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Orbital-selective Kondo lattice and enigmatic f electrons
emerging from inside the antiferromagnetic phase
of a heavy fermion

Ioannis Giannakis1, Justin Leshen1, Mariam Kavai1, Sheng Ran2,3*, Chang-Jong Kang4,
Shanta R. Saha2,3, Y. Zhao2,5, Z. Xu2*, J. W. Lynn2, Lin Miao6,7, L. Andrew Wray6,
Gabriel Kotliar4,8, Nicholas P. Butch2,3, Pegor Aynajian1†
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Novel electronic phenomena frequently form in heavy-fermions because of the mutual localized and itinerant na-
ture of f-electrons. On the magnetically ordered side of the heavy-fermion phase diagram, f-moments are expected
to be localized and decoupled from the Fermi surface. It remains ambiguous whether Kondo lattice can develop
inside the magnetically ordered phase. Using spectroscopic imaging with scanning tunneling microscope,
complemented by neutron scattering, x-ray absorption spectroscopy, and dynamical mean field theory, we probe
the electronic states in antiferromagnetic USb2.Wevisualize a large gap in the antiferromagnetic phasewithinwhich
Kondo hybridization develops below ~80 K. Our calculations indicate the antiferromagnetism and Kondo lattice to
reside predominantly on different f-orbitals, promoting orbital selectivity as a new conception into how these
phenomena coexist in heavy-fermions. Finally, at 45 K, we find a novel first order–like transition through abrupt
emergence of nontrivial 5f-electronic states that may resemble the “hidden-order” phase of URu2Si2.
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INTRODUCTION
The dual nature of the f electronic wave function in heavy fermions
drives fascinating electronic behaviors, from exotic orders (1) to quan-
tum criticality (2) and emergent superconductivity (3–5). The stage
is set at relatively high temperatures by the local Kondo interaction
of the f moments. As temperature is lowered below the so-called
coherence temperature, hybridization of these fmoments with conduc-
tion electrons drives the hitherto localized f electrons into the Fermi
sea, enlarging the Fermi surface (6). Whether the Kondo quenching
is complete depends on its competition with the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction that tends to stabilize long-range
magnetic order. Theoretically, two scenarios regarding the zero tem-
perature phase diagram of heavy fermions, have been put forward.
The first describes the phase diagramwith two separate quantum crit-
ical points (QCPs), one for the onset of long-rangemagnetic order and
another for the destruction of theKondo lattice. In the second scenario,
both phenomena vanish simultaneously at a single QCP (7–11). Over
the past decade, theoretical and experimental efforts have focused on
this very matter of understanding which scenario better describes the
phase diagram of the different heavy fermion material systems. There
may now be consensus that, at least, YbRh2Si2 follows the latter scenario
of the Kondo destruction at the magnetic QCP (12, 13). Yet, a com-
prehensive picture remains missing. Differentiating these scenarios
not only provides an understanding of the complex phase diagram
of heavy fermions but also describes the nature of the unconventional
critical fluctuations that occur on an extended phase space near the
QCP (the quantum critical fan), out of which unconventional super-
conductivity often emerges.

In 4f electron systems, such as Ce- and Yb-based heavy fermions
(typically with a valence close to 4f1 and 4f13 leading to one f electron
and one f hole, respectively), the f orbitals are relatively localized at
high temperature, and the low-temperature properties are well de-
scribed by the Kondo lattice model. On the other hand, in 5f electron
systems, such as U-based heavy fermions (where determining the va-
lence, typically ranging between 5f1 and 5f3, is more challenging), the
spatial extent of the 5f orbitals and their hybridization with ligand or-
bitals (conduction electrons) give the f electrons an intermediate char-
acter between partial itineracy and partial localization, increasing the
complexity of the Kondo lattice problem. U-based heavy fermion sys-
tems therefore provide an ideal platform to probe this rich and com-
plex physics.

USb2 features one of the highest antiferromagnetic (AFM) tran-
sition temperatures (TN) in f electron systems with TN exceeding
200 K (14). Angle-resolved photoemission spectroscopy (ARPES)
(15) and de Haas–van Alphen (dHvA) (16) experiments indicate
two-dimensional cylindrical Fermi surface sheets in the AFM phase.
Resistivity measurements (17) along the c axis reveal a peak around
80 K, which may resemble a Kondo coherence–like behavior well be-
low TN, yet its true origin remains unknown. Despite the high AFM
transition temperature, specific heat (16) indicates a sizable Sommerfeld
coefficient of 27 mJ/mol·K2, further providing indications of low-
temperature itinerant heavy quasiparticles residing near the Fermi
energy (EF). Spectroscopic investigation of USb2, a clean stoichiometric
metal with a very large TN, may therefore provide invaluable infor-
mation on the interplay between magnetic ordering and Kondo
breakdown phenomena. Moreover, the robust AFM in USb2, which
drives out of strong correlations, has become particularly interesting
very recently as it has been shown that it can be tuned toward quan-
tum critical and tricritical points (18, 19), opening new avenues for
emerging phenomena.
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Over the past several years, scanning tunneling microscopy (STM)
experiments had considerable success in the imaging of heavy fer-
mions and their formation (20–24), their transition into hidden or-
der (20, 21, 25), and into heavy electron superconductivity (26, 27) in
U-, Ce-, and Yb-based systems. However, in all these studied cases, the
magnetically ordered phase and the impact of magnetism on heavy
fermion and Kondo lattice formation have not been accessible. When
the local f moments order into an AFM phase, can the Kondo lattice
coherence still develop well below TN, or does it simply break down?
USb2 is particularly selected to answer this question because of the
large accessible temperature window below TN within which the
gradual evolution of the electronic states inside the AFM phase can
be visualized.

Using spectroscopic imaging with the STM complemented by elas-
tic neutron scattering, we probe signatures of the magnetic order and
the Kondo hybridization in USb2 as a function of temperature. We
find a large gap (D = 60 meV) in the tunneling density of states of
USb2, which we associate to the AFM order, within which the Kondo
hybridization near EF develops with decreasing temperature. Its grad-
ual onset near T = 80 K coincides with the broad peak observed in
resistivity measurements (16, 17). At low temperatures, we visualize
the hybridization of this heavy band with the conduction electrons,
together providing spectroscopically conclusive evidence of theKondo
coherence emerging fromdeep within the AFMphase. Our dynamical
mean field theory (DMFT) calculations and spatial spectroscopic
mapping provide a qualitative description of an orbital-selective
Giannakis et al., Sci. Adv. 2019;5 : eaaw9061 18 October 2019
AFM order and the Kondo lattice that reside on different nondegene-
rate 5f orbitals, offering a new conception of how itinerant and loca-
lized f electrons can coexist in heavy fermions. Last, we found a novel
first order–like electronic transition at T* = 45 K through the abrupt
emergence of sharp f electronic states below (E1 =−20meV) and above
(E2 = +30 meV) EF with distinct orbital character.
RESULTS
Figure 1 (A and C) displays STM topographs of USb2 and Th-doped
U1−xThxSb2 showing square atomic lattice with a spacing of 4.2 Å
corresponding to the in-plane lattice constant of USb2. Occasionally,
vertical terraces with spacing of multiples of 8.7 Å are observed that
match the c axis of the USb2 single crystal (Fig. 1B). At least six differ-
ent single crystals (pure, x = 0.3% Th doped and x = 0.5% Th doped)
were cleaved in the current study, and numerous areas (spanning sev-
eral tens of micrometers) on each sample were probed with the STM.
Only one kind of surface has been observed in all these trials, indicating
that the cleaving occurs at the Sb2 layer (see Fig. 1D) (28). Any other
cleaving plane statistically results in two different exposed surfaces, not
observed in the experiment (see fig. S1).

Figure 2A shows dI/dV spectra measured at various temperatures
away from any defects or dopants on a 0.3% Th-doped U1−xThxSb2.
The spectra away from defects are identical (within the experimental
resolution) between all the different samples studied, independent of
theminute Th doping (see fig. S2). AtT = 80 K, the spectrum shows a
 on N
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Fig. 1. Atomic structure of U1−xThxSb2. (A) Constant current topographic image onUSb2, taken at a set point bias of 500mV and a current of 200 pA, showing the atomic
surface. (B) The topograph shows two terraces separated by 2x c axis exposing two surfaces with the same chemical termination. The panel above the topograph is a
linecut, perpendicular to the step, crossing both terraces. (C) Constant current topographic image on the U1−xThxSb2 for x = 0.5%, taken at a set point bias of −400mV and a
current of −1.5 nA, showing the atomic surface with four distinct types of defects resulting from Th substitution of U atoms. (D) Crystal structure of USb2. The top layer
corresponds to the Sb2 layer exposed upon cleaving. The circles mark the position of Th substitutions across two unit cells. The lower panel is a top-down view of the
top 3 layers (Sb2-U-Sb1). (E toH) Th substitutions of U atoms in the first (red circle), second (black circle), third (purple circle), and Sb1 (green circle) layers, respectively. The
colored circles show the location of the same defects in the compound’s crystal structure (Fig. 1D).
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particle-hole symmetric partial gap in the local density of states via
the suppression of spectral weight within ±60 meV and its buildup
in the coherence peaks right above. At this temperature, USb2 is deep in
the AFM phase, and the observed spectral gap is therefore likely the
result of theAFMorder. To further elaborate, we carry out temperature-
dependent elastic neutron scattering on the very same samples. Figure
2B shows the temperature dependence of the AFM (1:1:0.5) Bragg peak
that onsets at TN = 203 K. The AFM ordering wave vector indicates a
doubling of the Brillouin zone along the c axis (see Fig. 1D), folding of
the band structure, and gapping over 60% of the Fermi surface at 80 K,
as seen in our STM data (Fig. 2A). Themultiorbital nature of the Fermi
surface inUSb2makes it difficult to conclusively determine the origin of
metallic AFM phase. However, from our neutron scattering data, we
calculate a largemagneticmoment of 1.9 mB/U, consistent with previous
reports (14), indicating a rather local character.

Looking closer at the 80-K spectrum reveals a weak hump structure
within the AFM gap around the energy E0 ~5 meV above EF (Fig. 2A).
As temperature is lowered to 52K, theAFMgap deepens, the coherence
peaks (above ±60 meV) sharpen, and the hump at E0 gradually evolves
into a pronounced peak-like structure. This resonance observed at E0
in USb2 is in analogy with a similar resonance observed in a different
U-based heavy fermion, the celebrated URu2Si2 (21, 25). Figure 2C
compares STMspectra from the twomaterial systems [URu2Si2 spectra
taken from (25)]. This unexpected similarity of the hump structure
near the EF, in rather two different materials, suggests a similar origin
of the low-energy physics, which in URu2Si2 has been attributed to
heavy fermion formation above its hidden-order phase (20, 25). The
energy position of the E0 resonance, which is related to the valence
Giannakis et al., Sci. Adv. 2019;5 : eaaw9061 18 October 2019
of f electrons (6), being a few millielectron volts above EF in both U
systems, further indicates similar valence in both systems. This is in
contrast to CeCoIn5 (4f

1), where the resonance is located right at EF
(25). Yet, how a Kondo lattice develops well below a magnetically or-
dered phase in USb2 is a puzzle. To provide insights into this rather
bizarre observation, we used DMFT to compute the temperature-
dependent electronic structure of USb2. We found predominantly a
5f 2 valence of the U electronic states, in good agreement with our
x-ray absorption spectroscopy (see fig. S3). These calculations qual-
itatively predict both the AFM order and the Kondo behavior with
orbital selectivity, where themj = ±5/2 and ±3/2 orbitals are respon-
sible for the RKKY-type AFMorder, while themj = ±1/2 orbitals lead
to the Kondo resonance near EF (see fig. S4). Therefore, the different
nondegenerate 5f orbitals, which are separated in energy and likely in
momentum space, display different characters where some are pre-
dominantly localized, giving rise to the AFM order, and some are
Kondo screened, leading to itinerant quasiparticles. We refer to the
latter as the orbital-selective Kondo effect.

Lowering the temperature further belowT* = 45K (a drop of only
a few kelvin) reveals an abrupt change of the spectral structure in our
STM experiments, signaling a sudden transition in the electronic
density of states of USb2 (Fig. 2A). Note that thermal broadening,
which can explain the sharpening of the spectra between 80 and
52 K, is far from describing the observed transition at 45 K. Themost
pronounced feature is the discontinuous formation of two sharp res-
onances at E1 = −20 meV and E2 = +30meV, far below and above EF.
Possible artifacts arising from the STM tip junction as an explanation
to the observed behavior can be excluded since the observed results
Fig. 2. Electronic states of U1−xThxSb2 and their temperature evolution. (A) Evolution of the dI/dV spectra (Vbias = −400 mV, Iset point = −2 nA) from 80 to 8.7 K for
x = 0.3%. At T = 80 K, a partial gap associated with the AFM state of USb2, as well as a broad hump inside the AFM gap at E0 = 5 meV, can be seen. Below T* = 45 K, the
spectral form changes abruptly, revealing two sharp peaks at E1 = −20 meV and E2 = 30 meV. The dashed lines are fit of the data to three Fano line shapes and a
parabolic background. For the spectra above 50 K, only a single Fano is fitted. (B) Neutron scattering data of the temperature dependence of the AFM Bragg peak
(1:1:0.5) that onsets at TN = 203 K. Inset: q − 2q of the magnetic Bragg peak at 10 K (blue dotted line) and a Gaussian fit (red line). a.u., arbitrary units. (C) STM spectra of
USb2 and URu2Si2 that show a similar structure near the Fermi energy. The URu2Si2 spectrum is taken from (25). It corresponds to the Si-terminated surface, which is
analogous to the Sb2-terminated surface of USb2. (D and E) Temperature dependence of the HWHM of the E0 and E1 resonances, respectively. The lines are fit to G ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpkBTÞ2 þ 2ðkBTK Þ2

q
.
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were reproduced on three different samples, using three different STM
tips, and in both cases of crossing T* = 45K from below (warming up)
and above (cooling down) (see fig. S2). Such a drastic change of the
spectral structure with temperature has not been seen in any of the
Ce-, Yb-, or Sm-based heavy fermion systems studied so far by STM
or ARPES.While the E1,2 resonances emerge abruptly, the resonance
at E0, closer to the EF, continues to evolve rather gradually with
decreasing temperature in analogy with signatures of the Kondo
lattice formation observed in other heavy fermion systems.

The cotunneling mechanism from the STM tip to a sharp reso-
nance in the sample’s local density of states manifests itself in a Fano
line shape (29–31). To extract their temperature evolution, we fit the
spectra in Fig. 2A to three distinct Fano line shapes centered around
E1,2 and E0 with a parabolic background (see fig. S5). The model is an
excellent fit to the data shown as thin dashed lines on top of each
spectrum (Fig. 2A). The extracted linewidths of the resonances at E0
and E1 are displayed in Fig. 2 (D and E) (see section S5). As seen in the
raw data, the resonance at E0 gradually grows below ~80 K, providing
a long-awaited explanation to the broad peak observed in resistivity
measurements. Note that the true thermal evolution of the E0 (also
E1,2) peak is difficult to extract from the spectra because of the con-
stant current set point effect of STM experiments. Similarly, the width
of the resonance at E0 decreases in the same temperature range and
saturates at low temperature to an intrinsic linewidth expressed in half
width at half maximum (HWHM) of G = 6 ± 2 meV. We can analyze
the temperature broadening of the linewidth using the Kondo im-

puritymodel G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpkBTÞ2 þ 2ðpkBTKÞ2

q
, which previously haswell

captured the temperature dependence in the Kondo lattice systems
(20, 24). A fit (of a single parameter) of the above equation to the data
yields a temperature of TK = 55 ± 20 K (see Fig. 2D and section S5),
which is related to the intrinsic linewidth of the Kondo resonance at
T = 0 K. Because of the valence state, in U compounds the Kondo
resonance appears a few millielectron volts above EF (21, 25), whereas
in Ce (26, 27), Sm (32–34), and Yb (24) compounds, it is observed to
be right above at and right below EF, respectively. The fact that E0 is in
the unoccupied side of the EF places ARPES experiments to probe the
line shape of the resonance at a disadvantage.

In contrast to this E0 resonance, that at E1 (and E2) follows a very
unconventional temperature dependence. Its abrupt onsets at T* =
45 K closely match with the sharp anomaly seen in specific heat and
the sudden release of entropy [see Supplementary Materials in (35)].
Similarly, optical pump probe spectroscopy (35) also sees an abrupt
change at T* = 45 K in the lifetime of spin excitations, indicating the
opening of a newdecay channel, whereas low-temperatureARPES (36)
sees a flat band at the same energy andwidths as our E1 resonance. The
energy separation between the two resonance levels of d1–2 = 50 meV
seen in our spectroscopic measurements corresponds to an excitation
temperature exceeding 500K.Neither their onset nor their signature in
specific heat can be explained by the thermal population of conven-
tional crystal electric field levels and Schottky anomaly. Together, these
observations hint to an electronic transition in the bulk. Its energy be-
ing far fromEF (E1 >> kBT) alsomakes it less sensitive tomeasurements
such as resistivity, and only the tail of the E1 resonance near EF will be
captured by transport studies. Once again, ourDMFT calculations pro-
vide an insight into the origin of these f electronic states. As tempera-
ture is lowered, DMFT indicates two peaks that form around ±30meV
of predominantly mj = ±3/2 orbital character, qualitatively in agree-
ment with our observation. While neither their sharpness nor their
Giannakis et al., Sci. Adv. 2019;5 : eaaw9061 18 October 2019
sudden onset is captured by these calculations, their distinct orbital
character, nevertheless, suggests that some forms of orbital ordering
may be behind the experimentally observed transition.

To gain access to the origin and the energy-momentum structure
of these sharp resonances at E1,2 and E0, we carry out spectroscopic
imaging with the STM (37) at T = 8.7 K. To enhance the scattering
signal on a rather clean system (see Fig. 1A), we introduce Th sub-
stitution in U1−xThxSb2. STM topographs, shown in Fig. 1C, reveal
four sets of defects, three of which correspond to the Th atoms replac-
ing the U atoms in three consecutive U layers (Fig. 1, E to G) and one
of which corresponds to the Th atoms replacing Sb1 (Fig. 1H) (see
fig. S1). At these low concentrations (x = 0.3 and 0.5%), the thermo-
dynamic properties of USb2 are unchanged. We first look spatially at
isolated Th dopants with atomic resolution (Fig. 3A). The local tun-
neling density of states measured on a (nonmagnetic) Th atom that
substitutes a (magnetic) U atom right below the surface contrasted
with one measured on a clean area away from dopants is shown in
Fig. 3B (high temperature) and Fig. 3C (low temperature). At both
temperatures, the spectral features associated with the AFM gap and
sharp resonances all exhibit notable suppression near the Th atoms
(Fig. 3, B and C), indicating that they originate from electronic states
with f character. The Th atoms in this case are well represented by the
so-called Kondo hole picture. In recent years, extensive theoretical
work (38–40) has been carried out on modeling the electronic states
surrounding aKondo hole. The predicted impact of theseKondo holes
is the atomic scale oscillations of the hybridization strength (38–41).
The experimental linewidth G of the Kondo resonance at E0 is a mea-
sure of the Kondo hybridization strength (see section S6). From
subatomic resolution spectroscopic imaging maps near the Th atoms,
we extract the spatial variation of the resonance linewidth, energy, and
asymmetry q parameter at low temperature (see fig. S6). The results are
displayed in Fig. 3 (D to I). The first notable observation is the spatial
extent of the hybridization (particularly that at E0) spanning a surface
area of ~50 to 100U-sites. The size of this local perturbation is similar to
what has been observed around Kondo holes in URu2Si2 (41) and also
comparable to the local hybridization seen around single Kondo impu-
rities in metals (42). The second observation is oscillatory patterns
forming spatially anisotropic ripple-like structures around the Th do-
pants, theoretically predicted to form near the Kondo holes (see fig. S7)
(38, 39). Note that, theoretically, the oscillation in energy and the q
parameter have not been considered. However, since the q parameter
represents the relative tunneling to the resonant states at E0, oscillation
in the hybridization strength is therefore expected to drive a similar os-
cillatory behavior in the q parameter (see section S6). Last, the different
magnitudes of the q parameter [sensitivity of tunneling to different or-
bitals (22)] for the E0, E1, and E2 resonances, as well as their different
spatial dependence (refer to section S6 and fig. S7), suggest that different
nondegenerate f orbitals are responsible for the different resonances,
supporting themechanism of orbital selectivity proposed by ourDMFT
calculations.

We now move to probe the quasiparticle interference (QPI) off
Th dopants. Elastic scattering and interference of quasiparticles from
impurities give rise to standing waves in the constant energy conduct-
ance maps at wavelengths corresponding to 2p/q, where q = kf − ki is
the momentum transfer between initial (ki) and final (kf) states at the
same energy. Note that the oscillatory behavior of the resonance line-
width discussed above is different from the QPI at a constant energy.
Figure 4 (A to E) shows large-scale (50 nm) conductance maps at selected
energies showing QPI near the Th atoms. The Fourier transform (FT)
4 of 8
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of these maps shown in Fig. 4 (F to J) reflects the momentum structure
of the quasiparticles at the corresponding energies. To quantitatively
visualize the quasiparticle dispersions, we take linecuts of the energy-
dependent FTs along the two high-symmetry directions (Fig. 5). In
addition, the different QPIwave vectors observed in the rawFTs are fit
to Gaussians at each energy, and the results are plotted as orange data
points in Fig. 5 (see section S8). The maps reveal three heavy bands at
E1, E0, and E2 (the latter only partially observed) and their hybridiza-
tion with strongly dispersive conduction electron bands. The hybrid-
ization is stronger along the [p/a, p/a] direction as compared with the
[2p/a, 0] direction. Last, the effective mass of the electron m* is

extracted from the curvature 14 ħ
2 d2E

dq2

h i�1
of a second-order polynomial

fit (quadratic band structure) to theQPI bands crossing EF (red lines in
Fig. 5, A and B). Our findings ofm* = (8 ± 2)m0 and (8 ± 6)m0 along
the (p/a, p/a) and (2p/a, 0) directions, respectively, are in good agree-
ment with the results from the dHvA experiments (43).
DISCUSSION
Our studies reveal two important findings in the context of heavy
fermions. First, the gradual emergence of a sharp quasiparticle peak
near the EF (E0 resonance), its Kondo hole signature around Th do-
pants, and its hybridization with conduction electrons provide a com-
prehensive picture of the coherent Kondo lattice formation developing
deep inside the AFM phase (TKL << TN). This conclusion indicates
Giannakis et al., Sci. Adv. 2019;5 : eaaw9061 18 October 2019
that, in USb2, the coherent Kondo lattice does not break down on the
AFM side of the heavy fermion phase diagram; rather, it emerges from
within. The insensitivity of the AFM order to the formation of the
Kondo lattice atTcoh ~ 80 K in our neutron scattering experiment along
with the orbital selectivity provided by the DMFT calculations together
demonstrate the dual itinerant and localized nature of the f electrons
residing on different f orbitals. This picture is different from, for exam-
ple, the Kondo breakdown scenario observed in YbRh2Si2, where the
Kondo lattice and AFM order are separated by a single QCP.

Second, the discovery of a pair of nontrivial sharp electronic bands,
asymmetrically placed above and below the EF at E1 and E2 emerging
abruptly at 45 K, indicates a new form of electronic transition. The
origin of these flat bands may be suggestive of orbital ordering, but
the mechanism of their abrupt, most likely first order–like transition
(note that no hint ofE1,2 is observed at 52K; Fig. 2A) ismysterious and
calls for further investigations. Yet, it is tempting to make some spec-
ulations about possible connections to the “hidden-order” phase of
URu2Si2, which itself is closely connected (first-order phase transition)
to an AFM phase (44). In URu2Si2, a pair of quasiparticle bands of
the U 5f electrons asymmetrically form very close (few millielectron
volts) to the EF (25, 45) and hybridize with conduction electrons in the
hidden-order phase (21). Although the energy scales involved in
the two U compounds are very different (by an order of magnitude),
the overall resemblance with our observation here perhaps raises a pos-
sibility of some connection between the two material systems and calls
for future investigations.
Fig. 3. Spectroscopic imaging of the Kondo holes. (A) Topographic image showing two Th dopants and a dimer defect on the top center of the image. (B and C) dI/dV
spectra taken on a clean area (blue) and on a Th dopant (red) at 80 and 12 K, respectively. The spectral features related to the AFM gap and the sharp resonances are
suppressed near the Th dopant. Conductance is given in nS. (D to I) Spatial modulation in the vicinity of the Th dopants of the hybridization energies (D and E), the linewidth
(F and G), and q parameter (H and I) for the peaks at E1 and E0 extracted from fits to the Fano line shape.
5 of 8
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MATERIALS AND METHODS
Sample growth
Single crystals of U1−xThxSb2 were grown out of an Sb flux using
conventional high-temperature solution growth techniques. Small
chunks of U, Th, and Sb were mixed together according to the ratio
U:Th:Sb = 1 − x:x:11.5. Single crystals were grown by slowly cooling
down the U-Th-Sb melt from 1100° to 700°C over 80 hours and then
decanting off the excess liquid flux. Identification of commercial
equipment does not imply recommendation or endorsement by the
National Institute of Standards and Technology (NIST).

Scanning tunneling microscopy
Flat samples of ~(1 × 1× 0.5)mmwere glued to ametallic plate using an
H74F epoxy, and a conducting channel to the plate was achieved using
anH20E silver conducting epoxy. Identification of epoxy products does
not imply recommendation or endorsement by the NIST. An alumi-
num post was attached to the exposed surface of the sample using an
Giannakis et al., Sci. Adv. 2019;5 : eaaw9061 18 October 2019
H74F epoxy, oriented along the sample’s (001) plane. The samples
were cleaved in situ under ultra-high vacuum by knocking the post
off, transferred immediately to themicroscope head, and cooled down
to ~8.5 K. PtIr tips were used in all experiments, and prior to each
experiment, the tipswere prepared on theCu(111) surface that has been
treated to several cycles of sputtering with Ar and annealing before
placed in the microscope head to cool. The sample and the Cu(111)
were placed inside the microscope head next to each other to minimize
exposure and preserve the structural integrity of the tip when moving
between the two. STM topographies were taken at a constant current
mode, and dI/dVmeasurements were performed using a lock-in ampli-
fier with a reference frequency set at 0.921 kHz. The data presented in
this paper were collected from six successfully cleaved samples equally
distributed between the different Th percentage doping (x= 0, x= 0.3%,
and x = 0.5%). There were negligible differences measured between dif-
ferent cleaves and different areas on a sample. The error bars corre-
spond to uncertainty of 1 SD.
Fig. 4. Spectroscopic imaging of the QPI. (A to E) Real-space conductance maps (−400 mV, −2 nA) at selected energies for x = 0.3% Th doping, showing strong QPI
near the Th dopants. (F to J) FTs of the same maps revealing rapidly dispersive features of the QPI in the momentum space.
Fig. 5. Visualizing energy-momentum structure of quasiparticles. (A and B) Energy dispersion of the quasiparticles scattering along the (p/a, p/a) (A) and (2p/a,0)
(B) directions. Three bands corresponding to E0, E1, and E2 appear to hybridize with conduction electrons. The data points are extracted from Gaussian fits to linecuts in
the FT (see the Supplementary Materials). For the (2p/a,0) direction, the dispersion at E0 is very rapid, making extraction of the precise wave vector meaningless. The

dashed lines are a guide to the eye. The red lines are a quadratic fit to the data points that cross EF. The effective mass is extracted from the curvature 1
4 ħ

2 d2E
dq2

h i�1
of the

second-order polynomial fit.
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Neutron diffraction
Neutron diffraction measurements were performed (on the same
single crystals used in our STM experiments) at the BT-7 thermal
triple axis spectrometer at the NIST Center for Neutron Research using
a 14.7-meV energy and collimation: open - 25′ - sample - 25′ - 120′.
The magnetic intensity at the (1,0,0.5) peak was compared to the nu-
clear intensity at the (1,0,1) peak, while the temperature dependence
of the (1,1,0.5) peak was used to calculate an order parameter. An f 2

magnetic form factor was assumed. The error bars correspond to un-
certainty of 1 SD.

Dynamical mean field theory
We used density functional theory (DFT) plus DMFT (46), as imple-
mented in the full-potential linearized augmented plane-wave method
(47, 48), to describe the correlation effect on 5f electrons. The correlated
U 5f electrons were treated dynamically by the DMFT local self-energy,
while all other delocalized spd electrons were treated on the DFT level.
The vertex-corrected one-crossing approximation (46) was adopted as
the impurity solver, in which full atomic interaction matrix was taken
into account. The Coulomb’s interaction U = 4.0 eV and the Hund’s
coupling J = 0.57 eV were used for the DFT + DMFT calculations.
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