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Electronic structure of YbCu,Ge, studied by soft x-ray angle-resolved photoemission spectroscopy
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We have measured three-dimensional band structure and Fermi surfaces (FSs) of YbCu,Ge,, which has recently
become recognized as a nearly divalent Yb-based compound, by using soft x-ray angle-resolved photoemission
spectroscopy. We clarified that the bands with finite Yb 4 f contribution cross the Fermi level and are slightly
involved in the formation of the FSs, in line with the valence-fluctuating state of YbCu,Ge,. The obtained
valence-band dispersions and the FSs are well explained by a relativistic band-structure calculation based on a
local-density-approximation (LDA). These results suggest that the LDA calculation is a good starting point for
understanding of the electronic state of YbCu,Ge, as well as nearly divalent Yb-based compounds.
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I. INTRODUCTION

Yb-based heavy Fermion (HF) compounds show various
attractive physical phenomena such as the field-induced
quantum criticality in YbRh,Si,' or the unconventional super-
conductivity in 8-YbAIB,.2 HF compounds are characterized
by their large electronic specific-heat coefficient y, which
corresponds to the electron effective mass. It has been thought
that the formation of the HF states is described as a competition
between the Kondo effect and the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction, and both of them originate
from the hybridization between the Yb 4 f states and the
conduction band (c-f hybridization). In order to bring about
a comprehensive understanding of the electronic properties
of Yb-based HF compounds, it is important to clarify their
conduction-band structure including the contribution of the
Yb 4 f electrons. The most essential information is how the
4 f states are hybridized with the conduction band, and how
they are involved in the Fermi surfaces (FSs).

Angle-resolved photoemission spectroscopy (ARPES) is
a powerful experimental tool for the study of the electronic
structure of materials, since it provides direct information
about the valence bands and FSs. Many ARPES studies
have been performed for Ce- and U-based HF compounds.
Recently, signatures of the HF state have been directly
observed by using resonant ARPES for some Ce compounds.?
In addition, three-dimensional (3D) band structures of various
strongly correlated rare-earth and actinide compounds such
as CeRu,Ge,* or UB,> have been obtained. On the other
hand, for Yb-based compounds, there are only a few ARPES
studies on YbRh,Si, and YbIr,Si,.° Thus the electronic
structure of Yb-based compounds has not been understood yet
experimentally. This makes it difficult to establish theoretical
pictures of the electronic structure of Yb-based compounds.
Therefore, ARPES studies for Yb-based compounds with a
wide variety of y values are needed to understand the HF
formation in Yb-based compounds.

We have studied the electronic structure of YbCu,Ge,
which has a small y value of 9-10 mJ/(mol K?). Compounds
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with small y value are expected to have a simple electronic
structure, therefore YbCu,Ge; should be a good starting point
to understand the electronic structure of yet poorly studied
Yb-based compounds. YbCu,Ge; crystallizes in the body-
centered tetragonal ThCr,Si,-type structure. This compound
had been considered to belong to the Yb divalent state by
the previous experiments, such as various transport and ther-
modynamic measurements,” x-ray absorption spectroscopy
(XAS),® and NMR measurements.” For example, it has a Pauli
paramagnetic behavior with a small y value and no clear Yb**
structure in the XAS spectra. Dung er al. claimed that the
de Haas—van Alphen (dHvA) frequencies can be explained
by a band structure calculation based on a local-density-
approximation (LDA) and 4 f electrons are not related to the
FSs.” In those studies, however, information on occupied 4 f
states far from the Fermi energy (Er) has not been obtained.
Especially, it has been unclear whether the Yb 4 f electrons are
hybridized with conduction bands, in other words, whether the
Yb 4 f electrons form band states. In our previous study, we
reported that soft x-ray (SX) angle-integrated PES spectra of
YbCu,Ge, have small but clear Yb** multiplets, suggesting
that YbCu,Ge, has finite Yb**+ contribution.!? In addition,
the “anticrossing” behavior of Yb 4 f bands was observed in
the SX-ARPES spectra. Thus we concluded that the Yb 4 f
electrons form band states through the hybridization with the
conduction bands including the Cu 3d and Ge 4 p electrons. On
the other hand, clear Fermi edge originating from Yb 4 f states
was not observed in the spectra, and we could not conclude
whether the Yb 4 f electrons have finite contributions to the
transport properties.

Most recently, various experiments have suggested that
YbCu,Ge, is a valence fluctuation compound. Its magnetic
susceptibility shows an increasing behavior at temperatures
over 600 K,'" suggesting that this compound has a very high
Kondo temperature. Since YbCu,Ge; is in the valence fluctua-
tion state, the Yb 4 f bands should cross the Fermi level some-
where in the k space, and contribute to the formation of FSs.

In the present study we have performed 3D SX-
ARPES measurements for YbCu,Ge, to determine the bulk
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valence-band electronic structure, especially band dispersions
and FSs. For Yb-based compounds, this is the first 3D ARPES
study, which can be achieved only by utilizing energy tunable
light sources such as synchrotron radiation. The obtained
spectra are compared with the theoretical results of the LDA
calculation to draw out detailed information of the valence
bands. In the previous low-energy ARPES studies on Yb-based
compounds, incident photon energies of hvy,c = 21.2-100 eV
were used, and the large surface contribution was observed just
below bulk Yb*+ peaks.6 Moreover, some additional bands,
being not in the LDA band calculation, appeared through the
hybridization between the surface states and bulk-originated
bands. This made it difficult to discuss its bulk electronic
structure. By utilizing SX-ARPES, the contribution from the
surface states is significantly suppressed, therefore it enables
direct comparison of the experimentally obtained spectra with
the bulk band dispersion and the FSs predicted from band
structure calculations. For example, the recent SX-ARPES
spectra for itinerant f-electron compounds, such as UB,
with hvj. = 450-500 eV> and CeRu,Si> with hvj,, = 710—
870 eV,'>!3 were well explained by LDA band structure
calculation.

II. EXPERIMENT AND CALCULATION

SX-ARPES measurements were performed at the photoe-
mission endstation of the twin-helical undulator beamline
BL23SU of SPring-8 equipped with a VG-SCIENTA SES2002
electron analyzer. The energy resolution was set to be about
90 meV with hvy,. = 420-510 eV. Clean sample surface was
obtained by cleaving in situ along the (001) plane in the
base pressure of about 1 x 1078 Pa. The Brillouin zone (BZ)
of the body-centered tetragonal crystal structure is shown in
Fig. 1. The value of the inner potential was determined to be
12 eV by measuring the incident photon energy dependence
of ARPES spectra, which corresponds to the scan along the
plane indicated by blue stripe. Angular scans with an incident
photon energy hvj,. = 445 eV were performed along the
high-symmetry k,-k, plane including the I" point shown in
the red plane. The sample temperature was kept at 20 K
because the phonon broadening of ARPES spectra is negligible

FIG. 1. (Color online) Brillouin zone of body-centered tetragonal
structure with indices of the high-symmetry points I', Z, and X.
Red and blue planes represent the measured region corresponding
to the angle-scanning measurement at hv = 445 eV and the energy-
scanning one, respectively.
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at this temperature. Oxygen ls signals, indicating the surface
oxidation, were not observed by the core-level scans at hvj,c =
800 eV before and after the SX-ARPES measurements.

The theoretical band structure and the FSs of YbCu,Ge,
were obtained by using a first-principles LDA calculation with
the relativistic linearized-augmented-plane-wave (RLAPW)
method.'* This calculation is based on the Dirac one electron
equation, so that the spin-orbit (SO) interaction is incorporated
into the Hamiltonian without a second variational approx-
imation. In this calculation we used the lattice parameters
of a = 4.0563 A, ¢ = 10.2835 A, and zge = 0.38161 which
were determined by the x-ray diffraction experiment.” In the
self-consistent calculation of the charge density, 4 f'4, 652
electrons at the Yb site, 3d'°, 4s' electrons at the Cu site,
and 452, 4 p2 electrons at the Ge site are calculated as valence
electrons, while the other electrons are treated as core electrons
in the relativistic calculations under an atomic-like boundary
condition at the APW radii.

III. RESULTS AND DISCUSSION

A. Energy band dispersions

Figure 2(a) shows an intensity plot of the ARPES
spectra measured along several high symmetry lines. Each
spectrum was normalized with the integrated intensity of
energy distribution curve (EDC). The spectra reflect mostly
contributions from Yb 4 f states and Cu 3d states because
the photoionization cross sections () of these states are much
larger than those of the other states at hvy,c = 420-510 eV,
Iyvvay @ Icwza : Lothers = 1:1/6 :1/200 according to atomic
calculations.' In order to discuss the obtained band structure
in more detail, we present theoretical band dispersions together
with density of states (DOS) obtained by the LDA calculation
in Fig. 2(b). The magnitude of the Yb 4 f, the Cu 3d, and the
Ge 4p components in each band is represented with a scale
of red, blue, and green, respectively. From the DOS it is clear
that the valence bands of YbCu,Ge, are dominated by the Yb
4 f and the Cu 3d electrons.

In Fig. 2(a) two flat bands near Ep are the SO split bands of
the bulk Yb?* 4 f states, whose peak positions are indicated by
dashed lines. These bands have been regarded as the structure
caused by the final state effects, especially the SO interaction.®
On the other hand, this structure is reproduced by the RLAPW
calculation within the Dirac-based LDA framework in the
one-electron ground state. We will discuss the doublet structure
in the last part of this section. The Yb** 4 5, bands just below
EFr lie at the binding energy Ep = 0.12 eV, while their SO split
counterparts (4 f5,» bands) are located on the higher binding
energy of Eg = 1.42 eV. It should be noted that the main part
of the Yb?* 47/, bands is positioned slightly away below
Er as has been observed in Yb divalent compounds such as
Yb metal or YbS.'® The SO splitting energy is 1.3 eV, that is
almost identical to the calculated one of 1.36 eV. The surface
Yb?* 4 f bands, which should be located slightly below the
bulk Yb?* bands, are not seriously observed compared with
the non-4 f components in the present SX-ARPES spectra,
suggesting that the ARPES data presented in this work reflect
the bulk electronic structures. Many dispersive bands are
found in the energy region of Eg = 3-5 eV. They can be

195121-2



ELECTRONIC STRUCTURE OF YbCu,Ge; ...

Binding Energy (eV)

High

Intensity

PHYSICAL REVIEW B 84, 195121 (2011)

(b)

= E

\/

Total DOS
N ——Yb 4fPDOS
& Yb 54 PDOS
3 ——Cu3d PDOS
Ybaf —— Ge 4p PDOS
A A Y z
I X Z T

FIG. 2. (Color online) (a) Intensity plot of soft x-ray ARPES spectra along several high symmetry lines. Those spectra were normalized
with the integrated intensity of each EDC. The broken lines show peak positions of Yb?>* 4 f bands. (b) Calculated energy band dispersions
along high symmetry lines together with density of states. Colors of bands represent projections of Yb 4 f, Cu 3d, and Ge 4p states.

assigned to Cu 3d bands, as these are located in the 2.5-5 eV
range according to the calculations. The Cu 3d bands have
stronger dispersions than Yb 4 f bands. The experimental Cu
3d bands correspond to calculated ones, although they are
shifted to the lower binding energy side. In addition, there
are invisible bands. For example, a hole-like band in the top
of Cu 3d bands at the Z point is not observed. This mainly
comes from the matrix element effect in the photoelectron
emission process.!”!8 A flat band located at Ez = 6.5 eV
is a part of Yb** multiplet feature which was observed in
the angle-integrated photoemission spectrum.'® This structure
cannot be reproduced by the LDA calculation because atomic
electronic correlation effects are not taken into account in the
LDA framework. Strongly dispersive bands are observed in the
energy region of Eg = 0-3 eV. Considering their large width,
they can be assigned to non- f contributions. In the calculation,
the corresponding bands mainly consist of Ge 4p and Cu 3d
states. Therefore, those strongly dispersive non- f bands are
conduction bands including the Ge 4 p and the Cu 3d electrons
mainly.

Here, we focus on the effect of the c-f hybridization
near Er to understand how the Yb 4 f states are involved
in FSs. Figure 3(a) shows the intensity map of the ARPES
spectra in the vicinity of Eg. Figure 3(b) exhibits a comparison
between the experimentally determined peak positions and the
calculated energy band dispersions. Circles in Fig. 3(b) denote
the peak positions derived from the second derivatives of EDCs
and momentum distribution curves (MDCs).

The Yb*" 4 f5,, bands are presented by the bands 15-17
and the 4 f7/> ones by the bands 21-24. The binding energies of
Yb?* 4 f bands obtained experimentally are almost identical
to the calculated energies, although they are shifted to slightly
lower binding energies. The dispersive bands in Eg = 0.5-1.5
eV are well reproduced by c-f hybridized bands 18-20.
However all of the bands predicted by the calculation are
not observed experimentally. The strongly hybridized bands
22-24 form FSs in the calculation. In order to show the
peak positions of strongly dispersive bands more clearly,
we normalized the intensity map surrounded by the pink

lines of Fig. 3(a) with integrated intensity of the MDC and
show it in Fig. 3(c). In addition, the band positions derived
from the MDCs are shown in Fig. 3(d). The experimental
bands also have anticrossing features near Er due to the
c- f hybridization. Especially, the anticrossing bands cross the
Fermi level in the area around the X point. This means that the
Yb 4 f electrons participate in the formation of FSs through
the c-f hybridization, which is not predicted by the dHvA
measurement.” However, their contributions to FSs are very
small as shown in our previous angle-integrated photoemission
spectrum.'? The calculated y value is 6.46 mJ/(mol K?), and
this is slightly smaller than the experimental value of 9—
10 mJ/(mol K?).” This suggests that Yb 4f electrons
contribute to FSs slightly in the actual system, since the
enhancement of the y value originated from the electron-
phonon coupling should be negligible small."”

The bands 13-16, which have large contributions from Cu
3d states, correspond to the experimental bands located at
Eg = 1.5-2.5 eV, although there are deviations between the
energy positions of the calculated bands and the experimental
ones. For example, the experimental bands with its minimum
at the X point in Eg ~ 2.5 eV are also seen in calculation.
Additionally, the bands corresponding to the bands 13 and 14
are experimentally observed along the X—Z and the Z-T" axes.

B. Fermi surfaces

Figures 4(a) and 4(b) show intensity plots of the integrated
ARPES intensities within Er £ 50 meV. The image in the
ky-k, plane [Fig. 4(a)] was obtained by fixing incident photon
energy to hvy,. = 445 eV and changing photoelectron detec-
tion angles. Meanwhile, the image in (k, = k,)-k; plane [Fig.
4(b)] was obtained by varying photon energies hvj,c = 420—
510 eV. The measured region contains some points with the
equivalent symmetry. Thus the k-k, image was constructed
from eightfold symmetrizing a triangular region surrounded
by the '-Z-X line, and (k; = ky)-k, image from fourfold
symmetrizing a rectangular region done by the I'-Z-X-X
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FIG. 3. (Color online) (a) Image plots of SX-ARPES spectra near Er region. (b) Comparison of the experimentally determined band
positions and the calculated energy band dispersions. Filled circles represent the band positions estimated from second derivatives of EDCs
and MDCs. Numbers 13-24 represent indices of each calculated energy band. (c¢) ARPES image normalized with the MDC intensities in the
pink rectangular area of (a). The dashed lines are an extrapolation of the dispersive bands below 0.8 eV. The dotted line is the peak position
of the Yb** 4 f;/> bands. (d) Band positions derived from MDCs. The “anticrossing” behavior created from the c- f hybridization is observed

clearly.

line. According to the photoionization cross sections and the
energy position of each state, these images represent FSs with
large Yb 4 f contributions. The Fermi momenta determined
from the ARPES spectra are plotted with white circles on
those figures. For comparison with the experimental data, we
show perspective figures of calculated FSs centered at the I'
point, together with the BZ of tetragonal lattice, in Fig. 4(c).
The calculated FSs within the k,-k, and the (k. = k,)-k;
planes are shown by red curves in Figs. 4(a) and 4(b),
respectively.

In Fig. 4(a) the hexagonal FS stretched along the I'-X axis
corresponds to the quasi-2D electron sheet of the band 24 in
the calculation. This FS has a cylindrical shape along the ¢
axis as shown in Fig. 4(b), indicating consistency with the
calculation. However, the experimental FS shape is slightly
different from the calculated one around the middle point
between the I and the X points (the A axis). This means
that the experimentally observed electron FS gets flatter in the
(ky = ky)-k; plane. The band 24 corresponds to the 8 branch
in the dHVA data.” The difference of the FS size between
in the experiment and in the calculation was observed also
in the dHVA study. The dHvA frequency estimated from our
ARPES work is 9.4 x 107-1.0 x 10® Oe, corresponding to
the directly obtained value of 9.76 x 107 Oe. The B branch

has a little large cyclotron mass of m} = 3.32m,, suggesting
that the Yb 4 f electrons are involved in this FS. This FS has
considerably large Yb 4 f contribution also in the calculation.
Its shape might be changed by the electron correlation effect
of the Yb 4 f electrons.

Large diamond-shaped FS is observed around the Z point
experimentally as shown in Fig. 4(a). This FS well corresponds
to the calculated hole FSs of the bands 22 and 23, although
its shape along k, direction is not clear. The calculated hole
FSs have a strong 3D character as shown in Fig. 4(c). This
makes it difficult to observe their 3D shapes experimentally
within the present momentum resolution along the k, direction.
In addition, the small cyclotron masses were obtained in the
corresponding dHvA branches, indicating that those hole FSs
have small Yb 4 f contributions (for example, m} < 0.5m in
the - and o-dHVA branches).” Thus, the FS corresponding to
the band 23 cannot be detected in Fig. 4(b).

The experimental FS map has a high intensity around the
Z point, while there is no FS in the LDA calculation. In the
ARPES data shown in Figs. 4(a) and 4(b) there exists a small
electron FS. On the other hand, there are hole-like bands below
and electron-like bands above Ep around the Z point, but
neither of them run through the Fermi level in the calculation.
This discrepancy might come from the small deviation of Eg
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FIG. 4. (Color online) Experimental FSs in the k.-k, plane (a) and the (k. = k,)-k. plane (b) together with calculated ones. These
intensity maps were obtained by integrating the ARPES spectra within Er &= 50 meV. The yellow lines denote the boundary of body-centered
tetragonal BZ. Red curves represent calculated FSs. Pink dashed lines in (a) and (b) indicate the same high symmetry line. (c) Calculated FSs
centered at the I' point. The band 22 and 23 form the hole FSs with strong three-dimensionality, while the band 24 is the electron FS with

quasi-two-dimensionality.

between the experiment and the calculation. The band 21 can
form the electron FS by small changes of the Fermi level.

To summarize this section, we have found that characteristic
features of the energy band dispersions and FSs of YbCu,Ge,
are explained by the LDA framework as well as other itinerant
f-electron compounds such as UB,’ and CeRu,Si,,'>"3
although not all of the bands predicted by the LDA calculation
are observed. These results are consistent with the conclusion
of the dHvVA work by Dung et al in which the LDA
calculation could reproduce the experimental dHVA results.’
Furthermore, they constitute the first direct observation for
the Yb 4f electrons forming FSs and having delocalized
character through the c-f hybridization as seen in the LDA
calculation, something which was not achievable by dHvA
measurement.

Here we comment on the interpretation of the doublet
structure of the Yb?* 4 f bands. The LDA eigenenergy does
not correspond to the total energy of the N-electron system
E(N).2° When the electronic correlation is weak, the energy
is approximated by E(N) — E(N — 1), which is equal to the
one-electron energy observed by the PES. In our experimental
data, the observed anticrossing gap width is consistent with the
calculated value within the LDA as shown in Fig. 3(b). Thus
the effective electronic correlation effects should be small and
the LDA calculation well describes the electronic structures
near the Ep region of YbCu,Ge,. In addition, relativistic LDA
calculations incorporate the SO interaction in the Hamiltonian
without a second variational procedure. Thus we think that
the observed doublet structure of the Yb>* 4f bands can
be accounted for by the one-electron ground state in the
relativistic LDA calculation.

In this work we showed how the LDA calculation is suited
to the description of the electronic structure of nearly divalent
Yb-based compounds. We believe this provides a basis for
discussing the electronic structure of Yb-based HF compounds
using the band calculations.

IV. CONCLUSION

We have investigated the bulk 3D band structure of
YbCu,Ge; using the SX-ARPES. We found that the bands
with finite contributions from Yb 4 f states cross Er and form
FSs, which is consistent with recent reports pointing to valence
fluctuations in YbCu,Ge;. The obtained band dispersions and
the FSs were reasonably explained by the LDA calculation,
including the contribution of each orbital. All these results
suggest that the LDA calculation is a good starting point for the
understanding of the electronic structure of nearly divalent or
weakly valence fluctuating Yb-based compounds. This result
is a step forward in the understanding of the electronic structure
of Yb-based HF compounds.
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7165 (1978)], the LDA eigenenergy ¢; of the electronic state i
corresponds to dE(N)/dn;, where E(N) is the total energy of
the N-electron system and n; is the occupation number of i state.
When the electronic correlation is weak, and thus de¢; /dn; is small,
dE(N)/0n; is approximated by E(N) — E(N — 1).
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