
!8

!12

Δg(r)(nS)

22 nm

 Cornell University  St. Andrews 

VISUALIZING	
  THE	
  QUANTUM	
  WORLD	
  



 Cornell University  St. Andrews 

STOP	
  ME	
  &	
  ASK	
  QUESTIONS!	
  



ELEMENTARY	
  CONSTITUENTS	
  OF	
  MATTER	
  ?	
  

Atomos:	
  	
  	
  	
  	
  Indivisible	
  

Democritus	
  of	
  Abdera	
  	
  
460-­‐370	
  BCE	
  

Titus	
  Lucretius	
  
99-­‐55	
  BCE	
  

Epicurus	
  of	
  Samos	
  
342-­‐270	
  BCE	
  



ELEMENTARY	
  CONSTITUENTS	
  OF	
  MATTER	
  

~2x1010	
  
	
  	
  

~5x10-­‐15	
  	
  
	
  	
  

~1.5x10-­‐15	
  	
  
	
  	
  

~5x10-­‐6	
  
	
  	
  

~2x10-­‐9	
  	
  
	
  	
  

q	
  

e	
  

<1x10-­‐18	
  	
  
	
  	
  

Quarks	
   and	
   electrons	
   are	
   the	
   most	
  
elementary	
   stable	
   constituents	
   of	
   matter	
  
that	
   we	
   know	
   about	
   today.	
   They	
   are	
   no	
  
larger	
   than	
   10-­‐18	
   m.	
   All	
   matter	
   in	
   our	
  
world	
  	
  made	
  of	
  ONLY	
  these	
  two	
  particles.	
  

~2	
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EXPLORING	
  QUANTUM	
  MATTER	
  



	
  
QUANTUM	
  MECHANICS	
  

	
  



Werner	
  Heisenberg	
  

Max	
  Born	
  

Erwin	
  Schrödinger	
  
	
  

	
  
	
  
	
  

TWO	
  
SLITS	
  

	
  FREE	
  ELECTRONS	
  –	
  MATTER	
  WAVES	
  

	
  Schrödinger	
  matter	
  waves	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  predict	
  probability	
  of	
  events	
  
	
   Ψ(r, t) P =|Ψ(r, t) |2

FREE	
  ELECTRON	
  =	
  TRAVELING	
  WAVE	
  MASS: 	
  m	
  =	
  10-­‐30	
  Kg	
  
	
  
CHARGE:	
  q	
  =	
  	
  1.6x10-­‐19	
  C	
  
	
  
Moment: 	
  µ	
  =	
  5x10-­‐24	
  	
  Am2	
  
	
  

Wavelength:	
  λ	
  =	
  h/√2mE	
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Heike	
  Kamerlingh	
  Onnes	
  

	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Liqueeied	
  Helium	
  4K	
  =	
  -­‐269oC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Superconductivity	
  1911	
  	
  

Verslagen	
  van	
  de	
  Afdeeling	
  
Natuur-­‐kunde	
  der	
  Kon.	
  Acad.	
  van	
  
Wetenschappen	
  te	
  Amsterdam,	
  	
  
pp.	
  1479,	
  28	
  April	
  1911.	
  

.	
  
Superconductivity:	
  Perfectly	
  dissipationless	
  electrical/electronics.	
  	
  	
  

PAIRED	
  ELECTRONS	
  –	
  SUPERCONDUCTIVITY	
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Moment: 	
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  =	
  5x10-­‐24	
  	
  Am2	
  
	
  

Wavelength:	
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  h/√2mE	
  
	
  

BOUND	
  PAIR	
  OF	
  OPPOSITE	
  SPIN	
  ELECTRONS	
  MASS: 	
  m	
  =	
  2me	
  
	
  
CHARGE:	
  Q	
  =	
  	
  2qe	
  
	
  
Moment: 	
  µ	
  =0	
  
	
  
	
  

Bob	
  Schrieffer	
  

John	
  Bardeen	
  

Leon	
  Cooper	
  
	
  

PAIRED	
  ELECTRONS	
  –	
  SUPERCONDUCTIVITY	
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Efficient Rotating Machines	



Power Efficiency/Capacity/Stability	

 Power Bottlenecks	

 Accommodate Renewable Power	



Information Technology	

 Next Generation HEP	



HE Accelerators	

 Science / Medicine	



Ultra-High Magnetic Fields	

 Transport	

Medical	







	
  
CHALLENGES	
  TO	
  UNDERSTAND	
  	
  

HIGH	
  TEMPERATURE	
  SUPERCONDUCTIVITY	
  	
  
	
  



b	
  

c	
  
a	
  

=>	
  STRONG	
  TWO-­‐DIMENSIONAL	
  ANTIFERROMAGNET	
  
	
  	
  

Extremely	
  Strong	
  Electron-­‐Electron	
  Interactions	
  

COPPER  
OXIDE 



Pseudogap	
  

Ba(Fe1-­‐xCox)2As2	
  

YBa2CuO4	
  

	
  	
  	
  	
  	
  	
  Copper-­‐based	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Iron-­‐based	
  	
  	
  

	
  

Many	
  similarities	
  as	
  a	
  function	
  of	
  electron	
  density.	
  

	
  	
  PHASE	
  DIAGRAMS	
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Very	
  challenging	
  to	
  understand!	
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EXOTIC	
  NEW	
  STATES	
  of	
  ELECTRONIC	
  MATTER	
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  EXOTIC	
  NEW	
  STATES	
  OF	
  MATTER?	
  

HIC SUNT DRACONES 



Vapour	
  

Increasing	
  	
  
interactions	
  
&	
  complexity	
  

Liquid	
  

Liquid	
  Crystal	
  

Gas	
  →	
  Fluid	
  →	
  Liquid	
  Crystal	
  	
  	
  



E	
  

Molecules	
  aligned	
  by	
  electric	
  eield	
  

Controllable	
  Liquid	
  Crystal	
  States	
  

Random	
  molecular	
  orientation	
  



Controllable	
  Liquid	
  Crystal	
  States	
  



Controllable	
  Liquid	
  Crystal	
  States	
  

• Monitors	
  
•  LCD	
  Displays	
  
•  LCD	
  TVs	
  
•  ‘Smart’	
  Windows	
  
•  	
  Much	
  more…..	
  

101$	
  Industry	
  



	
  	
  	
  	
  	
  	
  	
  Nematic	
  	
  LC	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  breaks	
  rotational	
  	
  
	
  	
  	
  	
  	
  symmetry	
  only	
  

Two	
  Key	
  Types	
  of	
  Liquid	
  Crystal	
  States	
  

	
  	
  	
  	
  	
  	
  	
  Smectic	
  LC 	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  breaks	
  rotational	
  &	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  translational	
  symmetry	
  	
  	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  Visualization 	
  	
  	
  	
  	
  	
  	
  ↔ 	
  	
  	
  	
  	
  	
  	
  	
  Understanding	
  

Understanding	
  Liquid	
  Crystals	
  Required	
  Visualization	
  

P.-­‐G.	
  de	
  Gennes	
  



Vapour	
  

Increasing	
  	
  
interactions	
  
&	
  complexity	
  

Liquid	
  

Liquid	
  Crystal	
  

Gas	
  →	
  Fluid	
  →	
  Liquid	
  Crystal	
  	
  	
  



Electron	
  Gas	
  →	
  Electronic	
  Fluid	
  →	
  Electronic	
  Liquid	
  Crystal	
  	
  	
  

Electron	
  Gas	
  

Increasing	
  	
  
interactions	
  
&	
  complexity	
  

Increasing	
  	
  
interactions	
  
&	
  complexity	
  

Electron	
  Gas	
  

Heavy	
  Electron	
  Fluid	
  

Electronic	
  Liquid	
  Crystal	
  

?	
  

Nature	
  393,	
  550	
  (1998).	
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  ELECTRONIC	
  LIQUID	
  CRYSTALS	
  ?	
  

ELECTRONIC LC ? 

 ? 



	
  VISUALIZE	
  ELECTRONIC	
  MATTER	
  DIRECTLY	
  !	
  

Te
m

pe
ra

tu
re

Control Parameter

AF

IP
SC

ELECTRONIC LC ? ELECTRONIC LC ? 

 ? 



	
  
VISUALIZING	
  ELECTRONIC	
  QUANTUM	
  MATTER	
  

	
  



Scanning	
  Tunneling	
  Microscopy	
  (STM)	
  



Bi2Sr2CaCu2O8+d	
   Ca2-­‐xNaxCuO2Cl2	
  

~100	
  Å	
   ~100	
  Å	
  

Sr3Ru2(1-­‐x)	
  TixO7	
   URu2	
  Si2	
  

Images	
  atomic	
  locations	
  –	
  not	
  electronic	
  wavefunctions	
  



Differential	
  conductance	
  [dI/dV]E=eV	
  proportional	
  to	
  |Ψ(Ε)|2	
  

Differential	
  Conductance	
  Spectrum	
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Spectroscopic	
  Imaging	
  STM	
  (SI-­‐STM)	
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Atomic-­‐scale	
  Wavefunction	
  Imaging	
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  Atomic-­‐resolution	
  &	
  Energy-­‐resolved	
  	
  	
  
|Ψ(r,E)|2	
  



512x512x200~5X107	
  measurements	
  	
  
	
  24h	
  	
  èt~2	
  mS	
  per	
  measurement	
  or	
  bandwidth	
  Δf~3kHz	
  

δz/z0	
  <10-­‐4/√Hz	
  or	
  δz	
  <10-­‐14/√Hz	
  	
  
	
  
	
  	
  	
  

STM	
  %p	
  =	
  Ma)erhorn	
  
⇒	
  vibra%ons	
  ~	
  1%	
  hair	
  	
  

Passively	
  stabilize	
  tip	
  position	
  ~	
  10-­‐15	
  m	
  RMS	
  motion.	
  

Technically	
  Challenging	
  !	
  



lab	
  eloor	
  level	
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Ultra	
  Low	
  Vibration	
  Laboratory	
  



Underground	
  Concrete	
  Vibration	
  Isolation	
  Vault	
  
Internal	
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Fig. 4. d-form factor DW: predominance and robustness. (A) Power spectral-density (PSD) Fourier transforms of R(r) measured only at the Ox/Oy sites yielding
jð~OxðqÞ− ~OyðqÞÞ=2j2. This provides the measure of relative strength of the d-form factor in the DW. (B) Measured PSD is plotted along the dashed line through
Q in A and shows the d-form factor component predominates greatly. The measured ratios within the DW peaks surrounding Q are D/S > 5 and D/S′ > 12. (C)
~OxðqÞ≡Re~OxðqÞ+ iIm~OxðqÞ compared with ~OyðqÞ≡Re~OyðqÞ+ iIm~OyðqÞ for each of a series of representative qwithin the DW peaks surrounding Q. This shows
how, wherever the CuO2 unit cell resides in the disordered DW (Fig. 2A), the relative phase between the Ox and Oy sites is very close to π whereas the
differences in magnitudes are close to zero. (D) Two-axis histogram of difference in normalized magnitude (vertical) and phase (horizontal) between all pairs
~Oxðr,QÞ and ~Oyðr,QÞ that are obtained by Fourier filtration of Ox(r) and Oy(r) to retain only q ∼ Q (SI Text, section 5). This represents the measured distribution
of amplitude difference, and phase difference, between each pair of Ox/Oy sites everywhere in the DW. It demonstrates directly that their relative phase is
always close to π and that their magnitude differences are always close to zero. (E) Measured R(r) images of local electronic structure patterns that commonly
occur in BSCCO and NaCCOC (11). The Cu and Ox sites (labeled by solid and dashed arrows, respectively) were determined independently and directly from
topographic images (11). (F) (Left) dFF-DW model with Q = (0.25,0) and amplitude maximum on the central Ox site (dashed arrow). (Right) The calculated
density-wave pattern from this model. Therefore, a dFF-DW model with this particular spatial phase provides an excellent explanation for the observed
density patterns shown in E and reported previously in refs. 11–13 and 32.
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jð~OxðqÞ− ~OyðqÞÞ=2j2. This provides the measure of relative strength of the d-form factor in the DW. (B) Measured PSD is plotted along the dashed line through
Q in A and shows the d-form factor component predominates greatly. The measured ratios within the DW peaks surrounding Q are D/S > 5 and D/S′ > 12. (C)
~OxðqÞ≡Re~OxðqÞ+ iIm~OxðqÞ compared with ~OyðqÞ≡Re~OyðqÞ+ iIm~OyðqÞ for each of a series of representative qwithin the DW peaks surrounding Q. This shows
how, wherever the CuO2 unit cell resides in the disordered DW (Fig. 2A), the relative phase between the Ox and Oy sites is very close to π whereas the
differences in magnitudes are close to zero. (D) Two-axis histogram of difference in normalized magnitude (vertical) and phase (horizontal) between all pairs
~Oxðr,QÞ and ~Oyðr,QÞ that are obtained by Fourier filtration of Ox(r) and Oy(r) to retain only q ∼ Q (SI Text, section 5). This represents the measured distribution
of amplitude difference, and phase difference, between each pair of Ox/Oy sites everywhere in the DW. It demonstrates directly that their relative phase is
always close to π and that their magnitude differences are always close to zero. (E) Measured R(r) images of local electronic structure patterns that commonly
occur in BSCCO and NaCCOC (11). The Cu and Ox sites (labeled by solid and dashed arrows, respectively) were determined independently and directly from
topographic images (11). (F) (Left) dFF-DW model with Q = (0.25,0) and amplitude maximum on the central Ox site (dashed arrow). (Right) The calculated
density-wave pattern from this model. Therefore, a dFF-DW model with this particular spatial phase provides an excellent explanation for the observed
density patterns shown in E and reported previously in refs. 11–13 and 32.
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