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Fermi surfacgFS) maps and spectral intensities obtained recently in )@e, CuO,.. 5 via high resolution
ARPES measurements are analyzed using mean-field Hartree Fock and self-consistent renormalization com-
putations within the framework of the one-bandt’ —t”—U Hubbard model Hamiltonian. We show that the
remarkable observed crossover of the FS from small to large sheets reflects a reduction in the value of the
effective HubbardU with increasing electron doping and the collapse of the correlation induced Mott
pseudogap just above optimal doping.
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The Nd,_,CeCuQ,. s (NCCO) high-T. superconductor Neel order at a transition temperatuTré{,‘f, which is associ-
offers unique opportunities for investigating electron corre-ated with the occurrence of a gaJ'’ in the spectrum. When
lation effects in the cuprates. The reason is that the dopefluctuation effects are incorporated through the SCR scheme,
electrons in NCCO occupy statebovethe correlation in-  the Neel transition is suppressed so tfigt—0, consistent
duced gaptor more properly the pseudogdp the electronic  ith the Mermin-Wagner theorefhbut a pseudogap* tied
spectrum of the half-filled parent insulating compound. Ing, the appearance short-rangeAFM correlations turns on
sharp contrast, hole-doping involves states lybgowthe .5/ 4 temperaturg* . We find in particular that\* = A™'
gap. In this connection, a recent angle-resolved photoemis: * _mf ' mf mf
sion (ARPES study of NCCO(Ref. 1) reveals a remarkable 3?22 1t;e vi-gsve. dIr;s(,)tt?;Lgv?égféécr;ﬁtxif/evilfl;zﬁeu dgggp-)rgn d
crossover from small Fermi surfa¢ES) pockets near half- its onsetin the two-dimensionai2D) Hubbard casa® This

filling to a large three-pieced FS around optimal doping. This, : :
articglje examgi]nes thep implications of thF; aforengen%ione s a key observation suggested by our SCR and MF analysis.
ARPES results with respect to fundamental correlation efincidentally, when we include interlayer hopping in our
fects in the cuprates. Hamiltonian, a finiteT is restored with little effect odA* if

Our analysis proceeds within the framework of the TN<<T", which is the case here. Henae" and Ty get
one-band Hubbard Hamiltonian with hopping paramet¢rs decoupled, even though the MF solution incorrectly couples
t’, t” and the on-site repulsive interactioh where we have —these two quantitie.
carried out extensive mean fie{MF) Hartree Fock as well Another aspect which bears emphasis is thahfie dop-
as self-consistent renormalizatiéBCR (Refs. 3,4 compu-  ing the AFM solution obtained in the MF is unstable towards
tations. Highlights of the new results reported here are athe formation of incommensurate phases or phase
follows. We show that the experimentally observed evolutiorseparatiort®**In sharp contrast, we find that in tietectron-
of the FS of NCCO requires a decreasing value of effectivelopedcase the MF and SCR solutions do not show such an
U with increasing electron doping. In particular, the Mott instability. These results indicate that the MF solution—
pseudogap in the electronic spectrum is found to collapswhen interpreted properly along the lines of the preceding
around optimal doping as the staggered magnetization gog&gragraph—can be remarkably valuable in describing the
to zero and thd =0 Neel ordered state terminates, yielding €lectron-doped cuprates.
a quantum critical pointQCP. We emphasize that much of ~ With this motivation, we focus now on the presentation
the existing literature on electron-doped cuprates invakes and interpretation of the MF results. Our one-band Hubbard

—J models which assume a large, doping-independé&nt model is defined by the independent particle dispersipn

The present results indicate thatJ models are intrinsically = —2t(c,+ Cy)—4t’Cny—4t”(C>2(+ C)z,— 1), with ¢
limited for describing the electron-doped cuprates and that cossa and lattice constané. The band parameters are
the use ot— U models is essential. Finally, we have carriedtaken to bet=0.326 eV,t'=—0.2%, t"=0.1t, independent

out extensive first-principles simulations of photointensitiesof doping’? On-site repulsionU is treated as a doping-
in order to ascertain that the key spectral features discussetependent effective parametBrs¢(x), with Ugs(0)="6t.
in this article (e.g., growth of the £/2,7/2) centeredhole  For the half-filled casex=0), the preceding values are gen-
orbit with doping are genuine correlations effects beyonderally consistent with earliert—J and t—U model
the conventional LDA framework and are not related to thecalculations->~1°
energy anck dependencies of the ARPES matrix elentent. The Mott gapA™" is well known to arise in the MEusing
We set the stage for our discussion by summarizing somepin-density-wave treatméfit from a finite expectation
relevant results of our SCR and MF calculatiofithe SCR  value of the staggered magnetizatiog, at wave vectoiQ
theory which includes fluctuations is of course more accu=(m,7). The energy spectrum then consists of an upper
rate) For the 2Dt—t’ —t”—U Hubbard model, we obtain in Hubbard bandUHB), which is empty at half-filling, and a
the MF the expected long-range anti-ferromagnéfiem) lower Hubbard bandLHB) (Ref. 17 given by
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FIG. 1. (Colon Top row: Theoretical FS maps in NCCO for  FIG. 3. Integrated spectral weight aroufal (7/2,7/2), and(b)
different dopingsx, obtained by integrating the spectral density (7.0) points, for four different doping levelx, Insets give the
function (see Eq. Bover an energy window of 60 meV aroug ; regions over which the spectral weight was integratged defines
highs denoted by red and lows by blue. Bottom row: Correspondingh€ energy zero.
experimental maps after Ref. 1.

A(k,Eg) with energy fixed at the Fermi enerdsr . These

E)=(e+ €+o* Equ)/2 (1)  theoretical FS emission maps do not account for the effects
of the ARPES matrix elemeht-a point to which we return
below.

- Ly_ ¢V
1_U; [F(E) —T(B) 1/ Eox, 2 Figure 1 compares theoretical(fop row) and

experimentdl (bottom row evolution of the FS with doping.
where the+(—) sign refers to the UHB.HB); the gap be-  The agreement is seen to be remarkable: At low doping (
tween UHB and LHB is 2™". Here, Eq,=[(ex—€x+q)®  =0.04), both sets of maps show the appearance of small FS
+4(A™)?]Y2 andf is the Fermi function. We solve Egs. 1 pockets centered atr(0) and (Or); With increasing doping
and 2 self-consistently as a function of electron doping SUCfo=O.1O), these pockets begin to look squarish in shape
that the computed value af™" equals the experimentally ith half of the square losing much of its intensity, and ad-
observed value of the pseudogap which yidllis«(x) as a  ditionally, a pocket begins to form aroundr{2,7/2) and
function ofx. The single-particle Green function is weak intensity appears around the magnetic Brillouin zone
2 _ 2 Le— (BZ) boundary[diagonal line joining the 4,0) and (O7)
G(k,B)= U E—E] vl E- Bl ) points); Finally, at x=0.15, the /2,7/2) pocket is well
where the weights or “coherence” factors of states in theformed and the three pieces of the FS, when viewed together,
UHB and LHB are uﬁ:1—05:(1+(6k—EHQ)/zEOk)/z. begin to resemble a single larger,(r)-centered FS sheet
Equation 3 allows the computation of the spectral densityisplaying “hot-spots®® (points of intersection of FS with

A(k,E) via Im[G(k,E)]. The FS maps are obtained from the BZ diagonal
Insight into this FS evolution is provided by the disper-

(@ (b) | sions of the UHB and LHB in Fig. 2. The linewidths depict
15 O\ x=0.00 / \x=004 1 spectral weights of variouk states in Eq. 3Eg is seen to
S 05 - UHB | FoN /]
3 . EF \
—05 - LHB - L -
15 L~—~'N /\/\
15 - (© (d)
N\ x=0.10 /| \x=0.15 /]
S 05 f\\ / J i /]
3 O
-1.5 [0.0) Xm0 Smm T [00) Xm0 Smm I FIG. 4. (Color) Theoretical FS maps in NCCO obtained via first

principles simulations which include the effect of the ARPES ma-

FIG. 2. Dispersions of UHB and LHB for various dopingsEg trix element but not of strong correlations for two different polar-

defines the energy zero. Spectral weiglstse Eq. Bare given by izations(white arrows at a photon energy of 16 eV. Color scheme
thickness of bands. as in Fig. 1.
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shift smoothly into the UHB with increasing doping. At low 6
doping, in Fig. Zb), E¢ lies above the band minimum in the
UHB at X and gives rise to the 7,0)-centered electron 5
pocket® with a symmetrical pocket at (8). At x=0.10, in
Fig. 2(c), the intersection o with the UHB is seen to have =
little weight along thel’— X line, but a large spectral weight =
along X—S, thereby explaining how one-half of ther(0) e
electron pocket loses intensity at the expense of the othe™
half as noted in connection with Fig. 1 above. Moreover, in
Fig. 2(c), the cusp in the LHB near/2,77/2) (located 2
slightly closer tol" on thel’ — S line) lies within the experi-
mental resolution of Ref. 1 and begins to yield intensity. At 1 : : 0 . .
x=0.15, the ¢/2,7/2) hole pocket is well formed, but the 0 0.1 0.2 0 0.1 0.2
states in one-half of this pocket possess relatively little X x
weight and the thick portions of the UHB and LHB resemble g, 5. (3) Various calculations ofU.((x): Values from a
the uncorrelated band structure, the presence of a small rgcreened computatiasee text for electrons(solid lineg and holes
sidual gap notwithstanding. These theoretical dispersions aréashed linek filled circles: this work; arrow, KanamofRef. 22;
in reasonable accord with the measurements, which are linstar, Monte Carlo studie®Ref. 23,24. (b) Staggered magnetization
ited at the moment mostly to the LHB around the/2,77/2)  Mq(X) for present computations.
and (07r) region® Also, in this doping regime, transport
studies find evidence for two-band conduction and a changere needed to describe the experimental ARPES spectra and
in the sign of the Hall coefficierft] the hole pocket associ- that thet—t’ —t”—U Hubbard model captures some of the
ated with the LHB can explain both these effects. essential underlying physics.

The energy dependence of spectral weights in the vicinity Figure §a) compares the dependence di.;¢(x) found
of the (w/2,7/2) and @r,0) points is considered in Fig. 3. At in the current studysolid dotg with various estimates given
(m/2,m/2) in Fig. 3a), LHB and UHB lie below and above in the captiort>~*We have also carried out a computation
Er respectively at low doping, but shift rapidly towarflg ~ Of Uesf(X) where the barédJ=6.78 was screened using,
with increasing doping. Since ARPES only sees states beloWer=U/(1+(P)U), via the charge susceptibilit. The
Ee, the results of Fig. @ are in accord with the corre- Uesr SO obtained for electrongsolid line) as well as holes
sponding ARPES datfsee Fig. 2a) of Ref. 1] where the (dqsheai is shoyvn: Flgure_ &) clegrly shows th-at the weak-
spectral weight is seen to move from a binding energy of 1.£nNg 0fUe; with increasing doping adduced in this work—
eV t0 0.3 eV in going fromx=0 tox=0.15. The behavior of ©°N€ of our key results—is consistent with a number of other

. - lculations and modefs.
spectra differs sharply at=(,0) in Fig. 3b). Here, at low ca o
doping, UHB lies atEg while the LHB lies well belowEg . Thex dependence of the staggered magnetizatigy(x),

o : : . shown in Fig. %b), is interesting.mg(x) and hence the
With increasing doping, the LHB rapidly moves towakss, : QW .
but the UHB glowﬁ/ rgr]mves to Iowper )e/nergy. In thea:orre- pseudogap £ mg(x)) is seen to vanish slightly above opti-

) . . mal doping where th& =0 Neel ordered phase also termi-
sponding ARPES datgsee Fig. %) of Ref. 1), an increase nates, yielding a QC#. Notably, superconductivity near an

in the spectral weight in the vicinity &g is seen much like AFM QCP has been reported in a number of
the results of Fig. &), suggesting that electrons first enter system&—including the hole-doped cuprat®s.

the UHB at the ,0) point. _ For hole doping, however, the FS evolution follows a very
In order to ascertain whether the FS features of Fig. Jifferent route. In the one-band Hubbard m&8éioles first
could be caused by effects of the ARPES matrix elerﬁent,enter the LHB as small hole pockets around/z,ﬂ-/z)_
we have carried out extensive first-principles simulations oHowever, as already notéfithe uniformly doped AFM state
the ARPES intensities in NCCO based on the conventionak unstable and leads to complications(nfnoscalgphase
LDA-based band theory framework where the ARPES maseparation and stripe physics not expected for electron
trix element is properly treated and the photoemission prodoping™. Indeed, characteristic experimental signatures of
cess is modeled by including full crystal wave functions instripe order, e.g., the 1/8 anomaly and the NQR wipeout,
the presence of the surfaté! A variety of photon energies, appear greatly attenuated if not absent in NC€@nd E-
polarizations, and surface terminations were sampled. Thshifts smoothly with doping into the UH®. Despite these
computed FS maps for the Nd-Cu®ld-O,-terminated sur-  differences, the pseudogap asldort-rangeAFM order col-
face at 16 eV shown in Fig. 4 for two different polarizations lapse in a QCP at a very similar doping level with hole or
are typical. The intensity is seen to undergo large variationglectron doping®°? although in hole-doped cuprates inter-
around theS(7r,7) centered hole orbit, and to nearly vanish pretation of the pseudogap is ambiguous both because the
along certain high symmetry lines in some cases. NeverthdJHB lies aboveEr and because there are competing orders
less, we do not find any situation which resembles the dopingapable of inducing spectral gaps.
dependencies displayed in Fig. 1. It is clear that strong cor- A crossover from small to large FS has been studied be-
relation effects beyond the conventional LDA-based pictureore using slave bosons for the-J models!® but the inti-

m(Q)
°
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mate connection with the Mott pseudogap collapse has natomplications of stripe phases. The doping dependence of
previously been noted. Indeed, the-J class of models, U adduced in this work has implications in understanding
which simplifies the problem by assuming thais so large  the behavior of cuprates more generally since the pseudogap
that one Hubbard subband can be neglected, will have diffil? both the electron and the hole doped systems must arise
culty whenever the two subbands approach, and can On|§;om the same fundamental gap at sufficiently low doping.

analyze this situation with additional parameters or by rein- \ye thank N. P. Armitage and Z. -X. Shen for sharing their
troducingU. Hence, a model which works directly with  data with us prior to publication. This work was supported
obtains considerable advantate. by the U.S. DOE Contract No. W-31-109-ENG-38 and ben-

In conclusion, this study indicates that electron dopeckfited from the allocation of supercomputer time at the
NCCO is an ideal test case for investigating how the MottNERSC and the Northeastern University Advanced Scientific
gap evolves with doping in a Mott insulator, untroubled by Computation CentefNU-ASCC).
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