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Abstract

A short introduction to the Kondo model and Keldysh formalism is given. Larsen’s
pseudo-fermions are introduced and used to derive the magnetization and transverse spin
susceptibility of a toy-model. The toy-model consists of a single spin % in a B-field. Both the
derived magnetization and transverse spin susceptibility agree with well-known theory. Next,
the impurity spin in the Kondo model is expressed in terms of Larsen’s pseudo-fermions.
Using this representation, the propagator of the conduction electrons is expanded perturba-
tively, and all contributions to the vertex up to 3. order in the coupling, g, are calculated.
From this, 1-loop and 2-loop renormalization group (RG) results for the invariant coupling
are derived. A divergence at a finite temperature Tk is seen to be present in 1-loop, but not
in 2-loop RG. Finally, the strong coupling regime and the calculation of physical quantities
are discussed, with special emphasis on why we should expect a divergence in the coupling
gasT — 0.
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1 Introduction

Many dilute alloys, consisting of a nonmagnetic metal that contains impurities with magnetic
moments, show a minimum in their resistivity-temperature curve. This could be a dilute alloy
such as AuFe. 1] Experiments show, that below a given temperature, the resistance of such
an alloy increases when lowering the temperature further. This, somewhat surprising behavior,
can be seen in fig. In order to describe how this minimum of resistance can occur, Kondo
introduced a model in 1964 [1]|, which later was named the Kondo model.

The Hamiltonian describing a metal with a Kondo impurity is given by

H = Ho + HK = Z EkCLUCkU + Z JSiCL,J,Té/UCkg, (1.1)
ko i.k'o'ko
.I.

where S is the spin of the impurity, ¢ creates an electron with momentum k and spin o, 7
is the vector of Pauli matrices and ey is the energy of the conduction electrons, including the
chemical potential . J is the interaction constant, which we will assume to be positive, i.e.
antiferromagnetic. Hy describes the energy of the conduction electrons (ce) and Hk is the ex-
change interaction which takes the spin of the impurity into account. It couples the conduction
electrons indirectly, making this a many-body problem. Here we take the impurity concentration
to be sufficiently small, such that we can neglect any impurity-impurity interaction.

The Kondo effect can not only be seen in bulk metals, but plays an important role in quantum
dots and carbon nanotubes as well. |2] Even though much current research is concerned with
these effects, we will focus on bulk metals here, since it is one of the simplest systems where one
can observe the Kondo effect.



The following two sections give a short introduction to the formalism we will be using, with
special emphasis on Larsen’s pseudo-fermion (pf) representation. We will also use Larsen’s pf’s
to study a spin % in a B-field. It is a great warmup before moving to the more complex Kondo
model.

2 Green’s functions and Keldysh formalism

We will now derive a perturbative expansion for the ce-Green’s function using Keldysh formal-
ism. One of the strengths of Keldysh formalism is the simple form it takes in equilibrium as well
as nonequilibrium problems. This is achieved by using contour integrals. Here we will only be
working with the time-independent Hamiltonian H given in eq. [I.I] but the following can be
generalized to include a time-dependent term in H as WGHE

Let us start by writing the operators in the Heisenberg picture

Y (1) = et (0)e Hh (2.1)
where 1 = (t1,x1). We can define averages as
(On(t)) = Tr[p(H)Ou(t)], (2.2)

where O is the observable, H is the full Hamiltonian and p = (Tre##)~le=#H as usual. [3] For
calculating physical quantities we will use Green’s functions. For Fermi fields, v, we define the
lesser and greater Green’s function as

G=(1,1) = +i (¥}, (1)en (1)) (2:3)
> (1,1) = i (u (e} (1")), (2.4)
respectively. |3]

We define contours and the contour-ordering operator 7, as follows: For a contour where ¢; is
further along the contour than t}, as seen on ﬁg we write 1 >, t}, such that

Y1) it >t
b (N (1) ifty <. )

This allows us to connect contour-ordering to our previous Green’s functions in the following

To(u ()] (1) = { (2.5)

way

G>(1,1) ifty >t

. 2.6
G(1,1) ifty <.t (2:6)

mez—anmn@mw>={

We can now make a perturbative expansion of G' upon noting that e™## = e=#Hoy(ty — i, ),
where

v(t,to) = T exp

—i / t dt'Hp m, (t')] : (2.7)

to

!This is beyond the scope of this thesis. See Rammer and Smith [3] for more on how this can be done.
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Figure 2: Keldysh contour for a propagator G(1,1") where t; >, t}. We will take to — 00 so
both the upper contour, C7, and the lower contour, C5, spans from —oo to co.

Here T is the time-ordering operator and Hg p, is Hyx written in the interaction picture. [3]
After some calculationsﬂ we get the following perturbative expansion of the full contour-ordered
ce-Green’s function of n’th order in J

(n) i ( ) n in in
G (TCL,T(Z) n|2n J /dT /dTn Z Z Z '7171 010'1 '”T'YZ’YnTU%Un

11...0n 'Yl 'Ynal an
'71 'Y al an

X <Tc <f$i (Tl>fv1(71) e fj,;l(Tn)fvn (Tn))>

0

X <TC (cl,l (11)Cay (11) - - CL;L (Th)Ca,, (Tn)ca(T)Cl, (7"))> , (2.8)
0
where a = ko and () is the average taken with respect to the non-interacting Hamiltonian Hy.
Here we have written the impurity spin using Larsen’s pf’s. In the next section it will become
clear how this is done. Now, upon applying Wick’s theorem, we get

/ / ((1, a,) (aa 1,) T (a’ n/)
L1 ... 1,7 / ! '
M rard) = AP x| ¢ . | (1,:a) (1,:1 ) (1,:71 , (29
[n’ 1,] T [TL, n/] (’n, a’) (nv 1/) to (n’ n/)

with [a, d'] and (a,a’) being the free-particle contour ordered Green’s functions for pf’s and ce’s
respectively, and

(n) — in  _in
A = (-1 n,2n /dn /dTnZ DD T, Ulm...wﬂnfaw, (2.10)

11...0m 'Yl 'Ynal an
71 'Ynal (l

where f is the total number of ce- and pf-loops. Note that some factors of ¢ have been absorbed
into the free-particle Green’s functions. The last step now is to go from contour integrals to time
integrals. This can be done by noting that if we set to — oo in fig. 2] we can write

Jar— [ a— [ (2.11)

and it is seen that we can go from contour ordering to time ordering by defining the propagators
and vertices as tensors. From eq. it is clear that the vertex must be given by

2We will not go into too much detail on how the perturbative expansion is done. But the main idea is to make
a power expansion of v, and then the result follows readily.



o,\r\.//o
s ed —
fyab = T
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lines are pf-propagators. Here a, b, ¢, d take the values 1 or 2 if they reside on the upper contour,
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. 1 Lr3yLt 1
’ygz = 5 (5110ng + 6bd7—03,c> ’L 5 (5ab7_cld + 5cd7';b> s (212)

where 7¢ is the i’th Pauli matrix, and all other symbols are clear from fig. . In the last step we
have made the transformation LT3yLT, with L = %(TO —i7%) and 79 being the 2 x 2 identity

matrix. This is done because the propagators take a nice form under this transformation. [3|
After some lengthy calculations, they are found to be given by

0 0, — t)(G(1,1) — G<(1,1) | ° (2.13)

_ [9<t1 — (G (1, 1) - G<(1,1)) G (L) + G<(1, 1)
In this way we can go from contour integrals to time integrals, if we view the vertices and
propagators as tensors. By going to the interaction picture, expanding the resulting Green’s
function and going to real time, we have now derived a perturbative expansion of the ce-Green’s
function. Next, let us take a closer look at Larsen’s pseudo-fermions.

3 Larsen’s pseudo-fermions

In order to study the Kondo model, we need to be able to describe the spin of the impurity. As
Kondo showed, it is the dynamic nature of the spin, namely its commutation relations, which
gives rise to the Kondo effect. [I| However, in order to use the formalism of Feynman diagrams
and Wick’s Theorem, we need to represent the impurity spin in terms of fermionic operators.
This can be done in several ways. Here we will use one method given by Ulf Larsen. |4] It has the
advantage that the pf’s have zero chemical potential which simplifies the calculations. However,
as we will see, spurious states can appear, and we have to deal with theseE|

3.1 Formalism

We want to include the impurity spin in our Hamiltonian, while still being able to use standard
methods of diagrammatic perturbation theory. This can be done by representing the impurity

®It should be noted that this representation only works for S = % and S = 1, see [4] for more on this.



Pseudo-Fermion states for S = %
n State S S-S
0 |©2) 0 0
1 ) 3 i
1 ) -3 i
2 1) 0 0

Figure 4: All possible pf-states. €2 is the state with no pseudo-fermions present. The blue states
are the spurious, unphysical, states. It is seen that all the unphysical states have S-S = 0.

spin using pseudo-fermions. We will write the impurity spin as
1 A
=3 S iyt (3.1)
oo

where f; and f, are creation and destruction operators of pseudo-fermions, which obey the usual
fermion anticommutation rules

(oS} =000 otk = {110} =0 (3.2

When using pseudo-fermions, we will generate unphysical states as seen in fig. [ Hence we
need a way to map statistical averages calculated in this extended Hilbert space to the physical
averages, where we only take physical states into account. Let us Writeﬁ

(R = (R AL, (3.3)

with
T (e PH
T ()

Tr¢ (6_5H> Ze
S (e iz LT =

e (3.4)

where (Z)° and (#)° are the average of the operator Z calculated in the extended and physical
Hilbert space, respectively. Note that

25+1
T = Y (A[{nl..In)]|A) =D (A] Y Try(..)|A) (3.5)
{n}.{A} {4} n=0

is the trace over all possible states, consisting of all subsets with n number of pseudo-fermions
present. Tr,(...) is the trace over all pf states containing exactly n pseudo-fermions, with > (A}
tracing out any remaining degrees of freedom, such as the states of the conduction electrons. Tr®
is just the trace over physical states, i.e. states with n = 1.

If Z can be written as a sum of products of 5;...S; we get

Tr? (e*BH%’) Tr? <e*5H<%’)

o = Tré (e—ﬁH%) T T (e—ﬁH%’)

~1, (3.6)

4The notation used here follows the one used by Larsen in his note [4] on pf’s, where he also treats the S =1
case.



since, for § = %, we have S-S = 0 for the spurious pseudo-fermion states as seen from fig.

We will use this result in the next section, when we look at our toy model of a single spin 1/2
in a B-field.

Now, in order to use pf’s with the Kondo model, let us see how one can go from extended to
physical Hilbert space, when working with Green’s functions for the conduction electrons. Here
we look at the interaction Hg given in Eq. Just like in eq. we define

—i (T ()Y};(1)) = (D)
Go(1,1') = =i (Te(ubm, (D), (1)) = (Dol (3.7)

G(1,1)

where the average is taken in extended Hilbert space. Since Dy does not depend on the pseudo-
fermionsﬂ we can write the physical Green’s functions as

G* = (D), 0 = (Do)p = (Do) = Go, (3.8)

where ()° is the average taken w.r.t. all physical states, i.e. states containing exactly one pf. In
order to map G to G° we note that since the interaction term is zero for states with zero and
two pf’s, we can write the trace over all pf states asﬁ

Tr°(pD) = Y (A| Tro(poDo) + Tr1(pD) + Tra(poDo)|A)
{4}

= % Tré(po Do) + Tr?(pD). (3.9)

Defining U = py ' p such that (U), = %, we can write
0

_ Tr*(pD)
7 = T¥(oD)
4 3 Tr(poDo)
Tr(pD)
Go
=1- TR (3.10)

Now, from the definition of (U), and &, it follows from [3.9] that

2(U)g
S A1
2(U)y— 1’ 311
and we finally see from G°* = G&/ % that
G —Gy=2%G—-Gy| ———+1| =Z4(G-Gy) (3.12)
0 "\20), ” |

SHere the coupling J is effectively zero, since we are using the non interacting Hamiltonian. See the comment
following eq.

5Note again that 0 in subscript on p simply means w.r.t. the non-interacting Hamiltonian. All notation should
be clear from the above.



We can write this in terms of the t—matrix as
G* — Gy = Gt* Gy, G — Gy = GotGy. (3.13)
This gives us
t* = £, (3.14)
which maps the t—matrix from extended to physical Hilbert spacem

3.2 Example on spin % in a magnetic field

In order to get some feel for this new formalism, let us look at a toy model: A single spin 1/2 in
an external B-field. The B-field is constant in time and aligned parallel to the z-axis. We can
write the Hamiltonian, Hg, in terms of pf’s as

Hy =25 fladato =2 (55— 111). (3.15)

oo
And again going to the Heisenberg picture, we can get the time dependence of the pf-operators

0fs(t) oB

ot :i[HviO'](t) = _Z‘T

fos (3.16)

which yields

iaBt ioBt
)

fo(t) = foe™ 2t fl(t) = fle3 (3.17)

where o = +1 for spin up and down respectively. As noted earlier, we can map functions from
the extended to the physical Hilbert space using the relation given in [3.3] For Hp given in eq.

[3.15 we find

Tre (e_fBHO) 24+ b5 e P% <1 + eﬁg) (1 + e‘ﬁg)

L= = =
Tr* (e=FHo) PE e BT BE 1 BE

(3.18)

By noting that Go(at,0’t') = Gy (0, (t —t')) 6547, we can get an expression for the greater Green’s
function

G (0. (t =) = =i (£ (O3,
- <fgf;>0 e i1% (1=t

= 4 <1 —ny <J2B>) et (), (3.19)

"The factor . can be quite difficult to calculate, and it might seem as a big drawback to using Larsen’s pf’s.
Other methods, such as the pf’s introduced by Abrikosov [5] eliminates unphysical states by including a chemical

potential A ( fTT fr+ fl f ¢> in the Hamiltonian. By taking A to infinity, Abrikosov showed that the unphysical
states got eliminated. He also showed that all diagrams containing more than one pf-loop, when calculating
the ce-selfenergy, went to zero as A — oco. However, taking this limit can introduce some even more serious
complications. We will not go into more detail here, but it is important to note that when working with Larsen’s
pf’s, we do not have to include an unphysical pf-potential in the Hamiltonian.




where n¢(€) is the Fermi function.

_ 1
T efetl

Since the Green’s function given above only depends on the time difference t —t', we will take the
Fourier transform, and look at the retarded Green’s function GR. Here we add an infinitesimal
part in to the frequency to ensure that the integral converges. After some calculations we getﬁ

1

R _
gO (an) - w—Eg—i-’L.T]’

(3.20)

with €, = %. From this we can construct many new quantities, such as the spectral function

Ao ,w) =2m0(w — €5). (3.21)
We can also get the lesser and greater Green’s function by using the relation

G5 (0,w) = iA(o,w)nys (w), (3.22)
Gy (o,w) = —iA(o,w) (1 —ny (w)) . (3.23)

We will see these quantities again, when working with the Kondo model.

We can now map physical quantities such as the magnetization My to real Hilbert space by using

cq. 3, B and 1S
i o 1 (@) (@)
My = (5% = 209 = 5.2 ((An), - (A0,

= (G5 (1 =0)~ G5 (Lt =0))

! 3B
=3 tanh <2> , (3.24)

which is a well-known result for a spin % in an external magnetic field. It is seen that multiplying
by £ effectively makes tanh (%) — tanh(z).

To get an even better understanding for this framework, let us look at the magnetic susceptibility
of the spin % next.

3.2.1 Calculating the transverse spin susceptibility for the toy model

We will now calculate the magnetic susceptibility, x*/, where i, j € {z,y, z}. Inspired by eq.
we define it as [6]

e = =i (T (s )

0

1 . 1 4
=—¢<Tc 5 2 I DT lo (D)5 D L) £ (7)) > (3.25)
oo n'n

0

8Here we look at the retarded Green’s function similar to the one defined in eq. [2.13



where we have used the definition of Larsen’s pf’s from eq. [3:I] Upon evaluating this using
Wick’s theorem, just as we did in eq. [2.9] we get

o) =i (T () )

=12 [ 00077 G0l ) + 5 D |7 Gole )| D |7 ol 7T
o,0’

g o’

(3.26)
Here we have used the fact that the propagators are proportional to é,,/ so they can be written

as Go(o, 7', 7).

As an example, let us calculate the retarded transverse spin susceptibility. We will see that it
contains some new physics, compared to the magnetization we calculated earlier. The retarded
transverse spin susceptibility is defined as

\§ (7, 7') = =i (T (S-(1)S4(7) )
= ()(390(7-7 ™)+ xgy(r, ™)+ ixgy(ﬂ ) — ing(T, T/)) , (3.27)

where Sy = S, 45, as usual. We now have to calculate the relevant x*/. It is seen from eq.
3.26| that

xo" (1, 7)) = XV (r, ) = —% (Go(t, 7, 7)Go(, ', 7) + Go(d, 7, 7)Go (1, 7, 7)) (3.28)
_i (gO (Ta T, T/)g(] (\l/a T,a 7_) - gO (\L7 T, T,)gO (Ta 7_/7 T)) . (329>

An easy way to go from contour to real times is to use Langreth Theorem. |7] This theorem
states that given an expression of the from C(7,7") = A(r,7)B(7’, 1), the retarded component
is given by

ng<7—? 7—,) = _ng(Ta T/) =

CB(t,t") = AR(t,t")\B<(t',t) + A<(t,t")BA(t,1). (3.30)

Noting Go(o,7,7") = Go(o,7 — 7') we can perform the Fourier Transform w.r.t ¢t — ¢, and using
the expression for G given in eq. [3.:22] we get the convolution

o
W) = =1 [ o (GFNGF (! — ) + G5 (1 e’ )
FG (1 6)G5 (16 = @) + G5 (1, W)G (1,6 — w))

_ _z‘/dw’ 2im(w' — w+ Z)ny (W — w) N 2im(w' — Z)ny (o)
27 w’—g—i—z’n w’—w—i—%—in

4

+2i7r5(w/ —w—B)ny (W —w) N 2im(w' + Z)ny (o)
W'+ 5 +in w—w—E —in

B -B
_ nf(j) — nf(T) 1 _ 1 (3.31)
4 w+B+in w—B+in)’ '
Now, going through the same steps for x;?, we get
B -B
zy,R _ ~nf(§) - nf(T) 1 1 3.39
Xo' (W) =1 4 wtB+in w—B+in) (3:32)



Using these results in eq. [3.:27] we end up with

1R ,
Xo (W) = (2x¢" (7, 7') + 2ixg" (7, 7))
_ nf(g)—nf(%B) 1 B 1 B 1 B 1
2 w+B+im w—B+4+in wH+B+in w— B4y
np(B) —ng ()
w—B+in

(3.33)

And mapping to physical Hilbert space using eq. we get the result
XLJRQO‘_‘—ﬁfnf(g)__nfvég)
0 w— B+

(1+e5§) <1+e—ﬁ§> BY_ ., (=B
_ nf(z) nf(z)
P54 e BY w— B +in

| e—) 30

which is the result we expect for a spin % in an external magnetic field.

We could include a finite lifetime of the spin. This can be useful when going to the strong
coupling regime of the Kondo model. The pf-propagator is then given as in eq. and we
would expect the divergence at w = B to get broadened by the parameter I'. The calculations
go like the ones above, but using the new expression for GG instead. But the resulting integrals
are now more complicated, and we will not try to perform them here.

However, to get a deeper understanding for the physics that the transverse susceptibility de-
scribes, let us write it in real time as

Xo T (t) = —i0(t) {[S_(t), S+(0)]), (3.35)

from which we see that the transverse susceptibility contains information about the dynamics
of the spin. If the spin did not have any internal degrees of freedom, and no dynamics, this
commutator would be zero. However, when the energy of the two spin states are far from each
other compared to the temperature, and we look at frequencies close to the energy difference
between these two states, the transverse susceptibility X(J)‘ ’R(w) can become large, and even
divergeﬂ Actually, it is exactly the fact that [S_(¢), S+ (0)] # 0 in general, that gives rise to the
Kondo effect as we will see later. This is also described by Kondo in his article from 1964 [1].
With our newfound understanding of Keldysh formalism and Larsen’s pf’s, we are now ready to
deal with the Kondo model.

4 The Kondo model in the weak coupling regime

We will study the Kondo model in the weak coupling regime, that is, for temperatures T' greater
than Tk E Our goal is to calculate the effective, dimensionless coupling constant g = Jv, where

9Tt is clear that by including T in our pf-propagator, we can get rid of the divergence at w = B. We will see
how this finite lifetime can arise in bulk metals later.
107 is the Kondo temperature to be defined later.

10



v is the ce-density of states at the Fermi surface. The coupling plays an important role when
calculating physical quantities such as the resistivity of the metal. But it also gives a great insight
to how the diagrammatic works out when using Larsen’s pf’s. Finally, the vertex shows some
fascinating behavior itself. Depending on which type of diagrams we sum up, different divergences
occur. When summing up infinite series of diagrams, methods from the Renormalization Group
will prove to be very useful, as we will see shortly.

4.1 Vertex diagrams

In fig. [5] all contributions to the vertex up to third order in g are shown.

3A :
K + < €--<

C
P : - < -«
g RS /\\

2

1A 2P
g = \\/ n W N
Kow o A

Figure 5: All 1., 2. and 3. order contributions to the vertex g are shown. 2P and 2C' are parquet
diagrams. P; is made by combining two 2C-type diagrams. We have not shown P, which is
made by combining two 2P-type diagrams. Ps; and P, are made by combining one 2P- and one
2C-diagram. Again only one of the two possible diagrams is shown. As noted earlier solid and
dashed lines correspond to ce- and pf-propagators, respectively.

Now that we have drawn all the diagrams, we have to do some calculations. We will use the
perturbative expansion given in eq. the Keldysh-vertex given in eq. and the ce- and
pf-propagators given by E

G(wjp):[w{)ﬁm (=2riJgn(ey) Nod(o — ) @)
w—€p—1n
- L 0
G(w) = |wim . 4.2
G(w) [0 ] (42)

Note that setting the pf-chemical potential to zero makes GK = 0. As we will see, this puts some
restrictions on which diagrams we need to include, when calculating the vertex corrections.

1This can be derived using eq. and going thorugh the same steps as we did when deriving eq. It
shoud be noted that we assume 7" — 0 here, so that we can write ny(—ep) — ny(ep) = sgn(ep). This is only used
in the Keldysh component, since it is this component which contains information about the occupation of the
given state.

11



W S W 0 0
w+ €

Figure 6: Example on how to attach frequencies to the propagators. Note that the incoming
pf-propagator has an external frequency. We could have given the ce-propagator one as well, but
this is not necessary as noted in the text.

4.2 2. order diagrams

Let us start by looking at the two parquet diagrams. These are the 2. order diagrams. We
will only look at g31, but gii can be calculated in very much the same way. We will calculate
the first diagram, 2P, in detall Including a factor of Zk e V , on the left hand 81de,|E| and

introducing an UV-cutoff A on the ce-band 7| we see frorn fig. [6] that™]
g2P) 21
Z Ty

(gl e

> Lo J o | 52
(72<5W500+2¢, 7 /dep/ g G w + )G (e, ¢)
(i

/!

AC /o ~ba
’Ylb} Gd (67 GP)G (w + 6)(2%1’1)

16 oloiny
k
1)

_ (=D

[ den [ 56t - (2misene)0(A ~ e )dle )

27‘(‘ w+e+in
Ly (5 Sorg + 2 ) / Y e, ! (€p)
= — 12057 1o T €pg° ———sgn(e
16 2= \"17%" TS0y A0 e, e
: w2 2
i —A
== zk: (64800 + 275,75, ) g% = (4.3)
The contribution from ¢2¢) can be found in the same way, and we get
20)21 i w? — A2
270/077 "= 16 Z (—(57/750/0 + 27'0,07'7 7) g°In T . (4.4)

12YWe get 4 from the perturbative expansion, % from the impurity spin, % from the Keldysh vertex and a spin
sum from Hp.

13The cutoff A is essential when doing our RG-calculations.

14Here we have suppressed the frequency-dependence of the vertices on the right hand side. It should be noted
that we could have included a frequency in the incoming and outgoing ce-propagator as well. However, this would
not change the final result in any way, since we take the limit of all external frequencies going to zero in the end,
when doing the RG-calculations later.
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It is seen that the terms containing d./,d,/, cancel out, and we end up with

21
997 (w) = 2¢*In

i' (4.5)

We will later use ideas from the Renormalization Group to make our vertex independent of the

UV-cutoff A.

4.3 3. order diagrams
4.3.1 Diagram 3A and 3B

We can do exactly the same type of calculations for the third order diagrams. For diagram 3A,
using fig. [6] we get[!?]

3A21
E: To'o vv

— (i)z))(_l)'z- {T“T’QT“”LW i 13 /dep/deq/ dw e

[(G‘R(w +w —)GRw+uw — e)) (GR(w/, )G (e, ¢q)
—i—GA(w’, ep)GR(e, €q) + GK(w’, ep)GK(e, eq)>
+ (C:A(w Fw - )GA W+ W — e)) (GR(W’, er)GP (e, e0) + GAW, 6)GA(e, eq))} .
(4.6)

After some lengthy calculations, which can be seen in appendix we end up with

Y-

w2

4A2 — 2

B e

3
3A)21 Z TE o Th. = < ) Z(QTU,UT%) 3 <2ln A’
k

) . (4.
Going through the same kind of calculations for diagram 3B, we get

3
PEL Z 7k ok = < > (—1 )%:(670077) 3<4ln\2]—4ln 2') (4.8)

None of the other diagrams come with logarithmic contributions as we will see shortly. So to
third order in g, keeping track of log-diagrams only, we get the following correction to the vertex
—24In|2[+241n

.\ 2
21 7 A A
g (W) = <4) g <41ﬂ wD
A
w

S (-1)?2 (gm %
ﬁD , (4.9)

where we have taken the limit % — 0 since A is an UV-cutoff.

2 _ 2

w?

4A2 — 2

—41n A2

’—8111]2\ —24In 2|+ 241n

=4 <21n|2| —2In

5The (1) comes form the ce-loop.
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4.3.2 Diagram 3C, 3D, 3E

We will now look at the diagrams containing one pf-loop. If we had used Abrikosov’s pf’s we
would expect these to be zerom but this is not true when using Larsen’s pf’s.

When the ce- or pf-propagators make a closed loop, we get a trace over the propagators due
to the Keldysh structure. Since G is diagonal, in order for the trace over the pf-loop to be
non-zero, we need an equal number of 71’s from the Keldysh vertices to get contracted with

the pf-propagators in the loop. This restricts the non-zero terms that can be generated, when
performing the contraction over Keldysh vertices. For diagram 3C in fig. [5| we get

9B (w) = (Dg(— ) d oo /dep/deq/ dw r

[(éR( G (W) + GAOCAW))
(GK(LU +uw —6,6)08 (W, ep) + GR(w+w —€,6,)G (w, eq))

+ (GR(e)éA(w') + GA(E)C:R(w')) GAw+ ' — € 6,)GA(w, 6,1)} . (4.10)

The first part of the first term is zero for w — 0 since GX(0,¢,) = 0, and setting all terms with
poles in only the lower or upper half-plane to zero, we end up with

e = (1) DD
[der [dey [ 55 [ PG NG @+ o - )G e

1 1 1
oc/dep/deq/de/dw/ - — - -
€—1in w' +1in wtw —e—e,—1in W —€g — 11
1 1
d d 4.11
OC/ 6p/ Eq(w—ep—?)in) (w—eq—in>’ (4.11)

and if we assume A > w, we get

A A 1 1 ' .
/A de, /A deg (w—ep _3i77> <w—eq _i77> = (im)(im). (4.12)

The precise value is not so important, although it is very easy to get from the above. The im-
portant thing to note is that the contribution is non-logarithmic, but also non-zero. This shows
the difference between Larsen’s and Abrikosov’s representations. Here we have to keep diagrams
with pf-loops, however, they are not important to this order, if we only look at log-contributions.

To be sure that this is indeed the case for all 3.order diagrams, let us look at the last two,
non-parquet-type, diagrams. It is easy to see, by following exactly the same line of reasoning,

16Gee footnote after eq. [3.14]
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(GK(w +uw —66)GE W+ —ee) +GRWwHW —€66,)GNw+ W —¢ eq)>

+ (GREGAW) + GAOGRW)) GAw + ' — €. 6)GR(w+u — ¢, eq)] .
(4.13)

The part which we should expect to yield a log-contribution, is the term containing the Keldysh-
component of the ce-propagator

[der [des [ 55 [ S (6067w + GHOG )

(GK(w—I—w — €, ep)GK(w—i-w —e,eq))

/ﬁ%/ﬁ%/ <[4 (6M06" W) + GHOE W)

—2mi)sgn(ep) (w +w' — € — ) (—2mi)sgn(eg)d(w + w' — € — €;))
/dep/deq/ GR W+ — ) GRW) + GMw + o — ep)éA(w’))

((—271'1) Sgn(ep)sgn(eq)5(ep — eq))
=0, (4.14)

which is zero since we can close the contour so that there are no poles in the given half-plane
when performing the integral over w’.

The last diagram (3E) from fig [5|is zero due to the fact that we have two traces, and therefore
end up with a term like GF(w)GF(w') or GF(w')GF(w'), which has poles in only one of the
half-planes.

We can see that G being diagonal restricts the non-zero terms that we can generate from the
Keldysh contraction, and to 3. order they do not contribute with any logarithms. However, they
are non-zero in general, and should therefore be considered carefully.

4.3.3 Diagram P, P,, P; and P,

As seen from fig. [f] these diagrams are made by combining parquet-diagrams. We will include
the contribution from these by summing up all parquet-type diagrams to infinite order. This is
done by requiring our vertex to be independent of the cutoff A as we will see now.

4.4 Poor man’s scaling - one loop RG

By examining higher order corrections to the vertex, Abrikosov showed that it was only parquet-
diagrams, which gave contributions to leading order in log. [5| Abrikosov summed up all of these
diagrams using a Dyson-like equation. Here, however, we will use the ideas from RG. It is much

15



simpler, but it yields the same result.

We want to ensure that the invariant vertex g is independent of the cut-off A. This makes sense
physically, since we assume A > T}, w. If we only include parquet diagrams, i.e. only take second

order contributions into account, eq. [4.5 yields
A
21, 415
) (4.15)
dg dg

din(A) ~ din(A) T 29° + 0(g*) = 0. (4.16)

g—g<1+2gln

from which we get

Now, choosing two limits Dy and D to evaluate g at, it is readily seen tha@

1 1
<2g(D) B 2g(D0)> = In(D) — In(Do). (4.17)

1
Setting D equal to the temperature T', and defining the Kondo temperature as T = Dge  29(Po) |
we get
9(Do 1
9(T) = ( - ) = . (4.18)
1-2In (70) g(Dy)  2In (ﬁ)

We see that for g > 0, ie. an antiferromagnetic coupling, the vertex diverges as T" — Tk . This
result agrees with the one found by Abrikosov [5].

By solving this simple differential equation, we have effectively summed up an infinite series of
diagrams. Namely, all the parquet diagrams. This shows why RG is such a powerful method.
Instead of solving a Dyson-like equation, we have to solve a differential equation. Now by
expanding the denominator as a geometric series, one can see that we indeed generate all parquet-
diagrams. The divergence at Tk does not seem to have any physical meaning, so we will now
try to get rid of it by including 3. order corrections. This means we go from one-loop RG, or
Poor man’s scaling, to two loop RG.

4.5 Going beyond Poor man’s scaling - two loop RG

Including 3. order corrections from eq. [£.9] the equation for the invariant coupling now becomes

AD . (4.19)

w

A' —2¢%°In
w

§:g<1+291n

With two-loop RG we take both leading and subleading diagrams in log into account. Again,
since § is independent of the cutoff we getd]

dg

_ 9.2 3 _
dn(A) 2g° +2g° =0, (4.20)

"Here the limits enter the integral J DDU as shown explecitly in eq. m
'8 This result agrees with the one derived by Fowler [§].
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Figure 7: The effective coupling g(7"). The dashed line shows T' = Tx. It is seen that the
divergence at Tk in one-loop RG gets eliminated when going to two-loop RG. The two-loop
result is found by solving eq. numerically in Python.

and taking the integral on both sides, like we did in one-loop RG, we get

T /g(T) 1 1 /g(T) < 1 1 1 >
In| — | = dg———- = — dg| ——————= . 4.21
<D0> 9(Do) 9292(9 —1) 2 Jypy g 9-1) g g? (4.21)

Performing the integral yields

1

1
1‘g<T>|+g<T>—

In

P ;—2mn (DO), (4.22)

which we can write as

(st oo () = G D)oo o) (5) - 09

We can see that the divergence at T' = Tk is gone, and g — 1 as T" — 0. This equation can be
solved numerically, and the result can be seen in fig. [7]

5 Perspective and the strong coupling regime

Now that we have seen how Keldysh formalism and Larsen’s pseudo-fermions enable us to cal-
culate the vertex in weak coupling, several questions arise. We will treat some of them here.

5.1 Where did the divergence go?

In the 1970’s Wilson developed Numerical Renormalization Group (NRG) to treat the Kondo
problem. [9] This is a numerical iterative method, where one effectively lowers the temperature
at each iteration. Using NRG Wilson showed that if we start out with a small g > 0, the cou-
pling will flow from a weak coupling regime at high temperature to a strong coupling regime at
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T <« Tk. Since the results of NRG describes experimental data very well, we would like to see
the same RG-flow in our model. However, we just found that the divergence did not move from
Tk to T = 0, but got eliminated completely. This suggests that our perturbation theory breaks
down for T' <« T

In retrospect this makes sense. Throughout we assumed that ¢ < 1, so that the perturbative
expansion in gIn(A) makes sense. But for low 7" we saw g — 1, and therefore we would expect
our perturbation series to break down at this point. We therefore need another way to treat the
problem in this strong coupling regime.

The way Wilson did this, with NRG, was to go from ce-states that were localized around the
impurity to states that were localized around the Fermi surface, since it is these states that are
dominating for T' <« Tk . In appendix results are shown from an NRG-program that I wrote
in Python. This program was made by following Wilson’s original article |9], but due to limited
space, we will not go into more detail on how the program was made here. However, analytically
we are working with an UV-cutoff, which we assume to be very large. So we need another way
to deal with this regime.

5.2 Going to strong coupling

We see some new physics when going to the strong coupling regime. The coupling diverges as
T — 0, but the ce-states that can be excited, and interact with the impurity spin, are confined
close to the Fermi surface. In fact, we would expect the number of these states to be oc T''.

When the coupling increases in strength, we would expect the conduction electrons to accumu-
late around the impurity atoms, and as a result the resistance of the metal should increase. This
is exactly the effect Kondo tried to explain, so all is good. However, if the coupling diverges, one
could argue that the resistance should diverge as well, since all the conduction electrons would
be bound to the impurity atoms. But this is not what we find experimentally.

We can explain this by looking at our pf-propagator. When the electrons accumulate around the
impurity spin, they will screen the magnetic moment of the impurity spin, and in this way we
would expect the impurity to have a finite life-time. We can take this into account by defining
the pf-propagator as

1 ol
Q(w) — w—(i—)iF w2+F218gn(w) , (51)
w—il’

and in this way introduce a finite lifetime to the impurity spin. Depending on how g diverges,
this I' could be finite or infinite. In practice, a self-consistent solution for the vertex and the
pf-propagator would be needed@ This is however beyond the scope of this project. But in
principle it could be done, if only a limited number, or types, of diagrams are important at
T <« Tg. In that case the Keldysh formalism gives a very nice framework in which we can
calculate the value of these diagrams, since, as mentioned before, it comes down to doing tensor
contractions and integrals. In this way one could, in theory, write a program that would solve
these diagrams self-consistently, and we could likely use this in nonequilibrium problems as well.

197f we only go to 2. order we can calculate I analytically without doing too much work. This can be seen in

appendix @
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5.3 Calculating physical quantities

In the end we do not want to look at the effective coupling, or the lifetime of the impurity spin.
We want to calculate physical quantities, such as the resistance of the alloy or the magnetic
susceptibility of the spin. If we know the coupling, and the dressed pf-propagator, this would
seem quite straightforward. But we have to remember that we are working with Larsen’s pseudo-
fermions. This means we have a factor . and <7 to worry about as we saw in eq. [3.14] It is
not clear how we can calculate these factors exact. Using the definition in [3.4) we get

Tr¢ (e_ﬁH)
Tr* (e=PH)
Ly <€75H(J=0)>
Tr® (e=PH)
ne (e—ﬁH(J:O)>

T oo ey T (5-2)

7

+1

where we have used that spurious states have S-S = 0 as noted earlier. From this it is easily
seen that .2 = 2 for T' > Tx. And since the first term is zero for J — oo, we get £ = 1 for
T <« Tk. In order to get the value for .Z in between these two limits, one would have to look
at the partition function in greater detail, or get .Z in some other way. Here, however, it is just
important to note that this is a complication we have to deal with when using Larsen’s pf’s.

6 Conclusion

We have seen how Keldysh formalism gives an effective and intuitive framework for working with
Feynman diagrams and the Kondo model. We also showed how Larsen’s pseudo fermions allow
us to represent the impurity spin in terms of fermionic operators, and therefore enable us to use
the methods known from QFT such as Wick’s theorem. Larsen’s pseudo fermions have the great
advantage that the chemical potential is zero. This makes the calculations simpler, and we do
not have to take the limit where the chemical potential goes to infinity, as Abrikosov had to.
However, there are other factors we have to calculate in order to map results from extended to
physical Hilbert space.

Using these formalisms, we were able to calculate the vertex to leading and subleading order in
log, and to reproduce the results of both Poor man’s scaling derived by Abrikosov [5], and the
results of two-loop RG [8]. These results gave us an insight into the diagrammatic structure,
where diagrams with multiple pf-loops are non-zero in general. However, to 3. order in g, they
did not contribute with any logarithms, due to restrictions when contracting the Keldysh-indicies.

Finally, we developed some intuition for the strong coupling regime, and saw how this coupled
to the results Wilson got using NRG. This suggests that the coupling should indeed diverge for
T — 0, and a lifetime of the impurity spin should be taken into account. However, with a good
understanding of the formalism in weak coupling, it seems very likely that the same methods
can be used to describe the Kondo model in strong coupling as well.
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8 Appendices

8.1 Calculating the vertex contribution from diagram 3A

Here we give the derivation of g®4). From eq. we have

3A21
E: To'o 77

() e 3 el fo o

11,12,3

[(CNJR(W +w —)GRw+uw — 6)) (GR(w', )G (e, ¢q)
—i—GA(w’, ep)GR(e, €q) + GK(w’, ep)GK(e, eq)>

+ (G’A(w +u — )G w+w — 6)) (GR(w’, ep) G (e, €q) + GAW, ep)GA(e, eq))} .
(8.1)

The last term yields zero, since it only contains poles in upper or lower half-plane, so when
closing the contour we can make this zero. The same goes for the first part of the first term. So,
upon performing the sum over the Pauli matrices, we get

:<i>3(1)zk:< ek, /dep/deq/ dw 7

(GRw+u' - )G w+w' — o)) (GA(W', )G (e 60) + G (W, )G (e,¢y))

{ 3 dw .
=17 27’0,07',77 dep | deg

<éR(w+w - e)GR(w—i—w - e)) (GK(w 6p)GK(e eq)) (1 — sgn(e,)sen(e,))

{ 3 dw .
=12 27'0/07'77 dep deq

<(w — i — ZW) <(—2i7r)25(w’ —&)d(e — eq)) (sgn(ey)sgn(e,) — 1)

:@3 o7k, /AAd /idqu (wep(_ljﬁm) )(sgn<ep>sgn<eq>—1)

i\? A A 2 2
—(* 2 d d
<4> Zk:(TO'O"y'y /0 6p/o qu (W+6p+€q+“7) +(W_‘fp_etz‘|‘i77)2
-\ 3 2 2 2
A 4N2 —
- (D 3 (270_,0,757) 3 (2 In “ ) : (8.2)
k

A2 _ 2
which gives us the final result

—21
w2 .
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A2 — 2

—21
w? .

.\ 3
3A)21 Z TC"UT“/ v <jl> Z (270’074%) ¢ (2 "

k

8.2 Numerical renormalization group code and results

Following Wilsons article on the Numerical Renormalization Group [9] a program was made that
runs NRG for the Kondo model. I wrote the program in Python and used Wilson’s results as a
benchmark. We will not go into detail on how NRG works, but the main idea is to look at the
Kondo model perturbatively. We start by looking at high energy scales. Here the ce-states in the
metal located close to the impurity atom are important. We then diagonalize the Hamiltonian,
and use the resulting states as our new basis. At each iteration we go to lower energy scales.
This is done by including states that are closer to the Fermi surface. It is these states that
dominate the low energy physics of the system. In essence the method is very similar to how
one would calculate the fine structure of the Hydrogen atom.

There are a lot of technical details on how this is done, but one starts by writing the Kondo
model in terms of a hopping Hamiltonian, and in this way maps the Kondo model to a semi-
infinite chain. At each iteration we add an extra site to this chain, corresponding to going to
lower energies.

The first few energy states generated by the code are shown in fig. [§ After around 25 iterations
the energies of the excited states have converged. Actually the energies at even and odd iterations
converge towards different values. The code yielded @

Even iterations: 0.6555117 £2 x 1077, 1.3110240+3 x 10~7, 1.9760011 + 3 x 1077,
Odd itertaions: 1.2963851 +£2 x 1077, 2.5927712+3 x 1077, 2.8259709 + 7 x 1077,

Wilson showed that for J — oo, the energies of the states are given by

Even iterations: 0.6555, 1.3110, 1.976,
Odd itertaions: 1.297, 2.594, 2.827,

agreeing well with the results obtained from the NRG-program. Note that the uncertainties are
simply the standard deviation of the mean. But this is clearly not "independent measurements",
since we only look at a single run, with the same parameters for J etc. so we should not be
worried about the results for the odd iterations lying many std’s away from the theoretical
prediction made by Wilson. The important thing to note is that, even if we start out with a
small positive value J, when we go to the low energy limit, we indeed end up in the strong
coupling regime where J diverges@

29As seen from fig. there is a degeneracy at each energy level. I used this degeneracy to calculate the mean of
each energy level, and in this way got an uncertainty as well. However, a more thorough analysis of uncertainties
is needed.

21'We do not give the parameters used for this specific run of the NRG-code. This is because many parameters
are given beyond the coupling, such as the number of states kept after each iteration, the fraction with which we
decrease the energy scale after each iteration etc. See Wilson’s article for more on this. [9]
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Figure 8: The RG-flow of the lowest energy levels at even iterations N. The results are from
a NRG-code which was made by following Wilson’s article on NRG [9]. The dashed lines are
the theoretical prediction for the energies at J = co made by Wilson. We see that the energies
converge towards the results expected when J = oo, indicating that the effective coupling g
indeed does diverge as T — 0. Note that the lowest energy levels are rescaled after each
iteration, otherwise they would just decrease, and converge to zero as N — oc.

8.3 Calculating the pseudo-fermion relaxation rate to 2. order in g

To 2. order in g, the relaxation rate I' is given by two ce-propagators forming a loop together
with a pf-propagator. Writing I' in terms of the pf self-energy, >, and representing the loop
consisting of one pf- and one ce-propagator by IB we get

I= (ER ) 2( z%)

;
[ } [ <)] (685 / d%/ d%/ LW ) (W) — P (. )G )
[ ()] (66 ] / dey / deg / (714 (e)8(w" — ) (—2mi)n g (—e)0(w — &)

—mnp(—6p)3(W — ) (2mi)ny(eg)d(w — €g)]

B (2> 515 (68,) [ deyl=0) [nglephn(—n) + ns(~epny (e

N| .

37 25 o 1 1
= ?g vy . eBer +1eBer 41
3T
- §577/g2k‘bT. (8.4)

We see that due to the Kondo-interaction we get a non-zero I'. Note that g diverges at T" — 0,
so it is possible to get a nonzero I" at T' = 0.

22The loop, Z, is just like the one seen in diagram 2P in fig. @
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