
ISSN 0021�3640, JETP Letters, 2011, Vol. 93, No. 9, pp. 517–520. © Pleiades Publishing, Inc., 2011.

517

 Angle�resolved photoemission spectroscopy
(ARPES) provides a lot of valuable experimental data
on the electronic structure of cuprates [1]. It was
found that Fermi surface has the form of arc around
nodal point (π/2, π/2) with the pseudogap around
antinodal points (π, 0) and (0, π) in the underdoped
region. In the overdoped region, ARPES has found the
large Fermi surface around (π, π). The doping of an
antiferromagnetic insulator results in a small hole
pocket around nodal point which was observed by
quantum oscillations measurements [2]. One side of
the pocket is the Fermi arc (see discussion of ARPES
and oscillations data in the recent review [3]). There is
no smooth transformation of the Fermi surface from
underdoped to overdoped region; it requires two quan�
tum phase transitions [4]. Nevertheless, there are no
ARPES indications for such transitions. Here we
report the results of recently developed norm�conserv�
ing (NC) cluster perturbation theory (CPT) [5] for
doping dependent electronic structure of the Hubbard
model. We have found that the momentum distribu�
tion of the spectral weight A(k, εF) strongly depends on
the broadening value δ. At δ = 0.1 (in units of nearest
neighbor hopping t) we reproduce the ARPES data,
while at δ = 0.01 we obtain two quantum phase transi�
tions.

The most evident effect of strong electron correla�
tions is the “no�double occupancy” constraint that is
universal for any system with strong electron correla�
tions. Specific for cuprates with their quasi�2D mag�

 ¶The article is published in the original.

netic structure is the importance of the spatial spin
correlations (short�range magnetic order) induced by
large intraplane exchange interaction J = 2t2/U (U is
the Hubbard intra�atomic Coulomb parameter). The
neglection of the spatial corrections makes the
dynamical mean field theory (DMFT) inapplicable
for cuprates. Taking into account both “no�double
occupancy” constraint and short�range magnetic
order several groups have found the intermediate
regime in Fermi surface topology between small pock�
ets in underdoped and large pocket in overdoped [6–
10]. Different cluster extensions of DMFT [11–15]
have also found the importance of the short�range spin
correlations for the formation the pseudogap around
the antinodal point in hole�doped cuprates. Using the
most advanced cellular DMFT plus exact diagonaliza�
tion (CDFT + ED) method [11] the three type of the
Fermi surfaces have been obtained [13] exactly the
same as in papers [6–10]. Thus different theoretical
approaches result in the existence of the intermediate
region in the hole concentration scale p at pc1 < p < pc2.
At p < pc1 there are small hole pockets, while at p > pc2

the large Fermi surface corresponds to the conven�
tional band theory. The critical values pc1 and pc2

depend on the model parameters and approximation
made. The ab initio calculated parameters of the t–t '–
t ''–J model result in pc1 = 0.15 and pc2 = 0.247.

In the intermediate region the Fermi surface is
formed by hole and electron sheets around (π, π) with
electron one collapsed at p  pc2 [4, 7]. Up to now
there is no experimental evidence for such Fermi sur�
face from ARPES and quantum oscillations measure�
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ments. All quantum oscillations studies are restricted
to the underdoped region, presumably due to sample
quality [3]. To analyze why ARPES does not see the
intermediate Fermi surface we has study here the hole
dispersion and spectral weight A(k, εF) by the NC�
CPT method that was used to study undoped Hubbard
model recently [5].

Cluster models can be formulated in a general
functional framework [16–18]. In the initial version
[19] the CPT consists of (i) dividing the lattice into
identical N�site clusters, (ii) evaluating—by exact
diagonalization—the one�particle Green’s function
G0(ω) for cluster with open boundary conditions, and
(iii) treating the intercluster hopping t in perturbation
theory and recovering the crystal Green’s function
G(k, ω). Thus, short�range effects are treated exactly,
while long�distance propagation is treated at the sin�
gle�particle analog.

Usually step (ii) proceeds according to the Lanczos
method. In 2 × 2 cluster for the Hubbard model the
number of eigenstates is equal to 44 = 256. The Lanc�
zos method takes into account only the ground and a
few excited states ignoring all other. If we write down
the exact representation of the electron creation oper�
ator at atom f with spin projection σ in terms of the
multielectron eigenstates  and  of the cluster

(1)

then the Fermi anticommutator

(2)

can be treated as the sum rule providing the norm con�
servation for electron. We want to emphasize that this
sum rule is satisfied only when all cluster eigenstates
are included in the right side of the Eq. (1). Ignoring
excited states results in the violation of the sum rule. In
another words some part of electron spectral weight
will be lost. Let us introduce the f�factor to measure
total spectral weight

(3)

The exact value for f = 1 is achieved only when all
excited eigenstates are included. Contrary, if one
restrict himself only to the lowest in energy multielec�
tron states with |ne = 4, S = 0〉 and |ne = 3, S = 1/2〉,
|ne = 5, S = 1/2〉 (basis for “effective single band Hub�
bard model”) the f�factor is equal to f = 0.395. As was
shown in recent work [5] it is possible to get f ≈ 0.999
by taking into account 15–20 excited states. The cal�
culation with controlled f�factor with 1 – f less than
1% we call the norm conserving one.

The Hubbard operators  =  for the cluster
centered at Ri naturally appear in the right side of
Eq. (1). In this representation electron is given by a

p| 〉 q| 〉

afσ
† p〈 |afσ

† q| 〉 p| 〉 q〈 |,

p q, 1=

256

∑=

afσ afσ
†

,{ }+ 1=

f ωA k ω,( ).d∫=

Xi
pq p| 〉 q〈 |

linear combination of the Hubbard fermions (excita�
tions between |Ne, S〉 and |Ne ± 1, S ± 1/2〉 configura�
tions). It is convenient to introduce a vector α = (p, q)
instead of a pair of final p and initial q states [20]. Each
vector α corresponds to some Hubbard fermion if

γσ(α) =  ≠ 0. The main CPT equation [19] for
the Fourier transform of the lattice Green’s function

Dαβ =  is just a Hubbard�I approximation
for the intercluster hopping T(k):

(4)

Here all functions are matrices in α, β index, and

(5)

(6)

(7)

Here (ω) is the exact cluster Green’s function. Its
spectral weight may be zero when a describes the exci�
tation between two empty states. Similar to the
CDMFT + ED calculations [11, 13] our NC�CPT, as
shown below in the Fig. 1, reproduces both poles and
zeros of the electronic Green’s function

(8)

where Nc is the number of sites in the cluster (4 in our
case); i, j are site indexes in the cluster.

Doping results the redistribution of the spectral
weight and change the band structure. For three differ�
ent concentrations we plot in Fig. 1 the poles and zeros
(left column) and map of the spectral weight A(k, εF)
(momentum distribution curves or MDC in ARPES).
The spectral weight

(9)

depends on the broadening δ. The central and right
columns in Fig. 1 correspond to the different values of
δ. The model parameters are

The energy windows around Fermi level for spectral
weight map was ±0.2t for δ/t = 0.1 and ±0.02t for
δ/t = 0.01.

The tight�binding fitting reproduce the ARPES
data for optimal doping rather well (for example, for
LSCO and Bi�2212). The nearest neighbor hopping
integral found by this fitting t ≈ 0.25–0.4 eV [21–23].
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δ/t 0.01 Figs. 1b, 1e, 1h( ),=

δ/t 0.1 Figs. 1c, 1f, 1i( ).=
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During last 10–15 years the typical energy resolution
for ARPES was 10–45 meV [23–26]. Therefore,
authors of many theoretical works take the broadening
parameter to be 0.02–0.15t [12–15]. For instance,
Fermi arc has been measured by ARPES in LSCO [23]
with resolution δ = 0.02 eV. The value of hopping
parameter fitted the Fermi surface in that paper is t =
0.25 eV, thus we estimate the ratio δ/t = 0.08. How�
ever, in the present days there is the laser�excited
ARPES with the energy resolution about 1 meV [27].

At small doping the Fermi surface shows a small
pocket (Fig. 1a). In the limit of small broadening the
MDC gives also the same pocket. We have calculated
it with different δ = 0.01t and δ = 0.1t (Figs. 1b, 1c).

Nevertheless, the spectral weight varies along the
pocket decreasing close to the line of zeros similar to
the paper [11]. The resolution value δ = 0.1t results a
transformation of the pocket into the arc (Fig. 1c)
(similar transformation is obtained in the paper [13]
for δ = 0.05t). This transformation has been discussed
by many authors before as mentioned in the review
[3]. In the intermediate region pc1 < p < pc2 the two
Fermi surface and line of zeros around (π, π) are
shown in Fig. 1d. The MDC reveals for small δ in
Fig. 1e that the larger hole surface has also the order of
magnitude large spectral weight than small electron
surface. The MDC for δ = 0.1t (Fig. 1f) shows only
one large hole Fermi surface while electron surface
disappeared. Its spectral weight becomes too small.

Fig. 1. Fermi surface in three different concentration regions: from poles and zeros of the Green�function (a) and spectral weight
map with high resolution (b) and low resolution (c) for doping value p = 0.0025. The same in (d, e, f) for p = 0.05 and (g, h, i) for
p = 0.20. The numbers at the different k points in (b, e, h) show the spectral weight in this point.

δ δ
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Finally at large doping both the poles (Fig. 1g) and
MDC (Figs. 1h, 1i) show the same Fermi surface inde�
pendently of the broadening value.

The concentration dependence of the spectral
weight for δ = 0.1t is shown in Fig. 2. The suppression
of the spectral weight in the antinodal point related to
the pseudogap is maximal at small doping and gradu�
ally decreases with increasing doping. This behavior
corresponds well to the ARPES data [1].

In conclusion, we have shown that the concentra�
tion dependence of the true Fermi surface (left col�
umn in Fig. 1) and MDC with low resolution (right
column in Fig. 1) gives different results. While the
Fermi surface has three different types of topology
separated by two Lifshitz transitions the ARPES gives
the arc with smoothly increasing length. Only order of
magnitude improvement in energy resolution will
allow one to obtain the true Fermi surface by MDC as
shown in the central column in Fig. 1.

This work was supported by the Presidium of the
Russian Academy of Sciences (program no. 18.7); the
Russian Foundation for Basic Research (project
nos. 09�02�00127, 10�02�90725�mob_st); Siberian
Branch, Russian Academy of Sciences (Integration
Project no. N40); and the Ministry of Education and
Sciences of the Russian Federation (state contract
no. P891, Program “Kadry”).

REFERENCES

1. A. Damascelli, Z. Hussein, and Z. X. Shen, Rev. Mod.
Phys. 75, 473 (2003).

2. N. Doiron�Leyrand, C. Proust, D. LeBoeuf, et al.,
Nature 447, 565 (2007).

3. M. R. Norman, Physics 3, 86 (2010).
4. S. G. Ovchinnikov, E. I. Shneyder, and M. M. Kor�

shunov, J. Phys.: Condens Matter 23, 045701 (2011).
5. S. V. Nikolaev and S. G. Ovchinnikov, J. Exp. Theor.

Phys. 111, 634 (2010).
6. A. F. Barabanov, A. A. Kovalev, O. V. Urazaev, et al.,

J. Exp. Theor. Phys. 92, 677 (2001).
7. S. G. Ovchinnikov and M. M. Korshunov, Eur. Phys.

J. B 57, 271 (2007).
8. N. M. Plakida and V. S. Oudovenko, J. Exp. Theor.

Phys. 104, 230 (2007).
9. L. Hosoi, M. S. Laad, and P. Fulde, Phys. Rev. B 78,

165107 (2008).
10. S. Chakravarty and H.�Y. Kee, Proc. Natl. Acad. Sci.

(USA) 105, 8835 (2008).
11. T. D. Stanescu and G. Kotliar, Phys. Rev. B 74, 125110

(2006).
12. B. Kyung, S. S. Kancharla, D. Senechal, et al., Phys.

Rev. B 73, 165114 (2006).
13. S. Sakai, Y. Motome, and M. Imada, Phys. Rev. Lett.

102, 056404 (2009).
14. A. Liebsh and N.�H. Tong, Phys. Rev. B 80, 165126

(2009).
15. M. Civelli, Phys. Rev. B 79, 195113 (2009).
16. M. Potthoff, Eur. Phys. J. B 32, 429 (2003).
17. T. Maier, M. Jarrell, T. Pruschke, and M. Hettler, Rev.

Mod. Phys. 77, 1027 (2005).
18. G. Kotliar, S. Y. Savrasov, K. Haule, et al., Rev. Mod.

Phys. 78, 865 (2006).
19. D. Senechal, D. Perez, and M. Pioro�Ladriere, Phys.

Rev. Lett. 84, 522 (2000).
20. R. O. Zaitzev, J. Exp. Theor. Phys. 43, 574 (1976).
21. A. A. Kordyuk, S. V. Borisenko, M. Knupfer, and

J. Fink, Phys. Rev. B 67, 064504 (2003).
22. W. Prestel, F. Venturini, B. Muschler, et al., Eur. Phys.

J. ST 188, 163 (2010).
23. T. Yoshida, X. J. Zhou, D. H. Lu, et al., Condens. Mat�

ter 19, 125209 (2007).
24. D. S. Marshall, D. S. Dessau, A. G. Loeser, et al., Phys.

Rev. Lett. 76, 4841 (1996).
25. A. Ino, C. Kim, M. Nakamura, et al., Phys. Rev. B 62,

4137 (2000).
26. T. Yoshida, M. Hashimoto, T. Takizawa, et al., Phys.

Rev. B 82, 085119 (2010).
27. K. Ishizaka, T. Kiss, S. Izumi, et al., Phys. Rev. B 77,

064522 (2008).

Fig. 2. Angle dependence of the spectral weight along the
Fermi surface for different doping values and broadening
δ = 0.1t.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


