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Mixed-valence YbCu, has been studied by x-ray and ultraviolet photoemission spectroscopy (XPS
and UPS). UPS results reveal a bulk divalent (4f'*—4f'%) peak ~0.3 eV below the Fermi level, and
a valence of 2.2 is deduced from XPS. These values are compared with the ground-state magnetic
susceptibility, the specific heat, and the magnetic relaxation rate of 4f electrons by using the results
of the degenerate impurity Anderson model. The 4f—5d—conduction-band hybridization is sug-
gested to be more important than the 4f—sp —conduction-band hybridization.

I. INTRODUCTION

There has been considerable interest in valence-
fluctuation phenomena in rare-earth compounds.'
Anomalous behaviors of magnetic, electrical, thermal, and
structural properties in these compounds have been attri-
buted to a near degeneracy of two electronic configura-
tions, 4" and 4f"*!, of the rare-earth ion in the
configuration-based picture.? This has been directly
proved by photoemission experiments, which show two
sets of final-state multiplets, 4f"~! and 4f", in the
valence-band region with the lowest-binding-energy com-
ponent of the 4f" multiplet located close to the Fermi lev-
el (Ep).> However, there has been controversy on the
relevance of such a high-energy probe to investigation of
the low-energy properties and on the relationship between
information obtained by photoemission and low-energy
experiments.

In particular, for Ce and its compounds, the valence
determined by photoemission or x-ray absorption is gen-
erally much lower than that estimated from low-energy
experiments.*> The discrepancy is attributed to large 4f-
valence (conduction) —band hybridization A=mp¥? of the
order of 0.1 eV,® where p and V are the conduction-band
density of states (DOS) and the 4f—conduction-band hy-
bridization matrix element, respectively, evaluated at Ep,
while much smaller values A~0.001—0.01 eV have been
assumed so far. Almost all metallic Ce compounds are
found to be in the so-called Kondo regime, i.e., the num-
ber of 4f electrons ny is greater than ~0.8 but, as far as
low-energy properties such as magnetic susceptibilities are
concerned, some of them appear to be of mixed valence or
tetravalent due to strong 4f—valence-band hybridization.
Recent theoretical studies on the degenerate impurity An-
derson model have demonstrated that this situation can be
understood in terms of the universal aspect of the 4f DOS
as shown in Fig. 1. Due to the large 4f-orbital degeneracy
Ny, the 4f°—4f" spectral weight shows a peak at g,
above Er and the temperature-dependent physical proper-
ties scale with a characteristic temperature’ To~¢s/k. In
the Kondo regime [Fig. 1(a)] the bare 4f level € is well
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below Er and T is equal to the Kondo temperature Tk,
while in the mixed-valence regime [Fig. 1(b)] z—:? is near
Ep or g;.7 The 4f'—4f° spectral weight in the Kondo
regime has a double-peak structure, one at Er and the
other near E_(} (a few eV below Ef) as has been observed by
photoemission spectroscopy.® The latter deeper peak
disappears in the mixed-valence regime (ng «<0.8),°
though this situation rarely occurs in Ce systems.

In mixed-valence Yb compounds, charge fluctuation
takes place between divalent (4f'%) and trivalent (4f 13)
configurations, and therefore photoemission can probe the
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FIG. 1. Schematic representation of the 4f spectral density
of states for Yb (Ce) compounds in (a) the Kondo and (b) the
mixed-valence regimes. The spin-orbit splitting of the 4% (4f )
final states as well as the multiplet structure of the 412 (4f?) fi-
nal states are not shown. €7, 4f peak position; e?, bare 4f-level
position.
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4f DOS corresponding to the 4% 4f! spectral weight of
Ce systems as can be seen from Fig. 1. Thus high-
resolution photoemission studies of Yb compounds span-
ning a wide range of valences would reveal systematic
changes in the 4f-derived DOS and their relevance to the
low-energy properties, since the unoccupied 4f DOS in Ce
systems cannot be studied with comparable resolution be-
cause of the limitation of the current bremsstrahlung iso-
chromat spectroscopy (BIS) technique.

In this paper, we report results of a photoemission
study on YbCu, which has been reported to be mixed
valent, with a valence of v =2.4—2.5 according to mag-
netic'® and lattice-constant!! measurements. When inter-
preting the experimental results, we will make use of the
local Fermi-liquid (LFL) theory of Newns and Hewson'?
and the degenerate impurity Anderson-model results by
Kuramoto et al.>'® and by Ramakrishnan and Sur.'* In
most previous photoemission works on mixed-valence sys-
tems, the lowest-energy 4/” multiplet has been assumed at
Er (Ref. 3), or, even if it is noticeably shifted from Ep,
the shift has not been paid attention to or has been attri-
buted to a final-state effect in the photoemission process
(relaxation or screening effect).!>'® However, it should be
noted that in the mixed-valence regime kTO:sg can be of
the order of ~0.1 eV and a 4f'*—4f!® peak may be ob-
served distinctly below Ep. In fact, parameters we have
deduced from experiment—the number of 4f holes
ng~0.2, and the photoemission peak position relative to
Ef, e/~0.3 eV—will be shown to be quantitatively con-
sistent with the magnetic and thermal properties predicted
by the Anderson model and the LFL theory.

II. EXPERIMENT

Samples were prepared by the arc-melting method, and
were checked to be single phases by x-ray diffraction.
Spectra were taken with a spectrometer equipped with a
Mg Ka radiation source and a He resonance lamp and
photoelectrons were collected with a double-pass cylindri-
cal mirror analyzer. The base pressure of the spectrome-
ter was ~5X 107!! Torr. The surface was cleaned in situ
by scraping with a diamond file. The cleaning was done
periodically in order to keep the oxygen contamination
below the detectability limit [as monitored by the O 1s
peak in x-ray photoemission spectroscopy (XPS) and the
O 2p emission in ultraviolet photoemission spectroscopy
(UPS)]. The energy resolution of UPS was 0.18 eV as
determined from the Fermi edge of Cu metal, out of
which ~0.05 eV is due to the thermal distribution of elec-
trons at room temperature.

III. RESULTS

Figure 2 shows Hel (hv=21.2 eV) and Hell (hv=40.8
eV) UPS and XPS (hv=1253.6 eV) spectra in the
valence-band region. The emission features extending
from Ep to ~2.5 eV below it become intense with in-
creasing photon energy and are attributed to 4f'4—4f!3
emission from divalent Yb superposed on the fairly
smooth Yb 5d band emission. Below this region (at 2—5
eV) the Cu 3d band is located, and at 5—13 eV
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FIG. 2. XPS and UPS spectra of YbCu, in the valence-band
region.

41354112 emission from trivalent Yb is identified. Fig-
ure 3 shows the 4f13 final-state region of the Hell spec-
trum on an expanded energy scale. The 413 features con-
sist of two overlapping spin-orbit doublets, for each of
which one can identify *F ,, and Fs ,, peaks separated by
about 1.3 eV. The *F;,, peak of the lower-binding-energy
doublet is located close to Er as expected from the bulk
valence-fluctuation behavior. On the surfaces of mixed-
valence Yb compounds, Yb atoms are converted to di-
valent,''® and 4f'3 peaks arising from the surface di-
valent Yb atoms are shifted to higher binding energies rel-
ative to bulk 4/ ' peaks. The higher-binding-energy 413
doublet is thus attributed to the surface divalent Yb. This
emission was in fact found suppressed by an exposure of
~1 L O,, confirming its surface origin.

The bulk 4f'3 peaks were fitted to an asymmetric line
shape given by Mahan!” (with a cutoff energy of £=6 eV)
convoluted with Gaussian and Lorentzian broadening
functions representing, respectively, the instrumental and
lifetime broadening effects. In order to evaluate contribu-
tions from the Cu and Yb 5d bands, the He II spectrum of
isostructural LuCu,, for which the 4f emission is below
the Cu 3d band, was measured. The Lu 5d band was fit-
ted to a step function with a step at Ep plus a Gaussian
peak just below Ep, and the Cu 3d band to two Gaussians
as is shown in Fig. 3. In going from LuCu, to YbCu,, the
position of Ep within the 5d band was shifted by 0.3 eV
downward in order to represent the decrease in the con-
duction electron number, and the Cu 3d band was allowed
to be narrowed (by 15%) because of the increased Cu-Cu
distance. The surface 4f!® peaks were assumed to be sym-
metric as they have been found to be highly symmetric in
most Yb compounds including Yb metal.!>!61819 n.
tegral backgrounds were assumed except for the surface
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FIG. 3. Hen UPS spectrum of YbCu, (dots) in the
4f1_4f"1 region fitted to a superposition of the bulk and sur-
face 4f13 spin-orbit doublets, the Cu 3d and Yb 5d bands (dot-
dashed curves), and the integral background (dashed curve).
The 41" doublet due to divalent surface Yb atoms appears at
~1.0 eV higher binding energies than the bulk one. The Hel
spectrum of LuCu, is also shown.

4f'3 peaks, for which such a background is expected to be
weak since photoelectrons from surface atoms escape
from the surface before traveling in the bulk. The energy
positions, intensities, Gaussian and lifetime widths, singu-
larity index, and background intensities were treated as
adjustable parameters. The spin-orbit splittings of the
bulk and surface doublets were set to be identical and the
statistical ratio 4:3 was assumed for the intensity ratio.
As for the 4f'? emission, the same singularity index as
that of the bulk 4f'3 peaks was used. The 4f'? multiplet
structure was taken from a calculation by Gerken et al.,?®
but we allowed for a uniform expansion of the energy
scale by 1.16. Since XPS does not have sufficient resolu-
tion to resolve the surface 413 peaks from the bulk one,
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FIG. 4. XPS spectrum of YbCu, (dots) in the valence-band
region fitted to a superposition of the 4f'?> multiplet, the bulk
and surface 4f'3 spin-orbit doublets, the Cu 3d band (dot-
dashed curve), and the integral background (dashed curve).

the energies of the bulk and surface 4f'® peaks and the
singularity index were fixed at the values obtained for the
He 1l spectrum with appropriately increased Gaussian and
lifetime widths.

Resulting fits are shown in Fig. 3 for He1l UPS and in
Fig. 4 for XPS, and the parameters are shown in Table L.
The Gaussian full width at half maximum (FWHM) of
these peaks is similar to the broadening of the Cu metal
Fermi edge, whereas that of the surface 4! peaks is con-
siderably larger than this, suggesting the presence of ine-
quivalent atomic sites on the surface. It should be noted
that we could fit the 4f'® emission without assuming a
second surface 4! doublet located between the bulk and
surface components as has been found for YbAl,.'>!"?

IV. DISCUSSION

From the valence 2.2 thus obtained, YbCu, is found to
be in the strongly mixed-valence regime. According to
the results of the self-consistent perturbation calculations
on the degenerate impurity Anderson model by Kuramoto
and Kojima,’ only the *F;,, peak (g, below Ep) is near
E; and can be involved in the low-energy properties. The
4f134f"? spectral weight (more than ~7 eV below Eg
by the f-f Coulomb correlation) and the 4f'*—4f13 2Fs
peak (~1.5 eV below Er) do not contribute to the low-

TABLE 1. The 4f-hole number n/, the binding energy of the 4f'*2F;,, peak ¢, the singularity index
a, and the Lorentzian and Gaussian FWHM'’s (2I" and 2G) for the 4/ photoemission peaks in YbCu,.

nf Ef a ZF 2 G
4f" bulk 0.18+0.03 0.30+0.05 0.25+39% 0.16+0.05 0.24+0.05
41" surface 1.27+0.05 0.0 0.16+0.05% 0.61+0.08
4fn2 0.25509%32 1.3° 0.85°

2Assumed to be the same as that of the bulk 4! peaks.
®These values should be corrected for the larger width of the x-ray source and the larger analyzer pass
energy used for the XPS measurement by 2I'~0.3 eV and 2G ~0.5 eV, when compared with the 43

peaks.



8948 A. FUJIMORI, T. SHIMIZU, AND H. YASUOKA 35

energy properties. A spin-orbit sideband in the
4134 spectral weight which appears ~ 1.3 eV above
Er as predicted for photoemission in Ce compounds’?!
(not shown in Fig. 1) can also be ignored. Then the
relevant 4f DOS is essentially a single peak, which is a
symmetric Lorentzian as assumed in the LFL theory'? or
derived by the Anderson-model calculation in the mixed-
valence regime.!>»!* Thus various relations given by these
theories between ny, €/, the 4f-level width T', the orbital
degeneracy N, (equal to 8 for a ’F,,, state), the ground-
state magnetic susceptibility X(0), the coefficient of the
linear specific-heat term ¥, etc., can be tested to see
whether the photoemission results are relevantly related to
the low-energy properties.

Kuramoto and Miiller-Hartmann,'?> Ramakrishnan and
Sur,' and (in an approximate form) Newns and Hewson'?
have indicated that X(0) can be given in terms of n, and
Ef as

X(O)chnf/iif N (1)

where C is the Curie constant of the Yb’* ion. Equation
(1) combined with the LFL relation,'> X(0)/y
=[g%u3J (J + 1)]/[7*k?], gives

‘}/27Tzk2nf/3€f . (2)
of 4f

The magnetic relaxation rate electrons,

Ty =X(0)[lim,,_,oImX(w)/w] !, is given by the Korringa
relation'
FMZ(Nf/ﬂ')(Ef/nf) . (3)

In Table II, X(0), y, and Ty, calculated by using Egs.
(1)—(3) and €7 and ny obtained in the present work are
listed and compared with experimental values. There one
can see that the calculated X(0) is in reasonable agreement
with the experimental value.?> A possible valence change
between T=0 and room temperature would be negligible
because for YbAl, the valence changes by at most <0.1
between T=100 K and room temperature,>>® and be-
cause the temperature dependence would be much weaker
for YbCu, as judged from the flat X- T curves.!® As for
v, the calculated value is only 20% of the experimental
value.?? This discrepancy would largely be attributed to

contributions from 5d conduction electrons at Ep, as y
has been reported to be as large as 8 mJ K ~2mol~"' for
LaCug (Ref. 24) and 3—8 mJK~?mol~! for Yb metal
(Ref. 25). A significant discrepancy exists between the
calculated '), value and that obtained by the Yb NMR
study.?® As there is no such discrepancy for YbAl, whose
valence is 2.4 (Ref. 15) (Table II), and since the spin-
lattice relaxation rate 1/7T and the Knight shift K of the
Yb nucleus seem to satisfy the exact the Fermi-liquid rela-
tion,!3 T TK?=2.29, for both compounds [2.6 for YbCu,
(Ref. 26) and 2.1 for YbAIl, (Ref. 27)], the discrepancy
might be traced to the inaccuracy of the approximate
form (3) in the strongly mixed-valence regime.

Next, relations between ny, s{ and I'" are discussed.
Kuramoto and Miiller-Hartmann'? have given

=A/[A+(m/Ngles] . (4)

A (=mpV?), which represents the 4f—conduction-band
hybridization strength, is equal to the Lorentzian width I’
in the strongly mixed-valence regime, though in general A
is greater than I'. Using Eq. (4), £,=0.30 eV and
ny=0.18 lead to 2I'=~2A=0.051£0.01 eV. Experimental-
ly we have obtained 2I'=0.16+0.05 eV, which is signifi-
cantly larger than this estimate. Further, the 4f° F;,,
peak is highly asymmetric (a~0.2), whereas the
Anderson-model theoretical calculations'> have shown
that the peak is very close to a symmetric Lorentzian in
the strongly mixed-valence regime. These discrepancies
between theory and experiment are due to Coulomb in-
teraction between the conduction electrons and the 4f
hole, which is not explicitly considered in the Anderson
model. The high asymmetry arises from the Fermi-edge
singularity due to excitations of a large number of low-
energy electron-hole pairs as in core-level photoemis-
sion spectroscopy.?® The 4f-hole—conduction-electron
Coulomb interaction also leads to the Auger decay of the
4f hole and consequently the large lifetime width as in the
case of core-level XPS.?’ These Coulomb interaction ef-
fects are expected to become more important in going
from the Kondo to mixed-valence regimes. Namely, in
the divalent limit a localized 4f'* final state is an impuri-
ty with a positive unit charge embedded in the 4f'* host

TABLE II. The ground-state magnetic susceptibility X(0), the linear specific-heat coefficient y, and
the magnetic relaxation rate I'y; of YbCu, calculated from n; and € by using the analytical expressions
of the degenerate Anderson model given by Kuramoto and Miiller-Hartmann (Ref. 13), compared with
experiment. The same quantities for YbAl, are also given.

X(0) Y | Y
(10~ emumol™}) (mJK~2mol ") (10* K)
YbCu, Calc. 0.13£0.03 1.4+0.3 49+1.2
Expt. 0.16+0.03? 6.8+0.5° 3.3°
YbAl, Calc.® 0.36+0.10 3.9+1.0 1.840.5
Expt. 0.35+0.042 16.8° 1.6¢

*Reference 22. X(0) has been corrected for the 5d —conduction-electron contribution, while y has not.
For YbALl,, X(0) of LuAl, measured by us is used as the conduction-electron contribution.

YReference 26.

Calculated using ny=0.4 and £,=0.24 eV given in Ref. 15.

dReference 27.
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and behaves like a core hole, whereas in the Kondo limit a
4f"'3 final state is an impurity with only a small fraction
of the unit charge in the almost 4f'3-like host. Thus we
suspect that in the mixed-valence regime the 4f DOS de-
viates appreciably from that given by the original Ander-
son model. The disagreement between theory and experi-
ment for ¥ and I'j; might be attributed to these effects,
but their importance has not been evaluated so far.

The 4f—conduction-band hybridization A is known to
play an essential role in valence fluctuation phenomena,
but it has not yet been elucidated what factors determine
A in real systems. The systematics of the dependence of
A on the chemical and structural environment is impor-
tant since, according to Eq. (4), the valence, or ny, is
determined by €, and A. It has been argued that & is
largely determined by the electronegativity of the partner
element, as it determines the position of Ep, or the work
function.?® On the other hand, relatively little is known
about the nature of the 4f-—conduction-band hybridiza-
tion. We compare the YbCu, and YbAl, cases where Yb
5d and free-electron-like Cu 4sp or Al 3sp states interact
with the 4f level. (Hybridization between 4f and Cu 3d
would be negligible because the Cu 3d band is located
2—5 eV below 4f which is much larger than 2A ~0.05
eV.) As for YbAl, using Eq. (4) and &5 and ny given by
Kaindl et al.'® one obtains 2A=0.13+0.02 eV, which is
larger than that of YbCu, by a factor of ~2.5. The
Yb-Yb distance is smaller for YbAl, (3.4 A) than for
YbCu, (~3.6 A) with the same coordination number
(equal to 4), whereas the Yb atom is coordinated by 12 Al
atoms at a distance of 3.3 A in YbAI, and by the same
number of Cu atoms at a distance of 3.0—3.2 A in
YbCu,.!"3! Thus there is a correlation between A and the
Yb-Yb distance but not between A and the Yb—partner-
atom distance. Therefore, it seems reasonable to assume
that A is predominantly determined by the 4f-5d hybridi-
zation rather than the 4f-sp hybridization. Indeed, a re-
cent perturbed y-ray angular correlation study has shown
that the 4f local moment of light rare-earth atoms im-
planted in a d-band metal host is more unstable than that
of atoms implanted in an sp metal host.3? On the other
hand, the 4f-sp hybridization might also explain the
difference in A by the difference in p through A=mpV?>.
Namely, the sp DOS at Er would be higher for YbAl,
than for YbCu,, because the sp band is more populated
for trivalent Al than for monovalent Cu. However, the sp
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DOS at Eg is not critically dependent on the number of
sp electrons: In going from a monovalent to a trivalent
free-electron metal, the DOS increases only by a factor of
1.44 as compared to the derived factor of ~2.5 for A.
The correlation between the Yb-Yb distance and A would
not, of course, suggest direct or indirect interaction be-
tween neighboring 4f orbitals, since it is well established
that valence-fluctuation phenomena in these Yb com-
pounds are single-4f-ion properties. %1133

V. CONCLUSION

We have studied the occupied 4f DOS in the mixed-
valence compound YbCu, by photoemission spectroscopy.
It is demonstrated within the degenerate impurity Ander-
son model or the LFL theory that the spectra are con-
sistent with low-energy properties such as X(0) and 7.
However, the lifetime width and the asymmetry of the
4f13 peaks are considerably larger than those predicted by
these theories because of the Auger decay of the 4f hole
and the Fermi-edge singularity effect. It is suggested that
the 4f—conduction-band hybridization is dominated by
4f-5d interaction between neighboring Yb atoms rather
than 4f-sp interaction.

Here it is important to note that the 4f—conduction-
band hybridization strength A=mp¥V? itself is smaller in
Yb compounds than in Ce compounds only by a factor of
the order of 2—5. The apparently strong hybridization ef-
fect in the photoemission spectra of Ce compounds is
mainly due to the fact that, while a relevant energy scale
for photoemission in Yb compounds is A, it is N A
(Ny=14) for Ce compounds. This is because 14 empty 4f
orbitals are available for the screening of a photoproduced
4f hole in Ce, while only one is involved in Yb. In the
case of BIS of Yb compounds, on the other hand, one ex-
pects to see a strong hybridization effect, i.e., a double-
peak 4f structure as in the photoemission spectra of Ce
compounds [see Fig. 1(a) and Ref. 34].
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