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Spin-dependent beating patterns in thermoelectric properties: Filtering the carriers of the heat flux
in a Kondo adatom system
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We theoretically investigate the thermoelectric properties of a spin-polarized two-dimensional electron gas
hosting a Kondo adatom hybridized with a STM tip. Such a setup is treated within the single-impurity Anderson
model in combination with the atomic approach for the Green’s functions. Due to the spin dependence of the
Fermi wave numbers, the electrical and thermal conductances together with thermopower and Lorenz number
reveal beating patterns as a function of the STM tip position in the Kondo regime. In particular, by tuning the
lateral displacement of the tip with respect to the adatom vicinity, the temperature, and the position of the adatom

level, one can change the sign of the Seebeck coefficient through charge and spin. This opens a possibility of the
microscopic control of the heat flux analogously to that established for the electrical current.
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I. INTRODUCTION

In the last few years, the fascinating field of thermoelectric
properties of nanoscale materials is attracting the growing
attention from both experimental [1-7] and theoretical [8—11]
communities of researchers. In this context, Dubi and Di
Ventra [12] have recently proposed a fundamental setup: two
leads connected by a nanoscopic region, in which thermo-
dynamic quantities such as temperature can be tuned. The
possible examples are quantum dot embedded inside a ballistic
channel or a molecule efficiently coupled to both substrate and
STM tip [7,13]. The main goal is to achieve a microscopic
control of the heat flux analogously to that performed for
the electrical current. Such a task was accomplished in
the hybrid S-I-N-I-S materials [6], where S stands for the
superconducting leads, I for the insulating barriers, and N for
normal metal. In this device, the heat is carried by the hottest
electrons that flow towards the superconductors causing the
cooling of the metallic region. The heat flux is controlled by
the voltage applied to an extra lead and it can be increased,
decreased, or kept constant just by changing this voltage
similarly to what is done with electrical current through an
ordinary transistor.

Additionally, novel effects are manifested in the presence
of ferromagnetic leads [14-26] and long spin-relaxation
time [27,28] when thermoelectric properties become spin
dependent. In this case, the spin degeneracy of the chemical
potentials is lifted and the phenomenon known as spin accumu-
lation arises, thus affecting the behavior of the thermoelectric
quantities.

Another setup promising for the control of thermoelectric
flux consists of scanning tunneling microscopy break junction
(STMBJ) [7,29]. In this geometry, molecules are trapped
between a STM tip of Au kept at the room temperature 7 and
a substrate of the same material having different temperature
T 4+ AT.Molecular junctions are created by moving the STM
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tip towards the surface of the metallic electrode, and when the
circuit is closed, a bias voltage is applied and the current is
measured.

In the aforementioned systems, the dynamics is ruled by the
laws of quantum mechanics, thus leading to wave phenomena
analogously to those observed in classical mechanics. In
particular, we highlight the so-called beating effect, which
is due to the interference between two waves that propagate in
the same direction with equal amplitudes and slightly different
frequencies and wave numbers. Beating effects appear under
certain circumstances in condensed matter physics. As an
example, they can be detected by using the technique of
Faraday rotation in CdSe quantum dots: the Zeeman splitting
produces a beating pattern in the spin magnetization [30].
A similar feature is also present in a device composed by
two quantum dots coupled to source and drain leads [31].
In such a system, oscillatory gate voltages characterized by
slightly different frequencies are attached to these dots and
produce beating pattern in the current signal. Additionally,
the appearance of the beats in STM setups has been recently
detected in the NbS3 one-dimensional conductor [32,33].

In this work, we focus on the theoretical study of the
thermoelectric properties of spin-polarized two-dimensional
electron gas (2DEG) hosting a Kondo adatom coupled to a
STM tip as sketched in Fig. 1. The setup is treated by using the
single-impurity Anderson Hamiltonian [34] and the atomic
approach [35,36] for the Green’s functions, in which the
STM tip and the “host+adatom” systems play, respectively,
the roles of the cold and hot reservoirs. In the framework
of the linear response theory, when voltage and temperature
gradients are small, we derive analytical expressions for the
thermoelectric coefficients characterizing the system. We find
that in the Kondo regime, these quantities as functions of the
STM tip position exhibit beating patterns, which are due to
the dependence of Fermi wave numbers of the host on spin.

©2014 American Physical Society
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FIG. 1. (Color online) STM device composed by a normal tip
(cold reservoir) and a Kondo adatom hybridized with a spin-polarized
two-dimensional electron gas (hot reservoir). The parameters #,;g and
t. correspond to the hopping terms in the Hamiltonian. In the Kondo
regime, the thermoelectric properties characterized by the electrical
and thermal conductances, the thermopower (Seebeck coefficient),
and Lorenz number entering into the Wiedemann-Franz law exhibit
beating patterns if the STM tip is displaced laterally with respect to
the adatom position. An AFM tip capacitively coupled to the adatom
is required as previously proposed in Ref. [39] to tune its energy level.

We show that in the regime of large Fano factor [37,38],
the thermopower (Seebeck coefficient) alternates its sign
by changing the following degrees of freedom: the lateral
separation of the STM tip with respect to the adatom, the
temperature, and the position of the adatom level. It is worth
mentioning that to tune the adatom level with respect to the
host Fermi energy, we consider in the model an AFM tip
capacitively coupled to this adatom, thus allowing one to
control the position of its energy level as originally proposed
by some of us in Ref. [39]. The cases of presence and absence
of the spin accumulation phenomenon are considered. In both
of them, positive and negative signs imply that the carriers
responsible for heat conductance are electrons and holes,
respectively. Thus, we show in this work that the system
outlined in Fig. 1 operates as a filter of the spin-dependent
carriers responsible for the heat conductance.

To our best knowledge, experimental data are not available
for the device we consider, but the standard procedure
used in the STMBJ experiments should allow experimental
verification of our predictions. It is worth mentioning that
the STMBJ device usually operates under room temperature,
which could be an obstacle for the implementation of such
a technique in the Kondo regime required for the emergence
of the beats. On the other hand, the magnitudes of Tk for
adatoms are higher with respect to those found in quantum
dots and lie within the range 50 K < Tx < 100 K [40], and
thus the observation of the beating patterns in thermoelectric
coefficients should not be very complicated experimentally.

It is worth mentioning that the recent experimental findings
of Ref. [41] point out that the STM conductance measurements
at 5 K for the 2DEG made by the adsorption of Cs on the p-
doped InSb(110) surface, in particular under the presences of
strong magnetic and electric fields, yield an enhanced Rashba
effect and, consequently, the spin splitting phenomenon that
reveals beating patterns in the local density of states (LDOS).
These beats are due to the slightly different Fermi wave
numbers that appear in the system similarly to ours, thus,
such results attest to the experimental feasibility concerning
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the catching of beats in STM systems and turn the proposal of
this paper promising in the same sense.

This paper is organized as follows: In Sec. II, we develop
the theoretical model for the system sketched in Fig. 1 as
well as the derivation of the expressions for thermoelectric
coefficients and the Green’s function of the Kondo adatom. The
results are present in Sec. III, and in Sec. IV, we summarize
our concluding remarks.

II. THEORETICAL MODEL

The system we investigate (see Fig. 1) is described by the
following Hamiltonian:

Htolal = Hhost + 7_{lip + 7_[tunv (1)

where Hyos corresponds to the host electrons in 2DEG
and adatom, Hp to the STM tip, and Hy, to the tip-host
hybridization. In frameworks of the single-impurity Anderson
model [34], the terms in Eq. (1) read as

Hhost = Y _ &ko C;g Cio + Ea Y _dld,
ko o
+V Y (ch d, +He)+Udldydld). ()
i

Here, the electrons in the host are described by the operator
cl (cz,) for the creation (annihilation) of an electron in a
ko g

quantum state labeled by the wave number k with an energy

h2k?
Eko = - D(ry (3)
2m

where D, = D(1 + o P)is the band half-width in the presence
of spin polarization, P is polarization degree of the host defined
as

1 1
P = Phost — Phost 4)

t 7
Phost + Phost

where pf  are spin-dependent densities of states. For the
adatom, d} (d,) creates (annihilates) an electron in the state
E,. Parameter V describes the hybridization of the adatom
with 2DEG. The last term in Eq. (2) accounts for the onsite
Coulomb interaction U.

The Hamiltonian of the tip corresponds to the free electrons

described by fermionic operators b:;(r and b;, and reads as
Hip = Y e4bL, bjo. (5)
go
The tunneling Hamiltonian can be expressed as

Hun =t b}, W% +He., ©6)
go

where ¢, is the STM tip-host coupling,

Ui =Y p(R)ci, + (m Apo)'*qd, (7)
K

is the field operator that accounts for the Fano interference
of the tip to 2DEG and tip to adatom paths, ¢p(R) = '*X,
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A = mV?p, is the Anderson parameter, and ¢ is the Fano
factor of the STM device. The latter can be expressed as

q=—=qo¢ """, ®)

where 74g and 7. are hopping terms as outlined in Fig. 1, kg
is the Fermi wave number of the host in the case P = 0, and
R is a lateral distance between the tip and the host. Note
that according to Egs. (7) and (8), the limit gy > 1 represents
the situation in which the tip is highly hybridized with the
adatom, while in the opposite regime gy < 1, the tip is strongly
connected to the surface (see Fig. 1). Naturally, the increase of
the distance between the tip and adatom leads to the quenching
of the coupling between them, and for krR > 1 the Fano
parameter drops to zero.

A. Thermoelectric coefficients

By applying the linear response theory, and treating tip
to host coupling term Hy, perturbatively, it is possible to
show that in absence of spin accumulation [27,28], the charge
and spin conductances G and G are given by the following
expressions:

G=G1+G =€) In )
and
h
Gs = % 0 Lo, (10)

o

where 0 = 41 and —1, respectively, for spin-up and -down
channels. Similarly, the thermal conductance and the Seebeck
coefficient (thermopower) are given by

K=%<;126—(§‘;—2‘;)) (11)

and

1 L,
— Lol (12)
eT Y oo
where e > 0 stands for the electron charge. To calculate the

transport coefficients /1, I;, and I,, we follow the paper of
Dong and Lei [8]:

1 0
o = _/ _ ) e (0, R)do, (13)
h Jw
with
T(T(wsR) = tbloEDOS(w’R)s (14’)

where & is the Planck constant, ng stands for the Fermi-Dirac
distribution, 7,(w,R) is the spin-dependent transmittance,
Pipos(@,R) is the spin-polarized local density of states
(LDOS) of the “host + adatom™ system at the position R in
the host surface, and 1, = D, /(1 + qz) is the normalization
factor.

For the case of spin accumulation, which is characterized
by the lifting of the spin degeneracy in the chemical potentials
of the leads, the expressions for the thermal conductance and
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thermopower should be modified [27,28]:

] 1}
K=K;+K, == Ly — 2 15
T Z( ’ Im> ()
and
L N g Sk (16)
2T er 2,
We can also define the spin thermopower Sy by the relation
Ss = 28, - 8)) ! ho (17)
=—(8 — =—— > 0—.
ST 2eT =" I,

Notice that differently from the case in which there is no spin
accumulation, the thermal conductance can be represented as a
sum of the terms corresponding to spin-up and -down channels
[compare Eqs. (15) and (11)].

According to the Wiedemann-Franz (WF) law in ordinary
metals, the ratio between the electronic contribution to the
thermal conductance K and the temperature 7 times the
electrical conductance G known as Lorenz ratio [11],

L KT

L, TG(T)’
where L, takes a universal value for the Drude gas and is given
by L, = (%2)(1‘73)2, where kg is the Boltzmann constant and
e is the electron charge. In our calculations, the ratio above
differs from L, and together with conductance and Seebeck
coefficient reveal beating patterns as a function of tip-adatom
separation.

In order to obtain the LDOS necessary for the calculation
of thermoelectric coefficients, it is convenient to define the
retarded Green’s function for the field operator in Eq. (7),
which in time domain reads as

o i a ot
beve 0 =—70 OTele[v; O v OL ), (19)

where 6 (¢) is the Heaviside function, Tr stands for the trace
over the Hamiltonian states, ¢ is the density matrix of the
system described by the Hamiltonian [Eq. (2)],and [...,...]+
stands for the anticommutator. From Eq. (19), the LDOS of
the host can be obtained as

(18)

1 -
Plpos(@.R) = —;Im(R;RW), (20)

where 7@% Vi is the Fourier transform of Ry, (7).

To determine an analytical expression for the LDOS,
we apply the equation-of-motion approach. Placing Eq. (7)
into (19), one gets

Ry =Y $r(RIS(RIRL,. + (x Apo)g R,
i

+ (800 % Y [BERIRG,, + $r(RIRZ,].
k

2y

which depends on the Green’s functions R? ., R7. , R? ;, and
k*q k k
‘R4, First, we have to find

RE, ()= =20 () Trleleg, () ), O} (22)
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by acting the operator 9, = 9/9¢ on Eq. (22). We obtain

0RE, (1) = =28 () Trlgleg, (1) <, (O)1:)
I

i
— raRl, (- 1

; VR, (), (23)

where we used that
ihd;cy, (1) = [, Hhost]l = &xcy, + Vdo (). (24)
In the energy domain w, we solve Eq. (23) for ﬁfﬂ.& and
obtain

Réze; = o Tz £ Rie;» (25)

where ¥ = @ +in and n — 0*. Notice that we also need to
calculate the mixed Green’s function R,,. Analogously, we
find

Do 14 Do Do

Rae; = ER‘M = Reza: (26)
Now, within the wide-band limit D — oo, we place

Eq. (26) into (25) and then substitute these equations back

into Eqgs. (20) and (21). This procedure results in the following

expression for the spin-polarized LDOS of the system:

Ppos(@. R) = pio + poA[(F; — ¢%)Im(R,)
+2F,q Re(R3,)]. 27

where

1 . hos
Fo=— Y (RS — e10) = P Jokpy B)  (28)

accounts for the Friedel oscillations described by the zeroth-
order Bessel function Jy dependent on the spin-dependent
Fermi wave numbers as follows:

—P
kg, = I—F—Pkm’ (29)

where in all the figures we choose kr = kpy and kpy is
calculated employing the above equation.

Additionally, to determine the LDOS, we need to find the
Green’s function 7?; , of the adatom. In this work; it is obtained
via the atomic approach in the limit of infinite onsite Coulomb
interaction.

B. Atomic approach

In order to implement the atomic approach for the case
of the infinite Coulomb energy [35], we begin with Eq. (2)
expressed as

Hhos = Y €kaC£UC;;(, +Es)Y Xioo
ko o
+V Z(C,;,Xd,oa +H.c), (30)
ko
where X, ., = |p,a){p,b| is the Hubbard operator that
projects out the doubly occupied state from the adatom to

ensure the limit of infinite Coulomb correlation, the label
(a,b) defines the parameters associated with the corresponding
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atomic transition. This formalism is based on an extension
of the Hubbard cumulant expansion also applicable to the
Anderson lattice with impurity-host couplings treated as
perturbations. The use of this expansion allows one to express
the exact Green’s function in terms of an unknown effective
cumulant. In previous works [35,36], we have studied the
Anderson impurity with an approximate effective cumulant
obtained from the atomic limit of the model in a procedure
that we call the zero-bandwidth (ZBW) approximation.

As we are interested in the exact Green’s function for the
adatom, we use the standard definition

Raq (1) = —;—,L@ (1) Tr{olds (1) ,df (0)]4}. €19}

The Fourier transformation of Eq. (31) over time coordinate
provides the adatom Green’s function in energy domain, which
is then obtained by replacing the bare cumulant by the effective
one calculated by following the atomic approach with the
Hamiltonian in Eq. (30). As a result, we have

M)
1= M (@) V2 Y R (ko)
for the adatom Green’s function in terms of the effective

cumulant MZ(w) and the free-electron Green’s function

1
w—¢p, +in’

Ry (@) = (32)

RS (ko) = (33)

where 7 — 0. The atomic version of Eq. (32) is given by

M (@)

Ry (@) = = : (34)
ddat 1 — M%)V PRy (@)
which results in
Ry (@)
M (o) = dd o (35)

1 Ry @)V PRy (@)

for the effective cumulant determined from the adatom Green’s
function, both dependent on
Rpw (@) 1 (36)
B w — (€00 — 1) + i1

for an electron state, in the ZBW approximation with u as
the chemical potential of the host. As one can see, Eq. (36)
replaces all energy contributions of the original Fermi sea by
two spin-dependent atomic levels, i.e., one can perform the
substitution ) 7. 8/«70137 Cio = Do eo,,c:ga oo in Eq. (30) with
€or = (1 4+ P)egy and €9y = (1 — P)sgg representing the band
atomic levels corresponding to each one of the spin-polarized
conduction bands (for more details, see the Appendix of the
atomic approach work in Ref. [35]). The ZBW overestimates
the conduction electrons contribution concentrating them at
a single energy level €y,, and to moderate this effect we
shall replace V2 by A2 in Egs. (34) and (35), where A, =
mV? /2D, is the spin-dependent Anderson parameter.

To determine the adatom Green’s function, we use the
atomic cumulant M?(w) in Eq. (32) and verify that

at
M)

[V w—Do+p 7’
1 —M;’l(w)mln[a}+Dn+ﬂ]

R (@) = 37)
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which provides an analytical expression in the flat band
approximation. The Stoner splitting was not considered in
this equation, just that arising from the exchange field of the
host, since the former breaks the particle-hole symmetry of
the conduction band in this host and prevents the employment
of the Friedel’s sum rule in the current version of the atomic
approach. In principle, we could extend the Friedel’s sum rule
to account for the Stoner splitting, but the spin splitting of the
Kondo peak arises from the aforementioned exchange field,
which is the most relevant effect that defines, in combination
with the slightly different spin-dependent Fermi wave numbers
of the host, the behavior of the thermoelectric properties of the
system.

As the final step, we have to find the proper values of the
effective atomic levels &g, that well describe the ZBW Green’s
functions in Eq. (36) and, consequently, the adatom Green’s
function. To that end, we use the condition that in metallic
systems the most important region in the energy range for
conduction electrons is located at the chemical potential w
and that the Friedel’s sum rule is satisfied [42] for the adatom
spectral density:

sin?[85 ()]

, 38
A, (38)

1 .

Pd.o(1) = —;Im[RZd(u)] =
where 6,(u) = wng, is the conduction phase shift at the
chemical potential, and n,, is the spin-dependent adatom
occupation. We can thus calculate self-consistently the atomic
levels g¢, using Eq. (38) together with the relation

+00

1 B
Mo ={Xago) = = f nrIm[RG, (@)]do.  (39)

Rigorously speaking, the Friedel’s sum rule is only valid
for the temperature 7 =0 K, but we employ it as an
approximation at temperatures below or in the same order
of the Kondo temperature by determining the parameter &g,
in Eq. (36) to fix the Kondo peak at the chemical potential
@ = 0. As in the atomic approach, a closed expression for
Tk is unknown, its definition can be performed qualitatively
just by imposing the half-width of the Kondo peak as an
approximated measure of such a quantity. For the case of
the parameters employed in the current calculation, we obtain
from the LDOS of Fig. 2 with g, = 10.0 that Ty ~ 0.002A,
thus ensuring the applicability of the method. We emphasize
that the fulfillment of the Friedel’s sum rule is indispensable to
describe the Kondo peak below Tk since at high temperatures
asT > A, the system is driven to a regime where the Friedel’s
sum rule breaks and the Kondo peak no longer exists. For this
situation, the atomic approach recovers the standard Hartree-
Fock description of the single-impurity Anderson model [43].

Additionally, we stress that the Friedel’s sum rule in
combination with the atomic approach enclose exclusively
local calculations as that of the adatom Green’s function,
which is a spatial-independent quantity according to Eq. (34).
As a result, it ensures that the energy excitations in the host
conduction band do not depend on this degree, thus preventing
an oscillatory behavior by means of the impurity. Indeed,
such a signature arises from Friedel oscillations in the 2DEG,
being assisted by slightly different spin-dependent Fermi wave
numbers, which are the source of the beats in the LDOS
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FIG. 2. (Color online) The plot of total transmittance t(w) =
(@,R =0) + 7 (w,R = 0) entering into Eq. (14) as function of
w for several representative values for go: go = 100.0, 10.0, 1.0, and
0.01. In the Kondo regime, it exhibits two characteristic peaks: the
resonance due to the localized level E,; in the domain w < O and
the Kondo peak placed at the chemical potential w = = 0 of the
host. The other values for g, show the crossover from the Kondo
limit towards the Fano antiresonance regime, which is observed
with g, = 0.01. The inset shows the behavior of the transmittance
in the vicinity of ; = 0. Off the resonances, the transmittance decays
to unitary value of the background contribution. The values of the
parameters are P = 0 (nonmagnetic host), £, = —12A, V = 8.0A,
and T = 0.001A.

as we will discuss in the next section. These features can
be confirmed looking at Egs. (27), (28), and (29), where we
can clearly visualize an explicit dependence on the STM-tip
position pulled out from the Green’s function of the adatom.

By employing the atomic approach, we can find the trans-
mittance 7(w) = T4(w,R = 0) + 7 (0, R = 0) [see Eq. (14)]
as a function of the single-particle energy w. For the case
of the STM tip placed right above the adatom (R = 0), the
result is shown at Fig. 2. The Fano-Kondo behavior is ruled
by the parameter g, defined in Eq. (8). For ¢, > 1 we have
the Kondo limit, while ¢, < 1 leads to the Fano antiresonance
regime. To perceive this feature, we plot several representative
values of the parameter g, in Fig. 2, just in order to verify
the crossover from the Kondo limit g, = 100.0 towards the
Fano antiresonance regime established by g, = 0.01. In the
inset of the same figure, we show in detail such a crossover
in the vicinity of u = 0. As we employed in the calculations
g, = 10.0, the transmittance is characterized by the Kondo
peak, but with a small fingerprint of the Fano effect. Moreover,
off the resonances, the transmittance approaches the unitary
value of the background contribution, which arises from the
conduction band of the metallic surface. This confirms that
the atomic approach is a reliable technique to capture the
many-body physics of the Kondo effect, which allows us to
safely apply it to the analysis of the thermoelectric properties
of the setup presented in the next section.

In Fig. 3, we plot the total transmittance 7(w) as a function
of w for several values of P: P =0, 0.30, and 0.50. In the
Kondo regime, we can observe two characteristic peaks: the
broader resonance is due to the localized level E; of the
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FIG. 3. (Color online) Total

transmittance 7(w) = 74(w,R =
0) + 7, (w, R = 0) entering into Eq. (14) as a function of w for several
representative P values: P = 0, 0.30, and 0.50. The values of the
parameters are g, = 10.0, E; = —12A,V = 8.0A,and T = 0.001A

adatom, while the sharper is the Kondo peak placed at the
chemical potential @ = p = 0 of the host. As the polarization
increases, the spin-up and -down channels become resolved,
thus yielding two satellite structures around © = 0 as can be
clearly visualized in the inset for the case P = 0.50.

III. RESULTS

In this section, we present the results for thermoelectric
coefficients characterizing the system keeping the values of
the parameters used in Fig. 2 and shown in the corresponding
caption.

In Fig. 4, we show the electrical conductance G of Eq. (9)
in units of G, = 6‘2/h as a function of krR. We compare
the behaviors of G for the same value of host polarization
P and two different values of Fano parameter g, = 10.0
and 0.1. In the former case, the electrical conductance at
krR = 0 remains close to G/G, = 2 since the STM device
acts as a single-electron transistor [44,45]. On the other
hand, for g, = 0.1 due to the destructive interference, the
electrical conductance is completely suppressed in analogy
to that observed in T-shaped quantum dots [46]. For kR > 5,
spin-polarized Friedel oscillations manifest, their shape is
independent on ¢ and is ruled exclusively by the polarization
P as it is shown at the inset of Fig. 4.

To better understand the spin-polarized Friedel oscillations,
we split the electrical conductance G into spin-resolved parts
G, and G asitis displayed in Fig. 5 for P = 0.05. As one can
see, the spin-up component is shifted towards higher values
of G and the spin-down component moves in the opposite
direction. This is due to the spin dependence of LDOS entering
into Egs. (9), (13), and (14). The difference in the Fermi wave
numbers for spin-up and -down electrons k4 and kg results
in a slight difference of the frequencies of the oscillations for
spin-resolved components of the conductance, which leads to
the onset of the beating pattern in the total conductance shown
at the inset (a) in the region of large tip-adatom separations.
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FIG. 4. (Color online) Electrical conductance G as function of
tip-adatom separation in Fano-Kondo regime. For gy = 10, con-
structive Fano interference combined with Kondo effect leads to the
appearance of the conductance maximum at kr R = 0. Contrastingly,
in the case of go = 0.10, the Fano interference is destructive, which
leads to the conductance minimum at kr R = 0. In both cases, Friedel
oscillations are clearly seen for finite values of kxR and reveal
universal pattern independent on ¢ as it is shown at the inset. The
values of the parameters are P = 0.05, E; = —12A,V = 8.0A, and
T =0.001A.

In the range of small distances between adatom and STM tip,
such a feature does not emerge as it is seen at the inset (b).

In Fig. 6, we plot the spin electrical conductance G of
Eq. (10) within the Kondo regime as a function of the tip-
adatom separation for several values of P. Near the adatom

0.525-

G

S 0475
0451 E
I T=0.001A BT
0.425} ‘ ‘ ‘ kr“‘ .
0 20 40 60 80 100

FIG. 5. (Color online) Spin-resolved electrical conductances G4
and G, in the Kondo regime as a function of tip-adatom separation.
Due to the nonzero polarization of the host (P = 0.05) the conduc-
tance in spin-up channel is bigger than the conductance in spin-down
channel. Both channels reveal spin-dependent Friedel oscillations.
The used parameters are go = 10, P = 0.05 (ferromagnetic host),
E;, = —12A, V =8.0A, and T = 0.001A. The insets for G =
G, + G, show the regime of the large distances where beating pattern
is clearly observed [inset (a)] and small distances, where this pattern
is absent [inset (b)].
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FIG. 6. (Color online) Spin electrical conductance Gg in the
Kondo regime as a function of tip-adatom separation for the
polarization P = 0.10 (,ﬁ% =0.9), 0.30 (% =0.73), and 0.80

( % = 0.33). For lower polarizations, the beating pattern is present,
but as the polarization increases such a pattern disappears gradually.
The used parameters are go = 10.0, £, = —12A, V = 8.0A, and
T = 0.001A. The inset shows the beats for P = 0.10, 0.30, and
0.80.

site, G presents strong oscillations and far away from this
position, in particular for the situation of lower polarizations
as P =0.10, a beating pattern is verified in the G¢ profile.
In the insets (a), (b), and (c), we present the evolution of
the beats corresponding to the curves of the main plot. For
P = 0.10 [inset (a)], the beating pattern is present, while for
P =0.30 it no longer exists but the curve of the inset (b)
still preserves some structure of the beats. In the case of P =
0.80, such a pattern is completely absent as we can verify in
panel (c). Thereby, this behavior with increasing P shows that
Eq. (29) holds and that the slightly different spin-dependent
Fermi numbers are the underlying mechanism for the beats
formation. By increasing P, G is positive and obeys the same
trend of G4, which becomes much higher than G |, otherwise
G5 would be negative as a result of the inequality G4 < G .
Consequently, the present results due to Eq. (10) point out that
the system can operate as a spin filter.

In Fig. 7, we present the electrical conductance G/G,
of Eq. (9) as a function of kxR with P = 0.15 and ¢, =
10 for different temperatures 7. The plot reveals that the
beating pattern only appears at temperatures below the Kondo
temperature Tx. As it was discussed in the Introduction, the
characteristic values of Tk lie inthe range 50 K < Tx < 100K
and this regime is thus easily accessible experimentally.
The inset of Fig. 7 shows the behavior of the electrical
conductance for small tip-adatom separations. One can clearly
see that the Kondo effect dominates the tunneling through
the adatom leading to the enhancement of the conductance.
As temperature increases, the Kondo effect disappears and
the conductance reaches the value given by the background
contribution from the host surface.

Figure 8 shows the thermal conductances over temperature
of Egs. (11) and (15) measured in the units of L,G,.

PHYSICAL REVIEW B 90, 174305 (2014)

FIG. 7. (Color online) Total conductance as a function of the
adatom-tip separation presented for different values of the tempera-
ture. For temperatures above Kondo temperature, the beating pattern
is suppressed. The inset shows the behavior of the conductance for
small tip-adatom separations. The used values of the parameters are
qo = 10, P = 0.15 (magnetic host), E; = —12A, and V = 8.0A.

We consider both cases of absence and presence of spin
accumulation and show that for P = 0.15 the results are
almost the same in both situations. However, in the situation
of a large polarization P, the scenarios with and without
the spin-accumulation effect, respectively identified by the
labels SA and WSA, lead to distinguishable results. As the
thermopower is more susceptible to such a phenomenon than
other thermoelectric properties, we can see that Fig. 9 reveals
two distinct behaviors arising from P = 0.05 and 0.50, in
which only the latter shows the SA and WSA cases resolved.
The present feature thus ensures that the scenarios SA and
WSA can deviate from each other just by increasing P.

Lol
0.98]- r
s 0.96; :
= 094 h
E L
0.921- E =-12.0A 7
— P=0.15 d 1
0.9 V=8.0A |
L T=0.001A 1
088) 2 20 ) 80 100
k.R

F

FIG. 8. (Color online) Thermal conductance K over temperature
in L,G, units, in the Kondo regime as a function of tip-adatom
separation. Both cases of the absence of spin accumulation (denoted
as WSA) and the presence of spin accumulation (denoted as SA) are
presented and show very similar behavior. The used parameters are
qo =10, E; = —12A,V =8.0A, T = 0.001A, and P = 0.15.
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FIG. 9. (Color online) Thermopower S in the Kondo regime as
a function of tip-adatom separation. Both cases of the absence of
spin accumulation (denoted as WSA) and the presence of spin
accumulation (denoted as SA) are presented. The used parameters
are go = 10, E; = —12A, V =8.0A, T = 0.001A, and P = 0.05
and 0.50.

Figure 10 shows the thermopower (Seebeck coefficient) S
of Eq. (12) as a function of kxR for different values of spin
polarization P for the host. The sign of the thermopower allows
one to determine the type of the carriers responsible for the
heat conductance: for S < 0 they are electrons while for S > 0
they are holes. In the inset of this figure where the Kondo effect
becomes dominant the sign of S changes. As a result, one can

(]
-0.005{H
s |
22 -0.010
wn
-0.015H — P=0.05 _
V=8.04 —— P=0.15
T=0.001A — P=0.30 1
-0.02 | | | |
0 20 40 60 80 100
kR

FIG. 10. (Color online) Seebeck coefficient (thermopower) S of
Eq. (12) in the Kondo regime as a function of tip-adatom separation
for different values of the polarization of the host. The inset shows the
behavior of S for small tip-adatom separations, where S exhibits the
alternation of a sign. The heat flux is transmitted mainly by electrons
in the region S < 0 and mainly by holes in the region S > 0. The
used parameters are ¢o = 10, E; = —12A,V = 8.0A, T = 0.001A,
and different values of the spin polarization P.

0 20 40 60 80 100

FIG. 11. (Color online) Spin Seebeck coefficient (thermopower)
Ss of Eq. (17) in the Kondo regime as a function of tip-adatom
separation for several polarization values. The used parameters are
qo=10,E; = —12A,V = 8.0A,and T = 0.001 A. The inset shows
the profiles of such quantities near the adatom.

tune the type of carrier responsible for the heat conductance
just by displacing laterally the STM tip from the adatom site.
Therefore, in the Kondo regime the STM device can be used
as a filter for carriers of the heat flux.

In Fig. 11, we plot the spin Seebeck coefficient (ther-
mopower) Sg of Eq. (17) in the Kondo regime as a function
of the tip-adatom separation for several polarization values.
According to Figs. 10 and 11, the magnitude of S and Sy
is similar. For each polarization value, Sg presents near the
adatom, pronounced oscillations characterized by amplitudes
that increase just by changing the polarization from P = 0.05
to 0.80.

In the case of spin accumulation, the splitting of the
thermopower into spin-up and -down components is allowed
contrasting to the case of absence of this phenomenon in which
such a feature is not possible as Eqgs. (12) and (16) ensure.
Remarkably, despite the knowledge of the kind of carriers
for the heat flux (holes or electrons) given by the sign of the
regular thermopower S, the spin thermopower Sg provides, in
addition, the access to the spin degree of freedom (up or down)
of these carriers. Thus, the definition encoded by Eq. (17),
which is proportional to the difference Sy — S, opens the
possibility for the knowledge of the heat flux carriers per spin
channel S,. As a result, the spin thermopower Sg contains
simultaneously information about the charge as well as the
spin of the aforementioned carriers, thus revealing that the
system also behaves as a thermal spin filter. In Fig. 12, we find
within the Kondo regime for P = 0.3 and 7 = 0.05A with
an STM tip far away the adatom, a situation in which S; is
completely suppressed yielding a heat flux ruled by spin-down
electrons as §| < Oand Ss > 0. In the inset of the same figure,
we present the profiles of such quantities nearby the adatom
where S exhibits finite values and competes with .

In Fig. 13, we show the dependence of S in Eq. (12) for
different values of the temperature. For very low temperatures
(T = 0.001A), the Seebeck coefficient demonstrates a beating
pattern in the range of large tip-adatom separations in full
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FIG. 12. (Color online) Spin Seebeck coefficient (thermopower)
Ss of Eq. (17) and spin components S, in the Kondo regime as a
function of tip-adatom separation for P = 0.3. The used parameters
are go = 10, E; = —12A, V =8.0A, and T = 0.05A. The inset
shows the profiles of such quantities near the adatom.

analogy to the electrical and thermal conductances, but as
the temperature increases such beats gradually disappear. We
point out that in the region of small tip-adatom separations,
the thermopower profile is governed by the Kondo effect near
the adatom as indicated in the inset of Fig. 13.

In Fig. 14, we present the thermopower S of Eq. (12) as a
function of k R for different values of the adatom level E; and
fixed spin polarization P. By tuning E, from the intermediate
valence regime, characterized by E; = 0.0, towards the Kondo
regime (E; = —5.0A, —8.0A, and —12.0A), we show in the

0.005

0.004 |

0.003

0.002

0.001

kp/e)

S(

-0.001
-0.002 H
-0.003 H
-0.004

-0.005

FIG. 13. (Color online) Seebeck coefficient (thermopower) S of
Eq. (12) in the Kondo regime as a function of tip-adatom separation
for different values of the temperature. The inset shows the behavior
of S for small tip-adatom separations, which allows one to change
the sign of the thermopower varying the position of the tip at around
the adatom and thus controlling the type of the carriers responsible
for the heat flux. The used values of the parameters are gy = 10,
E; = —12A,V =8.0A, P =0.15.
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FIG. 14. (Color online) Seebeck coefficient (thermopower) S of
Eq. (12) in the Kondo regime as a function of tip-adatom separation
for different values of energy of the adatom level E,;, which can be
tuned by employing an AFM tip capacitively coupled to the adatom
as proposed in Ref. [39]. Varying the value of E; one observes a
crossover from the intermediate valence regime towards the Kondo
limit, which results in the onset of a pronounced oscillation of Seebeck
coefficient in the region of small tip-adatom separations shown at
the inset (a). Inset (b) shows that the adatom occupation number
ng = ngy +ng, determined by Eq. (39) attains the unitary limit as
a hallmark that the system is within the Kondo regime for E, =
—12.0A. Parametersusedaregp = 10,V = 8.0A, T = 0.001A, P =
0.15.

inset (a) the behavior of S in the region of small tip-adatom
separations, where the oscillatory pattern arising from the
Kondo effect is observed for corresponding values of E,.
The inset (b) shows that the adatom occupation number ny; =
ngr + ngy, determined by Eq. (39), approaches the unitary
limit, thus confirming that the system is within the Kondo
limit when E; = —12.0A.

In Fig. 15, we plot the value of Lorenz number entering
into Wiedemann-Franz (WF) law [Eq. (18)] in the Kondo
regime in units of the Lorenz number for normal metals L, as
function of kz R. Similar to other thermoelectric coefficients,
L reveals characteristic beating pattern. At large distances
between the tip and the adatom, the amplitude of the beating
approaches unity. The inset (a) shows the behavior of L for
small tip-adatom separations. One clearly sees that L/L, # 1
and thus the WF law is violated. The fulfillment of the WF
law is recovered again when the temperature is increased. The
violation of the WF law becomes most pronounced in the
Kondo regime, when E; = —12.0A and T = 0.01A, as it is
shown in the inset (b). This is a striking result and has been
discussed recently in the literature [28,47,48]. The amplitude
of the thermopower oscillation near the adatom presents a
close relationship with the maximum violation of the WF law:
the amplitude of S is maximum, as indicated in the inset of
Fig. 13, just at the temperature where the violation of the WF
law is maximum as we can observe in the inset (b) of Fig. 15.
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FIG. 15. (Color online) Lorenz ratio in the Kondo regime as
a function of tip-adatom separation for different values of spin
polarization. The main plot clearly demonstrates the deviation of the
Lorenz number from its standard value L, = (%2)("7’*)2 and reveals
a clear beating pattern. Used parameters are go = 10, V = 8.0A,
T =0.001A, E; = —12.0A, P = 0.15. The inset (a) shows L for
small tip-adatom separations for different values of the temperature
for which deviation from Wiedemann-Franz law is most clearly
seen. The inset (b) shows L for small tip-adatom separations for
different values of the adatom energy E, revealing the crossover from
the extreme Kondo limit at E; = —12.0A towards the intermediate
valence regime characterized at £, = 0.
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IV. CONCLUSIONS

We have analyzed the beating patterns revealed by ther-
moelectric coefficients of the STM system and magnetic
adatom on conducting surface. The beating patterns emerge
at temperatures close to the Kondo temperature in the range of
large tip-adatom separations. In this range, the beats are ruled
exclusively by the spin-polarization degree of the ferromag-
netic host. For small tip-adatom separations, there is an extra
dependence on the Fano parameter. Additionally, in this range
we have demonstrated the violation of the Wiedemann-Franz
law and sign-alternating behavior of the Seebeck coefficient S
through charge and spin in the Kondo regime.

The possibility to tune the sign of S opens a way to
control the type of the carriers responsible for the heat
transfer, as cases S <0 and S > 0 correspond to electrons
and holes, respectively. Thus, one way to investigate our
theoretical predictions is employing the technique of the
scanning tunneling microscopy break junction (STMBJ).
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