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Microscopic origin of local moments in a zinc-doped high¥, superconductor
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The formation of a local moment around a zinc impurity in the higleuprate superconductors is studied
within the framework of the bosonic resonating-valence-b@\B) description of the-J model. A topologi-
cal origin of the local moment has been shown based on the phase string effect in the bosonic RVB theory. It
is found that such aB=1/2 momendistributes near the zinc in a form of staggered magnetic moments at the
copper sites. The corresponding magnetic properties, including NMR spin-relaxation rate, uniform spin sus-
ceptibility, and dynamic spin susceptibility, etc., calculated based on the theory, are consistent with the experi-
mental measurements. Our work suggests that the zinc substitution in the cuprates provides important experi-
mental evidence for the RVB nature of local physics in the origimaic-free state.
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I. INTRODUCTION In this paper, we approach the zinc problem by using a

The Zn substitution of the in-plane &lions in the high- microscopi_c des.cript.ion of doped Mott insulators, in which
T, cuprates introduces some very interesting properties to th@F correlations in spin degrees of freedom are systematically
system. Although a Zi ion can be considered as a nonmag_dess_crlbed at various ranges as a function of doping concen-
netic impurity in the Cu@ plane, strong magnetic signatures tration of holes. We show that a8=1/2 moment does
have been detected at the surrounding Cu sites. The NMRMerge, naturally, near a zinc impurity, which is physically
and NQR (nuclear quadrupole resonancexperiments  originated from a resonating-valence-bdiRYB) pair in the
have shown the presence of staggered antiferromagnetiiginal spin background. The latter becomes unpaired upon
(AF) moments near the Zn site, whose sum behaves like afieé Zn substitution, with one of its constituent spins being
S=1/2 magnetic moment as indicated by a Curie-likeT1/ removed, together with the underlying €ton. In particu-
behavior in both the spin-lattice relaxation rates and Knightar, we find that such aB=1/2 moment cannot escape from
shift at low temperatures. The scanning tunnel microscop&e zinc impurity because of a topological reason. It is a
(STM) experiments have reveafe@d sharp near-zero-bias consequence of the nonlocal mutual entanglement between
peak around the Zn site, where the quasiparticle coherepin and charge degrees of freedom known as the phase-
peak, appearing near the superconductivity gap in the bulktring effect. Because of this effect, a neutral s%miexcita—
case, is suppressed simultaneously. The zinc replacement Hégn (spinon always carries a fictitious fluxoid, as seen by
also shown a strong destructive effectlynand only several the charge carriers, and, furthermore, even a vacancy on the
percentage of zinc doping can fully destroy the bulklattice, such as a zinc impurity, also acts as a vortex when the
superconductivity. charge carriers are condensed. Consequently, the condensate

In order to explain the STM experiment beyond a conven<annot survive in the presence of a zinc impurity unless a
tional nonmagnetic impurity scattering treatme@ihe exis- spin—%, which carries an antivortex, is trapped nearby to
tence of a local magnetic moment has bessaumedwhose compensate the vortex effect.
interaction with thed-wave nodal quasiparticles leads to a In this bosonic RVB description, we show that the in-
Kondo resonance pedk!? Theoretically, it remains a great ducedS=1/2 moment around the zinc impurity distributes
challenge to understand the microscopic origin of the maglke staggered AF moments because of the short-range AF
netic moment found near a nonmagnetic Zn impurity. In onecorrelations already present in the spin background, which
of recent attempts, it was interpretéas due to the binding are frozen into a local AF ordering once the direction of the
of an S=1/2 nodal quasiparticle to the impurity, based on amoment is fixed, say, by external magnetic fields. The calcu-
modified mean-field theory of thieJ model. The local stag- lated NMR spin-lattice relaxation rates and uniform spin sus-
gered AF moments were also explaittds a local spin- ceptibility are found to be in a systematic agreement with the
density-wave(SDW) ordering. But there still lacks a unified experiments. The midgap spin excitations are also investi-
theory that can self-consistently explain the free moment andated, with the results consistent with the neutron
local AF ordering near the zinc impurity without suffering a experiment-
magnetic instability. Nonetheless, various approaches have, An important fact that we find is that all these properties
at least, indicated that the zinc phenomena are quite differersire already exhibited in a zinc-doped state obtained by a
from those caused by nonmagnetic impurities in a convensudden approximatiorsimply removing a spin sitting at the
tional superconductor and have something directly to do witlzinc site from the original pure system. A self-consistent ad-
the nature of the underlying doped Mott insulators. A goodjustment of the RVB background beyond such a sudden ap-
understanding of the pure strongly correlated system, thergsroximation only further strengthens the local trapping of the
fore, is quite essential in order to sensibly address the overa=1/2 moment as well as local AF staggered ordering
zinc impurity issue. around the impurity. Therefore, a Zn impurity in the high-
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cuprates constitutesdirect probe of thepure system accord- ho 1 h

ing to the present theory. Namely, both the lo8all/2 mo- Ai=5 2 Ler() = 6;(D)Iny'. (6)
ment and the staggered AF moments “induced” by a zinc 11

substitution truthfully mirror the nature of the original doped Here an and ”|h are spinon and holon number operators, re-
Mott insulator. In this sense, the zinc substitution simplyspectively. By notingd,(I)=Im In(z-z) with z=x,+iy; rep-

reveals the “secrets” of local physics already hidden in thgesenting the complex coordinate of a lattice $jtene has
zinc-free ground state.

The remainder of the paper is organized as follows. In A =T (M=), (7)
Sec. Il, we present the topological reason that ensureS an C
=1/2 moment being trapped around a zinc impurity, based
on the phase-string effect in the bosonic RVB description of SA=x> nf (8)
the t-J model. Then in Sec. Ill, we present a generalized c le3c '
mean-field description for the doped Mott insulator with a 0 ) ! L
zinc impurity. The detailed numerical results are given in@d¢jj is a uniforma-flux gauge field, satisfying
Sec. IV. Finally, Sec. V is devoted to conclusions and discus- 11 d =1

O

leXc

sion. )

for each plaquette. It means that each holon behaves like a
fluxoid throughAf}, which is felt by spinons iHg (hereC
denotes a closed loop ag¢ is the area encircled by)jtand

A. Bosonic RVB framework vice versa. Thus holons and spinons are mutually frustrated

. . o by each other nonlocally via the topological fields, and
We begin with an effective description of tipaire system . , , i
of a doped Mott insulator, obtaintd® based on the-J A,'} which represent the phase-string effect hidden intthe

model in an all-boson representatidre., the phase-string J rTOdﬁ!' d - h ducti . lized
formalism). The effective Hamiltonian is given B8 Hgy n this description, the superconducting state is realize

II. TOPOLOGICAL ORIGIN OF THE LOCAL MOMENT
AROUND A ZN IMPURITY

=H,+H,, with by the holon condensatiorih™ =h,# 0, while spinons re-
s main RVB paired as characterized hy+ 0. Specifically, the
Hy= -t h‘Tei(AiSj—(bﬁ)h' +he (1) superconducting order parameter can be writtéfi’ds
. ! [ U
v ASC= A%, (10)
J _ whereA%xASh2, and®s is defined b
HSZ_EE Afje'“Anbfab;r_a+h.c. 0 Y
{ipa vi=3 eim(E anFa), (11)
1#i @

2 s|2 t _ _
* 2% il x(% Biabia = N(L 5))’ @ Wwhich describes that each spinon carriesmavdrtex in the
phase ofASC (known as a spinon-vorté®. Since spinons
whereh! and b! denote the creation operators of bosonicform singlet RVB pairs, these vortices and antivortices are
holons and spinons, respectively, amﬁd is the bosonic RVB  generally cancelled out if11) such that the phase coherence
order parameter determined either self-consistently or bpf ASC can be established at low temperatui&s.

minimizing the free energy. In the pure system, a uniform A nonsuperconducting state, with a finite pairing ampli-
sqution,AiSj:AS, [ij ethe nearest-neighbdnn) siteg, is usu-  tude A° but is short of phase coherence, can be realized at
ally obtained'® The Lagrangian multipliek in (2) is intro-  higher temperatures where excited spinons disorder the

duced to enforce the global constraint of the total spinorphase ®; according to (11). Such a low-temperature

number pseudogap phase is called the spontaneous vortex phase due
to the presence of free spinon-vorticesTatc T<T,.1° The
> (bl by =N -9). (3)  high-temperature pseudogap phase is definel, &tT <T,,
ia where the holon condensation is gone such that the pairing

- N . . amplitudeA®=0, whereas the RVB order paramets still
A d'f“”gt featuEe n Fh's model is t_he__topologlcal 9aUY€ e mains finite. The latter vanishes beyord
field Aj, ¢, andAy, defined on a nn linkij), as follows: The following discussion of local moments around zinc
1 impurities will be mainly focused in the superconducting and
A== > [60)- 0,-0)](2 o'nllj(f), (4)  spontaneous vortex phases, where the reldiGhgenerally
214 o holds with A% 0.

B. Topological origin of local moments

O:EE [0|(|)—01(|)], (5

25 Now let us consider a zinc impurity added to a pure sys-
tem of the doped Mott insulator described by the bosonic
and RVB theory outlined above.
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FIG. 2. Spinon density distributiom?)=(=,b b;,) around the
zinc impurity. The lattice is 1& 16 with dopingé=0.125.

are mutually “entangled” in the pure system. An “empty”
(zinc) site then can be nonlocally perceived by the charge
degrees of freedom to result in the above vortexlike response
centered at this site.

A more rigorous derivation is to start from the phase-
FIG. 1. (a) A vacancy(zinc impurity always induces a vortex- string repre_sentatléﬁ of thet-J model with the presence of
like supercurrent response in the superconducting phase due to tﬁm empty site. _Under the same RVB. order p?‘ram Frone

. Obtains essentially the same effective Hamiltonidis,and
phase string effect(b) To compensate such a vortex effect, a Yy . .
spinon, which carries an antivortex, has to be trapped around th@)’ except for that in5) the summation does not include the

zinc impurity, giving rise to a locab=1/2 monent. empty (zinc) site, denoted by,. Namely,
0 0_ ,Zn
In the highT, cuprates, chemically it is a Guion that is ¢y — 4~ & (12
replaced® by a Zrf*. A Zn potential may be considered as a
unitary potentid that pushes awaypoth spin and charge ﬁ”: 26i(io) - 6,(ip)]. (13

from the zinc site. In the framework of the] model, a zinc
impurity can be thus simply treated as amptysite with ~ Note that the summations i) and(5) should also exclude
excluding the occupation of any electrons. the zinc site(which are automatically ensured since both
Since a zinc impurity does not change the total charge o$pinons and holons are not allowed at the gjteso that the
the system in the substitution of a €uon by a zr#*, one  definitions for A7 and A{} remain the same as in the pure
may construct an effective theory by starting with that for asystem. By noting
pure system and removing a neutral sgspinon from the
system. A heuristic procedure is to imagine exciting a spinon > qﬁ“: T (14
at the would-be zinc site. With its spin being “fixed,” its c
(e::](fhoafpg,(\alocrozzlrllng vp]nct)ﬁlotnhisgr:gutr;](ijéngSitseplg:(;:uesféecétflvtehlgfor a closed loop ar_oun'@, one fi_nds that a _zinc site is bound
no-double-occupancy constraint in tird model. Whether to an e>_<tra77_flux0|d, which will always mdu_ce_ a vortex
one removes or not such an isolated spin, the effective effe rrent .'n(l) if .th_e. hoIong are condensed. Similarly, using
of a zinc impurity is created at such a site. the original definition ofA® in (10), the effect of an empty
Based on the bosonic RVB theory, corresponding to théite can be reexpressed by the replacen@nt A%/ i, with
creation of an isolated spinon at the would-be zinc sitezra 2 q)i(:) giving rise to a 2r vortex. Both are consistent with the
vortex will then appear in the superconducting order paramprevious argument based on freezing a spinon at thd gite
eter (10) via ®° or a 7 vortex in the holon Hamiltoniail)  which also lead to Fig. ().
via A,SJ in the superconducting or spontaneous vortex phase Now it is natural to see why a zinc impurity will generally
with the condensation of holongh’) #0. In other words, induce a spiré- around it in the superconducting and spon-
each zinc impurity will always induce a nonlocal responsetaneous vortex phases. In the superconducting state, a Zn-
(vortex current from the charge condensate as shown in Figvortex costs a logarithmically divergent energy and thus
1(a). must be “screened” by nucleating a neut&d1/2 spinon
Such a topological effect of a zinc impurity can be tracedthat carries an antivorték and is bound to the latter, as
back to the nonlocal effect in the pure system of such sshown in Fig. 2b). Note that in the pure system, an isolated
doped Mott insulator, known as the phase-string effect: thepinon excitation is not allowed in the superconducting bulk
motion of doped holes will always create stringlike sign de-state for the same reason, and only spinons in bound pairs
fects that cannot be “repaired” at low energy in thd  (vortex-antivortex paifscan be excited, which is known as
modell” Consequently, spin and charge degrees of freedorthe spinon confinement.It is also noted that in a different
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approack’ based on a similar all-boson formalism, an “un-  Under the condition16), the spinon Hamiltoniam, in
screened” current vortex is predicted around a zinc impurity(2) can be straightforwardly diagonalized*s

if the S=1/2 is trapped around which carries such an

(ant)vortex. By contrast, such @ntjvortex is always com- He= > Em¥iy Yme + CONSL, 17
pensated in the present approach since a zinc impurity itself m,a

also induces a vortex as shown in Figa)l ) ,

In the spontaneous vortex phase, even though free vortPY @ Bogoliubov transformation
ces are thermally present in the bulk in a similar fashion as in ] +
Kosterlitz-Thouless transition, there still exists a logarithmic Bio = 2% Wing (1) (UnyYimg = Um Vi) (18)
attraction between a Zn vortex and a spinon vortex at short m
range, and a bound stdi@though not a confined state below \yith uq = \m and |vm|:\,m_ A de-

Te) between a Zn and a8=1/2 moment can be still present tailed treatment of this mean-field state in a self-consistent
belowT,. . . way can be found in Refs. 18 and 21.

Therefore, there is a fundamental topologlcal' reason _for Based on the above mean-field description, the zinc-free
anS=1/2 moment to be trapped around a zinc impurity in oy/g ground statéW,) is defined byy,/¥o)=0. Now we
the bosonic RVB theory of doped Mott insulators, in the construct the states with one zinc being added to the system
superconducting and spontaneous vortex phases. as discussed at the beginning of this section.

First, according to the sudden approximation, the trial
state with a zinc at sitgy may be obtained by annihilating a

Once we have established the topological origin of $he bare spinon at sitd, with a spin index, say, o
=1/2 moment around a zinc impurity, a simple effective de-
scription of the system with one zinc impurity can be devel- |Wodzn = bi-o| Vo) (19
oped.

Note that after trapping a spinon nearby, the vortex in-Then, we allow the bosonic RVB order paramefrto be
duced by the zinc impurity is compensated by the antivorteadjustable around the zinc site to further minimize the total
carried by the spinon, as illustrated by Figb)l Then the €nergy. Thus the final trial Zn state can be constructed in the
system is topologically trivial at a distance sufficiently away following form:
from the impurity where the system remains the same as the

Ill. GENERALIZED MEAN-FIELD DESCRIPTION

pure system. The change of the state mainly occurs around [W)zn=Chy o W[ AFD. (20)
the impurity with a characteristic scale comparable to the ) o )
spin correlation length. Here C is a normalization constant an|c[fo[AiSj]> is the

We can construct a state based on the ground b]?%bmf ground state of the Ham"tor"dﬁ) under a fixed form of the

the pure system, by removinglacal spin sitting at the site RVB order parameteA}, which will generally deviate from
i, denoted by the uniformAS (of the pure systepnaround the zinc site.

In order to address the dynamic and thermodynamical
W)z = |5i0|‘1’o>- (15) properties, one needs to further determine the elementary
excitations based ojW), defined in(20). We take the fol-

To leading-order approximatiof¥'y),, may be regarded as a lowing steps to make the construction. First, by using the
“sudden approximation” of the true ground stgi®,,, in the Bogoliubov transformatiori18), one has
presence of a zinc. Both have the same spin and charge quan-
tum numbers. By suddenly removing a spinorigatts origi- Ch, - Wo) = C2 Wing(io)vm i, W) = o[ ¥o), (21)
nal partner spinon W, will be left around the site, in m
[Wo)zn within the spin-correlation length. At distances _ _ _
larger thang, on the other handWo), is essentially the With f5,=CE Wi, (i)vmyi, and C=(Sn|Wn(io)|%7) ™2
same a$¥,) Because of the topological reason discussed irfSecond, define a class of single spinon creation opergfprs
Sec. II, the free spinon partner createdn,),, should re- as a linear combination ofy,,’'s, which satisfies
main trapped around the impurity. Therefore one expects
|¥ )7, to have a good overlap with the true ground state = Fo v, > (FL)Fu=dn (22)
|¥),, and can smoothly evolve into the latter under a weak m m

local perturbation. So it is reasonable for one to t6k® as . - . b : .
a good variational form for the zinc problem. with Fg,,=Cuv,Wn,(ig) such thatf,  is consistent with the

Since the holons are Bose condensed in the supercondudegfinition in(21). A properF can be then obtained by redi-

ing and spontaneous vortex phases, of which we are corgonalizing the Hamiltonian(17):  He=2.0Enfl, foa
cernedAﬂ in the spinon Hamiltonia2) can be simplified as +const, under a constrairffjafgafoa:L with E,, as the

approximately describing a uniform flux with a strength  “renormalized” spectrum in the presence of a zinc impurity.
h Then the ground state with a zinc is simply given by
2 A= s, (16)  |w),,=f! |We), and the orthogonaimean-field excitation
= states are constructed by the creational operatﬁgs(n
per plaguette. #0) as follows:
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0.4

|{Vna}>ZnE H (fxa)””“|‘1'>2n, (23

n(#0),a

. 0.31
wherew,, denotes the occupation number at the state labeled

by (n,a). A 0.2}
Physically,fgg in this approach is treated as a projection "c',j‘ ’
operator, from the original ground state to the zinc-doped v

ground state, Whiléﬁa (n# 0) creates spinon excitations that
are ensured to be orthogonal|th),,,. The presence of a zinc
impurity at site ip will be enforced by the constraint 0
Eafgaan:]-'

0.1r

Finally, it is noted that instead of treatingf} as unre- ~0.15 : Zn S't?'o i 50
stricted parameters ifW[A]]), we shall assume a simple lattice sites
site-dependence fakisj (ij e nn sites in the following varia-
tional calculation, which is given by FIG. 3. The distribution ofS’) near the zinc impurity, with the
(|i i | N | i |)2 scan along the dashed direction shown in the inset, where the zinc
(A'sj)nnz AS| 1-(1-pglexp - o*ll~lo . site is marked by the filled circle.

4R?
sublattices? It implies an spin configuration induce
(24) blatticeg? It impli AF spi fi tion induced
) _ ) _ around the zinc as shown below.

Here the bulk valueA® is decided self-consistently in the Staggered moment€orresponding to the above spatial
zinc-free system®2! The zinc at sitd, will influence (Af)n,  distribution of theS=1/2 moment, staggere@A\F) moments
within a radiusR with p, determining the strength. The La- are further shown in Fig. 3 around the zinc site. Note that the
grangian multiplier\ in the mean-field Hamiltoniat2) will  spin-rotational symmetry breaking in Fig. 3 is because we fix
be kept at the zinc-free value to ensure that the state remaingy=| in |¥),, such that the total spin change upon a zinc
the same at distances far away from the zinc site. The pasubstitution is\S=1/2. Thestate|¥),, in general, is a spin
rameterp, will be decided by enforcing the global constraint doublet according to its definition i20) (if | W) is spin

for the total spinon number singled. The length scal&,, for the distribution of the local
+ _ AF moments is essentially decided by the spin-spin correla-
iE (bighie) =N(1-0) -1 (25) tion length in the original RVB ground staté,~ay2/7é

(Ref. 21). Figure 4 shows the doping dependence of the scale
[compared tq3)] in the presence of a zinc impurity with a &z, for the distribution of the local spin moments, defined by
givenR. In the following, most results will be discussed for fitting (§)=(-1)'Sy exp(—i-i¢|?/&,). Indeed we findé,
the case oR=1, i.e., within the sudden approximation, and =&, For a hole doping$=0.125,&,,=2.22a. For a typical
then the stability of the results will be checked by allowing zinc doping in experiment$,,=0.03, the average distance
the variation ofR. between two zincs isl,,~a/\8,,=7.07, which is larger
than¢;, at 6=0.125. In this dilute case, the correlation effect
among different zinc impurities can be neglected and one
may only focus on the single zinc effect.

Based on the above-constructed ground state and excited Low-energy spin excitation©ne can further examine the
states, we can straightforwardly calculate various relatedlynamic properties of the induced local AF moments. One
physical properties, in the presence of a zinc impurity, byphysical quantity is the spin-lattice relaxation rate®3Cu
using the mean-field scheme similar to the pure system. The

IV. PHYSICAL CONSEQUENCES

results are presented below. 2.8
Local S=1/2 momentAs noted before, the ground state — &,
|¥),, defined in(20) differs from the pure staté¥y) by a 26 . o &
spin—%. The change of the spinon distribution around the zinc
in the ground stat€20) is numerically determined, as illus- w24
trated in Fig. 2, where the hole concentration is fixedSat o
=0.125, with the lattice size 2616 andR=1 chosen ir(24). 2.2
Compared to the zinc-free mean value dat a distance far
away from the zinc site, the local density of spinons changes 2
within a finite length scale near the zinc site as shown in Fig.
2, which accounts for the distribution of an unpaired spinon 1&08 01 042 014 046 0418

of S=1/2 in (20) created by the zinc substitution. Note that
the spinon density is enhanced in the sublattice opposite to
that of the zinc site, indicating that the unpaired spinon FIG. 4. (Color onling The size of the spatial distribution of the
mainly stays there, which reflects the fact that the underlyingocal moments ., (solid), and the bulk spin correlation length,
bosonic RVB pairing in20) only involves spins at different  &=12/8x (dotted, vs dopings.

)
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20 . : . . : : 25 . ,
181 . —— bulk site —— zinc case
— B & NN site —e— pure system
w 16 - ] 201 . b
£ 4 e nnn site v fitby g o< 1/T
S5 14 - —=— average value
: ] b, —
g 1.2 N\zgl 15
V‘_ 1.0 =
= osf 10
[}
Q@ osf
041 i
02 q :
0 0 0.05 0.1 0.15 0.2

0 0.05 0.1 0.15 0.2 0.25 03 0.35

Temperature (J
Temperature (J) PeTEG 155

. N §3r . FIG. 7. (Color onling Uniform spin susceptibility in the pure
FIG. 5. (Color onling Contributions to 17°T, T from different system is shown by the solid curve with full circles. The case with

sites ‘are.calcu.lated. Solid curve W?th crosses: from the §ite far fronE)ne zinc is illustrated by the solid curve with triangles. The dashed
the zinc impurity. Dashed curve with triangles: the nn site near th urve is a fit byy=0.23907

zinc. Dashed curve with circles: the next-nearest-neighban)

site near the zinc. Solid curve with squares: average over all sites igistent with the distributions of the staggered moments in
a 16X 16 lattice with one zindsee text Fig. 3.

It is noted that the calculation is performed at ax186

measured in NMR/NQR experiments, which is decided bylattice with only one zinc, with an effective zinc doping con-
the imaginary part of the spin correlation functigfg, w) as centration equal to 1/2560.004. In the realistic case with

follows: more zinc impurities, the intensity of ‘iSTl'lT on average is
' expected to be proportional to the density of zinc impurities
1 S A2(Q)Im x(q, ) at low temperatures, so .Iong as the zinc concentration is not
o E— (26) too large such that the single-zinc approximation used above
1 q ON on—0 is still valid. Thus one should multiply a factor of 5-8 to the

low-temperature part of 7T, T for the averaged case in Fig.
5 (solid curve with squargsn order to compare to the ex-
perimental case witl$,,=0.02—0.03.

Furthermore, the uniform spin susceptibility can be di-

Here the structure factok(q)=A+2B(cosg,a+cosgya) and
A=-4B when the applied magnetic field is orthogonal to the
Cu0Q, plane! So the main contribution will come from the

AF correlations near the AF momentufar, ). Figure 5 rectly calculated byy,>Re x(q=0,w—0). y, also shows a
shows the theoretical calculations. In the pure system of ttheudogap behavior at low temperatures in the pure state,
bosonic RVB state, a pseudogap opens up in the spin excitgyhich is replaced by the Curie-like T/behavior near the
tions, resulting in a suppression of "fT,T at low tempera-  ,inc site due to the contribution from the local moment as
ture (solid line with crosses in Fig.)5 However, for the  gpown in Fig. 7.

zinc-doped system, the “spin gap® shown in Fig. 5 is filled  pynamic spin susceptibilityThe imaginary part of the

up by a Curie-type contribution, _‘_F/TlTocl/T, because of  gynamic spin susceptibility, Ing(q, ), can be directly mea-
the presence_of a_free moment W'th a_Staggered d'Str_'bUt'ogured by inelastic neutron scattering. In the bosonic RVB
around the zinc site. The spatial distribution of T is (0o field theory, a resonance peak at the AF wave vector
given in Fig. 6 at a low temperatur@=0.0067), which & -~ ) is present in the dynamic spin-correlation func-
clearly shows that the Curie-type signals are located near they - i, the superconducting phase. For the hole doping
zinc site, with its maximum at the nn sites of the zinc, CON--( 125 we obtain the resonance eneE;yvO.53].21 Upon

the zinc doping, the energl, of the resonance peak has
changed little(see Fig. 8 in the bulk. But a zinc impurity
does induce some states at lower energies as shown in Fig. 8,
which reflects the modified spin-excitation spectrum near the
zinc, accompanying the emergence of a local moment. Note
that the weight of such zinc-induced modes in Fig. 8 should
be enhanced with a finite concentration of the zincs.

Effect from the holon redistributior§o far the mean-field
results are obtained based on the assumption that the Bose
condensed holons are uniformly distributed in space. But in
the presence of a zinc, the holon density near the zinc impu-
rity should be generally suppressed, to be consistent with the
fact that the spinon density increases around the zinc site

FIG. 6. Distribution of the contributions to 3T, T from indi- ~ because of the no double occupancy constraint. In the
vidual sites near the zinc impurity, at temperatiire0.0067. bosonic RVB theory, since the holons will influence the

1/°°TT, (arb. units)

184507-6



MICROSCOPIC ORIGIN OF LOCAL MOMENTS IN A.

70

PHYSICAL REVIEW B 71, 184507(2005

— <nih> suppressed

0.4}

’tl? 60 h f
2 oasf |-~  <n’>uniform
S s0f
. 0.3}
£
8 4o L ozt
5 »

v 0.2
E 301
] 0.15}
>~ 20f
= 0.1

induced by one Zn

10r \ 1 0.05}

0 < 00 *
0 0.1 0.2 03 0.4 05 0.6 07

frequency o (J)

lattice site

FIG. 8. Dynamic spin susceptibility at AF wave vectQxr FIG. 10. The distribution of(S)|, corresponding to the profile
=(m,m) with 5=0.125. The high-energy resonancelike pealEat of the holon density shown in the inset of Fig. 9, is plotted as the
=0.53) is from the bulk(zinc fre@ state, while the low-energy solid curve, as compared to the dashed curve for the uniform holon
excitations indicated by the arrow are the ones induced by the zingistribution.
impurity.

) ] ] . state(20) can be further examined by tuning the variational
spinon part by the gauge fielf} defined in(8), the suppres-  order parameter defined i@4). By changing the parameter
sion of the holon density around a zinc will cause additionalr  the range of the zinc effect on the RVB paramets)
Ieffects on the local spin dynamics, which is considered bep, (24) can be continuously adjusted. As shown in Fig. 11,
OoW. = . .

As shown in Fig. 9, the intensity of the zinc-induced low- the sup.err]exhchgnge energgjf}z” LS f;])uanto mon(cj)tonlcall)_/
energy spin excitations seen in Fig. 8 will be enhanced witf"W W'tf.lt € 'P(Err]eaielo dc"rt .gt i uni QY(;T_‘ ap n&mint;
its energy scale further reduced if a holon density reductio orm protiies ot the holon distribution, ndicating that the

‘sudden approximation stat),,=|¥(R=1)), remains lo-

is taken into account with a profile given by the inset. Mean ,
time, the local staggered moments will also be increased@!!y stable, which prevents the locgk1/2 moment from
(Fig. 10 under the same holon distribution. Although the '€@King far away from the zinc impurity. When the holon
above calculations are not based on a self-consistent schenfgdistribution discussed above is considefse the dashed
which is generally quite difficult, all the important features CUTve in Fig. 11, this local stability is further strengthened,
found previously in the uniform profile of the holon distri- SiNce the frustration effect on the spin dynamics, which
bution are kept qualitatively unchanged, except for the facFomes from the holon motion, is weakened around the zinc
that the anomalies are further strengthened because of tHEPUrity due to the reduction of the holon density.
reduction of the holons, which makes the area near the zinc
closer to the half-filling.

Local stat_)ility of the mean-field thearfhe s_tability of In this paper, we have developed a microscopic descrip-
the results discussed above based on the conjectured grou%ln of the zinc doping effect in the cuprate superconductors

V. CONCLUSION

—~ n -0.664
(2] anl A i
’§' 0.1 “ﬂ“ '." ‘;\:," —o666l | <nih> uniform
pr I " o ) - <nih> suppressed )i
= " zn 3 2" _0.s68 e
£l ! A,
e : T 067
) " RPTIAR +
= ' 5 —06720 -
A Y :
A ) -
0 0.2 04 0'6741 15 2 25 3
o) R

FIG. 9. (Color onlin@ Dynamic spin susceptibility aQag FIG. 11. The average superexchange en€idy)/(2N,) per
=(ar, ) is shown as the solid curve when the holon density isbond(N, denotes the total number of lattice sites excluding the zinc
suppressed locally around the zifsee the insét For comparison, site9 as a function of the parametBrin (24). Solid curve: uniform
the dashed curve illustrates the case for a uniform holon densitholon distribution. Dashed curve: locally suppressed holon density
distribution. around the zinc indicated by the inset of Fig. 10.
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based on an effective theory, i.e., the bosonic RVB theory, o§iparticle excitations and the single-electron tunneling prop-
the t-J model. The unusual effects of the zinc doping ob-erties. In the bosonic RVB theory, an electron is composed of
served in the experiments have been explained as a diregtholon and a spinon, together with a nonlocal phase-string
consequence of the mutual nonlocal entanglement betwedactor?? In the superconducting phase, it has been sRéwn

the spin and charge degrees of freed@m, the phase string that a quasiparticle is stable due to a confinement of these
effecy in the doped Mott insulator. Namely, due to the phasenolon-spinon and phase-string objects. So the overall low-
string effect, holons see a topological gauge field that correanergy single-particle spectral function is expected to be the
sponds to some uniform plaquette fluxes in the pure systemyme as in al-wave BCS theory. However, the composite

but once the local bonds near a zinc impurity are broken, & cyyre is predicted to be seen at high energies, which may
flux deficiency will emerge around the zinc impurity, which explain the “coherent peak” in the antinodal regime in the

has to be compensated via pairing with a spinon-vorte>bure system as due to the spinon excitafin the zinc-

" Gnce  local morent s oimed due t such a topologcaf PG S25e, because of the rapping of a free moment
polog spinon near the zinc, the high-energy spinon contribution in

mechanism, the effect of zinc doping can be simply de'the single-particle spectral function can become a zero-

scribed by a sudden approximation, which directly translate iased mode. Detailed study of this property needs the
the short-range RVB pairing present in the spin baCkgroun%nowledge abbut the charge degree of freedom as well as the
state of the pure system to the AF spin distribution around &onfinement in the superconducting phase, which is beyond
zinc impurity, once the latter is introduced to the system. Th he scope of this work. This issue and othér problems, such

mg?njﬁgée:gﬁlt'?: re;teif‘, :)?é{g& nssplr:)t?tg?r?ggtl\/t\)/:ltlrt\)i/ﬁ ?ﬂgas how the superconducting transition temperature will be
ying sp ! affected by the local moments, will be further investigated

sudd_e_n apprOX|mat|on_ and beyo_nd, have conS|s_tentIy palnf[e ithin the bosonic RVB description in future.
a unified picture of spin correlations near the zinc, which is
shown to be stable locally and in an overall agreement with
the experimental observations. In particular, the theory pre-
dicts that the range of the distribution for the local moment is
inversely proportional to the square root of doping concen- We acknowledge helpful discussions with W. Q. Chen, Z.
tration. C. Gu, T. Li, H. Zhai, F. Yang, and Y. Zhou. This work is

In this work, an important property in the zinc problem supported by NSFC grants, and Grant No. 104008 and SR-
has not been discussed thus far. That is the behavior of qu&DP from MOE of China.
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