Visualizing the atomic-scale origin of metallic behavior in Kondo insulators
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A Kondo lattice is often electrically insulating at low temperatures. However, several recent ex-
periments have detected signatures of bulk metallicity within this Kondo insulating phase. Here
visualize the real-space charge landscape within a Kondo lattice with atomic resolution using a scan-
ning tunneling microscope. We discover nanometer-scale puddles of metallic conduction electrons
centered around uranium-site substitutions in the heavy-fermion compound URu2Si2, and around
samarium-site defects in the topological Kondo insulator SmBg. These defects disturb the Kondo
screening cloud, leaving behind a fingerprint of the metallic parent state. Our results suggest that
the mysterious 3D quantum oscillations measured in SmBg could arise from these Kondo-lattice
defects, although we cannot rule out other explanations. Our imaging technique could enable the

development of atomic-scale charge sensors using heavy-fermion probes.

1 When the electrons in a material interact strongly
with one another, they often produce unexpected be-
havior. Above a characteristic temperature Ty, a lat-
tice of local f moments within a conducting Fermi sea
behaves like an ordinary magnetic metal, with a Curie-
Weiss susceptibility. But below Tk, the competition be-
tween antiferromagnetic ordering of the local moments
and their screening by conduction electrons leads to a rich
phase diagram, exhibiting quantum criticality [1], un-
conventional superconductivity [2], and heavy fermions
[3, 4]—quasiparticles with f-electron character (Fig. 1A).
A Kondo insulator forms if the spectral gap opened
by hybridization between the conduction band and the
renormalized f band spans the Fermi level. Mysteriously,
some Kondo insulators seem to remember their metallic
parent state long after this gap is fully developed. For ex-
ample, the topological Kondo insulator SmBg displays a
sizable bulk optical conductivity at terahertz frequencies
[5] and a finite electronic specific heat at low tempera-
tures [6-9]. A complete 3D Fermi surface matching its
high-temperature metallic state was reconstructed from
quantum oscillation [9, 10] and Compton scattering [11]
measurements performed in the insulating regime. No-
tably, these metallic properties persist even as the bulk
resistivity of SmBg increases by 10 orders of magnitude

[12]. This discrepancy led to several theoretical pro-
posals: some argue that the metallic behavior is intrin-
sic, either a consequence of the small hybridization gap
in Kondo insulators [13], or arising from exotic charge-
neutral quasiparticles [14, 15]; others suggest an extrinsic
origin [16-19], which implies the presence of microscopic
metallic pockets.

2 Charge inhomogeneity is commonplace at nanome-
ter length scales, especially in materials with strong elec-
tron interactions that promote competing orders [20].
In a Kondo lattice, defects that substitute or remove
the f-contributing moment, called Kondo holes, have
a widespread impact on the nearby electronic structure
[21-23]. First, these defects locally untangle the hy-
bridized wavefunction, leaving puddles of unhybridized
conduction electrons behind (Fig. 1B). In theory, these
charge puddles should have the same itinerant char-
acter as the metallic parent state [22], but they have
not been imaged directly. Additionally, the excess con-
duction electrons released from hybridization adjust the
strength of their interactions with the remaining f mo-
ments [22, 24], leading to enhanced local magnetism [25]
(Fig. 1C). For example, Sm;_,La,Bg samples with non-
magnetic La dopants are known to display increased spe-
cific heat and magnetic susceptibility compared to un-
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FIG. 1. Expected disruption of the screening cloud around Kondo holes. (A) In a uniform Kondo lattice, magnetic
moments at each site (gray arrows) are coherently screened by itinerant conduction electrons (blue cloud) to form a spinless
ground state of heavy fermions (orange line), characterized by the wavevector k&. (B) If one moment is removed to create
a Kondo hole, the conduction electrons previously screening it can redistribute themselves. (C) The redistributed screening
cloud causes oscillations of the local conduction electron density n.(r), interaction strength v(r), and magnetic susceptibility
Xm(r) at the conduction-band wavevector ki, as shown schematically. (D) In a uniform Kondo lattice, the Kondo resonance
creates a peak-dip feature in the calculated dI/dV, caused by the quantum interference between tunneling into the conduction
band and the f-electron states with respective amplitudes t. and ¢;. The energy position of the peak (black triangles) shifts
linearly according to the local conduction-electron density n.. (E) The calculated rectification R(V) = |I(+V)/I(—V)| acquires
a strong peak because dI/dV is asymmetric around the Fermi level Er (which occurs at V = 0). The R(V) peak amplitude
depends on the dI/dV peak energy. These changes are almost linear over the small range of local doping expected around a
Kondo hole (inset). (F) The calculated oscillations in dI(r, V))/dV at the Fermi level around a Kondo hole match the hybridized
Fermi surface (kE, orange line in inset). (G) In contrast, the calculated n.(r) varies according to the circular wavevector of the
unhybridized Fermi surface (kg, blue line in inset) as it mainly reflects the disturbance to the screening cloud. (H) Calculated
R(r,V) is dominated by unhybridized electrons for biases within the hybridization gap. The calculations in (D)-(H) are based
on a Kondo-Heisenberg model with nearest-neighbor hopping strength ¢, Kondo coupling J = 2¢, antiferromagnetic exchange
I = 0.002¢, and tunneling amplitudes t;/t. = —0.025. In (D) and (E), the hybridization strength is fixed at v = 0.1¢ and the
antiferromagnetic correlation strength is fixed at x = 0.0003¢t. The Fermi wavelength is A\ = 8ao in (F)-(H), where ag is the
lattice spacing.

doped samples [26-28]. More recently, the existence of lo- 3  Directly imaging the metallic puddles around Kondo
cal metallic puddles around Gd dopants in Sm;_,Gd,Bg holes is difficult, because the inherent screening strongly

was inferred from electron spin-resonance measurements  renormalizes the bare charge distribution. However,
[29]. Meanwhile, an increased concentration of Sm va-  there are a few promising approaches [32-34]. The most
cancies in Smj _,Bg was shown to globally inhibit the de- common is to decorate the tip of a Kelvin probe force
velopment of the hybridization gap [30], eventually lead-  microscope with a single atom or molecule [35, 36]. This

ing to bulk conduction [12, 31]. All of these findings technique was used to image the charge variations within
suggest that Sm-site defects manifest as Kondo holes in  an adsorbed molecule [37]. However, it becomes inaccu-
SmBg, yet their key signature—the accompanying charge rate for small tip-sample separations because of the influ-
oscillations relating to the parent metallic Fermi surface ence of short-range forces [38, 39], complicating further
[22]—remain undetected by any microscopic probe. improvements to its spatial resolution [40]. Meanwhile, a
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FIG. 2. Thorium dopants induce Kondo-hole behavior in URu2Siz. (A) Schematic band structure of URu2Siz showing
the onset of heavy fermion bands (gray solid lines) at temperatures below T, = 17.5 K, as itinerant conduction electrons (blue
line) hybridize with a renormalized 5f level (gray dashed line), reducing the Fermi wavevector from kg to k. (B) Experimental
measurement of an asymmetric Fano lineshape in the tunneling conductance at temperatures below T, on the U termination
(gray curve). This feature shifts towards the Fermi level near a thorium dopant (black triangles), consistent with an expected
change in local charge density. (C) For a fixed bias, the R(V) peak amplitude (black triangle) is highly sensitive to the dI/dV
peak position. The spectra in (B) and (C) are averaged over the 18 well-isolated thorium dopants marked in (D). (D) The
measured R(r, V') exhibits clear oscillations that manifest as a ring in (E) the 4-fold-symmetrized Fourier transform. (F) These
oscillations match the high-temperature Fermi wavevector of 2k% ~ 0.3 (27/a), both above and below T,. (G) In contrast, a
conventional dI/dV measurement couples to the temperature-dependent Fermi surface, which changes dramatically from 18.6
K to 5.9 K. For clarity, the 18.6 K data have been scaled in (F) and offset in (G).

scanning tunneling microscope (STM) routinely achieves
the sub-nanometer spatial resolution, cryogenic temper-
atures, and sub-meV energy resolution required to access
atomic charge distributions, but existing methods to ex-

Measuring local charge density in a Kondo lattice

5  To visualize the conduction-electron density n.(r) in

tract the electrostatic potential from the STM vacuum
decay length contain significant artifacts [41]. Conse-
quently, simultaneously achieving the high charge preci-
sion and high spatial resolution required to measure the
charge environment around a Kondo hole is not possible
using existing techniques.

4  Here we develop a dedicated STM modality to im-
age the charge environment within a Kondo lattice with
sub-angstrom resolution. At temperatures below T,
we image charge oscillations matching the parent Fermi
surface centered around spinless thorium atoms in the
Kondo metal URu,Sis, and around three separate Sm-
site defects in the Kondo insulator SmBg. Importantly,
the charge puddles we image in SmBg exhibit the same
metallic wavevector seen in recent quantum oscillation
experiments [9, 10], suggesting Kondo-lattice defects are
the source of those oscillations.

a Kondo lattice (and hence local charge —en.(r), where
—e is the electron charge), we first show theoretically
that n.(r) determines the energy position of the Kondo
resonance &¢(r), which forms near the Fermi level as the
magnetic f moments are screened by conduction elec-
trons. Then, we establish an experimental metric capa-
ble of detecting the sub-meV variations in £ (r) around
a Kondo hole. Our technique takes advantage of how
the many-body Kondo resonance responds to local dop-
ing. In the Abrikosov fermion representation for local
moments, € is the Lagrange multiplier that enforces uni-
form f-electron density, typically ny = 1 at each site. As
additional charge carriers An, enter a uniform Kondo
lattice, the hybridized Fermi surface reshapes to accom-
modate them, leading to a corresponding change in £y in
order to maintain ny = 1 (see black triangles in Fig. 1D,
and Fig. S2E). The magnitude and direction of the shift
in €7 depend on the details of the band structure. But the
relationship between n. and € is linear over a wide range
of band parameters and charge doping (see Fig. S2), im-
plying that the charge density at position r, can usually
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FIG. 3. Kondo holes nucleate metallic puddles in SmBg. (A) Schematic band structure of SmBg showing the hybridiza-
tion between conduction electrons (blue dashed line) and localized 4f moments (gray dashed line), which leads to an inverted
band structure (gray solid line) hosting emergent heavy Dirac surface states with a reduced Fermi wavevector (orange). (B)
STM topography of the (2 x 1)-reconstructed Sm surface of lightly Fe-doped SmBg. Both the Fe dopant and Sm vacancy in this
image are expected to act as Kondo holes because they each displace a 4f moment. (C-D) Near the Fe dopant, the measured
dI/dV peak changes energy position (black triangles), leading to large variations in R(r,V’) peak amplitude. The spectra in
(C) and (D) have been offset for clarity. (E) R(r,V) in the same area as shown in (B) contains clear oscillations around the
two impurities. (F) Linecut of R(r,V) along the white dashed line in (B). (G) R(r, V') oscillations appear as a sharp ring in
the 2-fold-symmetrized Fourier transform (taken from a larger 65 x 80-nm? area for enhanced q resolution), which matches
the unhybridized 5d Fermi surface inferred from ARPES experiments [42] (dashed line). The surface reconstruction creates a
sharp peak in R(r,V) at QBrage = (0,7/a).

be inferred by measuring £¢(r). In fact, the linear de- [49]. Here, we focus on low biases, typically V' < 10 mV,
pendence of £¢(r) on n.(r) was recently verified exper-  where the small shifts in £4(r) generate large variations in
imentally by micron-scale angle-resolved photoemission R(r,V) owing to the energy asymmetry of dI/dV about
(ARPES) measurements in Eu-doped SmBg [43]. the Fermi level at V' = 0 (see calculations in Fig. 1, D
6  In STM measurements, the Kondo resonance nor-  and E, and Fig. 52). To demonstrate this effect locally,

mally appears as a peak-dip feature in the tunneling W€ self-consistently calculated dI(r,V)/dV, n.(r), and
conductance dI/dV [44] (where I is the sample-to-tip R(r, V) around a Kondo hole in a metallic Kondo lattice,
tunneling current at applied sample bias V'), because of a8 shown in Fig. 1, F to H. The calculated dI(r, V) /dV at
the presence of multiple tunneling channels [45, 46] (see V = 0 tracks the local Fermi-level density of states, so it
calculation in Fig. 1D). In simple cases, &; can be es- reveals the hybridized Fermi surface of heavy fermions
timated by fitting d7/dV to a Fano-like model [47, 48]. with a wavevec‘For 2kp. In .COIltI‘flSt,.bOth n(r) and
However, the exact value of £; depends on the model R(r,V) are dominated by static oscillations at the unhy-
used, so this approach is not immediately suitable for bridized wavevector 2kf, associated with the Friedel-like
detecting the small, sub-meV energy shifts in &;(r) ex- redistribution of the Kondo screening cloud. The corre-
pected around a Kondo hole. Instead, we track the ratio lation between ne(r) and R(r, V') establishes R(r,V) as a
of forward-to-backward tunneling current, i.e. the local ~ dqualitative probe of local charge, except at very short dis-
rectification R(r,V) = |I(r,+V)/I(r,—V)|. This ratio  tances from a Kondo hole (|r| ~ a) likely because ny =1
is insensitive to STM setup artifacts, and it was previ- 15 Ot enforced at that site.

ously used to track charge inhomogeneity from the spec-

tral weight transfer at high biases in hole-doped cuprates



Kondo holes in URu»Si-»

7 To test our technique, we first studied the Kondo
metal URusSis with 1% thorium dopants, which are
known to induce Kondo-hole behavior [24, 50]. Previ-
ous STM measurements mapped a metal-like Fermi sur-
face in URuySis for temperatures above T, = 17.5 K,
consisting of a single conduction band with wavevector
kg =~ 0.3 m/a, where a is the lattice constant ([47], see
Fig. 2A). The onset of coherent heavy fermion bands be-
low T, [51] is accompanied by the appearance of a peak-
dip feature in dI/dV, i.e. the Kondo-Fano resonance (see
Fig. 2B). Close to a thorium dopant, this feature shifts
upwards in energy, towards the Fermi level. This en-
ergy shift—and even the barely perceptible shifts 2 nm
away from the dopant—are easily detected in the am-
plitude of R(r,V) (see Fig. 2C). For biases within the
hybridization gap |V| < A/e ~ 5 mV (where A is the
gap magnitude), R(r, V') displays widespread spatial os-
cillations emanating from thorium dopants, as shown in
Fig. 2, D to F. Their wavevector of 0.29 £+ 0.01 (27/a)
agrees perfectly with the hybridization oscillations pre-
viously measured around Kondo holes in this compound
[24]. It matches the URusSip parent metallic Fermi sur-
face detected above T, from our measured quasiparticle
interference patterns in dI(r,V)/dV at V = 0, but it
is distinct from the heavy bands that we measured be-
low T, (see Fig. 2G). As a final check, we independently
extracted £¢(r) by fitting dI(r,V)/dV curves to a Fano
model (see Fig. S3). The excellent agreement between
€r(r) and R(r,V) corroborates the existence of charge
oscillations at 2kg in URu2Sis, indicating that some elec-
trons retain their itinerant character around Kondo holes,
even below T,.

Metallic puddles in SmBg

8  In our Kondo insulating SmBg samples, any atomic
defect that replaces a Sm atom to alter the 4f mo-
ment could generate metallic puddles like those seen in
URugySie. We searched for these puddles in flux-grown
samples lightly doped with Fe, which contain two clear
Sm-site defects: Sm vacancies and Fe substitutions (see
Fig. 3B). We focused on the (2 x 1) Sm termination,
as its charge environment most closely represents that
of the bulk [52]. As in URuySiz, we noticed that the
dI/dV peak attributed to the Kondo resonance changes
its energy position near candidate Kondo holes (Fig. 3C),
strongly impacting the R(r, V') peak amplitude (Fig. 3D).
Similar shifts in dI/dV peak position were previously
linked to the buildup of charge around boron clusters on
the Sm (1 x 1) termination [53]. For biases within the
hybridization gap |V| < A/e =~ 10 mV, R(r,V) reveals
prominent oscillations around Sm-site defects (see Fig. 3,
E and F). These oscillations create a sharp ellipse in the
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FIG. 4. Kondo holes backscatter heavy Dirac
fermions. (A) Topography of an SmBg region that contains
15 well-isolated Kondo holes (position indicated by red and
green triangles) on several (2 x 1)- or (1 x 2)-reconstructed
domains (dotted lines). (B) For energies within the Kondo-
insulating gap, the Fourier-transformed dI/dV along gy (per-
pendicular to Sm rows) contains a linearly dispersing signal
(black dashed line) corresponding to quasiparticle interference
from backscattered heavy Dirac fermions. The Fourier trans-
form from the (1 x2) domains was rotated by 90° before being
averaged with that from the (2 x 1) domains. (C) The inten-
sity of backscattering from topological states, calculated from
Fourier-filtering dI/dV at the y component of the backscat-
tering wavevector ¢, = 2ky’, is strongly peaked around each
Kondo hole. This map is computed only for ordered patches
of the sample, as marked in (A), and excludes step edges.

Fourier transform of R(r, V'), as shown in Fig. 3G. The
wavevectors of the R(q,V) ellipse are larger than those
of the surface state detected by quasiparticle interference
imaging [54] and they do not disperse for biases within
the hybridization gap, indicating a different origin (see
Fig. S4). On the other hand, the size and shape of the



ellipse matches the unhybridized 5d band found by ex-
trapolating ARPES data [42] to the Fermi level (i.e. it
matches the SmBg metallic parent state), after account-
ing for band folding on the (2x 1) surface (see Fig. 3G and
Fig. S5). Our observation of this 5d wavevector within
the Kondo insulating gap is direct evidence of atomic-
scale metallicity around Kondo holes. This metallicity
is supported by the large residual dI/dV at V =0 mV
that we measured around Kondo holes (green curve in
Fig. 3C), indicating a sizable Fermi-level density of states
even when the metallic surface states are suppressed [55].
We confirmed this discovery by checking for R(r, V') os-
cillations around a third type of Kondo hole, Gd dopants,
as detailed in Fig. S6.

Magnetic fluctuations at Kondo holes in SmBg

9 Our R(r,V) maps show the real-space structure of
the metallic puddles around Kondo holes in SmBg. For
these puddles to contribute to the measured de Haas-
van Alphen oscillations in magnetization, they must have
a finite magnetic susceptibility. Several Sm-site defects
are already suspected to be locally magnetic based on
their impact on bulk susceptibility [7, 26, 27, 56] and
their influence on the topologically emergent surface
states [54, 55]. In general, topological surface states
can provide a test of local magnetism because they are
protected against backscattering from non-magnetic de-
fects, but not from magnetic defects that locally break
time-reversal symmetry [57]. This additional magnetic
backscattering was previously imaged around Fe dopants
in two Bi-based topological insulators [58, 59]. Here we
visualize the intensity of magnetic fluctuations at Sm-
site defects in SmBg by identifying spatial regions where
its surface states backscatter. For biases within the
hybridization gap, we measured large-area dI(r,V)/dV
maps that contain clear quasiparticle interference pat-
terns at the backscattering wavevector q = ky —k; = 2k*
(Fig. 4B), consistent with our previous report [54]. We
determined the spatial origin of this signal by Fourier-
filtering dI(r,V)/dV at the wavevector 2k* to create
an image of the local backscattering strength (Fig. 4C).
Most of the peaks in this image align with the posi-
tions of Sm vacancies or Fe dopants, indicating that these
Kondo holes harbor the necessary magnetic fluctuations
to backscatter topological states.

Discussion and Outlook

10  The charge puddles around Kondo holes present an
alternative yet compelling origin for many of the strange
observations of metallic behavior in SmBg. First, the
detection of de Haas-van Alphen (magnetic) oscillations
without accompanying Shubnikov-de Haas (resistivity)

oscillations [8-10] is expected for electrically isolated
metallic puddles, provided they do not meet the percola-
tion threshold (which could be unreachable [17]). Second,
the large Fermi surface size and light effective mass ex-
tracted by bulk probes [9-11] is in excellent agreement
with our observation of itinerant 5d electrons. Third, the
magnetic length of the high-frequency (large-kr) quan-
tum oscillations that onset above 35 T [9, 10] is compa-
rable to the R(r) decay length of v = 2.6 nm, such that
a Landau orbit could fit inside a metallic puddle. Addi-
tionally, many of the metallic properties were detected in
floating-zone-grown samples [5, 6, 9-11], which are known
to have higher concentrations of Sm vacancies than sam-
ples grown with an aluminum flux [60]. Floating-zone
samples also contain a higher concentration of disloca-
tions [31], which may similarly disrupt the Kondo screen-
ing cloud and thus further enhance the quantum oscilla-
tion amplitude beyond that expected from Sm vacan-
cies alone. In contrast, the quantum oscillations com-
pletely disappear in flux-grown samples once embedded
aluminum is removed [8].

11  Atomic-scale charge inhomogeneity has a profound
impact on many interacting quantum materials, but it
has typically not been possible to measure. In Kondo-
lattice systems, R(r,V’) provides a peek at the ground-
state charge landscape, which is strongly perturbed by
Kondo holes. These Kondo holes nucleate nanometer-
scale metallic puddles that could explain many of the
strange phenomena detected by bulk probes. More
broadly, the sensitivity to local charge within a Kondo
lattice may enable atomic-scale charge imaging using
STM tips decorated with a Kondo impurity [61] or fab-
ricated from heavy-fermion materials [62].
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