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We discuss the dynamics of magnetic momentgwave superconductors. In particular, we focus on
moments induced by doping nonmagnetic impurities into cuprates. The interaction of such moments with the
Bogoliubov quasiparticles of the superconductors can be described by variants of the pseudogap Kondo model,
characterized by a power-law density of states at the Fermi level. The numerical renormalization-group tech-
nique is employed to investigate this Kondo problem for realistic band structures and particle-hole asymme-
tries, both at zero and finite temperatures. In particular, we study the boundary quantum phase transition
between the local-moment and asymmetric strong-coupling phases, and argue that this transition has been
observed in recent nuclear magnetic resonance experiments. We determine the spectral properties of both
phases and the location of the critical point as a function of Kondo coupling and doping, and discuss quantum-
critical crossovers near this phase transition. In addition, changes in the local density of states around the
impurity are calculated as functions of temperature, being relevant to scanning tunneling microscopy experi-
ments.
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N l. INTRODUCTION _ ing T.: the relevant low-energy excitations of tidewave
_ Impurities have proven to be a powerful probe for inves-g,\sarconductor are fermionic Bogoliubov quasiparticles and
tigating the bulk behavior of complex many-body systems.,,sonic antiferromagnetic spin fluctuatiofes seen in neu-
In the field of high-temperature superconductivity, a varietyy, o, scattering quantum phase fluctuations which may be-

of phenomena has been observeq .under doping V.V'th Magome important near a superconductor-insulator quantum

Shase transition will not be considered here. The interactions
of impurity moments with fermionic and bosonic degrees of

magnetic excitationéhe so-called resonance mdfie pos- freedom can be dis_cussed_ separat_ely_, as they Iead_to distinct
sible pinning of stripes and vortices, and impurity-relatedphenomena associated with fermionic and bosonic Kondo
local bound states seen in scanning tunneling microscop('®dels. Also, the energy scales of these two phenomena ap-
(STM).4-6 pear to be well separated, as the fermionic Kondo tempera-
A particularly interesting piece of physics is the mag,«]e_tur.e in the sgperconductmg stqte is below 100 K whereas the
tism of impurities which are substituted for Cu ions. Experi-SPin fluctuation energy scale is given by the energy of the
ments have been performed with magnetic spitNl) as  ‘resonance mode;*which is 40 meV at optimal doping.
well as nonmagnetic spin{&n, Li) impurities. Whereas the ~ The interaction of an impurity spin with bosonic spin-1
spin-1 impurities naturally carry an on-site moment which isfluctuations of a quantum disordered antiferromagnet is de-
expected to give rise to some kind of Kondo physics, thescribed by a “bosonic Kondo model®~*8 it was recently
behavior of nonmagnetic impurities is more surprising. Astudied in the context of impurities in two-dimensional
series of nuclear magnetic resonafis®R) experiment§*  nearly critical antiferromagnets, where it leads t¢2a 1)-
clearly showed that each impurity, despite having no on-sitelimensional boundary quantum field theory with a number
spin, induces a locab=1/2 moment on the neighboring Cu of interesting universal propertié8 If the bulk state has a
ions at intermediate energy scales. In particular, the locdiinite spin gap, then the impurity moment is not screened,
susceptibility associated with Li ions in YB@wOg.,  i.€., it contributes with a Curie term to the impurity suscep-
(YBCO) has been found to show a Curie-Weiss-like behavdibility. However, the moment is spatially “smeared” over a
ior, with a strongly doping dependent Weiss temperaturdength scale given by the magnetic correlation length, i.e.,
which appears to vanish for strongly underdoped samples—part of the moment is carried by neighboring spins. Another
this implies the existence of free moments in the underdopetesult of Ref. 16 was that a finite concentration of impurity
regime down to temperatures of order 1 K. Microscopic perimoments leads to a universal damping of the collective
spectives on the formation of these local impurity momentsspin-1 mode of the bulk magnet. Together with recent
will be discussed in Sec. Il. neutron-scattering experimeritghis provides further evi-
Accepting that nonmagnetic impurities induce local mo-dence ofS=1/2 inducedlocal moments near Zn sites in cu-
ments, these moments are expected to interact with the gprate superconductors: it was argtfethat these moments
ementary excitations of the bulk matertalin this paper, we arerequiredto explain the strong effects of a small concen-
will be mainly concerned with al-wave superconducting tration of Zn impurities on the “resonance peak” in the spin
bulk state, i.e., with temperatur@sbelow the superconduct- dynamic structure factor.

superconducting critical temperatufe and an increase of
the residual in-plane resistivity’ a damping of collective
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A ASC the relevant case of SB) spin symmetry have so far been
investigated for the particle-hole symmetric case Shf.
However, interesting properties are to be expected especially
for the asymmetric case, considering the results of
static®??8and dynamit® largeN approaches.
The study of spectral properties of Kondo impurities in
Y metals as well as in superconductors has been revived due to
recent advances in STM. Tunneling to clean surfaces of ma-
terials with bulk or surface impurities has made it possible to
directly observe local spectral properties associated with im-
purities. In particular, Kondo impurities on metal surfaces
have been found to give rise todip or Fano-like line shape
- in the tunneling DOS?33In contrast, in cupratd-wave su-
0 oo perconductorpeakstructures in the local DOS close to the
Kondo coupling J Fermi energy have been found for both Zn and Ni
impurities=® doped into BjSr,CaCyOg,; (BSCCO.
“Whereas the results for Ni appear to be well described by a
" model with combined potential and static magneBpin-
dependentscattering’ the signal of Zn impurities—a huge

Particle-hole asymmetry

B
=<

Y

FIG. 1. Schematic zero-temperature renormalization-group flo
diagram(Ref. 26 for the pseudogap Kondo model with a power
law density of stateg(€)~|e|" with r>1/2. The horizontal axis
denotes the Kondo coupling, the vertical axis denotes particle-hol

asymmetry(parametrized, e.g., by the potential scattering strengt unnelm_g peak_dat eherghl_es of 1k—2_rL1eV - IS _rl?oredpuzzlln_g. It
U for a particle-hole symmetric host band strucjufighe model has Is tempting to identify this peak with a quasibound state in a

two stable fixed pointgsolid dot3: the weak-coupling local mo- purely potential SC?‘tter'ng mod;** but such a state ap—_
ment(LM) fixed point, where the impurity is essentially decoupled P€ars at low energies only for a range of very Lllg.rge potential
from the band, and the asymmetric strong coupiAGC) fixed ~ values depending upon microscopic detdi:*° Further-
point, where the impurity moment is fully screened. The thick lineMmore, the spatial dependence of the zero bias peak is
represents the second-order phase transition between the two zef@rprising—see further discussion in Sec. V—and the ob-
temperature phases, and the open dot is the critical fixed point. Notgerved spatially integrated spectrum is asymmetric between
that there is no screening in the particle-hole symmetric case evepositive and negative bidswhile the potential model pre-
for infinitely strong Kondo coupling. dicts approximate symmetfy.Recently, it was proposét
that some of the properties of the Zn resonance can be ex-

In this paper, we will focus on the interaction of the im- plained by taking into account the Kondo spin dynamics of
purity moment with thefermionicbulk degrees of freedom, the magnetic moment induced by Zn. The screening of this
namely, the quasiparticles of tidewave superconductor. Im- moment by the Boboliubov quasiparticles provides a natural
portantly, the single-particle density of stat@09) of the  |low-energy scaléthe Kondo temperatuyexplaining the en-
Bogoliubov quasiparticles vanishes at the Fermi energy, andrgetic location of the peak seen in STM.
so we expect a number of features quite distinct from the The purpose of this paper is twofold: On the one hand we
usual Kondo effect in metalS.The Kondo effect in systems want to study the fermionic pseudogap Kondo effect using
where the host DOS follows a power law near the Fermirealistic band structures for the cuprates. We shall show that
level, p(e)~|e|” (r>0), was studied quite extensively in the transition between a free moment and a screened moment
the context of the pseudogap Kondo mo®ef’A number of  in the pseudogap Kondo model can be driven by varying
studies?®#-#Pincluding the initial work of Withoff and  doping in the highf, compounds—this provides an expla-
Fradkin, employed a slave-boson lafjetechnique®’ fur-  nation for the strong doping dependence of the Kondo
ther progress and insight came from numerical-(Weis$ temperature observed in NMR!® On the other
renormalization-group(NRG) calculationg®~2® the local-  hand, we want to examine a number of properties of the
moment approacf’, and a dynamic largtt method® The  pseudogap Kondo model close to this transition, and relate
general picture arising from these studies is that there existhem to experimental findings, in particular STM measure-
a zero-temperaturéoundary phase transition at a critical ments.
Kondo couplingd., below which the impurity spin is un- The remaining part of the paper is organized as follows.
screened even at lowest temperatures. Also, the behavior dex Sec. Il we briefly discuss the issue of properly modeling a
pends sensitively on the presence or absence of particle-hofnmagnetic impurity in cuprates—we will motivate the
symmetry: in the particle-hole symmetric case there is nanodel consisting of a Kondo and a potential scattering term,
complete screening even for Kondo couplingsJ.. A  and further discuss a number of theoretical aspects in Sec.
comprehensive discussion of possible fixed points and theiil. In Sec. IV we turn to the simplest model, namely, a
thermodynamic properties was given by Gonzalez-Buxtorpointlike magnetic impurity with a realistic host density of
and IngerseRf based on the NRG approach. Figure 1 sum-states(taking dispersion and gap data of actual cuprate ma-
marizes their findings for>1/2, including the case=1 terialg. Using the numerical renormalization-group method,
relevant ford-wave superconductofgalso see Fig. 16 of Ref. we will discuss static and dynamic properties of the two
26). stable fixed points as well as of the quantum critical regime.

Spectral properties of the pseudogap Kondo mdéei  We will determine the critical coupling constant and the
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crossover scale as function of doping, and make contact witk=1/2 “spinon.” By continuity, the described mechanism is
the transition seen in NMR experiments. In Sec. V we extendilso expected to be effective at small, but finite hole doping.
the impurity modeling to a spatially distributed magnetic At larger doping, a related picture can be developed by anal-
moment and additional potential scattering and present imgy with the theor§f for moment formation in the disor-
particular the resulting local conduction electron DOS whichdered metallic state of Si:P—small variations in the potential
is relevant for STM experiments. A brief discussion of opencombine with strong local correlations to induce very local-
issues will close the paper. ized spin excitations. Other theoretical perspecfi{/&8 on
Parts of the discussion in Sec. Il were already given inocal-moment formation in the cuprates have also been
Refs. 42 and 43, but we decided to include them here to keegiven—most of them are based on the related idea that
the paper self-contained. Readers mainly interested in thstrong potential scatterers can form quasi-bound states at the
experimental consequences for cuprates might skip the tecimpurity sites near the Fermi lev&l. Accounting for the
nical issues in Sec. lll, and have a look at Sec. IVeSpe- strong local Coulomb repulsion, each bound state will cap-
cially Fig. 9), as well as Secs. IV B 2 and V which are relatedture only a single electron, and the low-energy physics will
to STM observations. again be described by an impurity spin model.
It is evident that the magnetic properties associated with
the induced moment will depend strongly on the hole doping
IIl. EFFECTIVE MODELS FOR NONMAGNETIC level. The undoped limit, i.e., the undoped paramagnetic
IMPURITIES Mott insulator, has a freB=1/2 moment near each impurity,

As NMR experiments show, nonmagnetic impurities canwhile the strongly doped limitwhere electronic correlations
induce local moments in correlated hosts. In this section w&r€ Presumably weakloes not. From continuity one expects

will briefly discuss theoretical perspectives on this phenomihat the freeT=0 moment will survive in the superconduct-
enon. ing state for a finite range of doping; spin quantization sug-

To describe a nonmagnetic impurity in a strongly Corre_gest:s.that the size qf .t_he moment as mea;ured by the Curie
lated superconducting system, two approaches appear pd§/m in the susceptibility is alway§=1/2 independent of
sible. (i) One starts with a basic model for the bulk systemdoping, i.e., each moment will contribute a divergent Curie
containing correlation terms, e.g., a one- or three-band Hubsusceptibility~1/4T even in theunderdopefisuperconduct-
bard model with strong on-site interaction, and describes thé#'d state. Then, a quantum critical point separates the weak
nonmagnetic impurity by a potential scattering term as sug@nd strong doping limits. On the strong doping side of this
gested by its chemistry. This approach is notoriously diffi-duantum critical point, the moment is Kondo screened as
cult, as a strongly correlated mod@thich is hard to deal —0, and such a regime is continuously connected to a re-
with even without impurity has to be treated including the 9ime, at higher doping, where the moment does not even
impurity and in the low-temperature limit. This task is almost form at intermediatel. We wish to argue that this quantum
impossible for current numerical techniques such as Mont®hase transition is precisely the transition present in the
Carlo or exact diagonalizatidf,and analytical approaches Pseudogap Kondo model, and this claim is supported by
suffer from uncontrolled approximationéii) One separates guantitative calculations in Sec. IV. _
the questions of moment formation and interaction of the We note that the pictures of the moment formation quoted
moment with the bulk system. To describe the latter, one cagPove do not give reliable information about the parameters
employ effectivemodels for both the impurity and the bulk Of a possible effective impurity model. NMR suggests that
system. The model for the bulk system has to contain onlyhe magnetic moment is spatially distributed among the Cu
the minimal ingredients to describe the desired low-Sites near the impuritybut fluctuates as a single entity
temperature phySiCS_in the present case this sveave However, the preCise micrOSCOpiC form of the COUpliI‘lg_ be-
BCS model which does not contain correlation effects othefween the spin moment and the conduction electrons is not
than the Hartree-Fock pairing term. The impurity term of theknown — one has to keep in mind that the moment is formed
effective model has to account for the correlation effects reby a particularbound state of the conduction electrons near
lated to the introduction of the impurity—in the case of in- the impurity, and it interacts with the other states., linear
terest it ha&at |eas): to contain the magnetic moment and a Combinati0n$ of the sameconduction electrons. In the ab-
scattering potential. sence of a precise knowledge of the appropriate microscopic

In this discussion and the rest of the paper, we will adopfmodel, we will employ some simple Anderson- and Kondo-
approach(ii); also see Ref. 43. Therefore, we will not at- like mOdels for the impurities which are discussed in the
tempt a rigorous derivation showing the existence of thefollowing section.
magnetic moment near the nonmagnetic impurity, but instead
g_ive some plausible arguments.for its appearance. If we con- Ill. MICROSCOPIC MODELS AND METHODS
sider an undoped paramagnetic Mott insulator as reference
system aff =0, the moment formation is easily seen to arise  For the remainder of this paper we restrict our attention to
from breaking singlefs*® by removing spins. These unpaired effective low-energy models consisting of a BCS-like
spins will remain in the vicinity of the impurities if the host d-wave superconductor, a scattering potential, and a mag-
antiferromagnet hasonfinedspinons, i.e., elementary spin-1 netic moment}H =Hgcst Hport Himnag- IN particular, we ne-
excitations. In this picture each impurity can be understoodjlect the strong short-range magnetic correlations of the bulk
as a localized “holon” which binds the moment of & material. As mentioned in Sec. |, these low-energy magnetic
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fluctuations couple to the impurity moment leading to a
bosonic Kondo model. Due to the nonzero spin gap, the main  Hmag= 2 Vo(fiCop+H.C)+ € 1, +Usmngng, .
effect of this coupling is an additional spatial “smearing” of 7 7 (4)
each impurity moment, which can be absorbed in the effec-
tive impurity model. In the so-called Kondo limitVo—®, e— —o, and U
We assume that the cuprate superconductor can be dese, charge fluctuations on the impurity orbital are frozen,
scribed within BCS theory, so we use and the Anderson model can be mapped onto a Kondo model
(Schrieffer-Wolff transformation

— t _ z
Hecs= 20 Will(ex= i) 7+ AW (1) Honag=S- 5o, 5)

Here Wy = (c; ¢ ) is a Nambu spinor at momentukn where 55=N 124/, 4Ch,3 0o sCk 5 is the conduction band
=(kx,ky) (cx, annihilates an electron with spiwon a Cu  spin operator at the impurity sitg=(0,0), N the number of
3d orbital), 7V* are Pauli matrices in particle-hole space, attice sites, and)=2V2(1/ e+ 1/|Us+ ). For U/2#
and u is the chemical potential. For the kinetic energly,  — ¢, this mapping also introduces an additional potential
we will use a tight-binding form which includes nearest- gcattering term which can be absorbedJn(2).

neighbor 1hop_ping as well as longer-range hopping Both models allow for a straightforward generalization to
processes; while we assume @-wave form for the BCS  spatially distributed impurities, which are, however, no

pairing function,A = (A¢/2)(cosk,—cosk,). _ longer equivalent. The Anderson model
In the numerical calculations of this paper we will neglect

order-parameter relaxation due to the impurity. This effect

might play a role for strong scattering potentials, in that it Hmag=2 VR(f:;cRUJr H.c.)+ef2 fT,fU+Ufnanfl
suppresses the magnitude of the gap and leads to a finite Ro v

zero-energy DOS. However, STM experiménitshowed ©)

that the local change in the gap size is rather small. Furthefg easily seen to describe an Anderson impurity coupled to a

more, the induced zero-energy DOS will also be small, andj e jinear combination of conduction electrons on the sites
the resulting(finite) Kondo temperature will be exponen- ~ 5 2 -
R, c=2RrVRrCr/V whereV“=2xVy. In the Kondo limit,

tially suppressed. So we expect results including order- h ol 4 del with |
parameter relaxation to be similar to ours below, at leasfCh @ model maps onto a Kondo model with nonlocal
regarding the magnetic properties of the impurity in the exondo couplings. In contrast, the straightforward generaliza-

perimentally accessible temperature range. tion of the Kondo mode[Eq. (5)] to an extended impurity
reads

A. Anderson vs Kondo model

An effective model for 8 magnetic or nonmagnejiém- Hmag:; JrS S ™
purity consists of a potential scattering term and a magnetic
term. The potential scattering term is assumed to be localizeghis model represents a multichannel Kondo madéf.The
at the impurity site: impurity spin couples to all possible linear combinations of
the conduction electrons on the sites. In other words, a

” =U2 ot o @) spatially extended Kondo impurity generically couples to
pot ~ ~00™-00 - different angular momentum channels of the conduction
electrons.

The problem of a single scatterer can be solved exactly, with The relation between mode(§) and(7) was recently dis-
the standard result for th# Green’s function in Nambu cussed in Ref. 54. It was argued that in an Anderson model

notation: like Eqg. (6) the coupling to acorrelated host opens new
screening channels, and the effective model will be a multi-

G(r,r',0)=G%(r—r",0)—UGr—rg,w) channel Kondo mode[Eq. (7)]. The main idea is that
, 0 10 L conduction-band correlations reduce charge fluctuations in
X{1+UG((0,0,0)7*] "G (ro— 1", 0); the host, and, if an electron hops onto the impurity site, it has

(3 to hop back preferentially onto the same conduction-band
site from which it came.

G° is the Green's function of the hostN G(r,w) We note that the different screening channels generated by
=X To—(ex—u)?—A]"%, and r,=(0,0) is the such a mechanism are certainly not equivalent, and the low-
scattering site. T behavior will be determined by a single-channel fixed

The magnetic moment can be either coupled to a singl@oint. (However, this does not exclude that genuine multi-
site (point-like impurity) or be spatially distributed. For a channel physics may be realized at intermediate tempera-
pointlike magnetic impurity coupled to a single site tures) We will employ a Kondo model of the form of E¢7)
=(0,0) of a(metallic or superconductinghost, the most in Sec. V when discussing STM experiments on Zn in
general form is a single-impurity Anderson model: BSCCO.
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B. Influence of superconducting correlations Recently the NRG method was extended to the calcula-
A Hamiltonian of the formHgest Hyaq NOt onNly de- tion of dynamic properties at finite temperatures; we refer the
mag

scribes a host with a pseudogap density of states, but a|5_rgader to Ref. 57 for details. We should mention here that

contains superconducting correlations. From diagrammatififormation on spectral quantities for frequ.enciegT can-
perturbation theory it is clear that the Kondo problem in ahot be determined from the NRG method; the resolution is

normal-state system with a power-law DA&g., a semi- Iimited by the temperature and possible structures at frequen—
meta) is not equivalent to the Kondo problem in a supercon-Ci€S much smaller than the temperature are missed by this
ductor with the same DOS—in other words, anomalousPProach. However, this causes no problem when comparing
Green’s function contribute to the screening. ywth, e.g., STM experiments, because the finite temperature

For the special case of a pointlike Kondo impurity in an " both the sample and tip introduces a thermal broadening,

swave superconductor, however, it was sh&wthat the such that structures on scales smaller tfamill not be re-

problem with anomalous Green’s functions can be mappeaowed' The NRG calculations presented in this paper are

onto a Kondo problem in a normal-state system with a modiMoStly performed with a discretization parameter-2 and

fied gapped DOS, containing an additional particle-hole800 Or 800 levels.
asymmetry(i.e., a potential scattering teymbut without
anomalous Green'’s functions. D. Slave-boson mean-field approximation

In d-wave superconductors such a mapping has not been Thg gjave-boson mean-field approximatioro the Kondo
achieved so far, and the situation is less clear because ﬂi\%purity model is a largN approach, i.e., it becomes exact
anomalous Green’s functions of tidewave superconductor i the limit of large spin degenerady— . It is known that

provide a coupling between different angular momentumyis method is not quantitatively accurate for the physical
channels. Therefore, it is expected that the Kondo problem iR caN=2  and has numerous artifacts. both at finite tem-

ad-wave superconductor involves infinitely many ba@s-  eratyres in general as well as near the quantum-critical

gular moment}aev_en for a pointlike imp“”ty- oint in the pseudogap Kondo model. However, it is ex-
Various approximate methods which have been em|0|0yeBe<:ted to capture the qualitative physics in a Kondo screened
for solving the Kondo problem in é-wave superconductor n-ce The method was applied in a number of papers to the

halndlle .the anomalous Gregn’s funptlons differently. M‘?S§seudogap Kondo mod®&21282%nd we will mention some
calculations turn out to be insensitive to superconductin Iesults below.

correlations in the host material, i.e., they treat a semimeta
rather than a superconductor.

For instance, in the standard slave-boson approach,
anomalous terms are formally included; however, for a point-  |n this section, we discuss general properties of the asym-
like |mpur|ty in ad-wave Superconductor their contributions metric pseudogap Kondo model, in particu|ar the guantum
are easily seen to drop out. The standard implementation gfhase transition between the local-moment and the asymmet-
the numerical renormalization-group method uses the hos{c strong-coupling phases. Since we are mainly interested in
density of states as the only input, and anomalous terms atfie universal properties near this transition, we restrict our
ignored. Based on the results ewave superconductors, we attention here to &= impurity coupled to a pseudogap
nevertheless expect that the results obtained by the NR@and structure, and give most results for general values of
method are at least qualitatively correct in a generic particlethe pseudogap exponent ¥2<1 (some results are also
hole asymmetric situation, as the main influence of the,ajid for 0<r<1/2). We will obtain numerical results using
anomalous Green's functions is possibly an additionathe NRG method, where the DOS is the only host quantity
particle-hole asymmetry. entering the calculation. For technical purposes, namely, a
convenient calculation of the impurity spectral function T
matrix), the impurity is modeled by an Anderson Hamil-

] _ tonian[Eq. (4)] (instead of a Kondo Hamiltoniarwith U;
The NRG method was developed by Wilson for an inves-_ —2¢;, and parameter$U;|,|e much greater than the

tigation of the Kondo modéﬁ Due to the logarithmic dis-  pangwidth, which places the model in the Kondo liffit.
cretization of the conduction band, it is able to access arbi- \yhen specifying the results for high: compounds, we
trarily low energy scales, which is also essential for thegynsider an impurity coupled locally to a single site of the
model discussed in this papérowever, due to the logarith- qgid.wave superconductor. To obtain quantitative estimates
mic dlscrgtlzatlon |t_ is not possible to rgsolve sharp strucsor characteristic energies, we use tight-binding hopping pa-
tures at high energigsThe NRG method is a nonperturba- 5 meters extracted from normal-state angle-resolved photo-
tive method, as the impurity site including the strong |°Ca|emission(ARPES dat&! and sizes of the-wave gap as

Coulomb interaction is treated exactly. __ obtained from a number of tunneling and ARPES experi-
The NRG method was generalized to a number of differants in the superconducting stalé®

ent impurity models, such as the pseudogap Kondo and
Anderson model$3~?°For these models, the main modifica-

tion is the mapping of a nonconstant conduction
electron density of states onto a semi-infinite chain form As discussed in a number of papers over the last
(see, e.g., Ref. 24 years?>~* the pseudogap Kondo modgkith a power-law

IV. POINTLIKE MAGNETIC IMPURITIES

C. Numerical renormalization-group method

A. Zero-temperature phase transition and static properties
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DOS p(e€)~|e|"] shows a phase transition as a function ofwhere (' is the susceptibility of the bulk system in the

the Kondo coupling. For pseudogap exponemtsl/2 there  absence of impurities. The local impurity susceptibility, i.e.,
are two stable zero-temperature fixed poffitaamely,(i) a  the response of the impurity spin to a local field, is given by
local-moment (LM) regime is reached for weak initial
coupling—here J flows to zero, and the impurity is Xioc{ T) = Ximp,imp: (11
unscreened—andi) an asymmetric strong-couplinghSC)
regime which is reached only for sufficiently large Kondo
coupling and particle-hole symmetry breaking. The renor
malization group flow is sketched in Fig. 1.

Particle-hole asymmetry is a relevant parameter in th
pseudogap Kondo problem, as seen in Fig. 1. For a particléliVen by
hole symmetric host band structure, it can be parametrized
by the amount of potential scattering at the impurity. In the XNMR(T):Ximp,imp+2 Xu,imp(i)- (12
general case of an asymmetric host, particle-hole asymmetry [
can still be cast into ainglenumber, in the case of a point
like Kondo impurity the real part of the local host Green’s
function (after inclusion of potential scatteripgs a suitable
choice. We will see below that, e.g., the location of the

“Kotr_1d|o”hp|eak will dfpegd on the tsr:gn of tins (t)r\]{erall thermodynamic properties of the relevant stable fixed points
particle-nole asymmetry. .oncerning the cuprates, this ovely \, 5q ASO—these were given, e.g., in Ref. 26. The

all sign cannot be extracted from experiments or theory, as fbcal-moment fixed point has all characteristics of a decou-
depends on details of the two-dimensional band structur . . G _
which place the van Hove singularity either below or above led spin-1/2: susceptibility imp=1/4, entropySm,=In 2,

) . : : and specific heatC;,,=0. At the asymmetric strong-
the Fermi Ievel.(Remarkany_, this van Hove singularity has coupling fixed point the impurity spin is fully quenched:
never been observed experimentally.

For the following discussion, it is useful to define suscep-TXimP:.O’ Smp=0, andCimp=0. Remarkably, ‘QF leading
L o >~ correctioné® here are A(T ximp)ASing, ACimp= T2 for 0
tibilities describing the response to external magnetic flelds.<r<1 in other words. the ir% urit psusce ptibili (T)
We allow for a space-dependent fiet, coupled to the host o ' purity PUDIIfYimp

and a local fieldH,,, at the impurit vanishes ag —0 for r>1/2.
imp purity, We note that there exists a third stable fixed point of the

pseudogap Kondo model, namely, a symmetric strong cou-
HBCS—>HBCS—2 Hu,a(i)cfﬁagyciy, pling f!xed point. It is reached for pseudogap exponents
1By <1/2 in the particle-hole symmetric case for sufficiently

strong Kondo coupling; its thermodynamic properties are
Hmag— Hmag™ Himp.a Sa- (8 somewhat different from the ASC behavior quoted abive.

With these definitions, a space-independent uniform field aptiowever, the :;aarll maﬁeri_als ?reh genericlallﬁl lparticle—hol_e
plied to the whole system correspondsHg(i)=Hyp=H.  25ymmetric, and the physics of the particle-hole symmetric

Response functions can be defined from derivatives of th§ONg-coupling fixed point is of no relevance here.
free energyF=—-TInZ (kg=1), as follows:

which is equivalent to the zero-frequency impurity spin au-
tocorrelation function. Importantly, NMR Knight shift ex-
periments measure a different quantity—there a uniform
éield is applied to the whole sample, and the local response is

Note that sometimes this quantity is referred to as “local
susceptibility,” e.g., in Ref. 22.

After having defined the susceptibilities, we return to the
pseudogap Kondo problem. We briefly recall the impurity

B. Quantum-critical and crossover behavior

A 8°nz In this section, we focus on the properties of the impurity

Xuullh1)= 3 i iy model in the vicinity of the quantum-critical point separating
OH (1) SH (i) ; h

the local moment from the asymmetric strong-coupling

5%InZ phase. (Critical properties of the particle-hole symmetric

pseudogap model are different, and were examined, e.g., in
Refs. 22 and 24.
’ In the vicinity of the critical point, one can define an
o :I_ dnZ 9) energy scaleT*, which vanishes at the transition, and de-
Ximp,imp™3 Himp,a OHimp.o” fines the crossover energy above which quantum-critical be-

havior is observeft If T* is much smaller than both the

F“’”? thes_se quantities_ we can dgfine various Observabl.eﬁandwidth and the superconducting gap, we expect all ob-
starting with the impurity contribution to the total suscepti- servables to show a scaling behavior as a functiof/ar

bility, and w/T*. Importantly, for the special case of=1, loga-
rithmic corrections occur—strictly speaking, these correc-
Ximp( T) = Ximp, +2> Xuimp(i) tions invalidate one-parameter scaling behavior since a sec-
e e T e ond (high-energy scaleA (of order bandwidthenters in the
form of In(T/A) or In(w/A). However, for most practical pur-
+E [xuu(isi ')—XBfﬂk(i inT, (10) poses the logarithmic c_orrections are small,.and in any case
i do not change the leading power-law behavior. We have ex-

) T
Xu,imp(l)—gm,
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FIG. 2. Crossover diagram of the pseudogap Kondo model as (b)  o02s¢
function of the Kondo couplingl and temperaturd, calculated i
with a pointlike impurity and a host band structure corresponding to 0.2 :
a cuprate superconductor at optimal doping. The dot on the hori-
zontal axis denotes the quantum phase transition between LM and 50'15 b
ASC phases; the dashed lines are crossovers, indicatindg3oth ex
quantum-critical and local-moment regimes show a impurity sus- 01p
ceptibility diverging as IV, whereas in the asymmetric strong-
coupling region the impurity susceptibility vanishe3. As we will 005 ¢
see in Sec. V, the critical Kondo coupling becomes significantly 03 ) A
smaller for a spatially distributed impurity moment. 107 102 10! 10° 10t 10% 10°

tracted the logarithmic corrections from the NRG results for
some observables, and they are quoted below. FIG. 3. (8 NRG results for the temperature dependence of
We start with the dependence of the cross over s€éle Tximp, for r=1, using a band structure corresponding to optimally
on the reduced coupling=(J—J.)/J., measuring the dis- doped cuprates. The different curves correspond to different values
tance from the critical point af.. Our numerical results of the Kondo couplingd which are very close to the critical cou-

obtained by the NRG method are consistent with pling J.~0.11eV. (b) Scaling function® yim(T/T*) extracted
from NRG results, for =1. (Possible logarithmic corrections vio-
T* o wr (13 lating scaling are very small hejélhe value ofT* has been taken

. . . from the peak position in the impurity spectral density, see Sec.
for 1/2<r=<1 on both sides of the transition. In Fig. 2 we |\, g 2. P P purty sb y

show numerical results foF* for a high-T. compound band

structure at optimal doping. In Fig. 2 it is clearly seen that,goneq quantity, it cannot acquire an anomalous dimerfion:

even for Kondo couplings well away frody, the crossover qrefore, we expect precisely at the critical point a tempera-
scale T* is small (20 K); therefore, impurity quantum- ;.o dependence as

critical properties may easily be observed in the cuprates in a
rather large temperature range without fine tuning. Paren- c

thetically, we note that the crossover sca@le is in general Ximp(T,d=J¢) = T (14)
defined only up to a prefactor of order unity; in Fig. 2 the

numerical value ofT* was taken from the location of the HereC is a universal number, depending only orinterest-
maximum n theT matrix spectral densitysee below. ingly, behavior(14) can be interpreted as the Curie response
_Forr=1 the crossover temperatuf¢ vanishes linearly ¢z jrrational spin. ¢=1/4 would correspond to the usual
W|th_ the dlsta_nce _to the critical poiritip tq Ioganth_mlc cor-  curie response of a free spin J/Aumerical data foiT imp
rections. This is in agreement with earlier NRG are shown in Fig. 3. In particular, close &R, there is a

caIcuIanr(;% as We.”. as W'.th the - dynamic Iargﬁg- plateau inT ximp, Which allows one to extract the universal
approach® However, it is at variance to the results 0btamedconstant€(r=1)w0 14 in Eq.(14). This number is some-

within the slave-boson mean-field approximatforwhich o aiier “than the value 0.164 quoted by Gonzalez-

predicts an essential singularity foe=1, i.e., an exponen- Buxton and Ingerserfsee Fig. 14 of Ref. 26this might be
tially vanishing scalel'’* near the transition. We believe that due to discretization or cutoff effects in the numeri

the NRG prediction of a linearly vanishin® is correct(@s  paye not attempted a careful finite-size analysis here
the NRG method is reliable in capturing asymptotic low-

; ) b " The local susceptibilitfEq. (11)] is not protected by a
energy physics and that the exponentially vanishing scale is ;onservation law, and can acquire an anomalous exponent
an artifact of the slave-boson method.

Moc- This implies a power law

1.8 tibilit
usceptibility X|OC(T1J:‘]C)OCT7]|0071 (15)
As a first observable we consider the impurity suscepti-

bility ximp(T). As a response function associated with a con-at the critical point.
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For both finiteT and finite J—J;), the low-energy be- bility in the local-moment regime should observe a Curie
havior is completely determined by the crossover energypehavior, with the “full” prefactor corresponding to spin-1/2
scaleT* and the temperaturgitself (up to logarithmic cor-  per impurity, i.e.,ximp= Nimp/4T, WhereN;y, is the number
rections forr =1). Then the susceptibilities can be describedof impurities. Such measurements have been performed on
by universal crossover functions Zn-doped YBCOY and the results indicate a somewhat
- smaller value of the moment per impurity, which on the other
Nimo(T) = =@ ol T P l (16) hand depends only weakly on doping. Two explanations for
mp T Ximp| T* T*2r = Ximp| x| the deviation from thé&&=1/2 moment appear to be possible:

Either there are subtle cancellation effects involved in the

with @ xinmp(X) = P ximp(X)/x*", and superconducting quantum interference devi8®UID) sus-
T BT oo - ceptibility m_easurement@ne also ha_s_ to keep in mind that
Yo T) = —— == |—= the subtraction of the bulk susceptibility leads to rather large
oc TL=Moc  Xloc| T* T Xoc| %)’ uncertainties iny;m,,), or the observed reduction of the mo-

(17) ment reflects the quantum-critical behavigug. (14)]. In the

latter case, one should expect a crossover between the Curie
law [Eq. (14)] to a Curie law with the “full” prefactor at low
enough temperatures, i.e., fo,k<T*, on the local-moment
side of the Kondo phase transition. Experimentally, this
would require measuring the total susceptibility well below
the superconducting, on the underdoped side, and this has
got been performed so far.

with @ yc(X) = Xx7eed (X)), andB an amplitude prefactor.

Equationg(16) and(17) define universal scaling functions

of the reduced temperatui@T*; the ® are, of course, dif-

ferent for differentr’s and for both sides of the quantum

phase transition, i.e., we have to distinguiBh and ®*SC,

The scaling functionsb y;y, for r=1 are shown in Fig.

3(b)—here our present numerics is not accurate enough t

observe possible logarithmic corrections to scaling. Also, a

reliable fitting of xim, to @ Curie-Weiss law for a temperature 2. T matrix

range abovel™* requires a finer discretization in the NRG

procedure, and has not been attempted here. It is clear that We now turn to dynamic properties associated with the

the Weiss temperature will be approximately given by theKondo impurity; in particular we are interested in the

crossover temperatuiie® (defined by thel matrix peal, but  conduction-electrof matrix. A knowledge of th@ matrix is

we cannot give a reliable estimate for the ratio of the two. important for calculating the local density of states around
We briefly discuss the asymptotics of the scaling func-the impurity, as observed in STM experiments. In the Ander-

tions @, . Spin quantization require@;mp(0)=1/4 and  son impurity model, th& matrix is connected to the impu-

(I))’jfn(;(O)zo; therefore, the zero-temperature limit Bf,,  fity Green's function according td

is fixed to 1/4 throughout the whole local-moment phase
(and to O in the whole ASC phaseThe universal Curie
response at the critical poifEq. (14)] implies d)ﬁfncp(oo)
=®§mp(oo)=c. From ximp(T—0) T2 1 in the ASC phase
we deducel)ﬁfncp(x)ocx2r for smallx. This immediately gives We can define theT matrix spectral density ag ()
Ximp(T=0)x T# Y T*2rec T2 =1/(3— 3 )2 for I>J.. How- = ImT(w)/m. _ _ .

ever, the real superconductor will have a small residual DOS The behavior of the impurity spectral function was stud-
at the impurity site due to order-parameter relaxation; thiged in the particle-hole symmetric pseudogap Anderson
will lead to a finite impurity susceptibility in the zero- model in Ref. 24. In this case the strong-coupling behavior is
temperature limit forJ>J.. Finally, NRG dat® indicate  different from the present asymmetric model, but the
that xoo(T—0)>x1/T in the LM regime; this gives us asymptotic local-moment behavior is identical—this is also
(I))';M (X)ocx ™ Moc, and therefore Ty oc(T— 0)oc T* Mocec (J seen in Fig. 1, where the particle-hole asymmetry flows to

_JS 7oc! in the LM phase. Our preliminary NRG calcula- Z€ro in the LM phase. For the LM regime it was fodhthat

tions of Ty, allowed us to extract the value ofi,.; we the impurity spectral density vanishes at the Fermi level as
found 7,,c~0.05 forr=1. |w|"; this could be verified in the present calculations. In the
At this point a few remarks about experimental suscepti-2symmetric strong-coupling regime we find a similar behav-
bility measurements and the possibility to observe the deior, Im Giy(w)>pr(w)=|w|". Interestingly, the prefactor of
scribed quantum-critical behavior are in order. As detailedhis power law is equal for both positive and negative fre-
above, the onlyT dependence with a nontrivial power law quencies, meaning that the spectral asymmetry disappears in
can be expected in the local susceptibility.(T). However,  the scaling limit of ImG;,, and p+.
a direct measurement ofi,. requires alocal field, and is Of particular interest is the behavior gt in the
perhaps only possible using muon spin resonance. In corguantum-critical region. From general scaling arguments, we
trast, commonly used NMR techniques propgur [EQ.  expect a power lawrxw”T" 1, where 7y is the anomalous
(12)], and this quantity shows either a Curie law or saturategxponent. Our NRG results are consistent with such a power
to a constant at lowl. Measurements of thital suscepti- law, with »t=1—r. So we have

T(w):VZGimp(w)- (18
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150 T T

values very close to the transition, and represent the scaling
functions @+ if we neglect logarithmic corrections. Fos
=w/T*<1 we have an ASC behavior with -~ ||, for
»>1, the spectral density follows the quantum-critical
“power law” |w| ln"3(A/w) as predicted above, with
particle-hole symmetry in both limits. However, in the cross-
over region the asymmetry leads to a large peak for one sign

of w (depending on the sign of the overall particle-hole
asymmetry of the modgt-this is true for both sides of the
quantum phase transition.
E In other words, the Kondo peak known from the metallic
3 host Kondo model which is located at the Fermi lefielthe
] scaling limit is replaced by a peak atfaite energy—this
E energy actually corresponds to the crossover temperature
3 between the quantum-critical behavior and the LM or ASC
AT T, behavior. For the crossover from critical to ASC behavior,
10* 10" 10° 10" 10° one can identifyT* with the “Kondo” temperature of the
problem, since a crossover from a Curie divergence to a
constant(taking into account a small residual DDIS seen
in ximp(T) aroundT*. In this paper, we have used the loca-
tion of the peak impt(w) (Fig. 4) asdefinitionof T*, as it is
the numerically most convenient and precise criterion.
We note that very similar results for the matrix were

100 N

pr(®)

pr(®)

FIG. 4. Zero-temperature spectral densitigsfor the conduc-

tion electronT matrix atr =1, obtained by the NRG method. Upper f di td ic | tudy of lti-ch |
panel:J>J., crossover from the ASC behavior at low energies to ound in a recent dynamic largé-study of a multi-channe

quantum criticality at high energies. Lower panékJ., i.e., pseudogap I_(ondo mod&.There it was possible to anf':l_lyt"
crossover from the LM to quantum critical behavior. For compari-_Cally determine the Iow—e!’lgrgy behavior of the qgantltles of
son, the vertical axis has been normalized to the maximum value dfterest, both aT =0 and finiteT. Related observations were
pr on the “nonpeak side.” Insets: same on a log-log scale, showinglS0 made within slave-boson mean-field calculatforfs. _

both @0 (solid line) andw<0 (dashed ling Note thatw>0 and We have also calculated the finite-temperature behavior of

<0 are interchanged when the overall particle-hole asymmetr)}he 'mpumyT (rjnamxdbﬁt thedNRQ mfthOd’ folr .a flxeﬂ
changes sign. If we ignore logarithmic corrections, the functions tempe“’?‘t_“re"” epen _Q_ ost density o SI.ateS' t IS wort
shown are equivalent to the imaginary part of the sca“ngemphasmng that the finite-NRG method is a unique tool

function d+ . for this task, as the commonly used slave-boson method
shows a spurious finit&- transition. A series of crossover
1 functions for the spectral intensity is shown in Fig. 5. As
prw)x— (r<1), expected, the peak is broadened, and loses spectral weight
" for T>T*, whereas the peak position is nearly unaffected by
changingT. The evolution of the weight under the pe@h-
tegrated fromw= —10T* to 10T*) is shown in Fig. 6; simi-
INTETIVIRY (r=1). (19 Jlar to the usual Kondo effect the weight loss occurs rather
@ In“(Alw) slowly, e.g., the weight is reduced below 50% of Tts-0
Similar to the LM and ASC behaviors, any asymmetry dropsvalue only forT>5T*.
out in the scaling limit ofpr, and the fixed-point spectral The results in Figs. 4 and 5 are possibly of relevance for
density is particle-hole symmetric. the STM experiments done on Zn-doped BSC(R&fs. 4
As done for the susceptibilities, the crossover between thand 5—the large peak in the differential conductance close
guantum-critical and the LM or ASC behavior in thema-  to zero bias corresponds to the Kondo peak arising from the
trix can be described by a universal scaling function, screening of the Zn-induced moment. We will discuss this
issue further in Sec. V.

pr(w)e

A w T
T(w)=—®7| — . = | (20
T ™ T C. Location of the critical point
where A is an amplitude prefactor, and; is a universal So far we have discussed magnetic screening in the

scaling function(for the particular value of and for each pseudogap Kondo model for a fixed host density of states.

side of the transition Forr =1 we have to keep in mind that Motivated by NMR experiments on Zn- and Li-doped cu-

logarithmic corrections spoil scaling, and a form like Eq. prates, we now consider the dependence of the pseudogap

(20) is only approximately valid. Kondo effect on the hole doping level, i.e., with varying
Numerical results for th& =0 impurity Green’s function concentration of mobile carriers in the Cu@lanes. Experi-

for r=1 are shown in Fig. 4. They correspond to parametementally, a strong dependence of the Kondo temperature on
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E 1 ] sity of states is of particular importance. If we stick to the
T=T%/2 |\ T=T*% I ] simple, doping-independent, tight-binding band structure
sk 0 1 N 1 used so far, then doping has two effectsthe change in the
o o A chemical potential, influencing carrier concentration and
S sk i, 1 o E band asymmetry(ii) the change in the magnitude of the
e Al P ] d-wave gap as seen, e.g., in tunneling and photoemission
oask \\ 1 7\ ] experiments. As we will see,.pou(li') is most important for .
o \v O\ ] the pseudogap Kondo physics, since a change in gap size
Y P :/, _ > ST ﬁ—/:"\'.- immediately influences the low-energy part of the host DOS.
Lk . I . ] For BSCCO it was established from both ARPHESef.
r=271*% N T=4T1*% N ] 59) and tunnelin§® measurements that the magnitude of the
0751 H I H 3 superconductipg gaf@s well as t.he nprmal—state pseudogap
3 e A ] phanges cpn5|derably with dopmg: in contrasfl"gothe gap
T oosf 1 I I ] increases in the underdoped regime, there taking up to twice
- - ] of its value at optimal doping. For YBCO the situation is less
025k b I P ] clear, since high-quality tunneling or ARPES data are fare.
A N ] At least, thermodynamic measurements indicate an increase

0 = v EE of the pseudogap temperature with decreasing doping in
©o o YBCO; therefore, a decrease of low-energy spectral weight
similar to BSCCO is likely. In the following, we will use the
FIG. 5. Same as Fig. 4, but now for finite temperatures and doping-dependent gap values as measured in BSEED,
>J.. The four panels show the evolution of the crossover peak fobut we expect the results to reproduce the correct trend for
temperature§ =T*/2, T*, 2T*, and 4T*; the dashed line is the most cuprates. The precise gap values used\gre55, 38,
T=0 result. The intensity has been normalized to the height of theynd 23 meV for dopingd=10%, 15%, and 20%. The host
T=0 peak. The “Kondo” peak is broadened, and slowly losespang structure entering Hamiltoniéh) is assumed to have a
weight for temperatures abote'. doping-independent tight-binding form, including longer-

. JRi . range hopping terms; we have performed calculations with
the doping Ie_vel_has been observed;in particularTy ap- the three parameter sets quoted in Table | of Ref. 51, as well
pears to va_nlsh n strongly underdoped s_a_mples. as a simpler dispersion with= —0.15 eV,t'=—t/4, and
As exple(xjmed n Stefc. , ébollljgdafy tranzmon between an "=t/12, with qualitatively similar results. The employed

unscreened moment for smatl doping and a s.,c.reémleeluen densities of states are shown in Figaj/for underdoped and
absent moment for large doping can be anticipated on the'overdoped hosts:; Fig.(&) shows the effective DOS “seen”
oretical grounds. We propose that this transition correspondéy a four-site imp’)urity(see Sec. V.
to thg quanliumd phaszéglansnmn Fglicgbsaseddaboveh Irlll th Of course one has to keep in mind that the evolution from
pseudogap rondo mo SO see Rel. and we shall - e optimally dopedd-wave superconductor to an insulator
show numerical data indeed supportmg_that the tran5|_t|on i the underdoped limit involves Mott physics which is not
tdhe _pseludogljap Kondo model can be driven by changing thﬁ"\cluded in the simple one-particle description employed

Ogggini;v?n. the cupratee.g., adding or removing oxygen here. Therefore, the depletion of low-energy spectral weight,
in YCBO) is known to have a number of important effects, modeled here by an increasingwave gap, should be

. - . viewed as a phenomenological account for strong correlation
the main one of course being the change of the carrier co

centration. For the pseudogap Kondo physics, the local derr:e—ﬁeCtS'

w/T* o/T*

NRG results for the doping dependence of the critital
are shown in Fig. 8, for both a single-site impurity and a
L N L L ] spatially distributed four-site impuritgsee Sec. ¥ The data
osh ] show a 30-50 % variation of the criticd) induced by the
= s ] size change of the superconducting gap. For comparison we
B o6k ] have also calculated the criticawith a doping-independent
B [ ] gap—the effect of the change in asymmetry is very small due
?3 04f . to the presence of a finite asymmetry already at zero doping
~ : 3 arising from hopping processes beyond nearest neighbors. In
021 . addition, we have checked that the change inftle of the
i ] superconducting gap as reportetbr BSCCO, namely, the
0 L 1 L 1 L 1 L 1 L 1 L 1 L 1

0 5 4 p S 0 12 14 ' 16 deviation from the (cok—cosky) form _f(_)r underdoped
T/ T% samples, has onI_y a weak Qﬁect on the crititalVe not_e that
additional potential scattering terms of course modify 3pe
FIG. 6. Weight of the crossover peak as shown in Fig. 5, inte-values, but we have verified that, for moderate values of the
grated fromw=—10T* to 10T*, and normalized to the peak bare scattering potentid), the trend thatl, increases for
weight atT=0. strong underdoping is preserved.
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200
I FIG. 9. Doping dependence ©f describing the crossover from
B I guantum-critical to asymmetric strong-coupling behavior, calcu-
& 100 I lated with the band structures and gap values used for Fig. 8. For

the impurity susceptibility the displaye@* corresponds to the
crossover from Curie-like behavior to a constant. Solid line: single-
0 - T T —— site impurity withJ=0.14 eV. Dashed line: four-site impurity with
200 -150 -100 -50 0 50 100 150 200 J=0.09 eV.

o [meV]

——

from the vicinity to the boundary quantum phase transition.
FIG. 7. Low-energy part of the input DOS used for the NRG ' nerefore, the experimentally observed strong doping depen-
: i - . 4 lines: _ dence of the NMR Weiss temperattfré®is not necessaril
calculations, here without potential scattering=0. Solid lines: p y
10% underdoped. Dashed lines: 19% overdopey.DOS for a  an indication of a drastic change in the host electronic struc-
single-site impurity, being equivalent to the local DOS of the ture.
d-wave superconductofb) Effective DOS for a four-site impurity We close this section with a remark on the analytical un-
as discussed in Sec. V. derstanding of the doping dependencepés shown in Fig.
8. Certainly, the value al. will be mainly influenced by the
The main message of Fig. 8 is that acquires a signifi- low-energy part of the host density of states, but one can
cant doping dependence, and has a value in the range Bfake this more precise, by trying to answer the question
magnetic Coup"ngs which are expected in the Cuprates_ dfﬂNhiCh" electrons contribute to the Kondo SCfeening in the
course, the precise form of the microscopic Hamiltonian dePseudogap Kondo model. A rough estimate is provided by
scribing the induced moment is not known, and therefore néhe expression for the critical coupling within the slave-
estimate of the coupling value can be given. If we just asoson mean-field approximation,
sume a doping-independent Kondo coupling of a certain size, 1 d
. w
then we can obtain the values of the crossover temperature —cxf — po( ), (22)
T* from our NRG calculations. Sample data are shown in Je w
Flg 9, and dlsplay a remarkable S|m||ar|ty to the NMR datawr[h po(w)36|w|r being the host density of states. This inte-
of Refs. 12 and 13. The important result is thasmooth  gra| is logarithmically divergent for=0, indicating that the
variation of the input parameters can lead tosongly  moment is always screened Bs+0, and that this screening
doping-dependent crossov€Kondo” ) temperature arising grises from host electrons close to the Fermi level. For
>0, it is clear thatall conduction electrons contribute to
screening, with a weight proportional todl/ Therefore, an
estimate of]. based on the low-energy part p§ only may
] not be appropriate. We note that a similar expression]for
01r . ] can be obtained within a dynamic lartyeapproacf’ to the
o - S 1 pseudogap Kondo problem—there,in the denominator is
L Thme—emmmmmTmmms ] replaced byw!™ ¢, wherea describes the anomalous expo-
0.05 ] nent of the auxiliary fermion propagator at the critical point
(with «—0 for bothr—0 andr—1, but nonzero in be-
tween.

0.15 e ascs S RBaRs  Eaa

5 10 15 20 25

D. Behavior aboveT .
Doping [%]

The numerical calculations in this paper are restricted to

FIG. 8. Critical value of the Kondo couplingi. vs doping, ex- thed-wave superconducting state, but we want to give a brief

tracted from NRG calculations for a cuprate host DOS, with acomment on the normal-state impurity behavior. The NMR
doping-dependent superconducting gap. Solid line: single-site imexperiments in impurity-doped YBCQRefs. 12 and 18
purity. Dashed line: four-site impuritgsee Sec. Y. show enhanced Kondo screening abdve—this is rather
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natural as the superconducting gap disappears, the DOS near 1
the Fermi level increases, and the metallic Kondo effect Peff(w)z—glmz Prer/ TI
R,R’

1+ 7
G(R,R',w)—2 )
should be recovered.

Interestingly, no change in the magnetic properties is seen (23
for underdoped samples when the temperature is tunedith ¢g=+[—]1 for R—ro=(*1,0)(0,x1)], andG is
throughT,, i.e., the NMR susceptibility follows the same the ¥ Green’s function[Eqg. (3)] in Nambu notation. Ex-
Curie law below and abov@,. Thus there is no Kondo amples are plotted in Fig.(@—is it seen that the low-
screening even abové,, which must be interpreted as a energy part close to the Fermi level is suppregsetlally, it
consequence of the celebrated pseudogap. The fact that fellows an|w|® power law, whereas the weight at energies
change at all occurs at, means that the depletion of low- around the superconducting gap is strongly enhanced. This is
energy spectral weight in both the superconducting andasily understood if we consider tdewave-like coupling of
pseudogap phases is similar—this appears to support ttie impurity in momentum space: the “form factor” is (2
speculation that the pseudogap and superconducting gap atecos X,+cos X,—4 cosk,cosky); this expression vanishes
of the same origin. Assuming that the normal-statealong the diagonals of the Brillouin zone, but has maxima at
pseudogap opens around optimal doping and follows the sizem,0) and (Or).
of the superconducting gap for underdoped samples, we ex- A second ingredient for an effective model describing
pect thenormal-stateKondo temperature to follow a curve nonmagnetic impurities is a potential scattering tefEu.
similar to Fig. 9, but with highel values in the optimally ~ (2)]. This scattering potential is certainly well localized at the

doped regime. This was indeed found in Ref. 12. Zn or Li site; however, its bare valug is not known. Al-
though certain experiments indicate that Zn behaves like a
V. EXTENDED MAGNETIC IMPURITIES WITH strong scatterer, this does not necessarily imply a large value
POTENTIAL SCATTERING of the bare scattering potentiél, as the discussed Kondo

screening can lead to strong scattering for low temperatures

After having discussed general properties of the(note thatTy is much larger in the normal state, and can
pseudogap Kondo model in the context of cuprate supercorteach 150 K or mone Our results so far have been obtained
ductors, we turn to a more detailed spatial modeling of nonwith zero potential scatterint; we have checked that the
magnetic impurities inducing a magnetic moment. One imvesults are practically unchanged fdrvalues up ta/4, and
portant observation from NMR experimetits*is that these  remain qualitatively valid fotJ up to 2. For larger values of
magnetic moments are not localized at the impurity site, buthe bare potential scattering, the criticalvalue for the
mainly on the nearest-neighbor copper sites. The Simp|eTiseudogap Kondo effect is significantly reduced, due to the
model for the induced moment is therefore a Kondo mode|ncreasing density of states near the Fermi level induced by

of the form of Eq.(7), the nearby scatterer.
Hmag:; JrS &, (22) Local density of states and STM
where the moment is coupled to the four Cu skeadjacent Recent STM experiments on Zn-doped BSC(R&fs. 4
to the impurity, withJg=J/4. and 9 observed strong impurity-induced resonances in the

An important point is that such a four-site Kondo model differential conductance: for each impurity a huge peak close
[Eq. (7)] is not a single-channel model, but instead has fouto zero bias(at roughly —1.5 meV) is found at a single
screening channels associated véthp,-, p,-, andd-wave-  location which has to be identified with the impurity site.
like linear combinations of the conduction electrons on theThis peak signal decays rapidly when moving away from the
four sites. These channels are not equivalent, and on geneiliatpurity, in addition it shows a checkerboardlike spatial
grounds one expects that the low-energy physics is domimodulation, i.e., it does not occur on the nearest neighbors of
nated by the strongest screening channel. As our NRG carthe impurity, but on the next-nearest neighbors and so on.
not deal with a multichannel model, we have calculated thélhis spatial shape is hard to explain with the assumption of
critical J values for the four channels separately, and foundstrong potential scattering at the impurity site, because a
that thed-wave channel has the lowest critichbr, equiva- large bareU would expel all electrons there and lead to a
lently, the highesfT* for fixed J. The physics being domi- very small tunneling DOS exactlgt the impurity site.
nated by this channel, it can be interpreted as the screening A possibility first discussed in Ref. 42 is that the huge
cloud havingd-wave symmetry. Actually, the same conclu- peak close to zero bias arises from the Kondo screening of
sion was reached in a slave-boson treatment of the santbe Zn-induced moment; related studies can be found in Ref.
model?? We note that thig-wave symmetry isiot directly ~ 37.[In the STM context, it is important to distinguish be-
related to thed-wave symmetry of the superconducting ordertween a screened moment which acts as a spin-independent
parameter of the host—it is rather a band structure effectiesonant scatterer at low temperatures, and an unscreened
and is completely determined by normal host Green’s funcmoment(as in the case of Niwhich leads to spin-dependent
tions. scattering and causes a splitting of the impurity-induced peak

We have used such a four-site Kondo model indheave  in the local DOS]
channel to calculate the dashed curves shown in Figs. 8 and The local DOS probed by the STM tunneling experiment
9. The effective bath density of states seen by the impurity inn the presence of both a potential scatterer and a Kondo
this case is given by impurity is obtained as
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with T(w) being the Kondo impurityr matrix, and thes sites
are the neighbors of the impurity g&§.

When comparing the results of microscopic calculations
with STM data, one has to think about the actual tunneling <
path of electrons between the STM tip and the Gu@ne. h
BSCCO crystals are cleaved in such a way that a BiO layer & .
forms the sample surface, and the electrons presumably tun
nel via this BiO plane into the CuOplane of interest. The
nature of this tunneling path is not known. It was recently
proposeff*®° that tunneling from the STM tip into a certain
Bi orbital actually probes the electrons on theighboring
Cu 3d orbitals, leading to a strongly momentum-dependent FIG. 10. Calculated tunneling density of states for the four-site
tunneling matrix element. This so-called filter effect resolvesKondo impurity model at 15% hole doping with a realistic band
the discrepancy between the observed spatial shape on thtucture {=—0.15 eV, t'=—t/4, andt”"=t/12); A;=0.04 eV
Zn resonance and the result expected from strong potentiahd x=—0.14 eV. The Kondo coupling i§=0.09 eV, and the
scattering. More precisely, the tunneling matrix elementgotential scattering)=0. Top: local DOS vs energy for the impu-
proposed in Ref. 65 havedawave shape, such that the STM rity site and the nearest and second neighbor sites. Bottom: Spatial

-2 0 2 -2 0 2
(r-ro), (r-rp,

signal is given by the modified local density of states dependence of the local DOS @t —2 meV. Left: local DOS in
the CuQ plane. Right: local DOS after applying the filter effect
1 - - 1+ 72 proposed in Ref. 65.
psu(R@)==—Im X ¢prgpeT B(R' R 0) —5—|,

RoR (26) ence peaks in the tunneling DOS atA, are almost com-

_ pletely suppressed near the impuritf. Fig. 7 for the bulk
replacing Eq.(24), with ¢g-=+[—]1 for R"—R=(=%=1,0) DOSY) due to the interference between the bulk Green'’s func-
X[(0,£1)]. [Note the similarity to the effective DOS seen tions and the impurityT matrix, although the superconduct-
by the four-site impurity, Eq(23).] At present, it is not clear ing order parameter isot changedwe did not account for
whether such a filtering actually occurs, and further experigap relaxation Therefore, the interpretation of suppressed
ments are needed to clarify the tunneling path into the LuOcoherence peaks in terms of locally suppressed superconduc-
plane. tivity has to be used with care.

Reference 42 ignored this filter effe@s well as the pos- Switching on moderate potential scattering on the impu-
sibility of strong potential scattering at the impurity gité/e  rity site does not qualitatively modify the picture, as shown
will show here that the results of Ref. 42 regarding the spain Fig. 11. Note that for the chosen band structure and po-
tial shape of the impurity resonance are essentially untential scattering value the global particle-hole asymmetry
changed for weak to moderate potential scattering, bubas changed its sign; therefore, the Kondo peak appears at
change qualitatively for strong potential scattering. In thethe opposite side of the Fermi level compared to Fig. 10.
following, we will display the results of our calculations both (This should not be seen as a contradiction to the experiment,
with and without accounting for the possible filter effétt.  as the tight-binding band structure is a rough approximation

Figure 10 shows the calculated tunneling spectra for &o the real system, and the sign of the overall particle-hole
four-site Kondo impurity with zerdor weak potential scat- asymmetry is not knowi.
tering. These data are similar to Fig. 1 of Ref. 42, but here For huge values of potential scattering, the Kondo effect
the impurity properties are calculated using the NRGis heavily influenced in the present simple model. Due to the
method, removing some artifacts of the slave-boson methodarge scattering-induced DOS on the neighboring sites of the
namely, overly large values of the critical couplin, impurity the critical Kondo coupling is strongly reduced.
overly large Kondo temperatures fér-J., and overly sharp  Correspondingly the Kondo temperature for reasonable val-
peaks in thel matrix. It is clearly seen that only the data in ues ofJ (e.g., 50—100 me)/is increased to 100 K or more,
the left panel, i.e., without the filter effect, are consistentwhich is in disagreement with the NMR observation.
with the experimental observatidrin that they show a large Therefore, we consider such a parameter combination un-
peakat the impurity site. Remarkably, the so-called coher-likely to describe the experimental situation. Nevertheless,
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FIG. 13. Temperature evolution of the STM spectrum shown in
Fig. 10, T*~20 K, calculated with a finite-temperature NRG

=0.15 eV. Here]=0.065 eV. The lower panel shows the local method under the assumption ofrandependent host DOS. Shown

DOS atw=+2 meV.

is the tunneling DOS at the impurity site without applying the filter
effect; the dashed line is thie=0 result from Fig. 10. The thermal

we have calculated the STM spectrum for such a case ShoMoadening of the signal due to the Fermi functions in both the tip

in Fig. 12. We have chosen a smaller valuelpfo obtain a

and sample has been taken into account.

Kondo temperature comparable to the experimental value. It

is seen that a double-peak structure can occur. There atmmpletely dominated by the potential scattering peak. The
strong interference effects between the Kondo peak in thepatial shape of the resulting pattern is more compatible with
impurity T matrix and the potential scattering peak in thethe experiment after the filter effect is taken into account.

host DOS, with the result that the localinneling DOS is
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FIG. 12. Same as Fig. 10, but with potential scatterlig
=4|t|=0.6 eV. HereJ=0.04 eV. The lower panel shows the lo-

cal DOS atw=+3 meV.
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Last but not least, in Fig. 13 we show the temperature
variation of the STM spectra for the situation in Fig. 10. In
addition to the simple thermal broadening due to Fermi func-
tions in the tip and sample, there is additional broadening
and weight loss of the Kondo peak as shown in Fig. 5. Note
that we have assumed a temperature-independent host DOS,
which is approximately justified for temperatures up to
0.7T.. The broadening and loss of spectral weight occur
rather gradually, and the peak will be seen also for tempera-
tures well aboveT . If T*~Tx~20 K in optimally doped
BSCCO, then the broadened Kondo peak will survive almost
up toT,. NearT, the gap will closeT will increase'® and
the Kondo-induced peak might turn into a dip or Fano-like
line shape as seen for Kondo impurities in mefalstow-
ever, this signal will be broad and perhaps hard to observe.

Closing this section, we mention that there are subtleties
in interpreting the NMR experimerifs'*in terms of a mo-
ment located on four sitgsvhich lead to our simple effective
mode). The NMR experiments measure of course the fluc-
tuating fields in thefull system, whereas our model specifies
the location of thebare moment. For a fair comparison one
would have to calculate local NMR spectra after having ac-
counted for the interaction of the moment with the host fer-
mions (and possibly also with the antiferromagnetic spin
fluctuationg. This is possible in principle, but is left for fu-
ture studies.
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VI. CONCLUSIONS model provide more reliable results than the common slave-
In this paper, we have studied the dynamics of magnetic?oson mean-field approximation. This holds both for the

moments in high-temperature superconductors. We have foq_ualltatlve behavior of the crossover scale near the tran-

cused on several aspects of the pseudodan Kondo modSifion’ and the quantitative results for the critical Kondo cou-
; ) aspects pseudogap 1or . pling and actual Kondo temperatures for parameters relevant
which describe the interaction of a localized spin with fermi-

. ) . i . . .. for cuprates.
onic quasiparticles which obey a linearly vanishing density In the present work, we have neglected both the relaxation

of states near the Fermi level. This Kondo problem shows ac .
S o ; the local superconducting order parameter around each
nontrivial boundary quantum phase transition as function of

the Kondo couplingor the size of the-wave gaj we have Impurity as well as interactions between the impurities. The

examined a number of universal properties near this trans{?ltter are exponentially small in the impurity density, and are

tion. We have argued that the quantum-critical behavior ha herefore unimportant for small impurity concentratian

consequences for susceptibility, NMR, and STM measurefhe experimentally accessible temperature reginibe gap

) , relaxation will mainly lead to a small residual low-energy
ments in the cuprate superconductors. In particular, th(=DOS near the impurity, which causes Kondo screening at
crossove(“Kondo” ) temperaturd ™, as measured by NMR '

experiments, can acquire a strong doping dependence duelf)W enough temperatures even in the underdoped regime.
P L q g doping depe T I-%wever, the induced Kondo temperature is exponentially
the depletion of low-energy spectral weight with decreasm%

doping; and we have proposed that the observed vanishin mma” in the residual DOS, and can be safely neglected.
ping; prop . . g Summarizing, our studies support that the NMR observa-
the Kondo temperature can be explained in terms of th

uantum ohase transition in the pseudoaan Kondo mode?ions of Curie-Weiss-like behavior associated with Li or Zn
q p P gap impurities in highT. compounds can be described by the

The impurity T mz_it_rix which is ob_serva_ble_via STM shows a Kondo screening of the impurity-induced moments. The
lc?vrgf tgﬁqapke?;tirg'n*lt_e energy which coincides with the Crossf:)eak in t'h.e local DOS in Zn-doped _BSCCO is likely of the
Our calculated STM spectra are consistent with the ex>ame ongin, but _number of experimental as We.” as theo-
permental senvaticfor Smal 0 moderat poental scal- =13 "S48% [&Tal (o b resoien. e ephasie hal e
Ligggs\/:éu?:’sgg Vé'ého\yvtitﬁ';'ngu'rntgir?]%?gugﬁfétiJgter;igiﬁtperatures can be viewed as rough estimates only, since the

larger potential scattering values lead to Kondo temperatur recise form of a Hamiltonian describing the impurity-
gerp . 9 P |%duced moment is not known. Further theoretical studies
at variance with the NMR result$. Of course, we cannot

exclude that the spatial distribution of the Zn-induced mo-ShOUId address the spatial dependence of NMR spezga

T : n the Y sites near the impuritythe additional coupling to
ment is different from what we have assumed, which WOUlentiferromagnetic fluctuations, as well as implications for

of course strongly affect the spatial shape of the STM reso;
nance(but only weakly change the magnetic propeiti€ne transport measurements.
key experiment to decide whether the STM peak is of Kondo
origin would be to measure its temperature evolution. Here
the characteristic quantity is the spectral weight associated We thank H. Alloul, A. V. Balatsky, J. Bobroff, S. Davis,
with the local Zn resonance. However, the weight loss withM. Flatte K. Ingersent, D. E. Logan, A. Matsuda, T. Prus-
increasingT is rather slow(Figs. 5 and & therefore, high- chke, and N.-C. Yeh for helpful discussions, and especially
quality measurements on impurities with sm@j} (i.e., a S. Sachdev and A. Polkovnikov for collaboration on related
small bias of the impurity resonance peake required. work as well as numerous invaluable discussions. This re-
The present NRG calculations for the pseudogap Kondaearch was supported by the DFG through SFB 484.
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