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Pseudogap phenomenon and superconductivity in a magnetic field
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Abstract

We study the effect of a magnetic field on the d-density wave (DDW) in the presence of dx2�y2 superconducting order parameter (DSC)

for high-temperature cuprates using a mean-field calculation of the tight binding model. The phase diagrams for the order parameter

with doping are discussed. The phase diagram of the field with filling and also the dependence of the critical field (Hc) on the critical

temperature (T c) have been considered. The temperature dependence of the specific heat is also demonstrated. The effect of the field on

the DDW order parameter and the superconducting gap are not alike. While the field suppresses the DSC gap, it tends to increase the

DDW gap at the same doping. Moreover the gap to T c ratio increases with the field. The critical field has a power law dependence

(Hc–T2
c ).
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The formation of the pseudogap below a characteristic
temperature, T� is, by now, a well-established concept
where the density-of-states is depleted in the underdoped
phase of the high-Tc cuprates. Various experiments, such
as photoemission [1], specific heat [2], tunneling [3] and
optical conductivity [4] have observed the pseudogap in
cuprates. However, the origin of the pseudogap remains
controversial and has been ascribed to two different
scenarios, occurrence of a competing order parameter or
to the presence of the precursor superconductivity. The
magnetic effects are good candidates for distinguishing
between the two scenarios. The pseudogap in the high-
temperature superconductors has recently been considered
as a d-density wave order (DDW) [5,6] where the particle
hole pair of the same orientation form the condensate. The
phase diagram of the cuprates are in agreement with this
recent picture. Moreover, the experimental situation is now
quite promising. The elastic neutron scattering [7] and
various other experiments [8] are consistent with the above
picture. The pseudogap exhibits a dx2�y2 -wave symmetry

alike the superconducting gap below T c. However, the
broken symmetry of the DDW state makes it different from
the dx2�y2 -wave superconducting gap of the Cooper pairs.
The magnetic field applied perpendicular to the CuO2

planes has been a very efficient instrument to understand
both the normal and superconducting phases of the
cuprates. The magnetic field study of the superconductors
in presence of the spin-density wave (SDW) has shown that
the SDW order grows with magnetic field wheras the
superconductivity is suppressed [9,10]. Most importantly,
the field dependence of the SDW Bragg peak intensity has
a cusp at the zero field. There are quite a few experiments
that shed light on the effect of the magnetic field on the
pseudogap. Nuclear magnetic resonance experiments on
underdoped YBa2Cu4O8 [11] exhibit a weak dependence of
the pseudogap on an applied perpendicular magnetic field.
Experiments on nearly optimally doped YBa2Cu3O7�d [12]
share the same view. Moreover, a systematic determination
of the pseudogap closing field has been made applying
magnetic fields up to 60T [13]. The above field and the
temperature T� are related through the simple Zeeman-like
expression that suggests the coupling of the magnetic field
to the pseudogap by the Zeeman energy of the spin degrees

ARTICLE IN PRESS

www.elsevier.com/locate/physb

0921-4526/$ - see front matter r 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.physb.2005.11.150

�Tel.: +55 92 36474131; fax: +55 92 36474132.

E-mail addresses: angsula@ufam.edu.br, angsula@if.usp.br.

www.elsevier.com/locate/physb


of freedom, thus entailing a predominant role of the spins
over the orbital effects in the formation of the pseudogap.

Inspite of the various experimental facts and theoretical
works, the question of the nature and origin of the
pseudogap in the normal phase is still open. The pseudogap
in our model has been considered to be the DDW order.
The DDW order has successfully explained various
properties of the pseudogap phase in the normal state of
the high T c materials. However, there is a sea of confusion
with respect to the effect of the magnetic field on the
pseudogap in presence of the superconductivity. Thus, it is
of utmost importance to study the effect of the magnetic
field on DDW. The magnetic field dependence of the DDW
order has recently been studied in Ref. [14]. They have also
observed the de Hass–van Alphen oscillations in a DDW
state unlike the d-wave superconducting state as is evident
from the difference in the behavior of the nodal quasi-
particles of the two states. In this work, we consider the
magnetic field dependence of the d-density wave order
parameter and the dx2�y2 superconducting order parameter
(DSC) in a tight binding model. The applied magnetic field
in this case considers the coupling of the magnetic field to
the quasi-particle spin and modifies the hopping term. It is
important to study the effect of the magnetic field involving
the spin term as well as the orbital terms. In this work we
consider the magnetic field involving only the spin degrees
of freedom. Later we would like to include the orbital
effects to see how it changes. As the paramagnetism is an
observable phenomenon it justifies our study. Similar
works based on the other scenarios of pseudogap like the
precursor superconductivity including coupling of the
pseudogap by the spin degrees of freedom have been made
[15].

We consider a two-dimensional tight binding model with
appropriate lattice symmetry and second nearest neighbor
hopping parameter. A mean-field calculation is performed
to obtain the phase diagrams with doping, d and also the
temperature dependence of specific heat. The dependence of
the critical field on doping and critical temperature are also
studied. The understanding of the effect of the magnetic
field on the three types of states, namely the DDW,
DDW+DSC and DSC, is important for the understanding
of the superconducting phase and the normal phase in the
underdoped region
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ks is the fermion creation operator for wavevector k
and spin s. Wk and Dk are the DDW gap and the DSC gap,
respectively. Q is the nesting vector (p;p) and H is the
external magnetic field applied perpendicular to the cuprate
planes. m is the chemical potential. In our model with
nearest neighbor hopping, we have m ¼ 0 at half filling,
while it takes negative values away from half filling. rss0 are
the components of the Pauli matrices: r ¼ ðs1;s2;s3Þ. The
d-density wave and the superconducting gaps are given by
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where VDDW is the pairing interaction for the density wave
channel. fk represents the basis function which determines
the symmetry of the order parameter and the correspond-
ing pairing interaction; fk ¼ cos kx � b cos ky. Here b ¼ 1
corresponds to square lattice and ba1 represents orthor-
hombic distortion. VDSC is the pairing interaction and
Zk is the basis function that determines the symmetry
of the superconducting order parameter. The energy dis-
persion relation is given by �k ¼ �2tðcos kx þ b cos ky �

2g cos kx cos kyÞ which gives the band structure. t and bt are
the nearest neighbor hopping integrals along the in-plane a

and b axes respectively. The model is more realistic due to
the next-nearest-neighbor hopping gt.
The mean-field Hamiltonian of the system in the Nambu

basis can be written as

HMF ¼
X

cykMkck þ E0, (3)

where cyk ¼ ðc
y

k"; c�k#; c
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kþQ"; c�k�Q#Þ. E0 is the constant
energy shift. Mk is given by

The d-density wave order parameter is purely that results in
a broken symmetry state with a finite spin current. The
above matrix Mk has four eigenvalues, EnðkÞ given by

EnðkÞ ¼ mBH � �2k þ m2 þ D2
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In short notation we can write EnðkÞ ¼ mBH þ s3gs2
ðkÞ

where s2 and s3 can take values of �1. The magnetic field
has been considered to be perpendicular to the c-axis. The
inclusion of the magnetic field along the planes will increase
the computational difficulties due to increase of the
dimension of the matrix. The self consistent equations for
DDW in the presence of the d-wave superconductivity can
be obtained from the free energy expression given by the
trace formula. The two mean-field equations obtained from
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