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Quantum Monte Carlo study of a nonmagnetic impurity in the two-dimensional Hubbard model

N. Bulut
Department of Physics, Koc¸ University, Sariyer, 34450 Istanbul, Turkey

~Received 6 August 2003; published 9 December 2003!

In order to investigate the effects of nonmagnetic impurities in strongly correlated systems, quantum Monte
Carlo ~QMC! simulations have been carried out for the doped two-dimensional Hubbard model with one
nonmagnetic impurity. Using a bare impurity potential which is onsite and attractive, magnetic and single-
particle properties have been calculated. The QMC results show that giant oscillations develop in the Knight
shift response around the impurity site due to the short-range antiferromagnetic correlations. These results are
useful for interpreting the NMR data on Li- and Zn-substituted layered cuprates.
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I. INTRODUCTION

The substitution of impurities into strongly correlated sy
tems is a useful probe of the intrinsic electronic correlatio
For instance, in the layered cuprates it has been found
the substitution of nonmagnetic impurities in place of Cu
the CuO2 planes strongly influences the superconducti1

and the magnetic correlations.2–7 These experiments hav
provided valuable insight into the interplay of the magne
superconducting, and density correlations in these mater
In particular, the NMR experiments find that when a unifo
magnetic field is applied, the electronic spins in the Cu2
planes in YBa2Cu3O61x polarize to form an oscillatory pat
tern which decays away from the impurities.2–7 These are
observed as giant oscillations in the Knight shift response
the system. Furthermore, the Knight shifts for nuclei close
the impurity have a perfect Curie-Weiss temperature dep
dence. The origin of these behaviors is an important qu
tion.

Theoretically, the problem of a nonmagnetic impurity
strongly correlated systems such as the two-dimensio
~2D! t-J and Hubbard models have been studied using v
ous many-body techniques. The single-particle propertie
an impurity in 2D t-J clusters were studied with the exa
diagonalization technique.8,9 The magnetic and single
particle correlations around a nonmagnetic impurity in
doped 2D Hubbard model were studied with the slave bo
and the quantum Monte Carlo~QMC! techniques.10 These
calculations have found Friedel oscillations in the elect
density. There are also RPA-type calculations of the Kni
shifts for a nonmagnetic impurity in the 2D Hubba
model,11–13 which suggest that the locally enhanced antif
romagnetic~AF! correlations around the impurity are respo
sible for the giant oscillations and the Curie-Weiss behav
observed in the Knight shift measurements.

In this paper, the magnetic and single-particle correlati
around one nonmagnetic impurity in the Hubbard lattice w
be studied with the QMC technique. For this purpose,
determinantal QMC algorithm introduced by Blankenbec
Scalapino, and Sugar14 and described by Ref. 15 will be
used. The emphasis in this paper will be on the Knight s
response of the system in the metallic state near half filli
The QMC data show that as short-range AF fluctuatio
grow, giant oscillations develop in the Knight shift respon
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Here, the real-space structure of these oscillations as we
the pattern in the electron density will be discussed. In ad
tion, the effective impurity potentialVeff will be extracted
from the QMC data on the single-particle Green’s functio
It will be seen thatVeff is weakly attractive at the sites neigh
boring the impurity. Because of the ‘‘fermion sign problem
the QMC calculations cannot be performed at sufficien
low temperatures where direct comparisons with the NM
data can be made. Instead, the QMC data will be compa
with RPA-type calculations used for fitting the Knight sh
data.12 It will be seen that the real-space patterns of t
Knight shift, the electron density, and the effective impur
interaction obtained with the QMC technique are in go
agreement with the results found in the RPA analysis of
Knight shift data. These emphasize the role of the AF flu
tuations in producing the unusual Knight shift data on Li a
Zn substituted YBa2Cu3O61x . An important feature of these
calculations is that here the system is always in the param
netic state, and no AF droplets have formed around
impurity.

In the following, the model used for a nonmagnetic im
purity in the Hubbard model will be discussed. Then, t
numerical data on the Knight shift and the local electr
density will be presented. Next, these results will be co
pared with the previous RPA analysis of the Knight sh
measurements. Finally, the QMC data on the effective im
rity potential will be presented.

II. MODEL

The 2D Hubbard model is defined by

H52t (
^ i , j &,s

~cis
† cj s1cj s

† cis!1U(
i

ni↑ni↓2m(
i

ni ,

~1!

wheret is the hopping matrix element,U is the onsite Cou-
lomb repulsion, andm is the chemical potential. The electro
creation~annihilation! operator at sitei with spins is repre-
sented bycis

† (cis), nis5cis
† cis is the electron occupation

number with spins, and ni5ni↑1ni↓ . In the following,
numerical data will be presented for^n&50.875 andU54t
and 8t.
©2003 The American Physical Society03-1



d-

2

e

ul
pe
ys

a

e

y
e
e

il-

g
-

m

lea

rity

st-

of
is

the

cle
le-

.

d

-

t

-

N. BULUT PHYSICAL REVIEW B 68, 235103 ~2003!
A nonmagnetic impurity located at the origin will be mo
elled by the onsite one-electron potential

Vimp5V0n0 . ~2!

The value ofV0 will be taken to be220t, so that it is greater
than bothU and the bandwidth. For this value ofV0, the
electron occupation number of the impurity site is nearly
In addition, the local magnetic moment defined by

m~r !5A^@mz~r !#2&, ~3!

wheremz(r i)5ni↑2ni↓ , is close to zero at the impurity sit
r5(0,0). So, for this value ofV0, the impurity site is nearly
doubly occupied and magnetically inert. Hence, one wo
expect that this model captures some of the physical pro
ties of nonmagnetic impurities in strongly correlated s
tems, even though this form of bare impurity potential is
very simple one.

The Knight shift of the various nuclear sites is determin
by the magnetic susceptibilityx through the relation

k~r i !5(
j

x~r i ,r j ,ivm50!, ~4!

where j sums over the whole lattice.12 For instance, if the
hyperfine coupling for the nuclear spinI i at site r i is AI i
•Si , then the corresponding Knight shift is given b
(ge/2gn)Ak(r i), wherege andgn are the electronic and th
nuclear gyromagnetic ratios. Here, the staggered magn
susceptibilityx is defined by

x~r i ,r j ,ivm!5E
0

b

dteivmt^mi
2~t!mj

1~0!&, ~5!

where vm52mpT is the Bose Matsubara frequencymi
1

5ci↑
† ci↓ , mi

25ci↓
† ci↑ , and mi

2(t)5eHtmi
2e2Ht. The ex-

pectation valuê•••& is evaluated with respect to the Ham
tonian of the impure system, which is given byH1Vimp .
Note that for the translationally invariant pure system,k(r )
reduces to the uniform magnetic susceptibilityxpure(q
→0,ivm50). In addition to these, results on the local ma
netic momentm(r ) will be shown. Note that the site
dependent electron density^n(r )& andm(r ) were previously
calculated.10 Here, these quantities are reproduced for co
parisons withk(r ) and the effective impurity potential.

The transferred hyperfine coupling between the nuc
spin of a7Li impurity 7I and the electronic spins in the CuO2
planes can be described by

C7I•(
i 51

4

Si , ~6!

whereC is the hyperfine coupling constant andi sums over
the four nearest-neighbor Cu sites of the7Li impurity. In this
case, the Knight shift for7Li is

7K5
1

2 S ge

7gn
D C4k@r5~1,0!#, ~7!
23510
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so that the temperature dependence of7K is determined by
k(r ) evaluated at the nearest-neighbor site of the impu
r5(1,0). The measurements of the7Li Knight shift and of
the 89Y Knight shift at the first and the second neare
neighbor Y sites of the impurity determinek(r ) in the vicin-
ity of the impurity.2,3,5The analysis of the7Li and 89Y Knight
shift data on Li- and Zn-substituted YBa2Cu3O61x con-
cluded that k(r ) develops giant oscillations asT
decreases.5,12 The T-dependent line broadening of the63Cu
NMR spectra in Zn-substituted YBa2Cu3O6.7 has been also
attributed to the development of a staggered polarization
the electronic spins, when a uniform magnetic field
applied.7 The QMC data presented here show that it is
AF correlations which are responsible for the pattern ink(r ).

In addition to the magnetic properties, the single-parti
properties around the impurity will be studied. The sing
particle Green’s function is defined by

G~r i ,r j ,ivn!52E
0

b

dteivnt^cis~t!cj s
† ~0!&, ~8!

where vn5(2n11)pT is a Fermi Matsubara frequency
Here, first the site-dependent electron density^n(r )& will be
discussed. In order to understand ther dependence of
^n(r )&, the effective impurity potential will be extracte
from the QMC data onG of the impure system andGU of
the pure Hubbard system. The Dyson’s equation relatingG
andGU is

G~r ,r 8,ivn!5GU~r ,r 8,ivn!

1 (
r1,r2

GU~r ,r 1,ivn!T~r 1,r 2,ivn!

3G~r 2,r 8,ivn!, ~9!

where T(r ,r 8,ivn) is the effective impurity scattering ma
trix. Because of the Coulomb correlations,T(r ,r 8,ivn) be-
comes extended in real space.9 Here, the diagonal componen
of T is defined as the effective impurity potential

Veff~r ,ivn!5T~r ,r ,ivn!. ~10!

In Sec. III C, the spatial structure ofT(r ,r 8,ivn) will be
discussed and results onVeff(r ,ipT) will be shown.

III. NUMERICAL DATA

A. Knight shift

The following data were obtained for electron filling^n&
50.875 and an 838 lattice with periodic boundary condi
tions. First, results will be shown for theU54t case at tem-
peratures between 0.25t and 1.0t. In Fig. 1~a!, k(r ) is plotted
as a function ofr 5ur u in units of the lattice spacinga. The
impurity is located at the origin atr5(0,0). For instance, in
this notation,r 51 corresponds to (61,0) and (0,61) sites
whereasr 5A2 corresponds to (61,61) and (61,71). In
addition, herek(r ) is shown in units oft21 andt is taken to
be unity.
3-2
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QUANTUM MONTE CARLO STUDY OF A NONMAGNETIC . . . PHYSICAL REVIEW B 68, 235103 ~2003!
In Fig. 1~a!, it is seen thatk(r ) vanishes at the impurity
site. This is because the strong impurity potentialV0
5220t overcomes the electron-electron repulsionU and
binds an up-spin and a down-spin electron atr5(0,0), so
that the impurity site becomes magnetically inert. In the
cinity of the impurity,k(r ) exhibits oscillations, which grow
as the temperature decreases. The horizontal long-da
line in Fig. 1~a! represents the value ofk(r ) for the pure
system atT50.25t. Hence, away from the impurity,k(r )
goes to its value for the pure system, which is the unifo
magnetic susceptibility. Since these calculations are car
out at high temperatures, the uniform susceptibility does
yet exhibit the temperature-independent Pauli behav
These data onk(r ) show that the nonmagnetic impurit
strongly influences the zero-frequency magnetic correlati
around it.

In Fig. 1~b!, results onm(r ) are plotted in the same wa
as in Fig. 1~a!. Here, it is seen that, betweenT50.25t and
1.0t, m(r ) is very weakly dependent on the temperature.
r5(0,0), m(r ) has a small value. Comparing with Fig. 1~a!,
it is observed that the oscillations ink(r ) are stronger than
those inm(r ). Note that in bothk(r ) and m(r ), the maxi-
mum occurs atr5(1,0). The NMR experiments also fin
that k(r ) has its maximum value atr5(1,0).

In order to understand the origin of the oscillatory stru
ture in k(r ), it is useful to consider the Fourier transform
x(r ,r 8,ivm) defined by

x~q,q8,ivm!5(
r ,r8

e2 i (q•r2q8•r8)x~r ,r 8,ivm!. ~11!

This quantity is related to the Fourier transformk(q)
5( re

2 iq•rk(r ) through

k~q!5x~q,q850,ivm50!. ~12!

In Fig. 2~a!, 2k(q) is plotted at different temperatures as
function of q along various cuts in the Brillouin zone. Fo
comparison, in Fig. 2~b! the diagonal susceptibility

x~q!5x~q,q,ivm50! ~13!

FIG. 1. ~a! Knight shift response functionk(r ) versusr 5ur u
away from the impurity at various temperatures. Here,r is plotted
in units of the lattice spacing. These results are forU54t and
^n&50.875 on an 838 lattice. The long-dashed horizontal line d
notes the value ofk(r ) for the pure system atT50.25t. ~b! Local
magnetic momentm(r )5A^@mz(r )#2& versusr for the same param
eters as in~a!.
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versusq is plotted. In these figures, bothk(q) andx(q) are
plotted in units oft21. Here, it is seen that2k(q) develops
a sharp peak atq5(p,p), which closely follows the devel-
opment of the peak inx(q) and, hence, of the AF correla
tions in the system. This relation between2k(q) and the AF
correlations becomes more clear if the following RPA e
pression forx(q,q8,ivm) is considered,11,12

x~q,q8,ivm!5x0~q,q8,ivm!

1Ū(
q9

x~q,q9,ivm!x0~q9,q8,ivm!,

~14!

where Ū is the effective irreducible vertex in the particle
hole channel andx0(q9,q8; ivm) is the susceptibility of the
impureU50 system. Forq850 andivm50, one obtains

k~q!5k0~q!1Ū(
q9

x~q,q9,0!k0~q9!, ~15!

wherek0(q) is for the impureU50 system. This expressio
shows that the peak ink(q) at q5(p,p) is coupled to the
AF fluctuations. The QMC data seen in Figs. 2~a! and 2~b!
show that this is true for the real system also and that it is
AF correlations which cause the development of the gi
oscillations ink(r ).

At this point, it is necessary to discuss the physical me
ing of the q dependence ofk(q). The QMC data and the
Knight shift experiments show thatk(q) peaks at q
;(p,p). Sincek(q) is equivalent to the off-diagonal sus
ceptibility x(q,q850,ivm50), this result means that th
scattering of the AF spin fluctuations with;(p,p) momen-
tum transfer is one of the important effects of the nonm
netic impurities. This then gives information about the r
sponse of the system in the magnetic channel to
perturbation in the density channel.

It is useful to compare the structure ink(r ) with the site-
dependent electron density^n(r )&. Figure 3 showŝ n(r )&
versusr for the same parameters as in Figs. 1 and 2. At
impurity siter5(0,0), the electron density is nearly equal
two and it is not included in this graph. There are oscillatio
in ^n(r )& which decay as one moves away from the impuri

FIG. 2. ~a! Wave vector dependence of the Knight shift respon
functionk(q) along various cuts in the Brillouin zone.~b! Diagonal
magnetic susceptibilityx(q)5x(q,q,ivm50) versusq. These re-
sults are forU54t, ^n&50.875, and an 838 lattice at various
temperatures.
3-3
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N. BULUT PHYSICAL REVIEW B 68, 235103 ~2003!
For sites close to the impurity and especially forr5(1,0)
and (1,1),^n(r )& increases asT decreases.

Figures 4~a! through 4~d! show QMC data onk(r ),
2k(q), x(q) and ^n(r )& for the stronger coupling case o
U58t. These data are plotted in the same way as forU
54t above. The structures ink(r ), k(q), x(q) are similar to
what have been seen forU54t, only the amplitudes differ.
When U increases to 8t, the impurity site remains doubly
occupied, however, the structure in^n(r )& changes. Com-
pared to theU54t case, herê n@r5(1,0)#& has a bigger
enhancement over the background. As it will be seen in S
III C, this has to do with the fact thatVeff(r ,ipT) at r
5(1,0) is more attractive forU58t.

These calculations forU54t and 8t were repeated for an
electron filling of 0.94. In this case, the system has long
range AF fluctuations. Consequently,k(r ) is more enhanced
and has stronger oscillations. However, the structures
k(r ), k(q), x(q), and^n(r )& are similar to what have bee
shown for thê n&50.875 case. Because of space limitatio
these results will not be presented here.

FIG. 3. Site-dependent electron density^n(r )& versusr plotted
in the same way as in Fig. 1. These data are forU54t, ^n&
50.875, and an 838 lattice at various temperatures.
23510
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B. Comparison with the RPA analysis of the Knight shift data

The QMC data on the Knight shifts are at high tempe
tures to be directly compared with the experimental da
However, the real-space structure ofk(r ) and ^n(r )& calcu-
lated with QMC are in good agreement with the results of
RPA analysis of the experimental data.12 In the RPA ap-
proach, an effective impurity potential which is extended
real space and independent of frequency

Veff5V0n01V1(
i 51

4

ni , ~16!

was used to model the nonmagnetic impurity. The ons
componentV0 was set to a large attractive value, and t
extended componentV1, which is acting at the four sites
neighboring the impurity, was used as a fitting parame
Both V0 and V1 were taken to be real valued. Then, th
magnetic susceptibility andk(r ) were calculated by using a
RPA-like approach for treating the Coulomb correlation
The magnetic susceptibilityx0 of the impureU50 system
entering the RPA expression was calculated by including
self-energy and the vertex corrections due to the impu
scattering. It was found that for an effective quasiparti
bandwidth of 1 eV, the7Li Knight shift data on the optimally
doped YBa2Cu3O61x can be fitted over a wide temperatu
range by usingV1520.15t.

In this approach, the magnitudes of the quantities such
k(r ) or the value ofV1 used for fitting the data depends o
the effective bandwidth, and it is difficult to know what th
exact value of the effective bandwidth should be in suc
model. In addition, there are uncertainties in the values of
hyperfine couplings. For these reasons, what should reall
compared with is the pattern of the oscillations ink(r ) and
^n(r )&, and not so much the magnitudes.

In Fig. 5~a!, k(r ) obtained by fitting the7Li Knight shift
7K in optimally doped YBa2Cu3O61x with 7Li impurities is
-

FIG. 4. ~a! k(r ) versusr, ~b! 2k(q) versusq,
~c! x(q) versusq and ~d! ^n(r )& versusr for U
58t, ^n(r )&50.875, and an 838 lattice at vari-
ous temperatures. In~a!, the long-dashed horizon
tal line denotes the value ofk(r ) for the pure
system atT50.33t.
3-4
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QUANTUM MONTE CARLO STUDY OF A NONMAGNETIC . . . PHYSICAL REVIEW B 68, 235103 ~2003!
shown at 100 and 400 K. In this calculation, the7Li hyper-
fine coupling was taken to be 1.8310220 erg, corresponding
to 0.85 kOe/mB . It is useful to comparek(r ) seen in Fig.
5~a! with the QMC data presented in Figs. 1~a! and 4~a!.
Here, it is seen that asT decreases, the QMC data devel
real-space structure which is similar to the results of the R
analysis.

It is difficult to compare the experimental data with th
QMC calculations directly, but it would still be useful t
discuss the temperature range where the QMC calculat
have been performed. The single-band parameters which
considered to be appropriate for the cuprates aret
;0.45 eV andU of order 12t.16 It is difficult to reach low
temperatures with largeU/t. Hence, here calculations hav
been carried out forU58t and 4t. For U58t, QMC data
have been shown down toT50.33t. For this value ofU, the
magnetic exchangeJ;4t2/U is 0.5t and, hence,T50.33t
corresponds to two thirds ofJ, which is too high to make
comparisons with the experiments. For the intermediate c
pling U54t case, the lowestT where QMC data are show
is 0.25t. In this case, the magnetic exchangeJ;t, and T
50.25t corresponds toJ/4. In fact, the QMC data onk(r )
for U54t and T50.25t, which are shown by the filled
circles in Fig. 1~a!, compare well with the RPA fits to the
experimental data at 400 K, shown by the empty circles
Fig. 5~a!. This is encouraging, however, the expressionJ
;4t2/U for the magnetic exchange is valid in the stro
coupling limit. So, it is difficult to compare the QMC dat
directly with the experiments. On the other hand, study
how k(r ) evolves withU/t andT/t shows what to expect fo
the Knight shifts at low temperatures in the strong coupl
limit.

Within the same RPA framework and using an effect
bandwidth of 1 eV, the Knight shift data on7Li and 89Y
were also fitted for the underdoped YBa2Cu3O61x with non-
magnetic impurities. In this case, it was found that, asT
decreases from 400 to 100 K,k@r5(1,0)# increases from
0.8t21 to 2.1t21, whereask@r5(1,1)# goes from 0.04t21 to
20.8t21. This clearly demonstrates the severe effect of
nonmagnetic impurity on the zero-frequency magnetic co

FIG. 5. ~a! Knight shift response functionk(r ) versusr at 100
and 400 K obtained for the optimally doped YBCO with Li impu
rities. This result was obtained within an RPA analysis of the
perimental data by usingV1520.15t. Here,V1 is the value of the
effective impurity potential at the sites neighboring the impurity.~b!
^n(r )& versusr obtained from the same RPA calculations at 100
for different values ofV1. In these figures, the long-dashed ho
zontal lines represent the values ofk(r ) and ^n(r )& for the pure
system atT5100 K.
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lations in the underdoped cuprates. At the temperatu
where they are performed, the QMC calculations also fi
that the oscillations ink(r ) are filling dependent. For ex
ample, for U54t and T50.25t, k@r5(1,0)# increases by
about 10%, when̂n& varies from 0.875 to 0.94. On the othe
hand, if ^n& goes from 0.875 to 0.80, thenk(r5(1,0)) de-
creases by about 30%. In this paper, QMC results are sh
for ^n&50.875, because, for this value of the filling and
the temperatures where these calculations are carried ou
system has short-range AF correlations which are not we
and their effects are visible.

Next, comparisons are made for the local electron dens
Figure 5~b! shows^n(r )& versusr obtained from the same
RPA analysis at 100 K for different values ofV1. The oscil-
lations seen in this figure are stronger than in the QMC d
which were obtained at higher temperatures. Here, it is s
that asV1 becomes more attractive, the electron density
r5(1,0) increases. Comparison with the QMC data in Fi
3 and 4~d! implies that the effective impurity potential atr
5(1,0) is more attractive forU58t than for 4t. In the next
subsection, it will be seen that this is indeed the case.

C. Effective impurity interaction

In order to understand the spatial structure of^n(r )&, it is
necessary to discuss the effective scattering ma
T(r ,r 8,ivn), which can be obtained from

T~ ivn!5GU
21~ ivn!2G21~ ivn!. ~17!

Here, T( ivn) is a matrix of which (i , j )th element is
T(r i ,r j ,ivn), T21 is the inverse ofT, and similarly forG
andGU . In the following, QMC results will be shown for the
lowest Matsubara frequencyvn5pT. For r and r 8 more
than one or two lattice spacings away from the impuri
T(r ,r 8,ipT) is small in the parameter regime the QMC ca
culations were performed. The diagonal terms of the sca
ing matrix T are represented byVeff(r ,ivn). At the impurity
site r5(0,0), Veff(r ,ipT) is reduced from its bare value o
220t due to the Coulomb correlations, and it also has
imaginary part. ForU54t and T50.25t, Veff(r ,ipT) at r
5(0,0) is 218t1 i0.6t, while for U58t andT50.5t, it is
215t1 i2t. Away from the impurity site,Veff(r ,ipT) is
largest at (61,0) and (0,61). In addition, the effective scat
tering matrix has large matrix elements between the impu
site and the sites neighboring it. Hence, the presence of
impurity renormalizes the bare hopping matrix elements
tween the impurity and its neighbors. The off-diagonal ter
such asT@r5(1,0),r 85(0,1),ipT# are small compared to
Veff@r5(1,0),ipT#.

Figure 6~a! shows the real-space structure of the real a
the imaginary parts ofVeff(r ,ipT) for U54t and T
50.25t, and Fig. 6~b! shows the temperature dependence
Veff@r5(1,0),ipT#. Here, it is seen thatVeff at r5(1,0) is
weakly attractive. The results forU58t are shown in Figs.
7~a! and 7~b!. In this case,Veff@r5(1,0),ipT# has a bigger
value. At T50.5t, its real and imaginary parts are of orde
2t/4. This is why ^n@r5(1,0)#& for U58t is more en-
hanced over the background than for 4t.

-

3-5



n
de

in
a
ity
re

u
d,
ce

t
l-

a

ti-
at

y-
n
ag
ity
t
rb

n
he
i-

re
rd

e is
e-

he
ere
tial
ults
m-

the
us

re-
with
tal

For
rd
er-

a
for

are
of
ted
c-

ns
e
the
d-

e
he
of
ns
In-

ee

N. BULUT PHYSICAL REVIEW B 68, 235103 ~2003!
In previous analysis of the NMR data,12 an RPA-type ap-
proximation was used for treating the Coulomb correlatio
and the effective impurity potential was taken to be exten
in space with the form given by Eq.~16!, but it was assumed
thatVeff is real-valued and independent of frequency. With
this model, the fitting of the Knight shift data required th
Veff is weakly attractive at the sites neighboring the impur
The QMC data presented in Figs. 6 and 7 show that the
part of Veff(r ,ipT) at r5(1,0) is attractive, which is in
agreement with the RPA fitting of the data. The QMC calc
lations also find thatT(r ,r 8,ivn) depends on frequency, an
in addition, it has an imaginary component. Sin
Im T(r ,r 8,ivn) is odd invn , Im T(r ,r 8,ipT) should vanish
as the temperature goes to zero. In order to investigate
effects ofVeff having an imaginary component, the RPA ca
culations were repeated usingV1( ivn)520.15t@1
1 i sgn(vn)# instead ofV1520.15t in Eq. ~16!, and keeping
all other parameters the same in the calculations. It w
found that the imaginary component ofV1 affects the mag-
nitudes ofk(r ) and^n(r )&, but the patterns in these quan
ties remain similar. These comparisons with the QMC d
on T(r ,r 8,ivn) support the form ofVeff , Eq. ~16!, used in
the RPA analysis of the Knight shift experiments.

IV. CONCLUSIONS

The substitution of nonmagnetic impurities into the la
ered cuprates provides useful information about the ma
body physics of these materials. In particular, the nonm
netic impurities constitute a perturbation in the dens
channel, and the Knight shift measurements determine
real-space resolved response of the system to this pertu
tion. In the NMR experiments on7Li, 89Y, and 63Cu nuclei
in YBa2Cu3O61x with nonmagnetic impurities, it has bee
found that, when a uniform magnetic field is applied, t
electronic spins in CuO2 planes polarize to form a magnet
zation with an oscillatory pattern.2–7 In order to understand
the origin of this behavior, here QMC data have been p
sented for one nonmagnetic impurity in the 2D Hubba

FIG. 6. ~a! Effective impurity potentialVeff(r ,ipT) versusr at
T50.25t. ~b! Veff(r ,ipT) at r5(1,0) versusT. Here, the filled
circles denote the real part ofVeff , and the open circles denote th
imaginary part. These results are forU54t and ^n&50.875.
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model. These QMC data show that, as the temperatur
lowered and the AF fluctuations grow, giant oscillations d
velop in the Knight shift response around the impurity. T
pattern of these oscillations and of the electron density w
discussed here. In addition, the effective impurity poten
extracted from the QMC data was shown. Since these res
are restricted to high temperatures, it is not possible to co
pare directly with the NMR experiments. For this reason,
QMC data were compared with the results of the previo
RPA analysis of the NMR data. It was found that, asT de-
creases, the patterns which develop in the Knight shift
sponse and the local electron density are in agreement
those found in the RPA analysis by fitting the experimen
data.

In spite of these, a number of open questions remain.
instance, it is not known whether, within the 2D Hubba
model with only nearest-neighbor hopping, a fit to the p
fect Curie-WeissT dependence of the7Li Knight shift will
be obtained at lowT between 100 and 400 K. Perhaps
second-near-neighbor hopping or other terms are required
describing the pure material. It is also possible that the b
impurity potential is more involved than the simple form
Eq. ~2! used here. Nevertheless, the QMC data presen
here clearly show the role of the AF fluctuations in produ
ing the giant oscillations in the Knight shift response.
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FIG. 7. ~a! Effective impurity potentialVeff(r ,ipT) versusr at
T50.5t. ~b! Veff(r ,ipT) at r5(1,0) versusT. Here, the filled
circles denote the real part ofVeff , and the open circles denote th
imaginary part. These results are forU58t and ^n&50.875.
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