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Wiedemann-Franz law

Raytheon
BBN Technologies

4 ) _
K ﬂ.2 k 2 » Independent of density, mass,

WFE_ _ Lo — B mean-free-path, scattering time
elecT 3 \e * True in Drude model and Fermi
/ liquid

* Carrier concentration (cm?)
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Kumar, Prasad, Pohl, J. of Materials Sci. 28, 4261 (1993)
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Weakly interacting trongly Interacting
Zaanen, Science 351 (2016)

[Condition of hydrodynamic description: T, << ‘L’imp ]
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Electrical resistance BBN Technologies
Ohmic flow Hydrodynamic flow
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Poiseuille’s flow BEN Technologies
Poiseuille flow Electrical
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Hydrodynamics in solid BBN Technologies
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R. N. Gurzhi, J. Expt. and Th. Phys. 17 521 (1963)
GaAs de Jong and Molenkamp, PRB 1995
Chow, Wei, Girvin, Shayegan PRL 1996
Andreev, Kivelson, Spivak, PRL 106, 256804 (2011)
Titov, et. al., PRL 111, 166601 (2013)

Coulomb drag {Apostolov, Levchenko, Andreev, PRB 89 121104 (2014)

PdCoO, - Moll, et. al., Science 351, 1061 (2016)
Crossno, et. al. Science 351, 1058 (2016)
graphene Bandurin, et. al. Science 351, 1055 (2016)
Kumar, et. al., Nat. Physics. 17, 521 (2017)
Gooth, et. al., Nature 547, 324 (2017)
Gooth, et. al., arXiv:1706.05925 (2017)
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Graphene

—
—_
Scotch tape

piece of graphite Nobel prize

2010
W, S I D PedsCience.com

Method 1: Mechanical exfoliation

1 Asticky 'tape’is placedonto a
block of graphite and then peeled
back, stripping a thin layer off the top

Tape  / A

1 Pressed
Graphite block {,down __—
(pencil lead) L Q_(’

2 This layer of carbon is thinned
further by pressing it on to other
layers of tape

Pressed jJ? ‘

l together 7/ 3 / Rt

s apart

3 The tape is finally pressed onto a
very smooth substrate such as silicon
then peeled off, leaving a graphene
layer a single atom thick

Tape pressed / ‘

T / Peeled

Sample size
Greater than Imm

Applications
Research




Dirac point
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p(kQ) & o(1/kQ)

A e'»‘w-.—%xrun‘e
~—gtain IR
é

—

1/p,

p = p+ const

1/p

50K

PRL 100

0 25
Vg (V)

, 016602 (2008)

50

Phys. Rev. 71, 622 (1947)
RMP 81, 109 (2009); 83, 407 (2011)

E=hv,k,=hv.Nwn
Metallic
DOS =2FE /(w(hv, )%)
Weak screening, Strong e-e interaction
. 2
o = Potential __¢ _05
Kinetic € hv,
Quantum criticality 13
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Fast e-e interaction BBN Technologies
(a) 4
1900 7] ® Data
< 1500 - — ;—i
2 —T
g \ == T (no SC)

Temperature

| | | | | |
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t (fs)

Johannsen et al., PRL 111, 027403 (2013)

See also:

Condition of hydrodynamic description: 7,, << Tip )

Sheehy and Schmalian, PRL 99, 226803 (2007)

See also:

Fritz, Schmalian, Muller, and Sachdev, PRB (2008).

Mueller, Fritz, and Sachdev, PRB (2008).

Foster and Aleiner, PRL (2009).

Mueller, Schmalian, Fritz, PRL (2009) 14
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Quantum phases
without
sharp quasiparticles

Temperature

* Normal state of
high Tc superconductors

Hole doping

* Quantum critical regimes

* Unitary Fermi gas: BCS-BEC crossover

* Quark-gluon plasma

* String Theory: AdS/CFT

kc.fong@raytheon.com )
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Minimum ViSCOSity BBN Technologies
. . h he M
Sharp quasiparticle: Ly >>— { o \
P
. Pyee l’\
—mﬁy — ﬂ >>S h f /
n n &‘\‘__4
r " N
Kovtun-Son-Starinets Bound ﬂ >
. PRL (2005) s 4 ”kB )
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Experimental search for the "perfect fluid”

Fluid T [K] 1 [Pa - s] n/n k] | n/s [h/kg]
H>0 370 2.9 x 104 85 8.2
*He 2 1.2 > 10°° 0.5 1.9
OLi (Jas| = o0) | 23 x107° | <1.7 x 107 1° <1 < 0.5
QGP 2 x 1012 < 5 x 1011 - < 0.4

oo IEEEENR

The hottest fluids
. Unitary Fermi gas
ever made in (Thomas)
a laboratory

QGP
(RHIC)

Data from: T. Schafer & D. Teaney, Rept.Prog.Phys. (2009) s




Hydrodynamic physics per Tetstegies

Quark-gluon plasma Graphene

Unitary quantum gas

=
08 i o
’ He at the Wh_ 1| 1002
- J\ A point s AT, : gﬂ%*’
06| -
N R | B,
2 o4 w- S e ® .
5
\\\\
02 D
() Graphene
0 _
0 100 200 300
T /K
— Mueller, Schmalian, Fritz, Cao, Elliott, Joseph, Wu,
RHIC: relativistic heavy PRL 2009 Petricka, Schafer, Thomas,

ion collider Science 2011

18



. . . . Raytheon
Experimental signature of Dirac fluid  ssnTecnologies

Quantum-critical relativistic magnetotransport in graphene

Markus Miiller, Lars Fritz, and Subir Sachdev
Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

(Received 9 June 2008; revised manuscript received 13 August 2008; published 5 September 2008)

In the quantum-critical regime w=<T we find pronounced deviations from Fermi-liquid
behavior, such as a collective cyclotron resonance with an intrinsic collision-broadened width and significant
enhancements of the Mott and Wiedemann-Franz ratios. Some of these results have been anticipated by a
relativistic hydrodynamic theory,

(_Q i>l’0

-|—V —V aelec r

Foster and Aleiner, PRB (2009) 19



How to measure electrical thermal Raytheon
. . BBN Technologies
conductivity?

VO,
nanobeam

Science 355, 371 (2017) Science 351, 1058 (2016)
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tal setup

Experimen
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ow to measure electron temperature?  esntecnologies

S, =4R(k,T,)

On the order of ~10 pV at 1K

Low Noise _
Amplifier * Noisy!!
(( . . . .
) 1 « Amplifier also inject noise!
Tsample °

&=

d Impedance matching

kc.fong@raytheon.com 22



Johnson noise radiometer
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Sy =4R(k,T, +k,T,, )

LC matching

network
graphene

O

1.0}

Low Noise
Amplifier

Tsample % -

Magn Det WD
461x TLD 550 Hansh-Ravi

L el e

Sv(nV?Hz ")

0.8}

= Autocorrelation
e (Cross—correlation

Temperature (K)

23

~4f A
-
é -
2 :
EN A
/ % T 300
0 100 200 300



. . B h
Dicke Radiometer e e

_ Rev. of Sci. Inst. 17, 268 (1946)
Sy =4R(k,T, +k,T,, )
LC matching i Low Noise
network Amplifier Antenne Resisfor
mperoture
graphene Ym : ()() I Cooxial-Line Teme” r
| ; >
I 1 | 7
Tsample e | = Enclosure
' . s/ Wolls Black
: Vemperoture T
M >
' d
7 Antennc
A
- U wide Bond 2nd
f\f\/\"/_._”"" o tF Amp. s Dersctor
Z - Bea?
N Osc
24
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Measuring the temperature of UNiVerse s emoosies

Sy =4R(k,T, +k,T,, )

)

LC matching
network

Low Noise

graphene Amplifier

Tsample % =

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This
excess temperature is, within the limits of our observations, isotropic, unpolarized, and

Astrophysical Journal 142, 419 (1965)

kc.fong@raytheon.com 25
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Noise of the Johnson noise

Temperature (K)

@ 49.8 499 50.0 50.1 50.2
— = 1.0 T T T T
SV = 4R (kBT; + kBY;yS ) 2 |@ = 28 MHz
g O 328 MHz
05 7
-
Z0.0
5T _ Te + Tsys 30 ¥ T [ T T 100
p— \/F s ™ ?ulocorrelailliqn » = Autocorrelation
. T ~ —\' ® (ross-correlation - H e (:ross-correlation 480
E b Eqn. (2) 1k Eqn. (2) E
2 r ~\ H60 2
=REI | ° E
= we L \e 440 5
§ 10 - ."alg. | l.‘...% ! G
- 5 .m..ll!] — ..:“°'Ooo 20 =
(b) 328 MHz (c) 28 MHz
00 .().15 J1 0 _0.15 70
Time (s) Time (s)
APL 106, 023121 (2015)
Temperature sensitivity ~ mK / Hz/2
26
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Where does our mK sensitivity stand?  eenTechnologies

T=2.72548 £ 0.00057 K

kc.fong@raytheon.com 27
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Understanding the thermal pathways  senTechnologies

P

heating

graphene
electrons

=I'R =Gth(Te_Tph)

Electrical Thermal
Vv T
Re—ph %
I P
ReIec Rth = l/Gth

[ Thsei:‘rl?al ] CeIec Cth

kc.fong@raytheon.com 28
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Electron-phonon coupling in graphene  sentecnologies

graphene
electrons
Re-ph %
graphene
phonons

RKapitza %

Thermal
sink

kc.fong@raytheon.com 29

In metal: 0.5 nK change
for50 Win 1 mm3

(PRL 1985, PRB 1994)
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Momentum relaxation in hydrodynamics BBN Technologies

y dimension

A
boundary plate
(2D, moving) | velocity, u

fluid gradient, B

boundary plate (2D, stationary)

Dissipation via viscosity Dissipation via impurities or phonons
N 2 u
L VAPY -
p m TMR
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Differential thermal measurement BBN Technologies
L. T
By = ;3 (Te_Tph) 301
] (b)
ce electrons —_
graphene . d 300
electrons neo ~ i
eletrode o
5 o 2 31
P =A%, ,(T0-T)) Res % =
o- o
P_,=0AZ,_ T, 1(Te T, araphene g 30 T Bath
phonons = T ¢ 300K
s 4 ¢ 30K
% *g ¢ 3K
o 3
Thermal ¥
sink 0 '
[ ] 0 20 40 60 80
Current (/4A)

APL 106, 023121 (2015)
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WEF law in clean samples BEN Technologies

A
Oelec TLO‘

&
e

Nat Material 10, 282 (2011)
See also: Nat. Phys. 5, 722 (2009)

"

Temperature
Thermal Conductivity (nW/K)

] "_20 K \
0 0
0

Carrier density’ 05 0 0.5
AVg (V)
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_ BBN Technologi
WF IaW N Clean Samp|es echnologies
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WEF law in clean samples BEN Technologies
‘ K ‘ | | & |
OelecTLO‘ 6 K .:‘ - Ke : 0;6
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o oo o®
)
N

Thermal Conductivity (nW/K)
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c
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Temperature
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i 0 — S
Carrier density’ 0 ; ' 0
-0.5 0 050 50 100 150
AVg (V) Thath (K)
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WEF law in clean samples BBN Technologies
‘ K ‘ | | & |
GelecTLO‘ 6 K .:‘ - Ke : ;6

- ) 0.4

y2
. ~0Vig

N
°

0.. ...
o oo o®

Thermal Conductivity (nW/K)
\O)
c
ol).

- O = O
T
o
1
AN

Temperature

0 [ ® camemen] i
; e 0 ] ] O
Carrier density 05 0 050 50 100 150
AVg (V) Thath (K)

kc.fong@raytheon.com 36



: . . Raytheon
Momentum relaxation in hydrodynamics BBN Technologies

y dimension

A
boundary plate
(2D, moving) | velocity, u

fluid gradient, B

boundary plate (2D, stationary)

Dissipation via viscosity Dissipation via impurities or phonons
N 2 u
L VAPY -
p m TMR
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Signature of Dirac Fluid
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Temperature

0
Carrier density’

kc.fong@raytheon.com

Tratn (K)

100

90
80
70
60
50
40
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20

10
-15 -10 -5 0 5 10 15

n(10°cm3?)
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112

/1

-.8

4

0
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Momentum relaxation length BBN Technologies

20' 258 | | ,'\ 10 | | T
N 20! .. AV, =0 1 8 i
4 A &
16+ 51 %% s g 5 // _
N I > Py 'l T
12} 1 24 e
T HEE EN 2
3 8 _ gasts i® 2 P |
- 0——f
4

I I
gsstts, ¢« |
\.Oo..... 7 .
% 100 200 ?‘g\. 0 60 80 j00, Andrew Lucas Subir Sachdev

4 : Temperature (K) T (K) .
o boesee eﬂm

-6 -4 =2 0 2 4 6
n (10" cm-2)

Lpr

L= 5
(1+ (n/no)?)”
Muller et al, PRB 78, 115406 (2008)
Foster et al., PRB 79, 085415 (2009)
Lucas et. al., PRB 93, 075426 (2016)
) .
op = Hibln gy _ Mo
T*0min e“Vply Related works:

. Principi and Vignal, PRL 115, 056603 (2015)
l,, = momentum relaxation length

H = Fluid enthalpy density v
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Second sound and plasma wave BBN Technologies
w )
_ I\ a Au

plasmon
-~ quantum
b

T =50-300 K

. kinetic

loe k q
Sun, Basov, and Fogler, PNAS 115, 3285 (2018) Nature 557, 530 (2018)
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Second sound and plasma wave BBN Technologies
Energy waves Plasmons
g —T(z) ~kBT>p —T(z) A 1> kgT
2 —p(z) —p(z)
w g
0 o0 0
E T Sy E
. @ g
5
plasmon " 0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
7 quantum 2/ /A
r. 1 Phan-Song-Levitov, arXiv:1306.4972
ee
" Kkinetic
demon//'/
r - ilydro temperature
a dynamic second sensor
' = sound .
171 s k superfluid

Sun, Basov, and Fogler, PNAS 115, 3285 (2018)
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helium

heating
wire
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From quantum materials to quantum sensor
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1800: Sir William Herschel
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Radiation

Thermal mass

Absorber
Thermal
link

SIS S S

Heat sink

ar- P AT
Gth Cth

BBN Technologies
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Wh y g I'a p h e N e ? BBN Technologies

P Radiation
Thermal mass

Absorber

Thermal
link

SIS S S ST

Heat sink

Ref:

- Vora, Kumaravadivel, Nielsen, and Du,

NEP = \/ 4GtthT 2 APL 100, 153507 (2012)
- Fong and Schwab, PRX 2, 031006 (2012)
- J. Yan, et. al., Nature Nanotech. 7, 472
(2012)

Ag ~ \/ C thT : - McKitterick, Prober, and Karasik, JPL 113,
: 044512 (2013)
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2
Nano-wire SPD C, = DOS(SF)]CBT
10000 kB at 65 mK Granhone Bolomet
Nat. Nano. 3, 496 (2008) raphene bolometer

~1000 kB at 311 mK

APL 101, 052601 (2012) PRX 3, 041008 (2013)

kc.fong@raytheon.com 44



Why graphene?
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Tielrooij, et. al., Nat. Phys. 9, 248-252 (2013)

See also:

P. George, et. al. Nano Lett 8, 4248 (2008)

Lui, Mak, Shan, Heinz, PRL 105, 127404 (2010)
Breusing, Ropers, Elsaesser, PRL 102, 086809 (2009)
Johannsen et al., PRL 111, 027403 (2013)

kc.fong@raytheon.com

Minute C,, on the order of kg

DOS =2E /(w(hv, )%)
Small G, due to weak
electron-phonon coupling

Fast thermalization due to
short e-e scattering time

Wide EM bandwidth

High absorption efficiency
with impedance matching

45
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How to use graphene to sense single photon? m.»mchfmaes

Current (MA)

|
-15 10 -05 0.0 0.5 1.0 1.5
Voltage (mV)

ke.fong@bbn.com Phys. Rev. Applied 8, 024022 (2017) 46
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How to use graphene to sense single photon? m.»mchfmaes

Current (MA)

|
-15 10 -05 0.0 0.5 1.0 1.5
Voltage (mV)

ko fong@bbn.com Phys. Rev. Applied 8, 024022 (2017) 4
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How to use graphene to sense single photon? m.»mchfmaes

N
o

RN
o

Current (pA)
o

N
o

N
o

| |
-1 10 -05 0.0 0.5 1.0 1.5
Voltage (mV)

ke.fong@bbn.com Phys. Rev. Applied 8, 024022 (2017) 48
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How to use graphene to sense single photon? m.»mchfmaes

N
o

RN
o

Current (HA)
o

N
o
1

N
o

| |
-1 10 -05 0.0 0.5 1.0 1.5
Voltage (mV)

kelong@rayiheoncom  ppRys Rev. Applied 8, 024022 (2017) 49
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Applications of SNS Josephson junction

Reversing the direction of the
supercurrent in a controllable 2
Josephson junction '

J. J. A. Baselmans*, A. F. Morpurgo*f, B. J. van Wees*

& T. M. Klapwijk*

* Department of Applied Physics and Material Science Center, University of

Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands b

Reservoir

When two superconductors are connected by a weak link, a )
supercurrent flows, the magnitude of which is determined by A Gold channel +
the difference in the macroscopic quantum phases of the super- v
conductors. This phenomenon was discovered by Josephson' for w ¢ Isns control
the case of a weak link formed by a thin tunnel barrier: the -
supercurrent, I, is related to the phase difference, ¢, through the \ Niobium
Josephson current—phase relation, I = I _sin¢, with I. being the
critical current which depends on the properties of the weak link.
A similar relation holds for weak links consisting of a normal

Reservoir

metal, a semiconductor or a constriction®. In all cases, the phase
difference is zero when no supercurrent flows through the junc-
tion, and increases monotonically with increasing supercurrent

T Present address: Department of Physics, Stanford University, Stanford, California 94305-4060, USA.

Figure 1 Electronic distribution function and the sample layout. In the bottom
panel, a gold channel between two electron reservoirs is connected to two
niobium superconducting leads. The control voltage across the channel induces
a position-dependent electron distribution, shown in a for positions 1,2 and 3in b.
The current through the Josephson junction is indicated by /gys.

Nature 397, 43 (1999)

See also:
Gasparinetti, Viisanen, Saira, Faivre, Arzeo, Meschke, and Pekola, PR Applied 3, 014007 (2015)
Govenius, Lake, Tan, and Métténen, PRL 117, 030802 (2016)
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Microwave bolometer

L.Ranzani G-H.Lee

hBN encapsulated
graphene

N o
(b) T I Ca
quarter-wave 3 :=|: :l: directional
resonator 1 coupler  circulator  LNA
- N f\\
Ny i 17 O
quarter-wave
? resonator W
AAA
nm o L
1 1 Tde 20 dB
I I attenuator
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Bolometric effect BBN Technologies

T | <ﬁ — O NinrAwiavia ~FF
0.2¢ ,3; — % — Microwave on |

=) N

= I
~

— |
: 0

o 0.1} |

oy

0
1 1.1 1.2
I (nA)
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Sensitivity reaching fundamental Raytheon

BBN Technologies

fluctuation limit at 6e-19 W/Hz"? @ 0.2 K

4-27K
 [sgets
J } ~ ‘agege’
: Orlglnsspace
Spitzer ~WFIRST  Herschel Webb . Telescope .~
085m  Hubble 35m 6.5 m ~ .
N 1} '
S~
A -1
N
L
\ I—
=
N
0.5¢ =
i
Z -
¢ data 3
NEP limit =
ot——— -
0 1 2 3 . "
5 SV a—
Vgate (V) Origins Space Telescope

Wavelength [pum]
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Sensitivity reaching fundamental Raytheon

BBN Technologies

fluctuation limit at 6e-19 W/Hz"? @ 0.2 K

V4
.

d + * | NEP = \J4G, k,T*

+ Canevia (OJk Cﬁﬁtav\b{-l

0.5} + -
Y s oy ”lwat m"
5 NEP limit PUSES T ,

NEP (aW/Hz'’?)
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Enabling single-photon technology ME Fecimotniies

an Quantum Informatlon 3, 16 (2017)
ASC: Plenary Session

on Thursday
<Lower energy |

mm-wave THz

107" 107

z

107

_ =~ 7 Zodiacal Scatecte ™ ov |1
- light cirrus T =5K
10-20 Tel 101
L] , 10 100 1000
ophed s Wavelength (um)

arXiv:1807.08810 IEEE THz 1, 97 (2011)
ASC: Novel electronics (4EOr2A) ASC: Non-equilibrium Detectors and

Mixers (1EOr2B)



1077 |

107"
10712

10713

Axion Coupling |95,y | (GeV'1)

107° |

10717

Experimental Perspective on DM Axions
Analytic and Lattice QCD predictions of the axion mass

Cavity Frequency (GHz)

10714

107° |

1 10
1 Other axion 3
experiments
Borsanyi (201
i ADM :
i 201 .
(2013 onati (2016 4 5(')'??teros (201 . ex‘,)enm
5 aer A
KSVZ Berkowitz (201 cyture K0T T
Adapted from: Gray Rybka
2017 J. Phys. G:Nucl. Part.
ADN\X Phys. 44 124002
1 10 100

Axion Mass peV

Aaron S. Chou (FNAL), Aspen Winter Conference, 3/27/18



Axion Dark Matter Experiment

Raytheon
BBN Technologies

GHz

Resonance condition:
hv = m_c?[1 + O(p%~100)]

10.7 MHz 35 kHz
I |
Integration: 8 msec FFT 50 sec
Resolution: 125 Hz 0.02 Hz
Maxwellian Fine-Structure
Power
A
Av
= 10-6
_} A .1'_
4
A A '“‘,_f iAN Y- ot
»

kc.fong@raytheon.com

Frequency (GHz)
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