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We present numerically exact predictions of the periodic and single impurity Anderson models to
address photoemission experiments on heavy fermion systems. Unlike the single impurity model the
lattice model is able to account for the enhanced intensity, dispersion, and apparent weak temperature
dependence of the Kondo resonant peak seen in recent controversial photoemission experiments. We
present a consistent interpretation of these results as a crossover from the impurity regime to an effective
Hubbard model regime described by Nozieres. [S0031-9007(98)06268-1]

PACS numbers: 71.27.+a, 75.20.Hr, 79.60.Bm

Metallic compounds containing rare earth elementsapproximations, and the existence of exact solutions. Al-
with partially filled f shells, such as CeBeor UPg, be-  though at high temperatures the SIAM captures the same
long to the general category of heavy fermions [1]. Theyphysics as the lattice model, it cannot account for the elec-
are characterized by a large Pauli susceptibility and speronic coherence at low temperatures. The periodic An-
cific heat as compared to ordinary metals, which indicatelerson model (PAM) is believed to correctly describe the
a huge effective electronic mass, and also by anomalousirong correlation off electrons as well as their coher-
transport properties such as nonmonotonic temperatumnce at low temperatures and the interaction between the
dependence of the resistivity. These anomalies are ussereened moments.
ally attributed to the formation of a resonant state at the We have recently analyzed some static properties of the
Fermi energy due to the admixture of the electronicallyPAM [6]. We found that when th¢ band fillingn, =~ 1
active and highly localf orbitals with the metallic band and thed band filling n;, < 0.8 (so that the system is
of the host. Heavy fermions are usually modeled by themetallic), the Kondo scale for the PAMy, is strongly
single impurity Anderson model or the periodic Ander- suppressed compared %'*™, the Kondo scale for a
son model depending on the concentration of the correSIAM with the same model parameters. However, the high
lated  orbitals. temperaturé?” > T, M) properties of the two models are

Photoemission experiments provide a direct probe of theimilar, so that75'*M is also the relevant scale for the
characteristic resonant states in these materials. Howeveynset of screening in the PAM, whereBsis the scale for
there are two apparently contradictory sets of photoemisthe onset of coherence. We found no universal relation
sion results. The large body of spectroscopic data accumipetweeny' ™ and Ty (their ratio depends on the band
lated by the Bell Lab and Neuchatel groups for scrapedilling). We also demonstrated that in the screening regime
polycrystalline samples consistently indicates qualitativg7 < 75'*M) the rate of change of the local magnetic
and sometimes quantitative agreement with the predictiongioment with temperature is smaller in the PAM than in
of the single impurity models [2]. On the other hand, somehe SIAM.
recent photoemission results obtained by the Los Alamos [n this paper we show that the asymmetric PAM with
group for single-crystalline samples cleaviedsitu have  , < 0.8 predicts a much weaker temperature dependence
revealed several apparent inconsistencies with the predi¢or the Kondo peak than the SIAM, consistent with the
tions of single impurity models, including enhanced in-experiments on single-crystalline Kondo lattice materials.
tensity, a much weaker temperature dependence, and\dle also show that the Kondo peak is dispersive in the
dispersion of the Kondo peak [3]. This has caused a persiAM, giving rise to heavy quasiparticle bands near the
tent dispute regarding the ability of single impurity modelsFermi energy. We use Nozieres's idea of the effective
to describe the observed resonant state in Kondo materialgubbard model for the screening clouds [7] to interpret
[4]. We refer the reader to Malteret al. [5] for a recent  this “band formation” and the slow evolution of the Kondo
review. peak. This also gives insight into the emergence of two

The single impurity Anderson model (SIAM) is typi- relevant energy scalegi'*™ and7j) in the PAM.

cally used as the paradigm for comparison with exper- Method—The PAM Hamiltonian on a)-dimensional
iments due to its universality, the abundance of gopchypercubic lattice is

—t t t t t
75 > (digdjy + He) + D (eadipdic + €1finfic) + VD (digfic + H.C)
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+ Z Ungit — 1/2) (ngy — 1/2). (1)
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In Eq. (1), d(f)g,) destroys (creates) d(f) electron

with spin o on sitei. The hopping is restricted to the
nearest neighbors and scaledras r*/2+/D. U is the
screened on-site Coulomb repulsion for the localized
states and/ is the hybridization betweed and f states.

This model retains the features of the impurity problem, _
including moment formation and screening, but is further <
complicated by the lattice effects.

Metzner and Vollhardt [8] observed that the irreducible
self-energy and vertex functions become purely local as the
coordination number of the lattice increases. As a con-
sequence, the solution of an interacting lattice model in 0.0 ‘ ‘
D = « may be mapped onto the solution of a local cor-
related impurity coupled to a self-consistently determined
host [9]. We employ the quantum Monte Carlo algorithmp|G. 1. Near-Fermi-energyEr = 0) structure of thef den-
of Hirsch and Fye [10] to solve the remaining impurity sity of states for the asymmetric PAM (left) and the symmetric
problem and calculate the imaginary time local Green’sSIAM (right). The model parameters afté = 1.5, V = 0.6,
functions. We then use the maximum entropy methodd7a = 04 for the PAM andU = 2.75, V = 0.5, andn, =

. . .0 for the SIAM. The temperature dependence of the peak is
[11] to find the /' and d density of states and the self- universal for the SIAM, and hence independent of the bad fill-

energy [12]. ings. Note thaflx refers to the two different Kondo scaleg;
Results—We simulated the PAM for a wide variety for the PAM (left) and7;'*™ for the SIAM (right).

of fillings and parameters. Here we present the results
for U = 1.5,V = 0.6 (measured in units of* which is
considered to be a few electron volts, the typical bandthe temperature is lowered but we can see that the spectral
width of conduction electrons in metals)y = 1 with  weight in this region increases slower in the PAM than in
two differentd band fillingsn,; = 0.4 andn, = 0.6 for  the SIAM.
which the Kondo scales afg = 0.014 and 7, = 0.054, Figure 2 shows the momentum dependence of fthe
respectively. We use the symmetric limit of the SIAM andd spectral functions for the PAM as a function of the
(nf = ng = 1) for the comparison since the results for unrenormalized band energy. Inthe largeD hypercubic
the SIAM are universal (when measured with respect tdattice, the zone center (corner) corresponds to a very large
the Kondo scale), and hence independent of the fillingnegative (positivek,. We see that near the zone center
We chooseU = 2.75,V = 0.5 for the SIAM which cor-  (lowest part of the figure) there are two apparent maxima,
respond ta@y *M = 0.05. The Kondo scales are obtained the lower one has mostlyl character, the upper one
by extrapolationyim, (I — 0) = 1/Ty, wherexin,(T) is  has mostlyf character. The latter has a narrow Kondo-
the additional local susceptibility due to the introductionlike feature but would not be seen in a photoemission
of the effective impurity into a host af electrons. experiment since it is located above the Fermi energy. The
Figure 1 shows the’ density of states for the PAM quasiparticle peak (Kondo peak) near the Fermi surface
and SIAM near the Fermi energyr = 0. Both mod- starts to develop only ds moves well away from the zone
els show temperature-dependent Kondo peaks of similazenter (i.e., where, ~ 0). Note that there is a gradual
width, but the rate of change of the peak intensity withtansformation of this peak from a mixefd character at
temperature is much smaller and the Kondo peak persists, = 0 to an almost entirely character at and abosg =
up to much higher temperatures in the PAM than for thel.23. In addition to these narrow peaks the data show a
SIAM. This is consistent with the protracted behavior of small and broad nondispersive peak near= —0.8 which
screened moments in the PAM [6], i.e., the rate of changlas mostlyf character. This is a remnant of the lower
of the screened moments with temperature is much smallemhybridized f level, we were not able to resolve the
in the PAM compared to the SIAM when; < 0.8 and  peak corresponding to the uppgrevel for these model
ny = 1. Note the difference in scales of the two parts ofparameters (we resolve this peak if we use larger value for
this figure, both the intensity and the spectral weight oft//V?). The dispersion of the symmetric PAM has already
the Kondo peak are larger in the PAM than in the SIAM, been reported [12,13].
although the hybridization parameter is larger for the We clarify this situation in Fig. 3. The symbols in this
PAM in this case. This shows (and we generally find) thafigure show the position of andd spectral functions max-
the height of the Kondo peak in the PAM does not scaldma vse; and the solid line shows the quasiparticle energy,
like 1/V? as it does in the impurity models. For the PAM, calculated from the real part of the pole of the Green’s
starting at high temperatures the Kondo resonance peak fignctions. In the narrow region above the Fermi surface
located well above the Fermi energy but as we lower theve see an almost dispersionless band. The imaginary part
temperature it shifts towarlr. Hence there is a spectral of these poles is very large, so they correspond to very
weight transfer into the region around the Fermi energy abroad peaks in the spectral functions which we were not
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. . are the same as in Fig. 2. However, the features persist up to
FIG.2. The PAMf and d spectral functions for different 7/7, = 10. The solid line shows the real part of the Green’s

values of the momentum vectlrfor U = 1.5,V = 0.6, n; =  functions poles vse; the unrenormalized band energy. The
1.0, ny = 0.6, and T /Ty = 0.46. ¢, is the unrenormalized symbols show the positions of the maxima i thandd spectra
band energy. The Fermi energy is locatedvat= 0. functions. We characterize these peaks to bef atharacter

wheneverA (e, Ey) < Aq(€x, Er) (cf. Fig. 2).

able to resolve. The bands above and below this region
correspond to well defined peaks in the spectral functionssituation in a single-band Hubbard model where the elec-
The general features of this band structure for the PAMrons within the band are responsible for screening the “lo-
persist up to very high temperaturé®/7, < 10). cal moments” in that band. Figure 3 also shows that the
The imaginary part of self-energy has a maximum neaband energy closest to the Fermi surface is negative when
the Fermi energy (not shown); its position shifts towardex = 0. Since the bare density of electronic states repre-
Er and its value approaches zero as the temperature $ented bye, is largest where, = 0, we expect slightly
lowered. Furthermore, the real part of the effective selfnore quasiparticle weight to be located below the Fermi
energy for thed electrons shows a large negative slopesurface as seen in Fig. 1.
near the Fermi energy which denotes a large effective We can understand the emergence of the two energy
mass for thed electrons. We can use the self-energyscales {3'*™ and7,) and the protracted screening of the
to calculate the optical conductivity and the dc resistivitymoments in the PAM using the arguments of Nozieres
of the model (the details of the calculations will appear[7]. He argued that since the screening cloud of a local
in a future publication). At temperatures of the order ofmagnetic moment involves conduction electrons within

75" M the resistivity shows a log-linear behavior adjacent?; ' /Tr of the Fermi surface, only a fraction of the
to a maximum, just like what is expected from a Kondo-momentsn.s = Ng(0)T;'*™ may be screened by the

type resistivity for a dilute system. As the temperature isconventional Kondo effect. To describe the physics of
lowered towardr, the resistivity flattens. BelowW, the the system near its Fermi energy, he then proposed that
resistivity decreases quickly towards zero indicating thghe screened and unscreened sites may be mapped onto
onset of coherence and the emergence of a Fermi-liquiloles and particles of an effective Hubbard model with
(metallic) behavior. local Coulomb repulsior/. The screening clouds hop

Interpretation—Some of these results are consistentfrom site to site and effectively screen all the moments in
with a simple band-formation picture. Whénh= 0 the a dynamical fashion. We note that the hopping constant
available electronic states consist af hand and two (dou- of this effective model is strongly suppressed relative to
bly degenerate) locaf levels separated byy. WhenV " by the overlap of the screened and unscreened states;
is turned on, a new resonant state forms near the Fernfiirthermore, because of the dominance of unscreened sites,
surface. Furthermore, the original band mixes with the effective Hubbard model is nearly half filled. Thus
the localf levels and the resonant level, giving rise to athe effective Kondo scale becomes much less A,
renormalized band which hgscharacter near the renor- This leads to the protracted screening behavior which is
malized f level energies and hag character far from a crossover between the two regimes of Kondo screening
them as we see in Fig. 3. The Kondo states nEar at the higher scal@;'“™ and coherent screening at the
have mostlyf character indicating that thé electrons lower scaleT,. In this argument the two scales depend
themselves are involved in screening the local momentsn n.¢, and hence there can be no universal relation be-
through hybridization with thel band. This is like the tween them.
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Comparison with experiment-For the purpose of SIAM and Nozieres’s arguments do not apply. In the nar-
comparison with experiment we focus our attention orrow region where the system is doped away from the insu-
the data for the CeBe compound because it has a largelating state, both the screened local moment and the spectra
enough Kondo temperature that current high resolutiorshow impuritylike temperature dependence. It is possible
apparatus should be able to probe its Kondo resonarhat this, or a more realistic model, including the effects
state. CeBg is a mixed-valent heavy fermion compound of disorder, orbital degeneracy, or crystal field effects may
with a small number of conduction electrons per siteprovide a unifying interpretation of all of the photoemis-
and a rather large Kondo temperatix =~ 400 K) so  sion spectra.
the PAM with the parameters we chose fgr = 0.4 is We acknowledge stimulating conversations with J.
suitable for comparison with experimental observationdAllen, A. Arko, A. Chattopadhyay, D.L. Cox, B. Good-
on this material Tx = 320 K if t* = 2 eV). Aseries of man, M. Grioni, D.W. Hess, M. Hettler, J. Joyce, H.R.
photoemission experiments on single-crystalline sampleKrishnamurthy, Th. Pruschke, P. van Dongen, and F. C.
of Ce compounds including CeBe has suggested a Zhang. M.J. and A.N. T.-Z. acknowledge the support of
temperature dependence for the Kondo peak which i8ISF Grants No. DMR-9704021 and No. DMR-9357199.
much weaker than what one expects from single impurityd. K. F. acknowledges the support of an ONR-YIP Grant
model calculations [3], this is consistent with Fig. 1. No. N000149610828. A.N. T.-Z. and J.K. F. received

Photoemission spectra obtained by choosing varipartial support from the Petroleum Research Fund, ad-
ous incident angles on CeBe crystals have shown ministered by the American Chemical Society (No. ACS-
a dispersive structure near the Fermi surface whichPRF 29623-GB6). Computer support was provided by the
is persistent up to temperatures of the order16fx ~ Ohio Supercomputer Center.

[16]. As we showed in Fig. 1 the PAM predicts a

Kondo peak at these higher temperatures whereas the
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