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Correlated Electron Materials

» High-Tc superconductors: p =0 up to T = 135 Kelvin

» Colossal magnetoresistance: B-field changes electrical conductivity by 1000x

* Multi-ferroics: magneto-electric-elasticcoupling

« Heavy fermion materials: m* = 1000 m,

« Graphene: m* =0 : B

- Topological insulators: dissipationless spin; ekt
fractional charges; magnetic monopoles

Science 309, 391 (2005)
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Metals: electronic Bloch states are homogeneous, no spatial variation

Correlated electron materials: weak screening, spatial inhomogeneity

- We need local probes to study these materials.



Hoffman Lab Local Probes
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Outline

High-Tc Superconductivity
e Can we understand it? - need to understand Mott
« Can we use it? - need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe,_,),AS,
e force microscope
—> vortex manipulation in NdO,_F, FeAs

Metal-insulator transition in VO,
e Can we understand it? - isolate electronic & structural

e Can we use it? -> Mott manipulation

Outlook
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100 Years of Superconductors
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Cuprate High-Tc Superconductor

Bi,Sr,CaCu,0g,q (T.M& ~ 93 K)
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Band Theory
S
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Band Theory: Metal
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Band Theory: Insulator
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Band Insulator: Peierls Transition
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Band Theory: Metal
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Add e-e Correlations
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Add e-e Correlations
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Add e-e Correlations
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Mott Insulator
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Mott Transition
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Cuprates: Doped Mott Insulators

Bi,Sr,CaCu,0g,q (T.M& ~ 93 K)
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Cuprates: Doped Mott Insulators

Bi,Sr,CaCu,0g,q (T.M& ~ 93 K)
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Cuprates: Doped Mott Insulators

Bi,Sr,CaCu,0g,q (T.M& ~ 93 K)
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electronic interactions: drive holes apart

spin interactions: drive holes together




Cuprate Phase Diagram
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Boyer, Nat Phys (2007)
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Cuprate Phase Diagram

“strange metal”
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Cuprate Phase Diagram
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Interest in High-T_Cuprates

== INSPEC - total

—|NSPEC - cuprates
= CAS - cuprates
WPI - patents

\

funding agency
frustration sets in?
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Publication Year of Articles/Patents

J Supercond Nov Magn 21, 113 (2008)



A New Revolution in Superconductivity

Kamihara et al, J. Am. Chem. Soc. 130, 3296 (Feb 23, 2008)
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Structure Comparison

Cuprate Superconductors

o Arsenic ions

) Oxygen ions .
il 4 & lron ions

Copper ions

antiferromagnetic collinear antiferromagnet
Mott insulator semimetal



Phase Diagram Comparison

Cuprate Superconductors
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Outline

High-Tc Superconductivity
e Can we understand it? - need to understand Mott
e Can we use it? -> need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe, ,),AS,
e force microscope
—> vortex manipulation in NdO,_F FeAs
Metal-insulator transition in VO,
 Can we understand it? - isolate electronic & structural
e Can we use it? -> Mott manipulation
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Vortex Pinning Comparison

Cuprate Superconductors
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—>need to
pin vortices

————
Ba(Co,Fe, ,),As,
(T, = 22K)

Yamamoto, APL 94, 062511 (2009)

* strong pinning, speculation that it
comes from nanoscale pinning sites,
e.g. Co dopant inhomogeneities

-> need a local tool !
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Scanning Tunneling Microscopy

Sample

E: (sample) Ec (tip)
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Scanning Tunneling Microscopy
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Local Density of
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Optimized for the study of quasi-two-dimensional
correlated electron materials:

» floating room, floating table for vibration isolation

« home-built continuous flow, low vibration 3He fridge
* in situ low temperature sample cleaver

 3-axis magnetic field (9 T vertical, 3 T in plane)

o tracks the same atomically resolved locations over
the full range of field




Where are we?




Laboratory Design

HOFFMAN LAB

DATE: 18 Decamber 2007

Wilson Architects



Laboratory Design
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Vibration Results
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This allows us to image samples with atomic resolution !!
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High-Tc Superconductivity
e Can we understand it? - need to understand Mott
e« Can we use it? - need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe,_,),AS,
e force microscope
—> vortex manipulation in NdO,_F FeAs
Metal-insulator transition in VO,
 Can we understand it? - isolate electronic & structural
e Can we use it? -> Mott manipulation
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Ba(Co,Fe,_),As, Samples

resisitivity (mQ-cm)
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single crystals grown by Prof. XianHui Chen

. Ba(Co,Fe,,),As, ab plane —m— 0.02
—A— 0.06

0.09

_ —<— 0.10

I —p— 0.125
_,M _ —m— 0.30

/we’re studying
this one!

T.=25.3K

o

100 200 300
T (K)

X. F. Wang, T. Wu, G. Wu, arXiv:0806.2452
Phys. Rev. Lett.



Atomic Resolution Topography

Ba(Co,Fe, ),As,
(x=0.1 nominal, T.=25.3K)




Gap Mapping

di/dV (nS)

-20-10 0 10 20

Sample Bias (mV) 4.5 meV é |

measurements at T=6K; kgl = 0.5 meV A =6.25+0.73 meV (12% variation)
dV modulation = 1.5 meV -

8.0 meV



Topography




Vortices at 9T

dl/dV at 5 mV

(approximate
coherence
peak energy)




Vortices at 6T

dl/dV at 5 mV
(approximate 3.0n5
coherence
peak energy)

0.5nS




Flux Measurement

0.5nS




Flux Measurement

3.0nS

0.5nS

average vortex area = 228 nm? average vortex area = 362 nm?

= ¢(9T) =2.05 x 107> T-m? > §(6T) = 2.17 x 10715 T-m?

Single magnetic flux quantum: @, =2.07 x 107> T-m?



Gap Mapping

di/dV (nS)
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Sample Bias (mV) 4.5 meV é |

measurements at T=6K; kgl = 0.5 meV A =6.25+0.73 meV (12% variation)
dV modulation = 1.5 meV -

8.0 meV



Correlation Comparison

Cuprate Superconductors

Bi,Sr,CaCu,0g, 4
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McElroy, PRL 94, 197005 (2005)

Measure of Correlation:
6 =0A/ A =21% variation

Ba(Co,Fe,,),As,

-20-10 0 10 20
6 =8A /A =12% variation
2AIkg T~ = 5.3



Vortex pinning possibilities

(1) no strong pinners (2) strong pinners exist (3) strong pinners exist
inter-vortex forces dominate low anisotropy high anisotropy
—> lattice formation —> vortices bend slightly —> vortices pancake

to accommodate pinners each pancake pins independently

NbSe, Bi,Sr,CaCu,Oq4






Are Vortices Pinned to Surface Impurities?

Raw Data |dealized Data
e . Y00 o UO O vortex, radius £, = 2.76 nm
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Vortex pinning possibilities

(1) no strong pinners (2) strong pinners exist (3) strong pinners exist
inter-vortex forces dominate low anisotropy high anisotropy
—> lattice formation —> vortices bend slightly —> vortices pancake

to accommodate pinners each pancake pins independently

NbSe,

&

. Bi,Sr,CaCu,Oq4
Ba(Co,Fe, ,),As,



Length Scales in Superconducting Vortices

e

® =2.07 x 1015 T-m?

n,(r) = density of
Cooper pairs

vortex center £ 2
I 19 1 | s I = distance from
«coherence Iength"——/ \ | ~ vortex center
= distance over which penetration depth”
Cooper pairs are broken = distance over which

(superconductivity is destroyed) magnetic field decays



Outline

High-Tc Superconductivity
e Can we understand it? - need to understand Mott
e« Can we use it? - need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe, ,),AS,
e force microscope
—> vortex manipulation in NdO,_F FeAs
Metal-insulator transition in VO,
 Can we understand it? - isolate electronic & structural
e Can we use it? -> Mott manipulation

Outlook




Magnetic Force Microscope

Fiber optic
interferometer
~0.1 pm/(Hz)2

Si cantilever

Force between tip and sample:
F=V(m-B)

Frequency modulation imaging

(directly measures force gradient):

Aw —1dF;
w, 2k dz

Pros and Cons of MFM

Tip Geometry

Other signals

Invasiveness

Vertical force gradient - imaging

Horizontal force - manipulation
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built by Dr. Jeehoon Kim

» 2 K to above 340 K
* 5 T vertical field

* lateral coarse motion (3 mm x 3 mm) allows imaging of
isolated features in addition to bulk materials

* high-resolution, easily modelable tips fabricated in house
via focused ion beam

Radius of curvature : 15-25 nm -
Cone half-angles : 1-3°

Aspect ratios : 12-18

Versatility:

« vertical or lateral force measurement

» magnetic tips for magnetic imaging and manipulation
 conducting tips for local conductivity imaging and switching
« vertical cantilevers for friction imaging
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High-Tc Superconductivity
e Can we understand it? - need to understand Mott
« Can we use it? - need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe, ,),AS,
e force microscope
—> vortex manipulation in NdO,_F, FeAs
Metal-insulator transition in VO,
e Can we understand it? -> isolate electronic & structural
e Can we use it? -> Mott manipulation
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Preliminary: Vortex Manipulation in NdO__F,FeAs
Scan at
higher force,

Safe height: Drag vortex: Safe height: higher T

(d).

will histogram pinning forces

will measure
pinning anisotropy



z2=576nm z=403nm

i a B R

Af=0.63Hz Af=0.73Hz Af=0.85Hz Af=0.97Hz Af=1.22Hz Af=1.50Hz Af=2.02Hz Af=2.79Hz
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E. W. J. Straver, J. E. Hoffman,
O. M. Auslaender, D. Rugar, K. A. Moler,
Appl. Phys. Lett. 93, 172514 (2008).




T
o
map O
anisotropy 3
Fast scan direction =
fit
anisotropy

z=130 nm A
z=230nm

deduce
anisotropy
of bulk
pinning

O. M. Auslaender, L. Luan, E. W. J. Straver,

J. E. Hoffman, N. C. Koshnick, E. Zeldov,

D. A. Bonn, R. Liang, W. N. Hardy, K. A. Moler,
Nature Physics 5, 35 (2009).




High-T_ Cuprate-Pnictide Conclusions

Cuprate:
Bi,Sr,CaCu,0qg,4

Pnictide:
BaCo,Fe, As,

phase diagram
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Superconductor

Carrier concentration

—*— T, (structural transition)
'I‘” (magnetic transition)

T_ (superconductor)

, tetragonal
'\

‘x orthorhombic

0 —
0.00 0.05 0.10 0.15

ground state

antiferromagnetic Mott
insulator

itinerant antiferromagnet
semimetal

superconducting
gap, A

A~ 33 meV
2A/kgT. ~ 6-10

A =6.25 meV
2A/kT.=5.73

gap inhomogeneity o~ 7 meV o =0.73 meV
c/A~21% o/A=12%
gap symmetry d-wave st




High-T_ Cuprate-Pnictide Conclusions

Cuprate: Pnictide:

Bi,Sr,CaCu,0q,4 BaCo,Fe, As,
coherence length, &, 2.2 nm 2.7 nm
Anisotropy ~50

1-3

vortex pinning

O o 0. ’
vortices pinned to
surface impurities

surface impurities

» Local probes access nanoscale inhomogeneity - “see” correlations
* Image and manipulate magnetic vortices
» Surface probes can access bulk properties
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High-Tc Superconductivity
e Can we understand it? - need to understand Mott
e« Can we use it? - need to understand vortices
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—> vortex imaging in Ba(Co,Fe, ,),AS,
e force microscope
—> vortex manipulation in NdO,_F FeAs
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VO, Metal-Insulator Transition J

T (K)

Tetragonal Metal

4+

i

- 340 K

Monoclinic Insulator

10"y, .
ey —A— Heat_lng
\’?QMA —w— Cooling

A
v
\

\
\
x

300 320 340 360
T (Kelvin)

Also transitions as a function of

* stress (~38 kbar)
* optical excitation
e applied voltage or current (~107 V/m ??)

- up to 5 orders of magnitude change in conductivity
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High-Tc Superconductivity
e Can we understand it? - need to understand Mott
e« Can we use it? - need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe,_,),AS,
e force microscope
—> vortex manipulation in NdO,,F,FeAs
Metal-insulator transition in VO,
e Can we understand it? -> isolate electronic & structural
e Can we use it? -> Mott manipulation
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VO, Metal-Insulator Transition: Physics

T (K)

Tetragonal Metal

N

‘<‘.>‘ 3d_(V-0-V)
B = S s 23
‘<t..>o OAY
N

Goodenough, J.Solid State Chem 3, 490 (1971)

Band insulator?

» Goodenough, Phys. Rev. 117, 1442 (1960)
» Wentzcowitch, PRL 72, 3389 (1994)

Mott insulator?

U/

N YN YN YN

* Zylbersztejn & Mott, PRB 11, 4383 (1975)



VO, Questions

Mott vs. Peierls (electronic vs. structural)? (Mott may be more interesting)

e M* increases, approaching metal = insulator transition
Qazilbash, Science 318, 1750 (2007)

» At = 80 fs, limited by exactly ¥z period of structural phonon
Cavalleri, PRB 70, 161102 (2004)

Can Mott exist w/o Peierls? (Mott would be even faster, wouldn’t crack crystal)
* 46 years (1959 — 2005): answer is NO

« Raman spectroscopy - yes?
H.T. Kim, APL 86, 242101 (2005)

 Local IR microscopy (electrical) & x-ray diffraction (structural) - yes?
Qazilbash, unpublished APS March talk (2010)

Can it be entirely E-field driven or need heat too ? (would like zero quiescent current)

« 3-terminal (field-effect) devices show transition (but questions of breakdown voltage...)
Stefanovich, JPCM 12, 8837 (2000)
Qazilbash, APL 92, 241906 (2008)

 thermal modeling says Joule heating is not enough to drive transition
Gopalakrishnan, J. Mat. Sci. 44, 5345 (2009)



Bulk vs. Local

Bulk thermal transition

320 340
T (Kelvin)

note
multiple
jumps
—— 100 x 100 um?
—— 500 x 500 um’

Local geometry:

Cr/Au
coated tip

cantilever: k. ~ 40 N/m

8
Voltage (V)



Training & Repeatability

Rt L X
50 100 150 200 50 100 150
Sweep number Sweep number

Training voltage: Typically one or several high voltage sweeps
necessary before IV hysteresis loops roughly stabilize with ~5% jitter




Imaging the Metal-Insulator Transition

Topography

40 nm




Imaging the Metal-Insulator Transition

Current map
Tip bias: 3.45V

171 pA




Current map
Tip bias: 3.95V

171 pA

—> seed grain is the one with highest conductivity in the insulating state



Current map
Tip bias: 4.44V

171 pA




Imaging the Metal-Insulator Transition

Current map
Tip bias: 4.93 V

171 pA




Imaging the Metal-Insulator Transition

Current map
Tip bias: 5.43 V

171 pA
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Imaging the Metal-Insulator Transition

Current map
Tip bias: 4.44V
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Imaging the Metal-Insulator Transition

Current map
Tip bias: 3.95V

171 pA




Current map
Tip bias: 3.45V

171 pA




VO, Questions

Mott vs. Peierls (electronic vs. structural)? (Mott may be more interesting)

e M* increases, approaching metal = insulator transition
Qazilbash, Science 318, 1750 (2007)

» At = 80 fs, limited by exactly ¥z period of structural phonon
Cavalleri, PRB 70, 161102 (2004)

Can Mott exist w/o Peierls? (Mott would be even faster, wouldn’t crack crystal)
* 46 years (1959 — 2005): answer is NO

« Raman spectroscopy - yes?
H.T. Kim, APL 86, 242101 (2005)

 Local IR microscopy (electrical) & x-ray diffraction (structural) - yes?
Qazilbash, unpublished APS March talk (2010)

- AFM detects structural; CAFM detect electronic; simultaneous independent info

Can it be entirely E-field driven or need heat too ? (would like zero quiescent current)

« 3-terminal (field-effect) devices show transition (but questions of breakdown voltage...)
Stefanovich, JPCM 12, 8837 (2000)
Qazilbash, APL 92, 241906 (2008)

 thermal modeling says Joule heating is not enough to drive transition
Gopalakrishnan, J. Mat. Sci. 44, 5345 (2009)

—> scanning gate microscopy



Outline

High-Tc Superconductivity
e Can we understand it? - need to understand Mott
« Can we use it? - need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe, ,),AS,
e force microscope
—> vortex manipulation in NdO,_F FeAs
Metal-insulator transition in VO,
e Can we understand it? -> isolate electronic & structural
e Can we use it? -> Mott manipulation ?

Outlook




VO, micro-bolometers for IR imaging “,:'
T

IR impinges here

A .

ey

e \

.-..;.."_._\-.5. -

http://www.security-int.com

.“'\ - -
monolithic
transistor

http://www.thermodelta.hu

* pixels size as small as ~ 25 um
* pixel arrays up to 640 x 480



VO, tunable metamaterials

“Invisibility cloak™:
fabricate copper patterns on
standard circuit board
with fixed dielectric

Problem: narrow, fixed bandwidth
Proposal: use VO, substrate
- tunable dielectric

- tunable metamaterial bandwidth

Prototype:

# ]' - 3 B
{-l' ) I'THz Broadband |
L / W E'j

Cylinder ‘) l'. \‘f’

Cylinder
Without
Cloak

Gold

David Smith, Duke University

(c)

Driscoll, APL 93, 024101 (2008)




Memristors

Resistor Capacitor : :
v dVv=Rdl o dg=Cdv App“CatIOHS
©

c < dq = Idt 9@  Memory circuits
A A
000" 0—._|'L|'|_|"—0 « Digital logic circuits

Inductor Il Memristor (e.g. FPGA = Field Programmable
d¢ = LdI d¢ = Mdq Gate Array)

N &
7 ~

L. Chua, IEEE Trans. Circuit Theory 18, 507 (1971) o Analog circuits
D. Strukov, Nature 453, 80 (2008) (e.g. neural learning networks)

Integral form

Jdo=[M(a)da
Differential form
d de/dt V
M (q) =" ==
dq dq/dt |

A memristor remembers its resistance, based on the history of charge flowing through it.




VO, Memristors

Mechanism 1: 1 t TIO; (insulating) O vacancies migrate
oxygen migration .’ .o when voltage is applied

...TiOZ_X.Zconducting) e o

Mechanism 2:
conductive channel formation

- messy, disordered...
problems with reproducibility

Kwon, Nat Nano 5, 148 (2010)

Mechanism 3: iﬂ:ﬁi;
phase Change = Pulse 3

w

—> potentially cleaner, reproducible

Current (mA)

0.2

o
-

Driscoll, APL 95, 043503 (2009)



Memristive Writing ? ;
Step 1- “write” wi R o
p 1: “write” with 13 V tip bias

Cr/Au
coated tip

— c
| )]
=
-
Step 2: read current (local resistivity) with 3 V tip bias &
U
13 pA
10
—5

500 nm




Outline

High-Tc Superconductivity
e Can we understand it? - need to understand Mott
e« Can we use it? - need to understand vortices
e scanning tunneling microscope
—> vortex imaging in Ba(Co,Fe, ,),AS,
e force microscope
—> vortex manipulation in NdO,_F FeAs
Metal-insulator transition in VO,
 Can we understand it? - isolate electronic & structural
e Can we use it? -> Mott manipulation

Outlook




Conclusions

Iron-Pnictide Superconductors
* more homogeneous than cuprates - less hlghly correlated
e stronger vortex pinning — T y

Vanadium Oxide
» controlled local transition (single grain, 10s of nanometers)
« after training, hysteresis is repeatable

500 nm

Outlook
* correlated electron systems - local inhomogeneity - need local probes
* surface probes can access bulk properties, e.g. vortex pinning ;-

 passive imaging - active manipulation

To Do Next :
» Quantify vortex pinning forces in iron-pnictide superconductors & -~ ¥
« “Write” the Mott transition in vanadium oxide & other systems =~ °2Z"

* Image & manipulate other correlated systems, e.g. topological insulators



Hoffman Lab Local Probes

Scanning Tunneling
Microscope

,“d: 5
o

Ultra-high vacuum
)

ST
e

Force Microscope

I

coming on line soon!

* spin-polarized tunneling
* atom-moving

. ?“

cuprate high-T, 122iron  topological

metal-insulator 1111 iron
superconductor  pnictide insulator transition pnictide






