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In order to calculate the electronic structure of correlated materials, we propose implementation of the
LDA+Gutzwiller method with Newton’s method. The self-consistence process, efficiency and convergence of calcula-
tion are improved dramatically by using Newton’s method with golden section search and other improvement approaches.
We compare the calculated results by applying the previous linear mix method and Newton’s method. We have applied
our code to study the electronic structure of several typical strong correlated materials, including SrVO3, LaCoOs, and

LayO3Fe,Se;. Our results fit quite well with the previous studies.
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1. Introduction

The density function theory (DFT) with local density ap-
proximation (LDA) have been successfully applied to calcu-
late the band structures and related properties of many ma-
terials. However, the LDA fails to capture the strongly corre-
lated nature of strongly correlated materials because it is based
on a single particle picture. In order to solve this problem,
several computational methods have been proposed, including
LDA + U, LDA 4+ DMFT, and LDA + Gutzwiller.

LDA + Gutzwiller method has already been proposed and
successfully utilized to investigate many important strongly
correlated materials, such as ferromagnetic metals, iron super-
conductors, and topological Kondo insulators.!!->6:161 Com-
pared to LDA + DMFT, LDA + Gutzwiller is much faster and
cheaper. However, the convergence of the self-consistent pro-
cedure is the bottle neck for this method, which prevents it
from being applied to much bigger systems.

In this paper, we present an important improvement of the
Gutzwiller method by combining it with Newton’s method (a
numerical method to determine a function’s root) and golden
section search (a technique for finding the extremum (min-
Our hybrid
method dramatically improves the convergence, and can make

imum or maximum) of a unimodal function).

the LDA + Gutzwiller calculations much faster and stable.
The rest of this paper is organized as follows. In Sec-
tion 2, the theory behind the Gutzwiller method is introduced.
In Section 3, implementation details are discussed, and the lin-
ear mix method and Newton’s method are compared. Section 4
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details experimental results of our proposed method. Finally,
Section 5 lists a short summary of our findings.

2. LDA+Gutzwiller derivation

In this section, we present the basic derivation of the
Gutzwiller method. More detailed derivations and explana-
tions can be found in our previous paper.!-!

2.1. Hubbard model

In this section, we derive the basic equations of the
Gutzwiller approximation using the multi-orbital Hubbard
model. The Hubbard model can be divided into two parts,
one is the single particle (Higa = Hin + Hioc) part, which can
be obtained from LDA calculations, the other is the interac-
tion part (Hj,), which describes the electron—electron interac-
tion by many-particle wave functions. Expanded expression is
given as follows:

H = Hyj + Hioc + Hint
Z ti(,xjpfi-raf,\j,ﬁ + Ztg'af:afj,a + ZHi,inta (D
i#j,oB i,a i
Hine = Uy ZﬁmTﬁm +U> Z Ayt Ay |
m

m<m’
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m<m’,c
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In Eq. (1), Greek letter subscripts denote a combined spin—
orbital index, and the operator ffa ( f,a) creates (annihilates)
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an electron on orbital ¢ at site i. The first term of Eq. (1) de-
scribes electrons hopping between sites i and j, while the sec-
ond term describes electrons hoping on one site between dif-
ferent orbitals. The last term describes the electron—electron
interaction. In Eq. (2), m denotes strictly orbital index, while
o denotes spin index. The former three terms are density—
density interaction terms: the first term describes interactions
between two electrons in the same orbital but with differ-
ent spins; the second term describes interactions between two
electrons on different orbitals with different spins (U, < Uy);
and the third term describes interactions between two electrons
with the same spin but on different orbitals (U, —J < U, < Uy).
The third term’s factor is the smallest, thus electrons with the
same spin tend to have lower system energy. This reflects
Hund’s rules. The fourth term describes interactions of spin
flipping and pair hopping.

In LDA + Gutzwiller method, two types of interaction
terms can be considered. One is called density—density
Gutzwiller interaction (ddgw), in which only the first three
terms in Eq. (2) are included. There are two parameters af-
fecting the energy band, the quasi-particle weight R and the
onsite energy revision Elm. R is between 0 and 1, and the
band is compressed according to R. Elm affects the shift of
the correlated bands. In this type, quasi-particle weight R and
on-site energy Elm are vectors Ry and Elmy,. « is the local or-
bital index. The other type, rotational invariable Gutzwiller
interaction (rtgw), includes all interacting terms. In rtgw,
quasi-particle weight and on-site energy are matrix R, g and
Elmg g. o and B are local orbital index. In the present paper,
we will focus on the density—density type just for simplicity.
The generalization to the rotational invariant type is straight
forward. The result of the rotational invariant type is shown in
Section 4.2.

2.2. Gutzwiller variational wave function

The Gutzwiller wave function (GWF) |G)[*! is a many-
particle wave function. We act the Gutzwiller projection op-
erator P upon the Hartree uncorrelated wave function (HWF)
10)

G) = P|0). (3)

This operator P is composed by projector P;
P=T12, )
i

where i is the site index, and P, projects the wave function to
many-particle configurations

b=yl (5)
1

Here, I denotes the Fock states, the parameters c; are vari-
ational parameters, which adjust the weight of each configura-
tion in the wave function. The GWF is obtained by setting the
proper parameters c;.

2.3. Variational problem constraints

There are two variational problem constraints. First, the
GWEF |G) must be normalized as follows:

(GIG) =[J(0l~L10) = 1. ©)

1

The other constraint is']
(018} B.F} o fr.al0) = (01 o fi.lO), @)
and we denote

nYy = (0|f o f.al0), ®)
No = (018 Bif!, fi.al0). )

2.4. Lagrange equation

The Lagrange function is F (cl7 czﬁf, Ao Aikes la) , in which
¢y is the Lagrange variation parameter to determine the GWF.
cflff is the Lagrange variation parameter to determine effective
one-particle wave function |l). |n) is the eigen wave func-
tion from LDA calculation, we use |n) as single particle basis.
Ak and Ay are the Lagrange multipliers of the normalization
constraint for the effective one-particle wave function and the
GWEF, respectively. Ay is the Lagrange multiplier of the par-
ticle number operator constraint, and its physical meaning is
each orbit’s chemical potential.

F (Cl,Cfff,)L(p,)leJLa)

= Zﬁrﬁ‘;ﬁ (G| ofi51G) + (G|Hiw|G)
i,j,0,

=Y Ak (el wu) = 1)
Ik

— Y Ao [No—1%] =29 ((@l@) —1).  (10)

In this non-linear equation, both the effective single parti-

eff

cle wave function c;,

and the many-particle wave function ¢y
are unknown, and they are related to each other. To solve this
equation, we designed a two-step self-consistent loop. First,
all parameters related to the many-particle wave function (R,

Elmy) are set as constants, and we can find a proper effec-

eff
nl*

eters related to the single particle wave function (n¢,

tive single particle wave function ¢ Second, all param-
Eiin
R

are set as constants, and we can constitute hamiltonian on

the non-interacting many-particle wave function and find the
proper variational parameters c;. The equation for the effective
single-particle part is as follows:

O a2 G0
362?* ij,oB b 8cf§f*
+ . aceffi _z'lkcfl]?

nl
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= 0. (11)

The equation for the many-particle part is

OF (G| fiplG)  (G|Him|G)
der Z ij ) + 9
I ijap cr “
9 (Lo Ao [Na —13])
o o Aq,ch, 0|1)(1|0)
= 0. (12)

3. Implementation and optimization

In this section, we focus on implementation details and
optimization techniques applied to the Gutzwiller method. We
introduce the interface of LDA + Gutzwiller method. Then
outline the two self-consistent loops (outer loop and inner
loop), and compare the linear mixed method and Newton’s
method. Lastly, we discuss the golden section search method
used in the inner loop.

3.1. Interface of LDA+Gutzwiller

The Gutzwiller method requires two input files. One
is the eigenvalue of each k point E,;, which results from
LDA calculation. The other is the overlap matrix S ,(k),

San(k) = (Pok|Yak)-
calculation. |@qy) is the local orbital. In our method, strong

|Wui) is the eigenfunction from LDA

correlation confined to each site is required, therefore local or-
bitals between neighbor sites should not be overlapped. The
local orbital can be a Wannier function!*3! of the LDA bloch
wave, or atomic local orbitals.

Tight binding Harmiltonian can be built on local orbital
basis. Since some tight binding models are provided in real
space, the Hamiltonian is H(r), and it is better to transform to
reciprocal space H (k) by Fourier transformation, to facilitate
the effective single particle calculation. Details on building

local orbital and projection can be found in previous paper.!®!

3.2. Two-step loop of Gutzwiller method

In the sigle-particle part (Section 3.3), with given in-

input input eff
put Ry~ and Elmg, we can find proper cj;.

can calculate parameters related with cfgf

Then we
, such as occupa-

tion number ny and derivative %ETF:‘. In the many-particle

part (Section 3.4), with occupation number ny and derivative
% from single-particle part, we can find proper c;. The in-
ner self-consistent loop is only related to many-particle part
(Eq. (12)). In the inner loop, with given occupation num-
ber ny and derivative % we need to find proper chemi-

cal potential A, of each orbit to meet the constraint condition
(Eq. (7)). Then we use occupation number ny, derivative ﬁr“:
and chemical potential Ay (from inner self-consistent loop) to

output

find proper ¢;. Then we can calculate the output R, © and

EIm{"™". The two-step loop is shown in Fig. 1.

input value of Gutzwiller:

¥

. [construct Gutzwiller effective

¥

solve Kohn-Sham-like
equation

¥

i|i" iii 9F and nl
v

: v
new input: solve equation
Y ¥

R, and Elm,,

calculate quantities:

Fig. 1. (color online) Flow chart of the two-step self consistent loop.

3.3. Effective single-particle equation

From Eq. (11), we get an effective single particle Hamil-

tonian
Hegr(k) = Y Rt P Ry kat) (kP
ap
+Z<1—2R2 >|ka (kat|
+ Y Elmg|ok) (o], (13)
o

0Ein C1C1/S;ZI/ ng —0.5

Elm, = + A, (14)

“ aRa 174 \/na(l—na) na(l—na) o
B cren
Ry = & (15)

7 ng (1—nd)

Ry is quasi-particle weight, Elm,, is the chemical potential of
local orbital ¢. Both are functions of ¢;. ng is the occupation
number of local orbital (ng = (0| fa\O)) —= is the kinetic
energy, and f; is the Fermi dispersion of the effectlve single
particle wave function. S}"I, is either one or zero, which de-
notes eliminating an electron on orbital o in Fock state I/, and
then mapping to Fock state I (8%, = (I|fo|I')).
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3.4. Many-particle equation

From Eq. (12), we obtain a many-particle Hamiltonian
written on the basis of Fock states,

o o
8Ekin SI]/ SIII

(Hn)pp = Z +2H: &y
o ORa nd, (l —ng)
—2Y AaNf 8y, (16)
o
no = Y w(k)fir{Wilotk) (ok| i), (17)
I
JE in
= = ZZRﬁtlganﬂﬁ + ZRﬁt;f‘ﬁxk,ﬁa
oRe &% .
— 2Rt Xr.cars (18)

where

Yo = OlF o fiepl0) = Y fur(Warlkoe) (kB wi).  (19)
n

%ET}‘; and nqy are two input parameters gotten from the effective
single particle equation. N{* denotes the electronic occupation
on orbital & in the Fock state I (N} = ( fl‘a fi,a)1)- The ground
state eigen vector of H,, is the Lagrange variational parameter
c7- Then we can calculate Ny, (Ng = Y NIO‘C%) to see whether
the constraint has been met (N = ng). Then we adjust Ay to
meet the constraint condition given by Eq. (7).

3.5. Outer self-consistent loop and Newton’s method

Each self-consistent loop was separated into two parts.
In the effective single-particle equation, input is quasi-particle
weight Ry and on-site energy Elmy, output is kinetic energy
ai“i" and effective occupation number r. Conversely, in the

many-particle equation, input is kinetic energy k’" and oc-
cupation number ng, output is quasi-particle Welght Ry and
on-site energy Elmy,. The two parts constitute a complete self-
consistent loop. We can view the loop as function of g, with
input Ry, and Elm;,, and function results of Ry, and Elmg,.
For convenience, input parameters are called in, while the out-

put parameters are called out

gR(RimElmin) = ROUH

gElm(RimElmin) = Elm,,. (20)
This equation is simplified as
g(in) = out. 21

Previously, we use linear mix method, that is,

in; = Ag(ing) + (1 — A)iny, (22)

where A is a real number between 0 and 1.

To make this self-consistent procedure more efficient, we
then applied Newton’s method. Using this method, the self-
consistent problem (function g) is changed to a root finding

problem (function f) and defined as

f(in) = g(in) — in. (23)

The self-consistent point g(in,) = in, is the point f(in,) = 0.
Taking the derivative at point ing, which is near the root point
in,, we get

dout

f(in,) — f(ing) = m(in, —ing). 24)

Taking f(in,)
our consistent loop. This equation becomes

= 0, iny becomes the next input point for

0
— f(ing) = %‘:(mr ing), (25)

and the next input point is

-
in, = ing — (80111: ) f(ing), (26)
my

din |

aa"“t is the Jacobi matrix. To apply Newton’s method, we must

derive the Jacobian: %I;‘;:‘, a(gffr‘f:n’ a%l;e“"“t and aa%m‘)“‘ In or-
der to get this Jacobi matrix, we break it into two parts: the
dE dE

dR in dR
effective single particle part 3R s 9B, > JFim,* JFIm; (see

aR«)ut aElnlout a‘Rnout
T on

Appendix A), and the many-particle part Gk

% (see Appendix B).
iR
In the many-particle part there is a intermediate variable
d ax
on

A, and we nee and

+ to yield the Jacobi matrix for the
iR
many-particle part. The details for these derivatives are shown

in Appendix C.

3.6. Inner self-consistent loop and Newton’s method

The inner self-consistent loop corresponds to the many-
particle part outlined in Section 3.4. The purpose is to find
the proper A in Eq. (16). In this loop, the parameter of many-
particle Hamiltonian H,, is the chemical potential A, n, and
d—g are given by single-particle part (Eq. (11)). With given A,
we can get Hamiltonian H,,. Diagonalizing this Hamiltonian
yields the ground state wave function Cy and the correspond-
ing Ny, N =Y N,‘"c%. We define a function g, where input is
A and output is N, g(A) = N.

To meet the constraint N = n, we define a new function
FA) =g(A) —n. (27)

The Jacobi matrix for the inner loop is a - For derivation
details, please refer to Appendix C and Eq. (C10).

3.7. Golden section search with Newton’s method

We also apply golden section search!>*! to improve the
convergence of our code. Newton’s method sets direction in
the parameter space, and then golden section search sets the
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step length. Newton’s method is very sensitive to the starting
point. In some situations, it can cost more steps or cannot find
solution, if Newton’s method starts with a bad point. With the
technique of golden section search, in each step, we can find
the point nearest to the solution on the step’s Newton’s line,
which is a better starting point for next step, thus it can im-
prove the convergence. Results are shown in Section 4.3.

4. Example

In this section, we show results from SrVOj3;, LaCoOj3;
and LayOsFe;Se,, and compare the LDA and LDA+G band
structures. We will also compare our method to the traditional
Gutzwiller method. Convergence behavior will be shown with
respect to convergence steps.

4.1. SrvVO;

SrVOs is a 3d orbital correlated metal. Its simple cubic
perovskite structure and non-magnetic electronic state make it
an ideal test material.[>7-8] The LDA result is inconsistent with
experiments.°~!!] These features can be understood through
our LDA + Gutzwiller calculations. We choose a ?)d[2g Wan-
nier function as the interacting local orbits with interaction en-
ergy U =5 eV, J, = 1.0 eV. Figure 2 shows the band structure
calculated by LDA + Gutzwiller. The band width using our
method is reduced by 30%. These results are in good agree-
ment with previous experiments. [*~11]

The results of quasi-particle weight and on-site energy by

our new application are all well in comparable with the tradi-

b 2Udr—T—T—T——T
> (a) —=— linear mixed
L —5.25r —e— Newton method]
>
2 —5.26} 1
5
® 521t .
=
T —5.28f 1
N
2 _5.20} ;
3 .
—5.30F b
0 2 4 6 8 10 12 14 16 18 20
Steps
s —5.5H() —e— linear mixed A
o) —— Newton method
2
% —5.6f 1
-
5]
G
., —b5.TF 1
<
E —5.8} 1
3
—5.9F b
0 10 20 30 40 50 60 70
Steps

tional application. Figure 3 shows convergence behavior of the
two methods in case of SrVOs. Case far away from the tran-
sition point (U = 1.0 eV, J = 0.0 eV ) and near the transition
point (U = 6.0 eV, J = 0.0 eV) are shown in upper and lower
part respectively. In both cases, applying Newton’s method
reduces the number of convergence steps.

SrVOs showed one electron in the 3d orbitals, consistent
with previous findings.!'3) The Brinkman—Rice transition!!#!
occurred at certain combination of U and J. As shown in
Fig. 4, the Gutzwiller method can converge into two differ-
ent results, which is also consistent with previous research.!”]
The previous linear mix application cannot find self-consistent
solution for branches with small quasi-particle weight. The
application of Newton’s method can improve the convergence
of the Gutzwiller method.

2.0
1.5

— LDA

1.0t

0.5

Energy/eV

—0.5¢

K-path

Fig. 2. (color online) The band structure of SrVO3 from the LDA and
the LDA + Gutzwiller result. U =5eV and J, = 1.0 eV.

—5.295 T T T T T T T T
> | (b) —a— linear mixed |
L —e— Newton method
% —5.296f E
&
15}
=} o i
15}
i’j —5.270 E
g | |
3
= —5.2801 R
&}

— .2 1 1 1 1 1 1 1 1 1 1

59002468101214161 20
Steps
—5.890 T T T T T T
(d) —e— linear mixed
i _5.805 —=— Newton method |
>y 4
b0
—
=
5 —5.9001 R
-
<
T —5.905¢ .
3
5
O _5.910f L, 1
0 10 20 30 40 50 60 70
Steps

Fig. 3. (color online) The Gutzwiller energy of SrVOs with respect to steps. Upper case: U = 1, J = 0. Lower case: U =6, J =0.
Figures on the left are zoomed images of right figures. Figures on the left are zoomed images of the right figures.
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1.0 T T T T T T
0.8 4
0.6 - ]

~

0.4r 4
0.2 : '% 4

%—d"’_’/

O 1 1 1 1 1 1

0 2 4 6 8 10 12

Fig. 4. The quasi-particle weight Rl'? with respect to U. From right to
left, J//U =0.2,0.1, 0.0.

4.2. LaCoO;

LaCoOs is a typical correlation material. Since there are
two strongly correlated atoms in one cell, and each atom has
10 local orbitals, convergence of this case is more difficult
than SrVO;. We calculated bulk LaCoO3;!1%! band structure
with LDA and LDA+G (rtgw). We applied rotational invari-
ant code for this case. The Gutzwiller method adjusted crys-
tal field splitting between t; and ey due to the effect of on-
site energy Elm, and renormalized tp, and e, bandwidth using
quasi-particle weight R. LDA and LDA+G bands are plotted in
Fig. 5. The Gutzwiller method shows that LaCoOj3 is semicon-
ductor, while LDA calculation suggests it is metal. The band
gap was approximately 0.36 eV, which is in good agreement

with experiments. [!7-1°]
4
3 LDA — |
2
1
0P —— Ep
===

& Tl =" ;\4\,»_/ |

= - ~— |

= _3 _ = _

5 ,

g 4] — N
—5E —_—_____—
—_6F ; i
_7__/—> ]
-8

r F L r
6 eV— |
>
[
~
>
o0
8
=]
5|

r F L r Z
K-path

Fig. 5. (color online) LaCoO3 band structure with interaction U = 7.0 eV,
Hund’s rule coupling J = 0.6 eV.

4.3. L3203Fe28e2

La;O3Fe;Se; is considered a strongly correlated material
and is claimed to be a semiconductor and Mott insulator.?"]
We consider the magnetic order of LayO3Fe;Se,. Each cell
has 16 strongly correlate atoms, and each atom has 10 local
orbitals. This makes convergence very difficult. The band
structure with interaction U = 6.0 eV and J = 1.5 eV is shown
in Fig. 6. The band gap was approximately 0.121 eV, which
agrees with past findings.[?!=23

Calculations were performed using both linear mix and
Newton’s methods. The linear mix method cannot achieve
convergence. In the inner loop, the linear mix method can-
not locate appropriate chemical potentials for each orbital A
defined by Eq. (12) with the constraint condition given by
Eq. (7).
chemical potentials within 6 steps. Figure 7 shows the aver-

In contrast, Newton’s method locates appropriate

age absolute deviation of the difference between Ny and n9,

[No—ng|
Nerror = Za thorboc

ure 8 shows the Gutzwiller energy in the inner loop with re-

) with respect to number of steps. Fig-

spect to the number of steps.

1.0 T T T

Band energy/eV

Fig. 6. (color online) LayO3Fe;Se; band structure with interaction
U = 6.0 eV, Hund’s rule coupling J = 1.5 eV.

0.6

0.5F 4

0.3F 4

Nerror

0.2F 4

0.1r —e— new method
'L —m— old method
ok i

0 20 40 60 80 100

Steps

Fig. 7. (color online) The average absolute deviation of the difference
between Ny, and nd, with respect to number of steps.
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(=]
T

—e— new method A
—a—old method |

I [ \
N4 oW
SR

T T T

—125f

Gutzwiller energy
L
)
S
T

I
[a
9]
(=]

T

—175F

—200 1 1 1 1 1 1
0 20 40 60 80 100

Inner loop steps

Fig. 8. (color online) The Gutzwiller total energies in the inner self-
consistent loop with respect to inner loop steps, implementation of lin-
ear mix and Newton’s method respectively.

5. Conclusion

Our implementation of LDA+G with Newton’s method,
golden section search, and other revision of previous
Gutzwiller implementation were detailedly described in this
paper. First, the Hubbard model (Section 2.1) and Gutzwiller
wave function (Section 2.2) were introduced. Then, we
put forward a two-step self-consistent method to solve the
nonlinear Lagrange equation (Section 2.4), and apply New-
ton’s method to both the outer and inner loops (Sections 3.5
and 3.6 respectively). Finally, we tested our method on
SrVO3, LaCoOj3, and La,O3Fe;Se;.

als agree with both the experimental data and previous calcu-

Results for all materi-

lation. Conclusively, this proposed method dramatically im-
proves the efficiency and convergence of the implementation
of Gutzwiller method.

Appendix A: Jacobi matrix for single-particle
part equation

This is the Jacobi matrix for Newton’s method in the ef-
fective single-particle equation, in which input is R and Elm,
output is g—g and n. The four elements of the Jacobi matrix
are as follows:

0-— dE pa) effx OEw:
dRe Cim Eiin ff
oy &L TR, ( IRq )m o

0Ey aceft
effx kin nl
+ kalch ( IR, )mn T

flk g
+w kaR Z eff:

mn
0Ey
+wifik Z St (8 R 81;?[; ) o,
o

Here, S}, = (m|a), |a) is the local orbital, and (m| is the input

LDA wave function.
dE

a a effx 8E ) "
dRq Cim kin eff
JElmy Z "f”‘z JEIm ( IRy )mn i

Sanceff

(AD)

ff
acs)
mn 8Elm5

0Ein
+kalk2ceﬁ* ( 81;(1 )

9 fik
8E1

effx ox
Z l S Somcnl,

mn
eff*

a :Z kﬁkz alm S* Sancf,gf

1k mn

(A2)

off. aceff
[
4 Wkﬁk Z Cl *S* San n

IR
flk oot g+

* o SancSt (A3)

nl »
on & eff i

aEhi Z "f’kz aElm SiaSancsi
acfjf
8ElmB

Wi fik Y Cim ShaSan

mn

a ff: ff
+wy cCt S* S Ce
; 8 Elmﬁ €im an

(A4)

Appendix B: Jacobi matrix for many-particle
equation

This is the Jacobi matrix for Newton’s method in the
many-particle equation, in which input is g—g, and output is
R, Elm, and n. The four elements of the Jacobi matrix are as

follows:
aRa _ aﬁz CIC[/S”/ na—05 : (Bl)
dng i\ /nd (1—nY) na (1-nq)
JElmy JdAy dE ORy ng—

=4+ k) (ka
ong  dng ' dRq dng ne(1— )f"| (ke

L 9B Ra< D )fnkka><ka| (B2)
("a(

dR(Z 1 — na))
JR ac dcy
dg =) : CrRip +er— ] R | (B3)
9 4x; drg 1! dRB dRE
aElma 82105 + dE &Ra
TS dE 5 dE dE
9x; dRg Era dRﬁ dRq aﬂ
—-0.5
— ko) (k B4

Appendix C: Details for chemical potential A

In the many-particle equation, parameter A must be ad-
justed to meet the occupation number constraint Eq. (7). When
Newton’s method is used for the many-particle equation, we

must know the partial derivatives 312‘, ;M‘ and aN“

dR
B
The occupation number in the many-particle equation is

No =Y ciN}. (C1)
1
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The differentiation with respect to ¢y is

5Na = ZZC}NIOCSC].
1

According to the perturbation theory, we can get

<.,

OHp
dE

2

9ng no AE
= 11j)0
LT 55, U0,
’3HB|J>
+zz e S S
& j#j
‘3’1”\J>
+z): T 116,
o j#j
J| omg |
</ a£‘1>
define (Ad%)l =Z;/¢j%<llj’>»
dE
20/Nf 6 ——
T dR,

B d
+ Z Anﬁ) ZC]NI 5nﬁ
1
+

Z
B
%? (Alﬁ)zzc’N’amﬁ’

Na
define B, = ¥;(4 ue ) 2eNF'8 i,

W dRﬁ
N dE N&
No =Y (Bl; T Sng+B; 82 |,
ﬁ dRB
. dr -
8ﬁ:6N:<§>d56ﬁ ‘B .6+ B 61,
R
<~ \1 > L dE
61_(3,1) ((I—Bn)én—BgﬁﬁdR 7
Ay — ! " les
= — ("B - B B, | .
e (i), - (£(7.),'7.)
0 g — ! <<—> >
Y (B B e
addREﬁ 7 ( )y dRy B

(C2)

(C3)

(C4H

(C5)

(Co)

(C7)

(C8)

(€9)

From Eq. (C4), we determine the inner loop derivatives:

3]/\1[; =X (a3, 2000

1

(C10)
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