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Wilson’s numerical renormalization-group method is used to study the paramagnetic ground state of the
periodic Anderson model within the dynamical mean-field approach. For the particle-hole symmetric model,
which is a Kondo insulator, we find that the lattice Kondo s@gJés strongly enhanced over the impurity scale
Tk Tol/Tkxexp{1/3l}, wherel is the Schrieffer-Wolff exchange coupling. In the metallic regime, where the
conduction-band filling is reduced from one, we find characteristic signatures ofrBigzixhaustion scenario,
including a strongly reduced lattice Kondo scale, a significant suppression of the states available to screen the
f-electron moment, and a Kondo resonance with a strongly enhanced height. However, in contrast to the
quantitative predictions of Nozies, we find that thél,« T, with a coefficient that depends strongly on
conduction-band filling.

I. INTRODUCTION with strongly enhanced effective masses. This apparent dis-
crepancy in the experimental situation has triggered numer-
Lanthanide- or actinide-based heavy fermion compotindsous theoretical investigations, from which two dominant
can be viewed as a paradigm for strong correlation effects isompeting scenarios have emerged. One scenario, based on a
solids. These systems comprise a great variety of differendiagrammatic perturbation theoty, succeeded in approxi-
low-temperature states, including paramagnetic metals witmately mapping the concentrated system onto a set of inde-
either a Fermi liquid or non-Fermi-liquid propertit§jJong-  pendent, effective impurities which at low temperature form
range magnetic order, superconductivity, or coexistent maga coherent Fermi-liquid state due to the lattice periodicity.
netism and superconductivityWhile it is very interesting The theory further predicts the existence oingle energy
and challenging to understand the physics of these orderestale which uniquely determines the high-energy properties
ground states, not even the basic ingredient, namely thikke Kondo screening as well as the formation of the low-
physics of the paramagnetic metal, has been fully capturettmperature Fermi liquid. Most important, apart from mod-
yet on a microscopic basis. The common understanding israte renormalizations which usually lead to an enhance-
that the physical properties of heavy fermion compounds arenent, this lattice scale is given in terms of the energy scale
largely determined by spin-flip scattering between spins loof the corresponding diluted systérand the one particle
calized on the lanthanide or actinide sites and delocalizegroperties close to the Fermi energy are well described by a
conduction quasiparticles usually formed by tistates in  picture of hybridizing bands, leading to a density of states
the system. In the case of dilute compounds this spin-flipvith a (pseudagap slightly above the Fermi eneryThe
scattering leads to the well-known Kondo effect, i.e., thelarge effective masses can be accounted for by the observa-
screening of the localized spins by the conduction electrontion that the Fermi energy lies in the region with flat bafds.
and the formation of a Fermi liquid with a low-energy scale A further theoretical study, based on a variational treatment
set by the so-called Kondo temperatufe,depending expo- of the system with a Gutzwiller wave function and employ-
nentially and nonperturbatively on the system paramétersing the Gutzwiller approximation, seems to support this re-
Interestingly, the physics of the metallic phase of concensult in the sense that the energy scale calculated is enhanced
trated systems can in some cases, e.g., &e@eB; or  over the corresponding scale of the dilute system, i.e., there
CeCuy,! be at least qualitatively understood by a picture ofis quite likely only one relevant energy scale. However, this
independent, but coherent Kondo scatterers, with the lowvariational scale is more strongly renormaliZéd.
energy scale set by the Kondo temperature of the dilute sys- The other scenario is based on Noei argument that in
tem. However, for URt URWSi,, or Yb,As;,* or the com-  concentrated systems there will generally not be enough con-
pound LiV,O, recently characterized as a heavy fermionduction states available to screen all of the localized spins.
systenT, there seem to exist two distinct energy scales, ondhis situation is engendered by the fact that only the band
high-temperature scalg , describing conventional incoher- states withinT of the Fermi surface can effectively partici-
ent Kondo scattering, and a much smaller scijg also  pate in screening the local moments. The number of screen-
called the coherence scale in literature, which marks the oring electrons can be estimated @£0)Tx<1, wherepg(0)
set of Fermi-liquid formation characterized by quasiparticless the conduction-band density of states at the Fermi level.
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Thus, in a concentrated system one should encounter ajuestion to what extent Nozies’s phenomenological argu-
intermediate-temperature regime where all band states avairent, that only a fractiopg(0)Tx<1 of the band states can
able for screening are “exhausted”—from which the namecontribute to the screening of thiespins, is valid.
“exhaustion physics” was coined—and the system starts to In order to observe a behavior at all that is in at least
resemble an incoherent metal where only part of the spingualitative agreement with Nozies's exhaustion scenario,
will be screened! However, since the Kondo screening one actually has to strongly reduce the carrier concentration
clouds are not pinned to a particu|ar site they can mov@f the conduction band. For these low-carrier systems the
through the system with an effective hopping matrix elemenphysical behavior completely changes and can now be un-
and a residual strong local correlation, because there cafrstood in the framework of exhaustion. However, a quan-
never be two screening clouds on the same site. Based dffative comparison of the lattice energy scale and the one of
these arguments Nozas thus suggests that at low tempera-’fhe correspo_nd|_ng Impurlt)_/_model_ is possml_e with our
tures the system effectively behaves similar to a Hubbardn€thod, and indicates a strikingly different relation between
model with a small number of holes and strong local Couthe two than recently predicted by Nome'® even in this
lomb repulsion. The remaining entropy can now be quenchefarameter regime. .
by forming a state with either long-range antiferromagnetic 1he paper is organized as follows. In Sec. Il we will in-
order or short-ranged antiferromagnetic fluctuations, whicHroduce the periodic Anderson model and its treatment
give rise to a small low-energy scale and a correspondind/ithin the DMFT using NRG. In Sec. Ill we will discuss
heavy Fermi liquid, tod? It is important to note that these fecent developments in understanding the physics of the
phenomenological arguments by Naze do not make any PAM in some detaﬂ and provide a basis to interpret the NRG
reference to a particular model or specific parameter regimgesults presented in Sec. IV. The paper will be concluded by
of a model like the periodic Anderson model; thus, if No- & Summary and outlook in Sec. V.
zieres arguments are correct, exhaustion physics should ac-
tually be the generic situation. Il. MODEL AND METHOD
Although both scenarios seem to be in accordance with
some experimental facts, they apparently fail to capture the
whole story. Moreover, in some cases they rely either on The standard model used to describe the physics of heavy
approximations that are difficult to control on a microscopicfermion systems is the periodic Anderson mo@@AM)
basis or are entirely based on phenomenological arguments,
as it is the case with Nozies's point of view. In order to _ + T fof
discriminate which ansatz is coprrect or outline the borders H_kz(, Skck”ck"+8f; kaka+Uzi My
where each of the two scenarios may be valid, a more thor-
ough microscopic study of the properties of the paramagnetic +
phase is highly desirable. +k2(, Vi Cieo e+ HC)- @
Recently, quantum Monte Carl@MC) simulations of . o _
the periodic Anderson modéPAM) within the dynamical In Eq. (1), Ck, Creates a conduction quasiparticle with mo-
mean-field theorl¥** (DMFT) have shown that when the mentumk, spin o, and dispersioney, with (1/N)Zyey
conduction band is nearly half-filled there is a single scale =¢. as its center of mass;, creates arf electron with
consistent with the predictions of Rice and Uélidut ob-  momentunk, spino, and energy;, andnifg is the number
viously inconsistent with Nozies'’s picture of exhaustion. operator forf electrons at lattice sité with spin o. The
On the other hand, when the conduction-band filling is sigdocalizedf states experience a Coulomb repulsidnwhen
nificantly reduced, the states available for screening of theccupied by two electrons and the two subsystems are
local moments appear to be depleted near the Fermi surfae®upled via a hybridizatioV, . Although it is in general a
and the lattice coherence scale is strongly reduced from therude approximation we will assume for computational rea-
corresponding impurity scaf&!” A protracted evolution of sonsV=const for the rest of the paper.
the photoemission spectfaand transpotf are predicted and Given the usually rather complex crystal structure of
can be understood in terms of a crossover between the twieeavy fermion compounds, the question to what extent the
scales. Although a quantitative relationship between the twgimple model(1), which describes orbitally nondegeneréte
scales could not be established, the reduction was ascribed $tates, is appropriate. However, especially in Ce-based sys-
exhaustiort® Nozieres subsequently argued that exhaustiortems the relevant configuration fi$, whose multiplicity will
should lead to a significant reduction of the lattice scale anéh general be reduced to a Kramers doublet in the crystal
predicted thafl is at most N,(O)Tﬁ 1 field; the other crystal field multiplets are generally well
In this contribution we present results for the zero-separated from this ground-state doubldthe situation is
temperature properties of the periodic Anderson model obmore complicated in uranium compounds, where with equal
tained within the DMFT in conjunction with Wilson’s nu- probability anf? state can be the lowest configuration. In this
merical renormalization grougNRG) calculation® We  case the assumption of a Kramers doublet is of course not
will show that for systems with an approximately half-filled justified. Nevertheless, even for these compounds the PAM
conduction band, one finds a single energy scale, in accoseems to provide an at least qualitatively correct description,
dance with the independent impurity picture and whichso that we assume it to be the relevant model for those com-
qualitatively behaves as predicted by Rice and U€dmore-  pounds, too.
over, in this parameter regime we do not find any hint to- In contrast to, e.g., the Hubbard model, where for one
wards the occurrence of exhaustion physics, which raises th@dimension an exact solution via the Bethe ansatz is available

A. Periodic Anderson model
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and a combination of many-body techniques was successful pS(e)

to exploit the ground state properties exactly, no such exact G'Y(z) J de 0 5

benchmark is available for the PAM. The only limit where z—s.—-3f(2)-

the physical properties are almost completely known is the Z—€e—g.

impurity version of the mode(l) [single impurity Anderson

model (SIAM)],®> where a single site witH-states exists B 1 Y

which couples to the conduction states. In this limit one finds - z—sf—Z(z)—Ef(z)_ G (2), (4)
for |&¢|/V, (g;+U)/V>1 the mentioned Kondo behavior,

namely a screening of the local moment by the conductiofwith pS(e) the density of states of the bare conduction band

states with an energy scalkondo temperatupe in Eq. (1). The second line in Eq4) defines a generalized
1 hybridization functionA(z), which implicitly depends on
TKz)\\/fex% — _>1 3'(2) and is thus modified from its noninteracting form by
' the presence of correlatddelectrons on other sites in an
averaged way.
| 2V2,5(0) 1 1 @ The remaining task is to solve the effective SIAM defined
Po er e+ Ul by the set of parametefs;, U} and the generalized Ander-
. ) . son width
with pg(0) the density of states at the Fermi energy of the
conduction band and a cutoff energy. Note, thatk de- PO, ¢ :
pends exponentially on the system parameters, and espe- I() Im{A(w+in)}. ®)
cially nonanalytically onv?, Note that the self-consistency conditiqd) requires the

It is importgn_t to stress that the occurrence of the Kond_cknowledge of a dynamical quantity, viz, the one-particle
temperature is intimately connected to the thermodynamigsreen function for all frequencies. This immediately rules
limit, where a(quasjcontinuum of band states exists at the gt techniques like the Bethe ansatz, since it is impossible to
Fermi energy. This property makes reliable calculations withajculate dynamical correlation functions with this method.
techniques usually suitable to treat finite-sized two- or threeTg perform this task nevertheless, a variety of different
dimensional systems, like exact diagonalization or quantunpyethods have been developed and applied during the past
Monte Carlo, of limited value, since they can only handlegecade: gquantum Monte Carlo simulatiéfis, exact
small to moderately sized systems. For the quantum Montgjagonalization:* extended second-order perturbation theory
Carlo an additional problem is the sign problem, which be-jterated perturbation theorfiPT)],42° resolvent perturba-
comes increasingly serious dsand the system size increase. tjon technique$;® the local-moment approad,and Wil-
Direct perturbational approaches are by construction reggn's NRG31-33
stricted to small values o) and gen_erally fail to capture In this paper we used the last method for the following
even the basics of the Kondo physics. Notable exceptiongaasons. First, it is tailored to capture the low-energy physics
occur again for the SIAM. Here, straightforward second-of the Kondo problem with high accuracy. Second, it is able
order perturbation theory i (not self-consistents able to g identify exponentially small energy scales. Third, it is
reproduce at least qualitative features in the special case @onperturbatively and thus also produces the correct depen-
full particle-hole symmetry*?More recently, an ansatz Us- gence of the Kondo temperature on the paramdtes Eq.
ing a perturbation theory about the unrestricted ngtee-Fockz)], and, last but not least, it has virtually no numerical
solution for the SIAM(Ref. 23 has been shown to give even restrictions on the choice of model parameters. Together
quantitatively correct resylts for spectrgl functions and enyith past years developmefts* we are able to study the
ergy scales of the SIAM in the Kondo lin. low-temperature properties of the PAM with the NRG with

good accuracy.
B. Dynamical mean-field theory

The other nontrivial limit, where an exact solution of the C. Details of Wilson’s NRG
PAM (1) becomes at least, in principle, possible is the limit
of large dimensionality, where the dynamical rT]ean'ﬁeldcretization of the energy axis, i.e., one introduces a param-
theory (DMFT) becomes exact. ™ Here, the renormaliza- eter A>1 and divides the' énérgy axis into intervals
tions due to the local Coulomb repulsion become purely[A_(nH)’A_n] for n=0,1, ...%2% With some further

local!?i.e., on in ne-particle self-energy in e . :
ocal,” i.e., one obtains a one-particle self-energy indepe manipulation®® one can map the original model onto a semi-

infinite chain, which can be solved iteratively by starting
3(k,2)—3(2). 3) from the i_mpurity and succegsively a_dding chain sitgs. Since

the coupling between two adjacent siteandn+ 1 vanishes
This property may be used to remap the lattice problem ontéike A~"2for largen, the low-energy states of the chain with
an effective SIAM agaif>?® The nontrivial aspect of the n+1 sites are determined by a comparatively small number
theory comes about by the fact that the medium coupling tdNgesOf States close to the ground state of ihsite system.
the effective impurity isa priori not known but has to be In practice, one retains only thoBk,.sfrom then-site chain
determined self-consistently in the course of theto set up the Hilbert space for+1 sites and thus prevents
calculation?’ In particular, the self-consistency relation for the usual exponential growth of the Hilbert spacenais-
the PAM reads creases. Eventually, after timgrg Sites have been included

Quite generally, the NRG is based on a logarithmic dis-

dent of momentum
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in the calculation, adding another site will not change theBoth correlation function§! (z) andF! (z) appearing in Eq.
spectrum significantly and one terminates the calculation. (6) can be calculated with the NRG and it turns out that the
It is obvious that for anyA >1 the NRG constitutes an quotient of them gives a much better result B¥(z) than
approximation to the system with a continuum of band stateshe use ofG'(z) alone®
but becomes exact in the limit — 1. Performing this limit Let us note one particular problem in dealing with the
is, of course, not possible, as one has to simultaneously irPAM in the DMFT+NRG. As we will see in the beginning
crease the number of retained states to infinity. One carof Sec. 1V, the effective hybridization for the PAM in the
however, study the\ and Ng,esdependence of the NRG particle-hole symmetric limit exhibits a pole right at the
results and perform the limidh — 1, Ngges— by extrapo-  Fermi level(see Fig. 3. It is clear that such a pole will lead
lating these data. Surprisingly one finds that the dependenae numerical difficulties. However, the NRG allows us to
of the NRG results om\ as well as on the cutoffig,esiS  deal with such a structure in a very efficient way, namely by
extremely mild; in most cases a choice =2 andNg,es including this single state represented by the pole into the
=300 - -500 is sufficient? definition of the “impurity” defining the beginning of the
While the knowledge of the states is sufficient to calculateNRG chain.
thermodynamic properties, the self-consistefd)y requires
the knowledge of the one-particle Green function or, equiva-
lently the knowledge of the single-particle self-enebyyz).
Since the NRG scheme works with a discretization of the Early studies of the PAM using the DMFT concentrated
energy axis, it corresponds to a discrete system and by con the particle-hole symmetric casg=0, 2¢;+U=0, i.e.,
struction the Green function consists of a set of poles and an;=1 andn.=1.1%%2%/To solve the SIAM, the authors em-
appropriate coarse-graining procedure has to be appliegployed QMC(Refs. 26 and 28and NRG>? Although for this
During the last 15 years considerable progress has beggarticular situation the system is a band insulator for sym-
made to extract dynamical properties with the NRG, too, andnetry reasons, one can extract a Wilson-Kondo scale from
it has been shown to give very accurate results also for, e.gthe SIAM impurity susceptibility. Interestingly, this energy
dynamical one- and two-particle and also transportscale is enhanced with respect to the corresponding SIAM
properties>3®For dynamical properties the NRG works best Kondo temperature in accordance with the results by Rice
at T=0, and various dynamic correlation functions can beand Uedd®'® In addition, at low temperatures the system
calculated with an accuracy of a few percent. Although lessan order antiferromagnetically.To avoid confusion and to
well defined for finite temperatures, its extensionTio-0 make the discussion more transparent we will igand Ty
also shows very good agreement with exact reséft8ltis ~ from now on to distinguish the relevant lattice energy scale
quite remarkable as no sum ruléSriedel sum rule, total and the Kondo scale, respectively.
spectral weight, etz.must be used as input for these calcu- One possibility to break the particle-hole symmetry is by
lations. On the contrary, they can serve as an indeperadentdepleting the band filling via changing., but keepingn;
posterioricheck on the quality of the results. The first appli- ~1, which has been done with QMC fal/V2~4 6-18The
cation of the NRG to the DMFT known to us is the work of resulting phase diagram turns out to be quite interesting for
Sakai and co-worker¥;*2where the symmetric Hubbard and several reasons. First, one finds a suppression of the antifer-
periodic Anderson model in the metallic regime have beerromagnetic order with decreasing and aroundh,=0.5 a
studied. In their papers the authors point out some difficultiesegion with ferromagnetic order emergé&swhich for n,
in the progress of iterating the NRG results with the DMFT <0.5 can be attributed to a ferromagnetic effective
equations, which are in our opinion largely related to theRuderman-Kittel-Kasuya-YosidgRKKY )—type exchange.
necessary broadening of the NRG spectra. Second, from studies of the resistivity and optical
As has been shown in the work of Bulk al.** these  conductivity’’*® one can infer that fon,<0.8 the physics
difficulties can be circumvented if, instead of calculatingof the paramagnetic metallic phase drastically changes.
G'(2) and extracting®(z) from it, one calculates the self- While for n.= 0.8 there seems to exist only one energy scale

Ill. RECENT RESULTS

energy directly via the relation To=Tk, the resistivity data suggest that fiof=0.8 the on-
set of coherence is marked by a temperature scale
. Fl(z) To<Tk .18 In addition, the spectral function drastically
2,(2)=U changes as one decreases and the effective Anderson

f L
Col2) width (5), which forn.~1 has a peak at the Fermi energy,

foo to ot starts to develop a dip fow=0. These observations were
Fo(2)=((foff0 Tz, (6 taken as fingerprints of the Nozés exhaustion scenartd8
Further evidence for this interpretation comes from the work

which originates from the equation of motion by Vidhyadhirajaet al.®® which is based on second-order

ZGfr(Z)=1+<<[me SIAM]afZ—»(Z) p_ert_urbation t_heory inJ (IRT). These aut_h_ors, too, find_a
similar behavior as a function af.. In addition, since their
=1+[e;+A(2)]G (20 +UF!(2) (7)  method allows them to study=0, they could extract the
. energy scalél from their data. Interestingly, they found a
with relation betweeT, and Ty of the form Ty (Tx)? for their

results, which is precisley the behavior predicted by the phe-
[Vid nomenological theory of Nozies!® However, we note that
Z— gy this particular relationship"oocTﬁ in Ref. 38 was found only

2

1
AD=5 X
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FIG. 1. f density of state#\;(w) for SIAM (dashed ling and -0.05 0.00 0.05
PAM (full line) in the particle-hole symmetric case 2-U=0 and o '
£.,=0. The model parameters até=2 andV?=0.2. The inset
shows an enlargement of the region around the Fermi level.

if the width of the Kondo peak was used to estimdig
When the ratio of the masses was used instead, the relation-
ship rather followsT o< T .4°

The estimate oflfy coming from the Gutzwiller ansatz
calculations, on the other hand, apparently fail to capture the
essential physics in this parameter regime, since they predict
aratioTo/T>1 for all values ofn,.*°

Although the results from QMC and IPT are at first glance
very convincing, there remain some problems. First, both ()
series of calculations were done with a comparatively small
value ofU/V2~4 and a systematic study of the behavior as 15 » 0 1 2
a function of U/V?, especially for larger values, is clearly o
necessary. Second, the results were either obtained by QMC

38 2
_((I;Qef?].c_ 17t' and leor IPT. t_Hlfwever,”for largeU/V I’ the ith the particle-hole symmetric case and parameters according to Fig.
laentfication of - exponentally small energy SCales With | g,y the real partb) the Hartree ternt/2 has been subtracted.

QMC is problematic due to its restriction to f'n',te leMpera-rpe jnsets show an enlargement of the region around the Fermi
tures. The IPT, on the other hand, leads to ambiguous resulfs,,
as mentioned before; in addition, as a perturbational ap-
proach inU, it certainly cannot produce exponentially small the concentrated system exhibits a hybridization gap. This is
energy scales. Thus, for a quantitative description of the lowshown in  Fig. 1, where the f-DOS Ai(w)=
temperature phase and especially a reliable calculation of the (1/7) 3 m{G'(w+i6)} is plotted for the SIAM (dashed
low-energy scaldly, a nonperturbative technique &0 is  Jine) and the PAM(full line). The model parameters até
necessary. =2 (i.e.,, e;=—1) andV?=0.2. The result for the SIAM
nicely shows the well-known structures, namely the charge
IV. NRG RESULTS excitation peaks ab~ +U/2 and the Abrikosov-Suhl reso-
nance(ASR) at the Fermi level. This latter structure, which
Such a method has become available recently by the agan be regarded as an effective local level, basically leads to
plication of Wilson's NRG (Ref. 20 to the DMFTS'"**  he hybridization gap in the PAM. The enlarged view of the
which we use to study the paramagnetic phase of the PAMegion around the Fermi energy also shows that the width of
within the DMFT atT=0. In order to perform the energy this hybridization gap and the width of the ASR are of a
integral in Eq.(4) analytically and to be able to make contact similar order of magnitude. As we will discuss the corre-
to earlier results we study a simple hypercubic lattice in thesponding energy scale in the lattice is actually enhanced over
limit of dimensionalityd— . With the proper scaling this T, which sets the width of the ASR. This result can readily
leads top§( €) = exd —(e¥t*))/(t* \/ar) for the noninteracting  be anticipated from the self-energy of thetates in Fig. 2. In
DOS of the band states. In the following we w8e=1 as our  the SIAM (dashed lingand the PAM(full line) one observes
energy unit. a nice parabolic extremum iim3(w+id) at the Fermi
Let us start by briefly discussing the particle-hole sym-energy[see Fig. 2a)], which is accompanied by a linear
metric situation, i.e., 2,+U=0 ande,=0. Here, it is ex- region in e3(w+i4) in Fig. 2b); the slope is negative in
pected from symmetry and shown by calculatioh®®’that  both cases and definitely smaller for the PAM, as can be seen

ReX(c+i5)-U/2

FIG. 2. 3f(w+i68) SIAM (dashed lingand PAM (full line) in

el.
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FIG. 3. Anderson widtl' () for SIAM (dashed lingand PAM -4 -2 0 2 4 6 8
(full line) in the particle-hole symmetric case and parameters ac- w
cording to Fig. 1. The inset shows an enlargement of the region r
around the Fermi level. (b) 06 |
06

from the inset to Fig. ®). This means that, at least as far as oM
the self-energy is concerned, the system can be viewed as a ---- SIAM
Fermi liquid with a quasiparticle weight

.

005 0.1

. dres(w) .
Z =l —— |  =m*/m, (8)

TI'w)

w=0

where we introduced the notion of the effective mass.
Note that the above result, viz., that the system is a Fermi
liquid, is nota priori apparent from Fig. 1, since the spec-
trum represents an insulator. From the self-energy it is, how-
ever, evident that this insulating state can be trivially ac-
counted for by using the picture of hybridizing quasiparticle
bands, one of which is located at the Fermi energy and de-
scribes an effectived level. The characterization of the FIG. 4. DOSA((w) (a) and Anderson width" () (b) for SIAM
particle-hole symmetric system as a band insulatarpsiori  (dashed lingand PAM (full line) in the asymmetric case. The pa-
not the only possible scenario. Indeed, for smélland U rameters are =0, e;=—1, U=6, andv2=0.2. The insets show
—o0 an alternative route to an insulating state is via a Mott-an enlargement of the region around the Fermi level.
Hubbard transition as found by Hekt al. for nonconstant
Vi..*® We did not observe such a transition for the c¥ge  particle-hole symmetric case one finds the characteristic
= const studied here for values bfas large adJ=10, but  three-peak structure, again with a hybridization gap in the
also cannot exclude such a scenario on the basis of the daEOS of the latticd full line, see inset to Fig. @)]. Note that
available. this gap now is located above the Fermi energy and its width
It is also quite illustrating to have a look at the effective is visibly larger than the width of the ASR in the SIAM,;
Anderson width as defined by E(). This function is rather pointing again towards an enhanced energy scale for the lat-
featureless for the SIAMdashed line in Fig. 3 but exhibits  tice, which is also confirmed by an inspection of the self-
a very pronounced structure near the Fermi level for theenergy. A replica of thifpseudagap is also visible in the
PAM (full line in Fig. 3), namely a pseudogap plus a strong effective hybridization function of the lattice in Fig.(1),
peak right atw=0; one can, in fact, show that the latter is a which in addition shows a pronounced peak slightly above
6 peak. Thisé peak can be understood as emerging from thehe Fermi energy. The origin of this peak is the same as for
sharp quasiparticle band with dominantkgharacter at the n;=1; only it now has to be damped due to the finite lifetime
Fermi level. of the quasiparticles fow>0. It is quite interesting to note
The results by QMC and IPT suggest that one can expechat the value of(0) is actually reduced from its value in
drastic changes in the physics of the model if one breaks ththe SIAM, but the average df(w) over a region of the
particle-hole symmetry. There are actually two possibleorder T around the Fermi energy is enhanced. If one as-
routes to accomplish this goal; the first is to kegp=0, and  sumes that it will be such an averaged value that determines
thusn,~1, but increas&) so that 2;+U>0. An example the low-energy scale, one can readily understand Thais
for the spectrum and the corresponding hybridization funcenhanced oveF, by this simple picture. We should mention
tion for e;=—1, U=6 andV?=0.2 is shown in Fig. 4, that our results are very similar to those obtained more than
where we plot the DO%\;(w) [Fig. 4@] and the hybridiza- 10 years ago with resolvent perturbation theofi&8In fact,
tion functionI'(w) [Fig. 4(b)]. For these particular param- the physical situation studied then was basically the same,
eters the occupancies arg~1 and n;=0.92. As in the namely a particle-hole symmetric conduction band hybridiz-
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FIG. 5. Inverse effective mass as function of (dee text for
e£,=0, g=-1, and V?=0.2. The inset shows the ratio
M an/ M aw together with a fitm®,,,/mE ., =e~ 3.

(b)

04
ing with an asymmetrid level, however withU=o. The

interpretation of the structures ifh'(w), which may be 0 .
viewed as the effective density of stat@30S) of the me- ) o \
dium visible to the impurity, then leads to the picture that 3 ; \
due to the coherent admixture b$tates to the system, there & 4 X
will be an effective enhancement b{ w) close to the Fermi 02+ . pPAM ; \
energy. In this sense one may identify the physics in this --- SIAM ; N
region of parameter space with the picture of coherent ) \
Kondo scatterers. /
The most interesting question is how the energy scales of
the dilute system and the lattic€« and T, are related in

this parameter regime. Let us recall that from the Gutzwiller L 0 1 >
ansatz one obtazliﬁ% T/ To=miau/ MEam=exp-1/21), @

wherel =8p§(0)V?/U; this prediction was found to be con- _ _ o
sistent with recent DMFT QMC simulatiols where the FIG. 6. f density of stateé\;(w) (a) and effective hybridization

functionI'(w) (b) for PAM (dashed lingand SIAM (full line). The

Wilson-Kondo scale was estimated form the excess impuri%amImeters are.—05. 2% +U=0 U=2 andV2=0.2
c— V.9, f — VU, — 4, —VU.&.

susceptibility.
At T=0, the most efficient way to extract the low-energy regime we show in Fig. 6 the DO&;(w) [Fig. 6(@)] and the
scale is by calculating the effective mass according to chorresponding effective hybridization functidi(w) [Fig.
(8). With m/m* =T, we are then able to discuss the variation 6(b)] for £,=0.5, 25,+U=0, U=2, andV2=0.2. For the
of Tx and Ty with U. The result is shown in Fig. 5, where filing we obtain nf~1 and n,~0.6 for both the PAM
m/m* is plotted versus 1/and 1=2pg(0)V?U/(le|(s;  (dashed ling and the single impurity Anderson model
+U)) is the Schrieffer-Wolff exchange coupling. As already (S|AM, full line). As usual, one sees the characteristic struc-
predicted from the spectra and self-energies, the general r@gres, namely the charge-excitation peaksoat +U/2 and
lation To>T holds. In addition, botfTy andT, apparently  the Kondo resonance at the Fermi level. However, in contrast
behave exponentially as a function irl 1but with different  to the results withe,=0, we do not find any hint of a hy-
slopes; in qualitative agreement with the predictions thepridization gap in the lattice DOS; in fact, the DOS looks
slope of Ty is smaller. To quantify the relation betwe@R  pretty much like that of a conventional SIAM. The major
and T, further we show in the inset to Fig. 5 the ratio difference to the DOS of the SIAM is an enhancement of the
Tk /To=mf /Mg aw as function of 1. Again, an exponen- ASR and a reduction of its widtH, as is apparent from the
tial behavior is observed; however, in contrast to the preinset to Fig. €a). Particularly interesting is the behavior of
dicted factor 1/2 we find I /To)=—1/3 from our data. the effective hybridization function in Fig.(8). Similar to
For the time being we do not have an explanation for thisthe cases.=0, 2¢;+U>0 it is considerably reduced in the
discrepancy between the QMC and NRG results; whether itegion around the Fermi level; in contrast to the former case,
might be related to different schemes to extrigt—a scal- however, the sharp quasiparticle contribution is missing and
ing behavior of the excess susceptibility as a function ofthe average value df(w) over the region of the ordeF,
temperature in the QMC versus effective mas$al inthe  aroundw=0 is still reduced from the noninteracting value
NRG—nhas to be clarified. here. The depletion iff(w) around the Fermi level has been
The second possibility to destroy particle-hole symmetrycoined as a hallmark of exhaustion physics in the PAM and
is to chooses #0. As a typical result for that parameter related model’® since according to Nozies' phenom-
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FIG. 7. c density of statep®(w) of the PAM fore;=—1, V2 FIG. 8. m/m* vsn, for U=2, V2=0.25, andh;~1. The lines

=0.2 andU=6, £.=0 (n.~1, upper panglandU=2, .=0.5  are guides to the eye. The inset shows the ratfu,/msay
(n.~0.6, lower panel The dashed lines depict the bare conduc’[lonE-|-0/-|-K vs n.. The data are fit byl o/ Txxn.expen) (full line),
DOS pg(w) for the corresponding.. . wherec~5/2.

enological pictur® the effective density of medium states of magnitude smaller fon,~0.2. The ratiom&,/méau
available at a given site should be reduced due to screenind T /7, is shown in the inset to Fig. 8. This ratio falls more

at other sites. ; . 2
. . . rapidly thanTy, i.e.,Tq/Tk is not constant. The rati®y /Ty
The fundamental difference in the physics betwegn can be fit to a formT,/T,enexpeny) with c~5/2 (ful

;ésagg trr]fjclor?ollioctirgr?nslrgtsetz I?;;ficlgl trgiutl)tihf%\:l?r:isgg]aen curve in the inset to Fig.)81t gives an excellent account of
tity are shown in Fig. 7 fore,= 1, V2=0.2 ande,=0, the data. This behavior especially means thgt-n T as

41 . b .
U=6 (n,~1, upper paneland &,~0.5, U=2 (n.~0.6, n.—0."> Note that the Gutzwiller result fon.<1 predicts

. en . .

lower panel. For comparison, the bare band DOS for thebOth To and TK.. 0 behavg likence ", b.Ut ('). predpts
: . . To/Tk>1 and(ii) clearly gives no proportionality ta, in

corresponding value of. is also includeddashed curves the ratioT-/T

the choice of different values df for the cases.=0 and 0, K-

. . Nozieres’ phenomenological arguments also lead to an
e.=0.5 is necessary to ensure that both systems are meta”'g'stimate OfT, as function of,, namelyToo(T¢) 2/ pS(0) 22
One observes fundamental qualitative differences in th 0 c Yloo{ 1K) TPo\L)-

This relation has recently been tested with IREf. 38 and
DOS, especially close to the Fermi surface, which in our . = "=~ y ) ' >’
opinion are related to the different physical properties of thevwv'zh'g tth|s apporc;?ch;fgténd :]0 b_? fl.m'”ectj. at legs]f mvvth
different regimes and do not depend critically on a particular etween U.5n.=0.6 when 1o IS estimated irom the

choice of the interaction strength. Fiag~1, the appearance width of the Kondo resonance. We first note that clearly our

of a gap slightly above the Fermi level in the conductionreSUIt in Fig.. 8 is not _compatible with this prediction. In
DOS again supports the notion of hybridizing bands in thi order to clarify the relation beweer, andTy we compare

region of parameter space. On the other hand, the conductio fndTK asa funf:ﬂon oU/2V2 for fixed M. The resuilts for
DOS for the case.~0.6 does not show the typical form of nCZN_O'B as alfunctu()jn OU/.V f‘;r both varymgL_J at constant
hybridized bands, but merely a pseudogap at the Fermi er}{ —O.2(c!rc e.s) an varylng\/_ at c.onst.anU—Z. (square
ergy. The fact that the spectrum only develops a pseudogd shown in Fig. 9 on a semlloga}nthmlc scale; to'study the
with finite DOS foro=0 can again be understood as a sign ependenc_e on the f|II|ngc, we mclud_ed calculations for
of exhaustion, since the formation of a full hybridization gapnc=0.31(d|amonds, vary'lngJ only). Evidently T, and Ty
requires complete Kondo screening by the band states to oP9t iollowzan exponential lawl, Tk exp(-all), where
curfor each f sitewhile the formation of a pseudogap can be ! =8po(0)V/U is the Schrieffer-Wollf exchange coupling
interpreted that only part of thesites are screened by the for 2e¢+U=0. However, the curves for the SIAM and
conduction electrons. PAM for fixed n; are parallel in the semilogarithmic plot in
The reduced effective hybridization around the FermiFig. 9, i.e., the coefficients d#/V? in the exponents of both
level observed in Fig. 6 gives also rise to a reduced lowduantities are identical. This of course medis- Ty rather
energy scale, characterized by an effective masém~17  thanTox(T)?, as predicted by Nozies. Thus, neither as a
in the PAM, whereas the Corresponding quantity for thefunction of ng nor aS\a fUnCtiqn .OM/VZ does the lattice
SIAM is m*/m~8. The behavior of the low-energy scale asScaleT, obey the Noziees prediction.
a function ofn, for fixed U=2, V2=0.25, andn;~1 is
shown in Fig. 8. Note that fon,~1 the valueT, is again
enhanced over the impurity scale withTp(T,)=—1/31. Be-
low n.~0.8 the ratioT,/Tx decreases below one and falls We have presented results for the PAM obtained within
rapidly and monotonically witm;, being almost two orders the DMFT atT=0 using Wilson’'s NRG approach. For the

V. SUMMARY AND CONCLUSION
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10° ‘ : ; ; . eral experimentally relevant consequences of exhaustion pre-
a dicted by DMF calculations. Most of these predictions are
10™ ffi;:@x\ related to the presence of two relevant scales and the pro-
e o‘\x::*o\ tracted behavior of measurements as a function of tempera-
10” T g 3 ture in the crossover regime between these sclEer ex-
*i::‘ - ample, as compared to the predictions of the SIAM with the
107 e e sameT, the photoemission peak should evolve much more
g e T8 slowly with temperaturé® In addition, it should have signifi-
107 | OV-oncoss Sau N LN cantly more weight since the height of the peak goes like
D U=2.0, n,=0.65, SIAM ~. . RO
5 | ®v=02.n.:065 PAM " 1/T(0) and its width is set byl,. Although these features
107 | wu-20,n-065,Pam e e ] have been reported in photoemission experiments on Yb-
L | OV=o2n03 siAM based heavy fermion materidfs,these results remain
107 ¢ #V=02n-03,PAM M controversidl® and it has been suggested that the experimen-
a . . ‘ . . tal spectrum is representative of the surface and not the
0 . 10 15 20 25 30 35 bulk** Fortunately, transport and neutron scattering experi-
un? ments probe much further into the bulk, and should display

characteristic features due to exhaustion. The calculated re-

FIG. 9. m/m* as a function olJ/V? for n.~0.6 (squares and  gjstivity displays a nonuniversal peak and two other regions
circles andn,~0.31 (diamonds with ng~1. The circlessquares  ypica| of HF systems and is associated with impuritylike
denote varyingJ (V) for*f'xed V'=0.2 (U=2). The diamonds  yysics at high temperaturd@s=Ty and Fermi-liquid forma-
show the beh_awor ofm/m* for a different filling n.~0.3 andV tion at low T5T0_17 The peak resistivity shows features
=0.2 for varyingU. characteristic of exhaustion. It occurs B&T,,, the tem-

perature at which exhaustion first becomes apparent as a dip

range of parameters studied here, the system can always Pg¢w~0). T,, is nonuniversal in that itncreaseswith de-
characterized as a Fermi liquid with a strongly enhanced efereasingn,, T, and T,. The Drude peak in the optical
fective mass; this lattice scalg, is enhanced over a corre- conductivity persists up to much higher temperatures than
sponding impurity Kondo scal€ for the particle-hole sym-  predicted by the SIAM and the Drude weight rises dramati-
metric conduction band in accordance with perturbationatally with temperaturé’ The quasielastic peak in the angle
result§'”° or those from the Gutzwiller ansat? Moreover, integrated dynamic spin susceptiblity also evolves more
the picture of hybridizing quasiparticle bands leading toslowly with temperature than predicted by the SIAM, and it
(pseudggaps in the DOS was found to be valid here. On thedisplays more pronounced charge-transfer feattfes.
other hand, in the case of an asymmetric conduction band Despite the rich picture which has begun to emerge from
and especially for low carrier concentration=<0.8, the DMF calculations, many questions remain unresolved.
spectral functions and corresponding effective hybridizationAmong these, three seem most prominent to us. First, it is
functions show the signs of exhaustion and we observe anclear what is happening ag— 1. In this regime, follow-
corrresponding strong reduction of the lattice scBje®° ing Noziees argument, there should also remain too few

Together with our results, an extensive picture of exhausstates to screen the moments so the exhaustion scenerio
tion physics in the infinite-dimensional PAM has begun towould seem to apply also, nevertheless, Theis enhanced
emerge. Close to half-filling the low-temperature propertiegelative to T, and all effects of exhaustion vanish. It is
of the model can be characterized by one energy st@le tempting to attribute this vanishing of exhaustion to another
>Ty, whereas away from half-filling two scales are appar-energy scale associated with the bare gap that appears in the
ent: T, where screening begins, alg<Ty, where coher- spectra asn.—1. However, in recent calculations for a
ence sets in. At low temperatur@s=T,, the quasiparticle model with f-d hopping, such that the hybridizatiow,
features in the single-particle spectra become pronouncede,, where there is no conduction-band gap whmgs n,
and have predominantliy charactef® Since only the states =1, in the regime of strong-d hybridization To>T is
near the Fermi energy can participate in screening, thagain found, suggesting that there must be some more fun-
f-electron moments are screened predominantly by othedamental reason for the absence of exhauéfidius, these
f-electron states. At a temperatufg, (To<T,,<Tg), adip latter results together with the ones presented here surely
begins to develop in the effective hybridization rate at thedemand for a critical reinvestigation of the phenomenology
Fermi surfacd’(w~0) ! indicating that the states available of exhaustion.
for screening are becoming exhausted. This is a direct con- Second, thus far all calculations are for the orbitally non-
firmation of the qualitative features of Norés’ exhaustion degenerate models. The effect of orbital degeneracy and
scenario. Nevertheless, for fixeg, we find thatToo Ty, crystal-field splittings has yet to be determined. However, in
and as the conduction-band filling changes we filgl the limit of infinite orbital degeneracy, the Kondo scale
«n.expny); both are in direct contradiction with the predic- would seem to be unrenormalized.

tions of Noziees. Thus, we conclude that Nozs’ phenom- Third, following Doniach’s arguments, the RKKY inter-
enological arguments are too crude to capture the quantitaction and superexchange will compete with the Kondo
tive features of exhaustion. screening in the formation of the ground state. In the present

To our knowledge there has not yet been a systematiwork, we have explicitely concentrated on the paramagnetic
experimental study concentrating on the signatures of exstate, i.e., these types of exchange do not enter the calcula-
haustion in metallic HF compounds. However, there are seviion. However, within the DMF it is possible to study the
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influence of RKKY or superexchange on the mean-field levethe magnetic phase diagram as functionUsv? is clearly

by either looking at the susceptibiliy or allowing for a  desirable.

symmetry-broken state. Generally, since the RKKY ex-

change grows like?, and the Kondo scale is exponential in ACKNOWLEDGMENTS
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