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Fig. 1 (Color online) (a) Photograph of the apparatuses for the x-
ray optics including the phase retarder and the polarization
monitor supplied for the linear dichroism (LD) in hard x-ray
photoemission spectroscopy (HAXPES), which has been in-
stalled in experimental hutch 1 (EH1) of BLI19LXU in
SPring-8. The optical path and the polarization directions af-
ter the phase-retarder diamond are also indicated. (b) Pho-
tograph of the first diamond for the phase retarder by which
the light is switched from the horizontally linear to circular
polarizations. (c) Photograph of the second diamond for the
phase retarder by which the light is switched from the circu-
lar to vertically linear polarizations.
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Fig. 2 (Color online) Offset angle dependence of the photon inten-
sities relative to the diamond (220) Bragg reflections for the
first (in upstream) and second (in downstream) diamonds in
(a) and (b), respectively?4). For (b), the offset angle of the
first diamond is set to supply the circularly polarized x-ray.
The evaluated P, (degree of linear polarization) is also
shown in the bottom of (a) and (b).
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Fig. 3 (Color online) (a) Photograph of the chamber of the focusing mirrors (left) and the photoelectron spectrometer
with the closed-cycle He cryostat (right) installed in experimental hutch 3 (EH3) of BL19LXU in SPring-8. An
arrow indicates the optical path of the excitation x-ray. (b) Photographs of our developed low-temperature two-
axis manipulator taken from front (left) and back (right) sides?4 .
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Fig. 4 (Color online) (a) Schematically drawn one-electron-like
Yb3+4f levels split by the spin-orbit coupling (SOC) and
further split by the crystalline electric field (CEF) in
tetragonal symmetry. Filled (open) circles denote an occu-
pied 4 f electron (hole). (b) Geometry for the LD in HAX-
PES measurements, where 6 is the angle of photoelectron
detection direction to the [001] direction and ¢;=0° cor-
responds to the [100] direction. (c¢) Polarization-dependent
YD 3ds,, core-level HAXPES spectra of YbRh,Si, and YbCu,
Si, at 6,=0° (along the [001] direction) and ¢;,=0°. The
spectra are normalized by the overall 3ds/, spectral weight
displayed in this graph. LD for YbRh,Si, (YbCu,Si,) is also
shown by the dashed (solid) line in the lower panel. (d)
Simulated polarization-dependent 3ds;, photoemission spec-
tra of the Yb3* ions along the [001] direction assuming the
pure J, ground state, together with the corresponding 4f
charge distributions.
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Fig. 5 (Color online) (a) Polarization-dependent Yb3+* 3ds,, core-
level HAXPES spectra of YbRh,Si, at ,=0 and 60° and
their LDs, where the Shirley-type background has been sub-
tracted from the raw spectra. The spectra are normalized by
the Yb3+ 3ds), spectral weight. (b) Simulated polarization-
dependent core-level photoemission spectra and their LDs
[dashed (solid) line for §,=0° (60°) ] for the Yb3+ ion with
the | J.| =3/2 (I';) ground state at the same geometrical
configurations as those for the experiments. The inset shows
the corresponding 4 f charge spatial distribution in the initial
state.
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Fig. 6 (Color online) (a) Polarization-dependent Yb3* 3ds/, core-
level HAXPES spectra of YbCu,Si, at 6;,=0 and 60° and
their LDs, where the Shirley-type background has been sub-
tracted from the raw spectra. (b) Simulated polarization-
dependent core-level photoemission spectra and their LDs at
the same geometrical configurations as those for the experi-
ments for the Yb3* ion with the |T'}> and |T"2) ground states
with the | J.| =3/2 (5/2) component of 87% (13%). LD at
0,=0° is represented by a dashed line, whereas that at 6, =
60° for the |T'%> (|T'2) ground state is shown by a thin
(thick) solid line. (c¢) 4f hole spatial distribution for the ini-
tial |T'}> and |T'2) states.
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(Color online) Polarization-dependent Yb3* 3ds, core-level HAXPES spectra and LDs (open circles) of YbBj,

at hv=7.9 keV compared with the simulated LDs for the CEF-split Iy and I'¢+I'; ground states along the (a)

[100] (0,=0°, ¢x=

0°), (b) [111] (6,=55°, p,=45") and (c) [110] (6,=

45°, ,=0°) directions with the ex-

perimental geometry displayed in the upper panel of each figure. The simulated polarization-dependent core-level
photoemission spectra for the I'g, I'; and I'g states are also shown together with the 4 f charge distributions.
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Fig. 8 (Color online) (a) Polarization-dependent Pr 3ds/, core-level HAXPES spectra and LD of PrBs at #v=7.9 keV
compared with the simulated ones for the CEF-split I's states in the [100] direction. The experimental LD is dis-
played in the energy region of the normalization (931-940 eV). The simulated LDs assuming the I'; and I'; states
are also shown in the lower panel. The Shirley-type background has been subtracted from the raw spectra. (b)
Same as (a), but for PrIr,Zny,. (c) Same as (a), but for PrBe;;. The Pr3* 4 2 charge distributions corresponding
to those for the data are also shown in the lower panel.
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Fig. 9 (Color online) Polarization-dependent Pr 4d core-level
HAXPES spectra and LD of PrBs compared with the simu-
lated ones for the I's state in the [100] direction. Simulated
LDs assuming the I'; and I'; states are also shown in the low-
er panel.
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(Color online) Linearly polarized Ce 3ds/, core-level HAXPES spectra of CeCu,Ge, at 10 K in the paramagnetic

phase recorded by the s- and p-polarization photons together with the spectral simulations assuming the X -type
I'; and II-type I'; ground states for the ¢, = (a) 0° and (b) 45° configurations with 6, =55°.
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Fig. 1 (Color online) ¢, dependence of LD in the Ce 3ds), core-

level HAXPES with 6,=55° compared with the simulated
ones assuming the Y -type I'; and IT-type I'; ground states.
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Localized orbital symmetry with strong electron
correlations probed by linear dichroism in core-
level photoemission spectroscopy

Akira SEKIYAMA'-2, Hidenori FUJIWARA"2, Yuina KANAI-NAKATA*"2,
Satoru HAMAMOTO"2 and Shin IMADAZ23

Division of Materials Physics, Graduate School of Engineering Science, Osaka University, 1-3 Machikane-
yama, Toyonaka, Osaka 560-8531, Japan
2Advanced Photon Technology Division, RIKEN SPring-8 Center, 1-1-1 Koto, Sayo, Hyogo 679-5148, Japan
*.3Department of Physical Sciences, College of Science and Engineering, Ritsumeikan University, 1-1-1 Noji-
higashi, Kusatsu, Shiga 525-8577, Japan

Abstract Linear dichroism in “angle-resolved” core-level photoemission (LD-HAXPES), which we have dis-
covered at our hard x-ray photoemission study of strongly correlated rare-earth 4f electron sys-
tems, is described in detail. The instrumentations for LD-HAXPES including the polarization
switching using a diamond phase retarder are shown. The observed LD-HAXPES originates from
the anisotropic local 4f charge distributions deviated from spherical symmetry, which has been
explained on the basis of the theoretical formulations of the core-level photoemission process of
the single ion under crystalline electric fields. Indeed, the so far obtained experimental results of
LD-HAXPES for Ce, Pr and Yb compounds are well reproduced the theoretical simulations for the
ion under the crystalline electric fields, from which the occupied 4f-orbital symmetry can be
uniquely determined.
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