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Gap In semiconductor. Comparison of LDA
and GW with experiment

Semiconductor LDA FS GW Exp
C 3.90 5.33 5.48
Si 0.52 0.90 1.17
Ge 0.05 0.62 0.74
LiH 2.57 5.1 4.94
MgO 5.2 8.3 7.8




Comparison of LDA and GW
for (0,9) nanotube.
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Intro. e-e Interaction in homogeneous
electron gas

Perturbation series can be resummed in terms of screened
Interaction W(¢g). (Hedin 1965)

Series for thermodynamic energy (Luttiger-Ward functional ) can
be sketched as In(G)-XG+d; X=6 @ /106G
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In perturbation theory first terms are
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Band gaps of semiconductors and insulators
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Local GW approach in 3d and 4d
metals
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FIG. 1. (Color online) Spectral densities obtained in GW-0SA
(solid red lines), LDA densities of states (dashed black lines), and
experimental XPS and BIS spectra (dotted blue lines shifted up) for
nenmagnetic 2d melals. Elements for which the erysial structure
wis notexperimental are marked by a star in the upper left corner. ) )
In all graphs the x axis shows energy referenced from Ep in eV, and HIG, %, \Coloe anlifie) Same & n Fig. 1 ik toe mupnptic A4
the v axis denotes the spectral density in eV~ for the calculated elements, The data for majority-spin and minority-spin electrons ane
CUTres. plotted as positive and negative values, respectively.




Local GW approach in 3d and 4d
metals
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FIG. 3. (Color online) Same as i0 Fig. | but for 4d metals.




Ni - self-energy in a.u.

Variations of d-self-energy under iterations

. Re = on first iteration

. Re > after 20 iterations
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Im = after 20 iterations

«— Im = on first iteration
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"Imaginary” energy in a.u.
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Convergence of correlational part of the self-energy X, In

real space compared to bare Coulomb interaction in a.u.

(1 a.u.=27.2 eV) Test on transition metals.
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Convergence of correlational part of the self-energy X, compared to bare
Coulomb interaction V (1 a.u.= 27.2 eV)
Test in simple metals
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Exchange part of Self-energy Correlational part of Self-energy
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DMFT equations
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F1G. 1. Cavity created in the full lattice by removing a single
site and ils adjacent bonds,

L T
ir

Scff:_J JTJ n'r'E. +i,rh;¥ﬁj[f—r‘|vt,lrt )

r||

Fog=a g+l J dT 1 ,mn

—J ﬁi'rJ dr' Y, ¢l AnE(r=T)e (7). "'UJ AT gy,

“oa ot T )
i

15



DMFT equations

-1 - B
G, =lw,—¢,—A ~G,y(R=0

0} gO—Z(Ia)) —A glw gk—Z(l )

Connection with Anderson model
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Methods of DMFT equations
solution
© Approximatemethods- Hubbard |, Gutzwiler.ts

Exact diagonalization method

Second order perturbation theory in A/U

Continuous Time Monte-Carlo with expansion in U (Rubtsov)

17



General Framework

Luttinger-Ward functional
[o[G]=trInG—-tr[G/G, -1+ D[G]

Generalized Luttinger-Ward functional®

HGW]

I[G,W]:trInG—tr[G/GO—1]—%trInW+%tr[VV/V 1]+
A oselogil-x, |2=2%

5G 5G

A owloviop, |p=29t

SW SW

“Almbladh, von Barth and van Leeuwen, Int. J. Mod. Phys. B 13, 535 (1999)

Chitra and Kotliar, Phys. Rev. B 63, 115110 (2001)




Approximation for ¥

W — Off —site [G RR' W RR’ ] n \Pl(r)r?p site [G RR ,W RR]

oul6.W] -~ JuGwe - ()

Z(k,iv)=Zgw (k,iv)—ZZGW (K,1v)+ Zjpp (1V)
k

P(k,lw) = Pgy (k,ia))—z Pow (K, 1®) + Py (10)
K



Memoo GW+DMFT

On-site self-energy XPMFT,
Self-energy between sites 2CW .
Biermann Georges Liechtenstein.... PRL (2002)

Also can be reformulated using Luttinger-Word functional



GF+DMFT approach

7. We used LMTO-ASA method to build an appropriate basis

G_l(glz)\{’kv(r) =0

Green function (g-H,- )

IN=-X(GG)
W=V/(1+V I); U=V(1+V I )

Y= GW + Xsolver

8. Matsubara Green functions. To obtain DOS we make analytical continuation
of X5 (im) by Pade —approximant procedure.



Direct Coulomb interaction

L bl :Z cm  cm
My My MMy Im — hmylamy = lsmglymy = |

F = [0.06, 0051+ (%) 6,9, (ryorar

For homogeneous sphere with radius R

p 17 6 R®
F =o°2|rédr=|r“dr'=—(a.u. 1
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Pure Coulomb interaction

HEG |ss pp dd

SS 0.430 |0.417 |0.406
pp 0.417 {0.409 {0.400
dd 0.406 [0.400 |0.394
NI —F, | ss pp dd

SS 0.470 |0.466 [0.549
pp 0.466 |0.462 [0.543
dd 0.549 |0.543 [0.940

F,=0.030 F,=0.009

F2=0.019 F4=0.003



Pure Coulomb interaction

Ce SS pp dd ff

SS 0.327 |0.319 |0.345 [0.401
pp 0.313 |0.333 |0.368
dd 0.379 [0.457
ff 0.846




Constrained LDA method
Dederichs 1984, Gunnarson 1989, Anisimov 1991

U _8°E(N,)
SNZ

E(Ny) = min{E(n) +v, [ d®r(n, —N,)}

8E4 /€M




GW approach to U

Effective Hubbard model

| Dp; Do, exp(-[dzH (z,0,,9,)) = exp(-[ drH (7, 0,))

2 0 Vv
Hi, =H, - — jjgk +2(G,,)

S

U=V,+I(G,)
'=W(IL,,)

I, [,,..



W =[1-vP]lv
= [1-vP, —vP4] !V
=[(1-vP ){1-(@-vP, ) tvPg ]ty
={1-@1-vP,) tvw 3} t@a-vP, )ty
=[1-W, Py1tW,

_ -1
W (@) =[1-VP (@)] v Energy-dependent effective
W " (a)) > U (a)) interaction between the 3d electrons

S = ” drdr'\z N (T)Gﬁnlu(z' —7')Cph(7")

+ ;Z :Cp (7)Cpe(7) 1 U anmm (7 —7") Cm (7")Cm (") :]



On-site U for the 3d series
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Nearest-neighbour U for the 3d series
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Nearest-neighbour U(0) is between 0.2-1.0 eV



U (eV)

Static Hubbard U for the 3d series

On-site U

Se U for 3d series

] Nearest-neighbour U




W(g) in eV
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Antiferromagnetic NiO: LDA and GW calculations
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FIG 3 (color onling). DOS and electron-energy-loss spec-
troscopy (EELS) of M0, Solid lines: SCGW data; dash-dotted
lines: LDA data Top panel: total DOS, together with BIS data
of Ref. [14] (circles). Panels 2 and 3 show the Niry, and e,
partal DOS, wath posiive DOS showing majorily spin and
negative showing minority spin. Panel 4 shows the O sp partial
DOS; panel 5 compares the calculated and measured [17]
EELS spectra [rom the O 1x level.

Faleev, Schilfgaarde, Kotani PRL 93 (2004)
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Schematic levels in Mott
Insulator Ni1O
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Density of states (DOS)in paramagnetic NiO
Left: DF approach -> meramr( DOS at Fermi)
Right : GW+DMFT->insulator (gap)
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In experiment NiO is an insulator with gap 4.5 eV



Hubbard and charge-transfer
models
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FIG. 5. Schematic illustration of energy levels for (a) a Mott-
Hubbard insulator and (b) a charge-transfer insulator gener-
ated by the d-site interaction effect.



Experiment in NiO
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FIG. 4. A comparison of valence state measarements using XES
and S5XPS experimental techniques. The spectra show comparable
peak structure just below the valence band maximum (0 eV), and
the N1 and O SSXPS spectra show nearly complete hybnidization



LDA+EX-DIAG B NIO
Savrasov et.al PRL (2008)
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FIG. 2 {color online). Comparison between calculated quasi-
particle dispersions using LDA + DMFT and the photoemission
data [5,23] for paramagnetic state of NiQ. The solid linewidth
and the numbers show the oxygen content and the amount of
electrons in the ZR band.
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Conclusion

1. Self-consistent GW method was implemented for 3D and 1D
crystal structures.

2. R-space convergence was investigated.

3. GW+DMFT approach was applied for electronic structure
calculations in Mott insulator — paramagnetic NiO.

4. GW+DMFT with Monte-Carlo solver - in progress.
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Self-consistency loop

Impurity: given Weiss field g and U
New Weiss field g and

U
\ =

-1 -1
G =G + Zimp

-1 -1
U =W + I:)imp

|

Check self-consistency:

Combine X, and %, G1oe=Gimp? Wioe=Wimp?
(k) =Zaw (K) = D" Zew (a) +Zimp Gioe = 2 [Go™ (k) —Z(K)] ™
g k

P(k) = Paw (k) = 2_ Pow (@) + Rimp
:

Wige = Y [V (k) = P(K)T™
k




Self-Consistency Conditions
GIoc Z[G (k) Z(k)]_ |mp
Wloc Z[V_l(k) P(k)]_l |mp

imp (7) =—< Tco(z)cq (0) >SS,

G;
Wlmp =U - U7(|mpU

Z 2 Gw (k,7) = Gimp (T)Wimp (7)
k

The Hubbard U is screened within the impurity model
such that the screened U is equal to the local W



Exact diagonalization method

States

+ At At s
|c’cic....d d ....>
H :gpzcgicpi +Zvi (C;idmi +d$icpi)+28mid;dmi "

Ungng+ >, F'G, G d-drd d

mm, — mMsm, h
L=2.,4
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Second order perturbation theory
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(16)

where we used the notation Ejy=E;— E; and the functions K _;  condition described in Ref 1. this method can be used as a
and O, 5 are very efficlent impurity solver in the DMFT study of the mul-
torbital systems with very complicated local interactions.

_ A i)
R, E.Eq) = (X, +X)T> 2 T
w M TR 1L BENCHMARK
A fiw") To test this impurity solver. we calculated the Green's

QTE{‘;'@_E[_EE] = (X, _X2JTE — " {17 function for the two-band Hubbard model at half filling and
o 10—l —Epy compared it with the results obtained by the QMC solver. We 42



Effective interaction among electrons in a narrow band

Suppose the bandstructure of a given solid can be well separated
into a narrow band near the Fermi level and the rest,
e.g., transition metals or 4f metals.

We write the total polarisation as

P =Py + P,
Pd — 3d SN 3d transitions only

M. Springer and Aryasetiavan, PRB 57, 4364 (1998)

T. Kotani, J. Phys. Cond. Matt. 12, 2413 (2000)
Aryasetiavan, Imada, Georges, Kotliar, Biermann, Lichtenstein, PRB 70,

195104 (2004)



OuarpammHoe pasnoxeHuwe no rubpuausaumm A
B3BelUMBAHUWE Auarpamm no Mertpononucy
Millis et al PRB (2006)

K. Haule PRB (2007)
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FIG. 1. {Color online) The perturbation order histogram shows
the distribution of the typical perturbation order of the diagrams in
the simulation. The histogram is peaked around the typical order,
which is related to temperature and kinetic energy by (by=|E,_ |/T.



One-site partition function
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Expansion in hybridization
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FIG. 1. The Cu d,2_ 2-like LMTO, which describes the (LDA)
conduction band of HgBa,CuOy,, plotted in the CuO; plane. Cu and
O sites are marked by, respectively, + and %.
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3, for s and d electrons (eV)

Self-energy and effective interaction
along Imaginary axis
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