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Hidden order in URu2Si2 has remained a mystery that is now entering its fourth decade. The importance
of resolving the nature of the hidden order has stimulated extensive research. Here we present a detailed
characterization of different surface terminations in URu2Si2 by angle-resolved photoemission spectroscopy,
in conjunction with scanning tunneling spectroscopy and dynamical mean-field theory calculations that may
unveil a piece of this puzzle. The U-terminated surface is characterized by an electronlike band around the X̄

point, while a holelike band characterizes the Si-terminated surface. We also investigate the temperature evolution
of the electronic structure around the X̄ point from 11 up to 70 K, and do not observe any abrupt change of the
electronic structure around the coherence temperature (55 K). The f spectral weight gradually weakens upon
increasing temperature; still some f spectral weight can be found above this temperature. Our results suggest
that surface terminations in URu2Si2 are an important issue to be taken into account in future work.
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I. INTRODUCTION

“Hidden order” in URu2Si2, one of the most mysterious
challenges in current condensed-matter physics, has attracted
extensive research during the past 30 years [1–6]. This second-
order phase transition at T0 = 17.5 K is marked by a jump
in specific heat and removal of a significant fraction of total
entropy [5,6], while the small antiferromagnetic moment of
0.03 μB detected by a neutron-scattering experiment was
too small to explain this large entropy release upon the
transition [7]. Many theoretical models have been proposed
to explain this mysterious order [8–14]. Among them, a
key question is the property of Fermi surface gapping and
instability in the momentum space [6,15–18].

Angle-resolved photoemission spectroscopy (ARPES) is a
powerful tool to directly observe the Fermi surface topology
and electronic structure in the momentum space in solid
materials. Earlier pioneering ARPES studies of URu2Si2 have
concentrated on the paramagnetic phase and established the
existence of hole pockets at the �̄, Z̄, and X̄ points of the
Brillouin zone [19–21]. Subsequent ARPES results proposed
either a heavy band collapsing towards the Fermi level (EF )
through the transition [3] or a heavy band developing below
EF [22]. In contrast, the existence of weakly dispersive states
was observed not to shift from above to below EF , and these
states rapidly hybridize with conduction bands upon entering
the hidden-order phase [23]. The three-dimensional nature of
the Fermi surface in URu2Si2 has also been obtained [24,25].
These ARPES results have shed new light on the “hidden-
order” problem and revealed important aspects of this mystery,
but there is still much work left to be done.
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One of the important points to be understood is the surface
termination in URu2Si2. Previous ARPES studies on the
structurally similar RET 2Si2 (RE = Ce, Eu, Yb and T = Co,
Rh, Ir) materials have indicated that these materials can be
easily cleaved since the bond energy between rare-earth (RE)
atoms and the neighboring Si layer is much weaker than
within the Si-T-Si layers, leading to either Si- or RE-terminated
surfaces, and two sets of band structure have been revealed
for these compounds [26–30]. URu2Si2 has the same crystal
structure as the RET2Si2 compounds and it should also have
different cleaved surfaces. Indeed, different cleaved surfaces
have been observed by scanning tunneling spectroscopy (STM)
in URu2Si2 [1,2]. However, the electronic structure on different
terminated surfaces has never been reported in URu2Si2 by pre-
vious ARPES [3,18,19,22–25,31–33], which is very important
given the surface sensitivity of this technique.

Another important point is to understand the interplay of
localization and itinerancy of the f electrons. According to
the standard model of heavy-fermion behavior, f electrons are
localized at high temperature, while their exchange coupling
to conduction electrons leads to the formation of bands with
heavy masses as temperature is lowered and the f electrons
become itinerant [34]. The detailed evolution of the localized-
to-itinerant transition has been observed in some of the Ce-
based systems [35–37]. Temperature-induced changes have
also been observed in UPd2Al3, which is closely related to
the localized-to-itinerant transition [38]. By contrast, previous
ARPES results on URu2Si2 have concentrated on the relation-
ship between the electronic structure and the hidden order
at low temperatures [3,18,19,22–25,31–33]. One of the key
results of these studies is that weakly dispersive states rapidly
hybridize with light conduction bands just upon entering the
hidden-order phase around the �̄ point [31], which is in marked
contrast to the gradual crossover behavior expected in Kondo
lattice systems. Meanwhile, there is another key temperature
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scale in URu2Si2. The resistivity undergoes a rapid decrease
below 55 K [5,6], which is normally regarded as the beginning
of the development of coherence between f and conduction
electrons. However, the evolution of the electronic structure at
this crossover is still unknown and is an important element of
the current study.

In this paper, we also present a detailed characterization
of the different surface terminations in URu2Si2 by ARPES,
STM/scanning tunneling spectroscopy (STS), and dynamical
mean-field theory (DMFT) calculations. The different termi-
nations can be easily distinguished by an electronlike band
around the X̄ point for the U-terminated surface, and a holelike
band for the Si-terminated surface. Furthermore, temperature-
dependent measurements were performed around the X̄ point
for the Si-terminated surface from 11 up to 70 K, and we did not
observe any abrupt change of the electronic structure around
the coherence temperature. The f spectral weight gradually
weakens upon increasing temperature; still, a small part of the
f spectral weight can be found above this temperature.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of URu2Si2 were grown by the Czochralski
method in a tetra-arc furnace with a continuously purified
Ar atmosphere and subsequently annealed at 900 ◦C un-
der ultrahigh vacuum for 10 days. The electrical resistivity,
magnetic susceptibility, and specific-heat measurements were
performed using a Physical Property Measurement System

(PPMS-9). Samples were cleaved in situ along the c axis at
a base pressure of better than 6 × 10−11 mbar at 82 K. ARPES
measurements were performed with a SPECS UVLS discharge
lamp (21.2 eV He-I light). All data were collected with Scienta
R4000 electron analyzers. The overall energy resolution was
about 15 meV or better, and the typical angular resolution
was 0.2◦. A freshly evaporated gold sample was used to deter-
mine EF . Temperature-dependent ARPES measurements were
performed from high to low temperature. STM experiments
were performed in an ultrahigh vacuum, low-temperature STM
apparatus with a base pressure of 2 × 10−11 mbar. All topo-
graphic images were recorded in the constant current mode.
The STM chamber is connected with the ARPES chamber
using a radical distribution chamber with a base pressure of
4 × 10−11 mbar, so the samples can be transferred directly
from the ARPES chamber to STM chamber under ultrahigh
vacuum conditions.

Our calculation includes two parts: a slab model calculation
together with a fully self-consistent density functional theory
(DFT)+DMFT method to explore the electronic structure. For
the slab calculation, 9- and 7-layer slab structures have been
studied for the U- and Si-terminated surfaces, respectively.
The vacuum thickness is chosen to be 10 Å according to the
convergence of the total energy and band structure. The elec-
tronic structure is carried out with the constructed U-/Si-based
terminated surfaces without structure relaxation, following
Ref. [39]. We tried to calculate the electronic structures of
URu2Si2 with the combination of density functional theory and
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FIG. 1. (a) Crystal structure of URu2Si2. Possible cleaving planes are marked in gray. (b) LEED patterns of the cleaved surface measured
at 82 K. (c) Temperature dependence of the electrical resistivity. (d) Dc-magnetic susceptibility χ (T) measured in the magnetic field of 0.1 T
parallel to the c axis. (e) Temperature dependence of the specific heat. (f) Brillouin zone of the bulk URu2Si2, and the projected (001) surface
Brillouin zone are marked in blue
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single-site dynamical mean-field theory (DFT+DMFT) [40].
The DFT+DMFT method is probably the most powerful estab-
lished approach to study the electronic structures of strongly
correlated materials. It has been widely used to study the
correlated 4f or 5f electron systems [39,41–43]. In the DFT
part, the WIEN2K code was employed, which implements a full-
potential linear augmented plane-wave formalism [44]. The
DFT calculations were done on a 13 × 13 × 2 Monkhorst-Pack
k mesh, and the spin-orbit coupling is taken into account during
calculation. We used RMTKMAX = 7.0 and GMAX = 9.0, and
chose the generalized gradient approximation (Perdew-Burke-
Ernzerhof functional) [45] to express the exchange-correlation
potential. In the DMFT part, all the uranium atoms are treated to
be equivalent. As for the Coulomb interaction only considering
the correlation among the U-5 f orbitals, a four-fermion
interaction matrix is built which is parameterized by the Slater
integrals Fk . The general interaction matrix was parameterized
using the Coulomb interaction U and the Hund’s exchange
J via the Slater integrals. They were 6.0 and 0.6 eV, respec-
tively. The constructed multiorbital Anderson impurity models
were solved using the hybridization expansion continuous-
time quantum Monte Carlo impurity solver (CT-HYB). The
calculated temperature is 82 K. The convergence criteria for
charge and energy were 10−4e and 10−4 Ry, respectively. The
final outputs were Matsubara self-energy function �(iωn) and
impurity Green’s function G(iωn), which were then utilized
to obtain the integral spectral functions A(ω) and momentum-
resolved spectral functions A(k,ω).

III. RESULTS AND DISCUSSIONS

URu2Si2 crystallizes in the body-centered tetragonal
ThCr2Si2-type structure, which belongs to the D4h point group
(space group I4/mmm, No. 139), as shown in Fig. 1(a).
The temperature dependence of the electrical resistivity,
dc-magnetic susceptibility for the ab plane, and specific heat of
our samples are displayed in Figs. 1(c)–1(e), respectively, from
which the obvious hidden-order transition can be observed
at around 17.5 K. The Brillouin zone of the bulk URu2Si2

and the projected (001) surface Brillouin zone are displayed in
Fig. 1(f). After cleavage, sharp low-energy electron diffraction
(LEED) patterns can be observed in Fig. 1(b) without any
surface reconstruction.

We begin with a general characterization of different surface
terminations of the cleaved URu2Si2 crystals. Figures 2(a)
and 2(b) show the valence-band structure of different termi-
nations of the freshly cleaved URu2Si2 crystals along the �̄-X̄
direction. Obvious differences can be found for these two
terminations: (i) One termination shows an electronlike band
around the X̄ point, labeled by the star symbol in Fig. 2(a),
while it is replaced by the holelike band for another termination
in Fig. 2(b). (ii) High intensity of the spectral weight can be
found near EF , labeled by a diamond symbol in Fig. 2(b), while
it is weakened in Fig. 2(a). (iii) A fast dispersive holelike band
with its top located at around 0.3 eV labeled by a triangle
symbol can be found in Fig. 2(a), while it is almost absent in
Fig. 2(b). These features can be used to distinguish different
terminations in URu2Si2.

To further determine U- or Si-terminated surfaces, we
performed band structure calculations of the two surfaces by
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FIG. 2. ARPES characterization of different surface terminations
in URu2Si2 at 82 K. (a) ARPES data of the U-terminated surface. (b)
ARPES data of the Si-terminated surface. The data were taken along
the �̄-X̄ direction at 82 K. For the meaning of the symbols, see the
main text.

the DFT+DMFT method. The calculated band structures of
U and Si terminations are displayed in Figs. 3(a) and 3(f),
respectively. From theoretical calculations, a key signature of
the two terminated surfaces is that an electronlike band around
the X̄ point in the U-terminated surface turns out to be a
holelike band for the Si termination. This is consistent with our
experimental results in Fig. 2. By comparing experimental data
with theoretical calculations, it is clear that the band structure
displayed in Fig. 2(a) is from the U-terminated surface, while
Fig. 2(b) shows the band structure from the Si-terminated
surface.

In order to show the detailed differences of U and Si
terminations more clearly, ARPES spectra of the two termi-
nations near EF around the �̄ and X̄ points are displayed in
Figs. 3(c)–3(e) and Figs. 3(h)–3(j), respectively. Meanwhile,
photoemission intensity maps of the two terminations are
displayed in Figs. 3(b) and 3(g). For the U-terminated surface,
two holelike features near the Fermi energy can be observed
around the �̄ point, labeled α and σ ’ in Fig. 3(c), respectively.
These features can also be found from the calculation in
Fig. 3(a). Among them, feature α is a holelike band crossing
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FIG. 3. Band structure of the U- and Si-terminated surfaces measured at 82 K. (a) Calculated band structure of the U-terminated surface. (b)
Photoemission intensity map of the U-terminated surface at EF integrated over a window of (EF − 10 meV, EF + 10 meV). (c) Low-energy
band structure around the �̄ point along cut 1. (d) Momentum distribution curves (MDCs) around the X̄ point along cut 1 near the Fermi level.
(e) Low-energy band structure around the �̄ point along cut 2. (f)–(j) Same as (a)–(e), but for the Si-terminated surface.

EF at ±0.2 Å
−1

, which contributes a hole pocket around
the Brillouin-zone center in Fig. 3(b). Feature σ ’ locates at
around 30 meV below EF , which is attributed to a surface
state in previous ARPES results [31]. These bands are also well
reproduced in the calculations in Fig. 3(a). Around the X̄ point,
an electronlike band labeled η can be found, which contributes
to the electronlike pocket around the Brillouin-zone corner and
was well reproduced in the calculations in Fig. 3(a). For the
Si-terminated surface, two holelike features are observed
around the �̄ point, labeled ω and σ in Fig. 3(h). Among
them, feature ω crosses EF and contributes the holelike pocket
around the Brillouin-zone center in Fig. 3(g). A holelike band
η’ can be clearly observed around the X̄ point and contributes
a holelike pocket around the zone corner in Fig. 3(f). It is also
noteworthy that the spot size of the HeI lamp is rather large
(around 1 mm). Although in our experiments we have observed
two sets of bands which display significantly different charac-
ter, it is still possible that the data sets contain contributions
from both cleaved planes and the σ ’ band observed for the
U-terminated surface is a consequence of the strong intensity
associated with the σ band for the Si-terminated surface.

To further confirm the identification of different surface
terminations, we perform STM measurements on the same
samples immediately after ARPES measurements. The sam-
ples were transferred from the ARPES chamber to STM
chamber under ultrahigh vacuum condition very quickly. In
Figs. 4(a) and 4(b), we show the typical topographic images
of the samples that were used for ARPES measurements
in Fig. 2(a). For these samples, two types of surfaces can
be found, which we assigned as A and B, respectively; see
Figs. 4(a) and 4(b). The cleaved surface is dominated by
surface A and a small portion of surface B can be found.
The relative heights between different surfaces in Figs. 4(a)
and 4(b) are displayed in Figs. 4(i) and 4(c), respectively. By

scanning the whole sample, we found that the probability of
the occurrence of surfaces A and B is roughly 85% and 15%,
respectively. The step size of the two surfaces is consistent
with the relative height of the U and Si layers, see Fig. 4(j).
Figure 4(d) displays the averaged electronic density of states
of surface A, which is consistent with that of the U-terminated
surface [2]. Based on this, surfaces A and B can be assigned
to U- and Si-terminated surfaces, respectively. These results
are in line with ARPES measurements in Fig. 2(a) with the
spectrum dominated by the U-terminated surface. Meanwhile,
we found that the probability for Si- and U-terminated surfaces
for the samples that were used for ARPES measurements in
Fig. 2(b) is roughly 80% and 20% [see Figs. 4(e) and 4(f)]
and the spectroscopy of the Si-terminated surface agrees well
with previous STM results [2]. Since the spot size of the He
lamp is around 1 mm, the spectrum in Fig. 2(a) is dominated
by the U-terminated surface but also with small contributions
from the Si-terminated surface. This is the reason that there is
still some residual intensity of the σ ’ band from the ARPES
spectrum in Fig. 3(c).

Having clearly characterized the different surface termina-
tions in URu2Si2, we now turn our attention to the 5f -electron
character in this compound. Previous ARPES results mainly
concentrated on the relationship between the electronic struc-
ture and the hidden order [3,18,19,22–25,31–33], and proposed
that there is an obvious change of the electronic structure
during the hidden-order transition. Also, detailed temperature
evolution of the electronic structure around the �̄ point has been
investigated, and a M-shaped band was reported to be closely
related to the hidden-order transition [3,18,19,22,23,31–33].
There is another key temperature scale in URu2Si2. According
to the resistivity data of URu2Si2, there is a rapid decrease
below 55 K [5,6], and it is proposed that the screening by
light Ru-based d-electron bands of the f electrons at each
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U atom apparently begins to alter the URu2Si2 electronic
structure at this key temperature [1]. This behavior is similar
to that of many hybridized f -electron rare-earth and actinide
compounds. However, direct observation of the evolution of the

electronic structure at this crossover by ARPES is still lacking
in URu2Si2. Here we extend the temperature range up to 70 K
around the X̄ point and focus on the evolution of the electronic
structure at this key temperature around 55 K.
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Figure 5 shows a detailed temperature evolution of the
band structure around the X̄ point from 11 to 70 K of the
Si-terminated surface. At 70 K, the photoemission is domi-
nated by a strongly dispersive holelike band and weak intensity
around the EF . Upon decreasing temperature, the spectral
weight near EF around the X̄ point gradually increases and
weakly dispersive hybridized bands can be observed around
EF . At 11 K, an obvious f -electron feature near EF can be
clearly observed from the intensity plots, as demonstrated in
Fig. 5(a), which indicates the hybridization between the f band
and conduction bands. The hybridization of this conduction
band with the f band causes the redistribution of the f

spectral weight and forms a weakly dispersive band near the
X̄ point. The f spectral weight is significantly enhanced to
the “insight” of the two bands. The hybridization of the f

band with the conduction band can be well described by a
mean-field hybridization band picture, as illustrated by the
dashed lines in Fig. 5(b), where εf is the renormalized f -
level energy and εk is the conduction-band dispersion. The
spectral weight of this hybridized band is gradually weakened
with increasing temperature and becomes rather weak at
70 K. However, we did not observe any abrupt change of
the electronic structure around the coherence temperature of
55 K [6]. The f spectral weight gradually weakens upon
increasing temperature; still, a small part of the f spectral
weight can be found above this temperature, which indicates
that the f electrons already start to hybridize with conduction
electrons above the coherence temperature. This is in line with
the quasiparticle scattering measurements [46]. However, it is
somewhat different from that found from the optical conductiv-
ity measurements, which showed that the hybridization almost
starts at the coherence temperature around 55 K [47]. It is note-
worthy that optical conductivity measurements are believed
to be more bulk sensitive than ARPES, so the disagreement
might originate from the surface states mainly detected by
ARPES.

This temperature dependence of the electronic structure can
be even more clearly observed from the spectra in Fig. 5(b) after
dividing by the resolution-convoluted Fermi-Dirac distribution
at corresponding temperatures, and can also be reflected in the
energy distribution curves (EDCs) at the X̄ point in Figs. 5(c)
and 5(d). From Figs. 5(c) and 5(d), the peak positions of
the quasiparticles seem to move gradually towards EF upon
increasing temperature, and this is similar to the evolution of

the f -electron behavior in Ce-based compounds [35]. It is also
noteworthy that we did not observe an abrupt change of the
electronic structure around the X̄ point during the hidden-order
transition. This is in line with previous ARPES results by
Boariu et al. [31]. They found that the hidden-order parameter
is anisotropic with pronounced changes at the �̄ and Z̄ points,
while almost the same at the X̄ point. This gradually increased
f spectral weight with lowering temperature is similar to the
4f -electron behavior in the Ce-based compounds [35–37].

IV. CONCLUSIONS

In summary, we have discerned two well-defined and
different types of spectra, which can be connected with the Si-
and U-terminated surfaces of URu2Si2. In the U-terminated
surface, an electronlike band is observed around the X̄ point,
which is replaced by the holelike band for the Si-terminated
surface. This can be a key signature to identify different
surface terminations in URu2Si2. Meanwhile, obvious heavy
quasiparticle bands can be observed at low temperature, and
the strength of this band is gradually weakened with increasing
temperature. We did not observe an abrupt change of the
electronic structure around the coherence temperature at the
X̄ point. Residual f spectral weight can be found above the
coherence temperature, which suggests that the f electrons
start to hybridize with the conduction electrons above this
temperature. Our results strongly suggest that the interaction
between the lattice of heavy fermions and light conduction
electrons plays a significant role during the whole process.
Nonetheless, the relationship between the hidden order and
the interaction of the 5f and conduction electrons remains an
open question.
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Okawa, W. Malaeb, S. Shin, Y. Muraoka, and T. Yokoya, Phys.
Rev. B 85, 241102 (2012).

[23] S. Chatterjee, J. Trinckauf, T. Hänke, D. E. Shai, J. W. Harter,
T. J. Williams, G. M. Luke, K. M. Shen, and J. Geck, Phys. Rev.
Lett. 110, 186401 (2013).

[24] I. Kawasaki, S.-I. Fujimori, Y. Takeda, T. Okane, A. Yasui, Y.
Saitoh, H. Yamagami, Y. Haga, E. Yamamoto, and Y. Ōnuki,
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