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Recent studies on the electronic structures of the 5f-electron based antiferromagnetic compounds, i.e.,
uranium dipnictides, have aroused widespread interest in the complex interplay among different channels of
interactions, such as Kondo entanglement and antiferromagnetic ordering. Here, we use scanning tunneling
microscopy/spectroscopy to explore the complex low-energy excitations in the 5f-electron based antiferro-
magnet UAs,. The crystal-field excitations are revealed as peaks above the Fermi level in the di/dV spectra.
Temperature-dependent spectroscopic measurements find that Kondo resonance and antiferromagnetic order
are manifested as two peaks below the Fermi level, demonstrating that Kondo coherence can be undisturbedly
established in the antiferromagnetic phase. The crystal-field excitations, Kondo resonance, and antiferromagnetic
state are all locally altered by the presence of As-atom vacancies at the atomic scale and these phenomena
prove that the nonmagnetic atom vacancy has a strong influence on low-energy excitations in heavy fermion

compounds.
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I. INTRODUCTION

In heavy fermion (HF) materials [1,2], the interaction
between the local magnetic moments mediated by spin-
polarized conduction electrons forms the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction [3], which promotes the
establishment of magnetic order with decreasing temperature.
Meanwhile, at low temperatures, the coupling between local
magnetic moments and itinerant conduction electrons via their
hybridization leads to the formation of Kondo resonance (KR)
near the Fermi level (Eg) [4]. In conventional HF theory,
these two interactions, i.e., magnetic ordering and the Kondo
effect, are thought to compete with each other to determine the
ground state. For instance, in the 4 f system YbRh,Si,, when
it approaches the quantum critical point, antiferromagnetic-
ordered (AFM) phase is formed accompanied by the collapse
of the Kondo effect [5,6]. Surprisingly, in recent years, KR
and AFM are found to coexist with each other in some com-
pounds, such as CeSb and USb, [7-10]. Although the Kondo
effect has been extensively studied in various HF compounds
[1,11-14], the direct experimental observations of Kondo be-
havior inside a magnetically ordered phase are still scarce,
especially for the 5 f-electron based systems [7,8,14,15], and
how the Kondo resonance interacts with the magnetic order is
still under hot debate. Obviously, more corresponding explo-
rations are highly desired and can deepen our recognition of
the intricate relations between the Kondo and AFM states.
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Recently, the uranium dipnictides UX, (X = P, As, Sb,
Bi) have attracted considerable attention [7-9,14-16], since
UX, compounds are ideal systems to explore the interplay
between KR and AFM in the magnetic ordered background
due to their rather high Néel temperatures (7y) [7-9,14—
16]. Angle-resolved photoemission spectroscopy (ARPES)
detected different kinds of flat bands respectively related
with the AFM state and Kondo entanglement separated in
the momentum space in USb, and UAs, [7,15]. However,
different research groups have not reached consensus in
the scanning tunneling microscopy/spectroscopy (STM/STS)
studies of USb, [8,9]. Giannakis et al. found a novel first-
order-like transition through the abrupt emergence of some
5 f-electronic states at 45 K in USb, [8]. In contrast, Feng
et al. only observed continuous evolution of the tunneling
spectra with temperature, indicating the crossover behav-
ior for the localized-itinerant transition of 5f electrons [9].
Meanwhile, except for USb,, STM/STS studies of other UX,
compounds are still lacking. Performing more STM/STS stud-
ies on UX; can help us to clarify these controversial issues,
including the complex relations between AFM and Kondo
entanglement and also the discrepancy in the reported STM
studies. UAs;, with the highest Ty in the UX, family [17], is
no doubt a good choice for further STM study.

The influence of point defects on the properties of HFs is
another important issue in the research of strong-correlation
physics. In the reported studies, the magnetic atom vacancy,
namely, the Kondo hole, has been extensively studied since it
can create a quantum state to effectively suppress the Kondo
hybridization and cause an oscillation of electronic structure
[18-20]. To explore the Kondo hole related physics, the most
widely adopted method is to probe the variations of physical
properties under the influence of random Kondo-hole doping
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via macroscopic experimental technique, such as transport
measurement [21-27]. By contrast, recent STM/STS studies
unambiguously visualized the perturbation and oscillation of
electronic structures induced by the individual Kondo holes
in URu,Si, and SmB¢ on the atomic scale [20,28]. Although
great progress has been made in the research of magnetic atom
vacancy, whether nonmagnetic atom vacancy can affect the
low-energy excitations in HF compounds remains elusive and
there is no corresponding experimental study until now. In
the meantime, the previous STM study of USb, has identified
Sb-atom vacancies on the Sb-terminated surface [9], implying
the general existence of nonmagnetic atom vacancies on the
cleaved single crystals of the UX, family. Therefore, perform-
ing STM studies on more of the other UX, compounds may
provide an opportunity to explore the influences of individual
nonmagnetic atom vacancies on the low-energy excitations in
HFs.

In the present study, we report the STM/STS study on the
As2-terminated surfaces of 5 f-electron based antiferromagnet
UAs;. The typical dI/dV spectra reveal five remarkable peaks
at low temperatures and they are ascribed to the Crystal-
electric-field (CEF) states, KR, and AFM states. The intensity
of the KR peak is logarithmically enhanced with decreasing
temperature and the analysis of the peak width yields a Kondo
coherence temperature of 69 £ 2 K. Surprisingly, the CEF,
KR, and AFM states are all locally altered due to the pres-
ence of As-atom vacancies, and the KR peak can be strongly
suppressed by increasing the number of missing As atoms.
Our work demonstrates that the Kondo coherence can be well
established deeply inside the AFM phase and coexist with the
AFM order in UAs; and it also emphasizes the intricate and
indispensable role of nonmagnetic atoms in the formation of
various low-energy excitations in a HF compound.

II. METHODS

High-quality single crystals of UAs, have been synthesized
by vapor transport method with 3-5mg/cm? of iodine car-
rier. Details of the growth procedures can be found in our
earlier work [15]. Crystalline quality was confirmed by resis-
tivity transport measurements. The residual resistivity ratios
(p300k/p2x) all exceed 200, indicating high sample quality
and low density of defects (see Fig. S1 in the Supplemental
Material [29]). All the STM/STS measurements were carried
out by a low-temperature STM apparatus with a base pressure
greater than 5 x 10~!! mbar. The high-quality single crystals
of UAs; were cleaved perpendicular to the crystallographic
c axis in situ in the STM analysis chamber. Clean tungsten
tips were used after Ar+ sputtering and followed by being
treated on a clean Cu(111) surface before performing the mea-
surements on UAs,. The tunneling differential conductance
(dZ/dV) spectra were collected by a standard lock-in technique
with a modulation amplitude of 2 mV.

III. EXPERIMENTAL RESULTS

A. Cleavage surface

UAs, crystallizes in the tetragonal anti-Cu,Sb structure
with lattice parameters a = 3.963 A and ¢ = 8.097 A as
shown in the inset of Fig. 1(a). Several high-quality single
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FIG. 1. Topographic STM images and the height profiles of the
cleaved surface of UAs,. (a) Typical STM constant-current image
of the cleaved surface at 4.5 K (V, =1.5 V, I =50 pA), which
exhibits a clean and intact region in the a-b plane of the tetragonal
crystal structure shown in the inset. Inset: Schematic view of the
lattice structure of UAs,. (b) Atomically resolved STM image of
the (001) surface of UAs, (V, =0.1 V, I =100 nA). (c) Height
profile measured across the red line through the surface in panel (a).
The height between two step terraces is twice the lattice parameter
c. (d) Height profile measured across the blue line in panel (b). The
distance between two neighboring atoms is 4 A.

crystals of UAs, are cleaved perpendicular to the ¢ axis
in situ in the STM analysis chamber with a base pressure
greater than 5 x 10~!'! mbar. Figure 1(a) shows a typical
large-scale topographic image taken on the cleaved surface of
UAs;. Clean and flat terraces were observed in a large number
of imaged areas and the step height between two neighboring
terraces is usually the integer multiple of the lattice constant,
c of bulk UAs,. For instance, the measured height profile
across two flat terraces in Fig. 1(a) yields a step height of 16 A,
which is just twice the value of ¢ [Fig. 1(c)]. A step height
equal to the an integer multiple of ¢ also implies that the
upper and the lower terrace in Fig. 1(a) should have the same
surface atomic structures. Atomically resolved topographic
images reveal a tetragonal lattice structure, with an atomic
spacing of 4 A [Fig. 1(d). This implies that the cleavage sur-
face in Fig. 1 corresponds to either a U- or As2-terminated
surface, since both of them exhibit the same tetragonal lattice
structure. However, previous studies have reported that the
cleavage plane of UX, (X=Sb, As) compounds is expected
to take place between the neighboring X2 surfaces [7-9].
As shown in Fig. S2 (in the Supplemental Material [29]),
cleavages occurring at any other planes, i.e., As1-U or As2-U,
will result in two different terminated surfaces. In fact, only
when the cleavage takes place at the As2-As2 plane [marked
by orange squares in the inset of Fig. 1(a)], it can produce
two equivalent terminations. Based on the images recorded on
plenty of areas after the cleavages of three different samples,
only one kind of lattice structure, i.e., the tetragonal lattice
shown in Fig. 1(b), has been observed and all the d//dV curves
taken on the clean regions of cleaved surfaces exhibit the same
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FIG. 2. Typical dI/dV spectra on the As2 termination of UAs,
and its temperature evolution. (a) Typical d//dV spectrum taken in the
clean region of the As2-terminated surface at 4.5 K. The spectrum is
normalized to the data at +100 mV. (b) Temperature evolution of
the dI/dV spectra of UAs,. All the spectra were taken in the same
clean region of the As2-terminated surface. To eliminate the effect of
thermal broadening, they were subtracted by the data taken at 77 K
and shifted vertically for clarity. All the measured raw data are shown
in Fig. S3 [29]. The schematic of the crystal-field splitting states with
the splitting energy A and A’ of the U** ion in bulk UAs, [17]. (d)
Temperature evolutions of the peak heights extracted from panel (b).
The heights of peak A and CEF peaks (denoted as P1-P3 in panel (a)
are represented by different color marks, respectively.

spectral feature around Er. These observations hence confirm
that the cleaved surfaces are the As2-terminated surface and
all the following STM/STS measurements were carried out
on the As2 terminations.

B. Overview of STS and CEF states

Figure 2(a) shows the typical dI/dV spectrum measured
on the As2-terminated pristine surface at 4.5 K. Five peaks
are distinctly observed in the tunneling spectrum. Among
them, three peaks (labeled P1-P3) always reside above Ep
and respectively locate at around +28, +53, and +78 mV.
Below Ef, there are two peaks located at around —30 mV
(denoted as peak B) and —6 mV (denoted as peak A), re-
spectively. To explore the origins of these spectral features,
we performed variable temperature measurements from 4.5
to 77 K [Fig. 2(b)]. Remarkably, peak A exhibits an obvi-
ous temperature-dependent behavior, whereas peak B can be
clearly observed at lower temperatures and it seems to merge
with peak A to form a broader peak above 49.5 K due to
thermal broadening [Fig. 2(b)]. The origins of peaks A and
B will be discussed in detail later.

According to molecular field approximation, Amoretti
et al. predicted a three-level energy scheme caused by the
crystal-field splitting of the U** ion in UAs, as shown in
Fig. 2(c) [17]. Since peaks A and B are ascribed to other
origins and exhibit different behaviors as a function of tem-
perature and atom vacancy as discussed later, the three peaks,
P1-P3 above Ef, are proper candidates for the theoretically
predicted crystal-field splitting states based on the following
reasons. Firstly, the heights of peaks P1-P3 vary very slowly

with temperature compared to that of peak A [Fig. 2(d)] and
their energy positions remain almost unchanged with increas-
ing temperature (Fig. S4 [29]). These temperature evolutions
comply well with the reported behaviors of the CEF states
in other 4 f-electron based HF systems [29,30]. Secondly, the
CEF excitation states of U*t in UAs,, i.e., an electron system
with unoccupied CEF levels, are expected to locate within
positive bias voltages in the dI/dV spectrum, which agrees
well with our experimental observations, and this is consistent
with the previously reported cerium-based (4 f') electron sys-
tem and just the opposite of the ytterbium-based (4f'#) hole
system [4,30]. Besides, the calculated splitting energies A and
A’ between the three singlets Ft(lz), I'n, and Ffll ) are on the
same order of magnitude as the energy separations between
the three peaks P1-P3 in the dI/dV spectrum [17].We note
that P1-P3 show different behaviors with the emergence of
As-atom vacancies as detailed later (in Sec. III D). P2 and P3
merge together, while the energy positions of peaks B and
P1 remain nearly unchanged on single-atom vacancy. This
phenomenon seems to imply that P1 may also originate from
AFM. But for this scenario, the dilemma is that one crystal-
field state is missing, since the theoretical work predicts that
there are three CEF states in UAs, [17]. Even though, we
cannot fully exclude this possibility and neutron scattering
experiments can help to further clarify this issue in the future.

C. Kondo resonance and AFM state

We now explore the origins of peaks A and B. Peak
A locates slightly below Ep and it exhibits an asymmet-
ric line shape as well as a strongly temperature-dependent
behavior [Figs. 2(a) and 2(d)]. These features highly re-
semble the characters of the well-studied Kondo resonance
state in those famous 4f- or 5f-electron based HF systems
[9,29,31,32]. Moreover, our previous temperature-dependent
Angle-resolved photoemission spectroscopy (ARPES) mea-
surement of UAs; has found two nearly flat bands « and B
and confirmed that they respectively arise from the Kondo
hybridization and the AFM phase transition [33], and their
energy positions (—6 and —29.8 meV) are almost equal
to the energy levels of peaks A and B, respectively. This
phenomenon supports our ascription of peak A to Kondo
resonance and it also provides an important clue to the origin
of peak B, i.e., the AFM state. In scanning tunneling spec-
troscopies, Kondo resonance is manifested as an asymmetric
line shape, which is aroused by the quantum interference be-
tween the tunneling from the tip to the f-electron dominated
resonance state and to the itinerant electron states [5,6,34],
and the spectral structure can be described by the two-channel
Fano formula [5,6,35]:

2 2
£ — & & —&
- +q>/1+<r>, (D

where g represents the energy position of Fano resonance
relative to EF, ¢ is the asymmetric parameter of the line shape,
and I is the half width at half maximum (HWHM) of the
resonance curve. Meanwhile, an AFM state can be described
by a Lorentz line shape [35,36]. Therefore, to simultaneously
extract various pieces of information of peaks A and B, a Fano
+ Lorentz fit with a small linear background is applied to

dr/dv (e) « (
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FIG. 3. Analysis of Kondo lattice and AFM peaks of UAs;.
(a) Fitting of the typical dI/dV spectrum of UA,. The spectrum is
normalized to the data at +100 mV. The black dashed line is an
optimized Fano + Lorentz fit with a linear background term, which
is expressed as g(¢) = aFano(¢) 4 Lorentz(¢) + be + c. The purple
and dark yellow lines respectively represent the plotted individual
Fano and Lorentz curves based on the parameters obtained by the
fitting. The height as well as the HWHM of the Fano resonance
at various temperatures can be extracted from the fittings and rep-
resented as squares in panels (b,b), respectively. (b) The KR peak
height as a function of temperature. The peak heights are read from
the Fano fitting curves. The dashed line is a logarithmic fit. (c) The
extracted HWHM of Fano resonance as a function of temperature.
The dashed line is the temperature dependence of the HWHM fitted
by Eq. (2).

the dI/dV spectrum within negative biases [Fig. 3(a)]. More
details about the choice of the fitting method are shown in
Sec. S4 of the Supplemental Material [29].

Figure 3(b) shows the height of peak A as a function of
temperature. The increase of the peak height with temperature
follows a logarithmic rule, which is a universal behavior in HF
materials aroused by the coherent Kondo scattering [37]. For
the single-impurity Kondo model, finite temperatures induce
thermal broadening of the HWHM of the KR state and the
temperature evolution of HWHM in the Fermi liquid regime
can be described by the following relation [38]:

HWHM = \/ (mksT)* 4+ 2(kg Tk )*, )

where kg is Boltzmann’s constant and Tk is the Kondo tem-
perature. STM/STS studies in 5f or 4f-electron based HF
compounds, e.g., USb, [7-9,14], UGe, [39], URu,Si, [40],
and YbRh,Si, [5,29], find that the coherent Kondo state
residing in the f levels of a periodic lattice also exhibits
the exponential temperature dependence. Through analogy to
Eq. (2), the HWHM of the coherent Kondo state can be phe-
nomenologically expressed by I' = v (JTkBT)2 + 2(kBTcoh)2,
where T¢on corresponds to the Kondo coherence temperature.
As shown by the fitting curve (dashed line) in Fig. 3(c), this
model successfully describes the temperature evolution of

peak A in UAs; and the fit yields Toop = 69 + 2 K. Mean-
while, a broad peak emerges at around 70 K in the ¢ axis
thermoelectric power S(7T) curve of UAs; single crystal [41],
which was also ascribed to Kondo coherence. Obviously, the
Teon of UAs, determined by our STS measurements is quite
consistent with the onset temperature of the broad peak in
transport measurement.

According to the fitting results (Fig. S6 [29]), the energy
position of peak B fluctuates around —30 mV and it does
not show any obvious trends in the measured temperature
range [4.5, 66.5 K], which is far below 7y. In contrast, the
energy position of the KR peak shifts towards lower energies
with increasing temperatures. These observations are in good
agreement with the temperature evolutions of the electronic
structures induced by the Kondo hybridization and AFM
transition reported before [7,15]. In the ARPES study, the
AFM gap opens at 273 K; thus the energy position of its
leading edge, which corresponds to band 8, almost remains
unchanged below 80 K. This agrees with the behavior of peak
B as shown in Fig. S6 [29]. In addition, peak B shows similar
characteristics with other reported magnetic compounds as
follows: (1) Clearly separated from the KR band (peak) in
momentum (energy) position; (2) rather weak temperature-
dependent behavior far below the magnetic phase transition
temperature [7-10,35,36]. Based on the above points, the most
possible origin of peak B is AFM.

The AFM and KR states are simultaneously observed in the
tunneling spectra of UAs,, violating the conventional expec-
tation that the two will compete with each other. The Kondo
coherence develops deeply in the well-established antiferro-
magnetic ordered state and it exhibits a sharp resonance peak,
which is undisturbed by the antiferromagnetic order as proved
by the logarithmic increase of intensity with temperature. This
phenomenon corroborates the existence of the itinerant 5f
electrons in the antiferromagnetic ordered state of UAs;. In
addition, the temperature evolutions of all the five peaks are
continuous, and we did not observe any distinctly “abrupt
change” [8] in the measured temperature range.

D. Influence of As-atom vacancies on CEF, AFM, and KR states

In the atomically resolved STM image, some surface
defects can be observed on the As2-terminated surfaces
(Fig. S7(a) [29]). One kind of defect appears as dimmed holes
under different imaging voltages, always located at the surface
As2 sites (see Figs. S7(b)-S7(h) and Sec. S6 [29]). Therefore
the dimmed holes are rationally assigned to surface As-atom
vacancies. In Fig. 4(a), we compare the typical tunneling
spectra of a single-As-atom vacancy, double-As-atom vacancy
and intact region on the As2 termination at 4.5 K. For the
CEF states, the most striking alteration is that the P2 and
P3 states seemingly merge into a single peak around both
single- and double-atom vacancies. Since crystal-field split-
ting is related to the local symmetry, coordination, and electric
charge of U and As atoms in the crystal structure, the emer-
gence of As-atom vacancies locally alters these properties
and consequently alters the crystal-field splitting. Our precise
determination of these CEF states in the STSs can put strong
constraints on the related future theoretical calculations.
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FIG. 4. Spatially tuning the Kondo resonance and AFM states through the As-atom vacancies. (a) The dI/dV spectra measured on the

single-atom vacancy, double-atom vacancy, and intact region on the As2-terminated surface at 4.5 K. (b) The schematic view of the Kondo
screening in UAs; (upper panel) and the incomplete Kondo screening caused by surface As-atom vacancy (lower panel). The blue circles
represent the localized U magnetic moments surrounded by the spin-flipped conduction electrons represented by small orange arrows. This
schematic mainly reflects the two interfering tunneling paths and the in-complete Kondo screening induced by As-atom vacancy. (c), (d)
Atomically resolved STM images of the (c) single-atom vacancy (V, = 0.2 V, I = 150 nA) and (d) double-atom vacancy (V, = 0.2 V, I =200
nA). A series of dI/dV spectra were measured along the red dashed lines and the measured d//dV spectra and their corresponding detecting
positions are shown in Figs. 5(a) and 5(g). (e), (f) The spatial dependence of the Fano asymmetry parameter ¢ across the (e) single-atom
vacancy and (f) double-atom vacancy. The values of ¢ are extracted from the Fano + Lorentz fits to the series of d//dV spectra shown in Fig. 5.
(g), (h) The spatial dependence of the intensities (or heights) of the Kondo resonance and AFM peaks extracted from the Fano + Lorentz fits
across (g) single-atom vacancy and (g) double-atom vacancy. The vertical dashed line in panels (e), (h) marks the center of the single-atom

vacancy or double-atom vacancy.

The KR peak exhibits a reduction in intensity on both
As-atom vacancies. In contrast to the Fe(Il)-atom va-
cancy in Fe;GeTe, [36], which acts as “Kondo hole” and
counterintuitively strengthens the KR state, the As-atom va-
cancy in UAs; behaves as a nonmagnetic counterpart of the
Kondo hole and induces an opposite alteration of the KR
state. In spite of the bulk antiferromagnetism in UAs;, there
is ferromagnetic correlation between the in-plane magnetic
atoms in the U-atomic layer underneath the outmost As2 layer,
analogous to the case of the two-dimensional ferromagnetic
Fe;GeTe, [36]. The Kondo screening effect on the intact sur-
face together with a locally incomplete screening model of the
magnetic moments are shown in Fig. 4(b). The number of the
itinerant conduction electrons is reduced due to the absence
of As atoms, which locally weakens the effective screening of
the magnetic moment. Hence, the Kondo resonance is locally
suppressed and leads to a reduction of peak intensity. The
statistics of the KR peak heights on top of various single-
atom vacancies, double-atom vacancies, and intact regions are

shown in Fig. S8 [29]. For double-atom vacancies, the average
intensity of KR peaks decreases to around 53% of that on the
intact sites, whereas for single-atom vacancies, it decreases
to around 87%. These results confirm that the suppression of
the Kondo resonance drastically augments as the number of
missing conduction atoms increases.

To investigate the spatial modulation effect caused by the
vacancies, a series of dI/dV spectra were taken across the
single-atom vacancy and the double-atom vacancy as shown
in Fig. 5. The g values and the intensities of KR and AFM
states extracted from Fano + Lorentz fits are displayed as a
function of distance in Figs. 4(e)—4(h). For the single-atom
vacancy, g drops by ~20% (from 4.25 to 3.28) as the tip is
moved from the intact region to the vacancy center and the KR
intensity exhibits a similar decreasing trend when approaching
the center. For the double-atom vacancy, both ¢ and KR inten-
sity display a much stronger decreasing trend with distance,
and g drops by ~90% (from 4.2 to 0.32) at the vacancy
center. For the Fano resonance, the ¢ value is determined
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FIG. 5. A series of dI/dV spectra measured across the single-atom vacancy (left panel) and double-atom vacancy (right panel) with their
Fano + Lorentz fits. (a), (g) Atomically resolved STM images (V, =5 mV, I = 400 pA) of the single-atom vacancy (a) and double-atom
vacancy (g). The colored dots mark the positions where those spectra in panels (b), (h) were taken, respectively. (b), (h) A series of d//dV
spectra measured along the colored dots labeled by 1-9 in panel (a) or labeled by 1-15 in panel (g). These spectra are normalized to the
data at +100 mV and then offset for clarify. The energy positions of the KR state are marked by black arrows. (c), (i) Direct comparison of
the normalized d//dV spectra detected at positions 1-5 around single-atom vacancy (c) and 1-7 around double-atom vacancy (i). The energy
positions of the KR states at different sites are marked by the dashed lines. (d)-(f) The Fano + Lorentz fitting details of the spectra detected
at positions 1, 3, and 5 with their relative KR intensity labeled around single-atom vacancy. (j)—(1) The Fano + Lorentz fitting details of the
spectra detected at positions 15, 12, and 7 with their relative KR intensity labeled. The black dashed lines are the optimized Fano + Lorentz
fitting curves. The purple and dark yellow lines respectively represent the plotted individual Fano and Lorentz curves based on the parameters

obtained by the multipeaks fitting.

by the relative strength between the indirect tunneling into
the many-body KR state (fxkg) and direct tunneling into the
itinerant conduction electrons (¢.) [42]. A g value much larger
than 1 (i.e., ¢ ~ 4) on the intact regions implies that electrons
mainly tunnel into the Kondo-screened U-5f states rather than
the itinerant electronic states; even the outmost atomic layer
merely consists of As rather than U atoms. It is noteworthy
that STM/STS studies on URu,Si, [40] or CeColns [18] find
that the strength of tunneling into the heavy 5f or 4f states
is more pronounced on the Si or Co layer instead of the U
or Ce-In layer. And the tunneling process in USb; is also
dominated by the tunneling channel into the screened U — 5 f
states on the Sb termination [8,9]. These similar phenomena
indicate that the orientation of atomic orbitals and the se-
lective hybridization among different suborbitals are crucial
for the quantum interference tunneling in the Kondo lattice,
and the stronger coupling to the heavy 5f states on the As2
layers in UAs; is probably caused by the larger amplitude of
hybridization of f electrons with the out of plane sp electrons
than that with the in-plane sp electrons, analogous to the the-
oretical model established in CelrIns [43]. To the contrary, on
those As-atom vacancies, the underneath U atoms are exposed
and hence the direct tunneling into the itinerant conduction
electrons is enhanced and the indirect tunneling into the 5f
electron dominated KR state is correspondingly suppressed,
leading to the decrease of ¢q. The more surface As atoms

miss, the more U atoms are exposed, which further reduces
g value on the double-atom vacancy as compared with single-
atom vacancy. Such a small g value (<1) suggests that the
quantum interference tunneling is already dominated by the
direct tunneling channel into itinerant conduction electrons on
double-atom vacancies.

Compared to the apparent suppression of the KR state, the
influence of As-atom vacancies on the AFM state is much
weaker [red dots in Figs. 4(g) and 4(h)]. When approaching
the center of either vacancy from intact regions, the intensity
of the AFM peak at first decreases to reach a local minimum
and then increases to reach a local maximum at the center.
Again, the spatial alterations of the AFM peak induced by
double-atom vacancy are relatively stronger and wider than
those induced by single-atom vacancy. Even the local maxi-
mum emerges at the vacancy center; its intensity is just similar
with those detected away from the center. More theoretical
calculations and simulations are required to elucidate the com-
plex spatially dependent fluctuation of the AFM state and its
relation with the KR state around As-atom vacancies in the
future.

IV. DISCUSSION

Our STM studies have provided several important insights
into the interpretation of the HF physics. One is about how
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the Kondo interaction evolves with temperature. In UAs;, the
hybridization between the localized 5f electrons and itinerant
conduction electrons, i.e., f-c hybridization, starts to appear
above 290 K as revealed by the ARPES study [15], whereas
our STM/STS studies suggest the full formation of Kondo
coherence occurs at 69 K, which is well below the starting
temperature of the f-c hybridization [29,35]. In fact, we be-
lieve that the considerable discrepancy between the two onset
temperatures determined by ARPES and STS emphasizes
the two-stage process for the heavy electron development in
the Kondo lattice [13,44-46]. This difference coincides with
the recently proposed Kondo coherence theory [47], in which
the short-range Kondo hybridization starts at higher tem-
peratures and the formation of long-range Kondo coherence
between Kondo singlets occurs at lower temperatures.

The second issue is about the complex interplay between
Kondo hybridization and RKKY interaction in HF systems.
Our work corroborates that f-c hybridization can coexist with
the antiferromagnetic order in UAs, and Kondo coherence
develops robustly in the antiferromagnetic background. Note
that the AFM related peak feature is directly detected on
the As2 termination of UAs,, whereas it is absent on the
Sb termination of USb, [9]. The emergence of the AFM
state on the As2 termination should be ascribed to the much
higher 7Ty and smaller interatomic (U-X) distances in UAs;
as compared with USb,. But the question about exactly how
the Kondo hybridization and magnetic ordered state coexist
with each other in UAs, is still unclear. The orbital-selectivity
scenario proposed in CeSb or USb, is the most probable
reason [7,10]. Yet, the exact manner of orbital selection can
vary considerably in different systems. For instance, in CeSb,
it is determined by the conduction electron states; i.e., differ-
ent conduction bands respectively participate in the formation
of Kondo hybridization and the AFM state [10], whereas in
USb,, different 5f suborbitals selectively participate in the
two interactions [7]. For UAs,, it is confirmed that the flat «
and B bands, which are separated in the momentum space, are
respectively related with the Kondo hybridization and AFM
order [15]. Yet, photoemission measurements with different
polarized photons have not detected obvious differences be-
tween these two bands, like those observed in USb,. Further
orbital-resolved investigations, like DMFT calculations, are
necessary in the future to help to identify the orbital characters
and clearly unveil the mechanism of the coexistence of AFM
and KR states in UAs,.

The last issue involves the microscopic electronic phe-
nomenology of the atom vacancy in the HF lattice. The
study of As-atom vacancies deepens our cognition of Kondo
physics. A considerable number of experimental and theo-
retical studies have focused on the impacts of Kondo holes,
i.e., surface defects substituting or removing a f-contributing
moment, on the electronic structures of HFs [19,20,48]. By
contrast, the influence of the nonmagnetic-atom vacancy on
the electronic states has not attracted much attention in Kondo
lattice. One may intuitively suspect that the influence of non-
magnetic atom vacancies should be weak or even absent as
compared with that of magnetic atom vacancies, because the
f electrons in magnetic atoms are the basis of heavy fermion
systems. However, our STM observations demonstrate that
nonmagnetic atom vacancies can impose an observable or

even drastic alteration on the Kondo resonance state (as well
as the AFM and CEF states) depending on the number of
missing atoms. Additionally, when the tip is moved from
the intact region to the As-atom vacancy center, the energy
position of the KR state gradually shifts towards the direction
away from the Fermi level [see Figs. 5(b) and 5(c), and 5(h)
and 5(i)], indicating the shift of the renormalized f band. In
fact, the emergence of either magnetic or nonmagnetic atom
vacancies alters the quantity of charge carriers in a uniform
Kondo lattice. As a consequence, the hybridized Fermi surface
reshapes to maintain the uniform f-electron density, resulting
in the corresponding shifting of KR energy [49]. In short, the
conduction-electron density in a Kondo lattice plays a decisive
role in determining the KR energy. Recently, similar shifting
of the KR energy level towards the opposite direction has been
observed around the Kondo holes in URu,Si, and SmBg [49];
this behaves as the counterpart of the missing nonmagnetic
atom and shows excellent consistency with our observation.
Whether these nonmagnetic atom vacancies in UAs, can lead
to long-range hybridization oscillations, like those observed in
Th-doped URu,Si, or Fe-doped SmBg [20], remains an open
question. The newly developed gap map of “rectification” [49]
may help to verify this issue in the future.

V. CONCLUSIONS

In summary, the CEF, AFM, and KR related spectral fea-
tures are simultaneously detected in the STS images taken on
the As2 terminations of UAs,. The logarithmical enhance-
ment behavior of the KR peak with decreasing temperature
demonstrates the coexistence of Kondo coherence with AFM
order and confirms the dual characters of itinerancy and local-
ization for the 5 f electrons in UAs,. The divergence between
the T* determined by ARPES and the T;,, determined by STS
reveals the difference between the onset of f-c hybridization
and the full establishment of long-range Kondo coherence.
Surprisingly, the nonmagnetic atom vacancies in UAs, ap-
parently affect the KR, CEF, and AFM states and induce the
energy shifting of the KR peak, which highlights the impor-
tance of the easily overlooked nonmagnetic atoms in a Kondo
lattice. Our results provide an illuminating insight into various
low-energy excitations and their complex interactions in the
5 f-electron based antiferromagnetic HF materials, including
the intricate interplay between AFM order and the Kondo
effect, the difference between the onset of f-c hybridization
and the formation of Kondo coherence, and the indispensable
role of the nonmagnetic atoms in a Kondo lattice.

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplemental Material [29].
Additional data related to this paper may be requested from
the authors.
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