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C O N D E N S E D  M AT T E R  P H Y S I C S

High-temperature surface state in Kondo 
insulator U3Bi4Ni3
Christopher Broyles1, Xiaohan Wan2, Wenting Cheng2, Dingsong Wu3, Hengxin Tan4, Qiaozhi Xu1, 
Shannon L. Gould1, Hasan Siddiquee1, Leyan Xiao1, Ryan Chen1, Wanyue Lin1, Yuchen Wu1, 
Prakash Regmi5, Yun Suk Eo5, Jieyi Liu6, Yulin Chen3,7, Binghai Yan4*, Kai Sun2*, Sheng Ran1*

The resurgence of interest in Kondo insulators has been driven by two major mysteries: the presence of metallic 
surface states and the observation of quantum oscillations. To further explore these mysteries, it is crucial to inves-
tigate another similar system beyond the two existing ones, SmB6 and YbB12. Here, we address this by reporting 
on a Kondo insulator, U3Bi4Ni3. Our transport measurements reveal that a surface state emerges below 250 kelvin 
and dominates transport properties below 150 kelvin, which is well above the temperature scale of SmB6 and 
YbB12. At low temperatures, the surface conductivity is about one order of magnitude higher than the bulk. The 
robustness of the surface state indicates that it is inherently protected. The similarities and differences between 
U3Bi4Ni3 and the other two Kondo insulators will provide valuable insights into the nature of metallic surface 
states in Kondo insulators and their interplay with strong electron correlations.

INTRODUCTION
In Kondo lattice materials, interactions between conduction elec-
trons and localized f electrons lead to the screening of localized 
magnetic moments, generating a spin-scattering resonance state and 
a hybridization gap (1–5). If the Fermi energy lies within the hybrid-
ization gap, the system is a Kondo insulator (6). Two well-known 
examples are SmB6 and YbB12, both of which exhibit a curious phe-
nomenon: the saturation of electrical resistivity at low temperatures 
(7, 8). This resistivity saturation is particularly well-documented in 
SmB6 and has been the focus of extensive study for decades due to 
the mystery it presents (9). In a conventional insulator, resistivity 
should increase as temperature decreases, but in these materials, it 
unexpectedly plateaus, indicating an unusual form of conduction. 
Various theories, such as impurity states or in-gap states, have been 
proposed to explain this behavior (10–12). In the past decade, a 
hypothesis has emerged suggesting that the resistivity saturation in 
SmB6, and potentially in YbB12, might be due to the presence of 
metallic surface states of topological origin (13–18). This idea has 
sparked substantial interest and is supported by numerous experi-
mental studies, although some results show inconsistencies with a 
purely topological interpretation (19–22). The exact cause of the re-
sistivity saturation and the full nature of the surface states in SmB6 
and YbB12 remain subjects of active investigation.

In addition to the mystery of resistivity saturation, both SmB6 and 
YbB12 exhibit another intriguing phenomenon: the observation of 
quantum oscillations (23–30). Typically, quantum oscillations are 
associated with a Fermi surface in metals, making their presence in 
these insulating materials particularly unexpected. These oscillations 
suggest that SmB6 and YbB12 might host unconventional excitations, 

such as neutral fermions or other exotic states (23, 24, 26, 27), that 
challenge the theoretical understanding of a Kondo insulating state 
(31–39). While metallic surface states have been proposed as a pos-
sible explanation, they do not fully account for the quantum oscilla-
tions, as these oscillations appear to originate from the bulk of the 
material. Nevertheless, the fact that both SmB6 and YbB12 exhibit 
both resistivity saturation and quantum oscillations suggests that 
these two phenomena may be related in some way, even if the under-
lying mechanisms are different.

Given the unresolved mysteries surrounding SmB6 and YbB12, dis-
covering another Kondo insulator that exhibits similar phenomena at 
a different energy scale would be invaluable. Uranium-based Kondo 
lattice systems present a promising platform for such discoveries, as 
the stronger hybridization between U 5f electrons and conduction 
electrons can result in a considerably higher hybridization gap and 
Kondo temperature compared to their rare-earth counterparts (40–
42). To this end, we identified a potential candidate: U3Bi4Ni3. It crys-
tallizes onto a cubic lattice with noncentrosymmetric symmetry in the 
space group I-43d (no. 220) (43), isostructual to the Ce-based Kondo 
insulator Ce3Bi4Pt3 (Fig. 1A). Upon cooling below TK = 100 K, there 
is a suppression of magnetic susceptibility (43) and an increase of cor-
relation between 5f and conduction electrons (44), both are signatures 
of Kondo screening of the uranium local moments. The hybridization 
gap was measured using photoemission spectroscopy (43), revealing a 
gap of 72 meV, while nuclear quadrupole resonance (NQR) T−1

1
 spin-

lattice relaxation time measurements (44) found a smaller gap of 
19 meV. In this work, we provide conclusive evidence of metallic surface 
state of U3Bi4Ni3 that emerges below 250 K, dominating the transport 
properties below 150 K. This high-temperature, surface-dominated 
conduction in a Kondo insulator is unprecedented and could conse-
quentially advance our understanding of the fundamental physics un-
derlying metallic surface states in strongly correlated systems.

RESULTS
Kondo insulating ground state
First, we characterize the Kondo insulator behavior of U3Bi4Ni3. 
At high temperatures, the magnetic susceptibility, M∕H, shows a 
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Curie-Weiss temperature dependence, fitting to a magnetic moment 
of 3.68 μB and TCW = −162 K (Fig. 1B). Below 100 K, a signature of 
Kondo screening emerges, with M ∕H saturating to a value near 
8 ⋅ 10−3 emu∕Oe-Umol. This is consistent with a nuclear magnetic 
resonance/NQR study (44), which demonstrated a breakdown of the 
scaling between the Knight shift and magnetic susceptibility below 
100 K. The field dependent magnetization, M(H), reveals no ferro-
magnetic magnetic ordering or field-induced magnetic transition, 
with linear scaling for 5 K ≤ T ≤ 300 K (Fig. 1C).

The longitudinal resistivity (ρxx) resembles that of a narrow gap 
semiconductor at room temperature, with Δ = 95 meV (Fig. 1D). 
This gap size is appreciably larger than those observed in SmB6 and 
YbB12 (45–49). As the temperature is lowered past the Kondo 

temperature (TK ≈ 100 K), ρxx flattens around 185 milliohm·cm, 
before an additional increase below 50 K, leading to a saturation at 
290 milliohm·cm. An Arrhenius fit for 30 K ≤ T ≤ 60 K gives an 
activation gap of Δ = 1.5 meV. This temperature dependence could be 
consistent with Kondo hybridization renormalizing and reducing Δ 
below 100 K; however, the low-temperature saturation in ρxx is more 
than an order of magnitude larger than previously reported (43).

The magneto-transport measurements, displayed in Fig. 1 (E to 
G), provide further support of the Kondo coherent ground state. The 
high-temperature Hall resistivity (ρxy) exhibits a sigmoid-like shape, 
which cannot be accurately represented by a simple two-band model 
and is typically indicative of the anomalous Hall effect (50). The 
anomalous Hall is most clearly seen at 150 K, with a distinct, sharp 

0 2 4 6 8

0

10

20

30
F

xy
(m

ic
ro
oh
m
·c
m
)

H (T)

50 40
30 20
10 5

Bi NiU 0 50 100 150 200 250 300

5

6

7

8

B

M
/H

(1
0-

3
em

u/
O
e-
U

m
ol
)

T (K)

CW fit
3.68 B

TCW = -162 K

A

0 100 200 300 400
0

100

200

300

D

xx
(m

ill
io
hm

·c
m
)

T (K)

290 m
150 m
120 m

0 3 6 9
0

5

10

15

20

25

xx
(4
00

K
)/

xx

t-1 (mm-1)

0.5 1.00

0

5

10

15

M
(

B
/U

A
to
m
)

C

H (T)

5 K
10 K
50 K
100 K
300 K

0 2 4 6 8

0

10

20

30
E

A
H
E

xy
(m

ic
ro
oh
m
·c
m
)

H (T)

400 350
300 250
200 150
100

T (K): T (K):

0 100 200 300 400

0

H

A
H
E

xy
(m

ic
ro
oh
m
·c
m
)

T (K)

0 3 6 9

0
50
100

H (T)

5 K

0 2 4 6 8
0

10

20

30

40

G

H (T)

400 K

5 K

M
R
(

)

Fig. 1. Bulk Kondo insulator characterization. (A) The crystal structure of U3Bi4Ni3, space group no. 220 (I-43d). (B) The magnetic susceptibility measured from room 
temperature down to 5 K, with a magnetic field of 0.1 T. (C) Magnetic field sweeps up to 1 T for various temperatures between 5 and 300 K. The inset displays a 9-T field 
sweep at 5 K. (D) The temperature dependence of ρxx, measured on a single crystal which was successively polished to thicknesses of 290, 150, and 120 μm, with a fitting 
applied above 200 K (orange, Δ = 95 meV) and between 30 and 60 K (brown, Δ = 1.5 meV). The inset displays ρ(400 K)/ρ(5 K) versys t−1, modeled by the equation 
ρ(400 K) ∕ρ =

(

2 σs∕σ400 K

)

t−1 + σb ∕σ400 K. The linear fitting provides a slope of 2.3 ± 0.8 and an intercept of 3 ± 5∗10 − 3. (E and F) The Hall resistivity (ρxy) field sweeps 
for T ≥ 100 K are displayed in (E), while those for T ≤ 50 K are shown in (F). (G) The magneto-resistance (MR) measured up to 9 T and presented for a variety of temperatures 
between 400 K and 5 K. (H) The anomalous Hall resistivity (ρAHE

xy
), extracted from the two-band + C fittings (see the Supplementary Materials).
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jump near zero magnetic field. By incorporating a constant into the 
two band Hall model (51), ρAHE

xy
 is extracted, and the temperature 

dependence is plotted in Fig. 1H. The anomalous Hall contribution 
gradually increases from room temperature to 150 K, after which it 
begins to decrease. This overall temperature dependence of the 
anomalous Hall effect is consistent with what has been observed in 
other Kondo lattice systems (52). Above the Kondo temperature, 
incoherent Kondo scattering dominates the transport properties. A 
modest magnetic field can polarize the local moments, leading to the 
anomalous Hall effect through a scattering mechanism (52, 53). As 
the temperature decreases, a smaller magnetic field is needed to po-
larize the local moments; thus, the curve narrows and transitions into 
a sharp, step-like shape at 150 K. In the meantime, Kondo scattering 
logarithmically increases with the decreasing temperature, enhanc-
ing the anomalous Hall effect (54, 55). Once Kondo scattering be-
comes coherent below TK, the anomalous Hall gradually decreases. 
Note that below 50 K, the anomalous Hall contribution becomes neg-
ligible, and the Hall data fit equally well with a pure two-band model.

To further confirm the Kondo ground state of U3Bi4Ni3, we per-
formed angle-resolved photoemission spectroscopy (ARPES) mea-
surements at T = 20 K. To highlight the spectral profile of U 5f 
character, we used 98-eV photon energy, which resonantly enhances 
the photoionization cross section of U 5f states. Figure 2 presents the 
energy spectra for the resonant condition at 98 eV and the off-
resonant condition at 92 eV for comparison. While both spectra 
show a strong maximum at −2 eV, indicative of a flat band, the reso-
nant enhanced band image maintains a strong intensity until EF. The 
integrated energy distribution curve (EDC) reveals a refined struc-
ture near the Fermi level, with two peaks within 300 meV of EF 
(indicated by red arrows). These weak peaks indicate U 5f multiplet 
states, which participate in the many-body Kondo resonance, as 
seen in other uranium-based Kondo lattice systems (56, 57). The 
EDC of both 98 and 92 eV is suppressed at Fermi energy, indicating 
the insulating nature. The suppressed overall intensity at the Fermi 
level and the enhanced U 5f spectral weight near the Fermi energy 
in the resonant spectrum are consistent with a Kondo insulator, 
similar to observations in SmB6 and YbB12 (20, 58, 59).

Metallic surface state
The temperature-dependent resistivity of U3Bi4Ni3 exhibits a plateau 
below 150 K, shown in Fig. 1D. Similar plateaus have been observed 
in both SmB6 (7) and YbB12 (8), indicative of either a metallic sur-
face state or extended in-gap states. To identify the origin of the pla-
teau, we performed a thickness-dependent study. The sample was 
successively polished to 150 and 120 μm. Above 200 K, the resistivity 
is essentially independent of thickness, which is a clear indication of 
bulk transport (Fig. 1D). In contrast, at low temperatures, the resis-
tivity markedly decreases as the thickness is reduced. This reduction 
suggests that the resistance no longer scales linearly with thickness, a 
clear sign of surface charge transport.

To more accurately determine the bulk and surface transport co-
efficients, we use a nonlocal transport measurement, with the in-
verted resistance setup (60). The inverted transport measurement 
makes use of the Corbino disk geometry depicted in Fig. 3A, where 
electrode 2 acts as a two-dimensional Faraday cage for the surface 
area enclosed by this electrode. This technique has been reliably used 
to decouple the surface and the bulk conduction channels of SmB6 
and other strongly correlated insulators (61, 62). Within this setup, 
we can measure two distinct four-terminal resistances: R12;12 and 
R12;34, where the first pair of indices denotes the current-carrying 
electrodes, and the second pair represents the voltage-measuring 
electrodes. For bulk-dominated transport, both R12;12 and R12;34 are 
proportional to the bulk resistivity. Conversely, in the scenario 
where surface transport dominates, R12;12 and R12;34 will show dis-
tinctly different dependencies on surface and bulk resistivity. This 
distinction arises because, when current is introduced between elec-
trodes (1) and (2), charge carriers traverse parallel paths from 1→ 2 
and 1→ 3→ 4→ 2, leveraging the enhanced conductivity of the 
surface. Therefore, in cases of surface-dominant transport, R12;12 is 
directly proportional to the surface resistivity (i.e., R12;12 ∝ ρs), while 
R12;34 receives mixed contributions from both bulk and surface re-
sistivity and exhibits a scaling behavior characterized by an inverse-
gap dependence, (i.e., R12;34 = Ct

ρ2
s

ρb
∝ Exp

[

−
Δ

kB T

]

) (60), where C is 
a constant, t is the sample thickness, ρs is the surface resistivity, 
ρb is the bulk resistivity, Δ is the energy gap, kB is the Boltzmann 

A B C

Fig. 2. Resonant enhanced ARPES. (A) The intensity map of energy versus angle for the resonant condition of 98 eV. (B) The off-resonant condition, with a photon 
energy of 92 eV. (C) The integrated EDC of the resonant and off-resonant conditions, demonstrating f-band weight near EF. All data were taken at 6 K. A.U., arbitrary units.
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constant, and T  is the temperature. The inverse-gap behavior is 
explained in more details in the Supplementary Materials.

Multiple U3Bi4Ni3 samples were polished to a thickness ranging 
between 130 and 210 μm, and the Corbino disk electrodes were pat-
terned on the top and bottom faces. Here, we present two Corbino 
disk samples in Fig. 3, which have been measured in the R12;12 and 
R12;34 configurations. The R12;12 configuration has similar behavior 
to ρxx(T) but only saturates at R(5K)∕R(400K) ≈ 10 (Fig. 3, B and 
C). When measured in the R12;34 configuration, the peak values 
reaches roughly 10 before the insulator-metal crossover. To compare 
the activated scaling, Arrhenius fittings were applied between 200 
and 300 K, revealing a gap ranging from 78.8 to 82.8 meV and 
56.5 to 74.7 meV for R12;34 and R12;12, respectively. Below the surface 
state onset, R12;34 displays a dual inverse-gap behavior. The initial 
gap has values ranging from Δ1

low
= 17.7 to 39.3 meV and transi-

tions to a much smaller gap of Δ2
low

= 2.4 to 3.1 meV. At low tem-
peratures, sample 1 (S1) has a rise in R12;34 around 25 K. The variety 
of these surface transport features demonstrates the robust nature of 
the surface state to carrier doping and impurities that characterize 
the sample variation.

The use of finite element analysis (FEA) allows the separation of 
the bulk and surface transport properties. We conducted simula-
tions of the charge transport using a geometry that mirrors the 
experimental setup. By using the bulk resistivity (ρb) and surface 
conductivity (σs) as fitting parameters, we compare the simulated 
outcome with the experimental values of R12;12 and R12;34. This 
allowed us to extract the fitted values of ρb and σs at varying tem-
peratures. The results of these fittings are displayed in Fig. 3 (D to 
I). The bulk resistivity of S1 is plotted versus T−1 in Fig. 3D, which 
shows an activation gap of 97.4 meV above 150 K and a much 
smaller activation gap of 3.2 meV below TK = 100 K. As the tem-
perature drops below 30 K, ρb saturates, likely due to the contribu-
tion of an impurity band or other in-gap state at low temperatures. 
The surface conductivity of S1 markedly increases from 250 K and 
exhibits nearly temperature-independent behavior below 150 K. 
The ratio of σb∗t/σs reaches unity at 150 K, marking a crossover in 
the transport properties, which is just below the peak in R12;34 at 
180 K (Fig. 3F). At the lowest temperature, σs is roughly five times 
larger than the bulk, which is remarkable for a bulk thickness 
of t = 210 μm.
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Fig. 3. Corbino disk and FEA. (A) The measurement geometry of the Corbino disk, shown from the top and cross-sectional side views. (B and C) Corbino disk samples 1 
and 2 measured in the R12;12 and R12;34 configurations. (D and E) Using FEA to simulate the transport of S1, the bulk resistivity is plotted in (D), with the bulk conductivity 
in the inset, and the surface conductivity is displayed in (E). (F) The ratio of the bulk and surface conductivity, with t = 210 μm. (G to I) The FEA results for sample 2, with a 
thickness of 130 μm, presented below the surface state onset.
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The sample variation of the surface state is highlighted in the FEA 
of Corbino disk S2. The low-temperature bulk gap is comparable at 
Δ = 4.2 meV, but σb continues to decrease with temperature (Fig. 
3G). Likewise, σs keeps increasing below 120 K rather than reaching 
a temperature-independent value (Fig. 3H). Because of the large 
conductivity of the bulk, the ratio of σb∗t/σs does not reach unity 
until 50 K (Fig. 3I). However, at base temperature, surface conduc-
tivity reaches 10 times that of the bulk.

DISCUSSION
Our discovery of a metallic surface state in U3Bi4Ni3 is particularly 
important because, to our knowledge, it is one of only a few examples 
of such a state in Kondo insulators, with similar behavior observed in 
both SmB6 and YbB12. All three materials exhibit similar electron 
transport characteristics: activated behavior at high temperatures 
and resistivity saturation at low temperatures, although the bulk 
resistivity of SmB6 is a few orders of magnitude higher than that of 
U3Bi4Ni3 (61, 62). What makes U3Bi4Ni3 more intriguing is that its 
surface state emerges at a much higher temperature. The similarities 
and differences between U3Bi4Ni3 and these well-studied Kondo in-
sulators may shed light on the mechanisms underlying metallic sur-
face states in these materials.

One key similarity across these materials is the exceptional ro-
bustness of the surface state. In our study, surface-dominated trans-
port has been universally observed across all samples and surfaces of 
U3Bi4Ni3, suggesting that the surface state is exceptionally robust 
and unaffected by surface conditions and impurities, similar to SmB6 
(61, 62). This robustness is further emphasized by the fact that the 
surface state of U3Bi4Ni3 remains dominant over a wide temperature 
range, achieving conductivity levels one order of magnitude higher 
than the bulk, despite variations in bulk conductivity that may in-
dicate the presence of impurity bands in the bulk. This resilience is 
notable, especially considering that the surfaces have been exposed 
to air and contaminants during the polishing process.

This behavior is reminiscent of SmB6, where nonstoichiometri-
cally grown samples exhibit flattening of inverted resistance at low 
temperatures due to bulk impurities (61). However, in both materi-
als, the surface state remains dominant, indicating a level of resil-
ience that is unusual for trivial surface states, which typically lack 
such robustness and may arise only under specific conditions. This 
resilience suggests that the surface states in U3Bi4Ni3, like those in 
SmB6, may be inherently protected. Among the known mecha-
nisms for robust surface states, topological band inversion stands 
out as the most plausible origin for such persistent surface conduc-
tivity. However, because of Kondo hybridization, simple density 
functional theory + U calculations may not be able to capture the 
electronic structure of U3Bi4Ni3 (see the Supplementary Materi-
als). In addition, unlike SmB6 and YbB12, which have inversion 
symmetry and thus enable a straightforward determination of 
band topology at high-symmetry points without any detailed 
knowledge of the bands (63), U3Bi4Ni3 lacks inversion symmetry. 
As a result, establishing its topological index requires a detailed 
understanding of the Bloch states throughout the entire Brillouin 
zone. This heightened sensitivity means that even minor inaccura-
cies in the calculated band structure can lead to incorrect conclu-
sions about its topological nature. More advanced methods, such 
as dynamical mean-field theory, are needed to fully understand the 
topology of U3Bi4Ni3.

Despite these similarities, there are notable differences in the 
energy scales at which these surface states emerge, when comparing 
U3Bi4Ni3 with SmB6 and YbB12. In SmB6, the onset of Kondo hybrid-
ization begins at 60 to 90 K, and the full coherence is established 
below 30 to 40 K (47, 48). The surface state, emerging at 4 K, arises 
from the Kondo ground state (64, 65). Similarly, YbB12 has a Kondo 
temperature of 200 K (49, 66), but the resistivity saturation does not 
happens until below 2 K (8). In contrast, the surface state of U3Bi4Ni3 
appears above the Kondo temperature: The emergence of the surface 
state has a concrete temperature scale between 200 and 250 K, while 
the Kondo energy scale is set at around TK = 100 K.

The observation of a surface state emerging at temperatures above 
the Kondo temperature raises important questions about the origin 
of the surface state in U3Bi4Ni3. One possibility is that a robust, pro-
tected surface state already exists at high temperatures, potentially 
associated with a topological gap. Upon cooling through the Kondo 
temperature, the gap is renormalized and reduced in size, but the 
fundamental nature of the surface state remains unchanged. This 
interpretation is supported by the absence of gap closure throughout 
the entire temperature range, suggesting that the topology remains 
consistent through the Kondo coherence process, as a change in 
topology would typically require the closing and reopening of a gap. 
The dual-gap features observed in both standard and inverted resis-
tance transport, as well as in the bulk conductivity revealed through 
FEA, are also consistent with the gap renormalization by the Kondo 
hybridization. In this scenario, there is a crossover between a topo-
logical insulator (TI) and a Kondo topological insulator (KTI), which 
are smoothly connected without any phase boundary. One phase 
containing both a TI region and a KTI region, and a adiabatic conti-
nuity between the two regions is an interesting theory conjecture that 
requires further investigated in the future. An important question is 
whether the Kondo mechanism can still operate within an insulating 
phase. In principle, Kondo physics relies on hybridization between 
conduction and localized electrons, which typically requires a well-
defined Fermi surface. However, this apparent contradiction can be 
reconciled if we consider a strongly correlated insulating state. At 
high temperatures, strong localization mechanisms dominate, sup-
pressing electron mobility. As the temperature decreases, electron 
coherence improves, allowing some electrons to become sufficiently 
delocalized to screen local moments. In this way, Kondo behavior 
can emerge even within an ostensibly insulating phase.

Alternatively, the surface state observed at high temperatures 
might not be due to a topological gap but instead arise from a trivial 
origin, only becoming protected as the material transitions into the 
Kondo insulator state upon cooling. Our data do not provide defini-
tive answers to distinguish between the two, and further investiga-
tion is needed to determine which mechanism—or combination of 
mechanisms—best explains the metallic surface state in U3Bi4Ni3. 
Regardless, this behavior highlights the intricate relationship be-
tween Kondo physics and surface states, making U3Bi4Ni3 an impor-
tant system for understanding the fundamental physics governing 
metallic surface states in strongly correlated materials.

Regardless of their precise nature, the surface states observed in 
U3Bi4Ni3 present an example of a robust, two-dimesional (2D) elec-
tron gas system. The interplay of Kondo physics within these 2D sur-
face states introduces strong electron correlations and pronounced 
spin-orbit coupling, which is anticipated to exceed that of other well-
studied 2D gases, such as semiconductor interfaces, graphene, and 
transition metal dichalcogenides. Moreover, these surface states 
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exhibit high conductivity and mobility, with sheet conductivity at 
5 K reaching 0.1 to 0.5 ohm−1, an order of magnitude higher than 
that of SmB6 (0.02 ohm−1) (61) and FeSi (0.01 ohm−1) (62) and com-
parable to Bi2Se3 (67). The unique combination of strong correla-
tions, enhanced spin-orbit coupling, and high mobility in this 2D 
system makes the surface states of U3Bi4Ni3 particularly worthy of 
further investigation, as they could provide valuable insights into the 
complex interplay of these ingredients and potentially lead to the 
discovery of emergent quantum phenomena.

Our transport measurements and FEA analysis establish U3Bi4Ni3 
as a Kondo insulator with a robust metallic surface state, one of the 
only known examples besides SmB6 and YbB12. Notably, the surface 
state in U3Bi4Ni3 emerges at a much higher temperature, above the 
Kondo temperature, which calls for further investigation to under-
stand the origin of this phenomenon. This distinction may provide 
insights into the mechanism behind the surface states in Kondo in-
sulators. Furthermore, the unique combination of high conductivity, 
mobility, and strong correlations observed in this system may give 
rise to emergent quantum phenomena, highlighting its importance 
for deepening our understanding of strongly correlated surface states 
in Kondo insulators.

METHODS
Sample synthesis
Single crystals of U3Bi4Ni3 were prepared using the molten metal 
Flux method, with Bi as the solvent. Following the reported pro-
cedure (43), the raw elements were prepared in molar ratios of 
U:Bi:Ni  =  1:10:2 and placed into an alumina crucible, which was 
sealed in a quartz tube with argon gas at 0.265 atm. The furnace was 
heated to 1150°C and then cooled to a temperature of 650°C at 5°C/
hour. To separate the crystals from the Bi Flux,the quartz tube was 
then taken out of the furnace at 650°C and quickly inverted and 
placed into a centrifuge for 10 s. The U3Bi4Ni3 single crystals were 
confirmed with powder x-ray diffraction (Cu-Kα) with a Rigaku 
MiniFlex. Energy-dispersive x-ray spectroscopy measurements were 
performed using a Thermo Fisher Scientific Quattro environmental 
scanning electron microscope.

Sample preparation and measurement
The samples prepared for resistivity measurements by polishing to a 
thickness of 100 to 200 μm and Pt wire were attached using silver 
epoxy. A Hall bar is prepared with a standard four-wire measure-
ment, through a pair of Hall contacts inserted between the voltage 
leads. The Corbino disk geometry is prepared by drawing a ring of 
photoresist on the sample face and around the sample edge, to pre-
vent from shorting the top and bottom surfaces. A gold sputter de-
position of 50 nm forms an inner and outer electrode. This process 
is repeated on the bottom surface, to form another pair of electrodes. 
Electronic transport, specific heat, and magnetization measure-
ments were performed in the Quantum Design Physical Property 
Measurement System using the resistivity, specific heat, and vibrat-
ing sample magnetometer options.

Finite element analysis
We studied the dependence of R12;12 and R12;34 on the bulk to sur-
face conductivity ratio by performing FEA using the COMSOL 
MULTIPHYSICS AC/DC module. We used electric currents and 
electric currents in layered shells interfaces of the AC/DC module to 

build the bulk and surface conducting channels, respectively. We used 
the same dimensions as the experimental samples in our simulation. In 
COMSOL, we can measure the value of R12;12 and R12;34 for a spe-

cific value of the bulk to surface conductivity ratio 
(

σbt

σs

)

 used in 
simulation. By varying the bulk to surface conductivity ratios used 
in the simulation, we get two curves: Rs

12;12

(

σbt

σs

)

 and Rs
12;34

(

σbt

σs

)

, 
where the superscript “s” represent simulation. On the other hand, 
we obtained Re

12;12
(T) and Re

12;34
(T) from experiment measurement, 

where the superscript “e” represent experiment. We fit the 
Rs
12;12

Rs
12;34

(

σbt

σs

)

 

from simulation and 
Re
12;12

Re
12;34

(T) from experiment to get σbt
σs
(T), which is 

shown in Fig. 3 (F and I). Because in simulation we know the value 
of σs used, we also have the curve of Rs

12;12
σs

(

σbt

σs

)

. Plugging in 
σbt

σs
(T), we get Rs

12;12
σs(T). Then assume Rs

12;12
= Re

12;12
 and plug in 

Re
12;12

(T), we get σs(T), which is shown in Fig. 3 (E and H). In prin-
ciple, we can also get σs(T) using Rs

12;34
σs

(

σbt

σs

)

. Both ways gave the 
same σs(T), which we verified numerically. Plugging in σs(T) to 
σbt

σs
(T), we get σb(T), which are shown in Fig. 3 (D and G).

ARPES measurement
ARPES measurements were performed at beamline I05 of the Dia-
mond Light Source. The angle resolution was ≤0.2°, and the overall 
energy resolution was set ≤25 meV. The 98- and 92-eV photon 
energy were used to examine the difference between measurements 
performed on- and off-resonance at the uranium O edge. The fresh 
surfaces for ARPES measurement were obtained by cleaving the 
samples in situ in the measurement chamber. During the measure-
ments, the chamber pressure was kept below 2 × 10−10 mbar, and the 
sample temperature was 6 K.

Density functional theory
Electronic structures are calculated with the density functional the-
ory as implemented in the Vienna Ab initio Simulation Package (68), 
combining the Perdew-Burke-Ernzerhof–type generalized gradient 
approximation (69) for the exchange-correlation interaction be-
tween electrons. The experimental crystal structure is used. A cutoff 
energy for the plane-wave basis set is 350 eV. The k-mesh grid for the 
Brillouin zone is 8 × 8 × 8. The Hubbard U correction for both the 
Ni d (Ud = 0, 2, and 4 eV) and U f (Uf = 0, 2, 4, and 6 eV) orbitals is 
used. Spin-orbital coupling is included throughout. The wannier90 
software (70) interface is used to obtain the Wannier Hamiltonian 
for Wannier charge center calculations.

Supplementary Materials
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Supplementary Text
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Figs. S1 to S8
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