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Critical field in a superconductivity model with local pairs

Marcin Mierzejewski and Maciej M. Mas*
Department of Theoretical Physics, Institute of Physics, University of Silesia, 40-007 Katowice, Poland
(Received 3 July 2003; revised manuscript received 27 October 2003; published 17 February 2004

We analyze the role of Zeeman and orbital pair breaking mechanisms in models which are appropriate for
short coherence length superconductors. In particular, we investigate attractive Hubbard and pair hopping
models. The orbital pair breaking mechanism dominates in the majority of modelswidtve andd-wave
superconducting order parameters. On the other hand, the repulsive pair hopping interaction Jegie tof
pairing that is stable against the orbital pair breaking. External magnetic field reduces this type of pairing
predominantly due to the Zeeman coupling. According to recent experiments this mechanism is responsible for
closing of the pseudogap. Moreover, the temperature dependence of the gap closing fiefthase fits
experimental data accurately. We discuss whether the preformed pairsnpinese could be responsible for
the pseudogap phenomenon.
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l. INTRODUCTION pairs; namely, the attractive HubbarAH) modell®
fermion-bosont® and purely bosonic modetéas well as the

For almost 20 years after the discovery of high- Penson-KoldPK) model*®i.e., the tight-binding model with
temperature superconductofldTSC’s) the mechanism re- local pair hopping. These models should be considered as the
sponsible for their unusual properties remains unclear. Theffective approaches which do not explain the microscopic
complex phase diagram of HTSCs suggests that there may [g&igin of the pairing interaction.
no single mechanism that dominates over the entire doping Another unusual property of HTSC's is related to their
range. In particular, the normal-state properties in underPehavior in the external magnetic field. In particular, tem-
doped and overdoped regimes are different. Highly overperature dependence of the upper critical fielg, has a
doped compounds in the normal state exhibit some propepPositive curvatur€?° contrary to classical superconductors,
ties of Fermi liquid, whereas the superconducting state mayhere a negative curvature is observed. Moreaohgy, does
be described within the weak-coupling BCS theb@n the  not saturate even at genuinely low temperature. Recent
other hand, in the underdoped regime the HTSC'’s exhibiexperiment$' show that also the pseudogap is destroyed by
unconventional features. The most remarkable of them argufficiently high magnetic field ,,. Although the tempera-
the extremely short coherence length and a pseudogap thiatre dependence dfi,, has a negative curvature, it signifi-
opens in the normal state. Presence of the pseudogap he@ntly differs from the predictions of the standard Helfand-
been confirmed by means of various experimental techniqued/erthammer theory? namely,H(T) has a large slope at
such as angle-resolved photoemissiohintrinsic tunneling  temperatures close tar* and saturates already af
spectroscopy? nuclear-magnetic-resonant®, infrared?®  =0.7T*. These features may help in verification of the pre-
and transpotf measurements. Although there is no completeformed Cooper pairs hypothesis and, more generally, to
theoretical description of the pseudogap, one usually considshoose the most appropriate model of HTSC's.
ers this phase as a precursor of the superconductivity. Ac-
cording to such a hypothesis formation of Cooper pairs starts
at temperaturél'*, higher than the superconducting transi-
tion temperaturél .. At T., these preformed pairs undergo  In the present paper, we show that opening of the
Bose-Einstein condensation. pseudogap and its dependence on the magnetic field can be

Recent observations of a vortexlike Nernst signal abovelescribed within a model with local pair hopping. Our start-
T. (Ref. 11 seem to confirm this hypothesis. This signaling point is the two-dimensiongD) Penson-Kolb model
evolves smoothly into the analogous signal below the supewith the Hamiltonian given by
conducting phase transitidA.The Meissner effect does not
occur in the pseudogap phase due to strong phase fluctua-

1. MODEL

H=2> tije'®icl ¢, + > (gueHo—p)cl ci,

tions rather than due to vanishing of the superfluid density. o o
Therefore, theoretical description of the suppression of the
Meissner effect requires an approach beyond the mean-field 1 Sib 1t
! . — 232 e®%iclclc ey, (1)
level. Despite the absence of the Meissner effect aliqQue 26 L

one can observe inhomogeneous magnetic domains that are

recognized as precursors to the Meissner stafdis can be  where c{l) creates(annihilate$ an electron with spins at

interpreted in terms of phase fluctuations of the local ordesitei, t;; is the single electron hopping integral between sites

parametet? i andj, u is the chemical potential, and is the nearest-
The short coherence length indicates that the pairing takeseighbor pair hopping interactions. The external magnetic

place in the real space, leading to bosonlike objects. A fewield perpendicular to the latticé],, shifts the energy levels

models are commonly used to describe systems with locdly gugH,o (g denotes gyromagnetic ratio ampd is Bohr
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FIG. 1. Density of states for the Penson-Kolb model in the FIG. 2. The spectral functions in various points at the Fermi

phase. We have used=-0.2%, J<0, and u=-0.7%. The surface. We have used the same model parameters as in Fig. 1. The
curves from the topmost to the lowest correspond to the values gfosition of pointsA andB is depicted in the inset. The continuous
the order parametédA|/t=0,0.1, .. .,1. Thedashed line indicates curve corresponds to the case=0, whereas the dashed lines have
the Fermi level. been obtained fofJA|/t=0.5.

magneton anq m_odifies the hopping terms. The Sir'gle'However, the density of states at the Fermi level may signifi-
electron hopping integral acquires the Peierls factor cantly be suppressed for some dopings. In case of the
nearest-neighbor one-particle hopping the density of states in

Rl .
i :%L A-dl, (2)  the n phase is of the form
i

whereas the phase factor in the pair hopping term is twice 1
larger. plw)= —( 1- ﬁ)m(w-ﬁw >
The Penson-Kolb model can be derived from a general 2 M
microscopic tight-binding HamiltonigAwhere the Coulomb ()
repulsion may lead to the pair hopping interaction. In such a
casel is negative(repulsive Penson-Kolb mogeHowever, In Eq. (3) =2+ 4]JA, A=(—1)(c; c;;) denotes the
we assume) to be an effective parameter that can be nega- ph(lls(e)oﬁrtder garam|etel ap@idt(anott)aé tHelgensity of states
tive as well as positive. It can be explained as a result oty _ A —g. One can see from E¢@) that the quasiparticle
::%Z(:)rlmgg‘%zﬁgna %galzn:rténging?ég-]éleg?g hﬂgg};‘éﬂiﬁ:‘eﬁgn poles.spllt WherA becomes finite. Therefore, a Iocql mini-
J——Jis not a symmetry of the PK mod@l However, su- mum in the density of states may occur at the F_erml surface.
perconducting correlations occur in the Penson-Kolb modePeSpIte the presencg of t.hl.s m|n|m.um thgd_ensny of states at
for attractive pair hopping interactiond0) as well as for the Fermi level remains f!mte, provided thatis small when
the repulsive oneJ<0), provided|J| is large enough. The compared tp the pandmdth..The true gap opens for much
latter case is usually referred to gstype pairing when the stronger pair hopping interaction, as can be inferred from Eq.
total momentum of the paired electronsQs- (7, 7) and the (3). Inclusion of t_he next—neare;t-nelghbor hoppfthgeads
phase of superconducting order parameter alters from ojg a more complicated expression for the denS|ty_ of states.
site to the neighboring one. It has been shown that flux qua IOWEver, the structure op in the n phase remains un-
tization and Meissner effect appear in this sfitBupercon- c’hanged. F|gure 1 shows the density of states calculated for
ductivity survives also in the presence of on-site Coulomt! #0 and different values of the/_-phase order parameter.
repulsion(Penson-Kolb-Hubbard modelprovided that this Gradual decrease _(p;f at the’Ferml level resembles opening
interaction is not too strong. of the pseudogap in HTSC's. . .
Another feature that could speak in favor of this interpre-
A. Density of states tation is anisotropy of the gapMore precisely, fot’ #0 the
' magnitude of splitting of the quasiparticle peaks depends on
At the mean-field level, fod>0 one obtains an isotropic the direction in the Brillouin zone. The splitting of the spec-
superconducting gap, identical to the one obtained for théral functions is presented in Fig. 2. As we consider isotropic
AH model. On the other hand, in the casesptype pairing  order parameter the splitting is finite everywhere at the Fermi
(J<0), the density of states is finite for arbitrary energy.level, contrary to a purelg-wave gap.
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B. Response to magnetic field the fermionic Matsubara frequency. Using E§) one can

In contradistinction to the AH model, the external mag-€eliminatel; from the Gor’kov equations. Thehq;(T) can
netic field explicitly enters the term responsible for super-be calculated from

conductivity, i.e., the pair hopping interaction. Therefore, the J
differences between AH and PK models may show up in the Aj==— 2 e2i¢|jAJG(i 1o)G(i,l,—w,) 8
electromagnetic propertié& We investigate the temperature 2B (jfFwn

dependence of critical field ;. It is defined as the highest or
magnitude of the magnetic field, for which there exists a
nonzero solution for the superconducting order parameter: A= 2 (_l)j+|e2iq>|jAjG(i Lo)G(i.l,— o).

=35 4o,
Aj=(ci|Ci1). (4) 0 9

We carry out calculations at the mean-field level neglectEquations(8) and (9) are equivalent since{1)/*'=—1,
ing phase fluctuations and short-range correlations. Such &or the neighboring sitegandl. However, it is more conve-
analysis of the PK model becomes exact in the limit of infi-nient to use the firstsecond of them for attractive(repul-
nite dimension. In the present case it is impossible to detersive) pair hopping interaction.
mine the phase coherence of the Cooper pairs, and the physi- In the following we consider only nearest-neighbor one-
cal interpretation of the critical field is not unique. In the particle hopping integral and we use the Landau gaufe
strongly overdoped regime of cuprates, where the pseudogapH,(0x,0). The Harper equation
does not appear, it can correspond to the upper critical field. _ _
On the other hand, for underdoped systems, and within the g(pPx,Py,X+1)+2 coghx—pya)gd(py,py,X)
precursor scenario of pseudogap, it can be interpreted as

Hpg. i.e., the field at which the incoherent pairs appear. In +9(Px; Py X—1)
the regime betweehl, andH g, strong thermal and quan- e —
tum fluctuations are presefitThe role of phase fluctuations = E(PxPy) 9Py Py X), (10

in the attractive PK model has been analyzed within thejetermines eigenvalueB(py,py) of the one-particle hop-
Kosterlitz-Thouless scenarf8.In this approach the phase ping term. The corresponding eigenstates are enumerated by
coherence sets in at temperature !ower than jche 9r|t|cal teanX ,py and are of the form

perature obtained from the mean-field approximation. We re-
fer to Ref: 28 for a thorough mvestlg_atlon of t_hese.temper_a— Ux,y(pwpy):elpyyag(px Py X). (12)

tures carried out in the absence of diamagnetic pair breaking

mechanism. The lower temperature is interpreted as a trandP the above expression,y are integers which enumerate
tion temperature between the pseudogap and superconduddttice sites inx andy directions, whereak/(2) is a ratio

ing phases. of the flux through a lattice cell to one flux quantum. We

For the sake of simplicity we define refer to Ref. 30 for the details.

The one-electron Green'’s function can be expressed with
the help of eigenvalues and eigenstates of the normal-state
Hamiltonian. Then, the summation over Matsubara frequen-
ies in Egs.(8) and(9) can be explicitly carried out. In the
andau gauge, the presence of magnetic field does not

change the plane-wave behaviowimirection[see Eq(11)].

Therefore, the superconducting order parameter depends

H= t.e®icl o + Hoo— wel c only onx and pairing of electrons takes place for the same
2ty e % (9ueHzo = 1)CisCi components of momenta as in the absence of magnetic field,

i.e., (py,—py) for >0 and (p,,7—p,) for J<0. Taking

—JE (CiTTCiTlZiJFH-C-)- (6) these.features into acc_ount, one can rewrite the Gor’kov
i equations for the attractive,

At the mean-field level, the only difference between PK and

1w, .
A=5 > ey, (5)
J

. L . C
where the prime denotes that the summation is carried oyt
over the nearest neighbors of siteThen, the mean-field
Hamiltonian takes on the following form:

i.j,o

J

AH models is the presence @ in Eq. (6) instead ofA; . Ag=—= > Ay X(Px Py Ky, = Py)
Therefore, in order to calculate the critical field one can fol- 2\/N X Py Py K
low an approach that has previously been developed for the — —
lattice gas with on-site attractio.Then, one ends up with X[2 cog2hx)g(px, Py, X)9(Ky, =Py ,X)
the lattice version of the Gor’kov equations: — — —
3 +g(px1pyix+1)g(kxv_pyvx+1)+g(pxapyvx_1)
Ai=—ij AjG(i.J,wn)G(i.j, — wn). @) X g(Ky, = Py X—1)19(Px.Py X )G(Ky, =Py X'),

- o 12
G(i,j,w,) denotes the one-electron Green’s function in the (12
presence of a uniform and static magnetic field.denotes as well as for the repulsive pair hopping interaction,
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FIG. 3. Temperature dependencetdf; for t'=0 and x=0.
Continuous curve has been obtained for the PK model With
—1.56 (7n-type pairing. The dashed line corresponds to the attrac-
tive pair hopping interactiodd=0.%. The dotted line shows the
critical field in the AH model withU =t.

FIG. 4. H(T) calculated for attractive and repulsive PK model
with and without the Zeeman coupling. We have used the same
model parameters as in Fig. 3.

tion. These results are compared with,;;(T) calculated
from the 2D AH model® with U= —t. We have adjusted the
strength of the pair hopping interaction to obtain the same
critical temperature in the absence of magnetic field. JFor
>0, Hgi#(T) in PK model is very close to that of AH model.
It means that in the case efwave pairing the Peierls factor
in the pair hopping term leads only to a small decrease of
superconducting correlations. The differences between the
attractive PK and AH models show up for stronger pairing.
However, this requires investigation beyond the mean-field
level. In the absence of magnetic field, the transition tem-
perature in the PK model increases monotonically with
whereas in the AH moddl, has a maximum for some finite
U (cf. Fig. in Ref. 28. On the other hand, the temperature
dependence ofl;; in the # state differs qualitatively from
thes-wave case; namel¥ .«(T) has a very large slope for a
weak magnetic field and saturates already at relatively high
temperature. Such a behavior of the critical field resembles
Ho(T) that has recently been observed in
2kgT Bi,Sr,CaCuy0g., .>* At the end of this section, we compare
— — _ 1 our results with the experimental data.
X{2LB(Pxpy) T E(Ke ky) =2p ]} Within the Helfand-Werthammer theory, the temperature
(14 dependence of critical field is predominantly determined by

. .the diamagnetic pair breaking mechanism. The Zeeman cou-
The above formulas determine the strength of magneti ling becomes important only for sufficiently strong mag-

field at which the local pairing disappears. We have carrieq\qic field. This feature holds also in the case of the lattice
out calculations for 158 150 cluster with periodic boundary gas®® In order to investigate the role of the Zeeman and

conditions(bc) along they axis. As the Landau gauge breaks orbital couplings in the PK model, we have repeated our
the translation invariance alongaxis, we have used fixed bc calculations in the absence of the Zeeman term. The resulting
in this direction. As our previous calculations suggest such & (T) is shown in Fig. 4.
size of cluster is sufficient to obtain convergent restflfshe In contradistinction to thes-wave superconductivity, the
calculations are carried out at the mean-field level and, therediamagnetic pair breaking is of minor importance in the case
fore, we restrict ourselves only to model parameters foof »-pairing. This feature is responsible for extremely high
which the critical temperaturkgT.; is much less than the values ofH; in the absence of Zeeman telsee Fig. 4.
Fermi energy. Experimental investigatioASshow that the pseudogap clos-
Figure 3 shows the temperature dependenckl gf ob-  ing field scales linearly witfT*. In Ref. 21 the value of the
tained for attractive and for repulsive pair hopping interac-scaling factor has been interpreted in favor of the Zeeman

HX,—N_E I, py% X(Px.Py K. = Py)

X[2 cog2hx)g(py, Py X)g(Ky, 7= Py ,X)
—9(px.Py X+ 1)g(Ky, 7= py X+1)
~9(Px Py X— 1)g(Ke, 7 py X~ 1)]

Xg(Pe.Py X )9(Ke, =Py X). (13
Here, II,=A, ,(—1)” and the Cooper pair susceptibility
)((pX Py ,kX ,ky) has the following form:

(px rpy) #—9gugH,
2kgT

X(E(!py !F)(!ky) tanlﬁ

K,k +gugH,
tham‘(x y) T Oug
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FIG. 5. Fit of the theoretical results to the experimental data for  FIG. 6. Hei(T) for n=0.95 (solid lineg and n=0.9 (dashed
the pseudogap closing field ,(T) (Ref. 21). The line represents lines calculated withoutlines A) and with (lines B) the diamag-
H.«(T) calculated for the repulsive pair hopping interaction with Netic pair breaking. The inset in Fig. 6 shows the mean-field tran-
the Zeeman term only. The continuol@gshedl line corresponds to ~ Sition temperatureT;; as a function of the occupation number.
second-first-) order phase transition. The inset illustrates the jumpJd= — 1.8 has been assumed.
of the order parameter at the phase transition. We have used the
same model parameters as for airing in Fig. 3. The dotted L . .
line showsHCSt(T) calculated forthttipe AHngde?WithOUI the dia- mal state for a weak magnetic flel(.j' In this reg'lmgm has .
magnetic pair breaking. Here, f&/T;;<0.6 the transition is of the been calculated from a self-conS|stef'r?t B_CS'“ke e_quatlon.
first order. Below T/T(0)=0.6 the phase transition is of the first or-

der, and the phase boundary has been determined by a com-
coupling as a mechanism that closes the pseudogap. This p@iarison of the free energy in the normal and paired state. It is
breaking mechanism dominates also in the casg péiring.  worth mentioning that the experimental results concerning

In order to explain the different role of Zeeman couplingHps>60 T have been obtained from extrapolation of the
for » ands-wave pairings one can recall the argumentationlower-field datef*
presented in Ref. 32; namely, this difference can be under- Hq obtained in the AH model also fits the experimental
stood on the basis of the densities of states in these phases.data, provided the diamagnetic pair breaking is switched
the regime of a weak magnetic field and low temperature;)ff.33 In such a case, all the considered models give rise to a
(ngH kg T<|JA]) swave state is essentially unaffected by similar temperature dependenceltf;;. The dotted line in
the Zeeman couplingat zero temperature the gap function Fig. 5 represents results farwave pairing.H(T) for
and the ground state are completely unaffect@le to a d-wave pairing is almost the same. Note that difference be-
finite gap, the occupation of quasiparticle states at the Fermiiveen both pairing symmetries becomes important in the
level remains small. On the other hand, the density of stategresence of diamagnetic pair breakifigOne can see that
in the 7 phase is always finite, provided the pairing potentialvarious models may reprodude,(T), provided this pair
is not too strong. Therefore, for arbitrary weak magnetic fieldoreaking is switched off. However, neglecting this mecha-
there are electrons with energetically favorable spin polarizanism is justified in the case af pairing only. In the case of
tion. Similar argumentation also holds for the different re-s- or d-wave pairing the diamagnetic pair breaking domi-
sponse of andd,2_,2 superconductors to the Zeeman mag-nates and, therefore, one should find an additional mecha-
netic field* The d,2_,2-wave gap vanishes at four nodal nism (or a specific regimethat makes the diamagnetic pair
points on the Fermi surface only. Therefore, the difference irbreaking ineffective. Otherwise AH and attractive PK models
the sensitivity to the Zeeman field betweeand 5 phases is  lead toH(T) that significantly differs fronH (T), as can
much bigger than betweenandd,._,> phases. be inferred from Figs. 3 and 5.

Since the diamagnetic pair breaking mechanism is inef- Most of the results presented in this section have been
fective in thex-pairing state, we restrict further discussion to obtained for the half-filled band. The inset in Fig. 6 shows
the Zeeman mechanism only. This allows us to avoid probthe mean-field transition temperatufrg; as a function of the
lems connected with the numerical solution of the Harperoccupation numben obtained in the absence of magnetic
equation. In such a case, one can easily evaluate the fréigld. One can see that for realistic values of the transition
energy below the transition temperature and discuss detaifémperaturep phase occurs only in the vicinity of half fill-
of the phase transition. ing, e.g., forJ=—1.& this phase vanishes for the occupation

In Fig. 5 we show that our results fit very well the numbern, slightly below 0.9. This feature remains in quali-
pseudogap closing field reported in Ref. 21. The secondtative agreement with the generic phase diagram of figh-
order phase transition separates thaired state and nor- superconductors, where the pseudogap phase does not exist
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in strongly overdoped regime. In Fig. 6 we shély,; calcu- particle peaks. Despite the on-site pairing the magnitude of
lated away for half filling. As is visible, for small doping the the splitting is a direction-dependent quantity, provided
temperature dependence Hf;, is qualitatively the same. #0. Anisotropy of the pseudogap is observed in angle-
Comparison oM calculated in the presence and absenceesolved photoemission spectroscopy experimelifs. have
of the diamagnetic pair breaking shows that this mechanisralso calculated the temperature dependende gf, defined
is ineffective for this dopingsee solid lines However, for ~ as the highest magnetic field for which there exists a nonzero
doping close ta, this pair breaking becomes importasee solution for the order parameter. We have found that in the
dashed lines case of »-type pairing, H.(T) reproduces experimental

As superconductivity does not occur in exactly two- data for the pseudogap closing field. These features do not
dimensional systems, one assumes the existence of a we@Rcur for attractive pair hopping interaction. In this case, the
interplane coupling. When the electrons are not confined t@ap structure as well as.;(T) are similar to those obtained
planes the fractal structure of the Hofstadter butterfly isfor AH model.
disturbed® The electron movement along the magnetic field Our approach to the critical field accounts for both Zee-
is not affected by the field. As a result, the Hofstadter subman and diamagnetic pair breaking mechanisms. In the case
bands broaden and some of them may overlap. A similapf swave pairing inclusion of the Zeeman coupling does not
broadening may be induced by disord&For a strong mag- lead to any essential changesHp,(T). On the other hand,
netic field there are only few subbands in the spectrumZeeman term is of crucial importance fgrpairing, whereas
Then, a relatively large interplane hopping integral is needet¢he diamagnetic pair breaking is ineffective. The experimen-
to close gaps between subbands. On the other hand, for really observedH (T) is interpreted in favor of the Zeeman
alistic values of the magnetic field there is a huge number o€oupling as the pseudogap closing mechanism. If this inter-
very narrow subbands and much weaker interplane couplingretation is correctd .4 should be isotropic, i.e., independent
may close the gaps. However, this broadening of the Hofsef the orientation of magnetic field with respect to GuO
tadter subbands does not lead to a substantial modification ¢dyers. This can be verified in future experimefesy., with
our results due to the fact that the energy spectrum enters theagnetic field applied parallel to the Cu@lanes when the
Gor’kov equations through the Cooper pairs’ susceptibility.orbital effects are absent
Although, the Cooper pairs’ susceptibility is strongly peaked In the absence of diamagnetic pair breaking various mod-
at the Fermi level, the eigenstates with energies of the ordegls reproduceH ,(T) properly. In order to choose the most
of kgT (with respect to the Fermi levebive a comparable appropriate one, it should be verified which of them allow
contribution to the gap equation. Since the number of subfor neglecting the diamagnetic pair breaking without addi-
bands within the energy randggT is already very large, the tional assumptionsThe PK model with &0 is unique in a
influence of a weak interplane coupling may be negligible.sense that the gap is closed predominantly due to the Zeeman
The importance of the interplane coupling increases at genunteraction. As we have previousfy shown, other models
inely low temperaturesi.e., for high magnetic fieldwhen  appropriate for short coherence superconductors have ground
only few subbands are located withiaT range. However, states(with swave or d-wave symmetry that are almost
the present approach is not applicable in this regiithe  insensitive to the Zeeman interaction.
above argumentation may not hold in the case of coherent Collecting the features of-paired state, the presence of
interlayer tunneling of Cooper pairs. In multilayer HTSC's the pseudogap, its anisotropy, Zeeman originHgf;;, the
this mechanism may amplify superconductivity and enhanc@resence of flux quantization, and the Meissner effeoh-
the superconducting transition temperattr@he onset of sistent with the preformed Cooper pairs scenamoay lead
the Cooper pair tunneling by the Josephson mechanisip at to a tempting hypothesis that the pair hopping can be respon-
may lead to the decrease of the out-of-plane kinetic energible for the pseudogap in HTSC's. However, in order to
However, this mechanism should not afféct, which is avoid the problem of interpretation of the critical field, it
related to the occurrence of incoherent Cooper pairs. should be verified beyond the mean-field level discussed in

this paper.
. SUMMARY

Summarizing, we have investigated the PK model with
attractive as well as repulsive pair hopping interaction. We
have shown that the repulsive pair hopping term may lead to We acknowledge a fruitful discussion with S. Robasz-
the occurrence of local minimum in the density of stateskiewicz. This work was supported in part by the Polish State
which is characteristic for the pseudogap phase of undel€ommittee for Scientific Research, Grant No. 2 PO3B 050
doped cuprates. It originates from the splitting of the quasi23.
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