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Impurity-induced resonant state in a pseudogap state of a high-Tc superconductor

H. V. Kruis,1,2 I. Martin,2 and A. V. Balatsky2
1Institute Lorentz, Leiden University, P.O. Box 9506, NL-2300 RA Leiden, The Netherlands
2Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 23 August 2000; revised manuscript received 6 November 2000; published 28 June 2001!

We predict a resonance-impurity state generated by the substitution of one Cu atom with a nonmagnetic
atom, such as Zn, in thepseudogapstate of a high-Tc superconductor. The precise microscopic origin of the
pseudogap is not important for this state to be formed, in particular this resonance will be present even in the
absence of superconducting fluctuations in the normal state. In the presence of superconducting fluctuations,
we predict the existence of a counterpart impurity peak on a symmetric bias. The nature of this impurity
resonance is similar to the previously studied resonance in thed-wave superconducting state.
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The effects of a single magnetic and nonmagnetic im
rity in high-temperature superconductors have been stu
intensively both theoretically1–5 and, more recently, experi
mentally by scanning-tunneling microscopy~STM!.6–8 Un-
derstanding of the impurity states in high-Tc materials is
important because impurity atoms qualitatively modify t
superconducting properties, and these impurity-indu
changes can be used to identify the nature of the pairing s
in superconductors.

Up to now, theoretical analysis of the impurity states h
been focused on the low-temperature regimeT!Tc , well
below the superconducting transition temperatureTc . On the
other hand it is well known that in the normal stateT
>Tc) of underdoped cuprates, the electronic states at
Fermi energy are depleted due to pseudogap~PG! DPG , as
was seen by STM9 and by angular-resolved photoemission10

One can consider the temperature evolution of the impu
state as the temperature increases and eventually bec
larger thanTc . Then there are two possibilities for the ev
lution of impurity resonance atT.Tc : ~a! the impurity reso-
nance gradually broadens until the superconducting gap
ishes, at which point the impurity resonance tota
disappears and~b! the resonance gets broader, however s
vives aboveTc . Which of the possibilities is realized de
pends on the normal-state phase, the superconductor ev
into. It has been argued11,12 that in the underdoped regim
the superconducting gap opens up in addition to
pseudogap present well aboveTc . Hence, we find that the
impurity resonance survives aboveTc in thepseudogapstate
of high-Tc materials. The position and the width of the res
nance are determined by the impurity-scattering strength
PG scale. In the absence of PG aboveTc the impurity-state
disappears.

The origin of the PG state is one of the most stron
debated issues. Some models attribute the PG
superconducting-phase fluctuations aboveTc ;13 others to a
competing nonsuperconducting order parameter.14 Another
possibility is that even within the PG regime there are at le
two distinct subregimes—strongandweakpseudogaps, with
a weak pseudogap occurring at higher temperatures du
antiferromagnetic fluctuations, and a strong pseudogap b
related to superconducting fluctuations.15,16

In this article we address the impurity-induced resonan
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or quasibound state, that is generated by a strong nonm
netic impurity scattering in a CuO plane in thenormal state
of high-Tc materials. Specifically, we calculate the resona
state generated by the substitution of one Cu atom with a
atom using the self-consistentT-matrix approach. We rely on
the fact that the density of states~DOS! is depleted at the
Fermi energy in the PG regime. We argue, the mere fact
the DOS is depleted at the Fermi energy is sufficient to p
duce a resonance near the nonmagnetic impurity, such as
Howeverno particular use of the superconducting correl
tions above Tc is neededin our analysis. For example, th
results we present will be valid in the PG statewith no su-
perconducting phase or amplitude fluctuations above Tc, as
long as there are interactions that lead to the PG state
indicated by a depleted DOS. This is an important caveat
broadens the validity of the model regardless of the mic
scopic origin of the PG in the high-Tc superconductor. The
approach we take is similar to the previous analysis of
nonmagnetic impurity in the superconducting state.1 See also
Fig. 1.

The superconducting fluctuations are not required for
formation of the impurity state in the PG regime. Howev

FIG. 1. An impurity state in a highTc superconductor:~a! The
DOS in the pseudogap regime used in this article~see also Ref. 11!
and~b! the DOS in the superconducting state as was used in Re
In both phases there is a resonant state.
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in the presence of superconducting fluctuations an additio
important feature of the impurity state is expected to app
The natural quasiparticles in the superconducting state
the Bogoliubov quasiparticles. The Bogoliubov quasipa
cles are linear combinations of electrons and holes,
hence their resonant bound states appear symmetrically
on positive~electron! and negative~hole! biases.1,17 On the
other hand, the electronic bound states are expected to ap
on one bias only. This difference can be used to distingu
between the ‘‘superconducting’’ and the ‘‘normal
pseudogaps. If the PG state is related to the supercondu
state, the Bogoliubov quasiparticles should still be pres
although with a suppressed coherence length and s
lifetime.2 Atomic impurity is the ultimate microscopic probe
with the time resolution given by the inverse-resonant le
width. Therefore, using different impurities with varying p
sitions and widths of the resonant levels, one can determ
the local temporal dynamics of the superconducting fluct
tions aboveTc , or possibly rule out the superconductin
origin of pseudogap.

To be specific, we need a model DOS that captures
main features of the PG in high-Tc materials. For this pur-
pose we use the DOS that was measured by Loramet al.11 In
this work, it has been shown that the DOS in the underdo
cuprates is a linearly vanishing function of energy within t
interval DPG near the Fermi surface@see Fig. 1~a!#. We find
that such DOS indeed gives rise to an impurity-bound s
with energyV8 and decay rateV9,

V5V81 iV9

52
DPG

2UN0

1

lnu2UN0u F12
1

lnu2UN0u
1

ip sgn~U !

2lnu2UN0u G ,
~1!

where we have assumed the impurity scattering to be str
enough so that the result can be calculated to logarith
accuracy with lnu2UN0u.1.18 This is the main result, which
we will derive in the remainder of this paper.

The Hamiltonian for the problem of single potential im
purity of local strengthU is given by

H5H01H imp , ~2!

H imp5Un̂05U (
kk8s

cks
† ck8s , ~3!

whereH0 is the Hamiltonian for the clean system, with th
corresponding Green functionGk . The scatteringT matrix1

can be written as

T5
U

12U(
k

Gk~v!

5
U

12UG0~v!
, ~4!

with G0(v) the on-site Green’s function.19 The states gener
ated by the impurity are given by the poles of theT matrix:

G0~V!5
1

U
. ~5!
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This is an implicit equation forV as a function ofU, the
strength of the scattering. This solution can be complex,
dicating the resonant nature of the virtual state. To solve
equation, we splitG0 into its imaginary and real partG0

5G081 iG09 . But alsoG09(v)52pN0(v) with N0(v) the
density of states.

Measurements on the electronic specific heat by Loramet
al.11 show that the normal state pseudogap opens abrupt
the underdoped region below a hole doping equal topcrit

;0.19 holes/CuO2. Inspired by these data, we will assum
that around the pseudogap region, states are partly dep
and the density of states is linear, that isN(v)
5N0uvu/DPG for uvu<DPG and N(v)5N0 for DPG,uvu
,W/2 with W the bandwidth. This density of states is d
picted in Fig. 2~a!. As it is obvious from the solution of Eq
~5!, the precise position and the width of the resonance w
depend on the specific form of the PG. We will use th
linearly vanishing PG DOS. Results for other forms ofN(v)

FIG. 2. ~a! The density of statesN(v)52G09(v)/p. Around
the pseudogap states are only partly depleted, e.g.,N(v)
5N0uvu/DPG, and N(v)5N0 for DPG,uvu,W/2 with W the
bandwidth.~b! The real partG08(v) of Green’s function together
with 1/U ~U positive!. V8 is the real part of the solution of the
equationG0(V)51/U close to zero and therefore with sharp ban
width. ~c! The impurity induced resonance atV8
52DPG/2UN0ln(2UN0). Because the other three solutions of E
~5! have much broader bandwidth, they are not depicted here.
the figures are taken on the impurity site.
1-2
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like a fully gapped DOS or a DOS with a quadratic depe
dent gap, can be obtained in a the same way and lead e
tially to similar expressions.20

From the Kramer-Kronig relation23

G08~v!5
1

pE2`

`

dv8G09~v8!PS 1

v82v
D , ~6!

with P Cauchy’s principle value, one can calculate the re
part G08 giving

G08~v!52N0lnUW

2
2v

W

2
1v
U1N0lnUDPG2v

DPG1vU

2N0

v

DPG
lnUDPG

2 2v2

v2 U . ~7!

This function is plotted in Fig. 2~b! together with 1/U. If
2UN0.1, one can see from this figure that Eq.~5! has four
solutions. But because the width of a resonance state is
portional touVu, the only state with sharp width is the solu
tion with uVu close to zero and we will only consider th
solution. After expansion inv of Eq. ~7! we arrive at an
expression for this solutionV of Eq ~5!:

G0~V!52
2VN0

DPG
F lnUDPG

V U112
ip sign~U !

2 G5
1

U
.

~8!

This equation can be solved exactly in terms of Lamber
functions,21 and to logarithmic accuracy it equals express
of Eq. ~1!.

Using formula ~1!, and taking N051 state/eV, DPG
;300 K;30 meV and the scattering potentialU
'62 eV, we estimateV;62 meV;620 K as was
found by Loramet al.11 This energy is close to the Zn reso
nance energyv05216 K, seen in the superconductin
state.6 By combining these results with the band-structu
arguments,22 we come to conclusion that the Zn impurity
Bi2212 is strongly attractive, withU;22 eV. This result,
as we will now see, may be modified due to the particle-h
asymmetry characteristic of doped cuprates.

In the absence of particle-hole symmetry, a similar cal
lation can be done. The simplest way to introduce the as
metry is by making the upper and lower cutoffs in the DO
unequal. This situation corresponds to a chemical poten
m, located away from the center of the band. Keeping
DOS otherwise unchanged, with the pseudogap centere
the chemical potential, results only in the following chan
in the first logarithmic term of Eq.~7!:

2N0lnUW

2
2m2v

W

2
1m1v

U . ~9!
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Neglecting the frequencyv relative to chemical potentialm
and assuming thatm is small relative to the bandwidth, w
obtain that the results for the asymmetric case can be
tained from the symmetric ones by the substitution

1

U
→ 1

U
2

4N0m

W
. ~10!

The effect of the asymmetry term can be estimated for
perconducting cuprates. For 20% hole doping,m
;2(1/5)W/252W/10. Hence, the modified value for th
Zn impurity strength in Bi2212 can be obtained from t
symmetric result, 1/U* 51/U14N0m/W. The new value is
U* ;21 eV, which is a strongly attractive potential, as
expected from the band-structure arguments.

The solution of the impurity state deep in the superco
ducting regime involves two aspects: first, the energy po
tion and the width of the resonance and second, the r
space shape of the impurity state. We have discussed
energy of the impurity state above. Great advantage of
on-site impurity solution for the localized potentialU is that
only on-site propagatorG0(v) enters into calculation. Henc
the knowledge of the DOS was sufficient to calculate
impurity state. On the other hand, to calculate the real-sp
image of impurity-induced resonance, one would requ
more detailed knowledge of the Green’s functions in the
regime. Quite generally, one would expect for ad-wavelike
PG with nearly nodal points along the (6p/2,6p/2) direc-
tions, that the impurity resonance in the pseudogap reg
would be four-fold symmetric, similar to superconductin
solutions.1–8 This calculation would require a specific mod
for the PG state and goes beyond the scope of this pape

While no superconductivity is required to form the imp
rity state in the PG, if the superconducting fluctuations
present then an additional satellite peak should appear
symmetric bias due to the particle-hole nature of the Bo
liubov quasiparticles. The relative magnitude of the parti
and the hole parts of the impurity spectrum can be used
determine the extent to which the PG is governed by
superconducting fluctuations. In the case of fully nonsup
conducting PG there should be no observable counter
state. An optimal impurity for such determination would a
pear to be Ni, which unlike Zn, doesn’t significantly suppre
superconductivity in its vicinity. Combined with other ex
perimental proposals,24,25the impurity state can help to bette
understand the mysterious PG state.

In conclusion, we find the resonance state that is indu
by the nonmagnetic impurity in the normal state of a high-Tc
superconductor in the PG regime. For the particular mode
linearly vanishing DOS we find the impurity-state energ
Eq. ~1!. We also analyze the effects of the particle-ho
asymmetry. Impurity states survive at high temperatureT
.Tc , since the PG produces the DOS depletion. This de
tion is all that is necessary to produce the intragap st
While the existence of the resonance state does not rely
superconducting-phase fluctuations aboveTc , in the pres-
ence of such fluctuationstwopeaks are expected to appear
1-3
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symmetric biases. We propose this effect as an experime
method that can distinguish between the superconduc
and nonsuperconducting origin of pseudogap.

This work has been supported by the U.S. DOE. We
r,

r,

e

31

nd

is

.

is

ar

, T
.G

on

e-

s

s

05450
tal
g

e

grateful to J.W. Loram and S. Haas for useful discussio
and to the Newton Institute, Cambridge, where the idea
this work was developed. H.V.K. acknowledges the hospi
ity offered by the Los Alamos National Laboratory durin
his three months stay.
81

J.

i-

em-
era-
ak

tor
se

.
is a
ce.

c-

h a

o,
1A.V. Balatsky, M.I. Salkola, and A. Rosengren, Phys. Rev. B51,
15 547~1995!; M.I. Salkola, A.V. Balatsky, and J.R. Schrieffe
ibid. 55, 12 648 ~1997!; I. Martin and A.V. Balatsky,
cond-mat/0003142~unpublished!.

2J. Byers, M.E. Flatte´, and D. Scalapino, Phys. Rev. Lett.71, 3363
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