
Progress in Nuclear Science and Technology 
Volume 5 (2018) pp. 82-85 

 

 

ARTICLE 

 
 

Electronic structure of URu2Si2 studied by photoelectron spectroscopy (INVITED) 

Shin-ichi Fujimoria*, Yukiharu Takedaa, Tetsuo Okanea, Yuji Saitoha, Atsushi Fujimoria,b, Hiroshi Yamagamia,c, 
Yoshinori Hagad, Etsuji Yamamotod and Yoshichika Ōnukie 

aCondensed Matter Science Division, Japan Atomic Energy Agency, Sayo, Hyogo, 679-5148, Japan; bDepartment of Physics, 
University of Tokyo, Hongo, Tokyo, 113-0033, Japan; cDepartment of Physics, Faculty of Science, Kyoto 

Sangyo University, Kyoto, 603-8555, Japan; dAdvanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki, 
319-1195, Japan; eFaculty of Science, University of the Ryukyus, Nishihara, Okinawa, 903-0213, Japan 

 
The electronic structure of URu2Si2 in the paramagnetic phase was studied by photoelectron spectroscopy. 
The comparison of the valence-band and core-level spectra of URu2Si2 with those of itinerant U 5 f  
compound UB2 and localized U 5 f compound UPd3 suggests that the U 5 f electrons in URu2Si2 have 
essentially itinerant character, but there also exists an electron correlation e ect. Comparison of angle-resolved 
photoelectron spectroscopy (ARPES) spectra of URu2Si2 and ThRu2Si2 revealed that U 5 f electrons forms 
dispersive bands in the vicinity of EF, suggesting that the U 5 f states have itinerant character in URu2Si2. This 
is in contrast to the relationship between the ARPES spectra of CeRu2Si2 and LaRu2Si2 where Ce 4 f electrons 
are nearly localized in CeRu2Si2. 
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1. Introduction1 
Uranium compounds exhibit a rich variety of physical 

properties. In particular, the coexistence of 
superconductivity and magnetic ordering is one of the 
most significant properties among these compounds [1]. 
Among them, URu2Si2 attracts much attention due to its 
enigmatic hidden order transition at THO = 17.5 K [2]. 
Although there are a number of theoretical and 
experimental studies on this compound, its order 
parameter has not been identified for more than thirty 
years [3,4]. Meanwhile, photoelectron spectroscopy is a 
very powerful experimental technique to reveal the 
electronic structure of materials. In particular, angle 
resolved photoelectron spectroscopy (ARPES) has been 
used to reveal the band structure and Fermi surface of 
strongly correlated materials. Numbers of photoelectron 
spectroscopy studies have been also performed for 
URu2Si2 to clarify its electronic structure. On the other 
hand, the nature of U 5 f states in URu2Si2 even in the 
paramagnetic phase has been still controversial issue 
[5,6]. 

In the present paper, the electronic structure of 
URu2Si2 in the paramagnetic phase is studied by angle 
integrated photoelectron spectroscopy (AIPES) 
valence-band and core-level studies. The results are 
compared with the AIPES spectra of typical itinerant 
UB2 and localized compounds UPd3. Furthermore, angle 
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resolved photoelectron spectroscopy (ARPES) was also 
applied for URu2Si2 and its non- f analogue ThRu2Si2 
[7,8]. The results are compared with the ARPES spectra 
of their 4 f analogs CeRu2Si2 and LaRu2Si2 [9]. 

 
 

2. Experimental procedures 

Photoemission experiments were performed at 
the soft X-ray beamline BL23SU of SPring-8 [10, 11]. 
The overall energy resolution in angle-integrated 
photoemission (AIPES) experiments at hν = 800 
eV was about 140 meV, and that in ARPES 
experiments at hν = 735 − 760 eV was 100 − 140 
meV, depending on the photon energies. Clean 
sample surfaces were obtained by cleaving the 
single crystal samples in situ with the surface 
perpendicular to the c axis under ultra-high vacuum 
(UHV) condition. The vacuum during the course of 
measurements was typically < 3 × 10−8 Pa, and the 
sample surfaces were stable for the duration of 
measurements (1-2 days) since no signficant 
changes had been observed in ARPES spectra 
during the periods. The positions of ARPES cuts 
were determined by assuming a free-electron final 
state with an inner potential of V0 = 12 eV by taking 
into account the momentum of incident photon [12]. 
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Figure 1. Angle-integrated photoemission spectra of URu2Si2 
measured at hν = 800 eV. The sample temperature was 20 K, 
and the sample was in the paramagnetic phase. (a) AIPES 
spectra measured in a wide energy range. (b) Ru 3d core-level 
spectrum. (c) U 4 f core-level spectrum. 
 
 
3. Results and discussion 

First, we show the AIPES spectra of URu2Si2 in the 
paramagnetic phases. Figure 1 summarizes the 
AIPES spectra of URu2Si2 measured at hν = 800 eV. 
The sample temperature was 20 K, and the sample 
was in the paramagnetic phase. Figure 1 (a) shows the 
AIPES spectrum of URu2Si2 measured in a wide 
energy range. There are several peaks in the spectrum, 
and they are assigned to the core-level spectra of 
uranium, ruthenium, and silicon. The signal from 
valence band is much weaker than those from the 
core-levels, and it cannot be recognized clearly in this 
spectrum. Figure 1 (b) shows the Ru 3d core-level 
spectrum of URu2Si2. The spectrum exhibits the 
spin-orbit splitting, and each peak has a relatively 
simple peak structure. Figure 1 (c) shows the U 4 f 
core-level spectrum of URu2Si2. The spectrum 
exhibits a spin orbit splitting corresponding to U 4 f7/2 
and U 4 f5/2 components, but each of them has rather 
complicated structures. The main line has a long tail 
towards the higher binding energies, and the satellite 
structure is observed at about 7 eV higher binding 
energies from the main line. This much complicated 
structure of the U 4 f core-level spectrum suggests 
that the U 5 f states in URu2Si2 are not in simple 
itinerant or localized states. 

In Figure 2, we show the valence band and 
core-level spectra of URu2Si2 together with those of 
typical itinerant compound UB2 and localized 
compound UPd3 [13,14]. Note that the number of U 5 
f occupation number in UPd3 is 2 while it is nearly 3 
in UB2. 

 

 
 
Figure 2.  Valence band and core-level spectra of URu2Si2 
together with typical itinerant and localized componds. (a) 
Valence band spectrum of URu2Si2 together with the itinerant 
compound UB2 and localized compound UPd3.  (b)  U 4 f7/2 
core-level spectrum of URu2Si2 together with the itinerant 
compound UB2 and localized compound UPd3. 
 

Figure 2 (a) shows the comparison of their 
valence-band spectra. There is a sharp peak structure 
in the valence band spectrum of UB2, which is the 
contribution from the itinerant U 5 f state. The 
spectrum of URu2Si2 also has similar sharp peak 
structure at EF, suggesting that U 5 f states in URu2Si2 
essentially have an itinerant character. On the other 
hand, there is no such peak structure in the 
valence-band spectrum of UPd3, and the U 5 f states 
are located at around EB 0.8 eV. This is consistent 
with the localized U 5 f states in UPd3. Figure 2 (b) 
shows the comparison of their U 4 f core-level spectra. 
The U 4 f core-level spectra exhibit a wide variety of 
structures. The core-level spectrum of UB2 has a very 
simple peak structure, and its shape is very close to 
the core-level spectrum of simple metals, suggesting 
that the electron correlation effect is very weak in 
UB2. On the other hand, the core-level spectrum of 
UPd3 has much complicated structure. The main line 
of UPd3 is located on the higher binding energy side 
of UB2 by about 1.6 eV. Generally, the position of the 
core-level spectra is highly sensitive to the valence 
state. The main peak position of URu2Si2 is identical 
to that of UB2, suggesting that the valence state of 
uranium atoms in URu2Si2 is close to 3 as in the case 
of UB2. This is consistent with the result of recent U 
LIII resonant X-ray emission spectroscopy study of 
URu2Si2 by Booth et al [15]. On the other hand, there 
exists the satellite structure in the core-level spectra 
of URu2Si2 and UPd3. This satellite structure has been 
observed in various metallic compounds [16] and 
oxides [17], and considered as the influence of 
electron correlation effects [18]. The finite satellite 
intensity in URu2Si2 suggests that there exist the 
electron correlation effect in URu2Si2. Therefore, the 
U 5 f  state  in URu2Si2  has essential ly i t inerant
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Figure 3.  (Online color) Comparison of ARPES spectra of ThRu2Si2, URu2Si2, LaRu2Si2, and CeRu2Si2 in 
paramagnetic phase. (a) ARPES spectra of ThRu2Si2 measured at hν = 735 eV. (b) ARPES spectra of URu2Si2 measured 
at hν = 760 eV. (b) ARPES spectra of LaRu2Si2 measured at hν = 152 eV. (d) ARPES spectra of CeRu2Si2 measured at hν = 
154 eV. 
The data of LaRu2Si2 and CeRu2Si2 were after [9]. Reprinted from Denlinger et al [9]. Copyright 2001, with permission 
from Elsevier. 
 
character, but there also exists an electron correlation 
effect. 

Figure 3 shows a comparison of ARPES spectra of 
ThRu2Si2 [8], URu2Si2 [7], LaRu2Si2, and CeRu2Si2 
[9]. The photon energies used were hν = 735 eV for 
ThRu2Si2, 760 eV for URu2Si2, 152 eV for LaRu2Si2, 
and 154 eV for CeRu2Si2. The data of LaRu2Si2 and 
CeRu2Si2 were taken from Ref. [9]. The sample 
temperatures were 20 K for the cases of ThRu2Si2 and 
URu2Si2, and < 150 K for the cases of LaRu2Si2 and 
CeRu2Si2. Both sets of data correspond to the scan 
along the Z − Γ − X − Γ high-symmetry line though the 
incident photon energies are considerably different 
between the cases of (U, Th)Ru2Si2 and (Ce, 
La)Ru2Si2. There are some similarities between the 
ARPES spectra of (U, Th)Ru2Si2 and (Ce, La)Ru2Si2. 
In particular, the parabolic dispersions with enhanced 
intensities and their apex at the Γ point are very 
similar. On the other hand, their appearances are 
somewhat different due to the different matrix 
element effects in different photon energies. First, we 
focus on the comparison between the ARPES spectra 
of ThRu2Si2 and URu2Si2. They have essentially 
similar structures, but their details are considerably 
different. In particular, the features in the vicinity of 
EF are very different between these two compounds. 
For example, there are dispersive bands in the vicinity 
of EF along the Z Γ line in the ARPES spectra of 
URu2Si2, but there are no corresponding bands in the 

ARPES spectra of ThRu2Si2. These dispersive 
features in the vicinity of EF are contributions from U 
5 f states, suggesting that U 5 f have an itinerant 
nature in URu2Si2. On the other hand, the ARPES 
spectra of LaRu2Si2 and CeRu2Si2 are very similar 
each other, which is in contrast with the case of (U, 
Th)Ru2Si2 The difference between the ARPES spectra 
of CeRu2Si2 and LaRu2Si2 is essentially limited only 
in the vicinity of EF, where the at peak was observed 
in some part of the Brillouin zone. They correspond 
to the contribution from itinerant component of Ce 4 f 
state, but their band dispersions are extremely narrow, 
suggesting that the Ce 4 f states are nearly localized in 
CeRu2Si2. An interesting point to note is that the Ru 
4d states are almost identical between the ARPES 
spectra of LaRu2Si2 and CeRu2Si2, while they are 
considerably different between the ARPES spectra of 
ThRu2Si2 and URu2Si2. This means that U 5 f states 
are considerably hybridized with the Ru 4d states in 
URu2Si2 while Ce 4 f states are almost localized in 
CeRu2Si2. 

 
 

4. Conclusion 

We have studied the valence-band and core-level 
spectra of URu2Si2. The comparison of the core-level 
spectrum of URu2Si2 with those of UB2 and UPd3 
suggests that the number of U 5 f occupation number 
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in URu2Si2 is close to 3 as in the case of UB2. The 
comparison of ARPES spectra between (U, 
Th)Ru2Si2 and (Ce, La)Ru2Si2 indicated that U 5 f 
states are strongly hybridized with Ru 4d states 
whereas Ce 4 f states in CeRu2Si2 are nearly localized 
in CeRu2Si2. According to these results, the U 5 f 
states in URu2Si2 have strong itinerant character, but 
the finite contribution from the electron correlation 
effect exists. 
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