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Search for thep Resonance in Two-Particle Tunneling Experiments of YBCO Superconductors

Ya. B. Bazaliy, Eugene Demler, and Shou-Cheng Zhang
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(Received 1 April 1997)

A recent theory of the resonant neutron scattering peaks in YBCO superconductors predicts the
existence of a sharp spin-triplet two-particle collective mode (the “p resonance”) in the normal state.
In this paper, we propose an experiment in which thep resonance could be probed directly in a two-
particle tunneling measurement. [S0031-9007(97)03952-5]

PACS numbers: 74.50.+r, 74.20.–z, 74.72.–h
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Recent spin polarized inelastic neutron scattering
periments [1–3] of the YBCO superconductor reveal
the existence of a sharp collective mode. This collect
mode has spin one, carries momentumsp, pd, and has
well-defined energies of 41, 33, and 25 meV, respective
for materials withTc ­ 92, 67, and 52 K [1]. Most strik-
ingly, this feature is only observed in the neutron sc
tering experiment below the superconducting transit
temperature.

A number of theoretical explanations has been offe
for this unique feature [4,5]. In particular, two of u
[4] proposed that there exists a sharp spin-triplet partic
particle collective mode in a wide class of strongly co
related models, including the Hubbard and thet-J model.
This collective mode, called the tripletp mode or simply
thep resonance [6], is created by a two-particle operat

py ­
X

k

scoskx 2 coskyd c
y
k1Q,"c

y
2k,", Q ­ sp, pd .

(1)

It carries spin one, momentumsp , pd, and its energy scale
is determined byJ, the spin exchange energy. This co
lective mode exists both in the normal and the superc
ducting states. In the normal state, it does not couple to
neutron scattering probe because of its particle-particle
ture. However, below the superconducting transition te
peratureTc, this particle-particle collective mode can m
into the particle hole channel and couple to the neut
scattering amplitude. Since the mixing amplitude is p
portional to the superconducting order parameter, this t
ory offers a unique explanation why the resonant neut
scattering peak disappears above the superconducting
sition temperature. There is a fundamental difference
tween this theory and the possible alternative explanati
based on the excitonic bound states inside the super
ducting gap. In the former case, the existence of the col
tive mode is not dependent on the superconducting or
only the coupling to neutron is, while in the later case, t
collective mode will disappear entirely from the physic
spectrum when the superconducting gap disappears.

More recently, a unified theory of antiferromagnetis
(AF) and d-wave superconductivity (SC) in the highTc

superconductors has been proposed [6]. This theor
based on a SOs5d symmetry generated by the total spi
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total charge, and thep operators which rotate AF orde
parameters into the SC order parameters and vice ve
Within this theory, the resonant neutron scattering pe
is interpreted as the pseudo-Goldstone boson associ
with the spontaneous breaking of the SOs5d symmetry,
reflecting the tendency of a SC state to fluctuate in
the AF direction. The SOs5d symmetry is based on
the assumption that thep operator is an approximate
eigenoperator of the microscopic Hamiltonian. Althoug
there are both analytical [4] and numerical [7] calculatio
in support of this assumption, it is certainly desirable
test it in direct experiments.

Therefore, in order to distinguish among the variou
theoretical explanations of the resonant neutron peak,
to test the SOs5d theory of highTc superconductivity, it
is crucial to search for the signature of thep resonance
in the normal state of the YBCO superconductor.
the classic theoretical work of Scalapino [8] and th
subsequent experimental confirmation by Goldman and
workers [9], a superconductor with a higherTc was used
to probe the pairing fluctuation of a lowerTc material
in the normal state. Inspired by their ideas, we propo
a similar tunneling experiment to probe thep resonance
in both the superconducting and the normal states. T
proposed experimental geometry is depicted in Fig. 1. T
proposed sample consists of a Josephson junction m
out of a lowerTc superconductor (layer C), a thin (les
than the coherence length) layer of a antiferromagne
insulator (layer B), and a bulk higherTc material (A),
on the other side of the junction. The lowerTc and
higherTc pairs of superconductors can consist of a pair

FIG. 1. Setting of the suggested experiment.
© 1997 The American Physical Society 1921
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underdoped and optimally doped YBCO superconduct
or a pair of optimally doped YBCO and Ta or Bi dope
BCO superconductors. The antiferromagnetic insula
can be realized by the parent YBCO insulator or the
doped BCO insulator. All layers have theirab plane
perpendicular to the tunneling direction. A voltageV is
applied in the tunneling direction.

The basic idea is that when the temperature is
between the two superconducting transition temperatu
the BCS pairing condensate of the bulk superconduc
A acts as a classical external field coupling to the tw
particle quantum operators in the normal state of layer
The antiferromagnetic layer is needed to transfer a ce
of mass momentum ofsp, pd to the Cooper pair and flip
its spin at the same time, so that it has exactly the sa
quantum number as thep resonance on the other side o
the junction.

To start with, let us consider the effective tunnelin
matrix element between A and C, mediated through
antiferromagnetic insulator. We can model the antif
romagnetic insulating layer B by a positiveU Hubbard
model at half-filling, with a one-particle Green’s functio
given by [10]

GAFsk, p; a, b; vd

­
sv 1 ekddabdkp 1 DSDW da, 2bdk, p1Q

v2 2 D
2
SDW 2 e

2
k

, (2)

where DSDW is the spin-density-wave gap. We assum
that the chemical potentials of both A and C laye
are within DSDW ; the tunneling process is therefor
nonresonant. From (2) we see explicitly that electro
can tunnel either via a direct channel preserving its s
and transverse momentum or via a spin flip chan
changing its transverse momentum byQ. Consequently,
we can model the tunneling from A to C by the followin
effective Hamiltonian:

HT ­
X
pks

T d
pkay

psckseiVt 1 T
f
pka

y
p1Qsck2seiVt 1 H.c.,

(3)

where V is the applied voltage, and theapa and cka

operators refer to the electronic operators in A and
with momenta p and k. The ratio of the spin flip
matrix elementT

f
pk to the direct matrix elementT d

pk is
on the order ofDSDW yU. In the summation abovep
is the usual three dimensional momentum of electro
in bulk superconductor A. We model layer C as a tw
dimensional film with a 2D momentum vectork.
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We consider a particular case of a perfectly specu
scattering which conserves the momentum parallel to
interface

T
d,f
kp ­ Td,fdk,pjj

. (4)

The d symbol above is a Kroneker delta of the discre
momenta, andTd,f are assumed to be constant. In wh
follows we use common approximations in the theory
specular tunneling [11]X

k

! ANCs0d
Z

dek , (5)

X
p'

! rAs0ddA

Z
dep , (6)

whereA is the area of the junction,dA is a width of layer
A, NCs0d is a two dimensional density of states in lay
C, andrAs0d is a one dimensional density of electron
in layer A. Equations (3)–(6) serve as the starting po
for our discussion of the tunneling measurement of thep

resonance.
Being a collective mode, thep resonance is represente

by a pole in the four-leg vertex. Its first contributio
comes in the third order of perturbation theory (from no
on we will use a finite-temperature Matsubara techniqu

Js3dst0d ­ 2
1
6

Z 1yT

0
dt1 dt2 dt3

3 kTthHT st1dHT st2dHT st3dJst0djl , (7)

with

Jstd ­ 2e
X

kp,ab

fTab
kp a

y
kastdcpbstdeiVt

2 T
bap
pk c

y
pbstdakastde2iVt giV!eV . (8)

Expression (7) has many terms, each containing f
a and four c operators. The resonant contribution d
scribes the coupling of the BCS condensate in A to thep

resonance in C, and is given by the terms which ha
anomalous two-particle Green’s functionKL on the super-
conducting side, and the two-particle Green’s functionKR

on the normal-metal side that takes into account the m
tiple scattering of the particles of each other. The anom
lous KL has total momentum zero and total spin zero a
the singular part ofKR , as shown in [4], corresponds t
the two particles having the center of mass momentumQ
and spin one. This mismatch is compensated by the
trix elementsT f which flip the spin and add momentum
Q to the pair. Disposing all momentum, spin, and e
ergy conservation properties of the bulk Green’s functi
we come to thep resonance contribution to the tunnelin
current,
Jp ­ 2
4e
N

Im

"√ X
kpk00p00

Td
kpT dp

k00p00T
f
2p2kT

fp
2p002k00G"sk, k00; 2iV, QdT

X
v1

Fpsiv1dGks2iv1 2 iVdGQ2ksiv1 2 iVdT

3
X
v2

Fp00 siv2dGk00s2iv2 2 VdGQ2k00 siv2 2 Vd

!
iV!eV

#
, (9)



VOLUME 79, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 8 SEPTEMBER1997

as
h
n

ion

the
where G"sk, k0, E, Qd is the vertex for all spins up with
total energyE and momentumQ. N ­ Aya2 with a
being a unit cell size of YBCO. A similar expression h
been studied in [11] in connection with the problem of t
fluctuational contribution to the tunneling currents in co
p

tw

c

t

e
-

ventional superconductors. Diagrammatically express
(9) is shown on Fig. 2.

We assume that the normal metal is described by
t-J Hamiltonian and the triplet vertexG" may be found
from the Dyson’s equation
G"sk; k00; 2iV, Qd ­ J
X
a

gaskdgask00d 2 JT
X

k0na

gaskdgask0 dGk0sindGQ2k0 s2iV 2 indG"sk0, k00; 2iV, Qd , (10)
s a

the
as
wherea is an index that may be1 or 2 and g6skd ­
coskx 6 cosky.

The t-J Hamiltonian possesses two remarkable pro
erties. Namely, the two-particle continuum collapses
a point when their center of mass momentum isQ, and
second there is repulsive interaction between the two
ticles in a triplet state sitting on the neighboring site
This leads to the existence of an antibonding state of
electrons with center of mass momentumQ and energy
v0 ­ Js1 2 ndy2 2 2m—the p resonance [4]. Identi-
fying this energy with the observed resonant neutron s
p-
to

ar-
s.

o

at-

tering peaks givev0 ­ 41 or 33 meV depending on the
Tc of layer C. This antibonding state appears up a
sharp pole inG"sk, k0, 2iV, Qd when2iV ­ v0. So, we
can write a solution to (10) as

G"sk; k00; 2iV, Qd ­ Jg2skdg2sk00d
2iV 1 2m

2iV 2 v0
1 G

reg
" .

(11)

Putting together Eqs. (9) and (10) and noticing that
anisotropic gap of the superconductor may be written
Dp ­ Dg2spjjd we get
lt. So,

r

JpsV d ­ 2eJD2 Im

"√
2iV 1 2m

2iV 2 v0

1
N

X
kpk00p00

Td
kpT dp

k00p00 T
f
2p2kT

fp
2p002k00g2sk00 dg2sp00

jj dg2skdg2spjjdRsiV, Ep , ekd

3 RsiV, Ep00 , ek00d

!
iV!eV

#
, (12)

where

RsiV, Ep , ekd ­
tanhsEpyT d

EpsEp 2 ek 2 iVd sEp 2 2m 2 ek 1 iVd

1
tanhsekyT d

sEp 2 ek 2 iVd sEp 2 2m 2 ek 1 iVd s2m 2 2iVd
,

Ep ­
p

e2
p 1 D2

p . (13)

In the expression above the angular dependence comes fromg2 functions as well as from the anisotropy ofDp in the
expressions forEp . It is easy to convince oneself that the later does not have any significant effect on the resu
we can neglect the anisotropy ofD2

p and replace it by the average valueD2. Then integrating over directions ofk and
k00 may be done explicitly giving the average values ofkg2

2skdl ø 1. Finally we arrive at the following expression fo
Jp

Jp ­
2eJD2

N
fT dT fAdArAs0dNCs0dg2 Im

"
2eV 1 2m

2eV 2 v0 1 i0

√Z
dep dek RseV 1 i0, Ep, ekd

!2#
. (14)
ke
an

nt
In Fig. 3 we present the characteristicV dependence of
jp . One can see that it does have a resonant feature w
eV0 ­ v0y2 which, if found, will be a clear indication of
the existence of thep excitation in YBCO materials.

We can do a simple estimate of the integrated spec
weight of thep resonance. The usual expression for th
normal-to-normal tunneling current is given by

JN ­ e
X
pk

jTd
pkj2dseV 1 ek 2 epd fnFsekd 2 nFsepdg

­ dAAjTd j2rCs0dNAs0de2V . (15)

Then, assuming that the characteristic scale ofep ’s and
ek ’s in Eq. (14) is set byJ we can obtain after a few
hen

ral
e

straightforward manipulationsZ
Jp dV >

É
Tf

T d

É2
h̄a2AD2

e4

√
1

RNA

!2

. (16)

To get an idea of the magnitude of this effect we ta
the numbers characteristic to the experiments of Goldm
et al. on the fluctuational contribution to the S-N curre
in low temperature superconductors [9].A ø 1024 cm2,
RN ø 1021 V, and characteristic to YBCO gapD ­
20 meV anda ­ 4.8 3 1028 cm. For TfyTd ø 1 this
gives us Z

Jp dV ø 10 mA mV ,
1923
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FIG. 2. Second order tunneling diagram.

which is the effect of the same order of magnitude
measured by Goldman and co-workers [9].

It was noted to us by B. Janko that the use of
tunneling Hamiltonian for the two-particle tunneling
not completely justified. This difficulty does not alte
the physical picture of the tunneling into thep-mode
manifesting itself as a sharp peak atV ­ h̄V0y2e, but
may change the magnitude of the peak in question.
rely on the observation of the two-particle contributio
in the experiments reported in [9] to suggest that in t
present case observation of the peak can also be wi
the possibilities of an experiment.

In conclusion, we have proposed a concrete tw
particle tunneling experiment to probe thep resonance of
the highTc superconductors. Identification of this mod
could uniquely distinguish among the various theoreti
explanations of the resonant neutron scattering pe
lend direct experimental support of the SOs5d theory, and
deepen our understanding of the symmetry relations
between antiferromagnetic and superconducting phase
the highTc superconductors.
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FIG. 3. jp as a function ofV for v0 ­ 41 meV.
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