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In matter, any spontaneous symmetry breaking induces a phase
transition characterized by an order parameter, such as the
magnetization vector in ferromagnets, or a macroscopic many-
electron wave function in superconductors. Phase transitions
with unknown order parameter are rare but extremely appeal-
ing, as they may lead to novel physics. An emblematic and still
unsolved example is the transition of the heavy fermion com-
pound URu;Si; (URS) into the so-called hidden-order (HO) phase
when the temperature drops below Ty = 17.5 K. Here, we show
that the interaction between the heavy fermion and the con-
duction band states near the Fermi level has a key role in the
emergence of the HO phase. Using angle-resolved photoemission
spectroscopy, we find that while the Fermi surfaces of the HO and
of a neighboring antiferromagnetic (AFM) phase of well-defined
order parameter have the same topography, they differ in the
size of some, but not all, of their electron pockets. Such a non-
rigid change of the electronic structure indicates that a change in
the interaction strength between states near the Fermi level is a
crucial ingredient for the HO to AFM phase transition.

heavy fermions | hidden order | electronic structure | ARPES

he transition of URu2Siz from a high-temperature param-

agnetic (PM) phase to the hidden-order (HO) phase below
Ty is accompanied by anomalies in specific heat (1-3), electrical
resistivity (1, 3), thermal expansion (4), and magnetic suscepti-
bility (2, 3) that are all typical of magnetic ordering. However,
the small associated antiferromagnetic (AFM) moment (5) is
insufficient to explain the large entropy loss and was shown
to be of extrinsic origin (6). Inelastic neutron scattering (INS)
experiments revealed gapped magnetic excitations below To at
commensurate and incommensurate wave vectors (7-9), while an
instability and partial gapping of the Fermi surface was observed
by angle-resolved photoemission spectroscopy (ARPES) (10—
16) and scanning tunneling microscopy/spectroscopy (17, 18).
More recently, high-resolution, low-temperature ARPES exper-
iments imaged the Fermi surface reconstruction across the HO
transition, unveiling the nesting vectors between Fermi sheets
associated with the gapped magnetic excitations seen in INS
experiments (14, 19) and quantitatively explaining, from the
changes in Fermi surface size and quasiparticle mass, the large
entropy loss in the HO phase (19). Nonetheless, the nature of
the HO parameter is still hotly debated (20-23).

The HO phase is furthermore unstable above a temperature-
dependent critical pressure of about 0.7 GPa at T =0, at which
it undergoes a first-order transition into a large moment AFM
phase where the value of the magnetic moment per U atom
exhibits a sharp increase, by a factor of 10 to 50 (6, 24-30).
When the system crosses the HO — AFM phase boundary, the
characteristic magnetic excitations of the HO phase are either
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suppressed or modified (8, 31), while resistivity and specific heat
measurements suggest that the partial gapping of the Fermi
surface is enhanced (24, 27).

As the AFM phase has a well-defined order parameter, study-
ing the evolution of the electronic structure across the HO/AFM
transition would help develop an understanding of the HO state.
So far, the experimental determination of the Fermi surface by
Shubnikov de Haas (SdH) oscillations only showed minor changes
across the HO — AFM phase boundary (32). Here, we take advan-
tage of the HO/AFM transition induced by chemical pressure in
URu2Siz, through the partial substitution of Ru with Fe (33-37),
to directly probe its electronic structure in the AFM phase using
ARPES. As we shall see, our results reveal that changes in the Ru
4d-U 5f hybridization across the HO/AFM phase boundary seem
essential for a better understanding of the HO state.

Results and Discussion

Fig. 14 shows the phase diagram of URuz_,Fe,Sis as a func-
tion of Fe concentration (z) and of the associated chemical
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Fig. 1. (A) Temperature phase diagram of URu,_,Fe,Si, as a function of Fe concentration and equivalent chemical pressure as determined by electrical
resistivity, specific heat, magnetization, thermal expansion, and neutron diffraction measurements (33, 34, 36, 37). The markers denote the different com-
positions/temperatures studied in the present work. Henceforth, blue and green hues will be used to represent ARPES data in the HO and AFM states,
respectively. SC, superconducting. (B) Schematic unit cell showing a natural Si-terminated cleavage plane. (C) Bulk BCT (red lines, PM phase) and ST (black
lines, HO and AFM phases) Brillouin zones. The typical in-plane (red) and out-of-plane (green) measurement planes, together with the high-symmetry T,
Z, and A points, are also shown. Note that, in the folded ST Brillouin zone, the " and Z points of the BCT zone become equivalent, and Zst = Agct. (D)
Reciprocal k<100~ — k<001~ plane showing the spherical caps in k space probed with 50.5-, 31-, and 24-eV photons for different emission angles of the pho-
toelectrons, within the free-electron model of the photoemission final states. Black (red) lines denote the borders of the ST (BCT) Brillouin zone. Damping
of the final states results in broadening of the surface-perpendicular wave vector. The corresponding uncertainty (5k, ), represented by the widths of the

arcs, is related to the photoelectron escape depth ()\) as 6k, = 1/X (38). The inner potential has been set to 13 eV (10, 11, 15, 19).

pressure. The quantum-critical transition at 7'= 0 from the HO
to the AFM phase occurs at z.~0.07. Our samples (orange
markers) are characteristic of the HO, AFM, and PM phases.
This study will focus on changes across the HO/AFM phase
boundary. As schematized in Fig. 1B, henceforth we will char-
acterize the electronic structure of Fe-doped URu2Si» (001)
surfaces with an Si termination layer, which corresponds to a
buried bulk-like U layer, as the bulk-derived heavy bands of U
5f origin are a key feature of the low-energy electronic struc-
ture of URu2Siz (11-13, 15, 16, 19). A detailed comparison with
the alternative U-terminated surfaces and the stability of cleaved
surfaces in ultrahigh vacuum are presented in SI Appendix,
sections SI.2 and SI.3. Fig. 1C presents the three-dimensional
(3D) body-centered tetragonal (BCT; PM phase, red lines) and
simple-tetragonal (ST; HO and AFM phases, black lines) Bril-
louin zone of URu2Si> and highlights the typically measured
planes. Fig. 1D illustrates how reciprocal space is probed using
photon energies of 50.5, 31, and 24 eV. At normal emission
(k<100> =0), these energies correspond to bulk I', Z, and A
high-symmetry points of the BCT Brillouin zone. In the neigh-
boring Brillouin zones, the same photon energies probe the
states near the A (50.5 and 31 eV) and Z (24 eV) high-symmetry
points.

Fig. 2 A and B shows the experimental in-plane Fermi surface
of pure and Fe-doped URu2Si> in the low-temperature HO and
AFM states, respectively. Their striking similarity demonstrates
that the HO and AFM phases share common nesting vectors,
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as inferred from INS experiments (7-9) and theoretical calcula-
tions (21, 40), and directly confirms conclusions from previous
measurements of extremal Fermi surface contours by SdH oscil-
lations, which showed only minor differences between the HO
and the AFM phases (32).

Specifically, as seen from Fig. 2 4 and B, there are two Fermi
sheets centered around I': an intense square-like outer contour
with kr ~0.15 A~" along k<100> and a circumscribed weaker
circular-like inner contour (Fig. 2C). These contours correspond,
respectively, to hole-like and electron-like pockets. The pockets
are formed by an M-shaped band resulting from the interaction
between heavy and light states, as discussed in previous works
on pure URuySiz (19), and described by a phenomenological
toy model in SI Appendix, Figs. S7 and S8 and section SL.4. At
larger k<100~ momenta of the order of 0.3t0 0.4 A~', there
are four off-centered “Fermi petals” symmetrically distributed
around I" (19), which are shown in detail in Fig. 2D. All these
Fermi sheets around I" agree well with previous local spin-density
approximation calculations in the AFM phase of URu2Siz (21,
41). Additionally, large electron pockets centered at the corners
of the ST Brillouin zone (the X points) are observed in both the
HO and AFM states (Fig. 2 A and B). These pockets arise from
the interaction (hybridization) of heavy bands of U 5f character
with a dispersing hole-like band (19).

Fig. 2 E and F presents band dispersions of Fe-doped URu2Si2
along k<100> using photons with linear horizontal (LH) and lin-
ear vertical (LV) polarization, respectively. The dispersion of the
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Fig. 2. (A and B) In-plane Fermi surface maps of pure (blue hues) and Fe-doped (green hues) URu,Si; in the HO and AFM phases, respectively. Red and black

lines denote the BCT and ST Brillouin zones. (C and D) Zoomed-in views of two characteristic common features of the HO and AFM states, here measured
on a URuy oFeq 1Si; sample in the AFM state: the pockets around I" and the off-centered Fermi petals, respectively. (E and F) Near-E¢ energy dispersion of
Fe-doped URu,Si; using photons with LH or LV polarization as to enhance f- and d-derived features, respectively. (G and H) High-resolution ARPES energy-
momentum dispersions around I" along k190~ in the HO phase of URu,Si; and the AFM phase of URu; gFeq ,Si,, respectively. Photons with LH polarization
were used. All data in this figure were measured at 1 K with 50.5-eV photons. In order to enhance the experimental features, the 2D curvature of the ARPES
intensity is presented (39). The Fermi surface maps are a superposition of identical measurements using photons with LH and LV polarization, in order to
display all of the features with different orbital character. Markers in C, D, G, and H show the local maxima of the spectral function extracted from either

EDCs (circles) or momentum distribution curves (MDCs; squares).

heavy bands can be best detected using LH photons, while a light
hole-like band and the M-shaped feature are best probed with
LV photons. The necessity for light with variable polarization
reflects the different orbital character of those states, namely the
heavy bands of U 5f origin and the light bands of likely Ru 4d
origin. The phenomenological model presented in SI Appendix,
section SI.4 includes two pairs of bands with very different
effective masses to mimic the light and heavy bands. Finally,
the hole-like band with a maximum at F — Er ~ —30 meV is
common to both polarizations and corresponds to a surface
state (42).

Fig. 2 G and H shows a zoomed-in view of the near-Er elec-
tronic dispersion around I, both for the pure and Fe-doped
compounds. One clearly observes the M-shaped band around
k<100> = 0 forming the outer square-like hole pocket and inner
circular-like electron pocket. The shallow Fermi petals form
above the “spikes” of the M-shaped band at k100> ~ 0.4 A71,
Our experimental resolution, which worsens as photon energy
increases, does not allow us to draw conclusions about elec-
tronic structure changes around I" between the pure (HO) and
Fe-doped (AFM) compounds. On the other hand, as we shall
see next, the electronic structure around the A and Z points,
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which are both probed with smaller photon energies, shows clear
changes between the two phases.

Fig. 3 compares the near-Er electronic structure of
URus—,Fe,Siz in the HO (z=0) and deep into the AFM
(z=0.2) (33-35, 37, 43) phases, around the Z and A high-
symmetry points of the BCT Brillouin zone. We observe small
but unequivocal changes around these points within the first
few millielectronvolts below the Fermi level. In particular, both
in the HO phase (Fig. 3 A-D) and in the AFM phase (Fig. 3
G-J), the band dispersions around Z and A exhibit a clear M-
shaped feature with an electron pocket centered at k<100~ =0.
However, the band minimum of this electron pocket, located
at F— Er =(—5%0.5) meV in the HO state, is pushed up in
energy to £ — Er =(—3+0.5) meV in the AFM state. This is
also seen from the gray momentum-integrated energy distribu-
tion curves (EDCs) around Z and A, shown in Fig. 3 E, F, K,
and L. More important, as demonstrated by the momentum-
integrated magenta EDCs in Fig. 3 E, F, K, and L, such changes
do not correspond to a rigid energy shift, as there are no observ-
able differences in the binding energy of the heavy bands at
large momenta (k<i00> =0.3 A‘l), far from the hybridization
region (around k<10o> = 0). SI Appendix, section S1.4 presents
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(A and B) High-resolution ARPES energy-momentum maps [2D curvatures (39)] in the HO phase (pure URu,Si;) around the Z and A points, respec-

tively. Red markers show the local maxima of the spectral function extracted from either EDCs (circles) or momentum distribution curves (MDCs; squares). (C
and D) Corresponding EDCs of the raw ARPES data. Dashed red lines are guides to the eye. (F and F) EDCs at k100> = 0 (gray circles) and k<190 =0.3 A~
(magenta circles) around Z and A, respectively. Thin vertical lines mark the energy of the corresponding EDC peak. The EDCs were integrated over the
momenta range shown by the thick bars in A and B. (G-L) Measurements analogous to A-F in the AFM phase (URu; gFeq Si;). To facilitate comparisons,
energy-momentum maps in B and H have been interpolated in the energy direction before taking the curvature. The original energy step was 2 meV. Data
around Z and A have been acquired using 31- and 24-eV photons with LH polarization, respectively. All data were measured at 1 K.

complementary analyses of the band structure changes between
the HO and AFM phases around Z and A, as well as a compari-
son of the out-of-plane dispersions in both phases (SI Appendix,
section SL.5), and a discussion of the changes in electronic struc-
ture at fixed doping (z =0.2) across the PM/AFM transition (S
Appendix, section SI.6). The latter is qualitatively the same as
those observed across the PM/HO transition (19), namely the
gapping of a large diamond-like Fermi surface around I" along
k<110> and the concomitant formation of the four Fermi petals,
as discussed in Fig. 2.

The direct observation of a slight but distinct electronic band
structure change across the HO/AFM phase boundary gives cru-
cial insight to previous results obtained by other experimental
probes. Specifically, extremal Fermi surface contours by SdH
oscillations showed only minor differences between the HO and
the AFM phases (32), while transport measurements concluded
that the partially gapped Fermi surface of the HO phase (1)
would be further gapped, and/or its volume reduced (decrease
in the Sommerfeld coefficient), when the system is driven into
the AFM phase (27, 33). Moreover, INS experiments suggested
that the Fermi surface pockets at the I', Z, and/or ¥ (connect-
ing two Fermi petals) wave vectors should slightly distort upon
crossing the HO/AFM phase boundary, so as to modify the opti-
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mal energy for nesting (43). In agreement with those previous
findings indicating only subtle Fermi surface changes that might
be a consequence of better nesting conditions, our results in
the AFM phase, compared with those in the HO phase, show a
slightly modified electronic structure. Specifically, we observe an
upward energy shift of the electron pockets around the Z and A
high-symmetry points. Given the isotropic shape of the electron-
like pocket around k = 0 (Fig. 2C), an upward energy shift would
be translated into a concomitant reduction of the corresponding
Fermi surface contours, resulting in a smaller number of charge
carriers in the AFM state. It is worth noting that, according to
recent electronic structure calculations, a decrease in the volume
of the unit cell, such as the one induced by chemical pressure
through the partial substitution of Ru with Fe, would induce an
energy shift in the opposite direction to the one experimentally
observed at the Z and A points (41). We conclude that across the
HO/AFM phase boundary, changes of the interaction strength
between states near the Fermi level are at the origin of a minor
but essential Fermi surface change in the system, stabilizing one
or the other phase. We thus hope that our work will motivate
further theoretical studies of the AFM phase of URu2Si2 aiming
to couple the observed energy shifts with the effect of the AFM
nesting vectors (44).
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As predicted by some models (45), pressure (physical or
chemical) may have the effect of decreasing the Ru 4d-
U 5f interaction strength to a critical value below which
the conduction d carriers that were coupled to localized f
electrons are no longer able to screen the magnetic inter-
actions of the latter. Therefore, at high pressures, due to
unscreened magnetic moments, the system is driven into the
AFM phase.

More generally, within the Mott-Doniach picture of heavy
fermion systems (46, 47), the competition between AFM inter-
actions and the Kondo effect leads to a quantum phase
transition between an AFM ground state, characterized by
localized-like f electrons, and a Kondo lattice of itinerant f
electrons. Our results show that the interaction strength of
near-Er electronic states is another crucial ingredient that
needs to be taken into account in the understanding of the
phase diagram and quantum phase transitions of heavy fermion
systems.

Materials and Methods

Crystal Growth and Characterization. Single crystals of (Fe-doped) URu,Si;
were grown in a tetraarc furnace using the Czochralski method in an argon
atmosphere. The quality of the synthesized crystals was confirmed by X-ray
diffraction measurements. Sample pieces were oriented by Laue diffraction.
SI Appendix, section SI.1 presents further details about the preparation and
characterization of URu,_cFe,Si; single crystals.

ARPES Measurements. ARPES measurements were performed at the UE112-
PGM-2b-13 end station of BESSY Il with a Scienta R4000 hemispherical
electron analyzer. Data for angle-resolved measurements were collected
with photon energies between 20 and 67 eV. Higher photon energies were
used for angle-integrated measurements (S/ Appendix, section SI.2). The
instrumental resolution varied from 3 to 7 meV according to experimental
conditions. The light polarization was LH or LV as mentioned in the figures.
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The size of the beam spot was 40 um. Samples were cleaved in situ at a tem-
perature below 20 K. The pressure was at all times lower than 1.0 x 10~
mbar. The raw ARPES spectra were normalized to the total intensity of the
EDCs and—if necessary—served to calculate the two-dimensional (2D) cur-
vature (39). All data comparisons refer to identical experimental conditions
and data treatment. The results have been reproduced in at least five differ-
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points was always double checked by performing in advance in-plane Fermi
surface maps in steps of 0.5 or 0.25° around these points.
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temperature data (1 K) were acquired at slightly below the superconducting
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