Juelich 2011-10-04->07

Constrained RPA method for calculating the Hubbard U
from first principles.

Ferdi Aryasetiawan
Chiba University

Collaborators

Takashi Miyake (AIST Tsukuba Japan)
Re1 Sakuma (Chiba)
Christoph Friedrich (Juelich)

Tutorials (Friday) given by
Re1 Sakuma and Christoph Friedrich




SCREENING

External perturbation

V
op(r,t) — op(r,t) — OV, (r,t) =fdr' v(r —r")op(r', 1)

(SI/tot(I/’,[) = (SQO(V,I)+(SVH(V,t)

The external perturbation is screened by the electrons.

Example:

Screening charge
(neglect Friedel oscillations)

Sp(r 1) = —Z

Proton Z Electron gas



SCREENED POTENTIAL
(neglect Friedel oscillations)

A = screening length

In semiconductors or insulators the screening,
due to the band gap, 1s not complete
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SCREENING IN TERMS OF
LINEAR RESPONSE FUNCTION

Linear response function

b
op(rt
Sp(rt) =fdr'dt' Rt t)op(r't') — R(rt,r't") = p(rt)
op(r't")
OV, (rt) = 6@(rt) + 8V, (rt)
6V, =6@+vép =[1+vR]p =& '8¢
£ = Vi _ [1+VvR]
oQ |
Bare Coulomb interaction y(1-2) = 1 Coulomb potenual at 2

|7 =7, from a point charge at 1

W=¢"'v=v+VvRv
W(1,2) is the screened Coulomb potential at 2 of a point charge located at 1




GREEN FUNCTION
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@ 1s an external perturbation

iG(1,2) =

W, is the exact ground state without the perturbation: AW, = E, P,

The field operator in the interaction picture 1s independent of @
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Using  Ap(r1) = ™ Ap(r)e™"

and 1nserting a complete set of eigenstates of /H 1n between
the density fluctuation operators and Fourier transforming yields
the Lehmann or spectral representation of the response function:

R(rrs0) =S (W | ARG [ n)n | AP(r) [Wy)  (Wo | AP [n)n | APCF) | W, )
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TIME-DEPENDENT HARTREE APPROXIMATION
(RANDOM-PHASE APPROXIMATION)
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From the equation of motion
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oV, (3)
op(2)

R(1,2) = -iG(L,2)G(2.1") —i[d3G(13) G(3,1%)

oV, (3)
op(2)

P1,2) = -iG(1,2)G(2,1%) Polarisation function Qz

R(1,2) = P(1,2) + [d3d4P(1,3)v(3 - 4)R(4,2)
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First-Principles Methods: Model Approaches:
Parameter-free but insufficient Good for strongly correlated systems
for strongly correlated systems but need parameters

-Local Density Approximation (LDA) *Dynamical Mean-Field Theory(DMFT)
*GW method

Full one-particle 7 subspace
Hilbert spag

DACC

We 1nsist that

the parameters are
Y determined from
e.g., GW approximation first-principles

> DMFT
_ "DMFT d
2 =2 +\Zr + 2

9

GW-+DMFT: PRL 90, 86402 (2003), PRL 102, 176402 (2009)



Typical electronic structure of correlated materials:
Partially filled narrow band (3d or 4f) crossing the Fermi level

SrVO3 perovskite

LDA DOS —>many configurations

close in energy
The main action
T takes place here

—>strong correlations
—>one-particle description
can be problematic

La/YTiO3

Slight change of parameters can induce large change in materials properties.
E.g., by slight distortion or pressure the ratio of the effective Coulomb interaction U/bandwidth
changes and the materials can undergo phase transitions (metal-insulator).
—>competition between kinetic energy and U.
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DENSITY OF STATE:

Evolution of the DOS.
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Kotliar and Vollhardt, Physics Today 2004

The usual approach 1s
to model the narrow band
by a Hubbard model.

One-band Hubbard model:

Ec C, +UEn n,,

<ij>



Iron-based high-temperature superconductors

- x~5-20% | LaOFeP 3.2K, JACS-2006
> a=3.964A, c=8.512A
' SmF_0, FeAs ¢) 55K, cm/0803.3603
| a=3.940A, c=8.496A
PrF O, FeAs d) 52K, unpublished
a=3.985A, c=8.595A
g CeF_0, FeAs b) 41 K, cm/0803.3790
& a=3.996A, c=8.648A
N o=
£ LaF,0, FeAs a) 26 K, JACS-2008
v I a=4.036A, c=8.739 A
La, Sr OFeAs 25K, cm/0803.3021,
‘ La a=4.035A, ¢ = 8.771A
a) Y.Kamihara et.al., Tokyo, JACS : ) 3
¢ O b) X.H.Chen, et.al., Beijing, cm/0803.3790 LaCa, 0y, FeAs 0K
c) G.F. Chen et.al., Beijing, cm/0803.3603
d) ZA.Ren et.al, Beijing, unpublished LaF_O, NiAs 2.75K, cm/0803.2572a
=4.119A , c=8.180A
+2D square lattice of Fe La, _Sr,ONiAs 3.7K, cm/0803.3978
‘Fe - magnetic moment a=4.045A, =8.747A




Fe 3d
(As 4p)

(Fe 3d)

Asdp ST

O2p

X

LaFeAsO

Fe 3d
(Se 4p)

(Fe 3d)
vV Se 4p

' XM TZR A Z ' XM TZR A Z



BEDT-TTF organic conductors

S
BEDT-TTF=bis(ethylenedithio)tetrathiafulvaene
K —(BEDTTF), K —(BEDTTF),
Cu(NCS), Cu,(CN),
Exp: metal insulator
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LDA band structures
Nakamura et al, J. Phys. Soc. Jpn. 78, 083710 (2009)
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FIG. 6: Temperature-dependence of the resistivity at different
pressures. The data (eircles) are compared to a DMFT-NRG

wlenlation (diamonds), with a pressure dependence of the
bandwidth as Indicated. The measnred resldual resistivity oo

has been added to the theoretical curves



Zeolites

Zeolites constitute a huge family of nonporous crystalline
aluminosilicates which have a wide variety of intriguing
properties.! Because of their capability of hosting various
ions, atoms, molecules, and clusters in their subnanometric
pores with rich possibilities of crystal structure, they have
versatile functionalities such as high catalytic activities,
sorption characteristics, and ion-exchange abilities.

Nakamura, Koretsune, and Arita, PRB80, 174420 (2009)



Alkali-cluster-loaded sodalites

Na-sodalite
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FIG. 3. (Color online) Calculated ab initio band structures (red
solid lines) of (a) sodium electrosodalite and (b) potassium elec-
trosodalite. The blue dotted dispersions are obtained by the #,-f;
model, where f; and f; are nearest and next-nearest transfers, re-
spectively. For the values, see the text. The zero of energy is the
Fermi level.

Nakamura, Koretsune, and Arita, PRB80, 174420 (2009)



The Hubbard model
J. Hubbard, Proc. Roy. Soc. A276, 238 (1963)

Many-electron Hamiltonian is too complicated to be solved directly.

all 1 all
+ + +
H = E : CRnhRn,R'n'CR'n' + E 2 : CRnCRn'vnn',mm'CRmcRm'
Rn,R'n' R.nn'.mm

= Focus on the correlated subspace

correl. 1 correl.
z : + + +
HHubbard _ CRnhRn,R'n'CR'n' + 5 CRnCRn'Unn',mm'CRmCRm'
Rn,R'n' R.nn'.mm

What 1s U and how do we calculate 1t?

Basic physical idea:
The Hubbard U should be obtained without the screening from
the electrons residing in the subspace that defines the Hubbard model.



Related works on the Hubbard U

Seminal work on U (constrained LDA):

O Gunnarsson, OK Andersen, O Jepsen, J Zaanen, PRB 39, 1708 (1989)
VI Anisimov and O Gunnarsson, PRB 43, 7570 (1991)

Improvement on constrained LDA
M Cococcioni and S de Gironcoli, PRB 71, 035105 (2005)
Nakamura et al (PRB 2005)

Random-Phase Approximation (RPA):
M Springer and FA, PRB 57, 4364 (1998)
T Kotani, J. Phys.: Condens. Matter 12, 2413 (2000)

Constrained RPA (cRPA)
—->PRB 70, 195104 (2004)
—>PRB 80, 155134 (2009) for entangled bands



Constrained RPA (cRPA): A method for calculating the Hubbard U

Polarisation: Fully screened interaction

P = Pd —+ })r - Vv _ Vv

l—-vP 1-vP —vVvP,
A
r A _ v/(1-vP) _ U
1-[v/(1-vP)IP, 1-UP,’
£
Interpret U i
4 4 -
d b, H b=vh
P
r as the Hubbard U.

P includes transitions between
the d- and r-subspaces (self-screening)

PRB 70, 195104 (2004)



Polarisation function in RPA: vertex I' =1 2 P=-iGG

Full system  P(r,r'; w) = § ”icwi(”)l/)j(r)l/)i ' np,;(r")

- a)—8j+8itl(3

occ unoccly (r * 7 * ]/-' . 7,-'
Correlated Pd(r,r';a))=E EUJZ( W, (ryp, (r'y (r')

bands == W—¢€,+€,£I0

P =P-P,

U(r,r',w)=v(r—r") +f drdr,v(r —r)P.(r,,ry;0)U (1, r'; o)

Basis independent, can use any bandstructure method.

Uij,kl(a)) =f drdr'(pl.(r)cpj(r)U(r,r';a))@k(r')ml(r')

The matrix elements of U evidently depend on the choice of the orbitals



Maximally localised Wannier orbitals

V —3 W
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Minimise the extent of the orbitals
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Wannier orbitals of SrVO3

<5

xz orbital
¢,, model (tz-g +e,) + O, model

Fig. 4: Contour plot of the maximally localized Wannier function (MLWEF) of SrVOs. If we
take the x axis to be the horizontal direction and the z axis to be the vertical direction, the
Wannier function corresponds to xz. The red (blue) represents the positive (negative) contour:
The Wannier function is centered at the vanadium site, which is located at the center of the
cube. The green spheres at the corners are strontium atoms, and white spheres at the centers
of the faces are oxygen atoms. The MLWF is optimized in the t,, model which consists of three
to,-like states. We note that the Wannier function has tails on the oxygen sites.



Advantages of cRPA:

* Full matrix U
*Energy-dependent U
*Onsite and offsite U
*U(r,r’;w) is basis-independent for a given
subspace:
Can use any band-structure method

Justification of RPA:
U 1s determined mainly by long-range screening.
Short-range screening 1s taken care of by the Hubbard model.
cRPA 1s general, can go beyond RPA .

1 :
U ~— 1s long range,

" because metallic screening 1s absent when
o > 1 calculating U.



Constrained LDA

Super Cell

Transition metal or
rare earth atom

“Impurity” ™|

|, Hopping from and to
the 3d orbitals 1s cut off

Change the 3d charge on the impurity, keeping the system neutral,

do a self-consistent calculation

and calculate the change in the 3d energy level =2 U(34d).



LDA Density of Statesof StV 03

SrVO3

Controlling the screening channels:

oy : U as a function of £, (eliminated transitions)
f | :; : bare
2 v B 2, | The O 2p plays a crucial role inferaction
e, ] in determining U
A t,, —all
0 ; 0
15 0,, = all

St

] | &
_ el 3
I ol 1. |#‘L-L;._\IA.
10 3 0 § 1
] | ]
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PRB 74, 125106 (2006)

c.f. Solovyev PRB 2007
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—&—dp model
—e— t2¢+p mode
—m— d model
—e— t2¢ mode
—<—W (t2g model)
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e A I 20 | | excitation
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Miyake et al, unpublished



BEDT-TTF organic conductors

x — (BEDTTF), x — (BEDTTF),
Cu(NCS), Cu,(CN), K —(BEDTTF), K —(BEDTTF),
Exp: metal insulator Cu(NCS), Cu, (CN);
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The dielectric constant is anisotropic.
U is almost 1sotropic and long ranged.
Nearest-neighbour U/onsite U ~0.45

Maximally localised Wannier orbitals of

K —(BEDTTF),Cu(NCS), Nakamura et al, J. Phys. Soc. Jpn. 78, 083710 (2009)



Paramagnetic nickel
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cRPA for entangled bands

In many materials the correlated bands

of interest are entangled with other more

extended bands.

d space 0
= ( 0

f

Approximation: The off-diagonal
elements are set to zero

r space

Disentangled 3d band structure from

<—— maximally localised Wannier orbitals

(using the procedure of
Souza, Marzari and Vanderbilt)

PRB 80, 155134 (2009), also Sasioglu, Friedrich, and Bluegel PRB 2011



U and J of N1 as a function of frequency

U (eV)
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Application to LaFeAsO and FeSe

1111: LaFePO, LaFeAsO, ...
122: BaFe,As,, ...

111: LiFeAs, ...

11: FeSe, FeTe
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- strong family dependence in U

Eftective interaction in the cRPA

T.Miyake, K.Nakamura, R.Arita and M.Imada, JPSJ (2010)

(the 11 family is substantially more correlated)
-t=0.3-0.4 eV 1n the d model

- strongly orbital dependent in the d model,

due to the different extents of the Wannier orbitals

U(eV)

rJ

0

vvvvvvvvvvvvvvvvvvv

LaFePO

| LaFeAsO

BaFe:As:

LiFeAs

FeSe

FeTe

FeSe 1s probably
the most correlated



U matrix in the d model (1n V)

c.f. K.Nakamura, R.Arita and M.Imada, J.Pys.Soc.Jpn.77, 093711(2008).
T.Miyake et al., J.Phys.Soc.Jpn.77 Suppl.C99(2008).

LaFeAsO - ¢ - —
xy vz 3rFr—r X xXT—y
xy 3.03 1.80 1.78 1.80 1.91
¥z 1.80 2.43 1.97 1.62 1.52
32 -7 1.78 1.97 2.84 1.97 1.51
Zx 1.80 1.62 1.97 2.43 1.52
2 —y2 1.91 1.52 1.51 1.52 1.91

yz 3z°-r? Xz x?-y?



Re and Im U of BaFe2As2 Spectral functions of BaFe2As2
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Werner et al, arXiv:1107.3128 (2011)

Talk by Philipp Werner on Thursday



DOS (states/eV/spin)

Ce, gamma phase Ce(gamma), f-spdf model
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Summary:

We do have a reliable scheme to calculate U from first principles

Tutorials (Friday) given by
Re1 Sakuma and Christoph Friedrich
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