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Angle-resolved photoemission spectra of the heavy-fermion system Yblr,Si, are reported that reveal
strong momentum (k) dependent splittings of the 4f'3 bulk and surface emissions around the expected
intersection points of the 4f final states with valence bands in the Brillouin zone. The obtained dispersion
is explained in terms of a simplified periodic Anderson model by a k dependence of the electron hopping
matrix element disregarding clearly interpretation in terms of a single-impurity model.
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Heavy-fermion (HF) systems are characterized by qua-
siparticle bands of large effective masses close to the Fermi
energy (Er) that govern the thermodynamic, transport and
in part magnetic properties of these materials [1-4]. In the
case of rare-earth compounds, the quasiparticle states arise
from many-body interactions of valence states with the
strongly localized 4f states. Here, particularly the single-
impurity Anderson model (STAM) has successfully been
applied in many cases for the description of HF properties
[5]. Nevertheless, the question as to whether it is sufficient
to treat the f states as localized impurities or the crystal
symmetry has to be considered like in the periodic
Anderson model (PAM) [6] remains a subject of extensive
debates until now.

A possible momentum (k) dependence of hybridization
may have severe consequences on the material properties
[7]. Unfortunately, a satisfactory solution of PAM that
takes into account a realistic band structure of non-f
derived states is still missing. Most direct experimental
insight into this problem may be expected from angle-
resolved photoemission (PE) experiments that reflect the
momentum resolved response of the electronic system to a
single 4f excitation, while transport, specific heat, and
magnetization measurements integrate over many different
excitations and large areas in k space. Yb compounds are
well suited for exactly this purpose, since due to the almost
occupied Yb 4f shell the Kondo resonance is found below
the Fermi energy and fully accessible to PE experiments.

High-resolution PE experiments on single-crystalline
samples of HF systems like YbAIl; [8,9], YbCu,Si,
[8,10], YbB;, [11], and YbInCu, [12] were reported.
However, controversial conclusions were derived about
the applicability of the SIAM to the description of position,
shape, and temperature dependence of the Kondo reso-
nance. A possible k dependence of the 4f emission has
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not been observed so far for Yb systems. For Ce systems,
intensity changes of the Kondo peak were reported in a few
cases that were attributed to a k dependent variation of the
hybridization [13]. Dispersion, however, if present at all,
was found to be not larger than 30 meV [14].

In the present Letter we report the first observation of
strong dispersions and energy splittings of the 4 f states in
the HF compound Yblr,Si,. These effects, which are not
only restricted to the vicinity of the Fermi energy, but also
observed for the surface 4f emission at higher binding
energy (BE), clearly ruled out an interpretation in terms
of the STAM. Instead, we show that the data may correctly
be described within a simple approach to the PAM.

Single-crystalline Yblr,Si, samples [body-centered te-
tragonal ThCr,Si,- (I-) type [15]] were grown from In flux
in a closed Ta crucible and characterized by x-ray diffrac-
tion as well as by magnetic susceptibility, resistivity, and
specific heat measurements [16]. The measured Kondo
temperature Tx ~ 40 K is almost twice the value reported
for YbRh,Si, [17]. Both compounds are close to a quantum
critical point, where magnetic ordering via RKKY inter-
actions is balanced by Kondo screening. In contrast to the
Rh compound, no magnetic ordering below Ty was ob-
served in Yblr,Si,.

Angle-resolved PE experiments were performed at beam
line 10.0.1 (Advanced Light Source) using the experimen-
tal station HERS equipped with a Scienta R4000 analyzer.
The samples were cleaved in situ in a vacuum with a base
pressure better than 5 X 10~!! Torr, and measured in the
Kondo regime at a temperature of ~20 K. The beam
polarization was in the sample plane perpendicular to the

I’-M direction, with the beam nearly at grazing incidence
with the sample surface. The spectra were acquired in the
angle mode, where 30° cuts parallel to the T-M were
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covered. Angular and energy resolutions were set to 0.3°
and 20 meV, respectively.

Figure 1 shows angle-integrated PE spectra taken at two
different photon energies: At hv = 25 eV the 4f cross
section is almost zero and the spectrum is dominated by
emissions from the Ir Sd-derived bands, that are centered
around 2.2 eV BE and reveal a width of about 2 eV. At
hv = 110 eV, on the other hand, the cross section of the
Yb 4f states is large, while the contributions from the
valence bands are negligible. Between 5 and 13 eV BE,
PE lines of a Yb 4f'? final-state multiplet are observed,
while two 4f'3 doublets appear close to Er and at 0.9 eV
corresponding to signals from bulk and surface, respec-
tively. BE and intensity of the surface emission vary from
sample to sample reflecting the actual termination of the
sample surface that ranges from a closed Yb layer to a Si
layer with few Yb adatoms. From the coexistence of the
4f1% and 43 bulk emissions a mixed-valent ground state
can be concluded. The spectra were least-squares fitted by
a superposition of 412 and 4 '3 multiplets [18] and a weak
integral background. Best fits were obtained with nearly
symmetric Doniach-Sunji¢ line shapes convoluted by a
Gaussian (20 meV FWHM) to account for the finite energy
resolution. From the intensity ratio of the 4f'3 and 4f'>
bulk emissions a mean valence of 2.9 is derived.

Figure 2 presents a series of angle-resolved PE spectra
acquired along the I'-M direction at different detection
angles, ®. A photon energy of 55 eV was chosen in order
to make not only 4f but also VB emissions visible. Two
parabolic VBs with a holelike dispersion are observed,
from which one intersects the 45/, surface emission close
to I'. Around the intersection point, the 4 f surface signal at
0.6 eV BE splits into at least two dispersive components
separated from each other by up to 0.25 eV. In the same k
region three further peaks are observed at 0.30, 0.15, and
0.05 eV. The 0.05-eV feature represents the Kondo reso-
nance. The 0.15-eV feature appears as a shoulder in the
110-eV data and might, therefore, originate from a 4f
emission, while the 0.30-eV structure is not seen in
Fig. 1 and reflects probably a VB emission.
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FIG. 1. PE spectra of YblIr,Si, taken at 25 (hatched) and
110 eV (dots) photon energy integrated in the range of angles
from —5° to +25° to the normal emission along the I'-M
direction. Subspectra reflect results of a least-squares fit using
atomic Yb 4f'% and 413 final-state multiplets [18].

Figure 3 (left) shows results of band-structure calcula-
tions performed for Yblr,Si, by means of a fully relativ-
istic version [19] of the linear muffin-tin orbitals (LMTO)
method [20]. Surface effects were accounted for by con-
sideration of a nine-atomic layer slab with (001) orienta-
tion of the surface. The 4f states appear as narrow spin-
orbit-split bands close to Er and at ~1.5 eV BE. For the
surface layer almost the same BE position of the 4 f band is
obtained as for the bulk, in contrast to the experimental
observation. This clearly illustrates that local density ap-
proximation does not describe correctly the many-body
properties of the f states.

In order to extract the structure of the VBs without the
4f states, Yb atoms were replaced in the calculations by
trivalent La in the bulk and by divalent Ba at the surface
(Fig. 3, right). Around I'" a group of parabolic bands with
holelike dispersions is observed between 0.5 and 1.5 eV
BE. Another group of VBs with electronlike dispersions is
found close to E. Apart from a small shift of about 0.1 eV
to higher BE, these theoretical results are in good agree-
ment with our experimental data.

The starting point of our theoretical analysis of the 4f
emission in YbIr,Si, was a simplified PAM [13].
Parameters of the model are the energy of the unhybridized
f state e,(k) = &, the hybridization Vy (¢) and the on-site
Coulomb repulsion Uyy. In the present analysis f holes (h)
instead of f electrons were considered, taking into account
the nearly filled 4f shell of Yb. After some algebra and
redefining of model parameters, one gets as basis states the
h° (4f'), energy of which is set to zero, the h! (4f'3)
corresponding to energy &, and the h? (4f'%) configura-
tion with energy 2&; + Uy, in analogy to the notation
applied for electron states in Ce compounds.

The main difficulty in treating the PAM relates to the
local Coulomb interaction, Uy;. Transformation of this
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FIG. 2 (color). Angle-resolved PE spectra of YblIr,Si, taken
along the T'-M direction. Note that the surface-to-bulk ratio of
the 4 f signal is larger and the BE of the 4 f surface component is
smaller than that in the 4f spectrum shown in Fig. 1, indicating
surface termination by an almost closed Yb layer [23].
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FIG. 3 (color). Energy bands calculated along the I'-M direc-
tion of the Brillouin zone for the nine-atomic layer Yblr,Si, slab
(left) and for the slab, where Yb atoms are substituted by Ba in
the surface layer and by La in the bulk (right). For comparison,
experimental PE data taken at hv = 25 eV are shown in a color-
scale representation, where lighter colors correspond to higher
PE intensities.

term to a k representation leads to a mixing of states with
different k values that makes the problem complex to
handle quantitatively. Neglecting weak contributions of
the 7% (4f'%) configurations to the initial- and final-state
configurations (U — o0) results in k conservation and
allows the diagonalization of the Hamiltonian for each
particular k point of the Brillouin zone (BZ).

In contrast to Ce, however, the h? configuration may be
neglected only for the divalent surface atoms, while for the
mixed-valent bulk atoms the h? term is essential for de-
scription of the 4% PE final state. Nonetheless, since the
energy separation between the 4% (4f'?) and the energeti-
cally nearly degenerated h! (4f'%) and h° (4f'*) configu-
rations is large, h? admixtures to the ground and PE final
states close to Ef, are expected to be weak.

As a first step of our treatment we used the calculated
VB structure of La(Ba)Ir,Si, (see Fig. 3, right). Since, due
to symmetry requirements, a coupling of the 4f states is
only expected to VB states with non-negligible local f
character at the Yb sites, we calculated the respective
f-projected local expansion coefficients c,(E, k) of the
Bloch functions around the Yb sites and wrote for the k
dependent hybridization matrix element

Vk(E) = Acf(E‘r k)r (1)

where A (like &) is a constant, adjustable parameter. The
second step was the calculation of the spectral function on
the basis of the simplified PAM assuming k conservation.
In the region of interest close to the I' point we approxi-
mated three main bands by parabolic functions as shown
by dots in the right panel of Fig. 3 and as insets in Fig. 4
with ¢¢(E, k) values similar to those for the original bands.
Spectral functions were calculated for the individual layers
of the slab and finally superimposed on each other in order
to simulate the PE spectra. To this end, contributions of the
Yb surface and bulk (fifth bulk layer in the slab) layers
were weighted by a factor of 0.71 and 0.29, respectively, in
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FIG. 4 (color). Angle-resolved 4f emission of Yblr,Si, simu-
lated by means of the simplified PAM: contribution from the
bulk (top, multiplied by factor 3.5), the surface layer (middle),
and the total intensity distribution in the PE spectra (bottom).

order to account for an exponential dependence of the
escape depth of the 4 f photoelectrons.

The numerical treatment is similar to that of the SIAM
[21]. The fundamental difference, however, is that instead
of a density of states integrated over the whole BZ, a k
dependent energy distribution of VB states is used. A series
of calculated spectral functions along the I"-M direction is
shown in Fig. 4. The spectral functions were obtained using
the parameters &,(b) = 0.02 eV and A = 0.2 eV [for the
surface, &, was lowered to & (s) = —0.6 eV]. A choice of
g7(b) immediately above E was necessary, because the
system is mixed valent with a mean valency close to 3. An
estimate of &(s) is obtained from the observed BE of the
unhybridized 4f7,, surface signal and A is determined
from the hybridization-induced splitting of the 4 f surface
signal. The actual parameters were then derived from the
best fit to the experimental data. Taking into account the
increase of the recombination rate of the photoholes with
BE, an energy dependent lifetime broadening of the form
I'; = 0.01 eV + 0.08E was used, where E denotes the BE
with respect to Er [21]. The calculated spectral functions
were additionally broadened with a Gaussian (I'; =
20 meV) to simulate the finite instrumental resolution.

Beginning with the discussion of the surface component,
the calculated spectra shown in the middle of Fig. 4 re-
produce nicely the observed dispersion of the 4f states
around the T point. The large splitting of the main surface
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emission around 0.6 eV BE is due to the formation of
symmetric and antisymmetric linear combinations of the
4f and VB orbitals lifting the energy degeneracy of these
states. In addition to the splitting of the main 4f surface
component, further f-derived surface features appear at
lower BE. These structures reflect a similar phenomenon as
the Abrikosov-Suhl resonance observed in PE spectra of
Ce systems [21,22] and arise from f admixtures to valence
bands laying at lower binding energies.

In the case of the bulk emission, no f contributions
around Ep are expected without hybridization at 7 =
0 K, because the divalent 4f'4 configuration lies above
the Fermi energy and is unoccupied. For finite hybridiza-
tion and a VB state around 0.05 eV BE, however, two peaks
appear in the simulated PE spectra at about 0.05 eV and
0.15 eV BE in agreement with the experiment (Fig. 4,
upper panel). These peaks reflect symmetric and antisym-
metric linear combinations of 4f'3 and 4f'* configura-
tions. Deeper lying VB states cause additional features at
correspondingly higher BEs, the intensities of which de-
crease with increasing binding energy. The lowest lying
f-derived feature appears at the BE of the lowest occupied
VB and reveals the same dispersion as the latter with the
consequence that the feature disappears at the crossing of
the Fermi energy by the VB state.

Superposition of the bulk and surface contributions in
the bottom of Fig. 4 yields impressive agreement with
the experimental data. One may notice, however, that
even far from the I" point finite spectral weight at Ej is
observed in the experimental data that is not reproduced by
our numerical approach. This feature may be assigned to
thermal excitation into the bulk 4 f state closely above Ep
[22]. On the other hand, effects of finite U and interaction
of the 4f with unoccupied VB states, which were not
considered in the present model, may also contribute to
this peak.

In summary, we have found that the 4f states in Yblr,Si,
are subject to strong k dependent splittings and disper-
sions, a behavior which cannot be understood in the frame-
work of SIAM. We could show that the 4f PE data are
correctly described within a simple approach to PAM in the
limit U;; — oo. In this approach, energy splittings and
dispersion of the 4f states are predicted for those points
in k space where VB states are degenerate in energy with
unhybridized 4f" configurations. Since for mixed-valent
systems this condition is particularly fulfilled at the Fermi
surface, our results may have strong impact on the under-
standing of the HF properties. The dispersive properties of
the 4 f states explain in a natural way the observed broad-
ening and line shape anomalies in angle-integrated PE
spectra of many Yb systems as well as discrepancies
between the angle-resolved PE data of different authors.
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