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Motivated by recent success of local electron tunneling meavy fermion materials, we study the local
electronic structure around a single Kondo hole in an Aratetattice model and the Fano interference pattern
relevant to STM experiments. Within the Gutzwiller methaa find that an intragap bound state exists in the
heavy Fermi liquid regime. The energy position of the inf@ound state is dependent on the on-site potential
scattering strength in the conduction aftarbital channels. Within the same method, we derive a @&l
formulation, which includes explicitly the renormalizati effect due to the -electron correlation. It is found
that the Fano interference gives asymmetric coherent pegdarated by the hybridization gap. The intragap
peak structure has a Lorenzian shape, and the correspahfliddy” intensity depends on the energy location of
the bound state.

PACS numbers: 71.27.+a, 74.55.+v, 75.20.Hr, 75.30.Mb

Introduction. The intermetallic heavy fermion compounds approach [18—-21]. However, there is still a significant ques
based on either rare earth elements or on actinides [1-3] exion about the role of correlation effect in the Fano interfe
hibit many unusual properties like heavy Fermi liquid (HFL) ence. In one scenario [18], the passage of an electron from
magnetic ordering, quantum phase transitions and asedciatthe STM tip is accompanied by a simultaneous spin flip of the
non-Fermi liquid, as well as unconventional superconductocalized moments via cotunneling mechanism. When the lo-
tivity [4]. In these materials, there are two types of elec-cal spin operator is represented in terms of pseudofermions
trons: delocalized conduction electrorsef{ectrons), which this cotunneling term is equivalent to an effective turnmgli
derive from outer atomic orbitals, and strongly localizéd in the pseudofermion channel renormalized by a local boson
electrons that singly occupy inner orbitals. It is well ac- condensation order parameter inherent to the Kondo lattice
cepted that the interplay between th¢ hybridizationand the itself [18]. In another scenario within the same Kondo lat-
screened on-site Coulomb repulsion is the key to the abovdice model [19], the renormalization factor is absent in the
mentioned anomalous properties. However, the precise nat /dV formula. For both the single Kondo impurity problem
ture of the coherent Kondo state responsible for the formaand the Kondo lattice model, since the renormalizatiorofact
tion of HFLs remains hotly debated [5-8]. Recent success ofan be absorbed into the bare tunneling amplitude, thisrdiff
scanning tunneling microscopy (STM) experiments on heavynce will not cause qualitative difference in analysis oVBT
fermion materials [9—11] opens a new avenue toward undedata. However, for a Kondo hole or a more general disordered
standing of these remarkable properties. Interest in tbb-pr Kondo lattice problem, a logically consisteht/dV formula-
lem was also stimulated by the possibility to reveal the matu tion is important. In connection with the STM measurements,
of electronic correlation effects by impurities and de$eict  the latter type of problems just began to attract more fogtuse
heavy fermion materials as in unconventional supercondudnterest because the inhomogeneity may provide impontant i
tors including cuprates [12] and iron pnictides [13-15]@r s sight into the complex electronic structure of heavy femmio
lenides [16]. materials.

Theoretical challenge in the interpretation of differanhti The Kondo hole problem was previously studied within an
tunneling conductance as measured by STM in heavy-fermioAnderson lattice model, where ttfeelectron self-energy for
lattice systems and around a single magnetic impurities othe pristine system was obtained from the second-order per-
more generally, disordered Kondo lattice systems, requireturbation in Hubbard repulsion [22]. In the Kondo insula-
a proper treatment of electron correlation effects and guartor (KI) regime, in which a hybridization gap is open at the
tum interference between the electrons tunneling from thé&ermi energy, it was shown from thgelectron local den-
STM tip into the conduction band and into the magnegtic  sity of states [22] that the Kondo hole introduced an intpaga
electron states. In the single Kondo impurity case, the lindbound state. However, a very recent study of a single Kondo
shape ofdI/dV has been described reasonably well with ahole problem within the Kondo lattice model indicated that
phenomenological form, as first discussed by Fano [17]. Ahe existence of the intragap bound state depends on the na-
microscopic understanding of this Fano line shape was reture of defects in the HFL regime [23]. This discrepancy sug-
cently provided [18, 19] in the single Kondo impurity case. gests further theoretical studies are needed. In add#kxist-

In addition, the essence of a similar line shape observed oimg studies [22, 23] are limited to local density of stated an
a clean crystal surface [9, 10], which has the lattice tansl an analysis of Fano interference in the Kondo hole problem
tional symmetry, can be captured within a similar microscop is still lacking. In this Letter, we study the local election



structure around a single Kondo hole in an Anderson latticeabove problem is strongly correlated. This strong coriafat
model as well as the Fano interference pattern relevanthkb ST effect can be accounted for by reducing the statistical hateig
experiments. Within the Gutzwiller method, we are able toof double occupation in the Gutzwiller projected wavefunc-
demonstrate that the intragap bound state exists regarfies tion approach [24], and the projection can be carried oui-sem
whether the system is in the HFL or Kl regime. The energyanalytically within the Gutzwiller approximation [25-27h
position of the intragap bound state is dependent on théten-s the present problem, the lattice translation symmetry @s br
potential scattering strength in the conduction ghdrbital  ken due to the Kondo hole, we use a spatially unrestricted
channels. The same Gutzwiller method enables us to includéutzwiller approximation (SUGA) [28-32] to translate the
explicitly the renormalization effect due to tifeelectron cor-  original Hamiltonian Eg. (1) into the following renormadid
relation into thedI/dV formulation, which is conceptually mean-field Hamiltonian:

consistent with the cotunneling mechanism [18]. It is found ~

that the Fano interference does give rise to an asymmetric cd?e — ~ Dt + ud)elycio + Y Vepbiocly fio + Hecl

herent peaks separated by the hybridization gap, whileé&gu e ~ fﬂ"’
the intragap peak structure dependent on the energy locatio + Z (ef + Nie — u)fjgfia + Z Usd; + Z eﬁc}dcla
of the bound state, as showndii/dV . i#l,0 AT o
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H=- Z(tfj + uéij)czacjg + Z[chczafig + H.c] where)\;, andd; are the Lagrange multiplier and the double
ij,o i,o occupation at sité. We have used (f;,) to denote the
_ T fof quasiparticle field operators to differentiate from theytryi-
+ L 10 + U L .. . . g .
.Z(Ef Wil z; fMapthiy electron operators in Eq. (1). The loea)f hybridization has
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Here the operatorsja (ci») create (annihilate) a conduction with ﬁfa being the expectation value of the spindensity

electron at siter; with spin projectioro while the operators operatorn.f — f_T fin andn! = 2 7 . Minimization

t S . . 10 JioJto [ o ot .

fio (fis) create (annihilate) 4-level electron at site; with  of the expectation value affr leads to the following self-

spin projections. The number operators ferand f orbitals consistency conditions fox;, andd;:

with spinc are given byns, = ¢! _c;, andn! = f1 f,, re-

spectively. The quantity;; is the hopping integral of the con- Nig = cfaLij‘ (<ngfia> +c.0, (4a)
duction electrons, and; is the local f-orbital energy level ' 8&{0

on the magnetic atoms. The hybridization between the con- 090 ,, + =

duction andf-orbital on the magnetic atoms is represented U ="V Z ad; ({¢ig fio) +C.O , (4b)

by Vs and thef-electrons on the magnetic atoms experience
the Coulomb repulsion of strength. The first two lineson  for ¢ # I. Equation (2) can be cast into the Anderson-
the right-hand side of Eq. (1) constitute the standard AnderBogoliubov-de Gennes (Anderson-BdG) equations [33]
son lattice model; while the last two lines represent theaff
of a doped nonmagnetic atom, which without loss of general- Z hi; Aij < (. ) - E < (L > (5)
ity is located at the origim; = (0,0). The f-orbital energy A% hifj vy, "\ )
level on the singly doped nonmagnetic atom is givemfbyn
the Kondo hole problems] will be adjusted to ensure there Subject to the constraints given by Eq. (4). Herg =
is no f-electron occupation on the missiffgcharacter center  —ti; — (0ij + €70ir0ij, Aij = Verlgi(1 — dir) + dirldij,
and as such the effect of on-site Coulomb repulsion can bandhifj = [(ef +X)(1 = bi1) + 65«&1 — p1]dij. Since most
negligible in the study of low energy electronic structule.  of heavy-fermion systems have a layered structure, in which
addition, the Kondo hole will also give rise to a potenti@isc  the dominant effects occur in the planes containfirglectron
tering potentiat/ and a possible change of local hybridization atoms, we solve this set of equations self-consistentlgxia
V;. These three parameters make the description of a Kondgt diagonalization on a two-dimensional square lattideerA
hole more realistic, demonstrating the flexibility of the-An the self-consistency is achieved, one can then calculate th
derson lattice Hamiltonian. For simplicity, the effect ot&l  projected local density of states (LDOS) as defined by:
hybridization change is neglected by assunﬁfg@ = Vsin
the present work. (o2, ¢ pT) = —2 SO(Jur 2wt} |vp|2)afFD(E — En)

Due to the presence of onsite Hubbard interactibibe- A — oL ’
tween thef-electrons on the magnetic atoms in Eq. (1), the (6)
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determined Gutzwiller factog; (panel (a)), Lagrange multi-
plier \; (panel (b)), the double occupatidp as well as partial

06 charge densityi¢ (panel (d)),z/ (panel (e)), and:/ (panel

04 (f)) around the Kondo hole in the HFL regime with= —0.4.
Hereel = 100 ande! = 0. The change of all these quantities
happens around the Kondo hole. The short length scale of the
change is consistent with the coherence length as estimated

i g i
0.95 by ¢ = R{vp)/mgVe.s, where(vp) andg are the averaged
Fermi velocity and the Gutzwiller renormalization factor f
‘ 09 the pristine system. With the given set of parameter values,
0 075 lattice, which is similar to that expected for a supercornduc

0.8

0.2

085 estimatei(vp) = 4.89, andg = 0.95 from the self-consistent
iterations, which leads t¢ being about 1.64 lattice constants.

o8 The anisotropy of the spatial change follows the underlying

16 ing order parameter around a unitary non-magnetic impurity

in a short-coherence-wave superconductor. With the cho-
sen parameter, it is found that the Kondo hole is negatively
-0.4 charged in the conduction band, by which we mean the con-
duction electron density on the Kondo hole is smaller then th
06 value for the underlying pristine system. To get a posijivel
charged Kondo hole in the conduction band, an attractive po-
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tential scattering., must be introduced.
FIG. 1. (Color online) Solution to the Kondo hole problem het In Fig. 2, we show the local partial and hybrid DOS in the
heavy Fermi liquid regime fop = —0.4. Contour plots of the HFL regime but with various values ef ande! [The profile
Gutzwiller factorg; (a), the Lagrange multipliek;, the double op- of self-consistency quantities around the Kondo hole remai
cupationd; (c), thec-electron densityi(d), f-electron densitys ~ similar to those shown in Fig. 1 and not shown here]. In the

(e) and the hybr|d|zat|on density; ef (). The parameter values
ef = 100 andel = 0. The values of other parameters are given
in the main text.

where the Fermi-Dirac distribution functiofirp(F) =

lexp(E/kpT) + 1]71. Here we have used the fact that the
eigenfunctions are real and the system has a two-fold spin dt
generacy in the non-magnetic state, for which quantities li |

ﬁ{;, Jio», and\;, become spin-independent. Throughout this ,
work, the quasiparticle energy is measured with respettgo t
Fermi energy and the energy utfit= 1 is chosen.

Local electronic structure around the Kondo holén our 2
numerical calculations, we take the following values of pa- o}-.c.c.o.
rameters for the pristine system: The on-site Coulomb-inter ,
action onf-electronsy = 2, the bare hybridizatioW,; = 1,
and the localf-level is taken to be; = —1. The temperature
is fixed atT’ = 0.01. We solve the Anderson-BdG equations Sz 0.0 025 05 075 .25 0.0 025 05 075
on a32 x 32 square lattice (by assuming a periodic bound-

ary condition) to determine the self-consistency pararsete ) ) ) )
FIG. 2. (Color online) Local density of states, in the HFLireg, on

and); while calculate the LDOS by using the supercell teCh-the Kondo hole site (left column) and on its nearest neighlgasite

nique [34] § x 8 supercells are used). The chemical potentlal(rlght column). Panels with label (aX), (bX), and (cX) capend

is varied so that the pristine system can be tuned into the HF{g 'the conduction band anf-quasiparticle, and hybrid density of
or Kl regime. To describe the Kondo hole, we have fixed thestates, respectively. The red-dashed line is for the peistase; the

value ofe} to be positive. This choice is consistent with the black-solid and blue-dotted lines fef = 1.0 and 100 with €. =0

experimental realization of Kondo holes by substitutingea C fixed, the green-dashdotted line fdr = 100 while ¢/ = —1.0. The

ion in a stoichiometric Ce compound by a La atom or a U ioncoherent peaks for the pristine system are locatdd at 0.016 and

in a U-heavy-fermion system by a Th atom, where thevel ~ 0-504. The bound state peak due toIthe presence of Kopdo hole is

is unoccupied by electrons on these impurity atoms. located att’ = —0.082 and2'224 for =1 and100 with e. = 0
Figure 1 shows the spatial variation of the self-consiggent X% and at = 0.064 for ¢; = 100 bute; = —1.0.

=
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10 - states to be independent of energy and approximated ite valu
at the Fermi energyy, which is on the order of magnitude of
the inverse band width of the tip. Equation (7) indicates tha
the renormalization due to th&electron correlation effect in
the heavy fermion materials must be taken into account ex-
plicitly in the tunneling conductance formula. This forrais
logically consistent with the cotunneling mechanism [B8id
must be used in theoretical approaches based on an auxiliary
field theory.

As is shown in Fig. 2, the hybrid DOS is not positively
definite, the line shape afl /dV is determined not only by
whether the electronic structure for the pristine systes ha
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FIG. 3. (Color online}lI /dV, in the heavy Fermi liquid regime, as a e :
function of energy on the Kondo hole (a) and its nearest ieighg the particle-hole symmetry but also by the relative stremgt

site (b) corresponding to Fig. 2, as well as the/dV" spatial map tunnelmg amplitude of conduction band afietlectron chan-
with selected energig = 0.016 (c), 0.224 (d), and 0.504 (e). These Nel. Figure 3 shows the energy dependencefdV on
energies correspond to the coherent peak positibr=(0.016 and  the Kondo hole (panel (a)) and its nearest-neighboring site
0.504) and the intra-gap peak positiof (= 0.224) for ¢} = 100 (panel (b)), as well as its spatial dependence at selected en

andel = 0. ergies (panels (c)-(e)), in the HFL regime with= 0.2. We
used the zero-temperature formula (Eq. (7)), Tor= 0.01
_ ) _ as a very low temperature solely for technical reasons. As
absence of Kondo hole, the LDOS is spatially independent,an pe seen from Fig. 3(a)-(b), the Fano interference makes
but both the local partial and hybrid DOS is asymmetric withihe g7 /41 characteristic strongly asymmetric, with the the
respect to the chemical potentidl ¢ 0). The DOS intensity  continuum part ofiZ /dV’ intensity at negative energies much
is peaked at the coherent gap edge (see the red-dashed linesig|ler than at positive energies. The Fano interferersze al
the figure) and is finite at the Fgrm| energy, indicating teeel |oads to differentl /dV’ intensity maps at the two gap edges
tron states are in the HFL regime. In the presence_of Kond(gSee Fig. 3(c) and (e)) with a ripple-like structure easisjhle
hole, wherne} is increased, an intragap bound state is formed; the positive energy side. However, the peak structure due
with the energy position moved toward the center of the gapyg the intragap bound state formed around the Kondo hole is
With increasedt, the DOS intensity on th¢-channel van-  yopst against the Fano interference. On the Kondo holg site
ishes directly on the Kondo hole site while becomes strongejhe overalldl /dV characteristic is similar to that of LDOS
on the site nearest neighboring to the Kondo hole. Howevep, the conduction band; while its nearest neighboring ite,
the corresponding DOS in the conduction band has an oppenaracteristic is sensitive to the detailed parameteregatf
site trend. Furthermore, an attractive potential scaiteon 6; ande!. In addition, the spatial imaging off /dV charac-
the conduction channel will further tune the bound stat&kpeatgayistic (Fig. 3(d)) suggests the Kondo hole induced irdmg
away from the gap center. It is also interesting to note thakistes are localized states.
the hybrid DOS exhibits negative-sign peak for the infragap o cjysion.We have studied the local electronic structure
state for \{veak to mtermedlate_value&{)fandei. Qur result  around a single Kondo hole in an Anderson lattice model and
agrees with the STM observation of an electronic bound stat§, Fano interference pattern relevant to STM experiments.
at thorium atoms, when they are substituted for U atoms ijyjihin the Gutzwiller method, we have obtained the exis-
URU?S'2,[35]' tence of the intragap bound state induced around the Kondo
Fano interference pattern around the Kondo holeTo 1,6 in the HFL regime. The energy position of the intra-
model the STM electron tunneling, for which a schematicy,y hoynd state is dependent on the on-site potential scatte
plcture_ can be_four_wd in Fig. 1 of Ref. 18'_We introduce theing strength in the conduction arfdorbital channels. Within
tunneling _I—!amlltonlan between the STM tip ano!rthe samplegha same method, we have also derived a AéydV for-
at a specified measure sit€™* Hr = 3., Vie{cis[¢io +  muylation, which includes explicitly the renormalizaticfeet
(Vig/Vie) fis] + H.C.}, whereVi. andVi; are the amplitudes 0 15 thef-electron correlation. It has been found that the
for tunnellng into conduction and-electron states. Within o interference gives rise to highly asymmetric coherent
th? Gut2W|IIe_r appma‘_?h to accqunt for tbfeelec_tron corre- peak structure separated by the hybridization gap. Tha-intr
lation, tunne_llng ampl'tUdé/tf_W'” be renormahz_ed by the gap peak structure has a Lorenzian shape. The corresponding
local Gutzwiller factorg;, thatis,Viy — g:Viy, which leads ;77 jntensity depends on the energy location of the bound
to, in the weak-tunneling limit, the zero-temperature&®n-  gia10 and the location of the STM measuring point. We have
tial tunneling conductance [36]: also addressed the Kondo hole problem in the Kondo insula-
dl 261Ny V2 o 22 tor regim_e Withu = 0 (not shown). The major finding for the_
v Tc[pf(E)—F%gipi- (E)+r2g;p] (E)], (7)  HFL regime still holds except for the fact that the electooni
states are fully gapped at the Fermi energy, and the Kondo
wherer = V;;/V;.. Here we have assumed the tip density ofhole becomes positively charged fdr= 0.
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