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Research program:

(3) Low dimensional materials:

New materials – unconventional magnetic & 
electronic ground states & phase transitions

http://www.stanford.edu/group/Fisher
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(1) Quantum magnetism: (2) Superconductivity:

RTe3

Ba(Fe1-xCox)2As2

(4) Topological insulators:
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Pb1-xTlxTe

BaCuSi2O6

RTe3

R-Mg-Cd

Sr2Cu(BO3)2

BaPb1-xBixO3

RTe2

Al-Pd-Re R6Mo4Al43

Ba2Cu(BO3)2 BaCu2Si2O7

Ba2NaOsO6

Crystal growth

Ba3Mn2O8

R2Te5

BaFe2As2Sn1-xInxTe CaFe2P2 LaFePO

Bi2Se3 Bi2Te3

Ba3V2O8

CsAuI3
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Fe-arsenides

“122”:

“1111”:

Ba0.5(FeAs)

e-

(LaO)(FeAs)

e-

Ba0.5

FeAs

LaO

FeAs
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Electronic structure
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Electronic structure
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Antiferromagnetism & superconductivity
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The pairing mechanism?

Key point: 
If we are to determine whether this is a realistic scenario, we must know more 
about the actual electronic structure and Fermi surface of the doped material
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Two questions

(1) What drives the ortho transition, and is it significant?

Is the electronic structure altered in any profound way?

In plane electronic anisotropy in Ba(Fe1-xCox)2As2: 
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Two questions

(2) What role does Fermi surface nesting really play?

Does the phase diagram correlate with changes in the FS morphology? 

Fermiology of BaFe2(As1-xPx)2: 
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A bit about synthesis

T. Sato J. Appl. Phys. 48 013004 (2009).

Principle hazards:
• high vapor pressure (P, As)
• reactive (Ba, K)
• toxic (As)

Self flux:
•AFe2As2 (A = Ca, Sr, Ba)
•Ba(Fe1-xCox)2As2
•BaFe2(As1-xPx)2
•etc

Sn flux:
•LaFePO
•LaFeAsO
•AFe2P2 (A = Ca, Sr, Ba)
•etc
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Part  1: The orthorhombic transition
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What drives the orthorhombic transition?

Why should we care?
(1) SDW & SC born out of it!
(2) Are fluctuations associated with the 

additional QCP important? 

Ba(Fe1-xCox)2As2
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Part  1: The orthorhombic transition
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Two avenues to detwin underdoped samples in situ 

In-plane magnetic field:

Isostatic pressure:
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Two avenues to detwin underdoped samples in situ 

In-plane magnetic field:

Isostatic pressure:

• Is a similar 
effect operative 
in the pnictides?
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In-plane magnetoresistance

•Substantial in-plane magnetoresistance 
•Tied to crystal axes (largest for H || a,b)

e.g. x = 2.5% at 84 K
Tortho = 98. 5 K 
TN = 92.5 K
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T-dependence

Chu et al, arXiv 0911.3878 
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Hysteresis

Chu et al, arXiv 0911.3878 



20

Optical evidence for detwinning
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Field cooling

Chu et al, arXiv 0911.3878 
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Resistivity anisotropy

(1) ρb > ρa --- counterintuitive! 
(2) Significant anisotropy for ∆f ~ 5 – 15 %

Excited but dissatisfied…
• wish to completely detwin samples
• wish to explore in-plane anisotropy above TN

I

ab a b

H || I:

favorednot favored

bρρ =
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Resistivity anisotropy

(1) ρb > ρa --- counterintuitive! 
(2) Significant anisotropy for ∆f ~ 5 – 15 %

Excited but dissatisfied…
• wish to completely detwin samples
• wish to explore in-plane anisotropy above TN

I

ab a b

aρρ =

favored not favored

H ⊥ I:
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Mechanical detwinning in situ

x = 2.5 %
T = 20 K
86% of a single twin orientation!
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Mechanical detwinning in situ

x = 0 %
T = 5 K
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Mechanical detwinning in situ

x = 0 %
T = 5 K
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In-plane resistivity anisotropy

• Substantial in-plane electronic anisotropy (ρb > ρa)
• Insulating vs metallic T-dependence!
• Incipient anisotropy visible up to ~2Tortho

Chu et al, arXiv:1002.3364 
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In-plane resistivity anisotropy

Chu et al, arXiv:1002.3364 



• Substantial in-plane electronic anisotropy (ρb > ρa)
• Insulating vs metallic T-dependence!
• Incipient anisotropy visible up to ~2Tortho
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In-plane resistivity anisotropy

Comparison with 
orthorhombic distortion:

Prozorov et al, PRB 80, 174517 (2009)

Chu et al, arXiv:1002.3364 
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In-plane resistivity anisotropy

• Substantial in-plane electronic anisotropy (ρb > ρa)
• Insulating vs metallic T-dependence!
• Incipient anisotropy visible up to ~2Tortho

• Unanticipated for a simple 
structural distortion

• “Electron nematic order”
• Origin unclear from these 
measurements alone…

Chu et al, arXiv:1002.3364 
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In-plane resistivity anisotropy

• Substantial in-plane electronic anisotropy (ρb > ρa)
• Insulating vs metallic T-dependence!
• Incipient anisotropy visible up to ~2Tortho

• Unanticipated for a simple 
structural distortion

• “Electron nematic order”
• Origin unclear from these 
measurements alone…

Geometric frustration:

nnn interaction (J2) satisfied
nn interaction (J1) frustrated
Lifted by structural distortion

•Resistivity anisotropy implies something more dramatic is 
going on

Chu et al, arXiv:1002.3364 
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Does any of this matter?
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• Implication for our understanding of the FS for underdoped compositions?

• Buried under the SC dome are two QCPs, each of which is associated with 
the itinerant electrons from which the superconductivity draws

Bottom line: Origin of this dramatic electronic anisotropy must be 
determined if we are to have any hope of a comprehensive theory of 
superconductivity in this family of compounds. 
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Does any of this matter?
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• Implication for our understanding of the FS for underdoped compositions?

• Buried under the SC dome are two QCPs, each of which is associated with 
the itinerant electrons from which the superconductivity draws

Bottom line: Origin of this dramatic electronic anisotropy must be 
determined if we are to have any hope of a comprehensive theory of 
superconductivity in this family of compounds. 

A possible role for orbital fluctuations:

Zhang, Schmalian et al, PRB 79, 220502(R) (2009).
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Part 2: Fermi surface nesting

Matsuda et al, arXiv 0907.4399

BaFe2(As1-xPx)2

• Is there a correlation between phase diagram and changes in 
band parameters (FS morphology & effective mass)?

• Fermiology via quantum oscillations… 

(2) What role does Fermi surface nesting really play?

0.00 0.05 0.10 0.15 0.20
0

50

100

150

 

 

T(
K)

x

SC

SDW

Ba(Fe1-xCox)2As2



35

Quantum oscillations

•Bulk measurement
•Precise determination of shape of FS
•Sensitive to subtle reconstruction
•Measurement of renormalized mass
•Measurement of mfp band-by-band

Torque:

kA
e

F
π2


=

1>τωc

But…
•Requires
•No information about k-space

50µm
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(a) BaFe2As2

Analytis et al, PRB 80, 064507 (2009).
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•Well-defined quasiparticles in 
the SDW state

•1.7%, 0.7% and 0.3% of the 
paramagnetic BZ
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(a) BaFe2As2

•vα = 1.9×105 ms-1, vβ = 1.3×105 ms-1, vγ = 0.8×105 ms-1

•mfp ~ 100 Å 
•ellipticity eα ~ 1.1, eβ ~ 5, eγ ~ 6 

Analytis et al, PRB 80, 064507 (2009).
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(a) BaFe2As2

•The reconstructed state doesn’t tell us too much about the original FS
•One would ideally like to study the unreconstructed FS…

Orbit Freq. m*/mb

1 (hole) γ 2

2 (electron) β 1.1

3 (hole) α 1.7

4 (electron) - -

Analytis et al, PRB 80, 064507 (2009).
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(b) SrFe2P2
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Analytis et al, PRL 103, 076401 (2009).
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(b) SrFe2P2

•LDA broadly correct
•Shift bands 3 & 4 up, and 
bands 1 & 2 down

Analytis et al, PRL 103, 076401 (2009).
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(b) SrFe2P2

(1) Renormalised mass m* ~ (1+λ)mb
λ = m*/mb - 1 ~ 0.3 – 1.1 (> λe-ph)

electron

hole

(2) Mean free path longer on electron than hole pockets

Analytis et al, PRL 103, 076401 (2009).
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(b) SrFe2P2

Main point:
The experimentally determined FS of SrFe2P2 is very poorly nested
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(c) BaFe2(As1-xPx)2

x=0.63, Tc = 9 K (overdoped):-

• Beautiful wiggles! (In an alloy!)
• Assign α and β orbits as electron pockets (larger mean free path)
• Additional frequency – hole pocket
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(c) BaFe2(As1-xPx)2

• Observed frequencies cannot be fit by LDA bands for either end member
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(c) BaFe2(As1-xPx)2

• FS has smaller volume & much less c-axis dispersion than LDA predicts
• Significantly improved nesting between inner hole and electron pockets
• Main point: FS morphology significantly changes on doping As in to 

BaFe2P2 – substantially increased potential for nesting
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Summary

Phase diagram
Chu et al, PRB 79, 014506 (2009).
Hayden et al, PRB 79, 144523 (2009).
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Quantum oscillations
Coldea et al, PRL 101, 216402 (2008).
Carrington et al, Physica C 469, 459 (2009).
Analytis et al, PRB 80, 064507 (2009).
Coldea et al, PRL 103, 026404 (2009).
Analytis et al, PRL 103, 076401 (2009).
Analytis et al, ArXiv 1002.1304 

In-plane anisotropy
Chu et al, arXiv 0911.3878 
Chu et al, arXiv:1002.3364 

• Dramatic electronic anisotropy
• Origin and effect on FS unknown

• Correlation between FS nesting 
and superconductivity

• Key feature of spin-fluctuation 
pairing
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Aside: correspondence to underdoped cuprates?
Y.
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• Succession of nematic order 
followed by broken translational 
symmetry in both systems

• Cuprates: ill-defined cross-over
• Fe arsenides: with well-defined 

phase transitions
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