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Photoelectron spectroscopy of strongly correlated Yb compounds
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The electronic properties of the Yb compounds YBCu2Si2, YBAgCu4, and YbAl3 along with purely diva-
lent Yb metal, have been investigated by means of high-resolution ultraviolet and x-ray photoelectron spec-
troscopy. We present the intrinsic characteristic features of the 4f levels of Yb while accounting for lattice
vibrations and the manifestation of corelike energy levels degenerate with the valence states and modified by
the temperature-dependent Fermi function. For these strongly correlated Yb-based compounds, the hole occu-
pancy values (nf;0.6) directly obtained from integration of the divalent and trivalent portions of the 4f
photoemission features indicate that these compounds are strongly mixed valent. The small intensity modula-
tion with temperature in the divalent Yb 4f levels ~0–10 % over aT5202300 K range! is discussed within
the conventional framework of the photoemission process and nominal allowances for lattice variations with
temperature. Results from photoemission experiments on the divalent 4f levels of strongly correlated Yb
compounds are remarkably similar to the 4f levels of purely divalent Yb metal.@S0163-1829~96!03748-4#
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I. INTRODUCTION

The electronic properties of strongly correlated mater
span the region between localized~corelike! and itinerant
~bandlike! electronic states. A great many of the measu
strongly correlated materials contain lanthanide elements
indeed, it is the 4f energy level of the lanthanides that dom
nates the electronic structure of these materials. Photoe
tron spectroscopy~PES! has long played a central role in th
measurement of the electronic properties of eleme
lanthanides,1 as well as strongly correlated compounds a
alloys,2,3 and often made a significant contribution to t
acceptance or rejection of electronic-structure theories
model calculations.4–6 In this paper we report the dominan
effects of the photoemission process as they pertain to e
tronic properties of lanthanide materials~Yb, LaCu2Si2, and
LuAl 3) as well as correlated electron materials (YbA3,
YbCu2Si2, and YbAgCu4). In particular, we investigate th
roles of phonon broadening and the Fermi function on
4 f energy levels of Yb and Yb compounds, where thef
levels are in close proximity to the Fermi level (EF).

The prominent role of PES in lanthanides and correla
electron materials studies arises from the interdepende
between the PES measured energy distribution cu
~EDC’s! and the determination of the density of states~DOS!
of the material.7–9 For free-electron-like metals8 and
semiconductors7 the EDC’s have been successfully linke
with the DOS of the material. Unfortunately, many of th
simple assumptions or approximations one often invoke
order to relate the DOS of a material to the experimen
EDC’s are often inadequate for 4f levels and correlated elec
tron materials in general. The first casualty of correla
electron systems is the one-electron approximation, wh
540163-1829/96/54~24!/17515~21!/$10.00
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allows one to associate the EDC with the ground-st
N-electron configuration of the solid. The one-electron a
proximation, along with assumptions regarding cro
sectional variations for different orbital angular momentu
components and final-state matrix element effects, occas
ally is invoked in a simplified treatment to reclaim the DO
from the experimental EDC. Of course a rigorous treatm
of the photoemission process even for simple~free-electron-
like! metals requires a many-body treatment and additio
complications in relating EDC spectral features to t
ground-state DOS~the orthogonality catastrophe10 cautions
against a simplistic comparison between the excited
ground states!. Without the one-electron approximation ma
ters quickly become untenable and thus several rese
groups have resorted to actual (N21)-electron excited-state
calculations for correlated electron systems and treat
electron correlations as the controlling factor in determin
the electronic properties.4–6 Other research groups have a
counted for electron-electron interactions by modifications
more conventional calculations to arrive at the electro
structure.11,12 The battles over which theory or model mo
correctly represents the electronic properties of lanthanid
actinides, and strongly correlated electron materials h
been waged in other arenas.13–20 This paper is concerned
with the measurement of the 4f energy levels of Yb by
means of photoelectron spectroscopy and the subseq
analysis of PES data in terms of well-understood photoem
sion principles.

We have studied the temperature evolution and line-sh
characteristics of the Yb 4f levels in detail. In addition, we
present surface studies of single-crystal Yb compounds
show multiple surface terminations or reconstructions in
effort to quantitatively separate the surface and bulk cha
17 515 © 1996 The American Physical Society
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17 516 54J. J. JOYCEet al.
teristics of the divalent Yb 4f emission. Also, measuremen
for isoelectronic counterparts to the Yb compoun
(LaCu2Si2 for YbCu2Si2 and LuAl3 for YbAl 3) are in-
cluded to determine the portion of the primary PES sig
that arises from non-4f level electron emission. In additio
to the high-resolution ultraviolet photoelectron spectrosco
~UPS! measurements made at photon energies betwee
and 120 eV, x-ray photoelectron spectroscopy~XPS! mea-
surements at the AlKa edge~1486.6 eV! for Yb compounds
are also presented, which probe much deeper into the bu
the crystal~probe depth up to 90 Å!. XPS also provides an
order of magnitude variation in photoelectron kinetic ene
for consideration of time-dependent screening or relaxa
mechanisms affecting the 4f PES spectrum. Furthermore
XPS provides verification of orbital angular characterist
and confirmation of divalent to trivalent 4f intensities (nf)
measured with UPS by providing different photoelectr
cross sections for the valence and 4f states. The similarity
between the 4f energy levels of purely divalent Yb meta
and the divalent 4f levels of Yb-based strongly correlate
~enhanced mass! compoundsas measured by PES, show no
indication of a spin fluctuation model@based on the single
impurity Anderson model4–6 or ~SIAM!# for interpretation of
the electronic properties. At this time the PES results, in fa
are well described by conventional PES analy
methodologies.13–15

Moreover, it is now clear that the PES results of Ce-ba
correlated electron systems can also be explained in term
conventional phonon broadening and temperature de
dence of the Fermi function.19,20 For Ce-based correlate
systems, however, the 4f levels show periodicity with the
lattice and appear to be very narrow bands within 50 meV
the Fermi level. In contrast to the 4f levels in Ce correlated
electron systems, no periodicity with the lattice has yet b
observed for Yb-based 4f energy levels. The similarities in
the treatment of the 4f states between strongly correlated C
and Yb-based materials, implied by particle~hole! @4 f 1

(4 f 13) in Ce ~Yb!# symmetry,6 are not observed in the PE
measurements.15 The principle similarity observed in PE
between the 4f states of Ce and Yb-based correlated elect
materials is a predictable temperature dependence of thf
levels in the immediate vicinity of the Fermi level as phon
broadening and the Fermi function come into play with
creasing temperature. The explanation of differences
tween the PES measured 4f energy levels and the electron
properties inferred from thermodynamic measurements
these materials awaits a suitable theory beyond the SI
with its serious shortcomings.13–16,19,20,31

II. EXPERIMENT

Photoemission experiments were carried out at the
Alamos U3C and AT&T Bell Laboratory U4B beam lines
the National Synchrotron Light Source, the Ames–Monta
State ERG-Seya beam line at the Synchrotron Radia
Center and the University of Minnesota~Surface Science In
struments XPS capability with high-energy resolution a
small spot size!. The samples were primarily flux-grow
single crystals~YbCu2Si2, YbAl 3, LuAl 3, and LaCu2Si2),
with UHV in situ evaporated Yb films for the Yb meta
and a slow-cooled stoichiometric melt in sealed Ta
s
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YbAgCu4 ~coarse-grained polycrystalline!. The samples
were cleaved or evaporated in ultrahigh vacuum with
chamber base pressure of~3–7!310211 Torr. Temperature
was controlled by placing the sample in direct contact wit
cryostat cooled by either liquid helium, liquid nitrogen,
using a closed cycle He refrigerator. The UPS resolution w
determined to be 60 meV athn560 eV and 45–95 meV a
hn5102 and 120 eV for high-resolution studies~100 and
140 meV for moderate resolution studies!. The XPS resolu-
tion was 450 meV athn51486.6 eV. The photoelectro
spectra of the Yb 4f levels were enhanced by means of d
ference curves with isoelectronic lanthanides~LuAl 3 and
LaCu2Si2) and by 4f photoelectron cross-section enhanc
ment at selected energies~102 and 120 eV!. The strongly
correlated materials and associated characteristic temp
tures (TK or Kondo temperature within the SIAM! consid-
ered in this work were YbCu2Si2 (TK'40 K!, YbAgCu4
(TK'100 K!, and YbAl3 (TK'400 K!.

III. RESULTS AND DISCUSSION

In the figures that follow we show PES spectra of t
4 f energy levels for several lanthanide materials. In orde
compare spectra with different control parameters, in parti
lar temperature, it is necessary to normalize the inten
between these spectra. Several methods of normalization
possible, each with its own merits and shortcomings.
have used shallow core-level spectra from the compou
taken with higher-order~second- and third-order! photon en-
ergies from the synchrotron and chosen optimal photon
ergies to place the normalizing spectral feature direc
above ~Si 2p in YbCu2Si2 and LaCu2Si2) or below ~Al
2p in YbAl and LuAl 3) the valence band and 4f levels of
the compounds.

For materials without ligand core levels accessible
higher-order photon energies, we use mesh current~photon
flux! normalization or normalization on a prominent no
4 f feature in the valence band. Combinations of these m
ods for single-crystal YbCu2Si2 show that, in this instance
the three methods—Si 2p ~ligand core level!, Cu 3d ~non-
4 f valence feature!, and mesh current normalization—yiel
similar intensities for the Yb 4f spectral features to within
5% or 10%. Mesh current normalization is, in principle,
temperature-independent means of comparing two diffe
PES spectra. Comparisons between mesh current norma
tion and ligand core-level integrated area normalization sh
a spectral intensity loss of;0210 % of the integrated are
when the temperature is increased from 20 to 300 K. T
small intensity loss for the bulk EDC features might be
tributable to a Debye-Waller-type effect on the photoelect
emission. In some cases the normalization on the ligand c
level might show a smaller temperature dependence t
mesh current normalization for the integrated spectra int
sity variation in the Yb 4f level. This is possible if there is a
reduction in the mean free path as the temperature increa
We are concerned primarily with the Yb 4f level integrated
intensity and possible changes in this intensity above
beyond conventional, non-4f behavior. Therefore, the ligan
core-level normalization method provides all the necess
information and does so in a more robust manner than
normalization. The differences in the two normalizatio
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methods can be reconciled with high-quality data includ
both core levels and mesh current readings. For the majo
of the paper we will use core-level normalization. The d
ferences between core-level and photon flux normaliza
with the associated implications to mean-free-path ar
ments is discussed in Sec. III E of the paper as interpreta
of the flux normalized areas is preliminary at this point.

A. Yb metal and simple 4f levels

We begin our discussion with an analysis of the corel
4 f states in Yb metal. Ytterbium metal is a purely divale
material with all of the 4f electrons residing in the 4f 14

closed-shell initial-state configuration and with a final-st
binding energy of approximately 1.2 eV below the Fer
level as measured by PES. Although the 4f levels are degen
erate in energy with the valence electrons, the radial ex
of the close-shell 4f wave function is small, the overlap wit
the valence states is likewise small, and the hybridizatio
limited ~see Appendix A!. Thus the Yb 4f levels are often
treated as corelike21 and the overlap with the valence ele
trons is minimal, allowing the interaction between these l
els to be treated perturbatively. In Fig. 1 we sho
temperature-dependent PES results for thin-film Yb me
evaporated on a Ta substrate. The data were taken at
different temperatures, 25 and 250 K, with all other expe
mental parameters held fixed. This data set will illustr
several of the common characteristics of photoemission
cluding temperature-dependent binding-energy shifts, p
non broadening with increasing temperature, and integra
area conservation with peak height reduction.

The middle and lower frames of Fig. 1 show the expe
mental data~shaded circles! along with the nonlinear least
squares fitting to the data.22 For the line-shape analysis, th
solid black line is the total fit, the dotted line is the bu
4 f component, and the dot-dashed line is the surface c
ponent of the fit. In addition to the bulk and surface comp
nent, we use a non-4f component consisting of valence ele
tron states coincident in energy with the 4f levels and an
integral secondary background proportional to the prim
electrons of higher kinetic energy ~Shirley-type
background!.23 We use a Doniach-Sunjic~DS! line shape for
the natural linewidth (GDS) as an asymmetric variation o
the Lorentzian line shape to account for the low-ene
electron-hole pairs at the Fermi level.24 The DS line shape is
then convoluted with a Gaussian to account for both ins
mental broadening (DEex) as well as phonon broadenin
(DEph) with temperature.25,26

In Fig. 1, the experimental resolution was;115 meV and
the natural linewidth obtained from the nonlinear lea
squares minimization is 100 meV for the bulk 4f 7/2, 102
meV for the bulk 4f 5/2, and 125 meV for the surface 4f
components with a DS asymmetry parameter (a) of 0.067
for the bulk and 0.119 for the surface components.27 The
parameters were obtained by fitting theT525 K data. It
should be noted that the experimental resolution was
lieved to be 113 meV and the minimization routine arrived
a value of 117 meV, which leaves;30 meV ‘‘extra’’ Gauss-
ian width by quadrature and might be attributable to ze
point electronic phonon broadening in a Frank-Cond
model.26 Extracting small differences through a root-mea
g
ity
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square~rms! process is risky at best, so we simply state th
the zero-point phonon broadening in this case is small
negligible~0–30 meV! for Yb metal. We also calculated the
recoil phonon contribution26 using the Debye temperature
uD5118 K for elemental Yb to arrive at a value of 11 meV
for the recoil phonon contribution, again a negligible valu
given the natural linewidth for this material.

FIG. 1. Photoemission spectra in the UPS regime showing t
temperature dependence of the Yb 4f levels in purely divalent Yb
metal. The top frame shows the comparison of the fitted line shap
from theT525 and 250 K data, while the middle and lower frame
show the detailed line-shape analysis for the two temperatures. T
shaded circles are the raw data, the thick solid line is the total fit
the data, and the bulk and surface components are represente
the dashed and dot-dashed lines, respectively. Note in the top fra
how the peak intensity decreases by;20% as the temperature is
increased; however, the integrated area remains constant as
higher temperature data are broader due to phonon effects.
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17 518 54J. J. JOYCEet al.
We next fit theT5250 K data in the lower frame of Fig
1. It is clear that for both data sets the statistical fluctuati
are small and the fits to the data are uniformly good. W
therefore proceed to analyze the data by examining the fi
peaks for the two temperatures. The following two diffe
ences were observed in the 250-K fit with respect to the 2
fit: first, the Gaussian broadening increased from 117 to
meV in the bulk components, resulting in a rms difference
;130 meV attributable to phonon broadening; second,
energy of all four peaks shifted 25 meV to lower kine
energy as the temperature increased. In the top frame of
1 we show the total fitted line shapes for both temperatu
and note that both the shift in energy and the broadenin
the spectral lines are plainly visible in the fitted data. Mo
over, the integrated areas of the 4f levels were set equal fo
the two temperatures in Fig. 1 so that any amplitude red
tion going fromT525 to 250 K must then be offset by a
increased linewidth due to phonon broadening.

The binding energy shift in the Yb 4f data may be treated
as arising from three contributions.28 The first term arises
from the change in the Fermi level with thermal expansi
the second term is due to a decrease in conduction elec
density resulting in a reduction of the electrostatic poten
in the atom, and the third term is a final-state contribut
due to the temperature-dependent change in the relaxa
energy. The phonon broadening of the measured PES
shape likewise arises from three terms.25,26 The first term is
the recoil broadening from the ejected photoelectron, wh
for large-Z ions and the low UPS kinetic energies becom
less significant (;11 meV for Yb metal!; the second term is
the zero-point phonon broadening due to differences in
nuclear coordinates of the ground-state atom and the ph
excited ion atT50 K ~0–30 meV from our analysis!; and
the third term is the temperature-dependent term due
electron-phonon coupling between the ground and exc
states of an atom at a given temperature (;130 meV be-
tween 25 and 250 K! within the sudden approximation.26 The
third term, using the Debye model for solids, is proportion
to uD for the material, the rms deviation of the atoms fro
the equilibrium position, and the square root of the tempe
ture. It is the third term that dominates the EDC’s for the
large-Z compounds at low kinetic energies.

We next examine high-resolutionDEex;50 meV UPS
andDEex;450 meV XPS results for single-crystal YbAl3
samples. The top frame of Fig. 2 shows the divalent Ybf
emission for YbAl3 taken athn5110 and 50 meV resolu
tion. The lower frame shows the bulk 4f 7/2 and Fermi func-
tion region for this same fit in greater detail. The quality
the fit to the experimental data is once again seen to
uniformly good. The fitting methodology is as outline
above for Yb metal with the addition of the Fermi functio
entering into the fitting procedure as the Yb 4f levels are
now very near the Fermi level. The addition of the Fer
function complicates the convolution process. In the abse
of the Fermi function the experimental resolution and
phonon broadening terms are both well represented by G
sians and one could add by quadrature these effects and
convolute a single Gaussian with the DS function to simul
the measured PES line shape. With the Fermi function
the noncommutativity of the convolution process, we m
first convolute the natural linewidth~DS line shape! with a
s
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Gaussian for the phonon broadening, then multiply by
appropriate Fermi function, and finally convolute with a
other Gaussian representing the experimental resolution

The fitting in the top frame for the UPS data shows t
peak of the bulk 4f 7/2 level to be 21 meV below the Ferm
level with a natural linewidth of 73 meV and asymmet
a50.218. The bulk 4f 5/2 level has a natural linewidth
GDS589 meV and the surface core-level shifts~SCS’s! are
;790 meV below their bulk counterparts. The larger natu
linewidth for the f 5/2 level compared to thef 7/2 level is con-
sistent with the addition of an extra decay channel for
f 5/2 level in traditional core-level spectra. This added dec
channel is the Coster-Kronig process using thef 7/2 level,
which is, of course, not available to anf 7/2 photohole. The
additional channel reduces the photohole lifetime and con

FIG. 2. Photoelectron spectra and line-shape analysis
YbAl3. ~a! YbAl 3 UPS data with 50 meV energy resolution
T520 K. As in the Yb film case, the 4f 7/2 and 4f 5/2 components are
well resolved as are the surface vs bulk components.~b! YbAl 3
XPS data with 450 meV energy resolution. The bulk 4f features are
enhanced with the greater MFP of the XPS photoelectrons.~c! De-
tails of the UPS fitting shown in~a! about the region of the Ferm
level and the bulk 4f 7/2 component.
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quently increases the linewidth. The applicability of th
mechanism for 4f photohole decay in Yb compounds so ne
the Fermi level has not been quantitatively established.
binding energy of 21 meV below the Fermi level forT;20
K is ;40 meV less than values we had quoted previously
T;80 K.15,29 While the binding-energy shifts between 2
and 80 K, it is not clear how much of the difference is a
tributable to temperature and how much is attributable
uncertainty in the fitting procedure, with the nonorthogon
ity of the DS, Gaussian, and Fermi function line shapes,
binding energy presents a serious challenge for exact d
mination. We use the current value of 21 meV through
this paper since the data of Fig. 2 are the highest resolu
data we have available for fitting YbAl3 and the statistics are
excellent.

The surface component now comprises a larger portio
the total 4f divalent signal than in the case of Yb metal,
the bulk 4f signal in YbAl3 is split between divalen
(4 f 14) and trivalent (4f 13) configurations, whereas the Y
4 f atoms at the surface are all in the divalent configurati
In the middle frame of Fig. 2 we show XPS results f
YbAl3 and the associated line-shape analysis. We use
same fitting parameters as determined above for the U
results, but now theDEex is 450 meV and the SCS is slightl
larger for a different surface configuration as explained la
in Fig. 6~c!. Also, the surface component has diminished
intensity reflecting the larger mean free path~MFP! of the
photoelectrons at;1500 eV as opposed to the;100-eV
photoelectrons in the UPS regime. In fact, the surface c
tribution would have been even smaller if the sample w
oriented normal to the electron analyzer but geometric c
siderations for sample surface preparation dictated
u540° takeoff angle between sample surface and analy
The MFP geometric term goes as the cosine ofu. The take-
off angle used for YbCu2Si2 results in the second half of thi
paper was near normal and the surface contribution is
portionately smaller for those measurements.

The use of the same fitting parameters in the XPS
UPS regimes indicates that the UPS measurements ar
deed coupling to the bulk states of the solid effectively a
are measuring the bulk properties of the material in the U
as well as the XPS modes. Also, the same linewidth
asymmetry parameters being valid in the UPS as well as
XPS regimes where the photoelectron kinetic energy va
by a factor of 15 and the time frame for photoelectron int
action with the photohole in the solid varies by nearly
factor of 4 gives an indication that the sudden approximat
is most probably valid in both cases. This is a useful assu
tion for direct application of the Frank-Condon principle u
ing vertical nuclear coordinate excitation in the temperatu
dependent electronic phonon broadening of solids.

One note of caution is required with the introduction
the Fermi function. Whereas the Lorentzian~or DS! vs
Gaussian character of a PES line shape could be determ
rather accurately with data of sufficiently good statistics,26,30

the introduction of the Fermi function further increases
nonorthogonality of the basis functions for the minimizati
process and can lead to nonuniqueness in the solution s
strict adherence to reasonable limits in the parametric s
ing values and acceptance only of output parameters
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realistically could represent the physics of the photoemiss
for the material measured should limit the solution sets
reasonable values.

B. Effects of temperature

In order to quantify the effects of the Fermi function an
phonon broadening for the 4f levels degenerate with th
Fermi level, we have constructed a simulation
temperature-dependent characteristics for 4f photoemission
with parameters based on the values found in Fig. 2
YbAl3 and Fig. 1 for Yb metal. The simulation is as follow
We take the binding energy~21 meV!, linewidth
(GDS7/2573 meV, GDS5/2589 meV!, asymmetry
(a50.218), and spin-orbit splitting~1.29 eV! from the
YbAl 3 fitting at T520 K in Fig. 2, combine this with the
Yb 4f temperature dependence (;130 meV from phonon
broadening between 20 and 300 K! of Fig. 1, and finally
include the appropriate Fermi function for a given tempe
ture T. In the top frame of Fig. 3 we show the simulate
effects on the 4f energy levels at 20, 80, and 300 K with a
experimental resolution of 45 meV. In the middle frame w
show the details of the top frame for the region around
4 f 7/2 and the Fermi level.

Several points of interest should be noted. First, the in
grated intensities of the three different temperatures w
normalized on the 4f 5/2 component by setting the areas equ
in the region between22 and21 eV. The line-shape de
velopment with temperature of the 4f 5/2 level is very similar
to the temperature results reported in Fig. 1 for Yb me
with the amplitude of the peak decreasing with temperatu
but the peak simultaneously broadening out to maintai
constant area. Next, the same amplitude reduction and
shape broadening occurs in the 4f 7/2 peak near the Ferm
level, but now the Fermi function begins to truncate mo
and more of the spectral intensity as the influence of
Fermi function extends further beyond the zero-energy
erence with increasing temperature. Moreover, the effect
the Fermi function on truncating spectral intensity are furth
enhanced by the increased phonon broadening of the 4f 7/2
line shape centered just belowEF , which tends to push even
more spectral weight toward the Fermi level with increas
temperature. The end result as demonstrated in the mi
frame is a sizable loss in peak amplitude, an apparent shi
the peak position away from the Fermi level with increasi
temperature, and an actual loss in 4f 7/2 spectral intensity
with temperature. The lower frame in Fig. 3 demonstra
that this effect is still readily observable at the more comm
experimental resolution of 100 meV.

Conservation of charge discourages an actual loss in t
intensity with temperature so one might expect compensa
effects in the Yb compound data that will allow for conse
vation of charge with temperature by introducing mech
nisms not included in the simulation. Several mechanis
are possible. First, some of the 4f electrons near the Ferm
level could be converted to non-f conduction electrons with
increasing temperature~spectroscopically observed as div
lent 4f electrons being converted to trivalent 4f electrons! or
the divalent 4f levels at the Fermi level can be shifted
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higher binding energy with increasing temperature, ther
reducing the effects of the Fermi function on the integra
spectral intensity.

In fact, these mechanisms are apparently realized in
PES data below. The energy shift in the PES data away f
the Fermi level with increasing temperature is not unique
4 f photoemission and is in fact a general trend realized
most materials. While the energy shift with temperature m
serve to reduce the amount of spectral weight lost in
4 f simulation, it would generally not be considered a drivi
force for the energy shift. The conversion of divalent

FIG. 3. Simulation of the effects of the Fermi function an
phonon broadening with increased temperature. The natural
width, binding energy, and asymmetry are from the fitting of t
high-resolution YbAl3, data in Fig. 2. The top and bottom frame
show two different experimental resolutions, 45 and 100 meV
130-meV Gaussian phonon broadening~20–300 K! and the appro-
priate Fermi function represent the temperature dependence in
simulation. The phonon broadening is the same as that for the
film in Fig. 1. The center frame is a detail for the 4f 7/2 and Fermi
level region of theDEex545 meV simulation.
y
d
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trivalent 4f electrons with increasing temperature could c
tainly compensate for spectral weight loss in the vicinity
the Fermi level.

C. YbAl 3

Temperature-dependent PES results for the entire vale
band of YbAl3, along with the Al 2p level used for normal-
ization purposes, are presented in Fig. 4. The data were ta
at temperatures of 80 and 300 K. In the top frame we sh
the entire valence band including the divalent and trival
Yb 4f emissions with the Al 2p core level just below the
trivalent Yb emission. The monochromator for this expe
ment was set for an energy of 60 eV, but with higher-ord

e-

the
b

FIG. 4. UPS data for YbAl3, taken at 80 and 300 K, showin
the entire valence band and the Al 2p core level from high-order
synchrotron photons in the top frame with details of the dival
and trivalent portions of the 4f emission in the center and lowe
frames, respectively. The spectra are normalized on the integr
area of the Al 2p core level with an experimental resolution o
;140 meV.
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light we collected PES spectra in the kinetic-energy ran
from 100 to 117 eV. This energy interval yields second-or
photons (60325120 eV! appropriate for the Yb valenc
band~starting athn2f, wheref is the work function, and
ending 12 eV below the Fermi level! as well as third-order
photons (60335180 eV! for the Al 2p level @the binding
energy (En) for the Al 2p is ;72 eV, so that 180
2EB~Al 2p)2f5103.5 eV kinetic energy or 13 eV below
the second-order Fermi level#. This seemingly complex
method of using higher orders of diffracted light from th
synchrotron provided a most convenient method for norm
izing the 4f emission of the temperature-dependent Ybf
levels in YbAl3.

We have normalized the integrated area of the Al 2p core
levels for the data at the two temperatures presented in F
4 and 5. Several points can be made from the data in Fig
First, there is a shift toward greater binding energy in
data as the temperature is increased from 80 to 300 K. T
shift is observed in the Al 2p core level with a binding
energy of 72 eV as well as the Yb 4f levels in the valence
band. The shift is not unique to rare-earth compounds
heavy fermions; it is a general manifestation of t
temperature-dependent processes described in Sec.
The middle frame of Fig. 4 shows the details of the Ybf
divalent region (24 eV toEF), while the lower frame shows
the 4f trivalent region (212 to24 eV!. Second, from the
lower two frames there is an apparent reduction in the d
lent intensity as the temperature increases with a comme
rate increase in the trivalent intensity over the same temp
ture interval. Finally, it should be noted that the temperat
dependence of the divalent region in the middle frame sh
a striking resemblance to the simulation in Fig. 3 of af
core level cut by a Fermi function and broadened with te
perature by phonons.

In Fig. 5 we show the quantitative line-shape analysis
the data presented in Fig. 4. While the data of Fig. 4
YbAl 3 are by no means our highest-resolution temperatu
dependent data for this system, they have several merit
cluding the following:~i! they encompass the entire divale
and trivalent 4f emission for Yb;~ii ! they include the Al
2p levels from higher-order photons for normalization; a
~iii ! they contain sufficient data point density and count
statistics to provide a high confidence level in the quant
tive analysis results. As such, this data set represents
most complete temperature-dependent YbAl3 data available
at this time. We have analyzed the divalent Yb 4f levels
presented in the middle frame of Fig. 4 by the methods o
lined for Yb metal~Fig. 1!, as well as the high-resolutio
YbAl 3 ~Fig. 2! in previous paragraphs. WithDEex;140
meV for the data in Fig. 5, the fits to the data are indica
by the solid black lines with the data as shaded circles. I
observed that the fits are again uniformly good~small x2

value in the nonlinear least-squares minimization! and are
consistent with the previous fits to the Yb 4f levels. In the
top frame of Fig. 5 we show the bulk 4f 7/2 and 4f 5/2 com-
ponents of the fits to the 80- and 300-K data. It is clear t
the Yb 4f levels in YbAl3 exhibit several of the feature
observed in the divalent Yb metal data. First, the 4f levels
are shifted to lower energy by 48 meV as the temperatur
increased from 80 to 300 K. Next, the 4f levels broaden
(;100 meV! with increased temperature due to electro
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phonon interactions just as in Yb metal. Finally, it should
noted that the 4f 5/2 level amplitude is reduced by a smalle
amount with increasing temperature compared to the 4f 7/2
level, just as predicted by the simulation in Fig. 3, with t
effects of the Fermi function and phonon broadening com
into play.

The total spectral weight loss for the bulk fitted divale
4 f levels in Fig. 5 is;7% between 80 and 300 K. The los
in bulk divalent 4f 7/2 spectral intensity could arise from ma
terials considerations and/or spectroscopic considerati
The materials consideration would be the conversion of
f electron to a conduction electron~observed in the EDC as
the conversion from divalent to trivalent intensity in the 4f
level!, whereas the spectroscopic phenomenon could a
from a reduction in the photoelectron mean free path w
increasing temperature~phonon interactions, increased sca

FIG. 5. Line-shape analysis for the divalent portion of t
YbAl3 spectra presented in Fig. 4 atT580 and 300 K. In the lower
two frames, the shaded circles are the raw data, the thick black
is the total fit, and the gray line and the dotted lines represent
bulk and surface components of the fit, respectively. In the
frame the bulk 4f components are compared at the two differe
temperatures, showing a 7% loss in integrated intensity from 8
300 K.
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tering!, thereby allowing a shorter probe depth into t
sample and reducing the PES signal attributable to the b
4 f intensity. The latter effect would probably not be th
entire explanation for a temperature-dependent intensity
duction, but might represent a significant portion of the
fect. Moreover, when compared with the simulation in F
3, the intensity reduction for 80–300 K in Fig. 5 fo
YbAl3, ~7%! is smaller than that in the simulation~12.5%!.
As indicated in the simulation discussion, an energy s
away from the Fermi level would be responsible for a co
pensating effect that lessens the intensity variation as a f
tion of both phonon broadening and the Fermi function w
increasing temperature.

In Fig. 6 we show details of the line-shape analysis for
Yb 4f levels of YbAl3 in the top two frames as well as tw
different surface terminations for the same single-crystal
bic samples in the bottom frame. The data used in the
two frames are divalent 4f emission withDEex;95 meV
from a YbAl3 sample. We study the changes in paramet
obtained when using two variations for the line shape rep
senting symmetric and asymmetric fundamental line sha
for the oscillator strength of the 4f energy level. In the top
frame of Fig. 6 we use a Lorentzian line shape to repres
the fundamental functional dependence for the photoelec
spectrum. The Lorentzian line shape arises from the tim
energy relation in representation theory for a discrete gro
state using a time-dependent perturbation description of
photoemission process. The asymmetric line shape is b
on the Lorentzian and is indeed recovered from the DS
shape as the asymmetry parametera goes to zero. In addi-
tion to the fundamental oscillator description, the DS li
shape accounts for the long-lived, electron-hole pairs v
nearEF , which give rise to the skewed low-kinetic-energ
side of the line shape characteristic of a metal with a la
DOS at EF . The bulk 4f 7/2 and 4f 5/2 levels are shown
shaded in Fig. 6 with the asymmetry of the DS line sha
apparent in the middle frame when compared with the sy
metric Lorentzian line shape in the top frame. Both li
shapes are convoluted with the same 80-K Fermi func
and 95-meV Gaussian function.

Several points can be made from the fitting in the top t
frames of Fig. 6. First, the fit to the experimental data
better for the asymmetric line shape than for the symme
one as determined by thex2 values from the analysis. In
particular, the symmetric line shape does not fit the data
well in the Fermi-level region on the leading edge of the b
4 f 7/2 peak, on the trailing edge of the same peak, and at
apex of the bulk 4f 5/2 peak. Also, in order to achieve
reasonable fit with the symmetric peak, the width of the b
peaks increases substantially from;75 to ;140 meV for
the bulk 4f 7/2 component. It is also observed that the p
centage of the total emission attributed to the bulk com
nents is diminished when going from the DS to the Lore
zian line shape. The interplay between the natural linewi
GDS and the asymmetry parametera is apparent. Although
the functional dependence betweenGDS anda is not linear, it
is direct. For any given data set, a reduction in one of
parameters requires an increase in the other value to c
pensate. While the quality of the fit to the data is not ma
tained by adjusting these parameters, the direct depend
~as in Fig. 6! is clear.
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The symmetry, or lack thereof, in the fundamental lin
shape also directly effects the magnitude of the second
scattered background spectrum since the background fu
tion is calculated simultaneously with the primary peak fe
tures. In general, the background value increases as one
to a more symmetric line shape since the ‘‘tail’’ of the fitte
peak drops off faster asa tends toward zero. For a sma
region of any given valence band~say the Yb 4f divalent
region!, the use of a symmetric line shape would then redu
the overall intensity contribution for that spectral featu
~bulk 4f 7/2,5/2) in favor of background or contributions from

FIG. 6. Divalent portion of the YbAl3 spectrum taken with 95
meV resolution is shown in the top two frames. The shaded circ
are the raw data, the thick black line is the total fit with the shad
region, and the dotted lines represent the bulk and surface com
nents of the fit. The top frame uses a symmetric Lorentzian l
shape for the natural linewidth, which results in a poorer fit to t
data than the asymmetric DS line shape used in the middle fra
In addition to a largex2 value in the minimization routine, the
symmetric fit misses the data at the tail of the Fermi edge, hig
binding-energy side of the bulk 4f 7/2 peak and the peak of the bulk
4 f 5/2 component. The lower frame shows two different surface co
figurations for single-crystal YbAl3 with substantially different sur-
face component contributions to the overall divalent configuratio
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other nearby spectral features. However, when the ba
ground function is applied over the entire valence-band
gion ~divalent and trivalent together as in Fig. 7! and the
same assumptions regarding line-shape asymmetry are m
for the entire range of spectral features, the ratio of dival
to trivalent intensity comes out very nearly equal for the t
different line shapes. The DS line shape appears to be
more suitable line shape for many Yb compound 4f levels
(GDS;75 meV,a;0.2) from the analysis presented in th
paper~for Yb metal as reported in Fig. 1 we findGDS;100
meV, a;0.1). Furthermore, the line shapes and linewid
obtained from the fitting in this paper are consistent w
values obtained for the Lu 4f levels with a binding energy o
;6 eV ~Refs. 16 and 31! in LuAl 3 (GDS;83 meV,
a;0.2) as well as the Ta (GDS;40 meV,a;0.15) ~Ref.
32! and W (GDS;60 meV! ~Ref. 33! 4 f 7/2 levels with bind-
ing energies of;22 and;31 eV, leading to a fairly uniform
picture of low-binding-energy 4f levels, which include the
Yb 4f levels. Bearing in mind the interdependence ofGDS
anda as noted in the description of the top two frames
Fig. 6, the uniformity in the common 4f level characteristics
is reinforced.

The lower frame of Fig. 6 shows two different surfa
terminations for YbAl3. The two different terminations mos
likely represent a Yb-dominated surface termination~filled
circles! and an Al-dominated surface termination~black
line!. Although the 4f surface components for the two di
ferent surfaces show distinct differences in both surf
binding energy and surface 4f intensity, the bulk 4f levels in
both cases are identical. That is, the binding energy and l
width of the bulk 4f levels are unchanged by variations
surface termination; moreover, the bulk components
clearly separated energetically from the surface compon
regardless of surface termination. Along with the capabi
of fitting both UPS and XPS data with the same line-sha
parameters, the above results indicate that the electr
structure rapidly converges to bulk values as one move
from the surface and the states of the bulk couple efficie
to the surface in these single crystals allowing bulk char
teristics to be readily observed with the limited mean fr
path obtainable in UPS photoemission.

In Fig. 7 we use the line-shape analysis discussed
Figs. 2 and 5 to separate the divalent 4f signal into surface
and bulk components. In the top frame this is done for XP
while the UPS valence band is separated in the middle fra
An iterative integral background is used over the entire
lence band as previously described. By isolating the prim
emissions in this manner, for both the trivalent and b
divalent 4f signals, we are able to calculate the hole oc
pancynf for the 4f levels in YbAl3. The hole occupancy is

defined asnf5I ( f 13)/@ I ( f 13)1 13
14 I ( f bulk

14 )#, where I ( f 13) is
the integrated intensity of the primary trivalent 4f compo-
nent andI ( f bulk

14 ) is the integrated primary bulk divalent 4f
component from the line-shape analysis@use of the symbol
nf for hole occupancy arises from the electron-hole symm
try between Ce and Yb heavy electron compounds; the o
nal interest in Ce systems has dictated the nomenclatu#.
The value ofnf obtained for YbAl3 from the UPS and XPS
data is;0.63 with a range for UPS measurements of 0.
0.65 obtained for many different cleaves on this materia34
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The widest range for thenf value for YbAl3 is obtained by
allowing the asymmetry parameter in the divalent 4f line-
shape analysis to vary between pure Lorentzian (a50) to
a50.25, giving rise tonf values ranging from 0.69 to 0.58
respectively. Previous indications~in Fig. 6! are that the use
of a Lorentzian line shape for the natural linewidth in th
divalent 4f signal leads to largerx2 values in the nonlinear
least-squares analysis of the divalent data; thus the valu
0.69 sets an extreme upper limit for the hole occupancy
YbAl 3 with 0.63 being the canonical value.15,35,36Thesenf

FIG. 7. ~a! Full valence-band XPS data for YbAl3 showing the
divalent and trivalent portions of the Yb 4f spectrum. The divalent
4 f emission is separated into surface and bulk contributions
shown if Fig. 2 and then the bulk divalent and trivalent intensiti
are used to arrive at annf;0.6 for YbAl3. ~b! UPS data for
YbAl3 with the same analysis method as above and again arrivin
an nf;0.63 for YbAl3. ~c! Normalized YbAl3 and LuAl3 UPS
data. In addition to including a background component proportio
to the primary emission of higher energy in our line-shape analy
we account for the non-4f component of the spectra by subtractio
of a scaled Lu valence component that is seen to be both small
featureless in the Yb divalent region compared to the 4f signal at a
photon energy of 120 eV.
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values for YbAl3 place this compound solidly in the mixe
valent regime for theoretical treatment of the 4f energy lev-
els.

In the lower frame of Fig. 7 we show the full valenc
band of YbAl3 along with the Lu counterpart~LuAl 3) to this
strongly correlated material. It is evident from these tw
spectra that the divalent Yb 4f levels very nearEF and the
Lu 4f levels at;6 eV belowEF share many common cha
acteristics in the measured electronic structure. The qua
tative similarities in the natural linewidth and asymmetry
the line shape already have been documented.16 In addition
to the obvious visual similarities, it is important to note th
the non-f contribution to the measured electronic structure
a photon energy of 120 eV is both featureless and neglig
on the scale of the 4f emission. This point is essential whe
undertaking the quantitative line-shape analysis of the d
lent portion of the Yb 4f levels, as presented in Figs. 2,
and 6. For other materials, the non-f emission may not rep
resent a negligible contribution.

D. YbCu2Si2

In the top frame of Fig. 8 we show UPS and XPS data
YbCu2Si2. This Yb compound has thermodynamic chara
teristics~low-temperature resistivity, heat capacity, and ma
netic susceptibility! substantially different from that o
YbAl3, with a characteristic temperature of;40 K com-
pared with 400 K for YbAl3. The characteristic temperatur
plays a central role in categorizing the role of the correlat
between thef electrons in these heavy-fermion materia
We therefore proceed to quantitatively analyze thef
excited-state emission of different Yb compounds to de
mine if systematics in the characteristic temperatures tr
with the 4f photoemission. The XPS data~shaded circles in
the top frame of Fig. 8! show a much greater bulk to surfac
ratio in the divalent Yb 4f signal as the mean free path
increased by a factor of 3–4 over that of the UPS res
~here the XPS data were taken at near normal emission
tween the sample and the electron analyzer so that the m
free path is maximum and even greater than the X
YbAl 3 reported above!. When differences in the Cu3d cross
section and in the UPS vs XPS resolution are accounted
the XPS and UPS data are fully self-consistent. Once ag
these results confirm the coupling to true bulk states in U
measurements and also the spatially localized nature of
Yb 4f surface components.

The treatment of the divalent Yb 4f emission in
YbCu2Si2 at hn5102 requires additional characterization
order to quantitatively separate out the non-4f component
from the photoemission signal. In the middle frame of Fig
we show full valence-band data for YbCu2Si2 and
LaCu2Si2. The La compound is isoelectronic with the Y
compound, except for the Yb 4f levels, and has the sam
crystal structure. By taking spectra of both compounds w
identical experimental setups including photon energy
then normalizing on the most prominent valence-band st
ture ~Cu 3d levels!, we are able to separate the Yb 4f emis-
sion from the non-f emission. Due to slight differences i
atomic shell volumes and lattice parameters for the two m
terials we expanded the energy scale of the La compoun
;6% around the Cu 3d levels in order to have thesp bands
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of Si and Cus bands extend to the YbCu2Si2 Fermi level~if
we align the Fermi levels for the two materials then the Cu
3d emission is;250 meV lower in binding energy for La
than Yb and difference curves show nonphysical negative
valued amplitudes!. In this manner were are able to account
for the non-4f emission. However, the secondary emission is
also different from the two spectra as the secondaries at e

FIG. 8. ~a! Valence-band data for YbCu2Si2 in the UPS regime
(hn5102 eV! with DEex;100 meV and the XPS regime
(hn51486.6 eV! with DEex;450 meV. The different photon ener-
gies gives rise to differences in the Yb 4f and Cu 3d cross sections
as well as differences in the photoelectron MFP as indicated by th
smaller surface contribution in the XPS data for the divalent 4f
surface signal.~b! UPS data for YbCu2Si2 and LaCu2Si2 at
hn5102 eV showing the non-4f contribution to the valence-band
spectrum at this photon energy as well as the secondary backgrou
component for the data.~c! Two different single-crystal divalent
YbCu2Si2 surface configurations showing variations in the crystal
surface termination and the high-resolution UPS capability to dis
tinguish surface configurations and bulk signal components.
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ergyE0 are proportional to the primary emission atE.E0,
which, in the case of the Yb compound~filled circles, middle
frame Fig. 8!, includes the Yb 4f signal, whereas the La
compound does not.

We proceed as follows. A secondary background funct
is computed for each material and subtracted from the t
signal. We then normalize the spectra on the Cu 3d emission
and add the YbCu2Si2 secondary emission~dashed line! to
the La primary emission spectrum to arrive at the total n
4 f emission ~gray line!. This composite La-backgroun
spectrum is again, as in the case for the (R)Al 3 ~whereR
denotes rare-earth elements La, Yb, and Lu!, both featureless
and small compared to the divalent 4f emission near the
Fermi level, although it is a larger percentage of the to
emission than in the (R)Al 3 samples. In the lower frame o
Fig. 8 we show two different YbCu2Si2 surface terminations
that give rise to differences in the binding energy of t
surface component with respect to the bulk 4f component,
just as in YbAl3. YbCu2Si2 is a layered material with stron
ger in-plane bonds than the interplanar bonds. As such,
attribute the two different surface configurations to C
dominated and Si-dominated surface layers with the Ybf
electronic structure converging to its bulk configuration b
yond the Yb layer nearest the surface. We have also
served what appeared to be a Yb surface-terminated plan
one cleave of YbCu2Si2. However, this surface was ob
tained only once out of dozens of YbCu2Si2 cleaves and
appeared to be of a highly strained nature. As in the case
YbAl 3 ~lower frame Fig. 6!, the bulk components show th
same binding energy, linewidth, and asymmetry param
regardless of the surface termination.

We proceed with the same detailed line-shape analysis
the Yb 4f of YbCu2Si2 which was detailed for YbAl3 in
Figs. 2, 5, and 6. Again we are able to fit both the UPS a
XPS data with two doublets~a bulk 4f 7/2 and 4f 5/2 pair and
the surface counterparts!, the only differences arising from
the greater bulk sensitivity of the XPS data~the surface con-
tribution was;11% of the divalent emission vs;43% for
UPS!, and the better energy resolution of the UPS vs X
data (;100 meV vs;450 meV!. The results of this line-
shape analysis are presented in Fig. 9 with XPS data in
upper frame and UPS data in the lower frame. Once ag
the fit to the data is good throughout the entire divalent
gion, as indicated by thex2 values and visual inspection o
the fitted line shape~solid black line! to the experimenta
data ~filled circles!. The bulk component of the fit is indi
cated by the dashed line and the surface component by
dot-dashed line.

The 4f hole occupancy for YbCu2Si2 is calculated to be
0.6360.04 and the results of the analysis and calculat
leading to this value are shown in the top frame of Fig.
The line-shape analysis for the XPS divalent Yb 4f levels of
YbCu2Si2 from Fig. 9 are used along with the methodolo
of non-4f emission determination from Fig. 8. We use t
XPS data rather than the UPS data since the Cu 3d signal is
much lower proportionally to the Yb 4f than in the UPS data
and, the bulk sensitivity~and thus the confidence level i
reducing errors from the surface contribution! of the divalent
signal outweights the advantage of superior energy res
tion in the UPS data. The removal of the Cu 3d signal from
the UPS data could have a significant effect on the integra
n
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area of the trivalent Yb 4f integrated area since the Cu 3d
states are so much more intense than the trivalent 4f states at
hn5102 eV. By working at XPS energies this pitfall i
eliminated and the hole occupancy is determined with
minimal amount of uncertainty. The XPS data in the t
frame of Fig. 10 represent the current state of the art
correlated electron heavy fermion XPS data by combin
single crystal samples withDEex;450 meV ~resolving
power greater than 3300 athn51486.6 eV! and excellent
counting statistics. As such, thenf derived from Fig. 10
brings new information to discussions regarding the mod
ing of heavy-fermion compounds. Once again, thenf of 0.63
for YbCu2Si2 places this system strongly in the mixed v
lent regime for modeling and theoretical considerations.

Not only is thenf value for YbCu2Si2 very similar to that
of YbAl 3, but the divalent 4f line-shape analysis also yield
quite similar values. These findings would seem to be inc
sistent with models for strongly correlated materials, wh
show scaling behavior~intensity, linewidth, andnf) directly
proportional to the characteristic temperature of a particu
heavy fermion. In the lower frame of Fig. 10 we prese
temperature-dependent UPS data on YbCu2Si2. The data are
normalized on the integrated area of the Si 2p core level just
above the Fermi level arising from second-order photon
citations. We have removed the 50-meV binding-energy s
with temperature in order to better observe the normaliza
of the Si 2p level and the temperature dependence of

FIG. 9. Line-shape analysis for the Yb 4f divalent YbCu2Si2
data presented in Fig. 8.~a! XPS data and fitting showing the su
face and bulk 4f 7/2 and 4f 5/2 components with an energy resolutio
of 450 meV. The bulk 4f components dominate the emission due
the long MFP athn51486.6 eV.~b! UPS data and fitting with
DEex;100 meV showing the total fit as well as the surface a
bulk 4f contributions.
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4 f levels. It is obvious that the data show very little variati
with temperature. In fact, the entire surface component d
blet along with the bulk 4f 5/2 level shows negligible tem
perature dependence. Only the bulk 4f 7/2 level near the
Fermi level shows any significant decrease with tempera
and this is still small and most likely due to the role of t
Fermi function at higher temperature as specified in the
cussion related to Fig. 3~phonon broadening of a sharp DO
in near proximity to the Fermi level!. There are indeed varia
tions in the temperature dependence of YbCu2Si2 data from
cleave to cleave. Averaging over many cleaves, we h
seen 0–10 % intensity loss over the 20–300 K tempera
range for the bulk divalent Yb 4f signal. Since this is the
same intensity variation observed for YbAl3, where we pre-
sented a 7% decrease~Figs. 4 and 5!, we now show data for
YbCu2Si2 on the low side of the variational scale.

E. Yb compounds, single crystals, and the Fermi function

The third strongly correlated Yb compound to be cons
ered here is YbAgCu4. Temperature-dependent data a

FIG. 10. ~a! YbCu2Si2 XPS data showing the divalent an
trivalent Yb 4f contributions as well as the Cu 3d and secondary
background~shaded!. The divalent 4f contribution is separated into
bulk and surface contributions according to Fig. 9 and the b
divalent to trivalent integrated intensity gives rise to annf;0.63.
~b! UPS temperature dependence of the divalent YbCu2Si2 4 f data
between 25 and 250 K athn5102 eV. The Si 2p core level is
shown in second order just above the Fermi level and the 2p inte-
grated area was used for normalization of the 4f data.
u-

re

s-

e
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line-shape analysis for this material are presented in Fig.
The top frame of Fig. 11 shows the temperature depende
~80–300 K! of the 4f levels within 2 eV ofEF . We have
previously reported no temperature dependence below 8
for this material.29 The bulk 4f 5/2 level is at21.4 eV with
the surface 4f 7/2 level at 21 eV and the bulk 4f 7/2 level
inside of 100 meV of the Fermi level. The temperature d
pendence of the 4f levels for YbAgCu4 follows the now
common theme:~i! a slight ~25–50 meV! energy shift away
from the Fermi level with increasing temperature,~ii ! little to
no temperature dependence in the bulk 4f 5/2 level, and~iii ! a
small temperature dependence in the bulk 4f 7/2 level of a
magnitude accounted for by the Fermi function and phon
broadening as modeled in the discussion for Fig. 3. In
lower frame of Fig. 11 we present high-resolutio
(DEex;60 meV! T;20 K PES data~shaded circles! for the
YbAgCu4 bulk 4f 7/2 level along with the nonlinear least
squares fit~solid black line! to the data. The line-shap
analysis for this data showsGDS7/2573 meV,a50.163, and
EB521 meV. We reported these results for YbAgCu4 in

k

FIG. 11. ~a! Temperature-dependent UPS data for YbAgC4
with DEex;80 meV for T5802300 K and showing the bulk
4 f 7/2 and 4f 5/2 components along with the surface 4f 7/2 component.
There is a slight amplitude reduction in the bulk 4f 7/2 component
probably due to the Fermi function and a shift in the surface co
ponent with temperature.~b! YbAgCu4 with DEex;60 meV for
T520 K. The shaded circles are the data and the solid line is th
to the data. The intrinsic linewidth for the bulk 4f 7/2 component is
75 meV, which is in good agreement for the values obtained for
metal, YbAl3 and YbCu2Si2.
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Ref. 37 and subsequently, the line-shape analysis re
have been confirmed by Weibelet al. with even better en-
ergy resolutionDEex;20 meV.18 Clearly the line-shape
analysis from these two works is not limited by the expe
mental energy resolution and the natural linewidth of
4 f spectral features is, in fact, about 75 meV, in remarka
agreement with the 75 meV natural width for YbAl3 re-
ported from ourDEex550 meV data presented in Fig. 2.

High-resolution UPS (hn5102 eV! results for YbAl3 are
presented in Fig. 12 withDEex;45 meV in the top frame
and DEex;75 meV in the lower two frames. The fille
circles are our single-crystal YbAl3 data from this work and
the solid black lines are polycrystal data digitized from R
17. First and most importantly, the 45-meV data in the
frame of Fig. 12 show the bulk 4f 7/2 level and clearly indi-
cate thatthe natural linewidth(GDS7/2) of the spectral fea-
ture is broader than the experimental resolution and bo
data sets are measuring the same fundamental line sh.
The difference between the data sets is mainly in the sec
ary electron contribution and the tail of the surface 4f 7/2
level coming in on the high-binding-energy side fro
EB;0.8 eV. The single-crystal data show a larger peak
valley ratio than the polycrystal data, probably because
cleaved single-crystal sample has a flat and minimal sur
area along with a low scattering cross section due to
periodicity of the lattice as well as strong coupling betwe
the surface and bulk wave functions due to the single-cry
nature of the sample.

In the middle and lower frames of Fig. 12 we show t
full divalent portion of the Yb 4f levels for YbAl3. Both
frames show the same two sets of data; the difference
tween the two frames is in the normalization of the data s
In the middle frame the data are normalized on the amplit
of the bulk 4f 7/2 level at the Fermi level, while in the lowe
frame the data are normalized on the amplitude of the sur
components as well as the secondary emission. From
perspective of the middle frame, one would conclude that
polycrystalline sample had a larger surface component
more secondary scattering making up the total PES emis
than the single-crystal data. From the perspective of
lower frame, one would conclude that the polycrystalli
sample does not have as deep an escape depth or as ef
a coupling of the bulk states to the surface as the sin
crystal data. In either event, it is clear that the peak to va
ratio of the PES signal is larger for the single-crystal d
than for the polycrystal data. Also, the percentage of the t
PES signal due to primary electron bulk 4f emission is
larger for the single-crystal data than for the polycrystal da
Both of these facts reduce the magnitude of the uncerta
in the single-crystal data line-shape analysis and increase
confidence level in the nonlinear least-squares results
those of the polycrystal data. This is a general trend in P
data and underscores the advantages of working with sin
crystal samples when they are available.

It should also be noted that analysis of the entire dival
4 f spectrum is far preferable to analysis of a limited porti
of the spectrum, say, the bulk 4f 7/2 level nearEF . Specifi-
cally, analysis of the full divalent spectrum restricts the ma
nitude of the secondary background function to physica
realistic values not greater than the PES signal at gre
binding energy than the divalent 4f levels.15 Also, the fit to
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FIG. 12. UPS data for YbAl3 at hn5102 eV with ~a!
DEex;45 meV and~b! and~c! DEex;75 meV. The solid lines are
scraped polycrystalline data atT510 K from Ref. 17 and the
shaded circles are our data on cleaved single-crystal samples a
T520 K. ~a! 45-meV data showing the Yb bulk 4f 7/2 component in
the vicinity of the Fermi level. The data reproduce very well in the
leading edge of the Fermi level and through the peak region, indi-
cating that the data are measuring the same spectral feature. Th
data of Ref. 17 show a smaller peak to valley ratio probably due to
the polycrystalline nature of the sample or scraping of the surface,
which gives rise to multiple surface configurations and a reduced
photoelectron MFP.~b! 75-meV data showing the entire divalent
region. The data are normalized to bulk 4f7/2 peak height. The
improved peak to valley ratio in our data leads to a less ambiguous
line-shape analysis and a greater percentage of the emission arisin
from the bulk component for comparison to the trivalent signal in
nf calculations.~c! 75-meV data again showing the entire divalent
region; now the data are normalized to surface 4f peak height
~which also normalizes the backgrounds!.
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the full divalent 4f data forces the bulk 4f 7/2 level nearEF to
properly accommodate the surface 4f 7/2 component at
slightly deeper binding energy (EB;0.8 eV!. Combined
with the superior peak to valley ratio of single crystal data
fit to the full divalent 4f emission represents a wel
constrained system with a much higher confidence leve
the fitted values of the line-shape analysis than limited ra
fits to data with low peak to valley ratios. Therefore, wh
both data sets in the top frame of Fig. 12 have slightly be
energy resolution than the full divalent 4f line-shape analy-
sis presented in Fig. 2 (DEex550 meV!, we take the analysis
of Fig. 2 to represent the definitive quantitative analysis
the YbAl3 4 f line shape.

The discussion for Fig. 3 dealt with the effects of t
Fermi function on a sharply peaked DOS~bulk Yb 4f 7/2
level! in near proximity to the Fermi level using simulate
line-shape parameters obtained from fits to Yb metal
YbAl 3. We now consider directly the similarities betwee
this purely divalent material~Yb metal! and the strongly cor-
related compound YbAl3. In Fig. 13 we show angle resolve
(61°) UPS data withDEex;75 meV for Yb metal~black
line! and YbAl3 ~shaded circles!. In the top frame is the full
divalent 4f PES signal composed of two spin-orbit-split do
blets representing the surface and bulk contributions. The
metal spectrum has been offset by;1.2 eV towards the
Fermi level so as to overlap the YbAl3 spectrum for com-
parative reasons. The middle frame shows an enlargeme
the region in the vicinity ofEF that includes the bulk 4f 7/2
component for both materials. There are only two signific
differences in the PES spectra for these two materials. F
the YbAl3 shows a larger portion of the 4f emission arising
from the surface component than the Yb metal data. Thi
because the YbAl3 is mixed valent and the bulk 4f emission
is split between the divalent and trivalent configuratio
whereas the surface emission is purely divalent and ar
from all of the surface related Yb atoms in YbAl3. this dif-
ference is therefore inconsequential and is not conside
beyond this point. The second notable difference in the P
spectra of the divalent 4f levels for these two materials is i
the width of the bulk 4f 7/2 component. With the explanatio
for the bulk to surface ratio above, this difference in t
linewidth is all that separates the measured PES 4f signature
of Yb metal from a strongly correlated material such
YbAl3. Since the data are taken with the same experime
energy resolution and both samples were at low tempera
(T;20 K!, making the phonon broadening insignificant, t
difference between the two line shapes must be due to e
a difference in the natural linewidth or the fact that t
YbAl3 4 f 7/2 level is cut by the Fermi function. The middl
frame of Fig. 13 shows the differences in the bulk 4f 7/2
levels in detail. In the lower frame the analysis is as follow
We take the Yb film data~solid line in the top two frames!
and now show the individual data points in the lower fram
as shaded circles. Next we fit the Yb metal data~shaded
circles! by the methodologies previously described in t
paper using a DS line shape for the natural linewidth. Aga
it is observed that the fit~solid line! is of high quality and is
well representative of the actual data. Then, we take the n
ral linewidth for the fitted peak, cut this line shape with
Fermi function centered 21 meV above the DS line-sh
peak, and then convolute this line shape with a 75-m
a
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Gaussian function representing the experimental resolut
This Fermi-function-truncated Yb metal fit is displayed
the dot-dashed line in the lower frame. We used a Fe
function 21 meV above the peak of the DS line shape
cause that was the value determined from the fit to

FIG. 13. YbAl3 and Yb metal UPS data for the divalent Y
4 f region with 1° angular acceptance for the electron analyzer
DEex;75 meV. The Yb metal spectrum has been shifted;1.2 eV
toward the Fermi level to overlay the YbAl3 spectrum.~a! The solid
line is Yb metal and the shaded circles are YbAl3. The similarity in
the 4f 7/2 and 4f 5/2 levels of the bulk and surface components
striking. With some of the YbAl3 bulk 4f intensity diverted to the
trivalent configuration, the surface to bulk intensity ratio is larger
YbAl 3 than Yb metal, but when this is accounted for, the spec
would be remarkably similar.~b! Detail of the bulk 4f 7/2 and Fermi
level region from~a!. The major difference is in the emission ce
tered about the Fermi level as the Yb metal data has been sh
and is not effected by the Fermi function like the YbAl3 data.~c!
Yb metal data~circles! and fit to the data~solid line! as in Fig. 1. If
the Yb metal data are cut by a Fermi function 21 meV above
4 f 7/2 peak as is YbAl3, the resulting line shape is the dot-dash
line and compares well with the YbAl3 4 f 7/2 level in ~b!.
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YbAl 3 data in Fig. 2. In the lower frame of Fig. 13, the fit
the Yb metal~solid line! and the Fermi-function-truncated fi
~dot-dashed line! are everywhere equal until;75 meV be-
low the Fermi level; then the effect of the Fermi functio
becomes more pronounced with increasing energy until
proximately one resolution width~75 meV! above the Fermi
level where the intensity becomes vanishingly small. T
20-K Fermi function used in this analysis is essentially a s
function about the Fermi level on the energy scale of Fig.
~the 10% and 90% intensity values are64 meV about the
Fermi energy! and therefore the effects of the Fermi functio
are observed predominantly within61DEex of EF . Com-
paring the fitted and truncated-fitted Yb metal line shapes
the lower frame to the two data sets of the middle frame
is drawn to the inescapable conclusion that, save for the
of the Fermi function,the PES spectra of the Yb4 f levels in
YbAl3 are insignificantly different from the corelike4 f levels
in Yb metal.

In the Introduction and opening segments of Sec. III,
detailed the normalization procedures used throughout
paper. The method of mesh current normalization~recording
an average mesh current either at the start or end of an E
or both! at a synchrotron facility has several drawbac
mostly related to orbit changes in the stored particle beam
changes in optical alignment including the photon mon
chromator, sample position, or energy analyzer, on the t
scale of the data acquisition period for one EDC. These
falls can be somewhat alleviated by measuring the pho
flux at each point in the EDC. The problem with this meth
is that the mesh current for high-resolution UPS data is g
erally of a picoampere magnitude~through a 90% transmit
ting mesh! and the noise associated with this low-curre
measurement is folded into the noise of the EDC pu
counting statistics resulting in poor signal-to-noise ratios
many circumstances. An additional problem arises when
ing mesh normalization for temperature-dependent d
When changing temperatures, expansion or contraction
the cryostat requires realignment of the sample in the pho
beam. This realignment could introduce additional errors
the absolute intensity of the measured photoemission sig
While the core-level normalization used throughout most
this paper is generally of greater utility and more eas
implemented, we now present point by point photon fl
normalized EDC’s as this method of normalization gives
solute intensity values if the signal-to-noise ratio and po
tional instabilities can be mastered.

We present in Fig. 14 temperature-dependent PES
using point-by-point photon flux normalization for Yb met
in the top frame and YbAl3 in the bottom frame. The high
temperature data are the solid line with the low-tempera
data as the shaded circles. In both data sets, it is notable
the high-temperature data show a measurable increase i
tensity at binding energies beyond the divalent 4f emission
attributable to secondary electron scattering. If the ab
normalization does indeed provide an absolute intensity m
surement, then the most direct interpretation of these P
results is that the scattering length and thus the mean
path decreases as the temperature increases for these m
als. This would be expected from the resistivity of the
materials as a function of temperature; however, it has
portant ramifications for various other methods of normali
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tion particularly if one chooses an arbitrary point in the se
ondary emission or a valley between surface and b
components in the divalent emission on which
normalize.17,18The results on the point by point flux norma
ized EDC’s are at this time strictly preliminary. Howeve
the increased secondary emission along with the filling in
the valleys between the surface and bulk components b
give tangible support to an intuitive notion that the pro
depth of photoelectron spectroscopy is not a constant of
measurement temperature and, for the most surface sens
UPS photon energies, may indeed present a measurable
ference in the probe depth with temperature.

IV. CONCLUSION

We have shown that the PES results for thedivalent por-
tion of strongly correlated Yb-based materialscan be ana-
lyzed within a conventional core-level framework. Devi
tions from this analysis might well be treated in
perturbative fashion. The question of whether the dival

FIG. 14. YbAl3 ~bottom! and Yb metal~top! UPS data for the
divalent Yb 4f region using photon flux normalization to indica
the intensity variation with temperature in these two materials. T
total number of counts per energy step was divided by the pho
flux ~mesh current! taken at each data point. In both cases t
higher-temperature spectrum shows a slightly enhanced secon
emission, possibly due to the increased scattering and assoc
reduction in the mean free path.
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portion of the 4f levelsshouldbe treated in this manner i
another matter, given the clear mixed-valent nature of th
Yb compounds. Several points are clear from the PES res
and analysis.~i! The widthGDS of the bulk 4f 7/2 level, which
is the peak nearest the Fermi level, is generally;75 meV for
the materials included in this paper~Yb metal, YbCu2Si2,
YbAl 3, and YbAgCu4). ~ii ! The separation of the surfac
and bulk components in the Yb 4f levels (DEB;600 meV!
makes characterization of the bulk excited-statef levels un-
ambiguous.~iii ! The readily observed multiple surface cor
level shifts found in the single-crystal samples@Figs. 6~c!
and 8~c!# indicate that surface vs bulk separation is clear-
in all cases and the Yb 4f levels converge to bulk characte
istics beyond the first unit cell at the surface.~iv! The con-
sistency between spectral features in the XPS and UPS s
tra clearly define the PES data as measuring the bulk exc
state properties of these Yb compounds. Also, both thenf
values and the detailed divalent line-shape analysis ar
excellent agreement with each other over these two PES
gimes.~v! The agreement between the quantitative analy
for the XPS and UPS regimes reinforces the validity of
sudden approximation for these PES results, which is re
site for the Frank-Condon phonon-broadening analysis.

When the body of evidence including thenf values
(;0.6), the small temperature dependence, the conventi
linewidths (4f 7/2;75 meV!, the similarity between YbAl3
and Yb metal~Fig. 13!, and the agreement with the cor
level, Fermi-function, phonon-broadening simulation~Figs.
3, 4, 10, and 11! are considered together, convention
mixed-valent models for the PES-determined spectrosc
characteristics seem applicable, raising for consideration
possibility that many of the unique properties of the
strongly correlated materials might result from a fortuito
degeneracy between the corelike divalent portion of thef
levels and the Fermi level. Finally, Yb heavy fermions e
hibit PES results that seem more consistent with a conv
tional mixed-valent~with the divalent 4f modeled as core
like! interpretation rather than a complex spin fluctuati
model4–6 invoking a narrow, strongly temperature-depend
resonance feature in near proximity to the Fermi level.
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APPENDIX A: HYBRIDIZATION
AND HOLE OCCUPANCY

The divalent portion of the Yb 4f signal has been de
scribed throughout the text as corelike with the sugges
that hybridization with conduction electrons might be trea
perturbatively. The analysis of the divalent Yb 4f photo-
emission data within a core-level framework proved qua
tatively accurate; however, the implications of hybridizati
with the conduction states were not addressed in the tex
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the extent of hybridization between the Yb 4f levels and the
conduction states was not ascertainable from the PES d
Although the effects of hybridization are not clearly discer
ible in our Yb PES results, degenerate perturbation the
mandates such hybridization, which will result in a lowe
energy ground state. Both the intra-f -level overlap and the
hybridization for Yb compounds might be expected to
smaller than for Ce or U compounds. Indeed, the effects
band formation betweenf levels in the PES data have no
been demonstrated in both Ce-based and U-based stro
correlated materials.19,20,38,45A manifestation in the PES dat
of intra-f -level overlap is energy dispersion and periodic
with the crystal lattice. We have, as yet, observed neither
periodicity of the lattice nor dispersion in the 4f levels of Yb
heavy fermions. This is not surprising since the spatial loc
ization of the Yb 4f levels exceeds that of the Ce 4f levels
or the U 5f levels.

Consider the atomic structure calculations of Herman a
Skillman39 as well as those of Freeman.40 In the rare-earth
elements, the radial wave function for the conduction el
trons (5d and 6s) are much larger than those of the 4f
levels. In fact, comparing the conduction radial wave fun
tions with the Wigner-Seitz radius for metallic rare-earth s
ids indicates large overlap in the wave functions for adjac
sites. In contrast, the overlap between neighboring sites
the 4f wave functions is extremely small.41 This leads to two
suppositions: first, the band formation in thef levels is weak
~as indicated in Ce 4f and U 5f dispersions of order 50
meV! and, second, the mismatch in radial wave functio
leads to low hybridization between thef levels and the con-
duction states. The peak in the radial wave function for
4 f level of Yb is 50% smaller than that of Ce~0.24 Å vs
0.36 Å!. This might lead one to conclude that the hybridiz
tion in Yb correlated electron materials is generally sma
than for Ce-based materials. Also, the dispersion of thef
levels one might expect to observe would be commen
rately less than the 50 meV observed for Ce heavy fermi
~very likely below the detectable level of a PES apparatu!.
Nevertheless, hybridization of the 4f levels in Yb would lift
the ground-state degeneracy of the 4f level ~as would con-
sideration of relativistic effects in the Yb 4f levels, which
are of order 10% of the 4f energy within the relativistic
mass-velocity correction39!. So, while we are currently no
able to directly observe the effects of hybridization in t
PES of these Yb materials, the consideration of hybridizat
in the interpretation of these Yb materials should not be
nored.

The PES measurements ofnf values (;0.6220.65) for
the Yb heavy fermions presented in the text place these
terials in the mixed-valent regime of strongly correlated m
terials~and well outside of the SIAM regime!. We indicated
the role of the Fermi function and phonon broadening
reducing the divalent 4f 7/2 intensity as a function of tempera
ture. It should not be surprising that in addition to the Ferm
function–phonon-broadening role, the balance between
divalent and trivalent 4f ground states could also be tem
perature dependent. Specifically, with the divalent and tri
lent ground states almost energetically degenerate~in a tra-
ditional mixed-valent model!, the lattice changes as
function of temperature could easily lead to a shift in t
balance between the weightings of the divalent and triva
configurations with temperature. These lattice changes
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non-negligible for the Yb heavy fermions presented in
text. For YbCu2Si2 theD l / l;0.1% between 80 and 300 K
gives rise to a volume change of order 0.3% with a therm
expansion coefficienta ranging from2331026/K at 20 K
to 1131026/K at 200 K.42 For YbAl 3 the D l / l;0.065%
~Ref. 43! between 173 and 300 K that is comparable to t
of YbCu2Si2, and for YbAgCu4, a ranges from
2831026/K at 20 K to 1331026/K at 300 K.44With lattice
changes of this magnitude, one would actually expect va
tions in the divalent or trivalent intensities as a function
temperature. These types of changes could easily accoun
divalent 4f intensity variations that might be outside of th
region ~bulk 4f 7/2 level! covered by the Fermi-function–
phonon-broadening method detailed in the text.

APPENDIX B: SINGLE CRYSTALS, SIAM,
AND THE CORRELATED ELECTRON PROBLEM

The heavy-fermion PES community had, by necess
made extensive use of polycrystalline samples in the 19
In the 1990s, single-crystal samples of sufficient size for P
measurements became available for several Ce, Yb,
U-based heavy fermions. Presently, both cleaved single c
tals and scraped polycrystals are used in heavy-fermion
experiments by different groups. It has been observed
the cleaved single-crystal PES results are sometimes di
ent from the scraped polycrystalline counterparts.15,17,18The
nature of this discrepancy will be discussed for two parti
lar Yb heavy-fermion systems and the merits of cleav
single-crystal PES for Yb as well as Ce and U heavy-ferm
systems will be outlined and referenced.

The two Yb-based heavy-fermion systems under con
eration are YbAl3 and YbAgCu4. For both materials, there
are published polycrystalline results that show a tempera
dependence and are interpreted within the SIAM. There
at least two similarities between these polycrystall
YbAl3 ~Ref. 17! and YbAgCu4 ~Ref. 18! papers: both paper
report a temperature dependence in excess of what is
ported here and both papers make similar choices for
non-bulk-4f 7/2 intensity of the PES signal. The difference
between the PES results fall into two categories: actual, m
sured experimental data and quantitative results arising f
data analysis. There do indeed appear to be differences i
actual, measured experimental data previously reported
the current work. These differences will be considered s
sequent to the analysis discussion.

Both the YbAl3 and YbAgCu4 polycrystalline PES pa-
pers show temperature-dependent, high-resolution, surf
sensitive photoemission of the bulk 4f 7/2 components in the
immediate vicinity of the Fermi level~YbAl 3, Ref. 17, Fig. 2
and YbAgCu4, Ref. 18, Fig. 2!. In both cases, the author
have separated the portion of the PES signal arising from
bulk Yb 4f 7/2 component~the so-called Kondo resonanc!
and the remainder of the PES signal~secondary emission
surface 4f , and non-f emission!. Also, in both papers, an
nf value or spectral intensity is calculated using this tempe
ture dependence of the ‘‘Kondo resonance’’~YbAl 3, Ref.
17, Fig. 4 and YbAgCu4, Ref. 18, Fig. 3!. While the analysis
in these papers is self-consistent, there could arise a prob
if the analysis used to determine the temperature depend
and thus thenf value were in need of revision. Therefor
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irrespective of the raw data differences between past
present work, if the analysis of these previous two data s
were to yield significantly different bulk Yb 4f 7/2 compo-
nents in the PES signal, one would no longer have con
mity to the noncrossing approximation results for the te
perature dependence or hole occupancy in conformity w
the SIAM ~since both papers claim good agreement w
SIAM using the published line-shape analysis!.

While there may be no absolute right or wrong line-sha
analysis for the 4f levels in these Yb-based heavy fermion
there are ranges of values that are acceptable and other
ues outside of this range where one might question the ph
cal meaning of the parameters or line shapes. With this
mind, one might consider that the above-cited Yb hea
fermion papers, irrespective of any actual temperature dep
dence measured, would indeed not conform to the SIA
predictions if the determination of the bulk 4f 7/2 level in-
cluded consideration of the peak-to-valley and bulk-
surface ratios inherent in the Yb 4f data presented in the
present work. Specifically, the Yb 4f results reported in the
present paper yield peak-to-valley and bulk-to-surface ra
substantially larger than those reported previously.17,18These
larger ratios allow for smaller error bars in the analysis
well as increased confidence levels in the fitted values. Mo
over, these larger ratios serve to constrain the fitting par
eters to a much smaller subset of parameter space than
data presented in Refs. 17 and 18 and, in particular, the c
tribution to the total spectral intensity within 100 meV o
EF from the bulk 4f 7/2 level is substantially greater than th
reported in these polycrystal papers.17,18

In the top frame of Fig. 15 are single-crystal and po
crystal PES results for YbAl3. This same polycrystal data17

was shown in Fig. 12, while the single-crystal data are fr
Refs. 15 and 16. The dot-dashed line is the preferred non
4 f 7/2 background chosen from the analysis in Ref. 17. Wh
this background might conceivably be possible~for the near
Fermi-level region as used in Ref. 17! if one considers only
the polycrystalline data set, comparison to the single-cry
data for YbAl3 would allow one to rule out this ‘‘back-
groundB’’ as an option for the nonbulk 4f 7/2 background.
This backgroundB, if applied to the single-crystal data
would truncate nearly two-thirds of the actual 4f 7/2 level
~indicated in the top frame by the dashed line!. Moreover, it
is plainly obvious that if one were to truncate the majority
the Yb 4f 7/2 level reported in this paper in the same fashio
the temperature dependences in the present paper~Fig. 4 for
YbAl 3, Fig. 10 for YbCu2Si2, and Fig. 11 for YbAgCu4)
would look commensurately larger and much more like
temperature dependences reported in Refs. 17 and 18.
analysis presented throughout this paper has shown that
type of background determination would not be accurate
the single-crystal data presented.

The above comparison raises the question as to wh
method of analysis is more appropriate. We contend that
methodologies that were used throughout this manuscript
sound and lead to physically reasonable analytical resu
Specifically, the analysis used throughout the present w
explicitly and quantitatively accounted for the ligand em
sion in the PES signal~Lu and La isoelectronic counterparts!
as well as the surface contributions to the PES. Additiona
the secondary backgrounds were determined by stan
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methods and applied over the entire valence-band reg
The full valence-band scan presented in the middle frame
Fig. 15 is the same as that presented in Fig. 7. In additi
the line-shape analysis and the data for the Fermi level

FIG. 15. YbAl3 and YbCu2Si2 UPS data.~a! Comparison of
single-crystal vs polycrystal YbAl3 PES data of Ref. 17~line,
T;100 K, hn5102 eV! and Ref. 16, Fig. 8~circles, T;80 K,
hn5120 eV! originally presented in Fig. 1 of Ref. 15. The dot
dashed horizontal line is the nonbulk 4f backgroundB of Ref. 17
and the dotted line is the single crystal 4f 7/2 bulk fitted component.
The superior peak to valley ratio for the single-crystal data grea
improves the confidence factor in the line-shape analysis.~b!
YbAl3 PES data atT;80 K and hn5120 eV, showing the full
valence-band background and the surface and bulk contribution
the Yb 4f signal.~c! YbCu2Si2 UPS data~circles!, LaCu2Si2 data
~gray line!, and the full valence-band integral background~dashed
line! showing the breakdown into various 4f and non-4f contribu-
tions to the total PES signal.
n.
of
n,
e-

gion are presented in the inset to indicate the nonbulk 4f 7/2
background for single-crystal YbAl3. Now it is clearly that
the intensity just below the Fermi level is completely dom
nated by the bulk 4f 7/2 level. Moreover, one may determin
directly the hole occupancy for the material from the fu
valence-band spectra by direct analysis rather than com
ing two different spectroscopies~XAS and PES! measured at
different times as was done for YbAl3 in Ref. 17. Also, the
full valence-band scans allow one to directly monitor co
tamination levels as the sample temperature changes o
sample surface ages. It is clear from the temperatu
dependent data of Fig. 4 that there was no contamina
problem at any temperature for the single-crystal YbAl3 re-
sults. The wide valence-band scans and Al 2p core-level
normalization incorporated~via second order! into these
valence-band scan presents a nearly complete picture fo
temperature dependence. The only additional informat
one might realistically want would be surface structural
formation. Namely, was there an ordered surface structur
both temperatures and was it the same structure? To co
these data~low-energy electron diffraction or reflection high
energy electron diffraction! in addition to the PES data
within the sample lifetime is beyond the present scope of
experimental setup. Perhaps these data could be colle
independently, and if found to be highly reproducible, e
trapolated onto the PES findings. Of course, this type
information is not possible with polycrystals since there is
long-range order at the surface to track.

In the lower frame of Fig. 15 we show that the analys
used for YbAl3 is, in fact, general and applicable to all of th
Yb heavy fermions we have studied. The lower frame sho
the analysis for YbCu2Si2 with the ligand emission deter
mined from LaCu2Si2 and the secondary emission aga
analyzed over the entire valence-band region. Although th
is more ligand intensity in this material than the previo
material, the inset shows the intensity at the Fermi leve
once again dominated by the bulk 4f 7/2 level. If one exam-
ines the nonbulk 4f 7/2 background for the polycrystal dete
mined in the top frame of Fig. 15 and compares it to t
nonbulk 4f 7/2 background determined in the lower tw
frames of the same figure for the single-crystal data, one
see that a good deal of the differences reported in the lit
ture on the same material arises from different analysis.
contend that our analysis is more reliable because:~i! the
peak-to-valley ratio for the bulk 4f 7/2 level is larger in our
data and allows us to fit the data more reliably,~ii ! the bulk-
to-surface ratio is larger in our data and allows for a high
confidence level in the parameters determined from the le
squares minimization,~iii ! we have accurately removed th
ligand emission from the PES spectrum by measuring La
Lu counterparts to the Yb heavy fermions presented in
paper,~iv! the secondary electron emission has been prop
accounted for by examining the full valence band includi
the entire divalent and trivalent 4f signals, and~v! contami-
nation levels are directly monitored in our full valence-ba
scans at each temperature.

The results for YbAgCu4 presented in Ref. 18 and thi
paper are not as different as the single-crystal vs polycry
YbAl 3 results. This is probably because both groups u
polycrystals for YbAgCu4 and both groups fractured th
sample to prepare the surface rather than scraping the

ly
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face. Our YbAgCu4 was a large grain growth with visuall
prominent single-crystal domains. The microstructure of
YbAgCu4 used in Ref. 18 was not detailed in the text of th
paper so we do not know if their samples differ significan
in microstructure from ours, although the growth meth
was clearly different. In fact, the authors of Ref. 18 al
scraped the sample surface and found the following: ‘‘T
intensity ratio of bulk to surface features however was
ways less favorable than in the case of the broken samp
This has been our finding also whenever scraping is used
sample surface preparation. There is again in these two
sets a difference in analysis that significantly effects the
terpretation of the temperature dependence for YbAgC4.
Our analysis parallels that detailed above for the case
YbAl 3. Again we have full valence-band scans and a
isoelectronic for ligand removal. Once again our peak-
valley ratio is better for the peak near the Fermi level@Fig.
11~b! vs Fig. 2 for Ref. 18#, but this time the discrepancy i
not as large. In this case, although the energy resolutio
2.5 times better in Ref. 18 than our 60-meV resolution
Fig. 11~b!, our peak-to-valley ratio is still larger probabl
due to the larger Yb 4f cross section at 60 eV vs the 40.8 e
energy used in Ref. 18. One other possibility for the diff
ence could be sample preparation, although this is p
speculation. Our samples were grown enclosed in seale
to maintain the Yb stoichiometry, whereas Ref. 18 repo
argon arc furnace growth that can lead to Yb depletion du
its large vapor pressure at elevated temperatures.

As in the case for YbAl3, we have full valence-band
scans to monitor sample surface integrity as a function
temperature and inclusion of the trivalent Yb 4f signal again
makes determination of thenf value possible from the sam
spectrum. We find annf value of 0.65 for YbAgCu4, well
outside the Kondo regime. One must also consider in
analysis that which might initially seem to be part of the ra
data discrepancy, namely, normalization. How does one
malize the data between different temperatures? As
cussed in the text with respect to Fig. 14, the answer to
seemingly obvious question is not even clear.

It is our opinion that determining the temperature dep
dence of the bulk 4f levels from surface sensitive PES da
is the most difficult of the 4f measurements. It is somewh
simpler to obtain values of the 4f binding energy, linewidth,
and hole occupancy (nf) because these values can all
obtained from a single spectrum rather than normaliz
multiple spectra and then trying to account for possi
changes in surface structure or surface contaminants. W
this in mind, we state that the temperature dependences
served for the Yb heavy fermions reported in this paper
in the 0–10 % range. That is, in addition to some small d
ferences between the various Yb materials, there are
small variations within a given material. Specifically, som
cleaves on YbAl, and YbCu2Si2 show almost no tempera
ture dependence at all, while other cleaves can show u
10% variation with temperature. It is not clear whether t
range of values for the temperature dependence is du
inherent variations in intensity normalization or actu
sample variations that include surface preparation te
niques. Having conducted well over a dozen tempera
studies on each of these two Yb heavy fermions, the po
bility of significant revision on the 0–10 % temperatu
e
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variation with temperature seems unlikely.
Having studied both single crystals and polycrystals us

PES, we have found the single-crystal results to be m
reliable. This reliability of single crystals arises from~i! a
small percentage of the signal attributed to surface emiss
~ii ! a more stable surface against reaction than polycrys
~iii ! no inclusions of second phases in the flux grow
samples, and~iv! no grain boundaries for internal contam
nation or migration of elements. Also, in the case of te
perature dependence, there may be many possible exp
tions for variations in intensity with temperature, but the
are very few explanations for little or no temperature dep
dence. Therefore, if there are two sets of data, one show
little temperature dependence on single crystals and ano
showing larger temperature dependence on the polycrys
we would contend that the single-crystal results in this c
are more likely to reflect the intrinsic properties of the m
terial under investigation.

While the main body of this paper was devoted to P
results and analysis without detailed discussion on applica
models, we now state that the Yb results reported in t
work are indeed incompatible with the many predictions
the SIAM. Moreover, the YbAgCu4 results in Ref. 18 report
a linewidth and binding energy for the Kondo resonan
completely inconsistent with the SIAM, but in full agreeme
with the original report of the 4f linewidth and binding en-
ergy for YbAgCu4.

37 It might also be the case that if a mor
conventional background were chosen in Ref. 17, the res
of that paper would also yield values for the PES incons
tent with the SIAM.

There are even more compelling reasons to abandon
SIAM as an explanation for heavy-fermion characterist
and these reasons have their roots in the single-crystal
data for Ce and U-based heavy fermions. It has been sh
that the bulk Ce 4f levels in CeBe13 ~Ref. 20! and CePt2x
~Ref. 19! are periodic with the lattice. That is, the bulk 4f
spectral intensity modulates with the reciprocal lattice v
tor, giving clear indication that the 4f levels are bands and
not fully localized impurities. This work was performed
the Ce resonance energy of 120 eV. Further research
USb2 ~Ref. 38! and UPt3 ~Ref. 45! was conducted at lowe
photon energies yielding even higher-energy resolution~35
meV! but also much betterk-space resolution (110 of the Bril-
lion zone in theG-X direction!. With this improved energy
andk-space resolution one now plainly observes dispers
in the f level as well as the intensity modulation reported f
Ce at higher photon energies.

In summary, the SIAM has been shown to be fundam
tally at odds with the experimental results for Ce and
heavy fermions. The dispersion of thef levels in Ce and U
heavy fermions mandates the use of single-crystal samp
If one expects the interesting electronic properties of
heavy fermions to be related to the Ce and U-based he
fermions ~as thermodynamic and transport consideratio
would indicate!, then clearly one would want to use singl
crystal samples for meaningful Yb heavy-fermion PES st
ies. While thek-dependent PES results for Ce and Uf levels
makes the SIAM fundamentally inappropriate for explaini
the physics of these heavy fermions, one need not aban
the Anderson Hamiltonian as a starting point for correla
electron physics. There are several models based on
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Anderson Hamiltonian that hold promise for explaining t
experimental results for Ce, U, and Yb-based heavy fer
ons. A most promising model has recently been put forth
Sheng and Cooper,46 which is based on two temperatur
independent bands. This model explains the balance betw
magnetism and the heavy-fermion singlet-ground-state, t
modynamic results~susceptibility and specific heat! and the
dispersion and conventional temperature dependence
served in the PES results for both Ce and U heavy fermio
One might also look to the periodic Anderson mode47
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