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Abstract We investigate the effect that Rashba spin-orbit coupling has on the low energy
behaviour of a two dimensional magnetic impurity system. It is shown that the Kondo ef-
fect, the screening of the magnetic impurity at temperatures 7 < Tk, is robust against such
spin-orbit coupling, despite the fact that the spin of the conduction electrons is no longer
a conserved quantity. A proposal is made for how the spin-orbit coupling may change the
value of the Kondo temperature Tk in such systems and the prospects of measuring this
change are discussed. We conclude that many of the assumptions made in our analysis in-
validate our results as applied to recent experiments in semi-conductor quantum dots but
may apply to measurements made with magnetic atoms placed on metallic surfaces.

Keywords Kondo effect - Rashba spin-orbit coupling - Magnetic impurities -
Strongly-correlated electrons

1 Introduction

The physical behaviour of a single magnetic impurity interacting with a large number of
conduction electrons has been, and continues to be, a fascinating subject of inquiry for over
four decades. The emergence of a strong correlation between the impurity and the con-
duction electrons at low temperatures, first predicted by Jun Kondo [1], gives rise to the
well-known Kondo effect wherein the impurity is effectively screened by forming a singlet
with the surrounding electrons. Much still remains to be understood regarding strongly cor-
related quantum many-body physics. The Kondo effect, as a well understood example of
a strongly correlated phenomenon, has proven to be a fertile topic for further study in this
important field [2].

In recent years, the study of these magnetic impurity systems has seen a resurgence
due to the great advances in experimental technology that allow one to construct, control,
and manipulate objects on the nanometer scale. In particular, the Kondo effect has been
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observed in numerous experiments involving quantum dots constructed in semiconductor
heterostructures [3, 4], as well as in systems where a magnetic atom is placed on the surface
of metal [5, 6].

Both of these systems involve a local moment, either that of an odd number of localized
electrons (as in the quantum dot) or of a partially filled outer shell of an atom interacting with
mobile electrons confined to move in two dimensions. The confining potential breaks the
inversion symmetry that is manifest in the conduction electrons and gives rise to a coupling
between their spin and momentum [7]. Such spin-orbit coupling (coined as Rashba spin-
orbit coupling to differentiate it from coupling arising from other mechanisms which may
break the inversion symmetry) has been analyzed theoretically and observed experimentally
in both semiconductor quantum wells [8, 9] and in metallic surface states [10-12].

The presence of such a spin-orbit coupling means that the SU(2) symmetry of the con-
ductions electrons is no longer present and that the spin of the electrons is no longer an
eigenstate of the system. Given this fact, it seems, at first, remarkable that the Kondo effect,
which depends crucially on the magnetic exchange interaction between the local moment
and the spin of the conduction electrons, is observed at all in such two dimensional systems.
This issue was first examined in [13] where it was shown that the presence of time rever-
sal symmetry in the Kondo interaction term preserves the spin coherence of the electron
propagator. That is, although spin is no longer a “good” quantum number, the scattering tra-
jectories of the electron that would destroy its spin coherence in multiple interactions with
the impurity are exactly cancelled by the time reversed paths. While such a powerful argu-
ment may explain why the Kondo effect survives the apparent breaking of spin coherence, it
is not precise enough to determine the change in the low energy behaviour of such impurity
systems in the presence of a spin-orbit coupling in general. A more detailed calculation is
required in order to gain such information.

There have been several studies that have investigated the role of spin-orbit effects in
specific semiconductor mesoscopic devices where the Kondo effect is manifest [14—17]. In
these studies, the spin-orbit interaction either takes place within a quantum dot coupled to
conducting leads or within one dimensional wires, often coupled to a localized magnetic
moment. In this paper, we derive a model to study the effect that the Rashba spin-orbit
coupling has on the low energy behaviour of a two dimensional system with a magnetic
impurity. The generic nature of the derived model may not be as readily applicable to the
analysis of a specific experiment as those cited above, but it does have the advantage of
elucidating some general features of the physical interplay between the Kondo and Rashba
interactions that might be less transparent in more complicated quantum dot studies.

The model is presented in Sect. 2 and an effective model relevant to the study of the
low energy behaviour is derived. The analysis of the effective model suggests that a more
physical property of the system should be calculated in order to get a better sense of how the
spin-orbit coupling influences its behaviour. In Sect. 3, the resistivity of the full two dimen-
sional model is calculated and compared to Kondo’s classic result [1]. The combination of
this result together with an analysis of the effective model leads to various conclusions and
predictions which are discussed in Sect. 4.

Throughout the analysis we use the following conventions: vector quantities are repre-
sented by a boldface character and the same character without boldface denotes the vector’s
magnitude. Repeated Greek indices are assumed to be summed over unless one of them is
enclosed in brackets. Finally, we work in units in which & = 1 except when estimating the
values of certain quantities in which case the precise units will be given.
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2 Model Hamiltonians
2.1 Full Two Dimensional Model

We first consider electrons confined to travel in the xy plane as the result of some non-
constant electric potential in the z direction. The motion of the electrons in the presence of
this electric field gives rise to a coupling between the spin of the electron and its momentum,
which can be expressed by the Rashba Hamiltonian [7, 8]

1

He= Gy

K. .
/dzk{%\ll,éﬂlllkﬂ—ka\ll,éﬂ(kxa” — ko )\Ifku} )

Our notation is as follows: m is the effective mass of the electron, Wy, is the operator that

annihilates an electron of momentum k = (k*, k*) and spin p and satisfies the anticom-

mutation relationship {\Ilkﬂ, Wy} =8,,8@ (k, k'), a is the strength of the Rashba coupling

which is proportional to the derivative of the electric potential in the z direction, and o, are

the Pauli matrices so that \Ilk " W\IJkV is twice the ith component of the spin of the electron
This Hamiltonian can easily be diagonalized to be of the form

Hg = (2ﬂ)2/d2stkA Ata- @)

The Rashba bands are non-degenerate and take the form
+ 1 2
& = z— (kX kp)” — &g, 3
2m

where we have defined the Rashba momentum scale kg := moa and the corresponding
Rashba energy scale e := k%/2m. The relationship between the operators that create parti-
cles in these Rashba bands and the original electron operators is

1
V2
where 6 is the angle of the momentum k in polar coordinates and the normalization has been
chosen such that {A; , Ay} = 8,,8@ (k, k).

Now consider a spin-1/2 magnetic impurity' at the origin, described by the spin opera-

tor S. We write the interaction between this spin and the electrons using the so-called s-d
exchange Hamiltonian or Kondo Hamiltonian

Al = (\y;T +ieW}), )

14
(2m)*

Hy = / PRdK TS v T, )

ki 2

where V is the two dimensional volume of the system. This interaction can be thought
of as arising from an Anderson impurity model [19, 20] of a two dimensional Fermi gas
interacting with a localized electronic state with strong Coulomb repulsion. The details of
this relationship (in the absence of spin-orbit coupling) are discussed in Appendix 1 where
the specific form for Ji; is derived for various models of the hybridization between the
local state and the electronic Fermi gas.

Ut is straightforward to generalize the results of this paper for the case of an impurity with higher spin.
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In the absence of Rashba spin-orbit coupling, the physics of the Kondo Hamiltonian is
very well known [2]. In the case of a ferromagnetic coupling (J;x < 0) between the impurity
and the electrons, the impurity essentially decouples from the electrons at low temperatures.
If the exchange interaction is antiferromagnetic, then there exists a temperature scale Tk, the
so-called Kondo temperature, below which the magnetic impurity is screened by forming a
singlet with the surrounding electrons. Many low-energy properties can then be derived
(using a variety of techniques depending on the temperature regime) and most can be shown
to depend on universal scaling functions of 7'/ Tx [2]. For the case where the interaction
occurs at a single point, J;y = J and the Kondo temperature can be expressed to lowest
order in J as

1
Tx = De 0, (6)

where py is the density of states evaluated at the Fermi energy and D is an effective band-
width.

In semiconductor quantum dots, the value of the Kondo temperature is tunable though the
maximum value is set by the size of the dot: the smaller the dot, the larger the temperature.
In this way, Kondo temperatures as high as 1 K have been obtained [3, 4]. The Kondo
temperature of a magnetic atom on a metallic surface can span quite a wide range depending
on the nature of the impurity atom and which metallic surface is used. In the case of a Co
atom on Au(111), a Kondo temperature of Tx ~ 70 K has been measured [12].

To describe a system with both a Kondo impurity and Rashba spin-orbit coupling, we
can use (4) to write the Kondo interaction compactly in the Rashba operator basis as

1 v ) .
Hg = v / d*k d*k' T Z Seb AL Apps (7
a,b=+x
where
St = iae'” S —ibe St + (1 — abe ") ¢ (8)

and S* := §* £i S are the raising and lowering operators for the impurity spin. On the right
hand side of this equation, a, b = 1 when the labels a, b = =+ respectively.

The full two dimensional Hamiltonian, which we call the Kondo-Rashba model herein, is
then H = Hy + Hgx where Hp is given by (2) and Hk is given by (7). Given the complicated
nature of the interaction between the Rashba quasi-particles with non-degenerate bands and
the magnetic impurity, it is not clear at this stage whether or not the well-known physics of
the Kondo effect, briefly described above, is still manifest in the Kondo-Rashba model.

2.2 Low Energy Effective One Dimensional Model

The simplest form for the exchange interaction is to consider that it occurs at a single point.
As discussed in Appendix 1, this means that Jy;,r = J. In this case, decomposing the op-
erators into their different angular components reveals that only a finite number of angular
modes couple to the impurity.

We first investigate the Kondo interaction in the absence of spin-orbit coupling. With k
and 0 being the amplitude and angle of the momentum k, we can write

— :
Wiy = —— me™ ®
Sk Viun

m=—00
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and using the orthonormality of (1/+/27)e™? this implies that

k 2 )
wk;;.m = \ E / do e_lme\yk/p (10)
0

We have included the prefactors of +/k here so that the polar components ¥ of W behave
as ordinary Fermionic operators {w,:r um> Yirvn} = 8,08mad(k — k’). In terms of these angular
components, the Kondo interaction (5) can be written as

J v
T2 (2n)3

o0
X / dkdk' Nkk'S -] 00 Wiovo. (11)
0
That is, the Kondo interaction is effectively a one-dimensional interaction, and all higher
harmonics decouple from the impurity.

In the presence of Rashba spin-orbit coupling, it is convenient to write the Kondo inter-
action in terms of the operators that create and annihilate Rashba quasi-particles. First we
define the following operators, which are directly related to the m = 0 and m = —1 angular
components of the A+ operators respectively

k 2
At :=,/§/0 do As(k,0), (12)
k 2 )
Q) = Fi Efo do e’ A(k,0). (13)

These satisfy the usual Fermionic anti-commutation relations {aZh o Apev) = 8pcb8(k — k).
By combining (10) and the inversion of (4), one can show that

1
VYo = —= Qi + Ai—pe)- (14)
=5 +i 0
Since Y0 is the only electronic mode that couples to the impurity (cf. (11)), we see that
only the m = 0, —1 modes of the Rashba quasi-particle operators couple to the impurity and
all other modes can be neglected.> Hence, we may write the Kondo-Rashba Hamiltonian as
a one dimensional model

1 = byt
H = W./ des (k)akbﬂak,m

0 b=+

Jovoo[eo :
dkdk VK'Y S - af,,0 a0 (15)

427)3 J, =

This has the form of a two channel Kondo model with off-diagonal couplings, where each
channel has a different dispersion relation and the coupling with the impurity is the same
between each of the channels. In this expression, the Greek indices no longer refer to the
spin of the electron but, instead, a combination of the spin and orbital angular degrees of

2The fact that only the —1 mode couples and not the +1 mode can be traced back to the choice of global
phase in the states that diagonalize the Rashba Hamiltonian (4). Of course, such a choice is arbitrary and does
not effect the resulting analysis.
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freedom. This can be seen explicitly by writing the g, in terms of the angular modes of
the electrons (10)

1

Apsr = ﬁ(lﬁmo Fiviy+1)s (16)
1

Aty = E(‘/fkw Fivr—1). (7

Since we are interested only in the low energy properties of the Kondo-Rashba model
at this stage, we can focus only on the quasi-particle excitations close to the Fermi energy.
Hence, we expand each of the dispersions to linear order about their respective Fermi mo-
menta kg4

efk) ~ep + vplk —kps). (18)

We consider this approximation to be valid in some momentarange k € (kp+ — A, kp+ + A)
for each of the = bands respectively, such that kg < A < k%. The expressions for the Fermi
momenta and velocity as derived from (3) are given by

&
ke =k9 [14+ 2 F ke, (19)
EF
det
VF = dlf lipe = 0% /1+—F (20)

where we use a superscript 0 to indicate values for the Fermi gas in the absence of spin-orbit
coupling (i.e. k% = /2mer, v = /2er/m). An important point to note is that the Fermi
velocities are the same for both the + and the — Rashba quasi-particles.

The kinetic energy of the Rashba quasi-particles (the first term in (15)) now reads

1 A B
~ § : f
HR ~ (271)2 s bzi/:A dk kakbuakbu, (21)

where we have shifted the integration variable to be measured with respect to kp4 in each
of the two integrals in the summation respectively and simply relabelled the operators
Q(ktkpi)tp P> Grty - The constant e part of the linearized dispersion has also been dropped.

We now similarly restrict the region of integration in the Kondo interaction (the second
term in (15)) and expand +/k and +/k’ about either of k. as appropriate. Since all higher
order terms in k and k' are irrelevant we keep simply the constant term in each expansion.
The result is that only the combination «/kriaii, + ~/kr—ax—, couples to the impurity.
Hence, we define a new complete set of orthonormal operators

. 1
b, =—
kp /7kp++k 7(

by, = m(ﬁ/iq al,, —Vkreal_,). (23)

In terms of this new basis, our effective one dimensional model is

\/kp+az+u + kp_a,i_#), (22)

1 A ; ar
= va ., dk k(b/mbku +b,mbkﬂ)
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+ Jeff

A
o
K. | dkdk'S-b), — by, 24
@m " /_A gt e
If we neglect the free b quasi-particles that do not couple to the impurity, then this Hamil-
tonian is of the form of a single channel, single impurity low energy Kondo model with
rescaled parameters v, given by (20), and J°, given by

kpy +kp- ER
JM— gt g 14+ = 25
%0 /14 . (25)

As is necessary, this reduces to the original Kondo model with unscaled parameters in the
limit g — 0. This is an example of the N channel model studied by Simon and Affleck [18]
where it was shown that such models can always be reduced to a one channel model provided
that the Fermi velocities for all channels are the same (which is the case for the two Rashba
bands as shown by (20)).

We can interpret the change in the Fermi velocity as a change in the effective mass of
the quasi-particles that interact with the impurity. The corresponding change in the constant
density of states for 2D electrons py = m /27w is then

P
p=—2 (26)
/142
£F
Multiplying (25) and (26) gives the result that
JMp = Jpp. 27

Since the Kondo-Rashba model has been shown to reduce to the Kondo model with rescaled
parameters, the Kondo temperature is the same as that of the ordinary Kondo model, (6),
with the above rescaled coupling

o1 1
Tx = De 2Tp = D¢ Zr0 (28)

That is, up to any possible changes to the energy cutoff D which, in this analysis, was
implemented ad hoc, the behaviour of the Kondo-Rashba model is the same as that for the
Kondo model and the value of the Kondo temperature is unchanged.

3 Resistivity of the Two-Dimensional Model

As we saw in the above section, any deviation in the low energy behaviour of the Kondo-
Rashba model from that of the ordinary Kondo model (if there is any deviation at all) will
be manifest as a change in the Kondo temperature via a change in the effective bandwidth
cutoff D. In this section, we bring back the full two dimensional Kondo-Rashba model that
includes the full energy range of the Rashba bands up to some high energy cutoft imposed by
the finite range of the impurity interaction. In this way, band effects that were lost in the low
energy linearization can be included in determining the change in the effective cutoff that
appears in the expression for the Kondo temperature. Specifically, we calculate a physical
quantity of the Kondo-Rashba model, namely, the resistivity, and compare it to the same
quantity of the Kondo model, and interpret any difference as a change in this effective cutoff
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stemming from spin-orbit effects. The modification to the cutoff will then be incorporated
into the expression for the Kondo temperature.

As discussed in Appendix 1, a convenient choice for the finite range interaction with
the localized Anderson impurity (in the absence of spin-orbit interaction) leads to a Kondo
model of the form (5) with Ji,r = Jh(k)h(k") where h(k) = ®(A — k), © being the Heav-
iside step function and A = 2w /a being the momentum scale associated with the range of
the interaction a.

We will calculate the conductivity using the full two dimensional Kondo-Rashba model
H = Hpy + Hg where the terms on the right hand side are given by (2) and (7). Following the
original calculation of Kondo [1], we use the semi-classical Boltzmann theory of transport,
appropriately generalized to the present case where the two bands are no longer degenerate,
as described in Appendix 2.

The resistivity is R(T) = 1/0(T) where o is the conductivity given by (60), specialized
here to the case of the two dimensional + Rashba bands

o(T)= (29)

Here, e is the electron charge, v{ := Ve{ is the velocity of the ath band, f¢ is the Fermi-
Dirac distribution for the ath band, and t{' (k) is the inverse of the scattering rate of the ath
band given by (64)

—771 ) lmpf )’ Z [ Tha, wal?) ( cos@ )5(8k —gk,) (30)

In this equation, ¢y, is the concentration of magnetic impurities (assumed to be dilute in
order to neglect interactions between the impurities themselves), 6’ is the angle of k' as
measured with respect to k, and Ty, s = (ka|T'|k'a’) is the T-matrix, i.e. matrix elements
of the operator

T = Hg + HxG{ Hx + HxG{ HxG{ Hg + - -- (31)

written in the basis of eigenstates |ka) of Hg with G(f = 1/(¢ — Hg +in) being the re-
tarded Greens function. The angle brackets indicate a free spin averaging over the impurity
operators in the T-matrix.

If we consider J < ¢ then we can interpret (31) as a perturbation expansion and com-
pute it to O(J?) using the full Kondo-Rashba interaction (7), as denoted diagramatically in
Fig. 1. Keeping terms to third order upon squaring and spin averaging these matrix elements
results in

1Ty 1) = (Tee w1
= J—2|h(k)h(k/)|2(l + sin? 9—/> [1 - 1(g+ +g +c.c.)] (32)
8 2 2
and
(T ss 1) = (T a— 1)

2 /
= %|h(k)h(k’)|2<1 + cos? %) [1 — %(g+ +g + c.c.)]. (33)
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Fig. 1 The diagrammatic expansion of the second order contributions to the T matrix element Ty, ;. for
the finite range Kondo-Rashba model. The solid line represents the propagator for a Rashba quasi-particle, the
dashed line represents the impurity, and time flows from left to right. The internal momentum ¢ is summed
over. After interacting with one of the Rashba quasi-particles the impurity is no longer in a spin eigenstate
and so the spin states of the impurity are not labelled here

In these equations, 6’ is the angle between the two momentum vectors k and k', c.c. repre-
sents the complex conjugate of the preceding terms, and we have defined

. _ v /2 2f(85f)_%
8=y | CAOP T, (34)

which comes from summing over the intermediate momentum state and is non-divergent
due to the momentum cut-off coming from the finite size of the interaction via the function
h(q).

In order to continue with this calculation, we make some assumptions regarding the var-
ious energy scales that are present in this system. Let D := A%/2m be the energy scale
associated with the high-energy cutoff that arises from the finite range of the interaction
and assume that D > ep. Relative to the Fermi energy, the lower cutoff is approximately &
(the distance between the Fermi energy and the bottom of the band) and the upper cutoff is
approximately D — ¢p. We have already assumed that J < ep by truncating the above per-
turbation expansion. Since the spin-orbit coupling is relatively weak in all physical systems
that are studied, we also assume that ¢ < ¢ and er < D. We are interested in the low
temperature behaviour and can therefore assume that 7 < er and T < (D — eF). This last
assumption allows us to approximate derivatives of the Fermi-Dirac distribution

af

Te ~ —6(e —¢€F) (35)

except in terms that diverge as 7 — 0. Such an approximation, as was used in Kondo’s
original calculation [1], is valid since the dominant behaviour comes from the diverging
logarithm, as will be seen.

Substituting (32) and (33) into (30) results in the scattering rates

1 _ 7TCimp12,00
k) 8

Qf(l — %(ng +g + c.c.)). (36)

The function Q" takes different forms depending on which range of k space one is in with
respect to kg and A. However, we are only concerned with the value of this function in the
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vicinity of the Fermi wave vectors kry since rli is eventually multiplied by a derivative of
the Fermi-Dirac distribution in (29). Hence, we can take

P SENP.. (37)
(k + kg)? e +ex

which is strictly valid for 2kgp < k < A — 2kg.

To evaluate g* and the integral in the expression for the conductivity, it is convenient
to convert them to integrals over energy using the density of states which, for the Rashba
bands, are

p+(£)=ﬂo®(8)[1— °R } (38)

&+ €pR

_ o Q ER ey _ ER
P (8)—000(8+8R)[1+,/8+8R O( 8)(1 . )] (39)

where, as above, pg = m /2w is the two dimensional density of states for a Fermi gas. Un-
der the approximations discussed above, inverting (36) to leading order in J and e and
substituting into (29) yields

af

J D
o(T)= 1 — —/ de(gt +g + C.C.)—). (40)
0 de

4e*(ep + 2ep) (
2

37726imp .12,0()

The difference in the limits of integration between the two bands has been ignored on ac-
count of the presence of df/de.

However, the integrals in g* are evaluated by integrating by parts. The integrands are
evaluated at their respective limits and so the differences between the two bands will become
manifest. Writing

|2 f( /)__

41
e 1)

o / " de o )

where k* (') is the inversion of &, integrating by parts, substituting into (40), and inverting
to leading order in J yields an expression for the resistivity

1 B 3712€imp.12p0

= o(T)  4e(ep + 2e)

J
[1 -5+ poK)]~ (42)

The diverging logarithm comes from the term

I—Zp(sF)/ a’e/ de' In| ————

a,b=%

g—¢ ‘dfdf
/ep(sf\—ep) de dg'

and all of the terms arising from the integral over the square root in the density of states have

been collected in the term
R _ arctanh | £ tEr_ 2 arctanh ER > (44)
&R Er + &R EF + €R

(43)

K = arctanh
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Again, we have used the assumptions and approximations discussed above except in the
case of the log term which diverges as 7 — 0.

We can extract the temperature dependence by making the change of variables x) =
(e® — &r)/T in the above integral to obtain the final expression

R(T) = 2 Cimp 2P0 [

1 ! (1 r +K+C>] (45)
— 5 kol In - )
462(8F+%8R) 2 ex(ef —ep)(ey — €F)

where C is simply a finite number. As ex — 0, this reduces to the classic resistivity of the
Kondo model

372 Cimp I 2 00 T C
RO (T)="28B" |12 In— + — 46
(1) Ze%e, [ JP(J(IIDO + 4>i| (46)

with D := /e(D — &) being the UV cutoff in the absence of spin-orbit coupling.
3.1 Interpretation of Spin-Orbit Effects

The analysis of the effective one dimensional model showed us that any change in the low-
energy behaviour of the Kondo-Rashba system should be interpreted as a change in the
cutoff. Since we are considering the case where ¢ < er and g < D, we can simplify the
above expression for the resistivity, (45), by keeping only terms up to first order in €g/ep
and eg/D

372 Cimp I * 00 T C
R(T)~ —"2" 7 11 —2Jp(In +—>}, 47
™ 4e*(ep + 2ex) [ ,00< Dy 4 “7)

where we have interpreted all of the changes as giving rise to an effective cutoff

(43)

D —D0(1—|—8R D(D—25p)>
eff = TN v

er (D —ep)?

Given that we had no way of determining the change in the cutoff from the low energy
one dimensional model, we propose that the change in the cutoff determined from the calcu-
lation of the resistivity may give us a further clue since it incorporates the full, non-linearized
bands and a physical “real” cutoff. In the presence of Rashba spin-orbit coupling, the Kondo
temperature would be

(49)

L er D(D —2¢
Ty = Doe 790 = T18<1 4+ 2R g)’

er (D —ep)?

where T is the Kondo temperature using the cutoff D°.
In the case where the magnetic impurity is extremely localized, D 3> ¢, this expression
reduces to

Ty %T,?<l+ E—R> (50)
F

which is independent of the details of the cutoff. The generality and utility of these expres-
sions will be discussed in the following section.
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4 Discussion

The analysis presented above shows that the low energy behaviour of the Kondo model, that
is, the formation of a singlet that screens the magnetic impurity, persists in the presence of a
Rashba spin orbit coupling even though such an interaction breaks the SU (2) symmetry so
that spin states are no longer eigenstates of the Hamiltonian. The effective one dimensional
model for the Kondo-Rashba system has the form of a single impurity, single channel Kondo
model with an effective mass and exchange interaction that is rescaled as a function of the
strength of the spin-orbit coupling, (26) and (25). However, this rescaling combines in such
away as to be cancelled out in the expression for the Kondo temperature, which is the only
energy scale on which the low energy behaviour of this system depends. However, to derive
such a low energy model, one must impose an ad hoc cutoff which may be modified in
the presence of spin-orbit coupling, though it is impossible to derive such a change of the
effective cutoff in this low energy formalism.

To get a better sense of how the cutoff may be modified, the resistivity of the full two
dimensional Kondo-Rashba model, defined over the whole energy range up to a high energy
cutoff, D, arising from the finite size of the interaction, was calculated and changes wrought
by the Rashba coupling interpreted as giving rise to an effective cutoff, (48). Using such a
cutoff in the expression for the Kondo temperature leads to the prediction that the presence
of Rashba spin-orbit coupling will have the effect of slightly increasing or decreasing (de-
pending on whether D is greater than or less than 2er respectively) the Kondo temperature
as a linear function of eg /e for small values of this dimensionless parameter.

In the calculation of the resistivity, all of the modifications that arose due to the spin-orbit
coupling came from the changes in the band structure (as was manifest in the densities of
state p=(g)) and not from the modifications to the Kondo coupling, despite the apparent
complicated nature of the interaction (7). Hence, it is not surprising that the low energy
effective model, which required us to linearize the energy bands about the Fermi energy and
so neglect the changes in the band structure (since both bands have the same Fermi velocity),
failed to show any change in the physical behaviour of the system.

Yet, it was still necessary to impose a cutoff in the full two dimensional model by in-
troducing a finite range to the hybridization between the impurity and the conduction elec-
trons, the precise form of which (characterized by the envelope function 4 (k)) was chosen
for simplicity. Hence, any results that depend on the nature of the hybridization may be of
questionable use. In particular, the general expression for the Kondo temperature, (49), de-
pends on the energy cutoff D. However, in the case of a highly localized impurity, D > ef
and the universal result stated in (50) is obtained. It is in such a localized regime that these
results are expected to be of greatest utility since they are independent of the details of the
cutoff mechanism.?

4.1 Application to Experiment

The simple models used to derive these results were chosen so that the effects of the spin-
orbit coupling would be as transparent as possible. One may now inquire as to their ap-
plicability to real two dimensional systems that are of experimental interest. In particular,
we consider two broad possibilities: that of quantum dots constructed in semi-conductor
heterostructures and that of magnetic atoms placed on a clean metallic surface.

31t should be noted that the universal expression for the Kondo temperature (50) still assumes that the hy-
bridization between the local spin and the conduction electrons is circularly symmetric.
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In the case of quantum dots, we conclude that the above analysis cannot apply for two
reasons. For one, the imposition of rotational invariance in the plain of the electron gas is
clearly not present in the complicated gated structures that are manufactured in the labora-
tory. In our calculation of the resistivity, rotational invariance played a crucial role in main-
taining the Kondo effect (as manifest by the logarithm term) in the presence of spin-orbit
interactions. To be more precise, the rotational invariance is the reason why the integrations
over an intermediate + and — Rashba quasi-particle in the perturbative calculation of the
T-matrix (as denoted diagrammatically in Fig. 1 and represented analytically by the terms
gt and g respectively in (32) and (33)) occur with equal weighting in the final T-matrix
expression; the difference between the interactions involving + and — particles, as shown
in the Hamiltonian (7), all occur with a factor of e*? in the T-matrix and so integrate to
zero only when you integrate over all angles from O to 27. This is reminiscent of the results
of [25, 26] wherein a magnetic impurity embedded in a host metal with spin-orbit interac-
tion was studied. It was shown that the Kondo effect is suppressed only when the impurity
is close to a boundary and, hence, the rotational isotropy of the system is broken.

The second reason why our analysis fails in the case of semi-conductor quantum dots is
the relative strength of the energy scales. In particular, if one assumes that the distance scale
of the finite range, a, is of order the radius of a typical quantum dot (say a &~ 50 nm [3, 4]),
then this leads to an energy cutoff D = A?/2m = 27%/(ma?) ~ 0.008 eV. This is generally
smaller than the typical values of the Fermi energy in the two dimensional electron gas of
the semi-conductor heterostructure (typically er & 0.03 eV [21, 22]), completely negating
our necessary assumption that D > ex. This suggests that a more accurate model is required
to study the Kondo effect with Rashba coupling in quantum dots, some examples of which
have already been studied [14—17].

It is more likely that the results obtained in this paper are applicable to systems of mag-
netic atoms placed on the surface of a metal. There, the rotational isotropy is manifest (as-
suming that the surface is “clean”), and the dispersion relation of the surface conduction
electrons more closely approximated by the two Rashba bands (3) (as shown in various ex-
periments, e.g. those described in [12]). Furthermore, the Fermi energy is generally much
larger for the surface state electrons than in the semiconductor two dimensional electron gas
(er = 0.5 eV for typical metallic surfaces) making it much more likely that the length scale
over which the magnetic atom hybridizes with the conduction electrons is such that D > ep.
Indeed, assuming that such a hybridization takes place over the observed size of the impurity
atom, a radius of a ~ 7 A [12], then D ~ 11eV > ¢f.

As aresult, one could imagine detecting a change in the Kondo temperature as a result of
the Rashba spin-orbit coupling by measuring the Kondo temperature of the same magnetic
atom on different metallic surfaces with different strengths of the Rashba coupling. This
is likely to be terribly difficult to detect given that the change due to spin-orbit coupling
is typically very small, being linear in ez /er (¢g/er ~ 0.003 for the case of an Au(111)
surface and immeasurable in Cu(111) and Ag(111) [12, 23]). Such an effect is likely to be
overwhelmed by other differences between the two systems. A clearer signature of this effect
could be seen if one were able to tune the Rashba coupling independently from the Fermi
energy, something that has been demonstrated in semi-conductor heterostructures [27] but
not for the coupling in metallic surface electrons. Hence, for the purposes of observing this
effect, it may be worth pursuing a more realistic model of a quantum dot system in such a
two dimensional electron gas where one has the ability to tune the Rashba coupling.

As was demonstrated in [13], the presence of time reversal symmetry plays a fundamental
role in the survival of the Kondo effect in the presence of spin-orbit interactions. Another
interesting question to pursue is how the presence of a magnetic field, which breaks time
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reversal invariance, can be incorporated into the models introduced above and how such a
field modifies the results.
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Appendix 1: Derivation of the Kondo Model from a Finite Range Anderson Impurity
Model

Here, we review the Schrieffer-Wolff transformation of an Anderson impurity model with-
out spin-orbit coupling. The purpose is to highlight how a finite range hybridization between
the impurity state and the non-interacting conduction electrons manifests itself in the result-
ing Kondo interaction. It is that Kondo interaction that is then used as input into the two
dimensional Kondo-Rashba model studied in this paper.

The Kondo model used in this paper can be thought of as deriving from the Anderson
impurity model [19, 20] of an impurity electronic state annihilated by d,, interacting with
a sea of conduction electrons annihilated by W, . The Hamiltonian for this model can be
written as

= G? / d*key V], Wi, + eqdidy, + Ungingy + Hygp, (51)
where ny, = d;d(m. The hybridization between the impurity and conduction electrons is
chosen to take the following form

Hygo = / d*k(h(k)d Wi, +h.c.). (52)

Va2

t _
(2m)?

Here, V is the two dimensional volume of the system, h.c. denotes the Hermitian conjugate
of the preceding term and / (k) is the Fourier transform of an “envelope function” /(x) that
describes the extent over which the impurity interacts with the conduction electrons. This
envelope function has the property that its maximum is at the origin, that it only depends on
the distance from the origin (i.e. it is circularly symmetric), and that it decays to zero after
some characteristic length scale a.

One can perform a canonical transformation, the Schrieffer-Wolff transformation [24],
perturbatively in ¢/ U, to obtain the s-d or Kondo model

v 2 ¥ v? 2, 1210 t O
H= E/d kgk\pkquku + m/\d kdk Jkk/S'\Ilku ) \I/k/v, (53)
where S = d; %du is the operator of the impurity electron and
Jur = 2 h* (k)h (k') ! b ! (54)
= U+es—epy er—eal

A potential scattering term is also generated but is neglected in our analysis as it does not
play a crucial role in determining spin-orbit effects. If we are deep in the so-called local-
moment regime where the singly and doubly occupied impurity levels are equally spaced
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below and above the Fermi energy (i.e. &, = ey ~ ¢r and ¢, & ¢ — U/2) then we can
simplify the above to

2
Jw & 8%h*(k)h(k/) = Jh*(k)h(k'). (55

The traditional choice in most theoretical analysis is to take i (k) = 1, which is the Fourier
transform of a delta function in position space and corresponds to having a point-like inter-
action. This is the form of the envelope we will use in Sect. 2.2. However, in Sect. 3, it will
be necessary to make the range of interaction finite in order to provide a more physical ultra-
violet cutoff. So, for ease of computation, we take h(k) = ® (A — k) which corresponds to
a position space envelope function

- A
h(x) = ;Jl (Ax) (56)

with J, (z) being the Bessel functions of the 1st kind. Such a function has an effective range
ofa=2m/A.

Appendix 2: Boltzmann Theory of Transport for Non-Degenerate Bands

In this appendix, we generalize the standard Boltzmann theory of transport, as described
in [2], for example, to the case where there are multiple bands, ¢}, that are not necessarily
degenerate. Consider such a system in the presence of a weak static electric field E. This
will give rise to a distribution function, f7(k), for each band. The time rate of change is
assumed to satisfy the relaxation hypothesis

dfg(k) _ fi(k) — f(k)

i~ k) 7

where f“(k) = f(s}), the Fermi-Dirac distribution. Assuming that such time rate of change
only comes about via the change in momentum k as a function of time, then we can equate
the above to (dk/dt) - V fi(k) = —eE - V fg (k). Working to first order in E yields

af* (k)

Je(k) ~ fO(k) + eti (k) P

vl E (58)

with v{ := Vg{ being the band velocity.
Substituting this into the expression for the current

J=0(TE = d’k < (k)v? 59
=o(T) ——efmgff( vl (59)

and averaging over all directions of space gives us

e? d’k 2 asa
o(T)= -7 (ZT)‘I Xa:(vk)z'f] (&)

afe

—.
oe}

(60)

To calculate the relaxation time, we introduce the scattering rate between the state |ka)
and |k'a’) given by Fermi’s golden rule
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Wiaw'a =27 (| Teanra )8 (6§ — %) (61)

where Ty, . is the T-matrix as introduced in Sect. 3.
The rate of change of the distribution function fg (k) due to impurity interactions can
then be obtained by summing over all possible transitions of the state |ka):

dfpk) da‘k’
dr Qr)d

D [Wiawa FEG) (1= f£ K)) = Wirw a5 K1 = f10))]

dk’ / /
= 27 Cimp / any D U Trawa DI (foh) — f5 K))S(ef — ).

Cimp being the concentration of impurities. Equating this to —eE - V f7 (k) and using (58)
results in the expression

Vi E =27 Cimp Ty (k)/(2 )dZ| v (08 — v - B8 (el —ef)). (62)

Specializing now to two dimensions, we assume that v} is at most linear in k (which is
true for the Rashba bands studied in this paper), that the T-matrix depends only on the angle
between its two input momentum, and that the T-matrix is symmetric in that angle. These
allow us to make the following substitution within the integrand above

v, - E — v, Ecos 6 cos§' = iv E cos?’, (63)
vy

k

where 6 is the angle between k and E and @’ is the angle between k and k’. The reason this
works is that the sine term that would also be included in the expression for the dot product
vanishes after integrating over the angular variable. Using this substitution we can extract
an expression for the scattering rate

1

T = 2 / o )dZ | Teatear ) (1——cos0> (¢ —ef). (64

This can then be used in (60) to evaluate the conductivity.
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