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A introduction

2CK has much physics ,like overscreening , non-fermi-liquid behavior , residual impurity
entropy and channel symmetry. Unfortunately , few exists in flat band 2CK models , due
to the system has no dispersion. Traditional methods ,like RG and bosonization can’t
work because all state gather within the same energy that can’t be cutoff . Nevertheless
, system become much simpler due to flat band and geometric effect becomes dominant.

Two major inspiration of this work is Grant Z.X. Yang Quantum Geometric Kondo
Cloud and work on stub lattice. The former reveals the kondo singlet becomes kondo
cloud(pure singlet) in flat band that can be controlled by quantum metric , the latter
emphasize gap within flat band models can be controlled by QM that create different
scaling of Superfluid weight to QM.

To realize a 2CK flat band model ,we should find a non-interacting basis that is a flat
band. The cruetz ladder is just that , and its two orbitals fit the 2CK model. Moreover |,
we want to tune the quantum metric ,so we introduce a « term in the model that keeps
flat band.

In this work , we :

- Find the kondo cloud that has 3/2 scaling law to QM due to Gap QM , more scaling
also can exist in this model.

- Reveal the phase diagram of this model ,consists of a (2,2) and a (1,3) phase . Kondo
singlet can have or don’t have any correlation with other bath within the two phases.

B Model

We consider a spinful Creutz ladder with a localized spin-1/2 impurity. Each unit cell
contains two orbitals, denoted by A and B. The Hamiltonian reads

H = Hy + Hg, (1)

where the noninteracting bath is described by

HO = — tz <a}abj+170 + b}aaj_i_lya + HC)
J,o
+1 Z (—ia}UajHJ + Z'b;r-gbjﬂg + H.C.>

j
+ at Z (—ia}abjg + H.c.) : (2)
7,0



Here, ¢ > 0 sets the hopping energy scale, and « is a dimensionless intracell hopping
parameter. Periodic boundary conditions are imposed.
The impurity couples symmetrically to both orbitals in unit cell jg:

Hy = JSq- (Sjoa +Sj8), J >0, (3)
where ]
Siu = 5 0 ChuoTaorCinrs 1= AB, (4)

with ¢ja, = aj, and ¢jp, = bj,. The bath electrons have no additional interaction.
We introduce the Fourier transform

Cing = ——= e o = A, B, 5
i \/sz: kop H (5)

where a is the lattice constant. In the orbital basis ¥y, = (e, bro)?, the bath Hamilto-
nian becomes

Ho =) Wi, ha(k) Vs, (6)
k,o
with
h (k) = 2sin(ka) —2cos(ka) —ia
T\ =2 cos(ka) + i —2sin(ka)
=t [—2cos(ka)r, + o, + 2sin(ka)7,] , (7)

where 7; are Pauli matrices in orbital space.
Using {7;, 7;} = 26;;12, we obtain
hZ(k) = t* [4cos?(ka) + o + 4sin®(ka)] I, = t*(4 + o) L. (8)

«

The two spin-degenerate bands therefore have energies
Ey(k) = £tV4 + a2, (9)
which are independent of momentum for any «. The interband gap is
Ay = 2tV4 + a2, (10)

Although the energies are dispersionless, the orbital eigenstates depend on momen-
tum. For either band and a fixed spin, the quantum metric is

g+ (k) = Re [(Oxus (k)| (T2 — Jus (k) (us(k)|) |05us (k)] (11)

To evaluate it without choosing an eigenstate gauge, we introduce the band projectors

P.(k) = % [ d,) 7], duth) = (_2C08(ka_i’f;§ sin(ka)) (12)

The metric can then be expressed as
1 9 11 ~ 2
gi(k) == 5 Tr [(8kPi(k)) } == Z ‘akda(k)’
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Since 5
Ody (k) = \/ﬁ(sin(ka), 0, cos(ka)), (14)

both bands possess the same momentum-independent metric,

0,2

T dta?

g+ (k) (15)

Consequently, its Brillouin-zone average and the associated quantum metric length are

w/a 2
a a a
g=— dk k)= —— loM =4/ = ——. 1
9= or —r/a 9:(k) 44 a?’ oM =V V4 + a? (16)

Thus, a continuously tunes the quantum metric while preserving the exact flatness of
both bands.

C Small J —’kondo cloud’ scaling with tunable quan-
tum metric

C.1 Weak-exchange scaling with the quantum metric

We consider half filling, N, = 2L, and J/A, < 1. We shift the origin to the impurity
rung, jO == 0, and define Sj = SjA + SjB~

Definition of the impurity—bath correlation. We use the full scalar spin correla-
tion,

Cj=(Sa-s;),  Clg)=Y e™C;, ;= ja. (17)
J
No product of local magnetizations is subtracted. The signed, unnormalized second

moment is
My = " a3C;. (18)
J

First-order perturbation theory for C;. In the sector with total S* = 1/2, the
unperturbed state is

[Wo) = | T)a ® |BI). (19)

At half filling, each lower-band Bloch orbital is occupied by both spin components, while
the upper band is empty. The resulting band-insulator bath is a spin singlet, and therefore

(Bl|s;[BI) =0,  (Wo|Hg|¥) = 0. (20)

In particular, Hx has no matrix elements within the unperturbed ground-state doublet.

Acting on the filled lower band, sy creates an interband particle-hole excitation. In-
traband excitations within the lower band are Pauli blocked, and the upper band contains
no electrons. Because both bands are flat, every intermediate state generated in this way
has the same excitation energy A,,.



The first-order correction to the wavefunction is therefore

n!HK\‘Ifo>
w0y =2 I
n?éo BI —

=LY Sistiw). (1)
& p= T,Y,2

The zeroth-order contribution to C; vanishes. Keeping the two first-order wavefunction
contributions gives

o\ = <%|sd s; 0D 4+ (WS, - 55| W)

Rez S4S5)o(s8 50 (22)

(Vo] S§Sgs5 50| Wo) = (1 [S3Sal ) (BI|s§sg|BI). (23)

The factor of two comes from the corrections to the bra and the ket.
Spin-rotation invariance of the unperturbed bath implies

A, 00
[(s§s6)0),,...=1 0 4 0]. (24)

o 0 0 A
(sts0)0 = OapAj;, Aj = (s5s0)o0- (25)

Using ,
Z<(53)2>0 = Sa(Sa+1) = 7 (26)
> (SiSho(sist)o = Z<5353>o5ab/1j (27)
= A;) (83550 (28)
= A; [((S2)%)o + {(S9)")o + ((S3)")o] - (29)

we obtain
3J

Cj=—ga 4 +Ol(J/Aa)]. (30)

Thus the leading impurity—bath correlation is determined by the equal-time spin corre-
lation of the unperturbed bath.

Fourier transformation of the bath correlation. Define
Sy = Z —lajagz Algq) = Ze‘iqj“Aj. (31)
J
Expanding the product of Fourier components gives

(5757 o =Y e MU0 (s7s7),. (32)

j7l



The unperturbed bath is translationally invariant, so (sisj)o = A; ;. For each relative
separation r = j — [, there are L choices of [. Hence

(si5" o =LY e A, = LA(q). (33)
Consequently,
A 1 z .2 (1) 3J z 2
(Q) = Z(qu—q>07 C (Q) = _QAQL <8q8—q>0' (34)

Only the unperturbed bath is assumed to be translationally invariant; the impurity breaks
translation symmetry in the interacting system.
We use the electronic Fourier convention

1 i
Cineg = —= e L0 35
T \/ZXIC: kp ( )

Writing 7y = 1 and 7, = —1, the spin density becomes

1 o
z _ — E —iqja T .
Sq - 9 € nacj,u,o‘CJMU
Ik,

1
= 5 Z nﬂcz,uackJrq“LW' (36)

k,u,o

The momentum constraint follows from

1 Iy .
=R = Gy (37)
J

Wick contraction and the band projectors. Let Py (k) denote the orbital projectors
onto the upper and lower bands. Since the lower band is filled for both spins,

(ChyiorChrvor )0 = Otk Or [P (K) s (38)
<Ck,uac1l;/ygl>0 - 5kk’6aa’ [P—i- (k)]uu (39)

The second relation follows from the fermionic anticommutation relation and I —P_ = P,.
Substituting Eq. , we find

1
<S(§82—q>0 = Z_l E 770770’<Czuack-f-qy#ffc;[wcr’cp—%l’ff’>0' (40)
kpop,v
0,0

For this operator ordering, Wick’s theorem reads

(cleached)o = (clea)olcheao + (cleadolcach)o. (41)

The first term yields (s?)o(s*,)o = 0. The second term imposes p = k + ¢ and 0’ = o,
giving

= TP (k)Pe(k + q)]. (42)



Here >~ _n2 = 2, while the orbital sum produces the trace. Combining Egs. (34)) and .
we obtain

(1) —
C ~IA. LZTr k)P (k + q)). (43)

Explicit evaluation for the Creutz—a bath. The band projectors are

l[lj:na(k)-‘r], na(k):(—QCoska,a,Qsinka)‘ (44)

Pelb) =3 Vita

Using Tr7; = 0 and Tr(r7;) = 26,5,
TP (WP, (k+ )] = 5 1~ ma(k) - ma(k + )] (45)

The scalar product evaluates to

4 cos(ka) cos|(k + q)a] + 4 sin(ka) sin[(k + q)a] + o?

n, (k) -n.(k+q) =

4+ a?
_ 4cos(qa) + o?
T (46)
Therefore,
2[1 — cos(qa)]
Tr[P_(k)Py(k + q)] = it a (47)

This expression is independent of k&, so the momentum sum in Eq. simply contributes
a factor of L. We obtain

3J

D= o8

[1 — cos(qga)]. (48)

This result retains the full wave-vector dependence; only the exchange coupling has been
expanded.
For either band, the quantum metric is

1
ga(k) = Z|akna(k)|2
1 4a®sin®(ka) + 4a® cos?(ka) a?

Equation (48]) can thus be written as
3J g
Oq) = =55 2511 = cos(qa)] + O[(J/Ba)?] (50)

Second moment and its geometric dependence. Differentiating the Fourier defi-
nition gives

=— Z z2e "0y (51)
J



Hence

0*C(q)
My = — 52
2 o | . (52)
Since o
gl —eostaa)| = (5)
Eq. yields
3J
My = ——7o + O[a*(J/AL)?]. (54)
2A,,
Equivalently, the small-¢g expansion is
C0(g) = =222 4 O[(J/An)ate"]. (5)

Thus M, measures the curvature of the impurity—bath spin correlation at zero wave
vector. Because the real-space correlation retains its sign, M is not a normalized spatial
variance.

For a finite periodic system, the derivative is understood through the continuous func-
tion ) ; e~"%iC; associated with the chosen real-space coordinates. It does not require a
numerical derivative of the discrete momentum data.

The 3/2 scaling at fixed t. Substituting the explicit gap into Eq. , the first-order

result is
3Ja?

MY = — 2
2 4t(4 + a?)32

(56)

The metric and gap obey

Fo= -2 Vita®= A, =2 (57)
= 7, 9 o = ——, a — =
Yo Ty e Va Va

Eliminating A, gives

3J N4 3J
M(l) Via 2 =3/2
MY 37 3/2 (50)
a4t a2 '

The exponent combines the geometric matrix-element factor g, with the inverse excitation
gap A;' o< g/2. This relation holds at first order in J throughout the fixed-t parameter
path, pr0V1ded J/A, < 1. In particular, its local logarithmic slope is

din[tMy" /(Ja®)] 3

din(g,/a®) 2 (60)

including the limit o — 0.



C.2 DMRG realization

We evaluate the original-lattice spin correlations at J/t = 0.05, L = 32, and N, = 64
with periodic boundary conditions. The observable is tM,/(Ja?) as a function of g, /a>
along the fixed-t path. The eight converged points in the wider parameter scan give a
logarithmic slope p = 1.5013; four unconverged checkpoints are shown only for reference
and are excluded from the fit. Five additional calculations at @ = 0,0.01,0.02,0.03, 0.04
all satisfy the convergence criteria and yield a local slope p = 1.50143. The latter fit
covers a narrow relative metric variation of approximately 0.04% and is a local slope test.
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C.3 Spectral weights, effective excitation gaps, and geometric

scaling
Consider
1
H=Hy(n)+AV, V= N ;Uab(Q) : 0a(q)Os(—q) 5, Ol(q) = Ou(—q). (61)

Here n tunes the band structure. We assume a gapped reference ground state and a
regular weak-\ expansion.

Spectral representation. For a selected operator channel O, define

Solt,w) = 5 SNOC-QIOPow — ), wn=F—F  (62)
n#0

Completeness gives

o0 1
o) = [ dwSo(a.) = 1 (0@O(-).. (63)
0
For equal spectral weights at ¢ and —q,
_ 2 ¢ [(nlO(=9)|0)* ) [* dw _
Xo(q) = N Z o = 2/0 USO(CLW) = 2m_1(q). (64)

n#0



Therefore,

Barola) = 2L o) = ol (65
Equivalently,
Ll lmloCg)
Rrol 2w TSmO (86)

Thus Aeg 0 is a response-weighted harmonic mean, rather than necessarily the minimum
gap.

Derivation of the long-wavelength spectral density. Consider a noninteracting
band insulator with one occupied orbital band, labelled 0, and empty bands labelled m.
We choose an orbital-identity density vertex:

O(—=q) = Y chyopwTrsChps: (67)
k,u,s,8’

The internal components have identical band structures and occupations. Using
Clous = Z uun(k)’}/knsa (68)

we obtain

O(—q) = Z Ty s(um(k + q)‘un(k)>7]i+q,m,s’7k,n,s- (69)

!
k.m,n,s,s

Acting on the band-insulator ground state, the inelastic part of this operator creates
one particle-hole pair:

|k,m; s, s;:q) = 7,1+q7m,s,7k,0,s|BI>, m # 0. (70)
These states are normalized and have excitation energies
Wi (q) = €m(k + q) — (k). (71)

Their matrix elements follow directly from Eq. :
(k,m; s, s;¢|O(=q)|BI) = Tys(um(k + ) uo(k)). (72)

Substituting these matrix elements into the Lehmann representation,

Solt:) = 5 3 IO(=a) B o — w) (73)
040

gives the finite-q expression

Solq.w) = 5 D Num(k+@)luo(k)*Sw = enlk+q) +eolk)],|  (74)
k,m#0

where
v= Y |Tu,? = T(T'T). (75)

s,s’



The factor 1/N comes from the definition of the spectral density; the internal-state sum
produces v.
We next expand the interband overlap. Since (u,,(k)|uo(k)) = 0,

(m (k + q)|uo(k)) = ¢{Oum (k)[uo(k)) + O(g)

= —q(um(k)|Okuo(k)) + O(g%). (76)
The second equality follows from
Ok (U (k) |ug(k)) = (Okttm|uo) + (Um|Okuo) = 0. (77)
Therefore,
[(tm(k + @)[uo(k)]* = g (k) +O(@*),  gm(k) = [(wm(k)|Opuo(K)) . (78)

The excitation energy also depends on ¢:
Win (@) = Am(k) + qua (k) +O(¢%),  Ap(k) = en(k) — (), vm(k) = Opem (k).
In the distributional sense,
0w — wim(q)] = 0w — A (K)] = quan(k)d'[w — Ay (F)] + O(¢?). (80)

Since the squared matrix element already starts at ¢2, the ¢ dependence of the excitation
energy first contributes at order ¢®. Thus

[ (e (K + @) 0 ()00 — wim ()]
= ¢*gm(k)0w — An (k)] + O(c"). (81)

Substitution into Eq. yields

So(4:0) = o 3 gm(R)3lw = A (k)] + O(). (82)

k: ,m#0

If the full spectral density is even in ¢ and admits a regular expansion, the odd-order
terms vanish:

So(q:w) = ¢°Go(w) + O(q"), Z gm(F)olw — Ap(K)].|  (83)

k ,m#£0

For exactly flat occupied and empty bands, the excitation energies are independent of ¢
from the outset.
Finally, completeness of the empty-band eigenvectors gives

> gm(k) = (Dol (I — uo) (uo)|dkuo) = g(k), (84)

m##0
/0 dw Go(w Z g(k (85)

Thus the quantum metric is the integrated leading long-wavelength spectral weight, while
Go(w) additionally resolves how that weight is distributed over excitation energies.
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Consequently,

mo(@) =3¢ +0d), 5= 3 ok) (86)
) = 30 340 o) (57)
kom0

Hence

L Ykmzo Im(K) () = WG
Tz G W) A (k) KO T A

Geometry enters both the total weight and its distribution over excitation energies.
For two groups of transitions,

Aeff

+0(q"). (88)

_ g1+ g0
g =01+ 9o, A = :
b g1/ A1+ g2/ As

Redistributing ¢;, go changes A.g even at fixed g, Ay, As.

(89)

Interaction-induced correlation and second moment. For an interaction channel
whose first-order calculation gives

C(q) = —=Ac(n)xo(q) + O(N?), (90)

the preceding spectral expression yields

1 _ 2Xe(n)v(n)g(n) 2 4
CcO(q) = - Aol T O (91)
Using
Cla) =D e7™C; My=3 a3C; = —C"(0), (92)
we obtain
1) g(n) N
MY = AA(n) Aol A= 4cv. (93)

For the spin-1/2 Kondo correlation, ¢ = 3/4 and v = 1/2, giving

o 3]
2 T oA

~—

(94)

Scaling exponent. Along a monotonic parameter path, define z = §/g., with fixed
reference metric g,. Then

In[MyV/A| =In|A| +Ing —In Ay,  (95)

din|MgV/A| L AL dIn Ay
dlnx N dlnx dlnx

(96)

p

In particular, if A is constant,

Agoxz? — M2(1) oc Az tP, (97)

11



For the case relevant here,

- 1 13
Agoxg i = fp=g,  p=l+g=1.

For the fixed-t Creutz—« family,
2

a 2ta
g, = — A, = 2tvV4 2= — 99

and therefore

(100)

MY 37 (g.\Y?
a2 4t \ a? '

These results require a finite reference gap. If the interaction itself generates Ag o< A
inside a degenerate flat-band manifold, the factor of A may cancel against the denomina-
tor; ordinary nondegenerate first-order perturbation theory then does not apply.

C.4 What to do

Change the parameter to this can truly have two modes, and still flat band. [Useless]

1
ta =1/ A . 101
o =1/ T (101)

[FA>> s 1, If A << s 15 3/2

Intersting,if A = g or even A = g%,than M = const or M = ¢g~! ,which means larger
wannier spread ,smaller kondo spin correlation. In this model We can fix m = at,so that
M (t) is function of .t controls gap,larger ¢ means larger gap. But M grows when ¢t < /2
.declines when t > v/2 .Relation of gap with kondo correlation may be intersting. Which

two physics are competing here ,how to observe it?

D large J Phase Digram

D.1 dimer basis

Construction of the central and outer orbitals. We want to define a complete
basis for flat band elctrons.Define orbital position at impurity is 0, after is 1 , before is -1
.|7p) is a single particle state. j is position u is A or B. We ignore spin in non-interacting
because no exchange spin here. Let
. 0 —i
T=t(—71p —iT.), O
The choice of the central rung is determined by the location of the impurity, rather
than by the flat-band identity alone. For an arbitrary rung j, define the single-particle
subspace
K;j =span{h"|j,u) :n=0,1,..., p=A, B}. (102)

Since h? = €21, we have

R G,y = "G, ), RPN G ) = €¥"hg, ). (103)

12



Consequently, K is 'next direct’ product of K;

K; = span {15, A), 17, B), hlj, A), Blj, B)},  dimk; <4, (104)

Thus, an arbitrary rung can generate such a finite-dimensional invariant subspace. These
subspaces need not coincide, and none is claimed to span the entire bath.
The exchange interaction

HK = JSd (SOA+SOB) (105)
selects Ky as the impurity-active single-particle subspace. By construction,
hiCy C K. (106)

Hermiticity then guarantees that its orthogonal complement is also invariant: for |¢) € K
and |x) € Ky,
(¢lhlx) = (holx) = 0. (107)

Therefore, the full single-particle bath space decomposes as

Hi, = Ko ® K7, (108)

with no bath hopping between the two subspaces. Moreover, Ky has zero overlap with
the central orbitals, so the local exchange acts entirely within the Fock space generated

by ]Co.

h=3" [Lulin)i +1v (109)
(TNl + L v (110)
m(my)wlin) (v (111)

T, = [0A)(0A| + [0B){(0B| (112)

project onto the impurity rung. The local bath matrix is
HohHO = MTy. (113)

Choose its orthonormal eigenvectors

A) +is|0B
lcs) = M’ s — 41, (114)
V2
They obey
phlcs) = smlcs), (colcs) = 0gs. (115)
Define two additional orbitals by
4,y = P smled) S:l)|cs>. (116)
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Their central components vanish:

IIoh s/ s
H0|ds>: 0 |C> sm|c>

= 0.

v

Therefore,
(ce|lds) =0  for all s,s".

The normalization follows from

(cs|(h — sm)?|c,)

<d8|d8> = 02
g2 — 2sm(c,|h|cs) + m?
— =
222

= 2
=1.

The two outer orbitals are also orthogonal:

(dy]d_) = {c+|(h — ngh +m)le_)

_ {es](h? = m?)]e)

02
g2 —m?
= e

=0.

Thus
1
H) = span {|e), [dy), |e2), [d)}

is a four-dimensional orthonormal single-particle space.

Exact closure under the bath Hamiltonian. By construction,
hlcs) = smlcs) + vl|ds).
Acting on the outer orbital gives

h’ds> _ <h2 — S:lh>|cs>

_€%eg) — sm(smlcs) +vldy))

v

2 2
= ——"fe)) — smld.)

= v|cs) — smlds).

_(sm v
{esds} = \ 0 —sm )’

14

Hence each pair is invariant:

hs=h

(117)
(118)

(119)

(120)
(121)

(122)
(123)

(124)
(125)
(126)

(127)

(128)

(129)

(130)

(131)

(132)
(133)

(134)



In particular,
h? =1, spec(hs) = {—e, +¢}. (135)

s —

The reduction retains both original band energies.

Define
P = (les)es] + Ids)(ds]) . (136)
s==
Closure implies
(1-P)rP =0. (137)
Since h = h',
Ph(1—P) = [(1—P)hP]' =0. (138)
Therefore,
[h,P] =0, h=PhP + (1 —-P)h(1l —P). (139)

The orthogonal complement is exactly decoupled.

Explicit support on the original lattice. For every rung, introduce

A <liB 1
j.s) = A HisliB) U:—(l. 1.). (140)
V2 Vi —i
The transformed matrices are
1 0 0 0
T _ T _
U'r,U = <O _1) , U'TU = (—z’v 0) ) (141)
Consequently,
h‘]a +> :m’]> +> _iv‘j_ 17_>7 (142)
At the impurity rung,
lcx) =0, %), dy) = —i] = 1,-), d-) =[1,+). (144)

Thus the four active orbitals have support only on the central rung and its two neigh-
boring rungs. In this local orbital basis, the bath consists of disconnected dimers. The
impurity couples the two dimers that contain the central orbitals.

subsectionTransformation of the impurity exchange

The impurity spin couples equally to the two physical sites of rung 7 = 0:

Hy = JS4- (S04 + s0B) (145)
where
1
S04 = 5 Z/ agUUUU/a00/7 (146)
1 f
SoB — 5 Z/ boga'gg/bog/. (147)

Here o denotes the Pauli matrices acting on physical spin. The labels A, B and +, —
below refer to spatial orbitals, not to physical spin.
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From orbital states to fermionic operators. The two central orbitals are

c)) = W’ o= 41, (148)

For each physical spin o, the associated creation operator is therefore

T ago + Z.Sbg)o

= 149
‘o 7 (149)
Taking the Hermitian conjugate gives
Aos — (5 bOa
Cosg = —F——. 150
v (150
In particular,
o b o o b o
Crp— % o = % (151)
Adding and subtracting these equations yields the inverse transformation,
Cig +C o 1(Cry — C_y
Aoe = +T, boo = %7 (152)
T T YOS N |
T _ C+0' + C—O' b('go- — Z(C+U C—O') . (153)

a - T =
Oc \/5

Equivalently, introducing orbital spinors

[ Qoo _ [ C+o
\IIOU - (bOg) ) CO' - (C—o') ) (154)

1 (1 1
I U Utu
Vo, = UC,, =5 (Z _Z) , L. (155)

Thus the transformation preserves the canonical anticommutation relations:

V2

we have

{050'7 Ci/o'/} = 555’600’7 {CSO'7 Cs’a’} =0. (156)

Explicit transformation of the two local spins. Substituting Eqgs. (152)) and ((153])
into the spin on site A gives

1
SpoA = 1 Z (Cia + CT—a) Ooo (Cior +Cgr)

o0’

1

_ E T T
- Z |:C+ga-ao“c+o“ + C_;050'C—g!

o0’

+ claawlc,o/ + cT_UO'M/cJFO/] ) (157)
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For site B, the phase factors satisfy (—i)i = 1, so

1
s = 3 3 (o —el) o (10 0.0

o,0’

1

_ E T ¥
- Z |:C+go-ao“c+o'/ + C_;055'C—g!

o,0’

— ciaawfc_a/ — CT_JJUU/CJFUI} ) (158)

The terms transferring an electron between the two central orbitals cancel when the two
physical spins are added:

1
SoA + SoB = 3 Z [CLUO'UU/C+U/ + cT_UcrUU/c,U/} ) (159)
Defining .
Sc, = 5 Z] Cj;g-o-oo’cso’a (160)

we obtain the exact operator identity

’SOA +SoB = S, +Sc_. (161)

No reordering of fermionic operators is required in this calculation: each bilinear retains
a creation operator followed by an annihilation operator.
Consequently, the impurity exchange becomes

Hyg = JSq+ (Se; +5c_) - (162)

In particular, the exchange coefficient remains J; the factors from the orbital transfor-
mation do not produce an additional factor of 1/2 in Eq. (162]).

Spin-conserving and spin-flip terms. For each central orbital,

.1
Ses =5 (Mgt — Negl) s (163)
sy = CZTCS¢, So. = ciicﬁ. (164)
Using
1
Sa-se, = Sisi, + 5 (STs..+S7st), (165)

the exchange can be written explicitly as

J z
Hi =5 > [Sd (Me,t = Ne,y)
s=+ (166)

—i—Schcﬁ + Sd_CiTCSl .

The spin-flip terms exchange angular momentum between the impurity and an electron
within the same central orbital. They do not transfer electrons between ¢, and c_.
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Why equal exchange couplings are essential. The cancellation can be checked by
temporarily allowing different couplings:

Hi =S, (JA50A+JBSOB). (167)
Equations (157 and (158]) then give
Ja+J
HK — %Sd (SC+ +Sc,)
Ja— JB
+ TSd . Z [CLUUUU/C,J/ + CT_UO'UJICJrg/ ) (168)

o,0’

Thus the orbital-transfer exchange terms vanish precisely for J4 = Jp. In the following,
we retain this symmetric choice, J4 = Jg = J.
The fermionic operators associated with the outer orbitals are defined by

di,lvac) = |dg) ® o), duw = (dI,)" (169)

where s = +1 labels the orbital and ¢ =7, denotes physical spin.
To write these operators explicitly, introduce the rotated orbitals on an arbitrary rung:

b apt ,
b A, +isb, o aje — 15 bjs 170
f]sa \/§ ) fJSU \/§ : ( )
The central operators satisfy ¢l = fgsg. Using
’d+> = _Z’ - 17 _>7 ‘d*> = 2’17 +>7 (171)
the outer creation operators are
.t t
—ia —b
di, =—iff, ~=—-bo “lo 172
+ f—l,—,a’ \/5 ( )
. T
tay, — b
d,=ifl ,=—"2~-—2 173
f1,+,o \/§ ( )
Taking Hermitian conjugates gives
. Z.a—l o b—l o
dyg=1f 1 _g=—"—"——F7", 174
+ f 1,-, \/5 ( )
—1i o b o
Yo — 010 (175)

d—a = _ifl,—l—,o = \/5

Thus each d operator describes a definite orbital combination on a neighboring rung,
rather than an additional physical lattice site.
The orthonormality of the active spatial orbitals implies

{doordli} = 0sb00r,  {codliyi} = 0. (176)
We denote their occupation operators by
Nd,o = dlgd50'7 Ng, = ansa- (177)
With these phase conventions, the hopping between the central and outer orbitals is real:
Hyopact =v Y Y (clydey +di ), v =2t (178)
s=+1 o
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Restriction to the active orbitals is exact. The inverse transformation expresses
both physical impurity-coupled operators ag, and by, entirely in terms of c¢,, and c_,.
Therefore, Hg contains no operators belonging to the orthogonal complement of the
active subspace.

The outer orbitals di do not appear directly in Hx. They participate through the
bath hopping,

Hoact = Z Z [sm (clgcw — digdsg) +v (cladsg + dlacsg)} , v = 2t. (179)

s=+1 o

Combining the bath and exchange terms yields

Hyt = HO,act + JSd . (ScJr + Scf) . (180)

Since the active single-particle subspace is invariant under A, the full Hamiltonian de-
composes as
H = Hact + Hdark7 (181)

where Hg,, contains only decoupled bath orbitals. This is an exact change of orbital
basis: no expansion in .J, elimination of virtual excitations, or projection onto a single
energy band has been used.

The decoupled bath Hamiltonian To obtain Hg, explicitly, we perform the same
orbital rotation on every rung:

T copt
a;, +1sb;
o = %, s ==+l (182)

For the annihilation operators, this gives

TR | Jie _ L1
V., = UF},, Fjo_<fj”a , U_E o) (183)

Transformation of the full bath. The original bath Hamiltonian is
Hy =Y [0, 10,01, + B+ Wlomr¥y,| . T=t(—7, —ir.) (184)
7,0

The transformed matrices are

UT(mTy)Uz(m 0), UTTU:(O O), v = 2t. (185)

0 —m —w 0

Consequently,

Hy=)_ [m (M40 — Nj—0)
3,0

—w ]J'r,—,af]'Jrl,Jr,a' + iUfJT+1,+,Ufj7*7U:| ) (186)

where
njvs7a = fj"r,s,gfj,s,a" (187)

19



For periodic boundary conditions,
Z Nj+o0 = Z Njt140 (188)
J J

We may therefore regroup Eq. (186]) into independent dimers:

Hy =Y Him, (189)

J

with

Hfm =" [m (141,40 — Nj—0)

(&

—w ]t—,afj+1,+,a + Z.Uf;.g_l,-i-,o-fj,—ﬂ : (190)
Each term acts only on the two spatial orbitals
D; = span{lj, =), [j +1,4+)}. (191)

Every rotated orbital belongs to exactly one such dimer: |j, —) belongs to D;, whereas
|7, +) belongs to D,_;. Hence no orbital is counted twice.

Identification of the impurity-active dimers. The central orbitals are

Cro = foto € = fo,—0- (192)

They belong to D_; and Dy, respectively. Thus

Ko=D_1&Dy,  Hyaee = H" + HY™. (193)
Using
d+0’ = if,17,7g, dfa = _if1,+,a7 (194)
these two terms become
dim Z [m(nc+a — Ng, o) + v(cigdw + dlacw)} , (195)
H(()iim = Z [ — m(”c_a - nd_cr) + U<CT—Ud*U + dT—o—C*U):| . <196)

[

The remaining dimers constitute the dark bath:

Hyaio = »  H™.

(197)

J#—1,0

Explicitly,

Hgark = Z [m (f;r+1,+,afj+1,+,a - f]i—,gfj,*,d)
#-10 (198)

— 1w ]]'L,—,afjJrlHr,U + ivf;+1,+,ofjv*’0]‘
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Although neighboring dimers can share a physical rung, they contain different orthog-
onal orbital combinations. The dark orbitals therefore do not overlap with the four active
orbitals. Since the impurity exchange contains only ¢,, and c_,,

Hyeo = HY™ + HI™ + JS4 - (Se, +8c.), (199)
and the full Hamiltonian satisfies
H = Hact + Hdark7 [Hactu Hdark] =0. (200)

Diagonal form of the dark bath. For each dark dimer, introduce

Pjo = [i+1,+.0 Qjo = 1fj— o (201)

mm =6l ) (0 5) (7). 202)

lea

cevmEEE u=y [ e [ (203)
19 9

the eigenmode operators are

Then

Writing

Vi+.o = UPjo + Wjo, (204)
Vi = —WPjs + UQjo- (205)
They diagonalize the dimer Hamiltonian:
HE™ = e 37 (4 it = Voo ) - (206)
Therefore,
Hyo=¢ Y (n],,—nl_,). (207)
j#_lvo

The dark bath consists of L — 2 independent dimers, each with spin-degenerate single-
particle energies —e and +-«.

Energy contribution for a filled lower dark band. If every lower dark eigenmode
is occupied by both spins and every upper dark eigenmode is empty, then

‘FB>dark: H 7}7—7T7;7_,¢|Vac>darka (208)
i#-1,0
with

Ndark - 2(L - 2)7 Eqar = _2€<L - 2) (209)

At total filling N, = 2L, this occupation leaves four electrons in the active orbitals.
Within this sector,

Eioy = Eact<Nact = 4) - 25([/ - 2) (210)
This constant energy shift follows from the specified dark-band occupation; it is not the
operator H g,y itself.
If the global ground state is sought without fixing the active particle number, the
allowed particle allocations must instead be compared:

EO(Ne> - I]{[lln [Eact(Nact) + Edark(Ne - Nact)] . (211)

act
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D.2 Competing local ground states and their energy criterion

We retain the definitions

m = at, v = 2t, € =vVm?+ 2, (212)

and take m > 0 and J > 0. The active Hamiltonian is

Hw=H;+H,+V, (213)
where
Hy=JS; (Sc, +5c), (214)
Hy = m(ne, —ne. —ng, +nq_), (215)
V= ZV (216)
= Z (cf dow +dl_coo). (217)

The two dimer charges are separately conserved:

Ny =n., + ng,, [Haet, Ns] = 0. (218)

Dark-bath contribution and particle allocation. For a filled lower dark band,
Niwie =2(L=2), By = —2(L—2)e. (219)

At total particle number N, = 2L, this leaves N, = 4 electrons in the active orbitals.
More generally, changing the active particle number requires removing electrons from
the dark lower band or adding them to the dark upper band. For the system sizes
considered here,
Edark(Nact) E((iark + 5|Nact 4| (220)

Let £t denote the lowest eigenvalue of the full active Hamiltonian in the charge sector

n4,m—

(N, N,) (ny,n_). The exact ground-state energy is

Egs = E((la)rk 4+  min [E“t +elng +n_ —4]]. (221)

0<ng,n_<4 T —

Central strong-exchange doublet. We first analyze the controlled regime
v, m < J/4. (222)
With one electron on each central orbital, define
T=s. +s., F=S,+T. (223)

The exchange energy follows from angular-momentum addition:
H;==(FP-T?-8)), (224)

E;T,F) =

(G I Y R

F(F+1)—T(T+1) - % | (225)
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The possible multiplets have energies

T|F |E,
1[1/2]=J
1| 372] /2 (226)
0]1/2| 0

The lowest central multiplet is therefore a doublet formed by the central-electron triplet
and the impurity spin.
Explicitly, define
ITy) = 1141 e (227)
T | =)+ [ deT-)e
To) = ,
V2
T = |4l )e (229)

A consistent choice of doublet states is

|F+> = \/g’ \l/>irnp‘T+> - \/g’ T)imp’TO>7 (230)
|F—> = \/; \l/>imp‘T0> - \/? T)imp|T—>- (231)

Let P project onto this central doublet, with the outer orbitals unrestricted. Then

PH;P =—JP, Pn.,P=Pn. P =P (232)

(228)

Consequently,
PH,,P=—m(ng, —nq )P. (233)

A single hopping event changes a central occupation from one to zero or two, and hence
leaves the retained doublet:
PV P =0. (234)

D.3 Second-order coupling to an outer spin

We treat the hopping between the central and outer orbitals as a perturbation to the
strong central exchange. Consider first the outer orbital d :

Vi=0Y (cigdﬂ, + diac+g> . (235)
The unperturbed central ground states are the doublet |FL), with energy Fy = —J and
occupations n., =n._ = 1.

A single hop changes n., from one to zero or two. It therefore takes the state outside
the central ground-state doublet. All matrix elements of V, within the retained low-
energy space vanish, so the first-order correction is zero.

The leading correction comes from a virtual hop out of the low-energy space followed
by a hop back. For a low-energy state |¢), second-order perturbation theory gives

V 2

We evaluate this expression separately in the singlet and triplet sectors of the central
doublet and the outer spin. Spin-rotation symmetry prevents these sectors from mixing.
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Energies of the intermediate states. First find E,, — Ej ,to find nonzero numerator,n
should belong to sector (0,1),(2,1),(1,0),(1,2) of H;

After one hop, ¢, is either empty or doubly occupied, and hence carries no spin. The
impurity then couples only to the electron on c_:

H™ = JS;-s._. (237)
These two spins form either a singlet or a triplet:
3J J
Eppo=——, Ep1=—. 238
=2 = (238)
Relative to Ey = —J, the excitation energies are
J oJ
(50 - Z, 61 = I (239)

Here we neglect the orbital-energy corrections to these denominators, which is justified
for m,v < J/4.

Which spin configurations can hop? Suppose that d, is singly occupied. The
hopping pair (cy,d, ) initially contains two electrons. A doubly occupied spatial orbital
is a spin singlet. Since hopping conserves spin, only the singlet component of this pair
can hop into an empty—doubly occupied configuration.

Define
ooy el B = e D
’ V2
The two possible final charge configurations are |D,,,04,) and |0, , Dy, ). Each has a
hopping amplitude of magnitude v/2v, so their total squared amplitude is

(240)

IVilse, an)|I* = 4v*. (241)

Energy correction in the singlet sector. The central doublet and the outer spin

form the singlet
_ EOay = [F) Pay
7 .

To determine its hopping amplitude, we extract its (cy,dy) singlet component. Substi-
tuting the explicit expressions for |FL) gives

%)

(242)

C+7d+<8|2> = _§|3imp76>7 (243)
) o ’ T>imp‘ \L>c_ - ’ \l/>imp| T>c_
[Simp.c) = 7 :

Thus the hopping-pair singlet has probability 3/4, and the remaining impurity—electron
pair is also a singlet. Combining this probability with Eq. (241]),

S VD = S (@) = 30 (215)

neEsinglet

Using the denominator g = J/4,

where

(244)

3v? v
E® - 2 _ 197 24
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Energy correction in the triplet sector. Choose the highest component of the
triplet:

T1) = [F9] Da,- (247)
Because the outer spin is up, only the component with a down spin on c; contributes to
the hopping-pair singlet. In |F)), this component is

1
_%| T>imp| \L)C-»—’ T>c_- (248)

Its overlap with the pair singlet is therefore

e 51700 = (=72 ) (=75 )1 Dol e
= =l il D (249)

The hopping-pair singlet probability is 1/12, and the remaining impurity—electron pair is
a triplet. Consequently,

2 1 2 v?
> Vi) = E(4v )= ER (250)
néEtriplet
Using 01 = 5J/4 gives
2/3 4 v?
SED = V3 _ AV 251
T 5.J/4 15 J (251)

D.4 Second-order energy matrix and the local level crossing

We work in the strong-exchange regime

v,m < J/4, v = 2t, m = ot. (252)
The retained central states are the doublet |FL), with energy Ey = —.J and occupations
ne, = n._ = 1. In the four-electron active sector, the remaining two electrons occupy the

outer orbitals d; and d_.

Low-energy basis. In the sector

Stor = F* 455, +s5_ = %, (253)

choose the orthonormal basis
1) = [F2)] 141 Dous (254)
2) = 170 L4t ous (255)
3) = [F0)] Td—Youss (256)
[4) = |F)ID4,0-), (257)
5) = |[F:)|04, D), (258)

where

1D4,0-) =d\dl [0)ow, 104, D) = dd"||0)ou. (259)

The first three states belong to the charge sector (N,, N_) = (2,2), while |4) and |5)
belong to (3,1) and (1, 3), respectively.
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Second-order perturbation matrix. The full hopping perturbation is

V=V, +V.,  Vi=v)> (chdw+dlc). (260)

Since one hop changes a central occupation from one to zero or two, its matrix elements
within the retained space vanish. The leading hopping correction is therefore the second-
order matrix

(i[VIn){n|V]j)
Wi = — . 261
J % Er(LO) . EO ( )

Here P denotes the retained many-body subspace, and |n) are eigenstates of H; outside
that subspace. At this order, the orbital-energy corrections to the denominators are
neglected.

Expanding V =V, + V_ gives

W - W++ + W__ + W+— + W_+. (262)

The mixed terms vanish. After a hop in one channel, a hop in the other channel cannot
restore both central occupations to one. Moreover, H; conserves each central occupation,
so the intermediate-state resolvent cannot restore them either. Hence

W, =W_, =0 |[W=W, +W__. (263)

Matrix elements from the single-side calculation. For a singly occupied outer
orbital, the previously calculated singlet and triplet energy shifts are

v? 4 0?2
— 122 - -7 264
cs 7 T T (264)

The empty and doubly occupied outer orbitals have the common shift

(3/4)v?  (1/4)v? 16 v?

C,=— — = ———. 265
J/4 5J/4 5 J (265)
To express the singly occupied result in a product-spin basis, use
F —|F
2
F + |F_
V2
Thus the matrix on the two antiparallel product states is
A B _65+6T _eT—eg
<B A)’ A= 5 B = 5 - (268)

A parallel product state is a triplet and has shift e;.
For two hops on the + side, the — outer state remains unchanged. In the five-state
basis above,

o O

(269)

*

coo
cooxlm
cod

cQocoo
NQoococo
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Similarly, two hops on the — side give

(270)

(271)

(272)

A 0 B 0 0
0O ec 0 0 O
W__=1B 0 A 0 0
0 0 0 C, O
0 0 0 0 C,
Adding the two matrices yields
2A B B 0 0
B A+ep 0 0 0
W=1]B 0 A+er 0 0
0 0 0 20, 0
0 0 0 0 20,
Substituting the energy shifts gives the explicit result
—184 88 88 0 0
2 8 =96 0 0 0
W = 7 88 0 -9 0 0
0 0 0 -9 0
0 0 0 0 —-96

The charge sectors do not mix because the original Hamiltonian conserves N, and N_
separately.

Including the orbital energies. Within the central doublet, n., =n. =1, so
H,, — —m(nq, —nq_). (273)
Its matrix in the chosen basis is
D = diag(0,0,0, —2m, +2m). (274)

The active energy matrix through the retained order is therefore

(M=—J;+D+W.] (275)

Its eigenvalues give the active energies up to corrections of order

v?m vt

Diagonalization of the 22 block. The first three basis states form the 22 block:

02 —184 88 88
M22 == —JI3 + EA, .A - 88 —96 0 . (277)
88 0 —-96
The antisymmetric vector
2) — 1|3
la) = 12) - 13) (278)
V2
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is an eigenvector of A with eigenvalue —96.
The remaining subspace is spanned by

2) +13)
7

e 88v/2
ym T AR8Y2 =96 )

i, s =

In this basis,

Its characteristic equation is

0= (—184 — \)(—96 — \) — 2(88)?
= A2 + 280\ + 2176
= (A +272)(\ + 8).

Thus the three eigenvalues of A are

(A= -272, —96, —8.|

The lowest active energy in the 22 sector is

Its normalized eigenvector is

© y_ f25y_ Lo 1
(Woot) = \/;|1> \/6|2> \/6|3>

2
= \/;|F—>| T+T—>out

1

NG

6|F+> (41 Dout + [ Td—out) -

(279)

(280)

(281)
(282)
(283)

(284)

(285)

(286)

(287)

The closed-shell sectors. The fourth and fifth basis states are already separate one-

dimensional blocks of M. Their energies are

E¥' = —J — ?_gv_j — 2m,
and 06 2
Bt = J - EU? +2m
Their leading-order states are
W) = 1F)IDL 00, W) = [F)|0,, Do),

For m > 0, the 13 branch lies above the 31 branch by 4m at this order.
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Energy comparison. All three charge sectors considered here contain four active elec-
trons. Their dark-bath contribution is therefore identical:

EY = 2L -2, e=+vm?+2 (291)

Adding this common contribution gives

272 v?
Ey, = —-2(L—-2)e—J — —— 292
22 ( )e 15 7 (292)
96 v
Fyy=—-2(L—-2)e—J — —— —2m. 2
Their difference is
176 v? v?m vt
By —Fyy =2m— —— 4+ 0| —, — | . 294
22 31 m 15J+ (JQ,J3> (294)

Thus the leading-order criterion is

17602
Y >2m: Fy < E31,
15J2 (295)
L76v <2m: FE3 < FE
157 m: 31 22-
The leading crossing position follows directly:
88v? 352
Jo — 22 _ Ty 296
N 15m 15« (296)

This expression is controlled near o = 0%, where the crossing occurs in the strong-
exchange regime. For general parameters, higher-order corrections and other active-
particle-number sectors must also be checked before identifying the global ground-state
boundary.

The entire calculation consists of constructing the second-order matrix, adding the
projected orbital energies, and comparing its lowest eigenvalues. No additional interaction
is introduced.

D.5 Structure and properties of the competing states

The labels (N, N_) specify the conserved electron numbers of the two active dimers:
Ng = ne, + ng,. (297)

In the strong-exchange low-energy space, the central orbitals are singly occupied and
form the doublet |Fy) together with the impurity. The competing states differ in the
occupation and spin configuration of the two outer electrons.
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The balanced 22 state. For ng, = ng_ = 1, the two outer spins form a triplet:

[Be) = | T4 T )out, (298)
o | T+\l/f>out + | \L+T7>out
[R-) = | dedour- (300)

Combining this triplet with the central spin F' = 1/2 gives the lowest doublet

W) = \/§\F>1R+> - \/§|F+>mo>, (301)
) = \/§\F>1RO> - \/grmm» (302)

(Mey Mg ne_,ng_) = (1,1;1,1),  (Np,N_) = (2,2). (303)

The occupations satisfy

Writing R = sy, + s4_, the leading-order correlations are

1
<Sd+ ‘Sd_>22 = 1

(F Ry = —1, (304)

1
<F : Sd+>22 = <F : Sd_>22 = —5-

Thus both outer spins participate in the correlated ground state. The two outer spins
align into a triplet, which couples antiferromagnetically to the central doublet. The center
and the outer subsystem are entangled.

The closed-shell 31 and 13 states. If both outer electrons occupy d,, their state is

1D4,0-) = dlyd,, |0)ou (305)
The resulting doublet is
W) = |Fi) Dy, 00), (306)
with
(Ney,nasine_,ng_) = (1,2;1,0),  (Ny, No) = (3,1). (307)

The channel-reversed configuration is

(W) ,) = [F)]0y, Do), (308)

where

104, D-) = d",d" | |0)ous. (309)

Its occupations are (1,0;1,2), giving (N4, N_) = (1, 3).
In either closed-shell configuration, the outer subsystem has zero spin:

s4,]CS) = s4_|CS) = 0. (310)
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Consequently,

(F-R)cs =0, (Sa, *Sa_)cs = 0. (311)

At this order, the central doublet and the outer closed shell form a product state. This
does not imply that the impurity itself is uncorrelated: it remains entangled with the
central electrons inside |FL).

AT REESHER

SRR - REGIBIEMERE

22: FMSE—INBF ARE: 31/13
PLEABE POEERE
ds s ds d-
n=1s=1% e n=1,s=1 n=2,s=0 T n=0,s=0
e AEEERSES A=l MU RARESRS R=0
AURRESS, ShiiuE PG SIMUATIS (S5
(F-R)=-1 (F-R)=0

RENSERSEIER 1/2; RAESMIBTSESXEK.

FEBIHES: =1k DMRG WillE

L=32, Ne=64, t=1, Ja=Jp=/; EHHOR; 8 NEBERIIBIFHIM

by — 8Bl By={((Sa+S;"™)- (S"[* +8]"))
AR Cir = (S™% . S18)
LRI Sa=-Tr(palnp,), A = {Ay, impurity, By}
S/ = s+ 5p; O NZENY, +1 UMY, o= Tra NV
0 12 22 -0.617990 0.148993 1.719380
0 80 22 -0.959778 0.239916 0.836498
0.25 40 22 -0.875964 0.218783 1.111667
0.25 120 31 9.0744 x 1075 7.3861 x 1077 0.043699
1 12 22 -0.553237 0.132567 1.728929
1 32 31 0.001351 6.8302 x 10~5 0.250971
2 8 22 -0.293907 0.055598 1.862949
2 20 31 0.002784 1.3998 x 104 0.296856

MR LR ERARIE DMRG; ED (WBTFHERIERHZIR. MRABNR

U
(N, N_)HRE: a> 0 IAKEDITN 31; 35
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E Outlook.

One Determine the phase transition point J(«) with DMRG
Two Finding possible observables to explain M (¢) behaviour
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