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I
I
I
hp i »
Tee ¢ !
:
ey tes |
|
ek !
—_— Co QI I
cue@o®Hze Ba @ Ca Hg1223 I
I
Lift figure is the structure of ele- The crystal structure of Hg-based I
doping R,_,Ce,CuQ, , the figure cuprate: (a) Hg1201 (7,=94K), (b) I
on the right is the structure of hole- Hg1212 (7T.=127K), (c) Hg1223 I
doped La,_,Sr,Cu0,. (T.=135K) :
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(O Many-body physics and Green function
@ Kinetic energy driven superconductivity
(3 Fermion-spin theory

(@ Full charge-spin recombination




Model of strong correlation electron

t-J model:

H=-t Z O;JCHﬁg +t Z CLOH%J T W Z O;JCJJ +J Z St St
lo )

[no [To

Constrain of no couple of electron occupation:

D ClCir <1,




Fermion-spin theory
Charge-spin separation:
Ch=h.S;, Cy=hS}
Then, the constrain is satisfied automatically: Z C;C,‘(r =1- hjh,- <1

Hamilton in the Fermion-spin representation:

_ i - f -
H = IZ(hHmh,-TSfSM? + hHmhflS; SL,-:;,
i

_I-J Z(h;_%,rh;'TS;-S;_% + h;-:_f_lhfle_S;:.%)

T
~tn ) W hig + Jesr ) Si+ Sivs

i i




Hamilton under the mean-field approximate.

Hamilton of charge carriers:

Hj =ty Z hLﬁghm —1'x2 Z hlﬂrhar — M Z h;h;a

ino iTo o

Hamilton of spinon:

| _ _ / - -
i = qelen D USISuq 4 SiSi) =92 DS Sia ST i)+ den 2 SISL

i




Green function

Diagonal and off-diagonal Green function of spinon:
Green function of charge
carriers:

gli = it =1') = (i (D: B (1)), DGi— jt—1) = (ST ST,

(- j1=1) = Lhic(®); hjo (1)), D i - j,t—1) = {S); S
’ I >

3= jot = 1) = (i (03 B, (1))




Mean field Green function:

Mean field Green function of charge carrier:

1
gV (K, iw,y) = -
LWy, — gk

here, the excitation spectrum of charge carrier:

Ek = Ztx1yk — ZEX2Yy — M
Vi = %(coskx + cosky)

/

Y = coskicosk,




Mean field Green function of spinion

b b ] 1

0 . k k

D )(k, l(.()”;.-) = ) B} = ( - )9
Wy, — Wy 2w \lwy, — w Wy + Wk

b b; ] ]
(0) . _ k . k

D; (kalwﬂ?)_. 5 ) Z(. P z)

Ia}f—?? —_ w“l"i (Uk I(U”-; — (L)k I(L)”? + (J)k

spin excitation spectrum:
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wi = A]‘yi + Az‘yf + Ag‘yk‘)/k + A4‘yk + AS‘)’k + A@, :
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T ATA2 Z Z Z Z
wyp = ATV + A Ay ALy + AL,
the weight of spin excitation spectrum:

bk = 41 (2ex| + x1) vk — 215y — Ailext + 2x7) + Aoy

bzk = /1]€X1‘yk — /12)(2‘)/;{ - /116/\/1 + /12X2a




some constant defined

Al = —elilay’ + %am], Ay = aloxi, Az = —adidblext + %)a + ex’]
As = —6/1%[2605)(1 + %af)(? + é(l — )+ %claf +aci] + Eaf/ll/IZ(c_g + €x2)
As = C}f/ll/lg(%G)(l + x| +¢3) - %Cl’/l%)(g
Ag = A%[aez(%cl - %)/1) + %(1 —a)(1+€)+act - %e%]

+/1§[lafc2 + i(l —a) - 1 Y] — edihacs

2 47 Z

AL = aenidy, Al =-—axaid
AL = —%A%ae)a — Blac + %(1 — )] + 1 ha(ecs — xa)
AL = —Qlac + é(l — a)] + A aecs
AL = Ajelelac + 3 1_ il ia»)(l} + Llacs + (1 —a)] = 2 e




Dyson equations of charge carriers:

8(1(, (W) = g{m(k, W) + g(o)(k, iﬁ)m)[zg;l](ka iwm)g(ka W) — Egg(_ka _iwm)ﬁf(_ka _iw!?'})]a

Sf(ks iwm) — 8(0)(—1(, _iwnz)[zggl)(_ka _iwm)g(ks iwm) _ Egzj)(_ka —l.(,i),,-,)ST(—k, _iwnz)]

Here, the normal and abnormal self energy of charge carrier:

o, 1 2 1 ; ' 0 /
th (ka lwm) = ﬁ Z Akﬁkiﬁk){? Z g(k + k]a IWy + Wy )D{ )(kla !wml)
k;.k; W] W2
XD(G](kl + k2a I.L(J”nwrl + f(,d”-,g)
", 1 2 1 f / ' 0 /
Zpp (ka lwm) = ﬁ Z Ak1+k2+k)[? Z S[(_k - k]a —lWy — Wy )D( )(kl ’ H«Ufr?])
k;.k> (W] [

XD(D)(kl + Ko, iwy,) + iw,p)
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I
Diagonal and off-diagonal Green function of charge carrier: |
. (h) . . (h) . |
(k . ) w)m[l - tho(k’ ICUH'.')] + [é'k + th(_;(ka m)n'.')] l
8\K, W) = .-, ) I
{iwm[1 - Zglll)o(k’ iwm) ]} — €k + Zg;])(,(k, iwp)]* — [z[m(k W m)] I
. . Z(h)(k (W) :
Sl(ka W) = — ” ( ”
fionll =0 (k. i) = [ + 0 (K. i) = [Z0 (K iw)] :
Renormalization factor and gap of charge carrier in long wave limit approximation :
7-1 s 10y = 1 - (k - h) ) :
=1 =20 (60) = 1 =20 K0 Ay(k) = o (k, 0) = 0 (k) !
I
So, the Green function could be rewrite as: :
U2 V2 » L & !
K.iw,) =2 ( hk n hk )’ Here, Uhk — (1 + =,
g( ' ) " iwm - Ehk iwm + Ehk 2 Ehk :
_ I
: Apz(k) 1 1 > _ I &
ST k’ m) = _Zl ( - ) th — . I
( 1w ) " 2Ehk iwm - Ehk iwm + Ehk 2 Ehk [




Then, self energy of charge carrier :

Z ok \ Db .,
SV (K iwy) = (=1 N Ak+k1+kg(l é“”‘-) e

_|_
IN2 V1
2N k ks Emsz 4(uk|wk1+k2

Vivavs

V2 V v V2 Vv
[1+ nB(wk*I)]nB((ukf; +k2) + s':F{EhLJrk])[nB(wk‘l) — flg(wkiJrkz)]

X
» _ F ¥ _ V2 V3
twy — Epp Rk e

, , ] A; (k + k) Dk, bk, 4k,
Zg;)){k,-’ﬂ)m) — (_1)V2+V3+1_ Z Ak+k|+kg IQZEW < LT

2

Vivavs

/2 ) V3 ) 2 %
[1+ np(wy)Inp(wy 4 0) +np(Ey  Olnp(wl) — nplwy ) )]

4wy, Wk, +k,

X
» _ E ¥ _ V2 V3
twy — £y Rk e

Here, E;;ll{ = (—1D)V1t1E, ., v;=1, 2. Then the self energy of charge carrier could
be write in detail.




The self-consistent equation about charge carrier:

1 B,
7~ G, <S'.S .>=" 2 7k coth 0
2 Z i+t z+r N Z;(: }/f( 2@ ( [)) jr)

k

I
I
I
1 B 1 |
1‘ ¢ =< h;'hﬁfm' :_Z }/kZ [1_ 9:;( tanh( ﬁE )] 8" CS = 22 <S:—_|—?}Sz+r >=— Z j/k?/k'—kCOth(_)Ba)k) I
F( VA R 2 260,( 2 I
I
E 1 Il we._ lo B 1
. = — A 1_ tnh— L 9. —=<87S >=— —~* coth(— [
2 ¢ =<h ic z+ro- z Yk [ a (218 f()] ) i i N; 2a)k00 (zﬁwk) I
1 B.(k) :
3. O=<h_h_>= —Z Z, 1— tanh( BE)] 10 7 =<S8;8,;>==> 17— coth[ L. (k)] I
NS TR 20 (F) - |
4y g4,=<S'S.. >= Z v e coth( B 11 <SS >= LY B cotnr L o) :
i Yisn - kza)k 7 k > i i+t N - ?/ 2(0_,(]() 2 z I
B 1 1 1 , B.(k) 1 '
by x,=<8'S_.>=—> y,'—*coth(= fw,) 12, C7=— <8787 >=— g th[= Bo.(k

; k 20)}( 2 K 1 b; i+ i N; Yk 2&)_,(]()00 [Zﬁw_( )] :
. o1 1 B.(k) 1 |

6‘ g < S}_+r i+n' }/ —C’Oth( ﬁa) ) 13\ C_ = p <S S >= |||_7(:/0‘[:1’1 — D). k
C = 2; 7 i+ Z k i 3 Z‘%“ i+PitE N; Vilk 20.(k) [2/5 ) (K)] I
I
I
I
I




1 ,1 BB
14, 1= 2ty +2Zt'y. VyDy@ 7z T
~ Nj %}: ( /p+k /p+k ) /k /k+p—q F Ek a)pa)q

X

{[1 —2np(E})]-[n3(0,)) —ng(@,)]- (0, — @) — (nz(@)[1 + nz(@,)] + ng(0,)[1+ nz(@,)]} - E;
(o, - a)pf — E,C2

[1-2n-(E)]-[1+nz(o,) + ng(e,)]- (0, + ©,) — {ng(o )ng(®,) +[1+ng(o)][1+ ng(®,)]} - E,

(o, + a)P)2 — E,f

_|_

h

I5v 2,7 =1-=w)

: > (Zty., -2ty ,) - Z 5Py
) k+p / ok tLE
N P P 4o 0,

=1+

ng(@ )1 +nz(o)]+n-(E,., )ng(e,)—nz(®,)] s [1+nz (@ )][1+ ng(@ )] - n(E;,, Il +nz(0,)+nz(0,)]

(E,Hp_q —o,+ (z)g)2 (Ek+p_q +o, + (z)q)2
N ng(@,)ng(0,) + ng(E. ,_ng(@,) +1+ng(o,)] . ng(@,)[1+ ng(@, )]+ ne(Ep.,_)nz(@,) —nz(@,)]
(Ey.py— O, —a)q)2 (Ey. ), +(0p—(0q)2

Thus, all parameter of mean field could be got by solving the self-
consistent equations, no any parameter added phenomenally.




Full charge-spin recombination:

Definition of Diagonal Green function and off-diagonal Green
function in electronic representation:
Gli = jit = 1) = (Ci(1); C (1))

Fi—jit=1) = (Cir(); Cjc(t)))

[ = j.t=1) = (C) (1); C} ()

Mean field Green function of electron: GV (K, iw,,) = -
LWy — Ek

Here, the excitation spectrum : & = —Zfyk + Zt’yf( + U,




Dyson equations:

Gk, iwy) = G(O}(ka W) + G[{])(ks f-(Um)[ZPh(ka iwm)G(K, iwy) — zpp(k, — W )r1(ka —iwp)].
I_‘1 (ka twm) — G{O}(_ks —f-{',l.)m)[z[]h(_k, —f-{U,ﬂ)G(k, -E(Um) _ Z]}p(_k& _iwm)r1(_ka _i-w.'ﬂ)]

Here, the normal and abnormal self-energy:

. I 2 l . . 0 .
z:ph(ka IWy) = m Z Al_;]+k2+k_2 Z Gk + Kk, iw, + Hﬂml)D{ ](kla [Wp1)
k] ,kz ﬁ (Wi W
XD(O)(kl + Ko, w1 + iwm),
k . 1 2 1 { k k . . (0) k .
ZPD( Jwy) = ﬁ Z Ak]+k2+k_2 Z I'(—=K = K. —iw,, — 1w, ) D" (K, iw,)
k.k» ﬁ (W1, 1Wp0

XD(O)(kl + k?a lff«“‘m‘l + iw!fﬂ)a




Then, self-energy could be written as

. v ZF Ek+ks \ Pk Dk +ks
th(k, fw_r”} — (_ 1 )V2+V3()_AJ72 Z Ak+k[+k2(l + EV1 )4
= k ko k+k, Wik, WK, +k,
viV2V3
[1 + ng(w) ng(w,” )+ np(EL ng(an?) — ng(w?” )]
B\, Bk 1k, FASkyk, /UPBAK, BUYK, 4k,
A : V1 V2 V3
W, — Ly, — @, T 0Lk,

s o(kion) = (<1t L

-&Z(k + kZ) bk1bk]+k3
Z Ak +ks

2 V1
N k]k’) 2Ek+kg 4wk]wk]+k2
V|V3{;3
v v v v v
s [1+ np(aoy)Inp(wy 1) + ne(E, nglwg) — nglwg )]
. _ ™ o V3
lwm = Ely, = o8 + 0,

Here,E;:ll{ = (—D)V1*LE,,, v, V5, v3=1, 2, then normal and anomalous self-energy is got in detail.




Full Green function in electronic representation:

In long wave limit approximation:

U Ve - , 1 Ex

Gk9. m =Z( k K ), - U =—(1+—)
{5 Em) " lwy, — Ex " lwy + Ex K 2 Ly
2FE, iw,, + Ex 2 Ly

Here, the renormalized excitation spectrum of electron is €, = Zp&,, abnormal

_p =2 —
excitation spectrum of electron is E}, = \/8]2( + A, (k), and A,(k)is the renormalized

!

|

|

|

|

|

|

|

|

|

|

A , 1y E |
[k, iw,) = —ZFAZ(k)(I,w : - : ) 2 =5(1-2) |
m I
|

|

|

|

|

|

gap function, then U + V2 = 1. |
|

|




Self-consistent equation in electronic representation:

ékA+kg) bk] bk1+k2

7 B IS SN (1+ ,
1. F ( ) 2Nf) Z kA+k]+k2 Elw;;+k2

klkz
V1V2V3

[1 + nB(a)i’z )]nB(w;3+k ) + HF(EVI ko ak, 718 (“)1?1) — f?g(w12+k2)]

(E

4wk1 wk] +k2

X
1 T wk[ wk]+k7)

(d)_ (d)

Yk Yk+k, bk, Dk, +k,

+k2
2Ek+k 4-(,£)k1 Wk, +k,

kai+k

2 1= Sz

Kk k>
ViVaV3
y [1 + np(w, 2)]}1 (a)k Tk ) + m:(Ek‘ K, )[ng(w 2) —ng (wkl+k )]
V1
Ep, + @ ~ @,

3. 1-d=+ ZZFll - tanh(—,BEk)]

Here,u is chemical potential, Zr is renormalized factor and A is the superconducting gap in
the electron representation, not any parameter is involved phenomenally.




The full Green function:

1
GK, iw,) = - .
(. o) W, — &k — Zot(K, iw,y,)
L ka . m
ST(ka lwm) - - ( i )

lwy — &k — Ziot(K, iwy,)

here, the self energy }iot(Kk, iw,,) :

S (ks i) = S (K, i) + ——22 o)
tot\ B ) — ~phB, tWm iwm+gk+2ph(k,—iwm)

pr (K, iw,,)
i + ek + Zpn(K, —iw,)

L(ka lwm) - =




The kink of dispersion

Fermi surface in superconducting state

Spectrum function of electron:

—2 Imztol(ka CU)
[ — ex — ReZn (K, CU)]Z + [ImX o (K, w)]z

Ak, w) =

ko/T

The location of the Fermi surface is determined by
The location of Fermi surface of
&k + Reztot(ka O) =0 cuprate superconductor , And
doping 6= 0.15, T = 0.002J, t/)
=25 andt'/t=0.1,




Kink structure of dispersion

dispersion: (v — gk — Zioi(K, w) = 0

0.0 0.0
-0.2 -0.5
%-”-4 -1.0 fig (a) and fig (b) is the strength of
0 s qguasiparticle spectrum in the direction of
% at the antinodal and nodal point
010 005 000 005 010 036 040 044 048 respectively; fig (c) and fig (d) are the
0-0 © 0.0 dispersion at the antinodal and nodal point
0ot 05| . respectively, 6=0.15, T=0.002J, and t/] =
S RES 2.5, t'/t = O 1, The kink energy of antinodal
S \ point wiN = 0.34) = 34meV and the kink
0.6 TR st energy of nodal point w}> .= 0.73) = 73meV,
-0.8 : -2.0

-0.10 -0.05 0.00 0.05 0.10 0.36 0.40 044 0.48

k/n k/n




Imaginary and real part of self energy in the dispersion:

0.05 0.15
= (a) (b)
_—
= 0.04 |
= | o0.10}
< T
"3‘: 0.03 |
= 0.05 | T
S 002}
N
=
U-O]- L L L L DDO 1 1 1
-0.5 -04 -03 -02 -0.1 0.0 -20 -1.5 -1.0 -0.5 -0.0
w/J w/J

fig (a) is the imaginary part of total self energy of electronic dispersion, fig (b)
is the real part of total self energy of electronic dispersion , 6=0.15, T =0.002J,
and t/J = 2.5, t'/t = 0.1, the location of arrow is the kink energy of electronic

dispersion,




The peak-dip-hump structure of energy distribution curve(EDC)

ARPES quasiparticle spectrum: I(k,w) = [M;r(K, w)lnp(w)AK, w)

40 3.0
| (b) | |

~ = fig (a) is PDH of the energy
g S distribution at the antinodal
S ol < point , fig (b ) is the
\% S imaginary part of self energy
B B
< ~ t/) = 25, t/t=03, T =
= ~ 0.002J, §=0.15,

0 ' ' . . . .

-1.2 -0.8 -0.4 -0.0 -1.2 -0.8 -0.4 0.0

w/t w/t
Conclusion:

The same reason lead to the kink structure of dispersion and the peak-dip-hump (PDH)

[

[

[

[

[

[

[

[

[

[

[
corresponding to (a), And, :
[

[

[

[

[

[

[

[
structure, which is the unusual distribution of the self energy, :
[




T-linear resistivity in the strange metal phase

Fermi surface in the normal state

Spectrum function:

2ImX (K, w)
[w — ek — ReZn(k, w)]* + [ImE (K, w)]?

Ak, w) = 2ImG(K, w) = -

ke/ ®

The location of Fermi surface is decided by the equation: fig (a) is the weight of electronic quasiparticle spectrum,

fig (b) is the 3D distribution corresponding to (a) . Then,
ek + ReXph(k,0) = 0 5=0.18, T=0.002J, and t/J=2.5, t'/t=0.3,




kx/
Electron scattering occurs between different Umklapp scattering process between electrons, The
Brillouin zones , Minimum scattering wave solid line represents the electron propagator G,
vectoris A, and the dashed line depicts the spin propagator

D(0), while [] describes the bare vertex function .




According to the skeletal diagram of the umklapp scattering process, the electrons scattering by

exchange an effective spin propagator, and the propagator could be written as

| |
. 0 . 0 . .
P(ka P k’a lpm) - Z Ap+q+kAq+k’ - Z D (q, lq;m)D (p + qd.1Pm + lq;ﬂ*)
N B 4
q lqm‘
Here, the scattering electron momentum is k and k’, where they are scattered to the state with
momentum k+p and k’-p respectively. Then sum of the internal frequencies, the propagator could be

expressed as follows:

P(ks pa kfs I'Pm) — e Z Ap+q+kAq+kf d

X{ [I’IB(CUq) - HB(CUp+q)](ﬁ)q - ﬁ)p+q) B [”B((«Uq) T HB((*)PHI) + 1]((’()(1 T Lc)p+q)}

) 9 . D)
[Py — (Wq — Wpq)” ip;, — (Wq + Wpig)*




Effective spin excitation propagator

, 1
Pkp-kK.0) = Zq: ApiqAgeic TIP — K. q. )

3 f‘” do ImP(k.p - K, K, )

T W — w

o0

The imaginary part of the effective spin excitation propagator

ImP(k,p-k,k',w), represent the spectrum strength of the

The distribution of Imaginary part
propagator in the momentum space, this will help us learn of spin excitation propagator

more about contribution of different electron with different ImP(k,p-k,K',w) in (px ,py) plane,
t/J=25, t'/t=0.3, and T=0.002J

momentum , 6=0.18, where w=0.05J,




Boltzmann equation

df _of ok df
+ Vi Vef + — - Vif - =0
dr ~ ot ot dt eotisions
First and second term are zero, and C;_k = —¢E. Then, ¢E - Vif(K) = (df
[
The distribution function of electron could be written as:  f(K) = np(&g) — F(gk)(D(k)
€k

where (i)(k) has the interpretation of a local shift of the chemical potential, then Boltzmann equation is

df

onr(&x) )
d [ /collisions

v B2 _(df

68k

[

[

[

[

[

[

[

[

[

[

[

d ) |
[ /collisions I
[

[

[

[

[

[

[

[

= [ee- l
[

[




The calculation process about the electron umklapp scattering term I,

d2pd2kf
(27)?

—fk+p+G)f(K —pI[l - fK][1 - f(k’)]}5(5‘k + &k — Ekup+G — E—p)-

L = Pk, p.K'. 8 — Bipec)| RO SED = fk +p + G[1 - K —p)]

— — 2
where , |P(K,p —K, K'. & - 3p+G)| is scattering probability, & function ensures conservation of energy.

In the absence of an external field, distribution function is Fermi distribution: f(k) = nr(&g)

The relationship is always valid
np(EOnpEx )1 — np(Exipre) Il — np(Ew_p)| = np(&xiprcInpEw—_p1 —np(E)]l1 —np(gp)]
Then, the scattering collision could be written as:
Lee = Ni kZ@/TNP(k, P. K. 8k = Bpr) (D) + D) — Dk + p + G) - DK — p)]
.p

I
I
I
I
I
I
I
I
I
I
I
And the scattering collision term is zero, Iee =( :
I
I
I
I
I
I
I
I
_ I
xnp(&x)ll = np(exiprc) e @)l — np(&w_p)10(Ek + v — Ekip+G — E—p), :




The sum over momentum is restricted to the Fermi surface and the two-dimensional sum over momentum is

transformed into an integral over the Fermi angle, thus obtaining the following relatively simplified Boltzmann

equation: dae’
evp(0) - E = — f . 2v(0")F(0,0)[D(0) — D(9)]

kikp(@) . .
where, v(8') = #\;(;@ is the density of states factor , F(6,8) is the scattering kernel function,

A w2 n 2 dw
F(0,0) = f TIp@) - k(9)||P(k’p - K, w)[ ' np(w)[1 + nB(w)]E

/

do
Transport scattering rate:  y(0) = fZV(Q’)F(Q, 9’)2—.
7T
Relaxing time approximation: ®(¢) = O(r — 8) = —D(0).

The solution Boltzmann equation in the relaxing time approximation:

evrCcos(0)E ;
2y(6)

O) = -
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Scattering kernel function and transport scattering rate

0.2
2
=
-
= 0.1
S
—'-‘A\
N
g
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wh?re, AN marked the maximum at the antlno_dal Transport scattering rate as a function of scattering
region , ND marked another peak at the nodal region, angle with t/) =2.5, t/t=0.3, andT = 0.05)

TFA is the tips of Fermi arc., with t/J = 2.5, t'/t=0.3, 5= 0.18 ' ’ '
and T=0.05J, 6=0.18,
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Current function : _ l Dk
J o~ Zk: (k)

= —eno—‘[(z )ZVF(Q)(D(Q)

Substituting the solution of the Boltzmann equation into the current function, we obtain the
expression for the DC conductivity.

_ 1 a1
oqo(T) = 56 nokpve f ) >C0s~(6) 0

And resistivity :

P =T




T-linear resistivity and scattering rate

red line is 6= 0.24, 0.3, and 6=0.18,
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Characteristic temperature : — A2
P Tscale aAp

where: a=(1/N) Zq a(q) ) a(q) = dzwq/dzq

By approximately calculating the energy integration of the scattering kernel function, we draw the
following conclusions: When the temperature is higher than the characteristic temperature T4, the
scattering kernel function varies linearly with temperature; when it is lower than the characteristic

temperature T 4, it depends on temperature quadratically.
conclusion:

The transport behavior of cuprate high-temperature superconductors in the overdoped strange metal
phase is caused by the umklapp scattering between electrons, resulting from the exchange of an effective
spin propagator. Below the characteristic temperature T 4., the resistivity exhibits a quadratic
dependence on temperature, while above the characteristic temperature T 410, the resistivity shows a

linear dependence on temperature.




T-linear resistivity and superconductivity

Hamilton of electron doping cuprate:

H==1) Cl Cipo+1 ) Ch Cisto+ s Z Ci Cir+J Z Si - S,
i i}

ino iTo
Electron no zero occupation constrain: Z CT Ciz 2 1.
. _ . T
Particle-hole symmetry transform: (C;, — ﬁ_T

Hamilton in the hole representation:

H=1) fifire =1 ) Fifisio —bs Z fintis+9 2,818

U]O’ ITo ITI'

Constrain in the hole representation: ZfT fio <




The same treatment is applied to the Hamiltonian as hole doping cuprate

1. Separate the charge degree of freedom and the spin degrees of freedom through the fermion-spin theory,
2. The charge and spin Green functions are obtained under the mean field approximation, ;

3. The normal and anomalous self energy are obtained through Eliashberg strong coupling theory;
4. By applying Green function motion equation and using the mean-field self-consistent method, all self-

consistent parameters can be obtained.

1 E(f)(k . 2
. s w)m)
Gf(k, I(Um) = - ) . and: Zg)t(k’ W) = Zgﬁ(k, (W) + : | = ) | ,
Iw.‘i"l _ ‘Sﬂ{ _ Etot(ks Iwm) Wy + E + th(ks _m)m)
T . Lf(ka iwi??) E(f) (ks i({);;;)
rf (k’ Iﬁ)m) = Lf(ka IWy) = — o

. f . . ‘ (f) .
Wy — Efk — Eig)t(ks Iwm) (W T Ek T+ Eph(k’ ()




Particle-hole symmetry:

G —1.1—1) = (Cie(0): Cp (M) = {fL (O fro(t))) = =Gl = 1.1 = 1),
I =11 = 1) = {C(): Crp()y = (fr @ £ () = B[ = 11— 1)

Full Green function in hole representation:

Gk, w) = , where ¥ (k. — ¥ (k. pp'K, @) _
( ) w — &k — 2ot(K, w) ) N ek + Lpn(k, —w)’
LK, w) o (K, w)
ST(ka w) = , Lk, w) = w+ e + Zpp(K. —w)
w — &k — ZLot(K, w)
and th(k, w) = _2(2(1{3 —w), Excitation spectrum:
P

— — — 4 _ 4 /7 .
Lpp(K,w) = Zég(k, w). &k Efk = 4lYk — 4l Yy — Hi,
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fig (a) is the weight of electronic quasiparticle spectrum of Scattering rate as a function of
electron doping cuprate, fig (b) is the 3D distribution Fermi angle at 6= 0.19, T =
corresponding to (a) . Then, 6=0.19, T=0.002J, and t/J 0.002J, and t/J =-2.5, t'/t =
=-2.5 t'/t=0.3, 0.3, inset is the scattering

rate of Pry3_,Lagy,Ce,Cu0,4
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Scattering kernel function and effective spin propagator
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Scattering kernel function as a function of Fermi angle, Th? d.istribution of  Imaginary part of spin
where, AN marked the maximum at the antinodal excitation propagator ImP(k,p-k,k’,w) in (py ,py)
region , ND marked another peak at the nodal region, plane, t/J =-2.5, t'//t = 0.3, and T = 0.04) 6=
TFA is the tips of Fermi arc., with t/J =-2.5, t'/t=0.3, 0.19, where w=0.05J,

and T=0.05J, 6=0.19,
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1
Current function : = — Ok
u uncti J N Zk: (k)

= —eno—f(z )ZVF(Q)(D(Q)

Substituting the solution of the Boltzmann equation into the current function, we obtain the
expression for the DC conductivity. .

db ]
oqo(T) = 56‘2”01{1:‘\11: ) cosz(é))%

DCresistivity:  p(7T) = o)




T-linear resistivity and scattering rate

green line is 6= 0.19, blue line is §=0.24 , t/t=0.3, and doping 8=0.19,
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T-linear resistivity for different electron doped cuprate

The coefficient of dependence of low

temperature linear resistivity on temperature 4.0 20 )
is denoted as A;, which decreases with the T
increase of doping concentration. This is =z — .
consistent with the physical fact that the z A """-.-.\i_'
larger the doping concentration, the smaller £ 2.0 G o a
the resistance. For comparison with - = =Y
experiments, we define < \\
|:| . 0.0 ! 0 . l . ] . ] "
Al — Al/d 0.15 0.20 0.25 011 013 015 017 0.19
where, d is the lattice length in the c- 0 X
axis direction of electron doped cuprate Coefficient of T-linear resistivity as a function of doping concentration, fig (a) is

high-temperature superconductor. the result of our theory, fig (b)is the experimental result of La,_,Ce, Cu0, [,




Superconducting transition temperature of electron doping cuprate
superconductor:

0.05 50

The superconducting transition temperature (a) (b)
o4 [ 40 1

of is obtained through the mean-field self-

03 or

consistent method, with the condition being

T. /]

0.02 20 F

the superconducting gap A = 0. By

Temperature (K)

0.0l 1o+

simultaneously solving the mean-field self- .
L 0
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& Electron number (n)

consistent  equations, the  obtained

temperature is the superconducting
Fig (a) is the supeconducting transition tempereture T. as a

transition temperature .. function of doping concentration, fig (b) is the experimental

result of Pr1_3_xLa0_7CexCu04 [5]°




The relationship of the coefficient of T-linear resistivity and T,.:
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the coefficient of T-linear resistivity as a function of superconducting transition
temperature T, fig (a) is the result of our theory, fig (b) is the experimental

result [6],




Normal self energy and abnormal self energy::

. I 2 I . . 0 :
th(k, W) = m Z AE]+kg+k_2 Z Gk + Ky, iw, + ff«Uml)D( )(kls W)
k] ._k-2 ﬁ W1 W2
XD(O)(kl + Ko, iwp + iwm),
pr(ka m)m) = ﬁ Z Ak]+kg+k_2 Z I (_k - k1, —lWy — I(J‘)ml)l) (kla !U)ml)
k] ‘,kg ‘B W1 512

XD(O)(kl + k2a f.wml + ime)a

conclusion:

The anomalous self-energy leads to electron pairing, which is caused by this spin propagator, resulting
in an ultra-high superconducting transition temperature. The normal self-energy leads to electron
scattering through the exchange of this spin propagator, resulting in T-linear resistivity. Therefore, the

same effective spin propagator is responsible for both superconductivity and T-linear resistivity.




Summary :

1. T-linear resistivity is the nature result of the strong correlation electron system,

We just abstract an umklapp scattering process from normal self energy, and in this process the
electrons exchange momentum thought exchanging an spin propagator, and the propagator is

come from the kinetic energy driven superconductivity.

2. The superconductivity and the T-linear resistivity both are the results of the
spin excitation, which drive the electrons paring in superconducting state, and
dominate the umklapp scattering process. As an result, the T and coefficient of

T-linear resistivity give a consistent result to the experiment.
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