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DOPING DEPENDENCE OF CORRELATION EFFECTSIN K1�xFe2�ySe2 SUPERCONDUCTORS:LDA0+DMFT INVESTIGATIONI. A. Nekrasov a, N. S. Pavlov a*, M. V. Sadovskii a;baInstitute for Ele
trophysi
s, Russian A
ademy of S
ien
es, Ural Bran
h620016, Ekaterinburg, RussiabInstitute for Metal Physi
s, Russian A
ademy of S
ien
es, Ural Bran
h620990, Ekaterinburg, RussiaRe
eived April 23, 2013We present a detailed LDA0+DMFT investigation of the doping dependen
e of 
orrelation e�e
ts in the novelK1�xFe2�ySe2 super
ondu
tor. Cal
ulations are performed at four di�erent hole doping levels, starting froma hypotheti
al stoi
hiometri
 
omposition with the total number of ele
trons equal to 29 per unit 
ell through28 and 27:2 ele
trons toward the 
ase of 26:52, whi
h 
orresponds to the 
hemi
al 
omposition K0:76Fe1:72Se2studied in re
ent ARPES experiments. In the general 
ase, the in
rease in hole doping leads to quasiparti
lebands in a wide energy window �2 eV around the Fermi level be
oming more broadened by lifetime e�e
ts, while
orrelation-indu
ed 
ompression of Fe-3d LDA0 bandwidths stays almost the same, of the order of 1:3 for all hole
on
entrations. However, 
lose to the Fermi level, the situation is more 
ompli
ated. In the energy interval from�1:0 eV to 0:4 eV, the bare Fe-3d LDA0 bands are 
ompressed by signi�
antly larger renormalization fa
tors upto 5 with in
reased hole doping, while the value of Coulomb intera
tion remains the same. This fa
t manifeststhe in
rease in 
orrelation e�e
ts with hole doping in the K1�xFe2�ySe2 system. Moreover, in 
ontrast totypi
al pni
tides, K1�xFe2�ySe2 does not have well-de�ned quasiparti
le bands on the Fermi levels, but has a�pseudogap�-like dark region instead. We also �nd that with the growth of hole doping Fe-3d orbitals of varioussymmetries are a�e
ted by 
orrelations di�erently in di�erent parts of the Brillouin zone. To illustrate this, wedetermine the quasiparti
le mass renormalization fa
tors and energy shifts that transform the bare Fe-3d LDA0bands of various symmetries into LDA0+DMFT quasiparti
le bands. These renormalization fa
tors e�e
tivelymimi
 more 
ompli
ated energy-dependent self-energy e�e
ts and 
an be used to analyze the available ARPESdata.DOI: 10.7868/S00444510131101631. INTRODUCTIONThe dis
overy of iron based high-temperature su-per
ondu
tors [1℄ stimulated quite intensive resear
hwork [2�6℄. Re
ently, another 
lass of high-T
 super-
ondu
tors isostru
tural to the 122 family of iron pni
-tides was dis
overed, iron 
hal
ogenides KxFe2Se2 [7℄,CsxFe2Se2 [8℄ and (Tl,K)FexSe2 [9℄. The values of thesuper
ondu
ting 
riti
al temperatures T
 are 
ompara-ble for both families of pni
tides and 
hal
ogenides andare about 30�50 K [10�13℄. Further interest in these
hal
ogenides was stimulated by the experimental ob-servation of rather nontrivial antiferromagneti
 orde-*E-mail: pavlov�iep.uran.ru

ring with a very high Neel temperature about 550 Kand the ordering of Fe va
an
ies in the same range oftemperatures in K0:8Fe1:6Se2 (the so-
alled 245 phase)[14℄. Despite of intensive experimental work, there isstill no 
onsensus on the 
omposition of the phase re-sponsible for the high-T
 super
ondu
tivity in thesesystems. The most 
ommon point of view is thatKFe2Se2 (the 122 phase) is the parent 
ompound forsuper
ondu
tivity, while the 245 phase is insulating[6; 15; 16℄. Some other phases in this system were alsoreported [17℄. Below, we 
on
entrate on ele
troni
stru
ture 
al
ulations for the parent 122 phase withdi�erent levels of hole doping.Crystallographi
ally, pni
tides AFe2As2 and 
hal
o-genides Fe(Se,Te) and AFe2Se2 are quite similar, withthe main stru
tural moti� determined by layers of1061
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ently reported theoreti-
al ele
troni
 band stru
tures of Fe(Se,Te) [18℄ andAFe2As2 [19�21℄ are found to be nearly identi
al to ea
hother, espe
ially for the bands 
rossing the Fermi level.AFe2As2 and AFe2Se2 
ompounds are simply isostru
-tural. However, the LDA (lo
al density approximation)ele
troni
 stru
ture of AFe2Se2 di�ers quite remark-ably from that of AFe2As2, as was dire
tly shown inRefs. [15; 22; 23℄.From the very beginning of studies of iron-basedsuper
ondu
tors, it was re
ognized that the a

ountof ele
troni
 
orrelations on Fe sites is rather essentialfor the 
orre
t des
ription of the physi
s of pni
tidematerials [24�27℄. For this, the LDA+DMFT hybrid
omputational s
heme [28℄ was used. The main 
on-
lusion was that 
orrelations lead to simple narrow-ing (
ompression) of the LDA bandwidth by a fa
torranging from 2 or 3. This observation agrees ratherwell with the variety of angular-resolved photoemissionspe
tros
opy (ARPES) data on AFe2As2 
ompounds6. Fermi surfa
e maps obtained from ARPES experi-ments for AFe2As2 are quite similar to those obtainedfrom simple LDA 
al
ulations: there are two or threehole 
ylinders around the � point in the Brillouin zoneand two ele
tron Fermi surfa
e sheets around the (�; �)point.Until re
ently, only a few LDA+DMFT papers weredevoted to Fe 
hal
ogenides [29; 30℄. We re
ently in-vestigated the ele
troni
 stru
ture of hole-doped iron
hal
ogenide K0:76Fe1:72Se2 in the normal phase [31℄,inspired by available ARPES data for this system [34℄,espe
ially those obtained in Ref. [35℄, using both thestandard LDA+DMFT and the novel LDA0+DMFT
omputational approa
hes [32; 33℄. The results of our
al
ulations agree rather well with the general pi
tureof ARPES obtained in Ref. [35℄, with the LDA0+DMFTresults showing a slightly better agreement. We showedthat this iron 
hal
ogenide is a
tually more strongly
orrelated in the sense of the bandwidth renormaliza-tion (energy s
ale 
ompression by a fa
tor of about 5in the energy interval �1:5 eV around the Fermi level)than the typi
al iron pni
tides (with a 
ompression fa
-tor of about 2 or 3 [6℄), although the Coulomb intera
-tion strength is almost the same in both families. More-over, the K0:76Fe1:72Se2 system demonstrates the ab-sen
e of well-de�ned quasiparti
le bands on the Fermilevel, in 
ontrast to pni
tides.In this paper, we 
ontinue our LDA0+DMFT studyof the system. We investigate the evolution of 
orre-lation e�e
ts upon hole doping by performing LDA0++DMFT 
al
ulations at four doping levels: the hy-potheti
al stoi
hiometri
 
omposition with 29 valen
e

ele
trons per unit 
ell, through intermediate values ofvalen
e ele
trons 28 and 27.2 down to the experimen-tally obtained 
omposition K0:76Fe1:72Se2 with 26.52ele
trons per unit 
ell. We demonstrate in what fol-lows that the a
tual doping dependen
e of 
orrelatione�e
ts on the ele
troni
 stru
ture in iron 
hal
ogenidesis apparently more 
ompli
ated than in iron pni
tidesand does not redu
e to the simple pi
ture of universalbandwidth renormalization (
ompression).This paper is organized as follows. In Se
. 2, we dis-
uss the 
rystallographi
 stru
ture and methodologi
aland 
omputational details of LDA0+DMFT. A 
ompar-ative study of LDA0 bands and LDA0+DMFT spe
tralfun
tion maps within wide and narrow energy intervalsaround the Fermi level, together with orbitally resolveddensities of states, is presented in Se
. 3. We summariseour results in Se
. 4.2. COMPUTATIONAL DETAILSThe KxFe2Se2 system is isostru
tural to Ba122pni
tide (see Ref. [19℄ for the last one) with the idealbody-
entered tetragonal spa
e group I4/mmm. InKxFe2Se2, a = 3:9136Å and 
 = 14:0367Å with Kions o

upying 2a, Fe ions 4d and Se ions 4e posi-tions with zSe = 0:3539 [7℄. This 
rystal stru
ture wasused in band stru
ture 
al
ulations for K0:76Fe1:72Se2within the linearized method of mu�n-tin orbitals(LMTO) [36℄ using default settings [23℄.To take lo
al Coulomb 
orrelations into a

ount, wehere use the LDA0+DMFT [32; 33℄ approa
h, whi
h is amodi�
ation of the well-known LDA+DMFT method[28℄. The LDA+DMFT Hamiltonian is usually writ-ten as Ĥ = ĤLDA + ĤHub � ĤDC : (1)The general problem with LDA+DMFT is that someportion of lo
al ele
tron�ele
tron intera
tion for pre-sumed 
orrelated d shells is already in
luded in thestandard LDA (ĤLDA). To avoid its double 
ount-ing due to the Hubbard intera
tion ĤHub, we have tosubtra
t the so-
alled double-
ounting 
orre
tion termĤDC from ĤLDA. (Expli
it expressions for ĤLDA andĤHub 
an be found in [33℄.) The LDA0+DMFT ap-proa
h is the new attempt to solve the double-
ountingproblem, whi
h is due to the absen
e of a universalexpression for ĤDC , be
ause there is no expli
it mi-
ros
opi
 (or diagrammati
) link between the model(Hubbard-like) Hamiltonian approa
h and the stan-dard LDA.In brief, the main idea of LDA0+DMFT is to ex-pli
itly ex
lude the 
ontribution of the presumably1062



ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013 Doping dependen
e of 
orrelation e�e
ts : : :strongly 
orrelated d shells from the 
harge density atthe initial step of LDA 
al
ulations. Then, this re-de�ned 
harge density (for some 
hosen orbital basis'i(r)) �0(r) =Xi 6=id j'i(r)j2 (2)is used to 
al
ulate the lo
al ex
hange-
orrelation en-ergy ELDAx
 in LDA and perform self-
onsistent LDAband stru
ture 
al
ulations for 
orrelated bands at theLDA stage of LDA+DMFT. The lo
al d�d ele
tron 
or-relations are subsequently taken into a

ount withinDMFT. All states not 
ounted as strongly 
orrelatedare then treated with the full power of DFT/LDA andthe full � in ELDAx
 .On
e this LDA0 
al
ulations with the rede�ned
harge density were done, just the Hartree 
ontribu-tion to the intera
tion of 
orrelated states is left at theLDA stage; whi
h 
an be written in the fully lo
alizedlimit form (FLL), whi
h is the most 
onsistent de�ni-tion of the double-
ounting term here (other forms 
anbe also used [33℄):ĤDCFLL = 12Und(nd � 1)� 12JX� nd�(nd� � 1); (3)where nd� = Pm nildm� = Pmhn̂ildm�i is the totalnumber of ele
trons on strongly intera
ting orbitals andthe number of ele
trons per spin, nd =P� nd�.The e�e
tive �ve-orbital impurity problem forK1�xFe2�ySe2 within DMFT was solved by the Hirsh�Fye quantum Monte Carlo algorithm [37℄ at the tem-perature 280 K. LDA0+DMFT densities of statesand spe
tral fun
tions were obtained as dis
ussed inRef. [32℄. Coulomb parameters were respe
tively takento be U = 3:75 eV and J = 0:6 eV [35℄, whi
h arevery 
lose to 
al
ulated ones [38℄. To de�ne the DMFTlatti
e problem, we used the full LDA Hamiltonian(without downfolding or proje
ting), whi
h in
ludes allFe-3d, Se-4p, and K-4s states.3. RESULTS AND DISCUSSIONIn Fig. 1, we 
ompare the LDA0+DMFT 
al
u-lated spe
tral fun
tion maps in the wide energy win-dow �2 eV along high-symmetry dire
tions in the �rstBrillouin zone and the renormalized LDA0 bands (greylines) for K1�xFe2�ySe2 at di�erent hole doping lev-els ne. The renormalization (bandwidth 
ompression)fa
tor of LDA0 bands here is only 1.3, and hen
e thebandwidth renormalization due to 
orrelations is ratherweak. The lower panel in Fig. 1 shows LDA0+DMFT
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Fig. 1. Comparison of LDA0+DMFT 
al
ulatedspe
tral fun
tion maps with LDA0 bands renorma-lized by the 
ompression fa
tor 1:3 (grey lines)for K1�xFe2�ySe2 for di�erent hole doping levels:ne = 29, 28, 27:2, 26:52 (from bottom up) along thehigh-symmetry dire
tion of the �rst Brillouin zone. TheFermi level is zero1063



I. A. Nekrasov, N. S. Pavlov, M. V. Sadovskii ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013data for the stoi
hiometri
 KFe2Se2 
ompound with thetotal number of valen
e ele
trons ne = 29. For this
omposition, all quasiparti
le bands are rather well de-�ned for this wide energy range around the Fermi level.In the hole-doped 
ases with ne = 28, 27.2, 26.52 (2nd,3rd and 4th panels from bottom up), we see that Fe-3dbands obtained from LDA0+DMFT be
ome less pro-noun
ed with hole doping. The overall rigid shift ofLDA0 bands from the stoi
hiometri
 
ase down to themost hole doped one is about 0.3 eV.In Fig. 2, we show LDA0+DMFT spe
tral fun
tionmaps in the vi
inity (�0:5�0.2 eV) of the Fermi levelwith the dominant orbital 
hara
ter of quasiparti
lebands denoted expli
itly by bla
k squares for xz andyz, bla
k 
ir
les for xy, white 
ir
les for 3z2 � r2, andwhite squares for x2 � y2. We 
an see that the orbital
hara
ters and forms of quasiparti
le bands in this en-ergy interval (�0:1�0.1 eV) 
hange with the in
rease inhole doping, although 
hara
ters of quasiparti
le bandslo
ated outside this region remain the same. The mainorbital 
hara
ter of bands 
rossing the Fermi level is xz,yz, and xy. From Fig. 2, we 
an also 
on
lude that suf-�
iently 
lose to the Fermi level (for all hole dopings),there are uniformly no well-de�ned quasiparti
le bands(although some low-intensity maxima of the spe
traldensity 
an still be seen). This implies that for all holedopings, K1�xFe2�ySe2 is more 
orrelated than the 122pni
tide system.This �pseudogap�-like behaviour 
an be expli
itlyobserved in Fig. 3 for all Fe-3d orbitals, where or-bitally resolved bare LDA0 and LDA0+DMFT densitiesof states (DOS) for all four hole doping levels are pre-sented. Inspe
ting these DOSes shows that the e�e
tsbe
ome stronger upon hole doping 
orrelation. Thisfa
t manifests itself in a di�erent way for orbitals ofvarious symmetry. First of all, for all Fe-3d orbitals,we observe a narrowing of DOSs. For 3z2 � r2 (thethird panel from top) and x2 � y2 (the upper panel),this narrowing is most evident at �1 eV and �0:5 eV.For xz, yz (the se
ond panel from top), and xy (thebottom panel), the in
rease in narrowing with dopingis mostly 
on
entrated in the energy interval �0:4 eV.To obtain a deeper insight into the LDA0+DMFTself-energy e�e
ts on bare LDA0 bands, we have deter-mined energy s
ale renormalizations and energy shiftsfor a variety of separate dispersions of the bare LDA0band stru
ture depi
ted in Fig. 4, whi
h rather a

u-rately �t bare bands to those plotted in Fig. 2. Also inFig. 4 we show the standard LDA bands (dashed lines),just to emphasize that LDA0 dispersions are quite 
loseto the LDA ones (also see Refs. [31�33℄). The obtainedenergy s
ale renormalization (bandwidth 
ompression)
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Fig. 2. LDA0+DMFT spe
tral density maps along high-symmetry dire
tions of the �rst Brillouin zone. Inten-sity maxima are shown by stars. The dominant orbital
hara
ter of quasiparti
le bands is marked as follows:bla
k squares, xz, yz; bla
k 
ir
les, xy; white 
ir
les,3z2 � r2; white squares, x2 � y2. The Fermi level iszero1064



ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013 Doping dependen
e of 
orrelation e�e
ts : : :Table. Quasiparti
le energy s
ale renormalization fa
tors and the 
orresponding energy shifts (in eV, in round bra
kets)for di�erent bare Fe-3d LDA0 orbitals for all hole doping levels ne in the LDA0 s
ale energy interval from �1:0 eV to0:4 eVOrbital 
hra
ter ne = 26:52 ne = 27:20 ne = 28:00 ne = 29:00xy 1.5 (�0:23) 3.9 (�0:73) 2.65 (�0:61) 1.7 (�0:35)xz; yz (1) 4.2 (�0:78) 3.0 (�0:75) 2.6 (�0:69) 1.7 (�0:38)xz; yz (2) 2.3 (�0:48) 2.5 (�0:60) 2.6 (�0:69) 1.7 (�0:38)xy; xz; yz 1.2 (�0:10) 1.3 (�0:10) 1.3 (�0:10) 1.4 (�0:17)3z2 � r2 4.7 (�0:85) 2.0 (�0:30) 1.3 (�0:03) 1.25 (0:0)
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Fig. 3. Comparison of LDA0 (dashed bla
k line)and LDA0+DMFT density of states (DOS) forK1�xFe2�ySe2 for di�erent dopings ne. The thi
kbla
k line 
orresponds to ne = 26:52, the thi
k greyline, to ne = 27:20, the thin bla
k line, to ne = 28:00,the grey dot-dashed line, to ne = 29:00. The Fermilevel is zero
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Fig. 4. Bare LDA0 (full line) and LDA (dashed line)band dispersions for the stoi
hiometri
 KFe2Se2 sys-tem with the orbital 
hara
ters expli
itly shown. Thenumbers in bra
kets after the orbital symmetry symbolsenumerate the 
orresponding parts of the bands in the�rst Brillouin zone (see Table)fa
tors and energy shifts (shown in bra
kets) are 
ol-le
ted in Table for all hole doping levels. These resultsshow a more 
ompli
ated pi
ture of bare LDA0 disper-sion transformations than the one obtained in Ref. [31℄,where we proposed that all Fe-3d band dispersions forthe K0:76Fe1:72Se2 should be 
ompressed by a fa
tor of5 to obtain reasonable agreement with experiment. In
ontrast to our previous work in [31℄, we here �t LDA0bare bands exa
tly to maxima positions of the spe
tralfun
tion (see stars in Fig. 2). We thus obtain a moredetailed pi
ture, whi
h in general agrees with our early
on
lusions in Ref. [31℄.Here, we a
tually see that di�erent parts of bandsin the �rst Brillouin zone a
quire di�erent (bandwidthor mass) renormalization fa
tors, whi
h 
hange with12 ÆÝÒÔ, âûï. 5 (11) 1065



I. A. Nekrasov, N. S. Pavlov, M. V. Sadovskii ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013doping. For example, the xy, xz, yz band (see Fig. 4)has almost no doping dependen
e at all (see Table).The renormalization for the part of xz; yz band (2)only slightly depends on doping. However, xz, yz band(1) be
omes monotoni
ally more 
orrelated (the renor-malization fa
tor in
reases to 4.2) as hole doping in-
reases. The 
orrelation renormalization of the xy or-bital demonstrates nonmonotoni
 behavior and is morepronoun
ed for intermediate dopings. The renormal-ization fa
tor of the 3z2 � r2 band near the � pointabruptly in
reases to 4.7 at ne = 26:52. We notethat all four doping levels were treated with the sameCoulomb intera
tion parameters. Despite this fa
t, sev-eral orbitals of K1�xFe2�ySe2 be
ome more 
orrelated(narrowed) upon doping. This phenomenon is appar-ently related to the 
hange of the 
orrelated orbitalo

upan
y. The data 
olle
ted in Table might be help-ful in interpreting APRPES spe
tra in simple terms ofrenormalized bare LDA band dispersions.4. CONCLUSIONSIn this paper, we have performed a detailedLDA0+DMFT study of 
orrelation e�e
ts in theK1�xFe2�ySe2 system at four hole doping levels: fromthe hypotheti
al stoi
hiometri
 
omposition with 29valen
e ele
trons per unit 
ell, through intermediatevalues of valen
e ele
trons 28 and 27.2, toward the
omposition K0:76Fe1:72Se2 with 26.52 ele
trons perunit 
ell, for whi
h there are available ARPES data onele
troni
 dispersions [35℄.Within DMFT, 
orrelation e�e
ts are 
on
entratedin the self-energy, whi
h provides two types of modi�-
ations of the bare spe
tra at ea
h energy: broadening(lifetime e�e
ts) by the imaginary part of self-energyand the energy shift due to its real part. We haveshown that in a rather wide energy window �2 eV(in terms of the LDA energy s
ale) for all dopings,the lifetime e�e
ts are relatively weak and the renor-malization (
ompression) of quasiparti
le bandwidthsremains nearly the same and of the order of 1.3.But near the Fermi level, self-energy e�e
ts be
omemore pronoun
ed and 
ompli
ated. In parti
ular,the renormalization (bandwidth 
ompression) fa
torin
reases from 1.3 for the stoi
hiometri
 
ompositionto nearly 5 for K0:76Fe1:72Se2 (for xz, yz, and 3z2� r2bands). Although all 
al
ulations were done with thesame value of the Coulomb (Hubbard) intera
tion, thisin
rease of renormalization upon doping tells us that
orrelations also in
rease with doping. Also followingthe re
ent tenden
y of experimental ARPES papers,

where energy shifts and renormalization fa
tors aredetermined separately for di�erent bare LDA bands[6; 34℄ to �t ARPES data, we have provided quasipar-ti
le mass renormalizations and energy shifts, whi
hrather a

urately transform bare Fe-3d LDA0 bands ofvarious symmetries into LDA0+DMFT quasiparti
lebands in di�erent regions of the �rst Brillouin zone.In fa
t, the detailed pi
ture of band renormalizations
lose to the Fermi level in K1�xFe2�ySe2 is quite
ompli
ated. For example, the xy, xz, and yz bandsnear the � point and the xz; yz(2) bands in themiddle of ��X and P�N dire
tions almost do not feeldoping 
hanges. By 
ontrast, the xz; yz(1) bands inall dire
tions and the 3z2 � r2 band near the � pointbe
ome monotoni
ally more 
orrelated (renormalized)as doping in
reases. Finally, 
orrelation renormal-ization of the xy band demonstrates nonmonotoni
behavior with doping, be
oming more 
orrelated forintermediate dopings. However, the general 
on
lusionin Ref. [23℄ remains valid: the K1�xFe2�ySe2 systemsdemonstrate more pronoun
ed 
orrelation e�e
ts in
ontrast to 122 iron pni
tides. This is 
learly re�e
tedin the absen
e of well-de�ned quasiparti
le bands inthe vi
inity of the Fermi level, whi
h demonstratesa kind of �pseudogap� behavior (the �dark� regionaround the Fermi level in Fig. 2). An interestingproblem for the future studies is possible manifestationof these e�e
ts in opti
al 
ondu
tivity, as well as theirrole in the formation of the super
ondu
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