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COULOMB CORRELATION EFFECTS IN LaFeAsO:AN LDA + DMFT(QMC) STUDYA. O. Shorikov a, M. A. Korotin a*, S. V. Streltsov a,S. L. Skornyakov b, Dm. M. Korotin a, V. I. Anisimov aaInstitute of Metal Physi
s, Russian A
ademy of S
ien
es620041, Yekaterinburg GSP-170, RussiabTheoreti
al Physi
s and Applied Mathemati
s Department, Urals State Te
hni
al University620002, Yekaterinburg, RussiaRe
eived June 10, 2008E�e
ts of Coulomb 
orrelation on the LaFeAsO ele
troni
 stru
ture are investigated by the LDA +DMFT(QMC) method (
ombination of the lo
al density approximation with the dynami
 mean-�eld theory;impurity solver is a quantum Monte Carlo algorithm). The 
al
ulation results show that LaFeAsO is in theregime of intermediate 
orrelation strength with a signi�
ant part of the spe
tral density moved from the Fermienergy to the Hubbard bands and far from the edge of the metal�insulator transition. Correlations a�e
t irond-orbitals di�erently. The t2g states (xz, yz and x2 � y2 orbitals) have a higher energy due to 
rystal �eldsplitting and are nearly half-�lled. Their spe
tral fun
tions have a pseudogap with the Fermi level position onthe higher subband slope. The lower energy eg set (xy and 3z2 � r2 orbitals) have o

upan
ies signi�
antlylarger than 12 with typi
ally metalli
 spe
tral fun
tions.PACS: 74.25.Jb, 71.27.+a, 71.30.+h1. INTRODUCTIONThe very re
ent report of super
ondu
tivity withthe remarkable T
 of 26 K in LaFeAsO1�xFx [1℄ hasstimulated an intense experimental and theoreti
al a
-tivity. Cal
ulation of the ele
tron�phonon 
oupling inthis material has shown [2℄ that it 
annot give su
h ahigh super
ondu
ting transition temperature T
. Thatresembles the situation with high-T
 
uprates and raisesa question about the strength of the Coulomb 
orrela-tion e�e
ts in this material.Re
ently, Haule et al. [3℄ reported results of theLDA+DMFT (the lo
al density approximation 
om-bined with the dynami
 mean-�eld theory) 
al
ulationsof the ele
troni
 stru
ture of an undoped LaFeAsO
ompound with the e�e
tive impurity model solvedby the 
ontinuous-time quantum Monte Carlo method.A

ording to [3℄, this system is in a strongly 
orre-lated regime. In the present work, we report resultsof the LDA+DMFT(QMC) 
al
ulations for LaFeAsO*E-mail: mi
hael.a.korotin�gmail.
om

with an e�e
tive impurity model solved by the stan-dard quantum Monte Carlo method in the Hirs
h�Fyealgorithm. Our results 
on�rm that 
orrelations in-deed have a sizable e�e
t on the ele
troni
 stru
tureof LaFeAsO. But the system is not at the edge of themetal�insulator transition. While Haule et al. [3℄ 
laimthat the in
rease in the Coulomb parameter U from4 eV to 4.5 eV takes the system to the insulating state,our 
al
ulations show that the solution is still 
learlymetalli
 even for U = 5:0 eV.2. COMPUTATION DETAILSThe LDA band stru
ture of LaFeAsO was 
al-
ulated using the method of tight-binding linearmu�n-tin orbitals in the atomi
 sphere approxi-mation, TB-LMTO-ASA [4℄. The 
rystal stru
tureparameters were taken from Ref. [1℄. The resultsagree well with the previously reported full-potential
al
ulations [5℄. In Fig. 1, the density of states (DOS)in the energy region of Fe 3d-bands is presented. The134
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Fig. 1. The density of states obtained within the LDA(hat
hed area) and the spe
tral fun
tion from theLDA+DMFT s
heme for U = 4 eV and J = 0:7 eV(solid line). Fermi energy is zeroFermi level 
orresponding to 6 ele
trons per formulaunit in a d-band is situated near a deep minimumbetween two subbands. These subbands have theirorigin in the bonding�antibonding separation due to astrong hybridization between d-states in FeAs layers.Using eigenvalues and eigenfun
tions from the LDA
al
ulations for bands formed by Fe 3d-orbitals, wehave 
al
ulated the Wannier fun
tions via the proje
-tion pro
edure [6, 7℄. The 
al
ulated Hamiltonian ma-trix Ĥ(k) in the basis of Wannier fun
tions has thesize 10 � 10 (5d-orbitals per Fe ion and two Fe ionsin the unit 
ell) and by 
onstru
tion has exa
tly thesame eigenvalues as for the ten LDA bands formed byFe 3d-orbitals.This Hamiltonian was used in the LDA+DMFT [8℄
al
ulations (see Ref. [7℄ for a detailed des
ription ofthe present 
omputation s
heme). The Coulomb inter-a
tion parameter value U = 4 eV and the Hund param-eter J = 0:7 eV were set the same as in the previousLDA+DMFT 
al
ulations [3℄. The e�e
tive impuritymodel for the DMFT was solved by the QMC methodin the Hirsh�Fye algorithm [9℄. Cal
ulations were per-formed for the inverse temperature value � = 10 eV�1.The inverse temperature interval 0 < � < � wasdivided into 100 sli
es; 4 million QMC sweeps wereused in a self-
onsisten
y loop within the LDA+DMFTs
heme and 12 million of QMC sweeps were used to 
al-
ulate the spe
tral fun
tions.3. RESULTS AND DISCUSSIONThe total spe
tral fun
tion 
al
ulated within theLDA+DMFT s
heme in 
omparison with the totalDOS obtained within the LDA approa
h are presented

in Fig. 1 (see also Fig. 3 for a wider energy range). Cor-relation e�e
ts are strong enough to move part of thespe
tral density from the Fermi energy to �shoulders�at �4 eV and +4 eV. But in 
ontrast to the spe
train [3℄, where a strong Hubbard band at �4 eV is sepa-rated from the weak quasiparti
le band by a deep widedepression in the (�2 eV, 0 eV) area, the main partof the spe
tral density in our results is still in the in-terval from �2 eV to +2 eV. In this energy range, theLDA+DMFT spe
tral fun
tion preserves the generalshape of the LDA DOS with two subbands divided bya deep minimum. The essential result of 
orrelationis the position of the Fermi energy, whi
h has movedfrom the edge of the lower subband in the LDA DOSto the top of the upper subband. Exa
tly at the Fermienergy, a sharp peak has developed.The 
rystal stru
ture of LaFeAsO has the tetrago-nal symmetry [1℄. The Green's fun
tion for d-orbitalsis diagonal with di�erent matrix elements for ea
h ofthe 3z2 � r2, x2 � y2, xy orbitals and doubly degener-ate elements for the xz, yz set of orbitals. The iron ionhas a tetrahedral 
oordination of four As ions with aslight tetragonal distortion of the tetrahedron. In thetetrahedral symmetry group Td, �ve d-orbitals mustbe split by the 
rystal �eld into a low-energy doublydegenerate set 3z2 � r2, xy 
orresponding to the ir-redu
ible eg representation1) and a high-energy triplydegenerate set x2 � y2, xz, yz for the t2g representa-tion. We have 
al
ulated the Wannier fun
tions energyand have found that the t2g�eg 
rystal �eld splittingparameter is very small, �
f � 0:25 eV. The slighttetragonal distortion of the tetrahedron leads to an ad-ditional splitting of the t2g and eg levels with the follow-ing values for orbital energies (the energy of the lowest3z2 � r2 orbital is taken as a zero): "3z2�r2 = 0:00 eV,"xy = 0:03 eV, "xz;yz = 0:26 eV, "x2�y2 = 0:41 eV.The intersite hybridization between d-orbitals is mu
hstronger than the 
rystal �eld splitting (the total d-band width is about 4 eV). As a result, all �ve d-orbitals form a 
ommon d-band with the subbands orig-inated not from the 
rystal �eld splitting, as in the 
aseof o
tahedral 
oordinated oxides, but due to a strongbonding�antibonding separation (see Fig. 2). The xy-orbital that has lobes dire
ted along the Fe�Fe bondin FeAs planes shows an espe
ially strong bonding�antibonding separation.In Fig. 2, we present the orbitally resolved spe
tralfun
tions obtained from the LDA+DMFT 
al
ulation1) The 
oordinate axes x; y in the LaFeAsO 
rystal stru
tureare rotated through 45Æ from the standard tetrahedral notation,su
h that xy and x2 � y2 orbitals are inter
hanged.135
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Fig. 2. Partial densities of states obtained within theLDA (hat
hed areas) and the LDA+DMFT partialspe
tral fun
tions for U = 4 eV and J = 0:7 eV (solidlines). Fermi energy is zero. The set of eg orbitals 
on-sists of xy and 3z2�r2 bands; the yz, zx, and x2�y2bands form the t2g orbitals set (see also footnote 1)with U = 4:0 eV and J = 0:7 eV. Comparison with the
orresponding LDA partial DOS shows that di�erentorbitals are a�e
ted by 
orrelations in di�erent ways.The x2 � y2 orbital 
urve has a nearly insulator shapewith a pronoun
ed pseudogap below the Fermi energy.The other t2g orbitals xz; yz also show the presen
e ofa peudogap. For them, the Fermi energy is on the slopeof the upper subband, and their general form is typi
alof a slightly ele
tron-doped Mott insulator. The eg setof d-orbitals (3z2 � r2 and xy) shows 
learly metalli
behavior with well-developed quasiparti
le bands andno pseudogap.The o

upation numbers obtained from theLDA+DMFT 
al
ulations have the values nxy = 0:672,nyz,nzx = 0:565, n3z2�r2 = 0:686, and nx2�y2 = 0:512.These values mean that one of t2g states, the x2 � y2orbital that has the highest 
rystal �eld energy("x2�y2 = 0:41 eV), is nearly half-�lled. The energyof the other t2g states (xz; yz-orbitals) is 0.15 eVlower ("xz;yz = 0:26 eV) and these orbitals are slightlymore o

upied. The eg set of d-orbitals (3z2 � r2and xy), whi
h have the lowest energy due to the
rystal �eld splitting ("3z2�r2 = 0, "xy = 0:03 eV),have a signi�
antly larger o

upan
y. This fa
tagrees with our analysis of orbitally resolved spe
tral
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−10 0−2−4−6−8 2 4 6 8 10Energy, eVFig. 3. Spe
tral fun
tion from the LDA+DMFTs
heme for U = 4 eV (hat
hed area) and U = 5 eV(solid line). In both 
al
ulations, J = 0:7 eV. Fermienergy is zerofun
tions in Fig. 2. Half-�lling of the x2 � y2 orbital(nx2�y2 = 0:512) 
orresponds to a Mott-insulatorshape of the spe
tral fun
tion. Deviation from half-�lling for xz; yz orbitals (nyz, nzx = 0:565) results in alight ele
tron-doped Mott insulator. The o

upan
iesof eg orbitals are mu
h larger than the t2g values, andthe 
orresponding spe
tral fun
tions are 
hara
teristi
of 
orrelated metal.It was reported in Ref. [3℄ that �slightly enhan
edCoulomb repulsion (U = 4:5 eV) opens the gap� su
hthat the system is on the edge of the metal�insulatortransition. We have repeated the LDA+DMFT(QMC)
al
ulations with an even larger Coulomb parameter,U = 5:0 eV (the Hund parameter J = 0:7 eV). Theresulting total spe
tral fun
tion is presented in Fig. 3in 
omparison with the result for U = 4:0 eV. Whilein
reasing the U value leads to a spe
tral density re-distribution from the peaks around the Fermi energyto the lower and upper Hubbard bands, the systemstill shows a 
learly metalli
 
hara
ter with a sharppeak at the Fermi energy. We therefore 
on
lude thatfor U = 4:0 eV, the system is not 
lose to the metal�insulator transition.It is interesting to analyze the evolution of or-bitally resolved spe
tral fun
tions with di�erent U val-ues: U = 5 eV (Fig. 4) against U = 4 eV (Fig. 2).The t2g states be
ome fully insulating (the quasiparti-
le peak is now absent for xz; yz orbitals) and the Fermilevel is positioned inside the gap for the x2�y2 spe
tralfun
tion. But the eg-set d-orbitals (3z2�r2 and xy) stillhave a strong quasiparti
le peak at the Fermi energy.That type of ele
troni
 stru
ture with partial lo
aliza-tion resembles the �orbitally sele
tive Mott transition�e�e
t that was proposed for the Ca2�xSrxRuO4 
om-136
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Fig. 4. Partial densities of states obtained within theLDA (hat
hed areas) and the LDA+DMFT partialspe
tral fun
tions for U = 5 eV and J = 0:7 eV (solidlines). Fermi energy is zeropound [10℄. The Mott transition for the x2 � y2 spe
-tral fun
tion is not 100% pure be
ause a weak peak
an be observed at the the Fermi level inside the gap.This peak is originated possibly due to the mixing ofx2 � y2 orbitals with metalli
 eg states. The evolutionof orbital o

upan
ies agrees with the better lo
aliza-tion of the t2g states in the U = 5 eV 
ase: for (xz,x2 � y2) orbitals, the o

upan
y values de
rease from(0.565, 0.512) to (0.535, 0.505) and for the eg-set d-orbitals (3z2 � r2 and xy), the o

upan
ies in
reasefrom (0.686, 0.672) to (0.750, 0.672).We have found that elimination of the Hund pa-rameter J from the 
al
ulation dramati
ally 
hangesthe e�e
t of 
orrelations on the ele
troni
 stru
ture ofLaFeAsO. The LDA+DMFT(QMC) 
al
ulations withU = 4 eV and J = 0 (Fig. 5) result in a very weakly
orrelated ele
troni
 stru
ture with the quasiparti
lerenormalization amplitude Z � 0:8. The weaknessof the 
orrelations is evident, e. g., from the o

u-pan
ies. The o

upation numbers obtained from theLDA eigenvalues and eigenfun
tions are nxy = 0:543,nyz,nzx = 0:601, n3z2�r2 = 0:753, and nx2�y2 = 0:502.After the 
orrelation e�e
ts are taken into a

ount inthe LDA+DMFT 
al
ulations with U = 4 eV andJ = 0, the o

upation numbers 
hange to nxy = 0:540,nyz, nzx = 0:610, n3z2�r2 = 0:779, and nx2�y2 = 0:461.These 
hanges are relatively small, as is expe
ted for

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����

xy

yz, zx

3z
2
− r

2

x
2
− y

2

−8 0 8642−2−4−6 Energy, eV0

0

Spe
tral fun
tion, eV−1

0.3

0.3

0

0.3

0

0.3

Fig. 5. Partial densities of states obtained within theLDA (hat
hed areas) and the LDA+DMFT partialspe
tral fun
tions for U = 4 eV and J = 0 (solid lines).Fermi energy is zerothe weakly 
orrelated regime, where the ele
tron statesare far from lo
alization. The main in�uen
e on the o
-
upan
y 
hanges is provided by 
rystal �eld e�e
ts: theeg d3z2�r2 states, whi
h have the lower energy in theLDA, be
ome more o

upied, whereas the o

upationof the higher t2g orbital dx2�y2 de
reases. The o

upa-tions of t2g orbitals (dyz , dzx) and the se
ond eg-orbitaldxy slightly 
hange from their LDA values. Comparisonwith the 
orresponding LDA partial DOS shows thatthe shape of the 
urves is nearly unmodi�ed by 
orrela-tion e�e
ts preserving a 
lear bonding�antibonding sep-aration into two subbands. At the same time, the bandwidth de
reases, as is expe
ted for 
orrelated quasipar-ti
le bands. We 
an see very weak wide stru
tures,whi
h 
an be asso
iated with the lower and upper Hub-bard bands approximately 4 eV below and above thequasiparti
le band around the Fermi level. This agreeswith the results in Ref. [11℄, where the in�uen
e of a d-band degenera
y Nd on the 
riti
al values for the U=Wratio required for des
ribing the metal�insulator tran-sition was investigated. The 
riti
al U value was esti-mated in Ref. [11℄ as U
 � pNdU0
 � NdJ , where U0
is the 
riti
al U value for the nondegenerate Hubbardmodel. With the LDA band width value W � 4 eVand the Coulomb intera
tion parameter U = 4:0 eV,the ratio U=W is 
lose to 1. With J = 0, the orbitaldegenera
y Nd = 5 would lead to the 
riti
al U value137
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reased by a fa
tor of p5 or an e�e
tive de
rease inthe U=W ratio more than twi
e, thus resulting in theweakly 
orrelated regime. But the value J = 0:7 eVis to 
ompensate the in
rease in U
 due to the fa
torp5 and U=W � 1 should result in an intermediate-
orrelation-strength regime.It is interesting to mention one of the 
on
lusions inRef. [12℄ here: to have the temperature dependen
e ofthe theoreti
al sus
eptibility �(�) 
urve in agreementwith experiment, the J value should not be greater than0.35 eV. Su
h a small value of J , a

ording to our 
om-parison of the J = 0:7 eV and J = 0 
ases, should leadto an even more weakly 
orrelated regime than thatdes
ribed on the basis of Fig. 2.4. CONCLUSIONSOur LDA+DMFT(QMC) 
al
ulations show thatLaFeAsO is in the intermediate-
orrelation-strengthregime. Hubbard bands in the spe
tral fun
tionare well pronoun
ed but still a major part of thespe
tral density is 
on
entrated inside the bands inthe vi
inity of the Fermi level. The system is not 
loseto the metal�insulator transition be
ause a signi�
antin
rease in the Coulomb intera
tion parameter doesnot lead to the insulating 
hara
ter of the energyspe
trum of LaFeAsO.The authors thank Jan Kune² for his DMFT(QMC)
omputer 
odes used in the present 
al
ulations. Sup-port by the Russian Foundation for Basi
 Resear
h un-der Grant No. RFFI-07-02-00041, the Civil Resear
hand Development Foundation together with the Rus-sian Ministry of s
ien
e and edu
ation through programY4-P-05-15, the Russian president grant for young s
i-entists MK-1184.2007.2, and the Dynasty Foundationis gratefully a
knowledged.
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