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The hard problem of correlated electrons
Beyond the QP picture

1 Many body perturbation theory A N0
Ladder diagrams : dominant \ j
correction to GW in charge channel "#$ %

Low order WRPA B»WABSE seems remarkably
accurate, unless spin fluctuations are strong

2 Assume strong correlations mostly local (DMFT)

Partition hamiltonian into strongly correlated, local
sector, and a weakly correlated nonlocal sector

Solve embedded local problem to all orders (CTQMC)
in a QSGW bath.



One-Body Hamiltonian as basis for Many-Body Theory

Pairwise interaction in Schroedinger Adiequation

H = Tel T Tnuc T Vel-el T Vel-nuc T Vnuc-nuc

o Py R, €, Zd& | ZZ€

2m '2M, s rilrj‘ ' R s R R,]
Blindependent particle ! ~! ,(r)" ! ,(ry)" E " ! (ry) is a fiction.

Screening makes the interaction weak Bl saves the day for
independent (quasi)particle description.
GW --- a perturbative correction fo IP --- is very successful.

¥ When correlations become strong, the QP picture fails and
The perturbative approach becomes problematic.

¥ Typically only a part of the entire system is strongly
correlated. For a workable scheme we must partition H.

¥ Treat low-level correlations globally, strong correlations locally



Scattering smears out Quasiparticle Levels
E (eV)r— Nonlnteractlng Fe s \ Interacting Fe
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Broadening from i/
interactions

Broadening from alloy
scattering —
No unique definition of

noninteracting H, ... but
QSGW optimal by construction |




Going Beyond the 1-particle Picture

See book by Richard Martin, Lucia Reining and David Ceperly.

Path I. Many Body Perturbation Theory (GW, FLEX).

Excellent for weak and moderate correlations
# Extending beyond the lowest order is a formidable task

Path II. Nonperturbative Solution on subspace (DMFT)

Usually ...

strong.

for only a few degrees of
freedom (e.g. d orbitals on some
transition metals) are correlations

»G*'f <

|

1
MBPT 1 DMFT
Pert ‘ Nonpert
Nonlocal Local

QSGW

Select a subspace to handle at a higher level of approximation.
# Requires a partitioning where local, correlated subsystem are

treated differently ...

ambiguities result

# Work on Matsubara (imaginary frequency) axis



Partitioning the Hamiltonian

How to decide on what the subsystem should be is a subtle
(and not fully resolved) issue.

Some general considerations:

Partition a Hamiltonian H into ABubsystem Ajand ARest. Ay

'"'H_ H, $ Spectrum from He HoYo)_ (¢
H—ﬁ H. H. g eigenvalues of H H. H_ |o¢ _w¢”

".and" arerelated by: / =(H, 6 #" )HL .

S

Substitute this relation to obtain an equation for ", alone:

I-cpss('l )’ s#" : Where I-q)ss =H ss" H sr(H rr'I Y )H I

* Note that # is $- dependent, evenif H is not.



Partitioning the Green Agifunction

The Green Asifunction is related to the inverse of >0
#/ ! H HSI’ %SS C;SI’

70 H., /° (% Grrf‘
The poles of G coincide with the eigenvalues of >0

Use the same trick as before to obtain an expression for G
Gu(/)=l "Hg H(HY )H]"

SS

SS

Go(w) =[w—H ]
. G — Go 11 l H Go H 1] Ss S
erte as SS [( 9 sr—rr rJ Where {Gror ((()) = [(()— Hrr]_l

Call the interaction with the resta  self-energy ! ..o
=[(G) ""#...(/)]' where ! _ =H,G H_

Called a self-energy because the subsystem interacts with
itself through its interaction with the rest of the system.



Some observations
G.=[(GY*"# . (/)N where ! ,=H,G H

rest Srur s

| .sfd0dressesO the subsystem through an $-dependent
Interaction with the  Afest. Ay

G can be also be written as

. G.=G.+Gl G
a Dyson equation 58 58

SS rest 3
Subsystems

The full many-body Hamiltonian is $-independent. The

noninteracting, or 1-body Green Adiapproximation to it may be

thought of as the O rest O and the residual interactions form

the subsystem.! ... s $- dependent and Adiressing Ajhe

electron from screening by the other electrons.

We cannot solve the full problem exactly, and must make

approximations. The smaller ! ..4)s (especially, the smaller its
$- dependence), the better the approximation.



Mixed Approximations

The Dyson form is particularly useful because we can partition
# as a sum#=#D+ #3, The Dyson equation can be carried out

In two steps GO = GO + GO OGW

G(Z) — G(l) + G(l)! (Z)G(ZI

¥t can be a low-level approximation, e.g. Hartree Fock, GW, or
Density-Functional theory applied all the electrons, carried out

self-consistently; and #( a high-level theory (DMFT or a higher-
order diagrammatic method), on a subspace.

¥YDMFT may be thought of as a (nearly) exact method of
obtaining G@for a given GW (all the local graphs are summed).

¥The better #Wis, the smaller #@$#D feedback. If #1) already
fairly good, it may enough to calculate  #® in a single shot,
without updating #(1),



Spectral !representation of GO!!

f (x)f, (x!)
"H#S +ign($ # L)%

Construct G, from
eigenfunctions of H,:

G,(x:xL," ) =&,

" Poles below E¢ in

I | HIHH ’ bottom half of
complex plane; poles

above in top half.

The Spectral weight 70— . /
function defined: A, x$/ ) =& () f, (xBA A6 )
1
Easy to show that Aand  AXX#/)=—|[ImG(X,X # )|

G are related
A(X, X#/! ;
Ais the density-of- G(x,x#,/):o/o( #!
! #
states C




Meaning!of !Quasiparticles, Interacting Case

< =& DA Y/*1>470') .-6811/0/6G,, (") = (#  (X)| G(X,XL," )|# ,(x])

If non-interacting particles,

f(x) % ! (x) and thenu Al@) =08, ~ o)

But the interacting Green Agifunction includes self-energy !

1
Gul! ):%s_, "Z"$ ()

This broadens out the sharp pole

+,-./01 #! Ek(UJ) = Ak — zl”k

Gk(t) = —1 exp [—’i(ék —+ Ak)t] exp (—Fkt)

$%&'()!*+!&,-./0/.*%!1w’ AN

+-*3!%*%4_%/&'0_/_0#&_ 0%5!5&-0)1#!+.%./&!16.+&/.3&




Introduction to the Hybridization function

To see how a subsystem interacts with a host, consider a
simple noninteracting case.

Let the subsystem be a single state with energy  %coupled to a

set of states m=1E N with eigenvalues % . State scouples to
state mwith hopping matrix element H,,

E H. (Gy) isa 1' 1 matrix, while H.,(G,,) isa 1' N matrix.

Using the coupled- G (/ # )G #P H. G.=1
formalism, we obtain (/ # )G _#H_G_=0
And

1 N H o H e
/)= =0

| .us0dS the effect of the OrestO on to the subsystem. In in
Dynamlcal Mean Field theory, ! ..4js called the
Afybridization function A¥l .



Effect of the Hybridization function

( is a special instance of ! .,cMhere the subsystem couples
to a noninteracting bath. In general the bath need not be
Interacting, but it is usually taken to be so in practice.

Write 1 vH H

SO sy Wi FOTAT ST

Suppose Afest Ays a single-band

tight-binding model with hopping $(#) = |t? ‘& #(y
matrix element H. =t. ( becomes ’
If further /)™& constant, &'! $i& '|t|? and Density-of-states
2/ |$|

A(” )‘%— ()= | |2 Lorentzian

(" %) +|$

A($) is the density-of states. What started as a sharp pole in
the isolated state gets broadened + finite lifetime.



Frequency-dependent Self-Energy

Even for this noninteracting system G (1) = 1
the self-energy is $-dependent > (0-¢,—A(w))

Consider a more general case of an extended system. Partition
the problem into a reference noninteracting hamiltonian given

by a static self-energy V, (K). The interacting system has a self-
energy ! (k,$) .

Write the contribution (k. /) = 1
to G from QP state | as Gk )_/ " (kL )+ V(K

Linearize ! (k,$) near the pole  #(k,/ )=#(kl ')+#%k,/ (/' r )

s =,/ )+ @) 0 1)
NN
Replace Re with the linearized Definition of the Z factor:
| and call the resulting G the (1" ') =#$' (/) /# |

Ocoherent partO G of G (next) Terms . $: 11 (112} =2+



Loss of Quasiparticle Weight

Rearrange oy /= Z
terms ST Y ZRE (K, )+ 2V (K Z (K, )

Define the QP peak as the value $° of $ where the real part of
the denominator vanishes. o= +7 (ReZ(k,a)i -\ (k))

| shifts $* E butthe shift $™$1 depends on the reference V,.
The better the V,_the smaller the shift (it is zero in
guasiparticle self-consistent construction!)

-.! broadens the poleat $". JI\

The $-dependence of /#! reduces

the strength of the poleby Z. QP
weight gets redistributed into
Incoherent parts of the spectrum,

such as Hubbard sidebands or plasmon
satellites.

Fe

. . [
-10-8 -6 4 -2 0 2 4

" Interacting DOS
" Noninteracting DOS




Quasiparticle Lifetime

Fourier transform  GN\$) into

coh |/ "t (Z|Indt |t
the time domain : G~

The quasiparticle decays into a continuum of infinitely closely
spaced excitations near $°. The lifetime is given by -.!

The corresponding spectral function  A%"is broadened by ! .
7! Z'Im# (k! )
"¢ )Y +(ZImHK, ) T’

: /\‘:fl/ﬁzmi .

A(j ,coh(/ ) —

I can have lots of structure E
transfer of QP weight can result in
new peaks at plasmonor Hubbard
satellites.

Near E- or #, Q.! 0&1K) $&)? ~\———/—~—1 ¢
v

for a normal Fermi liquid E
Lifetime (% ' approaching E-.

E~W By




Mass Renormalization

The QP peak position is

modified by Re#$ V.. :

The group velocity is d$°/dk d/" _d ' d_inun s iw
For the interacting case it is dk  dk ’ dkz (Ré (ST F Me (k))

The ratio mym" = (d$"/dK)/(d$ i/dK) E the Afenormalization of
effective mass Ajys often taken to be a measure of correlation.

This is a nebulous concept, because it depends on the choice of
noninteracting reference V,. Still, it emphasizes that both the
k- and $ - dependence of ! &nodify the QP band dispersions.

/"9 1+Z)(Re K, TV (K)

Consider a reference V,.constructed from a purely static
theory, e.g. Hartree-Fock or DFT. Easy to show that

d/” __d ' " /G \/
Important " = z K +Z W((Re# (k/7)$ Ve (k))
when AN —————~

_ Always important;
correlations _5 $-dependence k-dependence— gee PRL D9, 237010
are strong



Diagram for Win the RPA

We saw how the RPA screening charge can be represented as a
geometric series

Iql!l" —# q'/!" 1+VPO+VPOVPO 1$VPO P, P°=G°G°

- @@

which yielded (%! and W.
The diagram for W is the series of ObubblesO linked by v:

2.0 .
o



GW as Screened Hartree Fock

Hartree Fock: e? senses an attractive potential V, owing to

correlated motion originating from antisymmetry that keeps e’
apart. Note: OcorrelationO is usually used as a term of art that

means correlated motion not captured by Hartree Fock!
Write V, in terms of GreenOs functions:

L =V () =i gs(r, r")‘ #r1 dr"=iGv

GW: bare coulomb v % dynamically screened W

V. (rrh)= ‘ ‘# W(r,rl,$)=%v; &=iGW

Dynamical screening is the essential difference between  GW
and Hartree Fock. It make both qualitative and quantitative

changes to the electronic structure.



Quasiparticle self-consistent GW Approximation

Remember : there is no unique definition  of H,,.

Can we find a good starting point H, in place of H-°* ? How
to find the Dbest possible H,?

Requires a prescription for minimizing the difference
between the full hamiltonian H and H,,.

QSGW : a self-consistent perturbation theory where self-
consistency determines the best H,(within the GW
approximation) PRL 96, 226402 (2006)

E Different principle than energy minimization.



QSGW: a self-consistent perturbation theory

Partition H into Hy + &V and (noninteracting + residual)
In such a way as to minimize &V :

G =—r A G- -
/" H, I (He# V()

G satisfies (! "(H,+#V( )))G(! )=$(r " r%

We seek the G,($) that most closely satisfies Eqn. of motion
(7 #(H, +$V( ))GI( Y% (r #)
&S V()G YO0

If the GWA is meaningful , G, ) G
Q: Howto find Gjthat minimizes &V G, ?



Optimal G,

Start with some trial V. (e.g. from LDA, or E). Defines G, :
1,

Hy= =" 24V () + VI () +V(r,r4
ﬁ 2m
HO$i = Ei$i % % Go(r,r#' ):( i$i(r)$i (f?’-’b

" TE

GWA determines &V and thus H:
G | 4 dicG)r Y S@oryg)=iGw; vV =$(V©

Find a new V¢ that minimizes norm N, a measure of &V G,

1 .
Ve =20/ Rd#E W+#E V| . § (approximate) result
2”_/o.|e((E> G )¢ (Gpproxt

lterate to _ self-consistency .
[At self-consistency, E; of G matches E of G, (real part).




Ambiguities in GW from starting point

GW s true ab initio (unlike many extensions to the LDA),

3 ¢ Ex & B but GWis perturbation around H,

@ HF
7.6 _':ggg%s , & o With freedom to choose H,, ambiguities
721 A, . ° I not really ab initio any more.

6.8 6 ‘ ¢ $
6.41 ® XY Example: TM & TM-O dimer

6r. @ . . .. .. .. ?\From RPA totfal energy calculate:
> S¢c Ti V_Cr Mn Fe ™ Tpnization potential

- ¢ ¢ ‘/ Tm-0O heat of reaction
3t : :

-_ & 5 Compare three choices for starting H:
_:- o ; $ Hartree Fock $ HSEO6 $ QSGW
slo @ AE (eV) QSGW: optimal path of adiabatic
R - ® Tmt0—TmO  connection within given level of

approximation ... best on average.
Also removes ambiguities in starting point dependence



True self-consistent GW

— — # = — ;
G! P="iGG! W=#V! $=IiGW G = mvrveas)
" 7
#! VVxc

Starting-point dependence can be also \19
surmounted by making G self-consistent j/((f)/

% Based on Luttinger-Ward functional.
% Keeps symmetry for G
% Conserving approximation

But ...
@@trongly violates f sum rule [Tamme, PRL '99]
P loses its usual meaning as derivative )n/)V

B. Holm and U. von Barth, PRB57, 2108 (1998) suggest it might be
justified on empirical grounds, if it makes a betterG.

1))

But poor in practice, even for the electron gas



Bandwidths in scGW

0.4 ~
Holm and von Barth compared 0| [ e ya
scGW to GWP in the 00} [ enin
homogeneous electron gas. 02|
L 04+ e

0 i € o

The GWP bandwidth narrows 5 .. GOWP " PRBS57, 2108
by ~10%. 08+ oy

by ~20% (30% error)

S (1998)

The scGW bandwidth widens el Noninteracting -

Spectral functions In
real materials broaden
too much and get
washed out. Fares
worse than LDA.

0.6 0.8 1.0 1.2

Lo a4 ow
T e T e e

1
N
e

From Belashchenkoet al, PRB 73, 073105



Z-factor cancellation
Exact " =IGW*. Suppose W is exact. Then

1
G=
@—Ho—| -V +3(,)+(92/0w), (0-,) |+i6

Z=(1"#8$ 1) —"
Residual of this pole (loss of QP weight) is reduced by Z

Write Gas G =ZG’ +(incoherent par Ward identity
CHoW!'" G'W (incoherentpar ! " Z" forq$9s$' O

Similar argument for W. Ishiiet al ( arxiv 1003.3342)
reverses argument: find * that satisfies Ward Identity

G(p+a)” —CG(P)”  Results from GW*,,

]__'H;I (E}:E}—I—{j) — — —
Gol(p+q) l—G[.(p) L' similar to G W,.



Need for Self-Consistency even in

Cu(In,Ga)Se, :
Oise * Osase E but hard
to measure (disorder)

G-PAWLPA gap ~0t0 0.2 eV
depending on (unkown) @, o, -
Experimental gap ~1 eV

What about hybrid \
functionals, or LDA+U? ~
Strong interplay between
gap, dielectric response.
Self-consistency essential
to properly describe it.

E [eV]

Vidal et al, PRL 104, "y

056401 (2010)

Sp Systems
ZnO:Al

i -ZnO

5 CdS

= Cu(In,Ga)se,
5 Mo

2 glass

>

\
[ [ [ I
—o DFT-LD,S‘ . %—x SC-COHSEX+GW,
= = correcte

i | W% HSE06

+— G W

5C.COHSEX vy SR,
| % x SC-COHSEX+GW,, X
e
. . y‘
X
X
7
7
)(




Dual Nature of QS GW': framework for H,

QS GlWgenerates a nearly optimal H, for many kinds of materials
classes E often sufficient in itself

I el auB-asssnns 3#45678&%899#:&;89<%=
/ 3# \ CuUlASe,\_ @AB=C$&C9>.C:D&)E
o n o # | GH?&IJKKLL

et el

LDA

e

A Y N 3% 4% 1 T'$  TAEE

QSGW is key for distinguishing between properties accessible
to a 1-particle picture (if optimally chosen), and true many-body
effects that cannot be described by one Slater Determinant.



QS GW description of many body physics

QS GW also generates an interacting G with dynamical, many-
body effects. It sometimes works very well E

Impact Spin waves, NiO ARPES, Fe

. . . i l £
e et/ \NiO ]
ionization, ZnS ool \ Sgm /7 \NO| » ,
tea15 - . . . N \——LDA | \ = N

Te+14 |
1e+13 |

: 200
1e+12 |
1e+11 |

1e+10 F

1e+09 |

1e+08 I
3

But GW is too simple E only real many-body effect come from
plasmons in the charge channel.

QSGW is a way to choose the optimum basis set for many-body
physics E strongly affects relative importance of diagrams.



What GW does well (I)

--- No simple answer because:

¥ scGW is poor for spectral properties (much better for
total energy; see Kutepov et al, PRB 80, 041103R),

¥ Starting-point dependence of G W, Bi&ambiguities

QSGW offers perhaps the most sensible path to eliminate
ambiguities, and elucidate strengths and weaknesses in GW

1: van der Waals interactions are built into the 2 "4 order
bubble (missing in LDA, DMFT)

- O .
------- U



What GW does well (1)

2. Nonlocal correlation in the polarization .
Example: The benzene energy gap is predicted to be

strongly renormalized from 10.5

on graphite (7.2 eV).

Basically like an image
force.

Although correlation
relatively weak in this
case --- modification of
the screening has a big
effect

eV (gas phase) when put

vacuum

E Affinity Level

P

Fermi €
Energy —
Py

lonization Level
q
metal adsorbed gas phase z

molecule molecule

Neaton, Hybertsen and Louie,
PRL 97, 216405



What GW does well (l1)

3. Nonlocal correlation in the  self- energy.
DFT gaps are too small because potential is local.

Choices: (1) make do with nonanalytic V, . (problematic ) or
(2) allow nonlocality in the potential (practical ). Most
methods that resolve the bandgap problem put in some
form of nonlocality. GW does it in a natural way.

T T T T T I I °
8 2 2 = S 8 MQO/V.--' .
O @ 29< 70 AN 0.7
el % N 'g(/)¢ 1 + L z g R

o 2 5.3 TW, e 80 SERSC
- g‘ (,_ng L) & o GLDAW—DA 6 L -cqguc) DV\ _ SrO
> % s Lo O o | N (U)) (q'i‘ﬁNN diamond
L o O‘Ogg N [ LT % =c \y ’ ]
S 9 2 6 c - o ogN 47 .
S 4] 1) %:"’ ¢ m B f_ S 2L 2 O QN _
o <N LV 4
S 28 GOSN ¥ s Q g 28 ey
g To %‘ﬁww'oo = 4 2 = | 800y
= - = o)
3 09 & o o] ? ne &ﬁ?ﬁAlAs,GaP,SiC,AIP
L oL aZ w I - O a2 o€ .
s @ @E ) O- O 0 o '5,%}7 <<~ AISb,Se

SV = <—Si
B ' GW [ TESR
o v = - B:LDA - Q o o P.Te -
o O:GW(LDA) | I
N ! | ! | ! | ! | ! | ! | ! I I ! |
0 2 4 6 8

F)RL 96’ 226402 (2006) experimental gap (eV)



What GW does well (V)

4. level alignments generally very good. | Top lead

Example: Fe/ MgO/Fe tunnel junctions
(Tunneling Magnetoresistance : basis for
modern read heads.)

~
o

Bottom lead

00

LML

[

Mg

_
/ 7
B<

_min Apply V+ Fe

7 /// / Surface state %

e - crosses E-BQ LDA

_____ currentspike  W*r a0 S

Peak observed In
di/dVat0.2eV. LDA: |
dl/dV peaks at OV




Calculated ¢

Where does QS GIWW/ Break Down?

Unoccupied states wuniversally too high
&~0.2 eV for spsemicond,;
&<~1eV for itinerant d SrTiO ,, TiO,
&>~1eV for less itinerant d NiO
&~3 eV for f Gd,ErYb

Peaks inIlm ((,) wuniversally too high

p
Without LFC
——With LFC

10

1 L
20 30
w(eV)

I T I T I T [ T I
L @GW @ B _
S o A (- universally e
Qg7 =g D @ small. ' o
8 (I\)l- Nk. f? 8 2 23_
5 e dTia g 8 Errorsare all & |
H ﬂ fﬂ-g £ I 2
st @53 4 related!
oo I
- o=z [ e
/”ﬂ"’ S 492 1
o g E3es ] -
] |§ ] 1 N ] | 1 ] ] :
0 s 216 % 10 20 = 30

Experimental € w(eV)



Quasiparticle Self-Consistency for NIO

1% 16 TR ay ‘
QSGWN E /\//ﬁ,\//\
}A 28 C%/-ﬁi::ﬁ'

BIS 106
_________ Y | I A E——

T : :
L -—8-.|.l.l.l.--".l.......--.l...l.l,:- J. Phys. Cond. Matt. 20, 95214
S © X I L U

200

meV

0

X T M

40 F

Spin waves in MnO and NiO
very well described. True ab
Initio, all electrons on same
footing.

NiO looks ok, but gaps too big!
(clear marker of RPA

overestimating W)



Largest Error: missing diagramsin W

A blue shift in the  plasmonpeak has effect on Re[%0)]
(KramerOsKronig relation). Approximate peak by )-fn:

1 Pxr( 1(")&
Re# (O): 5 ( )& th) ( ?, exp) d,, )_ 1_ 1 (SL 1 ( <
&% ") ) 2 $ 3 th exp 4

The RPAapproximation for the ( Gy
polarizability P =iG," G,, misses screening G
channels, especially:

e’ and n* are attracted via W, e.g. by ladder diagrams,

ED OO e

(Ladders needed for good optical spectra)

Conclusion: W calculated via RPA is too large , by 25% at $ =O0.




Consequences of WRPA™ \\BSE

CunninghamOs work; he will talk about this tomorrow

Ox
2800 F — BSE

2400 F
2000 F
1600 f
1200 f
800 f
400 k-

of

Takeaway message: GWASE does a
stellar job at describing electronic
structure in many kinds of
materials, provided spin
fluctuations are not too strong

10

WLDA

- AGWIH o,
@QSGWRPA #
i OQSGWBSE 4
n +QSGWBSE+eph % 5
o < Sa= 3
5 9 29
-2 980 5= N
T 00z X =
O [o)=] /
ou ©OO 8/ p
| 5< [ |
20 (5 ' W
<o -
k=
;L
-(_(/))(D I' A
o &
. . I. 1 1 1 1 1 J

(]
)
N

6 8 10

experimental gap (eV)

Sr2Ru0O4




QSGW and Transition Metals

WRFA s screened

In the charge
channel only E no
spin fluctuations.

QSGW : vast
Improvement
over LDA for
TM Iin general.

But for Ni,
problems
appear

Calculated #E, :

« QSGW LDA

0.76 0.71

Calculated M :
QSGW LDA
0.76 0.60

Trends in 3 d series

o W A e Y

1 [T T T T 1T 7T

1.6
1.2
0.8
0.4

0

d bandwidth (eV)

$ o

X @ ¢
QED%& @
OGW

g 8

- AE, (eV)

T 7T

MR

[ [CJExpt o
. QLDA 0

- @GW

Ti (er Fle Clo l\‘Ii
QSGW misses a
satellite at -6

eV seen in
photoemission



0

w M (Calc)

Spin Fluctuations

In Ni spin fluctuations are important (Nolting et al, 1989)
Quite generally, QSGW appears to:

¥ predict M in local-moment systems very well

¥ overestimate M in itinerant systems.

= LDA ’
® QSGW
— - [
e %
- CaFe,As, Co i MrAs
sl
i fe;
i o g CoPt
EeAI ?
#!VLNEAI. l | .
0 1 2 3 M (Expt)

LDA has two distinct errors:
H¥AF §s too large in itinerant
materials.

FRAF s too small in local-
moment systems (CoPt, MnAS)

In Ni the errors cancel E ~ FBAF,
IS fortuitously good!

Spin fluctuations reduce FR¥F¢ Moriya estimated F$MFfrom FD

theorem. Requires MI$ Im% (Mazin et al PRL 2004).
E Better fluctuations are built into higher order diagrams.



Spin Fluctuations in Fe are not important

QS GWmatches ARPES and inverse PE (Santoni & Himpsel,
Phys. Rev. B 1991) extremely well E

E (eV)

[001]

—

Much better than LDA+DMFT. Small discrepancies at ~0.1 eV
scale: E But it turns out that differences are largely artifacts
of final-state effects in PE! See Phys. Rev. B 95, 041112(R)



FeSe: Strongly correlated unconventional SC

FeSe has no magnetic order . Start from nonmagnetic QSGW

Important role of SO Small QSGW bandwidths

L-S generates ~30 meV shifts

LDA >IB»OBGW >ae>I>1>]
ePand h* pockets shift by ~100 meV
Bandwidths are reduced




Nonlocality in Self-Energy

Compare QSGW and LDA to ARPES

! M 7 A
LDAnm [+109 +113[! 204 ! 3374254 +141|! 208 ! 582
QSGW,nm | +41 +44]|! 107 ! 202(+131 +56|! 113 ! 334
ARPES®®" | 19 1 18] 122 1 42] +7 434 ' 16 ! 25
o5 2 =@ #H(KS)"S) |5,
GW has: -

& Spatial nonlocality #(r,r-! )
& Nonlocality in #( '

')

& (but quasiparticlized)

But pockets at @3and M are
still too deep.

Why?/

0.45

0.35|




Spin Fluctuations in FeSe

Simulate paramagnetism with SQS6 structure
A low moment QSGW solution can be
stabilized with F¥F£0.2+0.15.; .

Levels shift towards ARPES data, but still ‘
significant discrepancy .
! M Z A
LDA.Nm |+109 +113|! 204 ! 337|+254 +141 |! 208! 582
QSGW,nm| +41 +44 |1 107! 202|+131 +56 |! 113! 334
SQS6 | +45 (60)| ! 52 ! 70| +31 +68 | ! 59 ! 72
ARPES +9 118|122 142 +7 +34| 116 ! 25

Shows spin fluctuations are important but (QS) GWdoes

not adequately capture them.
Use DMFT to get higher order diagrams in spin channel



Generic approach to strong correlations: partitioning

A universal theory that handles all electrons on an even footing
IS not feasible. So E we do higher level physics in subspace
where correlations are strong. What is required?

1. A starting noninteracting hamiltonian (or  G°) with a family
of states {i} and a subspace of it

2. We saw that we could partition G into a subspace G..and the

Afest Ayand that the effect of the Aest Apn G_.can be cast
In terms of a self-energy

G =G +G) G

ss" rest— ss

3. We need the effective interaction WETin the subspace.
This defines the effective local  hamiltonian. Solve ~exactly.

4. If the subspace were the full space, \WF" would be just the
bare Coulomb v. If you could

W would be a byproduct of calculation ... but not feasible.



Dyson Equation for W
Remember that we developed a formula for Win the RPA.
W=(@1"vP) ‘v=/v
This formula carries over to the exact mqny—body system with
a suitable redefinition of P (see MyrtaOstalk).
W can be equivalently expressed as a Dyson eguation
W=(@1! vP) 'v=v+VPW

If Pisdivided into separate contributions P=P®+ P@), then
W can be similarly partitioned WO = v vEO WO

W2 = WO + WO B2 W2

So E if WD is W from a low-level theory like GW, we can
calculate W2 if we can calculate P®@. We will see that P can
be obtained from a pair correlation function.

Note: no one actually does this today, but it tells you what to
do in principle. For now, we just choose a local U, J.



General Framework for the Many-Body Problem

Partition using the Odual Dyson equationO for G and W
G(l) — G(O) + G(O)! (1)G(l) W(l) = v+ Vljl) Wl)
G@ =GO +GgO®1 @OgA W@ = WO + WO P2 W2

Treat entire system at a low level approximation (for
definiteness, take low level approximation as GW) and deal

with the interactions of a subsystem at a higher level.
Note G(2) — G(l) +G(1)! (Z)G(l) _|_G(1)! (Z)G(l)! (Z)G(l) +

0. Begin with a noninteracting H, B0G® = $& H,
Make P and ! Dand for the entire system.
¥ Atthe GWlevel, PB»P% = GGl and ! M) B»¥B,W.

¥ This defines an initial G =($& H,2 ! (1)$1
¥ Note: this is typically performed in k-space .

For us, this is just a standard QSGW calc. (Could be LDA)



Framework 1l

1. Choose a subspace, defined by one-particle orbitals |jF¢,
Make the projection of G, P WY onto this subspace, e.g.
projections G; = Fiw|jF238/&,, = FIAMKIFP;, = Ry P[KIF,

For the Questaal code, subspace = dor f partial waves

2. Build the effective infteraction Uy, for the subspace.
Recall relation between W and polarizability P:

W:(ll VP)!lvn W!l:V!].! Pu V!l:W!l+P

Full system Vi=W'l+p P r.emoves
screening from W

Partition P into P=P,+ Py, . Remove Py, part of screening

in Wy, to get effective interaction partially screened by the

“rest”’ Partially unscreened interaction is customarily called U.
U!1:W!1:W!1+ P

rest ijkl ijkl



Framework |l

3. G;' and UM define the many-body hamiltonian for the
system. Use a high-level solver (e.g. CTQMC) to obtain #ij(Z)
and G;@ =(G;® $ #, )81

4. (Almost never done in practice, but possible in principle).
Update full system P and W n full space

Get improved.local Py, from DMFT so we have thrée quantities:
PL)  Polarizability-ef whole system at low-ievel, eg. GW/ approx
PW., projection of AV onfo-subsystem
Piw A befter calculation-ot P in~the_subsystem.
Improve the system P with the constructio

!p(l, V) — p(l,old) + Pijkl $ |:)(1,o|d)ijkI
Frem PLneW) - obtain WL"eW) from Dysons equation for W.



Framework IV

5. Determine a better #@ to determine a new G.
#(1,new) — #(1,0Id) +#S$ #(1,0Id)

6.(Rarely done in practice, but possible in princi le). ——
Update the low-leveie:s: er Gto make GW.

Iterate—thie parts or all of the cycle: The pair (#,P)gets—_
successively refined

Approximately this procedure was outlined in Phys Rev Lett
90, 086402 (Aryasetiawan, Biermann and Georges)
Standard practice today: LDA+DMFT: # D=V, DA

Questaal partially implements QSGW+DMFT.

New ability to calculate 2-particle properties with local two-
particle vertex + BSE.

Basic formalism still evolving



QSGW loop

| Ezjk ( ) —‘|'
Hgfcu Vi = gg(scu i
1 SGw GW | QSGW/ | GV | QSGW
ng _R [Buk 8k ) Eka ( ?Jk )
\ 4
! . DMFT loo
e ZU""[ Tk Zu*( - 506, () - 12) U’”] vk and E}7Y ’
ik
A A
' cRPA procedures
l A LL’ (w) &
D ]
o 2 L IS:; N U 1
CTQMC




FeSe, QSGW+DMFT
With QSGW as a bath, DMFT describes ARPES very well!

! M Z A
LDA,nm +109 +113|! 204! 337|+254 +141 |! 208! 582
LDA+DMFT +30 +45|! 110! 125| +42 +65 |! 112! 128
QSGW,nm | +41 +44 |! 107! 202|+131 +56 |! 113! 334
NnM+DMFT +1 +10 | ' 21 ' 40| +10 +32 | ! 22 ! 35
ARPES +9 118|122 142 +7 +34 | ! 16 ! 25

LDA+DMFT Is not adequate because errors propagate to the
DMFT solver via deficiencies in the hybridization function.

" LDA+DMFT

QOSGW+DMFT %




QSGW + Magnetic DMFT, Applied to Ni

Basic idea : combine
charge #955Wk) with
spin  #PMFI($),

| * :!_QSGW(k)_l_! DMFT,i(n)
FOSBW = 11 *(K)+1 #(K)]/ 2
| DMFTE — 411 (" Y1 #(" )]/ 2

#E, M:
LDA 0.710.60 Exchange splitting
SGW 0.76 0.76 .
SSGW+DMFT 03 051 well described by QP
QSGW+DMFT(QP) 0.3 0.55 Self-consistency has

Experiment 0.3 0.57 minimal effect



Summary
QSGW: use GW to generate effective  noninteracting
hamiltonian H, to use in diagrammatic theory.

No unigue choice. Density-Functional theory is popular,
but QSGW is an optimum choice by construction.

Dramatically improves quality of GW, but also limits.

When spin fluctuations are weak: "#& % '()* %
RPA+ladders work very well! \ j
When spin fluctuations are strong: I"#S O

Many diagrams are needed, but they are mostly local .
Requires nonperturbative but local approach

Use partitioning and combine QSGW+DMFT
Best approach to strong correlations to date.

Nonlocality restored perturbatively via diagrams
connecting local vertex.



Aside : About diagrams

Feynman Diagrams are a convenient pictorial way to represent
complicated chains of processes. Widely used in many-body
perturbation theory

1 2 G(XptXt,) The arrow represents the flow of time

A thick or double line used for an
interacting G and thin line for G°

1

————— V(X{;X5) The bare coulomb interaction  |x, —x, [*
IS taken to be Instantaneous

The screened coulomb interaction.
W depends one time, t,$ t,.

Exchange Gv GW J’\/\/\—-,

- T .

1
// S o ‘
/ ~ ‘
é > \o ® > 72

AN W(X(,15X5,1)




Alternative Justification of QSGW

Original justification for QSGW: find the G, which miminizes
difference F& G F¢according to some definition of FaF¢éwithin
the GW approximation.

Why not just find G, that | ER™ Not possible ... there is
minimizes the RPA total G O no lower bound
energy ERPA? F o (PRB76, 165106).

A justification based on energy minimization
Minimize square of gradient of Klein

energy functional (Ismail-Beigi) #l Vxc

=

"F[G,]

D! min wheae D=
‘ ‘ I
"

1)

J. Phys. Cond. Matt. 29, 385501



Compare QSGWRPA QSGW BSE bands to BIS in  NiO

CunninghamOs work; he will talk about this tomorrow

NiO has both dispersive
sp bands

WRPA™ \\BSE +&&&&&&&E
>Q3 eV shift

B and a flat d band

\WRPA" \\/BSE 4+ O

>UeV shift

Shifts get reflected Iin
movement of DOS peaks

(1). (2), (3)
Compare to BIS B




