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We argue that the spatial distribution of resonant impurity states in underdoped hsgpdrconductors serves

as a probe for distinguishing different theoretical models for the pseudogap state. Superconducting pairing
fluctuations are characterized by off-diagonal short-range order which distinguishes them from other possible
instabilities that could give rise to the pseudogap phenomena. Due to the mixture of particle and hole states in
a superconductor an impurity resonant state is composed of both a particle and a hole-like component. On the
contrary a state with a gap induced by a particle-hole instability, like a d-density wave (DDW) or spin-density
wave (SDW), exhibits no off-diagonal short-range order and consequently a resonant impurity state consists of
only one either particle or hole-like component. Furthermore, a charge-spin separated state shows no resonance
state at all inside the gap region.

One of the most intriguing property of the underdoped the DDW state in the underdoped cuprates.
high-temperature superconductors (HTSC) is the suppres- The local differential conductance measured at bias volt-
sion of single-particle weight around the Fermi energy ageV by STM is proportional to the local electron density
[1, 2, 3] for temperatures well aboe. As a consequence of states. Here we study the LDOS around a magnetic or
the electronic behavior of these materials deviates substannon-magneticl{ = 0) impurity in a system with competing
tially from that of conventional superconductors. The origin d-wave superconducting (DSC) and DDW order. The model
of this so-called pseudo-gap state is one of the key problemsHamiltonian is given by@ = (7, 7))
to be solved in order to understand the underlying micro-
scopic mechanism of the phenomena of HTSC. As various + + ot .
different theoretical proposals for the pseudo-gap have been H kzg Koo e ; = (Cch—ki the )
put forward the need of experimental probes that are able to

distinguish between them is of great interest. Here we argue + D W (e teiqo +he) +ea ) djd,
that scanning tunneling microscopy (STM) experiments in k 7
underdoped HTSC, that serve as a local probe of impurity + VZ (chodo + h.c.) + Udfdydfd;, (1)
states [4, 5], can be used in order to differentiate between at ko

least two classes of proposals. ,
In one class of models the pseudo-gap is ascribed toy\'hen:“‘gk = 2t (cosky) + cosky) — 4t' (cos by cosky ) — u

. . - is the dispersion of the conducting electron band with tight
a precursor pairing amplitude whose phase coherence IS inding parameters — 400meV. # — —50meV and chem-
destroyed above, [6, 7]. Since such a state exhibits gp o T

; ; A

off-diagonal short-range order, particle and hole states get'f,:[,aI potentialy. Ax = 5*(cos ki” — cosky) andWic =
mixed and consequently an induced impurity state is com- 2 (¢8kz — cosk,) are, respectively, the DSC and DDW
posed of both a particle and a hole-like component. On the®'der parameters witth, andW, being the corresponding
other hand in models where the origin of the pseudo-gapg"’lp a_mphtudes. i )

is due to a different type of instability (DDW, SDW, stripe Within a folded Nambu spinor basis

order etc.) the property of particle and hole mixing is ab- . .y

sent and thus an impurity state has only one either particle i = (G Gepqr Gkl C-k-ql) 5 @)

or hole-like component. This difference in the local elec- ¢ = (df,df,dy.d)), (3)
tronic density of states (LDOS) around an impurity can be

measured by scanning tunneling microscopy. This predic-the electronic Green’s function of the clean system is repre-
tion can be readily used by STM experiments to detecd for sented by the following matrix
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w— (ex — ) —iWx
A—1 _ iWy — (ex+q — 1)
Gy (k,w) = AL 0
0 Ay
while the impurity Green's function is given by
A—1 A d( \a U\ .
Gd (CU) = |:w7'() — EU(W)T(] — <€d + 2) T3
+w Z P a A ——5 5 70]| > (5)

where 7, is the unit matrix and, (o« = 1,2,3) are the
Pauli matrices in folded Nambu space. Scattering of quasi-
particles from the impurity is described by a T-matfiXw),
which is independent of wave vector in the case of s-wave
scattering

Glr,r';w) = G(r — r';w) + GO(r;w) T (W) GO (—r;w) . ()
The T-matrix is given by
T(w) = VizGa(w) Vs . @)

In eq.(5)%¢ (w) denotes the self-energy of the d-electron
due to the Coulomb interactidih and the last term describes
the self-energy due to the hybridization of the d-level with
the superconducting electrons. In order to calculate the im-
purity self-energy for finitd/ we use the modified pertur-
bation theory introduced by Kajueter and Kotliar [8]. Note
that for a non-magnetic impurity = 0, i.e. the problem is
reduced to a exactly solvable Fano-type one.

The LDOS of the conduction electrons around the impu-
rity is given by

N(r,w) = —%Im@ll(r,r;w) . 8
which is given by
Gr,r;w) = G(0,w) + GO(r,w)T(w)GO(—r,w) . (9)
]
(w—ea— V(W) (w+es—V?
where
W — €k
alw) = Ek: T (13)
o) = Yok (14)
k k
W) = Y 15)

755
—Ax 0
0 Ayx
w+ (ex — 1) —iWx ’ )
—iWi w+ (ex+Q — 1)
|
The density of states is therefore given by
N(I‘, w) = Ndfwave + Nimpurity 5 (10)

Ni—wave = —1Im (Zk G‘fl(k,w)) denotes the density of

states for a clean d-wave superconductor ARgl,. ity =
1Im (z TGO (k, w)T(w) T e T GO (K, w))l

the contribution to the density of states of the conduct|on

electrons due to the impurity. The general form for the
density of states due to the impurity is given by

1
Nianurity = *;Im (G(i) (r,w)Tll(w
+G12(r w)T21(
+G11(I' W)Tlg(u.)
+G15(r,w) Tz (w

)
w)
)Gy ()

w)) -

0
1

(1]1( r,w)

0

2

o1(—1 (11)

In the case of a d-wave superconductor the T-matrix is diag-
onal; i.e.T1o = T5; = 0. For an s-wave state however the
diagonal parts do not vanish and are important in order to
fulfill the Anderson theorem in the case of a non-magnetic
impurity.

The impurity induced resonant states in the gap are given
by the poles of the T-matrix. First we focus on the case of a
non-magnetic impurity like Zn. In this case the correlation
U = 0 and the Anderson impurity model reduces to that
of a potential scatterer. The poles of the T-matrix are given
by the zeros of determinant of the inverse impurity Green’s
function

Bw)) — Vi (w) =0, (12)

For a d-wave superconductefw) = 0 and thus de-
pending on the paramete¥sande, one gets a solution for
the above equation. In the case of an s-wave superconduc-
tor howevery(w) # 0 and thus no solution to the above
equation exists. For the s-wave case there exists therefore
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no impurity induced resonant state in the gap, which is in ©
agreement with the Anderson theorem for non-magneticim-
purities in a s-wave superconductor.

In Fig.1 we show the local density of states for a non-
magnetic impurity as Zink in a d-wave superconductor. At
the impurity site a resonant state with enetgy= —0.05¢
is obtained. Due to particle-hole mixing in a superconduc- w
tor a corresponding hole-like component at opposite energy [t
w = 0.05t is obtained at the nearest neighboring site along
the crystal b-axis.

Figure 3. Contour plot of the resonant impurity state in a d-wave
superconductor: left: particle component= 0.8A, right: hole
componenty = —0.8A,.

0.6
— Ny(o) 06 Focusing on the resonant state at higher energy, we show
T Eﬁﬁjf’i(o.s,o»  oal in Fig.3. a contour plot of the particte = 0.8, and the
it ' hole componentv = —0.8A¢. A good agreement with
04 | H 02 i Newzzaros experimental results of Hudson et al. [5] on the density of
00 il states around a Ni impurity in BSCCO is obtained.

N(w)

Next we discuss the result for a DDW state. Due to the
absence of particle-hole mixing in this case a resonant im-
purity state consists of only a particle component at energy
w = —0.05¢, as can be seen in Fig.4. The absence of the
corresponding hole-like component is a drastic difference to
the case of a d-wave superconductor. Therefore mapping of
the resonant state is a power-full tool in order to distinguish
these different states. A corresponding contour plot of the
impurity state at the resonance enetgy= —0.05¢ shows
Figure 1. Density of states for a non-magnetic impurity in a d-wave & completely different spatial structure as demonstrated in
superconductor: full line: d-wave gap without impurity, dashed Fig.5. Furthermore at the opposite enetgy= 0.05¢ no

line: at the impurity site, dotted line: at the nearest neighboring structure at all is observed, since no hole-like component
site along the x-axis. Inset: same but for full bandwidth. exists.

We now discuss the interesting case of coexisting DDW
and d-wave superconducting state. In the following we as-
sume that the superconducting critical temperatiireis
lower than the corresponding critical temperature for the

For a magnetic impurity/ = 4.0t we obtain two reso-
nant impurity states as shown in Fig.2 for two different hy-
bridization matrix elementg’.

DDW stateTppw .
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Figure 4. Density of states for a non-magnetic impurity in a DDW
Figure 2. Density of states for a magnetic impurity in a d-wave state: full line: d-wave gap without impurity, dashed line: at the
superconductor witl/ = 4t and two different values of hy-  impurity site, dotted line: at the nearest neighboring site along the
bridization matrix element’: full line: without impurity, dashed  x-axis, dotted-dashed line: at the nearest neighboring site along the
line: V' = 6.5A, dotted line:V = 8.1A,. diagonal of the crystal lattice.
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Figure 5. Contour plot of the resonant impurity state in a DDW
state. Only a particle component exists.
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Figure 6. Temperature effect on the resonant impurity state: in
a d-wave superconductor coexisting with a DDW state: full line:
without impurity, dashed line

Below the critical temperaturé. we again get a parti-

757

samples with a very loW, and a huge pseudo-gap is in de-
mand. In fact such an experiment would help to distinguish
the different theoretical models proposed for the pseudo-gap
in the literature.

However, special care has to be taken of what type of
impurity one should study. As was shown by Pan et al.[4] a
nonmagnetic impurity as Zn locally destroys the supercon-
ductivity, as indicated by the absence of a hole-like reso-
nance. Nevertheless a particle-like resonance is observed,
due to the depletion of states near the Fermi level, which we
attribute to the pseudo-gap. On the other hand a Ni impurity
preserves the superconducting state and thus also a hole-like
component is observed due to superconducting fluctuations
[5].

Therefore we propose a STM experiment in the under-
doped region of HTSC with embedded Ni impurities at tem-
peratures abové,.. The absence of a hole-like component
of a resonant state together with the existence of a particle-
like component would speak against the precursor pairing
mechanism and be in favor of a particle-hole state such as a
DDW state. The complete absence of any resonance in the
pseudo-gap phase however, would demonstrate that a more
exotic type of state like for example a spin charge separated
state is realized. As a last remark we would like to comment
that a promising achievement on the experimental side to-
wards this direction was recently obtained by Y. Kohsaka et
al.[9] who were able to synthesized Na-doped Ca2Cu0O2CI2
single crystals with well defined surfaces in the extreme un-
derdoped regime.

References

cle and a hole-like component of the resonant state as shown

in Fig.6. If we now raise the temperature abdvebut still
belowTppw, e.9.T. < T < Tppw, we observe that the

[1] A.G. Loeseret al,, Science273 325 (1996).
[2] H. Ding et al, Nature382, 51 (1996).

hole-like component at he nearest neighboring site vanishes. [3] ch. Rennekt al, Phys. Rev. Lett80, 149 (1998).

At the same time the particle-like component increases, due
to the transfer of spectral weight from the disappearing hole

component. This effect should be clearly visible in a STM
measurement.
As we have shown above different states will have dif-

ferent signatures of the resonant impurity state and thus can

in principle be distinguished by a STM experiment. Unfor-

tunately, until now experiments on resonant impurity states

[4] E.W. Hudsonet al,, Science285, 88 (1999); S.H. Past al,
Nature,403 746 (2000).

[5] E.W. Hudsoret al,, Nature,411, 920 (2001).

[6] V.J. Emery and S.A. Kivelson, Nature (LondoBY4, 434
(1995).

[7] M. Franz and A.J. Millis, Phys. Rev. B8, 14572 (1998);
H.-J. Kwon and A.T. Dorseybid 59, 6438 (1999).

have only been conducted on optimally doped samples of [g] . Kajueter and G. Kotliar, Phys. Rev. Le®#7, 131 (1996).

BSCCO [4, 5], where no pseudo gap is present. Since under- ] .
standing the pseudo-gap is considered the key for the theory [l E;;g;gll(gg al., cond-may/0209339; F. Ronning etal., cond-

of HTSC, a corresponding STM experiment on underdoped



