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Observation of Kondo resonance in YbAI,
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Anderson Hamiltonian parameters for mixed-valence YbAl; were determined from the magnetic
susceptibility, photoelectron-spectroscopy, and bremsstrahlung-isochromat-spectroscopy data.
The 4f'3—4f"* electron affinity energy is ~0.5 eV and the hybridization between Yb 4f and Al
conduction electrons is ~0.05 eV, both of which are larger than conventional estimates. This hy-
bridization and the resulting Kondo resonance are considered to play important roles for the
anomalous properties of valence-fluctuating Yb compounds, as in the case of Ce compounds.

I. INTRODUCTION

Rare-earth and actinide compounds have been the
subject of active research for the last few years. These
compounds exhibit interesting phenomena such as
mixed-valence and heavy-fermion properties,""> which
are believed to originate from the highly correlated f
electrons and their interaction with conduction-band
electrons. Among these f-electron systems, Ce and its
compounds are probably the most studied and best un-
derstood systems. Experiments such as photoelectron
spectroscopy (PES) and bremsstrahlung-isochromat-
spectroscopy (BIS) and theoretical efforts utilizing the
large degeneracy N, of the 4f level now firmly estab-
lished®~> that all known Ce metallic compounds are in
the Kondo regime of the underlying Anderson Hamil-
tonian
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and the low-energy, low-temperature properties are con-
trolled by spin fluctuations with an energy scale set by
the Kondo temperature T;. For example, the
differences in physical properties between the a and y
phases of Ce metal and its compounds are now under-
stood® to reflect primarily the large change of T, rather
than the gross change of 4f-electron occupation number
ny as had been believed for a long time.” The variation
of the 4f-conduction electron hybridization A=1rpV2,
where p is the conduction-band density of states, appears
to be more important than the variation of the ioniza-
tion energy €, or the f-f Coulomb energy U. PES and
BIS measurements unambiguously show the existence of
the narrow many-body Kondo resonance in the 4f spec-
tral weight distribution,’ which is responsible for many
anomalous physical properties. The scale of the Kondo
resonance T is also the scale for the universal functions
describing equilibrium, transport, and excitation proper-
ties of Ce impurities and compounds.?

It is natural to ask whether this success of the impuri-
ty Anderson Hamiltonian description can be extended to
other anomalous rare-earth compounds as well. In par-

2861 ©1988 The American Physical Society



2862

ticular, it is interesting to know how important the hy-
dridization and the resulting Kondo resonance are for
their anomalous physical properties. For heavier rare-
earth mixed-valence compounds, A is traditionally ex-
pected to be small because of the lanthanide contraction
of 4f wave functions, and the “promotional” model,’
where the change of €, and n/ is the controlling factor
for their physical properties, is still commonly believed.
To test the importance of the hybridization and the re-
sulting Kondo resonance in these compounds, it is im-
portant to determine the parameter values of the Ander-
son Hamiltonian, particularly the 4f level energy €, and
the hybridization strength A, since U is already known
to be 6-7 eV. In this paper we report the results of the
PES and BIS study on YbAl,, a typical mixed-valent Yb
compound, to determine these parameter values Ef and
A. We chose to study YbAl; because (i) Yb ion, being
the last element of rare-earth series, is expected to have
smallest A, and (ii) Yb compounds can be treated con-
ceptually in the same wave as Ce compounds by simply
interchanging the role of the 4f electron with that of the
4f hole.? This is the first determination of these parame-
ter values for mixed-valence rare-earth compounds other
than Ce, and we found that contrary to common expec-
tations the 4f level is substantially away from the Fermi
level and that the hybridization still plays an important
role for YbAl, just as in Ce cases.

II. EXPERIMENT

The sample was a polycrystalline ingot of YbAI;
prepared by the induction-melting method. Polycrystal-
line LuAl; was also prepared by arc melting to get the
reference spectra without 4f-electron contributions.
Both crystals were annealed, and their crystal structures
and stoichiometry were checked by the x-ray analysis.
Fresh surfaces for PES and BIS measurements were ob-
tained by fracturing the samples in situ with the base
pressure better than 1X 10~ !9 Torr. Oxygen and carbon
contaminations were monitored during the measure-
ments and found to be negligible. Valence-band photo-
emission spectra of YbAl; were measured using soft x-
ray synchrotron radiation on the Beam Line 11-D of the
Photon Factory in Japan, equipped with constant devia-
tion monochromator® and double-pass cylindrical mirror
analyzer. Unoccupied densities of states (DOS) were
measured at the Xerox Palo Alto Research Center, Cali-
fornia, with the Vacuum Generators ESCALAB factory
modified for BIS measurements. Valence-band PES
spectra were taken at room temperatures, whereas BIS
spectra were measured with samples cooled down by
liquid nitrogen in order to reduce the contamination
buildup during the measurement.

III. DATA AND INTERPRETATION

Figure 1(a) shows the valence-band photoemission
spectrum of YbAl, at photon energy hv=100 eV. The
combined instrumental resolution (FWHM) due to the
monochromator and the electron energy analyzer was
0.26 eV. The spectrum at this photon energy is dom-
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FIG. 1. Valence-band photoemission spectra of YbAl; and
its theoretical fit. Dots are data points, the solid line is the
theoretical fit, and the dashed line represents the inelastic
background. (a) Wide scan at hv=100 eV. The trivalent part
is fitted with theoretical 4f'*—4/'? multiplet structures calcu-
lated in Ref. 10 (the energy scale is expanded by a factor of 1.1
to give the best fit) whose intensities are shown with bars. (b)
High-resolution spectrum of the divalent part taken at hv=2380
eV. B and S represent the bulk and surface doublets, respec-
tively. The singularity index a for the bulk peaks was set equal
to 0.1, while that for the surface peak to zero.

inated by Yb 4f level emissions,'® so we can interpret
this spectrum as the electron-removal part of the Yb 4f
spectral weight in YbAIl;. The structure between the
Fermi level Er and 4 eV below can be identified as the
4f" 54" transition (“divalent” part), and that be-
tween 4 and 11 eV below E as the 4f'*—4f!? transi-
tion (“trivalent” part). This trivalent part is well fitted
by the 4f'? final-state multiplet structures calculated by
the coefficients of fractional parentage,” as shown in the
figure by the solid line.

The divalent part consists of bulk and surface peaks,
as can be seen clearly in the high-resolution data of Fig.
1(b). The instrumental resolution for this high-
resolution spectrum'? is 0.15 eV, and here the least-
square fit shows two sets of 4f!® spin-orbit doublets
(spin-orbit splitting Ago=1.27 eV, intensity ratio=3)
separated from each other by 0.79 eV. The narrow dou-



blet at lower binding energy is from the bulk
4f'*>4f1, 4f%3, transitions, and the broad one at
higher binding energy is from the totally divalent surface
layers, as in the case of YbAL.!* The fact that this
second doublet is the surface feature was also confirmed
by the oxygen test. These surface shifted peaks were not
resolved in earlier XPS data'* on YbAIl; due to inade-
quate resolution and some oxygen contaminations. The
intrinsic width (FWHM) of the bulk 4f'® peak obtained
from the fit is less than 0.2 eV, whereas the surface
peaks are more than 0.8 eV wide, probably due to the
fact that many different crystal orientations exist at the
surface and more than one surface layer contributes to
this peak.!? The valence of the bulk YbAl, at room tem-
perature deduced from the intensity ratio of the trivalent
part and the bulk divalent part is 2.78+0.03. This value
is a little smaller than the value v =2.95 estimated from
the lattice constant measurement,'® but consistent with
the estimate of 2.75 from the Ly absorption-edge spec-
tra.!® We believe that this discrepancy is due to the
inadequacy of the linear Vegard’s law used to determine
the valence from the lattice constant,'® and that our esti-
mate based on the photoemission intensity is more reli-
able. We note, however, that this estimate neglects the
dynamical effect of the hybridization,* which is expected
to be small for the parameter range of YbAl; determined
below.

Figure 2 shows the BIS spectrum of YbAl, taken with
hv=1486.6 eV (dots). To extract Yb 4f spectral weight,
we also measured the LuAl; BIS spectrum shown in the
figure with the solid line. The instrumental resolutions
for these spectra are ~0.4 eV, and the two spectra are
scaled so that the intensities at ~5 eV above Ep are
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FIG. 2. BIS spectra of YbAl; (dots) and LuAl; (solid line).
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FIG. 3. Experimental Yb 4f spectral weight (dots) com-
pared with the Gunnarsson-Schénhmammer model theoretical
fit (solid line) in the energy range 0-3 eV above E.. A Gauss-
ian broadening of 0.4 eV (FWHM) was used to simulate the ex-
perimental resolution. The inset shows the theoretical curve
with a reduced Gaussian broadening (FWHM=0.15 eV).
Dashed and dot-dashed lines are theoretical curves when the
€, value is changed by +0.1 eV (see text).

equal. The Yb 4f spectral weight was then obtained by
subtracting LuAl; data from the YbAl,; spectrum, the re-
sult of which is shown in Fig. 3 with dots. We note the
following features in this difference spectrum (1) there
are two structures in the Yb 4f spectral weight—a peak
near the Fermi level (between 0 and 1 eV above Ep) and
a shoulder between 1 and 2 eV. These two structures
are clearly distinguished by the slope change at about 1
eV above E.. The shoulder between 1 and 2 eV above
E;. is not an artifact of our subtraction procedure, as
other reasonable procedures we tried always gave a sub-
stantial 4f weight in this energy range. (2) The peak
near the Fermi level (between O and 1 eV above Ep) is
asymmetric in shape in that the slope of the leading edge
is entirely determined by the instrumental resolution
whereas the descent above the peak is slower, giving an
indication of the intrinsic width on the higher-energy
side.

These two experimental features cannot be explained
by the simple promotional model, where the 4f level is
“pinned” at the Fermi level to give mixed valency and
the anomalous physical properties for YbAl;. In this
promotional model, 4f spectral weight of YbAI; in the
BIS spectrum would be a single peak at Ep, which is
essentially symmetric within the experimental resolu-
tion.!” On the contrary, we will show below that the re-
cently proposed theory for calculating 4f spectral
weights of the Anderson Hamiltonian*'® can account for
these two essential features of YbAl; BIS spectrum, and
that the parameter values so determined are in the range
where the hybridization and Kondo resonance are im-

portant for understanding its anomalous physical prop-
erties.

IV. THEORETICAL FIT

In the spin fluctuation limit of the Anderson Hamil-
tonian with U— o and N;— o, there exist the follow-
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that enables us to determine €, and A if one knows the
valence v and the zero-temperature magnetic susceptibil-
ity X(0). Here p.g=Vj(j+1)g;up=4.54up for the
4f13, configuration, n, is the number of the 4/ hole, B is
the bandwidth, and & is the Kondo temperature. Since
the experimental value of X(0) for YbAl; has been re-
ported previously,'> we can try to estimate £, and A us-
ing the value of valence determined above. However, in-
clusion of spin-orbit splitting, finite U, and charge fluc-
tuation effects modifies these estimates, and a theory was
developed earlier by two of us'®* using the method of
1/N; expansion. We therefore used this theory to deter-
mine parameter values of €, and A that give theoretical
v and X(0) which are consistent with the experimental
results. This theory also predicts the 4f spectral weight
distribution, and we show in Fig. 3 with the solid line
the theoretical curve with parameter values thus deter-
mined. We see that this theoretical fit reproduces the
above-mentioned two essential features of the experimen-
tal spectrum reasonably well—an asymmetric peak near
the Fermi level and an extra structure at 1-2 eV above
Ep, with a slope change around 1.2 eV.

The parameters of the fit are U=7 eV, €;5,,=—0.75
eV, Ago=¢ts7—€f5,,=1.27 €V, and A,,=0.05 eV
where A,, denotes the average of the hybridization
strength mp | V() |? over the conduction band. These
parameters give the valence” v=2.79 consistent with
the value determined by our PES spectrum, and the
zero-temperature magnetic susceptibility X(0)=4.60
% 10~!% cm3/mole of the Yb atom, in good agreement
with the experimental value of 4.62X 10~ '3 cm’/mole.
To show the sensitivity of the fit to the change of param-
eter values, we also show in Fig. 3 the theoretical curves
for e,=—0.65 eV (dot-dashed) and &,=—0.85 eV
(dashed), maintaining the same valence v =2.78 by ad-
justing A,, accordingly (A,,=0.056 eV for the dot-
dashed line and A,,=0.034 eV for the dashed line). We
see that these small changes of €, by £0.1 eV make the
overall agreements worse, and furthermore X(0) for
these cases are 3.5X 10~ '3 and 6.0 10~!* cm?/mole, re-
spectively, in substantial disagreement with the experi-
mental value. That is, the theoretical 4f spectral weight
curve with parameters £, and A which are consistent
with experimental v and X(0) also gives the most reason-
able fit of the BIS spectrum in YbAl;.

The asymmetry of the peak near E is due to its in-
trinsic structure, as confirmed by the theory curve with
the same parameters but with a reduced Gaussian
broadening (0.15 eV) shown in the inset of Fig. 3. This
curve shows a “Kondo peak” at the Fermi energy and a
second shoulder at ~0.5 eV corresponding to the
4f3(°F, ,)—4f'%('S,) transition. In the analogy be-
tween the Yb BIS and the Ce PES spectrum,8 this peak
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corresponds to the Ce f© peak (at about —2 eV) in the
PES spectrum.

The structure at 1-2 eV above Ef is related to the
spin-orbit splitting of the Yb 4f'* configuration. As
Bickers et al.® first pointed out, the upper spin-orbit
feature in the Yb BIS spectrum can give rise to an an-
tiresonance because of the interference with the “ioniza-
tion” peak at €,7,,. The minima at Agp=1.2 eV due to
this antiresonance are all seen in theory curves of Fig. 3.
The fact that this structure is due to the spin-orbit ener-
gy is confirmed by Fig. 4, where we show two theory
curves with the same €./, values (~0.55 eV) but with
different spin-orbit energies (Ago=1.2 eV for the solid
line, and Agg=1.5 eV for the dotted line). We can see
that the minimum and the peak above it moved by about
0.3 eV, the difference between two spin-orbit energies
used. The fact that the experimental 4f spectrum shows
this feature at 1-2 eV above E supports our interpreta-
tion that the peak at E is not just the 41 !* final state
but must involve the 4 '3 final state as well.

The theoretical curve for the Yb 4f BIS spectrum in
Fig. 3 was generated by the theory developed earlier for
Ce compounds PES (Ref. 4) by interchanging the hole
and electron parts of the spectrum. This calculation of
the 4/ BIS spectrum and the susceptibility X(0) was per-
formed to the lowest order in 1/N,, and the effect of
finite U was also included.'®* Since Yb 4f electrons are
expected to hybridize mainly with the nearest-neighbor
Al states, we calculated the partial density of Al spd
states in LuAl; by the linearized muffin-tin orbital
(LMTO) method and took the result as the conduction
band density of states. This partial density of Al spd
states is shown in Fig. 5, and it is found to be substan-
tially different from the experimental LuAl; BIS spec-
trum of Fig. 2. This is due to the contribution from Lu

INTENSITY
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FIG. 4. Comparison of two theoretical curves with the same
€r7,,=0.55 eV and A,,=0.05 eV but with different spin-orbit
energies. (Ago=1.2 eV for the solid line and Ago=1.5 eV for
the dotted line). Gaussian broadening of 0.15 eV was used.
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FIG. 5. Partial density of Al spd states in LuAl; used for
the calculations of the 4f BIS spectrum and the susceptibility.
This density of states was calculated by the linearized muffin-
tin orbital (LMTO) method.

5d states, which has a large cross section at this photon
energy.!® The conduction band was cut off at 3 eV
above Ep in the calculations for numerical reasons,
which introduces slight renormalizations of the €, and
A,, values quoted above. The hybridization parameter
Vim Was assumed to be the same throughout the band.

The €5 and A,, values determined above may seem
surprisingly large. To understand this better, we per-
formed the band-structure calculations of both LuAl;
and LaAl; and compared their bonding parameters. We
found that although p-f bonding parameters of LuAl,
are indeed smaller than those of LaAl; by about a factor
of 4, the mixing of the Lu 4f state with the free-
electron-like part is not so much different.! This sug-
gests that €, and A,, values determined above are not
unreasonable.

One discrepancy between the experimental 4f spectral
weight and the theoretical fit in Fig. 3 is the amount of
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the weight in the energy range 1-2 eV above Ep. This
discrepancy may be due to several simplifications made
in the theory. One is, of course, the use of the simple
Anderson model Hamiltonian to describe the complicat-
ed real physical system, and others may be the effects of
higher-order terms in 1/N,. But what is likely to be
more important is the fact that we neglected the Yb 5d-
4f hybridization between next-nearest neighbors and
also the detailed variations of | ¥(e)|? in the conduc-
tion band.?! In fact, this is the region where the shape
of |V(e)|? is found to give significant changes in the
position and weight of 4f spectral weights in the Ce
compound PES spectrum.’ However, this discrepancy at
1-2 eV is only quantitative, which hopefully can be im-
proved by a more detailed theory. What is important
here is the fact that we were able to describe essential
features of spectroscopic data (PES, BIS) and relate to
the thermodynamic property [X(0)] with one model with
the same parameters.

V. CONCLUSIONS

We have determined parameter values of the Ander-
son Hamiltonian for YbAl, that give a consistent
description of the magnetic susceptibility, photoemis-
sion, and BIS spectra. The 4f electron affinity energy ¢,
and the hybridization A,, are considerably larger than
traditional estimates, although they are indeed smaller
than most anomalous Ce compounds as expected from
the lanthanide contraction. The large hybridization and
resulting Kondo resonance are considered important for
anomalous physical properties of valence-fluctuating Yb
compounds, and features of Kondo resonance and its
sidebands are seen in the 4f spectral weight distribution
measured by PES and BIS.
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