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Kondo effect in a quantum wire with spin-orbit coupling
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The influence of spin-orbit interactions on the Kondo effect has been under debate recently. Studies conducted
recently on a system composed of an Anderson impurity on a two-dimensional electron gas with a Rashba spin
orbit have shown that it can enhance or suppress the Kondo temperature (7x), depending on the relative energy
level position of the impurity with respect to the particle-hole symmetric point. Here, we investigate a system
composed of a single Anderson impurity, side coupled to a quantum wire with spin-orbit coupling (SOC). We
derive an effective Hamiltonian in which the Kondo coupling is modified by the SOC. In addition, the Hamiltonian
contains two other scattering terms, the so-called Dzyaloshinskii-Moriya interaction, known to appear in these
systems, and another one describing processes similar to the Elliott-Yafet scattering mechanisms. By performing
arenormalization group analysis on the effective Hamiltonian, we find that the correction on the Kondo coupling
due to the SOC favors the enhancement of the Kondo temperature even in the particle-hole symmetric point
of the Anderson model, agreeing with the numerical renormalization group results. Moreover, away from the
particle-hole symmetric point, T always increases with the SOC, accordingly with a previous renormalization

group analysis.
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I. INTRODUCTION

The well-known Kondo effect is a many-body dynamical
screening of a localized magnetic moment by the spins of
itinerant electrons that occurs at temperatures below the
so-called Kondo temperature (7x) [1]. Originally observed in
bulk magnetic alloys [2] with conspicuous transport features,
this effect has been extensively studied in a few magnetic
impurities coupled to one-dimensional (1D) [3-5] and two-
dimensional (2D) [6-8] systems. Recently, a number of studies
has discussed the effect of spin-orbit coupling (SOC) on the
Kondo effect on two-dimensional systems. More specifically,
the question of how the SOC modifies the Kondo effect in
systems with an isolated magnetic impurity has gained more
attention [9-16]. The influence of the effect of SOC on the
Kondo physics has gained major interest mainly because the
former has become remarkably attractive in condensed matter
systems [17,18]. For example, SOC is the basic ingredient
for many different phenomena, extending from the spin
manipulation in the celebrated Datta-Das transistor [19] to
more fundamental physics as in the quantum spin-Hall effect
[20] and Majorana fermions [21].

Since the Kondo effect involves collectively the spins of
the itinerant electrons, it is not surprising that SOC—that
locks the electron spin with their momenta—will modify it.
In fact, while in Ref. [9] there was found to be no change
in the Kondo temperature with SOC, recent studies [10-13]
have found a change in the Kondo temperature due to Rashba
SOC. Apart from Ref. [12] that addresses the Kondo effect in
graphene, the other ones report arguable results about similar
systems. On the one hand, in Ref. [9] it was found that the
Rashba SOC has essentially no effect on Tx. On the other,
in Ref. [10], by renormalization group analysis (RGA), and
in Refs. [11,13], using the numerical renormalization group
(NRG), it is reported that T is dependent on the SOC, although
the actual functional dependency obtained by the NRG seems
to differ from the RGA approach. This controversy can be
attributed to the different regimes in which the analysis was
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carried out and to some approximations made in the RGA.
We should stress that Malecki’s idea of studying the effect of
SOC on Tx using a standard Kondo model was incomplete.
This became apparent in Ref. [10], in which it was shown that
the standard Kondo model does not include all the scattering
phenomena in the system.

Owing to the various studies discussed above, the effect of
SOC on the Kondo temperature in two-dimensional systems
has been quite well elucidated. In one-dimensional systems,
however, the effect of SOC on the Kondo effect may be even
more important and has yet to be investigated. The expected
importance of SOC on the Kondo effect on 1D systems
can be viewed in a simple way. As mentioned above, the
Kondo effect is based on electron scatterings accompanied
by spin-flip processes involving the spins of the conduction
electrons and those of the local magnetic moments. At very
low temperatures, energy conserving scatterings become more
relevant as compared to nonconserving ones. Contrasting with
the 2D case, in which energy conserving skew scatterings
are also allowed, in 1D only forward or backward scattering
can occur. In situations in which a backward scattering event
suffered by the conduction electrons requires a flip of their
spins, it is expectable that the SOC has a much stronger
influence on the Kondo effect in 1D systems as compared
to the 2D ones. Such spin-momentum locking is known to
occur in strongly spin-orbit coupled 1D systems, such as
InSb nanowires [22] and in the 1D edge states of topological
insulators [23].

Motivated by the aforementioned peculiarities of the SOC
in one-dimensional systems, we investigate the Kondo effect
of a magnetic impurity, side coupled to a quantum wire
with both Rashba [24] and Dresselhaus [25] SOC. For the
impurity, we restrict ourselves to a spin—% magnetic moment
and model it as a single-level interacting quantum dot that
couples to the conduction electrons in the quantum wire
through tunneling matrix elements. By projecting the total
Hamiltonian of the system onto a singly occupied subspace
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of the impurity, we derive an effective Kondo Hamiltonian,
which contains the known Dzyaloshinskii-Moriya interaction
term and an additional one, analogous to the Elliott-Yafet
spin-flip scattering mechanism induced by the SOC [26-30].
Once we have obtained our effective Kondo-like Hamiltonian,
we perform a renormalization group analysis (similarly to what
was done in Ref. [10]) from which we extract the Kondo
temperature.

Our results show that the dependence of 7Tk with the SOC
strength differs from what was found in Ref. [10]. For instance,
we find that the Kondo temperature always increases, even
when the system is at the particle-hole symmetric point, which
contrasts with the results reported in Ref. [10] but agree with
those found in Refs. [11,13]. The disagreement between our
results and those of Ref. [10] is attributed to the correction
on the effective Kondo coupling due to the SO interaction,
neglected in a previous study. It is also noteworthy that
the dependence of Tx with the SO coupling is particle-hole
asymmetric. We show that an extra scattering term in the
effective Hamiltonian is the one responsible for breaking the
particle-hole symmetry of the RG equation.

The remainder of this paper is organized as follows: In
Sec. I we present the model Hamiltonian and derive an
effective Kondo-like Hamiltonian, and in Sec. III we perform
a renormalization group analysis with a numerical solution.
Finally, in Sec. IV, we summarize our main results. Some of
the details of the calculations are shown in the Appendixes.

II. HAMILTONIAN MODEL

For the sake of clarity, we schematically represent our
system in Fig. 1, in which the local magnetic moment is
modeled by a single-level quantum dot occupied by one
electron. The quantum wire is assumed to lie along the x axis
and includes both Rashba [24] and linear Dresselhaus SOC
[25]. Because of the dimensionality of the wire, both SOCs
are treated on the same footing. More formally, our system
is described by an Anderson-like model, H = Hyjre + Haot +
Hyot—wire, Wwhere

Hyo = ngdjdx + UnTm (1)

describes the isolated quantum dot, in which d;[ (dy) creates
(annihilates) an electron with energy ¢, and spin s in the dot
and U is the on-site Coulomb repulsion in the quantum dot.

We also have defined the number operator ny; = dj ds. The
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quantum wire with SO interaction

FIG. 1. Schematic representation of a quantum dot, side coupled
to a quantum wire with spin-orbit interaction. The wire is assumed to
lie along the x direction. V} represents the hopping of electrons from
the quantum into the wire.
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quantum wire is described by

Hyire = Z [8k8ss’ + k(ﬂasxs’ - ao’i")]c}zé‘cksl’ @)
k

where k is the momentum along the x axis, and &, = h?k?/2m*
the kinetic energy with m™* representing the effective mass
of the conduction electrons. The operator c,is (cks) creates
(annihilates) an electron with momentum k and spin s in
the wire. The Rashba and the linear Dresselhaus spin-orbit
interaction coupling is parametrized by the interaction strength
a and B, respectively, and oV (with v = x,y,z) represents the
Pauli matrices. Finally,

Howire = y_(Vichds + Vidler,) 3)
ks

couples the quantum dot to the wire with an overlap matrix
element V.

We should keep in mind that we aim to derive an effective
Kondo-like Hamiltonian by projecting out the empty and the
doubly occupied states of the quantum dot. Before doing so,
we want to bring the full Hamiltonian into the single impurity
Anderson model (SIAM) form. To accomplished this, we
diagonalize Hyr. by performing the following rotation in the

spin space,
) =y @
Cl— Ck| ’

U = 1 1 e i 5
- ﬁ —i eie i ) ( )
where § = tan~ (8 /o). Under this transformation, the Hamil-
tonian Hy;. acquires the diagonal form

Hyire = ZEth,tthh, (6)
ki

with

in which & = 4, — is the helical quantum number and &;;, =
hk?/2m* + h|y |k with y = a — if. By applying the same
transformation to the quantum dot operators, we see that the
forms of Hyo and Hyor—wire remain unchanged. Therefore, in
the SO basis, the total Hamiltonian acquires the SIAM form

H = ngd]]:dh +Unin_ + ZSthithh
h kh

+ > (Vielydi + Viidhcun), (7)
kh

where &, = &¢ + h|y|k. These are the SO bands shown in
Fig. 2(a). We are now ready to derive the effective Kondo-like
Hamiltonian.

The effective Hamiltonian

Since we are interested in the Kondo regime of the system
in which there is a magnetic moment localized in the quantum
dot, we project the Hamiltonian (7) onto the singly occupied
subspace of the quantum dot Hilbert space. We follow the
same strategy described in Hewson’s book [1] (for details,
see Appendix A). The resulting effective Hamiltonian can be
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FIG. 2. (a) Spin-orbit bands for the conduction electrons. At
low temperature, the allowed processes are those involving energies
close to the Fermi level ¢ (horizontal dashed line). The magenta
and purple arrows exemplify, respectively, the intraband (forward)
and intraband (backward) scatterings. (b) and (c) are representative
scattering diagrams describing typical processes contained in the
Hamiltonians (28) and (30), respectively.

written in the form

Hefy = Hy + Hg + Hpm + Hgy. (8)
Here,
Hy=>Y" EknChnCun ®
koh

describes the conduction band on the SO basis,

i i
Hx = Z Juwl(epycrr — cp_cr-)

Kk’
X S, + cheS_ 4l iy Sy (10)
describes the Kondo coupling, in which
A Ay
T = Vkv,;’:%, (11)
with
— U —
Ay &k — &4 &4 + ek (12)

T e — ) — [y (eq+ U — &) — [y PR

Observe that Jy; depends on the SO coupling y . By inspection
we see, in the absence of the spin-orbit interaction (y = 0),
we recover the conventional Kondo coupling, for which
Ar = (eq+U — &)~ + (e — e4)~". The last two terms of
the Hamiltonian (8) are given by

Hom =) Twe(epaoS-—cp_cxSy)  (13)
kk'
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and
Hgy = HY) + HSY. (14)

In this last expression,

HY) =Y Ti(ch cos +ch_ao)s. (15)
kk'
and
2 2y 1d
HY =Y F,((k)/?(c}:urcﬂ —cl_ao). (16)
kk’

The couplings in the Egs. (13), (15), and (16) can be written
as

(+) (+)
B — B,

Tw = ViV 3 . 17)
B(+) + B(j—)
M = —ViVi=——, (18)
and
B+ B
'Y =v, Vk,%. (19)
Here we have defined
B =i|y|k[ LE—
(ex —4)* — Y%k
! ] (20)
Tt U - — k)

The Hamiltonian (13) corresponds to the known
Dzyaloshinskii-Moriya interaction while (15) and (16)
describe the Elliott-Yafet-like processes [26,27], responsible
for spin-flip scatterings of the conduction electrons by the
localized magnetic moments [28]. The spin-flip processes
involved in the Hamiltonians (15) and (16) are not apparent
in the SO basis, but are clearly seen when these Hamiltonians
are written in the real spin representation (see Appendix B).

At the low-temperature regimes we can assume that the
scatterings occur only for electrons with momenta close to
Fermi momentum k. Moreover, for small SO interactions,
such that |y [kr < hk%/Zm* (or |y| < hkr/2m*), we can set
&k ~ &, = 0and Vi = Vi, = V. With this we can make the
approximations

U
Jkk,w|V|2|: ks S 2]EJ, @1)
(ea +U)* — lyrl* &5 —|yFl
T ~ |V |k_k’[ !
Kk N 14
2 L&k —lyrl?
! } (22)
(ca+U —ex)? — |yrl?]
k+K 1
T~ =1VIPly| [
. 2 Le2 —lyrl?

1
(et U —&)? — |VF|2]’ @)
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and

(k+ k") 1
ry ~ —|VP2yl

2 &3 — lyrl?

1

- (8d+U_3k)2_|yF|2:|' @Y
In the above equations we have defined yr = ykp. To obtain
expressions (21)—(24) we have replaced k% and k" by k% but
we were careful with the linear terms, keeping k and &’ intact.
This is because the sums in the Hamiltonian above run for
positive and negative momenta. Therefore, considering only
scatterings around kr, we can replace |k| and |k’| by kf in the
couplings (22)—(24). With this, the factor k — k' in Eq. (22)
or k + k' in Egs. (23) and (24) can be approximated by zero
or £2kp, depending on the relative sign between k and k'.
Bearing this in mind, we see that the coupling (22) contributes
only with backward scatterings, whereas Eqs. (23) and (24)
contribute only with forward scatterings. Explicitly, at kr we
can write

1
b= 'V'2”[s§ — |yl (ea+UP - |yF|2] =h e
and
T, = —|V|2yF[ 5 =+ 12 2}. (26)
e; — lyrl (ea + U)* — |yrF

Inserting these expressions into Egs. (10), (13), (15), and
(16), we obtain

H¢x =J Z[(C;#’H — c,t,_ck,)
k'

xS, + CZ,+C1<_S_ + c,i,fck+S+], 27)
Hom =T Y (el eneS_ — el cis-
kk'>0
+ c,]:,_c,kJrSJr — CT_k/_CkJrSJr), (28)
HY) =T Y (S} cen — € oy
kk'>0
+S.(ch e —cl e, (29)
ng  +
HIE:2Y) = Fz Z |:?(C]|(,+Ck+ — C}:LC/(_)
kk'>0
ng 1
+ 7(0*_,(,_6%7 - cT_k/+ck+)] (30)

Note that it is now explicit that the processes in the
Hamiltonians Hpy and in Hgy involve only backward and
forward scatterings, respectively. Moreover, we see that the
backward scatterings that occur are interband while the
forward ones are intraband scatterings. These backward
(interband) and forward (intraband) scatterings are exemplified
by the diagrams of Figs. 2(b) and 2(c). Because of these very
well-defined scattering processes, it is convenient to split the
Kondo Hamiltonian (27) likewise. Separating the terms of
Eq. (27) involving definite backward and forward processes,
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we obtain

Hyx = JHF Z(c};urcH — c,t,fck_)SZ

kk'>0
kk! <0

+IP D (s — ch_a)S:

k>0,k" <0
k<0.k">0

+ JJ}_T Z[C}Zufckfs— + CZ/7Ck+S+]

kk! >0
kk! <0

+ JE Z [C]]:’+Ck—S— + C;;rick_i,_s_;,_].

k>0,k" <0
k<0,k">0

€19}

As we will see below, because of the SOC, the several Kondo
couplings in Eq. (31) will obey different differential equations
in the renormalization group analysis.

III. RENORMALIZATION GROUP ANALYSIS

To study the low-temperature regime of the system we
perform a poor-man’s scaling analysis of the effective Hamil-
tonian (8). We follow the original Anderson’s approach [31]
to obtain the renormalization equations for the effective
couplings. After acumbersome but straightforward calculation
(see Appendix C), we find

Jip=—pJirdip — pJipdyr + pTT — pI'Ty,  (32a)
Jir=—pJirdir —pJisJ5, (32b)
Jip = —2pJ1rJ 15, (32¢)
Jip = —pJip = pJig = pI?, (32d)
I'=—pJirT + pJigTy — pJ T, (32e¢)
I'1 = pJigT + pJjrla, (321)
Iy = pJyrly. (32¢)

Following standard notation, in the equations above we have
defined X = dX/dIn A, where A in the reduced bandwidth.
We have also denoted p = p(0) as the density of states
of the conduction electrons calculated and the Fermi level,
er = 0. For this we had to assume that the Fermi level
is far above the bottom of the band. In this limit we can
linearize the band about k = kr as schematically shown in
Fig. 2(a).! We can verify that in the absence of SO interactions
we have the solution for ' =T =TI', =0, provided the
condition has I'(D) = I'1 (D) = I',(D) = 0. With this, by set-
ting J,r = Jyr = J1p = Jyp = J, the differential equations
above reduce to the usual renormalization equation for J in
the isotropic Kondo model, J = —2pJ 2 leading to the known
expression for the Kondo temperature, T2 = D exp(—1/2pJ).

"We should remark here that assuming a constant density of states
for the conduction electrons is not valid, in general. For instance, in
superconducting wires with a gap, multichannel wires with van Hove
singularities near the Fermi level, the conduction band is strongly
energy dependent. In these cases we need to improve the poor-man’s
scaling approach, in a similar manner as in Ref. [33].
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FIG. 3. (a) Scaled Kondo temperature vs yr/U for different
values of ¢; and U = 0.1. ¢, = —0.5U corresponds exactly to the
particle-hole symmetric point of the Anderson model. Note the
different behavior of Tk for &; above and below 0.05. T,? is the
Kondo temperature calculated in the absence of the SO interaction,
y =0. (b) log(TK/TIg) vs yr/U (symbols). The solid lines show
linear functions connecting the first and the last points of each data
set, serving as a guide to the eyes. These lines suggest that 7x depends
on yr exponentially as Tx = T, exp (ay2), in which a is a function
of &4. (¢) a/U? vs g,/ U extracted from the results of (b).

In the presence of SO interactions, an analytical solution
for the coupled equations (32) is not available. Fortunately,
it can be solved numerically using standard procedures. The
numerical solution provides us with the coupling as a function
of the reduced bandwidth A. As in the conventional Kondo
model, the Kondo couplings diverge as A — 0. It is precisely
this divergence that provides a definition for the Kondo
temperature within the renormalization group analysis. Using
the same idea here, in the presence of the SO interaction,
we take as Tk the value of A where the numerical solution
diverges.’

To obtain our results for Tx, we set U/A = 20, with
A =mV?/2D. Here, D is an energy cutoff, within which
the band is linearized around k = kr. In Fig. 3(a) we show
the Kondo temperature Tx/ TI? vs yr/U for three different
values of ¢;. Here, Tlg is the Kondo temperature in the
absence of the SO interaction. Note that, similarly to what
was obtained in Ref. [10], Tk always increases with yp, but it
is more pronounced for e; # —U/2 [squares (blue curves)
and diamonds (red curves)]. The increase of Tx with yg
for ¢, = —U/2 contrasts with the results of Ref. [10] that
predict a constant Tk using the same approach but agrees
with those obtained in Refs. [11,13,32]. The main reason
for the disagreement with the previous RGA is because they
have neglected corrections in the Kondo coupling J due
to the SO interaction. Another compelling point is that for

2To check if this is a good estimation of Ty we have compared our
numerical results with the analytical solution for y = 0 and found a
perfect agreement.
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eq = —0.7U and ¢; = —0.3U for which the impurity level is
placed symmetrically below and above the particle-hole point,
respectively, the increase of Tx with y is not symmetric. This
behavior disagrees with those of Ref. [10]. This asymmetry
is, however, quite different from asymmetry observed in the
results of Refs. [11,13,32] because while they considered the
Fermi level close to the bottom of the conduction band, here
we assume ¢ far away from it.

In the absence of an analytical solution for the set of
differential equations (32) we attempt to obtain qualitatively
the dependence of Tx on yr. To do so, in Fig. 3(b) we plot
log (TK/TIQ) vs (yg/ U)? for the same three values of ¢, as in
Fig. 3(a). The symbols correspond to the numerical results as
shown in Fig. 3(a) while the solid lines correspond to straight
lines connecting the first and the last points of the data. Notably,
these linear functions fit quite well all the data. This suggests
a dependence of Tx on yr as Tx = T¢ exp (ay?), where a is
a positive function of the Anderson model parameters (e.g.,
A,U,g;). Here, by keeping all the other parameters fixed,
a clearly shows a strong dependence on &;. To extract a
qualitative dependency of a as it varies with &4, in Fig. 3(c)
we plot a vs €,/ U. Note that the shape of the curve is almost
parabolic with a minimum close to the particle-hole symmetry.
It is, however, asymmetric about ¢; = —U/2 because of
the particle-hole asymmetry of the renormalization equation
introduced by the term H&) of the effective Hamiltonian.

For a better comprehension of the origin of the particle-hole
asymmetry in the results of Fig. 3, let us take a closer look at
the renormalization equations (32). We will show that, indeed,
the term in the Hamiltonian that breaks particle-hole symmetry
of the renormalization equations is Hg;, given by Eq. (30). To
this end, let us neglect Hé? in the renormalization equations
(32). We then remove Eq. (32g) and make I'; = 0 in all the
other equations of the set (32). Now, remember that I" and I';
are odd functions of ¢; under the change ¢, = —U/2 + § to
egq = —U/2 —§ for any § < U/2. Therefore, for given equal
initial conditions for J’s (which is the case, since J is even),
we see that by changing ¢, = -U/2+6tog; = —-U/2 -6,
the derivatives of both I" and I'| just change their signs. Now,
because the derivatives of the J’s depend on the product I'T"; or
on I'?, which are both even, the resulting value of Tk extracted
from the solution of Egs. (32) is particle-hole symmetric, even
though I' and I'; are odd. This shows that indeed it is the
additional term Hé? that breaks the particle-hole symmetry of
the renormalization equations.

IV. CONCLUSIONS

Summarizing, we have studied the influence of the Kondo
effect of a magnetic impurity side coupled to a quantum
wire with a spin-orbit interaction. We start by modeling the
system with a single impurity Anderson model (SIAM), in
which the conduction electrons move under both Rashba and
Dresselhaus spin-orbit couplings. We then derive an effective
Kondo model that contains the known Dzyaloshinskii-Moriya
(DM) interaction and an additional term describing scattering
processes of the same type of Elliott-Yafet (EY) mechanisms
responsible for spin relaxation in systems with magnetic
impurities. By splitting the total effective 1D Hamiltonian
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into forward and backward scatterings, we are able to
perform a poor-man’s scaling, providing a set of renormal-
ization equations for the effective couplings. To obtain a
Kondo temperature that is dependent on the SO coupling
strength, we solve numerically the coupled equations. We
find that the spin-orbit interaction modifies substantially the
Kondo temperature of the system. Our results show that,
even though the DM term vanishes at the particle-hole (p-h)
symmetry of the SIAM, and is known to change the Kondo
temperature only away from the p-h symmetry, our study
shows that the SOC modifies the Kondo temperature even in
the p-h symmetry since it modifies the conventional Kondo
couplings. Moreover, we find that the contribution from
additional EY to the enhancement of the Kondo temperature is
asymmetric with respect to the p-h symmetry. Our study shows
clearly the scattering mechanisms of the conduction electrons
by the magnetic impurity introduced by the SOC in the 1D
system. More importantly, we show how these mechanisms
affect the Kondo temperature of the system. We believe this
work provides a step forward in the comprehension of the
influence of SOC in the Kondo effect and is important for
future studies, specifically in 1D systems.
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APPENDIX A: DERIVATION OF THE EFFECTIVE
HAMILTONIAN

In order to project the total Hamiltonian (7) onto the singly
occupied impurity subspace, we define the projector operators

Py=(—dd)1—dd), (Al)
P=dd, +dd —2dddd,, (A2)
P =dddd,. (A3)
The projected Hamiltonian can be written as
Her = Hiy + Hyo(E — Hip)™' Hoy
+ Hio(E — Hy) ™' Hoy, (Ad)

where H;; = P; H P;. More explicitly, in terms of the creation
and annihilation operators, the Hamiltonian (A4) can be
written as

ViV
H = Ho+ ) = HIGileaen) + Gaea.ei)]
kK’
hh'

X dﬁd}[dﬁ/d}-—[,dgdhfckhcz/h/ — [Gu(eq + U,e&p)

+ Gulea + Ue)ngiclydingidicn), (A5
where
1 hlylk 7
Gr(eq.er) = 1-— . (A6)
Ed — &k Ed — &k
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In order to perform the summation on /4 and A’ in Eq. (A6)
we expand the expression above as a power series of x =
hly|k(eq — &)~'. Summing up the infinite terms of the series
we can write

hlylk
(ea — 1) — |y |?k?

(AT)

Eq — Ek
(eq — &1)* — v |°k?

= G9(eq,e1) + hG(eq,81),

Gp(eq,80) =

where the first term corresponds to the even order of the
series and the second one corresponds to the odd terms.
We also have used the fact that h/ =1 for j even and
h/ =h for j odd. It is important to note that the series
converges only for |y |k < (¢4 — &x). This naturally imposes
the regime of validity of the expansion, |y|kr < (64 — €F)
and |ylkr < (¢4 + U — ¢r). We can now insert expression
(A7) into Eq. (AS) and perform the summation on 4 and A’
After lengthy and cumbersome operator algebra we see that
the even terms will renormalize the Kondo coupling while
the odd term will provide additional scattering terms in the
effective Hamiltonian. The resulting Hamiltonian can be split
into three terms, namely, H = Hy + Hx + Hpm + Hgy. The
first describes the free conduction electrons,

T
H(): E EkhCppChh -
k,h

(A8)

The second term corresponds to the conventional Kondo
Hamiltonian,

Hyg = Z Jkk’[(clturck-&- - C/iffck—)sz

k!
+eh oS-+ ch sS4, (A9)
with a renormalized Kondo coupling,
A+ Ap
T = VeVt T8 5 € (A10)
where
A = —Geq.e0) + Geq + U.&1)
_ Ex — &4 &4 + U — Ek
(e — e — YR (ea+ U — &) — |y Pk
(A1)

The third term describes the Dzyaloshinskii-Moriya scat-
tering processes and can be written as

Hom = ) Twe(cppcieS- = cp_cis 1), (A12)
k!
where the coupling Iy is given by
T = Vi V,j,%, (A13)
in which we have defined
Bf = £G“(eq.61) — Geq + U, ep)
= x|y Ik[
(ex — &a)* — |y k2
1
. Al4
q:(8d+U_8k)2_|V|2k2:| A9
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Finally, the fourth term has the form

HY) =Y Tl cs +cf_a)S..  (AlS)
HY = ; roeh e — c,i,,ck_)%d, (A16)

with
T = —ViVe BO+ B er B (A17)

and
P = vy BB (A18)

3 )

This term can be thought as describing the Elliott-Yafet-
like scattering processes in which a electron real spin of
the conduction band is flipped upon being scattered by the
magnetic impurity. This can be better seen if we write
the Hamiltonian (A15) in the real spin basis, as shown in
Appendix B.

APPENDIX B: REAL SPIN REPRESENTATION OF THE
SPIN-ORBIT SCATTERING TERMS

It is instructive to see what the effective Hamiltonian looks
like in the real spin basis. To represent the Hamiltonian back
to the real spin basis, we use the inverse of the transformation
(4). Although in this transformation the Kondo Hamiltonian
(10) is invariant, the spin-orbit scattering terms in the effective
Hamiltonian acquire a different form. After some algebra
the spin-orbit scattering terms (A12) and (Al5) acquire,
respectively, the form

i , » .
Hpm = E Z Fkk’[(clt’ﬁckT — CZ,lckl)(e ledidi + 616d1d¢)

kk’
—(dldy —d]d)) e c)cry + el a)] (B
and
i ), 1 i —io 4t io gt
Hgy = 3 Z [T (copcrr + cpycry)e ede¢ —'%d|dy)
kk’
+ (e el ey — el eup)dldy +dld))).
(B2)

The phase factor e*/? appearing in these two last expressions
can be fully gauged away by the gauge transformation cxy —
e 2¢ky and ¢y — €'%?¢y. By defining

1 1
S = 5 %:ci/sr“,cks, and S =~ ;djrss/dy, (B3)

with T being the Pauli matrices including the identity 7°, we
can finally write

Hpm = —2i Z Cre(Skx < S) - ¥, (B4)
7%

which is of the usual form of the Dzyaloshinskii-Moriya
interaction, and

Hey =2 [Tipsp, S + T8, ]. (B5)
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This expression is similar to the Elliott-Yafet scattering term
studied in spin relaxation processes [29,30]. Note, for instance,
that the second term contains spin-flip scattering of the
conduction electrons without changing the spin of the impurity.

APPENDIX C: POOR-MAN’S SCALING ANALYSIS

In the spirit of Anderson’s perturbative renormalization
group, the renormalization procedure consists of progressively
reducing the bandwidth of the conduction electrons (D) step
by step from its initial value D towards D = 0. Within this
idea, if at a given step the conduction band lies within the
interval [—A,A] (where 0 < A < D), itisreduced to[—(A +
0A),(A +S8A)] (with §A < 0). The part of the Hamiltonian
lying within the edges of the conduction band are integrated
out while their effects are taken into account perturbatively
up to second order in the Hamiltonian couplings. Using
the T-matrix formalism, we search for scattering processes
involving the edges of the conduction bands that renormalize
the Hamiltonian, leaving it invariant [31]. Then, if Hy in
the unperturbed Hamiltonian and V is the interaction, up to
second order in the couplings, we can write the renormalized
interaction by

V=V4+V V =V + AT, (C1)

E — Hy
which has the same form of V. Note that AT corresponds to
the change in the 7" matrix due to all the processes involving
the edge of the conduction band.
Explicitly, we can write

AT =" > Vig m— IHqu

kk!  q|A-3A<eqg<A
' [ A=dA<e <A

1
+ Z Z quE_—I_IOVqu/.

kk!  al—A<eg<—A+8A
q'| —A<ey <—A+8A

(€2

Note that in the sum above, g represents momentum such that
&4 lies within the edge of the conduction bands. The first term is
associated with particle states and the second with hole states,
removed, respectively, from the top and bottom of conduction
band. Even though we follow the standard procedure found in
many textbooks, for the sake of completeness, let us illustrate
the how the term J)p is renormalized by integrating out the
degrees of freedom “living” at the edge of the conduction band.
Using expression (C2) we see that it rather simple because is
not renormalized by the SO terms but only by the Kondo
coupling terms of the Hamiltonian. To shown an example of
among the many contributions for Eq. (C2), let us calculate
product

1
H iy g s (C3)
where Hj is given by (9) and H{; and H { represent the third
and fourth terms of the Hamiltonian (31). Although this term
involves only the Kondo coupling, it is instructive to show how
we deal with the various Kondo couplings split into backward
and forward scatterings. For the particlelike
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scattering processes [first term of Eq. (C2)] we have

1 1 .
HME HLB =Jirdip Z(ck, Cy S+ cl_cyi S > E—O(c;+ck,S,+c;,ck+S+) . (C4)

¢'K'>0 k>0,q<0
¢’k <0 k<0,g>0

Here, we have dropped the constraints for ¢ and ¢’, but recall that ¢ and ¢’ run for all momenta such that ¢, and ¢, lie within
the top edge of the conduction band. Since fora § = 1/2, $? and Si acting on any impurity state vanish, we can write

1 4 1 4 1
K K _ 2: 2: T T
HJ‘FE——I{OHJ‘B = JLFJLB Lo L (C]L,+qu_E_—I_I()Cq_Ck+S_S+ + CIIC/C‘];+E_—}I()C(]+C](_S+S_>. (CS)
¢k <0 k<0.4>0

Using S_Sy =1/2—S; and S; S_ = 1/2 4 S, and performing the commutations of C/iur and ¢, — with (E — Hp)~!, we obtain

T T T
1 C, Cq'—Cy_Cit Cpr_Cq'4-Cyy C—
HE =JipJ K a S.. c6
LFE_H i LF LBZ Z( E+8k+—£q,+E+8kr,—8qf+ z (C6)

§k'=0 k>0,g<0
¢k <0 k<0.4>0

In the expression above we have neglected the potential scattering term generated by the commutations and then set Hy to zero.

Now, for the top edge (particlelike scattering) we assume cqscT, ;= 845844, With s = £. Therefore,
Bk = ggs Y Chettr | eo- g (C7)
LFE H, 1B — JLFJLB E + Ery — £q- E+ev — £qt &

k<0,k,q>0

k>0, ,q<0
Now, since €, lies within a very narrow energy interval near the edge of the reduced conduction band, we canmake g, ~ g, ~ A
to obtain

K 1 K _
Hp——H 3 =—-J1rJi3p
E — H,
k<0, ,g>0
k>0,k' g <0

1

i T
—(cy —Cp_Ck-)S,. C8
E+ers —A(Ck +Ck+ — Cp_Ck )S; (C8)

We now convert the sum in ¢ into an integral and assume a constant density of states p for the conduction electrons. Noticing
that the sum in ¢ is constrained by the sign of k', we can write

1 pISA 1 ; ;
7 —— T HY, = —Jpd 20 > k%:o m(ck, T R L (C9)
k>0,k' <0

For processes near the Fermi level we can neglect E and &, in the expression, obtaining

1 PISA|

K K T T

HJ_F—OHJ-B =JirJiB > k ng/ O(Ck,+ck+ Crr_Cr—)S;.
k>0, k' <0

(C10)

Comparing the operators in this expression with those in Eq. (31) we see that this is in fact similar to the second term of Eq. (31).
Therefore, it contributes to a renormalization of J 5. Another identical contribution is provided by interchanging HF, and HE.
Performing the same analysis for the holelike term in Eq. (C2), one finds an equal contribution. Therefore, the total contribution
is given by

_ plsA|
5.]”3 =2J,rJ13B

= —2JLFJLB(SIIIA. (Cll)

The minor sign in the last step came because §A < 0. In the limit |§A| — 0 we finally obtain the traditional form
Jig = —2J1rJ15. (C12)

In the calculation above we have considered only two terms of the Kondo Hamiltonian (31). Interestingly, after checking all
the calculations we see that for Jp this is the only contribution. Terms involving the SO interaction will renormalize the other
Kondo couplings. For example,

Jig=—pJyrdis — pJygJir + pTTy — pI'Ty. (C13)

The calculation of all the remaining contributions to the set of differential (32) is lengthy but straightforward.
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