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Samarium hexaboride (SmBs) is controversial

SmBe timeline: '
1955 - 2010 — Impurity states vs su
2010 - 2020 — Topological or not?
2015 - 2023 — Insulating or not?

Image credit: Quanta Magazine



Outline

(1) Dirac fermions 410 times (2) Metallicity in an (3) Breakdown of topological
heavier than a bare electron! insulator! protection!

Pirie et al., Nat. Phys. 16, 52 (2020)

Matt et al., Phys. Rev. B101, 085142 (2020) ' ne etal,, Science 379, 1214 (2023)
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(1) Dirac fermions 410 times
heavier than a bare electron!
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SmBs is a high-temperature metal

Nat. Mater. 13, 446
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SmBs is a high-temperature metal
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SmBs is a high-temperature metal

Kim et al.,
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Bulk gap develops due to interactions

Kim et al., Nat. Mater. 13, 446 (2014
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Bulk gap develops due to interactions
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Low-T conductivity dominated by surface
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Low-T conductivity dominated by surface
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Low-T conductivity dominated by surface
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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)
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Xu et al, Nat Com 5, 5566 (2014)

Quantum oscillations (dHvA)—100x too
fast!

Li et al, Science 346, 6214 (2014)
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ARPES consistent with pg

Jiang et al., Nat. Commun. 4, 3010 (2013)
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dHvA measures light Dirac fermions?

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

HEAVY FERMIONS

Two-dimensional Fermi surfaces in
Kondo insulator SmBg

G. Li,' Z. Xiang,"? F. Yu,' T. Asaba,' B. Lawson," P. Cai,””” C. Tinsman,' A. Berkley,"
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dHVA measures aluminum inclusions?

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

Scanning tunneling microscopy

Non polar




Quasiparticle interference reveals E (k)

dE) = kiE) - ki(E)

di/dv
-

Low
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Heavy Dirac states visible in raw data

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

Pirie et al., Nat. Phys. 16, 52 (2020) Measured velocity: 7.6 + 0.3 meV-A Predicted velocity: 16 meV-A
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Outline

(1) Dirac fermions 410 times
heavier than a bare electron!

Pirie et al., Nat. Phys. 16, 52 (2020)
Matt et al., Phys. Rev. B101, 085142 (2020)



Outline

(2) Metallicity in an
insulator!
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Pirie et al., Science 379, 1214 (2023)



dHVA measures aluminum inclusions?

This SmBs is grown
with aluminum flux

Thomas et al., Phys. Rev. Lett. 122, 166401 (2019)

—— As grown - 21.6mg
—Polish 1 - 11.3mg
Polish 6 - 1.5mg

—

*This is only half of the story...

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

HEAVY FERMIONS

Two-dimensional Fermi surfaces in
Kondo insulator SmBg

G. Li,' Z. Xiang,"? F. Yu,' T. Asaba,' B. Lawson," P. Cai,””” C. Tinsman,' A. Berkley,"
S. Wolgast,' Y. S. Eo," Dae-Jeong Kim,* C. Kurdak,' J. W. Allen,' K. Sun,' X. H. Chen,?
Y. Y. Wang,? Z. Fisk,* Lu Li*

W o pocket m*=0.119 m_
® § pocket m*=0.129 m_
® ; pocket m*=0.192 m_

O
0

O
o

H=1832T

O
~

O
N

O
9
-
=
[
=
©
|_
LL
LL
-
0
N
©
=
—
O
Z

-




dHvVA without aluminum inclusions!

Thomas et al., Phys. Rev. Lett. 122, 166401 (2019) Li et al., Science. 346, 1208 (2014)
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dHvVA without aluminum inclusions!

Thomas et al., Phys. Rev. Lett. 122, 166401 (2019)
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But SmBg is an excellent insulator!

Inverted Corbino transport

How we discovered ‘impossible’
material that both conducts
electricity - and doesn’t

Published: July 10, 2015 2.17pm BST
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Remnant metallicity in floating-zone SmBs

Low temperature specific heat AC optical conductivity Compton scattering
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Is the origin intrinsic or extrinsic?

PRL 11§, 146401 (2015) PHY
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PHYSICAL REVIEW B 101, 094101 (2020)

(a)

Topological nonmagnetic impurity states in topological Kondo insulators

M. Abele, X. Yuan®, and P. S. Riseborough
Physics Department, Temple University, Philadelphia, Pennsylvania 19122, USA

M (Received 26 July 2019; accepted 18 February 2020; published 2 March 2020)

We examine the presence of nonmagnetic impurities in a hybridization gap model of a Kondo insulator which
has band inversion. The model has been used to predict that SmBg is a topological insulator. We show that there
are two types of nonmagnetic impurity states in a Kondo insulator. The type of states can be categorized as deep
impurity states, similar to the impurity states in an ordinary metal, and impurity states which have energies within
the hybridization gap. Unlike the deep impurity states which only form if the impurity potential exceeds a critical
value of the order of the conduction bandwidth, the in-gap impurity states form for exceptionally small values
of the impurity potential comparable to the hybridization gap. This result may explain why Kondo insulators are
found to be exceptionally sensitive to impurities. We show that these in-gap states are caused by band inversion
and have properties similar to those expected for impurities in a topological insulator.

A |

PHYSICAL REVIEW B 101, 245118 (2020)

Magnetic impurities in Kondo insulators: An application to samarium hexaboride

. . v m?
W. T. Fuhrman' and P. Nikoli¢ ©*'
'Institute for Quantum Matter at Johns Hopkins University, Baltimore, Maryland 21218, USA
2Department of Physics and Astronomy, George Mason University, Fairfax, Virginia 22030, USA

® (Received 7 November 2018; accepted 14 May 2020; published 3 June 2020)

Impurities and defects in Kondo insulators can have an unusual impact on dynamics that blends with effects
of intrinsic electron correlations. Such crystal imperfections are difficult to avoid, and their consequences
are incompletely understood. Here we study magnetic impurities in Kondo insulators via perturbation theory
of the s-d Kondo impurity model adapted to small-band-gap insulators. The calculated magnetization and
specific heat agree with recent thermodynamic measurements in samarium hexaboride (SmByg). This qualitative
agreement supports the physical picture of multichannel Kondo screening of local moments by electrons and
holes involving both intrinsic and impurity bands. Specific heat is thermally activated in zero field by Kondo

screening through subgap impurity bands and exhibits a characteristic upturn as the temperature is decreased.

In contrast, magnetization obtains a dominant quantum correction from partial screening by virtual particle-hole
pairs in intrinsic bands. We point out that magnetic impurities could impact de Haas-van Alphen quantum
oscillations in SmBy, through the effects of Landau quantization in intrinsic bands on the Kondo screening of

impurity moments.
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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?

week ending

PRL 107, 066401 (2011) PHYSICAL REVIEW LETTERS 5 AUGUST 2011

Defects in Heavy-Fermion Materials: Unveiling Strong Correlations in Real Space

Jeremy Figgins and Dirk K. Morr

Department of Physics, University of Illinois at Chicago, Chicago, Illinois 60607, USA
(Received 27 October 2010; published 2 August 2011)

Defects provide important insight into the complex electronic and magnetic structure of heavy-fermion
materials by inducing qualitatively different real-space perturbations in the electronic and magnetic
correlations of the system. These perturbations possess direct experimental signatures in the local density
of states, such as an impurity bound state, and the nonlocal spin susceptibility. Moreover, highly nonlinear
quantum interference between defect-induced perturbations can drive the system through a first-order
phase transition to a novel inhomogeneous ground state.
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Punching a hole in a Kondo lattice

Local f moments
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ltinerant conduction electrons

Kondo hole




Kondo holes redistribute the screening cloud

Local f moments
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Kondo holes modulate the local charge density

AN,

Kondo hole

}




Kondo holes modulate the interaction strength

INY, Kondo hole

Already observed in URu2Si2

How Kondo-holes create intense nanoscale
heavy-fermion hybridization disorder

p~ Mohammad H. Hamidian®>'!, Andrew R. Schmidt**<', Inés A. Firmo®®, Milan P. Allan®*?, Phelim Bradley®, Jim D. Garrett',
Travis J. Williams?, Graeme M. Luke®", Yonatan Dubi", Alexander V. Balatsky', and J. C. Davis*®*?

L

/

Contributed by J.C. Séamus Davis, September 13, 2011 (sent for review July 27, 2011)



Kondo holes modulate magnetic susceptibility
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Kondo holes reveal the itinerant electrons

AN,
A Kondo hole




How can we measure them?

AN,
A Kondo hole A

— 2n/ki* —>

Fermi surface

Experimental requirements:
< nm spatial resolution

< mV energy resolution
~ K temperature
Charge probe




STM could work, but needs charge sensitivity

AN,
A Kondo hole A

— 2n/ki* —>

Fermi surface

Scanning tunneling microscopy:
8 < nm spatial resolution

8 < mV energy resolution
B ~ K temperature
2 Charge probe




What happens when we add charge?

Adding charge cannot %? V4 %? V4 %? V4 %? V4 %? V4
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electrons, ns

Mascot Morr



What happens when we add charge?

Adding charge cannot %? V4 %‘f V4 %? V4 %‘f va %? V4
change the number of f V4 V4 Vi Vi Vi
¥ / ¥ / ¥ / ¥ / ¥ /

electrons, ns

Heavy fermion band structure

]
101X |
s . |
S KeS |
5 oY i
2 e S integrated
n .. | ns = f orbital =1
B | character

Eric
Mascot

Dirk
Morr




Adding charge adjusts the energy position of &

Adding charge cannot
change the number of f
electrons, ny

Mascot Morr

Heavy fermion band structure
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The Kondo resonance Is a charge sensor
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How to image the small A¢&r shifts?

Adding charge cannot ¥ g v ¥ g ¥ ¥ g v ¥ g ¥
change the number of f ¢€¢ )44; )41; ¢€¢

electrons, ns

Eric rk
Mascot Morr

(1) Aer moves dl/dV peak position
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The Aégr shifts are magnified in ~(r, V)

Adding charge cannot %? V4 %? V4 %? V4 %? V4 %? V4
change the number of f V4 Vi Vi Vi Vi
¥ / ¥ / ¥ / ¥ / ¥ /

electrons, ns

(1) Aer moves dl/dV peak position (2) Changes /(+V) compared to f(—)
N
1.5- ﬁ\\\\
N 011 Rectification:
= 2 ~(r,+V)
@ 1.0 I ?g R(r,V) = =V
-
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Test case: URuU-SI-

Heavy fermions at T < 16K

Energy (meV)

0.1 0.3 0.5
Momentum (n/a)



Kondo resonance appears as Fano-like di/dV

Topography
Heavy fermions at T < 16K Measured at T=5.9K 0 pm [ 40 pm
— f o *
g 50 - vf
S
T 40-

Energy (meV)

Bias (mV)

0.1 0.3 0.5
Momentum (r/a)



gr shifts energy position around Th dopants

Topography
Heavy fermions at T< 16K Measured at T=5.9 K Opm [ 90 pm
| &rmoves position... =2 nm '
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—~ O \
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0.1 0.3 0.5
Momentum (r/a)

Measured at T=59 K



These & shifts are amplified in ~(r, V)

R(r,V=-3 meV)
Heavy fermions at T < 16K Measured at T=5.9 K 0.8 [T 13
=2 NM

g moves position...

/ Th

1.2 ...varies R amplltude
>
= 1.0-
QC

0.1 0.3 0.5 0 8_10 -5 1()

Momentum (r/a) Bias (mV)

[(r,+V)
I(r’_V)

e
h —

(

Energy (meV)

R(r,V) =




R(r, V) reveals itinerant charge

R(r,V=-3 meV)
Heavy fermions at T < 16K Measured at T=5.9 K 0.8 [T 13

Energy (meV)

0.0 | |
0.1 0.3 0.5 0.0 0.2 0.4
Momentum (=/a) Momentum transfer (2x/a)
[(r,+V)
R(r,V) = ’
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Does this work iIn SmBsg?



SmBe has heavy

— KoNndo Insulator
- = Conduction band
— Surface states

Energy (meV)

Momentum

fermions on surface




Fe dopants and Sm vacancies replace f moments

Topography
O pm I:- 40 pm

— KoNndo Insulator
- = Conduction band
— Surface states

Energy (meV)

Momentum



Measured & around dopants

Topography

g moves position...

— KoNndo Insulator
- = Conduction band
— Surface states

Energy (meV)

Bias (mV)

Momentum



The g shifts are amplified in ~(r, V)
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Charge oscillations come from light electrons

| R(q, V=-5meV) |
Low I High

— KoNndo Insulator
- = Conduction band
— Surface states
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Momentum Momentum transfer (27/a)

(r,+V)
(r,—V)

R(r,V) = ;




Charge oscillations come from light electrons

| R(q, V=-5meV) |
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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



Outline

(2) Metallicity in an
insulator!

r *-/
‘ f

2 nm

Pirie et al., Science 379, 1214 (2023)



Outline

(1) Dirac fermions 410 times (2) Metallicity in an (3) Breakdown of topological
heavier than a bare electron! insulator! protection!

bl

Pirie et al., Nat. Phys. 16, 52 (2020)

Matt et al., Phys. Rev. 5101, 085142 (2020) ' " etal., Science 379, 1214 (2023)



Is the origin intrinsic or extrinsic?

We will answer this question experimentally:

Question: |s 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

Observation of backscattering induced by magnetism
In a topological edge state

Berthold Jick®*?®, Yonglong Xie®**®, B. Andrei Bernevig®®, and Ali Yazdani®®

dl/dV (nS) C FFT(a.u)

400 0.1 0.2 0.3 200 400 0.1 0.2 0.3
q (1/A) z (A) g (1/A)

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



Which defects backscatter Dirac fermions?

Height (nm)




Which defects backscatter Dirac fermions?

Height (nm)




Heavy Dirac fermions are visible in raw dli/dV

Height (nm) al/dV (qy)
Low Il | High




Imaging backscattering centres

Backscattering al/dVv (qy)
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Kondo holes backscatter heavy Dirac fermions

Backscattering al/dVv (qy)
Low [ High Low Il | High

"
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q, (2m/a)
4\/

Inverse Fourier transform at g = 2kyss




Is the origin intrinsic or extrinsic?

We will answer this question experimentally:

Question: |s 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



Conclusion

(1) Dirac fermions 410 times (2) Metallicity in an (3) Breakdown of topological
heavier than a bare electron! insulator! protection!

Pirie et al., Nat. Phys. 16, 52 (2020)

Matt et al., Phys. Rev. B101, 085142 (2020) ' ne etal,, Science 379, 1214 (2023)



