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Samarium hexaboride (SmB6) is controversial

SmB6 timeline:
1955 - 2010 — Impurity states vs surface states
2010 - 2020 — Topological or not? 
2015 - 2023 — Insulating or not? Image credit: Quanta Magazine
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(1) Dirac fermions 410 times 
heavier than a bare electron!

(2) Metallicity in an 
insulator!

Pirie et al., Nat. Phys. 16, 52 (2020)
Matt et al., Phys. Rev. B 101, 085142 (2020)

Outline

(3) Breakdown of topological 
protection!

Pirie et al., Science 379, 1214 (2023)
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SmB6 is a high-temperature metal
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Low-T conductivity dominated by surface 
Kim et al., Nat. Mater. 13, 446 (2014)

Syers, PRL 114, 096601 (2015)
Syers et al., Phys. Rev. Lett. 114, 096601 (2015)
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Low-T conductivity dominated by surface 
Kim et al., Nat. Mater. 13, 446 (2014)

Syers, PRL 114, 096601 (2015)

T < TK

Local 4f moments 
+ Itinerant 5d electrons

Dzero et al., Phys. Rev. Lett. (2010)
Takimoto et al., JSPJ (2011)
Lu et al., Phys. Rev. Lett. (2013)

Prediction: Strong topological insulator

Kondo 
insulator? Metal



Low-T conductivity dominated by surface 
Transport—can’t measure velocity! 

Zhang et al, PRX 3, 011011 (2013)
Wolgast et al, PRB 88, 180405 (2013)
Kim et al, Nat Mat 13, 3913 (2014)
Luo et al, PRB 91, 075130 (2014)
Syers et al, PRL 114, 096601 (2015)
…

Photoemission (ARPES)—10x too fast!
Miyazaki et al, PRB 86, 075105 (2012) 
Xu et al, PRB 88, 121102 (2013)
Jiang et al, Nat Com 4, 3010 (2013)
Neupane et al, Nat Com 4, 2991 (2013)
Denlinger et al, arXiv:1312.6637 (2013)
Suga et al, JPSJ 83, 014705 (2014)
Xu et al, Nat Com 5, 5566 (2014)
…

Quantum oscillations (dHvA)—100x too 
fast! 

Li et al, Science 346, 6214 (2014)
Dzero et al., Phys. Rev. Lett. (2010)
Takimoto et al., JSPJ (2011)
Lu et al., Phys. Rev. Lett. (2013)

Syers, PRL 114, 096601 (2015)
Syers et al., Phys. Rev. Lett. 114, 096601 (2015)

Kim et al., Nat. Mater. 13, 446 (2014)

Prediction: Strong topological insulator

Kondo 
insulator? Metal
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full	Sm	termination:
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Simulated APRES has light surface states

Simulation

Matt et al., Phys. Rev. B  101, 085142 (2020)



Largest uniform, ordered  
termination ever reported. 

Typical ARPES spot size

1 µm

Sm:	+2 B6:	-2

full	Sm	termination:
polar	surface

e
Polar surface

½		Sm	termination:
non-polar	surfaceNon polar

OR

Sm:	+2 B6:	-2

full	Sm	termination:
polar	surface

ARPES consistent with polar surfaces

Simulation

Jiang et al., Nat. Commun. 4, 3010 (2013)

Experiment

Matt et al., Phys. Rev. B  101, 085142 (2020)



dHvA measures light Dirac fermions?
Li et al., Science. 346, 1208 (2014)



dHvA measures aluminum inclusions?

This SmB6 is grown 
with aluminum flux

Thomas et al., Phys. Rev. Lett. 122, 166401 (2019) Li et al., Science. 346, 1208 (2014)



Requirements to image heavy Dirac states

⦿ Small polar and non-polar terminations
→ Need nanometer spatial resolution  

⦿ Gap and most of the surface state is above EF

→ Need to access both filled & empty states 

⦿ Heavy fermion bands are extremely flat
→ Need sub-meV energy resolution  

⦿ Heavy fermions are deeply entangled
→ Need real & momentum space imaging

½		Sm	termination:
non-polar	surfaceNon polar Non polar

Scanning tunneling microscopy
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Heavy Dirac states visible in raw data
Pirie et al., Nat. Phys. 16, 52 (2020)



Heavy Dirac states visible in raw data
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m* = pF/vF = 410 me

Predicted velocity: 16 meV•ÅMeasured velocity: 7.6 ± 0.3 meV•ÅPirie et al., Nat. Phys. 16, 52 (2020)
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dHvA measures aluminum inclusions?

This SmB6 is grown 
with aluminum flux

Thomas et al., Phys. Rev. Lett. 122, 166401 (2019) Li et al., Science. 346, 1208 (2014)

*This is only half of the story…



This SmB6 is grown 
with aluminum flux

dHvA without aluminum inclusions!
Thomas et al., Phys. Rev. Lett. 122, 166401 (2019)

This SmB6 is grown 
using floating zone 
technique (typically 
introduces ~0.1% 
Sm vacancies)

Hartstein et al., Phys. Rev. Lett. 14, 166 (2018)Tan et al., Science 349, 287 (2015)

Li et al., Science. 346, 1208 (2014)



This SmB6 is grown 
with aluminum flux

dHvA without aluminum inclusions!
Thomas et al., Phys. Rev. Lett. 122, 166401 (2019)

This SmB6 is grown 
using floating zone 
technique (typically 
introduces ~0.1% 
Sm vacancies)

Hartstein et al., Phys. Rev. Lett. 14, 166 (2018)

Angular dependence of dHvA 
implies a 3D Fermi surface

Tan et al., Science 349, 287 (2015)



But SmB6 is an excellent insulator!

Eo et al., Proc. Nat. Acad. Sci. 116, 26 (2019)

Inverted Corbino transport
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Remnant metallicity in floating-zone SmB6

Flachbart et al., Physica B. 378, 610 (2006)
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Hartstein et al., Phys. Rev. Lett. 14, 166 (2018)

Laurita et al., Phys. Rev. B 122, 165154 (2016)

Low temperature specific heat AC optical conductivity

Millichamp et al., arXiv 2011.07727 (2021)

Compton scattering

Looks like SmB6 at 
high temperature

20 K

1.6 K



Is the origin intrinsic or extrinsic?

Time



Time

Is the origin intrinsic or extrinsic?

We will answer this question experimentally:
Question: Is there microscopic evidence of light electrons?



Are Kondo holes the culprit? 

Kondo hole

Kondo singlet



Punching a hole in a Kondo lattice

Itinerant conduction electrons

Local f  moments Kondo hole



Kondo holes redistribute the screening cloud
Kondo hole

Itinerant conduction electrons

Local f  moments



Kondo hole
Δnc

Kondo holes modulate the local charge density 



Kondo holes modulate the interaction strength
Kondo holeΔV

Already observed in URu2Si2



Kondo holes modulate magnetic susceptibility
Kondo holeΔχm
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How can we measure them? 
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2π/kF

Heavy fermion

X
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Fermi surfaceScanning tunneling microscopy:
✅ < nm spatial resolution
✅ < mV energy resolution
✅ ~ K temperature
❌ Charge probe

STM could work, but needs charge sensitivity 
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What happens when we add charge?

Eric
Mascot

Dirk
Morr

Adding charge cannot 
change the number of f 
electrons, nf
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kF
c εf (k) 

Adding charge adjusts the energy position of εf

nf  =
integrated 
f  orbital 

character
= 1

Eric
Mascot

Dirk
Morr

Heavy fermion band structure

Adding charge cannot 
change the number of f 
electrons, nf



The Kondo resonance is a charge sensor

kF
c εf (k) 

nf  =
integrated 
f  orbital 

character
= 1

Eric
Mascot

Dirk
Morr

Heavy fermion band structure

Adding charge cannot 
change the number of f 
electrons, nf



How to image the small Δ εf shifts?
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εf 
(1) Δεf  moves dI/dV peak position

Adding charge cannot 
change the number of f 
electrons, nf

Calculation 0.04

0.11
n c
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R (r,V) = I (r,+V) 
I (r,–V) 

0.04

0.11

n c
 (e

/s
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)

The Δ εf shifts are magnified in R(r, V)

R
(r

,V
) Rectification:

(2) Changes I(+V) compared to I(–V)



Test case: URu2Si2
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Heavy fermions at T < 16K
URu2Si2



Kondo resonance appears as Fano-like dI/dV
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URu2Si2
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εf shifts energy position around Th dopants
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0 pm 90 pm
Topography

εf  moves position…  
Measured at T = 5.9 K



These εf  shifts are amplified in R(r, V)
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R(r, V) reveals itinerant charge



Does this work in SmB6?



SmB6 has heavy Dirac fermions on surface
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Fe dopants and Sm vacancies replace f moments
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Measured εf around dopants
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Low High

Charge oscillations come from light electrons
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Time

Is the origin intrinsic or extrinsic?

We will answer this question experimentally:
Question: Is there microscopic evidence of light electrons?
Answer: Yes, light electrons are released by Kondo holes
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Time

Is the origin intrinsic or extrinsic?

We will answer this question experimentally:
Question: Is there microscopic evidence of light electrons?
Answer: Yes, light electrons are released by Kondo holes

Question: Do the metallic puddles have a finite magnetic susceptibility?



Topological states are a magnetic probe

Jäck et al., Proc. Natl. Acad. Sci. U.S.A. 117, 1621 (2020)

Fe 

cluster



Which defects backscatter Dirac fermions?
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Which defects backscatter Dirac fermions?



Heavy Dirac fermions are visible in raw dI/dV
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Imaging backscattering centres

Low High
Backscattering 

Low High
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Inverse Fourier transform at q = 2kyss

–2.5 mV



Kondo holes backscatter heavy Dirac fermions

Low High
Backscattering 

Low High
dI/dV (qy)

2kyss

Inverse Fourier transform at q = 2kyss

–2.5 mV



Time

Is the origin intrinsic or extrinsic?

We will answer this question experimentally:
Question: Is there microscopic evidence of light electrons?
Answer: Yes, light electrons are released by Kondo holes

Question: Do the metallic puddles have a finite magnetic susceptibility?

Answer: Yes, Kondo holes magnetically scatter Dirac fermions 
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