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EMSC at BNL

Materials Synthesis – Crystal growth Cutting Edge Technology…

Rapid feedback: structure, transport, thermodynamics, magnetization

NSLS 1: XANES, EXAFS, XRD

EMSC

NHMFL Tallahassee
I consider it completely unimportant who in the party will vote, or 

how; but what is extraordinarily important is this—who will count 

the votes, and how. (original: Я считаю, что совершенно неважно, 

кто и как будет в партии голосовать; но вот что чрезвычайно

важно, это - кто и как будет считать голосa).

HLD Dresden Rossendorf

MAKING CRYSTALS MEASURING CRYSTALS



New Workplaces

ISB

NSLS2

• New laboratory space custom designed

• Ability to explore more materials

• Arsenides and safety?

• Lights go on in NSLS 2



NEW PHYSICS THROUGH NEW MATERIALS

• Superconductivity in Fe – based Materials

Search for new materials. Advanced synthesis of known materials. 

Crystallographic phase separation. Neighboring states and materials examples. 

• Quantum Criticality

Advanced synthesis of known heavy fermion materials. Disorder at the QCP. 

Charge fluctuations at the QCP.

• Kondo Insulator-like semiconductor with 3d ions

Heavy fermions without 4f Kondo resonance. 

• Dirac States in Bulk Crystals

Search for new materials. Thermoelectric properties. 

• Materials of potential interest for Thermoelectric, Spintronic

Intermetallics, oxides, Mn-Ge half metallic ferromagnets. 



Kondo Insulators

P. Coleman, Handbook of  Magnetism and Advanced Magnetic Materials. Vol 1. John Wiley 

and Sons, 95-148 (2007)) ; G. Aeppli and Z. Fisk, Comments Cond. Matt. Phys. 16, 155 (1992) 

MIT driven by H 

(also doping, T)

Quasiparticle perspective: KI are highly 

renormalized “band insulators”: 

Gap driven by interaction effects

High T<H: KI are local moment metals

Low T, H: Coherence in due to Kondo 

effect brings reduction in σ, χPauli

Rare earth materials: SmB6, 

Ce3Bi4Pt3…

Single particle picture   or Many body correlations



(A)

(B)

Single particle

picture

Many body 

correlations



for all electrons in all bands

application of this to PAM, Hubbard where

only few bands are important
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New Model Material: FeSb2



Correlated Electron (Kondo) Semiconductors
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Heavy fermion state induced by carrier doping: Phys. Rev. B 74, 205105 (2006), Phys. Rev. B 74, 195130 (2006)

Gap recovery in eV range in FeSb2

Eur. Phys. J. B 54, 175 (2006)

C. Petrovic et al., Phys. Rev. B 72, 045103 (2005)

CeNiSn, CeRhSb: nodal KI – hybridization vanishes 

along certain directions

What about 3d electron “relatives” of  Kondo Insulators?



Colossal Magnetoresistance
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Reduction of quasi 1-D character of ρ(T)

with increasing x in Fe1-xCoxSb2

Rongwei Hu (胡荣胡荣胡荣胡荣伟伟伟伟) et al, Phys. Rev. B 77, 085212 (2008)



Hall Constant

• Magnetic moments: ρxy(H)=R₀H+RsM(H)

• Two band model
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Amplification?

Rongwei Hu (胡荣胡荣胡荣胡荣伟伟伟伟) et al, Phys. Rev. B 77, 085212 (2008)

Hall Constant: Magnetoresistance:



MR in 

Fe1-xCoxSi

Nature 404, 581 (2000)



MR in 

Fe1-xCoxSi

Nature 404, 581 (2000)



MR in Fe1-xCoxSi



Direct Analog of FeSi

A. V. Lukoyanov, V. V. Mazurenko, V. I. Anisimov, M. Sigrist and T. M. Rice,

Eur.  Phys. J. B 53, 207 (2006)



Weak Ferromagnetism in 

FeSb2
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Rongwei Hu (胡荣胡荣胡荣胡荣伟伟伟伟) et al,

Phys. Rev. B 76, 224422 (2007)



Intrinsic WFM
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Electronic Correlations Are Important
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Orbital MR in multicarrier model:

~ 10-4 of observed MR

Coulomb interaction + disorder:

~ 95% of observed MR

Rongwei Hu (胡荣胡荣胡荣胡荣伟伟伟伟) et al, 

PRB 77, 085212 (2008)
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Corrections to quadratic MR:
(P. Lee and T. V. Ramakrishnan, PRB 26, 4009 (1982);

B. Altshuler and A. G, Aronov, JETP Lett. 33, 499 (1981))

Lf: phase coherence length

LB=(ħ/2eB)1/2: magnetic length

b: width of  quasi 1D channel

αF: from Hartree interaction

COULOMB 

INTERACTION

QUASI 1D

WEAK

LOCALIZATION



Electronic Correlations Are Important
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(P. Lee and T. V. Ramakrishnan, PRB 26, 4009 (1982);
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MR is positive as expected for the 

strong spin-orbit scattering and nearly

magnetic conductors such as Pd and 

Pt alloys where spin subbands split

so that αF is large.



Colossal Thermopower in FeSb2
A. Bentien et al., Europhys. Lett. 80, 17008 (2007)

κe important above 100K

κL = (1/3)C(T)vslp  → lp = 350µm

Large phonon mean free path + evidence of e-ph coupling

But phonon drag should not be dominant: S due to diffusion 

(P. Sun et al., PRB B 79, 153308 (2009), 

P. Sun et al.,, Dalton Trans. 39, 1012 (2010) )



Problems: sample dependence?

Phys. Rev. B 67, 155205 (2003) 

Phys. Rev. B 72, 045103 (2005) EPL 80, 17008 (2007)
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Problems: sample dependence?

Phys. Rev. B 67, 155205 (2003) 

Phys. Rev. B 72, 045103 (2005) EPL 80, 17008 (2007)
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Comparison of FeSb2 crystals
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MIT crystal, similar to

C. Petrovic et al, Phys. Rev. B 67, 155205 (2003)

no MIT crystal, similar to

A. Bentien et al., Phys. Rev. B 74, 205105 (2006)

A. Bentien et al., Europhys. Lett. 80, 17008 (2007)

Phys. Rev. B 86, 115121 (2012)

• Optics:

44 meV (ab), (12.5-37) meV (c –axis)

(Europhys. B 54, 175 (2006))

130meV (direct), (31 and 6) meV

(indirect)

(Phys. Rev. B 82, 245205 (2010))



Role of Simple Impurities?
H. Takahashi et al., J. Phys. Soc. Japan 80, 054708 (2011)



FeSb2 – multicarrier transport
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Two band model for S
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(J. Phys. Chem. Solids 29, 327 (1968)

Phys. Rev. B 77, 245204 (2008))

Relaxation time energy dependence: τ=τ0E
S

ξ=EF/kBT; EF=(h2/2m*)(N/V)2/3(3/8π)2/3

and

EFe = -EFh+Eg; ξe = -ξh-E0/kBT; m*=me

and

s = -1/2 (acoustic phonon scattering is dominant)

Interacting model

Phys. Rev. B 82, 185104 (2010)
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Two band model for S
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S
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and
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and

s = -1/2 (acoustic phonon scattering is dominant)

Interacting model
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Two band model 

for S: fits
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v/µ cNote gap values: large S best 

fit with a gap of about ~ 20 meV

Correlated electron effects vane

at high temperarues: noninteracting

model is a good aproximation

Similar to magnetoresistance,

S in the region of large enhancement

has similar T dependence but is amplified



Back to Two Band Conduction

Crystal with MIT: µv>> µc

Rongwei Hu (胡荣伟) et al, 

Appl. Phys. Lett. 92, 182108 (2008)
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Crystal with no MIT: opposite

µc>> µv

But, temperature dependence

similar and with anomaly at MIT,

both bands with holes change

sign below MIT

Lowest unoccupied states are from dxy: nonbonding and overlap along c axis of the crystal

(chains of edge sharing octahedra) forming quasi 1D band → MIT sample ρ above 40 K

due to holes in nearly filled valence band. At MIT dxy is depleted and attains half

filling in crystal 1, whereas disorder in crystal 2 inhibits metallicity due to

localization, impacts the dxy overlap and orbital dependent Hubbard U in dxy band

of itinerant states



X ray PDF: Local Structure Differences

1D disorder in crystal 2

Neutron PDF: Identical local structure

E. Bozin, S. Billinge (BNL), A. Llobet (LANSCE)



Increase in Thermoelectric Power Factor
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Qing Jie, Rongwei Hu (胡荣胡荣胡荣胡荣伟伟伟伟) et al, Phys. Rev. B 86, 115121 (2012): 

Highest known thermoelectric power factor

(ELECTRONIC CORRELATIONS AND DISORDER)



Fe(Sb1-xTe)2: Reduction of κ
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Electronic Griffiths Phase in Fe(Sb1-xTe)2

1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

0

4

8

12

1 10
0

10

20

30

40

50
 0

 0.01

 0.025

 0.05

 

M
/H

 (
1
0

-3
em

u
/m

o
l)

T (K)

(b)

 
 0.0750.05

0.025

0

 

 

C
/T

(m
J/

m
o

le
K

2
)

T(K)

(a)

0.01

Fe(Sb
1-x

Te
x
)

2

0 5 10 15 20 25
0.4

0.5

0.6

0.75

0.80

0.85

0 5 10 15 20 25
0.16

0.20

0.24

0.28

0.44

0.48

0.52

0 5 10 15
0.30

0.35

0.55

0.60

0.65
0 2 4 6 8

1.0

1.1

1.2

1.3

1.4

1.5

0 1 2 3 4 5 6 7 8 9
0.2

0.4

0.6

2.6

2.8

3.0

3.2

Fe(Sb
0.95

Te
0.05

)
2

Fe(Sb
0.975

Te
0.025

)
2

n = 1.94(3)

n = 1.57(3)
 a

 b

 c

ρ
(m

Ω
cm

)

T
n
(K

n
)

n = 1.90(2)

(b)

n = 1.95(2)

n = 1.84(2)

 a

 b

 c

ρ
(m

Ω
cm

)
T

n
(K

n
)

n = 1.80(2)

(a)

Fe(Sb
0.99

Te
0.01

)
2

n = 1.29(3)

n = 1.71(3) x=0.025

 x=0.01

ρ
(m

Ω
cm

)

T
n
(K

n
)

n = 1.83(3)

(d)

 

 x=0.05

n = 1.22(2)

n = 1.30(2)

 a

 b

 c

ρ
(m

Ω
cm

)

T
n
(K

n
)

(c) n = 1.27(2)

Rongwei Hu (胡荣胡荣胡荣胡荣伟伟伟伟) et al., PRL in press (2012)

 ! =  "�	 ! +
$�

! − %�
+ &!��'( 

$(!)

!
= )!� + *!� + +!��'($

unpublished



Electronic Griffiths Phase in Fe(Sb1-xTe)2
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Scaling: 

In metals with n ~ NAv and parabolic bands as T →0: 

S/T ~ n-µ and γ ~ nε (µ=2/3, ε=1/3, µ+ε=1)

Near MIT from metallic side modified, eg. FeSi1-xAlx :

(S/T)~γ-0.9 (PRB 78, 075123 (2008))

Rongwei Hu (胡荣胡荣胡荣胡荣伟伟伟伟) et al., PRL in press (2012)



Conclusions
• New model material created. 

• Heavy Fermion state, intrinsic WFM and Metal-

Insulator transition with doping.

• CMR in Fe1-xCoxSb2: correlated electron disorder and 

localization in quasi-1D conducting channel.

• Electronic  Seebeck and largest known thermoelectric 

power factor.  MIT more  important than S.

• Electronic Griffiths phase near MIT in Fe(Sb1-xTex)2


