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

•  Independent of density, mass, 
mean-free-path, scattering time 

•  True in Drude model and Fermi 
liquid 



Hydrodynamics 
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Weakly interacting Strongly interacting 
Zaanen, Science 351 (2016) 

Condition	of	hydrodynamic	description:		 τ ee << τ imp



Electrical resistance 

kc.fong@raytheon.com 6 

ρA

l

R = ρl
A

l

w

R∝ 1
w

R = 12ηl
n2e2w3

Ohmic flow 

u

w

Hydrodynamic flow 



Poiseuille’s flow 
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Hydrodynamics in resistance measurement 
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Levitov, Falkovich, Nature Phys. (2016) 
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Hydrodynamics in solid 
R. N. Gurzhi, J. Expt. and Th. Phys. 17 521 (1963) 
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) 
Apostolov, Levchenko, Andreev, PRB 89 121104 (2014) 
Moll, et. al., Science 351, 1061 (2016) 
Crossno, et. al. Science 351, 1058 (2016) 
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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Hydrodynamics in solid 

GaAs 

PdCoO2 

graphene 

Weyl 

PdCoO2 

Weyl graphene 

R. N. Gurzhi, J. Expt. and Th. Phys. 17 521 (1963) 
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) 
Apostolov, Levchenko, Andreev, PRB 89 121104 (2014) 
Moll, et. al., Science 351, 1061 (2016) 
Crossno, et. al. Science 351, 1058 (2016) 
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) 
 

Coulomb drag 



Graphene 
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Dirac point 

•    
•  Metallic 
•    
•  Weak screening, Strong e-e interaction 

•  Quantum criticality 13 

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

α =
Potential
Kinetic

=
e2

εr!vF
≈ 0.5

DOS = 2E / (π (!vF )
2 )

E = !vFkF = !vF πn

PRL 100, 016602 (2008)  



Fast e-e interaction 
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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) 
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Johannsen et al., PRL 111, 027403 (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) 
Tielrooij, et. al., Nat. Phys. 9, 248–252 (2013) 
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Condition	of	hydrodynamic	description:		τ ee << τ imp
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Randeria 

kc.fong@raytheon.com 



Minimum viscosity 
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Sharp quasiparticle: lmfp >>
!
p

nplmfp
n

=
η
n
>> !

η
s
≥
!

4πkB
Kovtun-Son-Starinets Bound 

PRL (2005) 
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Hydrodynamic physics 

18 

Quark-gluon plasma 

RHIC: relativistic heavy 
ion collider 

Unitary quantum gas 

Cao, Elliott, Joseph, Wu, 
Petricka, Schafer, Thomas, 

Science 2011 

Graphene 

Mueller, Schmalian, Fritz, 
PRL 2009 

>1012	K 	 	 	 	 	 	70	K	 	 	 	 	 			1	uK	



Experimental signature of Dirac fluid 
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κDL

σ elecT
> L0

Foster and Aleiner, PRB (2009) 



How to measure electrical thermal 
conductivity? 
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Science 355, 371 (2017) Science 351, 1058 (2016) 



Experimental setup 
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How to measure electron temperature? 
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T

Low Noise
Amplifier

LC matching
networkgraphene

sample

SV = 4R kBTe( )
•  On the order of ~10 pV at 1K 
•  Noisy!! 
•  Amplifier also inject noise! 
•  Impedance matching 



Johnson noise radiometer 
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T

Low Noise
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networkgraphene
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SV = 4R kBTe + kBTsys( )

NbTiN 
Superconducting 
Inductor 



Dicke Radiometer 
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T

Low Noise
Amplifier

LC matching
networkgraphene

sample

SV = 4R kBTe + kBTsys( ) Rev. of Sci. Inst. 17, 268 (1946) 



Measuring the temperature of universe 

25 
Astrophysical Journal 142, 419 (1965) 
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SV = 4R kBTe + kBTsys( )



Noise of the Johnson noise 
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APL 106, 023121 (2015) 

SV = 4R kBTe + kBTsys( )

Temperature	sensitivity	~	mK	/	Hz1/2		



Where does our mK sensitivity stand? 
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T = 2.72548 ± 0.00057 K 



Understanding the thermal pathways 

kc.fong@raytheon.com 28 

Electrical	 Thermal	

V	 T	
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Relec	 Rth	=	1/Gth		
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graphene	
electrons	

Thermal		
sink	

Re-ph 

Pheating = I
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Electron-phonon coupling in graphene 

kc.fong@raytheon.com 29 

graphene	
electrons	

graphene	
phonons	

Thermal		
sink	

Re-ph 

RKapitza 

Pe−ph = AΣe−ph Te
3 −Tph

3( )

PBlackbody = Aσ Th
5 −Tc

5( )

In	metal:	0.5	nK	change	
for	50	W	in	1	mm3		

(PRL	1985,	PRB	1994)	



Momentum relaxation in hydrodynamics 
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Dissipation via impurities or phonons Dissipation via viscosity 



Thermal diagram 
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Differential thermal measurement 
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δ( )
Pe−ph = δAΣe−phTph

δ−1 Te −Tph( )

APL 106, 023121 (2015) 



WF law in clean samples 
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Nat Material 10, 282 (2011) 
See also: Nat. Phys. 5, 722 (2009)  



WF law in clean samples 
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WF law in clean samples 
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WF law in clean samples 
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Momentum relaxation in hydrodynamics 
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Signature of Dirac Fluid 
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Momentum relaxation length 

39 

Muller et al, PRB 78, 115406 (2008) 
Foster et al., PRB 79, 085415 (2009) 
Lucas et. al., PRB 93, 075426 (2016) 
 
Related works: 
Principi and Vignal, PRL 115, 056603 (2015) 

H = Fluid enthalpy density 
lm = momentum relaxation length 

Andrew Lucas Subir Sachdev 



Second sound and plasma wave  
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Sun, Basov, and Fogler, PNAS 115, 3285 (2018) Nature 557, 530 (2018) 



Second sound and plasma wave  
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Sun, Basov, and Fogler, PNAS 115, 3285 (2018) 

Phan-Song-Levitov, arXiv:1306.4972  



From quantum materials to quantum sensor 
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1800: Sir William Herschel 

ΔT = hυ
Cth

ΔT = P
Gth



Why graphene? 
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NEP = 4GthkBT
2

Δε ~ CthkBT
2

Ref: 
-  Vora, Kumaravadivel, Nielsen, and Du, 

APL 100, 153507 (2012) 
-  Fong and Schwab, PRX 2, 031006 (2012) 
-  J. Yan, et. al., Nature Nanotech. 7, 472 

(2012) 
-  McKitterick, Prober, and Karasik, JPL 113, 

044512 (2013)︎ 
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15 µm 
Nano-wire SPD 
10000 kB at 65 mK  
Nat. Nano. 3, 496 (2008) 
APL 101, 052601 (2012) 

Graphene Bolometer 
~1000 kB at 311 mK 
PRX 3, 041008 (2013) 

2/10 mkc Be µ≈

Minute electronic heat capacity 

ce ≈ DOS εF( )kB2T

kc.fong@raytheon.com 
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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) 

•  Minute Cth on the order of kB 

•     
•  Small Gth due to weak 

electron-phonon coupling 

•  Fast thermalization due to 
short e-e scattering time 

•  Wide EM bandwidth 
•  High absorption efficiency 

with impedance matching 

DOS = 2E / (π (!vF )
2 )

Why graphene? 
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How to use graphene to sense single photon? 
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How to use graphene to sense single photon? 

I 
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How to use graphene to sense single photon? 

I Ic 
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How to use graphene to sense single photon? 

I 



Applications of SNS Josephson junction 
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See also: 
Gasparinetti, Viisanen, Saira, Faivre, Arzeo, Meschke, and Pekola, PR Applied 3, 014007 (2015) 
Govenius, Lake, Tan, and Möttönen, PRL 117, 030802 (2016) 

Nature 397, 43 (1999) 



Microwave bolometer 
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G-H.Lee L.Ranzani 
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Bolometric effect 
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Sensitivity reaching fundamental 
fluctuation limit at 6e-19 W/Hz1/2 @ 0.2 K 
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Sensitivity reaching fundamental 
fluctuation limit at 6e-19 W/Hz1/2 @ 0.2 K 
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NEP = 4GthkBT
2
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Enabling single-photon technology 

Lower	energy	

IEEE THz 1, 97 (2011) 
ASC: Non-equilibrium Detectors and 
Mixers (1EOr2B) 

arXiv:1807.08810 
ASC: Novel electronics (4EOr2A) 

npj Quantum Information 3, 16 (2017) 
ASC: Plenary Session 
on Thursday 
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Axion Dark Matter Experiment 
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Conclusion 
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Hydrodynamics 
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