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Context – Two Pillars of Our 
Understanding of Quantum Mater 

“Anderson localization” implies no metals in 2D

Small Ginzburg parameter implies there are
no important superconducting fluctuations
in “conventional” superconductors

Both are seemingly wrong.



“Anderson localization” implies no metals in 2D?

Extended using perturbative RG analysis

Verified numerically for non-interacting
particles

No theoretical control in the presence of strong 
interactions or when kF l ~ 1. 

Even for weak interactions, there could be new effects
at scales EF >>> E >>> T*.
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Small Ginzburg parameter implies there are
no important superconducting fluctuations
in “conventional” superconductors

Onnes data on Hg

Matsuda data on Fe 122

MgB2



Small Ginzburg parameter implies there are
no important superconducting fluctuations
in “conventional” superconductors

“Fluctuation Superconductivity” of Aslamazov-Larkin 
and Maki-Thomson are small (Gaussian) corrections
to mean-field theory except in parametrically narrow
region around Tc.



Small Ginzburg parameter implies there are
no important superconducting fluctuations
in “conventional” superconductors

The case of the quantum transition is even worse:

There are no quantum critical fluctuations at all!

Interactions in other channels are “irrelevant.”



Quantum phase transitions from SC state to 
non-superconducting state

Varying gate voltage, magnetic field, film thickness …

Superconducting for x < xc

Non superconducting  for x >  xc

As T tend to zero,

Normal state characterized by Drude conductivity:
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The field driven transition



Magnetic Field Driven QSMT in aMoGe films

Ephron et al, PRL (1996)



Magnetic Field Driven QSMT in aMoGe films

Mason and Kapitulnik, PRL (1999)



Magnetic Field Driven QSMT a-TaNx and a-InOx films 

Breznay and Kapitulnik, Science Advances (2017)
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Figure 3. M agnetic field tuned phase transitions in 2D N bSe2. a) 2D color plotof sheetresistance vs. tem perature and perpendicular
m agnetic field.b)A rrhenius plotofresistance forseveralm agnetic fields show stherm ally activated regim e (black lines)and saturation atlow
tem peratures (colored lines).c)Energy barriervs.m agnetic field extracted from linearfitto activated region.Solid red line is em piricalfitto
form ula in inset.

nm ).H ow ever,this fitting has been previously found to over-
estim ate the true sam ple thickness in sufficiently thin system s
[28].

The superconducting phase transition in a 2D m aterialw ith
d < ⇠0 is understood to be of the B erezinskii-K osterlitz-
Thouless (B K T) type [29]. In this scenario, the low -
tem perature,zero-resistance phase consists of bound vortex-
antivortex pairs created by therm alfluctuations. U pon heat-
ing,the pairs dissociate and m ay m ove,inducing dissipation.
The B K T tem perature defines the vortex unbinding transition
and can be determ ined using current-voltage m easurem ents
as a function of tem perature T ,as show n in the m ain panel
ofFigure 2b.C urrentexcites free-m oving vortices,causing a
nonlinear voltage dependence: V ⇠ Ia(T ). A tTB K T ,a 2D
superconductor obeys the universalscaling relation,V ⇠ I3

(solid line in Fig. 2b)[29,30]. In the inset,w e plota vs. T ,
as determ ined by the slope of the different V − I traces in
log-log scale. A n exam ple guide-to-eye fitis m arked by the
dashed line in the m ain panel.W e determ ine TB K T = 5.01 K
from w here a = 3 interpolates, only slightly less than Tc as
defined above.Thisisconsistentw ith the behaviorofsystem s
w ith norm alstate resistance m uch less than h/(2e)2,w here
TB K T isexpected to be very close to the m ean-field transition
tem perature [31].

The m easurem ents perform ed above confirm that our de-
vice exhibits the characteristics ofa true 2D superconductor.
The extracted m aterialparam eters together w ith the low nor-
m alstate sheetresistance furtherplaces the high sam ple qual-
ity w ithin a previously unexplored regim e. W e nextturn to
the dependence ofresistance on perpendicular m agnetic field
asthe effectofvorticescan now be cleanly separated from the
low static disorderpresentin the sam ple.Show n in Figure 3a
is a 2D colorm ap ofthe four-term inalsheetresistance in the
sam e device as a function of both tem perature and m agnetic
field applied perpendicularto the layers.Forclarity,tem pera-

ture traces fordifferentfield levels are show n in an A rrhenius
plotin Figure 3b.Forfieldslargerthan H ?c2 ⇠ 3 T,the sam ple
is in the norm alstate foralltem peratures. Previous w orks on
strongly disordered film s observed a field-tuned transition to
an insulating state of bosons [5,6]; how ever,one m ightnot
expectinsulating behaviorforfinite sam ples ofa highly con-
ductive 2D system in the disorder-free lim it [10]. W e have
applied perpendicular fields as large as 14.5 T and still see
m etallic behaviorin the tem perature dependence (see Supple-
m entary Inform ation,Figure S1 m ain panel).

A sone low ers the field to justbelow H c2,a resistance drop
isobserved upon cooling from the norm alstate.In thisregion
ofthe H − T phase diagram ,the device exhibits activated be-
havior,as can been seen in the linear slope in the A rrhenius
plot(black lines in Fig. 3b). C lassically,dissipation in a su-
perconductorin w hich resistance is less than the norm alstate
value can be attributed to the m otion of individual vortices
(flux creep orflow )[27].In a clean 2D system ,w e expectthe
dom inantenergy barrier to flux m otion to be thatof vortex-
antivortex dissociation [32]. Flux resistance then becom es
therm ally activated w hen the tem perature is com parable to
the barrierenergy. W e have determ ined the activation energy
from the linearportion ofthe A rrhenius plotin Figure 3b for
differentm agnetic fields,and the resultisplotted in Figure 3c.
The functionalform isexpected to be U (H ) = U 0 ln(H 0/H ),
w here U 0 = Φ20d/(256⇡

3λ2),the vortex-antivortex binding
energy,and H 0 ⇠ H c2 [7,32]. A fitto this form yields U 0
= 27.5 K and H 0 = 2 T for our device. A ssum ing the m ag-
netic penetration depth λ issim ilarto the bulk value (230 nm )
[19],w e estim ate U 0 ⇠14 K ,on the orderofthe experim ental
value.

A t low er tem peratures, the resistance saturates to a level
dependent on m agnetic field (see colored lines in Fig. 3b),
hallm ark ofthe quantum m etallic state thatisthe m ain subject
of this report. Q ualitatively sim ilar behavior has also been

Magnetic Field Driven QSMT in crystalline films of NbSe2

Tsen et al, Nature Physics (2016)



Magnetic Field Driven QSMT in a highly crystalline
ZrNCl electric double layer transistor (Ion gated)

Saito et al, Science (2015)
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Gate voltage driven QSMT 
in a WTe2 flake

Sajidi et al  (D. Cobden group
from U. Washington) unpublished 



Gate voltage Driven QSMT 
in a SrTiO3-SrAlO3

heterostructure

Chen et al (H. Hwang’s group at Stanford)
submitted for publication)



Gate voltage Driven QSMT 
in a gated two-
dimensional
semiconductor-
superconductor
array

Bottcher et al (C. Marcus’s 
group at Niels Bohr 
Institute, submitted 
for publication)



Eley et al, arxiv 1206.5999
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Some aspects of the theory

B. Spivak, P. Oreto, and S. A. Kivelson, “Theory of quantum metal to superconductor 
transitions in highly conducting systems, Phys. Rev. B 77, 214523 (2008).

Consider problem of superconducting grains embedded in
a metal and tune QSMT as function of concentration

Mean field estimate of Tc



Mean field estimate of Tc

The ground state is always superconducting!



Mean field estimate of Tc

Presence of (weak) repulsive interactions in metals result in
a failed superconductor and an anomalous metal near QSMT



While this is a good theory “in principle” it has
problems with the broad stability of the
anomalous metal



Mean field estimate of Tc

Presence of (weak) repulsive interactions in metals result in
a failed superconductor and an anomalous metal near QSMT



What is needed is theory beyond ADG

For the most part, these are not “strongly correlated materials”

There are missing “small” effects which are larger than T*
and larger than Tc as Tc tends to 0.

Thank you.

Fermi liquid “theory”    Localization “theory”   BCS theory




