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Enhancement of Spin-Charge Conversion in Dilute Magnetic Alloys by Kondo Screening
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We derive a kinetic theory capable of dealing both with large spin-orbit coupling and Kondo screening in
dilute magnetic alloys. We obtain the collision integral nonperturbatively and uncover a contribution
proportional to the momentum derivative of the impurity scattering S matrix. The latter yields an important
correction to the spin diffusion and spin-charge conversion coefficients, and fully captures the so-called
side-jump process without resorting to the Born approximation (which fails for resonant scattering), or to
otherwise heuristic derivations. We apply our kinetic theory to a quantum impurity model with strong spin-
orbit, which captures the most important features of Kondo-screened Cerium impurities in alloys such as
Ce,La;_,Cug. We find (1) a large zero-temperature spin-Hall conductivity that depends solely on the Fermi
wave number and (2) a transverse spin diffusion mechanism that modifies the standard Fick’s diffusion law.
Our predictions can be readily verified by standard spin-transport measurements in metal alloys with

Kondo impurities.
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Introduction.—Topological materials with strong elec-
tronic correlation and large spin-orbit coupling (SOC)
[1-7] are promising platforms for the realization of exotic
phases of matter, with potential applications in spintronics
[8-13]. One recent example that is being intensively
researched are Weyl-Kondo semimetals in heavy fermion
compounds [14—16]. Below the (Kondo) coherence temper-
ature, the local magnetic moments in these materials form a
topologically nontrivial band with Weyl points pinned at
the Fermi level. The existence of the latter is believed to
lead to the giant Hall effect in Ce;BiyPd; [17]. In the
opposite limit of a periodic arrangement that yields a
coherent band structure, a giant spin-Hall effect has been
observed in disordered alloys of FePt-Au [18]. A theoreti-
cal explanation has been put forward for the latter in terms
of an orbital-dependent Kondo effect [19,20].

Driven by these exciting developments, in this Letter we
report a kinetic theory capable of describing the coupled
spin and charge transport in dilute magnetic alloys with
Kondo screened impurities as well as other types of
impurities. Note that, unlike ordinary potential scattering,
Kondo screening is a strong correlation phenomenon that
arises from the antiferromagnetic exchange interaction
between a local magnetic moment and the conduction
electrons. The screening of an impurity magnetic moment
results in a strong (often resonant) scattering of the
conduction electrons at the Fermi energy when the
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temperature is lower than the Kondo temperature. Under
such conditions and in the presence of large SOC, we have
found that the spin-Hall effect is substantially enhanced and
the spin diffusion coefficients become spin anisotropic. The
abundance of dilute magnetic alloys allows our predictions
to be readily tested by existing experimental techniques
(e.g., [21]). Below, we develop a model that can be applied
to alloys containing rare earth impurities, such as Cerium in
Ce, La;_,Cuq for which a robust Kondo effect has been
observed in electrical resistivity measurements [22], but no
spin-transport measurements have been carried out so far to
the best of our knowledge.

The most direct manifestations of SOC in transport
experiments are the anomalous Hall effect [23] and the
spin-Hall effect [24]. Depending on the origin of SOC, one
usually distinguishes between intrinsic and extrinsic con-
tributions to the transverse conductivity. The former is
related to SOC generated by the periodic crystal potential
of the lattice and encoded in the electronic band structure,
while the latter originates from the SOC of randomly
distributed impurities. In turn, the extrinsic contribution is
further divided into two distinct mechanisms: skew scatter-
ing and side jump. Skew scattering arises due to the angular
asymmetry of the scattering cross section and therefore it
can be readily incorporated in the collision integral of the
kinetic (Boltzmann-like) equation. Among all mechanisms,
the side jump [25-32] appears to be the least understood.

© 2021 American Physical Society
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Physically it can be attributed to a spin-dependent trans-
verse shift (jump) of a wave packet scattered off the
impurity. Since this effect does not show up in the
scattering cross section, its inclusion in the kinetic theory
is by no means straightforward. It is typically done
heuristically by defining a coordinate “jump” r of a wave
packet, introducing the related anomalous velocity and a
modified carrier energy dispersion, and incorporating these
ingredients into the kinetic equation using reasonable, but
still nonrigorous arguments [28,33,34]. On the other hand,
a formal justification of the above procedure and/or
derivations of the side-jump contribution from the rigorous
quantum kinetic theory practically always rely on the
lowest order Born approximation [32]. Such an approach
fails for magnetic impurities of heavy elements in the
Kondo regime when neither scattering nor SOC can be
considered weak. This motivates us to construct a kinetic
theory to properly describe all extrinsic mechanisms
(including side jump) self-consistently without resorting
to any finite order Born approximation. We achieved this
by computing the lesser impurity self-energy to first order
in spatial derivative (but all orders in disorder potential
strength). This gives rise to an additional contribution to the
collision integral. When the kinetic theory is solved in the
presence of the additional contribution, the side-jump
correction to spin-Hall conductivity and diffusion constants
follows automatically without any heuristic arguments.

Our theory predicts that the standard Fick’s law of spin
diffusion is modified by SOC when we go beyond the Born
approximation: in addition to the standard Laplacian
operator V?s, the diffusion operator acquires a new term
~V(V - s) because SOC breaks the spin-rotation symmetry.
This correction occurs at second order in SOC magnetic
field.

Kinetic theory.—We start from the Kadanoff-Baym
equation for the nonequilibrium Green functions.
Keeping only leading order terms in the impurity density
n;, we sum up exactly the entire Born series and perform
gradient expansion, which allows us to obtain the following
kinetic equations [35] for the spin-density matrix

f, =i, (r, 1):

ity +vp - Vediy + (25 ] = T[] + 1 (). (1)
Here ¢, = p?/(2m*) is the single-particle energy
dispersion, v, = V,e,, and Zf = n,(TX, +T5,)/2 is

the mean field generated by impurities, where T;f,gA)

is
the exact single-impurity retarded (advanced) scattering T
matrix. The 7" matrix also determines the collision integrals
in the right-hand side of Eq. (1), which describes, amongst
other effects, the momentum and spin relaxation caused by

impurity scattering:
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where Dy, =V, + V; is a momentum shift generator.

Egs. (2) and (3) are the main results of this work and
provide the basis for our combined treatment of strong
scattering resulting from Kondo screening and large SOC.
Equation (2) is the matrix generalization [44,45] of the
golden-rule collision integral derived by Luttinger and
Kohn [46], which has a Lindbladian structure often
encountered in open quantum systems [47]. As we explain
in what follows, the leading gradient correction to the
collision integral, 1, [n,] in Eq. (3), accounts for the side-
jump mechanism. Indeed, the role of 1, is twofold. First,
because I, ~ V, 7, it renormalizes the velocity entering the
drift term of Eq. (1), thus generating an anomalous
contribution to the current as Dy Ty, = i(p|[T*, r]|k) which
has its origin in the impurity potential. Second, in the
presence of an external field that can be introduced by
trading the density for the electrochemical potential (i.e.,
Vp=>  TrV, iy > NpVou = eNgE, where E is the
electric field and N is the density of states at the Fermi
energy), it generates a coupling to the electric field,
proportional to n;,. The latter leads to the very special
scaling with the impurity concentration of the side-jump
contribution to the transport coefficients. In particular, the
corresponding contribution to the spin-Hall conductivity is
independent on n;,—the well known signature of the side-
jump mechanism [23,24]. When the 7" matrix is replaced
with the bare impurity potential, zn;,V in Eq. (3) becomes
the anomalous velocity derived in Ref. [25] within the Born
approximation.

In the most practically important linear regime, the
deviation of 7, from the Fermi function ny(e) is bound
to the Fermi surface (FS), i, — np = (e — €)dny, where
er is the Fermi energy. In this regime the collision integrals
1, and I, simplify as shown by arrows in Eqs. (2) and (3),
respectively. The fourth rank tensors A(p.k) and V(p,k)
depend only on directions of momenta on the FS and act as
superoperators on the FS density matrix 67;. They are
conveniently expressed in terms of the scattering S matrix

Sep(p.k) and the on shell T matrix ¢1,(p.k)=

[1/(27[1)” pk5(z/} aﬁ(P7k)i = 5(611 - ek)Ta/f(p’k):
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Aaﬂ,y&(p7k) = pkéay5ﬂ5 - Say(p’k) };5(17”()7 (4)

Va/},yé(p’k) = t(ly(IJ?k)i(Bpk - ﬁpk)t;(‘i(p?k)' (5)

Agpys has a typical form of a relaxation superoperator
commonly used to describe spin decoherence in atoms and
molecules [48,49]. The vector-valued “velocity superoper-
ator” V5.5 is related to the momentum gradient of the
scattering phase and thus to the coordinate shift of the
scattered wave packet. In fact, Egs. (5) and (3) provide a
precise nonperturbative definition of the side-jump process
and clarify the way it enters a consistent quantum kinetic
theory.

Diffusive limit.—In a typical transport situation the
momentum relaxation length (mean free path) is much
shorter than characteristic scales of space inhomogeneities.
In this so-called diffusive regime the distribution function
oy, becomes almost isotropic and is fully determined by its
Oth >, & and first ), k6, moments:

NFéﬁk ~ p]] + $40q + 3ki(gi0]] + giaaa)vl_?l? (6)

where ¢, are Pauli matrices, 1 is a 2 X 2 unit matrix, Np
(vr) is the density of states (Fermi velocity) at the FS, p and
s are the charge and spin densities, and g¢;, and g;, are
charge and spin parts of the first moment. By substituting
Eq. (6) into the kinetic equation and taking its Oth and first
moments we arrive at a system of equations coupled by the
moments of superoperators A and V. Then, elimination of
gio and g;, yields a closed set of equations of motion for p
and s—the charge-spin diffusion equations which we now
derive explicitly.

To be specific, we assume isotropic disorder potential
which leads to a 7 matrix that is invariant under time-
reversal, parity and the full spin-orbit rotations [50]. With
these assumptions, we diagonalized the kinetic equation by
taking suitable linear combinations of the ansatz [rhs of
Eq. (6)], and a solution can be obtained without assuming
the collision integral is small (see the Supplemental
Material Ref. [35] for full details). The Oth moment of
the kinetic equation yields the charge and spin continuity
equations

6,,0+6JJ]J:O, a,sh—l-aj\ﬂjb:—sb/rs, (7)
where the charge J; and spin Jj, currents are linear
combinations of the charge and spin first moments of
ony [35]. The spin relaxation time z, in Eq. (7) is
determined by the angular average of the relaxation super-
operator A, 77! ~ nytr{c,Ac,).

By taking the first moment of the kinetic equation, and
solving it for the first moments of 67, we relate the
currents to charge and spin-density gradients [35]:

Jj ==D.0;p — DOsy€ j,OxSa (8)
2
Jjp =— ZDmP;'Z — DOsy€ i, Orps )
m=0

where P, are irreducible tensors of spin gradients:

1 1
m=0 __ m=1 __
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_ 1 1
Pj”;—2zi(ajsa—l—aasj)—géajaisi (10)

The diffusion currents are parameterized by the spin-Hall
angle Ogy, the charge diffusion constant D, and three spin
diffusion constants D,,, which are related to different
angular averages of the superoperators A and V [35],

1-Q, — Q)0 — Q. — Q4
QSH:( c 1) sk > cs sc? 1 (11)
71 +295k
1-2Q 4604 Q
DC:D]/I( C) +2 sk=#cs (12)
Y1+ 205
1 -2Q 4604 Q.
D1 :D( 1) + sk=4sc (13)

71 + 29§k

D,,=D(1-2Q,)/Vm> m=0,2 (14)
Here the coefficients Q., Q,,, Q. and Q. are generated by
the velocity superoperator V, e.g., Qg ~ nimtr(c - (kx
V)1). Physically, Q, and Q,, renormalize the effective
charge and spin velocities, while €, and €. account for
the side-jump mechanism of the charge-to-spin conversion.
Finally, D = 1 v}.7y, 7,,» and O, together with z, in Eq. (7)
parametrize the superoperator A. The explicit formula for
all these coefficients are provided in the Supplemental
Material [35].

The above expressions provide the complete solution to
kinetic theory in the diffusive limit. Equations (7), (8), and
(9) describe the diffusion of spin and charge for any value
of single-impurity potential strength in the dilute limit. The
linear response to an external field can be read off from the
diffusion equations using the Einstein relation, i.e., by
introducing an electric field as described under Eq. (3),
both the charge and the transverse spin-Hall conductivity
can be obtained from Egs. (8) and (9), which yields ¢, =
ezDCNF and Osy = eDQSHNF.

Instead of writing the spin current in terms of the
coefficients D,,, it is also instructive to separate explicitly
the divergenceless part of J ;, and rewrite Eq. (9) as follows:

Jjp = =D{0;sy, — (DE — DY)0ps,

_K(absj - 5jb3k5k) - DHSHejkbakp’ (15)
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where DI = (D, + D,)/2, D} = (Dy+2D,)/3, and
k = (D, — Dy)/3. The third term entering this equation
with the coefficient « is the “swapping current” predicted in
[44]. Since the swapping current and the spin-Hall current
have zero divergence, only the first line in Eq. (15)
contributes to the bulk spin diffusion equation,

d,s — DIV?s — (DY = DT)V(V -5) = —s/7,. (16)
Besides the usual Fick’s term ~V2s [51,52], the diffusion
operator above contains an additional term ~V(V - ) that
breaks the spin-rotation symmetry while preserving the
full space+spin-rotation invariance respected by SOC.
Physically, the new term leads to different diffusion laws
for the transverse s’ (with V - s7 = 0) and longitudinal s*
(with V x s = 0) components of the spin density. In fact,
DT and DY are the diffusion constant for s” and s’,
respectively. To the leading order in SOC, we find
DE ~ DT, so a sufficiently large SOC is needed to make
the effect observable as we discuss next.

Quantum impurity model.—We now use a simple quan-
tum impurity model [35] to demonstrate the effect of
Kondo screening on spin-Hall conductivity ogy and the
anisotropic spin diffusion parameter D% /DT. This model is
intended to capture some of the basic features of the Ce
impurities in the Kondo-screened regime in dilute alloys
such as Ce,La;_,Cug with x < 0.7 [36,53]. Since Cu has
negligible SOC, we can use Eq. (1) to describe (extrinsic)
spin transport in this alloy. The ground state of a single f
electron in the Ce atom is a doublet which is separated by
~100 K from a quartet [36,53] due to the crystal environ-
ment. We model this low-lying multiplet structure using a
[ = 1 orbital that is split by an effective SOC into a doublet
with j =1/2 and a quartet with j = 3/2, as shown in
Fig. 1. Thus, we find that, contrary to conventional wisdom
[23], the spin-Hall conductivity arises entirely from the

i =32

Er V
A i

FIG. 1. Sketch of the minimal quantum impurity model to
which we have applied our kinetic theory. The impurity contains
a single electron in an / = 1 orbital that, by virtue of strong spin-
orbit coupling, splits into a j = 1/2 doublet and a j=3/2
quartet. Strong electron correlation leads to the formation of a
local moment. Kondo screening of the latter by the conduction
electrons induces a scattering phase shift #; = z/2 at the Fermi
energy. See the Supplemental Material [35] for a detailed
explanation of how this model captures some essential features
of Ce impurities in alloys like Ce,La;_,Cug for x < 0.7.

side-jump mechanism when the T matrix is dominated by a
single non s-wave scattering channel.

In the Kondo-screened regime (i.e., T < Tx ~ 1 K), the
on shell 7 matrix at the FS of this quantum impurity model
can be derived using standard many-body technique
described in the Supplemental Material Ref. [35], and
the result is

A~
A

GR e sinngy + (e sinn + 2e™ sinn,)p 'kﬂ
kp —
ﬂNF

in gi — piM gi R
_ [e™ sinng; — ™ sinn, i xp) o (17)
ﬂ'NF

Here #, (11,) represents the scattering phase shifts of the
[=1, j=1/2, and (I =1, j=3/2) channel shown in
Fig. 1; g is the phase shift of the usual s wave [ =0,
Jj = 1/2 channel. The doublet ground state of Ce is Kondo-
screened, and therefore Ce behaves as a nonmagnetic
scatterer that induces a resonant scattering phase shift.
Thus, in our model conduction electrons undergo the
strongest scattering in the #; channel for which
nm =x/2. If we set 5y =n, =0, then Ogy=—Q—Q,
which yields a spin-Hall conductivity that arises entirely
from the side-jump mechanism:

eD(ch + QSC)NF
Osy = — h

4 ekp
= ZF (18
97> h (18)

We have reintroduced 7 above. It is interesting to point out
in the single scattering channel limit, o5y does not depend
on the impurity density and the specific value of #,. This is
because the ny, and #; dependence of D =3vi7, «
(nimsin®n;)~" is exactly canceled by 6Ogy ox Qg o
n;msin’y; . Importantly, unlike the case of ordinary impu-
rities with d orbitals [33,54,55] where the relationship
between #; and 7, is determined by SOC, in our model
n = n/2 is determined by the Kondo screening. For three
scattering channels, ogy is a complicated function of the
phase shifts 7, 71, and 7,. For 5, 7, < 1 channels weakly
coupled to the Kondo-screened #; = z/2 channel, we find
that Eq. (18) receives a skew scattering contribution:

& oMo (1 (ekr |
A () () @

where n, = k3/37% is the carrier density. The ratio of
Eq. (18) to Eq. (19) is ~2n5'(nim/n.). Numerically,
ecll; ~2.72 x 10k Ohm™'. If we use the standard
estimate for ny ~0.1 [19,20,33], then Eq. (18) becomes
comparable in magnitude to o%; for ny,/n.=~5%, for
which the resistivity still shows the low temperature
saturation characteristic of isolated Kondo-screened
impurities. [22].
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Finally, let us compute the correction to the naive Fick’s
law by calculating the deviation of D% /DT from unity. In
the limit where the doublet is Kondo screened n; = /2,
and the other two orbitals are weakly coupled (i.e. 1],
.| < 1), we obtain

Dy 8n; (o g
Oy o Mo 20
DT 37mc<3 )t (20)

It is interesting to point out that (D% /DT) — 1 « B*> where
B is the spin-orbit magnetic field defined by the square
bracket in Eq. (17). When we assume all the phase shifts are
small, i.e., [1,| < 1, the leading corrections to D% /DT
are third order in the phase shifts so the spin anisotropy
cannot be captured by the first Born approximation.

Equations (16), (18), and (20) demonstrate that spin-
charge conversion mechanisms can be both quantitatively
and qualitatively modified as a consequence of the strong
scattering induced in one of the scattering channels by
Kondo screening [56].

Summary and discussion.—We have developed a kinetic
theory that provides a general framework to study spin
transport in alloys containing dilute random ensembles of
impurities with d and f orbitals. Scattering with such
impurities is treated nonperturbatively, allowing us to deal
with the strong scattering of conduction electrons on the
Fermi surface coupled with strong local spin orbit (SOC). We
have reported an analytical solution of the kinetic equations
for a rotationally invariant system and applied it to simple
quantum impurity model designed to capture the essential
features of (Kondo-screened) Cerium impurities in alloys
suchas Ce, La;_,Cug withx < 0.7. We find the combination
of strong scattering and local SOC lead to alarge contribution
to the spin-Hall conductivity oy that stems entirely from the
side jump and in the limit where interference with other
channels can be neglected takes a value that depends only on
the Fermi wave number. In addition, our nonperturbative
treatment of impurity scattering allows us to show that the
spin diffusion coefficients is spin anisotropic.

The above predictions can be readily tested in spin-valve
devices where the spin current is injected from a ferro-
magnetic contact along different directions, thus allowing
one to measure the different spin diffusion lengths asso-
ciated with to D57 as well as the spin-Hall conductivity
ogy- When the injected spin is polarized in the direction
parallel (perpendicular) to the direction of the current, it
measures the longitudinal D (transverse D7) spin diffu-
sion constant. Because of SOC, DL # DL and this will be
the most direct test of our theoretical predictions.

C. H. acknowledges useful discussion with Nemin Wei and
Qian Niu. C. H. thanks Donostia International Physics Center
for hospitality and acknowledges support from Spanish
Ministerio de Ciencia, Innovacion y Universidades (MICINN)
(Project No. FIS2017-82804-P). 1. V.T. acknowledges

support by Grupos Consolidados UPV/EHU del Gobierno
Vasco (Grant No. IT1249-19). M. A. C. acknowledges the
support of Tkerbasque (Basque Foundation for Science). The
work of M. A. C. was also carried out by joint research in the
International Research Unit of Quantum Information, Kyoto
University.

[1] W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents,
Correlated quantum phenomena in the strong spin-orbit
regime, Annu. Rev. Condens. Matter Phys. S5, 57 (2014).

[2] M. Dzero, K. Sun, V. Galitski, and P. Coleman, Topological
Kondo Insulators, Phys. Rev. Lett. 104, 106408 (2010).

[3] G. Jackeli and G. Khaliullin, Mott insulators in the Strong
Spin-Orbit Coupling Limit: From Heisenberg to a Quantum
Compass and Kitaev Models, Phys. Rev. Lett. 102, 017205
(2009).

[4] S. Raghu, X.-L. Qi, C. Honerkamp, and S.-C. Zhang,
Topological Mott Insulators, Phys. Rev. Lett. 100,
156401 (2008).

[5] I F. Herbut and L. Janssen, Topological Mott Insulator in
Three-Dimensional Systems with Quadratic Band Touch-
ing, Phys. Rev. Lett. 113, 106401 (2014).

[6] M. Dzero, K. Sun, P. Coleman, and V. Galitski, Theory of
topological Kondo insulators, Phys. Rev. B 85, 045130
(2012).

[7] M. Dzero, J. Xia, V. Galitski, and P. Coleman, Topological
Kondo insulators, Annu. Rev. Condens. Matter Phys. 7, 249
(2016).

[8] S. Bader and S. Parkin, Spintronics, Annu. Rev. Condens.
Matter Phys. 1, 71 (2010).

9] L. Zuti¢, J. Fabian, and S. Das Sarma, Spintronics: Funda-
mentals and applications, Rev. Mod. Phys. 76, 323 (2004).

[10] R. Ramaswamy, J. M. Lee, K. Cai, and H. Yang, Recent
advances in spin-orbit torques: Moving towards device
applications, Appl. Phys. Rev. 5, 031107 (2018).

[11] N.H.D. Khang, Y. Ueda, and P.N. Hai, A conductive
topological insulator with large spin-Hall effect for ultralow
power spin—orbit torque switching, Nat. Mater. 17, 808
(2018).

[12] S. Fukami, C. Zhang, S. DuttaGupta, A. Kurenkov, and H.
Ohno, Magnetization switching by spin—orbit torque in an
antiferromagnet—ferromagnet bilayer system, Nat. Mater.
15, 535 (2016).

[13] Y. Fan, P. Upadhyaya, X. Kou, M. Lang, S. Takei, Z. Wang,
J. Tang, L. He, L.-T. Chang, M. Montazeri et al., Magneti-
zation switching through giant spin—orbit torque in a
magnetically doped topological insulator heterostructure,
Nat. Mater. 13, 699 (2014).

[14] H.-H. Lai, S. E. Grefe, S. Paschen, and Q. Si, Weyl-Kondo
semimetal in heavy-fermion systems, Proc. Natl. Acad. Sci.
U.S.A. 115, 93 (2018).

[15] S. Dzsaber, L. Prochaska, A. Sidorenko, G. Eguchi, R.
Svagera, M. Waas, A. Prokofiev, Q. Si, and S. Paschen,
Kondo Insulator to Semimetal Transformation Tuned by
Spin-Orbit Coupling, Phys. Rev. Lett. 118, 246601 (2017).

[16] S.E. Grefe, H.-H. Lai, S. Paschen, and Q. Si, Weyl-Kondo
semimetals in nonsymmorphic systems, Phys. Rev. B 101,
075138 (2020).

176801-5


https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1103/PhysRevLett.104.106408
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.100.156401
https://doi.org/10.1103/PhysRevLett.100.156401
https://doi.org/10.1103/PhysRevLett.113.106401
https://doi.org/10.1103/PhysRevB.85.045130
https://doi.org/10.1103/PhysRevB.85.045130
https://doi.org/10.1146/annurev-conmatphys-031214-014749
https://doi.org/10.1146/annurev-conmatphys-031214-014749
https://doi.org/10.1146/annurev-conmatphys-070909-104123
https://doi.org/10.1146/annurev-conmatphys-070909-104123
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1063/1.5041793
https://doi.org/10.1038/s41563-018-0137-y
https://doi.org/10.1038/s41563-018-0137-y
https://doi.org/10.1038/nmat4566
https://doi.org/10.1038/nmat4566
https://doi.org/10.1038/nmat3973
https://doi.org/10.1073/pnas.1715851115
https://doi.org/10.1073/pnas.1715851115
https://doi.org/10.1103/PhysRevLett.118.246601
https://doi.org/10.1103/PhysRevB.101.075138
https://doi.org/10.1103/PhysRevB.101.075138

PHYSICAL REVIEW LETTERS 127, 176801 (2021)

[17] S. Dzsaber, X. Yan, M. Taupin, G. Eguchi, A. Prokofiev, T.
Shiroka, P. Blaha, O. Rubel, S. E. Grefe, H.-H. Lai et al.,
Giant spontaneous Hall effect in a nonmagnetic weyl-Kondo
semimetal, Proc. Natl. Acad. Sci. U.S.A. 118, €2013386118
(2021).

[18] T. Seki, Y. Hasegawa, S. Mitani, S. Takahashi, H. Imamura,
S. Maekawa, J. Nitta, and K. Takanashi, Giant spin Hall
effect in perpendicularly spin-polarized FePt/Au devices,
Nat. Mater. 7, 125 (2008).

[19] G.-Y. Guo, S. Maekawa, and N. Nagaosa, Enhanced Spin
Hall Effect by Resonant Skew Scattering in the Orbital-
Dependent Kondo Effect, Phys. Rev. Lett. 102, 036401
(2009).

[20] A. B. Shick, J. c. v. Kolorend, V. Jani§, and A. I. Lichtenstein,
Orbital magnetic moment and extrinsic spin Hall effect for
iron impurities in gold, Phys. Rev. B 84, 113112 (2011).

[21] S. Takahashi and S. Maekawa, Spin current, spin accumu-
lation and spin Hall effect, Sci. Technol. Adv. Mater. 9,
014105 (2008).

[22] A. Sumiyama, Y. Oda, H. Nagano, Y. Onuki, K. Shibutani,
and T. Komatsubara, Coherent Kondo state in a dense
Kondo substance: Ce,La; — xCug, J. Phys. Soc. Jpn. 55,
1294 (1986).

[23] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and
N.P. Ong, Anomalous Hall effect, Rev. Mod. Phys. 82,
1539 (2010).

[24] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and
T. Jungwirth, Spin Hall effects, Rev. Mod. Phys. 87, 1213
(2015).

[25] S.K. Lyo and T. Holstein, Side-Jump Mechanism for
Ferromagnetic Hall Effect, Phys. Rev. Lett. 29, 423 (1972).

[26] L. Berger, Side-jump mechanism for the Hall effect of
ferromagnets, Phys. Rev. B 2, 4559 (1970).

[27] P. Nozieres and C. Lewiner, A simple theory of the
anomalous Hall effect in semiconductors, J. Phys. II
(France) 34, 901 (1973).

[28] P. Levy, Extraordinary Hall effect in Kondo-type systems:
Contributions from anomalous velocity, Phys. Rev. B 38,
6779 (1988).

[29] W.-K. Tse and S. Das Sarma, Spin Hall Effect in Doped
Semiconductor Structures, Phys. Rev. Lett. 96, 056601
(20006).

[30] E. M. Hankiewicz and G. Vignale, Coulomb corrections to
the extrinsic spin-Hall effect of a two-dimensional electron
gas, Phys. Rev. B 73, 115339 (2006).

[31] N. A. Sinitsyn, Q. Niu, and A. H. MacDonald, Coordinate
shift in the semiclassical Boltzmann equation and the
anomalous Hall effect, Phys. Rev. B 73, 075318 (2006).

[32] D. Culcer, E. M. Hankiewicz, G. Vignale, and R. Winkler,
Side jumps in the spin Hall effect: Construction of the
Boltzmann collision integral, Phys. Rev. B 81, 125332
(2010).

[33] A. Fert and P.M. Levy, Spin Hall Effect Induced by
Resonant Scattering on Impurities in Metals, Phys. Rev.
Lett. 106, 157208 (2011).

[34] See Ref. [35] for a detailed discussion of why the anomalous
velocity derived in Ref. [28] is only correct in the Born
approximation and for disorder potentials without ‘vertex
corrections’.

[35] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.127.176801 for addi-
tional details of the calculation and the impurity model
and its relation to Refs. [36—43].

[36] N. Kawakami and A. Okiji, Magnetoresistance of the
heavy-electron Ce compounds, J. Phys. Soc. Jpn. 55,
2114 (1986).

[37] K. G. Wilson, The renormalization group: Critical phenom-
ena and the Kondo problem, Rev. Mod. Phys. 47, 773
(1975).

[38] N. Read and D. Newns, On the solution of the Cogblin-
Schrieffer Hamiltonian by the large-N expansion technique,
J. Phys. C 16, 3273 (1983).

[39] T. A. Costi, Kondo Effect in a Magnetic Field and the
Magnetoresistivity of Kondo Alloys, Phys. Rev. Lett. 85,
1504 (2000).

[40] P. W. Anderson, Localized magnetic states in metals, Phys.
Rev. 124, 41 (1961).

[41] T. Costi, A. Hewson, and V. Zlatic, Transport coefficients of
the Anderson model via the numerical renormalization
group, J. Phys. Condens. Matter 6, 2519 (1994).

[42] G.D. Mahan, Many-Particle Physics (Springer Science &
Business Media, New York, 2013).

[43] D.C. Langreth, Friedel sum rule for Anderson’s model of
localized impurity states, Phys. Rev. 150, 516 (1966).

[44] M.B. Lifshits and M.I. Dyakonov, Swapping Spin
Currents: Interchanging Spin and Flow Directions, Phys.
Rev. Lett. 103, 186601 (2009).

[45] C. Huang, Y.D. Chong, and M. A. Cazalilla, Direct cou-
pling between charge current and spin polarization by
extrinsic mechanisms in graphene, Phys. Rev. B 94,
085414 (2016).

[46] J. M. Luttinger and W. Kohn, Quantum theory of electrical
transport phenomena. II, Phys. Rev. 109, 1892 (1958).

[47] H.-P. Breuer, F. Petruccione et al., The Theory of Open
Quantum Systems (Oxford University Press, Oxford, United
Kingdom, 2002).

[48] W.-K. Liu and R. Marcus, On the theory of the relaxation
matrix and its application to microwave transient phenom-
ena, J. Chem. Phys. 63, 272 (1975).

[49] M. Dyakonov and V. Perel, Decay of atomic polarization
moments, in Proceedings for the 6th International
Conference on Atomic Physics Proceedings (Springer,
New York, 1979), pp. 410-422.

[50] J.R. Taylor, Scattering Theory: The Quantum Theory of
Nonrelativistic Collisions (Courier Corporation, New York,
2006).

[51] D. A. Abanin, A. V. Shytov, L.S. Levitov, and B.I. Hal-
perin, Nonlocal charge transport mediated by spin diffusion
in the spin Hall effect regime, Phys. Rev. B 79, 035304
(2009).

[52] C. Huang, Y.D. Chong, and M. A. Cazalilla, Anomalous
Nonlocal Resistance and Spin-Charge Conversion Mecha-
nisms in Two-Dimensional Metals, Phys. Rev. Lett. 119,
136804 (2017).

[53] A.-C. Hewson, Kondo Problem to Heavy Fermions
(Cambridge University Press, Cambridge, United Kingdom,
1993).

[54] Y. Niimi, M. Morota, D. H. Wei, C. Deranlot, M. Basletic,
A. Hamzic, A. Fert, and Y. Otani, Extrinsic Spin Hall Effect

176801-6


https://doi.org/10.1073/pnas.2013386118
https://doi.org/10.1073/pnas.2013386118
https://doi.org/10.1038/nmat2098
https://doi.org/10.1103/PhysRevLett.102.036401
https://doi.org/10.1103/PhysRevLett.102.036401
https://doi.org/10.1103/PhysRevB.84.113112
https://doi.org/10.1088/1468-6996/9/1/014105
https://doi.org/10.1088/1468-6996/9/1/014105
https://doi.org/10.1143/JPSJ.55.1294
https://doi.org/10.1143/JPSJ.55.1294
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1103/PhysRevLett.29.423
https://doi.org/10.1103/PhysRevB.2.4559
https://doi.org/10.1051/jphys:019730034010090100
https://doi.org/10.1051/jphys:019730034010090100
https://doi.org/10.1103/PhysRevB.38.6779
https://doi.org/10.1103/PhysRevB.38.6779
https://doi.org/10.1103/PhysRevLett.96.056601
https://doi.org/10.1103/PhysRevLett.96.056601
https://doi.org/10.1103/PhysRevB.73.115339
https://doi.org/10.1103/PhysRevB.73.075318
https://doi.org/10.1103/PhysRevB.81.125332
https://doi.org/10.1103/PhysRevB.81.125332
https://doi.org/10.1103/PhysRevLett.106.157208
https://doi.org/10.1103/PhysRevLett.106.157208
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.176801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.176801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.176801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.176801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.176801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.176801
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.176801
https://doi.org/10.1143/JPSJ.55.2114
https://doi.org/10.1143/JPSJ.55.2114
https://doi.org/10.1103/RevModPhys.47.773
https://doi.org/10.1103/RevModPhys.47.773
https://doi.org/10.1088/0022-3719/16/17/014
https://doi.org/10.1103/PhysRevLett.85.1504
https://doi.org/10.1103/PhysRevLett.85.1504
https://doi.org/10.1103/PhysRev.124.41
https://doi.org/10.1103/PhysRev.124.41
https://doi.org/10.1088/0953-8984/6/13/013
https://doi.org/10.1103/PhysRev.150.516
https://doi.org/10.1103/PhysRevLett.103.186601
https://doi.org/10.1103/PhysRevLett.103.186601
https://doi.org/10.1103/PhysRevB.94.085414
https://doi.org/10.1103/PhysRevB.94.085414
https://doi.org/10.1103/PhysRev.109.1892
https://doi.org/10.1063/1.431055
https://doi.org/10.1103/PhysRevB.79.035304
https://doi.org/10.1103/PhysRevB.79.035304
https://doi.org/10.1103/PhysRevLett.119.136804
https://doi.org/10.1103/PhysRevLett.119.136804

PHYSICAL REVIEW LETTERS 127, 176801 (2021)

Induced by Iridium Impurities in Copper, Phys. Rev. Lett. [56] At finite but small temperature T < T, inelastic scattering

106, 126601 (2011). related to the polarization of Kondo screening cloud
[55] Y. Niimi, Y. Kawanishi, D. H. Wei, C. Deranlot, H. X. Yang, [35,53,57] leads corrections of order (7'/ TK)2 to the kinetic

M. Chshiev, T. Valet, A. Fert, and Y. Otani, Giant Spin Hall coefficients which will be studied elsewhere [58].

Effect Induced by Skew Scattering from Bismuth Impurities [57] P.Nozieres, A fermi-liquid description of the Kondo problem

Inside Thin Film Cubi Alloys, Phys. Rev. Lett. 109, 156602 at low temperatures, J. Low Temp. Phys. 17, 31 (1974).

(2012). [58] C. Huang, I. Tokatly, and M. A. Cazalilla (to be published).

176801-7


https://doi.org/10.1103/PhysRevLett.106.126601
https://doi.org/10.1103/PhysRevLett.106.126601
https://doi.org/10.1103/PhysRevLett.109.156602
https://doi.org/10.1103/PhysRevLett.109.156602
https://doi.org/10.1007/BF00654541

