use the large band-width approximation
X(iw,) = —iAsgnw, introduced in the (17.26), the action can be compactly written

Sr= E ond —iw, + E¢ — iIAsgn(w,) { fon + dtUn;ny. 17.43
. "f { L f i g( )}f .[\ﬂ el ( )

)
X
N
%y

Simple
Resonance

u/a
(A) (B)
w w
Ey g U —— o)

Ef -4

Hiepuldd | Mean field phase diagram of the Anderson model, illustrating how the f-electron
resonance splits to form a local moment. A) U < ntA, single half-filled resonance. B)
U > A, up and down components of the resonance are split by an energy U.

17.2.5 Mean-field theory

In the Anderson model, the Coulomb interaction and hybridization compete with one-another. Crudely speak-
ing, we expect that when the Coulomb interaction exceeds the hybridization, local moments will develop. To
gain an first insight into the effect of hybridization on local moment formation, Anderson[11] carried out a
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Hartree mean-field treatment of the repulsive U interaction, decoupling
Uniny — Unpny) + Ulnpdng — Uy Xny) + O(n?). (17.44)

We can understand this factorization as the result of a saddle point description of the path integral, treated
in more detail in the following excercise Ex 17.3. Using this mean-field approximation, Anderson concluded
that for the symmetric Anderson model, local moments would develop provided

U~ U, =nA. (17.45)

Let us now rederive this mean-field result. From (17.44), the mean-field effect of the interactions is to shift
the f-level position,

Ef—>Ef0—=Ef+U<nf,g> (1746)
which, using (17.34) implies that the scattering phase shift for the up and down channels
-1 Ef(r
Ofs = cot A 17.47)

are no-longer equal. Using the “Friedel sum rule” (17.34), we then obtain the mean-field equations

Ef + U<}’lf_0->)

0 (17.48)

O 1
(o) = == = —corl(
/8 T

It is convenient to introduce an occupancy ny = },,{ns,) and magnetization M = (ns) — (ny}), so that
(nps) = %(nf + oM) (o = x£1). The mean-field equation for the occupancy and magnetization are then

1 L (Ef+U2(np—oM)
_— ¢ 17.49
1 E;+U20; — oM

Mz;;2;ganl(f 2y U (17.50)

To find the critical size of the interaction strength where a local moment develops, we set M — 0% in (17.49)

to obtain w = cot (%) Linearing (17.50) in M, we obtain
U. 1 u. ., (nmn
o o (3 751
. 1+ (Ef*lA]”f/ ) .
so that for ny = 1,
U, =nA (17.52)

For larger values of U > U,, there are two solutions, corresponding to an “up” or “down” spin polarization
of the f-state. We will see that this is an over-simplified description of the local moment, but it gives us a
approximate picture of the physics. The total density of states now contains two Lorentzian peaks, located at
Ef+ UM:

1 A A
=— +
pr@) =2 (W-E;—~UMR2+A. " (w—E;+ UM+ A?
The critical curve obtained by plotting U, and E as a parametric function of ny is shown in Fig. 17.6.
The Anderson mean-field theory allows a qualitatively understand the experimentally observed formation
of local moments. When dilute magnetic ions are dissolved in a metal to form an alloy, the formation of
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a local moment is dependent on whether the ratio U/xA is larger than, or smaller than one. When iron is
dissolved in pure niobium, the failure of the moment to form reflects the higher density of states and larger
value of A in this alloy. When iron is dissolved in molybdenum, the lower density of states causes U > U,,
and local moments form. [12]

Example 17.3: Factorizing the interaction in the Anderson model
a) Show that the interaction in the Anderson model can be decoupled via a Hubbard Stratonovich

decoupling to yield
fudTUnTl’ll = fd'l’ [¢T"T ar ¢lnl - ¢T—l;bl (1753)
0 0

where ¢, = ¢y + id(T) — oh(7) is the sum of a real and an imaginary field.
b) Derive the mean-field partition function obtained by assuming that the path-integral over ¢ can be
approximated by the saddle point configuration where ¢, is independent of time, given by

Zur = fz)[f]e*SMF[%,f]

Sur = Z Jonl=G i) fon + §¢T¢l. (17.54)

o,iwp
where
Gnliwy) = iw, — Ef — ¢ + iAsgn(w,)

is the inverse mean-field f-propagator
¢) Carry out the Gaussian integral in (17.54) to show that the mean-field free energy is

1
_ 1
FMF = —kBTg In [—Gf(,(la),,)] = 5¢T¢l'
and by setting 0F/d¢, = 0, derive the mean-field equations

00

A
(w—Ef—¢a)2+A2'

d
60 = Ulnp) = U f  fw)

—00
Solution:

a) The interaction in the Anderson model can be rewritten as a sum of two terms,

“charge” “Spil‘l”
U U
U}’lTl’ll = Z(}’IT + nl)z - Z(}’ZT = nl)z

that we can loosely interpret as a repulsiion between charge fluctuations and an attraction between
spin fluctuations. Following the results of Section ??, inside the path integral, the attractive magnetic
interaction can be decoupled in terms of a fluctuating Weiss £(7) field, while the the repulsive charge
interaction can be decoupled in terms of a fluctuating potential field ¢(7) = ¢ + iA(7), as follows

1 U 2
—= X 5(1% —nT)z - —]’l(l’lT —nl) +

2 2x(U/2y
1 U :
+§X5(IZT+HL)2 —>¢(nT+nl)—%, (]755)

with the understanding that for repulsive U > 0, fluctuations of ¢(7) are integrated along the imagi-
nary axis, ¢(7) = ¢o + iA(7). Adding these terms gives

2 _ 42
fﬁdTUnTnl = fd‘r [(qb—o'h)n(, 3 h ¢ ] = fﬂdT [qunT +on; + i} (17.56)
0 0 U 0 Y
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where ¢, = ¢ — oh. The decoupled path integral then takes the form

Zp = f Didy] f DI fle-Srlo

§ V2 1
Sp= fd‘r {fa(a, +Ef+ o — )fa - 5¢T¢i}- (17.57)

= 0; + &

Note how the Weiss fields ¢, shift the f-level position: E; — E; + ¢,(7). In this way, the Anderson
model can be regarded as a resonant level immsersed in a white noise magnetic field that modulates
the splitting between the up and down spin resonances.

Anderson’s mean-field treatment corresponds to to a saddle point approximation to the integral over
the ¢, fields. At the saddle point, (6S/6¢,) = 0 . From (17.57), we obtain

oS
e
so the saddle point condition (6S r/0¢,) = O implies ¢_, = U(ny,), recovering the Hartree mean

field theory. We can clearly seek solutions in which ¢,(7) = ¢ is a constant. With this understand-
ing, the saddle point approximation is

— = fo’fo— - —¢

T ~ Zagp = f D[fle SN (17.58)
where

S mr =fdr{fa(6T+Ef+¢<°) Za e )fa ¢y “”}. (17.59)

Now since ¢ is a constant, we can Fourier transform the first term in this expression, replacing
d; = —iw,, to obtain

—Gil (iwp)
(0) (0) (0)
Sur = ”Zw; f(m( iw, + Ef + ¢ Z T )f(,,, 7o (17.60)
;___.V_____/
—isgn(wp)A
where in the broad-band width limit, we can replace
Grpliwy) = iw, — Ey - 9 + isgn(w,)A. (17.61)

Carrying out the Gaussian integral in (17.58), we obtain
Zur = detl-Gh(iw)let % = [ |-G htiw,)let %,
or

FMF = —kBTanMF = —kBT Z ln[ Gf{r(lwn)] iw, 0 _ _¢T¢L (]762)

,iwy

n)

where we have included the convergence factor e, By (17. 61)
(17.62 ) with respect to ¢, we obtain

—1, so differentiating

. iwn + 1
0 = kT ; Goliwn)e """ = =, (17.63)
or
¢y = Une) = UksT " Groliw,)e ™"

iwp
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Carrying out the sum over the Matsubara frequencies by the standard contour integral method, we
obtain

d d
bo=VUh GO =U G
Tm axis 27i Re axis 27i

Ufm%?ﬂwmmygw—w)

“ dw A
v IM T GTE b (17.64)

17.3 The Coulomb Blockade: local moments in quantum dots
I —

A modern realization of the physics of local moments is found within quantum dots. Quantum dots are a tiny
electron pools in a doped semi-conductor, small enough so that the electron states inside the dot are quantized,
loosely resembling the electronic states of an atom. Quantum dot behavior also occurs in nanotubes. Unlike a
conventional atom, the separation of the electronic states in quantum dot is of the order of milli-electron volts,
rather than volts. The overall position of the quantum dot energy levels can be changed by applying a gate
voltage to the dot. It is then possible to pass a small current through the dot by placing it between two leads.
The differential conductance G = dI/dV is directly proportional to the density of states p(w) inside the dot
G o p(0). Experimentally, when G is measured as a function of gate voltage V,, the differential conductance
is observed to develop a periodic structure, with a period of a few milli-electron volts. [13]

This phenomenon is known as the “Coulomb blockade”[14, 15] and it results from precisely the same
physics that is responsible for moment formation. A simple model for a quantum dot considers it as a sequence
of single particle levels at energies €, interacting via a single Coulomb potential U, according to the model

U
Hiw = ) (&1 +eVonis + NN = 1) (17.65)
1

where 1, is the occupancy of the spin o state of the A level, N = }’,, n, is the total number of electrons in
the dot and V, the gate voltage. This is a simple generalization of the single atom part of the Anderson model.
Notice that the capacitance of the dot is C = ¢*/U.

The energy difference between the n electron and n + 1 electron state of the dot is given by

E(n+1)—-E@®m) =nU + €, —le|V,,

where 4, is the one-particle state into which the n-th electron is being added. As the gate voltage is raised, the
quantum dot fills each level sequentially, as illustrated in Fig. 17.7, and when |e|V, = nU + ¢,,, the n-th level
becomes degenerate with the Fermi energy of each lead. At this point, electrons can pass coherently through
the resonance giving rise to a sharp peak in the conductance. At maximum conductance, the transmission
and reflection of electrons is unitary, and the conductance of the quantum dot will reach a substantial fraction
of the quantum of conductance, ¢?/h per spin. A calculation of the zero-temperature conductance through a
single non-interacting resonance coupled symmetrically to two leads gives

26° A?

Ts(Vv) = ——
(V) h (€1 —le]V,)? + A?

(17.66)
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1

Gl(2 €& ﬁjs

Variation of zero bias conductance G = dI/dV with gate voltage in a quantum dot.
Coulomb interactions mean that for each additional electron in the dot, the energy to
add one electron increases by U. When the charge on the dot is integral, the
Coulomb interaction blocks the addition of electrons and the conductance is
suppressed. When the energy to add an electron is degenerate with the Fermi energy
of the leads, unitary transmission occurs, and for symmetric leads, G = 2¢?/h.

where the factor of two derives from two spin channels. This gives rise to a conductance peak when the gate
voltage |e|V, = €;. At a finite temperature, the Fermi distribution of the electrons in the leads is thermally
broadened, and the conductance involves a thermal average about the Fermi energy

262 af A?
G(Ve. T) = =~ fds (—&) R (17.67)

where f(e) = 1/(€®¢ + 1) is the Fermi function. When there are multiple levels, the each successive level
contributes to the conductance, to give

2e? af A?
GV, T)= — | de[——=
Ve T) Z h f E( 66) (nU + €, — le|V, — €)? + A?

n>0

where the n-th level is shifted by the Coulomb blockade.

The effect of a bias voltage on these results is interesting. In this situation, the energy distribution function
of the two leads are now shifted relative to one-another. An crude model for the effect of a voltage is obtained
replacing the Fermi function by an average over both leads, so that f’(e) — % > fllet %), which has the
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Gate voltage (mV)

Source-drain voltage (mV)

Experimentally measured conductance for a voltage-biased quantum dot after [16],
showing the splitting of the Coulomb blockade into two components, shifted up and
down by the voltage bias, +eV,,/2. In the white diamond-shaped regions, G(V,;) = 0
as a result of Coulomb blockade. The number of particles N is fixed in each of the
diamond regions. The lines outside the diamonds, running parallel to the sides,
identify excited states.

effect of splitting the conductance peaks into two, peaked at voltages

lelV, = €, + nU £ |e|Viq/2 (17.68)
as shown in Fig. 17.8.

It is remarkable that the physics of moment formation and the “Coulomb blockade” operate in both artificial
mesoscopic devices and naturally occurring magnetic ions.

17.4 The Kondo Effect

Although Anderson’s mean-field theory provides a mechanism for moment formation, it raises new questions.
While the mean-field treatment of the local moment would be appropriate for an ordered magnet involving a
macroscopic number of spins, rigidly locked together, for a single magnetic impurity there will will always
be a finite quantum mechanical amplitude for the spin to tunnel between an up and down configuration.

R
e +fi =e+f
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This tunneling rate T;J} defines a temperature scale

kT = —
Tsf
called the Kondo temperature, which sets the cross-over between local moment behavior, where the spin is
free, and the low temperature physics, where the spin and conduction electrons are entangled. Historically,
the physics of this cross-over posed a major problem for the theoretical physics community that took about
a decade to resolve. It turns out that the process by which a local moment disappears or “quenches” at low
temperatures is analagous to the physics of quark confinement. Today we name it the “Kondo effect” after the
Japanese physicist Jun Kondo who calculated the leading logarithmic contribution that signals this unusual
behavior[17].

The Kondo effect has a many manifestations in condensed matter physics: not only does it govern the
quenching of magnetic moments in a magnetic alloy or a quantum dot[13], it is responsible for the forma-
tion of heavy fermions in dense Kondo lattice materials (heavy fermion compounds) where the local mo-
ments transform into composite quasiparticles with masses sometimes in excess of a thousand bare electron
masses.[18] We will see that the Kondo temperature depends exponentially on the strength of the Anderson
interaction parameter U. In the symmetric Anderson model, where E; = —U/2,

[2UA nU
TK = TCXP(—S—A). (1769)

We will derive the key elements of this basic result using perturbative renormalization group reasoning [19],
but it is also obtained from the exact Bethe ansatz solution of the Anderson model [20, 21, 22].
One can view the physics of local moments from two complimentary perspectives (see Fig. (17.9)):

e an “adiabatic picture” which starts with the non-interacting resonant ground-state (U = 0) of the Anderson
model, and then considers the effect of dialing up the interaction term U.

e a “scaling approach”, which starts with the interacting, but isolated atom (V(k) = 0), and considers the
effect of immersing it in an electron sea, gradually “integrating out” lower and lower energy electrons.

The adiabatic approach involves dialing up the interaction, as shown by the horizontal arrow in figure
(17.9). From the adiabatic perspective, the ground-state remains in a Fermi liquid. In principle, one might
imagine the possibiity of a phase transition at some finite interaction strength U, but in a single impurity
model, with a finite number of local degrees of freedom, we don’t expect any symmetry breaking phase
transitions. In the scaling approach, we follow the physics as a function of ever-decreasing energy scale, is
loosely equivalent to dialing down the temperature, as shown by the vertical arrow in figure (17.9) The scaling
approach starts from an atomic perspective: it allows us to understand the formation of local moments, and at
lower temperatures, how a Fermi liquid can develop through the interaction of an isolated magnetic moment
with a electron sea.

We shall first discuss one of the most basic manifestations of the Kondo effect: the appearance of a a
Kondo resonance in the spectral function of the localized electron. This part of our analysis will involve
rather qualitative reasoning based on the ideas of adiabaticity introduced in earlier chapters. Afterwards we
adopt the scaling apporach, first deriving derive the Kondo model, describing low-energy coupling between
the local moments and conduction electrons by using a “Schrieffer Wolff” transformation of the Anderson
model. Finally, we shall discuss the concept of renormalization and apply it to the Kondo model, following
the evolution of the physics from the local moment to the Fermi liquid.
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T Valence
Fluctuations

&\l"

0 Adiabatic U/A

The phase diagram of the symmetric Anderson model. Below a scale 7 ~ U local
moments develop. The Kondo temperature Tk plays the role of the renormalized
resonant level width. Below a temperature T ~ T, the local moments become
screened by the conduction sea via the Kondo effect, to form a Fermi liquid.

17.4.1 Adiabaticity and the Kondo resonance

The adiabatic approach allows us to qualitatively understand the emergence of a remarkable resonance in
the excitation spectrum of the localized f-electron - the “Kondo resonance”. This resonance is simply the
adiabatic renormalization of the Friedel-Anderson resonance seen in the non-interacting Anderson model.
Its existence was first infered by Abrikosov and Suhl [23, 24], but today it is colloquially refered to as the
“Kondo resonance”.

To understand the Kondo resonance we shall study the effects of interactions on the f-spectral function

Ar(w) = %Ime(w + in) (17.70)

where G s(w — i6) = is the advanced f-Green’s function. From a spectral decomposition (??) we know that:

Energy distribution for adding one f-electron.

DA oo 6w — [Ex = Eol). (@ > 0)
A

D KAUfrlgo) 6w — [Eo — Ea), (w<0)
A

Ap(w) = (17.71)

Energy distribution for removing f-electron
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where E, and E are the excited and ground-state energies. For negative energies w < 0, this spectrum
corresponds to the energy spectrum of electrons emitted in X-ray photo-emission, while for positive energies
(w > 0), the spectral function can be measured from inverse X-ray photo-emission [25, 26]. The weight
beneath the Fermi energy determines the f-charge of the ion

0
(npy=2 f dwA f(w) (17.72)

00

In a magnetic ion, such as a Cerium atom in a 4 f! state, this quantity is just a little below unity.

Aj(w)

Schematic illustrating the formation of a Kondo resonance in the f-spectral function
A(w) as interaction strength U is turned on. Here, the interaction is turned on while
maintaining a constant f-occupancy, by shifting the bare f-level position beneath the
Fermi energy. The lower part of diagram is the density plot of f-spectral function,
showing how the non-interacting resonance at U = 0 splits into an upper and lower
atomic peak atw = Eyand w = Ey + U.

Fig. (17.16.) illustrates the effect of the interaction on the f-spectral function. In the non-interacting limit
(U = 0), the f-spectral function is a Lorentzian of width A. If we turn on the interaction U, being careful
to shifting the f-level position beneath the Fermi energy to maintain a constant occupancy, the resonance
splits into three peaks, two at energies w = Ey and w = Ey + U corresponding to the energies for a valence
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fluctuation, plus an additional central “Kondo resonance” associated with the spin-fluctuations of the local
moment.

When the interaction is much larger than the hybridization width, U >> A, one might expect no spectral
weight left at low energies. But it turns out that the spectral function at the Fermi energy is an adiabatic
invariant determined by the scattering phase shift ¢ :

sin? & I

Apw =0) = —=. (17.73)

This result, due to Langreth[27, 28], guarantees that a “Kondo resonance” is always present at the Fermi
energy. Now the total spectral weight L D:o dwAr(w) = 1is conserved, soif |[E¢| and U are both large compared
with A, most of this weight will be lie far from the Fermi energy, leaving a small residue Z << 1 in the Kondo
resonance. If the area under the Kondo resonance is Z, since the height of Kondo resonance is fixed ~ 1/A,
the renormalized hybridization width A* must be of order ZA. This scale is set by the Kondo temperature, so
that ZA ~ TK.

The Langreth relation (17.73) follows from the analytic form of the f-Green’s function near the Fermi
energy. For a single magnetic ion, we expect that the interactions between electrons can be increased con-
tinuously, without any risk of instabilities, so that the excitations of the strongly interacting case remain in
one-to-one correspondence with the excitations of the non-interacting case U = 0, forming a “local Fermi
liquid”. In this local Fermi liquid, the interactions give rise to an f-electron self-energy, which at zero tem-
perature, takes the form

i(w—in) =Z(0) + (1 - Z Hw + iAw?, (17.74)

at low energies. As discussed in chapter 8, The quadratic energy dependence of X;(w) ~ w? follows from the
Pauli exclusion principle, which forces a quadratic energy dependence of the phase space for the emission of
a particle-hole pair. The “wavefunction” renormalization Z, representing the overlap with the state containing
one additional f-quasiparticle, is less than unity, Z < 1. Using this result (17.74), the low energy form of the
f-electron propagator is

E* A*
/_/; —
Gl w=-in=w=-Ef—ih=%/(w) = Z ' [w—Z(Ef +£/0) =i ZA —iO(w’)]

z
w = E;—iA" —i0@w?)’

Grlw—1in) = (17.75)
This corresponds to a renormalized resonance of reduced weight Z < 1, located at postion E; with renor-
malized width A" = ZA. Now by (17.29) and (17.31 ), the f-Green’s function determines the t-matrix of the
conduction electrons #(w + in) = V>G rlw+in) = —(mp) e sin §(w), so the phase of the f-Green’s function
at the Fermi energy determines the scattering phase shift, 6, hence G (0 +in) = (G(0—in))* = —|G f(O)Ie’Bf .
This implies that the scattering phase shift at the Fermi energy is

6;=Im (1n[—G;1(w - in)])'w0 =tan”! (2 ] (17.76)
- :

Eliminating E’; = A* cot 6y from (17.75), we obtain

zZ _. 1 .
G0 +in) = —Eeﬂdf sindy = —Ke*'éf sind, (17.77)
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so that
A40) = 21mG (0 — i) sin’ oy (17.78)
. = —_— m r —_— = .
f b 1 a A
is an adiabatic invariant.
T T T T T T T T I T T
| (a) CeAl B
L A \ e
| \" ‘-‘_, g
11X ]
E I (b) Celry |
| {c) CeRuy |
PR O T A N Y T A
-10 (] 10

ENERGY ABOVE Eg (eV)

Spectral functions for three different Cerium f-electron materials, measured using
X-ray photoemission (below the Fermi energy ) and inverse X-ray photoemission
(above the Fermi energy) after [26]. CeAl is an antiferromagnet and does not display a
Kondo resonance.

Photo-emission studies do reveal the three-peaked structure characteristic of the Anderson model in many
Ce systems, such as Celr, and CeRu, [26] (see Fig. 17.11). Materials in which the Kondo resonance is wide
enough to be resolved are more “mixed valent” materials in which the f- valence departs significantly from
unity. Three peaked structures have also been observed in certain U 5f materials such as UPt; and UAl,
[29]materials, but it has not yet been resolved in UBe3. A three peaked structure has recently been observed
in 4f Yb materials, such as YbPd;, where the 4 f 13 configuration contains a single f hole, so that the positions
of the three peaks are reversed relative to Ce [30].

17.5 Renormalization concept
I —

The Anderson model illustrates a central theme of condensed matter physics - the existence of physics on
several widely spaced energy scales. In particular, the scale at which local moments form in f electron sys-
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tems is of order the Coulomb energy U, a scale of order 10eV, while the Kondo effect occurs at a scale a
thousand times smaller, of order 10K ~ 1meV. When energy scales are well-separated like this, we use the
“renormalization group” to fold the key effects of the high energy physics into a small set of parameters that
control the low energy physics. [31, 32, 33, 34]

Renormalization is built on the idea that the low energy physics of a system only depend on certain gross
features of the high energy physics. The family of systems with the same low energy excitation spectrum
constitute a “universality class” of models. (Fig. 17.12) We need the concept of universality, for without
without it we would be lost, for we could not hope to capture the physics of real-world systems with our
simplified Hamiltonian models. The Anderson model, is itself a renormalized Hamiltonian, notionally derived
from the elimination of high energy excitations from “the” microscopic Hamiltonian.

To carry out renormalization, the Hamiltonian of interest H(D) is parameterized by its cutoff energy scale,
D, the energy of the largest excitations. Renormalization involves reducing gthe cutoff to a slightly smaller
value D — D’ = D/b where b > 1. The excitations in the energy window E € [D’, D] that are removed
by this process, are said to have been integrated out of the Hilbert space, and in so doing they give rise to a
new “effective” Hamiltonian H; that continues to faithfully describe the the remaining low-energy degrees
of freedom. The energy scales are then rescaled, to obtain a new H(D’) = bH; and the whole process is
repeated.

Generically, the Hamiltonian can be divided into a block-diagonal form

Hp
H=|—

V |Hy

.
4 ] (17.79)

where H; and Hy act on states in the low-energy and high-energy subspaces respectively, and V and V'
provide the matrix elements between them. The high energy degrees of freedom may be “integrated out” © by
carrying out a canonical transformation that eliminates the off-diagonal elements in this Hamiltonian A

i} (17.80)

Hy

H
H(D) — A = UH(D)U' = [FL

One then projects out the low energy component of the block-diagonalized Hamiltonian A; = PHP. Finally,
by rescaling

H(D') = bH, (17.81)

one arrives at a new Hamiltonian describing the physics on the reduced scale. The transformation from H(D)
to H(D’) is referred to as a “renormalization group” (RG) transformation. This term was coined long ago,
even though the transformation does not form a real group, since there is no inverse transformation.
Repeated application of the RG procedure leads to a family of Hamiltonians H(D). By taking the limit
b — 1, these Hamiltonians evolve, or “flow” continuously with D. Typically, H will contain a series of
dimensionless parameters (coupling constants) {g;} which denote the strength of various interaction terms in
the Hamiltonian. The evolution of these parameters with cut-off is given by a scaling equation. In the the
simplest case
0g;j
dlnD

A negative 8 function denotes a “relevant” parameter which grows as the cut-off is reduced. A positive g

= Bj(igih

6 The term “integrating out” is originally derived from the path integral formulation of the renormalization group, in which high energy
degrees of freedom are removed by integrating over these variables inside the path integral.
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Ar (W) Microscopic Model
Er E+U ﬂl
A f -\'u'
-D 10 D
Ar(w) Anderson Model
E Y
-Do _w Do
Ar (W) Infinite U Anderson Model
“ D’< E+U
-D’ w p
Ar (W) Kondo Model
D”< -Ef E+U

'D" w Du

Scaling concept. Low energy model Hamiltonians are obtained from the detailed
original model by integrating out the high energy degrees of freedom. At each stage,
the physics described by the model spans a successively lower frequency window in
the excitation spectrum.

function denotes an “irrelevant” parameter constant which shrinks towards zero as the cut-off is reduced.
There are two types of event that can occur in such a scaling procedure (Fig. 17.14):

e A crossover. When the cut-off energy scale D passes the characteristic energy scale of a particular class of
high frequency excitations, then at lower energies, these excitations may only occur via a virtual process.
When the effects of the virtual fluctuations associated with these high energy process are included into
the Hamiltonian, it changes its structure.

e Fixed Point. If the cut-off energy scale drops below the lowest energy scale in the problem, then there
are no further changes to occur in the Hamiltonian, which will now remain invariant under the scaling
procedure (so that the 8 function of all remaining parameters in the Hamiltonian must vanish). This
“Fixed Point Hamiltonian” describes the essence of the low energy physics.

Local moment physics involves a sequence of such cross-overs (Fig. 17.12.). The highest energy scales in
the Anderson model, are associated with “valence fluctuations” into the empty and doubly occupied states

fl'sf?  AE=U+E;>0
fls P  AE;=-E;>0 (17.82)
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The successive elimination of these processes leads to two cross-overs. Suppose AE; is the largest scale,
then once D < AEj, charge fluctuations into the doubly occupied state are eliminated and the remaining low
energy Hilbert space of the atom is

D<E;+U: I, Ifhey (o= +1/2) (17.83)
The operators that span this space are called “Hubbard operators”[35], and they are denoted as follows
Xo0 = If o) [ = Pf'. Xoo = |f*Xf" ol = 1o P,
Xoo = 1f o)X f! 0| (17.84)

where P = (1 — nyyny)) projects out doubly occupied states. (Note that the Hubbard operators X,0 = Pf7,,
can not be treated as simple creation operators, for they do not satisfy the canonical anticommutation algebra.)
The corresponding renormalized Hamiltonian is the “Infinite U Anderson model”,

H = Z e + [V o Xor + VK) Xpocko] + Ef Z X0 (17.85)

k.o o

Infinite U Anderson model

In this model, all the interactions are hidden inside the Hubbard operators.

Finally, once D < AEj;, the low-energy Hilbert space no longer involves the f2 or f°, states. The object
left behind is a quantum top - a quantum mechanical object with purely spin degrees of freedom and a two
dimensional” Hilbert space

If'o), (o =%1/2).

Now the residual spin degrees of freedom still interact with the surrounding conduction sea, for virtual charge
fluctuations, in which an electron temporarily migrates off, or onto the ion lead, to spin-exchange between
the local moment and the conduction sea. There are two such virtual processes:

e+floffoe+f AE; ~ U +Ey
e+ fl oeate oe+fl  AE;~-E (17.86)

In both cases, spin exchange only takes place in the singlet channel, S = 0 state. From second-order pertur-
bation theory, we know that these virtual charge fluctuations will selectively lower the energy of the singlet
configurations by an amount of order AE = —J, where

J~V2[1 1}=V2[L+ !

—_— — —. 17.87
AE, AE, —Ef Ef +U ( )

Here V is the size of the hybridization matrix element near the Fermi surface. The selective reduction in the
energy of the singlet channel constitutes an effective antiferromagnetic interaction between the conduction
electrons and the local moment. If we introduce #(0) = X« chac?'chk'B, measuring the the electron spin
at the origin, then the effective interaction that lowers the energy of singlet combinations of conduction and

7 1In the simplest version of the Anderson model, the local moment is a S = 1/2, but in more realistic atoms much large moments can
be produced. For example, an electron in a Cerium Ce®* ion atom lives in a 4f! state. Here spin-orbit coupling combines orbital and
spin angular momentum into a total angular moment j = /—1/2 = 5/2. The Cerium ion that forms thus has a spin j = 5/2 with a spin
degeneracy of 2j + 1 = 6. In multi-electron atoms, the situation can become still more complex, involving Hund’s coupling between
atoms.
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f-electrons will have the form H,;r ~ J&(0) - s - The resulting low-energy Hamiltonian that describes the
interaction of a spin with a conduction sea is the deceptively simple “Kondo model”

AH
————

H= Z &’ koo + JUH0)FW0) - Sy . (17.88)

ko

Kondo model

This heuristic argument was ventured in Anderson’s paper on local moment formation in 1961. At the
time, the antiferromagnetic sign in this interaction was entirely unexpected, for it had long been that ex-
change forces always induce a ferromagnetic interaction between the conduction sea and local moments. The
innocuous-looking sign difference has deep consequences for the physics of local moments at low temper-
atures, giving rise to an interaction that grows as the temperature is lowered ultimately leading to a final
cross-over into a low-energy Fermi liquid fixed point. The remaining sections of the chapter are devoted to
following this process in detail.

17.6 Schrieffer-Wolff transformation
|

We now carry out the transformation that links the Anderson and Kondo models via a canonical transfor-
mation, first introduced by Schrieffer and Wolff[36, 37]. This transformation is a kind of one-step renormal-
ization process in which the valence fluctuations are integrated out of the Anderson model. When a local
moment forms, hybridization with the conduction sea induces virtual charge fluctuations. It’s useful to con-
sider dividing the Hamiltonian into two terms

H=H|+/1(V

where A is an expansion parameter. Here,

Hp
Hi = Hpana + Hatomic = T

0
Hy
is diagonal in the low energy f! (H;) and the high energy f2 or f° (Hy) subspaces, whereas the hybridization
term

0 |yf
V=Hyix= ) [Vichiofs +Hel = |— |—=
Stvicuoty el =[5
provides the off-diagonal matrix elements between these two subspaces. The idea of the Schrieffer Wolff
transformation is to carry out a canonical transformation that returns the Hamiltonian to block-diagonal form:

ﬂﬂ_‘r rmz[i* 0

— . (17.89)
AV | Hy 0

v
H/

This is a “renormalized” Hamiltonian, and the block-diagonal part of this matrix H* = P H’P; in the low
energy subspace provides an effective Hamiltonian for the low energy physics. We now set U = &5, refering
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to “S” as the “action operator”. Now since U = U~ = ¢75, this implies that the action operator ST = =S is
anti-hermitian. Writing S' as a power series in A,

S=AS,+ S, +...,

then by using the identity, " Be™ = B +[A, B] + [A,[A, B]] ..., (17.89) can also be expanded in powers of
A as follows

1
& (Hy + AV)e™S = H, +/1<‘V+ [SI,HI])+/12(§[SI,[SI,H]] +[S1,V]+ [Sz,Hl]) o
Since V is not diagonal, by requiring
[S1,Hi] ==V, (17.90)

we can eliminate all off-diagonal components to leading order in A. To second order
1
S (Hy +AV)e™S = Hy + A2 (E[Sl,(V] + [52,H1]) +.... (17.91)

Since [S 1, V] is block-diagonal, we can satisfy (17.89 ) to second order by requiring S, = 0, so that to this
order, the renormalized Hamiltonian has the form

H* = H, + *AH (17.92)

where
AH = %PL[SI,‘V]PL +... (17.93)
is an interaction term induced by virtual fluctuations into the high-energy manifold. Writing the action oper-

ator in matrix form,
0

N

—st
— 17.94
0 ( )

and substituting into (17.90), we obtain V = —sH;, + Hys. Now since (Hy)u» = ELS,, and (Hy)ay = EHS4,
are diagonal, it follows that

Vab V-I-ab

— I
Sab = Ef——Eé’ =s'ap = FE;[,W , (17.95)
or more schematically
H|V|L
S = Z (|H)M(LI - H.c) +O0(V?) (17.96)
Ey-E;
HL
From (17.95), we obtain
AHy;, = —1(V"‘s +s V) = L Z(V"'LHVHL/) P (17.97)
2 2 & Ey—-E, Ey-Ep

Some important points about this result
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o Werecognize (17.97) as a simple generalization of second-order perturbation theory, including off-diagonal
matrix elements by averaging over initial and final-state energy denominators.
e AH can also be written

1
AHpp, = E[T(EL) +T(Ep)]

where
. Py
T(E)=P P
(E) L(VE—HI(V L,
ViV
T:7/(E) = —_— 7= 17.98
L (E) |H§>[E_E” (17.98)

is the leading order expression for the many-body scattering T-matrix induced by scattering oft V. We
can thus relate AH to a scattering amplitude, and schematically represent it by a Feynman diagram,
illustrated in Fig. 17.13.

[A)

T-matrix representation of interaction induced between states |b) and |a) by integrating
out the virtual fluctuations into the high-energy states |1).

o If the separation of the low and high energy subspaces is large, we can take E; ~ Ey,, so that

AH = T(E;) = —

AEm, (VPyV) (17.99)

where AEy;, = Ey — E| is the energy of excitation into the high energy subspace and Py = g, |[H){(H]|.

We now apply this method to the Anderson model for which the atomic ground-state is a local moment
f! configuration. In this case, there are two high-energy intermediate states corresponding to f° and f?
configurations. When a conduction electron or hole is excited into the localized f-state to create these excited
state configurations, the corresponding excitation energies are AE(f! — f%) = —E; and AE(f' — f?) =
Ey + U. The hybridization V = ), [V(k)c*ka fo+ H.c] generates virtual fluctuations into these excited
states. Using (17.99), the interaction induced by these fluctuations is given by

_VPIIV _ VPISV
Ef +U —Ef

AH =
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flre o f? flofote

i t oo " e
B Z V;,Vk[(c e So)(f ' gcrp) N (f gerp)(c katfa) Poy (17.100)

Kakp Ef +U —Ef

where P,-1 = (ng — nfl)2 projects into the subspace of unit occupancy. Using the Fierz identity® 204y0n3 =
8aplny + Oap - Oy We may recast the spin exchange terms in terms of Pauli matrices as follows

5 Capliy+GapFry)
. ———
(T raf ) perp) = (raf)(Fycep) X (SaySip)
1

= Ec*kackfa — (Cra Papcp) - S, (17.101)

and similarly

I .. B}
(f perp) et afy) = _ECTkack’a — (Cka ' Fapcrp) - S 5. (17.102)

(where we have replaced ny = 1 and dropped residual constants in both cases). The operator

O_)—(l
Sy = f*a( zﬁ)fﬂ’ (nyp=1) (17.103)
describes the spin of the f-electron. The induced interaction is then
AH = Z Jk,k/CTk(,(?'Ck/lg'S#f+H/ (17.104)
kak'B

where

flre o floflie
1 1

Jew = ViVl ——+ —
MWEMEvU T —E,

(17.105)

is the Kondo coupling constant.
Notice how, in the low energy subspace, the occupancy of the f-state is constrained to ny = 1. This
fermionic representation (17.103) of the spin operator proves to be very useful. Apart from a constant, the
second term
1
_— + JR—
E Ft+ U E f

1 y 4
H = _E Z Vk’Vk ]C‘kack’o-
kk'o
is aresidual potential scattering term. This term vanishes for the particle-hole symmetric case Ey = —(E;+U)
and will be dropped, since it does not involve the internal dynamics of the local moment. Summarizing, the
effect of the high-frequency valence fluctuations is to induce an antiferromagnetic coupling between the local

spin density of the conduction electrons and the local moment:

8 This identity is obtained by expanding an arbitrary two dimensional matrix A in terms of Pauli matrices. If we write Agp =
%Tr[A 1164p + %Tr[A(?‘] - @qp and read off the coefficients of A inside the traces, we obtain the inequality.
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H = kZ: EkCTkD—CkU— + ; Jk,erTka&Ckrﬁ . §f (17106)

This is the famous “Kondo model”. For many purposes, the k dependence of the coupling constant can be
dropped, so that the Kondo model takes the deceptively simple form

AH
—_——

H=)" actigci + J30)- Sy (17.107)

ko

Kondo model

where 1/,(0) = Y4 cio is the electron operator at the origin and #(0) = ¢ (0)¥(0) is the spin density at the
origin. In other words, there is a simple point-interaction between the spin density of the metal at the origin
and the local moment.

Example 17.4: Details of the Schrieffer Wolff Transformation

Show that the “action operator” S for the canonical transformation transformation H — H* = 5 He™
that effects the Schrieffer Wolft transformation from the Anderson model (17.2) to the Kondo model
(17.107), is given by [36, 37]

1-—ns_ n
S =3 [Vich fr f= e )—H.c]+0V3 17.108
;[kckf(Ek_Ef s E D) (V%) (17.108)

Solution:
Using (17.95), we may write the “action operator” S as

_ (HVIL) s
S = ; [lH) E, _E, (L] H.c] + O(V?) (17.109)

where, “L” and “H” denote the low and high energy subspaces respectively. For the Anderson model,
V= Yo (Vic'ko fir + H.c) is the hybridization, while the low-energy Hilbert space are the states with
ns = 1. The projector into the low energy subspace H is P, = (ns; — nyy)?, so we may write (H|V|L) =
(H|VPL|L), so that

i s ~
S = Z (|H><H|(ch ko'f0'+ ka U-Ckg.)(nfT sy

)? s
Eq—E, IL)L| - H.c) +O0(V°). (17.110)

H|L, ko
Now the initial state has energy E; while the excited state is either a state with one conduction electron,

no f-electrons, energy e, or a state with two f-electrons, one conduction hole, energy 2E; + U — €, s0
we may write

s=Y y Sl =1 ) o Flothotr oy 160 17.111)
o= Ek—Ef kEf+U—Ek ’ ’

where we have replaced f,(ny1 — ns)* = fo(l —np o) = fo(1 = np—,) and fio(npq — np)? =
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f T(,nﬁ. _, = fTons _;. Rearranging this a little, we obtain

i t
S = Z[Vk((l —ny _(,)EC ke fo TP — ko fo )—H.c

+O(Vd), (17.112)
k.o k — Ef €k — (Ef + U)

Example 17.5: Composite nature of the f-electron

The Kondo model only involves the spin of the f-electron, and the f-creation and annihilation operators
have apparently, completely disappeared. To find out what has happened to them, consider adding a
source term for the f-electrons

Hs = Y (f'olr + e f)o) (17.113)

into the Anderson impurity model, so that now H — H|[#,n] = H+ Hs, so that the functional derivatives
of the partition function

Z[Ne, o] = Zo(T exp [— j‘ude%(r(T)na'(T) + 70(7) ) (7)) (17.114)
0
generate correlation functions of the fermion operators,
) 6
— > @), — > fl.@), (17.115)
(7 ony

(a) Repeat the a Schrieffer Wolff transformation the case of constant hybridization Vi = V and particle-
hole symmetry to show that the Kondo model with source terms now becoems

Hylim = ) &ctipco + 1 (47(0) + V'7) & (w(0) + V') - (17.116)

ko

(b) By differentiating this expression with respect to 7., show that in the Kondo model, the original
f-electron operator has now become a “composite operator’ involving a combined conduction
electron and a spin-flip as follows

0Hkl[n,ml _ J N
= ————— = — (0" 0)s. 17.117
fo= =5 7 (705 - S) 90y (17.117)
When a Fermi liqudi develops, it is this object that behaves like a resonant bound-state fermion.
Solution:

(a) Inthe Anderson model, we can absorb the source term into the hybridization, writing it in the form
V= Z(W/%(O) +10)fr + Hee (17.118)

so that in the hybridization, we have replaced y/-(0) — ,(0)+ ‘i,r]m If we now repeat the Schrieffer
Wolff transformation, the spin exchange term in the Kondo model takes the form

Hyl,m) = ) e’ irco +J ($10) + V7'7) @ (w(0) + V') - S (17.119)

ko

(b) If we now differentiate Hx with respect to 7, we obtain

6HK [T_], 77]

fo = oo

17.7=0

J
=7 [(& - S)(0)],, . (17.120)
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17.7 “Poor Man” Scaling

We now apply the scaling concept to the Kondo model. This was originally carried out by Anderson and
Yuval[31, 38, 39] using a method formulated in the time, rather than energy domain. The method presented
here follows Anderson’s “ Poor Man’s” scaling approach[32, 40], in which the evolution of the coupling

constant is followed as the band-width of the conduction sea is reduced. The Kondo model is written

H= Z €' ko + HP

lexl<D
HD = J(D) Z ¢ taPapciop- Sy (17.121)

€xl:l& <D

where the density of conduction electron states p(€) is taken to be constant. The Poor Man’s renormalization
procedure follows the evolution of J(D) that results from reducing D by progressively integrating out the
electron states at the edge of the conduction band. In the Poor Man’s procedure, the band-width is not rescaled
to its original size after each renormalization, which avoids the need to renormalize the electron operators so
that instead of Eq. (17.81), H(D’) = H,.

To carry out the renormalization procedure, we integrate out the high-energy spin fluctuations using the
t-matrix formulation for the induced interaction AH, derived in the last section. Formally, the induced inter-
action is given by

1
AHy, = E[Tab(Ea) + Tup(Ep)]

where
(D) (D
H
Tw(E)= ) |-
XelH) E-E})

where the energy of state |1) lies in the range [D’, D]. There are two possible intermediate states that can be
produced by the action of H) on a one-electron state: (I) either the electron state is scattered directly, or (IT)
a virtual electron hole-pair is created in the intermediate state. In process (I), the T-matrix can be represented
by the Feynman diagram

for which the T-matrix for scattering into a high energy electron state is

T(I)(E)k’ﬂo" koo = :| JZ(O—aO—h)ﬁa(S aSb)o”o’

e €[D=6D,D] [E &

1 a a
~ széD[ﬁ] (0o (S S orer (17.122)

In process (II),
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the formation of a particle-hole pair involves a conduction electron line that crosses itself, leading to a negative
sign. Notice how the spin operators of the conduction sea and antiferromagnet reverse their relative order in
process 11, so that the T-matrix for scattering into a high-energy hole-state is given by

1
E—- (& + € —€er)

T(E)po koo = = T )pa(S“S ") r

€ €[-D,—D+5D] [

1
= —J?psD [m] (0" T30 (S S ") o r (17.123)

where we have assumed that the energies € and € are negligible compared with D. Adding (Eq. 17.122) and
(Eq. 17.123) gives

s

_ JplsD|

6Him

J?p|6D| 4 a
k' Bo’ skao - pD [0- ,U'b]ﬁ(ys Sb

P+ S oo (17.124)

In this way we see that the virtual emission of a high energy electron and hole generates an antiferromagnetic
correction to the original Kondo coupling constant

6D 6D
J(D = |6D)) = J(D) + 2J2p|—D| = J(D) - 2./2p3, (17.125)
since we have reduced the band-width, §D = —|6D)|. In other words,
dJp 2
—— =-2(J 17.126
D (Jp) ( )
or in terms of the dimensionless coupling constant g = pJ,
08 _ plg) = 26 + 0(g) (17.127)
dlnD ’ '

Now since 5(g = 0) = 0 at g = 0 scaling comes to halt: we say that g = 0 is a “fixed point”. It is instructive
to rewrite the scaling equation in the form

dlng

_ 2
TDuD) = 28 0D (17.128)

where Dy is the initial band-width. From this form, we see that as the cutoff is reduced, (see Fig. 17.14.),

o for antiferromagnetic J > 0, the magnitude of g grows. We say that the fixed point is repulsive. In other
words, spin fluctuations antiscreen the antiferrromagnetic interaction causing it to grow at low energies.

o for ferromagnetic (J < 0), scaling reduces the magnitude of g, driving one ever closer to the weak coupling
fixed point at g = 0. In this case, the fixed point is attractive and nteraction weakens at low energies,
causing J to scale slowly to zero.
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To examine these two cases in more detail, we integrate the scaling equation between the initial band-width
Dy and D', writing

2(D) do’ In D’
f - —2f din D" (17.129)
g0 8 In Dy
or
( ! ! ) 21n(D’/ Dy) (17.130)
R =—2In .
g0 8D ’
where go = Jp = g(Dy) is the unrenormalized coupling constant at the original band-width Dy. In this case,
’ 80
D)= ——— (17.131)
& 1-2goIn 2

Let us look at the ferromagnetic and antiferromagnetic cases separtely.

Ferromagnetic Interaction gy < 0

In this case

g0l
1 +2|go| In(Dy/D")

g(D) = (17.132)

which corresponds to a very gradual decoupling of the local moment from the surrounding conduction sea.
The interaction is said to marginally irrelevant, because it scales logarithmically to zero, and at all scales, the
problem remains perturbative.

Antiferromagnetic Interaction g > 0

For the antiferromagnetic case (g > 0), the the solution to the scaling equation is

% 1 1 1 1

g(D") = —~ == == , (17.133)
1=2¢InD/D) 2D /Do) + 37 2In | 5 |

where we have divided numerator and denominator by 2gy. It follows that

2¢(D") = !

ST ey
where we have introduced the Kondo temperature
1
Tx = Dy exp [—2 ] (17.134)

The “Kondo temperature” T is an example of a dynamically generated scale.

Were we to take this equation literally, we would say that g diverges at the scale D’ = T. This interpreta-
tion is too literal, because the scaling has only been calculated to order g2, nevertheless it does show that the
Kondo interaction can only be treated perturbatively at energies large compared with the Kondo temperature.
We also see that once we have written the coupling constant in terms of the Kondo temperature, all reference
to the original cut-off energy scale vanishes from the expression. This cut-off independence of the problem is
an indication that the physics of the Kondo problem does not depend on the high energy details of the model:
there is only one relevant energy scale, the Kondo temperature.
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1
J<0 o 0 AFIV'J>O 1 oo J(D)
>—Pp- 1 > - | - ;FIXED POINT
D | d /.FIXED POINT
o ‘M DTk D<eti FL
-
f@‘
/ ’ / ‘ ‘ S=¥ ‘
f t S=1/2 . /
Weak Coupling | Weak Coupling Strong Coupling

Schematic illustration of renormalization group flow in the Kondo model. For J < 0
(ferromagnetic) the coupling constant scales to an attractive fixed point at J = 0,
forming a decoupled local moment. For J > 0 (antiferromagnetic), scaling proceeds
from a repulsive “weak coupling” fixed point, via a crossover to an attractive strong
coupling fixed point in which the local moment is screened by the conduction
electrons, removing its internal degrees of freedom to form a Fermi liquid.

Diagrams contributing to the third-order term in the beta function. See Ex. 17.8.

By calculating the higher order diagrams shown in fig 17.15 , it is straightforward, though somewhat
technical(see Ex. 17.8) , to show that the beta-function to order g* is given by

0g
dolnD

=B(g) = -2 +2¢° + O(g") (17.135)

One can integrate this equation to obtain

D g dg’ 1 (¢
o(5)- 54

D 2, B(&) 2 J,,
L1+ g) + O(1). A better estimate of the

where we have expanded the numerator in @ x —m -2
temperature Tx where the system scales to strong coupling is obtained by setting D’ = T and g = 1 in this

7*?*“% (17.136)
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equation, which gives

Tk 1! 11 11
1 —)z—- de'| — + —|=—— 4+ ~1n2g, + O(1), 17.137
n( 3 2ng g[g,z g,] 3+ 312+ 00) (17.137)

where we have dropped the terms of order unity on the right hand side. Thus, up to a pre-factor, the depen-
dence of the Kondo temperature on the bare coupling constant is given by

Tx = Do 2g,¢ % . (17.138)

The square-root /gy dependence on the coupling constant is often dropped in qualitative discussion, but it is
important for more quantitative comparison.

17.7.1 Abrikosov Pseudo Fermions and the Popov Fedatov method

One tool that is particularly useful for detailed Kondo model calculations, is the Abrikosov pseudo-fermion
representation[23], in which the spin operator, is factorized in terms of a spin 1/2 fermion field f * ., as follows

Y

(o

s :ffa(i) ﬁfﬁ. (17.139)

This has the advantage that one can now take advantage of Wick’s theorem. In Abriksov’s representation, the
up and down states of the spin are now represented by the states

oy = £7610), (o =T, 1). (17.140)

However, by using the f-electron, one has inadvertently expanded the Hilbert space, introducing two unphys-
ical states- the empty state |0) and the doubly occupied state | T]) = fT 1 fTTIO) which need to be eliminated
by requiring that

np=1. (17.141)

One way to impose this constraint, is to use the “Popov-Fedotov trick”’[41], which introduces a complex

chemical potential for the f-electrons
T

p=<ins

The partition function of the Hamiltonian is written as an unconstrained trace over the conduction and pseud-
ofermion Fock spaces,

Z="Tr [e-ﬁw””%("f-”)] (17.142)
Now since the Hamiltonian conserves ny, we can divide this trace up into contributions from the d°, d' and
d? subspaces, as follows:
Z="PZf) + Z(f) + TP
But since Sy = 0 in the f?and d° subspaces, Z(f°) = Z(f?) so that the contributions to the partition function

from these two unwanted subspaces exactly cancel. You can test this method by applying it to a free spin in
a magnetic field. (see example 17.6)
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Example 17.6: Test the Popov-Fedotov trick[41]. Consider the magnetization of a free electron with
Hamiltonian

H=efofs (17.143)
Show that with €, = —oB you obtain the wrong field dependence of the magnetization M = tanh (%),

but that with the Popov-Fedotov form €, = —oB+ %, you recover the Brillouin formula for a free spin,

B
M= tanh(?). (17.144)
Solution: If we write
F=-T Z In[1+ e (17.145)
o=+
then the magnetization is given by
oF
M=-—p = Za’f(e(,) (17.146)

If we evaluate this expression with €, = —o-B we obtain the wrong form for the magnetization
B 1 1 (FP-eP)
T ePB+1 B+ 1  2+2coshBB

(17.147)

We can see the problem: the extra contribution to the partition function from the empty and doubly
occupied sites gives Z = 2 + 2 cosh 8B rather than Z = 2 cosh 8B. If we simplify this expression, we

obtain
_ sinhBB  2sinh(B8B/2)cosh(BB/2) _ tanh( B )
1 + coshBB 2 cosh?(BB/2) 2T
which has the wrong field dependence. By contrast, if we use €, = —0B + g, we obtain
1 1 (€PB — ePB) B
- _ - _ tanh (_) 17.148
P51 Bl 2coshpB  UN\T ( )

recovering the Brillouin function.

Example 17.7: Consider the symmetric Anderson model. At energy scales greater than U/2 the im-
purity is mixed valent. However, once the cut-off D ~ U/2 one must carry out a Schrieffer Wolff
transformation.

(1) Show that the Kondo coupling constant of the symmetric Anderson model is gy = Jp = 4A/(nU),
where A = 7pV? is the bare resonant level width of the Anderson model

(i) Using expression (17.138), with a cut-off D = U/2. derive the following form (17.69) for the Kondo
temperature of the symmetric Anderson model

2UA
Tk = | — exp(—— .
n

Solution:

(i) Inthe symmetric Anderson model, E; = —U/2. Assuming that the hybridization V; = V is constant,
then from (17.105), the Kondo coupling constant is given by

1 1 V2 4A
-

R _ 17.149
E +U2 -E ( )

=Jp=V? re_-z
g =Jp 1% AR

where A = mpV?2.
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(i) Using (17.138) Tx = D 2g0e7ﬁ. with D = U/2, we obtain

(17.150)

U [8A (8A)= 20A (nu)_

x P\TsA

to second order in J, using the Popov-Fedotov scheme. By examining the scattering amplitude on the
Fermi surface, show that the Kondo coupling constant is logarithmically enhanced according to the

formula
De"/2-¥(3)
Jp = Jp +2(Jp) In| (17.151)
2T
where /(x) is the digamma function.
Solution:
We represent the conduction electron and f-electron propagators by the diagrams
1
—» = GL (1(1),,, k)
iw, — &
1
,,,,,,,,,,,,,,,, = G(i = — 17.152
> slin) = o (17.152)

where A = i ”TT is the imaginary chemical potential that cancels the doubly occupied and empty states.

The first order Kondo scattering amplitude is given by

a B

I = \\/ = ~J (P50 Sovr) S = (%) ). (17.153)
SRR S == oo
g (o

Here the minus sign derives from the Feynman rules for an interaction vertex and we have used the

shorthand § = % for the f-electron spin matrix elements.
The second-order scattering processes are given by

/ = J? (o-hO'“)ﬁa (87s°) . miGiva) (17.154)

=-J (a”a")ﬁa (875°) . maiva) (17.155)

where iv, is the total energy in the particle-particle and particle-hole channels respectively. Note the
—1 prefactor in I';; and the inversion of the order of the conduction electron Pauli matrices which both
derive from the crossing of t%l(f} incoming and outgoing conduction electron lines Here

,.

. 1 1
=m(vy) =T : : : 7
,,,,, — L oy = & vy — i, = Af

(17.156)
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and

1 1
=m(iv,) = =T s 17.157
[:\ 72(i¥n) iwz,,‘f( iw, — € iV, +iw, — Ay ( )

1wy + 1w
are the Kondo polarization %utb%esrin the particle-particle and particle-hole channels, respectively

Now let us calculate the polarization bubbles (17.156) and (17.157). If we reverse the sign of iw, —
—iw, in the internal summation in (17.156) we obtain

1 1
iv,) = =T s 17.158
71 (@) I_;{ iw, + € v, +iw, — Af ( )

and assuming a particle-hole symmetric conduction electron density of states, we can replace €, — —é&,
so that

1 (iva) = mo(ivy) = =T Z ! (17.159)

W, — 6 IV, + iw, — /1,c

iwr k

Now this is a well-known fermion bubble, and we can use our standard method of contour integration
to carry out the summation over the internal Matsubara frequency iw,, to obtain

_ S - fla) f) - f(e)
7(iv,) = Zm_(/lf_e) f dep(e)—n @-9' (17.160)

where p(e) is the density of states per spin. The summation over energy in this integral is a bit tricky. If
we use a flat density of states, then at zero temperature

P sgn(e) D
m(iv,) = 5 f:D bote —pln(m)

so the frequency provides the lower logarithmic cut-off. When we do the calculation at a finite tem-
perature, we expect that if 7 >> |v,|, then the temperture becomes the cutoff, so that our back-of-the
envelope estimate of this integral is

D
v.) ~pln| ——
G “(max(|vn|, T))
To calculate the precise form of the integral takes more work, but can be done for a Lorentzian density
of states, p(€) = p®(€) where ®(x) = D?/(e* + D*). Here we quote the result, giving the derivation at
the end of this solution,

fAp-f©\ D &8
de‘I)(E)(T)—lnzﬂ_—T —l,[/(z i )—l— tanh(ﬂ/lf/Z) (17161)

provided Im(¢) > O (for the opposite sign, one takes the complex conjugate of the above). Putting in
Ap =inT /2, & = i(nT /2 — v,) we then obtain

o (ivy,) = pfde@(e) [—ef(/lf) —f© ] = [l i - 1//( n—T/Z )+ n]

= (A —iv,) 2nT 2nT 2
De™'? 1 =T/2-v,
—p[ln 22T —(ﬁ(z + QJT—T)], (nT/2 -v, >0) (17.162)

Strictly speaking, our result only holds for /m¢ > 0, i.e when /2 — v, = |A| > 0. The other sign where
n/2—v, = —|A| < 0 is obtained by taking the complex conjugate of the result for positive 7/2 —v, = |A|.
But since the right-hand side is real, taking the complex conjugate has no effect, so we see that the result
only depends on the magnitude |77/2 — v,|, enabling us to write

D2 (1 |vy—nT/2
Ra(ivy) = p[ln ZZT - z,//(z + M)] (17.163)

2nT
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Notice that the analytic continuation of this expression contains a branch cut along the line /m[z] =
inT /2, a a consequence of using a non-Hermitian Hamiltonian (this can be fixed by using a shifted
Matsubara frequency for the f-lines). It follows that

o2y (L ), (Im(z) > nT/2)
e { i 222 - (& - <52 (i) <7/ (169

Adding up the second-order amplitudes we obtain
TG zpiporiar = = (Fpa + Sva) + Pplma@pp) 000 = )@ 03] (S7S%) , - (17.165)

Notice that the logarithmically divergent parts of the particle hole and particle-particle scattering are the
same, while the low energy parts differ by finite amounts. However, if we examine the onshell scattering
on the Fermi surface, i.e with z,, = z,,, = inT/2, then we obtain

De"/z y(1/2)

T =-J (G Sorc) + FPpln [0, 155" o

iS¢
. Deﬂ/Z*!//(l/Z) i e N
=—J (aﬁa : 57(,/(,) +Jpln 2, €ae(SPS Yoo

, - Deram
—|7+2/%1n 27T—T] Fso Sover) (17.166)
explicitly demonstrating the logarithmic renormalization of the coupling constant.
Derivation of integral: We wish to derive the result
f5) = f© D LB
= | de®(e)| ———— | =In— — — tanh(BA,/2 17.167
fe(e)( — ns - w + 5| = i3 tanh(B1; /2) (17.167)

where ®(e) = D?/(D* + €) imposes the high-energy cut-off and Im¢ > 0. First, let us separate the
integral into two, / = I; — I, where
f de®(e )f( f§)

L= fded)( )ﬂe)f (17.168)

These integrals can be carried out using contour integration. Now ®(z) = D?/((z + iD)(z — iD)), so if
we complete the first integral with a contour in the lower-half plane, there there is only a single pole at
z = —iD, which gives

f
(17.169)
¢
in the large D limit. To do the second term, We begin by writing
D? 1 1( -iD 1
b _( : +{D—>—D})—
D>+72z-¢ 2\z-iD z=§
1( 1 1 -
= |— - — | +{D - -De"'}, (17.170)
2\z-¢ z-iD

so we can calculate the answer for positive D, change the sign of D and average over the two results.

. . . . . 0+ . i
(In practice, we need to give D an infinitesimal phase D — De®" so that the pole at z = —iDe®
is f(—iD + DO") — 0.) If we now integrate the first term of this expression with f(z), closing the
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contour in the lower half plane, then the only poles we pick up are the poles in f(z) of strength —7 at
z = —iw, = —i(2n + 1)2xT, leading to

1 1 1 o+
I, = §d25 (ZT{,: = Z_l_D)f(Z)+{D—) —De™ }

1 - 1 1 -
= = (2mi)(-T - ———|+{D > -De" 17.171
272X )ZO( iw,,+§+iw,,+iD)+{ — ~De'" | (17.171)
(where the —27i line derives from the left-handed contour in the lower-half plane and the —7 from the
pole strength of f(z) at z = —iw,). Simplifying this result,

oty g e o

1, D 1, &
2t Nt 3t om

Now at this point, we use the series form of the digamma function ¥(z) = dInT'(z)/dz,

S
o) = Z(m _ n_+z) —¢ (17.173)

n=0

where = 0.577216 = —y(1) is Euler’s constant. From this relation, we deduce that

ST 1
v(@) - yla) = Z( - ) (17.174)

n+a n+z
n=0

so that

_U(r. &\ (1 D o
12_2[1//(2+27riT) l//(2+27rT) +{p > -De"} (17.175)

Now for large z, ¥(z) — Inz, so that for a large cut-off,

S P R e P2
12_2[w(2+27riT) l”(znT)

+ {D = —Deiw}

1 '3 D T
_ulX ~1 (_) Tl 17.17
‘”(2+2m'T) "Naar) T2 (17.176)
where the remainder term derives from —% In—€® =i 5. Adding /; (17.169) and -1, (17.176) together
then gives
D 1 & v
’—’1"2—ln(m)‘w(fm)"z“‘zﬁ)
D 1 & ¥ BAs
=In|—)-y|= + === |- i< tanh | — 17.177
n(ZnT) ‘/’(2+zm'T) P tan [ZT a7.177)

17.7.2 Universality and the resistance minimum

Provided the Kondo temperature is far smaller than the cut-off, then at low energies it is the only scale
governing the physics of the Kondo effect. For this reason, we expect all physical quantities to be expressed
in terms of universal functions involving the ratio of the temperature or field to the Kondo scale. For example,
the susceptibility

1 T
x(T) = TF(T_K)’ (17.178)
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and the quasiparticle scattering rate

1 1 T
— = —G(=— 17.179
= 7S (17.179)
both display universal behavior. If we change the cut-off of the model, adjusting the bare coupling constant g,
so that Tk is fixed, the physical quantities will be unchanged. If we replace gy — g(D) in equation (17.137),
then all models with J(D)p = g(D), where

D 2

will have the same Kondo temperature and thus the same low temperature behavior. However, we can view
this another way: as the temperature is lowered, quantum processes become coherent at increasingly lower
energies, and the effective cutoff for quantum processes is 7. Thus, as the temperature is lowered, the coupling
constant g is renormalized to a new value,

Tey_ 11
ln(—)— 7eD; * 3 28D (17.180)

go — g(T) (17.181)
where

Txy 1 1
1n(7) =% * 2 In2g(T) (17.182)

In this way, lowering the temperature drives the system along the renormalization trajectory from weak to
strong coupling.

We can check the existence of universality by examining these properties in the weak coupling limit, where
T >> Tk. Here, we find

1 2 1

—— =278 (S + Dn; = ==S(S + Dn; g2 S == 17.183

T 7J%pS ( m - ( nigy ( 2) ( )
n; n;

x(T) = ;[1 -2Jp] = 7[1 - 2go] (17.184)

where n; is the density of impurities.
Now scaling, it its correct, implies that at lower temperatures Jp — Jp+2(Jp)’ In %, so that to next leading
order we expect

1. niz—ﬂS(S + D[Jp +2(Jp)* In 2]2 (17.185)
T P T
n 2, D 3
X(T) = = |1=2Jp = 4(Jp)* In - + O((Jp)")| - (17.186)

These results are readily confirmed in second-order perturbation theory as the result of adding in the one-
loop corrections to the scattering vertices. The first result was obtained by Jun Kondo. Kondo was looking
for a consequence of the antiferromagnetic interaction predicted by the Anderson model, so he computed the
electron scattering rate to third order in the magnetic coupling. The logarithm which appears in the electron
scattering rate means that as the temperature is lowered, the rate at which electrons scatter off magnetic
impurities rises. It is this phenomenon that gives rise to the famous Kondo “resistance minimum” .

But we can use universality to go much further, and actually deduce the form of the universal functions
F[x] and G[x] in (17.178) and (17.179), at least in weak coupling when the temperature is large compared
with the Kondo temperature 7/Tx >> 1. Let us rearrange (17.182) into

1

#(1)= 21n(£) +In2g(T)

(17.187)
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which we may iterate to obtain
1 1 In(In(T/T
24(T) = = , nanC/Tx)) |- (17.188)

1n<1)+lln(+) n(7)  2m(F)

T
In Tx +In2g

where the expansion has been made assuming In7/Tx >> In g. At high temperature, by substituting Tx =
De~'/2/P we can check that the leading order term is simply

1 1 2Jp , (D 5
20(T) = = = =21J 2(Jp) In|—= O[(Jp) 17.189
o(T) (D)~ WD " T D [p+ Jp) n(T)]+ [Jpy]  (17.189)

the leading logarithmic correction to g(7). By using scaling we are thus able to resum diagrams far beyond
leading perturbation theory. Using this expression to make the replacement Jp — g(7') in the leading pertur-
bation theory (17.183), we obtain

n; 1 1 In(In(T/Tk)) }
Ty=—|1- - = +... 17.190
x@) T [ In(T/Tx) 2 In*(T/Tx) ( )
1 S(S +1 1 In(In(T/T
R . + “(f( / "))+...} (17.191)
(T) 2p In*(T/Tx)  In’(T/Tx)
From the second result, we see that the electron scattering rate has the scale-invariant form in (??)
L = ig(T/T ) (17.192)
o(T) 79 e '

n;

where % oc 7 represents the intrinsic scattering rate off the Kondo impurity. The quantity 1/p is essentially
the Fermi energy of the electron gas: and 1/7¢ ~ % is the “unitary scattering” rate, the maximum possible
scattering rate that is obtained when an electron experiences a resonant m/2 scattering phase shift. From
this result, we see that at absolute zero, the electron scattering rate will rise to the value %hzo = % G(0),
indicating that at strong coupling, the scattering rate is of the same order as the unitary scattering limit. We

shall now see how this same result comes naturally out of a strong coupling analysis.

Example 17.9:

a) Use the Popov-Fedotov scheme to compute the leading correction to the impurity magnetic suscep-
tibility, given by the diagrams

,,"‘/»x\x (,"/»x‘x /'/—/>\\\
= e +<:>"
'uz
-2 [1 -27p+00%)] (17.193)

b) Based on scaling arguments, what is the form of the J? correction to the susceptibility?
¢) What diagrams are responsible for the logarithmic correction to the susceptibility?
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Solution:
a) For these calculations, let us set up = 1 temporarily. We need to calculate the f-electron susceptibility,
given by
(’r/_/>~\\\
X707 = o 0P = =T Y TG (i) G (i) = x 6™ (17.194)
\\14/_,, A
So

=f@p)

1 3 1
oy ——— — 2 o
X1 ; Gon—A,)2 94, ) i — Ay

iwn

_ 2(_6f(/lf)) _2hd-fy _ 1
- or ) T T

(17.195)

where the factor of two derives from the trace over the spin degrees of freedom and we have used
(0 = f)) = 1/[( + D)(=i + 1)] = 1/2. Similarly, the conduction electron susceptibility given by

X6 = o° ot =T Z Tr [0 Giliw,)o” Gi(iw,) |
Kiwy,
—flex)
1 i 1
= 26T Y ———— =26®% —T
k% (iw, — &)? - Oex ; iw, — &
daf (&)
=267 %[22 = 2p6°. 17.196
zk]( | =2 (17.196)
Now the first order diagrams are given by
B J J
Xa6" = o ) & = (o) (-5 )weoN = =£ (7.9
\\x<<,’,/
and e — , ,
5™ = o . ot = (Xc(saf)(—z)(xfaf”) - —7’) (17.198)

Adding the results together, the first order correction to the impurity susceptibility is given by

2
x =21 =20p) + OWp) (17.199)

where we have reinstated pp
b) We expect the second order corrections to the susceptibility to be obtained by renormalizing the
coupling constant. Following the results of example 17.7, the renormalization is given by
D
Jp = Jp+2(JplIn [7] (17.200)
Since the renormalization group only provides leading logarithmic accuracy, we have dropped the
dimensionless constants inside the logarithm. We therefore expect that the second-order corrections
to the susceptibility will take the form
2
D
K(T) = ‘% [1 - 2(Jp +2(Jp)’In [?])]
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= ’“’?‘29 [1 —2Jp +4(Jp)*In [?“ + 0[(Jp)*] (17.201)

¢) The logarithmic corrections to the susceptibility derive from the vertex insertions into the first order
diagrams, given by

o o T P
& é — ‘3‘<:> 4 v .
4 —_— <:> o o+ "

There are other contributions to the susceptibility, such as self-energy corrections and corrections to
the external magnetic vertex, but none of these will contribute logarithmically divergent corrections.

Moreover, the conservation of spin will mean that many self-energy and vertex corrections will
cancel one-another.

(17.202)

17.8 Noziéres Fermi Liquid Theory

The weak-coupling analysis tells us that somewhere around the Kondo temperature, the running Kondo cou-
pling constant g becomes of order one, O(1). Although perturbative renormalization group methods can not
go past this point, Anderson and Yuval[31, 38, 39] argued that it is not unreasonable to suppose that the
coupling constant continues scaling to infinity. This is the simplest possibility and if true, it means that the
strong-coupling limit is an attractive fixed point, a fixed point that is stable under the renormalization group.
Anderson and Yuval conjectured that the Kondo singlet would be paramagnetic, with a temperature indepen-
dent magnetic susceptibility and a universal linear specific heat given by Cy = yK% at low temperatures.

The first controlled treatment of this cross-over regime was carried out by Wilson using the numerical
renormalization group method that he invented[33]. Wilson’s numerical renormalization method was able to
confirm the conjectured renormalization of the Kondo coupling constant to infinity. This limit is called the
“strong coupling” limit of the Kondo problem. Wilson carried out an analysis of the strong-coupling limit,
and was able to show that the specific heat would be a linear function of temperature, like a Fermi liquid.
Wilson showed that the linear specific heat could be written in a universal form

Cy =~T,
7% 0.4128 + 0.002
== 17.203
Y=3 STy ( )

Wilson also compared the ratio between the magnetic susceptibility and the linear specific heat with the
corresponding value in a non-interacting system, computing

XX’ _)(( m°ky )_
v vy Bus)?)

(17.204)

within the accuracy of the numerical calculation.
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17.8.1 Strong Coupling Expansion

Remarkably, the second result of Wilson’s can be re-derived using an exceptionally elegant set of arguments
due to Nozieres[34] that leads to an explicit form for the strong coupling fixed point Hamiltonian. Noziéres
began by considering a local moment coupled via a strong antiferromagnetic Kondo coupling to an electron
sea. Wilson had previously shown that the local moment only couples to the s-wave scattering channel so that
the Kondo model can be mapped onto a spin coupled to one-dimensional a one-dimensional tight-binding
chain, as illustrated in Fig. 17.16.

a) E n\s::ﬂ
2J ]/\ 12t

b) 0 Virtual 0 |
hopping
'S
I é_

Kondo Singlet Virtual Excited State
Eg=-3/2J E=0

virtual
hopplng

___________ aQ_Q__I‘

Induced Interactlon

lllustrating the strong-coupling limit of the Kondo model. (a) Singlet with bound-state
energy —3J/2 interacts with narrow band of width 2z. (b) Kondo singlet formed at
origin because the addition or removal of electrons costs energy. (c) Virtual
fluctuations of charge in and out of the Kondo singlet induces interactions between
electrons at site 1.

The Hamiltonian for the one-dimensional Kondo model is is
Higttice = —1 Z [¢'o(j + Dea(j) + Hel + Jct(0)apes(0) - S (17.205)
J=0,00

Since the renormalization trajectories link the weak-coupling, model where J/t << 1, to the strong coupling,
model where J/t >> 1, Noziéres reasoned that the strong coupling physics of this model could used to
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understand the low temperature physics of the Kondo model. When J >> ¢, in the ground-state, the local
moment couples to an electron at the origin, forming a “Kondo singlet” denoted by

1
GS)=— - , 17.206
IGS) 7 L =141 ( )

where the thick arrow refers to the spin state of the local moment and the thin arrow refers to the spin state of
the electron at site 0. The ground-state energy of the Kondo singlet is

E,=J[S(S +1)-3/2] = —%J. (17.207)

The kinetic energy of the electrons in the one-dimensional band now becomes a perturbation to the Kondo
singlet. Any electron which hops from site 1 to site O will automatically break the Kondo singlet, raising its
energy by 3J/2. This will have the effect of excluding electrons (or holes) from the origin. The fixed point
Hamiltonian must then take the form

Hiice = —t Z [ch(j + 1)c,(j) + H.c] + weak interaction (17.208)
Jj=1,00

where the second-term refers to the weak-interactions induced by virtual fluctuations onto site 0. If the wave-
function of electrons far from the impurity has the form ¥(x) ~ sin(krx), where kr is the Fermi momentum,
then the exclusion of electrons from site 1 has the effect of phase-shifting the electron wavefunctions by one
the lattice spacing a, so that now ¥(x) ~ sin(kpx — §) where 6 = kra. But if there is one electron per site,
then 2(2kra/(2m)) = 1 by the Luttinger sum rule, so that kr = 7/(2a) and hence the Kondo singlet acts as a
spinless, elastic scattering center with scattering phase shift

o =n/2. (17.209)

The appearance of 6 = x/2 can also be deduced by appeal to the Friedel sum rule, which determines the
number of bound-electrons at the magnetic impurity site in terms of the phase shift 3 ,_; | JQT = 20/n, so
that 6 = /2. By considering virtual fluctuations of electrons between site 1 and 0, Nozieres argued that the
induced interaction at site 1 must take the form
4

AH = Uanl’lll, U~ ﬁ (17210)
because fourth order hopping processes lower the energy of the singly occupied state relative to the doubly
occupied state. This repulsive interaction amongst the conduction electrons is actually a marginal operator
under the renormalization group, leading to the conclusion that the effective Hamiltonian describes a weakly
interacting “local” Landau Fermi liquid.

17.8.2 Phase shift formulation of the Local Fermi liquid

Nozieres then used the results of the strong coupling expansion to formulate a local Fermi liquid description
of the strong coupling fixed point of the Kond o model. He formulated this theory in terms of an occupancy-
dependent phase shift as follows. In a non-interacting impurity problem, the asymptotic wavefunction’s ex-
perience a scattering phase shift, with a radial wavefunction that takes the form

sin(kr + 6(Ey))

w(r) ~ (17.211)
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If we put the system inside a sphere of radius R, and the boundary condition ¥(R) = 0, then kR + §(E}) = nrw

determines the allowed momenta of the quasiparticles, given by k, = nk — @. The level spacing in the

absence of scattering is Ae = Z—f%. Now in the presence of the scattering phase shift, momenta are reduced
by an amount Ak = —@, so the corresponding energy levels are shifted downwards by an amount
OE 8(Ey)
E Ey — —
k= Eg ‘9"5 é{
= E; — Ae (Ex) (17.212)
g

Now in the impurity Landau Fermi liquid, the ground-state energy will be a functional of quasiparticle oc-
cupancies {n,}. As in bulk Landau Fermi liquid theory, the differential of the total energy with respect to
occupancies defines a renormalized quasiparticle energy as follows

SE[{ns}]

A
= By — —6,({npe}, Ep). (17.213)
0Ny V4

Now, interactions cause the phase shift, and the downward shift of the quasiparticle energies to depend on the
quasiparticle occupancies ny,. Expanding to linear order in the deviation of quasiparticle occupancies about
the ground state, oy, = Ny, — n,(:()r), then

So(lwo ), E) = g +a(E—p)+® Z Mo (17.214)
k/

The term with coefficient ® is the impurity analog of the Landau Fermi liquid interaction fis k. This term
describes the onsite interaction between opposite spin states of the Fermi liquid. Nozieres argued that when
the chemical potential of the conduction sea is changed, the occupancy of the localized d state will not change,
and because the Friedel sum rule links the 7/2 phase shift to the occupancy, this implies implies that phase
shift is invariant under changes in y, i.e the Kondo resonance is pinned to the Fermi energy. Now under a shift
Ay, the change in the occupancy of the quasiparticle states Y, dn— — pAp, so that changing the chemical
potential modifies the phase shift at the Fermi surface by an amount

A8y = 6({nwor ). i+ M) = S(1no) ). )
pAu
—_—
= (IA/J + O Z(nk’l - I/l,({(,)i)
kr
=(a+Dp)Au=0 (17.215)

In other words, the interaction term must compensate for the energy dependence of the phase shift, so that
magnitude ® = —a/p is set by the density of states a.

We are now in a position to calculate the impurity contribution to the magnetic susceptibility and specific
heat. First note that the density of quasiparticle states is given by

dN 106 a
e =yt —— =Py + — 17.216
p dE P 7 O€ P bd ( )

so that the low temperature specific heat is given by Cy = (ypux + )T where
T2k
y= 2(—3)3, (17.217)
3 )n

where the prefactor “2” is derived from the spin up and spin-down bands. It is convenient to write this in the
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form

3 2

where ¥ = 2a/n. Now in a magnetic field, the impurity magnetization is given by

PR
M=_2 (17.218)
T Vs

Since the Fermi energies of the up and down quasiparticles are shifted to €z, — € — 0B, we have Y, ony, =
opB, so that the phase shift at the Fermi surface in the up and down scattering channels becomes

g + adep, + O (Zk: 6nk(,)

7_2r +aoB - ®poB

O

g +200B (17.219)

so that the presence of the interaction term doubles the size of the change in the phase shift due to a magnetic
field. The impurity magnetization then becomes

& 6 2
Mi:)(sB:—T——l:Z(—a)B. (17.220)
v/ v/ T

If we reinstate the magnetic moment g of the electron, this becomes
B da
xx=ubﬁ=u§(;) (17.221)

This is twice the value expected for a “rigid” resonance, and it means that the Wilson ratio is

=&(*%)=&
¥ 3(up)? ¥

=2 (17.222)

Example 17.10: Consider what happens to the Fermi liquid ground-state of the Anderson impurity
model in which the change of the phase shifts Ad; = Ad; = A due to a shift Ay in the chemical
potential is now finite, due to the finite charge susceptibility y. so that
A((ST + 6l) _ 2A6
bis o

= xeAu (17.223)

where Ay is the change in the chemical potential.

(a) By generalizing the Nozieres Fermi liquid theory to the Anderson model, using the above result to
show that equation (??) becomes

A6 = gXCAﬂ = (a + Dp)Au, (17.224)

in the Anderson impurity model, so that the charge susceptibility is given by

2
Xe = =(a+ @p).
/e
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By generalizing the calculation of the susceptibility to the Anderson impurity model show that the
specific heat, charge and spin susceptibility are related by the Yamada Yosida identity

2y =5t Xe (17.225)

where

nzké 5 2
y=\=5")% X =tk (17.226)

What happens to the charge susceptibility when U is large and negative? (This is the “charge” Kondo
model ).

Solution:

(@)

(b)

In the impurity Anderson model, we write
O5({mpro}, &) = 00 + (& — ) + @ [Z 6nk,(r)’ (17.227)
3

where, by the Friedel sum rule 26y/m = An,, the number of electrons bound by the impurity. If we
add extra quasiparticles to the Fermi sea, shifting the Fermi energy up by an amount Ay, the change
in the phase shift at the Fermi energy is given by

ASy = S5 (i}, At + 1) = 8o (n0) ), 1) = @Ayt + @ (Z 5nk/_(,)) =(a+Dp)Au  (17.228)
=

But the change in the impurity charge is then given by

206 2
XL'A# =—==(a+ (Dp)Aﬂ
T T

so that
2
Xc = 7—T(a' + @p). (17.229)

Now the linear specific heat is determined by the impurity density of states (17.217)

=y

mkp\ 205  (mhg\ 2«
B B
= = = 17.230
v ( 3 ) 7 Oe ( 3 ) bis ( )
SO we may write
2,
Xc=7+ (_p) ,
Vg
29,
(_p) =X 7. (17.231)
Vg
Now setting up = 1, the magnetization of the impurity is given by
6 O,
M=xyB=[—-— (17.232)
T

where, in a field, the Fermi surface splits into two, with the shift in the Fermi energy given by 0B,
so that the changes in the phase shifts are given by

—poB
8y =00+ Q0B+ ® (Z 5n,”]
=

=0 + (@ — Dp)oB (17.233)
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Using (17.231), it follows that

. 0 O a—d - - -
M=g=Td -2 =22 "L oy -7=27-x (17.234)
from which the Yamada Yoshida identity
2Y = Xe +Xs (17.235)

follows. Notice that if we restore pp, then y; — /(% = ¥s.
(c) Notice that in the non-interaction impurity (U = 0), x. = ¥s = y. In the limit that U < 0 is large and
negative, the spin susceptibilty is suppressed to zero, so that the charge Wilson ratio

Xe oo, (17.236)
Y
This is a result of the charge Kondo effect.

17.8.3 Experimental observation of Kondo effect

Experimentally, there is now a wealth of observations that confirm our understanding of the single impurity
Kondo effect. Here is a brief itemization of some of the most important observations. (Fig. 17.17.)

e A resistance minimum appears when local moments develop in a material. For example, in Nb,_ Mo,
alloys, a local moment develops for x > 0.4, and the resistance is seen to develop a minimum beyond
this point.[42, 2]

e Universality seen in the specific heat Cy = %F (T/Tk) of metals doped with dilute concentrations of
impurities. Thus the specific heat of Cu — Fe (iron impurities in copper) can be superimposed on the
specific heat of Cu — Cr, with a suitable rescaling of the temperature scale. [43]

o Universality is observed in the differential conductance of quantum dots[44, 45] and spin-fluctuation resis-
tivity of metals with a dilute concentration of impurities.[46] Actually, both properties are dependent on
the same thermal average of the imaginary part of the scattering T-matrix

2
oi =i | dw (—ﬂ)Zlm[T(a})]
m w
2
G=2 f da)(—ﬁ)ﬂplm[T(w)]. (17.237)
/] ow

Putting mp f dw (—%) ImT (w) = t(w/Tk, T/Tk), we see that both properties have the form

2
ne
pi =ni——HT/Tg)
Tmp

2
G= %t(T/TK) (17.238)

where #(T/Tk) is a universal function. This result is born out by experiment.
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17.9 Multi-channel Kondo physics and Non-Fermi liquids
I

In a now famous Review Article, “Kondo effect in Real Metals”, Nozieres and Blandin[?] pointed out that the
are many variants of the original Kondo model: some of these are important because they describe the real-
world behavior of multi-orbital and spin-orbit coupled magnetic moments in metals; others are of particular
interest because they lead to new kinds of fixed point associated with “underscreening” and “overscreen-
ing” that were not realized in the original model. Remarkably, almost all of these cases can be understood
qualitatively from a strong-coupling expansion of the Kondo model.
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Exercises
|

Exercise 17.1 (a) Using the identity ”?'(r = ny,, show that the atomic part of the Anderson model can be
written in the form

U U
Huomic = (Ef + E)nf + 3[(nf - 1)2 - 1]’ (17.239)
What happens when Ef + U/2 = 0?
(b) Using the completeness relation
OGO I+
—_——— /—/r
S
+ — =
SS+1)

show that the interaction can also be written in the form

(ny— 1) 1. (S=1/2

U 2U
Haonic = (Ey + —)ny = 782 (17.240)

which makes it clear that the repulsive U term induces a “magnetic attraction” that favors formation of
a local moment.
(c) Derive the Hubbard Stratonovich decoupling for (17.240).
Exercise 17.2 By expanding a plane wave state in terms of spherical harmonics:

(rlk) = &% = dm > il jy(kn) Y, (K) Vi (F)
Lm

show that the overlap between a state |yv) with wavefunction (Xj¢/) = R(r)Y;,,(7) with a plane wave is
given by V(K) = (k|VIy) = V(k)Y;n(k) where

V(k) = dni”! f dr®V(r)R(r) jukr) (17.241)

Exercise 17.3(i) Show that ¢ = cot™! (%) is the scattering phase shift for scattering off a resonant level at
position E;.
(ii)) Show that the energy of states in the continuum is shifted by an amount —Aed(€)/m, where Ae is the
separation of states in the continuum.
(iii) Show that the increase in density of states is given by d6/0E = p,4(E). (See chapter 3.)
Exercise 17.4 Generalize the scaling equations to the anisotropic Kondo model with an anisotropic inter-
action

H; = J*a*(0)S* + Jd(0)S” + J°'o*(0)S* (17.242)

where 0(0) = X crocy is the local spin density of the conduction sea and S are the three
components of the localized magnetic moment. Show that the scaling equations take the form

aJ
= 2J,J.0 + O(J),
30D pJcp J7)

where and (a, b, c) are a cyclic permutation of (x, y, z). Show that in the special case where J, = J, = J,,
the scaling equations become

aJ
m =-2J.J.p+ 00>,
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a]z _ 2 3
Y 2(0.)%p + O(J%), (17.243)

so that Jz2 — J2 = constant. Draw the corresponding scaling diagram.
Exercise 17.5 Consider the symmetric Anderson model, with a symmetric band-structure at half filling,
given by

. U
_ T i = _ 2
H= Zk: oo + zk:(Vc oo+ HE) + (g = 1), (17.244)
where the density of states satisfies p(€) = p(—€). In this model, the d° and d? states are degenerate and
there is the possibility of a “charged Kondo effect” when the interaction U is negative. Show that under
the “particle-hole” transformation

Ckr = Cips dy — dy
= —C'y,  dp——=d (17.245)

the sign of U reverses, so that the positive U model is transformed to the negative U model. Show
that under this transformation, spin operators of the local moment are transformed into Nambu “isospin
operators” which describe the charge and pair degrees of freedom of the d-state, i.e

S=r (%)f o7 =ff (;)f (17.246)

where f T =(f TT, f1) is the Nambu spinor for the f-electrons and 7 is used to denote the Pauli (“Nambu™)
matrices, acting in particle-hole space. Use this transformation to prove that when U is negative, a
charged Kondo effect will occur at exactly half-filling involving quantum fluctuations between the
degenerate d° and d” configurations. If the spin susceptibilty is enhanced in the spin Kondo effect, what
susceptibilities are enhanced in the charge Kondo effect? This negative U physics is believed to occur
at Tl ions, in the doped semiconductor PbTe. If magnetic impurities like to magnetic order, what kind
of order is expected for negative U impurities?

Exercise 17.6 Consider the “infinite U” Anderson model, in which U is taken to infinity, eliminating
double occupancy. The Hamiltonian for this limit is given by

H= Zk: EkCTl«rck(r + ; V(C+k(rX0(r + Xo0Cko) + Ef Z Xoo (17.247)
o

where Xo, = Pof, and X, = fT(,PO where Py = (1 — ny)(1 — n}) projects into the empty state, are the
“Hubbard” operators linking the singly occupied f-state and the empty state, while X, = f7,Pofr =
If' : o){f! : 0’| is the generalized spin operator, acting on the singley occupied states.

(i) What happens to the Schrieffer-Wolff transformation in this infinite U limit?
(ii) Generalize the Schrieffer-Wolff transformation in the infinite U limit to the case where the electrons
have N spin components, i.e in every equation, the spin summation runs from o € [1, N]?
Exercise 17.7 The Kondo model, relevant to spin-orbit coupled ions with total angular momentum j,
where N = 2j + 1 is the number of spin components, is called the “Cogblin Schrieffer model”, and
takes the

H = Z EkCTk(,-Cko- +J Z CTaCﬁSﬂa
koe[-j,j] aBel-].J]

where Sg, = |B){c] is the spin operator linking the J, = a and the J, = §8 states of the local moment.
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This model has an SU (N) symmetry, rather than the usual SU (2) symmetry of the § = 1/2 Kondo
model. Generalize the Nozieres Fermi liquid picture is now generalized to describe the SU (N) Fermi
liquid that develops at low temperatures.

(i) Begin by generalizing 17.248 to N components to obtain

So(inpe 1 E) = = + a(E — 1) + @ > (17.248)
N Kot
Why is the phase shift /N for an SU (N) Kondo model?
(b) If the charge susceptibility of theWhat is zero, show that @ and @ must satisfy the relation @ + (N —
1®p = 0.
(c) Show that the Wilson ratio now becomes W = N/(N — 1).

Exercise 17.8 This question takes you through the calculation of the two-loop corrections to the Kondo
beta function. In this calculation, work at zero temperature, replacing Matsubara summations by their
continuum version, T Y;, F(ia,) — f 2 Flial.

(a) As apreliminary to the calculation, calculate the f-electron self-energy and show that

ST S S>> =3 = %o-(z) (17.249)
where (for Im[z] > 0),
o) = —(Jp)zIn [?—Ze] . (17.250)

Hint: you may find it useful to use the resulf of Example 17.7, which calculated the Kondo polar-

ization bubble
ﬁ\ D
- — > - - =1Il(z) =pln(—_), (Im(z) > 0) (17.251)
—iz

Using this result, one can rewrite the f-electron self-energy as

Y(iw) = ‘(%) f dz‘; (iw + i )(—inpsgn(w)). (17.252)

(b) Show that at low energies, the f-electron propagator acquires a wavefunction renormalization G ¢(iw) =
Z(iw)/iw, where

diw

Ziw) = (1 = L1 _ [1 _2UpPm [3]] (17.253)
2 —iw

and the that the leading order corrections to the Kondo coupling coming from the f-electron self
energies are then

\/ =(@Z-1[-1¢-S]= [—%(Jp)z In %}(—J§~5—) (17.254)
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(c) Now consider the vertex correction to the Kondo interaction, and show that this can be re-written as
a derivative of the same diagram appearing in the f-electron self energy, so that

_ (90 (1) e (L, o P | e
_( i) )(2)( JS 0')—[ 5Py In _l,w]( JS 0') (17.255)

N

(d) Summing the two results of the last section and combining them with the results of excercise 17.8,
show that the leading logarithmic corrections to the Kondo interaction up to two loop order are

x

= (=15 - &) x (1 + 200y In 2= — 207p2 1n 2= (17.256)
( bt 107 —lw

so that if we reduce the band-width from D to D’, the renormalization of J(D) required to keep
the low energy scattering amplitudes and physics fixed, is given by

D
Jp(D') = Jp + [2(Jp)* - 2(Jp)°] 1n(5) (17.257)
leading to the scaling equation for g = Jp,
9g

D - Blg) = -28> +2¢° + ... (17.258)
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