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The electronic properties of the Yb compounds YB6iy, YBAgCu,, and YbAL 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 thievkls 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 if;~0.6) directly obtained from integration of the divalent and trivalent portions of the 4
photoemission features indicate that these compounds are strongly mixed valent. The small intensity modula-
tion with temperature in the divalent Ybf4evels (0—10 % over a =20—300 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 divafetavédls of strongly correlated Yb
compounds are remarkably similar to thé ivels of purely divalent Yb meta]S0163-182806)03748-4

[. INTRODUCTION allows one to associate the EDC with the ground-state
N-electron configuration of the solid. The one-electron ap-
The electronic properties of strongly correlated materialproximation, along with assumptions regarding cross-
span the region between localizédorelike and itinerant  sectional variations for different orbital angular momentum
(bandlike electronic states. A great many of the measureccomponents and final-state matrix element effects, occasion-
strongly correlated materials contain lanthanide elements arally is invoked in a simplified treatment to reclaim the DOS
indeed, it is the 4 energy level of the lanthanides that domi- from the experimental EDC. Of course a rigorous treatment
nates the electronic structure of these materials. Photoeleof the photoemission process even for sim{fiee-electron-
tron spectroscopyPES has long played a central role in the like) metals requires a many-body treatment and additional
measurement of the electronic properties of elementatomplications in relating EDC spectral features to the
lanthanides, as well as strongly correlated compounds andground-state DOSthe orthogonality catastroptfecautions
alloys?® and often made a significant contribution to the against a simplistic comparison between the excited and
acceptance or rejection of electronic-structure theories anground states Without the one-electron approximation mat-
model calculation§® In this paper we report the dominant ters quickly become untenable and thus several research
effects of the photoemission process as they pertain to elegroups have resorted to actudl { 1)-electron excited-state
tronic properties of lanthanide materi@lb, LaCu,Si,, and  calculations for correlated electron systems and treat the
LuAl ;) as well as correlated electron materials (YRAI electron correlations as the controlling factor in determining
YbCu,Si,, and YbAgCu,). In particular, we investigate the the electronic propertigs?® Other research groups have ac-
roles of phonon broadening and the Fermi function on thecounted for electron-electron interactions by modifications to
4f energy levels of Yb and Yb compounds, where tHe 4 more conventional calculations to arrive at the electronic
levels are in close proximity to the Fermi leveig). structure'>!? The battles over which theory or model more
The prominent role of PES in lanthanides and correlatecdtorrectly represents the electronic properties of lanthanides,
electron materials studies arises from the interdependenctinides, and strongly correlated electron materials have
between the PES measured energy distribution curveseen waged in other aren&s? This paper is concerned
(EDC'’s) and the determination of the density of stale®S  with the measurement of thef4energy levels of Yb by
of the material™® For free-electron-like metdlsand means of photoelectron spectroscopy and the subsequent
semiconductorsthe EDC’s have been successfully linked analysis of PES data in terms of well-understood photoemis-
with the DOS of the material. Unfortunately, many of the sion principles.
simple assumptions or approximations one often invokes in We have studied the temperature evolution and line-shape
order to relate the DOS of a material to the experimentatharacteristics of the Ybf4levels in detail. In addition, we
EDC's are often inadequate foff 4evels and correlated elec- present surface studies of single-crystal Yb compounds that
tron materials in general. The first casualty of correlatedshow multiple surface terminations or reconstructions in an
electron systems is the one-electron approximation, whicleffort to quantitatively separate the surface and bulk charac-
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teristics of the divalent Yb #emission. Also, measurements YbAgCu, (coarse-grained polycrystalline The samples
for isoelectronic counterparts to the Yb compoundswere cleaved or evaporated in ultrahigh vacuum with a
(LaCuwSi, for YbCu,Si, and LuAl; for YbAl3) are in-  chamber base pressure @-7)x 10 ! Torr. Temperature
cluded to determine the portion of the primary PES signalvas controlled by placing the sample in direct contact with a
that arises from n<_)n-f4level_electron emission. In addition cryostat cooled by either liquid helium, liquid nitrogen, or
to the high-resolution ultraviolet photoelectron spectroscopysing a closed cycle He refrigerator. The UPS resolution was
(UPS measurements made at photon energies between Gfétermined to be 60 meV &tv=60 eV and 45-95 meV at
and 120 eV, x-ray photoelectron spectrosc@pPS mea- hp=102 and 120 eV for high-resolution studi€s00 and
surements at the A, edge(1486.6 eV for Yb compounds 140 meV for moderate resolution studie$he XPS resolu-
are also presented, which probe much deeper into the bulk gfon was 450 meV ahv=1486.6 eV. The photoelectron
the crystal(probe depth up to 90 AXPS also provides an spectra of the Yb # levels were enhanced by means of dit-
order of magnitude variation in photoelectron kinetic energyference curves with isoelectronic lanthanidgsiAl ; and

for consideration of time-dependent screening or relaxatiomaCu,Si,) and by 4 photoelectron cross-section enhance-
mechanisms affecting thef4PES spectrum. Furthermore, ment at selected energi€s02 and 120 ey The strongly
XPS provides verification of orbital angular characteristicscorrelated materials and associated characteristic tempera-
and confirmation of divalent to trivalentfdintensities () tures (Tx or Kondo temperature within the SIAMconsid-

measured with UPS by providing different photoelectrongred in this work were YbC8i, (Tx~40 K), YbAgCu,
cross sections for the valence antl #ates. The similarity (T,~100 K), and YbAl; (Tx~400 K).

between the # energy levels of purely divalent Yb metal
and the divalent # levels of Yb-based strongly correlated
(enhanced magssompoundsas measured by PEShow no
indication of a spin fluctuation modébased on the single- In the figures that follow we show PES spectra of the
impurity Anderson modér® or (SIAM)] for interpretation of ~ 4f energy levels for several lanthanide materials. In order to
the electronic properties. At this time the PES results, in factcompare spectra with different control parameters, in particu-
are well described by conventional PES analysislar temperature, it is necessary to normalize the intensity
methodologies®~*° between these spectra. Several methods of normalization are
Moreover, it is now clear that the PES results of Ce-basegossible, each with its own merits and shortcomings. We
correlated electron systems can also be explained in terms dfve used shallow core-level spectra from the compounds
conventional phonon broadening and temperature depemaken with higher-ordefsecond- and third-ordephoton en-
dence of the Fermi functiol?;”® For Ce-based correlated ergies from the synchrotron and chosen optimal photon en-
systems, however, thefdlevels show periodicity with the ergies to place the normalizing spectral feature directly
lattice and appear to be very narrow bands within 50 meV otbove (Si 2p in YbCu,Si, and LaCuySi,) or below (Al
the Fermi level. In contrast to thef4evels in Ce correlated 2p in YbAI and LuAl;) the valence band andf4evels of
electron systems, no periodicity with the lattice has yet beetthe compounds.
observed for Yb-basedfdenergy levels. The similarities in For materials without ligand core levels accessible by
the treatment of the #states between strongly correlated Cehigher-order photon energies, we use mesh curi@mbton
and Yb-based materials, implied by particfeole) [4f!  flux) normalization or normalization on a prominent non-
(4113 in Ce (Yb)] symmetry$ are not observed in the PES 4f feature in the valence band. Combinations of these meth-
measurementS. The principle similarity observed in PES ods for single-crystal YbCy5i, show that, in this instance,
between the # states of Ce and Yb-based correlated electrorthe three methods—Si®(ligand core level Cu 3d (non-
materials is a predictable temperature dependence offthe 4f valence featunge and mesh current normalization—yield
levels in the immediate vicinity of the Fermi level as phononsimilar intensities for the Yb # spectral features to within
broadening and the Fermi function come into play with in-5% or 10%. Mesh current normalization is, in principle, a
creasing temperature. The explanation of differences baemperature-independent means of comparing two different
tween the PES measured énergy levels and the electronic PES spectra. Comparisons between mesh current normaliza-
properties inferred from thermodynamic measurements otion and ligand core-level integrated area normalization show
these materials awaits a suitable theory beyond the SIAM spectral intensity loss of 0— 10 % of the integrated area
with its serious shortcomings§:16:1920:31 when the temperature is increased from 20 to 300 K. This
small intensity loss for the bulk EDC features might be at-
tributable to a Debye-Waller-type effect on the photoelectron
emission. In some cases the normalization on the ligand core
Photoemission experiments were carried out at the Lotevel might show a smaller temperature dependence than
Alamos U3C and AT&T Bell Laboratory U4B beam lines at mesh current normalization for the integrated spectra inten-
the National Synchrotron Light Source, the Ames—Montanasity variation in the Yb 4 level. This is possible if there is a
State ERG-Seya beam line at the Synchrotron Radiationeduction in the mean free path as the temperature increases.
Center and the University of Minnesot8urface Science In- We are concerned primarily with the Ybf 4evel integrated
struments XPS capability with high-energy resolution andintensity and possible changes in this intensity above and
small spot size The samples were primarily flux-grown beyond conventional, nonfdehavior. Therefore, the ligand
single crystalqYbCu,Si,, YbAI 3, LUAl 5, and LaCySi,), core-level normalization method provides all the necessary
with UHV in situ evaporated Yb films for the Yb metal information and does so in a more robust manner than flux
and a slow-cooled stoichiometric melt in sealed Ta fornormalization. The differences in the two normalization

Ill. RESULTS AND DISCUSSION

Il. EXPERIMENT
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methods can be reconciled with high-quality data including

both core levels and mesh current readings. For the majority {  Amplitude DOWN 21% Yb F||m
of the paper we will use core-level normalization. The dif-
ferences between core-level and photon flux normalization Area UNCHANGED hv=60 eV

with the associated implications to mean-free-path argu-
ments is discussed in Sec. Il E of the paper as interpretation
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 corelike
4f states in Yb metal. Ytterbium metal is a purely divalent
material with all of the 4 electrons residing in the f4*
closed-shell initial-state configuration and with a final-state
binding energy of approximately 1.2 eV below the Fermi
level as measured by PES. Although tHeldvels are degen-
erate in energy with the valence electrons, the radial extent
of the close-shell wave function is small, the overlap with
the valence states is likewise small, and the hybridization is
limited (see Appendix A Thus the Yb 4 levels are often
treated as coreliké and the overlap with the valence elec-
trons is minimal, allowing the interaction between these lev-
els to be treated perturbatively. In Fig. 1 we show
temperature-dependent PES results for thin-film Yb metal | .
evaporated on a Ta substrate. The data were taken at two
different temperatures, 25 and 250 K, with all other experi-
mental parameters held fixed. This data set will illustrate
several of the common characteristics of photoemission in-
cluding temperature-dependent binding-energy shifts, pho-
non broadening with increasing temperature, and integrated
area conservation with peak height reduction.

The middle and lower frames of Fig. 1 show the experi-
mental datashaded circlgsalong with the nonlinear least-
squares fitting to the daf&.For the line-shape analysis, the
solid black line is the total fit, the dotted line is the bulk
4f component, and the dot-dashed line is the surface com-
ponent of the fit. In addition to the bulk and surface compo-
nent, we use a nonf4icomponent consisting of valence elec-
tron states coincident in energy with thé fevels and an \
integral secondary background proportional to the primary 32 83 54 35
electrons of higher kinetic energy (Shirley-type Kinetic Energy (eV)
backgroundl®® We use a Doniach-Sunji®$) line shape for o _ _ _
the natural linewidth [pg) as an asymmetric variation on FIG. 1. Photoemission spectra in the L_JPS regime showing the
the Lorentzian line shape to account for the |OW_energ)}emperature dependence of the Yb Iévells in purely.dlvalgnt Yb
electron-hole pairs at the Fermi le’&The DS line shape is metal. The top frame shows the comparison of the fitted line shapes
then convoluted with a Gaussian to account for both instrufrom theT=25 and 250 K data, while the middle and lower frames

mental broadening XE,,) as well as phonon broadenin show the detailed line-shape analysis for the two temperatures. The
. 9AEe 5 26 P 9 shaded circles are the raw data, the thick solid line is the total fit to
(AE,) with temperaturé>

. - . the data, and the bulk and surface components are represented by
InFig. 1, the ex'perlmentr?ll resolution wasl15 meV and the dashed and dot-dashed lines, respectively. Note in the top frame
the natural linewidth obtained from the nonlinear least-y,, the peak intensity decreases 520% as the temperature is

squares minimization is 100 meV for the bulk#, 102  increased; however, the integrated area remains constant as the
meV for the bulk 45,, and 125 meV for the surfacef4 higher temperature data are broader due to phonon effects.
components with a DS asymmetry parametej ©f 0.067

for the bulk and 0.119 for the surface componéht3he

parameters were obtained by fitting tHe=25 K data. It square(rms) process is risky at best, so we simply state that
should be noted that the experimental resolution was bethe zero-point phonon broadening in this case is small to
lieved to be 113 meV and the minimization routine arrived atnegligible (0—30 meV for Yb metal. We also calculated the

a value of 117 meV, which leaves30 meV “extra” Gauss- recoil phonon contributic? using the Debye temperature
ian width by quadrature and might be attributable to zero-#,=118 K for elemental Yb to arrive at a value of 11 meV
point electronic phonon broadening in a Frank-Condorfor the recoil phonon contribution, again a negligible value
model?® Extracting small differences through a root-mean-given the natural linewidth for this material.
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We next fit theT=250 K data in the lower frame of Fig.
1. Itis clear that for both data sets the statistical fluctuations | o Data
are small and the fits to the data are uniformly good. We Total Fit
therefore proceed to analyze the data by examining the fitted | " BulkFit
peaks for the two temperatures. The following two differ- Surface Fit
ences were observed in the 250-K fit with respect to the 25-K
fit: first, the Gaussian broadening increased from 117 to 176
meV in the bulk components, resulting in a rms difference of
~130 meV attributable to phonon broadening; second, the
energy of all four peaks shifted 25 meV to lower kinetic
energy as the temperature increased. In the top frame of Fig.
1 we show the total fitted line shapes for both temperatures '
and note that both the shift in energy and the broadening of YbAl,

YbAl,

£ hv=t10ev
g4 AE~50meV |

the spectral lines are plainly visible in the fitted data. More- hv=1486.6 eV
over, the integrated areas of thé Kvels were set equal for AE~ 450 meV

the two temperatures in Fig. 1 so that any amplitude reduc-
tion going fromT=25 to 250 K must then be offset by an
increased linewidth due to phonon broadening.
The binding energy shift in the Ybfddata may be treated
as arising from three contributioR.The first term arises - ’ -
from the change in the Fermi level with thermal expansion, | =" . 4 \
the second term is due to a decrease in conduction electronp—"" , ; ; ; )‘ kW
density resulting in a reduction of the electrostatic potential 4 35 3 25 2 .45 4 05 0 05
in the atom, and the third term is a final-state contribution

due to the temperature-dependent change in the relaxation YbAl, Yb 4 bulk 7/2
energy. The phonon broadening of the measured PES line hv=110 eV
shape likewise arises from three terfig® The first term is AE~ 50 meV

the recoil broadening from the ejected photoelectron, which
for largeZ ions and the low UPS kinetic energies becomes
less significant 11 meV for Yb metgl the second termis ¢
the zero-point phonon broadening due to differences in the
nuclear coordinates of the ground-state atom and the photo-{._.__ . .
excited ion atT=0 K (0—30 meV from our analysisand ) ‘-~~-_____\__
the third term is the temperature-dependent term due to : : : : : S
electron-phonon coupling between the ground and excited93 -0.25 02 045 .04 005 0 005 0.1
states of an atom at a given temperaturelB0 meV be- Binding Energy (eV)
tween 25 and 250 Kwithin the sudden approximatidi.The
third term, using th(_a Debye model for_ solids, is proportional FIG. 2. Photoelectron spectra and line-shape analysis for
to fp fo.r.th.e mater!?" the rms deviation of the atoms from YbAI;. (@ YbAI; UPS data with 50 meV energy resolution at
the equ.|I|br|um position, and the square root of tt\e temperar_ 6 k. As in the Yb film case, thef4,, and 4 5/, components are
ture. It is the third term that_domlnates _the EDC's for these,q|| resolved as are the surface vs bulk componeffs.YbAI 5
largeZ compounds at low kinetic energies. XPS data with 450 meV energy resolution. The bufkfdatures are

We next examine high-resolutioAEe,~50 meV UPS  enhanced with the greater MFP of the XPS photoelectri@De-
and AE,,~450 meV XPS results for single-crystal YbAl tails of the UPS fitting shown ifia) about the region of the Fermi
samples. The top frame of Fig. 2 shows the divalent ¥b 4 level and the bulk 4,, component.
emission for YbAL taken athy=110 and 50 meV resolu-
tion. The lower frame shows the bulk 4, and Fermi func- Gaussian for the phonon broadening, then multiply by the
tion region for this same fit in greater detail. The quality of appropriate Fermi function, and finally convolute with an-
the fit to the experimental data is once again seen to bether Gaussian representing the experimental resolution.
uniformly good. The fitting methodology is as outlined  The fitting in the top frame for the UPS data shows the
above for Yb metal with the addition of the Fermi function peak of the bulk 4, level to be 21 meV below the Fermi
entering into the fitting procedure as the Y kvels are level with a natural linewidth of 73 meV and asymmetry
now very near the Fermi level. The addition of the Fermia=0.218. The bulk 45, level has a natural linewidth
function complicates the convolution process. In the absencEps=89 meV and the surface core-level shif&CS’g are
of the Fermi function the experimental resolution and the~790 meV below their bulk counterparts. The larger natural
phonon broadening terms are both well represented by Gaubnewidth for thefs, level compared to thé,, level is con-
sians and one could add by quadrature these effects and theistent with the addition of an extra decay channel for the
convolute a single Gaussian with the DS function to simulate s, level in traditional core-level spectra. This added decay
the measured PES line shape. With the Fermi function andhannel is the Coster-Kronig process using thg level,
the noncommutativity of the convolution process, we mustwhich is, of course, not available to dr,, photohole. The
first convolute the natural linewidttDS line shapgwith a  additional channel reduces the photohole lifetime and conse-
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qguently increases the linewidth. The applicability of this realistically could represent the physics of the photoemission
mechanism for # photohole decay in Yb compounds so nearfor the material measured should limit the solution sets to
the Fermi level has not been guantitatively established. Theeasonable values.

binding energy of 21 meV below the Fermi level for-20

Kis ~40 meV less than values we had quoted previously for

T~80 K.>2° While the binding-energy shifts between 20 B. Effects of temperature

and 80 K, it is not clear how much of the difference is at-  |n order to quantify the effects of the Fermi function and
tributable to temperature and how much is attributable thhonon broadening for thefdlevels degenerate with the
uncertainty in the fitting procedure, with the nonorthogonal-Fermj level, we have constructed a simulation of
ity of the DS, Gaussian, and Fermi function line shapes, theemperature-dependent characteristics forphiotoemission
binding energy presents a serious challenge for exact detefith parameters based on the values found in Fig. 2 for
mination. We use the current value of 21 meV throughoutypa|, and Fig. 1 for Yb metal. The simulation is as follows.

this paper since the data of Fig. 2 are the highest resolutiofye take the binding energy(2L meV), linewidth
data we have available for fitting YbAland the statistics are (Tps7=73 meV, Tpss=89 meV), asymmetry

excellent. a=0.218), and spin-orbit splitting1.29 eV} from the
The surface component now comprises a larger portion oy , fitting at T=20 K in Fig. 2, combine this with the
the total 4 divalent signal than in the case of Yb metal, asyy, 4f temperature dependence- {30 meV from phonon
the bulk 4 signal in YbAIl; is split between divalent broadening between 20 and 300 Kf Fig. 1, and finally
(41 and trivalent (4%) configurations, whereas the Yb include the appropriate Fermi function for a given tempera-
4f atoms at the surface are all in the divalent configurationiyre T. In the top frame of Fig. 3 we show the simulated
In the middle frame of Fig. 2 we show XPS results for effects on the 4 energy levels at 20, 80, and 300 K with an
YbAl; and the associated line-shape analysis. We use thgperimental resolution of 45 meV. In the middle frame we
same fitting parameters as determined above for the UP§ow the details of the top frame for the region around the
results, but now thAE,, is 450 meV and the SCS is slightly 4f,, and the Fermi level.
larger for a different surface configuration as explained later ggyeral points of interest should be noted. First, the inte-
in Fig. 6(c). Also, the surface component has diminished ingrated intensities of the three different temperatures were
intensity reflecting the larger mean free paMFP) of the  normalized on the s, component by setting the areas equal
photoelectrons at-1500 eV as opposed to the 100-eV  in the region between-2 and—1 eV. The line-shape de-
photoelectrons in the UPS regime. In fact, the surface conge|opment with temperature of thef 4, level is very similar
tribution would have been even smaller if the sample werg, the temperature results reported in Fig. 1 for Yb metal,
o.r|ente.d normal to the electron analyzer but_ geometric CoNg itk the amplitude of the peak decreasing with temperature,
siderations for sample surface preparation dictated g yhe peak simultaneously broadening out to maintain a

$;e4(l\)/”:§keeoc1)‘:‘nart1r?let brer;[]ween samtﬁle surifrz]a;e ?r?d tarllalyze&onstant area. Next, the same amplitude reduction and line-
9 etric term goes as the cosin@.otne take- shape broadening occurs in thé,4 peak near the Fermi

off angle used for YbCySi, results in the second half of this level, but now the Fermi function begins to truncate more

paper was near normal and the surface contribution is pro—nd more of th tral intensit the infl £ th
portionately smaller for those measurements. a ore of the spectral intensily as the infiuence ot the

The use of the same fitting parameters in the XPS an(lJ:erml funct|9n exte_nds further beyond the zero-energy ref-
UPS regimes indicates that the UPS measurements are ifrence w_|th increasing temp(_arature. Morgover,_ the effects of
deed coupling to the bulk states of the solid effectively andhe Fermi functlon.on truncating spectral |nten§|ty are further
are measuring the bulk properties of the material in the Upgnhanced by the increased phonon broadening of thg 4
as well as the XPS modes. Also, the same linewidth andine shape centered just beldy , which tends to push even
asymmetry parameters being valid in the UPS as well as th@ore spectral weight toward the Fermi level with increasing
XPS regimes where the photoelectron kinetic energy varietemperature. The end result as demonstrated in the middle
by a factor of 15 and the time frame for photoelectron inter-frame is a sizable loss in peak amplitude, an apparent shift in
action with the photohole in the solid varies by nearly athe peak position away from the Fermi level with increasing
factor of 4 gives an indication that the sudden approximatioriemperature, and an actual loss ifi;4 spectral intensity
is most probably valid in both cases. This is a useful assumpaith temperature. The lower frame in Fig. 3 demonstrates
tion for direct application of the Frank-Condon principle us-that this effect is still readily observable at the more common
ing vertical nuclear coordinate excitation in the temperatureexperimental resolution of 100 meV.
dependent electronic phonon broadening of solids. Conservation of charge discourages an actual loss in total

One note of caution is required with the introduction of intensity with temperature so one might expect compensating
the Fermi function. Whereas the Lorentzidgor DS) vs  effects in the Yb compound data that will allow for conser-
Gaussian character of a PES line shape could be determingdtion of charge with temperature by introducing mecha-
rather accurately with data of sufficiently good statistft¥  nisms not included in the simulation. Several mechanisms
the introduction of the Fermi function further increases theare possible. First, some of thd 4lectrons near the Fermi
nonorthogonality of the basis functions for the minimizationlevel could be converted to ndneonduction electrons with
process and can lead to nonuniqueness in the solution set.iAcreasing temperaturgpectroscopically observed as diva-
strict adherence to reasonable limits in the parametric startent 4f electrons being converted to trivalenit électron$ or
ing values and acceptance only of output parameters thahe divalent 4 levels at the Fermi level can be shifted to
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FIG. 3. Simulation of the effects of the Fermi function and  FIG. 4. UPS data for YbAJ, taken at 80 and 300 K, showing
phonon broadening with increased temperature. The natural linghe entire valence band and the Ab Zore level from high-order
width, binding energy, and asymmetry are from the fitting of thesynchrotron photons in the top frame with details of the divalent
high-resolution YbAL, data in Fig. 2. The top and bottom frames and trivalent portions of the f4emission in the center and lower
show two different experimental resolutions, 45 and 100 meV. Aframes, respectively. The spectra are normalized on the integrated
130-meV Gaussian phonon broaden{2§—300 K and the appro- area of the Al D core level with an experimental resolution of
priate Fermi function represent the temperature dependence in the140 meV.
simulation. The phonon broadening is the same as that for the Yb
film in Fig. 1. The center frame is a detail for thé-4 and Fermi  trivalent 4f electrons with increasing temperature could cer-
level region of theAE,,=45 meV simulation. tainly compensate for spectral weight loss in the vicinity of

the Fermi level.
higher binding energy with increasing temperature, thereby
reducing the effects of the Fermi function on the integrated
spectral intensity.

In fact, these mechanisms are apparently realized in the Temperature-dependent PES results for the entire valence
PES data below. The energy shift in the PES data away frorband of YbAI;, along with the Al 2 level used for normal-
the Fermi level with increasing temperature is not unique tdzation purposes, are presented in Fig. 4. The data were taken
4f photoemission and is in fact a general trend realized irat temperatures of 80 and 300 K. In the top frame we show
most materials. While the energy shift with temperature maythe entire valence band including the divalent and trivalent
serve to reduce the amount of spectral weight lost in oulyb 4f emissions with the Al B core level just below the
4f simulation, it would generally not be considered a drivingtrivalent Yb emission. The monochromator for this experi-
force for the energy shift. The conversion of divalent toment was set for an energy of 60 eV, but with higher-order

C. YbAI,
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light we collected PES spectra in the kinetic-energy range
from 100 to 117 eV. This energy interval yields second-order
photons (6x2=120 e\) appropriate for the Yb valence
band(starting athv— ¢, where ¢ is the work function, and
ending 12 eV below the Fermi leyehs well as third-order
photons (6 3=180 eV} for the Al 2p level [the binding YbAI3 Bulk Divalent
energy €,) for the Al 2p is ~72 eV, so that 180 fitted components
—Eg(Al 2p)— ¢$=103.5 eV kinetic energy or 13 eV below — 780K
the second-order Fermi leJelThis seemingly complex | ...... T=300 K
method of using higher orders of diffracted light from the
synchrotron provided a most convenient method for normal-
izing the 4f emission of the temperature-dependent Yib 4
levels in YbAIs.

We have normalized the integrated area of the Alcdre
levels for the data at the two temperatures presented in Figs.
4 and 5. Several points can be made from the data in Fig. 4.
First, there is a shift toward greater binding energy in the
data as the temperature is increased from 80 to 300 K. This
shift is observed in the Al @ core level with a binding
energy of 72 eV as well as the Ybf4evels in the valence
band. The shift is not unique to rare-earth compounds or
heavy fermions; it is a general manifestation of the
temperature-dependent processes described in Sec. Il A.
The middle frame of Fig. 4 shows the details of the Yb 4
divalent region -4 eV toEg), while the lower frame shows
the 4f trivalent region 12 to —4 eV). Second, from the
lower two frames there is an apparent reduction in the diva-
lent intensity as the temperature increases with a commensu-
rate increase in the trivalent intensity over the same tempera-
ture interval. Finally, it should be noted that the temperature
dependence of the divalent region in the middle frame shows
a striking resemblance to the simulation in Fig. 3 of &1 4
core level cut by a Fermi function and broadened with tem- : : ; '
perature by phonons. 112 113 114 115 116

In Fig. 5 we show the quantitative line-shape analysis for Kinetic Energy (eV)
the data presented in Fig. 4. While the data of Fig. 4 for
YbAI ; are by no means our highest-resolution temperature-
dependent data for this system, they have several merits in{-b
C'“d'”g the fO”OW'”Q:('_) they encompass the entire divalent two frames, the shaded circles are the raw data, the thick black line
and trivalent 4 (—_:‘mISSIOH for Yb;(ii) they 'nCIUd_e the Al is the total fit, and the gray line and the dotted lines represent the
2p levels from higher-order photons for normalization; andyjk and surface components of the fit, respectively. In the top
(iii) they contain sufficient data point density and countingframe the bulk 4 components are compared at the two different

statistics to provide a high confidence level in the quantitatemperatures, showing a 7% loss in integrated intensity from 80 to
tive analysis results. As such, this data set represents thgo K.

most complete temperature-dependent YpAhta available

at this time. We have analyzed the divalent Yb Kvels  phonon interactions just as in Yb metal. Finally, it should be
presented in the middle frame of Fig. 4 by the methods outnoted that the fl5;, level amplitude is reduced by a smaller
lined for Yb metal(Fig. 1), as well as the high-resolution amount with increasing temperature compared to thg,4
YbAIl ; (Fig. 2) in previous paragraphs. WitAE.~140 level, just as predicted by the simulation in Fig. 3, with the
meV for the data in Fig. 5, the fits to the data are indicatedeffects of the Fermi function and phonon broadening coming
by the solid black lines with the data as shaded circles. It isnto play.

observed that the fits are again uniformly go@anall x? The total spectral weight loss for the bulk fitted divalent
value in the nonlinear least-squares minimizatiand are  4f levels in Fig. 5 is~7% between 80 and 300 K. The loss
consistent with the previous fits to the Yl§ 4evels. In the in bulk divalent 4, spectral intensity could arise from ma-
top frame of Fig. 5 we show the bulkf4, and 4f5,, com-  terials considerations and/or spectroscopic considerations.
ponents of the fits to the 80- and 300-K data. It is clear thaThe materials consideration would be the conversion of an
the Yb 4f levels in YbAI; exhibit several of the features f electron to a conduction electrdgabserved in the EDC as
observed in the divalent Yb metal data. First, thieldvels  the conversion from divalent to trivalent intensity in thé 4
are shifted to lower energy by 48 meV as the temperature ievel), whereas the spectroscopic phenomenon could arise
increased from 80 to 300 K. Next, thef 4evels broaden from a reduction in the photoelectron mean free path with
(~100 meV} with increased temperature due to electron-increasing temperatur@honon interactions, increased scat-

~7% loss in Bulk Divalent 4f
Intensity between 80 & 300 K

FIG. 5. Line-shape analysis for the divalent portion of the
Al; spectra presented in Fig. 4 &80 and 300 K. In the lower
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tering), thereby allowing a shorter probe depth into the

sample and reducing the PES signal attributable to the bulk o

Af intensity. The latter effect would probably not be the syml'l“_"_t';i:(:i'r:‘?\','ape ), hv =120eV

entire explanation for a temperature-dependent intensity re-
duction, but might represent a significant portion of the ef-
fect. Moreover, when compared with the simulation in Fig.
3, the intensity reduction for 80-300 K in Fig. 5 for
YbAI;, (7%) is smaller than that in the simulatidd2.5%).
As indicated in the simulation discussion, an energy shift
away from the Fermi level would be responsible for a com-
pensating effect that lessens the intensity variation as a func-
tion of both phonon broadening and the Fermi function with
increasing temperature. asymmetric lineshape
In Fig. 6 we show details of the line-shape analysis for the I ~75meV
Yb 4f levels of YbAI; in the top two frames as well as two
different surface terminations for the same single-crystal cu-
bic samples in the bottom frame. The data used in the top
two frames are divalent 4 emission withAE.,~95 meV
from a YbAl; sample. We study the changes in parameters
obtained when using two variations for the line shape repre-
senting symmetric and asymmetric fundamental line shapes
for the oscillator strength of thefdenergy level. In the top
frame of Fig. 6 we use a Lorentzian line shape to represent
the fundamental functional dependence for the photoelectron | YbAI3
spectrum. The Lorentzian line shape arises from the time- | 2 different
energy relation in representation theory for a discrete ground | surface
state using a time-dependent perturbation description of the | configurations
photoemission process. The asymmetric line shape is based
on the Lorentzian and is indeed recovered from the DS line
shape as the asymmetry parametegoes to zero. In addi-
tion to the fundamental oscillator description, the DS line (
shape accounts for the long-lived, electron-hole pairs very pS#3
nearEg, which give rise to the skewed low-kinetic-energy | ; ; :
side of the line shape characteristic of a metal with a large -3.5 25 1.5 0.5 0.5
DOS atEg. The bulk 4f,, and 4fg, levels are shown
shaded in Fig. 6 with the asymmetry of the DS line shape
apparent in the middle frame when compared with the sym- ) . .
metric Lorentzian line shape in the top frame. Both line FIG. 6. Divalent portion of the YbAj spectrum taken with 95

. . . meV resolution is shown in the top two frames. The shaded circles
Zﬂﬁpgeé.rifvcézlvf;ﬁidﬂﬂ?iéﬂe same 80-K Fermi functiof] 25 "0 ™ e thick black fine is the total it with the shaded

region, and the dotted lines represent the bulk and surface compo-

Several points can he made from the fitting in the top tV\./Onents of the fit. The top frame uses a symmetric Lorentzian line

frames of Fig. 6. F'rSt’,th(_a fit to the experimental data ITQ‘Shape for the natural linewidth, which results in a poorer fit to the
better for the a§ymmetrlc line shape than for the syr_nmetrlgata than the asymmetric DS line shape used in the middle frame.
one as determined bY_thX?Z values from the analysis. In |5 aqdition to a largey? value in the minimization routine, the
particular, the symmetric line shape does not fit the data agymmetric fit misses the data at the tail of the Fermi edge, high-
well in the Fermi-level region on the leading edge of the bulkpinding-energy side of the bulkf4,, peak and the peak of the bulk
4f7, peak, on the trailing edge of the same peak, and at thef.,, component. The lower frame shows two different surface con-
apex of the bulk 45, peak. Also, in order to achieve a figurations for single-crystal YbAlwith substantially different sur-
reasonable fit with the symmetric peak, the width of the bulkface component contributions to the overall divalent configuration.
peaks increases substantially from75 to ~140 meV for

the bulk 4f;, component. It is also observed that the per- The symmetry, or lack thereof, in the fundamental line
centage of the total emission attributed to the bulk composhape also directly effects the magnitude of the secondary
nents is diminished when going from the DS to the Lorent-scattered background spectrum since the background func-
zian line shape. The interplay between the natural linewidthion is calculated simultaneously with the primary peak fea-
I'ps and the asymmetry parameteris apparent. Although tures. In general, the background value increases as one goes
the functional dependence betwdégs anda is not linear, it to a more symmetric line shape since the “tail” of the fitted

is direct. For any given data set, a reduction in one of thepeak drops off faster ag tends toward zero. For a small
parameters requires an increase in the other value to comegion of any given valence bar{day the Yb 4 divalent
pensate. While the quality of the fit to the data is not main-region, the use of a symmetric line shape would then reduce
tained by adjusting these parameters, the direct dependenttee overall intensity contribution for that spectral feature
(as in Fig. § is clear. (bulk 4f/, 59 in favor of background or contributions from

AE ~ 95 meV
Yb 4f levels

Binding Energy (eV)
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other nearby spectral features. However, when the back-
ground function is applied over the entire valence-band re- | ypai-_ XP§ - ne~0.6
gion (divalent and trivalent together as in Fig) @&nd the 3 e
same assumptions regarding line-shape asymmetry are made)
for the entire range of spectral features, the ratio of divalent
to trivalent intensity comes out very nearly equal for the two
different line shapes. The DS line shape appears to be the
more suitable line shape for many Yb compourndldvels
(I'ps~ 75 meV,a~0.2) from the analysis presented in this
paper(for Yb metal as reported in Fig. 1 we firlths~ 100
meV, a«~0.1). Furthermore, the line shapes and linewidths
obtained from the fitting in this paper are consistent with
values obtained for the Lufdlevels with a binding energy of
~6 eV (Refs. 16 and 3l in LuAl; (I'pg~83 meV,
a~0.2) as well as the Tal{pg~40 meV, a~0.15) (Ref.

32) and W ([(ps~60 meV) (Ref. 33 4f, levels with bind-

ing energies of-22 and~ 31 eV, leading to a fairly uniform
picture of low-binding-energy # levels, which include the

Yb 4f levels. Bearing in mind the interdependencelgfs

and « as noted in the description of the top two frames of
Fig. 6, the uniformity in the commonfdlevel characteristics

is reinforced.

The lower frame of Fig. 6 shows two different surface
terminations for YbAL. The two different terminations most
likely represent a Yb-dominated surface terminatifitled
circles and an Al-dominated surface terminatigblack
line). Although the 4 surface components for the two dif-
ferent surfaces show distinct differences in both surface
binding energy and surfacd 4ntensity, the bulk 4 levels in
both cases are identical. That is, the binding energy and line-
width of the bulk 4 levels are unchanged by variations in
surface termination; moreover, the bulk components are
clearly separated energetically from the surface components.{2 10 8 4 4 2 0
regardless of surface termination. Along with the capability
of fitting both UPS and XPS data with the same line-shape
parameters, the above results indicate that the electronic
fSrt(;er:ttl;]ree srjrr]zgj(l}e/ ;ﬁgvtehreges?aigsbgflkth\:aalt;ﬁi gsu([))rl]ee er;}%\(:rs]“@ivalent and trivalent portions of the Ybf4pectrum. The divalent
to the surface in these single crystals allowing bulk characflf emi;sio_n 's separated into Surf-ace and bu”-( contri_bution_s_ as

- ) . o shown if Fig. 2 and then the bulk divalent and trivalent intensities
teristics tp be rgadlly observed \_Nlth the limited mean free, o sed to arrive at an;~0.6 for YbAl,. (b) UPS data for
path obtalnable in UPS ph_otoemlssmn. L YbAI; with the same analysis method as above and again arriving at

In Fig. 7 we use the line-shape analysis discussed fogn n 063 for YbAl,. (c) Normalized YbAL and LuAl, UPS

Figs. 2 and 5 to separate the divaleritgignal into surface gata. In addition to including a background component proportional
and bulk components. In the top frame this is done for XPSqo the primary emission of higher energy in our line-shape analysis,

while the UPS valence band is separated in the middle frameve account for the nonficomponent of the spectra by subtraction
An iterative integral background is used over the entire vaof a scaled Lu valence component that is seen to be both small and
lence band as previously described. By isolating the primaryeatureless in the Yb divalent region compared to thesignal at a
emissions in this manner, for both the trivalent and bulkphoton energy of 120 eV.

divalent 4f signals, we are able to calculate the hole occu-

pancyn; for the 4f levels in YbAI;. The hole occupancy is

defined asn;=1(f2¥)/[1(f¥¥)+ L1(fi4)]1, wherel(f¥) is  The widest range for tha; value for YbAL is obtained by

the integrated intensity of the primary trivalenf 4ompo-  allowing the asymmetry parameter in the divalerit lihe-

nent andl (fih,) is the integrated primary bulk divalent4 shape analysis to vary between pure Lorentziar-0) to
component from the line-shape analygise of the symbol «a=0.25, giving rise ta; values ranging from 0.69 to 0.58,

n; for hole occupancy arises from the electron-hole symmerespectively. Previous indicatioris Fig. 6) are that the use

try between Ce and Yb heavy electron compounds; the origief a Lorentzian line shape for the natural linewidth in the
nal interest in Ce systems has dictated the nomenclaturedivalent 4f signal leads to largey? values in the nonlinear
The value ofn; obtained for YbAE from the UPS and XPS least-squares analysis of the divalent data; thus the value of
data is~0.63 with a range for UPS measurements of 0.6-0.69 sets an extreme upper limit for the hole occupancy in
0.65 obtained for many different cleaves on this matéfial. YbAI ; with 0.63 being the canonical valdg>®3¢Thesen;

TriValent Yb 4f

Binding Energy (eV)

FIG. 7. (a) Full valence-band XPS data for Ybfkhowing the
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values for YbAL place this compound solidly in the mixed
valent regime for theoretical treatment of thé dnergy lev-
els.

In the lower frame of Fig. 7 we show the full valence
band of YbAI; along with the Lu counterpaftuAl ;) to this
strongly correlated material. It is evident from these two
spectra that the divalent Ybfdlevels very neaEg and the
Lu 4f levels at~6 eV belowEg share many common char-
acteristics in the measured electronic structure. The quanti-
tative similarities in the natural linewidth and asymmetry of
the line shape already have been documetftéd.addition UPS - AE~100 meV YbCu2Siz
to the obvious visual similarities, it is important to note that
the nonf contribution to the measured electronic structure at
a photon energy of 120 eV is both featureless and negligible YbCu3Sip &
on the scale of the 4emission. This point is essential when LaCusSig &
undertaking the quantitative line-shape analysis of the diva-
lent portion of the Yb 4 levels, as presented in Figs. 2, 5,
and 6. For other materials, the néremission may not rep-
resent a negligible contribution.

T T T T

integral background

D. YbCu,Si,

In the top frame of Fig. 8 we show UPS and XPS data for : : : : .
YbCu,Si,. This Yb compound has thermodynamic charac- -12 -10 -8 -6 -4 -2 0
teristics(low-temperature resistivity, heat capacity, and mag-
netic susceptibility substantially different from that of
YbAl;, with a characteristic temperature 6f40 K com-
pared with 400 K for YbAL. The characteristic temperature
plays a central role in categorizing the role of the correlation
between thef electrons in these heavy-fermion materials.
We therefore proceed to quantitatively analyze thé 4

excited-state emission of different Yb compounds to deter- | divalent 4f levels

mine if systematics in the characteristic temperatures track 2 surface .

with the 4f photoemission. The XPS datshaded circles in configurations YbCu2Si2

the top frame of Fig. Bshow a much greater bulk to surface | ‘ | 1 ‘
ratio in the divalent Yb 4 signal as the mean free path is _ ) j . i )

increased by a factor of 3—4 over that of the UPS results 3 25 2 15 ! 05 0 05
(here the XPS data were taken at near normal emission be- Binding Energy (eV)

tween the sample and the electron analyzer so that the mean

free path is maximum and even greater than the XPS FIG. 8. (a) Valence-band data for YbG8i, in the UPS regime
YbAI 5 reported above When differences in the Culscross  (hy=102 e\) with AE,~100 meV and the XPS regime
section and in the UPS vs XPS resolution are accounted fothv=1486.6 eV with AE.,~450 meV. The different photon ener-
the XPS and UPS data are fully self-consistent. Once agairgies gives rise to differences in the Yl and Cu 3l cross sections
these results confirm the coupling to true bulk states in UP®s well as differences in the photoelectron MFP as indicated by the

measurements and also the spatially localized nature of thgnaller surface contribution in the XPS data for the divaleht 4
Yb 4f surface components. surface signal.(b) UPS data for YbCwSi, and LaCySi, at

The treatment of the divalent Yb f4 emission in hv=102 eV showing the nonf4contribution to the valence-band

YbCu,Si, at hv=102 requires additional characterization in spectrum at this photon energy as_well as the secondary t_)ackground
order to quantitatively separate out the nohgbmponent ~Component for the datdc) Two different single-crystal divalent
from the photoemission signal. In the middle frame of Fig. 8chquIz surfacg conﬂguraﬂqns showmg variations in t.h.e crystgl
we show full valence-band data for Ybgsi, and s_urfa_ce termination a}nd th_e hlgh-resoluthn UPS capability to dis-
LaCu,Si,. The La compound is isoelectronic with the Yb tinguish surface configurations and bulk signal components.
compound, except for the Ybfdlevels, and has the same

crystal structure. By taking spectra of both compounds with

identical experimental setups including photon energy an®f Si and Cus bands extend to the YbG&i, Fermi level(if

then normalizing on the most prominent valence-band strucwe align the Fermi levels for the two materials then the Cu
ture (Cu 3d levels, we are able to separate the Yb dmis-  3d emission is~250 meV lower in binding energy for La
sion from the non emission. Due to slight differences in than Yb and difference curves show nonphysical negative-
atomic shell volumes and lattice parameters for the two mavalued amplitudes In this manner were are able to account
terials we expanded the energy scale of the La compound bigr the non-4 emission. However, the secondary emission is
~6% around the Cu@levels in order to have thep bands  also different from the two spectra as the secondaries at en-
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ergy E, are proportional to the primary emission &t E,
which, in the case of the Yb compouffiled circles, middle
frame Fig. 8, includes the Yb 4 signal, whereas the La
compound does not.

We proceed as follows. A secondary background function
is computed for each material and subtracted from the total
signal. We then normalize the spectra on the @egission
and add the YbCSi, secondary emissiofdashed lingto
the La primary emission spectrum to arrive at the total non-
4f emission (gray ling. This composite La-background

YbCu2Sia XPS
AE~450 meV T=30 K £

spectrum is again, as in the case for tfR Al ; (whereR ]

denotes rare-earth elements La, Yb, and, both featureless ; T {

and small compared to the divalenf £mission near the YbCuySip UPS

Fermi level, although it is a larger percentage of the total AE~100 meV T=80 K 7

emission than in theR)Al ; samples. In the lower frame of
Fig. 8 we show two different YbCy5i, surface terminations
that give rise to differences in the binding energy of the ~
surface component with respect to the bulk @emponent, ;
just as in YbAL. YbCu,Si, is a layered material with stron- ] il ;
ger in-plane bonds than the interplanar bonds. As such, we AN A SV s
attribute the two different surface configurations to Cu- \, i b5 '
dominated and Si-dominated surface layers with the Yb 4 |—elmm—""""__ .~ N

electronic structure converging to its bulk configuration be- ‘ ‘ ? ‘ ’ v ‘
yond the Yb layer nearest the surface. We have also ob- 3 25 2 A5 1 0.5 0 05

served what appeared to be a Yb surface-terminated plane on Binding Energy (eV)
one cleave of YbCuSi,. However, this surface was ob-
tained only once out of dozens of Ybgsi, cleaves and FIG. 9. Line-shape analysis for the Yif 4livalent YbCySi,

appeared to be of a highly strained nature. As in the case fafata presented in Fig. 83 XPS data and fitting showing the sur-
YbAI 5 (lower frame Fig. §, the bulk components show the face and bulk 4, and 4f 5, components with an energy resolution
same binding energy, linewidth, and asymmetry parametesf 450 meV. The bulk 4 components dominate the emission due to
regardless of the surface termination. the long MFP ath»=1486.6 eV.(b) UPS data and fitting with
We proceed with the same detailed line-shape analysis fokEex~100 meV showing the total fit as well as the surface and
the Yb 4f of YbCu,Si, which was detailed for YbAJ in  bulk 4f contributions.
Figs. 2, 5, and 6. Again we are able to fit both the UPS and
XPS data with two doublet& bulk 4f;,, and 4f5, pair and area of the trivalent Yb # integrated area since the Cul 3
the surface counterpayishe only differences arising from states are so much more intense than the trivalémstdtes at
the greater bulk sensitivity of the XPS ddthe surface con- hy=102 eV. By working at XPS energies this pitfall is
tribution was~11% of the divalent emission vs43% for  eliminated and the hole occupancy is determined with a
UPS, and the better energy resolution of the UPS vs XPSninimal amount of uncertainty. The XPS data in the top
data (~100 meV vs~450 me\). The results of this line- frame of Fig. 10 represent the current state of the art for
shape analysis are presented in Fig. 9 with XPS data in theorrelated electron heavy fermion XPS data by combining
upper frame and UPS data in the lower frame. Once agaimingle crystal samples witlAE,,~450 meV (resolving
the fit to the data is good throughout the entire divalent repower greater than 3300 atv=1486.6 eV and excellent
gion, as indicated by thg? values and visual inspection of counting statistics. As such, the; derived from Fig. 10
the fitted line shapdsolid black ling to the experimental brings new information to discussions regarding the model-
data (filled circles. The bulk component of the fit is indi- ing of heavy-fermion compounds. Once again, thef 0.63
cated by the dashed line and the surface component by ttfer YbCu,Si, places this system strongly in the mixed va-
dot-dashed line. lent regime for modeling and theoretical considerations.
The 4f hole occupancy for YbCy5i, is calculated to be Not only is then; value for YbCuwSi, very similar to that
0.63+-0.04 and the results of the analysis and calculatiorof YbAI 5, but the divalent 4 line-shape analysis also yields
leading to this value are shown in the top frame of Fig. 10.quite similar values. These findings would seem to be incon-
The line-shape analysis for the XPS divalent Yhbldvels of  sistent with models for strongly correlated materials, which
YbCu,Si, from Fig. 9 are used along with the methodology show scaling behavidiintensity, linewidth, and;) directly
of non-4f emission determination from Fig. 8. We use the proportional to the characteristic temperature of a particular
XPS data rather than the UPS data since the €signal is  heavy fermion. In the lower frame of Fig. 10 we present
much lower proportionally to the Ybfdthan in the UPS data temperature-dependent UPS data on Yb8ly. The data are
and, the bulk sensitivitand thus the confidence level in normalized on the integrated area of the Bicre level just
reducing errors from the surface contributiari the divalent above the Fermi level arising from second-order photon ex-
signal outweights the advantage of superior energy resolwitations. We have removed the 50-meV binding-energy shift
tion in the UPS data. The removal of the Cd 8ignal from  with temperature in order to better observe the normalization
the UPS data could have a significant effect on the integratedf the Si 2o level and the temperature dependence of the
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YbCu,Si,

AE~80 meV o Tk ‘
hv=60 eV
-2 1.5 -1 0.5 l;
YbAgCuy
UPS AE~60 meV
hv=102 eV
AE~140 meV
—e—T=25K
—T=250 K
------- T=100 K

! ‘ : x J ‘ M 038 06 04 02 0 02
945 955 965 975 985 995 1005 1015

Binding Energy (eV)
Kinetic Energy (eV)
FIG. 11. (a) Temperature-dependent UPS data for YbAgCu

FIG. 10. (@ YbCu,Si, XPS data showing the divalent and With AE.~80 meV for T=80-300 K and showing the bulk
trivalent Yb 4f contributions as well as the Cud3and secondary 4fz,and 45, components along with the surfacé,4 component.
backgroundshadedl The divalent 4 contribution is separated into There is a slight amplitude reduction in the bulk;4 component
bulk and surface contributions according to Fig. 9 and the bulkbrobably due to the Fermi function and a shift in the surface com-
divalent to trivalent integrated intensity gives rise torgn-0.63.  ponent with temperaturgb) YbAgCu, with AE.,~60 meV for
(b) UPS temperature dependence of the divalent Yi8tu4f data  T=20 K. The shaded circles are the data and the solid line is the fit
between 25 and 250 K datr=102 eV. The Si p core level is o the data. The intrinsic linewidth for the bulkf 4, component is
shown in second order just above the Fermi level and mmm_ 75 meV, which is in gOOd agreement for the values obtained for Yb
grated area was used for normalization of ttfedéta. metal, YbAl; and YbCySi,.

4f levels. It is obvious that the data show very little variation line-shape analysis for this material are presented in Fig. 11.
with temperature. In fact, the entire surface component douthe top frame of Fig. 11 shows the temperature dependence
blet along with the bulk 45, level shows negligible tem- (80-300 K of the 4f levels within 2 eV ofEr. We have
perature dependence. Only the bulik;4 level near the previously reported no temperature dependence below 80 K
Fermi level shows any significant decrease with temperaturgyr this materia?® The bulk 45, level is at—1.4 eV with
and this is still small and most likely due to the role of the the surface 4, level at —1 eV and the bulk 4, level
Fermi function at higher temperature as specified in the disinside of 100 meV of the Fermi level. The temperature de-
cussion related to Fig. @honon broadening of a sharp DOS pendence of the # levels for YbAgCuy, follows the now
in near proximity to the Fermi levelThere are indeed varia- common themeti) a slight(25—50 meV energy shift away
tions in the temperature dependence of YbSly data from  from the Fermi level with increasing temperatuiie), little to
cleave to cleave. Averaging over many cleaves, we havgg temperature dependence in the buf4level, and(iii) a
seen 0—10 % intensity loss over the 20—300 K temperaturgmga|| temperature dependence in the bufis,4level of a
range for the bulk divalent Yb #signal. Since this is the magnitude accounted for by the Fermi function and phonon
same intensity variation observed for Yb/\Where we pre-  proadening as modeled in the discussion for Fig. 3. In the
sented a 7% decreag€igs. 4 and B we now show data for |ower frame of Fig. 11 we present high-resolution
YbCu,Si, on the low side of the variational scale. (AE,~60 meV) T~20 K PES datdshaded circlesfor the
YbAgCu, bulk 4f, level along with the nonlinear least-
squares fit(solid black ling to the data. The line-shape
The third strongly correlated Yb compound to be consid-analysis for this data shows,s7,=73 meV,a=0.163, and
ered here is YbAgCu Temperature-dependent data andEg=21 meV. We reported these results for YbAgCin

E. Yb compounds, single crystals, and the Fermi function
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Ref. 37 and subsequently, the line-shape analysis results
have been confirmed by Weibet al. with even better en-
ergy resolutionAE.,~20 meV® Clearly the line-shape YbAl3
analysis from these two works is not limited by the experi- hv=102 eV
mental energy resolution and the natural linewidth of the | AE~45meV
4f spectral features is, in fact, about 75 meV, in remarkable
agreement with the 75 meV natural width for YhAfe-

ported from ourAE.,=50 meV data presented in Fig. 2. 2 ARITD
High-resolution UPSHr=102 e\) results for YbAL are

presented in Fig. 12 witAE.,~45 meV in the top frame ‘ ~—- single crystal Data |

and AE.,~75 meV in the lower two frames. The filled polycrystal Data |

circles are our single-crystal YbAldata from this work and , ; ; ; ; ; w ;

the solid black lines are polycrystal data digitized from Ref.-0.35 -0.3 025 02 015 -01 -005 0 005 0.
17. First and most importantly, the 45-meV data in the top :
frame of Fig. 12 show the bulkf4,, level and clearly indi- YbAl3 Bulk 4f'<Norm.

cate thatthe natural linewidth(I'pg7/9 of the spectral fea- hv=102 eV
ture is broader than the experimental resolution and both AE~T5 meV
data sets are measuring the same fundamental line shape
The difference between the data sets is mainly in the second-
ary electron contribution and the tail of the surfacg;4

level coming in on the high-binding-energy side from PR 358 D, 4
Ez~0.8 eV. The single-crystal data show a larger peak to
valley ratio than the polycrystal data, probably because the lgc.ases®
cleaved single-crystal sample has a flat and minimal surface | - |
area along with a low scattering cross section due to the . - ‘ - ; , i
periodicity of the lattice as well as strong coupling between -32 -28 -24 -2 16 -12 08 -04 0 0.4
the surface and bulk wave functions due to the single-crystal

nature of the sample. YbAl3 f

In the middle and lower frames of Fig. 12 we show the
full divalent portion of the Yb 4 levels for YbAl,. Both hv=102 eV
frames show the same two sets of data; the difference be- [AE~75meV
tween the two frames is in the normalization of the data sets.
In the middle frame the data are normalized on the amplitude
of the bulk 4f;, level at the Fermi level, while in the lower
frame the data are normalized on the amplitude of the surface
components as well as the secondary emission. From the ¥§
perspective of the middle frame, one would conclude that the ~TT——Surface & Background Norm. |
polycrystalline sample had a larger surface component and ; ‘ , ‘ ‘ , % \
more secondary scattering making up the total PES emissiongs 28 24 .2 -6 -2 -08 04 0 04
than the single-crystal data. From the perspective of the
lower frame, one would conclude that the polycrystalline
sample does not have as deep an escape depth or as efficient
a coupling of the bulk states to the surface as the single-
crystal data. In either event, it is clear that the peak to valley FIG. 12. UPS data for YbAJ at hy=102 eV with (a)
ratio of the PES signal is larger for the single-crystal data®Eex~45 meV andb) and(c) AE,,~75 meV. The solid lines are
than for the polycrystal data. Also, the percentage of the totajcraped polycrystalline data dt=10 K from Ref. 17 and the
PES signal due to primary electron bulk &mission is shaded circles are our data on cleaved single-crystal samples at
larger for the single-crystal data than for the polycrystal data) 20 K- (@ 45-meV data showing the Yb bulkf4,, component in
Both of these facts reduce the magnitude of the uncertaintIEFe vicinity of the Fermi level. The data reproduce very well in the

ading edge of the Fermi level and through the peak region, indi-

in the single-crystal data line-shape analysis and increase tc%ting that the data are measuring the same spectral feature. The

confidence level in the nonlinear least-squares results ove )

th f th | tal data. This i | trend in PE ata of Ref. 17 show a smaller peak to valley ratio probably due to

d ose od edpo yerys ah a Z‘ IS1S a g:]j(enerlz(;l_ ren. hm' | e polycrystalline nature of the sample or scraping of the surface,
ata and underscores the advantages of working with sing vhich gives rise to multiple surface configurations and a reduced

crystal samples when they are ava”ab'e- . . hotoelectron MFP(b) 75-meV data showing the entire divalent
It should also be noted that analysis of the entire divalenegion. The data are normalized to bulk742 peak height. The

4f spectrum is far preferable to analysis of a limited portionjmproved peak to valley ratio in our data leads to a less ambiguous
of the spectrum, say, the bulkf 4, level nearEg. Specifi-  |ine-shape analysis and a greater percentage of the emission arising
cally, analysis of the full divalent spectrum restricts the mag-from the bulk component for comparison to the trivalent signal in
nitude of the secondary background function to physicallyn; calculations(c) 75-meV data again showing the entire divalent
realistic values not greater than the PES signal at greateegion; now the data are normalized to surfade peak height
binding energy than the divalent 4evels!® Also, the fit to  (which also normalizes the backgrouinds

Binding Energy (eV)
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the full divalent & data forces the bulk,, level nearE to
prpperly accomnjod_ate the surfacef,4 componer!t at AE~T5 meV |
slightly deeper binding energyEg~0.8 eV). Combined
with the superior peak to valley ratio of single crystal data, a
fit to the full divalent 4 emission represents a well-
constrained system with a much higher confidence level in
the fitted values of the line-shape analysis than limited range
fits to data with low peak to valley ratios. Therefore, while
both data sets in the top frame of Fig. 12 have slightly better
energy resolution than the full divalenf 4ine-shape analy-
sis presented in Fig. 2AE.,=50 me\), we take the analysis
of Fig. 2 to represent the definitive quantitative analysis for_3
the YbAI; 4f line shape. :
The discussion for Fig. 3 dealt with the effects of the YbAl3 Data-
Fermi function on a sharply peaked DQBulk Yb 4f,,
level) in near proximity to the Fermi level using simulated
line-shape parameters obtained from fits to Yb metal and |o
YbAI ;. We now consider directly the similarities between
this purely divalent materigl’b meta) and the strongly cor-
related compound YbA]l In Fig. 13 we show angle resolved
(*=1°) UPS data withAE.,~ 75 meV for Yb metal(black
line) and YbAI; (shaded circles In the top frame is the full
divalent 4f PES signal composed of two spin-orbit-split dou-
blets representing the surface and bulk contributions. The Yh
metal spectrum has been offset byl.2 eV towards the
Fermi level so as to overlap the Yb4kpectrum for com-
parative reasons. The middle frame shows an enlargement of
the region in the vicinity ofEg that includes the bulk #,,
component for both materials. There are only two significant
differences in the PES spectra for these two materials. First,
the YbAI; shows a larger portion of thef4emission arising
from the surface component than the Yb metal data. This is
because the YbAlis mixed valent and the bulkf4emission
is split between the divalent and trivalent configurations, !
whereas the surface emission is purely divalent and arises . , ‘ ( ‘ :
from all Qf the surfacg related Yb atoms in.YbﬁIthis dif.- 06 05 04 03 02 -01 0 04 0.2
ference is therefore inconsequential and is not considered
beyond this point. The second notable difference in the PES Binding Energy (eV)
spectra of the divalentf4levels for these two materials is in
the width of the bulk 4, component. With the explanation FIG. 13. YbAI; and Yb metal UPS data for the divalent Yb
for the bulk to surface ratio above, this difference in the4f region with 1° angular acceptance for the electron analyzer and
linewidth is all that separates the measured PESignature  AE,~75 meV. The Yb metal spectrum has been shifteti2 eV
of Yb metal from a strongly correlated material such astoward the Fermi level to overlay the Yb4bpectrum(a) The solid
YbAI;. Since the data are taken with the same experimentdine is Yb metal and the shaded circles are YhAThe similarity in
energy resolution and both samples were at low temperatur@® 477> and 4, levels of the bulk and surface components is
(T~20 K), making the phonon broadening insignificant, thest_rlklng. Wlth_ some of the YbA] bulk 4f m@ensny_ dlver_te_d to the _
difference between the two line shapes must be due to eithéﬁ‘va'ent configuration, the surface t_o t_)ulk intensity ratio is larger in
a difference in the natural linewidth or the fact that theYbA|3 than Yb metal, but when this is accounted for, the spectra
VoAl iz lvel s ut by the Fermi funton. The midde /2028 Pl STial, Pt ol ek e i P,
Ergé igf dgltg'il.lli t‘:']golvg \?vetrfra%f(feetrﬁg(;i;;/nsi;hii ::LFZI/IQ(’) Ws.tereo_l about the Fermi level as t_he Yb_ met_al data has been shifted
We take the Yb film datasolid line in the top two frames and is not effeqted by the .Ferml function .Ilk.e the Ygﬁdqta.(c)
o . . Yb metal datacircles and fit to the datdsolid line) as in Fig. 1. If
and now show the individual data points in the lower framethe Yb metal data are cut by a Fermi function 21 meV above the

as shaded circles. Next we fit the Yb metal da&baded 4t heak as is YbAY, the resulting line shape is the dot-dashed
circles by the methodologies previously described in thejine and compares well with the YbAWf, level in (b).

paper using a DS line shape for the natural linewidth. Again,

it is observed that the fitsolid line) is of high quality and is  Gaussian function representing the experimental resolution.
well representative of the actual data. Then, we take the natirhis Fermi-function-truncated Yb metal fit is displayed as
ral linewidth for the fitted peak, cut this line shape with athe dot-dashed line in the lower frame. We used a Fermi
Fermi function centered 21 meV above the DS line-shapéunction 21 meV above the peak of the DS line shape be-
peak, and then convolute this line shape with a 75-me\tause that was the value determined from the fit to the

5 -3 2.5 -2 1.5 -1 0.5 ]
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YbAI ; data in Fig. 2. In the lower frame of Fig. 13, the fit to

the Yb metal(solid line) and the Fermi-function-truncated fit Yb film
(dot-dashed lineare everywhere equal untit 75 meV be- -

low the Fermi level; then the effect of the Fermi function AE_HS meV
becomes more pronounced with increasing energy until ap- hv =60 eV

proximately one resolution widttv5 meV) above the Fermi
level where the intensity becomes vanishingly small. The
20-K Fermi function used in this analysis is essentially a step
function about the Fermi level on the energy scale of Fig. 13
(the 10% and 90% intensity values atet meV about the
Fermi energyand therefore the effects of the Fermi function
are observed predominantly within 1AE,, of Ex. Com-
paring the fitted and truncated-fitted Yb metal line shapes of
the lower frame to the two data sets of the middle frame one : J ! * :
is drawn to the inescapable conclusion that, save for the role

1
5125 5175 5225 5275 5325 5375 5425 5475 55.25

of the Fermi functionthe PES spectra of the ¥f levels in 7
YbAl; are insignificantly different from the corelildf levels YbA|3 %
in Yb metal AE~T75 meV i j

In the Introduction and opening segments of Sec. I, we
detailed the normalization procedures used throughout the
paper. The method of mesh current normalizati@tording
an average mesh current either at the start or end of an EDC
or both at a synchrotron facility has several drawbacks,
mostly related to orbit changes in the stored particle beam or
changes in optical alignment including the photon mono-
chromator, sample position, or energy analyzer, on the time
scale of the data acquisition period for one EDC. These pit-
falls can be somewhat alleviated by measuring the photon
flux at each point in the EDC. The problem with this method
is that the mesh current for high-resolution UPS data is gen-
erally of a picoampere magnitudéhrough a 90% transmit- Kinetic Energy (eV)
ting mesh and the noise associated with this low-current

measurement is folded into the noise of the EDC pulse £ 14, vbAl, (bottom) and Yb metaltop) UPS data for the

counting statistics resulting in poor signal-to-noise ratios ingivajent Yb 4 region using photon flux normalization to indicate

many circumstances. An additional problem arises when dome intensity variation with temperature in these two materials. The

ing mesh normalization for temperature-dependent dataetal number of counts per energy step was divided by the photon

When changing temperatures, expansion or contraction iflux (mesh currenttaken at each data point. In both cases the

the cryostat requires realignment of the sample in the photoRigher-temperature spectrum shows a slightly enhanced secondary

beam. This realignment could introduce additional errors iremission, possibly due to the increased scattering and associated

the absolute intensity of the measured photoemission signalkeduction in the mean free path.

While the core-level normalization used throughout most of

this paper is generally of greater utility and more easilytion particularly if one chooses an arbitrary point in the sec-

implemented, we now present point by point photon fluxondary emission or a valley between surface and bulk

normalized EDC's as this method of normalization gives ab-components in the divalent emission on which to

solute intensity values if the signal-to-noise ratio and posinormalize'’' The results on the point by point flux normal-

tional instabilities can be mastered. ized EDC'’s are at this time strictly preliminary. However,
We present in Fig. 14 temperature-dependent PES dathe increased secondary emission along with the filling in of

using point-by-point photon flux normalization for Yb metal the valleys between the surface and bulk components both

in the top frame and YbA] in the bottom frame. The high- give tangible support to an intuitive notion that the probe

temperature data are the solid line with the low-temperaturéepth of photoelectron spectroscopy is not a constant of the

data as the shaded circles. In both data sets, it is notable thateasurement temperature and, for the most surface sensitive

the high-temperature data show a measurable increase in ibHPS photon energies, may indeed present a measurable dif-

tensity at binding energies beyond the divalefiteiission ference in the probe depth with temperature.

attributable to secondary electron scattering. If the above

normalization does indeed provid_e an absolgte intensity mea- IV. CONCLUSION

surement, then the most direct interpretation of these PES

results is that the scattering length and thus the mean free We have shown that the PES results for tlealent por-

path decreases as the temperature increases for these matdan of strongly correlated Yb-based materialan be ana-

als. This would be expected from the resistivity of theselyzed within a conventional core-level framework. Devia-

materials as a function of temperature; however, it has imtions from this analysis might well be treated in a

portant ramifications for various other methods of normalizaperturbative fashion. The question of whether the divalent

hv =120 eV

L
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portion of the 4 levels shouldbe treated in this manner is the extent of hybridization between the Y evels and the
another matter, given the clear mixed-valent nature of thesgonduction states was not ascertainable from the PES data.

Yb compounds. Several points are clear from the PES resulfy/though the effects of hybridization are not clearly discern-
and analysis(i) The widthI 5 of the bulk 4, level, which ible in our Yb PES results, degenerate perturbation theory

: . : mandates such hybridization, which will result in a lower-
is the peak nearest the Fermi level, is generallfs meV for '
the materials included in this papérb metal, YbCusSi,, energy ground state. Both the intfdevel overlap and the

YbAl 4, and YbAGCW). (ii) The separation of the surface hybridization for Yb compounds might be expected to be

: smaller than for Ce or U compounds. Indeed, the effects of
and bulk components in the Ybfdevels (AEg~600 meV 514 formation betweeh levels in the PES data have now

makes characterization of the bulk excited-statevels un-  peen demonstrated in both Ce-based and U-based strongly
ambiguousiii) The readily observed multiple surface core- correlated materials2%%4°A manifestation in the PES data
level shifts found in the single-crystal samplgSigs. G¢)  of intra-f-level overlap is energy dispersion and periodicity
and §c)] indicate that surface vs bulk separation is clear-cuwith the crystal lattice. We have, as yet, observed neither the
in all cases and the Ybfdlevels converge to bulk character- periodicity of the lattice nor dispersion in thé fevels of Yb
istics beyond the first unit cell at the surfa¢e.) The con-  heavy fermions. This is not surprising since the spatial local-
sistency between spectral features in the XPS and UPS spdgation of the Yb 4 levels exceeds that of the Cd 4evels
tra clearly define the PES data as measuring the bulk excitedt the U 5 levels.
state properties of these Yb compounds. Also, bothrthe Consider the atomic structure calculations of Herman and
values and the detailed divalent line-shape analysis are iBkilmart® as well as those of Freem&hin the rare-earth
excellent agreement with each other over these two PES relements, the radial wave function for the conduction elec-
gimes.(v) The agreement between the quantitative analysi¢rons (5 and 6) are much larger than those of the 4
for the XPS and UPS regimes reinforces the validity of thelevels. In fact, comparing the conduction radial wave func-
sudden approximation for these PES results, which is requiions with the Wigner-Seitz radius for metallic rare-earth sol-
site for the Frank-Condon phonon-broadening analysis.  ids indicates large overlap in the wave functions for adjacent
When the body of evidence including the values Sites. In contrast, the overlap between neighboring sites for
(~0.6), the small temperature dependence, the conventionte 4f wave functions is extremely sméfl This leads to two
linewidths (4f,,,~75 me\), the similarity between YbA]  suppositions: first, the band formation in théevels is weak
and Yb metal(Fig. 13, and the agreement with the core- (as indicated in Ce #and U & dispersions of order 50
level, Fermi-function, phonon-broadening simulatigfigs. ~ meV) and, second, the mismatch in radial wave functions
3, 4, 10, and 11 are considered together, conventionalleads to low hybridization between ttidevels and the con-
mixed-valent models for the PES-determined spectroscopiguction states. The peak in the radial wave function for the
characteristics seem applicable, raising for consideration théf level of Yb is 50% smaller than that of Q@.24 A vs
possibility that many of the unique properties of these0.36 A). This might lead one to conclude that the hybridiza-
strongly correlated materials might result from a fortuitoustion in Yb correlated electron materials is generally smaller
degeneracy between the corelike divalent portion of the 4 than for Ce-based materials. Also, the dispersion of the 4
levels and the Fermi level. Finally, Yb heavy fermions ex-levels one might expect to observe would be commensu-
hibit PES results that seem more consistent with a converfately less than the 50 meV observed for Ce heavy fermions
tional mixed-valentwith the divalent 4 modeled as core- (very likely below the detectable level of a PES appanatus
like) interpretation rather than a complex spin fluctuationNevertheless, hybridization of thef 4evels in Yb would lift
modef~®invoking a narrow, strongly temperature-dependenthe ground-state degeneracy of the ldvel (as would con-
resonance feature in near proximity to the Fermi level. sideration of relativistic effects in the Ybfdlevels, which
are of order 10% of the # energy within the relativistic
mass-velocity correcticf). So, while we are currently not
able to directly observe the effects of hybridization in the
This work was supported by the U.S. Department of En-PES of these Yb materials, the consideration of hybridization
ergy. The Synchrotron Radiation Center is operated by thé the interpretation of these Yb materials should not be ig-
University of Wisconsin for the National Science Foundationnored.
under Award No. DMR-95-31009 and the National Synchro- The PES measurements of values (~0.6— —0.65) for
tron Light Source is funded by the U.S. Department of En-the Yb heavy fermions presented in the text place these ma-
ergy. We thank John Weaver for providing the facilities for terials in the mixed-valent regime of strongly correlated ma-
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the XPS measurements. terials (and well outside of the SIAM regimeWe indicated
the role of the Fermi function and phonon broadening in
APPENDIX A: HYBRIDIZATION reducing the divalent 4, intensity as a function of tempera-
AND HOLE OCCUPANCY ture. It should not be surprising that in addition to the Fermi-

function—phonon-broadening role, the balance between the
The divalent portion of the Yb # signal has been de- divalent and trivalent # ground states could also be tem-
scribed throughout the text as corelike with the suggestioperature dependent. Specifically, with the divalent and triva-
that hybridization with conduction electrons might be treatedent ground states almost energetically degeneiiata tra-
perturbatively. The analysis of the divalent YI§ $hoto-  ditional mixed-valent modgl the lattice changes as a
emission data within a core-level framework proved quantifunction of temperature could easily lead to a shift in the
tatively accurate; however, the implications of hybridizationbalance between the weightings of the divalent and trivalent
with the conduction states were not addressed in the text aonfigurations with temperature. These lattice changes are
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non-negligible for the Yb heavy fermions presented in theirrespective of the raw data differences between past and
text. For YbCuwSi, the Al/I~0.1% between 80 and 300 K present work, if the analysis of these previous two data sets
gives rise to a volume change of order 0.3% with a thermalvere to yield significantly different bulk Yb %, compo-
expansion coefficient ranging from—3x10 °K at 20 K nents in the PES signal, one would no longer have confor-
to 11x10 %K at 200 K* For YbAl; the Al/I~0.065%  mity to the noncrossing approximation results for the tem-
(Ref. 43 between 173 and 300 K that is comparable to thaperature dependence or hole occupancy in conformity with
of YbCu,Si,, and for YbAgCu, a ranges from the SIAM (since both papers claim good agreement with
—8x107%/K at 20 K to 13x 10" 6/K at 300 K** With lattice ~ SIAM using the published line-shape analysis
changes of this magnitude, one would actually expect varia- While there may be no absolute right or wrong line-shape
tions in the divalent or trivalent intensities as a function ofanalysis for the 4 levels in these Yb-based heavy fermions,
temperature. These types of changes could easily account fgifere are ranges of values that are acceptable and other val-
divalent 4f intensity variations that might be outside of the ues outside of this range where one might question the physi-
region (bulk 4f, level) covered by the Fermi-function— cal meaning of the parameters or line shapes. With this in
phonon-broadening method detailed in the text. mind, one might consider that the above-cited Yb heavy-
fermion papers, irrespective of any actual temperature depen-
dence measured, would indeed not conform to the SIAM
predictions if the determination of the bulkf4, level in-
cluded consideration of the peak-to-valley and bulk-to-
The heavy-fermion PES community had, by necessitysurface ratios inherent in the Ybf4data presented in the
made extensive use of polycrystalline samples in the 1980qresent work. Specifically, the Ybf4results reported in the
In the 1990s, single-crystal samples of sufficient size for PE®resent paper yield peak-to-valley and bulk-to-surface ratios
measurements became available for several Ce, Yb, arslibstantially larger than those reported previotish? These
U-based heavy fermions. Presently, both cleaved single crydarger ratios allow for smaller error bars in the analysis as
tals and scraped polycrystals are used in heavy-fermion PESell as increased confidence levels in the fitted values. More-
experiments by different groups. It has been observed thaiver, these larger ratios serve to constrain the fitting param-
the cleaved single-crystal PES results are sometimes diffeeters to a much smaller subset of parameter space than the
ent from the scraped polycrystalline counterpaitS.’8The  data presented in Refs. 17 and 18 and, in particular, the con-
nature of this discrepancy will be discussed for two particu-tribution to the total spectral intensity within 100 meV of
lar Yb heavy-fermion systems and the merits of cleavedeg from the bulk 4, level is substantially greater than that
single-crystal PES for Yb as well as Ce and U heavy-fermionreported in these polycrystal papéfs?
systems will be outlined and referenced. In the top frame of Fig. 15 are single-crystal and poly-
The two Yb-based heavy-fermion systems under considerystal PES results for YbAl This same polycrystal data
eration are YbAL and YbAgCuy,. For both materials, there was shown in Fig. 12, while the single-crystal data are from
are published polycrystalline results that show a temperaturRefs. 15 and 16. The dot-dashed line is the preferred nonbulk
dependence and are interpreted within the SIAM. There aréf,, background chosen from the analysis in Ref. 17. While
at least two similarities between these polycrystallinethis background might conceivably be possitiler the near
YbAI; (Ref. 17 and YbAgCuy, (Ref. 18 papers: both papers Fermi-level region as used in Ref.)lif one considers only
report a temperature dependence in excess of what is réhe polycrystalline data set, comparison to the single-crystal
ported here and both papers make similar choices for thdata for YbAl; would allow one to rule out this “back-
non-bulk-4f;,, intensity of the PES signal. The differences groundB” as an option for the nonbulk #,, background.
between the PES results fall into two categories: actual, meaFhis backgroundB, if applied to the single-crystal data,
sured experimental data and quantitative results arising frorwould truncate nearly two-thirds of the actuaf.4 level
data analysis. There do indeed appear to be differences in tligdicated in the top frame by the dashed Jingloreover, it
actual, measured experimental data previously reported arid plainly obvious that if one were to truncate the majority of
the current work. These differences will be considered subthe Yb 4f,, level reported in this paper in the same fashion,
sequent to the analysis discussion. the temperature dependences in the present g&jger4 for
Both the YbAI; and YbAgCuy, polycrystalline PES pa- YbAI 5, Fig. 10 for YbCu,Si,, and Fig. 11 for YbAgCy)
pers show temperature-dependent, high-resolution, surfacesould look commensurately larger and much more like the
sensitive photoemission of the bulk 4, components in the temperature dependences reported in Refs. 17 and 18. The
immediate vicinity of the Fermi levelYbAl 5, Ref. 17, Fig. 2 analysis presented throughout this paper has shown that this
and YbAgCuy, Ref. 18, Fig. 2. In both cases, the authors type of background determination would not be accurate for
have separated the portion of the PES signal arising from ththe single-crystal data presented.
bulk Yb 4f,, component(the so-called Kondo resonance The above comparison raises the question as to which
and the remainder of the PES sigriaecondary emission, method of analysis is more appropriate. We contend that the
surface 4, and nonf emission. Also, in both papers, an methodologies that were used throughout this manuscript are
n; value or spectral intensity is calculated using this temperasound and lead to physically reasonable analytical results.
ture dependence of the “Kondo resonance€r’bAl ;, Ref.  Specifically, the analysis used throughout the present work
17, Fig. 4 and YbAgCu, Ref. 18, Fig. 3. While the analysis explicitly and quantitatively accounted for the ligand emis-
in these papers is self-consistent, there could arise a problesion in the PES signdLu and La isoelectronic counterparts
if the analysis used to determine the temperature dependenas well as the surface contributions to the PES. Additionally,
and thus then; value were in need of revision. Therefore, the secondary backgrounds were determined by standard

APPENDIX B: SINGLE CRYSTALS, SIAM,
AND THE CORRELATED ELECTRON PROBLEM
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gion are presented in the inset to indicate the nonbtili,4
- background for single-crystal YbAl Now it is clearly that
Background T-90 K YbAlg the intensity just below the Fermi level is completely domi-
"B" Ref. 17 nated by the bulk #;,, level. Moreover, one may determine
directly the hole occupancy for the material from the full
valence-band spectra by direct analysis rather than combin-
ing two different spectroscopi¢XAS and PE$ measured at
different times as was done for YbAin Ref. 17. Also, the
full valence-band scans allow one to directly monitor con-
tamination levels as the sample temperature changes or the
sample surface ages. It is clear from the temperature-
dependent data of Fig. 4 that there was no contamination
problem at any temperature for the single-crystal YpAd-
sults. The wide valence-band scans and Al @ore-level
normalization incorporatedvia second orderinto these
valence-band scan presents a nearly complete picture for the
temperature dependence. The only additional information
one might realistically want would be surface structural in-
formation. Namely, was there an ordered surface structure at
both temperatures and was it the same structure? To collect
these datélow-energy electron diffraction or reflection high-
energy electron diffractionin addition to the PES data
within the sample lifetime is beyond the present scope of our
experimental setup. Perhaps these data could be collected
independently, and if found to be highly reproducible, ex-
trapolated onto the PES findings. Of course, this type of
information is not possible with polycrystals since there is no
long-range order at the surface to track.

In the lower frame of Fig. 15 we show that the analysis

used for YbAL is, in fact, general and applicable to all of the
YbCu2Sis Yb heavy fermions we have studied. The lower frame shows
& the analysis for YbCuSi, with the ligand emission deter-
LaCusSia mined from LaCySi, and the secondary emission again
o analyzed over the entire valence-band region. Although there

is more ligand intensity in this material than the previous
material, the inset shows the intensity at the Fermi level is
once again dominated by the bulk 4 level. If one exam-
ines the nonbulk #,, background for the polycrystal deter-
mined in the top frame of Fig. 15 and compares it to the
; ; = f 1 1 nonbulk 4f,, background determined in the lower two
-12 -10 4 6 -4 2 0 frames of the same figure for the single-crystal data, one can
Binding Energy (eV) see that a good deal of the differences reported in the litera-
ture on the same material arises from different analysis. We
FIG. 15. YbAIl; and YbCySi, UPS data(a) Comparison of  contend that our analysis is more reliable becaugethe
single-crystal vs polycrystal YbAl PES data of Ref. 17line,  peak-to-valley ratio for the bulk &, level is larger in our
T~100 K, hv=102 eV) and Ref. 16, Fig. dcircles, T~80 K,  data and allows us to fit the data more relialgly), the bulk-
hv=120 eV) originally presented in Fig. 1 of Ref. 15. The dot- t5_gyrface ratio is larger in our data and allows for a higher
dashed horizontal line is the nonbulk dackgroundB of Ref. 17 cqnfigence level in the parameters determined from the least-
and the dotted line is the single crystdl,4 bulk fitted component. squares minimization(ii ) we have accurately removed the
.The superior peak to valley ratio fqr the single-crystal data grea"ﬁigand emission from the PES spectrum by measuring La and
improves the confidence factor in the line-shape analydis. Lu counterparts to the Yb heavy fermions presented in this

YDAl PES data alf~80 K andhy=120 eV, showing the full aper (iv) the secondary electron emission has been properl
valence-band background and the surface and bulk contributions 1% Per, y properly

the Yb 4f signal.(c) YbCu,Si, UPS data(circles, LaCu,Si, data  accounted for by examining the full valence band including
(gray line, and the full valence-band integral backgrouddshed the_em're divalent gnd trlvalentf45|gnals, andv) contami-
line) showing the breakdown into varioug 4nd non-4 contribu- nation levels are directly monitored in our full valence-band

tions to the total PES signal. scans at each temperature. ) )
The results for YbAgCy presented in Ref. 18 and this
methods and applied over the entire valence-band regionaper are not as different as the single-crystal vs polycrystal
The full valence-band scan presented in the middle frame ofbAl 5 results. This is probably because both groups used
Fig. 15 is the same as that presented in Fig. 7. In additiorpolycrystals for YbAgCy and both groups fractured the
the line-shape analysis and the data for the Fermi level resample to prepare the surface rather than scraping the sur-
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face. Our YbAgCuy was a large grain growth with visually variation with temperature seems unlikely.
prominent single-crystal domains. The microstructure of the Having studied both single crystals and polycrystals using
YbAgCu, used in Ref. 18 was not detailed in the text of thatPES, we have found the single-crystal results to be more
paper so we do not know if their samples differ significantlyreliable. This reliability of single crystals arises frofi) a
in microstructure from ours, although the growth methodsmall percentage of the signal attributed to surface emission,
was clearly different. In fact, the authors of Ref. 18 also(ii) a more stable surface against reaction than polycrystals,
scraped the sample surface and found the following: “The(iii) no inclusions of second phases in the flux grown
intensity ratio of bulk to surface features however was al-samples, andiv) no grain boundaries for internal contami-
ways less favorable than in the case of the broken sample.hation or migration of elements. Also, in the case of tem-
This has been our finding also whenever scraping is used fqrerature dependence, there may be many possible explana-
sample surface preparation. There is again in these two datens for variations in intensity with temperature, but there
sets a difference in analysis that significantly effects the inare very few explanations for little or no temperature depen-
terpretation of the temperature dependence for YbAgCu dence. Therefore, if there are two sets of data, one showing
Our analysis parallels that detailed above for the case dittle temperature dependence on single crystals and another
YbAIl ;. Again we have full valence-band scans and a Lushowing larger temperature dependence on the polycrystals,
isoelectronic for ligand removal. Once again our peak-towe would contend that the single-crystal results in this case
valley ratio is better for the peak near the Fermi le\éij.  are more likely to reflect the intrinsic properties of the ma-
11(b) vs Fig. 2 for Ref. 1§ but this time the discrepancy is terial under investigation.
not as large. In this case, although the energy resolution is While the main body of this paper was devoted to PES
2.5 times better in Ref. 18 than our 60-meV resolution inresults and analysis without detailed discussion on applicable
Fig. 11(b), our peak-to-valley ratio is still larger probably models, we now state that the Yb results reported in this
due to the larger Yb #cross section at 60 eV vs the 40.8 eV work are indeed incompatible with the many predictions of
energy used in Ref. 18. One other possibility for the differ-the SIAM. Moreover, the YbAgCyresults in Ref. 18 report
ence could be sample preparation, although this is pure linewidth and binding energy for the Kondo resonance
speculation. Our samples were grown enclosed in sealed Teompletely inconsistent with the SIAM, but in full agreement
to maintain the Yb stoichiometry, whereas Ref. 18 reportswvith the original report of the # linewidth and binding en-
argon arc furnace growth that can lead to Yb depletion due tergy for YbAgCu,.3’ It might also be the case that if a more
its large vapor pressure at elevated temperatures. conventional background were chosen in Ref. 17, the results

As in the case for YbAJ, we have full valence-band of that paper would also yield values for the PES inconsis-
scans to monitor sample surface integrity as a function ofent with the SIAM.
temperature and inclusion of the trivalent Yb dignal again There are even more compelling reasons to abandon the
makes determination of th& value possible from the same SIAM as an explanation for heavy-fermion characteristics
spectrum. We find am; value of 0.65 for YbAgCy, well  and these reasons have their roots in the single-crystal PES
outside the Kondo regime. One must also consider in thelata for Ce and U-based heavy fermions. It has been shown
analysis that which might initially seem to be part of the rawthat the bulk Ce 4 levels in CeBg; (Ref. 20 and CePj,
data discrepancy, namely, normalization. How does one noiRef. 19 are periodic with the lattice. That is, the bulk 4
malize the data between different temperatures? As disspectral intensity modulates with the reciprocal lattice vec-
cussed in the text with respect to Fig. 14, the answer to thior, giving clear indication that thef4levels are bands and
seemingly obvious question is not even clear. not fully localized impurities. This work was performed at

It is our opinion that determining the temperature depenihe Ce resonance energy of 120 eV. Further research on
dence of the bulk # levels from surface sensitive PES data USb, (Ref. 3§ and UPt (Ref. 45 was conducted at lower
is the most difficult of the # measurements. It is somewhat photon energies yielding even higher-energy resolu(®m
simpler to obtain values of thefsinding energy, linewidth, meV) but also much bettek-space resolutions of the Bril-
and hole occupancyn¢) because these values can all belion zone in thel’-X direction. With this improved energy
obtained from a single spectrum rather than normalizingand k-space resolution one now plainly observes dispersion
multiple spectra and then trying to account for possiblein thef level as well as the intensity modulation reported for
changes in surface structure or surface contaminants. WitBe at higher photon energies.
this in mind, we state that the temperature dependences ob- In summary, the SIAM has been shown to be fundamen-
served for the Yb heavy fermions reported in this paper ardally at odds with the experimental results for Ce and U
in the 0—10 % range. That is, in addition to some small dif-heavy fermions. The dispersion of tlidevels in Ce and U
ferences between the various Yb materials, there are aldmeavy fermions mandates the use of single-crystal samples.
small variations within a given material. Specifically, somelf one expects the interesting electronic properties of Yb
cleaves on YbAI, and YbCyBi, show almost no tempera- heavy fermions to be related to the Ce and U-based heavy
ture dependence at all, while other cleaves can show up termions (as thermodynamic and transport considerations
10% variation with temperature. It is not clear whether thewould indicatg, then clearly one would want to use single-
range of values for the temperature dependence is due twystal samples for meaningful Yb heavy-fermion PES stud-
inherent variations in intensity normalization or actualies. While thek-dependent PES results for Ce and &vels
sample variations that include surface preparation techmakes the SIAM fundamentally inappropriate for explaining
niques. Having conducted well over a dozen temperaturtghe physics of these heavy fermions, one need not abandon
studies on each of these two Yb heavy fermions, the possihe Anderson Hamiltonian as a starting point for correlated
bility of significant revision on the 0-10 % temperature electron physics. There are several models based on the
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Anderson Hamiltonian that hold promise for explaining thewhich can show(for certain parameter seta much slower
experimental results for Ce, U, and Yb-based heavy fermitemperature dependence than SIAM and also might account
ons. A most promising model has recently been put forth byfor the dispersion observed in PES data. There are many
Sheng and Coopéf, which is based on two temperature- possibilities for explaining or understanding the nature of
independent bands. This model explains the balance betweeavy-fermion behavior, but it would appear that the SIAM
magnetism and the heavy-fermion singlet-ground-state, thejs no longer a viable contender. As is often the case, the early
modynamic resultgsusceptibility and specific hgaand the  front runner(SIAM) for understanding the problem is based
dispersion and conventional temperature dependence OB, early data and often cannot provide the final explanation

served in the PES results for both Ce and U heavy fermiongyhen more detailed experimental results become available.
One might also look to the periodic Anderson matiel,
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