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Impurity-induced resonant state in a pseudogap state of a higf-. superconductor
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We predict a resonance-impurity state generated by the substitution of one Cu atom with a nonmagnetic
atom, such as Zn, in theseudogaystate of a highF, 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 id-thave superconducting state.
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The effects of a single magnetic and nonmagnetic impuer quasibound state, that is generated by a strong nonmag-
rity in high-temperature superconductors have been studiedetic impurity scattering in a CuO plane in thermal state
intensively both theoretically® and, more recently, experi- of high-T, materials. Specifically, we calculate the resonant
mentally by scanning-tunneling microscopg$TM).>=8 Un-  state generated by the substitution of one Cu atom with a Zn
derstanding of the impurity states in high- materials is atom using the self-consisteftmatrix approach. We rely on
important because impurity atoms qualitatively modify thethe fact that the density of statéBOS) is depleted at the
superconducting properties, and these impurity-inducedrermi energy in the PG regime. We argue, the mere fact that
changes can be used to identify the nature of the pairing statee DOS is depleted at the Fermi energy is sufficient to pro-
in superconductors. duce a resonance near the nonmagnetic impurity, such as Zn.

Up to now, theoretical analysis of the impurity states hasHoweverno particular use of the superconducting correla-
been focused on the low-temperature regim&T,, well  tions above T is neededn our analysis. For example, the
below the superconducting transition temperafiyeOn the  results we present will be valid in the PG statéh no su-
other hand it is well known that in the normal staté ( perconducting phase or amplitude fluctuations aboyedb
=T.) of underdoped cuprates, the electronic states at thkong as there are interactions that lead to the PG state, as
Fermi energy are depleted due to pseudo@p Apg, as indicated by a depleted DOS. This is an important caveat that
was seen by STRand by angular-resolved photoemisst8n. broadens the validity of the model regardless of the micro-
One can consider the temperature evolution of the impurityscopic origin of the PG in the highz superconductor. The
state as the temperature increases and eventually becorsggproach we take is similar to the previous analysis of the
larger thanT,. Then there are two possibilities for the evo- nonmagnetic impurity in the superconducting staee also
lution of impurity resonance &>T.: (a) the impurity reso-  Fig. 1.
nance gradually broadens until the superconducting gap van- The superconducting fluctuations are not required for the
ishes, at which point the impurity resonance totallyformation of the impurity state in the PG regime. However,
disappears anth) the resonance gets broader, however sur-
vives aboveT.. Which of the possibilities is realized de-
pends on the normal-state phase, the superconductor evolve
into. It has been arguél!? that in the underdoped regime
the superconducting gap opens up in addition to the @
pseudogap present well aboV¥g. Hence, we find that the
impurity resonance survives aboVg in the pseudogastate ‘
of high-T. materials. The position and the width of the reso-
nance are determined by the impurity-scattering strength ant
PG scale. In the absence of PG abdvyethe impurity-state
disappears.

The origin of the PG state is one of the most strongly
debated issues. Some models attribute the PG tc

DOS

superconducting-phase fluctuations abdye'® others to a ®)
competing nonsuperconducting order paramétéknother

possibility is that even within the PG regime there are at least

two distinct subregimes-strongandweakpseudogaps, with

a weak pseudogap occurring at higher temperatures due to FIG. 1. An impurity state in a higff, superconductorta) The

antiferromagnetic fluctuations, and a strong pseudogap beinyos in the pseudogap regime used in this artiske also Ref. )1

related to superconducting fluctuatiohfig® and(b) the DOS in the superconducting state as was used in Ref. 1.
In this article we address the impurity-induced resonanceln both phases there is a resonant state.
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in the presence of superconducting fluctuations an additional (@)
important feature of the impurity state is expected to appear. N(e)
The natural quasiparticles in the superconducting state are
the Bogoliubov quasiparticles. The Bogoliubov quasiparti-
cles are linear combinations of electrons and holes, and
hence their resonant bound states appear symmetrically both |
on positive(electron and negativehole) biases-!’ On the Wi
other hand, the electronic bound states are expected to appear
on one bias only. This difference can be used to distinguish
between the ‘“superconducting” and the “normal”
pseudogaps. If the PG state is related to the superconducting
state, the Bogoliubov quasiparticles should still be present,
although with a suppressed coherence length and short 1M
lifetime.2 Atomic impurity is the ultimate microscopic probe, ~ ~ """ 777~ f—\.\
with the time resolution given by the inverse-resonant level —
width. Therefore, using different impurities with varying po- |
sitions and widths of the resonant levels, one can determine \:
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the local temporal dynamics of the superconducting fluctua-
tions aboveT., or possibly rule out the superconducting
origin of pseudogap.

To be specific, we need a model DOS that captures the
main features of the PG in highs materials. For this pur- ©) Resonance
pose we use the DOS that was measured by Lagah'* In Intensity
this work, it has been shown that the DOS in the underdoped
cuprates is a linearly vanishing function of energy within the
interval Apg near the Fermi surfadesee Fig. 1a)]. We find
that such DOS indeed gives rise to an impurity-bound state
with energy()’ and decay rat€)”, Q ®

Q=0'+iQ"
FIG. 2. (a) The density of statedl(w)=—Gg(w)/ar. Around
Apg 1 1 i7 sgnuU) the pseudogap states are only partly depleted, eNfw)
- 2UN, In[2UN,)| 1- IN[2UN,| + 2In[2UNo| | =Np|w|/Apg, and N(w)=N, for Apg<|w|<W/2 with W the
bandwidth.(b) The real partG\(w) of Green’s function together
) with 1/U (U positive. Q' is the real part of the solution of the
where we have assumed the impurity scattering to be strongfluationGe(£2) =1/ close to zero and therefore with sharp band-
enough so that the result can be calculated to logarithmi®idth.  (©)  The impurity induced resonance  at()’
accuracy with |lf2UN0|>l.18 This is the main result, which = —Apd2UNgIn(2UNp). Becaus_e the other three SO||:JtI0nS of Eq.
we will derive in the remainder of this paper. (5) hgve much broader band.W|dth: thgy are not depicted here. All
The Hamiltonian for the problem of single potential im- the figures are taken on the impurity site.
purity of local strengthJ is given by

This is an implicit equation fof) as a function ofU, the

H=Ho+Himp, 2 strength of the scattering. This solution can be complex, in-
dicating the resonant nature of the virtual state. To solve this
Himpzuﬁozu >t 3) equatiqn, we splitG, into its imaginary aqd real paG,
Kk’ o =G, +iGy. But alsoGj(w)=—mNy(w) with No(w) the
whereH, is the Hamiltonian for the clean system, with the density of states. _ B
corresponding Green functio®, . The scatteringl matrix* Measurements on the electronic specific heat by Loeam
can be written as al.** show that the normal state pseudogap opens abruptly in
the underdoped region below a hole doping equaptg;
] u ~0.19 holes/Cu@ Inspired by these data, we will assume
T= 1= UGy(w)’ (4) that around the pseudogap region, states are partly depleted
1- U; Gy(w) and the density of states is linear, that N(w)

=Np|w|/Apg for |w|<Apg and N(w)=N, for Apc<|w|
with Gy(w) the on-site Green’s functiolf.The states gener- <W/2 with W the bandwidth. This density of states is de-
ated by the impurity are given by the poles of fhenatrix: picted in Fig. Za). As it is obvious from the solution of Eq.
(5), the precise position and the width of the resonance will
G (Q):i 5) depend on the specific form of the PG. We will use this
0 u’ linearly vanishing PG DOS. Results for other forma\gfw)
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like a fully gapped DOS or a DOS with a quadratic depen-Neglecting the frequency relative to chemical potentiat
dent gap, can be obtained in a the same way and lead essemd assuming that is small relative to the bandwidth, we

tially to similar expression& obtain that the results for the asymmetric case can be ob-
From the Kramer-Kronig relatidn tained from the symmetric ones by the substitution
Gy = [ dwcy ')P( - ) ®)
olw)=— ® Golw ; , 1 1 4N
m)o o' -w e e 3 10

with P Cauchy'’s principle value, one can calculate the real-
part G giving i
The effect of the asymmetry term can be estimated for su-
W perconducting cuprates. For 20% hole doping

) _ ~ —(1/5)W/2= —WI/10. Hence, the modified value for the
G{(w)=—Ngln +Noln PG— @ Zn impurity strength in Bi2212 can be obtained from.the
V_V+w Apct o symmetric result, 1J* =1/U +4Nyu/W. The new value is

2 U*~—1 eV, which is a strongly attractive potential, as is
expected from the band-structure arguments.
The solution of the impurity state deep in the supercon-
() ducting regime involves two aspects: first, the energy posi-
tion and the width of the resonance and second, the real-

This function is plotted in Fig. ®) together with 0. If ~ Space shape of the impurity state. We have discussed the
2UNy>1, one can see from this figure that E§) has four ~ energy of the impurity state above. Great advantage of the
solutions. But because the width of a resonance state is pr@n-site impurity solution for the localized potentlalis that
portional to| ], the only state with sharp width is the solu- Only on-site propagatdg,(w) enters into calculation. Hence
tion with | Q| close to zero and we will only consider this the knowledge of the DOS was sufficient to calculate the
solution. After expansion ino of Eq. (7) we arrive at an iImpurity state. On the other hand, to calculate the real-space
expression for this solutiof of Eq (5): image of impurity-induced resonance, one would require
more detailed knowledge of the Green'’s functions in the PG
regime. Quite generally, one would expect fod-avavelike
PG with nearly nodal points along the-@/2,+ 7/2) direc-
®) tions, that the impurity resonance in the pseudogap regime
would be four-fold symmetric, similar to superconducting
This equation can be solved exactly in terms of Lambertwsolutions: 8 This calculation would require a specific model
functions?! and to logarithmic accuracy it equals expressionfor the PG state and goes beyond the scope of this paper.
of Eq. (1). While no superconductivity is required to form the impu-
Using formula (1), and taking Ny=1 state/eV, Apg rity state in the PG, if the superconducting fluctuations are
~300 K~30 meV and the scattering potentiall present then an additional satellite peak should appear on a
~+2 eV, we estimateQ~=+2 meV~+20 K as was Symmetric bias due to the particle-hole nature of the Bogo-
found by Loramet al** This energy is close to the Zn reso- liubov quasiparticles. The _relati\_/e magnitude of the particle
nance energyw,=—16 K, seen in the superconducting @nd the hole parts of the impurity spectrum can be used to
state® By combining these results with the band-structuredetermine the extent to which the PG is governed by the
argument€? we come to conclusion that the Zn impurity in Superconducting fluctuations. In the case of fully nonsuper-
Bi2212 is strongly attractive, with)~ —2 eV. This result, conducting PG there should be no observable counterpart
as we will now see, may be modified due to the particle-holeState. An optimal impurity for such determination would ap-
asymmetry characteristic of doped cuprates. pear to be Ni, which unlike Zn, doesn’t significantly suppress
In the absence of particle-hole symmetry, a similar calcuSUperconductivity in its vicinity. Combined with other ex-
lation can be done. The simplest way to introduce the asymPerimental proposaf;**the impurity state can help to better
metry is by making the upper and lower cutoffs in the DOSUNderstand the mysterious PG state. o
unequal. This situation corresponds to a chemical potential N conclusion, we find the resonance state that is induced
w, located away from the center of the band. Keeping thdy the nonmagnetic impurity in the normal state of a high-
DOS otherwise unchanged, with the pseudogap centered @¢Pperconductor in the PG regime. For the particular model of
the chemical potential, results only in the following changelinearly vanishing DOS we find the impurity-state energy,

Ny |
TN

2
APG_ w

w2

20N,
Apg

A i sign(U
In’ PG‘+1_7T gnu)|

1
Go(Q)=— - =5

in the first logarithmic term of Eq(7): Eq. (1). We also analyze the effects of the particle-hole
asymmetry. Impurity states survive at high temperattre,
W >T., since the PG produces the DOS depletion. This deple-
5 THTw tion is all that is necessary to produce the intragap state.
—Ngln (99  While the existence of the resonance state does not rely on
w n superconducting-phase fluctuations abdvye in the pres-
S tuto .
2 ence of such fluctuatiorte/o peaks are expected to appear on
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