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Evolution from the Kondo phase to the RKKY phase in the small
impurity spacing regime of the two-impurity Anderson model
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Understanding the quantum critical phenomena is one of the most important and challenging tasks in condensed
matter physics and the two-impurity Anderson model (TIAM) is a good starting point for this exploration. To this end,
we employ the algebraic equation of motion approach to calculate the TIAM and analytically obtain the explicit single-
particle impurity Green function under the soft cut-off approximation (SCA). This approach effectively incorporates the
impurity spacing as an intrinsic parameter. By solving the pole equations of the Green function, we have, for the first
time, qualitatively calculated the spectral weight functions of the corresponding low-energy excitations. We find that when
the impurity spacing is less than one lattice distance, the dynamic Rudermann—Kittel-Kasuya—Yosida (RKKY) interaction
effectively enters, resulting in a rapid increase in the spectral weights of the RKKY phase, which ultimately surpass those of
the Kondo phase; while the spectral weights of the Kondo phase are strongly suppressed. From the perspective of spectral
weights, we further confirm the existence of a crossover from the Kondo phase to the RKKY phase in the TITAM. Based on
these results, the reasons for the phenomenon of the Kondo resonance splitting are also discussed.

Keywords: multiple-point correlation function, soft cut-off approximation, Kondo resonance splitting, RKKY

interaction
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1. Introduction

The study of heavy-fermion systems has garnered re-
newed interest over the past two decades due to the discov-
ery of novel quantum states in the quantum critical region.!=!
There are two competing energy scales resulting in the above
quantum critical phenomena, these are the Kondo tempera-
ture and the Rudermann—Kittel-Kasuya—Yosida (RKKY) in-
teraction. Previous studies have shown that there are different
types of quantum critical points (QCPs), one is associated with
an usual spin-density-wave (SDW) instability by which both
sides of the QCP are still the heavy-Fermi-liquid;'>~"! the other
with a breakdown of the Kondo effect as well as a vanishing
weight of quasiparticles, which leads to a transformation from
the heavy-Fermi-liquid to a non-Fermi-liquid as the RKKY in-
teraction increases.!3-19 Several mechanisms have been put
forward for the latter type, however, no satisfactory theory can
give a unified description of the corresponding novel quantum
states yet.

Although the nature of the two-impurity Anderson model
(TIAM) is somewhat different from the heavy-fermion sys-
tems in which there exist phase coherence of each single-ion
Kondo singlet!*! and/or long-range magnetic order, it is still
a good starting point to study the competition between the
Kondo effect and the RKKY interaction.!'!! Jones and Varma
first implemented a numerical renormalization group (NRG)
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calculation on a two-impurity Kondo model in which they
found a QCP characterized by diverging staggered suscepti-
bility and coefficient of specific heat.!'”! However, this QCP is
unstable and particle-hole symmetry-protected.!'3-2%) In fact,
the pure TIAM will inevitably generate an effective coupling
between impurities which destroys the particle-hole symme-
try and leads to a crossover behavior. Interestingly, when ap-
propriate compensating terms at certain impurity spacing are
introduced to restore the particle-hole symmetry, the Jones—
Varma QCP appears again.!!’! Although there has been ex-
tensive research on the existence of the QCP, investigations
into the TIAM, particularly how the single-ion Kondo sin-
glet phase (Kondo phase) evolves to the intra-impurity singlet
phase (RKKY phase) as the impurity spacing continuously
varies, are still inadequate.

Experimentally, the two-impurity systems exhibit a re-
markable feature in the corresponding critical region, that is
in the related differential conductance spectra in absence of
external magnetic fields, the Kondo resonance gradually splits
into a pseudogap state as the impurity spacing decreases.?1-28]
Theoretically, there are primarily two potential sources for the
formation of this state: the one is the result of the parity split-
ting of the even—odd channel of impurities, > while the
other is the spin gap of the singlet-triplet excitation of intra-
impurity singlet induced by the RKKY interaction.*!-33] To
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specifically determine the source of the Kondo resonance split-
ting, we need to calculate the corresponding spectral weight
functions. Furthermore, through spectral weights, we can di-
rectly study the evolution of the above phases with respect to
the impurity spacing. However, such calculations are still lack-
ing to date.

In this paper, we analytically calculate the explicit single-
particle impurity Green function for the TIAM by using the
algebraic equation of motion (AEOM) approach. 34371 Unlike
traditional double-time Green function equations of motion
(EOMs) written out in k-space, *8*31 on the contrary, we cal-
culate the AEOMs in lattice space and from which we define
the multiple-point correlation functions (see below). There are
three salient features in this approach: (a) the correlation ef-
fects are completely represented by the multiple-point corre-
lation functions; (b) in terms of the order of the multiple-point
correlation functions, the whole set of the AEOMs has a clear
hierarchical structure by which we have a transparent cut-off
approximation strategy; (c) we use the soft cut-off approxima-
tion (SCA) to some high order multiple-point correlation func-
tions, this is essentially different from the usual approximation
of the Tyablikov-type[*®! in which the high order Green func-
tion needs to be factorized into a static correlation function
times a low order Green function and then self-consistently
solved by using the fluctuation-dissipation theorem. In the
limit of infinite impurity spacing, the result will recover to
the single-impurity Anderson model.[*”] The present scheme
can not self-consistently determine the static correlation func-
tions that appear in decoupling processes, however, they do
not affect the structure of the Green function and only appear
in the spectral weight functions and we treat them as adjustable
physical parameters.

The rest of the paper is arranged as follows. In Section 2,
we write out the TIAM and give a detailed description of the
AEOM approach. In addition, we show a sketch of the hierar-
chical structure of a set of the AEOMs. We give the analytic
expression of the single-particle impurity Green function un-
der L = 1 order cut-off approximation as well as L = 2 in Sec-
tion 3. Based on the Green function under L = 2 order cut-off
approximation, we sequentially study the dynamic RKKY in-
teraction, spectral weight functions and the origination of the
Kondo resonance splitting by solving the related pole equa-
tions. We close with a conclusion in Section 4. Some of L = 1
and L =2 AEOMs are put in Appendix A. The details of the
calculation are put in Appendix B. The explicit expressions of
the self-energies of the Kondo and the RKKY are put in Ap-
pendix C. The coefficients of the spectral weight functions are
put in Appendix D.

2. Model and method

The Hamiltonian of the TIAM on a lattice is as follows:

H = Z hijaTGE\jG + Z gff;ofac + UzﬁfaTﬁfai
a,o o

i,j,0

+V Z Oiat (E;Lgﬁtc +H~C') ) D

o,i,0

where h;j = —t(0;i+1 + 8i11,/) represents the nearest hop-
ping amplitude, the operator Cis (ﬁm) is an usual annihila-
tion operator for conduction electrons (impurities) with spin
0(6)=TW{)nfar = j?;TfaT, impurities are indexed by Greek
letter oo = {1,2}, & is the energy level of identical spin-1/2
impurities, U is the on-site repulsive Coulomb interaction, V is
the hybridization between a conduction electron and an impu-
rity, which is purely local. For the sake of clarity, we interpret
the factor J;y, in the TIAM graphically, as shown in Fig. 1. In
this paper, for simplicity, we focus exclusively on the case of
local particle-hole symmetry on impurities for a simple cubic
lattice at half-filling, where the chemical potential u equals
zero, 2&4 +U =0, and (nfqs) = 1/2. Additionally, we con-
centrate primarily on the regime of local moments and small
impurity spacing within the TIAM.

61'(1 6jﬂ

Fig. 1. The configuration of conduction electrons and impurities is shown
in one-dimensional direction. The local hybridization V between a con-
duction electron and an impurity requires a constraint in the Hamiltonian,
such as 8¢, to ensure they are located on the same site. The green and red
filled circles represent conduction electrons and impurities, respectively.

The single-particle impurity Green function is defined as
a2 X 2 matrix

G = (Gaaa Gaﬁc)
Gﬁtxc Gﬁﬁc

with
Gapo (11,12) = —i(T fao (11) f3, (12)), @)

where ﬁw is defined in the Heisenberg picture, (---) repre-
sents the average of the ground state of H at zero temperature.
Utilizing the Heisenberg EOM of the operator faa(tl) and
the corresponding equal-time commutator [ﬁw,ﬁ 1= effac +
VY, GinCic +Un faoﬁw, we can obtain the AEOM of above
Green function in frequency domain by taking the Fourier
transformation Ggpq (t1,22) = f%)caﬁo (@) e 19 (set h =

D),

(0—&f) Gops (0) = S4p +V26ia(~;iﬁc(w)
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+UEL) (@), 3)
where  Gigo (t1,2) = —i(TGis (1) [y, (1)) s the
zero order mixed Green function, F (nss) =

ococﬁc (t17t2) -
7i<fﬁfa5 (1) fuo (tl)fg o (12)) is the multiple-point correla-
tion function derived from the repulsive Coulomb interaction
term, which includes all of the information about the local and
non-local electron correlations.

The AEOMs of the mixed Green function 5,-56 (t1,12)
(n/5)

and the multiple-point correlation function F, B - (t1,12) can

be calculated in terms of [¢;5, ] hijCic +V ¥q ,af(m and

[nfam ] VZ; laXacz7

0Gips (©) = hijGipo (0) +V Y. 8aGapo (@), (4)
o

(02— U) Flgd (0) =

aofo

Saup (Fifas) + VZM ’,’;;f! (@)

+ VZ&,
g

where we have defined the composite operators X,z =
ﬂgaé iaTafaé, and

x\) PO -
Eixo‘,’ﬁg(h,tz) = *1<TXia6(f1)faa(tl)fgg(tz)%
F9)(11.2) = —i (Tgas()6is (1) T (12))-

Up to now, if we want to write out more AEOMs of the

aaﬁc o)

multiple-point correlation functions, we need calculate more
commutation relations. For this reason, we introduce the

~

; * _
other four composite operators, Y;;5" = ¢ ]GC,G +c c 5Cjs and

Z(xﬂ;;)a = J?Br(;—fac’r ifj,(,f?;(—;, and then calculate commutation re-
lations between the composite operators and the Hamiltonian
I-AL we have
S+
Ko H] = b X,(af,Jrst +VZ§ 25
—VZ% o —UnjacXigg,  (6)
v o ( ) v
[Yi/(7 H| = hinY, mjG —h; Yzmc
JFVZ%X ws—V 26, 5. (6b)
2% 8] = VZS X7 :thé
aBG’ 1B & uxo

U (Afas ~ 7o) Zypo- (60)

We find that no more new single operator appears except the
; a &- In this
sense, all of the commutation relations are closed and we can

combinations between old operators, €.g., nrqsX,

define all of the multiple-point correlation functions in a com-
pact way,

F{(é}(};)ﬁa t] at2

H:l\

tl fac h fﬁg(t2)>7 (7a)

L
F{tg}‘}ﬁo tl,tz H g t1 Cio l‘1 fﬁc (t2)> (7b)

where Ag = {a-a,fag,ﬁfw,)/(\[(ai;,?igj;),fg)o}, & is a set
of indices about conduction electrons and impurities, L de-
notes the number of operators. In this way, the corre-
sponding AEOMs can be readily written out in terms of the
above commutation relations. As an example, the AEOMs of

=(nye) (x5)

Fmﬁc (t1,12) and Flwﬁc(tl,tz) can be directly written out by
using the commutation relations [Gig, ], [fuo, H, Mfas,H]

and [X l(a(z,ﬁ] as well as the definition of the multiple-point

correlation functions,

~(nss) (n o) nye)
wFazﬁc( ) h’JFaz[J;U +V2617Fa7;36( )
(*))
+v28, mﬁd (@), 8)
X )
(0 —&f)F, 5 (o)
X(1)
(Xﬁ< i)> +hUF/aaﬁ()7(w)
(x, >) z5)
_ngzococﬁc +V2517 yaaﬁc(w)
(i))
_VZ5/ /05[30' +V231 ozjﬁc (@)
LUESe o) () ©)
aaaﬁc ’

where the AEOMs of new multiple-point correlation func-
tions are put in Appendix A. Actually, all of correlations enter

x5
from oncoc[ic

AEOMs of the higher order multiple-point correlation func-

(w). Continuing the way, we can write out more

tions and this set of AEOMs is not closed in the thermody-
namic limit, we have to make a cut-off approximation to close
the AEOMs. We can use L to denote the order of the multiple-
point correlation functions, and then apply the cut-off approx-
imation based on the order. For example, if we make a L =2
order cut-off approximation, we need to retain all L = 0 and
L =1 order multiple-point correlation functions, as well as the
relevant L = 2 order multiple-point correlation functions that

L=0 GaBa Giﬁa
N
/<nfo> (nps) (X)) L) (23
L=1F yaBo Faiﬁo‘ Fia'yﬁcr ijafo SyafBo
4 - N
_ o X)) pnpge VP gV
L=2 F 'mejﬁo Flijop yijoB

Fig. 2. The hierarchical structure of the whole set of AEOMs is shown.
Here, L denotes the number of the composite operators and/or the impu-
rity particle number operators, and represents the order of the multiple-
point correlation functions.
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make significant contributions, while discarding the other L =
2 order and higher order multiple-point correlation functions.
For clarity, we have outlined a hierarchical structure of this set
of AEOMs in Fig. 2.

3. Results
3.1. The L =1 order cut-off approximation

As a first step, we will calculate single-particle impu-
rity Green function under L = 1 order cut-off approxima-
tion, where we only retain multiple-point correlation functions
F O(;;f Ef)f( ®) and F, (i:'é;)( ®), while discarding the others. Conse-
quently, we have a set of closed AEOMs. The Fourier transfor-
mations with respect to conduction electrons and the hopping

amplitude are as follows:

zﬁo ZGkﬁG 1k~r,-’
hij = Zeke (i), (10)

where N is the total number of lattice sites and & the disper-
sion of conduction electrons. By applying the Fourier transfor-
mation and utilizing the convolution theorem on Egs. (3)—(5)
and (8), we obtain

[ — & — T () Gaper () — T (0) G (@) = 8. (11)
(@&~ U - T (0)|FL2) (@)
Ty (@)Fyge) (0) = 8up{ifas). (12)
where
oik(ra—rp)
Iyp(0+i0%) **Zm (13)

is the hybridization function. The diagonal component
Iy (@) typically contributes to the bandwidth of the virtual
bound states of impurities, while the non-diagonal component
I',p(w) arises from the interference between impurities and
typically contributes to the effective RKKY interaction. To
obtain the single-particle impurity Green function, we need to
solve 2 x 2 and 4 x 4 matrix equations for Egs. (11) and (12)
respectively; the latter is due to the increased number of the

indices. After the algebra, we find

G = L 1~ (nyps) 41 1—(nrp5)
Pbe = 20—%, (0.r)  20—%. (0,r)
1 nrps 1 6o
4o < fﬁ6> 1 < fﬁ6> . (14)
20-2y, (0,r) 20—-Xy (@,r)

where Xy, (@,r) = & + Igo(0) £ Ihp(0) and Iy, (0,r) =
€ + U + [gq(®) £ I[p(@) represent the usual lower and
higher high-energy Hubbard bands, respectively. Interest-

ingly, each of these bands exhibits a splitting, which indicates

magnetic correlation between impurities enters. For the non-
diagonal single-particle impurity Green function G4 (®), the
non-diagonal hybridization function I',g (@) appears as a pref-
actor in each term (not shown).

In a tight-binding simple cubic lattice, the dispersion re-
lation is

€, = —2[cos(ky) + cos(ky) 4 cos(k;)], (15)

where we have set the lattice spacing and hopping ampli-
tude to unity, thus the half bandwidth D = 6.
per, we use the Anderson bandwidth A = 7pyV? to determine
the hybridization V, where py = 1/(2D) is the constant den-
sity of states, and set A as an integer multiple of 1/7. By

In this pa-

substituting the dispersion relation into Eq. (13), we show
the variations of the hybridization function with respect to
I'(®,0) and
,r). It is clear that the non-diagonal hybridiza-

the impurity spacing in Fig. 3, where Iy q (@) =
Ip(0) =T (0
tion function is significantly smaller than the diagonal one in
both the real and the imaginary parts. As the impurity spacing
goes to infinity, the non-diagonal hybridization function will
asymptotically vanish, as will the non-diagonal Green func-
tion. In this large impurity spacing limit, the problem reduces
to the single-impurity case, and equation (14) will only in-
clude the un-split upper and lower Hubbard bands and will be
equivalent to the result obtained under the standard Hubbard-1

approximation. [40]
(a) 1.5
1.0
- 05}
=
3
S
[}
~
—05
_1'0,
(b)
=
3
I~
g
fl

w/t

Fig. 3. The hybridization function with different impurity spacings in
diagonal direction of the lattice for A =3/7 and U = 6.
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3.2. The L =2 order cut-off approximation

In order to study the competition between the Kondo ef-
fect and the RKKY interaction, we need to go beyond L = 1
order cut-off approximation and examine the higher order
AEOMs. To this end, we will next calculate the AEOMs un-
der L = 2 order cut-off approximation. The most important
question for the present problem is how to effectively incorpo-
rate both the Kondo effect and the RKKY interaction. For the
Kondo effect, we have previously obtained from the high or-

~(y®)
der mixed multiple-point correlation functions Fgg - ) (w).137
For the RKKY interaction which is mediated by the propagat-
ing of particle-hole pairs, we will a priori select the multiple-

5)
(w) in Eq. (9), which in-

point correlation functions F jaBo

~(y®)
volve Fl(ﬂg G)(a)), as our starting point. The corresponding
AEOMs are as follows:

(@ )i (@)

yF) v}
= Gup (Y, 5>>+hlm n(wﬁlw) thF;fnaBG( )

q:VZE’V n/ozﬁcr VZ6JV 170:/30
) (nfa¥y ™)
+V261a U,ﬁc (@) +UF, o5t (), (16)
where high order AEOMs are

)
(©—&r— U)F@f"yé (o)

aijoafo

(1757
= aB<nfa +VZ6[a al]leG )(CO)

nfGX "fGX
:FVZSW a;yaﬁc VZ5JV azyaﬁa )

("fﬁy

¥) ()
) (nys¥s")
+himF, amjapo ( ) hjmF g (a)) (17)

imt oimafo

In order to incorporate high order effects while decoupling

gs. (16) and (17), we apply the SCA to the high or-
xF)
der multiple-point correlation functions FO({ f;a[; 6)((0) and
ﬁ:(nfc;-Yéi))
aijlfo
the summation with respect to y runs over sites @ and 3, we

(), where the subscript m = i, j. For the former,

restrict ¥ to be equal to o and neglect the higher order term
associated with site 8. This leads to the following expression:

() ) -
Fe ) (@)= LE% ) ()4 2E ) (@), )

amaofo 2 mococﬁc

which is rigorous. For the latter, we cannot directly apply

@
the SCA to F, ;Jfﬁ g )(a)) themselves. Alternatively, we make

the SCA to the AEOMs associated with these multiple-point
correlation functions and compare them with the low order

)
U (a)) (see Appendix B). This leads to the fol-

AEOMs OszJlﬁc
lowing approximate expressions:
~(”f6yéi)) 1 ~(r{")
Foijips (@)~ FFijipo (@). (19)

Using the approximated results obtained above, we substitute
Eq. (17) into Eq. (16) to complete the decoupling. It is evident
that the decoupling procedure described above has a funda-
mental difference to the usual mean-field approximation which
relies on the mean-field decomposition of high order Green
functions. Following the algebra similar to that used in the cal-

yE)
culation of Eqgs. (11) and (12), we then substitute F; s B (: ()

(£)
into F, e )

Hifo (w), whose AEOM is

7 i)

(w6lm - hlm) l]nfBG ((1))

~(r$¥)
h/mF;mlﬁG( )

VZSJY zyl[ic

B ))()

im m/lBO'

FV Z SiyF, ]ylﬁc

—i—VZS

After completing the above step, we expect to have effec-

j(XBG (20)

tively incorporated the RKKY interaction. Actually, the cal-
culation described above is a self-consistent procedure which

effectively incorporates the indirect interaction between im-
=(15)
Next, we substitute F; % ()
=5)
iojfo

()
purities through F, ().

ijafo
=(x67)
into F, ajBo
(x5) : : 3 2
Fiaaﬁc(w) while neglecting O(J°) terms, where J = 4V~/U
is the Kondo coupling which naturally arises in the decou-

(w), followed by substituting F; (w) into

pling processes. As a result, we find that, in addition to the
self-energies proportional to V2 that contribute to the Kondo
effect, which is the renormalization of energy of the impurity
to the Fermi level;[*! there are also additional types of self-
energies attributed to the RKKY interaction which are propor-
tional to J2. Moreover, we find that, similar to the c— f spin-flip
static correlation function appears in the spectral weight func-
tions of the Kondo self-energies, which indicates the Kondo
phase; 1?7l the f—f spin-flip static correlation function appears
in the spectral weight functions of the RKKY self-energies,
which indicates the RKKY phase. The details of the calcula-
tion are put in Appendix B.

Our final diagonal single-particle impurity Green func-

tion reads
Gppo (@)
L+(CO,7') L,(CO,V)
S 0-%, (o) 0-X (07
Hi(o,r) H_(o,r)

0—2g (0,r) 0—-Zy (0r)
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K. (o,r) K_(0,r)
0—&e Xk, (0,r) 0—e—Xx (0,r)
R+((D,I") R,((D,I‘)

ey

o+e—2g, (0,r) 0+&—2Zg (0,r)

where self-energies g, (@) + £; and Zg, (®) — &7 represent
the low-energy excitations of the Kondo phase and the RKKY
phase, respectively (explicit expressions of the self-energies
are put in Appendix C). The corresponding spectral weight
functions Ky (w,r) and Ry(w,r) take the form of the cor-
responding frequency dependent factors (see Appendix D)
multiplied by <§l(3+>§<“7>> and Jr(w,r) <§;3+).§(7)>, respectively,
where %i) = J?ngﬁa, 3ij) =} ¢js and

. ei(k'*k)-(:cafmﬁ)

—_— (22)
O — & — &+ &

is the dynamic RKKY interaction that naturally emerges dur-
ing the decoupling processes, the prime on the sum indicates
that &, and &, cannot simultaneously appear on the same
side of the Fermi surface. Similar to L = 1 order cut-off ap-
proximation, the non-diagonal hybridization function is still
linked to each term of the non-diagonal Green function. In
addition, in the infinite impurity spacing limit, Ggg(®) will
asymptotically recover the result of the single-impurity Kondo
problem. 371

Next, we will primarily focus on the last four terms in
Eq. (21) within the regime of small impurity spacing. It is
important here to emphasize that the above calculations are
grounded in the first principles and represent a dynamic re-
sult. To compute the frequency dependent spectral weight
functions, we first need to solve the corresponding pole equa-
tions.

3.2.1. Solutions of pole equations

In Fig. 4, the poles for [® — & — ReZg, (0 +i0",r)] !
and [@ + & — ReXg, (0 +i0",r)] ! are shown in the low-
energy regime. It is clear that as the impurity spacing de-
creases from roughly one lattice distance in the diagonal di-
rection = (r/+/3)(1,1,1) of the cubic lattice, the poles near
o/t = 0 gradually split. Additionally, when the impurity spac-
ing is greater than one lattice distance, there is only one solu-
tion for the Kondo pole equation, while for the RKKY pole
equation, there is no solution. In contrary, there are no so-
lutions for [@ — &7 — ReXgx (@ +i0",7)]"! and [® + & —
ReXz (@ +i0%,r)]"! in small impurity spacing regime un-
til the spacing roughly approaches one, where only a single
solution exists (not shown). The splitting of the two poles is
associated with the phenomenon of the Kondo resonance split-
ting observed in experiments.

It is worth noting that, from the perspective of low-energy
excitations, the results presented here appear to contradict pre-
vious studies, which suggest that the splitting of the Kondo

resonance derives either from the even—odd parity splitting of
impurities, where the Kondo effect is still dominant, or from a
spin gap induced by an excitation from the intra-impurity sin-
glet to triplet, where the system undergoes a quantum phase
transition or a crossover. On the contrary, they both seem to
contribute to the splitting here. Essentially, within the Hamil-
tonian of the pure TIAM, there is no direct interaction between
impurities; instead, their interaction must be mediated by the
conduction electrons. Although the impurities have a tendency
to form a singlet, they cannot be completely decoupled from
the Fermi sea, namely, the phase shift of the conduction elec-
trons on the impurities cannot reach 7/2, unless an artificially
added compensating term is included to restore the particle—
hole symmetry.!'7-431 On the other hand, concerning the Kondo
singlet, the existence of the Kondo cloud, whose characteristic
length scale (single impurity case) is generally larger than the
impurity spacing considered in our study, plays a significant
role.[***8! Furthermore, the NRG study on the pure TIAM at
certain impurity spacing has indicated that this Kondo reso-
nance splitting phase is the Kondo fixed point where the impu-

rities are under-screened.[!7-20

| Therefore, we tentatively spec-
ulate that the Kondo cloud can be regarded as a background
on which the impurities effectively form an intra-impurity

singlet. Only having the low-energy excitations, however, is

(a) w—e;—ReXp, (w+i0F,r) =0 ——v=56
0.2} ——U="7 ]
—6—U=8
0.1
-~
=
5 of Josm,
5
5 —o0.1f
_02 L
—0.3¢
0.2 0.4 0.6 0.8 1.0
r/a
(b) wte —RIeE ( —Q—IiO"’ )*0 +U—I6
0.20 F f R4+\W ) = ]
——U=7
0.15 v=s
- 0.10
=~
=
& RKKY
é 0t splitting
3 0///6/0
—0.05 | /
—0.10 ¢
—0.15 : : : :
0.2 0.4 0.6 0.8 1.0

r/a

Fig. 4. The poles of [0 — &7 — ReZx, (0 +i0%,r)]7! and (@ + & —
ReZg, (0 +i0%,r)]~! for different repulsive Coulomb interaction U are

: : Kondo RKKY
shown in the low-energy regime. Aspli[[ing and Asplitling represent the

splitting width of the poles. The parameter used are A = 3/7 and

r=(r/V3)(1,1,1).

027102-6



Chin. Phys. B 34, 027102 (2025)

insufficient for the above inference about the Kondo resonance
splitting; we still need to consider the corresponding spectral
weight functions, even though the static correlation functions
cannot be determined from the present scheme.

3.2.2. The dynamic RKKY interaction

Before calculating the spectral weights, we still need to
determine the values of the RKKY interaction at different
spacings, as the RKKY interaction appears in the correspond-
ing spectral weight functions.

Figure 5(a) shows that the RKKY interactions vary mono-
tonically with the impurity spacing, gradually approaching
zero when the spacing exceeds one lattice distance, though
some small oscillatory behavior persists thereafter. In fact,
this is expected. For rare earth elements, e.g., Ce, although
its atomic radius is much larger than one lattice distance (here
we assume one lattice distance of about 1 A), the orbital radius
of the deep 4f electrons is less than half a lattice distance. ]
Therefore, within the regime of small impurity spacing we are
studying, the RKKY interaction mediated by the conduction
electrons effectively enters and competes with the Kondo ef-
fect. Additionally, we notice that in this regime, the RKKY
interaction is antiferromagnetic and is nearly the same in mag-
nitude for frequencies of different signs.

a : : : : :
™ < 0ao —e— IR
= o081 —o— (R

< 0.04}
~' 0.02f
0.2 0.4 0.6 0.8 1.0
r/a
b) £ :
( )E 008’0 o r/a=0.6
é; 0.06F o r’{a,:((;A
% 0.04} G
3 0.02f, , , , o
< 5 6 7 8 9
U/t

Fig. 5. The dynamic RKKY interaction Eq. (22) for various Coulomb
interaction U and impurity spacings as shown. The fitting parame-
ters are p = 0.8231, ¢ = —0.0951 and [ = —0.0749, and |p| > |q| in-
dicates the RKKY interaction is mainly driven by charge fluctuations.
The physical parameters used are U = 6 for upper panel, A = 3/7 and
r=(r/v3)(1,1,1).

From Fig. 4, we also observe that as the Coulomb interac-
tion U increases, the splitting widths become smaller. To shed
some light on this behavior, we plot the RKKY interaction as a
function of U at fixed impurity spacing in Fig. 5(b), using the
corresponding poles a)lg‘;(g;t;{v ®(r) obtained from Fig. 4(b) (with-
out loss of generality, we only select the poles with negative
frequencies). We find that the RKKY interaction decreases
as U increases. This at least suggests that the splitting of
the poles is related to the RKKY interaction to some extent.
Additionally, the dependence of the RKKY interaction on U

has been studied by fitting. We find that, in the regime of

small impurity spacing, the RKKY interaction is nearly pro-
portional to 1/U with only minor 1/U? correction, which dif-
fers from the conventional 1/U 2 (J? Po) behavior studied in a
spherically symmetric 3D electron gas. This result is consis-
tent with the NRG!'”! and the Rayleigh-Schrodinger perturba-
tion theory? conducted in simple cubic lattice, which indi-
cate charge fluctuations driven Jg o 1/U behavior rather than
a Kondo coupling (spin fluctuations) driven Jg o< J? o< 1/U? in
the above regime.

3.2.3. Spectral weight functions

The competition of low-energy excitations of the Kondo
and the RKKY phases in a two-impurity Kondo model
(TIKM) within the critical region has been studied using the
perturbative renormalization group in which non-local vertices
are included.*>) However, the TIKM lacks the charge degree
of freedom for impurities, while in the small impurity spacing
regime of the TIAM, the RKKY interaction is precisely driven
mainly by charge fluctuations as we have seen.

The competition between the Kondo and the RKKY
phases can be studied directly through the spectral weight
functions. To this end, in Fig. 6 we plot the spectral weight
functions Ky (@,r) and R4 (o, r) in Eq. (21) (real part) divided
by the ¢—f static correlation function (‘%ﬂﬁa})) and the f—f
static correlation function @”E&W, respectively. This is nu-
merically rigorous. For the former, we find both their values
are negative; while for the latter, one is negative and the other
is positive. Given that spectral weight functions must be pos-
itive definite, we can determine the sign of the related static
correlation functions. Thus, we preliminarily draw the follow-
ing conclusion: in the small spacing regime, (a) the Kondo
singlet is preserved and (b) impurities form an intra-impurity
singlet along with their excited triplet.

(8) =~ _0.15F -
Lg
3 —0.20¢ T K () (S0 ]
T . ~
‘D _0.25 —O— K () /(5435 ;
3
e —0.30£5 . , , g
0.2 0.4 0.6 0.8 1.0
X105 r/a
(b) e 5F T ]
Ls
& of 7
j;Q . ~ ~
Ty —e— R (B /(55080
3 —o— R, (<RI /(S57557)
= 0.2 0.4 0.6 0.8 1.0
r/a

Fig. 6. The spectral weight functions K, (®,r) and R (®,r) in Eq. (21)
divided by <§;3+) §(a7.2> and <§E§+)§(af)>, respectively. The corresponding
poles of each impurity spacing are obtained from Fig. 4, U = 6 and

r=(r/v3)(1,1,1).

Now we proceed to qualitatively compare the spectral
weight functions of the Kondo and the RKKY phases. There
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exists a sum rule related to the c—f static correlation in
<§(+)’<*)> _
B

the Kondo strong coupling limit given by [ dPr Su
—3/4 in which the integration domain encompasses the range
of the Kondo cloud which is much larger than the impurity
spacing we study. The envelope function of the integrand has
been previously studied in the context of a single impurity
case.1746-48] For the parameters A = 3/m and U = 6, there
is poJ = 0.2026, we extrapolate the value of the c—f static
correlation function in 3D to be roughly @O (10~%) from Chap-
ter 4.3 of Ref. [47] in the small spacing regime. Meanwhile,
the absolute value of the f—f static correlation function in this
regime is expected to be about O(1).['%!7] As a result, the
spectral weight functions of the Kondo and the RKKY phases
are of the same order of magnitude. For clarity, we have plot-
ted qualitative comparisons in Fig. 7 and observed points of
intersection for frequencies of different signs. For the spectral
weights of the RKKY phase, they start from zero at about one
lattice distance where the Kondo phase dominates, and grad-
ually increases as the impurity spacing decreases, eventually
surpassing the spectral weights of the Kondo phase, indicat-
ing that the RKKY phase is becoming increasingly favorable;
whereas the spectral weights of the Kondo phase remain al-
most constant in this regime without significant variation.

(a) 6 (b) 3.5
B— Ky (i) B— K (W)
sL\ TOT R ] 3.0f \ TOT Rk
— - = - - Expected K, s - - - -Expected K
& &
o o 2.5¢
i 4 L —
~ ~—
2 2
< = 2.0r
=g &b
o 3} 19)
2 / 2
1 L
= , = 15
- / —
2 ol F 18
2’ "] & 10
n /I n
!
1r / 1
v 0.5
P
.
,
7 —_—

0 L = 1 L 0 L L
0.2 04 06 08 1.0 0.2 04 06 08 1.0
r/a r/a

Fig. 7. The qualitative comparisons of the spectral weight functions of the

Kondo and the RKKY phases, where the ¢—f static correlation function
<§§;)§(a7.2) is extrapolated to be —1 x 10~* in context of single impurity

case from Ref. [47]; and the f—f static correlation function ($+)§(a7>> is
set to be £0.6, plus for the ferromagnetic and minus for the antiferromag-
netic. The expected Kondo spectral weights are indicated by the dashed
lines. We have used the corresponding poles in Fig. 4. The parameters
used are A =3/, U = 6 and r = (r//3)(1,1,1).

It should be, however, noted that the calculation of the
aforementioned c—f static correlation function was done for
the single impurity case, neglecting the influence of the sec-
ond impurity. It is reasonable to expect that, under the influ-
ence of the second impurity, the c—f static correlation function
will be suppressed as the impurity spacing decreases. As a re-
sult, when the RKKY interaction effectively enters at roughly

one lattice distance, we have actually overestimated the spec-
tral weights of the Kondo phase. Meanwhile, with the opening
of the pseudogap, we assume that the Kondo correlation turns
into an exponential decay at small impurity spacings. We ad-
ditionally plot the Kondo spectral weight functions with their
expected values in Fig. 7 for comparing with the RKKY. In this
expected case, the Kondo spectral weight rapidly decreases,
indicating that spin fluctuations between conduction electrons
and impurities are strongly suppressed. This is also supported
by previous study of the RKKY interaction within the small
impurity spacing regime, which primarily depends on 1/U
rather than 1/U 2 behavior, confirming that the contribution of
spin fluctuations in this regime is small. Therefore, the rapid
increase of the RKKY spectral weights surpassing the Kondo
spectral weight with decreasing impurity distance within the
small impurity spacing regime indicates that the system under-
goes a crossover, namely, a smooth transition from the Kondo
phase to the RKKY phase.

The above discussion provides a qualitative illustration of
the crossover phenomenon with respect to the impurity spac-
ing, nevertheless, a more thorough comparison would require
a quantitative calculation of the c—f static correlation function
in 3D, particularly taking into account the influence of the sec-
ond impurity. However, computing related static correlation
functions remains challenging for methods like perturbative
renormalization group!#®! and NRG.!!74] Recently, algebraic
approaches, including the two-time Green functions with pro-
jective truncation approximation (PTA-EOMGF)!#248] and al-
gebraic dynamical theory (ADT), !l have emerged as promis-
ing frameworks for addressing these challenges effectively.

For our future work, the related static spin—spin correla-
tion functions could alternatively be determined by artificially
adding a spin coupling term with a variational parameter. Us-
ing the Hamiltonian with this added term, we compute the
single-particle Green function and express the ground-state en-
ergy of the original TIAM. Then, we perform a variational cal-
culation on the ground state energy with respect to the varia-
tional parameter, thereby obtaining the static correlation func-
tions.

3.2.4. Explanation of the Kondo resonance splitting

In the previous sections, we first solved the pole equations
of the Green function, identifying the possible low-energy
excitations within the small impurity spacing regime of the
TIAM and pointing out their connections to the Kondo reso-
nance splitting, and then studied the spectral weight functions
related to these low-energy excitations.

We will now combine the above results to discuss the rea-
son behind the Kondo resonance splitting. The variations of
the splitting widths ASpH® and ASKEY obtained from Fig. 4
with the RKKY interaction are shown in Fig. 8, where each of
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them is weighted by the RKKY and the expected Kondo spec-
tral weights from Fig. 7(a) (although there is an asymmetry in
the positive and negative frequencies, it does not qualitatively
affect the results). The two splitting widths are roughly pro-
portional to the RKKY interaction when it effectively enters,
but their slopes are different.

0.61 3.35x107°
= 0.5 2.68x10~°
= 0.4}
s ) 2.01x107°
& 03l /
o0 /
8 ., 1.34x107°
E 0.2r -
2 - ,
0 | 6.70x1076

0.1 ---RKKY

e Kondo
0 0

0 0.02 0.04 0.06 0.08 0.10 0.12

TR

Fig. 8. The dashed and dotted lines represent the splitting widths of the
RKKY and the Kondo poles at different values of the dynamic RKKY
interaction, respectively weighted by the RKKY and expected Kondo
spectral weights from Fig. 7(a). They are roughly proportional to the
RKKY interaction. The parameters used are A = 3/m, U = 6 and
r=(r/V3)(1,1,1).

We first consider the splitting of the RKKY poles, which
has a relatively simple origin. It can be viewed as an usual spin
gap associated with singlet—triplet excitation of intra-impurity
singlet induced by the RKKY interaction. We then turn our at-
tention to the splitting of the Kondo poles, which is more sub-
tle in its mechanism. Generally, the Kondo effect essentially
derives from the spin fluctuations that the impurity and the
conduction electron spins are in either an up—down or down—
up configuration. The Kondo temperature is proportional to
the characteristic time scale of the fluctuation. Previous ex-
perimental studies on quantum dots have shown that an exter-
nal magnetic field can split the Kondo resonance into differ-

(521 In the present problem,

ent spin-flip conduction channels.
we can inherently view the second impurity as an effective
external magnetic field, which is responsible for the splitting
of the Kondo poles. As the impurities get closer, the mag-
netic field felt by one impurity becomes stronger, resulting in
a larger effective Zeeman splitting. Interestingly, our results
align with those observed in heavy-fermion systems, where
the hybridization gap is primarily associated with the coher-
ence temperature. (101

According to the corresponding spectral weights, when
the impurity spacing is less than one lattice distance, the ef-
fective Zeeman splitting initially reflects the Kondo resonance
splitting. As the dynamic RKKY interaction effectively en-
ters, the system is in a crossover region where the spin gap of
the intra-impurity singlet also makes a contribution. When the
impurity spacing decreases further, the splitting is primarily
contributed by the spin gap.

4. Conclusion

In this work, we have applied the AEOM approach to the
TIAM and analytically obtained the single-particle impurity
Green function. In this framework, the whole set of AEOMs
exhibits a clear hierarchical structure, allowing us to explicitly
determine the order of the cut-off approximation. Addition-
ally, we employ the SCA instead of the conventional mean-
field decoupling for the high order Green functions, which
provides a non-perturbative treatment.

Under L = 1 order cut-off approximation, we find that
the Green function consists of high-energy part of the split-
ting upper and lower Hubbard bands due to the non-diagonal
hybridization function, and the splitting widths asymptotically
vanish as the impurity spacing goes far away.

Under L = 2 order cut-off approximation, we incorporate
the high order multiple-point correlation functions by using
the SCA to them, in which the strong correlation effect effec-
tively enters. We find that in addition to the high energy part,
there are additional Kondo and the RKKY self-energies, which
are signaled by the c—f <%+)§(a7.2) and the f—f <§I(3+>§(°‘7)>
static correlation functions, respectively.

We have studied the RKKY interaction in a simple cubic
lattice and found that for impurity spacing smaller than one lat-
tice distance, it manifests as antiferromagnetic. We then inves-
tigate its dependence on the Coulomb interaction U and find
that it is proportional to 1/U, indicating that it is driven by the
charge fluctuations rather than by the Kondo coupling in small
impurity spacing regime. By estimating the static correlation
functions, we qualitatively calculate the spectral weight func-
tions for the Kondo phase and the RKKY phase, discovering
that the RKKY spectral weights rapidly increase to surpass the
Kondo spectral weight after the RKKY interaction effectively
enters. Meanwhile, we argue that the Kondo spectral weight
is strongly suppressed due to the influence of the RKKY inter-
action, leading us to conclude that a crossover occurs in this
small impurity spacing regime. Based on these results, we
have also discussed the origination of the Kondo resonance
splitting. For the RKKY part, the splitting arises from the spin
gap of the intra-impurity singlet, while for the Kondo part, it is
due to the splitting of spin-flip conduction channels, namely,
the effective Zeeman splitting. According to the contributions
to the spectral weights in the above regime, the Kondo reso-
nance splitting is initially attributed to the spin-flip conduction
channels; then as the dynamic RKKY interaction effectively
enters, the system is in a crossover region; when the impurity
spacing decreases further, the splitting is primarily contributed
by the spin gap.

The present study builds a solid foundation for future
study on heavy-fermion systems. Moreover, the generalization
of the AEOM approach to calculate other models, particularly
the spin systems, is straightforward and effective.
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Appendix A: The AEOMs of multiple-point cor-
relation functions

For brevity, all of the AEOMs are written out in frequency
domain. For L = 1 order, we have

@5
((JJ ef)Fyaaﬁg(w)

)
= 8,452 <*>>+UF( 19) (6 +v25,y MB;((D)

Yoo aaﬁc
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+UES (o), (A1)
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=57 (noX§F
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)) (X(1))
+VZS’7 yocjﬁc( )—¢€ F;Otjﬁ(i( )
(i))
+VZSJY iayBo ((D) (A2)
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where dummy variables v, 8 = {1,2} are assigned to impuri-
ties and [, m to conduction electrons.

For L = 2 order, we only write out following six AEOMs
of the multiple-point correlation functions came from L = 1
order and simply discard the others:
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where the multiple-point correlation functions with differ-

ent kinds of composite operators have been neglected, e.g.,
xSy

(o (o) )
Flocijocﬁc (w)

Appendix B: Details of the calculation
B1. Solutions to the SCA for the AEOMs

yE)
We apply the SCA to the AEOMS of Fyr/5'¢ /(@) rather

than themselves. Alternatively, we can make the SCA to

FnroXs”)
oamylBo
the summation that Y = «. Next, we make an approximation

(w) with m =i, j in Eq. (A5) and similarly restrict

by discarding high order multiple-point correlation functions
(nya¥)

F, aijyfo

porated. We also neglect hopping term /4y, assumed near the

(w), as their contributions have already been incor-

Fermi surface, after which we take the Fourier transformation
to Eq. (AS) and obtain
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By comparing the Fourier transformed AEOMs of F. Fs”) ()

ﬂﬁG
in ](ch()] (20) in which we still neglect high order terms
Fl%fﬁ G)(a)) contributing to the RKKY interaction, conse-

quently, we obtain

Se¥sy 1=
Foijips (@)~ 3 Fjfs (@)

Next we substitute the above approximated results into
Eq. (17) and take the Fourier transformation, then substitute

)
s )( ®) to ob-

them into Fourier transformed AEOMs of F o ﬁ o

tain
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Then substitute the above AEOMs into Fourier transformed AEOMs of Eq. (20) and after a tedious but straight forward algebra,

we obtain
b IV 4 ® Cikzg 7 XS ikl m X5
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where J = 4V2/U, O(J?) terms have been neglected, and
an additional approximation has been made to replace
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where the multiple-point correlation functions F; . HjoBo
7))
F;'oc jBo
glected because they have a small correction to the RKKY in-

5 )
aaﬁa(a)) R~ Fyaaﬁa(a)) has been
used (see Eq. (B9)). Here we would like to emphasize that the

(w) and

() in the Fourier transformed Eq. (9) have been ne-

teraction, and the relation F.

appearance of the RKKY interaction, the last term in Eq. (B3),
justify a posteriori the starting point in L = 2 order calculation.

B2. Solutions to correlation functions of the Kondo and the
RKKY

In order to signal and distinguish different poles of the
Green function, we need incorporate static correlation func-
tions of the Kondo and the RKKY from Egs. (A4) and (A6),

) e e 7
’“a’ﬁ" } N2UZZ laa) £ — €+ &

2 1
* )
O—E+E—& O—&—U—€+&

,1k: T o ik-xy (Z(—f))
Fyagzﬁc(w)

(B3)

respectively. For simplicity, under L = 2 order cut-off approx-
imation, we only retain the corresponding static correlation
functions and discard other high order multiple-point corre-

lation functions,

) () U (n 6X( ))
() ~ — 85 (Kigd FhoCro) — 2F‘X“§‘fﬁ" (@),

(BS)

("fo‘X( )
meoc]ﬁc

(F)
UF(”fGZ )((J))

(n70Z57) 1 o, ) 77 7
wayocochr (@) = 7537<Z}'065f76f0‘6> + 2 "yraafo

(B6)

In terms of definitions of composite operators and in the low

energy limit @ ~ 0, we obtain

1)
~(nox®) 24 < )
Fo(zigzjﬁg Rw)z;%, (B7)
()5
(nf025") 28py(Sa Sy)
F s (@)~ — i (B8)
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7(£)
Then substitute F;ygzﬁ"c )(a)) into Eq. (A1) and only retain
(+)
F;ﬁgﬁl(a)), we obtain
(=) ol+)
) 40p,(Se 'Sy"")
Fwaﬁg(w)w #, (B9)
where due to Z)(,az, s = f fac-,, we have used
(25 ns5) 1 @) 1@
Fyocococﬁo (@) = EF}’OCOCﬁG( ) yaaﬁc(w)’

B3. Solutions to the multiple-point correlation function

(x5)
Fiaaﬁa<w)

N(y(i))

. ( ~x )
In order to substitute F, % (@) into F,
JjlBo

0B (), and sub-

=0) (x5
sequently substitute F, (o) into F, (w), we need to

iajBo icafo
take the Fourier transformation of Eq. (B3) However it is im-
=(r57) =,
e (@) and F25, ) (0) (p = k. K)
during the inverse Fourier transformation because of momen-

possible to decouple F,

tum indices of particle-hole pair (@ — & + &)~ which cou-
x &)
ples with F/ FXe palB (i( ®). To this end, we make an approximation

that the energies of the particle &, are set to zero and only con-
sider the sum over the holes below the Fermi surface. Later,

we arrive at 4 X 4 matrix problem,

(@)
ABCD
BADC||Fypo(®)
CDAB
DCBA ()

(@)

where A = 0 — Ago (0) —2Ku0(®) — o (®), B=€f+Nga+
20 () — Saa(©), € = ~Agps(0) ~ 25 (0) — oy (@) and
D = Ngp(®) +2k4p(0) — Cop (), and the explicit expres-
sions are put in Appendix C. After solving the above problem,

x £ (+)
FXe )( o) into FXe )

we substitute F, & iBo aaﬁo‘

() to obtain

PO () _ Vo) 2Wip(@)
acafo D(w,r) [0 —& —U —Tyq(0) —Iyp(0)] [0 —&f —U — Ioa(0) 4+ Iyp(0)]
LV o) (C+D)(8,S5") -
D(w,r) U (A+B+C+D)(A+B—C—D)’
F<X‘(;)) (©) = V{nras) 2 [w —&-U _Faa(w)}
BBBBo D(w,r) [@—¢f—U —Tya(0) —IThp(0)] [0 — & — U —Tye(0) + Typ(o)]
LV 24— B) (85 .
D(w,r) (A—B+C—D)(A—B—C+D)’
\ , .
where the terms associated with Jg(®,0) that no spacing en- V2, [ elk@azp)  pik(@aap) cu
ters have been neglected, and D(w, r) is put in Appendix D. Fi- Nap (@) 2N = 0—¢& O+& ’ 4
nally we substitute above results into Eq. (5) and consequently . .
. . L . . V2 eik(@a—zg)  gik(za—zp)
obtain the single-particle impurity Green function Eq. (20). ap(®) === ! (C5)
2N £ ©— & o+te )’

Appendix C: Self-energies of the Kondo and the
RKKY

The explicit expressions of self-energies are as follows:

Lk, (0,7) = Naa(®) £ Nep(0) + Ko (0)
+ Ko (@) + Aga(0) £ Agg(@), (CD)
Zr. (@,7) = —Naa(®) F Nep (@) — Laa(®)
+ 8p (@) + Aua(@) £ Agp (@),  (C2)
where
mﬂmzzkfigji, (C3)

eik-(mafmﬁ)

J2 eik-(mafmﬁ)
Sap (@) = (a)st+8k+

> ,(C6)

and the prime on sum represents that the summation is below

C()*Ef+8k

the Fermi surface (see Appendix B).

Appendix D: The coefficients in spectral weights

For the sake of clarity, we only show the coefficients of
the Kondo and the RKKY components in Eq. (20),

1 1 1 1
ki (o)

K+((D,r) =

027102-12
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V2 _
() 5 Sua) (D)
K_(0,r) = ! + - :
SO @ @) ko) k(o)
2
Bl 5 S (D2)
1 1 JR(@,7) ,a(+)a-)
R+((D,}’) |:r+((1)) r((!)):| 64 <Sﬁ+ Sa >7 (DS)
1 1 Jr(@,r)
k0= | e S o
where
ki(®) =ITya(0) £ Iya(0) —Aga(®) —Agp(®)
_naa(w)_naﬁ(w)_Kaa(w) Kop (@), (D3)
K 1(0) = Tha(0) £ Ip(0) — Aga(0) — Agp(0)
—Naa (@) + Nep(®) — Kaa(a’)+Kaﬁ o), (D6)
K (0) = Ia(0) £ Tp(0) — Aga(®) — Agp(®)
—Naa(®) = Nap(®) — Kaa(®) — Kop (@) + U, (D7)
K'Y (0) = T (0) £ Tp(0) — Aga(0) — Agg(©)
_naa(w)+naﬁ(w) Kaa(w)+Kaﬁ( )+U7(D8)
r+(0) = Iy (0) £Ip(0) — Aga (@) — () +2¢y¢
+ Naa(®) + Nap (@) — Caa(®) — Caﬁ() (DY)
' (0) = Ty (0) £Ip(0) — Aga(®) — Agp (@) +2€f
+Naa (@) = Nap(®) — Coa(®) + Lup(®),  (D10)
V2
D(w,r) ={w,r) = 0 — & —U —Iya(0) —Typ(0)
V2
7w—sf—U—Faa(a))+Faﬁ(w)’ (1D
where
Q(0,r) = 0 — Py (0) + Pyp(®) (D12)
with
V2 eik“(:cafmﬁ) eik-(a:afwﬁ)
(po‘ﬁ(a)):ﬁk —e—&  W—g e (D13)
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