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The local density of states (LDOS) around two nonmagnetic impurities which are located at different
sites is studied within the two-dimensional ¢t—J-U model. The order parameters are determined in a
self-consistent way with the Gutzwiller projected mean-field approximation and the Bogoliubov—de
Gennes theory. When the two impurities are located one or two sites away, we find the supercon-
ductivity coherence peaks are more strongly suppressed and the zero-energy peak (ZEP) has split
into two peaks. Whereas when the two impurities are located next to each other, the ZEP vanished,
and LDOS does not change a lot compared with the case away from the impurities.
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1 Introduction

During the past two decades, the nonmagnetic impurities
effect on the cuprates had attracted a lot of theoretical
[1-13] and experimental [14-17] attention. A series of
scanning tunneling microscopy (STM) experiments had
provided detailed information on the local density of
states (LDOS) around a single nonmagnetic impurity in
BisSroCaCusOgy5. Also, the theoretical work about the
LDOS around the nonmagnetic impurity had involved
much attention [6-10]. Zhu et al. [9, 10] indicated that
around the nonmagnetic impurities the LDOS shows su-
perconductivity peaks strongly suppressed and there is
an zero-energy peak (ZEP) involved; while away from
the nonmagnetic impurity, the LDOS shows a typical
“V” shape.

However, how about two or more nonmagnetic impu-
rities? Morr et al. [18, 20] studied the quantum inter-
ference between nonmagnetic impurities in d-wave su-
perconductors. Motivated by their work, in his paper we
investigated the LDOS around two nonmagnetic impu-
rities in gossamer superconductors. During these work,
how to deal with the strong relation effects showed in
CuO; plane is the key to understand the unusual prop-
erties of these superconductors. Recently, Gutzwiller ap-
proximation was proved to be a useful tool in dealing
with the strongly correlated systems [21-24]. We rightly

account for the effects of the Gutzwiller projection of ¢
J-U hamiltonian by solving the Bogoliubov—-de Gennes
(BdG) equations, and figure out LDOS around two non-
magnetic impurities. The structure shows that when the
two impurities are located next to each other, the LDOS
around them are like that away from them; while when
the two impurities located two sites away, the LDOS
shows the case of single impurity, but the superconduc-
tivity peaks are more strongly suppressed than the single
case due to the quantum interference of the two nonmag-
netic impurities.

2 The model and formulation

We start from the ¢t~J-U model on a square lattice:

H=-tY CLCs+J) S-S5,
(i.d)

(i,4)o
+U2nm N+ Z Uinic — MZCLQ’U (1)

where (i,j) respects the sum of the nearest sites,
Cl (Ciy) is the electron creation (annihilation) opera-
tor. n;, = C'ZUC’Z-Cr is the electron number operator at 4
site. The spin operator reads S; = %Ew, CJU?’M/ Cio,
where @ = (0,,0y,0.) is the Pauli matrices. U is the
on site Coulomb potential. x4 stands for the chemical po-
tential. U; = Uyd;;s is the scattering potential of the im-

(©Higher Education Press and Springer-Verlag Berlin Heidelberg 2011



2 Zhan-peng HUANG, Xia-ria WAN, and Feng YUAN, Front. Phys.

purity site. To study the situation of two nonmagnetic
impurities here, we will put the impurities on different
sites respectively.

To study the above Hamiltonian with the Gutzwiller
variational approach, we take the trial wave function |1))
as

[v) = Palto(4Ad, A (2)

where Pg is the Gutzwiller projection operator and it is
defined as

afs N)>

Pg =1L[1 = (1 = g)firh ] (3)

here g is a variational parameter which takes the value
J

between 0 and 1. As detailed in Ref. [8], with the help
of the trial wave function and the Gutzwiler approxima-
tion, we can get the following Gutzwiller renormalized
hamiltonian:

> teiCLCio + Y JeSi- S
(ig)o (4:4)

+Ud+ZUmw —MZCT C

where tog = git and Jog = gsJ. g:(gs) is the Gutzwiller
renormalization factor which we can get from the

cﬁ—

(4)

Gutzwiller approximation,

D [V —d)d + /d(n, —d)|;[\/(ng — d)d +\/d(n) —d)]; -
' [V/ni (1= np)]i[y/n( 1_nT)]

i _ W = d)o + vl — di[Vm — d) + v/l — )l ©)
' [v/n (T =n))]; wm (T —n)l;

Vilng —n)(n,

—n)liVI(n —n)(n, —n)l;

Y T ) TN CRTES PV O G PN S RTEs
[

Here nq(n)) is the average spin-up (spin-down) electron
number per site. d is the double occupation electron num-
ber per site.

Using the mean-field approximation, we obtain the fol-

lowing BdG equations:
7 ) () == ()
2 <E-j —Hj ) \ vj vj
where
3
Hyj=—= (g:t+ 195 Xi3)0j,i0n + (Ui — 1) 3y

n
3 (9)
- 395 Aijdji+n
n

Y

(8)

In the above equations, we have introduced the elec-
tron pairing order parameter and the uniform bond order
respectively,

Ay = (Ci)Ciryy = Ci1Cigni)o = A(=4), when 7 =
z(y)
Xij = X = (Cl;Citnr + CJ Civni o (11)

The order parameters A, xy and n can be determined
self-consistently:

—~
—_
~~

1 X nk, n n¥, n 1
Aij —E[Z(U] U; +’U u )tanh <55En):| (12)

n=1

(En)]  (13)

Zun n*
n; = Z Jup [ £(
n=1

+ Z ,Un n*
En) + Z o P[1 = f(En)]

(14)

and

O0E;
=2 ( dd; )

i,mn

(15)

where f(E) = 1/(e’F + 1) is Fermi-Dirac distribution
function. In this paper, we focus on the effect of the mul-
tiple impurities, so we here take the pairing interaction

g=1.

3 Results and discussion

In the numerical calculation, we construct a superlattice
with the square lattice IV, x N, as a unit supercell which
the impurities are located at different sites. Through-
out this paper, we take the size of the unit supercell
N = 25 x 25, the number of supercell N, = 10 x 10.
Then we can solve numerically the BAG equation and
carry out an iteration until the self-consistent equations
are satisfied. Hereafter, we set t = 1, and take J/t = 0.3,
the temperature 7' = 0.0001¢. The impurity potential is
taken U = 100t, the chemical potential u = —0.35¢.

First, we put the two nonmagnetic impurities at the
sites (13, 13) (14, 13) and (13, 13) (15, 13) respectively.
In Fig. 1, we show the spatial variation of the electron
pairing order parameter A, which defined as

. 1 . . . .
Aq(t) = 7[As(1) + A=z (i) = Ay (@) — A—y(D)] (1)
From Fig. 1, we can see that because of the presence of
the nonmagnetic impurities, the electron pairing order

parameter Ay is strongly suppressed at the impurities
sites, especially in Fig. 1(b). We can see that even at the
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site (14,13) the electron pairing order parameter A, is
also strongly suppressed.

(a)

0.25
0.20
0.15

Aq 0.10

Fig. 1 The electron pairing order parameter of the two impurities
localized at (13,13) (14, 13) (a) and at (13,13) (15, 13) (b).

With the help of the obtained order parameters, we
can further calculate the local density of states as

2
e =i 3|

nk2 I
uf*| (B~ B)

+

2
o[ £ B+ B)| ®

where the prefactor 2 comes from the spin sum, and
f/(E) = df(F)/dE is the derivate of the fermi dis-
tribution function f(E) = [exp(BE) + 1]7!. The sum-
mation in p;(E)r is averaged over M, x M, wavevec-
tors in first Brillouin Zone. The LDOS p;(E) is propo-
tional to the local differential tunneling conductance
which can be measured in a scanning tunneling micro-
scope/spectroscopy experiment, so we can compare with
our calculated LDOS with the STM results directly.

In Fig. 2, we plot the LDOS when the two nonmagnetic
impurities localized at the site (13,13) (14, 13). From Fig.
2, we can see that for the site (25, 13) which locates away
from the impurities, LDOS shows a typical “V” shape, by
exhibiting a gaplike feature with the gap edges at £ Ay, ax.
Whereas, when the measure point is at site (15, 13) which
is near the two impurities, LDOS does not change a lot
and the superconductor coherence peaks are suppressed

only a little, and the energy gap also turns smaller. The
same case is the site (13,12) that is also next to the im-
purities, which is very different from the case of single
nonmagnetic impurity [8]. It appears that the two impu-
rities do not affect the superconductor much.

3.0
(25.13)
i - (13,13)
2.51 e (15.13)

05 0.0 0.5 1.0

Fig. 2 Local density of state measured at different sites around
(dashed lines) and far away (solid line) from the two impurities
localized at (13,13) (14, 13).

However, in Fig. 3, our results of LDOS on the site
(14, 13) show that the effect of the two impurities is very
large and obvious: the superconductor coherence peaks
are strongly suppressed, and there is a very strong ZEP
involved near the Fermi-energy. When the measure point
is the site (13,12) the superconductor coherence peaks
are also suppressed, and there is also a strong ZEP in-
volved. The ZEP vanished at the site (14,12), which lo-
calized right under the (14, 13) site. The case of (25,13)
is the same with Fig. 2. It seems that the different dis-
tribution of the impurities has little effect on the sites
which are far away from them.
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Fig. 3 Local density of state measured at different sites around
(dashed lines) and far away (solid line) from the two impurities
localized at (13,13) (15, 13).

Figure 4 displays the situation that the two nonmag-
netic impurities located at sites (13,13) and (17,13) re-
spectively. Figure 4(a) shows the LDOS around the im-
purity located at (13,13). We calculated the LDOS of
the sites along the bond direction respectively. For the
site (14,13) which is the nearest-neighbor site of the
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impurity, we find that the superconducting coherence
peaks are strongly suppressed, at the same time, near
the Fermi-energy, there exists a strong ZEP. For the site
(15,13) which is the 3rd-neighbor site of the impurity, we
can find that the ZEP cannot be seen. It indicate that
the effect of the impurity is localized. All the results are
like the situation of single nonmagnetic impurity. Figure
4(b) shows the LDOS around the impurity located at
(14,13). We calculated the LDOS of the sites along the
nodal direction respectively. From Fig. 4(b) and com-
pared with Fig. 4(a), we can find that LDOS of the sites
along the bond direction is more strongly affected by the
nonmagnetic impurities than that of the corresponding
sites along the nodal direction. In other words, the inten-
sity of the LDOS decays much faster along the gap nodal
direction than along the bond direction. Our results are
consistent with the experimental [14, 15] and previous
theoretical results [1, 2].
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Fig. 4 Local density of state measured at different sites around
(dashed lines) and far away (solid line) from the two impurities
localized at (13,13) (17,13).

4 Summary

In conclusion, we studied the LDOS around and away
from two nonmagnetic impurities which are located at
different sites using Gutzwiller approximation in t—J-U
model. We found that when the two impurities are lo-

cated next to each other, due to the interference of the
impurities, the superconductivity coherence peaks does
not change a lot compared with the LDOS away from
the two impurities; when the two impurities are located
three or more sites away, the LDOS shows a case like the
single impurity. Whereas, when the two impurities are
located one or two sites away, we found the superconduc-
tivity coherence peaks are more strongly suppressed and
the zero-energy peak have split into two peaks, which is
qualitatively agreement with the experimental results.
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