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Cooper pairs (considered as bosons in some situations):
two ground states in 2D systems

Insulator

© © In the insulator, Cooper pair number
fluctuations cease, leading to infinite

- uncertainty in the phase.
Number of Cooper-pairs in

each well is fixed

Zero conductance

Superconductor

© In contrast, phase coherence obtains in a
superconductorleading to infinite uncertainty
© © In the Coope#palir particle number.
+ quantum entanglement with other P. Phi”ipS and DDaIidovich
number configurations Science302,243 (2003)

Zero resistance

Bosons are thought to exist in one of two ground states:
condensed in a superconductor or localized in an insulator.



Two ground states for 2D superconducting system approaching zero temperature:

Coopers (sometime can considered as bosons) are thought to exist in one of two ground states:
condensed in a superconductor or localized in an insulator.

Quantum phase transitions

Duality from charge and vortex
there is no intermediate state

Quantum -
critical -

Superfluid ’ Insulator

0 >

Sc S
Tuning parametereg. Doping, disorder, magnetic field B

However, some experiments have revealed a metallic ground state that disrupts the
direct transition between the superconductor and the insulator.



Signature of anomalous metallic state (i.e. guantum metal or Bose metal)

MoGethin films at different magneticfields Ga films from 12.75 to 16.6V Particlehole symmetryreveals failed superconductivity in
the metallic phase of 2D amorphous superconducting films
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Schematic phase diagram for the magnetic field driven SMT

Qv ) The characteristic of the anomalous metal:

Drude Metal

1. Resistance firstly drops and then
saturates at low temperatures
.. 2. Suppressed Hall response
Super- © Anomalous 3. Glant magnetoresistance

conductor Metal
@

QsmMT H

Thereis currently no satisfactorytheory of anomalousmetalsthat accountsfor the full set of
key experimentalfacts, in particular the robustnessof the anomalousmetallic state. We view
this asone of the major open problemsin condensedmatter physics

A. Kapitulnik, S A. Kivelson B. Spivak,Rev Mod. Phys 91, 11302(2019



Anomalous metallic state in 2D superconducting system: Problems and challenges
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Anomalous metallic state in nano -patterned high Tc YBCO films

o _ A Increaseetchingtime
Reactive ion beam etghql)ng (RIE) A Inducemore disorder(halo grows)
' A Linkresistancegrows
A Normalresistancegrows

| — INS A
—TS
—>AM

Increasing
disorder
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Science66, 1505 (2019)



Evidences of anomalous metallic state in 2D high Tc films
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Quantum oscillations of Cooper pairs



Quantum oscillations amplitude and phase coherence length calculation
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Phys Rev B 68, 085413(2003




Phase diagram of YBCO films modulated by hexagonal array of holes
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Summary

1. Thehighquality YBCQilms were grown on (001)-oriented SrTiQ substratesby magnetronsputtering.
Periodicarray of holes were fabricated on YBCCfilms by reactive ion etching technique through a
nano-pattern. With increasingetching time, the nanopatterned YBCOfilms undergo the disorder
iInducedsuperconductoranomalousmetal-insulator transition.

2. Anomalous metallic state is observed in the YBCOfilms, revealed by the robust wide region
resistance saturation with or without filters, Ohmic behavior, absenceof Hall effect and large
magnetoresistancen the low temperature regimeetc.

3. We observepronouncedh/2e quantum oscillationsin the anomalousmetallic states,demonstrating
the dominant role of Cooper pairs in the anomalous metallic state. The saturation of phase

coherencelength derived from quantum oscillations could explain the origin of the anomalous
metallic state.

4. Remarkably, our work opens a new avenue for studying anomalous metallic states via
nanopatterningand quantum oscillations

Science 366, 1505 (2819)
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Journal Club for Condensed Matter Physics JCCM_March_2019 01
https://www.condmatjclub.org

Evidence of an anomalous metallic phase in a
high temperature superconducting device

Recommended with a Commentary by Steven A. Kivelson.
Stanford University, Stanford, CA 94205

Thereare a number of aspectsof the resultsthat are notable: Prof. S. A. Kivelson

1. Inthe AM regime,the resistivity becomesT independentbelow temperaturesashighas5K,a 10 to
100times highertemperature scalethan that of other systems

2. Magneto-resistanceoscillationswith period correspondingto a superconductingflux quantum per
hole havebeenobservedin all the regimes

3. The Hall resistivity plummets from its normal state value to become immeasurably small below
approximately50Kin the AM regime.

Steven A. Kivelson, Journal Club for Condensed Matter Physics,
March, 2019. Available at

https://www.condmatjclub.org/?p=3560 .
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Free at last: Bose metal uncaged

A metallic phase disrupts the classic two-state superconductor-insulator picture

By Philip W. Phillips2

ven the particle world is not immune

to identity politics. Bosons have been

in a bit of an identity crisis, or so it has

seemed since 1989 (7). Quantum me-

chanics requires bosons made of two

paired electrons to either condense
into a superfluid with a well-defined phase
with zero electrical resistance or localize in
an insulating state with infinite resistance.
The direct transition from superconduct-
ing to insulating states was widely

increasing field. If the metallicity was due
to a heating effect, then the failure to cool
the sample would occur at the same tem-
perature, not a temperature determined by
the magnetic field (4). Similar observations
were made on tantalum (7) and in single
crystals of ion-gated zirconium nitride chlo-
ride (ZrNC1) (8).

A direct attack on the refrigeration prob-
lem came from the experiments that showed
that the metallic states in amorphous in-
dium oxides (InO) (3) and crystalline

observed in a range of thin films

(2-4). The most popular model for A Bose metal
explaining these observations (5)  Bosons made of two paired
claims that the destruction of su- electrons were thought to either

perconductivity occurs when the
resistance of the thin film exceeds

a critical value. For bosons on the electrically insulating (phase 3).
brink of localization, electrically New observations show that the
insulating behavior is observed if  paired electrons can behave like

the resistance is greater than the
quantum of resistance, R,l = hj4e,
otherwise superconductivity per-
sists, where & is Planck’s constant
and e is the electric charge. On
page 1505 of this issue, Yang et al.
(6) offer a counterexample by es-
tablishing that a bosonic metallic
phase disrupts the superconduc-
tor-insulator transition (SIT) in
the high-temperature supercon-
ductor YBa,Cu 0, (YBCO).
Indeed, bosons have been toy-
ing with metallicity since 1989 (2).
However, the older data were dis-
missed by other researchers as be-
ing due to a refrigeration problem.
The explanation for the observa-
tions was that the bosons were
not cooling, instead remaining in
suspended animation and conduct-
ing. Nonetheless, the metallic states
were observed at a frequency that
kept hope alive for a true 0 K dis-
ruption of the SIT. In the magnetic
field=tuned transition in molyb-
denum germanide (MoGe) (4), the
resistance flattened at an onset
temperature that decreased with

‘Department of Physics, University of llinois,
1110 W. Green Street. Urbana, IL 61301 USA.
“Institute for Condensed Matter Theory,
University of ilinois, 1110 W. Green Street,
Urbana, IL 61801, USA. Emait: dimerillinois.edu

condense into a superconducting
phase (phase 1. red region) or be

aregular metal (phase 2, blue
region). located in between the
two traditional phases.

“coherent” (black

2ero electrical

a superconductor.

bttt

2 Atdifferent

(black arrows not

allows the bosons

1 Paired electrons are
arrows aligned), and
the bosons therefore
have the characteristic

resistance that defines

conditions, the bosons
arenot “coherent”

aligned). This disorder

to move through the

2H-phase niobium diselenide (2H-NbSe,) (9)
were artifacts (J0) because they vanished by
eliminating all sources of electromagnetic
radiation. Yang et al. used this now-standard
electromagnetic radiation-filtering scheme
to avoid artifacts and directly address what
is carrying the current in the metallic phase.

The experiment utilized a series of high-
temperature superconducting YBCO films,
which were tuned through the SIT by reac-
tive ion etching. This technique transfers a
patterned array of hexagonally plated holes
to YBCO. Yang et al. observed that
the normal-state thin-film resistance
increases with increasing etching
time. The etching time controls the
thickness of the resulting pores’ side-
walls, straining the YBCO shell and
creating structural defects. The de-
fects increase the resistance of the
thin-film sheet. The transition the
authors observed is an example of
disorder-tuned SIT and similar to
the 1989 experiments (2).

Yang et al. observed three phases
with a critical value for the resis-
tance roughly twice the quantum of

Boson resistance, R, (5). The metallic phase
Paired isted down to a ure of
electrons

50 mK. To characterize this phase,
the authors confirmed previous re-
ports (1) of a vanishing Hall resis-
tance. This type of response of the
resistance to a magnetic field is an
indication of emergent particle-hole
symmetry. The ingenuity in the an-
thors’ experiments is their measure-
ment of the resistance oscillations as
a function of magnetic field. In a typ-
1 ical metal in which electrons are the
charge carriers, the oscillations have
a period of i/e. Instead, the authors
found an h/2e periodicity. This be-
havior indicates that the charge car-
riers are two electrons. This experi-
ment thereby proves definitively that
bosons are free to roam in a metallic
phase, invalidating the standard pic-
ture of the two-phase model (5).

material like electrons Hence, the teasing is over. Bosons
Inametal. can exist as a metal. Furthermore,
A \ § S S Yang et al. observed that the am-

plitude of the conductance oscilla-
tions grows in the superconducting
state, remains constant in the metal,
and decreases in the insulator. This

wou)
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Hence, the teasing is over. Bosons
can exist as a metal. Furthermore,
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Intermediate hosonic metallic state in the
superconductor-insulator transition
Chao Yang™, Yi Liu>3*, Yang Wang’, Liu Feng', Qianmei He', Jian Sun??, Yue Tang®3, Chunchun Wu',

Jie Xiong't, Wanli Zhang®, Xi Lin>**%, Hong Yao*®”, Haiwen Liu®, Gustavo Fernandes®, Jimmy Xu®'°,
James M. Valles Jr.)F, Jian Wang®>*57¢, Yanrong Li*

Prof. P. W. Phillips

Whether a metallic ground state exists in a two-dimensional system beyond Anderson localization

ins an unr d question. We studied how quantum phase coherence evolves across
superconductor-metal-insulator transitions through magnetoconductance quantum oscillations
in nanopatterned high-temperature superconducting films. We tuned the degree of phase
coherence by varying the etching time of our films. Between the superconducting and insulating
regimes, we detected a robust intervening anomalous metallic state characterized by saturating
resistance and oscillation amplitude at low temperatures. Our measurements suggest that the
anomalous metallic state is bosonic and that the saturation of phase coherence plays a prominent
role in its formation.

creasin
from th

this prc

*These authors contributed equally to this work.
tCorresponding author. E-mail: jianwangphysics@pku.edu.cn
(J.W.); james_valles_jr@brown.edu (J.M.V.); jiexiong@uestc.edu.
en (J.X)

Yang et al., Science 366, 1505-1509 (2019) 20 December 2019 16
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Do bosons always condense?

Yoshihiro lwasa'-Z

(a) Disordered metallic thin film (b) YBCO Josephson junction array

o
=
5
= Super Super
conductor Insulator conductor Insulator
Prof. Y. Iwasa
-
R Normal state resistance Natl. Sci. Rev. 8, nwaa219 (2021)

Schematic phase diagram of (a) disordered 2D superconductor and (b)
YBCO Josephsqunction arrays.
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& Part Ill: The highemperature anomalous metal states IrReSESTO
Physical Review Letters 132, 226003 (2024)
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High -temperature anomalous metallic state
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High -temperature anomalous metallic state in crystalline FeSe/STO
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Bosonic strange metal state?

Reactive ion etching

Typical scanning electron microscope
image of a nanopatternedreSdilm.
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For both pristine and nanopatterned FeSefilms, a remarkable linear-in-
temperature resistancein a wide temperature regime below JIl%F M5
detected,reminiscentof the strangemetal behavior. 22



Anomalous metallic state in nanopatterned FeSe/STO
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The anomalous metal state Iin FeSe/STO
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Summary

1. We report the observationof high temperature anomalousmetallic state

=~20KA= L "66.1%

In crystallineFeSéSTOinterface superconductingsystem

The zero Hall resistance and pronounced h/2e quantum oscillations
demonstratethe bosonicnature of the anomalousmetallic state.

—

X

o —

We develop a model under zero magnetic field based on the quantum

tunneling of vorticesinfluenced by the ohmic dissipation which givesthe =

guantitative explanationfor the anomalousmetallic state.
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& Partyg : Anomalous metal states in infinitd
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Infinite -layer nickelate films
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Inter -island phase coherence among the JJA

. 5s-etched
Robust charge€2e quantum oscillations
around the interisland coherence temperaturd,
5s-etched aa6, A Long phase coherence length |
i 6
400k | | | 90K 8¢ 2 N 1
O ey o g 8 R ol 3 I e A Charge2e quantum oscillations due
N e o 1 P i B to the inter-island phase coherence
T T Tk ~ | 4 2EERE K P
L i T T 1 | L 65K RN 0 ¢ I (L} >72 nm)
P 0
a 05 0.0 0.5 dp., - o
= 100} L B (T) S (I"] H[ )
m g 2 3 > 4.9 I\ U
\\ 40K 1600 —
\\ YT = 35K .\.\ peak 1 %/:0
==y YT | b 30K ’Ec\ .\. peaL 3 25
\\\—\/\/\ﬁ// 25K ~|e . \\ e Island
~ | Y VY / 20K e . R Link
25F T~ L — i D o= o N |
i "\/\/\/ﬁ- 0:_______________'_T_'.T_Or!__z__Ii':o__:m m
-OI.5 0.0 0.5 2 4 6 8
B (T) T (K)

arXiv: 2603.00670 (2026) 29



Anomalous metallic state in nanopatterned Nd 089052 NIO ,
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Anomalous metallic state in nanopatterned Nd 089052 NIO ,
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A Quantum oscillations:
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Anomalous metallic state in nanopatterned Nd 089052 NIO ,

At ultralow temperatures down to 50nK: Ss-etched
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Anomalous metallic state in nanopatterned Nd 089052 NIO ,
At ultralow temperatures down to 50nK 5s-etched
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A Anomalous metallic

state below ~T,,,= 1.4 K

A Quantum oscillations:
Cooper pairsdominated

A Phase coherence length scales
with resistance saturations:
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Z . dephasing time of Cooper pairs
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Superconducting anisotropy in Nd

08500 NIO ,

Quantum oscillations under an effective iplane magnetic field
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A Study the quantization phenomena duringuantum meltingof a macroscopic SC state
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Superconducting anisotropy in Nd 0.8 NIO ,

Quantum oscillations under an effective iplane magnetic field 10s-etched
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Superconducting anisotropy in Nd 0.8 NIO ,

Complex superconducting dimensionalityD+ 3D unpatterned

Unique characteristics of N@dSr, ,NiG, nickelate films
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Reversal of superconducting anisotropy

Complex superconducting dimensionalit§D+ 3D 10s-etched
Nano-patterning to modulate the macroscopic SC states
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Reversal of superconducting anisotropy

Bynanopattern engineering By tuning NiO layersn By changingare-earth element
unchanged stoichiometry IN Nd,,1Ni,0,,,,» from La,Prto Nd
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Phase diagrams and Summary

arXiv: 2603.00670 (2026

A Global phase diagrams: establishment of superconductivity in the presence of significant phase fluctuat
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Phase diagrams and Summary

arXiv: 2603.00670 (2026

A Global phase diagrams: evolution of unconventional superconductivity in response to phase fluctuati

A A general methodo unravel the intertwined orders (e.g., hidden rarearth magnetic correlations in nickelate family)

viaphase coherence engineeringithout altering the asgrown sample stoichiometry.
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