
Philip Kim

Physics & Applied Physics, Harvard University

Unusual quasiparticle correlation 
in stacked atomic layers



‘Real’ Particles and ‘Quasi’ Particles

R. Mattuck, "A guide to Feynman diagrams in the many-body problem" 



Landau Theory of Fermi Liquid

kx

ky

kz

QP at k

kx

ky

kz k+q

k’-q

k’

QP at k decays

L. D. Landau (1957).

After t [> t]

Fermi liquid:  Weakly interacting quasiparticles

Non-Fermi liquid:  Luttinger liquid (1D), 
Strongly correlated system near the quantum criticality,
. . .



2D van der Waals Materials Family Ajayan, Kim and Banerjee, Physics Today (2016)

• Semiconducting materials: WSe2, MoSe2, MoS2, WS2, BP… 

• Complex-metallic compounds : TaSe2, TaS2, … 

• Magnetic materials: Fe-TaS2, CrSiTe3, CrI3…

• Superconducting: NbSe2, Bi2Sr2CaCu2O8-x,… 

• Topological Insulator/Wyle SM: Bi2Se3, MoTe2

vdW Materials (partial list)

Assembling van der Waals Materials

Functioning vdW heterostructures



Atomic Layer-by-Layer Stacking Up of VdW Materials 

L. Wang et al, Science (2013)

• Creation of multilayer systems 
with co-lamination techniques

• Encapsulated graphene in hBN

• Completely ballistic at low 
temperature

Xu et.al., Nature Nano (2015) (Hone group collaboration)



vdW Heterostructure Devices

Heterostructure Device and PL

Graphene double-layer devices

5u

5u

Coulomb Drag in Graphene
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Outline

• Electron and hole interaction near the Dirac point: 
Dirac Fluid in graphene

• Electron and hole correlation across the vdW interface: 
Long lived interlayer excitons

• Electron and hole correlation by superconducting 
proximitized quantum Hall edge: Crossed Andreev reflection

• Electron and hole correlation across the Landau levels: 
Magnetoexciton condensation in Quantum Hall bilayer

• Feromagnetic Superconductors in Flat bands: 
Twisted Double Bilayers



Observation of the Dirac fluid and the 
breakdown of the Wiedemann-Franz law in 

graphene

J. Crossno, J. K. Shi, K. Wang, X. Liu, A. Harzheim, A. Lucas, S. 
Sachdev, P. Kim, T. Taniguchi, K. Watanabe, T. A. Ohki, K. C. Fong
Science 351, 1058-1061 (2016).

Andrew Lucas Subir SachdevJing K. Shi Ke Wang Achim Harzheim

Jess Crossno Kin Chung Fong

Thomas Ohki T. Taniguchi, K. Watanabe

Sang-Jin Sin      Matt Forster
Jonah Waissman Artem Talanov Zhonging Yan



Dirac Point in Graphene

Physics at Dirac Point

• Symmetry protected degeneracy

• Charge Neutral

• Strong electro-electron interaction

• Quantum Criticality

Effective Dirac Hamiltonian: ^×±= kvH Feff
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Hydrodynamic Transport in Dirac Point in Graphene

Sheehy and Schmalian, PRL 99, 226803 (2007)
Fritz, Schmalian, Muller, and Sachdev, PRB (2008).
Mueller, Fritz, and Sachdev, PRB (2008).
Foster and Aleiner, PRL (2009).
Mueller, Schmalian, Fritz, PRL (2009)
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Dirac Fluid at the CNP of graphene



Disorder and Charge Puddles Near the Neutrality
Graphene sample
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Tan et al., PRL (2008)

Conductivity of Graphene on SiO2 Substrate

Less disorder 
M

ore disorder 

Martin et al., Nature Physics 4, 144 (2008)

Potential Mapping by Scanning Single Electron Transistor 

Typical disorder in graphene on SiO2

dn ~ 1011 /cm2

dEf ~ 40 meV



Stacking graphene on hBN

LT Mobility : ~1,000,000 cm2V-1s-1

RT Mobility : ~100,000 cm2V-1s-1

Dean et al. Nature Nano (2009)

• Co-lamination techniques
• Submicron size precision
• Atomically smooth interface

Polymer coating/cleaving/peeling

Micro-manipulated
Deposition

Remove polymer
Anealing

Hone, Kim and Shepard groups collaboration 

J. Xue et al. Nature Materials 10, 282 (2011)

Potential Fluctuation Measured by STM

Graphene/SiO2 Graphene/hBN

Density fluctuation: dn < 1010 /cm2 can be attainable



Non-Degenerate Electron Gas at Dirac Point
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Wiedemann Franz Law in Fermi Liquid
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Relaxation of charge current and heat current

j = -ene<ve>

jQ = uene<ve>

: Sommerfeld value

Works well with metals…

Kumar, Prasad, Pohl, 
J. of Materials Sci. 28, 4261 (1993)

Works well for graphene in the degenerate limit…



Wiedenmann Franz in Non Fermi Liquid



e-h interaction 
provides a friction 
to electric current!

e-h interaction 
provides no friction
to heat current!

Charge and Heat Transport at Dirac Point
For a Dirac fluid at chemical potential µ = 0 ;

ne = nh |<ve >|= |<vh>|Density: Drift velocity:ue = uhEnergy density:

j = enh<vh>+(-e)ne<ve> jQ = uhnh<vh>+uene<ve>Charge current: Heat current:
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Johnson Noise Thermometry for 
Thermal Conductivity Measurement

Electron temperature can be measured in the range of 1-300 K @ 100 MHz

Joule heating by DC bias through bias T

J. Crossno et al., APL (2015)

Local heat dissipation

Johnson Noise
Temperature



Electronic Thermal Conductance Near the Neutrality
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Lorentz Number  as Function of Temperature and Density
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Relativistic Hydrodynamics Analysis

Muller et al, PRB (2008)  &  Foster et al., PRB (2009)
Lorentz number for Dirac fluid

:  Fluid enthalpy density

:  elastic mean free path
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Perfect graphene
Muller et al (2008)

h / s ~ 10  > 1/4p (Kovtun-Son-Starinets limit)

See A. Lucas arXiv: 1510.01738 for detail



Electrical and Thermal Conductance

Lucas et al, PRB (2016). Effect of Disorder

Disorder affect charge 
current more than 
energy current

Slow Imbalance Foster and Aleiner PRB (2012);

Kinematical constraint of the Dirac cone make the electron 
and hole current are nearly conserved separately. 

PRL (2017)

Charged current: J=Je+Jh

Neutral current:  Jn=Je-Jh

Corresponding conservative 
quantities by continuity 
equation: Q, Qn



Magento-Thermal Transport Measurement
T= 1.5 K

Smrcka and Streda (1977)

High density

Low density
n =2 14/3

Hot spot formation in quantum Hall edge states

Ikushima et al (2007) Crossno et al., unpublished



Magneto Thermal Transport in Corbino Device
Corbino without bridge contact Corbino with bridge contact

2 µm2 µm

Waissman et al., unpublished

Electrical

Thermal

Normalized 
Magneto-Resistance Positive Magneto Resistance Coefficients

What can we extract viscosity from Ael and Ath?



Magneto-Exciton Condensation in quantum Hall 
Graphene Double Layers

T. Taniguchi, K. WatanabeXiaomeng Liu Zeyu Hao

Bert Halperin

Jia Li.             Cory Dean.                  Jim Hone

Quantum Hall Drag of Exciton Condensate in Graphene
X. Liu, K. Watanabe, T. Taniguchi, B. I. Halperin, P. Kim
Nature Physics 13, 746–750 (2017)

Interlayer fractional quantum Hall effect in a coupled graphene double-layer
X. Liu, Z. Hao, K. Watanabe, T. Taniguchi, B. Halperin, P. Kim
Nature Physics 15, 893–897 (2019)

Crossover between Strongly-coupled and Weakly-coupled Exciton Superfluids
X. Liu1, J.I.A Li, K. Watanabe, T. Taniguchi, J. Hone, B. I. Halperin, C.R. Dean, and P. Kim
in preparation



Superconductor and Superfluid

Superconductor: magnetic levitation

Superfluid 4He: fountain effect
4He

Cooper pair

Composite bosons



Exciton/e-h Phase Diagram
Schematic Meta Stable Phase Diagram of electron-hole in 3D

T. Ogawa and K. Asano (2008)

𝒍𝒐

𝑙$ 𝑙$



Excitons in semiconducting quantum wells
Direct and indirect excitons in semiconducting quantum wells

+ -

Semiconductor heterostructure

A. High, Nature 2012

Spontaneous coherence
in cold interlayer exciton gas
formed in GaAs quantum wells

Ilias Perakis Nature (2002)



Excitons in 2D Materials

Eexciton = Eg – EB
EB = Exciton binding energy
Eg = Energy gap

+

-

VB

CB

EB

Eexciton
Eg

Exciton is a bound electron-hole pair.

A. Chernikov et al. Phys. Rev. Lett.
113, 076802 (2014).

Exciton is strongly bound in 2D



Atomically Thin vdW p-n junction

Appl. Phys. Lett. 102, 012111 (2013)

Band gaps and alignment of vdW semiconductors

EF

• Type II semiconductor heterostructures

MoS2 WSe2MoSe2 WSe2

Heterostructure Device and PL
Photoluminescence

L. Jauregui et. al, unpublished (Collaboration with H. Park and M. Lukin groups)

4 K

-

+

-

+

-

+

Inter Intra

Intra



Toward Interlayer Exciton Condensation

Blue shift due to the exciton-
exciton interaction

Laser power dependent PL

Estimated exciton density:  nIE ~ 1011 cm-2

L. Jauregui et. al, unpublished (Collaboration with H. Park and M. Lukin groups)

~ 2 K



B

Review: J. P. Eisenstein, Annu. Rev. Condens. Matter Phys. 5, 159 (2014).

Exciton condensation between Landau levels

Two partially filled 
Landau levels



B

Exciton condensation between Landau levels
J. P. Eisenstein, Annu. Rev. Condens. Matter Phys. 5, 159 (2014).

Total Landau level quantum Hall effect

M. Kellogg, et. al, PRL (2002)

GaAs Double Quantum Well

• Quantum Hall effect for two partially filled complementary LLs 

• Quantized drag Hall

Two partially filled 
Landau levels



Exciton Current and Quantized Drag

Edge current

Superfluid current

Quantized Hall drag

GaAs 2DEG:   Princeton & MPI (2004)

Counter Flow Current

Dissipationless counter flow current flow: 𝑅../0 =
𝑉..
𝐼/0

= 0

𝑅.5/0 =
𝑉.5
𝐼/0

= 0No net force on exciton:



Double Graphene Layer Drag Device

• Mobility ~ 106 cm2/Vsec
• hBN thickness d =3 nm
• top and bottom gate
• contact gate
• interlayer bias

Xiaomeng Liu et al, Nature Physics (2017); Similarly J. Li et al. Nature Physics (2017)



Quantized Hall Drag for ntot = 1 and 3
Partial coherent exciton current:
Partially filled Ntop =1
Partially filled Nbot =3

Etop

Ebot

Coherent exciton current:
Partially filled Ntop =1
Partially filled Nbot =1

Etop Ebot

Xiaomeng Liu et al, Nature Physics (2017); J. Li et al, Nature Physics (2017); 



Superfluidic Counter flow

Exciton BEC Energy Scale and Counter Flow
X. Liu et al, J. Li et al,  Nature Physics (2017)



Rxx
CF (keeping 𝜈7$7 = −1)

Counter-Flow Resistance of ntot = -1

Condensed phase

BEC
BCS

Xiaomeng Liu et al, unpublished (collaboration with Dean group)

Temperature Dependence

BEC

BCS



Exciton/e-h Phase Diagram
Schematic Meta Stable Phase Diagram of electron-hole in 3D

T. Ogawa and K. Asano (2008)

𝒍𝒐

𝑙$ 𝑙$

Quantum Hall Bilayer:
Competition between inner-layer 
and interlayer interaction

d 𝑙: = ℏ/𝑒𝐵

d << lB d >> lB



Activation Gap  at the BEC Limit

Activation gap

𝐸> = 0.135
𝑒B

𝜖𝑙:

Activating behaviors

d << lB

7KHUPDO�DFWLYDWLRQ�HQHUJ\�DW�ǻȞ� ��

$W�ǻȞ� ���ORZHVW�HQHUJ\�H[FLWDWLRQ�LV�PHURQ�DQWLPHURQ�SDLU��
HDFK�FDUU\LQJ�H���FKDUJH�RQ�RQH�JUDSKHQH�OD\HU�

meron

Anti-meron

Moon et al., PRB 51 5138 (1995)

Low Energy Excitation meron-antimeron pair, each carrying 
e/2 charge on one graphene layer.

𝐸D(ED = 𝜋/32 HI

JKL
~ 0.31 HI

JKL

Xiaomeng Liu et al, unpublished (collaboration with Dean group)

2D XY Ground State:                               Anisotropic SU(2)

⟩|𝜓 =P
Q

cos 𝜃 𝑐Q,X
Y + 𝑒[\sin 𝜃 𝑐Q,: ⟩|0



Xiaomeng Liu et al, unpublished (collaboration with Dean group)

BKT Transition at the BCS Limit
d >> lB

ntop = nbot = ½

B = 27 T

IV curves
exhibit power
law

𝑇 < 𝑇aX: 𝑉 ∝ 𝐼d,

𝛼 = 1 + 2
𝑇aX
𝑇

𝑇 > 𝑇aX: 𝑉 ∝ 𝐼

Counter Flow I-V Characteristic 

T > TBKT

T < TBKT

Unbound vortices

Bound vortex/anti-vortex

BKT transition

BKT transition temperature



BCS-BEC Crossover in Magnetoexciton Condensate

d << lB d >> lB
Ground States

• 𝑑 ≪ 𝑙:: Halperin (111) state

• 𝑑 ≫ 𝑙:
: weakly coupled composite fermions

• 𝑑~𝑙:: many proposals
N. E. Bonesteel, et al., PRL 77, 3009 (1996)
J. Alicea, et al., PRL 103, 256403 (2009).
G. Moller, et al., PRB 79, 125106 (2009)
I. Sodemann, et al., PRB 95, 085135 (2017)
…

T > TBKT

T < TBKT

Unbound vortices

Bound vortex/anti-vortex

BKT transition

d /lB < 0.8

𝑇:aX =
𝑒B

𝜖𝑙:
𝑓(
𝑑
𝑙:
)

K. Moon, et al., PRB 51, 5183 (1995)

Topological defects: 
vorticity and fractionalized charges



Magneto Exciton Insulator: ntot= 0
Monlayer/hBN/Monolayer 

Xiaomeng Liu et al, unpublished: collaboration with Dean group

n
tot =0

Exciton insulator!

n
tot = -1

Perfect current drag

ntot=0
Phase Diagram

Tc Region



Topological Insulating Exciton Condensation

Exciton condensation between LL (topological exciton insulator)

Exciton condensation (exciton insulator)

Counter Flow Symmetric Flow



Anyon Pairing Across vdW Gap LETTERSNATURE PHYSICS
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Fig. 2 | Interlayer correlation through quasiparticle pairing. a, Longitudinal drag resistance as a function of filling factors in the top and bottom 
layers. Dotted lines show locations of semiquantized states where longitudinal drag resistance vanishes. All these lines connect !!=!1 in one layer with 
various !!=!1/3, 3/5, 2/3, 1 of the other layer. Among them, the intersection of red dotted lines marked by L1 and L2 corresponds to the !eq!=!2/5 state 
discussed above. The dashed rectangle denotes the scope of the magnified measurements of Fig. 3. b,c, Illustrations of quasiparticle pairing for two 
filling-factor configurations (green and red dots in a). The circles on the two graphene layers represent quasiparticle excitations with marked electrical 
charges (!e, 2/3e, …). These quasiparticle pairs are balanced by the transverse electrical fields on the top and bottom layers (Etop and Ebot, depicted by 
black arrows).
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Fig. 3 | Semiquantized fractional Hall states. a–e, Various resistance measurements in the magnified area indicated by the dashed rectangle in Fig. 2. 
Rxx xy,

top  R( )xx xy,
bot  is the drive layer resistance when the current is driven on the top (bottom) layer. The dotted lines mark L1 and L2 (the same as the red lines 

in Fig. 2). Along L1, quantum Hall signatures = = !R R h e( 0, 3 2 )xx xy
top top 2  persist on the top layer but not on the bottom layer ! ! "R R h e( 0, 3 2 )xx xy

bot top 2 , while the 
opposite is true for L2. Meanwhile, drag signals are quantized along both L1 and L2. f, Line cut through L2. It is notable that Rxy

bot remained constant all the 
way until !eq!=!2/5 (vertical dotted line), across the phase transition between the single-layer !bot!=!2/3 FQH state !R( 0)xy

drag  and the interlayer FQH state 
= !R h e( )xy

drag 2 .

NATURE PHYSICS | VOL 15 | SEPTEMBER 2019 | 893–897 | www.nature.com/naturephysics 895

Xiaomeng Liu et al, Nature Physics (2019); Similarly J. Li et al. Nature Physics (2019)

LETTERS NATURE PHYSICS

while preventing direct tunnel coupling between the graphene lay-
ers. The stack is then etched into a Hall bar shape and individual 
contacts on each layer are fabricated. No appreciable tunnelling was 
observed and all measurements are conducted under perpendicular 
magnetic fields. The top and bottom graphite gates are used to con-
trol the carrier densities of the two layers, while no interlayer bias 
voltage is applied. Due to the comparably reduced contact trans-
parency for the hole doping, we focus our experiment only on the 
electron doping in this experiment.

Coulomb drag measurements were first performed with both lay-
ers at the same carrier density (!top = !bot ! !eq) (Fig. 1a,b). The pre-
viously observed !tot = 1 exciton condensate state12,13 can be clearly 
identified at !eq = 1/2, with quantized = = !R R h exy xy

drive drag 2 and van-
ishing Rxx

drag. In this high-quality sample, however, additional fea-
tures with large drag responses are also observed away from !tot = 1, 
indicating that strong interlayer coupling persists, thereby enabling 
additional interlayer-correlated states (Fig. 1a). In particular, we 
observe vanishing Rxx

drag at !eq = 1/4, 1/3, 2/5, 3/7, 2/3 (data for 1/4 
is found in the Supplementary Information), which suggests that 
incompressible states are developed at these filling factors. Among 
them, !eq = 1/3 and 2/3 appear as trivial single-layer FQH states, evi-
dent from vanishing Rxy

drag. We thus focus our attention first par-
ticularly on !eq = 2/5 and 3/7, which are the two most prominent 
states that produce quantized Hall responses in the drive and drag 
layers. Interestingly, for these states, the two Hall resistances, Rxy

drag 
and Rxy

drive, are quantized to different fractional values. For !eq = 2/5 
we observe =R 1xy

drag  and = !R 3 2xy
drive , while for !eq = 3/7, = !R 2 3xy

drag  
and = !R 5 3xy

drive  (from now on we use the unit of resistance quan-
tum h/e2 for the quantized resistance values). These quantization 
values are accurate to 1% of h/e2 for !eq = 2/5 and 2% for !eq = 3/7, 
and stay the same for B = 25 T and B = 31 T. From these numbers, we 
note that the sum of the Hall resistances in the drive and drag lay-
ers, !+ = !R R 1xy xy

drive drag
eq, as if a portion of the Hall voltage is shifted 

from the drive layer to the drag layer.

We demonstrate that the !eq = 2/5 state can be understood with a 
generalized CF description extended to double-layer systems. Here, 
we introduce multiple species of gauge field, coupling fermions in 
different layers as well as in the same layer. For our purposes, we 
attach two intralayer flux quanta and one interlayer flux quantum 
to each electron, so that a CF in a given layer sees two flux quanta 
attached to every electron in the same layer, but only one flux quan-
tum attached to electrons in the other layer (Fig. 1e). We only work 
in the |!top|, |!bot| < 1 region, and we assume that electrons are spin 
and valley polarized. By generalizing the single-layer CF picture, it 
is natural to define CF filling factors pA and pB for the top and bot-
tom layers respectively. These are defined as the ratio between the 
fermion density in a given layer and the effective magnetic field felt 
by CFs in that layer (Supplementary Information):
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In the case where the layers have equal densities, this formula sim-
plifies to !eq = p/(3p + 1), where p = pA = pB.
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Dirac cones, GK = 4!/(3!) is the magnitude of the wavevector "–K  
of graphene, !#= 0.246 nm is the lattice constant of graphene and  
! =  h/(2! ) is the reduced Planck constant, the lower of the hybri-
dized states is pushed to and crosses zero energy. A mathe matical  
derivation of the magic-angle condition6 gives the first magic angle, 
" = / " . °w !v G3 ( ) 1 1magic

(1)
0 K . In Fig. 1c we show an ab initio tight- 

binding calculation16 of the band structure for " =  1.08°. The flat bands 
(coloured blue) have a bandwidth of 12 meV for the E >  0 branch and 
2 meV for the E <  0 branch (where E is the band energy). From a 
band-theory point of view, the flat bands should have localized wave-
function profiles in real space. In Fig. 1h we show the local density of 
states calculated for the flat bands. The wavefunctions are indeed highly 
concentrated in the regions with AA stacking, whereas small but non-
zero amplitudes on the AB and BA regions connect the AA regions and 
endow the bands with weak dispersion6,15,18. A brief discussion about 
the topological structure of the bands near the first magic angle is given 
in Methods and Extended Data Fig. 1.

For the experiment, we fabricated high-quality encapsulated TBG 
devices with the twist angle controlled to an accuracy of about 0.1°–0.2° 
using a previously developed ‘tear and stack’ technique13,17,22. We meas-
ured four devices with twist angles near the first magic angle 
" " . °.1 1magic

(1)  In Fig. 2a we show the low-temperature two-probe  
conductance of device D1 as a function of carrier density n. For  
n "  ± ns =  ± 2.7 #  1012 cm$2 (four electrons per moiré unit cell for 
" =  1.08°), the conductance is zero over a wide range of densities. Here, 
ns refers to the density that is required to fill the mini Brillouin zone, 
accounting for spin and valley degeneracies (see Methods). These 
insulating states have been explained previously as hybridization- 
induced bandgaps above and below the lowest-energy superlattice 
bands, and are hereafter referred to as ‘superlattice gaps’13. The thermal 
activation gaps are measured to be about 40 meV (see Methods)13,17. 
The twist angle can be estimated from the density that is required to 
reach the superlattice gaps, which we find to be " =  1.1° ±  0.1° for all 
of the devices reported here.

Another pair of insulating states occurs for a narrower density range, 
near half the superlattice density: n "  ± ns/2 =  ± 1.4 #  1012 cm$2 (two 
electrons per moiré unit cell). These insulating states have a much 
smaller energy scale. This behaviour is markedly different from all 
other zero-field insulating behaviours reported previously, which 
occur at integer multiples of ± ns (refs 13, 17). We refer to the states that 
occur near ± ns/2 as ‘half-filling insulating states’. They are observed 
at roughly the same density for all four devices (Fig. 2a, inset). In  
Fig. 2b–d we show the conductance of the half-filling states in device 
D1 at different  temperatures. Above 4 K, the system behaves as a metal, 
exhibiting decreasing conductance with increasing temperature.  
A metal– insulator transition occurs at around 4 K. The conductance 
drops substantially from 4 K to 0.3 K, with the minimum value decreasing  
by 1.5 orders of magnitude. An Arrhenius fit yields a thermal acti-
vation gap of about 0.3 meV for the half-filling states, two orders of 
magnitude smaller than those of the superlattice gaps. At the lowest 
temperatures, the system can be limited by conduction through charge 
puddles, resulting in deviation from the Arrhenius fit.

To confirm the existence of the half-filling states, we performed 
capacitance measurements on device D2 using an a.c. low- temperature 
capacitance bridge (Extended Data Fig. 2)23. The real and imaginary 
components of the a.c. measurement provide information about the 
change in capacitance and the loss tangent of the device, respectively. 
The latter signal is tied to the dissipation in the device due to its 
 resistance23. Device D2 exhibits a reduction in capacitance and strong 
enhancement of dissipation at ± ns/2 (Fig. 3a), in agreement with an 
insulating phase that results from the suppression of the density of 
states. The insulating state at $ ns/2 is weaker and visible only in the 
dissipation data. The observation of capacitance reduction (that is, 
suppression of density of states) for only the n-side half-filling state in 
this device may be due to an asymmetric band structure or the quality 
of the device. The reduction (enhancement) in capacitance (dissipa-
tion) vanishes when the device is warmed up from 0.3 K to about 2 K, 
consistent with the behaviour observed in transport measurements.
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Figure 1 | Electronic band structure of twisted bilayer graphene (TBG). 
a, Schematic of the TBG devices. The TBG is encapsulated in hexagonal 
boron nitride flakes with thicknesses of about 10–30 nm. The devices are 
fabricated on SiO2/Si substrates. The conductance is measured with a 
voltage bias of 100#µ V while varying the local bottom gate voltage Vg.  
‘S’ and ‘D’ are the source and drain contacts, respectively. b, The moiré 
pattern as seen in TBG. The moiré wavelength is # =  a/[2sin("/2)], where 
a =  0.246 nm is the lattice constant of graphene and " is the twist angle.  
c, The band energy E of magic-angle (" =  1.08°) TBG calculated using an 
ab initio tight-binding method. The bands shown in blue are the flat bands 
that we study. d, The mini Brillouin zone is constructed from the 
difference between the two K (or K% ) wavevectors for the two layers. 

Hybridization occurs between Dirac cones within each valley, whereas 
intervalley processes are strongly suppressed. Ks, %K s, Ms and & s denote 
points in the mini Brillouin zone. e–g, Illustration of the effect of interlayer 
hybridization for w =  0 (e), "!w !v k2 0  (f) and 2w "  !v0k" (g); 
v0 =  106 m#s$1 is the Fermi velocity of graphene. h, Normalized local 
density of states (LDOS) calculated for the flat bands with E >  0 at 
" =  1.08°. The electron density is strongly concentrated at the regions with 
AA stacking order, whereas it is mostly depleted at AB- and BA-stacked 
regions. See Extended Data Fig. 6 for the density of states versus energy at 
the same twist angle. i, Top view of a simplified model of the stacking 
order.
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proximity effects. The carrier density n is tuned by applying a voltage 
to a Pd/Au bottom gate electrode. In Fig. 1b we show the longitudi-
nal resistance Rxx as a function of temperature for two magic-angle 
devices, M1 and M2, with twist angles of 1.16° and 1.05°, respectively. 
At the lowest temperature studied of 70 mK, both devices show zero 
resistance, and therefore a superconducting state. The critical temper-
ature Tc as calculated using a resistance of 50% of the ‘normal’-state 
(non-superconducting) value is approximately 1.7 K and 0.5 K for the 
two devices that we studied in detail. In Fig. 1c, d we show a single- 
particle band structure and density of states (DOS) near the charge 
neutrality point calculated for ! = 1.05°. The superconductivity in both 
devices occurs when the Fermi energy EF is tuned away from charge 
neutrality (EF = 0) to be near half-filling of the lower flat band (EF < 0, 
as indicated in Fig. 1d). The DOS within the energy scale of the flat 
bands is more than three orders of magnitudes higher than that of 
two uncoupled graphene sheets, owing to the reduction of the Fermi 
velocity and the increase in localization that occurs near the magic 
angle. However, the energy at which the DOS peaks does not gener-
ally coincide with the density that is required to half-fill the bands. 
In addition, we did not observe any appreciable superconductivity 
when the Fermi energy was tuned into the flat conduction bands 
(EF > 0). In Fig. 1e we show the current–voltage (I–Vxx, where Vxx 
is the four-probe voltage, as defined in Fig. 1a) curves of device M2 
at different temperatures. We observe typical behaviour for a two- 
dimensional superconductor. The inset shows a tentative fit of the 
same data to a Vxx!!!I3 power law, as is predicted in a Berezinskii–
Kosterlitz–Thouless transition in two-dimensional superconductors23. 
This analysis yields a Berezinskii–Kosterlitz–Thouless transition tem-
perature of TBKT " 1.0 K at n = #1.44 $ 1012 cm#2, where, as before, 

n is the carrier density induced by the gate and measured from the 
charge neutrality point (which is different from the actual carrier  
density involved in transport, as we show below).

In contrast to other known two-dimensional and layered super-
conductors, the superconductivity in magic-angle TBG requires the 
application of only a small gate voltage, corresponding to a minimal 
density of only 1.2 $ 1012 cm#2 from charge neutrality, an order of mag-
nitude lower than the value of 1.5 $ 1013 cm#2 in LaAlO3/SrTiO3 inter-
faces and of 7 $ 1013 cm#2 in electrochemically doped MoS2, among 
others24. Therefore, gate-tunable superconductivity can be realized 
in a high-mobility system without the need for ionic-liquid gating or 
chemical doping. In Fig. 2a we show the two-probe conductance of 
device M1 versus n at zero magnetic field and at a 0.4-T perpendic-
ular magnetic field. Near the charge neutrality point (n = 0), a typical 
V-shaped conductance is observed, which originates from the renor-
malized Dirac cones of the TBG band structure. The insulating states 
centred at approximately ±3.2 $ 1012 cm#2 (which corresponds to ns 
for ! = 1.16°) are due to single-particle bandgaps in the band structure 
that correspond to filling ±4 electrons in each superlattice unit cell. In 
between, there are conductance minima at ±2 and ±3 electrons per 
unit cell. These minima are associated with many-body gaps induced by 
the competition between the Coulomb energy and the reduced kinetic 
energy due to confinement of the electronic state in the superlattice 
near the magic angle; these gaps give rise to insulating behaviour near 
the integer fillings18. One possible mechanism for the gaps is similar 
to the gap mechanism in Mott insulators, but with an extra two-fold 
degeneracy (for the case of ±2 electrons) from the valleys in the origi-
nal graphene Brillouin zone17,18,25,26. In the vicinity of #2 electrons 
per unit cell (n " #1.3 $ 1012 cm#2 to n " #1.9 $ 1012 cm#2) and at a 
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Figure 2 | Gate-tunable superconductivity in magic-angle TBG. 
a,!Two-probe conductance G2 = I/Vbias of device M1 (! = 1.16°) measured 
in zero magnetic field (red) and at a perpendicular field of B% = 0.4!T 
(blue). The curves exhibit the typical V-shaped conductance near charge 
neutrality (n = 0, vertical purple dotted line) and insulating states at the 
superlattice bandgaps n = ±ns, which correspond to filling ±4 electrons 
in each moiré unit cell (blue and red bars). They also exhibit reduced 
conductance at intermediate integer fillings of the superlattice owing to 
Coulomb interactions (other coloured bars). Near a filling of #2 electrons 
per unit cell, there is considerable conductance enhancement at zero field 
that is suppressed in B% = 0.4!T. This enhancement signals the onset of 

superconductivity. Measurements were conducted at 70 mK; Vbias = 10 µV. 
b, Four-probe resistance Rxx, measured at densities corresponding to 
the region bounded by pink dashed lines in a, versus temperature. Two 
superconducting domes are observed next to the half-filling state, which 
is labelled ‘Mott’ and centred around #ns/2 = #1.58 $ 1012 cm#2. The 
remaining regions in the diagram are labelled as ‘metal’ owing to the 
metallic temperature dependence. The highest critical temperature 
observed in device M1 is Tc = 0.5 K (at 50% of the normal-state resistance). 
c, As in b, but for device M2, showing two asymmetric and overlapping 
domes. The highest critical temperature in this device is Tc = 1.7 K.
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Followed by URhGe (Aoki et al., 2001)
UCoGe (Huy et al., 2007) 
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sitic antiferromagnetism is theoretically predicted,22 however,
only the collinear ferromagnetism is experimentally found
so far. The crystal structure of UCoAl with the hexagonal
ZrNiAl-type (space group: P6̄2m) is also shown in Fig. 1.
The uranium atom forms the quasi-kagomé lattice, indicating
the possible magnetic frustration. An interesting point is that
there is no inversion symmetry in the crystal structure with
the space group P6̄2m.
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Fig. 1. (Color online) Crystal structures of UGe2, URhGe, UCoGe and
UCoAl.

3.2 Ferromagnetic quantum criticality
Applying pressure in UGe2, the ferromagnetism (TCurie =

52K at ambient pressure) is suppressed and the paramagnetic
ground state appears. The second order ferromagnetic transi-
tion at TCurie changes into the first order at the tricritical point
(TCP). As shown in Fig. 2(a), when the field is applied in the
paramagnetic state, UGe2 shows the metamagnetic transition
with the first order from the paramagnetic state to the ferro-
magnetic state (FM1). At higher temperatures, the first order
transition changes into the crossover at the critical endpoint.
The critical endpoint starting from TCP can be tuned to be
0K which is so called quantum critical endpoint (QCEP). The
wing-shaped temperature-pressure-field phase diagram with
the first order plane can be drawn. In UGe2, the QCEP is lo-
cated at very high pressure (! 3.5GPa) and at very high field
(! 20 T)
On the other hand, UCoAl has already a paramagnetic

ground state at ambient pressure, but is close to the ferromag-
netic order. Applying the magnetic field along c-axis (easy-
magnetization axis) at low temperature, the sharp metamag-
netic transition with the first order occurs at Hm ! 0.6 T from
the paramagnetic state to the ferromagnetic state. The first
order changes into the crossover at higher temperature, and
the critical temperature TCEP is about 10K. With increasing
pressure, Hm shifts to higher field, and TCEP decreases and

finally becomes 0K. The QCEP is located at H ! 7 T and
P ! 1.5GPa. Further applying pressure, Hm increases further,
but via a crossover regime, instead of the first order transition.
When the ground state switches from the paramagnetic

state to the ferromagnetic state at Hm with the first order, the
effective mass of conduction electrons shows the step-like be-
havior as a function of field, as shown in Fig. 3(a).18 Here we
assume the Kadowaki-Woods relation, namely the coefficient
of T 2 term in resistivity, A is proportional to the square of the
Sommerfeld coefficient, !. The drastic change of the effective
mass should be associated with the reconstruction of Fermi
surfaces, or with a drastic collapse of the spin fluctuations.
The A coefficient in UGe2 increases at Hm, while in UCoAl
the A coefficient decreases.
On the other hand, when the pressure is tuned near QCEP,

the effective mass both in UGe2 and in UCoAl shows the
sharp peak at Hm as shown in Fig. 3(b), suggesting the strong
magnetic fluctuations at QCEP. Further applying pressure in
UCoAl, the sharp enhancement of A is smeared out, showing
the broad maximum. The Fermi surface instabilities near Hm
in UCoAl were also studied by means of the thermoelectric
power and Hall effect measurements.23, 24
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Fig. 3. (Color online) Field dependence of the resistivity A coefficient in
UGe2 and UCoAl at low pressure (a) and at high pressure near QCEP (b).18

3.3 Ferromagnetism and superconductivity
Figure 4 shows the temperature-pressure phase diagram of

UGe2 and URhGe and UCoGe. TCurie in UGe2 is suppressed
at Pc ! 1.5GPa. In the ferromagnetic state, there are two
different ferromagnetic states named FM1 and FM2, which
are separated by Tx. At low pressure, Tx is a crossover, but
at high pressure Tx becomes the first order. FM1 and FM2
are characterized by the different magnitude of ordered mo-
ment, 1.0 µB and 1.5 µB, respectively. The ordered moment
suddenly changes from 1.5 µB to 1.0 µB at Px when the system
goes from FM2 to FM1 by applying pressure. The Fermi sur-
face reconstruction is associated with the transition between
FM2 and FM1, and also between FM1 and the paramagnetic

2

observed due to this switching. The change of Fermi surface
as well as the effective mass enhancement is associated to this
Hc2 curve. The value of Hc2 at 0K exceeds the Pauli limiting
!eld expected from Tsc at zero !eld on the basis of weak
coupling scheme with g ! 2, suggesting the spin triplet state.

In URhGe, the Hc2 curve is more spectacular. When the
!eld is applied along the hard magnetization axis (b-axis), the
!eld-reentrant superconductivity is observed at high !eld
range between 8 and 13T. The reentrant superconducting
phase shows even higher Tsc (! 0.4K) at 12 T than Tsc !
0:25K at zero !eld. The superconductivity is indeed
enhanced under magnetic !eld. This is contradictory to the
usual superconducting behavior. The magnetization curve for
H k b-axis shows the relatively large initial slope at low !eld
compared to that for H k c-axis (easy-magnetization axis).
Further increasing !eld, the magnetization shows the step-
like increase around 12T. This behavior is understood by the
canting process of the magnetic moment with !eld. For
H k b-axis, the moment starts to tilt from c-axis to b-axis
with increasing !eld, and !nally the moment is completely
directed along b-axis. In this con!guration with canted
moments, a scenario by Jaccarino–Peter effect can be
excluded, because the Jaccarino–Peter effect occurs when
the total effective !eld is close to zero due to the
compensation of external !eld by the internal !eld. In
URhGe, the moment is gradually tilted with !eld, which
cannot make the compensation of external !eld. Thus, the
spin triplet state with equal spin pairing, which is free from
the Pauli paramagnetic effect, should be considered. Hc2 is
then governed only by the orbital effect. If the orbital limiting
!eld is enhanced under magnetic !eld for some reasons, Hc2

could be enhanced as well. We will discuss this point later.
The Hc2 curve of UCoGe also displays the unusual

behavior, when the !eld is applied along b-axis, as shown in
Fig. 7(c). Hc2 is strongly enhanced around 0.4K with S-
shape, and reaches around 18T. In UCoGe, it seems that the
reentrant phase and the low !eld phase observed in URhGe
are merged, because of the higher Tsc at zero !eld. The value
of Hc2 also highly exceeds the Pauli limiting !eld.

The high Hc2 is very sensitive to the !eld direction to the
sample in UCoGe and URhGe. Figure 8(a) shows the

temperature dependence of Hc2 for different !eld directions
in UCoGe. The angular dependence of Hc2 is shown in
Fig. 8(b). When the !eld is applied along a-axis which
corresponds to the hardest magnetization axis, Hc2 at 0K

(a)

(b)

Fig. 8. (Color online) (a) Temperature dependence of Hc2 for H k a, b,
and c-axes, and (b) angular dependence of Hc2 at 0.1K in UCoGe. Tsc at 0K
is approximately 0.6K.13)

(a) (b) (c)

Fig. 7. (Color online) Field–temperature phase diagram at low temperatures in UGe2, URhGe, and UCoGe. The magnetic !eld is applied along the easy
magnetization axis in UGe2, but in URhGe and UCoGe the !eld direction is parallel to b-axis, corresponding to the hard magnetization axis.11–13,17,39)
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Superfluid 3He in High Magnetic Fields: The Phase Diagram
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Measurements of the pressure and magnetic field dependence of the 3 l and A2 transitions
in superfluid He are reported. The Al-A2 splitting, T& —T&, is nearly a linear function of
field over the range 0—9.4 T. For a given field, the observed increase of T~, —T, with in-

creasing pressure is in accordance with a recent theory by Bedell and Quader.

PACS numbers: 67.50.Fi

The remarkable effects of a magnetic field on the
phase diagram of superfluid He became apparent'
soon after the discovery of the superfluid phases.
For example, superfluid He-8, whose order param-
eter contains t t, g g and ( t g + g t ) Cooper
pairs, is strongly suppressed by applied magnetic
fields due to the presence of the ( t f + j t ) triplet
pairing component. This is analogous to the
depression of T, in ordinary S-wave superconduc-
tors by the effect of the field on singlet pairs. 4 Su-
perfluid He-A, on the other hand, is represented
by an order parameter containing only t t and J J
pairs, where the arrows denote magnetic-moment
direction. When a sample of He is cooled down in
a magnetic field, the superfluid phase which first
occurs, 3He-A t, is composed solely of t t pairs. s 6
The onset of t t pairing takes place at a tempera-
ture Tz greater than the zero-field transition tem-

1

perature T,. As the sample is cooled further, it un-
dergoes a second transition at Tz, & T, associated
with the onset of J J pairing. Below Tq, , He
enters the A2 phase (the A phase in a magnetic
field) containing both f f and t t pairs. Am-
begaokar and Mermin7 first showed that the ob-
served splitting of the 3 transition in a magnetic
field was a direct consequence of triplet pairing.
The 3~ phase is of great interest since the Cooper

pairs are totally spin polarized. It is therefore im-
portant to extend the phase diagram to large mag-
netic fields to determine the extent of the A ~ phase
in P- T-H space. A variety of thermomagnetic
phenomena are predicted to occur in that phase.
Of these, only second sound has been observed so
far, confirming the hypothesis that superfluid den-
sity waves in the A~ phase are in fact spin waves. 5
We present here a systematic study of the phase di-
agram of superfluid He over a wide range of fields
and presssures and a comparison of the results with
recent theories.
The experiment involved the use of two separate

magnets. The top magnet (6 T) was used for the

adiabatic demagnetization of 0.3 mole of PrNi5,
which then cooled the He. The sample cell was lo-
cated in the center of the lower magnet (9.5 T).
The magnets were designed for a negligible mutual
influence. The construction material for the sample
cell had to satisfy several criteria: First, it had to
have a small nuclear magnetic moment so that its
nuclear specific heat would not absorb the total
cooling capacity of the refrigerator. Second, it had
to provide an adequate thermal link between the re-
frigerator and the He in the cell. These require-
ments were satisfied by fabricating the cell body
from titanium and incorporating a sintered silver
heat exchanger into it. The silver powder was sin-
tered around several silver rods, which protruded
through the top of the cell in order to make thermal
contact to the nuclear stage. The nontrivial pro-
cedure by which titanium and silver were joined to
make a vacuum-tight seal is described elsewhere. '
The surface area of the heat exchanger was 40 m .
The link to the nuclear stage consisted of eleven
silver rods, each having a 2-mm diameter and 0.5-
m length. To increase their thermal conductivity,
the rods were heat treated in an 02 atmosphere.
Typical residual resistance ratios were a few
thousand.
The sample ce11 temperature was measured with a
He melting-curve thermometer located in a low-
field (1 mT) region. The thermometer was ther-
mally attached to the silver rods connecting the cell
to the nuclear stage. The advantage of using this
thermometer is the wide recognition of the He
melting-curve temperature scale and the ease with
which it can be reliably employed. "' Moreover,
the thermometer has a built-in fixed point, namely
the A transition on the melting curve, " which al-
lows for a systematic check of the inherent stability
of the thermometry setup. The disadvantage of this
method is the necessity of locating the thermometer
away from the high-field region, introducing a
potential problem regarding thermal equilibrium
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FIG. 1. Phase diagram of superfluid He at various
fields. (Squares, 3 T; open circles, 6 T; triangles 8.47 T;
and closed circles 9.4 T.) Solid line is our zero-field
phase diagram. The dashed line corresponds to the 3-B
transition (Ref. 21). The lines connecting the nonzero-
field points are guides to the eye. Note that the width of
the A~ phase at 9.4 T and the highest pressure is larger
than the width at zero field of the 3 phase.

between the thermometer and the sample. For ex-
ample, eddy-current heating caused by vibration
would introduce a field-dependent heat leak into
the He and create a temperature difference
between the cell and the thermometer which will
increase with field. To minimize this problem, the
cryostat was carefully isolated from vibration
sources. Also, the high resistivity of titanium
makes it less susceptible to eddy-current heating.
By comparing warmup rates at different fields, we
found that the heat leak to the sample was in fact
field independent.
Two 10-MHz sound transducers inside the cell

were employed in the transmission mode (pulse-
time-of-flight) to detect the transitions by the sharp
onset of sound attenuation due to pair breaking.
The overall temperature stability and the high
signal-to-noise ratio of the sound allowed us to
reproducibly locate the phase transitions to within 2
p,K during most runs. The absolute accuracy of the
data was limited by the unknown distribution of the
total heat leak (=4 nW) within the system. Since
the zero-field T, and high-field transitions could
not be measured in a single run, quantities such as
Tz —T, were affected by changes of the heat-leak
distribution within the system from run to run.
Quantities obtained within one run, such as
q, —Tq, , show reduced scatter. An estimate of

1940
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FIG. 2. The ratio of A~-A2 splitting to field, vs pres-
sure. Circles, this work; open square, Ruell and Kojima
(Ref. 6); closed square, Osheroff and Anderson (Ref.
16) at melting pressure. Note the large increase of the
ratio between lowest and highest pressure.

the errors gives a 4-p, K uncertainty in the quantity
Tz —Tq, and an uncertainty in Tz —T, and T,
—Tz, ranging from 6 p,K in the lowest fields to 18
p, K at 9 T. A detailed discussion of the error
analysis is given elsewhere. '
Our zero-field calibration assumes T, = 2.752 mK

on the melting curve. " For 1.6 & T & 2.7 mK our
T, 's can be conveniently related to the Helsinki
scale' by the relation: T, (mK) =0.068 +0.966
& T, H,&„„k;. The accuracy of this numerical relation
is within +5 p,K.
The phase diagram in various fields is shown in

Fig. 1. The variation of the splitting T& —Tz as a
1 2

function of field was found to be essentially linear.
A careful examination'4 of this splitting did, howev-
er, reveal a small but possibly significant nonlineari-
ty, although we cannot discount systematic errors.
For example, after fitting the 29.3-bar data by the
form Tz —Tz = aH+ bH, we found a =61.5

1 2

+1.2 p, K/T b=0.34+0.14 p,K/(T)2. The errors
in Tz, —T, and T,—Tz, were too large for us to dis-
cern any nonlinear field dependence in these quan-
tities.
It was suggested' that at high enough fields, the

liquid would become polarized enough to freeze out
the spin fluctuations responsible for the pairing in-
teraction leading to superfluidity. Thus, one would
eventually expect to observe a decrease of T& with

1

increasing field. In the present experiment, a suffi-
ciently high field for such an effect to become ap-
parent has not been reached.
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Mott Insulator and Magnetism

Anti-Ferromagnetic Mott Insulators are more common, as tightly localized 
electrons/holes prefer for anti-ferromagnetic spin coupling with neighbors.

The Mott insulators can further be correlated, 
considering the exchange interaction of localized electrons. 

Examples: YTiO3, Lu2V2O7, Ba2NaOsO6 …

However, ferromagnetic Mott Insulators are also possible for more extended 
Wannier orbitals.

Ferromagnetism in the Mott Insulator Ba2NaOsO6
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Results are presented of single crystal structural, thermodynamic, and reflectivity measurements of the
double-perovskite Ba2NaOsO6. These characterize the material as a 5d1 ferromagnetic Mott insulator
with an ordered moment of !0:2!B per formula unit and TC " 6:8#3$ K. The magnetic entropy
associated with this phase transition is close to R ln2, indicating that the quartet ground state anticipated
from consideration of the crystal structure is split, consistent with a scenario in which the ferromagnetism
is associated with orbital ordering.

DOI: 10.1103/PhysRevLett.99.016404 PACS numbers: 71.70.Ej, 75.30.Cr, 75.50.Dd

The interplay between spin, orbital, and charge degrees
of freedom in 3d transition metal oxides has proven to be a
rich area of research in recent years. Despite the wide array
of interesting physics found in these materials, much less is
known about whether similar behavior can be found in
related 4d and 5d systems, for which both the extent of
the d orbitals and larger spin-orbit coupling cause a differ-
ent balance between the relevant energy scales. In this
respect, oxides of osmium are of particular interest because
the element can take formal valences from 4% to 7% ,
corresponding to electron configurations 5d4 to 5d1. In this
instance, we examine the simplest case of a 5d1 osmate for
which the magnetic properties indicate that orbital order-
ing may indeed play a significant role.

Simple oxides of osmium are typically Pauli paramag-
nets due to the large extent of the 5d orbitals. Examples
include the binary oxide OsO2 [1,2] and the simple per-
ovskites AOsO3 (A " Sr, Ba) [3]. However, more complex
oxides, including the double and triple perovskites
La2NaOsO6 [4], Ba2AOsO6 (A " Li, Na) [5,6], and
Ba3AOs2O9 (A " Li, Na) [7], appear to exhibit local mo-
ment behavior. Presumably the large separation of Os ions
in these more complex structures leads to a Mott insulating
state, and indeed these and related materials are most often
found to be antiferromagnetic. Of the above materials and
their near relations containing no other magnetic ions,
Ba2NaOsO6 distinguishes itself as the only osmate with a
substantial ferromagnetic moment (! 0:2!B) in the or-
dered state [5].

Weak ferromagnetism has been previously observed in
other 5d transition metal oxides containing iridium.
BaIrO3 exhibits a saturated moment of 0:03!B, which
has been attributed to small exchange splitting associated
with charge density wave formation [8]. Sr2IrO4 and
Sr3Ir2O7 exhibit similarly small saturated moments, attrib-
uted variously to either spin canting in an antiferromagnet
due to the low crystal symmetry [9] or to a borderline
metallic Stoner scenario [10,11]. The ferromagnetic mo-

ment in Ba2NaOsO6 is substantially larger than in these
materials. Furthermore, at room temperature the material
has an undistorted double-perovskite structure, space
group Fm!3m (inset to Fig. 1) [5], in which OsO6 octahedra
are neither distorted nor rotated with respect to each other
or the underlying lattice [12]. Such a high crystal symme-
try, if preserved to low temperatures, precludes the more
usual mechanisms for obtaining a small ferromagnetic
moment in an insulating antiferromagnet [13], suggesting
that a different mechanism is causing the ferromagnetism.

Black, shiny, single crystals of Ba2NaOsO6 up to 2 mm
in diameter and with a truncated octahedral morphology
were grown from a molten hydroxide flux following a
method similar to that presented in Ref. [5]. Single crystal
x-ray diffraction data were collected at room temperature
using both a STOE Image Plate Diffractometer (IPDS II)

FIG. 1. Observed (dots) and calculated (line) x-ray powder
diffraction patterns of Ba2NaOsO6 collected at 273, 12, and
5 K. Vertical bars under the observed and calculated diffraction
patterns indicate calculated positions of Bragg peaks. The inset
depicts the refined crystal structure, showing OsO6 octahedra, Ba
(light gray), and Na (dark gray) atoms.
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and a Bruker Smart Apex CCD diffractometer. Data
were taken for a crystal with dimensions 0:23! 0:18!
0:01 mm3, and for a smaller piece broken from this larger
crystal with dimensions 0:058! 0:039! 0:022 mm3,
more closely approximating a sphere. In each case, a large
number of reflections were collected (3074 and 2166,
respectively), and the structure was refined using the
SHELXTL package of crystallographic programs [14].
Refinement to the published fully occupied, stoichiometric
Fm!3m structure [5] consistently gave the lowest R values
(0.0147) against a number of variable parameters, includ-
ing partial occupancy, mixed site occupancy, and lower
space group symmetry. These measurements were repeated
at temperatures of 243, 223, 198, and 183 K, with no
difference in the refined structures. Additional powder
diffraction measurements were taken at temperatures of
273, 30, 12, and 5 K (Fig. 1), using a Rigaku TTRAX
powder diffractometer, equipped with a helium-flow cryo-
stat. The structure obtained by Rietveld refinement using
the Rietica LHPM software [15] agreed with the single
crystal structural refinement at all temperatures. Goodness
of fit parameters were constant through the magnetic tran-
sition, indicating no discernable change in the crystal
structure.

With one electron per osmium site, one might naively
expect that Ba2NaOsO6 would be a metal. dc resistivity
measurements consistently showed insulating behavior,
but concern over the quality of the electrical contact to
the samples led us to verify this observation by infrared
reflectivity. Measurements were carried out using a scan-
ning Fourier transform interferometer with a bolometer
detector at 4.2 K, for arbitrary crystal orientations with
the sample held at room temperature (Fig. 2). An evapo-
rated Ag film, adjacent to and coplanar with the sample,
provided a reference used to obtain absolute reflectivity
versus frequency. The data show low overall reflectivity,
with no indication of a metallic plasma edge down to the
lowest measured frequency of 400 cm"1. The strong var-

iations in the reflectivity between 400 and 1000 cm"1 are a
signature of unscreened optical phonons. These data sug-
gest that Ba2NaOsO6 is a Mott insulator, which is sup-
ported by the following tight-binding analysis.

The crystal structure of Ba2NaOsO6 can be pictured as
an fcc lattice of isolated OsO6 octahedra separated by Ba
and Na ions (inset to Fig. 1). The s orbitals of Ba and Na
are so high in energy that they can be neglected, and the
electronic structure is primarily determined by the OsO6

octahedra, which form the usual set of molecular orbitals.
The bonding and nonbonding states are filled, leaving one
electron in the triply degenerate t2g antibonding orbitals.
Using the known energies for the Os and O orbitals we find
that this molecular orbital is at"13:43 eV [16], relative to
Ep#O$ % "16:77 eV for oxygen 2p states and Ed#Os$ %
"16:32 eV [17]. Since the Os d and O p orbitals are close
in energy, these molecular orbitals have almost equal 5d
and 2p character.

Adjacent OsO6 octahedra in Ba2NaOsO6 are coupled by
the matrix elements 1

2 #"Vpp! & Vpp"$ (inset to Fig. 2).
Using values obtained for similar cluster separations in
other materials [16], modified appropriately for this par-
ticular lattice, and neglecting spin-orbit coupling, we ob-
tain t % 1=4! 1=2#"Vpp! & Vpp"$ ' 0:05 eV for the
hopping matrix elements coupling adjacent octahedra. In
contrast, the Coulomb energy associated with moving one
electron from an OsO6 octahedron to its neighbor is found
to be U' 3:3 eV [18]. More detailed treatments could
presumably refine these values, but since we find U( t
it is clear that the material is a Mott insulator and that a
local moment description of the magnetism is appropriate.

Magnetization measurements as a function of applied
field at 1.8 K (Fig. 3) show ferromagnetic behavior, as
previously reported for polycrystalline samples [5].
These data were obtained for applied fields oriented along
high-symmetry directions using a Quantum Design
Superconducting Quantum Interference Device magne-
tometer for single crystals weighing between 2 and 7 mg.
The magnetization rises rapidly in low fields and levels off
for fields above 1 T, beyond which there is no discernable
hysteresis. However, the absolute value of the magnetiza-
tion at this field is relatively small (approximately 0:2#B)
and does not appear to saturate in fields of up to 5 T.
Extrapolating a linear fit to the magnetization between 3
and 5 T, we obtain a zero-field magnetization of 0.175(2),
0.191(1), and 0:223#1$#B for fields oriented along [100],
[111], and [110], respectively. This anisotropy is confirmed
by angle-dependent measurements at a constant field using
a rotating sample holder and rotating in the (01!1) plane,
which contains all three high-symmetry directions (inset to
Fig. 3).

Temperature-dependent magnetization measurements in
fields above 1 T, for which there is no hysteresis, show an
upturn below approximately 8 K (Fig. 4), consistent with
ferromagnetic behavior. The inverse susceptibility at high

FIG. 2. IR reflectivity data as a function of wave number for
Ba2NaOsO6. The inset shows coupling between two adjacent
OsO6 orbitals of dxy symmetry for k % 0.
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temperature shows a moderate amount of curvature [panel
(a) of the inset to Fig. 4]. Data between 75 and 200 K can
nevertheless be fit by a Curie-Weiss law if a constant offset,
nominally attributed to Van Vleck paramagnetism, is in-
cluded: ! ! C="T # "$ % !0 [panel (b) of the inset to
Fig. 4]. This fit results in relatively small effective mo-
ments #eff of 0.602(4), 0.596(1), and 0:647"3$#B for fields
oriented in the [100], [111], and [110] directions, respec-

tively, indicative of substantial spin-orbit coupling, and
Weiss temperatures of #10"2$, #10"1$, and #13"1$ K.
Values of !0 are found to be 3"1$ & 10#5, 1:7"1$ & 10#4,
and 1:76"9$ & 10#4 emu=mol Oe for fields oriented in
these same directions.

The magnetic phase transition is most clearly seen in the
heat capacity (Fig. 5). Data were taken using the relaxation
method for 3–4 single crystals weighing a total of 2–3 mg,
oriented at arbitrary angles to each other, for temperatures
from 0.3 to 300 K. A sharp anomaly is seen with a peak at
6.8(3) K, which defines the critical temperature TC. The
magnetic contribution to the heat capacity was estimated
by subtracting a polynomial extrapolation of the higher
temperature phonon heat capacity, fit between 14.5
and 18 K [Cph ! 0:065"7$T % 0:00262"6$T3 # 2:6"1$ &
10#6T5, shown in Fig. 5]. Since the magnetic contribution
is significantly larger close to TC, this crude subtraction
results in only small systematic errors. The total magnetic
contribution to the entropy Smag through the transition is
found to be 4:6 J=mol K (right axis, Fig. 5), falling slightly
short (80%) of R ln2 ! 5:76 J=mol K. No additional
anomalies are observed up to 300 K (inset to Fig. 5).

The triply degenerate t2g orbitals of OsO6 octahedra in
the undistorted Ba2NaOsO6 crystal structure constitute an
effective unquenched angular momentum L ! 1. The ma-
trix elements of the orbital angular momentum operator L
within the t2g manifold are the same as those of#L within
states of P symmetry [19]. Application of spin-orbit cou-
pling therefore results in a quartet ground state (J ! 3=2)
and a doublet excited state (J ! 1=2) [19–21]. Since the
integrated entropy through the magnetic phase transition is

f.u
.

FIG. 4. Low temperature magnetization of Ba2NaOsO6 as a
function of temperature in a field of 2 T. Insets show (a) inverse
susceptibility and (b) the inverse of the susceptibility with a
constant offset, !0, subtracted. Lines show fits to Curie-Weiss
behavior. f.u. refers to one formula unit.

FIG. 5. Heat capacity (left axis) and magnetic contribution to
the integrated entropy (right axis) for the magnetic transition in
Ba2NaOsO6. The dashed line (left axis) shows an extrapolation
of a fit to the phonon background, the solid horizontal line (right
axis) indicates the theoretical entropy of R ln2 for a doublet
ground state. The inset shows the heat capacity to 300 K. The
upper axis shows the Dulong-Petite value of 249 J=mol K.

FIG. 3. Magnetization of Ba2NaOsO6 along high-symmetry
directions as a function of applied field at 1.8 K for a full
hysteresis loop. ‘‘f.u.’’ refers to one formula unit. The inset
shows magnetization as a function of angle in the (01!1) plane
at a temperature of 1.8 K and a field of 2 T. A line is drawn
between data points to guide the eye.
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Results are presented of single crystal structural, thermodynamic, and reflectivity measurements of the
double-perovskite Ba2NaOsO6. These characterize the material as a 5d1 ferromagnetic Mott insulator
with an ordered moment of !0:2!B per formula unit and TC " 6:8#3$ K. The magnetic entropy
associated with this phase transition is close to R ln2, indicating that the quartet ground state anticipated
from consideration of the crystal structure is split, consistent with a scenario in which the ferromagnetism
is associated with orbital ordering.

DOI: 10.1103/PhysRevLett.99.016404 PACS numbers: 71.70.Ej, 75.30.Cr, 75.50.Dd

The interplay between spin, orbital, and charge degrees
of freedom in 3d transition metal oxides has proven to be a
rich area of research in recent years. Despite the wide array
of interesting physics found in these materials, much less is
known about whether similar behavior can be found in
related 4d and 5d systems, for which both the extent of
the d orbitals and larger spin-orbit coupling cause a differ-
ent balance between the relevant energy scales. In this
respect, oxides of osmium are of particular interest because
the element can take formal valences from 4% to 7% ,
corresponding to electron configurations 5d4 to 5d1. In this
instance, we examine the simplest case of a 5d1 osmate for
which the magnetic properties indicate that orbital order-
ing may indeed play a significant role.

Simple oxides of osmium are typically Pauli paramag-
nets due to the large extent of the 5d orbitals. Examples
include the binary oxide OsO2 [1,2] and the simple per-
ovskites AOsO3 (A " Sr, Ba) [3]. However, more complex
oxides, including the double and triple perovskites
La2NaOsO6 [4], Ba2AOsO6 (A " Li, Na) [5,6], and
Ba3AOs2O9 (A " Li, Na) [7], appear to exhibit local mo-
ment behavior. Presumably the large separation of Os ions
in these more complex structures leads to a Mott insulating
state, and indeed these and related materials are most often
found to be antiferromagnetic. Of the above materials and
their near relations containing no other magnetic ions,
Ba2NaOsO6 distinguishes itself as the only osmate with a
substantial ferromagnetic moment (! 0:2!B) in the or-
dered state [5].

Weak ferromagnetism has been previously observed in
other 5d transition metal oxides containing iridium.
BaIrO3 exhibits a saturated moment of 0:03!B, which
has been attributed to small exchange splitting associated
with charge density wave formation [8]. Sr2IrO4 and
Sr3Ir2O7 exhibit similarly small saturated moments, attrib-
uted variously to either spin canting in an antiferromagnet
due to the low crystal symmetry [9] or to a borderline
metallic Stoner scenario [10,11]. The ferromagnetic mo-

ment in Ba2NaOsO6 is substantially larger than in these
materials. Furthermore, at room temperature the material
has an undistorted double-perovskite structure, space
group Fm!3m (inset to Fig. 1) [5], in which OsO6 octahedra
are neither distorted nor rotated with respect to each other
or the underlying lattice [12]. Such a high crystal symme-
try, if preserved to low temperatures, precludes the more
usual mechanisms for obtaining a small ferromagnetic
moment in an insulating antiferromagnet [13], suggesting
that a different mechanism is causing the ferromagnetism.

Black, shiny, single crystals of Ba2NaOsO6 up to 2 mm
in diameter and with a truncated octahedral morphology
were grown from a molten hydroxide flux following a
method similar to that presented in Ref. [5]. Single crystal
x-ray diffraction data were collected at room temperature
using both a STOE Image Plate Diffractometer (IPDS II)

FIG. 1. Observed (dots) and calculated (line) x-ray powder
diffraction patterns of Ba2NaOsO6 collected at 273, 12, and
5 K. Vertical bars under the observed and calculated diffraction
patterns indicate calculated positions of Bragg peaks. The inset
depicts the refined crystal structure, showing OsO6 octahedra, Ba
(light gray), and Na (dark gray) atoms.
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corresponds to full-filling of each set of degenerate superlattice bands, 
where !! /A a3 (2 )2 2  is the area of the moiré unit cell, a = 0.246 nm 
is the lattice constant of the underlying graphene lattice and ! is the 
twist angle. In Supplementary Video, we present an animation of the 
way in which the band structure in the mini Brillouin zone of TBG 
evolves as the twist angle varies from ! = 3° to ! = 0.8°, calculated using 
a continuum model for one valley12.

Special angles, namely the ‘magic angles’, exist, at which the Fermi 
velocity drops to zero; the first magic angle is predicted12 to be 
!magic

(1)  ! 1.1°. Near this twist angle, the energy bands near charge neu-
trality, which are separated from other bands by single-particle gaps, 
become remarkably flat. The typical energy scale for the entire band-
width is about 5–10 meV (Fig. 1c)12,18. Experimentally confirmed con-
sequences of the flatness of these bands are high effective mass in the 
flat bands (as observed in quantum oscillations) and correlated insu-
lating states at half-filling of these bands, corresponding to n = ±ns/2, 
where n = CVg/e is the carrier density defined by the gate voltage Vg (C 
is the gate capacitance per unit area and e is the electron charge)18. 
These insulating states are a result of the competition between Coulomb 

energy and quantum kinetic energy, which gives rise to a correlated 
insulator at half-filling that has characteristics consistent with Mott-like 
insulator behaviour18. The doping density that is required to reach the 
Mott-like insulating states is ns/2 ! (1.2–1.6) " 1012 cm#2, depending 
on the exact twist angle. Here we report transport data that clearly 
demonstrate that superconductivity is achieved as the material is doped 
slightly away from the Mott-like insulating state in magic-angle TBG. 
We observed superconductivity across multiple devices with slightly 
different twist angles, with the highest critical temperature that we 
achieved being 1.7 K.

Superconductivity in magic-angle TBG
In Fig. 1a we show the typical device structure of fully encapsulated 
TBG devices. The two sheets of graphene originate from the same 
exfoliated flake, which permits a relative twist angle that is controlled 
precisely to within about 0.1°–0.2° (refs 17, 20, 21). The encapsulated 
TBG stack is etched into a ‘Hall’ bar and contacted from the edges22. 
Electrical contacts are made from non-superconducting materials 
(thermally evaporated Au on a Cr sticking layer) to avoid any potential 
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Figure 1 | Two-dimensional superconductivity in a graphene 
superlattice. a, Schematic of a typical twisted bilayer graphene 
(TBG) device and the four-probe (Vxx, Vg, I and the bias voltage Vbias) 
measurement scheme. The stack consists of hexagonal boron nitride 
on the top and bottom, with two graphene bilayers (G1, G2) twisted 
relative to each other in between. The electron density is tuned by a 
metal gate beneath the bottom hexagonal boron nitride layer. b, Four-
probe resistance Rxx = Vxx/I (Vxx and I are defined in a) measured in two 
devices M1 and M2, which have twist angles of ! = 1.16° and ! = 1.05°, 
respectively. The inset shows an optical image of device M1, including the 
main ‘Hall’ bar (dark brown), electrical contact (gold), back gate (light 
green) and SiO2/Si substrate (dark grey). c, The band energy E of TBG  
at ! = 1.05° in the first mini Brillouin zone of the superlattice. The  
bands near charge neutrality (E = 0) have energies of less than 15 meV.  

d, The DOS corresponding to the bands shown in c, for energies of  
#10 to +10 meV (blue; ! = 1.05°). For comparison, the purple lines show 
the total DOS of two sheets of freestanding graphene without interlayer 
interaction (multiplied by 103). The red dashed line shows the Fermi 
energy EF at half-filling of the lower branch (E < 0) of the flat bands, 
which corresponds to a density of n = #ns/2, where ns is the superlattice 
density (defined in the main text). The superconductivity is observed 
near this half-filled state. e, Current–voltage (Vxx–I) curves for device 
M2 measured at n = #1.44 " 1012 cm#2 and various temperatures. At 
the lowest temperature of 70 mK, the curves indicate a critical current 
of approximately 50 nA. The inset shows the same data on a logarithmic 
scale, which is typically used to extract the Berezinskii–Kosterlitz–
Thouless transition temperature (TBKT = 1.0 K in this case), by fitting to a 
Vxx!$!I3 power law (blue dashed line).
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proximity effects. The carrier density n is tuned by applying a voltage 
to a Pd/Au bottom gate electrode. In Fig. 1b we show the longitudi-
nal resistance Rxx as a function of temperature for two magic-angle 
devices, M1 and M2, with twist angles of 1.16° and 1.05°, respectively. 
At the lowest temperature studied of 70 mK, both devices show zero 
resistance, and therefore a superconducting state. The critical temper-
ature Tc as calculated using a resistance of 50% of the ‘normal’-state 
(non-superconducting) value is approximately 1.7 K and 0.5 K for the 
two devices that we studied in detail. In Fig. 1c, d we show a single- 
particle band structure and density of states (DOS) near the charge 
neutrality point calculated for ! = 1.05°. The superconductivity in both 
devices occurs when the Fermi energy EF is tuned away from charge 
neutrality (EF = 0) to be near half-filling of the lower flat band (EF < 0, 
as indicated in Fig. 1d). The DOS within the energy scale of the flat 
bands is more than three orders of magnitudes higher than that of 
two uncoupled graphene sheets, owing to the reduction of the Fermi 
velocity and the increase in localization that occurs near the magic 
angle. However, the energy at which the DOS peaks does not gener-
ally coincide with the density that is required to half-fill the bands. 
In addition, we did not observe any appreciable superconductivity 
when the Fermi energy was tuned into the flat conduction bands 
(EF > 0). In Fig. 1e we show the current–voltage (I–Vxx, where Vxx 
is the four-probe voltage, as defined in Fig. 1a) curves of device M2 
at different temperatures. We observe typical behaviour for a two- 
dimensional superconductor. The inset shows a tentative fit of the 
same data to a Vxx!!!I3 power law, as is predicted in a Berezinskii–
Kosterlitz–Thouless transition in two-dimensional superconductors23. 
This analysis yields a Berezinskii–Kosterlitz–Thouless transition tem-
perature of TBKT " 1.0 K at n = #1.44 $ 1012 cm#2, where, as before, 

n is the carrier density induced by the gate and measured from the 
charge neutrality point (which is different from the actual carrier  
density involved in transport, as we show below).

In contrast to other known two-dimensional and layered super-
conductors, the superconductivity in magic-angle TBG requires the 
application of only a small gate voltage, corresponding to a minimal 
density of only 1.2 $ 1012 cm#2 from charge neutrality, an order of mag-
nitude lower than the value of 1.5 $ 1013 cm#2 in LaAlO3/SrTiO3 inter-
faces and of 7 $ 1013 cm#2 in electrochemically doped MoS2, among 
others24. Therefore, gate-tunable superconductivity can be realized 
in a high-mobility system without the need for ionic-liquid gating or 
chemical doping. In Fig. 2a we show the two-probe conductance of 
device M1 versus n at zero magnetic field and at a 0.4-T perpendic-
ular magnetic field. Near the charge neutrality point (n = 0), a typical 
V-shaped conductance is observed, which originates from the renor-
malized Dirac cones of the TBG band structure. The insulating states 
centred at approximately ±3.2 $ 1012 cm#2 (which corresponds to ns 
for ! = 1.16°) are due to single-particle bandgaps in the band structure 
that correspond to filling ±4 electrons in each superlattice unit cell. In 
between, there are conductance minima at ±2 and ±3 electrons per 
unit cell. These minima are associated with many-body gaps induced by 
the competition between the Coulomb energy and the reduced kinetic 
energy due to confinement of the electronic state in the superlattice 
near the magic angle; these gaps give rise to insulating behaviour near 
the integer fillings18. One possible mechanism for the gaps is similar 
to the gap mechanism in Mott insulators, but with an extra two-fold 
degeneracy (for the case of ±2 electrons) from the valleys in the origi-
nal graphene Brillouin zone17,18,25,26. In the vicinity of #2 electrons 
per unit cell (n " #1.3 $ 1012 cm#2 to n " #1.9 $ 1012 cm#2) and at a 
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Figure 2 | Gate-tunable superconductivity in magic-angle TBG. 
a,!Two-probe conductance G2 = I/Vbias of device M1 (! = 1.16°) measured 
in zero magnetic field (red) and at a perpendicular field of B% = 0.4!T 
(blue). The curves exhibit the typical V-shaped conductance near charge 
neutrality (n = 0, vertical purple dotted line) and insulating states at the 
superlattice bandgaps n = ±ns, which correspond to filling ±4 electrons 
in each moiré unit cell (blue and red bars). They also exhibit reduced 
conductance at intermediate integer fillings of the superlattice owing to 
Coulomb interactions (other coloured bars). Near a filling of #2 electrons 
per unit cell, there is considerable conductance enhancement at zero field 
that is suppressed in B% = 0.4!T. This enhancement signals the onset of 

superconductivity. Measurements were conducted at 70 mK; Vbias = 10 µV. 
b, Four-probe resistance Rxx, measured at densities corresponding to 
the region bounded by pink dashed lines in a, versus temperature. Two 
superconducting domes are observed next to the half-filling state, which 
is labelled ‘Mott’ and centred around #ns/2 = #1.58 $ 1012 cm#2. The 
remaining regions in the diagram are labelled as ‘metal’ owing to the 
metallic temperature dependence. The highest critical temperature 
observed in device M1 is Tc = 0.5 K (at 50% of the normal-state resistance). 
c, As in b, but for device M2, showing two asymmetric and overlapping 
domes. The highest critical temperature in this device is Tc = 1.7 K.
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Twisted Double Bilayer Graphene
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Twisted Double Bilayer Graphene: Tunability
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Mott Insulators in tDBG: q = 1.33o
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Ferromagnetic Mott Insulators in tDBG q = 1.33o
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Superconductivity in tDBG
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p-wave pairing

Equal-Spin p-wave Pairing: Superfluid 3He A phase

A-phase Superfluid 3He Ypair(r) = 
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Superfluid 3He in High Magnetic Fields: The Phase Diagram
D. C. Sagan, ' P. G. N. deVegvar, E. Polturak, L. Friedman, ' S.-S. Yan,

E. L. Ziercher, and D. M. Lee
Laboratory ofAtomic and Solid State Physics, Cornell University, Ithaca, New York 14853

(Received 30 July 1984)

Measurements of the pressure and magnetic field dependence of the 3 l and A2 transitions
in superfluid He are reported. The Al-A2 splitting, T& —T&, is nearly a linear function of
field over the range 0—9.4 T. For a given field, the observed increase of T~, —T, with in-

creasing pressure is in accordance with a recent theory by Bedell and Quader.

PACS numbers: 67.50.Fi

The remarkable effects of a magnetic field on the
phase diagram of superfluid He became apparent'
soon after the discovery of the superfluid phases.
For example, superfluid He-8, whose order param-
eter contains t t, g g and ( t g + g t ) Cooper
pairs, is strongly suppressed by applied magnetic
fields due to the presence of the ( t f + j t ) triplet
pairing component. This is analogous to the
depression of T, in ordinary S-wave superconduc-
tors by the effect of the field on singlet pairs. 4 Su-
perfluid He-A, on the other hand, is represented
by an order parameter containing only t t and J J
pairs, where the arrows denote magnetic-moment
direction. When a sample of He is cooled down in
a magnetic field, the superfluid phase which first
occurs, 3He-A t, is composed solely of t t pairs. s 6
The onset of t t pairing takes place at a tempera-
ture Tz greater than the zero-field transition tem-

1

perature T,. As the sample is cooled further, it un-
dergoes a second transition at Tz, & T, associated
with the onset of J J pairing. Below Tq, , He
enters the A2 phase (the A phase in a magnetic
field) containing both f f and t t pairs. Am-
begaokar and Mermin7 first showed that the ob-
served splitting of the 3 transition in a magnetic
field was a direct consequence of triplet pairing.
The 3~ phase is of great interest since the Cooper

pairs are totally spin polarized. It is therefore im-
portant to extend the phase diagram to large mag-
netic fields to determine the extent of the A ~ phase
in P- T-H space. A variety of thermomagnetic
phenomena are predicted to occur in that phase.
Of these, only second sound has been observed so
far, confirming the hypothesis that superfluid den-
sity waves in the A~ phase are in fact spin waves. 5
We present here a systematic study of the phase di-
agram of superfluid He over a wide range of fields
and presssures and a comparison of the results with
recent theories.
The experiment involved the use of two separate

magnets. The top magnet (6 T) was used for the

adiabatic demagnetization of 0.3 mole of PrNi5,
which then cooled the He. The sample cell was lo-
cated in the center of the lower magnet (9.5 T).
The magnets were designed for a negligible mutual
influence. The construction material for the sample
cell had to satisfy several criteria: First, it had to
have a small nuclear magnetic moment so that its
nuclear specific heat would not absorb the total
cooling capacity of the refrigerator. Second, it had
to provide an adequate thermal link between the re-
frigerator and the He in the cell. These require-
ments were satisfied by fabricating the cell body
from titanium and incorporating a sintered silver
heat exchanger into it. The silver powder was sin-
tered around several silver rods, which protruded
through the top of the cell in order to make thermal
contact to the nuclear stage. The nontrivial pro-
cedure by which titanium and silver were joined to
make a vacuum-tight seal is described elsewhere. '
The surface area of the heat exchanger was 40 m .
The link to the nuclear stage consisted of eleven
silver rods, each having a 2-mm diameter and 0.5-
m length. To increase their thermal conductivity,
the rods were heat treated in an 02 atmosphere.
Typical residual resistance ratios were a few
thousand.
The sample ce11 temperature was measured with a
He melting-curve thermometer located in a low-
field (1 mT) region. The thermometer was ther-
mally attached to the silver rods connecting the cell
to the nuclear stage. The advantage of using this
thermometer is the wide recognition of the He
melting-curve temperature scale and the ease with
which it can be reliably employed. "' Moreover,
the thermometer has a built-in fixed point, namely
the A transition on the melting curve, " which al-
lows for a systematic check of the inherent stability
of the thermometry setup. The disadvantage of this
method is the necessity of locating the thermometer
away from the high-field region, introducing a
potential problem regarding thermal equilibrium
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FIG. 1. Phase diagram of superfluid He at various
fields. (Squares, 3 T; open circles, 6 T; triangles 8.47 T;
and closed circles 9.4 T.) Solid line is our zero-field
phase diagram. The dashed line corresponds to the 3-B
transition (Ref. 21). The lines connecting the nonzero-
field points are guides to the eye. Note that the width of
the A~ phase at 9.4 T and the highest pressure is larger
than the width at zero field of the 3 phase.

between the thermometer and the sample. For ex-
ample, eddy-current heating caused by vibration
would introduce a field-dependent heat leak into
the He and create a temperature difference
between the cell and the thermometer which will
increase with field. To minimize this problem, the
cryostat was carefully isolated from vibration
sources. Also, the high resistivity of titanium
makes it less susceptible to eddy-current heating.
By comparing warmup rates at different fields, we
found that the heat leak to the sample was in fact
field independent.
Two 10-MHz sound transducers inside the cell

were employed in the transmission mode (pulse-
time-of-flight) to detect the transitions by the sharp
onset of sound attenuation due to pair breaking.
The overall temperature stability and the high
signal-to-noise ratio of the sound allowed us to
reproducibly locate the phase transitions to within 2
p,K during most runs. The absolute accuracy of the
data was limited by the unknown distribution of the
total heat leak (=4 nW) within the system. Since
the zero-field T, and high-field transitions could
not be measured in a single run, quantities such as
Tz —T, were affected by changes of the heat-leak
distribution within the system from run to run.
Quantities obtained within one run, such as
q, —Tq, , show reduced scatter. An estimate of

1940
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FIG. 2. The ratio of A~-A2 splitting to field, vs pres-
sure. Circles, this work; open square, Ruell and Kojima
(Ref. 6); closed square, Osheroff and Anderson (Ref.
16) at melting pressure. Note the large increase of the
ratio between lowest and highest pressure.

the errors gives a 4-p, K uncertainty in the quantity
Tz —Tq, and an uncertainty in Tz —T, and T,
—Tz, ranging from 6 p,K in the lowest fields to 18
p, K at 9 T. A detailed discussion of the error
analysis is given elsewhere. '
Our zero-field calibration assumes T, = 2.752 mK

on the melting curve. " For 1.6 & T & 2.7 mK our
T, 's can be conveniently related to the Helsinki
scale' by the relation: T, (mK) =0.068 +0.966
& T, H,&„„k;. The accuracy of this numerical relation
is within +5 p,K.
The phase diagram in various fields is shown in

Fig. 1. The variation of the splitting T& —Tz as a
1 2

function of field was found to be essentially linear.
A careful examination'4 of this splitting did, howev-
er, reveal a small but possibly significant nonlineari-
ty, although we cannot discount systematic errors.
For example, after fitting the 29.3-bar data by the
form Tz —Tz = aH+ bH, we found a =61.5

1 2

+1.2 p, K/T b=0.34+0.14 p,K/(T)2. The errors
in Tz, —T, and T,—Tz, were too large for us to dis-
cern any nonlinear field dependence in these quan-
tities.
It was suggested' that at high enough fields, the

liquid would become polarized enough to freeze out
the spin fluctuations responsible for the pairing in-
teraction leading to superfluidity. Thus, one would
eventually expect to observe a decrease of T& with

1

increasing field. In the present experiment, a suffi-
ciently high field for such an effect to become ap-
parent has not been reached.

B=0
A1-phase
B=8.5 T

A2-phase
B=8.5 T

The Phases of Pure Superfluid 3He- Spin-Triplet Pairing

1 2 30
0

34

B

A

T[mK]

3

P
[a

tm
]

Solid  He

Tc

1 2 30
0

34

B

A

T[mK]

3

P
[a

tm
]

Solid  He

Tc

10

5
A

B’

B[kG]

T[mK]

A1

2

I Suppression of "# Cooper pairs: TAB = Tc �gB
2

I Linear splitting of Tc for ESP Cooper pairs:

I "" Cooper pairs condense at T
A1

c = Tc +lA1 B

I ## Cooper pairs condense at T
A2

c = Tc �lA2 B

DTc ⌘ (T A1
c �T

A2
c ) =

�
lA1 +lA2

�
B

lA1 +lA2 ' 6.1µK/kG

I Theory: lA1 ⇡
����
g h̄

2

����

✓
kBTc

E f

◆

I D. Oshero↵, R. Richardson, D. Lee, Evidence for a New Phase of Solid 3He, PRL 28, 885 (1972)

I W. Halperin, C. Archie, F. Rasmussen, T. Alvesalo, and R. Richardson, Specific heat of superfluid 3He on the melting curve, PRB 13, 2124 (1976)

I V. Ambegaokar and N. D. Mermin, Thermal Anomalies of 3He: Pairing in a Magnetic Field, PRL 30, 81 (1973)

The Phases of Pure Superfluid 3He- Spin-Triplet Pairing

1 2 30
0

34

B

A

T[mK]

3

P
[a

tm
]

Solid  He

Tc

1 2 30
0

34

B

A

T[mK]

3

P
[a

tm
]

Solid  He

Tc

10

5
A

B’

B[kG]

T[mK]

A1

2

I Suppression of "# Cooper pairs: TAB = Tc �gB
2

I Linear splitting of Tc for ESP Cooper pairs:

I "" Cooper pairs condense at T
A1

c = Tc +lA1 B

I ## Cooper pairs condense at T
A2

c = Tc �lA2 B

DTc ⌘ (T A1
c �T

A2
c ) =

�
lA1 +lA2

�
B

lA1 +lA2 ' 6.1µK/kG

I Theory: lA1 ⇡
����
g h̄

2

����

✓
kBTc

E f

◆

I D. Oshero↵, R. Richardson, D. Lee, Evidence for a New Phase of Solid 3He, PRL 28, 885 (1972)

I W. Halperin, C. Archie, F. Rasmussen, T. Alvesalo, and R. Richardson, Specific heat of superfluid 3He on the melting curve, PRB 13, 2124 (1976)

I V. Ambegaokar and N. D. Mermin, Thermal Anomalies of 3He: Pairing in a Magnetic Field, PRL 30, 81 (1973)

Ambegaokar and Mermin (1973)



Ferromagnetic Superconductivity in tDBG
Spin-polarized SC State

gµBB//

� ��� 2 2.5 3
Q����� cm-2)

0

2

4

�

�

��

��

���

�

��

nS1/2nS

B
//

(T
)

7�.�

0

0.5

�

���

2

2.5

B
//

(T
)

0

�

T%.7

2 3 4 5 � � � 9

0 5 ��
B//(T)

0

0.�

��2

���

(m
eV

)

1/2nS gap

JѥBB//

2.4

3

���

4.2

nS gap

T%.7

JѥBB//

A B C

D

ns gap

ns/2 gap

Spin-polarized Mott State

-gµBB//

� ��� 2 2.5 3
Q����� cm-2)

0

2

4

�

�

��

��

���

�

��

nS1/2nS

B //(T
)

7�.�

0

0.5

�

���

2

2.5

B //(T
)

0

�

T%.7

2 3 4 5 � � � 9

0 5 ��
B//(T)

0

0.�

��2

���

(m
eV

)

1/2nS gap

JѥBB//

2.4

3

���

4.2

nS gap

T%.7

JѥBB//

A B C

D
Cooper Pair: Spin triplet & Valley singlet

J. Y. Lee, E. Khalaf, S. Liu, X. Liu, Z. Hao, P. Kim, A. Vishwanath, Nature Comm. 10, 5333 (2019).

Mott insulating behaviour and superconductivity in AB-AB stacked graphene

(Dated: January 15, 2019)

I. FIGURES

Here, we simulated single-electron band structure based on
the Mcdonald’s continuum theory for twisted bilayer-bilayer
graphene system. Basic features has been already studied in
the recent work by Yahui et al.[? ], but it has overlooked an
important detail, a trigonal warping and electron-hole asym-
metry term. These two terms drastically modify the band
structure of the AB-stacked bilayer graphene at K and K 0

points in the energy scale relevant to the Moire-physics. On
top of this, the relaxation[? ] of the Moire-pattern is an-
other important ingredient, modifying the structure of inter-
layer coupling between twisted layers. Thus, there are total
five parameters that are important: g0 (Dirac cone), g1 (AB-
interlayer hopping), g3 (Trigonal warping), g4 (Electron-hole
asymmetry), w0 (Moire hopping), w1 (Moire hopping). [? ]

II. DISCUSSION

Based on the data, we can construct the following picture:
the growth of the gap in the insulating phase at half-filling
with applied in-plane field suggests a spin-polarized Mott in-
sulating phase. Once it is doped with electrons, one of two
possible scenarios is possible: (i) the doped electrons fill the
minoriy spin band leading to a single spin species at the Fermi
surface, or (ii) the band structure adjusts so that the up and
down spins form separate Fermi surfaces. The absence of a
clear quantum oscillation signal suggests the latter scenario
is more probable. It is also what we would expect for large
enough doping when we approach the superconducting phase
from the metallic side. The observed linear increase in Tc with
in-plane field at small fields (cf. Fig. ??) suggests that the su-
perconducting pairing takes place independently in each spin
species with the increase in Tc attributed to the enhancement
in the density of states of the favorably aligned spins from the
Zeeman splitting. We note that such mechanism is known to
occur in the superconducting transition in liquid He3 leading
to an analogous linear increase in Tc with applied field [? ].

At larger fields, the increase in Tc due to Zeeman splitting
is expected to saturate since the Cooper pairs involve spin-
aligned electrons which cannot be broken by a Zeeman field.
Thus, the observed reduction in Tc for relatively large fields

(Figs. ?? and ??) can only be attributed to the orbital effect
of the applied field which provides the main pair-breaking
mechanism. For out-of-plane fields, this can be understood
simply in terms of the coupling between the orbital motion of
the electron and the magnetic field [] which is known to be
large in graphene and related heterostructures []. The orbital
effect due to in-plane field is more subtle but it is expected
to on symmetry grounds due to the the following: pairing
takes place between time-reversal-related pairs of electrons
lying in opposite valleys. When we apply an in-plane field,
the energies of such pairs of electrons get mismatched and for
large enough fields such mismatch would destroy supercon-
ductivity. The orbital effect for both in-plane and out-of-plane
fields can be captured by adding to the Hamiltonian a term
µBg�,k · B with g�,k being the orbital g-factor and � = ±

being the valley index. The in-plane and out-of-plane orbital
g-factors are given by

gk,�,k =
1

µB
rB✏�,k(B)|B=0, (1)

g?,�,k = �
4m

~2 =

X

m 6=n

hn|@kxH|mihm, |@kyH|mi

✏n,�,k � ✏m,�,k
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Combining the Zeeman and orbital effects, we can derive the
dependence of Tc on magnetic field as (see supplemental ma-
terials for details)

Tc(B) = Tc + aB � bB2 (3)

a = 2µBTc�
N 0(✏F )

N(✏F )
ln

⇤

Tc
, b =

µ2
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Tc

Z

FS
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where � the magnetic susceptibility, N(✏F ) the density of
states at the Fermi energy, ⇤ the bandwidth, �k is the orbital
part of the superconducting gap, eB is the direction of the
magnetic field and  is a normalization constant for the Fermi
surface integeral.

(add estimates from the numerics in the following para-
graph) The parameters N(✏F ), ⇤,  and g�,k can be obtained
from the numerically calculated band structure. The magnetic
susceptibility can be estimated to be ... leading to a ⇡ ... .
The parameter b depends weekly on the symmetry of the su-
perconducting pairing but it can be eastimated to be around
b ⇡ ....
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Superconducting Twisted bilayer WSe2

For 2.5o Vtg = -21V (2h+/MUC)

-- V ~ I3
TBKT = 1.6K

Angle : 2.5o

-- V ~ I3

TBKT = 0.3K

Angle : 3o

See also similar data in An et al., arXiv:1907.03966

Superconducting-like state Tc ~ 0.3 - 3 K 
has been realized in a wide angle range!

~ 8 K



Superconducting Or Not Superconducting?
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Atomic Registry in Domains and Boundaries
~ 0.5∘

~ 179.5∘

~ 0 degree
Circular AA domains where 6 
domains (3 AB domains and 3 
BA domains) meet each other 

~ 180 degree
Triangular AB’ and BA’ 
domains where 3 domains 
(AA’) meet each other.

Yoo et al., (Collaboration with Muller group at Cornell)
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Twisting Engineering of Moire Superlattice
Graphene/graphene   0.1-0.2deg

More regulated

Not well-controlled



Summary and Outlook
• Spin polarized Mott gap state is realized in half-filled tDBL bands 

tuned by D.

• Quarter filled tDBT band can develop a spin polarized gap.

• Superconductivity appears near the half field states in 1.26 degree 
rotated tDBL.

• Superconductivity appeared in tDBL samples can be tuned by D and n.

• Tc enhanced with small in-plane magnetic fields.

Going Forward:

• What is the optimal Tc in tDBT?

• Will spin-polarized SC in tDBL exhibit topological superconductivity?




