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The Kondo properties of the impurity Anderson model provide a theoretical framework for relating
thermodynamic and angle integrated electron spectroscopy data in many heavy fermion materials.
We describe the success and the challenges of this approach, summarize a detailed analysis of
CeSp, and give a perspective on the relation to the lattice Anderson modeR0@ American
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The Kondo behavior of the impurity and lattice versionsand if A(e)=mwpV? is constant, thetk Ty = Er exp(—1/J),

of the Anderson model underlies much of the thinking aboutynere the Fermi energy Bq and the Kondo coupling con-
heavy fermionf-electron materials. It provides a model sce- gtant isJ=NA/me;. At T=0, the magnetic susceptibility
nario for spin fluctuations as an emergent low energy scalger impurity is given byy(0)=(n;)C/T«, wheren; is the
property, controlled by high energy scale charge fluctuations;, state occupation an@ is the Curie constant for the ionic
and generating the large heavy fermion mass. The charggound state. With increasin as the magnetic moment is
fluctuations are the model ingredients. The impurity mOdeL‘unquenched” and its entropy evolves, there isTdinear
describes am; fold degenerate locdtorbital with binding  contributionyT to the specific heat, witly= 72kgn/3Tx per
energys andf-f Coulomb repulsiorJ; hybridized by ma-  impurity. If T, is small,y can be very large, and so this is an
trix elementV(e) to conduction band electrons with density jmportant model for the larges values of heavy Fermion

of statesp(e). Uy acts to energetically separate valencematerials, which can be viewed as showing an enhanced con-
statesf" andV(e) enables valence fluctuations through elec-qction band masst.

tron transfer with the conduction band. The lattice model | the spectrum to add and remove fglectrons below

envisions a periodic array of such “impurities.” and above the Fermi energy, there afé-44f° ionization
+'I'he 3|£npur|ty.model applied to théelectrop(hole) of and 41— 4§’ affinity peaks, roughly at-|s;| and —|s|
Ce’ (Yb) prpwdes a _useful example of its emergent+uff, respectively. Associated with the Kondo effect, there
Kondo properties. The mixedf/conduction electron ground is the many-body Konddor Suhl-Abrikosoy resonance
sta@e Is a singlt-a.t, and as temperatﬂirelecrgasgs, the mag- (KR) nearEZ. Thg Kondo behavior of th&l;=2 impurity
netic susceptibilityy(T) changes from Curie-like to Pauli- model was invoked in 1981 to estimalg values usinde]

I(;I;e; acr(())rl:;get:]sfeo/ﬁ?nr?]&ézmvgii?;@ahg?; \:ﬁ;yl:i:%eigo’ andA values inferred from the 4 — 4f° peak in various Ce
f materials>® and in 1982 to provide a basis for the Kondo

volume collaps€KVC) modef of the Cea-y phase transi-
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steady improvements in theory for=0 (Refs. 1 and 14-17 core hole attraction increases the magnitudes pfby an
and T>0 (Ref. 18, experiment?1319-21 and spectrum amountU;4, thereby perturbing thef4shell. The 4 PES
analysis’®>?® Apart from the discussion of the higheSf  spectrum is most sensitive 9 and«V(e). The 4 BIS spec-
materialé*?® and continuing objections by a single trum givesU;; additionally and is not very sensitive to the
group®28for small T materials, the interpretation is widely detailede dependence o¥/(c). The need for one more pa-
accepted and used for Ce materials. For Yb materials, themameterU;4 to describe the @ XPS spectrum is more than
are various experimental disagreements anccompensated by the fact the spectrum is very sensitigg to
inconsistencied—*that strongly imply®~3'sensitive surface «, and U and not very sensitive to the detaileddepen-
properties affecting photoemission data. dence ofV(e). Thus, by seeking the best description of all
The impurity model inter-relates spectroscopy and transthree spectra simultaneously, the model parameter values are
port properties. Model parameters for a material are deterconsiderably overdetermined. In comparing a model and ex-
mined by analyzing photoelectron spectra, as described b@erimental spectdrum, it is necessary to add by hand to a
low. The model susceptibility(0) can then be computed model spectrum the known experimental resolution and also
and compared to experimental values, or a model value o lifetime broadening due to mechanisms not included in the
Tk can be inferred frony(0) and compared to values ©  Anderson model. Although the lifetime broadenings are ad-
determined from other measurements, e.g., the specific hepistable, the values are found to be reasonable relative to
yvalue. As described above, the basic model parameters av¢hat is known from general experience in photoelectron
e, V(e) andUy; . Itis often important to use a realisti€s)  spectroscopy on other kinds of materials.
calculated from the local density approximatidcDA) of One further refinement in the spectrum analysis proce-
density functional theory, in which case, the overall magni-dure is to account for differing contributions to the spectra
tude of V(e) is adjusted by a factok, i.e., kKV(e). Reasons from the outermost surface and from the bulk. The angle or
why «#1 have been discussed in Refs. 22 and 23. An imkinetic energy dependences of the photoemission probe
portant refinement of the basic model is to include spin-orbidepth have been exploited to prove experimentaflythat
and crystal field splittings of the ionic ground stalg. is  these contributions are different, and to separate them in
extremely sensitive to the ground state degeneracy and ianalysis’> For example, 8—4f RESPES is much more
both photoemission spectroscofyES and Bremstrallung bulk sensitive than d—4f RESPES because the photoelec-
isochromat spectroscogiglS) spectra the KR displays side- tron kinetic energy is much larger. Similarly, théd 2PS and
bands away fronEg at the energies of # spin-orbit and  4f BIS spectra are much less surface sensitive than isfthe 4
crystal field splittings. The PES sidebands give observabl®ES spectrum determined by using-44f RESPES. Ow-
weight nearEg even for extremely smallx materials for ing to the reduced number of near neighbor atoms at the
which the peak just aEx may be too small to be resolved. surface, the surface layer has a largeand a smalleW (or
This fact, discussed in detail already in Ref. 11, wask). Thus, the surfac& value is always very small and so
rediscoveretf in the early 90s and incorrectly cited as evi- for large Ty materials the surface contribution acts to de-
dence against the impurity model. The spin-orbit splittingcrease the neatr 4f PES weight of a d—4f RESPES
(=0.28 eV for C&") is known from atomic spectroscopy, spectrum, relative to what is expected from parameters ob-
and the crystal field splittings are often known from neutrontained by analyzing thed3XPS and 4 BIS spectra. Even for
scattering spectra, so these are not generally regarded as amall Ty materials, there can be a considerable difference
justable parameters. Thus; «, andU¢ are the key quan- between the surface and bulk contributions in the ionization
tities obtained from photoelectron spectra. Note that manyart of the 4 PES spectrum.
combinations of values of; , «, andUy can lead to the The various points and procedures just summarized have
sameTy . been described fully in the presentation of a detailed
The spectroscopy analysis seeks a simultaneous descripnalysié® of the spectra of- and y-Ce. The spectroscopic
tion of three spectra within the same model. Two of theparameters obtained yieltk values and a KVC modet-y
spectra are thef4onization spectrum from angle integrated phase boundary. in close agreement with the experiment.
PES and the fdaffinity spectrum from BIS. Thef&ontribu- The T dependence of the KVC model arises because the
tions to the total PES and BIS spectra must be separated lgodel parameters, especialfs) for Ce, are volume depen-
exploiting some # cross-section photon energyhv) dent, so that the system can adjuigtthrough aT-dependent
dependencé For example, usingf4PES cross-section reso- volume to optimize the Kondo energy and entropy to best
nances that occur at the Cel4-4f and 31— 4f x-ray ab- minimize its total free energy. The two phases are then dis-
sorption edges is called resonant PRESPE$>3 The third  tinguished by largeT,,~900 K) and small(T,~100 K)
spectrum analyzed is thedZore level spectrum from x-ray Ty values. Near the critical point in the Ce phase diagram,
photoemission spectroscopgXPS) [or x-ray absorption which can be accessed experimentally in the alloyThy 3,
spectroscopyXAS)]. Each spectrum displays multiple peaks a continuous and relatively rapid spectrl dependence
whose relative positions and relative integrated weights andesults®®
also shapes depend on the model parameters. For theftwo 4 There is also an intrinsic and much slower Th{ )
spectra, the rough dependences were described above dependence of the spectra, even for fixed parameters, as cal-
ready. The underlying reason why the 8pectrum also has culated using the “noncrossing approximatiofNCA).18
multiple peaks correspondin@pproximately to final states TheT dependence of the PES weight can be observed only if
with varying numbers of-electronsf°, 1, or f2, is that the the features of the KR are fully resolved, because the inte-
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Light Source and a 15 K spectrdfwith 20 meV resolution,
both Gaussian broadened to a resolution of 95 meV to match
a 15 K nearEg 4d RESPES spectrum from Ref. 26. The
feature near 0.28 eV is the spin-orbit KR sideband. Also
shown with the same Gaussian broadening are the model
surface and bulk spectra, for which the model parameters are
les|=1.9 eV,U;;=6.1 eV, k=0.638 for the bulk, ande;|
=2.6 eV,U=6.1 eV, k=0.425 for the surface, with a full
width at half maximum(FWHM) Lorentzian broadening of
0.3¢| eV. All curves, theoretical and experimental, agree
well, showing the theoretically expectddindependence of
1 the low-resolution PES spectrum. Figurd)lshows that the
same theory, Gaussian broadened by only 20 meV, describes
very well the 15 K spectrum with 20 meV resolution. The
little wiggles in the theory curve reveal an underlying granu-
larity of certain numerical procedures used to make the
present calculation valid for our realistic LDA-determined
A(e) and any value obJ;;. The inset compares the 20 meV
1 spectrum to a correctélispectruri! taken with yet higher
resolution of 5 meV, comparable Wy itself. When Gauss-
ian broadened to 20 meV, the latter agrees very well with the
former.

To compare the model and experimental values of it
FIG. 1. (@) Comparison of #spectra and model descriptidfines) with is essential to include in the model the crystal field s.plittings
surface(S) and bulk(B) components, at medium resolutié® meV). our ~ Of 25 and 48 meV, known from neutron scatterﬁ‘lg:‘»mce
previously unpublished 70 meV resolution spectr@ots, and 20 meV  finding Ty is much simpler than calculating thé gpectrum,

resolution datadashey of Ref. 36 were broadened for comparison to 95 4.: ; ; ;
meV resolution datdtriangles of Ref. 26.(b) Same aga) but for higher this can be done while keeplng the full realism that was

resolution(20 me\) data, see Ref. 36. Inset shows 20 and 5 rtslid line) essential for Qiscugsing .th_e entirespectrum. For th? model
resolution data from Ref. 40. with only spin-orbit splitting, Tx=148 K, but adding the

crystal field splittings give3 =37 K in excellent agreement
with the experimental estimate of 35—-40 K. The only effect

grated weight fronEg down through the region of the side- of including the crystal field splittings in calculating thé 4
band features is only weakly dependent:*® Because of the ~ spectrum would be to shift some weight from the peak just at
essential asymmetry af;<N;, the T dependence of the Eg to the region of the crystal field energitswhich would
integrated KR BIS weight is much different and reflects thetend to reduce further the already small difference from ex-
variation of the thermal average-In;(T)). Since(n{(T))  periment in Fig. ). An NCA calculation with infiniteU ¢
moves fromn;(0) toward 1 for T>Ty, the percentage and unrealistic Gaussiak(e), for which the numerical pro-
change in the BIS spectrum can be large. These stronglgedures are simpler and permit both the inclusion of crystal
differing PES and BIS T dependences have been field splittings andT>0 for the 4 spectrum, give® a fair
observed?20:21:36 description of the nedf: 5 meV data, including it§ de-

CeSj has aT value between 35 and 40 K, apparently pendence, albeit using a slightly differget| than found in
temperature independent. It has served as a focal point dhe detailed analysis leading to Fig. 1.
debate with claimé® reassertet after challenges® that That lattice effects must occur has been appreciated from
neither the angle integratédspectrum nor itsI dependence the time of the beginning of the impurity model effort, both
can be described by the impurity model. The observations offom theoretical consideratioffsand from experiments such
the impurity modelT dependences of the PES and BIS spec-as the de Haas van Alphen eff&t* showingf-electron con-
tra have been reported in detail elsewh@ré:*By paying tributions to the Fermi surface. Therefore one has expétted
full attention to all the points described above and by anathe f-spectral function to b& dependent. Although there is
lyzing both —4f and 4d—4f RESPES measurements of no rigorous proof, it is theoretically plausible that the
the 4 PES spectrum, one also can obtain an impurity modef-spectral function summed ovéris closely approximated
description of all the spectra as good as was obtained prevby the impurityf-spectral function. The success of the impu-
ously for a- and y-Ce? There is no space in this article to rity model for describing angle integrated PES spectra is
give a detailed description of this analysis and all its resultstrong empirical evidence that this is so. Indeed, it is often
and so we show here only the final result for the rieaikKR overlooked that by taking\(¢) from the LDA, the impurity
and KR sideband part of the spectrum. A full description will calculation then includekelectrons on all sites, with many-
be published elsewhere. body effects being treated explicitly on one site while the

Figure Xa) shows our previously unpublished 100 K4 other sites are treated in the LDAPerhaps the major ques-
RESPES spectrum obtained with70 meV resolution at the tion is whether lattice many-body effects dramatically alter
now-defunct Dragon Beamline at the National Synchrotrorthe physics, as for example in Noms’ exhaustion pictufé
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