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…in an iPhone can’t all be wrong
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ª  (agnos�c	  to	  the	  informa�on	  per	  se)	  
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Atom	  Sink	  

Chemical	  
Poten�al	  

μB	  

Iatomic	  

Electric	  
Poten�al	  

ZL	  VT	  VB	  

Ielectric	  

ZL	  μT	  

Atom	  Source	  
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dU = TdS − PdV + µdN

µ = dU
dN S ,V

µ < 0 µ > 0
8	  



t	  

I	  
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Ielectric	  VC	  
Ielectric	  VB	  



Chemical	  
Poten�al	  

μB	  

Iatomic	  

Rint	  

Atom	  flux	  

Electric	  
Poten�al	  

ZL	  VT	  VB	  

Ielectric	  

ZL	  μT	  

Rint	  

Id
ea
l	  

Re
al
	  

Heat	  dissipated	  in	  ba�ery	  Pd = I
2Rint

Maximum	  power	  delivered	  to	  a	  load	  Pmax =V
2 / Rint

Thermal	  noise	   Vn =Vn Rint ,T( )
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Ielectric	  VB	  
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PD = I 2R
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Silicon:	  “Perfect”	  semiconductor	  crystal	  
Doping:	  Silicon	  remains	  electrically	  neutral	  but	  
has	  excess	  carriers:	  



14	  Dana Z. Anderson — Atomtronic Workshop — May 4-14 2015 — Benasque, Spain

The	  joining	  of	  a	  pair	  of	  dissimilarly	  doped	  materials	  introduces	  a	  
chemical	  gradient.	  

VSC

In	  Thermodynamic	  equilibrium	  a	  space-‐charge	  electric	  field	  
develops	  to	  counteract	  the	  ini�al	  chemical	  poten�al	  difference.	  

Vsc = −ΔµN-P



N	  

P	  
VB	   VSC	  

Forward	  Bias	  

N	  

P	  
VB	   VSC	  

Reverse	  Bias	  
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I=0	   I≠0	  

Reverse	  bias:	  no	  current	  flow	  since	  space-‐charge	  field	  balances	  
ba�ery	  (chemical)	  poten�al.	  
Forward	  bias:	  current	  flow	  since	  space-‐charge	  field	  does	  not	  
compensate	  for	  ba�ery	  poten�al.	  



VSC12	  
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I23>0	  

Applied	  poten�als	  in	  conflict:	  One	  reverse	  biased,	  one	  forward	  
biased.	  
Small	  forward	  biased	  current	  induces	  very	  large	  reverse	  bias	  
current	  –despite	  reverse	  current	  flow	  

1	  
2	  
3	  
VSC23	  

I13>BIG	  

VB12	  

I23	  

I13	  

 

ΔI13
ΔI23
! 100

N	  

P	  N	  

VB23	  



Negative Resistance
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Control	  current	  flow	  with	  VB12	  

Presence	  of	  gain	  signified	  by	  nega�ve	  
transresistance.	  

N	  VB12	   VSC12	  

I23>0	  
P	  N	  

1	  
2	  
3	  
VSC23	  VB23	  

I13>BIG	  

VB12	  

I13	  
r ≡ ΔV12

ΔI13
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VB	  

Posi�ve	  Resistance	  

I	  
PD = IR > 0

 !Q > 0
VB	  

I	  
PD = IR < 0

Nega�ve	  Resistance	  

 !Q < 0

Under	  transistor	  ac�on	  the	  device	  really	  does	  
become	  cooler	  than	  it	  would	  in	  absence	  of	  gain.	  

Gain	   Nega�ve	  Resistance	  
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Non-‐equilibrium	   Equilibrium	  
 Current	  opposes	  (chemical)	  
poten�al	  drop.	  
 Poten�al	  rises.	  
 Temperature	  falls.	  

TE < TN
µE > µN (< 0),N / 2

µE < µN ,N / 2

TE
µE , N / 2

TE > 0TN = 0
µN (> εg ),N

T = 0
µ(= εg )

TN > 0
µN (< 0),N

T = 0
µ(= εg )

TL > 0
µL , N / 2

TR = 0
µR > µL , N / 2

 Current	  follows	  poten�al	  drop.	  
 Poten�al	  falls.	  
 Temperature	  rises(!)	  

 Normal	  (thermal)	  current	  opposes	  
poten�al	  drop.	  
 Condensed	  component	  follows	  
poten�al	  drop.	  
 Temperature	  falls/rises	  on	  the	  le�/
right.	  
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Meissner	  vacuum	  tube	  
oscillator	  patent	  circa	  1913	  
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In	  contrast	  to	  a	  forced	  oscillator	  such	  as	  a	  playground	  swing	  
under	  the	  command	  of	  a	  child,	  a	  driven	  oscillator	  incorporates	  
a	  gain-‐induced	  dynamical	  instability	  that	  drives	  the	  system	  to	  
an	  oscilla�ng	  state.	  
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Ambient	  

Vacuum	  

 The	  ultracold	  atom	  source	  remains	  constant,	  while	  func�onality	  is	  determined	  by	  
chip	  design.	  
 Below	  are	  chips	  for	  three	  different	  BEC	  systems	  (chips	  are	  ~23	  mm	  x	  23	  mm).	  
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6	  x	  108	  MOT	  
Atoms	  

Atom	  Chip	  
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Edge	  View	  

In-‐trap	  image	  of	  atoms	  just	  above	  
cri�cal	  temperature	  (~750	  nK)	  

Density	  Plot	  

Ambient	   Vacuum	   Bo�om	  View	  
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Barrier	  height	  20	  -‐	  40	  kHz	  
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Terminator	  

Source	   Drain	  

Typical	  parameters	  
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Source	   Drain	  

ª  Source	  thermal	  atom	  
number	  

ª  Effec�ve	  collision	  rate	  
ª  Boltzmann	  factor	  

ª  Barrier	  height	  
ª  Temperature	  
ª  Excess	  energy	  factor	  (κ≈1	  

to	  4)	  
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Isd = Nse γ s e− VB−µs( )/TS

    + Ts( )dUs

dt
= −Isd VB κGS

§ 
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Condensed	  

Thermal	  

Chemical	  Poten�al	  

Temperature	  
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Chemical	  
Poten�al	  

μB	  

Iatomic	  Atom	  flux	  

ZL	  μT	  

Rint	  

  The	  thermo-‐mo�ve	  regime:	  
  Current	  flow	  is	  against	  the	  poten�al	  
difference.	  

  Poten�al	  increases.	  
  (Cooling).	  

  The	  chemo-‐mo�ve	  regime:	  
  Current	  flow	  is	  with	  the	  poten�al	  
difference.	  

  Poten�al	  decreases.	  
  Hea�ng.	  
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S G D

S G D

VGS
VGD

µG0
µG0 = µGb +ωG / 2

Terminator	  
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S G D

Terminator	  
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Terminator	  

Terminator	  
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Distance (µm)
-60 -40 -20 0 20 40 60

0 1 2

§ 

§ 

	  

ω⊥ = 2π ×1.2kHz
ωG = 2π × 0.8kHz
VGS = 30kHz
VGD = 33kHz
Ts = 5kHz
µs = 5kHz
µg0 = 3kHz
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Par�cle	  Flux	  
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S G D

Isg = γ sNse exp − VGS − µs( ) /Ts⎡⎣ ⎤⎦ Igs = γ gNge exp − VGS − µg( ) /Tg⎡⎣ ⎤⎦

Igd = γ gNge exp − VGD − µg( ) /Tg⎡⎣ ⎤⎦

Ts ,µs Tg ,µg

Igs Igd
Isg

Feedback	  is	  key:	  

υ ≡ VGD −VGS( ) /ΤS

υ ≡ VGD −VGS( ) /ΤS
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Kirchhoff’s	  Current	  Law	  

Kirchhoff’s	  “Voltage	  Law”	  
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Isg = Igs + Igd

Isg VGS +κGSTs( ) = Igs VGS +κGSTg( )+ Igd VGD +κGDTg( )
S G D

Igs Igd
Isg
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S G D
Igs Igd

Isg

§  Current	  is	  
dominated	  by	  
thermo-‐mo�ve	  
flow.	  

§  Atoms	  emi�ed	  into	  
drain	  are	  colder	  
than	  they	  would	  be	  
without	  the	  Gate-‐
Source	  barrier.	  
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IgdIgs
Isg
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ª  (Reverse	  bias	  region	  offset	  from	  zero	  accounts	  
for	  Gate	  bias).	  
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ks= 1, kdêks= 1.0
ks= 3, kdêks= 1.0 ks= 3, kdêks= 1.2

ks= 3, kdêks= 0.8
-1 0 1 2 3 4

-0.10
-0.05
0.00
0.05
0.10
0.15
0.20

ks= 1, kdêks= 1.0
ks= 3, kdêks= 1.0 ks= 3, kdêks= 1.2

ks= 3, kdêks= 0.8
-1 0 1 2 3 4

-0.10
-0.05
0.00
0.05
0.10
0.15
0.20a)

τ
υ

-1 0 1 2 3 4

-1.0

-0.5

0.0

0.5

1.0

-1 0 1 2 3 4

-1.0

-0.5

0.0

0.5

1.0b)

µ̂ s
g

υ

υB υC

υ

υB

Normalized	  temperature	  drop	  τ ≡ Ts −Tg( ) /Ts
υ ≡ VGD −VGS( ) /TsFeedback	  parameter	  

Normalized	  Source-‐Gate	  poten�al	  drop	   µ̂sg = µs − µg( ) /Ts

Gate	  colder	  than	  Source	  

Reverse	  bias	  
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Distance (µm)
-60 -40 -20 0 20 40 60

0 1 2

§ 

§ 

§ 

	  

ω⊥ = 2π ×1.2kHz
ωG = 2π × 0.8kHz
VGS = 30kHz
VGD = 33kHz
Ts = 5kHz
µs = 5kHz
µg0 = 3kHz
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υBTS
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ks= 1, kdêks= 1.0
ks= 3, kdêks= 1.0 ks= 3, kdêks= 1.2

ks= 3, kdêks= 0.8
-1 0 1 2 3 4

-0.10
-0.05
0.00
0.05
0.10
0.15
0.20

ks= 1, kdêks= 1.0
ks= 3, kdêks= 1.0 ks= 3, kdêks= 1.2

ks= 3, kdêks= 0.8
-1 0 1 2 3 4

-0.10
-0.05
0.00
0.05
0.10
0.15
0.20a)

τ
υ

-1 0 1 2 3 4

-1.0

-0.5

0.0

0.5

1.0

-1 0 1 2 3 4

-1.0

-0.5

0.0

0.5

1.0b)

µ̂ s
g

υ

υB υC

υ

υB

Normalized	  temperature	  drop	  τ ≡ Ts −Tg( ) /Ts
υ ≡ VGD −VGS( ) /TsFeedback	  parameter	  

Normalized	  Source-‐Gate	  poten�al	  drop	   µ̂sg = µs − µg( ) /Ts

Gate	  colder	  than	  Source	  

Reverse	  bias	  

ª  (Reverse	  bias	  region	  offset	  from	  zero	  accounts	  
for	  Gate	  bias).	  
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υC
§ 
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Gate	  resistance:	   Transresistance	  

Igd
µsg < 0

Rg ≡
µsg

Igd
< 0 rg ≡

dµsg

dIgd
=
∂µsg

∂Ts

∂Igd
∂Ts

⎛
⎝⎜

⎞
⎠⎟

−1

Nega�ve	  gate	  resistance	  implies	  
Source	  cooling	  
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Rgain < 0

ω = 1
LC LC

Rdis > 0

Feedback	  above	  the	  classical	  
threshold	  values	  gives	  rise	  to	  
nega�ve	  transresistance.	  

Here	  are	  plo�ed	  
transresistance	  curves	  for	  4	  
values	  of	  feedback,	  indicated	  
as	  frac�on	  above	  threshold.	  

Nega�ve	  
transresistance	  
region	  for	  v	  =	  2vc	  
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S G D

	  

Tuned	  
mirror	  

Tuned	  
mirror	  
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Si

Se

So < Si

Se + So = Si
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Thank	  you!	  


