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We analyze the ground-state energy, magnetization, magnetic susceptibility, and Kondo screening cloud of
the symmetric single-impurity Anderson model (SIAM) that is characterized by the bandwidth W, the impurity
interaction strength U, and the local hybridization V. We compare Gutzwiller variational and magnetic Hartree-
Fock results in the thermodynamic limit with numerically exact data from the density-matrix renormalization
group (DMRG) method on large rings. To improve the DMRG performance, we use a canonical transformation to
map the SIAM onto a chain with half the system size and open boundary conditions. We compare to Bethe ansatz
results for the ground-state energy, magnetization, and spin susceptibility that become exact in the wide-band
limit. Our detailed comparison shows that the field-theoretical description is applicable to the SIAM on a ring
for a broad parameter range. Hartree-Fock theory gives an excellent ground-state energy and local moment for
intermediate and strong interactions. However, it lacks spin fluctuations and thus cannot screen the impurity
spin. The Gutzwiller variational energy bound becomes very poor for large interactions because it does not
describe properly the charge fluctuations. Nevertheless, the Gutzwiller approach provides a qualitatively correct
description of the zero-field susceptibility and the Kondo screening cloud. The DMRG provides excellent data for
the ground-state energy and the magnetization for finite external fields. At strong interactions, finite-size effects
make it extremely difficult to recover the exponentially large zero-field susceptibility and the mesoscopically

large Kondo screening cloud.
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I. INTRODUCTION

The single-impurity Anderson model (SIAM) decribes
an impurity in a metallic host in which electrons interact
locally [1,2]. It poses one of the best studied and under-
stood fundamental many-body problems; for a review, see
Ref. [3]. Therefore, it still serves as a benchmark test for the
development of advanced analytical many-body techniques,
e.g., the functional renormalization group technique [4-6].
For the symmetric SIAM, the low-energy physics is similar
to that of the single-impurity s-d or Kondo model [7,8] in
which an impurity spin couples to the host electrons’ spin
degrees of freedom: at zero temperature, the impurity local
moment is screened by the host electrons, which gives rise to
a narrow Abrikosov-Suhl or Kondo resonance in the impurity
spectral function at the Fermi level [3]. The resonance can be
resolved using the numerical renormalization group (NRG)
technique; for a review, see Ref. [9]. At higher energies,
Hubbard satellites appear in the impurity spectral function
that describe the local charge fluctuations. Both the Kondo
resonance and the Hubbard satellite are accessible from the
analytic local-moment approach [10-12].

More recently, the real-space features of the screening were
studied for the Kondo model using NRG [13-15] and the
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analytical coherent-state expansion [16]. For the noninter-
acting SIAM (resonant-level model) in the wide-band limit,
the screening cloud was analyzed analytically [17] and the
magnetic properties of the interacting SIAM were studied
numerically using the density-matrix renormalization group
(DMRG) method [18]. The various methods show that the
screening cloud extends very far into the host metal. In the
Kondo regime, an algebraic decay sets in only beyond a
characteristic (Kondo) length scale that is proportional to the
inverse of the Kondo temperature.

Less attention was dedicated to ground-state properties
of the SIAM and Kondo models because they are solvable
by the Bethe ansatz [19-22]. Therefore, important quantities
such as the ground-state energy, magnetization, and magnetic
susceptibility at zero field are known explicitly. The Bethe
ansatz is based on the wide-band limit, W — oo, so that
the dispersion relation of the host electrons can be linearized
around the Fermi energy. However, the implicit assumption
that the Hubbard interaction U is small compared to the
bandwidth, U <« W, impedes a comparison with methods that
treat the STAM on a lattice such as the DMRG method and the
Hartree-Fock [1] and Gutzwiller wave functions [23,24].

As one of the best studied many-body problems, the STAM
is particularly suitable to test existing and conceivable future
many-body methods. Since these are often customized for the
treatment of lattice Hamiltonians, it is one of the purposes
of this work to provide tangible results for a ring geometry;
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for other recent numerical treatments of finite structures, see
Refs. [25,26]. Given the high accuracy of the DMRG data
for large system sizes, an extrapolation of most ground-state
properties to the thermodynamic limit is unproblematic. As
we shall see, the wide-band limit remains applicable for fairly
large interaction strengths even for a substantial hybridization
that justifies the application of the wide-band limit even for
sizable Coulomb parameters.

In this work, we use the DMRG to calculate numer-
ically exactly the ground-state energy, the local magnetic
moment, the zero-field susceptibility, and the screening cloud
of the single-impurity Anderson model on large rings. The
Gutzwiller and Hartree-Fock approaches provide comple-
mentary insights. The Hartree-Fock variational estimate of
the ground-state energy is very satisfactory for moderate
to large Hubbard interactions whereas the Gutzwiller esti-
mate is acceptable only for small U. On the other hand,
the Gutzwiller approach provides a qualitatively correct de-
scription of the magnetic properties whereas Hartree-Fock
theory fails to screen the impurity spin even at infinitely large
distances. Since the Gutzwiller approach is heavily based on
the exact results for the noninteracting SIAM, we compile
the results for the resonant-level model in the Supplemental
Material [27].

Our work is structured as follows. In Sec. II, we introduce
the one-dimensional SIAM on a ring with local hybridization
at particle-hole and spin symmetry. We map the model onto a
two-chain problem [28,29] in which the two chains separate
in the thermodynamic limit. The reduced model provides the
basis for our numerical DMRG investigations. In Sec. III
we discuss the ground-state energy, magnetization, and spin
correlation function between the impurity and the bath sites
for the noninteracting SIAM for small hybridizations. The
derivation of the formulas is deferred to the Supplemental Ma-
terial [27]. In Sec. IV, we evaluate the Gutzwiller variational
wave function for the STAM and determine an analytical varia-
tional upper bound for the ground-state energy. Moreover, we
calculate the variational magnetization and spin correlation
function. In Sec. V we compare our results for the ground-
state energy, magnetization, and the spin correlation function
with numerically exact DMRG data for large system sizes.
We include the results from the Bethe ansatz and a magnetic
Hartree-Fock calculation; see the Supplemental Material for
their derivation [27]. Short conclusions, Sec. VI, close our
presentation.

II. SYMMETRIC SINGLE-IMPURITY
ANDERSON MODEL ON A RING

We study the particle-hole and spin symmetric SIAM on a
ring [1,2]. For strong interactions, this model maps onto the
one-dimensional Kondo impurity model [30].

A. Hamiltonian
The Hamilton operator for the one-dimensional single-
impurity Anderson model reads [1,3]
H = Hy + Hin,

N 1
Hie = U(fgy — 1/2)(Ag,, — 1/2), M

where 714, = c;';' c?’(, counts the number of o electrons on the
impurity site (o =1, |). Only the electrons on the impurity
site repel each other with strengths U > 0. The noninteracting
Hamiltonian,

Hy=T+B+V +P, 2)
describes bath electrons that move between neighboring sites
on a ring with L sites,

L—-1
N w . R .
P == Y @l +Eraln) O

n=0,0

where the bandwidth provides our unit of energy, W = 1.
In the presence of an external magnetic field Hpa, Wwe may
include the magnetic term
L—1
B=—Bun Y (58,4 — &5 8, ) (4)
n=0
Here, we abbreviated Buan = g Hoam/2, where up is the
Bohr magneton and g~ 2 is the electrons’ gyromagnetic
factor.
The bath electrons hybridize at the origin, n = 0, with the
impurity electrons with strength V > 0,

V=V e, +e,d,) )

The system is half filled; i.e., the total number of electrons is
N = L + 1, and we investigate a paramagnetic situation, Ny =
N, = (L + 1)/2. Consequently, the number of bath sites L
must be odd. From now on we further assume that (L + 3)/2
is even.

There can be a local, possibly spin-dependent potential,

P== Eio(has—1/2). (6)

In the presence of an external magnetic field H;n, at the impu-
rity we have Eg 4 = (gus/2)Himp = —Eq4,;. In the magnetic
Hartree-Fock approach, we have E; = Um = —E; |, where
the value of the S, at the impurity, m = (g4 — g,y )/2, has
to be determined self-consistently [27].

B. Particle-hole symmetry

To analyze particle-hole symmetry in the SIAM, we set
E; - = 0and Hpan = 0 in the rest of this section; i.e., we have
no magnetic symmetry breaking. Particle-hole symmetry for
the SIAM was studied previously, e.g., in Ref. [31].

The ring geometry renders the analysis of particle-hole
symmetry more cumbersome than the choice of open bound-
ary conditions. Since boundary conditions play no role in
the thermodynamic limit as investigated in Secs. III-V, the
material presented in this section is included for completeness
rather than necessity.

1. Wave numbers and particle-hole boundary conditions

For a ring, the kinetic energy is diagonal in momentum
space,

T =Y ek, (7)

k,o
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where

z\/gzelk"@kg, bo = [Zelk'“ . ®
k

and the dispersion relation is given by
€(k) = —cos(k)/2. C)]

In one dimension Q =m is half a reciprocal lattice
vector, €(k +2Q) = e(k). For particle-hole symmetry we
must demand that

e(m —k)=—e(k) (10)

for all accessible |k| < 7. In particular, this equation implies
that with &, also w — k is an accessible k value. This is not
difficult to fulfill for even L but poses a problem for odd L.

Let

2r

k, = Tm—i—(p, m=—(L-1)/2,...,
where 0 < ¢ < 27 /L and k,, are defined modulo 2. Then,
the set of k values must also be given by

(L-1)/2, (1)

v 2 2 l+1 n )
=T —-——m—¢= —+ - —m —
m 2 =7\ ) Y — 29
2 (L —1 T —2¢L
=—|— - _ 12
L( 2 m>+<p+ 2 (12)

Using the definition of the accessible k values, we see that we
must set

¢ ==+ /(2L) (13)

to make the sets {k} and {k’} identical. Particle-hole symmetry
for odd L destroys inversion symmetry because the energy
levels €(k) are not degenerate; i.e., if k is an allowed value,
k' = —k is not accessible.

The accessible k values belong to the boundary conditions

eikn,L — eiﬂ/z — i; (14)

i.e., they are neither periodic nor antiperiodic. We call these
boundary conditions particle-hole periodic. They imply ¢, =
i¢, (&f = —i¢}) in position space so that we may write for the
kinetic energy in Eq. (2)

Ir=—- Z( n(rAn+1U+Cn+la na)

nOa

At A At A
- Z(chfl,JCO,o - lCO,aCLfl,J)' (15)

Equation (15) shows that the kinetic energy is indeed invariant

under the particle-hole transformation
ph: ¢,, (—1)”6;:0 for n=0,1,...,L—1, (16)

because either n or n + 1 is even when the other is odd, and
the origin and L — 1 are both even numbers for odd L.

2. Model properties at particle-hole symmetry

For the one-dimensional model (2) with particle-hole
boundary conditions and E,; , = 0, we define the particle-hole

transformation

ph:¢,, > (=1)'¢f, for n=01,...,L—1,

d, v+~ (=)d/. (17)

It is readily seen that the transformation leaves the Hamil-
tonian H invariant. The particle-number operators transform
according to

(18)

so that the N-particle sector maps onto the sector with 2(L +
1) — N particles. At half band filling, N = L 4 1, the nor-
malized ground state maps onto itself, |¥g) > |Wy), up to a
global phase. Therefore, particle-hole symmetry guarantees

(Wolfg o |Wo) = 1/2 19)

~ ~ At
nd,a'_)l_ndﬁc’ Cn(r n,o >1-2¢ n(f n(r’

for all interaction strengths U and hybridizations V. More-
over, we obtain

(Wolé,!,d, W) = (1) (¥old;fe, , 1Wo)

n,oc o o ﬂO'

= (=1 (Wole),d, | Wo)* (20)

for the hybridization matrix element between impurity and
bath electrons at site n. Therefore, the matrix elements are
alternately real or purely imaginary. In momentum space,
Eq. (20) reads

M (k) = (Woléf,d, |Wo) = (Wolef_ ,d, W),  (21)

nkcr(r

Since the wave numbers k enter the single-impurity Ander-
son model only via the dispersion relation, M (k) = M (e(k)),
Eq. (21) implies

ReM(—€e) = ReM(e), ImM(—e)=—ImM(e), (22)

because e€(m — k) = —e(k). We shall use this relation in

Sec. I11.

3. Phase shifts and periodic boundary conditions

Instead of using particle-hole periodic boundary condi-
tions, we may distribute the phase shift ® = £ /2 evenly and
use periodic boundary conditions. We rewrite

¢, = explipn)b, , (23)
forn=0,1,...,L — 1. Then,
T=— Z (6 bna',\n+1 o T e b;rl o[;n a) 24

nOa

where lA)L,U = 130!”; i.e., the b electrons obey periodic bound-
ary conditions.

When we Fourier transform into momentum space, we use
the wave numbers

- 2
k,,,:Tm, m=0,1,...,L —1. 25)
The kinetic energy becomes
T = Z[—Zt cos(k + ¢)1b7 b, . (26)
k.o

Therefore, the dispersion relation and the set of accessible k
values are still given by Eqs. (9) and (11).
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The kinetic energy operator (24) is particle-hole symmetric
under the transformation

L—1.

27
This is readily seen for all electron transfers between sites n
and (n+1)forn=0,1,..., (L —2), where the value of ¢ is
actually irrelevant. For the electron transfer between the last
and first site, however, we find

ph: IQM — (—1)"6_2@’15;(; for n=0,1,...,

it 7 —ipt+ 7 io 2ip(L—1)} rt
e¥b; 1 4bo s +e Wby by 5> e by 4bp,

—2i<p(L—1)l;-Ll (28)

Nea

—ipf,
+e bo,ae

because both the origin and the last site are even. For the
transformed term to become equivalent to the original term,
we must impose

ot = 1, (29)
which again gives ¢ = £7/(2L) as in Eq. (13).
C. Mapping onto a chain problem

1. Canonical transformation

For n=1,2,...,(L—1)/2 we perform the canonical
transformation [28,29]

— [Llcpmep —ing
= J1"b, , + b, ).

_ 1/ inph
_\/;(e b, ,

with the inverse transformation

A 1 A
b — —ing Ky ,
n,o \/; ( n,o + n,a)
A 1. . A
bL—n.o = \/;em(p(cn,n - Sn,a)‘ (31)

The kinetic energy becomes

(30)

- eiimpI;L—n o )

(L=3)/2
_4T_Z(B10'+B2O')+ Z ( n,o n+la+C+IUCnU)
n=1,0

(L-3)/2
+ Z ( n,o n+1a SrT+l aSn(r) (32)
n=1,0

where the boundary term at the left chain end reads
B l,o = \/_(C() o

In contrast to open boundary conditions or boundary condi-
tions that violate particle-hole symmetry, the connection term
between the C electrons and S electrons is finite. The term at
n= (L —1)/21is given by

+C106‘00) (33)

_é(ﬁzfl)/lag(ul)/z,g)- (34)

The ring and two-chain geometries are shown in Fig. 1.

N _ a0+ A
By, = l(S(Lfl)/Z,GC(L*I)/sz

(L+3) (L+1)
L-1 L-2 2 2
.‘ o b—electrons
Impurity 0
1 2 (L—3) (L-1)
2 2
Impuri 0 1 2 (L-3) (L-1) (L_l) (L-3) 2 1
Py 2 2 2 2
C —electrons S—electrons

FIG. 1. SIAM in ring geometry, Eq. (1), with the kinetic energy
from Eq. (24), and in two-chain geometry with the kinetic energy
from Eq. (32). Bonds with the same color have the same electron
transfer amplitudes. The dotted bond between the C-electron and S-
electron chains has a complex hopping amplitude.

Note that the particle-hole transformation for the kinetic
energy in the two-chain formulation is nontrivial,

ph: (=1)"e™™C, ,  cos(pn)C;, —isin(pn)S;,,
(—=1)"e™™8,  — cos(pn)S;, — isin(pn)C;,
(35)
forn=1,...,L — l,andéO, — c0 as before.

For comparison, we give in the Appendix the standard
derivation of the chain geometry from the ring geometry via
the Lanczos procedure [25]. The chains of C electrons and
S electrons do not decouple because particle-hole symmetry
for odd chain lengths L is not compatible with inversion
symmetry. Apparently, it is not advantageous numerically to
investigate a ring geometry at particle-hole symmetry. It is
more favorable to start from an inversion-symmetric chain
where the C-electron and S-electron chains decouple. In the
following we shall investigate the consequences of an ad hoc
decoupling of the two chains. Note that this does not influ-
ence the results in the thermodynamic limit where boundary
conditions become irrelevant.

2. Chain separation

For large rings, the interchain coupling is small for two
reasons. First, as seen from Eq. (34), the chains for the C elec-
trons and S electrons are coupled at a single site only, namely,
at the chain center n = (L — 1)/2. Second, in the SIAM the
interesting physics happens at and around the origin, i.e., at
the left boundary of the C-electron chain. Because of their
large separation, we can expect that the right half of the chain
has little effect on the physics at the left boundary.

The chain-separated STAM reads

~

A =A° + 15, (36)
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The undisturbed chain of antisymmetric standing waves of
length (L — 1)/2 is described by

(L 3)/2
=__ Z (Sna n+]z1+ n+l(r‘§n¢7) (37)

n=1,0

The electrons on the chain of symmetric standing waves of
length (L 4 1)/2 couple to the impurity at the origin,

. . 1 1
HE = Af + U<ﬁd,¢ - 5) <ﬁd,¢ - §>,

AS = 1€ 4V,

. V2 i A e A
FC — - Z(q{gcw +¢f .6 ,)
(L 3)/2
-7 Z ( n,o n+la C}T—Q—lacno*)
n=l,0
V=v> d:,, +C,d,), (38)

where we identified ¢, , = CA’O’G
tent.

When we ignore the chain coupling term B,,, we can
factorize the ground state into the contributions from the
chains C and S,

to keep the notation consis-

|Wo) = w5 )| W), (39)

where the upper index refers to the two commuting parts of the
Hamiltonians for the C electrons and S electrons, and |\IIOC’S )
are normalized to unity.

The mapping is advantageous for the DMRG treatment
because we do not have to treat a ring geometry of L sites with
periodic boundary conditions but a chain with (L + 1)/2 + 1
sites, where open boundary conditions apply. The C-electron
chain has only about half as many sites as the ring, which
essentially doubles the system sizes that can be treated nu-
merically for the ring geometry.

Note, however, that HS does not obey particle-hole sym-
metry for finite L but only in the thermodynamic limit. De-
viations from particle-hole symmetry can be monitored by
investigating the site occupancy of the impurity. Deviations
from the exact value of one-half, see Eq. (19), can be used to
quantify the violation of particle-hole symmetry; see Sec. V.

In the numerical renormalization group approach, the
SIAM is directly considered in energy space. After an ap-
propriate discretization, the resulting Wilson chain is treated
numerically [9]. In our approach, we map the Hamiltonian on
finite rings to a chain while keeping particle-hole symmetry
and the bandwidth finite. The use of a Hamiltonian on a
ring geometry permits the direct application, comparison,
and assessment of lattice-based variational methods such as
Hartree-Fock, Gutzwiller, and DMRG, as done in this work.
Our results also permit us to assess the quality of other
present and conceivable future many-body methods for lattice
Hamiltonians.

D. Spin correlation function

In this work we visualize the Kondo screening cloud for the
single-impurity Anderson model. To this end, we calculate the
spin correlation function between the impurity and bath sites.

1. Definition and general properties

Due to the spin-rotational invariance of the model it is
sufficient to study the spin correlation function along the spin
quantization axis. The local correlation function is defined by

HWol(af — A1)’ W)

ng =
= 1 — 2 (Wolafaf | W), (40)

Wol858% 1 Wy) =

where we used particle-hole symmetry (19) in the last step.
The value for the on-site spin correlation interpolates between
the itinerant limit, Cyy(U = 0) = 1/8, and the atomic limit,
Cia(W =0)=1/4.

The correlation function between the impurity site and the
bath site r is defined by

Cie(r) =

1 ~d AdN\/Aa ~
= 3 (Wol(A§ — A8, —

(w8557 .| Wo)

6:¢6r,¢)|\y0>' 41)
Due to inversion symmetry we have

Cae(L = 1) = Co(r) 42)

forl <r<(L—1)/2.
To visualize the screening of the impurity spin, we define
S(0) = CS, +C5.(0) and, for R > 1,

R
S(R) = Ciy + C3.(0)+ > [C.(n +CoL—r]. 43)
r=1

It describes the amount of the unscreened spin at distance
R from the impurity site [18]. The impurity is completely
screened by all bath electrons. To see this we consider S((L —
1)/2) on finite systems,

L—1
S((L —1)/2) = (W|5, (Sd + Z%) |Wo)
r=0

= (PolS35°|Wo) = 0, (44)
because |Wy) is an eigenstate of the operator $* for the total

spin in the z direction with eigenvalue zero.

2. Spin correlations in two-chain geometry
For the first site of the chain we have
Cae©) = 395 @] = ADC, Gy = 67,6 D[¥G). 49)
where we used Eq. (39) and the normalization of |\I/g ).
For the spin correlation function between the impurity site

and a bath site at distance 1 < r < (L — 1)/2 we use inversion
symmetry (42) to write

Cy.(r) = (W|858%|Wo)
(WolS5 (82 + 85 )|‘IJ0)

(‘-Ifg|(fl?{ - nl)( rt r?

1
2
5 —CLEDIVG). @6
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where we used the mapping onto the chain operators in the
second step,

A A

Cr,(rcr,(r + 6Iffr,aéLfr,a = CAﬁL é + ‘§+ S (47)

1o 1o r,o ro?
and the factorization (39) in the last step; recall that the S-
electron system is a paramagnetic Fermi sea, (\P3|S;’*TSV’ 4=
§4.8,,1w3) =0.
Equations (45) and (46) must be evaluated using DMRG,
in general. For U = 0, the ground-state energy and the spin

correlation function can be evaluated analytically to a large
extent, as we show next.

III. NONINTERACTING SIAM

It is instructive to discuss the noninteracting SIAM. More-
over, it provides the basis for the Gutzwiller approach in
Sec. IV. We defer the details of the derivation to the Sup-
plemental Material [27] and merely summarize the relevant
results.

A. Ground-state energy

The ground-state energy sums the band contribution and
the energy of the doubly occupied bound state. The total
energy reads [27]

eo(V) = ed™ (V) +eb(V)

1 1
= — |:—n + 2v, arctan <—>
2 v_

o (N 4 a- 48
Un<v++1) ( vy), (48)

where
VA1 +64V4 £+ 1
ve(V)=vy = 7 : (49)
The small-V expansion becomes
small 4V2 2 4
ey (V)= —[In(V°) +1n(2) — 1] —4V". (50)
g

Corrections are of the order V®In(V?). For V = 0.1, the
approximate formula works very well. We have e((0.1) =
—0.06291 whereas the approximation gives e{™(0.1) =
—0.06294, with a relative error of less than one per mill.

To determine the Gutzwiller variational energy we also
need the derivative of the ground-state energy. We have

, _ 4x ) arccot[v_(x)] |
ep(x) = A0 - oG] [ nv_(x)<—n - )
-1
+u,(x)In <%)} (51)

For small x this reduces to

ep(x < 1) ~ (8x/m) In(2x?). (52)

B. Magnetization and zero-field magnetic susceptibility

We introduce the magnetic energy scale Bim, =B =
(gus/2)H, where H is the external magnetic field at the

impurity, and express the impurity magnetization M(V, H) =
gusm(V, B) in terms of the impurity spin in the z direction,

m(V, B) = (§3) = ({fap — fay))/2. (53)
The magnetic susceptibility follows from

IM(H) (gu_B)Z a[2m(V, B)]
OH  \ 2 B

We give closed expressions for m(V, B) and x (V, B) for the
noninteracting SIAM in one dimension.

x(V,B) = (54)

1. Magnetization

For the one-dimensional noninteracting SIAM we find for
a magnetic field that acts solely at the impurity [27]

2m(V, B) = Z[vp(V, B)] — Z[vp(V, —B]

N /0 dw 0,71 — 4w?
o—t1V—1/2 T ((1) +UnB)2(1 — 46()2) + Iz

(55)

with T' = 2V2. Here, v,(V, B) < —1/2 is the energy of the
bound state outside the band. It is the root of P, (w, B), i.e.,
P, (v,(V, B)) = 0, with
2V?2
P.(w,B)=w+B+ ——. (56)
w? —1

Moreover, the weight of the bound state in the d-electron
spectral function is given by

B 8V2uy(V, B)
{4[vp(V, B)]> — 1}3/2

-1
Zlwp(V, B)] = [1 ] R

In general, the magnetization must be determined numerically
from Egs. (55) and (57).

2. Small hybridizations

In the limit V <« 1, we ignore the bound-state contribution
of order V*, and simplify the magnetization to

m(V, )_/w2n|:(w+B)2+F2_(a)—B)2+F2i|

fB do T L “1(B/T) (58)
= ———— = —tan .
0o T w*+T?2 =«

The width I" of the d-electron spectral function is the relevant
energy scale for magnetic excitations.
For small hybridizations, the susceptibility becomes

gMB>22 r
B)=(2£B)y 2 __—
xV.B) = (57) ~ (59)
with the zero-field limit
gnB\? 2
vy=(£8) = 60
v =(57) = (60)

As seen from Eq. (59), in the limit V — 0 the magnetic sus-
ceptibility is proportional to the zero-field d-electron spectral
function, u(V, B) «x Dy 4.+ (B) [27].
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3. External magnetic field for impurity and bath electrons

For the case Bimp = Bpan = B, the bound states are shifted
in energy,

w(V.B) = —B —v.(V)/2, (61)

but their weights Z[vy(V,B)] do not change because
v(V, £B) &£ B = —v(V)/2 in both cases. The rigid shift in
single-particle energies by the magnetic field also guarantees
that the impurity remains half filled on average for all external
fields. The impurity magnetization becomes (B < W)

VZ2po(w + TB)
(V. B) = Z /oo (w+ tB)? + [1V2po(w + TB)]?

T=%1
)
:2/ do TVT—4 )
0o 7w o*(1 —4w?)+TI?

For small hybridizations, m(V, B) reduces to the result for
m(V, B) in Eq. (58).

We show the impurity magnetization as a function of B/T°
in Fig. 2. Only for V = 0.2 and B 2 2T, there is a discernible
difference between the curves for m(0.2, B), Eq. (55), where
the external field is confined to the impurity, and 7(0.2, B),
Eq. (62), where the external field polarizes all electrons. In
both cases, the DMRG data, see Sec. V, faithfully reproduce
the analytic results, within small errors resulting from finite-
size effects.

The wide-band limit closely follows the result for the
global magnetic field. This indicates that the difference be-
tween applying the external field locally or globally is mostly
due to the polarization of the bound states for a local field. The
bound states have a noticeable weight for V = 0.2.

0.6 ‘ ‘ ‘
S % obal field B ©  DMRG (L =997
---- ocal field B O DMRG (L =997

0.5k === wide-band limit

0.4}

g 0.3}

0.2}

0.1

B/T

FIG. 2. Impurity magnetization for the noninteracting symmet-
ric SIAM for V = 0.2 as a function of B = gugH/2. We show
m(0.2, B), Eq. (55) (local field, blue dotted line), /#2(0.2, B), Eq. (62)
(global field, red straight line), and the wide-band limit (58) (local
field, black dashed line), together with the corresponding DMRG
data (symbols, L = 997 sites). Inset: Impurity magnetization for
V =0.1.

Since the weight of the bound states is of the order V4, their
contribution is much smaller for V = 0.1. Correspondingly,
as seen from the inset of Fig. 2, the discrepancies between
the magnetization curves for local and global external fields
become very small. Since we shall work with V < 0.1 for
the rest of the paper, we will restrict ourselves to purely local
external magnetic fields, and shall safely ignore the influence
of the magnetic field on the bath electrons.

C. Spin correlation function
1. General properties

Starting from Eq. (41) we can use Wick’s theorem and spin
symmetry to show that

Ci.(r) = =3 (@ole],d, |®0))> = —3M}  (63)

)

for the ground state |®y) of the noninteracting SIAM.
The matrix element is calculated in the Supplemental
Material [27],

1 —ikr At g
M, = \/;Xk:e (Poléf ,d, | Do)

=V /n ‘i—k cos(kr)M[— cos(k)/2], (64)
0

where we took the thermodynamic limit and used e(k) =
— cos(k)/2 in one dimension. Since M (¢) is real, particle-hole
symmetry leads to M (—e) = M(¢) so that the matrix element
vanishes for odd sites, M>,,_; = 0, m > 1. For even sites we
find the bound-state and band contributions [27]

o 2VZ(V)

? = ( -1 + v+)72m’
‘/v+ -1
an 2V (=)™ 7 cos(y/2)
M = — / dy— -
T 0 sin“(y) + 64V

x [sin(y) cos(my) + 8V sin(my)] (65)

with the pole frequency w, = —v. /2 and the pole weight

1

ZV)= ——,
V) 1+ 4V2y, jv3

(66)
and vy from Eq. (49).

2. Small hybridizations

The bound-state contribution M? is of the order V3 for
small V, and becomes exponentially small for » > 1/ 4v?).
For small V [17], the band contribution is dominated by the
region y — 0 in the integrand in Eq. (65). We thus approxi-
mate for small V

My, ~ v d x cos(8V2mx) + sin(8V2mx)

7 Jo x24+1
2V
= (—1)"=—¢"Ei(—a), o =8V*m, (67)
T
where
[ee] e—t
Ei(x) = — / dtT (68)
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FIG. 3. Spin correlation function for the one-dimensional nonin-
teracting symmetric SIAM for V = 0.1 (circles) on a log-log scale.
The analytic result (69) is shown as a straight line. The asymptotics
(70) is shown as dash-dotted line, and the exact values (65) are shown
as open symbols. Inset: Spin correlation function for small distances
on a linear scale.

is the exponential integral. Thus, the spin correlation function
approximately becomes (m # 0)

172v 2
CS.2m) ~ —E[Fe“Ei(—ot)] ., a=8Vim.  (69)

In Figs. 3 and 4 we show the spin correlation function and
the unscreened spin for the noninteracting symmetric STAM

0.12p % ---- DMRG (L =197) — exact
: -- DMRG (L =1397) asymptotic
0.104
: 0.10 : : :
] 0.09f X DMRG (L = 1397) |
X 0.08F O  exact |
. : 007} B 1
& B o ]
& 0.06H = 0.06r 1
@ S % 0.05) 2 o o ]
0.04} 220 o
0.04F N ™ 0.03F 2
0.024
0.00
0

FIG. 4. Unscreened spin S(r) at distance r from the impurity
site, see Eq. (43), for the one-dimensional noninteracting symmetric
single-impurity Anderson model for V = 0.1. The analytic result
based on Eq. (69) is shown as a solid line. The asymptotic result (72)
is presented by a dotted line. The DMRG data for L = 197, 1397
sites are given by dashed lines; see Sec. V. Inset: Unscreened spin
for small distances; DMRG data for L = 1397 sites.

in one dimension for V = 0.1. As seen from Fig. 3, the spin
correlation function decays to zero proportionally to 1/m?.
The exact result (65) and the approximate formula (67) yield
almost identical results, already for m > 2. For m > 10, the
relative error is of the order 10~ for V = 0.1.

Correspondingly, the unscreened spin shown in Fig. 4 de-
cays to zero proportionally to 1/m. For small V, the screening
is fairly inefficient and, correspondingly, the screening cloud
extends very far into the host metal, even in the case of the
noninteracting STAM.

3. Small hybridizations and large distances

Here, we work out the long-range behavior of the spin
correlation function. The asymptotic regime is reached for
o> 1,ie., form > 1/(8V2), where exp(«)Ei(o) &~ —1/a in
Eq. (69). For the correlation function we find in this region

CS 2m > 1/(4V?) TEAY ! ! (70)
(2m K| — ) =5 —-
de 2\ ra 3272V2 m2

For the noninteracting symmetric STAM in one dimension, the
spin correlations between the impurity and a bath electron at
site 2m asymptotically decay proportionally to 1/(2m)?; see
Fig. 3.

The matrix element My, at « = 1 [2m =1/ 4V is al-
ready very small, of the order V2 in the asymptotic region.
Nevertheless, the contribution to the screening is finite even
for V — 0. The spins for |m| > 1/(8V?) (« > 1) contribute
approximately

AS o2V :
Cdd b4

4 oo (3 b 2
—2/ da[e“Ei(—a)]? ~ 0.23. (71)
=N

2

/ ” dm[e*Ei(—a)]?

1/(8V?)

The sites for |m| > 1/(8V?) contribute about 25% to the total

screening of the spin at the impurity site, where Cyy = 1/8.
Indeed, for large distances r = 2m from the impurity, the

unscreened spin decays only proportionally to 1/r,

1

S 1~ —m-,
(r>1 1672V2 r

(72)

as follows from Eq. (44) when we employ the Euler-
Maclaurin formula for the asymptotic expression (70). This
is shown in Fig. 4.

IV. GUTZWILLER VARIATIONAL APPROACH

In this section we define the Gutzwiller variational state
and determine its variational parameters from minimizing the
variational ground-state energy [23,24]. Moreover, we deter-
mine the variational magnetization, zero-field susceptibility,
and spin-spin correlation function between the impurity site
and the host electrons.
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A. Ground-state energy
1. Definition

The Gutzwiller wave function for the symmetric SIAM
reads

Wo) = [a(@A] + (1 = A1 =) + Ao (A (1 — A7)
+ (1 = aDAD] Do), (73)

where |®() is a normalized single-particle product state.
The Gutzwiller wave function is normalized,

(W6|Wg) =1, (74)
and symmetric,
(Y6lao| Vo) = 5. (75)
if we use a symmetric single-particle product state,

(Polfig.o|Po) = 3

5 (76)

and if we set

M=1—-1-¢% M=2-22=1+/1-¢. 7
Here, we introduced the remaining variational parameter 0 <
q < 1 that characterizes the Gutzwiller wave function.

2. Optimizing the variational parameters

The Gutzwiller variational ground-state energy with re-
spect to the energy of the bare band is the minimum of

U
Evu(q) = eo(qV) + Z(l —Vi-¢%) (78)

over the variational parameter 0 < g < 1. Here, ¢g(V) is the
ground-state energy of the noninteracting symmetric SIAM,
Hy in Eq. (2); see Eq. (48). The minimum cannot be obtained
analytically in general but we can derive an implicit equation.

The minimization condition [dEy,(q)]/(dg) = 0 leads to
the equation

U(q, V)= —-2I'V1 —q?e;(qV)/(qV) (79)

with ' = 7 pp(0)V? = wdyV?* = 2V? on a chain with nearest-
neighbor hopping. Therefore, we know U(q, V) for every
0 < g < 1. The variational ground-state energy is thus given
implicitly by Eq. (78).

In Fig. 5 we show the Gutzwiller parameter as a function
of U/T for V = 0.1, and compare to the analytic expression
in the strong-coupling limit.

3. Strong-coupling limit

For strong couplings, we find ¢ — 0 so that we may use
the small-V expression to derive the variational ground-state
energy analytically. Using Eq. (52) in Eq. (79) gives q(U) ~
q.(U) with

r 16T

and the variational ground-state energy becomes

()P = < exp ( i ) (80)

1 )
4d0JK

2 U
Eopl(q < l,V)%—;exp _16_F xexp| —

1.0 : :

\}

\ |

‘\ == a

\
0.8} '
\
\
\
\
0.6} '
\
AY
o \
\
0.4} Y
A}
AY
AY
A
\\
0.2} N
0.0 ‘ s s ‘ ‘
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U/r

FIG. 5. Optimal Gutzwiller variational parameter as a function
of U/T" for V =0.1 and the one-dimensional symmetric SIAM
(T' = wdyV? = 2V?). The asymptotic result (80) is shown with a
dashed line.

with the Kondo energy Jx = 4V?2/U.

The ground-state energy becomes exponentially small, cor-
responding to the exponentially small Abrikosov-Suhl reso-
nance in the spectral function [3]. However, the Gutzwiller ex-
ponent is too small by a factor of two, Tx o< exp[—1/(2dpJk)]
[3]; i.e., the Gutzwiller approach overestimates the width of
the resonance. As seen from Fig. 5, for V = 0.1 the asymp-
totic behavior sets in around U/T" ~ 35, for ¢ < 0.2.

B. Magnetization and magnetic susceptibility

In the Gutzwiller variational approach, the impurity spin in
the z direction is given by

A2 A A
mS(V, B) = > (Poliia s — ., |®o) (82)

with A, from Eq. (77). Here, we keep a spin-independent g
factor and only consider the magnetic-field-induced changes
in the single-particle product state |®y). Therefore, the
Gutzwiller variational result for the magnetization can be
obtained from the noninteracting expression by replacing g
with gV, see Sec. III B,

mS(V,B) = (1 + 1 —¢*>)m(gV, B). (83)
The zero-field susceptibility in Gutzwiller theory reads

1

G _ — gus\2 2
WO =0+VT= () s @

so that the variational Wilson ratio becomes

X (V. U)
=14++1-¢% (85
(g18/2)°DG (@ = 0) T @)

Here, we used the fact that the Gutzwiller approach describes
a Fermi liquid in which the density of states at the Fermi level
is enhanced by a factor 1/¢*. Equation (85) shows that the
Gutzwiller approach correctly reproduces the weak-coupling

RO(V,U) =
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and strong-coupling limit, R(U = 0) = landR(U > T") = 2.
In the strong-coupling limit, the Wilson ratio deviates from 2
algebraically in 1/U due to the presence of charge fluctuations
[3]. In contrast, the Gutzwiller Wilson ratio is exponentially
close to 2 because the Gutzwiller approach does not describe
charge excitations properly.
For strong couplings, the zero-field susceptibility becomes
241
FxS(Vou> 1)~ (g“TB) —exp (%) (86)
with u = U/T". The Gutzwiller approach correctly reproduces
the exponentially large zero-field susceptibility for strong
interactions; see Sec. V D.

C. Spin correlation function
1. Local correlation function

The spin correlation function on the impurity site reads

1 1
Cii(q) = 7~ 3 (Yolat + i [We)

2
1oy 1+ /1-4
T4 88 &7

The value for the on-site spin correlation correctly interpolates
between the itinerant limit, de (g = 1) = 1/8, and the atomic
limit, C5,(g = 0) = 1/4.

2. Correlation function between impurity and bath sites
We continue with the spin correlation function between the
impurity site and a bath site at distance r,

141 —¢? A A Al A
Ci.(q.r) = #@0'("?"? —djd))

X (Eiy8ny = €5,8, ) Do)

_1—}-\/1—512|<
2

Dglefd, Do)’ (88)

where we applied spin symmetry and Wick’s theorem in the
last step. The matrix element is evaluated in Sec. III C, and we
merely have to replace V. — (gV') in all expressions there.

V. INTERACTING SIAM

In this section we compare our Gutzwiller variational
results to those from the DMRG method that provides essen-
tially exact numerical data for the SIAM on large rings. For
comparison we also include results from magnetic Hartree-
Fock theory, as derived in the Supplemental Material [27],
and compare to the ground-state energy from the Bethe ansatz
solution [32].

A. DMRG method

We study the symmetric SIAM in the effective single-chain
representation (38) using the DMRG method. The mapping
leads to an effective system size that is about half of the ring
size, and it provides open boundary conditions that are more
favorable for the DMRG method than periodic boundary con-
ditions [33,34]. However, particle-hole symmetry is recovered
only in the thermodynamic limit, L — oo.

1. Technicalities

We study the effective Hamiltonian of C electrons on a
chain up to a system of 700 sites, which corresponds to L =
1397 in the ring geometry. This allows us to study systems
with periodic boundary conditions that are three times longer
than used in previous studies with open boundary conditions
[18]. The accuracy of the calculations is controlled using
the dynamic block-state selection (DBSS) scheme [35,36].
Setting the control parameter to x = 107>, the truncation
error yields around 10~7 while the number of maximally
kept DMRG block states can grow up to M = 5000 for large
system sizes. For strong interactions, we target multiple states
to stabilize convergence.

On finite lattices, the calculation of the magnetization as a
function of a globally applied field H is more subtle because
$% is a good quantum number. Therefore, the spin quantum
number S° changes from $* = 0for H =0to S* =1,2,3, ...
for increasing external fields in steps of gugH,, when

gusHy = Eo(S* =n) — Eo(S*=n—1) (89)

forn =1, 2, 3, .... Thus, the impurity magnetization m(V, B)
is recorded only at discrete values of the external field
whereby expectation values are calculated with the ground
state for S° = n. Since the energy differences are of the order
1/L, the smallest accessible magnetic energy scale is of the
order W/L. In this work, we include only the results for
U =0,V =0.2, see Fig. 2, to demonstrate the applicability
of the approach.

For most of the results below, we apply the magnetic field
only at the impurity. Since P in the Hamiltonian (2) is not
conserved, standard DMRG ground-state calculations provide
the results for the impurity magnetization.

2. Tests

To test the accuracy of our open-chain approach, in Fig. 6
we show the finite-size scaling of the impurity occupancy
ng.(L) = (4 ,) for the open-chain SIAM (38) for various
values of U/T" at V =0.1. It is seen that the occupation
extrapolates to its value in the presence of particle-hole
symmetry, n; ,(00) = 1/2. For U > 0, the electrons repel
each other on the impurity. Thus, the Hubbard interaction
suppresses charge fluctuations and shifts ny (L) towards
one-half already at small system sizes. Apparently, for nu-
merical treatments the choice of open boundary conditions
is favorable over the ring geometry because particle-hole
symmetry holds also for finite system sizes. Of course, the
boundary conditions play no role in the thermodynamic
limit, as seen for the extrapolated impurity occupancy in
Fig. 6.

As another test, we present the ground-state energy
AEy(U, V) as a function of inverse system size for V = 0.1
and various values of the interaction strength U/T" in Fig. 7.
Here, we measure the ground-state energy with respect to the
case V =0,

AEyU,V)=Ey(U,V)—EyU,DO0); (90)

i.e., we subtract the band contribution of the free host
electrons and the term —U /4 for the singly occupied impurity
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FIG. 6. DMRG results for the impurity occupation ny 4 of the
open-chain STAM as a function of inverse system size 1/L for various
values of U/T and V = 0.1 (I' = wdyV? = 2V?). Lines are only
guides to the eyes.

site. Therefore, AEy(U, V) is of the order unity and tends
to zero for large interaction strengths. Using a second-order
polynomial fit in the inverse system size, the DMRG energies
extrapolated to the thermodynamic limit coincide with the
values from the Bethe ansatz. Note that the Bethe ansatz
approach covers the wide-band limit, U < W, and also
ignores corrections of order V*. Therefore, the extrapolated
DMRG energies are slightly below the Bethe ansatz
energies.

-1.0

-1.5 M
>

20} .
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301
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35 ‘ ‘ ‘ ‘ ‘
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FIG. 7. DMRG result for the ground-state energy AEy(U,V)
of the one-dimensional symmetric SIAM as a function of inverse
system size 1/L for various values of U/I" and V =0.1 (I' =
wdyV? = 2V?). The crosses denote the values from the Bethe ansatz,
becoming exact in the wide-band limit. The solid lines represent the
second-order polynomial fit.

B. Ground-state energy
1. Small interaction strengths

For the symmetric SIAM, the ground-state energy is known
for weak coupling, U <« n'T" [3,37],

AEU,V) =eo(V)+ v +nal i(—l)”e@”)(v)<i>2n
’ 4 p xr )’

oD

where T' = wdyV? = 2V2. Due to particle-hole symmetry,
there are no odd-order corrections in the weak-coupling series
beyond the Hartree term.

For V « 1, (V) weakly depends on V. We find (see
Supplemental Material [27])

¢@(0.1) = 0.0374447,

92)
¢?(0.05) = 0.0369271,

in very good agreement with the analytical result obtained by
Yamada [37],

1
PV =0= 2 (3) ~ 0.0368608.  (93)

Tt
Moreover, the fourth-order coefficient is known to be very
small, eé®(V = 0) & 0.0008 [37].

The Gutzwiller approach leads to
nl’ N n?

@ ~_
V)= [—32Ve, (V)] 1281n(2V2)°

(94)

In contrast to the exact expression, the prefactor of the second-
order term vanishes logarithmically for V. — 0. For V = 0.1,
we find €’(0.1) = 0.01943, about half of the exact value in
Eq. (92). The paramagnetic Fermi sea remains the Hartree-
Fock ground state until magnetic order sets in at about U, yr ~
. Therefore, there is no second-order term in the ground-
state energy in Hartree-Fock theory.

2. Wide-band limit

For small hybridizations and V « U <« W, the STAM can
be solved analytically using the Bethe ansatz because the
dispersion relation of the host electrons can be linearized
around the Fermi wave vector [19-22]. For the symmetric
SIAM in the absence of a magnetic field, the ground-state
energy can be calculated analytically [32],

AEBM(Usa, Vea)  Usa /Az
et

dA2x(A)og(A)  (95)
IBA —o0

with

V2
(M) = == [ A A2+ U, Vily /4,

A) /°° dk V2,
o = —_—
S oo 47T (k + Upa/2)2 + Vi, /4

Tk — A)] ©6)

X 5 sech |: 5
Usa VBA Usa VBA

where sech(x) = 1/ cosh(x) is the hyperbolic secant function.
The energy shift Uga /2 takes our definition into account that
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AEy(U, V) is measured with respect to the limit of vanishing
hybridization, AE(?A(U ,00=0.

Note that in Eq. (96) all energies are expressed in units of
tpa o that the Fermi velocity is vE* = tpa. In our energy units
we have vp = W/2 so that we must settgp = W/2 = 1/2;i.e.,
we must scale all energies by a factor of two. Moreover, in
the Hamiltonian used in the Bethe ansatz, only the symmetric
linear combination of right-movers and left-movers couples to
the impurity whereas the hybridization in the lattice Hamilto-
nian (5) is expressed in terms of left-movers and right-movers.
This implies Via /tsa = 2+/2V/W and Ugs = 2U/W in our
energy units.

We adjust the bandwidth cutoff parameter A to re-
produce the ground-state energy (50) of the noninteract-
ing SIAM to orders V2In(V2) and V2. For A =2e we
indeed find AEBA(0,V) = (4V?/m)[In(V?) +1In(2) — 1] +
O(V*); see Eq. (50).

Ignoring terms of order V# and higher that are beyond the
wide-band limit, the ground-state energy reads

AEBAU,V) u O dp 1
r 2 £ /e/r 7 (p+o.u/2)?+1

[e.¢]
d
X / sech(y)e(p> — 2uy/m. u),
o0 T

O u) = “/75 A+ VA2 +u? (97)

with ' = 2V? and u = U/T". These expressions are amenable
to a numerical evaluation of the integrals.

To extract the limiting behavior and to show the equiva-
lence with the Hartree-Fock energy for U/T" > 1, we write

AEPNU, V) = AEGM WU, V) + AEPM (U, V),  (98)

where
AEM WU V) /0 dp p ©9)
r 2 ~ ) @ (p+ouu/2)? + 1
and
AEPM U, V) _ Z/O dk u
r ~ ) oo T (kU + 0qu/2)? + 1
o0 dy )
X —sech()X (k* — 2y/m) (100)
o T
with
2
X(\) = —k+§\/x+\/x2+1. (101)
The second term gives for u > 1
AEBAYU >T,V
0 (r>> )T Loand). (02
u

The first term is equivalent to the Hartree-Fock expression
in the limit m — 1/2 that is reached for U/T" > 1; see
Supplemental Material [27]. Moreover, the integral is read-
ily evaluated and gives in the intermediate-coupling regime

(M=2V2/W KU KW)

AERAY WU, VY 2 u 2
A% V) 2 e + —[1 — —tanl(u/fl)}
r T 2 b4

+ % In(1 + u?/4). (103)
It is seen that the ground-state energy increases logarithmi-
cally, i.e., as a function of In(x), in the intermediate-coupling
regime [32].

One may wonder whether or not the Kondo energy scale
can be extracted from the Bethe ansatz energy expression
(97). Indeed, the region [|p+ u/2| < vy, |y — p?m/Qu)| <
V2] with vy, of order unity gives rise to a contribution of the
order of

(104)

with u = U/I". T (U) is proportional to the Kondo tempera-
ture for the symmetric SIAM in the strong-coupling limit [3].
Note, however, that the integration over all the (p, y) region
wipes out this term in the ground-state energy. It is only in
magnetic properties that the energy scale 71, becomes visible
[3]; see Sec. VC.

3. Comparison

In Fig. 8 we compare the Gutzwiller, Hartree-Fock, and
Bethe ansatz energies for V = 0.01 (I' = 0.0002). For such
small hybridizations, DMRG calculations would require sys-
tem sizes that are an order of magnitude larger because even
at U = 0 the relevant energy scale I' =2V?2/W becomes
very small. In Fig. 9 we show the ground-state energies for
V =0.1 (I = 0.02) from weak-coupling perturbation theory,
Gutzwiller, Hartree-Fock, finite-size extrapolated data from

U

0 0.004 0.008 0.012 0.016 0.020

—-0.01

—-0.02¢

—-0.03}

<]

AE,

—-0.04}

—-0.05¢

—-0.06 ]
X  Bethe Ansatz Hartree Fock
+  BAasymptotic - -- Gutzwiller
007 10 20 30 40 50
u/r

FIG. 8. Ground-state energy AE.(U,V) for the symmetric
SIAM in one dimension as a function U/T" for V =0.01 (I' =
7dyV? =2V? =0.0002). The full (dashed) lines display the
Hartree-Fock (Gutzwiller) variational upper bound, the open sym-
bols give the Bethe ansatz results from Eq. (97), and the crosses
denote the asymptotic result (103).
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B e = —0.050} <ol ]
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FIG. 9. Ground-state energy AEy(U,V) for the symmetric
SIAM on a ring as a function U/T" for V =0.1 (I' = nd,V? =
2V? = 0.02). The second-order weak-coupling result (92) is shown
as a short-dashed line, the full (dashed) lines display the Hartree-
Fock (Gutzwiller) variational upper bound, the open symbols are
the DMRG data, extrapolated to the thermodynamic limit, and the
crosses give the Bethe ansatz values. Inset: Ground-state energy for
small interaction strengths.

DMRG, and the Bethe ansatz. Since the Bethe ansatz ap-
proach covers the wide-band limit, U <« W, the extrapolated
DMRG energies and the Hartree-Fock energies lie below the
Bethe ansatz energies, as becomes discernible at V = 0.1 for
U/T 2 10 in Fig. 9.

As seen from the two figures, the Gutzwiller energy curve
deviates noticeably from the exact results for U/I" > 10. Like
second-order perturbation theory, it provides a good estimate
only for U < 5T. At large interactions, the Gutzwiller vari-
ational energy becomes exponentially small. Since the wave
function does not properly describe charge fluctuations, i.e.,
the Hubbard bands, the Gutzwiller variational energy bound
is poor.

In Hartree-Fock theory, a magnetic moment is formed only
for UNF ~ 7T, and the ground-state energy contains a cusp at
U.. More importantly, above U = 5T the Hartree-Fock theory
provides an excellent bound on the exact ground-state energy.
For small hybridizations, the exact Bethe ansatz and DMRG
energies are in almost perfect agreement with the Hartree-
Fock upper bounds. Since the quasiparticle peak provides
an exponentially small energy contribution for U > T, the
energy is solely determined by the lower Hubbard band, which
gives rise to a In(u) increase of the ground-state energy; see
Eq. (103). The result for AE(?A’I(U, V)/T is also shown in
Fig. 8.

Obviously, the lower Hubbard band for # > 1 is qual-
itatively well captured by Hartree-Fock theory. Therefore,
Hartree-Fock theory provides an excellent starting point for
analytical theories such as the local-moment approach that
covers both the high-energy and low-energy parts of the
single-particle spectrum [10-12].

C. Magnetization and magnetic susceptibility

The Bethe ansatz permits the exact calculation of the
impurity magnetization in the presence of a magnetic field on
the impurity. Hereby, it is implicitly understood that the effect
of the magnetic field on the conduction electrons is negligibly
small so that it does not make a difference whether or not the
magnetic field is also applied to the bath electrons.

1. Magnetization

The analysis of the Bethe ansatz equations depends on the
value of the external field b = B/T". First, region I, b < by(u),
covers the weak-field regime b — 0 and the Kondo regime
for u > 1. Region I, b > by(u), covers the large-field regime
b — oo. The magnetization and the magnetic susceptibility
are continuous at b = by(u). The boundary value is deter-
mined by [In(e) = 1]

21’1 + 1 n+1/2 1
b V2u S
o(u) = u\/— Z n,( 2e ) 2n+ 132

~ 0.398942+/2u. (105)

For u — 0, only region II exists, whereas in the Kondo limit,
for u — oo, only region I remains.

Magnetization in region I. The magnetization and the mag-
netic field parametrically depend on each other. For p > 0,
Tsvelik and Wiegmann give [21]

2u o 120+ 1\ e m@rthp
bi(p, u)=,/—2—'< ) 5 (106)
T =l 2e 2n+1)
for the applied magnetic field so that b;(0, u) = by(u).
The impurity magnetization contains two terms,
my(p, u) = mg(p, u) + Mg (p, u), (107)

namely, the “Kondo term” mk (p, #) and the “regular term”
Meg (P, u). We discuss them separately.
The Kondo term is given by (n = 07) [21,38],

(52 30) (=) [® do [iw+n "‘”F 1
m JUu) = — —lw
Kip 4732 J_ o w —in e 2
x exp{—2miw[p —J (W)}, (108)

where

1 u? —4

J ) = (109)

8u

is the inverse Kondo coupling, and I'(x) denotes the Gamma
function. The Kondo contribution cannot be obtained in weak-
coupling perturbation theory because of the 1/u singularity in
the exponent. Moreover, it gives rise to a diverging zero-field
susceptibility for u > 1; see Sec. V C 2 below.

The regular contribution reads

( - Z m+1 n+1/2 e~ TPC2n+1)
m ,u
regll f n\ 2e 2n+1

XF(M,M)

o (110)
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with

oo
1
F(a,u) =/ . —
oo TT 1+ (iy +u/2)?

/ 2dy _,, 1 —y?>+u?/4
= —e
o T w?y? + (1 —y* + u?/4)?

¢ dx a*u?
==y [ 22 o - — | @11
¢ /(; S P |:x 4x i| (11D

with the analytic expression

F(a,u) = —ema=w/4)

+ e~ 90~ /DRe (e Erfi[ /a(2 —

sin(au)

in)/21},
(112)

where Erfi(x) is the complex error function. The analytic
formula is helpful for the derivation of series expansions of
F (a, u) for small and large arguments a.

Magnetization in region II. For the applied magnetic field,
Tsvelik and Wiegmann give [21]

u (1- e‘z””x) X\*
b[](pv M) - bO(u) + / x3/2 + x) (E)

(113)
for p > 0. The magnetization in region II is given by
1 1 [® dx e 2™  x\* _/mx
mip ) =5 =5 | ﬁm(;) F(7u)

(114)

As shown in the Supplemental Material [27], the result for
the noninteracting SIAM is readily recovered from Eqs. (113)
and (114). There, we also derive an explicit formula for the
large-field limit,

u 4w — 12u — 3mwu?
27‘[b2 12723

my(b > Ju/m)~ - — —
(115)

up to and including all terms of the order 1/b%, and the low-
energy Kondo scale 71 (U) is absent for large fields.

In fact, there are no logarithmic terms to all orders of the
1/b expansion because, for b > 1, both b(p, u) and my;(p, u)
can be expressed in terms of a series with odd powers in the
parameter 1/.,/z, where z obeys p = z — In(2wez)/(27) [21].
Therefore, at large values of the external field, the impurity
magnetization does not show any signs of the logarithmic
Doniach-Sunji¢-Hamann tails in the impurity spectral func-
tion [10-12,39].

We show the impurity magnetization as a function of
the local external field for small and moderate interactions
strengths in Fig. 10 and Fig. 11, respectively. The DMRG
reproduces the magnetization curves very well, particularly
at strong magnetic fields. DMRG requires very large system
sizes to resolve the steep initial slope of the magnetization
curves, especially for moderate to large interaction strengths.
This behavior is reflected in the zero-field susceptibility that
becomes exponentially large for large interactions in an expo-
nentially narrow region of external fields, as we discuss next.

0.5 . . . . . - - -
::::::::::8:.-::::::::8-'-'-'»'-'""""""""'"'"""""
umr=s . 01::::1'-?338 """"" 8
0.4} Ocp‘o.o"'u_,..-@ UT =
o
& 0.50
8 S
03f o o 09 0.45
) I -07§
S s 2 750 ] a0}
Y] 01 “0 o
020, ol 1 035 :
00 2 3 4 5 6 7 8
¢§ 000 01 02 03 04 B/T
0.1{% B/T
g 0  DMRG (L=997) - B.A.regionIl
E ---- B.A.region I small/large B approx.
00 L L L L L L L L
0 1 2 3 4 5 6 7 8 9
B/T

FIG. 10. Impurity magnetization m(V =0.1,B) = (S‘f,) as a
function of the external magnetic field b = B/T" = gugH /(2TI") for
weak interactions, u = U/I" = 1, 3, from the Bethe ansatz for the
symmetric STAM. The insets show the behavior for small and large
fields with the small-field asymptotics (118) and the large-field
asymptotics (115). The circles are DMRG results for rings with
L =997 sites.

2. Zero-field magnetic susceptibility

For b;(p, u) = b — 0, we have p — oo in Eq. (106) so that
we only retain the first term in the series. Thus,

1 Te
p=——In(b/— | > 1
T u

For the case [p — J~'(u)] > 0, we may represent my (p, u) in
terms of a sum by performing a contour integral in the lower

(116)

bo

(3

() ) ) ) ) 4

g 46 8 10 12 14

b 0800 0.05 0.10 0.15 0.20 B/T
0.1p B/r

1 o  DMRG (L=997) B.A.regionIl

E ---- B.A.region I small/large B approx.
00 s L L L L L L L

0 1 2 3 4 5 6 7 8 9

FIG. 11. Same as Fig. 10 for moderate couplings # = 5, 10.
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complex w plane,
(p,uw) L ¢
mg(p, u) = —
VT = 2n+1n!

n=

—D)" 1 2n41\"/?
2e

x exp{—n[p—J 'w)]@2n+1)}. (117)

In this sum for the Kondo contribution and in the sum for the
regular contribution, Eq. (110), we keep only the first term in
the series and find [m;(p, u) = m(b, u)]

b
mb — 0, u) ~ ——" " I[1 4+ e VOF (7 /(2u), u)]
V2u

(118)

for small b, with corrections of the order b° [21].
Thus, the Bethe ansatz provides an explicit expression for
the impurity susceptibility in the wide-band limit [3,21,40],

21
BAU,V) = 1B
X (U, V) (Z)TL(U)
w/Qu) dx 7.[2
1 -
X[ +/o ﬁ"( 16x>}

(119)

with u = U/T" and Ty (U) from Eq. (104). Since the integral
vanishes for u — 00, the exponential term gives the result in
the Kondo limit.

We show the zero-field susceptibility in Fig. 12. As seen
from Eqgs. (104) and (119), the zero-field susceptibility in-
creases exponentially as a function of u. This behavior is
difficult to reproduce in DMRG because, as the magneti-
zation is bounded from above, the magnetic-field region in
which the susceptibility is exponentially large is exponen-
tially small. Therefore, it is hard to calculate the zero-field
susceptibility for u 2> 10 from DMRG, and other numerical

103 : : : :
o DMRG (L =997)
Bethe Ansatz
- =  Gutzwiller
10%
'
7
(./\Iﬂ '
ﬁ?{ ;.i 101 o P ‘
'
7
'
7z
o -’
7
7
10°F L7

0 5 10 15 20 25 30 35 40 45
U/r

FIG. 12. Zero-field magnetic susceptibility, T'xo/(gug)?, as a
function of the interaction strength u = U/I" from Bethe ansatz,
Eq. (119), and the Gutzwiller variational approach, Eq. (84), for the
SIAM, in comparison with DMRG results for L = 997 sites. Note
the logarithmic scale for the ordinate.

methods such as the NRG must be employed for large in-
teraction strengths. For u = 10, 15 we choose B = 0.0025T
and calculate x?MRS(U,V = 0.1) = (gus/2)*[2m(B, u)/B.
As seen from Fig. 12, the agreement between the Bethe
ansatz results and DMRG is very good for u < 10 and quite
acceptable for u < 15, where the zero-field susceptibility is
enhanced by more than a factor of 100 over its noninteracting
value.

The Gutzwiller variational theory reproduces the expo-
nential behavior of the zero-field susceptibility but with an
exponent that is too small by a factor of two. Therefore,
the Gutzwiller approach also underestimates the value of the
zero-field spin susceptibility; see Fig. 12.

D. Spin correlation function
1. Local moment

In Fig. 13 we show the local moment on the impurity site,
Cia = ((ng 4 — ng, i)z) /4, from Gutzwiller, Hartree-Fock, and
DMRG. The Gutzwiller approach provides a reasonable es-
timate for the local moment for all interaction strengths.
However, it underestimates its value for weak interactions and
slightly overestimates it in the strong-coupling limit.

Hartree-Fock theory uses the noninteracting Fermi-sea
ground state for weak interactions, and starts with the
interaction-driven buildup of the local moment at U'F ~ 7 T.
Similarly to the Hartree-Fock energy curve shown in Fig. §,
a kink in C},'I; (U) is observed at the critical Hartree-Fock
interaction. For moderate to strong interactions, U = 5T, it
provides an excellent estimate for the local spin correlation.
For U/T" =5 and for U/T" = 50, the magnitude of the local
moment is of the same magnitude both in the Gutzwiller
approach and in Hartree-Fock theory.

U
2 4 . 1
0.2 6O 0 0 0‘ 6 0.8 0
0.24f
0.22f
0.20}
$

0.18}
0.16¢
0.14f5, o+ DMRG 1

9 Hartree Fock

R - - - Gutzwiller

12 ‘ ‘ : ‘

0 0 10 20 30 40 50

U/r

FIG. 13. Local spin correlation Cuy = ((ng4 — ndv¢)2)/4 for
V =0.1 (I' =2V? = 0.02) as a function of U/T" = 5 in Gutzwiller
and Hartree-Fock theory for the SIAM compared with DMRG results
with L = 1397 sites.
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FIG. 14. Unscreened spin S(r) at distance r from the impurity
site, see Eq. (43), for V. =0.1 (I' =2V? = 0.02), U/T =5 (upper
panel), and U/T" = 50 (lower panel). The Gutzwiller and magnetic
Hartree-Fock results for the STAM are compared with DMRG results
with L = 797 sites.

2. Unscreened spin

In Fig. 14 we show the unscreened spin S(r) for U/T" = 5
(upper panel) and U/I" = 50 (lower panel) at V = 0.1 (I' =
0.02). Even for U/T" =5, the asymptotic region is not yet
reached for L = 797 in DMRG, where by construction the
spinis screened at r = (L — 1)/2 = 398. For U/T" = 5, finite-
size effects are unimportant up to r &~ 30. When the interac-
tion is very large, U = 50T, finite-size effects dominate the
DMRG data for all r > 1.

Despite its failure to describe the ground-state energy prop-
erly, the Gutzwiller approach reproduces the mesoscopically
large Kondo screening cloud. For r — oo, the impurity spin is
perfectly screened, SO (r - 00) = 0, but the Kondo cloud ex-
tends over many thousands of sites even for moderately strong
interactions, U/I" = 5. In contrast, in magnetic Hartree-Fock
theory the screening is never complete, ST (r — o0) > 0.

Therefore, among the three approaches discussed here, the
Gutzwiller wave function provides the best gualitative de-
scription of the Kondo screening cloud for strong couplings.

3. Fermi liquid regime

The calculation of the static spin correlation function
Cyc(r) in Eq. (41) poses a difficult many-body problem. We
separate the spin correlation function into its Fermi liquid
contribution (dressed bubble) and a part that contains vertex
parts in a diagrammatic approach,

C.(r) =C3f + ¢y

C3fl = —L|(Wolef,d, |Wo) 2 = —iM2. (120)

The vertex part vanishes for the noninteracting case; see
Eq. (63). For the Fermi liquid part, we used that the d-electron
density is one-half and that the system is unpolarized.

Due to particle-hole symmetry for the translationally in-
variant system, the Fermi liquid contribution vanishes for odd
sites, Cg’CFL(2m + 1) = 0. The spin correlation function at odd
sites remain small even for substantial interactions. However,
from the DMRG data we infer that, for large interactions
and intermediate length scales, the vertex term for even sites
is (much) larger than the Fermi liquid contribution. In this
regime, the ground state is very far from a single Slater
determinant.

In the limit of very large distances and thus small excitation
energies, we expect that the Fermi liquid picture description
is applicable. For the Fermi liquid contribution we can write
quite generally [27]

0

dpIm{[sin(2mp) — icos(2mp)]

\%
My, = ——
T J_n)2

x G5, (sin(p)/2)},

where we neglected the contributions from the bound states
because their contribution vanishes exponentially for large
distances. Here, G%',(w) is the exact retarded impurity
Green’s function.

At very large distances, only the region of small p con-
tributes to the integration because of the vastly oscillating sine
and cosine functions. Thus, we may approximate the impurity
spectral function by its Fermi liquid form,

Dygf@) ~ ~—=
@)~

(121)

(122)

with I, oc T, with the Kondo scale from Eq. (104). Thus, we
recover the result (70) for the decay of the spin correlation
function at large distances,

2

1
822 m?”

C5.2m > 1/2TH) ~ — (123)
The long-range decay of the correlation function is algebraic
but, since I', is exponentially small, this decay only sets in
at exponentially large length scales. The Gutzwiller approach
reproduces this result qualitatively.

Note that the subtleties of the Kondo screening, e.g., the
Doniach-Sunji¢-Hamann tails in the impurity spectral func-
tion [10-12,39], contribute to the Kondo screening cloud
S(r) for intermediate to large distances that are well below
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1/T2. The visualization of the screening cloud requires the
calculation of a two-particle correlation function, which is
very demanding; for a variational approach to the Kondo
model, see Ref. [16].

VI. CONCLUSIONS

In this work, we studied the ground-state energy, the
impurity magnetization and susceptibility, and the Kondo
screening cloud for the symmetric single-impurity Anderson
model (SIAM) using the results from the Gutzwiller, mag-
netic Hartree-Fock, and DMRG variational approaches. We
restricted our study to the case of a regular metal with a
constant density of states around the Fermi energy; Kondo
screening for other host density of states, e.g., in graphene,
is studied in Refs. [25,41]. For the ground-state energy and
magnetic properties, we compared our results to those from
the Bethe ansatz that become exact in the wide-band limit.
For further reference, we defer many technical details to the
Supplemental Material [27].

Each of the three variational methods has its merits and
limitations.

(1) The Hartree-Fock approach provides an excellent de-

scription of the ground-state energy for intermediate to strong
couplings. However, since it displays a gap for (magnetic)
excitations, Hartree-Fock theory fails to reproduce the large
magnetic susceptibility for strong couplings. Concomitantly,
it is unable to screen the impurity spin.
The Hartree-Fock theory correctly describes the charge exci-
tations of the symmetric STAM. This makes it the perfect start-
ing point for more elaborate analytical approximations such as
the local-moment approach that introduces the missing low-
energy spin-flip processes into the Hartree-Fock description
[10-12].

(2) Gutzwiller theory provides a rather poor upper bound
for the ground-state energy. However, it qualitatively de-
scribes the exponentially large magnetic zero-field suscepti-
bility for strong couplings because it retains an exponentially
small resonance in the impurity density of states in the Kondo
limit. Consequently, the impurity spin is completely screened
by the bath electrons at infinite distance from the impurity.
As an inherent Fermi liquid description, Gutzwiller theory
correctly reproduces the long-range behavior of the Kondo
cloud. However, for short and intermediate distances, its
description of the Kondo cloud is too simple minded.

(3) The DMRG method is numerically highly accurate for
finite systems. In this work, we map the SIAM on a ring
onto a two-chain geometry with open boundary conditions,
where we disregard the interchain coupling. Therefore, we
can treat rings with up to L = 1400 sites, and extrapolations
of the ground-state energy to the thermodynamic limit are
unproblematic. We see that the Bethe ansatz description is
applicable for interactions up to about half the bandwidth even
atV =0.1w.

The intrinsic energy resolution is limited to Aw = W/L.
Therefore, the DMRG encounters problems to resolve the
Abrikosov-Suhl resonance in the impurity density of states
in the strong-coupling limit, and a reliable description of the
impurity magnetization and of the magnetic susceptibility is
limited to moderate interaction strengths. Correspondingly,

DMRG properly describes the short-range region of
the Kondo cloud but does not cover the long-distance
asymptotics because the Kondo cloud in DMRG cannot
exceed half the system size. The NRG is best suited to
resolve small energy scales, and thus overcomes the DMRG
limitations.

At the end of our presentation, we emphasize that the
Kondo screening cloud is amazingly large, even in the non-
interacting limit, for reasonably small hybridization strengths,
e.g., V = 0.1, and in one dimension, where a larger fraction
of the bath electrons can couple to the impurity than in higher
dimensions. This implies that magnetic impurities in metals
can be correlated over mesoscopic distances.

Note, however, that this behavior depends on a number of
assumptions, namely, (i) a perfect metallic host without impu-
rities, (ii) zero temperature, and (iii) the Kondo regime, which
is guaranteed for the SIAM by particle-hole and spin-flip
symmetry for U/I" 3> 1. Deviations from these exceptional
conditions, especially a finite temperature, will drastically
limit the range over which the impurity spin is screened.

Nevertheless, we can expect that two magnetic impurities
in a metal can sense each others’ presence over quite some
distance so that they will bind into magnetic singlet (or
triplet) pairs. An investigation of this pairing requires the
analysis of the two-impurity Anderson model (TIAM); see,
e.g., Ref. [42] for a recent Gutzwiller variational study, and
references therein. A DMRG study of the TIAM is currently
under way.
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APPENDIX: CHAIN MAPPING USING
THE LANCZOS CONSTRUCTION

The Lanczos algorithm provides another way to derive the
chain geometry from the ring geometry in Sec. II C. Dropping
spin indices, we start from the seed state

|Wo) = d ™ |vac) (A1)
and find the Lanczos basis from
|W1) = Ho|Wo) — ao|Wo) = Vb |vac), a2
|W,i1) = HolW,) — a,|W,) — b2|W,_1),
forl <n <L -1, where
<q"n|ﬁ0|\pn>
al’l = 1 1.
(W, |W,,)
v, |0,
b= L. (A3)

8 <‘~I’,,,1|\Ifn,1>
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It is readily shown thata, = 0 (0 < n < L), b? =21, b2 = 1*
2<n<L)and

W,) = V(=" [ Vb +e b T|vac).
(A4)

The algorithm automatically terminates after n =L, i.e.,
|Wit1) =0.
After a proper normalization we find the L + 1 basis states

|d) = |Wo) = d™|vac),
|0) = C Ivac),

1 A N
|n) = \/;[e_‘”‘"b;L + e™b} _ 1|vac)

{C‘j |vac) for

i8S} |vac) for

1<n<(L—-1)2
(L+1)/2<n<L.
(A5)

Up to a phase factor for the S electrons, this is the same basis
as used in the canonical transformation. The extra phase factor
accounts for the electron transfer it between the C-electron
and S-electron chains in Sec. II C.
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