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R
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andidate m

aterials?

•
M

ixed-valence system
s are ideal candidates!

•
S

m
B

6 is currently the m
ost popular candidate correlated 

topological insulator.
D
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H
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R
est of this talk:  1) O

verview
 of the experim

ental puzzles.
2) Theory of em

ergent neutral Ferm
i surfaces 

in a
three dim

ensionalm
ixed-valence 

insulator (in the bulk).
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S
m

B
6 : A classic m

ixed valence insulator

•
S

im
ple cubic structure. M

obile
d-electrons and

strongly correlated
f-

electrons w
ith strong spin-orbit coupling. 

•
The valence of S

m
 fluctuates betw

een S
m

2+and S
m

3+.
S

m
2+: 4f 6(com

pletely filled
crystal field split J=5/2 shell) 

S
m

3+: 4f 55d
1(one m

obile
d-electron and one f-hole)

•
A

 bulk
electrical insulator. R

esistivity saturates
at low

 tem
peratures 

due to m
etallic surface. (M

aybe  topological?) 

•
M

any unusual features in the bulk! (In-gap states?)

M
ott, 1974; V

arm
a 1976

M
enth, B

uehler, G
eballe, 1969A

llen, B
atlogg, W

achter, 1979

C
hazalvielet al., 1976

W
olgastet al., 2013; Zhang et al., 2013



•
M

any low
-tem

perature anom
alies:

Linear in T specific heat from
 bulk states.

S
ub-gap optical absorption.

•
N

M
R

relaxation 

(Field induced) therm
al conductivity*

S
m

B
6 : A classic m

ixed valence insulator

* N
ot present universally 

V
. M

itrovic
et al., unpublished; T. C

aldw
ell et al., 2007

N
.J. Laurita et al., 2016

Flachbartet al., 2006; P
helan et al., 2014; W

akeham
et al., 2016

M
. H

artstein, S
. S

ebastian et al., unpublished

Y. X
u et al., 2016



•
O

scillations from
 tw

o-dim
ensional m

etallic surface 
states?

•
S

een in m
agnetization

but not in resistivity.

•
S

harp (sm
all) frequencies.

Q
uantum

 oscillations in Sm
B

6

G
. Li et al., S

cience 2014; D
enlingeret al., 2016



Q
uantum

 oscillations in Sm
B

6

•
Q

uantum
 oscillations in m

agnetization (but not 
in resistivity).

•
S

harp frequencies.

•
N

ew
 high frequency oscillations (sim

ilar to 
observations in other m

etallic hexaborides).

•
A

ngular dependence?

•
Low

 tem
perature enhancem

ent and
deviation 

from
 Lifshitz-K

osevich
behavior.

•
R

adical proposal: O
scillations arising from

 the 
bulk in-gap states!B

. Tan et al., S
cience 2014; H

artstein, S
ebastian et al., unpublished



•
Is there a Ferm

i-surface
of neutral Ferm

ions
in three dim

ensions 
that is consistent w

ith all of these experim
ental observations

(and 
related theoretical considerations)? 

•
A

 standard exam
ple: spinon

Ferm
i-surface coupled to

U
(1) gauge 

field. R
elevant for organics. 

•
W

hat is the m
icroscopic origin ofthe neutral ferm

ion? H
ow

 can 
one stabilize a phase w

ith Ferm
i-surface of neutral ferm

ions in a 
m

ixed-valence insulator?

Exotic bulk in Sm
B

6 ?M
otrunich, 2005; Lee, Lee 2005

Yam
ashita et al., 2008; Yam

ashita et al., 2010
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•
Fractionalize the f-hole into:
H

olon (b) –
spinless

B
oson that carries physicalcharge e

S
pinon

(χ)–
spin ½

 Ferm
ion that is electrically neutral

•
S

pinon
and holon

coupled to em
ergent U

(1) gauge-field, 
a.

•
E

lectrical insulator w
hen holon

is gapped (               ). 
D

ensity of doped holes, aw
ay from

 4f 6configuration, is x 
( 

).

•
A

t large U
df , C

oulom
b attraction betw

een
holons

and
conduction electrons m

ay lead to form
ation* of excitons: 

charge neutral ferm
ions carrying

spin ½
 . 

Ferm
ionic C

om
posite E

xcitons

C
how

dhury, S
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ann, S
enthil, 2017

* 1) Sim
ilar to “m

olecular ferm
ion” in Bose-Ferm

i 
m

ixtures (w
ithout gauge-field).

2) Ferm
ionic excitons

in m
ulticom

ponent Q
H

system
s (B

arkeshliet al., 2016).



•
Low

 energy degrees of freedom
 : com

posite 
excitons

and
spinons

m
inim

ally coupled to U
(1) 

gauge-field. (d-electrons and holons
are gapped; 

electrical insulator)

•
D

ensity of excitons
= D

ensity of spinons
= 

D
ensity of d-electrons

•
E

ffective H
am

iltonian:

•
In addition, there is a strong on-site repulsion for 
the fC

E
. 

•
A

 possible ground state : C
om

pensated sem
i-

”m
etal” of fC

E
.

E
ffective m

odel in the strong-binding lim
it

kΨχ

C
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•
S

pecific heat :

•
N

M
R

 relaxation rate:

•
O

ptical conductivity:                        (α
= 5/3 or2 depending on im

purity 
m

ean-free path)

•
Therm

al conductivity: 

P
henom

enology of Ferm
ionic C

E liquids

C
how
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N
g, Lee, 2007

K
atsura, N

agaosa, Lee, 2010



•
E

xternal m
agnetic field induces an

internal m
agnetic field.

•
G

apped holon
(charged under external and internal gauge-fields) responds to

external field and sets up currents that induce an
internal m

agnetic field.

•
N

eutral fC
E

experience
internal m

agnetic field and can exhibit Landau 
quantization.

•
E

nergy follow
s from

 gauge-invariance

•
Frequency of oscillations

Effects of m
agnetic fields?

H
ard to com

pute α
but expected to 

approach 1 close to m
etal-insulator 

transition. 

S
odem

ann, C
how

dhury, S
enthil, to appear

M
otrunich, 06

B
b



•
G

apless ferm
ionic excitations in a m

ixed-valence insulator?

•
Theoretical description of a new

 phase in m
ixed-valence 

insulators.
Low

 energy excitations: FE
R

M
IO

N
IC

 C
O

M
P

O
S

ITE
 E

XC
ITO

N
S 

(B
ound state of holon

and
conduction electron).

•
Im

m
ediate consequence: W

eak field therm
al H

all effect. 

•
O

ther correlated m
ixed-valence insulators (e.g. YbB

12 ) likely 
display sim

ilar phenom
enology!

O
utlook


