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ARPES SPECTRAL FUNCTIONS AND FERMI SURFACE FORLa1:86Sr0:14CuO4 COMPARED WITH LDA+DMFT+�kCALCULATIONSI. A. Nekrasov a*, E. E. Kokorina a, E. Z. Ku
hinskii a, M. V. Sadovskii a,S. Kasai b, A. Sekiyama b, S. Suga baInstitute for Ele
trophysi
s, Russian A
ademy of S
ien
es620016, Ekaterinburg, RussiabGraduate S
hool of Engineering S
ien
e, Osaka University, Toyonaka560-8531, Osaka, JapanRe
eived November 6, 2009The slightly underdoped high-temperature system La1:86Sr0:14CuO4 (LSCO) is studied by means of high-energyhigh-resolution angular resolved photoemission spe
tros
opy (ARPES) and the 
ombined LDA+DMFT+�k
omputational s
heme. The 
orresponding one-band Hubbard model is solved via dynami
al mean �eld theory(DMFT), and the model parameters needed are obtained from �rst prin
iples in the lo
al density approximation(LDA). An �external� k-dependent self-energy �k des
ribes the intera
tion of 
orrelated ele
trons with antifer-romagneti
 (AFM) pseudogap �u
tuations. Experimental and theoreti
al data 
learly show the �destru
tion� ofthe LSCO Fermi surfa
e in the vi
inity of the (�,0) point and formation of �Fermi ar
s� in the nodal dire
tions.ARPES energy distribution 
urves as well as momentum distribution 
urves demonstrate a deviation of thequasiparti
le band from the Fermi level around the (�,0) point. The same behavior of spe
tral fun
tions followsfrom theoreti
al 
al
ulations suggesting the AFM origin of the pseudogap state.1. INTRODUCTIONOne of the puzzles of 
uprate high-temperature su-per
ondu
tors (HTSC) that remains unsolved is thenature of the underdoped normal state, the pseudo-gap regime [1℄. Perhaps most powerful experimentaltool to a

ess ele
troni
 properties of the pseudogapstate is angular resolved photoemission spe
tros
opy(ARPES) [2�4℄. It is 
ommonly understood that thepseudogap state has a �u
tuation origin, but the typeof the �u
tuations is still under dis
ussion. Whetherthese are super
ondu
ting �u
tuations [5℄ or some orderparameter �u
tuations (AFM(SDW), CDW, stripes,et
.) [6; 7℄ 
oexisting or 
ompeting with Cooper pairingis presently unde
ided.There are several prototype 
ompoundsamong high-T
 systems, e. g., the hole-dopedBi2Sr2CaCu2O8�Æ (Bi2212) system or the ele
tron-do-ped Nd2�xCexCuO4 (NCCO) system. Extensiveexperimental ARPES data on Bi2212 and NCCO are*E-mail: nekrasov�iep.uran.ru

available presently (see review [2℄). For instan
e, Fermisurfa
e (FS) maps, quasiparti
le band dispersions, andeven self-energy lineshapes mapped onto some modelsare obtained from modern ARPES measurements [6℄.Into this list of prototype 
ompounds should of 
oursebe in
luded the �rst ever high-T
 hole-doped systemLa2�xSrxCuO4 (LSCO), whi
h was also investigated ingreat detail both theoreti
aly and experimentally [2℄.A number of interesting physi
al phenomena weredis
overed in the normal underdoped phase (pseudogapregime). For example, the FS is partially �destroyed�in the vi
inity of the so-
alled �hot spots� (points of
rossing between the FS and the AFM umklapp sur-fa
e). �Shadow bands� (partial folding of band dis-persion) appear possibly as a result of a short-rangeAFM order. Formation of the so-
alled Fermi �ar
s�around the Brillouin zone (BZ) diagonal, reminis
entof the parts of a nonintera
ting FS, is experimentallydete
ted in numerous ARPES experiments [2℄. Despiteapparently the same underlying physi
s, the pseudogapregime demonstrates some material-spe
i�
 features.1133



I. A. Nekrasov, E. E. Kokorina, E. Z. Ku
hinskii et al. ÆÝÒÔ, òîì 137, âûï. 6, 2010For Bi2212, Fermi �ar
s� extend almost up to the BZborder, where they are strongly blurred. NCCO alsohas Fermi �ar
s�, but the FS �destru
tion� looks di�er-ent. The �hot spots� are well observed in NCCO, whilethe FS is almost restored as a nonintera
ting Fermisurfa
e towards the BZ border [8℄.The present paper is devoted to the pseudogap be-havior in underdoped LSCO and its 
omparison withBi2212 and NCCO.A

ording to 
ommon knowledge, high-T
 systemsare usually doped Mott insulators, e�e
tively des
ribedby the Hubbard model. The most 
ommon methodto solve the Hubbard model is presently the dyna-mi
al mean �eld theory (DMFT) [9℄. Its exa
tnessin the in�nite spatial dimension limit makes it a lo-
al approa
h. It is well established that high-T

ompounds have a quasi-two-dimensional nature, andtherefore spatial �u
tuations play an important rolefor their physi
s. To over
ome this di�
ulty, we in-trodu
ed the DMFT+�k 
omputational s
heme [10�12℄ that supplies the 
onventional DMFT with an �ex-ternal� k-dependent self-energy. The main assump-tion of the DMFT+�k s
heme is the additive formof the self-energy, whi
h allows keeping the 
onven-tional DMFT self-
onsistent set of equations. TheDMFT+�k approa
h was used to address the pseu-dogap problem [11℄, the ele
tron�phonon 
ouplingin strongly 
orrelated systems [13℄, and a disorder-indu
ed metal�insulator transition in the Hubbard�Anderson model [14℄. For the pseudogap state, thisself-energy �k des
ribes the intera
tion of 
orrelatedele
trons with nonlo
al (quasi)stati
 short-range 
olle
-tive Heisenberg-like antiferromagneti
 (AFM or SDW-like) spin �u
tuations [15℄. The DMFT+�k approxi-mation was also shown to be appropriate to des
ribetwo-parti
le properties, e. g., opti
al 
ondu
tivity [16℄.As a possible way of theoreti
al simulation ofthe pseudogap regime for real materials, we pro-posed the LDA+DMFT+�k hybrid method [7℄. It
ombines �rst-prin
iple one-ele
tron density fun
tionaltheory 
al
ulations in the lo
al density approximation(DFT/LDA) [17℄ with DMFT+�k [18℄.The LDA+DMFT+�k method allowed us to ob-tain Fermi ar
s and the �hot spot� behavior for bothele
tron-doped (e. g., Nd1:85Ce0:15CuO4 (NCCO) [8℄and Pr1:85Ce0:15CuO4 (PCCO) [19℄) and hole-doped(Bi2Sr2CaCu2O8�Æ (Bi2212) [7℄) high-T
 
uprates.Pseudogap behavior of the dynami
 opti
al 
ondu
ti-vity in the LDA+DMFT+�k s
heme [16℄ was also dis-
ussed for B12212 [7℄ and NCCO [8℄.Here, we des
ribe LDA+DMFT+�k 
omputationsof the Fermi surfa
e and spe
tral fun
tions for the ho-

le-underdoped La1:86Sr0:14CuO4 (LSCO) system sup-ported by high-energy high-resolution bulk-sensitiveARPES [3℄.2. COMPUTATIONAL DETAILSThe La2CuO4 system has the base-
enteredorthorhombi
 
rystal stru
ture with spa
e groupBmab with two formula units per 
ell [20℄. The
orresponding latti
e parameters are a = 5:3346,b = 5:4148, and 
 = 13:1172Å. The atomi
 positionsare as follows: La(0:0;�0:0083; 0:3616), Cu(0,0,0),O(1=4; 1=4;�0:0084), and O2(0.0,0.0404,0.1837).As a �rst step of the LDA+DMFT+�k method,we performed density fun
tional theory 
al
ulationsin the lo
al density approximation (LDA) for these
rystallographi
 data. The band stru
ture was ob-tained with the method of linearized mu�n-tin or-bitals (LMTO) [21℄. It is well known that the Fermilevel of these 
ompounds is 
rossed by the antibond-ing O2p�Cu3d partially �lled orbital of the x2 � y2symmetry. Tight-binding parameters for this bandwere 
al
ulated by the N -th order LMTO (NMTO)method [22℄ as t = �0:476, t0 = 0:077, t00 = �0:025,and t000 = �0:015 (in eV units). These values agreewell with previous studies [23℄. The Coulomb intera
-tion value on the e�e
tive Cu-3d(x2 � y2) orbital was
al
ulated by the 
onstrained LDA approa
h [24℄ andwas found to be U = 1:1 eV. These LDA-obtained pa-rameters are used to set up the 
orresponding one-bandHubbard model.The se
ond step is to 
onsider the above-de�nedHubbard model using the DMFT self-
onsistent set ofequations [9℄ supplied by an �external� momentum-de-pendent self-energy �k [11℄. The additive form ofself-energy (the main approximation of the s
heme isto negle
t the interferen
e between the Hubbard inter-a
tion and pseudogap �u
tuations, whi
h allows preser-ving the 
onventional DMFT equations) allows de�ningthe LDA+DMFT+�k Green's fun
tion asGk(!) = 1! + �� "(k)� �(!)� �k(!) ; (1)where the bare ele
tron dispersion "(k) is de�ned bythe LDA-
al
ulated hopping parameters listed above.To 
al
ulate �k, we used a two-dimensional pseudogapmodel [1, 15℄ des
ribing nonlo
al 
orrelations indu
edby (quasi)stati
 short-range 
olle
tive Heisenberg-likeAFM spin �u
tuations. Thus we introdu
e a 
orrela-tion length dependen
e of the pseudogap �u
tuationsinto the 
onventional DMFT loop.1134
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tral fun
tions and Fermi surfa
e : : :There are two points that make the DMFT+�ks
heme di�erent from the usual DMFT s
heme. First,momentum-dependent �k is re
al
ulated at ea
hDMFT iteration (�k(�; !; [�(!)℄) is in fa
t a fun
tionof the DMFT 
hemi
al potential and the DMFTself-energy). Se
ond, the DMFT+�k latti
e problemis de�ned at ea
h DMFT iteration asGii(!) = 1NXk 1! + �� "(k)� �(!)� �k(!) : (2)After numeri
al self-
onsisten
y is rea
hed, we obtainGreen's fun
tion (1) with the 
orresponding �(!) and�k(!) of the last DMFT iteration. All further 
ompu-tational details 
an be found, e. g., in Refs. [7; 8; 11℄.As an �impurity solver� for DMFT equations, thenumeri
al renormalization group (NRG [25, 26℄) wasused. The temperature of DMFT(NRG) 
omputationswas taken to be 0.011 eV and the ele
tron 
on
entrationused was n = 0:86.The self-energy �k(!) due to pseudogap �u
tua-tions depends on two parameters in general: the pseu-dogap amplitude � and the 
orrelation length � [1, 15℄.The value of � was 
al
ulated as in [11℄,�2 = U2 hni"ni#in2 h(ni" � ni#)2i; (3)where lo
al densities ni", ni# and the double o

upan
yhni"ni#i were 
al
ulated within the standard DMFTs
heme [9℄. The behavior of � as a fun
tion of hoppingintegrals and the Coulomb intera
tion was studied inour previous work [11℄, while � as a fun
tion of theo

upan
y n was investigated in Ref. [7℄. For �, webelieve it is safer to take experimental values. In thiswork, the value of � was 
al
ulated to be 0.21 eV and �was taken to be 10a, where a is the latti
e 
onstant [27℄.3. EXPERIMENTAL DETAILSThe high-energy ARPES measurements were 
ar-ried out at BL25SU in SPring-8, using in
ident pho-tons of the energy 500 eV, on single 
rystal samples.The normal to the 
leaved sample surfa
e was set al-most parallel to the axis of the analyzer lens and thesample was set at about 45Æ to the in
ident light di-re
tion. The photoele
trons within polar angles about�6Æ to the normal to the sample were simultaneously
olle
ted using a GAMMADATASCIENTA SES200 an-alyzer, thereby 
overing more than a whole Brillouinzone along the dire
tions of the analyzer slit. The Fermisurfa
e mapping was performed by 
hanging the an-gle along the dire
tion perpendi
ular to the analyzer

slit. The base pressure was about 4 � 10�8 Pa. The(001) 
lean surfa
e was obtained by 
leaving the sam-ples in situ in a va
uum at the measuring temperature20 K. The overall energy resolution was respe
tively setto 100 and 170 meV for high-resolution measurementsand Fermi surfa
e mapping. The angular resolutionwas �0:1 (�0.15) for the perpendi
ular (parallel) di-re
tion to the analyzer slit. These values 
orrespondto the momentum resolution �0:024�=a (�0:036�=a)at h� = 500 eV, where a is twi
e the Cu�O bondlength within the CuO2 plane. Be
ause the photoele
-tron mean free path of the order of 12Å at the kineti
energy of the order of 500 eV is longer than that for
onventional ARPES at h� � 20�60 eV, the bulk 
on-tribution to the spe
tral weight is estimated at about60%. The position of the Fermi level was 
alibratedwith Pd spe
tra.4. RESULTS AND DISCUSSIONFor the temperature and the intera
tion strength,we have to take the �nite lifetime e�e
ts of quasipar-ti
les into a

ount. Instead of just a dispersion "(k),we must then work with the spe
tral fun
tion A(!;k)given by A(!;k) = � 1� ImG(!;k); (4)with the retarded Green's fun
tion G(!;k) obtainedvia the LDA+DMFT+�k s
heme [10, 11, 16℄. Of
ourse, there are 
onsiderable lifetime e�e
ts origi-nating from �k 
orresponding to the intera
tion withAFM �u
tuations (substituted in our approa
h by aquen
hed random �eld).In Fig. 1a, a 
ontour map of spe
tral fun
tion (4)obtained from LDA+DMFT+�k for the Cu-3d(x2�y2)band is presented. The width of the spe
tral fun
tion isinversely proportional to the lifetime. Around the (�,0)point, we 
an 
learly see the splitting of the spe
tra byAFM pseudogap �u
tuations of the order of 2�. TheAFM nature of the pseudogap �u
tuations also leadsto the formation of a �shadow� band, whi
h is mu
hweaker in intensity and be
omes the real quasiparti
leband in the 
ase of 
omplete folding with a long-rangeAFM order.Figure 2 displays experimental energy distribution
urves (EDC) in panel (a) along the (0,0)�(�,0) dire
-tion. Around the (�,0) point, a 
ertain deviation ofthe A(!;k) maxima from the Fermi level (a kind of�turn-ba
k�) is observed. We attribute su
h behavior ofA(!;k) to pseudogap �u
tuations. A similar theoreti-
al behavior shown on panel (b) of Fig. 2 is 
al
ulated1135
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Fig. 1. LCOO Cu-3d(x2 � y2) band dispersion along high-symmetry dire
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Fig. 2. ARPES EDC 
urves a and LDA+DMFT+�k spe
tral fun
tions b along the (0,0)�(�; 0) high-symmetry dire
tion;ARPES MDC 
urves 
 around the (�; 0) point for LSCO at x = 0:14. On panels a, b, and 
, �lled 
ir
les guide the motionof the A(!; k) maxima. The Fermi level is zeroby our LDA+DMFT+�k approa
h (see also Fig. 1)1).The same behavior is also observed (tra
ed by 
ir
les)in experimental ARPES momentum distribution 
urves(MDC) demonstrated on panel 
 in Fig. 2.1) Theoreti
al 
urves are shifted up by 0.2 eV for better �twith experiment.
The bulk-sensitive high-energy ARPES data forLa1:86Sr0:14CuO4 show a 
lear �turn-ba
k� stru
ture ofthe EDC peak as a fun
tion of the momentum near(0,��), whi
h were not seen in the previous low-energyARPES data for La1:85Sr0:15CuO4 [4℄. The 
ontourmap of the spe
tral weight in the vi
inity of EF seemsto be essentially similar in overall features for this1136
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Fig. 3. Fermi surfa
es of LSCO at x = 0:14 from experiment (left panel) and LDA+DMFT+�k 
omputations (right panel).Crosses on the left panel 
orrespond to experimental kF valuesdoping level between the high-energy and low-energyARPES studies.Experimental and theoreti
al Fermi surfa
e mapsare shown in Fig. 3. Both pi
tures reveal strong s
at-tering around the (�,0) point, whi
h we asso
iate withs
attering in the vi
inity of the so-
alled �hot spots�(
rossing points of the Fermi surfa
e and the AFMumklapp surfa
es) that are 
lose to (�,0) [7, 8℄. Su
h astrong s
attering 
omes from s
attering pro
esses withmomentum transfer of the order of Q=(�; �) [1, 15℄,
orresponding to AFM pseudogap �u
tuations. Alongthe nodal dire
tions, we observe typi
al Fermi ar
s.They are quite well seen in the theoreti
al data, whilein the experiment, we have just narrow tra
es of them.5. CONCLUSIONOur LDA+DMFT+�k hybrid approa
h was shownto be an e�e
tive numeri
al tool to des
ribe theshort-range ordered state in quasi-two-dimensional sys-tems [7, 8, 19℄. Material-spe
i�
 model parameters su
has hopping integrals (whi
h de�ne the bare ele
tronband dispersion of the e�e
tive Cu3d(x2 � y2) orbital)were 
al
ulated via an LDA-based NMTO method [22℄.The Coulomb intera
tion parameter U was obtainedfrom the 
onstrained LDA method. The pseudogapamplitude � was 
omputed using the LDA+DMFTs
heme [8; 11℄. Supplementing the 
onventional DMFT

self-energy by �k(!) des
ribes nonlo
al dynami
 
or-relations due to short-range 
olle
tive Heisenberg-likeAFM spin �u
tuations.In this work, we performed LDA+DMFT+�k 
al-
ulations for the hole-doped La1:86Sr0:14CuO4 
om-pound in the pseudogap regime. Be
ause of �u
tua-tions of the AFM short-range order, we 
learly observeformation of the so-
alled �shadow bands� as partiallyfolded bare dispersion. A pseudogap is formed aroundthe (�,0) point, whi
h is qualitatively the same as inBi2212 [7℄, NCCO [8℄, and PCCO [19℄. The Fermi sur-fa
e of LSCO is similar to that obtained for Bi2212 [7℄.Namely, the �hot spots� are not well resolved be
ausethe 
rossing point of the bare Fermi surfa
e and theAFM umklapp surfa
e are very 
lose to the Brillouinzone border. This is essentially due to the shape andsize of the LDA Fermi surfa
e. In this respe
t, the sit-uation here is di�erent from that for NCCO [8℄ andPCCO [19℄, where �hot spots� are 
learly seen. To sup-port these theoreti
al results, we here present new high-energy, high-resolution ARPES data for LSCO. Typi
alpseudogap-like e�e
ts of the Fermi surfa
e destru
tionwere observed in both theory and experiment. Thesame is true for spe
tral fun
tions. The overall semi-quantitative agreement between theory and experimentbasi
ally supports our general pi
ture of the pseudogapstate as being due to strong s
attering of 
arriers byshort-range AFM order �u
tuations.7 ÆÝÒÔ, âûï. 6 1137
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