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Density of states near a magnetic impurity in thed-density wave state
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~Received 19 June 2002; published 28 October 2002!

The response of localized magnetic moments in the pseudogap phase is examined in thed-density wave
scenario. We find that in the strong scattering limit, the magnetic impurity induces two resonance peaks, one
due to the superconducting gap localized at the Fermi energy and another one due to thed-density wave gap
whose shifting from the Fermi energy is controlled by the chemical potential. The weights of the resonances
are proportional with the values of the corresponding gap amplitudes. By measuring the density of states near
the magnetic impurity, it is possible to compare our theoretical findings with the available experimental data for
probing the existence of thed-density wave order in the pseudogap state.
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The pseudogap observed in high-temperature super
ductors above the superconducting transition temperatureTC

has been subject to intense studies in the past years. I
ence of the pseudogap formation shows up in different
perimental probes, such as nuclear-magnetic-resonanc
laxation time, Knight shift, neutron scattering, specific he
and optical conductivity.1,2 Recent elastic neutron scatterin3

have found direct evidence for the existence of a new or
state, named d-density wave ~DDW! ~Ref. 4! in
YBaCuO61d . Other experiments5 are compatible with the
DDW scenario.

The principal feature of the DDW state is the existence
the staggered orbital magnetic moments, which breaks t
reversal symmetry and translation invariance by one lat
spacing. DDW state competes with thed-wave superconduc
tivity ~DWS! in the underdoped region of the pha
diagram,6 when the doping is less then critical doped-ho
concentrationpcr , where the DDW order is believed to van
ish. DDW develops below characteristic temperatureT! and
is strongly suppressed by the disorder, so only clean sam
are expected to show a phase transition atT!. Recently,
c-axis response and the density of states were investigate
the framework of DDW scenario,7 and experimental data o
Renneret al.8 do not agree with the predictions of the DDW
scenario for the quasiparticle density of states. The densit
states was also calculated near a nonmagnetic impurity in
same scenario by different authors.9 It was found that a
single resonance peak appears in the local density of s
around the impurity, and the position of this resonance p
shifts away from the Fermi surface in accord with the che
cal potential. In a similar way, magnetic moments perturb
superconducting properties of the system. When a magn
impurity is placed in a superconductor, the exchange inte
tion between the localized impurity spin and the conduct
electrons leads to the formation of the Shiba bound stat10

or resonances inside the superconducting gap. Spectral p
erties of quasiparticle excitations induced by magnetic m
ments ind-wave superconductors were extensively stud
usingT-matrix approximation.11

The aim of this paper is to calculate the density of sta
near a magnetic impurity in a DDW scenario. Such a den
of states can be experimentally measured using scanning
nel microscope~STM! spectroscopy12 and a direct compari-
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son between the theoretical results and the experimental
come is possible for probing the existence of the DDW or
in the pseudogap state.

The starting point of our analysis is the following Ham
tonian defined byH5H01Himp , where H0 is the mean-
field Hamitonian describing the coexistence of the DWS a
DDW, andHimp is the contribution due to the magnetic im
purity.

H05(
k,s

~«k2m!cks
1 cks1(

k
Dk~ck↑

1 c2k↓
1 1c2k↓ck↑!

1 i(
k

xkck1Qs
1 cks ~1!

whereDk is the superconducting order parameter andxk is
the DDW gap. BothDk andxk have a (dx22y2)-wave sym-
metry, Dk52D0(coskx2cosky), xk52x0(coskx2cosky),
and«k is the dispersion relation that~in our model! is given
by «k522t(coskx1cosky). The chemical potential is de
noted bym, andcks

1 (cks) are the creation~annihilation! op-
erators. Throughout our calculation we have considered
the hopping integral the valuet50.25 eV, soW58t is the
bandwidth. The impurity Hamiltonian can be written a
Himp5J(k,k8ck,a

1 sabck8,bS, whereJ is the exchange cou
pling, s are the Pauli matrices, andS is the impurity mag-
netic moment. The exchange interaction preserves
particle-hole symmetry due to the spin-rotational symme
The mean-field Hamiltonian can be written in Namb
formalism13 H05(kPrbzCk

1AkCk , where Ck
1

5(ck↑
1 ,c2k↓ ,ck1Q↑

1 ,c2k2Q↓), and the matrixAk is given by

Ak5S «k2m Dk ixk 0

Dk 2~«k2m! 0 ixk

2 ixk 0 2~«k1m! 2Dk

0 2 ixk 2Dk «k1m

D , ~2!

and the interating term can be written asHimp

5(kPrbzCk
1Vt0Ck , whereV51/2JS. A local Coulomb in-

teraction can be also considered in the form ofHimp8
5(kPrbzCk

1Ut3Ck and describes a scattering of the co
duction electrons on a nonmagnetic impurity.9 The 434 Ak
©2002 The American Physical Society09-1
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matrix can be exactly diagonalized and the Green’s func
can be calculated asG0(k,ivn)5( ivn2Ak)

21. A direct cal-
culation gives for the eigenvalues ofAk the values6E1(k)
and 6E2(k), where E1(k)5@(A«k

21xk
22m)21Dk

2#1/2 and
E2(k)5@(A«k

21xk
21m)21Dk

2#1/2 and the Green’s function
can be written as

G0~k,ivn!5
1

D S G0
(11) G0

(12) G0
(13) G0

(14)

G0
(21) G0

(22) G0
(23) G0

(24)

G0
(31) G0

(32) G0
(33) G0

(34)

G0
(41) G0

(42) G0
(43) G0

(44)

D , ~3!

where D is the determinant of theAk matrix given byD
5@v22E1

2(k)#@v22E2
2(k)#, and the matrix elements are

G0
(11)~k,ivn!5@v1~«k2m!#@v22~«k1m!22Dk

2#

2xk
2@v1~«k1m!#,

G0
(12)~k,ivn!5Dk@v22~«k1m!22Dk

2#2Dkxk
2 ,

G0
(13)~k,ivn!5 ixk@~v2m!22«k

22Dk
22xk

2#,

G0
(14)~k,ivn!52iDkxkm,

G0
(21)~k,ivn!5G0

(12)~k,ivn!,

G0
(22)~k,ivn!5@v2~«k2m!#@v22~«k1m!22Dk

2#,

2xk
2@v2~«k1m!#,

G0
(23)~k,ivn!52G0

(14)~k,ivn!,

G0
(24)~k,ivn!5 ixk@~v1m!22«k

22Dk
22xk

2#, ~4!

G0
(31)~k,ivn!52G0

(13)~k,ivn!,

G0
(32)~k,ivn!5G0

(14)~k,ivn!,

G0
(33)~k,ivn!5@v2~«k1m!#@v22~«k2m!22Dk

2#

2xk
2@v2~«k2m!#

G0
(34)~k,ivn!52Dk@v22~«k2m!22Dk

2#1Dkxk
2 ,

G0
(41)~k,ivn!52G0

(14)~k,ivn!,

G0
(42)~k,ivn!52G0

(24)~k,ivn!,

G0
(43)~k,ivn!5G0

(34)~k,ivn!,

G0
(44)~k,ivn!5@v1~«k1m!#@v22~«k2m!22Dk

2#

2xk
2@v1~«k2m!#

The mean-field Green’s function given by Eqs.~3! and~4!
can be used to calculate the physical properties of the
13250
n

s-

tem. We are interested in the frequency dependence of
density of states of the bulk system and the modificat
induced by the presence of a single magnetic impurity.

The density of states for the bulk system can be calcula
directly from the mean-field Green’s function asN(v)
522(kPrbzIm@G0

(11)(k,v)1G0
(33)(k,v)#. The results are

presented in Fig. 1 for different values of the ratioD0 /x0. In
this case the chemical potential was chosen to be zerom
50), so the system is at half filling with perfect electro
hole symmetry. Both the DDW and DWS gaps develop at
Fermi surface, and the system is analogous to the case
pure DWS with a gap value equal toD̄k5ADk

21xk
2.

There is a strong competition between the supercond
ing gap and the DDW gap in the case where the chem
potential is different from zero, as can be seen from
results for the density of states presented in Fig. 2. Increa
the absolute value of the chemical potential, the superc
ducting gap remains pinned at the Fermi surface correspo
ing to (v50), while the DDW gap shifts to lower value
and develops at energies comparable with the chemical
tential, uvu5umu.

In order to calculate the density of states near a magn

FIG. 1. Density of states for the superconducting state at
filling ( m50) for different values of the DDW gap.

FIG. 2. Density of quasiparticle states for the bulk system
three values of the chemical potential. The Fermi surface co
sponds tov50. D0 /x051, D0510 meV, andt50.25 eV.
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moment, we useT-matrix formalism and the following ap
proximations:~i! the bulk system is a two-dimensional lattic
where a localized magnetic moment is created by a class
spin S at r50; ~ii ! the gap function is uniform everywher
and has adx22y2 symmetry.

Multiple scatterings of quasiparticles by the impuri
are describe by theT matrix,T(r ,r 8,v)5T(v)d r ,0d r8,0 . The
presence of magnetic moment modifies the Green’s funct
and implicitly the physical properties of the system
its neighborhood. The modification in the Green’s functi
depends on the relative position to the magnetic mom
as G(r ,r 8,v)5G0(r2r 8,v)1G0(r ,v)T(v)G0(2r 8,v),
where G0(r ,v)5N21(kPrbzG0(k,ivn)eikr is the Fourier
tranform of the Green’s function given by the Eq.~3! andN
is the number of particles in the system.T(v) is also a 4
34 matrix that can be calculated asT(v)5@V212G0(r
50,v)#21. Impurity bound states or resonances can be id
tified from the pole structure of theT matrix. The bound
states correspond to zeros of the determinant det@T21(v)#
for frequencies that satisfyuvu,4D0. Zeros in the vicinity
of the real axis correspond to resonances. The imaginary
of theT matrix poles represent the lifetime of the resonanc
We are interested in the density of states exactly at the
purity site in which case the spectral density can be ca
lated as

As~v!521/pImH F G0~v!

@12s~V1sU !G0~v!#G
(11)

1F G0~v!

@12s~V1sU !G0~v!#G
(33)J ~5!

whereG0(v)5G0(r50,v) and the spin-up~-down! corre-
sponds to the cases51(21). The results for the spectra
function at the magnetic impurity site are presented in Fig
in the case when the chemical potential is zero~half filling!
for different values of the ratioD0 /x0, as indicated. The
resonance atv50 in Fig. 3 is fourfold degenerate because

FIG. 3. Spectral density at the impurity site calculated for d
ferent ratios ofD0 /x0. The chemical potential ism50 ~electron-
hole symmetry!. The other parameters areD0510 meV, t
50.25 eV,V530t, andU50.0.
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~i! strong magnetic scattering potential that shift the po
tions of the resonances tov50 and ~ii ! particle-hole sym-
metry (m50) when both DWS gap and DDW gap a
opened at the Fermi energy. On increasing the DDW g
valuex0 the degeneracy starts to rise due to increase of

ratio D̄0 /V, but each resonance still remains doubly deg
erate due to the vanishing of the chemical potential.

In Fig. 4 we present the results for the spectral funct
away from half filling. In the case wheremÞ0 and where
DDW gap is zero, the resonance peak is formed at the Fe
energy, and this remains pinned at the Fermi energy for
band values of the chemical potential (24t,m,4t). In
contrast, the opening of the DDW pseudogap leads to
formation of a second peak in the density of states at a
quency equal to the chemical potential. When the amplitu
of the DWS and DDW are comparable, the weights of t
corresponding resonances are also comparable. On inc
ing x0 the peak becomes dominant and the spectral we
shifts from the DWS peak to the DDW peak. For gap valu
of x0@D0 the DWS peak completely disappears and
only peak that remains corresponds to the DDW gap.
analysis for the modification of the density of states nea
nonmagnetic impurity lead to a similar result.9

In conclusion, we have calculated the frequency dep
dence of the density of states of a two-dimensionald-wave
superconductor in which superconducting order coex
with DDW order. The results for the bulk density of stat
calculated in this theoretical framework does not agree w
the experimental data8 due to the existence of a second gap
a frequency equal with the chemical potential. We have a
calculated the density of states near a magnetic momen
the presence of the DDW order. The spectral density at
magnetic impurity site in the strong scattering limit prese
two resonances, one due to the DWS order~localized at the
Fermi energy!, and the other due to the DDW order shifted
accord with the chemical potential from the Fermi surfa
Our results can be directly verified by measuring the den
of states near the magnetic moments using STM techniq
in the underdoped region of the phase diagram.

FIG. 4. Same as in Fig. 3 with the chemical potentialm5
20.2t.
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