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Previous	
  results	
  and	
  mo8va8on	
  

Cartoon	
  of	
  self-­‐inductance	
  MPT	
   MPT	
  circuit	
  diagram	
  

•  A	
  persistent	
  current	
  is	
  trapped	
  in	
  the	
  bias	
  circuit	
  above	
  the	
  Tc	
  of	
  aluminum	
  
wirebonds	
  that	
  connect	
  each	
  sensor	
  to	
  its	
  associated	
  SQUID.	
  

•  As	
  we	
  cool	
  or	
  warm	
  through	
  the	
  MoAu	
  sensor’s	
  superconduc8ng	
  transi8on,	
  the	
  
inductance	
  of	
  the	
  meander	
  changes	
  as	
  the	
  MoAu	
  film	
  expels	
  or	
  allows	
  entry	
  of	
  
flux,	
  and	
  we	
  measure	
  a	
  current	
  propor8onal	
  to	
  the	
  sensor’s	
  magne8c	
  response.	
  

•  MPTs	
  give	
  us	
  a	
  unique	
  avenue	
  to	
  probe	
  superconducKng	
  effects	
  in	
  MoAu	
  films.	
  

C	
  and	
  G	
  Measurements	
  
1.	
  Using	
  3-­‐eV	
  photons	
  from	
  a	
  Blu-­‐ray	
  diode	
  

M	
  vs	
  T	
  curves	
  at	
  four	
  bias	
  currents	
   Corresponding	
  dM/dT’s	
  

M	
  vs	
  T	
  
•  Four	
  different	
  bias	
  currents	
  (806	
  uA,	
  903	
  uA,	
  952	
  uA,	
  1001	
  uA)	
  

Theory	
  

8

6

4

2

0M
ag

ne
tic

 fl
ux

 c
ha

ng
e 

(P
hi

0)

0.160.140.120.100.080.060.04
Temperature (K)

 1001 uA
 952 uA
 903 uA
 806 uA

1000

800

600

400

200

dM
/d

T 
(P

hi0
/m

K)

0.1100.1050.1000.0950.090
Temperature (K)

 1001 uA
 952 uA
 903 uA
 806 uA

6.6

6.4

6.2

6.0

5.8

5.6

M
ag

ne
tic

 fl
ux

 c
ha

ng
e 

(P
hi

0)
0.10080.10060.10040.10020.10000.0998

Temperature (K)

 1001 uA
 806 uA

7.0

6.8

6.6

6.4

6.2

6.0

M
ag

ne
tic

 fl
ux

 c
ha

ng
e 

(P
hi

0)

0.11080.11040.1100
Temperature (K)

 1001 uA
 806 uA

More	
  jumps	
  and	
  more	
  hysteresis	
  at	
  higher	
  currents	
  

5µs

4

3

2

1

0

Ris
e 

tim
e

160nA1401201008060
Raw pulse height

0	
   1	
   2	
   3	
   4	
   5	
   6	
   7	
  

100 pA

1 nA

10 nA

100 nA

300280260240220200180
µs

 one
 two
 three
 four
 five
 six
 seven

“Zero-­‐photon	
  pulse”	
  subtracted	
  

ΔI	
  vs	
  ΔN	
  

An	
  example	
  data	
  set	
  at	
  1001	
  uA	
  and	
  100	
  mK	
  (photon	
  number	
  resolved)	
  

An	
  example	
  data	
  set	
  at	
  1001	
  uA	
  and	
  109	
  mK	
  (photon	
  number	
  not	
  resolved)	
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2.	
  Noise	
  spectra	
  measurement	
  

Small	
  “jumps”	
  

100 pA

2

4
6
81 nA

2

4
6
810 nA

300280260240220200180
µs

 large
 larger
 largest

“Small	
  pulse”	
  
subtracted	
  pulses	
  

120

100

80

60He
at

 c
ap

ac
ity

 (
fJ

/K
)

0.1100.1050.1000.0950.090

6.0

5.5

5.0

4.5

4.0

3.5

3.0

Th
er

m
al

 c
on

du
ct

an
ce

 (
nW

/K
)

 1001 uA
 952 uA
 903 uA
 806 uA

Measured	
  C	
  and	
  G	
  
120

100

80

60

40

20

0

He
at

 c
ap

ac
ity

 (
fJ

/K
)

0.1100.1050.1000.0950.090

6

5

4

3

2

1

0Th
er

m
al

 c
on

du
ct

an
ce

 (
nW

/K
)

 1001 uA pulse
 952 uA pulse
 903 uA pulse
 806 uA pulse
 952 uA noise
 903 uA noise
 806 uA noise
 G_from_noise_952
 G_from_noise_903
 G_from_noise_806

Magnetometer

Particle 
Absorber

Paramagnetic 
Temperature Sensor

Weak 
Thermal Link

I

B-field

Thermal Bath

Energetic Particle

Time

∆ 
T

G1.55	
  

Fits	
  to	
  decay	
  

•  405	
  nm	
  (3.06	
  eV)	
  photons	
  from	
  a	
  
Blu-­‐ray	
  diode	
  outside	
  the	
  cryostat	
  

•  Photon	
  pulse	
  width:	
  0.7	
  us,	
  
repe88on	
  rate:	
  70	
  Hz	
  

•  10,000	
  triggered	
  records	
  at	
  each	
  T	
   C =
E�

�T/�N
=

E�

(�I/�N)/(dI/dT )
, G = C/⌧

G,	
  τ	
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Conclusions	
  
•  We	
  measured	
  the	
  varia8on	
  in	
  heat	
  capacity	
  and	
  thermal	
  conductance	
  of	
  a	
  
molybdenum-­‐gold	
  Magne8c	
  Penetra8on	
  Thermometer	
  (MPT)	
  near	
  its	
  field	
  
dependent	
  Meissner	
  transi8on	
  temperature.	
  

•  We	
  did	
  this	
  by	
  two	
  methods:	
  detec8on	
  of	
  pulses	
  in	
  response	
  to	
  absorp8on	
  of	
  
one	
  or	
  more	
  3	
  eV	
  photons,	
  and	
  equilibrium	
  noise	
  measurements.	
  

•  Observed	
  C	
  &	
  G	
  show	
  peaks	
  in	
  approximate	
  agreement	
  with	
  a	
  Ginzburg-­‐Landau	
  
model	
  of	
  the	
  superconduc8ng	
  intermediate	
  state	
  of	
  an	
  MPT.	
  

1.	
  Free-­‐energy	
  difference	
  between	
  superconduc8ng	
  and	
  normal	
  states	
  of	
  MPT	
  	
  

2.	
  Heat	
  capacity	
  from	
  second	
  deriva8ve	
  of	
  free	
  energy	
  

3.	
  Thermal	
  conductance:	
  quasipar8cle	
  recombina8on	
  &	
  electron-­‐phonon	
  cooling	
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Ib = 1.245 mA

Ib = 1 mA

Ib = 0.952 mA

Ib = 0.903 mA

Ib = 0.806 mA

Ib = 0.5 mA

•  f	
  =	
  	
  frac8on	
  of	
  meander	
  length	
  for	
  which	
  MoAu	
  enters	
  a	
  partly-­‐normal	
  
intermediate	
  state	
  

•  g	
  =	
  frac8onal	
  width	
  of	
  normal	
  stripes	
  in	
  intermediate	
  state	
  region	
  
•  ζ	
  =	
  superconduc8ng	
  energy	
  gap	
  reduc8on	
  in	
  Ginzburg-­‐Landau	
  equa8on	
  
•  Solve	
  to	
  find	
  state	
  with	
  minimum	
  free	
  energy	
  of	
  MPT	
  rela8ve	
  to	
  fully	
  

normal	
  state.	
  Free	
  energy	
  contains	
  induc8ve	
  and	
  condensa8on	
  terms:	
   Plot	
  of	
  f(T).	
  Meissner	
  transi8on	
  
varies	
  with	
  bias.	
  

Plot	
  of	
  ζ (T).	
  

Bc 0( ) = 571 µT,
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•  In	
  superconduc8ng	
  regions,	
  recombina8on	
  of	
  quasipar8cles	
  
into	
  Cooper	
  pairs	
  should	
  be	
  dominant	
  cooling	
  mechanism.	
  

•  In	
  normal	
  regions,	
  quasipar8cles	
  cool	
  by	
  only	
  phonon	
  emission.	
  
•  We	
  es8mated	
  Kaplan’s	
  τ0	
  and	
  Wellstood’s	
  Σ	
  	
  from	
  the	
  

electronic	
  and	
  mechanical	
  parameters	
  for	
  Mo	
  and	
  Au.	
  A	
  priori	
  
values	
  fit	
  G	
  data	
  within	
  one	
  order	
  of	
  magnitude.	
  

•  Fit	
  results:	
  τ0	
  =	
  56	
  µs,	
  Σ	
  =	
  1.1x109	
  W/(K5m3).	
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C	
  =	
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•  Measured	
  C	
  and	
  G	
  using	
  
3-­‐eV	
  photon	
  data	
  only	
  
(leT)	
  and	
  together	
  with	
  
noise	
  spectrum	
  data	
  
(right)	
  

	
  
•  The	
  two	
  methods	
  share	
  

the	
  same	
  dI/dN	
  and	
  τ	
  
values	
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