Part 1: Weakly Correlated Metals and LDA+U -- Shall We Try to be Honest?

Correlated metals and LDA+U

Y

Igor Mazin
Naval Research Laboratory
Andre Petukhov
Naval Research Laboratory

South Dakota School of Mines
including some resultsfrom

Sasha Lichtenstein and Lulu Chioncel O st pas tout  fai sincére sans éee

University of Nijmegen w1 peu enmugex,
discussions with Ofte cannotﬁeﬁ:@ﬁonastuﬁﬁmt
Steve Hellberg and being someuhat boring.
Dimitris Paplial%oCstantopulos, Anatole France
Gabi Kotliar and
Sergey Savrasov,
Rutgers

are gratefully acknowledged

Correlation effects manifest themselves in many ways
The two most common are:

A) Strongly localized electrons - examples:
1) Shallow levels- Cu metal, d-band

Classic

2) Mott-Hubbard insulators - NiO, FeO, LaZCuO4} domain

for
3) f-metals LDA+U

B) Magnetic correlations - examples:
1) Exchange splitting in Ni

2) Spin-fluctuation induced mass renormalization -
Sr,RuQ,, Cro,

3) Quantum Critical Point and suppression of
magnetism by fluctuations - ZrZn,, Sr;Ru,0;, FeAl
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Spin-fluctuation induced mass renormalization

Cf. el-phonon interaction:

Let’s sy, we have spin fluctuations
alaBerk-Schrieffer:

Hund I or
Hbardy - OO,

1 1
1 1

We exped bands to beame heavier within several eV of the
Fermi level (comparable to the bandwidth). Indeed...

An example of massrenormalization: CrO, optics.

UCSD 200K data compared with 21% rescaled

BASOVicre230] dat u ($1/8065 Si 15178065, ——
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Expt: Basov et a, Theory: Ambrosh-Drax|, Singh, [IM
theoretical curve is downscaled by 21%!
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Sr,RuQ,: de Haas-van Alphen massrenormalization of the order
3-4 (depending on the band)

(@) Liebsch and

* Lichtenstein,
. TB+DMFT+
QMC
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Ferromagnetic Quantum Critical Point and related issues
For strongly correlated systems LSDA consistently underestimates the
tendency to magnetism (cuprates, NiO etc)
For srongly fluctuating systems LSDA consistently overestimatesiit.

FeAl: M=0.7 pg, exp paramagnetic

Sr;Ru,0,: M=0.6 pg, exp paramagnetic

ZrZn,: M=0.7 pg, exp 0.2 pg

Pd: x/x,=10-12, exp.: 5-6

Ni: Exchange splitting in LDA twicelarger than in the exp.

All these ae closeto a QCP

LiV,0,: M=1 pg exp paramagnetic. Frustrated AFM, fluctuations...

Does LDA+U help?
First, which LDA+U? (“My name is Legion, for we ae many.” )
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LDA+U
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Neel to subtract double cunting!

UN2

Hartreepart is done excealingly well in LDA - so one need to
remove the @rresponding part from the “+U” terms

The“+U” potential is v_ =uUn-Jn, - (U - J)n_,
LDA=mean-field;

the m.f. part is Vinta =UN=Jdn, —(U - J)x,
What is x?
1) “AMF-LDA+U” Vo =Un=Jn, =(U =J)n, 5 = (M)
(Around Mean = n
Fleld) Vm.f.a. =Un_‘Jno _(U _‘J)Xo B 2I +1
Thisleadsto  y_ =YN° _ 3 n, _ 3 Clat)l"
e 2 2(2 +1)
U -J) n2 0 u- J) O ﬁ
and AE :(
AME z 2l +1 ;5'1"" 2| +1D

AV, (M) = (U = 3)[n,, =1, /(2 +1)]

This mean field is similar to Slater X , method: averaging
potential over all occupied states. The “Kohn-Sham mean field”
potential isthe potential at .

Note: if al n,,= <n> then AV,,,=0, AE,,,~0, and AMFis
Kohn-Sham! But not if n,, are different!
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2) “FLL -LDA+U” (fully localized, AK A as SIC)

Insulator (NiO) .
¥ 8 LUMO' —_ nLUMO + nHOMO
- UHB Xy T 5
i — T\ ? 1
! HOMO, ==
A LHB 2
Thisleadsto
un? Jn Cun Jn, O _Un(n-1) n, (n, -1
H = - g _ — 0 /= — ag\'o
mie 2 Z 2 22 2 27

& 2 0 2 G
and \

hus SIC!
_U-J) C T
AEg. = 5 nZ, —szE

AVge (M) =U - I)[n,, -1/2]
Note: if n,= {0,1} then AEg =0, but AVg#0 --right inthe DFT spirit!

(nealy) most general formula

mia T T2 T2H 5, GNWFRMIEgC s=0,p=1/2

SICistheright “DFT” mean field for localized systems, n,,,= 1or 0
AMF istheright “DFT” mean field for for uniform occupancy,

an': < nO>

How can we generalizeit onto arbitrary n,,,? Let’simpose that at the
self-consistency AE, =0 (“DFT” of the Hubbard part gives the right
Hubbard energy).

The following inequality holds:  n? /(2 +1) < z n’, <n,

So let us @t (21+1)S,+P,=1
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Alternative formula

_un? n? w-J 5 C
Hm.f.a._ 2 _ZT_ZET((l_ao)no /(2| +1)+aono)E

AMF: a,=0 FLL:a,=1

AE o = - U ”ﬁz —g(aono+(1—ao)n§/(2l+1))§=o; O

5 (g ~(n, ))?

@ (2| +1)(n, )a=(n,)’

AV, (M) =~ = J)(n,, ~a,/2-(1~a,)n, (2 +1))

where <na> =n /(2 +1)

Note: it looks like a dependson n,,. It does not. It is aconstant for
agiven system, determined by n,, in the self-consistent state. But in
practice, it will change from iteration to iteration.

How do these work (schematically): 1. NiO
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Some application examples
Localized states - Cu meta: AMF fails, FLL works

LDA: d-band 0.4 eV
too high.

LDA+U(AMF): no
change

LDA+U(FLL):
excellent agreement
with the experiment,
but somewhat
smallish U.

Energy (eV)

A weakly correlated metal: Sr,RuO,
Neither LDA+U works

0.5

E-Ef, eV

-0.5
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Spin fluctuations near a Quantum Criticd point: FeAl
LDA: M=0.7 pg, exp: paramagnetic
FLL fails, AMF seemsto work.
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Mohn et a. PRL, 02 Magnetism is lost because
of reduced DOS

Why LDA+U(AMF) at small U makes FeAl less magnetic?
Because LDA+U increasesthe aystal field.

Isthisthe right physics?
SF renormali zation makes bands heavier 0 should reduce DOS!

ra
T T

Lichtenstein
- and Chioncel,
DMFT

(=]

) N A -l
Density of States (eV fu. )

ro

(5]
T

o
=

Dr. Igor Mazin, Naval Research Lab (KITP Correlated Eledrons 10/1502)



Part 1: Wegkly Correlated Metals and LDA+U -- Shall We Try to be Honest?

What do we believe to be the right physics near QCP?

2
m -
AE, oa(m) = T[N’ "(Eg)—I]+am’

Fluctuations of magnetization add a 2nd order term Ha<on?>

Stoner | is reduced because of the zero-point spin fluctuations.

How do LDA+U’s fare? N diagonal
2d*E(m) 0 (TrN)2 0,
-— 7 =A = — T — 0
I lave = U J)E r(NEN) A +1 E/Ntot
2d°E(m U-J
_dTg):AISC :(U —J)TI’(NDN)/Nét 2|+1
Main problems of LDA+U
Problem one: LDA+U is static Corrected in DMFT
Problem two: spatial dependence of Coulomb potential
is primitive! DMFT
aswell

Problem three: There is no unique recipe.

Conclusion: weakly correlated metals remain a challenge.
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