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Extremely correlated Fermi liquid theory for the U = 0o, d = co Hubbard model to O(13)
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We present the O(A?) results from the A expansion in the extremely correlated Fermi-liquid theory applied to
the infinite-dimensional #-J model (with J = 0) and compare the results with the earlier O(A?) results as well
as the results from the dynamical mean-field theory. We focus attention on the 7' dependence of the resistivity
p(T), the Dyson self-energy, and the quasiparticle weight Z at various densities. The comparison shows that all
the methods display quadratic-in-T resistivity followed by a quasilinear-in-T resistivity characterizing a strange
metal and gives an estimate of the different scales of these variables relative to the exact results.
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I. INTRODUCTION

The ¢-J model (1) provides an important context for un-
derstanding strongly correlated systems. It is closely related
to the U > t Gutzwiller-Hubbard-Kanamori [1] model. It is
formally equivalent to the U = oo model to which we add
superexchange interactions (1). It can be obtained from a
canonical transformation on the Hubbard model for large U,
provided we throw out certain three center terms of O(t>/U)
[2]. In previous papers [3—5] we have developed the ex-
tremely correlated Fermi liquid (ECFL) theory to overcome
the most difficult features of the model, namely the U = oo
limit which eliminates a substantial fraction of states in the
Hilbert space corresponding to double occupation of sites.
The resulting electrons are termed as Gutzwiller projected
electrons, satisfying a noncanonical algebra (2). As a result
the Feynman diagram based perturbation theory fails here,
and this motivated the development of the ECFL theory as
described elsewhere.

We note that the importance of the physics of strong cor-
relations has motivated considerable activity in the theoretical
community. On the analytical side, the dynamical mean-field
theory (DMFT) [6-14] has matured into a reliable tool. In
this technique, a generalized single-impurity Anderson model
must be solved. For our purposes the numerical renormaliza-
tion group (NRG) of Wilson and Krishnamurthy [15,16] is
sufficient [6], providing exact numerical results for resistivity
in this infinite-dimensional case. Quantum Monte Carlo meth-
ods may also be employed for DMFT problems [17].

The ECFL theory is based on an expansion in a parameter A
that is analogous to an expansion of magnetic system models
such as the Heisenberg model, for large spin, i.e., an expansion
of relevant equations in powers of 1/2S. The parameter A
connects the noninteracting Fermi gas limit at A =0 with
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the fully interacting limit at A = 1. In the simple case of the
atomic limit [4], it can be demonstrated to be a conjugate
variable to the fraction of the number of doubly occupied
states relative to their maximum possible value. In this way
the role of A may be viewed as that of (continuous) removal
of doubly occupied states as we tune it from O to 1.

More formally, the main underlying mathematical obser-
vation [3-5] is that the algebra of the Gutzwiller projected
electrons is similar to that of the Lie algebra of spin operators,
and hence allows the introduction of such a parameter that
enables a systematic expansion in powers of A. The theory
has been developed so far using the O(A?) expressions for
the self-energies in the problem, and applied in a variety of
situations including d = 0, i.e., the Anderson impurity model
[18], the d = 1 t-J model [19], the d = 00, U = oo Hubbard
model [20,21] and closest to experiments, the d = 2 t-J model
[22-24]. At a formal level we have also established a system-
atic method for extending the expansion to high-order terms,
but in view of the additional technical difficulties presented by
them, the effect of the higher-order terms have not yet been
tested. This work reports the first results from the third-order
equations for the ECFL, applied to the case of the d = oo
and U = oo Hubbard model. The results are compared with
results from DMFT as well as with earlier second-order equa-
tions. As noted above, the DMFT single-particle self-energy,
calculated accurately in Ref. [8] for the temperature range of
interest from NRG, yields also the exact result for the resistiv-
ity in d = oo. This remarkable result follows from the exact
vanishing of the vertex correction [7] in the limit d = oco. The
resistivity, a low-energy property of great importance in cor-
related systems, is the focus of the current work using ECFL.
We compare our results with those from Ref. [8], treating the
latter as a benchmark.

In Sec. II we summarize the basic aspects of the ECFL
theory. We define the #-J model and give an expression for the
single-electron Greens’s function of the Gutzwiller projected
electrons, and the two self-energies involved in the construc-
tion. We summarize the various approaches to the A expansion
method, and explain the ideas behind the shift invariance of
the equations, which are of great importance in the #-J model.

©2022 American Physical Society
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We then summarize the second- and third-order expressions
for the self-energies and cast these in a form that is convenient
for computation.

In Sec. IIT we discuss the two sum rules employed to fix
the two Lagrange multipliers in the problem. While one of
them is the familiar particle number sum rule, the other arises
from the exact equations of motion of the Greens’s function,
as derived in Appendix A.

Section IV presents the calculated results from the second-
and third-order expansions. We focus attention on the 7' de-
pendence of the resistivity po(7'), the Dyson self-energy, and
the quasiparticle weight Z at various densities. We compare
these results between the successive approximations, the exact
DMEFT results, and the so-called Tukey window scheme used
earlier by us.

II. BASIC THEORY
A. Extremely correlated Fermi-liquid theory formulas for G

The general formalism underlying the theory of extremely
correlated Fermi liquids (ECFL) has been discussed ex-
tensively in recent works [4,5,25-27]. Here we record the
equations relevant to the present work and point out the origin
of the main equations in earlier works in detail. We start here
with the #-J model

H=— Ztlj io JU ”’Z

ijo

+5 ZJ,,( 5 —=1). (1)

where t;; are the band hopping parameters whose Fourier
transform ¢ is the band energy, n = Zia C;Cif, is the num-

ber operator at site i, and C C,(, are Gutzwiller projected
fermion operators [4,5] sat1sfy1ng noncanonical anticommu-

tators
{Cl(T, 5 CJU,} = lj (ama, UtU/C Cta,) and {aa,-a gja_,}
=0, 2

where 6 = —o.

In ECFL theory, the Green’s function for the f-J model
is given as the product of an auxiliary (canonical) Green’s
function g and a caparison function fi:

Gk, iwn) = gk, ion) x p(k, ion), (€)

with the fermionic Matsubara frequency w,, = kgT (2m +
1) and k(= k) is the wave number. These factors of G are
expressed in terms of self-energies ¥ and ® as

Tk, iwp) = 1 — g + Wk, iwy). )

g_l(ks ia)m) = ia)m +un— (1 - g)ek - (D(k9 la)m)9 (5)
where n is the number of electrons of both spin per site

n=(n;) =

N Ze'me Gk, iwn) 6)

and N, is the number of sites in the lattice, and we set the
lattice constant ag — 1. Here ® plays the role of a Dyson-

type self-energy for the canonical Green’s function g(k, iw,)
and W is a frequency dependent correction to fi(k). These
equations are valid in any dimension, and have been em-
ployed in different works in the special cases of d = oo
[20,21,25,26,28],d = 1 [19] and d = 2 [22-24].

In this work we specialize to the d = oo case, which is
convenient for the purpose of studying the systematics of the A
expansion [4,5,27]. Here we set J = 0 in Eq. (1) and deal with
what amounts to the U = oo Hubbard model. In this limit the
self-energies simplify [25,26] to the following k-independent
expressions:

W(k, iw,) = ¥(iw,), @)

Dk, iw,) = x(iwy) + &V (iwy). ()

Here we observe that the entire k dependence of & is con-
tained in the band energy ¢&;. Therefore it follows that we
can use ¢ as a proxy for the wave vector. We thus combine
Egs. (4), (5), and (8) to write

g =iy + 1 — Hlio)er — x (k. iwy). )
This equation, together with Egs. (4) and (3), determines the
physical Green’s function G. Combining them we can for-
mally write G in the standard Dyson form

1

G = T ) — Toptiaon)

(10)

where gal(k, iw,) = iw, + L — &, and the manifestly k-
independent Dyson self-energy Xp as
X(lwn) - iwn - R

Ep(ion) = iw, . 11
p(iwy) = iw, + p + 1= 2§ Wiay) (1)

For later use we record the positive-definite electron spectral
function pg(k, w) obtained by analytic continuation of G in
Eq. (10):

1 .
PG (k’ (,()) = _;Img(k, la)n)|iw,l—>a)+i0+~ (12)

In experimental literature the spectral function pg(k, ) is
denoted by A(k, w). Following Eq. (12) we define a spectral
function obtained from g following the same procedure

1 .
pglk, 0) = ——Img(k, iwn)liv,—o-io+- 13)

Unlike pg, the variable p, is a mathematical object used in cal-
culations that finally yield the physical spectral function pg.
We perform calculations of the generalized self-energies x, ¥
in a power series in A with coefficients that depend on g (rather
than G), as described below. This expansion determines the
Dyson self-energy X through the rather complicated formula
Eq. (11), which is in the form of a ratio of two expressions.
This illustrates the advantage of the ECFL formalism, which
generates a highly nontrivial ¥p, through relatively simple
self-energies x, W given below.

B. The A expansion

A basic tool in the ECFL theory is an expansion of the
fundamental, and in general intractable functional differential
equations, in powers of a parameter A [3-5]. This parameter
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is a particular type of counter of the expansion, and is set
to unity after isolating its different powers in the expansion
of any physical quantity, such as the Greens’s function, or
a self-energy. As explained in Ref. [4] [see in particular
Egs. (1)-(5)], the inspiration for the A expansion originally
came from an observation in the case of the Hubbard model.
Herein the entire set of Feynman diagrams can be obtained
by a similar expansion of exact functional differential equa-
tions in powers of the interaction constant U. The strategy is
then to find corresponding functional differential equations for
the noncanonical Gutzwiller projected electrons of the #-J
model, and to invent a parameter that plays the role of U in
the Hubbard, albeit with a limited range. This program can
be carried out systematically in three independent ways, as
discussed next.

(A) Term-by-term iteration, i.e., O(A") terms found by
taking functional derivative of terms of O(A"~!) [3-5].

It can be introduced as a parameter in the exact Schwinger-
Tomonaga functional differential equations determining the
Green’s functions [3,4], followed by a systematic expansion
of these equations [3-5,27]. The expansion itself can be done
by taking successive functional derivatives of previous terms,
as in Refs. [3-5].

(B) Generalized diagrams of O(A") [27].

Yet another method of expansion is through a diagram-
matic expansion [27], modeled after the Feynman graph
representation of terms in the Schwinger-Tomonaga expan-
sion. It brings in a new class of diagrams, outside the category
described in Feynman diagrams, thanks to the noncanonical
nature of the fermion algebra (2). Reference [27] gives the
systematics of this procedure providing rules extending the
Feynman diagram rules. With the help of the new set of rules,
one can write down expressions for terms to an arbitrary order
n without having to list terms of a lower order n — 1. This
prior order listing is mandatory in the method (A), where we
functionally differentiate terms of O(A"~!) to generate terms
of O(A™).

(C) A fermions (14), and their equations of motion of to
o) [5].

Finally, and most directly, we can introduce A through a
generalization of the anticommutation relations (2) by writing
the anticommutators [5]

{ao-i ’ 5;(7,' } = 81/ (80',-0!‘ - )\0’10']6‘12’ 6‘1‘5"/) ’ (14)

where 2 € [0, 1]. These anticommutators, together with
{Cis;» Cjs,} = 0 constitute a Lie algebra that defines X
fermions, introduced in (Ref. [5], Sec. 5). At A = 1 we recover
the Gutzwiller fermions (2), while at A = 0 we recover canon-
ical fermions. The introduction of these A fermions allows
us to interpolate continuously between canonical fermions
and Gutzwiller projected fermions. The anticommutators are
realized in terms of the canonical fermions using the corre-
spondence [5]

Cj, = Cl, (1=2C};Cis),  Cjo, = Cj,, and
6;,6"61 - CJ&,C@' (15)

The equations for the Green’s functions for these A fermions
can be similarly expanded systematically in powers of X lead-

ing to expressions for the twin self-energies and other objects
to each order in X.

This procedure has a close parallel in the familiar Kubo-
Anderson spin-wave expansion encountered in quantum
magnets. In the version of that expansion, due to Freeman
Dyson [29], the usual angular momentum Lie-algebra with
spin s:

[S‘.x Sﬂ] = i(S,-je“‘sVSi”,

1 J

and  §;.5;=s(s+1) (16)

is realized using canonical bosons b;, bf their number opera-
tor n; = blTb,- with the correspondence

ST =b;, S'= (2s)b'}'(1 — ’2’—> and S =n; —s,
A

a7

together with a projection operator Pp that ensures that the
number of bosons per site is constrained to the finite number
n; < 2s. Proceeding in this way Dyson and Maleev [29,30]
showed that a formal series in powers of 1/2S is possible for
physically relevant variables. It is therefore clear that this ver-
sion of spin-wave expansion of quantum-magnets is parallel
to the A expansion of Eq. (14) with the mapping A < 1/28S.
Details and references to applications in quantum magnets
using this approach are discussed in Ref. [5].

Finally, it is worth mentioning that a qualitative under-
standing of this parameter A can be found in the simple
context of a single-site model. Here it can be seen explicitly
that varying A in the range A € [0, 1] controls the fraction
of double occupancy between its uncorrelated value and zero
(see Ref. [4] Appendix A).

C. The shift invariance and the second chemical potential u,

At this stage we recall that the 7-J model has a simple
invariance property

n— §— %uo, gk — & — %uo. (18)

This property expresses the invariance of the band model,
when the center of gravity of the band is shifted by an arbitrary
constant %uo. We refer to u as the second chemical potential
of the problem, requiring a second constraint in addition to
the number sum rule (6). It becomes a strong constraint in the
ECFL theory, when we insist that Eq. (18) should be preserved
to each order in the A expansion. The freedom of choosing
up can be utilized to impose a subsidiary constraint on g, as
discussed below.

For imposing this invariance, we will accordingly shift
both p and g in Egs. (5), (8), (9), and (11). With this change,
and by incorporating the factors of A mentioned above, we
record the basic equations (4), (5), and (9) with a factor of
A multiplying the relevant terms as well as the constant u
subtracted from u as well as g, as derived in Refs. [28,31],

Tk, i) = 1 — xg AW (K, (o), (19)

. u up \ ~ . ;
g (k) = iw, + p — 70 - <8k - ?O)M(zwn) — Ax(iwy).

(20)
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From Eq. (19) it follows that when A — 0, we get & — 1 and
hence g reduces to the noninteracting Green’s function. The
task undertaken in the next section is an expansion of this
equation together with Eq. (20) in powers of A, giving g~
and JI to O(A%). Since W and yx have a prefactor of A, their
expansion to [O())] o0?) generates an expansion to [0
O()\3) of i and g~'. The O(A?) and O(A?) expressions are
taken from Refs. [27,28,31].

D. The A expansion for the self-energies

We expand the two self-energies W, x [see Egs. (4), (19),
and (20)] in powers of X as

W= W) + AW + AW + (1)

X = xio) FAxo + A x (22)

which suffices to determine i and g~' to O(A®). We first
record the lowest order terms [27]

Y =0, (23)
io up uon
X[0] = Zg(P)e v <8 - ?) = Tg
- Zg(p)spef‘"ﬂ‘) (24)
)4

_ kT - -
where 3, = - ’ _jw,» and N is the number of lattice sites.
We defined n, using

=2 Y 2
P

For brevity the factor /" is omitted in the following, when-
ever we sum over a single g. Here n, is a formal construct and
should not be confused with the number density of physical
electrons n, the latter is given in terms of G in Eq. (6). In
practice, n, turns out to be quite close to n at low T.

Incorporating the terms in Eq. (24), we write
itk i) = 1= 35 + 320 (ks ie0,) + 22 W (ks 0,)

+00b, (26)

J

Vo) = —4 Y Tk ol ek +q—D(e, = ) (6= 5 ) = YTk p. L g +1 = p)(s,

. , uo\ ~ . .
g (k) = iw, + ' — <8k - ?O)M(lwn) — My (iwn)

— 2 xplion) + O, 27)

where

/ Uy
= —_—— = )\,
12 n ) X[0]

-5 - A( Zg(p)ep> (28)

In the sum rule (45) we require the true g obtained from pu’.
For this purpose we use the expression

) Z g(plep

obtained after setting A = 1. We make an extra technical
assumption of replacing n, in Eq. (28) with n, the particle den-
sity in order to accelerate convergence. The resulting spectral
functions using n are very close to those using n, whenever
both methods converge. To completely define the scheme
(26) and (27) we need formal expressions for W; (k) and
xij1(k) with j =1, 2. They are given as functions of k below,
and analyzed later to show that these are independent of the
wave vector k and functions only of the Matsubara frequency
= %(Zk +1).

n=p+ = ( (29)

1. Second order

The second-order A expansion [see Egs. (10) and (11) in
Ref. [28] ] gives us the following two self-energy parts:

Wink) = =Y (e, + &5 — u0)g(P)B(QE(P + g — k),
i (30)

xmk) =—>" (8p+q-k - %)(8,; + &4 — uo)g(P)g
x <pqq>g<p +q— k. (31)

2. Third order

The third-order A expansion [see Egs. (65b)— (65g) with
J = 01in Ref. [27] ] gives us W, as

pql

=T p g+ - ) (e — ) (20— 2) = YTk p L gk + 1= p)(ep = 2 ) (20— )

2]
pal ’
Uo
pql
> Zk.p.l. gl +p— k><8p - %) (8’ B
pal

)+ Zg(p)g(q)g(k +q-p)(e

pql

Lt())
2 b

(32)

with Z(k, p, I, q) = g(p)g(l)g(q)g(k + g — p), while x (k) is given [see Egs. (66b)— (66g) with J = 0 in Ref. [27] ] by the sum

of the following terms:
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X = = Y Tk p. 1 el + = p)ersg-p -
pql
U

=Y Tk e+ 1= p)e—

pql

=Y Tk po L @+ 1 = p) e —

pql

with
q—p).

By Fourier transforming in space, i.e., by going to real
space, it is readily seen that the dependence on k drops off
and hence both W and x are only functions of the frequency
iw,. This Fourier transformation is facilitated by observing
that most factors of g are accompanied by a corresponding
factor of (¢, — ) of the same momentum p.

Tk, p.l,q) = (e, — F)er — F)g(p)g(D)g(q)gk +

E. Further simplification of formulas

The formulas (30)—(33) can then be expressed more simply
in terms of the following objects:

. 1 me
Bioe mlion) = = (o) lk, i), (34)
N -
k
go(iwk) = Guoc,0(iwy), (35
g1(iwg) = Zoc.1 (i) — Eogloc,o(la)k)’ (36)
and the bilinear objects
. 1 . o
V(%) = 5 > guliop)gniQ% —iwy), (37
. 1 . o
i) = 5 > gnliop)gi% +iwy).  (38)

wp

We caution the reader that in this paper the object gy is
defined in Eq. (35). It is different from a noninteracting
Green’s function, as sometimes denoted in the literature. We
note the symmetries y,, ,(i€2;) = Yu.m(i2) and &, ,(i€2) =
Znm(—iS2). In the diagonal case of m = n, these definitions
and symmetries reduce to the standard identities for the “bub-
ble” diagram. The formulas for i and x then become

. 1 o
Yinlion) = ~25 D violion + ioggoliog),  (39)

(27

1
V(o) = —45 Y vl olion + iwg)golio,)

1
3 Z ¢q 1 (g — iwg)go(iwy)
1
3 Z S1,1(wp — iwy)Co,0(iwr — iwy)go(iwy)

1
] Z S10(iwx — iwg)8o,0(iox — iwg)g1 (iwg)

@y

)= YTk p L sp+1 = )(s, -
pal

3)

— 43 TG p gl +q— (e -
pql

3)

uo)
2

U

%)

1
3 Z So,0(fwg — iwy)8o, 1 (iwy — iwy)g1 (iwy)

@y

1
+Eg ; {0’1(1'(1)1( — ia)q)go(iwq)’ (40)

and

. 1 . ) .
xmGiog) = _ZE Z vi0(lor + iwg)g1 (iwy),  (41)

@q

1
X2y (iwp) = 3 Z o1y — iwy)E11 (iwy — iwg)go(iwg)

@q

1
4=

B Z Vol + iwg)g) (iw,)

@q

1
o D¢ ion — iwg)gi (ieoy)

@q

1
3 Z 811 (i — iwg)Er o(iwg — iwg)go(iwy)

@q

1
3 Z Sriwg — iwg)8o,0(iox — iwg)g1 (iwg).

wWq

(42)

Substituting the expressions (39)—(42) into Egs. (26) and (27)
and setting & = 1, we obtain the basic equations to third order
in A. To get the corresponding second-order equations we
simply drop the third-order terms (40) and (42).

III. FIXING p AND u

The numerical evaluation of Egs. (26) and (27) begins after
setting A = 1 in these equations. We need two constraints to
determine the two parameters u (or g’) and uq (see Sec. I1 C).
The sum rule

ng =2y G(p)er” =n,

P

(43)

which is equivalent to =2 Zkfda),og(k, w)f(w) [Eq. (6)]
fixes the total electron density. The factor of two arises from
spin summation. For the second sum rule there are two alter-
natives as noted next.

(1) In our earlier work [3,4] we imposed another sum rule

ne=2 g(pe =n. (44)
p

035108-5



S. SHEARS et al.

PHYSICAL REVIEW B 106, 035108 (2022)

n=0.7
0.5-
0.4
éi’ 0.3
Q
0.2+
0.1} — 2nd Order
0.0 ‘ — 3rd Order
' 0.05 0.10 0.15 0.20 — DMFT
T/D — Tukey

FIG. 1. Resistivity plots for density 0.7 to T = 0.2. Here
the resistivity po is defined [28] [see Eq. (40)] as the inverse
of the characteristic conductivity oy = €*i®(0)/D, with ®(0) =
a% pDos(O)((vf)Z)akzo and qao the lattice constant. The red plots are
sgcond order with the ug sum rule, the blue are third order with the
1y sum rule, the green are the DMFT results (using an extrapolation
from higher density results) and the purple are second order without
the uy sum rule using the Tukey window scheme. In this and other
subsequent plots the DMFT results were kindly provided by Profes-
sor Zitko.

At low T this sum rule can be argued for using the Luttinger-
Ward theorem [see Eq. (16) in Ref. [3] ] at low T, and in
the absence of alternatives at all T'. For electrons at densities
0.7 < n X1, by enforcing this sum rule, the spectral functions
generate (low amplitude) tails spread over very high energies.
These tails are unexpected on physical grounds and are thus
unwanted. To curtail these tails, a Tukey-type energy window

was introduced in Ref. [28] [see Egs. (33) and (34)]. This
window cuts off the high-energy tails, and we then renor-
malize the spectral weight inside the window to satisfy the
unitary sum rule f pglk, w)dw = 1 at each k [32]. This proce-
dure leads to compact spectral functions that seem physically
reasonable. They compare reasonably with exact results from
DMEFT at low T and low w, as shown in Ref. [28] and later
in Refs. [20,21]. We shall refer to spectral functions obtained
using Eq. (44), and the above energy windows, as the Tukey
window scheme results. These are displayed below in Figs. 1
and 2 at relevant densities.

(i) In this work we study an alternate method where we
impose a different sum rule from the earlier ones. The sum
rule used is an exact relation that the spectral function must
satisfy, given the Hamiltonian of the system and the standard
commutation relations. The details of its derivation can be
found in Appendix A. In the case of infinite dimensions where
the exchange energy J = 0 we find the exact sum rule

3 / dopg(k, o) f(@)@+p—&) =0,  (45)
k

where f(w) = (1 4+ ef*)~! is the Fermi function. For the
record we also note the sum rule for the model on the 2-d
square lattice with a finite J. Here the exact expression for the
exchange energy is not known, and we quote the result from a
Hartree approximation:

Jn?
> / dwpgk, o)f @)@+ 1 —e) = = (46)
k
n=0.8
0.8 ~5020"

0.05
0.00

>

0? O 3 0.005 0.01 0.015 0.0%00 Q? o 4 0.005 0.01 0.015 0.0é
S0 S0
0.2¢
0.2
0.1¢
0.0 SRR 0.0=" . __
0.010.020.030.040.050.060.070.08 0.010.020.030.040.050.060.070.08
Temperature T/D
n=0.85
1.2} 0.30 ‘
0.25
1.0 015
0.10
0.8 005
& 0.005 0.01 0.015 0.0%00
3 0.6F
0.4 — 2nd Order
0.2} — 3rd Order
0.0 010.020.030.040.050.060.070.08 — OMFT
T/D — Tukey

FIG. 2. Resistivity plots for densities 0.75, 0.8, and 0.85. The resistivity p, is defined in the caption of Fig. 1. The red plots are second
order with the uy sum rule, the blue are third order with the u, sum rule, the green are the DMFT results and the purple are second order
without the #, sum rule using the Tukey window scheme. The insets show the resistivity on a smaller temperature scale.
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This sum rule has been used throughout this paper for our
second and third-order code, and the results are compared
with earlier ones where the Tukey window cutoff was used.

(iii) We found in several tests that solutions found any
two of these sum rules already seems to satisfy the third one
reasonably well, but not exactly so. While using Eq. (44)
is attractive at low-T since it captures the Luttinger-Ward
Fermi surface exactly, it does create long tails extending to
high energies requiring further cutoff schemes such as the
Tukey window discussed in Ref. [28]. To explore other pos-
sibilities, we avoid using this sum rule. In the present work
only Eqs. (43) and (45) are used. See Appendix B for further
details.

IV. RESULTS AND DISCUSSION

Let us first summarize the steps followed in this calculation
of the solution of the ECFL equations to O(A\3). The O(1\?)
calculation follows by neglecting the third-order terms. The
task is to solve Egs. (26) and (27) for g, i after setting A = 1,
with Wy, X with j =1,2 given by Egs. (39) and (40).
Here g, W, and j1 are calculated from Egs. (26) and (27) in
terms of W, x, which are given in terms of g, W [Eqs. (41)
and (42)], thus forming a self-consistent nonlinear set of
equations for these functions. The external parameters needed
for this calculation are the density » and the temperature 7,
while the internal parameters are w and ug. As discussed in
Sec. III, in the present work these internal parameters are
determined using Egs. (43) and (45). Equations (41) and (42)
are expressible as convolutions of suitable functions and can
be efficiently evaluated using fast Fourier transforms.

The calculations in d = oo are performed using the popular
Bethe lattice semicircular density of states

VP

so that D is the half bandwidth usually estimated as D &
O(1) eV, ie., D =~ 10* K. The calculations presented here are
at temperatures 7 < 0.1D, and are the first ones using the new
uy sum rule Eq. (45).

In Fig. 1 we display the resistivity atn = 0.7 for 0 < T <
0.2D from the second- (red) and third-order (blue) calcula-
tions using Eq. (45) and compare with the exact DMFT results
(green) at U = oo and d = oo for these parameters. We also
display the results (purple) from the second-order Tukey win-
dow scheme [i.e., using the Eq. (44) together with the Tukey

Ppos(€) = (47

n=0.8

window]. These are seen to be close to the exact DMFT result
for 7 < 0.05D, and somewhat overshoot the other estimates as
we raise 7. Both the second- and third-order results obtained
using Eq. (45) (red and blue curves), show a quadratic-in-T
behavior (i.e., p o T?) for T < 0.02D. This is similar to the
behavior of the exact DMFT curve (green). At higher T (say
T <0.05D) both curves display a quasilinear regime p o T,
which is sometimes referred to as the “strange-metal” regime.
At even higher T, these two curves separate out. In general,
the third-order curve (blue) is closest to the exact DMFT
result (green) over the entire 7' regime. The DMFT results,
however, display a bend and subsequent second quasilinear
regime with a different slope and zero-intercept relative to the
first, as the temperature increases above 7 X 0.10D. While
present to some extent in all three ECFL calculations, it is
most pronounced in the second-order curve (red).

In Fig. 2 we compare the resistivities obtained from the
second-order scheme (red), the third-order scheme (blue),
the Tukey window scheme (purple), and the exact DMFT
results (green) at higher electron densities n, i.e., lesser hole
doping § = 1 — n. The insets show the comparison at very
low T < 0.02D and the main figures present a larger regime
0 < T < 0.08D. In going from second to third order, we see
that the resistivities are closer to the DMFT results at all den-
sities. The Tukey window scheme on the other hand, is quite
close to DMFT for n < 0.85, while for n = 0.85 it becomes
an overcorrection.

In Fig. 3 we display the second chemical potential u in
the second and third-order results and compare those with the
Tukey window scheme results. Results are shown only up to
n = 0.85 since upon going past this limit, the third order u
grows beyond ~4D rendering the convergence of the scheme
as somewhat unstable.

In Fig. 4 we display the imaginary part of the Dyson
self-energy px(w) = —nlImE(w) at low temperature (7 =
0.001D). In Fig. 5 these results are shown over a smaller
energy scale |w| < 0.1D highlighting the lowest lying exci-
tations of the electrons. Our results show a Fermi-liquid-type
quadratic shape near zero frequency that lines up well with
DMEFT results. Note that these plots display spectral asymme-
try between particle and hole type excitations, as previously
discussed [25,33].

In Fig. 4 we observe a pronounced peak in the DMFT self-
energy for the somewhat high-energy excitations w ~ —0.2D.
This peak is missing in all of our ECFL estimates. As a
consequence the DMFT electron spectral functions pg(k, @)

n=0.85

25

S 2.0:
1.5;

$ 15

] 3.0 ] 4.0

1.0 \ 1.0;\ B

3.0
S 25

1.5

T/D T/D

0'()lEfOO 0.02 0.04 0.06 0.08 0.10

—— 2nd Order
1.
6).00 0.02 0.04 0.06 0.08 0.10 — 3rdOrder
T/D — Tukey

FIG. 3. The second chemical potential uy (see Sec. II C) for densities 0.7, 0.8, and 0.85. The red plots are second order with the uy sum
rule, the blue are third order with the #, sum rule and the purple are second order without the 1, sum rule using the Tukey window scheme.
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~1/7t ImZ(w), n=0.7

-1/t ImX(w), n=0.8

-0.2 ‘ ‘ : ‘ ‘ -0.2 : : ‘ ‘ ‘
-0.6-0.4-0.2 0.0 0.2 04 0.6 -0.6-04-0.2 00 0.2 04 0.6
w/D w/D
-1/t ImE(w), n=0.85

— 2nd Order

— 3rd Order
04 06-04-02 00 02 04 06 — DMFT
w/D — Tukey

FIG. 4. The imaginary part of the Dyson self-energy for densities 0.7, 0.8, and 0.85, at 7 = 0.001D. The red plots are second order with
the uy sum rule, the blue are third order with the u, sum rule, the green are the DMFT results and the purple are second order without the u,

sum rule using the Tukey window scheme.

in Eq. (12) are more compact in o than any of the ECFL
estimates on the w < 0 (i.e., occupied) side. The peak occurs
at fairly deep hole excitation energies ~1000 K (taking D =
1 eV). It should be noted that this peak does not influence the
low-T resistivity, which is our primary focus here. In general,
this peak, and certain other high-energy features are influ-
enced by the details of the cutoff schemes used for solving the
ECFL equations. It seems difficult to reproduce these features
at low orders in A. Fortunately, there are several other methods
that work at high energies, including the method of moments.
For low excitation energies, say 7 < 400 K, there are very
few methods available. Here the ECFL methodology is quite
successful in calculating the resistivity with the computed
spectral functions.

-1/t Im%(w), n=0.7

-1/t Im&(w), n=0.8

The quasiparticle weight Z is obtainable from the self-
energy as Z = {1 — %ReE(a))}’l. The strong correlation
physics problem usually leads to fragile quasiparticles, i.e.,
Z <1 in the proximity of the Mott-Hubbard insulator at
8 = 0. The reduction of its magnitude (from unity for the
Fermi gas) is of especial interest, since it is one of the primary
causal agents for the unusual transport and spectral properties
in strongly correlated matter. The calculated Z is displayed
in Fig. 6 as a function of the hole density (§ = 1 —n) and
is seen to be «1 as § < 0.25. The Z from our calculations
compares quite well to the DMFT results. As noted earlier
[25], the latter are well fit by Z ~ §'3°. The third-order u
sum-rule results are closer to the DMFT results for Z than
the second-order results at all densities, and both of these

-1/t Im%(w), n=0.85

0.10 0.10 0.20
0.08 0.08: 0.15
0.06 0.06|
A
0.04 0.04' 0.10
0.02 / 0.02 0.05 — 2nd Order
0.00 0.00f 0.00 ] — 3rd Order
-010 -0.05 000 005 0.0 -010 -005 000 005 0.0 -0.10 -005 000 005 0.0 — DMFT
w/D w/D w/D — Tukey

FIG. 5. Spectral function plots for densities 0.7, 0.8, and 0.85, at 7 = 0.001D for a smaller frequency range. The red plots are second order
with the uy sum rule, the blue are third order with the uy sum rule, the green are the DMFT results and the purple are second order without the

o sum rule using the Tukey window scheme.
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Z (T=0.005)

0.4

— 2nd Order
— 3rd Order
— DMFT
— Tukey

%815 0.20 0.25 0.30 035 0.40
5

FIG. 6. Z for densities 0.7-0.85 (6 = 0.15—0.3). The red plots
are second order with the uy sum rule, the blue are third order with
the uy sum rule, the green are the DMFT results which fit well to
Z = §'3° [25], and the purple are second order without the 1y sum
rule using the Tukey window schemes.

overestimate the Z for § < 0.25. In comparison the Tukey
window scheme results are closer to the DMFT results but
underestimate Z for § < 0.25. As in the case of the resistivity,
the Tukey scheme becomes an overcorrection at § = 0.15.

V. CONCLUDING REMARKS

The ECFL theory has been developed so far using the O(4)
expressions for the self-energies in the problem and applied
in a variety of situations including d = 0, i.e., the Anderson
impurity model, the d = 1 ¢-J model, the d = oo, U = 00
Hubbard model and closest to experiments, the d =2 t-J
model. At a formal level we have also established a systematic
method for extending the expansion to high-order terms, but
in view of the additional technical difficulties presented by
them, these have not yet been tested. This work reports the first
results from the third-order equations for the ECFL, applied
to the case of the d = oo and U = oo Hubbard model, where
independent DMFT results are available from the numerical
renormalization group. This enables us to quantify the role of
the third-order terms and to compare with the second-order
results.

The introduction of an exact sum rule for the ¢-J model
allows us to bypass the somewhat ad hoc Tukey window
cutoff scheme used in previous ECFL resistivity computations
[20,21,28]. In both the case of the second- and third-order
results, the resistivity curve from ECFL agrees in both shape
and scale with the one from DMFT, with a quadratic in
temperature Fermi-liquid regime, followed by a quasilin-
ear strange-metal regime. Both ECFL and DMFT predict
a monotonic decrease in the quasiparticle weight as one
approaches half filling. In both the case of resistivity and
quasiparticle weight, third-order ECFL improves upon the
second-order ECFL at all densities, in comparison to DMFT.
The Tukey scheme constitutes a further correction at lower
densities, but at higher densities it constitutes and overcor-
rection, overshooting the DMFT results. Finally, both ECFL
and DMFT find the quadratic quasiparticle minimum in the
Dyson self-energy at low frequencies, while DMFT has a
higher (negative) frequency peak, which is absent from the

low-order ECFL results. It is encouraging that in going from
second to third order in the ECFL computation we obtain
better agreement with DMFT.
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APPENDIX A: THE SECOND SUM RULE

We give a brief derivation of the sum rule valid in infinite
dimensions:

> [ dopstk rf @@+ - =0. b
k

We start with the Hamiltonian (energy minus uw/N) written
in terms of the Hubbard operators [3,4],

H=— ZtiniOOX]QU —n Z)(iaa

i,j,o i,o

1 I |
+§;Jij<si-sj—zninj>. (A2)
We rewrite this in the form
== XX — Y X 4 Ve, (A3)
i,j,0 i,0
where the exchange energy is
1 / oo’ y56’
Vee = =5 > 001X XS
ijoc’
1 Gyoo 00 yoo
= ZZ"U(X;T X77 —X77X7°), (A4)

ij,o

and define the electron Green’s function
) 1 _ - o
Goroy (iTis fT7) = ———Tre AT, (X! ’(t,»)XffO(rf)), (AS)
G

where Zg = Tr e P . Taking the time derivative with respect
to 7; and then setting 7y = 7; + 0%, 0, = o = o, and the sites
i=f weget

0r,Goo (i, i) = m{X77) + D 1i(X7°X)")
J
1 I|yoo' yvaa'
+3 Y hoo(XPUXIT). (A6
Jjo'
where we dropped a term containing §(t; — 77) (since we

are considering the limit 7, = t; + 07). Summing over o,
denoting T = 1; — 77, and summing over site index 7 (replaced
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by a k sum), we get

20 Y Gk, D)l = pN — (T) = 2(Ve). (A7)
k

It is convenient to introduce the general formula for the
Greens’s function in terms of the spectral function in the time
domain

G(k, T)=/dw>g(/_5, Ve f(MO(=1) — fF(11)O()], (AS8)

where f is the Fermi function and f = 1 — f, and () is
the Heaviside theta function. Substituting into Eq. (A7) and
transposing terms we get

—2Z/dwpg(ié, V) — uN +(T) = =2(V,.). (A9)
k

Using ZZEfdvpg(%, V) =N and ZZEfdvekpg(£, V) =
(T), we get

3 [ dopgth. o) @)w+ k-0 = V. (A10)
k

Ind = oo we setJ = 0 and hence V,, vanishes and we get the
sum rule (A1).

In lower dimensions we are obliged to use some suitable
approximation to estimate (V,,). In the physically important
case relevant to cuprates of d = 2 on a square lattice (with
four neighbors), we may use a Hartree-type approximation

1 o | B
Vo = =3 22 oo X7~ =3 )
ijoo’ ijo
}’l2
——N,Z.J,
8

(A11)

where J is the nearest-neighbor exchange energy and Z, is the
number of nearest neighbors in the lattice.

APPENDIX B: PROGRAM NOTES

Our program at both second and third order uses a
rootfinder with two equations and two variables to solve for
p'and ug. We use Egs. (45) and (43) as mentioned in the text.
We note that the third-order program is significantly more
stable with this choice of sum rules.

It is generally true that, whichever two sum rules are cho-
sen, the third will be approximately satisfied. Since the ng rule
and new ug sum rule are used, ng is exactly equal to n, while
ng is only approximately equal to n. As mentioned previously,
the n, value generally ends up 10% to 15% higher than n.
When used in Eq. (28), the different value of n, can cause
noise under iteration, resulting in a failure to converge. This
effect is particularly pronounced for the O(A*) program. So
we approximate ng with n in our chemical potential [Eq. (29)],
which gives very similar results in all well-behaved cases we
compared. It should be noted that multiplying n by a constant
to bring it closer to n, also causes failure to converge at third
order; for best results the n approximation should be used.

Here we would also like to outline the parameters under
which our programs are well behaved. The O(A?) program
converges with relative ease for a wide range of temperatures
and densities. We tested densities around 0.5-0.9 and temper-
atures from 0.001 to 0.2 with good results. The O(A?) program
also functions well with the n, sum rule substituted for the ng
sum rule.

The third-order program is generally more unstable than
second order. It converges comfortably for densities 0.7—
0.85 over our full temperature range, 0.001-0.02. Beyond
those densities the program rapidly becomes more difficult
to run. For lower densities it is possible to push the pro-
gram to converge a little below 0.6. For higher densities in
particular the third-order program consistently has signifi-
cant difficultly converging, although it does seem possible to
stretch it slightly higher (to 0.87 or so) with a careful crawl
from lower densities. We recommend this technique not be
extended beyond optimal density (0.85).
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