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Oxide	  Nanostructures:	  
	  The Attraction 

	  
Emergent Phenomena at 

      Oxide Interfaces

Hwang,	  Iwasa,	  Kawasaki,	  	  
	  	  	  Keimer,	  Nagaosa,	  Tokura,	  
Nature Materials 2012 

	  	  	  	  Areas of interest 
•  Charge/spin transport

•  Spontaneous order

•  Symmetry breaking

•  Thermal anomalies

•  External field probes

•  Competing phases

•  Coexisting phases

•  Topological character

•  ………    

Strongly	  Correlated	  Electron	  Systems	  



“Serendipity”	  	  
Horace	  Walpole	  (1754)	  	  

"This	  discovery	  I	  made	  by	  a	  talisman	  ...	  by	  which	  I	  find	  everything	  I	  
want	  ...	  wherever	  I	  dip	  for	  it.	  This	  discovery,	  indeed,	  is	  almost	  of	  

that	  kind	  which	  I	  call	  Serendipity,	  a	  very	  expressive	  word.”	  
	  	  

Walpole	  formed	  the	  word	  on	  an	  old	  name	  for	  Sri	  Lanka,	  Serendip.	  
He	  explained	  that	  this	  name	  was	  part	  of	  the	  1tle	  of	  "a	  silly	  fairy	  
tale,	  called	  The	  Three	  Princes	  of	  Serendip:	  as	  their	  highnesses	  

traveled,	  they	  were	  always	  making	  discoveries,	  by	  accidents	  and	  
sagacity,	  of	  things	  which	  they	  were	  not	  in	  quest	  of...."	  

Talisman:	  object	  thought	  to	  have	  magical	  powers	  	  

Spin-‐Orbit	  Coupling,	  Strong	  Interac1ons,	  and	  
Topological	  Character:	  By	  Design	  &	  By	  Serendipity 

Title	  and	  cmmentary	  from	  a	  previous	  talk	  
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Edison !created/consulted databases (of known results)!
! !performed data mining (such as was possible)!
! !extended to high throughput (in his manner)!



When	  did	  iden1fiable	  materials design begin?	  

Rocksalt	  MoN	  as	  a	  high	  temperature	  superconductor:	  Tc	  =	  30K.	  
	   	  Papaconstantopoulos,	  Klein,	  Boyer,	  WEP,	  Nature	  1982	  

Unfortunately,	  a	  few	  years	  later	  was	  shown	  to	  have	  a	  nega1ve	  elas1c	  constant.	  	  
	  
	  
(Ba,K)BiO3:	  should	  be	  be?er	  superconductor	  	  than	  Ba(PbBi)O3	  [Tc=13K]	  

	   	  Len	  Ma?heiss	  and	  experimental	  coworkers	  (1988)	  
Huge	  success:	  BKBO	  has	  Tc=34K.	  The	  pairing	  mechanism	  is	  s1ll	  unclear.	  
	  

There	  must	  be	  many	  examples	  of	  such	  predic1ons.	  	  
But	  what	  about	  design	  in	  the	  modern	  (MGI)	  sense?	  



Modern	  Design	  &	  Discovery:	  
Selected	  Examples	  



PRL	  
2003	  

DMQC	  approach:	  data	  mining	  of	  quantum	  calcula1ons	  	  

They	  used	  a	  principal	  component	  analysis	  
(PCA)	  on	  over	  6000	  ab	  ini1o	  energy	  calcula1ons	  

Used	  114	  different	  crystal	  structures	  in	  each	  	  
of	  55	  binary	  metallic	  alloys.	  
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Possible	  high-‐temperature	  superconductors	  predicted	  
from	  electronic	  structure	  and	  data-‐filtering	  algorithms	  

	  M.	  Klintenberg,	  O.	  Eriksson,	  Comp.	  Matl.	  Sci.	  2013	  

…(calcula1on)	  of	  the	  electronic	  structure	  of	  the	  	  
majority	  of	  the	  known	  stoichiometric	  inorganic	  
compounds,	  as	  listed	  in	  the	  Inorganic	  Crystal	  	  
Structure	  Data-‐base	  (ICSD).	  We	  make	  a	  detailed	  
comparison	  of	  the	  electronic	  structure,	  crystal	  
geometry	  and	  chemical	  bonding	  of	  cuprate	  high	  
temperature	  superconductors,	  with	  the	  
calculated	  over	  60,000	  electronic	  structures.	  

•  Data-‐base	  
•  Data-‐filtering	  
•  Accelerated	  DFT	  calcula1ons	  

New	  layered	  
compounds	  
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Pre-‐Modern	  Design	  &	  Discovery:	  
Selected	  Examples	  



Materials Design of Half Metallic Antiferromagnets: 
1998 style	  

Half	  metallic	  FM:	  metallic	  in	  one	  spin	  channel,	  gapped	  in	  the	  other	  
	  Spin	  magne1c	  moment	  must	  be	  an	  integer	  K	  (filled	  bands)	  

Compensated:	  K=0.	  FM	  symmetry	  but	  no	  macroscopic	  moment	  	  

Ferromagne1c	  symmetry:	  
	  	  up	  is	  different	  from	  down	  spin	  
	  
No	  net	  moment,	  no	  macroscipic	  
	  	  magne1c	  field.	  
	  
Yet	  fully	  spin-‐polaried	  carriers	  
	  
Provides	  a	  plavorm	  for	  a	  novel	  
	  	  type	  of	  single	  spin	  superconductor	  
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A	  Case	  Study	  of	  an	  early	  Materials Design


Design	  of	  a	  half	  metallic	  an1ferromagnet?	  
	  First:	  what	  is	  a	  half	  metallic	  an1ferromagnet?	  

	  
HM	  AFM:	  a	  half	  metallic	  magne1c	  material	  
with	  opposing	  &	  cancelling	  magne1c	  moments.	  
It	  is	  “ferromagne1c”	  but	  with	  no	  macroscopic	  B	  field.	  
	  
1st:	  magne1c	  with	  ferromagne1c	  spin	  symmetry	  (but	  NOT	  FM)	  
2nd:	  half	  metallic:	  gap	  in	  one	  spin	  channel,	  metallic	  in	  other	  
3rd:	  up	  and	  down	  magne1c	  moments	  must	  cancel	  each	  other	  
4th:	  FM	  alignment	  must	  be	  favorable	  compared	  to	  AFM	  
5th:	  must	  be	  ground	  state	  structure,	  and	  (meta)stable	  
	  
6th:	  magne1c	  ordering	  temperature	  should	  be	  high	  
7th:	  the	  desired	  phase	  must	  be	  synthesizable	  
8th:	  the	  material	  must	  be	  integratable	  into	  an	  exis1ng	  system	  
9th:	  (there	  will	  be	  more,	  don’t	  doubt	  it)	  



WEP,	  PRB	  1998	  

Narrowing	  the	  candidates:	  
•  valence	  coun1ngà	  dn	  configura1ons	  
•  choose	  size	  of	  moments	  wanted	  
•  spin	  of	  dn	  ion	  in	  octahedral	  field	  
•  an1ligned	  spins:	  check	  energy	  differences	  
•  is	  it	  half	  metallic??	  

Preselec1on	  before	  computa1on	  



Likely	  candidates	  amongst	  La2BB’O6:	  
	  
S=1/2: 	  La2V4+Cu2+O6.	  	  	  

	  Experimental	  a?empts	  obtained	  disordered	  V,	  Cu	  
	  
S=2: 	   	  	  La2Mn3+Co3+O6	  	  (actually,	  a	  close	  call)	  

	  Not	  aware	  of	  experimental	  work	  
	  
	  	  This	  should	  be	  considered	  a	  preliminary,	  unfinished	  design	  study.	  
	  

Isosurface	  plot	  of	  
the	  

Spin	  density	  of	  	  
La2V4+Cu2+O6.	  	  

(Cu:	  red;	  blue:	  V)	  



Electronic Structure Methods: 
an overview of past, present, (future)	  



DFT Citation History	  

 

Web	  of	  Science	  search,	  linking	  
	  	  	  “ab	  ini1o”	  or	  
	  	  	  “first	  principles”	  or	  
	  	  	  “density	  func1onal”	  
to	  country	  of	  address	  of	  authors	  

Can	  observe:	  
	  -‐	  overall	  	  rapid	  rise	  
	  -‐	  Europe	  faster	  than	  USA	  
	  -‐	  rapid	  rela1ve	  increase	  in	  	  
	  	  	  	  	  	  East	  Asis,	  esp.	  China	  

Can	  make	  this	  a	  wake-‐up	  call	  
	  	  	  for	  USA	  researchers	  in	  this	  field	  

Can	  simply	  note	  the	  incredible	  total	  numbers:	  	  14,300	  in	  2009	  on	  this	  chart	  

P.	  Dederichs,	  Psi-‐k	  Newsle?er	  2010	  



Robust, Supported DFT Crystal Codes	  
•  Wien2k 	   	   	  LAPW 	  Austria	  
•  CRYSTAL 	   	   	  LO 	  Italy/UK	  
•  Abinit	   	   	  PWpp 	  Belgium	  
•  pwSCF/Quantum	  Espresso	   	  PWpp 	  Italy	  
•  VASP 	   	   	  PAW	  Austria	  
•  SIESTA 	   	   	  LO 	  Spain	  
•  FPLO 	   	   	   	  LO 	  Germany	  
•  MindLab 	   	   	  LMTO 	  US	  /	  Germany	  
•  FLEUR 	   	   	  LAPW 	  Germany	  
•  EXCITING/ELK 	   	  LAPW 	  Austria	  
•  Aims 	   	   	   	  LO 	  Germany	  
•  	  	  	  etc.,	  etc.	  

For	  a	  longer	  list,	  see	  h?p://dd.sandia.gov/codes_list.html	  



Electronic	  Structure	  and	  Density	  Func1onal	  Theory	  (DFT)	  

Hamiltonian	  for	  electrons	  interac1ng	  with	  nuclei	  (huge	  many-‐problem):	  	  

Density	  func1onal	  viewpoint:	  consider	  energy	  as	  func1onal	  of	  electron	  density	  

Kine1c	  energy	  func1onal:	  

Hartree	  
Energy	  	  
Func1onal	  

Exchange	  &	  correla1on	  effects	  

Total	  energy	  in	  terms	  
	  	  of	  Kohn-‐Sham	  	  
	  	  	  	  eigenvalues	  
	  	  	  	  	  	  (band	  structure)	  

W.	  Kohn	  &	  colleagues;	  many	  others	  



Kohn-‐Sham	  Hamiltonian	  for	  electron	  states	  

hKS	  =	  p2/2m	  +	  V;	  	  	  hKS	  	  φk= εk φk,	  	  	  	  	  	  	  	  	  	  φk	  =	  eik*r	  uk	  	  	  
With	  V	  from	  DFT,	  this	  is	  the	  “band	  structure	  problem.”	  

	  eik*r	  factor	  is	  known	  and	  can	  be	  eliminated:	  
	  	  
	  	  	  	  	  	  eik*r	  hKS	  e-‐ik*r	  	  =	  hk,	  	  	  	  	  	  	  	  	  	  	  	  hk	  uk	  	  =	  	  εk	  uk	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  hk	  =	  (p+k)2/2m	  +	  V	  



Exchange-correlation functional: the rub���
    [connections to kinetic energy functional]	  

•  LDA	  (local	  density	  approxima1on)	  
•  GGA	  (generalized	  gradient	  approxima1on)	  
•  meta-‐GGA:	  dependence	  on	  orbital	  kine1c	  energy	  
•  normal	  density+pairing	  density	  for	  superconductors	  
•  density-‐polariza1on	  func1onal	  for	  ferroelectrics	  	  
•  hybrid	  func1onal:	  x	  LDA	  exchange,	  1-‐x	  Hartree-‐Fock	  
•  LDA+U:	  (atomic)	  orbital-‐dependent	  func1onals	  
	   	  for	  strongly	  correlated	  insulators	  

•  non-‐local	  func1onals	  to	  treat	  van	  der	  Waals	  systems	  
•  	  	  	  etc.	  etc.	  

Pre?y	  impressive.	  	  S1ll,	  we	  have	  no	  single	  great	  func1onal	  for	  everything.	  	  
	  	  There	  is	  plenty	  of	  work	  to	  do.	  



G.	  McMullan	  et	  al.,	  NJP	  (2008)	  	  

	  	  Heavy	  fermion	  	  UPt3	  metal:	  
	  	  very	  impressive	  elucida1on	  
of	  a	  very	  complex	  Fermi	  surface	  
	  	  	  	  	  	  	  by	  LDA	  calcula1on	  

LDA	  

Expt.	  

	  	  	  	  [NRL-‐LANL-‐ANL	  collabora1on	  in	  mid-‐80s	  
	  already	  had	  obtained	  very	  surprising	  agreement]	  

Many,	  many	  impressive	  successes	  
of	  the	  local	  density	  approxiam1on	  

UPt3	  is	  a	  heavy	  fermion	  metal,	  
is	  superconduc1ng	  below	  0.5K,	  

is	  a	  very	  strongly	  correlated	  matal	  

dHvA	  
frequencies	  



Band	  Theory	  of	  Strong	  Correlated	  Electrons	  
	  

Approximate	  DFT	  with	  correla1on	  correc1ons	  
	  for	  strong	  intra-‐atomic	  repuslsion	  	  “LDA+U”	  

	  
	  	  Generically	  referred	  to	  also	  as	  DFT+U	  



LSDA+U ���
Double Counting ���

Correction Functionals���
 [Ylvisaker, Koepernik, Pickett PRB 2008)	  

“Fluctuation forms” of the functional 
    (Anisimov, Zaanen,Andersen, ca. 1992) 

On	  top	  of	  LDA/GGA:	  

FLL	  cannot	  be	  
wri?en	  in	  

fluctua1on	  form	  



Aspects of the LDA+U Method 

Appropriate	  values	  of	  U	  and	  J?	  Constrained	  DFT.	  (not	  discussed	  today)	  



Open shell in spherical environment:"
 f2 as an example: 7 orbitals x 2 spins !
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LSDA+U Hund s rules: "
including spin-orbti coupling!
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1. Maximize S.    
2. Maximize L, subject to #1.  
3. J=|S-L|, less than half filled;  
    J=S+L, more than half filled 



FLL vs. AMF state ordering,"
all fN configurations for N=7!
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Scatter plot of LSDA+U energies"
(all configurations)!
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Issues to Recognize about LSDA+U!
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Examples	  of	  the	  effects	  of	  
including	  U	  in	  open	  d	  shells	  



NaxCoO2, the Dehydrated Superconductor 
Just add water! 

K.	  Takada	  et	  al.	  (Japan),	  Nature	  422,	  53	  (2003);	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Adv.	  Mater.	  16,	  1901	  (2004)	  
J.D.	  Jorgensen	  et	  al.	  (ANL)	  

Phys.	  Rev.	  B	  68,	  214517	  (2003)	  

Water 

Edge-‐
sharing	  
CoO6	  
Octahedra	  

By	  the	  
trigonal	  
symmetry	  of	  
the	  Co	  site:	  	  

t2g⇒e'g+	  ag	  



Gap, Moment vs. U in LDA+U : FM (x=1/2) Gap, Moment vs. U in LDA+U : FM (x=1/2) Cobalt Ion 
"! ))))))))))))))))
)))))))))))))-L3]AN*"$",9)"&^#*

*****************IL3]@_?N*,9)"&^#**
*
*

))))))))))))))))))))))))

+3xCo
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:)3( 54 dCo +
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d Charge on Co ions 



Gap, Moment vs. U in LDA+U : FM (x=1/3) 

•	  	  Below	  Uc=	  3eV,	  Co	  moments	  	  	  
	  	  	  are	  nearly	  equal	  to	  LDA	  values.	  
	  
•	  	  Above	  Uc:	  	  	  CD	  into	  one	  
	  	  	  	  and	  two	  	  	  	  	  	  	  	  	  	  	  	  with	  MI	  transi^on.	  
•	  	  dEg/dU	  =	  0.6	  

+3Co
+4Co



LDA+U	  (aka	  DFT+U)	  

LDA(GGA)+U	  is	  beyond	  LDA(GGA)	  as	  it	  can	  describe	  
-‐Mo?	  insula1ng	  states	  (open	  d	  shell,	  yet	  insula1ng)	  
-‐charge	  dispropor1ona1on,	  separate	  spin	  states	  
-‐orbital	  ordering:	  breaking	  of	  real	  space	  symmetry	  
	  
Typically	  a	  1st	  order	  transi1on	  as	  U	  is	  varied	  
	  
LDA+U+SOC	  +	  crystal	  fields,	  especially	  for	  lanthaide	  
compounds,	  results	  in	  very	  “interes1ng”	  behavior.	  	  



Why	  the	  great	  emphasis	  on	  
accelera1on	  of	  

design	  and	  discovery?	  
	  

Seems	  like	  a	  silly	  ques1on,	  
but	  an	  example	  can	  be	  illumina1ng.	  

A	  change	  of	  topic	  
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Periodicity: in r space and in k space!
Periodic cells !
In k space!

Periodically !
Repeated!

parallelapiped:!
Brillouin zone!



Periodicity: in r space and in k space


(1928)	  

1	  

2	  

3	  

A	  Hamiltonian	  with	  three	  ‘parameters’	  that	  can	  wander	  around	  periodic	  	  k-‐space.	  

YBa2Cu3O7	  
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“Conyers: go learn what sorts of accidental 
degeneracies can occur in crystalline energy bands.” 

Eugene Wigner, ca. 1935!

u%$;$%)#9)<:)#5$(&(u)



Signout	  sheet	  
for	  the	  thesis	  (1937)	  of	  
W.	  Conyers	  Herring.	  

	  
Princeton	  Univ.	  Library	  

1960	  J	  Birman	  (Penn)	  
1960	  M	  M	  Saffron	  (GE)	  
1960	  J	  Birman	  (GT&E)	  
1965	  Li-‐ching	  Chen	  (NYU)	  
1967	  John	  L	  Warren	  (LASL)	  
1969	  Stuart	  Golin	  (Pi?sburgh)	  
2016	  Warren	  E	  Picke?	  (UCDavis)	  
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A nodal loop discovered ���
computationally in ���

SrVO3 nanolayers, 2009




STO/mSrVO3/STO(001)	  system	  

Bulk	  SVO:	  correlated	  metal	  
	  
No	  polar	  discon1nuity	  
	  
Insulator-‐metal	  transi1on	  at	  m=4-‐5,	  
	  	  in	  agreement	  with	  Kim	  et	  al	  (2000)	  
	  
Insulator-‐metal	  transi1on	  through	  
	  unusual	  semimetal	  phase	  
	  
Unexpected	  c(2x2)	  orbital	  ordering	  
	  
d1	  orbital	  moment:	  0.75	  µB,	  strong	  
	  cancella1on	  of	  M=Morb+Mspin	  

dxz+idyz	  

dxy	  

Pardo	  &	  Picke?,	  PRB	  2009	  



m	  layers	  of	  SrVO3(001)	  encased	  in	  SrTiO3	  

m=1	  

LDA+U:	  HM	  FM	   LDA+U+SOC:	  FM	  MI	  

m=2	  

m=3	  

m=4	  

No	  polar	  discon1nuity	  
	  
Ferromagne1c	  V4+:	  d1	  
Each	  layer	  adds	  2	  bands	  

AOO	  FM	  MI	  (w/o	  SOC)	   up/dn/up	  FM	  layers	   AOO	  FM	  MI	  (w/o	  SOC)	  



m=5	  layers	  of	  SrVO3(001)	  encased	  in	  SrTiO3	  

Most	  of	  the	  zone	  is	  gapped.	  
(Neglect	  1ny	  pocket	  at	  M)	  
	  
Apparent	  Dirac	  points	  at	  EF	  
along	  Γ-‐X	  and	  along	  Γ-‐M,	  
pinning	  the	  Fermi	  energy.	  
	  
In	  fact:	  there	  are	  two	  “degenerate”	  
Fermi	  circles	  surrounding	  Γ:	  
Iden1cal	  electron	  &	  hole	  FSs,	  
Because	  ne	  ==	  nh.	  
	  
Upon	  doping,	  an	  annulus	  around	  
Γ	  containing	  the	  carriers.	  	  

Pardo	  &	  Picke?,	  PRB	  2009	  

FM	  half	  semimetal.	  AOO	  within	  each	  layer.	  
Upper	  majority	  band	  overlaps	  conduc1on	  
band,	  producing	  inverted	  bands	  at	  Γ.	  



5	  layers	  of	  SrVO3(001)	  encased	  in	  SrTiO3	  
Pardo	  &	  Picke?,	  PRB	  2009	  

A	  ferromagne1c	  (!)	  2D(!)	  
nodal	  loop	  semimetal	  

First	  nodal	  loop	  that	  I	  know	  of.	  



End	  of	  the	  History	  
of	  Degeneracies	  in	  Crystals	  



A	  very	  short	  overview	  	  
of	  a	  remarkable	  discovery:	  

the	  new	  and	  current	  
highest	  Tc	  superconductor	  



New	  Materials:	  	  
Recent	  Superconductor	  Discoveries	  
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	  	  	  Courtesy:	  
G.	  W.	  Crabtree	  

BKBO	  

LixHfNCl	  

2D	  materials	  



Cubic H3S around 200 GPa, Tc~200 K:	  	  
an	  atomic	  hydrogen	  superconductor	  stabilized	  	  by	  sulfur	  

Total	  &	  atom-‐projected	  
Density	  of	  states	  

Simple	  bcc	  structure	  of	  H3S:	  
	  interleaved	  ReO3	  sublatces	  

D.	  A.	  Papaconstantopoulos,	  B.	  M.	  Klein,	  M.	  J.	  Mehl,	  W.	  E.	  Picke?,	  PRB	  2015	  

A ground-breaking discovery in the MGI spirit




Cri1cal	  temperature	  
in	  predicted	  stable	  phase	  
of	  H2S	  versus	  pressure,	  

up	  to	  80	  K	  (!)	  	  

Spectral	  func1on	  
versus	  frequency,	  
for	  two	  phases	  

J.	  Chem.	  Phys.,	  May	  2014	  

H2S	  
	  2014	  



λ=2.1	  
ωlog	  =1125	  K	  
Tc	  =	  160	  K	  

at	  
P=130	  Gpa	  
rhombo. H3S


Sci.	  Rep.,	  Nov.	  2014	  	  

H3S	  



λ=2.2	  
ωlog	  =1334	  K	  
Tc	  =	  200	  K	  

at	  
P=200	  GPa	  

bcc H3S


α2F(ω)	  F(ω)	  

H3S	  



Experimental	  breakthrough,	  
announced	  in	  December	  2014	  
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Summary:	  superconduc1ng	  H3S	  

MGI-‐like:	  Theory	  led	  experiment,	  predicted	  much	  higher	  Tc	  
	  	  
•  	  H2S	  predicted	  to	  have	  high	  Tc~90K	  	  at	  high	  pressure	  (Ma	  group)	  

•  	  	  experimental	  group	  began	  high	  pressure	  efforts	  (Eremets	  group)	  

•  	  H3S	  predicted	  to	  have	  high	  Tc~200K	  	  at	  high	  pressure	  (Cui	  group)	  

•  	  experimental	  discovery	  of	  Tc~200	  K	  in	  H3S	  (Eremets	  group)	  

Theory	  à	  experiment	  ;	  theory	  à	  theory;	  experiment	  à	  theory.	  
	  A	  crude	  example	  of	  the	  DMREF	  design	  &	  discover	  loop.	  


